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Abstract 
 

Sustainable control of plant diseases is one of the challenges facing agriculture 

currently. Therefore, it is crucial to understand pathogens in their agroecosystems. 

Plant viruses represent major pathogens infecting tomato, which is one of the most 

economically important vegetable worldwide. The impact of virus infection on plants 

depends on the context, anthropogenic factors and environmental conditions. The 

constant evolution of viruses through mutations, reassortment or recombination 

results in the emergence diseases that can potentially threaten crop productivity.  

Given the need to improve the sustainability of agriculture, diversified alternative 

sustainable production systems growing vegetables on soil mainly dedicated to fresh 

local markets have become more popular in the last decade in industrialized countries 

such as Belgium, France, or Canada. 

This thesis aims to assess and measure the issues associated with tomato viral 

diseases in diversified Belgian production systems.  

First, to achieve this objective, a complementary approach involving socio-economy 

and plant epidemiology was set up to obtain a more holistic vision of the situation. 

More specifically, we investigated the tomato virome in 21 diversified vegetable 

farms, in association with examining the producers' perception, the characteristics of 

their production systems, and observation of viral-like symptoms in the field. During 

this survey, one emergent rhabdovirus, physostegia chlorotic mottle virus (PhCMoV), 

was identified as potential viral threat. This virus was indeed associated with strong 

symptoms on tomato fruits and in some cases, with a high prevalence in the field. At 

that time, this virus was only known to infect Physostegia and tomato in Austria and 

Germany and lacked biological information. PhCMoV was associated with the 

presence of symptoms on tomato fruits.  

Thus, the second approach conducted in this thesis to better understand issues 

related to tomato viral diseases in diversified production systems was to focus on the 

biological characterization of PhCMoV.   

In parallel, informal exchanges with other plant virologists from various research 

laboratories that simultaneously detected PhCMoV in several European countries and 

host plants reinforced the interest to focus on its characterization. Thanks to an 

international collaboration, the research findings of these other research groups on 

PhCMoV were compiled to gain a comprehensive understanding of the virus’ 

characteristics and associated risks. It enabled to start its characterization regarding 

its host range, geographical distribution, symptoms causality and genetic diversity. 

This successful collaboration reports the identification of PhCMoV in nine plant 

species across seven families and in eight additional European countries. The virus 

was confirmed to cause severe fruit symptoms on economically important crops such 

as tomato, eggplant, and cucumber. Phylogenetic analysis showed low genomic 

variation between samples collected 17 years apart in a same site on two different 

annual host plants, suggesting strong selection pressure within a specific ecosystem 

upon time.  
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Thereafter, other aspects of the virus biology remained to be analyzed, such as 

transmission mode, incidence and disease severity. A new consortium was created 

with some research groups already involved in the previous study and new ones, 

including specialists in entomology and plant virus ecology. In total, eight partners 

were involved in this second study and experiments were carried out to complete the 

biological characterization. The natural presence of the disease in multiple sites 

around our laboratory and the cooperation with the growers were great advantages to 

study the biology of PhCMoV in its ecosystem. The host range of the virus was 

expanded to 20 new host plant species, its leafhopper vector (Anaceratagallia sp.) was 

identified, and the observed PhCMoV prevalence in Belgium suggested that the virus 

is widely spread in the environment. Bioassays in control conditions demonstrated 

that yield losses can be up to almost 100% if plants are infected at an early stage, while 

the severity of symptoms decreased with late infection time. The symptoms associated 

with the virus were also investigated in control conditions on multiple plant species.  

To summarize, during this PhD I have explored the risks associated with viruses in 

soil-grown tomato dedicated to local consumption in Wallonia by developing an 

innovative methodology that combines grower’s perception and virus detection with 

high throughput sequencing. I have also improved the biological characterization of a 

newly emergent rhabdovirus (PhCMoV) by collaborating with scientists and setting 

up field and greenhouse trials, which makes PhCMoV now one of the best 

characterized newly plant virus. The virus has the potential to be a serious threat on 

small, diversified farms. Still, the increased knowledge of its biology provided by this 

work allows initial management measures to be proposed during an outbreak by 

looking and removing alternative hosts. 
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Résumé 
 

La lutte durable contre les maladies des plantes est l'un des défis auxquels 

l'agriculture est actuellement confrontée. Il est donc essentiel de comprendre les 

pathogènes dans leurs agroécosystèmes. Les phytovirus sont les principaux agents 

pathogènes qui infectent la tomate, l'un des légumes les plus importants dans le monde 

sur le plan économique. L'évolution constante des virus par le biais de mutations, de 

réassortiments ou de recombinaisons entraîne l'apparition de maladies qui peuvent 

potentiellement menacer la productivité des cultures. L'impact de l'infection virale sur 

les plantes dépend du contexte, des facteurs anthropogéniques et des conditions 

environnementales. Compte tenu de la nécessité d'améliorer la durabilité de 

l'agriculture, des systèmes de production alternatifs diversifiés et durables de culture 

de légumes sur sol principalement destinés aux marchés locaux sont devenus plus 

populaires au cours de la dernière décennie dans les pays industrialisés tels que la 

Belgique, la France ou le Canada. 

Cette thèse vise à évaluer et à mesurer les problèmes liés aux maladies virales de la 

tomate dans les systèmes de production diversifiés belges.  

Tout d'abord, pour atteindre cet objectif, une approche complémentaire impliquant 

la socio-économie et l'épidémiologie végétale a été mise en place afin d'obtenir une 

vision holistique de la situation. Plus précisément, le virome de la tomate a été étudié 

dans 21 exploitations maraîchères, tout en examinant la perception des producteurs, 

leurs systèmes de production et la présence de symptômes de type viral sur le terrain. 

Au cours de cette étude, un rhabdovirus émergent, le physostegia chlorotic mottle 

virus (PhCMoV), a été identifié comme une menace virale potentielle. Ce virus était 

en effet associé à de forts symptômes sur les fruits de tomate et, dans certains cas, à 

une forte prévalence au champ. À l'époque, ce virus n'était connu uniquement pour 

infecter le physostegia et la tomate en Autriche et en Allemagne et les informations 

biologiques manquaient.  

Ainsi, la deuxième approche menée dans cette thèse  a consistée à se concentrer sur 

la caractérisation biologique du PhCMoV.   

Parallèlement à nos détections en Belgique, des échanges informels avec d'autres 

experts en virologie végétale provenant de divers laboratoires de recherche ont permis 

de se rendre compte que le PhCMoV avait simultanément été détecté dans plusieurs 

pays européens et dans des nouvelles plantes hôtes présentant des symptômes. Cela a 

renforcé l'intérêt de se concentrer sur sa caractérisation. Grâce à une collaboration 

internationale, les résultats des recherches de ces huit groupes de recherche sur le 

PhCMoV ont été compilés afin d'obtenir une compréhension globale du virus et des 

risques associés. Cela a permis d'entamer sa caractérisation en ce qui concerne sa 

gamme d'hôtes, sa distribution géographique, la causalité des symptômes et la 

diversité génétique. Cette collaboration fructueuse fait état de l'identification du 

PhCMoV dans neuf espèces végétales et sept familles et dans huit pays européens 

supplémentaires. Il a été confirmé que le virus provoque de graves symptômes sur les 

fruits de cultures importantes sur le plan économique, telle que la tomate, l'aubergine 
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et le concombre. L'analyse phylogénétique a montré une faible variation génomique 

entre des échantillons prélevés à 17 ans d'intervalle sur un même site et sur deux 

plantes hôtes annuelles différentes, ce qui suggère une forte pression de sélection au 

sein d'un même écosystème au fil du temps.  

Par la suite, d'autres aspects de la biologie du virus restaient à analyser, tels que le 

mode de transmission, l'incidence et la sévérité. Un nouveau consortium a été créé 

avec certains groupes de recherche déjà impliqués dans l'étude précédente et de 

nouveaux, notamment des spécialistes en enthomologie et en écologie virale. Au total, 

huit partenaires ont été impliqués dans cette deuxième étude et des expériences ont 

été mises en place pour compléter la caractérisation biologique de ce virus. La 

présence naturelle de la maladie dans plusieurs sites autour de notre laboratoire et la 

coopération avec les producteurs a été un grand avantage pour étudier la biologie de 

ce virus. La gamme d'hôtes du PhCMoV a été étendue à 20 nouvelles plantes hôtes, 

sa cicadelle vectrice (Anaceratagallia sp.) a été identifiée, et la prévalence importante 

du PhCMoV en Belgique suggère que le virus est largement répandu dans 

l'environnement. Les bioessais ont montré que les pertes de rendement peuvent 

atteindre presque 100 % si les plantes sont infectées à un stade précoce, la sévérité de 

l’impact sur le rendement diminuant avec l’âge de la plante lors de l’infection. Les 

symptômes associés au virus ont également été étudiés dans des conditions de contrôle 

sur plusieurs espèces de plantes.  

En résumé, au cours de ce doctorat, j'ai exploré les risques associés aux virus dans 

les tomates cultivées en sol et destinées à la consommation locale en Wallonie en 

développant une méthodologie innovante qui combine la perception des producteurs 

et la détection du virus avec le séquençage à haut débit. J’ai également amélioré la 

caractérisation biologique d'un rhabdovirus émergent en collaborant avec des 

scientifiques et en mettant en place des essais au champ et en serre, faisant de 

PhCMoV l'un des nouveaux phytovirus les mieux caractérisés. Ce virus peut 

constituer une menace sérieuse pour les petites exploitations maraîchères diversifiées. 

Néanmoins, les connaissances sur sa biologie fournies par ce travail permettent de 

proposer des mesures préliminaires de gestion lors d'une épidémie 

comme l'élimination d'hôtes alternatifs. 
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town if known), original host, symptoms, detection or confirmation method, 

sequencing strategy and bioinformatics pipeline used. NCBI GenBank accession 

numbers for each sequenced isolate and co-infection with other viruses are also 

presented. 

Table 3-2. PhCMoV indexing host range study accross different laboratories 

(DSMZ, JKI and NVWA).  

Table 2-4. Description of the main qualitative characteristics related to the farms 

(F); grower’s profiles (G) and, tomato cultural practices (T) of the respondents (n=21).  

Table 4-1. Mechanically inoculated plant species with PhCMoV (isolate GH24), 

symptoms observed and RT‐PCR results. 
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List of abbreviations and acronyms 
 

Abbreviations Definition 

ACP Agroecological crop protection 

CIM Interprofessional center of vegetable growers 

CMV Cucumber mosaic virus 

COI Cytrochrome oxidase I 

DNA Deoxyribonucleic acid 

EMDV Eggplant mottle dwarf virus 

ELISA enzyme-linked immunoassay 

EPPO European and Mediterranean Plant Protection Organization 

HTS High Throuput Sequencing 

NCBI National Center for Biotechnology Information 

ORFs Open reading frames 

PCR Polymerase Chain Reaction 

PepMV Pepino mosaic virus 

PVY Potato virus Y 

PYDV Potato yellow dwarf virus 

PhCMoV Physostegia chlorotic mottle virus 

RNA Ribonucleic acid 

RT Reverse Transcriptase 

ToCV Tomato chlorosis virus 

ToMV Tomato mosaic virus 

ToBRFV Tomato brown rugose fruit virus 

TSWV Tomato spotted wilt virus 

TYLCV Tomato yellow leaf curl virus 

VANA Virion-Associated Nucleic Acids 
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Preface 
Over the past century, the development of intensive agriculture, becoming the 

predominant agricultural system, enabled a significant increase in crop production. 

However, the associated use of chemical inputs such as synthetic fertilizers, 

pesticides, and the need of fossil fuels, as well as the mono-cropping of high-yielding 

cultivars, resulted in negative impacts on the environment (e.g. soil degradation, 

biodiversity loss, greenhouse gas emissions, and water contamination) and on human 

health (e.g. food and water contamination by chemicals and pesticides) (Tilman et al., 

2002).  

To address these concerns and promote a more sustainable agriculture system, 

agroecology emerged as a powerful alternative (Kremen et al., 2012, Wezel et al., 

2014). This approach promotes the protection of the environment and human health 

in agriculture and relies on ecosystem services to reach a good productivity (Kremen 

et al., 2012, Wezel et al., 2014, Ponisio et al., 2015, Hatt et al., 2016, Tamburini et al., 

2020). It also promotes inter-disciplinary studies, which can bring together experts 

from different fields, allowing for a more comprehensive and integrated 

understanding of the situation, including ecological, social, economic, and cultural 

factors (Mendez et al., 2013, Hatt et al., 2015).  

Small-scale producers of vegetables with agroecological approach, driven by 

sustainability and ecosystem welfare over profit, are expanding in industrialized 

countries (Morel and Leger, 2016; Laforge et al., 2018; Dumont et al., 2020). One key 

aspect of producing vegetables is to sustainably manage plant pests and pathogens 

which can substantially impact the yield and quality of the products. Accordingly, 

Agroecological Crop Protection (ACP), for which ecology is the guiding principle, is 

a powerful approach (Deguine et al., 2023). ACP principle combines the other 

approaches previously designed to improve the sustainability of crop protection, such 

as Integrated Pest Management (IPM) or organic agriculture. Still, it is based on a 

broader and more holistic view of agriculture. IPM focuses on a practical approach to 

reducing synthetic pesticide use, and organic agriculture is based on strict rules and 

regulations prohibiting synthetic inputs. ACP is the application of agroecology 

principles to crop protection, promoting the “one health” approach (Deguine et al., 

2023). Its three pillars are: prevention, biodiversity and soil health.  

This approach places strong emphasis to the use of knowledge and precise 

understanding of ecosystems and ecological processes at different scales (plant, field, 

landscape) in specific contexts alongside socio-economic realities to design, 

reorganized and implement long-term sustainable farming practices (Deguine et al., 

2023). One of its principles is to understand natural interactions better to mimic and 

use them for crop protection instead of attempting to control and constrain them. 

Therefore, in-depth research on the biology, ecology and functioning of pests and 

pathogens in diversified production systems is crucial to develop and optimizing ACP 

to improve crop protection and agriculture sustainability alongside maintaining or 

improving productivity (Kremen et al., 2012).  
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In this context, I studied the viral diseases of tomatoes in diversified production 

systems during my PhD thesis and I further characterized an emerging viral disease 

present in these systems. 

Tomato production  
Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family and originated 

from the Andean region of South America. Its first domestication occurred in Mexico 

(Benton, 2007). Introduction of tomato in Europe occurred after the mid-16th century. 

Today, tomatoes are widely cultivated worldwide and are one of the most popular and 

valuable vegetables, with a gross production of 102.6 billion US dollars and yield 

estimated at 186.8 million tons (MT) in 2020 (Costa et al., 2018, FAOSTAT, 2020).  

Tomatoes can be grown for different purposes, fresh or processed products (sauces, 

juices…) at various scales, from extensive (small home gardens) to hyper-intensive 

(large industrial farms). Large-scale commercial production systems often involve 

high-tech equipment and advanced techniques, while smaller-scale systems may be 

much simpler and more traditional. In some countries, these systems co exists. For 

example, in Belgium, where tomato yield was estimated at 0,3 million tons, most of 

tomato production is focused on export and mass retailing of fresh edible tomato is 

primarily cultivated in Flanders (the northern part of the country) by specialized 

tomato growers using high-tech greenhouses. However, small-scale growers who 

cultivate tomatoes on soil alongside with other vegetables for local consumption and 

fresh market are also operating in Belgium and their number is increasing (Dumont et 

al., 2020).  

Thousands of different varieties of tomatoes are available, each with unique 

characteristics that make them suitable for different purposes. Some varieties are 

better for cooking or canning, while others are ideal for eating fresh. Many different 

cultivars have been developed to suit different growing conditions, production 

systems, climates, pest and disease pressures and to reach optimized yields and quality 

(Chea et al., 2021).  

This genotype diversity was created by traditional selection carried out by farmers 

(Blanca et al., 2022), which is the process of selecting individual plants based on their 

desired attributes. Modern plant breeding techniques have also contributed to the 

diversity of tomato varieties by introducing desirable traits from wild species. Tomato 

production systems are very diverse and can be organized into two main categories: 

open fields in suitable area (warm and sunny) or under shelters. 

1.1 Open field cultivation of tomato 
Field production is the traditional and most common method of tomato cultivation, 

relying on natural sunlight, soil, and rain. Irrigation during dry seasons is common, 

and mechanization is typically limited to soil preparation. Irrigation and mineral 

nutrition management must be adjusted based on the soil physical and chemical 

characteristics. Yields can vary widely from 20 to 100 t/ha, and harvesting practices 

differ depending on the fruit destination. For example, tomatoes intended for 

processing are typically mechanically harvested, while those grown for fresh market 
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are hand-picked over several weeks. Open-field production of tomatoes can be done 

on a small scale, such as in-home gardens or small family farms, or on a large scale, 

such as in commercial agriculture operations. 

1.2 Under shelter cultivation of tomato 
Growing tomatoes under shelter can protected them from unfavorable weather 

conditions (such as strong winds, heavy rainfall, and extreme temperature) or 

fluctuations, to which tomatoes are very sensitive. It can also help to prolong the 

growing season, by protecting plants from cooler temperatures. Overall, the growing 

conditions can be optimised by creating a controlled environment, resulting in 

healthier and bigger plants, better-tasting tomatoes and higher yields. Shelters can be 

heated or unheated. 

Tomato culture under cold shelter   

Cold shelters can be made of materials such as plastic, glass, or fabric and are used 

to extend the growing season in cooler climates. Tomatoes grown under cold shelter 

are mostly grown in soil. To ensure success when growing tomatoes under cold 

shelter, it is important to monitor the temperature and provide adequate ventilation to 

prevent humidity buildup and disease problems. 

In the south of Spain, particularly in regions like Almeria, tomato production (and 

horticulture in general) under shelter has been taken to an intensive scale and is mainly 

dedicated to export. In fact, the concentration of greenhouses is so high that this region 

is known as the “sea of plastic". On the other hand, in the north of Europe, tomato 

production under cold shelter is mostly done by small-scale diversified producers, 

mainly dedicated to fresh local markets.  

Overall, the use of shelter for tomato production varies depending on the climate 

and scale of production. For example, in southern Spain, the intensive use of plastic 

shelters has enabled year-round production and high yields. In contrast, smaller-scale 

producers in the north of Europe use shelters to extend the growing season and protect 

plants from cooler temperatures. 

Tomato culture under heaten shelter  

Heated shelters make it possible to cultivate tomatoes year-round in colder climates. 

These shelters are typically glass greenhouses, and the crops are often grown 

hydroponically using nutrient solutions. The growing conditions are highly controlled, 

and yields can reach up to 500 tonnes per hectare (eg. Belgium, FAOSTAT 2020). 

This type of production system requires substantial investment in infrastructure and 

technology, which are highly sophisticated, making it mainly suitable for industrial-

scale tomato production.  

Tomato diseases  
Tomatoes are highly susceptible to a large range of pests and pathogens which can 

jeopardize their production. Pests and pathogens infecting tomatoes and their impact 

on the plants are often inferred to specific climates, geographical locations or 

production systems and include insects, nematodes, fungi, bacteria, and viruses 

(Blancard, 2012, Panno et al., 2021 Jeger et al., 2021). Their diversity emphasizes the 
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importance of the tomato pathosystem as a favorable model for studying plant-

pathogen interactions (Arie et al., 2007). In addition, abiotic stress, such as nutrient 

deficiency or weather extremes, can result in diseased phenotypes and significant 

yield losses (Blancard, 2012). This section will introduce diseases caused by 

microorganisms (fungi, oomycetes, bacteria) that can be observed under a 

microscope. The selected diseases were chosen because they were considered as 

economically important by Blancard, 2012. Then, the focus of this thesis will be on 

viruses which requires more specialized equipment to be observed (e.g transmission 

electron microscope), due to their small size.  

 

1.3 Tomato fungal diseases  
Fungi are eukaryotic organisms able to reproduce sexually and asexually. Most 

pathogenic fungi grow in humid conditions and can cause specific symptoms. 

Common fungal diseases affecting tomato plants and leading to yield losses include 

early blight and late blight caused by several species of Alternaria (including A. 

solani and A. tomatophila) and fungus-like oomycete Phytophthora infestans, 

respectively. These diseases are more frequently observed in tomatoes grown in fields 

than in greenhouses (Blancard, 2012). 

Early blight (Blancard, 2012, Jones et al., 2014, Adhikari et al., 2019) 

Early blight (Alternaria) mainly affects the aerial part of the plants and is 

characterized by circular, dark brown spots on leaves and stems and sunken lesions 

on the fruit with dark concentric rings. In some instances, annual economic yield 

losses due to this disease have been estimated at nearly 80%. The fungus survives 

mainly in infected crop residues and soil, but also on the surface of the seeds in the 

form of conidia and mycelium. In spring, conidia are produced on crop residues, this 

is the primary infection. Sporulation and spore dispersal are favoured by alternating 

wet and dry conditions. Conidia are dispersed by wind and water (splash, sprinkler 

irrigation) on basal leaves or colonized leaves in contact with the soil. Alternaria is 

known only to reproduce asexually. Currently, cultural practices (e.g. rotations, 

control of humidity, use of healthy seedlings) and fungicide applications are employed 

for its management due to the lack of resistant cultivars. 

Late blight (Blancard et al., 2012, Fry et al., 2015) 

Late blight (P. infestans) is characterized by presence of greenish black, oily and 

irregular spots at the apex or at the margin of the old leaves. It can be introduced into 

an area by infected plants or plant debris, and can also be spread by wind, rain, or 

contaminated tools and equipments. Late blight develops and spreads rapidly if 

conditions are humid, rainy and not too warm. The disease can be uncontrolled and 

cause strong economic damages, especially in field, but also under cold shelter where 

the conditions are not controlled. Therefore, aeration of tunnels and greenhouses is 

strongly recommended to reduce the risks of late blight.   

P. infestans typically reproduce asexually through sporangia that can be preserved 

within living tissue. However, when two different strains, such as A1 and A2, come 

into contact in the field, sexual reproduction may occur as it can be the case in Europe 
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from the late 1970s (Yuen et Andersson, 2013). Sexual reproduction for P. infestans 

leads to genetic variability, which can increase its aggressiveness, virulence, and 

resistance emergence to fungicides. Furthermore, oospores produced during sexual 

reproduction can be particularly resistant to harsh conditions, such as desiccation and 

cold, making them a more reliable preservation method for the oomycete during 

winter. In Europe, both strains are present, which complicates disease management. 

1.4 Tomato bacteria diseases  
Bacteria are prokaryotic organisms which lack true nuclei and other membrane-

bound organelles. They reproduce only asexually through binary fission. Bacteria, 

such as Ralstonia solanacearum or Clavibacter michiganensis can affect tomato 

plants and induce diseases. These diseases can be challenging to manage once 

established and cause significant yield losses, making it essential to implement 

preventative measures to avoid spreading. 

Bacterial wilt disease 

Bacterial wilt disease (Ralstonia solanacearum), seriously threatens tomato crops, 

causing significant yield losses and economic damage. This bacteria attacks the plant 

vascular system and prevents the uptake of water and nutrients. Symptoms of bacterial 

wilt on tomato plants can include wilting, yellowing and browning of leaves, and 

eventual death of the plant. In severe cases, annual yield losses due to this disease 

have been estimated at up to 100%. The disease is particularly prevalent in tropical 

and subtropical regions, where warm and humid conditions favor the growth and 

spread of the bacteria. The bacteria responsible for bacterial wilt can survive for many 

years in the soil and can infect tomato plants through their roots. Once inside the plant, 

the bacteria multiply rapidly and move up into the xylem, blocking the flow of water 

and nutrients. The disease is spread through contaminated soil, water, and infected 

plant material. Unfortunately, no resistant cultivars are currently available to combat 

bacterial wilt disease in tomatoes. Cultural practices such as crop rotation and healthy 

seedlings can help reduce the risk of infection, but may not provide adequate 

protection.   

Bacterial canker 

Bacterial canker disease is a serious problem for tomato growers worldwide. It is 

caused by the bacterium Clavibacter michiganensis subsp. michiganensis and it is 

characterized by wilting, yellowing, and necrosis of leaves, stems, and fruit. The 

disease can cause significant yield losses and can be particularly damaging in 

greenhouses. Bacterial canker is primarily spread through infected seeds, transplants, 

and plant debris, as well as through mechanical transmission via equipment and tools. 

The bacteria can survive in the soil for several years, making it difficult to control 

once established in a field. In addition, there are limited chemical control options, and 

the development of resistant tomato cultivars has been slow due to the genetic 

complexity of resistance to the disease. As a result, cultural practices such as crop 

rotation, sanitation, and use of pathogen-free seed and transplants are critical for 

managing bacterial canker in tomato production. 
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Biology: plant virus properties. 
 

1.5 Diversity and virus taxonomy 
 

Plant viruses are microscopic infectious agents capable of replicating only within 

cells of living organisms, depending on the host cellular machinery. They can be 

composed of RNA or DNA genomes and are usually encapsidated in a protein coat, 

known as a “capsid”, which protects the genetic information and allows it to infect 

host cells. The complete structure is called “viral particle”. Some viruses are also 

enveloped by an outer lipoprotein membrane (Hull, 2014).  

Plant virus genomes vary in size, structure and complexity (Hull, 2014). Their 

genome size are mostly in between ~4 and ~20 kb, which ranges amongst the smallest 

genomes of any organism (Mauck et al., 2018). Some plant viruses have a single-

stranded RNA or DNA genome, which can be positive or negative-sense polarity for 

RNA viruses. In contrast, other species have double-stranded DNA or RNA genomes 

(Baltimore classification). Virus genomes can either be linear or circular and can be 

contained in one single nucleic acid molecule (monopartite), several nucleic acid 

molecules packaged within the same particle (segmented) or into several separate 

particles (multipartite) (Hull, 2014).  

So far, most studies about plant viruses have focused on pathogenic viruses of 

economically important crops because they can negatively impact food production, 

food security and economy and because their study requires a lot of resources (Wren 

et al., 2006, Rybicki, 2015, McLeish and García-Arenal 2020). Nevertheless, the 

recent development of technologies such as high throughput sequencing (HTS), 

allowing to detect all (or nearly all) the viruses present in a sample without a priori 

information has improved the understanding of plant virus diversity (Adams et al., 

2018). Traditionally, plant viruses were classified based on a five-rank structure (i.e. 

species, genus, sub family, family and order). It has recently changed to a 15-rank 

classification, closely aligned with the Linnaean taxonomic system (Gorbalenya et al., 

2020). Nowadays, viruses are classified according to the comparison of their genome 

sequences of conserved genes and proteins (Gorbalenya et al., 2020, ICTV). The rules 

which state that a divergent viral sequence is associated with a new viral species is 

different between plant viral families and are decided by expert groups from the 

International Committee on Taxonomy of Viruses (ICTV).  

Tomato plants are infected by the highest number of viruses among plants to date: 

at least 312 viral species belonging to 22 families and 39 genera have been recorded 

to infect it (Figure 1-1, Rivarez et al., 2021). Out of the species listed, there are 220 

species of tomato viruses, which have DNA genomes and are divided into three 

families. The majority of viral species that infect tomatoes belong to the Begomovirus 

genus (which are DNA viruses) and their associated satellites, due to the high number 

of species within this genus. In contrast, there is a greater diversity of tomato viruses 
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among RNA viruses, with 84 known species classified in 18 families (Rivarez et al., 

2021).  

 

 

Figure 1-1- Taxonomic distribution of virus and viroid species that were reported to infect 

or were associated with tomato before 2011 or within the 2011–2020 period (Rivarez et al., 

2021) 

1.6 Plant virus evolution 
Like other viruses, plant viruses evolve through a process called genetic variation 

and natural selection (Butković et al., 2020). Genetic variation can be represented by 

genetic errors during virus replication, resulting in changes in their genetic material 

(mutation, recombination, and reassortment). These genetic changes can be beneficial, 

harmful, or neutral to the virus (Roossinck et al., 1997). Natural selection then 

determines which variants of the virus are more adapted to their environment and 

more likely to survive and spread. Overall, viruses can accumulate genetic changes 

over short timescales compared to other organisms due to their high mutation rates, 

large population sizes, and short generation times (Moya et al., 2004). In addition, 

some type of viruses (eg. RNA viruses) lack proofreading activity in their polymerase 

proteins and, thus, exhibit the highest mutation rates of any group of organisms (Moya 

et al., 2004). However, over longer timescales, natural selection slow down the rates 

of viral evolution which approach those of their hosts (Simmonds et al., 2019). This 

is because, like their hosts, viruses also experience purifying selection, which removes 

deleterious mutations that reduce their fitness. As a result, many viral lineages may 

converge on similar, optimal genotypes that are well-adapted to their host and 

environment. Furthermore, viruses that are highly specialized to a particular host or 

environment may experience more limited opportunities for evolution, as they are 

already well-adapted to their niche (Simmonds et al., 2019). The process of virus 

evolution through genetic variation and natural selection allows viruses to adapt to 

changing selection pressures and can result in new viral strains or species with 
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different biological properties (host range, transmission, severity…) (Figure 1-2). In 

the context of plant viruses, this can for instance lead to the emergence of new variants 

or viruses that can overcome the resistance of certain plant varieties or infect a new 

host. This process contributes to the emergence of plant viral diseases (Elena et al., 

2014, McLeish et García-Arenal, 2020). 

 

 

Figure 1-2: Representation of some of the most relevant factors affecting plant virus 

evolution, from an ancestral to the evolved virus (Butković et al., 2020). 

 

Biology: plant virus characteristics 
Tomato viruses and plant viruses can differ in genetic composition and structure but 

also in their biology and lifecycle, which are crucial to understand for developing 

sustainable control strategies (Jones et al., 2004). The main biological properties of 

plant viruses include the host range (i.e. number of plants species infected), the 

symptomatology and the transmission between plants. These biological properties are 

closely linked, interdependent, and influenced by environmental factors (Jones and 

Naidu, 2019). In this chapter, the biological aspects of plant viruses will be explained, 

illustrated by various tomato viruses, including mainly six selected tomato viruses 

(Table 1-1). These selected viruses were chosen because they represent well the 

diversity of biological characteristics of tomato viruses and how they can be managed. 

Among them, tomato spotted wilt virus (TSWV), tomato yellow leaf curl virus 

(TYLCV) and cucumber mosaic virus (CMV) are part of the top ten of the most 

studied and economically important plant viruses (Scholthof et al., 2011). 

Subsequently (Chapter 5), specific examples will illustrate how knowledge on these 

biological properties can be used to manage a plant viral disease effectively.  
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Viral species 

 

Genus  Host range Transmission main mode Main symptoms  

Tomato mosaic virus 

(ToMV) 

 

Tobamovirus 
145 plants species 

(27 families) 

mechanically (remain stable 

outside a host), seeds  

various (mosaic leaves, leaf distortions, stunted growth, 

discoloration, marbelling pattern on the fruit…) 

Tomato spotted wilt 

virus (TSWV) 

 

Orthotospovirus  
1,000 plants species 

(85 families) 

Thrips (Frankliniella 

occidentalis) (persistent-

replicative ) 

bronzing of the upper sides of young leaves,  necrotic 

spots. Chlorotic spots on rings with concentric 

(sometimes necrotic)  rings 

Tomato yellow leafcurl 

virus (TYLCV) 

 

Begomovirus 
49 plants species (16 

families)  

Whitefly (Bemisia tabaci) 
(persistent- circulative non 

replicative) 

severe stunting, reduction of leaf size, upward 
cupping/curling of leaves, yellowing of leaves, 

abortion of flowers 

Cucumber mosaic virus 

(CMV) 

 

Cucumovirus  
1,200 plants species 

(100 families) 

Aphids, ∼75 species of 

aphids (non-persistent) 

Expanding leaves typically become twisted, curl 
downward, and develop a "shoestring" appearance, 

brown annular spots on fruits 

Pepino mosaic virus 
(PepMV) 

 

Potexvirus Few Solanaceae sp.  
mechanically (remain stable 
outside a host), seeds  

mild interveinal chlorosis (yellowing) and leaf 
distortions such as spindly leaves 

Southern tomato virus 
(STV) 

 

Amalgavirus Few Solanaceae sp.  seeds (persistent lifestyle)  no symptoms in single infection 

Table 1-1. Six selected tomato viruses with diverse biological properties (Blancard et al., 2012, Hancinský et al., 2020, Tatineni et al., 

2023) 
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Recent advances in metagenomic technologies have expanded our understanding of 

viruses and their characteristics, unveiling the existence of a significant number of 

viruses with a persistent life cycle in the environment (Roossinck et al., 2015).  

 

1.7 Host range  
The host range is the number of host species that can be infected by a virus (in which 

a virus can infect, multiply, and be transmitted). It is difficult to assess the natural host 

range of a virus, but it is commonly accepted that plant host range can vary widely, 

depending on the virus species and can evolve upon time (Kumar et al., 2020). Some 

plant viruses have the ability to infect only one or a few closely related plant species 

(specialists), while others can do so in many different types of plants (generalists) 

(Kumar et al., 2020). For example, pepino mosaic virus (PepMV) is believed to have 

a narrow natural host range restricted to species of the Solanaceae family. In contrast, 

cucumber mosaic virus (CMV) or tomato spotted wilt virus (TSWV) can infect more 

than 1000 different plants species belonging to more than 85 different plant families 

(Hanssen et al., 2010, Blancard, 2012).  

Understanding the host range of plant viruses is essential for plant disease 

management, as it can help farmers and researchers to develop strategies to prevent 

or reduce the spread of viruses to susceptible crops (Thresh, 1982, Jones et al., 2004). 

Most plant viruses cannot survive and remain infectious outside a cell host. Annual 

crops are absent from the field during winter or dry summer (e.g. tomato), viruses 

required to infect alternative hosts to survive, called “reservoirs” (Jones et al., 2004). 

These alternative hosts may be long-lived (perennials) or short-lived with a growing 

period that overlaps those of crops. 

1.8 Transmission  
Since most viruses cannot remain stable outside a host, they typically rely on 

efficient transmission between their host to survive. Plant viruses can be transmitted 

either vertically, which involves transmission between parents and their progeny; or 

horizontally, which involves transmission to new plants (Jones and Naidu, 2019).  

Horizontal transmission  

Horizontal transmission of plant viruses can occur mechanically through 

arthropods, fungi or nematodes, but described viruses infecting tomatoes are mainly 

transmitted by insect vectors (Blancard, 2012). The most economically important 

insect vectors are restricted to a few hemipteran families: aphids, whiteflies, 

leafhoppers and planthoppers (Hogenhout et al., 2008, Tatineni et al., 2023). 

Transmission with insect vector  

Transmission mode by insect vectors is usually categorized in four ways depending 

on: the time the insect needs to feed to acquire the virus (i.e. acquisition phase); (ii) 

the period between virus acquisition and virus transmission (i.e. latency period); (iii) 

the time required for virus transmission to a healthy plant (i.e. inoculation phase); and 
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(iv) time during which the insect can transmit the virus (i.e. retention period)  (Bragard 

et al., 2013, Hull, 2014). 

The transmission of plant viruses by insects can take place in a circulatory manner: 

the virus must circulate in the insect body before it can be transmitted to another plant, 

and it can replicate in the body of the insect (propagative) or not (non-propagative) or 

in a non-circulative manner (viruses are retained in the stylet or foregut).  

The non-circulative transmitted viruses can either have short acquisition and 

retention periods in the insects, ranging from a few seconds to a few minutes (non-

persistent transmission) to a few minutes or hours (semi-persistent transmission), 

cannot be transmitted anymore after moulting and do not have latent period. On the 

other hand, viruses transmitted in a circulative manner have acquisition, latent and 

retention periods ranging from hours to days or weeks (persistent transmission). The 

plant viruses which can replicate in their insect vector can be inoculated to healthy 

plants during the lifespan of the insects and some are transmitted transovarially to the 

vector progeny (Hogenhout et al., 2008, Hull et al., 2014, Whitfield et al., 2015, Yele 

et Poddar, 2020). The transmission of insect-transmitted viruses is highly dependent 

on their vector ecology and the environmental conditions suitable for its development 

and spread. For example, begomoviruses such as tomato yellow leaf curl viruses 

(TYLCV) are mainly found in tropical and subtropical area because their vector 

(whitefly, mainly Bemisia tabaci) is well adapted to these climates (Blancard, 2012). 

In some cases, it was demonstrated that plant viruses can influence insect behavior 

by altering the plant chemical composition or its nutritional quality, which can attract 

or repel insects or by altering the behavior and performances of the insect itself 

(Eigenbrode et al., 2018). For example, cucumber mosaic virus (CMV), which is 

transmitted in a non-persistent manner can induce the production of volatile organic 

compounds in plants which attract aphid vectors, and then, reduces the nutritional 

quality of the plants for aphids, causing rapid vector dispersal (Mauck et al., 2014, 

Carmo-Sousa et al., 2014). 

Mechanical transmission 

Some viruses can also be transmitted mechanically through contact with infected 

plant debris or contaminated tools, clothes or surface. This transmission mode is less 

common but can be very efficient notably for pathogenic viruses that infect tomato, 

making them highly dangerous for crop production. For example, some 

tobamoviruses (eg. tomato mosaic virus, tomato brown fruit rugose viruses) or 

potexviruses (pepino mosaic virus) are mechanically transmitted (Panno et al., 2020).  

Viruses belonging to these two families (Tobamovirus, Potexvirus) also have 

special properties which can favor their spread, and the risks associated with their 

presence, such as being able to remain stable in the environment and remain infectious 

in the soil, water or any surface for many months (Hull, 2014). For example, 

tobamoviruses can remain infective even after conventional wastewater treatment 

(Bačnik et al., 2020). 
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Vertical transmission  

Vertical transmission occur in two ways: through infected seed or infected 

vegetative propagation material (eg. tubers, grafts). In the case of vegetative 

propagation of crops (eg. for potato, banana, sweet potatoes, strawberries…), the virus 

is transmitted when a piece of an infected plant is used to grow a new plant. Vegetative 

propagation is a highly effective mode of virus transmission and is significant for 

many viruses that impact crops, given that most viruses can be transmitted through 

this method. 

In the case of an infected seed, the virus is present in the seed coat or within the 

embryo itself and can be transmitted to the next generation of plants when the seed 

germinates (Hull, 2014). Viruses vertically transmited are efficiently disseminated 

worldwide by global trade (Jones et al., 2009). 

In tomato, some pathogenic viruses, such as tobamoviruses or potexviruses are 

transmitted via seeds, but the transmission rate is generally low. For example, Hanssen 

et al., (2010) showed that pepino mosaic virus (PepMV) can be transmitted at an 

overall transmission rate of 0.026% under specific experimental condition. However, 

such low occurrence of seed transmission can be enough to propagate the disease on 

long distances and to cause an outbreak, if viruses are then easily transmitted in the 

field, for example, in a mechanical manner (Dombrovsky and Elisheva, 2017, Panno 

et al., 2020). 

Therefore, implementing certification schemes comprising periodic inspections and 

testing procedures for regulated and quarantined plant viruses before the 

commercialization and transportation of seeds is essential to avoid the global spread 

of plant viruses and contain epidemics (Rodoni et al., 2009, Rubio et al., 2021).  

 

1.9 Symptomatology  
Plant viruses can cause symptoms in plants by disrupting their physiological and 

cellular metabolism. Upon infecting a plant, the virus hijacks the plant cellular 

machinery to replicate itself, which can interfere with the plant normal functions and 

lead to visible symptoms (Hull et al., 2014). For example, some viruses can interfere 

with the plant ability to produce chlorophyll, which is necessary for photosynthesis. 

This can result in yellowing or chlorosis of the leaves, the most common viral 

symptom (Zhao et al., 2016). In addition, viruses can cause symptoms by triggering 

the defense mechanisms in plants, which can produce reactive oxygen species and 

necrotic lesions (dead tissue). 

Symptoms caused by viruses are diverse and can be observed in various plant organs 

(leaves, flowers, fruits). They are general or specific according to the type of virus. A 

close observation on different indexing plant species allowed to differentiate viruses 

between each other and to classify them before the use of molecular techniques 

(Roenhorst et al., 2013). Nevertheless, some viruses induce a large range of symptoms 

depending on the strains. As a result, different cucumber mosaic virus (CMV) isolates 

have often been erroneously considered new viral species, when viruses were 

described only by symptomology (before sequencing time) (Scholthof et al.,  2011).  
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In the field, observing symptoms on plant allows for diagnosing their presence. In 

tomato, typical symptoms caused by plant viruses includes discoloration of leaves 

(vein clearing, mosaic, yellowing), leaf deformations (twisted, expanded, curled) and 

fruits alterations (uneven ripening, stains) (Blancard et al., 2012, Figure 1-3). Virus 

infection in crops generally leads to reduced tomato fruit production and plant growth 

(Hull, 2014). These symptoms are general and aspecific as many different viral 

species belonging to different virus families can cause them. For examples, unvenen 

ripening of tomato fruits can be observed on tomato infected with PepMV 

(potexviruses) but also on tomato infected by tobamoviruses (ToMV, ToBRFV), 

rhabdoviruses (EMDV) etc (Blancard, 2012).  

Some symptoms caused by viruses can also be more specific. For example, TYLCV 

induces stunted plant growth, upward curling of the leaves, yellowing, and flower 

abortion resulting in a fruit production reduction. TSWV induce concentric necrotic 

rings on fruits (Blancard, 2012, Figure 1-3). 

 

Figure 1-3 Selected symptoms caused by various important tomato viruses: a) PepMV: 

uneven ripened fruits (García-Estrada et al., 2022), b) TSWV: concentric and necrotic rings 

on fruits. (García-Estrada et al., 2022), c) TYLCV: curl upward and interveinal yellowing on 

leaves (Blancard, 2012), d) CMV: deformed, blistered and mosaic leaves (Blancard, 2012). 

It is important to note that the symptoms caused by a same virus vary depending on 

the different host plant species, cultivars, or even genetically similar plants it infects 
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(Hull, 2014). Environmental conditions (temperature, luminosity…) and global plant 

stage and health (nutrient deficiency, or co-infections with other pathogens including 

other viruses) can alter the expression and severity of symptoms and considerably 

challenge the diagnosis in the field (Fraile et García-Arenal, 2016, Amari et al., 2021). 

Overall, viruses fall on a continuum of interactions with its host plant, from mutualism 

to pathogenic (Gonzalez et al., 2020) (Figure 1-4).  

For example, temperature, light intensity, nitrogen and bore concentration in the soil 

can influence the reaction of tomato plant to ToMV infection (Blancard, 2012). It is 

also interesting to note that mixed infections of plant viruses are common in nature 

and there is a gradient of interactions between different viruses in a same host, from 

synergistic to antagonistic interactions (Syller et al., 2012). A synergistic interaction 

has a facilitative effect on both, or at least one of the viral partners while an 

antagonistic type of interaction, only one of the viruses is likely to be the beneficiary, 

and its presence and activity lower the fitness of the second virus (Syller et al., 2012). 

These interactions can result in a modification of the symptoms. For example, the 

symptoms caused by CMV can also be exacerbated in tomato by the presence of 

another virus such as potato virus Y (Jacquemond, 2012).  

In another example, tomato chlorosis virus (ToCV) and TYLCV mixed infections 

induced synergistic disease effects in tomato plants, resulting in a higher disease 

severity and growth reduction, a difference of spatio-temporal accumulation of the 

virus in the different organs of the plants (ToCV accumulated less in upper leaves of 

ToCV-infected tomato plants than in lower leaves), an overall higher accumulation of 

the two viruses in the plants. In addition, B. tabaci appeared to have a greater TYLCV, 

but a lower ToCV acquisition rate from mixed infected plants compared with singly 

infected plants (Li et al., 2021). 

 

 

Figure 1-4 Plant viruses on a symbiotic continuum. A virus infected plant may be 

benefited by virus infection (extreme left), or harmed by the virus to the point of death 

(extreme right) (Roossinck, 2015) 

 

1.10 Persistent lifestyle of plant viruses in nature 
 

The use and development of technologies such as HTS, revealed that numerous 

viruses with a persistent lifestyle are prevalent in wild plants (Roossinck et al., 2015, 
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Maclot et al., 2023). Persistent lifestyle should be distinguished from the persistent 

modality of transmission (see section 4.2.1.1). Viruses with a persistent lifestyle are 

transmitted vertically via gametes, do not move between cells within plants and are 

not associated with apparent symptoms (Roossinck, 2010). Their effect on their hosts 

is poorly understood. These viruses are members of diverse families (e.g. 

Amalgaviridae, Endornaviridae, Partitiviridae, Totiviridae) and can infect plants and 

fungi. For example, one of the most detected persistent lifestyle viruses in tomatoes 

is the southern tomato virus (STV), a member of the Amalgaviridae family. STV is 

transmitted by seeds at very high rates (up to 80%) and do not induce symptoms and 

cell ultra-structural changes in single infection (Elvira-González et al., 2020). It has 

also been shown that the interactions of STV with other viruses is complex and can 

result in increase symptoms on tomato plants when co-infection occurred with CMV 

and PepMV (Elvira-González et al., 2021).  

 

Impact of viruses on plants 
, 

Plant viruses can significantly impact plants at an ecological and agronomical levels 

(Jones and Naidu, 2019, Lefeuvre et al., 2019). In both cases, the severity of the 

impact will depend on the virus biology, its interactions with its host plants and 

potential vectors and the biology of the vectors. In addition, environmental and human 

factors can influence the outcome of these interactions (Figure 1-5, Jones and Naidu, 

2019, Hančinský et al., 2020). 

 

Figure 1-5 Disease triangles for plant virus pathosystems without (a) and with (b) the 

involvement of virus vectors. Jones and Naidu, 2019 

1.11 Ecological impact  
Although the ecological role of plant viruses in natural ecosystems is still poorly 

understood, it is suggested that plant viruses can have significant ecological impacts 

by affecting the composition and dynamics of plant communities (Roosinck et al, 
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2015, Maclot et al., 2023), altering plant-herbivore and plant-pollinator interactions 

(Tack et Dicke, 2013), disrupting ecosystem services, and increasing the risk of plant 

extinctions (Lefeuvre et al., 2019). These impacts can be complex and far-reaching 

and have cascading effects on multiple levels of organization and processes within the 

ecosystem. It is suggested that the "emergence potential" of viruses in natural 

ecosystems, may play a crucial role in maintaining stability and genetic diversity of 

natural ecosystems (Lefeuvre et al., 2019). This is particularly important in 

unmanaged ecosystems, where plant viruses can prevent the overgrowth of genetically 

homogeneous plants and foster the capacity of ecosystems to endure environmental 

changes.  

1.12 Crop impact  
At an agronomic level, viruses can reduce crop yields and alter product quality, 

affecting food production and the economy (Rybicki et al., 2015, Tatineni and Hein, 

2023). The yield losses associated to virus infection are estimated to cost worldwide 

more than $30 billion annually (Sastry and Zitter, 2014). Viruses can significantly 

contribute to the reduction of tomato yields, primarily when associated with severe 

symptoms and efficiently transmitted in a cultivated ecosystem (Nicaise, 2014, 

Hančinský et al., 2020, Jones et al., 2021, Panno et al., 2021). As a result, viruses are 

problematic for growers producing tomato at an industrial scale, for example in 

southeastern Spain where they stand out among other factors of concern such as 

market fluctuations and production costs (Velasquo et al., 2020). Overall, yield loss 

due to plant viruses can be mitigated if the pathosystem is well-known and efficient 

management methods available. In Europe, many studies on tomato viruses are 

conducted in the Mediterranean basin (where tomato are intensively grown), and 19 

viral species were recorded as tomato plant pathogens present in this area (Figure 1-

6, Panno et al., 2021). 

 

 

 

Figure 1-6 List of tomato virus pathogens present in the Mediterranean basin (Panno et al., 

2021) 

In Belgium, the list of present viruses that can infect tomato includes PepMV, 

TSWV, ToBRFV, Tomato black ring virus, Impatiens necrotic spot virus, according 

to the EPPO website. However, this list is likely incomplete because potato virus Y, 

cucumber mosaic virus (CMV) are also known to be present in Belgium (CABI). A 

recent large-scale screening of plant viruses using HTS on 18,000 samples of plants 

within the Solanaceae family in this country (SEVIPLANT project) confirmed the 
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presence of some of these viruses and also allowed to report new detection in tomato 

including pathogenic or potentially pathogenic viruses such as tomato chlorosis virus, 

physostegia chlorotic mottle virus, alfafa mosaic virus, lettuce ring necrosis virus.  

In addition, virus’s host range evolve and can be broader than what is known. 

Therefore, we cannot rule out the possibility that some viruses present in Belgium 

may also have the ability to infect tomatoes, but this is not yet known. Table 1-2 

indicates the status of six important tomato viruses in Belgium and their economic 

impact on crops. 

Although the direct impact of plant viruses on yield can be demonstrated under 

controlled conditions, it is challenging to precisely assess their impact in the field due 

to multiple co-factors interplaying with the different components of the pathosystems 

such as plant health, infection timing, the efficiency of virus spread, presence of mixed 

infections, cultural practices, weather... In addition, the economic impact of 

pathogenic viruses on crops depends on the production systems and the crop value. 

For example, the economic impact of PepMV on the tomato industry has been strongly 

debated, as the impact largely depends on the structure of the tomato market, more 

specifically on the marketability and economic value of lower-quality fruits, which 

differs considerably between growing areas (Spence et al., 2006, Hanssen et al., 2010). 

Nevertheless, some studies have estimated the economic losses caused by specific 

viruses. For example, in the Dominican Republic, TYLCV outbreaks were estimated 

to have caused losses exceeding 10 million US dollars (Gilbertson et al., 2007). In 

another study conduced in Samsun province (9 474 km2), Turkey, aiming to 

determine the effect of TSWV on tomato yield components under field conditions, the 

estimated yield losses due to TSWV was around 0.9 million US dollars per year for 

outdoor tomato production (Sevik et Arli-Sokmen, 2012).  

The risks of developing one or more viral diseases resulting in yield losses vary 

depending on the production systems, the environmental conditions and presence of 

pathogenic viruses around the fields. For example, monoculture tomato fields can be 

more susceptible to viral infections, as all plants have the same genetic makeup and 

are equally vulnerable to a symptom-causing viruses (Jones et al., 2004). On the other 

hand, if the conditions are favorable for the spread of a viral disease in a region, (e.g. 

ideal temperature for the reproduction of insects vectors) the risks of disease 

development will be higher.  

In addition, when farms are located in a same region, or belonging to a same 

production system, the likelihood of virus spread within the system or area can 

increase due to frequent connections. This is particularly true in southern Spain, where 

horticultural production is concentrated in a small area (Panno et al., 2021). For 

example, workers moving between neighbouring farms can transmit viruses from one 

farm to another. Moreover, if a virus is efficiently transmitted by a particular variety 

of seeds that growers commonly utilize, it can readily propagate to farms that obtain 

their seeds from the same suppliers (Velasco et al., 2020). 

The fact that production systems impact viral epidemic can also be illustrated by the 

case of PepMV: the risk of developing the disease can be higher in glasshouse 
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hydroponic production systems where plants are grown in nutrient solutions without 

soil, as the virus can easily spread through water and irrigation systems (Blancard, 

2012). Furthermore, the effectiveness of management techniques aimed at mitigating 

yield losses caused by plant viruses may not be universally applicable, and as a result, 

the development and impact of plant viral diseases would be once again dependent on 

the specific production system. For instance, insect control measures are considerably 

more successful in tightly controlled, high-tech greenhouses compared to open field 

production systems. Consequently, viruses transmitted by insects are less likely to 

affect tomato yields in high-tech greenhouses with strict control measures than those 

grown in open fields. 

 

 

Viral species 

Current 

economic 

importance 

Disease 

distribution Statut in Belgium 

ToMV 

Moderate, 

mitigate by 

resistant genes  

worlwide Present, no details 

TSWV  High  worlwide 

Present, restricted 

distribution (A2 

list)  

TYLCV High  

Tropical and 

subtropical 

regions of the 
world 

Absent, confirmed 

by survey (A2 list)  

CMV Moderate worlwide Present, no details 

PepMV 

Moderate, 

mitigate by cross 

protection  

worldwide 
(glasshouse) 

Present, restricted 

distribution (A2 

list)  

STV 
Low (persistent 

lifestyle)  
worlwide Present, no details 

Table 1-2. Six selected tomato viruses and their global economic impact, distribution and 

status in Belgium (Blancard et al., 2012, Hancinský et al., 2020, Tatineni et al., 2023) 

 

Agronomy: plant virus management  
No curative treatment exists for plant viruses. Therefore, the negative impact of a 

virus on crops can be minimized by applying different management practices tailored 

to the specific virus causing the disease and its unique biological properties (Jones et 

al., 2004). Some practices can be applied upstream to avoid virus introduction, while 

others can reduce virus spread. The earlier pathogenic plant viruses are identified, the 

more effective control strategies can be. Surveillance are, therefore critical in plant 

virus management (Miller et al., 2009, Pluess et al., 2012, MacDiarmid et al., 2013, 

Mumford et al., 2016, Jeger et al., 2021). 
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Certain tomato viruses which significantly impact plant production may be subject 

to regulation by national or continental authorities. There are different levels of 

surveillance, and the virus regulation can evolve based on how the virus spreads and 

on the policy of countries/ political contexts. In Europe, the European and 

Mediterranean Plant Protection Organization (EPPO) recommends its member 

countries to regulate quarantine pests and pathogens listed in two lists. A1 list includes 

pests and pathogens absent from the EPPO region. A2 list includes pests and 

pathogens which are locally present in the EPPO region. In Europe, tomato viruses in 

the A1 list include tomato mottle virus. Tomato viruses that are in the A2 lists include 

PepMV, tomato brown rugose fruit virus, tomato chlorosis virus, tomato infectious 

chlorosis virus, tomato ringspot virus, TSWV, tomato leaf curl New Delhi virus 

TYLCV and related begomoviruses (EPPO). 

In Belgium, the Federal agency for the safety of the food chain (FASFC) oversees 

setting the rules and applying them regarding quarantine schemes. It follows the 

European regulation and EPPO recommendations. The most important aspects of the 

legislation concern “phytosanitary import and export controls” and “plant passports”.  

The designation “quarantine pathogen” entails specific restrictions and regulations 

designed to prevent the virus's introduction and spread within a given geographical 

region where it should not be present. Such measures may include mandatory testing 

and certification procedures for imported or transported plants, regular monitoring, 

and sanitary precautions (Rodoni et al., 2009, Jones et al., 2021). Regular control in 

nurseries is necessary to limit the spread of infected plants in non-contaminated area 

(Jones et al., 2009).   

 

1.13 Virus detection 
Virus detection is crucial for plant virus management to identify the causal agent of 

a viral disease and to monitor their presence for further disease management (Miller 

et al., 2009, Mumford et al., 2016, Rubio et al., 2020).  

Field observations  

Identifying the plant virus(es) causing the observed disease is the first step in 

developing an effective control strategy in the field (Jones et al., 2009, Rubio et al., 

2019). Viral symptoms can be confused with abiotic stress, such as nutrient 

deficiency, phytotoxicity, or other pathogens such as bacteria (Blancard, 2012). 

Therefore, identifying the causal agent of disease symptoms requires a lot of expertise 

and knowledge in multiple domains and gathering information on the cultural context 

and environmental conditions. For instance, it is necessary to know the prevalent 

pathogens in the studied region, to have information on their biology, the symptoms 

they typically cause on different host plants, and how the crop is supposed to grow 

normally (MacDiarmid et al., 2013, Mastin et al., 2022). For example, the presence of 

insects at the start of the season, or the cultural practices (e.g. phytosanitary products 

use, rotations, sensitive or resistant cultivars use…) can also aid in determining the 

cause of the disease (Blancard, 2012). 

http://www.eppo.int/
http://www.eppo.int/
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Identifying a plant viral disease in the field starts with observing the symptoms and 

their distribution on the different organs on the plant (fruits, flowers, leaves…) and to 

compare it with healthy looking plants (if possible). The distribution of the 

symptomatic plants in the parcel can also provide a clue about the cause of the disease 

or type of virus (Blancard, 2012). If plants display symptom that resemble a viral 

symptom (e.g. yellowing) in a field in patchy distributions, it is more likely that an 

insect-transmitted virus (e.g. aphids) is involved in the disease transmission than a 

mechanically transmitted virus (Blancard, 2012).  

In some cases, field observations, appropriate knowledge and expertise can result in 

a confident diagnosis. However, misidentification can also occur. Plant viruses are 

challenging to identify with certainty at the species level as multiple viral species can 

induce similar symptoms and plants are often co-infected by several plant viruses, 

which can impact the expression of symptoms (Panno et al., 2021, Moreno et al., 

2020).  

Laboratory-based tests 

Laboratory testing is therefore often crucial to confirm and determine the specific 

virus responsible for a disease, especially when the disease pose a threat to production 

and necessitate to be managed. Additionally, in situations where the impact of the 

disease could be significant, laboratory testing can provide an accurate identification 

of the causal virus and better understanding of the extent of the problem, enabling 

taking the most relevant decision for dealing with the disease.  

Laboratory test of plant viruses can be used to assess presence of virus in a 

preventive manner to avoid the introduction or spread of a virus (e.g. screen of 

planting material before it is introduced into a new area through screening of 

quarantine pathogens) (Rodoni, 2009, MacDiarmid et al., 2013, Rubio et al., 2020).  

An extensive range of laboratory tests is available to validate the presence or 

absence of plant viruses. The most common tests are based on the protocols of 

Enzyme-Linked Immunosorbent Assay (ELISA) and Polymerase Chain Reaction 

(PCR), which were respectively developed in the 1970s’ and 1980s’ (Clark and 

Adams, 1977, Vunsh et al., 1990). These tests are generally hypothesis-driven, 

meaning that the protocol will depend on the virus(es) suspected to cause the disease. 

Recently, high throughput put sequencing (HTS) techniques combined with 

bioinformatics tools were developed to assess the presence of multiple plant viruses 

in a sample without a priori knowledge of it (Kreuze et al., 2009, Massart et al.,2014, 

Maclot et al., 2020, Lebas et al., 2022). These technologies revolutionized the field of 

plant virus research, diagnostic and management. 

Each technique has its own advantages and drawbacks, and the best diagnostic 

method for plant viruses depends on the specific goals of the analysis, the available 

resources and time. The basic principles of the different type of tests are: 

- ELISA is a serological test used to detect plant viruses by measuring the 

presence of viral antigens in plant extracts (Clark and Adams, 1977). The test 

uses antibodies that specifically bind to the viral antigens. Monoclonal 

antibodies are generated by merging a myeloma cell with a single clone of B-
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cells, and they specifically target a distinct epitope, which is a small segment of 

an antigen. Polyclonal antibodies, on the other hand, are produced from multiple 

clones of B-cells and recognize multiple epitopes on the same antigen. Then, 

the presence of the virus is visualized through the use of a labeled secondary 

antibody. ELISA is a simple, rapid, and relatively inexpensive diagnostic test 

broadly used for routine surveillance of known viruses.  

 

- Polymerase Chain Reaction (PCR) is a molecular biology technique that 

amplifies specific DNA sequences from a sample (Vunsh et al., 1990). In the 

case of plant virus detection, a sample of plant tissue is first processed to extract 

the viral DNA or RNA. If the virus is encoded by a RNA genome, an additional 

retrotranscription (RT) step, which transforms RNA into complementary DNA 

(cDNA) is necessary. Then, specific primers (DNA sequences pieces designed 

to hybridize the targeted DNA sequence specifically) amplify a portion of the 

viral genome. This test is highly specific and sensitive and can detect even small 

amounts of viruses (Vunsh et al., 1990).  

 

- HTS method allows the detection without a priori of all the viruses present in a 

sample and the generation of their complete or full genome sequences by 

simultaneous massive sequencing of nucleic acids (RNA or DNA) extracted 

from infected plant tissues (Massart et al., 2014). The viral sequences are then 

analyzed using bioinformatic tools and compared to databases of known viral 

sequences to identify the viruses infecting the sample. This method does not 

require a priori knowledge on the type of virus present in the sample, which 

considerably facilitates the detection of new plant viral species and surveillance 

studies (Massart et al., 2014, Adams et al., 2018, Villamor et al., 2019) and 

which supports plant trade by being able to declare the material free from 

pathogens (Maree et al. 2018). 

 

1.14 Management strategies 
Viral disease control relies mainly on prophylactic measures to restrain virus 

introduction or dispersion or, when possible, on plant resistance (Rubio et al., 2020). 

It is strongly depending on a good understanding of the pathosystem (the relationship 

between the virus, its host plants, its vector (if existing) and the environment) in 

specific production system (Jones et al., 2004, Nicaise, 2014). The choice and 

implementation of a strategy depends on the specific virus involved, the severity of 

the disease, the unique characteristics of the crop and environment and production 

system in which they are grown (Jones et al., 2004). It will also strongly depend on 

the economic or environmental cost vs. the yield benefit and its feasibility (to which 

extent the practice can be used in different production systems or countries). The main 

type, characteristics and drawbacks of control strategies are described below. 
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Use of virus-free planting materials 

Using certified planting materials can reduce the risk of introducing viral infections 

and prevent the spread of viruses to healthy plants (Jeger et al., 2021). Therefore, 

phytosanitary certification systems based on diagnostic tests with high sensitivity and 

specificity have been established worldwide to certify the propagation of regulated 

plant viruses (Rubio et al., 2020). Network of diagnostics laboratories and 

phytopathologists such as EPPO facilitates the standardization of protocol and 

procedures and the detection of regulated plant viruses before commercialization as 

mentioned before (Miller et al., 2009, MacLeod et al., 2016, EPPO). 

On another hand, it is possible to obtain planting materials free from certain viruses 

for propagative crops through virus sanitation following various methods, including 

tissue culture, meristem culture, and heat therapy. In cases where viruses are seed-

coat transmitted, disinfection of seed by treatments with hydrochloric acid, trisodium 

phosphate, or sodium hypochlorite can be applied to eliminate viruses on the seed 

surface and prevents virus transmission (Davino et al., 2020). 

Sanitation practices 

To limit the transmission of viruses from one year to another, or from one crop to 

another, it is possible to reduce or eliminate them in the environment, within and 

around the field. The strategies used depend on the biology of the virus. For example, 

for viruses that can remain infectious in the environment (e.g. tobamoviruses, 

potexviruses), it is possible to disinfect surfaces and equipment that come into contact 

with the plants to kill the viruses (greenhouses surfaces, clothes, tools…). Thorough 

cleaning is always very laborious but is much more feasible and practicable in high-

tech hydroponic tomato greenhouses than in field crops (e.g. complicated to 

decontaminate soil). Protocols and phytosanitary procedures exist for different types 

of pathogens in multiple production systems, especially for regulated viruses (EPPO, 

European union law (commission implementing regulation (EU) 2019/2072, 

MacDiarmid et al., 2013, Kumar et al., 2021).  

For viruses that cannot remain active without a host and take refuge, in alternative 

host plants (eg. perennial plants, weeds), identifying and eliminating these plants may 

help to reduce their presence (Jones et al., 2004, Blancard, 2012, Lecoq et al., 2013). 

Sanitation practices can also be implemented throughout the growing season, to 

minimize the transmission of the virus to non-infected plants and its accumulation in 

the environment. For instance, regular disinfection of tools can prevent the spread of 

viruses to healthy plants. In addition, removal of infected plants and weeds, which 

could serve as a reservoir for further transmission, can prevent the buildup of viruses 

in or around the parcel and prevent from secondary infection.  

Control of insect-transmitted viruses  

Various strategies can be employed to limit the viral epidemics by targeting the 

insect vectors . The goal is to reduce the vector population or prevent plants from 

coming into contact with the insects. It can include the use of insecticides, biological 

control (using natural enemies of the insect vectors), and physical barriers such as 

shelters or nets (Jones et al., 2009). 

https://eur-lex.europa.eu/eli/reg_impl/2019/2072/oj


Chapter 1 

 

41 

 

Nevertheless, some of the virus/vector control strategies are not sustainable and can 

be costly. For example, applying chemicals for insect control might be harmfull to 

non-targeted insects and have severe consequences on the pollinator's population, 

ecosystems, environment and human health (Ansari et al., 2014, Nicolopoulou et al., 

2016). It is therefore, important to use them judiciously (eg. when the plants are young 

and more sensitive to plant viruses). In addition, using insecticides on non-persistent 

plant viruses is useless because the virus is transmitted so quickly that the insecticide 

cannot effectively prevent transmission (Blancard et al., 2012). 

When a single control strategy is overused for many years at a large scale, viruses 

or vectors can adapt to the constraints, and the control methods will become 

ineffective (Jones et al., 2004). For example, the targeted insect vector of TYLCV, 

Bemisia tabaci, developed resistance against insecticides which were intensively used 

for its control, resulting in a critical TYLCV epidemic (Jones et al., 2004, Horowitz 

et al., 2005).   

Ultimately, a combination of approaches is generally more successful to effectively 

manage plant viruses transmitted by insects while minimizing the impact on non-

targeted insects and the environment. 

Use of resistant plant varieties 

Plant resistance, obtained through breeding or genetic engineering, is one of the 

most effective strategies for controlling viruses in plants, as it reduces the likelihood 

of infection (Jones et al., 2004, Rubio et al., 2019, Tatineni and Hein 2023). However, 

obtaining stable virus resistance is time-consuming and complicated, requiring a 

challenging screening process that utilizes complex genetics. As a result, resistant 

varieties are limited in availability for some pathogenic tomato viruses (ToMV, 

TSWV, TYLCV). When specific resistant varieties are available, they can be 

extremely useful in limiting damage caused by viruses. For example, the use of 

resistant varieties with dominant resistance genes (Tm-1, Tm-2 and Tm-22) that have 

been introgressed from wild tomatoes to cultivated ones and have considerably 

reduced serious losses caused by ToMV and tobacco mosaic virus (TMV) worldwide 

(Hanssen et al., 2010). 

However, plant viruses can overcome plant resistance through evolution (Ciuffo et 

al., 2005, Rubio et al., 2019). Nevertheless, breaking down plant resistance can 

involves a tradeoff leading to a loss of the virus fitness in non-resistant hosts, thus 

limiting the cases of emergence and spread of resistance-breaking isolates in the field 

(Garcı́a-Arenal and McDonald, 2003, Rubio et al., 2019). 

On the other hand, some resistance can also be broken by changed environmental 

conditions. For example, the single resistance gene against TSWV confered by Tsw 

is temperature sensitive and fails to function at or above 32 °C (De ronde et al., 2019). 

Vaccine cross protection.  

Cross-protection involves pre-treating plants with a mild or attenuated strain of the 

virus to protect them from more severe or virulent strains of the virus. This process 

triggers a defense response in the plant that primes it against subsequent infection by 

the more virulent strain of the virus (Ziebell et Caar, 2010). Cross-protection has been 
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used successfully to control PepMV in tomato (Hanssen et al., 2009, Schenk et al., 

2010, Vermunt et Kaarsemaker, 2017, Pechinger et al., 2019). This method is believed 

to be promising for controlling plant viruses in the future (Pechinger et al., 2019). 

However, it is important to note that cross-protection must be used under controlled 

and scientific conditions. Inappropriate use of cross-protection techniques without 

proper understanding or control, can lead to unintended consequences and potentially 

dangerous outcomes. 

Integrated disease management 

To conclude, multiple examples described above showed that when a single control 

strategy is overused for many years at a large scale, it is likely that viruses or vectors 

adapt to the constraints, and the control methods will become ineffective (Jones et al., 

2004). As a result, combining multiple approaches to fight against viruses with 

available host resistance, cultural, chemical, and biological control measures which is 

described as “integrated disease management” (IDM) is recommended (Jones et al., 

2004, Jones and Naidu, 2019, Velasco et al., 2020). Nevertheless, not all the practices 

are applicable or efficient in different production systems or countries. For example, 

the use of insectides is banned from organic agriculture.  

 

The emergence of plant virus challenges their 
management.  

Overall, management strategies aim to balance the economical impact viruses can 

have on crops. They strongly relies on a good understanding of the pathosystem (Jones 

and Naidu, 2019). Therefore, one of the biggest challenge of plant virus control is the 

continuous evolution and emergence of plant viruses and their vectors which have 

new biological properties and can overcome designed strategies to control previously 

existing diseases triggering the need to adapt the control measures (Hanssen et al., 

2009, Velasco et al., 2020, Ristaino et al., 2021). Viruses have been reported to cause 

almost half of the emergent infectious plant diseases (Anderson et al., 2004). 

Emergent viral diseases can be due to known viruses which suddenly become 

epidemics in new contexts (host, country, production system, climatic conditions…), 

the geographic spread of a known virus in new locations or new viruses or variant that 

result from natural evolution and selection (see Chap3.2, Hanssen et al., 2009, Jones 

et al., 2009, Jones and Naidu, 2019). The emergence of plant viral diseases is driven 

by various anthropogenic and natural factors which increase instability, such as trade 

(e.g. exchange of plant material which can favor new encounters between plants and 

viruses), agricultural practices (e.g. monoculture which can favor the adaptation of 

pathogens to new host) and climate change (Jones et al., 2009, Elena et al., 2014, 

Roossinck et Garcia- Arenal, 2015, Tatineni et al., 2023). Early detection of emergent 

plant viral diseases and rapid response are crucial to compensate for these risks (Miller 

et al., 2009, Pluess et al., 2012, MacDiarmid et al., 2013, Mumford et al., 2016). The 

earlier a new disease is identified, the more effective can be the strategies to limit its 

spread in a country or field. The development of HTS technologies has revolutionized 

the surveillance of plant viral diseases, including emergent ones (Massart et al., 2014, 
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Olmos et al., 2018, Villamor et al., 2021). However, in many cases, efficient 

biological characterization of new viruses is needed to understand the associated risks 

and to adapt or set up management strategies (MacDiarmid et al., 2013, Massart et al., 

2017, Adams et al., 2018). 

1.15 Study case: biological characterization of ToBRFV 
For example, since less than a decade, the emergent disease caused by ToBRFV 

significantly alerted the tomato industry and all the involved stakeholders. This virus 

overcame the resistance gene Tm-22, the most effective way of controlling 

tobamoviruses and, thus, triggered a cascade of studies (Luria et al., 2017, Zhang et 

al., 2022). For more context, ToBRFV was identified for the first time from 

glasshouse tomato plants grown in Jordan (Salem et al., 2016). The plants showed 

mild foliar symptoms at the end of the season, strong brown rugose symptoms on 

fruits, and disease incidence was close to 100 % (Salem et al., 2016). The authors 

reconstructed the whole genome sequence and studied its phylogenetic relationships 

amongst the other tobamoviruses to assess the novelty of this virus species. 

Tobamoviruses are well-known for the extrem stability of their virion, which can 

remain viable for months to years outside of their host plant and can spread very 

efficiently through direct contact (Creager et al., 1999, Velasco et al., 2020, Panno et 

al., 2021). Subsequently, the virus was identified in Israel (Luria et al., 2017), where 

the authors conducted a comprehensive molecular, biological and epidemiological 

characterization. They confirmed Koch’s postulates for the disease, validating the 

causal association with severe fruit symptoms, followed by partial host range 

determination showing that capsicum and some weeds can also be infected. They 

revealed that ToBRFV overcame the resistance against tobamoviruses. Subsequently, 

ToBRFV occurrence was reported in various locations in all over the world while 

countries were developing and implementing appropriate quarantine and 

phytosanitary measures to limit the spread (Okaldun et al., 2019). Many research 

efforts were conducted, mobilizing a lot of resources and all the latest available 

technologies to develop efficient detection methods, to understand the disease in its 

globality (all the transmission pathways of the virus, its distribution, host range, 

stability…) and to set preventives measures (elimination of infected plants and debris, 

disinfection of seeds, tools and greenhouses, crop rotation…). Its pest risk assessment 

was established very quickly compare to other novel plant viruses due to its high 

economic importance (Rivarez et al., 2021). A strong part of the research was also 

dedicated to developing resistant varieties, which is the best way of controlling 

tobamoviruses and some varieties are already available (Oladokun et al., 2019, Zhang 

et al., 2022).  

In Flanders (northern part of Belgium) and the Netherlands, it has been reported in 

the newspapers that some growers tried to protect their crops using homemade, not 

controlled cross-protection. This practice is illegal as it can be very dangerous for 

tomato production (increases the virus pressure within a farm, which challenges its 

elimination in a site and increases the risk that neighboring farms will become infected 

with the virus)  
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1.16 How to address the detection of new viruses  
Most of the time, new viruses can not trigger all the research efforts and ressources 

that were dedicated to ToBRFV to characterize and to assess the threat for crop 

production (Hou et al., 2020, Rivarez et al., 2021). Indeed, since the  HTS 

technologies and bioinformatics tools have become widespread in plant virus studies, 

the number of newly discovered viruses has increased at an unseen rate (Massart et 

al., 2014). These technologies were used to instantly describe ToBRFV as a new viral 

species and then, to detect it in various countries and host plants. During the period 

2011-2020, the use of HTS in several studies allowed the detection of 14 new viral 

species infecting tomato which was already one of the best characterize crops in its 

ability to host plant viruses (Rivarez et al., 2021). Among these viruses, tree viruses 

(tomato brown rugose fruit virus (ToBRFV), tomato mottle mosaic virus (ToMMV) 

and tomato necrotic stunt virus (ToNStV) were likely to induce important diseases in 

tomatoes and were further characterized (Rivarez et al., 2021). However, research on 

most viruses were not followed up after the initial discovery and first publication 

(Rivarez et al., 2021).  

Genomic sequences generated with HTS and metadata can assist the assessment of 

the risk to crop production. For example, if a novel virus belongs to a well-described 

family or genera known to be associated with a pathogenic virus or if it was isolated 

in single infection from a symptomatic economically crop, it will require more 

attention than if it is not associated with symptoms on a wild plant (Fontdevila et al., 

2023).  

  Still, the information do not allow to assess with certainty the risk a new virus can 

pose to the production, to detect it and to manage it properly. This requires 

experimental confirmation which is a resource and time-consuming process (study on 

the host range, transmission, symptomatology, severity, incidence… see Figure 1-7) 

(Massart et al., 2017, Adams et al., 2018). This process, which is essential to manage 

plant viruses can not follow the pace of virus discovery (Massart et al., 2017, Hou et 

al., 2020). The review of Rivarez et al., 2021 highlights that even for viruses which 

infect an economical important crop such as tomato, biological characterization is 

most of the time, not completed after the first discovery. 

To address this bottleneck and to help scientist to consciously judge which new viral 

species necessitates to be characterized for assessing the risk they can pose to the 

production and at what point, a scaled and progressive scientific framework was 

proposed in 2017 (Massart et al.,. 2017) and updated due to the increased rate of virus 

discovery and the parallel evolution of technological tools that can help improving the 

characterization (Fontdevila et al., 2023, see Figure 1-7). These guidelines include 

regular exchanges with stakeholders (scientific, local authorities, advisers, 

institutions, growers…) at strategic moment to assess whether a novel virus must be 

considered as a phytosanitary priority or not and would require continuing into the 

characterization process. The risk a virus can pose for the production is therefore re-

evaluated with stakeholders after critical time points in the characterization. The 
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framework also guides scientists to prioritize, optimize and accelerate the 

characterization of the growing number of new viruses according to the available tools 

and through prepublication data sharing. It also emphasizes reconsidering causal 

association between symptoms and virus presence and to focus on experimental 

evidence, the strength of the relationship, consistency of the relationship, and a binary 

evaluation of coherence and plausibility as described by Fox in 2020. Overall, Rivarez 

et al., (2021) emphasized that completeness of virus characterization greatly depended 

on the phytosanitary priority level of a virus. 
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Figure 1-7. Proposed framework following the discovery of a novel virus or viroid. Y 

means positive response (yes) and N means negative response (no). Multi-stakeholders are 

involved in green-highlighted actions, and researchers in white-highlighted actions. 

Fontdevila et al., 2023.  
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Inter disciplinary integration for improving 
plant pathogen studies. 

 

Pathogen management can benefit from trans/inter-disciplinary approach that 

incorporates knowledge from different stakeholders (eg. growers, advisors, scientific) 

and from various type of experts in different disciplines (socio-economy, ecology, 

biology…) because it can bring together diverse perspectives and expertise to have a 

more realistic and holistic overview of the situation’s complexity (Breukers et al., 

2012, Mauser et al., 2013, Mumford et al., 2016, Jeger et al., 2021, Jones et al., 2021, 

Ristaino et al, 2020, Deguine et al., 2023). Interdisciplinary research combines 

methods and perspectives of different disciplines to address the same research 

question or problem in a coherent ensemble. Transdisciplinary research involves 

collaboration with stakeholders outside of academia (e.g. growers) in the research 

process through a reflective processes that seek to integrate different knowledge 

systems (Mauser et al., 2013, Fernández González et al., 2021).  

Research in agroecology and Agroecological Crop Protection (ACP) explicitly 

promotes integrative and cooperative studies such as inter/trans disciplinary studies 

since sustainable pathogen risk management requires a comprehensive understanding 

of the complex interactions between ecological, social, and economical factors in 

agricultural systems. This approach acknowledges that no single discipline or 

stakeholder group can fully understand or address the challenges of sustainable 

pathogen risk management (Fernández González, 2021, Deguine et al., 2023). In 

addition, when producers and scientists collaborate in a research process, they should  

both directly take advantages of the outcome of the research (Fernández González, 

2021, Iocola et al., 2022, Deguine et al., 2023).  

It is also recommended to integrate knowledge, methods, and expertise from 

different disciplines (“convergence science”) at multiple scales (from the molecular 

to the landscape level) in order to better understand and tackle emerging plant diseases 

and improve plant biosecurity (Miller et al., 2009, Mumford et al., 2016, Rostinio et 

al., 2020).  

 Nevertheless, research in plant virology is rarely conducted alongside (or put into 

perspectives) other disciplines, such as social sciences or alongside growers’ 

perception (Breukers et al., 2012, Jeger et al., 2021). For example, many studies on 

tomato plant viral diseases were conducted but the perception of producers regarding 

these diseases was never considered (Xu et al., 2017, Desbiez et al., 2020, Li et al., 

2021, Rivarez et al., 2022). 

Growers are the first to be affected by the damage a virus can cause and are also the 

ones who can impact its epidemiology at field and landscape scales. They have direct 

and frequent inspections of the plants, and their observations of symptoms and disease 

evolution, combined with their field expertise and practice, can be valuable in 

determining if a viral disease (new or not) represents a threat and should therefore be 

a priority for further research (Deguine et al., 2023). Since viruses can affect crops 

differently depending on environmental conditions and contexts, growers' expertise 
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can also provide valuable empirical information, bring clues on the occurrence and 

emergence of a new viral disease and help to better understand it (Miller et al., 2009). 

In addition, the management measures taken or envisioned by producers vary 

considerably among them, depending on production systems (Breukers et al., 2012). 

It is, therefore, valuable to be in touch with the realities of the producers to adapt virus 

research to their needs and beliefs in relation to different production systems.  

Technical advisers and extension services can play a crucial role in communication 

between scientific communities. On one hand, they provide information and technical 

assistance to farmers regarding how to manage plant diseases and on another hand, 

they can help to monitor plant diseases (emergent or not) and to communicate 

important information (e.g. presence of emergent diseases) with the scientist 

community and help to ensure the accuracy of scientific research and findings (Miller 

et al., 2009). Nevertheless, these extension services are underdeveloped in developing 

countries (Carvajal-Yepes et al., 2019, Ristaino et al., 2020) and not all producers can 

afford to pay for their services, particularly those operating with limited economic 

resources (Cuéllar et al., 2011).  

Each production systems have its own particularities, which vary between countries, 

socio-economical and cultural contexts. Producers’ decisions (actions or inactions) 

are related to their specific production systems, past experience, motivations, 

knowledge and perception and the global regulations of the country. They can 

accelerate or slow down, the dispersion of plant viral diseases (Breukers et al., 2012, 

Murray-Watson et al., 2022). Human action and agricultural practices can also 

enhance the emergence of plant virus diseases (Thresh, 1992, Anderson et al., 2004, 

Jones et al., 2009, Jones and Naidu, 2019). In addition, monitoring (surveillance) of 

plant diseases by national and regional plant protection agencies, which depends on 

politics and economics of nations is crucial in dealing with emergent plant diseases 

(Carvajal-Yepes et al., 2019, Ristaino et al., 2020).  

Therefore, having a holistic view of the specific system and context, and considering 

the perception and awareness of producers and other stakeholders regarding plant 

viruses could help to understand their spread, introduction and survival strategies and 

to improve their surveillance (Miller et al., 2009, Mumford et al., 2016, Rostinio et 

al., 2020, Jones and Naidu, 2019, Deguine et al., 2023). This approach can also help 

scientists to design appropriate research directions tailored to a particular context and 

providing support to producers in managing plant viral diseases accurately according 

to their production systems and to the socio-economic context (Wilkinson et al., 2011, 

Breukers et al., 2012, Hatt et al., 2018, Hong et al., 2020, Jeger et al., 2021, Deguine 

et al., 2023). Indeed, if grower perception is added to scientific knowledge, and if 

contextualization of plant diseases is better assessed, it may help to evaluate what are 

the priorities for managing existing or new plant viral disease (more communication, 

more general or specific knowledge on a pathosystem…) (He et al., 2016, Deguine et 

al., 2023).  

For example, several studies in developing countries focus on how grower’s 

perceive tomato viral diseases challenging their production and response to it. They 

highlighted that growers can lack knowledge on how to manage a plant virus epidemic 
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in their fields because of a lack of basic biological information (such as host range or 

transmission mode). As a consequence, inappropriate and inefficient management 

strategies were applied such as the application of fungicides on insect-transmitted 

viruses (e.g. on begomovirus) (Nagaraju et al., 2002, Schreinemachers et al., 2015, 

Islam et al., 2017).  

Therefore, we suggested that conducting an epidemiological virus survey while 

studying farmers' perceptions and production systems alongside applying high-tech 

tools and complex protocols for virus detection may enhance the understanding of 

viruses comprehensively and accurately. This, in turn, can be appreciated by farmers 

as they would be taken into consideration in the process and might result from direct 

benefices (eg. a better understanding of the diseases present in their field).   

 

Study context:  
 

In the south part of Belgium (Wallonia), agriculture historically strongly relies on 

cereals and livestock. However, in recent years, there has been a noticeable rise in the 

number of small-scale vegetable growers who sustainably cultivate a wide diversity 

of vegetables for the fresh consumption and local market (Figure 1-8). This trend is 

not limited to Wallonia alone but has also been observed at the national level in 

Flanders, and at an international level in countries such as France, England, and 

Canada. The profession is becoming more popular and attractive (Dumont et al., 

2017).  

In 2017, the number of producers growing vegetables for the fresh market was 

estimated at 364 in Wallonia (Dumont, 2020). Nearly half was supervised by the 

walloon extension services (Center interprofessional of vegetables producers (CIM)).  

In a sociological study, Dumont classified the different vegetable production 

systems for the fresh market according to their technical orientation (size of the farm, 

motorization, average area developed per vegetable...) and production model 

(conventional, organic, agroecology). She showed that producers who grow a large 

diversity of vegetables (25-50 different plant species) on small (<2.5 ha) and medium 

(<10 ha) areas in organic farming can be considered as oriented towards an 

agroecological approach. In addition, the vast majority of vegetable growers in 

Wallonia are small-scale producers who are agroecologically oriented (Dumont et 

Barrett, 2017). These production systems are nowadays encouraged by Wallonia 

government, which, within the common agricultural policy framework of the 2023-

2027, provides an annual premium of 4,000 € per ha on the first three hectares of 

organic diversified vegetable farms, at least for farms of less than ten hectares in total. 

By studying the sociological profile of these small-scale vegetable producers and 

their motivations, the thesis of Dumont showed that many producers without farming 

background are attracted by this profession and set up, motivated by ethical and 

environmental considerations which can drive their choices in term of cultural 

management.  
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Their production system can be considered "alternative" as it does not rely on 

conventional vegetable production principles. Regarding pathogen management, 

producers engaged in an agroecological approach often adopt practices that promote 

soil health, biodiversity, and natural pest management (crop rotation, intercropping, 

biological control…). By promoting a diverse and healthy ecosystem, they aim to 

reduce the incidence and severity of plant diseases on their global production without 

relying heavily on synthetic pesticides which makes their approach more preventive 

and resilient than curative (Wezel et al., 2014, Deguine et al., 2023). Cultivating a 

wide range of vegetables, can also allow producers to be more resilient and to better 

follow their ecological principles. For example, they can have more flexibility to avoid 

chemical treatments to “save” a crop in case it is affected by a disease as they can rely 

on other crops instead. Biodiversity provides an insurance, or a buffer, against 

environmental fluctuations because different species respond differently to change 

(Lin, 2011). It is also recognized that diversifying the production of cultivated plants 

can result in many agronomical benefices (“ecosystem services”) such as enhancing 

pest control, pollination, soil fertility, etc., which improve the sustainability of 

production without compromising crop yield (Wezel et al., 2014, Ponisio et al., 2015, 

van der Ploeg et al., 2019, Pepin et al., 2021, Tamburini et al., 2020). 

Nevertheless, cultivating a wide range of vegetables can imply different behavior to 

manage the culture and may lead to new disease risks. For example, many rare tomato 

varieties that are not necessarily recommended by the main technical research centers 

can be grown in diversified production systems, which increases the diversity of the 

systems but may favor some diseases as they lack resistance genes (Hanssen et al., 

2009). Another potential risk is that producers may import plant material through 

various means, such as online purchases of exotic plant species or exchanges, in order 

to provide a wide selection of unique and original vegetables to their customers. 

However, these methods may not be closely regulated and could increase the 

likelihood of introducing harmful pathogens (e.g. quarantine pathogens, Fox et al., 

2018). Therefore, these more sustainable systems might be likely to be threatened by 

different dynamics of disease or by different diseases than those known for 

conventional and large-scale systems. In addition, diseases present in these systems 

need to be studied and characterized because, in absence of pesticide use, producers 

aim to rely heavily on preventive measures and therefore, on a good understanding of 

plants and pathogens biology and ecology. The problems linked to plant viruses in 

these emergent production systems are currently unknown.  

Furthermore, the outdoor production of various vegetables in Belgium (and in this 

particular cold climate) is a recent development, and climate change is already 

underway. Since shifts in agricultural practices and environmental conditions can lead 

to the emergence of new plant viral diseases (Jones et al., 2009), which can rapidly 

spread if not detected early, the need to understand them in such new systems is even 

higher. 
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Figure 1-8 Diversified production system. Tomatoes are grown under the shelters during 

summer. 
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Objectives of the thesis 
 

My PhD goal is to better understand the risks associated with viral diseases in 

Belgium tomatoes grown in soil within diversified production systems for the local 

fresh market. More specifically, the first objective is:  

 

I- To explore the risks caused by plant viruses on tomato grown in an 

emergent production system where unsustainable control methods would 

not easily be adopted.  

 

To reach this goal, I have developed an innovative survey, which includes (i) the 

perception of 21 growers regarding plant viral diseases, (ii) field observations for viral 

disease symptoms and (iii) virus detection by applying HTS technologies and 

bioinformatics analyses. 

 

Whether certain factors can explain the risks associated with the detected plant 

viruses in the different farms was also investigated through the second main goal of 

this thesis which is: 

 

II- To improve the biological characterization of a new viral disease 

identified in these systems and caused by Physostegia chlorotic mottle 

virus (PhCMoV).  

 

PhCMoV was simultaneously detected in multiple European countries (Belgium, 

Germany, France, Serbia, Slovenia…) on tomato showing severe fruits deformations 

and anomalies of coloration. Therefore, its biology was first studied thanks to an 

international cooperation between different scientists and prepublication data sharing. 

This work has led to fill knowledge gaps related to the genetic diversity of the virus, 

its historical and geographical distribution, its host range and symptomatology. 

Then, bioassays and field survey were performed to complete the missing 

knowledge gaps related to its incidence, transmission and severity. This work was 

undertaken because it is crucial to improve knowledge on these biological aspects to 

assess the risks a new virus can pose for the production and because the virus was 

identified during the first part of the thesis as problematic. 
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Abstract 
 

The number of small-scale diversified vegetable growers in industrialized countries 

has risen sharply over the last ten years. The risks associated with plant viruses in 

these systems have been barely studied in Europe, yet dramatic virus emergence 

events, such as tomato brown fruit rugose virus (ToBRFV), sometimes occur. We 

developed a methodology that aimed to understand better the implications related to 

viruses for tomato production in Belgian's vegetable farms by comparing growers' 

perception and the presence of plant-viral-like symptoms (visual inspection) with non-

targeting detection of nearly all viruses present in the plants by high throughput 

sequencing technologies (HTS). Virus presence and impact were interpreted 

considering the farm's typology and cultural practices, and the grower's professional 

profiles. Overall, the data indicated that most growers have limited understanding of 

tomato viruses and are not concerned about them. Field observations were correlated 

to this perception as the prevalence of symptomatic plants was usually lower than 1%. 

However, important and potentially emergent viruses, mainly transmitted by insects, 

were detected in several farms. Notably, the presence of these viruses tended to be 

associated with the number of plant species grown per site (diversity) but not with a 

higher awareness of the growers regarding plant viral diseases, or a higher number of 

symptomatic plants. In addition, both HTS and perception analysis underlined the 

rising incidence and importance of an emergent virus: Physostegia chlorotic mottle 

virus. This study also revealed a notable lack of knowledge among producers 

regarding the highly contagious quarantine virus ToBRFV. Overall, the original 

methodology developed here, involving the integration of two separate fields of study 

(social science with phytopathology using HTS technologies), could be applied to 

other crops in other systems to identify emergent risks associated with plant viruses, 

and can highlight the communication needed with growers to mitigate epidemics. This 

exploratory investigation provides relevant insights which, ideally, would be further 

tested on wider samples to allow finer statistical treatment to be performed. 

Keywords: Virome, grower's perception, high throughput sequencing, 

tomato, small-scale vegetable farms, Belgium  
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Introduction  
Tomato (Solanum lycopersicum L.) is one of the most popular and valuable 

cultivated vegetables grown worldwide, with a gross production of 102.6 billion US 

dollars and yield estimated at 186.8 million tons (MT) in 2020 (FAOSTAT, 2020). 

Tomatoes are grown in diverse production systems (open fields, under plastic tunnels, 

hydroponics, high-tech greenhouses) for the fresh market or food industry. It is 

Europe's main produced vegetable, with 18 MT in 2021 (Eurostat, 2021). During 

2021, the major part of the supply was in Italy (6.6 MT) and Spain (4.7 MT), where 

production occurs in open fields and tunnels, mainly for processing and export. In 

northern Europe, Poland (1.1 MT), the Nederlands (0.9MT), and Belgium (0.3MT) 

are the largest tomato producers, mainly for the production of fresh edible tomatoes 

in high-tech greenhouses (Eurostat, 2021).  

Tomatoes are also grown by small-scale growers, and in gardens for local 

consumption (Benton Jones, 2007). In industrialized countries where small-scale 

growers almost disappeared during the green revolution, these production systems 

represent a recently expanding niche market (Morel and Leger, 2016, Laforge et al., 

2018, Dumont et al., 2020). These small-scale growers promote human values and 

ecosystem welfare rather than profit maximization (Morel and Leger, 2016). 

Combining multiple logic and aspirations is indeed typical of agroecology-inspired 

growers (Plateau et al., 2021). Regarding farming practices, most of these growers 

aim to sustainably produce an extensive range of vegetables on soil, leaning on eco-

system services, crop diversification, and rotations. Studies have shown that these 

systems have many advantages over conventional agriculture, especially for the 

environment and workers, as it reduces chemical and polluting inputs. In addition, 

these systems are supposed to have better resilience to climate change and plant 

diseases (King and Lively, 2012, Kremen et al., 2012, Mori et al., 2013). It has also 

been shown that multi-cropping and crop rotations increase yields in both organic and 

conventional cropping systems (Ponisio et al., 2015), encouraging the need for 

research on these agricultural practices to improve the productivity of sustainable 

agriculture methods. 

In Belgium, there are two distinct sectors of tomato production. The most significant 

part of tomato production is dedicated to export and mass retailing. It is cultivated 

mainly in the northern part of the country (Flanders) by specialized tomato growers 

under high-tech greenhouses. A minor part of the production is achieved by small-

scale growers producing tomatoes amongst other vegetables for local consumption. 

The number of these small-scale (< 2ha) growers has risen sharply over the last ten 

years in the southern part of Belgium, Wallonia (Dumont et al., 2020). A sociologic 

survey underlined that ethical and sociological factors were considered in growers’  

decision processes and that many growers are not from the agricultural sector 

(Dumont 2017). Most of these growers aimed to produce tomatoes on soil under 

tunnels or greenhouses and alternated tomatoes with other vegetables over a year 

(Dumont 2017).  
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Tomatoes are a sensitive crop: in all growing systems, the presence of pests and 

diseases (fungi, bacteria, viruses...), can jeopardize tomato crops, leading to important 

yield losses (Blancard, 2009). The characteristics of each pathosystem (the subset of 

an ecosystem in which the components include a host organism and an associated 

pathogen or parasite) determine specific strategies for plant pathogen control (Aranda, 

Freitas-Astúa, 2017). Thus, viral outbreaks are often related to unknown emerging 

diseases, for which diagnosis is the first step in disease management (Hanssen et al., 

2010, Rubio et al., 2020). Viral diseases represent nearly half of the emerging plant 

diseases (Anderson et al., 2004) and tomato is the plant for which the most viruses are 

recorded (312 viral species in 2021, Rivarez et al., 2021). Plant viruses can be spread 

through insects, seeds, plant-to-plant contact, fungal spores, and other means.  

Many environmental factors drive the emergence of plant viruses and their 

outbreaks by altering interactions between viruses, hosts, and vectors. For plant 

viruses, climate change and human activity, such as agriculture and trade, are the main 

factors influencing the outcome of these interactions (Jones et al., 2009, Elena et al., 

2014). Elena et al., (2014) decoupled the emergence of new viruses into three phases. 

The first one requires a virus to jump from a host ("reservoir") to the same host in 

another ecological environment or to a new host ("spillover"). The second phase 

involves the adaptation of the virus in its new host/environment in which it develops 

the ability to be transmitted independently from the reservoir. The last phase is 

characterized by optimizing the virus transmission in this new host/environment and 

establishing the pathogen in the host population (Elena et al., 2014).   

Although many viruses are known to infect tomatoes, all the interactions between 

the different actors of the pathosystem (vector, host, virus) must occur in a favorable 

environment in order for a virus to lead to an epidemic and subsequent consequences 

on the production. For annual crops, viruses can remain largely benign if their 

horizontal transmission is inefficient, resulting in low prevalence in the crop during a 

growing season. Therefore, the presence or absence of a virus in a given environment 

does not necessarily reflect the health of a field, and is not always equivalent to the 

disease impact ("viral disease risk"). Nevertheless, it is the first step in understanding 

and anticipating possible risks (MacDiarmid et al., 2013).  

The development of high throughput sequencing (HTS) technologies significantly 

improved the detection of new and potentially emergent viruses in the last decade 

(Massart et al., 2014). For example, it helped to carry out surveillance studies for 

tomatoes without a priori knowledge of viruses (Xu et al., 2017, Villamor et al., 2019, 

Desbiez et al., 2020, Rivarez et al., 2021, Vučurović et al., 2021) This enabled the 

identification of emergent new viruses such as tomato brown rugose fruit virus 

(ToBRFV) (Salem et al., 2016), Physostegia chlorotic mottle virus (PhCMoV, Menzel 

et al., 2018) and facilitated the study of their evolution and epidemiology (Lefeuvre 

et al., 2019).   

Of these emerging viral diseases, ToBRFV, which belongs to the Tombamovirus 

genus, has recently received the most attention from European scientists, 

policymakers and regulators and has sparked waves of regulatory action (Oladokun et 

al., 2019). ToBRFV is recommended to be regulated as a quarantine pest by EPPO 

https://apsjournals.apsnet.org/doi/full/10.1094/PHYTO-08-20-0355-FI#b40
https://apsjournals.apsnet.org/doi/full/10.1094/PHYTO-08-20-0355-FI#b40
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(https://www.eppo.int/ACTIVITIES/plant_quarantine/A2_list). This phenomenon is 

due to the association of ToBRFV with severe yield losses on tomato and pepper 

crops, combined with very high transmissibility (transmission by contact: tools, 

hands, clothes…) and stability it can remain active in the environment for months 

(Oladokun et al., 2019, Zhang et al., 2022).  

PhCMoV also raised concerns as it is associated with extreme symptoms in tomato 

fruits. However, the low prevalence of the virus reported in the field so far makes it a 

lower threat. This virus has a vast host range spanning across nine families and 

infecting crops (eggplant, cucumber, crosne), weeds (galinsoga) and ornementals 

(hellebore, etc.) (Temple et al., 2021). It is likely transmitted by leafhoppers such as 

its close relative Alphanuclorhabdovirus, eggplant mottled dwarf virus (EMDV), and 

potato yellow dwarf virus (PYDV) (Babaie et al., 2003, Black, 1942). 

Since viruses cannot be cured, their control mainly relies on i) their accurate 

detection and ii) the use of resistant varieties and/or limitation of their transmission, 

which can be either horizontal or/and vertical (seeds) and depends on the biological 

properties of each virus (Hull et al., 2014, Nicaise et al., 2014). Vega et al., (2019) 

propose to classify pathogens based on their dispersal and survival strategies, 

regardless of the taxonomic group to which they belong. This classification facilitates 

the interpretation of the occurrence of a viral disease in response to cultural practices.  

The cost of plant testing may cause growers to rely mainly on their observations and 

knowledge to control virus infection in the field. In this context, it is crucial to 

determine virus perception by growers to understand the global virus-associated risks 

because their actions can affect the spread of viral diseases (Murray-Watson et al., 

2022). In addition, growers are the first to observe the crops and to be conscious of 

their loss. Still, their perception of virus infection can sometimes be disconnected from 

reality, leading to inappropriate practices (Schreinemachers et al., 2015). Growers’ 

perceptions and actions depend on several factors, including their knowledge of the 

disease, their virus-related experience and their production systems per se. 

Furthermore, the growers’ actions are constrained by their financial means. In 

connection with the chosen production systems, growers’ aspirations can also 

influence how they deal with viruses. Some producers may value growing vegetables 

more sustainably than maximizing their profit (Morel et al., 2016) and would tend to 

display different cultural practices than “conventional growers”.  These practices may 

play a role in virus presence and disease transmission. For example, growers who 

emphasize ecosystem welfare will be more reluctant to use insecticides because of 

their impact on non-targeted insects that might be important for other ecological 

functions (pollination, auxiliaires…). They may also be more likely to grow various 

tomato varieties, including old varieties that are not resistant to certain viruses such 

as tomato mosaic virus (Hansen et al., 2010) or, re-use their own seeds, which can 

promote the spread of seed-transmitted viruses.  

Considering the importance of studying plant viruses (emergent or not) before they 

become a problem, the recent threat of ToBRFV in Belgium, and the context of 

climate change, and sustainable agricultural challenges, this study aims to evaluate 

https://www.eppo.int/ACTIVITIES/plant_quarantine/A2_list
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and compare the diversity of viruses in tomatoes grown on soil in diversified 

production systems with the associated risk perception of growers. Therefore, the first 

objective is to identify and understand the potential risks of viruses (“viral disease 

risk”) in these production systems in Wallonia, Belgium. 

Duong et al., (2019) emphasize that although biosecurity is the second largest risk 

mentioned by producers, there is a lack of research on socio-economic factors that 

explain risk perceptions, especially those that influence risk perceptions related to 

biosecurity. In addition, the role of cultural practices in virus presence and disease risk 

is critical to understand plant virus epidemiology (Jones, 2014), especially in 

sustainable agriculture where options for handling viral diseases are restricted. 

Therefore, the secondary objective is to interpret the results considering the farm 

typology and cultural practices, the grower’s professional profiles, and the visual 

inspection of plant-viral-like symptoms, and to potentially evaluate what drives the 

presence of viruses and their impact. In this study, HTS will be used to assess the 

presence of viruses without a priori. Growers’ perceptions will be compared to the 

presence of viruses and to the observations on the field to understand better the disease 

risk associated with these viruses within the different farms. 

 

Material and methods  
1.1. Study design   
To better understand the implications of plant viruses for tomato production in 

Walloon vegetable farms, a three-tiered survey was designed: 1) interviews with the 

owner or manager of the tomato production, 2) field observations, and 3) analysis of 

the tomato virome through HTS technologies.  

In 2020, a pilot survey was carried out with five growers and three members of the 

Interprofessional Center of vegetable growers (CIM, Regional extension services 

supervising vegetable production in Wallonia) to test and improve the study design to 

homogenize the questionnaire. Members of the CIM mentioned that they barely 

encountered outbreaks due to viral diseases in vegetable crops, including tomatoes: 

“most of the time, there are few virus-infected plants here and there, but viral 

epidemics are uncommon”. For them, significant problems encountered during tomato 

culture are related to cryptogamic diseases. 

A year after this pilot survey, the study was conducted with a standardized 

questionnaire with 21 tomato-growers in the province of Namur and Walloon Brabant 

at the end of the growing season (from August 18th to October 1st 2021) because the 

prevalence of viral diseases is usually highest at this time since the viral infection has 

been building up throughout the season.  

1.2. Semi-structured interviews 
Data collection 

Growers’ contact details were collected through the CIM, informal growers’ 

network and by word of mouth. 



Chapter 2 

 

 

67 

 

 

WalOnMap (https://geoportail.wallonie.be/home.html) was used to determine the 

agricultural area where the different farms were located, and growers were grouped 

based on agricultural area and geographical relevance (growers located in the adjacent 

area of sandy-silty and silty were grouped and the ones in the adjacent Condroz and 

Famenne areas as well).  

Interviews were conducted face to-face with the grower, informing the survey 

objective before the visit. During the exchanges, notes were taken, and interviews 

were audio recorded with the grower’s approval. The questionnaire had two main 

objectives: 1) to describe the typology of the farms, grower’s profiles, and cultural 

practices of tomato growing and, 2) to evaluate the perception of growers regarding 

tomato viral diseases. First, information about the farm (six variables: farm age, area, 

localization, number of vegetable species grown, organic label, number of employees 

(full-time equivalent)), tomato culture (six variables: number of plants and varieties 

grown, seedling origin, number of production years, disinfection of tool, usage of 

homemade seeds) and professional background of the interviewed person (four 

variables: registered at the CIM, number of years experience in the field, reconverted 

after another job, have relatives in the agricultural sector) were collected. The 

questionnaire is described in Supplementary data, and the answers for each farm are 

presented in Supplementary table 1. To obtain a global view of the answers, median, 

average, min and max values were calculated for the quantitative data and the sum for 

the binary data.  

The second part of the questionnaire evaluated how growers perceived tomato viral 

diseases and which control measures were applied or envisioned. A mix of “open-

ended” questions encouraging discussion and closed questions were asked in a 

specific order (Fig. 2-1).  

At question Q5, pictures of viral symptoms induced by PhCMoV on different host 

plants were shown to assess if the growers recognized the symptoms (Supplementary 

Figure 1). Since viral symptoms are difficult to notice and sometimes resemble other 

stresses to the plant, respondents were able to validate or correct their answers to Q2, 

“In your opinion, have you ever experienced virus damage on tomatoes?”  

PhCMoV symptoms were chosen because they are severe and can be easily 

identified in tomato fruits. They can also be mistaken with other important plant 

viruses known to be present in Belgium, such as ToBRFV or PepMV (Temple et al., 

2021, Hanssen et al., 2009, EPPO Bulletin, 2020). In addition, it was the most 

frequently detected virus-causing symptom during the pilot survey in 2020.  

In Q6, whether growers were aware of ToBRFV was investigated, as this virus was 

recently widely publicized by different stakeholders involved in the tomato 

production chain.  

At the end of the interview, information on the biology of these two viruses 

(PhCMoV & ToBRFV), which require different control measures, were given to the 

growers. 

https://geoportail.wallonie.be/home.html
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Figure 2-1. Questions related to virus growers’ perception.  
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Data interpretation 

The second part of the questionnaire investigated the perceptions and worries of the 

growers and allowed them to express themselves spontaneously. Interviews were first 

transcribed word by word, and answers were grouped based on the content of the 

replies. For instance, concerning Q2, responses were classified into four categories: 

1. those who thought they already had viruses, 2. those who did not say “yes” clearly 

but who “did not rule out the possibility”, 3. those who “did not know”, and 4. those 

who “did not think” they already had viruses.  

1.3. Observations and sampling  
Prior to sample collection, each grower was explicitly told that if a quarantine virus 

(eg. ToBRFV) was detected, it was mandatory to notify Belgian’s NPPO (Federal 

Agency for the Safety of Food chain). Thus oral consent to sample was sought from 

each grower. 

In each farm, 100 asymptomatic tomato leaves were systemically collected 

following a W-shaped transect. When there were several tunnels on a farm, an equal 

number of plants was sampled per tunnel to reach 100 plants per farm. The tomato 

plants that showed viral-like symptoms (fruits: deformations, anomalies of coloration; 

leaves: vein clearing, deformation, mosaic; plant: reduced size) were pictured, 

counted, and collected in a separate bag.  

Since the symptoms of PhCMoV can be easier to spot on eggplant than on tomato, 

eggplants were also examined when present on the farm. When the symptoms of 

PhCMoV were noticed on eggplants or tomatoes, the number of symptomatic plants 

was recorded, and at least three symptomatic plants per farm were collected.  

In Belgium, 2021 was not optimal for outdoor tomato production due to very wet, 

cloudy, and cool weather (also exacerbated by storms and floods). These conditions 

favoured the development of fungal diseases, asphyxiated the root systems, and 

slowed down the ripening of the fruit. Consequently, some growers removed a part of 

the planting before the visit. These growers were listed (Supplementary Table 1).  

1.4. Virus analysis  
HTS 

After the collection, 100 mg of fresh tomato asymptomatic leaves from the same 

farm (i.e. 10 g for 100 plants) were pooled in a filter bag and stored at -80°C. The 

symptomatic plants were also pooled per farm. The weight of material per plant varied 

according to the number of plants in total (5 g in total). After that, the samples were 

analyzed for viruses using a virion-associated nucleic acids enrichment protocol 

(VANA) before HTS on Illumina. The VANA protocol and library preparation used 

for the samples followed the method described by Maclot et al., (2021) adapted from 

Filloux et al., (2015).  

In brief, 5 or 10 g of tissue was ground respectively in 25 or 50 mL of a cold Hanks’ 

buffered salt solution (HBSS, composed of 0.137 M NaCl, 5.4 mM KCl, 0.25 mM 

Na₂HPO₄, 0.07 g glucose, 0.44 mM KH₂PO₄, 1.3 mM CaCl₂, 1.0 mM MgSO₄, 4.2 mM 
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NaHCO₃) using a tissue homogenizer. In a 50 mL falcon tube, the clarification was 

obtained from a centrifugation run of 10,000 g for 10 min at 4°C. Supernatant was 

then filtered through a 0.45 μm sterile syringe filter and 10,4 ml of supernatant was 

put into an ultracentrifuge tube (Beckman Ultra clear 14 mL tubes (#344085)). In each 

tube, 0.1 mL (1:100) of a clarified banana sample infected with banana bract mosaic 

virus (BBrMV) was added as an internal positive control to evaluate the analytical 

sensitivity of the test (Massart et al., 2022). Then, a sucrose cushion, made of 1 mL 

of 30% sucrose in 0.2 M potassium phosphate at pH 7.0, was deposited at the bottom 

of the tube. The extract was then centrifuged at 40 000 rpm for 2 hours at 4°C using 

the 50Ti rotor (Beckman). A protocol previously used in the laboratory and described 

in Maclot et al. (2021) was used for the library preparation.  

PCR products were pooled by 6 to 12 according to the linkers and cleaned using the 

Nucleospin Gel and PCR cleanup (Macherey-Nagel). Samples containing 

asymptomatic plants were pooled separately from those containing symptomatic 

leaves to limit potential cross-contaminations of highly concentrated viruses in 

symptomatic pools. A positive external alien control containing infected beans with 

Endornavirus was processed simultaneously as the asymptomatic samples to monitor 

potential cross-contaminations as recommended in Massart et al., (2022). 

Illumina library was prepared at GIGA Genomics (University of Liege, Belgium) 

using NEBNext Ultra II DNA library prep kit (New England BioLabs, US) and 

libraries were sequenced on the Illumina NextSeq500 sequencer for the generation 10 

M of paired-end reads (2 x 150 base pair) per library. Resulting sequence reads were 

first demultiplexed according to the linker and trimmed from the adaptor, then quality 

trimming, pairing, and merging were performed using the Geneious R11 software 

platform (https://www.geneious.com) before de novo assembly with (RNA) SPAdes 

assembler 3.10.0 (Bankevich et al., 2012). Next, contigs were compared using tBlastx 

against a database of viruses and viroids sequences downloaded from NCBI in 

November 2021 (RefSeq virus database). Then, reads were mapped on the closest 

reference sequences using geneious parameters Medium-Low Sensitivity/ Fast. The 

presence of viruses was considered positive when the coverage (% of reference 

genome) was superior to 50% for most viruses and when the number of mapped reads 

on the closest genome reference was > 90. On another hand, the presence of 

tombusviruses and alphanecroviruses was assessed at a different threshold (12% of 

ref seq) since the number of reads which map on reference genomes, were very low 

compared to other viruses, such as the internal control BBrMV. This threshold was 

determined after a manual expertise assessment of the difference between 

contamination and low concentration of each virus (Rong et al., 2022).  

RT-PCR for PhCMoV detection in eggplant 

Eggplant leaves showing symptoms of PhCMoV were subjected to RNA extraction 

and RT-PCR for testing the presence of PhCMoV. RNA extraction followed the 

method described by Onate-Sanchez and Vicente-Carbajosa (2008). Then, the extracts 

were reverse transcribed using random hexamers and Tetro RT enzyme (Bioline). The 

obtained cDNA was amplified with the MangoTaq™ DNA Polymerase and the 
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primers described by Gaafar et al., (2018). Thermal cycling corresponded to: 94°C for 

1 min, 35 cycles at 94°C for 15 s, 60°C for 20 s and 72°C for 45 s, with a final 72°C 

extension for 3 min. Amplicons were analyzed by electrophoresis on a 1% agarose 

gel in Tris-acetate-EDTA (TAE) buffer stained with GelRed® Nucleic Acid Gel Stain 

(Biotium) and visualized under UV light. 

RT-PCR and sanger sequencing for confirmation of challenging HTS results  

To confirm the detection of strawberry latent ringspot virus (SLRV) and carnation 

Italian ringspot virus (CIRV), RNA from the original 100 frozen leaves of the positive 

sample were re-extracted in pools of 25 with the Spectrum plant total RNA kit (Sigma-

Aldrich) and tested by RT-PCR using the Titan One Tube RT-PCR kit. For the 

detection of SLRV, the primers SLRSV1/2 described by Bertolini et al., were used 

2003 and for the detection of CIRV, primers were designed based on the consensus 

sequence using Geneious designing primer tool: CIRV- F: 

“CGTGGCAGTTACCAGACAGT”, CIRV- R: “CTCCATCCCAACGTTCACCA” 

(product length: ~1kb). Amplicons were Sanger-sequenced, and the obtained 

sequences were searched against the NCBI database using BLASTn to confirm the 

presence of the virus. 

The status of tomato mosaic virus (ToMV) was assessed in six samples where HTS 

yielded a small number of reads mapping the reference genome. The 100 frozen leaves 

for each of these sample and the positive sample were extracted in pools of 25 

following the Spectrum plant total RNA kit (Sigma-Aldrich). RNA extracts were 

tested by RT-PCR using the Titan One Tube RT-PCR kit (Roche) and the primers of 

Li et al., 2018.  

1.5. Data analyses 
In this study, detected viruses were classified based on their transmission mode 

(insect-vector, soil, seeds, fungi, unknown, Table 2-1). Then, sites were grouped in 

categories based on the (transmission mode) class of viruses detected (Table 2-2, 

Supplementary table 1).  

To evaluate the significance of the associations between the different variables, all 

the generated raw data in supplementary table 1 were tested two-by-two without a 

priori using Orange Mining's Sieve Plot diagrams widget 

(https://orangedatamining.com, Demsar et al., 2013). A Sieve Plot Diagram is a 

graphical method for visualizing the results of a chi-squared test of independence in a 

two-way contingency table. The chi-squared test is a statistical method that evaluates 

whether two categorical variables are independent of each other or whether they are 

related in some way. In the contingency table generated by this display, the area of 

each rectangle is proportional to the expected frequency, while the observed frequency 

is shown by the number of squares in each rectangle. The difference between observed 

and expected frequency (proportional to the standard Pearson residual) appears as the 

density of shading, using color to indicate whether the deviation from independence 

is positive (blue) or negative (red). The area of each rectangle is proportional to the 

expected frequency, while the observed frequency is shown by the number of squares 

https://orangedatamining.com/
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in each rectangle. Thereafter, using the relevance scoring options and attributes 

research of the Sieve Plot Diagram widget, the variables that were the most associated 

with interesting results were identified. 

In addition, selected features related to the sites where viruses were transmitted 

through the most prevalent mode in symptomatic plants were compared to other sites. 

For that purpose, quantitative data were transformed into qualitative data based on the 

median value of each feature. In addition, all the data were normalized according to 

the number of growers with or without the viruses transmitted the same way.  
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Virus  Transmission  Family  Genus Accronyme  

Total nb 

of sites 

Nb of sites 

where 

detections 

occurred in 

21 AS plants 

pools 

Nb of sites 

where 

detections 

occurred in 

9 S plants 

pools 

Potato virus Y  Insect Potyviridae Potyvirus PVY 7 6 1 

Cucumber mosaic virus Insect Bromoviridae  Cucumovirus CMV 3 1 2 

Physostegia chlorotic mottle virus  Insect Rhabdoviridae Alphanucleorhabdovirus  PhCMoV 6 0 6* 

Southern tomato virus  Seeds Amalgaviridae Amalgavirus  STV 14 13 3 

Tomato mosaic virus  Seeds, contact Virgaviridae   Tobamovirus  ToMV 1 1 1 

Moroccan pepper virus Soil  Tombusviridae Tombusvirus MPV 2 1 2 

Carnation Italian ringspot virus Soil  Tombusviridae Tombusvirus CIRV 2 1 0 

Tomato bunshy stunt virus  Soil  Tombusviridae Tombusvirus TBSV 1 0 1 

Olive latent virus 1 Soil-borne fungi  Tombusviridae Alphanecrovirus OLV-1 1 1 0 

Olive mild mosaic virus  Soil-borne fungi  Tombusviridae Alphanecrovirus OMM 1 1 0 

Tobacco necrosis virus A Soil-borne fungi  Tombusviridae Alphanecrovirus TNV-A 1 3 0 

Strawberry latent ringspot virus  Nematode Secoviridae Stralarivirus SLRV 1 1 0 

Tomato matilda virus  Unknown  Iflaviridae Tomavirus  TMaV 1 1 0 

 

Table 2-1. Taxonomic characteristics of detected viruses and the number of sites where they were detected. Whether the detection 

occurred in symptomatic (S) or asymptomatic (AS) plants pools is indicated. *Three detections among the six were only made on 

symptomatic eggplant by RT-PCR (Supplementary table 2) 
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Transmission  

Number of 

different 

viral species  

Number of 

different 

viral families  

Total 

number of 

positive sites 

detection 

Nb of sites 

where 

detections 

occured in 21 

AS plants 

pools 

Nb of sites 

where 

detections 

occured in 9 

S plants 

pools  

Insects (PVY, CMV, 

PhCMoV) 3 3 13 7 7 

Soil (MPV, CIRV, TBSV, 

OLV-1, OMM, TNV-A, 

SLRV) 7 2 9 9 4 

Seeds / contact (ToMV, STV) 2 2 15 14 5 

Unknown (TMaV) 2 1 1 1 0 

 

 

Table 2-2. Number of sites where the different types of viruses were detected. 
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Results  
1.6. General description of the farms, professional profile of the 

growers, and tomato culture  
During the first step of the questionnaire, information was gathered on the general 

characteristics of the farm, the professional profile of the growers, and tomato 

cultivation practices. The detailed data are presented for each farm in Supplementary 

table 1.  

The 21 surveyed growers sold their products locally (e.g. shop in the farm, markets, 

baskets, "pick your own"). The median time they had worked in vegetable farming 

was seven years, with only four years (median) of tomato production on the studied 

site (Table 2-3). This difference is because most of the growers worked on another 

vegetable farm before starting their own production. These growers stated that they 

had always grown tomatoes on their own farms. Less than half of the growers (9/21) 

had only worked in vegetable cultivation, while the others (12/21) switched careers 

after having worked in other sectors (Table 2-4). Only five respondents have relatives 

in the agricultural sector (Table 2-4).  

Regarding growing systems, half of the respondents (11/21) grew vegetables under 

the organic label or were in the process of obtaining it. However, among the other 

half, most growers followed organic or agroecological farming practices without 

certification. Moreover, some of them explained that they don’t need the organic label 

while following the practices because they are “close to their consumers” (notably in 

the case of pick-your-own farms). Therefore, it is challenging to mobilize this feature 

in the analyses.  

Most of the surveyed growers produced many different vegetable species per year 

(median = 50) on a small surface area (median = 1.1 ha) (Table 2-3). The different 

crops (root vegetables, fruit vegetables, leafy green, cruciferous, marrow, 

aromatics…) were alternated on the same piece of land throughout the year. Only two 

growers stood out from the others by growing vegetables on a larger surface (INX-

29: 4.5 ha and INX-37: 16 ha) (Supplementary table 1).  

Regarding tomato production, the median number of tomato plants grown per year, 

per farm, was 1,000, with a median of 15 different cultivars. The growers bought their 

plants from nurseries or made seedlings from commercial or home-made seeds from 

the previous year (Table 2-3). 
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F_Number of 

FTE  

F_ Farm area 

(ha)  

F_ 

Vegetables 

area (ha)  

F_ Number 

of vegetables 

G_Years of 

experience  

T_ 

Production 

years 

T_ Number 

of plants 

T_Number of  

varieties  

median 2.00 6.00 1.00 50.00 7.00 4.00 1000.00 15.00 

average 3.39 22.50 2.01 44.90 7.60 5.00 1229.00 20.50 

min 0.50 0.20 0.20 8.00 1.00 1.00 150.00 4.00 

max 10.00 100.00 16.00 100.00 15.00 12.00 6500.00 80.00 

 

 

Table 2-3. Description of the main quantitative characteristics of the farms (F); grower’s profiles (G) and, tomato cultural 

practices (T) of the respondents (n=21). Median, Average, Min and Max values are indicated. 

 

F_ Organic 

label F_Geology 

G_ members 

of the CIM  

G_ Has 

always 

worked in 

agriculture 

G_ Has 

relatives in 

the 

agricultural 

sector 

T_ Seedlings 

origin 

T_ Re-use of 

seeds 

T_Disinfection 

of tools 

Yes: 11 

No: 10 

S/S: 9 

C/F: 12 

Yes: 14 

No: 7 

Yes: 9 

No: 12 

Yes: 5 

No: 17 

Nursery: 9 

Homemade: 9 

Both: 3 

Yes: 8* 

No: 13 

Yes: 6 

No: 15 

 

 

Table 2-4. Description of the main qualitative characteristics related to the farms (F); grower’s profiles (G) and, tomato cultural 

practices (T) of the respondents (n=21). S/S = silty and sandy-silty area, C/F = condroz and famenne area, CIM: Regional extension 

services supervising vegetable production in Wallonia, * none of them disinfected the seeds
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1.7. General description of the grower perception, observations 

of viral-like symptoms and virus detected in the 21 farms 
Grower perception 

During the interviews, 20 out of 21 growers had faced cryptogamic diseases during 

the current year (Fig. 2-2 - Q1). One grower (INX-40) mentioned encountering 

problems with viruses (at the beginning of the interview process). 

In the second question, specific to viral diseases, only four growers responded that 

they had faced virus infection, but it had never been problematic (except for the 

grower INX-40). Seven other growers did not rule out the possibility of having 

viruses, but were unsure. The rest of the growers "did not know" or "did not think" 

they ever had tomatoes infected by viruses (Fig. 2-2 - Q2). Interestingly, among the 

growers who did not think they had faced plant viruses or were unsure, no growers 

highlighted important unexplained troubles with tomato production at Q2. In addition, 

most growers (15/21) responded that they were not concerned about viruses (Fig. 2-2 

- Q3).  

Subsequently, the interviews revealed that many growers had little knowledge of 

viruses. Many (14/21) respondents naturally mentioned that they "didn't know about 

viruses", that they were "unaware of them", or that they "didn't know how to recognize 

them". The only grower that demonstrated his knowledge about plant viruses was the 

one with the most significant tomato production (INX-37). The lack of knowledge 

was exposed by question Q6 where less than half of the growers were aware of the 

potential danger posed by ToBRFV. They also mentioned that they did not know the 

list of quarantine pathogens or how to recognize them. In contrast, the growers seemed 

aware of fungal diseases as they all mentioned one disease name in Q1, and none 

highlighted their lack of knowledge about fungal diseases. 
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Figure 2-2. Perception of growers on viral diseases affecting tomato plants. * = during the current year, ** = since ever, n=21. 
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Observations of viral-like symptoms 

In the parcels, 122 viral-like symptomatic tomato plants were collected in nine 

farms. In most cases, the proportion of symptomatic tomato plants was lower than 1% 

(Supplementary table 1). 

Only one exception was noticed with the grower INX-40, who was aware of 

putatively virus-induced symptoms in his tomato crop (Q1, Q2). In this farm, 40/300 

tomato plants (13%) showed strong viral symptoms like the ones associated with 

PhCMoV (Supplementary Fig. 3). In addition, one of the three tunnels from this farm 

was particularly impacted with 38/85 tomato plants showing these typical symptoms. 

In this tunnel, other plants were grown (cucumber, capsicum, mint, strawberry…), 

and the grower mentioned that he saw the symptoms related to PhCMoV in cucumber 

early in the season. In addition, three eggplants near the greenhouse also showed the 

symptoms of PhCMoV and tested positive.  

In total, 30 eggplants showing PhCMoV symptoms (vein clearing on the leaves) 

were observed across five farms (including two farms where symptomatic tomatoes 

were observed, Supplementary table 2). The maximum number of symptomatic 

eggplants per farm was 11 (Supplementary table 2). 

Virus detection  

First, internal spike BBrMV was identified in all the asymptomatic pools with a 

number of reads mapped on the reference genome NC_009745 ranging between 5 and 

99. Additionally, the external alien control (endornavirus) was detected in the two 

samples where it was expected with 27,690 and 43,744 reads mapped to the 

NC_038422 genome. There were no reads of endornavirus found in any other 

samples, indicating that the extent of cross-contamination was minimal after the 

filtering steps. 

In total, 13 different viral species belonging to eight viral families were identified 

during this survey (Table 2-1). The number of virus species detected per farm varied 

between 1 and 4 (Supplementary Table 2). 

These viruses were classified into four categories based on their transmission mode: 

transmitted by insects, by the soil (including virus transmitted by soil-borne fungi or 

nematodes), by seeds and/or contact, and the viruses for which the transmission is not 

known to date (Table 2-2). In total, three viral species transmitted by insects were 

detected across 16 different farms, seven viral species transmitted through the soil 

across nine farms, two viral species transmitted through seeds and/or contact across 

14 farms, and one species for which biological data on its transmission was lacking, 

on one farm. In the symptomatic tomato plant pools, insect-borne viruses were the 

most prevalent, as they were detected across seven farms out of nine (Table 2-2).  

The most frequently detected virus (n=14) was southern tomato virus (STV), a 

persistent virus transmitted by seeds. STV was detected more frequently in 

asymptomatic plant pools than in symptomatic pools (Table 2-1). 
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Then, the most prevalent viruses were the ones transmitted by insects: potato virus 

Y (PVY), PhCMoV and, cucumber mosaic virus (CMV) which were detected in 

respectively seven, six and three farms (Table 2-1). 

HTS identified PhCMoV in three farms on symptomatic tomato showing fruit 

deformations and anomalies of colouration and by RT-PCR and on three additional 

farms on eggplants showing vein clearing on the leaves (Table 2-1). Overall, during 

the study, all the tested plants that showed PhCMoV symptoms were positive for this 

virus. PhCMoV was only detected in plants with typical PhCMoV symptoms and not 

in asymptomatic plants, whereas PVY was primarily identified in asymptomatic 

plants. Leafhoppers transmit PhCMoV, while aphids transmit PVY. These two viruses 

appeared on a farm where many symptomatic plants were found, including cucumber 

and eggplant and where the growers complained of tomato virus disease (INX-40). 

The symptoms observed were very characteristic of PhCMoV (Supplementary Figure 

2c), which was detected by HTS on the pool of symptomatic tomatoes and by RT-

PCR in four separate symptomatic tomato plants.  

CMV was associated with symptoms in two symptomatic pools and in one 

asymptomatic pool (Supplementary Table 2a). Blancard, 2009). 

Another virus transmitted by seeds, tomato mosaic virus (ToMV, Supplementary 

Figure 2b), was detected in one farm on asymptomatic and symptomatic plants. ToMV 

is a Tobamovirus which has been widely studied and is also transmitted by contact 

(Jones et al., 2014). RT-PCR confirmed the presence of the virus in the sample where 

the highest number of reads was found and not detected in all the other samples.  

In addition, six different viral species belonging to the Tombusvidae family (tomato 

bushy stunt virus, moroccan pepper virus, olive latent virus 1, olive mild mosaic virus, 

tobacco necrosis virus A, CIRV) were primarily detected in asymptomatic plants 

(Table 2-1). These viruses are transmitted through the soil, mainly by soil-borne fungi 

and are not considered economically significant tomato pathogens (Yamamura et al., 

2005).  

Finally, SLRV (Secoviridae) and tomato matilda virus (TMaV; Ilflaviridae) were 

detected on asymptomatic plants only. SLRV is transmitted by a nematode, and the 

transmission mode of TMaV is unknown. This reports the first detection of SLRV and 

CIRV on tomatoes. RT-PCR and sanger sequencing was performed on the original 

plant samples and confirmed the presence of these viruses in tomatoes.  

 

1.8. Associations 
To investigate whether the presence of insect-borne viruses (PhCMoV, PVY, CMV) 

was associated with any specific metric related to the farms characteristics, cultural 

practices, grower's profiles or perception, the widget sieve diagram on orange mining 

was used on supplementary table 1, and associations with a p-value < 0.1 were noted.  

Regarding cultural practices, the presence of these three viruses was associated with 

the increased number of different vegetable species grown per farm ("diversity"). 

Furthermore, these insect-borne viruses were also associated with the farms situated 

in the silty or sandy-silty area. Finally, regarding perception and actions, the presence 
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of PhCMoV, CMV and PVY was associated with the growers who would remove the 

virus-infected plants as a first reflex; with the ones who were not concerned about 

viruses; and with the ones who recognized PhCMoV symptoms (Fig. 2-3).  

In a second step, selected features of interest related to the grower's perception, 

observations or other farms characteristics were converted into qualitative data if 

needed and evaluated against the presence of insect-borne viruses. This analysis 

showed that the farms with insect-borne viruses tended to have fewer tomato plants, 

which could be related to a higher number of different plant species per year, and with 

the growers who produce vegetables on smaller surfaces.  

In addition, the four growers who thought they already had virus problems, and the 

one who recognized the symptoms of PhCMoV had insect-borne viruses (Fig. 2-4). 

Interestingly, most of these growers were not concerned about viruses (Fig. 2-4, 

Supplementary table 1). This perception can be related to their understanding that 

there was an absence of any significant problem of viruses on their farms, and 

highlights that the presence of PVY, CMV or PhCMoV is, in most cases, not 

associated with important yield losses. Also, three out of four growers who recognized 

the PhCMoV symptoms had PhCMoV in their farms. In addition, the growers who 

thought they had more than 30% losses during the current year due to fungal diseases 

on tomato were less likely than others to have insect-borne viruses, suggesting that 

yield losses from viral diseases, if any, were negligible in 2021 (Fig. 2-4). 

Since there were no significant variations in how growers perceived viral diseases, 

it was difficult to compare the perception to the farms’ characteristics and growers' 

profiles, and to understand if socio-economic factors can explain plant viruses risk 

perception. Only one grower claimed that he had problems with plant viruses. Using 

the widget sieve diagram on orange mining, it was tested whether being awared of 

ToBRFV (n=8) or being concerned by tomato viruses (n=6) was associated to any 

factors, and no significant associations were identified. 
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Figure 2-3. Associations between the presence of insect-borne viruses and different 

metrics. The area of each rectangle is proportional to the expected frequency, while the 

observed frequency is shown by the number of squares in each rectangle. The difference 

between observed and expected frequency (proportional to the standard Pearson residual) 

appears as the density of shading, using color to indicate whether the deviation from 

independence is positive (blue) or negative (red). S/S = silty and sandy-silty area, C/F = 

condroz and famenne area. 
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Figure 2-4. Percentage of growers with insect-borne viruses (blue) or not (yellow) vs 

selected characteristics related to the farms (F); grower’s profiles (G) and, tomato 

cultural practices (T). S/S = silty and sandy-silty area, C/F = condroz and famenne area, 

CIM: Regional extension services supervising vegetable production in Wallonia, n represent 

the number of growers in each feature on which the analysis was based. The difference 

statistically highlighted with orange mining was indicated when p < 0.1 = . , p < 0.05 = * 

 

Discussion  
Overall, this study has provided knowledge of growers' perceptions regarding 

viruses, and the occurrence of tomato viruses, in small and diversified farms.  

First, our selection process was representative because it was aligned with the 

classification of Dumont (2017): most of the interviewed vegetable growers produced 

a large diversity of vegetables sustainably on a surface area up to 2ha.  

Second, their perception of viruses was somewhat unclear: most interviewed 

growers found it challenging to say whether they had problems linked to viral 

diseases. Hence, growers usually agreed that viruses were not a major problem in their 

tomato production. Observations of tomato plants in the field correlated with this 

perception, as a small number of symptomatic plants were found. However, some 

viruses known to affect tomato production were identified, such as ToMV, CMV and 

PhCMoV (Hanssen et al., 2010, Ullah et al., 2017, Mahjabeen et al., 2012, Temple et 

al., 2021). 

Regarding the origin of the difference between perception, observations, and 

the presence of viruses, a first hypothesis (H1) is that the detected viruses do not cause 

significant problems in the agricultural system under study (low viral disease risk) 

and, perception and observations correlate well with reality. A second hypothesis (H2) 

might be that growers are unaware of the problem, and field observations are not 
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representative because symptoms of other diseases (fungal, bacterial, abiotic stress) 

might mask viral symptoms. This hypothesis can be supported by the fact that some 

growers admitted their lack of understanding of plant viruses or difficulties for 

identifying them.  

While H2 cannot be entirely set aside, many elements suggest that H1 better 

explains the difference between perception and HTS results. Firstly, during the 

survey, all respondents admitted that they had a fungal disease problem and developed 

a control strategy for this issue. Many fungal disease problems in 2021 were observed 

due to wet weather conditions. The results related to the general tomato diseases 

perception suggested that growers seemed to be aware of the disease when they were 

severely impacted. Another reason supporting H1 is that the sole grower who reported 

a viral infection in their tomato crop experienced a significant virus outbreak. The 

observations and laboratory analysis were consistent with the growers’ perception: 

many plants with typical PhCMoV symptoms were noticed, and the presence of the 

virus was confirmed. Finally, in the pilot survey, the regional extension services 

mentioned that viruses were not a significant problem in vegetable production, and 

that they rarely get requests on this subject. This information suggested that viral 

diseases were, at the time of study, not the most important diseases for tomato 

production in Wallonia, even if pathogenic viruses were detected. Many reasons can 

explain why a virus does not necessarily cause problems in a cropping system. For 

instance, its transmission from plant to plant might be inefficient resulting in a low 

number of plants infected, or the plants might get infected late, and the virus not have 

time to cause damage (Jeger, 2020, Trebicki, 2020).  

Overall, these results contrast with the situation in the province of Alméria in 

Spain, where viruses represent a crucial threat to tomato production (Panno et al., 

2019), and novel viruses are detected at a rate of 0.9 / year (Velasco et al., 2020). 

Consequently, the growers in Alméria recognize the significant risk of plant viruses 

(Velasco et al., 2020). It shows that growers' perception is also correlated to viral 

disease risk. Agricultural systems and tomato culture history may explain the 

difference. For example, in Alméria, tomatoes are grown intensively under plastic 

greenhouses at a very high density over 8,423 ha (in 2021) (Análisis de la campaña 

hortofrutícola. Campaña 2020/2021). There is almost no space between the parcels, 

which can facilitate the spread of viruses between fields. This is in contrast to the 

tomato growing systems observed in this study. 

In the Nordic European countries, where most tomatoes are grown independently of 

seasonality in high-tech greenhouses, ToBRFV is of particular concern to intensive 

tomato growers because of the high risks associated with the movement of fruits, 

equipment and employees in greenhouses and warehouses (Zhang et al., 2022). This 

results in strict phytosanitary controls and a high level of awareness for all persons 

allowed to enter these greenhouses. In contrast, less than half of the small-scale 

producers interviewed in this study were aware of the ToBRFV despite the recent 

high-coverage for the disease in general, and specialized media. In addition, most of 

the small-scale growers were also unaware that reporting quarantine pests to 

authorities was mandatory. This highlights the existence of a gap in the information 
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channel between the plant health authorities and small-scale producers. Lack of 

awareness of harmful viruses may result from the system model in which most 

growers in this study operate: trade is often limited and local and other crops can 

compensate for low tomato yields in a given year. This can lead to a potential 

underlying infection that could remain unnoticed for some time. An outbreak would 

be very challenging to manage for a small farm, as a virus such as ToBRFV can 

survive in the environment over successive seasons. Whereas in a large high-tech 

glasshouse, a complete cleanup is costly and complex but possible. We found no 

socio-economic reasons or patterns to explain this low perception of ToBRFV. 

Nevertheless, this result demonstrates the value of addressing sociological factors that 

influence producers' decision-making in the face of a pathogen outbreak. 

In this study, the most common viruses detected in symptomatic plants were insect-

borne viruses. Subsequently, the characteristics that could possibly explain the 

presence of these viruses were investigated. The low number of producers (21) limited 

the scope of possible analyses. However, some patterns were detected, which might 

warrant further investigation. In terms of perception and action, the presence of insect-

borne viruses was associated with growers who reported removing suspect plants; 

those who were not concerned about plant viruses; and those who recognized 

PhCMoV. The fact that the presence of PhCMoV is associated with growers who 

recognize its symptoms can be explained by the striking symptoms caused by this 

virus. Removing plants infected with viruses is often advisable to mitigate the spread 

of plant viruses. Therefore, it is surprising that growers of tomatoes infected with 

insect-borne viruses indicated that they would remove the symptomatic plant if they 

were sure of the viral origin of the symptoms. Furthermore, those who were not 

concerned about viruses (15/21) had the most insect-borne viruses. This result is also 

remarkable since insect-borne viruses were frequently detected in symptomatic plants. 

It suggests that growers did not notice the symptoms, and/or that these viruses were 

not associated with a high prevalence.  

In addition, our analysis suggested that insect-borne viruses were more present in 

the farms where numerous different plant species were cultivated, and in the farms 

situated in the silty and sandy-silty areas. In both farms with and without insect-borne 

viruses, growers had the same profile: settled and working in agriculture for the same 

number of years. It is challenging to state whether being diversified (numerous plant 

species cultivated), located in the silty and sandy-silty area, or whether a range of 

characteristics explain the presence of these viruses, but the different elements can be 

justified.  

Insect-borne viruses were detected more in the silty and sandy-silty area, where field 

crops such as cereals, sugar beet, potatoes, or flax are common. About half of the 

Walloon horticulture farms are in the silty area. It is recognized that the intensification 

of agriculture increased the emergence of viral diseases (Roossinck et al., 2015, Pinel-

Galzi et al., 2015), and the proximity of large-scale cultivated plants next to the study 

plots could serve as virus reservoirs (Bernardo et al., 2018). In the Walloon context 

and our study case, potatoes have been primarily grown in the silty area for centuries. 
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This crop is the primary host of PVY; thus, the presence of potatoes might partly 

explain the presence of PVY in the farms situated in the silty region. 

CMV, PhCMoV and PVY are insect-borne viruses with a broad host plant range 

which can affect tomato yield (Jones et al., 2014, Temple et al., 2021). The results 

tend to suggest that insect-borne viruses were more likely to be detected in the most 

diversified farms (which were not necessarily located in the silty/sandy silty area, data 

not shown). Growing a high number of vegetable plant species could increase the 

number of host plants harbouring insect vectors (Knops et al., 2002, Cook-Patton et 

al., 2011) or the number of host plants enabled to host viruses ("amplification effect", 

Keesing et al., 2006). Plant-cultivated diversity in small-scale production systems may 

also increase the first step of emergence: virus-host jump between wild and cultivated 

reservoirs as the number of potential new hosts is higher. In addition, these diversified 

farms have expanded in the past ten years throughout industrialized countries 

(including Belgium), and introduced new crops in the environment, a factor known to 

promote virus emergence (Elena et al., 2014). In this study, an emergent virus 

(PhCMoV) was detected in six farms out of 21. Even though the virus was detected 

in Germany since 2003 in a diversified system (Temple et al., 2021), its prevalence in 

Belgium could potentially be associated with the development of diversified farms. 

Interestingly, in most cases, the presence of insect-borne viruses was not found to 

be associated with greater grower concern or an important number of symptomatic 

plants, suggesting that their presence did not pose a high risk for the production in 

diversified production systems. Although these results must be taken with precautions 

because of the relatively small number of studied farms, some studies postulate that 

plant-cultivated diversity protects against the spread of viral diseases (Haddad et al., 

2009, Keesing et al., 2010, Pagán et al., 2012, Roossinck et al., 2015). Different 

protection mechanisms are involved, for example, creating a large genetic diversity 

for plants may lead to a dilution protective effect since pathogens have more chances 

of encountering resistant hosts in diverse habitats and more difficulties spreading (Liu 

et al., 2020; Keesing et al., 2021). In addition, plant diversity might increase the 

diversity of insect-vector but also of the predators, which should theoretically lead to 

an ecological balance (Cook-Patton et al., 2011, Haddad et al., 2010). It might also 

disturb the movement of insect vectors and thus reduce the spread of the disease 

(Power, 1991). Lichtenberg et al., 2017 demonstrate that organic farming and higher 

in-field plant diversity enhanced arthropod abundance, particularly for rare taxa, 

resulting in increased richness but decreased evenness. Our results tend to align with 

this statement since insect-borne viruses were more present in most diversified 

production systems but were not associated with higher viral disease risk. 

Nevertheless, more in-depth studies need to be undertaken to confirm this hypothesis. 

Alongside its other benefits, plant diversity has been shown to reduce the impact of 

other pathogens, such as fungi on crops and can be used for their management 

(Ratnasass et al., 2010, Mundt et al., 2022,). The agroecological paradigm states that 

pests and pathogens can be controlled, but not eliminated, through antagonistic 

ecological processes facilitated by crop genetic diversity or enhanced plant health 

(Van Bruggen et al., 2016). In addition, diversified farms increase the resilience of the 

https://esajournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Cook-Patton%2C+Susan+C
https://esajournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Cook-Patton%2C+Susan+C
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systems to biotic, abiotic and economic threats because if one crop is affected, growers 

can rely on other crops (Mori et al., 2013, Petersen-Rockney et al., 2021). These 

systems minimize the negative impact of agriculture on ecosystems and are less 

dependent on unstable geopolitical contexts, which can hamper food distribution from 

producers to consumers (Wezel et al., 2014, Hertel et al., 2021). Altogether, and in 

complement to the documented economic potential of diversified production systems 

(Van der Ploeg et al., 2019), these considerations suggest that additional research 

efforts on small-scale systems are needed to better optimize them.  

Plant viruses constantly evolve, and monitoring them is essential to forecast 

emergence and outbreaks due to viral diseases. This study highlighted that some 

detected viruses would require more attention than others. For example, PhCMoV was 

widely distributed, associated with severe symptoms on few plants, and considered 

problematic by one grower. In addition, knowledge on the biology of this virus was 

limited (Temple et al., 2021). Thus, interactions of the virus with plants and vectors 

within the environment (reservoirs plant, transmission…) needs to be investigated 

more in-depth to understand how the disease can be developed, and to set up 

managment strategies.  

Other not-well-known viruses were detected in tomatoes, among which two species 

(CIRV, SLRV) had not been detected in tomatoes before. However, since their 

presence was not associated with specific symptoms when no co-infection was noticed 

with other pathogenic viruses and growers did not notice it, their characterization 

might not be the priority for the moment. This study also reports, to our knowledge, 

the first detection of TMaV in Belgium. This virus was described for the first time in 

2015 on tomato and did not seem to be associated with symptoms (Saqib et al., 2015). 

ToMV was detected on symptomatic plants showing typical ToMV symptoms 

(mosaic) and asymptomatic plants on a farm. ToMV was considered a severe threat 

to tomato production worldwide before the use of resistant cultivars and is currently 

re-emerging with the increased use of older, non-resistant cultivars (Hanssen et al., 

2010). The virus is spread by seed and contact, and the grower affected with ToMV 

in this study was re-using their seeds from one year to another. Therefore, more 

information can be communicated to avoid practices that increase the likelihood of 

certain viruses spreading. Finally, STV was detected in 2/3rd of the farms (14/21) 

predominantly in asymptomatic plant pools, suggesting a potential minor role in plant 

pathogenicity.  

Conclusion 
The methodological approach used here makes it possible to obtain a holistic view 

of issues related to tomato viruses by combining, for the first time, a survey of growers 

perceptions with the characterization of the tomato virome by HTS technologies. In 

particular, the grower’s perception enabled a more realistic understanding of the 

impact of the tomato virome on the field. Furthermore, it highlighted the need for 

better characterization of viruses detected by HTS, particularly when they can threaten 

production (e.g. PhCMoV). Overall, the results showed that, for this peculiar season 
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(2021), the presence of plant viruses was not necessarily linked to a high disease risk 

for the production according to the perception of growers and the symptom prevalence 

in diversified production systems in Belgium. Our preliminary investigation on what 

could explain these results suggests that more insect-borne viruses tended to be 

detected in the most diversified field. Since the detection were associated with low a 

viral disease pressure and a lack of concern from the growers, this finding supports 

the hypothesis that plant diversity might mitigate the impact of plant viruses on crops. 

Although these results need to be further validated over several years with a higher 

number of growers, they converge with the hypothesis of Keesing et al., (2010) which 

postulates that high biodiversity may provide a larger potential source of novel 

pathogens but would reduce further transmission for both long-established and newly-

established emerging diseases. One of the findings of this study was that there was 

very little awareness of the virus threat among small-scale producers, as evidenced by 

the lack of knowledge of the ToBRFV, and the legal requirements associated with its 

presence. The individual interviews with the producers were an opportunity to inform 

them about known virus threats and their phytosanitary obligations.  

This novel research approach, which combines the assessment of growers 

perception of the presence of viruses with their holistic laboratory detection, could be 

applied to other crops. The measured perception is valuable for directing technical 

communication towards knowledge gaps and for addressing phytosanitary risks. In 

this study, the detected viruses and their descriptions were provided to the interviewed 

growers and extension services. This is a starting point for raising farmers' awareness 

of viruses, which, combined with technical support on how to report viruses and 

control them safely, should lead to better preparedness and therefore mitigation of the 

impact of future viral disease outbreaks. 
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Contribution to the field statement 

 

Plant viruses can cause severe diseases in tomatoes, reducing yields and fruit 

quality. Once a virus has infected a plant, there is no cure. Therefore, viral diseases 

must be avoided prophylactically. The impact of viruses on tomatoes can vary 

depending on the biology of each virus, the cultivar and the  environment. Diseases 

caused by viruses account for almost 50% of emerging plant diseases, reinforcing the 

need of awareness on these pathogens for growers. In highly industrialized countries, 

the number of small-scale vegetable growers relying on crop diversification and crop 

rotations has increased recently. However, the risks associated with viruses in these 

sustainable production systems are unknown. This study aimed to understand the viral 

disease risks threatening diversified production systems including tomatoes and the 

impact of cultural practices on these diseases. For this purpose, an innovative 

methodology was developed, combining for the first-time new technologies for virus 

identification (high throughput sequencing) and an questionnaire dedicated to the 

growers. The questionnaire aimed to understand growers' perception regarding viral 

diseases' impact and to describe the typology of the farms, which has been compared 

with the presence of viruses.  
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Abstract  
Application of high-throughput sequencing (HTS) technologies enabled the 

first identification of Physostegia chlorotic mottle virus (PhCMoV) in 2018 in Austria. 

Subsequently, PhCMoV was detected in Germany and Serbia on tomatoes showing 

severe fruit mottling and ripening anomalies. We report here how pre-publication 

data-sharing resulted in an international collaboration across eight laboratories in five 

countries enabling an in-depth characterization of PhCMoV. The independent studies 

converged toward its recent identification in eight additional European countries and 

confirmed its presence in samples collected 20 ago (2002). The natural plant host 

range was expanded from two species to nine species across seven families, and we 

confirmed the association of PhCMoV presence with severe fruit symptoms on 

economically important crops such as tomato, eggplant, and cucumber. Mechanical 

inoculations of selected isolates in greenhouse established the causality of the 

symptoms on a new indexing host range. In addition, phylogenetic analysis showed a 

low genomic variation across the 29 near-complete genomes sequences available.  

Furthermore, a strong selection pressure within a specific ecosystem was suggested 

by nearly identical sequences recovered from different host plants through time. 

Overall, this study describes the European distribution of PhCMoV on multiple plant 

hosts, including economically important crops which the virus can cause severe fruit 

symptoms for. This work demonstrates how to efficiently improve knowledge on an 

emergent pathogen by sharing HTS data, and provides a solid knowledge foundation 

for further studies on plant rhabdoviruses.  

 

Keywords: Emergent viruses, PhCMoV, datasharing, European distribution, high 

through put sequencing, mechanical inoculation, biological characterization 
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Introduction  
High throughput sequencing (HTS) technologies have drastically increased 

the pace of new virus discoveries (Adams et al., 2018). Following genome 

identification, biological characterization is essential to evaluate the scientific, 

commercial, and regulatory impact of plant pathogens (Massart et al., 2017). 

Biological characterization of a new virus requires comprehensive knowledge on host 

range, vector, transmission, symptomatology, and general understanding of the 

epidemiology (Massart et al., 2017). It requires studying of the virus to be done under 

controlled conditions, e.g., through mechanical inoculation or grafting (bioassays) 

(Roenhorst et al., 2013). This is a long and complex process that does not follow the 

current pace of virus discoveries by HTS (Hou et al., 2021). In this context, HTS data 

sharing across laboratories before publication can speed up the characterization of 

emerging viruses in plants, avoid duplication of effort and accelerate a more accurate 

pest risk analysis (Hammond et al., 2020). For example, it could describe the natural 

host range and symptoms associated with a new pathogen more extensively and 

identify crops that may have been impacted, or crops that could serve as reservoir. 

Merging HTS data from different sources (regions, countries) and data collected at 

different times (including historical samples) provides a better view of the spatial and 

temporal status and distribution of viruses, while improving knowledge on 

epidemiology from phylogenetic analyses. Additionally, historical samples and/or 

nucleic acids can be used to obtain valuable information on the viral origin, and 

gathering data from different sources about the conditions of discovery (host range, 

symptoms, etc.) can help to identify a possible route of invasion (Jones et al., 2021). 

Proving a causal relationship between a virus and a disease is one of the first 

steps in evaluating the risk associated with a new disease agent. However, complying 

with Koch’s postulates is a time-consuming process that requires extensive bioassays 

(Fraile et al., 2016; Adams et al., 2018). To accelerate this characterization, Fox et 

al., (2020) proposed a new approach based on epidemiological studies and statistical 

analysis that provide valuable insights into causal relationships. In that context, 

bringing together HTS data and bioassay results from various research laboratories 

offers a possibility to optimize the study of causal associations between a disease and 

a potential viral or virus-like agent. 

Physostegia chlorotic mottle virus (PhCMoV) was first identified on 

Physostegia virginiana collected from Austria by Illumina HTS in 2014 (Menzel et 

al., 2018). Subsequently, PhCMoV was detected in Germany and Serbia on tomatoes 

showing severe fruit marbling and ripening anomalies (Gaafar et al., 2018; Vučurović 

et al., 2021). PhCMoV has a negative-sense, single-stranded RNA (−ssRNA) genome 

of 13,321 nucleotides and belongs to the genus Alphanucleorhabdovirus of the family 

Rhabdoviridae (Kuhn et al., 2020). Plant rhabdoviruses are believed to originate from 

insect viruses (Whitfield et al., 2018; Dolja et al., 2020); they are insect-vector-

transmitted in a persistent and propagative manner (Jackson et al., 2005). Seed or 

pollen transmission of plant rhabdoviruses has never been described (Jackson et al., 

2005). 
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Phylogenetic analyses of alphanucleorhabdoviruses revealed a close 

relationship between PhCMoV and eggplant mottled dwarf virus (EMDV), potato 

yellow dwarf virus (PYDV), constricta yellow dwarf virus (CYDV), and joa yellow 

blotch-associated virus (JYBaV) (Dietzgen et al., 2021; Bejerman et al., 2021). Those 

five alphanucleorhabdoviruses share the same genome organization, which contains 

seven canonical open reading frames (ORFs) encoding (from 3’ to 5’) nucleoprotein 

(N), unknown function protein (X), phosphoprotein (P), putative movement protein 

(Y), matrix protein (M), glycoprotein (G) and large polymerase protein (L) (Dietzgen 

et al., 2021). These viruses infect dicotyledonous plants, and three of them (EMDV, 

PYDV and CYDV) are transmitted by leafhoppers. Vectors are still to be identified 

for the two most recently discovered viruses (JYBaV and PhCMoV). As genetically 

close plant rhabdoviruses are transmitted by a particular type of vector (Dietzgen et 

al., 2021), PhCMoV and JYBaV are quite likely transmitted by a leafhopper, like how 

their close relatives alphanucleorhabdoviruses are.  

Recent discoveries of PhCMoV in several European countries on various host 

plants – associated with severe symptoms in some cases - suggest that it is an 

emerging virus potentially harmful to economically important crops. Therefore, 

efficient and rapid characterization is required to establish proper risk assessment and 

manage the disease. In that context, eight European laboratories worked together to 

improve knowledge on PhCMoV biology, epidemiology, and genetic diversity. 

 

Material and methods 
The PhCMoV isolates that are reported here were independently detected and 

studied in different laboratories. PhCMoV was detected and identified from different 

plants during virus surveillance programs and plant pathogen diagnostic processes. 

For the detection, HTS and conventional sequencing (PCR and sanger sequencing) 

approaches were conducted. To confirm the presence of the virus after HTS detection, 

RT-PCR or mechanical transmission tests were performed. Ribo-depleted total RNA, 

double-stranded RNA (dsRNA) and Virion-Associated Nucleic Acids (VANA) were 

used as extraction and virus enrichment strategies prior to HTS on Illumina or Oxford 

Nanopore Technologies MinION platforms.  

Host plant species, geographical location, date of collection, symptoms and 

sequencing method for each sample are indicated in Table 3-1. All the sequences were 

deposited in the GenBank database and the corresponding accession numbers are 

indicated in Table 3-1. The number of reads generated and horizontal coverage for 

each sample is indicated in the Supplementary Table 3-1. PhCMoV was detected from 

samples collected as part of surveys in Germany, Belgium, France, the Netherlands, 

and Slovenia and from symptomatic plants of different origins (the Netherlands, 

Russia, and Romania) submitted to the national reference laboratory in the 

Netherlands for diagnostics. The context of sample discovery is descripted for each 

sample in the following section, but the different sequencing methods and 

bioinformatic analyses are detailed in the Supplementary method 1. 
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Isolate 
name 

Collection 
date 

Origin: 
country 

(region or 
city) 

Site 
(farm) 

Original host 
[laboratory host 

if sequenced] 

Symptoms 
on fruits  

Symptoms 
on leaves 

[laboratory 
host if 

sequenced] 

Detection 
method (D)/ 
confirmation 
(C) (protocol 

used) 

Sequencing 
strategy 
(protocol 

used)  

Coinfection 
with other 

viruses : 
Bioinformatic  

(B) or PCR 
results (PCR) 

Bioinform
atic pipeline 
(assemblers/ 

analyses) 

Reference 
Genbank 

accession  

Fr_SM1 2002 

France 
(Provence-
Alpes-Côte 

d'Azur) 

Site B  
Solanum 

melongena 
deformed   

vein 
clearing, 

deformation 

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(a)   

B: no 
CLC 

workbench / 
Geneious  

This study  MW934551 

KY706238 2003 
German

y, (State of 
Hess) 

Site N 
Solanum 

lycopersicum   
unknown unknown 

C: RT-PCR 
(Gaafar et 
al., 2018) 

Total RNA 
+ 

ribodepletion 
(Gaafar et al., 

2018) 

B: no Geneious  
Gaafar et 

al., 2018 
KY706238 

Fr_SL1 2011 
France 

(Corse) 
Site C 

Solanum 
lycopersicum    

deformed, 
uneven 

ripening, 
mottled  

dwarf, 
mottled 

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(d) 

B: Potato 
virus Y 

Spades / 
Geneious  

This study  MZ574100 

232-12 
 

2012 

Serbia 
(Rasina 
District) 

Site Q 
Solanum 

lycopersicum   

mottled, 
uneven 
ripening 

mottled  
RT-PCR 

(Vučurović et 
al., 2021) 

small RNA 
sequencing 

(Vucurovic et 
al., 2021) 

B: no 

CLC 
workbench / 

Geneious 
(Vucurovic et 

al., 2021) 

 Vučurović 
et al., 2021 

MT269810 

238-12 2012 
Serbia 

(Rasina 
District) 

Site R  
Solanum 

lycopersicum   

mottled, 
uneven 
ripening 

mottled  
RT-PCR 

(Vučurović et 
al., 2021) 

small RNA 
sequencing 

(Vucurovic et 
al., 2021) 

B: no 

CLC 
workbench / 

Geneious 
(Vucurovic et 

al., 2021) 

Vučurović 
et al., 2021 

MT269811 

323-12 2012 
Serbia 

(Jablanica 
District) 

Site S  
Solanum 

lycopersicum   
mottled  ns 

RT-PCR 
(Vučurović et 

al., 2021) 

small RNA 
sequencing 

(Vucurovic et 
al., 2021) 

B: 
Southern 

tomato virus 

CLC 
workbench / 

Geneious 
(Vucurovic et 

al., 2021) 

Vučurović 
et al., 2021 

MT269812 
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Fr_SM2 2013 
France, 

(Maine et 
Loire) 

Site D 
Solanum 

melongena 

deformed, 
uneven 

ripening, 
mottled 

vein 
clearing, 

plant: dwarf 

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(d) 

B : no 
Spades / 

Geneious  
This study  MZ574102 

Fr_SM3 2013 
France, 

(Maine et 
Loire 

Site D 
Solanum 

melongena 

deformed, 
uneven 

ripening, 
mottled 

yellowing 

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(d) 

B: no 
Spades / 

Geneious  
This study  MZ574103 

Fr_SL2 2014 

France 
(Provence-
Alpes-Côte 

d'Azur) 

Site E? 
Solanum 

lycopersicum  

deformed, 
uneven 

ripening, 
mottled 

severe 
necrosis and 
dotted tasks 

(apical 
leaves) 

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(d) 

B: Pepino 
mosaic virus + 

Squash 
mosaic virus 

Spades / 
Geneious  

This study  MZ574101 

KX636164 2014 Austria Site O  
Physostegia 
virginiana 

na 
deformed, 

chlorosis and 
mottled 

RT-PCR 
(Gaafar et 
al., 2018) 

Total RNA 
+ 

ribodepletion 
(Gaafar et al., 

2018) 

B: no Geneious  
Menzel et 

al., 2018 
KX636164 

KY859866 2015 
German

y, (State of 
Hess) 

Site N  
Solanum 

lycopersicum [N. 
benthamiana]  

marbling 
and 

discoloration  
ns 

C: RT-PCR 
(Gaafar et 
al., 2018) 

Total RNA 
(Gaafar et al., 

2017) 
B: no Geneious  

Gaafar et 
al., 2018 

KY859866 

Nd_SL1 2017 
Netherla
nds  

Site F  

Solanum 
lycopersicum 

[N.benthamiana
] 

na  
deformed, 

vein clearing  

D: same 
as seq 

strategy C: 
mechanical 
inoculation 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646027 

Ru_SL1 2017 Russia  Site G 

Solanum 
lycopersicum 

[N.benthamiana
] 

uneven 
ripening, 
mottled 

mottled 

D: same 
as seq 

strategy C: 
mechanical 
inoculation 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646028 
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MK978541 2017 
German

y, (State of 
Hess) 

Site N  
Solanum 

lycopersicum [N. 
benthamiana]  

marbling 
and 

discoloration  

distortion 
and mild 

yellow spots  

C: RT-PCR 
(Gaafar et 
al., 2018) 

dsRNA 
(Gaafar et al., 

2020) 
B: no Geneious  

Gaafar et 
al., 2020 

MK978541 

MW848528 2017 

German
y, (State of 
Hess but 
different 

site ) 

Site P  
Solanum 

lycopersicum [N. 
benthamiana]  

marbling 
and 

discoloration  

mild 
yellow spots  

D: ELISA 
using JKI-

2051 

Total RNA 
+ 

ribodepletion 
(Gaafar et al., 

2020) 

B: no Geneious  
Gaafar et 

al., 2021 
MW848528 

Nd_CS1 2018 
Netherla
nds 

(Zélande) 
Site H  

Cucumis 
sativus 

pointed, 
deformed, 

vertical 
chlorotic 
stripes  

interveinal 
chlorosis and 
sunken veins 

(rugosity) 

D: same 
as seq 

strategy C: 
mechanical 
inoculation 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646030 

Nd_H1 2018 

Netherla
nds, 

(Gelderland
) 

Site I  Helleborus na 

vein 
clearing, 
chlorotic 

patterns and 
rings. 

same as 
seq strategy 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646029 

Nd_H2 2018 
Netherla

nds (South 
Holland) 

Site J Helleborus na 
chlorosis 

next to veins 
and mosaic 

D: same 
as seq 

strategy C: 
mechanical 
inoculation 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646031 

 Fr_SM4 2018 
France 

(Nouvelle 
Aquitaine) 

Site K 
Solanum 

melongena  

deformed, 
uneven 

ripening, 
mottled  

vein 
clearing, 

deformed  

D: RT-PCR 
+ sequencing 

(Alfaro-
Fernandez et 
al., 2009)  / 

Total RNA 
(d) 

B: no 
Spades / 

Geneious  
This study  MZ574104 

Be_SL1 2018 
Belgium, 

(Gembloux)  
Site A  

Solanum 
lycopersicum   

deformed, 
uneven 

ripening, 
mottled 

vein 
clearing on 

apical leaves 

C: RT-PCR 
(Gaafar et 
al., 2018) 

VANA (c) B: no 
Spades / 

Geneious  
This study  MZ501244 
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Be_SM1 2019 
Belgium, 

(Gembloux)  
Site A 

Solanum 
melongena 

na 
vein 

clearing  

D: same 
as 

sequencing 
strategy / C: 

RT-PCR 
(Gaafar et 
al., 2018) 

VANA (c) B: no 
Spades / 

Geneious  
This study  MZ501245 

Sl_SL1 2019 Slovenia Site L  
Solanum 

lycopersicum  

deformed, 
uneven 

ripening, 
mottled 

severe 
leaf curling 

and mottling 
P : dwarf 

C: RT-PCR 
(Gaafar et 
al., 2018) 

Total RNA 
(f) 

B and PCR: 
Tomato 

mosaic virus, 
Potato virus Y 

CLC 
Genomics 

Workbench / 
SPAdes 

This study  MW366749 

Ro_SL1 2019 Romania  Site M  

Solanum 
lycopersicum 

[N.benthamiana
] 

uneven 
ripening, 
mottled 

na 

D: same 
as seq 

strategy C: 
mechanical 
inoculation 

Total RNA 
(a) 

B: no 
CLC 

workbench / 
Geneious  

This study  OK646026 

Be_IB1 2019 
Belgium 

(Kruisem) 
Site U  

Ipomoea 
batatas 

na 
chlorosis, 
purple 
pattern  

C: RT-PCR 
(own 

primers) 

Total RNA 
(b) 

B: Sweet 
potato 

feathery 
mottle virus 

Own 
pipeline + 

VirusDetect + 
BWA/QUASR  

This study   MZ389081 

Be_SA1 2019 
Belgium 

(Putte) 
Site T  

Stachys 
affinis 

na ns 
C: RT-PCR 

(Gaafar et 
al., 2018) 

Total RNA 
(b) 

B: no 

Own 
pipeline + 

VirusDetect + 
BWA/QUASR  

This study  MZ322957  

Ge_CS1 2020 
German

y, (State of 
Hess) 

Site N 
Cucumis 

sativus 
na 

mosaic, 
leaf curling, 

chlorotic 
spots and 
yellowing 

C: RT-PCR 
(Gaafar et 
al., 2018) 

dsRNA e* B: no 
Minimap2 

/ Geneious 
This study  MW081210 

Be_GP1 2020 
Belgium, 

(Gembloux)  
Site A  

Galinsoga 
parviflora 

na 
vein 

clearing  

C: RT-PCR 
(Gaafar et 
al., 2018) 

Total RNA 
(d) 

B: no 
Spades / 

Geneious  
This study  MZ574099 

Be_PM1 2020 
Belgium 

(Putte) 
Site T  

Persicaria 
maculosa 

na ns 
C: RT-PCR 
(own 

primers) 

Total RNA 
(b) 

B: no 

Own 
pipeline + 

VirusDetect + 
BWA/QUASR  

This study  MZ389082 
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Be_IB2 2020 

Belgium 
, import 

from 
Portugal  

Site V 
Ipomoea 

batatas 
na 

vein 
clearing , 

mosaic and 
stunting  

C: RT-PCR 
(own 

primers) 

Total RNA 
(b) 

B: Sweet 
potato 

feathery 
mottle virus, 
Sweet potato 
chlorotic stunt 
virus, Potato 

virus Y  

Own 
pipeline + 

VirusDetect + 
BWA/QUASR  

This study  MW834321 

 

Table 3-1. Sample references with collection year, localization (country and town if known), original host, symptoms, detection or 

confirmation method, sequencing strategy and bioinformatics pipeline used. NCBI GenBank accession numbers for each sequenced 

isolate and co-infection with other viruses are also presented. 

Legend: a= protocol used by NVWA, b= protocol used by ILVO, c, d = protocol used by Uliege, e= protocol used by JKI, f= protocol 

used by NIB; All the samples were sequenced on Illumina plateform except for * = MinION ; na = non applicable (for example in the case 

that there is no fruit when the symptoms were recorded), ns = no symptoms observed 
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1.1. Samples origin and analysis by HTS 
Samples Be_SL1, Be_SM1 and Be_GP1 

During a survey on Solanaceae in 2019 in Belgium, one plant of Solanum 

lycopersicum (Be_SL1) was collected in a tomato production tunnel where multiple 

plants were showing deformed, mottled, and discolored fruits (Supplementary Figure 

1). During this survey, the leaves of five plants of Solanum melongena (Be_SM1) 

showing strong vein clearing were collected in another tunnel and pooled together. 

The virus enrichment method VANA and the library preparation was performed on 

these two samples prior to HTS (Supplementary method 1) revealing the presence of 

PhCMoV.  

 A year later, multiple eggplant and tomato plants exhibited similar symptoms 

to those that were observed in 2019 within the same site we collected. Additionally, 

while inspecting Capsicum annuum grown in one of the tunnels, a plant of Galinsonga 

parviflora (Be_GP1) showing vein clearing was collected (Fig. 3-1h). RNA was 

extracted following the method described by Oñate-Sánchez et al., (2008) and the 

detection of PhCMoV in these samples was confirmed by RT-PCR using the primers 

published by Gaafar et al., (2018). The sample related to a new host (Be_GP1) was 

sequenced by Illumina after total RNA extraction, DNase treatment and ribodepletion 

(Supplementary method 1).  

 

Sample Be_SA1, Be_IB1, Be_IB2 and Be_PM1 

In the framework of a study on the phytosanitary risk of viruses in newly introduced 

crops in Belgium (PRONC, FPS project), eight samples of Stacchys affinis (crosne) 

and 91 samples of Ipomoea batatas (sweet potato) from imported vegetatively 

propagated starting material and seeds were collected in 2019 and 2020 in different 

production sites, including two community-supported agriculture (CSA) farms. The 

samples were taken randomly and not specifically based on the presence of symptoms. 

In a follow up survey, asymptomatic plants of several common weeds, including 

Persicaria maculosa (lady’s thumb), Chenopodium album (lamb’s quarters), Solanum 

nigrum (black nightshade), grasses (e.g., Digitaria sanguinalis (hairy crabgrass), 

Echinochloa crus-galli (cockspur grass)) and some other crops (Physalis 

philadelphica (tomatillo) and Sechium edule (chayote)), growing around the crosne 

plants were sampled. The samples were sequenced by Illumina after total RNA 

extraction, DNase treatment and ribodepletion (Supplementary method 1). 

 

Sample Ge_CS1  

During a survey in July 2020, nine cucumber samples (Cucumis sativus L.) showing 

mosaic leaf curling, chlorotic spots and yellowing symptoms were collected in an 

organic farm in Hesse State, Germany where the previously published PhCMoV 

isolates KY706238, MK948541 and KY859866 had been discovered (Gaafar et al., 

2018). Using immunosorbent electron microscopy (ISEM), cucumber mosaic virus 

was identified in five samples, while in one sample (Ge_CS1), bacilliform particles 

were observed suggesting the presence of a rhabdovirus. To identify the virus, double 
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stranded RNA (dsRNA) extraction followed by MinION sequencing were performed 

(Supplementary method 1). 

 

Sample SL_SL1 

In Slovenia, a survey of viruses in tomatoes and surrounding weeds was conducted 

in summer 2019. Thirty-five plant samples were collected within greenhouses at one 

farming site (10 tomato plants with symptoms resembling viral infection (which 

include, but not limited to, leaf curling, mosaic and yellowing leaves), 10 tomato 

plants without any visible disease symptoms and 15 samples from 12 wild species 

growing as weeds). The samples were sequenced by Illumina after total RNA 

extraction, DNase treatment and ribodepletion (Supplementary method 1). 

 

Samples Nd_SL1, Ru_SL1, Nd_H1, Nd_H2, Ro_SL1 and Nd_CS1 

From 2017-2019 symptomatic plant samples from the Netherlands, Russia and 

Romania were submitted to the NPPO of the Netherlands for diagnostic purposes. The 

samples were sequenced by Illumina after total RNA extraction, DNase treatment and 

ribodepletion (Supplementary method 1). 

 

Sample Fr_SL1, Fr_SL2, Fr_SM2, Fr_SM3, Fr_SM4 and Fr_SM1 

A survey conducted on cucurbits viruses in the south of France (Provence-Alpes 

Côte d'Azur) in summer 2008 revealed one cucumber sample with mosaic and 

yellowing leave symptoms (sample: ‘C08-119’). ELISA performed with antisera 

produced for detecting the cucurbit-infecting viruses EMDV, zucchini yellow mosaic 

virus, watermelon mosaic virus, cucurbit aphid-borne yellows virus, cucumber mosaic 

virus, melon necrotic spot virus, moroccan watermelon mosaic virus, papaya ringspot 

virus and algerian watermelon mosaic virus only revealed the presence of EMDV 

(pers Eric Verdin).  

 In 2018, eggplant samples collected in Nouvelle-Aquitaine (Lot-et Garonne 

department) with vein clearing and deformed leave symptoms were simultaneously 

analysed in two french research institutes (ANSES and INRAE) by RT-PCR with 

primers published by Alfaro-Fernández et al., (2011). Sanger sequencing was 

performed on amplicons of eggplant samples as well as cucumber samples collected 

in 2008. BLASTn homology search revealed the presence of PhCMoV for these two 

samples (Fr_SM4, ‘C08-119’). 

 From 2002 to 2018 in Southeastern France, several eggplant and tomato 

plants showing dwarfing, bumpy and marbling fruits and leaves, as well as 

deformations and vein clearing, were collected. Dip preparations were prepared from 

young symptomatic tomato or eggplant leaves, negatively stained with 1% 

phosphotungstic acid (PTA) and observed by transmission electron microscopy 

revealed the presence of characteristic bullets-shaped particles suggesting the 

presence of a rhabdovirus. Total RNA was extracted using the RNeasy Plant Mini 

kit® (Qiagen) according to the manufacturer’s instructions and tested by RT-PCR 

with a set of primers designed for the detection of EMDV (Alfaro-Fernández et al., 

2011). The PCR products showed 78-81% nucleotide sequence identity with EMDV, 
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but since the PhCMoV sequence was not available at the time of detection (2002, 

2011, 2013, 2014), the virus in the samples were categorized as “unknown 

nucleorhabdovirus” and set aside. Recently, these sequences were blasted to the 

updated NCBI database and the infection with PhCMoV were confirmed (96% to 98 

of nucleotide sequence identity). Thereafter, the samples have been sequenced by 

HTS, Fr_SL1, Fr_SL2, Fr_SM2, Fr_SM3 and Fr_SM4 following the same methods 

described for Be_GP1 and Fr_SM1 following the same method described for Nd_SL1 

(Supplementary method 1). Since ‘C08-119’ is the only sample that was not fully 

sequenced, the sequence of the amplicon generated with the primers of Alfaro-

Fernández et al., (2011) and obtained by Sanger sequencing is available in the 

Supplementary method 2 and on NCBI under the accession ‘RYS_C08-119-A2021’. 

1.2. Bioassays  
Since mechanical transmission assays were performed in two distinct laboratories, 

JKI and NPPO-NL, the methods differ.  

Sample isolate: KY882264 (JKI) 

PhCMoV-infected Nicotiana benthamiana fresh leaves containing MW848528 

isolate were used to inoculate Chenopodiastrum murale, Chenopodium quinoa, 

Datura metel, D. stramonium, Hyoscyamus niger, Medicago sativa, N. benthamiana, 

N. occidentalis ‘hesperis’, N. occidentalis ‘P1’, N. tabacum ‘samsun’, Petroselinum 

crispum, Petunia sp., Physalis floridana, Solanum lycopersicum ‘harzfeuer’, S. 

lycopersicum ‘linda’. Four plants per species were inoculated. The method used for 

the inoculation was described before by Gaafar et al., (2019). Briefly, symptomatic 

leaves were homogenized in Norit inoculation buffer (50mM phosphate buffer, pH 7, 

containing 1mM ethylenediaminetetraacetic acid (Na-EDTA), 20mM sodium 

diethyldithiocarbamic acid (Na-DIECA), 5mM thioglycolic acid, 0.75% activated 

charcoal and 30 mg Celite). Using a glass spatula, the homogenate was gently rubbed 

onto the leaves which were then rinsed with water. The inoculated plants were kept 

under greenhouse conditions (at 22 °C; photoperiod of 16 h light [natural daylight 

with additional growth light Phillips IP65, 400 W] and 8 h dark). Symptoms were 

observed four weeks post inoculation and the presence of PhCMoV was confirmed by 

RT-PCR with the primers of Gaafar et al., (2018). 

Sample isolate: Ru_SL1, Nd_SL1, Ro_SL1, Nd_CS1, Nd_H2 (NPPO-NL) 

In the Netherlands, different PhCMoV isolates were tested on selected herbaceous 

indicators including C. quinoa, D. stramonium, N. benthamiana, N. glutinosa, N. 

occidentalis P1, N. tabacum 'WB', Physalis floridana, S. lycopericum. Not all the 

plants were tested for all isolates, but the combinations are presented in Table 3-2. 

Three plants per species were inoculated. The method used for the inoculation 

protocol is described by Verhoeven & Roenhorst (2000). Briefly, 1g of infected frozen 

leaf material (N. benthamiana for Ru_SL1 and Nd_SL1 and original host for Ro_SL1, 

Nd_CS1 and Nd_H2) was ground in 10 mL inoculation buffer [0.02 M phosphate 

buffer pH 7.4, 2% (wlv) polyvinylpyrrolidone [(PVP; MW 10000)]. 

Plants were inoculated at a young stage (3-6 leaves) by gently rubbing the inoculum 

onto carborundum-dusted leaves. After inoculation, plants were rinsed with water and 



Chapter 3 

109 

 

 

placed in a glasshouse at 18-25°C with supplementary illumination for a day length 

of at least 14 h. Each isolate was inoculated to at least two plants per plant species and 

inspected visually for symptoms during the following seven weeks. The virus 

infection was confirmed by ELISA in all the inoculated plants (pers Marleen 

Botermans and Ruben Schoen). 
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DSMZ- KX636164 
(Menzel et al., 2018) 

JKI - KY859866 (Gaafar 
et al., 2018) - HZ15-192 

JKI - MW848528 (This 
study) - HZ16-558 

NVWA - 
Ru_SL1 (This 

study) 

NVWA - 
Nd_SL1 (This 

study)  

NVWA - 
Ro_SL1 (This 

study)  

NVWA -
Nd_CS1 (This 

study)  

NVWA - 
Nd_H2 (This 

study) 

Inoculated test plant  Symptoms  
ELISA/ 

RT-PCR   
Symptoms 

ELISA/ 
RT-PCR  

Symptoms 
ELISA/ 

RT-PCR   
Symptoms Symptoms Symptoms Symptoms Symptoms 

Chenopodium quinoa - - y, m + - -   -       

C. sativus  - -                   

Chenopodiastrum murale       - -           

Datura stramonium - -     y + - -       

D. metel - -     y +           

Hyoscyamus niger       - -           

Medicago sativa       - -           

Nicotiana benthamiana m  + y, m + y, vc + 
m, r, g (5 

wks p.i., 3/3)  
m, r, g (5 

wks p.i., 3/3)  
m, r, g (4 

wks p.i. (1/2) )  

vc, m, r, g 
(5 wks p.i. 
2/3)  

m, r, g (7 
wks p.i., 3/3)  

N. glutinosa - -     - -   -       

N. occidentalis 'P1' - - - - - - 
vc (4 wks 

p.i., 3/3)  
vc, g (cl) (4 

wks p.i., 3/3)  (0/2)  
c (7 wks 

p.i., 1/3)  
vc, g (7 

wks p.i., 1/3)  

N. tabacum samsunn       - -           

N. tabacum 'WB' vc +         - -        

N. clevelandii  m + y, m +               

N. glutinosa ‘24A’ - -     - -           

N. hesperis - -     - -           

N. occidentalis ‘37B’  vc + - -               

Physalis floribunda           - -       

Petroselinum crispum       - -           

Petunia         - -           

Physalis floridana  - +     - -           
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Solanum lycopericum       - -   -       

 

Table 3-2. PhCMoV indexing host range study accross different laboratories (DSMZ, JKI and NVWA). Legend: c = chlorosis, cl = 

chlorotic lesions, g = growth reduction, ic = interveinal chlorosis, m = mottle, nl = necrotic lesions, r = rugosity, vc = vein clearing, y = 

yellowing, () = symptoms observed occasionally - = no symptoms, empty space = not tested, xx wks p.i. = number of weeks after 

inoculation before the observation of the first systemic (?) symptom, x/x = number of plants showing symptoms/ number of inoculated 

plants 
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1.3. Phylogenetic analyses  
For the phylogenetic analyses, all the PhCMoV known sequences to date were used. 

This includes PhCMoV sequences published by Menzel et al., (2018); Gaafar et al., 

(2018); Gaafar et al., 2021; Vučurović et al., (2021) and the 21 new PhCMoV 

sequences generated in this study.  

Prior to genome analysis, PhCMoV genomes were all trimmed to start at the 

sequence “CATGAGACT” (position 40 on genome KX636164) and end after 

“TGCACCTA” (position 13275 on genome KX636164). Phylogenetic analysis was 

carried out using the MEGA-X software (v10.1.8) (Kumar et al., 2018). Sequence 

alignments were performed on near-complete genome using MUSCLE and the best 

DNA model was applied to the maximum-likelihood analysis (GTR+G+I model). 

Support for the branching patterns in the phylogenetic trees was determined by 

analyzing 1000 bootstrap replicates. For graphical representation, SIMPLOT software 

(version 3.5.1) was used to compare similarity of the genomic sequences of selected 

PhCMoV isolates to the reference query KX636164 (Window: 200bp, Step: 20bp, 

Gapstrim: On, Hamming). To improve the graphical representation, the analysis was 

limited to 16 PhCMoV isolates including the most divergent ones (Nd_SL1 and 

Nd_H2). KX636164 genome has been chosen as a reference because it is the first 

discovered PhCMoV isolate and longest genome (Menzel et al., 2018).  

 Finally, to compare the genetic similarity between the different isolates for 

different genomic regions, the sequence of the N, X, P, Y, M, G and L ORF were 

extracted using Geneious software for all the isolates indicated in Table 3-1. Pairwise 

nucleotide and amino acid sequences identities were calculated for all isolates based 

on MUSCLE alignment (Muscle 3.8.425 by Robert C. Edgar).  

 

Results  
1.4. Natural host range and symptoms 
In addition to the detection of PhCMoV in new host species belonging to the 

Lamiaceae (Stachys affinis) and Solanaceae (Solanum melongena) families, this study 

expands the natural host range of PhCMoV to seven new plant families: 

Cucurbitaceae (Cucumis sativus), Ranunculaceae (Helleborus sp.), Convolvulaceae 

(Ipomoea batatas), Polygonaceae (Persicaria maculosa) and Asteraceae (Galinsoga 

parviflora) (Table 3-1). These detections enabled the description of PhCMoV related 

symptoms on several hosts (Fig. 3-1, Table 3-1). Only samples with single infection 

by PhCMoV are shown in Fig. 3-1 (eggplant: Be_SM1, Fr_SM1, Fr_SM2, Fr_SM3, 

Fr_SM4, cucurbits: Nd_CS1, Ge_CS1; Helleborus: Nd_H1, Nd_H2; G. parviflora: 

Be_GP1; tomato: Nd_SL1, Ru_SL1, Ro_SL1, Be_SL1, Be_PM1). 

As described previously by Gaafar et al., (2018) and Vučurović et al., (2021) 

infected tomato fruit were unevenly ripened and mottled (Ru_SL1, Be_SL1, Ro_SL1) 

(Fig. 3-1a). In this study, some of the tomato infected fruit were also deformed 
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(Supplementary Figure 1). All PhCMoV infected tomato plants that bore mature fruit 

at the time of collection showed symptomatic fruit regardless of their growing 

conditions. The symptoms observed on tomato leaves were more variable: no 

symptom was observed on the leaves of Be_SL1 and Ro_SL1, mottled leaves were 

observed on Ru_SL1, and vein clearing and deformed leaves were observed on 

Nd_SL1 (Fig. 3-1b). 

Like infected tomato, PhCMoV-infected eggplants showed deformed, 

unevenly ripened and mottled fruit (Fr_SM2, Fr_SM3, Fr_SM4) (Fig. 3-1c). Fr_SM1 

showed deformed fruit. On the leaves, Be_SM1 and Fr_SM2 showed vein clearing 

(Fig. 3-1d), and Fr_SM3 showed, yellowing. Fr_SM4 and Fr_SM1 exhibited vein 

clearing and deformed leaves. Fr_SM2 showed dwarfism. Sample Be_SM1 grouped 

five eggplants, all of which showed vein clearing in new leaves. No mixed infection 

occurred in this bulk sample, which strongly suggests that PhCMoV was the causal 

agent of the symptoms observed on all the plants. No fruit was present at the time of 

sampling.  

Infected cucumber fruit were pointed, deformed, and showed vertical chlorotic 

stripes (Nd_CS1) (Fig. 3-1e). The leaves exhibited interveinal chlorosis and sunken 

veins (Supplementary Figure S1), leaf curling, chlorotic spots, and yellowing 

symptoms (Fig. 3-1f). Finally, G. parviflora (Be_GP1) and Helleborus sp. (Nd_H1, 

Nd_H2) leaves showed vein clearing (Fig. 3-1 g, h). No symptom was observed on 

Stachys affinis or Persicaria maculosa at the time of collection. 

 
Fig. 3-1. Pictures of natural Physostegia chlorotic mottle virus (PhCMoV)-infected 

plants. A and B, symptoms of PhCMoV on infected Solanum lycopersicum fruits (Ro_SL1) 

and leaves (Nd_SL1); C and D, Solanum melongena fruit (Fr_SM4) and leaves (Be_SM1); E 

and F, Cucumis sativus fruits (Nd_CS1) and leaves (Ge_CS1); and G and H, Helleborus 

leaves (Nd_H1) Galinsoga parviflora (Be_GP1). No coinfections with other viruses occurred 

in these samples. 
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1.5. Experimental host range and symptoms 
We conducted independent experiments to investigate the indexing host range of 

PhCMoV. The results of Menzel et al., (2018) (isolate KX636164) and Gafaar et al., 

(2018) (isolate KY859866) were grouped with our own present results to have a more 

complete overview (Table 3-2). 

At JKI, PhCMoV (MW848528) was mechanically transmitted to D. 

stramonium, D. metel and N. benthamiana and induced yellowing and vein clearing 

four weeks after inoculation. Inoculation of the other 13 plant species tested failed 

(Table 3-2). This result differs from previous published reports, where C. quinoa and 

P. floribunda were successfully inoculated whereas inoculation of D. stramonium and 

D. metel failed.  

In The Netherlands, five PhCMoV isolates where single infection occurred 

(Nd_SL1, Nd_CS1, Nd_H2, Ru_SL1, Ro_SL1) were mechanically transmitted to 

different indicator plants (D. stramonium, N. benthamiana, N. occidentalis P1, N. 

tabacum ‘WB’, P. floribunda, S. lycopersicum). An overview is presented in Table 3-

2.  

In all experiments, N. benthamiana displayed systemic symptoms four to seven 

weeks post inoculation (Table 3-2) and Nd_SL1, Nd_CS1, Nd_H2, Ru_SL1 induced 

systemic symptoms in N. occidentalis P1 four to seven weeks post inoculation.  

1.6. Extended distribution across Europe since 2002 
This study provides an overview of the wide European geographical distribution of 

PhCMoV: its presence is confirmed in six additional countries besides Germany, 

Austria, and Serbia where the virus was previously reported (Menzel et al., 2018; 

Gaafar et al., 2018; Vučurović et al., 2021): Russia, Romania, Slovenia, The 

Netherlands, Belgium, and France (Table 3-1).  

Although most of the detections are recent, re-analysis of historic S. 

melongena samples (Fr_SM1) showed that PhCMoV was present in France as early 

as 2002. A cucumber sample collected in France in 2008 and originally diagnosed as 

EMDV by ELISA using in-house antiserum was re-analysed and diagnosed as 

PhCMoV by RT-PCR. This shows that some EMDV antiserums used by ELISA can 

cross-react with PhCMoV and lead to incorrect diagnosis. 

1.7. Phylogenetic analysis of the genomes 
In total, 21 new near-complete PhCMoV sequences were generated during this 

study, and their evolutionary relationships were investigated alongside all PhCMoV, 

EMDV and PYDV complete genomes available from the GenBank database on a 

maximum-likelihood (ML) tree (Supplementary Figure 2). Supported by bootstrap 

values of 1000, the analysis did not show any clustering according to host plant, 

country of origin or year of collection (Fig. 3-2). However, isolates collected from the 

same site (same farm) A, B, N or T grouped together regardless of the collection date 

or host plant (Fig. 3-2). This was particularly obvious for some of the samples from 

Germany, namely Ge_CS1, KY706238, KY859866, MK978541, and MW848528. 

They were collected at the same site (Hesse state) and grouped together despite their 
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collection date (from 2003 to 2020) and host plants (cucumber, tomato). Be_SL1, 

Be_GP1 and Be_SM1 were also collected on the same farm (Gembloux, Belgium) 

one year apart on three distinct host plants, but have almost identical genome 

sequences (100% nt id; Supplementary Figure 3).  Similarly, Fr_SM2 and Fr_SM3 

were collected at the same location and clustered together (Fig. 3-2). Interestingly, 

Be_SA1 and Be_PM1 sampled from the same farm also clustered together, along with 

Nd_CS1 which was isolated from a different country and host family (Fig. 3-

2).Overall, all the sequences from samples collected on a same site clustered together, 

but the clusters did not all represent a geographical point.  

To better understand the evolutionary relationships among PhCMoV isolates, 

nucleotides and amino acid identities were calculated from the alignment of nearly 

complete genome sequences and for each ORF (Fig. 3-3b). Relatively low genetic 

variability was observed for the near-complete genomic sequences (>93% nt id) in 28 

isolates out of 29 (Fig. 3-3b). Nd_SL1 isolate was the most divergent isolate with 81-

82% of nucleotide sequence identity (nts id) compared to the other 28 genomes (Fig. 

3-3b). However, when the amino acid sequence identities (aa id) of the different 

isolates were compared, the variability of Nd_SL1 ranged among the average pairwise 

identities of the other isolates for most ORFs (N, P, Y, M, G) (Fig. 3-3b). Using 

Simplot to observe the sequence similarity along the genome, a clear drop was visible 

in the intergenic regions located in-between the coding regions (Fig. 3-3a). Overall, 

for all isolates except Nd_SL1, the ORF encoding protein L was the most conserved 

gene, with a percentage of aa id > 99%. It was followed by the ORF encoding protein 

G (aa id > 97%), and by those encoding proteins M, Y and P (aa id > 96%), N (aa id 

> 95%) and X (aa id > 88 %). 
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Fig. 3-2. Phylogenetic tree inferring relationships of 29 Physostegia chlorotic mottle virus (PhCMoV) isolates (among which were 

21 new genomes published in this study) based on nucleotide alignment of near-complete genomic sequences. The phylogenetic tree 

was inferred using the maximum likelihood method (GTR + G + I model) based on the full genome sequence MUSCLE alignment 

(nucleotides) of all the PhCMoV isolates known at this date. Each isolate is labeled with its name and the information of the collection: 

country (flag), host, and year. Orange squares and letters highlight identical collection sites (farm). The values on the branches show the 

percentage of support out of 1,000 bootstrap replications, and the scale bar indicates the number of nucleotide substitutions per site. 
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Fig. 3-3. Differences and similarities between selected Physostegia chlorotic mottle 

virus (PhCMoV) isolates in different open reading frames (ORFs). A, graphic 

representation of nucleotide identities (%) using SIMPLOT of 16 full genome sequences of 

PhCMoV (ref query = KX636164; Window: 200 bp, Step: 20 bp; Gapstrim: On; Hamming 

across the complete genome sequence and its genome organization). In red is the 

representation of the most divergent isolate Nd_SL1. B, nucleotide and amino acid sequence 

identities calculated for N, X, P, Y, M, G, and L ORFs for all isolates studied. The identities 

(%) were calculated based on MUSCLE alignment (Muscle 3.8.425 by Robert C. Edgar). 

The number of base pairs for the full genome sequence is indicated for KX636164. 

 
Discussion  

By collaborating and sharing data before submitting the results for publication, eight 

European research groups investigated Physostegia chlorotic mottle virus in detail and 

characterized its genome and biology.  

This study demonstrates the ability of PhCMoV to naturally infect seven host plants 

(annual and perennial ones) in addition to the two previously known hosts across 

seven families including, economically important crops (S. lycopersicum, S. melonga, 

C. sativus), newly introduced crops in Europe (I. batatas, S. affinis), wild plants (G. 

paviflora, P. maculosa) and ornamentals (Helleborus sp). Similar observations have 
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been made for other alphanucleorhabdoviruses, e.g., EMDV with more than 25 hosts 

recorded on CABI (2021) (https://www.cabi.org/), including crops and perennial 

plants such as Hibiscus sp., Hydrangea macrophylla, Agapanthus or Pittosporum sp. 

(CABI, 2021). This suggests that the host range of PhCMoV is likely to be wider than 

described here, and additional perennial hosts might help the virus overwinter.   

Our results outline PhCMoV symptomatology on a large range of plants collected 

in fields, gardens, and greenhouses. Overall, the presence of the virus was associated 

with virus-like symptoms on leaves (vein clearing, chlorosis, mottling...) and severe 

symptoms on fruit (deformation, marbling, uneven ripening). Only two samples (S. 

affinis and P. maculosa) did not exhibit any symptom, suggesting that asymptomatic 

plants might host the virus. We did not describe the symptomalogy of PhCMoV on 

sweet potato because of co-infection. Considering only the samples single infected 

with PhCMoV, the symptoms were often variable across plants from the same species. 

These variations may be due to several biases. First, they could be due to human 

perception since different people recorded the symptoms. Secondly, the plants 

corresponded to different cultivars and were grown under heterogeneous conditions. 

In addition, symptom expression may be different depending on the plant growth stage 

at the time of infection. Nevertheless, the presence of the virus was always associated 

with obvious vein clearing on the leaves of G. paviflora, eggplant and Helleborus. 

This symptom was also described for EMDV on honeysuckle and eggplant (Martelli 

et al., 1987).  

The severe symptoms observed on tomato fruit (marbling, mottling, uneven 

ripening) confirmed previous reports (Table 3-1, Gaafar et al., 2018, Vučurović et al., 

2021). Even though remarkable, these symptoms were not specific to PhCMoV: 

similar observations were made in the case of other viral infections (EMDV, 

(Blancard, 2009) pepino mosaic virus (Hanssen et al., 2009), tomato brown rugose 

fruit virus (EPPO Bulletin, 2020)) and in the case of nutrient disorder mostly referred 

as “blotchy ripening” (Adams et al., 1995). The symptoms observed on tomato leaves 

were highly variable (mottling and vein clearing) and sometimes absent. Therefore, 

tomato leaves do not represent a good indicator of PhCMoV presence.  

Vein clearing was observed on the leaves of four out of five eggplant samples. Vein 

clearing is not specific for PhCMoV as it is also representative of the presence of 

EMDV and alfalfa mosaic virus (Martelli et al., 1986; Sofy et al., 2021) but it is 

generally associated with viral presence on eggplant and can differentiate viral 

presence from that of other pathogens, abiotic stress, or nutritional disorders. 

Interestingly, this symptom can be used to monitor the spread of the virus in a parcel 

infected by PhCMoV. Finally, the number of samples per species sampled on the other 

host plants was too low to be associated with a specific symptom.  

To confirm the presence of PhCMoV and to study its mechanical transmission, 

infected leaves collected in various sites were mechanically inoculated on different 

https://www.cabi.org/
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indicator hosts. In total, four out of eighteen indicator plant species were successfully 

inoculated and showed systemic symptoms (Table 3-2; D. metel, D. stramonium, N. 

benthamiana, N. occidentalis P1). In the previous studies, C. quinoa, N. occidentalis 

‘37B’, N. clevelandii, N. tabacum 'WB', Physalis floridana were also mechanically 

inoculated (Table 3-2; Menzel et al., 2018; Gaafar et al., 2018). This host range is 

similar to the one of EMDV which includes: N. clevandii, N. glutinosa, N. rustica, N. 

tabacum, P. hybrida, and P. floridana (Mavrič et al., 2006; Katis et al., 2011). No 

systemic symptom of EMDV infection has ever been reported on C. quinoa and D. 

stramonium. Despite the overall high sequence identity of the PhCMoV isolates 

analysed in this study, the results were variable across laboratories. Some plants were 

successfully inoculated in some laboratories but not in others (for example: N. 

occidentalis P1, D. stramonium) and the range of observed symptoms on a same host 

plant species was variable. Inoculation success and symptom expression depend on 

environmental conditions (Hull, 2014) and inoculum sources. In addition, at NPPO-

NL, some symptoms were recorded four to seven weeks post-inoculation on N. 

occidentalis P1 and N. benthamiana which is longer than the recommended period of 

three weeks (Roenhorst et al., 2013). Indexing is very important to maintain and study 

viruses in controlled conditions, to separate them in case of multiple infection and to 

find the best host for virus purification. It would also be interesting to inoculate several 

plant species in the same experimental conditions to compare the impact of divergent 

isolates on symptom expression. Overall, all the studies converged toward N. 

benthamiana being the best experimental PhCMoV host. Our study also showed that 

inoculated plants suspected to host PhCMoV should be kept in a greenhouse for 

symptom observations for at least seven weeks. 

With the generation of 29 sequences of near-complete genome, PhCMoV is now the 

plant rhabdovirus with the highest number of near-complete genomes available. These 

genomes provided data for studying the virus genetics in relation to host range, 

geographical location, and time. Despite genetic variability ranging between 82% and 

100% of nt sequence identity (for the near-complete genome), the 29 samples did not 

cluster according to country or host plant.  

In addition, there was 100% identity between isolate KY706238 collected on tomato 

in 2003 and isolate Ge_CS1 collected on cucumber from the same site in 2020. This 

genome conservation over time was observed in four distinct sites across Europe 

(yellow boxes in Fig. 3-2). It suggests that the genome of PhCMoV does not evolve 

rapidly once established in a suitable ecosystem. This highlights the impact of the 

geographical dimension on the genetic evolution of PhCMoV and is in line with 

observations on other plant rhabdoviruses (EMDV, RSMV) whose phylogenetic 

clusters correlate with geographical localization, but not necessarily with the host 

plant or the sampling date (Tang et al., 2014; Yang et al., 2018; Pappi et al., 2015). 

Since plant rhabdoviruses are transmitted from plant to plant by insects in a persistent 

and propagative manner and no other way of natural transmission is known, insect 



Tomato viruses in diversified production systems 

120 

 

vectors are likely to be the cause of the strong selective pressure on the genetic 

diversity of plant rhabdoviruses (Power, 2000). 

For the 29 isolates analysed in this study and collected from eight countries and 

eight host plant species, the genetic diversity was very low (less than 3% at the nt 

level for the near-complete genome). This low genetic diversity has been observed in 

other plant rhabdoviruses. For example, Yang et al., (2018) showed that the genome 

of 13 isolates of rice stripe mosaic virus (RSMV) collected in various geographical 

regions in China showed 99.4% of nucleotide sequence identity. In another study, 

Samarfard et al., (2018) showed a 99% aa sequence identity of protein N across 13 

alfalfa dwarf virus (ADV) isolates from different regions in Argentina. In our study, 

between 92 and 99 % of nt sequence identity was observed among the 29 available 

PhCMoV genomes with only one outlier, Nd_SL1, with 81-82% of nt sequence 

identity with the other 28 isolates (Fig. 3-3). However, this isolate was not an outlier 

at the protein level; for instance, it had more than 96% aa identity with all the 

PhCMoV isolates for protein N, while the nt sequence identity ranged between 85 and 

87% for the corresponding gene. Similar observations have been reported for the 

cytorhabdovirus lettuce necrotic yellows virus (LNYV): the ORF encoding protein N 

of two subgroups were approximatively 80% identical at the nt level and 96% 

identical at the aa level (Higgins et al., 2016). 

Overall, this study brings together some key elements on the genetic diversity of 

PhCMoV and its potential drivers. It shows the importance of accumulating genomic 

sequences from diverse isolates to draw robust conclusions. Viral genomes from 

samples of different origins (new location, new host, or different collection date) 

support a better understanding of the genetic diversity and evolution of this virus, but 

the presence of an exception (i.e. isolate Nd_SL1) suggests that the genetic diversity 

of PhCMoV remains partly uncovered and that the results need to be interpreted 

carefully. Considering the severity of the symptoms observed on economically 

important crops, it is unclear why the virus remained unnoticed for at least the past 

two decades. The lack of appropriate diagnostic tests might be one of the reasons for 

this delay, since cross-reactions occurred with one of the EMDV antibodies in 2008. 

This suggests that additional infections may have been misdiagnosed. In addition, 

samples collected in 2002 (Fr_SM1), 2008, 2011 (Fr_SL1), 2013 (Fr_SM2/3) and 

2014 (Fr_SL2) were set aside for identification because the PCR products showed 

78% nt identity with EMDV and the PhCMoV sequence was not available at the time.  

Our research highlights the strength of HTS in plant virus detection, and the wider 

application of these technologies for virus detection might explain the sudden 

simultaneous identifications throughout Europe. Another complementary hypothesis 

of the recent detections might be that the virus was present in the environment, but 

went unnoticed because it did not cause a problem (low incidence), and a recent 

change in the environment led to its emergence. Whether the virus is more prevalent 

nowadays or whether it was overlooked in the past remains unknown. However, the 

current situation requires rapid characterization and a common response from 
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European countries because simultaneous PhCMoV detections in several European 

countries over a wide host range including economically important foodstuffs 

suggests that the virus could be an emerging pathogen. In that context, pre-publication 

data sharing, and collaboration have been valuable to improve knowledge about this 

virus and would be beneficial in the future to efficiently evaluate the risk associated 

with any emerging disease and implement management strategies. 

One of the next priorities will be to identify the insect vector and its life cycle. 

EMDV, PYDV and CYDV are the closest relatives of PhCMoV with a known vector, 

and those vectors all belong to Cicadellidae, which makes leafhoppers prime 

candidates for transmitting PhCMoV (Dietzgen et al., 2021). Furthermore, according 

to the transmission tests carried out by Babaie et al., (2003) EMDV was transmitted 

by one specific leafhopper (Agallia vorobjevi) and not by the other 13 leafhopper 

species present in and around EMDV-infected fields. This suggests specific virus-

insect transmission. A second priority line of research will be to determine in which 

hosts the virus is present in winter. This ability of plant rhabdoviruseses to infect 

different host plants across families is an important factor to be considered for 

controlling the disease because a large diversity of plants can serve as a reservoir 

during the no-crop season. A third axis will be to assess the impact of the virus in 

terms of yield and economical loss on different cultivars and when the plants are 

inoculated at different developmental stages. 

Finally, understanding the epidemiology of the virus and the reasons for its multiple 

recent detections in Europe are key elements to be investigated in order to evaluate if 

it can present a threat for vegetable production and how to prevent potential outbreaks.  
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Abstract 
In 2018, Physostegia chlorotic mottle virus (PhCMoV) was discovered in Austria in 

a Physostegia plant. Subsequent collaborative efforts established a link between the 

presence of PhCMoV and severe fruit symptoms on important crops like tomato, 

eggplant, and cucumber across nine European countries. Nevertheless, specific 

knowledge gaps, which are crucial to assess the potential risks the virus can pose for 

the production and how to manage it, remain to be adressed. In this study, the 

transmission mode, prevalence, and disease severity of PhCMoV were investigated. 

The investigation mapped out the historical and geographic footprint of the virus, 

spanning back 30 years and including a new country, Switzerland. Bioassays in 

greenhouse demonstrated PhCMoV can result in up to 100% tomato yield losses 

depending on the phenological stage of the plant at the time of infection. PhCMoV 

was found to naturally infect 11 new host plant species across seven families, 

extending the host range of PhCMoV to 20 plant species across 14 plant families. The 

study also identified a polyphagous leafhopper species (Anaceratagallia) as a natural 

vector of PhCMoV. Overall, PhCMoV was widespread in small-scale diversified 

vegetable farms in Belgium where tomato is grown in soil, occurring in approximately 

one-third of such farms. However, outbreaks were sporadic and it can be suggested 

that they were associated with the cultivation of perennial plants in tomato tunnels 

that can serve as a reservoir host for the virus and its vector. To further explore this 

phenomenon and manage the virus, studying the ecology of the vector would be 

beneficial. 

 

Keywords: Physostegia chlorotic mottle virus, host range, symptoms, field 

experiment, greenhouse assay, yield loss, prevalence, transmission, leafhoppers 
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Introduction  
Application of high throughput sequencing (HTS) technologies enabled the first 

identification of Physostegia chlorotic mottle alphanucleorhabdovirus (PhCMoV) 

from Physostegia virginiae (Lamiaceae) in 2018 (Menzel et al., 2018). PhCMoV is a 

rhabdovirus which belongs to the Alphanucleorhabdovirus genus, and more precisely, 

to a cluster that includes eggplant mottle dwarf virus (EMDV), potato yellow dwarf 

virus (PYDV), constricta yellow dwarf virus (CYDV) and joá yellow blotch-

associated virus (JYBaV) (Dietzgen et al., 2021). PhCMoV is most closely related to 

EMDV.  

After re-analyzing historical samples, the presence of PhCMoV was confirmed from 

samples collected in 2002 (Temple et al., 2021). With 29 isolates sequenced, PhCMoV 

is the plant rhabdovirus with the most near-complete genomes available to date 

(Temple et al., 2021). Furthermore, genomic studies showed that although genetic 

variability ranged between 82 and 100% of nucleotide sequence identity (for the near-

complete genome), PhCMoV showed a very low genomic variation in the same 

environment for a long period (17 years) on different annual host plants (Temple et 

al., 2021).  
HTS has significantly improved knowledge of plant viral diversity, and the 

evolution of known viruses, as well as enabling the discovery of new plant viral 

species (Bejerman et al., 2020, Bejerman et al., 2021, Adams et al., 2018, Lefeuvre et 

al., 2019). However, genomic information alone does not provide enough indications 

to assess the phytosanitary risks associated with novel plant viruses and to develop 

appropriate management strategies to control epidemics (Massart et al., 2017). 

Therefore, it is necessary to study the biology and epidemiology of a new virus to 

understand its potential risk for crops and wild plants. In 2017, a framework was 

published to help with the evaluation of biosecurity, commercial, regulatory, and 

scientific impacts of new viruses that need to be characterized for an efficient risk 

assessment (Massart et al., 2017). This framework is currently under revision to focus 

the research on the association between the presence of the virus earlier (Fontdevila 

et al., 2023). The revised framework will follow the suggestions put forward by Fox 

(2020) : to optimize the study of symptomology caused by plant viruses while still 

being reliable by combining experimental data with epidemiological observations, 

statistical analysis, and testing of asymptomatic and symptomatic plants in the field. 

Afterwards, if the novel virus is still considered a threat to crop production, it is 

recommended to continue the virus characterization by filling the remaining 

knowledge gaps related to its genetic diversity, geographic distribution, prevalence, 

severity, host range, symptom causality and transmission mode. 

Studying the transmission mode of a new virus and its vectors is one of the most 

important tasks to understand how to limit the spread of a virus. Yet, it is one of the 

least-studied criteria, as shown for tomato and fruit tree viruses (Hou et al., 2021, 

Rivarez et al., 2021). Furthermore, research on the transmission mode for new viral 

species is laborious and require a lot of time and resources. For example, transmission 

tests require to start and maintain colonies of potential insect vector candidates in 
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appropriate control conditions. In that context, reviewing close virus relative vectors 

can greatly narrow the range of insect to test. Looking for the presence of insects in 

infected areas or being attentive to the distribution of the virus in the field is important 

to identify the mode of transmission. In Dietzgen et al., (2015), phylogenetic studies 

based on the protein L homology of various plant rhabdoviruses showed that these 

viruses clustered according to their insect vector type. PhCMoV cluster with EMDV, 

PYDV and CYDV, which are transmitted by leafhoppers while other plant 

rhabdovirus can also be transmitted by planthoppers, aphids, mites and whitefly 

(Dietzgen et al., 2020). A large study on the vector of EMDV in Iran revealed its 

transmission by the leafhopper Agallia vorobjevi (Dlab.) after testing different 

arthropods species, including two mites, one psyllid, one thrips, five aphids, four 

planthoppers and 14 leafhoppers species found on EMDV infected sites. The 

transmission of a “cucumber isolate of EMDV” by leafhopper (Anaceratagallia laevis 

(Ribaut) and Anaceratagallia ribauti (Ossiannilsson)) was also demonstrated in 

France with better efficiency for A. laevis (Della Giustina et al., 2000). Two strains of 

PYDV were described based on their differential transmission by the leafhopper 

vector Anaceratagallia sanguinolenta (PYDV) and Agallia constricta (CYDV). 

These results suggest that the vector of PhCMoV is likely to be a specific specie of 

leafhopper close to the Anaceratagallia or Agallia genus. 

In 2021, pre-publication data sharing between scientists resulted in an international 

collaboration and the first evaluation of the risk associated with PhCMoV. This 

evaluation, combined with previous reports, highlighted the importance of PhCMoV, 

because its sudden detection in multiple European countries was shown to be 

associated with severe symptoms on economically important crops such as tomato, 

eggplant and cucumber (Gaafar et al., 2018; Vučurović et al., 2021, Temple et al., 

2021). The study extended the known natural host range of PhCMoV to nine different 

plant species (seven families) across nine European countries. PhCMoV was 

associated with severe symptoms on the fruits and with vein clearing on the leaves. 

Subsequently, in Belgium, where multiple occurrences of the virus was recorded, 

2,100 asymptomatic tomato plants were screened from 21 vegetable farms with soil-

grown tomatoes on for the presence of viruses. No detection of PhCMoV was 

recorded, while the virus was detected in six of the sites on symptomatic plants, 

reinforcing the exisiting association between virus presence and symptom 

development on field (Temple et al., submitted).  

The aim of this publication is to better study the biology of PhCMoV in order to 

refine the analysis of the phytosanitary risks it poses and to propose management 

measure to limit its spread. The biological characterization focuses on filling 

knowledge gaps related to prevalence and epidemiology,  disease severity, 

transmission modes, host range and symptomology as suggested in a recent optimized 

scientific and regulatory framework for their characterization and risk analysis 

(Fontdevila et al., 2023).  
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Material and methods 
1.1. Sampling and laboratory tests  

Selection of the best sampling tissue for tomato 
For three different tomato cultivars ('Black cherry', 'St Jean d'Angely' and 'Trixi') 

from site A (Supplementary table 1), a specific sampling on seven different tissues 

per plant was carried out. At the lower part of the plant, (1) an old leaf (6th from the 

bottom), (2) the first re-growth, (3) a mature fruit and (4) a re-growth at middle height 

was sampled. Then, (5) the apex, (6) the uppermost fruit (not mature) and the (7) 

uppermost mature fruit was sampled as well (Fig. 4-1). Finally, for the cultivar ‘St 

Jean d’Angely’ and ‘Trixi’, (8) a leaf from average age, taken from the middle height 

of the plant was also collected. Symptoms on each of the samples were recorded.  

For the cultivar 'Black cherry', five asymptomatic plants (AS),  ten plants that only 

showed symptoms at the bottom of the plant (S) and ten plants that showed systemic 

symptoms (S++) were selected. The seven different samples were collected on each 

plant as described in Fig. 4-1.  

Two asymptomatic plants were selected for the two other cultivars ('St Jean 

d'Angely' and 'Trixi'), while six and seven symptomatic plants were selected for the 

cultivar 'St Jean' and 'Trixi', respectively. The samples were tested by ELISA to 

evaluate the best tissue to sample for detecting the virus. 

Plants and insects sampling  
 

Testing the presence of PhCMoV in symptomatic plants  

During summer, tomato and eggplant crops were visually inspected for the presence 

of PhCMoV  suspicious symptoms (tomato unven ripened and deformed fruits and 

eggplants with vein clearing on new leaves). All the symptomatic plants were counted, 

collected and frozen at -20°C. If a PhCMoV-suspicious symptomatic tomato or 

eggplant was spotted in a site, particular attention was given to the presence of viral-

like symptoms (vein clearing, mosaic, deformation, dwarfing) on the other plants 

species present on the site. The suspected virus-infected plants were pictured, sampled 

and tested by RT-PCR. The samples were collected as part of a survey on tomatoes 

grown on soil dedicated to the fresh market in the Walloon Region of Belgium in 

2020, 2021 and 2022. In total, 27 farms were surveyed with five of them visited over 

two consecutive years. The number of plants per species, year and site is indicated in 

Supplementary table 1. 

Testing the presence of PhCMoV on new host plants 

Two distinct ecological large-scale plant virome surveys in the Netherlands, 

collected wild plant species, including Anthriscus sylvestris, Solanum nigrum, Viola 

arvensis, Geranium molle and Hypericum perforatum. Specimens were sampled, 

irrespectively of symptoms in 2020 and 2021. Between 3 and 20 plants per species 
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were collected and pooled before virus detection was performed using HTS of total 

RNA.  

Detection of PhCMoV in historical samples 

Five samples of tomato and one sample of cucumber kept in an historical collection 

of plant samples stored frozen (-20°C) and labeled as “rhabdovirus” were 

reexaminated. The samples were collected in Switzerland (Tessin, Zurich and Valais) 

between 1993 and 2006. They were tested for the presence of PhCMoV by RT-PCR 

and the oldest tomato sample (collected in 1993, accession 3216 at Agroscope, Nyon, 

Switzerland) was sequenced by HTS of total RNA.  

Insects trapping    

In the site A, leafhoppers belonging to the Anaceratagalliae, Eupteryx, and 

Euscelidius genera were observed in October 2021 around symptomatic sorrel (Rumex 

acetosa) plants. The specimens were collected from these plants, and from the walls 

of the plastic greenhouse with an insect-aspirator.  

Laboratory testing 
RNA extraction from plants 

The protocol used for RNA extraction of historical samples was described in 

Reynard et al., 2022. For the Belgian samples (survey and transmission experiments), 

RNA extraction was carried out following the protocol described Onate-Sanchez and 

Vicente-Carbajosa (2008). For samples of A. sylvestris and S. nigrum RNA was 

extracted from about 1 g frozen leaf tissue, according to Botermans et al., (2013). For 

V. arvensis, G. molle and H. perforatum, RNA was extracted using the Maxwell RSC 

Plant RNA Kit (Promega).  

DNA and RNA extraction from insect 

The entire insect body was ground using a micro-pestle in 1.5 mL Eppendorf tubes 

filled with 0.5 ml TRIzolTM (Invitrogen®). Half a ml of TRIzolTM was then added to 

the samples. After overnight incubation at room temperature, 200 µl of chloroform 

was added. Each tube was then vortexed for 15 seconds, incubated at room 

temperature for 3 minutes and centrifuged for 15 minutes at 12.000 g and 4 °C. RNA 

present in the aqueous phase (supernatant) was precipitated in 500 µl of isopropanol 

before 10 minutes of incubation at 4°C and centrifugation at 12,000 g and 4°C. Next, 

the supernatant was removed, and pellets were washed twice in 1 ml of fresh 75% 

ethanol. At each wash, tubes were spun for 5 minutes at 7,500 g and 4°C. After the 

last wash, the remaining ethanol was removed by pipetting and air drying. RNA was 

resuspended in 30 µl of sterile water. DNA present in the inferior phase was 

precipitated in 300 µl of 100% ethanol. Tubes were mixed by inversions and incubated 

for 3 minutes at room temperature before centrifugation for 5 minutes at 2,000 g and 

4°C. The supernatant was removed, and pellets were washed twice in 1 ml of 0.1M 

sodium citrate in 10% ethanol for 30 minutes. At each wash, tubes were centrifuged 

for 5 minutes at 2,000 g, and 4°C and the supernatant was discarded. After pipetting 

away any residual drops, DNA was resuspended in 30 µl of sterile water.  
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Detection of PhCMoV by HTS 

Extracted RNA of the historical accession 3216 and a plant used for mechanical 

inoculation in control conditions (named “GH24”) was processed using the protocol 

described for Be_GP1 in Temple et al., 2021 prior to Illumina sequencing (total RNA 

and ribodepletion). RNA of Anthriscus sylvestris and Solanum nigrum were also 

analyzed using a protocol based on total RNA and ribodepletion prior to Illumina 

sequencing, as described for Nd_SL1 in Temple et al., 2021. Finally, for Viola 

arvensis, Geranium molle and Hypericum perforatum, RNA extracts were subjected 

to ribodepletion and cDNA synthesis as described in Liefting et al. (2021). The cDNA 

was sequenced using the Illumina NovaSeq platform. Reads were trimmed using fastp 

(default settings) (Chen et al. 2018) and assembled using rnaviralspades (default 

settings) (Meleshko et al., 2021). PhCMoV genomes were detected using blastn with 

using the nt reference database (Altschul, 1990). 

Detection of PhCMoV by RT-PCR and ELISA  

RNA extracts were reverse transcribed in cDNA prior to PCR using the primers and 

PCR conditions  according to Gafaar et al., 2018.  

ELISA tests were performed using PhCMoV antibodies JKI-2051 (kindly provided 

by Heiko Ziebell, JKI), at a dilution of 1:2000 (v/v). The protocol of Clark et Adams 

(1977) was followed.  

DNA barcoding for insect identification  

The subsequent amplification step of the PCR was performed using MangoTaq™ 

DNA Polymerase (Bioline, Belgium) and the primers LCO1490 and HCO2198 

designed by Folmer et al., (1994) and the following cycling conditions: 94°C for 1 

min, 35 cycles of 94°C for 15 sec, 48°C for 20 sec, 72°C for 20 sec and a final 

extension step of 3 min at 72°C. The amplified products were purified with the 

QIAquick PCR purification kit (QIAGEN), and amplicons were sent to Macrogen 

Europe lab (Amsterdam) for Sanger sequencing. Finally, sequences obtained with 

forwards and reverse primers were two by two de novo assembled on Geneious 

Prime® 2020.0.5 software for each sample. Primer sequences were removed and 

resulting consensus sequences were analyzed using BLASTn and default settings. The 

identification of the insect was validated when the percentage of identity was higher 

than 95% with a given reference sequence.  

1.2. Prevalence and symptom association studies on farm 

Prevalence of PhCMoV in tomato in Wallonia  
The prevalence of plants with PhCMoV-like symptoms was estimated by visual 

inspection for each site, by dividing the number of tomato plants showing PhCMoV 

symptoms by the total number of tomato plants. We used the prevalence of symptoms 

as a proxy for virus prevalence. 
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Association between PhCMoV presence and symptoms on 

eggplants 
To understand better the correlation between the PhCMoV-like symptoms (vein 

clearing and deformations on new leaves) and the presence of the virus in eggplant, 

13 symptomatic plants from the cultivar 'Shakira' (Supplementary Fig. 1) and 109 

asymptomatic eggplants surrounding the symptomatic plants were sampled. This 

collection was conducted on the site C (Supplementary table 1) at the end of August 

2020 where the presence of the virus was confirmed the previous year (Temple et al., 

2021). The distribution of the symptomatic plants was mapped in the greenhouse 

(Supplementary Fig. 1). In the greenhouse, 440 eggplants were grown, and most 

symptomatic plants (11/13) were located near the entrance with only two additional 

eggplants showing symptoms on the first row, near an opening in the middle of the 

tunnel (Supplementary Fig. 1). The samples were analyzed by ELISA. The 13 

symptomatic and the 48 asymptomatic plants immediately surrounding the 

symptomatic ones, were tested individually, whereas the 61 asymptomatic plants 

situated away from the symptomatic plants were tested in pools of two to ten plants. 

Association between PhCMoV presence and symptoms on 

several tomato cultivars 
In site A (Supplementary table 1), tomato plants showing symptoms on fruits 

(deformations, uneven ripening) and leaves (vein clearing on re-growth) were 

observed in October 2020. In the greenhouse, 14 different tomato cultivars were 

grown, with approximately 120 plants per cultivar. Half of the plants were planted in 

April, and the other half in June. In total, 116 symptomatic tomato plants were mapped 

(Supplementary Fig. 2). Whenever possible, at least three symptomatic plants per 

cultivar were collected and tested by ELISA for the presence of PhCMoV. In total, 61 

plants showing symptoms were tested. Ten asymptomatic plants per cultivar were 

collected and pooled by five to test by ELISA. The 55 other plants showing the same 

symptoms were considered positive to calculate the virus prevalence for each cultivar 

(Supplementary table 2).  

1.3. Greenhouse inoculations 
The PhCMoV isolate GH24 from tomato was reactivated on N.benthamiana before 

being used for inoculation. The studied plants were mechanically inoculated in 

greenhouse by gently rubbing the leaves with 0.02M potassium phosphate buffer (pH 

7,4) with 0.2% sodium diethyldithiocarbamate or 2% of polyvinylpyrrolidone freshly 

added for the evaluation of the impact on yield and carborundum. After 5 minutes, the 

leaves were rinsed under tap water.  

Expanding knowledge on PhCMoV host range and 

symptomology   
To confirm the PhCMoV host range and to evaluate the associated symptoms, 12 

different plants species (Capsicum annum, Tropaleum majus, Lavatere trimestris, 

Stachys affinis, Galinsoga pavirflora, Cucumis sativus, Ipomea purpurea, Nicotiana 
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glutinosa, Nicotiana benthamiana, Petunia x hybrida, S. melongena, S. lycopersicum) 

including two different cultivars of tomatoes (‘Suzy’ and ‘Black cherry’) were 

mechanically inoculated. The number of inoculated plants per species/cultivars varied 

between 5 and 20 and is indicated in Table 4-1. Symptoms were monitored seven to 

ten weeks post-inoculation and the samples were tested by ELISA for the presence of 

PhCMoV.  

Evaluation of the impact of PhCMoV on the yield and quality of 

tomatoes 
To study the impact of PhCMoV on yield and quality, two cultivars of tomato 

('Black cherry' (BC) and 'Cupidissimo F1’ (CU) were mechanically inoculated with 

PhCMoV (GH24) at three different developmental stages: 4 weeks after sowing (BC-

1 and CU -1), 8 weeks after sowing (BC-2 and CU -2), and 14 weeks after sowing 

(BC-3 and CU -3). These different time points were chosen because 1) the first one (4 

weeks after sowing) corresponded to the control laboratory conditions and the stage 

when tomato plants are usually inoculated for indexing, 2) Eight weeks after sowing 

corresponds approximatively to the tomato developmental stage at which growers 

plant the seedlings in the greenhouse (the moment they can potentially get infected), 

3) 14 weeks after sowing correspond to the flowering stage. The cultivar 'black cherry' 

was chosen because it seemed highly sensitive to the virus in the field. The cultivar 

'Cupidissimo F1' was chosen because it seemed less sensitive and belonged to another 

type of tomato ('Coeur de boeuf'). Two dwarf tomato cultivars ('Tom Thumb' and 

'Micro Tom') were also inoculated at one time point (3,5 weeks after sowing).  

For the inoculation at the ~4-weeks stage, only one leaf per plant was inoculated 

with 1mL of inoculum solution. For the inoculation at the 8-weeks and 14-weeks 

stages, three newly formed leaves per plant were inoculated with 1mL of the inoculum 

solution per leave. At the different time points, between 2 and 5 plants were 

"inoculated" only with the buffer solution as a negative control. The number of plants 

inoculated with PhCMoV at the different time points was 20, 18 and 16 for ‘Black 

cherry’, 15, 19 and 9 for the cultivar ‘Cupidissimo’ and 14 for the two dwarf cultivars 

(Supplementary table 3).  

The plants were randomly distributed in a greenhouse, and after the first inoculation, 

they were visually inspected for symptoms each week. When the fruits reached 

maturity, they were harvested, weighed and classified as suitable for the market 

(asymptomatic) or not (symptomatic, showing deformations, marbelling or anomalies 

of coloration, Fig. 4-2). At the end of the experiment (when most of the plants were 

starting to die), re-growth or symptomatic tissues (fruit or leaves) were sampled and 

tested by ELISA to confirm the presence of PhCMoV. If a negative result was given 

on an asymptomatic plant inoculated, another organ (bottom fruit) was tested to 

confirm the absence of the virus. Only ELISA positive plants were considered for 

statistical analyses.  

The total weight of marketable and non-marketable fruit was calculated for each 

plant. Then, the total marketable weight of the plants inoculated at the different time 

points was compared to the mock-inoculated condition using the Wilcoxon test on R 
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Studio software. A significance threshold of  0.05 was used when testing for 

differences between control and inoculated plants at each time point.  

Vector investigation  
Transmission assays 

Since Anaceratagallia sp. represented the best candidate for the transmission of 

PhCMoV, two transmission assays were designed with the collected specimens. For 

the first assay, 10 Anaceratagallia leafhoppers captured as described before in site A 

(2.2.4) were fed on various host plants infected with PhCMoV (eggplant, Galinsoga 

sp, tomato, sorrel) for 20 days in an insect-proof cage (Temperature: 21°C, Humidity: 

50%, Day:night: 16:8). After that, one specimen (LF43-3) was transferred to a healthy 

eggplant seedling (TR47). Another one (LF43-4) was transferred to a healthy tomato 

seedling (TR52). After four days, the leafhopper on TR47 died and was stored at -

20°C. After 13 days, LF43-4 was transferred to another healthy tomato seedling 

(TR62) for 24h before being stored at -20°C. The plants were grown in insect-proof 

empty cages and tested by RT-PCR for the presence of PhCMoV seven weeks after 

the first contact with the leafhopper. DNA and RNA of the two insects was extracted 

for species identification by DNA barcoding and PhCMoV testing.  

For the second assay, six Anaceratagallia leafhoppers were collected on the same 

site (A) near infected plants and directly transferred on three healthy tomatoes and 

three healthy eggplant seedlings for the second assay. All the plants were tested for 

the presence of PhCMoV by RT-PCR. Dead insects were collected and stored at -

20°C before DNA/RNA extraction and DNA barcoding/PhCMoV testing. One insect 

was lost during the process.  

Morphological identification  

In summer 2022, one Anaceratagallia male specimen was caught in site A using the 

process as in 2021. First, its genital parts were dissected and pictured to 

morphologically identify the specimens (Supplementary Fig. 3). For this purpose, the 

classification Key of Tishechkin et al., 2020 was used. Then, DNA was extracted as 

described above for COI barcoding identification.  
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Figure 4-1. Detectability of PhCMoV in different tissues by ELISA a) Cultivar ‘black cherry’ with mild symptoms, b) Cultivar ‘black 

cherry’ with severe symptoms, c) Cultivar ‘St Jean d’Angely’, with medium symptoms d) Cultivar ‘Trixi’, with medium symptoms.  The 

status of the plant (positive or negative) was assessed by ELISA 
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Figure 4-2. Mean of total yield (green + red color), marketable yield (green color) and 

unmarketable yield (red color) per tomato plant of the ‘Black cherry’ cultivar (a) and 

‘Cupidissimo F1’ cultivar (b) when the plants were infected at three time points. 

Infected-1: 4 weeks after sowing, infected-2: 8 weeks after sowing, infected-3: 14 weeks 

after sowing, mock: control plants inoculated with the buffer only, c) Represent pictures of 

tomato considered as « marketable » (asymptomatic) which corresponds to the green color, 

d) Represent pictures of tomato considered as « unmarketable » (symptomatic), which 

corresponds to the red color, n= number of plants per conditions, Asterisks indicate 

statistically significant differences of sealable fruits compared with the mock-treated plants 

(**: p-value <0.01, *** p-value <0.001) 

Results 
1.4. Selection of the most appropriate tissue for PhCMoV 

detection 
In site A, special attention was given to 'Black cherry', 'St Jean d'Angely' and 'Trixi' 

to assess the distribution of the virus in tomato plant and the best tissues to sample to 

detect the virus. The seven plant samples of the nine asymptomatic tested plants were 

tested negative by ELISA for PhCMoV. At least one of the seven sample tested per 

plant classified as "symptomatic" was positive. For the plants 'Black cherry' that 

showed mild symptoms, PhCMoV was best detected in symptomatic lower re-growth 

and symptomatic lower fruits (Fig. 4-1). When plants showed severe symptoms, the 

virus was detected in the upper parts, whether they were symptomatic (bottom fruit, 

middle re-growth, topped mature fruit) or not (uppermost fruit, apex). The 

symptomatic bottom fruit (4) was the most reliable sample in the positive plants of ‘St 

Jean’ and ‘Trixy’ (Fig. 4-1). Overall, most positive tissues exhibited symptoms, but 

some detections were also made on asymptomatic tissues, mainly situated at the top 

of the plant, especially for the cultivar St Jean d’Angely (Fig. 4-1). All the positive 

plants' oldest tissues (6th old leave, old middle leave) were asymptomatic and 
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negative. Overall, symptomatic fruits or re-growth at the bottom of the plants seemed 

to be the best tissues to observe PhCMoV symptoms in various tomato cultivars and 

to detect the virus. 

1.5. PhCMoV was already present in Europe in 1992 
Six symptomatic historical samples from Switzerland, dating back to 1992 were 

tested positive for PhCMoV. The confirmation of the presence of PhCMoV in Europe 

is therefore set back by more than a decade and in a new country. The genome of the 

sequenced sample was deposited on Genbank (accession OQ689795). 

1.6. Identification of new host plants and symptomatology 
During the field survey, eleven new plant species were identified as natural host for 

PhCMoV, extending the number of PhCMoV known host plant species from nine to 

twenty. It includes A. sylvestris, Chenopodium album, Capscium annuum, G. molle, 

H. perforatum, Malva sylvestris, Physalis peruviana, Rumex acetosa, S. nigrum, 

Tropaeolum majus, and V. arvensis. Four of them belong to two plant families already 

known to host PhCMoV (Polygonaceae and Solanaceae) and seven other plant 

species belong to new families: Amaranthaceae, Apiaceae, Geraniaceae, 

Hypericaceae, Malvaceae, Tropaeolaceae, and Violacea. When PhCMoV was 

detected through HTS, the sequences were deposited in Genbank (accession number: 

OQ716531, OQ716532, OQ716533, OQ318170, OQ318171). 

Vein clearing and deformations were observed on leaves of some of the host plants 

identified in Belgium (C. album, C. annuum, M. sylvetris, P. peruviana, R. acetosa, 

T. majus, Supplementary Fig. 4). However, it is impossible to assess whether the 

symptoms were caused by PhCMoV, other viruses or abiotic stress since the presence 

of other viruses in mixed infection cannot be excluded and no information was 

collected for putative abiotic stresses for these plants. 

1.7. Symptoms causality of PhCMoV on its hosts 
To study the association between the presence of PhCMoV and symptoms on 

different host plants, C. annum, T. majus, L. trimestris, S. affinis, G. parviflora, C. 

sativus, I. purpurea, and S. melogena were mechanically inoculated with GH24 

(accession OQ689794) under greenhouse conditions. Four additional species were 

used as positive control (N .glutinosa, N. benthamiana, Petunia x hybrida, S. 

lycopersicum). HTS and bioinformatic analyses confirmed that the original plant used 

for inoculation was only infected by PhCMoV (isolate GH24). Almost all the control 

plants (62/68) were successfully inoculated and showed symptoms of vein clearing, 

deformation and yellowing (Table 4-1, Fig. 4-3). For T. majus and L. trimestris, two 

plants out of 15 were successfully inoculated by PhCMoV (Table 4-1). Infected L. 

trimestris plants showed weak vein clearing on some of the leaves, while the 

symptoms on T. majus were more visible (vein clearing, leaf deformation) and 

resemble the one observed on the field (Fig. 4-3). Three out of five plants of S. affinis 

were successfully inoculated, and the plants showed vein clearing and discolouration 

(Fig. 4-3), in contrast with the symptomless S. affinis collected in the field and 

sequenced previously (accession MZ322957, Temple et al., 2021). 

https://www.google.com/search?q=Hypericaceae&stick=H4sIAAAAAAAAAONgVuLSz9U3MKk0LTSteMRoyi3w8sc9YSmdSWtOXmNU4-IKzsgvd80rySypFJLgYoOy-KR4uJC08Sxi5fGoLEgtykxOTE5NTAUALczVcVUAAAA&sa=X&ved=2ahUKEwjyxcPGjaf9AhVPP-wKHWHlArIQzIcDKAB6BAhIEAE
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Figure 4-3. Symptoms of PhCMoV on leaves of different plant species mechanically inoculated by GH24. a. Tropaleum majus, b. 

Stachys affinis, c. Nicotiana glutinosa, d. Nicotiana benthamiana, e. Petunia x hybrida, f.  Lavatere trimestris, g. Solanum melongena 
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GH24 

Inoculated test plant  Symptoms  
ELISA/ RT-

PCR   

N. glutinosa vc, d 4/10 

N. benthamiana vc, d, y 9/9 

Petunia hybrida vc, d 9/9 

C. sativus 'Belt alpha' - 0/10 

C. annuum 'Yolo wonder' - 0/10 

S. lycopersicum 'Suzy' vc, d 20/20 

S. lycopersicum 'Black Cherry' vc, d 20/20 

Stachis affinis  vc, m, y 3/5 

Tropaeolum majus 'Girerd' vc, d 2/15 

Lavatere trimestris y, vc, lln 2/15 

Galinsonga pavirflora - 0/15 

Ipomea purpurea 'Grandpa Ott' - 0/15 

Solanum melongena 'tsakoniki' vc, d 3/4 

 

Table 4-1. Mechanically inoculated plant species with PhCMoV (isolate GH24), 

symptoms observed and RT‐PCR results. Legend: m = mottle, vc = vein clearing, d= 

deformation, y= yellowing, lln = lesions locales nécrotic, - = asymptomatic 

 

1.8. Association of PhCMoV with symptomatic eggplants 
In site C, 13 symptomatic plants showing vein clearing and deformations on the new 

leaves or all the leaves and 109 asymptomatic eggplants were collected in a tunnel 

and tested for PhCMoV (Supplementary Fig. 1). The ELISA results indicated that the 

13 symptomatic samples were positive, and in 108 asymptomatic plants surrounding 

the symptomatic ones, the virus was not detected. Only one asymptomatic plant 

situated next to a symptomatic plant was positive and showed symptoms on the next 

visit.  

1.9. PhCMoV detection on different tomato cultivars  
In site A, 118 tomato plants belonging to 12 different cultivars showed symptoms 

of PhCMoV. These plants were distributed on both sides of the greenhouse 

independently of the plantation date. Still, although the same cultivars were planted 

on both sides, the number of symptomatic plants was much when planted in April 

(75/900) than in June (24/900) Supplementary Fig. 2.  
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All the 61 symptomatic plants tested by ELISA were positive for the virus while  

the 140 asymptomatic plant pools were negative for all the 14 cultivars. These results 

suggested that the virus presence is well associated with the presence of similar 

symptoms on various cultivars. In the greenhouse, the presence of symptomatic and 

positive plants of R. acetosa was also mapped (Supplementary Fig. 2).  

The most impacted cultivar was 'Black cherry' as 48% of the plants showed 

symptoms, followed by the cultivar 'Gipsy noir', 'Gustafano F1', 'St Jean d'Angely' and 

'Trixi', where between 5 and 10% of the plants were symptomatic. On the other hand, 

no detection of the virus and no symptomatic plants were recorded for the cultivar 

'Charlie’s green' and 'Suzy'. Finally, the prevalence of symptomatic plants was below 

4% of total plants for the other seven cultivars (Supplementary table 2). 

1.10. Prevalence of PhCMoV in Belgian farms  
During field surveys conducted in two Belgian provinces on vegetable farms 

dedicated to local-market, the presence of PhCMoV was confirmed by RT-PCR on all 

symptomatic host plant tested (S. lycopersicum, S. melongena, G. parviflora, C. 

sativus, S. affinis, C. album, C. annuum, M. sylvetris, P. peruviana, R. acetosa, T. 

majus) when observed in nine out of 27 farms (33%) (Fig. 4-4, Supplementary table 

1). 

Five farms where PhCMoV was detected were visited the following years and the 

presence of the virus was confirmed each time (Supplementary table 1). In site A and 

C, the virus was detected on symptomatic plants during three consecutive years.  

1.11. Prevalence within the farms based on tomato 

symptoms observations 
In the nine farms infected by PhCMoV, the prevalence of tomato with PhCMoV-

like symptoms was used as a proxy for evaluating the virus prevalence. It was 

demonstrated through field and greenhouse assays that the association between the 

presence of PhCMoV and symptoms on tomato fruits (deformations, uneven ripening) 

was strong, suggesting that disease symptoms are a good proxy for virus infection. 

In most farms (7/9), less than 1.5% of the tomato plants were infected at the 

collection date (Fig. 4-4). The symptomatic plants were mainly distributed at the 

tunnels' entrances or near openings. In two sites (A and P), the prevalence of the virus 

in tomato reached 7% and 13%, respectively (Fig. 4-4). While weeds and other annual 

plants than tomato were commonly present in most of the visited greenhouse, the 

culture of perennial plants (sorrel, strawberry, aromatics…) was noticed inside tomato 

tunnels only in site A and P (Supplementary table 1). 

In site P, 85 and 200 tomato plants (belonging to 20 cultivars) were grown into two 

side-by-side small tunnels (4x30m) and the symptomatic plants were mainly observed 

in one of the two tunnels (38/85 tomato plants exhibited PhCMoV symptoms). In the 

other tunnel, only 2/200 plants were symptomatic. 

After 2021, the producers of site P removed all the perennial plants and weeds that 

were present in the highly infected tunnel. The following year (2022), the presence 

PhCMoV in the tunnel was only sporadic (only 2-3 tomato plants were showing the 
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symptoms) while the same annual crops were cultivated (tomato, capsicum and 

cucumber). A similarly low number of PhCMoV infected eggplants was observed 

outdoors in the same two seasons (2021 and 2022).  

 

 
Figure 4-4. Distribution and « prevalence » of PhCMoV based on symptoms 

observations in tomato and eggplant (R, S) in the province of Walloon Brabant and 

Namur (Belgium). The « prevalence » was calculated based on the number of PhCMoV-

symptomatic tomato plants divided by the total number of tomato grown in a site 

(Supplementary table 6) 

 

1.12. Yield assay  
To study the impact of the virus on yield, tomato plants ('Black cherry' (BC), n=54 

and 'Cupidissimo F1' (CU), n=43) were inoculated at three different developmental 

stages. Overall, the global inoculation success rate one was higher for BC than CU 

(87% vs 63%), but infection was always above 50% for each time point and each 

cultivars (Supplementary table 3). This rate did not decrease with the plant age for the 

two cultivars (Supplementary table 3).  

For BC, the first symptoms following the first inoculation time point was spotted on 

leaves approximatively 8 weeks post inoculation (wpi) (Supplementary table 3). They 

were mostly found on fruits for the second and third inoculation time points 

(Supplementary table 3) approximatively eight and 15 wpi respectively.  

For CU, the first symptoms following the first inoculation were spotted on leaves 

and fruit at the same time, approx. 9.5 wpi. After the second inoculation, symptoms 

were observed more often on fruit than on leaves at approx. 14 wpi, and those of the 

third inoculation were all spotted first on fruit approx. 10 wpi (Supplementary table 

3).  

It is important to note that for both cultivars, the number of weeks before the 

appareance of the first symptoms was very variable from one plant to another in a 
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same time point (e.g. symptoms can be observed 4 wpi or 22 wpi for the second time 

point in CU) and the indicated number is the median (supplementary table 3).  

For both cultivars, total asymptomatic fruit weight was significantly reduced when 

plants were innoculated at four weeks after sowing and eight weeks after sowing 

compared to the control (Fig. 4-2, Supplementary table 4). However, the difference 

was no longer significant when comparing plants that were infected 14 weeks after 

sowing. The average yield from asymptomatic fruits (marketable fruits) per plant 

decreased by 99% and 65% for the BC infected at the first and second inoculation 

time point (Fig. 4-2). This drop was mainly due to a reduction in the number of fruits 

per plant for the first time point, which reached 0 for some of the plants and due to the 

presence of symptoms on the remaining fruits (Supplementary table 4). For the second 

time point, the number of asymptomatic fruits was higher than for the first time point 

(close to 50%) (Fig. 4-2). 

The same phenomenon was observed for cultivar CU although yield reduction at the 

first and second time point compare to the control was less drastic than for BC (Fig. 

4-2). 

 

1.13. Insect identification and PhCMoV transmission 
Leafhoppers belonging to Anaceratagallia  genus and present on one of the two 

most affected sites (A) were collected and used in transmission tests to test if they 

could transmit PhCMoV.  

In the first experiment, the two Anaceratagallia leafhoppers (LF43-3 and LF43-4) 

that fed on infected PhCMoV tomato and eggplant in cages successfully transmitted 

the virus to two healthy seedlings (TR47 and TR62). The plants were tested positive 

for PhCMoV by RT-PCR seven weeks after their contact with the viruliferous insects. 

PhCMoV was also detected in the insect body of the two insect specimens, despite the 

fact that one had been feeding on a healthy plant for the last 14 days before its death. 

Only the infected status of one plant (TR52), which was also in contact with the 

infected Anaceratagallia leafhopper (LF43-4), was inconclusive, as the plant was 

nearly dead before the RNA extraction process.  

Comparison of the COI sequence of the two leafhoppers which have transmitted 

PhCMoV (LF43-3 and LF43-4) with the NCBI database matched with the accession 

OK275083 “Anaceratagallia sp.”, which has not be identified at the species level with 

95% identity (id) (Supplementary table 5).  

In the second trial, six additional Anaceratagallia leafhoppers were directly put 

from the field onto six healthy seedlings in a cage (three eggplants and three 

tomatoes). After four weeks, two eggplants were showing vein clearing on new leaves. 

The symptoms appeared on the third eggplant after two more weeks and on two 

tomato plants eight weeks after the first contact with the leafhoppers. These five 

symptomatic plants (out of six) were tested positive for PhCMoV. Dead leafhoppers 

were collected 10 and 23 days after being in contact with the plants and one of them 

(LF42b) was tested positive for PhCMoV. COI barcoding and sequence homology 

with the NCBI database was also performed to identify the five remaining insect 
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species. Two specimens (LF42-a and LF42-e) matched to accession OK205264 (98% 

id) and MZ631325 (100%id) respectively, namely “Anaceratagallia lithuanica”, and 

one specimen (LF42-b) matched the unnamed specimen of Anaceratagallia 

(OK275083, Supplementary table 5). The results remained inconclusive for two other 

specimens.  

Finally one year after the transmission test, a new Anacertagallia specimen was 

collected for morphological identification. According to the classification key of 

Tchechekin, 2020, the specimen was A. fragariae (Supplementary Fig. 3). However, 

the COI sequence matched with the accession OK205264 (98% id) which was labeled 

as A. lithuanica. The COI sequence was deposited on GenBank (accession: 

OQ469522). 

Discussion  
With this study, PhCMoV is now known to be present in ten European countries. 

Since its first detection in 2018, the virus was detected in diseased plants from 

economically important crops such as tomato, eggplant and cucumber, highlighting 

the importance of better understanding its biology (Temple et al., 2022). The 

framework for the evaluation of biosecurity, commercial, regulatory, and scientific 

impacts of new viruses revised by Fontdevila et al., (2023) was followed to fill the 

knowledge gaps required to understand the phytosanitary risks associated with 

PhCMoV. 

By investigating symptomatic historical samples, PhCMoV was detected in 30-

year-old samples from Switzerland, where it had not previously been identified. In 

parall, eleven new species have been added to the virus' natural host range, bringing 

to 20 the number of plant species susceptible to PhCMoV from 14 plant families. 

These findings suggest that the actual natural host range is probably much wider, 

given the diversity of the host range identified in four years. This biological aspect is 

coherent with EMDV, the closest virus to PhCMoV, which includes more than 25 

hosts recorded on CABI (2021) (https://www.cabi.org/). Perennial and biennial hosts 

such as A. sylvestris, R. acetosa or S. affinis could allow PhCMoV to overwinter.  

In order to study symptoms causality, bioassays were performed in controlled 

conditions for some selected host plants. All the successfully infected plants showed 

symptoms (72 plants from 12 different plant species). The association of PhCMoV 

with symptoms on T. majus and L. trimestris which belong to two families not 

previously known to host PhCMoV (Tropaeolaceae and Malvaceae) was assessed, 

and deformation and vein clearing symptoms were observed. Mechanical inoculations 

of PhCMoV induced discolouration and yellowing on the leaves of S. affinis, in 

contradiction to our initial field observation (Temple et al., 2022). Environmental 

conditions and host genotype may explain this difference, given that inoculation is 

carried out under conditions that are optimal for the development of virus symptoms 

in the greenhouse (Hull, 2014).  

In contrast, symptoms observed in tomato and eggplant in controlled conditions 

were identical to those observed in the field (uneven-ripened and deformed fruits, vein 

clearing and deformed leaves, dwarfing and shortened nods for the most impacted 

https://www.cabi.org/
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plants). For these two host plants, all four criteria to assess symptoms causality 

described by Fox (2020) were fulfilled: 1-experiment : the symptoms observed in 

control conditions after mechanical inoculation were similar to the ones observed in 

the field; 2-Strength: numerous symptomatic host plants showing the same symptoms 

as in the experiments and asymptomatic plants were tested in a virus-infected plot and 

demonstrated the association of symptoms with the presence of PhCMoV; 3-

consistency: symptoms observation caused by PhCMoV were consistent on several 

occasions, in different geographical regions and on successive years; improving the 

4-coherence and plausibility. In this study, the results suggest that a tomato plant must 

exhibit symptoms on at least one tissue to be tested positive. Additionally, there is a 

higher probability of observing symptoms on the lower organs (such as lower fruits 

or re-growth) compared to the upper organs for some tomato cultivars. 

Although the association between PhCMoV and the presence of symptoms is strong 

on eggplant and tomato, symptoms can be mistaken with other plant viruses such as 

alfalfa mosaic virus for eggplant and with tomato brown rugose fruit virus (ToBRFV), 

pepino mosaic virus (PepMV) or tomato fruit blotch virus for tomato, although, none 

of these viruses were confused with PhCMoV as part of our work (Ciuffo et al., 2020; 

Temple et al., 2022). ToBRFV and PepMV have very different biological properties 

compared to PhCMoV. These viruses are highly transmissible through contact and by 

seeds, can remain stable in the environment and represent therefore a major threat for 

tomato production (Oladokun et al., 2019, Hanssen et al., 2010). ToBRFV is 

considered a quarantine pest in Europe (A2 list, EPPO) and requires strict sanitation 

measures and obligatory notification in case of detection. Therefore, making a correct 

diagnosis through laboratory testing in case of PhCMoV-like symptoms in tomato 

remains crucial.  

The symptoms caused by PhCMoV can also be confused with those of EMDV in 

eggplant, tomato, cucumber and capsicum, but these two viruses have the same mode 

of transmission and the same management strategy should therefore be applied (El 

Maataoui et al., 1985, Roggero et al., 1995). However, with the exception of the South 

of France, these two viruses are present in disctinct area, EMDV is endemic in the 

Mediterranean basin, where it is widespread (CABI), while PhCMoV is so far mostly 

detected in temperate European countries.  

 Assessment of the severity of PhCMoV on tomatoes showed that the time of 

inoculation is strongly influencing its impact on plants. In our experiments, plants 

infected before the planting date (eight weeks after sowing) showed a total loss of 

marketable fruit yield for one of the two cultivars tested (‘Black cherry’) and a ~75% 

drop for the second (‘Cupidissimo F1’). Yield loss was mainly caused by a 

degradation of the fruit appearance, a reduction in the number of fruits per plant, and 

a decrease in average fruit weight. A preliminary study on short-lived tomato cultivars 

('Tom Thumb' and 'Micro-Tom') showed a similar trend in yield loss (Durant 2021). 

In the present study, the impact on yield was, however, reduced when ‘Black cherry’ 

and ‘Cupidissimo F1’ were inoculated at a later developmental stage. Similar 

observation were reported with turnip mosaic virus on cabbage, where early 

inoculation significantly reduced the number and quality of marketable harvested 
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plants compared to later inoculation (Spence et al., 2007). This was also observed in 

tomato infected by tomato yellow leaf curl virus (TYLCV) as plant age at inoculation 

had a significant reduced effect on yield loss (Levy et Lapidot, 2007). Conversely, in 

chard (Beta vulgaris subsp. vulgaris) infected with beet mosaic virus, or tomato 

infected with PepMV, late infection had the most pronounced effects on non-

marketability (Spence et al., 2006, Spence et al., 2007). In addition, we did not 

measure an increased resistance of mature plants to infection through mechanical 

inoculation, and the decrease in yield measured was likely due to the long latent phase. 

Indeed, for the plants infected at the latest time point (14 weeks), symptoms appeared 

after the harvest peak (median of 15 and 10 weeks post inoculation). These results 

underline the importance of safeguarding plants from PhCMoV infection during the 

early developmental stages.  

Overall, PhCMoV was detected in one-third of the visited diversified farms where 

vegetables are grown in soil in Belgium. In addition, once the virus was detected in a 

farm, it was systematically detected the following year (for the five sites that were re-

visited), suggesting the persistence of the virus in the environment. However, the 

prevalence of the virus in the field was very limited (<1%) in all but two sites, where 

the virus was problematic (prevalence >7%). The presence of perennials in direct 

vicinity of tomatoes in tunnels was noted in the two most affected sites (A and P) and 

could account for the high virus pressure. This was confirmed by the drastic reduction 

in the incidence of PhCMoV observed in site P between 2021 and 2022after the 

elimination of all perennials and weeds in a tomato tunnel.  

The spread of a viral disease is mainly driven by the ability of the vector (if any) to 

transmit the virus between plants (Whitfield et al., 2018). Two distinct species of 

the Anaceratagalliae genus were isolated from cultivated sorrel (R. acetosa) in site 

A: A. fragariae identified morphologically and an unidentified Anaceratagallia sp 

(only sequenced and not enough specimens to perform a full morphological 

identification). Based on their COI sequences, these two species were previously 

described at a same site on a wild strawberry plant (Fragaria vesca) in the Czech 

Republic, suggesting they co-habits (Fránová et al, 2021). Tishechkin 2020 has 

reviewed the taxonomy of the Anaceratagalliae genus based on the shape of male 

genitalia and revealed that multiple synonyms has been erroneously described for this 

genus. He suggested that the species of A. lithuanica was synonymous to A. ribauti 

and very similar in morphological traits and in ecological preferences to A. fragariae. 

Specimens morphologically identified in this study as A. fragariae had a COI 

sequenced almost identical to an accession recorded as A. lithuanica suggesting 

that A. lithuanica was misidentified with A. fragariae and incorrectly named in the 

GenBank database.  

The transmission of PhCMoV was only demonstrated for the unidentified species 

of the Anaceratagalliae genus. Nevertheless, it is not excluded that A. fragariae can 

also transmit PhCMoV. In a transmission assay, Giustina et al., (2000) demonstrated 

the transmission of “an EMDV strain” by two different Anaceratagallia species, with 

a better efficiency for A. laevis than A. ribauti. However, since the diagnosis for the 
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virus was only based on symptoms observation and this experiment was contradicted 

by Babaie et Izadpanah (2003) who showed that A. laevis does not transmit EMDV, 

this is questioning whether Giustina et al., 2000 could have investigated PhCMoV 

instead of EMDV, since we now know that the two viruses coexist in this region and 

their symptoms are very similar. If confirmed, the unidentified main vector of 

PhCMoV would be A. laevis. 

Overall, it is crucial to identify the vector of PhCMoV at species level and to 

investigate if multiple Anaceratagallia species can transmit the virus. Many aspects 

of the ecology and behavior of Anaceratagallia are lacking, and the epidemiology of 

plant rhabdoviruses is strongly influenced by their specific insect vectors in which 

they also replicate (Hogenhout et al., 2003, Whitfield et al., 2018). Thereafter, 

studying the ecology and behaviour of PhCMoV vectors will provide a better 

understanding of the emergence of the disease and could account for the sudden 

multiple detections of PhCMoV after decades of unnoticed presence. This work will 

also make it possible to develop more appropriate management strategies specifically 

targeting plants that are suitable for the reproduction of the vector or serve as winter 

habitats. The ability to rear these leafhoppers will also greatly accelerate the research 

as, it is impossible to morphologically differentiate species among living individus 

and females. This would also permit to test the transovarial vertical transmission of 

PhCMoV, as this was demonstrated with wheat yellow striate virus, another 

alphanucleorhabdovirus (Du et al., 2020).  In this study, we observed that A. 

fragariae can mate, reproduce and complete a full lifecycle on R. acetosa in the 

laboratory as shown by Tishechkin, 2020. In addition, one adult specimen was 

observed crawling on a cultivated sorrel in the middle of winter (January 2022) in one 

of the greenhouse of site A, suggesting the potential role of this plant in the 

overwintering of the leafhoppers, and the possibility of the adult to survive the winter 

as previously described for multiple Anaceratagallia species (Nickel and Remane, 

2002). Regarding their behaviour, our observations also revealed that Anaceratagallia 

leafhoppers were not very mobile. This was also supported by the distribution of the 

virus in farms, generally in patch, often close to the entrance of the tunnels. The 

proximity of plants in which they can mate and complete a full life cycle near by 

annual plants may contribute to the development of the disease.  

Overall, one of the explanation of the sudden detection of PhCMoV in European 

temperate area where EMDV has never been reported can rely on agricultural 

practices. There has been an increase in the number of producers in Belgium who are 

cultivating a wide range of plant species (20-45) over a limited area (< 2.5 ha) 

(Dumont et Baret, 2017). The virus was mainly detected in this type of structure where 

producers often promote sustainable farming, diversity, natural regulation of pests and 

contact with their consumers, such as Community Supported Agriculture (Temple et 

al., 2023,  Dumont et Baret, 2017, Boeraeve et al., 2020, Tamburini et al., 2020). 

Exchanges between natural ecosystems and cultivated plants or between different 

cultivated plant species are more common than in close and highly controlled 

greenhouses and might favour the presence of plant viruses in cultivated plants and 
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pathogen spillovers, which is considered the first step of virus emergence (Elena et 

al., 2014).  

Notably, extensive monitoring of tomato viruses in the Netherlands' industrial 

production systems (which utilize insect-proof glasshouses) did not identify the 

presence of PhCMoV in 125 production sites (data not shown). This suggests that the 

virus could have, to date, no impact on commercial-scale industrial tomato 

production.  

To conclude, this work makes PhCMoV one of the best characterized new tomato 

viruses after ToBRFV. All the steps of the optimized scientific and regulatory 

framework for the characterization and risk analysis of a new virus (Fontdevila Pareta 

et al., 2023) were compiled and almost all the characterization criteria proposed by 

Rivarez and colleagues (2021) are now met. Overall, this plant rhabdovirus can pose 

a threat to tomato and other vegetable crops in small, diversified farms. However, with 

a better understanding of its biology and agricultural practices, management measures 

can be proposed to mitigate an epidemic. The benefits of this work result in an 

efficient initial management solution to answer growers problems with PhCMoV on 

tomato grown under tunnel as shown in site P. Further knowledge on the vector of 

PhCMoV will help predict potential epidemics and develop improved management 

strategies. 
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This thesis first aimed to better understand the issues associated with viral diseases 

in tomato plants within Belgian diversified production systems. From this, the work 

has been further focused on the biological characterization of a newly emergent 

disease present at a European level and caused by physostegia chlorotic mottle virus 

(PhCMoV). 

1. Contribution to the development of an 
interdisciplinary approach in plant virus 
research. 

While the focus of this work was primarily based on phytopathological 

investigations, efforts were made to integrate socio-economic aspects in a first survey 

to have a more holistic and contextualized overview of the problems, as recommanded 

by Deguine et al., (2023). To start, the tomato virome was studied in Belgian farms 

with an interdisciplinary approach combining growers' perception and production 

systems characterization with symptom observations and HTS identification of 

viruses in the field. The objective of this qualitative investigation was double: to 

explore and gain insight into tomato virus-related issues in a specific production 

system (diversified production for fresh market), and to formulate hypotheses about 

the factors that could contribute to these problems (cultural practices, perception…).  

The main findings indicated that while some viruses associated with tomato yield 

losses were present in the fields, most growers did not experience major problems 

related to plant viruses, and the number of symptomatic plants was low. Nevertheless, 

it allowed to i) assess the virome in Belgium’s diversified production systems as it is 

recommended for plant biosecurity by MacDiarmid et al., 2013, ii) to communicate 

with growers about the main threat related to tomato viruses in Belgium (ToBRFV) 

and the threatening viruses detected in their field (ToMV, PhCMoV) and iii) to 

identify a new plant virus that was needed biological characterization (PhCMoV). 

Overall, the fact that PhCMoV was problematic in two farms out of nine where it was 

present highlights that continuing to study plant viruses in diversified production 

systems is essential to sustainably avoid outbreaks.  

Exchanging with producers does not seem to be a common practice in research on 

viral diseases of tomatoes, or at least, it is not explicitly stated in the papers since the 

development of HTS usage for tomato virus studies (Xu et al., 2017, Desbiez et al., 

2020, Li et al., 2021, Rivarez et al., 2023). However, since cultural practices and 

human actions can influence the spread of viruses, it can be essential to study cultural 

practices to understand the epidemiology of plant viruses (e.g. cassava viruses: 

Nyirakanani et al., 2021, Szyniszewska et al., 2021, Kwibuka et al., 2022).  

Furthermore, from a philosophical perspective, it is also relevant to be in touch with 

producers and to communicate with them about plant viruses (at least to communicate 

about the results) while studying them, as they are the first to be affected by these 

issues. In many different scientific fields, the fragmentation and specialization of 

research have led to a growing disconnection from real-world society (Hatt et al., 

2016). Still, to foster a sustainable transition, it is recommended to incorporate greater 
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trans-disciplinarity in the implementation of research projects (Wezel et al., 2014, Hatt 

et al., 2016, Deguine et al., 2023). 

In this thesis, exchanging information with producers was beneficial in efficiently 

understanding the risks associated with plant viruses and better understanding the 

need of growers. Moreover, producers have also derived benefits from this 

collaborative approach. Feedback was given to the producers and walloon extension 

services (Interprofessional Center of vegetable growers, (CIM)) on what could drive 

the spread of viruses identified (i.e. by providing information on the pathogen life 

cycle and useful website links). During the biological characterization of PhCMoV, 

producers that encountered difficulties and the CIM were regularly informed of the 

research's progress. 

 

 

Figure 5-1. Logical pathway of my PhD thesis, including feedback to the growers (blue 

arrows). The pie chart represents the last pie chart of the framework described in Figure 1-7. 

After the first study on PhCMoV, aspects related to its genetic diversity, host range, 

symptomatology and geographical distribution were filled. Then, the second study allowed to 

fill the missing knowledge gaps on the transmission, severity and incidence of PhCMoV and 

to complete its characterization. 

 

Understanding virus avoidance cultural practices was one of the primary reasons 

why producers in Belgium were interested in participating in the survey, especially 

given that chemical control is often not an option in most studied production systems. 

In this thesis, it was observed that growing perennial plants in a tunnel close to annual 

plants (e.g., tomato, cucumber) for an extended period could increase risks of 

PhCMoV prevalence. While further research is necessary to confirm these findings, 

they appear to have been beneficial for one grower who opted to remove the perennial 

plants from their annual crop tunnels. This action led to a significant reduction in 

PhCMoV-related problems in the same location the year after. Having informed this 
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producer on the biology of the virus throughout the research appeared to be beneficial, 

as she reported, "The list of host plants sent was very helpful, I paid close attention to 

the mallow when weeding the tunnel!". However, it is challenging to attribute the 

decrease in issues due to PhCMoV entirely to this action (removing the plants inside 

the tunnel) as many other environmental factors could have played a role. Conducting 

a long-term study in collaboration with multiple growers can be valuable in validating 

this statement. 

Overall, improving communication and connections with producers alongside plant 

viral research needs to be considered in future research projects on plant viral diseases 

for practical and philosophical reasons. The approach used in this thesis could be 

adapted and applied to many other contexts where plant viral diseases are studied in 

cultivated area. The methodology could be simplified to be used more systematically 

and on a larger scale in field virus studies (e.g. small questionnaire of 5-15 minutes 

only). 

 

Difficulties encounter:  

During this qualitative survey, we attempted to assess the risks associated with 

viruses while seeking to understand them. Therefore, it was challenging to identify 

robust socio-economical or agronomical factors explaining of the presence and impact 

of viruses or their potential associated-risks. In addition, the problems associated with 

plant viral diseases were relatively minor, which also challenged to understand 

explanatory socio-ecological and agronomical factors. To better incorporate socio-

economic elements into studying plant diseases, it could be relevant to 

comprehensively understand the potential issues in the studied context and defining 

precise research objectives beforehand. Thereafter, the questions that need to be 

addressed must require an integrated approach recognizing the limitations inherent in 

the compartmentalized nature of academic research (Mendez et al., 2013; Hatt et al., 

2016). In the frame of this research, a collaboration with socio-economic researchers 

to design the methodology and analyze the data was initiated. Nevertheless, plant 

virology differs significantly from socio-economic sciences, and more time, regular 

communication, and training could have been beneficial in better integrating these 

two disciplines. Integrating these disciplines with natural sciences requires an open-

minded approach and significant effort that should not be underestimated (Mendez et 

al., 2013; Hatt et al., 2016, Kelly et al., 2019).  

 

Further prospect:  

Despite the absence of ToBRFV detection in the survey, the fact that some growers 

acknowledged their lack of awareness regarding ToBRFV suggested that 

understanding how they can access information about plant viral diseases and 

exploring communication dynamics between regulatory agencies and alternative 

growers could have been an important avenue for further understanding the risks 

associated with plant viral diseases in Belgium. This study found that not all growers 

registered at extension services (CIM) were aware of ToBRFV (while they sent alerts) 
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and not only those who were aware were followed by the extension services. This 

highlights that access to information about quarantine plant diseases is not as 

straightforward as assumed, and there may be gaps in the communication between the 

extension services and the growers. During the interviews conducted for this study, 

information about ToBRFV was shared with the growers. It is urgent to communicate 

more widely to small-scale producers about this virus to avoid outbreaks in these 

production systems because ToBRFV is highly contagious, and any producer may 

likely encounter it at some point. ToBRFV can contaminate the food chain and 

ecosystems and persist in the environment for extended periods (Klap et al., 2020, 

Zhang et al., 2022). Primary introduction of the virus in a production system is 

therefore very likely because it can occur through tools, water, seeds, infected fruits 

from the supermarket and compost, bumblebees, seeds, tomato containers, workers 

etc. (Bačnik et al., 2020, Klap et al., 2020, Zhang et al., 2022). In addition, in Belgium 

and the Netherlands, illegal cross-protection of ToBRFV was performed by some 

growers, increasing the prevalence of the virus in the environment and, thus, the risk 

of spread. Developing management strategies to control ToBRFV is essential in 

reducing its prevalence in the environment and minimizing the risk of spreading to 

diversified production systems. This is particularly important because eliminating the 

virus from such systems would be highly challenging. 

 

2. Focus on PhCMoV 
 

For the second axis of this thesis, the biological characterization of PhCMoV was 

initiated to evaluate its associated risks for the production following the frameworks 

described by Massart et al., 2017 and recently improved by Fontdevila et al., 2023.  

During this thesis, maximizing exchanges with experts from various field (in or 

outside academia) and surveying the disease in the field was highly valuable in 

improving its biological characterization. Overall, this thesis was a good example of 

how biological characterization of a new virus can be optimized by collaboration with 

multiple stakeholders and testify that it can be better considered in the future, 

especially regarding the pace of discovery of new plant viruses and the need to better 

contextualized plant virus studies alongside growers realities (He et al., 2016, Hou et 

al., 2019, Rivarez et al., 2021). 

The initial collaboration with eight research groups working on plant viruses from 

five European countries was valuable in creating synergies and avoiding redundancies 

in setting up the experiments. This enabled to set up trials in laboratories where the 

infrastructures were best suited to carry them out, to exchange infected material, 

antibodies, tips and protocols to optimize trials. The cooperation has enabled a wider 

perspective on the disease and consolidated the most comprehensive information in a 

single publication, instead of eight new disease reports from individual countries. As 

a result, the virus was characterized more quickly and comprehensively, and the scope 

of its host range and infection dynamics across different European countries were 
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better understood. A list of virus isolates was also compiled, facilitating the study of 

its diversity and phylogeny. 

Subsequently, to address biological knowledge gaps identified in the first study, 

experiments were developed based on the knowledge previously acquired and the 

literature, frequent visit in the field, and on insights from experienced colleagues, 

producers, and other stakeholders from diverse backgrounds (entomologists, 

horticultural school…). For example, the identification of the vector was 

accomplished based on the comparison of field observations with what was known in 

the literature (e.g. transmission of alphanucleorhaboviruses by leafhoppers belonging 

to the Anaceratagalliae genus, Della Giustina et al., 2000, Dietzgen et al., 2020, 

Dietzgen et al., 2021).  

In addition, studying the disease in its natural environment was advantageous and 

saved a lot of time. Bioassays were designed to better understand the disease after 

observation in the field. For example, the association between the presence of the virus 

and severe symptoms on tomato fruits was demonstrated in the laboratory after the 

detection of the virus on multiple symptomatic different tomato cultivars (Figure 5-

2). This would not have been possible without the agreement of growers. In this study, 

they were keen to help (which may not always be the case). They allowed repeated 

access to their fields for plant collection, including perennial plants with roots. They 

offered to delay the removal of infected plants for a detailed study and to grow 

sentinels plants to monitor the virus's presence. Additionally, some producers shared 

their assumptions and reflections about the disease, which was helpful and sometimes 

confirmed what was observed in experimental conditions.  

 

 

Figure 5-2. PhCMoV infected tomato plants in the field 
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Regarding further experiments, this research and the literature on plant 

rhabdoviruses suggest that the ecology and behaviour of PhCMoV’s vector 

(Anaceratagallia sp.) is a crucial next step to determine if the impact of PhCMoV will 

increase and how to manage it (Hogenhout et al., 2008, Dietzgen et al., 2020, 

Whitfield et al., 2018).  

One of the first tests is to identify the vector of PhCMoV at a species level, and to 

evaluate if other Anaceratagallia species (such as A. fragariae) can transmit the virus. 

From a larger perspective, assessing whether transmission of PhCMoV and EMDV is 

specific to insect species or genera and studying the prevalence of these insect species 

in Europe may help to better understand the distribution of these two rhabdoviruses.  

Thereafter it would be crucial to simultaneously understand the ecology and biology 

of the PhCMoV vectors (i.e. their geographical distribution, on which plants they 

reproduce, under which conditions etc.) and their interactions with the virus (i.e. 

acquisition, latency, inoculation and retention time, transmission to the progeny, 

impact on the host fitness and behaviour). Overall, it can be noticed that the 

distribution of Anaceratagallia species is mainly located in Europe, such as the 

distribution of PhCMoV (Figure 5-3).  

 

  
 

Figure 5-3: Georeferenced records (1851 - 2023) of leafhoppers from the genera 

Anaceratagalliae in the EU. Orange dots stand for a higher insect density (Global 

Biodiversity Information Facility, 2021) 

 

The genus Anaceratagalliae has been recently revised and the authors suggested 

that there is much confusion with identification of the species within this genus 

(Tishechkin, 2020). Indeed, Tishechkin, 2020 suggested that previous entomologists 

overestimated the significance of minor differences in the shape of male apodemes 

and genitalia and as a result, described intraspecific variants as new species. Some 

taxa were also described on a single male, which did not allow the investigation of 

intraspecific variability. Tishechkin, 2020 reclassified the species of Anaceratagalliae 
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genus into four species groups: A. laevis, A. ribauti, A. venosa, and A. acuteangulata 

based on the shape of male genitalia. 

Phylogenetic analysis based on Anaceratagallia COI available in the NCBI 

database and the specimens that were collected in Belgium (including some which 

transmit PhCMoV, Figure 5-4) showed three distinct species groups: A ribauti, A. 

venosa and an unnamed group of species which could therefore be part of the 

subgroup A. laevis or A. acuteangulata.   

In a transmission assay, Giustina et al., (2000) demonstrated that the transmission 

of “an EMDV strain” was more efficient for A. laevis than A. ribauti. Nevertheless, 

since the diagnosis for the virus was only based on symptoms observation, this is 

questioning whether Giustina et al., 2000 could have investigated PhCMoV instead 

of EMDV. If by mistake they were working with PhCMoV because the symptoms are 

identical to those of EMDV and we now know that PhCMoV coexists in this region, 

then A. laevis or a species belonging to this species group could be the best candidate 

for the unnamed Anaceratagallia species which can transmit PhCMoV. Nevertheless, 

this remains to be verified. 

 

 

Figure 5-4: Maximum Likelihood evolutionary analysis of published Anaceratagallia COI 

nucleotidique sequences and Anaceratagallia captured in PhCMoV infected belgium site 

Further collaboration with entomologists is necessary to conduct such a study, and 

sufficient time should be allocated since rearing and manipulating leafhoppers is 

challenging and requires expertise.  

The host range of PhCMoV seems to be extensive and currently not fully 

caracterized, possibly due to the polyphagous behavior of its vector, Anaceratagallia. 
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The research findings indicate that controlling the damage caused by the virus could 

be achieved by removing perennial plants in tomato tunnels. These plants can act as 

reservoirs for the virus and its vector. However, growers might hesitate to take this 

action. In addition, if PhCMoV-related issues are present in unprotected crops or 

tunnels without reservoir plants, it will be challenging to recommend the removal of 

perennial plants in the entire site because the virus was mainly identified in production 

systems based on the cultivation of a high diversity of plants.  

Nonetheless, gaining knowledge about the primary plants that can host the virus 

during winter, their symptomatic expression when infected, and the plants that support 

reproduction and overwintering of insect vectors would allow for more targeted and 

tailored proposals for plant removal in these production systems, thereby improving 

disease management strategies. This thesis identifies sorrel as a strong candidate for 

removal due to its suitability for Anaceratagallia reproduction and its ability to host 

the virus. Additionally, mallow could be further studied for its ability to host the vector 

because several infected mallow plants have been found near an annual plant tunnel 

that remains infected with the virus for over four consecutive years. Conducting 

surveys and tests on the cultivated perennial plants in PhCMoV-infected plots may 

help assess their potential as hosts for the virus and its vector. 

Another management strategy that can potentially be developed is to safeguard the 

sensitive plants from being in contact with the leafhoppers at the beginning of the 

season when the infection can be more impactful for the production by protecting all 

entrances of the tunnels with leafhoppers-proof netting (Jones et al., 2004). 

In this thesis, communication about PhCMoV research was continuously done with 

the producers with whom we were in contact and with extension services and 

scientists (through fact sheets or publication, Figure 5-1). Nevertheless, more 

communication on the disease can be achieved with extension services and growers 

association in Flanders, the Netherlands, France and other European countries where 

the disease is present. 

Overall, even if the characterization of this novel viral species was more efficient 

than previously possible and envisioned (due to the HTS technological advancements 

and trust between scientists, technicians and growers), this was still a long process 

involving many resources. The question arises whether adequate resources will be 

available to conduct similar extensive biological studies on emerging viruses in the 

future. This is especially concerning for plant viruses like PhCMoV, which may 

impact vegetables grown in understudied small-scale production systems that receive 

less support from governments or funding agencies than industrial production 

systems. 

 As an alternative, innovative prediction tools based on machine learning 

approaches on protein features may be further developed and used to predict the 

biological characteristics and, thus, risks associated with a new or poorly understood 

virus (eg. how it may be transmitted, to which host plants, survival strategies of a 

virus, aggressiveness…) (Tahzima et al., 2021, Fontdevila et al., 2023). However, 

supposing that these tools can efficiently predict key biological aspects of plant 
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viruses and that biological experimentations will not be needed anymore, enhancing 

communication with growers and other stakeholders will likely be even more crucial 

to build trust in the results. 

When starting this work, knowledge of PhCMoV was limited to its ability to cause 

disease on tomato and physostegia in Austria and Germany. With the connection of 

multiple stakeholders, PhCMoV is now one of the best-characterized new tomato 

viruses after ToBRFV (Figure 5-3).  

 

 

 

Figure 5-3. Post-discovery characterization of new tomato-infecting viruses according to 

the literature review (adapted from Rivarez et al., 2021) 

Although the virus can result in significant tomato yield losses, it is currently not 

very efficiently transmitted from plant to plant. However, this study suggests that if 

the disease is present on a site, growing perennial plants, such as sorrel, which can 

host both the virus and its vector within tunnels where tomatoes are also grown, may 

increase the risk of spreading the disease to young plants and lead to yield losses.  

This phenomenon might be the case for other plant viruses such as melon chlorotic 

spot virus, a virus which may also deserve further biological characterization as it has 

recently started to be detected in symptomatic plants (e.g. Annexe 1, data not shown). 

Overall, this thesis suggests that a subtle understanding of the interactions between 

plants, diseases, insects and cultural practices in diversified production systems and 

increased connections with producers and other stakeholders can enable to manage 

viral disease efficiently and sustainably.  
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Personnal note 
 

Throughout my PhD, I often questioned the role of plant virology research in the 

urgent need for a transition to a more sustainable agricultural production model, 

especially in the current global context where plant viruses can still seriously impact 

food security. Given the current ecological and social crisis, it seems essential to 

question and reflect on the impact of our research on the real world in a broad and 

distant context (over several years) (Hatt et al., 2016). This motivated me to shift my 

attention towards small-scale producers difficulties regarding plant viruses and to 

connect with them. 

From my perspective, it would be interesting to discuss these issues during peer 

conferences and then in debates with farmers/citizens to better understand our roles 

and how to position ourselves, particularly as young researchers in the current context. 

This would also help the general public and researchers to understand each other 

better, which could be beneficial for promoting inter and transdisciplinary research. It 

is also crucial that funding agencies support such initiatives for a better agricultural 

transition.  

From what I experienced in this PhD, it is not easy to undertake inter/trans-

disciplinary studies. Still, little initiatives can be helpful to improve the link between 

society and researchers and be a starting point for building synergies between plant 

health stakeholders. 
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ANNEXE 1: Disease note: First report of Melon 
chlorotic spot virus in Belgium and in cultivated 
sorrel (Rumex acetosa) (submitted to Plant 
disease) 

Temple, C., Blouin A.G., Steyer, S., Massart S. 
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In 2020, symptoms of putative viral origin were observed on 7% of tomatoes in an 

organic vegetable farm in Belgium (deformed uneven ripened fruits, vein clearing, 

mosaic and purple leaves, stunted plants). The leaves of twenty symptomatic plants 

were collected, pooled and screened for viruses using high throughput sequencing 

technologies (HTS) on Illumina NextSeq500 following a virion-associated nucleic 

acid (VANA) protocol described previously (Temple et al., 2021, sample Be_SL1). 

In total, 3665498 (PE150) reads were generated and bioinformatic analyses (denovo 

assembly, tblastx search on updated NCBI database and mapping on the closest 

reference) using Geneious Prime® 2020.1.2 revealed the presence of three viruses 

known to infect tomatoes: physostegia chlorotic mottle virus (PhCMoV, 547,142 

reads map on NC_055466, potato virus Y (PVY, 4056 reads map on MW595184), 

and melon chlorotic spot virus (MeCSV, 55 reads mapped to six out of the eight 

different MeCSV segments (NC_040448-55). PhCMoV and MeCSV belong, 

respectively to Alphanucleorhabdovirus and Tenuivirus genus. The high level of 

prevalence triggered the research of alternative perennial hosts that can serve as a 

reservoir during inter-cropping season. One plant of Rumex acetosa showing vein 

clearing (CT-122) was collected in the same greenhouse the year after. Total RNA 

was extracted, followed by ribodepletion, and Illumina HTS using the protocol 

described in Temple et al., (2021) for sample Be_GP1. In total, 4,707,544 PE150 reads 

were obtained and bioinformatic analyses confirmed the presence of MeCSV (4727 

reads mapped on eight RNA segments NC_040448-55) and suggested the presence of 

an unclassified partitivirus (1652 reads mapped on NC_040457 with 11.9% of ref 

seq). RNA1 segment was used to design MeCSV-specific RT-PCR primers for 

detection (MeCSV-125F 5’-TTTAAGGCCAGATCCAGAGGTTC-3’/ MeCSV-

498R 5’-TGGATGTGACAACCTGGTAGTAC-3’).  

Thereafter, in July 2022, 42 R. acetosa plants were collected in the same 

greenhouse. Among them, seven plants showed vein clearing, two showed yellowing 

with necrosis, two exhibited yellowing and vein clearing, and one showed mosaic. 

The other 30 plants did not show any apparent symptoms. The 42 plants were 

subjected to RNA extraction and RT-PCR for MeCSV and PhCMoV detection. 

MeCSV was detected in 13 plants (all the symptomatic plants except the one 

exhibiting mosaic where PhCMoV was detected, and two asymptomatic plants). 

PhCMoV was also detected in three plants with vein clearing, one with yellowing and 

one of the two asymptomatic plants infected by MeCSV.  

Our results report the first detection of MeCSV in R. acetosa. This is also the first 

detection of MeCSV in Belgium. In addition, according to the hierarchical approach 

for assessing causal relationships in plant virology (Fox et al., 2020), a preliminary 

association was observed between symptoms and MeCSV detection [6% prevalence 

on healthy plants and 92% prevalence on diseased plants (from which seven 

symptomatic samples were not co-infected by PhCMoV)]. Symptom causality should 

be further investigated but our results are important for disease management because 

they suggested that cultivated perennial R. acetosa may serve as a reservoir for two 

emergent plant viruses (PhCMoV and MeCSV), associated with symptoms on tomato 

(Lecoq et al., 2019, Temple et al., 2021).  
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