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This research presents quantitative assessment of the biological risk level associated with spread of infectious and parasitic potato plant (Solanum tuberosum) diseases, based on the parameters of transmission and contagion mechanisms and pathways. The authors conducted a point-rating analysis of threats of potato infection or infestation with pathogens of different etiologies: bacterial, viral, helminthic and mycotic. The developed system of analysis is flexible and implies regular monitoring and data update in case of the globalization and world trade bring new strains of infections and varieties of parasites, which will be able to adapt to the climatic conditions of a particular region and the means of chemical plant protection. As a result, the combination of modern approaches to the field of potato plant disease detection and the proposed methodology will allow the development of a comprehensive system for monitoring and forecasting the spread of infections, which will make it possible to take timely and effective measures to protect the crop. The use of optical methods in combination with the analysis of data on pathogens will increase the accuracy of diagnostics and the effectiveness of prevention, contributing to the sustainable development of agriculture.
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Introduction

Modern research methods that determine morphophysiology of plant objects require an integrated approach. As noted by Yudina et al. (2022) and Konchekov et al. (2023), the integrated approach should combine different methods of obtaining data on plant physiology and morphology in real time. Arshaghi et al. (2023), Afzaal et al. (2021), Bangari et al. (2022), Ivanyuk et al. (2020), Mohanty et al. (2016), and Dorokhov et al. (2019) believe that compliance with certain methodological approaches and technical requirements in obtaining information on the state of the plant organism allows to identify the presence of pathogens that negatively affect the growth and development of plants. On one hand, real-time monitoring of plant diseases at early stages and in real-time is an urgent and important problem of food security, since pathogens can destroy crops and synthesize a wide range of toxins dangerous for animals and humans (Rahman et al., 2022; Das et al., 2021), on the other hand, a wide range of different optical methods are already used in agriculture (Ferentinos, 2018; Kumar et al., 2021; Kumar et al., 2023; Onozuka et al., 2021). We would like to point out that unlike canonical common laboratory methods (such as polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA) and other methods used in biochemistry), optical methods of analysis are non-invasive, fast, simple, have relatively low cost, and allow rapid analysis and results.

Among optical methods, the most common are reflectance spectroscopy in visible spectra and IR region, Raman spectroscopy, hyperspectral imaging, temporally resolved THz spectroscopy, and fluorescence. IR spectroscopy and Raman spectroscopy are most common optical methods for diagnosis of mycoses (Zubler and Yoon, 2020; Zedler et al., 2023; Patel et al., 2023).

However, to develop fundamentally new methods of analysis, diagnosis and prevention of diseases it is necessary to construct a system of a fundamentally new methodology for assessing the risks of plant infection and spread of infectious and parasitic diseases. For potato crops as the most traditional crop for cultivation on private farms, soil and organic matter used as fertilizer can be a base for development and spread of the studied infectious and parasitic diseases.

The issue of pathogen adaptation to climate change (Yanagisawa et al., 2021; Parums, 2024; Yi et al., 2019), disinfectants (Lyashchuk et al., 2022; Naciri et al., 2011; Lyashchuk et al., 2023) and even specially developed ‘resistant’ varieties is extremely acute. In medicine, this issue was raised several decades ago. With the increase in the number of antimicrobial compounds, mankind received a surge in the growth of resistant strains (Zhanel et al., 2019; Zhang et al., 2024; Bhat et al., 2023; Zhou et al., 2025). In this ‘race’, pathogens have an advantage: with a lucky coincidence of circumstances, new generations of resistant bacteria can infect plant material within a few days, and a new antimicrobial drug or resistant strain will be developed and tested in several years.

Moreover, the use of synthetic biology technologies in working with genetic material has expanded the list of pathogenic biological objects, which, in addition to biological risk factors that are integral organisms, prions (protein-like infectious particles) (Casey and Sleator, 2024; Supattapone, 2020), insertion sequences (Is elements) (Shintani et al., 2023; Cheng et al., 2020), DNA transposons (bacterial and eukaryotic), retrotransposons (viral and non-viral), plasmids and other mobile genetic elements (Ahmadi et al., 2020; Kerkvliet et al., 2024). Some researchers point to a correlation between the increase in the number of resistant strains of plant disease pathogens and the rise in electromagnetic pollution levels, including background ultra-high frequency radiation. They hypothesize that electromagnetic exposure may hypothetically influence the physiological processes of microorganisms in a particular way, altering their resistance to adverse environmental factors and phytosanitary measures (Kerkvliet et al., 2024; Leuthner and Meyer, 2021; Xu et al., 2020; Dashti et al., 2022).

Also quite widespread is the theory of chemical stimulated mutations, which finds confirmation in studies of the appearance of resistant strains of microorganisms, as well as the formation of L-forms of bacteria (Xu et al., 2020; Dashti et al., 2022) and viral complexes (Lico et al., 2009; Ksenofontov et al., 2018; Dutta et al., 2024), which lead to long-term carriage and chronic forms of latent infection (most often these are viral complexes XA and XS). As a result, the plant organism is slowly and subtly destroyed under the influence of infectious agents, which may eventually lead to secondary infections and lethal intoxication in case of a sharp weakening of immunity or severe stress caused by drought or nutrient deficiency. Thus, not only the development of resistant varieties, but also regular monitoring, threat analysis and the application of phytoclearance measures against infected plants are necessary. Only an integrated approach to addressing the problem of yield losses and seed infection due to high potato disease incidence can minimize the annual damage to agriculture caused by the emergence and spread of infectious diseases of potato and vegetable crops.



Materials and methods

There are many different mechanisms and routes of infectious and parasitic diseases transmission. The prevalence of a particular contagion route will depend on the etiological, morphological and physiological characteristics of the pathogen. Analyses have shown that three mechanisms and five contagion routes are specific for infectious and parasitic diseases of potato (Figure 1).
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FIGURE 1
 Mechanisms and pathways of biological risk factors of infectious and parasitic diseases of potato and vegetable crops spread.


Brief description of biological risk factors by parameters of mechanisms and pathways of contagion and spread of infectious and parasitic diseases of potato is presented in Supplementary Table S1. To process the results obtained during the study, databases were created in Microsoft Excel.



Results

The methodology for assessing the level of biological risk of the emergence and spread of infectious and parasitic diseases of potatoes based on the parameters of the mechanisms and routes of pathogen transmission includes the following stages:


	1. Analysis of the relationship between the reservoir of infection and the prevalence of certain routes of transmission of pathogens of potato diseases.

	2. Ranking the weight coefficients of the prevalence of a particular route of transmission in the process of pathogen spread.

	3. Assessment and ranking of the level of biological risk based on the parameters of the mechanisms and routes of pathogen transmission.



Let us consider each of them in more detail.


Analysis of the relationship between the reservoir of infection and the prevalence of certain routes of transmission of pathogens of potato diseases

Analyses of the information presented in Supplementary Table S1 revealed some regularities in the relationship between the reservoir of infection and the prevalence of certain routes of contagion of potato pathogens (Figure 2).
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FIGURE 2
 Structure of share distribution of the main infection reservoirs characteristic for potato infectious and parasitic pathogens.


The diagram shows that for the considered pathogens of infectious and parasitic diseases of potato the main reservoirs of infection are planting material (40.4%) and soil (46.1%). It should be noted that soil as a typical habitat is specific for reservoir of infection for 11.5% of pathogens, soil contaminated with fungal spores—for 5.8% of pathogens, and soil with contaminated plant residues—for 28.8% of pathogens. Live vectors, as a reservoir of infection, are characteristic for 7.7% of the pathogens considered, wild and weedy plants—for 5.8% of IPPC pathogens.



Ranking of the weight coefficients of the prevalence of one or another transmission route in the process of spreading pathogens

The analysis revealed that infectious and parasitic diseases of potato can be described by five routes of contagion: biological, contact-wound, contact-coat, inoculative and mechanical.

The weighting coefficients of predominance of one or another route of contagion in the spread of pathogens, corresponding to the frequency of cases of infection by this route, are presented in Table 1.


TABLE 1 Quantitative parameters for assessing mechanisms and pathways of contagion of biological risk factors.


	Mechanisms and routes of contagion
	Parameters
	Kmp, points

 

 	Vertical contagion mechanism


 	Biological 	Contagion of the pathogen occurs through planting material in the form of tubers, rootstocks, seeds. It is direct when the pathogen is transmitted from the mother tuber to the daughter tubers by organ-tissue contagion (from the mother tuber through the stem and stolons to the umbilical part of the growing tuber). Contagion of the pathogen from an infected mother plant to seeds and tubers (there may be cases in which no contagion to other plant organisms occurs). Contagion by grafting is possible. 	5


 	Contact wound 	The pathogen penetrates through damaged areas. Mechanical damage and damage caused by nematodes, aphids and other parasites are essential. Large-scale infestations can occur when the pathogen is spread by rainwater and wind. 	4


 	Contact-coat 	Penetration of the pathogen can occur through various types of cover tissue (including epidermis, lenticels, eyes, etc.) through contact with diseased plants and crop residues, contaminated farm implements, containers, vehicles and other household surfaces. Large-scale infestations may occur when the pathogen is spread by rainwater and wind. 	3


 	Vector-borne contagion (live vectors)


 	Inoculation 	Direct infection of animals and humans by bites of blood-sucking insects, direct ingestion of blood (e.g., blood transfusion), indirect role in further spread. 	2


 	Mechanical 	Live vectors carry the pathogen mechanically on their body parts. 	1




 



Assessment and ranking of the level of biological risk according to the parameters of the mechanisms and routes of transmission of pathogens

The assessment of the level of biological risk based on the parameters of the mechanisms and routes of transmission of pathogens was carried out using the Equation 1:
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Yrp – the level of risk of contagion of the pathogen;

KV – weighting factor;

Kmp – an indicator of the importance of contagion mechanisms and pathways on the rating scale (Table 2).


TABLE 2 Distribution of weighting coefficients in assessing the significance of mechanisms and routes of contagion of biological risk factors.


	Prevalence rate
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X

 

 	Weighting coefficient (Kv), points 	1 	0.9 	0.8 	0.7 	0.6 	0.5 	0.4 	0.3 	0.2 	0.1




 

Results of the calculations were summarized in Tables 3, 4. Based on the values obtained, each pathogen was assigned to one of five groups corresponding to a certain level of biological risk according to the parameters of contagion mechanisms and routes.


TABLE 3 Quantification of the biological risk level by mechanism and route of contagion (aetiological groups).


	No
	Risk factor
	Risk level, Yrp



	Points
	Group

 

 	1 	Clavibacter michiganensis subsp. Sepedonicus (Сms) 	8.6 	HR


 	2 	Representatives of the genus Pectobacterium (P. carotovorum subsp. сarotovorum, P. atrosepticum, P. carotovorum subsp. brasiliensis, P. wasabiae) 	8.6 	HR


 	3 	Representatives of the genus Dickeya (D. solani, D. dianthicola) 	12.4 	VHR


 	4 	Clostridium perfringens 	4 	LR


 	5 	Representatives of the genus Bacillus (B. cereus, B. pumilus (B. mesentericus), B. megaterium, B. subtilis) 	4 	LR


 	6 	Pseudomonas aeruginosa 	4 	LR


 	7 	Ralstonia solanacearium 	12.4 	VHR


 	8 	Candidatus Liberibacter solanacearium (Lso) 	6.5 	MR


 	9 	Potato phytoplasma, Solanaceae phytoplasma (PhLO), aster jaundice phytoplasma (16SrI) 	2 	LR


 	10 	Potato witches’ broom phytoplasma 	6.5 	MR


 	11 	Potato round-leaf phytoplasma 	6.5 	MR


 	12 	Phytoplasmas causing purple curling of the apex 	6.5 	MR


 	13 	Globodera rostochiensis, Globodera pallida 	10.7 	VHR


 	14 	Ditylenchus destructor Thorne 	11 	VHR


 	15 	Meloidogyne hapla Chitwood 	11 	VHR


 	16 	Potato leafroll virus (PLRV) 	6.5 	MR


 	17 	Potato streak virus, strains: Yo, Yn, Yc, Yntn, Ynw, Yz, Yze 	6.5 	MR


 	18 	Potato X virus (Potato latent virus/Potato latent leaf spot virus) 	8.5 	HR


 	19 	Potato S virus (SX virus complex) 	8.5 	HR


 	20 	Potato A virus (AX virus complex) 	8.6 	HR


 	21 	Potato M virus, Potato K virus (viruses complexes: MX, KX, MS, KS) 	8.6 	HR


 	22 	Potato F virus (Potato aucuba mosaic virus) 	8.6 	HR


 	23 	Potato-pseudoaucuba/Alfalfa mosaic virus (AMV) 	8.6 	HR


 	24 	Potato R virus (Rattle virus) 	8.7 	HR


 	25 	Potato mop-top virus (PMTV) 	4 	LR


 	26 	Potato tuber windiness viroid (PTWV) 	8.6 	HR


 	27 	Fungi of the genus Alternaria (A. solani, A. alternata, A. infectoria, A. tenuissima) 	10.6 	VHR


 	28 	Colletotrichum atramentarium 	10.6 	VHR


 	29 	Fungi of the genus Verticillium (V. albo-atrum and V. dahliae) 	10.6 	VHR


 	30 	Oospora pustulans 	10.6 	VHR


 	31 	Streptomyces scabies 	10.6 	VHR


 	32 	Spongospora subterranea 	10.6 	VHR


 	33 	Helminthosporium solani 	10.9 	VHR


 	34 	Synchytrium endobioticum 	10.6 	VHR


 	35 	Hypochnus solani 	10.6 	VHR


 	36 	Endomyces geotrichum (Geotrichum candidum) 	10.6 	VHR


 	37 	Phytophthora infestans 	10.6 	VHR


 	38 	Phoma exiqua (Ophiobolus porphyrogonus) 	10.6 	VHR


 	39 	Fusarium spp. (F. sambucinum, F. solani, F. avenaceum, F. oxysporum) 	10.6 	VHR


 	40 	Pythium ultimum 	8.5 	HR


 	41 	Ascochyta lycopersici Brunaud of the order Picnidiales (Didymella lycopersici) 	10.6 	VHR


 	42 	Whetzelinia sclerotiorum 	10.6 	VHR


 	43 	Erysiphe cichoracearum 	6.6 	MR


 	44 	Botrytis cinerea (Botryotinia fuckeliana) 	6.6 	MR


 	45 	Passalora concors 	6.6 	MR


 	46 	Thecaphora solani 	8.5 	HR




 


TABLE 4 Quantification of biological risk level by mechanism and route of contagion (risk groups).


	No
	Risk factor
	Risk level, Yrp



	Points
	Group

 

 	1 	Potato phytoplasma, Solanaceae phytoplasma (PhLO), aster jaundice phytoplasma (16SrI) 	2 	LR


 	2 	Clostridium perfringens 	4 	LR


 	3 	Representatives of the genus Bacillus (B. cereus, B. pumilus (B. mesentericus), B. megaterium, B. subtilis) 	4 	LR


 	4 	Pseudomonas aeruginosa 	4 	LR


 	5 	Potato mop-top virus (PMTV) 	4 	LR


 	6 	Candidatus Liberibacter solanacearium (Lso) 	6.5 	MR


 	7 	Potato witches’ broom phytoplasma 	6.5 	MR


 	8 	Potato round-leaf phytoplasma 	6.5 	MR


 	9 	Phytoplasmas causing purple curling of the apex 	6.5 	MR


 	10 	Potato leafroll virus (PLRV) 	6.5 	MR


 	11 	Potato streak virus, strains: Yo, Yn, Yc, Yntn, Ynw, Yz, Yze 	6.5 	MR


 	12 	Erysiphe cichoracearum 	6.6 	MR


 	13 	Botrytis cinerea (Botryotinia fuckeliana) 	6.6 	MR


 	14 	Passalora concors 	6.6 	MR


 	15 	Potato X virus (Potato latent virus/Potato latent leaf spot virus) 	8.5 	HR


 	16 	Potato S virus (SX virus complex) 	8.5 	HR


 	17 	Pythium ultimum 	8.5 	HR


 	18 	Thecaphora solani 	8.5 	HR


 	19 	Clavibacter michiganensis subsp. Sepedonicus (Cms) 	8.6 	HR


 	20 	Representatives of the genus Pectobacterium (P. carotovorum subsp. sarotovorum, P. atrosepticum, P. carotovorum subsp. brasiliensis, P. wasabiae) 	8.6 	HR


 	21 	Potato tuber windiness viroid (PTWV) 	8.6 	HR


 	22 	Potato A virus (AX virus complex) 	8.6 	HR


 	23 	Potato M virus, Potato K virus (viruses complexes: MX, KX, MS, KS) 	8.6 	HR


 	24 	Potato F virus (Potato aucuba mosaic virus) 	8.6 	HR


 	25 	Potato-pseudoaucuba/Alfalfa mosaic virus (AMV) 	8.6 	HR


 	26 	Potato R virus (Rattle virus) 	8.7 	HR


 	27 	Fungi of the genus Alternaria (A. solani, A. alternata, A. infectoria, A. tenuissima) 	10.6 	VHR


 	28 	Colletotrichum atramentarium 	10.6 	VHR


 	29 	Fungi of the genus Verticillium (V. albo-atrum и V. dahliae) 	10.6 	VHR


 	30 	Oospora pustulans 	10.6 	VHR


 	31 	Streptomyces scabies 	10.6 	VHR


 	32 	Spongospora subterranea 	10.6 	VHR


 	33 	Synchytrium endobioticum 	10.6 	VHR


 	34 	Hypochnus solani 	10.6 	VHR


 	35 	Endomyces geotrichum (Geotrichum candidum) 	10.6 	VHR


 	36 	Phytophthora infestans 	10.6 	VHR


 	37 	Phoma exiqua (Ophiobolus porphyrogonus) 	10.6 	VHR


 	38 	Fusarium spp. (F. sambucinum, F. solani, F. avenaceum, F. oxysporum) 	10.6 	VHR


 	39 	Ascochyta lycopersici Brunaud of the order Picnidiales (Didymella lycopersici) 	10.6 	VHR


 	40 	Whetzelinia sclerotiorum 	10.6 	VHR


 	41 	Globodera rostochiensis, Globodera pallida 	10.7 	VHR


 	42 	Helminthosporium solani 	10.9 	VHR


 	43 	Ditylenchus destructor Thorne 	11 	VHR


 	44 	Meloidogyne hapla Chitwood 	11 	VHR


 	45 	Representatives of the genus Dickeya (D. solani, D. dianthicola) 	12.4 	VHR


 	46 	Ralstonia solanacearium (RS) 	12.4 	VHR




 

These were characterized according to the following scale:


	1. Up to 2 points—very low risk (VLR);

	2. Between 2 and 4 points—low risk (LR);

	3. Between 5 and 7 points—medium risk (MR);

	4. Between 8 and 10 points—high risk (HR);

	5. Above 10 points—very high risk (VHR).



A quantitative assessment of the level of biological risk according to the parameters of contagion mechanisms and routes is presented below.

On the basis of the obtained data, graphical dependencies of biological risk level distribution by parameters of contagion mechanisms and pathways for pathogens of different etiologies were plotted in Figures 345–7.

[image: Radar chart displaying Yr values for various pathogens affecting potatoes, including Clavibacter michiganensis, Pectobacterium, Dickeya, and others. The blue line connects data points, with values ranging from 0 to 14.]

FIGURE 3
 Distribution of biological risk level by mechanism and pathway of contagion for bacterial pathogens.


[image: A triangular graph with three labeled vertices: Meloidogyne hapla Chitwood, Globodera rostochiensis and Globodera pallida, and Ditylenchus destructor Thorne. An orange line connects these points, marked as "Yrp, points." Concentric triangles display scale from ten point five to eleven.]

FIGURE 4
 Distribution of biological risk level by contagion mechanisms and pathways for helminthic pathogens.


[image: Radar chart illustrating different potato viruses, highlighting data points for each. The chart includes Potato leafroll virus, Potato tuber windiness viroid, Potato mop-top virus, and others, with values ranging from zero to nine. A purple line connects the data points, labeled as "Yrp, points".]

FIGURE 5
 Distribution of biological risk level by mechanism and pathway of contagion for viral pathogens.


[image: Radar chart displaying the Yrp points for various fungi affecting plants, including species such as Alternaria, Colletotrichum atramentarium, and Fusarium. Points range from zero to twelve, with each fungus labeled around the chart's perimeter. The chart illustrates the comparative impact of each fungus.]

FIGURE 6
 Distribution of biological risk level by mechanism and pathway of contagion for mycotic pathogens.


[image: Chart displaying the risk levels of various pathogens affecting potatoes. The top nine pathogens, including Passalora concors and Botrytis cinerea, show an average risk level of 6.5 to 6.6 points in blue. Lower-risk pathogens, such as Pseudomonas aeruginosa and Clostridium perfringens, are marked in green, scoring 4 points, with one pathogen scoring 2 points.]

FIGURE 7
 Low and medium level of biological risk of spread of infectious and parasitic diseases of potato by parameters of contagion mechanisms and pathways.


Analysis of the data shows that low (33.3%) and medium (33.3%) risk levels are characteristic of IPPC pathogens of bacterial etiology in terms of contagion mechanisms and routes, while high (16.7%) and very high (16.7%) risk levels are much less common.

At the same time, the average risk level is mainly found in phytoplasmas, high and very high—in species-specific phytopathogens causing various types of rots, including potato brown rot pathogen (Ralstonia solanacearium, low-temperature strain R2b3 is widespread in our country), which is a quarantine object. The average score for the group is 6.8, which corresponds to an average risk level.

The most specific feature of all the helminthic pathogens is very high risk level (group mean score 10.9). Members of the solanaceae family are parasitized by a variety of helminths, most commonly nematodes. Due to violations of storage and planting standards development of phytohelminthic diseases may happen, such as: globoderosis (causative agents: Globodera rostochiensis and Globodera pallida, TRL = 10.7), ditylenchosis, which is quarantined in some countries (causative agent: Ditylenchus destructor Thorne, TRL = 11) and meilodoginosis (causative agent: Meloidogyne hapla Chitwood, TRL = 11).

Analysis of the data shows that the high-risk level (72.7%) is characteristic of viral pathogens in terms of contagion mechanisms and routes. For 18.2% of viral EPIC pathogens, medium risk level is specific, and only 9.1% are characterized by a low biological risk level. The average score for the group is 7.8, which corresponds to a high risk level.

It should be noted that viral complexes have the greatest plasticity in terms of pathogen contagion, which in most cases is due to the latency of manifestation of clinical signs of the disease. For most of the considered pathogens of viral etiology, the reservoir of infection is planting material (63.6%), as latent viral forms are practically not detected in tubers neither at the harvesting nor at the storage stage. Viral agents become active after potato planting and germination, reducing productivity and adversely affecting yields.

Live vectors (27.3%) are also an important reservoir for contagion of IPPC pathogens of viral etiology: peach aphids (Myzus persicae for L-virus and potato Y-virus) and nematodes Paratrichodorus minor, P. pachydernus, Tr. pachydernus, Trichodorus similis, within which R-virus virions (Rattle virus/Tobacco rattle virus/Tobacco variegation virus/Tuber necrosis virus) remain virophoric for up to 5 years.

It is noteworthy that for Potato mop-top virus (PMTV), the reservoir of infection is soil infected with zoospores of powdery mildew (Spongospora subterranea) carrying PMTV virions. The spores can persist in the soil for up to 18 years, waiting for favorable germination conditions. Thus, potato is infected with a complex infection (virus + fungus).

Data analysis shows that according to the parameters of contagion mechanisms and pathways, 75% of mycotic pathogens are characterized by a very high risk level, 10% by a high risk level and 15% by a medium biorisk level. The average score for the group is 9.8, which corresponds to a high risk level, almost threshold with very high.

It should be noted that fungi are the most widespread group of potato pathogens.

The most significant among them are:


	• Alternaria spp. (Yrp = 10.6) causing early blight (may cause allergies if ingested);

	• Oospora pustulans (Yrp = 10.6) causing potato cancer (quarantine facility);

	• Endomyces geotrichum (Yrp = 10.6) causing “rubber rot” of potatoes;

	• Phytophthora infestans (Yrp = 10.6), which causes phytophthorosis (the disease has a high rate of development);

	• Phoma exiqua (Yrp = 10.6) causing phomosis (the disease can become epiphytotic with serious consequences and high yield losses);

	• Fusarium spp. (Yrp = 10.6) causing fusariosis (the disease has a high rate of development and can take a latent form when the tubers are affected, which negatively affects the quality of planting material and is a threat to future yield loss).



Data analysis shows that low level of risk of occurrence and spread of infectious and parasitic diseases of potato according to the parameters of contagion mechanisms and pathways is specific for 10.9% of considered pathogens of infectious and parasitic diseases of potato, medium level of risk is specific for 19.6%, high level is specific for 26.1%, very high level of risk is specific for 43.5% of considered pathogens of IPPC.

Based on the obtained data, graphs that describe levels of biological risk of emergence and spread of infectious and parasitic diseases of potato by parameters of contagion mechanisms and pathways were made (Figures 7, 8).

[image: Bar chart displaying risk levels for various pathogens affecting potatoes. Very high risk levels, in pink, range from 10.6 to 12.4 points for genera like Dickeya and Verticillium. High risk levels, in blue, range from 8.5 to 8.7 points for viruses such as Potato X virus and Pythium ultimum. Legend indicates pink for very high risk and blue for high risk.]

FIGURE 8
 High and very high level of biological risk of emergence and spread of infectious and parasitic diseases of potato according to the parameters of contagion mechanisms and pathways.


The analysis of the graphs shows that there are some regularities between the risk of IPPC emergence and spread and the taxonomic affiliation of the pathogens. Therefore, structural diagrams characterizing the proportion of pathogens of each etiology were constructed for groups with low, medium, high and very high risk levels (Figures 9–12).

[image: Pie chart depicting etiology distribution. Bacterial etiology represents eighty percent and is shown in blue, while viral etiology accounts for twenty percent and is shown in purple.]

FIGURE 9
 Etiologic structure of potato infectious and parasitic pathogens for the low-risk group.


[image: A 3D pie chart depicting the etiology of IPPC. The chart is divided into three sections: blue for mycotic bacterial etiology at 44.5%, green for mycotic etiology at 33.3%, and purple for mycotic viral etiology at 22.2%.]

FIGURE 10
 Etiological structure of potato infectious and parasitic pathogens for the group with medium risk level.


[image: Pie chart illustrating the distribution of pathogens of IPPC etiology. Viral pathogens are 66.6% (blue), mycotic pathogens 16.7% (green), and bacterial pathogens 16.7% (purple).]

FIGURE 11
 Etiological structure of potato infectious and parasitic pathogens for the high-risk group.


[image: Pie chart showing the etiology of IPPC. Pathogens of mycotic etiology represent 75% in green. Pathogens of helminthic etiology account for 15% in yellow. Pathogens of bacterial etiology make up 10% in blue.]

FIGURE 12
 Etiological structure of potato infectious and parasitic pathogens for the very high risk group.


Data analysis shows that in the low-risk group 80% of potato infectious and parasitic diseases have bacterial etiology and only 20% have viral etiology. There were no pathogens of infectious and parasitic potato diseases of helminthic and mycotic etiology in this group. The average score of the low-risk group is 3.6.

Data analysis shows that in the group with medium risk level, 44.5% of potato infectious and parasitic diseases have bacterial etiology, 33.3%—mycotic etiology, 22.2%—viral etiology. There are no pathogens of infectious and parasitic potato diseases of helminthic etiology in this group. The average score for the group with medium risk level is 6.5.

The data analysis shows that in the group with high risk level the pathogens of 66.6% of infectious and parasitic potato diseases have viral etiology, 16.7%—mycotic etiology, 16.7%—bacterial etiology.

There are no pathogens of infectious and parasitic potato diseases of helminthic etiology in this group. The average score of the high-risk group is 8.6.

Data analysis shows that in the group with a very high risk level, 75% of potato infectious and parasitic diseases have mycotic etiology, 15%—helminthic, 10%—bacterial. There are no pathogens of infectious and parasitic potato diseases of viral etiology in this group. The average score of the very high risk group is 10.8.

To assess the relationship between the spread of potato diseases and the biological risk of pathogen dissemination based on the parameters of transmission mechanisms and pathways, statistical data from the Rosselkhozcenter on the areas affected by potato diseases characteristic of Russia for the period from 2020 to 2024 were analyzed.

The dynamics of potato crop infection by the main causative agents of infectious and parasitic diseases are presented in Table 5.


TABLE 5 Dynamics of potato crop infection by the main causative agents of infectious and parasitic diseases.


	Risk factor
	Risk level, Yrp
	Area of crops affected by the disease pathogen, thousand hectares



	Points
	Group
	2020
	2021
	2022
	2023
	2024
	Average annual value for the period 2020–2024

 

 	Potato leafroll virus (PLRV), Potato streak virus (strains: Yo, Yn, Yc, Yntn, Ynw, Yz, Yze) 	6.5 	MR 	5.83 	5.20 	1.87 	2.08 	1.57 	3.31


 	Representatives of the genus Pectobacterium 	8.6 	HR 	8.44 	8.81 	5.72 	3.97 	5.01 	6.39


 	Potato X virus, Potato S virus (SX virus complex), Potato A virus (AX virus complex), Potato M virus, Potato K virus (viruses complexes: MX, KX, MS, KS) 	8.6 	HR 	8.52 	7.41 	8.48 	5.47 	6.78 	7.33


 	Hypochnus solani 	10.6 	VHR 	44.52 	50.26 	55.67 	33.79 	29.69 	42.79


 	Fungi of the genus Alternaria 	10.6 	VHR 	45.94 	46.61 	41.09 	47.24 	44.31 	45.04


 	Phytophthora infestans 	10.6 	VHR 	57.74 	56.61 	57.34 	51.59 	45.08 	53.67




 

Using the available statistical data and the results of the point-rating assessment characterizing the level of biological risk according to the parameters of the mechanisms and routes of transmission, a diagram of the relationship between the level of biological risk according to the parameters of the mechanisms and routes of transmission of pathogens and the average annual area of damage to plantings by the main pathogens of infectious and parasitic diseases of potatoes was constructed, presented in Figure 13.

[image: Bar and line graph showing average annual value of contaminated areas and points for various pathogens affecting potatoes, including viruses and fungi like Hypochnus solani and Phytophthora infestans. Bar heights vary, with the highest contamination value at 53.67 hectares and a maximum points value of 10.6.]

FIGURE 13
 Analysis of the correlation between the level of biological risk according to the parameters of the mechanisms and routes of transmission of pathogens and the average annual area of damage to crops by the main pathogens of infectious and parasitic diseases of potatoes.


The analysis of Table 5 and Figure 13 shows that among the pathogens of infectious and parasitic diseases of potatoes registered in the Russian Federation over the past five years, the most widespread was the pathogen of late blight—Phytophthora infestans (over a five-year period, the average annual value of the affected area of plantings is 53.67 hectares), in second place are the pathogens of alternariosis—fungi of the genus Alternaria (over a five-year period, the average annual value of the affected area of plantings is 45.04 hectares), and third place is occupied by the pathogens of rhizoctonia—Hypochnus solani (over a five-year period, the average annual value of the affected area of plantings is 42.79 hectares).

All the above-described pathogens have mycotic etiology and belong to a group with a very high risk level (VHR—10.6) according to the parameters of the mechanisms and routes of transmission of infectious and parasitic diseases of potatoes.

The group with a high risk level (HR—8.6) is represented by viruses and viral complexes that cause the appearance of “mosaic” and leaf curling: Potato X virus, Potato S virus (SX virus complex), Potato A virus (AX virus complex), Potato M virus, Potato K virus (viruses complexes: MX, KX, MS, KS), as well as pathogens that cause the appearance of necrosis of vascular tissues of the plant—“black leg” (representatives of the genus Pectobacterium). The average annual values of the planting areas affected by pathogens of this group are comparable, amounting to 7.33 hectares for pathogens of viral etiology and 6.39 hectares for pathogens of bacterial etiology (P. carotovorum subsp. сarotovorum, P. atrosepticum, P. carotovorum subsp. brasiliensis, P. wasabiae).

The group with an average risk level (MR—6.5) closes the rating, represented by pathogens of viral etiology causing leaf curling—Potato leafroll virus (PLRV) and leaf mottling—Potato streak virus (strains: Yo, Yn, Yc, Yntn, Ynw, Yz, Yze). Over a five-year period, the average annual value of the affected area of plantings affected by these pathogens is 3.31 hectares.

The analysis of the correlation dependence between the level of biological risk for the parameters of the mechanisms and routes of transmission of pathogens and the average annual area of damage to crops by the main pathogens of infectious and parasitic diseases of potatoes shows that the point values of risk levels reflect the dynamics of the average annual damage to crops by pathogens of infectious and parasitic diseases of potatoes from the point of view of their ranking by risk groups.




Discussion

Various optical methods are widely used in agriculture. Unlike canonical conventional laboratory methods such as PCR, ELISA, etc., optical methods of analysis are non-invasive, fast, simple, relatively low cost, and allow rapid analysis and results. Among optical methods, the most common are reflectance spectroscopy in the visible and IR region, Raman spectroscopy, hyperspectral imaging, temporally resolved THz spectroscopy and fluorescence. IR spectroscopy and Raman spectroscopy (Onozuka et al., 2021; Zubler and Yoon, 2020; Zedler et al., 2023; Patel et al., 2023; Yanagisawa et al., 2021) are examples of the application of optical techniques to diagnose fungal infestation.

In Ferentinos (2018), Kumar et al. (2021), and Kumar et al. (2023), differences in the optical characteristics of pathogenic and nonpathogenic fungal species and strains were investigated using fluorescence and Raman spectroscopy. Differences in the fluorescence spectra of some pathogenic and non-pathogenic fungal species were determined using excitation-emission matrices and principal component method. It was found that there are two zones in the excitation-emission matrix showing maximum differences in fluorescence of pathogenic and non-pathogenic fungi.

However, the above presented studies do not allow to determine and establish the nature of the occurrence of infestations, as well as to perform an assessment of the spread of diseases among plants, which together with the developed methodology of infection spread will allow to provide forecasting of the spread of infection and to develop preventive measures to eliminate its spread.

The occurrence and spread of potato diseases caused by viruses, viroids and virus complexes have been investigated in the works of such Russian and foreign scientists as: Ksenofontov et al. (2018), Dutta et al. (2024), Visser et al. (2024), and Karasev and Gray (2013), etc.

Peculiarities of pathogenic effect on potato of pathogens of bacterial etiology (Clavibacter michiganensis subsp. Sepedonicus (Cms), Ralstonia solanacearium (RS), Candidatus Liberibacter solanacearium (Lso), representatives of the genera: Pectobacterium, Dickeya, Bacillus, Pseudomonas and phytoplasmas of Mollicutes class) were considered in the works of such scientists as: Chen et al. (2022), Rivera-Zuluaga et al. (2023), Wang et al. (2022), Citti et al. (2018), and Waleron et al. (2019), etc.

The dynamics of potato diseases caused by golden, pale and stem nematodes have been studied and described in Wainer and Dinh (2021), Wainer and Dinh (2021), and Yu et al. (2012), etc.

The peculiarities of pathogenic effect on potato of pathogens of mycotic etiology (Colletotrichum atramentarium, Oospora pustulans, Streptomyces scabies, Spongospora subterranea, Helminthosporium solani, Synchytrium endobioticum, Phoma exiqua, Fusarium spp., Pythium ultimum, Ascochyta lycopersici Brunaud, fungi of genera Alternaria, Verticillium, etc.) were considered in the works of such scientists as: Goodell et al. (1982), Przetakiewicz (2015), Deb et al. (2020), Woudenberg et al. (2013), Woudenberg et al. (2015), Schmey et al. (2024), and Johnson and Dung (2010).

Available data from research results show the diversity of approaches and depth of study of potato disease problems. The proposed methodology covers the features of 46 potato pathogens of viral (Ksenofontov et al., 2018; Dutta et al., 2024; Visser et al., 2024; Karasev and Gray, 2013; Dissanayaka Mudiyanselage et al., 2018), bacterial (Chen et al., 2022; Rivera-Zuluaga et al., 2023; Wang et al., 2022; Citti et al., 2018; Waleron et al., 2019), helminthic (Wainer and Dinh, 2021; Yu et al., 2012; Pan et al., 2022) and mycotic etiologies (Goodell et al., 1982; Przetakiewicz, 2015; Deb et al., 2020; Woudenberg et al., 2013; Woudenberg et al., 2015).

Modeling of plant disease detection systems using artificial intelligence has been studied by researchers such as Abbas et al. (2024), Rathor et al. (2024), and Núñez-Muñoz et al. (2025).

As a result, the combination of modern approaches in the field of potato plant disease detection and the proposed methodology will make it possible to develop a comprehensive system for monitoring and forecasting the spread of infections, which will make it possible to take timely and effective measures to protect the crop. The use of optical methods in combination with the analysis of data on pathogens will increase the accuracy of diagnosis and efficiency of prevention, contributing to sustainable agricultural development.



Conclusion

According to the results of analysis and assessment of the level of biological risk of occurrence and spread of infectious and parasitic diseases of potato according to the parameters of contagion mechanisms and pathways, the following conclusions can be drawn:


	1. High (26.1%) and very high (43.5%) level of risk of occurrence and spread of infectious and parasitic diseases of potato according to the parameters of contagion mechanisms and pathways are specific for the majority of the considered pathogens.

	2. According to the parameters of contagion mechanisms and pathways, the considered pathogens of infectious and parasitic potato diseases of bacterial etiology are characterized by low (33.3%) and medium (33.3%) risk level, viral etiology—high risk level (72.7%), mycosis etiology—very high risk level (75%), helminth etiology—very high risk level (100%).

	3. The etiological groups of pathogens according to the parameters of contagion mechanisms and pathways revealed regularities with respect to grouping by risk levels.



In the group with low risk level the majority of pathogens of infectious and parasitic diseases of potato have bacterial etiology (80%), for average risk level the most typical pathogens are bacterial (44.5%) and mycosis etiology (33.3%), in the group with high risk level the majority of pathogens have viral etiology (66.6%), in the group with very high risk level the majority of pathogens have mycosis etiology (75%).



	1. High and very high risk levels are most specific of species-specific bacterial phytopathogens causing various types of rots, phytohelminthic diseases, viral complexes and mycoses. It should be noted that virus complexes and fungi have the greatest plasticity in terms of pathogen contagion, fungi being the most common group of potato pathogens.



Plasticity of contagion of viral complexes in most cases is due to the latency of manifestation of clinical signs of the disease. The reservoir of infection is planting material, as latent viral forms are practically not detected in tubers neither at the stage of harvesting nor at the storage stage. Viral agents become active after potato planting and germination, reducing productivity and adversely affecting yields.

The plasticity of fungal contagion is due not only to the high probability of latent disease, but also to the high rate of disease spread due to the possibility of spore formation. Spores are spread over long distances by wind and rainwater, which causes unpredictability of spread and infestation of plants in the field and leads to poor detectability of pathogens during storage of planting material.

Latent forms of tuber contamination by viruses and fungal spores require close attention, as infected planting material has lower quality and is a threat to future yield losses.

Thus, the methodology proposed by our research team will enhance the possibilities for monitoring, threat analysis and application of measures for treatment of potato plants and separation of healed plants from infected ones.
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