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Abstract 

Worldwide agriculture productivity and the economy are negatively impacted by plant diseases carried on by several 
microorganisms that are either present in the soil, seeds, or propagative planting materials, or that are conveyed by the 
air or water. This review provides a wealth of information about the importance and frequency of different types of 
seed-borne mycoflora such as Fusarium spp., Alternaria spp., Rhizopus spp., Aspergillus spp., Penicillium spp., 
Colletotrichum spp. which is specifically linked to tomato seeds. These mycoflora cause devastating tomato diseases 
such as grey mold, fruit and root rots, Fusarium wilt, early blight, and foot rots, and evaluate a variety of contemporary 
and traditional methods that are used to identify seed-borne fungi and to implement various control measures, such as 
chemical and biological approaches that scientists have chosen. Many variables, such as the presence of vulnerable 
plants, ideal environmental circumstances, and overhead watering, pose significant barriers to the spread of plant 
diseases. In these circumstances, an efficient disease management strategy consists of monitoring plant health and 
detecting diseases, especially by screening infested seed lots before planting with the use of seed detection assays. 
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1. Introduction

Considering that the main causes of losses in agriculture are fungal diseases, which are exacerbated when they occur in 
seeds, it was decided to carry out this review to expose the most important fungi that cause diseases in tomato seeds 
and to communicate the information that can publicize and help fight these diseases (Różewicz et al., 2021). Tomato is 
a very important horticultural crop because of its economic and nutritional value; it is the basis of the diet in many 
countries. In various parts of the world, there are serious diseases and pests affecting tomatoes, where tomato seeds 
and seedlings are infected by various factors such as bacteria, fungi, and viruses. Fungi causing diseases in tomatoes 
lead to significant seed damage, mostly reported to attack fruit, but they can also damage seeds during production 
(Pandey et al., 2022). Farmers in many countries do not recognize most of the pathogenic fungi in tomato seeds and 
seedlings, which can cause substantial damage (Gyasi et al., 2020; Opoku et al., 2021). Understanding how fungal 
pathogens affect tomato production is critical to developing effective disease management strategies. Seeds from 
disease-free fields of production do not harbor fungus or diseases if properly treated and do not come into touch with 
external fungal contamination. However, they can be contaminated during seed production, harvesting, processing, 
shipment, and storage (Barriga & Fiala, 2020). Infection of tomatoes with fungi can be latent, and infected seeds can be 
derived from healthy plants. It is important to mention that seeds are the main source of infection for many important 
agronomic and horticultural crops, some of which can cause severe damage early (Johnston-Monje et al., 2021; Jones, 
2021). 
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2. Importance of Tomato Seeds in Agriculture 

One of the most significant vegetable crops in the world, tomatoes contribute significantly to human nutrition, support 
a multimillion dollar business, and are essential to the global food security plan. Due to their tremendous biological 
value, high-quality tomato seeds play a critical role in modern agriculture by dispensing high regular yields and pest- 
and disease-resistant healthy plants. People in developing countries normally have a small plot and are completely 
dependent on tomato seeds for vegetable growing or for subsistence agriculture. Consequently, poor quality tomato 
seeds extinguish such a major livelihood activity. Moreover, despite their evolutionary significance, tomatoes produce 
fertile seeds, grandchildren, or furtherance of crop plants, transferring the diversity that farmers, breeders, and 
conservators have created or released over space and time (Kumar et al., 2020; Rivarez et al., 2021). This signifies the 
camaraderie and connection of tomato seeds with people’s biological existence. Therefore, smallholder tomato farmers 
have always relied on safe and good quality seeds for growing crops and their consequences on the sustenance of other 
farming activities. In recent times, large-scale degraded tomato seed is thought to curtail the genetic speed of evolution 
caused by several variant stresses. In these situations, after the seeds bear suitable adaptive qualities, such as resistance 
to a particular pest and high yield, they might be able to be borrowed to propagate plants that deserve to be conserved. 
Tomato seed selection must therefore be conducive under many conditions since climate adaptation is crucial in coping 
with adverse weather conditions. Several disappointments of tomato seeds, such as fungal or bacterial seed-borne 
ailments, abstract the ability of a plant to create superlative yield or triumph over stress. The advantages of using seeds 
that are either resistant or tolerant to critical seed-borne diseases or can help preserve substantial agricultural income 
are plentiful. High-quality tomato seeds are of significant economic importance (Pérez-Pizá et al., 2023; Gilardi et al., 
2024). 

3. Fungal Diseases in Tomato Seeds 

Since many fungi are common, can cause serious plant diseases, and can spread vertically, there has been a growing 
interest in the presence of fungi in tomato seeds. Fungi carried by seeds can infect an entire plant, causing significant 
financial losses and decreasing final product quality. When fungi that spread via seeds are classified as main or 
secondary fruit illnesses, rejection, and chemical defense increase these losses (Sinno et al., 2020; Ma et al., 2023). 

The strategy of curatively treating plants is insufficient to avoid the success of these pathogens since some of them can 
cause latent or invisible infections persisting in seeds and infecting asymptomatic plants that generally do not show 
strong symptoms. A similar situation occurs in the field with infected plants, acting as sources of dissemination and 
transmission of the pathogen to other plants. Therefore, diseases caused by seed-borne fungi are difficult to manage 
once established. Certain abiotic and biotic factors influence the onset and progression of various fungal infections in 
susceptible plants Climate and environmental factors are important abiotic factors that influence the frequency and 
severity of many fungal diseases. These impacts can be, among other things, limiting, inductive, or resistant. Temporal 
impacts are particularly significant since a seed-borne pathogen's ability to cause disease may be directly correlated 
with the season in which it is sown (Goko et al., 2021; Dell'Olmo et al., 2023). 

3.1. Seed-borne Fungal Pathogens 

Fungi cause tomato seed decay and seedling wilt worldwide. In the environment, pathogen inoculum is provided 
through nematodes, soil, and plant debris survival or seed-borne infections beforehand. Once the pathogen colonizes 
the seeds, it overwinters in the seed coat and embryos. If stored under certain conditions, the pathogen can survive up 
to 2 years inside the seeds (Hassan, 2020). The most important seed-borne fungal pathogens of tomato are diverse, 
some of which are described or proposed in seminal or basic references of tomato diseases. This section emphasizes 
only some seed-borne fungi and illustrates an example from each of them for a better understanding of the role of seed 
transmission by these pathogens during and after seed production procedures and the possible risks posed by viable 
infested seeds (Kumar et al., 2020). Seeds are the agents of gene transmission for the following crop season. They also 
link crops of the same or different growth cycles in terms of time, crop type, or place as they are used either as the 
starting material for sowing or as the final commercial product. They are also involved in marketing and seedling 
production, which increases the population of seed-borne and soil-borne pathogens in the purchased lots of seeds. 
Pathogens transmitted by seeds, particularly those causing systemic infection, acquire reproductive and survival 
advantages over populations transmitted in other ways. In addition, the use of resistant varieties, seed dressings, and 
the sowing of certified seeds can reduce their incidence (Samreen et al., 2021; Wu et al., 2022). Some are transmitted 
from parent to offspring via embryo, and some from seed parts to seedlings by kernels. The most common seed 
pathogens are fungi, oomycetes, bacteria, and viruses that cause plant disease. These groups are also transmitted to 
varying degrees by soil and external seed infections entering the endosperm, the cellular space between the outer 
surface of the embryo and endosperm, or the embryo by remaining dormant inside the seeds. Fungi isolated either 
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inside the seeds or on the surfaces of the seed are classified as internal, external, latent, and endophytic based on their 
specific positions on the seeds (Fones et al., 2020; Pandit et al., 2022). 

3.2. Symptoms and Effects on Tomato Plants 

If infection is established on seeds, the first visible symptoms of tomato plants can be a loss of vigor, a deleterious effect 
on root growth and top stability, premature wilting, and death of seedlings, which profoundly affect the vitality and field 
establishment of all commercial plants. In older plants, the most common phenomenon of fungal infection is chlorotic 
yellowing, browning on the edges and interveinal spaces (necrosis) of cotyledons, primary, and subsequent leaves, and 
spotting and wilting of stems, flowers, and fruits. In each case, symptoms can range from slight to severe, depending on 
the time of infection, the virulence of the pathogen, and prevailing environmental conditions. Moreover, symptoms can 
first appear on one part of a tomato plant and quickly spread to the entire plant, as reflected in variable amounts of dry 
necrosis linked in part to a massive fungal power of resistance to plant defenses, to the phytosanitary treatment used, 
and to the hydro mineral status of the plant tissue. If infection takes place after the seedling stage, the vigor and 
development of tomato plants can be strongly suppressed. In the flowering stage and the ability of plants to bear fruits, 
tissues around the base of the stem can be abruptly sunken, become brown, and might swell or rot, thus reducing the 
versatility of fruits and/or the technical characteristics and organoleptic quality requested by the agri-food market. 
Another learning point is represented by the first signs and spread of the fungus on germinated seeds, which causes 
serious problems in the substantial loss of two-year-old seeds. An extensive brownish-black seed coat results together 
with a significant decline in germination percentage (Klimek-Kopyra et al., 2020; Abbas et al., 2022). Moreover, tomato 
seeds, which are perceptibly infested, show a high incidence of damping off of seedlings once grown in cubicles. 
Detecting who, how, and when fungi attack, with environmental, plant vitality, and phonological parameters, is a precise 
starting advantage for preserving the vitality of lots and effectively controlling seed-borne diseases. The health aspects 
of seeds are also important to prevent the transmission of diseases to field crops (Hlokwe et al., 2020; Walid et al.. 2022). 

4. Common Fungal Pathogens Affecting Tomato Seeds 

A wide variety of fungal pathogens are described, but the common among them are Fusarium spp., Alternaria spp., 
Rhizopus spp., Aspergillus spp., Penicillium spp. Rhizoctonia spp. Moreover, different species of Colletotrichum were also 
reported causing significant quality and quantity losses in tomato seeds. In the present section, a consolidated picture 
of such common fungal pathogens of tomato seeds has been presented (Alsudani & Al-Awsi, 2020; Chrapačienė et al., 
2022; Schmey et al., 2023). 

4.1. Fusarium spp 

Fusarium is a cosmopolitan soil-borne fungus that grows as a saprophyte on organic matter or as a parasite of seeds, 
plants, and other organisms. It is well adapted to a variety of environmental conditions except deserts and ice caps. The 
genus Fusarium includes many pathogenic species. The tomato seed infected by Fusarium develops symptoms such as 
rotting and discoloration, postponed germination, and damping off seedlings. It is suggested that seeds of the previous 
year’s crop may carry the fungus because the species of Fusarium spp. that cause root rot are encountered in plant 
debris after harvest (Solankey et al., 2021). These species compete with other soil-borne fungi and bacteria during plant 
colonization. The genus Fusarium contains several species that are the most important fungi that attack tomato crops 
around the world, and they are of great concern as they inflict economic losses for tomato growers. The disease is most 
common in southern, hot, and arid regions. Fusarium diseases, moreover, may cause economic losses if losses in crop 
productivity and quality are not properly managed; at least priming and subsurface irrigation induce better odds of 
accomplishing acceptable performance for the physiological traits. Some varieties of resistant tomatoes have been 
mentioned, such as W-1, which encodes a resistance factor from a wild tomato. Moreover, to date, many research 
opportunities have been devoted to identifying external defenses and other management strategies against these 
pathogens (Shabeer et al., 2021; Gutiérrez-Sánchez et al., 2023). 

4.2. Alternaria spp 

Alternaria is another important group of fungi able to infect tomato seeds. Tomato seeds may be contaminated by 
Alternaria spp., which are associated with several diseases; among these, early blight and alternariosis are the most 
important and may reduce the quantity and quality of production, with a significant economic impact on their market 
value. Two Alternaria species prevail in the Mediterranean area: Al. alternata and Al. tenuissima (Giorni et al., 2024). 
They are sub-cosmopolitan phytopathogenic fungi that may affect between 240 and 730 species of crops, agronomically 
relevant plants, thermophilic fungi, and, more rarely, spruce trees. In some countries, more often than other vegetable 
crops, the pathogens may affect plants grown for reproduction purposes. This is the case of tomatoes, where the 
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infections may be linked to low germination, with an average value of nearly 4%, almost leading to the elimination of 
commercialization (Davino et al., 2020; Samarah et al., 2021). 

Both species are in the “speciosae” section. Alternaria spp. are the causal agents of both leaf and fruit early blight of 
tomato, potato, and seed. Once the infection of tomato fruit has started due to favorable environmental conditions, 
symptoms such as color change or sunken, water-soaked lesions start to develop after 4-5 days of incubation. According 
to the transmissive capacity of the pathogen by the seed, and therefore the predicted losses at the stand and the market, 
the control of Alternaria spp. in tomato seed becomes critical. Unfortunately, to date, the strategy in use is related to the 
implementation of good agricultural standards in the tomato production cycle to reduce the possibility of pathogen 
establishment or proliferation, catching the disease, and probably transmitting it to the offspring. Research and genetic 
enhancement can provide the market with plant varieties genetically resistant to fungi of Alternaria spp. (Hernández-
Ochoa et al., 2020; Alrudainy & Mshari, 2022). 

4.3. Cladosporium spp 

Tomato seeds have been one of the main sources of primary inoculum of fungi responsible for the emergence of plant 
diseases. A survey revealed the presence of Cladosporium spp. in 45% of the seeds tested. Environmental conditions, 
such as relative humidity over 92% and temperatures around 24 °C, favor the development of the pathogen. Pathogen 
progress in the field and on seedlings pot-cultivated in the laboratory was also simulated. On seedlings, leaf spots and 
general decline were observed. Cladosporium spp. The disease cost tomato growers 33% of the yield, with a remark on 
fruit depreciation and an unfavorable impact on production quality. Sanitary measures have been suggested for faster 
progress in the reduction of the intensity and dispersion of the disease. Also, some cultural practices can make tomato 
crops less susceptible to disease, promoting resistance among genotypes and the application of soil that has undergone 
a mixture for at least 90 days with the inclusion of the biomass (Sinno et al., 2020; Metwally et al., 2022; Arcidiacono et 
al., 2024). 

Some studies on chemical management have been carried out for isolated Cladosporium spp. Developing tomato seeds. 
Even with these progresses, the need to continue certain areas of research with the fungus has been pointed out, as a 
large group of farmers still apply a mixture of chemicals, and new studies will facilitate fungal control. Contaminated 
seeds develop as soon as they are collected from the plant, facilitating their identification and assigning them as possible 
sources of Cladosporium spp. Spores can infect the crop, so greater attention has been drawn to the problematic fungal 
disease in seed banks (Johnston-Monje et al., 2021; Rashid et al., 2023). 

4.4. Phytophthora spp 

Fungi in the genus Phytophthora can be important tomato pathogens at all crop stages, including the early seedling 
stage, especially in soils with poor drainage and warm climate conditions. Phytophthora species are well-known fungal-
like organisms that belong to the oomycetes. The life cycle of Phytophthora starts with the release of swimmer spores, 
zoospores, in water-saturated soils. Infection begins when the zoospores encyst on the root surface and develop a germ 
tube that directly penetrates the roots. Hyphae internally colonize the root and induce the development of broad-
spectrum plant immune responses. Upon encountering resistance in the roots, sporangia are produced. The sporangia 
release new zoospores, which can swim through water to infect nearby seedlings. If there is no water available, 
sporangia are produced, which can be dispersed by splashing and infecting leaves that have free moisture (Volynchikova 
& Kim, 2022). The high levels of polygalacturonase produced by the Phytophthora spp. Pathogen then aids in expansion 
through the pectinaceous tissues of roots, stems, and leaves. The motile zoospores of Pythium and Phytophthora are 
encysted and resist desiccation. Free soil moisture allows the encysted zoospore to 'resuscitate' and release germ tubes. 
The consequence of this lifecycle development is the irrigation of the nursery area and the germination of Phytophthora 
spp. If the area also has warm temperatures, the disease is rampant and infection leads to root rot and damping-off 
(Gilbert & Parker, 2023). 

Plant root infection initiates with seed germination and growth; therefore, the plant is effectively parasitized 
immediately. Regardless of where the infection occurs, since the processing tomato is grown for its fruit, the crop must 
be destroyed to prevent the spread of the disease to the fruit. The symptoms associated with the infections include root 
and crown rot and damping-off. The root rot symptoms are generally not obvious until the plant has wilted and is pulled 
away, as affected roots will be blackened, and infections result in the formation of brown, soft rotted areas on the stems, 
which often exude a pink to red discoloration. Soft, brown lesions on the stems and petioles are also commonly apparent 
throughout the growing season. Leaf-devastating symptoms of leaf blight are more prevalent in the fruit-bearing plant. 
The devastating effect of Phytophthora blight on processing tomatoes is implicit because of the value of infested fields, 
irrigation systems, and seed stock. The disease likes dry heat, of which we typically have an abundance during the 
growing season, increasing disease pressure. Fresh market field crops are also devastated because infected seed stock 
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affects the transplants (Jones, 2021; Wang et al., 2022). Management practices include pesticides and tolerant hybrid 
tomatoes. Several partially resistant materials are in commercial use, which have greatly reduced the use of toxic 
pesticides in conventional treatments. Yet, most of the Phytophthora-resistant hybrids for commercial market growers 
are still Cu-resistant. Few, if any, hybrid tomatoes have PI resistance or polygenic resistance which researchers are still 
investigating. Phytophthora is one of the major seed pathogen problems in the field and the greenhouse. This pathogen 
has been blamed for the damping-off of millions of tomato seeds, and as a result, research on developing an economically 
acceptable and environmentally responsible control for tomato seeds is ongoing. Sporangial counts in water are easily 
measured and, although colorless, are morphologically different from other tomato pathogens (Scott et al., 2020; 
Giachero et al., 2022; Gaikwad et al., 2023). 

4.5. Rhizoctonia spp 

Rhizoctonia spp. are cosmopolitan soil-borne fungi that can infect the seeds, seedlings, and adults of many crops, 
including tomatoes. Symptoms created by Rhizoctonia spp. in tomatoes include damping-off, root rot, and stem rot. As 
a result of root rot, stunted seedlings have small necrotic spots on the roots and the whole plant will wilt and eventually 
collapse. Investigations show that Rhizoctonia spp. are favored by temperatures ranging between 15°C and 32°C and by 
a moisture content of 40% to 60%. The current disease severity percentage attributed to Rhizoctonia spp., estimated 
from the total loss caused by the most important fungal pathogens of tomato, ranges from 0% to 2.5% during the 
seedling stage and 0% to 2% in the adult stage. Management strategies may employ a seed gravity for seed purity 
selection or treatments to control the pathogen, as well as crop rotation with alfalfa for four years to lower the inoculum 
density common in the soil. Furthermore, under glasshouse conditions, it is recommended to sow the seeds in a plastic 
tray 18 days before cold temperature sowing and 25 days before high-temperature sowing (Hlokwe et al., 2020; 
Solankey et al., 2021). 

The current biological control strategies are limited to wheat and lettuce. Rhizoctonia spp. Possess many similarities to 
other soil-borne pathogens such as Pythium spp., Fusarium spp., and Sclerotinia spp., in that they are soil-borne and 
their management strategies are based on the environmental conditions and basic understanding of the symptoms and 
biology of the pathogen. It has been suggested that Rhizoctonia spp. has the potential to cause additive interactions with 
other pathogens and affect tomatoes and potatoes when developing a management program for these more important 
baseline pathogens in the field. Emerging research reported that mixtures of different genotypes of F. oxysporum and 
Rhizoctonia solani within the same crop are more severe. In contrast to F. oxysporum, however, there has been no study 
to show the impact of genetically diverse populations of Rhizoctonia spp. on disease expression. This fungus is 
pathogenic toward tomato seedlings and to examine the cyst population in commercial tomato seeds. If this fungus is 
found to be pathogenic, it will be recommended that investigations continue to permit a clear understanding of the 
biology, genetics, and management of Rhizoctonia spp. in tomato seeds (Al-Surhanee et al., 2021; Mogazy et al., 2024). 

4.6. Botrytis cinerea 

This pathogen is the etiological agent of gray mold and is listed as one of the most important pathogens in tomatoes. 
The presence of cells of the pathogen in tomato seeds has been reported. The fungus has a necrotrophic lifestyle, moves 
from senescent tissue to build a necrotic lesion, and enters a phase of constant sporulation. Symptoms of tomatoes 
caused by this pathogen are necrotic spots on old and mature leaves and softening and water-soaked areas of tomato 
fruit. The climatic conditions favorable to its growth are high humidity and poor ventilation; in fact, the infection is 
limited to the part of the fruit directly involved in prolonging the ripening process. The economic damage that the 
pathogen can cause to tomato crops is due to the reduction of production caused by the susceptibility of the fruit to 
detachment from the pedicel and rots of varietal fasciation. The pathogen can also cause storage diseases resulting in 
loss of quality. The control measures for these pathogens are indispensable and integrated to prevent the spread and 
infection of B. cinerea (Peritore-Galve et al., 2021; Salem et al., 2022). 

Furthermore, with one exception, the percentage of the disease was always higher in plants from tomato seeds infected 
with B. cinerea than in those from seeds colonized by Al. alternata. The percentage reduction of infected tomato plants 
derived from seeds infected with either of the two pathogens was almost always less than the others. Furthermore, it 
was observed that the infected seeds reduced the height of the plant compared to the biomass. Therefore, at the end of 
the experimentation period, it was found that the adult tomato plants raised from seeds infected with B. cinerea had a 
clear reduction in their biological characteristics and pathogen proliferation (Bika et al., 2021; Mahmoud et al., 2023). 

5. Disease Management Strategies 

Management of seed-borne fungal diseases undoubtedly involves the integrated use of some strategies. Laboratory, 
greenhouse, and field experiments have supplied valuable results. The sanitary measures must begin in the field with 
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cultural practices; however, others can subsequently enhance the reduction of the incidence of fungal diseases. The 
prospects for the use of antagonists to suppress and control seed-borne fungi and their side effects should be explored 
more in field experiments. Disease management relies on a combination of (1) cultural practices, (2) seed treatments, 
(3) the use of biocontrol agents, and (4) the development of resistant plant varieties. In most cases, several strategies 
may need to be implemented to manage a particular pathogen. Moreover, to assess the overall sustainability of these 
strategies, an economic dimension should be considered. Disease management strategies differ according to whether 
the pathogen is seed-borne or not. Economic considerations also underlie disease management practices, since the cost-
benefit analysis partially determines how the particular strategies are employed. Despite extensive research in this field, 
the problem of the resistance of fungal pathogens to fungicides persists. Therefore, it is necessary to conduct further 
investigations to develop new approaches suitable for seed treatment as well as a multidirectional blended method for 
disease management (Bisen et al., 2020; Rawat et al., 2021; Collinge et al., 2022). 

5.1. Cultural Practices 

Fungi are the most devastating pathogens of the three main tomato seed-borne pathogen groups. This necessitates the 
development and implementation of an array of strategies to protect the tomato and assure the quantity and quality of 
its seeds. Although several measures are already available, their practical implementation is still inconclusive; hence, 
the a requirement for careful analysis on the selection of the most efficient strategies. Tomato seed-borne diseases can 
be effectively managed by minimizing the pathogen and seed reservoirs within and around the tomato fields, preventing 
or reducing contact between the pathogen, susceptible cultivars, and their alternate hosts, and sowing only "healthy" 
tomato seeds (Nhi et al., 2024). 

Cultural practices play a predominant role in managing field and storage diseases of tomato seeds and vegetative organs 
in conventional, organic, or integrated horticultural systems. They include practices that affect field management, 
practices that influence natural enemies, and physical, chemical, and biological pre- and post-harvest treatments. 
Among them, crop rotations and crop spacing are given outstanding importance. Experience has shown that farm field 
conditions in which crops such as tomatoes provide optimal growth are the same prerequisites by which any deleterious 
parasite can optimally grow. If pathogen contact is inevitable, the best preventive measure lies in growing a plant that 
has a high degree of resistance and vigor. The plant, by its resistance, can tolerate the pathogen without any apparent 
effect on its part. Disease management options must be reliable, acceptable, economically feasible, socially and 
politically compatible, and environmentally friendly. Also, to be effective, a disease management program must begin 
with healthy seeds (Panno et al., 2021; Fredrick et al., 2022). Conditioning cultural practices are only cost-effective and 
biologically safe. Supporting the farmer community through education and system management is beneficial because 
farmers also need increased awareness to support a change of mind. The other point is that the implementation of any 
of these practices is a little challenging in small-scale seasonal crops produced on rural farms by smallholder farmers 
(Maulu et al., 2021). 

5.2. Seed Treatments 

Chemical seed treatments are most common and effective for controlling infectious pathogens that are transmitted on 
the seed surface. Seeds are soaked in a diluted chemical treatment solution, and the active chemical may be absorbed 
into the seed to protect against various pathogen infections. Biological seed treatments primarily help protect the seed 
from fungal pathogens; there is also some evidence that seed treatments can protect tomato seeds from some bacterial 
diseases. It is important to realize that proper seed treatment should be selected based on the specific pathogen to 
maximize the impact of the seed treatment (Lamichhane et al., 2020; Shelar et al., 2023). There are many different 
beneficial formulations of biological seed treatments currently available commercially. These types of products are 
often applied using liquid treatments or using a vacuum air system treatment method. Some positive aspects of seed 
treatments include improved establishment and development of healthy seedlings, reduced likelihood of seed rotation, 
and reduced spreading of seed-borne diseases within the entire crop production system, especially when permitted as 
part of an Integrated Pest Management approach. Although chemical seed treatments are the most effective seed 
treatments available, some people think the potential yield gain does not always cover the cost of the treatment, 
especially with decreasing seedling production costs in modern systems. However, alternatives to current seed 
treatments are being developed, to reduce threats such as resistance, reduce damage to non-target organisms, and 
eliminate trade or approval requirements (Malik et al., 2020; Šerá et al., 2021). 

5.3. Biocontrol Agents 

Some microorganisms, such as bacteria and fungi, act as natural antagonists of pathogens. These biocontrol agents can 
produce metabolites that reduce the competitiveness and growth of pathogens, defend against pathogens, destroy 
pathogens, or even directly inhibit pathogen development, which can be a mechanism for the inhibition and control of 
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pathogens. Trichoderma spp., Pseudomonas spp., Bacillus spp., Streptomyces spp., and Chaetomium spp. can protect seeds 
from the contamination of soil pathogens (Archana et al., 2022). Many studies have been conducted on compounds of 
fungal origin as commercial bio fungicides to prevent soil-contaminated pathogens in tomato seeds. Nevertheless, very 
few biocontrol agents are commercially available as seeds. On the other hand, there are many advantages to using 
biocontrol agents in the soil and on the seed. They are safe for the environment, workers, consumers, ecology, and living 
resources. In contrast to synthetic fungicides, which are gradually degraded in the environment, biocontrol agents have 
considerable potential to be developed to protect the seeds of horticultural crops such as tomatoes against fungal 
pathogens. Lower populations of inoculum and pathogen levels in our field can be achieved by decomposition, 
stimulated soil, microbiota development, and biological control of pathogens in the soil (Prajapati et al., 2020). 

5.4. Genetic Resistance 

In recent years, the use of resistant varieties as a strategy to manage disease is becoming increasingly relevant. For 
several plant diseases that are caused by a complex grasp of genes, there is an increasing discovery of the role of 
resistant genes and QTLs responsible for resistance. LN, Mi, I, I2, and I3 genes are mentioned, among others, as those 
related to the resistance of B. cinerea in world tomatoes. As a result of recent breeding work, resistant tomato varieties 
with resistance genes and QTLs I2, I2, Mi, and Dd have been prepared. Resistant varieties are also being developed by 
breeders in Poland; vegetable production is an important branch of agriculture, the greenhouse cultivation of vegetables 
has been increasing steadily since 2014, reaching 695 ha in 2019 and 2021. Tomato plants are prone to a wide variety 
of diseases that, if untreated, result in yield losses. Growth in greenhouse crops will only occur if high density and 
glasshouses are utilized, resulting in favorable conditions for disease development. When discussing healthier tomato 
cultivation, it is safe to claim that achieving the ideal production conditions involves not just expanding cultivars that 
are resistant to sickness. There are many cases of related traits but also stimuli or signaling. Additionally, the objective 
of caring for something that must be removed decisively to guarantee a certain level of crop protection is avoided. 
Conversely, a cautious approach is necessary when combining resistance with other available control methods in a 
general management strategy. Nonetheless, it is necessary to research tools such as markers that can be used to 
recognize new sources of resistance genes in the tomato genome, which is the topic of our research (Panno et al., 2021; 
Ma et al., 2023). 

6. Future Directions in Research 

Ongoing research must be conducted to fill knowledge gaps regarding the fungal pathogens involved in tomato farming 
operations. Despite some advances in this area, there is a great deal that remains unknown, such as the importance of 
pathogens occurring at lower concentrations. Furthermore, there is potential to further investigate the influence of 
abiotic factors, the intermittent nature of symptom expression, the genetic and molecular interactions between 
pathogens, the introduction of the resistance trait in Solanum lycopersicum, the applicability of these research results, 
and the development of other crop protection strategies such as the use of biostimulants and biofertilizers as 
management methods to empower plants' defense systems and their ability to interact with other soil microbiota, as 
well as the development of field resistance tests and the genetic identification of traits for improving tomatoes 
(Rupasinghe et al., 2022; Pham et al., 2024). 

Nonetheless, a joint effort by researchers and stakeholders in the agricultural sector is required to meet the expectations 
of the global population while minimizing the environmental impacts of overusing natural resources. Investment in the 
next generation of high-throughput sequencing technologies and the development of fully sequenced genome-
annotated databases of multiple fungal species that cause diseases in tomatoes will make it possible to carry out more 
profound research into the taxonomy and species structure of the main or more prevalent tropical grocers. In addition 
to these modern sequencing methodologies, field trial studies and assessment of introduced populations represent the 
basic steps in the aforementioned (Lebas et al., 2022; Nizamani et al., 2023). 

7. Conclusion 

However, a holistic management approach using resistant varieties, seed treatments, fungicides, bio fungicides, and 
biostimulants integrated dynamically and combined with good agricultural practices offers more efficient, effective, and 
sustainable solutions. Tomato has great economic and agricultural importance, but there have been few disease surveys 
conducted to monitor the occurrence of fungi transmitted by seeds. The literature mainly provides studies showing 
isolated fungi in seeds; this makes it difficult to elucidate the actual impact of pathogens on tomato production. 
Identifying the diversity of fungi causing seed-borne diseases in tomatoes is essential; they can vary depending on the 
location, time of harvest, and cultivation practices, and lead to constant risk of fungi occurring in tomato seeds. A serious 
challenge is to maintain and sustain seed health and subsequent crop performance, which can ultimately lead to 
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environmental, socioeconomic, and human health benefits. Tomato seeds are an essential input for production, so 
attention should be paid to their health. Studies to better understand and manage seed-borne fungi are essential to 
prevent future crop losses. Research on the seed microbiome is needed to understand the naturally occurring 
microbiota, pathogen communities, and antagonistic microorganisms that are involved. A broad vision of emerging 
problems is essential to develop new management strategies. Tomato is a crop grown across the world and is affected 
by a wide range of diseases. Fungi are among the most critical biological agents that infect both the vegetative plant 
parts and fruits leading to massive yield loss and high economic impact on tomato fruit and processing industries. Fungi 
also transmit their pathogenic biotic components through the seeds and this could be the main source of disease 
transmission, as well as a survival or primary inoculum for the plants the following season. Unfortunately, our 
understanding of the major economically important seed-borne fungi in tomatoes is at a low ebb. There is a lack of 
comprehensive studies to review the concerns and importance of seed health from this valuable vegetable and fruit 
crop. In such scenarios, a review comes up to provide detailed insights into the important seed-borne fungal diseases in 
tomatoes. 

References 

[1] Różewicz, M., Wyzińska, M., & Grabiński, J. (2021). The most important fungal diseases of cereals Problems and 
possible solutions. Agronomy. mdpi.com 

[2] Pandey, A. K., Kumar, A., Dinesh, K., Varshney, R., & Dutta, P. (2022). The hunt for beneficial fungi for tomato crop 
improvement–advantages and perspectives. Plant Stress. sciencedirect.com 

[3] Gyasi, E., Kwoseh, C., & Moses, E. (2020). Identification of seed-borne fungi of farmer-saved seeds of pepper and 
their control with some selected botanicals. Ghana Journal of Agricultural Science. ajol.info 

[4] Opoku, B. A., Kwoseh, C., Gyasi, E., & Moses, E. (2021). Incidence and severity of major fungal diseases on tomato 
in three districts within the forest and forest-savannah agro-ecological zones of Ghana. Ghana Journal of 
Agricultural Science, 56(2), 46-60. ajol.info 

[5] Barriga, A. & Fiala, N. (2020). The supply chain for seed in Uganda: Where does it go wrong?. World Development. 
[HTML] 

[6] Johnston-Monje, D., Gutiérrez, J. P., & Lopez-Lavalle, L. A. B. (2021). Seed-transmitted bacteria and fungi dominate 
juvenile plant microbiomes. Frontiers in Microbiology, 12, 737616. frontiersin.org 

[7] Jones, R. A. C. (2021). Global plant virus disease pandemics and epidemics. Plants. mdpi.com 

[8] Kumar, A., Kumar, V., Gull, A., & Nayik, G. A. (2020). Tomato (Solanum Lycopersicon). Antioxidants in vegetables 
and nuts-Properties and health benefits, 191-207. researchgate.net 

[9] Rivarez, M. P. S., Vučurović, A., Mehle, N., Ravnikar, M., & Kutnjak, D. (2021). Global advances in tomato virome 
research: current status and the impact of high-throughput sequencing. Frontiers in Microbiology, 12, 671925. 
frontiersin.org 

[10] Pérez-Pizá, M. C., Striker, G. G., & Stenglein, S. A. (2023). Seed-borne diseases in pasture grasses and legumes: 
state of the art and gaps in knowledge. Journal of Plant Diseases and Protection, 130(2), 225-244. conicet.gov.ar 

[11] Gilardi, G., Pugliese, M., Garibaldi, A., & Gullino, M. L. (2024). Emerging vegetable crop diseases and their 
management options. CABI Reviews. [HTML] 

[12] Sinno, M., Ranesi, M., Gioia, L., d'Errico, G., & Woo, S. L. (2020). Endophytic fungi of tomato and their potential 
applications for crop improvement. Agriculture. mdpi.com 

[13] Ma, M., Taylor, P. W. J., Chen, D., Vaghefi, N., & He, J. Z. (2023). Major soilborne pathogens of field processing 
tomatoes and management strategies. Microorganisms. mdpi.com 

[14] Goko, M. L., Murimwa, J. C., Gasura, E., Rugare, J. T., & Ngadze, E. (2021). Identification and characterisation of 
seed‐borne fungal pathogens associated with maize (Zea mays L.). International Journal of Microbiology, 
2021(1), 6702856. wiley.com 

[15] Dell'Olmo, E., Tiberini, A., & Sigillo, L. (2023). Leguminous seedborne pathogens: Seed health and sustainable 
crop management. Plants. mdpi.com 

[16] Hassan, H. A. (2020). Biology and Integrated Control of Tomato Wilt Caused by Fusarium oxysporum lycopersici: 
A Com-prehensive Review under the Light of Recent Advancements. J Bot Res. researchgate.net 

https://www.mdpi.com/2073-4395/11/4/714/pdf
https://www.sciencedirect.com/science/article/pii/S2667064X22000550
https://www.ajol.info/index.php/gjas/article/download/197649/186425
https://www.ajol.info/index.php/gjas/article/view/221803/209296
https://www.sciencedirect.com/science/article/pii/S0305750X20300541
https://www.frontiersin.org/articles/10.3389/fmicb.2021.737616/pdf
https://www.mdpi.com/2223-7747/10/2/233/pdf
https://www.researchgate.net/profile/Reshu-Rajput/publication/346530214_Pistachio/links/64d1efa691fb036ba6d623ad/Pistachio.pdf#page=201
https://www.frontiersin.org/articles/10.3389/fmicb.2021.671925/pdf
https://ri.conicet.gov.ar/bitstream/handle/11336/203088/CONICET_Digital_Nro.9c3ae816-f477-4a27-bc95-61d45cae05ae_E.pdf?sequence=5
https://www.cabidigitallibrary.org/doi/abs/10.1079/cabireviews.2024.0007
https://www.mdpi.com/2077-0472/10/12/587/pdf
https://www.mdpi.com/2076-2607/11/2/263/pdf
https://onlinelibrary.wiley.com/doi/pdf/10.1155/2021/6702856
https://www.mdpi.com/2223-7747/12/10/2040/pdf
https://www.researchgate.net/profile/Hanan-Hasan-6/publication/343186611_Biology_and_Integrated_Control_of_Tomato_Wilt_Caused_by_Fusarium_oxysporum_lycopersici_A_Comprehensive_Review_under_the_Light_of_Recent_Advancements/links/60c291404585157774c7cba2/Biology-and-Integrated-Control-of-Tomato-Wilt-Caused-by-Fusarium-oxysporum-lycopersici-A-Comprehensive-Review-under-the-Light-of-Recent-Advancements.pdf


GSC Advanced Research and Reviews, 2025, 22(01), 020-030 

28 

[17] Kumar, R., Gupta, A., Srivastava, S., Devi, G., Singh, V. K., Goswami, S. K., ... & Aggarwal, R. (2020). Diagnosis and 
detection of seed-borne fungal phytopathogens. Seed-Borne Diseases of Agricultural Crops: Detection, Diagnosis 
& Management, 107-142. researchgate.net 

[18] Samreen, T., Naveed, M., Nazir, M. Z., Asghar, H. N., Khan, M. I., Zahir, Z. A., ... & Choudhary, M. (2021). Seed 
associated bacterial and fungal endophytes: Diversity, life cycle, transmission, and application potential. Applied 
Soil Ecology, 168, 104191. [HTML] 

[19] Wu, J., Gou, F., & Tian, X. (2022). Disease control and prevention in rare plants based on the dominant population 
selection method in opportunistic social networks. Computational Intelligence and Neuroscience, 2022(1), 
1489988. wiley.com 

[20] Fones, H. N., Bebber, D. P., Chaloner, T. M., Kay, W. T., Steinberg, G., & Gurr, S. J. (2020). Threats to global food 
security from emerging fungal and oomycete crop pathogens. Nature Food, 1(6), 332-342. berkeley.edu 

[21] Pandit, M. A., Kumar, J., Gulati, S., Bhandari, N., Mehta, P., Katyal, R., ... & Kaur, J. (2022). Major biological control 
strategies for plant pathogens. Pathogens, 11(2), 273. mdpi.com 

[22] Klimek-Kopyra, A., Dłużniewska, J., Ślizowska, A., & Dobrowolski, J. W. (2020). Impact of coherent laser 
irradiation on germination and mycoflora of soybean seeds Innovative and prospective seed quality 
management. Agriculture, 10(8), 314. mdpi.com 

[23] Abbas, A., Mubeen, M., Sohail, M. A., Solanki, M. K., Hussain, B., Nosheen, S., ... & Fang, X. (2022). Root rot a silent 
alfalfa killer in China: Distribution, fungal, and oomycete pathogens, impact of climatic factors and its 
management. Frontiers in Microbiology, 13, 961794. frontiersin.org 

[24] Hlokwe, M. T., Kena, M. A., & Mamphiswana, D. N. (2020). Application of plant extracts and Trichoderma 
harzianum for the management of tomato seedling damping-off caused by Rhizoctonia solani. South African 
Journal of Science, 116(11-12), 1-5. scielo.org.za 

[25] Walid, N., Al-Jaramany, L., Elbenay, A., & Al-Mhethawi, R. (2022). Biological Control of Tomato Damping-off and 
Potato Black Scurf by Seed Treatment with Trichoderma harzianum. Jordan Journal of Biological Sciences, 15(3). 
academia.edu 

[26] Alsudani, A. A., & Al-Awsi, G. R. L. (2020). Biocontrol of Rhizoctonia solani (Kühn) and Fusarium solani (Marti) 
causing damping-off disease in tomato with Azotobacter chroococcum and Pseudomonas fluorescens. Pakistan 
journal of biological sciences: PJBS, 23(11), 1456-1461. europepmc.org 

[27] Chrapačienė, S., Rasiukevičiūtė, N., & Valiuškaitė, A. (2022). Control of seed-borne fungi by selected essential oils. 
Horticulturae. mdpi.com 

[28] Schmey, T., Small, C., Einspanier, S., Hoyoz, L. M., Ali, T., Gamboa, S., ... & Stam, R. (2023). Small‐spored Alternaria 
spp.(section Alternaria) are common pathogens on wild tomato species. Environmental Microbiology, 25(10), 
1830-1846. wiley.com 

[29] Solankey, S. S., Ray, P. K., Kumari, M., Singh, H. K., Shamim, M., Verma, D. K., & Jha, V. B. (2021). Tomato diseases, 
their impact, and management. In Biotic Stress Management in Tomato (pp. 1-23). Apple Academic Press. 
researchgate.net 

[30] Shabeer, S., Tahira, R., & Jamal, A. (2021). Fusarium spp. mycotoxin production, diseases and their management: 
an overview. Pakistan Journal of Agricultural Research, 34(2), 278. researchgate.net 

[31] Gutiérrez-Sánchez, A., Plasencia, J., Monribot-Villanueva, J. L., Rodríguez-Haas, B., Ruíz-May, E., Guerrero-Analco, 
J. A., & Sánchez-Rangel, D. (2023). Virulence factors of the genus Fusarium with targets in plants. Microbiological 
Research, 127506. [HTML] 

[32] Giorni, P., Bulla, G., Bellotti, G., Antinori, M. E., Guerrieri, M. C., Fiorini, A., ... & Puglisi, E. (2024). In planta evaluation 
of different bacterial consortia for the protection of tomato plants against Alternaria spp. infection and Alternaria 
toxins presence in fruits. Frontiers in Horticulture, 3, 1447425. frontiersin.org 

[33] Davino, S., Caruso, A. G., Bertacca, S., Barone, S., & Panno, S. (2020). Tomato Brown Rugose Fruit Virus: Seed 
Transmission Rate and Efficacy of Different Seed Disinfection Treatments. Plants. mdpi.com 

[34] Samarah, N., Sulaiman, A., Salem, N. M., & Turina, M. (2021). Disinfection treatments eliminated tomato brown 
rugose fruit virus in tomato seeds. European Journal of Plant Pathology, 159(1), 153-162. academia.edu 

https://www.researchgate.net/profile/Vaibhav-Singh-10/publication/341468104_Diagnosis_and_Detection_of_Seed-Borne_Fungal_Phytopathogens/links/611c9fc01ca20f6f862cd5f4/Diagnosis-and-Detection-of-Seed-Borne-Fungal-Phytopathogens.pdf
https://www.sciencedirect.com/science/article/pii/S0929139321003140
https://onlinelibrary.wiley.com/doi/pdf/10.1155/2022/1489988
https://nature.berkeley.edu/matteolab/wp-content/uploads/2021/08/NatureReviewonDisease-Triangele-and-humans.pdf
https://www.mdpi.com/2076-0817/11/2/273/pdf
https://www.mdpi.com/2077-0472/10/8/314/pdf
https://www.frontiersin.org/articles/10.3389/fmicb.2022.961794/pdf
https://www.scielo.org.za/pdf/sajs/v116n11-12/21.pdf
https://www.academia.edu/download/90964494/JJBS.pdf
https://europepmc.org/article/med/33274875
https://www.mdpi.com/2311-7524/8/3/220/pdf
https://ami-journals.onlinelibrary.wiley.com/doi/pdf/10.1111/1462-2920.16394
https://www.researchgate.net/profile/Raja-Husain-2/publication/351903130_MOLECULAR_APPROACHES_FOR_MULTIPLE_GENES_STACKING_PYRAMIDING_IN_TOMATO_FOR_MAJOR_BIOTIC_STRESS_MANAGEMENT/links/61d5db98e669ee0f5c8810cf/MOLECULAR-APPROACHES-FOR-MULTIPLE-GENES-STACKING-PYRAMIDING-IN-TOMATO-FOR-MAJOR-BIOTIC-STRESS-MANAGEMENT.pdf#page=26
https://www.researchgate.net/profile/Saba-Shabeer/publication/350716875_Fusarium_spp_Mycotoxin_Production_Diseases_and_their_Management_An_Overview/links/654e5eae3fa26f66f4ed2b43/Fusarium-spp-Mycotoxin-Production-Diseases-and-their-Management-An-Overview.pdf
https://www.sciencedirect.com/science/article/pii/S0944501323002082
https://www.frontiersin.org/journals/horticulture/articles/10.3389/fhort.2024.1447425/pdf
https://www.mdpi.com/2223-7747/9/11/1615/pdf
https://www.academia.edu/download/98121847/s10658-020-02151-120230202-1-1fq2vdg.pdf


GSC Advanced Research and Reviews, 2025, 22(01), 020-030 

29 

[35] Hernández-Ochoa, J. S., Levin, L. N., Hernández-Luna, C. E., Contreras-Cordero, J. F., Niño-Medina, G., Abelardo, C. 
M., & Gutiérrez-Soto, G. (2020). Antagonistic potential of Macrolepiota sp. against Alternaria solani as causal 
agent of early blight disease in tomato plants. Gesunde Pflanzen, 72(1), 69-76. [HTML] 

[36] Alrudainy, A. M., & Mshari, A. (2022). Epidemiological Study of Early Blight Alternaria solani In Tomato. British 
Journal of Global Ecology and Sustainable Development, 7, 11-18. journalzone.org 

[37] Metwally, R. A., Abdelhameed, R. E., Soliman, S. A., & Al-Badwy, A. H. (2022). Potential use of beneficial fungal 
microorganisms and C-phycocyanin extract for enhancing seed germination, seedling growth and biochemical 
traits of Solanum lycopersicum L. BMC microbiology, 22(1), 108. springer.com 

[38] Arcidiacono, M., Pellegrino, E., Nuti, M., & Ercoli, L. (2024). Field inoculation by arbuscular mycorrhizal fungi with 
contrasting life-history strategies differently affects tomato nutrient uptake and residue decomposition 
dynamics. Plant and Soil. springer.com 

[39] Rashid, A., Schutte, B. J., Ulery, A., Deyholos, M. K., Sanogo, S., Lehnhoff, E. A., & Beck, L. (2023). Heavy metal 
contamination in agricultural soil: environmental pollutants affecting crop health. Agronomy, 13(6), 1521. 
mdpi.com 

[40] Volynchikova, E. & Kim, K. D. (2022). Biological Control of Oomycete Soilborne Diseases Caused by Phytophthora 
capsici, Phytophthora infestans, and Phytophthora nicotianae in Solanaceous Crops. Mycobiology. 
tandfonline.com 

[41] Gilbert, G. S. & Parker, I. M. (2023). How to be an oomycete. The evolutionary ecology of plant disease. [HTML] 

[42] Wang, B. X., Hof, A. R., & Ma, C. S. (2022). Impacts of climate change on crop production, pests and pathogens of 
wheat and rice. Frontiers of Agricultural Science and Engineering, 9(1). slu.se 

[43] Scott, K., Eyre, M., McDuffee, D., & Dorrance, A. E. (2020). The Efficacy of Ethaboxam as a Soybean Seed Treatment 
Toward Phytophthora, Phytopythium, and Pythium in Ohio. Plant disease. apsnet.org 

[44] Giachero, M. L., Declerck, S., & Marquez, N. (2022). Phytophthora Root Rot: Importance of the Disease, Current 
and Novel Methods of Control. Agronomy. mdpi.com 

[45] Gaikwad, P. N., Sharma, V., Singh, J., Sidhu, G. S., Singh, H., & Omar, A. A. (2023). Biotechnological advancements 
in Phytophthora disease diagnosis, interaction and management in citrus. Scientia Horticulturae, 310, 111739. 
[HTML] 

[46] Al-Surhanee, A. A., Afzal, M., Bouqellah, N. A., Ouf, S. A., Muhammad, S., Jan, M., ... & Soliman, M. H. (2021). The 
antifungal activity of Ag/CHI NPs against Rhizoctonia solani linked with tomato plant health. Plants, 10(11), 
2283. mdpi.com 

[47] Mogazy, A. M., Abdallah, W. E., Mohamed, H. I., & Omran, A. A. (2024). The efficacy of chemical inducers and 
fungicides in controlling tomato root rot disease caused by Rhizoctonia solani. Plant Physiology and 
Biochemistry, 210, 108669. [HTML] 

[48] Peritore-Galve, F. C., Tancos, M. A., & Smart, C. D. (2021). Bacterial canker of tomato: revisiting a global and 
economically damaging seedborne pathogen. Plant Disease. apsnet.org 

[49] Salem, N. M., Sulaiman, A., Samarah, N., Turina, M., & Vallino, M. (2022). Localization and mechanical transmission 
of tomato brown rugose fruit virus in tomato seeds. Plant Disease, 106(1), 275-281. apsnet.org 

[50] Bika, R., Baysal-Gurel, F., & Jennings, C. (2021). Botrytis cinerea management in ornamental production: a 
continuous battle. Canadian Journal of Plant Pathology, 43(3), 345-365. tandfonline.com 

[51] Mahmoud, M., BenRejeb, I., Punja, Z. K., Buirs, L., & Jabaji, S. (2023). Understanding bud rot development, caused 
by Botrytis cinerea, on cannabis (Cannabis sativa L.) plants grown under greenhouse conditions. Botany. 
cdnsciencepub.com 

[52] Bisen, K., Singh, V., Keswani, C., Ray, S., Sarma, B. K., & Singh, H. B. (2020). Use of biocontrol agents for the 
management of seed-borne diseases. Seed-Borne Diseases of Agricultural Crops: Detection, Diagnosis & 
Management, 651-663. [HTML] 

[53] Rawat, L., Bisht, T. S., & Naithani, D. C. (2021). Plant disease management in organic farming system: strategies 
and challenges. Emerging trends in plant pathology. [HTML] 

[54] Collinge, D. B., Jensen, D. F., Rabiey, M., Sarrocco, S., Shaw, M. W., & Shaw, R. H. (2022). Biological control of plant 
diseases–What has been achieved and what is the direction?. Plant Pathology, 71(5), 1024-1047. wiley.com 

https://search.proquest.com/openview/bf5908e2389f1719dc94c8d405dadbed/1?pq-origsite=gscholar&cbl=54402
http://www.journalzone.org/index.php/bjgesd/article/download/90/83
https://link.springer.com/content/pdf/10.1186/s12866-022-02509-x.pdf
https://link.springer.com/content/pdf/10.1007/s11104-023-05995-8.pdf
https://www.mdpi.com/2073-4395/13/6/1521/pdf
https://www.tandfonline.com/doi/pdf/10.1080/12298093.2022.2136333
https://books.google.com/books?hl=en&lr=&id=Ona6EAAAQBAJ&oi=fnd&pg=PA45&dq=The+motile+zoospores+of+Pythium+and+Phytophthora+are+encysted+and+resist+desiccation&ots=vVyC_tRYs3&sig=X4GqiaDN-lfRE4ZWWQpKvpai67w
https://pub.epsilon.slu.se/id/eprint/31508/contents
https://apsjournals.apsnet.org/doi/pdf/10.1094/PDIS-09-19-1818-RE
https://www.mdpi.com/2073-4395/12/3/610/pdf
https://www.sciencedirect.com/science/article/pii/S0304423822008482
https://www.mdpi.com/2223-7747/10/11/2283/pdf
https://www.sciencedirect.com/science/article/pii/S0981942824003371
https://apsjournals.apsnet.org/doi/pdf/10.1094/PDIS-08-20-1732-FE
https://apsjournals.apsnet.org/doi/pdf/10.1094/PDIS-11-20-2413-RE
https://www.tandfonline.com/doi/pdf/10.1080/07060661.2020.1807409
https://cdnsciencepub.com/doi/pdf/10.1139/cjb-2022-0139
https://link.springer.com/chapter/10.1007/978-981-32-9046-4_22
https://link.springer.com/chapter/10.1007/978-981-15-6275-4_27
https://bsppjournals.onlinelibrary.wiley.com/doi/pdf/10.1111/ppa.13555


GSC Advanced Research and Reviews, 2025, 22(01), 020-030 

30 

[55] Nhi, Y. T. N., Massimi, M., & Radócz, L. (2024). Interaction impact of drought stress, nutrient-deficient water, and 
seed-borne pathogen (Alternaria alternata) on germination and vigor of two tomato varietiesination and vigor 
of two tomato varieties. International Journal of Horticultural Science, 48-53. unideb.hu 

[56] Panno, S., Davino, S., Caruso, A. G., Bertacca, S., Crnogorac, A., Mandić, A., ... & Matić, S. (2021). A review of the most 
common and economically important diseases that undermine the cultivation of tomato crop in the 
mediterranean basin. Agronomy, 11(11), 2188. mdpi.com 

[57] Fredrick, O. O., Benson, O. O., & Moses, M. M. (2022). Tomato Cultivation and Farmers’ Knowledge on Selected 
Foliar Fungal Diseases in Agro-Ecological Zones of Kirinyaga County, Kenya. Asian Journal of Agricultural and 
Horticultural Research, 9(4), 66-80. paparesearch.co.in 

[58] Maulu, S., Hasimuna, O. J., Mutale, B., Mphande, J., & Siankwilimba, E. (2021). Enhancing the role of rural 
agricultural extension programs in poverty alleviation: A review. Cogent Food & Agriculture, 7(1), 1886663. 
tandfonline.com 

[59] Lamichhane, J. R., You, M. P., Laudinot, V., Barbetti, M. J., & Aubertot, J. N. (2020). Revisiting sustainability of 
fungicide seed treatments for field crops. Plant Disease, 104(3), 610-623. apsnet.org 

[60] Shelar, A., Nile, S. H., Singh, A. V., Rothenstein, D., Bill, J., Xiao, J., ... & Patil, R. (2023). Recent advances in nano-
enabled seed treatment strategies for sustainable agriculture: challenges, risk assessment, and future 
perspectives. Nano-Micro Letters, 15(1), 54. springer.com 

[61] Malik, A., Mor, V. S., Tokas, J., Punia, H., Malik, S., Malik, K., ... & Karwasra, A. (2020). Biostimulant-treated seedlings 
under sustainable agriculture: A global perspective facing climate change. Agronomy, 11(1), 14. mdpi.com 

[62] Šerá, B., Scholtz, V., Jirešová, J., Khun, J., Julák, J., & Šerý, M. (2021). Effects of non-thermal plasma treatment on 
seed germination and early growth of leguminous plants A review. Plants. mdpi.com 

[63] Archana, H. R., Darshan, K., Lakshmi, M. A., Ghoshal, T., Bashayal, B. M., & Aggarwal, R. (2022). Biopesticides: A 
key player in agro-environmental sustainability. In Trends of Applied Microbiology for Sustainable Economy (pp. 
613-653). Academic Press. researchgate.net 

[64] Prajapati, S., Kumar, N., Kumar, S., & Maurya, S. (2020). Biological control a sustainable approach for plant 
diseases management: A review. Journal of Pharmacognosy and Phytochemistry, 9(2), 1514-1523. 
phytojournal.com 

[65] Rupasinghe, R., Chomel, B. B., & Martínez-López, B. (2022). Climate change and zoonoses: A review of the current 
status, knowledge gaps, and future trends. Acta Tropica. sciencedirect.com 

[66] Pham, D., Sivalingam, V., Tang, H. M., Montgomery, J. M., Chen, S. C. A., & Halliday, C. L. (2024). Molecular 
Diagnostics for Invasive Fungal Diseases: Current and Future Approaches. Journal of Fungi, 10(7), 447. mdpi.com 

[67] Lebas, B., Adams, I., Al Rwahnih, M., Baeyen, S., Bilodeau, G. J., Blouin, A. G.,  & Massart, S. (2022). Facilitating the 
adoption of high‐throughput sequencing technologies as a plant pest diagnostic test in laboratories: A step‐by‐
step description. EPPO Bulletin, 52(2), 394-418. unito.it 

[68] Nizamani, M. M., Zhang, Q., Muhae-Ud-Din, G., & Wang, Y. (2023). High-throughput sequencing in plant disease 
management: a comprehensive review of benefits, challenges, and future perspectives. Phytopathology Research, 
5(1), 1-17. springer.com 

https://ojs.lib.unideb.hu/IJHS/article/download/13574/12505
https://www.mdpi.com/2073-4395/11/11/2188/pdf
http://archive.paparesearch.co.in/id/eprint/170/1/184-Article%20Text-328-2-10-20220920.pdf
https://www.tandfonline.com/doi/pdf/10.1080/23311932.2021.1886663
https://apsjournals.apsnet.org/doi/pdf/10.1094/PDIS-06-19-1157-FE
https://link.springer.com/content/pdf/10.1007/s40820-023-01025-5.pdf
https://www.mdpi.com/2073-4395/11/1/14/pdf
https://www.mdpi.com/2223-7747/10/8/1616/pdf
https://www.researchgate.net/profile/Um-Aruna-Kumara/publication/360769213_Plant-pathogen_interaction_Mechanisms_and_evolution/links/6536503d1d6e8a707045efc9/Plant-pathogen-interaction-Mechanisms-and-evolution.pdf#page=642
https://www.phytojournal.com/archives/2020/vol9issue2/PartY/9-2-84-468.pdf
https://www.sciencedirect.com/science/article/am/pii/S0001706X21004034
https://www.mdpi.com/2309-608X/10/7/447/pdf
https://iris.unito.it/bitstream/2318/1890680/1/EPPO%20Bulletin%20-%202022%20-%20Lebas%20-%20Facilitating%20the%20adoption%20of%20high%E2%80%90throughput%20sequencing%20technologies%20as%20a%20plant%20pest.pdf
https://link.springer.com/content/pdf/10.1186/s42483-023-00199-5.pdf

