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Abstract: The genus Fusarium includes many pathogenic species causing a wide range of plant
diseases that lead to high economic losses. In this review, we describe how the Fusarium taxonomy
has changed with the development of microbiological methods. We specify the ecological traits of
this genus and the methods of its identification in soils, particularly the detection of phytopathogenic
representatives of Fusarium and the mycotoxins produced by them. The negative effects of soil-borne
phytopathogenic Fusarium on agricultural plants and current methods for its control are discussed.
Due to the high complexity and polymorphism of Fusarium species, integrated approaches for the
risk assessment of Fusarium diseases are necessary.
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1. Systematics and Taxonomic Position of the Genus Fusarium

Members of the genus Fusarium belong to the family Nectriaceae, order Hypocreales,
class Sordariomycetes, phylum Ascomycota, kingdom Fungi, and domain Eukaryotes. The
genus Fusarium was first described in 1809 by Heinrich Friedrich Link and listed in the
taxonomy by Fries in 1821. To date, there are 300 known species of Fusarium, but almost
half of them have not been officially described [1-4]. The teleomorphs of some Fusarium
species are the genera Haematonectria and Gibberella. Depending on the species concept, the
taxonomy of Fusarium has been constantly changing over the past 100 years [4,5]. From
the 1920s to the 1950s, the number of species within the Fusarium genus decreased from
one thousand to nine species [4]. In 1971, Colin Booth from the Commonwealth Institute of
Mycology in the UK published a book entitled The Genus Fusarium that is now considered
to be the most important study about the diversity of this genus [4]. In 1982, Gerlach and
Nirenberg published an illustrated atlas of the genus Fusarium with descriptions of more
than 90 species. Nelson and co-authors published a guide on identifying the members of
this genus in 1983 in which they confirmed 41 species and considered the description of
16 species to be incomplete [4]. Since the mid-1980s, three main species concepts have been
used for the identification of Fusarium species: morphological, biological, and phyloge-
netic [5]. Since the late 1990s, due to the study of new unique ecosystems and the expansion
of the geography of analyzed samples, many new Fusarium species have been described.
Until 2012, the sexual (perfect/teleomorphic) and asexual (imperfect/anamorphic) stages
of the life cycle of pleomorphic fungi, including Fusarium, were assigned different names [4].
In 2011, the International Code of Nomenclature for Algae, Fungi and Plants (ICN) was
adopted at the International Botanical Congress in Melbourne; the ICN suggested using
single names for fungal species and cancelling the use of dual nomenclature [5].

The taxonomy of the genus Fusarium is still complex; several species belonging to this
genus may have radical differences in morphological, physiological, and ecological char-
acteristics [1,6]. The different morphological features of Fusarium species are presented in
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Supporting Supplementary Material Figure S1 and Supporting Table S1. Another challenge
of the Fusarium taxonomy is the constant discovery of species that seem to be new but ap-
pear to be indistinguishable from each other, according to several criteria [4]. An outdated
species concept based only on morphological and biochemical features is still frequently
used in the scientific community, though genetic markers should also be considered [5].
Since many studies have aimed to describe the morphological taxonomy of Fusarium, this
genus has often served as a testing ground for new species’ concepts of fungi [4]. Over
the past 20 years, biological taxonomy has significantly changed due to the active use of
molecular genetic methods, but this has not solved the problems with the Fusarium taxon-
omy [6]. The definition of Fusarium given by Geiser et al. [2] may be considered a rejection
of the traditional concept of the genus; it combines traits across divergent lineages that
were accepted and used to distinguish genera not only within the Nectriaceae family but
also in other families and orders of fungi [5]. The new concept of the Fusarium genus does
not have clear criteria, since the variation of attributes in common with the rest of the
Nectriaceae family is so vast that it can almost be extended to the entire family.

The current difficulties in defining species criteria have motivated experts to revise
the phylogenetic classification of the genus Fusarium, which has led to the appearance
of the term “species complex” in different studies. A species complex combines several
species with a similar morphology, ecology, metabolism, and range of infested crops,
e.g., the species complex of Fusarium graminearum [7] or of Gibberella fujikuroi [8]. This
unified approach is more convenient because assigning a strain to a species group gives a
broader view of its characteristics and reduces the probability of errors. The most recent
Fusarium phylogeny is presented in the study of Torres-Cruz et al. [9]. The identification and
taxonomic characterization of morphologically similar strains and isolates requires com-
prehensive study, since they may differ in genetics and produced metabolites. Therefore,
molecular genetics and metabolic analyses should be applied for this purpose [10].

2. Ecology of Fusarium

The members of the genus Fusarium are widely distributed in all geographic regions
of the world [4]. They usually live in soil or plant debris, but they are also found in
air, water, plants, and insects [11], persisting there for a long time as chlamydospores,
sclerocytes, or conidia [12]. Information on the life cycle of fungi of the genus Fusarium can
be obtained from Figure 1. The abundance of Fusarium is especially high in agricultural
and pasture soils [1,12-14]. There are some eurytopic (Fusarium poae and F. sporotrichioides)
and stenotopic (F. graminearum, F. culmorum, and F. cerealis) species that only develop in
certain regions [15]. Fusarium species differ in their environmental optima. The taxonomic
diversity of Fusarium for different areas is primarily determined by climatic factors, soil
physicochemical parameters, and vegetation type [16,17].

The lifecycles of the major Fusarium plant pathogens, including their growth and
pathogenic and saprophytic phases, are well-studied. However, less is known about the
effects of temperature, elevated CO,, and water availability on host plant colonization
by pathogens and their toxin production. Climate is a key factor that determines the
level of mycotoxin contamination before and after crop harvest. Climate change has
a significant impact on the life cycles of phytopathogenic Fusarium due to its influence on
abiotic factors: increase in CO; concentration and temperature, as well as changes in the
soil water regime [1]. It also alters host survival and host—pathogen interaction mechanisms,
and possibly contributes to new diseases and changes in the diversity of phytopathogens
due to variations in their ecological niches [15-18]. This leads to changes in the species
distribution area, temporal activity, and community structure of fungal pathogens, and it
has a significant impact on species resistance and mycotoxin production [10]. For example,
conditions simulating climate change scenarios can significantly change the growth patterns
of F. graminearum and F. verticillioides in vitro. The in situ infestation of ripening maize by
F. verticillioides was shown to be increased with elevated CO, and temperature, though
fumonisin B1 (FB1) contamination was not detected [19]. Further studies showed that
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drought exposure affected FB1 production and stimulated the contamination of ripening
maize cobs due to physiological effects on the corn plant [20]. Temperature and water
activity (aw) have significant impacts on the key biosynthetic gene expression and growth
of F. verticillioides, as well as on toxic secondary metabolite production [21]. An ecological
study of F. langsethiae compared different strains from northern European countries and
found that the optimal conditions for its growth are between 0.980 and 0.995 aw at +25 °C,
and the production of T-2 and HT-2 mycotoxins was found to be highest at +20-25 °C and
0.995 aw [22]. Contrasting results were obtained during the colonization of stored oats by
F. langsethiae under the effect of modeled climate change, especially in growing conditions
at +30 °C, intermediate water stress (0.98 aw), and an increase in CO, concentration to
1000 ppm. Under these conditions, the stimulation of the expression of the Tri5, Tri6, and
Tril6 genes and a significant increase in T-2/HT-2 toxin contamination were observed
compared with the control (+20 °C, 0.995 aw, and CO, concentration of 400 ppm) [23].
However, the resilience of pathogenic Fusarium species to abiotic factors associated with
climate change and their adaptation to these factors are still to be explored. Further studies
on the effects of Fusarium on the soil mycobiota are required for a better understanding of
the consequences of pathogen dominance in the fungal community. In this regard, the study
of the adaptation and resilience of biocontrol strains, which are antagonists, in relation
to phytopathogenic Fusarium is important for the future sustainable control of mycotoxin
pollution in field conditions [1].
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Figure 1. Scheme of distribution, infection, and conservation of Fusarium.

Along with the climate, soil physicochemical parameters also determine the distribu-
tion and pathogenic activity of Fusarium [17]. Fusarium species survive better in soil with
a moisture content of 15-25% of the soil field water capacity [24,25]. A negative correla-
tion between survival and soil moisture content was noted for F. oxysporum [26,27]. Soil
moisture also indirectly affects the physiological activity of Fusarium, since an increase
in the water availability in soil may stimulate the overall microbiological activity of the
microbiome, including the antagonists of Fusarium. Model experiments with Fusarium
oxysporum have demonstrated that moderately acidic soils (pH values of 5-6) are optimal
for both spore germination and plant seedling infection by this phytopathogen; the lat-
ter may be due to the lower microbial activity in moderately acidic soils compared with
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soils with a neutral pH [28]. In acidic soils (pH 4.5), the infestation of winter wheat by
phytopathogenic F. pseudograminearum and F. culmorum was shown to increase fivefold
compared with neutral soil (pH 7). An increase in phytopathogenic spore formation on
straw placed in acidic soil was also detected [28].

Differences in particle size distribution and soil texture often correlate with the pres-
ence of phytopathogenic Fusarium. Hoper et al., 1995 found that the effect of clay minerals
on fungi depends on soil acidity and the presence of plants [29]. The introduction of
kaolinite reduced the abundance of F. oxysporum propagules at soil pH values of 4 and
5.2 but increased it at a pH of 6.9 compared with the control. After the germination of
wheat, the fungal abundance in the soil with kaolinite was higher than in the control soil
at all pH values. The addition of montmorillonite and talc stimulated the development
of F. oxysporum in sterile soil [30]. Soil particle size distribution also affects F. oxysporum
populations [31].

Each Fusarium species is characterized by a certain tolerance to environmental factors [1].
For example, F. longipes and F. beomiformeare are mainly found in tropical regions [15].
F. asiaticum is distributed in regions with air temperatures above +22 °C, mainly in East
Asia [32]. F. boothii is more thermophilic and is only found in Africa and Mexico. F. acuminatum
and F. culmorum are mostly identified in temperate climates and do not develop at temper-
atures above +25 °C [15]. F. acuminatum, F. culmorum, and F. cerealis are non-specific phy-
topathogens mostly found in temperate regions. F. graminearum is a highly aggressive phy-
topathogen of a local scale in regions with a cold and humid climate, its growth is limited
by low temperatures, and it has not been found in polar ecosystems [32]. F. sporotrichioides
and F. poae are eurytopic phytopathogens of cereals. Cotton, potatoes, pumpkin, legumes,
and cruciferous vegetables are most susceptible to Fusarium wilt. Potato wilt is commonly
caused by F. oxysporum and F. bulbigenum. Different plants are characterized by their own
Fusarium communities, which do not always act as phytopathogens [1].

Some Fusarium species are soil saprotrophs and mutualists with plants (for example,
F. heterosporum and F. sambucinum). These species can form mycorrhiza with many cereals
or live inside plant tissues (endophytes) [1,15,33]. At the same time, they do not cause
significant damage and increase resistance to phytopathogens [6]. Some Fusarium strains
can be mutualists of invertebrates [11]. It has been argued that some Fusarium species
are opportunistic pathogens of invertebrates as these microscopic fungi are occasionally
isolated from living and dead insects [11]. However, most members of the Fusarium genus
are known as phytopathogens of more than 200 crop species, as well as opportunistic
animal and human pathogens that cause Fusarium toxicity and dermatitis [4].

3. The Importance of Fusarium in Agriculture

Global economic losses in agriculture associated with phytopathogenic strains of
Fusarium reach billions of USD per year [34]. The prevalence of Fusarium infections in plants
can be assessed by the fact that two species of F. graminearum and F. oxysporum are among
the five main fungal pathogens of plants, along with smut fungi, rust fungi, and brown
and gray rot [11]. Fusarium has recently been included in the top ten most economically
important phytopathogenic fungi [35]. Even with the advent of new fungicides, these fungi
have a high adaptive potential to infect agricultural plants [36]. The main symptoms of
plant fusariosis are the wilt and rot of roots and seeds. Fusarium head blight (FHB) is one of
the most common and dangerous diseases caused by Fusarium. This infection leads to
the accumulation of mycotoxins in the grain and a significant reduction in yield. FHB is
caused by not one but a number of species, the list of which varies depending on geography
and climate. For example, in European countries, F. graminearum, F. culmorum, F. poae, and
F. avenaceum are considered the most common. The direct influence of some risk factors on
the development of FHB has been proven. For example, minimal tillage (no-till), excessive
moisture during flowering and an excess of nitrogen fertilizers significantly increase the
risk of FHB [37].
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The outbreaks of fusariosis often occur in years with warm and humid weather and
can lead to cereal yield losses of up to 75% [35]. The fusariosis of cereal crops is the
most hazardous kind [35,38]. A wide range of Fusarium strains may cause fusariosis in
cereals, and the infecting strain could be defined by the environmental conditions of crop
cultivation. The infestation of grain with Fusarium leads to a decrease in its feeding and
nutritional quality due to the accumulation of mycotoxins, as well as to a decrease in seed
quality [33,35].

F. oxysporum has been shown to be the most important representative of the Fusarium
genus in terms of agriculture and economy [39]. More than 150 formae speciales of
F. oxysporum are known, each with a unique range of hosts for a single or closely related
set of plant species. Fusarium species significantly vary in their confinement to climatic
regions and agricultural crops [4,15]. F. oxysporum causes wilt in many crops, such as
soybean, bananas [39,40], cotton [41], or tomatoes [42], primarily infecting the roots and
being asymptomatic in them for a long time. F. oxysporum is usually not pathogenic for
plants in natural ecosystems despite its high abundance in temperate soils; however, it is
a major phytopathogen in agricultural ecosystems [43]. F. oxysporum is a race complex of
hundreds of genetically isolated populations that can exhibit symbiotic, commensal, or
pathogenic relationships with plants depending on a wide range of factors [41,42]. It has
been shown that the level of pathogenicity and virulence of Fusarium in relation to the
plant is largely influenced by the age of the host [40] and the structure of the soil nematode
community [41,42].

F. avenaceum prevails in temperate climates and can exist as a saprotroph and phy-
topathogen, causing the fusariosis of oats and wheat, as well as the root rot of legumes
and carnations. F. moniliforme is a phytopathogen of cereal crops, causing root rot, plant
hypertrophy, and stunting. F. culmorum causes the root rot of cereals, stem rot of corn,
and dry rot of potatoes and vegetable crops; F. sporotrichiella may cause root and stem rot
in cereals. F. sporotrichiella is widespread in tropical and temperate climates, and it can
produce trichothecene mycotoxin (Table 1).

There are many dispersal mechanisms for Fusarium, including host seeds, insects,
nematodes, soil, and plant debris [41]. Therefore, Fusarium diseases are among the most
difficult to control. The phytopathogenic strains of Fusarium can persist in soil for decades,
even in the absence of a host plant. A reliable and accurate method is needed for the early
detection of Fusarium in seeds and soil [41].

Apart from cereal crops, alfalfa, corn, peas, soybeans, sunflowers, tomatoes, cucum-
bers, potatoes, and many gymnosperms and rhododendrons are most susceptible to fusar-
iosis [10,34,35]. Fusariosis is the most dangerous and frequent disease of vegetable crops
causing root rot, vascular lesions, wilt, and the desiccation of leaves.

The selection of new cultivars resistant to Fusarium is one of the obvious approaches to
control this threat, but there are currently no durum wheat cultivars resistant to this disease.
Different sensitivities to type B trichothecene accumulation were observed in a collection of
Triticum turgidum subsp. lines infected by F. culmorum [47]. The selection of cereal crops
with resistance to Fusarium and its associated mycotoxins will lead to the emergence of new
advanced cultivars [43].

The members of the genus Fusarium can be a useful source for a wide range of bioac-
tive secondary metabolites, such as antibiotics, antioxidants, and anticancer compounds [1].
Some secondary metabolites of Fusarium species activate plant resistance mechanisms
against phytopathogens. Additionally, the members of Fusarium can produce many en-
zymes that are important for industries. F. incarnatum actively synthesizes laccase, and
F. oxysporum produces chitinases, proteases, cellulases, and beta-glucosidases. Thus, the
members of the genus Fusarium cause significant damage to agriculture but can also be
valuable producers of enzymes and secondary metabolites in the food and cosmetics,
biofuel, and pharmaceutical industries.
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Table 1. Major phytopathogenic Fusarium species and their associated mycotoxins (based
on Munkvold et al., 2021; Edel-Hermann and Lecomte 2019; Galvez and Palmero, 2022;
Seefelder et al., 2002).

Species Habitat/Host Plant Mycotoxins

F. avenaceum

Ubiquitous: cereals, peach, apple, pear, peanut, asparagus,
and vegetables (potato, tomato)

Antibiotic Y, aurofusarin, beauvericin, chlamydosporol,
chrysogene, enniatins, fusarin C, and moniliformin

Aurofusarin, butenolide, chrysogene, culmorin, fusarin C,

F. cerealis Ubiquitous: cereals and potato nivalenol, norlichexanthone, rubrofusarin, siccanol,
and zearalenone
Aurofusarin, butenolide, chrysogen, culmorin,
F. culmorum Temperate regions: cereals, potato, apple, and sugar beet deoxynivalenol, fusarin C, 3-acetyldeoxynivalenol,
nivalenol, and zearalenone
.. .. . . Chrysogene, diacetoxycirpenol, equisetine,
F. equiseti Ubiquitous: cereals, fruits, vegetables, nuts, and spices

fusarochromanone, nivalenol, and zearalenone

F. graminearum

Ubiquitous: cereals and grasses

Aurofusarin, butenolide, chrysogene, culmorin,
deoxynivalenol, fusarin C, nivalenol, and zearalenone

F. oxysporum

Ubiquitous: ornamental plants, cotton, date palm, pear,
legumes, nuts, banana, citrus fruits, apple, vegetables
(onion, potato), heat-treated juices, spices, and cheese [44]

Fusaric acid, moniliformin, naphthoquinone pigments
trichothecenes T-2 toxin, HT-2 toxin, diacetoxyscirpenol,
and 3’-OH T-2 (TC-1)

F. poae

Temperate regions: cereals, soybean, sugarcane, and rice

Butenolide, fusarin C, y-lactones, nivalenol, neosolaniol,
iso-neosolaniol, HT-2 toxin, and T-2 toxin

F. proliferatum

Tropical regions: corn, rice, and fruits; Temperate regions:
cereals, soybean, and vegetables
(garlic and asparagus) [45,46]

Beauvericin, fumonisins, fusaproliferin, fusaric acid,
fusarin C, moniliformin, and naphthoquinone pigments

F. sambucinum

Ubiquitous: cereals and potato

Aurofusarin, butenolide, deoxynivalenol,
diacetoxycirpenol, and enniatins, T-2 toxin

F. semitectum

Tropical regions: nuts, banana, citrus fruits, melons,
vegetables (potato, tomato), and spices

Apicidin, Beauvericin, equisetin, fusapyrone, and
zearalenone

F. solani

Ubiquitous: fruits, vegetables, and spices

Anhydrofusarubin, fusaric acid and naphthoquinone
pigments, and solaniol

F. sporotrichioides

Ubiquitous: cereals and fruits

Aurofusarin, butenolide, fusarin C, T-2 toxin,
diacetoxyscirpenol, neosolaniol, nivalenol, NT-1 toxin,
NT-2 toxin, HT-2 toxin

F. subglutinans

Ubiquitous: corn, pineapple, banana, spices, and sorghum

Beauvericin, fusaproliferin, fusaric acid, moniliformin,
naphthoquinone pigments, and subglutinols

F. tricinctum

Ubiquitous: cereals

Antibiotic Y, aurofusarin, butenolide, chlamydosporol,
chrysogene, fusarin C, and visoltricin

F. venenatum

Temperate regions: cereals and potato

Aurofusarin, butenolide, diacetoxycirpenol,
isotrichodermin, isotrichodermol, sambucinol,
apotrichothecene, culm orin, and culmorone

F. verticillioides

Tropical and subtropical regions: corn, rice, sugarcane,
banana, asparagus, spices, and garlic

Fumonisins, fusaric acid, fusarin C, moniliformin, and
naphthoquinone pigments

4. Fusarium Control and Soil Suppressiveness against Fusarium Fungi

4.1. Mitigation Strategies towards Fusarium

4.1.1. Fusarium Detection

The traditional way to detect Fusarium in cereals involves counting the proportion of in-

fected grains and performing microbiological plating with the further analysis of Fusarium
isolates. However, this method gives only approximate estimates of phytopathogen abun-
dance in plant tissues. These estimates do not always reliably reflect the number of mycotox-
ins; depending on several factors (such as plant cultivar, resistance to phytopathogens, and
unfavorable weather events), Fusarium can penetrate grain tissues at different depths and
localize in the pallet, aleurone layer, endosperm, or embryo [48]. This problem is especially
common for glumaceous plants, such as oats and barley, where film can be abundantly
colonized by Fusarium representatives despite low seed infection. The generative organs of
plants before flowering are absolutely immune to Fusarium. However, in the case of early
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infection, the ear is partly formed from deformed and light-colored grains. These grains are
usually removed during post-harvest processing, resulting in significant crop losses [49].

4.1.2. Fusarium Control and Its Limitation

Fusarium control should be comprehensively carried out [50]. Three types of approach
are usually used for this purpose: agrotechnical (crop rotation, use of disease-resistant plant
varieties, weed control, and use of phosphorus—potassium fertilizers), chemical (pre-sowing
treatment of seeds with fungicides and fungicide spraying during the growing season),
and biological (treatment of seeds and adult plants with biological preparations based on
antagonist microorganisms) [12]. However, these methods are often not very effective, since
fusariosis is usually caused by several Fusarium species that often differ in their physiology
and ecology [12]. The main challenge of fusariosis elimination in agricultural practice is the
constant presence of Fusarium propagules on all organs of living plants, on plant residues,
and in the soil [33]. Plants are most susceptible to Fusarium during the moist seasons and
the flowering phase, but the probability of infection persists throughout the growing season.
A dangerous feature of fusariosis is the possible absence of external symptoms, which does
not always mean that the pathogen and mycotoxins are absent [12]. Each Fusarium is able to
produce its own spectrum of mycotoxins, which can be analyzed to determine the species
composition of fungi in plant organs or in soil [51].

4.1.3. Agrotechnical Approach—Fusarium-Resistant Plant Cultivars

The breeding of Fusarium-resistant plants is extremely challenging because many
genes control the quantitative traits of resistance to the disease [36]. Moreover, plant
resistance to Fusarium depends on environmental factors. Although there is no complete
immunity to Fusarium in any cereal species, five types of physiological resistance have
been distinguished [35,49]: (1) resistance to the penetration of Fusarium propagules into
the plant; (2) resistance of the cereal plant to the spread of Fusarium through the ear;
(3) resistance of grains to the penetration of Fusarium; (4) general tolerance of the plant to
the presence of Fusarium; and (5) ability of cereal plants to accumulate or degrade Fusarium
mycotoxins. Unfortunately, plant resistance to Fusarium is non-specific, so resistance to
one Fusarium species does not guarantee this trait in relation to other representatives of
the genus. The genes of resistance to Fusarium spp. found in cotton, tomato, melon, pea,
banana, etc. [52-54]. Although Fusarium is able to bypass the plant defense induced by
these genes, it enables the identification of races within the special forms and the use of
more complex selection strategies, such as gene pyramiding.

Overall, two types of plant resistance to phytopathogens have been described: poly-
genic (horizontal or resistance to minor genes) and monogenic (vertical or resistance to
major genes). Polygenic resistance does not recognize the races of the pathogen and pro-
vides a low level of resistance, usually based on multiple genes that act to create physical
and/or chemical barriers to pathogen invasion [42]. Polygenic resistance is generally con-
sidered to be longer lasting than resistance arising from single genes. Monogenic resistance
is based on individual resistance genes in the host that recognize the specific races of
pathogens and provide a high level of resistance against specific diseases [42]. In addi-
tion, plants can activate latent defense mechanisms in response to infection by pathogens.
Induced resistance in plants refers to a state of increased defense capability created by
a prior stimulus. Two different types of induced resistance have been extensively studied:
systemic acquired resistance (SAR) and induced resistance (IR). SAR is caused by plant
exposure to abiotic or biotic elicitors [42].

4.1.4. Chemical Approach—Fungicides

The application of fungicides is the most widely used practice to control Fusarium.
However, due to the rapid emergence of resistant strains, the effectiveness of these plant
protection agents can only be achieved if new effective chemicals are constantly being
developed. Another way to control Fusarium activity is the use of mixed fungicides with
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multiple active ingredients [55]. However, since the application of fungicides is limited to
a narrow time interval from the end of earing to the beginning of flowering, precipitation
may interrupt the crop treatment or make it ineffective [56]. Therefore, the main emphasis
in the control of phytopathogenic Fusarium in recent years has been the development of
plant cultivars that are resistant to Fusarium. There is also evidence that the use of some
soil invertebrates (e.g., earthworms, nematodes, and springtails) can reduce the quantity of
Fusarium phytopathogenic strains in agroecosystems [12].

4.1.5. Biocontrol of Fusarium

The use of biocontrol agents could be an environmentally friendly approach. Some
bacteria of the genus Pseudomonas are promising Fusarium biocontrol agents. Antagonistic
bacteria could be stimulated by exudates of previously sown crops: Fusarium wilt was sup-
pressed via Pseudomonas stimulation by the compound produced by Allium [57]. P. putida
reduces the incidence of Fusarium wilt in flax, radish, cucumber, and Dianthus sp. [27,57].
The biocontrol mechanism appears to be due to competition for iron ions between the
pathogen and siderophores produced by P. putida. The same effect of Fusarium wilt sup-
pression was also observed after the addition of EDDCA (chelate for Fe** with a high
binding constant) and additive suppression when applied together with P. putida. The
application of EDDCA to soil can confer a selective advantage on siderophore-producing
antagonists [58]. The combined application of two strains of P. putida (WCS358 and RES,
which implement different mechanisms of F. oxysporum control) demonstrated a cumulative
effect in the suppression of Fusarium rot on radish, exceeding the suppressive effect under
the influence of each strain separately by 50% [55]. The presence of P. fluorescens suppressed
the development of F. culmorum mycelium in the soil but stimulated the formation of
chlamydospores [59,60]. The decrease in mycelium density in the presence of P. fluorescens
was significantly higher in the soil without additives and less pronounced when glucose or
cellulose were added. Thus, the communities of several beneficial microbial taxa would be
more effective as biocontrol agents of phytopathogens than individual species. This also
suggests that higher soil microbial diversity is beneficial for plant disease control [42].

4.1.6. Fusarium-Plant Interactions on Molecular Level

During fusariosis, the polysaccharide component of Fusarium cell walls (e.g., chitin) is
usually recognized by the plant quickly, and then the immune response attends to suppress-
ing the pathogen [36]. The siRNA molecules of host plant are used to suppress pathogen
target gene expression; this defense mechanism is used in host-induced gene silencing
(HIGS) technology. The efficiency of RNAi vector blocking varies with the size and location
of the target regions within the TRI6 genetic cluster of trichothecene biosynthesis. Insight
into this mechanism has enabled HIGS technology to become a tool that is successfully
used to protect plants against fungal pathogens, including Fusarium [36]. Plants can export
both exogenous artificial siRNAs (small interfering RNAs) and endogenously produced
miRNAs (microRNAs) to mycopathogen-infected cells targeting fungal transcripts.

Despite the issues outlined above, Fusarium is able to bypass plant immunity. One such
pathway includes the proteins produced by some species of phytopathogenic Fusarium
that are secreted into plant cells to suppress the immune response and enable infec-
tion. F oxysporum uses functional homologues of alkalizing peptides (e.g., rapid alka-
linization factor, RALF). These metabolites have been found in tomato and Arabidopsis
plants infected with F. oxysporum, and they possibly increase pathogenicity and suppress
host immunity [42,52,58]. Increasing extracellular pH promotes the infectious growth of
Fusarium by stimulating the phosphorylation of a conserved mitogen-activated protein
kinase that is essential for pathogenicity [61]. Additionally, one of the possible positive
modulators of Fusarium pathogenesis is the production of fusaric and abscisic acid [62].
Abscisic acid is a transmitter of environmental stress signals, such as drought, cold, and
salinity, and it contributes to the acceleration of plant aging processes, the inhibition of seed
germination, the suppression of DNA and RNA, the synthesis of some enzymes, etc. [63,64].
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Thus, the abscisic acid produced by Fusarium sp. can indirectly reduce the overall physio-
logical status of a plant and contribute to the susceptibility of plants to the negative effects
of phytopathogenic Fusarium.

4.2. Soil Suppressiveness to Fusarium diseases

In general, soil suppressiveness characterizes the degree of the suppression of phy-
topathogenic taxa and is determined by the physicochemical and biological properties of
soil [65-67]. Highly suppressive soils are characterized by low levels of plant disease, even
in the presence of a virulent pathogen and susceptible crops [68,69]. Soil suppressiveness
can be defined as general or specific, natural, or induced [70]. General soil suppressiveness
is associated with microbial biomass activity in a soil or a plant at a critical moment in
the pathogen life cycle; specific soil suppressiveness is linked to the activity of an individ-
ual or selective group of microorganisms that are antagonists in relation to certain plant
pathogens. Natural soil suppressiveness is governed by the general microbial content
inherent in the soil, which is often associated with the physical properties of the soil and is
relatively independent of crop rotations. Induced soil suppressiveness could be managed
using various agricultural practices that activate soil microbial communities and increase
microbial diversity [71]. A decrease in soil suppressiveness combined with the insufficient
phytosanitary optimization of crop rotations and cultivation technologies usually lead
to an imbalance in soil microbial systems and an increase in the incidence of Fusarium
diseases in plants. The specific suppressiveness is explained by the convergent activity of
certain members of the soil microbial community that intervene in the pathogen’s disease
cycle [72]. For example, Pseudomonas is able to produce pyoverdins and iron-chelating
siderophores limiting iron availability for F. oxysporum.

The mechanisms of soil suppressiveness can be divided into physicochemical, bio-
logical, and anthropogenic. Soil physicochemical parameters (pH, organic matter content,
sand, clay, etc.) indirectly affect suppressiveness [69]. Particle size distribution, organic
matter content, and soil structure determine water-holding capacity, nutrient availabil-
ity, gas exchange, and root growth [69]. Low root-zone aeration, caused by poor soil
structure or waterlogging, can lead to Fusarium blight, and soil compaction significantly
increases the probability of root rot disease. Suppressiveness is inversely proportional to
soil moisture, and it is minimal in water-saturated soil [69]. Soil suppressiveness is also
determined by biological parameters, mainly by the activity of soil microorganisms and
the phytopathogen:antagonist ratio [71].

The biological mechanisms of soil suppressiveness include the synthesis of antibiotics,
competition for macro- and microelements, and the production of toxins and enzymes
that destroy the cell walls of phytopathogens. The comparative analysis has shown that
Fusarium wilt-suppressive soils harbored some unique bacterial and fungal species [72]
while the abundance of Fusarium oxysporum inoculums was very low [73]. Some strains
of Sporothrix flocculosa and Sporothrix rugulosa are able to synthesize antibiotics of hep-
tadecenoic and methylheptadecenoic acids with general antimycotic and antibacterial
activity [74]. Th fungi of the genus Trichoderma are known as biocontrol agents that inhibit
or control Fusarium blight through the mycoparasitism, consumption, and production of
various lytic enzymes and other antimicrobial compounds along with enhanced host plant
growth through the production of phytohormones. In soils, Trichoderma secrete various
antimycoparasitic proteins, enzymes, volatile and non-volatile compounds, and other
secondary metabolites that contribute to the dissolution of nutrients and protect plants
from pathogens [68]. Micromycetes (Trichoderma viride, Botrytis cinerea, Clonostachys rosea,
Penicillium expansum, Rhizoctonia stolonifer, Sphaerotheca fuliginea, and Puccinia xanthii, as
well as yeasts of the genera Pichia, Rhodotorula, Cryptococcus, Aureobasidium, and Tilletiopsis)
are capable of producing (3-1,3-glucanase and chitinase enzymes that dissolve the cell walls
of plant pathogens [58]. The actinomycetes of the genus Streptomyces, typical representa-
tives of the soil microbial community, also exhibit chitinolytic activity and produce a wide
range of antibiotics of a diverse nature (including peptides, beta-lactones, and polyketides)
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that help to limit the growth and development of Fusarium oxysporum f. sp. cubense [50].
Polyoxins B and D are a special class of antifungal antibiotics isolated from Streptomyces
cacaoi that specifically inhibit chitin synthase and are used against phytopathogenic fungi
in fruit, vegetables, and ornamental plants [56]. When applied to fungal cells, Validamycin
A is converted to validoxylamine A, which inhibits the synthesis of trehalose [58].

Anthropogenic activity has a significant impact on soil suppressiveness [75,76]. Crop
rotation and intensive tillage increase pathogen suppression, while long-term monoculture
and no-till cultivation in most cases lead to the accumulation of phytopathogenic microor-
ganisms [68]. Along with the use of crop rotations, the incorporation of crop residues in
soil reduces the stress caused by soil pathogens due to temporal changes in the biological
and physicochemical soil properties [77]. The use of organic fertilizers increases soil mi-
crobial diversity and stimulates general soil suppressiveness more than mineral fertilizer
systems [14,78].

The introduction of arbuscular mycorrhizal fungi into the soil could be the way to
increase soil suppressiveness [79]. Arbuscular mycorrhizal fungi increase plant resistance
to phytopathogens by improving phosphorus and nitrogen nutrition, thereby increasing
their non-specific resistance to microorganisms [79]. Furthermore, the synthesis of antimi-
crobial metabolites by the symbiotic fungi of arbuscular mycorrhiza has been reported.
Glomus intraradices synthesizes an unidentified antimicrobial agent that enables the control
of the conidial germination of the phytopathogenic Fusarium oxysporum [80]. Although
arbuscular mycorrhizal fungi are important for the control of phytopathogens, there are
limitations to their use in field conditions [79]. Firstly, a sufficiently large number of fun-
gal propagules should be introduced; otherwise, they may not survive in soil. Secondly,
possible competition between native and introduced mycorrhizal fungi may weaken the
suppressive activity of the soil. The high contents of phosphorus and nitrogen in the
soil also hinder the process of mycorrhization. One option is the simultaneous introduc-
tion of several different taxa of mycorrhizal fungi into soil to improve their survival in
field conditions.

5. Research and Diagnostics of Phytopathogenic Fusarium
5.1. Model Laboratory Experiments for Phytopathogenic Fusarium Research

The ecological features of phytopathogens and the investigation of pathogen control
methods and mechanisms are usually studied in laboratory experiments due to many
difficulties appearing in field research [12,50]. The virulence of Fusarium strains and a range
of environmental factors (seasonal change or global climate change, soil structure, and
microbial community composition and diversity) could be sources of uncertainty. Research
on agricultural techniques for Fusarium control, the selection of sensitive/resistant crop
cultivars, and the selection of antagonistic microorganisms in the first stage of research
should also be carried out as part of greenhouse or pot experiments.

A key point in the preparation of such experiments is the creation of an artificial
infectious background—the formation of a pathogen inoculum in the soil (or experimental
soil, depending on the research task) [50]. The direct “infection” of a soil (or a model
substrate that mimics a soil) can be carried out both by introducing a suspension of the
pathogen and by introducing an “infection powder”: cereals (millet and barley) treated
with an infectious material used as a carrier and a certain amount of a homogenizing agent
(gypsum/chalk in an amount of 1% of the final volume) [12].

To test the resistance of a new plant cultivar to phytopathogenic Fusarium, an artificial
infectious background is usually created. To do this, phytopathogenic Fusarium strains
are cultivated on agar media until sporulation occurs. Then, an aqueous suspension of
spores of the studied strain is prepared, and the tested cultivar is infected with it [49].
A similar methodology is used for the evaluation of fungicidal effectiveness [81]. A crop is
infected with the studied Fusarium strain and treated with fungicides. After that, a visual
and laboratory assessment of the damage to the plant in the experiment and control is
carried out.
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The presence of a sufficient amount of infectious material with high aggressiveness
and viability is necessary for the experiment conduction. Usually, an inoculum is prepared
in advance, 10-30 days before the experiment [12,38]. An inoculum can be made by
growing a large number of conidia (or ascospores, depending on whether the fungus has
a teleomorphic stage of its life cycle) under optimal temperature conditions (at +25 °C)
and lighting on plant debris or culture media. The following substrates can be used: corn
stalk nodes [82], decoctions of bran [83], agar-based acid potato glucose or corn culture
media [84], potato sucrose agar [85], or a liquid Czapek-Dox medium in aerated Erlenmeyer
flasks [86].

5.2. Molecular Genetic Techniques for Fusarium Identification

The genus Fusarium is very heterogeneous in terms of morphological, physiological,
and genetic criteria; therefore, the identification of its species requires the simultaneous
use of several methods. Until recently, the main identification method was microbiological
plating on specific nutrient media [1,6]. The qPCR is also proposed as a promising and
effective method for the detection of Fusaium sp. [73]. As an alternative to the microbio-
logical plating method, molecular genetic approaches using high-throughput sequencing
have been applied to identify the species composition of Fusarium in natural substrates:
PacBio SMRT [87,88] and Illumina MiSeq technology [89]. At the beginning of the genomic
era, the scientific community relied on a single “reference” genome for Fusarium due to the
significantly high cost of whole-genome sequencing. However, a significant reduction in
the cost of sequencing enabled the faster analysis of genomes at a greater depth and with
increased sensitivity [36].

Recent sequencing technologies are better adapted to work with short spans (up to
550 base pairs (bp) for MiSeq 300 Pair-End sequencing and up to 400 bp for Ion Torrent
PGM). The choice of primer pairs is also important as they should amplify a region of
the gene with a sufficient resolution to correctly identify Fusarium species while being
specific to that genus. Some of the most sequenced Fusarium genes include translation
elongation factor-1o (tef-1x), RNA polymerase 1 and 2 (RPB1 and RPB2), 3-tubulin (tub),
and histone (his) [4]. The translation elongation factor (EF-1«) identification is used the most
because it facilitates quantitative comparisons between species [90]. Determination by tef-
1o provides the correct identification of the following species: E. verticillioides, F. proliferatum,
F. subglutinans, F. thapsinum, F. temperatum, F. nygamai, F. brachygibbosum, F. redolens, and
others [90-92].

A pair of primers for detecting Fusarium species was recently developed for Illumina
sequencing [90]. However, the forward and reverse reads obtained using MiSeq Pair-End
technology with read sizes of up to 2 x 300 bp did not overlap due to long amplicons
(640 bp). Therefore, the sequence length used for taxonomic assignment is being signifi-
cantly reduced (up to 250-300 bp), and, consequently, its resolution is also being reduced.

Two databases of Fusarium sequences are currently available: FusariumlID (https://www.
fusarium.org/ (accessed on 9 September 2022)) and Fusarium MLST (https:/ /fusarium.
mycobank.org (accessed on 2 October 2022)). These databases contain information in
addition to the Fusarium sequences available in the GenBank database. The data from these
databases can be traced back to controls held in culture collections [4]. Additionally, it is
recommended that the tef-1oc gene is used as a marker to identify Fusarium and to sequence
RPB1 and RPB2 genes to confirm this identification. CYP51 genes, which are probably
species-specific, are also unique to Fusarium [36]. The standard DNA identification for fungi
by the internal transcribed spacer region (ITS) of the ribosomal gene is not informative
for a large number of Fusarium species and, therefore, should not be used for its species
identification [4].

It is important to understand that one reference genome is not enough to identify repre-
sentatives of Fusarium in natural substrates. The pangenome analysis, i.e., the comparative
sequence analysis of different collections of genomes, of Fusarium isolates is preferable [36].
The pathogenomic approach is a high-resolution technique, which refers to the creation
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and analysis of complete genomic sequences of various pathogens. It is performed for the
identification of genes and their regulators associated with virulence and pathogenicity,
primary and secondary metabolism, and potential genetic targets for the chemical control
of pathogens [4]. Pathogenomics helps us to better understand the complex dynamics of
host-microbe interactions that lead to disease [36].

It is necessary to distinguish between the concepts of pathogenicity and virulence.
Pathogenicity refers to the ability of a pathogen to cause a disease, while virulence is
a measure of the ability (probability) of a pathogen to cause a disease (measure of
pathogenicity) [36]. Van de Wouw and Howlett [93] first introduced the concept of pathogenic-
ity genes. They have been defined as genes encoding specific proteins in host plants
that exhibit a “feedback” relationship between pathogen and host genes, the interac-
tion of which leads to disease. Pathogenicity genes are divided into two classes: basic
(common for Fusarium and other pathogenic fungi) and specialized (specific for indi-
vidual Fusarium species—for example, the “SIX” and “FTF” gene families). In the PHI
database (http:/ /www.phi-base.org/ (accessed on 1 November 2022)), genes associated
with pathogenicity and virulence are classified according to mutant phenotypes (loss of
pathogenicity, unchanged pathogenicity, increased virulence, and reduced virulence). The
functional characterization of putative pathogenicity genes has shown that they are in-
volved in the following processes: the synthesis of enzymes that destroy the cell wall; the
regulation of carbon, nitrogen, amino acid, and lipid metabolism; the cell wall formation of
a host plant; and the translocation and degradation of proteins [36]. It is important to note
that pathogenicity genes can be transmitted by horizontal transfer from strain to strain.
A list of the main Fusarium pathogenicity genes is presented in Table 2.

However, it is very difficult to establish direct evidence for an association of specific
genes with pathogenicity and virulence. There is a principle of “genetic redundancy” when
two or more genes can code the same function [36]. Redundancy promotes significant
flexibility in gene regulation. For example, Fusarium pathogenic genes encode a wide range
of cell-wall-degrading enzymes. Gene redundancy for these enzymes increases the adapt-
ability of Fusarium to the use of different nutrient sources depending on their availability.

From an agricultural perspective, the ultimate goal of Fusarium molecular biology
research is to reduce the mycotoxin content in cereals. Therefore, the main efforts of molec-
ular phytopathologists are now focused on identifying aspects of the biosynthesis and
regulation of mycotoxins that can be used to control the content of these substances [94].
New information about fungal and plant genomes and their gene expressions is needed for
a better understanding of host-microbe interactions. This will help with the development of
approaches for the breeding and engineering of crops resistant to Fusarium and mycotoxin
contamination. Research on the Fusarium genomes has revealed the presence of dozens of
genes that are preliminarily responsible for the synthesis of polyketide synthases, nonribo-
somal peptide synthetases, terpene cyclases, and other types of enzymes that synthesize
mycotoxins and other biologically active metabolites [95]. Unfortunately, the comparisons
of DNA sequences alone cannot provide detailed information about mycotoxin biosynthetic
pathways; this information must be obtained through appropriate experiments.

Table 2. Fusarium pathogenicity genes according to Rampersad, 2020 [36].

Species Target Gene Gene Function Host Plant Reference
FcFgll Secreted lipase Wheat [95]
FcFmk1 Mitogen-activated protein (MAP) kinase Wheat [95]
F. culmorum
FcGlsl Beta-1,3-glucan synthase Wheat [95]
FcChsV Chitin synthase Wheat [95]

FcChsV Chitin synthase V, myosin motor domain Wheat [95]
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Table 2. Cont.

Species Target Gene Gene Function Host Plant Reference
CYP51A Cytochrome P450 lanosterol C-14-alpha Arabidopsis thaliana; [96]
demethylase Barley
E. graminearum FgCYP51A; FgCYP51; Cytochrome P450lanosterol C-14-alpha Barle [96]
FgCYP51C demethylase y
Chs3b Chitin synthase Wheat [95]
F. graminearum AGO; DCL RNA interference (Argonaute, Dicer-like) Barley [96]
F. graminearum FGSG_03101 Alpha/beta hydrolase Wheat [95]
F s Brachypodium
g00677; Fg08731 Protein kinase . [97]
. distachyon
F. graminearum
FgCYP51A; FgCYP51; Cytochrome P450lanosterol C-14-alpha Brachypodium [97]
FgCYP51C demethylase distachyon
. FgCYP51A; FgCYP51; Cytochrome P450lanosterol C-14-alpha . . .

F. graminearum FgCYP51C demethylase Arabidopsis thaliana [96]
FgDCL1, FgDCL2 RNA interference Dicer-like proteins Wheat [95]
FgAGO1, FgAGO2 RNA interference Argonaute 1 and 2 Wheat [95]
E. graminearum FgQDE3 RecQ helicase Wheat [95]
FgQIP AGO interactive protein Wheat [95]

FgRARP1, FgRARP2,
FgRARP3, FgRARP4 RNA-dependent RNA polymerases Wheat [95]
Velvet Transcription factor Banana [98]

F. oxysporum f. sp. cubense . o
ftfl Fusarium transcription factor 1 Banana [98]
SIX (Secreted In Xylem) Gene
F. oxysporum f. sp. cubense SGE1 Expression 1 Banana [98]
F- oxysp oru'mf. Sp- FRP1 F-box protein Arabidopsis thaliana [96]
conglutinan

F. oxysporumm f. sp. ERG6/11 Ergosterol biosynthesis genes Banana [98]

conglutinan

5.3. Fusarium Identification by Mycotoxins

Certain Fusarium species can be effectively detected by the presence of their main my-
cotoxins (for example, fumonisin, fusaric acid, trichothecenes, and enniatins) in the environ-
ment [90]. However, due to the high selectivity of molecular recognition mechanisms, it is
difficult to simultaneously analyze different compounds or detect new mycotoxins [99]. The
most common Fusarium mycotoxins are deoxynivalenol (DON), 3-acetyl-deoxynivalenol
(3-ADON), 15-acetyl-deoxynivalenol (15-ADON), nivalenol (NIV), fusarenone-X (Fus-
X), T-2 toxin, HT-2 toxin, neosolaniol (NEO), diacetoxyscirpenol (DAS), zearalenone
(ZEN), fumonisin B1 (FB1), fumonisin B2 (FB2), and fusaric acid [99]. It is suggested
that F. verticillioides, F. fujikuroi, F. solani, F. temperatum, F. subglutinans, F. musae, F. tricinctum,
F. oxysporum, F. equiseti, F. sacchari, F. concentricum, and F. andiyazi only synthesize fusaric acid,
while F. langsethiae, F. sporotrichioides, and F. polyphialidicum only synthesize trichothecenes.

Trichothece nemycotoxins are one of the virulence factors in Fusarium. Trichothecene
profiles are species- and strain-specific, so they can be used to identify representatives of
Fusarium. Fusarium trichothecene toxin (TRI) genes can be used for this purpose (Table 3).

Acute and chronic exposure to mycotoxins has a range of toxic effects on plants and
animals and could be a potential hazard to human health. To date, the risks of combined
toxicity have been poorly understood. However, it can be suggested that combined expo-
sure to several different mycotoxins often leads to synergistic effects [99]. Therefore, it is
critical to investigate mycotoxin profiles and identify the mycotoxin potential of different
Fusarium species in various substrates [99].
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Table 3. Fusarium trichothecene toxin (TRI) genes.

TRI Gene

Encoded Protein Species Host Plant

TRI5

Trichodiene synthase F. graminearum

Secalecereale (rye), Triticum (wheat); Triticum
aestivum (wheat), and Glycine max (soy)

TRI5

Trichodiene synthase F. pseudograminearum Triticumaestivum (wheat)

TRI6

Transcription regulator—Zinc
finger superfamily CoH;

F. graminearum Triticum aestivum (wheat)

TRI10

Transcription regulator—Zinc
finger superfamily CoH,

F. graminearum Triticum (wheat)

TRI12

Trichothecene efflux pump,
transmembrane transporter

F. graminearum T. aestivum (wheat)

TRI14

Transmembrane transporter F. graminearum T. aestivum (wheat)
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6. Conclusions

Over the past few decades, Fusarium has become one of the most serious fungal
diseases associated with climate change and modern agricultural practices, resulting in
huge economic losses worldwide. Current Fusarium control strategies are often unsuccessful
due to the development of chemical resistance in the pathogen population and the lack of
disease-resistant plant cultivars. Due to the active use of pesticides and climate change, the
evolution of phytopathogenic fungi seems to have surpassed the evolution of cultivated
plants, which has led to an even greater spread of crop diseases. The emergence of strains
with new combinations of pathogenicity and virulence factors threatens food security.
Obtaining new data on phytopathogenic fungi genomes is an important contribution to
maintaining crop health. However, information about genes associated with pathogenicity
and virulence must be supported by reliable evidence using several methods. These data
are crucial for the development of transgenic approaches in the field of plant disease control.
One approach by which to control Fusarium in some economically important crops is the
host-induced blocking of phytopathogenic genes based on a conservative mechanism for
preventing the expression of virulent fungal genes. Fighting Fusarium by suppressing gene
expression can potentially be achieved bypassing the cost and dangers associated with
pesticides. There is no doubt that knowledge about the diversity, ecology, and identification
methods of Fusarium will help in the fight against fungal plant diseases.
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