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Abstract: The significant problems caused by soilborne pathogens in crop production worldwide
include reduced crop performance, decreased yield, and higher production costs. In many parts of the
world, methyl bromide was extensively used to control these pathogens before the implementation
of the Montreal Protocol—a global agreement to protect the ozone layer. The threats of soilborne
disease epidemics in crop production, high cost of chemical fungicides and development of fungicide
resistance, climate change, new disease outbreaks and increasing concerns regarding environmental
as well as soil health are becoming increasingly evident. These necessitate the use of integrated
soilborne disease management strategies for crop production. This article summarizes methods for
management of soilborne diseases in crop production which includes the use of sanitation, legal
methods, resistant cultivars/varieties and grafting, cropping system, soil solarization, biofumigants,
soil amendments, anaerobic soil disinfestation, soil steam sterilization, soil fertility and plant nutrients,
soilless culture, chemical control and biological control in a system-based approach. Different methods
with their strengths and weaknesses, mode of action and interactions are discussed, concluding with
a brief outline of future directions which might lead to the integration of described methods in a
system-based approach for more effective management of soilborne diseases.
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1. Introduction

Soilborne diseases are considered a major limitation to crop production. Soilborne plant pathogens
such as Rhizoctonia spp., Fusarium spp., Verticillium spp., Sclerotinia spp., Pythium spp., and Phytophthora
spp. can cause 50%—75% yield loss for many crops such as wheat, cotton, maize, vegetables, fruit and
ornamentals as reported to date [1-3]. In the United States, soilborne plant pathogens are responsible
for about 90% of the 2000 major diseases of the principal crops [1,4]. They often survive for long
periods in host plant debris, soil organic matter, free-living organisms or resistant structures like
microsclerotia, sclerotia, chlamydospore or oospores. Accurate diagnosis of a particular disease is
difficult due to the similarity in symptoms such as seedling damping-off, root blackening, root rot,
stunting, wilting, yellowing, bark cracking and twig or branch dieback which in turn makes the disease
harder to manage [5]. To control these disease outbreaks, conventional synthetic chemical fungicides
and fumigants need to be applied at regular intervals throughout the growing season of the crop.
However, it should be noted that there are evident issues with the use of synthetic fungicides which
include ecological disturbance, human health hazards, damage to aquatic ecosystems, reduction of
beneficial microorganisms in the soil and even ozone layer depletion. In many parts of the world,
methyl bromide was extensively used to control those pathogens before the implementation of the
Montreal Protocol in 1986—an international treaty to protect the ozone layer [6] which also agreed to
phase down the production and use of hydrofluorocarbons in 2016 with the Kigali amendment. With
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the increasing environmental constraints, alternatives to broad-spectrum fungicides and fumigants are
being developed and put into use. However, these alternative disease-management methods either
have inconsistent results [7] or are less effective than methyl bromide [8].

The use of fungicides against soilborne plant pathogens can help to manage some diseases, in
contrast, frequent and indiscriminate use can increase environmental and health concerns and lead
to development of fungicide resistance [9]. Some environment-friendly approaches such as the use
of crop rotation, soil solarization, anaerobic soil disinfestation, soil steam sterilization, biofumigants,
resistant cultivars/varieties or grafted plants and biocontrol products have been developed to control
soilborne diseases while maintaining the environment. Studies on disease suppressive soils have
led to the development and adoption of new approaches [10-15], and to a better understanding of
soil microbial community responses [11,16-19]. These advances show that active management of soil
microbial communities could be an effective method to develop natural suppression of soilborne plant
pathogens [20]. As soil comprises a full ecosystem including many fungi, bacteria, insects, nematodes
and other microbes, it is very important to understand those interactions to develop a soil health
management strategy instead of focusing on individual disease causing species [21]. This review paper
seeks to summarize the current methodology used for management of soilborne diseases including
sanitation, legal methods, resistant cultivars/varieties and grafting, cropping system, soil solarization,
biofumigants, soil amendments, anaerobic soil disinfestation, soil steam sterilization, soil fertility and
plant nutrients, soilless culture, chemical control and biological control in a system based approach.

2. Soilborne Disease Management Methods

2.1. Sanitation

With the resting structures like chlamydospores, microsclerotia, oospores or sclerotia and basic
reproductive systems, soilborne plant pathogens can survive in the soil for a very long time, even
in the absence of a living host or plant debris and soil organic matter. Therefore, it becomes very
important to remove the plant debris away from growing areas whenever possible or accelerate
residue breakdown. Sanitation includes any sort of activities which are aimed to prevent the spread of
pathogens by removing diseased and infected plant parts, decontamination of tools and equipment
and washing hands. Weeds and volunteer plants should be destroyed as they can function as a host for
pathogens as well as increase the relative humidity around the crop canopy, creating an environment
in which many pathogens thrive. Plowing under infected crop debris is also a good sanitation measure
to control certain soilborne plant pathogens as tillage can expose the infected plant materials to the
direct sunlight, which can kill some plant pathogens. The diseased plants and the immediate soil
around its canopy should be removed to reduce the further spread of some diseases like lettuce drop
or white mold caused by S. sclerotiorum [22]. Tools that are used should be disinfected or cleaned at a
minimum, when moving equipment between different plants or fields using different methods such
as heat treatment, ultraviolet (UV) treatment and chlorine treatment. Thus, preventative measures
should be adopted to avoid pathogen contamination. Field sanitation in combination with many other
methods, can yield a desirable outcome. This is the first step for the management of soilborne diseases
in an integrated system.

2.2. Legal Methods

Legal methods can be defined as any regulation, law or quarantine that prevents the movement of
a disease-causing agent by country, region, state, or county. The long-distance transfer of soilborne
plant pathogens may occur through packing materials, containers, plant material, seeds, plant products,
soil, animals or even humans. Introduced pathogens can remain below the detection threshold for
many years, only to emerge later with destructive intensity [23]. Some specific studies conducted in
Europe and North America have clearly shown that the plant trade is one of the main pathways for
the dispersal of Phytophthora species (P. ramorum, P. drechsleri, P. hedraiandra, P. hibernalis, P. nicotianae,
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P. palmivora and P. syringae) in ornamental plants [24,25]. Sikes and his colleagues reported the increase
in arrival rate of fungal plant pathogens with the increasing trade in New Zealand over the years [26].
As international trade and travel have risen prominently over the last five decades [27,28], the arrival
and establishment of non-native species are also increasing [29-33]. Most of the developing countries,
either due to lack of technology or skilled manpower or both, suffer more from the diseases that are
being imported with the seeds and plant materials. The regulatory measures are constantly being
updated and enforced. However, even with quarantines, there is always a risk of additional soilborne
plant pathogen introductions.

2.3. Resistant Cultivars/Varieties and Grafting

One effective tool in disease prevention is the use of resistant cultivars/varieties. At the same
time, the development of resistant cultivars/varieties through plant breeding is an industrious and
time-consuming effort to combine resistance and desired commercial traits [34]. Also, there is not
any one plant cultivar/variety that is completely resistant to all disease threats. The cultivars/varieties
having the marking of resistance against a disease have higher level of resistance than those labeled
tolerant [22].

Control of soilborne pathogens in tomatoes such as F. oxysporum f. sp. lycopersici, F. oxysporum f.
sp. radicis-lycopersici, Pyrenochaeta lycopersici and Meloidogyne spp., has been successful using resistant
rootstocks in grafted plants [2]. Davis and his colleagues found that the resistant clones of potato
remained resistant against Verticillium wilt for five years of continuous cropping [35]. Conventional
breeding is an essential tool for crop improvement, while this is also true that it requires much
skill and effort. So, alteration of genetic material by biotechnology is more promising [36]. A better
understanding of host-microbe interaction can play a very good role in the use of genetic engineering to
create disease resistance. For instance, we can introduce those genes into plants which encode proteins
that are capable of degrading mycotoxins [37,38] or suppressing the activity of cell wall-degrading
enzymes [38,39]. Use of genetic engineering in crop improvement programs is intensively researched,
yet, acceptance of these tools by the general public is still lagging.

Although grafting is more popular in fruit and nut production, its use in high-value vegetable
crop is increasing. Grafting of susceptible scions on the compatible disease-resistant rootstocks is an
important strategy for the management of soilborne plant pathogens. Some soilborne diseases such as
bacterial wilt and root-knot nematode of solanaceous vegetables and Fusarium wilt of cucurbits are
managed by grafting techniques [40,41]. Grafting has been commonly used to manage Verticillium wilt
in solanaceous vegetables. As the biology of the pathogen, Fusarium, is well known and the rootstocks
resistant to Fusarium are widely available, the risk of Fusarium can be managed through grafting.
Along with the achievement of disease resistance and tolerance, grafting may also increase tolerance
to abiotic stresses, efficient water and nutrient utilization, better growth and development, improve
crop yield and quality and yield stability [34,42—45]. In spite of the huge advantages, grafting can
create incompatibility between scion and stock causing many physiological disorders, and reduction
in quality, yield and alteration of flowering patterns. For example, Stitger reported transport blocking
of photosynthates from scion to rootstock when melon was grafted on Cucurbita ficifolia (Bouché)
due to incompatibility [46]. Other studies also demonstrated that, fruit quality decreased in grafted
tomato plants compared to the non-grafted tomato [47,48]. However, inducing the differentiation of
the vascular tissues at rapid rate using auxin related compounds is a promising research area to focus.
Thus, as an important measure to manage the soilborne disease, we can use the resistant cultivars
and grafting method as an integrated way to make it more effective and focus our future research on
grafting and resistant cultivars/varieties to address the issue.

2.4. Cropping System

Mixed cropping, intercropping and crop rotation are important practices that are widely
emphasized around the world to avoid the inoculum buildup of soilborne pathogens. When the same
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crop is grown in a field year after year, development and persistence of soilborne pathogens is almost
certain. Crop rotation is also associated with enhanced soil fertility, improvement in soil chemical and
physical properties, good soil water management and soil erosion control [2,24]. Although crop rotation
is a valuable method of plant disease management, it is less effective against soilborne pathogens
that have a wide host range or produce long-living survival structures like sclerotia, oospores or
chlamydospores [49]. In many cases, cover crops are only effective against pathogens which are
surviving in soil or residing on crop residue but not against the wind-blown or vectored, thus it is
recommended to use the combination of disease-free planting materials and crop rotation [50]. Rather
than considering individual crops, rotation based on the plant family is a better approach for many
soilborne diseases. For example, tomato should be rotated with legumes, cole crops, or lettuce but not
within the Solanaceae family (eggplant, chili, potato etc.) to reduce Fusarium wilt (F. oxysporum). Crop
sequences like oat-potato, annual ryegrass-potato or clover-potato reduces R. solani inoculum levels in
the soil and suppresses disease development [51]. Larkin and his colleagues demonstrated reduction
in Rhizoctonia canker and black scurf through the rotation cycles of barley and clover, in comparison
with the continuous potato [52]. But due to limited availability of crops for crop rotation, it is always
difficult to control some of the diseases. Plant pathogens like S. sclerotiorum are difficult to manage due
to the broad host range and its production of durable survival structures (sclerotia) that can persist for
long period between hosts. Rotation among plant families is not effective for all soilborne pathogens.
Both being susceptible to Phytophthora blight (P. capsici), peppers cannot be rotated with cucurbits.
Great caution should be taken when selecting crops for crop rotation. Crops susceptible to the same
anastomosis group of Rhizoctinia should not be rotated for at least three years, which is also true for
control of black rot (Ceratocystis fimbriata), stem rot (F. oxysporum) and scurf (Monilochaetes infuscans)
disease of sweet potato [53]. However, not all of the strains of Rhizoctonia affects potato, for example,
anastomosis group 3 (AG3) is primarily a pathogen of potato (R. solani is actually a species complex
which is subdivided in 13 different anastomosis groups (AG1-AG13) based on the hyphal fusion
reaction) [54]. Some of the leguminous crops like clover, vetch, pea can also be used in crop rotation,
which can add the biomass in the field, thus increasing beneficial microbial population, and also adding
nitrogen to the soil. By contrast, Kobayashi-Leonel and her colleagues reported that the cover crops like
alfalfa, red clover and pea can harbor soilborne pathogen like F. virguiliforme (soybean sudden death).
Thus, careful selection of crops for rotation is recommended [55]. Moreover, Hiddink and his collegues
reported the null effect of mixed cropping of soil with brussels sprouts and barley or with triticale
and white clover [56]. With the wide host range of certain plant pathogens or production of durable
resting structures to avoid harsh environmental conditions, modifications of the cropping system alone
may not be an efficient method to manage many soilborne pathogens. The future research focusing
on suitable agronomic practices integrated with promising soilborne disease methods, is aspired by
the growers.

2.5. Soil Solarization

Soil solarization is an environment-friendly, pre-planting method of using solar energy to control
fungi, bacteria, oomycetes, nematodes, insects, and weed seeds in the soil. It can be performed by
placing transparent plastic sheets over the production bed after sufficient irrigation. The plastic sheet
then allows the solar radiation to be trapped inside to heat the upper layers of soil surface [2,22]. Soil
solarization is a climate-dependent measure so, it should be adapted to those regions and seasons [2]
which allow abundant sunshine and high temperature [14,22]. However, effective application cannot
be expected in the northern latitudes of North America, Canada and Europe, and areas with low light
intensity. Through direct thermal destruction, soil solarization changes microbial population of the soil
and can eliminate most of the pests. This process, when performed during the hot summer months, can
increase the soil temperature to a level which kills many important soilborne pathogens like V. dahliae,
certain Fusarium spp., Sclerotinia spp., Agrobacterium tumefaciens, Streptomyces scabies, and nematodes,
in addition to controlling many weeds [22,57,58]. As soil solarization is not only dependent on climate
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factors, it also depends on mulching material, soil temperature, soil moisture and duration of heating.
For example, use of ethylene-vinyl acetate plastics has increased the soil temperature compared to
polyethylene films [59]. In contrast, considering the costly disposal of these materials, biodegradable
materials such as paraffin-wax emulsion mulch would be good choice as a mulching material [60,61].
A few researchers also proposed the use of irrigation before solarization to be able to balance the soil
thermal equilibrium, on the other hand, more research is needed to conclude the relationship between
soil moisture and temperature to determine the effect of solarization [62,63]. Soil solarization can be a
cost-effective method for management of soilborne diseases, especially for organic growers as it does
not demand any special skill and technology. Even though soil solarization is a cost-effective method,
it takes a relatively long period of time to work and is solely dependent upon climatic conditions,
therefore its application in crop production is limited. However, if applied as an integrated measure,
combining the plants having allelopathic effect (Brassica cover crops and Allium species), the efficacy of
soil solarization can be increased.

2.6. Biofumigants

The crops in the family Brassicaceae, such as cabbage, broccoli, kale, turnip, radish, canola,
cauliflower, rapeseed and various mustards contain substances which can be effectively used to control
soilborne pathogens and pests. A sulfur compound, glucosinolate, is produced by Brassica crops
and releases biologically active products upon hydrolysis such as isothiocyanates (ITC), which are
found to be toxic to many soil organisms such as P. nicotianae and R. solani. This method has been
used effectively against soilborne pathogens and is widely known as biofumigation [64-66]. These
biochemical compounds either directly control the growth of harmful soilborne plant pathogens or
create a favorable environment for beneficial ones; which in turn increases the competition among
the microorganisms resulting in an antagonistic relationship among the microorganisms. Plants
belonging to Alliaceae, like onion and garlic, also contain molecules which can be used to control
soilborne pathogens. Auger and his colleagues reported that the use of crushed Allium spp. containing
thiosulfinates and disulfides have the same spectrum of pesticidal activity as methyl bromide [67],
which could be used in agriculture as an effective integrated disease-management tool [68]. Used
as a green manure, broccoli (B. oleracea), has reduced the number of S. minor sclerotia in soil [22,69].
Ramirez-Villapudua and Munnecke found that cabbage yellows (F. oxysporum f.sp. conglutinans) was
eliminated when grown in plots with cabbage residues incorporated prior to soil solarization [70].
Baysal-Gurel and her colleagues also reported the effective control of R. solani and P. nicotianae in the
woody ornamentals using Brassica cover crops [15]. The fungitoxic gases, probably sulfur-containing
volatiles, were trapped underneath the plastic sheet and contributed to the reduction of the fungal
pathogen population [71-73]. Soil type and soil environment may affect ITC release; for example,
higher clay or peat content reduces the efficacy of ITC [15,74,75]. Although use of biofumigant cover
crops has great potential, they can perform inconsistently and may actually increase disease severity
and cause phytotoxicity. For instance, Kwerepe and Labuschagne reported that the use of Brassica
residues at higher rate causing phytotoxicity to groundnut [76]. Care should be taken while using
biofumigant cover crops as well as when considering planting time of the subsequent crop. For
example, winter cover crop can be stressed, and growth can be limited due to sub-optimal climatic
conditions, which can result in higher numbers of pathogens. It should also be noted that the Brassica
cover crops can reduce the nutrient availability and harbor other pests. Now, the researchers are
trying to investigate the dynamics of biofumigation by different means. For example, Clarkson and
his colleagues explained the different ways of using biofumigation like intercropping and rotation
with biofumigant cover crop, incorporation of biofumigant cover crops into the soil, use of processed
biofumigants, and as green manure or trap crops [77]. Also, the addition of myrosinase, an endogenous
enzyme to hydrolyse glycosinolates to ITC, was found to increase the microbial activity in the soil
along with biofumigant crops [78]. The strengths and weaknesses of biofumigants should be apparent
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from the proceeding text; in order to be effective, biofumigation should be applied in conjunction with
other approaches found within the scope of integrated soilborne disease management.

2.7. Soil Amendments

Organic amendments to the soil are traditionally used for improving soil conditions and crop
productivity, but they can also aid in suppressing soilborne pathogens. Composts and liquids
enriched with essential oils, phenols, organic acids and many other biocidal compounds from herbs
could be effective against soilborne diseases [79], although the use of these soil amendments is
rare [80,81]. Organic manures made up of organic wastes, composts and peats, have been proposed
to control soilborne diseases and pests. R. solani, Thielaviopsis basicola, V. dahliae, species of Fusarium,
Phytophthora, Pythium and Sclerotium are found to be managed effectively by the application of organic
amendments [82,83]. These organic amendments not only improve soil structure and increase water
holding capacity, they also support other beneficial microorganisms which help to suppress soilborne
pathogens. The increase in activity of microorganisms in the soil creates competition, which may lead
to effective suppression of harmful soilborne pathogens. The use of compost extract containing huge
populations of microbiota, e.g., Rhizobacteria, Trichoderma and Pseudomonas species, can enhance crop
production and produce plant growth regulators and chemicals such as phenols or tannins which
may have an antagonistic effect on soilborne pathogens [84]. Soil organic amendments also provide
diversified food base, which can diversify and change the microbial population equilibrium in the
soil [85] which is also explained by the recent sequencing-based research [86—88]. Even though the
studies have not yet confirmed the effect of frequency of organic amendments in the soil for disease
suppression [85], the recurrent addition of the organic amendments enhanced respiration and chemical
properties of the soil [89]. In addition, biochar, a solid co-product of biomass decomposition, can be
effectively used as an organic amendment to the soil, as a source of carbon. Research in the use of biochar
has already demonstrated its importance in the soil-rhizosphere ecosystem such as improvement of
pH, increase in cation exchange capacity [90]; increase in nutrient retention in light soils [91]; and
promotion of beneficial microorganisms in the soil, thus improving disease suppressiveness of the
soil [92]. Brtnicky and colleagues demonstrated the co-application of biochar with organic manures
can change the soil properties which favors beneficial soil microorganisms [93]. Jaiswal and his
colleagues demonstrated the use of biochar as an effective method to control the disease severity
caused by P. aphanidermatum in cucumber seedlings [94]. Although the effect of compost and organic
matter on soilborne disease suppression has been demonstrated in many studies, the efficacy of
these amendments widely depends upon the amount added, type of soil, physical properties like
structure and chemical properties such as cation exchange capacity, pH, electrical conductivity of the
soil. Sullivan and Miller demonstrated the use of a low rate of organic amendments to growing media
to reciprocate negative growth effect and phytotoxity [95]. Some soilborne pathogens such as R. solani,
are very difficult to control with the addition of organic amendments, resulting in increasing disease
severity [82,96,97]. Kebrom and his colleagues evaluated the phytotoxity of commercially available
organic amendments in the United States, which confers the need for research on the safe use of organic
amendments [98]. Similarly, use of biochar at concentration above 3% resulted either inefficacy or
underirable results [99,100] nessecitates further research on effective use of biochar. Efficacy of organic
amendments, like compost, also depends upon the raw materials from which it is derived, process
and quality of compost [97,101]. This opens up the wide research area where we can improve the
efficacy of organic amendments by integrating it with different other means such as biofortification,
soil solarization etc. For instance, biofortification of organic compost with beneficial microorganisms
can also enhance the disease suppressiveness of the soil with higher efficacy and reliability [102]. Also,
the addition of organic amendments followed by soil solarization can increase beneficial microbe
interaction in the soil [34] with induced resistance in the host plant [103]. Thus, well balanced use of
soil organic amendments together with the methods described such as soil solarization, biological
antagonists can be an integrated approach for the management of soilborne pathogens.
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2.8. Anaerobic Soil Disinfestation

Anaerobic soil disinfestation (ASD), also known as biological soil disinfestation [104], is a process
of disinfesting the soil by making it anaerobic using easily decomposable amendments such as rice
bran, fresh crop residues, soybean flour and vineasses [105], covering it with plastic film, and irrigating
to saturation. ASD can be applied in open field, greenhouses and even soilless systems [106]. The soil
amendments used in ASD provide the substrate for rapid microbial growth. The irrigation and plastic
mulch followed by soil amendment decomposition restricts the gaseous exchange between the soil
and atmosphere, thus creating anaerobic decomposition of the added amendments. The anaerobic
decomposition of the soil amendment allows many toxic substances to accumulate in the soil such as
acetic acid, butyric acid, and other volatiles which can reduce the soilborne plant pathogens. Many
soilborne plant diseases such as Fusarium wilt (F. oxysporum), southern blight (S. rolfsii), Verticillium
wilt (V. dahliae), bacterial wilt (Ralstonia solanacearum) and root-knot nematodes (Meloidogyne spp.) are
found to be susceptible against ASD [107]. Agrobacterium tumefaciens and P. ultimum were found to be
controlled using the ASD technique [108,109] and ASD can also increase the beneficial microbes in the
soil, thus helping to control the harmful soilborne pathogens by creating competition. ASD is now
being commercially used in California for strawberry production [110]; in Japan for melons, cut flowers
and tomatoes [106]; and in the Netherlands for strawberries, asparagus and even tree nurseries [111].
New techniques need to be tested in various dynamics as ASD depends upon various factors and,
for the most part, soil amendments. Shrestha and her colleagues reported the use of liquid form of
amendment to be more effective to control soilborne diseases than solid form [112]. Also, the rate of
amendments can influence the disease suppressiveness as low rates were significantly less effective.
As ASD has already proved to be effective against many soilborne plant pathogens, this technique
could be a very useful method for the growers to manage the soilborne diseases while improving
the soil conditions. Research hereafter, with different elements of ASD and its integration with other
methods is coveted by the growers.

2.9. Soil Steam Sterilization

Soil steam sterilization is a technique to sterilize the soil by using hot steam in the open field, high
tunnels or greenhouses. First applied in Germany in 1888, it was the primary method for disinfecting
the field prior to the arrival of soil fumigants [113]. Fungi, bacteria, weeds, a few viruses and nematodes
can all be controlled using hot steam. This method involves the injection of hot water vapors in the
soil using boilers and conductors. Tanaka and her colleagues observed the better control of fungal
pathogens using steam than methyl bromide and chloropicrin [114]. Afek and Orenstein successfully
reduced the incidence of soilborne pathogens such as S. scabies, Spongospora subterranae, Fusarium spp.,
R. solani, and C. coccodes in potato tubers using steam [115]. Moreover, Fennimore and his colleagues
detailed the use of mobile steam applicator to improve the yield of strawberries in California [116].
Steaming the soil was found to be effective, and was comparable to methyl bromide for root-knot
nematode control in cut flower production in Florida [117]. Furthermore, the length of time and
temperature for disinfecting the pathogens may vary according to pathogen and type of soil. R. solani
was eliminated by steaming trays of tobacco at 80 °C for 30 min [118]. However, Minuto and his
colleagues reported the elimination of F. oxysporum and R. solani only after 3 hrs of steaming at 80 °C in
sandy-loam soil at 16 cm depth [119]. Even though there are some heat resistant spore forming fungi
which can survive the high temperature, the use of steam treatment integrated with other techniques
could be effective against the soilborne disease to an extent. In the similar way, steaming along with
the use of exothermic chemicals such as potassium hydroxide (KOH) or calcium oxide (CaO) was
found to be effective against tobacco mosaic virus [120]. Nonetheless, the fuel consumption, labour
and time consumed to apply this technique in the field make its adoption unappealing [120]. Steam
soil disinfection is more popular in greenhouses, high tunnels and container production as it is difficult
to operate in the open field. Samtani and his colleagues reported the reduction of net return to the
growers because of high fuel and equipment costs of this method [121,122]. This dictates the next step
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research related to steam disinfection as an integrated disease management strategy with development
of easy and cost-effective tools would be pursued by growers as climate change, food insecurity and
concerns about environmental health are increasing day by day.

2.10. Soil Fertility and Plant Nutrients

Soil fertility and chemistry including soil pH, calcium, phosphorus and zinc levels and nitrogen
form can all play a major role in the management of soilborne diseases. Soil nutrition, along with
the use of fertilizers and amendments, have been shown to directly impact microbial communities.
Adequate nutrition can make the plant more tolerant or resistant to diseases [50] as mineral nutrients
are components of plants which regulate metabolic activity which is related with plant resistance
and pathogen virulence [123]. The conditions that influence the availability of various nutrients
have led to the classification of diseases by high or low pH and moisture- or nutrient-specific
diseases [124]. In particular, Huber and Watson have discussed that the form of nitrogen available
to the pathogen affects the disease severity or resistance [124]. The diseases caused by P. myriotylum,
S. rolfsii, Cylindrocladium crotalariae, S. minor, R. solani and F. solani can be suppressed by calcium
applications, which increases the structural integrity and resistance of middle lamella, components of
cell wall, and cell membranes to the toxins produced by harmful pathogens [125]. Also, Myers and
Campbell used lime to control clubroot of crucifers (Plasmodiophora brassicae) as the increase in pH helps
in uptake of calcium [126]. In addition, Jones and his colleagues have established a direct correlation
between adequate calcium levels, pH range and decreasing levels of Fusarium in various crops like
tomatoes, cotton, melons and many ornamentals [127]. The nitrate form of nitrogen makes the root
zone less acidic, though, the beneficial effect of higher pH is lost by using the acidifying ammonium
form of nitrogen. The study of Woltz and Jones on tomato shows the use of nitrate nitrogen in the soil
with higher pH results in better control of Fusarium wilt [128]. Woltz and Ebgelhard demonstrated
that the use of nitrate nitrogen produced the lowest levels of Fusarium wilt on chrysanthemums, king
asters, and carnations [129]. Potassium levels are also associated with the management of soilborne
diseases in crop production. Reduced incidence of Fusarium in tomatoes with higher potassium levels
was shown by Foster and Walker [130], while severity of wilt in cotton is also decreased with increasing
levels of potassium [50,131]. The level of phosphate in the soil can also be critical to disease. It has
been shown that higher rates of phosphorus increase the severity of Fusarium wilt in cotton and
muskmelon [50,127]. Systemic acquired resistance may be involved in disease suppression which is
regulated by many micronutrients. For example, manganese inhibits the aminopeptidase induction
which supplies essential aminoacids for fungal growth and also, pectin methylesterase which is a fungal
enzyme that degrades plant cells [132]. Similarly, toxic effect of zinc can reduce disease severity caused
by P. dreschsleri [133,134]. Boron, an essential micronutrient, also plays role in cell wall structure and
stability, nevertheless, more research related to the relationship between boron and disease resistance
or tolerance is needed. Several other elements such as lithium, sodium, cadmium, aluminium and
mercury may also have role in host plant relationship [134], which necessitates the further research.
Disease resistance is primarily genetically controlled; however, it can be modulated by physiological
and biochemical processes which are associated with nutrient level. Therefore, the proper management
of nutrients, along with other integrated measures to control the diseases, aids in keeping the disease
under the threshold level.

2.11. Soilless Culture

Soil is the most abundant growing medium which provides anchorage, nutrients, water and air
to the root system of the plants. At the same time, due to the presence of disease-causing organisms
and nematodes, degradation of soil due to erosion and accumulation of salts can cause plant growth
to be limited. Planting in soilless culture is an effective and environment-friendly alternative to soil
systems and can replace methyl bromide [135]. Soilless cropping can also improve water-use efficiency
and nutrient management. Although hydroponics is primarily limited to greenhouses, it is expected
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to increase. Neshev has stated that the area in Bulgaria on artificial substrate under greenhouse
increases by 10-20 ha every year [136]. The higher yield with less inputs makes soilless culture more
attractive to the growers. In Turkey for example, when economic aspects of soilless and soil-based
greenhouse cucumber production were analyzed, there was 25% higher net return from cucumber
grown in perlite and zeolite mixture as compared to the conventional soil-based cultivation [137]. With
good quality produce, improved phytosanitary management and ease of implementation, soilless
culture can be highly productive method [138]. In spite of that, Pythium spp. and Phytophthora spp.
are among the pathogenic organisms which are detected in soilless culture [139-141]. In the period
of stress, because of high temperatures and low dissolved oxygen in the nutrient solution, Pythium
and Phytophthora disease epidemics can occur more easily in soilless culture [142-144]. Regardless
of the issues associated with soilless culture, we can always optimize the system following different
methods. Passive methods like slow filtration, heat treatment, UV-treatment and use of disinfectant
like sodium hypochloride (NaOCl,) [145], addition of biocontrol agents like Pseudomonas, Burkholderia,
Bacillus, Penicillium, Trichoderma species, and other non-pathogenic fungi/bacteria which can improve
the biological interaction, thus reducing harmful plant pathogens [135]. As these methods are mostly
tested in vitro, these results cannot be fully correlated in greenhouses. Therefore, further research in
these methods for optimizing the performance of soilless growing system is needed.

2.12. Chemical Control

Chemical control is an effective method of controlling some soilborne diseases in agricultural
crops. As non-chemical alternative methods can be time-consuming and less effective against soilborne
plant pathogens, the growers are turning to many known chemical alternatives to methyl bromide for
soil fumigation [146]. Chemical control of soilborne plant pathogens is generally preferred in large
crop production areas due to relatively rapid effect and easy operation. Products in the dicarboximide,
benzimidazole and triazole fungicide groups are known to control certain soilborne fungal disease
effectively [147,148]. Bubici and his colleagues demonstrated the effective reduction of Verticillium wilt
in eggplant using strobilurins under field and greenhouse conditions [149]. Similarly, azoxystrobine
fungicides are often used to control R. solani [2,150,151]. Cyprodinil and fludioxonil-based fungicides
are widely recommended to use against S. sclerotiorum [152,153]. However, it is important to recognize
the impact of long-term fungicide and fumigants use such as influence on microbial growth and
activity, reduced fertility and productivity and the emergence of fungicide resistance in pathogens [154].
Therefore, in an attempt to control the pathogens, we should also be aware of the downside of
chemical fungicide use. Dekker reported the quick development of resistance to metalaxyl after its
introduction [155]. Pathogen resistance to fungicides is becoming more common, and the performance
of many fungicides has been affected to some degree by pathogens that develop resistance. Using
different mode of action in rotation for a fungicide program is an important step toward reducing
the risk of resistance development. Many environment-friendly chemicals and non-chemicals are
being developed; again, their consistency and effectiveness are still found to be lower than methyl
bromide [8]. Generally, minor diseases should be controlled using the management practices listed
above, while the use of fungicides and fumigants should be reserved as the last step for soilborne
disease control which adversely affects the aesthetics, marketability and health of the crops.

2.13. Biological Control

Chemical methods are easy, quick and effective; yet, they can cause a disturbance in the
environment, adversely affect human health, damage aquatic ecosystems, harm pollinators and
reduce populations of beneficial microorganisms in the soil. The application of biocontrol agents to
the soil is an alternative to suppress soilborne plant pathogens through parasitism, production of
antagonistic chemicals, competition for the host and nutrients, and induction of resistance in plants
against disease-causing pathogens [83]. Several organisms are successfully used as biocontrol agents
for controlling soilborne pathogens (Table 1). The bacterial and fungal genera that are commercially
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employed as biological control agents include Gliocladium, Bacillus, Coniothyrium, Paecilomyces,
Phlebiopsis, Pseudomonas, Rhizobium, Serratia, Streptomyces, and Trichoderma [156]. The application
of biocontrol agents in soil such as T. viride, T. harzianum, fluorescent Pseudomonas and B. subtilis
have been found to be effective against root rot caused by soilborne plant pathogens in a number of
crops [83,157]. Trichoderma species are known to produce large quantities of fungi-toxic metabolites.
They are the active mycoparasites which have been used as effective biocontrol agents against foliar and
soilborne disease, as well as plant parasitic soilborne nematodes [83,158]. Meyer and his colleagues have
investigated the use of Trichoderma species against root-knot nematodes on a wide range of crops such as
tomato, okra, mungbean, and bell pepper [159]. Dennis and Webster reported the antagonistic ability of
T. harzianum against several soilborne diseases [160-162]. Use of mycoparasite, C. minitans, to effectively
manage S. sclerotiorum is widely used. C. minitants produce cell-wall degrading enzymes such as
chitinases and glucanases that can enhance the colonization and degradation of sclerotia produced
by S. sclerotiorum [163,164]. A few studies also demonstrated the direct penetration, degradation
and disintegration of sclerotia by C. minitants [165,166]. Similarly, Henis and Papavizas explained
the phenomena of inhibition of sclerotial germination of S. rolfsii, by Trichoderma, as a competition
for nutrients [167,168]. The antifungal substance obtained from the bacterium B. amyloliquefaciens
was found to be effective to inhibit the mycelial growth of some pathogenic fungi such as Alternaria
panax, Botrytis cinera, C. orbiculare, Penicillium digitatum, P. grisea and S. sclerotiorum [169]. Zhang and
his colleagues also explained the inhibition of plant pathogenic fungi such as C. orbiculare, P. capsici,
Corynespora cassicola and F. oxysporum with prenylated indole derivative from the endophytic bacteria
Streptomyces species [170]. Not only the antagonistic bacteria and fungi, but also arbuscular mycorrhizal
fungi have been used to control soilborne diseases [171]. Mycorrhizal fungi cover the plant root, forming
a fungal mat, and protect plant roots by providing the physical barrier to the pathogen, providing
antagonistic chemicals, increasing nutrient-uptake ability of plants, and a direct competition with the
pathogen. The most common type of mycorrhizal association, vesicular arbuscular endo-mycorrhizas
(VAMs), are formed by almost all cultivated plants which may be agronomical, horticultural or fruit
crops [172]. VAMs can reduce the potential damage from Rhizoctonia on several plants, Verticillium
wilt of cotton [173], Fusarium crown and root rot, and P. nicotianae on tomato [174]. Although the use
of biological control methods for the effective management of soilborne diseases has been a long-term
goal in sustainable agriculture, the efficacy of this method is highly dependent on the integrated
approaches to maintaining soil health and controlling soilborne pathogens.

Table 1. Some important biological control agents with their mode of action and target soilborne

pathogens.
Biocontrol Agents Target Pathogen Mode of Action Reference
Bacillus spp. (B. subtilis, Pythium spp., Fusarium spp., Competition, direct
B. amyloliquefaciens, Rhizoctonia solani, antibiosis, induced [175,176]
B. firmus and B. pumilus) Aspergillus flavus resistance
) . . Sclerotinia sclerotiorum and Lysis by chitinase
Coniothyrium minitans S. trifoliorum and 3-1,3 glucanase [175]
Species of Rhizoctonia, Pythium,
Phytophthora, Fusarium,
Gliocladium catenulatum Didy mell‘u, Botrytis, Vertzczllzum, Toxin production [175]
Alternaria, Cladosporium,
Helminthosporium, Penicillium
and Plicaria
Purpureocillium lilacinum Verticillium dahliae, R. solani
QLP 12 (previously o Parasitism [177]

Paecilomyces lilacinus) and nematodes
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Table 1. Cont.

Biocontrol Agents Target Pathogen Mode of Action Reference

Competition for

[175]
resources

Phlebiopsis gigantea Heterobasidion annosum

Production of
antibiotics,
siderophores,
volatiles

Pseudomonas spp. Pythium spp. R. solani [175,178]

Species of Alternaria, Botrytis,
Fusarium, Gaeumannonyces,
Pythium oligandrum Opbhistoma, Phoma, Hyperparasitism [175]
Pseudocercosporella, Pythium,
Sclerotinia and Sclerotium

Species of Fusarium,
Rhizoctonia, Phytophthora,
Pythium, Phytomatotricum,

Streptomyces spp. Aphanonsyces, Monosprascus, Mycoparasitism [175]
Armillaria, Sclerotinia,
Verticillium, Geotrichum
Trichoderma spp. Specigs of Rhizocto‘nia, B
(T. atroviride, T. asperellum Fusarzum, Alternaria and Competltlon,
T harzianum, T viridae " Colletotrichum as well as resistance and [175]
. - ’ oomyecetes, such as Pythium hyperparasitism

T. gamsii and T. polysporum) and Phytophthora

3. System-Based Approach for Soilborne Disease Management

Generally, but not always, the application of corrective systems to manage soilborne diseases can
be only for short term. The increasing trend of combining different methods illustrates the importance
of integrated soilborne disease management as well as opens up the concerns regarding environmental
health. Integrated soilborne disease management uses all the available tactics such as physical, cultural,
legal, biological and chemical if urgent, for the effective and sustainable management of soilborne
diseases. Limited availability of soilborne disease management strategies and their effectiveness
under particular conditions leads to a redesign of the crop production system with more robust and
sustainable solutions. A system-based approach emphasizes the incorporation of different practices
into the design and operation of a cropping system which aids disease suppression through natural
biological feedback mechanisms [179]. Chellemi and his colleagues illustrated the system-based
approach with case studies related to Verticillium wilt and Fusarium wilt as an effective way to manage
soilborne diseases. This approach consists of the following steps: (i) prevention of introduction and
spread of pathogen; (ii) reduction of high pathogen level to the point where they can be managed
effectively using natural systems; (iii) promotion of disease suppressive soil microbial communities;
and (iv) use of an integrative approach to interfare with the life cycle of pathogens and minimizing
the use of disruptive actions such as pesticides and biopesticides. For example, for the effective
management of Verticillium wilt, the first step would be the use of clean seed and transplant [179].
When the pathogen level is high enough to cause significant economic losses, soil disinfestation using
different fumigation methods can be adopted. For the long-term management, integration of crop
rotation (strawberry—cover crop—broccoli-lettuce in this case), addition of organic amendments can be
used to alter the microbial composition to suppress Verticillium wilt. In addition, crop termination
treatments to mitigate inoculum build up and transfer is desirable. However, deep understanding of the
multiple interactions at different trophic levels is advisable to design and implement a systems-based
approach for disease management [180,181]. Colla and his colleagues reviewed the use of an integrated
approach for the effective management of different pathogens as the phaseout of methyl-bromide
leads to knowledge about the pathogens’ biology, ecology and management [182]. Larkin reviewed
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the strategies for soil health management in which he suggested importance of maintaining and
diversifying soil biota by integrated soil health management approaches [183]. Newton and his
colleagues reviewed different type of host-microbe interaction that can be present in the soil such
as positive, negative and positive or negative interaction depending upon the ecosystem, there is no
single answer to the problems faced by growers [184]. Besides, a general recommendation for using a
system-based approach based on current research would be the integrated use of different methods
explained above. For example, soil solarization to manage different soilborne diseases as a pre-planting
measure followed by use of clean seed materials to reduce the chance of introduction; use of Brassica
cover crops as a natural source of biofumigants in coherence with crop rotation, to reduce the chance
of pathogen build up due to monoculture; and introduction of biocontrol agents to the ecosystem.

4. Conclusions

Soilborne diseases are among the most destructive elements in crop production. Many vegetable
crops, other high-value crops and ornamentals are vulnerable to the wide range of disease-causing
organisms that either reduce the yield, aesthetics, marketability or many aspects combined.
The phase-out of many chemicals and rising awareness towards resistance development, environmental
health, and climate change necessitates the quest for alternative suitable management options. Many
non-chemical options such as sanitation, legal methods, resistant cultivars/varieties and grafting,
cropping system, soil solarization, biofumigants, soil amendments, anaerobic soil disinfestation, soil
steam sterilization, soil fertility and plant nutrients, soilless culture and biological control methods may
prove costly and inefficient when used alone. However, soilborne plant pathogens can be managed
below the economic threshold level when these methods are applied as a system approach. Although
the integrated soilborne disease management strategies may not eradicate all the pathogenic organisms
from the soil, it entails continuous exploration and research for sustainable crop production which will
secure a sustainable future for an ever-growing population.
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