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Abstract: The last few years have witnessed the emergence of alternative measures to control plant
parasitic nematodes (PPNs). We briefly reviewed the potential of compost and the direct or indirect
roles of soil-dwelling organisms against PPNs. We compiled and assessed the most intensively
researched factors of suppressivity. Municipal green waste (MGW) was identified and profiled.
We found that compost, with or without beneficial microorganisms as biocontrol agents (BCAs)
against PPNs, were shown to have mechanisms for the control of plant parasitic nematodes. Compost
supports a diverse microbiome, introduces and enhances populations of antagonistic microorganisms,
releases nematicidal compounds, increases the tolerance and resistance of plants, and encourages
the establishment of a “soil environment” that is unsuitable for PPNs. Our compilation of recent
papers reveals that while the scope of research on compost and BCAs is extensive, the role of MGW-
based compost (MGWC) in the control of PPNs has been given less attention. We conclude that
the most environmentally friendly and long-term, sustainable form of PPN control is to encourage
and enhance the soil microbiome. MGW is a valuable resource material produced in significant
amounts worldwide. More studies are suggested on the use of MGWC, because it has a considerable
potential to create and maintain soil suppressivity against PPNs. To expand knowledge, future
research directions shall include trials investigating MGWC, inoculated with BCAs.

Keywords: sustainability; circular economy; plant parasitic nematodes; Meloidogyne; organic soil
amendments; municipal green waste compost; biocontrol agents; soil microbiome; soil suppressivity;
microbial infusion; RNAi; mycorrhizae

1. Introduction
1.1. The Importance of PPNs

Plant parasitic nematodes (PPNs), and among them especially, members of endopara-
sitic genera including Meloidogyne (root-knot nematodes, RKNs), Heterodera and Globodera
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(cyst nematodes) and Pratylenchus (root lesion nematodes) are factors of crop produc-
tion that should be considered in agriculture and horticulture worldwide. The 10 most
important nematode taxa were compiled by Jones (2013) [1]: (1) root-knot nematodes
(Meloidogyne spp.); (2) cyst nematodes (Heterodera and Globodera spp.); (3) root lesion nema-
todes (Pratylenchus spp.); (4) the burrowing nematode Radopholus similis; (5) the stem and
bulb nematode Ditylenchus dipsaci; (6) the pine wilt nematode Bursaphelenchus xylophilus;
(7) the reniform nematode Rotylenchulus reniformis; (8) the dagger nematode Xiphinema
index (the only virus vector nematode to make the list); (9) the false root-knot nematode
Nacobbus aberrans; and (10) the foliar nematode Aphelenchoides besseyi.

The symptoms their infestation may cause are often mistaken for signs of water stress,
nutrient deficiencies, soil-related conditions or even bacterial or fungal infections [2].

Attacking their host, PPNs inject enzymes within their saliva, and a feeding site begins
to develop within the plant tissue. As a result of the combination of chemical signals and
mechanical injuries, physiological changes begin to take place. Cell walls may begin to
proliferate, the area of plasma membrane may increase, and these changes make sure that
the nutrients taken up by the plant are directly or indirectly transported to the parasite.
Galls, cysts or lesions are formed. As a result of biochemical and morphological modifica-
tions, water and nutrient uptake and efficacy of use change. Plant development is stunted,
productivity drops and the plant begins to yellow and wilt. Additionally, potential and
alarming characteristics of PPN infestation are that due to mechanical deformations, the
probability of secondary infections by soil-borne pathogen agents is increased; the resis-
tance to these infections is reduced; hence, the potential damage by soil-borne pathogens is
increased [3-7].

Since PPNs affect a wide variety of crops of agricultural and horticultural importance,
including staple crops, yield losses are estimated to reach as high as 15% of all losses in
agricultural production, totaling about USD 125-157 billion [8-10].

1.2. Conventional Methods to Control PPNs

Pesticides, specifically nematicides, are effective and the most common short-term
management options against most PPN species [11,12].

As current European legislation restricts the use of many, formerly reliable pesticides,
it is an incentive to find alternative methods and procedures to preserve the environment
and the agricultural landscape without endangering the economy [13,14] (Table 1).

Table 1. The most important conventional methods to control plant parasitic nematodes.

Method Feature Advantages Main Concerns References
Chemical methods
Contact or systemic Fast and efficient; high I;I’gt Sr ﬁggzzliefoéi’;g.::;us
Nematicides . 4 return on high-yielding ps; nee P Sag [11,12,15-19]
chemical compounds. rons and trained staff; toxic;
ps- enters the human food chain.
More effective than
Fumigants Granular or liquid nc?n.-fumlgant . Phytotoxic; needs coverage. [15,20]
formulations. nematicides; long time
inactivation.
Non-chemical methods
Soil treatment with . High costs; special
Inactivates nematodes, .
steam, hot water or reduces the number of equipment; harmful to
Heat solarisation or plant beneficials; releases [21-26]

treatment with hot

other pests, diseases .
! hytotoxic compounds;
and weeds. phy p

water. possibility of heat damage.
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Table 1. Cont.

Method Feature Advantages Main Concerns References
Soil treatment with . High costs; special
Inactivates nematodes, .
steam, hot water or equipment; harmful to
- reduces the number of _
Heat solarisation or plant . beneficials; releases [21-26]
. other pests, diseases .
treatment with hot phytotoxic compounds;
and weeds. o
water. possibility of heat damage.
The even soil surfaceis  Efficient to a soil depth Climatic conditions have a
Soil cover 1rr1.gated to soil of 20 cm; supports crop huge impact on e.ff1c1r.ency; [21,27-31]
capacity and covered development and high costs; contamination by
with a plastic foil. increases yield. used foils.
Organic material is . Uneven efficiency of various
Reduces erosion; . .
. spread on the surface . Lo plant materials; high costs of
Plant residues . . provides nutrients; . . [31-37]
or incorporated into the recvelin spreading high-bulk
soil. yeing. materials; additional work.
Using non-host plants Many host plants; farmers
Crop rotation in the sequence of Effective. specialise in only a small [38-40]
plants. number of crops.
Resistant or tolerant A result of crop Effective for a limited Promotes th? emergence of
. . . : more aggressive and tolerant [41]
varieties selection and breeding. time.
PPNE.
. The field is left empty Needs weed management;
Fallow or improved for 1-2 years, oronly ~ Reduces the number of
. the area becomes prone to [16,42-44]
fallow leguminous crops are PPN . - ; .
water and wind soil erosion.
planted.
Sensitive plants attract
PPN, and these plants Inhibits larval Needs labour, time and
Trap plant are removed before the d [45-47]
evelopment. money:.

nematode lifecycle
ends.

1.3. New, Alternative Directions

Different organisms including fungi, bacteria viruses, predatory nematodes, insects,

mites and some invertebrates have been reported to parasitise or prey on nematodes [48].
The potential of artificially introduced microorganisms or of the soil microbiome to control
PPN is a topic of increasing interest. The extensive use of synthetic fertilisers and pesti-
cides has negative consequences in terms of soil microbial biodiversity and environmental
contamination. Faced with this growing concern, a proposed alternative agricultural
method is the use of microorganisms as biofertilisers. Many works have been focused on
bacteria, but the limited literature on yeasts and their potential ability to safely promote
plant growth has gained particular attention in recent years. Some of their positive effects
could be due to the provision of soluble nutrients and the production of different phyto-
hormones. Biological control is another mechanism in which antagonistic microorganisms
and enzymes that directly contribute to plant growth act as biostimulants [49].

Additionally, different microorganisms such as endophytes, symbionts, pathogens
and plant growth promoting rhizobacteria (PGPR) function together with the overall
soil microbiome to influence plant health and crop productivity [50]. Although the soil
microbial community performs essential roles, there is still a limited understanding about
the complexity of the microbial diversity in controlling plant pathogens and pests, as
pointed out by Lupatini et al. (2017) [51]. However, recent studies on microbiomes
associated with soil, plant roots and PPNs have helped increase understanding of the
functional potential of a disease-suppressive microbial cohort by bringing this topic into
the limelight [52].
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The rhizosphere acts as platform where most of the interactions between different mi-
crobial communities and PPNs take place. During the interaction between plants and PPN,
there is a possibility that the microbial community acts as a mediator, which then deter-
mines the infectivity of PPNs on plants [52]. As stated by Topalovi¢ and Heuer (2019) [53],
PPNs encounter different soil microbiota while travelling towards host plants before
infection. During this journey, members of the diverse microbial community may at-
tach to them and cause deleterious effects to their cuticle and surface coat. For instance,
Bent et al. (2008) [54] investigated soil biological activity against M. incognita in two sus-
ceptible hosts, a dwarf tomato and wheat in greenhouse trials. Six soils were tested for
their biological activity and after combining them, they found a reduction of 5-6-fold in
the root-knot nematode population when compared to an identical but pasteurised soil.
They identified 11 fungal phylotypes associated with nematodes, although not all of these
were correlated with the reduction in nematode population densities.

1.4. Objectives

We recognise how the research community explored the background behind using
compost, and compost made of MGW in particular, in the management of one of the most
important pests of agricultural production, PPNs. We acknowledge the highlights of the
scientific results achieved so far and point out why composted materials have an important
role in supporting soil suppressivity. We discuss the most recent uses of MGWC against
PPNs. Finally, we suggest unmapped research directions.

2. The Role of Soil Microbiome
2.1. The Importance of Soil Microbiome for a Functional Soil

Soil organisms (the edaphon) create a unique, natural and dynamic ecosystem with
distinct properties and the ability to ensure the growth and development of plants [55].
Edaphic conditions are influenced by environmental changes, soil structure and also,
through management practices that can alter productivity and soil characteristics including
structure and proneness to erosion, disruption and aggregation [56].

Favourable interactions between plants and microorganisms were described as early
as in the first half of the 20th century by Katznelson et al. (1948) [57], but regardless of our
expansion of knowledge, these interactions still remain hotspots of soil biology [58-60].

In a well-functioning soil, soil microorganisms interact with the meso- and macro-
fauna of the soil and form a functional unit within their environment while shaping this
environment as well [61] to ensure a continuous flow of substances and energy through the
soil: decomposition and synthetic processes, the processes of transformation of individual
elements and nutrients and interactions between soil and its surroundings.

However, the latest, ecological and integrated approach differentiates between the
assembly of microorganisms and soil microbiome. The first can be studied focusing
on one special taxa or niche, but the term microbiome refers to all its members: alive
microorganisms and non-living members, including metabolites or other, functioning
molecules. The microbiome functions within a specific set of specific features, including
their physical, chemical and biological micro-environment, their specific habitat in which
they “interact with each other, live in the same habitat, and form their ecological niche
together”, as described by Berg et al. [62].

The soil microbiome is an invisible component of the soil, yet it forms an extremely
important functional team, decomposing dead matter and returning nutrients to the circu-
lation, where the released nutrients not only serve plants, but they are also immobilised in
the bodies of soil organisms. The presence, activity and interaction of the soil microbiome
are important for the proper and full functioning of the soil, also known as “soil health” [63].
The size, diversity and stability of the soil microbiome, together with the stored soil organic
matter, are the basis for the stability of the entire soil ecosystem.
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2.2. The Effect of Spatial Heterogeneity within the Soil on the Abundance of PPNs

When composted MGW enters the soil, the distribution of organic material becomes
unavoidably uneven. This uneven distribution of organic material results in an uneven
species composition and distribution of PPNs. If we have knowledge on the preferences
of various PPN species, we may predict the locations where these pests are most likely to
appear in large numbers, so that we may target their control.

The spatial distribution of PPNs of agricultural or horticultural areas is often distinc-
tively uneven: there are “hot spots” and “cold spots” within the same field with the same
crop and same management [64,65]. Spatial heterogeneity has long been investigated, and
the influence of different factors, mainly different soil properties on the patchy distribution
of PPN, has been the subject matter of several studies.

Brodie (1976) [66] showed that the seasonal vertical distribution of the three PPN
species, Belonolaimus longicaudatus, Pratylenchus brachyurus and Trichodorus christiei, varied
with soil depth, moisture, temperature and texture. Noe and Barker (1985) [67] showed that
40-50% of the spatial variation in population density levels of the PPN species Meloidogyne
incognita, Tylenchorhynchus claytoni and Helicotylenchus dihystera were related to different
soil parameters such as texture, moisture, organic matter, pH or concentration levels of
different anions or cations. Similarly, Howland et al. (2014) [68] found that soil moisture
had significant effects on the population densities of Meloidogyne hapla and Pratylenchus
spp. within vineyards. The findings of Kandel et al. (2018) [69] in fields of different
crops rotations also indicate that soil organic carbon and soil wetness play an important
role in determining the spatial distribution of Pratylenchus spp. densities. The study of
Kawanobe et al. (2020) [70], carried out in sugarcane fields, also showed that the abundances
of Pratylenchus spp. were significantly influenced by soil pH and K* concentrations and
that the abundances of Tylenchorhynchus spp. were significantly affected by soil pH and
clay content.

Higher pH values, higher N availability and lower P content of the soil was linked to
a decreasing occurrence of M. incognita in a betel field by Mondal et al. (2018) [71], while
the general abundance of PPNs was positively correlated with the organic carbon content
of the soil. As organic matter content increased, so did the abundancies of some genera,
namely Paratylenchus, Typenchus and Criconemoides [72].

Results from the study of Avendarfio et al. (2004) [73] also indicate a strong correlation
between soil texture and the population density of the soybean cyst nematode (Heterodera
glycines Ichinohe). Similar findings regarding the effect of soil texture were reported by
Hbirkou et al. (2011) [74] for beet cyst nematodes (Heterodera schachtii Schmidt) within sugar
beet fields and by Holguin et al. (2015) [75] for reniform nematodes (Rotylenchus reniformis
Linford and Oliveira) within cotton fields. The study of Ortiz et al. (2010) [76], which was
also carried out in cotton fields, reported that the population density of the southern root-
knot nematode (Meloidogyne incognita (Kofoid & White) Chitwood) was strongly correlated
with various soil properties, especially with the soil electrical conductivity. In another
study, the relationship between electrical conductivity and the occurrence of Meloidogyne
spp. was defined as a weak one (Krif et al., 2020) [72].

A positive correlation between Pratylenchus neglectus and electric conductivity was
found by Yavuzaslanoglu et al. (2012) [77] while sampling several crops. Their study also
documented that different species of the same genus have different preferences towards
soil texture. While higher abundancy figures of Pratylenchus thornei were only slightly
related to clay content, P. neglectus had a definite preference towards sandy locations.
Quist et al. (2019) [78] also reported that distribution patterns of various genera Coslenchus,
Pratylenchus and Tylenchorhynchus may not be the same, regardless of those genera all being
polyphagous plant parasites. Sandy soils were more frequently inhabited by members of
genera Helicotylenchus, Tylenchorhynchus, Longidorus and Criconemoides, whereas Xiphinema
and Meloidogyne spp. were found more often in predominantly clay soils [72].

Besides the abundance or population density, the beta diversity of PPN communi-
ties is also affected by different soil properties, especially soil physiochemical variables,
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followed by soil texture and edaphic type [79]. A multivariate analysis conducted in the
study of Quist et al. (2019) [78] showed that soil texture had a stronger impact on soil
nematode communities than land management. They also demonstrated that the average
geostatistical range (=patch diameter) of 48 nematode taxa in their study fields was related
to soil organic matter content. They found that r-strategists (fast-growing bacterivores
and fungivores) were positively correlated with soil organic matter content, while most
K-strategists (slow-growing omnivores and carnivores) were negatively affected by this
parameter.

Crop variety was also found to influence the occurrence of certain PPN genera in a
study carried out in a betel vine plantation. Members of the genera Meloidogyne favoured
the bitter-leaved plants, while Helicotylenchus and Tylenchus were abundant under the
sweet varieties [71]. An investigation into the relationship between certain mineral content
within the soil and the distribution of plant parasitic nematodes by Krif et al. (2020) [72]
revealed that higher levels of Mg and Mn generally promoted the occurrence of PPNs;
some genera, Helicotylenchus, Pratylenchus, Ditylenchus, Longidorus and Criconimoides, were
more influenced by the presence of K and the C/N ratio. The abundances of Trichodorus
spp., Rotylenchulus spp., and Meloidogyne spp., on the other hand, were linked to Zn, Cu, P
and Na to a greater extent.

The aforementioned physical and chemical soil characteristics influence microbial
composition, spatial and temporal diversity [80]. When Signorini et al., (2021) [81] investi-
gated the microbial (fungal and bacterial) diversity using targeted amplicon sequencing,
they found that soil heterogeneity resulted in significantly different microbial diversities
among samples taken from within vineyard rows, inter-row areas and the headland. As
the headlands and rows studied underwent different agricultural practices over the years,
their physio-chemical characteristics became different, and so did their bacterial and fungal
communities. The hypothesis that there is a definite connection between soil characteristics
and bacterial diversity was tested by Curd et al. (2018) [82], who concluded that soil
heterogeneity, soil resource availability in particular, is a major contributing factor to alpha
and beta-diversity. Earlier still, the effect of spatial heterogeneity of a corn field was found
to have a greater effect on the diversity of arbuscular mycorrhizal fungi than any other
variable measured [83]. Additionally, Mann et al. (2019) [84] established a connection
between management and environmental factors to the abundance and composition of
microbial life within the soil while studying soil health parameters. Lower management
intensity or the application of manure resulted in higher respiration and wet-stable aggre-
gates, and also in higher indices of mycorrhizal and non-mycorrhizal fungal communities.
Heterogeneity within the physical and chemical characteristics of the soil highly correlated
with the establishment of location-specific fungal communities, and as the diversity of the
mycobiome increased, so did crop yields [85].

Soil heterogeneity, both natural and management-induced, was proven to manifest
in the physical, chemical and microbiological dimensions. While there are areas that
harbour higher microbiological diversity and activity, other areas of the same field may
display a simpler microbiological status, and conventional agriculture may induce losses
to biodiversity. Earlier, Culman et al. (2010) [86] noted that the more intense management
measures are, the greater the decline in species richness and diversity. However, it is
not only diversity that is lost. Following the argument of Briones (2018) [80], we assume
that when taxonomical and functional diversities within a spot decrease, predation and
competition decrease, too.

2.3. Soil Suppressivity

The connection between belowground microbiological diversity and the suppressivity
against PPNs was confirmed by Steel and Ferris (2016) [87], who examined nematodes
and their natural control agents. They found that under preferable soil conditions, the
abundance and biomass of predators increase, and therefore, their suppressivity increases,
too. The most frequently cited definition belongs to Baker and Cook (1974) [88], where in a
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suppressive soil, the pathogen may “establish or persist, but causes little or no damage,
but thereafter the disease is less important, although the pathogen may persist in the
soil.” According to de Corato (2020) [89] soil suppressivity is the natural ability of soil
to suppress soil-borne pathogens and to promote a balanced development root growth.
Topalovi¢ et al. (2020) [90] describes disease-suppressive soils as the conspicuous proto-
type of a microbe-mediated plant defence mechanism against the infection of pathogens,
including PPNs.

The general suppressivity of a soil stems from the activity of the total microbial
biomass in the soil. General suppressivity, therefore, is not transferable between soils, but
over time, at the other end of the suppressivity spectrum, more effective specific suppressiv-
ity takes over. Owing to the biocontrol activities of microorganisms, specific suppressivity
is transferable. With specific suppressivity, one or a few groups of microorganisms may be
responsible for biocontrol activity, but interactions with other members of the rhizosphere
community can significantly influence the degree of suppressivity [91,92]. On the contrary,
general suppressivity is a result of competitive activities of the total micro- and macroflora
and is universal to all type of soils. The specific suppressivity of soil is mechanistically
complex, requiring the enrichment and activation of a narrow subset of microorganisms
and antagonistic traits that inhibit the infection cycle. Interactions between pathogen, host
plant, and soil microbiome are also necessary to evoke specific suppression [93]. The overall
soil suppressivity measured in organic fields is probably a combined effect of general and
specific suppression [94].

2.4. Soil Microbiome and Soil Suppressivity

Inhibiting activity towards plant pathogens is the result of biotic or abiotic activities in
the soil by several mechanisms. The definition of components associated with suppressive
properties against PPNs is sparse when we look at soil as a complete system. Several
factors such as physical, chemical and biological factors can induce soil suppressivity. Most
research has focused on suppressivity by biological factors, which can also be achieved and
proved by applying small amounts of a suppressive soil into a conducive one [95]. More
than 100 years of research on suppressive soils has resulted in the accumulation of very
fundamental data, but soil microbiome investigations have been strongly promoted since
only 2011 [96]. Disease-suppressive soils are exceptional ecosystems owing to the activities
of soil microorganisms [97]. Several studies showed soil suppressivity against nematodes
or diseases in natural soil samples compared to sterilised and re-infested soil [98,99]. This
draws attention to the biological factors and role of the soil microbiome as one of the main
components of suppressive soils [96,100].

The microbiome that induces and maintains suppression may be related and attached
to the pathogen organism [90,98,101] or to the plant rhizosphere [52,102].

While most previous studies focused on certain microorganism species rather than
total soil microbiome [93,98,103,104], it is becoming widely accepted that a complex micro-
bial ensemble can be more effective than a separated strain [105]. Several studies attributed
soil suppressivity to indigenous soil microbes [98,106]. Industrially produced microbial
strains often fail to establish or survive in the rhizosphere because of the competition with
the indigenous soil microbiome; hence, this approach is less effective when applied in
large-scale agricultural production [93].

Suppressive soils are resources of microorganisms with novel and beneficial antimi-
crobial traits used in the area of plant protection. The bacterial profiles of suppressive and
conducive soils for certain plant diseases were compared, and as a result of this, suppres-
sive soils showed greater abundance of it [107]. Topalovi¢ et al. (2020) [52] observed that
lower damage of PPNs on the susceptible plant is related to a positive interaction between
the infected plants and their beneficial root microbiota.

With an increasing efficiency, analytical methods have been promoted since the 1990s
to clarify which microorganisms or microbial groups are responsible for soil suppressivity.
The development and expansion of molecular methods facilitate the detailed characterisa-
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tion of the biological background of soil suppressivity [108]. Direct extraction methods,
without the need of a previous cultivation of the microorganism, enable one to analyse a
much greater part of the soil microflora [109]. Molecular and chemical technologies and
the application of community and metagenomic analysis methods now may allow one to
compare extensively microbial consortia of suppressive and conducive soils beyond the
description of a microbial genera [93,110].

3. MGW as an Organic Amendment
3.1. Introduction to Municipal Green Waste

As the dimension of urbanisation accelerates, so does the amount of waste generated.
Municipal solid waste (MSW), which accounted for 46% of the total waste produced in
2009 [111], is an umbrella term, because it stems from various municipal activities including
agriculture, urban life and public sectors, with households being one of the important
contributors [112]. Globally, there are about 2 billion tons of MSW created every year [113].
The concept of municipal green waste (MGW), on the other hand, is not as homogenous
and conclusive. MGW is defined as a “compostable fraction” of MSW or “organic waste”,
and the term clearly covers garden waste including leaf litter, grass clippings and pruning
waste [111], and according to the level of income of a country, MGW accounts for 28 to
64% of the total waste. Another estimation suggests that MGW can be calculated at a
general level of 50% of all municipal waste [114]. However, as the objectives and data
sources of papers differ, definitions are different, too, and so the terms “organic fraction”
or “organic biodegradable waste” of MSW, although almost identical to the former terms,
refer exclusively to food waste of manufacturing, household and catering origin in another
paper [113]. For the purposes of this review, we define MGW by its origin and composition.

3.2. Generation and General Composition of MGW

Domestic properties, households, by municipal green areas and natural reserves all
generate MGW [115,116]. By weight, green waste was found to make up to 22-30% of the
total MSW in Taiwan in 2006 [117] and at an average, 66% of MSW in Shiraz City, Iran [118].
In Germany, the yearly generated amount of combined organic waste (garden waste and
other, compostable waste) was 103 kg per person [119]. The same data are 151.9 kg for
Shiraz City [118] and 120 kg for England [120], which totals to 14.4 million tons per year for
the UK [121]. The amount of MGW collected has a considerable variation over countries
and within a country, locally, according to the location being urban or rural, and to local
gardening practices and waste management traditions [119,120,122].

The content of MGW displays a definite seasonality. Summer collection is dominated
by grass cuttings, spent flowers and vegetables, fall by leaves, whereas late fall to spring
MGW mostly consists of pruning waste and other woody material [120,122,123].

Not all garden waste produced will be gathered by the municipalities, even where
kerbside or other collection methods are available. Firstly, no waste is produced unless it is
collected in the garden, as organic materials naturally decompose over time in the exact
location they are left [122]. Secondly, once collected by the gardener, organic materials may
be burnt or composted on site. This is the case in 56 and 16% (by weight) of generated
waste in rural and in urban areas, respectively [120].

3.3. Handling and Further Use of MGW

The sustainable and efficient management of MGW should start with the selection, or
preferably, with the separate collection of waste materials. Combined with reduced waste
generation and recycling [113,114,119,124-126], these steps are designed to allow for circles
of the circular economy to be closed, as promoted by the New Circular Economy Plan of
the European Commission, CEAP in March 2020, where waste is considered as a starting
point for converting a material into a valuable resource for further use [127].

Before we look into how MGW is composted, we briefly scan other management
options, namely landfill, incineration, recycling and other options, including the anaerobic
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production of biogas. The percentage ratios of these options have changed over time
everywhere, with recycling and composting gaining increasing ratios. In Hungary, for
example, less than half as much MW was incinerated, and less than one-eighth of MW
ended up in landfills as was composted or recycled in 2019, when compared to figures of
the late 1900s [128]. While dumping or landfill without any further use is still in practice,
this practice raises environmental, social and financial concerns both in Europe (Wales)
and in Southern America (Brazil) [121,129].

Before composting, MGW may be piled up, but here, softer components usually start
to decompose, adversely influencing the actual composting process [130,131]. Wherever
climatic conditions allow [112], incineration rates of MGW keep increasing. The production
of “green electric power” usually involves MGW, which, as a raw material, is greatly
valued for its low sulphur content [132,133]. Biogas production, an anaerobic process to
transform MGW, is considered an environmentally friendly method that meets the new
EC requirements of circular economy [113,114]. In Hungary, the MGW of households is
collected kerbside, separately from other household wastes. The amount of incinerated
MGW for the purposes of biogas production in Hungary was low at 2% in 2012, but this
figure is expected to rise in the future [134].

Composting MGW is a management option where the components that made up
MGW return the most closely to their original location: soil. Composting is an aerobic pro-
cess, where after mechanical shredding, MGW is composted alone or with other materials
of organic origin, usually for convenience or to compensate the low moisture content, low
N/C ratio or the high lignin and tannin content of bark and other woody materials within
MGW. Co-composting means the inclusion of food waste or other, easily degradable mate-
rial to aid microbiological decomposition processes during composting [117,131,135-140].

In Hungary, unfortunately, a significant proportion of compost made of MGW is
incinerated in electric power plants (unpublished, confidential information), meaning that
the beneficial impact of this valuable material had not yet been depleted to its maximum
by the agricultural sector.

In the United Kingdom, on the other hand, where landfill is not a suitable destination,
MGW is composted, and among others, is used for nature reclamation projects to support
the growth of endemic vegetation [121].

A short investigation into the natural fertilisers in the Hungarian market revealed that
there are indeed products that use MGW among their raw materials. The exact volume
per volume weight (% v/v) MGW contents of the products were not always available, but
gathering these data was not among the objectives of the review. Besides MGW, these
natural fertilisers usually contain other organic materials of municipal or agricultural origin
(Table A1).

4. The Significance of Compost Made of MGW (MGWC)
4.1. Composting MGW

Green fertilisation and the use of green compost are among the traditional, well-
established methods that are now being rediscovered. For example, one of the oldest
composting plants with controlled technology in Europe has been operating from 1912
in the Czech Republic [141]. Composting is a preferable option to treat organic wastes to
obtain a final stable sanitised product that can be used as an organic amendment [142]. One
of the possible ways to support plant growth and soil health can be the use of composted
MGW in agriculture. This may solve the issue of ever-growing amounts of municipal waste
and provide biological support and protection [142-144] at the same time.

The decomposition process of MGW is influenced by the physical, chemical and mi-
crobiological properties of the original raw materials and soil. These properties include,
in particular, the C:N ratio, nutrient content, humidity, temperature, pH value, oxygen
content, porosity, grain size and particle size [145]. The properties of compost can be signif-
icantly influenced by the structure and species of composted plants. Lignin content, for
example, creates physical and chemical barriers to enzymes and microorganisms [139,146].
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Decomposition also depends on the arrangement of plant tissues. Monocotyledonous and
dicotyledonous plants or herbs and woody plants are differently prone to decomposition,
which may be influenced by their anatomical differences.

The two major constituents of MGW are grass clippings and wood waste. Grass is a
large volume material and usually has an optimal C:N ratio for composting. Unfortunately,
its structure does not allow for thorough aeration, and also, grass clippings do not contain
suitable microflora for composting, so for ideal decomposition, it needs to be mixed with
different types of raw material, where wood waste is ideal. Lignocellulosic substrate,
obtained from wood chips in the maintenance and disposal of urban greenery, from
crushed tree bark or from cut straw of cereals or oilseeds, improves the porosity and
natural ventilation of the matured compost [139,146,147].

Careful composting techniques are required to achieve and maintain the beneficial
effects of MGWC. Co-composting, for example, was found to increase product degradabil-
ity and nutrient release capacity [148], reducing storage time before shredding, and the
initiation of the composting process may save nutrients, especially C-content, from being
broken down [149].

4.2. Microorganisms in the Composting Process

Soil microorganisms participate in the decomposition of organic matter from the
beginning to the final finest phase, i.e., nutrient mineralisation, in which they play an
irreplaceable role [147,150]. During decomposition, they colonise the sliced substrate and
help to decompose especially hard-to-decompose polymers, such as cellulose, lignin and
chitin [151]. Cropped, microorganism-digested and enriched organic matter is more di-
gestible and more attractive to other, soil-dwelling animals. Intensive cooperation between
animals and the soil microbiome also takes place in the digestive tract of animals, especially
in animals consuming difficult-to-degrade polymers. In the digestive tract, often in certain
parts of their intestines, animals have a reservoir of beneficial microorganisms [152]. These
microorganisms help digest food, which, together with undigested residues (excrement),
enter the environment. A food that is particularly difficult to digest is re-consumed, either
by the same individuals or by their offspring. This leads to the more efficient decomposition
and use of food, but also to the sharing of beneficial decomposing microorganisms within
a community [153].

Major successional changes are generated and influenced by the synergistic interaction
between the functional groups of the decay community and the chemical composition of the
decaying material [150]. The initial pioneering phase is associated with the development
of fast-growing fungal representatives of the Zygomycetes group, using readily available
sugars [151]. At this stage, atmospheric nitrogen fixators are also developed, the activity of
which improves the nutritional and growth status of the community, which is reflected in
the increased biomass of the community, the attraction of zooedaphon and the subsequent
development of ammonification bacteria. Zooedaphon participates in the decomposition
of litter by its fragmentation and enrichment of the decomposing microbial community
with other species [145,152]. The next phase concerns the decomposition of more complex
plant components and is associated with the development of cellulolytic microorganisms
and nitrifying bacteria. Basidiomycetes are able to use the most degradable substances of
the lignocellulosic complex type in the advanced stage of decomposition [151]. The final
phase, in which the components of the litter are mineralised, assimilated or transformed
into soil organic matter, participates in a typical soil form, especially from the ranks of
fibrous fungi and actinobacteria.

4.3. The Impact of MGWC on Soil

The benefits of composted or vermicomposted organic waste or farm compost on
soil is well documented. Introducing composted organic waste has a notable influence on
the physical, chemical and biological parameters of soil, its proneness to erosion, water
retention, water availability to plants, soil respiration and bulk density. It improves soil
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structure and soil aggregation. As higher amounts of nitrogen and carbon are mineralised,
the amount of extractable phosphorous increases, too. The addition of compost increases
soil organic carbon and total N content, the amount of major (N, P, K) and minor elements
(Ca, Mg, Na, K), and nutrient availability [112,142,148,154-160].

Compared to non-treated, control soil, vermicomposted household waste changed
the C/N ratio from 21 to 32, and increased the content of nitrate from 78 to 134 mg/kg, of
ammonium from 14 to 139 mg/kg, of phosphorus from 92 to 521 mg/kg, and of potassium
from 142 to 1912 mg/kg [161].

These findings suggest that the careful and well-planned addition of MGWC to soil
is an important tool to improve the ecological and environmental aspects of agriculture,
while keeping the main aim, the production of healthy crops in a desired amount.

4.4. The Impact of MGWC on Crops

The addition of MGW or MGWC was found to improve the yield of four crops,
including fodder crops and vegetables intended for human consumption, namely fodder
beet (Beta vulgaris L. ssp. vulgaris var. crassa), forage maize (Zea mays L. ssp. mays),
Brussels sprouts (Brassica oleracea L. var. gemmifera) and potato (Solanum tuberosum L.),
due to the enhanced availability of nutrients, soil organic matter and organic carbon
content [154]. Bernal et al. (2017) [156], however, expresses their worry that since nutrients
are both present in their organic and inorganic form, their availability is rather uneven,
and this might be a problem to any crop. When treated with MGWC, various tree species
had a different reaction to the treatment. The development and survival of Common
Alder (Alnus glutinosa L.) was lower, but Silver Birch (Betula pendula, Roth) and European
Larch (Larix decidua Mill.) throve in the microenvironment presented by MGWC [121].
While vermicomposted organic materials contain compounds that improve crop quality,
Sim and Wu (2010) [140] also warn of the dangers of overdosing, as they may cause
undesirable side effects. When vermicomposted, the high availability of nutrients is
achieved by the biochemical changes nutrients undergo by the gut microorganisms of
earthworms [157]. Incorporating MGWC into the soil helped spotted gum tree (Corymbia
maculata) individuals to overcome water stress and this contributed to the general growth of
plants [158]. Sayara et al. (2020) [142] point out how important it is to handle raw materials
properly to achieve a stable compost that can raise soil fertility just as well and be a healthy
alternative to conventional, chemical fertilisers.

4.5. Compost Microbiome

The composting process furthers decomposition, and through mixing, sieving and in
many cases, acidification, compost matures and thus, its microbial composition changes.
As Pot et al. (2021) [162] observed, among the variables, raw materials had the highest
influence on the microbiome of the end product. While the maturation of compost definitely
increased microbial diversity, blending and acidification are tools that modify and optimise
the compost microbiome.

The fact that composted materials have their own microbial community and that
suppressivity is partly attributable to the innate microbiome of compost was suggested
by Borrero et al. (2004) [163]. They found that a special combination of alive bacteria,
actinomycetes and fungi was detected in Fusarium-suppressive composts, and heating
or other, biocide manipulations to compost resulted in the reduction in its suppressivity.
Compost has an extremely species-rich microbial complex, and the relationship between the
resource materials of compost, the maturity of the compost, and the content (predominantly,
the amount of readily available nutrients) have been investigated [156].

The pH range of raw MGW and garden waste is between 6.83 and 9.01, whereas
composted or vermicomposted MGW and garden waste ranges between pH 7.12 and
7.67 [164], meeting the requirements of bacteria (pH 6.0-7.5), fungi (pH 5.5-8.0) and
actinomycetes (pH 5.0-9.0), as described by Gomez-Brandon et al. (2008) [165].
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Postma et al. (2003) [144] studied the densities of microorganisms of garden and
organic household waste, both constituents of MGW, and found that there were aerobic
bacteria, bacterial spores and filamentous actinomycetes in both fresh and mature composts,
regardless of the origin, whereas fluorescent pseudomonads, fungi and Trichoderma species
were characteristic to the garden waste, regardless of its age.

Several antagonist fungi and bacteria have been observed in compost, including
Trichoderma, Penicillium, Aspergillus, Bacillus, Pseudomonas, and Actinomycetes species [166],
which play a role in control of several soil-borne pathogens and PPNs [167-169]. The major
taxa responsible for soil suppression are mainly nematophagous bacteria, including Bacillus,
Pseudomonas, Stenotrophomonas, and Streptomyces [170,171]. Of nematophagous fungi, one of
the most studied taxa is Trichoderma spp. [172-174]. The establishment and survival of these
BCAs are directly and indirectly influenced by abiotic factors such as soil texture, moisture,
nutrients, organic matter and pH [175]. Another study observed the occurrence and
colonisation of nematophagous fungi in compost [176], including Arthrobotrys oligospora,
capable of changing to a predatory lifestyle and producing structures that trap and kill
nematodes [177-179]. In addition, other fungi, including Verticillium chlamydosporium and
Trichoderma spp., are able to parasitise nematode eggs [167,180,181].

Nematode antagonist fungi can include nematophagous fungi and endophytic fungi
and are capable of infecting and killing different developmental stages of nematodes, thus
reducing their population density [182].

Nematophagous bacteria are also ubiquitous and have a wide host population [183],
so they have been used in the control of nematodes [184,185]. During their life processes,
they produce antibiotics and toxins that inhibit nematode reproduction and survival, or
directly cause nematode death via the lysis of their cell walls [186]. Endophytic bacte-
ria colonise internal plant tissues without causing symptoms and protect plants from
pathogens [187,188]. Pseudomonas sp., Bacillus thuringiensis, and Streptomyces avermitilis are
among the most studied nematophagous bacteria [189].

Several Paenibacillus ehimensis strains have been shown to be antagonists of plant para-
sitic nematodes [190] because they produce a hydrolytic enzyme [191]. Nematophagous
bacteria also produce other, non-toxic enzymes, including chitinases, proteases and gelati-
nase, which may kill nematodes or damage eggshells [192]. Several bacterial strains also
produce volatile organic substances that induce systemic resistance to PPNs in plants [193].

Numerous studies have shown that compost improves soil quality due to increased
organic matter content and soil microbial populations, and it has also been shown that it
improves plant resistance to plant parasitic nematodes [188,194,195]. In addition, several
studies have reported a decrease in the number of PPNs after composting [196]. Compost
contains microbes that are antagonistic to nematodes, and compost combined with plant-
derived nematicidal compounds can have a significant effect on the development of the
PPN population [197].

4.6. The Impact of MGWC on Microbial Life

More than a decade ago, there was already solid interest in the effect of the addition
of composted materials and soil amendments on PPNs, and the potential of compost in
the control of PPNs. At the same time, however, the effect on the soil microbiome and
microbial communities received less attention [198].

Although microbial activity plays a crucial role in the formation and maturation of com-
post [146], and the addition of organic amendments increases microbial biomass [154,160,199]
and may induce major changes in the species composition and abundance of microbial com-
munities [200], partly due to its strong correlation with its high organic matter, Ca, Mg and
K content [155], the biological interactions between the soil microbiome and the microbial
species composition of organic amendments, including MGW, have not yet been satisfactorily
explained. The reason for this may be, for example, the different content (quality and quantity)
of biologically active substances in MGW, which depends on the plant-species composition of
MGW. Plant bodies contain various amounts of cellulose, chitin, flavonoids, lignin, phenols,
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ricin, saponins, tannin, terpenoids, etc., which significantly affect the growth of microorgan-
isms and thus affect the resulting cooperating soil microbiome during the decomposition. The
addition of compost was shown to increase the overall nematode presence, while modifying
species composition, favouring bacterivorous taxa and decreasing the ratio of fungivorous
nematodes [201].

Kurzemann et al. (2020) [202] observed that compost type influenced the changes to
the composition of the soil microbiome, and the impact was hardly detectable on fungal
species, while more pronounced on bacterial assemblages. A compost made of a mixture
of rice bran and crab shells had a significant effect on the bacterial community of the
rhizosphere [203]. A similar experience was recorded when green waste compost was
added to soil in a biosolarisation study, as the impact of compost was definitely more
evident and comprehensive for bacteria, and the changes to fungi were less noticeable [204].
The impact of compost on soil bacteria was present and uniform, regardless of the type
of compost applied, when the soil treated with compost made of various raw materials,
including urban organic waste, green waste manure or sewage sludge [160]. On the
other hand, when only the fungal community was investigated, some fungal taxa were
supported, while others were weakened by the addition of compost, as expressed in terms
of their relative abundance. The effect of compost was noticeable in different depths and
within-field locations of soil as well [205]. Vermicomposted household waste modified
the ratios of fungi and bacteria (e.g., fungi/bacteria from 0.18818 to 0.00425). Compared
to control soils, a significant, 2-to-4-fold increase took place in the number of beneficial
nematodes belonging to bacterivorous, fungivorous and predatory groups, with no change
in the abundance of plant-parasitic nematodes [161].

These findings suggest that the addition of compost has a selective effect on the soil
microbiome, and this “selectivity” or “preference” may not only be present at a taxonomic
but also at a functional level. In a long-term, follow-up study, for example, compost-
amended grasslands were found to have less bacteria and archaea that are important for
nitrification processes within soil. On the other hand, taxa that either have a role in carbon
exchange or promote plant growth increased in abundance [199]. Achmon et al. (2020) [204]
also reported a highly significant drop in the relative abundance of plant pathogenic fungal
taxa. These results, in turn, may imply that compost is able to “re-write” the microbiome of
a soil, or replenish a partially missing or dysfunctional microbiome, and thus, the addition
of compost can be used to achieve specific goals, as suggested by Azeem et al. (2020) [200]
in the case of turfgrass soil.

4.7. The Background Mechanisms by Which MGWC May Enhance Microbial Life

By what mechanisms can compost and composted MGW enhance microbial life? As
Tognetti et al. (2008) [148] noted, as the degradability of carbon and the total nutrient
content increased, these stimulated the activity of microorganisms, which is shown by
the increase in gCO,, the metabolic quotient, the rate of soil microbial respiration per
unit of microbial biomass increases [160], although changes to gCO2 were not always
consistent with the addition of compost [155], but equally as important is the increase in
water soluble carbon, which is an easily available nutrient source. As soil organic carbon
content rises, the process of mineralisation and immobilisation of nutrients progresses;
D’Hose (2014) [154] points out that these changes, in turn, will improve the functionality
of the soil, as improvement to soil characteristics concurred with an increase in microbial
biomass responsible for decomposing organic matter and nutrient cycling, more specifically,
the number of earthworms, the relative abundance of bacterivorous nematodes and a
definite drop in both in the total number of individuals and the relative abundance of
PPNs. The addition of composted materials induces significant changes to the physical and
chemical properties within the soil [199], and when a diverse spectrum of organic matter is
found in abundance within the soil, microbial density rises [92]. At the same time, however,
no connection was detected between compost application and the measures of predatory,
fungivorous and omnivorous nematode taxa [154]. Considering environmental conditions,
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bacterial and fungal communities benefit from the elevated levels of soil moisture due to
MGWTC, and therefore can reach higher microbial abundance [158].

5. MGWC, a Tool against PPNs
5.1. The Concept of Using Composted Materials against Pests and Pathogens

It has long been known that many plants exude compounds that are either repellent
to nematodes or have a direct nematode-suppressive effect. These plants have been sown
or used as green manures to protect the targeted, susceptible crop, and this effect can
be achieved with the addition of compost or vermicompost made of beneficial plants,
including Brassicaceae as well as Asteraceae species [206]. Ikwunagu et al. (2019) [207]
found that biochar made of organic materials of plant and animal origin reduced the
viability of eggs of the root-knot nematode (Meloidogyne spp.).

In addition, secondary metabolites contained in plant bodies may also play a role. A
positive effect on the quality of compost in terms of reduction in undesirable soil diseases
and pathogens [196] has been recorded. For example, the composting of plants of the
Brassicaceae family affect against root-knot nematodes [208]. The secondary metabolites of
the Brassicaceae family, glucosinolates, coexist in vivo with glycosylated thioglucosidases,
which are responsible for their hydrolysis and isothiocyanate production. Glucosinolates
and isothiocyanate act as defensive bioactive metabolites against plant pathogens, insects
and herbivores. Compost from plants of this family has a positive effect on the number of
the most common PPN in the soil [208]. Botanicals as a combination of organic compounds
was found to be effective against M. incognita and reduced the number of ]2 larvae and the
severity of galling in tomato [209].

A study on the suppressive capabilities of formulated plant biomasses or waste ma-
terials to the root-knot nematode M. incognita biocontrol [210] demonstrated that soil
treatments with formulated plant biomasses or waste materials can be an effective alterna-
tive to green manure crops for the sustainable management of PPNs infestations.

The addition of organic materials was found to improve soil conditions and create a
healthier matrix for functional microbial communities, and reduce the impact caused by
a wide range of pests, including bacteria, soil-borne pathogens, and PPNs [143,196,211].
Achmon et al. (2020) [204] conclude that the presence of soil organic matter can contribute
to the suppression of soil-borne pathogens.

Biostimulants are natural substances or microorganisms that are applied to plants with
the aim of improving their nutritional efficiency, tolerance to abiotic stress and/or quality
traits of crops, regardless of their nutrient content. Biofertilisers, a subcategory of biostim-
ulants, can be defined as microbial inoculants, in which active or inactive formulations
of beneficial microorganisms can improve the nutritional efficiency of plants [212-214].
The addition of PGPR increased resistance to nematodes in a specially formulated pot-
ting medium for muskmelons [215], but as suggested by a recent finding, plant-growth-
promoting agents may only enhance the growth and increase the biomass of crops when
the experimental area, a greenhouse, was abundantly supplied with nutrients [216].

Research has shown that compost contains a variety of microbes that can control PPNs
in different ways during their life processes [171-173,217].

Additionally, when soil suppressivity was recovered by the addition of a Trichoderma
strain, crops benefited from the presence of the fungal agent when the availability of water
and nutrients was increased by the addition of composted green waste [218]. In yet another
study, Rhizoctonia solani, a bacterial disease, was successfully suppressed by the addition of
compost and a fungal antagonist [219]. These observations suggest that compost may not
only be used along with biological control agents, but compost may also carry BCAs and
encourage their action.

With a suitable carrier, the application of BCAs will be easier, but the most important
motivation to find a carrier is the striking difference between BCA survival and virulence in
a controlled environment and in open fields. The reliability of BCAs drops among realistic
conditions because BCAs are highly sensitive to biotic and abiotic factors, because not only
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extremities, but fluctuations of environmental conditions can be harmful [220]. Yet, the
most frequently suggested solution is not the search for a carrier medium, but the selection
of more resistant strains, genetic engineering, formulation, encapsulation or packaging
techniques, combination with organic pesticides and the introduction of synthetic microbial
communities [52,221-225].

Among BCAs, antagonists of arthropods pests and plant pathogens were given the
majority of attention, while antagonists of PPNs were somewhat neglected. In one of the
most recent publications on fungal biocontrol agents, Joos et al. (2020) [226] observed that
T. harzianum was able to survive and keep its virulence after having spent a certain time
period in compost.

In contrast, while the idea to use compost as a matrix to aid the survival of ento-
mopathogenic nematodes (EPNs) was first voiced in 1999 [166], compost as a carrier of
EPNs is still a fresh topic of investigation. Outlining the drawbacks of applying the EPNs
the conventional way, and testing green waste compost obtained from local municipalities,
Herren et al. (2018) [227] found that a well-aged, biologically mature compost provides
a sheltering medium for EPNs from the risks of adverse environmental conditions and
enhances their survival and virulence, making their application in agricultural production
more effective.

5.2. RNA Interference (RNAi)-Based Technology and BCAs

One of the most sophisticated methods of controlling PPNs depends on RNA si-
lencing, an RNA-mediated mechanism in eukaryotes that regulates gene expression on
the transcriptional or post-transcriptional level and decisively affects multiple biological
processes [228]. Gene silencing through the increased degradation of mRNA represents a
cellular pathway that is functional in a broad range of organisms. The discovery of this
important regulatory process comes from the experimental introduction of RNA into cells
to interfere with the function of an endogenous gene [229]. Only a few molecules of in-
jected double-stranded RNA were required to trigger the interference with gene expression,
suggesting that there could be a catalytic or amplification component in the interference
process.

In the last two decades the role of RNA silencing in host-antiviral defence and trans-
poson silencing has been established, suggesting a potential application in functional ge-
nomics of plant breeding, since RNA silencing is a major immune response of plants against
several pathogen taxa, including viruses [230,231]. Viral infection generates viral-derived
double-stranded (ds)RNAs, which, in turn, induce antiviral RNA silencing. Dicer-like
RNaselll (DCL) proteins detect and process viral dsRNAs, and thus, duplexes of small
interfering viral RNAs (vsiRNAs) of various sizes, i.e., 21, 22 and 24 nucleotides in size, are
generated. When infection occurs, vsiRNAs accumulate and act as silencing signals. This
may be amplified by the activity of plant RNA-dependent RNA polymerases (RDRs) [232].
The RDR-generated primary and secondary vsiRNAs may induce a local and systemic
immunity, and this in turn will reduce the level of viruses [233]. While the RNA-induced
silencing complexes (RISCs) are incompletely described [234], the most important active
components are the Argonaute nucleases (AGOs). When a vsiRNA is incorporated into
an AGO protein, the guide strand remains and leads the RISC to the cognate viral RNA.
Through slicing, AGO1 and AGO2, two of the best-known effectors, contribute to the
removal of viral RNA and/or subviral entities. The endonucleolytic cleavage of the target
RNA is sliced in a sequence-specific manner, governed by vsiRNA [234,235]. A similar
defence system can be triggered against PPNs, as described below.

More recently, several works have shown that endogenous siRNAs from coding genes
and non-coding genes are involved in RNA-silencing-based antiviral immunity, resulting
in a widespread gene downregulation and plant resistance to pathogens [236,237]. Specific
RISCs may also mediate silencing of DNA viruses via DNA methylation [238]. RNA
silencing also plays a pivotal role in plant defence against pathogenic fungi [239].
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In studying the impact of biocontrol on PPNs, we find it particularly important to
highlight the best and most efficient gene targets for silencing genes related to the interac-
tion. To achieve this, functional genomics methodologies, including genome sequencing
and transcriptome profiling, are employed [240].

Many PPN species have been used in RNA gene silencing studies [241], and the
success of RNAi in cyst- and root-knot nematodes has been demonstrated, and more than
twenty successful applications were reviewed and summarised by M. N. Rosso et al. in
2009 [242].

RNAI technology was used for the stable production of siRNAs in plants to downreg-
ulate the MiDaf16-likel and MiSkn1-likel genes of M. incognita, which are orthologous to
DAF-16 and SKN-1 transcription factors (TFs) in Caenorhabditis elegans during host plant
parasitism. For the development of the biotechnological nematode control of M. incognita
by the means of the number of eggs, galls, ]2 and the reproduction factor (NRF), two TFs
were proven to be potential targets [243].

One of the most promising and targeted approaches to the biocontrol of parasitic ne-
matodes in crops is RNA interference [244]. In describing the strategy against the cereal cyst
nematode Heterodera avenae by using RNAi-inducing streptomycete-derived biostimulants
in Triticum aestivum L. plants, the authors demonstrate the synthesis of si/miRNAs within
wheat cells and their silencing activity by dot blot hybridisation experiments, concluding
that these biostimulants are able to reduce nematode infestation through plant-induced
nematode mortality. The most effective and direct way should be to select specific genes
in the PPN that are silenced by si/miRNAs produced in host plants under the action of
biostimulants [244,245]. This is to underscore what is increasingly emerging from the recent
literature, namely that plant miRNAs can be exploited to inhibit pathogen development
or aid mutualistic relationships. Just as the host immune response can be suppressed by
transferring miRNAs from eukaryotic organisms to plants. This two-way exchange could
be the future in exploiting miRNA-based technologies for agricultural practices [246].

In conclusion, RNAI is critical for regulating host immunity against bacteria, fungi,
oomycetes, viruses and PPNs. Similarly, sSRNAs from pathogens and pests also play
an important role in modulating their virulence and knowledge in cross-kingdom RNA
trafficking, and environmental RNAi may be developed into novel effective strategies to
fight diseases caused by microbial pathogens and pests [247].

5.3. Compost and MGWC as an Environment for PPNs

The management of PPNs by means of soil organic amendments, including composts,
has been studied for a long time. Despite the multitude of literature that refers to this
topic, exact comparison is difficult, due to the high variation in the applied substances
and terminologies. Therefore, in the following section, only some of those resources are
reviewed where composted municipal green waste materials were certainly involved.

As a part of an extended series of examinations, Renco et al. (2010) [248] studied
the effects of five different compost mixtures on soil nematode community structure in a
pot test using a natural grassland soil sown with barley (Hordeum vulgare L.) seeds. The
duration of the experiment was 5 months. Out of the five compost treatments, two were
relevant to this review: ‘C3’ constituted a mixture of urban green residues and sewage
sludge (70:30) and ‘C4” was mixed from urban green residues and soil (90:10), respectively.
The ratio of composts added to experimental soil was 0, 1, 1.5, 5 and 10 percent. Regarding
the two treatments involving municipal waste, significant negative effects were found
in all nematode feeding groups, except predators whose density did not decrease as
compared to the control plots. These treatments appeared particularly suppressive to
bacterial feeders and omnivores. Moreover, PPNs were the most heavily suppressed by
‘Cy’, i.e., the mixture of MGW and soil, while ‘C3’, i.e., MGW and sewage sludge, showed a
gradually increasing negative effect along the higher application rates. In particular, genera
Bitylenchus and Helicotylenchus decreased along the increasing rates of ‘C4’ treatment, while
Merlinius responded with an increasing density. As for ‘Cs’ treatment, the overall decrease
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along the application rates was due to the amounts of Rotylenchulus whose numbers in
the plots with the maximum application rate shrank to below half of that in the lowest
treatment, reaching figures equal to those in the control plots. All the other genera showed
some increase along the gradient of the application rates, with Bitylenchus, Helicotylenchus
and Merlinius remaining below their levels in the control plots, while Paratylenchus and
Pratylenchus exceeded those slightly or to a remarkable extent, respectively. These findings
on the deleterious effects of MGW compost on PPNs were confirmed by a further study
by Renco et al. (2009) [249], where the densities of genera Bitylenchus, Helicotylenchus,
Heterodera, Paratylenchus and Rotylenchulus were found to decrease along a gradient of
increasing application rates of MGW compost.

On the other hand, green waste composts are highly variable, and the presence or
absence of certain substances can fundamentally alter the effects of a compost in controlling
PPNs. The addition of leaves or fruit pericarp of the common walnut (Juglans regia) to
compost, for example, is an issue that generates constant debate, as these green materials
contain juglones that the literature considers harmful to soil biota. An early summary by
Akhtar and Mahmood (1994) [250] lists 120 different plants species used in PPN control, but
interestingly, walnut is not included. Nevertheless, a working group in India repeatedly
found low concentrations (2% and below) of juglone extracts to be highly toxic to M. javan-
ica [251] and Meloidogyne incognita Race 2 [252]. Similarly, Jakusovszky et al. (2019) [253]
found the extracts of freshly fallen walnut leaves to be lethal to Meloidogyne incognita,
with a mortality value of 95% in a concentration of 0.78% and total mortality in all the
higher concentrations tested. On the other hand, the same concentration of 0.78% left
the slug-parasitic nematode species Phasmarhabditis hermaphrodita unaffected, and only
the higher concentrations from 1.56% onwards caused a mortality of 80-100% on this
species. Furthermore, on the bacterial feeder nematode species Panagrellus redivivus, even a
concentration of 6.25% failed to cause a significant increase in mortality as compared to the
control.

Apart from PPNs, both the formation and application of compost deeply affect other
nematode feeding groups as well, particularly bacterial and fungal feeders. Moreover,
the composition of these groups may offer a promising tool to indicate compost maturity.
Therefore, Steel et al. (2018) [254] proposed a Nematode-based Index of Compost Maturity
based on four nematologically relevant criteria: (i). nematode abundance, (ii). a ratio
of fungal and bacterial feeding nematodes, (iii). the presence of more than one fungal-
feeding taxon and (iv). the presence of diplogasterid nematodes, a particularly important,
predominantly bacterial feeding group. After the necessary tests and refinements, NICM
may be widely used a useful method to assess compost maturity.

In the light of the above detailed findings, it is important to survey the effects of
composted MGW on PPNs while keeping in mind the complexity of the influenced system.
For example, antagonistic effects from other nematode feeding groups, also influenced
by the treatments, should be considered as well. In a comprehensive literature study,
Thoden et al. (2011) [255] found several organic soil amendments, including composts,
to pose ambivalent effects on PPNs. Besides the often-observed decline, populations of
PPNs sometimes remained unaffected or even increased in certain cases, but it does not
necessarily affect crop yields in a negative way. As the authors concluded, the overall
positive effects of organic amendments on crop yields can be attributed to various factors
apart from the toxicity of organic amendments to PPNs, including the enhanced plant
growth stimulated both directly and indirectly by various antagonists of PPN populations.

5.4. The Role of Arbuscular Mycorrhiza Fungi (AMF) and Composted Materials in the Control
of PPNs

The role of arbuscular mycorrhiza fungi (AMF) in the water and nutrient uptake of
cultivated plants is well documented, especially when water and nutrient availability is
poor [256,257]. The mutualistic relationship between AMFs and plants is governed by
the plants [258]. The presence of AMF on the roots was shown to enhance the resistance
of plants against PPNs [259], or other root herbivores [260] and even affected pollinators
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through the changes to floral traits [261]. There are various regulatory mechanisms in the
background. On one hand, AMF and certain nematodes compete for the colonisation of
cortical cells, and also, AMF act as a physical barrier. On the other hand, AMF-inoculated
plants have an improved nutrient status, and therefore, can be more resistant [259]. Further-
more, AMF can induce a systemic resistance in plants against nematodes [262]. In a field
experiment, PPNs and AMF showed negative co-occurrence in the root rhizosphere [263]
as a result of the competition for this specific habitat. Benedetti et al. (2021) [264] found that
the presence of AMF (Glomus etunicatum) decreased the number of female cyst nematodes
(Heterodera glycines Ichinohe) with 28.21% in the roots of soybean in a greenhouse experi-
ment. Additionally, AMF-inoculated plants had 26% greater shoot yield when compared to
plants without AME. The authors suggest that the AMF was able to improve the nutrient
status of soybean, and that led to a higher tolerance of PPNs. Compost also has a positive
effect on the growing and nutrient state of plants, so probably, a simultaneous application
of AMF and compost can induce an ever-higher PPN-resistance in plants. Amerany et al.
found (2020) [265] a synergetic effect among chitosan, compost and AMEF. Although AMF
and low doses of compost applied together inhibited mycorrhizal colonisation, the root,
shoot biomass, root length and the leaf area of tomatoes were greater than the same param-
eters in control plants. The reason for this phenomenon could be the better availability of
phosphorus in the presence of the medium-dose of compost, which led to the deactivation
of the AMF system. The same results were found in a glasshouse experiment, where the
higher rates of green waste-derived compost decreased AMF colonisation [266], while
AMEF improved the Zn and P supply of tomatoes, especially by low rates of compost. Other
experiences with the combined application of compost and AMF may have contradictory
results. When Jan et al. (2014) [267] examined the effects of AMF and compost from
animal dung and rock phosphate on berseem (Trifolium alexandrinum) yield and P uptake,
the maximum root colonisation of AMF was measured by the full dose of compost and
the maximum spore number was found by the half dose. The increased yield and better
nutrient uptake underline the role of AMF inoculation and compost in berseem. There is
little available information about the interrelationship among AME, PPNs and compost.
Galal et al. (2012) [268] conducted a greenhouse experiment to examine the combined effect
of different biocontrol agents (Streptomyces antibioticus, Bacillus subtilis, AMF, T. harzianum
and P. penetrans, compost) against the root-knot nematode (M. javanica), and concluded that
due to synergism, combinations are more effective than single usages of any of the BCAs.
Unfortunately, the combination of AMF and compost alone was not included in this study.
Rizvi et al. (2018) [269] demonstrated that the simultaneous usage of Glomus fasciculatum
and bio-organic waste (Avena sativa straw) resulted in larger plants and a lower size of
nematode population (M. incognita) in chickpea (Cicer arietinum L.), and the effect can be
attributed to the involvement of other microorganisms (Mesorhizobium ciceri, T. harzianum).

Based on these results, we suggest a further, more detailed examination of the multi-
microbial inoculation of compost as the most promising, eco-friendly alternative of PPN
control.

5.5. Earthworms May Have an Indirect Control on PPNs

Earthworms play a crucial role in mixing organic amendments with the mineral phase
of the soil, thus deepening the topsoil and improving soil health. When vermicomposted,
organic materials decompose faster due to earthworm activity. Faster decomposition
and the presence of earthworms influence microbial activity. Reviewing the literature on
the interaction between earthworms and root herbivores, Wurst (2010) [270] concluded
that earthworms can compensate for the negative effects caused by root-feeding nema-
todes on plants. Treatments with earthworm influence (vermicompost) can decrease
root-feeding nematode abundance and plant damage caused by above-ground herbivores.
Xiao et al. (2016) [271] studied the effect of conventional compost and vermicompost using
the earthworm Eisenia fetida on root-knot nematodes (M. incognita) in a climate chamber
with a susceptible and a resistant tomato cultivar. Although more root galls were found
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on susceptible plants compared to resistant ones, vermicompost was more efficient in the
protection against RKNs compared to conventional compost, especially in the case of sus-
ceptible plants, while root galls on both susceptible and resistant tomato plants significantly
declined under conventional compost and vermicompost treatments compared to inorganic
fertiliser at 14- and 30-days post inoculation. The liquid phase extract of vermicompost,
vermiwash, contains several compounds, decomposing bacteria, fungi, vitamins, enzymes,
mucus and skin secretion produced by earthworms, and as the earlier literature confirms,
it can aid the suppression of diseases and decrease the growth of pathogenic bacteria and
pests. Therefore, vermiwash, either incorporated into the soil or sprayed on the plants, can
effectively help protect crops from bacterial and fungal pathogens and pests [272].
Regarding the method of application of plant residues, Tao et al. (2009) [273] studied
the effects of earthworms on nematode communities with plant residues incorporated into
the soil or placed on the top as mulching. When they compared the earthworm-worked
treatments (mulched or incorporated) with treatments without earthworms, they found
significantly lower total nematode abundances in all the examined soil depths after residue
incorporation in earthworm-worked treatments. When the residue was only placed on the
top of the soil, lower total nematode abundance was found in the topsoil layer compared
to the treatment without earthworms; however, the difference was not significant.
Demetrio et al. (2019) [274] reviewed studies assessing the interaction between earth-
worms and soil nematodes in a meta-analysis. They found that there was a 27% reduction
in soil nematode density due to earthworm activity, with PPNs reduced by 24%, free-living
nematodes by 26%, and there was no significant effect on fungal-feeding nematode densi-
ties. Epigeic and anecic earthworm species had the greatest reduction effect on nematodes,
while soil dwelling endogeic and epi-endogeic forms did not have significant effect. All the
examined earthworm densities significantly decreased nematode populations; however,
greater densities caused larger decreases. Regarding management type, earthworms had a
negative effect on all nematode forms (average 27% decrease) in a greenhouse, while in
field experiments, they only had a negative effect on the free-living nematodes (16%).

5.6. The Use and Efficacy of MGWC with or without BCAs against PPNs
5.6.1. The Impact of Composted Materials on Soil Suppressivity

The impact of composted materials on soil, crop yield and soil microbiome has been
well documented. With environmental and sustainability concerns on the rise, organic ap-
proaches in agriculture have gained more attention. One of the most valued aspects of com-
post is its ability to mitigate crop loss by controlling soil-borne pests and pathogens [156].
The addition of compost promotes plant health and their nutrient status, establishes and
enhances microbial life, and not only the volume of microbial mass, but microbial activ-
ity as well [142,148,197,275]. Additionally, the increase in microbial biomass generates
competition, leading to suppression [91]. The suppressive ability of composted materials,
including yard waste, brewery compost, vineyard waste, cattle manure, wood bark, and
other organic materials, has been reported since in the early 1980s, against fungal pathogens
including Rhizoctonia, Fusarium or Pythium [163,276-279], and soil-borne, immobile pests
including PPNs [275,280]. The increase in biomass includes the increase in the antagonists
of nematodes, predators and fungal and bacterial parasites [197].

5.6.2. Compost-Induced Suppressivity against PPNs

The addition of composted materials and MGWC may suppress PPNs by enhancing
their natural antagonists, as shown by the elevated levels of enzymatic activity of microor-
ganisms [275]. The establishment and build-up of a reliable nematode suppression by an
assemblage of antagonistic biological control agents, however, requires a longer time, as
suggested by McSorley and Gallagher (1995) [281]. Oka (2010) [197] contemplates that it
may not be a collection of antagonistic microorganisms, but compost-derived compounds
that contribute to the suppression of nematodes, instead. These compounds may induce
resistance in crops or may directly be nematicidal. Compost not only introduces nutrients,
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but it also increases their availability, and this results in the enhancement of the functional
diversity of the soil microbial community [155]. McSorley (2011) [282] also argues that in
many cases, the introduction of large amounts of decomposing plant material is a simula-
tion of fertilisation, where crops benefit from increased soil fertility and nutrient availability,
and this alone may surpass the effects that the compounds may have on PPNs.

Additionally, since the addition of any composted material improves soil structure,
namely particle size, Oka (2010) [197] argues that this change alone is an important factor
in soil suppressiveness, simply by allowing natural enemies of PPNs to penetrate and
inhabit the newly formed larger pores within the soil.

5.6.3. The Role of Microorganisms in PPN Control

Among microorganisms, beneficial fungi and bacteria may be used in the biological
control of PPNs.

A rapidly growing interest in fungi as a biocontrol agent has been observed and
their exploitation has gained attention [283]. These fungal biocontrol agents fall under
four categories: (1) nematode-trapping or predatory fungi that produce trapping devices;
(2) endoparasitic fungi that use conidia to enter the nematode body; (3) parasites that use
the host as food source; and (4) toxin-producing fungi that secrete toxins [284]. Below, we
review some of the most detailed studied biocontrol agents against PPNs.

The literature on microorganisms with a definite nematode suppressive effect con-
tinues to expand. Some of these taxa strengthen plant defence or induce resistance. Doc-
umented cases of this effect were reported by Westphal and Becker (2001) [285], and the
beneficial agents against Heterodera schachtii were, among others, Fusarium oxysporum,
Dactylella oviparasitica and Paecilomyces lilacinus. Inoculation with Glomus intraradices, Glo-
mus mosseae and Glomus etunicatum suppressed M. javanica in peach [286]. Oka (2010) [197]
recounts taxa including Rhizobacteria, namely Bacillus pumilis and B. mycoides, B. sphaericus,
Agrobacterium radiobacter, Rhizobium etli, or fungi including T. harzianum, a non-toxic Fusar-
ium oxysporum and Neotyphodium coenophialum. Zakaria et al. (2013) [287] reported that the
fungus Verticillium chlamydosporium and the symbiotic bacterium Photorhabdus luminescens
reduced the preproduction performance and gall formation of Meloidogyne incognita in
cucumber. The list expanded with Pasteuria, Pseudomonas and Rhizobium species [102],
Penicillium sp. and Aspergillus sp. [288], the highly investigated Metarhizium anisopliae [289]
and Aphanocladium album [290]. In their compilation, Topalovi¢ et al. (2020) [52] refer to
Pasteuria, Bacillus, Pseudomonas, Rhizobium, Streptomyces, Arthrobacter and Variovorax, or
fungal isolates of Pochonia, Dactylella, Nematophthora, Purpureocillium, Trichoderma, Hirsutella,
Arthrobotrys and Mortierella as being successful against PPNs. Kumar and Dara (2021) [291]
acknowledge studies over the last few decades and describe bacterial and fungal endo-
phytes, including Enterobacter intermedius, Lactobacillus paracasei, Chaetomium globosum and
Bacillus megaterium, to name a few, that were all found to be antagonistic towards PPNs.

Trichoderma spp. is one of the most successful fungal biocontrol agents against PPNs.
For instance, Spiegel and Chet (1998) [292] evaluated the efficacy of Trichoderma spp. against
PPNs and soil-borne fungi. They tested different Trichoderma harzianum and Trichoderma
lignorum isolates against M. incognita (Treub, 1885) Chitwood, 1949 in short- and long-
term experiments. In the short term, exposure to T. harzianum in a nematode-infested soil
improved the growth of nematode-infected plants and decreased the root-galling index,
whereas the long-term experiment improved the growth and yield of infected plants, but
had no effect on the galling index. Trichoderma asperellum exhibiting biocontrol activity
against Meloidogyne javanica was also observed by Spiegel et al. (2005) [293], with direct
fungal parasitism as the possible underlying mechanism. The inoculation of tomato seeds
with Trichoderma harzianum significantly reduced the infestation by M. javanica under green-
house conditions [294], where the fungal agent adversely influenced the establishment,
development and reproduction characteristics of the nematode. Khan et al. (2018) [295]
investigated both the suspension culture and exudates of Trichoderma spp. against Meloidog-
yne incognita. They found that the fungal metabolites had a direct effect on M. incognita by
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decreasing the egg hatching rate and increasing the mortality rate of ]2 larvae. The salicylic
acid-signalling pathway and ethylene biosynthesis were induced in tomato treated with
Trichoderma harzianum when infected by root-knot nematodes and limited the infection
via the activation of systemic acquired resistance (SAR) and ethylene production [296].
Meanwhile, the soil application of fungal spores had a more diverse impact: not only did
they negatively affect the ]2 population, but they promoted plant growth more effectively
than the exudates.

The nematophagous fungus Paecilomyces lilacinus (Thom) Samson is also a promising
fungal biocontrol agent candidate against PPNs. Khan et al. (2006) [297] tested P. lilacinus
and nematode trapping fungus Monacrosporium lysipagum (Drechsler) Subram individually
and in combination against three economically important PPN species, namely the root-
knot nematode M. javanica, cereal cyst nematode Heterodera avenae Wollenweber, and
burrowing nematode R. similis (Cobb) Thorne on tomato, barley and banana plants in pot
trials. They found that the combined application of these fungi was the most effective
treatment and, in some cases, M. lysipagum was better than P. lilacinus when applied alone.
Kiewnick and Sikora (2006) [298] tested Paecilomyces lilacinus strain 251 (PLys1) against
root-knot nematode M. incognita in growth chambers. They found that treated pre-planted
soil reduced the occurrence of root galling by 66%, egg masses by 74% and nematode
population by 71%. Additionally, a single pre-planting application of the agent was found
to have a successful control of nematodes. The P. lilacinus strain 251 was also tested
against the northern root-knot nematode Meloidogyne hapla Chitwood [299], and the strain
PLys51 reached 90% under favourable temperature conditions, and repeated treatments
significantly increased tomato yield, too.

Parasitic or opportunistic parasitic bacteria, rhizobacteria, Cry protein-forming bacte-
ria, endophytic bacteria and symbiotic bacteria are natural enemies of PPNs [192]. Biofer-
tilisers in the form of bacterial nitrogen fixer, phosphate and potassium solubilising bacteria
and microbial strains of certain bacteria have been shown to reduce the population of
M. incognita in chili and tomato, and Tylenchulus semipenetrans on Washington navel or-
ange [300]. Topalovic et al. (2019) [301] isolated bacteria belonging to genera Microbacterium,
Sphingopyxis, Brevundimonas, Acinetobacter and Micrococcus that attached to and parasitised
M. hapla. They concluded that most of the attached bacteria significantly reduced the ]2
population on tomato roots. Having said that, one of the most outstanding examples of
bacterial control of PPNs is Pasteuria spp. [302].

The use of plant growth-promoting rhizobacteria (PGPR) has also emerged as a poten-
tial, sustainable solution to control PPNs with the added advantage of producing various
plant-growth-promoting substances [303]. Abuzar and Haseeb (2010) [304] investigated
two rhizobacteria MTCC and Pf-5 and urea treatments against PPNs in Cajanus cajan and
found that they significantly reduced the number of PPNs with an increase in plant growth.
Improved plant growth, plant defence and biomass of nematode-infested PGPR-inoculated
tomato plants along with significant reductions in the J2 population and root galls were
observed by Khanna et al. (2019a, 2019b) [305,306] when they tested Pseudomonas aeruginosa
(M1) and Burkholderia gladioli (M2) in tomato against M. incognita.

The four most important commercially available biological agents are two bacteria:
Bacillus firmus strain N1 (a Gram-negative, spore-forming bacteria) and Pasteuria usgae (a
Gram positive, mycelial endospore-forming bacteria); and two fungi, Paecilomyces lilacinus
isolate P 251 and Myrothecium verrucaria. Additionally, while four Pasteuria species have
been found to be effective, including Pasteuria thornei against root lesion nematodes (Praty-
lenchus spp.), Pasteuria nishizawae against cyst-forming nematodes (Heterodera spp. and
Globodera spp.), Pasteuria usgae against sting nematodes (Belonolaimus spp.), and Pasteuria
penetrans against root-knot nematodes (Meloidogyne spp.), respectively, only P. usgae is used
in a commercial product [307].
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5.6.4. Soil Suppressivity against PPNs Is Initiated and Supported by MGWC

Since the higher availability of nutrients within the soil indirectly encourage sapro-
phytic activities, which, in turn will influence suppressivity [92,308], the addition of com-
posted materials is expected to increase or at least, maintain suppressivity. However, what
success was found with the application of MGWC?

Renco and Kovacik (2015) [309] tested the nematicidal potential of vermicompost
and a derivate, vermicompost tea, produced from MGW (30% leaves and 70% grass
clippings) with or without urea on potato cyst nematodes Globodera rostochiensis and
G. pallida. The number of eggs and ]2 nematodes per cyst were significantly lower on
treated plots, and there was a definite difference between the sensitivity of the two species,
with G. pallida being less sensitive. A compost mix made from crab shell powder, rice
bran with the addition of a complex fertiliser, and inoculated with a Paenibacillus ehimensis
strain was found to reduce the impact of Meloidogyne incognita in tomato [202]. Composted
MGW incorporated into the soil at various percentages induced an indirect suppressivity
within the potting media of barley plants. Unfortunately, this treatment reduced the
number of bacterivore and fungivore nematodes as well, leaving only predatory taxa
uninfluenced [248].

5.6.5. The Efficacy of Compost-Induced Suppressivity

Apart from a few exceptional cases, given field conditions, the controlling accuracy
and reliability of organic amendments are not considered equivalent with the effect of
conventional, chemical treatments or fumigants [105,197,224,310].

Although the control effect of organic amendments may be unreliable, it is acknowl-
edged that where such an application is effective, the beneficial consequences last longer
than those of conventional treatment options, because the changes to the composition and
the activity of microorganisms generate a new environment, which is not as appropriate
for a new outbreak of PPN populations [197].

There is a consensus that besides the microbial composition and the actual effect of
composted materials, suppressivity partly depends on the raw materials and the prepara-
tion (composting) method, various composting additives, the application, farming practices
including crop rotation, intercropping, land use, climatic factors and soil properties includ-
ing the amount, composition and activity of the microbial community, soil type, particle
size, C/N ratio, temperature, moisture and oxygen content [144,282,310-313]. Therefore,
future studies should include field experiments to discover ways to guarantee an acceptable
efficacy of composts inoculated with beneficial microorganisms among the stressful natural
conditions [226].

5.6.6. Establishing and Maintaining Suppressivity with or without BCAs

Harnessing, establishing and maintaining a highly functioning soil microbiome has
a great potential for agriculture [62]. Yet, it is a definite challenge to rely on the natural,
microorganism-driven suppressivity of an agricultural soil ecosystem. It requires long-term
commitment, including a diverse and repeated addition of decomposing organic materials
(either by composted MGW or by other means), a reduced soil disturbance to protect the
fabric of microbial diversity and the habitat of the agents themselves, and a combination
of management techniques to provide the co-existence of predators and targeted pests, as
implied by Steel and Ferris (2016) [87]. Suppressivity seems to be a combination of organic
supplements and the beneficial microorganisms. Compost contributes to improved soil
and plant conditions [144], and when microbial biomass and diversity increases, not all
microorganisms act directly against pests and pathogens. Some of them may alter plant
response and the presence and actions of harmful organisms, thus contributing to the
overall suppressivity, as suggested by Oka (2010) [197].

The most important motivation to find a carrier for BCAs is that while most BCAs
display promising performance in a controlled environment, their reliability drops in open
fields. There is a troublesome difference between BCA survival and virulence in controlled
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and realistic conditions, partly due to the higher complexity of the biotic and abiotic factors
of the field environment, and to the high sensitivity of BCAs to these factors and their
interactions [52].

5.6.7. The Importance of Microbial Diversity in Suppressivity

The diversity and the structure of soil microbial communities are of primary interest
when studying soil suppressivity [109]. While physical factors, including soil type, moisture
and temperature can influence nematode abundance, soil suppressivity may be also based
on nematode population regulation by density-dependent antagonists [99]. The greater the
complexity of the biological community of the soil, the greater is the stability of the soil
and, consequently, the level of natural biological control [314].

Hussain et al. (2018) [102] found that the diversity of bacterial communities definitely
decreased as the investigated area was shifted from bulk soil (with the highest diversity) to
rhizosphere and to root endosphere, and finally, to the cyst of Heterodera glycines, where
bacterial diversity was the lowest. Similarly, Zhou et al. (2019) [315], who tested the impact
of soil microbiome on the damage done by PPN, established that healthy soils showed
higher diversity figures then infested soils, and that these two habitats had habitat-specific
microbial communities, too.

Can elevated diversity lead to suppression? As Berg et al. (2017) [316] points out,
pathogens are integral parts of the biotic environment, and therefore, the onset of soil-borne
diseases is made harder when the soil microbial diversity is higher. This agrees with the
conclusion drawn by Topalovi¢ et al. (2020) [90] that low levels of PPN infection are found
simultaneously with higher diversity figures of bacterial and fungal communities. Similarly,
where the diversity and abundance of these antagonistic microbial taxa is high, the control
of PPNs can be more successful, provided the environmental conditions also favour the
establishment of these beneficial microorganisms [315]. In their study, suppressivity was
transferred when plants within a formerly conducive soil displayed less severe symptoms
after the soil was inoculated with healthy roots and the associated microbiome. There have
been attempts at the re-location or re-establishment of suppressivity; conducive soils being
turned to suppressive with the help of soil microorganisms was mentioned by Westphal
and Becker (2001) [285] as early as in 2001. An interesting reverse example was recorded
when the use of antagonistic fungi as bionematicide resulted in increased rhizosphere
microbial populations [290].

In their compilation, Bertola et al. (2021) [159] emphasise the importance of higher
levels of microbial diversity in curbing the severity of pest occurrence and damage to
crops, and they draw attention to the idea of “ecological intensification”. This concept
is based on the idea that a naturally enriched soil microbiome provides a more efficient
complexity of soil ecosystem services. Comparing an organically managed system to
conventional farming system, an increased taxonomic and phylogenetic richness, diversity
and heterogeneity of the soil microbiota is observed [51]. Indirectly, this may lead to
increased suppressivity, as suppressivity to plant pathogens is mainly related to biotic soil
characteristics, represented by the total microbial activity of the soil (FDA hydrolysis) at
the pasture, fallow ground and forested areas [314].

However, what species composition and abundance figures are realistic to a compost
in action? The compilation by Bernal et al. (2017) [156] clearly states that there is a
definite change in the bacterial community composition during composting: certain taxa
exist predominantly during the initial phases, others are present throughout the process,
and others were reported mainly in the matured compost. Even more interestingly, as
maturation progressed, bacterial diversity was found to be either lower or higher at the end
of the progress. Similarly, based on earlier findings, Borrero et al. (2004) [163] discusses the
importance of diversity as a factor, and comes to the indecisive conclusion that microbial
densities, abundance and the total number of microorganisms may not be as important
in determining whether a soil performs suppressivity of, or conductivity for, a disease.
Additionally, referring to earlier studies, Bertola et al. (2021) [159] resolves the importance
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of microbial diversity as ambiguous in contributing to a more functional and supportive
soil. Topalovi¢ et al. (2020) [90] adds to the debate that suppressivity requires the inclusion
of a specific set of microbial community.

6. Conclusions

There is a striking difference between the status of soil microbiome, the diversity of
microorganisms, and overall crop status of conventional, large-scale farming systems and
of a farm where composted organic waste, enhanced with beneficial control agents, is
repeatedly applied to the soil (Figure 1).

Figure 1. The disadvantageous consequences of conventional, large-scale farming systems and where
the natural soil microbiome is taken care of with the use of composted organic waste at farm level. On
the left side, the topsoil receives chemical fertilisers and a single-strain microorganism, but no support
to enhance or encourage the natural microbiome of the soil. On the right, where composted municipal
green waste is applied, with the addition of a consortium of biocontrol agents, the compost serves
as substrate to protect the agent; helps the microbial life of the rhizosphere; enhances the defence
mechanisms of the crop, attracts more beneficials, including earthworms; provides a field for the
RNA interference technology; and gives an alternative for using high amounts of under-appreciated
MGW.

When selecting control methods against PPN, efficacy is of key importance, but
compromising sustainability, ecological safety, and the special cultural and mechanical
characteristics of an area [17] may be too high a price for a method that may not work in
the long term.

Based on our own experience, the use of mulch and composting materials creates an
inappropriate environment for PPNs and helps beneficial nematodes and microorganisms,
while also promoting plant growth.

Composting not only reduces the amount of municipal green waste but is an effective
and natural way to contribute to environmentally friendly soil remediation. A healthy
soil with the right amount and composition of soil microbiome can provide an array of
environmental functions, one of which is plant protection. Applying composted green
waste is a preventive measure: MGWC has a great potential to create and maintain soil
suppressivity against PPNs.

Definitions and approaches of soil suppressivity developed from general observa-
tions towards realising the various role of soil microbiome. While the biological factors
of suppressivity is a relatively active research area, most studies still focus on selected
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microorganisms and distinguish them from the total microbial community, but the diversity
of microorganisms is fundamental for suppressivity. To understand, conserve or rebuild
suppressivity, a holistic approach and farming system using a high amount of organic
matter is needed.

Recent compilations [142,313] reveal that the benefits of applying composted organic
waste to aid suppressivity against soil-borne pathogens and diseases has been thoroughly
investigated and demonstrated. We found, however, that less attention was given to
exploring the potential of composted materials against PPNs.

Additionally, the literature on compost as a carrier of BCAs, detailing the background
mechanisms by which compost can support the survival and action of beneficial organisms,
the conditions of composting procedure, the preparation and inoculation of BCAs and
finally, their application, is rather incomplete.

Both the high diversity of applied substances along with their often-unpredictable
composition and the variations in naming these materials make it rather difficult to create
a general picture on the effects of organic soil amendments applied against plant parasitic
nematodes. Yet, some trends are promising and clear: the addition of composted MGW
decreased the number of different genera of PPNs, along with other feeding types, some-
times. Therefore, the application of these treatments is supported for nematode control
purposes. However, in order to increase both efficiency and environmental safety related
to the application of MGW, we advise the involvement of a sort of “ecotoxicological aspect’,
i.e., studies focused on the nematological effects of common components of composts to
learn more about their nematicidal impacts and to possibly avoid side effects on beneficial
organisms within the soil.

An emerging new technology, RNAi, can be used to develop deliverables for foliar
sprays, soil or seed treatments aiming to control pests and pathogens. The use of MGW
infused or not infused with BCA will take advantage of RNA biology studies to define
a high level of selectivity, which leads to a reduced risk for non-target organisms and
especially respect for the environment to which we are so strongly interconnected.

Through different mechanisms, AMF was found to support crops against PPNs, and
the use of compost with the addition of BCAs can enhance this effect. Based on these
results, we can suggest a further detailed examination of multimicrobial inoculation with
compost as the best eco-friendly alternative of protection against PPNs.

The collection and composting of MGW requires a large labour force, both human
and mechanic, and even when composting takes place, composted MGW is a heavy bulk
material. Its transportation is extremely expensive, and spreading it evenly on an arable
field or even within a protected environment (greenhouse, etc.) is difficult. Not all farmers
are open to the use of composted green waste. Education is lacking regarding to what
extent weeds or diseased plant materials are rendered harmless via composting. Farmers
in general fear the potential harmful consequences of using compost. Compost is a highly
variable material, hard to standardise, and therefore policymakers fear the uneven quality
of compost, and nor are they familiar with the advantages of composting and the use of
compost.

Further field studies involving vermicomposted MGW are needed to explore the
efficacy and practical use of the compost product against nematodes.

We conclude that in order to rely on, to re-establish and support the natural defence
mechanisms of agricultural soils against PPNs, we have to encourage and enhance the soil
microbiome. From the ecological, environmental and microbiological point of view, the
use of composted MGW, a valuable resource material produced continuously everywhere,
is a long-term and sustainable solution. More studies, including field investigations, are
suggested for a more successful application of MGWC, inoculated with BCAs.
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Appendix A

Table A1. Compost-based products registered in Hungary, their MGW and total green waste con-
tent by volume, when available, and the most important other ingredients. BioMass products are
inoculated with BioMass Kappa, which, depending on the type of use, is a solid-phase prepara-
tion containing 3-5 x 107-10° useful germs per gram, or a liquid-phase preparation containing
4 x 10! germs per gram. The inoculation constitutes for 5% v/v of the end product. The FINO
FARM HUMUS Extra Humuszkomposzt is inoculated with smaller amounts of compost made within
the factory earlier up to 0.5% v/v. No other products contain inoculants.

Product Name (l://:Cv;/Ww Total (Cj/(r)eve/r;)Waste Major Other Ingredients
Agrohum n/a MSS, manure, straw
Agromass Kombi n/a MSS, straw
Alisca 100
Berki 100
BioMass Mlqukomplex n/a Ashes from trees, MSS
Komlo
BioMass Super ASA o7 Organic waste of
Organic agricultural origin
BioMass Super Biofuna n/a MSS, sawdust
BioMass Super Bonycom n/a MSS, sawdust
BioMass Super Csabai n/a MSS, straw, hay
BioMass Super ERV n/a 50 MSS
BioMass Super FCsM n/a MSS, straw, hay
BioMass Super Kedvenc n/a 65 MSS, straw, hay
BioMass Super Komszol n/a MSS, straw, hay
Biomass Super Okoviz n/a MSS, straw, hay
BioMass Super Sopviz n/a 65 MSS, straw, wood shavings
BioMass Super Tépio n/a 60 MSS, straw, wood shavings
Biomass Super Vital A n/a MSS, paper sludge
BioMass Super Vital B n/a 35 MSS, CPW, straw
CITY 100
Compostal 100
CSVK Makoi 100
Deponia 100
FINO FARM HUMUS 20 495
Extra Humusz
Gyongykomposzt n/a 80 MSS
Gyulai zold n/a MSS
Haraszti 31.7 40 MSS, woodchips, sawdust
Herculia n/a MSS, paper sludge, straw
Hiros Zold 100
Kerka n/a MSS, straw, wood shavings
Keszthelyi Zold n/a organic waste
Kompvital n/a manure, grape marc

Kiskunhalasi 100 66
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Table A1. Cont.

Product Name I:/[GW Total (c;'reen Waste Major Other Ingredients
(% v/v) (% vlv)
MiKomp 100
Nyirségi Biofold n/a Vegetable and fruit waste
Oroshazi zold 100 Garden shavings
Pannonia 100
Pécsi zold 100
Pro n/a Grape marec, w.ine lees,
wood shavings
ProfiKomposzt 100
Pusztazamori 100
R 100
Recomp n/a MSS, peat
Regionalis szennyviziszap n/a 90 MSS
Remusz 1 15 MSS, beer sludge, straw
Special 100
STKH 100
Szegedi 100
Szelektiv 100
Szikszoi n/a
Tisza 100
Vertikal Adonyi 100
Vertikal Bacskai 24 25 MSS, straw, wood shavings
Vertikal Csongradi 30 35
Vertikal Kalocsai 100
Vertikal Koros térségi 30 35
Vertikal Polgardi 100
Vertikal Sarbogardi 100
Zala 100 Sawdust
Zold Hid 100
Zolders 100

Abbreviations: MGW: municipal green waste, MSS: municipal sewage sludge, CPW: cellulose production waste,
v/v: volume weight.
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