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1 Introduction
1.1 Nematodes in the soil microbiome

The soil microbiome is teeming with diverse microorganisms and fauna. These
interact with each other, forming complex and dynamic interrelationships. The
soil microbiome includes all soil type-dependent microorganisms, including
microfaunal grazers, nematodes and protists (Costa et al., 2018). However,
microbial metazoa are rarely considered as a key component in the soil
microbiome, and most research focuses on prokaryotic taxa (Bik, 2019). This
is mainly due to the complex taxonomy of this microfauna as well as the lack
of published molecular data for barcoding (di Montanara et al., 2022). For
example, in nematodes, most of the available genome data sets are on parasitic
taxa and the model species Caenorhabditis elegans (Zhang et al., 2017; Qing
et al.,, 2020; Powers et al., 2021). Free-living nematodes, which predominate
in the soil microbiome, are understudied: they are in a ‘Goldilocks zone of
neglect’ (Bik, 2019).

To achieve a holistic view of microbiome processes, soil nematodes should
be embraced as a key element in microbial ecology. The present chapter
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2 Nematodes and their trophic interactions

therefore introduces the major functions of free-living as well as plant parasitic
nematodes in the soil and rhizosphere environment, with a focus on arable
systems. It addresses their role as central components of food webs and as
biological indicators for soil and plant health (Section 2). Further, it highlights
the importance of root-feeding taxa for plant-microbe interactions in the
rhizosphere (Section 3). Finally, nematodes as vectors for human pathogens
among microbial hotspots and the potential for foodborne diseases are
discussed (Section 4).

1.2 The ‘good guys’ - free-living nematodes

Nematodes are the most abundant and diverse multicellular soil organisms,
with numerous species and millions of individuals, e.g. up to 200 species m~2
in one site and trophic groups at all food web levels (Yeates et al., 1993; Yeates,
2010). Globally it has been estimated that there is a total nematode biomass of
approximately 0.3 giga tonnes in surface soils (van den Hoogen et al., 2019).
Within the soil microbiome, bacterial and fungal grazers regulate community
structure and activity, which, in turn, affects nutrient mineralisation by their
microbial prey (Whalen et al., 2013; Richter et al., 2019; Mielke, et al., 2022).
Although, when compared with microorganisms, nematodes represent only a
small amount of biomass in this micro-consortium, they have a key position in
energy flow and nutrient cycling (e.g. Nieminen, 2008; Neher, 2010). Moreover,
nematode life history traits and feeding relationships provide a framework to
understand food web disturbance, structure and diversity as well as processes
such as carbon (C) pathways (Bongers, 1990; Ferris et al., 2001; Ruess and
Ferris, 2004). This concept of ‘'nematode fauna analysis’ has proven useful as
a tool for relating soil and plant health to land use and arable management
(Mulder and Maas, 2017).

1.3 The ‘bad guys’ - plant parasitic nematodes

In contrast to free-living nematodes, the role of plant parasites is well known
in agriculture. Nematodes are among the most widespread root feeders: they
break down plant cells, disrupt physiological processes and modify immune
responses (Gillet et al., 2017; Liu and Park, 2018; Siddique et al., 2022). This
damage is of great agricultural and economic importance, and the annual
loss is estimated at ~14% of the world's crop production (Nicol et al., 2011).
The primary effects of root feeders are on plant resource allocation pattern
and tissue nutrient concentrations (Maboreke et al., 2017; Gilarte et al., 2020;
Bell et al., 2021). Secondary effects are nematode-induced ‘leakage’ of plant
cell content, increasing C translocation to the rhizosphere, which stimulates
the associated microbiome (Yeates et al., 1999; Poll et al., 2007). Through
these diverse synergistic and antagonistic effects, nematodes alter microbial
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Nematodes and their trophic interactions 3

community patterns, C fluxes and root signalling pathways and, in turn, the
organisation of the rhizosphere microbiome.

1.4 Nematodes and food-borne diseases

A growing concern in agriculture is outbreaks of food-borne illness linked to
consumption of fresh or partially processed products in both industrialised and
developing countries. Human pathogens enter arable soil mainly via recycled
waste water in surfaceirrigation or via animal manure used as fertiliser (Roth etal.,
2015; Iwu and Okoh, 2019). Bacteria such as Escherichia coli and Salmonella
enterica can then persist in the soil for long periods of time (Tran et al., 2020;
Ramos et al., 2021). However, these pathogens have to be transported between
microbial hotspots, e.g. from manure patches to the rhizosphere microbiome,
in order to contaminate crops. A neglected aspect of this dissemination is soil-
inhabiting fauna. As the most predominant metazoan in soil, nematodes have a
considerable potential as a vector for pathogenic bacteria (Nykyri et al., 2014;
Diaz and Restif, 2014; Kroupitski et al., 2015). This may be particularly important
in sustainable agriculture, with greater application of animal manure as an
organic soil amendment. However, there is still a lack of knowledge about the
role of nematodes (as well as other soil fauna) as vectors for human pathogens.

2 Nematodes as key biota in the soil micro-food web

2.1 Functional diversity and role of nematodes in the
micro-food web

Nematodes dominate all soil ecosystems in terms of biomass and abundance
due to their multiple adaptations to differing environmental conditions
(Andrassy, 2005). Their high trophic diversity encompasses functional groups
at each level of the soil food web (Fig. 1). Nematode diets range from bacteria,
fungi and algae to microfauna, predominantly other nematodes (Yeates et al.,
1993). On the other hand, nematodes often become prey of soil mesofauna
such as mites and springtails (Chernova et al., 2007; Walter and Proctor, 2013;
Rueda-Ramirez et al., 2023). Through these multiple trophic interactions,
nematodes connect microbial and faunal soil food web compartments, i.e. they
couple the soil microbiome with higher trophic levels.

Due to this high complexity in trophic relationships, functional groups are
formed, including species with a similar trophic level and feeding pattern and
a comparable function in the food web (Ferris and Tuomisto, 2015; Heijboer
et al., 2017). Nematode functional groups are established in two major sail
food chains (Crotty et al., 2014, Lazarova et al., 2021):

¢ the herbivore (‘green’) chain; and
e the detritivore (‘brown’) chain.
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4 Nematodes and their trophic interactions

Figure 1 Common nematode trophic groups. (a) Acrobeles - bacterial feeder with an
unarmed mouth cavity, the lip appendages (probolae) likely serve to sort bacteria; (b)
Aphelenchoides - fungal feeder with a stylet with delicate knobs to pierce fungal hyphae;
(c) Merlinius - root feeder with a strong stylet with prominent knobs used to rupture the
plant cell wall and suck cell content. (d) Prionchulus - predator with a barrel-shaped oral
cavity bearing a dorsal tooth and opposite a ridge with rasp teeth.

Living root tissue opens the herbivore C and energy channels by serving as
a resource for root feeders, while bacterial and fungal feeders occupy the
detrital decomposition pathway. Via cross-feeding, omnivores and predators
can trigger energy and nutrient flows between both food chains (Wolkovich,
2016). Nematodes not only have a central role in the carbon and energy flux in
the microbiomes of soil (brown chain) and rhizosphere (green chain) but also
connect the fluxes between these two fundamental pathways.

Nematodes can both contribute to and detract from agricultural production
systems given their diverse functional roles. In the area of plant production,
bacterial feeders can act as vectors for both beneficial and harmful bacteria
in the rhizosphere microbiome (Nykyri et al., 2014; Martins et al., 2022). Their
preference for grazing on plant pathogens can also promote competing
beneficial microbiota and vice versa (Bonkowski et al., 2009; Renn et al., 2013).
While root feeders are a severe plant pest, omnivores and predators can
function as their control agents. The impact of nematode functional diversity
thereby is not restricted to the microbiome itself. It acts at different scales, from
the soil and rhizosphere microbiome to single plants and on to cultivated fields
(Lazarova et al., 2021).

2.2 Trophic interactions shaping microbiome communities and
processes

The structure and function of the micro-food web play a key role in the
composition and activity of microbial assemblages and, in turn, soil nutrient
cycling, which is crucial for plant production (De Vries and Wallenstein,
2017; Fierer, 2017; Jiang et al., 2022). Microfaunal grazers contribute to
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Nematodes and their trophic interactions 5

the microbial loop in the rhizosphere microbiome, a tri-tropic interaction
that makes nutrients available to plants (Bonkowski et al., 2009; Zheng
et al., 2022). Nematodes and protozoa are ‘the’ bacterial predators in the
soil microbiome, and their predation pressure is a driving force in bacterial
evolution. Soil bacteria have developed diverse defence strategies to survive
or escape from their predators. The strategies include physical adaptations,
e.g. to prevent contact, recognise and attack (e.g. engulfing predators), and
chemical defence such as antibiotics (Martins et al., 2022). The impact of
microfaunal grazing on microbial community structure as wellas mineralisation
processes in the soil microbiome is discussed comprehensively elsewhere in
this book (see chapter on protists). Some aspects specific to nematodes are
summarised later.

The global abundance of bacterial-feeding nematodes has been
estimated as high as 1.9 x 102°Ind. g™ soil dry weight, distributed in 43 families
comprising at least 129 species (van den Hoogen et al., 2019). Dunger (2008)
investigated an afforested dune soil and found 6.9 x 10¢ Ind. m™2 nematodes
residing at a 0-25 cm depth. Approximately 42% of these nematodes were
bacterial feeders, consuming approximately 16.6 g of bacterial cellsand 5.3 g
of protein per year. These trophic interactions directly affect microbial activity
and C release from the microbial biomass (Richter et al., 2019). Nematode
grazing activity further accounts for an additional release of ammonium,
estimated as high as 32-38% of annual nitrogen (N) mineralisation in an arable
land (Whalen et al., 2013).

However, bacterial feeders do not just drive microbiome community
structure and function. Fungal feeders also impact on fungal and bacterial
a-diversity and stimulate C and N cycling (Kane et al., 2023). In a *CO,-
labelling field study, Pausch et al. (2016) showed that, despite a fungal C stock
being less than half of that of bacteria, the C transfer from fungi via fungal-
feeding nematodes into higher trophic levels of the fungal decomposition
channel far exceeded that of the bacterial pathway. Recent micro-food web
studies suggested that the transformation of exogenous C from bacteria to
bacterial feeders accelerates the turnover of the C pool, while the C flux from
fungi to fungal feeders, and then to omnivores and predators, contributes to
exogenous C sequestration (Zhang et al., 2023). This highlights the role of the
functional diversity of nematodes in shaping microbiome community structure
and processes.

2.3 Ecological tools to assess soil conditions and plant health

The high abundance and diversity of nematodes, multiple trophic links and
impact on microbiome processes make them good indicators of soil and
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6 Nematodes and their trophic interactions

food web conditions (Ferris, 2010a; Ferris and Tuomisto, 2015; Mulder and
Maas, 2017). Morphological traits and functional roles in nematodes show
phylogenetic clustering and some genetic conservation at the genus level
(Ross et al., 2022), paving the way for a framework of functional indices. These
consider nematode population dynamics based on the family structure in
relation to:

e soil ecosystem disturbance (Maturity Index; Bongers, 1990);

e nutrient availability (Enrichment Index; Ferris et al., 2001); and

e structure and function of the micro-food web (Structure Index; Ferris et al.,
2001).

More details on different nematode indices are presented in Table 1. The
indices are widely used as ecological tools to determine soil health and identify
sustainable management practices (e.g. Lu et al., 2020; Melakeberhan et al.,
2021; Biswal, 2022).

Functional indices as ecological tools are very useful in assessing the
impact of environmental changes on soil conditions, but they do not show
the magnitude of ecosystem response. To account for this, Ferris (2010b)
developed 'metabolic footprints’, including nematode biomass (i.e. weight)
and metabolic activity (i.e. respiration). This concept combines form and
function by taking advantage of the vermiform body-shape and standardised
morphometrics in nematodes. This trait-based approach was tested across
200 sites (arable fields, managed grassland and wooded areas) as a functional
descriptor of land use (Mulder and Maas, 2017). Using conversion factors
for C content, C pools and fluxes in different parts of the microbiome were
quantified, ranging from top soil to subsoil micro-food webs (Pausch et al.,
2018). An overview of the different footprints and their indicator values are
presented in Table 1.

The use of nematodes as biological indicators in soil systems has been
successfully applied to relate soil and food web conditions to grassland, arable
and forest habitats, as shown in a meta-analysis across 83 sites (Ruess, 2003).
More recently, nematode community analysis-based models have been used
to identify sustainable soil health management. For example, Melakeberhan
et al. (2021) designed models to assess the impact of more sustainable and
integrated arable practices. A comprehensive review of nematodes as soil
indicators is provided by Biswal (2022), and further case studies are summarised
in Table 1. Nematode community analyses have great potential to support the
maintenance of environmental quality and sustainable production practices in
the future.
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Table 1 Nematode functional indices and metabolic footprints as ecological tools according to
Bongers (1990), Ferris etal.(2001) and Ferris (2010b). Given are the indicated soil (microbiome)
and micro-food web conditions as well as related case studies in agricultural systems

Ecological tool

Soil and/or food
web conditions

Case studies in arable land inferring the impact of

Functional index

Maturity index (M)

Channel index (Cl)

Enrichment index (El)

Structure index (SI)

Metabolic footprint
Enrichment footprint

Structure footprint

Functional footprint

Herbivore, bacterial
and fungal footprint

Composite footprint

Disturbance

Major
decomposition
pathways

Nutrient (N)
enrichment

Food web
structure and
diversity

Response to
resource pulses

Impact on higher
trophic levels

Manure application (Roth et al., 2015; Yang et al.,
2016); tillage (Neher et al., 2019; Bongiorno,
2020); pesticides (Neher et al., 2011; Gupta et al.,
2019); sewage sludge (Georgieva et al., 2002;
Johansen et al., 2023)

Irrigation (Ferris et al., 2001; Ewald et al., 2022);
plant residues (Scharroba et al., 2012; Glavatska
etal., 2017; Maina et al., 2021); tillage and crop
rotation (Zhang et al., 2015)

Fertilisation (Ferris and Matute, 2003; Pan

etal,, 2020; Hu et al., 2022); litter amendment
(Scharroba et al., 2012); cover crops (Ferris et al.,
2001; Djigal et al., 2012)

N addition (Zhou et al., 2022); intensive cultivation
(Karuri, 2023), tillage (Zhang et al., 2015; Zhong
etal., 2017)

Fertilisation (Pan et al., 2020); crop growth (Yang
et al., 2020; Ewald et al., 2022)

Crop growth (Yang et al., 2020; Ewald et al., 2022);
continuous cropping (Yang et al., 2022)

Overall food web Tillage (Zhang et al., 2015; Pothula et al., 2022;

response

C and energy
flux in the green
and brown food
chain

Entire metabolic
response of the
population

Schmidt et al., 2022); fertiliser type (Maina et al.,
2021), crop rotation (Zhang et al., 2015; Zhang
etal., 2016)

Litter amendment (Ewald et al., 2020); fertilisation
(Pan et al., 2020); crop presence (Ewald et al.,
2020; Karuri, 2023), pest management (Yang et al.,
2022)

Intercrop (Leiririo et al., 2022); crop growth (Yang
etal., 2020)

3 Plant parasites and microbiomes

3.1 Modification of the soil microbiome by plant parasitic

nematodes

Microbiomes play a vital role in plant fitness and health, including those in
bulk soil and those in the rhizosphere (Fierer, 2017; O'Brien et al., 2021). The
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8 Nematodes and their trophic interactions

composition and dynamics of microbial communities in these small-scale
habitats are controlled by multiple abiotic and biotic factors. In particular the
rhizosphere microbiome is characterised by a multitude of chemical signals
from plants, bacteria and nematodes that shape environmental conditions and
influence which organisms will flourish (Berg et al., 2014; Lakshmanan et al.,
2014; Markalanda et al., 2022). Plant-microbiome interactions are therefore an
important factor in sustainable agriculture (Gupta et al., 2021; Omotayo and
Babalola, 2021).

Root-feeding nematodes have evolved several functional groups differing
in parasitic lifestyle (Yeates et al., 1993), including:

® migratory and sedentary ectoparasites; and
® migratory and sedentary endoparasites.

Migratory ectoparasites have the most primitive mode of parasitism. They
remain outside the root and use their stylet to feed on epidermal cells or root
hairs. Sedentary ectoparasites also remain outside the root, feeding from a
single plant cell for a prolonged period of time. Migratory endoparasites enter
the root and periodically feed as they migrate, while sedentary endoparasites
inhabit galls or cysts, and establish specialised feeding sites at the vascular
bundle. All functional groups induce leakage of root cell content, i.e. sugars,
amino acids and carbolic acids, into the rhizosphere environment as shown by
13C- or '“C-labelling experiments (Denton et al., 1998; Yeates et al., 1999; Poll
etal., 2007; Maboreke etal., 2017). Herbivore nematodes can thus shift microbial
diversity and community structure (Maboreke et al., 2017; Malacrino et al., 2021).

A special position in these interactions is held by root-knot nematodes.
The rhizosphere microbiome undergoes major modifications when roots are
infected with these parasites. Changes can be caused by the disruption of
secondary metabolite synthesis, e.g. flavonoids (Skider et al., 2022) or negative
interference with rhizobia mutualism (Wood et al., 2018). Root-knot nematodes
also enhance bacteria that contain plant cell wall-degrading enzymes, thereby
promoting nematode root colonisation (Lu et al., 2023). The microbiome
community on the surface of root-knots is very specific, suggesting adaptions
in functional capabilities to inhabit this ‘gallobiome’ (Haase et al., 2007; Masson
etal., 2020). More details on these multitrophic interactions are provided in the
case study presented in Section 5.

3.2 Turning the tables: soil microbiome effects on plant
parasitic nematodes

Microbiomes in the soil and plant rhizosphere protect crops against multiple
stressors including phytopathogens such as root-feeding nematodes. This
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impact can be mediated via antagonistic bacteria as well as growth-promoting
bacteria (Silva et al., 2018; Dukare et al., 2022) or mutualistic rhizosphere
interactions (Markalanda et al.,, 2022). Plant secondary metabolites and
systemic resistance are also important (Thahira et al., 2022). Details on these
effects are discussed elsewhere in this book. In a nutshell, the different plant-
microbiome interactions are key for plant fitness and resistance against plant
parasitic nematodes.

Most is known about root-knot nematodes of the genus Meloidogyne
(see review by Ciancio et al., 2016). Meloidogyne-based disease complexes
harbour specific bacterial communities. These pathosystems can devastate
important crops such as coffee and tomato (Lamelas et al., 2020). The soil
microbiome can decrease root invasion of second-stage juveniles (J2) and
progeny in Meloidogyne hapla. The former is related to plant-mediated
non-direct effects of the microbiome, while the latter is caused by a direct
negative impact of microbiome taxa on nematode reproduction (Topalovi¢
et al., 2020). Specific microorganisms are known as antagonists, e.g. Bacillus
amyloliquefaciens, producing acetophenone and killing 99% of M. incognita
J2 within 24 h (Zhao et al., 2023). Arbuscular mycorrhizal fungi in combination
with Pseudomonas fluorescens can also reduce root infestation by M. javanica
(Sharma et al., 2021).

Microbiome biota therefore have great potential in ecofriendly
nematode pest-management. Specialised pathogens such as the parasitic
bacterium Pasteuria penetrans or the nematode-trapping fungus Pochonia
chlamydosporia are commonly used (Ciancio et al., 2016). Other microbial
taxa and free-living nematodes are less studied as biocontrol tools. In the
case of the ectoparasite Tylenchorhynchus, a study from Piskiewicz et al.
(2009) revealed a preference for nematode migration towards roots without
microbial predators. Castillo et al. (2017) investigated different farms
growing potatoes and found that soil with a high abundance of Bacillus,
Arthrobacter and Lysobacter, and a nematode community comprising at
least 30% fungal feeders, had the lowest populations of the migratory
endoparasite Pratylenchus neglectus. In addition to antagonistic interactions
in the rhizosphere microbiome, the soil microbiome can affect plant parasitic
nematodes while migrating between crop plants. The question of whether
and how free-living nematodes influence this parasitic interaction remains a
task for future research.

3.3 The nematode gut microbiome - gateway to a new
understanding of the host-parasite relationship?

As previously stated, the impact of root-feeding nematodes on plant health is
affected by the soil microbiome. However, very little is known about the influence
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10 Nematodes and their trophic interactions

of the nematode gut microbiome on this host-parasite interaction. Investigations
of the model nematode C. elegans showed that the worms' gut microbiota were
assembled from the surrounding microbial environment (Berg et al., 2016; Clark
and Hodgkin, 2016). Thereafter, composition is shaped by the nematode host,
predominantly by immune, xenobiotic and metabolic signalling pathways (Zhang
et al.,, 2021). Ecological network analyses revealed strong bacteria-to-bacteria
interactions, with distinct community shifts in competitive species (Johnke et al.,
2020). Overall, the assembly of the nematode gut microbiome is non-random,
and its composition is different from that in the soil (Zheng et al., 2020).

This native gut microbiome influences nematode fitness, which, in turn, can
have implications for nematode parasitism with respect to plants. Gut bacteria
promote nematode life history traits, e.g. body size as well as energy allocation
from lipid storage to reproduction (Lo et al., 2022). Gut microbes enhance
nematode fitness under stresses such as high temperature, changes in osmolarity
or exposure to chemicals (Dirksen et al., 2016; Lee et al., 2020). It has been shown
recently that the composition of the gut microbiome can foster the development
of the parasitic bacterium Pasteuria penetrans in the root-knot nematode M.
javanica, offering potential for biocontrol (Lindo-Seminario et al., 2022).

The nematode gut microbiome is also shaped by agricultural management,
particularly fertilisation practice. Zheng et al. (2020) reported that fertiliser type
(none,inorganic or mixed) had a greaterinfluence than fertilisation duration (5, 8,
or 10 years). For example, the use of inorganic fertilisers significantly decreased
the diversity of gut microorganisms, while the use of organic fertilisers had
no impact on composition (Zheng et al., 2019). This may be important in the
dissemination of antibiotic resistance genes that organic fertilisers, in particular,
spread. Shared antibiotic resistance genes among soil and nematodes after
the application of slurry (pig manure with antibiotics) indicate horizontal gene
transfer (Zheng et al., 2019). Nematode gut microbiomes might therefore serve
as a refuge or vector for antibiotic resistance genes and enhance dispersal of
resistomes in the soil ecosystem. Taken together, with the effects on nematode
fitness, parasite gut microbiomes can significantly influence host relationships.

4 Nematodes and food-borne diseases
4.1 The soil microbiome as a source for human pathogens

Soil microbiomes are a cornerstone of the one health concept. This includes
beneficial microorganisms, plant and human pathogens, and overall microbial
diversity (Banerjee and van der Heijden, 2023). Over the last decade, the soil
microbiome in arable systems has developed as a 'battleground’ for human
pathogens (van Overbeek et al., 2014). A major hazard in fresh produce is
shiga-toxin producing strains of Escherichia coli and Salmonella enterica
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Production line

t 1

- Pathogens  Waste water
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Figure 2 Nematodes as vectors for food-borne diseases. Human pathogens such as the
shiga-toxin-producing strains of Escherichia coli and Salmonella enterica are introduced
into the soil by agricultural practice, primarily inadequately treated animal manure and
waste water. Nematodes share their environment with bacteria and can harbour, protect
and disperse them. By moving between bacterial hotspots, they transport human
pathogens into the rhizosphere (bacterial feeders) or even into the plant (root feeders),
eventually entering the food production line.

(Fig. 2). As a nutrient-rich microbial hotspot, the plant rhizosphere is a reservoir
for opportunistic pathogens such as Enterobacter and Staphylococcus (Berg
et al., 2005; Mendes et al., 2013). A major concern is that these pathogens
often acquire antimicrobial resistance, further aggravating risks to human and
environmental health (Iwu and Okoh, 2019).

Fruits and vegetables grown on open fields can become contaminated
with human pathogenic microorganisms before and during harvest. Major
transmission routes are contaminated irrigation water (e.g. recycled wastewater)
and raw or improperly composted animal manure as an organic amendment
(Nicholson et al., 2005; Franz and van Bruggen, 2008; Roth et al., 2015) (Fig. 2).
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12 Nematodes and their trophic interactions

Once released into the environment, these human pathogens can persist in the
soil for months (Jamieson et al., 2002; Guan and Holley, 2003; Iwu and Okoh,
2019). The most important environmental drivers for their persistence are soil
conditions (temperature, moisture, pH and type) and arable management such
as type or method of incorporation of manure (van Overbeek et al., 2014; lwu
and Okoh, 2019; Tran et al., 2020).

Complex biotic interactions in the microbiome are critical for the survival of
human pathogens in the soil environment. Indigenous microbial communities
in soil and rhizosphere provide a strong barrier against allochthonous taxa.
However, many human pathogenic bacteria are highly competitive and good
colonisers. They accumulate nutrients competitively and produce antimicrobial
metabolites, allowing proliferation in the presence of autochthonous taxa
(Mendes et al., 2013). The high nutrient content of manure-amended soil, in
particular, promotes successful establishment (van Overbeek et al., 2010). Soil
bacterial diversity has been shown to be negatively correlated with pathogen
survival (van Elsas et al., 2012), highlighting the importance of a diverse soil
microbiome for food safety.

4.2 Nematodes as vectors for bacterial pathogens

As dominant soil bacteria predators, bacterial feeders are key to disease
management for both plantand human health (Martins et al., 2022; Nykyri et al.,
2014). It has long been known that they harbour, protect and disperse bacteria
(e.g. Wasilewska and Webster, 1975; Sutherland and Webster, 1993; Anderson
et al.,, 2003). They engulf bacteria via the unarmed stoma (Fig. 1) and defecate
30-60% of ingested cells at viable conditions (Freckman and Caswell, 1985).

Interactions of E. coli and S. enterica with the model nematode C. elegans
have been investigated the most (Diaz and Restif, 2014). Key aspects reported
were:

* nematode attraction by and migration to bacteria (Caldwell et al., 2003;
Kenney et al., 2006);

® bacterial ingestion and protection against sanitisers (Caldwell et al., 2003;
Park et al., 2014);

e bacterial persistence in the gut (Kenney et al., 2005); and

¢ shedding of viable cells (Anderson et al., 2006)

Other taxa with known vector potential for human pathogens are the
thermotolerant Diploscapter, found in compost, sewage and agricultural soil
(Gibbs et al., 2005), and the opportunist Acrobeloides buetschlii, which is
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widespread across many soils (Kroupitski et al., 2015; Hemmerling et al., 2023).
By moving between bacterial hotspots, e.g. soil and rhizosphere microbiome,
bacterial feeders have a great vector potential for pathogen transfer from soil
to crop roots (Fig. 2).

In contrast, plant parasites carry a mouth stylet and cannot ingest bacteria
undamaged (Fig. 1). They are nevertheless vectors and transport bacteria
externally on their cuticle (Topolavi¢ et al., 2019). This attachment is mediated
by surface epitopes or specific carbohydrates on their surface coat (Spiegel
and McClure, 1995; Davies and Curtis, 2011). The bacterial community carried
can be diverse, with, e.g. 24 bacterial strains isolated from the pine wood
nematode Bursaphelenchus xylophilus (Zhao et al., 2003). Injuries caused by
parasitic nematodes also serve as entry sites for human pathogens (Tyler and
Triplett, 2008).

Using plant parasitic nematodes as a vehicle, pathogenic bacteria can
access roots (Hallman et al., 1998; Maghodia et al., 2008). Under appropriate
conditions, they grow in the plant tissue as in the case for Salmonella in lettuce
and E. coli in maize, resulting in subsequent dissemination to aerial parts of the
plant (Bernstein et al., 2007a,b). On the other hand, Fornefeld et al. (2018) did
not find that M. hapla and Pratylenchus crenatus improved internalisation of
lettuce by Salmonella. Overall, plant parasites can assist pathogen invasion by
providing wounds for pathogen entry and by actively transferring bacterial cells
on their external surface into the plant (Fig. 2). However, their vector function
is not as well documented as that for bacterial feeders, and further studies are
needed.

5 Case study: root parasites shape the microbiome and
rhizosphere processes of their host plant

The nature and outcome of the multitrophic interactions in the rhizosphere are
vital for plantfitness and health. Plant parasitic nematodes have severe negative
impacts on crops. Only two nematode genera, Meloidogyne and Heterodera,
are responsible for ~10% reduction of the global food production (Nicol et al.,
2011), which calls for effective and sustainable pest management. The primary
concern is direct damage to specific plant hosts, i.e. the nematode’s removal
of carbon and energy, resulting in lower crop yield. Common solutions include
crop rotation and the use of tolerant or resistant plants. Other more recent
approaches include molecular breeding to improve plant defence (Liu and
Park, 2018) or rhizosphere engineering to promote plant growth (Hakim et al.,
2021) to develop a more eco-friendly, sustainable agriculture. However, a big
gap in knowledge exists on the interplay between plant parasitic nematodes,
microbiome community dynamics and host-plant responses.
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14 Nematodes and their trophic interactions

As mentioned previously (see Section 3.1), feeding by nematodes
leads to the release of plant metabolites in the rhizosphere, which promotes
microbial communities. However, this goes beyond just increasing microbial
substrates (e.g. sugars) in the rhizosphere. An illustration of this is a greenhouse
experiment on barley (Hordeum vulgare) infected with the root-knot nematode
M. incognita, and root hair morphology and rhizodeposition were investigated
(Haase et al., 2007) as well as the rhizosphere microbiome, plant C allocation
and biomass (Poll et al., 2007). The experiment studied a whole parasitic
cycle, from the entry of second-stage juveniles at the root tip to feeding site
establishment at the vascular cylinder and to the formation of root-knots by the
host plant. Infestation rates of barley were kept below severe damage to allow
the assessment of direct and indirect effects. The entire cycle of interactions
between nematodes, microorganisms and plants is presented in Fig. 3.
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Figure 3 Root-knot nematodes and their multitrophic interactions in the rhizosphere.
The second-stage juveniles penetrate near the root tip, resulting in the leakage of plant
metabolites that promote microorganisms. Root-knots with mature females represent
an active metabolic sink for plant carbon, reducing its availability for microorganisms.
The altered exudation pattern on the surface of root-knots fosters fungi over bacteria.
Phytohormones as host response to nematode infestation cause local and systemic
changes in root hairmorphology, i.e.anincrease in length. These microscale modifications
increase sugar exudation into the rhizosphere. Both the metabolic and morphological
changes have feedback mechanisms (red arrows) on microbiome processes and thus
nutrient dynamics and plant production.
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Pulse-labelling barley with 3CO, showed that infestation with M. incognita
enhanced plant C translocation to the rhizosphere, which altered microbial
community dynamics (Poll et al., 2007). Barley root biomass and C content
in shoots increased. However, with increasing densities of M. incognita, less
plant C was sequestered by microorganisms and bacterial and fungal biomass
decreased, indicating the shift from a mutualistic relationship to a parasitic
interaction at higher infection rates. This highlights the positive impact of
nematode-induced leakage on the rhizosphere microbiome at low levels of
root herbivory (Fig. 3), as reported in other studies (Denton et al., 1998; Yeates
etal., 1999; Maboreke et al., 2017).

This general pattern was modulated by the nematode life cycle.
Positive responses of bacterial and fungal biomass occurred at the point
when nematodes entered the root. Moreover, the composition of the soil
microbiome changes with time and shifted in favour of fungi after root-knot
development. The root exudation pattern also mirrored the life cycle of
M. incognita. Enhanced release of total sugars and amino acids as well as the
carboxylic acid fumarate from roots occurred only during nematode invasion,
i.e. with mechanical penetration that causes leakage (Haase et al., 2007). After
establishment inside roots, nematodes acted as a strong C sink (Fig. 3). *C
labelling revealed that recent photo-assimilates were transferred to parasites
and that availability of plant C for rhizosphere microorganisms was reduced
(Poll et al., 2007).

Finally, the presence of M. incognita also had a striking impact on root
hair morphology. Root infestation reduced root hair numbers but stimulated
root hair length (Haase et al., 2007) (Fig. 3). Such changes are often related
to phytohormone signalling, e.g. via ethylene, which is triggered by local
wounding. However, as elongation of root hairs was apparent in both infected
and uninfected roots of the same barley plant, nematodes had a systemic
impact. The enlarged root surface further resulted in a higher sugar release
across the entire root system. These microscale morphological modifications
were connected to the nematode’s life cycle and diminished after feeding site
establishment.

Root-knots formed a specific microhabitat within barley roots. Compared
with uninfected and infected root zones, the release rates of total amino acids
were significantly reduced, and carboxylates malate and fumarate were absent
even at root-knots (Fig. 3). This altered exudation pattern increased the biomass
of saprotrophic fungi, while bacteria declined, particularly gram-positive taxa.
Overall, this suggests competitive consumption of plant metabolites by the
nematode in the root-knot, as reported by Gommers and Dropkin (1977),
resulting in an adapted microbiome, the so-called ‘gallobiome’ (Masson et al.,
2020).
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16 Nematodes and their trophic interactions

In summary, the infection of crops by root-feeding nematodes leads to
changes in root morphology, exudation pattern and the microbiome, which can
all have feedback mechanisms affecting plant fitness and health (Fig. 3). The
results from this study offer a basis for more sustainable crop management. The
anatomical traits reported have the potential for the inhibition of similar events
in plant molecular breeding, while the biochemical traits triggering microbiome
interactions can be used to foster beneficial bacteriain rhizosphere engineering.
Given the considerable economic impact of root parasitic nematodes, the
response pattern of the plant and microbiome should be pooled to develop
management measures for sustainable crop production.

6 Conclusion

Maintaining agricultural production on a sustainable basis requires conservation
of soil biodiversity and ecosystem services. Nematodes play a central role in soil
food webs and have important effects on processes such as the mineralisation
of nutrients or the flow of C and energy from microorganisms to the meso- and
macrofauna. These multiple functions make nematodes well-suited indicators to
assessthe impact of agricultural management, e.g. the shift from conventional to
organic farming. Nematode indices can track microbiome disturbance, nutrient
enrichment, decomposition channels and food web conditions. Nematodes
thus provide a holistic measure of soil conditions, supporting research into
approaches for improved and sustainable crop production.

On the other hand, root-feeding nematodes are serious plant pests with
major effects on plant health and yield. Managing these impacts on crop
production in a sustainable manner is a challenge for agriculture. However,
indirect effects on the rhizosphere microbiome as well as the synergistic effects
on plant hormone balance offer the potential for biotic control. Microbiome-
based agronomic approaches, viewing the plant and its rhizosphere
microbiome as a holobiont, co-evolving with root parasites, may promote more
sustainable management of plant diseases.

Finally, specific agricultural practices can foster food-borne diseases. This
applies particularly to organic farming with the application of manure and the
use of recycled or waste water for irrigation in arid areas. The latter is likely
to increase with climate change. The role of nematodes as vectors for human
pathogens has received little attention, although they influence pathogen
presence in the rhizosphere of crops and also in the crops themselves.
Integration of these biotic interactions into a ‘One Health’ framework would
lead to more efficient pathogen regulation strategies and, in turn, healthy fresh
produce in sustainable agriculture.
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7 Future trends

The framework for micro-food web diagnostics offered by nematode faunal
analysis is a valuable tool to understand the structure and function of the soil
microbiome. It links species, morphological traits and measured or inferred
functional roles, therewith reflecting the multifunctionality of soil food webs
(Potapov, 2022). However, the potential of nematodes as bioindicators is
complicated by the enormous diversity of the phylum. A future trend is to match
genetic inter-relatedness and functional trait expression, so that soil conditions
and health can be assigned without the need for exact taxonomic identification.
Initial attempts to link functional traits to novel sequences of nematodes have
been made by Ross et al. (2022).

Over the last decade, improving the soil microbiome for sustaining
ecosystem services has become a popular area of research (Chernov and
Semenoy, 2021). Biofertiliser and bio-pesticide products are used in organic
and low-input farming to augment the soil microbial community (Rengalakshmi
et al., 2018; Cornell et al., 2021). These bio-inputs play an integral role in
maintaining soil quality. A future option is to exploit interactions with soil
fauna. For instance, the fungal-feeding nematode Aphelenchus avenae has
been shown to promote soil microbial activity, thereby alleviating damping-
off disease caused by Pythium ultimum in tomato (Zhang et al., 2023). Climate
change also affects belowground food chains. Thakur et al. (2021) showed
that warming altered the dynamics in the rhizosphere microbiome differently,
i.e. extreme heat events were detrimental for microorganisms, while their
microfaunal grazers exhibited thermal acclimation. Future effective microbiome
management therefore should include soil fauna to achieve healthy and
sustainable farming systems.

Recently, conservation of soil mite predators using free-living nematodes
as prey has been suggested as a way to improve agricultural ecosystem
performance and sustainability (Azevedo et al., 2019; Rueda-Ramirez et al.,
2023). Many predatory mites are generalists and feed on a diverse diet, making
them excellent candidates for biological control programmes. Free-living
nematodes serve as prey for many soil predatory mites (Heidemann et al.,
2014a,b). For some mite species, they are an essential food in order to lay eggs
(Walter et al., 1987) or undergo complete development into adults (Rueda-
Ramirez et al., 2019), while other species show increased fecundity with a
nematode diet (Moreira et al., 2015). Free-living nematodes can thus harness
the soil food web for biological control of root-knot nematodes or other soil-
borne pests.
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9 Where to look for further information

A standard introduction to nematodes in soil ecosystems is D.W. Freckman,
Nematodes in Soil Ecosystems (1982, University of Texas Press). Good single
sources on nematode management in sustainable agriculture are:

¢ Meghvansi, M. K. and Chaudhary, K. K. (2022). Sustainable Management
of Nematodes in Agriculture, Vol.1: Organic Management. Springer,
Germany; 425 pp.

e Subbotin, S. A. and Chitambar, J. J. (2019). Plant Parasitic Nematodes in
Sustainable Agriculture of North America, Vol.2: Northeastern, Midwestern
and Southern USA. Springer, Germany; 457 pp.

e Grewal, P. S, Ehlers, R. U. and Shapiro-llan, D. I. (2005). Nematodes as
Biocontrol Agents. CABI, Wallingford, UK; 489 pp.

The international nematological societies inform about recent advances
in nematology in both fundamental and economic aspects. They support
networking among scientists and promote and extend knowledge in all areas
of nematology:

¢ Society of Nematologists (SON): https://www.nematologists.org/.

e FEuropean Society of Nematologists (ESN): https://www.esn-online.org/.

e Organisation of Nematologists of Tropical America (ONTA): https://
ontaweb.org/.

There are a number of current online sources with useful information on
nematodes:

e Nemaplex is a virtual encyclopaedia on nematodes (mainly soil and plant
taxa) developed and maintained by Howard Ferris. The website contains
information on biology, ecology, indices and various resources, e.g.
collections, methods, teaching (http://nemaplex.ucdavis.edu).

e WormBook is a collection of original, peer-reviewed chapters covering
topics related to the biology of C. elegans and other nematodes. It also
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contains a collection of protocols on methods (http://www.wormbook
.org/).

e WormBase provides the research community with current and accessible
information concerning the genetics, genomics and biology of C. elegans
and related nematodes. This international consortium of biologists and
computer scientists was founded in 2000 (https://wormbase.org).
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