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Nematodes form an important part of soil biodiversity as the most abundant and
functionally diverse animals affecting plant performance. Most studies on plant–
nematode interactions are focused on agriculture, while plant–nematode
interactions in nature are less known. Here we highlight that nematodes can
contribute to vegetation dynamics through direct negative effects on plants,
and indirect positive effects through top–down predation on plant-associated
organisms. Global change alters these interactions, of which better understanding is rapidly needed to better predict functional consequences. By expanding
the knowledge of plant–nematode interactions in natural systems, an increase
in basic understanding of key ecological topics such as plant–soil interactions
and plant invasion dynamics will be obtained, while also increasing the insights
and potential biotic repertoire to be applicable in sustainable plant management.

Highlights
The impact of soil nematodes -the most
abundant animals on Earth- on plant performance have mostly been studied in
agricultural systems and are only partly
understood in natural systems.
There is accumulating evidence that
nematodes affect natural plant performance by contributing to negative
plant–soil feedbacks, altering rhizosphere microbial communities and
enhancing nutrient cycling. Molecular
methods will further increase this
understanding, especially by elucidating
species speciﬁcity and underlying molecular mechanisms of plant–nematode
interactions.

The Rhizosphere and Soil Nematodes
Plants depend on other organisms to optimize their growth. Pollinators safeguard plant reproduction
[1], mutualists, such as mycorrhizal fungi, increase plant performance [2], whereas herbivores
and pathogens negatively affect plant health [3]. Most of this basic knowledge on interactions of
plants with other organisms originates from agricultural food- and feed-producing systems, with a
particular focus on aboveground biointeractions. However, the aboveground part represents only
half of the plant, with belowground roots being of equal importance for plant growth. As such,
belowground interactions of plants with other organisms are of uttermost importance in determining
plant performance [4]. This belowground root-associated biodiversity, the rhizobiome (see
Glossary), is composed of microbial bacteria, fungi and protists, as well as animals [5]. All of these
components include plant mutualists, pathogens, and many taxa that have neutral impacts on
plant growth [5]. Nematodes represent a key group of this rhizobiome biodiversity as the most abundant and functionally diverse animals [6].
Nematodes are both taxonomically and functionally diverse, and occupy several key positions in
belowground food webs [7]. Nematode communities are mostly composed of taxa that prey on
bacteria, but taxa feeding on plant roots can be similarly abundant [6]. In addition, fungivores,
omnivores, and predators are major feeding modes of nematodes in the rhizosphere. By far
the most studied group of rhizosphere nematodes are root feeders. Many root-feeding nematodes are well-known pests in agricultural systems, such as species of the genera Pratylenchus
and Meloidogyne [8]. Their control is difﬁcult and often only possible with harsh physical or
chemical measurements that have unwanted side effects against non-target organisms, or with
year-long crop rotation measurements [8,9], as fully reliable biological control agents have not
yet been found [10]. But nematodes can also be beneﬁcial to plants. Among the key examples
that have found their way even into marketed products are entomopathogenic nematodes
[11]. Plants can attract these entomopathogens in response to attacks by root-feeding insects,
an idea called the ‘cry-for-help hypothesis’ [12,13]. The majority of rhizosphere nematodes
are plant-neutral at the ﬁrst glance. Yet, through feeding interactions of bacterivorous and
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Increased knowledge is needed to
understand how changes in nematode
community structure, which are imposed
by several global change drivers, feed
back to plant performance and plant
community composition.
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Glossary

Root-feeding insects

Biotic homogenization: the increase
of similarity between biotic communities,
typically due to anthropogenic inﬂuences
such as land use change, urbanization,
and the introduction of non-native plant
and animal species.
Ectoparasites: ectoparasitic
root-feeding nematodes inhabit the
rhizosphere soil and feed from outside
the plant root tissue.
Endoparasites: endoparasitic
root-feeding nematodes parasitize
plants by feeding inside roots, either at
multiple sites (migratory endoparasites;
e.g., Pratylenchus species), or by
manipulating the plant to form a feeding
cell where the nematode stays and
reproduces (sedentary endoparasites;
e.g., Meloidogyne species).
Entomopathogenic nematodes:
nematodes that infest soil-dwelling larval
stages of aboveground insects, and
which are used as biocontrol agents
against plant pests.
Holobiont: the concept that a host
(e.g., plant) and its associated (micro)
organisms together form a
superorganism that functions as one.
Metabarcoding: analysis of the
diversity and relative abundance of
microbial communities, using primers
that target molecular markers shared by
wide taxonomic groups (e.g., bacteria or
fungi). For nematodes, the 18S rRNA
gene is targeted.
Nematode community indices:
indices calculated based on the relative
abundance of nematode functional
groups (bacterivores, fungivores, etc.) or
nematode taxa. Nematode taxa can be
assigned to different classes along a
colonizer–persister scale, allowing the
calculation of, for example, the maturity
index, which informs on the disturbance
level of a given soil.
Pathotype: a subspecies level
classiﬁcation of root-feeding nematode
species based on different pathogenicity
levels of plants; equivalent to ‘pathovar’
in other organisms.
Plant–soil feedback: the manipulation
of soil biotic and abiotic conditions by
plants, which can negatively or positively
affect current and subsequent
generations of conspeciﬁc and
heterospeciﬁc plant species.
Rhizobiome: the biotic community of
the rhizosphere, which consists of
microorganisms (bacteria, fungi,
protists) and soil animals (nematodes,
microarthropods).

Nematode feeders
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Figure 1. Interactions of Nematode Functional Groups in the Rhizosphere and Their Effects on Plant Growth.
The rhizosphere nematode community consists of root-feeding nematodes (R), which feed on plant roots. Their usually
negative impact (purple letters or arrows) on plant growth can sometimes be positive (green letters or arrows) through
plant-mediated changes of the rhizobiome (blue broken line). Bacterivorous (B) and fungivorous nematodes (F) modify the
rhizobiome leading to variable effects on plant growth (purple–green arrows). Plants can attract entomopathogenic
nematodes (E) to serve as top–down control agents of root-feeding insects. R, B, F, E are exposed to top–down control
by omnivorous (O; a group that also directly shapes the rhizobiome) and predatory nematodes (P) that thereby affect plant
growth indirectly. Other interactions among nematodes and of nematode-feeding organisms (here illustrated by a mite) are
shown that make this nematode-centric food web and the link to plant growth even more complex.

fungivorous taxa, and in the next trophic level, omnivores and predators, these nematodes make
nutrients available for plants or provide top–down control on root-feeding nematodes, and can
therefore be considered indirectly plant beneﬁcial [14] (Figure 1). Variation in the susceptibility of
the enormous taxonomic and functional diversity of nematodes to changes in their surrounding
soil has enabled the development of various nematode community metrices, which provide detailed information on soil quality (Box 1)—information that has yet to be translated to inform on
the performance of single plant species and the functioning of plant communities.
Here reviewed, is the current knowledge of links between plants and nematodes with a focus on
natural systems, with an in-depth discussion of the role of nematodes in plant functioning.
Previous reviews have highlighted the differences in nematode communities between agricultural
and natural soils, and the role of plants in inducing changes in nematode communities [15–17]. In

Box 1. Nematode Community Indices
Differences in sensitivity to environmental disturbances between nematode taxa have enabled the development of speciﬁc
nematode community indices that reﬂect the state of a soil [104]. Soil disturbance due to, for example, intense
agricultural management, is linked to a reduction of higher-trophic level, slow-growing nematode species, and a relative
increase in fast-growing bacterivores and fungivores; this change is captured in a reduction of the maturity index and
the structure index [56,105,106], or, when soil disturbance is accompanied by increases in nutrients, an increase in the
enrichment index [106]. Shifts towards monocultures lead to an enrichment of herbivores relative to other groups (e.g.,
root feeder-bacterivore ratio), while soil tillage reduces the relative fraction of fungal hyphae and therefore fungivorous
nematodes, relative to bacterivores that shifts main decomposition pathways, (e.g., nematode channel ratio) [107]. While
developed to study soil health, these metrices are also informative to decipher plant performance in a given soil, and future
research should address the question of whether nematode indices can be used to predict the performance of individual
plant species.
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this review, we show how nematodes may contribute to vegetation dynamics by plant speciesspeciﬁc accumulation of nematode communities. We differentiate between nematode effects in
direct and indirect pathways and indicate how global change drivers might alter these interactions. We stress that there is increasing evidence that climate change factors alter plant–nematode interactions, which potentially has consequences for future vegetation. Finally, we provide
views on how methodological advances in plant–nematode research can improve insights into
plant–soil interactions, and how knowledge exchange between nematode research ﬁelds can
help to deepen our understanding of the role of nematodes in plant functioning in both natural
and agricultural systems.

Rhizosphere: the root surface as well
as the soil directly surrounding plant
roots; this is where the most direct
plant–soil interactions take place.

Contributions of Root-Feeding Nematodes to Plant–Soil Feedbacks
Root-feeding nematodes have been studied well in agriculture, but it is still partly unclear how
important they are for plant health in natural systems. Root-feeding nematodes are part of the
plant species-speciﬁc rhizobiome, which plants accumulate through variation in structural
and chemical root traits [18,19]. This rhizobiome directly determines plant performance but
has an arguably even stronger impact on plant growth in subsequent plant generations
[20,21]. Such plant–soil feedbacks can range from negative to positive, depending on
the relative impact of antagonistic and mutualistic soil organisms [21]. Negative plant–soil
feedbacks on conspeciﬁc individuals contribute to vegetation succession [20,22], grassland
dynamics [22], and in agriculture, the need for crop rotation [9]. The accumulation of rootfeeding nematodes by plants is largely determined by plant defense traits, including
species-speciﬁc root exudates and volatiles, and targeted resistance responses [23–25].
Through variation in such defense traits, plant species may accumulate different numbers
of specialist root-feeding nematodes, which have limited host ranges and typically are endoparasites, and generalist root-feeding nematodes, which have wide host ranges and comprise both endoparasites and ectoparasites. Nematode inoculation studies show that
high numbers of root-feeding nematodes can negatively affect plant biomass or change
plant biomass allocation [26,27], but to what extent root-feeding nematodes affect plant productivity of natural plant communities in the ﬁeld is not yet fully understood [28,29]. Negative
impacts of root-feeding nematodes on plant performance can be partly mitigated by the
accumulation of microbes that suppress root-feeding nematodes, an ability that differs
between plant species [30,31]. While plants can attract microbes using root volatile release
[32] just as they can attract entomopathogenic nematodes in response to insect herbivory
[13,33], there is no evidence yet that root-feeding nematode attack triggers the attraction
of nematode antagonists [34].
In agricultural systems, both specialist (e.g., potato cyst nematodes Globodera) and generalist
(e.g., root-knot nematodes Meloidogyne) root-feeding nematodes cause negative plant–soil
feedbacks [8] (Figure 2). In natural systems the impacts of root-feeding nematodes on plant
performance are less well understood than in agricultural systems [8], and understudied
compared with the contributions of other groups of the rhizobiome. Due to their role as plant
pests, specialist root-feeding nematodes have been typically identiﬁed from agricultural systems,
while only few are known from non-crop species (e.g., Heterodera betulae on Betula species)
[35]. Molecular studies still reveal a hidden diversity of unknown root-feeding nematodes, even
in well-studied agricultural systems [36]. Therefore, it seems likely that specialist root-feeding
nematodes, both at the species and strain (i.e., pathotype) level, have been partly overlooked
in natural systems, and future molecular studies should point out how common they are.
Possibly, specialist root-feeding nematodes are largely conﬁned to ecosystems with highly
predictable, low-diversity plant communities [37]. In such communities, for example the wellstudied coastal dune grasslands, specialist root-feeding nematodes can play an important role
Trends in Plant Science, Month 2020, Vol. xx, No. xx
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Figure 2. Roles of Soil Nematodes in Plant–Soil Feedbacks and Natural Succession. Under low plant diversity
(e.g., stands of coastal dune grasses or crop monocultures), specialist root-feeding nematodes play an important role by
strongly contributing to negative plant–soil feedbacks of the dominant plant species (black arrows). In natural systems, this
leads to primary succession into species-rich grasslands (green arrow). During secondary succession after abandonment
of agricultural ﬁelds (blue arrow), communities of ephemeral plants accumulate high numbers of generalist root-feeding
nematodes, which contribute to the vegetation turn-over to diverse grassland communities. Plants growing in these
communities vary in their defence against generalist root-feeding nematodes, leading to species-speciﬁc nematode
accumulation and variation in nematode contributions to negative plant–soil feedbacks. In this way, generalist root-feeding
nematodes may contribute to spatial turn-over of plant species and vegetation dynamics. The role of specialist rootfeeding nematodes in these species-rich plant communities is not yet understood (red broken arrows with question
marks). Along successional gradients, nematode communities show increased maturity as higher trophic-level taxa
increase, leading to increased top–down control on lower trophic-level taxa, including root-feeding nematodes. Secondary
succession is likely accompanied by a shift from bacterial-feeding to fungal-feeding taxa, indicating a shift in the main
decomposition pathway. Abbreviation: PSF, plant–soil feedback.

in natural succession, when they contribute to the dieback of dominant plant species followed by
the establishment of non-host plant species [20] (Figure 2).
In species-rich plant communities, root-feeding nematodes with broader host ranges might be of
higher functional importance than specialists, which are likely limited by host availability in nearby
soil [37]. Yet also generalist root-feeding nematodes may differently affect plant species they
attack. First, fast-growing annual species may accumulate higher numbers of generalist rootfeeding nematodes than longer lived plant species, which typically invest more resources in
defense [38], possibly explaining the contribution of nematodes to the turnover from ephemeral
to more stable grassland communities [22] (Figure 2). Second, inoculation studies show that
common generalist root-feeding nematodes, such as Meloidogyne hapla, signiﬁcantly vary in their
multiplication among grassland plant species, even when these are closely related [18,24,26,39].
4
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Variation in the accumulation of generalist root-feeding nematodes has recently been shown to
correlate to plant–soil feedback variation [18], but this needs further testing. Thus, via speciesspeciﬁc accumulation, generalist root-feeding nematodes may, just as specialist root-feeding
nematodes, partly underlie species-speciﬁc plant–soil feedbacks, and thereby contribute to plant
community dynamics [22] (Figure 2).

Indirect Effects of Nematodes on Plant Performance via Interactions with Other
Rhizobiome Members
Many nematodes may not affect plants through direct interactions, but could alter plant
performance through indirect interactions with other organisms in the rhizosphere. Root feeders
can, in contrast to their negative impacts on plant performance, also beneﬁt plant performance.
At low abundances, root feeders can stimulate plant performance indirectly, by inducing
increased plant exudation that stimulates microbial activity, leading to enhanced N and P
availability [40–42]. Other functional groups of nematodes are distributed across the entire soil
and rhizosphere food web [43], and structure the rhizobiome, with potential feedbacks to plant
performance [14] (Figure 1).
Bacterivores, as the globally most abundant nematodes [6], can reduce bacterial biomass and
change bacterial community composition [44–46]. Thereby, they have been shown to increase
plant nutrient uptake and plant growth [47,48], although it is not yet known whether all
bacterivorous taxa indirectly affect plants in this way. Bacterivores enhance rhizodeposition in
the form of easy-available carbon compounds, likely indirectly through preying on bacteria [49].
Overall, up to 20% of the ingested bacterial N and 75% of the P can be released and made available for plant uptake [50]. Especially together with bacterivorous protists, nematodes increase
root branching, which enables higher N uptake and leads to positive effects on plant performance
[50]. This nutrient increase mechanism becomes especially important at low nutrient availability in
soils [51], and therefore is likely of profound importance for plant growth in most nutrient-limited
natural soils.
Fungivorous nematode numbers are usually at least an order of magnitude lower than numbers of
bacterivores, but they nevertheless are major consumers of fungi [43]. They select for their
preferred fungal prey and thereby change fungal communities [52]. This, in turn, can enhance
plant growth through the stimulation of plant mutualistic mycorrhizal fungi, that increase nutrient
transfer to the host plant [53]. Higher trophic-level nematodes (omnivores and predators) are
central in food webs, as they prey on nearly all smaller sized organisms including root-feeding
nematodes [43,54], thereby likely positively contributing to plant growth [54,55]. The protection
of plants by entomopathogenic nematodes as parasites of insect larvae is already known from
agricultural systems [11], and is likely important for natural plant species that suffer strongly
from belowground insect herbivory.
To determine how plants may be affected by indirect impacts of nematode communities, it is
crucial to understand the drivers of nematode community structure. Indices summarizing nematode community structure help to link changes in nematode community structure to possible
impacts on plant functioning (Box 1). For example, disturbed, nutrient-rich soils (represented by
a low maturity index) harbor few higher trophic-level nematodes and many bacterivores [56].
Therefore, ruderal plants that establish in such soils will not beneﬁt from top–down control on
root-feeding nematodes (Figure 2). By contrast, late-successional, diverse grassland communities may harbor many predatory nematodes, likely leading to a stronger top–down control on
root-feeding nematode communities (Figure 2), and fungivorous nematodes (represented by a
high channel index), indicating a shift in decomposition pathway as well as altered impacts on
Trends in Plant Science, Month 2020, Vol. xx, No. xx
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Box 2. Biogeography of Soil Nematodes in Natural Soils
In recent years, knowledge on rhizosphere nematodes has profoundly increased, particularly on spatial patterning of nematode community composition. At the global scale, a combination of factors determines nematode abundances and functional group composition in soils, in particular the percentage of soil sand and carbon content, as well as the presence of
plants [6]. However, these patterns become less clear at higher taxonomic resolution and smaller spatial scales. Other factors including speciﬁc plant species, latitude, and other abiotic factors, can be more important determinants for nematode
communities at a continental scale [85]. Nematode communities, including their diversity, are affected by anthropogenic inﬂuences with agricultural management, inducing substantial changes in nematode communities compared with those in natural systems [74,108]. At the ﬁeld scale, nematodes have distinct distributions that seem to be largely governed by stochastic
processes [109].
Biogeographic differences of nematode communities are more difﬁcult to study at the level of distinct taxonomic groups,
as expertise to identify nematode species is limited to a few experts [89]. Sequencing techniques promise to reduce this
issue [89], with studies suggesting distinct biogeography of distinct nematode species/OTUs (molecularly deﬁned operational taxonomic units) with many new species likely still to be discovered [36]. Even at the family level it seems that nematodes are not ubiquitously distributed in global soils [110]. Ultimately, there are several knowledge gaps in nematode
biogeography in soils, in particular how nematode species distribution is linked to variation in plant–nematode interactions.

the rhizobiome [57]. Plant identity and plant diversity also affect the functional structure of
nematode communities, especially at the lower trophic levels [39,57], but more studies are
needed to determine general effects. To obtain a broad understanding of how nematode
communities affect plant performance across ecosystems, we need to increase our understanding of geographic variation in nematode community structure as well as the biogeographic
distribution patterns of speciﬁc taxa of (root-feeding) nematodes [36] (Box 2). Together, the
changes in plant microbiomes imposed by soil nematodes are likely of functional importance
for plant performance, but future research should reveal the relative importance of such indirect
plant–nematode interactions compared with the direct impacts of root-feeding nematodes and
other soil organismal groups.

Global Change Impacts on Soil Nematode Communities
Due to the sensitivity of nematode communities to environmental disturbances (Box 1), including
changes in temperature and water availability, it may be likely that environmental changes that
characterize the Anthropocene affect nematode communities, and alter plant–nematode
interactions. Such changes in nematode community composition in response to global change
may not only occur directly, but also indirectly (e.g., through changes in plant community composition) [58]. A long-term grassland study recently showed that shifts in nematode communities
can last for many years [59], necessitating the need to understand how alterations of the nematode community, in response to global change, feed back to plant performance.
At the local scale, various global change drivers impact nematode communities in natural systems.
As nematodes typically inhabit water ﬁlms in the soil, the increase of droughts associated with
climate change will likely affect nematode community structure most directly. Indeed, drought
events can diminish or depauperate nematode communities, both directly or via changes in
plant community composition [58,60], likely leading to reduced contributions of nematode communities to decomposition [60]. However, a large-scale study along an aridity gradient showed that
responses of nematode functional groups to increasing drought may be nonlinear, as fungivores
and higher-trophic level nematodes were shown to be more sensitive to increasing drought than
bacterivores [61]. Thereby, droughts may structurally alter nematode communities, reﬂected
by changes in key nematode community indices as the maturity index and the channel index
(Box 1) [62]. Drought thereby can alter the ratio between predatory and root-feeding nematodes
[60,63], leading to reduced top–down control of root feeders, with possible negative effects for
plant performance [27] (Figure 1). Similarly, drought may also reduce the top–down control on
belowground insect herbivores provided by entomopathogenic nematodes [64] (Figure 1).
6
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In comparison to drought, effects of elevated temperatures on nematode community structure
may be less strong [58]. However, both in subarctic heathland and in diverse temperate grassland, warming increases nematode densities [65,66], whereas such an effect was not found in
a desert study [67]. Warming can also structurally affect nematode communities, by decreasing
predatory nematodes – and thereby possible top–down control on root-feeding nematodes
[65,68], or by decreasing the nematode channel index, indicating a reduction of the relative
abundance of fungivorous nematodes [69]. Increases in CO2-concentrations positively affect
nematode abundance in grassland soils [69,70], but negatively affect nematode abundance in
forest soil [71]. Elevated CO2-concentrations may also lower the maturity index of nematode
communities through reductions of long-lived omnivorous and predatory nematodes in
grasslands [68], but such an effect has not been found in other studies [58,69,70].
Studies examining the effects of increases in nitrogen pollution and deposition from intensive
agriculture show that nitrogen addition can reduce the maturity index of nematode communities,
by increasing the dominance of short-lived bacterivorous nematodes [72] or fungivorous
nematodes [73], as well as by decreasing numbers of predatory nematodes [73]. At the continental
scale, the modiﬁcation of soils by agricultural practices has led to biotic homogenization of
nematode communities across latitudinal gradients [74], a process of which the implications for
ecosystem functioning are not yet known.
Overall, most global change factors can alter nematode communities, often by reducing longlived omnivorous and predatory nematode taxa. This may affect belowground food webs and,
likely, reduce top–down control on root-feeding nematodes. However, global change effects
on nematode communities may be ecosystem speciﬁc, emphasizing the need to understand
drivers of nematode community composition across ecosystems (Box 2). Moreover, effects of
other global change drivers (e.g., plastic pollution) [75] remain largely unexplored. Importantly,
global change factors often occur and act in concert, and interactively affect nematode
community composition and functioning [58,69,73]. How such changes in nematode community
structure caused by global change drivers may feed back plant performance is only starting to be
explored [27,63], and needs further study.

Plant–Nematode Interactions of Non-native Plant Species
The establishment of numerous plant species in areas outside their native range, due to intercontinental introductions as well as climate change-driven range expansions, has raised the question
of how such non-native plants alter the structure and functioning of soil organisms, including
nematodes [76]. Via the introduction of novel litter and root traits, non-native plants may alter
belowground food webs [77]. Nematode communities under non-native plant species have
been found to be dominated by opportunistic and stress-tolerant taxa [78,79], or to be
depauperated in general [80,81], and non-native plant species may cause large-scale biotic
homogenization of nematode communities [82]. However, such effects likely depend on nonnative plant identity, as some non-native plants can also positively affect nematode groups
typically sensitive to disturbance [83].
Research on plant–nematode interactions of non-native plant species has also focused on the
question as to whether decreases in root-feeding nematode diversity and abundance between
the original and non-native range of alien plant species contribute to the increased performance
of some non-native plants outside their native range (enemy release hypothesis) [84]. Indeed,
some non-native plant species accumulate fewer root-feeding nematodes in their non-native
range than in their native range, although these effects may be limited to (semi-) endoparasitic
taxa and are only found for a couple of plant species [38,85,86]. Such reductions of rootTrends in Plant Science, Month 2020, Vol. xx, No. xx
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feeding nematode numbers in the non-native range may be caused by the release from hostspeciﬁc taxa [86]. However, the poor performance of generalist root-feeding nematodes on a
range-expanding plant species with a divergent root metabolome suggests that non-native
plant species may also beneﬁt from the possession of novel defense chemistry in their defense
against generalist root-feeding nematodes from the new range [24]. By contrast, root-feeding
nematodes can also contribute to biotic resistance against non-native plant species, as these
often accumulate comparable root-feeding nematode numbers as native species [18,24,87].
Future research should elucidate whether rapid adaptation of root-feeding nematodes to nonnative plants may contribute to the increasingly negative plant–soil feedbacks that some nonnative plant species experience [88].

Methodological Advances to Improve Understanding of Plant–Nematode
Interactions
To better understand plant–nematode interactions, researchers can base their work on a century-long knowledge of soil nematodes, which has recently been furthered by a range of novel
molecular techniques. In particular, we have: (i) well-established techniques to extract and morphologically identify rhizosphere nematodes [89]; (ii) obtained profound insights into the ecological drivers determining nematode abundances and communities in soils [6]; (iii) identiﬁed
thousands of species [5], and even functionally annotated the majority of those [90]. This information has resulted in a suit of metrices that help to assess soil quality (Box 1), which should now be
translated to better understand and predict the direct and indirect impacts of nematode communities on plants. New, user-friendly molecular methods are emerging that help transfer the knowledge obtained by nematode specialists to a broader group of scientists [89]. While these
molecular methods still need profound calibration efforts to make them comparable with traditionally used morphology-based techniques [91], they provide unique means to bridge the continuously increasing gap between microbial- and nematode-focused studies [92]. Indeed, data
obtained using molecular tools such as high-throughput amplicon sequencing (metabarcoding)
provide more valuable information on the composition of nematodes than of microorganisms, as
for nematodes individual biomasses can be inferred from sequence data [89,93]. Furthermore, the
most commonly performed methods to extract nematodes necessitate nematode movement,
and as such only target active taxa, resulting in information that is so far inherently difﬁcult to obtain
for other rhizobiome members [94]. The obtained information can directly be used to link the community and abundance of active nematode taxa to the growth of plant species, and thereby provide immediate functional information on the role of nematodes on plant growth. Soil
community fractionation experiments [95], in which nematodes can be removed from soil communities, can help us to understand the functional consequences of changes in nematode
community composition for plant health (e.g., in response to global change factors). Trophic
positions of nematodes, including their effect on the rhizobiome and interactions with plants,
can now be derived using stable isotope analysis [96] or pulse labelling plants with 14CO2
[97]. Together, these techniques will help us to elucidate the taxonomic and functional diversity
of soil nematodes and their role in plant performance.
Other methods still need to be implemented to further enhance the understanding of plant–
nematode interactions, especially in natural systems. Most promising may be the implementation
of whole-genome sequencing, which provides genetic data at the population level and can thus
differentiate between distinct nematode pathotypes and a pathogenicity-linked gene repertoire
[25]; information that can be translated to understand species-speciﬁc interactions between single plant species and nematodes. This will especially help us to understand the occurrence of
host specialists in natural root-feeding nematode communities. Moreover, the whole genome
sequencing-based approach will enable studies on nematode distribution patterns, which can
8

Trends in Plant Science, Month 2020, Vol. xx, No. xx

Trends in Plant Science

help to link variation in plant performance to spatial variation in nematode community composition
at the species level.
A tighter link and knowledge exchange between nematode-centered research ﬁelds, as well as
between expertise on nematodes from agricultural and natural systems, is of upmost importance
to advance insights obtained by future nematode studies. Methodological advances developed
based on distinct, well-known agricultural pest species [98,99] should be translated to other
nematode species in order to better understand their role in determining plant growth in natural
systems. In turn, to identify potential new biocontrol agents, nematode-associated organisms
should best be studied in natural systems, as these contain a huge reservoir of nematodeantagonizing organisms including bacteria, fungi, and protists [100,101].

Concluding Remarks
We have described the versatile role of nematodes in affecting plant performance in natural
systems, both directly and indirectly, via interactions with other organisms in the rhizosphere. In
many ways, the ﬁeld of nematode community ecology in natural systems would beneﬁt from
the detailed knowledge on nematodes from agricultural systems, in which nematodes are
typically studied on the species or pathotype level, as well as from the ﬁeld of microbial ecology,
in which molecular methods are still more advanced. Yet, plant–nematode interactions in natural
systems also represent a blueprint for other scientiﬁc ﬁelds, due to the century long knowledge
that integrates taxonomic and functional information. A better integration of nematode-centered
research with other soil and rhizobiome ﬁelds will further advance our knowledge regarding the
plant–soil holobiont [5].
Such an increased understanding of plant–nematode interactions in natural systems is strongly
required, as this review shows that nematode communities typically are sensitive to global
change. Large-scale experimental network approaches [102], as well as studies including
multiple global change factors [69,103], are required in order to obtain a general understanding
of how global change affects nematode communities and plant–nematode interactions across
ecosystems (see Outstanding Questions).
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