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Highlights
Agricultural intensification leaves negative
legacies that influence soil microbiomes,
weakening their capacity to deliver multi-
ple soil ecosystem functions.

Innovative agricultural management
can create positive above- and below-
ground legacies that improve agricul-
tural sustainability.

Deciphering the cascading effects of
plant–soil–microbiome interactions will
promote the innovation of soil, input,
and crop management.
Jingying Jing,1,* Wen-Feng Cong ,2,* and T. Martijn Bezemer 3,4

Agricultural intensification has had long-lasting negative legacies largely
because of excessive inputs of agrochemicals (e.g., fertilizers) and simplification
of cropping systems (e.g., continuous monocropping). Conventional agricultural
management focuses on suppressing these negative legacies. However, there is
now increasing attention for creating positive above- and belowground legacies
through selecting crop species/genotypes, optimizing temporal and spatial crop
combinations, improving nutrient inputs, developing intelligent fertilizers, and
applying soil or microbiome inoculations. This can lead to enhanced yields and
reduced pest and disease pressure in cropping systems, and can also mitigate
greenhouse gas emissions and enhance carbon sequestration in soils. Strength-
ening positive legacies requires a deeper understanding of plant–soil–microbiome
interactions and innovative crop, input, and soil management which can help to
achieve agricultural sustainability.
In-season interspecific interactions in
mixtures can create positive legacies for
subsequent crops.
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Legacies in terrestrial systems
Terrestrial plant communities are structured by many interactions that occur between plants and
above- and belowground multitrophic communities. However, the current plant community can
also be influenced by the plants that were growing previously at the same location and the
multitrophic interactions that occurred previously on those plants. An increasing number of studies
are now showing that such legacies, defined as anything that is transmitted by or received from
the past, can have a significant impact on the current and future performance of plants. These legacy
effects have been extensively studied in social sciences in the context of humanwellbeing [1], but leg-
acies can also play pivotal roles in both natural and agricultural systems [2]. Agricultural intensification
has tremendously increased crop yield and has successfully met the increasing demand for food in
past decades, yet excessive inputs of agrochemicals (e.g., synthetic fertilizers) can create severely
negative legacies that result in biodiversity loss, and ultimately in ecosystem deterioration and
environmental pollution [3], even though the negative effects are ecosystem-specific [4].

Soil legacies
In the past decade the role and importance of belowground plant–soil legacies has become a
central theme among ecologists. Plants can alter the abiotic and biotic components of the soil
ecosystem and this can result in soil legacies that facilitate or inhibit the growth of succeeding
plants. The nature of such a soil legacy effects can function through changes in inoculum
densities of soil pathogens or symbiotic mutualists [5,6] via the accumulation of allelochemicals
(see Glossary) [7] or via changes in the availability of resources such as soil-available nitrogen
(N) or changes in soil organic matter (SOM) [8]. A phenomenal amount of work over the past
years shows that such plant-induced soil legacies occur in many ecosystems [2]. These plant–
soil legacies can persist in the soil during an entire season or even for several years or longer,
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Glossary
Allelochemicals: a toxic chemical
compound produced by a plant to
defend itself against antagonists such as
herbivores, pathogens, competing
plants.
Arbuscular mycorrhizal fungi (AMF):
a group of fungi belonging to the
Glomeromycotina phylum that establish
endosymbiosis with land plants and
form arbuscules within root cortical cells.
Intelligent fertilizers: a novel fertilizer
product that can enhance the biological
and therefore can have long-term consequences for plant community diversity, composition, and
productivity. For example, a recent study with sequential monocultures showed that plant-specific
effects of a first monoculture on the fungal community in the soil were still detected 6 months after
the second monoculture had been planted in that soil [9].

In an agricultural context, the role of soil legacies has long been recognized and it is well known
that the way the soil is treated now can greatly influence the performance of subsequent crops.
A famous example of a soil legacy is the phenomenon that repeatedly growing the same crop
in the soil leads to a reduction in crop yield and increased prevalence of soil-borne diseases.
This phenomenon is known as soil sickness, soil fatigue, or negative plant–soil feedback [10]
(Box 1). These negative soil legacies arising from continuous monocropping are caused by
Box 1. Negative and positive legacies in agricultural systems

Several crops grown in open-field and protected cultivation have experienced severe obstacles to continuous cropping.
These crops comprise taxa such as Leguminosae (e.g., soybean), Brassicaceae (e.g., cabbage), Compositae
(e.g., chrysanthemum), Solanaceae (e.g., tobacco), and Chenopodiaceae (e.g., sugarbeet). A wide range of sustainable
management practices such as diversified cropping systems and microbiome inoculations have been proposed to
enhance the positive legacies through influencing plant–soil–microbiome interactions (Figure I).
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Figure I. Examples of negative and positive legacies on arable and cash crops. (A) Root-associated Fusarium
oxyporum infesting watermelon roots. (B) Nematodes parasitizing tomato roots and deforming roots with knots.
(C) Maize performed better after sesame than after maize. (D) Whole-microbiome inoculation promoted tobacco growth
more effectively than single-strain inoculation.
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potential of plant roots and the
microbiome to take up soil nutrients,
while precisely matching the soil and
climate conditions.
Parasitoid: an organism that lives in
close connection with its host at the
expense of the host, eventually resulting
in host death.
Phytosiderophores: root exudates
released by graminaceous species
under iron- and zinc-deficiency stress
that are important for the acquisition of
iron.
Plant growth-promoting
rhizobacteria (PGPR): bacteria that
grow in association with a host plant and
that can colonize plant roots and
improve plant growth.
Plant–soil feedback: a phenomenon
where plant species can influence soil
abiotic and biotic properties which can
then affect the performance of
subsequent plants.
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nutrient imbalance, the presence of allelochemicals in the soil, soil physical barriers (e.g., soil
compaction), and especially soil biotic effects (e.g., the build-up of pests and pathogens). For
xample, the negative legacies of a simplified assembly of soil microbial communities owing to
continuous peanut monocropping can downregulate gene expression needed for plant hormone
production, consequently impacting on peanut growth and physiology [11]. However, continuous
cropping may not necessarily lead to long-lasting disease problems, and hence to negative legacy
effects, since specific antagonisticmicrobial consortiamay be activated and enriched in continuous
monocropping to form pathogen-suppressive traits in soils during the disease outbreak period
[12]. Furthermore, soil pathogens can not only induce a disease-suppressive soil microbiome as
the first line of defense but also activate the protection occurring in the endophytic root microbiome
[13]. A recent review paper proposed that interactions between plant roots, microorganisms, and
macrofauna can construct complex soil structure, thus creating diverse redox potential (Eh)/pH
niches to harbor a diversity of microorganisms as the key determinant of soil suppressiveness [14].

Soil legacies can also be mediated by organisms other than plants and soil organisms. For
example, above- and belowground herbivory by insects on ragwort plants exerts soil legacy
effects via changes in the composition of soil fungi. This in turn influences the concentration of
alkaloids in plants growing in that soil later, ultimately affecting aboveground plant–herbivore–
parasitoid interactions on those plants [15]. Moreover, changes in the environment such
as extreme climate events can create soil legacies [16–19]. For example, plant–microbiome
interactions break down under severe or long-term drought, and this can lead to plant and
microbial death which consequently affects plant–microbe interactions in later growing plants
[20]. In addition to soil legacies, aboveground legacies, for example, due to the return of
straw that carries pests (e.g., eggs) or pathogens (e.g., spores), can also increase the
disease infection rate during the following cropping cycle. As legacy effects can have a
variety of origins, future research should attempt to decipher the relative importance of
these origins in a specific system, and this would help to identify an effective solution to
avoid the negative legacies.

Conventional agricultural management has focused on suppressing negative legacies or avoiding
the buildup of negative legacies through applying pesticides to suppress pests or diseases and
through incorporating crop-rotation schemes to avoid continuous monocropping. By growing
different crops sequentially, negative legacies can be suppressed or can be prevented from
building up [21]. For example, a five-crop rotation (corn–soybean–wheat plus two cover crops)
can increase disease-suppressive functional group prnD gene abundance by 9% compared with
monocultures. Recently, the concept of agroecological approaches such as crop diversification,
no-till, and organic agriculture have been widely adopted to create positive legacies [22,23]. This
development focuses on improving conditions in the soil such that this soil becomes better or
healthier for the next crop. We illustrate how innovative management of crops, inputs, and soils
can create positive legacies that can improve agricultural sustainability.

Creating positive legacies for agricultural sustainability
Engineering of soil legacies can enhance agricultural sustainability in various ways (Figure 1,
Key figure). A wide range of management practices such as selection of crop species/genotypes,
diversification of cropping systems, introduction of novel fertilizers, and soil/microbiome inocula-
tion are available that can create or enhance positive legacies and/or reduce the negative legacies
through influencing plant–soil–microbiome interactions [24–26] (Box 1). The resulting above-
ground effects (e.g., reduced population densities of pests and inoculum densities of diseases
in crop residues) and belowground effects (such as better soil structure and changed soil
microbiome) then, in turn, can become legacies that benefit the performance of the succeeding
Trends in Plant Science, August 2022, Vol. 27, No. 8 783
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Key Figure

Manipulation of agricultural management by optimizing positive legacies for agricultural sustainability
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Figure 1. Optimized agricultural management consisting of species/genotype selection, crop diversification, inputs, and soil/microbiome management will create positive
above- and belowground legacies that can influence the production of high-quality and nutritious food, create healthy soils, and can increase the resilience of
agroecosystems to climate change and extreme climatic events such as drought. Figure created using BioRender (https://biorender.com/).

Trends in Plant Science
crop such as resistance to extreme climate events, pests, and diseases, and can result in
reduced greenhouse gas emissions or long-term soil carbon (C) sequestration.

Selecting crop species or genotypes to create positive legacies
Plant species and genotypes of a single species show natural variation in traits related to root
architecture, morphology, physiology, and biotic interactions that drive key ecosystem processes
and functions such as resource acquisition and utilization, nutrient cycling, and disease suppres-
sion as well as the structural stability of soils [27,28]. This can help plants to occupy different
ecological niches, allowing positive legacies to occur. For example, deep-rooting annual crops
such as sunflower and sugarbeet, as well as perennial crops such as lucerne that can reach
rooting depths, can acquire resources at depth such as water infiltrated from irrigation and
nutrients from fertilization that leach to the deeper layers in the soil [29]. Hydraulic redistribution
by deep-rooted species to the topsoil can promote early-stage plant growth of the next crop
under drought conditions. Another example is that maize roots can grow prolifically with newly
784 Trends in Plant Science, August 2022, Vol. 27, No. 8
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formed nutrient patches or tunnels created by faba bean roots, and that this contributes to higher
maize biomass [30].

Crop species can also affect the performance of subsequent crops via changes in soil structure.
For example, compacted soil can limit root growth either through imposingmechanical resistance
to roots or by creating locally high concentrations of ethylene which can act as a signal restricting
root growth of rice [31]. Thus, improved soil structure will allow roots to penetrate into soil pores,
thus enabling intensified interactions with microorganisms. Bio-tillage through growing crops with
high root-penetrating capacities can on the one hand improve soil structure, and on the other
hand form the biopores when roots are dead and decomposed, thus providing a favorable
environment (e.g., nutrients) for the following crop [32]. For example, growing deep-rooting
chicory and lucerne can construct soil pore structures, whereas bio-tillage with black oats and
forage radish can enhance soil organic carbon (SOC) stocks that subsequently improve the
root growth and yield of wheat and soybean [33].

Crop species and genotype identity can be an important driver of changes in soil microbiomes
[26,34]. Therefore, a large number of studies are now advocating that species or genotypes
should be selected that create positive soil microbial legacies [35–37]. Most studies examining
how the species identity of a crop influences soil legacies have so far focused on changes in
the soil microbiome. However, several recent studies show that such legacies can also be
created via chemical compounds [38]. Secondary compounds released by plants into the soil
can be acquired from the soil by other plants and incorporated into plant tissues. For example,
in a tobacco–rice rotation system, nicotine, that is exuded by tobacco in the soil, can be found
in later rice plants where it then increases resistance against aboveground insect pests [39].
Similarly, several recent studies have demonstrated that a group of secondary plant compounds,
the benzoxazinoids that are released by roots of cereals, can influence plant performance and
plant–herbivore interactions of the next generation through changes in the composition of rhizo-
sphere microbiota [40–42]. More work will be necessary to better understand how common
these plant–soil–plant transfers of chemical compounds are, and how important such chemically
mediated soil legacies are for the resistance of succeeding plants against pests and diseases.

Microbial legacies via root exudates can be influenced by multitrophic interactions that occur
above- and belowground. For example, by adjusting the composition of root exudates, plants
can adjust their root microbiome upon pathogen infestation and specifically recruit a group of
synergistic bacteria that induce resistance in the plant or promote plant growth. Such changes
in the soil microbiome can then potentially increase the chance of survival of their offspring that
will grow in the same soil [43]. How general this pattern is among plant species and pathogen
or herbivore species is not yet known [44].

Designing diversified cropping systems for positive legacies
Temporal crop diversification such as crop rotation schemes can enhance the yield and the
stability of yield over seasons, and can improve soil ecosystem services [23,45,46]. However,
only a few studies so far have attempted to analyze both the immediate effects of crop rotations
on soil ecosystem functioning and the legacy effects for subsequent crops. Inclusion of a
bioenergy crop of willow short rotation coppice in rotation led to higher SOC concentration and
soil biodiversity in topsoils owing to a greater amount of high-quality leaf fall than inclusion of
maize in rotation in a 6 year field experiment. Consequently, wheat grown in willow-conditioned
soils had higher biomass and better pathogen suppression thanmaize examined in a greenhouse
experiment [47]. However, apart from the positive legacy effects on the productivity of following
crops, diversification of rotations can also create negative legacies for other ecosystem services.
Trends in Plant Science, August 2022, Vol. 27, No. 8 785
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For example, changes in SOM and microbial properties influenced by ley grasslands introduced
into crop rotations can lead to increased greenhouse gas emissions (e.g., N2O) in the soil during
the following arable crop [48–50]. Remarkably, which crops should succeed each other to
promote desired ecosystem services is still poorly defined [36,51]. Obviously, there is an urgent
need for more research on crop-specific effects on soil microbiomes and on the responses of
other crops to those changes. Such information is essential to design optimal sequential crop
combinations.

Cover crops are also a sustainable option to modify soil microbial communities [52,53]. Several
studies have shown that the effects of cover crops on the soil microbiome, either directly or via
decomposition of plant remains, can be used to enhance the tolerance of the succeeding
cash-crop seedlings against pathogens [6]. Soil legacies can be created by living plants but
also by plant residues, for example, root litter that remains in the field after harvest [54]. Cover
crops can also create positive legacies by stimulating the decomposition of both high-quality
and low-quality crop residues and influence soil C and N dynamics, subsequently promoting
the growth of the following crop [55,56]. However, some non-mycorrhizal cover crops, such as
canola and forage radish, can reduce arbuscular mycorrhizal fungi (AMF) root colonization
and consequently decrease phosphorus uptake of the following maize [57]. Therefore, more
insight into the functional traits of cover crops is key to creating positive soil legacy effects.

In addition to temporal crop combinations via crop rotation or cover crops, interspecific interac-
tions between neighboring plant species (i.e., spatial crop combinations) can cause legacies that
affect the following crop both via above- and belowground pathways. Intercropping maize with
faba bean, for example, leads to an increase in the relative abundance of rhizobia and in a
reduction in the relative abundance of pathogenic Fusarium in the soil in comparison to soils of mono-
cultures of faba bean. Thismicrobial legacy can contribute to the yield advantage in intercropping sys-
tems [58]. In four different decade-long field experiments, intercropping was found to enhance soil
fertility, and this in turn resulted in higher and more stable crop yields [59]. However, neighboring
plants can also facilitate disease transmission. For example, the fungal root pathogen Rhizoctonia
solani can be transmitted between plant species as the host plant can act as a bridge to the next sus-
ceptible plant [60]. Positive legacies can be created via several pathways in which both above- and
belowground interspecific interactions between neighboring species are involved (Box 2). A better
understanding of the underlying mechanisms will be crucial for designing and optimizing temporal
and spatial crop combinations – not merely for the current yield but also for consistent and long-
term performance of crops in sustainable cropping systems.

Improving nutrient input management for positive legacies
Optimized nutrient management can sustainably increase crop yields, reduce N inputs, and
enhance SOM accumulation [61]. For example, modern molecular approaches have revealed
that optimal N fertilization fosters the amount of organic acids released by maize roots, which is
associated with an increase in the abundance of plant growth-promoting rhizobacteria
(PGPR) [62]. PGPR can further affect root system architecture by modulation of cell division and
differentiation [63]. PGPR can directly facilitate nutrient acquisition or modulate phytohormone
levels in plants or indirectly affect plant growth by suppressing various pathogens, enhancing the
immune system, or improving resistance to environmental stresses [7]. For example, in the maize
rhizosphere, Oxalobacteraceae are enriched via root-derived flavones, and this facilitates the
development of lateral roots under optimized N management [64].

Fertilization can also indirectly affect the structure and function of soil microbiome through
changes in their predators or parasites, thus exerting top-down control in regulating the structure
786 Trends in Plant Science, August 2022, Vol. 27, No. 8
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Box 2. Linking crop–crop interactions to legacies

Interspecific interactions between neighboring crop species can capture more resources (e.g., light, water, and nutrients),
leading to increased biomass residues in soils and promoting long-term soil fertility (Figure I). Interspecific interactions in
crop mixtures can promote beneficial soil biota while reducing the incidence of weeds, pests, and diseases both above-
and belowground. Lower pest and disease damage in pre-crop residues and soils, as well as associated reduced pesticide
use, will create a safe and healthy living environment for subsequent crops.

TrendsTrends inin PlantPlant ScienceScience

Figure I. Possible legacies created by multifaceted crop–crop interactions between neighboring crops.
Interspecific interactions in crop mixtures can enhance productivity, stability, and soil ecosystem functions by facilitating
resource use (➊), alleviating biotic stress (➋), and promoting insect pollinators (➌) and beneficial soil biota (➍), jointly
creating positive legacies for following crops. Abbreviations: AMF, arbuscular mycorrhizal fungi; VOCs, volatile organic
compounds. Figure created using BioRender (https://biorender.com/).

Trends in Plant Science
and function of soil microbiome [65]. For example, fertilization can significantly alter specific
functional groups of protistan consumers and parasites, which in turn alter bacterial and fungal
communities [66]. Moreover, fertilization can dramatically reduce the relative abundance of
phagotrophic protists, and this can further influence microbiome-mediated soil ecosystem func-
tions (e.g., nutrient cycling), consequently affecting the performance of follow-up crops [67].
Thus, stimulating the functions of soil biota via improved nutrient management can be a useful
way to create positive legacies for subsequent crops.

Developing novel fertilizer products such as intelligent fertilizers can create positive legacies via
building a healthy soil biotic environment for crops. Intelligent fertilizers can release nutrients in the
Trends in Plant Science, August 2022, Vol. 27, No. 8 787
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interface where their coating interacts with plant roots and the soil, thus triggering the biological
potential of plant roots and the soil microbiome to mobilize nutrients in soils. For example, plants
can acidify soils and dissolve the coating material, thereby allowing the encapsulated nutrients to
be released; this then nurtures adjacent plant roots and the local soil microbiome [68]. Soil
application of a mugineic acid phytosiderophore analog, for example, can significantly enhance
the availability of insoluble Fe in soil to overcome Fe deficiency [69]. The residual Fe-chelate may
enhance the uptake of iron by the succeeding crop.

Steering soils and microbiomes for positive legacies
Incorporating organic or mineral amendments into the soil is an effective measure to create
positive legacies. For example, applying organic materials (e.g., cattle manure) or mineral amend-
ments (e.g., peat and vermiculite) can sustain the long-term productivity of wheat and maize
through positive legacies on soil-quality parameters [70,71]. In addition to long-term fertility
effects, organic amendments can suppress the occurrence or severity of diseases in following
crops, for instance through changes in the soil microbiome [72]. For example, incorporating
pineapple residues in soils highly infested with banana wilt disease can alleviate this disease via
increases in the abundance of antagonistic fungal taxa [73]. Furthermore, conservation (minimum
or reduced) tillage can modify soil structural and chemical parameters, further increasing
copiotrophic microbial populations in the rhizosphere and their metabolic capacities [74]. It is
currently unclear how long conservation tillage-inducedmicrobial legacies last and to what extent
they will influence subsequent plant growth.

An important practice to create positive legacies that is currently receiving a lot of attention is
microbiome inoculation or whole soil inoculation [75,76]. For example, inoculation of AMF into
the soil of watermelon can alleviate wilt disease by modulating the root exudation patterns of
watermelon such that the exudates suppress colonization by the pathogen Fusarium oxysporum
[77]. Apart from direct pathogen inhibition, bio-organic fertilizers inoculated with antagonistic
microorganisms (e.g., Bacillus spp.) can induce suppressiveness of the soil by modifying the
soil microbiome, for example, by stimulating indigenous soil Pseudomonas populations [78,79].
Inoculation of Bacillus velezensis in cucumber cultivations can induce the proliferation of native
Pseudomonas stutzeri in the rhizosphere by releasing specific metabolites [80]. Synergistic
interactions between inoculants and resident bacteria can promote plant health. Inoculation
with microbes, for example, can also result in more beneficial rhizosphere communities that
increase resistance to aboveground pathogens, thus leaving a positive soil-borne legacy that
increases the fitness of subsequent plant generations [81].

We should note that studies on the inoculation of individual microbial strains often generate incon-
sistent results. Strains introduced to manipulate the soil microbiome often failed to flourish after
inoculation into exogenous soils [82], whereas others have reported that the application of
PGPB significantly improves plant growth [83]. However, the effectiveness of these type of
inoculations in the field is typically very limited [84]. Currently, there is rapidly growing interest in
understanding how to steer entire microbiomes in soils via inoculation so as to influence plant
growth and health [37]. In that context, whole-soil inoculations have great potential as a tool to
steer the soil microbiome and to create positive legacies [85]. In this approach, a thin layer of
soil that contains a beneficial microbiome is collected from a donor site and is spread over the
recipient agricultural soil or worked into the soil. For example, inoculation with soil containing
different microbiomes resulted in different microbiomes in the recipient soil and induced chrysan-
themum resistance against the thrips Frankliniella occidentalis, an important aboveground pest
[37]. Clearly, with whole-soil inoculation, the entire microbiome is introduced. This type of inocu-
lation can also introduce unwanted organisms such as pathogens, and growers may be wary to
788 Trends in Plant Science, August 2022, Vol. 27, No. 8
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use such inocula. Further work will be necessary to develop ways to introduce safe whole-
microbiome inocula and to study their persistence in the recipient soil.

Legacies at work in sustainable agriculture
Positive legacies in sustainable cropping systems function via enhanced resource availability,
improved soil physical structure, specific chemical compounds, ormicrobial and faunal communities.
We summarize three pathways in which management-induced positive legacies could be at work
during the growth of subsequent crops (Figure 2). First, chemical compounds, microbiomes, or
even entire soil food-webs from the preceding crop that are still in the soil can stimulate root growth
and proliferation (e.g., lateral roots) of the succeeding crop [64,86]. These microbial legacies may
further upregulate or downregulate the expression of plant genes governing the production
of plant hormones (e.g., auxin, cytokinin) [11], consequently influencing the growth of the crop.
Second, specific chemical compounds and pathogens may activate the plant immune system to
produce defensive secondary metabolites that can protect against above- or belowground pests
or diseases [42,87]. Finally, soil microbiomes (e.g., created by previous plants) can be transferred
and incorporated into the plant and even into higher trophic levels such as insect herbivores [9,88].
TrendsTrends inin PlantPlant ScienceScience

Figure 2. Three possible pathways through which legacies can influence subsequent crops. Chemica
compounds, soil microbiomes, or the entire soil food web can affect the growth and defense of the subsequent crops
by (1) stimulating root growth and subsequent plant growth, (2) producing defensive secondary metabolites to
suppress aboveground pests, and (3) directly transmitting microbiomes from soil to plants. Figure created using BioRende
(https://biorender.com/).
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Outstanding questions
What soil legacies (biotic, abiotic) are
created by different crops, under
different cropping regimes, and by
management practices?

Which combinations of management
practices (crop, input, and soil) can
maximize the positive legacies for
subsequent crops and soil ecosystem
functions?

How long will above- and belowground
legacies last? What mechanisms deter-
mine the duration of the legacies?

Which soil microbial/microbiome indices
can be used to predict positive legacies?

How do positive legacies confer
resilience to extreme climatic events
such as droughts and warming, and
how can they help in developing
climate-resilient agriculture?

What are the underlying mechanisms
related to molecular interplay that
regulate the complex plant–microbiome
interactions?
The role of 'soil legacy' microbes as endophytes inside plants or in the gut microbiome of
insects is poorly understood, and there is an urgent need for a better understanding of these
complex aboveground–belowground interactions. A better insight into the underlying mechanisms
behind these legacy effects will be essential to achieve synergy between high agricultural productivity
and ecosystem sustainability.

Concluding remarks and future perspectives
Steering above- and belowground legacies through ecosystem engineering such as crop/
genotype selection, crop diversification optimization, improvement of nutrient input, application
of innovative fertilizers, organic amendments, and microbiome inoculation can promote crop
yield and environmental sustainability. As we argued before, plant–soil–microbiome interactions
play a major role in these legacy effects.

We propose six themes for future research on legacies in agricultural systems. First, there is an
urgent need to better understand how crops via legacies can benefit other succeeding crops.
This would give rise to scientific basis for crop-rotation schemes [51]. The theory of plant–soil
feedback is now widely applied in natural ecosystems and has great potential as an effective
tool to design and optimize appropriate rotational sequences of crop species in agricultural sys-
tems [2]. Second, more emphasis should be placed on understanding the effects of innovative
management practices (e.g., intelligent fertilizers, microbiome inoculation), as well as combina-
tions of these agricultural management practices, on legacy effects on subsequent crop growth.
Third, many studies focus on how legacies affect crop productivity and agricultural sustainability
in relation to crop nutritional quality (e.g., micronutrient supply). How this is influenced by climatic
conditions is less well understood, and the role of legacies in crop resilience to climatic events
such as extreme droughts and warming necessitates further research [89]. Fourth, by being
exposed to entire soil microbiomes, plants are continuously exposed to both positive (e.g., growth
stimulation) and negative (e.g., pathogenic) effects from the microbiome. Changes in these
microbiomes due to legacies also cause positive and negative effects on the plants. Most work on
plant–microbe interactions has employed individual microbes, and how plants respond to this plei-
otropy of effects is poorly understood. A better understanding of these multiple co-occurring
influences on plant responses is urgently needed. Fifth, legacy effects are often affected by various
origins or influencing factors (such as plant species, multitrophic herbivory, climate change, and
management practices), and future research should study complex (rather than simplified) systems
that resemble the real world, and should focus on deciphering their relative contributions. Last
but not least, most studies focus on short-term legacies, and more insight in longer-term
effects is urgently required. Long-term field experiments will be necessary to examine how
long legacies will last as well to understand the dynamic patterns of these legacies. Although
there are still many unknowns, positive legacies are essential to create a more sustainable
agricultural system, and steering these legacies will be vital for future agricultural management
(see Outstanding questions).

Acknowledgments
This work was supported by the Program of the National Natural Science Foundation of China (31972957, 32072676),

the 2115 Talent Development Program of China Agricultural University (00109014), the Chinese Universities Scientific

Fund (2021TC060), the Program of Introducing Talents of Discipline to Universities (Plant–Soil Interactions Innovative

Research Platform 1031-00100701), and the Program of Advanced Discipline Construction in Beijing (Agriculture Green

Development).

Declaration of interests
The authors declare no conflicts of interest.
790 Trends in Plant Science, August 2022, Vol. 27, No. 8

CellPress logo


Trends in Plant Science
References

1. Simonti, C.N. et al. (2016) The phenotypic legacy of admixture

between modern humans and Neandertals. Science 351,
737–741

2. Mariotte, P. et al. (2018) Plant–soil feedback: bridging natural
and agricultural sciences. Trends Ecol. Evol. 33, 129–142

3. Beckmann, M. et al. (2019) Conventional land-use intensification
reduces species richness and increases production: a global
meta-analysis. Glob. Chang. Biol. 25, 1941–1956

4. Trivedi, P. et al. (2016) Response of soil properties and microbial
communities to agriculture: implications for primary productivity
and soil health indicators. Front. Plant Sci. 7, 990

5. Mommer, L. et al. (2018) Lost in diversity: the interactions
between soil-borne fungi, biodiversity and plant productivity.
New Phytol. 218, 542–553

6. Liu, X. et al. (2021) Decomposing cover crops modify root-
associated microbiome composition and disease tolerance of
cash crop seedlings. Soil Biol. Biochem. 160, 108343

7. Sun, B. et al. (2014) Plant–soil feedback in the interference of
allelopathic rice with barnyardgrass. Plant Soil 377, 309–321

8. Cong, W.-F. et al. (2014) Plant species richness promotes soil
carbon and nitrogen stocks in grasslands without legumes.
J. Ecol. 102, 1163–1170

9. Hannula, S.E. et al. (2021) Persistence of plant-mediated micro-
bial soil legacy effects in soil and inside roots. Nat. Commun. 12,
5686

10. Cesarano, G. et al. (2017) Soil sickness and negative plant–soil
feedback: a reappraisal of hypotheses. J. Plant Pathol. 99,
545–570

11. Li, X. et al. (2019) Legacy of land use history determines repro-
gramming of plant physiology by soil microbiome. ISME J 13,
738–751

12. Raaijmakers, J.M. andMazzola, M. (2016) Soil immune responses.
Science 352, 1392–1393

13. Carrion, V.J. et al. (2019) Pathogen-induced activation of
disease-suppressive functions in the endophytic root microbiome.
Science 366, 606–612

14. Husson, O. et al. (2021) Soil and plant health in relation to
dynamic sustainment of Eh and pH homeostasis: a review.
Plant Soil 466, 391–447

15. Kostenko, O. et al. (2012) Legacy effects of aboveground–
belowground interactions. Ecol. Lett. 15, 813–821

16. Kaisermann, A. et al. (2017) Legacy effects of drought on plant–
soil feedbacks and plant–plant interactions. New Phytol. 215,
1413–1424

17. Canarini, A. et al. (2021) Ecological memory of recurrent drought
modifies soil processes via changes in soil microbial community.
Nat. Commun. 12, 5308

18. Pugnaire, F.I. et al. (2019) Climate change effects on plant–soil
feedbacks and consequences for biodiversity and functioning
of terrestrial ecosystems. Sci. Adv. 5, eaaz1834

19. de Vries, F.T. et al. (2020) Harnessing rhizosphere microbiomes
for drought-resilient crop production. Science 368, 270–274

20. Williams, A. and de Vries, F.T. (2020) Plant root exudation under
drought: implications for ecosystem functioning. New Phytol.
225, 1899–1905

21. Peralta, A.L. et al. (2018) Crop rotational diversity increases
disease suppressive capacity of soil microbiomes. Ecosphere
9, e02235

22. Reganold, J.P. and Wachter, J.M. (2016) Organic agriculture in
the twenty-first century. Nat. Plants 2, 15221

23. Tamburini, G. et al. (2020) Agricultural diversification promotes
multiple ecosystem services without compromising yield. Sci.
Adv. 6, eaba1715

24. Toju, H. et al. (2018) Core microbiomes for sustainable
agroecosystems. Nat. Plants 4, 247–257

25. French, E. et al. (2021) Emerging strategies for precision
microbiome management in diverse agroecosystems. Nat.
Plants 7, 256–267

26. Singh, B.K. et al. (2020) Crop microbiome and sustainable
agriculture. Nat. Rev. Microbiol. 18, 601–602

27. Bardgett, R.D. et al. (2014) Going underground: root traits
as drivers of ecosystem processes. Trends Ecol. Evol. 29,
692–699

28. Cong, W.-F. et al. (2020) Tightening the phosphorus cycle
through phosphorus-efficient crop genotypes. Trends Plant
Sci. 25, 967–975

29. Thorup-Kristensen, K. et al. (2020) Digging deeper for agricul-
tural resources, the value of deep rooting. Trends Plant Sci.
25, 406–417

30. Zhang, D. et al. (2020) Neighbouring plants modify maize root
foraging for phosphorus: coupling nutrients and neighbours for
improved nutrient-use efficiency. New Phytol. 226, 244–253

31. Pandey, B.K. et al. (2021) Plant roots sense soil compaction
through restricted ethylene diffusion. Science 371, 276–280

32. Zhang, Z. et al. (2021) Bio-tillage: a new perspective for sustain-
able agriculture. Soil Tillage Res. 206, 104844

33. Inagaki, T.M. et al. (2021) Mechanical and biological chiseling
impacts on soil organic C stocks, root growth, and crop yield
in a long-term no-till system. Soil Tillage Res. 211, 104993

34. Afzal, I. et al. (2019) Plant beneficial endophytic bacteria:
mechanisms, diversity, host range and genetic determinants.
Res. Microbiol. 221, 36–49

35. Momesso, L. et al. (2022) Optimizing cover crop and fertilizer
timing for high maize yield and nitrogen cycle control. Geoderma
405, 115423

36. Dias, T. et al. (2015) Accounting for soil biotic effects on soil
health and crop productivity in the design of crop rotations.
J. Sci. Food Agric. 95, 447–454

37. Pineda, A. et al. (2020) Conditioning the soil microbiome through
plant–soil feedbacks suppresses an aboveground insect pest.
New Phytol. 226, 595–608

38. Preece, C. and Peñuelas, J. (2019) A return to the wild: root
exudates and food security. Trends Plant Sci. 25, 14–21

39. Zhang, Z. et al. (2015) Effects of tobacco-rice rotation on rice
planthoppers Sogatella furcifera (Horváth) and Nilaparvata
lugens (Stål) (Homoptera: Delphacidae) in China. Plant Soil
392, 333–344

40. Cadot, S. and Gfeller, V. (2021) Soil composition and plant geno-
type determine benzoxazinoid-mediated plant–soil feedbacks in
cereals. Plant Cell Environ. 44, 3502–3514

41. Hazrati, H. et al. (2021) Mass spectrometry-based metabolomics
unravel the transfer of bioactive compounds between rye and
neighbouring plants. Plant Cell Environ. 44, 3722–3731

42. Hu, L. et al. (2018) Root exudate metabolites drive plant–soil
feedbacks on growth and defense by shaping the rhizosphere
microbiota. Nat. Commun. 9, 2738

43. Berendsen, R.L. et al. (2018) Disease-induced assemblage of a
plant-beneficial bacterial consortium. ISME J 12, 1496–1507

44. Kong, H.G. et al. (2016) Aboveground whitefly infestation-mediated
reshaping of the root microbiota. Front. Microbiol. 7, 1314

45. Zhao, J. et al. (2020) Does crop rotation yield more in China? A
meta-analysis. Field Crops Res. 245, 107659

46. Tiemann, L.K. et al. (2015) Crop rotational diversity enhances
belowground communities and functions in an agroecosystem.
Ecol. Lett. 18, 761–771

47. Schrama, M. et al. (2016) Effects of first- and second-generation
bioenergy crops on soil processes and legacy effects on a
subsequent crop. Glob. Change Biol. Bioenergy 8, 136–147

48. Panettieri, M. et al. (2017) Does grassland introduction into
cropping cycles affect carbon dynamics through changes of
allocation of soil organic matter within aggregate fractions? Sci.
Total Environ. 576, 251–263

49. Creme, A. et al. (2018) Ley grassland under temperate climate
had a legacy effect on soil organic matter quantity, biogeochem-
ical signature and microbial activities. Soil Biol. Biochem. 122,
203–210

50. Rumpel, C. et al. (2017) Is it possible to mitigate greenhouse gas
emissions from agricultural soil by introduction of temporary
grassland into cropping cycles? In Proceedings of the Global
Symposium on Soil Organic Carbon 2017, pp. 463–465, Food
and Agriculture Organization of the United Nations

51. Koyama, A. et al. (2022) Application of plant–soil feedbacks in
the selection of crop rotation sequences. Ecol. Appl. 32, e2501

52. Schmidt, R. et al. (2019) Cover cropping and no-till increase
diversity and symbiotroph:saprotroph ratios of soil fungal
communities. Soil Biol. Biochem. 129, 99–109
Trends in Plant Science, August 2022, Vol. 27, No. 8 791

http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0005
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0005
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0005
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0010
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0010
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0015
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0015
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0015
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0020
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0020
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0020
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0025
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0025
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0025
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0030
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0030
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0030
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0035
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0035
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0040
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0040
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0040
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0045
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0045
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0045
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0050
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0050
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0050
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0055
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0055
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0055
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0060
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0060
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0065
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0065
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0065
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0070
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0070
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0070
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0075
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0075
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0080
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0080
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0080
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0085
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0085
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0085
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0090
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0090
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0090
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0095
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0095
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0100
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0100
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0100
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0105
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0105
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0105
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0110
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0110
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0115
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0115
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0115
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0120
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0120
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0125
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0125
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0125
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0130
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0130
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0135
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0135
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0135
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0140
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0140
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0140
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0145
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0145
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0145
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0150
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0150
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0150
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0155
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0155
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0160
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0160
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0165
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0165
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0165
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0170
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0170
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0170
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0175
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0175
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0175
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0180
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0180
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0180
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0185
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0185
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0185
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0190
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0190
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0195
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0195
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0195
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0195
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0200
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0200
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0200
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0205
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0205
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0205
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0210
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0210
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0210
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0215
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0215
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0220
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0220
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0225
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0225
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0230
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0230
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0230
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0235
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0235
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0235
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0240
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0240
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0240
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0240
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0245
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0245
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0245
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0245
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0250
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0250
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0250
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0250
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0250
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0255
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0255
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0260
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0260
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0260
CellPress logo


Trends in Plant Science
53. Nevins, C.J. et al. (2018) Characterization of microbial commu-
nity response to cover crop residue decomposition. Soil Biol.
Biochem. 127, 39–49

54. Cong, W.-F. et al. (2015) Plant species richness leaves a legacy
of enhanced root litter-induced decomposition in soil. Soil Biol.
Biochem. 80, 341–348

55. Barel, J.M. et al. (2019) Winter cover crop legacy effects on litter
decomposition act through litter quality and microbial community
changes. J. Appl. Ecol. 56, 132–143

56. Barel, J.M. et al. (2018) Legacy effects of diversity in space and time
driven by winter cover crop biomass and nitrogen concentration.
J. Appl. Ecol. 55, 299–310

57. Murrell, E.G. et al. (2020) Cover crop species affect mycorrhizae-
mediated nutrient uptake and pest resistance in maize. Renew.
Agric. Food Syst. 35, 467–474

58. Wang, G. et al. (2021) Soil microbial legacy drives crop diversity
advantage: linking ecological plant–soil feedback with agricul-
tural intercropping. J. Appl. Ecol. 58, 496–506

59. Li, X.-F. et al. (2021) Long-term increased grain yield and soil fer-
tility from intercropping. Nat. Sustain. 4, 943–950

60. Ampt, E.A. et al. (2022) Plant neighbours can make or break the
disease transmission chain of a fungal root pathogen. New
Phytol. 233, 1303–1316

61. Pan, J. et al. (2019) Long-term optimization of crop yield while
concurrently improving soil quality. Land Degrad. Dev. 30,
897–909

62. Chen, S. et al. (2019) Root-associated microbiomes of wheat
under the combined effect of plant development and nitrogen
fertilization. Microbiome 7, 136

63. Garrido-Oter, R. et al. (2018) Modular traits of the rhizobiales
root microbiota and their evolutionary relationship with symbiotic
rhizobia. Cell Host Microbe 24, 155–167

64. Yu, P. et al. (2021) Plant flavones enrich rhizosphere
Oxalobacteraceae to improve maize performance under nitrogen
deprivation. Nat. Plants 7, 481–499

65. Thakur, M.P. and Geisen, S. (2019) Trophic regulations of the
soil microbiome. Trends Microbiol. 27, 771–780

66. Sun, A. et al. (2021) Fertilization alters protistan consumers and
parasites in crop-associated microbiomes. Environ. Microbiol.
23, 2169–2183

67. Zhao, Z.B. et al. (2020) Fertilization changes soil microbiome
functioning, especially phagotrophic protists. Soil Biol. Biochem.
148, 107863

68. Bindra, P. et al. (2019) Nano-hives for plant stimuli controlled
targeted iron fertilizer application. Chem. Eng. J. 375, 121995

69. Suzuki, M. et al. (2021) Development of a mugineic acid family
phytosiderophore analog as an iron fertilizer. Nat. Commun.
12, 1558

70. Ling, N. et al. (2016) Insight into how organic amendments can
shape the soil microbiome in long-term field experiments as
revealed by network analysis. Soil Biol. Biochem. 99, 137–149

71. Pan, J. et al. (2020) Improving soil quality for higher grain yields in
Chinese wheat and maize production. Land Degrad. Dev. 31,
1125–1137

72. Bonanomi, G. et al. (2018) Organic amendments, beneficial
microbes, and soil microbiota: toward a unified framework for
disease suppression. Annu. Rev. Phytopathol. 56, 1–20

73. Yuan, X. et al. (2021) Development of fungal-mediated soil
suppressiveness against Fusarium wilt disease via plant residue
manipulation. Microbiome 9, 200

74. Wang, Z. et al. (2020) Relationship between the microbial com-
munity and catabolic diversity in response to conservation tillage.
Soil Tillage Res. 196, 104431

75. Wubs, E.R.J. et al. (2016) Soil inoculation steers restoration of
terrestrial ecosystems. Nat. Plants 2, 16107

76. Trivedi, P. et al. (2021) Enabling sustainable agriculture through
understanding and enhancement of microbiomes. New Phytol.
230, 2129–2147

77. Ren, L.X. et al. (2015) Arbuscularmycorrhizal colonization alleviates
Fusarium wilt in watermelon and modulates the composition of
root exudates. J. Plant Growth Regul. 77, 77–85

78. Tao, C. et al. (2020) Bio-organic fertilizers stimulate indigenous
soil Pseudomonas populations to enhance plant disease
suppression. Microbiome 8, 137

79. Xiong, W. et al. (2017) Bio-fertilizer application induces soil sup-
pressiveness against Fusarium wilt disease by reshaping the soil
microbiome. Soil Biol. Biochem. 114, 238–247

80. Sun, X. et al. (2021) Bacillus velezensis stimulates resident rhizo-
sphere Pseudomonas stutzeri for plant health through metabolic
interactions. ISME J 16, 774–787

81. Yuan, J. et al. (2018) Root exudates drive the soil-borne legacy
of aboveground pathogen infection. Microbiome 6, 156

82. Mallon, C.A. et al. (2018) The impact of failure: unsuccessful
bacterial invasions steer the soil microbial community away
from the invader’s niche. ISME J 12, 728–741

83. Finkel, O.M. et al. (2017) Understanding and exploiting plant
beneficial microbes. Curr. Opin. Plant Biol. 38, 155–163

84. Timmusk, S. et al. (2017) Perspectives and challenges of micro-
bial application for crop improvement. Front. Plant Sci. 8, 49

85. Ma, H. et al. (2020) Steering root microbiomes of a commercial
horticultural crop with plant–soil feedbacks. Appl. Soil Ecol.
150, 103468

86. Wilschut, R.A. et al. (2021) Nematodes as drivers of plant perfor-
mance in natural systems. Trends Plant Sci. 26, 237–247

87. Pineda, A. et al. (2017) Steering soil microbiomes to suppress
aboveground insect pests. Trends Plant Sci. 22, 770–778

88. Hannula, S.E. et al. (2019) Foliar-feeding insects acquire
microbiomes from the soil rather than the host plant. Nat.
Commun. 10, 1254

89. Bowles, T.M. et al. (2020) Long-term evidence shows that crop-
rotation diversification increases agricultural resilience to adverse
growing conditions in North America. One Earth 2, 284–293
792 Trends in Plant Science, August 2022, Vol. 27, No. 8

http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0265
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0265
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0265
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0270
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0270
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0270
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0275
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0275
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0275
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0280
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0280
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0280
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0285
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0285
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0285
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0290
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0290
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0290
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0295
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0295
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0300
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0300
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0300
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0305
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0305
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0305
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0310
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0310
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0310
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0315
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0315
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0315
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0320
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0320
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0320
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0325
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0325
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0330
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0330
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0330
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0335
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0335
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0335
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0340
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0340
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0345
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0345
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0345
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0350
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0350
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0350
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0355
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0355
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0355
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0360
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0360
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0360
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0365
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0365
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0365
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0370
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0370
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0370
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0375
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0375
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0380
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0380
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0380
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0385
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0385
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0385
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0390
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0390
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0390
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0395
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0395
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0395
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0400
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0400
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0400
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0405
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0405
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0410
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0410
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0410
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0415
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0415
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0420
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0420
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0425
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0425
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0425
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0430
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0430
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0435
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0435
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0440
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0440
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0440
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0445
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0445
http://refhub.elsevier.com/S1360-1385(22)00146-7/rf0445
CellPress logo

	Legacies at work: plant–soil–microbiome interactions underpinning agricultural sustainability
	Legacies in terrestrial systems
	Soil legacies

	Creating positive legacies for agricultural sustainability
	Selecting crop species or genotypes to create positive legacies
	Designing diversified cropping systems for positive legacies
	Improving nutrient input management for positive legacies
	Steering soils and microbiomes for positive legacies

	Legacies at work in sustainable agriculture
	Concluding remarks and future perspectives
	Acknowledgments
	Declaration of interests
	References




