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Abstract

Conventional agricultural practices negatively impact soil biodiversity, carbon stocks,
and greenhouse gas emissions in ways that make them unsustainable for supporting
future supply of food and fiber. Better management of agrobiodiversity will likely play
a critical role in transitioning toward more sustainable practices. In particular, innovation
and developments targeting the aboveground and belowground components of
agroecosystems should be informed by frameworks and approaches that harness
the—in particular functional—diversity of complex microbial communities. Here, we
review and discuss microbial trait-based approaches that will help us understand
and steer agroecosystem functioning in the face of global change. We highlight
how trait-based approaches can improve agricultural practices related to soil function-
ing (e.g., soil fertility and aggregation); climate regulation (e.g., carbon storage and
greenhouse gas emissions) and adaptation to climate change; plant health; and reduc-
tion of contaminant-related hazards for human health. We also consider how microbial
trait-based approaches can be used as a tool to improve cultivated plant performance
through artificial selection and microbiome engineering. Last, we discuss the inherent
obstacles associated with the development and implementation of trait-based
approaches owing to strong interactions within microbial communities and linkages
between plants and the soil environment. Despite these obstacles, microbial
trait-based approaches hold promise for the sustainable management of agricultural
ecosystems needed to feed and nourish a rapidly growing human population.

1. Introduction

Agroecosystems comprise almost 40% of earth’s land surface area and

provide food, biofuels, and fibers to a growing world population

(FAOSTAT, 2021). However, the typical high level of productivity in such

systems rely on intense agricultural management and practices that influence

and often compromise important ecosystem functions and services, including

groundwater renewal and purification, soil fertility, climate regulation, and

the suppression of pathogens and pests (Dornbush and von Haden, 2017;

Foley et al., 2005; Power, 2010). It is obvious that past and current agricultural

intensification will not be sustainable in the long run and this calls for

alternative practices that consider both agricultural production needs and

sustainable provision of critical agroecosystem services (Pe’er et al., 2019).

There is consensus that biodiversity is a key element in sustaining the func-

tioning of agricultural systems (Brunetti et al., 2019; Dainese et al., 2019;
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Ortiz et al., 2021). In particular, belowground soil biota is increasingly recog-

nized as an important component for the functioning of agroecosystems.

Among these biotas, microorganisms represent an indispensable component

of both natural and managed ecosystems (Bardgett and van der Putten,

2014; Fierer, 2017). In agroecosystems, soil- and plant-associated microbial

communities can improve soil health by storing carbon (C), regulating nutri-

ent cycles, and contributing to maintain or restore soil physical structure

(Garnica et al., 2020; Kibblewhite et al., 2008). In these ways, soil microbial

communities have direct and indirect effects on plant health, including plant

growth and plant-associated suppression of pathogens, as well as plant nutrient

use efficiency (Backer et al., 2018; Carrión et al., 2019; Harbort et al., 2020).

However, modern agriculture practices prioritize high yield with a low num-

ber of plant species or varieties, which can have unintended or negative

impacts on soil- and plant-associated microbial communities with undesirable

long-term consequences for soil quality and crop yield (Banerjee et al., 2019;

Mariotte et al., 2018; Matson et al., 1997). Accordingly, the integration of

belowground microbial diversity into agricultural management strategies is

increasingly recognized, and in many cases is considered necessary, for meet-

ing the challenges of sustainable and multifunctional agroecosystems (Bender

et al., 2016; Ray et al., 2020; Verbruggen et al., 2010).

To better appreciate the role of microbes in agroecosystems, there is

growing emphasis on functional traits or functional diversity of crops as well

the associated above and belowground microbiome (Barot et al., 2017;

Bender et al., 2016; Wood et al., 2015). Functional traits are defined as

behavioral, morphological, and physiological characteristics that influence

the performance or fitness of an organism under a given set of environmental

conditions (see glossary in Table 1) (Lavorel and Garnier, 2002; Lennon

et al., 2012). Traits not only determine how organisms respond to their envi-

ronment but are also related to how organisms affect their environment. In

this way, traits are useful for making mechanistic links between biodiversity

and ecosystem functioning (Cadotte et al., 2011; Escalas et al., 2019). A sys-

tematic search of published papers reveals that trait-based approaches have

been increasingly applied in ecology of both plants and microorganisms

in recent years (Fig. 1, Supplementary Material in the online version at

https://doi.org/10.1016/bs.agron.2022.04.002). However, a closer exami-

nation reveals that such trait-based approaches are rarely investigated in

agroecosystems (Fig. 1). This may be due in part to knowledge gaps con-

cerning the critical components of microbiomes in agricultural systems. If

so, this is somewhat surprising because microbial trait-based approaches
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provide opportunities to circumvent many of the issues and challenges that

arise with the historically widely used taxonomic classification approaches

that often cannot capture the vast differences in ecological and physiological

functions associated with taxa in their realized phenotypes (Green et al.,

2008; Krause et al., 2014a; Staley, 2006). Using traits not in a solely explan-

atory manner, but by also leveraging the predictive and integrative power of

these approaches, there is potential to assess the validity of ecological theories

and models to mechanistically understand and manage ecosystems (Lajoie

and Kembel, 2019). In an agriculture context, focusing on the link between

management, microbial traits, agroecosystem functions, and services might

indeed enable better predictions of the interplay between important soil pro-

cesses, the contributing microorganisms, and the environmental conditions

that control them (Fig. 2) (Kallenbach et al., 2019; Le Roux et al., 2016).

This is even more important as crops and plants, in general, are nowadays

not considered as purely vegetal entities but as interacting and in some cases

co-evolved systems formed by the long-term associations of host plants and

their microbiome (Vandenkoornhuyse et al., 2015).

In this chapter, we synthesize the potential of applying functional

trait-based approaches for the development of sustainable agricultural prac-

tices (Fig. 2). First, we briefly discuss why trait-based microbial ecology is

particularly relevant to agroecosystems and their management.We then pre-

sent an overview of compiled examples of microbial trait-based approaches

that we think are important for developing productive and sustainable

Fig. 1 Temporal variation in the total number of publications referring themselves to
the trait-based concept or framework for plants (black squares) and microbes
(black dots), and in particular the number of these publications in the context of agri-
culture (same symbols but in gray). Search terms and methodology are provided in
Supplementary Material.
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agricultural systems. Finally, we provide suggestions on how to improve the

selection and use of crop varieties and how to steer the soil microbiome

using a microbial trait-based perspective.

2. From taxonomy to traits: Getting a grip on microbial
diversity in agroecosystems

The influence of organisms and their diversity on ecosystems is

through the functions they perform. This also applies to microorganisms.

In agricultural systems, soil microorganisms are involved in many important

processes such as the decomposition of organic matter and recycling of

nutrients for plant use, transformation, and degradation of pesticides, and

as the culprits causing greenhouse gas (GHG) emissions, but also in mitigat-

ing such GHG release. These impacts of (micro)organisms can be expressed

and predicted in terms of organismal functional traits (Table 1). Given that

traits do not only relate to the impacts of organisms on ecosystem function-

ing (i.e., effect traits), but conversely, also to the response of organisms to

environmental impacts and pressures (i.e., response traits), trait-based

approaches have also generated important insights into eco-evolutionary

strategies of organisms (Li et al., 2021).

While there are many examples in the literature of how trait-based

approaches have been applied to plants (Van Bodegom et al., 2012), studies

have increasingly become available on virtually every organismal group.

Examples include aquatic invertebrates (De Bie et al., 2012), birds

(Sheard et al., 2020), mammals (Cooke et al., 2019), and microorganisms

Fig. 2 Key elements for applying microbial trait-based approaches for agroecosystems.
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(Martiny et al., 2012). In many studies, trait-based approaches appeared to

have more power than taxonomic-based approaches (including measures of

species richness) for predicting community- and ecosystem functioning for

microbes as well as other organisms (Escalas et al., 2019; Salles et al., 2009;

Zakharova et al., 2019). Consequently, the use of microbial trait-based

approaches is promoted by the scientific community, also for agricultural

ecosystems (Wood et al., 2015).

More specifically, microbial trait-based approaches are promoted by a

shift from single gene taxonomic approaches (e.g., targeting 16S, 18S,

Table 1 Glossary for trait-based approaches in microbial systems.
Comparative studies

Functional trait Defined as measurable property of an organism that impacts

its fitness (i.e., growth, reproduction, survival) or function

and can correspond to a morphological, physiological or

genomic attribute (Violle et al., 2007). In agroecosystems,

relevant plant and microbial functional traits can be

considered as measurable properties that impact plant health,

plant growth, plant resistance/resilience, soil quality, and

adjacent ecosystems

Taxa centered traits Traits of pure cultures (i.e., individual genome or

organism-based, taxa traits) (Escalas et al., 2019)

Community

aggregated traits

Mean value calculated for each trait as the mean trait value in

a community which can be weighted by the relative

abundance of individual taxa in a community (Dı́az et al.,

2007; Violle et al., 2007). For microbes, community

aggregated traits can also be weighted by using the

abundance of relevant marker genes (Raguideau et al., 2016)

Response and effect

trait

A trait that drives an organism’s response to abiotic or biotic

changes in the environment or an organism’s effect on

ecosystem processes or characteristics (Lavorel and Garnier,

2002)

Eco-evolutionary

feedback

Eco-evolutionary feedback describes a process in which

ecology and evolution reciprocally interact with each other

(Govaert et al., 2018)

Plant holobiont A holobiont is an ecological unit that consists of a host

organism and all organisms living in its surrounding

(Margulis, 1990). In the context of trait-based approaches, it

is the multipartite entities formed by the host plant and its

microbiome (Vandenkoornhuyse et al., 2015)
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ITS, or any other taxonomic marker) to metagenomic, transcriptomic, and

proteomic approaches and studies of interaction networks in which traits or

clusters of traits can be robustly identified, thus going beyond knowing the

mere presence of microbial lineages (Krause et al., 2014a). An example of

microbial trait-based approaches that merged traits into axes of eco-

evolutionary strategies is that relating r vs K strategies (Allison and

Gessner, 2012). The r- and K-selection framework on ecological strategies

(Dobzhansky, 1950), which has also been applied to microbes (Fierer et al.,

2007) states that environmental characteristics will be reflected in the fitness

or life-history traits of prevailing organisms. This distinction has been useful

to show, e.g., how microbial impacts modulate the effects of nitrogen

amendments and CO2 fertilization on soil C accumulation (Wieder et al.,

2015). However, this framework has been developed for animal life strate-

gies whereas also microorganisms display many characteristics that are typical

for plants, e.g., clonal growth, dormancy, limited mobility, and “seed”

banks. Therefore, efforts have been made to develop a framework for

microorganisms analogous to that already existing for plants, i.e., the

Competitor-Stress tolerator-Ruderal selection framework (C-S-R) (Grime,

1974). “Stress-tolerators” can cope with low resource levels or otherwise

unfavorable abiotic conditions, “Competitors” can outcompete other organ-

isms for space or resources, and “Ruderals” are fast-growing and post-

disturbance re-colonizing organisms. The C-S-R framework can be used

to calculate the response to stress, disturbance, and competition, and offers

more flexibility to account for the vast metabolic flexibility of bacteria

(Ho et al., 2013; Krause et al., 2014a; Malik et al., 2020). Malik et al.

(2020) proposed a different perspective on the C-S-R strategies by replacing

the ruderals strategy with high growth yield (Y) strategy and the competitor

strategy with resource acquisition strategy (A). The authors suggest that

the Y-A-S strategies reflect many of the key traits that drive microbial com-

munity function and that tradeoffs in resource allocation prevent assigning

multiple strategies to microbes. Overall, use of life history strategies is an

appealing way to reduce thousands of potential traits to a smaller number

of quantifiable traits and strategies, thus helping to classify how microorgan-

isms respond to different environmental conditions as a result of physiological

and evolutionary tradeoffs.

Also, classical microbiology studies that have focused on morphological

or biochemical traits may be considered trait-based approaches avant la lettre.

With respect to physiological traits, microbial growth yield or C use effi-

ciency (Manzoni et al., 2012), growth rates and maintenance requirements
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and dynamics have so far received a lot of attention in systems ranging from

sludge reactors to soil and deep subsurface systems. For instance, van

Bodegom (2007) showed how there is a tradeoff between fast growth and

perseverance under nutrient scarce conditions because of high maintenance

costs. Kempes et al. (2017) investigated processes controlling maintenance

costs and their coupling to microbial cell size. Also, other fundamental phys-

iological trade-offs, e.g., between maximum uptake capacity and substrate

affinity, have been identified (Litchman et al., 2007). In addition, phyloge-

netic constraints of being a resource generalist or specialist have been

highlighted as major determinants of eco-evolutionary strategies (Nelson

et al., 2016). These relationships are central for understanding and predicting

microbial ecological functioning in agroecosystems.

3. Challenges of applying a genetically grounded
functional trait concept from
macro- to microorganisms

The concept of functional traits (Table 1) in ecology is based on

eco-evolutionary selection. Traits are used to explain differences in fitness

that are inherited from one generation to the next (Lajoie and Kembel,

2019). This works well for animals and plants which transfer traits vertically

to their offspring. However, microbes also have the potential for extensive

horizontal gene transfer (Gogarten et al., 2002; Polz et al., 2013), and their

functional traits might accordingly be decoupled from the evolutionary his-

tory of the vertically transmitted parts of the microbial genome and their

phylogenetic identity (Martiny et al., 2015). For instance, this explains

why the coupling between phylogenetic relatedness and functional similar-

ity can be weak in microbial groups such as denitrifiers (Salles et al., 2012).

This raises the central question of whether or not microbial traits that are

important for determining the distribution and impact of biodiversity in

agroecosystems are taxonomically conserved. If this is the case, it would

be possible to predict microbial agroecosystem services by using phyloge-

netic diversity as a readily accessible proxy for trait diversity. We argue that

trait-based approaches tailored to agroecosystems should not simply replace

taxonomy-based approaches but build on this foundation. Previous research

has indicated that microbial traits can at least to some degree be taxonom-

ically conserved through evolutionary timescales (Krause et al., 2014b;

Lennon et al., 2012; Philippot et al., 2009). However, a comprehensive
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analysis highlighted that different traits seem to be conserved to variable

extents (Martiny et al., 2015). In particular, traits such as the ability to grow

at different pH and salinity seemed to be deeply conserved while traits linked

to the utilization of C or organic phosphorus showed only marginal conser-

vatism. This is exemplified by the weak phylogenetic signals observed for

grassland soil bacteria or archaea regarding their response to N or P additions

(Ma et al., 2019).

Also, the ability to fix atmospheric nitrogen is only marginally conserved

and is shared by many free-living and symbiotic bacteria and archaea. This

process, biochemically mediated by nitrogenases, is energetically costly but

can be stimulated by plants fueling the process with organic exudates that

may also enhance plant productivity. Interestingly, nitrogen fixation capa-

bility can be transferred horizontally (Yan et al., 2008) and the occurrence

of the trait is patchy across the bacterial and archaeal domains. Diazotrophs

in soils are highly diverse with Proteobacteria, Chlorobi, Firmicutes,

and Cyanobacteria being dominant member groups (Nelson et al., 2016).

Except for Cyanobacteria, diazotrophs with the capacity to fix nitrogen

can couple this with other nitrogen transformation traits (e.g., ammonia

assimilation ability, dissimilatory nitrate reduction to ammonia, nitrification,

denitrification). This underscores the evolutionary and functional signifi-

cance of genomic context and linkages of traits at the cellular level. It further

points to the challenges in describing and factoring in traits in complex

microbial communities based on strictly taxonomic information.

Fitness differences induced by traits can lead to eco-evolutionary

feedbacks (EEFs, Table 1) (Fussmann et al., 2007; Schoener, 2011). In

agroecosystems, EEFs are manifested through the typically tight functional

linkages between plants and microorganisms. This results in microbial traits

affected by constantly evolving genetic variation in plant traits while

conversely the microbial communities and their traits can change the evo-

lutionary path of plant traits (Bardgett and van der Putten, 2014; terHorst

and Zee, 2016). For instance, it has been demonstrated that under drought

stress, microbial communities and more specifically their drought-adapted

functional traits, not only increase plant fitness but also impact selection act-

ing on a broader range of plant traits (Lau and Lennon, 2012). Another study

used the rhizosphere dweller Pseudomonas protegens on roots of Arabidopsis

thaliana as a model and demonstrated that evolutionary dynamics can

restructure phenotypic trait organization and result in new networks of

covarying traits which were not expressed in the original phenotype

(Li et al., 2021). Given the general importance of EEF, it is certainly useful
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for us to understand the processes underlying the dynamics of EEFs of plant

and microbial trait evolution in a rapidly changing environment.

EEFs of functional traits may also be related to epigenetic processes in

plants and microorganisms (Casadesús and Low, 2006; Herrel et al.,

2020). Epigenetics describes a generally reversible process of transcriptional

regulation, such as methylation, that is not encoded in the DNA sequence

(Willbanks et al., 2016). As such, epigenetic variation provides a direct link

of genomic information to the environment (Rey et al., 2020). Two impor-

tant aspects are of relevance for trait-based approaches in agroecosystems.

First, indirect approaches using genomics or transcriptomics to quantify

functional traits may be hindered by phenotypic plasticity introduced by epi-

genetic modification. Second, epigenetic mechanisms can play a role in the

interaction between plants and microbes (Alonso et al., 2019; Zhu et al.,

2016). For instance, it has been suggested that pathogenic bacteria can

induce epigenetic regulations in the host cell, either promoting host defense

or allowing pathogen persistence (Alonso et al., 2019; Bierne et al., 2012).

As a result, functional traits related to pathogenicity may display different

responses in fitness that cannot accurately be predicted before this process

is fully understood. The integration of epigenetics in ecology and evolution

is still an emerging field (Herrel et al., 2020; Verhoeven et al., 2016) and

the capacity of this type of regulation to increase trait flexibility and alter

microbial/plant interactions needs to be better evaluated.

4. Dormancy, a further challenge when applying
microbial trait-based approaches

Dormancy is an important trait of microorganisms living in agricul-

tural soils. Numerous studies have reported that a large fraction, in some

cases 90% or more, of the soil microbial community is metabolically inactive

at any given point in time (Alvarez et al., 1998; Blagodatskaya and

Kuzyakov, 2013; Lennon and Jones, 2011). Dormancy conserves the legacy

of past environmental impacts and diversity and thus can mobilize capacities

inherited from past conditions while contributing to current microbial

responses to environmental changes (Krause et al., 2018). As such, the accu-

mulation of dormant individuals leads to the creation of a “trait seed bank,”

which is an important reservoir of genetic, phenotypic, and functional traits

that can influence ecological and evolutionary dynamics. For instance,

recent findings suggest that dormancy can increase the ability of microbial

ecosystem functions to buffer environmental disturbances (Kearns and
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Shade, 2018). But, it remains a challenge to determine how traits from dor-

mant individuals are initiated in their realized phenotype and reflect the

response of microbes under changing or novel environmental conditions.

In addition, dormancy modifies species interactions in ways that contribute

to themaintenance of biodiversity, for example, through the “storage effect”

(Warner and Chesson, 1985). In the context of “micromanaging” microor-

ganisms for ecosystem services (Peralta et al., 2014), dormancy is likely

important for sustaining beneficial interactions with plants and other taxa

found in soil food webs, but could also help explain the persistence of path-

ogens and microbial antagonists. For example, the disruption of microbial

seed banks has recently been shown to alter the structure and function of

belowground communities in ways that have implications for the growth

and performance of plant populations (Kuo et al., 2021).

5. The need to assess traits through the lens
of community interactions to produce actionable
knowledge for agricultural systems

Microbial traits relevant for plant health and agricultural production

are typically elusive and hard to identify and to account for at the level of

individual bacterial, fungal or archaeal strains or populations. One underly-

ing reason is the complexity of soil and rhizosphere microbial communities

with a typically high degree of interactivity that often overrides autecological

properties and traits ( Johansson et al., 2004). Additionally, certain traits are

only manifested in the presence of others. Dynamic competition, antago-

nism, and mutualism may modulate traits of individuals. Likewise, trait dis-

tributions can be highly context-dependent and in essence require a broader

characterization of communities to be of practical value. This becomes evi-

dent in the many failed attempts to robustly and consistently promote cul-

tivated plant health and production by amending agricultural soils with

beneficial bacteria or fungi, despite the exponentially growing number of

studies that deal with plant growth-promoting (PGP) microbes since the

1990s (Finkel et al., 2017). Typically, these inoculants rarely establish viable

populations in the soil environment, either because of inferior competitive

abilities under natural conditions where resources are limited (de Souza

et al., 2020), absence of preferred symbiotic partners (Hassani et al.,

2018), or high sensitivity to predation, viral lysis or other multitrophic

microbial interactions (Saleem and Moe, 2014). These general properties

are all associated with an additional, rather cryptic set of traits controlling
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microbe-microbe interactions (thus conferring, e.g., the ability of microbial

inoculants to competitively establish viable populations in the rhizosphere),

which is rarely considered in agroecological efforts. We do not intend to

criticize or diminish the contribution of this line of research. Instead, we

aim to stimulate a discussion to include a trait-based perspective that links

management practices, crop traits, and microbial traits for sustainable agri-

culture that simultaneously maintain important agroecosystem processes.

A range of potentially useful microbial traits has been identified (Brbi�c
et al., 2016; Fry et al., 2019; Green et al., 2008). In one recently published

paper, a comprehensive list was generated that contained >400 microbial

traits related to biogeochemistry, bioremediation, disturbance responses,

antibiotic resistance, and virulence (Escalas et al., 2019). Overall, the

number of databases that can be explored for microbial trait-based studies

is rapidly expanding. Next to more generally applicable databases, such as

KEGG, and the trait data linked to the examples indicated above, databases

have been compiled on, e.g., bacterial phenology traits (Madin et al., 2020

SciData). The knowledge base on fungal traits is also expanding. Generally

applicable fungal traits have been reviewed and presented elsewhere

(Aguilar-Trigueros et al., 2015) and the first fungal trait databases have

emerged (Põlme et al., 2020; Zanne et al., 2020).

In Table 2 we provide an overview of microbial traits that might be par-

ticularly relevant to functional responses and effects in agroecosystems

(Table 1). Depending on the agricultural practice and its primary target

(e.g., C balance, phosphorus availability, abatement of greenhouse gas emis-

sions, or soil suppression), a first step might be to focus on the corresponding

traits and monitor and model their distribution along with crop productiv-

ity. In the following sections, we review and discuss microbial trait-based

approaches relevant to understand and steer particular agroecosystem

functioning and services.

6. Microbial traits related to soil carbon cycling
and storage

One central feature of soil microbial functioning is C mineralization,

the conversion of complex organic compounds to inorganic C while con-

verting and incorporating a variable portion of this C into microbial biomass

and soil organic matter, a process that also releases mineral nutrients. The

first step of Cmineralization consists of hydrolytic enzymes that cut complex

organic macromolecules into smaller compounds. The production of such
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Table 2 Examples of microbial functional traits (genotypic or phenotypical) important to processes in agroecosystems.

Component Microbial mechanism Simple and integrative traits
Trait
category Plant benefit Reference

Plant

nutrient

acquisition

N2 fixation Nitrogenase, Fe protein (NifH

gene)

Genome Nitrogen (N) is an important

component of Rubisco and

determines the maximum

photosynthetic rate

Escalas et al. (2019),

Ormeño-Orrillo

et al. (2013)

Phosphorous (P) uptake Root-to-hyphae ratio;

root-to-hyphae distance

Phenotype Increase efficiency of nutrient

uptake by plants through

mycorrhizal fungi

Smith et al. (2009)

P uptake Phosphatases (PhoD and PhoX) Genome Hydrolyze organic P to

orthophosphate, which makes

phosphorous available to plants

Neal et al. (2017),

Rodrı́guez and

Fraga (1999)

Soil fertility Soil organic carbon

sequestration

Microbial carbon use efficiency

(CUE)

Indicator Higher nitrogen availability

under fertilization improves

CUE thereby stabilizing carbon

storage and losses to the soil

Kallenbach et al.

(2019), Poeplau

et al. (2019)

Soil fertility Decomposition, recalcitrant

carbon deposition, N and P

transformations

Variety of functional genes Genome Plant nutrition Treseder and

Lennon (2015)

Plant growth,

pathogenicity

Phytohormone production,

Indole-3-acetic acid (IAA)

Indolepyruvate decarboxylase

(IpdC), Tryptophan

monooxygenase (IaaM),

Phenylacetaldoxime dehydratase

(Oxd) and Nitrile hydratase (Nhd1)

Genome Modulating plant growth and

development; but can also

facilitate phytopathogenicity

Duca et al. (2014)

Continued



Table 2 Examples of microbial functional traits (genotypic or phenotypical) important to processes in agroecosystems.—cont’d

Component Microbial mechanism Simple and integrative traits
Trait
category Plant benefit Reference

Plant growth Volatile production Dimethyl trisulfides Indicator increase in shoot weight at 1μM
and negative effects on plant

biomass at concentrations

>1mM

Cordovez et al.

(2018)

Plant defense Stress protection (e.g., salt,

drought, plant pathogen)

1-

aminocyclopropane-1-carboxylate

deaminase (AcdS)

Genome Synthesis of enzymes such as

ACC deaminase that modulate

the level of plant hormones

Singh et al. (2015)

Plant defense N-acyl homoserine lactone

(AHL) degradation

AHL lactonase (e.g., aiiA), AHL

acylase (e.g., aiiD)

Genome Can interfere with

pathogen-pathogen

communication and prevent

virulence gene expression

Kalia et al. (2011)

Plant defense Soil suppression Chitinase genes, nonribosomal

peptide synthetases (NRPSs) and

polyketide synthases (PKSs)

Genome Suppressed fungal root disease Carrión et al.

(2019)

Plant toxicity Mercury (Hg) methylation Corrin and ferro-reduced protein

(hgcAB genes)

Genomic Transformation of inorganic Hg

to methylmercury under

anaerobic conditions (with

accumulation in crops)

Wu et al. (2020),

Zhao et al. (2020)



hydrolases may thus be considered a key soil microbial trait for soil fertility

and C cycling. Though the variety of hydrolases and the rate of release of

hydrolases into the surrounding soil matrix can differ among micro-

organisms (Wilson, 2016), various hydrolases are quite unspecific and are

shared by many soil microorganisms (Berlemont and Martiny, 2013).

Consequently, changes in organic matter hydrolysis do not seem to be

strongly related to changes in microbial community structure (Weedon

et al., 2012). Nevertheless, the production of lignin peroxidases and related

enzymes are coupled to the presence of particular clades of soil fungi and

accordingly lignin degradation is controlled by fungi (Bugg et al., 2011).

For this reason, the ratio of fungal to bacterial biomass has been used for

a long time as a key proxy for soil fertility and activity (Bailey et al.,

2002). Trait-based approaches could thus have an important added value

here given that the fungal traits and the functional genes related to these traits

along with their presence among fungal species are increasingly being

uncovered (Treseder and Lennon, 2015).

In addition to C mineralization, soil C storage is an increasingly impor-

tant aspect of soil functioning for agriculture. Indeed, agroecosystems often

deplete soil C stocks as compared to unmanaged, natural ecosystems (Guo

and Gifford, 2002). Therefore, efforts have been made to establish manage-

ment options that increase soil organic C stocks, including crop rotation

with cover crops, perennial grasses or legumes, straw and manure incorpo-

ration, and reduced tillage. However, the success of these measures is not

always guaranteed (Bell et al., 2013; Syswerda et al., 2011). Microbial

trait-based approaches have an important potential in this context since

microorganisms are important drivers of the balance between C released

to the atmosphere and that sequestered into the soil. For instance,

ectomycorrhizal (ECM) fungi have specific traits that allow them to acquire

and release more C, with more oxidative enzymes and much more external

mycelium (Soudzilovskaia et al., 2015). In particular, it has been suggested

that ECM fungi differ in the morphology and biochemistry of their hyphae.

First, rhizomorphic ECM fungi generate ephemeral mycelia with hyphae

that easily decompose and recycle their biomass very efficiently resulting

in a rapid turnover of ECM fungal biomass and reduced C sequestration.

In contrast, ECM fungi that develop the diffuse exploration mycelia type

recycle their tissues less efficiently which contributes more to the buildup

of fungal necromass and thus contribute to C sequestration. Second,

ECM fungi differ in the concentration of melanine and hyaline in their

hyphae which results in different decomposition rates of fungal necromass
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(Fernandez and Kennedy, 2015). Together, these hyphal traits contribute to

a different extent to soil C storage (Averill et al., 2014; Soudzilovskaia et al.,

2019). Moreover, there is growing evidence for indirect impacts of mycor-

rhiza on C cycling, e.g., through impacts on plant litter quality (Fernandez

and Kennedy, 2018) and its effects of competition among associated plant

species. Recent work also suggested that microbial C use efficiency

(CUE) is crucial for the balance of soil C cycling because it directly influ-

ences the input of C into the soil from microbial biomass and biomolecule

buildup (Allison et al., 2010; Kallenbach et al., 2019). CUE actually corre-

sponds to an integrative trait (or a functional trait cluster), and the CUE

values measured at the individual cell level can have a CUE that is

much higher than the community average. In a recent study, an 18O labeling

approach demonstrated that under long-termNPK fertilization (>20 years),

a common practice in agriculture, microbial CUE increased by over 50%

due to higher microbial growth and lower specific respiration (Poeplau

et al., 2019). Only half of the measured soil organic C stocks could be

explained by organic C inputs from plant production. Hence C sequestra-

tion is not driven by plant inputs alone, but is also influenced by contribu-

tions from microbial anabolic processes. These observations suggest that

microbial CUE could be a useful microbial trait that can help to better

understand C dynamics in agroecosystems. Agricultural management prac-

tices could for instance focus on changing contemporary microbial CUE in

the long run to achieve increased soil C storage. However, the application of

using and steering microbial CUE for improved soil quality is still not stan-

dardized (Geyer et al., 2018) and our understanding is still largely limited to

predict the outcomes of different agricultural management practices on

CUE under field conditions (Kallenbach et al., 2019).

7. Microbial traits related to soil structure

Soil aggregation is a process that is strongly connected to soil structure

properties and associated soil function. Essentially, soil aggregation encom-

passes the complex structure and arrangement of pore spaces as key proper-

ties for soil biota and fertility (Lehmann et al., 2020).

Macro and micro aggregates are to a large extent controlled by soil

bacteria and fungi, with fungi playing a particularly important role in macro

aggregation (Lehmann et al., 2017).

Rillig et al. (2015) were among the first researchers to consider trait-

based approaches as a promising tool to obtain a fundamental mechanistic
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understanding of soil aggregation from an organismal perspective. A system-

atic investigation of traits of numerous and highly diverse fungal species rev-

ealed pronounced differences in the capacity of different fungi to promote

soil aggregation (Lehmann et al., 2020). These differences were closely asso-

ciated with traits such as the density of mycelium growth—as morphological

trait—and leucine aminopeptidase activity. Rillig et al. (2015) also found

that mycelium water repellency and mycelium exudate quality have pro-

found impacts on soil aggregation. Detailed knowledge on such organismal

traits forms a basis to reliably predict changes in soil properties from fungal

and also plant diversity shaped by environmental driver variables that are in

turn affected by agricultural management practices. These predictions are

urgently needed to move forward to a more sustainable agriculture, improve

agricultural management practices and the increasingly required restoration

of the environment.

Yet, there are still many remaining questions (Rillig et al., 2015), includ-

ing: (i) What is the relative importance of plant and mycorrhizal fungal trait

values in comparison to state variables such as soil characteristics in

predicting soil aggregation? (ii) Does soil aggregation simultaneously affect

plant and mycorrhizal fungal community processes providing integrative

plant-soil feedbacks? In particular, to what extent does niche complemen-

tarity between plants and different fungal taxa result in soil aggregation stim-

ulated through overproduction of relevant compounds by fungi and plant

roots? (iii) Can specifically designed mycorrhizal fungal inocula and seed

mixtures stimulate soil aggregation processes and improve agroecosystem

restoration success, and based on which traits? Overall, more detailed insight

into key mycorrhizal traits that affect soil aggregation may inform and

guide agriculture management practices, including the PGP approach, to

be more sustainable (Lehmann et al., 2020). This can also help identify

the agroecosystems which are at high degradation risk and guide effective

mitigation and restoration measures.

8. Microbial traits related to plant nutrient acquisition

Fungal traits play a key role in the context of plant nutrient acquisition.

In particular, fungal association type has been identified as a key trait that

allow for plant nutrient uptake strategies (Zanne et al., 2020). In this case,

a prominent role is assigned to mycorrhizal fungi, directly associated with

particular plant species. Both ectomycorrhizal fungi and arbuscular mycor-

rhizal fungi promote plant nutrition (e.g., phosphorous uptake, see Table 2),
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but in different ways (Tedersoo and Brundrett, 2017).While ectomycorrhizal

fungi produce exudates with extracellular lytic enzymes that can break down

organic compounds (Read et al., 2004), arbuscular mycorrhizal fungi gener-

ally lack these saprotrophic abilities and obtain nutrients mostly from inorganic

compounds (Smith and Smith, 2011). As a consequence, different mycorrhi-

zal types and their associated plant species (Barceló et al., 2019) prevail in

different soil and climatic conditions.

Recently, plant-fungal interactions have been explicitly accounted for in

soil organic matter models to create better predictions of, e.g., plant nitrogen

(N) uptake (Brzostek et al., 2014). In this type of model, tradeoffs of activeN

uptake by mycorrhizal fungi were incorporated. In brief, two mycorrhizal

fungal strategies were included based on the assumption that arbuscular

mycorrhizal fungi are scavengers increasing the surface area-to-volume ratio

of fungal roots and enzyme producers increasing the availability of N

from OM.

9. Microbial traits related to plant health and biocontrol

Microbial traits can influence plant health, either indirectly when

these traits hold a role in cascading effects on plant defense, and/or directly

when microorganisms can limit or suppress attacks by some pathogens to

plants. For instance, indirect effects are mediated by plant beneficial micro-

organisms that can influence the plant defenses against pests through an

increase of plant vigor, an altered plant metabolism, the release of volatile

organic compounds (VOC), modifications of the VOCs composition,

and/or modifications of the soil chemical environment (Rasmann et al.,

2017). As an example of direct effects, disease suppressive soils have been

studied for decades, referring to the ability of soils to minimize the effects

of virulent pathogens on a susceptible host in developing disease

(Mazzola, 2002; Schlatter et al., 2017). Another study demonstrated that

root-colonizing Paraburkholderia changed the plant traits with regards to

growth and pathogen defense of Broccoli seedlings, but the level of change

of these traits was strongly dependent on the specific bacterial strain and the

Broccoli cultivar ( Jeon et al., 2021). Suchmicrobiome-associated plant phe-

notypes (Oyserman et al., 2021) are thus defined by particular microbes and

represent a new trait category that may pave the way to a new view on

plant traits in agroecosystems. Such microbiome-associated phenotypes

also offer a way to account for eco-evolutionary feedbacks (as discussed

above) that may arise from coevolution of hosts and their microbes
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(Oyserman et al., 2021). As another example, an endophytic consortium of

Flavobacteria and Chitinophaga possesses disease-suppressive capabilities

(Carrión et al., 2019). The researchers identified specific genomic functional

traits represented by chitinase genes and several new biosynthetic gene

clusters (Table 2). These traits could serve as a stepping stone to develop a

monitoring tool for new management strategies that consider microbiome-

associated phenotypes of the plant. The soil microbiome harbors a plethora

of undiscovered functional traits that can help develop more sustainable agri-

culture. Plant breeders might thus consider a “back to the root” approach

(P�erez-Jaramillo et al., 2016) to screen themicrobiome-host holobiont of wild

relatives of cultivated plants in their natural habitat to find and exploit both

plant and microbial traits that can improve plant health (Cordovez

et al., 2019).

10. Microbial traits related to greenhouse gas emissions

Besides the many services that agricultural soils provide, they also rep-

resent a significant source of greenhouse gases (GHG) (Paustian et al., 2016;

Saunois et al., 2020). For example, agriculture contributes to more than 50%

of the anthropogenic N2O emissions. Because denitrifiers have distinct traits

important for net N2O production, ranging from resource use (Salles et al.,

2009) to their capacity to produce vs reduce N2O ( Jones et al., 2014),

trait-based approaches are appealing alternatives to better understand and

manage N2O emissions from agroecosystems, as proposed by Philippot

and Hallin (2011). An additional prominent example of the potential of

microbial trait-based approaches regarding greenhouse gas emissions in

agroecosystems concerns the emission of the potent greenhouse gas methane

from rice agriculture, contributing approximately 11% to the total anthro-

pogenic methane emissions (Saunois et al., 2020). Combined with the pro-

jected accelerating effects of increasing temperature and CO2 on rice

associated GHG emissions (Bodelier and Steenbergh, 2014; Qian et al.,

2020), the quest for high productivity rice with low climate impact is a

model example for a plant-microbe trait-based approach with the goal to

mitigate climate change (Paustian et al., 2016). The rice microbiome has

been increasingly investigated in the quest for climate-smart and sustainable

rice, searching for microbes with beneficial traits for growth and develop-

ment of various parts of the rice plants (Edwards et al., 2015; Kim and

Lee, 2020). In parallel, there has been a quest for rice varieties (breeding

as well as genetically engineered) that can influence microbial traits and
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modulate belowground biogeochemistry toward lower methane production

and higher oxidation (Su et al., 2015). Besides a range of abiotic parameters

(e.g., hydrology), the emission of methane from rice paddies is mainly

influenced by functional traits related to gas transport from soil to the

atmosphere. In particular, C and oxygen availability around the roots are

important factors affecting the activities of methanogenic Archaea and

methanotrophic bacteria (Dean et al., 2018; Steenbergh et al., 2017). As

such, an “empirical-trait-based” approach works quite well because of the

limited number of key taxa involved (Liechty et al., 2020) and wealth of

knowledge already available on traits and environmental distribution of

methanogens (Evans et al., 2019; Wen et al., 2017) and methanotrophs

(Bodelier et al., 2019; Knief, 2015).

Of high relevance for trait-based approaches to abate methane emissions

from rice soils are important recent discoveries of methane production

under aerobic conditions (Angle et al., 2017) as well as oxygen tolerant

methanogens (Angle et al., 2017; Lyu and Lu, 2018), potential novel

methanogenic phyla (Evans et al., 2015), anaerobic methane oxidation

(Guerrero-Cruz et al., 2018; Vaksmaa et al., 2017), metabolic versatility

of methanotrophs (Farhan Ul Haque et al., 2020) and novel methanotrophic

lineages (Shen et al., 2021). All relevant knowledge on such traits and bio-

geochemical processes has not yet been incorporated in models predicting

the emission of methane from rice paddies. This implies that the continuous

cross-fertilization of phenotypic and genomic data will be essential for apply-

ing trait-based predictions of microbial-driven ecosystem processes. In

addition, the focus on methanogens and methanotrophs has led to an over-

sight of the role played by the upstream fermentative taxa producing the

“precursors” of methane. High methane emitting rice cultivars were dem-

onstrated to have high abundances of such upstream fermenting taxa on and

in rice roots (Liechty et al., 2020), indicating another “blind spot” in micro-

bial traits involved in methane cycling.

A major challenge in applying trait-based approaches will be to predict

the outcome of climate change and management practices on greenhouse

gas emission as well as on interactions of the various taxa involved

(Bodelier and Steenbergh, 2014). The outcome of interactive environmen-

tal effects or species interactions is difficult to predict and needs to be fed

with experimental information, for example from meta-analyses of existing

datasets (Zhou et al., 2020) or using computational approaches that asses

metabolic overlap, based on metagenome data, thereby predicting potential

beneficial or competitive interactions (Hester et al., 2019). However, next
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to predictions, the actual assessment of expressed traits in the environment

will be crucial considering the strong influence of the environmental con-

text. Stable isotope approaches have been developed to determine

taxa-based in situ growth rates (Li et al., 2019) as well as taxa-based inter-

actions (Daebeler et al., 2014). Models to bring in the spatial habitat context

in the linking of traits to greenhouse gas emission will also allow new oppor-

tunities here (Ebrahimi and Or, 2017).

11. Microbial traits related to drought stress resistance

Biofilm traits can confer tolerance to drought stress and prevent soils

from drying out, thereby potentially ameliorating environmental stress for

plants. Biofilm production involves the release of exopolymeric substances

(EPS) into the surrounding environment. It has been estimated that biofilms,

which are made up of nucleic acids, proteins, and carbohydrates, constitute

up to 1.5% of the soil OM pool (Chenu, 1995). Microorganisms often

become embedded in this matrix, which can prevent cells from being

washed away from high-quality microsites in the heterogeneous soil envi-

ronment. Biofilm production can also influence soil structure and aggrega-

tion and may also contribute to the generally patchy distribution of

microorganisms in the soil (Costa et al., 2018) which has important impli-

cations for a range of ecological and evolutionary processes. The three-

dimensional structure of biofilms can protect cells from environmental

stressors (e.g., metals, antibiotics, virus infection, etc.), and can facilitate lat-

eral gene transfer events and cell-cell communication (Lee et al., 2014;

Madsen et al., 2012; Solano et al., 2014). Biofilm production can be viewed

as a response trait since biofilms can help bacteria contend with desiccation

stress, which is common in soils that commonly undergo drying and

rewetting cycles (Lennon and Lehmkuhl, 2016). This is because some bio-

films have hydrophobic properties that alter local moisture conditions

(Ophir and Gutnick, 1994). A comparative study of 50 strains of bacteria

and fungi revealed that physiological performance along moisture gradients

was correlated with the capacity to form biofilms, a trait which appears to be

conserved at a coarse taxonomic scale (Lennon et al., 2012). Biofilm produc-

tion can also be considered an effect trait, which means that it can alter the

environment with implications for species interactions and ecosystem

processes. In this way, biofilm production may be important for niche con-

struction in soils. For example, in soils inoculated with a biofilm deficient

strain, water potentials became more negative (drier) than soils inoculated
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with a biofilm-producing strain (Lennon and Lehmkuhl, 2016). This shows

that biofilm production could be a trait important for understanding soil

structure and resistance to drought, and trait-based approaches aimed at

improving biofilm formation could thus offer opportunities for more sus-

tainable agriculture in the face of climate change and increased frequency

and intensity of drought events.

12. Microbial traits related to heavy metal
bioavailability in agroecosystems

Coupled traits in plants and associated microbes can influence heavy

metal bioavailability for crops, which can have major consequences for

human health (Hou et al., 2020). As a model example, ingestion of toxic

methylmercury (MeHg) via consumption of rice can be a major route of

human exposure to this harmful contaminant (Wu et al., 2020; Zhao

et al., 2020). This organic form of mercury (Hg) is more toxic and also more

prone to bioaccumulation compared to inorganic or elemental Hg and is

biologically produced anaerobically by a plethora of taxonomically diverse

bacteria and archaea, including those that use sulfate or ferric iron as electron

acceptors, methanogens and fermenters (Peterson et al., 2020). Not all

members of these metabolic guilds can transform inorganic Hg to MeHg,

but this functional trait is restricted to those populations that carry the

hgcAB genes known to be centrally involved in the methylation process

(Parks et al., 2013). This genome-encoded trait is not monophyletically

distributed nor essential for organismal survival and propagation, and as of

yet, we do not fully understand what benefits the trait could bring to

the organisms. The characteristics of these habitats and the shuttling of

energy and nutrients between plants and microbe form the basis for the cou-

pling of traits across domains that may either prevent or enhance Hg accu-

mulation in the rice grain. Root exudate profiles that select for Hg

methylators lead to enhanced Hg uptake with increasing risks for harmful

exposure, while root conditions that select for their non-methylating com-

petitors do not. Additionally, the supporting microbial communities that

feed the methylators with substrates play a role, calling for broad character-

ization not only of the organisms responsible for the Hg transformation

itself but the entire microbial food web to study and control the process

(Xu et al., 2019).
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13. Eco-phenotyping of plant-microbiome holobionts
for improving cultivated plant selection
and assembling beneficial microbiomes

As touched upon in the sections above, considering microbial traits

relevant to specific functions and services at the level of microbial individuals

and communities is often not sufficient, and interactions between plants and

microbial communities are often highly important. One aspect of this is that

plants are driving the assembly of their associatedmicrobial communities and

are therefore hosting a microbiome that is different from the surrounding

environment (Philippot et al., 2013) but interestingly also vary between

plant species or varieties (Lundberg et al., 2012; Patra et al., 2006).

During the last decades, a growing body of literature showed that the plant

microbiome is not simply a mere collection of microorganisms associated

with the plant and that its importance for plant fitness is much greater than

previously believed (Compant et al., 2019). Thus, not only the plant micro-

biome plays a role in nutrient availability and acquisition (Bonfante and

Genre, 2010; Philippot et al., 2013) but it also provides other, hitherto over-

looked services to its host related to the protection against biotic and abiotic

stresses (de Vrieze, 2015). For instance, arbuscular mycorrhizal fungi can

enhance stomatal conductance, leaf water potential as well as relative water

content, therefore alleviating drought stress for plants (Aug�e et al., 2015;

Duc et al., 2018). As stated above, plant-associated microorganisms can also

trigger an induced systemic resistance response in their host, which enhances

plant defense against a broad range of pathogens and plant-feeding insects

(Pieterse et al., 2014). It has thus been proposed that plants should no longer

be seen as standalone entities but as holobionts, i.e., multipartite entities

formed by the host plant and its microbiome (Vandenkoornhuyse et al.,

2015). The holobiont concept, which considers plant and associated micro-

organisms as a unit of selection, has led to a paradigm shift with several

practical implications. In particular, crop domestication has traditionally

focused only on the selection of plant traits such as yield components and

lodging resistance without considering their microbiome while wild plants

are co-evolving over time with their microbiome. As a consequence,

domestication led to spectacular modifications of plant traits that are more

advantageous or desirable for humans under prescribed agricultural condi-

tions but sometimes with “hidden” counter-selection of other traits that
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can be advantageous under, e.g., less intensive agricultural practices

(Cantarel et al., 2021). Domestication can thus have resulted in the loss

of important traits required to assemble a beneficial and diverse microbiome

(Bulgarelli et al., 2015; P�erez-Jaramillo et al., 2016). For example, microbial

traits related to nutrient availability are less important for plants selected for

agricultural systems characterized by high herbicide and fertilizer inputs, as

exemplified by the lower contribution of arbuscular mycorrhizal fungi to

wheat P nutrition in modern compared to old cultivars (Zhu et al., 2001).

With increasing environmental concern and global change, bringing

microbes into plant breeding to reestablish beneficial associations that were

undermined during plant domestication is of increasing interest (Gopal and

Gupta, 2016;Mueller and Sachs, 2015; P�erez-Jaramillo et al., 2016;Wei and

Jousset, 2017). In this perspective, the plant holobiont encompasses a broad

range of microbial traits that have the potential to decrease the environmen-

tal impacts of food production for more sustainable agricultural systems. For

example, selecting for microbial traits enhancing plant defense against path-

ogens through systemic acquired resistance or induced systemic resistance, as

well as traits linked to production of compounds detrimental to plant path-

ogens such as the antibiotic 2,4-diacetylphloroglucinol, can help to decrease

the need for external inputs of chemical pesticides (Velusamy et al., 2006).

Other examples would be the selection of rhizospheric bacteria having the

capacity to produce exopolysaccharide and form biofilms, hence improving

soil aggregation and possibly C sequestration and plant resistance to drought

stress (see Section 8), or the selection of microbial traits responsible for mod-

ified root morphology and greater water acquisition possibly from deeper

soil layers ( Jochum et al., 2019). Breeding the crop microbiome to favor this

type of traits has the potential to make crop production less vulnerable to

climate change (e.g., higher crop drought resistance) and/or to mitigate

the effects of agricultural systems on climate change (e.g., increased soil C

sequestration, decreased GHG emissions). As an additional example, recent

work showed that a landrace of maize growing in N-depleted fields could

produce a sugar-rich mucilage associated with aerial roots to recruit

N-fixing bacteria (Van Deynze et al., 2018). Breeding such traits offer the

potential to reduce the reliance on N fertilizers for crop production.

Several studies have shown how plant domestication can select for rhi-

zosphere or root microorganisms and microbial traits (Bulgarelli et al., 2015;

Leff et al., 2017; Spor et al., 2020), and, it has been suggested that harnessing

plant microbiomes for agricultural production might now be achievable

(Sutherland et al., 2019). The manipulation/selection of complex microbial
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communities has for long not been tractable, but a range of technological

advances such as high throughput screening of microorganisms, machine

learning, and digital technologies have recently reinvigorated this field

(Finkel et al., 2017). Large research infrastructures have recently emerged

for phenotyping crop-microbe systems (e.g., the Netherlands Plant Eco-

phenotyping Centre), while an increasing number of start-up companies

screen, select, and assemble rhizospheric microbes based on their beneficial

traits for plants. For instance, AgBiome has selected microorganisms with

relevant traits to kill insect pests, fungal pathogens, and weeds, while

Indigo Agriculture has selected microorganisms to make cotton plants more

resistant under drought conditions (Sutherland et al., 2019). We are thus on

the edge of a revolution for agriculture based on two pillars: (i) trait-based

selection of rhizospheric microorganisms and (ii) elucidation of the rules of

functionally programmable plant microbiome assembly.

14. Eco-engineering of the soil microbiota through
the use of plant ecotypes able to select for specific
soil microbial traits or holobiont modules

As a complement to the holistic approach presented above, another

microbial trait-based approach for agro-ecosystems is the use of plant

varieties or ecotypes able to influence specifically particular soil microbial

traits, in essence, a plant-driven and targeted eco-engineering of the soil

microbiota—or more generally of specific modules of the holobiont.

One example of this approach is the use of plants having the capacity to

inhibit nitrifiers. It has been reported that the roots of some plant species or

ecotypes exude specific compounds that can suppress over 90% of soil nitri-

fication, a process called Biological Nitrification Inhibition, BNI (Subbarao

et al., 2007, 2013). BNI generally targets soil microorganisms harboring

ammonia monooxygenase (AMO) enzymes that render them able to per-

form the first enzymatic step of ammonia oxidation (Sun et al., 2016).

Some plants with BNI capacity can also inhibit and depress microorganisms

performing the second step of nitrification, i.e., nitrite oxidation (Laffite

et al., 2020). Because soil nitrification is a major contributor toN loss in agri-

cultural systems by nitrate leaching and denitrification coupled with emis-

sions of gaseous N compounds, the use of cultivated plant species or

varieties that can counter-select microbial traits such as those linked to nitri-

fication (and that can efficiently use soil ammonium rather than nitrate)

has huge potential to improve N-use efficiency of agricultural systems

283Microbial trait-based approaches for agroecosystems



(Sun et al., 2016). Similarly, some plants can inhibit denitrifiers, a process

called Biological Denitrification Inhibition, BDI (Bardon et al., 2017,

2018). However, the practical use of plant species and varieties with BDI

capacity to inhibit denitrifiers (and thus N losses and N2O emissions) in agri-

cultural systems largely remains to be benchmarked and explored (but see

Galland et al., 2019).

The cases above are emblematic examples of eco-engineering of (part of )

the soil microbiota through the use of plant ecotypes. There are many other

examples of selection or counter-selection, thus offering many opportunities

for fine-tuned, biologically sound eco-engineering of soil microbiota in

agricultural lands. This of course includes recruitment of soil micro-

organisms with traits favorable to cope with nutrient limitation (Averill

et al., 2019; Moreau et al., 2019). Breeding plants with such traits offer

the potential to reduce the reliance on N fertilizers for crop production.

We consider that, too often, stakeholders from the farming sector tend to

favor the manipulation of the targeted microbial functions either through

inoculation of one or a few microorganisms that feature beneficial traits

or through the application of specific compounds such as nitrification or

denitrification inhibitors (Slangen and Kerkhoff, 1984). However, microbial

inoculants generally do not maintain themselves in soil for an extended time

(Mallon et al., 2015) and the application of chemicals is costly and does not

allow for continuous delivery of the compounds during the plant growth

period. We thus advocate that a more promising eco-engineering approach

to shape soil microbiota is the systematic selection of cultivated plants able to

select or counter-select specific microbial traits. This however requires

renewing cultivated plant selection schemes by considering “extended”

and somewhat cryptic plant traits based on their influence on microbial traits

(e.g., plant BNI or BDI capacity). For agronomists and plant breeders, this

means evolving from a plant-oriented perspective to a plant-microbes

perspective.

15. Concluding remarks and perspectives

Belowground soil life is recognized as a key contributor to

agroecosystem functions and services. The application of the trait-based

approach to agroecosystems is not the holy grail to make agroecosystems

more sustainable but can likely help to generate a predictive framework

and to tailor management strategies that accommodate both agricultural

needs and critical ecosystem services.
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Omics approaches are allowing insights into microbial functional traits at

least indirectly, but the challenge will be to account for unknown interac-

tions with covarying traits that might be critical to their actual phenotype

(Prosser, 2015). For instance, trade-offs exist between the expression of

virulence and tolerance of fungicides in plant pathogens (Dutta et al.,

2021), which may offer an opportunity for developing sustainable disease

management strategies. In addition, eco-evolutionary feedbacks are very

likely in microbial systems, such as covarying traits that evolve in networks

rather than individually in response to new environmental conditions. These

networks may disintegrate and restructure under new environmental con-

ditions, resulting in a phenotype different from the original one (Li et al.,

2021). Finally, given the tight linkages between plant and associated

microbiome, i.e., holobiont, we need to assess plant and microbial traits

simultaneously.

A rather promising field of research would be—as suggested by Wood

et al. (2015)—to build a large-scale trait database with coordinated collection

and aggregation of trait data in a universally accessible agricultural trait data-

base for all species in agroecosystems, across taxa, farm management, and

environmental conditions. Next to more generally applicable databases,

such as KEGG, and the trait data linked to the examples indicated above,

databases have been compiled on, e.g., bacterial phenotypic traits (Madin

et al., 2020). In addition, the knowledge base on fungal traits is expanding,

with the launch of some first fungal trait databases (Põlme et al., 2020; Zanne

et al., 2020). The development of these microbial trait databases might

greatly promote the use of the different trait-based approaches reviewed

above.

To develop more sustainable agricultural systems, we advocate for the

selection and cultivation of plant species and varieties, using as deliberate

selection targets the ability of plant to stimulate or inhibit soil microbes with

specific functional traits or bundles of traits. It is indeed increasingly recog-

nized that plant individuals can shape to some extent their environment,

hence ultimately influencing their fitness (Abalos et al., 2019; Schweitzer

et al., 2004). This ecological-evolutionary feedback loop is called “niche

construction” (Odling-Smee et al., 2003) and is often based on very specific

plant-soil microbe interactions (Schweitzer et al., 2014). In the future,

high-throughput screening of cultivated plant varieties or species and their

wild relatives regarding their ability to stimulate or inhibit specific microbial

functional types associated to, e.g., soil nutrient dynamics, can thus be envis-

aged to identify candidate varieties or species able to influence and reinforce
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agroecosystem services like soil fertility, climate regulation and water quality

regulation, making agroecological systems more sustainable.

In this paper, we focused on the importance of belowground diversity as

a primary target to achieve sustainable agriculture. However, the micro-

biome of the phyllosphere harbors a rich set of functional traits that can

modulate plant physiological processes related to plant growth and health

(Pattnaik et al., 2020; Remus-Emsermann et al., 2012). As such, phy-

llospheric traits may represent an overlooked part of the plant holobiont

(Leveau, 2019; Vorholt, 2012) with significant impacts on the plant and eco-

system processes, but trait-based approaches targeting the phyllosphere

microbiota is still an emerging field (Rosado et al., 2018).

Overall, trait-based approaches can provide a more mechanistic under-

standing of agrobiodiversity and ecosystem processes by considering the

plant holobiont and its numerous covarying microbial and plant traits to

support a systems-based approach to sustainable agroecosystems.
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Casadesús, J., Low, D., 2006. Epigenetic gene regulation in the bacterial world. Microbiol.
Mol. Biol. Rev. 70, 830–856.

Chenu, C., 1995. Extracellular polysaccharides: an interface between microorganisms and
soil constituents. In: Huang, P.M. (Ed.), Environmental Impacts of Soil Component
Interactions: Land Quality, Natural and Anthropogenic Organics. vol. I. CRC Press,
Boca Raton, pp. 217–233.

Compant, S., Samad, A., Faist, H., Sessitsch, A., 2019. A review on the plant microbiome:
ecology, functions, and emerging trends in microbial application. J. Adv. Res. 19, 29–37.

Cooke, R.S.C., Bates, A.E., Eigenbrod, F., 2019. Global trade-offs of functional redundancy
and functional dispersion for birds and mammals. Glob. Ecol. Biogeogr. 28, 484–495.

Cordovez, V., Schop, S., Hordijk, K., Dupr�e de Boulois, H., Coppens, F., Hanssen, I.,
Raaijmakers, J.M., Carrión, V.J., 2018. Priming of plant growth promotion by volatiles
of root-associated Microbacterium spp. Appl. Environ. Microbiol. 84, e01865-18.

Cordovez, V., Dini-Andreote, F., Carrión, V.J., Raaijmakers, J.M., 2019. Ecology and
evolution of plant microbiomes. Annu. Rev. Microbiol. 73, 69–88.

Costa, O.Y.A., Raaijmakers, J.M., Kuramae, E.E., 2018. Microbial extracellular polymeric
substances: ecological function and impact on soil aggregation. Front. Microbiol. 9,
1636.

Daebeler, A., Bodelier, P., Zheng, Y., Hefting, M., Jia, Z., Laanbroek, H., 2014. Interactions
between Thaumarchaea, Nitrospira and methanotrophs modulate autotrophic nitrifica-
tion in volcanic grassland soil. ISME J. 8, 2397–2410.

Dainese, M., Martin, E.A., Aizen, M.A., Albrecht, M., Bartomeus, I., Bommarco, R.,
Carvalheiro, L.G., Chaplin-Kramer, R., Gagic, V., Garibaldi, L.A., Ghazoul, J.,
Grab, H., Jonsson, M., Karp, D.S., Kennedy, C.M., Kleijn, D., Kremen, C.,
Landis, D.A., Letourneau, D.K., Marini, L., Poveda, K., Rader, R., Smith, H.G.,

288 Sascha M.B. Krause et al.

http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0135
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0135
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0140
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0140
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0140
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0145
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0145
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0150
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0150
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0150
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0155
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0155
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0160
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0160
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0160
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0160
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0160
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0165
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0165
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0165
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0170
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0170
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0170
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0170
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0175
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0180
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0180
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0185
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0185
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0185
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0185
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0190
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0190
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0195
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0195
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0200
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0200
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0200
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0200
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0205
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0205
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0210
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0210
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0210
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0215
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0215
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0215
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0220
http://refhub.elsevier.com/S0065-2113(22)00068-2/rf0220


Tscharntke, T., Andersson, G.K.S., Badenhausser, I., Baensch, S., Bezerra, A.D.M.,
Bianchi, F.J.J.A., Boreux, V., Bretagnolle, V., Caballero-Lopez, B., Cavigliasso, P.,
�Cetkovi�c, A., Chacoff, N.P., Classen, A., Cusser, S., da Silva e Silva, F.D., de
Groot, G.A., Dudenh€offer, J.H., Ekroos, J., Fijen, T., Franck, P., Freitas, B.M.,
Garratt, M.P.D., Gratton, C., Hipólito, J., Holzschuh, A., Hunt, L., Iverson, A.L.,
Jha, S., Keasar, T., Kim, T.N., Kishinevsky, M., Klatt, B.K., Klein, A.-M.,
Krewenka, K.M., Krishnan, S., Larsen, A.E., Lavigne, C., Liere, H., Maas, B.,
Mallinger, R.E., Martinez Pachon, E., Martı́nez-Salinas, A., Meehan, T.D.,
Mitchell, M.G.E., Molina, G.A.R., Nesper, M., Nilsson, L., Rourke, M.E.,
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