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The legacy of microbial inoculants in agroecosystems
and potential for tackling climate change challenges

Xipeng Liu,! Xavier Le Roux,” and Joana Falcio Salles’*

SUMMARY

Microbial inoculations contribute to reducing agricultural systems’ environmental
footprint by supporting sustainable production and regulating climate change.
However, the indirect and cascading effects of microbial inoculants through the
reshaping of soil microbiome are largely overlooked. By discussing the underly-
ing mechanisms of plant- and soil-based microbial inoculants, we suggest that a
key challenge in microbial inoculation is to understand their legacy on indigenous
microbial communities and the corresponding impacts on agroecosystem func-
tions and services relevant to climate change. We explain how these legacy ef-
fects on the soil microbiome can be understood by building on the mechanisms
driving microbial invasions and placing inoculation into the context of ecological
succession and community assembly. Overall, we advocate that generalizing field
trials to systematically test inoculants’ effectiveness and developing knowledge
anchored in the scientific field of biological/microbial invasion are two essential
requirements for applying microbial inoculants in agricultural ecosystems to
tackle climate change challenges.

INTRODUCTION

Increasing or even maintaining crop yields is becoming more difficult with the need to decrease the envi-
ronmental footprint of agricultural practices and their potential effects on climate change (Brisson et al.,
2010; Pe'er et al., 2014; Smit and Skinner, 2002). With a faster-growing global market compared to agro-
chemicals (Batista and Singh, 2021), microbial inoculants, (i.e., beneficial microorganisms or mixtures of mi-
croorganisms applied to either the soil or the plant to improve soil quality and crop productivity; hereafter
called soil inoculants and plant-based inoculants, respectively), are gaining importance in enhancing the
sustainability of agroecosystems. For instance, plant-based inoculants contribute to higher plant growth,
yield, resistance to abiotic (e.g., higher plant resistance to drought), and biotic (e.g., soil-borne pathogens)
stresses (reviewed in (Bashan, 1998; Vejan et al., 2016)). Microbial inoculation thus potentially offers nature-
based solutions (Eggermont et al., 2015) to climate change through their influence on plant growth and
different relevant agroecosystem functions and services.

Despite the benefits of plant growth, inoculation practices can potentially lead to changes in soil microbial
communities, which are often neglected (Trabelsi and Mhamdi, 2013). Recent reports have indicated that
microbial inoculation, even when not successful, triggers significant changes at the level of indigenous soil
microbial communities, following a framework linked to microbial invasions (see Glossary). Specifically, mi-
crobial invaders (here inoculants) favor or outcompete native microbial populations, leading to changes in
species diversity and community composition (Bannar-Martin et al., 2018). As a consequence, the invaders
can also reshape the functionality of resident soil communities, such as carbon resources utilization and
CO, emission (Amor et al., 2020; Mallon et al., 2018; Xing et al., 2020a, 2020b). Such an impact can prop-
agate to the ecosystem level, depending on the strength and duration of the invasion. Microbial inocula-
tions can thus have widespread and unexpected influences on soil microbial communities by triggering
secondary succession (Horn, 1974) with cascading effects on the functions and services provided by agro-
ecosystems. Therefore, climate change regulation or the adaptation of agroecosystems to climate change
could be influenced by reshaping the soil microbiome in response to inoculant applications.Broadly, mi-
crobial inoculants can cause legacy effects on agroecosystem functions relevant to climate change through
three main pathways: direct effects of inoculants carrying specific functions relevant to climate change; in-
direct effects through modified plant growth and development; and indirect effects through the reshaping
of soil microbial community (Table 1). Although our current understanding of the potential of microbial
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GLOSSARY

Deterministic processes: predictable process governing community assembly with a determinable outcome such as
selection.

Ecological secondary succession: one of two main ecological successions, referring to the process of community
changes which started by disturbances.

Functional redundancy: the ecological phenomena that different species performed a similar or the same function in a
microbial community.

Microbial community assembly: rules shaping the microbial community diversity and its distribution, functions, suc-
cession, and biogeography, including four basic processes (diversification, dispersal, selection, and drift).

Microbial invasion: the process by which alien microorganisms enter and affect the resident community.

Microbial keystone taxa: highly connected taxa significantly affect microbiome structure and functioning relative to
their abundance across space and time.

Plant growth-promoting rhizobacteria (PGPR): are microbes that colonize the rhizosphere and directly or indirectly
benefit plant growth and development.

Resilience: the capacity for a system to recover in response to disturbances.

Resistance: the ability of a system to remain unchanged when subjected to disturbances.

Stochastic processes: ecological processes that control community assembly in a random manner, such as ecological
drift.

Tipping point: the critical threshold where a system shifts abruptly into a different state.

inoculations to tackle climate change challenges largely derives from studies on plant-based inoculants,
such as plant growth-promoting rhizobacteria (PGPR), the three pathways mentioned above are often
inseparable and work together with the introduction of inoculants to influence soil functions, although their
effects may be different (Trabelsi and Mhamdi, 2013).

In this opinion article, we first provide an overview of the potential benefits of microbial inoculants
regarding climate change mitigation and adaptation and to what extent these have been demonstrated
to be effective under field conditions. We then present the three main pathways mentioned above and
discuss the potential effects of inoculants by placing them in a framework of ecological successions. We
argue that grasping the legacy of microbial inoculations is essential to promote the more widespread
and effective use of inoculants in the face of climate change.

POTENTIAL OF MICROBIAL INOCULANTS TO STEER AGROECOSYSTEM FUNCTIONS
RELEVANT TO CLIMATE CHANGE

Microbial inoculants provide several opportunities for mitigating the negative consequences of climate
change in agroecosystems (Table 1). Later in discussion we discuss these opportunities by placing them
into three categories: direct effects, indirect effects acting through plants, and indirect effects on soil
communities.

Direct effects of inoculants

The direct effects of microbial inoculants that help to tackle the climate change challenge depend on the
specific function they bring in. For instance, the inoculation of soil N,O-reducing bacteria that cannot pro-
duce N,O (such as Dyadobacter fermentans) is expected to reduce N,O emissions (Domeignoz-Horta
etal., 2016). Indeed, the inoculation of these bacteria increases the N,O reducers-to-N,O producers’ abun-
dance ratio of soil, which is negatively associated with the net soil N,O production (Assémien et al., 2019,
Florio et al., 2019). Other examples include the inoculation of methanotrophs or (possibly engineered)
COy-fixing microorganisms (Table 1). Similarly, the inoculation of microorganisms that produce extracel-
lular polymeric substances has been proven to promote the formation and stability of soil aggregates
and increase water-holding capacity, hence improving plant adaptation to drought and salinity (Ashraf
et al., 2004; Sandhya and Ali, 2015). Soil aggregates also play an essential role in carbon (C) sequestration
and thus climate change mitigation through protecting soil organic matter from degradation within a sta-
ble structure (Ahmed et al., 2019). Altogether, these soil microbial inoculants can influence important func-
tions for climate change mitigation (i.e., reduction of greenhouse gas (GHG) emissions; increase in soil C
sequestration) or plant adaptation to climate change (increase in soil water-holding capacity). However,
adequate demonstration of their effectiveness at the agroecosystem scale is still needed (Table 1).
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Table 1. Synthetic view on the potential of microbial inoculants to steer biogeochemical processes in agroecosystems to tackle climate change (CC) challenges

Type of inoculant

Object

Effect

Modified function(s)

Service regarding
climate change (CC)

Demonstration of
effectiveness

Examples of ref

N,O-reducing bacteria

Methanotrophs

(Engineered) CO,-

fixing microorganisms

Microorganisms
producing EPS-like
compounds

Plant Growth
Promoting
Rhizobacteria (PGPR) -

general

PGPR - general

PGPR producing VOCs

Soil

Soil

Soil

Soil

Plant

Plant

Plant

Increased N,O

reduction®

Increased biological

CH, oxidation®™

Promoted microbial

CO, sequestration®

The input of organic
compounds like
extracellular polymeric
(EPS) substances into

the soil®

Stimulated root growth

and development®

Increased whole plant

biomass production®

Production of volatile
organic compounds
(VOCs)®

Decreased soil N,O

emissions

Decreased soil CH,
emissions and removal
of CH,4 from the
atmosphere

Reduced soil CO,

emissions

Better soil aggregates
formation and water-

holding capacity

Better water uptake by
roots from deep soil
layers and enhanced
physiological traits of
seedlings

Better plant carbon

sequestration

Better germination,
higher plant activities
of antioxidant defense

enzymes

CC mitigation through
reduced GHG

emissions

CC mitigation through
reduced GHG

emissions

CC mitigation through
reduced GHG

emissions

Better crop adaptation
to drought/salinity and
CC mitigation via
better carbon (C)

sequestration

Better crop adaptation
to drought/salinity

CC mitigation via
better carbon
sequestration (if plant
C is well managed)

Better crop adaptation
to drought/salinity

In soil microcosms and
the field: N,O
emissions diminished
by 28%-189%

In paddy field: CH,
emissions diminished
by 6.9%-12%

In culture medium: the
CO, fixation rates
achieved were
comparable to the
capacity of the
autotrophic microbes
In planted soil pots: dry
matter yield of roots
and shoots increased
by 149%-527 and
85%—281% under
drought stress

In planted soil pots and
the field: plant biomass
increased vary from
11% to 87%

In planted soil pots:
plant growth and plant-
derived C inputs to soil
increased by an
average of 42 and 91%
under elevated CO»

In planted soil pots:
plant phytohormones
increased by 49%—
255%,; the activities of
antioxidant defense
enzymes increased by
9%-70%

(Akiyama et al., 2016;
Domeignoz-Horta
et al., 2016)

(Rani et al., 2021)

(Gong et al., 2015)

(Ashraf et al., 2004;

Sandhya and Ali, 2015)

(Chandra et al., 2019;
Silambarasan et al.,
2019; Zhang et al.,
2020)

(Nie et al., 2015)

(Yasmin et al., 2020)

(Continued on next page)
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Table 1. Continued

Type of inoculant

Object

Effect

Modified function(s)

Service regarding
climate change (CC)

Demonstration of
effectiveness

Examples of ref

PGPR producing IAA

Plant-nodulating
rhizobia influencing
interactions within the
rhizosphere

microbiome

PGPR Azospirillum
lipoferum

Plant

Plant

Plant

Production of
phytohormone indole
acetic acid (IAA)®
Reshaped community
interaction networks
(though the same
composition)©

Increased nitrite
reducer abundance (up
to 60-90%) but only
moderately increased
abundances of N,O-
reducers in sites with
high C limitation;
decreased nirS-
denitrifier abundance
(0 to -20%) and N,O
reducer abundance
(down to -20%) in sites

with low C limitation

Adjustment of the
timing of plant
flowering

Modified interactions
between microbial
populations change
their ability to express
the genes required to
help plants tolerate
stresses

Increased gross (up
to +113%) and net
(+37%) N,O
production in sites with
high C limitation;
decreased gross and
net N,O productions
(-15 and -40%,
respectively) in sites

with low C limitation

Better crop adaptation
to CC via modulation
of plant phenology

Better crop adaptation
to drought/salinity

Modification of CC
mitigation through
GHG emissions (on
soils with a high C
content, GHG
emissions at the
regional level can be
increased by 2-5%)

In planted soil pots:
plant flowering time
delayed by ~3 days

In planted soil pots: the
salt stress-induced loss
of plant shoot weight
diminished by 50%

In planted soil
mesocosms and the
field: variable
outcomes in situ, from
-6% to +25%

(Lu et al., 2018)

(Benidire et al., 2020)

(Bounaffaa et al., 2018;
Florio et al., 2017,
2019)

We distinguish the effect directly linked to the inoculant (A) and cascading effect through plants (B) or native soil community (C).
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Indirect effects of inoculants through plants

The cascading effect on plants is one of the primary mechanisms through which microbial inoculants
modify biogeochemical cycles and ecosystem functions and services relevant for mitigation of/adaptation
to climate change (Table 1). In the case of plant-based microbial inoculants, i.e., inoculants selected for
their capacity to interact with plants and steer plant functioning and development, many studies have
analyzed the mechanisms underlying the effects on agroecosystem functions and services. For instance,
the inoculation of PGPR that produces substances like 1-aminocyclopropane-1-carboxylate (ACC) deami-
nase and indole acetic acid (IAA) promotes the development of the root system, allowing plants to access a
larger soil volume and deeper soil layers. This contributes to crop adaptation to drought stress (Lu et al.,
2018; Silambarasan et al., 2019; Zhang et al., 2020), which can be crucial in regions where climate change is
associated with more frequent and/or more intense drought events. In addition, the increased carbon pool
that derives from increased plant biomass production can be sequestered either through litter inputs and
root exudation or through adequate management (e.g., the burial of plant residues and promotion of the
stabilization of part of these residues). This might be an important asset for sequestering C in agroecosys-
tems and mitigating climate change (Nie et al., 2015). Overall, there is already ample knowledge on the
mechanisms through which PGPR promote crop growth and development (Backer et al., 2018), and we
could expect this knowledge, coupled with knowledge on C cycling and sequestration in agroecosystems,
to now be turned into actions contributing to initiatives that can make agroecosystems important for tack-
ling climate change, like the 4 per mille initiative (Minasny et al., 2017). However, as stated above, the actual
outcomes of these plant-based inoculants remain variable between studies/conditions, even when using
the same microbial strain and plant variety. This is often attributed to subtle changes in plant ecophysio-
logical responses depending on environmental conditions (Compant et al., 2019). Still, the promotion of
crop growth and development by the inoculants is possibly only one facet of their effects, and the indirect
effects through the reshaping of the soil microbiome also matter (which has been demonstrated, e.g., for
the PGPR Azospirillum lipoferum CRT1 (Florio et al., 2017)). Lack of mechanistic understanding underlying
the effects of plant-based inoculants on the soil/rhizosphere microbiome can thus still be considered a
deterrent to their deployment at a large scale.

Indirect effects of inoculants through the reshaping of soil microbiome

Plant-based and soil microbial inoculants can directly interact with the indigenous soil microbial commu-
nity (Mawarda et al., 2020), or indirectly by, e.g., adjusting plant root exudates (Cesari et al., 2019; Shcher-
bakova et al., 2017). These interactions may largely determine whether the inoculant can survive and how
they function, especially in steering agroecosystems to tackle climate change challenges. For instance,
competition with native microbial species can affect the survival of inoculants, thus their functioning in
the soil and/or the host plant. Indeed, the short survival time and weak functioning of inoculants in complex
soil environments have largely constrained their application and performance in the field (Sammauria et al.,
2020). This also encouraged the development of microbial consortia as inoculants. Pieces of evidence
showed that promoting the positive interactions related to the inoculant helped in plant growth-promoting
abilities (Emami et al., 2020; Olanrewaju and Babalola, 2019).

Soil microbial communities are intrinsically associated with the C and nutrient cycles through their role in
soil organic matter mineralization, stabilization and sequestration, and GHG emission regulation (produc-
tion and consumption) (Conrad, 2009; Kallenbach et al., 2016), and may exert great function in sustaining
crop productivity (Chen et al., 2021). The reshaping of soil microbiome caused by inoculants could thus in-
fluence the potential to steer agroecosystem functions relevant to climate change adaptation and mitiga-
tion (Table 1). For example, recent evidence showed that the beneficial effects of microbial inoculation
(Pseudomonas strains) on plant growth were best explained by changes in the indigenous community di-
versity, composition, and the relative abundance of initially rare taxa, rather than direct effects on plant (Hu
etal., 2021). Besides, some studies have demonstrated how a PGPR (Azospirillum lipoferum CRT1), used to
promote maize root growth and development, also generated cascading effects on the soil denitrifying
community (Florio et al., 2017, 2019). Specifically, in sites with high C limitation, inoculation induced sub-
stantial increases in the abundance of nitrite reducers involved in N,O production, by up to 60-90%, but
only moderate increases in the abundance of N,O-reducers; which together led to an increase in the
gross (up to +113%) and net (+37%) N,O production by cropland soil (Florio et al., 2017, 2019). In this
case, the cascading effect of the inoculant generated a disservice through increased risk of higher N,O
emissions. In sites with low C limitation, however, inoculation decreased the abundances of nitrite reducers
and N,O reducers (down to -20% for both), reducing gross and net N,O productions by -15% to -40%
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(Florio et al., 2017, 2019). These results represent a clear example of how inoculation effects on functions
linked to climate change regulation can be context-dependent and even counterproductive, which urges
for more (multidisciplinary) research in this area.

Some examples show the risk of ignoring the cascading effects of microbial inoculants that may aggravate
climate change from some perspectives, such as contributing to GHG emissions. Theoretically, the inocu-
lations of N,-fixing bacteria were expected to increase N,O emission with the help of native microorgan-
isms that can sequentially promote the conversion of ammonium to nitrate through nitrification and the
reduction of nitrate and nitrite to NO and N,O through denitrification (Pajares and Bohannan, 2016).
Recent laboratory studies reported that the inoculation of the model bacterium Escherichia coli in soil mi-
crocosms could significantly increase soil CO, efflux by changing the pattern of C sources utilization of
native communities (Xing et al., 2020z, 2020b). As shown by a field experiment, microbial inoculants with
the capacity to degrade highly recalcitrant plant biomass substrate (e.g., lignocellulose) can accelerate
soil C turnover and promote GHG emission (Liu et al., 2015). In this case, soil seasonal CH,; emission
increased by 6-13% after applying microbial inoculants and rice straw compared to straw input only owing
to the better formation of substrates that methanogens can use during the straw decomposition (Liu et al.,
2015). Recently, a suite of studies based on experiments in mesocosms, field trials, as well as agronomic
and economic modeling, demonstrated that the inoculation of maize by A. lipoferum CRT1 in a French re-
gion with soils having a high C content could increase GHG emissions by 2-5%, even when accounting to
the reduced use of fertilizers allowed by the inoculation practice (Bounaffaa et al., 2018). This is the only
example of an attempt to evaluate the possible effect of a microbial inoculant (here plant-based) on climate
change mitigation at a regional scale. Overall, it is essential to grasp the cascading effects of inoculants on
native soil microbiome when considering the potential of inoculants for influencing agroecosystem func-
tions and services linked to climate change mitigation and adaptation.

QUANTIFYING INOCULATION EFFECTS ON SOIL AND AGRO-ECOSYSTEM

The approaches used for evaluating microbial inoculation effects on agroecosystem in the climate change
context range from microcosms and mesocosms studies to field control experiments and large-scale field
application (Figure 1); the most appropriate choice depends on the question being asked. For example,
the mechanistic understanding of the legacy of microbial inoculants in agroecosystems is better achieved
through microcosms and mesocosms studies (Figure 1, panels B, C). Quantifying the actual benefits of in-
oculants to climate change mitigation and adaptation require field control experiments and large-scale
field application (Figure 1, panels D, E). For many inoculants, studies focused on the effects of inoculants
mainly in planted soil pots/mesocosms (56% of the papers analyzed in Table 1). In contrast, evaluation of
the effectiveness of the inoculants under field conditions remains limited (for only 31% of the papers and
40% of the inoculants analyzed in Table 1). Even for microbial inoculants that have been tested in the field,
the effect sizes are often inconsistent depending on the study or the location or year. For instance, Bounaf-
faa et al. reviewed the effects of maize inoculation by the PGPR A. lipoferum CRT1 (Bounaffaa et al., 2018).
For most published studies, the change in maize yield owing to inoculation was not statistically significant
or not consistent between situations; when an increase in yield was observed, it ranged from +3 to +25%
(Bounaffaa et al., 2018). Overall, it should be recognized that many benefits of microbial inoculants
regarding climate change mitigation or adaptation have not been demonstrated to function effectively
in the field, or at least not in a reliable manner across local conditions and years (hence including soil
and climate). This highlights that the design and use of these inoculants remain too often empirical and
that we need to reinforce the science-based knowledge of their effects.

We suggest combining multiple approaches to test the effectiveness of microbial inoculants and the mech-
anisms determining the inoculation effects (Figure 1). In brief, the direct and indirect effects of inoculants
on soil microbiome, plants, and changes in their interactions can be adequately studied on simplified sys-
tems before the widespread application of microbial inoculants. Such monitoring and research should be
based on the validation of different types of experiments (e.g., including but not limited to indoor culture
experiments, monitorable pot or mesocosm experiments, and field control experiments). This should also
be based on long-term studies (e.g., spanning several crop growing seasons or even the post-crop harvest
period). Notably, the benefits and potential risks to climate change after inoculation should be measured
to strike a balance between the two. Only by addressing this balance and possible effects, particularly on
the soil microbiome, can we make inoculation a more effective and reliable practice. In the following sec-
tion, we explain how placing the inoculants into the context of microbial invasion, and secondary
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inocutant Inoculation in soil | Monitorable experiments| Field control experiments Field application
microcosms (pots or mesocosms)
> Legacy of microbial inoculant > Benefit (risk) of inoculation relavent to
- Direct inoculation effects on plant physiological climate change
traits (B) - Crop growth and yield (C, D, E)
- Direct inoculation effects on soil properties (B) - GHGs emissions and consumptions (C, D, E)
- Functional alterations in soil microbiome (B, C) - Plant resistance to drought (C, D)
- Altered interactions between soil microbiome - Resilience of soil functions (D, E)
and plant (C, D) - Resilience of food production (E)

Figure 1. Diversity of approaches used for evaluating microbial inoculation effects on soil and agro-ecosystem in the climate change context
Characterization and mechanistic understanding of the legacy of microbial inoculants are better achieved through microcosms and mesocosms studies

(Panels B, C) while quantifying the actual benefits of inoculants to climate change mitigation and adaptation —including possible risks— requires field control

experiments and large-scale field application (Panels D, E).

succession can provide a framework to understand better the inoculation effect on the soil microbiome and
agroecosystem functions associated with climate change regulation in terms of temporal scale and
mechanisms.

MERGING KNOWLEDGE ON MICROBIAL INVASIONS AND ECOLOGICAL SUCCESSION
TO UNDERSTAND INOCULATION EFFECT ON SOIL MICROBIOME

The knowledge on microbial invasion, which represents a biotic disturbance of the local microbial commu-
nity that begins with dispersal (Vellend, 2010) provides a framework for understanding the impacts of mi-
crobial inoculants on native communities. The inoculation effect on native communities depends on the
capacity of the inocula (i.e., invaders) to maintain themselves into the soil native community they arrive
in (or the matrix they are placed in). In general, the longer the inoculum survives in the soil, the more sig-
nificant its impact will be (Xing et al., 2020a). Both abiotic and biotic factors can influence inoculum survival
(Mallon et al., 2015; Trexler and Bell, 2019; Wei et al., 2015). Among them, abiotic factors such as pH and
temperature may exert selective pressure on invaders. In contrast, biotic factors refer to interactions be-
tween invaders and native microorganisms, such as competition and mutualism. For instance, microbial
communities with higher phylogenetic diversity are more resistant to inoculations (Mallon et al., 2015;
van Elsas et al., 2012). Importantly, understanding inoculant survival goes beyond the universal diversity-
invasion relationship, as poor survivors might also leave a footprint on native communities that lasts
long after their eradication (Xing et al., 2020a), a concept recently identified in larger organisms (Reynolds
et al., 2017).

To address the potential legacy effect of inoculants on agroecosystem functions, it is crucial to take a tem-
poral approach by unifying the mechanisms of microbial invasion and the subsequent trajectory of the mi-
crobial community. Specifically, introduced microorganisms trigger secondary succession in the native
community (Mawarda et al., 2020). They can disturb the resident community by reshaping interspecies in-
teractions (e.g., competition, predation, cooperation, or antagonism) and environmental conditions. Upon
inoculations, community secondary succession can be summarized into three models — facilitation,
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abruptly enter an
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Biotic interactions of
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are replaced by
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other species),
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factors more
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'
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v
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resistant to invaders
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continual regenera-
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species
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the community and
abiotic factors are
not affected by
invaders

state The indigenous
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moderately altered and
—r . : o whether it can recover
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largely altered and this community shows

to the original states
- . . e depends on the degree
no resilience recovering to its original
states

and persistence of
these impacts

The indigenous
microbial community
retains its original
characteristics

Figure 2. Secondary succession patterns for understanding the consequences of microbial inoculants for the
indigenous microbial community

Arrows represent different succession processes on inoculation, where trajectories facilitate (green), tolerate (blue), or
inhibit (orange) inoculant establishment. Given that more prolonged inoculant survival has a larger impact on soil
community structure, native communities that follow the facilitation models would be most impacted by inoculation,
potentially reaching alternative stable states. In contrast, those following the inhibition model would be resistant to the

invasion

tolerance, and inhibition — based on whether microbial invaders are suitable to the new community (Con-
nell and Slatyer, 1977) (Figure 2).

The facilitation model (Figure 2, green arrows) assumes that invaders have a relatively high chance of colo-
nizing the resident community when facilitated by biotic and abiotic factors. In this scenario, microbial
keystone taxa that have a crucial role in microbial communities (in other words, exercising a set of critical
functions while other functions might be redundant across other taxa) can be damaged through direct
negative interactions with invaders— leading to the disorder of biological interactions and changes of
community structure (Banerjee et al., 2018). As the keystone taxa are replaced by invaders or other species,
the biotic interactions and environmental conditions of the entire community may be reshaped in the pro-
cess of succession. Otherwise, the disrupted interactions will damage community stability (resulting in
lower resilience and resistance) (Herren, 2020). Such instability may bring the native community close to
tipping points and quickly shift into another state with modified ecological functions (Amor et al., 2020;
Scheffer et al., 2009), particularly key functions linked to climate change mitigation/adaptation. The toler-
ance model explains that the community can be changed to a moderate degree (Figure 2, blue arrows),
where invaders are subjected to less facilitation than in the previous model. In this model, microbiome
structure and environmental factors may gradually change as the invaders grow while non-keystone species
are mainly affected. The inhibition model represents the preservation of the original states of the soil com-
munity because invaders cannot survive in the new environment (Figure 2, orange arrows). Note that even if
the indigenous community encounters transient invaders, the impacts on the community structure and
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Invasion occurred
Primary )
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Deviation from the null expectation (BNTI)

Succession processes through time

Figure 3. Hypothesized conceptual model linking microbial succession and assembly processes for predicting the
impacts of microbial inoculation (invasion)

Community assembly processes can be measured by the B-nearest taxon index (BNTI) (Stegen et al., 2013). Ecological
selection is weak in the center of the vertical axis and is stronger toward both extremes. Different lines with a number
represent various trends of the community assembly process during succession through time. Depending on BNTl values,
the assemblage of the resident community in a primary succession is inferred to be dominated by variable selection (VS,
red lines), homogeneous selection (HS, green lines), or stochastic processes (Neutral, yellow lines). Both in the
communities driven by VS (red lines) and HS (green lines), the strong selective pressure can be removed in the facilitation
model as a result of damaged biotic interactions or abiotic pressure, such as the extinction of keystone microbial taxa,
leading to stochasticity (lines 3, 4, 8, and 9), and these trends can be reversed when invaders impose strong selection and/
or shape a more selective environment (lines 3 and 9). In the tolerance model, the increase of biotic selection and/or
abiotic pressure triggered by invaders could lead to the intensive variable selection (lines 1 and 5); a constant selective
pressure (lines 2 and 10), or an increase of homogeneous selection (line 11) following an invasion event is expected if the
resulting environment does show a weak selection. Lines 2 and 10 can also correspond to microbial invasions having no
impacts on the primary selective pressure in the inhibition model. The effects of invasions on ecologically neutral
communities are difficult to predict theoretically (show as dash lines 6 and 7).

functions can be expected (Amor et al., 2020; Mallon et al., 2018). This suggests that when studying the
impact of microbial inoculation, it is essential to pay attention to the changes of community states over
time rather than only observe the survival rate of invaders.

The models differ markedly on the expectation that native communities would be able or not to rapidly re-
turn to pre-perturbation states. The resident community shows no resilience in the facilitation model, high
resilience under certain conditions in the tolerance model, or high resistance in the inhibition model. Un-
derstanding the processes that regulate the assembly of the native community on inoculation could indi-
cate whether these changes are permanent.

A CONCEPTUAL MODEL FOR PREDICTING ECOLOGICAL CONSEQUENCES OF
MICROBIAL INOCULATION FOR SOIL MICROBIOME

To gain further insight into the community succession processes after inoculation, we propose a concep-
tual model (Figure 3) where the change in the community assembly processes is linked to the secondary
succession models presented in Figure 2. Specifically, stochastic and deterministic processes regulate mi-
crobial community assembly in response to disturbances, with significant consequences for microbial com-
munity dynamics and functionalities (Dini-Andreote et al., 2015). Within this conceptual model, the relative
change of the community assembly process following a disturbance mainly depends on the balance be-
tween the biotic selection pressure and the environmental selection pressure within the community. The
reduction or extinction of keystone species caused by invaders will weaken the biotic selective pressure
on other microorganisms in the scenario of the facilitation model. For example, some fungal and bacterial
species linked to organic matter decomposition or N, fixation have been identified as keystone species
(Banerjee et al., 2016). Thus, the community’s trophic interactions and assemblage can be severely
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Box 1. Potential limitations in applying the conceptual model

Some limitations lie in using the proposed conceptual model presented in Figure 3. Firstly, it may be less reliable to
reflect changes in microbial community functions when functional redundancy widely exists in target microbial com-
munities (Wertz et al., 2007). More specifically, the reliability of the outputs of the model depends on the choice of
functions concerned. Broadly distributed metabolic processes such as respiration and biomass production often seem
decoupled from particular taxonomic assemblages. In contrast, narrow functions such as the degradation of specific
compounds can strongly correlate with taxonomic community composition (Louca et al., 2018). In addition, the
effectiveness of the statistical method for analyzing the assembly process may vary with the complexity and assem-
blage of the focal community, spatial scales examined, sampling errors, null model algorithms, and so forth (Zhou and
Ning, 2017). For example, the relative importance of the deterministic process for governing community structure will
increase at a relatively small range or under harsh conditions (Chase and Myers, 2011). Considering these limitations,
more empirical evidence is needed to trace the mechanisms driving microbial community succession following
inoculant applications.

damaged if these taxa are destroyed following inoculation (Gralka et al., 2020). Considering the tolerance
model, when keystone species are not undermined, the entry of invaders will increase the biotic selective
pressure of the community owing to participation in the biotic interactions (whether competition or coop-
eration), thus promoting deterministic processes. Inoculations may also change environments to increase
or decrease the abiotic selective pressure on the community. For instance, microbial inoculants for biore-
mediations may help release abiotic selective pressures by reducing the concentration of toxic pollutants
(e.g., polycyclic aromatic hydrocarbons, pesticides, and heavy metals) from contaminated lands (Ahmad
et al., 2018).

Based on the above mechanisms, examples of the post-inoculation (i.e., post-invasion) trend of the community
assembly process along successional processes can be hypothesized. When the invaded microorganism signif-
icantly changes the succession trajectory of the soil microbiome, following the facilitation model and the toler-
ance model, it may reshape the role of the soil microbiome in the agroecosystem and affect how the agroeco-
system is restructured and its functions. Thus, exploring fluctuations of the community assembly process,
especially in combination with quantitative methods (Stegen et al., 2013), will be crucial to understanding the
successional mechanisms of native microbial communities. For instance, if the deterministic processes of a com-
munity that is driven by variable selection increase after inoculation (e.g., line 1 in Figure 3), we can judge that
inoculants did not cause significant disturbance to keystone species. This indicates that the changes in commu-
nity structure or function are mainly related to the invaders’ selection pressure. Similarly, a constant selective
pressure indicates that no impact occurred or a counteraction between biotic and abiotic selections (e.g., lines
2 and 10 in Figure 3). The changes of these communities in the future succession process have relatively high
predictability owing to assemblage governed by deterministic process, contrary to communities whose trajec-
tory becomes governed by neutral processes owing to invasions (e.g., lines 4 and 8 in Figure 3). A clear picture of
changes in soil physicochemical properties, microbial community structure, and functionality (e.g., using multi-
omics approaches (Subramanian et al., 2020)) can help analyze how the inoculant affects the indigenous micro-
bial community.

Moreover, this conceptual model can assist in screening microbial inoculants in the context of practical ap-
plications. For example, inoculants that can survive longer and cause more significant effects in a specific
soil environment may lead to the increased selective pressure in the soil microbiome after inoculation (e.g.,
the cases represented by lines 1 and 11 in Figure 3). In contrast, the alteration of community resilience after
inoculation might indicate loss of soil microbiome functions (e.g., the cases represented by lines 4 and 8 in
Figure 3). However, some limitations, e.g., microbial community structure and function decoupling caused
by functional redundancy, might limit the accuracy of the predictions derived from this conceptual model
(Box 1). Despite this, the model represents the first step toward quantitative analysis of microbial inocula-
tions as microbial invasions and the community successions they induce, which overcomes the shortcom-
ings of simply monitoring changes in community structure. More empirical evidence is needed to verify the
extent to which this conceptual model can support tracking the impact of inoculation on agroecosystems in
a climate change context.
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CONCLUDING REMARKS

Microbial inoculations can influence agroecosystem functions in multiple ways and show great opportu-
nities to increase services such as climate change mitigation and adaptation to climate change in agroe-
cosystems. This potential is related to the direct effects of inoculants when they harbor relevant specific
functions, as well as indirect, cascading effects through plants and/or native microbial communities. How-
ever, whereas the mechanisms underlying plant-inoculant interactions are well studied, how microbial in-
oculants cause changes in native microbial communities and their functioning is rarely studied. Under-
standing these cascading effects may help design new approaches to tackle climate change, as
envisaged, for example, part of the Moonshot project “Cool Earth via Microbes in Agriculture” promoted
by the New Energy and Industrial Technology Development Organization (NEDO) in Japan. Conversely,
neglecting these cascading effects may lead to unintended disservices regarding climate change regula-
tion in agroecosystems (Bounaffaa et al., 2018). It remains particularly challenging to evaluate how the inoc-
ulation-induced effects change over time (Estoup et al., 2016) and how they might go beyond the intended
purpose owing to, for example, the long-term persistence of microbial inoculants in soil or legacy effects of
inoculants on the soil microbiome (Narozna et al., 2015). Understanding inoculant effects should be based
on a framework of microbial invasion explicating the ecological successions of microbial populations
induced by inoculation. We thus proposed a conceptual model that links microbial successional mecha-
nisms and assembly processes to guide the analyses of the ecological consequences of microbial inocula-
tions. We anticipate that there will be increasing empirical evidence to apply and test this conceptual
model to improve our ability to understand the role of microbial inoculations (and, more generally, inva-
sions) in soil ecosystems over space and time. In doing so, an increasing number of strategies based on
microbial inoculants will likely be developed to steer agroecosystem functions and particularly to tackle
the climate change challenge, and their actual benefits will have to be more systematically tested under
natural field conditions. Applied at a large scale, inoculations could then contribute to pursuing agricultural
sustainability in the Anthropocene.
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OUTSTANDING QUESTIONS

To what extent microbial inoculants can steer soil functions and services, in particular, to favor climate
change regulation and adaptation of agroecosystems to climate change under field conditions?

How to systematically evaluate whether a microbial inoculant is helpful to climate change mitigation, and
what functions/indicators should be considered?

What role does microbial invasion (inoculation) play in community/ecosystem resilience and resistance?
How do the impacts of microbial invasion (inoculation) on communities propagate to the ecosystem level?
Is there a conflict between the use of microbial inoculants for climate change mitigation and the stabiliza-

tion (preservation) of some ecosystem functions? How to balance the potential opportunities and risks
when steering inoculants to tackle climate change?
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