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Plants are associated with highly diverse microbiota, which are
crucial partners for their host carrying out important functions.
Essentially, they are involved in nutrient supply, pathogen
antagonism and protection of their host against different types
of stress. The potential of microbial inoculants has been
demonstrated in numerous studies, primarily under
greenhouse conditions. However, field application, for
example, as biofertilizer or biocontrol agent, is still a challenge
as the applied microorganisms often are not provided in
sufficiently high cell numbers, are rapidly outcompeted and
cannot establish or require specific conditions to mediate the
desired effects. We still have limited understanding on the fate
of inoculants and on holobiont interactions, that is, interactions
between plants, micro-biota and macro-biota and the
environment, under field conditions. A better understanding will
provide the basis for establishing models predicting the
behaviour of strains or consortia and will help identifying
microbiome members being able to establish and to mediate
desired effects under certain conditions. Such models may also
inform about the best management practices modulating
microbiota in a desired way. Also, smart delivery approaches of
microbial inoculants as well as the selection or breeding of plant
genotypes better able to interact with microbiota may
represent promising avenues.
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Introduction

Plants host highly diverse and dynamic microbiota, which
have important functions for their host. Similar to the
contribution of microbiota to human health, plant-associ-
ated microorganisms protect their host against pathogens
and pests, contribute to nutrition and improve the plant
stress tolerance. Although some symbionts, such as
N,-fixing rhizobia or arbuscular mycorrhizal fungi, are
well known for more than a century and are components
of several microbial bio-fertilizer products, (other) plant
microbiota have only recently received greater attention.
A high number of publications has demonstrated the huge
potential of plant-associated microorganisms for improv-
ing plant nutrition, yield and tolerance towards abiotic
stress and pathogens [e.g. reviewed by Backer e7 a/. [1],
Syed Ab Rahman ¢z /. [2°], Compant ez a/. [3], Berendsen
et al. [4]], particularly under greenhouse conditions.
Generally, the better understanding on the beneficial
functions of plant microbiota and the need to develop
more sustainable strategies in plant production have led
to a high interest in the development of microbiome-
based solutions. We are getting more and more informa-
tion on the complexity of plant microbiota, their genomes
and putative functions as well as mechanistic understand-
ing of individual strains or strain combinations (synthetic
communities), mostly in combination with model plants,
but lack behind in ecological and mechanistic insights
serving field applications. Here we address major limita-
tions on current microbial applications and development
issues and propose avenues potentially leading to the
development of more efficient and reproducible ways to
make use of microbial functions in crop production.

Bottlenecks in making use of microbial
solutions for crop production

The general aim of any agricultural application must be
that the applied strain or consortium is able to establish
after field application and fulfils its required function in
the agricultural environment. Applications and products
are needed, which are appropriate in a wide diversity of
agricultural settings, each having specific environmental
conditions and different native microbiota any inoculant
strain or consortium has to compete with. A wide range of
environmental abiotic factors influence the performance
and outcome of the biological interactions. These are
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light intensity, temperature, pH, soil type and pH, nutri-
ent and rare element content [5°]. These factors together
with the biotic component do not only directly influence
the applied microorganisms, but also the whole holobiont,
that is, the host (crop) plant and its associated macro-biota
and micro-biota, which in turn may influence the effec-
tiveness of the applied microorganisms [6]. The effect of
inoculation, especially of synthetic communities, on the
plant microbiome, its relevance and the opportunity to
improve holobiont and plant performance has been dis-
cussed by Sanchez-Caiiizares ez a/. [7]. Better understand-
ing of these interactions, the establishment of microor-
ganisms in an agricultural environment, their ecology and
ability to perform required functions in targeted agricul-
tural environments need to be addressed to enable field
application [6,8,9°]. We also require very practical solu-
tions to deliver microbial inoculants in the required doses
and to ensure inoculant quality as well as appropriate
formulations. Formulation development still represents a
challenge, in particular for Gram-negative bacteria [10].

How to capitalize on microbiome discoveries
in the future

New concepts of inoculation

The huge potential of microorganisms to improve plant
health and growth has been demonstrated in numerous
studies. However, solutions are required to improve col-
onization and efficacy under (variable) field conditions to
increase reproducibility of beneficial effects. For this, the
increasingly available understanding on the interplay
between any inoculant strain or consortium and the
receiving environment, that is, the target plant and soil,
their associated micro-biota and macro-biota, abiotic soil
conditions and more generally environmental conditions,
will guide us to targeted and more efficient microbial
applications. Concepts for combining system biology
approaches and ‘omic’ tools for a better understanding
of plant—microbiota interactions for focused improvement
of beneficial interactions are ambitious aims [reviewed in
Refs. 5°,11°°,12], but provide a promising avenue. Impor-
tant cogs influencing the system and the outcomes of the
beneficial interactions are the inoculation method, the
applied microorganisms, the plant genotype and plant
breeding for improved interaction and agricultural man-
agement practices. Also, the inoculant behaviour,
together with the applied formulations, in the receiving
environment in terms of colonization, expression of
desired traits and effects on the target plant are important
points to be considered. The increasing capacity to ana-
lyse and understand plant-microbiota interactions will for
instance enable the design of microbial consortia charac-
terized by different, complementary mechanisms or
colonizing different niches [13-15]. Also, the colonization
behaviour of these consortia and their activities may
be monitored under multiple field conditions greatly
supporting the development of more efficient field
applications.

With the increasing information on the ecology and
temporal dynamics of microbiota in different environ-
ments we will be better able to develop specific ecological
concepts guiding the modulation of microbiomes [16]. In
this context, models will enable us to better predict the
outcome of microbial inoculation and to specifically
select microbial strains or consortia with functional char-
acteristics required in a specific environment as also
proposed by Schlaeppi and Bulgarelli [17] (Figure 1).
Some studies have suggested interesting concepts based
on sophisticated microbiome network analysis to identify
candidate consortia for biocontrol applications [18,19°°].
Furthermore, Herrera Paredes ¢z a/. [20°°] have recently
demonstrated that rationally designed synthetic bacterial
communities allow the modulation of host plant pheno-
types under phosphate starvation in a model system.
Selecting microbial inoculants or combinations based
on their integration/position in microbial networks rather
than primarily on functional characteristics will identify
microbial inoculants showing more reliable establishment
in the field due to more stable interactions with soil
resident microbiota. For instance, core microbiota have
been recently discussed to comprise keystone microbial
taxa, which are highly important for plant performance
[21,22]. Core microbiota are well established through
evolutionary co-selection and enrichment and are there-
fore thought to comprise microbial taxa of major impor-
tance for their host [23,24]. Specific isolation of core taxa
and/or microorganisms (presumably mediating core func-
tions) and testing these microbial strains or consortia for
desired effects and performance in the target environ-
ment represents a promising approach. Another approach
showing that inoculum design based on ecological frame-
works can be a promising avenue to improve activity has
been proposed by Hu ez a/. [25]. Inoculants containing
diverse Pseudomonas strains performed better in terms of
survival and biocontrol or biofertilizer activity than the
individual single Pseudomonas strains [25,26°°]. These are
all highly promising concepts, which have to be brought
to the next level, that is, they require further testing and
validation in the field, and most importantly precise
monitoring fate and activity of the applied consortia. It
also remains to be demonstrated how these approaches
can be used for various plant traits and how such specifi-
cally selected consortia can be brought to the market.
Currently, there are important challenges in many coun-
tries related to the registration of microbial consortia,
particularly for biocontrol applications, as well as
related to the production. Any microbial product has to
be produced at reasonable costs and has to show
sufficient shelf-life and stability requiring suitable for-
mulations meeting the demand of different types of
microorganismes.

Wubs ez al. [27] tested a concept of soil transplantation to
introduce new microbiota into soil. They showed that soil
transplantation as an inoculation approach was highly
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In depth understanding of holobiont interactions and functions will lead to knowledge-based approaches for microbiome applications, for
example, i) plant breeding and selection favouring beneficial plant-microbe interactions, i) complementation of microbial functions by smart
selection of microbial inoculants and iii) selection of agricultural management practices to enrich microbiota with desired functions.
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efficient in promoting ecosystem restoration and
influencing plant community development. These
effects were most pronounced when the topsoil layer
was exchanged with the soil inoculant, but still significant
effects were obtained when the soil inoculant was intro-
duced into intact topsoil. Although this approach might
not be practically feasible for large scale agricultural
application, it might represent a powerful solution for
niche applications such as restoring degraded land or for
shifting microbial functions in another direction. This
approach might also guide to innovative new products
integrating a soil matrix with desirable microbiota.

In recent years great advancements have been made to
understand the biology of plant colonization and niche
adaption by microorganisms [reviewed in Ref. 28].
Improved understanding of the routes of colonization
of plant reproductive organs has led to the development
of innovative application approaches such as the targeted
integration of microorganisms into the plant seed micro-
biome [29]. The seed provides protection and a competi-
tive advantage over soil microorganisms to the inoculant
strains. Microbial inoculants packaged in seeds, either
carrying beneficial strains without inoculation or carrying
desired microbiota inside seeds, have great advantage
over ‘externally’ applied microorganisms. This concept
has been also validated in the field showing far better
colonization of inoculant strains as compared to conven-
tional application (data not shown) and is a promising
approach moving application technologies forward.
Similarly, strong and robust colonizers can be used as
shuttle for sensitive strains mimicking tripartite symbiosis
between plant, endophytic fungi and endofungal bacteria
with plant growth-promoting abilities, such as Rhizobium
radiobacter and its host Piriformospora indica [30].

Other smart concepts may make use of signalling mole-
cules released by plants attracting microorganisms and
inducing plant invasion [31,32]. Also, microbial metabo-
lites play a crucial role in plant colonization and may find
application as amendment to microbial inoculants. For
example, exopolysaccharides are required for successful
plant colonization by the nitrogen-fixing endophyte G/u-
conacetobacter diazotrophicus [33] and surfactins mediate
plant species-specific root colonization in Bacilli [34].
Combining microbial cells with such molecules, either
derived from plants or from microbes, for example, in a
formulation could improve the success of microbial appli-
cations under field conditions. The beneficial effect of
applying signal compounds needs to be demonstrated
under field conditions considering the influence of rele-
vant parameters and interactions.

Breeding for improved plant-microbe
interactions

An important aspect for an improved and effective
application of microorganisms in agriculture is breeding

for elevated plant response to allow improved interactions
and better colonialization of the plant environment. The
primary focus of plant breeding has been so far largely
focusing on the improvement of harvest yield and devel-
opment of resistance against pathogens, but these pro-
cesses have also resulted in reduction of genetic diversity
in modern crops [35°%,36]. Plants and microbiota mutually
interact and the influence of the genotype on microbiome
composition has been detected in different crop plants
such as barley and durum wheat [37]. In addition, the
plant response to associated microorganisms is genotype-
dependent and has developed in evolutionary processes
[38]. Therefore, it is likely that classical breeding has
affected beneficial plant-microbe interactions, for exam-
ple, the capacity to benefit from beneficial microorgan-
isms may have been lost due to breeding under optimal
conditions regarding nutrient availability and absence of
pathogens. However, the practical challenges in success-
ful breeding for improved plant-microbe interactions lie
in the likely multi-locus dependency of the traits neces-
sary for the establishment of efficient plant-microbe
interactions, as well as in additional factors such as effects
of the environment and management practices including
the form of microbial application and the applied micro-
bial species or strain [11°%,35°]. Nevertheless, there is
potential to breed or better select genotypes for a more
efficient interaction with beneficial microorganisms
[2°,11°°,37], for example, by altering exudate composition
[and references therein] (Figure 1). In resistance breed-
ing, traits from ancient varieties or wild relatives have
been successfully introduced to overcome pathogen sus-
ceptibility, for example, resistance genes against
Phytophthora  infestans have been introduced into
commercial potato varieties [39]. These breeding pro-
grammes require several rounds of back-crosses and are
time-consuming but show the successful (re-)introduc-
tion of traits from wild plants. This is also for beneficial
plant—microbe interactions a realistic aim but requires
long-term breeding efforts. Mendes ez a/. [40] have also
shown that breeding for resistance in common bean has
selected microbial taxa with traits complementing plant
protection, which further contribute to improved plant
resilience to biotic stress. Identifying such traits and
taxa will help also plant breeders to select for plant traits
that enrich desired microbial groups [40]. Apart from
classical breeding approaches, modern biotechnological
approaches such as gene editing represent powerful tools
to, for example, modulate root exudation and attract
beneficial microbiota.

Microbiome-based prediction systems and
modulation via crop management

Similar to human microbiome research, microbial
ecologists are seeking for correlations between the com-
position of plant-associated microbiota and plant pheno-
typic traits with the aim to be able to predict plant traits
from microbiome data and ultimately to modulate the
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microbiome for optimal plant performance. Developing
tools for the prediction of the functional relationship
between microbes and plant phenotype requires research
that goes beyond the description of microbial communi-
ties and links community data with host functioning. The
application of machine learning algorithms is a promising
approach for the identification of microbial taxa within
communities [41], which impact the phenotype of the
host. This can guide screening and selection of microbial
inoculants with desired functions [18]. In addition, such
algorithms can guide in the future precision farming
integrating microbiome functions. For instance, appropri-
ate planting material (e.g. seed or tubers comprising
microbiota being responsible for desired traits) or soils
(e.g. hosting beneficial microbiota for a specific crop or
crop genotype) may be selected implementing a rational
design of the plant microbiome supporting plant growth
and health.

Alternatively, management of the soil microbiome in a
knowledge-driven manner rather than applying microor-
ganisms is another promising approach. This approach is
not totally new. For centuries, the so-called three-field
crop rotation has been common practice in agriculture.
This system contributes to balanced degradation and
composition of nutrients in the soil and reduces the
infestation of crops with plant diseases and some animal
pests [42]. Given that different plant species favour
different microbiota in the soil due to differences in root
exudation [43], crop rotation might also promote micro-
bial diversity in soil. Similarly, intercropping in which
different crops are planted together and roots of different
plant species interact directly with each other [44],
positively affects soil fertility and microbial diversity
and activity [45-47]. Various organic inputs have been
shown to contribute to disease suppression [48]. In smart
farming approaches, soil management practices such as
tillage intensity could be used to manipulate the soil
microbiota for enriching plant-beneficial microbial activ-
ities to ensure crop vield and at the same time nutrient
use efficiency [49°°]. Although the beneficial effects of
these practices are generally known, a more knowledge-
based approach will direct farmers to the most beneficial
farming practice for a given farming target (Figure 1).
Understanding the phenomenon of disease-suppressive
soils will guide us to practices leading to the formation of
disease-suppressive soil [13]. However, deep understand-
ing on the role of microorganisms is needed and predic-
tion tools have to be elaborated predicting the functional
consequences of various farming practices. Ideally, this
approach will be combined with a knowledge-driven
amendment of microbiome-modulating signal com-
pounds (e.g. plant extracts), controlled resource-saving
fertilisation (e.g. plant-derived waste of manure) or micro-
bial inoculants. Overall, extending the precision farming
concept by microbiome functions has great potential.
Farmers should get access to tools predicting the
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suitability of a given soil for a specific farming target,
for example, for planting of a specific crop and most
suitable farming practice to maximize the benefit from
soil and plant microbiota supporting plant nutrition, stress
resilience and health. Furthermore, information on the
suitability of microbial inoculants and/or compounds or
practices promoting the activity of specific microbiota
could be made available to farmers.

Concluding remarks

T'he functions mediated by plant and soil microbiota are
essential for plant growth, health and tolerance of adverse
environmental conditions. Microorganisms applied in the
form of inoculants have partly shown great effects, par-
ticularly under greenhouse conditions, but frequently fail
when applied in the field. Currently, microbial inoculants
are mostly selected based on a bottom-up screening for
their plant growth promotion or biocontrol potential and
usually inoculant strains show the desired effects under
greenhouse conditions before field application. Field
application is only to a limited extent knowledge-based
in terms of dosage requirements, specific interactions of
the inoculant strain with the environment or ecological
behaviour of the strain. Also, field conditions, as com-
pared to those found in the greenhouse, differ in many
ways further limiting the translation of greenhouse to field
conditions. These limitations require more knowledge-
based approaches as well as concepts considering the
complexity of soil and plant microbiota. Extending pre-
cision farming by integrating microbiome function will be
a promising approach for the future. Predictive models
identifying required/missing functions in a certain envi-
ronment or suitable farming practices will support this
approach. Furthermore, predictive models and ecological
frameworks considering the target field environment will
allow smart selection of candidate consortia. Innovations
regarding the delivery of inoculants, particularly consid-
ering seeds and endophytic colonization, may lead to new
approaches to apply microbial inoculants. Such models
may be also used to inform about suitable agronomic
practices to achieve or support a certain plant phenotype
by modulating soil microbiota. Finally, selecting the most
appropriate plant genotype or breeding for beneficial
plant—microbe interactions represent additional promis-
ing avenues to make better use of microbiota.

Conflict of interest statement
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Backer R, Rokem SJ, llangumaran G, Lamont J, Praslickova D,
Ricci E, Subramanian S, Smith DL: Plant growth-promoting
rhizobacteria: context, mechanisms of action, and roadmap to

www.sciencedirect.com

Current Opinion in Microbiology 2019, 49:59-65



64 Environmental microbiology

commercialization of biostimulants for sustainable
agriculture. Front Plant Sci 2018, 9:1473 http://dx.doi.org/
10.3389/fpls.2018.01473.

. Syed Ab Rahman, Singh E, Pieterse CMJ, Schenk PM: Emerging
e  microbial biocontrol strategies for plant pathogens. Plant Sci
2018, 267:102-111
This paper comprehensively reviews disease management strategies and
proposes new integrated microbiome-based strategies to improve dis-
ease control such as breeding for microbe-optimized plants, the applica-
tion of biologicals and microbiome engineering.

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

4. Berendsen RL, Pieterse CMJ, Bakker PAHM: The rhizosphere
microbiome and plant health. Trends Plant Sci 2012, 17:478-
486.

5. Timmusk S, Behers L, Muthoni J, Muraya A, Aronsson AC:

e Perspectives and challenges of microbial application for crop
improvement. Front Plant Sci 2017, 8:49 http://dx.doi.org/
10.3389/fpls.2017.00049

This review focuses on the analysis of global bio-fertilizer and biopesti-

cide markets and the challenges of commercial application for practice

and registration.

6. Sessitsch A, Pfaffenbicher N, Mitter B: Microbiome applications
from lab to field: facing complexity. Trends Plant Sci 2019,
24:194-198.

7. Sanchez-Caiizares C, Jorrin B, Poole PS, Tkacz A:
Understanding the holobiont: the interpendence of plants and
their microbiome. Curr Opin Microbiol 2017, 38:188-196.

8. Trivedi P, Schenk PM, Wallenstein MD, Singh BK: Tiny microbes
big yields: enhancing food crop production with biological
solutions. Microb Biotechnol 2017, 10:999-1003.

9. Kaminsky LM, Trexler RV, Malik RJ, Hockett KL, Bell TH: The

e inherent conflicts in developing soil microbial inoculants.
Trends Biotechnol 2019, 37:140-151 http://dx.doi.org/10.1016/j.
tibtech.2018.11.011

The authors discuss challenges related to the development of

microbial inoculants. Five stages of inoculant development, processing

and functioning are identified, that is, microbial capture, production,

establishment, function and downstream impacts, and for each stage

limitations and important aspects to be considered are discussed in

relevant detail.

10. Berninger T, Gonzélez Lépez O, Bejerano A, Preininger C,
Sessitsch A: Maintenance and assessment of cell viability in
formulation of non-sporulating bacterial inoculants. Microb
Biotechnol 2018, 11:277-301.

11. Kroll S, Agler MT, Kemen E: Genomic dissection of host -

ee microbe and microbe - microbe interactions for advanced
plant breeding. Curr Opin Plant Biol 2017, 36:71-78

This important concept paper highlights the importance of using geno-

mics-based technologies, deep knowledge on holobiont signalling as well

as immunity, pathogenicity and metabolic capacities for plant breeding

enabling improved plant-microbiota interactions.

12. Kumar V, Baweja M, Singh PK, Shukla P: Recent developments
in systems biology and metabolic engineering of plant -
microbe interactions. Front Plant Sci 2016, 7:1421 http://dx.doi.
org/10.3389/fpls.2016.01421.

13. Mazzola M, Freilich S: Prospects for biological soilborne
disease control: application of indigenous versus synthetic
microbiomes. Phytopathology 2017, 107:256-263.

14. Bradacova K, Florea AS, Bar TA, Minz D, Yermiyahu U,
Shawahna R, Kraut-Cohen J, Zolti A, Erel R, Dietel K et al.:
Microbial consortia versus single-strain inoculants: an
advantage in PGPM-assisted tomato production? Agronomy
2019, 9:105.

15. Lally RD, Galbally P, Moreira AS, Spink J, Ryan D, Germaine KJ,
Dowling DN: Application of endophytic Pseudomonas
fluorescens and a bacterial consortium to Brassica napus can
increase plant height and biomass under greenhouse and field
conditions. Front Plant Sci 2017, 8:2193.

16. Stegen JC, Bottos EM, Jansson JK: A unified conceptual
framework for prediction and control of microbiomes. Curr
Opin Microbiol 2018, 44:20-27.

17. Schlaeppi K, Bulgarelli D: The plant microbiome at work. Mo/
Plant Microbe Interact 2015, 28:212-217.

18. Poudel R, Jumpponen A, Schlatter DC, Paulitz TC, McSpadden
Gardener BB, Kinkel LL, Garrett KA: Microbiome networks: a
systems framework for identifying candidate microbial
assemblages for disease management. Phytopathology 2016,
106:1083-1096.

19. Garrett KA, Alcala-Brisefio RI, Andersen KF, Buddenhagen CE,

ee Choudhury RA, Fulton JC, Hernandez Nopsa JF, Poudel R, Xing Y:
Network analysis: a systems framework to address grand
challenges in plant pathology. Annu Rev Phytopathol 2018,
56:559-580

The authors provide an excellent overview of networks, frequently used in

social sciences, and how to apply them for plant disease management,

identifying biocontrol strategies and disease development.

20. Herrera Paredes S, Gao T, Law TF, Finkel OM, Mucyn T,
ee Teixeira PJPL, Salas Gonzalez |, Feltcher ME, Powers MJ,
Shank EA et al.: Design of synthetic bacterial communities for
predictable plant phenotypes. PLoS Biol 2018, 16:¢2003962
http://dx.doi.org/10.1371/journal.pbio.2003962
Using data from screening individual bacterial strains for their effect on
shoot Pi content in Arabidopsis thaliana the authors constructed and
tested synthetic communities. Based on the results the authors devel-
oped successfully a Neuronal Network model to predict the effect of new
synthetic communities on the Pi content in shoots of Arabidopsis thaliana.

21. Lemanceau P, Blouin M, Muller D, Moénne-Loccoz Y: Let the core
microbiota be functional. Trends Plant Sci 2017, 22:583-595.

22. Tohu H, Peay KG, Yamamichi M, Narisawa K, Hiruma K, Naito K,
Fukuda S, Ushio M, Nakaoka S, Onoda Y et al.: Core
microbiomes for sustainable agroecosystems. Nat Plants
2018, 4:247-257 http://dx.doi.org/10.1038/s41477-018-0139-4.

23. Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat E,
Ahmadinejad N, Assenza F, Rauf P, Huettel B, Reinhardt R,
Schmelzer E et al.: Revealing structure and assembly cues for
Arabidopsis root-inhabiting bacterial microbiota. Nature 2012,
488:91-95 http://dx.doi.org/10.1038/nature11336 PMID:
22859207.

24. Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J,
Malfatti S, Tremblay J, Engelbrektson A, Kunin V, Del Rio TG et al.:
Defining the core Arabidopsis thaliana root microbiome.
Nature 2012, 488:86-90 http://dx.doi.org/10.1038/nature11237
PMID: 22859206.

25. Hu J, Friman V-P, Gu S, Wang Y, Eisenhauer N, Yang T, Ma J,
Shen Q-R, Xu Y-, Jousset A: Probiotic diversity enhances
rhizosphere microbiome function and plant disease
suppression. mBio 2016, 7:e01790-16 http://dx.doi.org/10.1128/
mBio.01790-16.

26. HuJ, WeiZ, Weidner S, Friman V-P, Xu Y-C, Shen Q-R, Jousset A:
ee Probiotic Pseudomonas communities enhance plant growth
and nutrient assimilation via diversity-mediated ecosystem
functioning. Soil Biol Biochem 2017, 113:122-129 http://dx.doi.
org/10.1016/j.soilbio.2017.05.029
The authors use a biodiversity-ecosystem functioning framework to test
how Pseudomonas community richness shapes the bacterial inoculant
survival and functioning in terms of plant growth. Increasing the richness
of the microbial inoculant enhanced the survival and abundance of the
applied strains, which may represent the basis of a new approach in
designing microbial inoculants.

27. Wubs JER, van der Putten WH, Bosch M, Bezemer TM: Soil
inoculation steers restoration of terrestrial ecosystems. Nat
Plants 2016, 2:16107 http://dx.doi.org/10.1038/
NPLANTS.2016.107.

28. Brader G, Compant S, Vescio K, Mitter B, Trognitz F, Ma L-J,
Sessitsch A: Ecology and genomic insights into plant-
pathogenic and plant-nonpathogenic endophytes. Annu Rev
Phytopathol 2017, 55:61-83.

29. Mitter B, Pfaffenbichler N, Flavell R, Compant S, Antonielli L,
Petric A, Berninger T, Naveed M, Sheibani-Tezerji R, von
Maltzahn G, Sessitsch A: A new approach to modify plant

Current Opinion in Microbiology 2019, 49:59-65

www.sciencedirect.com


http://dx.doi.org/10.3389/fpls.2018.01473
http://dx.doi.org/10.3389/fpls.2018.01473
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0020
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0020
http://dx.doi.org/10.3389/fpls.2017.00049
http://dx.doi.org/10.3389/fpls.2017.00049
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0040
http://dx.doi.org/10.1016/j.tibtech.2018.11.011
http://dx.doi.org/10.1016/j.tibtech.2018.11.011
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0055
http://dx.doi.org/10.3389/fpls.2016.01421
http://dx.doi.org/10.3389/fpls.2016.01421
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0095
http://dx.doi.org/10.1371/journal.pbio.2003962
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0105
http://dx.doi.org/10.1038/s41477-018-0139-4
http://dx.doi.org/10.1038/nature11336 PMID: 22859207
http://dx.doi.org/10.1038/nature11336 PMID: 22859207
http://dx.doi.org/10.1038/nature11237
http://dx.doi.org/10.1128/mBio.01790-16
http://dx.doi.org/10.1128/mBio.01790-16
http://dx.doi.org/10.1016/j.soilbio.2017.05.029
http://dx.doi.org/10.1016/j.soilbio.2017.05.029
http://dx.doi.org/10.1038/NPLANTS.2016.107
http://dx.doi.org/10.1038/NPLANTS.2016.107
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0140

30.

31.

32.

33.

34.

35.

microbiomes and traits by introducing beneficial bacteria at
flowering into progeny seeds. Front Microbiol 2017, 8:11 http://
dx.doi.org/10.3389/fmicb.2017.00011.

Sharma M, Schmid M, Rothballer M, Hause G, Zuccaro A, Imani J,
Kampfer P, Domann E, Schéfer P, Hartmann A, Kogel KH:
Detection and identification of bacteria intimately
associated with fungi of the order Sebacinales. Cell Microbiol
2008, 10:2235-2246 http://dx.doi.org/10.1111/j.1462-5822.2008.
01202.x.

Mark GL, Dow JM, Kiely PD, Higgins H, Haynes J, Baysse C,
Abbas A, Foley T, Franks A, Morrissey J, O’Gara F: Transcriptome
profiling of bacterial responses to root exudates identifies
genes involved in microbe-plant interactions. Proc Nat/ Acad
Sci U S A 2005, 102:17454-17459.

Zhang N, Wang D, Liu Y, Li S, Shen Q, Zhang R: Effects of
different plant root exudates and their organic acid
components on chemotaxis, biofilm formation and
colonization by beneficial rhizosphere-associated bacterial
strains. Plant Soil 2014, 374:689-700.

Meneses CH, Rouws LF, Simoes-Araujo JL, Vidal MS, Baldani JI:
Exopolysaccharide production is required for biofilm
formation and plant colonization by the nitrogen-fixing
endophyte Gluconacetobacter diazotrophicus. Mol Plant
Microbe Interact 2011, 24:1448-1458 http://dx.doi.org/10.1094/
MPMI-05-11-0127.

Aleti G, Lehner S, Bacher M, Compant S, Nikolic B, Plesko M,
Schuhmacher R, Sessitsch A, Brader G: Surfactin variants
mediate species-specific biofilm formation and root
colonization in Bacillus. Environ Microbiol 2016, 18 http://dx.doi.
org/10.1111/1462-2920.13405.

Busby PE, Soman C, Wagner MR, Friesen ML, Kremer J,
Bennett A, Morsy M, Eisen JA, Leach JE, Dangl JL: Research
priorities for harnessing plant microbiomes in sustainable
agriculture. PLoS Biol 2017, 15:e2001793 http://dx.doi.org/
10.1371/journal.pbio.2001793

The authors highlight research priorities and gaps in understanding of the
function of host-microbiome systems with the aim of application in
modern sustainable agriculture.

36.

37.

38.

Pérez-Jaramillo JE, Mendes R, Raaijmakers JM: Impact of plant
domestication on rhizosphere microbiome assembly and
functions. Plant Mol Biol 2016, 90:635-644.

Wille L, Messmer MM, Studer B, Hohmann P: Insights to plant-
microbe interactions provide opportunities to improve
resistance breeding against root diseases in grain legumes.
Plant Cell Environ 2019, 42:20-40 http://dx.doi.org/10.1111/
pce.13214.

Sessitsch A, Mitter B: 215t century agriculture: integration of
plant microbiomes for improved crop production and food
security. Microb Biotechnol 2015, 8:32-33 http://dx.doi.org/
10.1111/1751-7915.12180.

Microbiome applications for crop production Mitter et al. 65

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Park T-H, Vleeshouwers VGAA, Jacobsen E, Van der Vossen E,
Visser RGF: Molecular breeding for resistance to Phytophthora
infestans (Mont.) de Bary in potato (Solanum tuberosum L.): a
perspective of cisgenesis. Plant Breed 2009, 128:109-117.

Mendes LW, Mendes R, Raaijmakers JM, Tsai SM: Breeding for
soil-borne pathogen resistance impacts active rhizosphere
microbiome of common bean. ISME J 2018, 12:3038-3042.

Thompson J, Johansen R, Dunbar J, Munsky B: Machine learning
to predict microbial community functions: an analysis of
dissolved organic carbon from litter decomposition. PLoS One
2019, 14:e0215502.

Preissner M: Der Beitrag der Fruchtfolge im okologischen Landbau
zur nachhaltigen Nutzbarkeit des Naturhaushaltes. Zukunft,
Barsinghausen; 1988. ISBN 3-89799-077-6.

Haichar FZ, Marol C, Berge O, Rangel-Castro JI, Prosser JI,
Balesdent J, Heulin T, Achouak W: Plant host habitat and root
exudates shape soil bacterial community structure. ISME J
2008, 2:1221 http://dx.doi.org/10.1038/ismej.2008.80.

Bedoussac L, Journet EP, Hauggaard-Nielsen H, Naudin C, Corre-
Hellou G, Jensen ES, Prieur L, Justes E: Ecological principles
underlying the increase of productivity achieved by cereal-
grain legume intercrops in organic farming. A review. Agron
Sustain Dev 2015, 35:911-935 http://dx.doi.org/10.1007/s13593-
014-0277-7.

Zhou X, Yu G, Wu F: Effects of intercropping cucumber with
onion or garlic on soil enzyme activities, microbial
communities and cucumber yield. Eur J Soil Biol 2011, 47:
279-287.

Zheng W, Gong Q, Zhao Z, Liu J, Zhai B, Wang Z, Li Z: Changes in
the soil bacterial community structure and enzyme activities
after intercrop mulch with cover crop for eight years in an
orchard. Eur J Soil Biol 2018, 86:34-41.

Lian T, Mu Y, Jin J, Ma Q, Cheng Y, Cai Z, Nian H: Impact of
intercropping on the coupling between soil microbial
community structure, activity, and nutrient-use efficiencies.
Peerd 2019, 7:e6412 http://dx.doi.org/10.7717/peerj.6412.

Van Bruggen AHC, Finckh MR: Plant diseases and management
approaches in organic farming systems. Annu Rev Plant Pathol
2016, 42:25-54.

Hartman K, van der Heijden MGA, Wittwer RA, Banerjee S,
Walser J-C, Schlaeppi K: Cropping practices manipulate
abundance patterns of root and soil microbiome members
paving the way to smart farming. Microbiome 2018, 6:14 http://
dx.doi.org/10.1186/s40168-017-0389-9

The authors tested the effect of tillage practices on soil microbiota in both,
conventional and organic farming systems, and suggest based on their
results that crop management practices such as tillage may allow manip-
ulation of influential microbial members.

www.sciencedirect.com

Current Opinion in Microbiology 2019, 49:59-65


http://dx.doi.org/10.3389/fmicb.2017.00011
http://dx.doi.org/10.3389/fmicb.2017.00011
http://dx.doi.org/10.1111/j.1462-5822.2008. 01202.x
http://dx.doi.org/10.1111/j.1462-5822.2008. 01202.x
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0160
http://dx.doi.org/10.1094/MPMI-05-11-0127
http://dx.doi.org/10.1094/MPMI-05-11-0127
http://dx.doi.org/10.1111/1462-2920.13405
http://dx.doi.org/10.1111/1462-2920.13405
http://dx.doi.org/10.1371/journal.pbio.2001793
http://dx.doi.org/10.1371/journal.pbio.2001793
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0180
http://dx.doi.org/10.1111/pce.13214
http://dx.doi.org/10.1111/pce.13214
http://dx.doi.org/10.1111/1751-7915.12180
http://dx.doi.org/10.1111/1751-7915.12180
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0195
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0200
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0205
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0210
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0210
http://dx.doi.org/10.1038/ismej.2008.80
http://dx.doi.org/10.1007/s13593-014-0277-7
http://dx.doi.org/10.1007/s13593-014-0277-7
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0225
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0230
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0230
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0230
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0230
http://dx.doi.org/10.7717/peerj.6412
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0240
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0240
http://refhub.elsevier.com/S1369-5274(19)30040-2/sbref0240
http://dx.doi.org/10.1186/s40168-017-0389-9
http://dx.doi.org/10.1186/s40168-017-0389-9

	Next generation microbiome applications for crop production  limitations and the need of knowledge-based solutions
	Introduction
	Bottlenecks in making use of microbial solutions for crop production
	How to capitalize on microbiome discoveries in the future
	New concepts of inoculation

	Breeding for improved plantmicrobe interactions
	Microbiome-based prediction systems and modulation via crop management
	Concluding remarks
	Conflict of interest statement
	References and recommended reading


