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The soil-borne ultimatum, microbial biotechnology and
sustainable agriculture.

The root microbiome and plant growth

The human population is increasing at a staggering rate
and will require strongly increased agricultural production
to feed it (FAO, 2009). This situation forces us to criti-
cally explore the resources needed to produce crops in
a durable way. The main resource for agriculture is the
soil in which crops are produced. Soil is a source of
essential nutrients for the plant, and soil microbes play a
key role in making such nutrients available (Oldroy and
Leyser, 2020). Moreover, soil microbes are also essen-
tial in protecting plants against abiotic and biotic stresses
(Jones et al., 2019). In this context, soil health is defined
as the capacity of a living soil to sustain plant productiv-
ity and to promote plant health (Doran, 2002). The
microbial communities associated with the plant are now
considered to function as the extended genotype of the
plant and are generally referred to as the plant micro-
biome (Turner et al., 2013). We therefore believe that
the adage ‘healthy roots, healthy plants, healthy people’
(Dr. David Weller, Washington state University) needs to
be preceded by ‘healthy soils’, as the essential prerequi-
site to produce healthy plants.
However, the soil not only contains microbes that sus-

tain plant growth but also those that are detrimental to
the plant (Mendes et al., 2013). Thus, a delicate balance
in the complex plant associated microbial communities is
required to sustain plant vigour (Berendsen et al., 2012).
Obviously, pathogenic microbes, including bacteria, fungi
and oomycetes, can negatively affect plant growth
(Agrios, 2005). Soil-borne plant pathogens can accumu-
late in the soil and reduce health of crops over the years
(Bennett et al., 2012). Also microbes in general can neg-
atively affect plant performance as most microbes pro-
duce the so-called microbe-associated molecular
patterns (MAMPs) that can activate root immune
responses resulting in root growth inhibition (Yu et al.,
2019b). As the diverse microbiota present in the root
associated microbiome, all have such conserved
MAMPs, for example, bacterial flagellin and fungal chitin
(Pel and Pieterse, 2013), the root environment is rich in
these potentially plant growth inhibiting molecules, and it
is actually remarkable that plants can grow in microbially

active soils. Recent findings suggest that microbes not
only trigger root immune responses but many of the
microbiota also actively suppress these responses (Yu
et al., 2019a; Ma et al., 2021). For plant beneficial Pseu-
domonas bacteria, suppression of MAMP-triggered root
immune responses is mediated by simply lowering envi-
ronmental pH (Yu et al., 2019a). Further elucidation of
the molecular communication that underlies the balance
between detrimental and beneficial effects of the root
associated microbiome on plant growth is urgently
needed for applications in agricultural settings.

The soil-borne legacy

There are examples of soils in which soil-borne patho-
gens are effectively controlled by specific members of
the root microbiome, the so-called disease suppressive
soils (Schlatter et al., 2017). In such soils, a disease out-
break is required to enrich specific disease-suppressive
microbiota in the rhizosphere, resulting in a suppressive
soil memory that is activated by new infections (Raaij-
makers and Mazzola, 2016). Exploitation of this phe-
nomenon in agriculture can be achieved by either
isolating and introducing the disease suppressive
microbes or by engineering the indigenous microbiome
by practices that sustain the populations and activities of
such microbes. Again identifying key signalling com-
pounds involved in beneficial interactions between the
root microbiome and the plant is essential. For interac-
tions that govern suppression of soil-borne diseases, the
microbiome is influenced by both the pathogen and the
plant, making it difficult to distinguish signals from the
plant, the pathogen and the pathogenic interaction. The
aboveground parts of plants are also attacked by patho-
gens and pests, and recent evidence suggests that such
interactions also result in effects on the root microbiome
(Kong et al., 2016; Berendsen et al., 2018; Yuan et al.,
2018). Whitefly infestation of Capsicum annuum (pepper)
leaves reshaped the root-associated microbiome, and it
was shown that fluorescent pseudomonads that are
recruited after the insect infestation have insect-killing
capacity (Kong et al., 2016). Infection of Arabidopsis
thaliana (thale cress) leaves with the oomycete

ª 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly cited.

bs_bs_banner

http://creativecommons.org/licenses/by/4.0/


Hyaloperonospora arabidopsidis caused an enrichment
of the root microbiome with a consortium of three bacte-
rial species (Berendsen et al., 2018). When a new gen-
eration of A. thaliana was grown on soil conditioned with
pathogen infected plants, they were significantly less
susceptible to H. arabidopsidis infection than plants
grown on soil in which healthy A. thaliana were previ-
ously grown. Moreover, when the consortium of the three
bacterial species was isolated and introduced into soil,
they protected A. thaliana against infection with the
oomycete pathogen (Berendsen et al., 2018). Likewise,
infection of A. thaliana leaves with the pathogenic bac-
terium Pseudomonas syringae pv. tomato resulted in
shifts in the root-associated microbiome, accompanied
by a protective effect against P. syringae pv. tomato in
subsequent A. thaliana generations (Yuan et al., 2018).
Thus, it seems that plants can recruit specific microbiota
under stress conditions that are in turn effective in pro-
tecting a future generation of plants against the stress
condition, a phenomenon dubbed the soil-borne legacy
(Bakker et al., 2018). The protective effect of the
recruited microbiome could well be induced systemic
resistance (ISR), where microbes on the root trigger a
systemic response in the plant that leads to a primed
state in which plants mount defence responses much
faster and to a greater magnitude after pathogen infec-
tion (Conrath et al., 2002). Indeed, many beneficial
microbes have been demonstrated to elicit ISR when
they colonize plant roots (Pieterse et al., 2014), however,
experimental evidence for the actual involvement of ISR
in soil-borne legacies has as yet not been reported.
More than 30 years ago, ISR was discovered to be a
potent mode of action of beneficial microbes to control
plant diseases (Van Peer et al., 1991; Wei et al., 1991),
yet application of ISR-eliciting microbes in agricultural
practice is not fully developed, due to limited and unpre-
dictable efficacy. Determining predictors of ISR efficacy
under different environmental conditions is therefore an
essential development to expand the use of ISR-eliciting
microbes in sustainable agriculture (Lee Diaz et al.,
2021). Both for the recruitment and the efficacy of ISR-
eliciting microbes, fine-tuned molecular signalling seems
to be required, and dissecting signalling may be key in
optimizing applications.

Signals from the underground

Microbial elicitors of ISR include lipopolysaccharides,
flagella, siderophores, antibiotics, N-acyl homoserine lac-
tones, biosurfactants and a range of volatile compounds
(Pieterse et al., 2014, 2021). Because such inducing
molecules are widespread in the root microbiome, it
seems most likely that actual production by the microbes
and perception by the plant are important factors in

determining the efficacy of ISR. Moreover, we are begin-
ning to understand the molecular mechanisms and plant
signals that affect recruitment and biological control
activity of beneficial microbes (Song et al., 2021), open-
ing possibilities to develop plant breeding programs that
include microbiome functioning (Pieterse et al., 2016). A
class of plant metabolites that has attracted recent atten-
tion in relation to plant microbe interactions are the cou-
marins (Stringlis et al., 2019). They have been identified
as important semiochemicals in plant–microbe interac-
tions and in assembly of the root microbiome (Stringlis
et al., 2018; Voges et al., 2019; Harbort et al., 2020).
Coumarins have been reported to accumulate in plants
under pathogen attack, and they display selective antimi-
crobial activity (Stringlis et al., 2019). In A. thaliana, the
root microbiomes of wild-type plants and a mutant defec-
tive in the production and root excretion of the coumarin
scopoletin displayed clear differences in which some
microbial genera were enriched on the wild-type roots,
whereas others were enriched on the roots of mutant
plants (Stringlis et al., 2018). Moreover, in this study, the
in vitro growth of a selection of plant beneficial Pseu-
domonas bacteria was insensitive to scopoletin, whereas
that of several plant pathogenic fungi was strongly inhib-
ited. Thus, coumarins seem to specifically stimulate or
inhibit microbiota on plant roots. Coumarins not only
affect microbiome assembly but also seem to influence
activity of microbes. The transcriptome of a plant benefi-
cial Pseudomonas simiae was significantly affected by
coumarins in root exudates of A. thaliana (Yu et al.,
2021). In this study, genes related to transport and meta-
bolism of range of compounds were upregulated by cou-
marins and some genes, for example, motility-related
genes, were downregulated. Thus, the pathogen inhibi-
tory activity of beneficial microbes on plant roots may be
fine-tuned by the plant under specific conditions. An
intriguing role of coumarins in evolution of plant root
inhabiting Pseudomonas protegens strain CHA0 was
recently reported by Li et al. (2021). In their experimental
evolution study, strain CHA0 was grown on the roots of
gnotobiotic A. thaliana. After 4 weeks of plant growth,
the bacterial population was transferred to fresh gnotobi-
otic plants, and this was repeated several times. The
bacteria evolved into plant growth-stimulating mutualists,
and these mutualists induced enhanced expression of
MYB72, a gene encoding a transcription factor regulating
scopoletin production; moreover, the evolved mutualists
were less sensitive to the antimicrobial activity of scopo-
letin (Li et al., 2021). Thus, coumarins may play an
important role in domestication of bacteria that inhabit
plant roots. Whether such coumarin-regulated communi-
cation is also effective in complex root-associated micro-
biomes remains to be investigated. Identification of
signals from the underground that orchestrate assembly
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and functioning of microbiomes will stimulate applica-
tions of this knowledge in agriculture. We think that
applications will include the addition of semiochemicals
to selectively stimulate resident beneficial microbes or to
use them as supplements to inoculum of beneficial
microbes.

Concluding remarks

The essential role of soil microbes in healthy roots and
healthy plants was postulated more than a century ago
by Lorentz Hiltner (1904), and his point of view is still
valid and vibrant (Bakker et al., 2020). Recently, the
well-known phenomenon that hybrid cultivars of crops
grow better than their inbred parent lines was surpris-
ingly also linked to soil microbes (Wagner et al., 2021).
The soil-borne ultimatum to optimize plant growth and
health by managing the soil microbiome may now be
facilitated by the rapid developments in high-throughput
analyses of microbiome composition and activities.
Detailed insights into the chemical communication
between plant roots and their associated microbiome
will offer opportunities for sensible interference to
increase crop productivity. For broad-scale application,
the acceptance of microbiome-assisted agriculture by
the public is an important issue (Thomashow et al.,
2019) and should be included in discussions between
farmers, scientists, industry and legislators. In the past
15 years, we have witnessed an unprecedented
increase in our knowledge of the soil microbiome; we
can hardly wait to look back 15 years from now to see
how microbial biotechnology has influenced our agricul-
tural food production.
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