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Abstract: Plants have recently been recognized as meta-organisms due to a close
symbiotic relationship with their microbiome. Comparable to humans and other eukaryotic
hosts, plants also harbor a “second genome” that fulfills important host functions. These
advances were driven by both “omics”-technologies guided by next-generation sequencing
and microscopic insights. Additionally, these new results influence applied fields such as
biocontrol and stress protection in agriculture, and new tools may impact (i) the detection
of new bio-resources for biocontrol and plant growth promotion, (ii) the optimization of
fermentation and formulation processes for biologicals, (iii) stabilization of the biocontrol
effect under field conditions, and (iv) risk assessment studies for biotechnological
applications. Examples are presented and discussed for the fields mentioned above, and
next-generation bio-products were found as a sustainable alternative for agriculture.
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1. Introduction
1.1. The Plant as Meta-Organism
In 1904, more than 100 years ago, Lorenz Hiltner (Munich, Germany) defined the term “rhizosphere”
as root-surrounding soil influenced by root exudates [1]. In addition, he discovered the importance of
microbial root inhabitants for plant growth and health. Since that time, much has been learned about
microorganism and plant host interactions, especially in recent years by means of new next generation
sequencing (NGS) techniques, “omics”-technologies, and microscopic methods [2–5]. The rhizosphere
is of central importance not only for plant nutrition, health, and quality, but also for microorganismdriven carbon sequestration, ecosystem functioning, and nutrient cycling in terrestrial ecosystems. A
multitude of biotic and abiotic factors influence the structural and functional diversity of microbial
communities in the rhizosphere [6]. For example, microorganisms’ response to root exudates and root
morphology was shown to shape rhizosphere microbial communities [7–10]. In addition, plant defense
signaling play a role in this process [11].
Soil is the main reservoir for rhizosphere microorganisms [12], and many secrets and theories of
microbial life in the rhizosphere were recently uncovered or confirmed due to the enormous progress
in molecular and microscopic techniques (Figure 1). Haichar et al. [13] used a stable isotope probing
(SIP) approach to show that plant host habitat and root exudates influence the soil bacterial
community structure. In another example, Lundberg et al. [14] as well as Bulgarelli et al. [15] revealed
that only a subset of the bacterial community in the soil is present around the plant roots of
Arabidopsis thaliana. The main root inhabitants represent two bacterial phyla: Proteobacteria, which
includes many growth-promoting members, and Actinobacteria, many of which are known for
producing antimicrobial compounds. They hypothesized that Arabidopsis recruits a core group of
microbes to benefit its basic functions, and an additional subset to help it thrive in specific
environments. All these results reveal a new perspective on plants: they are meta-organisms comprised
of the plants themselves and all microbial inhabitants.
Not only is the densely colonized rhizosphere important, but each plant is also home to a complex
and distinctive community of microbes consisting of billions of inhabitants [16]. Through a
comprehensive look at the plant-associated community, hundreds of microbial species were identified
as specific to crops, cultivars, and also for the micro-environment. Each plant can be divided into
different micro-environments: the endorhiza (root), the phyllosphere (leaves), the spermosphere
(seeds), the carposphere (fruit). Moreover, we generally differentiate between the endosphere
(inner tissues) and ectosphere (outer surfaces) [17]. All these micro-environments provide specific
biotic and abiotic conditions for microbial life. However, an interesting question concerns the origin of
the microbial inhabitants on plants as they seem to come from different sources. While soil is the main
reservoir for rhizosphere microorganisms, a sub-set of rhizosphere inhabitants is also able to colonize
the endorhiza [18]. Endophytes were long believed to originate only from the rhizosphere and soil, but
molecular studies have shown that the above ground plant parts can be invaded by microbes as
well [18]. New methods also revealed that seeds are colonized not only by (dormant) pathogenic
bacteria, but they also harbor a beneficial seed microbiome. In addition, generative organs like
pollen [19] and moss sporophytes [20] harbor a core microbiome, containing potential beneficials, e.g.,
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diazotrophs. Plants are in constant contact with diverse microbes blown by the wind or delivered via
the water, and some of them are able to colonize the phyllosphere.
Figure 1. The plant as natural meta-organism visualized by Fluorescence in situ
hybridization (A–C) and confocal laser scanning microscopy: (A) phyllosphere of a
Sphagnum leave showing Alphaproteobacteria (yellow) and other bacterial colonies (red),
(B) Gammaproteobacteria (yellow) and not taxonomically classified bacteria (red) on
pumpkin pollen, (C) bacteria in the rhizosphere of lettuce showing Gammaproteobacteria
(yellow) and Betaproteobacteria (pink), and (D) root of an oilseed rape root inoculated by
the DsRed-labeled biocontrol agent Pseudomonas trivialis 3Re2-7.

D

Collectively known as the plant microbiome, plant-associated microbes can help plants fend off
disease, stimulate growth, occupy space that would otherwise be taken up by pathogens, promote stress
resistance, and influence crop yield and quality. Therefore, the plant microbiome is a key determinant
of plant health and productivity.
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1.2. The Potential of Next-Generation Bio-Products
Plant microbiome discoveries could fuel advances in sustainable agriculture [21,22], such as the
development of microbial inoculants as biofertilizers, biocontrol, or stress protection products [21].
Although we recognize a growing market for these bio-products, they still have their problems, e.g.,
short shelf-life, inconsistent effects under field conditions, and risk predictions (Figure 2). The
application of “omics”-technologies has allowed for an enormous progression in the development of
so-called next-generation bio-products [23]. In this field, new tools may have an impact on (i) the
detection of new bio-resources for biocontrol and plant growth promoting agents, (ii) the optimization
of fermentation and formulation processes for biologicals, (iii) stabilization of the biocontrol effect
under field conditions, and (iv) risk assessment studies for biotechnological applications. Several
examples are given below.
Figure 2. Knowledge-based and targeted development of next-generation bio-products.

New biocontrol and plant growth promotion agents can be selected from natural environments and
other unaffected ecosystems. Natural habitats, especially nature conservation areas, are characterized
by a high diversity of plants. Due to the correlation of above- and below-below ground variety, a high
microbial diversity can be expected [24]. Moreover, natural habitats have a low number of pathogens,
so the general rule of diversity versus pathogenicity would suggest a higher rate of biocontrol and plant
growth promotion agents in such environments [25]. This hypothesis was confirmed with high
proportions of potential antagonists from such habitats, e.g., associated with mosses [26], with
endemic plants from nature conservation areas [27] or with the hemi-parasitic plant mistletoe [28].
Agricultural systems, especially monocultures under intense management, often have a lower
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microbial diversity with the exception of suppressive soils where the microbial community responds to
mono-cultivation by enhancing biocontrol and plant growth promotion bacteria against a
specific pathogen [29]. These suppressive soils are also an excellent source of new antagonists as
already shown for wheat monocultures [30] and intense sugar beet cultivation [31]. Organically
managed systems contain a high proportion of indigenous beneficials in comparison to conventional
agriculture [32,33], such as the more exotic bio-resource of lichens. These long-living symbiotic
meta-organisms often adapt to extreme abiotic conditions and harbor a high proportion of antagonists
to protect themselves against fungal parasites [34]. Conversely, Sphagnum mosses are dominant
components in ombrotrophic bog ecosystems and are densely colonized by plant growth promoting
bacteria. In this nutrient-limited environment, bacteria help the plants survive by providing nitrogen,
phosphate, and minerals. In conclusion, it is important to understand the ecological background of
ecosystems and the function of the microbiome therein to select sufficient beneficials.
Risk assessments are currently one of the greatest obstacles in bio-product registration [35]. They
are cost-intensive, time-consuming, and often inefficient without considering the specific features of
bio-products. In order to resolve this issue, an intensive network between administration, industry, and
research is required. However, the new tools also influence this field and will hopefully lead to not
only a higher registration rate, but also to prevent outbreaks by opportunistic pathogens which are
sometimes hidden behind antagonists [36]. Moreover, the NGS techniques can be used (i) to detect
potential pathogenicity factors and antibiotic resistances at genomics level, (ii) to analyze the mode of
action and involvement of metabolites by transcriptomic studies, (iii) to detect bioactive metabolites at
genomic as well as transcriptomic level, and (iv) to study the behavior of biocontrol strains in the
environment by amplicon libraries or metagenomics. Here, we present how genome sequencing and
correlated transcriptomic studies of the stress protection agent (SPA) Stenotrophomonas rhizophila
DSM14405T have both optimized production processes and identified new potential modes of action
and risks factors. This strain has great potential for applications in biotechnology and biological
control due to its ability to both promote plant growth and protect roots against biotic and abiotic
stresses [37], yet little was known about its mode of action. Antibiotics, lytic enzymes, and
osmoprotective substances were previously identified [38,39], but now new mechanisms associated
with osmotic stress using a transcriptomic approach have been identified. As such, the production and
excretion of glucosylglycerol (GG) were found as mechanisms for the stress protection of this
Stenotrophomonas strain [40]. Moreover, spermidine, a plant growth regulator, was also newly
identified as a protector against stress. For registration as a stress protection agent, these results are
very important. They show that no potential pathogenicity factor is involved in this beneficial
plant-microbe interaction. In contrast, the genome of the very closely related plant-associated S.
maltophilia, which is also an opportunistic pathogen, harbors potential pathogenicity factors. To detect
significant differences between both species, we used comparative genomics as well as transcriptomic
and physiological approaches [41]. Overall, there is a high degree of sequence similarity between the
genomes of the plant and human-associated Stenotrophomonas strains with a notable similarity in
potential factors responsible for pathogenicity and antibiotic resistance. However, several virulence
factors, heat shock proteins, and antibiotic resistance genes were absent in DSM14405 T but instead
possess genes for the synthesis of plant-protective spermidine, plant cell-wall degrading enzymes, and
resistance against high salinity. Moreover, bacterial growth at 37 °C was identified as a very simple
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method to differentiate between the pathogenic and non-pathogenic isolates. DSM14405T is not able to
grow at this human-relevant temperature in comparison to other Stenotrophomonas strains due to the
missing heat shock and other unknown proteins. This is an interesting example for predicting the risk
of beneficals using a combined approach including “omics”-technologies.
2. Conclusions
New perspectives for sustainable agriculture?
1. New tools based on NGS techniques have a high impact on next-generation bio-products. They
can improve the detection of new bio-resources for biocontrol and plant growth promoting
agents, and also increase their performance and registration efficiency.
2. Plants as meta-organisms create numerous new perspectives for sustainable agriculture, e.g.,
breeding, seed production, and seed treatment processes.
3. Plants are a hitherto little explored source for new microbes, genes, and bioactive compounds
due to the extent of specificity within the plant microbiome.
4. New functions and interactions of plant-associated bacteria can be identified using NGS
techniques such as quality enhancement or stress protection.
5. Although, the application of single microorganisms is already successful, information on
diversity and specificity of the plant microbiome suggest that microbial consortia or natural
microbial transplants, e.g., from suppressive soil, can be more successful as single inoculants.
6. Together, these points open new windows for sustainable agriculture by means of next-generation
bio-products. This trend is currently visible in industrial and university research topics.
7. A public dialogue is required in addition to research in order to promote the application of
next-generation bio-products in the future for both agriculture and food.
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