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Abstract

The importance of microbial root inhabitants for plant growth and health was recognized as early as 100 years ago. 
Recent insights reveal a close symbiotic relationship between plants and their associated microorganisms, and high 
structural and functional diversity within plant microbiomes. Plants provide microbial communities with specific habi-
tats, which can be broadly categorized as the rhizosphere, phyllosphere, and endosphere. Plant-associated microbes 
interact with their host in essential functional contexts. They can stimulate germination and growth, help plants fend off 
disease, promote stress resistance, and influence plant fitness. Therefore, plants have to be considered as metaorgan-
isms within which the associated microbes usually outnumber the cells belonging to the plant host. The structure of 
the plant microbiome is determined by biotic and abiotic factors but follows ecological rules. Metaorganisms are co-
evolved species assemblages. The metabolism and morphology of plants and their microbiota are intensively connected 
with each other, and the interplay of both maintains the functioning and fitness of the holobiont. Our study of the current 
literature shows that analysis of plant microbiome data has brought about a paradigm shift in our understanding of the 
diverse structure and functioning of the plant microbiome with respect to the following: (i) the high interplay of bacteria, 
archaea, fungi, and protists; (ii) the high specificity even at cultivar level; (iii) the vertical transmission of core microbi-
omes; (iv) the extraordinary function of endophytes; and (v) several unexpected functions and metabolic interactions. 
The plant microbiome should be recognized as an additional factor in experimental botany and breeding strategies.
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Introduction

The plant microbiome has been considered one of the key deter-
minants of plant health and productivity for over 100 years, and 
intensive research on this topic started with Lorenz Hiltner’s 
work in 1901 (Hartmann et al., 2008). This long research period 
was influenced by the continuous development of research 
methods, but it was the application of molecular and omics 
techniques, as well as novel microscopic techniques combin-
ing molecular and analytical tools, that led to the important 
milestones (Muyzer and Smalla, 1998; Caporaso et al., 2012; 
Jansson et  al., 2012). For example, deeper insights into the 

structure and function of plant-associated microbial communi-
ties of the model plant Arabidopsis were presented by Bulgarelli 
et al. (2012) and Lundberg et al. (2012), while another study 
detailed a disease-suppressive rhizosphere microbiome in sugar 
beet (Mendes et al., 2011). The last century has been character-
ized by important, diverse, and unexpected discoveries relating 
to plant-associated microorganisms that were made by apply-
ing several research methods, especially combinations thereof. 
Several selected examples are as follows: (i) the potential of 
root-associated microbes to suppress soil-borne pathogens, 
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demonstrated by strain selection and field trials (Cook et al., 
1995; Weller et  al., 2002); (ii) trans-kingdom communica-
tion between plants and microbes, analysed by analytical and 
molecular methods (Hartmann and Schikora, 2012); (iii) plant 
species-specific rhizosphere microbial communities, obtained 
by molecular fingerprints and molecular strain analysis (Berg 
and Smalla, 2009; Hartmann et al., 2009); (iv) the rhizosphere 
as a reservoir of facultative human pathogens, detected by iso-
lation and characterization of strains (Berg et al., 2005), and 
deep study of the lettuce metagenome (Berg et al., 2014a); (v) 
the high diversity and importance of the endophytic (myco)
biome visualized especially by fluorescence in situ hybridiza-
tion and microscopy (Omacini et  al., 2001; Rodriguez et  al., 
2009; Hardoim et al., 2015); and (vi) the detection of abundant 
endophytic Archaea in trees using molecular markers based on 
genomics of non-cultivable organisms (Müller et al., 2015).

From protists to humans, all organisms are inhabited by 
microorganisms. According to the holobiont concept, metaor-
ganisms are co-evolved species assemblages. Moreover, co-evo-
lution has resulted in intimate relationships forming between 
microbes and their hosts that create specific and stable micro-
biomes. Therefore, all eukaryotic organisms can be considered 
to be metaorganisms: an association of the macroscopic hosts 
and a diverse microbiome consisting of bacteria, archaea, 
fungi, and protists (even protists can have their own bacterial 
microbiota, and it has been argued that microbiota play an 
important role in the evolution of multicellularity; McFall-
Ngai et  al., 2013). Together, microbiota fulfil all important 
functions for the holobiont themselves, and also for the eco-
system (Mendes and Raaijmakers, 2015; Vandenkoornhuyse 
et al., 2015). Interestingly, in addition to the joint fulfilment of 
tasks, many organisms have ‘outsourced’ some essential func-
tions, including those of their own development, to symbiotic 
organisms living with them (Gilbert et al., 2012).

The realization that microbial communities colonize virtu-
ally every host and have central roles in health and disease 
throughout the entire life cycle of the hosts has been a revo-
lutionary advance in biological sciences, also directing plant 
research towards a more holistic view. In addition to the dis-
covery of an immense diversity associated with hosts, research 
will move from describing the composition of microbial com-
munities to elucidating the principles that govern their assem-
bly, dynamics, and functions (Waldor et al., 2015). Here, we 
report old and new insights into the plant microbiome with 
a particular emphasis on the progress in the field, which has 
been driven by multi-omic technologies, and new computa-
tional and microscopic tools. We also discuss the implications 
for the study of model organisms in experimental botany.

Recent insights into the plant microbiome

Plants harbour different microbial communities specific for 
each plant organ, for example the phyllosphere (Vorholt, 2012), 
rhizosphere (Berendsen et al., 2012; Philippot et al., 2013), and 
endosphere (Hardoim et al., 2015). The rhizosphere is the most 
studied habitat owing to its enormous potential for plant nutri-
tion and health (Berendsen et al., 2012; Hirsch and Mauchline, 
2012; Bakker et  al., 2013; Mendes et  al., 2013). It has been 

known for many years that the rhizosphere enriches specific 
microbial species/genotypes in comparison to soil and inner tis-
sues, but modern technologies provide much deeper insights and 
expand our understanding of plant–microbe interactions (Bais 
et al., 2006; Doornbos et al., 2012). A current model shows the 
occurrence of seed-borne microorganisms (Christin Zachow 
and Gabriele Berg, personal communication) and the attrac-
tion of microbes to nutrients such as carbohydrates and amino 
acids (Moe, 2013) in combination with plant-specific secondary 
metabolites (Weston and Mathesius, 2013). Plant root exudates 
play important roles as both chemo-attractants and repellents 
(Badri and Vivanco, 2009). Additionally, plant defence signal-
ling plays a role in this process (Doornbos et  al., 2012). The 
importance of the rhizosphere microbiome can be underlined by 
the number of species: in the metagenomes studied in our group, 
we found up to 1200 prokaryotic species (extracted 16S rRNA 
genes annotated using the Greengenes reference database). 
Moreover, a higher number of species was found in medicinal 
and wild plants than on crops grown in intensive agriculture 
(Martina Köberl and Gabriele Berg, personal communication). 
For comparative analyses, all metagenomes were rarefied at a 
sequencing depth of 1.7 × 107 sequences; the actual species diver-
sity is even much higher. The abundances measured sum up to 
109–1011 bacterial cells colonizing each gram of the root, which 
often not only outnumbers the cells of the host plants but also 
represent more microbes than people existing on Earth. While 
the well-studied rhizosphere represents the soil–plant interface, 
the phyllosphere forms the air–plant interface. This microhabitat 
is also of special interest owing to its large and exposed surface 
area and its connection to the air microbiome, especially air-
borne pathogens (Vorholt, 2012). In our metagenomes, we found 
a lower microbial diversity in the phyllosphere than in the rhizo-
sphere, but the overall diversity was quite large and comprised 
up to 900 species (Armin Erlacher and Gabriele Berg, personal 
communication). In general, leaves have different strategies to 
trigger microbial colonization, for example (antimicrobial) wax 
layers, (antimicrobial) secondary metabolites, trichomes, and 
hairs, and the microbial composition seems to be highly indi-
vidual but also plant-dependent. However, an overview of a 
broader range of plant phyla is still missing. Recently, the major-
ity of the research has been focused on the endosphere of plants. 
Although endophytes were defined by De Bary in 1866 as ‘any 
organisms occurring within plant tissues’, their existence was 
ignored until the end of the last century, and very often these 
organisms were considered contaminants. Now, the organisms 
inhabiting the endosphere are well-accepted and, moreover, their 
intimate interaction with the plant makes them the focus of (bio-
technological) interest. Seeds also harbour a surprisingly diverse 
microbiome in their endosphere (Johnston-Monje and Raizada, 
2011). There are many more micro-environments described, for 
example the endorhiza (root), the anthosphere (flower), the sper-
mosphere (seeds), and the carposphere (fruit), but their specific 
microbiome is less studied.

All plant organs are colonized by microorganisms (Fig. 1). 
The composition of the plant microbiome is influenced by 
different factors, including plant age or developmental stage, 
plant species or cultivar, and plant health. In addition, a multi-
tude of abiotic factors modulate the structural and functional 
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diversity of the plant-associated microbiome, including soil 
properties, nutrient status, and climatic conditions (reviewed 
in Berg and Smalla, 2009). The colonization of plants by 
microorganisms is not random; it is a targeted process that is 
underlined by the existence of specific co-occurrence patterns 
and microbial networks (Cardinale et al., 2015). These net-
works are related to a colonization resistance pattern, which 
determines the potential for allochthonous microorganisms 
(pathogens but also biological control agents) to invade the 
autochthonous community. In addition, structural diversity 
is paramount to the preventive avoidance of pathogen inva-
sion/outbreaks (van Elsas et al., 2012).

As an example of outstandingly high microbial diversity, 
we will have a closer look at the associated microbiomes of 
medicinal plants. Figure 2 visualizes and compares the rhizo-
sphere colonization of the German chamomile, Matricaria 
chamomilla L., and the African nightshade, Solanum disti-
chum Schumach. and Thonn. The calculated Shannon indices 
(H’) for their prokaryotic rhizosphere diversity were in the 
range of 9.4–9.7 (16S rRNA genes at a similarity of 97%). 
Both medicinal plants were cultivated under desert farming 
conditions and organic management in Egypt (Köberl et al., 
2011). However, despite their being grown in direct proxim-
ity to one another, their structural (16S rRNA genes) as well 
as functional (diazotrophic community, nifH genes encod-
ing the nitrogenase reductase subunit) colonization profiles 
revealed a high degree of plant specificity, with around 30% 
of specific operational taxonomic units for each investigated 
community. In spite of the clearly plant-specific selection of 
their associated bacterial microbiomes, indigenous Bacillus 

and Paenibacillus strains of native desert soil with promis-
ing antagonistic properties against a wide range of soil-borne 
phytopathogens were enriched in all investigated plant roots 
(Köberl et al., 2011, 2013a).

Functions and ecology of the plant 
microbiome

Many functions of the plant microbiome are essential for 
the host. We would like to start with the germination proce-
dure, the first step of a plants’ life cycle. Interestingly, many 
plants cannot start their life without microorganisms, such 
as mosses, which belong to the oldest land plants on Earth 
(Hornschuh et al., 2006), and orchids, whose very small seeds 
need the help of specific fungi, often Rhizoctonia, to germi-
nate (Jacquemyn et  al., 2015). The germination-promoting 
fungus Rhizoctonia comprises beneficial organisms as well as 
pathogens. To avoid any pathogenic interaction after germi-
nation, the host plant digests their helping fungus completely. 
In these cases of germination support, microorganisms are 
essential, and this may be one reason that these keystone 
microorganisms are vertically transmitted as shown for 
Sphagnum mosses (Bragina et  al., 2012). A  positive impact 
on germination has also been found for cosmopolitan plant-
associated bacteria like Stenotrophomonas (Alavi et al., 2013).

The fact that plant-associated microorganisms stimulate 
plant growth and nurture plants is well known, as in the 
examples of rhizobia and mycorrhizal fungi. The mecha-
nisms by which these microorganisms support plant growth 

Fig. 1. The plant as a natural metaorganism visualized by fluorescence in situ hybridization (A-C) and confocal laser scanning microscopy. (A) 
Phyllosphere of a Sphagnum leave, (B) bacteria on pumpkin pollen, (C) bacteria in the rhizosphere of lettuce, and (D) root of an oilseed rape inoculated 
with the DsRed-labelled biocontrol agent Pseudomonas trivialis 3Re2-7.
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include the production of phytohormones, the fixation of 
nitrogen, and the mobilization of phosphorus and minerals 
such as iron (Tkacz and Poole, 2015). Plant-specific nitrogen-
fixing communities from the rhizosphere of medicinal plants 
are visualized in Fig. 2.

The plant microbiome is also involved in pathogen sup-
pression, and it is especially the root microbiome that acts as 
a protective shield against soil-borne pathogens (Weller et al., 
2002). The mechanisms are well studied and include several 
direct interactions with plant pathogens as well as indirect 
interactions via the plant by stimulation of the plant immune 
system (Lugtenberg and Kamilova, 2009). The most recent 
research has shown that the microbiome is not only involved 
in coping with biotic stress, it is also involved in protection 
against abiotic stress (Bragina et al., 2013). For example, the 
plant microbiome has been shown to be involved in protection 
against high salinities and drought (Yang et al., 2009; Rolli 
et al., 2015). Recently, we found that the plant microbiome is 
also involved in cold acclimation, a primary factor limiting 
the geographical distribution of plants as well as the growth 
and yield of crops in certain areas (Mohammad Etemadi and 
Gabriele Berg, personal communication). Under the chal-
lenge of climate change, this function is an important aspect.

The plant microbiota also influences the composition of 
plant secondary metabolites and the resulting development 
of different metabotypes. This has been shown for the taste of 
strawberries (Zabetakis et al., 1999; Verginer et al., 2010) and 

the production of bioactive compounds in medicinal plants 
(Köberl et  al., 2013b; Schmidt et  al., 2014). In a study on 
Arabidopsis thaliana, the rhizosphere microbiome could be 
linked to insect feeding behaviour, which was most probably a 
result of microbiome-driven changes in the leaf metabolome 
(Badri et al., 2013). Peñuelas et al. (2014b) showed that the 
removal of the floral microbiome of Sambucus nigra resulted 
in a reduced floral terpene emission, which plays a key role 
in pollination and consequently in fruit and seed production.

Recent studies also revealed the direct impact of the root 
microbiome on plant phenology. Wagner et al. (2014) dem-
onstrated, for instance, that natural soil microorganisms have 
an impact on the flowering time of a wild Arabidopsis rela-
tive, Boechera stricta. Similarly, Panke-Buisse et  al. (2015) 
demonstrated that successful transplantation of rhizosphere 
microbiomes from Arabidopsis thaliana to Brassica rapa had 
an impact on their flowering times, resulting in similar shifts 
in flowering phenology. Additional essential roles of the plant 
microbiome for phenotypic and epigenetic plasticity as well as 
the evolution of plants were suggested by Partida-Martínez 
and Heil (2011).

Co-evolution of plants and associated microbial com-
munities has already been hypothesized based on culture-
dependent results obtained for the rhizosphere of ancient 
and modern wheat cultivars (Germida and Siciliano, 2001). 
Co-evolution was recently shown to be prevalent amongst 
other plants, such as maize, sugar beet, and lettuce, by the 

Fig. 2. Taxonomic composition and Venn diagrams of the 16S rRNA and nifH gene communities inhabiting the rhizosphere of medicinal plants (German 
chamomile [Matricaria chamomilla L.] and African nightshade [Solanum distichum Schumach. and Thonn.]). Both plants were cultivated in direct proximity 
to each other under field conditions (loamy sand soil) and were investigated in four independent replicate samples by amplicon sequencing. Singletons, 
operational taxonomic units defined by only a single observation, were removed and not considered in either dataset.
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application of deep sequencing techniques (Berg et al., 2014b; 
Cardinale et al., 2015). Crop breeding has been identified as a 
strong driver of natural evolution (Berg et al., 2013). In some 
cases, the breeding strategy was targeted against pathogens, 
but historically it was mainly a random selection process for 
plant phenotypes.

Implications for experimental botany

Experimental botany involves the study of plant behaviour 
and physiology under varying conditions. In gnotobiotic 
systems, plants are investigated under sterile conditions. 
Under such conditions it is important to use highly sensi-
tive molecular detection methods to check sterility, because 
some microbes can reach a non-culturable but viable state 
as endophytes. According to our experience, it is sometimes 
very difficult to work under axenic conditions. This has been 
extensively discussed in a review by Partida-Martínez and 
Heil (2011). In in vitro systems (climate chamber, greenhouse), 
standard soil or artificial substrates are very often used. If  
they are not sterilized prior to usage, they can provide the 
plants with a microbiome. However, this is often completely 
different from those of natural soils and has a strong impact 
on the rhizosphere and endosphere microbiome (Zachow 
et al., 2014). Field studies present the most natural conditions, 
but owing to the strong impact of environmental factors, they 
show the highest variability. It is also important to consider 

that agricultural systems and systems intensively used by 
humans are often characterized by a shift (often a reduction) 
in microbial diversity. This may also be extended to plants 
raised in pot experiments, where we expect a reduced diversity 
or altered structure of the microbiomes. This could explain 
situations where pot experiments cannot clearly explain the 
responses of plants in natural environments.

When conducting experiments, we should also consider the 
ecological/symbiotic continuum of associated microbiota, 
i.e. when outcomes of interactions may depend on general 
experimental conditions. Such effects may create secondary 
functional regulation that influences the outcome of experi-
ments initially designed for plants only. This was confirmed 
in a study by Rybakova et  al. (2015b), which showed that 
experimental design strongly influenced the outcome of the 
experiment. The authors found that the positive impact of 
Paenibacillus treatments on plant growth in soil was com-
pletely reversed under soil-free gnotobiotic conditions, where 
bacteria had a destructive effect on the host plants (Fig. 3). 
This negative impact could be associated with the microbi-
ome shift induced by Paenibacillus spp. applied to the seeds 
of B. napus and B. oleracea and/or with the toxic secondary 
metabolites produced by these bacteria under artificial plant 
growth conditions (Rybakova et al., 2015a; Timmusk et al., 
2015).

Associated microbiota may additionally contribute to 
microbial loops, which could have an effect on the host plants. 

Fig. 3. Controversial Paenibacillus–plant interaction depends on the plant growth conditions. The images to the left show how the interaction with 
Paenibacillus spp. may improve plant health when plants are grown in soil, while the images on the right side illustrate the destructive behaviour of 
Paenibacillus spp. in soil-free conditions. (A) The Paenibacillus–plant interaction in non-sterile soil where the growth of pathogens is reduced by the 
secondary metabolites produced by the Paenibacillus spp.; the access of pathogens to the plant root cells is blocked by the biofilm produced by 
Paenibacillus spp. (B) Illustration of plant growth promotion (PGP) by secondary metabolites produced by Paenibacillus spp. in the absence of other 
bacteria when plants are grown in sterile soil. (C) Possible scenarios of how Paenibacillus spp. can damage plant cells by local overproduction of toxic 
secondary metabolites (e.g. nonribosomal peptides [NRPs] and polyketides [PKs]). Stunting of the root system and inhibition of plant growth may also 
result from degradation of the plant root cells by Paenibacillus spp. in the absence of other competing microorganisms and a low nutrient environment.
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Microbes usually respond to much smaller differences in gen-
eral conditions, especially in the water content. In contrast to 
the less sensitive reaction of the host organisms, even small 
water pulses lead to activation of microbial physiology.

The plant hormone indole-3-acetic acid (IAA) is another 
example of intense plant–microbe interplay. Phylogenetic 
evidence suggests that IAA biosynthesis evolved indepen-
dently in bacteria, microalgae, fungi, and plants, which leads 
to the hypothesis that natural selection might have favoured 
IAA as a widespread physiological code in these micro-
organisms and their interactions (Fu et  al., 2015). Recent 
research is more and more targeted on communication via 
volatile organic compounds (VOCs). Microbes use a diverse 
spectrum of VOCs to communicate with each other as well 
as with their host (Bitas et al., 2013; Peñuelas et al., 2014a). 
VOCs of certain rhizobacteria are not only able to directly 
promote plant growth and suppress the growth of pathogens, 
but can also induce the plant’s systemic resistance, enabling 
the plant to better defend itself  (Ryu et al., 2003; Lee et al., 
2012). Besides VOCs, several other bacterial components like 
flagella, lipopolysaccharides, siderophores, or the quorum-
sensing molecules of Gram-negative bacteria are capable of 
induced systemic resistance signalling pathway activation 
(Lugtenberg and Kamilova, 2009; Hartmann and Schikora, 
2012; Schenk and Schikora, 2015).

Altogether, the (non)existence of  microorganisms should 
be considered in the interpretation of  all plant experiments. 
Moreover, cultivar-specific microbiomes should be consid-
ered in experimental as well as breeding strategies. So far, 
we do not know anything about the plant-associated micro-
biome at the beginning and end of  physiological experi-
ments. We suggest that such characterization may complete 
our understanding of  how the microbiome could affect the 
results. In particular, the contribution of  plant microbiomes 
to hormone-triggered responses could be of  importance. 
We should therefore be able to consider the physiologi-
cal responses of  plants in a wider context, in the sense of  a 
‘metaphysiology’.

The overall conclusion is that each plant has to be con-
sidered as a metaorganism containing many more microbial 

cells than plant cells. The structure of the plant microbiome 
is determined by biotic and abiotic factors but follows clear 
ecological rules. The metabolism and morphology of plants 
and their microbiota are innately connected with each other, 
and an intense interplay of both maintains the functioning of 
the holobiont (Fig. 4).
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