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Plants host distinct microbial communities on and inside 
their tissues designated the plant microbiota. Microbial 
community profiling enabled the description of the phylo-
genetic structure of the plant microbiota to an unprece-
dented depth, whereas functional insights are largely de-
rived from experiments using individual microorganisms. 
The binary interplay between isolated members of the 
plant microbiota and host plants ranges from mutualistic 
to commensalistic and pathogenic relationships. However, 
how entire microbial communities capable of executing 
both growth-promoting and growth-compromising activi-
ties interfere with plant fitness remains largely unknown. 
Ultimately, unravelling the net result of microbial activities 
encoded in the extended plant genome—the plant microbi-
ome—will be key to understanding and exploiting the full 
yield potential of a crop plant. In this perspective, we sum-
marize first achievements of plant-microbiome research, 
we discuss future research directions, and we provide ideas 
for the translation of basic science to application to capital-
ize on the plant microbiome at work. 

The plant microbiota. 
The advent of massive parallel sequencing presented a step 

change for the field of plant-microbe interactions, because it 
facilitated the investigations of whole plant-associated micro-
bial communities. The ideas that plants are holobionts (i.e., 
host and associated microbes) and that the associated microbes 
affect plant fitness were not new, but the technical advance 
promoted their research. This development enhanced the inter-
est in the plant microbiota (Box 1) as testified by many recent 
reviews (Bakker et al. 2013; Berendsen et al. 2012; Berg et al. 
2014; Bulgarelli et al. 2013; Guttman et al. 2014; Knief 2014; 
Lebeis 2014; Philippot et al. 2013; Porras-Alfaro and Bayman 
2011; Schlaeppi et al. 2013; Turner et al. 2013). Amplicon-based 
community profiling approaches (Box 1) provide insights on 
community structure and phylogenetic diversity of the plant-
associated microbes and are suitable to examine the major 
environmental and biological factors responsible for shaping 
its composition (Bulgarelli et al. 2013). However, phylogenetic 
profiles do not provide direct functional information of a given 
microbial community, i.e., the functional potential of the plant-

associated microbiota—the plant microbiome (Box 1)—remains 
largely unknown. Further developments on sequencing and 
computational approaches are now driving plant-microbiota 
investigations to plant-microbiome research focusing on the 
functional examination of the plant-associated microbial com-
munities. 

Deciphering the plant microbiome. 
Interactions between members of the plant microbiota and 

their hosts cover a spectrum ranging from mutualistic to com-
mensalistic and parasitic relationships (Box 1). Numerous 
studies conducted on microorganisms that were isolated from 
the phyllosphere, rhizosphere, leaf or root endosphere have re-
vealed a series of microbial traits, which are beneficial from 
the perspective of the host plant (Lugtenberg and Kamilova 
2009; Porras-Alfaro and Bayman 2011; Vorholt 2012). In par-
ticular, enhanced nutrient acquisition from soil, tolerance to 
abiotic stresses and hormone production, as well as indirect 
pathogen protection have been proposed as primary microbial 
mechanisms that permit the promotion of plant growth. These 
microorganisms are collectively referred to as PGPM (Box 1). 
Recent advances in plant-microbiota investigations clearly 
support the idea that PGPM represent particular members of 
the plant microbiota. However, our knowledge on PGPM is 
still limited to studies conducted on individual isolates under 
laboratory conditions (Bulgarelli et al. 2013), and we have a 
limited understanding how entire microbial communities con-
tribute to plant growth. A multitude of questions arise. Do the 
microbial traits remain beneficial for plants when the respec-
tive microbe resides in a community context? Or, how are such 
plant-beneficial traits repartitioned among members of a micro-
biota? Do most members or individuals serve the host plant with 
a particular trait? What is the net outcome from the interaction 
of a host plant with a complex microbiota comprising members 
with positive, neutral, and negative activities? It is conceivable 
that beneficial traits are readily interchanged via HGT (Box 1) 
among microbiota members and, therefore, such traits rather 
present a community attribute. To advance our understanding 
of the plant microbiome, we discuss in the following section 
some of the holistic approaches adopted to investigate functions 
of the plant-associated microbial communities and we illustrate 
how the combination of cultivation-independent and –dependent 
techniques might shape plant-microbiome studies in the next 
years. 

The meta-omics approaches. 
Metagenomics was defined as the simultaneous characteriza-

tion of complex DNA mixtures retrieved from a microbial habi-
tat (Riesenfeld et al. 2004; Box 1). Metagenomics laid the 
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foundations for a series of approaches investigating RNA (meta-
transcriptomics), proteins (metaproteomics), and metabolites 
(meta-metabolomics), all providing novel insights on the meta-
bolic capacity of a given microbiota. Delmotte and co-workers 
(2009) used combined metaproteogenomics in which the meta-
genomic information assisted the annotation of the metaproteo-
mic data. The study revealed the composition of the phyllo-
sphere microbiota together with the expressed microbial traits in 
this habitat. The authors investigated the phyllosphere of clover, 
soybean, and Arabidopsis, and this investigation highlighted 
that, despite the approximately 130 million years of evolutionary 
divergence between Fabaceae and Brassicaceae families (Hyung 
et al. 2014), approximately 70% of the phyllosphere metaprote-
ome was conserved. This finding suggests the existence of a 
large core microbiome with minor host-specific functions of the 
microbiota. A few years later, the metagenome of a root en-
dosphere habitat was reported, based on bacterial cells retrieved 
from surface-sterilized rice roots, providing insights into the 
metabolic capacity of the microbial community inside plant 
roots (Sessitsch et al. 2012). By combining metagenomics with 
the transcriptional investigation of selected microbial genes, the 
authors demonstrated that bacterial microbiota inside plant roots 
have the potential to execute key steps of the nitrogen cycle in 
planta. In the same year, the microbiota and their traits were 
compared between the phyllosphere and rhizosphere habitats of 
paddy field–grown rice plants by Knief and colleagues (2012), 
employing metaproteogenomics. This investigation revealed 
habitat-specific microbial traits such as, for example, the bio-
logical fixation of nitrogen in the rhizosphere, as evidenced by 
the presence of di-nitrogenase reductase genes and proteins in 
this habitat. Recently, metatranscriptomics has been used to 
reveal the putative contribution of microbial communities to 
phytoremediation in the willow rhizosphere, representing one of 
the first examples of this type of investigation in plant science 
(Yergeau et al. 2014). These few examples clearly illustrate the 
major advantage of meta-omics approaches, the possibility to 
identify the microbial traits existent in a plant microbiota with-
out cultivating their members. 

Some limitations are intrinsically associated to the meta-
omics approaches. Limitations arise due to the complexity of 
the plant microbiota and their inherent traits (Bulgarelli et al. 
2013) and because plant-associated microbiota specimens are 
almost invariably “contaminated” with host DNA, RNA, or 
proteins. Such contamination can be particularly marked in 
endosphere preparations as, for example, up to 90% of plant 
sequences were obtained from DNA preparations retrieved 
from Arabidopsis root samples (D. Bulgarelli, E. Ver Loren van 
Themaat, and P. Schulze-Lefert unpublished results). Therefore, 
deciphering the plant microbiome requires large sequencing 
coverage and, in conjunction with the need of replicated ex-
periments for robust analyses, the financial and computational 
burden becomes substantial (Knight et al. 2012). Further, low 
rates in high-confidence annotation hamper the functional inter-
pretation of microbial DNA, RNA, and protein sequence data. 
Currently, only a fraction of the sequences retrieved from a 
nonhuman environment, usually up to 50%, can be functionally 
annotated with today’s database coverage (Thomas et al. 2012). 
Ultimately, it is fair to underscore that meta investigations 
provide first observations or indirect correlations and additional 
experiments (discussed below) are needed to firmly reveal 
whether the observed diversification of the plant microbiome is 
a cause or a consequence of an observed plant phenotype. 

Back to the future: the resurgence  
of microbial culture collections. 

The aforementioned limitations preclude meta approaches to 
be the one and only tool for plant-microbiome research. In the 

BOX 1 

Terminology and definitions. 
Microbiota. Totality of microbes (bacteria, archaea, 

and fungi) in a particular environment. Refers to tax-
onomy and abundance of community members. 

Amplicon-based community profiling. Phylogenetic 
marker genes, often of the ribosomal RNA operon 
(16S or 18S genes or the internal transcribed spacer 
sequence), are utilized to generate DNA amplicon 
molecules for community profiling. Direct sequencing 
with second-generation technologies delivers orders 
of magnitude more sequences compared with se-
quencing individual vectors after cloning amplicon 
molecules into clone libraries. 

Microbiome. Totality of genomes of a microbiota. 
Often used to describe the entity of microbial traits 
(=functions) encoded by a microbiota. 

Relationships between organisms. Mutualism re-
fers to a relationship where organisms benefit from 
each other. Commensalism describes the relationship 
between two organisms in which one benefits with-
out affecting the other, while in parasitism, one or-
ganism benefits at the expense of another. A para-
site becomes pathogenic upon causing disease in 
the host. 

Phyllosphere. The microbial habitat defined by the 
surface of aerial plant organs (dominated by the 
leaves). 

Rhizosphere. The microbial habitat around the root, 
where the soil’s physical, chemical, and biological 
composition is influenced by the plant. Operationally, 
this definition can be extended to the root surround-
ing in nonsoil substrates used for plant growth. 

Endosphere. The microbial habitat inside both 
above- and belowground plant organs. 

Plant growth-promoting microbes (PGPM). PGPM 
encompassing plant growth-promoting rhizobacteria, 
plant growth-promoting fungi, as well as nonrhizo-
bacterial growth promoters. PGPM are capable of 
promoting plant growth directly (e.g., through en-
hanced mineral acquisition from soil) or indirectly 
(e.g., through enhanced pathogen protection). 

Horizontal gene transfer (HGT). HGT refers to the 
exchange of genes between microorganisms. 

Metagenomics. Sequencing is directly applied to a 
sample comprising a mixture of DNA from various 
organisms of an environment without (shotgun meta-
genomics; Riesenfeld et al. 2004) or upon polymerase 
chain reaction amplification of selected functional 
genes (gene-targeted metagenomics; Iwai et al. 
2010). After bioinformatic analysis, the approach re-
veals the functional gene complement as well as the 
phylogenetic composition of organisms (prokaryotes, 
eukaryotes and viruses) in an environment. 

Operational taxonomic units OTU. OTU refer to 
terminal nodes in a phylogenetic analysis and refer 
to a group of related sequences (often at 97% simi-
larity). OTU correspond to community members in 
amplicon-based microbial profiles. 

Agricultural biologicals. Collective term for plant-
beneficial products (microbial inoculants, plant ex-
tracts, beneficial insects, and others) that can be 
used by farmers to increase crop health and produc-
tivity. 
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end, researchers need the ability to manipulate the plant micro-
biota (varying members in the community) and their inherent 
traits (varying functional traits in genomes of members) in 
order to test hypotheses. Therefore, culture collections of ge-
netically tractable microbial isolates represent a valuable tool 
for increasing our understanding of the plant microbiome. 
Naturally, this cultivation-based approach also has some inher-
ent limitations, as a central dogma of microbiology affirms 
that the vast majority of microorganisms on our planet, a fig-
ure exceeding 90%, are recalcitrant to in vitro cultivation 
(Hugenholtz and Pace 1996). However, the number of unculti-
vable taxa appears lower for members of the plant microbiota, 
as, for example, for the bacterial community of maize roots an 
overlap of 48% was found between bacteria obtained by culti-
vation and those identified in a clone library (Chelius and 
Triplett 2001). Furthermore, recent findings and technical de-
velopments are bringing microbial collections at the center of 
the stage in microbiome studies. 

It is becoming increasingly clear that the microbial diversity 
retrieved from sequencing profiles might be largely inflated 
biases introduced during the amplification and sequencing pro-
cedures (Lundberg et al. 2013) as well as during the computa-
tional processing of the data (Edgar 2013). Hence, the overlap 
between the cultured and uncultured microbiota could be 
greater than previously thought. In a cornerstone manuscript, 
Goodman and colleagues (2011) reported the development of 
personalized, indexed bacterial culture collections of the hu-
man gut microbiota. In this study, the authors used a dilution 
approach with a single microbiological medium for large-scale 
parallel isolation of bacteria inhabiting the human gut micro-
biota. Subsequently, they determined the taxonomic identity of 
all retrieved bacterial colonies employing amplicon-based 
community profiling. Remarkably, this approach demonstrated 
that approximately 50% of the bacterial OTU (Box 1) identified 
through a cultivation-independent survey in human gut samples 
were cultivable in vitro (Goodman et al. 2011). Not surprisingly, 
this study spiked the application of similar approaches in plant 
science. Recently, an investigation compared, in the same for-
est soil samples, the amplicon-based community profiles with 
the cultivable fraction of bacteria using eight different microbi-
ological media (VanInsberghe et al. 2013). This study revealed 
that approximately 22% of the complex forest soil microbiota 
is cultivable in vitro. Because of a logistical necessity, the 
authors utilized a freezing procedure that may have selected 
against freezing-sensitive but still cultivable bacteria. There-
fore, the cultivable fraction from the forest soil microbiota is 
potentially larger than the observed 22%. Using limiting dilu-
tion of Arabidopsis root extracts, a comprehensive culture col-
lection consisting of thousands of bacterial root microbiota 
members has been established in 96-well microtiter plates (Y. 
Bai, G. Srinivas, and P. Schulze-Lefert, personal communica-
tion). 16S ribosomal (r)RNA gene sequencing of these cultures 
and comparison of the sequences with previous culture-inde-
pendent 16S rRNA gene surveys of the bacterial A. thaliana 
root microbiota revealed that approximately 60% of root-
enriched OTU have corresponding sequence matches in the 
culture collections. This indicates that a large portion of the A. 
thaliana root microbiota is culturable, although it remains to 
be tested how many of the cultured microbiota member candi-
dates can recolonize gnotobiotic A. thaliana roots under labora-
tory conditions. 

Microbial collections present a highly valuable tool for the 
development of synthetic microbiota. This will allow testing 
hypotheses on the molecular bases of host-microbiome inter-
actions under laboratory conditions, as pioneered in medical 
sciences (Ridaura et al. 2013). In the plant field, Bodenhausen 
and co-workers (2014) developed an in-vitro system to exam-

ine the interaction of Arabidopsis with a synthetic phyllosphere 
microbiota. In this study, seven bacterial isolates originating 
from the phyllosphere and representing their most abundant 
taxa were combined to a synthetic low complexity microbiota 
and were inoculated on the leaves of axenic Arabidopsis 
plants. The authors screened a panel of plant mutants and wild 
accessions of gnotobiotic Arabidopsis and detected reproduci-
ble host genotype–dependent perturbations of the inoculated 
plant microbiota. Of note, this study provided evidence for a 
direct link between specific host traits and the structural diver-
sification of the microbiota. While this experiment focused on 
effects on microbiota composition, a similar approach tailored 
to a synthetic microbiome will offer new opportunities to ex-
amine the functional significance in plant-microbiota interac-
tions. However, it is imperative to test whether a similar system 
can be extended to significantly more complex communities, 
such as the ones thriving at the root-soil interface, where the 
plant microbiota is represented by dozens of different micro-
bial taxa (Bulgarelli et al. 2012; Lundberg et al. 2012; Schlaeppi 
et al. 2014). Furthermore, traditional plant and microbial culti-
vation substrates, for example, agar-based media, might be 
useful to acquire biologically meaningful information; never-
theless, plant-microbiome research should also focus on other 
or additional substrates that better represent soil conditions, 
such as “transparent soil.” Transparent soil refers to a heter-
ogeneous, porous, and synthetic substrate on which plant 
growth is similar to that in native soil, and this substrate was 
initially developed for the in situ imaging of living plants and 
root-associated microorganisms (Downie et al. 2012). 

In conclusion, we propose the combination of cultivation-
dependent and -independent approaches, both with their inher-
ent limitations, for an integral and profound understanding of 
plant-microbiome interactions. The two types of approaches 
should become mutually beneficial. For example meta-omics 
investigations could be helpful to reveal metabolic requirements 
necessary to cultivate previously unculturable members of the 
microbiota (Bomar et al. 2011). Likewise, sequencing of rep-
resentative pure cultures and the genetic and physiological 
characterization of isolated microbial strains will remain an 
important task to improve the functional annotation of se-
quences generated in meta-omics studies (Knief 2014). 

Capitalizing on the plant microbiome. 
Feeding mankind relies on high and stable yields from effi-

cient crop production. Modern agriculture is mainly based on 
the cultivation of high-yield varieties combined with the use of 
agrochemicals, i.e., fertilizers and chemical products, for nutri-
ent inputs and pathogen control, respectively. Because mineral 
fertilizers are derived from finite resources and because agro-
chemicals are often hazardous to the environment, we need 
alternative and more sustainable agricultural practices (Tilman 
et al. 2002). Ensuring the sustainability of agriculture becomes 
more important in light of future challenges such as climate 
change or the rapid growth of the human population. Taking 
advantage of the microbiota at work, i.e., the capitalization on 
microbial traits that are beneficial to the host or the environ-
ment or both, presents a promising avenue for the development 
of a more sustainable next-generation agriculture. In this sec-
tion, we discuss the translation of basic plant-microbiome re-
search into practice, with the example of exploiting microbial 
traits to optimize plant growth. 

Microbial traits that serve the host plant. 
Mycorrhizal and legume host plants benefit from the micro-

bial provisions of P and N by mutualistic mycorrhizal fungi 
and rhizobia bacteria, respectively (Bouwmeester et al. 2007; 
Oldroyd et al. 2011). Farmers already take advantage of these 
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paradigms of plant-beneficial traits, using mycorrhizal or leg-
ume host plants in crop rotations or as cover crops permitting 
reduction in the use of N- and P-based fertilizers. However, 
the root microbiota comprises a multitude of microorganisms 
other than mycorrhiza and rhizobia with plant-beneficial traits 
(Lugtenberg and Kamilova 2009; Porras-Alfaro and Bayman 
2011). PGPM serve the host plant via either stimulation of 
plant growth, suppression of plant diseases or pests, or both. 
PGPM model organisms that are well-studied with regard to 
their microbial traits and their beneficial effects on plant 
growth include bacterial genera such as Azospirillum, Bacillus, 
Pseudomonas, Rhizobium, Serratia, Stenotrophomonas, and 
Streptomyces, and fungal genera like Ampelomyces, Coni-
othyrium, and Trichoderma (Berg 2009; de Vrije et al. 2001; 
Franken 2012). 

Exploiting functional traits of microbial inoculants. 
Several of the aforementioned PGPM were commercialized 

for their application as microbial inoculants (Berg 2009). Ac-
cording to the capitalized microbial traits, these products can 
be grouped into biofertilizers, plant strengtheners, phytostimu-
lators, and bio-pesticides or biocontrol agents (Lugtenberg and 
Kamilova 2009). Despite their prospects, many microbial inoc-

ulants have not experienced an agronomic break-through with 
large-scale implementation and, rather, remain a niche product 
for organic farming. This is partly because microbial inocu-
lants often perform well in controlled laboratory experiments 
and then do not tap their full potential in natural agricultural 
settings. One possible explanation is that laboratory experiments 
are often conducted using sterilized soil substrates, while the 
microbial inoculants face competition with the native soil micro-
biota when inoculated to natural soil. It is often unclear if 
PGPM provide their services to the host plant also in the 
context of the native soil microbiota. 

Targeted application of microbial inoculants. 
Personalized medicine refers to a medical model that pro-

poses to adapt healthcare practices or products tailored to the 
individual patient. The optimal therapies are chosen based on 
molecular diagnostics precedent and in the context of the 
patient’s genetic makeup. Inspired by the concept of personal-
ized medicine, next-generation agriculture should aim at cus-
tomizing the practices and tools (e.g., agricultural biologicals 
including microbial inoculants [Box 1]) tailored to the individ-
ual soil environment. Initial molecular diagnostics could pro-
vide the basis for rational choice of appropriate farming treat-

Fig. 1. Towards next-generation agriculture. Field soil samples are analyzed geochemically (left part) and are examined for the soil microbiome employing
sequencing technology (right part). The availability of plant nutrients and the occurrence of one or both soil biota and their microbial traits (e.g., N fixation, 
phosphorus solubilization, pathogen protection) are reported to the farmer. The smart integration of available geochemical, microbiome, and other relevant 
information (red arrow) presents the basis for the rational intervention (green arrows) combining field applications of conventional inputs such as mineral 
fertilizers (left) and agricultural biologicals, including microbial inoculants (right). Additional relevant information includes e.g., the type of plant species
(special nutritional requirements?) to be planted or environment factors such as temperature or humidity. The optimization of plant growth based on integrat-
ing all involved variates remains largely a black box and requires further research on basic and translational aspects.  
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ments. We speculate that considering the genetic context of the 
local soil microbiome will help to improve and stabilize the 
effects of microbial inoculants and, therefore, we propose to 
implement microbiome profiling for a targeted application of 
microbial inoculants. Figure 1 illustrates an example of trans-
lational plant-microbiome research. Today, farmers conduct 
cost-effective geochemical analyses of their fields by dedicated 
soil laboratories. The accurate determination of the nutritional 
status of a field then allows the farmers to apply a targeted 
supplementation of N and P fertilizers. We propose a similar 
and complementary strategy for the integration of microbial 
inoculants into farming practices. Imagine a future in which 

farmers take soil cores of their fields, send them to dedicated 
soil laboratories, and contract for soil microbiome analyses 
based on ever-cheaper sequencing technology. The farmer ob-
tains, for his particular field, a soil microbiome report containing 
the precise determination of one or both the soil biota and their 
microbial traits. The soil microbiota can be monitored with am-
plicon sequencing for community composition or, using shotgun 
metagenomic sequencing, for the functional gene complement 
(i.e., the microbial traits). The soil microbiome report then pre-
sents the basis for rational intervention with microbial inocu-
lants to the field. The proposed model envisions that farmers 
optimize their yields by capitalizing on microbial traits and, at 
the same time, reduce costly and unsustainable inputs of agro-
chemicals. Although the methods required to quantify the plant 
microbiome are already available, we believe that the develop-
ment of the proposed next-generation farming tool requires 
answering several basic as well as translational questions, which 
we list as key knowledge gaps in Box 2. 

Towards next-generation agriculture. 
The application of microbial inoculants to the field that is 

rationally based on local microbiome information (Fig. 1) pre-
sents one of several conceivable next-generation agricultural 
tools or practices. Not only the microbial but also the host side 
of the interaction requires careful attention, since the associ-
ated microbiome is emerging as a fundamental plant trait for 
controlling and optimizing plant growth (Bulgarelli et al. 
2013). Therefore, the plant microbiome must become part of 
future breeding programs so that, for example, next-generation 
plant cultivars have enhanced capacities to interact with bene-
ficial microbes of the natural soil microbiota or of microbial 
inoculants. It may be possible to breed for novel crop varieties 
with improved responsiveness to beneficial microbial traits 
related to augmented plant nutrient-use efficiency or plant 
immunity. In the case of controlling pathogen burden, the com-
bined deployment of beneficial services of the plant microbi-
ome (agricultural probiotics) and innate immune functions (re-
sistance genes) is expected to deliver durable and sustainable 
protection from disease (Dangl et al. 2013). Identification of 
the genetic components of the host-microbiome control will be 
key for its ultimate inclusion into breeding programs. 

In conclusion, the development of next-generation agricul-
tural tools and practices will depend on the smart integration 
of all co-variates in the system. The performance of individual 
plant species and genotype will depend on the microbial inoc-
ulants with their specific traits that interact with, one or both, 
the native soil microbiota and the microbiome under the given 
climatic conditions in the specific geochemical context of the 
particular soil environment. Hence, we will exploit the plant 
microbiome at work and next-generation agriculture will be-
come a reality once we have solved the aforementioned multi-
variate equation. 
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