
Introduction
Microbes are fundamental to the maintenance of life on 
Earth, yet we understand little about the majority of 
microbes in environments such as soils, oceans, the 
atmosphere and even those living on and in our own 
bodies. Culture-based techniques have allowed isolated 
microbes to be studied in detail, and molecular tech-
niques such as metagenomics are increasingly allowing 
the identifi cation of microbes in situ. Th e microbial com-
munities, or microbiomes, of diverse environments have 
been studied in this way, with the goal of understanding 
their ecological function [1,2].

Th e plant microbiome is a key determinant of plant 
health and productivity [3] and has received substantial 
attention in recent years [4,5]. A testament to the impor-
tance of plant-microbe interactions are the mycorrhizal 
fungi. Molecular evidence suggests that their associations 
with green algae were fundamental to the evolution of 
land plants about 700 million years ago [6]. Most plants, 
although notably not Arabidopsis thaliana and other 
Brassicaceae, have maintained this symbiosis, which 
assists root uptake of mineral nutrients such as phosphate 
[7]. Plant-associated microbes are also key players in 
global biogeochemical cycles [8]. A signifi cant amount, 5 
to 20%, of the products of photosynthesis (the photo-
synthate) is released, mainly into the rhizosphere (the 

soil-root interface) through roots [9]. In addition, 100 Tg 
of methanol and 500 Tg of isoprene are released into the 
atmosphere by plants annually [10,11]. For methanol this 
corresponds to between 0.016% and 0.14% of photo-
synthate depending on plant type [10]. Both are potential 
sources of carbon and energy for microorganisms. In 
agricultural soils in particular, plants stimulate microbial 
denitrifi cation and methanogenesis, which contribute to 
emissions of N2O and methane, respectively [12,13]. 
Th ese gases represent a loss of carbon and nitrogen from 
the system and contribute to the greenhouse eff ect.

Manipulation of the plant microbiome has the potential 
to reduce the incidence of plant disease [14,15], increase 
agricultural production [16], reduce chemical inputs [17] 
and reduce emissions of greenhouse gases [18], resulting 
in more sustainable agricultural practices. Th is goal is seen 
as vital for sustaining the world’s growing popu lation.

Virtually all tissues of a plant host a microbial 
community. Here, we focus on the rhizosphere, phyllo-
sphere (plant aerial surfaces) and endosphere (internal 
tissues). Th e rhizosphere is a region of rich, largely soil-
derived, microbial diversity, infl uenced by deposition of 
plant mucilage and root exudates [19]. By contrast, the 
phyllosphere is relatively nutrient poor and subject to 
extremes of temperature, radiation and moisture [20]. 
Microbial inhabitants of the rhizosphere and phyllo-
sphere (those near or on plant tissue) are considered 
epiphytes, whereas microbes residing within plant tissues 
(the endosphere), whether in leaves, roots or stems, are 
considered endophytes. Microbes in these niches can 
establish benefi cial, neutral or detrimental associations of 
varying intimacy with their host plants. Specifi c inter-
actions between microbes and model plants, such as in 
Rhizobium-legume symbioses [21], are well understood, 
but the majority of the plant microbiome, and its contri-
bution to the extended phenotype of the host, is not yet 
well defi ned. Importantly, the microbiome is strongly 
infl uenced by the plant genome and may be considered as 
an extension to form a second genome or collectively to 
form a pan-genome.

Approaches for studying the plant microbiome
Classic microbiology involves isolating and culturing 
microbes from an environment using diff erent nutrient 
media and growth conditions depending on the target 
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organisms. Although obtaining a pure culture of an 
organism is required for detailed studies of its genetics 
and physiology, culture-dependent techniques miss the 
vast majority of microbial diversity in an environment. 
Numerous culture-independent, molecular techniques 
are used in microbial ecology. For studying prokaryotes, 
PCR amplification of the ubiquitous 16S ribosomal RNA 
(rRNA) gene is commonly used. Sequencing the variable 
regions of this gene allows precise (species- and strain-
level) taxonomic identification. The use of high-through-
put sequencing technologies [22,23] has been widely 
adopted as they allow identification of thousands to 
millions of sequences in a sample, revealing the abun-
dances of even rare microbial species. For studying 
eukaryotic microbes such as fungi, the equivalent rRNA 
gene (18S) may not provide sufficient taxonomic discri-
mi nation so the hypervariable internally transcribed 
spacer is often used.

A limitation of this is that PCR amplification of 
genomic DNA is inherently biased by primer design 
[24,25] and generally only identifies the target organisms. 
Complex environments are inhabited by organisms from 
all domains of life. Eukaryotes, including fungi, protozoa, 
oomycetes and nematodes, are ubiquitous in soils and 
can be important plant pathogens or symbionts, whereas 
others are bacterial grazers. The archaea carry out 
important biochemical reactions, particularly in agricul-
tural soils, such as ammonia oxidation [26] and methano-
genesis [13]. Viruses too are abundant and widespread 
and can affect the metabolism and population dynamics 
of their hosts [27]. Microbes in a community interact 
with each other and the host plant [28], so it is important 
to capture as much of the diversity of a microbiome as 
possible. To do so requires the use of global analyses such 
as metagenomics, metatranscriptomics and metaproteo-
mics, which allow simultaneous assessment and com-
pari son of microbial populations across all domains of 
life. Metagenomics can reveal the functional potential of 
a microbiome (the abundance of genes involved in 
particular metabolic processes), whereas metatranscrip-
tomics and metaproteomics provide snapshots of 
community-wide gene expression and protein abundance, 
respectively.

Metatranscriptomics has revealed kingdom-level 
changes in the structure of crop-plant rhizosphere 
microbiomes [29]. The relative abundance of eukaryotes 
in pea and oat rhizospheres was five-fold higher than in 
plant-free soil or the rhizosphere of modern hexaploid 
wheat. The pea rhizosphere in particular was highly 
enriched with fungi. Additional molecular techniques 
can complement such approaches. For example, stable 
isotope probing allows organisms metabolizing a parti cu-
lar labeled substrate to be identified [30]. This has been 
used in studies of rhizosphere microbiomes where 13CO2 

was fed to plants and fixed by photosynthesis, revealing 
that a subset of the microbial community actively 
metabo lized plant-derived carbon [31,32]. Combining 
these techniques with culture-based approaches should 
improve our understanding of plant-microbe interactions 
at the systems level.

The rhizosphere environment
The rhizosphere is the region of soil influenced by plant 
roots through rhizodeposition of exudates, mucilage and 
sloughed cells. Root exudates contain a variety of com-
pounds, predominately organic acids and sugars, but also 
amino acids, fatty acids, vitamins, growth factors, hormones 
and antimicrobial compounds [33]. Root exudates are key 
determinants of rhizosphere micro biome structure [34-37]. 
The composition of root exu dates can vary between plant 
species and cultivars [38,39], and with plant age and 
developmental stage [40-42]. Also, the microbiome 
influences root exudates, as axenically grown (sterile) 
plants have markedly different exudate compositions 
from those influenced by microbes. Some accessions of 
A. thaliana have been shown to have different root 
exudate compositions and correspondingly different 
rhizo sphere bacterial communities [38], whereas the 
rhizosphere bacterial communities of other accessions 
have shown high similarity [43,44], although root exu-
dates were not analyzed in the latter two studies.

Root exudates are not the only component of rhizo-
deposition. The sloughing of root cells and the release of 
mucilage deposits a large amount of material into the 
rhizosphere, including plant cell wall polymers such as 
cellulose and pectin [45]. Cellulose degradation is wide-
spread among microbial residents of high-organic-matter 
soils [46,47]. The decomposition of pectin releases 
methanol [10], which can be used as a carbon source by 
other microbes, and active metabolism of methanol in 
the rhizosphere has been observed [48]. As well as 
providing a carbon source to rhizosphere microbes, plant 
roots also provide a structure on which microbes can 
attach. Supporting this is the observation of significant 
overlap between bacteria attaching to a root and to an 
inert wooden structure [44].

Studies of rhizosphere microbiomes have revealed 
remarkably similar distributions of microbial phyla 
[29,43,44]. Differences between plant cultivars become 
apparent when comparing microbial species and strains 
[49,50]. The Proteobacteria usually dominate samples, 
particularly those of the α and β classes. Other major 
groups include Actinobacteria, Firmicutes, Bacteroidetes, 
Planctomycetes, Verrucomicrobia and Acidobacteria.

Of particular interest in the rhizosphere are plant-
growth-promoting rhizobacteria, which act through a 
variety of mechanisms [14]. Nitrogen-fixing bacteria, 
including those that are free-living (such as Azotobacter 
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spp.) and symbiotic (such as root-nodulating Rhizobium 
spp.), provide a source of fixed nitrogen for the plant, and 
many bacteria can solubilize phosphorous-containing 
minerals, increasing its bioavailability. Microbial manipu-
lation of plant hormones, particularly auxins, gibberellins 
and ethylene, can also lead to growth promotion or stress 
tolerance. Many plant-growth-promoting rhizobacteria 
act antagonistically towards plant pathogens by produc-
ing antimicrobials or by interfering with virulence factors 
via effectors delivered by type 3 secretion systems 
(T3SSs) [51]. Actinomycetes, in particular, are known to 
produce a wide array of compounds with antibacterial, 
antifungal, antiviral, nematicidal and insecticidal proper-
ties. They are often found as one of the most abundant 
bacterial classes in soil and rhizospheres, and are notably 
enriched in endophytic communities.

Other bacteria also act as disease antagonists, including 
Pseudomonas fluorescens, which produces the antifungal 
compound diacetylphloroglucinol (DAPG). Pseudomonas 
spp. producing DAPG have also been shown to modulate 
transcription in another plant-growth-promoting rhizo-
bacterium, Azospirillum brasilense, increasing expression 
of genes involved in wheat root colonization and plant-
growth promotion [52]. DAPG also affects other micro-
biota, including nematodes, where it was found to be 
toxic to some species but stimulatory to others [53]. The 
presence of DAPG-producing Pseudomonas spp. in soils 
has been implicated in the phenomenon of take-all 
decline. Take-all is a cereal disease caused by the fungus 
Gaeumannomyces graminis. In take-all decline, disease 
severity reduces with repeated cultivation of a plant such 
as wheat. The soil becomes disease suppressive as a result 
of the establishment of antagonistic microbial commu-
nities [54]. Other antagonists from the Proteobacteria, 
Firmicutes and Actinobacteria contributed to soils 
suppressive towards the root-rotting fungus Rhizoctonia 
[55]; antifungal-metabolite-producing pseudomonads 
were one of the main groups responsible for suppression. 
Shifts in microbiomes have also been associated with 
soils suppressive towards Fusarium [56] and Streptomyces 
scabies [57]. This suggests that a consortium of microbes 
contributes to suppressiveness, although cause and effect 
are often not distinguishable. A rich and diverse micro-
biota alone may be sufficient to prevent infection by 
limiting access to roots and nutrients.

The phyllosphere environment
The phyllosphere, or aerial surface of a plant, is con-
sidered relatively nutrient poor compared with the 
rhizosphere. Microbial colonization of leaves is not 
homo genous but is affected by leaf structures such as 
veins, hairs and stomata. Leaf surfaces are colonized by 
up to 107 microbes per cm2 [58]. The phyllosphere is a 
much more dynamic environment than the rhizosphere, 

with resident microbes subjected to large fluxes in 
temperature, moisture and radiation throughout the day 
and night. These abiotic factors also indirectly affect the 
phyllosphere microbiome through changes in plant meta-
bolism. Precipitation and wind in particular are thought 
to contribute to the temporal variability in resident 
phyllosphere microbes [59]. Interestingly, leaf metabolite 
profiles of A. thaliana have been altered by application of 
soil microbes to roots: increased concentration of several 
amino acids in the leaf metabolome was correlated with 
increased herbivory by insects [60], suggesting cross-talk 
between above- and below-ground parts of the plant.

Bacterial and fungal communities in the phyllospheres 
of various plants have been profiled using PCR ampli-
fication of rRNA genes. Microbial richness seems to be 
greater in warmer, more humid climates than in 
temperate ones. Proteobacteria (the α and γ classes) are 
consistently the dominant bacterial phylum, with 
Bacteroidetes and Actinobacteria also commonly found 
[20,61]. The phyllospheres of several plants in the 
Mediter ranean were found to be dominated by lactic acid 
bacteria (Firmicutes) during summer. Their mode of 
metabolism was proposed to allow them to tolerate the 
hot and dry weather conditions [62], although this was 
not compared between different seasons. At high micro-
bial taxonomic levels, phyllosphere microbiomes of 
different plants can seem similar, but at the microbial 
species and strain levels stark differences are apparent, 
reflecting the finely tuned metabolic adaptations required 
to live in such an environment [20]. Although rhizosphere 
microbiomes are comparable to soil, little similarity has 
been found between phyllosphere microbiomes and 
those of air [62].

Proteogenomic analyses of various phyllosphere 
microbiomes have revealed species that assimilate plant-
derived ammonium, amino acids and simple carbo hy-
drates, implicating these compounds as primary nitrogen 
and carbon sources in the phyllosphere. Expression of 
microbial stress response proteins, porins, components 
of ATP binding cassette (ABC) transporters and TonB-
dependent receptors, particularly those from Sphingo
monas spp., was high [48,63], indicating a nutrient-poor 
environment. These studies [48,63] also determined that 
Methylobacterium spp. and other methylotrophs were 
widely abundant phyllosphere microbes, and that they 
were actively assimilating and metabolizing methanol 
derived from plant pectin [10]. Metagenomic analysis of 
taxonomically diverse plant species has identified an 
abundance of various known and novel microbial 
rhodopsins present in the phyllosphere. These light-
sensing proteins and proton pumps showed non-over-
lapping absorption spectra with their host plant [64], 
showing that energy metabolism in the phyllosphere is 
not entirely dependent on the plant.
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The endosphere environment
Endophytic bacteria are those that reside for at least part 
of their lives within plant tissues [65-68]. Th ey are 
generally considered to be non-pathogenic, causing no 
visible symptoms, but they include latent pathogens that, 
depending on environmental circumstances and/or host 
genotype, can cause disease [67,69]. Endophytes are 
thought to be a sub-population of the rhizosphere micro-
biome [66], but they also have characteristics distinct 
from rhizospheric bacteria, suggesting that not all 
rhizospheric bacteria can enter plants, and/or that once 
inside their hosts they change their metabolism and 
become adapted to their internal environment [67,68,70]. 
Although it is generally assumed that the bacteria that 
can be isolated from plant tissues after surface 
sterilization are ‘endophytic’, this may not be the case, as 
there are numerous niches on the surfaces of roots and 
aerial parts where bacteria can remain protected from 
the chemicals typically used for surface sterilization, and 
so confi rmation that particular bacteria are truly endo-
phytic must come from high-quality light microscopy 
(for example confocal) and/or transmission electron 
microscopy of fi xed and resin-embedded samples 
[66,67,71] (Figure  1). In two of the most recent studies, 
sonication was used to remove surface layers of plant 
tissue and the remaining tissue used to defi ne the 
endophyte microbiome [43,44]. Such studies revealed 
that endophytic bacteria mostly reside in the intercellular 
apoplast and in dead or dying cells (Figure 1a-d), and as 
yet they have not been convincingly shown to occupy 
living cells in the same organized manner as true endo-
symbioses, such as that between legumes and rhizobia. 
Th ey are also often found in the xylem vessels 
(Figure 1e,f ), within which they may be translocated from 
the roots to the aerial parts.

But how do these bacteria initially enter their hosts? 
Th e best evidence suggests that they enter at lateral root 
junctions, most likely at naturally occurring cracks 
(Figure 1a,b) [67,69,72,73]. However, it should be stressed 
that this is unlikely to be an entirely passive process, as 
many endophytic bacteria express cell-wall-degrading 
enzymes (CWDEs), albeit generally in lower concentra-
tions than expressed by plant pathogens [67]. Also, a few 
(for example, some Herbaspirillum spp. [67]) have been 
shown to possess T3SSs, which are the route of exit for 
excreted plant CWDEs, although most do not [68].

Other, more passive modes of entry are often through 
natural breaks in roots or root tips (Figure 1d) and/or by 
vegetative propagation; for example, stem seed pieces 
(pieces of cut sugarcane stem that contain at least one 
viable node from which a new plant can sprout) are a 
major source of the endophytic diazotroph population 
that colonizes the emerging sugarcane stalk and roots 
[69]. Once inside the roots, the bacteria colonize the 

apoplast, but their numbers seem to be controlled, as 
they rarely exceed 107 to 108  colony forming units (cfu) 
per gram fresh weight, and are often as low as 103 cfu per 
gram fresh weight, depending on plant age and genotype. 
Younger plants have higher bacterial concentrations than 
mature ones, and the concentrations of epiphytic bacteria 
are usually greater than those of endophytes, such as by a 
factor of ten in the case of Herbaspirillum [72]. To put 
these endophyte numbers into perspective, symbiotically 
eff ective legume nodules typically contain up to 1011 cfu 
rhizobial bacteroids per gram fresh weight [74], so it 
would seem that the numbers of endophytic bacteria are 
not so high as to require the development of a specialized 
organ, such as a nodule, to house them. Indeed, high 
concentrations of endophytic bacteria (for example, over 
108 cfu per gram fresh weight) can result in the elicitation 
of a host defense response [66,72] (Figure 1f ). In addition, 
endophyte numbers are generally lower in aerial parts 
than in roots [67], which suggests that although there is 
some upward movement of endophytes within their 
hosts, perhaps through the transpiration stream, this 
movement is limited, and may only be possible for 
bacteria that express CWDEs and/or the T3SS [66,67,72].

Most of our knowledge about endophytic bacteria 
comes from work on a few well studied ‘model’ organ-
isms, such as Azoarcus, Burkholderia, Gluconacetobacter, 
Herbaspirillum and Klebsiella spp., which were all 
isolated from non-legumes, particularly grasses [66,67, 
69,73,75]. Although these studies have given much 
insight into mechanisms of infection and colonization, 
they tell us little about the true diversity of the bacteria in 
the endophytic microbiome, and, indeed, they may not 
be particularly representative of it. Culture-independent 
methods, such as analyses of 16S rRNA and nifH trans-
cripts [76], and metagenome analyses [68] have demon-
strated a huge diversity of endophytes in the economically 
important crops sugarcane and rice. Interestingly, these 
studies suggest that rhizobia (and other α-Proteobacteria) 
are very common endophytes, as are β-Proteobacteria, γ-
Proteobacteria and Firmicutes.

High-throughput sequencing of 16S rRNA has recently 
been used to defi ne the core endophytic bacterial micro-
biome of A. thaliana [43,44]. Th ese studies showed that 
although various diff erent soil types altered the bacterial 
endophyte microbiome, Actinobacteria and some families 
from the Proteobacteria were consistently enriched in the 
endosphere compared with the rhizosphere. Th e endo-
phyte microbiomes seemed to be a subset of the 
rhizosphere microbiomes, indicating much stronger 
plant selection for the internal environment. Th is raises 
the important question of the role of plant immunity. 
Does innate immunity through the recognition of 
microbe-associated molecular patterns (MAMPs) have a 
role in selection of microbes?
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On the plant side, the best studied systems have been 
those involving the inoculation of sugarcane and rice by 
defi ned strains of endophytic and/or rhizospheric 
bacteria, particularly Azospirillum, Burkholderia, Glucon
aceto bacter and Herbaspirillum spp. [77-80]. Th is subject 
has been reviewed recently [67]. Th e most important 
genomic response that has been reported in rice or 

sugarcane after inoculation with endophytic bacteria is 
modulation of the expression of plant defense-related 
genes, such as resistance (R) genes and leucine-rich 
repeat (LRR)-containing-receptor-like kinases; these are 
expressed at diff erent levels (higher or lower) than 
typically occurs when the plants are challenged with 
phytopathogens without any endophytic bacteria. For 
example, when the sugarcane variety B4362, which is 
susceptible to mottled stripe disease, was inoculated with 
the causal organism, Herbaspirillum rubrisubalbicans [67], 
expression of the LRR-rich receptor-like kinase SHR5 
was unaltered, whereas it decreased signifi cantly in non-
susceptible varieties and when the same variety was 
challenged with Herbaspirillum seropedicae, a non-
phytopathogenic endophytic relative of H. rubrisub albi
cans [80]. Moreover, the ethylene receptors in sugarcane 
and rice are diff erentially expressed in response to 
endophytic bacteria; some, but not all, are upregulated, 
and the type of ethylene receptor that is expressed 
depends on which endophytic bacterial species is inocu-
lated onto the plant [77,78]. In contrast, when sugarcane 
is challenged with phytopathogens such as Leifsonia xyli 
and sugarcane mosaic virus, ethylene response trans-
cription factors (ERFs) that are repressed after inocula-
tion with endophytic bacteria (such as SCERF1) are 
strongly upregulated [78]. Taken together, these genomic 
responses suggest that the plants are ‘prepared’ for their 
invasion by these ‘friendly’ bacteria in a manner that is 
very diff erent to their reactions to phytopathogens.

Interestingly, many of these defense genes are also 
diff erentially expressed depending on the host and the 
bacterial genotype. Th e facts that they are so commonly 
isolated from almost all types of multicellular plants, and 
that there are specifi c plant genomic responses to them 
that are diff erent from the responses of other types of 
plant-associated bacteria (such as phytopathogens) suggest 
that endophytic bacteria are at least tolerated by their 
hosts and may actually be welcomed by them. So what 
are the potential benefi ts (if any) to plants of endophytic 
bacteria? Th ere have been many studies on ‘endophytic 
diazotrophs’ (nitrogen-fi xing bacteria that live in plants, 
particularly in grasses), and there is evidence that these 
can express nif genes and proteins (which are involved in 
nitrogen fi xation), and that they may even fi x signifi cant 
amounts of nitrogen and transfer it to their hosts [71-73]. 
Th ere has also been much recent focus on endophytic 
bacteria that have plant-growth-promoting characteris tics, 
such as hormone production (indoles, auxins), phos-
phate-solubilization, siderophores and 1-aminocyclopro-
pane 1-carboxylic acid (ACC) deaminase [66,68,75]. It 
has been shown by some studies (for example, of sugar-
cane) that some endophytic bacteria are more likely to 
possess all or some of these plant-growth-promoting 
characteristics than epiphytic or rhizospheric bacteria on 

Figure 1. Light micrographs (a,b,d,e) and transmission electron 
micrographs (TEMs) (c,f) of colonization of poaceous crops 
by endophytic diazotrophic bacteria. (a) Longitudinal section 
of a rice (Oryza sativa) root (r) being invaded by H. seropedicae 
(arrows) at a lateral root (asterisk) junction. Bacteria have colonized 
intercellular spaces deep within the cortex of the main root 
(arrowhead). (b) Transverse section of a rice root (r) showing that 
the intercellular spaces surrounding the point of emergence of 
an emerging lateral root (asterisk) are heavily colonized by H. 
seropedicae (arrows). (c) Transmission electron micrograph of rice 
root cells that are densely colonized by H. seropedicae, labeled by 
gold particles attached to an antibody against H. seropedicae strain 
Z67. The host cytoplasm is no longer present, but the bacteria 
are instead surrounded by exopolysaccharide material that is 
strongly labeled (see [72] for details). w, plant cell. (d) Longitudinal 
section of a sugarcane (Saccharum sp.) root tip being invaded by 
G. diazotrophicus. The bacteria (arrows) are present in the root cap 
cells (rc), some of which are broken, but the newly divided cells of the 
meristem (m) remain uninvaded. (e) Transverse section of a sorghum 
(Sorghum bicolor) leaf. The protoxylem and associated lacunae are 
densely colonized by H. rubrisubalbicans (arrows), but the metaxylem 
(mx) remains uninvaded. p, phloem. (f) TEM of sugarcane leaf xylem 
colonized by G. diazotrophicus; the bacteria are healthy in appearance 
but are embedded in a gum (g) that was produced by the plant as 
a defense response to their presence. The bacteria accordingly have 
released exopolysaccharide to protect themselves from this gum, 
thus creating ‘halo-like’ electron-transparent regions around them 
(arrows). The scale bars represent (a) 50 μm, (b) 20 μm, (c) 1 μm, 
(d) 10 μm, (e) 20 μm and (f ) 1 μm.
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the same hosts [70]. In addition, it is known that plants 
that have been inoculated with endophytic bacteria, such 
as G. diazotrophicus and Herbaspirillum, may be better 
protected against phytopathogenic fungi and/or bacteria 
through systemically acquired resistance [67].

We know that inoculation with specific strains (either 
singly or in consortia) of endophytic bacteria that have 
plant-growth-promoting characteristics and/or diazo-
trophy can result in significant growth benefits to host 
plants; however, if we are to exploit the full potential of 
endophytic bacteria the challenge now is to determine 
several things about them and their hosts. First, we need 
to know whether these well studied strains and species 
are ‘representative’ of the endophytic bacterial popula-
tions that seem to naturally pertain in all higher plants. 
Second, we need to know whether endophytic bacteria 
are essential for the health of their hosts, and if so, 
whether it is possible to compare naturally ‘bacterized’ 
plants to those without any endophytic bacterial popu-
lation. And third, we need to find out how we can exploit 
knowledge about the genomes of the host plants, 
particularly those of economically important crops, and 
how they respond to specific endophytic bacteria and/or 
to endophytic bacteria in general; in other words, 
whether we can carefully ‘match’ host and bacterial 
genotypes with the aim of optimizing their association in 
terms of crop productivity.

The effect of the host on the plant microbiome
The interactions between a plant and its microbiome are 
highly complex and dynamic. The plant immune system 
(Box  1) in particular is thought to have a key role in 
determining plant microbiome structure. Mutants of A. 
thaliana deficient in systemic acquired resistance (SAR) 
have shown differences in rhizosphere bacterial commu-
nity composition compared with wild type [81], whereas 
chemical activation of SAR did not result in significant 
shifts in the rhizosphere bacterial community [82]. In the 
phyllosphere of A. thaliana, induction of salicylic-acid-
mediated defense reduced the diversity of endophytes, 
whereas plants deficient in jasmonate-mediated defense 
showed higher epiphytic diversity [83]. These reports 
suggest that the effects of plant defense processes on the 
microbiome are variable and that SAR is responsible for 
controlling the populations of some bacteria.

Production of plant hormones such as indole-3-acetic 
acid (IAA) is widespread among plant-associated bac-
teria, particularly the rhizobia [84], and some Bacillus 
spp. can produce gibberellins [85]. Pseudomonas syringae 
produces hormone analogs that interfere with jasmonate 
and ethylene signaling, resulting in stomatal opening and 
pathogen entry [86]. Degradation of hormones or 
hormone precursors by bacteria is also documented. For 
example, microbial deamination of ACC prevents plant 

ethylene signaling, resulting in plants more tolerant to 
environmental stress [87].

Although some chemical signals released by plants 
facilitate specific interactions, many are recognized by 
other organisms. For example, flavonoids trigger diverse 
responses in rhizobia, mycorrhiza, root pathogens and 
other plants [88]. Strigolactones induce hyphal branching 
in mycorrhizal fungi and promote seed germination of 
parasitic plants [89]. Some plant genes and pathways 
have roles in establishment of multiple interactions with 
different microbes; examples include the developmental 
pathways that are shared between mycorrhizal and 
rhizobial symbioses [90], the mycorrhizal symbiosis and 
infection by oomycetes [91] and the rhizobial symbiosis 
and infection by nematodes [92]. It is not yet known 
whether and how these pathways interact with other 
members of the microbiome.

Plants produce a wide variety of antimicrobial com-
pounds both constitutively and in response to pathogens 
[93]. Phenolics, terpenoids and alkaloids are widespread 
in the plant kingdom, whereas others are restricted to 
particular groups [94]; glucosinolates, for example, are 
produced only by members of the order Brassicales. 
Arabidopsis produces glucosinolates naturally, but trans-
genic Arabidopsis producing an exogenous glucosinolate 
altered the bacterial and fungal communities in the 

Box 1. Plant immunity

Plant innate immunity is triggered by exposure to microbes 
through microbe-associated molecular patterns (MAMPs) 
[103]. Because many of these responses were first investigated 
in pathogenic microbes, they are also know as pathogen-
associated molecular patterns (PAMPs) and the plant response is 
called PAMP-triggered immunity (PTI). MAMPS are widespread, 
slowly evolving features of bacteria and other microbes, 
such as flagellin, elongation factor Tu and chitin. The plant 
response includes production of reactive oxygen species, 
callose deposition (strengthening of cell walls) and activation 
of signaling and defense genes. Pathogens can affect these 
responses through secretion of effectors [104], which trigger a 
further response from the plant, known as effector-triggered 
immunity (ETI) [105]. Systemic acquired resistance (SAR), or 
priming, is activated by MAMP recognition and ETI. It is a 
plant-wide response involving the accumulation of broad-
spectrum antimicrobials in healthy tissue, limiting the spread 
of the infection. Plant defense signaling is coordinated by 
hormones depending on the type of pathogen [106]. Salicylic 
acid is produced in response to attack by biotrophic pathogens, 
whereas jasmonate controls responses to insect herbivores and 
necrotrophic pathogens. Ethylene is another plant hormone 
produced in response to herbivores, necrotrophic pathogens, 
and environmental and developmental signals. It can also 
modulate the jasmonate and salicylic acid signaling pathways. 
Plant immunity has co-evolved with the plant microbiome and 
thus is thought to have a key role in determining its structure.
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rhizosphere and root tissue [95]. Oat (Avena strigosa) 
produces triterpenoid saponins known as avenacins, 
which have broad-spectrum antifungal activity [96]. Oat 
mutants lacking avenacins have different culturable 
communities of root-colonizing fungi [97] and are more 
susceptible to fungal pathogens than isogenic wild-type 
oat [98,99]. Surprisingly, however, a recent global analysis 
of the rhizosphere microbiome of these two genotypes 
found little difference between the fungal communities. 
The eukaryotic Amoebozoa and Alveolata were strongly 
affected by the lack of avenacins in the mutant, whereas 
bacterial communities were unaffected [29]. This high-
lights that a small change in plant genotype can have 
complex and unforeseen effects on the plant microbiome. 
Other studies have not found any significant differences 
in rhizosphere microbiomes between wild-type maize 
and maize genetically engineered to produce Bacillus 
thuringiensis (Bt) toxin [100,101], although this may be 
due to Bt toxin being insecticidal rather than anti-
bacterial. Also, in the wheat rhizosphere, introduction of 
the pm3b gene conferring resistance to mildew had 
minimal effect on pseudomonads and mycorrhizal fungi 
populations [102]. Disease resistance, including produc-
tion of antimicrobial compounds, is a trait likely to be 
introduced as a result of molecular breeding or genetic 
modification in attempts to control diseases. These may 
or may not affect resident members of the microbiome, 
potentially with unforeseen effects on the plant, and 
should be assessed on an individual basis. This is 
particularly important given that the products of disease 
resistance genes are often unknown.

Conclusions
The microbiome can be considered as an extension of the 
host genome. Microbiomes associated with above-
ground (phyllosphere), below-ground (rhizosphere) and 
internal (endosphere) tissues of the same plant are 
distinct. Also, microbiomes occupying the same niche of 
different plants can be very different, particularly when 
the microbiome is viewed at fine taxonomic levels such 
as genus, species and strain. This is where specific 
metabolic capabilities are required to use host-derived 
carbon sources and tolerate host defenses. Abiotic 
conditions, such as temperature, moisture and pH, have 
broad affects on the microbiome directly and indirectly 
through the host. Phyllosphere microbial communities 
are subject to huge fluxes in abiotic conditions, and so 
rates of microbial turnover are different between different 
regions of the plant. In addition, there is cross-talk 
between above- and below-ground plant tissues, which 
can affect other external factors such as herbivory. Even 
small changes in the host genome can influence the plant 
microbiome, and these changes can feed back to 
modulate the behavior of the host.

Despite its complexity and dynamism, particularly in 
natural environments, it is important not to overlook the 
plant microbiome when interpreting experimental data, 
especially when it can lead to applications in the field. 
Genetic modification of plants, to resist disease for 
example, may have unforeseen consequences for the rest 
of the microbiome, which may or may not be physio-
logically relevant. The role of the microbiome and its 
relationship to plant health, productivity and bio-
geochemical cycles should be considered as much as the 
plant itself. An extension of this notion is that molecular 
breeding or genetic modification of plants could be used 
to modulate the microbiome intentionally, recruiting 
disease antagonists and plant-growth promoters to 
improve agricultural production.
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