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Abstract

The holobiont is composed by the plant and its microbiome. In a similar way to
ecological systems of higher organisms, the holobiont shows interdependent and
complex dynamics [1,2]. While plants originate from seeds, the microbiome has a
multitude of sources. The assemblage of these communities depends on the
interaction between the emerging seedling and its surrounding environment, with soil
being the main source. These microbial communities are controlled by the plant
through different strategies, such as the specific profile of root exudates and its
immune system. Despite this control, the microbiome is still able to adapt and thrive.
The molecular knowledge behind these interactions and microbial “-omic” technologies
are developing to the point of enabling holobiont engineering. For a long time
microorganisms were in the background of plant biology but new multidisciplinary
approaches have led to an appreciation of the importance of the holobiont, where

plants and microbes are interdependent.

Introduction

Plants do not live alone. Indeed, a vast diversity of microorganisms colonise all their
organs, making up their microbiome. Since the first break-trough paper describing the
Arabidopsis thaliana microbiome [3] numerous articles have appeared illustrating the
microbiome diversity of different model plants such as Brachypodium distachyon,
Medicago truncatula, Lotus japonicus or Marchantia polymorpha [4-7], and crops like
rice, maize, sugarcane, barley, soybean and cowpea [8-13]. Current plant microbiome
studies aim to investigate its structure under a variety of conditions, for example, host

plant species, soil type and temporal and spatial differences [4,14,15].
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How is the microbiome assembled?

Even though microorganisms are millions of times smaller than animal and plants,
some of the ecological relationships are conserved and hence can be compared [16].
For example, as in the case of higher organisms, microbiome diversity correlates with
the size of the habitat. This was observed in natural enclosed environments like
treehole pools, where microbial genetic diversity increased with the volume sampled
[17]. Moreover, the state of a microbial community is the result of its succession in
time. As in the case of plants colonising new areas with fast-growing and resistance
species, a microbiome starts with autotrophic cyanobacteria, whose diversity rises
sharply at the beginning and remains stable over time. The presence of cyanobacteria
is linked to a high organic carbon and nitrogen content in soils, paving the way for the
colonisation of higher organisms [18]. Disturbed environments support microorganisms
with a higher response to nutrient inputs, and they evolve into more specialised, but
metabolically slower assemblages, as concluded from recording of rRNA operon
numbers and heterogeneity [19].

Another important similarity between higher organisms and microbial communities is
the existence of keystone species. As starfish in rock ponds [20] or wolves
reintroduced in Yellowstone National Park [21], a keystone species may not be
dominant in numbers but play a critical role maintaining community diversity. A
microbial example comes from the plant phyllosphere, where microbial communities
evolved together with a plant-parasitic Albugo oomycete. When the pathogen was
removed, there was a reduction in the diversity of the ecosystem [22]. It implies that we
need to carefully consider adding or removing even single but important community
members, as these modifications may have consequences for the whole ecosystem

and hence for the plant host which we are trying to protect.

The plant holobiont is a good example in nature showing how a good communication
and an interactive dialogue between two partners leads to a better performance [23].
This relationship usually starts in the rhizosphere as, in most cases, the initial reservoir
of microbial diversity is the soil. As the compounds that attract and select preferred
microorganisms are present in root exudates and mucilage, microorganisms would
migrate from the root to different plant organs above ground (Figure 1). This
partnership between host and its associated community has to be studied throughout
time, as there are many factors affecting these microbial assemblies. The controversial

co-evolution between the host and its microbiota leads sometimes to adaptive gene
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loss, known as the “black queen hypothesis” [24,25]. For example Blattabacterium,
termite gut-associated bacteria have become specialized by losing genes involved in

vitamin and amino acid biosynthesis [26].

Where does the plant microbiota come from?

As aforementioned, most microbiota members are horizontally acquired from the
surrounding environment where soil is the main reservoir of a plant’'s microbiome
[3,10,27,28], whereas the air only exerts a minute contribution to the organs above
ground [29]. As the plant microbiota is mostly determined by soil communities,
understanding the factors determining microbial diversity and richness of soil are of
paramount importance to studying plant microbiome assemblage. A global factor here
is soil pH [30-34]. Soils of low pH harbour homogeneous communities dominated by
Acidobacteria, while those with higher pH show a highly diverse microbial population
[14,35]. In turn, the soil is also influenced by root exudates, which are rich in organic
carbon compounds, leading to the assembly of the plant microbiome below ground.
Indeed, the amount of organic carbon determines the presence of typical copiotrophic
microorganisms that grow well in rich organic environments, such as Proteobacteria,

Bacteroidetes or Actinobacteria [36,37].

The influence exerted by the root on the microbiome varies across the different
physical compartments in which the soil-root system is divided: bulk soil (where the soil
microbiome is not influenced by the plant root), rhizosphere (the soil influenced by the
root), rhizoplane (microbiota attached to the plant root) and the endosphere (the
microbiota inside the root) [3,38]. Microbiome diversity seems to be inversely
proportional to the influence of the root, being highest in bulk soil and lowest in the
endosphere, mostly due to a high degree of plant selection [38-40]. The drivers of this
plant recruitment are not yet defined. Which approach should we use to uncover
selection by the plant? The use of plants mutated in genes involved in plant-microbe
interactions and screening their affected microbiome is now uncovering the biology
behind this selection. For instance, Lebeis et al. [41] showed the importance of plant
defence hormones in A. thaliana. The absence of pad4, a gene activated by salicylic
acid, prevents the enrichment of Actinobacteria, which was previously observed in the
root endosphere of A. thaliana [38]. In the case of wheat, the presence of jasmonic
acid changes the structure of microbial communities of the root endosphere by

enriching in phytopathogen-supressing taxa [42]. Microbiome structural changes were
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also used as a proxy to uncover a link between phosphate acquisition pathway and
immune system. A set of A. thaliana mutant plants in phosphate accumulation
pathways showed a distinctive assembly of communities, which were modulated by
PHR1. As the master regulator of the phosphate starvation response and also required

for the jasmonic acid response, nutrient acquisition was prioritised over defence [43].

As plants strongly select their specific microbiome, they reduce their overall microbial
diversity, paving the way to pathogen emergence [44,45]. Crop plant monocultures are
examples of continuous plant selection over vast areas and long time scales
[18,46,47].

Although the majority of the plant microbiome diversity is acquired during plant life from
its surrounding environment, it seems that part of it could also be inherited from the
seed [48] (Figure 1). Seed-associated microorganisms play a role in early stages of
plant development, affecting germination and seedling survival [49]. Sail
microorganisms appear later and have to compete against the already established
microbiota. The microorganisms selected in the rhizosphere will move to the rest of the
plant and colonise different organs [50,51]. The main organ to which these
communities migrate is the leaf. Phyllosphere communities have been directly
associated with outbreaks of different human illnesses due to the presence of enteric
pathogens [52]. This highlights the importance of knowing the origin of the different
microbial assemblages in each plant organ, in order to prevent or minimise pathogen
outbreaks. If we know the microbial reservoir (soil, air or seed-borne), we can predict
the colonisation pattern of pathogenic microorganisms. In the case of phyllosphere
microbiome studies, the use of plastic plants in field experiments has been described
as an appropriate control to capture air-borne communities. This work claimed that only
a small subset of the phyllosphere community is selected by the plant, as there is equal
colonisation of the leaves of both the real tomato and its inert partner [29]. The origin of
these communities is unknown, however it has been suggested that low-growing plants

acquire their phyllosphere microbiome mostly from the soil [28].

How do plants fine-tune their microbiome?

Despite the environmental origin of different microbial communities, the plant itself is
obviously a key player in the holobiont, actively influencing the composition and
function of its microbiota. As mentioned previously, factors such as the plant species,
the developmental stage and the plant compartment define different microbial
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assemblages, but also important are the plant immune system, its metabolism and
ability to secrete nutrients. Microbial communities respond and adapt themselves to
these factors. For example, the loss of nitrogen-fixing symbiosis in L. japonicus alters
the structure of the community assemblages in the root and rhizosphere compartments
[6]. GC-MS on root exudates from gnobiotically-grown A. thaliana plants has shown
that the levels of sugars and sugar alcohols decreased through plant development,
whereas the levels of amino acids and phenolics increased over time [53]. Root
exudates, composed of sugars, organic acids and amino acids, strongly affect the
composition of microbial plant communities, with Actinobacteria and Proteobacteria
being the primary consumers of these compounds [54]. In the microbiota of barley
roots, genes involved in sugar uptake were enriched compared to their presence in soil
samples [11]. A mutation of an ABC transporter involved in root exudation caused
changes in the fungal and bacterial rhizosphere communities of A. thaliana [55].
However, in the absence of a plant, the addition of organic acids, rather than sugars,
stimulates bacterial richness and diversity [56]. Nutrient acquisition is a strong driver of
microbial assemblage. Just as in the rhizosphere, nutrient availability also drives the
phyllosphere community. The leaf cuticle acts as diffusion barrier; plant mutants with a
disturbed cuticle affect the composition and relative abundance of their associated
microbiota [57]. Whereas the abundance of Rhodococcus decreases because they
feed on cuticle components, Variovorax, a genus with broad spectrum metabolic

capabilities, increases its presence [58].

Microbial surface structures, mostly based on carbohydrates, are also essential for the
establishment of successful interactions between the plant and its microbial partners. A
rhamnose-deficient lipopolysaccharide mutant of Rhizobium sp. IRBG74 lose the ability
to nodulate Sesbania cannabina and show significant reduction in colonisation of rice
roots [59]. These microbial surface structures are usually perceived by plant LysM
receptors, a family of proteins involved in the first recognition steps upon microbial
infection and part of the plant immune system. LysM receptors detect structurally
similar molecules, for example, nodulation (Nod) factors produced by rhizobial
symbionts; chitin, the surface polymer in fungi, or bacterial peptidoglycan surface
polymers [60]. On their surfaces bacteria display a variety of glycans (the major
component of bacterial biofilms) that help them to colonise different niches and evade
the plant immune system. A key finding, opening new perspectives on carbohydrate
signalling and perception, has been the discovery of the transmembrane LysM receptor
kinase, EPRS3 [61]. First described in L. japonicus, this receptor is able to directly bind

exopolysaccharide (EPS), a major bacterial surface polymer composed of sugar
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residues. EPR3 distinguishes between compatible and incompatible EPS and is thus
involved in signal perception leading to a successful interaction. Not only that, but
EPR3 expression is inducible and dependent on host perception of bacterial Nod
factors, mediating the plant—bacterial compatibility and leading to rhizobial access into

legume roots in a tightly-controlled symbiosis.

Microbial pathogens strategically acquire metabolites from their hosts during infection,
either as energy sources or signalling molecules [62]. However, the plant has
developed strategies to interfere and prevent metabolite loss to pathogens. In A.
thaliana, the sugar transporter 13 (STP13) is phosphorylated by BAK1
(BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1) a co-receptor of
flagellin, one of the main bacterial structural components that triggers the immune
response upon detection [63]. STP13 phosphorylation enhances plant monosaccharide
uptake activity from their own apoplast to outcompete phytopathogenic bacteria,
suppressing effector delivery and thereby reducing their virulence. Regulation of
metabolite uptake upon recognition of microorganisms might constitute a plant defence
strategy to limit pathogen proliferation. Adapted microbes coexist in the phyllosphere.
These bacterial communities are limited by carbon availability, thus access to carbon
compounds on leaves is a major determinant of epiphytic colonisation [64]. A culture-
independent analysis of the microbiota associated with leaves of soybean, clover, and
A. thaliana plants using a metaproteogenomic approach showed similar community
profiles [65]. The alphaproteobacterial genera Methylobacterium and Sphingomonas
were predominantly found. Survival of Methylobacterium was, to a large extent, related
to its ability to use methanol as a source of carbon and energy. Sphingomonas had a
different strategy to thrive in the phyllosphere based on an active carbohydrate uptake,
reflected by a high expression of TonB-dependent receptors, outer membrane proteins
involved in this uptake. Thus, through the metabolic profile, the plant is able to define

its microbial partners.

Microbiome research breaks into the field of plant engineering

In the field of plant engineering, microbiome studies are starting to be taken into
account. For plants with a disrupted metabolic pathway, this will not only affect its
physiology, but also its associated microbiota. A good example is the reduction of lignin
levels in forest trees in order to improve the commercial viability of wood. Cinnamoyl-
CoA reductase (CCR) is a central enzyme in the lignin biosynthetic pathway, but when

it is silenced, an accumulation of various extractable phenolic compounds occurs in the
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xylem. Field-grown CCR-down-regulated poplar trees substantially influence the
microbiome of the plant endosphere. Therefore, a small genetic variation affecting a
plant metabolic pathway can generate changes in the community structures and their
metabolic capacities [66]. Another major challenge in biotechnology is the transfer of
biological nitrogen fixation to cereal crops. Inoculation of maize and wheat with a strain
of Pseudomonas protegens able to excrete ammonia and engineered to fix nitrogen,
largely improved their nitrogen content and biomass accumulation [67,68]. Despite the
potential of this strain, in order to release and expand the use of nitrogen-fixing
inoculants to diverse soils, the effect on the indigenous microbial communities needs to

be evaluated.

While pathogenic and symbiotic interactions are known to induce changes in gene
transcription related to plant defence and development, little is known about the
molecular mechanisms underlying the phytostimulation of Plant Growth-Promoting
Rhizobacteria (PGPRs) [69]. A transcriptomic approach looking for the genes
responsible for a favoured interaction on PGPR-inoculated rice plants found a total of
7,384 genes significantly up- or down-regulated upon Azospirillum inoculation (16% of
total rice genes). Most of the differentially expressed genes were involved in primary
metabolism, transport, regulation of transcription and protein fate [70]. Microorganisms
colonising plant tissues try to modulate plant defences to allow their establishment.
Rice roots inoculated with the endophyte Herbaspirillum seropedicae showed a
decreased expression of genes involved in defence [71]. A transcriptome approach
showed that the “crack-entry” symbiont Bradyrhizobium sp. Lb8 induces genes
involved in oxidation-reduction, metabolism, hormone biosynthesis and plant defence
systems in the root of cultivated peanut (Arachis hypogaea L.). In the case of nitrogen-
fixing bacteria, defence responses are also induced at the first stages of interaction,
but these endosymbionts are able to down-regulate defence-like genes in order to
allow their entrance into the root cortex of legume plants and induce nodule formation
[72,73].

Defining a model microbial community to increase plant productivity is in the scientific
spotlight. The rhizosphere microbiome and root exudates of B. distachyon has been
established as a model rhizosphere for cereal species [5]. The B. distachyon
rhizosphere microbiota profiles are similar to those reported for wheat rhizosphere [74],
but different from those of A. thaliana [3,38]. This suggests that microbial communities
are influenced by differences in the root system, exudates and mucilage production

between monocotyledons and eudicots [5]. Understanding how microbial communities
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assemble is moving the field towards the use of synthetic communities to enhance crop
production. The introduction of the endophyte Paraburkholderia phytofirmans PsJN, a
powerful plant growth promoter [75], to the flowers of parent plants of various crops
(maize, wheat, soybean and pepper) has proven to be an effective strategy for its

transmission into progeny seed, thus promoting plant development [50].

Future perspectives and applications

Initial microbiome studies have been based on a descriptive approach of the different
communities present in various plant hosts or conditions. The next step will be to look
for functional characteristics and explain how specific communities are influencing the
plant. For example, which part of the soil microbiome is linked to the flowering time and
biomass in plants? An easy approach would be to record plant growth and its
associated microbiome in different conditions, correcting for plant physiology
heterogeneity and microbiome stochasticity. A more powerful approach is to enrich the
microbiome over a multi-seasonal selection experiment, looking for a desired trait [76].
In A. thaliana, after 10 successive generations, a different microbial community was
selected in early and late flowering plants (low and high inflorescence biomass,
respectively), both in terms of phylogeny and function. The microbiomes responsible
for these traits were transplanted to other closely-related plant species and they
reproduced the same effect [76]. These transplants were successful even when using
only the cultivable part of the microbiome. However if the viability was affected by
freezing the samples, these traits were lost due to a reduction in the community
structure [77]. In general, the higher the diversity of the microbial community, the
greater the plant biomass that can be obtained. This is possibly due to resource
allocation and enhanced evolution, allowing the microbiome to develop desirable

functions [78].

However, we are still far from fully understanding microbiome dynamics. A microbiome
is usually more efficient in its native state, when all the microorganisms are present,
than when only a selected part - albeit highly specialised - is involved. For example,
cultivable microorganisms selected for their oil-degrading properties were less able to
fulfil their purpose than the native soil microbiome [79]. The functional stability of the
microbiome was addressed further by analysing pathogen invasion. A pathogenic
strain of Esherichia coli colonised soil better when a poor microbial community was
present, compared to a more complex soil microbiome. A strong negative correlation

was observed between E. coli colonisation and the microbial soil diversity, both in a
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dilution-to-extinction experiment from the original soil microbiome and a synthetic
community approach [80]. A similar colonisation effect happened with soil opportunists
overtaking the nutrient and diversity-poor rhizosphere of A. thaliana plants [4]. Both
studies indicate that colonisation of newcomers is strongest in disturbed systems,
where resource recycling is lowered due to the absence of certain community

members.

Combined *“-omics” technologies are leading to a better understanding of the
community dynamics. Emerging pipelines for processing large number of samples and
improved data analysis allow microbiome studies to be performed in less than 48 hours
[81]. Combining automation with network analysis will revolutionise microbial ecology.
Network analysis is used to identify microbial taxa that support diversity, but also
identify specific taxa that show either a direct negative correlation with a known
pathogen, or an indirect correlation due to a positive interaction with pathogen
antagonist [82]. Hence, the observation that some microbial taxa are more abundant in
the rhizosphere of infected plants does not necessary mean that they have a direct
influence. A good example is the enrichment of bacterial taxa feeding on nutrients
leaching from Rhizoctonia infected plant roots. Bacterial abundance is an indirect
response due to the presence of the pathogen and their potential biocontrol would be
of limited value [83]. The approach of assembling synthetic communities will need to
incorporate community ecology concepts. These synthetic communities, usually based
on biocontrol and biofertilizer species, should be supplemented with both accessory
species to obtain a robust diversity and keystone species to maintain the microbiome
functional stability (Figure 2). The last crucial step is the ability to culture, store and
share microbial strains. A keystone study has proved that, with current technologies, a
collection of 400 isolates from roots and leaves of A. thaliana can be fully genomically
characterized and used to assembly synthetic communities mimicking the initial
microbiota structure [84]. These approaches would enable mimicking the plant

microbiome in order to engineering the holobiont itself.

Concluding remarks

Even though the plant has always been considered the main character in plant-microbe
interactions, current research projects are highlighting the importance of its associated
microbiome. Cutting-edge technologies have led to massive progress in plant

microbiology, which is now re-defining our understanding of the coexistence and
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communication between plants and microbes. The field is moving from the initial

description of the actors starring in this play in nature, to the full storyline.
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Figure legends

Figure 1. A. Origin of the plant microbiome. The main origin of the plant microbiome
is the soil, where the microbial diversity is inversily correlated with the activity of its
community. In addition to the microorganisms that potentially migrate from the soil to
the leaves, the phyllosphere is also colonised by specialised air-borne species.
Another source in some plant species, is the seed-borne community that is inherited
vertically. B. Microbial-plant dialogue. Microbes are attracted by root exudates, and
their presence triggers a plant specific response. Chemical signalling and surface
structures are perceived by LysM receptors in the plant membrane, which will then

modulate microbial recognition.

Figure 2. Proposed synthetic inoculant based on keystone species. Keystone and

diverstiy based approach expands the historical single or mixed inoculant approaches.
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PGPR species will promote plant growth and pathogen protection direct or indirectly.
Keystone species will then provide a support for the PGPRs either directly, with a help
of just a few “middle” species (intermediate influence) or indirectly through a diverse,
interconnected community. The arrows and the bar-heads at the end of the nodes

indicate a positive and negative influence, respectively.
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