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REVIEW - FOCUS ISSUE ON PLANT HEALTH SUSTAINING MEDITERRANEAN ECOSYSTEMS

Plant microbiota: from model plants to Mediterranean crops
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Summary. Plants live in ecosystems where they interact with complex microbial communities instigating a wide
range of relationships. These communities constitute the ‘microbiota’, a term initially coined to describe host-
symbiont systems that has been extended to cover non-symbiotic, but mostly beneficial interactions. Through the
development of innovative “-omics’ technologies such as high-throughput sequencing, study of plant microbiota
has advanced rapidly, allowing scientists to increase understanding of plant primary functions and how these
can be positively impacted by microbes. In addition, basic knowledge of plant-microbe interactions offers novel
potential applications for sustainable agriculture. This review outlines new concepts of the "plant metagenome’,
then summarizes major advances related to plant root-associated microbial communities, from model plants, such
as Arabidopsis thaliana, to important Mediterranean crops. Arbuscular mycorrhizal fungi are crucial components
of root microbiota: they are acknowledged as relevant tools for improving plant mineral nutrition in agricultural
environments. Particular attention is given to their impacts on plant hosts, particularly tomato, which has been
widely used as valuable model, both in plant biology and crop sciences, due to its importance in Mediterranean

agriculture.

Key words: arbuscular mycorrhizal fungi, metagenomics, plant root, sustainability, tomato (Solanum
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Introduction

In recent times, a large body of experimental evi-
dence has demonstrated that in natural ecosystems, or-
ganisms do not face their lives alone, but interact with
each other, often in intimate cooperation. These inter-
actions have deep impacts on reciprocal survival and
fitness. Microbes (archaea, bacteria, fungi, protists and
viruses), collectively the ‘microbiota’, thrive in associa-
tion with host plants (Bordenstein and Theis, 2015). The
term microbiota originated from study of host-symbi-
ont systems, and was coined in 2001 by Lederberg and
McCray (2001) referring to the complex microbial com-
munities that inhabit the human body. First pioneer mi-
crobiota studies started in 2008, on the human-associ-
ated microbiota when the Human Microbiome Project
was funded in the USA by National Institutes of Health.
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In recent years many microbiome studies have
been carried out in human biology and biotechnol-
ogy (Garrett, 2017). These approaches have also been
followed in other biological disciplines, including
plant biology and entomology, also extending to non-
symbiotic interactions and greatly extending biologi-
cal knowledge. As in humans, many other complex
multicellular eukaryotes host microbiota, including
ancient eukaryotes such as fungi (Desird et al., 2014).

While microbiota research has mostly focused
on host-symbiont interactions, the term microbiota
is now widely used to also describe non-symbiotic
associations. For example, in molecular ecology,
this research encompasses complex microbial as-
semblages that live in particular environments or
niches. Microbiota is commonly used in connection
with the concept of ‘metagenomes’, which indicates
the full set of genomes within the microbiota. This
latter definition was used to describe the genetic
content of soil microbiota (Handelsman, 2008), al-
though first attempts were also made by Venter et
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al. (2004) with the genome shotgun sequencing of
the Sargasso Sea.

When host-symbiotic models are considered,
many authors now suggest that the ‘holobiont’ the-
ory should be taken into account (Bordenstein and
Theis, 2015; Vandenkoornhuyse et al., 2015). Accord-
ing to this concept, these host-microbial systems, be-
ing complex assemblages of diverse organisms (Bor-
denstein and Theis, 2015; Theis et al., 2016), constitute
unique biological entities, and are defined as ‘meta-
organisms’ or holobionts (Rosenberg et al., 2007).
These associations, which are often not randomly
located, are crucial for reciprocal performance and
survival, are probably driven by evolution, and con-
stitute the “hologenome’, a newly accepted level on
which selection pressures operate. The hologenome
is defined as the host genome plus the microbiome
(Rosenberg and Zilber-Rosenberg, 2016), i.e. the full
set of microbial genomes associated with the host. The
‘holobiont’ theory was first postulated by Margulis
(1991) to describe the interaction between a host and
its endosymbiont. Later the term became generalized
to other symbiotic associations including plants and
animals, and ‘hologenome’ is now adopted to include
the amounts of genetic information of a host and its
associated microbiota.

In contrast, according to other authors, the holog-
enome concept as a level on which natural selection
operates, has been misinterpreted. One of the main
assumptions of hologenome evolution is partner fi-
delity, since each system needs to evolve as a unit
(Moran and Sloan, 2015; Douglas and Werren, 2016).
The major objection to this assumption is that in many
systems, partner fidelity is weak since host-associated
communities can strongly vary within and between
host generations (Douglas and Werren, 2016). Ad-
ditionally, it has been shown that the genotype has
minor roles in shaping the microbiota (Vandenkoorn-
huyse et al., 2015), and mutualistic interactions with
hosts are possible even without having undergone
natural selection (Moran and Sloan, 2015).

According to Theis et al. (2016), the term “metage-
nome’ and ‘hologenome’ should not be considered as
synonyms. ‘Metagenome’ should refer, in environ-
mental genomics, to the sum of genetic information
from an environmental sample, including the full set
of genomes from environmentally identified entities
(Figure 1). ‘Hologenome’ should be exclusively ap-
plied to host-symbiont interactions (Bordenstein and
Theis, 2015). However, due to the criticism raised by
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Douglas and Werren (2016), it is important to note
this definition may not always consider the ‘holog-
enome’ as a level of selection.

In recent years, the concept of metagenome has
dominated different areas of biological sciences, from
the human-associated gut microbiota, to deep-ocean
invertebrates, and to plant-microbe interactions. One
of the most significant recent achievements is knowl-
edge from the Earth Microbiome Project, which de-
fined common standards in bacterial and archaeal
microbiome sample collection and sequencing, devel-
oped a reference catalogue of microbes and microbi-
omes on Earth (Thompson et al., 2017).

These studies expanded in conjunction with the
emergence of new generation DNA sequencing tech-
nologies and high-throughput sequencing (HTS).
These allowed issues linked to unculturable microbes
to be overcome (Loman et al., 2012). Notwithstand-
ing uncertainty in the use of terms, recent discoveries
have opened new research fields and the new (some-
times still confused) terminologies mirror the need to
explore novel scenarios.

The aim of the present review is to present an up-
date on the microbial communities associated with
model plants as well as with some Mediterranean
crops. Special attention is given to arbuscular mycor-
rhizal fungi (AMF), which are relevant components
of plant root microbiota and positively act with many
Mediterranean plants, which are also well-studied
crop models, such as olive, grapevine, winter wheat
and tomato. While some current information provides
detailed responses to the question, “who is there?”, un-
derstanding the impacts of beneficial microbes on the
biology of many crop plants offers some cues to the
other key question, “what are plant-associated microbes
doing?”

The plant host: multiple niches for
multiple microbial communities

Like animals, plants interact with many microbes,
which are often defined as a plant’s second genome
(Berg et al., 2014). Plants offer several micro-environ-
ments, which can be supportive of microbial life, pro-
viding favourable biotic and abiotic conditions. Plant
ectosphere and endosphere can be distinguished
(Berg et al., 2014; Vandenkoornhuyse et al., 2015): ec-
tosphere includes plant outer surfaces while endo-
sphere includes inner tissues. Considering plant anat-
omy, we can discriminate below-ground from above-
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Figure 1. Level structure microbial communities from holobiont to environmental microbiota. Modified and here repro-
duced with the permission of the copyright holder from Theis et al. (2016).

ground micro-environments. For aerial plant parts,
the phyllosphere (leaf), the anthosphere (flower), the
carposphere (fruit) and the spermosphere (seed) can
be distinguished (Berg et al., 2014). Below ground
level, at the interface between plant and soil, the root-
microbiota complex occurs, which exists in several
micro-habitats. Together with the phyllosphere, this
complex is one of the most studied plant microbiota
(Berg et al., 2014). Being at the air-plant or soil-plant
interfaces, both these microhabitats are exposed and
influenced by air or soil microbiota, which includes
phytopathogens (Weller et al., 2002; Vorholt, 2012).

The plant root-associated microbiota: at
the edge between plant and soil

At the root level, microbiota play crucial roles in
modulating plant physiology and metabolism under
different environmental conditions. These impacts
may also influence plants at systemic levels, possibly
shaping agronomically relevant traits. Understanding
the mechanisms that plants modulate to control their
microbiota, and functions activated by the microbio-

ta, could be decisive for enhancing crop productivity
(vield and quality) in sustainable agriculture (Berend-
sen et al., 2012). For these reasons, microbial diversity
associated with plant root compartments has been ex-
tensively studied since 2012, when the core root bac-
terial microbiota of Arabidopsis thaliana was defined
(Bulgarelli et al., 2012; Lundberg et al., 2012), in asso-
ciation with expansion of Next-Generation Sequenc-
ing (NGS) techniques (see Box).

Plant root microbiota are classified depending on
the niches they occupy: the ‘rhizosphere’, located at
the root periphery, includes the narrow soil layers
surrounding the roots, the ‘rhizoplane’ is located
at the root surface, and the ‘endorhiza’ (Berg et al.,
2014) is a compartment hosted within plant tissues
(Heijden and Schlaeppi, 2015). Recent studies have
demonstrated that the selection of plant root bac-
teria occurs at these three locations, originating a
model that includes a host-driven selection of associ-
ated microbes from rhizospheres to endorhiza. This
model was defined using plant models, including rice
(Edwards et al., 2015), maize (Peiffer et al., 2013) and
Arabidopsis (Schlaeppi et al., 2014). According to this
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BOX - Meta-omics to study plant microbiota

Recent next-generation sequencing (NGS) technologies,
such as high-throughput sequencing (HTS), have
shown that only 5% of whole plant-associated microbial
diversity is culturable (Mendes et al., 2013). Study of
plant-associated biota using NGS technologies has
become standard (Schlaeppi and Bulgarelli, 2015), due
to cost-effectiveness, revolutionizing understanding
of the ecology of specific microbial niches (rhizosphere
versus bulk soil), and their functioning. Improvements
from sequencing-by-synthesis, taken up by the Illumina
company, have given increased throughput and greater
sequencing depth at reduced cost. Third-generation
single-molecule sequencing has recently become
possible. This avoids PCR-based amplification (with
its intrinsic biases), producing long reads but with less
sequencing depth. Good examples are Single Molecule
Real-Time (SMRT) Sequencing by Pacific Biosystems
(PacBio sequencing), and Nanopore sequencing by
Oxford Nanopore Technologies (Creer et al., 2016).
However, even if these techniques are appealing and
promising for new applications in genomes assembly,
they are still in their infancy, and major efforts are needed
to reduce sequencing errors and cost, and increase
the throughput. NGS sequencing based on Illumina
technology is currently the state-of-art methodology
(metagenomics, metabarcoding, transcriptomics and
meta-transcriptomics), for studying microbiota diversity
and understanding hostimpacts from associated microbes
(Creer et al., 2016). Metabarcoding has become a standard
to characterize microbial community assemblages. This
technique is based on targeted amplicon sequencing of
selected, phylogenetically informative, marker genes
(Schlaeppi and Bulgarelli, 2015; Creer et al., 2016).

For Prokaryotes, the 16S ribosomal RN A gene was widely-
used, since it contains slowly evolving sequence regions
and many sequences are available in public databases.
For Eukaryotes, the 185 rRNA gene is used with some
exceptions. For example, internal transcribed spacer (ITS)
profiling is used for fungal communities.

Together with theincrease inmicrobial genomeavailability
and advanced bioinformatics analyses, metabarcoding
also allows definition of functions associated with
identified organisms. This is performed by “predictive

metagenomics’, which allows linking of phylogenetic
marker information with reference annotated genomes,
predicting functions that could be activated in particular
systems (Langille et al., 2013; Bulgarelli et al., 2015). These
approaches are currently only available for Prokaryotes,
but will probably become available for Eukaryotes, such
as fungi, due to recent increases in sequenced genomes
(see the 1,000 fungal genome project at U.S. Department
of Energy Joint Genome Institute (DOE JGI), http:/ /1000.
fungalgenomes.org).

For microbiota functioning, NGS approaches have
increased knowledge of ecosystems, mostly using
metagenomics in combination with other meta-omics
tools. “Shotgun” metagenomics allows reconstruction
of complete DNA information within environmental
matrices or tissue samples. This provides knowledge of
putative functions that can be activated. However, due to
high cost and extensive computational requirements, this
technique is often superseded by other approaches such
as meta-transcriptomics (Bulgarelli ef al., 2013).

Ilumina sequencing has always been optimized for
genome-targeted transcriptomics, for human and plant
systems (Conesa et al., 2016). Large scale genome-wide
analyses such as mRNA-seq can reveal the complete
transcriptomic profiles of organisms living under specific
treatments or environmental conditions. This provides
understanding of the molecular basis of development
or stress resistance. As for plant-microbiota systems,
however, distinguishing microbiota from host functions
remains difficult. Meta-transcriptomics is becoming
increasingly productive, allowing understanding of
functions activated by free-living and intimate host-
associated microbial communities in different systems
(Kopylova et al., 2015).

Both approaches (genome-targeted transcriptomics and
meta-transcriptomics) need to be better integrated. Within
endosphere (e.g. endorhiza), due to the intimate spatial
connections between hosts and microbes (as for human
gut microbiota), host RNAs abundance, characterizing
microbial functions is cost-expensive since it requires
deep-sequencing approaches. In other cases, such as
for the rhizosphere compartment, separate sequencing
experiments are required to account for spatial separation
of hosts from associated microbial communities, again
requiring large financial inputs and time efforts.

scheme, enrichment steps occur both in rhizosphere
and rhizoplane, and are controlled by root exudates
(Chaparro et al., 2014). Conversely, depletion/exclu-
sion processes play roles only latterly in the rhizo-
plane, and markedly in the root endosphere where
plant immune systems are likely to have crucial roles
(Heijden and Schlaeppi, 2015). Lebeis et al. (2015)
showed that Arabidopsis phytohormone mutants af-
fected in salicylic acid synthesis and signalling, dif-
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ferently shaped their microbiota in comparison with
wild-type plants.

Plant microbiota studies have demonstrated that
the microbial diversity and physiochemical-edaphic
traits in soils are the main drivers of below-ground
plant microbiota assembly and function where the
soil is probably more important than plant genotype
(Bonito et al., 2014; Vandenkoornhuyse et al., 2015).
This is defined as the “soil effect” (Alegria Terrazas



et al., 2016). Unlike the human gut microbiota, which
is inherited vertically from mothers to their children,
the root microbiota is re-established for each individ-
ual, since a seed germinates within the soil microbial
bank available at the time of re-generation (Heijden
and Schlaeppi, 2015; Bai ef al., 2015). However, recent
works demonstrated the existence of a seed micro-
biota, which is likely inherited vertically across suc-
cessive plant generations, but our knowledge on this
topic remains limited (Shade et al., 2017). On the other
hand, the plant host genotype is the second determi-
nant of root microbiota assemblages (Bouffaud et al.,
2014). Zgadzaj et al. (2016) showed that genetic plant
determinants also affect root nodule host-microbe
symbioses. They demonstrated that mutations in
nfr5, nin and Ihk1 genes, which are involved in nodu-
lation in Lotus japonicus, lead to order-level alterations
in bacterial communities when compared to wild-
type plants. The relevance of host genotype was also
clearly shown when the bacterial root microbiota was
investigated by comparing wild and domesticated
barley (Bulgarelli ef al., 2015). Some bacterial families
(Rhizobiaceae, Flavobacteriaceae, and Comamona-
daceae) were dominant in the root-associated micro-
biota of Hordeum vulgare, and significant effects on
bacterial community diversity was detected among
the cultivars, representing taxa associated with bar-
ley domestication. To better understand the role of
host phylogeny on plant microbiota, Yeoh et al. (2017)
investigated the root microbiota of many plant phyla,
including lycopods, ferns, gymnosperms, and angjio-
sperms, across a tropical soil chronosequence using
16S rRNA gene amplicon profiling. They confirmed
the role of soil type as the first driver of microbial di-
versity, but also detected a correlation with plant phy-
logeny. They identified 47 common bacterial genera,
including Bradyrhizobium, Rhizobium, and Burkholde-
ria, as well as some uncharacterised lineages. These
taxa could constitute an evolutionarily conserved
core root microbiome at the specific tropical site. The
working hypothesis is that a core root microbiome
has evolved with terrestrial plants over their 400-mil-
lion-year history (Yeoh et al., 2017).

These investigations have allowed the identifica-
tion of the main bacterial taxa that live in association
with model and crop plants, and with basal plant
clades, offering novel evolutionary perspectives. Ta-
ble 1 outlines a summary of the current knowledge.
This information mostly considers plant-associated
prokaryotes, while other relevant taxonomic groups

Plant microbiota and Mediterranean crops

have been neglected. Fungi are one of these (Guttman
et al., 2014), exerting crucial functions and being one
of the more abundant plant-associated microbiota.
Studies focused on the taxonomic profiles of selected
fungal taxa such as mycorrhizal fungi (Davison et al.,
2015), as well as on whole communities, have been
recently outlined (Porras-Alfaro and Bayman, 2011;
Toju et al., 2013). These studies highlighted that root
compartments are dominated by Ascomycota and
Basidiomycota (Hacquard, 2016). Among them, Ple-
osporales, Agaricales, Sordariales, Hypocreales and
Xylariales are the most represented fungal orders
(Porras-Alfaro and Bayman, 2011). However, deep
knowledge of complete root-associated fungal com-
munities in model and crop plants is still lacking,
and only a few attempts have been made using high-
throughput sequencing on model plants, such as with
sugarcane (Souza et al., 2016), rice (Wang et al., 2016),
wheat (Rascovan et al., 2016) and Arabis alpina (Al-
mario et al., 2017) (see Table 1).

Thanks to the success of NGS and the selection of
suitable marker regions and primers (Lindahl et al.,
2013), recent studies have provided more detailed
contributions on bacterial and fungal communities
and their interactions. As an example, Sun et al. (2017)
investigated the intra-annual variability and decadal
scale recovery of bacterial and fungal communities in
a chronosequence of reclaimed mined soils to quan-
tify the microbial abundance, richness, B-diversity,
and taxonomic composition. They detected contrast-
ing dynamics of bacteria versus fungi in the chronose-
quence, leading to the hypotheses that: 1) the faster
growth rates for bacteria lead to increased intra-an-
nual variability; 2) fungi show a greater tolerance to
environmental changes than bacteria; and 3) plant
species assemblage has a stronger influence on fungal
than bacterial communities. Overall, experimental
evidence indicates that fungal communities are more
subjected to variations linked to stochastic factors and
biogeography than bacterial communities, and the as-
semblage is likely to be driven mainly by the plant
compartment (Hacquard, 2016).

These new data indicate that existing information
on plant microbiota must be complemented by con-
sidering the diverse microbial groups: in this context
co-occurrence network analysis provides novel tools
to generate testable hypotheses about microbe inter-
actions, and also indicates candidate microbes that
may affect plant health. As demonstrated for wheat
roots (Poudel et al., 2016), microbiome network stud-
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ies may provide guidance for selecting microbial taxa
to be used for biological control, biofertilization, and
microbe-associated crop breeding.

Rhizosphere, rhizoplane, endorhiza:
different niches host different microbial
communities

The rhizosphere is one of the most intricate ecosys-
tems (Raaijmakers and Mazzola, 2016): it plays piv-
otal functions in nutrient solubilization and uptake
by plants, as well as in protection against soil-borne
pathogens (Berendsen et al., 2012). This compartment
hosts one of the most biodiverse microbiota known
(Rosenberg and Zilber-Rosenberg, 2016), with more
than 30,000 prokaryotic species and a mean density
of 10" cells per gram, together constituting a genome
larger than that of the plant hosts (Berendsen et al.,
2012).

Soil surrounding the roots is largely influenced
by plant exudates. This phenomenon, acknowledged
by many authors, was defined as the ‘rhizosphere
effect’ and strictly depends on root exudates. Plants
invest up to 40% of photosynthetic products to pro-
duce active phytochemicals (Badri et al., 2009) such
as amino acids, phenolics, sugars or sugar alcohols,
that are secreted by roots. These rhizodeposits greatly
influence microbial communities in root-surrounding
soil since their amounts are correlated with microbial
abundance (Chaparro et al., 2014). These molecules
allow plant to select and shape their root-associated
microbiota, stimulating or repressing members of the
microbial communities (Doornbos et al., 2012). As an
example, some chemotactic bacteria can move toward
a gradient of organic substrates such as root exudates
(Miller et al., 2009). As a result, the microbial density
in rhizosphere compartments is known to be much
greater than in bulk soil, even if the recruited commu-
nities are less diverse (Bulgarelli et al., 2012).

Other evidence suggests that the ‘rhizosphere
effect’ is weak since taxonomical diversity in this
compartment is often not distinguishable from that
of bulk soil and weakly associated to host determi-
nants (Bulgarelli et al., 2012; Lundberg et al., 2012;
Schlaeppi et al., 2014). Moreover, an increasing body
of evidence is showing that host-microbe interac-
tions and microbe-microbe interactions can both ac-
tively shape rhizosphere microbiota (Cardinale et al.,
2015; Hacquard ef al., 2015). This results from several
mechanisms, including mutualism, commensalism,
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competition, parasitism or amensalism (Berendsen et
al., 2012). Furthermore, Rosenberg and collaborators
(2009) found that predation of bacteria by protozoa
can modify overall rhizosphere community assem-
blages.

Taxonomic assembly of rhizosphere microbiota
has been closely studied, and many studies showed
that fungi, bacteria, archaea, algae, viruses, protozoa,
nematodes, oomycetes and arthropods are present
(Mendes et al., 2013) in rhizosphere. This biodiversity
confirms that the rhizosphere is the crossing points
of complex food webs, which are based on nutrients
released by plant roots (Buée et al., 2009; Raaijmak-
ers and Mazzola, 2016). As already commented, only
bacterial diversity has been well-characterized while
other groups such as fungi, algae or viruses have been
more rarely considered. These other components are
also predicted to have considerable relevance for plant
fitness. For example, fungi represent a large compo-
nent of rhizosphere biomass (Hannula et al., 2010),
and many studies have demonstrated that, beside
bacteria, fungi also metabolize significant amounts of
rhizodeposits (Broeckling et al., 2008; Buée et al., 2009;
de Graaff et al., 2010). Rhizosphere bacterial commu-
nities were found to be dominated by Proteobacteria,
Acidobacteria, Bacteroidetes and Planctomycetes,
both in herbaceous (Bulgarelli et al., 2012; Lundberg et
al., 2012) and woody plant species (Uroz et al., 2010).
A comprehensive study on 35 different taxonomic
orders of dicots and monocots revealed that among
these microbes, Proteobacteria are the most abundant
(Hawkes et al., 2007; Hacquard et al., 2015).

Rhizoplane is a separate compartment from rhizo-
sphere and this includes all root surfaces where mi-
crorganisms live attached (Vandenkoornhuyse et al.,
2015). Fluorescence in situ hybridization (FISH) has
revealed that the rhizoplane spatial distribution is
not homogeneous, but colonization preferentially oc-
curs at specific points where the access to individual
roots is easier, such as root tips and lateral root cracks
(Hardoim et al., 2008). Rhizobia are a good example
of preferential colonization: they firstly colonize host
rhizoplanes concentrating on the root hairs where
they then find access to root tissues (Oldroyd, 2013).

The rhizoplane is often defined as the key point
for root tissue colonization. Microscopy and sequenc-
ing techniques have revealed that phyla abundant
in rhizoplane are also dominant in endorhiza com-
partments (Bulgarelli et al., 2012). The root surface
epiphytic microbiota must be considered as a tran-



sitional state that preludes endosphere colonization.
For these reasons, study of the rhizoplane in plant
microbiota research has recently been highlighted.

Beside bacteria, mycorrhizal fungi are well-recog-
nized components of rhizoplane compartments (see
Part 2). Irrespective of their colonization strategies,
which can be inter- or intra-cellular (Bonfante and
Genre, 2010), these fungi commence symbiotic phases
with specialized contact with the root epidermal cells.
Ectomycorrhizal fungi (EMF), which mostly interact
symbiotically with tree roots (Cairney, 2011), are par-
ticularly abundant, since they develop complex struc-
tures (“mantle”) starting from host rhizoplane. How-
ever, rhizoplane microbiota can also hold important
functions for plant health not necessarily linked to
symbiotic interactions. Among rice rhizoplane colo-
nizing bacteria, for example, several isolates were
found to be efficient in phosphate solubilization or
auxin production, leading to plant growth stimula-
tion (Mwajita et al., 2013).

Most land plants host extensive colonization of
root internal tissues, where they specifically select the
hosted communities (Vandenkoornhuyse et al., 2015).
Community assemblages are very different from
those of the rhizosphere or surrounding bulk soil,
and diversity is less (Bulgarelli et al., 2012; Schlaeppi
et al., 2014). Root endosphere is colonized by symbi-
onts such as ECM fungi, obligate symbionts, such as
arbuscular mycorrhizal fungi (AMF), or facultative
transient endophytes, like Trichoderma or Piriformo-
spora indica (Andrade-Linares and Franken, 2013).
One of the most represented components are AMF
(see part 2) together with other fungal taxa, bacteria
and archaea (Vandenkoornhuyse et al., 2015). Differ-
ent from AMF (Figure 2), all the endorhizal microbes
are hardly distinguishable at morphological levels,
and are identifiable only using the recent metabar-
coding and metagenomic technologies. Among bacte-
ria, Actinobacteria were found to be most abundant,
and this group includes several producers of antimi-
crobial compounds, such as the Streptomycetaceae
(Mendes et al., 2011).

The scenario emerging from all these studies re-
veals progressive impacts of plant genotype on the
microbial communities. In the rhizosphere, the soil
is probably the main driver regulating microbial di-
versity, but first physical contact between plant cells
and microbes occurs in the rhizoplane. Recognition
events and defence mechanisms are triggered at this
moment and at this location, strictly regulating the
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further colonization events of root endosphere. How-
ever, knowledge of the shifts in prokaryotic and eu-
karyotic microbial communities from the rhizosphere
to the endosphere remains to be fully determined.

Functioning and host impacts of plant
root-associated microbiota

In addition to description of microbial diversity,
the advancing of metagenomic and metatranscrip-
tomic approaches has allowed the functions held or
activated by microbiota to be determined. This pro-
vides knowledge of links between microbial diver-
sity and functions, by comparing observations with
theories recently postulated (Vandenkoornhuyse et
al., 2015): the key species hypothesis (Paine, 1969),
by which functions are linked to single components
of the microbiota, and the functional redundancy hy-
pothesis (Walker, 1992), which assumes that organ-
ism diversity contributes to a given function.

Because plants have sessile lifestyles, they can
shape their associated microbiota, and recruit protec-
tive microbes when attacked by pathogens or insects,
or adapt to environmental stresses (Berendsen et al.,
2012). These changes may also mirror domestication
processes. Using metagenomic approaches, Bulgarelli
et al. (2015) demonstrated that traits related to nutri-
ent mobilization, phage interactions, pathogenesis
and secretion were enriched in the taxa associated
with barley roots. Protein families related to these
traits revealed evidence of positive selection among
the barley lines. These results indicate that microbe-
microbe interactions also shape the microbiota assem-
blages in plant root compartments during domestica-
tion events. On the other hand, microbes increase the
defensive capacity of plants against pathogens by
modulating host immunity, inducing systemic plant
resistance or improving plant nutrition and growth
(Miiller et al., 2016). These microbiota-extended plant
traits are mainly linked to rhizosphere inhabitants,
but also some endosphere organisms may have im-
portant roles, for example AME.

As largely acknowledged, microbes associated to
the root compartments can be functionally divided
into three main types: plant pathogenic, beneficial,
and human pathogenic (Raaijmakers and Mazzola,
2016). Here, only the beneficial soil microbes will be
considered. Plant pathogens are present among the
plant-associated microbes, but they represent the spe-
cific focus of a several recent reviews (Brader et al.,
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Figure 2. Micrograph showing AMF colonizing Olea europaea cv. Frantoio (olive) roots collected in the field and stained
using methyl-blue (a-b). Scale bars: a = 500 pm; b =200 pm.

2017; Moller and Stukenbrock, 2017; Naseem et al.,
2017; Peyraud et al., 2017).

In the view of the holobiont theory, facilitation
(positive beneficial interaction) is considered the
main driver of plant-associated microbial diversity.
Microbiota genes can be considered as extensions of
plant genomes, providing local adaptations to envi-
ronmental conditions (Vandenkoornhuyse et al., 2015)
(see Figure 1). This is further supported by the fact
that the main driver of root microbiota assemblages
is the soil, rather than plant genotype (Bulgarelli et
al., 2012).

Classical studies using one-to-one interaction ex-
periments under laboratory conditions demonstrated
that several root-associated microbial taxa (both at
endosphere and rhizosphere level) exert beneficial
effects on their plant hosts. Among these, the plant
growth-promoting rhizobacteria (PGPRs) and AMF
are well-known components. Both are known to pro-
vide their hosts indirect pathogen protection and
enhanced nutrient acquisition (Bonfante and Genre,
2010; Thomashow and Bakker, 2015). Early evidence
demonstrated that variation in rhizosphere assem-
blages occurs upon pathogen infection because of
induced root secretion of antimicrobial compounds.
These changes in root exudation have been demon-
strated to be linked with phytohormones such as jas-
monic acid and salicylic acid (Doornbos et al., 2012;
Lebeis et al., 2015). Several studies have shown that
plant immune systems have key roles in mediating
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interactions with soil microbes, including beneficial
interactions. Plant immunity, which mainly regulates
plant-pathogen interactions, is at the base of this sys-
tem. Many soil microbes can boost plant defence-re-
lated traits at systemic levels, with induced systemic
resistance (ISR). Non-pathogenic rhizobacteria acti-
vate ISR through signalling pathways that overlap
with pathways activated by pathogen or herbivore
attack such as the Plant-triggered immunity (PTI)
(Conrath, 2006; Pieterse et al., 2014). These responses
are probably not associated with direct defence acti-
vation, but with a priming that speeds and strength-
ens the activity of defence-related genes (Van Wees et
al., 2008; Pieterse et al., 2014). ISR responses elicited
by soil microbes may include production of salicylic
acid (SA), which is independent of and mainly driven
by other hormones such as jasmonate and ethylene
(Pieterse et al., 2014). SA-dependent plant responses
to microbes have been detected when associated with
SA-producing organisms, such as Trichoderma, some
Pseudomonas strains and other bacteria. However, in
these cases the triggered plant responses probably
follow the systemic acquired resistance (SAR) signal-
ling pathway, which involves the activation of PTI
and effector-triggered immunity (ETI) mechanisms
(Pieterse et al., 2014) (Figure 3).

The involvement of plant immune systems is prob-
ably even greater for microbial establishment in the
plant endosphere. In this case, it is likely that microbe
associated molecular patterns (MAMPs) and damage
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associated molecular patterns (DAMPs) are bypassed
to allow microbial accommodation. Furthermore,
mechanisms of association, attraction and recognition
should be universal across plant and microorganism
species (Vandenkoornhuyse et al., 2015). For these
reasons, it was proposed that the common symbiosis
pathway (CSP) could have a role (Venkateshwaran et
al., 2013). Supporting this suggestion, it was shown
that lipochitooligosaccharides (LCOs), a class of sig-
nal molecules, which are involved in plant-rhizobial
and plant-mycorrhizal fungus interactions (Maillet et
al., 2011), can also stimulate plant growth and seed
germination (Wang et al., 2012).

Neutral commensal microbes have also been
shown to elicit plant immunity responses. A re-
cent study by Vogel et al. (2016) demonstrated that
Arabidopsis plants inoculated with Methylobacterium
extorquens, a leaf commensal, reprogrammed their
transcriptional activity triggering defense-related
genes overlapping with those elicited by the patho-
gen Pseudomonas syringae DC3000. However, in many
other cases, inoculation of other commensal bacterial
such as Pseudomonas syringae isolates on Arabidopsis,
did not cause any relevant changes at the transcrip-
tomic level (Vogel et al., 2016). Full comprehension of
the roles of root and leaf commensals has yet to be
achieved, and further research is required, probably
considering other model plants.

It is well known that root-associated bacteria also
help plants to tolerate some abiotic stresses, especially
under extreme environmental conditions (Mendes et
al., 2013; Soussi et al., 2016). Particularly in the rhizos-
phere, many bacterial isolates were found to enhance
osmotic stress tolerance under salt stress (Upadhyay
et al., 2009), transient drought stress (Mayak et al.,
2004) and flooding conditions (Ravanbakhsh et al.,
2017). Other bacterial isolates were found to provide
tolerance at low and freezing temperatures (Mishra et
al., 2012), under low pH conditions or in the presence
of soil pollutants (Mendes et al., 2013).

To date, very few attempts have been made to un-
derstand the effects of complex and interacting mi-
crobiota on plant health using multidisciplinary and
multi-omics approaches (Chialva ef al., 2018).

Disease suppressive soils support
redundancy theory

New knowledge is supporting the redundancy
theory focusing on beneficial microbe consortia.
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Some experiments show that, at least for PGPRs, host
fitness is increased when these microbes are applied
in consortium (Hays et al., 2015). These data support
the idea that microbiota components accomplish net-
work modes of activity (Gopal and Gupta, 2016).

Disease-suppressive soils are good examples of
these phenomena. These soils can reduce patho-
genic attacks of plants as a result of changes in soil
microbial composition (Mendes et al., 2011). Disease
suppression in soils is explained by two potential
mechanisms: ‘general’ or ‘specific’ suppression (Ber-
endsen et al., 2012; Raaijmakers and Mazzola, 2016).
‘General suppression’ is a universal feature that acts
in all soils. Most soil-borne plant pathogens can grow
saprotrophically in the soil before they attack living
plants to cause disease outbreaks, and in soil they are
subjected to competition for resources (mostly plant
derived nutrients). This mechanism of suppression is
linked to total microbial activity, since under these sit-
uations microbe to microbe competition takes place,
and some pathogens may be less efficient than others
for resource uptake.

The mechanism of “specific suppression’ is attrib-
utable to specific soil enriched microbial communities.
This effect is stronger and more effective than general
suppression. A good example is Fusarium wilt sup-
pressive soils in which the pathogen is specifically
suppressed by antagonistic Fusarium strains that com-
pete for carbon, and by Pseudomonas spp. that produce
the antimicrobial compound phenazine (Mazurier
et al., 2009; Pieterse et al., 2014). Disease-suppressive
soils are found worldwide and are examples of co-
evolution between plants and beneficial microbes.
They often originate after prolonged periods of mono-
crop culture (Pieterse ef al., 2014), allowing a particular
plant species to recruit and enrich specific beneficial
components with biocontrol activity over time (Ber-
endsen et al., 2012). On the other hand, since soils with
specific suppressiveness are widespread, similar bio-
control strains are globally present in different soils,
and may be recruitable by different plant species.

Several microbial taxa have been found to be
linked with disease suppression, such as Trichoderma,
Fusarium, Xylaria, Streptomyces, Bacillus, and Acti-
nomyces spp. (Mendes et al., 2011; Berendsen et al.,
2012; Penton et al., 2014). These microbes compete for
space and nutrients, and also display features such as
hyperparasitism and production of secondary metab-
olites, and may also elicit ISR in their hosts (Pieterse
et al., 2014). In a study focused on fungi isolated from



varieties of tomato plants that were resistant and sus-
ceptible to Fusarium oxysporum f. sp. lycopersici (FOL)
and were grown in suppressive or non-suppressive
soils, Poli et al. (2016) demonstrated greater micro-
bial diversity in the rhizosphere than in the root en-
dosphere, and between the two varieties. The rhizo-
sphere mycobiota structure was influenced by soil
type, while root endosphere communities were influ-
enced by the plant genotype. The inoculation of FOL
modulated the community structure, particularly in
the suppressive soil, where Fusarium spp. and Peni-
cillium spp. were the most responsive fungi. These
results confirm data already obtained for bacterial
communities (i.e. plant roots select few fungal species
from the rhizosphere), and that both soil features and
tomato genotype affect fungal communities. In addi-
tion, the fungal community structure is differentially
influenced by FOL, depending on the suppressive-
ness or conduciveness of the soil.

Demonstration that some disease-suppressive mi-
crobes, such as Trichoderma, also compete with AMF
(Lace et al., 2015), activating chitinolytic properties
and attacking AMF walls, at least under laboratory
conditions, opens new unanswered questions on the
operational mechanisms of these pathogen competi-
tors. In some suppressive soils, AMF are less abun-
dant than in conducive soils (Chialva et al. unpub-
lished). It would be of interest to understand whether
soil features, like pathogen suppression, can also neg-
atively affect AMF communities.

Mediterranean crop and root microbiota

The Mediterranean area has been described as one
of the most important world biodiversity “hot spots”,
(Myers et al., 2000), even if examination of microbial
diversity in this region has been neglected. In particu-
lar, climate model projections identified the Medi-
terranean region as one of the earth “hot-spots” of
climate change, due to the variety of biomes present
(Giorgi, 2006; Diffenbaugh and Giorgi, 2012). One of
the first predicted outcomes has been identified as a
drastic reduction of rainfall and increased tempera-
tures, resulting in reduced availability of water for
vegetation, including crops (Pereira, 2011; Saadi et al.,
2015). Total crop yield in Mediterranean region is pre-
dicted to be reduced by up to 30% in the next 30 years
and new management practices are urgently required
to overcome these reductions (Saadi et al., 2015). An-
nual (maize, wheat, soybean, tomato) and perennial
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(citrus, olive, grapevine) crops are expected to be im-
pacted (Yano et al., 2007; Quiroga and Iglesias, 2009;
Patane and Saita, 2015). Among these, winter wheat
and tomato are considered two of the most valuable
and strategic herbaceous Mediterranean crops (Saadi
et al., 2015). Detailed climate change modelling for to-
mato and winter wheat yield has recently been done.
The study highlighted that even if an expansion of
their cultivation range occurs in the next 30 years, cli-
matic risks such as vernalization failure or heat shocks
are predicted to increase (Saadi et al., 2015). Both of
these crops have been extensively used as models in
crop biology research, and their root microbiota has
been investigated (Rascovan et al., 2016; Larousse et
al., 2017; Tian et al., 2017), as well as for other Mediter-
ranean plants including grapevine and maize (Peiffer
et al., 2013; Zarraonaindia et al., 2015; Niu et al., 2017).
In contrast, knowledge is limited of the microbiota of
other Mediterranean crops, such as citrus and olive.

For environmentally friendly (“sustainable”) agri-
culture, the study of biostimulants has been largely
aimed to enhance crop tolerance to biotic or abiotic
stresses and climate change effects. AMF have been
found to be promising biostimulants (Berruti ef al.,
2015), and are possibly suitable for promoting crop
growth (Geel et al., 2016) in controlled environments.
Since most Mediterranean crops are mycorrhizal, the
importance of AMF is becoming very relevant. A sum-
mary of published research works on AMF and plant
microbiota topics is outlined in Figure 4, as well as the
use of the major model plant species considered.

Arbuscular mycorrhizal fungi:
ubiquitous beneficial components of the
plant microbiota

Of the diversity of the fungal world, AMF is one
of the most widespread groups, as they are associated
with more than 80% of terrestrial plants, including
crops (Salvioli and Bonfante, 2013) with which they
form arbuscular mycorrhiza (AM) symbiosis. AMF,
which are obligate biotrophs, belong to the Glomero-
mycotina subphylum (Spatafora et al., 2016), which is
an ancient clade of basal fungi, related to the Muco-
romycotina. Since plants colonized land at least 450
million years ago, Glomeromycotina co-evolved with
these plants (Bonfante and Genre, 2008). AMF con-
tribute to the uptake of nutrients from soil to plants,
increasing plant growth and conferring resistance to
environmental stresses.
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To establish a successful symbiosis, several signal-
ling steps are required between plant and fungal part-
ners. In recent years, also provided by sequencing
platforms and molecular techniques, detailed investi-
gations have characterized the molecular interactions
occurring during AM symbiosis (reviewed in Gutjahr
and Parniske, 2013). Sequencing of the Rhizophagus
irreqularis genome (Tisserant et al.,, 2013), the first
Glomeromycotina genome available, with the addi-
tion of several other AMF transcriptomes (Salvioli ef
al., 2016; Tang et al., 2016), has opened new horizons
for AMF research.

Extensive networks of extraradical mycelium
(ERM) ensure extensive soil exploration providing
plants with low-available mineral resources, such as
phosphorous (reviewed in Giovannetti et al., 2017).
AMF allow optimal exploitation of environmental
trophic resources, helping their plant hosts in the
uptake of other soil nutrients including N, S, K, Ca,
Fe, Cu and Zn (Smith and Read, 2008). As a result,
AMF increase plant biomass and confer improved
resistance to pathogens and environmental stresses
such as drought and pollutants. In exchange, plants
provide AMF with organic carbon sources in the form
of lipids (Bravo et al., 2017; Jiang et al., 2017; Keymer
et al., 2017), permitting hyphal growth. This mutual-
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istic symbiosis allows an efficient horizontal transfer
of nutrients and assists carbon cycling across the at-
mosphere and biosphere through the mobilization
of ~20% of plant photosynthesis products (Harrison,
2005). The ERM network of AMF also improves soil
structure, thus increasing the amounts of water-stable
aggregates (Degens et al., 1996).

Since AM symbiosis plays important roles in eco-
system and biome dynamics, participating in intricate
trophic webs (known as “wood-wide-webs” (Helgas-
on et al., 1998), knowledge of the dynamics of AMF
communities as components of plant microbiota,
and their impacts on host plant physiology, provides
important understanding of factors affecting plant
growth and productivity.

Distribution and diversity of arbuscular
mycorrhizal fungi

Due to their ecological roles in nutrient cycling
and their impacts on plant health (Van Der Heijden
and Scheublin, 2007; Johnson et al., 2016), the distri-
bution of AMF has been widely investigated. How-
ever, since AMF are obligate plant root symbionts and
cannot be cultured, knowledge of their ecology has
largely relied on the use of DNA-based identification,



taking advantage of NGS (Hart et al., 2015). NGS-re-
lated biases (Lindahl et al., 2013) particularly apply
when investigating AMF diversity, because many
aspects of the biology and genetics remain unknown
(Hart et al., 2015). Notwithstanding these technical
limitations, AMF diversity has been described in di-
verse environments by considering both global and
local scales. Davison and co-workers (2015) inves-
tigated AMF rDNA from plant roots collected from
worldwide sources to study their distribution. AMF
communities mirrored local environmental condi-
tions and the geographic distance between sampling
sites. They found that 93% of taxa occurred on more
than one continent but only 34% on all six world
continents studied. This differs from the high spatial
singularity of many other fungal taxa and with host
plant endemism on the global scale (Davison et al.,
2015). AMF probably have dispersal abilities that are
more efficient than expected, probably due to biotic
and abiotic vectors. At the local scale, diverse envi-
ronments have been considered, including disturbed
and stressed environments (Lekberg et al., 2012), or
in mountain vineyards (Berruti ef al., 2017). Other ex-
amples are protected locations such as exotic camel-
lias of Japanese origin living in Lake Maggiore (Italy)
sites (Borriello et al., 2015), and AMF associated with
Festuca brevipila in semi-arid grassland characterized
by high plant diversity and sharp soil gradients in
pH, C, N, P (Horn et al., 2014). The latter study re-
vealed how spatial and plant species are a major
source of variation for AMF communities at small
scale (1-10m). The data reinforce the concept that un-
derstanding of AMF ecology requires knowledge of
their biological traits (Horn et al., 2014).

Impacts of arbuscular mycorrhizal
fungi on plant hosts: tomato as a
Mediterranean crop and model plantin
mycorrhiza studies

Even though tomato represents a crucial model
crop species, its microbiota has been poorly inves-
tigated by using both culture-dependent and -inde-
pendent methods (Ofek et al., 2014; Rosberg et al.,
2014; Lee et al., 2016; Poli et al., 2016; Larousse et al.,
2017; Tian et al., 2017). As a matter of fact these studies
only investigated tomato rhizosphere (see Table 1),
whilst root endosphere communities remain largely
unknown.
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Tomato was one of the first non-legume models to
be used in AMF studies, since it responds to mycor-
rhizal colonization (Fiorilli et al., 2009; Salvioli et al.,
2012; Zouari et al., 2014), native microbiota (Chialva
et al., 2018) and provides a useful tool to investigate
metabolic processes and their relation to gene expres-
sion. Tomato avoids the overlapping signalling trans-
duction pathway, since it does not establish the Rhizo-
bium-AMEF tripartite symbiosis that occurs in legumes
(Barker et al., 1998), thus permitting additional infor-
mation concerning the non common symbiosis sig-
nalling pathway (CSP).

Tomato mutants, are also widely used in the study
of AM symbiosis functioning, and have offered im-
portant clues for mycorrhizal phenotypes related to
differences in hormonal control. The first non-legume
mutant impaired in AM colonization was character-
ized by Barker et al. (1998) from tomato, the reduced
mycorrhizal colonization (rmc) genotype. The muta-
tion blocks AMF colonization at early stages with dif-
ferent mycorrhizal phenotypes depending on the AMF
species (Gao et al., 2001). Other tomato mutants unable
to form AM symbiosis were further characterized and
named pre-mycorrhizal infection (pmil and pmi2 mu-
tants), since they are blocked at the pre-colonization
stages (David-Schwartz et al., 2003). Mutations inhib-
ited hyphal branching and spore germination but did
not interfere in plant-host signalling (Gadkar et al.,
2003). Tomato mutants were also used to determine the
role of hormonal metabolism in AM establishment. As
an example, fruit ripening affected mutants have been
used in these studies (Torres de Los Santos et al., 2011).

Further attention has been given to understand-
ing AMF impacts on tomato biology in shoots and
above ground organs. Several tomato plant traits are
reported to be positively affected by AMF coloniza-
tion. Mycorrhizal colonization can increase root dry
weight (Bryla and Koide, 1998), plant height, shoot
dry weight (Bryla and Koide, 1998; Utkhede, 2006;
Copetta et al., 2011; Latef and Chaoxing, 2011) and
leaf area (Poulton et al., 2002). Tomato is also a good
model for AMF and fruit value-enhancing research.
Several authors have reported increased fruit yields
from AMF colonization both in greenhouse condi-
tions (Utkhede, 2006; Dasgan et al., 2008) and in field-
grown plants (Plenchette et al., 1983; Mohandas, 1987;
Regvar et al.,, 2003). Regvar et al. (2003) suggested
these effects are related to extended fruiting periods.

Considering nutraceutics in fruits, Copetta et al.
(2011) detected greater concentrations of fructose and
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glucose in tomato fruit from mycorrhizal plants. Oth-
er studies have suggested that AMF also increase fruit
antioxidant compounds, as carotenoids ([B-carotene
and lycopene) (Regvar et al., 2003) and human health-
enhancing compounds such as phenolics (Ulrichs et
al., 2008). These metabolomic responses to AMF colo-
nization are related to the farming practices: the max-
imum amounts of these compounds occurred in in-
oculated tomato plants grown organically (fertilized
with compost). In this scenario, a synergistic effect by
AMF and compost microbiota should also be possible
but the topic needs to be investigated. New evidence
shows how tomato fruit from mycorrhizal plants are
enriched in compounds such as lycopene, and are
safe for consumers because of anti-oestrogenic capac-
ity without in vitro genotoxic effects (Giovannetti et
al., 2012). Tomato fruits from mycorrhizal plants have
increased amounts of amino acids content (Salvioli
et al., 2012), are enriched in ascorbic acid (vitamin C)
and total soluble solids (Subramanian et al., 2006).
These beneficial effects of AMF at vegetative and re-
productive levels are probably related to improved
plant phosphate nutrition, since similar effects in the
reproductive phenology were reported under a high
phosphate treatment (Poulton et al., 2002).

New high throughput techniques have permitted
cataloguing of the molecular re-programming that
occurs during mycorrhizal symbiosis. A consistent
set of mycorrhiza-induced genes was described as
regulating nutrient transport and plant development,
or responses to abiotic and biotic stimuli in roots. Ex-
tending this analysis to whole plants, the existence of
a gene core was assessed, modulated independently
from particular organs and induced by mycorrhiza
formation, as well as a systemic defence-related gene
programme in shoots (Salvioli and Bonfante, 2013).
These data suggest that an organism-wide repro-
gramming is activated by tomato under mycorrhizal
conditions. Despite this premise, only a few studies
have shown the transcriptional basis of these pro-
cesses. Schwarz ef al. (2011) showed how mycorrhi-
za-induced systemic effects result in an increased
expression of allergen-encoding genes that does not
correlate with an increased allergenic potential for
humans. Salvioli et al. (2012) confirmed a systemic
AMF effect (“MYC-effect”), with the differential reg-
ulation of eleven transcripts in tomato fruit, using
TOM2 microarray and Real-Time PCR techniques.
Several metabolic pathways of tomato fruit were reg-
ulated, involving aroma components and fruit devel-
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opment. However, due to limited genome-coverage
of the TOM2 microarray, other transcript regulations
are possible. To complete the molecular framework
on fruits from mycorrhizal plants, tomato transcrip-
tome analysis has been performed with the Illumina
sequencing technology (Zouari et al., 2014). Prelimi-
nary data have highlighted a differential expression
of 712 sequences between mycorrhizal (MYC) and
fertilized plants, most of which were up-regulated in
the MYC condition. Induced transcripts refer princi-
pally to photosynthesis, stress responses, amino acid
synthesis and transport, carbohydrates metabolism
and photorespiration, validating the results previous
obtained by Salvioli et al. (2012). Regulation of prima-
ry metabolism processes may suggest that AM affect
source-sink dynamics. In contrast, cell wall metabolic
pathways were downregulated, and included en-
zymes such as the polygalacturonase (PGA) involved
in fruit ripening. Other evidences, including the in-
volvement of ethylene metabolism, suggest that the
mycorrhizal condition may increase fruit shelf-life.
For the first time, a fruit systemic “signature” was as-
sessed at the transcriptomic level.

Our previous studies have demonstrated that,
among a panel of selected tomato ripening mutants,
two mutations involved in ethylene (Gr) and light
perception (hp-1) have impacts on mycorrhiza func-
tioning, as well as in systemic-induced fruit and plant
traits, but not on root mycorrhizal phenotype (Chialva
et al., 2016). These data reveal that the plant responses
to arbuscular mycorrhiza are evolutionarily well-sep-
arated from the molecular re-programming involved
in mycorrhiza functioning at the host root level.

Taken as a whole, these data demonstrate that
tomato is an AMF responsive plant both at root and
systemic levels. However, not all the data indicate
similar effects. For example, lycopene enrichment
(Giovannetti ef al., 2012) is not supported by tran-
scriptomic data (Zouari et al., 2014), and results from
applied phosphate suggest that our knowledge of P
availability, tomato growth and molecular responses
to AMF is not complete.

Conclusions

The increasing demand for safe and healthy food
has recently drawn attention to low energy input and
low impact sustainable agriculture, and several in-
ternational initiatives promoted by government (e.g.
several EU Horizon 2020 project calls) or by private



foundations (e.g. The Bill and Melinda Gates founda-
tion) have addressed these issues. The most recent
data on plant microbiota reveal that this is a key chal-
lenge for plant and agricultural sciences: to develop
safe plants for safe food. Many efforts have been de-
voted to understanding the biodiversity of microbes
living in soil and associated with plant organs. Mov-
ing from identification to metagenomic and function-
al analyses is allowing description of the functional-
ity of such microbial communities and their effects on
host physiology, although this step is still in its infan-
cy. The increasing knowledge on plant microbiota has
already led to the introduction of new concepts and
new terminologies that are opening future theoretical
and practical research fields.
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Glossary and acronyms

Arbuscular mycorrhizal fungi (AMF): group of soil fungi
belonging to the Glomeromycotina clade (phylum Mucoro-
mycota) living in the roots of most land plants with which
they form, as obligate symbionts, the Arbuscular Mycor-
rhiza (AM) symbiosis.

Common Symbiotic Pathway (CSP): a signal transduction
pathway, transducing signals released by Glomeromycoti-
na and Rhizobia from plasma membrane receptors into the
nucleus of plants susceptible to root symbioses.

Core root microbiome: Common members to two or more
microbial assemblages associated with a habitat (reviewed
in Shade and Handelsman (2012)). Current hypotheses
claim that a core root microbiome has evolved with terres-
trial plants over their 400 million year history.

Disease-suppressive soils: can reduce pathogenic attacks
to plants thanks to specific features of their microbial com-
position.

Ectomycorrhizal fungi (ECM): group of soil fungi mostly
belonging to Asco- and Basidiomycota, and living associ-
ated to the roots of many woody plants, as symbionts.

Endorhiza: defines a compartment hosted into plant tis-
sues.

Plant microbiota and Mediterranean crops

Extraradical mycelium (ERM): the complex network of
AMF and ECM hyphae, which grow in the rhizosphere, de-
velop propagules, and acquire nutrients, at the basis of the
symbiotic exchanges with the host plants.

Holobionts (meta-organisms): the assemblage of the host
plus of all its microbial symbionts

Hologenome: the full set of the host genome plus its mi-
crobiome.

Induced systemic resistance (ISR): induced state of resis-
tance which is triggered by biological or chemical inducers.
It may protect nonexposed plant parts against future attack
by pathogenic microbes and herbivorous insects.

Lipochitooligosaccharides (LCOs) and Chitooligosaccha-
rides (COs): chitin-derived molecules released by Arbus-
cular mycorrhizal fungi and acting as bioactive signalling
molecules

Metagenome: the full set of genomes present in a microbial
habitat (microbiota), considered as a unique entity at the
moment of sampling.

Metatranscriptome: the total content of gene transcripts
in a microbial community (microbiota), considered as a
unique entity at the moment of sampling.

Microbiota: complex microbial assemblage that lives in a
given environment or niche.

Mycorrhizal fungi: the term covers a huge variety of dif-
ferent soil fungi which live associated to the roots of land
plants with very diverse morphologies and functional fea-
tures.

Next-Generation Sequencing (NGS) techniques: term
used to describe a number of different high-throughput
DNA /RNA sequencing technologies (HTS) (see BOX in the
text).

Plant growth-promoting rhizobacteria (PGPRs): bacteria
that colonize plant roots enhancing plant growth by solu-
bilizing soil nutrients, producing phytormones or anti-mi-
crobial compounds, or inducing the systemic resistance in
the plant.

Phyllosphere: the epigeous portions of plants as habitat for
microorganisms. It can be subdivided into the caulosphere
(stems), phylloplane (leaves), anthosphere (flowers), and
carposphere (fruits) and spermosphere (seeds).

Plant immune system: protects plants from pathogens by
pre-formed structures and chemicals, and by infection-
induced responses. The latter require a complex network
of receptors which sense microbial molecules outside and
inside plant cells activating antimicrobial defenses.

Rhizosphere: the soil area that is directly influenced by root
secretions and associated soil microorganisms.

Rhizoplane: the root surface with closely adhering soil par-
ticles and debris.

Vol. 57, No. 1, April, 2018 139



M. Chialva and P. Bonfante

Literature cited

Alegria Terrazas R., C. Giles, E. Paterson, S. Robertson-Alber-
tyn, S. Cesco ... D. Bulgarelli, 2016. Plant-Microbiota Inter-
actions as a Driver of the Mineral Turnover in the Rhizos-
phere. Advances in Applied Microbiology 95, 1-67.

Almario J., G. Jeena, J. Wunder, G. Langen, A. Zuccaro ... M.
Bucher, 2017. Root-associated fungal microbiota of nonmy-
corrhizal Arabis alpina and its contribution to plant phos-
phorus nutrition. Proceedings of the National Academy of Sci-
ences 114(44), E9403-E9412.

Andrade-Linares D.R., Franken P. (2013) Fungal Endophytes in
Plant Roots: Taxonomy, Colonization Patterns, and Func-
tions. In: Symbiotic Endophytes. Soil Biology, vol 37 (R. Aroca
ed.),. Springer, Berlin, Heidelberg, 311-334.

Badri D.V.,, N. Quintana, E.G.E. Kassis, HK. Kim, Y.H. Choi
.... J.M. Vivanco, 2009. An ABC Transporter Mutation Al-
ters Root Exudation of Phytochemicals That Provoke an
Overhaul of Natural Soil Microbiota. Plant Physiology 151,
2006-2017.

BaiY., D.B. Miiller, G. Srinivas, R. Garrido-Oter, E. Potthoff ... P.
Schulze-Lefert, 2015. Functional overlap of the Arabidopsis
leaf and root microbiota. Nature 528, 364-369.

Barker S.J., B. Stummer, L. Gao, L. Dispain, PJ. O’Connor and S.E.
Smith, 1998. A mutant in Lycopersicon esculentum Mill. with
highly reduced VA mycorrhizal colonization: isolation and
preliminary characterisation. The Plant Journal 15, 791-797.

Berendsen R.L., C.M.]. Pieterse and P.A.H.M. Bakker, 2012. The
rhizosphere microbiome and plant health. Trends in Plant
Science 17, 478-486.

Berg G., M. Grube, M. Schloter and K. Smalla, 2014. Unraveling
the plant microbiome: looking back and future perspec-
tives. Frontiers in Microbiology 5, 148.

Berruti A., A. Desird, S. Visentin, O. Zecca and P. Bonfante,
2017. ITS fungal barcoding primers versus 185 AMEF-spe-
cific primers reveal similar AMF-based diversity patterns
in roots and soils of three mountain vineyards: ITS fungal
barcoding versus 185 AMEF-specific primers. Environmental
Microbiology Reports 9, 658—667.

Berruti A., E. Lumini, R. Balestrini and V. Bianciotto, 2015. Ar-
buscular Mycorrhizal Fungi as natural biofertilizers: let’s
benefit from past successes. Frontiers in Microbiology 6, 1559.

Bonfante P. and A. Genre, 2008. Plants and arbuscular mycor-
rhizal fungi: an evolutionary-developmental perspective.
Trends in Plant Science 13, 492-498.

Bonfante P. and A. Genre 2010. Mechanisms underlying ben-
eficial plant—fungus interactions in mycorrhizal symbiosis.
Nature Communications 1, 1-11.

Bonito G., H. Reynolds, M.S. Robeson, J. Nelson, B.P. Hodkin-
son ... R. Vilgalys, 2014. Plant host and soil origin influence
fungal and bacterial assemblages in the roots of woody
plants. Molecular Ecology 23, 3356-3370.

Bordenstein S.R. and K.R. Theis, 2015. Host biology in light of
the Microbiome: ten principles of Holobionts and Holog-
enomes. PLoS Biology 13(8), €1002226.

Borriello R., A. Berruti, E. Lumini, M.T. Della Beffa, V. Scariot
and V. Bianciotto, 2015. Edaphic factors trigger diverse AM
fungal communities associated to exotic camellias in closely
located Lake Maggiore (Italy) sites. Mycorrhiza 25, 253-265.

140 Phytopathologia Mediterranea

Bouffaud M.L., M. A. Poirier, D. Muller and Y. Moénne-Loccoz,
2014. Root microbiome relates to plant host evolution in
maize and other Poaceae: Poaceae evolution and root bac-
teria. Environmental Microbiology 16, 2804-2814.

Brader G., S. Compant, K. Vescio, B. Mitter, F. Trognitz ... A.
Sessitsch, 2017. Ecology and genomic insights into plant-
pathogenic and plant-nonpathogenic endophytes. Annual
Review of Phytopathology 55, 61-83.

Bravo A., M. Brands, V. Wewer, P. D6rmann and M.]. Harri-
son, 2017. Arbuscular mycorrhiza-specific enzymes FatM
and RAM2 fine-tune lipid biosynthesis to promote devel-
opment of arbuscular mycorrhiza. New Phytologist 214,
1631-1645.

Broeckling C.D., A K. Broz, ]. Bergelson, D.K. Manter and J.M.
Vivanco, 2008. Root Exudates Regulate Soil Fungal Com-
munity Composition and Diversity. Applied and Environ-
mental Microbiology 74, 738-744.

Bryla D.R. and R.T. Koide, 1998. Mycorrhizal response of two
tomato genotypes relates to their ability to acquire and uti-
lize phosphorus. Annals of Botany 82, 849-857.

Buée M., M. Reich, C. Murat, E Morin., R.H. Nilsson ... F. Mar-
tin, 2009. 454 Pyrosequencing analyses of forest soils reveal
an unexpectedly high fungal diversity: Research. New Phy-
tologist 184, 449-456.

Bulgarelli D., R. Garrido-Oter, P.C. Miinch, A. Weiman, J. Drége
.... P. Schulze-Lefert, 2015. Structure and function of the ba-
terial root microbiota in wild and domesticated barley. Cell
Host & Microbe 17, 392—-403.

Bulgarelli D., M. Rott, K. Schlaeppi, E. Ver Loren van Themaat,
N. Ahmadinejad ... P. Schulze-Lefert, 2012. Revealing
structure and assembly cues for Arabidopsis root-inhabit-
ing bacterial microbiota. Nature 488, 91-95.

Bulgarelli D., K. Schlaeppi, S. Spaepen, E. Ver Loren van The-
maat and P. Schulze-Lefert, 2013. Structure and functions
of the bacterial microbiota of plants. Annual Review of Plant
Biology 64, 807-838.

Cairney J.W.G. 2011. Ectomycorrhizal fungi: the symbiotic
route to the root for phosphorus in forest soils. Plant and
Soil 344, 51-71.

Cardinale M., M. Grube, A. Erlacher, J. Quehenberger and G.
Berg, 2015. Bacterial networks and co-occurrence relation-
ships in the lettuce root microbiota. Environmental Microbi-
ology 17, 239-252.

Chaparro J.M., D.V. Badri and ].M. Vivanco, 2014. Rhizosphere
microbiome assemblage is affected by plant development.
The ISME Journal 8, 790-803.

Chialva M., A. Salvioli, S. Daghino, S. Ghignone, P. Bagnaresi ...
P. Bonfante, 2018. Native soils with their microbiotas elicit a
state of alert in tomato plants. New Phytologist. https:/ /doi.
org/10.1111 /nph.15014.

Chialva M., 1. Zouari, A. Salvioli, M. Novero, J. Vrebalov, ...
P. Bonfante, 2016. Gr and hp-1 tomato mutants unveil un-
precedented interactions between arbuscular mycorrhizal
symbiosis and fruit ripening. Planta 244, 155-165.

Conesa A., P. Madrigal, S. Tarazona, D. Gomez-Cabrero, A.
Cervera ... A. Mortazavi, 2016. A survey of best practices
for RNA-seq data analysis. Genome Biology 17, 13.

Conrath U. 2006. Systemic Acquired Resistance. Plant Signaling
& Behavior 1, 179-184.



Copetta A., L. Bardi, E. Bertolone and G. Berta, 2011. Fruit pro-
duction and quality of tomato plants ( Solanum lycopersicum
L.) are affected by green compost and arbuscular mycorrhi-
zal fungi. Plant Biosystems - An International Journal Dealing
with all Aspects of Plant Biology 145, 106-115.

Creer S., K. Deiner, S. Frey, D. Porazinska, P. Taberlet ... HM.
Bik, 2016. The ecologist’s field guide to sequence-based
identification of biodiversity. Methods in Ecology and Evolu-
tion 7, 1008-1018.

Dasgan H.Y., S. Kusvuran and I. Ortas, 2008. Responses of soil-
less grown tomato plants to arbuscular mycorrhizal fungal
(Glomus fasciculatum) colonization in re-cycling and open
systems. African Journal of Biotechnology 7 (20), 3606-3613.

David-Schwartz R., V. Gadkar, S. Wininger, R. Bendov, G. Galili
... Y. Kapulnik, 2003. Isolation of a premycorrhizal infection
(pmi2) mutant of tomato, resistant to arbuscular mycorrhi-
zal fungal colonization. Molecular Plant-Microbe Interactions
16, 382-388.

Davison J., M. Moora, M. Opik, A. Adholeya, L. Ainsaar ... M.
Zobel, 2015. Global assessment of arbuscular mycorrhizal
fungus diversity reveals very low endemism. Science 349,
970-973.

Degens B.P.,, G.P. Sparling and L.K. Abbott, 1996. Increasing the
length of hyphae in a sandy soil increases the amount of
water-stable aggregates. Applied Soil Ecology 3, 149-159.

Desird A., A. Salvioli, E.L. Ngonkeu, S.J. Mondo, S. Epis ... P.
Bonfante, 2014. Detection of a novel intracellular micro-
biome hosted in arbuscular mycorrhizal fungi. The ISME
Journal 8, 257-270.

Diffenbaugh N.S. and F. Giorgi, 2012. Climate change hotspots
in the CMIP5 global climate model ensemble. Climatic
Change 114, 813-822.

Doornbos R.F,, L.C. van Loon and P.A.H.M. Bakker, 2012. Im-
pact of root exudates and plant defense signaling on bacte-
rial communities in the rhizosphere. A review. Agronomy for
Sustainable Development 32, 227-243.

Douglas A.E. and ]J.H. Werren, 2016. Holes in the Hologenome:
Why Host-Microbe Symbioses Are Not Holobionts. mBio 7,
€02099-15.

EdwardsJ., C. Johnson, C. Santos-Medellin, E. Lurie, N.K. Pod-
ishetty ... V. Sundaresan, 2015. Structure, variation, and as-
sembly of the root-associated microbiomes of rice. Proceed-
ings of the National Academy of Sciences 112(8), E911-E920.

Fiorilli V., M. Catoni, L. Miozzi, M. Novero, G.P. Accotto and L.
Lanfranco, 2009. Global and cell-type gene expression pro-
files in tomato plants colonized by an arbuscular mycor-
rhizal fungus. New Phytologist 184, 975-987.

Gadkar V., R. David-Schwartz, G. Nagahashi, D.D. Douds, S.
Wininger and Y. Kapulnik, 2003. Root exudate of pmi toma-
to mutant M161 reduces AM fungal proliferation in vitro.
FEMS Microbiology Letters 223, 193-198.

Gao L.-L., G. Delp and S.E. Smith, 2001. Colonization patterns
in a mycorrhiza-defective mutant tomato vary with different
arbuscular-mycorrhizal fungi. New Phytologist 151, 477-491.

Garrett W.S. 2017. Gut microbiota in 2016: A banner year for
gut microbiota research. Nature Reviews Gastroenterology &
Hepatology 14, 78-80.

Geel M.V,, M.D. Beenhouwer, B. Lievens and O. Honnay, 2016.
Crop-specific and single-species mycorrhizal inoculation

Plant microbiota and Mediterranean crops

is the best approach to improve crop growth in controlled
environments. Agronomy for Sustainable Development 36, 37.

GiorgiF.2006.Climate change hot-spots. Geophysical Research Let-
ters 33, L08707, http:/ / dx.doi.org/10.1029 /2006GL025734.

Giovannetti M., L. Avio, R. Barale, N. Ceccarelli, R. Cristofani
... R. Scarpato, 2012. Nutraceutical value and safety of to-
mato fruits produced by mycorrhizal plants. British Journal
of Nutrition 107, 242-251.

Giovannetti M., V. Volpe, A. Salvioli and P. Bonfante, 2017. Fun-
gal and plant tools for the uptake of nutrients in arbuscular
mycorrhizas. In: Mycorrhizal Mediation of Soil (N.C. John-
son, C. Gehring, J. Jansa ed.), Elsevier, 107-128.

Gopal M. and A. Gupta, 2016. Microbiome Selection Could
Spur Next-Generation Plant Breeding Strategies. Frontiers
in Microbiology 7: 1971.

de Graaff M.A., A.T. Classen, H.F. Castro and C.W. Schadt,
2010. Labile soil carbon inputs mediate the soil microbial
community composition and plant residue decomposition
rates. New Phytologist 188, 1055-1064.

Granzow S., K. Kaiser, B. Wemheuer, B. Pfeiffer, R. Daniel ... F.
Wembheuer, 2017. The effects of cropping regimes on fun-
gal and bacterial communities of wheat and faba bean in
a greenhouse pot experiment differ between plant species
and compartment. Front. Microbiol. 8: 902.

Gutjahr C. and M. Parniske, 2013. Cell and developmental biol-
ogy of arbuscular mycorrhiza symbiosis. Annual Review of
Cell and Developmental Biology 29, 593-617.

Guttman D.S., A.C. McHardy and P. Schulze-Lefert, 2014. Mi-
crobial genome-enabled insights into plant-microorganism
interactions. Nature Reviews Genetics 15, nrg3748.

Hacquard S. 2016. Disentangling the factors shaping microbio-
ta composition across the plant holobiont. New Phytologist
209, 454-457.

Hacquard S., R. Garrido-Oter, A. Gonzdlez, S. Spaepen, G.
Ackermann ... P. Schulze-Lefert, 2015. Microbiota and host
nutrition across plant and animal kingdoms. Cell Host &
Microbe 17, 603-616.

Handelsman J. 2008. Metagenomics is not enough. DNA and
Cell Biology 27, 219-221.

Hannula S.E., W. de Boer and J.A. van Veen, 2010. In situ dy-
namics of soil fungal communities under different geno-
types of potato, including a genetically modified cultivar.
Soil Biology and Biochemistry 42, 2211-2223.

Hardoim PR., L.S. van Overbeek and ].D. van Elsas, 2008.
Properties of bacterial endophytes and their proposed role
in plant growth. Trends in Microbiology 16, 463-471.

Harrison M.J. 2005. Signaling in the arbuscular mycorrhizal
symbiosis. Annual Review of Microbiology 59, 19-42.

Hart M.M., K. Aleklett, P.-L. Chagnon, C. Egan, S. Ghignone
... L. Waller, 2015. Navigating the labyrinth: a guide to
sequence-based, community ecology of arbuscular mycor-
rhizal fungi. The New Phytologist 207, 235-247.

Hawkes C.V,, KM. DeAngelis and M.K. Firestone, 2007. Root
Interactions with Soil Microbial Communities and Process-
es. In: The rhizosphere: an ecological perspective (Z.G. Cardon,
J.L. Whitbeck, ed.), Elsevier Academic, Burlington, MA,
USA, 1-29.

Hays S.G., W.G. Patrick, M. Ziesack, N. Oxman and P.A. Silver,
2015. Better together: engineering and application of micro-

Vol. 57, No. 1, April, 2018 141



M. Chialva and P. Bonfante

bial symbioses. Current Opinion in Biotechnology 36, 40-49.

Heijden M.G.A. van der and K. Schlaeppi, 2015. Root surface as
a frontier for plant microbiome research. Proceedings of the
National Academy of Sciences 112(8), 2299-2300.

Helgason T., TJ. Daniell, R. Husband, A.H. Fitter and J.P.W.
Young, 1998. Ploughing up the wood-wide web? Nature
394, 431-431.

Horn S., T. Caruso, E. Verbruggen, M.C. Rillig and S. Hempel,
2014. Arbuscular mycorrhizal fungal communities are phy-
logenetically clustered at small scales. The ISME journal 8,
2231-2242.

Jiang Y., W. Wang, Q. Xie, N. Liu, L. Liu ... E. Wang, 2017. Plants
transfer lipids to sustain colonization by mutualistic mycor-
rhizal and parasitic fungi. Science 356, 1172-1175.

Johnson N.C., C. Gehring and J. Jansa, 2016. Mycorrhizal me-
diation of soil: Fertility, structure, and carbon storage. Elsevier
Academic, Cambridge, MA, USA, 526 pp.

Keymer A., P. Pimprikar, V. Wewer, C. Huber, M. Brands ... C.
Gutjahr, 2017. Lipid transfer from plants to arbuscular my-
corrhiza fungi. eLife 6, €29107.

Kopylova E., L. Noé, C. Da Silva, J.F. Berthelot, A. Alberti ...
H. Touzet, 2015. Deciphering metatranscriptomic data. In:
RNA Bioinformatics (Picardi E., ed.), Springer New York,
New York, NY, USA, 279-291.

Lace B., A. Genre, S. Woo, A. Faccio, M. Lorito and P. Bonfante,
2015. Gate crashing arbuscular mycorrhizas: in vivo imag-
ing shows the extensive colonization of both symbionts by
Trichoderma atroviride. Environmental Microbiology Reports
7,64-77.

Langille M.G.L, J. Zaneveld, J.G. Caporaso, D. McDonald, D.
Knights ... C. Huttenhower, 2013. Predictive functional
profiling of microbial communities using 16S rRNA marker
gene sequences. Nature Biotechnology 31, 814-821.

Larousse M., C. Rancurel, C. Syska, F. Palero, C. Etienne ... E.
Galiana, 2017. Tomato root microbiota and Phytophthora
parasitica-associated disease. Microbiome 5, 56.

Latef A.A.H.A. and H. Chaoxing, 2011. Effect of arbuscular my-
corrhizal fungi on growth, mineral nutrition, antioxidant
enzymes activity and fruit yield of tomato grown under sa-
linity stress. Scientia Horticulturae 127, 228-233.

Lebeis S.L., S.H. Paredes, D.S. Lundberg, N. Breakfield, J.
Gehring ... J.L. Dangl, 2015. Salicylic acid modulates colo-
nization of the root microbiome by specific bacterial taxa.
Science 349, 860-864.

Lederberg J. and A. McCray 2001. ‘Ome Sweet ‘mics—a genea-
logical treasury of words. Scientist 15, 8-10.

Lee S.A,, J. Park, B. Chu, J.M. Kim, J.H. Joa ... H.Y. Weon, 2016.
Comparative analysis of bacterial diversity in the rhizos-
phere of tomato by culture-dependent and -independent
approaches. Journal of Microbiology 54, 823-831.

Lekberg Y., T. Schnoor, R. Kjeller, S.M. Gibbons, L.H. Hansen ...
S. Rosendahl, 2012. 454-sequencing reveals stochastic local
reassembly and high disturbance tolerance within arbus-
cular mycorrhizal fungal communities: Reassembly of AM
fungal communities following disturbance. Journal of Ecol-
ogy 100, 151-160.

Lindahl B.D., R.H. Nilsson, L. Tedersoo, K. Abarenkov, T.
Carlsen ... H. Kauserud, 2013. Fungal community analysis
by high-throughput sequencing of amplified markers - a

142 Phytopathologia Mediterranea

user’s guide. The New Phytologist 199, 288-299.

Loman N.J., R.V. Misra, T.J. Dallman, C. Constantinidou, S.E.
Gharbia ... M.J. Pallen, 2012. Performance comparison of
benchtop high-throughput sequencing platforms. Nature
Biotechnology 30, 434-439.

Lundberg D.S., S.L. Lebeis, S.H. Paredes, S. Yourstone, J.
Gehring ... ].L. Dangl, 2012. Defining the core Arabidopsis
thaliana root microbiome. Nature 488, 86-90.

Maillet E,, V. Poinsot, O. André, V. Puech-Pages, A. Haouy ...
J. Dénarié, 2011. Fungal lipochitooligosaccharide symbiotic
signals in arbuscular mycorrhiza. Nature 469, 58-63.

Margulis L. 1991. Symbiogenesis and symbionticism. In: Sym-
biosis as a source of evolutionary innovation: speciation and
morphogenesis (Margulis L, Fester R, ed.), MIT Press, Cam-
bridge, MA, USA, 1-14.

Mayak S., T. Tirosh and B.R. Glick, 2004. Plant growth-promot-
ing bacteria that confer resistance to water stress in toma-
toes and peppers. Plant Science 166, 525-530.

Mazurier S., T. Corberand, P. Lemanceau and ]J.M. Raaijmak-
ers, 2009. Phenazine antibiotics produced by fluorescent
pseudomonads contribute to natural soil suppressiveness
to Fusarium wilt. The ISME Journal 3, 977-991.

Mendes R., P. Garbeva and ].M. Raaijmakers, 2013. The rhizo-
sphere microbiome: significance of plant beneficial, plant
pathogenic, and human pathogenic microorganisms. FEMS
Microbiology Reviews 37, 634—663.

Mendes R., M. Kruijt, I. de Bruijn, E. Dekkers, M. van der Voort
... J.M. Raaijmakers, 2011. Deciphering the rhizosphere
microbiome for disease-suppressive bacteria. Science 332,
1097-1100.

Miller L.D., M.H. Russell and G. Alexandre, 2009. Diversity in
bacterial chemotactic responses and niche adaptation. Ad-
vances in Applied Microbiology 66, 53-75.

Mishra PK., S.C. Bisht, J.K. Bisht and J.C. Bhatt, 2012. Cold-
tolerant PGPRs as bioinoculants for stress management. In:
Bacteria in agrobiology: stress management (D.K. Maheshwari,
ed.), Springer, Berlin Germany, 95-118.

Mohandas S. 1987. Field response of tomato (Lycopersicon es-
culentum Mill ‘Pusa Ruby’) to inoculation with a VA my-
corrhizal fungus Glomus fasiculatum and with Azotobacter
vinelandii. Plant and Soil 98, 295-297.

Moller M. and E.H. Stukenbrock, 2017. Evolution and genome
architecture in fungal plant pathogens. Nature Reviews Mi-
crobiology 15(12): 756-771.

Moran N.A. and D.B. Sloan, 2015. The Hologenome Concept:
Helpful or Hollow? PLoS Biol 13(12): €1002311.

Miiller D.B., C. Vogel, Y. Bai and J.A. Vorholt, 2016. The plant
microbiota: systems-level insights and perspectives. An-
nual Review of Genetics 50, 211-234.

Mwajita M.R., H. Murage, A. Tani and E.M. Kahangi, 2013.
Evaluation of rhizosphere, rhizoplane and phyllosphere
bacteria and fungi isolated from rice in Kenya for plant
growth promoters. Springerplus 2, 606.

Myers N., R.A. Mittermeier, C.G. Mittermeier, G.A. da Fonseca
and ]. Kent, 2000. Biodiversity hotspots for conservation
priorities. Nature 403, 853-858.

Naseem M., M. Kunz and T. Dandekar, 2017. Plant-pathogen
maneuvering over apoplastic sugars. Trends in Plant Science
22, 740-743.



Niu B., J.N. Paulson, X. Zheng and R. Kolter, 2017. Simplified
and representative bacterial community of maize roots.
Proceedings of the National Academy of Sciences of the United
States of America 114(12), E2450-E2459.

Ofek M., M. Voronov-Goldman, Y. Hadar and D. Minz, 2014.
Host signature effect on plant root-associated microbiomes
revealed through analyses of resident vs active communi-
ties: Host effect on plant root-associated microbiomes. En-
vironmental Microbiology 16, 2157-2167.

Oldroyd G.E.D. 2013. Speak, friend, and enter: signalling sys-
tems that promote beneficial symbiotic associations in
plants. Nature Reviews Microbiology 11, 252-263.

Paine R.T. 1969. A Note on Trophic Complexity and Commu-
nity Stability. The American Naturalist 103, 91-93.

Patane C. and A. Saita, 2015. Biomass, fruit yield, water pro-
ductivity and quality response of processing tomato to
plant density and deficit irrigation under a semi-arid Medi-
terranean climate. Crop and Pasture Science 66, 224-234.

Peiffer J.A., A. Spor, O. Koren, Z. Jin, S.G. Tringe ... R.E. Ley,
2013. Diversity and heritability of the maize rhizosphere
microbiome under field conditions. Proceedings of the Na-
tional Academy of Sciences 110(16), 6548-6553.

Penton C.R., V.V.S.R. Gupta, ].M. Tiedje, S.M. Neate, K. Ophel-
Keller ... D.K. Roget, 2014. Fungal Community Structure in
Disease Suppressive Soils Assessed by 285 LSU Gene Se-
quencing. PLoS ONE 9(4): €93893.

Pereira L. 2011. Challenges on water resources management
when searching for sustainable adaptation to climate
change focusing agriculture. European Water 34, 41-54.

Peyraud R., U. Dubiella, A. Barbacci, S. Genin, S. Raffaele and
D. Roby, 2017. Advances on plant-pathogen interactions
from molecular toward systems biology perspectives. The
Plant Journal 90, 720-737.

Pieterse C.M.]., C. Zamioudis, R.L. Berendsen, D.M. Weller,
S.C.M. Van Wees and P.A.H.M. Bakker, 2014. Induced sys-
temic resistance by beneficial microbes. Annual Review of
Phytopathology 52, 347-375.

Plenchette C., J.A. Fortin and V. Furlan, 1983. Growth responses
of several plant species to mycorrhizae in a soil of moderate
P-fertility. Plant and Soil 70, 211-217.

Poli A., A. Lazzari, V. Prigione, S. Voyron, D. Spadaro and G.C.
Varese, 2016. Influence of plant genotype on the cultivable
fungi associated to tomato rhizosphere and roots in differ-
ent soils. Fungal Biology 120, 862-872.

Porras-Alfaro A. and P. Bayman, 2011. Hidden fungi, emergent
properties: endophytes and microbiomes. Annual Review of
Phytopathology 49, 291-315.

Poudel R, A. Jumpponen, D.C. Schlatter, T.C. Paulitz, B.B.M.
Gardener, L.L. Kinkel and K.A. Garrett, 2016. Microbiome
networks: a systems framework for identifying candidate
microbial assemblages for disease management. Phytopa-
thology 106(10), 1083-1096.

Poulton J.L., D. Bryla, R.T. Koide and A.G. Stephenson, 2002.
Mycorrhizal infection and high soil phosphorus improve
vegetative growth and the female and male functions in to-
mato. New Phytologist 154, 255-264.

Quiroga S. and A. Iglesias, 2009. A comparison of the climate
risks of cereal, citrus, grapevine and olive production in
Spain. Agricultural Systems 101, 91-100.

Plant microbiota and Mediterranean crops

Raaijmakers J.M. and M. Mazzola, 2016. Soil immune respons-
es. Science 352, 1392-1393.

Rascovan N., B. Carbonetto, D. Perrig, M. Diaz, W. Canciani
... M.P. Vazquez, 2016. Integrated analysis of root microbi-
omes of soybean and wheat from agricultural fields. Scien-
tific Reports 6, 28084.

Ravanbakhsh M., R. Sasidharan, L.A.C.]J. Voesenek, G.A. Kow-
alchuk and A. Jousset, 2017. ACC deaminase-producing
rhizosphere bacteria modulate plant responses to flooding.
Journal of Ecology, 105, 979-986.

Regvar M., K. Vogel-Mikus and T. Severkar, 2003. Effect of AMF
inoculum from field isolates on the yield of green pepper,
parsley, carrot, and tomato. Folia Geobotanica 38, 223-234.

Rosberg A.K., N. Gruyer, M. Hultberg, W. Wohanka and B.W.
Alsanius, 2014. Monitoring rhizosphere microbial commu-
nities in healthy and Pythium ultimum inoculated tomato
plants in soilless growing systems. Scientia Horticulturae
173, 106-113.

Rosenberg K., J. Bertaux, K. Krome, A. Hartmann, S. Scheu, M.
Bonkowski, 2009. Soil amoebae rapidly change bacterial
community composition in the rhizosphere of Arabidopsis
thaliana. The ISME Journal 3, 675-684.

Rosenberg E., O. Koren, L. Reshef, R. Efrony and I. Zilber-
Rosenberg, 2007. The role of microorganisms in coral
health, disease and evolution. Nature Reviews Microbiology
5, 355-362.

Rosenberg E. and 1. Zilber-Rosenberg, 2016. Microbes drive
evolution of animals and plants: the hologenome concept.
mBio 7, €01395-15.

Saadi S., M. Todorovic, L. Tanasijevic, L.S. Pereira, C. Pizzigalli
and P. Lionello, 2015. Climate change and Mediterranean
agriculture: Impacts on winter wheat and tomato crop
evapotranspiration, irrigation requirements and yield. Ag-
ricultural Water Management 147, 103-115.

Salvioli A. and P. Bonfante, 2013. Systems biology and ‘omics’
tools: A cooperation for next-generation mycorrhizal stud-
ies. Plant Science 203-204, 107-114.

Salvioli A., S. Ghignone, M. Novero, L. Navazio, F. Venice ... P.
Bonfante, 2016. Symbiosis with an endobacterium increases
the fitness of a mycorrhizal fungus, raising its bioenergetic
potential. The ISME journal 10, 130-144.

Salvioli A., I. Zouari, M. Chalot and P. Bonfante, 2012. The ar-
buscular mycorrhizal status has an impact on the transcrip-
tome profile and amino acid composition of tomato fruit.
BMC Plant Biology 12, 44.

Schlaeppi K. and D. Bulgarelli, 2015. The plant microbiome at
work. Molecular plant-microbe interactions: MPMI 28, 212—
217.

Schlaeppi K., N. Dombrowski, R.G. Oter, E. Ver Loren van The-
maat and P. Schulze-Lefert, 2014. Quantitative divergence
of the bacterial root microbiota in Arabidopsis thaliana rela-
tives. Proceedings of the National Academy of Sciences 111(2),
585-592.

Schwarz D., S. Welter, E. George, P. Franken, K. Lehmann ...
M. Worm, 2011. Impact of arbuscular mycorrhizal fungi on
the allergenic potential of tomato. Mycorrhiza 21, 341-349.

Shade A. and ]. Handelsman, 2012. Beyond the Venn diagram:
the hunt for a core microbiome: The hunt for a core micro-
biome. Environmental Microbiology 14, 4-12.

Vol. 57, No. 1, April, 2018 143



M. Chialva and P. Bonfante

Shade A., M.A. Jacques and M. Barret, 2017. Ecological patterns
of seed microbiome diversity, transmission, and assembly.
Current Opinion in Microbiology 37, 15-22.

Smith S.E. and D. Read, 2008. Mineral nutrition, toxic element
accumulation and water relations of arbuscular mycorrhi-
zal plants. In: Mycorrhizal Symbiosis, Ed 3 (S.E. Smith, D.
Read, ed.), Academic Press, New York, USA, 145-187.

Soussi A., R. Ferjani, R. Marasco, A. Guesmi, H. Cherif ... A.
Cherif, 2016. Plant-associated microbiomes in arid lands:
diversity, ecology and biotechnological potential. Plant and
Soil 405, 357-370.

Souza R.S.C. de, VK. Okura, J.S.L. Armanhi, B. Jorrin, N. Lo-
zano ... P. Arruda, 2016. Unlocking the bacterial and fungal
communities assemblages of sugarcane microbiome. Scien-
tific Reports 6, 28774.

Spatafora J.W., Y. Chang, G.L. Benny, K. Lazarus, M.E. Smith,
M.L. Berbee ... J.E. Stajich, 2016. A phylum-level phyloge-
netic classification of zygomycete fungi based on genome-
scale data. Mycologia 108, 1028-1046.

Subramanian K.S., P. Santhanakrishnan and P. Balasubramani-
an, 2006. Responses of field grown tomato plants to arbus-
cular mycorrhizal fungal colonization under varying inten-
sities of drought stress. Scientia Horticulturae 107, 245-253.

Sun S., S. Li, B.N. Avera, B.D. Strahm and B.D. Badgley, 2017.
Soil bacterial and fungal communities show distinct recov-
ery patterns during forest ecosystem restoration. Applied
and Environmental Microbiology 83(14), €00966-17.

Tang N., H. San Clemente, S. Roy, G. Bécard, B. Zhao and C.
Roux, 2016. A survey of the gene repertoire of gigaspora ro-
sea unravels conserved features among Glomeromycota for
obligate biotrophy. Frontiers in Microbiology 7, 233.

Theis K.R., N.M. Dheilly, J.L. Klassen, R.M. Brucker, ].F. Baines,
T.C.G. Bosch ... S.R. Bordenstein, 2016. Getting the holog-
enome concept right: an eco-evolutionary framework for
hosts and their microbiomes. mSystems 1, €00028-16.

Thomashow L. and P.A.H.M. Bakker, 2015. Microbial control of
root-pathogenic fungi and oomycetes. In: Principles of Plant-
Microbe Interactions (B. Lughenberg, ed.), Springer, Cham,
Switzerland,165-173.

Thompson L.R., J.G. Sanders, D. McDonald, A. Amir, J. Ladau
... R. Knight, The Earth Microbiome Project Consortium.
2017. A communal catalogue reveals Earth’s multiscale mi-
crobial diversity. Nature 551, 457-463.

Tian B., C. Zhang, Y. Ye, J. Wen, Y. Wu ... K. Zhang, 2017. Ben-
eficial traits of bacterial endophytes belonging to the core
communities of the tomato root microbiome. Agriculture,
Ecosystems & Environment 247, 149-156.

Tisserant E., M. Malbreil, A. Kuo, A. Kohler, A. Symeonidi ... F.
Martin, 2013. Genome of an arbuscular mycorrhizal fungus
provides insight into the oldest plant symbiosis. Proceedings
of the National Academy of Sciences 110(50), 20117-20122.

Toju H., H. Sato, S. Yamamoto, K. Kadowaki, A.S. Tanabe ... K.
Agata, 2013. How are plant and fungal communities linked
to each other in belowground ecosystems? A massively
parallel pyrosequencing analysis of the association speci-
ficity of root-associated fungi and their host plants. Ecology
and Evolution 3, 3112-3124.

Torres de Los Santos R., H. Vierheilig, J.A. Ocampo and ].M.
Garcfa Garrido, 2011. Altered pattern of arbuscular mycor-

144 Phytopathologia Mediterranea

rhizal formation in tomato ethylene mutants. Plant Signal-
ing & Behavior 6, 755-758.

Ulrichs C., G. Fischer, C. Biittner and 1. Mewis, 2008. Compari-
son of lycopene, B-carotene and phenolic contents of to-
mato using conventional and ecological horticultural prac-
tices, and arbuscular mycorrhizal fungi (AMF). Agronomia
Colombiana 26, 40—46.

Upadhyay S.K., D.P. Singh and R. Saikia, 2009. Genetic diver-
sity of plant growth promoting rhizobacteria isolated from
rhizospheric soil of wheat under saline condition. Current
Microbiology 59, 489-496.

Uroz S., M. Buée, C. Murat, P. Frey-Klett and F. Martin, 2010.
Pyrosequencing reveals a contrasted bacterial diversity be-
tween oak rhizosphere and surrounding soil. Environmental
Microbiology Reports 2, 281-288.

Utkhede R. 2006. Increased growth and yield of hydroponically
grown greenhouse tomato plants inoculated with arbuscu-
lar mycorrhizal fungi and Fusarium oxysporum f. sp. radicis-
lycopersici. BioControl 51, 393-400.

Van Der Heijden M.G.A. and T.R. Scheublin, 2007. Functional
traits in mycorrhizal ecology: their use for predicting the
impact of arbuscular mycorrhizal fungal communities on
plant growth and ecosystem functioning. New Phytologist
174, 244-250.

Van Wees S.C., S. Van der Ent and C.M. Pieterse, 2008. Plant im-
mune responses triggered by beneficial microbes. Current
Opinion in Plant Biology 11, 443-448.

Vandenkoornhuyse P, A. Quaiser, M. Duhamel, Le Van and A.
Dufresne, 2015. The importance of the microbiome of the
plant holobiont. New Phytologist 206, 1196-1206.

Venkateshwaran M., ].D. Volkening, M.R. Sussman and J.-M.
Ané, 2013. Symbiosis and the social network of higher
plants. Current Opinion in Plant Biology 16, 118-127.

Venter J.C. 2004. Environmental genome shotgun sequencing
of the sargasso sea. Science 304, 66-74.

Vogel C., N. Bodenhausen, W. Gruissem and J.A. Vorholt, 2016.
The Arabidopsis leaf transcriptome reveals distinct but also
overlapping responses to colonization by phyllosphere
commensals and pathogen infection with impact on plant
health. New Phytologist 212, 192-207.

Vorholt J.A. 2012. Microbial life in the phyllosphere. Nature Re-
views Microbiology 10, 828-840.

Walker B.H. 1992. Biodiversity and ecological redundancy.
Conservation Biology 6, 18-23.

Wang E., S. Schornack, J.F. Marsh, E. Gobbato, B. Schwessing-
er ... GE.D. Oldroyd, 2012. A common signaling process
that promotes mycorrhizal and oomycete colonization of
plants. Current Biology 22, 2242-2246.

Wang W., Y. Zhai, L. Cao, H. Tan and R. Zhang, 2016. Endo-
phytic bacterial and fungal microbiota in sprouts, roots
and stems of rice (Oryza sativa L.). Microbiological Research
188-189, 1-8.

Weller D.M., ].M. Raaijmakers, B.B.M. Gardener and L.S. Thom-
ashow, 2002. Microbial populations responsible for specific
soil suppressiveness to plant pathogens. Annual Review of
Phytopathology 40, 309-348.

Yano T., M. Aydin and T. Haraguchi, 2007. Impact of climate
change on irrigation demand and crop growth in a mediter-
ranean environment of Turkey. Sensors 7, 2297-2315.



Yeoh YK, P.G. Dennis, C. Paungfoo-Lonhienne, L. Weber, R.
Brackin ... P. Hugenholtz, 2017. Evolutionary conservation
of a core root microbiome across plant phyla along a tropi-
cal soil chronosequence. Nature Communications 8, 215.

Zarraonaindia I, S.M. Owens, P. Weisenhorn, K. West, J.
Hampton-Marcell ... J.A. Gilbert, 2015. The soil microbi-
ome influences grapevine-associated microbiota. mBio 6(2),
€02527-14.

Zgadzaj R., R. Garrido-Oter, D.B. Jensen, A. Koprivova, P.

Plant microbiota and Mediterranean crops

Schulze-Lefert and S. Radutoiu, 2016. Root nodule symbio-
sis in Lotus japonicus drives the establishment of distinctive
rhizosphere, root, and nodule bacterial communities. Pro-
ceedings of the National Academy of Sciences 113(49), E7996—
E8005.

Zouari I., A. Salvioli, M. Chialva, M. Novero, L. Miozzi ... P.
Bonfante, 2014. From root to fruit: RNA-Seq analysis shows
that arbuscular mycorrhizal symbiosis may affect tomato
fruit metabolism. BMC Genomics 15, 221.

Accepted for publication: February 8, 2018
Published online: May 15, 2018

Vol. 57, No. 1, April, 2018 145



	Pruning practices influence infection and dissemination of Calosphaeria pulchella, the cause of Calosphaeria canker of sweet cherry
	Mónica Berbegal and Josep Armengol
	Insights on a founder effect: the case of Xylella fastidiosa in the Salento area of Apulia, Italy
	Matteo Ramazzotti1,*, Fabio Cimaglia2,3,*, Antonia Gallo2, Francesco Ranaldi1, Giuseppe Surico3, Giovanni Mita2, Gianluca Bleve2 and Guido Marchi3
	Extract from Curcuma longa L. triggers the sunflower immune system and induces defence-related genes against Fusarium root rot
	Abdulaziz A. ALSAHLI1, Ibrahim A. ALARAIDH1, Younes M. RASHAD2 and Elsayed S. ABDEL RAZIK2
	Genetic diversity and infection sources of Rosellinia necatrix in northern Israel
	Mery DAFNY-YELIN1, Orly MAIRESSE1, Jehudith MOY1, Shlomit DOR2 and Dan MALKINSON3,4
	A zinc, copper and citric acid biocomplex shows promise for control of Xylella fastidiosa subsp. pauca in olive trees in Apulia region (southern Italy) 
	Marco SCORTICHINI1, Jianchi CHEN2, Monica DE CAROLI3, Giuseppe DALESSANDRO3, Nicoletta PUCCI4, Vanessa MODESTI4, Alessia L’AURORA4, Milena PETRICCIONE1, Luigi ZAMPELLA1, Francesco MASTROBUONI1, Danilo MIGONI3, Laura DEL COCO3, Chiara Roberta GIRELLI3, Fil
	Antifungal potential and defense gene induction in maize against Rhizoctonia root rot by seed extract of Ammi visnaga (L.) Lam.
	Younes M. Rashad, Dalia G. Aseel and Elsayed E. Hafez
	Isolation and pathogenicity of Phytophthora species and Phytopythium vexans recovered from avocado orchards in the Canary Islands, including Phytophthora niederhauserii as a new pathogen of avocado
	Cristina Rodríguez-Padrón1, Felipe Siverio1,2, Ana Pérez-Sierra3 and Ana Rodríguez4
	Macrophomina phaseolina associated with grapevine decline in Iran
	Farnaz Abed-Ashtiani, Abolfazl Narmani and Mahdi Arzanlou
	Identification of Ulocladium atrum causing potato leaf blight in Iran
	Mehdi Nasr ESFAHANI
	Vascular wilt of teak (Tectona grandis) caused by Fusarium oxysporum in Brazil
	Rafaela C. F. BORGES1, Mônica A. MACEDO1, Cléia S. Cabral1, Maurício Rossato1, Maria G. Fontes1, Maria D. M. SANTOS1, Maria A. FERREIRA2, Maria E. N. FONSECA3, Ailton REIS3 and Leonardo S. BOITEUX1,3
	Focus issue: “Plant Health Sustaining Mediterranean Ecosystems”, the theme of the 15th Congress of the Mediterranean Phytopathological Union
	Plant microbiota: from model plants to Mediterranean crops
	Matteo Chialva and Paola Bonfante
	Emerging pathogens as a consequence of globalization and climate change: leafy vegetables as a case study
	Giovanna Gilardi1, Angelo Garibaldi1 and Maria Lodovica Gullino1,2
	Fungicide models are key components of multiple modelling approaches for decision-making in crop protection 
	Tito Caffi and Vittorio Rossi 
	Can we breed for durable resistance to broomrapes? 
	Diego RUBIALES
	Effective chemical management for prevention of aflatoxins in maize
	Christina S. LAGOGIANNI and Dimitrios I. TSITSIGIANNIS

