
Il ruolo dei microrganismi del suolo per la salute, fertilità e produttività dei suoli agrari

Annamaria Bevivino, ENEA

Responsabile Laboratorio Sostenibilità, Qualità e Sicurezza delle Produzioni Agroalimentari, Divisione SSPT-BIOAG



Il suolo: i macro e i micro habitat microbici
Il suolo rappresenta lo strato più esterno della crosta terrestre formato da 
par6celle minerali, materia organica, acqua, aria e organismi viven6

Fierer, 2017. Nature Microbiol. doi:10.1038/nrmicro.2017.87 

Il suolo comprende un’ampia
gamma di diversi habitat
microbici

Wilpiszeski et al. l 2019, 85 (14) e00324-19



Il suolo rappresenta una straordinaria sorgente di vita per il 
nostro pianeta e nasconde un’intricata rete di interazioni che 
coinvolge un’enorme quantità di biomassa vivente.
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Il SUOLO E’ VIVO!

UNA MANCIATA DI TERRA
E’

 

PIENA DI VITA!

In una manciata di terra (100 g) possiamo trovare un mondo di organismi viventi, 
la maggior parte dei quali a noi sconosciuti. L’esistenza di questo “mondo 
misterioso”

 

risulta essenziale per la vita e deve essere protetta.
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16S ribosomal RNA gene
(16S rRNA gene) A gene that 
encodes a subunit of bacterial 
and archaeal ribosomes, and 
that is commonly used for 
taxonomic and phylogenetic 
analyses of bacterial and 
archaeal communities.

in soil are likely to be dormant, with >95% of the total 
microbial biomass pool represented by  microorganisms 
that are inactive at a given point in!time17.

Characteristics of the soil microbiome. A range 
of!biotic and abiotic factors, including the abundance of 
microbial predators (such as protists or nematodes) and 
the amount of available carbon, can influence the total 
amount of microbial biomass found in a soil at any given 
point in time. At the global scale, soil moisture avail-
ability is the best predictor of total soil microbial bio-
mass; ecosystems that are wetter (for example, tropical 
rainforests) typically contain larger amounts of standing 
microbial biomass2 (FIG.!2a). However, not all microbial 
taxa are equally abundant in soil. Bacteria and fungi are 
generally the dominant microorganisms found in soil; 
these groups usually have 102–104 times more biomass 
than the other major components of the soil micro-
biome (protists, archaea and viruses; FIG.!2b). A!rela tively 
small number of bacterial and archaeal phyla typically 
account for most of the 16S ribosomal RNA gene (16S 

rRNA gene) reads obtained from PCR-based surveys of 
prokaryotic diversity (FIG.!3). At finer levels of taxonomic 
resolution, most individual bacterial and archaeal spe-
cies are rare, and relatively few are abundant in any 
given community18; this structure is similar to that 
observed in many plant and animal resident commu-
nities19. Although there are some notable exceptions 
(for example, some prairie soils, which are dominated 
by lineages in the Verrucomicrobia phylum20), the 
most abundant bacterial and archaeal species usually 
account for a relatively small percentage of the prokary-
otic DNA recovered from individual samples. Most of 
these bacterial and archaeal taxa belong to lineages that 
remain undescribed. A good example of this is provided 
by an investigation of the diversity found in 596 soil 
samples that were collected from Central Park in New 
York City in the United States, which found that >80% 
of the individual bacterial and archaeal taxa found in 
soil have 16S rRNA gene sequences that do not match 
those found in reference databases6. The same patterns 
hold true for soil fungi and protists. Although a few 
major groups of fungi and protists typically dominate 
in soil (FIG.!3), many of the individual lineages remain 
undescribed. For example, Apicomplexa with poorly 
understood ecologies can dominate the protistan com-
munities found in tropical soils21. Furthermore, even 
ubiquitous soil fungal groups can contain large amounts 
of novel diversity22. Although we are far from being able 
to describe the full extent of soil microbial diversity, and 
from understanding the metabolic capabilities and ecol-
ogy of most soil microbial taxa, recent research efforts 
have greatly expanded our knowledge of the structure 
of soil microbial communities and their roles in ter-
restrial ecosystems. The soil microbiome is not neces-
sarily a mysterious ‘black box’ that defies efforts to  
be!opened.

There is no ‘typical’ soil microbiome. The relative 
abundances of major bacterial and archaeal taxa found 
in the soil microbiome can vary considerably depend-
ing on the soil in question (FIG.!3). This is true even if 
soil samples are collected from sampling sites that are 
just a few centimetres apart23. Part of this variation in 
the composition of the microbiome can be attributed 
to spatial variability in the soil environment and the 
specific characteristics of the sampling site. The impor-
tance of these factors is dependent on the taxa in ques-
tion, the choice of soils analysed and the experimental 
methods used. For this reason, the literature on this 
topic can be confusing, as there is no single biotic or 
abiotic factor that is consistently the most important in 
determining the composition of the soil micro biome. 
Likewise, there is no single factor that consistently 
explains variability in plant and animal communities 
across global, regional and local scales. For example, 
when we analyse a collection of soils that represent a 
broad range of pH values (from pH 4 to pH >8), we 
often find that soil pH is the best predictor of bacterial 
and archaeal community composition24,25. However, 
these pH effects may not be apparent when soil sam-
ples span a narrower range of pH values, and not all 
taxa respond to changes in soil pH. There are clearly 
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Figure 2 | Global microbial biomass found in soil. An estimation of how total soil 
microbial biomass (the sum of all microbial groups: bacteria, fungi, archaea, protists 
and viruses) varies across the globe (part a), and estimates of the contributions of the 
major microbial groups to this total soil microbial biomass pool (part b). The estimates 
in part b were compiled from information provided in REFS!104,124–130. These 
estimates are approximations; biomass can vary substantially across soils, and the 
biomass of protists and viruses is highly uncertain. The map in part a is adapted with 
permission from REF.!2, Wiley.
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Il suolo: una terra piena di vita



Fattori che influenzano la struttura delle  comunità 
microbiche del suolo

Dispersal constraints
The biotic or abiotic factors 
that restrict the movement of 
microorganisms across space.

Copiotrophic bacteria
Ruderal taxa that would be 
expected to preferentially 
consume increased quantities 
of labile carbon pools and have 
high maximum growth rates 
when resources are abundant.

capture the micro-scale variation in soil properties that 
may drive spatial variation in soil microbial community 
composition (FIG.!1).

Even with a detailed characterization of the soil 
environment, it may still be difficult to explain all of 
the spatial variability in soil microbial communities, as 
some of that variation may be due to dispersal constraints. 
Although dispersal constraints are known to influence 
the structure of plant and animal communities53,  studies 
that investigate the soil microbiome across multiple sites 
and soil types often fail to detect an explicit effect of spa-
tial distance (a proxy for dispersal constraints) on the 
composition of the soil microbiome. This means that soil 
or site conditions are often a better predictor of observed 
community patterns than geographical distance alone. 
However, our inability to detect the effects of dispersal 
constraints does not mean that dispersal is unimpor-
tant. The detection of dispersal constraints requires an 
appropriate sampling design that enables the effects 
of!spatial distance to be disentangled from the degree of 
dissimilarity in soil environmental conditions. Notably, 
many of the commonly used methods for characterizing 
the soil microbiome, such as analyses of the 16S rRNA 
gene, often provide insufficient taxonomic resolution to 
detect the effects of dispersal constraints. When alterna-
tive approaches that provide more detailed taxonomic 
resolution are used (including whole-genome analyses), 
it becomes possible to identify dispersal constraints on 
the biogeographical patterns exhibited by specific strains 
of soil bacteria54,55.

Much of the pre-existing literature has focused on spa-
tial variability in the structure of the soil microbiome, and 
there are fewer studies that focus explicitly on temporal 
variability. One reason for this is that an investigation of 
true temporal variability would require the same location 
to be sampled repeatedly over time. As soil sampling is 
inherently destructive, the exact same location can never 
be sampled repeatedly, and sampling an immediately adja-
cent soil location may produce confounded results owing 
to the potentially large, fine-scale spatial heterogeneity 
that exists in soil microbial communities23. Accurately 
assessing the degree of temporal variability is impor-
tant for answering both methodological questions (for 
example, is a sample collected at a single point in time 
sufficient to describe spatial patterns?) and for addressing 
more conceptual questions (for example, how quickly do 
soil microbiomes respond to environmental changes or 
changes in land-management practices?). In the few cases 
in which temporal variation has been explicitly quantified, 
it seems that temporal variation is typically lower than 
spatial variation56–58. However, the actual temporal vari-
ability in soil microbial communities may be underesti-
mated owing to the presence of relic DNA45. In!addition, 
temporal patterns may become more evident if analy-
ses are focused only on living or actively metabolizing 
cells59,60. Moreover, not all taxa are likely to be equivalent 
in their temporal variability. Some taxa may be more 
sensitive than others to changing environmental condi-
tions. For example, we would expect only a subset of soil 
bacterial taxa to be responsive to seasonal changes in soil 
temperature28. In addition, lineages of copiotrophic bacteria 
should be particularly sensitive to rapid  fluctuations in soil 
carbon availability or soil moisture13,61,62.

Functions of the soil microbiome
Although the diversity and spatiotemporal patterns in 
the soil microbiome are clearly of interest to micro-
biologists, such surveys of diversity are most useful when 
that information is directly relevant to other disciplines. 
It is important to understand how information about 
the soil microbiome can help us to predict the range 
of effects that soil microorganisms may have on both 
 natural and managed ecosystems.

Effects of the microbiome on soil processes. Some 
of the soil processes that can be directly influenced 
by belowground microbial taxa are shown in FIG.!5. 
Microorganisms can produce and consume atmospheric 
trace gases (for example, hydrogen, carbon dioxide, 
nitric oxide, nitrous oxide, methane and other volatile 
organic compounds), influence soil acidity, regulate soil 
carbon dynamics and mediate the cycling of nutrients 
(for example, iron, sulfur, phosphorus and nitrogen) 
within the soil profile. FIGURE!5 does not include indirect 
mechanisms by which the microbiome can influence 
ecosystem and biogeochemical processes. For exam-
ple, research suggests that soil-borne plant and ani-
mal patho gens can influence aboveground vegetation 
dynamics and animal populations, with far-reaching 
effects on the functioning of terrestrial ecosystems30,63. 
Furthermore, soil microorganisms may affect soil water 
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Figure 4 | Biotic and abiotic factors that can influence the composition of soil 
bacterial communities. A hierarchy of biotic and abiotic factors that can influence soil 
bacterial communities, and their relative importance in influencing the structure of 
UQKN|DCEVGTKCN�EQOOWPKVKGU�CETQUU�URCEG�QT�VKOG��n+ORQTVCPEGo�KU�FGHKPGF�JGTG�CU�VJG�GCUG�
QH|FGVGEVKPI�VJG�GHHGEVU�QH�VJGUG�HCEVQTU�QP�VJG�QXGTCNN�EQORQUKVKQP�QH�UQKN�DCEVGTKCN�
communities. These factors are not necessarily independent and can correlate with one 
another (for example, soil texture can influence soil moisture availability). Furthermore, 
the importance of these factors will depend on the soils under investigation and the 
bacterial lineage in question. The shading of each box qualitatively indicates how well we 
understand the specific effects of each factor on bacterial communities; darker shades 
highlight factors that have been reasonably well-studied. This hierarchy is based primarily 
on studies that have examined spatial patterns in soil microbial communities24,25,33,��,131–133.
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Da un punto di vista microbiologico, un terreno non è caratterizzabile in modo assoluto.

Fierer, 2017. Nature Microbiol. doi:10.1038/nrmicro.2017.87 



Fattori biotici: interazioni biotiche a livello ecosistemicoMercado-Blanco et al. Belowground Microbiota in Tree Crops

FIGURE 2 | A simplified food web describing main soil components and their

relationships. The nodes are classified by roles as: primary root (dark green),

beneficial soil components, organisms or promoters, including soil factors

(blue), decomposers (brown), pathogens (orange) and biocontrol agents or

antagonists (pale green). Arrows show negative effects (A), such as predation,

parasitism, pathogenicity or (B) positive links, such as growth promotion,

symbiosis or alimentary provision. Indirect factors such as those related to

abundance, competition or other density-dependent effects are not included.

Node labels and sizes are proportional to their connection level (number of

edges). Analysis produced with Gephi (Bastian et al., 2009).

Being present on a time scale of years, and having a persistent,
deeper root system, the impacts of tree crops (e.g., on nutrients
mobilization, organicmatter accumulation, parasites, etc.) largely
di!er from annual crops and thus cannot be considered as
comparable. This is well illustrated by the currently-available
and powerful metagenomic approaches (Colagiero et al., 2017).
Overall, the events taking place between a tree crop and
its associated whole soil microbiota have not been widely
investigated.

In this study, we consider a tree crop as a woody, perennial
plant with a distinct trunk, such as fruit, nut, and timber
trees of economic importance, grown in orchards or in planted
forests. Therefore, we exclude from this definition any palm
“tree” species (Arecaceae family) as well as any other herbaceous
perennial monocots (e.g., Musa spp., Dracaena spp., Poaceae
family representatives, etc.) showing arborescent growth, since
from both botanical and anatomical point of view they are not
true trees. Tree crop ecosystems are of immense importance
since they provide a range of products and ecosystem services.
An increased understanding of the links between soil microbiota
and trees is certainly helpful for the development of more
e!ective and sustainable tree crop management strategies.
Here, we (i) summarize methodological approaches used to
unravel belowground microbial communities, with emphasis
on tree crops; (ii) review the composition, distribution, and
multitrophic networks of soil and root-associated microbiota,
including endophytes, and the way they influence aboveground
ecosystems in tree crops; (iii) examine the benefits (productivity,
development, health and fitness, stress alleviation) and harms
(mainly biotic stresses) for tree crops and woody plantations
upon interaction with indigenous and introduced soil-borne
(micro)organisms; and (iv) recapitulate strategies implemented
for tree crop growth promotion.

METHODOLOGICAL APPROACHES TO
UNRAVEL THE COMPOSITION AND
FUNCTION OF BELOWGROUND
MICROBIOTA

Methods to assess the diversity, structure, and function of
microbial communities can be categorized into three main
groups, namely conventional, biochemical and molecular.
Here, we summarize the advantages and limitations of main
methodological approaches to study the composition and
function of rhizosphere microbial communities, with emphasis
on tree crops (Table 1).

Conventional and Biochemical Methods
Culture-based methods constitute a good complement to DNA-
based approaches. However, they are extremely biased regarding
the actual evaluation of microbial genetic diversity since only
<1% of the total number of prokaryotic species present in
the environment are culturable. Several improved procedures
and media mimic natural environments in terms of nutrients,
oxygen gradient, pH, etc. maximizing the cultivable fraction
of soil-borne microbial communities (Gravel et al., 2007). In
addition, the number of colony-forming units (CFU) is positively
correlated with enzymes and respiratory activity. This approach
may be applied to characterize the relative abundance of active
microorganisms with certain functions or trophic requirements
(Blagodatskaya and Kuzyakov, 2013). Even though culture-
dependent methods are not ideal for evaluating the actual
composition of natural microbial communities when used alone,
they are useful for understanding growth habits, development,

Frontiers in Microbiology | www.frontiersin.org 3 June 2018 | Volume 9 | Article 1006
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di!er from annual crops and thus cannot be considered as
comparable. This is well illustrated by the currently-available
and powerful metagenomic approaches (Colagiero et al., 2017).
Overall, the events taking place between a tree crop and
its associated whole soil microbiota have not been widely
investigated.
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plant with a distinct trunk, such as fruit, nut, and timber
trees of economic importance, grown in orchards or in planted
forests. Therefore, we exclude from this definition any palm
“tree” species (Arecaceae family) as well as any other herbaceous
perennial monocots (e.g., Musa spp., Dracaena spp., Poaceae
family representatives, etc.) showing arborescent growth, since
from both botanical and anatomical point of view they are not
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An increased understanding of the links between soil microbiota
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methodological approaches to study the composition and
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on tree crops (Table 1).

Conventional and Biochemical Methods
Culture-based methods constitute a good complement to DNA-
based approaches. However, they are extremely biased regarding
the actual evaluation of microbial genetic diversity since only
<1% of the total number of prokaryotic species present in
the environment are culturable. Several improved procedures
and media mimic natural environments in terms of nutrients,
oxygen gradient, pH, etc. maximizing the cultivable fraction
of soil-borne microbial communities (Gravel et al., 2007). In
addition, the number of colony-forming units (CFU) is positively
correlated with enzymes and respiratory activity. This approach
may be applied to characterize the relative abundance of active
microorganisms with certain functions or trophic requirements
(Blagodatskaya and Kuzyakov, 2013). Even though culture-
dependent methods are not ideal for evaluating the actual
composition of natural microbial communities when used alone,
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Ruolo dei microrganismi del suolo
I microorganismi del suolo sono vitali per la vita e la salute degli uomini e delle 
piante e operano nel suolo una rete di trasformazioni dalle quali dipende il 
funzionamento dell’intero ecosistema.Soil biogeochemical processes modulated by microbiome

(Fierer, 2017. Nature Microbiol. doi:10.1038/nrmicro.2017.87)
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• solubilizzazione del fosforo
• nitrificazione e denitrificazione 
• mineralizzazione della sostanza 

organica
• stabilizzazione degli input di 

carbonio in forme organiche
• metanogenesi
• fissazione della CO2



Lo stretto legame tra suolo, radici e pianta

Jacoby et al. Front Plant Sci. 2017; 8:1617 Backer et al. (2018) Front. Plant Sci. 9:1473



La rizosfera

«…However, I am convinced that soil bacteriology will finally provide results, which are not

only of explanatory nature, but that will directly affect and determine agricultural pracAce» 

April 9, 1904. Lecture at the meeAng of the German Agricultural Society. 
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Abstract Lorenz Hiltner is recognized as the first
scientist to coin the term “rhizosphere” in 1904. His
scientific career and achievements are summarized in
this essay. Most of his research he performed in the
Bavarian Agriculture–Botanical Institute (later named
the “Bavarian Institute of Plant Growth and Plant
Protection”) in Munich, where he was the director
from 1902 to 1923. Beginning with intensive and
thorough investigations on the germination and
growth of different crop plants (legumes and non-
legumes) Hiltner became convinced, that root exu-
dates of different plants support the development of
different bacterial communities. His definition of the
“rhizosphere” in the year 1904 centered on the idea,
that plant nutrition is considerably influenced by the
microbial composition of the rhizosphere. Hiltner
observed bacterial cells even inside the rhizodermis
of healthy roots. In analogy with fungal root
symbionts, Hiltner named the bacterial community
that is closely associated with roots “bacteriorhiza.” In

his rhizosphere concept, Hiltner also envisioned, that
beneficial bacteria are not only attracted by the root
exudates but that there are also “uninvited guests,”
that adjust to the specific root exudates. Based on his
observations he hypothesized that “the resistance of
plants towards pathogenesis is dependent on the
composition of the rhizosphere microflora.” He even
had the idea, that the quality of plant products may be
dependent on the composition of the root microflora.
In addition to his scientific achievements, Hiltner was
very dedicated to applied work. Together with F.
Nobbe he had the first patent on Rhizobium inoculants
(Nitragin). He continuously improved formulations
and the effectivity of the Rhizobium preparations and
he also initiated seed dressing with sublimate for plant
protection of seedlings. Thus, Hiltner tightly linked
breakthroughs in basic research to improved rhizo-
sphere management practices. In addition, he wrote a
pioneering monograph on plant protection for every-
body’s practical use. His emphasis on understanding
microbes in the context of their micro-habitat, the
rhizosphere, made him a pioneer in microbial ecolo-
gy. Even now, in the era of genome and postgenome
analysis with our better understanding of plant
nutrition and soil bacteriology, his ideas and contri-
butions are as fresh as they were more than 100 years
ago.
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farmers with effective rhizobial inoculants. At the
world exhibition 1904 in St. Louis, Michigan, USA,
Lorenz Hiltner and his Munich Institute won a gold
medal for this achievement. In the same year, he
received a silver medal at the German horticulture
exhibition in Düsseldorf. In 1905, Hiltner was
honored to be elected as a foreign member of the
Royal Swedish Academy of Agriculture. Scientists
from all over the world came to his institute in
Munich to learn from his experience. Hiltner orga-
nized field experiments with new cultivars and
bacterial inoculations in whole Bavaria and gathered
a lot of practical experience to improve growth of
legumes but also non-legumes. In addition, his
institute had to deal with numerous daily problems
of agricultural practice and it developed measures to
control plant pests like mice and rats. In parallel to
these applied tasks of his institute, he continued basic
bacteriological research on rhizobia–plant interactions
and associations of soil bacteria with Gramineae like
wheat and barley.

Definition of the term “rhizosphere” in the year
1904

On April 9, 1904, Lorenz Hiltner gave a lecture at a
meeting of the German Agricultural Society (Deutsche

Landwirtschaftliche Gesellschaft) in Eisenach, Thur-
ingia, entitled “On new experiences and problems in
the field of soil bacteriology with special reference to
green manure and fallow”(Über neuere Erfahrungen
und Probleme auf dem Gebiete der Bodenbakteriologie
unter besonderer Berücksichtigung der Gründüngung
und Brache; Fig. 2). This meeting consisted of 14
lectures that provided teachers in agriculture with the
latest research developments. In his lecture, Hiltner
discussed several aspects of soil bacteriology, which
were not directly relevant for the rhizosphere. In the
introduction, he talked about his expectations for the
application of results derived from basic research,
which sound quite familiar even nowadays. “…I
would like to state from the very first, that apart from
some sporadic exceptions, the main goal of our joint
effort, to make the research results applicable in
practice, has unfortunately not been reached so far.
Some research colleagues even have the opinion that
soil bacteriology has to restrict itself to give explan-
ations of facts, which the farmers know already from
their experience. […] However, I am convinced that
soil bacteriology will finally provide results, which
are not only of explanatory nature, but that will
directly affect and determine agricultural practice.” In
the following parts, Hiltner gave examples of a
number of cultivable bacteria in soils, that grow on
commonly used specific rich media and stated the
very modern knowledge that many of the most
important bacterial species as well as most of the
fungi and algae in soil are not able to grow under
these laboratory cultivation conditions on nutrient
agar media. Further on, he gave insights into the
known bacteria involved in the processes of the
nitrogen cycle including denitrification, nitrification
and nitrogen fixation, which was the major focus of
his lecture. Concerning nitrogen fixing bacteria he
referred to the symbiotic bacteria in nodules of
legumes, Winogradsky’s anaerobic nitrogen fixing
Clostridium pastorianum and Beijerinck’s observa-
tion, that free living, oxygen demanding soil bacteria,
like Azotobacter chroococcum, also display the ability
of nitrogen fixation. On page 65, Hiltner expressed
very basic ideas about microbial ecology in soils. “…
After learning about the different processes involved
in nitrogen metabolism, which are catalyzed by
organisms freely living in the soil, the most important
question arises, how these organisms, probably coex-
isting in every agricultural soil, interact with each

Fig. 1 Dr. Lorenz Hiltner, Founding Director of the Royal
Bavarian Agriculture–Botanical Institute in Munich (1902)

Plant Soil (2008) 312:7–14 9
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I microrganismi della 
rizosfera sono fondamentali 
per la crescita delle piante, 
per la salute delle piante e la 
resilienza agli stress bio6ci e 
abio6ci

24/10/21, 12:241-s2.0-S1674205220303129-gr1_lrg.jpg 2.233×1.954 pixel

Pagina 1 di 1https://ars.els-cdn.com/content/image/1-s2.0-S1674205220303129-gr1_lrg.jpg
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Il concetto di OLOBIONTE
• Tutti i MACRO-ORGANISMI che popolano il nostro pianeta esistono come OLOBIONTI
• L’ OLOBIONTE è il termine usato per riferirsi all'ospite unitamente ai microrganismi 

associati che compongono il suo microbioma

10Modificato da: Orozco-Mosqueda et al., 2018. Microbiol. Res. 1016:25

1. BULK SOIL

2. RHIZOSPHERE

2. ENDOSPHERE

3. PHYLLOSPHERE

Orozco-Mosqueda et al. Microbiol Res. 2018;208:25-31.                                                                Berg et al. Microbiome 8, 103 (2020)

Plant as an holobiont, a meta-organism
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Il conce(o di ONE HEALTH
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d) promoting researcher careers, training and mobility and the development of skills 
in the different microbiome domains; and 

e) exchanging knowledge across the scientific and political community and ensuring 
the efficient use of the available resources, while advocating public understanding of the 
value of microbiomes for the health of the planet and all the humans, plants and animals 
that live on it.  

 
 
2. Introduction 
 
Complex microbial ecosystems, collectively referred to as microbiomes, inhabit and 

interact with living organisms and have co-evolved a range of symbiotic relationships with 
them, including mutualism, with ultimate beneficial outcomes for the host.  

Due to their astonishing metabolic potential, microbiomes have a key role in human, 
plant, animal and, ultimately, planetary health, and occupy a central position in the “One 
Health” framework, contributing to a new integrated perspective of the health of living 
organisms (Figure 1). 

 

 
 
Figure 1. The One Health framework offers a new integrated view of how 

microbiomes contribute to human, animal and plant health. 
 
The microbial ecosystem most explored to date is undoubtedly the microbiome of the 

human gut. The microbes in our gastrointestinal tract are ten-fold more numerous than all 
the cells that make up the human body (Figure 2) and include components from all three 
domains of life, i.e. Bacteria, Archaea and Eukarya, and their viruses.  



Il microbioma: dal suolo alla pianta

fmicb-07-01971 December 7, 2016 Time: 12:22 # 3

Gopal and Gupta Microbiome for Plant Breeding

FIGURE 1 | The ‘Plant Microbiome’ can be described as the sum total of the genomic contribution made by the diverse microbial communities that
inhabit the surface and internal tissues of the plant parts. The rhizosphere, endosphere, phyllosphere constitute the major compartments in which the

microbial communities reside in the plant. The soil microbiome is the main source from which the plant selects and builds its microbiome profile. The plant genotype

(e.g., dicot bean plant and a monocot rice plant), its root exudates (indicated by blue shade for bean and green for rice), the soil types and properties, and the

environmental factors influence the plant microbiome makeup (indicated by different colored microbes inhabiting the plant compartments in bean and rice plant).

Mycorrhizal association in both plants is indicated by thin lines extending from the roots into the surrounding soil.

they are applied in a consortium underlining their network mode
of activity (Hays et al., 2015) in regulating plant fitness. Now, the
plant-microbiome relationship via ‘holobiont’ concept is not only
restricted to production and protection applications in plants but
is also expanding into the realm of plant breeding.

CONVENTIONAL SELECTION BREEDING
FOCUSED ON PLANT GENOME

Wild plants have evolved over time by selectively assembling
plant-beneficial microbiota from soil as their partners. This
association was disrupted with the development of agriculture
through domestication of important crops. Further disruption
entailed as conventional plant breeding and modern genomics-
assisted methods focused only on the plant genome, not the
hologenome, for developing crops with higher yield, resistance
to insect pest and fungal pathogens, tolerance to abiotic stresses
such as drought and salinity and characteristics of superior
quality for many other desirable attributes. Plant breeding has
greatly helped in the food security of the global population.
However, domestication of such genetically homogenous crops,
cultivated in di�erent ecological conditions, has led to not only
the erosion of genetic diversity of the plants; but also extinction of

hugemicrobial diversity in soil that would have been the source of
several plant-beneficial microbiota (Perez-Jaramillo et al., 2016).

Domestication and intensive cultivation of a single crop has
led to appearance of several qualitative issues such as reduced
nutrient use e�ciency, increased susceptibility to pests and
diseases, inability to overcome abiotic stresses, etc. Domestication
also could have removed those traits from plants that were
needed to assemble host-specific microbiome a�ording the plants
a very high adaptability to biotic and abiotic stresses (Bulgarelli
et al., 2013; Chen et al., 2015). This necessitated application of
high quantities of inorganic fertilizer, spraying of insecticides
and growth hormones, etc. to maintain the required output
(Matson et al., 1997) and on the flip side, drastically losing the
soil microbial diversity to a great extent (Weese et al., 2015).
Integration of plant-beneficial microorganisms such as nitrogen-
fixing bacteria, phosphate solubilizing microbes, plant growth
promoting rhizobacteria (PGPR) and arbuscular mycorrhizae
were included as agronomic components of crop husbandry and
became an environmentally benign alternative to supplement the
inorganic inputs. From individual inoculations in the beginning,
either bacteria or fungi, to mixed inoculations having both
bacteria and fungi yielded desirable results in some crops grown
under certain soil and environmental conditions. However, the
microbial applications did not always perform to expected levels

Frontiers in Microbiology | www.frontiersin.org 3 December 2016 | Volume 7 | Article 1971

Gopal M and Gupta A (2016) Microbiome Selection Could Spur Next-Generation Plant Breeding Strategies. Front. Microbiol. 7:1971. doi: 10.3389/fmicb.2016.01971 



Le applicazioni delle tecnologie omiche

confer ecosystem resilience to climate change is needed 
for predicting and managing ecosystem responses to 
climate change.

Influence of the soil microbiome on emergent ecosystem 
properties. As soil habitats are dynamic systems, most 
soil microorganisms have evolved strategies to cope with 
changing environmental conditions. Generally, as envi-
ronmental conditions shift, the resident microorganisms 
either adapt, become dormant or die. Soil microorgan-
isms respond to environmental stress in different ways, 
depending on their genetic and physiological states23. 
Acclimation and adaption to change is dependent 
on the degree of perturbation and the time necessary 
to regulate gene transcription and translation and/or 
accumulate mutations or new genes through horizontal 
gene transfer. However, at present, quantifying microbial  
physiological responses (for example, drought resistance,  
dormancy or reactivation) remains a major gap in 
modelling ecosystem responses to change24.

Changes in microbial community structure may 
influence the stability and resilience of the commu-
nity to future disturbances. Climate change will impact 
interactions between microbial populations in com-
munities which in turn impact the ability of single spe-
cies to adjust25. There can be mismatches between the 
responses of different species to rising temperature, for 
example, that can lead to changes in their dispersal pat-
terns. Focusing on specific functional traits in the soil 

microbiome, such as the abundance of fast-growing, 
opportunistic ‘r-strategists’ compared with slow-growing 
‘K-strategists’, as well as environmental properties can 
help to predict how the soil microbiome will respond to 
different climate change scenarios26.

High-throughput sequencing has been instrumental 
in revealing the microbial diversity and composition in 
various soil ecosystems27, providing a valuable baseline 
for comparison as the climate changes. It is now recog-
nized, however, that compositional information does 
not always inform function (FIG.!1). Not all members 
of a community, or even cells within a specific popu-
lation, are active at any given time. Activity is governed 
by a complex interaction of gene regulation that gov-
erns which genes are expressed and access to resources. 
Variability in moisture, temperature and local atmos-
pheric chemistry within the soil impacts the phenotypic 
response of the soil microbiome with feedback to cli-
mate change. The diverse genetic potential within the 
soil microbiome interacts with environmental shifts to 
induce microbial gene expression. This collective pheno-
typic output of the microbiome, the metaphenome, gener-
ates ecosystem-scale elemental cycling28. Understanding 
the parameters connecting local microbial phenotypes 
to larger-scale ecosystem responses is thus an important 
frontier for improving climate models and for managing 
soil microbiomes in response to climate change (FIG.!1).

Currently, little is known about the fundamental  
microbial-scale mechanisms that control ecosystem-scale 
responses to climate change. Soil microorganisms do not 
respond to mean environmental conditions, but rather 
to instantaneous conditions at the microscale that trigger 
biochemical reactions, microbial responses and meta-
bolic interactions. Biogeochemical responses to abrupt 
environmental change often include temporal lags as 
the soil microorganisms adapt. By contrast, a gradual 
change, such as an increase in temperature, allows more 
time for evolution by selection for species or genes that 
enable resistance to heat and associated stress conditions. 
The historical context also has a role in the community 
response. One study found that the historical exposure 
of grassland and adjacent forest soils to changes in soil  
water content influenced the ability of the soil micro-
biome to respond to new changes in soil moisture29. 
These findings imply that different soil ecosystems are 
sensitive to climate change to different degrees.

Influence of the soil environment on microbial responses 
to climate change. As soils vary tremendously with 
respect to their biotic and abiotic properties, it is difficult 
to generalize the impact of climate change on soil micro-
biomes across different soil ecosystems (BOX!1). Within 
a specific soil class, there are differences in biogeo-
chemistry that govern the types of microorganisms that 
are present, including pH30 and salinity27. In addition, the  
soil structure and the soil moisture content influence 
the creation of microbial habitats and niches31 with cas-
cading effects on carbon and nutrient transformations. 
Therefore, understanding the fine-scale distribution and 
connectivity of soil microbial communities is required 
to better understand how climate change influences 
species interactions and metabolism32. For example, this 

CO2

Current state Desired outcome

• Sequence the soil microbiome to 
identify what is there and what their 
potential functions are 

• Challenging to determine function 
beyond measurement of bulk-scale 
processes, such as soil respiration 

• Genes, proteins and metabolites 
involved in carbon and nutrient 
metabolic pathways are largely 
unknown

• Understand the molecular details of 
soil biochemical reactions that are 
responsible for cycling carbon and 
other nutrients 

• Make better predictions of climate 
change impacts on metabolic 
pathways

• Determine the metaphenome of the 
soil microbiome under di!erent 
climate conditions

Fig. 1 | Current state and desired outcome of soil microbiome science. Owing to 
advances in sequencing technologies, it is currently possible to determine the taxonomic 
composition of soil microbial communities and to determine how climate change 
influences the community membership. Understanding the details of biochemical 
pathways, such as those involved in soil respiration, that are carried out by interacting 
members of soil communities and how key functions are impacted by changes in climate 
are crucial science frontiers that can be addressed with multi-omics approaches and 
other emerging technologies. Colours in the left panel represent different microbial cells 
and in the right panel represent different steps in biochemical pathways.

r-Strategists
Species that typically have high 
growth rates and are able to 
respond quickly to resources 
as they become available.

K-Strategists
Species that typically are slow 
growing and adapted to utilize 
minimal resources.

Metaphenome
A community phenotype that 
is the product of genomic 
potential encoded in 
metagenomes and the 
environmental conditions that 
govern which genes are 
expressed.

NATURE REVIEWS | MICROBIOLOGY

REV IEWS

  VOLUME 18 | JANUARY 2020 | 37

Grazie alle scienze omiche siamo in grado di:
• determinare la composizione tassonomica delle 

comunità microbiche del suolo
• determinare come i fattori biotici e abiotici 

possono influenzare il microbioma del suolo
• comprendere i processi biochimici, come quelli 

coinvolti nella respirazione del suolo
• conoscere le funzioni chiave che sono 

influenzate dai cambiamenti climatici

Jansson and Hofmockel, 2020. Nature Rev Microbiol. 18, 35–46 (2020). hCps://doi.org/10.1038/s41579-019-0265-7



Il ruolo della biodiversità microbica del suolo 
La biodiversità batterica del suolo rappresenta un fattore cruciale nella
regolazione del funzionamento degli ecosistemi e ha un ruolo determinante nel
mantenimento di un agro-ecosistema stabile e sostenibile



La biodiversità microbica è tu2a quan5ficabile?

Harwani, Dharmesh. “The Great Plate Count Anomaly and the Unculturable Bacteria.” International journal of scientific research 2 (2012): 485-488

The Great Plate Count Anomaly 



I metodi basati sulla coltivabilità

Soil: 104 - 107 species / gram

Uneven distributed
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“Rare biosphere”: difficult to access 

Predominant species: easily studied

Number of species             104 -107

Terragenome: To sequence and assemble an entire metagenome 
of soil (Rothamsted, UK).

Non permettono di isolare > 90-99% dei microorganismi del suolo
• Molte specie non possono essere coltivate
• Alcune specie richiedono speciali condizioni di crescita 
• Alcune specie possono trovarsi in una minore densità

• Alcune specie si possono trovare in uno stato VBNC 



La metagenomica per lo studio del microbioma



Le potenzialità del microbioma per una nuova 
rivoluzione agricola 

Microorganisms 2021, 9, 1400 2 of 22

enhance long-term ecosystem stability given the future global change conditions [12]. In
particular, soil microbes are the main organisms that sustain plant biomass production and
plant health [14,15]. Several studies have shown that both direct and indirect manipulation
of plant root and soil microbial communities appear to be a propitious strategy to enhance
food crop yield, its nutritional quality and safety with beneficial effects for human and
environmental health [16,17].

However, we ought to bear in mind the complexity of the relationships between
biodiversity, services and functions that support ecosystems well, as these are still poorly
understood. In general, there is evidence that soils with greater levels of biodiversity are
more resistant to environmental disturbances and are consequently more resilient than
the ones with reduced levels of biodiversity [18]. In addition, some processes that provide
ecosystem functions are carried out by a greater number of species or groups of organisms
(e.g. organic matter degradation), whereas other processes involve fewer species or groups
of organisms (e.g. atmospheric nitrogen fixation) and so are more easily compromised
by ecological disturbances [19]. Functional diversity may therefore be deemed a more
appropriate way to consider the biotic status of soils than biodiversity per se [20].

In this regard, microbial communities offer a great potential to assess the functional
biodiversity in soils because they are ubiquitous, are actively involved in biological func-
tioning and ecosystem services provisioning, and are highly sensitive to environmental
changes in terms of modifications in biomass, structure/diversity and activity [21–23].
The development of new molecular approaches called -Omics have recently allowed the
characterization of the overall microbial genetic and functional diversity through the high
throughput analysis of DNAs (genomics), RNAs (transcriptomics), proteins (proteomics),
enzymes activities (enzymomics) or metabolites (metabolomics) [21].

This review paper aims to investigate the role and management of soil microbial di-
versity in sustaining the production of high-quality, safe food through -Omics approaches
(Figure 1). It includes (i) discussion of the potential of high-throughput molecular tech-
niques to evaluate genomic and functional soil microbial diversity (Section 2), (ii) analysis
of the use of integrated management of soil microbial diversity to sustain crops productivity
(Section 3), (iii) review of the current evidence on the links between soil microbial diversity,
and food quality and safety (Section 4), and (iv) new insight into the relations between soil,
plant, and human health (Section 5).

Figure 1. Both targeted and untargeted management of soil microbial diversity in the sustainable
improvement of plant health, food crop yield, its nutritional quality and safety. The development of
high-throughput technologies, called -Omics, applied to the study of soil microbial functional diversity
will help strengthen the link between soil well-being, food quality, food safety and human health.

Management della diversità microbica del suolo per il miglioramento sostenibile della salute delle piante, della resa delle colture alimentari, della qualità e sicurezza alimentare. Bertola et al. Improvement of Soil Microbial
Diversity through Sustainable Agricultural Practices and Its Evaluation by -Omics Approaches: A Perspective for the Environment, Food Quality and Human Safety. Microorganisms 2021, 9, 1400.

• Comprendere la diversità e la 
funzione del microbioma suolo-
radice per scoprire nuovi microbi 
che possono essere uOlizzaO come 
bioferOlizzanO e biopesOcidi

• Promuovere le associazioni pianta-
microrganismi aPraverso lo sviluppo 
e l'oRmizzazione di inoculi microbici

• Migliorare la diversità e la funzione 
benefica del microbioma del suolo 
aPraverso l'oRmizzazione dei 
metodi di gesOone del suolo
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Fig. 3: Manipulating the soil microbiome to
mitigate the negative consequences of climate
change.
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• Manipolare il microbioma del suolo 
per mitigare le conseguenze 
negative del cambiamento climatico

Le potenzialità del microbioma per una nuova 
rivoluzione agricola 
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Microbiome engineering

Jansson and Hofmockel, 2020. Natue Rev Microbiol. 18, 35–46 (2020). hBps://doi.org/10.1038/s41579-019-0265-7

Bender et al. An Underground Revolution: Biodiversity and Soil Ecological Engineering for Agricultural Sustainability. Trends Ecol Evol. 2016 
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Human land use is a major cause of severe environmental problems [5]. Evidence is increasing
that, in addition to direct management effects, there are also indirect effects via soil biota
providing crucial ecosystem functions [41,54] (Figure 1). Conservation agriculture and organic
farming approaches attempt to reduce negative impacts on biodiversity and soil biota [4,37,55].
However, in many cases, more sustainable land-use systems do not achieve yield levels of
intensive systems [56]. It appears that optimization of supporting services, such as nutrient
cycling or soil formation, trades off with provisioning services, such as crop yield. Given the
constantly growing human population and changes in human diet towards higher meat con-
sumption, food production will have to be doubled within the next few decades [57]. Therefore,
yield declines through trade-offs between supporting and provisioning services will have to be
minimized. A major challenge for the next decades will be to develop strategies and tools to
optimize sustainability while maximizing yields.

Engineering Soil Biodiversity for Ecosystem Sustainability
Tomaximize bene!ts from ecosystems for human requirements, strong interventions in natural
processes are necessary. It has become clear that the ‘green revolution’ has reached its limits
for further yield increases in developed countries [58] and the adverse effects of human land
management appear to exceed the capacity of the Earth [59]. Foley et al. [57] stressed that
global agriculture requires revolutionary approaches to meet the challenges of food security
and environmental sustainability. In line with this call, we propose to start an ‘underground
revolution’ by integrating knowledge on how the biological systems and diversity of soils
operate in human agroecosystem management. We must go a step beyond generic biodiver-
sity-function relations. For instance, blindly enhancing soil biodiversity infers random inclusions
of more species. Maintaining more of everything in an unspeci!ed manner might also include a
greater diversity of undesired organisms, such as pathogens [60] or weeds [55]. Thus, we
propose a targeted soil biological engineering approach to improving ecosystem functioning
and services.
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Figure 3. Summary of Different Approaches for Local Ecosystem Management from a Soil Ecological Perspective. Entry points include crop, soil, and
microbiome management. Numbers in orange circles indicate potential entry points for ecosystem management.
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Il proge)o SIMBA: Sustainable Innova7on of 
Microbiome Applica7ons in Food System
Migliorare produttività, qualità e sostenibilità delle catene alimentari utilizzando il microbioma, e al 
contempo diminuire l’impatto ambientale usando in maniera efficiente le risorse naturali, è uno
degli obiettivi del progetto Horizon 2020 SIMBA.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No. 818431 (SIMBA). This output reflects only the author’s view and
the Research Executive Agency (REA) cannot be held responsible for any use that may be made of the
information contained therein.

www.simbaproject.eu@SIMBAproject_EU
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Il proge(o EXCALIBUR - Exploi4ng the mul4func4onal poten4al of
belowground biodiversity in hor4cultural farming

Coordinatore: Stefano Mocali, CREA, www.excaliburproject.eu

Lo scopo principale del progetto è di accrescere la conoscenza della biodiversità del suolo per migliorare l’efficacia delle
pratiche di biocontrollo e biofertilizzazione in orticoltura (pomodoro, fragola, melo).

http://www.excaliburproject.eu/


Il proge)o ∑OMMIT: SUstainable Management of soil Organic 
Ma)er to MI:gate Trade-offs between C sequestra:on and 
nitrous oxide, methane and nitrate losses

Coordinatore: Alessandra Lagomarsino (CREA)

WP2-Task 3.2: Biotic drivers: Aumentare la nostra comprensione 
delle relazioni tra microbioma del suolo e sequestro del C / 
emissioni GHC  (N20  e CH4)

WP3-Task 3: Aumentare la conoscenza dei processi microbici, in 
particolare di nitrificazione e denitrificazione, e delle relazioni tra 
le comunità microbiche e i flussi di GHGs.

Determinare su scala europea, le migliori strategie di gestione 
del suolo che favoriscano il sequestro di carbonio, migliorino la 
fertilità e riducano significativamente il rilascio di emissioni di 
gas serra, è questo il principale obiettivo del progetto ∑OMMIT, 
finanziato dallo “European Joint Programme EJP-Soil” 

EJP-Soil 1st Internal Call Topic ID: CM8



Il proge(o MINOTAUR “Modeling and mapping soil biodiversity pa(erns and
func>ons across Europe”

Il progetto intende selezionare gli indicatori più efficaci per monitorare le
dinamiche della biodiversità del suolo e determinarne la sensibilità in diverse
realtà pedoclimatiche. Inoltre il progetto si propone di realizzare mappe e modelli
previsionali a scala europea per armonizzare e supportare le politiche EU e
nazionali per il monitoraggio e la tutela della biodiversità del suolo.

Coordinatore: Stefano Mocali, CREA 
https://ejpsoil.eu/soil-research/
Co-Coordinatore: Jack Faber (WR)

EJP-Soil 2nd Internal Call topic: 
SE4/INDICATORS2 

• WP2 – Sub-Task T2.2.5 “Data and metadata 
related to bacteria (quality control)”. 
Definizione di un framework condiviso tra
tutti i dataset (macro-, meso-, micro-
invertebrati e funghi) sul quale collezionare, 
armonizzare ed organizzare tutti I dati EU già
esistenti sulla biodiversità batterica.

• WP3 -Task 3.2 “Indicators related to 
ecosystem services” ed interazione con le 
attività ed i risultati di ∑OMMIT.

https://ejpsoil.eu/soil-research/


Il progetto SERENA: Soil Ecosystem seRvices and soil threats
modElling aNd mApping

• Obiettivi: migliorare l’efficacia delle politiche 
europee attraverso la produzione di conoscenza 
sulla co-occorrenza di servizi ecosistemici dai suoli 
agricoli finalizzata alla identificazione di sinergie e 
trade-off fra i diversi servizi nei bundles. 

WP2 – Definitions, Conceptual framework, Harmonised methodologies for 
assessment
WP3 - Assesment of bunddles of soil functions, threads and ecosystem
services (National Soil Hubs) à Collegamento con MINOTAUR
I microorganismi del suolo sono implica1 in varie funzioni e servizi 
ecosistemici dei suoli considera1 in SERENA e la loro perdita 
cos1tuisce una delle minace che verranno studia1 nel proge<o. 

Coord.: Isabelle Cousin (INRAE) e Costanza Calzolari (CNR)
Partecipanti italiani: CNR, CREA, ISPRA, ERSAF, ENEA

EJP-Soil 2nd Internal Call Topic: SE2/INDICATORS1



Valorizzare la biodiversità microbica del suolo e della rizosfera favorirà la transizione
agroecologica dell’agricoltura verso sistemi che salvaguardano il suolo e forniscono diete
sane e sostenibili, in grado di conciliare i bisogni umani con la salute del Pianeta.

In ottica di agricoltura sostenibile la sfida più importante 
è salvaguardare la biodiversità e fertilità del suolo, e 
proteggere le piante dalle sostanze chimiche
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