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Microbiome: the new definition



The microbiome vs. the microbiota



Soil and plant microbiome

• Microbes, like bacteria, yeasts and other 
fungi, occur everywhere in the food system.

• Communities of microbes are essential in 
plant, animal, human and environmental 
health, with a consequent impact in terms of 
crop and livestock productivity, food quality 
and safety as well as for food waste 
decomposition and recycling processes. 

• The composition of microbe communities 
differ across the food system, depending on 
the environmental conditions.



Soil microbes underpin food quality and security
• Soil is a complex and dynamic biological system

• Soil is essential for the maintenance of 
biodiversity above and below ground

• Soil governs plant productivity of terrestrial 
ecosystems and it maintains biogeochemical 
cycles

• Soil is where food begins: 95% of all food comes 
from the soil  

• Soil is fundamental to crop production

• Soil would be more resilient, and farmers would 
be less dependent on toxic pesticides and 
chemical fertilizers.



Simplified schematic of soil horizon and soil 
macro- and microaggregates

• Soils can generally be viewed as a complex three-
dimensional structure consisting of packed 
aggregates and pore spaces

• Aggregates comprise clusters of mineral particles and 
organic carbon

• The architecture of a particular soil influences 
interactions between plants, microbes, and the soil 
matrix

• The porosity and connectivity of aggregates are 
influenced by the diversity of bacteria and fungi 
present during formation Wilpiszeski et al. Applied and Environmental Microbiology Jul 2019, 85 (14) e00324-19 



Embracing the unknown: disentangling the complexities

• Soil is not a single environment; instead, 
soil encompasses a broad range of 
different microbial habitats.

• These include the rhizosphere (soil in 
close proximity to plant roots; part a), 
surface layers that are exposed to light 
(part b; the photic zone), soil associated 
with earthworm burrows (the 
drilosphere; part c), and soil found in 
preferential water flow paths, including 
cracks in the soil (part d).

• One gram of healthy soil usually 
contains a microbiome comprising many 
millions of microbes, including archaea, 
bacteria and fungi. 

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



The world beneath our feet

Modified from Johannes Sikorski  SOIL ORGANISMS 2015

• The wealth of biodiversity below ground is vast 
and unappreciated: millions of microorganisms 
live and reproduce in a few grams of topsoil, an 
ecosystem essential for life on earth

• Soil microorganisms play an essential role in 
ecosystem functioning, decomposing organic 
matter, in determining the release of mineral 
nutrients, and in nutrient cycling

• Changes in soil microbial community may 
directly affect soil ecosystem function, 
particularly carbon and nitrogen cycling



• The microbial biomass consists mostly of bacteria and fungi, which decompose crop residues 
and organic matter in soil. This process releases nutrients, such as nitrogen (N), sulfur (S) and, 
to a lesser extent, phosphate (P) into the soil that are available for plant uptake. 

Soil biogeochemical processes modulated by microbiome

(Fierer, 2017. Nat ur e Micr obiol. doi:10.1038/nrmicro.2017.87)
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Microbial interaction

Microbial interactions visualized through microbial co-
occurrence networks.

a Microbial interactions are influenced by environmental factors and are separated 
into positive, neutral, and negative interactions types.
b Microbial co-occurrence and co-exclusion networks help visualizing microbial 
interactions. In such networks, nodes usually represent taxa of microorganisms, and 
edges represent statistically significant associations between nodes. Green edges 
usually stay for positive interactions, while red edges visualize negative interactions 
between the microorganisms.
cTesting of the hypotheses resulted from the network analyses in relevant model 
systems is required for a comprehensive study of microbial interactions



Soil microbes: networking

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.



Healthy soil for a healthy life

• The healthiest soils are those with a diversity and abundance of life 

• The use of beneficial microbes represents a promising tool that may respond to the challenges for 
modern agriculture



Bulk soil vs. rhizosphere
• In 1904, Lorenz Hiltner first coined the term 

"rhizosphere" to describe the plant-root interface

• The rhizosphere is the area around a plant root that 
is inhabited by a unique population of 
microorganisms influenced by the chemicals 
released from plant roots

• This complex plant-associated microbial 
community, also referred to as the second genome 
of the plant, is crucial for plant health.



The rhizosphere

• Endorhizosphere: includes 
portions of 
the cortex and endodermis

• Rhizoplane: the medial zone 
directly adjacent to the root 
including the root epidermis 
and mucilage

• Ectorhizosphere which extends 
from the rhizoplane out into 
the bulk soil

• The rhizosphere is a dynamic region governed by complex interactions between plants and the 
organisms that are in close association with the root.

• The rhizosphere includes three zones which are defined based on their relative proximity to the root

https://www.nature.com/scitable/knowledge/library/the-rhizosphere-roots-soil-and-67500617/



Bulk soil vs. rhizosphere

Nature Reviews | Microbiology
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is a stronger determinant of microbiota composition 

than the soil type25.

The differences and similarities across studies can 

perhaps be best understood by considering the assem-

bly of the rhizosphere microbiota as resulting from a 

hierarchy of events. First, the soil can be considered as a 

microbial seed bank42, and the physico-chemical proper-

ties of the soil, together with biogeographical processes, 

structure this community43. Then, the location where 

plants are grown determines which indigenous biota the 

plant roots are exposed to. Finally, the plant species and 

genotype determine which members of this reservoir of 

microorganisms can grow and thrive in the rhizosphere.

Plant species can strongly influence the composition 

and activity of the rhizosphere microbiota, and differ-

ences in root morphology, as well as in the amount and 

type of rhizodeposits, between plants contribute greatly 

to this species-specific effect 44–49. Specific metabo-

lites released into the rhizosphere can trigger multiple 

responses in different soil microorganisms. For example, 

plant flavonoids can attract not only symbionts, such as 

Bradyrhizobium japonicum, but also pathogens, such 

as Phytophthora sojae. Flavonoids also stimulate myco-

rrhizal spore germination and hyphal branching, and 

influence quorum sensing, as has been shown for the 

flavonoids naringenin from legumes and catechin from 

the medicinal tree Combretum albiflorum50–55. Similarly, 

constitutive secondary defence metabolites, such as 

pyrro lizidine alkaloids, can affect the rhizosphere micro-

biota by favouring resistant or tolerant microorganisms 

or, in some cases, microorganisms that metabolize these 

compounds56.

Not only the plant species but also the cult ivar  

can affect the composition of the rhizosphere micro-

biota41,57–60. Characterization of the microbial commu-

nity in the rhizosphere of three potato cultivars grown 

at two distant field sites revealed that, depending on 

the soil type, 4–9% of the operational taxonomic units 

detected by PhyloChip analysis were dependent on the 

cultivar61. Crop-breeding programmes are typically con-

ducted in monocropping systems under fertile condi-

tions and in the absence of soil-borne pathogens, thus 

minimizing the contribution of the rhizosphere micro-

biome to plant growth and health. In this context, it has 

Box 1 | How do plants inf luence soil propert ies?

The properties of the soil in close vicinity to plant roots are modified by a range of processes occurring during plant 

growth, which in turn affect the rhizosphere microbiota. Roots release low-molecular-mass compounds (that is, sugars, 

amino acids and organic acids), polymerized sugar (that is, mucilage), root border cells and dead root cap cells. These 

rhizodeposits are used as carbon sources by soil microorganisms and represent approximately 25% of the carbon allocated 

to the roots in cereals and grasses151. Rhizodeposits also contain secondary metabolites, such as antimicrobial compounds, 

nematicides and flavonoids78,152, which are involved in establishing symbiosis or in warding off pathogens and pests. Soil 

pH, another important driver of soil microbial communities43,153, can increase or decrease by up to two units in the 

rhizosphere owing to the release and uptake of ions by roots154. Water uptake and root respiration affect soil oxygen 

pressure, thereby influencing microbial respiration. Finally, soil nutrient availability is modified in the rhizosphere by plant 

uptake and by the secretion of chelators, such as phytosiderophores, to sequester metallic micronutrients155.

Disentangling the contribution of these different drivers is complex, as many of the processes are interwoven. In 

addition, the magnitude of the effects of roots on the properties of soil varies with the soil type, plant species and the 

feedback response of the rhizosphere microorganisms present. Characterization of the rhizosphere habitat is challenged 

by spatial and temporal variations of the soil properties along the root in relation to the age and physiological state of the 

plant. To overcome these hurdles, new analytical tools are being developed. For example, non-invasive two-dimensional 

imaging now offers exciting opportunities for quantitative visualization of the dynamics of specific soil properties or 

activities in the rhizosphere (FIG. 4).

Figure 2 | The rhizosphere. The rhizosphere is a narrow zone of soil (a few millimetres wide) that surrounds  and is 

influenced by  plant roots. The schematic shows magnified pictures of the rhizosphere, containing saprophytic and 

symbiotic bacteria and fungi, including arbuscular mycorrhizal fungi (AMF). AMF inset modified, with permission, from 

REF. 158 © (2008) Macmillan Publishers Ltd. All rights reserved.
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Microbes are recruited from the bulk soil to the rhizosphere by root 
exudates, which include primary metabolites mainly responsible for 
attraction and secondary metabolites mainly responsible for 
screening the recruited microbes.

• The bulk soil microbial 
community is the seed bank 
for the plant root-
associated microbiota.

• Rhizosphere community 
has greater microbial 
biomass and activity 
compared with that in bulk 
soil.



Factors driving the assembly of the rhizosphere microbiota

Nature Reviews | Microbiology

a   Natural ecosystems b   Agricultural ecosystems
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Such microbial successions start in the early stages of 

plant development, with the release of carbon from 

seeds during germination64. Microorganisms are not 

homogenously distributed in the rhizosphere owing to 

differences in root types (primary and secondary) and 

zones (root cap, lateral meristem and border cells), as 

well as to movement through the soil as the roots grow. 

Comparison of rhizosphere samples from the bases and 

tips of the roots showed clear differences in the propor-

tion of fast-growing bacteria, which could reflect the 

succession of r-selected and K-selected organisms77. 

Future studies of the rhizosphere should therefore 

integrate spatiotemporal variations of the microbiota 

according to plant development and to the different root 

zones expressing different functions and rhizodeposit 

patterns.

Multitrophic interactions in the rhizosphere. Direct and 

indirect interactions between hosts and their associated 

microbiota involve constitutive and inducible changes in 

secondary metabolism and morphological structures78. 

Communication through signalling molecules, such 

as flavonoids52, strigolactones79 and sesquiterpenes80, 

is important for regulation of these interactions. For 

example, strigolactones released in low concentrations 

from plant roots induce the growth of both AMF and 

parasitic plants such as Orobanche spp.81. Originally, it 

was assumed by ecologists that below-ground multi-

trophic interactions were less specific than above-ground 

interactions. However, evidence is accumulating that 

below-ground multitrophic interactions are governed by 

similar mechanisms to those described for above-ground 

interactions82.

Interactions in the rhizosphere with direct or indi-

rect effects on plant health have been extensively docu-

mented. Pathogenic bacteria, fungi (including AMF), 

oomycetes, nematodes and microarthropods have 

adverse effects on plants. Viruses can also infect plants 

via the roots but require nematodes or fungi to pene-

trate the root tissue83. Rhizodeposits are important cues 

for germination, chemotaxis and directional growth of 

pathogens towards the plant roots. For example, the bac-

terial pathogen Agrobacterium tumefaciens is attracted 

by specific phenolic compounds (acetosyringones) 

released from wounded plant tissue84. Other phenolic 

compounds in root exudates, such as vanillic acids, can 

trigger spore germination of fungal pathogens85. For the 

oomycetes, it was demonstrated that electrotaxis is an 

important root-targeting mechanism for the motile zoo-

spores86. Oomycetes and other pathogens can also hijack 

symbiotic signalling molecules, such as cutin monomers, 

to establish infections87.

Box 2 | Drivers of  the rhizosphere microbiota in natural and agricultural systems

Factors driving the assembly of the rhizosphere microbiota and its importance for plant communities in both natural and 

agricultural ecosystems (see the figure, parts a and b, respectively; the relative thicknesses of the arrows show the 

importance of each factor) can be analysed in a co-evolutionary framework. In natural ecosystems, plants are growing in 

their native soils with long-term co-evolution of plant–microorganism interactions, and therefore the plant species is 

likely to be a more important determinant of the rhizosphere microbial community than soil type. By contrast, in 

agricultural ecosystems, the same crops are cultivated in various soils, which has a strong impact on rhizosphere 

microbiota assembly. In natural ecosystems, plant diversity is generally higher than in agricultural systems, and therefore 

naturally co-evolved multitrophic interactions are likely to be more important for the rhizosphere microbiota. As an 

outcome of co-evolution, the fitness of wild plant species is expected to benefit more from the rhizosphere microbiota. 

This should lead to a stronger positive feedback on plant performance in natural than in agricultural ecosystems. In 

agricultural ecosystems, the importance of the rhizosphere microbiota for plant growth and health is lower compared 

with in natural ecosystems owing to the input of fertilizers and pesticides. However, in both natural and agricultural 

ecosystems, the rhizosphere microbiota has a strong cost for plant fitness related to the loss of photosynthates in the 

form of rhizodeposits.
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• The assembly of the rhizosphere microbiota is governed 
by the abiotic factors, soil properties, climate, and biotic 
factors of plant species, biotic interactions and agricultural 
management.



The rhizosphere microbiome: the function

Ali et al. (2017) The Good, the Bad, and the Ugly of Rhizosphere Microbiome. In: Kumar V., 
Kumar M., Sharma S., Prasad R. (eds) Probiotics and Plant Health. Springer, Singapore. 

• Schematic overview of the functions and impact of 
plant beneficial (‘the good’), plant pathogenic (‘the 
bad’), and opportunistic human pathogens (‘the ugly’) 
on the host plant 



The ‘Plant Microbiome’

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. 

Uwe Stroeher. The Plant microbiome. Australian Agronomist Magazine’s Spring 2019



The concept of «Holobiont»

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

1. BULK SOIL

2. RHIZOSPHERE

2. ENDOSPHERE

3. PHYLLOSPHERE

• In the ecological perspective, the plant holobiont and 
not the plant as an individual, is now known to respond 
to the various biotic and abiotic perturbations in a given 
environment. 

• Plant-associated microbiome is important for plant 
growth, health and stress resilience

Based on: Gopal M and Gupta A (2016) Front. Microbiol. 7:1971. doi: 10.3389/fmicb.2016.01971 
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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.  

The One Health concept



Precision agriculture & personalised medicine

• The use of 
beneficial 
microbes 
represents a 
promising tool that 
may respond to 
the challenges for 
modern agriculture

• The use of 
microbiome-based 
therapies 
represents a 
promising tool that 
may respond to 
the challenges for 
translational 
medicine



How can restore the sustainability of agricultural systems ?

 

• Stimulating soil life and internally regulated ecosystem porcesses
• Enhance and maintain the soil biodiversity and function
• Inoculation with key microbiota members
• Targeted manipulations of soil organisms

Soil organisms are an integral component of ecosystems, but their activities receive little recognition in agricultural 
management strategies.

4 «L’Industria Saccarifera Italiana», vol. 107, 2015, n. 1

re l’azoto atmosferico mediante l’inoculo di batteri

simbiontici.

La lotta microbiologica nella sfera aerea delle coltu-

re: i bioagrofarmaci

La lotta microbiologica si avvale dell’impiego di virus,

batteri, funghi e lieviti per la difesa delle piante contro

parassiti animali e vegetali (insetti, nematodi, funghi,

batteri, malerbe).

Sin dal 1835 Agostino Bassi dimostrò l’origine micro-

biologica di una malattia che colpiva il baco da seta, un

fungo denominato successivamente Beauveria bassia-

na.

Nel secolo scorso in Ucraina venne utilizzato un fungo

(Metarhizium anisopliae) per il contenimento del cleo-

no della bietola (Cleonus punctiventris), mentre in

campo forestale più di recente l’impiego di Bacillus

thuringensis ha permesso di contenere i danni di nume-

rosi lepidotteri defogliatori. Sempre nel contesto fore-

stale sono state effettuate esperienze con spore di

Peniophora gigantea su ceppaie per prevenire lo svi-

luppo di Heterobasidion annosum, agente di carie e

marciumi radicali; si è accertato che il contatto tra i due

microrganismi comporta una progressiva degenerazio-

ne delle ife del parassita.

Nel corso di questi ultimi decenni con lo sviluppo delle

biotecnologie ha avuto inizio il lancio di questa inno-

vativa tecnica. Ad esempio il contenimento delle

mamestre su barbabietola da zucchero e altre colture

avviene attualmente mediante specifici ceppi di

Bacillus thuringensis selezionati per lo scopo, affian-

cando e talvolta sostituendo le strategie di lotta chimi-

ca in un più ampio contesto integrato.

Si contano ormai almeno una ventina di Società in

Italia e circa 200 nel Mondo che si occupano della

messa a punto e produzione di prodotti microbiologici

per la difesa delle colture:

- virus della granulosi, nucleopoliedrosi, ecc.;

- batteri: Agrobacterium radiobacter , Azospirillum

spp., Bacillus thuringensis, B. subtilis, B. amylolique-

faciens, B. firmus, B. pumilis, B. megaterium,

Pseudomonas chlororaphis, P. putida, P. striata, ecc.;

- attinomiceti: Streptomyces spp., ecc.;

- funghi: Acremonium zeae, Ampelomyces quisqualis,

Arthrobotrys spp., Beauveria bassiana, Candida

oleophila, Clonostachys spp., Coniothyrium mini-

tans, Gliocladium catenulatum, Laetisaria arvalis,

Metarhizium spp., Monacrosporium spp.,

Paecilomyces fumosoroseus, P. lilacinus, Phlebiopsis

gigantea, Pochonia spp., Trichoderma asperellum, T.

gamsii , T. harzianum, T. viride, T. polysporum,

Verticillium albo-atrum, ecc.;

- lieviti: Aureobasidium pullulans, ecc.

Alcuni di questi sono già disponibili per le coltivazio-

ni biologiche (La Torre e Caradonia, 2014) e integrate

(Tab. 1).

Di fatto si simula ciò che avviene normalmente in natu-

ra, applicando questi preparati mediante irroratrici

come se fossero prodotti chimici, da cui lo sviluppo dei

biofungicidi (Stefanatti et al., 2012) e dei bioinsettici-

di. Occorre però localizzare e isolare le specie antago-

niste utili, riproducendole mediante una sofisticata tec-

nica messa a punto a seguito di una laboriosa attività di

ricerca e sperimentazione.

Per citare un esempio è stato isolato in un pescheto in

California, un ceppo specifico di Bacillus subtilis, spe-

cie molto comune nei suoli del mondo, che bloccava la

germinazione delle spore fungine degli agenti patogeni

impedendone l’insediamento mediante duplici mecca-

nismi di occupazione della nicchia ecologica e nel con-

tempo anche di inibizione biologica. Attualmente que-

sto microrganismo isolato, riprodotto e appositamente

formulato, viene utilizzato anche in Italia come biofun-

gicida (Serenade). Alcune di queste specie sono in

grado di contenere anche patologie radicali, da cui lo

sviluppo della microbiologia applicata alla rizosfera,

che oltre a svolgere questo importante compito, è in

grado di fornire anche altri benefici, tra cui quelli nutri-

zionali e di rigenerazione dei terreni.

I  terreni repressivi e la rigenerazione della rizosfera

Esistono numerosi esempi frutto di esperienze ed

osservazioni da parte di agronomi e fitopatologi, dove

in alcune aree di terreno le piante coltivate sottoposte a

monosuccessione tollerano o non manifestano le pato-

logie che si possono osservare talvolta distruttive in

altre zone della stessa unità di coltivazione. E’ da qui

che è nata l’idea di prelevare campioni di suolo repres-

sivi da distribuire nelle aree colpite. Tuttavia la repres-

sività in questi casi si riesce a indurre più facilmente

mediante l’apporto di matrici organiche quali letame,

compost, ecc. (Pugliese et al., 2006). Lo studio di que-

ste manifestazioni ha portato all’isolamento di colonie

di microrganismi utili, in particolare batteri

(Agrobacterium spp., Bacillus spp., Burkholderia spp.,

Xanthomonas maltophilia, Serratia liquefaciens,

Pseudomonas fluorescens, P. paucimobilis, P. aureofa-

ciens, P. pyrrocinia, P. acidula, P. aeruginosa, P.

mephitica, P. ovalis, ecc.) e funghi antagonisti molto

comuni nei terreni (Trichoderma, Gliocladium, ecc.), 

Sono state identificate inoltre specie di funghi entomo-

parassiti (Beauveria bassiana, Metarhizium aniso-

Foto 2 – Alcuni miliardi di anni fa i batteri iniziarono il processo di
colonizzazione del nostro pianeta, differenziandosi in numerosissime
specie che a tutt’oggi molte sono ancora sconosciute. Questi micror-
ganismi oltre che a vivere in simbiosi con uomini e animali (in parti-
colare nel tratto dell’apparato digestivo) determinano la fertilità dei
terreni (microflora batterica).

Bender et al. Trends Ecol Evol. 2016 Jun;31(6):440-452. 



Soil microbiome as a solution
• Understanding soil-root 

microbiome diversity and function 
to uncover novel microbes that can 
be used as biofertilisers and 
biopesticides

• Promoting crop–microbe 
associations through the 
development and optimisation of 
microbial inocula

• Enhancing beneficial soil 
microbiome diversity and function 
through optimising soil management 
methods Compant et al., 2019 J Adv Res  19:29-37



Microbiome engineering

Microbial strains with verified 
function can be combined into 
simple synthetic microbiomes 
containing few to several dozen 
species and use to promote plant 
health and improve soil fertility 

A targeted soil biological engineering approach to improving ecosystem 
functioning and services. 



Targeted and untargeted management of soil microbial diversity 

• The development of high-
throughput technologies 
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.

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. 



Microbial consortia for sustainable crop systems

• Microbial consortia have a higher potential to increase plant growth-promoting (PGP) effects 
compared to single inoculants 

Microbial consortia» indicates not only living together but also 

• division of labor among members to increase community efficiency and productivity

• interactions between members at various scales of time and space (physical contact, 
chemical signaling and metabolic exchange)



Microbiome-based solutions in SIMBA project

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

char
Syncom

Char

AMF

BS

In vitro compatibility test single  
microrganism – bioactive
compounds

Bioactive compounds

Seaweed extracts
Humic substances
Agro-industrial residues
Plant-derived protein hydrolysate

concentrations ranging from 10 ppm to 10,000 ppm

In vitro compatibility test single  
microrganism – bioactive
compounds

Bioactive compounds

Seaweed extracts
Humic substances
Agro-industrial residues
Plant-derived protein hydrolysate

concentrations ranging from 10 ppm to 10,000 ppm

Seaweed extracts, Plant-derived protein hydrolysate 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under 
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From PGPM selection to scaling-up microbial production



Delivery methods
Microbial consortia were applied via seed coating or delivered as a powder (with zeolite-based amendments), liquid 
suspension or incorporated in wood biochar, with or without arbuscular mycorrhizal fungi (AMF). 
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Abstract: Commodity crops, such as wheat and maize, are extremely dependent on chemical fertiliz-

ers, a practice contributing greatly to the increase in the contaminants in soil and water. Promising

solutions are biofertilizers, i.e., microbial biostimulants that when supplemented with soil stimulate

plant growth and production. Moreover, the biofertilizers can be fortified when (i) provided as

multifunctional consortia and (ii) combined with biochar w ith a high cargo capacity. The aim of this

work was to determine the molecular effects on the soil microbiome of different biofertilizers and de-

livery systems, highlight their physiological effects and merge the data with statistical analyses. The

measurements of the physiological parameters (i.e., shoot and root biomass), transcriptomic response

of genes involved in essential pathways, and characterization of the rhizosphere population were

analyzed. The results demonstrated that wheat and maize supplemented with different combinations

of selected microbial consortia and biochar have a positive effect on plant growth in terms of shoot

and root biomass; the treatments also had a beneficial influence on the biodiversity of the indigenous

rhizo-microbial community, reinforcing the connection between microbes and plants without further

spreading contaminants. There was also evidence at the transcriptional level of crosstalk between

microbiota and plants.

Keywords: biofertilizer; biochar; Zea mays; Triticum durum; gene expression; rhizospheric microbes;

soil pollution

1. Introduction

An increasing world population is challenging current agricultural production to

ensure a steady food supply, a problem that is worsened by the striking losses of arable

land and crop yields [1,2]. Wheat (T. durum and T. aestivum), the most important staple crop

in the world, and maize (Zea mays L.) contribute to ~12.4% of theworld’s food demand (3%

of all cereals) and rank first in production volume worldwide (1.135 million tons) [3]. Their

cultivation has a strong impact on the use of chemical fertilizers; in 2019, 26 and 27.26 Gt

of fertilizers were used for wheat and maize, respectively (https:/ / www.statista.com/

accessed on 12 June 2022). In the future, enhancing their cultivation will be a global

challenge [4] that requires the implementation of “ sustainable agriculture” strategies,

which have been strengthened over time by both the UN (United Nations) and FAO (Food

and Agriculture Organization) and reiterated within the 17 Sustainable Development Goals

of the 2030 Agenda.
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INTRODUCTION

Soil microbial applications are a supportive strategy for sustainable agricultural management intended to foster the

reduction of chemical inputs and increase the overall plant performance (Bevivino 2020). The use of beneficial microbes

for improving plant growth and yield, and increasing plant resistance to pathogens as well as biotic and abiotic stress, represents a

promising tool that may provide a response to the new challenges of modern agriculture (Woo and Pepe, 2018). Nevertheless, under

field conditions various biotic and abiotic constraints often hinder a plant growth-promoting e!ect limiting the successful use of

Plant Growth Promoting Microbes (PGPMs) in agriculture. The limited reproducibility of beneficial microbial effects and the

necessary conditions remain a considerable challenge for a successful use of PGPMs in agriculture. To counteract the issue of

uncertain and limited field efficacy a potential strategy is offered by the adoption of multifunctional microbial consortia which

include several beneficial species, e.g. arbuscular mycorrhiza fungi (AMF), Pseudomonas spp., Bacillus spp., Azospirillum

spp., Azotobacter spp. or Trichoderma spp., taking advantage of stable synergistic effects and increased flexibility of responses

under different environmental conditions. 

In the present work, we employed well-designed multifunctional MC, selected starting from microorganisms with proven ability to

exert PGP effects, with the aim to either increase crop yield or sustain yields with reduced chemical inputs by optimizing the

efficacy of application both in Southern and Central Europe.

MATERIALS AND METHODS

Three microbial consortia named MC_A, MC_B and MC_C, composed by compatible PGPMs with different functions,

were identified through a bottom-up approach (Tabacchioni et al. 2021). Different crops, including dwarf clover, maize, tomato,

and wheat, grown either in greenhouse or under field conditions with different levels of fertilizers administration, were treated with

microbial consortia including bacteria and fungi characterized by different beneficial properties. Microbial consortia were applied

via seed coating or delivered as a powder, liquid suspension or incorporated in wood biochar, with or without arbuscular

mycorrhizal fungi (AMF). In field trials, microbial consortia were applied via seed inoculation followed by an additional liquid

application six weeks after sowing.

 

1. MAIN RESULTS FROM POT EXPERIMENTS

Effect of microbial consortia on plant vigour 

Microbial consortium A exhibited a positive influence on plant vigour of  wheat and tomato in non-sterile conditions.

Microbial consortium C positively affected the  wheat and tomato shoot vigour indices in both sterile and non-sterile soils.

Effect of microbial consortia on the growth of Trifolium nanum in presence or absence of Arbuscular

mycorrhizal fungi (AMF)

 

Microbial consortia A, B, and C, when applied in combination with AMF, exerted a positive impact on root and shoot dry

weight of Trifolium nanum (P<0.05).

Fig. 2 The effect of MC_A, MC_B and MC_C when applied alone or with AMF

(Rhizophagus intraradices) on roots and leaf dry weights of Trifolium nanum after one month of growth. 

 

Effect of microbial consortia on the maize growth 

Microbial consortia A, B and C when combined with CHAR and AMF showed a positive impact on shoots  (P<0.05). In

particular, the treatment Char_B_AMF led to a significant increase of the shoot dry biomass (%). 

Fig. 3 The effect of MC_B and  MC_C when applied with CHAR and AMF (Rhizophagus intraradices) on rshoot lenght

Effect of microbial consortia on the wheat growth 

Effect of microbial consortia on the tomato growth 

Experiments performed in macrocosm showed that microbial consortium B +AMF+

BIOCHAR caused a significant decrease of rotten tomato (P<0.05) suggesting a positive effect of the mixed inoculum on fruit

commercial quality.

 

 

 

 

 

2. FIELD RESULTS

MAIZE FIELD EXPERIMENTS IN GERMANY 

MC_C significantly increased shoot biomass production.

MC_C significantly increased the grain yield per cob at the low and medium fertilization stages. 

MAIZE FIELD EXPERIMENTS IN ITALY

On Maize (cv. DKC6587) the treatment with Biochar in combination with MC_C and the commercial consortium

Micosat determined a positive effect on chlorophyll content which is related with an increased availability of N for the plant.

A positive effect of the application of microbial consortia (MC_C) on soil

microbial activity and soil respiration which favours the assimilation of NO  and NH  from plants.

MC_C also caused a significant increase of mycorrhizaltype fingerprinting suggesting an overall positive effect on indigenous fungalcommunities.

CONCLUSIONS

 

MC_C favoured the wheat vigour in the tested experimental conditions 

Synergistic effect of microbial consortia and AMF was found  on root and leaf dry weights of Trifolium nanum. 

Microbial consortia (MC_A and MC_B) when applied with CHAR and AMF positively affected the maize shoot length.

Microbial consortia (MC_B and MC_C) have the potential to affect plant growth and grain yield of maize plants in the field.

Effects were more pronounced at lower soil nutrient/ fertilization levels.

Microbial consortium C could be used as potential bioinoculant to enhance maize growth and productivity.

Overall, our microbial consortia proved capable to act as ‘plant probiotics’ in view of a more environmentally friendly management

of crops, reducing the need for chemical inputs in agriculture, promoting soil fertility and improving plant health and productivity.

                     

•Characterisation of soil microbiome in relation to microbial consortia formulations in different abiotic and biotic conditions   

•Identification of

a spectrum of metagenomic biomarkers (taxa, SNPsand metabolic modules) that will be exploited as bioindicators of soil

quality and fertility
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