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Abstract

The preservation of natural ecosystems, as well as the correct management of human societies, largely depends on the maintenance of
critical microbial functions associated with soils. Soils are biodiversity rich pools, and rhizosphere soils can be associated with increased
plant functions in addition to the regulation of nutrient cycling, litter decomposition, soil fertility and food production by agriculture
systems. The application of biocontrol agents or plant growth-promoting bacteria has been tested in order to colonize roots at initial
stages and offer advantages by promoting healthier and higher-yielding crops. In this review we describe the efforts to develop more
sustainable systems that seek to minimize environmental disruption while maintaining plant health. Particular emphasis is given in this
review to soil improvement strategies and the taxonomic groups involved in plant growth and protection against biotic stresses. It is
important to define the impacts of land management and crop production practices on the structure and composition of soil bacterial
communities. By promoting, monitoring and controlling the plant microbiome, and understanding the role of certain biocontrol agents
within the plant throughout the lifecycle of the plant, we may substantially improve nutritional and environmental standards and reduce
the negative impact of some agrochemicals. The integration of biological alternatives with traditional strategies may be critical to improve
the sustainability of agriculture systems.
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1. Introduction
It is well known that bacteria can easily live and flour-

ish in the soils, making soils extremely diverse in microbial
organisms. One of the first studies evaluating the micro-
biology of 1g of boreal forest soil revealed up to 10,000
different bacterial species [1]. And further studies demon-
strated that the amount of microorganisms per gram of soil
can be even higher, reaching the surprising value of 1 mil-
lion genomes in such a small sample [2]. These studies rep-
resent the first steps of an amazing and fruitful journey to
understand the soils and how its diversity emerges and is
largely affected by physical, chemical and biological vari-
ables in the environment.

The preservation of natural ecosystems, as well as
the correct management of human societies, largely de-
pends on the maintenance of critical microbial functions
associated with the soils and plant productivity. The tax-
onomical and functional distribution of bacteria in soils
are influenced by multiple factors, including soil features
(e.g., texture and pH), soil types, water availability, cli-
matic conditions, geogenic factors, competition and other
inter-relationships among living creatures, and even anthro-
pogenic activities (soils used for disposal/dumping sites,
other land uses, building and constructions, agriculture) [3–
10]. Nevertheless, the distribution of soil microbial com-

munities across the landscape is still far from being com-
pletely understood.

The presence of plants is known to affect the struc-
ture of soil microbial communities and generate uneven dis-
tribution of microbes in soil that are affected by the sur-
rounding environment, conditions and nutrient availability
[3,11]. Plant roots secrete large amounts of photosynthet-
ically fixed carbon, in a wide range of molecules such as
carbohydrates, amino acids, organic acid ions, and vita-
mins, providing a unique niche for microbes. Subsequently,
soil in close proximity to plant roots harbours an increased
number of microorganisms [12]. Soils are biodiversity-rich
pools, and areas under the direct influence of the plant roots,
commonly denominated as rhizosphere soils, showed even
higher values of biodiversity due to the amount of nutrients
and other chemical complexes released by plant cells [13–
17]. Interestingly, the first studies on bacterial communities
near plant roots showed a significant increase in microbial
diversity, paralleled by an increase in soil functions such
as regulation of nutrient cycling, litter decomposition, soil
fertility and food production by terrestrial ecosystems. Due
to the enormous genetic pool, microbes dominate matter
and energy transference between above- and below-ground
communities, as well as the availability of essential nutri-
ents for plant growth, as some of these communities are ca-
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pable of participating in processes such as nutrient mineral-
ization [18–20]. These critical soil processes then modulate
the stability of the plant microbiome [21–24] and support
plant life as we know it, and, consequently, its productivity
[25–28].

It is well known that long-term monoculture results in
a constant decrease of plant performance due to reduction
of bacterial and fungal richness and diversity over time and
increase of soilborne diseases [29,30]. Such results were
recently observed in soils used for coffee and tobacco plan-
tations, specifically, a reduction in diversity of Proteobac-
teria, Bacteroidetes and Nitrospira, and fungal Ascomycota
phyla over time, most likely associated with nutrient defi-
ciencies and soil degradation [27,31]. Actinobacteria, Bac-
teroidetes and Proteobacteria dominate the bacterial com-
munities in the rhizosphere soils surrounding the plant roots
and are critical for plant growth and productivity [32–38].
Soil manipulation can be used to improve degraded, ex-
hausted or diseased soils and therefore positively impact
the plant growth. This strategy can play a significant role
by adding or improving the way plants sustain and get nutri-
ents and water from the soil, as it was the case demonstrated
by Sellitto and colleagues [39] in tomato plants.

Traditional strategies, such as tillage, can affect
Oomycete and fungal agents causing disease by interfer-
ing with their distribution in the soils, disrupting hyphae
and soil clumps, increasing air flow and lowering the poten-
tial for disease in the soils [13,27,29–31,39–62] (Table 1).
This is well known by farmers and used prior to planting
for enhanced protection of seedlings. Other strategies in-
clude the removal of the green bridge with herbicide tim-
ing [40,63], crop rotation [64], in-furrow chemical treat-
ments [40], stubble burning and integrated control; how-
ever, some strategies result in soil erosion or imply soil con-
straints, making them unproductive. Composting has been
suggested as an alternative to correct or complement soils,
in addition to reducing the environmental cost of organic
waste disposal [65]. But compost effects can sometimes be
unpredictable, depending on the feedstock and composting
process that is employed. Both can be very different in na-
ture and complexity, and subsequently associated with very
different microbial communities [66,67].

More recently, the application of biocontrol agents or
plant growth-promoting bacteria (PGPB), added for exam-
ple as coated seeds or by using sprays, has been tested in or-
der to colonize roots at initial stages and offer an advantage
in terms of promoting healthier and higher-yielding crops
[41–43]. PGPB act inside the plant by promoting growth
and facilitating nutrient acquisition, phytohormone produc-
tion, induction of defence responses, removal of contami-
nants and competition with plant pathogens. Efforts to de-
velop more sustainable systems that seek to minimize en-
vironmental disruption while maintaining plant health are
contingent upon defining the impacts of land management
and crop production practices on the structure and compo-

sition of soil bacterial communities. PGPB may play an
additional role by improving the interaction of rhizosphere-
root microbiomes, therefore providing extra benefits to the
plant [17,24,68–70]. These microbes, once adapted to the
plant and environmental conditions, support the plant de-
velopment, growth, health and nutrition and enhance its
ability to resist biotic and abiotic stresses, such as soils with
water or salinity deficiencies [71,72]. Recently, Bano and
colleagues [73] suggested the concept of a microbiome-
mediated smart agriculture system (MiMSAS) that inte-
grates technology and information regarding practices, the
application of synthetic microbiome and plant genome edit-
ing/engineering for agricultural benefit.

But can these strategies change the soil microbiome in
a sustainable and economically feasible manner? Can the
soil microbiome be changed dramatically by implementing
strong and integrated systems? Or are the soil microbiome
dynamics only affected punctually and in a very limited
manner that needs constant investment and new strategies
to address the problems? Which are the taxonomic groups
more helpful for plants and how do they change in mul-
tiple systems? In this review, the most recent studies on
soil microbiome, namely the rhizosphere, and the impacts
of using organic amendments and other strategies to change
the microbial populations present in the soils will be ad-
dressed. In addition, the role of particular taxa and bacterial
strains in protecting plants and limiting the dissemination of
pathogens in productive soils will be discussed.

2. Strategies for Soil Improvement and Its
Consequences on Microbiota
2.1 Rotation of Crops

Rotation of crops is used worldwide as a simple strat-
egy to reduce, and sometimes even correct, nutrient defi-
ciencies and erosion in soils (Table 1). By changing the
crops in a particular terrain over time, it is possible to pre-
vent soil exhaustion andmanage themicrobial communities
present in the soil in a more sustainable manner than by us-
ing monoculture systems. Multiple crop associations have
been tested in different world regions and some plants de-
scribed as more productive under such conditions. The mi-
crobial community composition of both bulk soil and rhizo-
sphere can be affected by distinct agricultural management
practices, and crop rotation is among the most common of
the traditionally employed practices, due to its productiv-
ity and reduced costs [30]. It also has the added benefit
of reducing soil diseases that are dependent on a particu-
lar crop and lack the ability to proliferate when other crops
are promoted. By shifting and modifying the composition,
and subsequently the suppressiveness of natural soil micro-
biomes, crop rotation can reduce the burden of diseases and
avoid the use of pesticides [44]. Specific genera and species
can be gradually replaced by the indigenous soil taxa, and
this change can happen in a single cropping season [45].
Some taxa can be more relevant in maintaining rhizosphere
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Table 1. Resume of management strategies and the effects on biodiversity and soils.
Alpha and beta diversities Relationship and effects on taxonomic groups Cost Other information References

Monoculture reduction of alpha diversity reduction of diversity within Proteobacteria, Bacteroidetes and Nitrospira,
and Ascomycota fungi; it affects soil Acidobacteria, Verrucomicrobia and
candidates phyla Rokubacteria, formerly known as SPAM (Spring Alpine
Meadow), and WS3 (Wurtsmith aquifer Sequences-3)

low reduction of bacterial and fungal richness [27,29,31]

Rotation of crops increase of bacterial alpha di-
versity (at a slow pace), low ef-
fects on fungal population

increase of Bradyrhizobium, Rhizobium, Pseudomonas, Flavobacterium,
Sphingomonas, Rhizobacter, Arthrobacter, Streptomyces and Allostrepto-
myces in soils

low reduction of pesticides usage, gradual replace-
ment of taxa in single cropping season, cor-
rection of nutrient deficiencies and soil ero-
sion, improvements in soil carbon sequestra-
tion, structural stability and organic matter

[30,44,45,
47,48]

Tillage reduction of alpha and beta di-
versities

low reduce Oomycete and fungal agents causing
disease, it increases air flow in the soils

[62]

Chemical treatments reduction of alpha and beta di-
versities

medium soil erosion, high plant productivity [40]

Addition of wheat
straw

increase of alpha diversity increase of Proteobacteria (namely Bradyrhizobium and Rhizobium) and re-
duction of Acidobacteria

low [46]

Manure and sewage
sludge

increase of alpha diversity increase of Actinobacteria; Rhodanobacter, Terrimonas and Chitinophaga
populations

low increase of microbial biomass [49–51]

Organic farming reduction of alpha and beta di-
versities

Actinobacteria, Firmicutes, candidate phyla radiation Saccharibacteria
(TM7), Planctomycetes and Verrucomicrobia are higher in conventional
farming

low [52]

Biochar increase soil bacterial and fun-
gal diversities and activities

increase of Bradyrhizobiaceae and Hyphomicrobiaceae medium improve soil quality, plant performance and
nutrition, nutrient cycling and tackle the pro-
gression of soilborne diseases

[56–60]

Compost increase of bacterial and fungal
alpha diversity

increase of bacteria such as Pseudomonas, Streptomyces, Bacillus,
Burkholderia, Enterobacter, Lysobacter and Pantoea, as well as the fungi
Gliocladium and Trichoderma

low to
medium

[53–55]

Soil transplantation increase of bacterial and fungal
alpha diversity

introduction of new microbiota into soil specially rare taxa, such as Mas-
silia, Dyadobacter, Terrabacter, Arachidicoccus and Dyella, as well as
pathogen-suppresors such asPseudomonas, Bacillus, Gp16 (Acidobacteria),
Spartobacteria genera incertae sedis, Hyphomicrobium and Sphingomonas;
regarding fungal communities, Podospora, Chaetomium, Mortierella and
Phialemonium are the most affected taxa

high addition of nutrients and water availability to
degraded soils, improvement of plant produc-
tivity

[39,61]

Plant growth pro-
moting bacteria
(PGPB)

slight increase of alpha diver-
sity

improving the interaction of rhizosphere-root microbiomes medium promote health, nutrition, resistance to biotic
and abiotic stresses and higher yields

[13,41–43]
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microbial networks. The application of crop rotation to
eroded cropland planted with perennial forage showed an
increase of soil organic matter, nutrient cycling, and soil
conditions [74,75].

The increase of plant productivity following crop ro-
tation strategies is frequently reported. The wheat-oilseed
rape rotation is commonly used in Europe [45] and, by re-
turning straw to soils, crop yields can also be increased
[46]. Crop-pasture rotation is frequently used in temper-
ate regions and it has been associated with improvements in
soil carbon sequestration, structural stability, organic mat-
ter and biological diversity, supporting a more sustainable
agriculture in these areas [74,76–78]. Maize–rice crop rota-
tion has also shown soil improvements regarding microbial
communities compared to rice-rice systems [30]. The effect
of crop rotation appears to be mainly limited to bacterial
populations, as only small differences in community com-
position of fungi have been observed in both the rhizosh-
pere and bulk soil [32,46,79]. The addition of wheat straw
to soils can significantly improve the α-diversity of the soil
bacteria, increasing Proteobacteria and reducing Acidobac-
teria, and enriching the relative abundance of Bradyrhizo-
bium and Rhizobium [46]. The loss of endemic species
has been described under monoculture, affecting mostly
Acidobacteria, Verrucomicrobia and the candidate phyla
Rokubacteria, formerly known as SPAM (Spring Alpine
Meadow), and WS3 (Wurtsmith aquifer Sequences-3) [29].
Other taxa, e.g. Sphingomonas and Rhizobium, may play
critical functional and structural roles at different plant
growth stages and in different crops [80]. Pinellia ternate, a
traditional Chinese herb, also showed significant decreases
for both yield and quality when exposed to continuous
cropping, where soils enriched for Pseudomonas, Rhizo-
bium, and Streptophyta were observed, while the crop rota-
tion soils enriched forPseudomonas, Rhizobium, Flavobac-
terium, Sphingomonas, Rhizobacter and Arthrobacter [47].
Alfalfa-rice rotation displayed variations in the relative
abundance of Acidobacteria, Proteobacteria, Chloroflexi,
Actinobacteria and Bacteroidetes [81]. Maize-soybean
crop rotation is a well known and economically relevant
system that is used widely. These results once again un-
derline the importance of adequate taxonomic resolution
and suggest that the rhizosphere of maize and soybean
tend to be colonized by highly specialized groups of mi-
crobes, namely Bradyrhizobium, Rhizobium, Nordella, Ni-
trobacter, Novosphingobium, Phenylobacterium, Strepto-
myces_S1, Allostreptomyces, and Chitinophaga_S2 [48].
These microbes have coevolved with their respective hosts
to form a symbiotic relationship that contributes to the pro-
ductivity and stability of both cultures.

Crop rotation may also bring advantages to infected
soils. In addition to displaying improved growth in soils
preceded by sunflower or pea, maize seedlings showed
significantly less root damage following the exposure to
Fusarium graminearum and western corn rootworm [82].

The relative abundance of Glomeromycota was also higher
in soils preceded by other cultures. Infestation with western
corn rootworm affected mostly Acinetobacter, Smaragdic-
occus, Aeromicrobium and Actinomucor, while F. gramin-
earum affected fungal endophytes, including Trichoderma
and Endogone. Gong and colleagues [83] described paddy-
upland rotation as an efficient strategy to promote cucumber
growth. The potential ofFusarium andMonographella spp.
pathogens was reduced by regulating the soil water content
under 100% soil water content in a single cress. Simulta-
neously, under 80% of cress cultivation could promote the
colonization of beneficial microbes such as Roseiflexus and
Pseudallescheria spp. [83].

2.2 Application of Biofertilizers or Organic Amendments

An effective approach for soil fertility recovery has
long been the use of biofertilizers or organic amendments
such as animal and green manure, organic wastes, com-
posts, or, more recently, biochar [84] (Table 1). These
are nutrient-rich composites that can be used to correct and
manage soils by adding nutrients, especially nitrogen, phos-
phorus and carbon, in a much slower, targeted and sus-
tainable manner compared to chemical fertilizers. Differ-
ent biofertilizers or amendments promote and potentiate
distinct microbial communities, resulting in distinct conse-
quences on soil fertility and health [85–87]. The positive
effects of the application of biofertilizers or organic amend-
ments on crop yields is related to the microbial structure,
composition and richness of the soil, as well as the vari-
ety of functions made available by the microbial commu-
nities [86,88,89]. These communities also play a role in
nutrient cycling, conversion of soil organic matter and im-
provement in soil physical conditions [84,87]. The repeated
use of organic amendments over several years, such as ma-
nure and sewage sludge, increased the microbial biomass
and changed its microbial community structure [49,50].
But the quality of the organics can produce different re-
sults and the response to soilborne pathogens can also dif-
fer according to the type of biofertilizer that is employed
and the crop being tested [66]. Soil microorganisms are
involved in multiple processes fundamental to soil fertil-
ity and health, plant nutrition and the production of natu-
ral products that can add protection against pathogens and
pests. Generally, the addition of biofertlizers has been as-
sociated with an increase of Actinobacteria in soils [51],
similarly to what was described for conventional soils ver-
sus soils with organic farming [52]. Actinobacteria are well
known producers of secondary metabolitesthat enable them
to control some diseases more efficiently [13,85]. In addi-
tion to Actinobacteria, Firmicutes and candidate phyla ra-
diation Saccharibacteria (TM7) were more abundant in the
conventional farm, while Planctomycetes and Verrucomi-
crobia were less abundant in organic-farmed soils [52]. Or-
ganic amendments could change rhizosphere microbiome,
mainly Rhodanobacter, Terrimonas and Chitinophaga pop-
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ulations, also improving disease suppression [28]. Acti-
nobacteria and Proteobacteria were also more abundant in
soils treated with synthetic fertilizers [84].

Composting is a controlled biological decomposition
process resulting in the degradation of organic materials
into humic substances by successive groups of microorgan-
isms [90]. Composting has been used in farming to im-
prove soil fertility, nutrient levels and crop health for cen-
turies, and it helps reduce soil diseases and pathogen at-
tacks by promoting microbial population growth and ac-
tivity [53,67,91,92]. The role of Pseudomonas, Strepto-
myces and Trichoderma strains against soil diseases is well
known, as multiple strains are frequently described with
plant growth promoting activity [43,53,54,67,93]. These
bacteria are frequently found in high abundance in compost,
in addition to other bacteria such as Bacillus, Burkholderia,
Enterobacter, Lysobacter and Pantoea, as well as the fun-
gus Gliocladium [55]. Other examples of composting util-
ity can be found in studies describing the employment of
vineyard pruning waste that showed higher relative abun-
dance of Ascomycota, mainly of the orders Sordariales and
Hypocreales, in soils affected by Phytophthora nicotianae
[94], or the use of composted agro-waste for controlling dis-
eases on a broad range of horticultural crops [95]. In addi-
tion, there are studies describing the employment of com-
post to control diseases caused by Pythium spp. [96], Rhi-
zoctonia solani [97], Fusarium oxysporum [53], Verticil-
lium [98], Sclerotinia sclerotiorum [99] and Sclerotinia mi-
nor [100] by testing multiple plants. The multi-suppressive
properties of composts from agricultural residues, agro-
industrial co/by-products, and plant green waste shows a
very complex microbiome structure [98]. The profits asso-
ciated with the circular economy is expected in the coming
years to promote the employment of composts coming from
agro-wastes, agro-industrial residues or bio-energy co/by-
products in agriculture systems [101].

Biochar, a carbon-based product, can also improve
soil quality, plant performance and nutrition and nutrient
cycling, and tackle the progression of soilborne diseases
[56–58]. Review of the literature showed that direct ap-
plication of biochar can be advantageous in tomatoes and
asparagus against Fusarium [102,103] and foliar diseases
caused by Botrytis or Phytophthora in tomatoes and straw-
berries [104–106], but no effects were observed against
Rhizoctonia or Pythium [59]. The addition of extra benefi-
cial soil microorganisms to biochar may increase soil bac-
terial and fungal diversity and activity [59]. Biochar with
wider surface area and pores may offer potential sites for
soil microbiota, such as Pseudomonas, Azotobacter, Rhi-
zobium and Azospirilium, as it offers carbon, nutrient and
water for microbial proliferation, also benefiting the plants
[107–109]. In addition, biochar application may promote
growth of denitrifying rhizobials, such as Bradyrhizobi-
aceae and Hyphomicrobiaceae [60].

2.3 Soil Transplantation
Intensive agriculture can result in the degradation and

erosion of soils that may take a long time to be corrected .
As the purchase of new and vast terrains for crops can be
very expensive, and sometimes such options are not even
available, transplantation of new soils not used for inten-
sive agriculture to cover or replace the topsoil in unpro-
ductive or diseased fields was considered. The replace-
ment of topsoil in soils needing restoration has been tested
in Europe [110,111] and some of these soils did return to
being productive. In 2016, Wubs and colleagues [112]
tested this strategy with the objective of introducing new
microbiota into soil and proved its efficiency for ecosystem
restoration. The results were positive when the soil inocu-
lant was introduced into intact topsoil, but the largest im-
pact was observed when the topsoil layer was exchanged
with the soil inoculant. Such strategy could be used to im-
prove plant productivity and offer new agriculture useful-
ness to degraded soils. Nevertheless, such works can be
technically expensive and sometimes carry high environ-
mental costs [112]. It may be very important to monitor
the transplanted soils as changes in the microbial commu-
nities may happen during the process. Zhao and colleagues
[61] reported considerable changes in soils from donor sites
to destination, namely in fungal communities, being Po-
dospora, Chaetomium, Mortierella and Phialemonium the
most affected taxa. Fungal communities could easily adapt
to the destination environment, while bacterial populations
remained stable 6 years after soil transplantation.

It has been suggested that controlling plant disease
outbreaks can be achieved by increasing the relative abun-
dance of naturally protective bacteria using enriched-soil
transplantation, thereby managing the composition of soil
microbiome as a whole [44]. The transplantation of rhizo-
sphere microbiota from resistant tomatoes helped to sup-
press disease symptoms in susceptible plants, supporting
the idea that in some cases the transplantation of rhizo-
sphere microbiota may work as a probiotic for promotion
of plant functions [25]. It has been suggested that the
composition of the initial soil microbiome may predeter-
mine a plants resistance to certain diseases. The identifi-
cation of flavobacteria, such as TRM1, were more abun-
dant in the rhizosphere microbiome of Ralstonia-resistant
tomatoes than in the rhizosphere collected around the sus-
ceptible plant. Rare taxa, such as Massilia, Dyadobacter,
Terrabacter, Arachidicoccus and Dyella, highly pathogen-
suppressing Pseudomonas, Bacillus, Gp16 (Acidobacte-
ria), Spartobacteria genera incertae sedis, Hyphomicro-
bium and Sphingomonas may play a relevant role on sup-
porting plants against certain diseases [24,44,93,113,114].
In addition, the high abundance of genes encoding antimi-
crobial compounds can also be associated with plant pro-
tection [19,20,89,115,116].
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Microbiome composition is certainly a critical factor
for plant protection and the availability of a large pool of
rare taxa in the soil may help to correct microbial dysbio-
sis and tackle disease. Beneficial microorganisms could be
added at seed or seedling stages in order to enrich plant
growth and better conduct soil management [11,13,117].
The relevance of specific soil taxa was demonstrated when
contaminated soils treated with gamma-irradiation resulted
in modified growth of the willow plant, although microbial
communities tend to converge after 100 days [118].

3. Agrochemicals and Alternatives
3.1 New Paradigms and Challenges

A current challenge in agriculture is to improve yield
per hectare, considering arable soil, and the nutrients avail-
able within, are finite resources [119]. In light of this, as
the human population grows, it is important to be able to
increase plant productivity and yields to meet demand. One
of the most sustainable ways is to improve natural abilities
of plants, especially in soils rich in microbes that can al-
ready be associated with increased plant health [44]. Agro-
chemicals have been overused worldwide to improve yield
per hectare substantially at the cost of negative effects to
human health and the environment [120,121]. The addi-
tion of nitrogen agrochemicals to soils had always been the
immediate solution to improve crop yields. Its use is esti-
mated at ~1011 kg/year, but ~60% of this synthesized nitro-
gen cannot be absorbed by plants and reaches the ground-
water [119,122]. Nitrogen and phosphorus are normally the
limiting nutrients for cyanobacterial and algal blooms, and
blooms in rivers, lagoons and the sea are known to be harm-
ful to aquatic life [121,123].

Biopromoters based on specific strains of PGPB or
fertilizers enriched with such strains have been introduced
as an alternative that reduces the use of chemicals and im-
proves nutrient utilization by plants [43,124,125]. Never-
theless, evidence of the phytoprotective effect of microbes
needs to be evaluated under agricultural conditions, be-
cause certain microbes may be detrimental in such condi-
tions [126]. Some soil bacteria have the ability to use nutri-
ents that are in excess in the soil, potentially making these
available to plants. In addition to nitrogen and phosphorus,
iron is another element which plants can acquire via soil mi-
croorganisms. Some PGPB are capable of sequestering the
insoluble ionic compounds from the rhizosphere environ-
ment, reducing iron availability in the soil and slowing the
growth of microorganisms opportunistic toward the plants
[119,127,128]. An example of this can be seen in iron-poor
soil where plants grow better in the presence of some mi-
croorganisms, supporting the idea that these microbes may
increase the bioavailability of scarce nutrients for use by
plants [129].

Based on the limitations described above, it is cur-
rently not feasible to expect large improvements in plant
yields in the coming years. The main challenge will be

replacing the presently damaging agriculture systems with
new and more sustainable alternatives while maintaining
current levels of productivity in the most productive soils.
In fact, the most likely solution for increasing yields world-
wide in a short timeframe may come from controlling and
tackling plant diseases—these are still responsible for sub-
stantial yearly losses, and direct research and investment is
needed for the recovery of these less productive soils.

3.2 Sustainable Agroecosystems and the Use of Inoculant
Microorganisms

Microbiome management is particularly relevant
nowadays to predict correct soil degradation, improve plant
growth and productivity and understand the network of mi-
crobes working on the production systems [11,130–133].
Multiple studies have shown predictive taxa with activity
against certain diseases, as is the case for Streptomyces and
Trichoderma for R. solani, Pseudomonas and Streptomyces
for Pythium sp., and Aspergillus, Pseudomonas and Strep-
tomyces for F. oxysporum [13,24,53,93,95,134,135]. Spe-
cific strains have more impact than others, so it is important
to select for strains with an ability to interfere and add pro-
tection to the plants. Multiple strains belonging to diverse
bacterial phyla, and even some fungi have been described
(see Table 2, Ref. [24,78,86,136,137]).

Microorganisms artificially inoculated in seeds, plants
or soils have to compete with a highly diverse microflora
[43,138,139]. Introduced strains may establish well in the
new community, or very poorly, with rapid decline in num-
bers to complete disappearance in just a few days. There-
fore, it is critical to know the microbial communities and
how the introduced strains fit into the established popula-
tion. Beneficial strains can be added to plant seeds as seed
coats or by usingmicrobial formulations sprayed on flowers
of crop plants, where the bacteria become incorporated into
the progeny seed upon colonising the flower [43,138,140].
The first option has been tested more often as the new mi-
crobial strains help the plant in early stages of development
[13,24]. As seeds develop and plants grow in the soil, bac-
terial populations tend to increase in the early stages, while
fungi dominate at mid and later stages [13,141]. One ma-
jor challenge is the selection of strains that do not interfere
with indigenous endophytic populations, as these may be
valuable in later stages of plant growth. After a few weeks,
the inoculant can disappear or establish as part of the plant
microbiome where it may even colonize the next generation
of plants if incorporated into the seeds. Inoculated strains
should be capable of competing and interacting with rhizo-
sphere microbes. A correct management of plant cropping
should take into account the full microbial consortia in soil,
namely in the rhizosphere, and the capability of beneficial
strains to survive under such conditions.

Among the microbial consortia available in the soil,
the group of nitrogen fixers is usually mentioned as one of
the most relevant as it may enrich soils with nitrogen, a cri-
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Table 2. Taxonomic groups (at genus level and species, whenever possible) described as idenfiers of plant growth promoting bacteria (PGPB) strains; information based on references
[24,78,86,136,137].

Actinobacteria Bacteroidetes Firmicutes Proteobacteria Fungi

Brevibacterium Chryseobacterium C. balustinum Bacillus B. amyloliquefaciens Achromobacter Aspergillus

Corynebacterium C. agropyri Sphingobacterium B. cereus Acinetobacter Claroideoglomus C. claroideum

Curtobacterium B. circulans Agrobacterium Trichoderma T. harzianum

Microbacterium B. licheniformis Azospirillum T. koningiopsis

Streptomyces S. fulvissimus B. pumilus Bradyrhizobium B. japonicum

S. thermocarboxydus B. subtilis Burkholderia B. cepacia

B. velezensis Chromobacterium

Paenibacillus P. lentimorbus Comamonas

P. peoriae Janthinobacterium

Kosakonia

Leclercia

Lysobacter L. enzymogenes

Pantoea

Pseudomonas P. aeruginosa

P. chlororaphis

P. fluorescens

P. libanensis

P. putida

P. stutzeri

Rhizobium R. leguminosarum

R. etli

Serratia S. plymuthica

Stenotrophomonas S. maltophilia

S. rhizophila

Xanthomonas
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tical nutrient for increasing plant biomass and productiv-
ity. Nitrogen fixers can be found in symbiotic relation-
ships with the plants (e.g., legumes), as is the case for the
well described genus Rhizobium, but also Allorhizobium,
Azoarcus, Azorhizobium, Bradyrhizobium, Burkholderia,
Frankia, Mesorhizobium and Sinorhizobium [72,142,143].
Additional groups of free-living nitrogen fixers include
Azoarcus, Azotobacter, Azospirillum, Gluconacetobacter
and Herbaspirillum [144]. These organisms use organic
molecules to produce nitrogen at an average cost of 16
moles of ATP per mole of nitrogen fixed [72]. And if some
productive plants, such as legumes, do not require addi-
tional nitrogen for their development due to interaction with
nitrogen-fixer microbes, the same cannot be observed for
other plants. Tomato inoculants can benefit from the addi-
tion of PGPB, reducing the plants dependence on chemical
fertilizers by up to 25% [145]. Maize is another plant that
may benefit from PGPB addition as it may increase yield
and biomass production by 12 and 18%, respectively, in
addition to reducing chemical dependency by up to 20%
[146].

These strategies can be seen as innovative for imple-
mentation of new approaches for sustainable agriculture.
For example, Bacillus circulans strain GN03 was described
as effective for promotion of growth-related hormones (in-
dole acetic acid, gibberellic acid, and brassinosteroid) and
disease resistance-related hormones (salicylic acid and jas-
monic acid) in cotton seedlings through the upregulation
of genes related to synthesis (EDS1, AOC1, BES1, and
GA20ox), auxin transporter (Aux1) and disease-resistance
(NPR1 and PR1) [147]. Stenotrophomonas rhizophila
strain SR80 enhanced wheat growth, both below and above
ground, and induced strong disease resistance by boost-
ing plant defence in the above-ground plant parts when
the pathogen Fusarium pseudograminearum was present
[148]. But there are several strains described with benefi-
cial effects proved in cereals, such as wheat, rye or rice, as
well as in other cultures such as barley, tomato, cucumber,
pepper or Chinese cabbage (see reviews [43,72,149,150]).
Organic amendments can also be supplementedwith PGPB,
and their effects on plants extended even further when com-
pared to controls. Bibi and colleagues described four agro-
industrial wastes, black gram husks (15–22% crude pro-
tein), rice bran (10–15% crude protein), peanut shell (6–7%
crude protein), and dry leaves, supplemented with a spe-
cific strain of Burkholderia cenocepacia to carry solid-state
fermentation of organic wastes [151]. The results showed
increased maize germination, promptness, and seedling
vigour, as well as chlorophyll, water, protein and amino
acid contents, compared to controls.

3.3 Improving Soils Exposed to Disease

Soilborne plant diseases represent a serious threat to
global food security as they are associated with a large re-
duction in plant productivity and decline of yields world-

wide. There are strategies to effectively control such threats
as described above, but they are not continually consis-
tent or predictable, as it depends on the soil, culture and
other conditions [43,66,84,131,152]. The mechanisms un-
derlying the suppressive effect on diseases by particular
soils or, for example, in soils treated with organic amend-
ments, are not fully understood, but the biological activity
of the microbiomes is critical, as well as the interactions
established between the soil and the plants [67,98]. Bacil-
lus, Pseudomonas and Streptomyces strains are well known
producers of secondary metabolites that may act as poten-
tial biocontrol agents and PGPB [43,93,153]. The relative
abundances of certain bacteria, such as Acidobacteria (Aci-
dobacterium), Actinobacteria (Streptomyces), Firmicutes
(Bacillus) and Gamma-Proteobacteria (Pseudomonas), and
fungal groups, namely Eurotiales (Aspergillus and Peni-
cillium), Hypocreales (Trichoderma and Fusarium) and
Mortierellales (Mortierella), should be monitored based on
what is known of their activities and functions for plant pro-
tection [98].

Dignam and colleagues [54] identified Pseudomonas
species diversity and richness (Margalef’s) as the primary
parameters explaining the greatest proportion (>30%) of
variation in suppression of the R. solani disease in soils
across different treatments and suggested such results may
be extended to other fungal diseases. Li and colleagues
[154] attributed the suppression of pepper blight observed
in long-term organic farming system to Bacillus strains
present in the rhizosphere soil microbiome. Similar results
were described by Liu and colleagues [136] in field trials
when roots of Panax ginseng were inoculated with Bacil-
lus sp. S-11 using a strategy of root watering. This bacterial
strain was associated with suppression effects against Ily-
onectria, and it was responsible for shifting microbial com-
munity composition in rhizosphere soil. This same study
showed an increase in the relative abundance ofActinomyc-
etales,Mortierella and Fusarium in healthy-roots, while an
increase in the relative abundance of Pseudomonadales was
observed in diseased roots [136]. More recently, in a study
testing the growth of wheat in Pythium-infested soils by
adding specific Streptomyces and Paenibacillus strains, an
additional increase of Pseudomonas in the plant roots was
observed [24]. In fact, other Streptomyces strains (SS14
and IT20) were described as having activity against Phy-
tophthora capsici, and promoting additional taxa that also
had activity against the pathogen, such as phylotypes be-
longing to Devosia, Promicromonospora, Kribbella, Mi-
crobacterium, Amylocolatopsis, and Pseudomonas genera
[137]. Yin and colleagues [155] described multiple strains
with acitivity againstRhizoctonia solaniAG8 and other dis-
eases isolated after successive monocultures and applica-
tion of AG8 in the soils. Curiously, particular strains of
Janthinobacterium displayed broad antagonism against the
soilborne pathogens Pythium ultimum, AG8, and R. oryzae
in vitro, and disease suppressive activity to AG8 in soil.
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Fig. 1. Multiple fuctions have been described in soils related to microbe-microbe interactions. These are mostly associated with
the production and different compounds and enzymes released to the environment, as well as molecules participating in quorum sensing
and quorum quenching.

Microbe-microbe interactions certainly play a role in the
agroecosystem and may comprise a vast range of functions
(Fig. 1) and complex networks that govern promotion or
suppression of multiple microbes that participate in soil
health.

The fungal genus Mortierella was suggested as an
indicator and enhancer of Fusarium wilt disease suppres-
sion in vanilla [135]. The suppressive soil was enriched
by fungi belonging to Zygomycota and Basidiomycota,
and bacteria belonging to the phyla Acidobacteria, Verru-
comicrobia, Actinobacteria and Firmicutes, and the inter-
actions between these groups were enhanced in suppres-
sive soils. Similar effects were observed whenwatermelons
were exposed to F. oxysporum [85]. The rhizosphere soils
showed the highest relative abundance of potential antago-
nists against F. oxysporum, and some chemical properties
were associated with the inhibition of Fusarium wilt dis-
ease. Actinomycota were increased in rhizosphere soils ex-
posed to Fusarium wilt and enhanced activities of defence
enzymes were observed in the leaves of melons [85].

The relationship between the endogenous rhizosphere
microbiota, endophytes with potential biocontrol agents
(internal or externally added) and the plant host, is essen-
tial to improve strategies for more productive and less de-
graded soils. Some bacterial endophytes have shown to
impact plant growth and provide protection to the plant.
Although the effects initially tend to be small for multiple
plants [43,156–158], these valuable organisms can be used
as a basis for developing safer ecological approaches to dis-
ease management. Nevertheless, such tests are difficult to
conduct, as the results of field and greenhouse trials often
disagree, which can only be partly explained by climatic
conditions [159–161]. Different cultivation systems affect
the soil biodiversity and promote changes in the microbial
profile, even when the same starting soil is used [24]. These

effects tend to be more visible among the less common tax-
onomic groups found in the soils, designated as rare taxa.
These rare taxa tend to change drastically among systems
(field versus greenhouse), soil types and even among repli-
cates. It is possible that environmental conditions and the
variability found among rare operational taxonomical units
explain the differences found in field versus greenhouse tri-
als.

3.4 Additional Remarks on Cereal Cropping

The productivity and yield of cereal cropping in-
creased exponentially after the nineteenth century with the
introduction of machinery and technology, but this increase
was interrupted in recent decades, and instability prevailed
due to soil degradation, soil infestations, other plant dis-
eases and abnormal climatic events [162,163]. Cereals are
critical for feeding world populations, contributing deci-
sively to the global food security in the last half century.
Understanding cereal crop system dynamics is critical, and
the rhizosphere soil and its microbial communities may be
the easiest way to tackle such challenges by monitoring,
preserving and adding beneficial organisms and enhancing
plant protective interactions.

Wheat and other cereal seeds are rich in microorgan-
isms that may work as a protective layer during the early
stages of plant development, but soil bacteria have also been
reported to act as adjuvants in these stages, namely in in-
fested soils. Burkholderia andCaulobacter can be acquired
from the rhizosphere soil early on and help on plant protec-
tion, as these bacteria are rarely found in the seed micro-
biome but commonly found in the root microbiome during
the first weeks of plant growth [11,13,133,164]. Some of
these helpful bacteria are also capable of promoting plant
health in soils with early disease pressure by priming the
plant defence response [165]. The proliferation of benefi-
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cial microbes at the right stage of the any cereal crop, both
in the plant and rhizosphere soil, may represent a highly
efficient barrier against the spread of fungal infestations,
keeping the plant and the biodiversity of the soils stable
[11,43,166]. Such organisms can also be used to punctually
correct degraded soils. The addition of selective treatments
to seeds, either as inoculants or components that promote
the growth of specific microbes, can also improve the pro-
ductivity of crops in several consecutive years [167]. The
integration of microbiome function using machine learning
algorithms into precision farming strategies has the poten-
tial to revolutionise cereal cropping practices [168]. The
identification of taxa within communities that impact the
phenotype of the host is very important and may enable the
prediction of plant traits from microbiome data [169,170].
Conversely, selecting the required microbial inoculants to
correctly manage soil infestations and soil degradation, and
quickly respond to plant needs, will become routine. De-
fined predictive models have the potential to improve cereal
cropping and productivity based on data from specific soils
and farming practices. Such information can be valuable
to attenuate harmful effects on crops by naturally increas-
ingmicrobial diversity and functions that add sustainability,
predictability and productivity to the cereal crop system.

4. Conclusions
Microbial populations present in the soil are relevant

to completely understand the interaction between plant and
rhizosphere. Revealing the ability of microbes to provide
essential nutrients to plants is an important goal of rhi-
zosphere plant–microbe studies. Nevertheless, it is also
relevant to monitor all the interactions between soil and
plants across space and time. Some microbes “communi-
cate” more efficiently with certain plants than others and
are better integrated within the plant or the rhizosphere en-
vironments. It is well known that some strains are more
advantageous to plants than others, even comparing closely
related strains. The description of PGPB strains that add
value to relevant crops is fundamental to the development
of sustainable alternatives of microbial communities in the
soils, especially in degraded soils or soils affected by devas-
tating diseases. Better understanding of soil-related micro-
bial communities and processes can help to better manage
our ecosystem and subsequently improve plant productiv-
ity, environmental sustainability, human health, food secu-
rity and mineral wealth.

We are entering the era of biological sustainability
strategies, and it is possible to act at multiple levels to re-
duce and limit the consequences of productivity loss and
yield reduction. By promoting, monitoring and controlling
the plant microbiome and understanding the role of certain
biocontrol agents within the plant at each period of devel-
opment, wemay substantially improve nutritional and envi-
ronmental standards. Then it can be attention can be given
to developing breeding programmes to select genotypes that

favour more beneficial interactions and higher productivity
levels. Climate change may also play a decisive role in the
near future, as certain soil populations may drive consider-
able consequences for ecosystem-scale carbon cycling [61].
It is increasingly clearer that any loss or gain in microbial
biodiversity as a consequence of environmental changes on
climate, land use or nutrient enrichment alter the capacity of
microbes to sustain ecosystem functions. Therefore, correct
management of microbial populations may be the only so-
lution for appreciating soils exposed to extreme conditions
and global changes during the next century.

Abbreviations
PGPB, plant growth promoting bacteria.

Author Contributions
RA wrote, read and approved the final manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
The author thanks to Steven Myers for the revision of

this manuscript.

Funding
RA was supported by Individual Call to Scientific

Employment Stimulus—Second Edition (grant number
CEECIND/01070/2018).

Conflict of Interest
The author declares no conflict of interest.

References
[1] Torsvik V, Øvreås L. Microbial diversity and function in soil:

from genes to ecosystems. Current Opinion in Microbiology.
2002; 5: 240–245.

[2] Gans J, Wolinsky M, Dunbar J. Computational improvements
reveal great bacterial diversity and high metal toxicity in soil.
Science. 2005; 309: 1387–1390.

[3] Pii Y, Borruso L, Brusetti L, Crecchio C, Cesco S, Mimmo T.
The interaction between iron nutrition, plant species and soil
type shapes the rhizosphere microbiome. Plant Physiology and
Biochemistry. 2016; 99: 39–48.

[4] Wakelin S, Macdonald L, Rogers S, Gregg A, Bolger T, Baldock
J. Habitat selective factors influencing the structural composi-
tion and functional capacity of microbial communities in agri-
cultural soils. Soil Biology and Biochemistry. 2008; 40: 803–
813.

[5] Lauber C, Hamady M, Knight R, Fierer N. Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial com-
munity structure at the continental scale. Applied and Environ-
mental Microbiology. 2009; 75: 5111–5120.

[6] Frey S, Knorr M, Parrent J, Simpson R. Chronic nitrogen enrich-
ment affects the structure and function of the soil microbial com-
munity in temperate hardwood and pine forests. Forest Ecology
and Management. 2004; 196: 159–171.

10

https://www.imrpress.com


[7] Girvan M, Bullimore J, Pretty J, Osborn A, Ball A. Soil type
is the primary determinant of the composition of the total and
active bacterial communities in arable soils. Applied and Envi-
ronmental Microbiology. 2003; 69: 1800–1809.

[8] Sessitsch A,Weilharter A, GerzabekM, Kirchmann H, Kandeler
E. Microbial population structures in soil particle size fractions
of a long-term fertilizer field experiment. Applied and Environ-
mental Microbiology. 2001; 67: 4215–4224.

[9] Reith F, Brugger J, Zammit C, Gregg A, Goldfarb K, Andersen
G, et al. Influence of geogenic factors on microbial communities
in metallogenic Australian soils. ISME Journal. 2012; 6: 2107–
2118.

[10] Araujo R, Gupta V, Reith F, Bissett A, Mele P, Franco C. Bio-
geography and emerging significance of Actinobacteria in Aus-
tralia and Northern Antarctica soils. Soil Biology and Biochem-
istry. 2020; 146: 107805.

[11] Mendes R, Garbeva P, Raaijmakers J. The rhizosphere micro-
biome: significance of plant beneficial, plant pathogenic, and
human pathogenic microorganisms. FEMS Microbiology Re-
views. 2013; 37: 634–663.

[12] Reinhold-Hurek B, Bünger W, Burbano C, Sabale M, Hurek T.
Roots shaping their microbiome: global hotspots for microbial
activity. Annual Review of Phytopathology. 2015; 53: 403–424.

[13] Araujo R, Dunlap C, Barnett S, Franco C. Decoding wheat
endosphere-rhizosphere microbiomes in Rhizoctonia solani in-
fested soils challenged by Streptomyces biocontrol agents. Fron-
tiers in Plant Science. 2019; 10: 1038.

[14] Brereton N, Gonzalez E, Desjardins D, Labrecque M, Pitre F.
Co-cropping with three phytoremediation crops influences rhi-
zosphere microbiome community in contaminated soil. Science
of the Total Environment. 2020; 711: 135067.

[15] Colin Y, Nicolitch O, Van Nostrand J, Zhou J, Turpault M, Uroz
S. Taxonomic and functional shifts in the beech rhizosphere mi-
crobiome across a natural soil toposequence. Scientific Reports.
2017; 7: 9604.

[16] Hu L, Robert C, Cadot S, Zhang X, Ye M, Li B, et al. Root ex-
udate metabolites drive plant-soil feedbacks on growth and de-
fense by shaping the rhizosphere microbiota. Nature Communi-
cations. 2018; 9: 2738.

[17] Kotoky R, Rajkumari J, Pandey P. The rhizosphere micro-
biome: significance in rhizoremediation of polyaromatic hydro-
carbon contaminated soil. Journal of Environmental Manage-
ment. 2018; 217: 858–870.

[18] Bardgett R, van der Putten W. Belowground biodiversity and
ecosystem functioning. Nature. 2014; 515: 505–511.

[19] Lakshmanan V, Selvaraj G, Bais H. Functional soil microbiome:
belowground solutions to an aboveground problem. Plant Phys-
iol. 2014; 166: 689–700.

[20] Delgado-Baquerizo M, Maestre F, Reich P, Jeffries T, Gaitan J,
Encinar D, et al. Microbial diversity drives multifunctionality in
terrestrial ecosystems. Nature Communications. 2016; 7: 10541.

[21] Chang H, Haudenshield J, Bowen C, Hartman GL.
Metagenome-wide association study and machine learn-
ing prediction of bulk soil microbiome and crop productivity.
Frontiers in Microbiology. 2017; 8: 519.

[22] Mendes LW, Brossia MJdL, Kuramaeb EE, Tsai SM. Land-use
system shapes soil bacterial communities in Southeastern Ama-
zon region. Applied Soil Ecology. 2015; 95: 151–160.

[23] Panke-Buisse K, Poole A, Goodrich J, Ley R, Kao-Kniffin J.
Selection on soil microbiomes reveals reproducible impacts on
plant function. ISME Journal. 2015; 9: 980–989.

[24] Araujo R, Dunlap C, Franco C. Analogous wheat root-
rhizosphere microbial successions in field and greenhouse tri-
als in presence of biocontrol agents Paenibacillus peoriae SP9
and Streptomyces fulvissimus FU14. Molecular Plant Pathology.
2020; 2020: 1–14.

[25] Kwak M, Kong H, Choi K, Kwon S, Song J, Lee J, et al. Rhi-
zosphere microbiome structure alters to enable wilt resistance in
tomato. Nature Biotechnology. 2018. (in press)

[26] Li X, de Boer W, Zhang Y, Ding C, Zhang T, Wang X. Suppres-
sion of soil-borne Fusarium pathogens of peanut by intercrop-
ping with the medicinal herb Atractylodes lancea. Soil Biology
and Biochemistry. 2018; 116: 120–130.

[27] Zhao Q, Xiong W, Xing Y, Sun Y, Lin X, Dong Y. Long-term
coffee monoculture alters soil chemical properties and microbial
communities. Scientific Reports. 2018; 8: 6116.

[28] Deng X, Zhang N, Shen Z, Zhu C, Li R, Salles J, et al. Rhizo-
sphere bacteria assembly derived from fumigation and organic
amendment triggers the direct and indirect suppression of tomato
bacterial wilt disease. Applied Soil Ecology. 2020; 147: 103364.

[29] Figuerola E, Guerrero L, Türkowsky D,Wall L, Erijman L. Crop
monoculture rather than agriculture reduces the spatial turnover
of soil bacterial communities at a regional scale. Environmental
Microbiology. 2015; 17: 678–688.

[30] Maarastawi S, Frindte K, Linnartz M, Knief C. Crop rotation
and straw application impact microbial communities in Italian
and Philippine soils and the rhizosphere of Zea mays. Frontiers
in Microbiology. 2018; 9: 1295.

[31] Bai Y,Wang G, Cheng Y, Shi P, Yang C, Yang H, et al. Soil acid-
ification in continuously cropped tobacco alters bacterial com-
munity structure and diversity via the accumulation of phenolic
acids. Scientific Reports. 2019; 9: 12499.

[32] Granzow S, Kaiser K, Wemheuer B, Pfeiffer B, Daniel R, Vidal
S, et al. The effects of cropping regimes on fungal and bacterial
communities of wheat and faba bean in a greenhouse pot exper-
iment differ between plant species and compartment. Frontiers
in Microbiology. 2017; 8: 902.

[33] Liu B, Huang L, Kang Z, Buchenauer H. Evaluation of endo-
phytic bacterial strains as antagonists of take-all in wheat caused
by Gaeumannomyces graminis var. tritici in greenhouse and
field. Journal of Pest Science. 2011; 84: 257–264.

[34] Rascovan N, Carbonetto B, Perrig D, Díaz M, Canciani W,
Abalo M, et al. Integrated analysis of root microbiomes of
soybean and wheat from agricultural fields. Scientific Reports.
2016; 6: 28084.

[35] Donn S, Kirkegaard J, Perera G, Richardson A, Watt M. Evo-
lution of bacterial communities in the wheat crop rhizosphere.
Environmental Microbiology. 2015; 17: 610–621.

[36] Edwards J, Johnson C, Santos-Medellín C, Lurie E, Podishetty
N, Bhatnagar S, et al. Structure, variation, and assembly of
the root-associated microbiomes of rice. Proceedings of the Na-
tional Academy of Sciences of the United States of America.
2015; 112: E911–E920.

[37] Ofek-Lalzar M, Sela N, Goldman-Voronov M, Green S, Hadar
Y, Minz D. Niche and host-associated functional signatures of
the root surface microbiome. Nature Communications. 2014; 5:
4950.

[38] Peiffer J, Spor A, Koren O, Jin Z, Tringe S, Dangl J, et al. Diver-
sity and heritability of the maize rhizosphere microbiome under
field conditions. Proceedings of the National Academy of Sci-
ences of the United States of America. 2013; 110: 6548–6553.

[39] Sellitto VM, Golubkina NA, Pietrantonio L, Cozzolino E,
Cuciniello A, Cenvinzo V, et al. Tomato yield, quality, mineral
composition and antioxidants as affected by beneficial microor-
ganisms under soil salinity induced by balanced nutrient solu-
tions. Agriculture. 2019; 9: 110.

[40] Roget D, Venn N, Rovira A. Reduction of Rhizoctonia root rot
of direct-drilled wheat by short-term chemical fallow. Australian
Journal of Experimental Agriculture. 1987; 27: 425–430.

[41] Compant S, Clément C, Sessitsch A. Plant growth-promoting
bacteria in the rhizo- and endosphere of plants: their role, colo-
nization, mechanisms involved and prospects for utilization. Soil

11

https://www.imrpress.com


Biology and Biochemistry. 2010; 42: 669–678.
[42] Dutta S, Podile A. Plant growth promoting rhizobacteria

(PGPR): the bugs to debug the root zone. Critical Reviews in
Microbiology. 2010; 36: 232–244.

[43] Araujo R, Kaewkla O, Franco CMM. Endophytic Actinobacte-
ria: beneficial partners for sustainable agriculture. In Mahesh-
wari DK (ed.) Endophyte Vol I: Biology and Biotechnology
(pp. 171–191). Springer International Publishing AG: Cham,
Switzerland. 2017.

[44] Wei Z, Gu Y, Friman V, Kowalchuk G, Xu Y, Shen Q, et al. Ini-
tial soil microbiome composition and functioning predetermine
future plant health. Science Advances. 2019; 5: eaaw0759.

[45] Kerdraon L, Balesdent M, Barret M, Laval V, Suffert F. Crop
residues in wheat-oilseed rape rotation system: a pivotal, shift-
ing platform for microbial meetings. Microbial Ecology. 2019;
77: 931–945.

[46] YangH,Ma J, Rong Z, ZengD,WangY, Hu S, et al.Wheat straw
return influences nitrogen-cycling and pathogen associated soil
microbiota in a wheat-soybean rotation system. Frontiers in Mi-
crobiology. 2019; 10: 1811.

[47] He Z, Mao R, Dong J, Liang Z, Zhang H, Liu L. Remediation
of deterioration in microbial structure in continuous Pinellia ter-
nata cropping soil by crop rotation. Canadian Journal of Micro-
biology. 2019; 65: 282–295.

[48] Meier MA, Lopez-Guerrero MG, Guo M, Schmer MR, Herr
JR, Schnable JC, et al. Rhizosphere microbiomes in a histori-
cal maize-soybean rotation system respond to host species and
nitrogen fertilization at the genus and subgenus levels. Applied
and Environmental Microbiology. 2021; 87: e0313220.

[49] Marschner P, Kandeler E, Marschner B. Structure and function
of the soil microbial community in a long-term fertilizer exper-
iment. Soil Biology and Biochemistry. 2003; 35: 453–461.

[50] LeBlanc N. Green manures alter taxonomic and functional char-
acteristics of soil bacterial communities. Microbial Ecology.
2022; In press.:

[51] Ramirez K, Craine J, Fierer N. Consistent effects of nitrogen
amendments on soilmicrobial communities and processes across
biomes. Global Change Biology. 2012; 2012: 1–10.

[52] Bonanomi G, De Filippis F, Cesarano G, La Storia A, Ercolini D,
Scala F. Organic farming induces changes in soil microbiota that
affect agroecosystem functions. Soil Biology and Biochemistry.
2016; 103: 327–336.

[53] Cotxarrera L, Trillas-Gay M, Steinberg C, Alabouvette C. Use
of sewage sludge compost and Trichoderma asperellum isolates
to suppress Fusariumwilt of tomato. Soil Biology and Biochem-
istry. 2002; 34: 467–476.

[54] Dignam B, O’Callaghan M, Condron L, Raaijmakers J,
Kowalchuk G, Wakelin S. Impacts of long-term plant residue
management on soil organic matter quality, Pseudomonas com-
munity structure and disease suppressiveness. Soil Biology and
Biochemistry. 2019; 135: 396–406.

[55] Castano R, Borrero C, Aviles M. Organic matter fractions by
SP-MAS 13C NMR and microbial communities involved in the
suppression of Fusarium wilt in organic growth media. Biolog-
ical Control. 2011; 58: 286–293.

[56] Palansooriya K, Wong J, Hashimoto Y, Huang L, Rinklebe J,
Chang S, et al. Response of microbial communities to biochar
amended soils: a critical review. Biochar. 2019; 1: 3–22.

[57] Fang J, Zhan L, Ok Y, Gao B. Mini review of potential applica-
tions of hydrochar derived from hydrothermal carbonization of
biomass. Journal of Industrial and Engineering Chemistry. 2018;
57: 15–21.

[58] Castañeda W, Toro M, Solorzano A, Zúñiga-Dávila D. Produc-
tion and nutritional quality of Tomatoes (Solanum lycopersicum
var. Cerasiforme) are improved in the presence of Biochar and
inoculation with arbuscular mycorrhizae. American Journal of

Plant Physiology. 2020; 11: 426–436.
[59] Jaiswal A, Elad Y, Cytryn E, Graber E, Frenkel O. Activating

biochar by manipulating the bacterial and fungal microbiome
through pre-conditioning. New Phytologist. 2018; 219: 363–
377.

[60] Anderson C, Condron L, Clough T, Fiers M, Stewart A, Hill R,
et al. Biochar induced soil microbial community change: im-
plications for biogeochemical cycling of carbon, nitrogen and
phosphorus. Pedobiologia. 2011; 54: 309–320.

[61] Zhao M, Sun B, Wu L, Wang F, Wen C, Wang M, et al. Dissim-
ilar responses of fungal and bacterial communities to soil trans-
plantation simulating abrupt climate changes. Molecular Ecol-
ogy. 2019; 28: 1842–1856.

[62] Srour AY, Ammar HA, Subedi A, Pimentel M, Cook RL, Bond
J, et al. Microbial Communities Associated With Long-Term
Tillage and Fertility Treatments in a Corn-Soybean Cropping
System. Frontiers in Microbiology. 2020; 11: 1363.

[63] Babiker EM, Hulbert SH, Schroeder KL, Paulitz TC. Optimum
timing of preplant applications of glyphosate to manage Rhizoc-
tonia root rot in barley. Plant Disease. 2011; 95: 304–310.

[64] Angus JF, Kirkegaard JA, Hunt JR, Ryan MH, Ohlander L, Peo-
ples MB. Break crops and rotations for wheat. Crop and Pasture
Science. 2015; 66: 523–552.

[65] Chilosi G, Aleandri M, Bruni N, Tomassini A, Torresi V, Mu-
ganu M, et al. Assessment of suitability and suppressiveness of
on-farm green compost as a substitute of peat in the production
of lavender plants. Biocontrol Science and Technology. 2017;
2017: 1–17.

[66] Bonanomi G, Antignani V, Capodilupo M, Scala F. Identifying
the characteristics of organic soil amendments that suppress soil-
borne plant diseases. Soil Biology and Biochemistry. 2010; 42:
136–144.

[67] Avilés M, Borrero C, Trillas M. Review on compost as an in-
ducer of disease suppression in plants grown in soilless culture.
Dynamic Soil, Dynamic Plant. 2011; 5: 1–11.

[68] Felestrino É, Vieira I, CaneschiW, Cordeiro I, Assis R, Lemes C,
et al. Biotechnological potential of plant growth-promoting bac-
teria from the roots and rhizospheres of endemic plants in iron-
stone vegetation in southeastern Brazil. World Journal of Micro-
biology and Biotechnolog. 2018; 34: 156.

[69] Korenblum E, Dong Y, Szymanski J, Panda S, Jozwiak A, Mas-
salha H, et al. Rhizosphere microbiome mediates systemic root
metabolite exudation by root-to-root signaling. Proceedings of
the National Academy of Sciences of the United States of Amer-
ica. 2020; 117: 3874–3883.

[70] Ahkami A, White III R, Handakumbura P, Jansson C. Rhizo-
sphere engineering: Enhancing sustainable plant ecosystem pro-
ductivity. Rhizosphere. 2017; 3: 233–243.

[71] Lopes D, Pereira E Silva MC, Andreote F. Bacterial abilities and
adaptation toward the rhizosphere colonization. Frontiers in Mi-
crobiology. 2016; 7: 1341.

[72] Shah A, Nazari M, Antar M,Msimbira LA, Naamala J, Lyu D, et
al. PGPR in agriculture: a sustainable approach to increasing cli-
mate change resilience. Frontiers in Sustainable Food Systems.
2021;

[73] Bano S, WU X, Zhang X. Towards sustainable agriculture: rhi-
zosphere microbiome engineering. Applied Microbiology and
Biotechnology. 2021; 105: 7141–7160.

[74] LinD,McCulley R, Nelson J, JacobsenK, ZhangD. Time in pas-
ture rotation alters soil microbial community composition and
function and increases carbon sequestration potential in a tem-
perate agroecosystem. Science of the Total Environment. 2020;
698: 134233.

[75] Franzluebbers A. Integrated crop-livestock systems in the south-
eastern USA. Agronomy Journal. 2007; 99: 361–372.

[76] García-Préchac F, Ernst O, Siri-Prieto G, Terra J. Integrating no-

12

https://www.imrpress.com


till into croppasture rotations in Uruguay. Soil and Tillage Re-
search. 2004; 77: 1–13.

[77] Nath A, Lal R. Effects of tillage practices and land usemanage-
ment on soil aggregates and soil organic carbon in the north Ap-
palachian region, USA. Pedosphere. 2017; 27: 172–176.

[78] Hutchinson J, Campbell C, Desjardins R. Some perspectives on
carbon sequestration in agriculture. Agricultural and Forest Me-
teorology. 2007; 142: 288–302.

[79] Pascault N, Ranjard L, Kaisermann A, Bachar D, Christen R,
Terrat S, et al. Stimulation of different functional groups of bac-
teria by various plant residues as a driver of soil priming effect.
Ecosystems. 2013; 16: 810–822.

[80] Oberholster T, Vikram S, Cowan D, Valverde A. Key microbial
taxa in the rhizosphere of sorghum and sunflower grown in crop
rotation. Science of the Total Environment. 2018; 624: 530–539.

[81] Lopes A,Manaia C, Nunes O. Bacterial community variations in
an alfalfa-rice rotation system revealed by 16S rRNA gene 454-
pyrosequencing. FEMSMicrobiol Ecology. 2014; 87: 650–663.

[82] Benitez M, Osborne S, Lehman R. Previous crop and rotation
history effects on maize seedling health and associated rhizo-
sphere microbiome. Scientific Reports. 2017; 7: 15709.

[83] Gong X, Shi J, Zhou X, Yuan T, Gao D, Wu F. Crop rotation
with cress increases cucumber yields by regulating the compo-
sition of the rhizosphere soil microbial community. Frontiers in
Microbiology. 2021; 12: 631882.

[84] Cesarano G, De Filippis F, La Storia A, Scala F, Bonanomi G.
Organic amendment type and application frequency affect crop
yields, soil fertility and microbiome composition. Applied Soil
Ecology. 2017; 120: 254–264.

[85] Zhao Q, Dong C, Yang X, Mei X, Ran W, Shen Q, et al. Bio-
control of Fusarium wilt disease for Cucumis melo melon using
bio-organic fertilizer. Applied Soil Ecology. 2011; 47: 67–75.

[86] Melero S, Porras J, Herencia J, Madejon E. Chemical and bio-
chemical properties in a silty loam soil under conventional and
organic management. Soil and Tillage Research. 2006; 90: 162–
170.

[87] Bronick C, Lal R. Soil structure and management: a review.
Geoderma. 2005; 124: 3–22.

[88] Bulluck L, Brosius M, Evanylo G, Ristaino J. Organic and syn-
thetic fertility amendments influence soil microbial, physical
and chemical properties on organic and conventional farms. Ap-
plied Soil Ecology. 2002; 19: 147–160.

[89] Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren van Themaat
E, Schulze-Lefert P. Structure and functions of the bacterial mi-
crobiota of plants. Annual Review of Plant Biology. 2013; 64:
807–838.

[90] Mehta C, Palni U, Franke-Whittle I, Sharma A. Compost: Its
role, mechanism and impact on reducing soil-borne plant dis-
eases. Waste Management. 2014; 34: 607–622.

[91] Cheuk W, Lo K, Copeman R, Joliffe P, Fraser B. Disease sup-
pression on greenhouse tomatoes using plant waste compost.
Journal of Environmental Science and Health-Part B. 2005; 40:
449–461.

[92] Joshi D, Hooda K, Bhatt J, Mina B, Gupta H. Suppressive effects
of composts on soil-borne and foliar diseases of French bean in
the field in thewestern IndianHimalayas. Crop Protection. 2009;
28: 608–615.

[93] Mavrodi O, Walter N, Elateek S, Taylor C, Okubara PA. Sup-
pression of Rhizoctonia and Pythium root rot of wheat by new
strains of Pseudomonas. Biological Control. 2014; 62: 93–102.

[94] Blaya J, Marhuenda F, Pascual J, Ros M. Microbiota character-
ization of compost using omics approaches opens new perspec-
tives for Phytophthora root rot control. PLoS ONE. 2016; 11:
e0158048.

[95] De Corato U, Viola E, Arcieri G, Valerio V, Zimbardi F. Use
of composted agro-energy co-products and agricultural residues

against soil-borne pathogens in horticultural soil-less systems.
Scientia Horticulturae. 2016; 210: 166–179.

[96] Scheuerell S, Sullivan D, Mahaffee W. Suppression of seedling
dampingoff caused by Pythium ultimum, P. irregulare, and Rhi-
zoctonia solani in container media amended with a diverse range
of Pacific Northwest compost sources. Phytopathology. 2005;
95: 306–315.

[97] Termorshuizen A, van Rijn E, van der Gaag D, Alabouvette C,
Chen Y, Lagerlof J. Suppressiveness of 18 composts against 7
pathosystems: variability in pathogen response. Soil Biology
and Biochemistry. 2006; 38: 2461–2477.

[98] De Corato U, Patruno L, Avella N, Lacolla G, Cucci G. Com-
posts from green sources show an increased suppressiveness to
soilborne plant pathogenic fungi: relationships between physic-
ochemical properties, disease suppression, and the microbiome.
Crop Protection. 2019; 124: 104870.

[99] Pugliese M, Liu B, Gullino M, Garibaldi A. Selection of antag-
onists from compost to control soil-borne pathogens. Journal of
Plant Disease and Protection. 2008; 115: 220–228.

[100] Pane C, Piccolo A, Spaccini R, Celano G, Villecco D, Zac-
cardelli M. Agricultural waste-based composts exhibiting sup-
pressivity to diseases caused by the phytopathogenic soil-borne
fungi Rhizoctonia solani and Sclerotinia minor. Applied Soil
Ecology. 2013; 65: 43–51.

[101] Kahl J, Alborzi F, Beck A, Bügel S, Busscher N, Geier U, et
al. Organic food processing: a framework for concept, starting
definitions and evaluation. Journal of the Science of Food and
Agriculture. 2014; 94: 2582–2594.

[102] Akhter A, Hage-Ahmed K, Soja G, Steinkellner S. Potential of
Fusarium wilt-inducing chlamydospores, in vitro behaviour in
root exudates and physiology of tomato in biochar and compost
amended soil. Plant and Soil. 2016; 406: 425–440.

[103] Elmer W, Pignatello J. Effect of biochar amendments on myc-
orrhizal associations and Fusarium crown and root rot of aspara-
gus in replant soils. Plant Disease. 2011; 95: 960–966.

[104] Meller Harel Y, Elad Y, Rav-David D, Borenstein M,
Shulchani R, Lew B, et al. Biochar mediates systemic response
of strawberry to foliar fungal pathogens. Plant and Soil. 2012;
357: 245–257.

[105] Mehari Z, Elad Y, Rav-David D, Graber E, Harel Y. Induced
systemic resistance in tomato (Solanum lycopersicum) against
Botrytis cinerea by biochar amendment involves jasmonic acid
signaling. Plant and Soil. 2015; 395: 31–44.

[106] Zwart D, Kim S. Biochar amendment increases resistance
to stemlesions caused by Phytophthora spp. in tree seedlings.
HortScience. 2012; 47: 1736–1740.

[107] Jaafar N, Clode P, Abbott L. Microscopy observations of hab-
itable space in biochar for colonisation by fungal hyphae from
soil. Journal of Integrative Agriculture. 2014; 13: 483–490.

[108] Gujre N, Soni A, Rangan L, Tsang D, Mitra S. Sustainable im-
provement of soil health utilizing biochar and arbuscular myc-
orrhizal fungi: A review. Environmental Pollution. 2021; 268:
115549.

[109] Awasthi M, Duan Y, Liu T, Awasthi S, Zhang Z. Relevance of
biochar to influence the bacterial succession during pig manure
composting. Bioresource Technology. 2020; 304: 122962.

[110] Jaunatre R, Buisson E, Dutoit T. Topsoil removal improves var-
ious restoration treatments of a Mediterranean steppe (La Crau,
southeast France). Applied Vegetation Science. 2014; 17: 236–
245.

[111] Allison M, Ausden M. Successful use of topsoil removal and
soil amelioration to create heathland vegetation. Biological Con-
servation. 2004; 120: 221–228.

[112] Wubs J, van der Putten W, Bosch M, Bezemer T. Soil inocu-
lation steers restoration of terrestrial ecosystems. Nature Plants.
2016; 2: 16107.

13

https://www.imrpress.com


[113] Fu L, Penton C, RuanY, Shen Z, Xue C, Li R, et al. Inducing the
rhizosphere microbiome by biofertilizer application to suppress
banana Fusarium wilt disease. Soil Biology and Biochemistry.
2017; 104: 39–48.

[114] Chng S, Cromey M, Dodd S, Stewart A, Butler R, Jaspers M.
Take-all decline in NewZealandwheat soils and themicroorgan-
isms associated with the potential mechanisms of disease sup-
pression. Plant and Soil. 2015; 397: 239–259.

[115] Berini F, Presti I, Beltrametti F, PedroliM, VårumK, Pollegioni
L, et al. Production and characterization of a novel antifungal
chitinase identified by functional screening of a suppressive-soil
metagenome. Microbial Cell Factories. 2017; 16: 16.

[116] Mendes L, Tsai S, Navarrete A, de Hollander M, van Veen J,
Kuramae EE. Soil-borne microbiome: linking diversity to func-
tion. Microbial Ecology. 2015; 70: 255–265.

[117] Rahman M, Flory E, Koyro H, Abideen Z, Schikora A, Suarez
C, et al. Consistent associations with beneficial bacteria in the
seed endosphere of barley (Hordeum vulgareL.). Systematic and
Applied Microbiology. 2018; 41: 386–398.

[118] Yergeau E, Bell T, Champagne J, Maynard C, Tardif S, Trem-
blay J, et al. Transplanting soil microbiomes leads to lasting ef-
fects on willow growth, but not on the rhizosphere microbiome.
Frontiers in Microbiology. 2015; 6: 1436.

[119] Tkacz A, Poole P. Role of root microbiota in plant productivity.
Journal of Experimental Botany. 2015; 66: 2167–2175.

[120] Dhananjayan V, Jayanthi P, Jayakumar S, Ravichandran B.
Agrochemicals impact on ecosystem and bio-monitoring (pp.
349–388). Springer: Singapore. 2020.

[121] Choudri B, Charabi Y, Al-Nasiri N, Al-Awadhi T. Pesticides
and herbicides. Water Environment Research. 2020; 92: 1425-
1432.

[122] Glass A. Nitrogen use efficiency of crop plants: physiological
constraints upon nitrogen absorption. Critical Reviews in Plant
Sciences. 2003; 22: 453–470.

[123] Conley D. Ecology: save the Baltic Sea. Nature. 2012; 486:
463–464.

[124] Hafeez F, Yasmin S, Ariani D, Rahman M, Zafar Y, Malik K.
Plant growth-promoting bacteria as biofertilizer. Agronomy for
Sustainable Development. 2006; 26: 143–150.

[125] Bhardwaj D, Ansari M, Sahoo R, Tuteja N. Biofertilizers func-
tion as key player in sustainable agriculture by improving soil
fertility, plant tolerance and crop productivity. Microbial Cell
Factories. 2014; 13: 66.

[126] Santhanam R, Luu V, Weinhold A, Goldberg J, Oh Y, Baldwin
I. Native root-associated bacteria rescue a plant from a sudden-
wilt disease that emerged during continuous cropping. Proceed-
ings of the National Academy of Sciences of the United States
of America. 2015; 112: E5013–5020.

[127] TraxlerM, SeyedsayamdostM, Clardy J, Kolter R. Interspecies
modulation of bacterial development through iron competition
and siderophore piracy. Molecular Microbiology. 2012; 86:
628–644.

[128] Bal H, Das S, Dangar T, Adhya T. ACC deaminase and IAA
producing growth promoting bacteria from the rhizosphere soil
of tropical rice plants. Journal of Basic Microbiology. 2013; 53:
972–984.

[129] Masalha J, KosegartenH, Elmaci Ö,Mengel K. The central role
of microbial activity for iron acquisition in maize and sunflower.
. Biology and Fertility of Soils. 2000; 30: 433–439.

[130] Hirsch P, Mauchline TH. Who’s who in the plant root micro-
biome? Nature Biotechnology. 2012; 30: 961-962.

[131] Massart S, Martinez-Medina M, Jijakli MH. Biological control
in the microbiome era: Challenges and opportunities. Biological
Control. 2015; 89: 98–108.

[132] Schlaeppi K, Bulgarelli D. The plant microbiome at work.
Molecular Plant-Microbe Interactions. 2015; 28: 212–217.

[133] van der Heijden M, Hartmann H. Networking in the plant mi-
crobiome. PLoS Biology. 2016; 14: e1002378.

[134] Franco C, Araujo R, Adetutu E, Tobe S, Paul B, Mallya S,
et al. Complete genome sequences of the endophytes Strepto-
myces strains EN16, EN23 and EN27 isolated fromwheat plants.
Genome Announcements. 2016; 4: e01342–01316.

[135] Xiong W, Li R, Ren Y, Liu C, Zhao Q, Wu H, et al. Distinct
roles for soil fungal and bacterial communities associated with
the suppression of vanilla Fusarium wilt disease. Soil Biology
and Biochemistry. 2017; 107: 198–207.

[136] Liu D, Sun H, Ma H. Deciphering microbiome related to rusty
roots of Panax ginseng and evaluation of antagonists against
pathogenic Ilyonectria. Frontiers in Microbiology. 2019; 10:
1350.

[137] Abbasi S, Spor A, Sadeghi A, Safaie N. Streptomyces strains
modulate dynamics of soil bacterial communities and their ef-
ficacy in disease suppression caused by Phytophthora capsici.
Scientific Reports. 2021; 11: 9317.

[138] Sessitsch A, Pfaffenbichler N, Mitter B. Microbiome applica-
tions from lab to field: facing complexity. Trends in Plant Sci-
ence. 2019; 24: 194–198.

[139] Berg G, Raaijmakers J. Saving seed microbiomes. ISME Jour-
nal. 2018; 12: 1167–1170.

[140] Preininger C, Sauer U, Bejarano A, Berninger T. Concepts and
applications of foliar spray for microbial inoculants. Applied
Microbiology and Biotechnology. 2018; 102: 7265–7282.

[141] Banerjee S, Kirkby C, Schmutter D, Bissett A, Kirkegaard
J, Richardson AE. Network analysis reveals functional redun-
dancy and keystone taxa amongst bacterial and fungal commu-
nities during organic matter decomposition in an arable soil. Soil
Biology and Biochemistry. 2016; 97: 188–198.

[142] Pérez-Montaño F, Alías-Villegas C, Bellogín RA, del Cerro P,
Espuny MR, Jiménez-Guerrero I, et al. Plant growth promotion
in cereal and leguminous agricultural important plants: frommi-
croorganism capacities to crop production. Microbiol Research.
2014; 169: 325–336.

[143] Turan M, Kitir N, Alkaya Ü, Günes A, Tüfenkçi S, Yildirim E,
et al. Making soil more accessible to plants: the case of plant
growth promoting rhizobacteria. IntechOpen. 2016; 5: 61–69.

[144] Vessey JK. Plant growth promoting rhizobacteria as biofertil-
izers. Plant and Soil. 2003; 255: 571–586.

[145] Adesemoye AO, Torbert HA, Kloepper JW. Plant growth-
promoting rhizobacteria allow reduced application rates of
chemical fertilizers. Microbial Ecology. 2009; 58: 921–929.

[146] Sood G, Kaushal R, Chauhan A, Gupta S. Effect of conjoint
application of indigenous PGPR and chemical fertilizers on pro-
ductivity of maize (Zea mays L.) under mid hills of Himachal
Pradesh. Journal of Plant Nutrition. 2018; 41: 297–303.

[147] Qin L, Tian P, Cui Q, Hu S, Jian W, Xie C, et al. Bacillus
circulans GN03 alters the microbiota, promotes cotton seedling
growth and disease resistance, and increases the expression of
phytohormone synthesis and disease resistance-related genes.
Frontiers in Plant Science. 2021; 12: 644597.

[148] Liu H, Li J, Carvalhais LC, Percy CD, PrakashVerma J, Schenk
PM, et al. Evidence for the plant recruitment of beneficial mi-
crobes to suppress soil-borne pathogens. New Phytologist. 2021;
229: 2873–2885.

[149] Wang H, Liu R, You MP, Barbetti MJ, Chen Y. Pathogen bio-
control using plant growth-promoting bacteria (PGPR): role of
bacterial diversity. Microorganisms. 2021; 9: 1988.

[150] Noman M, Ahmed T, Ijaz U, Shahid M, Azizullah, Li D, et al.
Plant-microbiome crosstalk: dawning from composition and as-
sembly of microbial community to improvement of disease re-
silience in plants. International Journal of Molecular Sciences.
2021; 22: 6852.

[151] Bibi F, Ilyas N, Arshad M, Khalid A, Saeed M, Ansar S,

14

https://www.imrpress.com


et al. Formulation and efficacy testing of bio-organic fertil-
izer produced through solid-state fermentation of agro-waste by
Burkholderia cenocepacia. Chemosphere. 2022; 291: 132762.

[152] Davide Spadaro MLG. Improving the efficacy of biocontrol
agents against soilborne pathogens. Crop Protection. 2005; 24:
601–613.

[153] Posada L, Álvarez J, Romero-Tabarez M, de-Bashan L,
Villegas-Escobar V. Enhanced molecular visualization of root
colonization and growth promotion by Bacillus subtilis EA-
CB0575 in different growth systems. Microbiology Research.
2018; 217: 69–80.

[154] Li H, Cai X, Gong J, Xu T, Ding G, Li J. Long-term organic
farming manipulated rhizospheric microbiome and Bacillus an-
tagonism against pepper blight (Phytophthora capsici). Fron-
tiers in Microbiology. 2019; 10: 342.

[155] Yin C, CasaVargas JM, Schlatter DC, Hagerty CH,Hulbert SH,
Paulitz TC. Rhizosphere community selection reveals bacteria
associated with reduced root disease. Microbiome. 2021; 9: 86.

[156] Bokati D, Herrera J, Poudel R. Soil influences colonization
of root-associated fungal endophyte communities of maize,
wheat, and their progenitors. Journal of Mycology. 2016; 2016:
8062073.

[157] Wemheuer F, Kaiser K, Karlovsky P, Daniel R, Vidal S,
Wemheuer B. Bacterial endophyte communities of three agri-
cultural important grass species differ in their response towards
management regimes. Scientific Reports. 2017; 7: 40914.

[158] Yang C, Hamel C, Gan Y, Vujanovic V. Bacterial endophytes
mediate positive feedback effects of early legume termination
times on the yield of subsequent durum wheat crops. Canadian
Journal of Microbiology. 2012; 58: 1368–1377.

[159] Cuppels D, Higham J, Traquair J. Efficacy of selected strep-
tomycetes and a streptomycete + pseudomonad combination in
themanagement of selected bacterial and fungal diseases of field
tomatoes. Biological Control. 2013; 67: 361–372.

[160] Franco C, Michelsen P, Percy N, Conn V, Listiana E, Moll S, et
al. Actinobacterial endophytes for improved crop performance.

Australasian Plant Pathology. 2007; 36: 524–531.
[161] Shi Y, Li Y, Xiang X, Sun R, Yang T, He D, et al. Spatial scale

affects the relative role of stochasticity versus determinism in
soil bacterial communities inwheat fields across theNorth China
Plain. Microbiome. 2018; 6: 27.

[162] Lobell DB. Remote sensing of soil degradation: introduction.
Journal of Environmental Quality. 2009; 39: 1–4.

[163] Murray G, Brennan JP. Estimating disease losses to the Aus-
tralian wheat industry. Australasian Plant Pathology. 2009; 38:
558–570.

[164] Sánchez-Cañizares C, Jorrín B, Poole P, Tkacz A. Understand-
ing the holobiont: the interdependence of plants and their micro-
biome. Current Opinion in Microbiology. 2017; 38: 188–196.

[165] Conn V, Franco CM. Effect of microbial inoculants on
the indigenous actinobacterial endophyte population in the
roots of wheat as determined by terminal restriction fragment
length polymorphism. Applied and Environmental Microbiol-
ogy. 2004; 70: 6407–6413.

[166] Farrar K, Bryant D, Cope-Selby N. Understanding and engi-
neering beneficial plant-microbe interactions: plant growth pro-
motion in energy crops. Plant Biotechnology Journal. 2014; 12:
1193–1206.

[167] Li Y, An J, Dang Z, Lv H, Pan W, Gao Z. Treating wheat seeds
with neonicotinoid insecticides does not harm the rhizosphere
microbial community. PLoS ONE. 2018; 13: e0205200.

[168] Thompson J, Johansen R, Dunbar J, Munsky B.Machine learn-
ing to predict microbial community functions: an analysis of
dissolved organic carbon from litter decomposition. PLoS ONE.
2019; 14: e0215502.

[169] Mitter B, Brader G, Pfaffenbichler N, Sessitsch A. Next gener-
ation microbiome applications for crop production—limitations
and the need of knowledge-based solutions. Current Opinion in
Microbiology. 2019; 49: 59–65.

[170] Poudel R, Jumpponen A, Schlatter D, Paulitz T, McSpadden
Gardener B, Kinkel L, et al. Microbiome networks: a systems
framework for identifying candidate microbial assemblages for
disease management. Phytopathology. 2016; 106: 1083–1096.

15

https://www.imrpress.com

	1. Introduction
	2. Strategies for Soil Improvement and Its Consequences on Microbiota
	2.1 Rotation of Crops
	2.2 Application of Biofertilizers or Organic Amendments 
	2.3 Soil Transplantation

	3. Agrochemicals and Alternatives
	3.1 New Paradigms and Challenges
	3.2 Sustainable Agroecosystems and the Use of Inoculant Microorganisms
	3.3 Improving Soils Exposed to Disease 
	3.4 Additional Remarks on Cereal Cropping 

	4. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

