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ABSTRACT: The nature of the soil is shaped by the presence of roots and the soil
microbiota. Bacteria, archaea and fungi profoundly alter plant growth and, in turn,
depend on root exudation of carbon-rich and energy-yielding compounds. The microbial
communities act as facilitators of plant processes by secreting plant growth regulators,
solubilizing minerals, providing N for plant growth, altering plantimmune responses and
competing with plant pathogens. Characterizing and engineering the processes driven
by the multiple microbial taxa that make up a “plant growth-promoting soil” represents
an ecologically friendly solution that may lead to unprecedented increases in agronomic
efficiency. This review outlines the characteristics of soil-plant-microbiota interactions
that would lead to enhanced plant growth and the importance of characterizing the soil
microbial communities with metabarcoding and shotgun metagenomics allied to machine
learning analytics. Although much is still needed to be understood about soil microbial
ecology, it is possible to choose the best soil management practices to take advantage
of beneficial microbial activity with our current knowledge.
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INTRODUCTION

Attempts to increase crop yield by manipulating beneficial soil microorganisms can be
traced back for centuries, even before the existence of microbes be recognized (Vessey,
2003). It was the case of mixing different soils as means of “remedying defects and
adding heart to the soil”, as related by the Greek philosopher Theophrastus (372-287 BC)
(Tisdale and Nelson, 1975). One of the consequences of this practice was the introduction
of beneficial microorganisms to the soil, which was more evident when soil from previous
legume crop was mixed with the legume seeds or with soil in which non-legumes were
grown (Bashan, 1998).

The isolation and selection of efficient rhizobia gained the attention of researchers by the
end of the 19th century, when it was realized that root-nodule bacteria were responsible
for the process by which atmospheric nitrogen is assimilated by legume plants (Willems,
2006). Around the same time, it was acknowledged that soil contains a large and diverse
microscopic living population, which would be later defined as microbial biomass (Stockdale
and Brookes, 2006). Soil microbial biomass is an agent of transformation and cycling of
organic matter and plant nutrients in soils, acting both as a sink and a source of nutrients,
besides being involved in the formation and stabilization of aggregates, detoxification of
pollutants and being an early indicator of soil quality (Brookes et al., 1982; Angers et al.,
1993; Vargas and Scholles, 2000; Lisboa et al., 2012; Prudnikova et al., 2021). Therefore,
the importance of microbial biomass and activity for soil functioning has been recognized
for several decades and can be summarized by the famous definition “the eye of the
needle, through which all organic matter must pass as it is broken down to the simple
inorganic components that plants can use again” (Jenkinson, 1977).

Considering that microbial biomass includes beneficial and deleterious microorganisms,
a specific group has become the object of increasing interest by researchers in the
last decades. By the end of the 1970s, Kloepper and coworkers coined the term plant
growth-promoting rhizobacteria (PGPR) to describe rhizosphere isolated pseudomonads
that, following seed inoculation, rapidly colonized plants roots and increased crop yield
(Kloepper and Schroth, 1978; Kloepper et al., 1980). After this pioneering study, the
concept was adopted and developed by several researchers, so that the number of
publications associated with PGPR has been growing exponentially since the 1990s
(Figure 1) (Finkel et al., 2017). More recently, the concept of PGPR was extended to any
bacteria (PGPB) or any microorganism (PGPM) exhibiting plant growth-promoting (PGP)
traits - such as nitrogen fixation, phosphate and potassium solubilization, production
of siderophores, indolic compounds, and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase or that lessen or prevent the deleterious effects of one phytopathogenic
organism - and that is proved to be effective in enhancing plant biomass production
(Figure 2) (Beneduzi et al., 2012; Ma, 2019).

In this review, we propose extending this concept to the whole soil microbiota, rather
than restraining it to individual microbial strains or a few microbial genera. In this context,
we discuss how soil microbiota may affect plant growth and strategies to shape the
composition of the soil microbiome to perform the role of a “plant growth-promoting
soil” (PGPS).

Biological control of plant pathogens

Biological control is an indirect mechanism of plant growth promotion since it involves
the release of bioactive molecules by PGPM, which minimize or cease the harmful effects
of phytopathogens, instead of directly improving plant growth (Datta and Chakrabartty,
2014; Vargas et al., 2017; Volpiano et al., 2018). At the same time, every soil has some
level of resistance against plant diseases (Anees et al., 2010). This ability of a soil to avoid
the onset of a disease in a susceptible plant host, even in the presence of a significant
inoculum density of the pathogen, is called soil suppressiveness (Klein et al., 2011). The
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Figure 1. Number of publications regarding plant growth-promoting microbes per year since
1980. The data was collected on Scopus database using the terms “plant growth-promoting
rhizobacteria” or “plant growth-promoting bacteria” or “plant growth-promoting microbes” on
title, abstract and keywords.

opposite is called soil conduciveness, so that soil suppressiveness varies from soil to
soil, in a range from highly conducive to strongly suppressive soils (Anees et al., 2010).

Although abiotic factors, such as soil physicochemical properties, may contribute to the
suppression of a given phytopathogen, suppressiveness is essentially a phenomenon
mediated by soil microorganisms, since sterilization processes turn suppressive soils
into conducive soils (Garbeva et al., 2004; Lisboa et al., 2015; Campos et al., 2016).
Different studies compared microbial communities of suppressive and conductive soils
and identified that a high abundance of different bacterial and fungal groups could be
related to suppressive ones (Table 1).

Soil suppression is attributable to several mechanisms, including induction of plant systemic
resistance and direct inhibition of pathogens by the overall or specific microbial activity
of a soil and can be classified as general or specific suppression (Weller et al., 2002).
General suppression is the widespread but limited ability of soils to suppress growth or
activity of soil-borne pathogens. It is associated with the total microbial biomass and
activity in the soil. In contrast, specific suppression is related to the effects of individual
or select groups of microorganisms during some stage in the life cycle of a pathogen.
Suppressive soils result from a combination of both general and specific suppression
and can be altered by soil management.

A large number of publications have shown that microbial biomass and activity are
strongly influenced by soil management. Typically, soil tilage methods and culture
systems that increase soil organic matter will also increase microbial biomass and
activity and, consequently, general suppression. Campos et al. (2016) observed that
soil organic matter content was positively correlated with the percentage of suppression
against Fusarium graminearum. Likewise, microbial biomass and microbial respiratory
activity were strongly correlated with soil suppressiveness and were higher in no-tillage
and the cropping system with higher plant residue input. High input cropping systems
and no-tillage are also expected to have higher water retention capacity and lower
temperatures in the soil (Blanco-Canqui and Ruis, 2018; Dai et al., 2021a). Ddring et al.
(2020) found out that combined heat and drought stress reduced soil suppressiveness
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Figure 2. Examples of soil microbiota behavior capable of promoting plant growth. On suppressive
plant growth-promoting soil (PGPS), the beneficial microorganisms can release antibiotics, volatile
compounds, and lytic enzymes causing damage to phytopathogens cells, besides eliciting plant
induced systemic resistance and competing with space and nutrients. The microbiota living on
PGPS soils and plant rhizosphere may stimulate germination, development of the root architecture
and plant biomass resulting in better yield parameters through the production of plant growth
regulators. Weathering PGPM from the PGPS soils microbiota can increase the nutrient availability
to plants by promoting the dissolution of minerals. These microorganisms could act using redox
reactions and producing compounds such as organic and inorganic acids. Biological nitrogen
fixation by legumes and associative, endosymbiotic and endophytic nitrogen fixation in
non-legumes play major roles in reducing the use of synthetic nitrogen fertilizer in agriculture.
Image created with BioRender.com.
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Table 1. Main microbial OTUs identified in high throughput sequencing studies positively related to suppressiveness of different

pathogens

Crop characteristics Phathogen OTUs positively related to supressiveness Reference

30-years of conventional Fusarium Bacteria: Chitinophagaceae,

tillage (C) and no-tillage ) Acidobacteriaceae, Microbacterium, and Campos et al. (2016)
graminearum

(S) management

3-year (C) and 15-year (S)
monoculture of strawberry

Fusarium oxysporum
S4-7

Fallow field for several (S)

and few (C) years Fusarium wilt

(S and C) Vanilla long-term
continuous cropping with
similar soil characteristics.

Fusarium wilt

(S) tillage and no-tillage
soybean; (C) formaldehyde
treated soil

Heterodera glycines

Burkholderiaceae

Bacteria: Actinobacteria, Proteobacteria,
Acidobacteria, Nitrospirae and
Gemmatimonadetes.

Fungy: Acremonium, Chaetomium,
Cladosporium, Clonostachys, Fusarium,
Ceratobasidium, Mortierella, Penicillium,
Scytalidium, and Verticillium

Bacteria: Adhaeribacter, Massilia, Microvirga,
Rhizobium, Geobacter, Rhizobacter,
Arthrobacter, Amycolatopsis, Rubrobacter,
Paenibacillus, and Stenotrophomonas

Fungy: Zygomycota and Basidiomycota
Bacteria: Acidobacteria, Verrucomicrobia,
Actinobacteria and Firmicutes

Fungy: Helotiales, unclassified Orbiliomycetes,
Chaetothyriales, and unclassified Ascomycota
Bacteria: Pseudomonadales and
Enterobacteriales

Cha et al. (2016)

Siegel-Hertz et al. (2018)

Xiong et al. (2017)

Hu et al. (2017)

Bacteria: Acidobacteria, BRC1, Crenarchaeota,
Euryarchaeota, Ignavibacteriae, Latescibacteria,
Pacearchaeota, Synergistetes, and
Woesearchaeota

(S and C) Tobacco field Ralstonia spp. Yang et al. (2017)

Bacteria: Actinobacteria, Firmicutes and
Acidobacteria

(S and C) Crop producing

Trivedi et al. (2017)
agroecosystems

Fusarium oxysporum

Bacteria: Chthonomonas, putative genera

(S and C) Banana orchards Fusarium wilt named Gp4 and Gp5, Pseudomonas, and Shen et al. (2015)

Tumebacillus
, Ralstonia Fungy: Ascomycota
(5 and C) Tobacco field solanacearum Bacteria: Firmicutes Zeng etal. (2021)

(S) suppressive soil sample; (C) conductive soil sample.

against Pythium pathogen species. On the other hand, the authors also found that the
recovery of suppressiveness over a given time was negatively related to stress tolerance.
In this context, we could assume that soils under high input cropping systems and
no-tillage could be more resistant to heat and drought and keep their suppressiveness for
a longer time. But, once affected, they would take a longer time to regain functionality.

Specific suppression is the antagonistic activity of certain microorganisms against a
pathogen within the soil. It results from definite mechanisms, such as the production of
siderophores, antibiotics, volatile compounds and lytic enzymes. It is also referred to as
transferable suppression, since it can be acquired by inoculation with natural suppressive
soil, suppressive compost, or inoculant products (Simon and Sivasithamparam, 1989;
Pane et al., 2013; Fu et al., 2017).

In addition to inoculation, specific suppression can be stimulated by soil management.
Lisboa et al. (2015) reported that no-tillage soil samples exhibited higher F. graminearum
fungistasis compared with conventional tillage. The different cropping systems also
showed significant differences in soil fungistasis, being higher in the cropping systems with
legumes. The authors considered that antibiosis and production of siderophores were the
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main mechanisms accounting for the reduction of the pathogen development. Likewise,
Campos et al. (2016) observed that soil suppressiveness, as well as the activity of the
chitin degrading enzyme B-glucosaminidase, were significantly higher in no-tillage and
oat+vetch / corn+cowpea rotation. When evaluating the soil bacterial microbiome, the
authors found specific groups associated with soil suppressiveness, microbial biomass,
microbial respiratory activity and B-glucosaminidase activity. Those groups included
Chitinophagaceae, Acidobacteriaceae, Microbacterium and Burkholderiaceae, while
Steroidobacter, Kouleothrixaceae, Oxalobacteraceae and Gemmatimonadetes were
associated with conducive soils from conventional tillage.

Fertilization can also affect soil suppressiveness, either increasing or decreasing disease
severity. Excessive fertilizer applications can increase plant susceptibility to diseases.
For instance, Crozier et al. (2000) noted that N excess resulted in more Rhizoctonia
stem canker incidence in potato plants. On the other hand, Bongiorno et al. (2019)
assessed soil suppressiveness in 101 soil samples from 10 long-term field experiments
and observed that, at some sites, organic farming and mineral fertilization increased soil
suppressiveness. When the positive impact of the mineral fertilization occurred, it was
linked to its enhancing effect on plant biomass, which also increases root biomass and,
in turn, can have a stimulatory effect on microbial activity. Chen et al. (2020) described
that, upon organic fertilization, the rhizosphere bacterial community strongly suppressed
mycelial growth and spore germination of Fusarium spp., with a significantly higher
peanut yield. On the contrary, the potential fungal pathogens dominated the fungal
microbiome in the rhizosphere upon chemical fertilization. The authors concluded that
long-term organic fertilization could be used to build up a microbial community that can
suppress the invasion of fungal pathogens.

In summary, suppressiveness characteristics of PGPSs appear to be more related to
coordinated activities of multiple microbial groups rather than individual PGPMs. The
use of crop rotation, conservation tillage and management practices focused on the
soil microbiota will allow engineering the soil living components, preventing the onset
of plant diseases.

Production of plant growth regulators

Plant growth regulators are organic molecules analogous to plant hormones, which,
at low concentrations, cause a physiological response and influence plant development
(Vargas et al., 2017). Such compounds can be grouped into six different categories:
(i) auxins, (ii) cytokinins, (iii) gibberellins, (iv) ethylene (v), a group called inhibitors,
which includes abscisic acid, phenolics, and alkaloids (Ferguson and Lessenger, 2006),
and (vi) brassinosteroids (Bajguz and Tretyn, 2003). Among them, the production of
auxins is considered the most common feature, as more than 80 % of the soil bacteria
can produce auxins, especially indoleacetic acid (IAA), besides indolebutyric acid or other
similar compounds derived from tryptophan metabolism (Solano et al., 2008; Brigido and
Glick, 2015; Gang et al., 2019). Auxins are plant growth hormone that stimulates cell
division and elongation. As a result, plants inoculated with IAA-producing PGPM exhibit
an enhanced proliferation of lateral roots and root hairs (Yousef, 2018), leading to a more
extensive root architecture development (Dazzo and Yanni, 2006). Other studies reported
the increase in seed germination parameters (Schlindwein et al., 2008; Granada et al.,
2014; de Souza et al., 2016; Sdo José et al., 2019), plant biomass (Chen et al., 2017,
Daraz et al., 2021), and yield parameters (Gadagi et al., 2004) as a result of microbial
IAA production.

Another widely studied PGPM trait is the production of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase, a microbial enzyme that reduces ethylene levels in plant root tissue
(Vargas et al., 2017). According to Glick et al. (1998), the enzyme acts in the rhizosphere
and degrades ACC, exuded by plant roots, to ammonia and a-ketobutyrate. As a result,
the level of ACC outside the plant decreases, forming a gradient from the plant interior
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to its exterior. To maintain the equilibrium between internal and external ACC levels,
the plant must exude increasing amounts of ACC. Consequently, the level of ACC within
the plant is reduced and the inhibitory action of ethylene is decreased. Thus, plants
influenced by ACC deaminase-producing PGPM are expected to have longer roots and
shoots (Glick et al., 2007).

An increasing number of studies show the beneficial effects of inoculating IAA and
ACC deaminase-producing PGPM strains on different agronomically important crops.
For example, bacteria from the genera Achromobacter, Arthrobacter, Azospirillum,
Bacillus, Burkholderia, Herbaspirillum, Paenibacillus and Pseudacidovorax, and fungi
from the genera Pisolithus and Trichoderma, among others, are reported to increase
plant growth of eucalypt, corn, melon, rice and sunflower due to IAA and ACC deaminase
production (Ditengou and Lapeyrie, 2000; Martinez-Medina et al., 2011; Arruda et al., 2013;
Souza et al., 2013; Ambrosini et al., 2015; Zerrouk et al., 2019; de Souza et al., 2021).

Only a few studies have investigated the impact of soil management on IAA levels and
ACC deaminase activity in bulk and rhizosphere soils. Smaill at al. (2010) studied the long-
term effects of N fertilization and chemical weed control on IAA and ACC deaminase in
a Pinus radiata plantation. Chemical weed control and fertilization treatments increased
IAA concentrations and ACC deaminase activity in bulk soil. Growth of P. radiata was
positively correlated with IAA concentrations, while ACC deaminase activity positively
correlated with P. radiata growth only in the absence of N fertilization. Changes in soil
IAA levels due to chemical weed control depend on the herbicide active ingredient.
Atrazine, for instance, may strongly inhibit IAA production both in soil and in rhizosphere,
an inhibition that is more evident in the presence of mineral fertilizers (Rossi et al.,
1984). Similar effect was produced by the herbicide glyphosate and the fungicide kitazin,
as demonstrated by Shahid and Khan (2020). Both pesticides were inhibitory to I1AA
synthesizing ability and protein synthesis by beneficial soil bacteria, such as Pseudomonas
fluorescens, Burkholderia cepacia, Azotobacter vinelandii, Rhizobium legquminosarum
and Bradyrhizobium japonicum.

The influence of cropping systems on soil ACC deaminase activity was described by
Saad et al. (2018). The authors studied the effect of the nickel-hyperaccumulator Alyssum
murale in monoculture or intercropped with a legume (Vicia sativa) on the bacterial
diversity and physico-chemical properties of an ultramafic soil. The activity of ACC
deaminase showed the highest value in the intercropping system, while A. murale alone
with mineral fertilization showed low activity and was the nearest to the value of the
bare soil. The authors inferred that intercropping or rotation treatments increased ACC
deaminase activity probably due to the presence of a mixed plant cover that could favor
the development of a bacterial community possessing this function.

Amendment with organic materials may stimulate IAA production in the soil. Zhang et al.
(2009) evaluated the application of biosolids from a wastewater treatment plant and noted
anincreased IAA content in soil amended with biosolids, as compared with the unamended
control. This increase could be partly explained by the biosolid direct contribution, as it
contained IAA. However, as the net increase of IAA was much higher, more than twice
the biosolid IAA content, it was concluded that the major contribution of the biosolid was
enhancing the IAA microbial production and/or root exudation. In addition, the increase
of IAA in soil was accompanied by a greater leaf concentration of this hormone in tall
fescue (Lolium arundinaceum).

Soil physicochemical properties are thought to have less influence on auxin production
than the soil microbiome functional profile (Sarwar et al., 1992). Lu et al. (2021) identified
54 OTUs positively correlated with IAA concentration. The authors also verified that
IAA concentrations were more significant in bulk soil than in the rhizosphere and that
microbiome modification can also change soil phytohormone concentration. The authors
point out that, while the microbial capacity to produce phytohormones can be stimulated,

Rev Bras Cienc Solo 2022;46:€0210098 7



Volpiano et al. Soil-plant-microbiota interactions to enhance plant growth

’r-
‘
Y\

the microbial degradation of these phytohormones in the rhizosphere can also be increased,
weakening or even eliminating the expected beneficial effects. Taking this into account,
management practices intending to manipulate phytohormone levels should consider
how to regulate not only their production, but also their degradation.

Solubilization of phosphorus, potassium and micronutrients

Several studies have described the role of soil microorganisms in releasing nutrients
from minerals and rocks (Granada et al., 2018). The solubilization of P is the best
characterized one (Ribeiro et al., 2020), although K solubilization has recently gained
more interest (Verma et al., 2017). Other nutrients, namely Ca, Mg, Fe, Mn and Zn, are
also released by bacterial and fungal activity (Altomare et al., 1999; Granada et al.,
2013; Ribeiro et al., 2020). Microbial activity leads to the solubilization of nutrients by
redox reactions, acidification of the environment, chelation of cations and competition
with phosphate for adsorption sites in the soil (Altomare et al., 1999; Yadav and Verma,
2012). All these mechanisms depend on organic matter metabolism (Lovley and Chapelle,
1995; Schmitt et al., 2018).

Soil acidification alters ion solubility, which disrupts ion concentration equilibrium in
the mineral-solution interface by directing the balance in favor of mineral dissolution
(Ribeiro et al., 2020). It can be either the result of proton extrusion associated with
ammonium assimilation, or of organic acids production, which is considered the main
mechanism of P solubilization (Yadav and Verma, 2012). Due to this reason, solubilization
of mineral P is thought to be more efficient in alkaline soils, in which Ca-P complexes
are present, than in naturally acid soils in which phosphates are complexed with Fe
and Al ions (Solano et al., 2008; Yadav and Verma, 2012). In acid soils, low-molecular
weight organic acids, produced as byproducts of the metabolism of carbon, increase P
availability for plants, not by acidification, but by inhibiting P adsorption in reactive sites
of the soil (Schmitt et al., 2018). Andrade et al. (2003) showed the capacity of organic
acids in reducing P adsorption and precipitation due to the blockage of P sorption sites.

Microbial solubilization of nutrients can be altered by soil management. As rule, soil
rich in organic matter will favor microbial growth and, as a consequence, microbial
nutrient solubilization (Alori et al., 2017). Azziz et al. (2012) found a smaller abundance
of phosphate solubilizing bacteria (PSB) in no-tillage continuous cropping than in a
permanent pasture and in a previous agricultural field, which was restored to natural
grassland. Fast-growing heterotrophic bacteria populations were also higher in permanent
pasture. Similarly, Khanghahi et al. (2021) isolated and identified bacterial strains from
wheat (Triticum aestivum L.) fields in soils under conventional tillage and no-tillage. The
authors showed that most of the beneficial bacterial isolates belonged to the no-tillage
soil, including several isolates with the remarkable capability to solubilize insoluble
inorganic P, K and Zn.

Besides confirming the influence of tillage, Bolo et al. (2021) showed how fertilization
and plant residue management could impact P solubilization. Reduced tillage increased
the abundance of P solubilizers in relation to conventional tillage. Furthermore, residue
addition, as well as corn-soybean intercropping, increased the abundance of P solubilizers.
Conversely, inorganic fertilizers reduced the abundance and liming reduced the richness
of P solubilizing microbial species.

The application of ground silicate rocks can be an alternative to mineral fertilizers,
mainly by supplying P, K, Ca, Mg and micronutrients to the plants (Martins et al., 2015).
Silva et al. (2017) evaluated the effects of long-term rock phosphate fertilization on
corn rhizosphere microbiome composition. Compared to triple superphosphate-treated
soil, soil amended with Araxa apatite showed higher enrichment in several bacterial
and fungal taxa previously described as crucial for P solubilization and acquisition. The
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results suggest changes in the microbial community composition associated with the
type of phosphate fertilization.

A higher population of nutrient solubilizing microorganisms does not necessarily mean
higher solubilization rates. Pastore et al. (2020a) evaluated the P solubilization in soils
derived from different parent materials. Despite the abundance of PSB was higher in the
P-poor soils, gross P solubilization rates were much higher in the P-rich parent material
soil. The solubilization rates in the rich site, which were originated from basalt, were
also followed by significantly higher amounts of organic acids. Additionally, Pastore et al.
(2020b) demonstrated that phosphate release from hydroxyapatite was higher than
from goethite. So, soil nutrient deficiency can select microorganisms with a high ability
to solubilize inorganic nutrients (Alori et al., 2017). Still, weathering rate seems to be
mostly dependent on nutrient levels in parent material (Pastore et al., 2020a) or in rock
amendments (Pastore et al., 2020b), besides the specific surface area of the saprolite
(Brucker et al., 2020). Moreover, microbial weathering of minerals is strongly limited by
C availability (Brucker et al., 2020; Pastore et al., 2020b). Brucker et al. (2020) concluded
that the solubilization of P from apatite was not affected by P availability, indicating
that this process is not or not exclusively controlled by the microbial need for P, but it
is limited by the availability of easily decomposable C.

Several reports have proven the effectiveness of soil microorganisms in releasing nutrients
from minerals and rocks. Developing effective microbial inoculants for solubilization
of nutrients and better management of soil microbial communities may help us move
towards more sustainable fertilization practices and build up PGPSs.

Non-symbiotic nitrogen fixation

According to the original definition, rhizobacteria are free-living bacteria that colonize the
root zone (Deka et al., 2015), and, thus, symbiotic nitrogen-fixing bacteria are usually not
considered PGPR due to the highly specific nature of their interaction (Dobbelaere et al.,
2003). Although less efficient, non-symbiotic nitrogen-fixing PGPR, with different degrees
of association with plants, are of significant importance in agriculture. Fixation rates
by non-symbiotic bacteria are highly variable, ranging from near zero to 60 kg ha™ yr*
of N in natural ecosystems (Cleveland et al., 1999). In agricultural soils, fixation rates,
as well as the abundance, diversity, and composition of the non-symbiotic diazotrophic
community, are highly sensitive to various soil physicochemical properties (Dai et al.,
2021b) and, consequently, to soil management.

Nitrogen fixation is a highly energy-demanding process, so increasing C availability
is generally thought to stimulate it. Nevertheless, little or no effect was observed
in other studies. Li et al. (2021) evaluated the impact of tillage systems on wheat
rhizosphere diazotrophs. Tillage significantly affected the assembly and composition
of the rhizosphere diazotrophic community, as most of keystone taxa were enriched
under conservation tillage. There was a significant correlation between community
composition and soil organic carbon (SOC), emphasizing the importance of improved
substrate availability for the rhizosphere diazotrophic community under conservation
tillage. In exchange, Hsu and Buckley (2009) studied a corn field under different
tillage and crop residue management and found that the rate of nitrogen fixation
was significantly lower in no-tillage with soil-surface crop residue maintenance than
in all other treatments. This treatment also showed the lowest diversity and richness
of the diazotrophic community. More than the amount of C, the quality of the soil
organic matter seems to be more determinant to nitrogen fixation. Several authors
report a positive correlation between soil C:N ratio and the diversity and activity of
the diazotrophic community, so that higher C:N values could result in a competitive
advantage for free-living diazotrophs (Mirza et al., 2014; Yang et al., 2019; Chen et al.,
2021; Dai et al., 2021b).
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Application of fertilizers, either chemical or organic, can favor nitrogen fixation by
improving soil fertility, yet the response to nutrients availability is highly variable. Although
nitrogen availability can have stimulatory effects on diazotrophic diversity (Poly et al.,
2001), most of the recent studies evidence its negative effects on nitrogen fixation and
diazotrophic abundance (Reardon et al., 2014; Zheng et al., 2019; Xiao et al., 2020;
Chen et al., 2021; Dai et al., 2021b). Potassium can have negative (Hsu and Buckley,
2009), little or no effect (Tang et al., 2017), while phosphorus, in general, has stimulatory
effects over nitrogen fixation (Tang et al., 2017; Zheng et al., 2019; Zheng et al., 2019).

Organic fertilizers and crop residue management can also affect the nitrogen-fixation
process in variable ways. Yang et al. (2019) concluded that soil incorporation of rice
straw repressed nifH gene abundance, but increased a-diversity; while Chen et al. (2021)
found that wheat mulch, along with chemical fertilization, increased the abundance and
richness of diazotrophs. Liao et al. (2018) found that the combined use of chicken manure
and chemical fertilizers can improve the activity of the diazotrophic community. Even
so, Dai et al. (2021b) evaluated combinations of chemical and organic fertilizers, made
of milk vetch (Astragalus sinicus L.) or pig manure, and observed that the increasing
percentage of organic fertilizer reduced the diazotrophic abundance. The authors also
found that potential nitrogen fixation rates were higher in unfertilized and chemical
fertilized treatments than under organic fertilization in the early rice season. In contrast,
opposite results were observed in the late rice season. This was attributed to the decrease
in soil C:N ratio caused by fertilization in different seasons. The authors found a positive
correlation between potential nitrogen fixation and soil C:N, suggesting that higher soil
C:N ratio could favor free-living N, fixation.

Seasonality and cropping systems are other factors affecting the diazotrophic community.
As expected, legumes in crop mixtures or rotations result in increased abundance of
nifH gene and dominance of rhizobial symbiont. Reardon et al. (2014) found greater
nifH abundance in soil cropped with pea (Pisum sativum L.) than that with wheat. The
abundance of nifH gene was also higher in continuous cropping of soybean than in
continuous cropping of corn, with B. japonicum as the dominant diazotrophic species,
according to Zou et al. (2020). Additionally, the authors also noted that the abundance of
the nifH gene was increased when soybean and corn were cropped in rotation compared to
continuous cropping. Similarly, Gao et al. (2021) showed that rape-cucumber intercropping
increased the abundance of the nifH gene, diazotrophic diversity, and richness, which
were higher than in the monoculture. However, cropping season had a more significant
effect than intercropping. Seasonal variability was also considered by Reardon et al.
(2014) as the main factor influencing diazotrophic communities.

As described above, the response of the non-symbiotic nitrogen fixation process to
abiotic factors is highly variable and difficult to predict. In this context, Hsu and Buckley
(2009) suggest that the variation in diazotrophic community structure has a greater
impact on N-fixation rates than soil characteristics. In this context, recent studies
have shown that microbial communities harbor keystone taxa, which drive community
composition and function (Banerjee et al., 2018). Identifying nitrogen-fixing keystone
taxa (Dai et al., 2021b), their interconnected network (Alleman et al., 2021), and
increasing their abundance (Banerjee et al., 2018) can be the most efficient way to
increase nitrogen fixation rates and improve plant productivity. In this case, inoculation
can be used as a tool not only to introduce desirable diazotrophs or increase their
abundance, but also to shape the microbiome. Mawarda et al. (2020) reviewed the
literature and examined the impact of microbial inoculation in 108 studies analyzed, out
of which 86 % showed that inoculants modify soil microbial communities in the short
or long term. As demonstrated by Costa et al. (2018), an efficient inoculant is not the
one with the most invasive microorganisms, but the one that results in an enrichment
of specific pre-existing taxa.
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Soil microbiome monitoring and prediction of crop productivity

In recent years, advances in DNA sequencing technology and data analysis immensely
broadened the understanding of microbial ecology, enabling the so-called microbiome
revolution (Craig et al., 2016; Cryan and Dinan, 2019). Consequently, many researchers
consider microbiome analysis to be one of the most useful tools in agriculture in the
future (Sessitsch et al., 2019; Xie et al., 2019; Souza et al., 2020).

Microbiome can be defined as the sum of microorganisms, their genomes and metabolic
interactions in a given ecological niche (Pothmann et al., 2019). Second-generation or
next-generation sequencing (NGS), in which multiple parallel sequencing of millions of
DNA fragments are performed simultaneously, made the analysis of the whole microbiome
possible (Grada and Weinbrecht, 2013). At the same time, bioinformatics pipelines can
process a large number of sequences in a short time, performing the quantification of
copies and the taxonomic assignment from sequencing data.

From metagenomic analysis, it is possible to identify the keystone taxa, the networks and
the functional profiles of soil microbiome. Keystone taxa are fundamental to soil microbial
community structure and function, as they can modify biotic connectivity and change
the response of the microbial community to abiotic factors and their relationships with
plants (Yang et al., 2021). Zheng et al. (2021) studied two contrasting tobacco fields, one
conducive and the other suppressive to Ralstonia solanacearum bacterial wilt disease
(Table 1). Network analysis revealed that the suppressive soil formed a more complex
and highly interactive bacterial network. Pseudomonas was the most abundant genus
in both the suppressive soil and healthy roots, followed by Streptomyces and Gaiella.
At the same time, Ralstonia, Kluyvera, Terrabacter, Ochrobactrum, and Massilia were
considered the keystones to the network structure of the conducive soil. In the fungal
community, the abundance of Fusarium showed a positive correlation with the abundance
of Ralstonia. Dai et al. (2021b) found that most keystone taxa under different fertilization
regimes in paddy soils belonged to Bradyrhizobium and Geobacter genera. The authors
emphasize that keystone taxa are highly connected, and their removal may lead to a
significant change in the composition and function of the microbiome. So, those genera
are suggested to play an essential role in maintaining their network and nitrogen fixation
stability. Importantly, when performing microbiome studies, one should consider temporal
dynamics and soil spatial heterogeneity to obtain a representative set of samples from
the studied area (Nannipieri et al., 2019).

Bioinformatics tools, such as PICRUSt, Tax4Fun and Vikodak, can also predict the
functional profile of microbiomes by using marker gene data and a database of reference
genomes (Ortiz-Estrada et al., 2019). Chaudhari et al. (2020) used Tax4Fun, from
16S rRNA gene amplicon sequencing of pea rhizosphere and bulk soils, to predict the
functional contributions of bacterial communities. Rhizosphere samples revealed higher
predicted abundance of genes involved in nitrogen fixation, siderophore production,
IAA production, and phosphate solubilization than bulk soil samples. Similarly, Jo et al.
(2020) used PICRUSt to predict the function of the soil bacterial community after
inoculation with Bacillus thuringiensis KNU-07 in pepper (Capsicum annuum). The
microbial community composition was altered by inoculation, as well as the predicted
function. In the first weeks, the abundance of predicted genes related to sporulation and
germination was elevated. After six weeks post-inoculation, the abundance of KNU-07
decreased, pathways related to energy metabolism and the metabolism of cofactors
and vitamins were increased, resulting in better nutrition for inoculated plants.

After determining the composition of microorganisms present in a soil or root sample
through NGS, there are still challenges to extracting useful information from the big data
obtained. The development and application of machine learning (ML) approaches have
revolutionized our ability to create predictive models in many areas. For example, in
medical research, many studies have shown that methods based on machine learning
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can accurately predict the association of gut microbiome with various disease states
(Saulnier et al., 2011; He et al., 2018; Dadkhah et al., 2019; Seneviratne et al., 2020).
Chang et al. (2017) recently used a similar approach to predict soybean productivity
based on data from bulk soil microbiome. While no significant association was found
between crop productivity and the soil chemical characteristics, crop productivity could
be explained by the taxa variance in the bulk soil microbiome. The authors identified a
higher abundance of Bradyrhizodium and Gammaproteobacteria in higher productivity
areas; and more Actinobacteria, Ascomycota, Planctomycetales and Streptophyta in
lower productivity areas. An ML model successfully predicted productivity based on
the microbiome composition with 79 % of accuracy. According to Souza et al. (2020),
computational methods, including ML, will boost the approaches of screening and identifying
beneficial microorganisms, while determining the best combination of microorganisms
for the desired plant phenotype.

The ML will help selecting the most suitable soil management practices to magnify
the beneficial activity of indigenous soil microorganisms. The application of ML to
microbiome data may represent a breakthrough in soil microbiology research, promoting
the understanding of the functioning of PGPSs, leading to improve agricultural productivity,
less environmental impact, food security and sustainability (Gebbers and Adamchuk,
2010; Liakos et al., 2018; Kamilaris and Prenafeta -Boldu, 2018).

CONCLUSIONS

Soil microbial community acts as a plant growth-promoting agent, which we could call
a plant growth-promoting soil. We presented the most usual plant growth-promoting
mechanisms and discussed how soil management could impact the microbial community
composition and activity. Although rapidly changing technologies are transforming our
knowledge about soil microbial ecology, much is still needed to be understood. On the
other hand, it is possible to choose the best methods to take advantage of beneficial
soil microbial activity with our current knowledge.
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