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Abstract: An increasing need for a more sustainable agriculturally-productive system is required in
order to preserve soil fertility and reduce soil biodiversity loss. Microbial biostimulants are innova-
tive technologies able to ensure agricultural yield with high nutritional values, overcoming the neg-
ative effects derived from environmental changes. The aim of this review was to provide an over-
view on the research related to plant growth promoting microorganisms (PGPMs) used alone, in
consortium, or in combination with organic matrices such as plant biostimulants (PBs). Moreover,
the effectiveness and the role of microbial biostimulants as a biological tool to improve fruit quality
and limit soil degradation is discussed. Finally, the increased use of these products requires the
achievement of an accurate selection of beneficial microorganisms and consortia, and the ability to
prepare for future agriculture challenges. Hence, the implementation of the microorganism positive
list provided by EU (2019/1009), is desirable.

Keywords: microbial biostimulant; arbuscular mycorrhizal fungi; plant growth promoting micro-
organism; plant growth promoting rhizobacteria; synergism; abiotic stress; environment; soil bio-
diversity; land degradation neutrality; European Biostimulant Industry Council

1. Introduction

Soil fertility, as defined by the Food and Agriculture Organization (FAO), is “the
ability of a soil to sustain plant growth by providing essential plant nutrients and favora-
ble chemical, physical, and biological characteristics as a habitat for plant growth” [1]. In
recent years, it was observed that global agricultural soil has become seriously degraded.
In particular, about 40% of the world’s agricultural soil and 24% of the globe’s productive
areas have been subjected to a loss of fertility, production capacity, and biodiversity.
These phenomena are mainly due to several different factors, including water and wind
erosion, salinity, loss of organic matter, and environmental pollution [2,3].

Considering the continuously growing global population, the diminishing of arable
land area, and the depletion of the genetic potential of crops, the implementation of novel
agricultural technologies are required. Low environmental impact agronomic solutions,
aimed at improving plant resilience to adverse soil conditions, are becoming indispensa-
ble in guaranteeing the high demand for food with high nutritional values [4,5].

An interesting turning point for sustainability in the agricultural field was the Farm
to Fork Strategy (F2F), published in May 2020 by the European Union, whose purpose is
to become climate-neutral by 2050. The COVID-19 pandemic has underlined the im-
portance of a robust and resilient food system able to function under all circumstances,
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and capable of ensuring access to a sufficient supply of affordable food for citizens [6]. In
this context, F2F aims to make food systems fair, healthy, and environmentally-friendly,
by accelerating the transition to a more sustainable, productive system in which the de-
pendency on pesticides, antimicrobials, and over-fertilization is drastically reduced.
Moreover, F2F supports the increase of agricultural land under organic farming in order
to preserve soil fertility and reduce biodiversity loss.

In the last several years, research has strongly focused on the use of agro-ecological
principles to minimize potentially harmful chemical inputs and manage ecological rela-
tionships and agro-biodiversity [7]. Agro-ecology is based on the conservation of biodi-
versity, on the strengthening of biological processes, and on the looping of biogeochemical
cycles. Fitting with the agroecological principles, is the use of biostimulants, products that
are able to not only act directly on plants, but also sustain productivity through the selec-
tion and stimulation of beneficial soil microorganisms [8].

Plant biostimulants (PBs) are a new generation of products available on the market,
which may be useful for achieving agricultural sustainability policies. They are defined
by the EU Regulation 2019/1009 as “products stimulating plant nutrition processes inde-
pendently of the product’s nutrient content with the sole aim of improving one or more
of the following characteristics of the plant or the plant rhizosphere: nutrient use effi-
ciency, tolerance to abiotic stress, quality traits, availability of confined nutrients in soil or
rhizosphere” [9,10]. PBs may be composed of substances or mixtures and micro-organ-
isms, therefore they are classified as microbial or non-microbial plant biostimulants [11].

A microbial plant biostimulant consists of a microorganism or a consortium of mi-
croorganisms listed in the CMC-7 (Component Material Categories, number 7), which in-
cludes four different genera: Azotobacter spp., Mycorrhizal fungi, Rhizobium spp., and
Azospirillum spp.

However, although having regulations and limitations may be useful for guarantee-
ing food security and quality, the stringency and exclusivity of the positive list may
strongly affect the potential benefits of these new products. Consequently, it may be ap-
propriate to consider the reduction of the negative list and the expansion of the positive
one with new microbial organisms, assuming scientific evidence can demonstrate and
support their safety for both the environment and consumers.

Considering the environmental damage associated with current fertilization prac-
tices, a research priority is to optimize plant-microbe nutritional interactions for more
sustainable agricultural systems [12]. Several plant growth-promoting rhizobacteria
(PGPRs) were demonstrated as able to exert a beneficial effect on plant growth under nu-
tritional and abiotic stress or during the restoration of polluted soils. Moreover, plants
could also establish symbiosis with arbuscular mycorrhizal fungi (AMFs), which increases
the root surface area for nutrient acquisition [13]. The number of research studies related
to the beneficial use of microorganisms is increasing at an exponential rate due to the new
technologies, which allow for an accurate selection and understanding of the added value
of microbial consortia. The European Biostimulant Industry Council (EBIC), founded in
2011, is attempting to encourage the innovation in this field by requesting operational
solutions for their harmonized regulatory treatment on the EU market, including safety
requirements and an update of CMC-7 in the new legislation.

The aim of this review was to provide an overview on plant growth promoting mi-
cro-organisms used alone, in consortium, or along with organic matrices such as plant
biostimulants. Furthermore, we discuss their effectiveness and their role as biological
tools to limit the physical, chemical, and biological degradation of soil.

2. Plant Growth Promoting Microorganisms (PGPMs) and their Biostimulant Activity

Some organisms, such as AMFs or PGPRs, may influence plant physiological mech-
anisms by exerting a biostimulant action [14-19]. The nature of PGPM-plant interaction
has been explained through various hypotheses. However, it is still not clear whether this
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interaction is the evolution of a parasitic or saprobiotic relationship. The only certainty is
that the plants are exploited by PGPMs to ensure their own survival [20].

AMFs are fungi belonging to the Glomeromycota phylum, which includes three dif-
ferent classes (Glomeromycetes, Archaeosporomycetes, and Paraglomeromycetes), five
orders (Archaeosporales, Diversisporales, Gigasporales, Glomerales, and Paraglomerales), 14
families, 29 genera, and more than 200 species [21,22]. The ability of the Glomeromycota
phylum is related to the colonization of plant roots through endomycorrhizal symbioses.
Currently, it is reported that more than 80% of land plants are able to establish beneficial
interactions with AMFs [23]. Despite the fact that a large number of AMF species have
been identified, only a select few are used in agricultural practices [24]. Accordingly, the
available commercial inocula contain species almost exclusively belonging to Rhizophagus
and Funneliformis genera that are generalist symbionts, present in almost all soils and un-
der a wide range of climate zones [24,25].

On the other hand, PGPR is a very heterogeneous group of endophytic bacteria,
which includes the phyla Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes
[26]. Among the innumerable genera, Aeromonas, Arthrobacter, Azospirillum, Azotobacter,
Bacillus, Clostridium, Enterobacter, Gluconacetobacter, Klebsiella, Pseudomonas, Rhizobium, and
Serratia are the most studied, mainly due to their wide diffusion [27]. PGPRs are found in
the rhizosphere and are able to promote plant growth, with recent scientific evidence
showing the importance of their role in enhancing soil productivity and tolerance to abi-
otic stress in plants [28].

Although AMFs and PGPRs are finding great success as an innovative agricultural
practice, the mode of action by which these PGPMs positively influence crops and soil is
still unclear. The reported beneficial effects depend not only on the plant genus or soil
typology, but also on the presence or nature of the stress and by the type of inoculum. The
hypothesized mode of action by which PGPMs affect plant growth can be classified as
follows: (i) hormonal regulation; (ii) balance of cell oxidative status; (iii) water use effi-
ciency and photosynthetic physiological response improvement; and (iv) the improve-
ment of nutrient use efficiency. A schematic representation of the biostimulant effects de-
rived from the inoculation of plants with PGPMs is reported in Figure 1, and will be dis-
cussed in the following subsections.
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Figure 1. Schematic drawing representing PGPM biostimulant effects under standard and stress conditions. The PGPM
inocula and the substances produced by them (in red) induce different responses in plant metabolism (in black), deter-
mining the increase (arrow up) or decrease (arrow down) of hormone concentration, enzyme activity, and the K*/Na* ratio
(up-down arrows indicate discussed data). These metabolic responses positively affect nutrient use efficiency (NUE), wa-
ter use efficiency (WUE), and photosynthetic physiological parameters.

2.1. Hormonal Regulation

Among the hormones regulating plant physiological processes, abscisic acid (ABA)
plays a key role. ABA acts as anti-transpiration agent leading to a reduction in water loss
through the modification of stomatal functioning [29]. Consequently, the importance of
ABA is clear, especially in stress conditions caused by a lack of water, increased heat, or
salt excess. ABA biosynthesis can be affected by several factors, including the presence of
PGPMs in the soil [30,31]. However, the results related to the changes in ABA content after
their inoculation are debated. Some studies have reported a higher amount of ABA on
plants grown under stress conditions, but not inoculated, as compared to colonized ones
[15,29,30,32]. On the contrary, other studies highlighted an increase of ABA in plants
grown under stress and inoculated with AMFs [33] or PGPRs [34,35]. In this scenario, the
expression of the ABA biosynthetic gene 9-cis-epoxycarotenoid dioxygenase (SINCED), in
AMF-colonized tomato plants under stress conditions, suggested that ABA regulation
might be affected by the type of stress. Indeed, Duc et al. observed that SINCED was
down-regulated in tomato roots colonized by Septoglomus constrictum under drought
stress conditions, but remained unaffected under standard and heat stress conditions.
Moreover, Chitarra et al. demonstrated that, under the same stress conditions, ABA bio-
synthesis was also affected by the type of mycorrhizal inoculum [15].

Indole-3-acetic acid (IAA) is the major endogenous auxin in plants, and is able to
regulate several cell processes, including cell elongation and division, root development,
and root hair formation [36]. In this context, the relationship of PGPMs with auxins, espe-
cially with IAA, is clearer. Although an increase in IAA was observed in plant tissues
grown in soils characterized by a lack of water or an excess of salt, a greater increase was
recorded in plants that were further colonized by AMFs [33,37-39]. Moreover, in the same
plants, variations of root morphology and architecture were also observed [37]. This evi-
dence was additionally proven by Liu et al. who studied the auxin pathway in plants
grown under drought stress and inoculated with Funneliformis mosseae. These authors ob-
served the activation of auxin-related genes (PtYUC3 and PtYUCS), the up-regulation of
auxin influx carriers (PtABCB19 and PtLAX?2), and the down-regulation of auxin efflux
carrier genes (PtPIN1 and PtPIN3) [38].

These scientific evidences suggest that AMFs, by inducing the production of IAA,
can amplify the physiological plant response to abiotic stress by causing morphological
variations in the root system. From another point of view, since some PGPMs are able to
produce IAA, they also represent a potential source of exogenous IAA for plants [16,40-
42].

This peculiar ability to produce and secrete compounds that can be useful to the plant
is not exclusively limited to the biosynthesis of IAA. Indeed, some PGPR strains are also
capable of producing 1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme
that catalyzes the conversion of ACC, the precursor of ethylene, to a-ketobutyrate and
ammonia. Consequently, the secretion of ACC-deaminase causes the decrease of ethylene
level in both plant and soil, with a concomitant reduction of environmental stress effects
on plants [41]. Finally, when PGPRs are able to secrete both IAA and synthesize ACC-
deaminase, a cross-talk effect occurs. Indeed, IAA stimulates plant growth, meanwhile
ACC-deaminase decreases plant ethylene levels [43].

ACC-deaminase-producing bacteria regulate plant growth by enhancing levels of
stress-related hormones, such as salicylic (SA) and jasmonic acid (JA) [34,44,45]. JA is an
endogenous regulator hormone that plays an important role in different development
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processes, since it is involved in key signaling pathways in either biotic or abiotic re-
sponses [46]. Some scientific evidence shows that JA biosynthesis is also strictly correlated
to AMF symbiosis [47]. Indeed, AMF inoculation significantly increased JA levels in du-
rum wheat, maize, and cucumber plants, both under standard and stress conditions
[29,33,47,48]. On the other hand, SA also induces the expression of stress-related genes to
maintain membrane stability and prevent oxidative damages [44]. Although the role of
SA as a key player in the regulation of the disease signaling pathways is widely accepted
[49], this compound also seems to be involved in the symbiotic relationship between
PGPMs and plants. When this interaction occurs, SA content significantly increases in the
roots, both under drought and salt stress conditions [29,33,45]. In general, the enhance-
ment of JA and SA in inoculated plants alleviates abiotic stress through the synthesis of
secondary metabolites [29]. This action mechanism is also confirmed by the decrease of
ethylene biosynthesis in roots [47], the increase of IAA [33,42], and the variation in ABA
concentration in inoculated plants [30,31].

2.2. Balance of Cell Oxidative Status

During stress conditions, both reactive oxygen (ROS) and nitrogen (RNS) species are
produced with the aim of regulating a variety of physiological processes to guarantee
plant survival [50]. However, since both ROS and RNS are highly reactive molecules, sev-
eral biomolecules, such as proteins, lipids, and nucleic acids, are susceptible to their strong
oxidative activity. Consequently, huge and irreparable damage can be caused to mem-
branes, DNA, RNA, and enzymes, leading to cell death [51]. Different studies reported
that plants inoculated with PGPMs had a higher scavenging activity against ROS and RNS
[39,40,52,53]. Consequently, a lower amount of hydrogen peroxide (H202) and malondial-
dehyde (MDA, a marker of lipid peroxidation) are detected in the tissues of inoculated
compared to non-inoculated plants [30,32,35,41,48,54].

The reduction in ROS levels under different stress conditions could be partly ex-
plained by the increase in antioxidant enzyme activity of PGPM-inoculated plants [48].
Indeed, often ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR),
glutathione peroxidase (GPX), peroxidase (POD), and superoxide dismutase (SOD) activ-
ities are substantially enhanced in colonized plants under abiotic stress conditions
[29,30,34,41,47,54-56]. Nevertheless, as in this case, some exceptions were reported. For
example, a down-accumulation and reduced activity of POD, SOD, and GR in mycorrhi-
zal roots of both wheat drought-sensitive cultivar and digit grass were detected [47,48].
Moreover, other studies showed that PGPR treatments significantly decreased CAT, GPX,
GR, and SOD activities when inoculated plants were compared to untreated ones [35,57—
59]. Nawaz et al. suggested that IAA-producing bacteria improved osmolyte accumula-
tion and reduced enzymatic antioxidant activity by accelerating the modulation of the
wheat plant biochemical processes [57].

On the other hand, non-enzymatic antioxidants, such as polyphenols, organic acids,
vitamins, carotenoids, and glutathione, are also involved in the interaction of PGPMs and
plants, influencing their responses to oxidative stress. For example, it was previously
highlighted that the accumulation of proline and glycine-betaine may be useful for pre-
venting cellular oxidative damage, in both AMF [29,60] and PGPR [41,57,61] inoculated
plants. An exception was reported by Moreno-Galvan et al., who described conflicting
data regarding proline in PGPR-plant tissues when compared with non-inoculated
drought stressed plants [58]. The authors suggested that inoculation could trigger an early
proline accumulation in plants, probably by reducing the need for a late accumulation
and supporting part of the plant adaptation to drought stress [58]. Moreover, in accord-
ance with Tigka and Ipsilantis, Moreno-Galvan et al. also assumed that the plant devel-
opmental stage played a key role in the proline accumulation [58,62].
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2.3. Water Use Efficiency (WUE) and Photosynthetic Physiological Response Improvement

Several studies reported that PGPM application can influence plant water-related pa-
rameters by increasing leaf water potential [30,54,63,64], leaf transpiration rate [65], sto-
matal conductance [30,32,48,54,59,63], and relative water content (RWC) [30,31,35,59], or
other factors that may determine positive effects on water use efficiency (WUE) [18,63,65].
For example, Barzana et al. demonstrated that the roots of AMF-inoculated maize and
tomato plants showed a significant enhancement of the relative apoplastic water flow
compared to control plants, both under well-watered and drought stress conditions [66].
AMFs have the ability to modulate the switching between apoplastic and cell-to-cell water
transport, leading to a higher flexibility in the response of plants to drought or other stress
conditions [66]. This phenomenon may be the consequence of a positive modulation of
aquaporin genes that consequently enhance the leaf water potential, thus suggesting that
AMF plants better regulate their cellular water content [32,67]. On the other hand, the
maintenance of a high stomatal conductance allows for a higher CO: uptake during pho-
tosynthetic processes. A high concentration of intracellular COz, which is accumulated
under stress conditions, negatively affected photosynthesis in Ricinus communis [17]. Nev-
ertheless, it was demonstrated that the presence of AMFs significantly reduced intracel-
lular CO: concentration, alleviating the reduction in photosynthetic processes caused by
stressful conditions [17]. The effect of PGPM symbiosis on plant photosynthetic activity
was further confirmed by the enhancement of photosynthetic rate, not only under drought
or salt stress, but also under optimal conditions [15,17,59,65]. Moreover, an increase of the
content of photosynthetic pigments was observed in several plant species [17,31,54,56,68].
In particular, chlorophylls seemed to be the most affected [19,41,69-71]. It has been hy-
pothesized that PGPM symbiosis neutralizes the negative effect of stressful conditions,
counteracting the degradation of photosynthetic pigments, and increasing the maximum
quantum yield of open photosystem II [30,35,54,68,71,72].

2.4. Improvement of Nutrient Use Efficiency (NUE)

It was demonstrated that the inoculation of PGPMs may contribute to mineral up-
take, siderophore production, atmospheric nitrogen fixation, and phosphate solubiliza-
tion, thus affecting the nutrient use efficiency (NUE) [73].

Concerning mineral uptake, it seems that some important elements, such as K, Ca,
Mg, Zn, Fe, Mn, and Cu, are better absorbed, whereas the deleterious ones, including Na,
are better excreted [29,57]. Different studies have linked the enhancement in mineral up-
take to the morphological improvement of root architecture recorded after the inoculation
of PGPMs [74,75]. In particular, extraradical hyphae, produced by AMF inocula, could
assist plant roots in increasing the soil volume exploited, thus improving the nutrient up-
take capacity [19,41,74]. However, these phenomena could also be explained by the over-
expression of selective ion channels [76,77], that, in some cases, lead to the improvement
of the K*/Na* ratio, resulting in an important mechanism, which increases the plant toler-
ance to salinity [19].

Another possible mechanism by which PGPMs could help plants to effectively ab-
sorb nutrients concerns their ability to acidify the soil. Indeed, some PGPMs are able to
synthesize organic acids and secrete them in the soil, thus facilitating the solubilization of
inorganic phosphates (Pi) and K [78-80]. Furthermore, recent studies have shown that
they are also capable of producing phytases and acid phosphatases, which enhance the P
mineralization [78-80]. In addition, hydrogen cyanide (HCN) producing bacteria are in-
volved in increasing P availability and the sequestration of metals with beneficial effects
for rhizobacteria and their plant host [81].

Bio-inoculation also increases nitrogen use efficiency through N-fixing microbe ac-
tivity. The most well-known species are those belonging to the genus Rhizobium, which
are able to fix the atmospheric nitrogen gas (N2) into ammonia (NHs). Nevertheless, other
species, such as Azospirillum and Azotobacter, likewise exhibit the ability to fix N2 in non-
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leguminous plants either through a symbiotic or free living relationship [78]. Moreover,
Begum, Ahanger, and Zhang found a correlation between increased N-uptake and up-
regulation of nitrate reductase (NR) activity in tobacco plants inoculated with AMFs. The
higher NR activity allowed for a better N assimilation, thus leading to an improvement of
the amino acid and protein biosynthesis [82].

Another important characteristic of PGPMs is the ability to produce ion chelating
compounds known as siderophores. Indeed, despite the fact that Fe is one of the most
abundant elements present in soil, it is not readily bioavailable since it is available as in-
soluble Fe*. Consequently, some microbes release siderophores to scavenge iron from the
mineral phases with the aim to assimilate it. In this context, plants can benefit from bacte-
rial siderophores to absorb Fe needed for several essential processes, such as photosyn-
thesis [24,83-85].

3. Origin and Selection of PGPMs as Plant Biostimulant Formulation

In the recent years, an increased interest in PGPM-based biostimulants has been ob-
served [86-88]. In particular, several studies were conducted employing either native or
allochthonous PGPMs, and, in some cases, their biostimulant potential was compared
[77,89-95]. Most of the time, plants are positively influenced by both types of inoculants,
which significantly affect their growth by improving nutrient uptake and mitigating oxi-
dative stress [89,92]. In order to find the best inoculation strategies for revegetation and
re-establishment of native plant species in degraded ecosystems, autochthonous and al-
lochthonous microorganisms were evaluated. In this context, two recent studies showed
a better performance of autochthonous microorganisms, which appear to be physiologi-
cally and genetically adapted to the stress conditions of the target environment, compared
to allochthonous ones [91,93]. Specifically, since autochthonous microorganisms are able
to more quickly and effectively infect the plant root system [90], they appear more suitable
to counteract the negative effects derived from stress conditions [77] to improve the up-
take and transfer of P, and to stimulate plant growth more so than those deriving from
collections [92,93]. However, other studies have demonstrated that native PGPMs are not
necessarily better in terms of biostimulant effect when compared to non-native microor-
ganisms. For example, a Pseudomonas putida allochthonous strain was particularly efficient
as phosphate solubilizing cultivable bacteria [89]. This represented an important feature
since the rapid binding of the applied phosphorus into fixed forms is not available to the
plants [96]. Moreover, Bacillus spp., isolated from Peruvian rainforest soil, significantly
promoted the growth of Arabidopsis, corn, and tomato plants in a greenhouse [42]. Finally,
a commercial Rhizophagus intraradices, with the highest colonization intensity in the root
system, resulted in an effectiveness comparable to that recorded for native Glomus spp.
[90].

Furthermore, microorganisms isolated from arid and salt-affected soils were evalu-
ated. In particular, evidence showed that the application of PGPMs isolated from de-
graded areas with salinity and desertification problems could enhance plant tolerance to
drought and salt stress [56,59,85]. Likewise, Benabdellah et al. proved that bacterial strains
isolated from non-degraded soils showed a stronger response to osmotic stress by pro-
ducing a higher amount of IAA and proline, resulting in a reduced stomatal conductance
in Trifolium repens under drought conditions [95].

These findings suggest that a better biostimulant effect is not necessarily correlated
to the inoculant origins, but mainly to its intrinsic characteristics [19,62] through which
the association with the host is more compatible and therefore more beneficial. Santos-
Torres et al. supported this hypothesis, pointing out how the inoculation of the same
strains (Rhizobium sp. T88 and Herbaspirillum sp. AP21) on two different host plants
(ryegrass and red clover) produced different effects. In particular, they observed the high-
est plant growth in ryegrass inoculated by Rhizobium sp. T88 and the greatest growth pro-
motion in red clover infected by Herbaspirillum sp. AP21 under a P-deficiency soil stress
condition. Moreover, two different mechanisms to improve P-availability were proposed
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and demonstrated on the basis of the inoculum and plant association [79]. A similar ex-
perimental design was employed by Nawaz et al. [57]. In particular, they evaluated the
effects derived from the inoculation of three different halotolerant PGPR strains (B. pu-
milus, Exiguobacterium aurantiacum, and P. fluorescens) on salt tolerant and salt sensitive
wheat varieties. The authors discovered that B. pumilus and E. aurantiacum displayed a
more evident impact on the salt resistant genotype, whereas the growth and yield im-
provement of the salt sensitive genotype was more influenced by P. fluorescens [57].

For these reasons, it was established that the selection of adequate strains to be inoc-
ulated in the soil is an issue of utmost importance to increase the success of bio-inoculation
under environmental stressful conditions [97].

The achievement of higher production and quality may have different needs in terms
of inoculum type when compared with the aim of making saline and drought soils pro-
ductive, or compared to the reforestation and re-establishment of native plants in de-
graded soil. Thus, according to the conception of the microbial biostimulant application,
it could be more effective to select some genera than others.

Based on these considerations, it should be essential to select those PGPMs that are
able to form the largest number of symbiotic relationships, under the most varied envi-
ronmental conditions. However, due to the elevated genetic variability of PGPMs, further
investigation aimed at profiling the characteristics of each inoculum, and the possibility
of utilizing different PGPM genera in plant biostimulants, are needed in order to gain the
most appropriate multispecies consortia or single strain based on the aim pursued.

4. Synergistic/Additive Effects Between Microbial Biostimulant Product Components

Green deal purposes, combined with the guidelines of the European Regulation
2019/1009, aimed to reduce the use of chemical fertilization via different strategies. Among
them, the improvement of biostimulant efficiency was taken into consideration. In order
to find the appropriate tools capable of exerting the most effective biostimulant activity
on plants, many studies focused on the triple interaction of plants, PGPRs, and AMFs
[98,99]. The potential beneficial effect of the combination of different types of inocula as
plant biofertilizers may depend on their better stability in adverse environmental condi-
tions [100]. Recent studies have shown a better biostimulant activity when different sub-
stances were combined together [101-103], demonstrating synergistic or additive interac-
tions [103]. In this context, microbial-based biostimulants can be formulated using: (i) a
single PGPM strain; (ii) an AMF/PGPR multispecies consortia; and (iii) a combination of
PGPMs with organic and inorganic chemicals. In the following section, the synergistic or
additive effects derived from the use of different microbial inocula, along with other sub-
stances, will be described.

4.1. Biostimulant Effects Resulting from Co-Inoculation of AMFs and PGPRs

PGPRs may act not only as biostimulant agents, but, in the presence of AMFs, they
can also behave like a mycorrhizal helper (MH) [24], especially if strictly associated with
their mycelium and spores [104]. Vice versa, AMFs can also enhance the activities of ni-
trogen fixing and phosphorus solubilizing bacteria [105]. For example, MH activity may
be explained by the fact that, under simultaneous inoculations with AMFs and PGPRs,
the AMF colonization sharply improved in Arizona cypress seedlings [106], in litchi tree
[107], and in the common bean [108]. Root colonization might be boosted by PGPR capa-
bility to produce cell wall-degrading enzymes that facilitate AMF establishment. Moreo-
ver, PGPRs can also release a large variety of secondary metabolites, which are able to
enhance the root exudation rates, resulting in higher cell permeability and hyphal growth
increase [107,109]. The employment of a mixture of AMFs and PGPRs is not only a poten-
tial plant growth promoter tool, but also a beneficial condition for both microorganism
groups.
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Consequently, several studies investigated the combined use of PGPRs and AMFs as
biostimulant agents (Table 1). The biostimulant effectiveness of a great variety of consor-
tia, containing both plant aiding bacteria and AMFs, was tested with different plants and
growing conditions.

An enhancement of plant biomass and yield was detected in Arizona cypress, chick-
pea, wheat, swamp oak, Jerusalem artichoke, and pea plants when inoculated with PGPRs
and AMFs, often exhibiting better results than non-inoculated plants or plants inoculated
with a single strain [98,99,106,110-112].

Furthermore, a recent study conducted on wheat plants by Dal Cortivo et al., high-
lighted a significant increase of specific gluten protein subunits involved in dough
strength and elasticity [110]. The upregulation of protein subunits was triggered particu-
larly by a biofertilizer containing R. irreqularis together with B. megaterium and Frateuria
aurantia. Moreover, in the study conducted by Laranjeira, the highest crude protein con-
tent in chickpeas, inoculated with AMFs together with PGPRs, was observed [98].

Other investigations highlighted how synergic inocula can improve the quality of
crops, as Nacoon et al. reported [112]. Their study described a greater increase of inulin
content in Jerusalem artichoke inoculated with Klebsiella variicola and R. intraradices. In
particular, the authors reported that inulin content was significantly higher in comparison
to the non-inoculated control, fertilized control, and single strain inoculated plants. Con-
sidering that the individual factors showed only partial effects on inulin production, the
authors underlined a positive plant response to the co-inoculum [112].

On the other hand, this synergism can also protect plants from different abiotic
stresses, as demonstrated by the modulation of proline, H202, MDA, and ROS scavenger
compounds [106,111,113,114]. For example, Barnawal observed a reduction of ACC con-
tent in dual-inoculated plants dealing with a reduction of ethylene-related stress response.
In this study, the ACC-oxidase activity was induced by Arthrobacter protophormiae,
whereas the activity of the ACC-synthase was reduced by both R. leguminosarum and Glo-
mus mosseae, resulting in a 60% ACC reduction [111]. Moreover, the same authors high-
lighted that ACC-deaminase was strongly affected by inocula [111].

The potential capacity of dual-inocula to help plants in overcoming stress conditions
is not exclusively linked to ethylene-related pathways, as suggested by Moreira et al. In-
deed, these authors, by evaluating the effect of the dual-inoculation on maize grown un-
der salt stress conditions, reported an increase in K uptake and better Na exclusion activity
[115]. In agreement with this study, an effective improvement of the nutrient uptake was
also observed by Dal Cortivo et al., who evaluated the potential effects derived from the
inoculation of two different AMF and PGPR consortia. In particular, the authors described
that both consortia were able to enhance the uptake of low-mobile nutrients (Ca and Zn).
However, they also highlighted that the consortium composed of the association of R.
irreqularis and P and K solubilizing bacteria (B. megaterium, and F. aurantia) displayed the
best plant growth and nutrient uptake responses. This could be explained not only by a
better P and K availability, but also by a stimulating effect on the cyanobacteria activity,
which were shown to alleviate nitrogen deficiency in wheat roots [110].

The capabilities of the dual-inoculum to improve the nutrient uptake would allow
for the reduction of chemical fertilizers [116], the replacement with cheaper sources of
nutrients [112], or the avoidance of their use.

Table 1. AMF and PGPR consortia and their additive/synergistic biostimulant effects on inoculated plants.

AMFs/PGPRs
Consortium

Abiotic Additive/Synergistic

Stress Effect REF

Host Plant

Rhizophagus irregularis,
Funneliformis mosseae,
Pseudomonas fluorescens

Enhancement of plant growth parameter; increase
of APX and GPX enzymes activities; decrease of
Drought  H20: and lipid peroxidation; and alleviation of wa- [106]
ter-deficit damage and improvement of drought
tolerance

Cupressus ari-
zonica Green
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Arthrobacter protophormia,
Rhizobium leguminosarum,
Glomus mosseae

Claroideoglomus
etunicatum,
Acaulospora sp.,
Rhizobium sp.,
Burkholderia sp.

Rhizophagus irregularis,
Bacillus megaterium,
Frateuria aurantia

Pantoea agglomerans,
Bacillus sp.,
Rhizophagus fasciculatus,
Rhizophagus aggregatum
Mesorhizobium sp.,
Burkholderia sp.,
Pseudomonas sp.,
Rhizophagus irregularis,
Funneliformis geosporum,

Claroideoglomus claroideum

Klebsiella variicola,
Glomus multisubtensum,
Rhizophagus intraradices

Improvement of plant weight; decrease of proline

. . content and lipid peroxidation; increase of pig-
Pisum sativum piep P&

L Salt ment content; enhancement of nutrient uptake; al-  [111]
’ leviation of salt stress; and enhancement of AMF
colonization and nodulation
Schizolobium
Improvement of absorption of chemical fertilizers;
parahyba var. - . [116]
. and enhancement of wood yield
amazonicum
Improvement of low-mobile nutrient uptake (Ca
iy and Zn) and enhancement of nutrient uptake re-
Triticum aes- .
. - sponses; increase of plant growth; enhancement of  [110]
tivum L. . 1 . . .
total microbial biomass and microbial metabolism;
and increase in gluten quality
Increase of survival rate of plants compared to
Casuarina obesa control plants; improvement of frequency of my-
. Salt . [99]
Mig. corrhization; enhancement of chlorophyll and pro-
line content; and higher resistance to salinity
Cicer arietinum Increase of grain yield; and enhancement of crude
Drought gramn yieid, [98]
L. protein content
Helianthus tu- Enhancement of plant growth and increase of tu- [112]

berosus L. ber inulin content

4.2. Biostimulant Effects Derived from the Inoculation of PGPMSs along with Biologically Active
Matrices

In order to maximize the efficiency of microbial-based biostimulants, different for-
mulations containing PGPMs and biologically active matrices, including plant exudates,
protein hydrolysates, humic acids, agro-food or industrial by-products, composts or com-
post extracts, sewage, algae or algae extracts, were evaluated [117].

4.2.1. PGPMs in Combination with Compost

Compost and vermicompost are considered an important raw material for biostimu-
lant formulations. Although, according to the EBIC definition, they are not considered
biostimulants, the bioactive compounds that can be potentially extracted from them (i.e.
humic substances, phytohormones, and amino acids, etc.) show interesting properties
[118]. Several investigations reported that compost and PGPMs, when mixed, are able to
determine a positive synergistic effect on plant growth. For example, a significant and
positive effect was observed on basil growth after the inoculation of a halotolerant bacte-
rial strain (Dietzia natronolimnaea) and a mycorrhizal fungus (G. intraradices) amended with
vermicompost [119]. This synergistic effect was also confirmed by Ait-El-Mokhtar et al.
when, after AMF inoculation along with green waste compost, they observed an improve-
ment of salt tolerance on date palm, as proven by the increased K*/Na* and Ca?/Na* ratios
[120]. Moreover, the authors suggested that the beneficial effects on plant growth could
be linked to a more efficient acquirement of nutrients released by the compost due to the
presence of AMF. Consequently, the highest improvement of K, P, N, and Ca intake was
recorded when AMFs were inoculated in presence of compost, whereas it was less evident
if the plants were separately treated with AMFs or compost [120]. The authors also high-
lighted the enhancement of N uptake due to the dual treatment and an increased quantity
of Mg in plant tissues, probably resulting in an improved plant photosynthetic capacity
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[120]. Finally, a smaller increase in MDA and H20: levels under salt stress, improvement
of antioxidant enzyme activities and proline content, indicated that the application of
compost and AMF was the most efficient way to boost the tolerance to salinity [120], thus
suggesting a synergistic effect in modulating plant physiological and biochemical pro-
cesses.

4.2.2. PGPMs in Combination with Humic Acids

Humic acids are the brown-black, polymeric, alkali-soluble acids found in soils,
plants, seagrasses, fungi, sediments, terrestrial, and marine waters [121]. They contribute
to soil fertility and influence the agricultural environment by complexing with metals and
organics, which can modify the toxicity of heavy metals, pesticides, and herbicides [121].
It was demonstrated that the combined application of humic acids with PGPMs was able
to affect plant performances. For example, a biostimulant formulation containing three
diazotrophic endophytic bacteria strains and humic acid-like substances, showed a posi-
tive influence on sugarcane yield [122]. To explain the observed effects, Da Silva hypoth-
esized that the antioxidant enzymes activated by humic acids, and osmoprotectant PGPR-
induced mechanism, were combined when the components are used together, showing a
boosted biostimulant effect [122]. By means of a similar mechanism, Torun et al. also ex-
plained that the application of AMFs and K-humate mixture on olive trees, led to a reduc-
tion of H202 content, protecting the lipid membrane from oxidative peroxidation [123]. In
addition, AMF and humic acid application promoted the maintenance of leaf water status,
chlorophyll fluorescence, and total phenolic content [123]. By evaluating the integrated
effects of two Bacillus strains (N2-fixing and P-solubilizing) and humic acids, separately or
in combinations, Ekin et al. showed that a combined application of PGPRs with humic
acids, produced the best response in terms of growth, tuber yield, and nutrient content of
potatoes under field conditions [124].

4.2.3. PGPMs in Combination with Algae Extracts

Algae extracts are considered an important non-microbial raw material for plant bi-
ostimulant formulation. In particular, they are able to induce positive effects on plant per-
formance because of their bioactive compound content [125]. A number of studies showed
that algae extracts are a rich source of carbohydrates and proteins, lipids, key amino acids
(such as arginine and tryptophan), vitamins, osmolytes (such as proline and glycine beta-
ine), and several plant hormones (such as indolebutyric acid, phenylacetic acid, auxin,
gibberellins, cytokinins, polyamines, trans-zeatine, and kinetin, etc.) [126]. Furthermore,
it was reported that seaweed extract-based biostimulants had an interesting beneficial ef-
fect on the activation of native soil microorganisms, including saprophyte bacteria, fungi,
and PGPRs [8].

The application of an AMF microbial-based biostimulant containing R. intraradices
and seaweed extracts on tomato plants positively stimulated plant growth and yield in a
different, but complementary manner [127]. In this experiment, when AMF was inocu-
lated alone, the treatment enhanced leaf development and early flowering, but also caused
a decrease in protein biosynthesis, carbohydrates, and lipids. On the contrary, the appli-
cation of seaweed extracts alone enhanced root development and protein content. Their
combined application showed an additive effect (in leaf and root growth, and protein and
carbohydrate content), but also a synergistic effect on tomato plants, resulting in an earlier
flowering and AMF colonization when compared to single treatments [127]. Similar ef-
fects were observed when PGPRs (Bacillus licheniformis, Bacillus megatherium, Azotobacter
sp., Azospirillum sp., and Herbaspirillum sp.) were inoculated with water algae (Chlorella
vulgaris). In this study, Kopta et al. showed that bacterial-algal preparation significantly
affected fresh weight, carotenoids, and total antioxidant capacity of lettuce plants under
heat stress conditions in comparison to untreated control plants [128].
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4.2.4. PGPMs in Combination with Silicon (5i)

The enhancement of the biostimulant effect on plants caused by a potential synergic
relationship was also detected with AMFs and inorganic micronutrients. For example, in
strawberry plants an increase of biomass was recorded after the inoculation of R. clarus
coupled with Silicon (Si), under both standard and drought-stress conditions [129]. In this
context, Si promoted AMF colonization and the formation of fungal structures, while
AMF increased the uptake of Si from plants. Moreover, an improved uptake of Zn and Fe,
an increased expression of the genes coding for enzymes involved in the antioxidative
defense system, and an elevated water uptake capacity and WUE, likely related to the
synergy between AMF and Si, were observed [129]. In particular, the intake of Zn and Fe
seemed to be affected by Si application and is able to induce to the up-regulation of genes
encoding for the Fe transporters (IRT1 and IRT2) belonging to the ZIP (Zrt/IRT-like pro-
tein) family, which also includes Zn transporters [130]. On the other hand, the cellular
oxidative status can also be strongly affected. This beneficial effect could be either due to
the ability of Si to increase the production of secondary antioxidant metabolites [131] or
due to the regulation of the enzymatic activity or gene expression of antioxidant enzymes,
such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX)
[132].

4.2.5. PGPMs in Combination with Amino Acids

Biostimulant formulations based on amino acids are taken under consideration for
their beneficial action on plant growth and production quality, especially when environ-
mental stresses occur [133,134]. Among the different properties of amino acids, these com-
pounds are considered to be metal ion chelators, anti-stress factors, and influencers of
photosynthetic system and hormone metabolism [135]. Amino acids can be obtained from
both plant or animal proteins by chemical or enzymatic hydrolysis.

In this context, a recent study evaluated the application of L-tryptophan, the amino-
acidic precursor of auxins, along with different PGPRs isolated from irrigated fields, semi-
arid, and arid regions [31]. The application of bacterial strains (B. cereus, B. pumilus, and
Pseudomonas sp.), isolated from a moisture-deficit area, were able to provide higher IAA,
gibberellic acid (GA), and ABA content and a lower decrease in RWC. This phenomenon,
enhanced by the additional application of L-tryptophan, allowed for the maintenance of
a good phytohormone ratio under drought stress conditions, limiting the deleterious ef-
fects of abiotic stress. Furthermore, better water conservation was also observed in the
treatments in which PGPRs selected from moisture-stressed areas were inoculated in as-
sociation with tryptophan. As a consequence, root and shoot dry weight of the inoculated
plants were higher, thus suggesting a better development of these organs [31].

4.2.6. PGPMs in Combination with Cell-Free Culture Supernatant (CFCS) and Exopoly-
saccharides (EPS)

An additional strategy to improve plant growth and abiotic stress tolerance could be
the combination of the PGPMs with their liquid culture in order to enhance PGPM field
performance and extend their shelf-life in the soil [136]. For example, the combined appli-
cation of Bradyrhizobium living cells with their cell-free culture supernatant (CFCS) and
metabolite exopolysaccharides (EPS) were evaluated on pigeon pea [136]. Bradyrhizobium
is known for its nitrogen fixation ability, phytohormone and siderophore production,
phosphate solubilization capacity and exopolysaccharide synthesis [137]. Although, these
features make this bacterium a good performer in terms of plant growth promotion, the
best results were obtained with the mixture of the three components. The sole application
of CFCS played a significant role in growth promotion through benzimidazole antioxi-
dant activity and nodulation. Moreover, the increase of ascorbic acid, pantoic acid, and
benzoic acid was recorded, suggesting that the application of CFCS made stronger the
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symbiotic association between plants and PGPR. The authors hypothesized that the posi-
tive effects exerted by EPS could be due to its functions as a protective coat for the inocu-
lated PGPR and as carbon source useful for the improvement of root colonization, biofilm,
and nodule formation. Based on the characteristics of each component, the best perfor-
mance, in terms of plant growth, was observed when Bradyrhizobium was inoculated with
CFCS and EPS. In particular, this formulation better contributed to supporting the growth
of indigenous soil rhizobia then the sole inoculum [136].

5. Antagonistic Effects Resulting from PGPM Co-Inoculation

Despite scientific evidence highlighting that synergistic or additive effects of PGPM
co-inoculation can effectively occur, there are some exceptions. Indeed, co-inoculants do
not have universal positive plant-growth promoting functions, but their application can
also produce antagonistic interactions among the inoculated PGPMs, thus leading to a
reduction of the expected effect [138,139].

For example, root-associated Bacillus and Pseudomonas species may show antagonistic
activity against other beneficial bacteria and fungi [139,140]. Moreover, Couillerot et al.
reported an inhibitory action of P. fluorescens towards Azospirillum brasilense, which was
ten-fold less abundant on roots. The co-inoculation of the mixture on wheat plants showed
a plant growth promotion capacity similar to single inoculations, but the authors con-
cluded that this effect could be exclusively linked to P. fluorescens inoculation [141].

An additional antagonistic effect was observed between two beneficial Pseudomonas
species when co-inoculated [142]. In this case, P. simiae established significantly higher
population densities than P. fluorescens by inhibiting the growth of P. fluorescens. Moreo-
ver, despite the fact that no significant effect on root fresh weight was observed, the com-
bined inoculation of P. simiae and P. fluorescens on A. thaliana roots resulted in a lower
shoot fresh weight in comparison to the inoculation of the single microorganism [142].

Antagonistic interactions were also observed when fungal strains were co-inoculated
[139]. For example, the co-inoculation of R. irregularis and G. aggregatum resulted in the
abundance reduction of both fungal species [143].

Therefore, PGPM consortia do not necessarily produce an additive or synergic effect,
but in some cases a decrease in the biostimulant effect can be observed after co-inoculation
[144].

In conclusion, the efficacy of a microbial mixture cannot be predicted by the simple
evaluation of the performance of a single strain but, in order to obtain a successful bi-
ostimulant formulation, it would be appropriate to consider the compatibility among the
different strains employed [139].

6. Influence of PGPM Inoculum in Improving Nutritional and Nutraceutical Aspects
on Fruits

In recent years, consumers showed an increased interest in plant food grown in an
eco-sustainable way that is free from synthetic chemicals, fertilizers, and pesticides [145].
This new trend in finding and eating environmental-friendly fruits is mostly linked to the
negative perception concerning the use of phytochemicals and chemical fertilizers in tra-
ditional agricultural practices. Indeed, despite chemical fertilizers allowing for the obtain-
ment of greater agricultural production, the fruits harvested from plants treated with
these products were shown to not only to have worse quality, but also negative effects on
human health [146]. Consequently, many people have started to consider organic foods
over conventional ones because they are perceived as healthier and less prone to chemical
exposure. In particular, consumers believe that eating organic food helps to reduce stress
levels, maintain an energetic lifestyle, and avoid the side effects derived from the indirect
chronic intake of phytochemicals [147].

In this context, the treatment of plants with biostimulant formulations may positively
affect plant growth by regulating the uptake of nutrients and water or activating specific
enzymatic and non-enzymatic systems [9,28,148]. Furthermore, in several cases it was
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shown that biofortification is effective not only in obtaining a faster and larger agricultural
yield, but also in increasing the product quality [145]. However, this aspect has been in-
vestigated only recently, and a number of results reported in the scientific literature sug-
gest that the potential effect derived from the application of biostimulants may depend
not only on the type of formulation, but also on the plant genus [5,149].

Here, we used a meta-analytical approach aimed to analyze the most influential qual-
itative parameters affecting the commercial value of plant foods. Size and weight are the
first parameters that are examined by consumers that preferentially choose larger fruits
[5,149], while, from a nutritional point of view, the content of sugars and proteins are the
most important. Indeed, the sugar content affects the taste of fruit, thus modifying con-
sumer satisfaction. Meanwhile, plant foods with high protein content are very appreci-
ated, due to the limited distribution of these macromolecules within the plant kingdom
[150]. Finally, the modern consumer is also interested in foods with enhanced nutraceuti-
cal properties. In particular, in the recent years an increase in the purchase of foods with
a higher content of bioactive compounds, which can have beneficial effects on human
health, including antioxidant properties, was reported [151].

Data were collected from scientific papers that exclusively satisfied all the pre-fixed
inclusion criteria. Briefly, the previously published articles (n = 180) were obtained by a
literature search on PubMed, Scopus, Google Scholar, and ISI Web of Science research
tool, using the following keywords: “biostimulant(s)” OR “microbial inoculation(s)” OR
“inoculation(s)” AND “food quality” OR “quality”. Then, a manual screening of the arti-
cles was performed by simply reading the title, abstract, or full text. Original articles were
included exclusively if they met the following inclusion criteria: (i) the language should
be English; (ii) articles should be published in peer-reviewed journals, (iii) after being re-
viewing by experts, (iv) within the last 7 years; (v) the study design should be randomized
controlled clinical trials, (vi) in comparison to untreated control group; (vii) the interven-
tion should be the application of a formulation containing microbial inoculation; (viii)
only studies in which the number of replicates was clearly reported should be included;
(ix) the measurement outcome should be weight/yield, sugar content, protein content,
polyphenol content, anthocyanin content, and antioxidant activity measured by DPPH
assay; and (x) when outcomes at different time points were presented in the study, the
longest follow-up duration was exclusively selected. Consequently, from the 180 pub-
lished full text articles identified during the literature search, 164 were excluded. Data
from the selected articles (n = 9) were employed for the meta-analysis. Figure 2 displays
the forest plot analysis, which reported the changes observed in weight (Figure 2A), the
content of sugars (Figure 2B), proteins (Figure 2C), polyphenols (Figure 2D), and antho-
cyanins (Figure 2E), and the antioxidant activity (Figure 2F) of fruits harvested from plants
treated with microbial biostimulants.

Since data were obtained from studies, which were independently performed, the
forest plots displayed in Figure 2 were built using random effect, in accordance with the
high heterogeneity values calculated between the selected studies. Statistical heterogene-
ity among studies was checked by the Cochran Q test (with a significance level of p <0.05)
and the I? statistics. Furthermore, sensitivity analyses were performed to evaluate the in-
fluence of each study on the overall effect size. Finally, potential publication bias was ex-
cluded by visual inspection of the respective funnel plot.

Although the analysis of the six forest plots evidenced heterogeneity (I2>75%), pub-
lication bias was not detected. Since the various studies take into consideration the appli-
cation of formulations based on different microbial inoculations on various plant genera,
the high heterogeneity observed is more than understandable. As a general trend, the
combined results of the selected articles from the random-effect model suggested a signif-
icant effect of the microbial inoculation on the observed parameters, except for fruit
weight (WMD: -0.06; 95% CI: -0.71, +0.60; I2 = 98%; P = 0.87) and protein content (WMD: -
0.76; 95% CI: -1.76; +0.26; I> = 83%; P = 0.13). On the other hand, the most positive results
were related to the content of sugars (WMD: +5.49; 95% CI: +2.26, +8.73; I2 = 99%; P =
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0.0009), polyphenols (WMD: +10.98; 95% CI: 5.46, 16.50; I2 = 88%; P = 0.0001), and antho-
cyanins (WMD: +35.82; 95% CI: +5.87, +8.73; 12 = 97%; P = 0.02). Consequently, an increase
of the antioxidant activity was also recorded (WMD: +0.94; 95% CI: +0.19, +1.70; 12 = 74%;

P =0.01).
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Figure 2. Forest plot representation of the effects derived from biostimulant application on weight
(A), content of sugars (B), proteins (C), polyphenols (D), anthocyanins (E), and antioxidant prop-
erty (F) of fruits harvested from plants treated with microbial inoculation. Data were extrapolated
from [152-160], and plotted according to the mean difference. The weight of each study is repre-
sented by the size of the green box. The forest plot displays a horizontal line that indicates the
lower and upper limits of the 95% confidence interval (CI) of the effect reported for each study.
The vertical line represents the no-effect, and if it crosses the horizontal lines it indicates the non-
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significance of the data reported in the respective study. The black diamond at the bottom repre-
sents the average effect size. Heterogeneity was assessed using I statistical test that represents the
amount of total variation that could be attributed to heterogeneity.

7. Microbial Biostimulants as a Solution to Limit Land Degradation and Unsustaina-
ble Agriculture

Land degradation is defined as anthropogenic processes resulting in the decline or
loss of biodiversity, ecosystem functions, and ecosystem services [161]. Soil degradation
is usually recognized in six biophysical processes: water erosion, wind erosion, excess of
salt, chemical degradation, physical degradation, and biological degradation [162]. All
these processes are mainly caused by unsustainable agricultural practices, including in-
correct land or water management [163] and the abuse of chemical fertilizers [164]. These
processes have an immediate on-site impact, rendering the lands pauperized in quality
and unable to support plant growth [162].

In the last century, biological degradation was rarely considered, while other factors,
such as the lack of water and nutrients, were the main focus of scientific research. How-
ever, recently it was observed that biological degradation, including the depletion of the
microbial component and the reduction of microbial diversity, also strongly influences
agricultural yields [165,166].

Among the main causes of biological soil degradation, soil organic carbon pool im-
poverishment [167], soil pH [2,168,169], monocropping [2], and adverse climate condi-
tions are the most important [170,171]. Indeed, the decrease of soil pH determines the
minor microbial nutrient availability and the reduction of soil biological activity, leading
to a decrease in the more sensitive and rare species, and limiting plant growth [2,168,169].
On the other hand, continuous monocropping causes soil depletion, leading to a decrease
of beneficial microorganisms, an impoverishment of the soil microbial community struc-
ture, and an increase in pathogen presence [2]. Finally, adverse climate change, including
enhanced rainfall, significantly reduces the species richness of soil bacteria and fungi
[170,171]. Furthermore, erosion and variable warming reduce the network complexity of
soil microbiomes [171,172]. This implies the reduction of decomposition activity and nu-
trient cycling, as well as resource availability. These factors limit the microbial resilience
to environmental stresses by causing long-term adverse effects on soil functions [172].

Microbial functional diversity largely influences important soil processes (e.g., pro-
duction of NOs, and fluxes of N20O and CHa4), and the loss of soil microbial diversity results
in a decline of specialized soil functions followed by a decline in the important conse-
quences of terrestrial ecosystems [173]. The importance of a highly diversified microbial
component was confirmed by its key role in the C cycle and in the development of soil
organic matter (SOM). In fact, the microbial community and microbial byproducts are a
strong driver of SOM production and heterogeneity [174,175], contributing to form more
than half of the organic carbon in soil through the production of microbial necromass
[176,177].

In addition to the role of soil microbiota in the cycling of elements, and in the stabili-
zation of soil structure, elevated soil microbial activity is indispensable for efficient crop
production, the ability to maintain healthy plants, and ensuring a good yield under dif-
ferent environmental conditions. Global environmental changes can compromise both
plant and soil biodiversity, suggesting a complex feedback between plants and microor-
ganisms under stressed environmental conditions [165,178]. Several studies demonstrated
that climate change decreased plant diversity and yield, and a more negative effect was
observed under reduced soil biodiversity [165]. This happens independently from plant
genotypes, indicating that the negative effect of soil biodiversity loss could generally come
from soil microbes [165,179]. In support of this evidence, plant growth under high micro-
bial diversity displayed higher productivity and greater recovery under stress conditions.
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Moreover, the yield losses were mitigated in the presence of elevated soil microbial com-
munities, suggesting their potential and crucial role as yield stabilizers after global change
disturbances [179].

Furthermore, evidence highlights the importance of the microbial component and
their diversity not only for crop management, but also as a promising biological tool to
recover degraded soils and implement revegetation activities [91,92]. For example, a bac-
terial consortium (Azospirillum spp., Azoarcus spp., and Azorhizobium spp.) and two AMF-
PGPR consortia (Rhizophagus irregularis and Azotobacter vinelandii, and R. irregularis, Bacil-
lus megaterium, and Frateuria aurantia), inoculated wheat demonstrated a general increase
in total microbial biomass and soil enzymatic activities. These findings suggest an en-
hanced microbial metabolism, mainly observed when the inoculum contained both
PGPRs and AMFs [110]. In particular, the consortia composed of R. irregularis, B. mega-
terium, and F. aurantia, stimulated the cyanobacteria growth, which were then more able
to produce a higher amount of plant growth-promoting substances. Similarly, the bacte-
rial consortium stimulated the abundance of bacteria belonging to the Flavobacteriaceae
family, which plays an important ecological function in terms of organic matter turnover
[110]. Baldi et al. also reported on how AMF influenced soil biodiversity by enhancing soil
microbial biomass up to 53% in an apricot orchard [180].

A concrete answer was given by the land degradation neutrality (LDN), proposed by
the United Nations Convention to Combat Desertification (UNCCD), which set out the
ambition to maintain or increase the amount and quality of land resources by compensat-
ing for any land degradation with land restoration [163]. The only way to achieve LDN
and sustainable land management (SLM) is by ensuring available instruments are able to
maintain proper agricultural input use. Among these strategies, biostimulant products
can be considered a powerful tool. Based on previously reported data, microbial biostim-
ulants could be an efficient tool for satisfying the goals of LDN, SLM, agricultural produc-
tivity, and resettlement processes of soil biodiversity.

8. Conclusions

Research on sustainable agronomic tools, which are able to improve plant resilience
to adverse soil conditions and ensure agricultural yield, is in progress. Recently, it was
observed that biological degradation, including the depletion of microbial components
and the reduction of microbial diversity, negatively affects yields. Based on the considered
studies, microbial biostimulants seem to be both an adequate response to the poor bio-
functions of degraded soils and able to satisfy the goals of agricultural productivity, LDN,
SLM, and re-establish soil biodiversity.

The inoculation of a single PGPM strain appears to be effective as a plant biostimu-
lant. Nevertheless, microbial biostimulants based on AMF and PGPR multispecies con-
sortia and formulations based on PGPMs in addition to organic matrices, seem to be a
better option when compared to the single strain application. Indeed, these mixtures can
exert synergistic or additive biostimulant effects.

The selection of microbial biostimulant product components play a key role on the
formulation efficacy. The intrinsic characteristics of the selected inoculants, their associa-
tions with host plants, and the interaction between PGPM strains along with organic ma-
trices, can make the difference with regard to the biostimulant activity of each formula-
tion. The large variability in biostimulant effects and effectiveness allows them to satisfy
more diverse needs, such as soil fertility, degraded soil recovery, and preserving yield.
Due to the elevated genetic variability of PGPMs, different approaches can be considered.
First of all, it could be useful to select PGPMs, which are able to establish the largest num-
ber of relationships with plants and rhizospheres to be used under the most diverse of
environmental conditions. Moreover, further investigations are focused on selected mi-
croorganisms with specific activities to satisfy particular aims, such as the improvement
of uptake in the case of the low availability of nutrients; the use of species-specific PGPMs
to re-establish native plants in degraded soils; and the application of PGPMs isolated from
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areas with salinity and desertification problems to enhance plant tolerance to drought and
salt stress, etc. On the basis of the above-mentioned approaches, the research on microor-
ganism application could help to prepare for future agriculture challenges.

Nevertheless, investigation on microorganisms was not encouraged because of their
lack of consideration in applicable legislation. For the first time, the new European Regu-
lation (EU) 2019/1009 included microorganisms within fertilizer legislation, though, to
date, the authorized positive list is rather restrictive. Considering the beneficial effects of
the application of PGPMs on parameter-related fruit quality, such as weight, content of
sugars, proteins, polyphenols, and anthocyanins, and antioxidant properties, an amend-
ment of the list is desirable in order to provide farmers with more techniques to safely
feed the increasing population, while concurrently respecting the environment.
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