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Abstract

The increased demand for food creates the necessity for increased production of edible plants and
livestock. Further, the demand for the implementation of environmentally friendly methods in agriculture,
leads to the replacement of chemical fertilizers with alternatives. In order an enhanced crop production to
be achieved, research on the use of microorganisms that affect positively the soil environment and plants’
growth is of urgent need. Such microorganisms are called microbial inoculants and contain the plant
growth promoting rhizobacteria (PGPR), the arbuscular mycorrhizal fungi (AMF) and the endophytes.
This review focused on the effects of microbial inoculants” application on the most commonly fodder
plants as maize (Zea mays), wheat (Triticum aestivum), barley (Hordeum vulgare), oats (Avena sativa),
soybean (Glycine max), sorghum (Sorghum spp.), alfalfa (Medicago sativa) and trefoil (Trifolium spp.). A
survey of the literature for the period 2010-2018 was applied.

Totally 72 articles were collected; 60 of them were referred to only four plant species (maize, wheat,
barley and soybean). We categorized the articles in relation to the type of microbial inoculant used per
se or jointly (PGPR, AMF and endophytes) and also in relation to the environmental conditions under
consideration (stress, pollution, nutrient deficiency or unstressed conditions). 45% of the studies
examined the PGPR individual effects, 22% the effects of AMF and 20% those of endophytes. PGPR
promote plant growth in terms of root and aerial parts parameters, yield production, nutrient uptake and
alleviate from stressful environmental conditions. Endophytes were applied mainly under non-stressed
conditions and were studied in relation to their ability to protect plants against pathogens. However,
the role of microbes as protective agents against diseases was examined in only 3% of the studies.
We suggested that in the area of fodder plants cultivation, research focusing on the role of microbial
inoculants as biopesticides is of urgent need.

Keywords: PGPR; AMF; Endophytes; Biofertilizers; Biopesticides

Introduction

According to FAO, the global population will reach 9.1 billion by 2050, 34% higher than
today, and the majority of this increase will be in developing countries [1]. Food production
and especially meat production has to be greater by 70% in order to cover the elevated needs
of feed of the new world’s population [2]. Cereal production has to reach the limit of 3 billion
tones and the meat quantity to be increased by more than 200 million tones per year [2,3].
Higher crop yield, better quality, biotic and abiotic stress resistance, expression of various
desirable agronomic traits, better and wider adaptability of crops to climatic changes are
signs of crop yield’s improvement [4]. Quantity can be defined as the amount of grains or
seeds that is generated from a unit of land expressed as Kg/ha and actually represents the
agricultural output. Referring to quality, we must consider the water content of the product,
the dry matter (organic and inorganic) and the concentration of carbohydrates, fats, proteins,
minerals and vitamins [5,6].

In order animals to cover their life cycle, they need to intake various chemical compounds
which are mainly carbohydrates, protein, fats, minerals and vitamins [7]. Apart from proteins,
some lipids and some minerals contribute to the formation of main structures of the body
tissues acting towards the renewal of the body units and the formation of muscles (meat),
eggs and milk. Moreover, some minerals and vitamins which cannot be synthesized inside
the animal body promote the function and completion of basic metabolic pathways that are
involved in the provision of energy or the construction of main body tissues. Water is a basic
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component of animals’ body as it constitutes the 55%-80% of their
total live weight.

[taffects the main chemical reactions and is the main component
of blood, lymph and animal products such as milk, urine and feces
[5]. Fodder crops are those that are cultivated for animal nutrition.
These crops include cereals, legumes and grasses that are fed to
animals as green plants, hays or silage after the proper procedure
[8]. The most cultivated crops worldwide are corn, wheat, rice,
barley and oats [9]. All these crops are used for livestock farming,
except from rice which is fed to animals in a lower scale [9]. In USA,
the main cereals used for the animal nutrition in 2016 were corn
(50%), soybean, bakery meals and sorghum [10]. Alfalfa constitutes
the fourth most cultivated crop in U.S.A. [11] while high quality
Trifolium spp. is a major food source for animals worldwide [12].
As it is revealed, the main crops used for the nutrition of livestock
animals are maize (Zea mays), wheat (Triticum aestivum), barley
(Hordeum vulgare), oats (Avena sativa), soybean (Glycine max),
sorghum (Sorghum spp.), alfalfa (Medicago sativa) and trefoil
(Trifolium spp) [10]. During the last decades, farmers seem to
prefer the use of alternatives instead of chemical fertilizers in order
to improve crop productivity and quality, as they are considered
friendlier to the environment and economically efficient [13].

Such agents are the microbial inoculants that can be classified
either as biocontrol agents or biofertilizers [14]. The main action
of biofertilizers is the plant growth promotion by increasing the
availability of nutrients, the root biomass and area and the uptake
of nutrients after their application on the seed, the surface of the
plant or even into the soil [14,15]. There are three main categories
of microbial inoculants which have been extensively studied,

a) the free-living bacteria that contain the plant growth
promoting rhizobacteria (PGPR) and bacteria (PGPB),

b)  the fungi and
c) the endophytes [14,15].

Ithas been demonstrated that the enhancement of plant growth
and yield due to microbial inoculation resulted from the elevated
nutrient uptake and the improvement of the nutrient status of the
inoculated plant [14,16]. Some inoculants are capable of solubilizing
nutrients via the production of organic acids and phosphatases
[14,17,18] making nutrients available to the plants [13]. PGPR affect
the growth of the plants directly by producing phytohormones or
indirectly by acting as control agents or by being involved in the
availability of nutrients [13,19]. Moreover, free-living and symbiotic
bacteria provide N through the fixation of atmospheric N and the
production of hormones such as auxins, cytokinins, gibberellins
and ethylene [14,20]. Usually, the combination of these hormones
gives better results than their individual action [14]. Further, PGPR
could induce systemic resistance against various bacteria, fungi
and viruses [21]. This review aimed to monitor the use of microbial
inoculants in fodder crops and their effects on plants under specific
environmental conditions. It was focused on the eight crop species
that are mainly used for livestock farming.

Method

A review of literature published from 2013 until July 2018 for
maize and from 2010 until 2018 for the rest plants was organized.
This differentiation in research datum concerning maize was due
to the large number of review papers referring to maize till 2013
which formed the need for more recent information. The search of
literature was based on Science Direct, Web of Science and Scopus
databases. The search terms used were: (maize* or Zea mays* or
wheat* or Triticum aestivum* or barley* or Hordeum vulgare* or
sorghum* or Sorghum spp* or oat* or Avena sativa* or soybean* or
Glycine max* or alfalfa* or Medicago sativa* or trefoil* or Trifolium
spp*) and (PGPR* or PGPF* or AMF* or endophytes*) or (name of
plant) and (drought stress* or salinity* or yield improvement* or
crop production* or quality improvement*). We focused on articles
where the effects of microbial inoculants on plants under different
environmental conditions (stress, pollution, nutrient deficiency
or unstressed cultivation conditions) were examined. Totally,
72 articles were identified using the criteria. 60 of these articles
were referring to only four plants, specifically maize, wheat, barley
and soybean, while the rest 12 referred to the rest four plants:
sorghum, oats, alfalfa, trifolium. We categorized the papers in two
subcategories. Firstly, in relation to the type of microbial inoculant
used per se or jointly (PGPR, AMF and endophytes). Further, the
studies were categorized in relation to the environmental conditions
under consideration (stress, pollution, nutrient deficiency or
unstressed environmental conditions).

Result

From the total of 72 studies, 26 concerned maize, 17 wheat,
nine soybean, six barley, five sorghum, four alfalfa, one trefoil and
one oats. There were also two studies where more than one crop
was considered. Clearly, the plant growth promoting rhizobacteria
(PGPR) are of main interest of research since 2010 as they are
represented in almost half (27/72) of the papers selected (Figure
1). The AMF effects have been extensively analyzed the period
before 2010 and many review papers have been written [18,22,23].
This is the reason of their limited contribution to results (13/60).
Almost the same percentage with the AMF studies, covered the
studies of endophytes (12/60). The application of combined inocula
of microbes was studied in even less papers, mostly referring to
the combination of PGPR and AMF whereas the combination of
endophytes with AMF did not attract special attention till now
(Figure 1). Further we categorized the articles in relation to
conditions under study; environmental stresses as drought, salinity
or temperature extreme.

Aspollutionwe defined the cases with toxicity or surplus ofheavy
metals or other elements. Moreover, we categorized as nutrient
deficiency or fertilization the articles where plants’ inoculation
takes place in soils with limited or very low concentrations of
one or more elements. In most cases, the application of microbial
inoculation has been studied under conditions of abiotic stress,
nutrient deficient or toxic soil conditions. So, the main concern
was the alleviation of the adverse conditions and the improvement
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of agroecosystems. The effects of inoculation in non-stressed
environmental soil conditions were studied in 40% of papers,
22% of the studies concerned the inoculation in relation to
environmental stresses, and another 22% examined inoculation
under nutrient deficient conditions (Figure 2). Moreover, 13% of
studies referred to polluted with heavy metal soils or soils with
surpluses of other elements. At last, few cases concerned the role

of inoculation in the biological control of diseases (3%). Due to
the large contribution of PGPR (45%) and endophytes (20%) to
microbial inoculation of fodder plants, further we focused to these
two subcategories. We didn’t analyze extensively the AMF studies
although they contributed by 22% to the total, because there was
already a large literature body referring to AMF application to
plants.

m PGFR

mAMF

 endophytes
PGPR + AMF

.AMF+En|:Iupmrl:es

Figure 1: Percentage of studies referring to different types of inoculants used in the cultivation of fodder plants.

B environmental stress

B pollution

W fertilization
unstressed

B piological control

Figure 2: Percentage of studies concerning the specific conditions that the effects of microbial inoculants on

fodder plants growth were examined.

Plant Growth Promoting Rhizobacteria (PGPR)

In recent years, farmers tend to replace the application of
chemical fertilizers and pesticides with the inoculation of plants with
PGPR due to the need for environmental protection and decrease
of economic losses [24,25]. The effects of the application of PGPR
on plants have been studied mainly in unstressed environmental
conditions and in nutrient deficient conditions. They were studied
to a lesser extent under conditions of environmental stress such as
drought or salinity or in metal polluted soils (Table 1). The main
interest of these studies was focused on the effectiveness of the
inoculants on growth promotion, yield enhancementand nutritional
quality improvement [26]. The development and yield production
of a plant is correlated with the absorption of N, P and Zn. In soils
with limited concentrations of these elements, plant growth,

productivity and seed germination were inhibited [13,24,27,28,29].
Phosphorous is a main macronutrient for the completion of plants’
biological functions but soil P is mainly immobilized and becomes
unavailable to the plants [24,28]. Moreover, deficiency of Zn,
another essential element, limits not only the crop production but
also the nutritional quality of the plants [29]. The action of PGPR in
nutrient deficient soils has been studied in many laboratory or field
experiments. The application of phosphate solubilizing bacteria
(PSB) resulted in the increase of P uptake in plants as maize, wheat
and wheat.

Nutrient availability

Especially PGPR of the genera Rhodococcus, Pseudomonas
and Arthrobacter, enhanced the maize dry biomass and
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increased the P content of roots and shoot [27]. Same results
were also revealed by the application of other bacteria such as
Achromobacter spp., Agroacterium spp., Bordetella spp., Cupravidus
spp., Ochrobactrum spp., Chryseobacterium spp. and Flavobacterium
spp. [30]. Inoculation with Pantoea cypripedii and Pseudomonas
plecoglossicida in maize and wheat increased P concentrations in
grain, root and shoot, enhanced the shoot length, the grain yield

and the dry biomass of the plants and also contributed to soil
fertility by improving the availability of P, the enzymatic action
and the population of phosphate solubilizing bacteria [17,24]. The
above results were also confirmed after the inoculation of wheat
with phosphate solubilizing bacterial strains that were isolated
from various soils in order to investigate their effects on wheat
growth and nutrition [28].

Table 1: The application of PGPR on fodder plants.

Crop species Microbial Inoculants Conditions Source
Maize Bacillus spp. fertilization [26]
Maize Pseudomonas fluorescens, Enterobacter radicincitans fertilization [17]
Maize Rhodococcus spp., Pseudomonas spp., Arthrobacter spp., Burkholderia spp. fertilization [27]

Maize-Wheat Pantoea cypripedii, Pseudomonas plecoglossicida fertilization [24]
Wheat Rhodococcus spp., Pseudomonas spp, Arthrobacter nicotinovorans fertilization [28]

Soybean, wheat Bacillus aryabhattai ferilization [29]
Wheat Trabusiella spp., Aeromonas spp., Arthrobacter spp., Exiguobacterium aurantiacum fertilization [25]
Wheat Aneurinibacillus aneurinilyticus, Aeromonas spp., Pseudomonas spp. fertilization [30]
Maize Pseudomonas striata drought stress [31]
Maize Pseudomonas putida strain FBKV2 drought stress [32]
Maize Azospirillum spp. drought stress [33]

Bacillus spp., Halobacillus spp., Bacillus gibsonii, Staphylococcus succinus, Zhihengliuella
spp., Zhihengliuella halotolerans, Oceanobacillus spp., Oceanobacillus oncorhynchi, Exig-
uobacterium aurantiacum, Bacillus atrophaeus, Halomonas spp., Virgibacillus picturae,
Wheat Thalassobacillus spp. salinity [34]
Barley Hartmannibacter diazotrophicus salinity [35]
Pseudomonas spp., Bacillus simplex, Curtobacterium flaccumfaciens, Ensifer garaman-
ticus, Microbacterium natoriense, Streptomyces spp, Hartmannibacter diazotrophicus,
Barley Sphingopyxis taejonensis, Rheinheimera hassiensis, Cellvibrio diazotrophicus salinity [36]
Bradyrhizobium spp. temperature stress [37]
Soybean Enterobacter ludwigii pollution [38]
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Anabaena spp., Anabaena torulosa, Nostoc carneum, Nostoc piscinale, Anabaena dol-
Maize iolum, Providencia spp., Azotobacter chroococcum, Trichoderma viride non-stress [13]
Maize Pseudomonas spp., Enterobacter spp., Klebsiella spp. non-stress [19]
Maize Azospirillum brasilense non-stress [39]
Maize Azospirillum brasilense, Pseudomonas fluorescens non-stress [16]
Azotobacter chroococcum, Mesorhizobium ciceri, Pseudomonas striata, Serratia marc-
Wheat escens non-stress [40]
Wheat Azospirillum spp., Azoarcus spp. and Azorhizobium spp. non-stress [41]
Wheat Providencia spp., Anabaena spp., Calothrix spp. non-stress [42]
Wheat Bacillus megaterium, Arthrobacter chlorophenolicus and Enterobacter spp. non-stress [43]
Barley Microbial N-acyl-homoserine lactones non-stress [44]
Bacillus amyloliquefaciens, Bradyrhizobium japonicum non-stress [45]
Achromobacter spp., Agrobacterium spp., Bordetella spp., Cupriavidus spp., Ochrobactrum
spp., Pseudoxanthomonas spp., Stenotrophomonas spp., Chryseobacterium spp., Flavobac-
Soybean terium genera non-stress [46]

On the other hand, Enterobacter radicincitans proved to
have a drawback on P availability and yield production [17].
PGPR as Acinetobacter spp., Bacillus spp., Gluconacetobacter spp.,
Pseudomonas spp., Trabusiella spp., Aeromonas spp., Arthrobacter
spp., and Exiquobacterium spp. are considered zinc solubilizing
bacteria [25,29]. Zn is essential for plants as it is a part of over 300
proteins, playing an important role in enzymatic activity and the
production of auxins in plants, although it appears to be toxic for
plants and animals in great amounts [30]. The solubilization of Zn is
promoted by the production and secretion of many acids, hormones
and vitamins [26,29]. These strains are capable of enhancing
growth and yield and improving quality of the crops. Specifically,
the application of Bacillus aryabhattai on soybean and wheat
increased the Zn content in broths, enhanced the solubilization
of Zn and this resulted in improved seed yield, root and shoot dry
weight and increased Zn concentrations in plants [29].

Moreover, as for the production of IAA (Indole-3-Acetic Acid)
and siderophores, some strains of Bacillus spp. revealed a positive
reaction, but for the increased production of IAA, the simultaneous
presence of L-tryptophanand PGPR gave greaterresults [26]. Bacillus
spp. promoted also the growth of plants, as the measurements for
shoot and root length, shoot, root and total fresh and dry biomass
showed significant improvement [26]. Except from quantitative
effects, Zn solubilizing bacteria offer also qualitative profit to plants
as they enhance the amounts of micronutrients such as Zn, Fe, N, P
and K in plant tissues [25]. Additionally, Kumar et al. [31] revealed
the importance of Fe for plant growth, as the enhanced siderophore
production by bacterial strains of Aneurinibacillus aneurinilyticus,
Aeromonas spp. and Pseudomonas spp. resulted in increased seed
germination, plant height, and total dry weight of wheat plants

[31]. Some of these strains revealed also an action against Fusarium
solani, a pathogenic agent of wheat.

Protection against environmental stress

The inoculation of plants with PGPR, promotes the protection
against environmental stresses such as drought, salinity and
extreme temperatures that inhibit the growth of agricultural
crops [32,33]. Experiments took place in Iraq and Pakistan in
order to investigate the effect of application of plant residues and
P-solubilizing bacteria, mainly Pseudomonas striata, along with the
proper management of P on maize yield and its components [31].
The researchers found out that the application of bacteria or plant
residue or phosphorus sources per se had significantly positive
effects on yield variables such as total number of plants, ear length,
number of grains per row or per ear, grain yield, harvest index and
selling percentage [31]. However, the interactions of the applicants
had no significant effects on plant yield and its components. Earlier,
in 2016 in India, Vurukonda et al. [33] investigated the effects of
the application of Pseudomonas putida strain FBKV2 in maize. It
was revealed that this strain promoted the production of IAA, HCN
(Hydrogen Cyanide), siderophore and the solubilization of P under
both control and drought conditions. Moreover, under drought
stress conditions, inoculation with the strain FBKVZ2 increased
the content of sugars, starch, proline, chlorophyll and amino acids
contained in maize seedlings.

Additionally, the seedlings’ growth was promoted as found
by the increases in root and shoot length, the dry biomass, the
metabolites presence and activity and the stomatal activity [32].
Moreover, the inoculation of maize with Azospirillum spp. in vitro,
revealed that these bacteria and especially the strains Az39 and
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Az19 can offer osmotic, salt and drought tolerance to the plants by
increasing the production of IAA and proline, by maintaining the
water content at certain level resulting to the increase of the plant
height and the dry weight of shoot and roots [33]. Additionally,
the alleviation of salinity, an abiotic stress that might affect half
of global agricultural soils by 2050 [34] by PGPR inoculation has
been studied. The PGPR inoculation not only improved salinity
tolerance but also enhanced the plant development [35]. The major
mechanism of defense against salinity is the production of ACC-
deaminase by bacterial strains [36]. ACC-deaminase producing
bacteria manage to decrease the ethylene aggregation in plants
under salt stress and promote plant development and elongation
of roots [34].

Bacterial strains that alleviate salinity increased length, fresh
and dry weight of aerial and root parts, root-to-shoot ratio and
also the water content as proven by experiments in wheat and
barley [34-36]. Especially, Hartmannibacter diazotrophicus also
decreased the uptake of Na by the roots which led to the restoration
of nutrient balance [36]. Moreover, soybean yield production has
been increased after inoculation with Bradyrhizobium spp. strains
and commercially available inoculants under cool conditions [37].
The rhizobium strains achieved to promote the highest grain yield
and protein content in soybean varieties [37]. ACC-deaminase is a
major cofactor for the alleviation from toxicity induced by increased
concentration of heavy metals [38]. The inoculation of wheat
with the Enterobacter ludwigii CDP-14 which is a Zn-resistant
bacterium, increased the production of ACC-deaminase, 1AA, and
the solubilization of phosphates, factors that promote plant growth
[38].

The role of PGPR in non-stressed conditions

The beneficial activity of PGPR application has also been studied
under non-stressed environmental conditions. The availability of N
in soil is essential for the enhancement of growth and productivity
of plants [13]. Moreover, Na affects the mobility and the uptake of P
and Zn while N availability enhances the translocation of nutrients
between shoot and root [39]. In experiments with cyanobacteria
strains in maize, Prasanna et. al. [13] found out that PGPR bacteria
promote the crop production; plants became taller and cob yields
were enhanced. Furthermore, they improved the soil functional
activities and soil aggregation due to the increase of glomalin related
soil proteins. Cyanobacteria based biofilms, that were inoculated
together with bacteria Azotobacter chroococcum, Mesorhizobium
cicero, Serratia marcecens and Pseudomonas striata increased the
N-fixing potential by increasing the acetylene reducing activity in
pot experiments in wheat, promoting plant growth and production
[40]. The application of consortium of Providencia spp. with
cyanobacteria of genera Anabaena spp. and Calothrix spp. and a
commercial fertilizer N60P60K60 enhanced at highest level the
wheat grainyield [39]. The protein content and the concentration of
essential micronutrients such as Fe, Cu, Zn and Mn was increased at
the highest by the simultaneous implementation of Providencia spp.
and the fertilizer mentioned above [39]. Especially, the individual
application of Providencia spp. revealed the role of this PGPR in the

production of NH,, siderophores, HCN, indolic compounds and the
solubilization of P and Zn.

The application of Pseudomonas fluorescens has also been
studied in experiments in maize and wheat along with nitrogen
fertilization and the application of Azospirillum brasilense. Although
the results showed no interactions between the fertilizers and the
PGPR, the application of each of them individually or jointly resulted
in the enhancement of grain yield and root biomass but decreased
the aerial biomass of the plants. It was estimated that the aerial
biomass decreased was due to P- deficiency as the main action of
P, fluorescens is the solubilization of P [16]. The maize’s total fresh
and dry weight and the shoot length have been increased after the
positive synergistic effect of Pseudomonas spp., Enterobacter spp.
and Klebsiella spp [19]. This study also revealed that after years of
continuous bacterial application on the same field, maize growth
exhibited efficient improvement [19]. Azospirillum brasilense,
which is a non-symbiotic PGPR, was also studied on maize, either
at sowing on seed or as leaf spray at the V3 stage of plant growth in
combination with metabolites of Rhizobium tropici [39]. Both ways
of application resulted in increased grain yield, N uptake and shoot
dry weight [39].

However, it was found out that the shoot dry weight was
increased only by the individual application of A. brasilense on
seed, whereas when applied as spray on leaves, the enrichment
with metabolites of R. tropici was needed for this increase [39].
According to the study of Cortivo et al. [41] soil application or
foliar spraying of PGPR N-fixing bacteria improved wheat’s root
parameters; length and surface area. Specifically, the application
of Azospirillum spp., Azoarcus spp., and Azorhizobium spp. along
with a commercial bio-fertilizer improved root growth, increase
the resistance of plants to stress and reduced N-losses offering
enhancement of grain yield. The promotion of growth, yield and
nutrient uptake in wheat has also been proved after the inoculation
in pot and field experiments with Bacillus megaterium, Arthrobacter
chlorophenolicus and Enterobacter spp. bacteria that promote
N-fixation, P solubilization and HCN and siderophore production
[31]. The application of this triple consortium enhanced the plant
height, the grain and straw yield and maximized the Zn, Fe, Cu and
Mn concentrations in wheat plants in both pot and field conditions.
Also, all individual applications of these bacteria resulted in
increased grain yield which shows that this improvement is a result
of higher nutrient concentration in soil and plant [31]. PGPR also
promote K* uptake by plants which is another essential element for
plant’s life cycle [42]. Especially, the effect of N-acyl-homoserine
lactones (AHLs) on growth promotion, root development and K*
uptake was studied in barley [42]. They promoted root elongation
and increased the number of tips per root system, changing the
root architecture which resulted in increased uptake of K cations.
This consequently enhanced the plant biomass. In soybean, the
application of Bacillus amyloliquefaciens subsp. plantarum with
Bradyrhizobium japonicum, a soybean microsymbiont resulted
in growth promotion due to the production of great levels of auxin,
gibberellins and salicylic acid by the Bacillus and the increase of
nitrogen fixation by the microsymbiont [43].
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Endophytes

Endophytes are microbial organisms thatlive inside the plant for
a part of their life cycle without acting harmfully or gaining benefit
from the plant [44-46]. Some of the most abundant endophytes
belong to the genera Pseudomonas, Bacillus, Burkholderia,
Stenotrophus, Micrococcus, Pantoea and Microbacterium [47]. Some
of them act beneficially for their hosts by increasing metabolic
activity, promoting the root development, the availability of
nutrients and the tolerance to toxic compounds [47]. Moreover,
they promote plant growth by the production of phytohormones
as auxins, cytokinins and gibberelins [48]. In experiments in maize,

Table 2: Endophytes’ application on fodder plants.

the positive effect of endophytes on N-fixation has been displayed
[46,48]. Paenibacillus polymixa strain P2b-2R assisted in the use of
N from the atmospheric N pool and promoted plant development by
increasing the shoot and the seedling length and maize’s biomass
[46]. Paenibacillus spp. unveiled its effect on N-fixation and its
antipathogenic action on maize, in experiments where endophytic
bacteria isolated from the rhizosphere of Jatropha curcas [48].
Bacillus spp., Paenibacillus spp., Brevibacillus spp., Sphingomonas
spp., Rhizobium spp., Teribacillus spp. and Staphylococcus spp.
promoted maize’s growth mainly by the production of IAA,
ACC deaminase, N-fixation, the activity of phosphatase and the
solubilization of P and K [48] (Table 2).

Crop species Inoculants Conditions Source
Maize Burkholderia phytofirmans strain PsJN, Enterobacter spp. strain FD17 drought [48]
Maize Gaeumannomyces cylindrosporus pollution [51]
Wheat Paenibacillus spp., Enterobactereaceae of Pantoea and Fictibacillus/Bacillus spp. biological control [53]
Wheat Paenibacillus spp. and Curtobacterium plantarum biological control [21]
Maize 16 STRNA genes mainly homologous to Bacillus spP- szembamllus spp- Bre.wbamllus spp., non-stress [52]

Sphingomonas spp., Staphylococcus spp., Teribacillus spp. and Rhizobium spp.
Maize Paenibacillus polymyxa non-stress [50]
Wheat, Sorghum Streptomyces spp. non-stress [54]
Wheat 31 nitrogen fixing endophytic bacteria affiliated to Actinobacteria, Proteobacteria and Fir- non-stress [49]
micutes representing 14 genera, mainly Arthrobacter spp., Rhizobium spp., and Bacillus spp.
Wheat Azospirillum brasilense, Achromobacter insolitus, Zooglea ramigera non-stress [55]
Barley Paenibacillus spp., Pantoea spp. and Pseudomonas spp. non-stress [56]
Enterobacter cloacae, Acinetobacter calcoacetius, Pseudomonas putida, Ochrobactrum hae-
Soybean ; . ; . j non-stress [57]
matophilum, Bacillus amyloliquefaciens and Bacillus cereus
Soybean Beauveria bassiana, Metarhizium anisopliae and Metarhizium robertsii non-stress [58]

Also, the importance of siderophores in mineral uptake and that
of P solubilization on K accumulation were confirmed. Inoculation
of wheat with endophytes, resulted in nutrient solubilization,
development of plants and in some cases in protective activity
against diseases [21,43,45,49]. Foliar inoculation with Streptomyces
spp. resulted in extensive colonization of wheat plants, increased the
biomass of their belowground parts, shoot weight and also impeded
the infection and activity of Rhizoctonia solani and Magnaporte
oryzae [49], [49]. Moreover, in greenhouse experiments, inoculation
with Azospirillum brasilense, Achromobacter insolitus and Zooglea
ramigera increased the chlorophyll content of plants, the root
and shoot biomass and also promoted the production of IAA and
N-fixation. Especially, they increased glutamine synthetase which
is a major enzyme in the assimilation of NH4+, contributed mostly
in grain growth and N-content of shoots [50]. Endophytic bacteria
of phylum Actinobacteria, Proteobacteria and Firmicutes promoted
plant growth and the production of IAA and siderophores [45].

Bacteria of Acinetobacter phylum were indicated as P-solubilizers
enhancing the uptake of this essential element [45]. The protective
role of endophytes, especially of Paenibacillus spp., was reported in
experiments in 2016 and 2017 [21,51]. The inoculation of wheat
plants with Paenibacillus spp., Pantoea spp., and Fictibacillus spp.,
resulted in the promotion of plant development and the increased
production of antifungal substances that acted towards the
suppression of Fusarium graminarum [51]. Paenibacillus spp. has
the ability to produce lipopeptides with antibiotic action called
paenymixins. Paenibacillus spp. strain B2 and Curtobacterium
plantarum EDS were applied on wheat plants and the production
of paenymixins resulted to the induction of resistance against the
pathogenic Mycosphaerella graminicola which causes the septoria
leaf blotch disease [21]. In barley, the inoculation with Paenibacillus
spp, Pseudomonas spp., and Pantoea spp. had positive effects on
plant development, mineral nutrition and defense mechanisms
[52]. Especially, under harsh conditions, these microorganisms
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managed to increase plant height, chlorophyll content, water
content and the concentration of essential elements as K and Mg,
while induced resistance against Blumeria graminis. The effects of
application of endophytic inoculants were also examined in soybean
plants [53,54]. Enterobacter clocae, Acinetobacter calcoaceticus,
Pseudomonas putida, Bacillus spp., Beauveria bassiana,
Metarhizium spp., have the ability to promote N-fixation and the
production of IAA and siderophores. Especially, results showed
a positive interaction between siderophores and restriction of
pathogenic Phytophthora sojae [53].

and

Bacillus spp., Acinetobacter spp. and Enterobacter spp., increased
shoot and root length, the chlorophyll content and the plant’s
fresh weight [53]. Beauveria Bassiana and Metarhizium spp. were
applied either as foliar spray or by immersion on seeds or roots.
B. bassiana was inoculated by all techniques while Metarhizium
spp. was not inoculated by seed immersion [54]. In B. bassiana
the growth parameters were increased while the impact of insect
pests or antagonistic pathogens on soybean plants was decreased.
Endophytes alleviate also abiotic stress conditions or toxicity
for plants [44,47]. Burkholderia phytofirmans and Enterobacter
sp. FC17 minimized the impact of drought stress on maize and
increased plant’s biomass, photosynthesis and development [44]
by affecting the photosynthetic rate, the conductance of stomata
and transpiration, and the improvement of leaf water content. The
inoculation of maize plants with Gaemannomyces cylindrosporus
at Pb and Zn-mine tailings, under greenhouse conditions revealed
the ability of this endophyte to promote plant development and
the accumulation of these metals [47]. Moreover, the inoculation
promoted the Pb accumulation and its translocation to shoots,
which mainly decreased the toxic effect of Pb [55-59].

Future perspectives

This review identified three gaps in the research concerning
the application of microbial inoculants in the cultivation of fodder
plants. These are the following:

A.  From a total of 72 studies, 60 referred to the impact of
microbial inoculation on four (maize, wheat, barley and soybean)
out of the eight crop species (trefoil, alfalfa, oats and sorghum) that
are used for livestock farming.

B. Inoculants have been tested for their effects as
biofertilizers but not as biopesticides. Only 3% of the studies
examined the role of microbes as protective agents against diseases
and these are related to endophytes’ application.

C. A combination of different microbial strains/species
that are usually belong to the same microbial group (PGPR or
endophytes) were tested. Studies referring to the jointly effects of
microbes of different microbial groups were minority.

The study of these gaps should guide future research in the area
of fodder plants cultivation.
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