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Abstract

Soil microorganisms compose ¼ of the biodiversity of our planet and are responsible for 
important processes such as the decomposition of organic residues and the transforma‐
tion of the nutrients contained in these residues into nutrients for plants. The micro‐
organisms also aid the grasses implantation, increasing the grasses yield by means of 
several mechanisms of plant growth promotion. These mechanisms of growth promo‐
tion of grasses can be direct, or indirect. In this chapter, we discuss the main mecha‐
nisms of growth promotion of grasses by soil microorganisms. It will be explained how 
the microorganisms in the soil act favoring the growth and development of cultivated 
grasses. For this, there will be clarified the importance of soil microorganisms in nutri‐
ent cycling, the mechanisms of nutrient capture, the production of phytostimulant sub‐
stances by microorganisms, and the mechanisms of soil pathogen suppression.

Keywords: nutrient cycling, biological nitrogen fixation, interaction between plants, 
microorganisms

1. Introduction

The microbial population inhabiting the rhizosphere consists of a wide range of organisms, 

which together interact directly and indirectly with the cultivated plants. Only with regard to 

the number of bacteria, it is estimated that there are about 2 billion cells per gram of soil [1]. 

These microorganisms become interesting to the human species, as they interfere in the yield 

of the cultivated plants, by means of several mechanisms.

A microorganism is considered a plant growth promoter when it is capable of increasing the 

yield of the crops of interest. To measure this capacity, the interaction of a given microorganism 

with some plants of interest must first be evaluated under axenic conditions and in  comparison 
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with cultivated plants. It is fundamental that this initial stage is studied in isolation of the 

interaction of the plant with the organism, thus isolating the interaction of other factors such 

as climate, environment, and other edaphic or epiedaphic macro or microorganisms to make 

sure that the effect on the yield of the plants of interest is solely and exclusively due to the 
inoculated microorganism. Without this initial screening under axenic conditions, it would be 

impossible to certify and prove that the positive effect observed in the studied plant is due to 
the microorganism of interest.

Only after the positive effect of the microorganism on the plant has been proven, this interac‐

tion will be tested under conditions of greater interference, such as greenhouse, fertilization, 

or soil conditions with an original field microbial population (nonsterile soil). Under these 
conditions, the resistance of the interaction to various interference factors will be tested. Once 

approved in tests conducted under controlled conditions, the microorganisms are tested under 

field conditions.

Several mechanisms are the mechanisms by which microorganisms act on the yield of plants and 

can act directly through the production of hormones [2] or nutrient supply, such as nitrogen [3], 

or indirectly by the suppression of pathogens [4]. The most well‐known mechanisms are bio‐

logical nitrogen fixation (BNF), where symbiotic or associative bacteria can capture atmospheric 
nitrogen under microaerobic conditions and through the enzyme nitrogenase, to convert it to 

forms assimilable by plants. Other mechanisms known are involved in the production of phy‐

tostimulatory substances, such as auxin group hormones [5], cytokinins [6], and gibberellins [7].

The constant selection and verification of the effect of plant growth promoting bacteria on spe‐

cies of agronomic interest is necessary for the indication of infective and efficient organisms in 
the composition of microbial inoculants. Thus, by means of periodic inoculations, it is possible 

to alter the diversity of the microbial populations interacting with the plants in the rhizosphere, 

favoring the infection of the roots by efficient and selected microorganisms. With respect to 
soybean cultivation, for example, in the Brazilian states producing this grain, the reinoculation 
of the crop induced positive results, compared to the nonreinoculated controls, and in some 

experiments, increases of up to 23% in yield and up to 25% in the N content of the grains [8]. 

This contribution favors the economics of mineral fertilizers.

In this chapter, we will discuss the interaction of grasses with soil microorganisms, explain 

how these microorganisms can benefit the growth and development of grasses, and also elu‐

cidate the main forms of interaction between grasses and soil microorganisms.

2. Soil microbial nitrogen (N) transformations

Soil microorganisms, including bacteria, fungi, and protozoa, are responsible for the decomposi‐

tion of cultural residues such as leaves, stems, and roots, which release significant elements for 
plant nutrition from organic residues to the mineral phase absorbed by plants. The transfor‐

mation of nitrogen (N), sulfur (S), and phosphorus (P) is called nutrient cycling. Some simpler 
composition residues presenting higher concentration of N and P can be easily decomposed. 
According to Ref. [9], it is related to the chemical composition of the  residues, being facilitated by 
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the low ratios of C/N, C/P, lignin/N, polyphenols/N, and (lignin + polyphenols)/N, and difficult 
because of high levels of lignin and polyphenols.

Plants can absorb N either as Ammonium (NH
4

+) or Nitrate (NO
3

−). In order to achieve that, 
N must be transformed into a mineral nutrient so that plants can absorb it which depends 
on the C/N ratio of residue added to the soil. When the C/N ratio is greater than 30/1, the 
decomposition process is slower than usual, with accumulation of plant residues, as micro‐

organisms cannot easily degrade them. Since the microbial population of the soil lacks nutri‐

ents, it competes with plants for N, thus causing a temporary immobilization of N. The C/N 
ratio greater than 70/1 in grass straws makes the decomposition process more difficult to the 
soil’s microorganisms.

Conversely, when the C/N ratio of plant residues is less than 25/1, N is released [10], thus 

mineralizing this N present in the soil, which consists in the release of nutrients from the 
plant residues that plants can absorb as NH

4
+. The legume tissue generally presents a C/N 

ratio less than 20/1 during the flowering stage. Therefore, after being cut and incorporated 
into the soil, the legume tissue is a rich source of N to microorganisms which will transform it 
into a mineral nutrient contributing to the nutrition of grasses and other cultivated plants. As 

a consequence, part of the mineral N fertilizer can be suppressed in the cultivation of grasses 
in succession to legumes [11].

Under good drainage conditions, less oxidized forms of N present in the soil, such as ammo‐

nium (NH
4
+) and ammonia (NH

3
+), are transformed into more oxidized forms. Nitrifying bac‐

teria of the genera Nitrosomonas sp. transform N into volatile nitrite (NO
2
−). Fortunately, under 

the same environmental conditions, Nitrobacter sp. transforms volatile nitrite (NO
2
−) into 

nitrate (NO
3
−), which is stable and easily absorbed by grasses and other plant families [10].

Under flood conditions, when the supply of O
2
 is absent in the soil, some microorganisms 

carry enzymes capable of consuming the oxygen from the NO
3
− present in their respiratory 

chain as an electron acceptor, transforming it into nitrous oxide (N
2
O) [12]. N

2
O and other vol‐

atile N compounds from microbial activity in poorly drained environments return to the atmo‐

sphere as gases. The dinitrogen gas (N
2
) can be fixed in the soil through biological N fixation by 

diazotrophic bacteria. This subject will be discussed individually due to its great importance.

3. Beneficial interaction between grasses and bacteria

Soil bacteria are capable of presenting beneficial effects on cultivated grasses. Several mech‐

anisms make bacteria to promote cultivated grasses, providing significant benefits to the 
plants, mainly regarding nutritional aspects.

3.1. Beneficial interaction between grasses and nitrogen fixing bacteria

About 78% of the Earth’s atmosphere gases are composed of N
2
. This gas is neither good nor 

harmful to mankind. On the other hand, there are in the soil bacteria capable of transforming 

atmospheric nitrogen (N
2
) into nitrogen assimilable by plants (NH

3
+). The enzyme of N‐fixing 
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microorganisms that catalyzes the conversion of N into NH
3
+ is named nitrogenase. This enzyme 

is sensitive to oxygen, requiring molecules of iron (Fe), molybdenum (Mo), and vanadium (V) 
in its structural components [13], besides being an energetically expensive enzyme, requiring 

two molecules of ATP for each electron [14].

During the 1970s, Döbereiner’s findings discovered that bacteria Azospirillum and Herbaspirillum 

could endophytically fix N in cultivated grass tissues [15]. There are currently commercial 

products based on Azospirillum, with bacteria selected for maize, wheat [15], and sugarcane 

[16]. This environmentally friendly process of N‐fixing decreases the consumption of mineral 
N fertilizers, reducing the cost for small farmers, since the demand of industrial N fertilizers 
with significant consumption of fossil fuels decreases [17].

Besides the endophytic grass fixing, Azospirillum and Herbaspirillum bacteria can also endo‐

phytically fix N in other plants, as in several monocotyledons and dicots such as herbs, shrubs, 
and trees [18]. When not associated with other leguminous plants [15], these free‐living nitro‐

gen‐fixing bacteria in the soil are considered optional associative N fixers [19].

Other plant growth promoters include Azospirillum, producing phytostimulatory substances, 

such as the indolyl acetic acid (IAA), gibberellic acid (GA), abscisic acid (ABA), and ethylene [20].

There is also a group of bacteria, named rhizobia, that symbiotically fix the atmospheric N 
for family Fabaceae. Unlike free‐living fixers, rhizobia can fix N only when associated within 
plant root nodules. In the N‐fixing symbiosis in leguminous plants belonging to the family 
Fabaceae, the rhizobia receive photo‐assimilated carbohydrates and, in exchange, they offer N, 
which is obtained as N

2
 and transformed into NH

3
. The nitrogenase complex consists of two 

proteins: Fe‐protein and MoFe‐protein [3]. Thus, the metabolic exchanges between rhizobia 

and plants take place in structures called nodules, where the nitrogenase is protected from the 

atmospheric oxygen, due to the presence of leghemoglobin’s hemeprotein, presented in high 

concentrations in active nodules, and fixed to oxygen.

Although they do not directly contribute to the grass nutrition, the symbiotic relationship between 

legumes and these symbiotic N‐fixing bacteria in root nodules promotes the contribution of N to 
the soil, which will contribute to the nutrition of grasses after the crop cycle of the legume through 

cultural residues decomposition. There are important reports in the literature on the benefits of 
grasses grown after legumes interacting with symbiotic N‐fixing bacteria [5, 21, 22]. Currently, 

among the 13 symbiotic N‐fixing bacteria, including the genera Rhizobium, Mesorhizobium, 

Bradyrhizobium, there are the subclasses α‐proteobacteria and β‐proteobacteria, with two genera 

belonging to the Burkholderiales, and a genus Pseudomonas subclass γ‐proteobacteria [23].

3.2. The production of phytostimulatory substances by rhizobia

The previous studies including rhizobia as grass growth promoters were driven by empirical 

findings in which specific rice plants cultivated in succession to clover produced more when 
compared to a cultivation without succession under the same soil, climate, fertilization, and 

management conditions, and this increment was not only related to residual N [21].

It could be proven that rhizobia are able to penetrate the grass tissue through fissures and root 
insertions [24–26]. In the intraradicular environment, as well as in the rhizosphere, rhizobia 
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can produce phytostimulatory substances such as auxins [5, 7], cytokinins [6], and gibberel‐

lins [7, 21], which directly favor the yield of cultivated plant species.

It is currently known that rhizobia promote plant growth in interactions with grasses, such 

as rice [5, 26, 27], barley [28], maize [29], Tanzania grass, and Pensacola [30]. Thus, rhizobia 

can not only symbiotically fix atmospheric N associated with legumes but they also present a 
great potential to be exploited as direct promoters of compatible yield increases when inad‐

equately inoculated in succession/rotation cultures systems.

The main phytostimulatory substances produced by rhizobia are the hormones present in aux‐

ins [5, 7], cytokinins [6], and gibberellins [7, 21]. The production of abscisic acid [31], lipochitool‐

igosaccharides (LCO) [28, 32], lumichrome [33], aminocyclopropane carboxylic acid deaminase 

[34], and riboflavones and vitamins [35] produced by rhizobia have also been reported.

Among all auxin syntheses, the indole‐3‐acetic acid (IAA) is the most studied and the most 
produced by bacteria [36]. The IAA is mainly presented in the formation of lateral roots and 

root hair that increase the plant’s nutrients absorption [5]. Different metabolic pathways for 
IAA biosynthesis have already been identified in bacteria [37], being that two main metabolic 

pathways, indole‐3‐acetamide (IAM) and indole‐3‐pyruvate (IpyA), depend on tryptophan 
[38]. Probably the IAA biosynthesis pathway in rhizobia is the indole‐3‐acetonitrile (IAN) [39].

Tryptophan has been found in root exudates. Kravchenko et al. [40] quantified the trypto‐

phan exudation by aseptic tomato and radish roots. Tomato seedlings released 2.8–5.3 ng 

of tryptophan per plant daily, whereas radish seedlings released 190–390 ng of tryptophan 
per plant per day. In the same study, the authors conducted experiments in soil pots, where 

they inoculated both cultures with a Pseudomonas plant growth‐promoting rhizobacteria and 

observed that radish root mass increased by 36% in inoculated plants, while proven ineffi‐

cient in tomatoes. The authors state that the beneficial effect of inoculation on radish plants 
can be explained by the fact that the rhizobacteria produced the plant growth stimulating 

hormone IAA.

In an experiment conducted in a growth chamber, Silveira [41] studied the effect of inocu‐

lation of five Rhizobium leguminosarum bv. trifolii strains, and their ability to promote rice 

growth in cultivar IAC103 in nutrient solution. Considering the accumulation of dry mass, 
plants inoculated with SEMIA235 and SEMIA250 strains were superior compared to the con‐

trol treatment. The production of IAA by these strains was low, which can be the key to a 

great plant stimulation. Barazani and Friedman [42] have also reported that deleterious rhizo‐

bacteria produced high levels of IAA. However, with plant growth‐promoting rhizobacteria, 
lower yields could be obtained during the same incubation period.

Biswas et al. [5] conducted laboratory and greenhouse studies to test the ability of rhizobia to 

promote plant growth in two rice cultivars. The studied rhizobia were assessed for the IAA 

production using the colorimetric method, which was positive for supernatant cultures for 

all rhizobia tested, ranging from 1.6 to 2.8 µg mL−1. The best responses to inoculations were 

obtained with R. leguminosarum bv. trifolii strain E11 and Rhizobium sp. strain IRBG74, which 
presented early stimulation in the plant growth, resulting in an increase in grain and straw 

yields during the plant’s maturity.
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Bradyrhizobium japonicum rhizobia isolated from soybean roots, Azorhizobium caulinodans iso‐

lated from Sesbania rostrata, Rhizobium NGR234 isolated from Lablab purpureus, Sinorhizobium 

meliloti isolated from Medicago sativa, R. leguminosarum bv. viceae Cn6, and R. leguminosarum 

bv. viceae strain 30 isolated from Vicia faba could infect and colonize sorghum and Setaria roots 

[43]. Considering that this distinct group of rhizobia isolated from different legumes can colo‐

nize these two grasses, the authors suggest that the infection of nonlegumes by rhizobia is 

more likely due to natural conditions than imagined. There was an increase in the growth of 

inoculated sorghum and Setaria, as well as an increase of P in the sorghum. According to the 
authors, this may have occurred due to the induction of bacteria as phosphate transporters 

from the plasma membrane of sorghum root cells.

Gibberellins (GAs), phytohormones produced by rhizobia, stimulate stem growth [7, 21], 

whose effect is mostly observed in grasses, vegetables, and ornamental plants [44]. Important 

effects of GAs are evident during plant growth, especially on stem elongation, with increased 
leaf growth and xylem differentiation [45]. At determined GA content, the higher or lower 
IAA level means the optimal level [46]. Therefore, a certain balance between GA and IAA is 
essential for the maximum growth rate.

Erum and Bano [7] quantified the production of IAA and GA by rhizobia, using high pressure 
liquid chromatography (HPLC). The rhizobia, isolated from soil in northern Pakistan, located 
at 940–3090 m above sea level, produced phytohormones, and the GA production was about 
10–30 times higher than the production of IAA. There was a positive and increasing correla‐

tion between the GA/IAA ratio produced and this altitude. According to the authors, the IAA 
and GA concentration gradient may represent a decrease of natural resources, such as radia‐

tion intensity, soil moisture, and soil nutrients.

Although cytokinins are produced by rhizobia [6], they have been little studied as it is difficult to 
detect and quantify them. Cytokines stimulate cell division (cytokinesis), being produced in the 
plant’s root and transported through the xylem to the plant. The levels of auxin and cytokinins 

are inversely correlated in the plant [47]. Other phytoestimulators produced by rhizobia, the 

lipochitooligosaccharides (LCO), also known as Nod factors, are responsible for the morphoge‐

netic changes in legume roots during nodulation [48]. They have also stimulated the germina‐

tion of maize, rice, beet, and cotton, under laboratory, greenhouse, and field conditions [32].

Although the key role of LCO produced by rhizobia in nodule formation is clear, other mor‐

phogenetic activities in plants were attributed to LCOs, including the stimulation of genes in 
the cell division cycle and stimulation of mitotic divisions in protoplasm cultures of legumes 

and nonlegumes [49].

Miransari and Smith [28] tested the effect of LCO extracted from B. japonicum and gibberel‐

lin on barley seed germination. In the treatment with 10−5 M of gibberellin, there was 18% 
increase in the seedling germination compared to the control treatment, whereas in the treat‐

ment with 10−6 M of LCO, the increase represented 44%.

Some rhizobia can lower the level of ethylene excreted by the plants by forming the amino‐

cyclopropane carboxylic (ACC) acid deaminase, an enzyme that breaks ACC, a precursor 
of ethylene [50]. This enzyme was found in rhizospheric bacteria of the genus Pseudomonas, 
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Alcaligenes, Rhodococcus, and Rhizobium [34, 51]. In addition, some bacteria of Rhizobium japoni-

cum (B japonicum) species synthesize phytotoxic antibiotics, aminoethoxyvinylglycine, and 
rhizobitoxin, which inhibit the formation of ethylene in plants [52]. The ethylene is a plant 

growth inhibitor, therefore bacteria that regulate its production can indirectly stimulate the 

plants and may be associated with the cell development, cell extension and the postponement 

of the fall of leaves and fruits [52].

S. meliloti can produce lumichrome [33]. The application of lumichrome in nanomolecular 

concentrations promoted the growth of legumes and grasses [43]. According to Ref. [48], 

the lumichrome stimulated the photosynthetic index of maize on the first and second day 
after application. Gouws [53] reported an increase in the root biomass of Lotus japonicus 

and tomato when treated with lumichrome. According to the author, the treatment with 

lumichrome caused complex changes in the gene expression of L. japonicus and tomato, 

being mainly affected the genes associated with the transcription regulation and ribonu‐

cleic acid (RNA) signaling, synthesis, degradation, proteins modification, and plant stress 
responses. The mechanism by which lumichrome promotes the plants growth still needs 

to be clarified.

3.3. Other phytostimulating‐producing bacteria

Other microorganisms, such as Azospirillum spp. [54, 55], Acetobacter diazotrophicus [56], 

Herbaspirillum seropedicae [56], Klebsiella pneumoniae [55], Pseudomonas syringae [57], and 

Paenibacillus polymyxa [58], also produce phytostimulatory substances and are also related to 

the stimulation of grasses and other nonleguminous species.

3.4. Siderophore‐producing bacteria

Siderophores are iron‐chelating compounds, nutrients that limit the microbial population 

growth in the soil’s environment. Fe must be present as Fe2+, and many microorganisms such 

as bacteria and fungi have developed mechanisms to chelate Fe3+ through the production of 

siderophores before being transformed into Fe2+.

Siderophores are Fe sequestrants of high affinity and low molecular weight. Among the sid‐

erophores known, pyoverdine and enterobactin are secreted by microorganisms in response 

to the low availability of Fe
3

+ in solution [59]. The siderophores are iron‐chelating compounds, 

entering the cell without reducing Fe3+ [60]. Thus, siderophores can capture Fe
3

+ produced 

under ion‐deficiency conditions by fungi and bacteria in order to incorporate this mineral into 
the cell metabolism [61].

Because of their great ability to compete for the cell metabolism, microorganisms producing sider‐
ophores are capable of suppressing the growth and development of pathogenic microorganisms  

that inhabit the rhizosphere, thus indirectly contributing to the health of cultivated species of 

plants, such as grasses. Some rhizobacteria of the genera Pseudomonas can produce iron‐chelating 

compounds, present in low concentrations in the rhizosphere, and thus suppressing the pres‐

ence of pathogens near the roots [62].
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3.5. Phosphate solubilizing bacteria

Together with N and K, P is one of the required macronutrients for the cultivation of grasses, 
whose content concentration is always lower than N and K. However, it is commonly neces‐

sary to use a great amount of phosphate fertilizers in agricultural crops, because in spite of the 

soils contain a large amount of P their availability to the plants is very little as P tends to form 
very low solubility compounds in the soil [63].

Phosphorus is an essential element to grasses, since it is necessary and irreplaceable for the com‐

position of ribonucleic acids (RNA) and deoxyribonucleic acids (DNA), responsible for the trans‐

mission of the genetic code to the plants, protein production, and other essential compounds for 

the plant structure and seedling production. Grasses absorb soil P as H
2
PO

4
− and HPO

4
2−, just 

like other plant species; thus, insoluble phosphates like tricalcium phosphate (Ca
3
(PO

4
)

2
) make 

this nutrient unavailable to the plant. Some of the soil bacteria are important in the process of 

dissolving these insoluble solutions, facilitating the access to this essential nutrient.

Inorganic phosphate‐solubilizing microorganisms excrete inorganic acids and protons asso‐

ciated to these acids, which directly dissolve the insoluble phosphate, or chelate the cations 

with the phosphate anion [64]. Among phosphate‐solubilizing bacteria, Burkholderia [65], 

Bacillus, and Penicillium strains [66] have been reported.

4. Mycorrhizae

Mycorrhizal fungi are associated with roots of plants and play an important role in the soil 
phosphorus cycling as extensions of the root system, increasing the absorbing area of the root 

and the absorption rate of phosphorus. The mycorrhizal association does not substitute phos‐

phate fertilization, but efficiently increases the use of phosphorus or an added compound 
through fertilization [67]. Grasses such as maize, sorghum, wheat, rice, and cultivated forage 
grasses may have their roots naturally colonized by mycorrhizal fungi [68].

5. Fungi of the genus Trichoderma and the biological control of diseases

Fungi of the genus Trichoderma are biological control agents that act against phytopathogenic 

edaphic fungi, however, colonizing plant roots to stimulate plant growth and protect them 

against infections. Root colonization often increases root development, crop productivity, 

resistance to abiotic stresses, and improved nutrient use [69].

Fungi present different mechanisms to controlling and suppressing the soil’s phytopatho‐

gens, such as mycoparasitism, antibiosis and antagonism [70]. In addition, Trichoderma strains 

are active in the production of fungal cell walls, enzymatic degradation, including pectinases, 

cellulases, and chitinases, involved in the biological control [71].

Compared to the chemical control, the use of biological substances to control soil diseases is 

beneficial, since it does not induce resistance from the target organism, effectively  controlling 
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it in a long term. There are currently commercial products based on genus Trichoderma 

strains, properly registered in the Brazilian Ministry of Agriculture, Livestock, and Food 
Supply (MAPA) that are indicated for the controlling of diseases caused by phytopathogenic 
agents, such as Rhizoctonia, Fusarium, and Sclerotinia [72]. Harman [4] and Machado et al. 
have described the benefits of Trichoderma inoculation on grass yield, observing an increase in 

maize and black oat yields, respectively.

6. Final considerations

Soil microorganisms are able to influence the establishment and yield of grasses by means of sev‐

eral mechanisms. The nutrients cycling by soil microorganisms, the biological nitrogen fixation by 
associative bacteria, phytohormones production by soil bacteria, and the acquisition of phosphorus 

by mycorrhizal fungal hyphae networks are just some examples of direct mechanisms of beneficial 
interaction between soil microorganisms and cultivated grasses. As examples of indirect mecha‐

nisms, we can mention the suppression of pathogens by mechanisms of predation or competition, 

as we also discussed. Given this wide range of mechanisms presented by microorganisms for the 
benefit of cultivated grasses and consequently of the human benefit, it is imperative that these 
mechanisms are well studied to be inserted in systems of conservationist agriculture, which must 

obtain the maximum agronomic yield of the crops, allied to the rational use of natural resources.

Author details

Rafael Goulart Machado

Address all correspondence to: rgoulartmachado@gmail.com

1 Emater‐RS/ASCAR, Brazil

2 College of Agronomy, Institute of Educational Development from Passo Fundo, Brazil

References

[1] Gans J, Wolinsky M, Dunbar J. Computational improvements reveal great bacterial 
diversity and high metal toxicity in soil. Science. 2005;309:1387‐1390. DOI: 10.1126/
science.1112665

[2] Bashan Y, Holguin G. Azospirillum‐plant relationships: Environmental and physiologi‐

cal advances. Canadian Journal of Microbiology. 1997;43:103‐121 DOI: 10.1139/m97‐015

[3] Taiz L, Zieger E, editors. Fisiologia Vegetal. 3rd ed. Porto Alegre: Artemed; 2004. p. 719

[4] Harman GE. Myth and dogmas of biocontrol changes in perceptions derived from 
research on Trichoderma harzianum T‐22. Plant Disease. 2000;84:377‐393. DOI: 10.1094/
PDIS.2000.84.4.377

Analytical Interpretation of the Beneficial Interaction Between Microorganisms and Grasses
http://dx.doi.org/10.5772/intechopen.69272

21



[5] Biswas JC, Ladha JK, Dazzo FB, Yanni YG, Rolfe BG. Rhizobial inoculation influences 
seedling vigor and yield of rice. Agronomy Journal. 2000;92:880‐886. DOI: 10.2134/
agronj2000.925880x

[6] Persello‐Cartieaux F, Nussaume L, Robaglia C. Tales from the underground: Molecular 
plant‐rhizobacteria interactions. Plant, Cell and Environment. 2003;26:189‐199. DOI: 

10.1046/j.1365‐3040.2003.00956.x

[7] Erum E, Bano A. Variation in phytohormone production in Rhizobium strains at different 
altitudes of north areas of Pakistan. International Journal of Agriculture and Biology. 
2008;10:536‐540

[8] Hungria M, Campos RJ, Mendes IC. Fixação biológica do nitrogênio na cultura da soja. 
Londrina: EMBRAPA; 2001. p. 48

[9] Carvalho AM, Bustamante MMC, Alcântara FA, Resck IS, Lemos SS. Characterization 
by solid‐state CPMAS 13C NMR spectroscopy of decomposing plant residues in conven‐

tional and no‐tillage systems in Central Brazil. Soil & Tillage Research. 2009;102:144‐150. 
DOI: 10.1016/j.still.2008.08.006

[10] Camargo FAO, Sá ELS. Nitrogênio e adubos nitrogenados. In: Bissani CA, Gianello C, 
Tedesco MJ, Camargo FAO, editors. Fertilidade dos solos e manejo da adubação de cul‐
turas. Porto Alegre: Genesis; 2004. pp. 93‐116

[11] Sociedade Brasileira de Ciência do Solo. Comissão de Química e Fertilidade do Solo. 
Manual de adubação e calagem para os Estados do Rio Grande do Sul e de Santa 
Catarina. 10th ed. Porto Alegre: SBCS, Núcleo Regional Sul; 2004. p. 400

[12] Dalal RC, Wang W, Robertson GP, Parton WJ. Nitrous oxide emission from Australian 
agricultural lands and mitigation options: A review. Australian Journal of Soil Research. 
2003;41:165‐195. DOI: 10.1071/SR02064

[13] Reis VM, Teixeira KRS. Fixação biológica de nitrogênio ‐ estado da arte. In: Aquino AM, 
Assis RL, editors. Processos biológicos no sistema solo‐planta: Ferramentas para uma 
agricultura sustentável. Brasília: EMBRAPA; 2006. pp. 151‐180

[14] Howard JB, Rees DC. Structural basis of biological nitrogen fixation. Chemical Reviews. 
1996;96:2965‐2982

[15] Hungria M. Inoculação com Azospirillum brasilense: inovação em rendimento a baixo 
custo. Londrina: EMBRAPA; 2011. p. 38

[16] Reis VM, Baldani JI, Urquiaga S. Recomendação de uma mistura de estirpes de cinco 
bactérias fixadoras de nitrogênio para inoculação de cana de açúcar: Gluconacetobacter 

diazotrophicus (BR 11281), Herbaspirillum rubrisubalbicans (BR 11504), Azospirillum ama-

zonense (BR 11145) e Burkholderia tropica (BR 11366). Seropédica: EMBRAPA; 2009. p. 4

[17] Howieson JG, McInnes A. The legume rhizobia symbiosis. Does it vary for the tropics 
relative to the Mediterranean basin?. In: Proceedings of the XIX international grasslands 
congress. São Pedro: Brazilian Society of Animal Husbandry; 2001. pp. 585‐590

Grasses - Benefits, Diversities and Functional Roles22



[18] Lange A, Moreira FMS. Detecção de Azospirillum amazonense em raízes e rizosfera 
de Orchidaceae e de outras famílias vegetais. Revista Brasileira de Ciência do Solo. 
2002;26:529‐533. DOI: 10.1590/S0100‐06832002000200027

[19] Baldani J, Caruso L, Baldani VLD, Goi SR, Döbereiner J. Recent advances in BNF 
with non‐legume plants. Soil Biology & Biochemistry. 1997;29:911‐922. DOI: 10.1016/
S0038‐0717(96)00218‐0

[20] Perrig D, Boiero ML, Masciarelli OA, Penna C, Ruiz OA, Cassán FD, Luna MV. Plant‐
growth‐promoting compounds produced by two agronomically important strains of 

Azospirillum brasilense, and implications for inoculant formulation. Applied Microbiology 
and Biotechnology. 2007;75:1143‐1150. DOI: 10.1007/s00253‐007‐0909‐9

[21] Yanni, YG, Rizk RY, El‐Fattah FKA, Squartini A, Corich V, Giacomini A, de Bruijn F, 
Rademaker J, Maya‐Flores J, Ostrom P, Vega‐Hernandez M, Hollingsworth RI, Martinez‐
Molina E, Mateos P, Velazquez E, Wopereis J, Triplett E, Umali‐Garcia M, Anarna JA, 
Rolfe BG, Ladha JK, Hill J, Mujoo R, Ng PK, Dazzo FB. The beneficial plant growth‐
promoting association of Rhizobium leguminosarum bv. trifolii with rice roots. Australian 

Journal of Plant Physiology. 2001;28:845‐870. DOI: 10.1071/PP01069

[22] Hahn L, Sá ELS, Osório Filho BD, Machado RG, Damasceno RG, Giongo A. Rhizobial  
inoculation alone or coinoculated with Azospirillum brasilense, promotes growth of  

wetland rice. Revista Brasileira de Ciência do Solo. 2016;40:1‐15. DOI: 10.1590/1806965 

7rbcs20160006

[23] Weir BS. The Current Taxonomy of Rhizobia. NZ Rhizobia website. 2016. Available from: 
https://www.rhizobia.co.nz/taxonomy/rhizobia. (Accessed: 19‐02‐2017])

[24] Reddy PM, Ladha JK, So RB, Hernandez RJ, Ramos MC, Angeles OR, Dazzo FB, de 
Bruijn FJ. Rhizobial communication with rice roots: Induction of phenotypic changes, 
mode of invasion and extent of colonization. Plant and Soil. 1997;194:81‐98. DOI: 

10.1023/A:1004243915997

[25] Webster G, Gough C, Vasse J, Batchelor CA, O’Callaghan KJ, Kothari SL, Davey MR, 
Dénarié J, Cocking EC. Interactions of rhizobia with rice and wheat. Plant and Soil. 
1997;194:115‐122. DOI: 0.1023/A:1004283819084

[26] Yanni YG, Rizk RY, Corich V, Squartini A, Ninke K, Hollingsworth SP, Orgambide G, de 
Bruijn F, Stoltzfus J, Buckley D, Schmidt TM, Mateos PF, Ladha JK, Dazzo FB. Natural 
endophytic association between Rhizobium leguminosarum bv. trifolii and rice roots and 

assessments of its potential to promote rice growth. Plant and Soil. 1997;194:99‐114. DOI: 

10.1023/A:1004269902246

[27] Osório Filho BD, Gano KA, Binz A, Lima RF, Aguilar LM, Ramirez A, Caballero‐Mellado 
J, Sá ELS, Giongo A. Rhizobia enhance growth in rice plants under flooding conditions. 
American‐Eurasian Journal Agricultural and Environmental Science. 2014;14:707‐718. 
DOI: 10.5829/idosi.aejaes.2014.14.08.12377

[28] Miransari M, Smith, D. Rhizobial lipo‐chitooligosaccharides and gibberellins enhance 
barley (Hordeum vulgare L.) seed germination. Biotechnology. 2009;8:270‐275. DOI: 
10.3923/biotech.2009.270.275

Analytical Interpretation of the Beneficial Interaction Between Microorganisms and Grasses
http://dx.doi.org/10.5772/intechopen.69272

23



[29] Hahn L, Sá ELS, Machado RG, Silva WR, Oldra S, Damasceno RG, Schönhofen A. 
Growth promotion in maize with diazotrophic bacteria in succession with ryegrass and 
white clover. American‐Eurasian Journal of Agriculture and Environmental Science. 
2014;14:11‐16. DOI: 10.5829/idosi.aejaes.2014.14.01.11893

[30] Machado RG, Sá ELS, Bruxel M, Giongo A, Santos NS, Nunes AS. Indoleacetic acid pro‐

ducing Rhizobia promote growth of Tanzania grass (Panicum maximum) and Pensacola 
grass (Paspalum saurae). International Journal of Agriculture and Biology. 2013;15:827‐834

[31] Dangar TK, Basu PS. Abscisic acid production in culture by some Rhizobium spp. of 

leguminous trees and pulses. Folia Microbiologica. 1991;36:527‐532. DOI: 10.1007/BF028 

84031

[32] Prithiviiraj B, Zhou X, Souleimanov A, Khan WM, Smith DL. A host‐specific bacteria‐to‐
plant signal molecule (Nod factor) enhances germination and early growth of diverse 
crop plants. Planta. 2003;216:437‐445. DOI: 10.1007/s00425‐002‐0928‐9

[33] Volpin H, Phillips DA. Respiratory elicitors from Rhizobium meliloti affect intact alfalfa 
roots. Plant Physiology. 1998;116:777‐783

[34] Ma W, Guinel F, Glick B. Rhizobium leguminosarum biovar viciae 1‐aminocyclopropane‐1‐

carboxylate deaminase promotes nodulation of pea plants. Applied and Environmental 

Microbiology. 2003;69:4396‐4402. DOI: 10.1128/AEM.69.8.4396‐4402.2003

[35] Dakora FD. Defining new roles for plant and rhizobial molecules in sole and mixed plant 
cultures involving symbiotic legumes. New Phytologist. 2003;158:39‐49. DOI: 10.1046/ 
j.1469‐8137.2003.00725.x

[36] Radwan TSD, Mohamed ZK, Reis VM. Aeração e adição de sais na produção de ácido 
indol acético por bactérias diazotróficas. Pesquisa Agropecuária Brasileira. 2005;40:997‐

1004. DOI: 10.1590/S0100‐204X2005001000008

[37] Spaepen S, Vanderleyden J, Remans R. Indole‐3‐acetic acid in microbial and micro‐

organism‐plant signaling. FEMS Microbiology Reviews. 2007;31:425‐448. DOI: 

10.1111/j.1574‐6976.2007.00072.x

[38] Lambrecht M, Okon Y, Vande Broek A, Vanderleyden J. Indole‐3‐acetic acid: A recipro‐

cal signalling molecule in bacteria‐plant interactions. Trends in Microbiology. 2000;8: 
298‐300

[39] Osorio Filho BD. Rizóbios eficientes em Lotus em condições de estresse hídrico e pro‐

motores de crescimento de arroz irrigado. Porto Alegre: Soil Science Graduate Program, 
UFRGS; 2009. p. 113

[40] Kravchenko LV, Azarova TS, Makarova NM, Tikhonovich IA. The effect of tryptophan 
present in plant root exudates on phytostimulating activity of rhizobacteria. MAIK 
Nauka/Interperiodica – Microbiology. 2004;73:156‐158. DOI: 10.1023/B:MICI.000002398
2.76684.9d

[41] Silveira EL. Inoculações de bactérias promotoras de crescimento no cultivo de arroz 
em solução nutritiva. Jaboticabal: Faculty of Agrarian and Veterinary Sciences, State 
University of São Paulo; 2008. p. 99

Grasses - Benefits, Diversities and Functional Roles24



[42] Barazani O, Friedman J. Is IAA the major root growth factor secreted from plant‐
growth‐mediating bacteria?. Journal of Chemical Ecology. 1999;25:2397‐2406. DOI: 
10.1023/A:1020890311499

[43] Matiru VN, Dakora FD. Potencial use of rhizobial bacteria as promoters of plant growth 
for increased yield in landraces of African cereal crops. African Journal of Biotechnology. 
2004;3:1‐7

[44] Weaver RJ. Plant Growth Substances in Agriculture. San Francisco: W.H. Freeman and 
Company; 1972. p. 594

[45] Metivier JR. Giberelinas. In: Ferri MG, editor. Fisiologia Vegetal. 2nd ed. São Paulo: 
EDUSP; 1986. pp. 129‐161

[46] AndersAnderson IC. Plant characteristic that affect yeld. In: Proceedings of the Hybrid 
corn industry research conference. 22nd ed. Washington: HCIRC`67; 1967. p. 71‐73

[47] Eklöf S, Astot C, Sitbon F, Moritz T, Olsson O, Sandberg G. Transgenic tobacco plants 
co‐expressing Agrobacterium iaa and ipt genes have wild‐type hormone levels but display 

both auxin‐ and cytokinin‐overproducing phenotypes. Plant Journal. 2000;23:279‐284. 

DOI: 10.1046/j.1365‐313x.2000.00762.x

[48] Khan W, Prithiviraj B, Smith DL. Nod factor [Nod Bj V (C18:1, MeFuc)] and lumichrome 
enhance photosynthesis and growth of corn and soybean. Journal of Plant Physiology. 
2008;185:1342‐1351. DOI: 10.1016/j.jplph.2007.11.001

[49] Souleimanov A, Prithiviraj B, Smith DL. The major Nod factor of Bradyrhizobium japoni-

cum promotes early growth of soybean and corn. Journal of Experimental Botany. 
2002;53:1929‐1934. DOI: 10.1093/jxb/erf034

[50] Penrose D, Glick B. Determination of 1‐aminocycopropane‐1‐carboxylic acid (ACC) to 
assess the effects of ACC deaminase‐containing bacteria on roots of canola seedlings. 
Canadian Journal of Microbiology. 2001;47:77‐80. DOI: 10.1139/w00‐128

[51] Belimov AA, Safronova VI, Sergeyeva TA, Egorova TN, Matveyeva VA, Tsyganov VE, 
Borisov AY, Tikhonovich IA, Kluge C, Preisfeld A, Dietz KJ, Stepanok VV. Characterization 
of plant growth promoting rhizobacteria isolated from polluted soils and containing 

1‐aminocyclopropane‐1‐carboxylate deaminase. Canadian Journal of Microbiology. 
2001;47:642‐652. DOI: 10.1139/cjm‐47‐7‐642

[52] Tsavkelova EA, Klimova SY, Cherdyntseva TA, Netrusov AI. Hormones and hormone‐
like substances of microorganisms: A review. Applied Biochemistry and Microbiology. 
2006;42:229‐235. DOI: 10.1134/S000368380603001X

[53] Gouws LM. The Molecular Analysis of the Effects of Lumichrome as a Plant Growth 
Promoting Substance. Stellenbosch: Stellenbosch University; 2009. p. 161

[54] Van der Broek A, Vanderleyden J. Review: Genetics of the Azzospirillum‐plant root associa‐

tion. Critical Reviews in Plant Sciences. 1995;14:445‐446. DOI: 10.1080/07352689509701932

[55] El‐Khawas H, Adachi K. Identification and quantification of auxins in culture media of 
Azospirillum and Klebsiella and their effect on rice roots. Biology and Fertility of Soils. 
1999;28:377‐381. DOI: 10.1007/s003740050507

Analytical Interpretation of the Beneficial Interaction Between Microorganisms and Grasses
http://dx.doi.org/10.5772/intechopen.69272

25



[56] Bastián F, Cohen A, Piccoli P, Luana V, Bottini R, Baraldi R, Bottini R. Production 
of índole‐3‐acetic acid and gibberellins A1 and A3 by Acetobacter diazotrophicus and 

Herbaspirillum seropedicae in chemically defined culture media. Journal of Plant Growth 
Regulation. 1998;24:7‐11. DOI: 10.1023/A:1005964031159

[57] Weingart H, Völksch B. Ethylene production by Pseudomonas syringae Pathovars in 
vitro and in planta. Applied and Environmental Microbiology. 1997;63:156‐161. DOI: 

10.1007/978‐94‐011‐5472‐7_59

[58] Lebuhn M, Heulin T, Hartmann A. Production of auxin and other indolic and phenolic 
compounds by Paenibacillus polymyxa strains isolated from different proximity to plant 
roots. FEMS Microbiology Ecology. 1997;22:325‐334. DOI: 10.1016/S0168‐6496(97)00007‐X

[59] Oliveira MS. Seleção de rizobactérias autóctones para a promoção de crescimento de 
feijoeiro comum (Phaseolus vulgaris L.). Porto Velho: Union of Higher Education from 
Rondônia; 2010. p. 45

[60] Santos DMM. Disciplina de Fisiologia Vegetal. Jaboticabal: UNESP; 2004. p. 8

[61] Silva DESG, Oliveira LG. Avaliação da produção de sideróforos em actinomicetos. In: 
Proceedings of the XIX Internal Congress of Scientific Initiation. Campinas: UNICAMP; 
2012. pp. 237‐237

[62] Vieira Júnior JR, Fernandes CF, Antúnes Júnior H, Silva MS, Silva DSG, Silva UO. 
Rizobactérias como agentes de controle biológico e promotores de crescimento de plan‐

tas (Documentos 155). Porto Velho: Embrapa; 2013. p. 15

[63] Bissani CA, Gianello C, Camargo FAO, Tedesco MJ. Fertilidade dos solos e manejo da 
adubação de culturas. 2nd ed. Porto Alegre: Editora Metrópole; 2008. p. 344

[64] Richardson AE. Soil microorganisms and phosphorus availability: In: Pankhurst CE, 
Doube BM, Gupta VVSR, Grace PR, editors. Soil Biota Management in Sustainable 
Farming Systems. Melbourne: CSIRO; 1994. p. 50‐62

[65] Alves JB. Seleção de rizóbios para trevo branco. Porto Alegre: Soil Science Graduate 
Program, UFRGS; 2005. p. 78

[66] Mendes IC, Reis Junior FB. Microorganismos e disponibilidade de fósforo (P) nos solos: 
Uma análise crítica (Documentos 85). Planaltina: Embrapa; 2003. p. 26

[67] Miranda JCC, Miranda LN. Micorriza arbuscular. In: Vargas MAT, Hungria M, editors. 
Biologia dos solos dos cerrados. Planaltina: Embrapa; 1997. pp. 69‐123

[68] Zambolim L, Siqueira JO. Importância e potencial das associações micorrízicas para a 
agricultura (Documentos 26). Belo Horizonte: EPAMIG; 1985. p. 36

[69] Benítez T, Rincón AM, Limón MC, Codón AC. Biocontrol mechanisms of Trichoderma 
strains. International Microbiology. 2004;7:249‐260

[70] Machado DFM, Parzianello FR, Silva ACF, Antoniolli ZI. Trichoderma no Brasil: o fungo 
e o bioagente. Revista de Ciências Agrárias. 2012;35:274‐288

Grasses - Benefits, Diversities and Functional Roles26



[71] Barbosa MAG, Rehn KG, Menezes M, Mariano RLR. Antagonism of Trichoderma spe‐

cies on Cladosporium herbarum and their enzymatic characterization. Brazilian Journal of 
Microbiology. 2001;32:98‐104. DOI: 10.1590/S1517‐83822001000200005

[72] Ministry of Agriculture Livestock and Food Supply (MAPA). Agrofit, Sistema de agrotóx‐

icos fitossanitários. 2017. Available from: http://agrofit.agricultura.gov.br/agrofit_cons/ 
!ap_produto_form_detalhe_cons?p_id_produto_formulado_tecnico=8300&p_tipo_
janela=NEW [Accessed: 27‐01‐2017]

Analytical Interpretation of the Beneficial Interaction Between Microorganisms and Grasses
http://dx.doi.org/10.5772/intechopen.69272

27




