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7.1 Rhizosphere and Rhizobacteria

The soil is the natural support of plants wherein usually a large number of

microorganisms, including bacteria and fungi, can proliferate. The term rhizosphere

is used to describe the portion of soil in which growth of microorganisms is induced

by the presence of the root system (Garate and Bonilla 2000). The rhizosphere

bacteria, so-called rhizobacteria, are capable of colonizing the interior or exterior of

the roots of many species and can be divided between those which form a symbiotic

relationship with the plant and those that do not. The latter, called free-living, are

closely associated with the root surface or reside within the roots as endophytic

bacteria (Kloepper et al. 1989). When the presence of rhizobacteria benefits plant

growth they are named Plant Growth Promoting Rhizobacteria (PGPR). The PGPR

group has been divided according to the bacterial promotion mechanism used

during interaction. The classification could include the (1) PGPR group, proposed

by Kloepper and Schroth (1978), (2) biocontrol-Plant Growth Promoting Bacteria

(biocontrol-PGPB) group, proposed by Bashan and Holguı́n (1998), and Plant

Stress-Homeoregulating Rhizobacteria (PSHR) group, proposed by Cassán et al.
(2009a). All of them either directly or indirectly facilitate or promote plant growth

under optimal (PGPR) and biotic (biocontrol-PGPB) or abiotic (PSHR) stress

conditions (Fig. 7.1).

Indirect plant growth promotion induced by biocontrol-PGPB in biotic stress

conditions includes a variety of mechanisms by which bacteria prevent the delete-

rious effects of phytopathogens on plant growth, such as rhizospheric competition,

induced systemic resistance (ISR), biosynthesis of stress-related phytohormones
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like jasmonic acid (Forchetti et al. 2007), or ethylene and biosynthesis of antimi-

crobial molecules (Glick and Bashan 1997). Direct growth promoting mechanisms

induced by PGPR include: nitrogen fixation phytohormone production such as

indole-3-acetic acid (IAA), gibberellic acid (GA3), and cytokinins, e.g., Zeatin (Z)

(Boiero et al. 2007; Perrig et al. 2007), iron sequestration by bacterial siderophores

(Glick et al. 1999), and phosphate solubilization (de-Bashan and Bashan 2004).

Indirect plant growth promotion induced by PSHR in abiotic stress conditions include

production of stress-related phytohormones such as abscisic acid (ABA) (Perrig et al.
2007; Cohen et al. 2008), or other plant growth regulators such as cadaverine (Cassán

et al. 2009a) and ethylene catabolism-related enzyme, e.g., 1-aminocyclopropane-1-

carboxylate (ACC) deaminase, which reduces the level of ethylene production under

unfavorable conditions, thus conferring resistance to stress (Glick et al. 1998), among

other effects.

7.2 Azospirillum sp. as Model of Plant Growth Promoting

Rhizobacteria

The available literature revealed Azospirillum sp. as one of the PGPR most studied

at present, due to its ability to colonize more than 100 plant species in the world and

significantly improve their growth, development, and in some cases productivity

under field conditions (Bashan et al. 2004). One of the principal mechanisms

currently proposed for Azospirillum sp. to explain plant growth promotion of

inoculated plants has been related to its ability to produce and metabolize phyto-

hormones and other plant growth regulator-like molecules (Okon and Labandera-

González 1994). From a historic perspective, many studies detailing the beneficial

effects of inoculation with PGPR, especially with Azospirillum sp., have been
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undertaken and describe morphological and physiological changes that occur

in inoculated plants. However, in many cases the compounds responsible for

generating such responses have not been identified and those responses are usually

considered within a “black box” model which goes beyond the resulting growth

promotion due to the presence of only this organism or the active metabolites in the

culture medium or plant tissue. As a starting point for this chapter, we describe

phytohormone production and other growth regulating compounds studied in the

past three decades in different microorganisms. A significant portion of this flow of

knowledge has been focused on the genus Azospirillum because (a) a considerable

number of regulatory compounds have been identified that could potentially be

responsible for modifying plant growth and architecture; (b) genes responsible for

the synthesis of these compounds and their regulation under certain environmental

conditions have been identified; (c) growth response of inoculated plants has been

correlated with the levels of certain phytohormones produced by this microorgan-

ism in the culture medium, at rhizosphere level or in colonized plant tissues. It has

been shown that the plant response to exogenous application of these compounds

mimics inoculation, and finally (d) there is evidence that mutant strains with higher

or lower phytohormone production have, respectively, more or less pronounced

effects on plant hormone balance and growth promotion than isogenic strains, and

this under a variety of experimental conditions. Tien et al. (1979) were the first to

suggest that rhizosphere bacteria belonging to the genus Azospirillum could

enhance plant growth by phytohormone production such as auxins, particularly

IAA and cytokinins (CK), but subsequent work determined the capacity of this

organism to produce also gibberellins (GAs), ethylene (ET), and ABA, among other

molecules.

7.3 Azospirillum sp. and Their Mechanisms to Promote

Plant Growth

The first mechanism proposed for the bacterial plant growth promotion by

Azospirillum sp. has been associated almost exclusively with the nitrogen status

in plants (Okon et al. 1983), through biological fixation or rhizospheric and endo-

phytic nitrate reductase activity. However, these mechanisms have been of less

agronomic significance than was initially expected (Bashan et al. 2004). Subse-
quently, other mechanisms have been studied and proposed for this microbial genus

as being responsible for the inoculation response in plants, such as siderophore

production, phosphate solubilization (Puente et al. 2004), biocontrol of phyto-

pathogens (Bashan and de-Bashan, 2010), and protection of plants against stress

like soil salinity or toxic compounds (Creus et al. 1997). Despite this, one of the

most important mechanisms currently proclaiming to explain plant growth promo-

tion would be related to the ability of Azospirillum sp. to produce or metabolize

phytohormones and other plant growth regulators (Tien et al. 1979). Despite this,
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Azospirillum sp. modes of action could be better explained by the “additive

hypothesis” that allows to explain the plant growth promoting effect due to inocu-

lation. This hypothesis was suggested 20 years ago (Bashan and Levanony 1990)

and considers multiple mechanisms rather than one mechanism participating in the

association of Azospirillum with plants. These mechanisms operate simultaneously

or in succession with the contribution of an individual mechanism being less

significant when evaluated separately.

7.4 Phytohormone Production by Azospirillum sp.

and Other PGPR

One of the main mechanisms proposed to explain the “additive hypothesis” is

related to the ability of Azospirillum sp. to produce or metabolize compounds

such as phytohormones (Okon and Labandera-González 1994). It is known that

about 80% of bacteria isolated from plant rhizosphere are capable of producing

such compounds IAA (Cheryl and Glick 1996). However, Tien et al. (1979) were

the first to suggest that Azospirillum sp. could enhance plant growth by

phytohormones excretion. Today, we know that these rhizobacteria has been

correlated with production in chemically defined compounds such as auxins

(Prinsen et al. 1993), cytokinins (Tien et al. 1979), gibberellins (Bottini et al.
1989), ethylene (Strzelczyk et al. 1994), and other plant growth regulators, such

as ABA (Perrig et al. 2007), polyamines like spermidine, spermine and the diamine

cadaverine (Cassán et al. 2009a) and nitric oxide (Creus et al. 2005).

7.4.1 Auxins

Auxin is the generic name that represents a group of chemical compounds

characterized by its ability to induce cell elongation in the subapical region of the

stem and to reproduce the physiological effect of IAA. These compounds have been

associated in plants with processes such as (a) gravitropism and phototropism

(growth of stems and roots in response to gravity and light, respectively); (b)

vascular tissue differentiation; (c) apical dominance; (d) lateral and adventitious

root initiation; (e) stimulation of cell division; and (f) stem and root elongation

(Ross et al. 2000). The bacterial production and metabolism of auxins captured the

attention of researchers at metabolic level due to bacterial ability to produce auxins

and regulate their production in different environmental conditions (Costacurta and

Vanderleyden 1995), and at morpho-physiological level due to the effect caused by

bacterial auxin production on inoculated plants (Falik et al. 1989). Thus, members

of the genus Azospirillum have provided an excellent experimental model to
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investigate and understand the physiological and molecular role of this phytohor-

mone on plant and microbial growth, and also in plant–rhizobacteria interaction.

Several naturally occurring auxin-like molecules have been described as a

product of bacterial metabolism in Azospirillum sp. pure cultures. In addition to

the main form IAA, many other indole compounds have been identified in such

conditions, such as indole-3-butyric acid (IBA) (Costacurta et al. 1994), indole-
3-lactic acid (ILA) (Crozier et al. 1988), indole-3-acetamide (IAM) (Hartmann et al.

1983), indole-3-acetaldehyde (Costacurta et al. 1994), indole-3-ethanol and indole-3-

methanol (Crozier et al. 1988), tryptamine, anthranilate and other yet uncharacterized

indolic compounds (Hartmann et al. 1983). The physiological function of these

compounds remains unknown. ILA is inactive as a phytohormone but it could

compete with IAA for auxin-binding sites (Sprunck et al. 1995) (Fig. 7.2).

7.4.1.1 Auxins and Bacterial Biosynthesis

At least six metabolic routes for the IAA biosynthesis have been proposed in

bacteria and most of them use tryptophan (Trp) as principal precursor (Fig. 7.3).

The pathways have been named indole-3-pyruvate (IPyA), IAM, tryptamine

(TAM), tryptophan side-chain oxidase (TSO), indole-3-acetonitrile (IAN), and a

tryptophan-independent pathway.

Indole-3-pyruvate (IPyA) pathway is the major route for IAA biosynthesis in

plants. The IPyA pathway has been clearly described in a broad range of bacterial

genera, such as Bradyrhizobium, Azospirillum, Rhizobium, and Enterobacter, as
well as some cyanobacteria. The first step in the pathway is the conversion of Trp to

IPyA by an aminotransferase enzyme. Then, IPyA is decarboxylated to indole-

3-acetaldehyde (IAAld) by indole-3-pyruvate decarboxylase (IPDC). In the last step,

IAAld is oxidized to IAA. The gene encoding the key enzyme IPDC (ipdC) has
been isolated and characterized from A. brasilense, E. cloacae, Pseudomonas putida,
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Fig. 7.2 Various auxin-like molecules produced by Azospirillum sp. in pure cultures
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and P. agglomerans (Costacurta et al. 1994; Brandl and Lindow 1996; Patten

et al. 2002).

Indole-3-acetamide (IAM) pathway is the best characterized pathway in bacteria.
It is a two-step pathway in which tryptophan is first converted to IAM by trp-

2-monooxygenase (IaaM), encoded by the iaaM gene. Secondly, IAM is converted

to IAA by IAM hydrolase (IaaH) encoded by the IaaH gene. Both IaaM and IaaH
have been cloned and characterized in various bacteria such as Agrobacterium
tumefaciens, Pseudomonas syringae, Pantoea agglomerans, Rhizobium, and

Bradyrhizobium sp. (Sekine et al. 1989; Clark et al. 1993; Morris 1995; Theunis

et al. 2004). IAM has been found by GC-MS as an endogenous metabolite of

Arabidopsis thaliana (Pollmann et al. 2003) which could point to the existence of

this pathway in plants.

Tryptamine (TAM) pathway has been identified in Bacillus cereus by measuring

the Trp-decarboxylase activity, catalyzing the decarboxylation of Trp to TAM

(Perley and Stowe 1966), and in Azospirillum brasilense by conversion of exoge-

nous TAM to IAA via IAAld (Hartmann et al. 1983). Endogenous TAM has also

been identified in many plant species and the genes involved have been cloned and

characterized.

Tryptophan side-chain oxidase (TSO) pathway has only been demonstrated in

Pseudomonas fluorescens CHA0. In this pathway, Trp is directly converted to

indole-3-acetaldehyde (IAAld), bypassing IPyA, and could be oxidized to IAA

(Oberhansli et al. 1991). There are no indications that this pathway exist in plants.
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Fig. 7.3 Hypothetical and actual pathways to synthesize indole-3-acetic acid (IAA) in

rhizobacteria. Modified from Spaepen et al. (2008)
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Indole-3-acetonitrile (IAN) pathway has been extensively studied in plants. In

bacteria such as Alcaligenes faecalis (Nagasawa et al. 1990; Kobayashi et al. 1993)
enzymes that catalyze the conversion of IAN to IAA, named IAA-nitrilases, have

been discovered. In both A. tumefaciens and Rhizobium sp. nitrile hydratase and

amidase activity were identified, indicating the conversion of IAN to IAA via IAM

(Kobayashi et al. 1995).
Tryptophan-independent pathway has been proposed in plants, and particularly

in A. thaliana (Last et al. 1991). However, no enzyme has been characterized thus

far. The Trp-independent pathway could only be demonstrated in A. brasilense by
feedings experiments with labeled precursors (Prinsen et al. 1993). Because no

specific enzymes have been identified yet, their existence remains elusive.

7.4.1.2 IAA Conjugation

In plants, IAA is mostly found conjugated with sugars or amino acids because it is

the best way to transport, store and protect it from catabolic enzymes. Conjugates

could also control IAA level in the cell through a homeostatic mechanism (Cohen

and Bandurski 1982). The only isolated and characterized bacterial gene involved

in IAA conjugation is IAA-lysine synthetase (iaaL) from Pseudomonas savastanoi
pv. savastanoi. In that strain, the iaaL gene codes for an enzyme that converts IAA

to IAA-lysine (Glass and Kosuge 1986).

7.4.1.3 Auxins Biosynthesis

Despite this diversity of pathways to produce and metabolize the active phytohor-

mone, prokaryotic IAA-biosynthesis predominantly seems to follow two major

routes: the indole 3-acetamide (IAM) and indole 3-pyruvic acid (IPyA) pathways.

In accordance with this finding, Lambrecht et al. (2000) have proposed two major

representative IAA biosynthesis patterns for plant–microbe interactions, depending

on the specific eco-physiological role of the rhizobacteria: phytopathogenic or plant

growth promoting. In the case of phytopathogenic A. tumefaciens, A. rhizogenes,
P. savastanoi, and Erwinia herbicola, IAA synthesis occurs both in an inducible

manner through IAM pathway and constitutively via the indole-3-pyruvic acid

(IPyA) route. The gene expression in favor of the indole-3-pyruvic acid pathway

is predominant when rhizobacteria live saprophytically on the plant surface,

while the gene expression in favor of the IAM pathway becomes predominant

when bacteria invade the plant apoplast. In contrast, most of the growth-promoting

rhizobacteria such as Azospirillum sp. and some species of nonpathogenic Pseudo-
monas or Bacillus sp. synthesize IAA predominantly through the IPyA pathway

(Patten and Glick 1996). However, in the case of Azospirillum sp., Abdel-Salam

and Klingm€uller (1987) isolated 11 Azospirillum lipoferum mutants producing

45–90% less IAA compared to their isogenic wild strains, and the residual synthesis

capacity of these mutants suggested two possible explanations: (1) there are several
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routes for IAA biosynthesis (see below) or (2) there are multiple copies of genes

coding for aromatic aminoacid transferases lowering substrate specificity.

7.4.1.4 Azospirillum sp. and Auxins Biosynthesis

Until now, at least four different pathways have been described for the

Azospirillum genus, three Trp-dependent ones named indole-3-pyruvate (IPyA),

indole 3-acetamide (IAM), and tryptamine (TAM), and one Trp-independent path-

way (Prinsen et al. 1993). The expression magnitude for each one depends mainly

on bacterial growth conditions and it is generally considered that synthesis depends

mostly on the Trp availability in the substrate. In this sense, evidence confirms that

in the presence of the precursor the predominant pathway is the indole-3-pyruvic

acid (IPyA) pathway and the IAM pathway is of secondary importance.

Indole-3-pyruvic acid route in Azospirillum sp. seems to have high resemblance

to that described in higher plants (Nonhebel et al. 1993) and it begins with the

conversion of Trp to IPyA by an aromatic amino acid transferase enzyme, followed

by decarboxylation of indole-3-acetaldehyde by an indole-3-pyruvate decarboxyl-

ase (IPDC) and concludes with oxidation to IAA by indole-3-acetaldehyde dehy-

drogenase (Costacurta et al. 1994). The IPyA pathway was confirmed initially in

A. brasilense Sp245 when the ipdC gene that encodes an IPyA decarboxylase was

cloned (Costacurta et al. 1994). The molecular characterization described by Vande

Broek et al. (1999) determined that the expression of this gene was regulated

upstream by the end product IAA, which represented the first description of

a bacterial gene specifically regulated by auxin. The ipdC promoter contains

an auxin response element (AuxRE), which is similar to AuxRE found in gene

promoters induced by auxin in higher plants (Lambrecht 1999). The key enzyme

of this pathway is the indole-3-pyruvate decarboxylase (IPDC) encoded by the ipdC
gene, since an ipdC knock-out mutant is strongly reduced in IAA biosynthesis.

Indole-3-acetamide (IAM) pathway has been most studied in phytopathogenic

bacteria (Yamada et al. 1985; Klee et al. 1984). The existence of this pathway in

A. brasilense was suggested by Prinsen et al. (1993) and Bar and Okon (1993) who

determined the existence of IAM in cell free supernatants.

Tryptamine pathway involves the initial conversion of Trp to tryptamine,

catalyzed by Trp-decarboxylase pyridoxal phosphate dependent enzymes, followed

by conversion to indole-3-acetaldehyde by amino-oxidases. Although this pathway

is present in plants (Conney and Nonhebel 1991) and fungi (Frankenberger and

Arshad 1995), very little attention has been paid to bacteria. This pathway was only

suggested for two particular species, namely B. cereus (Perley and Stowe 1996) and
A. brasilense (Hartmann et al. 1983) because of their ability to produce IAA from

tryptamine in chemically defined culture medium. Subsequently, Ruckdaschel and

Klingm€uller (1992) detected both intermediates of the pathway in supernatants of

A. lipoferum confirming this route in other species of the genus. In A. lipoferum, the
ipdC gene is located on the chromosome (Blaha et al. 2005).
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Trp-independent pathway has been described through labeled precursor experi-

ments by Prinsen et al. (1993), who suggested that the conversion of IAA (in the

absence of Trp) in A. brasilense has a distribution of 0.1, 10.0, and 90.0% for the

IAM, IPyA, and Trp-independent pathway, respectively. This latter route has been

discarded recently due to impossibility to isolate the key enzyme or gene.

7.4.1.5 Factors that Modify the IAA Biosynthesis in Azospirillum sp.

The factors that modify the IAA biosynthesis in Azospirillum sp. are diverse and

extensive. Therefore, we will only mention those related to environmental stress

and plant signaling (Spaepen et al. 2007). The first group of factors includes

acidification, osmotic and matrix stress, and carbon source limitation and the

second group of factors is integrated with chemical signals produced by plants in

stressed or normal conditions. In A. brasilense, IAA production increases under

carbon limitation, during reduction of growth rate and acidic pH (Ona et al. 2003,
2005; Vande Broek et al. 2005). Interestingly, carbon limitation and growth rate

reduction are related to the physiological state of bacteria that arrive at the station-

ary growth phase. IAA is produced during all stages of culture growth but increases

significantly after stationary phase (Malhotra and Srivastava 2009). This is in

agreement with the observation that overproduction of stress-related stationary-

phase sigma factor RpoS enhances IAA production in Enterobacter cloacae and

Pseudomonas putida (Patten et al. 2002). The acidic pH regulates the ipdC gene

expression in A. brasilense, with IAA production decreasing in acidic conditions

(Vande Broek et al. 2005). In the case of P. agglomerans, the gene activity is not

regulated by pH. However, osmotic and matrix stress could increase the ipdC gene

expression more than tenfold (Brandl and Lindow 1996). The effects of these

factors were not observed for the ipdC gene expression in A. brasilense. Concerning
plant-derived factors, using an ipdC-gusA translation fusion (pFAJ64), Vande

Broek et al. (2005) demonstrated that expression of the ipdC gene occurs mainly

in the stationary growth phase, coinciding with IAA accumulation in the culture

medium, and is further enhanced in the presence of IAA through a positive

feedback regulation. Recently, Cassán et al. (2010a) showed that in A. brasilense
Az39 containing plasmid pFAJ64 with ipdC and reporter gene, IAA production

increased in the presence of osmotically active PEG6000, ABA, or Fusarium
oxysporum filtered supernatant. In contrast, oxidative H2O2, NaCl and Na2SO4

salinity, methyl jasmonate (MeJA), hydrolyzed amino acid medium, and

P. syringae pv. savastanoi supernatant decreased the hormone accumulation under

similar experimental conditions. Furthermore, ipdC gene expression increased in

treatments with PEG6000, ABA, MeJA, and P. syringae pv. savastanoi supernatant,
and decreased in those treated with H2O2. Part of these results suggest the bacterial

capacity to read (understand) the physiological signals produced by plants in stress

conditions and then modify bacterial expression to coordinate their response with

that of the plant. This phenomenon could be termed “integrated response to stress”

or IRS and would be separated from the classical model “plant response to stress” in
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which plants are observed in experimental conditions without any influence of

microorganisms.

7.4.1.6 Physiological Role of Auxins Produced by Azospirillum sp.

The primary source of exogenous auxins in higher plants comes from the rhizo-

sphere microbial community, where almost 80% of the established groups of

bacteria are able to produce IAA-like compounds in vitro (Cheryl and Glick

1996). Plant response to exogenous IAA can vary from beneficial to deleterious,

depending on the concentration incorporated into plant tissues. In the case of

beneficial response, some authors believe that the increased hormone content of

the soil due to microbial activity could supplement temporarily suboptimal levels in

plants and partially modify the host cell metabolism with the consequent growth

promotion. This is the case for the genera Azospirillum, Azotobacter, Bacillus,
Rhizobium, and Bradyrhizobium for which auxin production has been described

to be at least in part responsible for the growth-promoting capacity, which acts

mainly on the development of the root system and on nodule formation in legumes.

However, an excessive increase in auxin content will trigger a plant homeostatic

mechanism to reduce the concentration of the hormone in plant tissues. This

mechanism involves conjugate biosynthesis, xylem translocation from root to

shoot (Martens and Frankenberger 1992), and a rapid IAA catabolism mediated

by auxin oxidase activity (Scott 1972). IAA homeostasis could be considered a

plastic but limited mechanism, which in several conditions is not enough to evade a

physiological response generated by auxin excess in tissues. This is the case for

infections caused by A. tumefaciens, A. rhizogenes, Erwinia herbicola, and some

strains of P. syringae that fall beyond the scope of this review.

The beneficial interaction begins in the rhizosphere, where most of the substrates

required for microbial growth and IAA synthesis are produced and released by

plants, i.e., amino acids, organic acids, sugars, vitamins, nucleotides, and other

biologically active metabolites, including some auxins (Rovira 1970). The presence

of IAA and related compounds in plant exudates is enough to increase Azospirillum
ipdC gene expression with consequent increased synthesis of bacterial IAA, pro-

vided that the precursor quantities (i.e., tryptophan) are sufficient (Vande Broek

et al. 1999). The result will be an increased endogenous phytohormone content that

could initiate the cellular response with its receptors on the cell membrane, respon-

sible for initiate a signal transduction casacade that will have the cell wall and

nucleus as main targets (Dharmasiri et al. 2005; Kepinski and Leyser 2005).

From a physiological point of view, Azospirillum’s capacity to synthesize auxins
and release it into the rhizosphere or plant tissues could initiate a response

depending on the type of plant inoculated. In legumes, bacterial IAA would initiate

changes in the biological nitrogen fixation process at the level of nodule formation

and functionality. Most members of the Rhizobiales order induce nodule formation

on legume roots and these structures provide the plant with fixed atmospheric

nitrogen. For over 70 years since Thiman (1936) proposed that auxins play an
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important role in formation and development of the nodule, many studies have

indicated that changes in the balance of this phytohormone are a prerequisite for

nodule organogenesis (Mathesius et al. 1997). In this regard, Prinsen et al. (1991)
suggest that in Rhizobium sp. the synthesis of nod factors and IAA is triggered

by nod-derived flavonoids produced by the plant. Although Azospirillum sp. are

incapable of inducing nodule formation and fix nitrogen in a symbiotic way, it has

been shown that exogenous application of synthetic auxins (i.e., 2,4-D) in higher

concentration than physiological concentrations combined with Azospirillum sp.

inoculation on grass roots could induce formation of tumorous structures called

paranodules, which are effectively colonized by Azospirillum and in which bacteria

could fix nitrogen more efficiently than in normal roots (Christiansen-Weniger

1998). Other studies have shown the beneficial response on biological nitrogen

fixation of co-inoculation with Rhizobium and Azospirillum in legumes (Yahalom

et al. 1990), not only by an increase in the number of nodules, but also by greater

nitrogenase activity in symbiosomes. On the other hand, Schmidt et al. (1988)
demonstrated that co-inoculation with Rhizobium meliloti (inefficient IAA pro-

ducer) and A. brasilense (efficient IAA producer) on alfalfa (Medicago sativa L.)

seeds significantly increased the number of root nodules in the primary root. This

increase was directly related to the number of Azospirilla present in the culture

medium and this response was mimicked by the addition of exogenous IAA.

The root growth is perhaps the most remarkable parameter changed during

grass–PGPR interaction. The rapid seedling establishment in the substrate due to

the root growth promotion could be considered a clear advantage for the plant

because this increases its ability to anchor into the soil and get water and nutrients in

one of the most critical stages of its development. To understand and study this

interaction, researchers designed at least three types of strategies: (1) inoculate

wildtype strains and mutants altered in their capacity to produce IAA; (2) inoculate

wildtype strains or mutants and compare with pure exogenous IAA application; and

(3) inoculate under several conditions (i.e., cell number, physiological growth state)

and compare with exogenous IAA treatments. In all cases, the aim of these

experiments has been to correlate the root growth promotion with the IAA levels

in inoculated and noninoculated plants, and to compare the effect with the results

obtained in exogenous IAA application (Baca et al. 1994). In this sense, Kolb and

Martin (1985) found that inoculation of Beta vulgaris sp. with A. brasilense
increased the number of lateral roots compared to control plants, and this effect

was correlated with the high levels of bacterial IAA in pure liquid culture, and

mimicked the exogenous application of similar IAA concentrations. In another

report, Falik et al. (1989) inoculated seedlings of maize (Zea mays L.), and

evaluated the levels of IAA and IBA (in both free and conjugate forms) by gas

chromatography-mass spectrometry (GC-MS). They found that the levels of free

IAA and IBA were higher in inoculated than in noninoculated roots. Simulta-

neously, Tien et al. (1979) and Hubbell et al. (1979) proved that the exogenous

application of IAA, GA3, and kinetin in pearl millet and sorghum produced

similar changes in root morphology to those found in seedlings inoculated with

A. brasilense. Kucey (1988) found that inoculation of wheat with A. brasilense
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simulated the effect of exogenous IAA and GA3 treatment regarding the growth

pattern of stems and roots. Also in wheat plants, Zimmer et al. (1988) proved that

the exogenous addition of IAA and nitrate were substituted completely or partially,

respectively, by the inoculation with A. brasilense. In another interesting report,

Barbieri et al. (1988) showed that inoculation with a wild strain of A. brasilense
(IAA-producer) increased the number and length of lateral roots of wheat (Triticum
aestivum L.). In contrast, the inoculation with a mutant with lower IAA production

did not modify the root development like the wildtype. Subsequently, Barbieri et al.
(1991) showed that wheat seedlings inoculated with A. brasilenseM7918 (with low

IAA production) did not modify the root growth parameters and this resulted in a

decreased ability of the seedlings to take up water and nutrients from the solution.

Bothe et al. (1992) demonstrated that inoculation of wheat plants with A. brasilense
significantly increased the formation of lateral roots and slightly increased dry

weight of root and root hair formation, whereas exogenous application of IAA

significantly increased root dry weight, but had no effect on the formation of

lateral roots. Dubrovsky et al. (1994) demonstrated that inoculation of A. thaliana
with A. brasilense cd significantly increased the length of root hairs up to twofold,

compared with control. Dobbelaere et al. (1999) presented significant evidence

about the role of IAA in the phytostimulatory effect upon Azospirillum sp. inocula-

tion. They suggest inoculation or exogenous IAA treatments in wheat (with exten-

sion to other gramineous plants) result in a decrease in root length and root

elongation zone and an increase in root hair length and density (Spaepen et al.
2008) (Fig. 7.4).

7.4.2 Gibberellins

Gibberellins (GAs) are a large group of tetracyclic diterpene acids that regulate

diverse processes in plant growth and development, such as germination, stem

elongation, flowering, and fruiting (Davies 1995). The use of unequivocal method-

ology such as GC-MS or liquid chromatography-mass spectrometry (LC-MS/MS)

to identify and quantify phytohormones revealed that gibberellins are a large group

of natural products (Mander 1991). There are more than 130 kinds of gibberellin

molecules produced by plants, fungi, and bacteria (Hedden and Phillips 2000).

From a structural point of view, free gibberellins are divided into two groups: those

that possess the full complement of carbon atoms (C20-GAs) and those in which the

C20 is lost (C19-GAs) (Fig. 7.5).

All gibberellins are carboxylated at the C7, with the exception of GA12-

aldehyde, and possess one (G4), two (GA1), three (GA8), or four (GA32) hydroxyl

functions. The position of the hydroxylation (OH) is very important because this

determines their biological activity. Hydroxylation of the C3 and C13 in their b and

a positions, respectively, leads to the activation of the molecule, whereas the

hydroxylation in position b of C2 has a strong negative effect on its activity (Pearce

et al. 1994). In addition to the free forms, conjugated forms have been identified.
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These include glycosidic ethers (GA-G), where a glucose molecule is attached to

the structure of the GA by a hydroxyl group and glycosidic esters (GA-GE), where

glucose binds to the hormone through a carboxyl group on C7 (Sembder et al.
1968). The majority of the conjugated molecules are conjugated with glucose

(Schliemann and Schneider 1994), but gibberellins with amino acids attached to

Fig. 7.4 Effect of inoculation on wheat root morphology of 1-week-old wheat seedlings. The

seeds were inoculated with (a) A. brasilense Sp245, (b) Sp245 (pFAJ5002), and (c) Sp245

(pFAJ5005). The left pictures represent the effect of inoculation on root length. From left to

right: noninoculated plant, seedlings inoculated with 105, 106, 107, 108, and 109 CFU plant�1. The

right pictures represent the effect of inoculation on root hair formation. From left to right:

noninoculated plant, seedlings inoculated with 105, 107, and 109 CFU plant�1. Original image

and reference, see Spaepen et al. (2008)
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the C7 carboxyl group by a peptide bond have been identified (Sembder et al. 1980).
The biochemical and physiological aspects of the GA conjugates have been exten-

sively discussed by Rood and Pharis (1987), who indicated that their main feature is

the lack of biological activity and the potential reversibility to the active forms by

enzyme activity such as hydrolases (Fig. 7.6).

7.4.2.1 Biosynthesis and Metabolism

The GA synthesis in higher plants begins with the cyclization of a common 20

carbon molecule precursor, the geranylgeranyl pyrophosphate (GGPP). This inter-

mediate is synthesized in plastids starting from mevalonic acid (MA), leading to

isopentenyl diphosphate, and combined with glyceraldehyde-3-phosphate or pyru-

vate coming from the deoxyxylulose 5-phosphate pathway (Litchtenthaler 1999).

The first phase of synthesis involves the cyclization of GGPP in protoplasts and

results in the formation of ent-kaurene in two successive steps that require the
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activity of two key enzymes: copalil diphosphate synthase (CPS), which produces

the intermediary copalil diphosphate, and ent-kaurene synthase, which synthesizes

the final product ent-kaurene. In a second synthesis phase, the ent-kaurene is con-

verted to biologically active GAs by a series of oxidation reactions catalyzed by two

types of enzymes. These reactions take place in the extraplastidic membranes with a

contraction of ring B from C6 to C5 and formation of the typical gibberellic

structure. These reactions are catalyzed by cytochrome P-450 monooxygenases

and culminate in the formation of GA12, which is considered the first GA in the

pathway. In a third stage of synthesis, the intermediate GA12 or GA53 (product of

the 13a-hydroxylation of GA12) is metabolized by soluble dioxygenases, which are

2-oxoglutarate dependent enzymes, and use the 2-oxoglutarate as co-substrate.

Two types of dioxygenases are required to convert GA12 or GA53 in parallel into

the active GA3, GA1, GA4, and GA7, namely the C20-oxidases and 3b-hydroxylases.
A third group of dioxygenases, 2b-hydroxylases, modify the 2b position of the

molecule and cause loss of biological activity as is the case in the GA1 to GA8

catabolism (MacMillan 1997) (Fig. 7.7).

7.4.2.2 Biosynthesis and Metabolism of GAs by Azospirillum sp. In Vitro

Bottini et al. (1989) confirmed the ability of A. lipoferum Op33 to produce GA1,

GA3, and iso-GA3-like compounds in chemically defined culture medium. The

identification of these molecules was done by GC-MS, whereas the quantification

was done by a biological assay in dwarf rice mutants according to Murakami et al.

Fig. 7.7 The gibberellin biosynthetic pathway in the plant cell, according to Kobayashi et al.
(1989)
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(1972). They found equivalent concentrations of 20 and 40 pg ml�1 of GA1 and

GA3, respectively. Janzen et al. (1992) analyzed the production of GAs in

A. brasilense Cd pure culture and in co-culture with Trichoderma harzianum, a
biocontrol fungus. Identification and quantification of GA1, GA3, and iso-GA3 was

performed by GC-MS and found that the amount of gibberellins was GA3 > iso-

GA3 > GA1. In co-cultures only GA1 was identified. Piccoli and Bottini (1996)

highlighted the ability of A. lipoferum to produce the immediate precursors GA19

and GA9 that allowed speculation on the existence of at least two pathways for the

GA synthesis in the bacteria. The first one is related to the early 13a-hydroxylation
reactions and the metabolism of GA19 to an immediate precursor GA20 and the

second involved to the 3b and late 13a-hydroxylation and the conversion of GA9 to

active molecules. Piccoli and Bottini (1996) and Piccoli et al. (1998) confirmed the

ability of A. lipoferum Op33 to produce GA9, GA20, and GA5 in chemically defined

culture medium, which brings new elements to the complex bacterial synthesis

scheme. In other reports, Piccoli and Bottini (1994b) demonstrated the ability of

A. lipoferum Op33 to metabolize GA20 to GA1 through an early 13a-hydroxylation
pathway in chemically defined medium. Additionally, Piccoli and Bottini (1996)

confirmed the ability of the same strain to metabolize GA9 to GA3, another

biologically active molecule. These results allow inferring that growth promotion

of inoculated plants should be at least in part due to the bacterial ability to produce

or metabolize GAs to biologically active forms. In other experiments, Piccoli et al.
(1998) successfully established the ability of A. lipoferum to hydrolyze the glucose

conjugates GA20-glycosyl ester and GA20-13-O-glucoside in chemically defined

medium. This report confirmed the capacity of the microorganism to increase the

plant active endogenous pool of gibberellins by hydrolysis of inactive glucose

conjugates. The complete GAs production by Azospirillum was summarized by

Bottini et al. (2004).

7.4.2.3 Biosynthesis and Metabolism of GAs by Other PGPR In Vitro

Gutiérrez-Mañero et al. (2001) showed that B. licheniformis isolated from the

rhizosphere of alder (Alnus glutinosa [L.] Gaertn.) produced physiologically active
gibberellins GA1 (0.13 mg ml�1), GA3 (0.05 mg ml�1), and GA4 as well as the

precursor GA20 and the isomers 3-epi-GA1 and iso-GA3. Additionally, Bastian et al.
(1998) confirmed by GC-MS the production of IAA and GA1 and GA3 by

Acetobacter diazotrophicus and Herbaspirillum seropedicae, two free-living nitro-

gen fixing rhizobacteria commonly used to inoculate several plant species.

Recently, Sgroy et al. (2009) confirmed the GA3 production in Lysinibacillus
fusiformis, Achromobacter xylosoxidans, Bacillus halotolerans, B. licheniformis,
B. pumilus, and B. subtilis strains isolated from roots of the halophytic legume

Prosopis strombulifera, with a production of 36.5, 50.0, 80.5, 75.5, 21.3, and

10.0 mg ml�1, respectively.
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7.4.2.4 Biosynthesis and Metabolism of GAs by Azospirillum sp. In Vivo

The experiments detailed below were developed in hydroponic culture models,

using dwarf mutants as described by Murakami (1968) and Kobayashi et al. (1989).
In such conditions, rice (Oryza sativa L.) and maize (Z. mays L.) dwarf GA-

deficient mutants were used for Azospirillum sp. inoculation as experimental

model. In the particular case of maize, the four mutants dwarf-1 (d1), dwarf-2
(D2), dwarf-3 (d3), and dwarf-5 (d5), proposed by Phinney and Spray (1988), were

used. In the case of rice, the mutants were dwarf-y (dy) of cultivar Waito C and

dwarf-x (dx) of cultivar Tan-ginbozu (Murakami 1972). Additional experiments

included the use of plant growth retardants, synthetic compounds that reduce the

plant length by inhibiting the active gibberellin biosynthesis. In this regard,

Rademacher (2000) considers four groups of plant growth retardants with capacity

to inhibit different steps of the GA biosynthesis pathway: (1) “onion-like”

molecules; (2) N-heterocyclic compounds; (3) 2-oxoglutarate-like compounds;

and (4) the gibberellins analogous as the 16, 17-dihydro-GAs (Fig. 7.8).

Lucangeli and Bottini (1997) presented direct evidence of dwarfism reversion in

a d1maize mutant and in dx rice mutants by A. lipoferum USA 5b and A. brasilense
Cd inoculation, respectively, similar to that by exogenous application of GA3.

The d1 mutant was root-inoculated with A. lipoferum or treated with exogenous

solutions of 0.1, 1.0, or 10.0 mg GA3 per plant, while dx mutants were preger-

minated in a solution of uniconazole S-3370 and inoculated with A. brasilense or

treated with exogenous solution of 10–3,000 fmol plant�1 GA3. Both A. lipoferum
and A. brasilense reversed genetic dwarfism in both mutants, with a similar

phenotype to that observed by addition of free GA3, and these findings correlated

with the bacterial ability to produce active forms of GAs in roots, stems, and leaves

of inoculated plants. Later, Lucangeli and Bottini (1997) found that maize (Z. maysL.)
seedlings treated with the retardant Uniconazole-P showed a strong physiological

dwarfism that could be reversed by a single or combined inoculation with

A. lipoferum USA 5b and A. brasilense Cd or by exogenous treatment with GA3.

In a combined inoculation treatment, dwarf reversion was similar to that obtained

by exogenous treatment with 0.1 mg GA3 planta
�1. Similar results were generated

by Gutiérrez-Mañero et al. (2001) with the gibberellin-producers Bacillus pumilus
and B. licheniformis, which reversed the dwarf phenotype induced in alder

(Alnus glutinosa [L.] Gaertn.) seedlings pretreated with the growth retardant

paclobutrazole. This response was similar to the one obtained by exogenous appli-

cation of pure GA3. Cassán et al. (2001b) found that inoculation of A. lipoferum
USA 5b and A. brasilense Cd on rice dy mutant seedlings that were preincubated

with 1 mg of conjugate [17,17-2H2]-GA20 resulted in the reversion of the genetic

dwarfism and this phenotype correlated with [17,17-2H2]-GA1identification by

GC-MS. These results allow us to speculate on the in vivo capacity of Azospirillum
sp. to produce biologically active GA1 from the immediate precursor GA20 through

the 3b-hydroxylation path. Furthermore, addition of the plant growth retardant

Prohexadine-Ca, which inhibits 3b-hydroxylation, resulted in the disruption of
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phenotypic complementation and the failure to identify [17,17-2H2]-GA1 by

GC-MS, which strongly suggested that the enzyme catalyzing the gibberellin

activation pathway in Azospirillum sp. could be a 2-oxoglutarate-dependent dioxy-

genase (3b-hydroxylase), similar to those identified in higher plants. Later, Cassán

et al. (2001c), demonstrated the ability of Azospirillum sp. to 3b-hydroxylate
another intermediate precursor [17,17-2H2] GA9 to the active molecule [17,17-2H2]

GA3. In another study, Cassán (2003) found that inoculation with Azospirillum sp.

in rice (O. sativa L.) dwarf mutants exogenously treated with the precursor

[17,17-2H2] GA12 reversed the genetic dwarfism. This result could be explained

through bacterial ability to metabolize 2H2-GA12 to biologically active gibberellin
2H2-GA1 or 2H2-GA3. However, with addition of the plant growth retardant

Uniconazole-P into culture medium, the bacteria lose their ability to reverse the

plant dwarfism and to produce active gibberellins. This would imply that GA12

metabolism in Azospirillum sp. could be regulated by cytochrome P450-dependent

monooxygenases (Chapple 1998) sensitive to Uniconazole-P, as previously

described in a filamentous fungus (Rademacher 2000). Such experiments were

conducted with addition of another growth retardant, Prohexadione-Ca, showing

similar results. This also would imply that GA12 metabolism could be regulated by

a 2-oxoglutarate-dependent diooxygenase that is sensitive to Prohexadione-Ca, as

in higher plants. An alternative hypothesis would involve the combined existence of

both enzyme types in Azospirillum sp. that are able to convert a late precursor GA12

in a biologically active molecule (Fig. 7.9).

In regard to the conjugate metabolism, Cassán et al. (2001a) found that

Azospirillum sp. reversed genetic dwarfism in rice (O. sativa L.) dwarf mutants

treated with [17,17-2H2] GA20-glucosyl ester or [17,17-
2H2] GA20-glucosyl ether.

In these seedlings, phenotypic complementation was observed and the phenotype

correlated with the bacterial ability to hydrolyze GA conjugates into active

gibberellins such as [17,17-2H2] GA1 by 3ß-hydroxylase enzymes. This report

confirmed the capacity of Azospirillum sp. to increase the plant endogenous pool

of active gibberellins by hydrolysis of inactive glucosyl conjugates.

7.4.2.5 Physiological Role of GAs Produced by Azospirillum sp.

Of the approximately 130 currently known GAs (Crozier et al. 2000), less than 15

are specific to fungi, around 100 are exclusive to plants, and less than 15 are

ubiquitous. Despite this wide distribution and the large number of known forms,

only a few GAs are biologically active per se (Hedden and Phillips 2000). Evidence

suggests that in the case of microorganisms, GA and auxin production increase

rapidly at the beginning of the stationary growth phase suggesting that reduced C

sources (Omay et al. 1993) or N sources (Piccoli and Bottini 1994a) in the culture

medium may trigger bacterial phytohormone production. It is complex to hypothe-

size a physiological role for the GAs produced by rhizobacteria, but it seems logical

to think that promoting the overall growth of colonized plants could be beneficial

to bacteria because of the increased nutrient availability in the rhizosphere

7 Basic and Technological Aspects of Phytohormone Production by Microorganisms 159



(Rademacher 1994). However, attributing this phenomenon only to the production

of a single substance by the microorganism is somewhat simplistic, especially

considering the variable plant responses and the positive responses of many plant

species to inoculation. Most of the research conducted in field conditions has

focused on increase in the yield due to by inoculation, with an emphasis on nitrogen

incorporation and dry matter production. In this regard, Fulchieri and Frioni (1994)

found that corn plants (Z. mays L.) inoculated with a mixture of three Azospirillum
strains in Hapludol soil in Argentina showed a significant increase in dry weight of

roots, shoots, and grains, compared to uninoculated plants as also reported in
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Nepalese wheat varieties inoculated with indigenous Azospirillum strains (Bhattarai

and Hess 1993). Considering these results, the growth promotion response could

perfectly be attributed to at least three bacterial promotion mechanisms: (1) atmo-

spheric nitrogen fixation; (2) auxin and gibberellin-like phytohormone production;

and (3) indirectly, through the interaction of the Azospirillum cells with the rhizo-

sphere community. Similar results were observed in inoculated wheat and sorghum

plants by Pozzo Ardizzi (1982) and in several other commercially interesting plant

species (Paredes-Cardona et al. 1988; Sarig et al. 1990). Twenty years of evaluation
of field inoculation trials showed that 60–70% of the experiments were successful,

with a significant increase from 5 to 30% on agronomical interesting crop yield

(Bashan and Holguin 1997). The authors attributed the use of exponential growth

phase bacterial cultures for inoculation, as a crucial factor for the effectiveness

(Vandenhobe et al. 1993). While these results were interesting for agricultural

production, from the ecophysiological point of view but insufficient in establishing

the proper mechanism of increased plant growth. In fact, effects of GA production

by Azospirillum sp. have not been studied in-depth. To evaluate the physiological

importance of bacterially produced plant hormones in general and GAs in particular

on plant growth promotion, it would be necessary to obtain Azospirillum sp.
mutants completely deficient in the synthesis of these compounds. However, such

mutants are not yet available, although their availability would be the key to further

understanding the bacterium’s mechanisms for plant growth promotion.

7.4.3 Cytokinins

This is a group of natural compounds that regulate cell division and differentiation

processes in meristematic tissues of higher plants. Chemically, they are purines,

mostly derived from adenine and modified by substitutions on the N6, which also

includes their respective ribotides, ribosides, and glycosides. These plant hormones

have been associated with many physiological and cellular processes including:

senescence delay by chlorophyll accumulation, organ formation in a wide range of

tissues, root development, root hair formation, root elongation, stem initiation, and

leaf expansion. By definition, these compounds (combined with an optimal auxin

concentration) induce cell division in plant tissues. The first cytokinin-like regulator

was discovered by Miller et al. (1955) and was named kinetin (K), which was

considered an unnatural form of the phytohormone. In 1963, Letham (1963)

identified a naturally occurring compound called zeatin (Z) and since then more

than 50 molecules and their metabolites have been classified. The bioactivity is not

uniform in all cytokinin-like compounds and normally depends on: aminopurine

ring in the molecule, substitution of N6 with a simple ribosyl chain isopurine-

derived unit, replacement of positions 2 and 9 of the ring for the groups H, CH3-S,

or presence of unsaturated side chain (optimally five carbons). The natural and

synthetic forms with higher biological activity on tissues or crops are Zeatin (Z),
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isopentenyl adenine (iP), kinetin (K), and benzylaminopurine (BAP). All of them

have a double alkyl bridge at position N6 (Fig. 7.10).

7.4.3.1 Cytokinins and Microbial Production

Many rhizospheric microorganisms, including bacteria and fungi, are capable of

synthesizing cytokinins in chemically defined culture medium. Barea et al. (1976)
found that at least 90% of bacteria isolated from the rhizosphere of agriculturally

interesting crops were able to produce cytokinin-like compounds. As a result of the

intimate relationship between the microorganisms and the root surface, exogenous

production of this hormone has a profound effect on plant growth. Similar to auxins,

the microbial production of cytokinin could supplement plant endogenous content

and in some cases promote plant growth or even showed phytotoxicity. It is known

that plants respond to exogenous addition of cytokinins, which is an interesting fact

because ecological significance of microbial synthesis in plant tissues is not

described yet. Although the microbial cytokinin production in higher plants

began with phytopathogenic models, nowadays researchers have turned to study

this process in groups of PGPB or PGPR. The most studied model in this regard has

been the rhizobia-legume symbiosis, where the bacterial cytokinin synthesis in

nodule production has been investigated. In this respect, Nandwall et al. (1981)
studied the effect of exogenous addition of K, and noticed that it promoted nodule

initiation and increased the content of leghemoglobin in common beans. In other

experiments, Yahalom et al. (1990) proved that both, exogenous addition of BAP or

co-inoculation of Rhizobium and Azospirillum sp. increased the number of nodules

formed in Medicago polymorpha. In other experiments, exogenous application of

cytokinins increased nitrogenase activity in Pisum sativum root nodules (Jaiswal

et al. 1982) and showed that in alfalfa roots and other legumes, cytokinins were

responsible for the accumulation of ENOD2 and ENOD40 gene transcripts (Hirsch

et al. 1997). Other reports highlighted the role of these molecules in Phaseolus
vulgaris nodule formation (Puppo and Rigaud 1978) and in Vicia faba (Henson and
Wheeler 1977). Recently, Giraud et al. (2007) proved that in certain legumes, nod

factors are not necessary to initiate nodulation because certain Bradyrhizobium
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strains could use an alternative activation pathway, in which a purine derivative

(cytokinin) is responsible for triggering nodule formation. In particular, cytokinin

production by Azospirillum sp. has been widely studied in A. brasilense in chemi-

cally defined culture medium. In this respect, Tien et al. (1979) used different types
of chromatography (HPLC and TLC) and an inoculation bioassay in pearl millet

(Pennisetum americanun L.) to demonstrate the ability of A. brasilense for the

production of cytokinin-like molecules (Cacciari et al. 1989) but partially purified

compounds were not characterized. Horemans et al. (1986) modified the chroma-

tography extraction (Sephadex LH-20) and included the technique of radio immu-

noassay (RIA) to prove that A. brasilense produced iP, (9R) iP, and Z in chemically

defined culture medium. The lack of information for cytokinin synthesis in

Azospirillum cultures is due to the complexity of analysis of these hormones. The

last reference to cytokinin production by Azospirillum (Strzelczyk et al. 1994),
using culture medium supplemented with different C sources. Tien et al. (1979)
showed that inoculation with A. brasilense caused significant changes in pearl

millet seedling root morphology by increasing the number of lateral roots and the

root hair density. The exogenous application of auxins, cytokinins, and gibberellins

produced changes in root morphology comparable to those obtained by inoculation.

In other trials, Cacciari et al. (1989) found that the mixed culture of A. brasilense
and Arthrobacter giacomelloi showed high gibberellin and cytokinin contents,

compared to their individual cultures, which could be of great physiological

importance because the presence of different microbial species in the rhizosphere

induces production of cytokinins and other phytohormones in PGPR.

The ability of several PGPR to synthesize cytokinins has been described by

several workers (Akiyoshi et al. 1987; Nieto and Frankenberger 1989; Salamone

et al. 2001; Taller and Wong 1989; Timmusk et al. 1999). Arkhipova et al. (2005)
evaluated cytokinin production by inoculating lettuce plants with B. subtilis that
grew in chemically defined culture media, making use of specific antibodies. Zeatin

riboside (ZR) was shown to be the main cytokinin (1.2 mg ml�1 of ZR) present in

bacterial cultural medium. Also, inoculation of lettuce plants increased the endoge-

nous cytokinin content, resulting in enhanced plant shoot and root weight compared

to control (without inoculum). Finally, Sgroy et al. (2009) confirmed the Z produc-

tion in B. subtilis, Brevibacterium halotolerans, B. pumilus, and P. putida isolated

from roots of the halophylic shrub Prosopis strombulifera.

7.4.4 Ethylene

Ethylene is an important hormone in plant growth and development (Burg 1962).

Due to its gaseous state under physiological conditions, for a long time it was not

accepted as a phytohormone, but various studies showed that its synthesis and

action was critical for certain physiological processes. Although there are many

publications related to the synthesis of this hormone in higher plants (Mattoo and

Suttle 1991), few studies have been published on the microbial biosynthesis
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(Arshad and Frankenberger 1993) and even less in Azospirillum sp. The ethylene

molecule is very simple and symmetrical, composed of two carbon atoms (joined

by a double bond) and four H atoms. Ethylene is soluble in water at about 140 ppm,

25�C, and 760 mmHg (15 times more than oxygen) and is quite active and can exert

its physiological effects at very low concentrations in plant tissues (0.1 ppm). In

higher plants, all tissues have the capacity to synthesize this hormone, but in general

the concentration is associated with the growth state and developmental phase of

the plant, with a higher concentration in those tissues involved in active cell

division, which are under stressful conditions or in a senescence stage (Burg and

Burg 1968). Since Gane (1934) first reported the ability of plants to synthesize

ethylene, a variety of compounds, including methionine, linoleic acid, propanol,

b-alanine, ethionine, ethanol, glycerol, organic acids, glucose, and sucrose (Yang

1974) have been proposed as possible precursors for this hormone. However, in a

nonenzymatic in vitro study, Abeles and Rubinstein (1964) showed that methionine

was the natural precursor for ethylene. In the case of microbial synthesis, proposed

precursors varied widely (Fukuda and Ogawa 1991) but L-methionine has most

often been described as substrate in bacterial cultures. The regulation of ethylene

production in higher plants largely depends on “key” enzymes for ethylene

biosynthesis: S-adenosyl-L-methionine synthase (SAM), 1-aminocyclopropane-

1-carboxylic acid (ACC) synthase, and ACC oxidase. Genes coding for these

enzymes and their regulatory elements have been characterized, modified, and

re-introduced into agriculturally interesting plants (Fluhrer and Mattoo 1996).

The SAM synthase catalyzes the first reaction from methionine, increasing the

content of SAM for various metabolic pathways, among them the ethylene (Fluhrer

and Mattoo 1996) and polyamines (Even-Chen et al. 1982) are the main biosynthe-

sis pathways. The second reaction is catalyzed by ACC synthase resulting in the

hydrolysis of SAM to form ACC and 50-methylthioadenosine (MTA) (Kende

1989). Finally, the ACC oxidase catalyzes the ACC conversion to ethylene, CO2,

and cyanide. Among the factors that induce ethylene production, the developmental

stage of the organ influences this hormone’s synthesis rate, with the rate being

higher in stages where cells are dividing (Burg and Burg 1968). In general, there is a

direct association between high respiration rates, senescent or damaged tissues, and

high ethylene content. High doses of auxin application can stimulate the ethylene

synthesis. Moreover, ethylene formation is directly related to a stress condition in

tissues (Beyer et al. 1984). Low temperatures, excessive heat, flood, and drought

stimulate ethylene production and form an interesting response network with other

regulators such as ABA, jasmonic acid (JA), and auxin (IAA). Several studies have

presented evidence that this hormone could have a decisive role in establishing

symbiotic relationships, such as nodule formation and mycorrhizae. In the interac-

tion with Rhizobium, the exogenous application of ethylene has shown a negative

effect on nodule formation and function. Grobbelaar et al. (1971) showed that

nodulation was reduced by 90% in alfalfa explants treated exogenously with

0.4 ppm of ethylene.

164 F. Cassán et al.



7.4.4.1 Azospirillum sp. and Ethylene Production

There is little information related to ethylene production by Azospirillum sp. and its

effect on plant growth. Primrose and Dilworth (1976) determined the ability of the

free-living bacteria Azotobacter sp. and Bacillus sp. to produce ethylene in chemi-

cally defined culture medium. Strzelczyk et al. (1994) tested Azospirillum’s ability
to produce this compound in culture medium modified with different carbon

sources. Their results showed that the bacteria could synthesize ethylene and that

the production depends on the presence of L-methionine in the culture medium.

Recently, Krumpholz et al. (2006) evaluated tomato seedlings inoculated with

A. brasilense FT326 (an IAA overproducer), and found a correlation between the

significant increase in root number and length and the ethylene production, which

was up to ten times higher than the controls accompanied by increased ACC

synthase activity. According to Peck and Kende (1995), the rate limiting step

for ethylene biosynthesis is the conversion of S-adenosylmethionine (SAM) to

1-aminocyclopropane-1-carboxylic acid (ACC), catalyzed by ACC synthase. The

expression and activity of this enzyme, as well as ethylene production, is enhanced

by the addition of exogenous IAA. This fact indicates that the ethylene increase is at

least partially due to cross-talk between the bacterially produced IAA and the

ethylene synthesis as suggested by Rahman et al. (2002). In contrast, the ability

of some bacteria to promote plant growth could be indirectly related to bacterial

expression of 1-aminocyclopropane-1-carboxylate deaminase (ACC deaminase),

key enzyme in ethylene metabolism hydrolyzes 1-aminocyclopropane-1-carboxylate

(ACC) which is the immediate hormone precursor (Glick et al. 1995). Bacteria

that possess this enzyme can cleave ACC to ammonia and alpha-ketobutyrate,

preventing the ethylene accumulation and its toxic effects (Glick et al. 1998).

Even though Azospirillum promotes plant growth, the members of this genus do

not produce ACC deaminase and therefore, cannot regulate the ethylene levels in

plant tissue. In addition, Holguin and Glick (2001) found that the transfer of the

ACC deaminase gene from E. cloacae to A. brasilense resulted in a significant

improvement in plant growth of inoculated plants.

7.4.5 Abscisic Acid

The ABA is involved in different physiological growth and developmental pro-

cesses, such as bud formation and seed dormancy, fruit ripening and homeostatic

regulation under abiotic stress. It is formed in both leaf and root plastids and begins

its biosynthesis from MA via farnesyl farnesyl pyrophosphate (FFPP) through

terpene biosynthesis. The metabolic pathway continues with carotenoid synthesis

and concludes with their cleavage to xantoxine and ABA. This pathway is active in

higher plants, especially under abiotic stress conditions such as water and saline

stress. ABA confers the ability to higher plants to adapt to stress through a variety of
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physiological and molecular processes that include osmotic adjustment, stomatal

closure, biosynthesis of stress-related proteins, and regulation of gene expression.

From a physiological point of view, ABA supports water economy in plants due to

its regulatory effect on stomata (Davies 1995). One could say that ABA is consid-

ered the true root signal in water stress conditions.

7.4.5.1 Abscisic Acid Production by Azospirillum sp. and Other PGPR

There is very little information on ABA identification in chemically defined

Azospirillum sp. culture medium and its correlation with plant growth and develop-

ment. Most experiments were conducted in crop systems by inoculating fungi

or plant pathogenic bacteria, or in symbiotic associations with root nodule-

inducing bacteria. Kolb and Martin (1985) first reported the ABA production by

A. brasilense Ft326 on defined culture medium. However, identification was done

by radioimmunoassay (RIA), an insensitive technique compared to mass spectrom-

etry, which is more commonly used today. Recently, Cohen et al. (2008) reported
the characterization of the stress-related plant hormone ABA by GC-EIMS in

cultures of A. brasilense Sp245 in chemically defined media supplemented with

NaCl to generate a moderate stress condition (100 mM NaCl). A. brasilense
produced higher amounts of ABA when NaCl was incorporated in the culture

medium. Inoculation of A. thaliana with A. brasilense Sp245 enhanced twofold

increases in the plant’s ABA contents. PGPR synthesizing ABA has been described

by Forchetti et al. (2007) who showed that B. pumilus strain SF3 and SF4 and

Achromobacter xyloxosidans strain SF2, isolated from sunflower (Helianthus
annuus L.) roots, produced significant amount of ABA in chemically defined

medium. Later, Sgroy et al. (2009) confirmed the ABA production in chemically

defined media for Lysinibacillus fusiformis, B. subtilis, Brevibacterium
halotolerans, Bacillus licheniformis, B. pumilus, Achromobacter xylosoxidans,
and P. putida. However, production was significantly higher in B. subtilis and

P. putida, which produced 1.8 and 4.2 mg ml�1, respectively as, compared to

L. fusiformis, which produced 0.3 mg ml�1, others strains produced less than

0.2 mg ml�1.

7.4.6 Polyamines

The newest compound involved in promoting plant growth by Azospirillum sp. is

the polyamine cadaverine synthesized from the precursor L-lysine. Polyamines are

low molecular weight organic compounds having two or more primary amino

groups. Polyamines serve as growth regulating compounds (Kuznetsov et al.

2006). One example is cadaverine, which has been correlated with root growth

promotion in pine and soybean (Niemi et al. 2001), response to osmotic stress in

turnip (Aziz et al. 1997), and controlling stomatal activity in Vicia faba beans
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(Liu et al. 2000). A. brasilense strain Az39, which is widely used as a wheat and

maize inoculant in Argentina, is known to produce polyamines such as spermidine,

spermine (Perrig et al. 2007), and putrescine (Thuler et al. 2003) in culture, and also
produces cadaverine in chemically defined medium supplemented with the precursor

L-lysine and on inoculated rice plants. In rice, exogenous application of cadaverine

or inoculationwithA. brasilensemitigated its water stress, improving water status and

decreasing ABA production by seedlings (Cassán et al. 2009a, b).

7.4.7 Nitric Oxide

Nitric oxide (NO) is a volatile, lipophilic free radical that participates in metabolic,

signaling, defense, and developmental pathways in plants (Cohen et al. 2010;

Lamattina and Polacco 2007). NO plays a major role in the IAA signaling pathway

and this participation leads to lateral and adventitious root formation wherein NO acts

as an intermediary in IAA-induced root development (Correa-Aragunde et al. 2006).

7.4.7.1 Nitric Oxide and Azospirillum sp. Production

A. brasilense Sp245 can produce NO in vitro, under anoxic and oxic (or aerobic)

conditions (Creus et al. 2005). The latter can be achieved by multiple possible

pathways, such as aerobic denitrification and heterotrophic nitrification. NO is

produced during the middle and late logarithmic phases of growth (Molina-Favero

et al. 2007, 2008). The NO production in A. brasilense Sp245 induces morphologi-

cal changes in tomato roots regardless of the full bacterial capacity to synthesize

IAA. An IAA-attenuated mutant of this strain, producing up to 10% of the IAA

level compared with the wild-type strain (Dobbelaere et al. 1999), had the same

physiological characteristics with slightly less effect on root development. These

results provided further evidence of an NO-dependent promoting activity of tomato

root branching, regardless of the bacterium’s capacity to synthesize IAA (Molina-

Favero et al. 2008), a phenomenon that occurs in other inoculation systems lacking

IAA activity. The relationship between NO and A. brasilense showed that, in

addition to the well-established connection between NO production and defense

responses to pathogenic microorganisms (Modolo et al. 2005), it seems that NO

metabolism plays a role in the beneficial close association of Azospirillum sp.

with roots.

7.4.8 Jasmonates

Jasmonates (JAs) belong to the family of oxygenated fatty acid derivatives,

collectively called oxylipins, which are produced via the oxidative metabolism of
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polyunsaturated fatty acids. The synthesis and signal transduction pathway of these

compounds in plants have been well described by Wasternack and Kombrink

(2010). The initial substrates are a-linolenic acid (a-LeA; C18:3) or hexadeca-

trienoic acid (C16:3) released from plastidial galactolipids by phospholipases.

The subsequent step is the oxidation of a-LeA by lipoxygenase (LOX) to 13(S)-

hydroperoxyoctadecatrienoic acid (13(S)-HPOT) or (9S)-hydroperoxyoctadeca-

trienoic acid (9(S)-HPOT). The corresponding products with a-LeA as the substrate

are (13S)-hydroperoxyoctadecadienoic acid (13-HPOD) and (9S)-hydroperoxyoc-

tadecadienoic acid (9-HPOD). The first committed step of JA biosynthesis is the

conversion of the LOX product to the allene oxide 12,13(S)-epoxyoctadecatrienoic

acid (12,13(S)-EOT) by allene oxide synthase (AOS). This unstable compound

can be enzymatically cyclized by allene oxide cyclase (AOC) to cis-(þ)-12-

oxophytodienoic acid (9S,13S)-OPDA). This compound is the end product of the

plastid-localized part of the JA biosynthesis pathway and carries the same stereo-

chemical configuration similar to that of naturally occurring (þ)-7-iso-JA. Translo-
cation of OPDA into peroxisomes, where the second half of JA biosynthesis occurs,

is mediated by the ABC transporter COMATOSE and/or an ion trapping mecha-

nism (Theodoulou et al. 2005). The final step is the reduction of the cyclopentenone
ring, catalyzed by a peroxisomal OPDA reductase (OPR), to yield JA.

7.4.8.1 Jasmonates and PGPR Production

JAs have not been described as products of Azospirillum sp. biosynthesis. However,

many recent reports correlate JA production by PGPR to the plant response

of inoculated plants. Accordingly, Forchetti et al. (2007) isolated endophytic

rhizobacteria from sunflower (Helianthus annuus L.) grown under irrigation and

water stress conditions and evaluated the bacterial ability to produce JAs in

chemically defined medium. They discovered that B. pumilus strains SF2 and SF3

and Achromobacter xylosoxidans SF4 grown in controlled medium produced

jasmonic acid (JA) and 12-oxo-phytodienoic acid (OPDA) and the former increased

under drought conditions. In relation to inoculated plants, during bacteria–legume

interaction, Rosas et al. (1998) reported for the first time that exogenous jasmonic

acid (JA) caused induction of nod genes in Rhizobium leguminosarum. Later,
Mabood and Smith (2005) showed that JA and methyl-jasmonate (MeJA) strongly

induced the expression of nodulation genes of B. japonicum and that preincubation

with JAs enhanced nodulation, N fixation, and plant growth in soybean under

controlled environmental conditions. Likewise, Mabood et al. (2006) reported

that inoculation of soybean plants with bradyrhizobial cells incubated with MeJA

alone or in combination with genistein (GE) increased nodule number, nodule dry

matter (DM) per plant, and seasonal N2 fixation, as compared to B. japonicum cells

that were not incubated with those compounds. Moreover, it was shown that

JAs effectively induced the production and secretion of the NOD factors lipo-

chitooligosaccharides, LCOs, from B. japonicum.
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7.5 Azospirillum sp., Phytohormones and Plant Growth

The biochemical, molecular, physiological, and functional analysis of phytohor-

mone interactions in higher plant has re-emerged in the last 10 years and because

of this revival, the bacterial phytohormones are not exempt from the same

analysis. The amount of new “cross-talk” interactions described in literature for

thousands of plant species may give new insights into the simple phytohormonal

growth promotion-dependent model described for Azospirillum sp. In this regard,

there is circumstantial evidence of the interaction between the phytohormones

produced by Azospirillum sp. and the hormonal background of inoculated plants,

but a detailed analysis of this interaction may reveal specific interactions that

could result in their PGP effect. In this regard, Fulchieri et al. (1993) found that

maize seedlings (Z. mays L.) inoculated with three A. lipoferum strains showed

significantly improved root and shoot growth. In these trials, GA3 was identified

in the free acid fraction of plant extract and these results could be explained by

bacterial ability to increase the whole pool of biologically active gibberellins in

the roots of inoculated plants. Ross and O’Neill (2001) suggested that auxin could

promote, at least in part, stem elongation by increasing endogenous levels of

3b-hydroxylated gibberellins, which could be directly related to the results

obtained by Fulchieri et al. (1993), and that neither the endogenous IAA content

or 3b-hydroxylases genes expression was quantified in bacterial culture medium.

Another factor to be considered is that at least two of the strains used for

inoculation, namely A. lipoferum Op33 and A. lipoferum iaa320, were IAA

producers, which led us to speculate that at least in part, the endogenous GA3

increased in the root may be due to a “cross-talk” between IAA and the GA pool in

the root. At least part of the growth response observed in aerial and underground

plant tissues could be a result of the GAs produced by different strains of

A. lipoferum or by the GAs produced by the seedlings induced by bacterial IAA

(Yaxley et al. 2001; Ford et al. 2002; Inada and Shimmen 2000). Krumpholz

et al. (2006) evaluated the growth response of tomato seedlings inoculated with

A. brasilense FT326 (an IAA-overproducer), correlating plant phenotypes and

ethylene production. The increase in ethylene production was significantly higher

accompanied by increased activity of ACC synthase in plant tissues. According to

Peck and Kende (1995), the rate limiting step for ethylene biosynthesis is

S-adenosylmethionine (SAM) conversion to 1-aminocyclopropane-1-carboxylic

acid (ACC) catalyzed by ACC synthase, and the expression of this enzyme, as

well as ethylene production, was enhanced by the addition of exogenous IAA.

These results indicate that the ethylene increase is at least in part due to a “cross-

talk” between the bacterially produced IAA and the ethylene synthesis by the

plant (Rahman et al. 2002).
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7.6 Azospirillum sp. Based Inoculants and Plant Growth

Promotion

Since 1981–1996, the Instituto de Microbiologı́a y Zoologı́a Agrı́cola (IMYZA),

INTA-Castelar, from República Argentina, developed an intensive program. The

main objectives of the project were to select and identify strains of Azospirillum sp.

and to evaluate their ability to promote plant growth on different crop species. The

information generated showed a more pronounced effect of A. brasilense on most

evaluated plant species than the effect obtained by A. lipoferum strains, and allowed

bioprospecting of strain Az 39 of A. brasilense based on their ability to increase

growth and yield of evaluated crops by 13.0–33.0%. Considering the information

generated in this program, the SENASA (Servicio Nacional de Sanidad

Agropecuaria) proclaimed a nationwide recommendation of the native strain

Az39 of A. brasilense for inoculant production for maize, wheat, and other nonle-

gume species.

From a physiological point of view, the plant growth promotion capacity of

A. brasilense Az39 has been confirmed because of the effectiveness in increasing

the productivity of inoculated crops in thousands of assays in field conditions,

during last 30 years. However, there was no detailed description of the plant growth

promoting mechanisms operating in this strain. Part of the work of Laboratorio de

Fisiologı́a Vegetal y de la Interacción planta-microorganismo from the Universidad

Nacional de Rı́o Cuarto, Argentina was to elucidate all mechanisms responsible for

the growth promotion effect in crops after inoculation with A. brasilense Az39. As
part of these results, Perrig et al. (2007) proved that A. brasilense Az39, the most

commonly used strain for inoculant formulation in Argentina, together with the

strain Cd, one of the most commonly used for basic research in the world, has the

ability to produce and release plant growth regulators such as IAA, Z, GA3, ABA,

and ethylene. In this regard, IAA production in A. brasilense Az39 was comparable

to that previously reported by other authors for A. lipoferum (4.1 mg ml�1) and other

strains of A. brasilense (4.5 mg ml�1) in chemically defined medium (Crozier et al.
1988). The Cd strain showed a major production of IAA (10.8 mg ml�1) compared

to strain Az39. In other trials, Dobbelaere et al. (1999) found that inoculation of

wheat cv. Soisson with 1 � 108 cfu ml�1 of A. brasilense Sp245 was comparable to

the exogenous application of IAA. Zeatin (Z) production for strains Cd and Az39

was determined to be 2.37 and 0.75 mg ml�1, respectively. Horemans et al. (1986)

detected similar amounts of Z and other cytokinins in A. brasilense in chemically

defined medium by the radioimmunoassay (RIA) technique. Furthermore, Tien

et al. (1979) used liquid chromatography (HPLC) to demonstrate that A. brasilense
produced cytokinin-like compounds in chemically defined medium with biological

activity equivalent to that of K (kinetin). Pan et al. (1999) reported that exogenous

application of 0.2 mg ml�1 of kinetin in corn seeds, together with the inoculation of

Serratia liquefaciens, increased size and weight of the roots. GA3 production was

significantly higher in strain Cd (0.66 mg ml�1) than in Az39 (0.30 mg ml�1). In

addition, Bottini et al. (1989) evaluated the ability of A. lipoferum to produce GA1
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and GA3 in the NFB chemically defined medium and the concentration in the

supernatant of the culture media was estimated by biological tests to be 20 and

40 pg ml�1 of GA3 equivalents, respectively, for a bacterial titer of 109 cfu ml�1

Additionally, Janzen et al. (1992) evaluated the GA1 and GA3 production in

A. brasilense Cd in chemically defined medium and GA3 production reached

5.0 mg ml�1 for 107 cfu ml�1. ABA production was significantly higher in

Az39 (77.50 ng ml�1) than for Cd (0.65 ng ml�1). There are very few reports on

ABA identification in chemically defined medium or in inoculated plants with

Azospirillum sp. Kolb and Martin (1985) reported the ABA production by

A. brasilense Ft326, but the detection method used was less sensitive (RIA). The

bacterial contribution to the role of ABA in plant–microbe interactions is uncertain

and there is no direct evidence that this phytohormone promotes or regulates plant

growth, but in restrictive soils (e.g., saline soils), ABA could contribute, together

with other bacterial molecules such as cadaverine (Aziz et al. 1997), in regulation of
plant homeostasis and the response to stress. This is an emerging research line

in our group that is particularly focused on free-living rhizobacteria that could be

re-classified as a third group of beneficial bacteria to plants, called “Plant Stress

Homeostasis-regulating Rhizobacteria” (PSHR) as proposed by Cassán et al.
(2009a). Ethylene biosynthesis in culture medium modified by the addition of

L-methionine was found for both strains in the presence or absence of the precursor,

but major production was determined in the medium modified by the addition

of precursor in strain Cd (3.94 ng ml h�1). In contrast to our results, Strzelczyk

et al. (1994) found that ethylene production in chemically defined medium was

completely dependent on the presence of L-methionine. From the physiological

point of view, the growth promoting effect of Azospirillum sp. at root level may

depend on ethylene production by the plant (bacterial-mediated auxin biosynthesis)

or on bacterial ethylene production (Fig. 7.11).

Cassán et al. (2009a) showed that A. brasilense Az39 and B. japonicum E109,

inoculated singly or in combination, have the capacity to promote seed germination

and early seedling growth in soybean and corn, and this capacity was correlated

with the bacterial phytohormone biosynthesis in culture medium. In this respect,

Az39 and E109 were able to excrete gibberellic acid (GA3), zeatin (Z), and also

IAA in culture medium at a sufficient concentration to produce morphological and

physiological changes in seeds and young seed tissues. Recently, Cassán et al.
(2009b) showed that both B. japonicum E109 and A. brasilense Az39 possess the

capacity to promote germination and early seedling growth in maize, wheat, and

soybean, and that such capacity is not only dependent on the bacterial cell number,

but also on the concentration of gibberellic acid (GA3), zeatin (Z), and IAA released

into culture medium during exponential (EP) or stationary (SP) growth phase

(Cassán et al. 2010b). The concentration of Z and IAA increased considerably in

SP (0.78 and 14.2 mg ml�1, respectively) compared to EP (0.36 and 9.1 mg ml�1,

respectively), while the GA3 maintained similar concentrations in both phases (1.70

and 1.2 mg ml�1, respectively). In relation to the capacity to promote plant growth,

all parameters evaluated were significantly increased when seeds were treated with

SP culture medium of A. brasilense Az39 and B. japonicum E109. Our results
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indicate that A. brasilense Az39 has the potential capacity to promote plant growth

through phytohormone production, as an additional mechanism to the well-known

biological nitrogen fixation. Az39 strain showed intrinsic ability to produce and

release several phytohormones in chemically defined medium. This capacity was

correlated with the bacterial capacity to promote germination and early growth in

maize and soybean seeds and seedlings in single inoculation or in co-inoculation

with B. japonicum. Also, we established that stationary cultures of Az39 produce

more phytohormones than exponential ones, and accumulation of these compounds

in culture medium also modify the inoculant capacity to promote the early growth

parameters in seeds or seedlings of soybean, maize, and wheat. We defined

this capacity as the “phytohormonal effect of inoculation” and the mentioned

Fig. 7.11 Identification and quantification of phytohormones by HPLC-UV-GC-MS SIM,

obtained from chemically defined medium of A. brasilense Az39 and Cd. (a) IAA, (b) Z, (c)

GA3, and (d) ABA. Published by Perrig et al. (2007)
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parameters could have great value on the classification of strains and as an evalua-

tion tool in strain selection for agricultural use. There are, however, more than

30 years of research and hundreds of publications related to the use of A. brasilense
Az39 in field and greenhouse conditions (Diaz-Zorita and Fernández-Canigia 2009)

which confirm largely the results presented in this chapter.

7.7 Conclusion and Future Prospects

We know relatively little about the phytohormones in plant growth-promoting

rhizobacteria, compared with plants. Accurately known its biosynthetic routes,

enzymes and genes responsible for synthesis, catabolism and conjugation, must

be considered the initial step to understand its capacity to regulate the plant growth

and development, as well as productivity in agricultural conditions. Only in the case

of auxins, and particularly for IAA, has been described its physiological and

molecular functionality in both, chemically defined medium and plant–microbe

interaction. In the case of gibberellins and particularly for gibberellic acid and GA1,

the model has been described since a physiological but not molecular point of view.

Finally, for cytokinins, ABA, ethylene, JAs, polyamines, and nitric oxide, we only

know about the ability of several microorganisms to produce it in chemically

defined medium or in less case in plant–microbe interaction. Integration of both,

microbial and plant models since a phytohormonal and physiological point of view,

could be the beginning of a new understanding about the natural process includes

into a new kind of physiology named “plant-microbe physiology” or simply

“integrative physiology.” This proposal not only provides a semantic denomination,

but on the contrary, seeks to establish the concept that sterile plants only grown in

our laboratories, except in those where microbiologists works fortunately! As we

have seen throughout this chapter, several rhizobacteria, but principally

Azospirillum sp. have the potential capacity to modify growth, development, and

behavior of several plants even in stress conditions. Knowing that, only we must

generate an elementary question: Our study models could be considered inside of an

integrative physiology model? If your answer is not clear at this point, you should

read this chapter one more time.
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