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1. DISCOVERY OF PHYTOHORMONES

Plant hormones are signal molecules, acting as chemical messengers that control
plant growth and development. Aside from their role in plant response to changes in
environmental conditions, hormones are also the principal agents that regulate
expression of the intrinsic genetic potential of plants. A phytohormone is an organic
substance synthesized in defined organs of the plant that can be translocated to other
sites, where it triggers specific biochemical, physiological, and morphological
responses. However, phytohormones are also active in tissues where they are
produced. In addition, numerous soil bacteria and fungi also produce
phytohormones. The commonly recognized classes of phytohormones, regarded as
the “classical five”, are: the auxins, gibberellins, cytokinins, abscisic acid, and
ethylene.

The discovery of auxins during the nineteenth century was the outcome of
experiments on phototropism and geotropism (reviewed by Moore, 1979). In 1880,
Charles Darwin reported on the phenomenon by which the plants bent toward the
sunlight, in a book entitled “The power of movement of plants”. Several years later,
by 1926, the Dutch botanist Frits W. Went discovered auxin and described a
bioassay for its quantitative detection by "the Avena coleoptile curvature test".
Although Went had succeeded in isolating auxin, he was not able to purify the active
compound to establish its chemical structure. In 1934, the biochemists Kögl,
Haagen-Smit and Erxleben obtained an active substance from urine, indole-3-acetic
acid (IAA), which was found to be identical to auxin (Fig. 1). Finally, K.V. Thimann
isolated IAA from cultures of the fungus Rhizopus suinus in 1935. The first
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generally accepted report of the occurrence of IAA in a higher plant was published
by Haagen-Smit et al., in 1946 (reviewed in Moore, 1979). Since then, there have
been an increasing number of reports of the occurrence in plants of IAA and other
related compounds, such as indole-3-butyric acid (IBA; Fig.1), 4-chloro-IAA, and
conjugated IAA forms, and non-indolic compounds, such as phenylacetic acid that
displays weak auxin activity (reviewed in Normanly et al., 1995).

CH2-CH-COOH
NH2

TrpR= 

R= CH2- C-NH2

O

IAM

CH2-CN IANR= 

R= CH2-CH2-NH2 TAM

IPyAR= CH2- C-COOH

O

R= (CH2)3-COOH IBA

IAAR= CH2-COOH

R

H

N

CH2-COOH

NAA

CH2-COOHO

Cl

Cl

2,4-D

Figure 1: Chemical structure of indole-3-acetic acid (IAA) and precursors compounds and of
synthetic auxins NAA and 2,4-D. Trp: tryptophan, IBA: indole-3-butyric acid, IPyA: indole-3-
pyruvic acid; IAM: indole-3-acetamide; IAN: indole-3-acetonitrile; TAM: tryptamine, NAA:

naphtylacetic acid, 2,4-D: 2,4-dichlorophenoxyacetic acid.

Research on the gibberellins, "GAs", stems from the work of E. Kurosawa
(reviewed in Moore, 1979). He is credited for having discovered GA in 1926,
producing the "bakanae" effect (pathological longitudinal growth) in rice, and maize
seedlings treated with spent-culture medium from the fungus Gibberella fujikuroi.
Yabuta and Sumiki, in 1938, isolated and crystallized two biologically active
substances, which they named “gibberellins A and B”. Thereafter, by 1956, GAs
were shown to be natural components of plants tissues both by West and Phinney in
USA and by Radley in England (reviewed in Moore, 1979). It then became apparent
that these compounds were not merely an interesting group of fungal metabolites but
also endogenous regulators of growth and development of plants. Up to now about
125 different GAs have been characterized (reviewed Crozier et al., 2001). The GAs
are divided into two groups the C20-GAs and the C19-GAs. The C20-GAs gather
molecules with 20 carbon atoms, and the C19-GAs have lost the C-20 and carry a
γ–lactone ring (Fig. 2a and b). In addition to free GAs, plants contain several GA

conjugates, including GA-O-β-glucosides and β–glucosyl ethers (reviewed Crozier
et al., 2001).

The discovery of the cytokinins occurred in 1955, when F. Skoog isolated a
substance called kinetin from an autoclaved sample of DNA, and demonstrated it to
be active in vitro in promoting mitosis and cell division in tobacco callus tissues
(reviewed by Moore, 1979). Although kinetin is an artefact derived from 2-
deoxyadenylate, its biological activity resembles that of zeatin (Z) (Fig. 2c), a native
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inducer of plant cell division that was isolated from immature maize seeds in 1963
(reviewed by Crozier et al., 2001).
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Figure 2: Basic structure of C20 (a) and C19 (b) gibberellins and chemical structure of
zeatin(c). The numbering of the ring systems of GAs derives form the nomenclature used for
diterpenes, modifications at positions 2, 3 and 20 are important for the biological activity.

Cytokinins have the same general structure as zeatin, with different branched carbon
substituents at positions 6, 2, 7 and 9.

Ethylene that is recognized as "the ripening hormone" was identified some 50
years ago (Burg, 1962). Many soil bacteria code for the enzyme aminocyclopropane
deaminase (AAC-deaminase) that degrades a key intermediate in ethylene
production, hence preventing ethylene accumulation by plants (Penrose and Glick,
2003). Abscissic acid was discovered around 1960 as the hormone causing
abscission of fruits and dormancy of buds (reviewed by Moore, 1979).

2. THE PRODUCTION AND ROLE OF PHYTOHORMONES

It is now well established that there are two sources of phytohormones naturally
available for the plants: endogenous production by the plant tissues, and exogenous
production by associated microorganisms, including numerous soil bacteria and
fungi (reviewed by Kumar and Lonsane, 1989; Arshad and Frankenberger, 1991;
Costacurta and Vanderleyden, 1995; Patten and Glick, 1996).

2.1. Diversity of the Plant Hormone Producers

The ability to synthesize IAA, GAs, and cytokinins is widespread among soil and
plant-associated bacteria responsible for plant growth promotion, symbiotic
associations and also pathogenesis.
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Table 1 Phytohormones produced by plants and microorganisms, and their effect on plant
morphology and development

Auxins production

Plant endogenous production
or causative agent

Observed effect on plant Reference

Plant
Zea mays
Arabidopsis thaliana

cell enlargement,
root initiation
vascular differentiation,
apical dominance

Östin et al,. 1999
Bartel, 1997
Bartling et al., 1994

Fungus
Pisolithus tinctorius plant growth promotion Frankenberger and Poth,1987

Bacteria
Azospirillum
Rhizobium,
Bradyrhizobium

decrease of root length,
increase of root hair
development,

Tien et al., 1979
Atzorn et al.,1988
Badenosch-Jones et al., 1982

Klebsiella increase in root branching
and root surface

El-Kawas and Adachi, 1999

Azospirillum,
Gluconacetobacter
Herbaspirillum

corn seedlings inoculated
showed an increase on free
active IAA, and IBA

Fuentes-Ramírez et al., 1993
Bastián et al., 1998
Fallik, et al.,   1989

Pseudomonas syringae pv
savastanoi
Agrobacterium
Erwinia herbicola pv
gypsophilae

induction of gall and tumor
formation

Comai and Kosuge, 1980;
1982
Liu et al., 1982
Manulis et al.,1998

Cyanobacteria, Nostoc symbiotic tissue of Gunnera Sergeeva et al., 2002

Gibberellins production

Plant endogenous production
or causative agent

Observed effect on plant Reference

Plant
Arabidopsis thaliana
Oryza sativa
Zea mays
Pisum sativum

seed germination,
development and
reproduction of  plants,
floral development

Kobayashi et al., 1994
Helliwell et al., 2001
Spray et al., 1996

Fungus
Gibberella fujikuroi “bakanae” effect in maize,

rice and other plants
Rojas et al., 2001
Fernández-Martin et al., 1995

Bacteria
Azospirillum brasilense
Azospirillum lipoferum

reversion of dwarfism in
maize and rice

Cassán et al., 2001

Azospirillum brasilense promotion of shoot
elongation, growth, and root
hair density

Fulchieri et al., 1993
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Cytokinins production

Plant endogenous production
or causative agent

Observed effect on plant Reference

Plant
Arabidopsis thaliana cell division, chloroplast

differentiation, photosynthesis,
senescence, and nutrient
metabolism

Takei et al., 2001

Bacteria
Azospirillum plant growth promotion Tien et al., 1979

Pseudomonas syringae pv
savastanoi
Agrobacterium tumefaciens
Erwinia herbicola

induction of gall and tumor
formation

Roberto and Kosuge,
1987

Lichter et al., 1995

Examples of phytohormone producers are reported in Table 1 as well as the
effect on the plant physiology and development. It appears that bacterial production
of IAA and cytokinins is involved in the virulence of several interactions between
microorganisms such as Agrobacterium, Pseudomonas savastanoi and pathogenic
Erwinia (Comai and Kosuge, 1982; Costacurta and Vanderleyden, 1995; Litchter et
al., 1995; Morris, 1986). In contrast, in other bacteria such as members of the genera
Azospirillum, Rhizobium, Bradyrhizobium, Enterobacter, Erwinia and other
Pseudomonas spp., production of phytohormones may be beneficial by stimulating
the plant growth (Patten and Glick, 1996). Additional information relative to
ethylene production and other hormones can be found in Section 6.

2.2. Effect and Role of Plant Hormones on the Plant Physiology and Development.

Plants have evolved elaborated systems for regulating cellular levels of IAA.
Homeostatic regulation of free IAA pool size is the result of different processes,
including synthesis, degradation, conjugation (with amino acids or sugars), and
transport (Normanly and Bartel, 1999).

IAA represents one of the most important plant hormones, regulating many
aspects of plant growth and development throughout the plant cell cycle, from cell
division, cell elongation and differentiation to root initiation, apical dominance,
tropistic responses, flowering, fruit ripening and senescence. Regulation of these
processes by auxin is believed to involve auxin-induced changes in gene expression
(Guilfoyle et al., 1998). There is no complete description of the mechanism by
which auxin regulates cell growth. The immediate effect of exposure of plants
tissues to auxin is proton excretion, occurring within minutes. The resulting
apoplastic acidification provides a favourable condition for cell wall loosening,
which could be an early part of auxin-induced cell expansion   (Kim et al., 2001).

Auxin binding proteins (ABPs) are a class of low abundance proteins in plants
that bind active auxins with high affinity and specificity; thus most likely acting as
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plant receptors for the auxin signal. As a result of ABP-auxin binding, ABP might
initiate the auxin-signalling pathway leading to various cellular responses. Extensive
studies have led to identification of a number of ABPs in both membrane and
soluble fractions of which the best characterized in terms of cellular localization,
biochemical nature and putative receptor function is ABP1 (Kim et al., 2001).

In conjunction with auxins, cytokinins promote cell division. They also influence
differentiation of plants cells in cultures: in plant tissues culture (in vitro), a high
cytokinin/auxin ratio promote shoot production while auxin alone initiates root
growth; and approximately equimolar amounts of cytokinin and auxin cause largely
undifferentiated callus cells to proliferate. Cytokinins are involved in processes such
as photosynthesis or chloroplast differentiation. They also are known to induce
opening of stomata, suppress auxin-induced apical dominance, and inhibit
senescence of plants organs, especially in leaves (Crozier et al., 2001).

Although best known for their influence on stem elongation, GAs also affect
reproductive processes in a wide range of plants. In some plants species, exposure to
low temperatures can induce seed germination or flowering. GAs are implicated in
these processes, known respectively as stratification and vernalization. GAs retard
leaf and fruit senescence, induce de novo synthesis of alpha-amylase and other
enzymes in the aleurone layer of barley. In dwarf varieties of rice, such as
Tanginbozu, GA doses controls shoots elongation (Crozier et al., 2001).

3. PATHWAYS FOR PLANT HORMONES BIOSYNTHESIS: COMMON
ROUTES TO PLANTS, BACTERIA AND FUNGI

The early discovery of auxins and of their important role in plant development has
generated considerable interest. Hence, the elucidation of the biosynthesis routes of
IAA and other plant hormones in bacteria largely depends upon the knowledge
accumulated in plants, and in fungi in the case of gibberellins.

3.1. Indole-3-Acetic Acid Synthesis

IAA is a simple metabolite that derives from tryptophan (Trp) by multiple enzymatic
pathways and that can also by synthesized by Trp-independent routes, especially in
plants (Fig. 3). IAA biosynthesis may proceed by one or more pathways in plants
and in bacteria. In addition, in plants, several genes such as gene family may encode
a particular enzyme within a pathway. In this section the emphasis is be given to
routes established in plants. The case of phytopathogenic bacteria and Azospirillum
is further detailed in Sections 4 and 5.

3.1.1. Tryptophan-Dependent Pathways for Indole-3-Acetic Acid Synthesis
The indole-3-pyruvic pathway (IPyA), [Trp → IPyA → indole-3-acetaldehyde
(IAAld) → IAA], common in higher plants (Normanly et al. 1995), was found in
numerous soil bacteria (Brandl et al., 1996; Costacurta et al., 1994; Koga et al.,
1991b; detailed in Section 4 and 5). A ROOTY gene, which encodes a protein similar
to a tyrosine aminotransferase (the first step of this pathway), has been isolated in
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Arabidopsis, but its role in the production and control of auxin has not be elucidated,
yet (Gopalraj et al., 1996). The indole-3-pyruvate decarboxylase (second step) has
been purified and from E. cloacae but not from plants (Koga, 1995; see Section 4).
In contrast, aldehyde oxidase activities that catalyze the oxidation of IAAld to form
IAA (third step) were found in Arabidopsis (Seo et al., 1998).
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IAN
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IAoxInd

?
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Figure 3.  Biosynthetic pathways for IAA (indole-3-acetic acid) found in plants and bacteria.
Trp-dependent routes: the IPyA (indole-3-pyruvate) and TAM (tryptamine) routes are found
both in plants and bacteria, the IAM (indole-3-acetamide) route is specific to bacteria and

plants transformed by Agrobacterium T-DNA, the IAN (indole-3-acetonitrile) route (via IAox,
indole-3-acetaldoxime) is found in plants, while in bacteria IAN can be converted directly to

IAA or via IAM, but the precursor of IAN may or not be Trp, the TSO (Trp side chain
oxidation) route is specific of some Pseudomonas; Trp-independent routes, indicated as

dotted lines, starting from Ind (indole) or IPG (indole-3-glycerol phosphate) may constitute
major routes for IAA synthesis in plants, and may be present in bacteria. Enzymes involved in

IAA-conjugates synthesis and degradation are found in plants and bacteria. In all cases
anthranilate (Ant) is the precursor of the indole moiety. Ind can be converted to IPG, ILA

(indole-3-lactic acid) can be converted to IPyA, and IEth  (indole-3-ethanol) can be converted
to IAAld (indole-3-acetaldehyde).  See text from additional explanations. Adapted from
Costacurta and Vanderleyden, 1995; Patten and Glick, 1996; Normanly et al., 1999;

Carreño-Lopez et al., 2000.

The indole-3-acetamide pathway (IAM), [Trp → IAM → IAA] which occurs in all
gall-forming bacteria, was also described in Bradyrhizobium japonicum and
Rhizobium fredii (Sekine et al., 1989). This pathway is unique to bacteria and is only
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detected in plants infected with the pathogenic bacteria, or in plant cells transformed
by insertion of an Agrobacterium T-DNA (see Section 4).

The indole-3-acetonitrile (IAN) pathway [Trp → indole-3-acetaldoxime (IAox) →
IAN → IAA] is another Trp-dependent route characterized both in plant and

bacteria. The nitrile generated from IAox naturally occurring in plants is converted
to IAA by nitrilases (Hull et al., 2000; Mikkelsen et al., 2000). Four genes encoding
nitrilases responsible for the conversion of IAN to IAA have been cloned from
Arabidopsis (Bartling et al., 1994). However, only the nitrilase genes NIT1 and NIT2
have been shown to concur to IAA biosynthesis in vivo (reviewed in Normanly and
Bartel, 1999).

The discovery, in Arabidopsis, of two cytochrome P450 enzymes (CYP79B2 and
CYT79B3) that catalyze the formation of IAox from Trp, suggests that at least a
portion of IAN could be Trp-derived via an IAox intermediate. IAN may also be
regarded as a degradation product resulting from the turnover of indole
glucosinolates. The enzymatic activity of CYP79B2, assayed in E. coli carrying a
recombinant plasmid, showed that this cytochrome is specific for Trp (Hull et al.,
2000). The cloning of CYP79B2 from Arabidopsis was also accomplished by
Mikkelsen et al . (2000). The gene encodes a 61-kDa polypeptide, with 85% amino
acid identity to CYP79B3. The conversion of Trp to IAox by the recombinant
CYT79B3 permitted the chemical identification of this latter compound. It was
proposed that a cross talk might occur between the biosynthetic pathway of indole
glucosinolates and that of IAA, at the IAox branch point. In agreement with this
hypothesis, Barlier et al., (2000) showed that a mutation in the gene encoding the
CYP83B1 protein, which belongs to the family of cytochrome P450, induces auxin
overproduction. This lead to elevated IAA levels and thus increased apical
dominance and reduced indole glucosinolate levels. Conversely, over expression of
CYP83B1 in Arabidopsis led to a reduced IAA level, with loss of apical dominance
correlated with an elevated indole glucosinolate level. Then, the increased N-
hydroxylation of IAox results in a net loss of IAA (Bak et al., 2001).

Another pathway involving tryptamine (TAM) may be common to plants and
bacteria, particularly to members of the Azospirillum genus (see Section 5). An
Arabidopsis mutant with an elevated level of endogenous auxin production
permitted the identification of a flavin monooxygenase (FMO)-like enzyme that
catalyzes the hydroxylation of TAM (Zhao et al., 2001).

3.1.2. Trp-Independent Pathway for IAA Synthesis
Work with Trp auxotrophs, and quantitative measurements with labeled products
both in plants and bacteria have established that IAA biosynthesis can also take
place via a Trp-independent route. In some plants the Trp-independent pathway is
thought to be the primary route for IAA production. The likely precursors for the
“Trp-independent” pathway are indole-3-glycerol phosphate (IPG) or indole.

In maize, the occurrence of an IAA biosynthetic pathway that does not use Trp as
an intermediate was confirmed by experiments based on [15N] anthranilic acid or
2H2O labeling of orange pericarp seedlings, which showed incorporation of
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radioactivity into IAA but not into Trp (Wright et al., 1991). Light-grown seedlings
of normal maize and the maize mutant orange pericarp were shown to contain
enzymatic activity able to convert [14C] indole to IAA. Trp did not inhibit the
reaction, and neither [14C] Trp nor [14C] serine could replace [14C] indole. The
formation of IAA was proved by gas chromatography-mass spectrometry (GC-MS)
analysis (Östin et al., 1999).

The isolation of Trp auxotrophs in A. thaliana helped to determine as to whether
Trp is the sole precursor to IAA or not. The levels of free IAA did not differ
significantly between the wild type and the trp1-1 mutant defective in anthranilate
phosphoribosyltransferase activity. In contrast, the trp2-1 mutant deficient in
tryptophan synthase activity showed an elevated level of IAA correlated with a
dramatic increase in indole production. In vitro labeling experiments with trp2-1
seedling grown in the presence of [2H5] Trp, and [15N] anthranilate led to the
conclusion that IAA biosynthesis occurs via a Trp-independent pathway (Normanly
et al., 1993).

Using a different approach Ouyang et al (2000) suggested that indole might be a
precursor for the Trp-independent pathway and that indole-3-glycerol phosphate
(IGP) played a critical role. Their strategy was based on the use of available mutants
from Arabidopsis, including mutants defective in anthranilate synthetase α  and β
(TSA and B), anthranilate phosphoribosyl-transferase, and tryptophan synthase. The
Trp pool in these mutants was decreased as compared to the wild-type. As no mutant
defective in indole-glycerol phosphate synthetase (IGS) was available, Ouyang et al
(2000) constructed transgenic plants harboring antisense IGS RNA. Total levels of
IAA were significantly decreased in IGS transgenic plants, whereas IAA pool
increased in plants mutated in tryptophan synthase. This suggested that IGP is the
branch point of the Trp-independent IAA synthesis in A. thaliana.

In spite of data described, the Trp-independent pathways remain poorly defined in
terms of the enzymes, their intermediates and cellular localizations (Östin et al.,
1999).

3.2. Gibberellins

The GAs are complex molecules of tetracarbocyclic diterpernes. G. fujikuroi
synthesizes about 20 different gibberellins of which the most abundant is the
gibberellic acid (GA3) (Fernández-Martín et al., 1996); and about 100 have been
exclusively isolated from plants. GAs numbering is not related to their structure.
Molecules, whose structure has been elucidated, are numbered in approximate order
of their discovery.

There is continuing interest in the biosynthetic origin of the GAs since some of
them have important activities in plants. The most important GA in plant is GA1,
primarily responsible for stem elongation. In Gibberella, GAs biosynthesis is
catalyzed by enzymes falling into three classes: terpene cyclases catalyze the
synthesis of ent-kaurene from geranylgeranyl diphosphate; cytochrome P450
monooxygenases catalyze the steps of the pathway from ent-kaurene to GA12; and
soluble dioxygenases catalyze the final steps of the pathway (Helliwell et al., 2001).
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Early steps are identical for plants and fungi (Fig. 4), but the pathways diverge
thereafter and at least three different routes are known. The studies done in plants
also showed the presence of the early-13-hydroxylation pathway, which is unique in
plants (Spray et al., 1996).

geranylgeranyl-PP copalyl-PP ent-kaurene

ent-kaurenolent-kaurenalent-kaurenic acid

ent-7 hydroxykaurenic acid GA12-aldehyde

COOH
COOH

CH2

CH3

CH3

COOH

CO
CH2

CH3

OH

OHO

GA12GA1

mevalonic acid-PP

sesquiterpenes
isopentenyl-PP

cytokinins

Figure 4. Schematic biosynthetic pathways of GA. GAs are biosynthesized from trans-geranyl
diphosphate via ent-copalyl diphosphate and the tetracyclic hydrocarbon ent-kaurene. ent-

kaurene is sequentially oxidized to ent-7 hydroxykaurenoic acid, which is then arranged to
GA12-aldehyde, oxidized to GA12 and metabolised to other GAs. The figure also shows

branching from isopentenyl-PP to cytokinins and sesquiterpenes (abscisic acid).

3.3. Cytokinins

Cytokinins are adenine derivatives. Studies with the slime mold Dictyostelium
discoideum revealed that 5’-AMP was a direct precursor of isopentenyl adenosine
5´-phosphate ([9R-5’P]iP). The enzyme catalyzing this conversion, dimethylallyl
diphosphate: 5’-AMP transferase (or isopentenyl transferase) was also found in cell-
free extracts from maize kernels, and from tobacco callus tissue cultures that became
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cytokinin-autonomous (Crozier et al., 2001). Recently, several genes encoding the
isopentenyl transferase have been identified from A. thaliana (Takei et al., 2001). A
corresponding enzyme from the bacterium A. tumefaciens, encoded by the ipt gene,
has been studied in depth at the molecular level, and the same gene was also found
in Pseudomonas syringae pv. savastanoi, where it is named ptz. These genes encode
for products that share substantial sequence similarity and both are involved in
tumor-inducing ability. However, tumor induction by Pseudomonas does not
involve transfer of genetic material to nuclear plant genome as this was shown with
A. tumefaciens (Roberto and Kosuge, 1987).

3.4. Ethylene

Ethylene biosynthesis by plants originates from methionine. The first step is the
synthesis of S-adenosyl-methionine, followed by its conversion into 1-
aminocyclopropane-1-carboxylic acid (ACC). ACC is the direct precursor of
ethylene. The ACC oxidase, formerly known as the ethylene-forming enzyme
(EFE), was first characterized in apple (Adams and Yang, 1979). Ethylene
production has been also reported for bacteria and fungi (Arshad and Frankenberger,
1991; Fukuda et al., 1993; see Section 6.3).

4. MAJOR ROUTES FOR IAA SYNTHESIS IN PLANT PATHOGENIC AND
NITROGEN-FIXING ASSOCIATED AND ENDOPHYTIC BACTERIA

4.1. Discovery and Conditions of Synthesis

During the past 25 years, the standard techniques used in natural product chemistry
have been extended to phytohormones research. Physico-chemical methods for
identification and measurement of hormones have been developed such as high
performance liquid chromatography (HPLC), and GC-MS. The accuracy and facility
of quantitative measurements have been improved by the use of labeled substrates.

Early reports with Azospirillum brasilense showed that it produced less than
2µg/ml IAA in N-free medium, and up to 24µg/ml IAA in NH4 medium
supplemented with Trp (Tien et al., 1979). Several strains of A. brasilense and
Azospirillum lipoferum isolated from maize and teosinte produced IAA and related
indoles such as ILA, IEth. The amounts of IAA obtained depended on the species
and strains as well as on the condition of their cultivation such as: presence of Trp,
oxygenation, pH and growth phase (Crozier et al., 1988). Addition of Trp to culture
media of A. brasilense strain strongly stimulated the release of IAA, which showed a
rise at the stationary phase (Omay et al., 1993). This supports the existence of a Trp-
dependent route for IAA biosynthesis. The A. brasilense strain UAP154 isolated
from maize produced IAA as well as IBA identified by HPLC and GC-MS
(Martínez-Morales, et al., 2003).

Physiological studies with Enterobacter cloacae and the epiphytic strain Erwinia
herbicola showed that Trp, IPyA, and IAAld were transformed to IAA (Koga et al.,
1991a). There was no indication of the existence of the IAM pathway in these
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bacteria. Therefore, it was concluded that the IPyA pathway could be the primary
route for IAA biosynthesis in E. cloacae as well as in E. herbicola 299R (Brandl et
al., 1996; Koga et al., 1991a).

Production of IAA has been detected in culture supernatants of Rhizobium.
Similar concentrations were found in the supernatants of wild-type strains and
corresponding nod-mutants  (Badenoch-Jones et al., 1982). Metabolic studies with
3H, 14C, and 2H-labeled substrates, demonstrated that Rhizobium leguminosarum
biovar phaseoli was able to convert Trp to IAA, IEth, and indole-3-methanol (IM);
IEth to IAA, and IM; and IAA to IM. Since the conversion of IEth to IAAld is a
reversible reaction, a storage role of IEth in IAA biosynthesis was proposed. IAM
was detected neither as an endogenous constituent, nor as a metabolite of 3H-Trp,
nor did cultures convert IAM to 14C IAA (Ernstsen et al., 1987).

Fuentes-Ramírez et al (1993), using a chemically defined culture medium
characterized IAA and IAA-conjugates in supernatants of Gluconacetobacter
diazotrophicus cultures. However, only IAA was detected in supernatant cultures
from Herbaspirillum seropedicae (Bastián et al., 1998).

4. 2. The IAM Pathway in Plant Pathogens.

The IAM pathway has been studied in detail in A. tumefaciens and P. syringae
pv. savastanoi. These two phytopathogens have drawn much attention in
understanding the role of phytohormone in virulence. IAA is produced from Trp by
the sequential action of two enzymes: Trp 2-monooxygenase and indole-3-
acetamide hydrolase, which catalyze the conversion of Trp to IAM, and IAM to
IAA, respectively (Follin et al., 1985; Hutcheson and Kosuge, 1985; Van Onckelen
et al., 1986; Thomashow et al., 1984; Schröder et al., 1984). These two
phytopathogens have been focusing much attention on understanding the role of
phytohormone production in virulence.

A. tumefaciens can infect wound site of dicotyledonous plants and cause the
formation of crown gall tumors. Virulent strains of A. tumefaciens contain large
plasmids, called pTi (tumor inducing). During the course of infection, a portion of
the pTi, the T-DNA is stably transferred to the plant cells where it becomes
integrated into the nuclear genome. Expression of specific genes encoded by the T-
DNA causes an alteration in the normal metabolism of auxins and cytokinins
(Morris, 1986). The structural genes encoding the IAM hydrolase and the Trp 2-
monooxygenase, tms-1and tms-2, are part of the T-DNA (Inzé et al., 1984;
Thomashow et al., 1984; Schröder et al., 1984). These two genes have their
counterparts in P. syringae pv. savastanoi, namely iaaM, and iaaH genes (Comai
and Kosuge, 1982).

The bacterial pathogen P. syringae pv. savastanoi, invades the tissue of oleander,
olive and privet and induces tumorous overgrowth called galls. Tumor formation by
these plants is a response to high concentration of IAA produced by the bacteria.
Loss of capacity to produce IAA was correlated with a loss of a plasmid (pIAA1)
that carried iaaM and iaaH genes and controlled IAA production and virulence
(Comai and Kosuge, 1980). The iaaM and iaaH genes are organized in an operon,
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whereas the comparable genes in T-DNA are monocistronic (Yamada et al., 1985).
However, the tms genes from A. tumefaciens are not biologically active in the
bacteria, and exert their pathogenic influence only within the plant cell environment.

P. syringae pv. savastanoi strains isolated from oleander can convert IAA to a
conjugate form indoleacetyl-ε-lysine (IAA-Lys), although they do not produce IAA-
lysine at the free-living state. The genetic determinant (iaaL) for the enzyme is
located in pIAA1, but is not part of iaa operon (Glass and Kosuge, 1986). An iaaL-
Tn5 mutant from a gall oleander isolate did not convert IAA to IAA-Lys. Although,
it accumulated fivefold more IAA in free-culture, it did not cause typical gall
symptoms, nor it proliferated within host tissues as well as the wild-type strain. Free
IAA is more susceptible of degradation by host plant peroxidases, while IAA
conjugates are resistant to degradation. It is presumed that IAA is released in plant
tissues as a result of hydrolysis of IAA-lysine, IAA being the active form in
promoting gall formation. Then, it was suggested that expression of iaaL contributes
to modulate IAA concentration into plants (Glass and Kosuge, 1988).

The survey of a large number of P. syringae strains, belonging 57 different
pathovars, for IAA production and presence of iaaH and iaaM genes revealed a
large heterogeneity (Gardan et al., 1992; Glickmann et al., 1998). Most of the strain
produced IAA after growth in Trp containing medium. Surprisingly, iaaH and iaaM
were detected in a limited number of strains, suggesting that IAA synthesis in most
pathovars of P. syringae did not proceed through the IAM pathway. They may
instead possess the IPyA route (Glickmann et al., 1998). Some of the assayed strains
produced high concentration of IAA even in the absence of added Trp. Those
isolates are good candidates for investigating IAA synthesis via a Trp-independent
route, even though they carried both the iaaH and iaaM genes. Interestingly, most of
the strains contained an iaaL gene (Glickmann et al., 1998). Hence, this support the
regulating role of the IAA-lysine synthetase in the modulation of IAA
concentrations and this suggest that IAA-amide conjugate synthesis is not specific to
bacteria having the IAM pathway.

4.3. Discovery of The IPyA Pathway

The first step involved in IPyA pathway is the conversion of L-Trp to IPyA
catalyzed by aromatic aminotransferases (AAT). Multiple proteins with AAT
activity have been identified on non-denaturing polyacrylamide gels of crude
extracts (Lewis-Kittell et al., 1989; Baca et al., 1994). These enzymes are common
in bacteria and they are non-specific with respect to their aromatic amino acid
substrates (Koga et al., 1994; Pérez-Galdona et al., 1992; Soto-Urzúa et al., 1996).
The E cloacae AAT displays a high Km value to Trp and the Km for IPyA is 138-fold
lower than that for Trp (Koga et al., 1994). Moreover, IPyA is a competitive
inhibitor of the reaction responsible of its own production in Azospirillum (Soto-
Urzúa et al., 1996). However, the affinity of the second enzyme of the pathway for
IPyA is very high (see below) and favours the net synthesis of IAA (Koga, 1995).
Genetic evidence for the involvement of AAT1 and AAT2 in IAA production was
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obtained in Sinorhizobium meliloti . Both enzymes contributed to IAA biosynthesis
when high level of Trp was presented (Lewis-Kittell et al., 1989).

The second step of the pathway, first discovered in E. cloacae, is the
conversion of IPyA to IAAld catalyzed by a novel enzyme, the
indolepyruvate decarboxylase (IPDC) (Koga et al., 1991b; 1992). Crystal
structure of the enzyme was determined (Schutz et al., 2003). Its predicted
amino acid sequence has extensive homology with pyruvate decarboxylase
enzymes that catalyze the decarboxylation of pyruvic acid to acetaldehyde
and CO2. The function of the ipdC gene was established by determination of
IPyA conversion to IAAld in a cell-free system prepared from E. coli
harbouring ipdC on a recombinant plasmid (Koga et al., 1991b). The IPDC
enzyme is a homotetramer, using thiamine pyrophosphate and Mg++ as
cofactors. It has a much higher affinity for IPyA than for pyruvic acid, with a
Km value for IPyA of 15µM. These results indicate that IPDC from E.
cloacae is a highly specific enzyme with a high affinity for IPyA (Koga et
al., 1992). Zimmer et al., (1994) found the ipdC gene in several
Enterobacteriaceae by PCR amplification. Further genetic evidence for the
role of IPDC in biosynthesis of IAA came from the studies performed in A.
brasilense Sp245, and Sp7 strains (Costacurta et al., 1994; Zimmer et al.,
1998b; Carreño-Lopez et al., 2000), A. lipoferum (Yagi et al., 2001), E.
herbicola (Brandl and Lindow, 1996), and Pseudomonas putida (Patten and
Glick, 2002a). Indeed, the loss of the ability of all ipdC mutants to
synthesize IAAld is consistent with the conclusion that the ipdC gene codes
for an IPDC activity, part of the IAA pathway, in these bacteria. Expression
of ipdC from E. herbicola 299R and P. putida GR12-2 was monitored using
transcriptional fusions. The ipdC gene was expressed at low levels in culture
medium, and expression was independent of pH, nitrogen, and Trp,
availability, or oxygen, and growth phase culture in E. herbicola (Brandl and
Lindow, 1997). In contrast, Trp induced ipdC gene expression in P. putida
GR12-2, and its transcription regulated by the stationary phase sigma factor
RpoS (Patten and Glick, 2002b).

4.4. The IAN Pathway

Although, the production of IAN in bacteria has not been fully investigated,
evidence for the IAN pathway in Agrobacterium, Rhizobium (Kobayashi et al.,
1995) and Azospirillum (Carreño-Lopez et al., 2000) has been reported. Microbial
degradation of IAN can proceed via two routes: i) a nitrilase catalyzes the direct
conversion of nitriles into the corresponding acids plus ammonia, and/or ii) a nitrile
hydratase catalyzes the conversion of IAN to IAM, and IAM is then converted to
IAA and ammonia by an amidase. The occurrence of nitrile hydratase and amidase
activities was detected in several strains of Agrobacterium, R. leguminosarum, R.
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loti, and S. meliloti. A nitrile hydratase from A. tumefaciens was characterized; the
enzyme is a homotetramer, with a Km of 7.9 µM for IAN (Kobayashi et al., 1995).

4. 5. Other Pathway.

Early work performed in Pseudomonas fluorescens revealed another pathway
involved in IAA biosynthesis, the "tryptophan side chain oxidase" (TSO), able to
convert Trp to IAAld. The TSO is an inducible pathway that reaches its maximal
activity at the stationary phase (Narumiya et al., 1979; Oberhänsli et al., 1991).

5. MULTIPLE ROUTES FOR IAA SYNTHESIS IN AZOSPIRILLUM

IAA production has been investigated in Azospirillum. Although conflicting data
were reported, it was established that several biosynthetic pathways are present in
this genus. Differences exist between Azospirillum species and probably within
strains of a same species.

5.1 Evidence for Multiple Pathways

Trp is generally considered as the IAA precursor in Azospirillum (Crozier et al.,
1988; Baca et al., 1994). Because none of the mutants impaired in IAA synthesis
was totally unable to produce IAA, it was proposed that Azospirillum contained
several routes for IAA synthesis (Hartmann et al. 1983; Barbieri et al., 1986;
Ruckdäschel and Klingmüller, 1992; Gastélum-Reynoso et al., 1994). Prinsen et al.
(1993), provided evidence for at least three different routes. Their analysis was
based on the use of 3H-Trp and 3H-IAM. With the wild type, if 3H-Trp was
supplemented to bacterial culture only 10% of IAA was found radioactive,
suggesting the existence of a Trp-independent route. When 3H- IAM was added to
culture, it was found that a very low specific radioactivity was incorporated to IAA
(0.1%), suggesting that a Trp-dependent pathway different from the IAM pathway
existed in Azospirillum. In addition, using a low IAA-producer Tn5-induced mutant,
these authors observed an increased accumulation of IAM from radioactive Trp.
Their finding supported the existence of an unidentified Trp-independent pathway
responsible for most if not all of IAA production, when the bacteria are placed in
Trp-limiting conditions, and two other Trp-dependent routes, one of them being
likely the IAM route. In agreement with this report, physiological studies performed
with the intermediate IAM along with hybridization experiments led to assessment
that the IAM pathway was present in A. brasilense (Bar and Okon, 1993), while
Zimmer et al. (1991) failed to demonstrate this pathway. Thus, in addition to
multiple routes, different pathways may exist in different strains.

5.2. Biochemical and Genetic Evidence for the IPyA Route.

The initial reaction, conversion of Trp into IPyA, can be catalyzed by aromatic
aminotransferases, and several of them have been reported in A. brasilense and A.
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lipoferum (Ruckdäschel et al. 1988; Baca et al. 1994). The demonstration for the
IPyA route in Azospirillum came from the genetic characterization of a low IAA
producer mutant. Complementation studies involving a library of A. brasilense
Sp245 strain, led to the isolation of a gene encoding a protein with extensive
homology with IPDC of E. cloacae  (Costacurta et al.,  1994).  Thereafter, the gene
ipdC was isolated from A. brasilense Sp7 and A. lipoferum FS. Knockout mutants
were found to synthesize about 10% of the level of IAA produced by wild-type,
indicating that the IPDC enzyme is a key enzyme for IAA biosynthesis in this
bacterium  (Costacurta et al., 1994; Zimmer et al., 1998b; Carreño-Lopez et al.,
2000; Yagi et al., 2001). Regulation studies determined that ipdC is expressed in the
late exponential phase of growth, depending of cell density, but independently of the
presence of Trp  (Vande Broek et al., 1999; Carreño-Lopez et al., 2000). Vande-
Broek et al (1999) reported that ipdC expression is upregulated by IAA, a finding
not observed by Carreño-Lopez et al.  (2000). However, an element resembling the
auxin responsive element "Aux-RE" element was described upstream of ipdC gene
(Lambrecht et al., 2000). In addition, inoculation of wheat root with an Azospirillum
Sp7 derivative carrying a chromosomal ipdC-lacZ transcriptional fusion revealed a
significant expression of ipdC, showing that the ipdC gene was expressed in
association with the host plant, (R. Carreño-Lopez, C. Elmerich and B. Baca,
unpublished results). Upstream of ipdC gene from A. lipoferum FS inverted repeat
sequences (IRS) were found. Gel mobility-shift assay showed the presence of two
DNA-binding proteins that might be involved in regulation of ipdC gene expression,
further investigations are required to define the mechanism involved in regulation of
ipdC by these proteins (Yagi et al., 2001). To date the only gene cloned involved in
IAA biosynthesis is ipdC.

5.3. Alternative Trp-Dependent Routes in A. brasilense Sp7, Physiological Evidence
for the TAM and the IAN Pathways

Identification of an alternative Trp-dependent route derived from physiological
experiments performed by Hartmann et al  (1983) and Carreño-Lopez et al., (2000).
In an early report, (Hartmann et al., 1983) observed that mutants from A. brasilense
overproducing IAA excrete a compound tentatively identified as TAM. Then,
Carreño-Lopez et al., (2000) observed that although the IAA production of an ipdC-
Km mutant strain was highly reduced when bacteria were grown in malate- or
gluconate-containing media, the IAA production was similar to that of the wild-type
when the ipdC mutant was grown in media containing lactate or pyruvate as carbon
source. This strongly suggested that the alternative route, repressed in malate and
gluconate containing media, compensated the loss of the IPyA route in lactate or
pyruvate containing media (Carreño-Lopez et al., 2000).

Using a set of Trp auxotrophs, carrying or not the ipdC mutation, the same
authors showed that the alternative route was Trp dependent. Indeed, a mutant
unable to convert indole to Trp, still produced IAA from Trp in lactate containing
medium, but did not produced IAA from indole.
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Using permeabilized cells of the wild type and the ipdC-km mutant that were
feed with different precursor of IAA, including TAM, IAN and IAM, it was
subsequently observed that both TAM and IAN could be converted to IAA, while
IAM could not be (Carreño-Lopez et al., 2000). As the conversion of TAM was
repressed by gluconate, it was concluded that TAM is a precursor of a Trp-
dependent pathway different of IPyA pathway, which is subjected to regulation by
catabolic repression.

IAN was also found to be an intermediate for IAA biosynthesis, but in minor
proportion and the IAN conversion was not fully repressed by gluconate (Carreño-
Lopez et al., 2000). IAM can be an intermediate of IAN conversion to IAA in other
bacteria (Kobayashi et al., 1995). Thus it is tempting to speculate that nitrile
hydratase and amidase activities constitute an alternative pathway for IAA synthesis
in Azospirillum. This could explain the IAM accumulation detected in the IAA low-
producer mutant described by Prinsen et al., (1993).

Trp

IAA

IPyA

IAAld

TAMIAN

?

Figure 5. Routes for IAA synthesis in A. brasilense Sp7. Abbreviations as in Fig.1; adapted
from Carreño-Lopez et al. (2000).

To conclude, A. brasilense appears to possess two differently regulated Trp-
dependent routes for IAA synthesis (the IPyA and the TAM pathways), as well as an
alternative route that uses IAN as an intermediate (Carreño-Lopez et al., 2000; Fig.
5). It remains to establish whether the IAN pathway is the Trp-independent route or
if the route described by Prinsen et al. (1993) is a fourth yet unidentified pathway.

5.4. Regulation of Trp Synthesis and IAA Production

Screening Trp-dependent IAA production of different Azospirillum species revealed
that A. irakense KA3 released 10 times less IAA into the medium than A. brasilense
Sp7. By genetic complementation with a cosmid library of strain Sp7, a DNA region
that increased IAA production in A. irakense  was identified as the trpGDC cluster
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involved in Trp biosynthesis (Zimmer et al. 1991; Zimmer and Elmerich, 1992).
Introduction in A. irakense of A. brasilense trpD, coding for the phosphoribosyl
anthranilate transferase, resulted in a reduced release of anthranilate  (Ant) into the
medium, due to the conversion of anthranilate by TrpD, concomitant with an
increased IAA production. It thus appears that difference in Trp metabolism is
correlated with IAA biosynthesis, and that trpD plays a role in the regulation of IAA
biosynthesis. In agreement with this hypothesis, a mutant of A. brasilense Sp 245
carrying a Tn5-mob insertion in an 85 MDa plasmid has been described which
differs from wild type in both enhanced Ant release, and decrease IAA production
(Katzy et al., 1990). It thus appears that Ant, which is an intermediate in Trp
biosynthesis, probably represses IAA production in A. brasilense.

A. brasilense contains two anthranilate synthase activities. A trpE gene was
isolated encoding for a putative TrpE(G) fusion protein (De Troch et al.,  1997). A
putative leader, and terminator - anti-terminator loops were also identified. The
formation of these structures is necessary for the regulation of the expression of the
Trp operon by the peptide leader (De Troch et al., 1997). Considering Trp
biosynthesis, the feedback inhibition of Ant synthase by Trp is one important
regulatory mechanism controlling the cellular Trp pool. Indeed, mutants were
isolated excreting high amount of IAA, which showed to be altered in the feedback
regulation of Ant synthetase by Trp (Hartmann et al., 1983). More recently trpAB
genes encoding for tryptophan synthase were cloned and sequenced (Dosselaere et
al., 2000).

6. OTHER PHYTOHORMONES IN PLANT PATHOGENIC AND NITROGEN-
FIXING ASSOCIATED AND ENDOPHYTIC BACTERIA

6.1 Gibberellins

In their early work Tien et al., (1979) detected gibberellins-like substances in
supernatants from A. brasilense cultures, at an estimated concentration of 0.05µg/ml
GA3 equivalent. GA1 and GA3 were identified in cultures of A. lipoferum op33
strain. A quantitative estimation was done by the dwarf rice cv. Tan-ginbozu
microdrop bioassay, showing that 20-40 pg/ml were produced (Bottini et al., 1989).
The same gibberellins were found in similar amounts in cultures of A. brasilense
(Janzen et al ., 1992). The effect of white and blue lights was assessed, both lights
treatments increased the amount of GA1 and GA3, by two and three fold
respectively, as compared to dark growth conditions (Piccoli and Bottini, 1996).

A. lipoferum USA5b produces enzymatic activities that could de-conjugate GA
glucosyl conjugates, glucosyl esters (GA-G) or glucosyl ethers (GA-EG)
Metabolism of the conjugates was examined using GC-MS, leading to the
identification of the following GAs: GA1, GA3, GA5, GA9, and GA 20 (Piccoli et al.,
1996; Piccoli et al., 1997). In the fungi G. fujikuroi, GA3, and GA1 derive from GA4

in a metabolic pathway known as early-3β-hydroxylation (Rojas et al., 2001). GA20,
is an immediate precursor for GA3, and GA1 via GA5 in maize, whereas,
Phaeosphaeria metabolizes GA9 to GA1 either, via GA4 or via GA20. Taking together
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the above results, these strongly suggested the occurrence of two different pathways
for biosynthesis of GA3, and GA1 in A. lipoferum spp. Next, the data support the
concept that the growth promotion in plants induced by Azospirillum infection may
occur by a combination of both gibberellin production and gibberellin glucoside or
glucosyl ester de-conjugation by the bacterium (Piccoli et al., 1997).

Rhizobium phaseoli wild-type strain and derived Nod- and Fix- mutants were
tested for their ability to produce GAs. The major gibberellins excreted were GA1

and GA4, but smaller amount of GA9 and GA 20 compounds were also detected. The
GAs pools in roots and nodules were of similar size, indicating that Rhizobium does
not make a major contribution to GAs content in infected tissues (Atzorn et al.,
1988).

6.2. Cytokinins

Little information is available on the production of cytokinins by soil bacteria, as
yet. Some Azospirillum strains were found capable to produce compounds with
cytokinin-like activity (Tien et al., 1979). The zeatin-zeatin riboside (Z-ZR)
synthesis was very limited as compared to the IAA production, and in contrast to the
sharp rise of IAA during the stationary phase, Z-ZR production increased earlier and
more slowly (Omay et al., 1993). In an ecological survey, the isolation and
quantification of cytokinins was performed from a variety of bacterial strains
isolated from a common grass, Festuca. This work included plant pathogens, such as
A. tumefaciens, P. syringae  pv. savastanoi, E. herbicola pv. gypsophilae; and non-
pathogenic bacteria as: Azotobacter chroococcum, Azotobacter beijerinckii, and
Pseudomonas, P. fluorescens and P. putida. A. chroococcum was the most important
producer. Physiological analysis showed that adenine and isopentyl alcohol
enhanced cytokinin bioactivity. Moreover, pH 6.5, 32°C, and shaken and aerated
conditions were found to be optimum for production of cytokinins derivatives such
as: zeatin (Z), zeatin-riboside (Z-R), H2 Ado-dihydrozeatin (Arshad and
Frankenberger, 1991). More recently, studies on cytokinin production in P.
fluorescens, led to detection of isopentyladenosine ([9R]iP), Z-R, and dihydrozeatin
riboside (DHZ-R). The production was enhanced by 67% after addition of adenine
to the growth medium (García de Salamone et al., 2001). Characterization by HPLC,
MS, radioinmunoassay and bioassay confirmed that the cytokinins Z, Z-R, ([9R]iP),
isopentenyladenine (iP), dihydrozeatin (diH)Z, and DHZ-R were present in culture
filtrates from P. syringae pv. savastanoi. When assayed during exponential-phase of
growth, the cultures produced 1000 times more cytokinin than comparable cultures
of A. tumefacciens (Roberto and Kosuge, 1987).

6.3. Microbial Production of Ethylene and Prevention of Ethylene Synthesis

Ethylene production by bacteria including E. coli, Rhizobium trifolii, plant
pathogenic bacteria such as P. syringae, and fungi was reported a long time ago
(Arshad and Frankenberger, 1991; Fukuda et al., 1993). Two routes for ethylene
synthesis were described that differ from the plant pathway. In the route described in
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E. coli, a methionine aminotransferase converts methionine into 2oxo-4-
methylthiobutyric acid, which is in turn oxidized most probably into ethylene,
methanediol and CO2 by a soluble NADH:Fe(III) oxidoreductase (Ince and
Knowles, 1986). Another route was evidenced involving a 2-oxo-glutarate
dependent dioxygenase, called EFE as for the plant enzyme. This activity, that
catalyzes the oxidation of 2-oxo-glutarate and requires arginine, was purified from
P. syringae pv. phaseolicola (Fukuda et al., 1993). The structural gene, efe,
encoding the P. syringae enzyme has been localized on cryptic endogenous plasmids
in several strains (Nagahama et al. 1994). The translation product EFE shared little
identity with the ACC oxidase enzymes from plants. However, because several
clusters of invariant residues and hydropathy profiles were conserved, it was
proposed that plant and P. syringae EFE might derive from a common ancestor
(Fukuda et al., 1993). There is no report in the literature on the influence of
microbial ethylene production on plant growth. Recently, transgenic tobacco plants
containing the P. syringae efe gene were constructed and an increase in ethylene
production was correlated with the dwarf phenotype obtained for some plants (Araki
et al., 2000).

There is an increasing interest for bacteria that can prevent ethylene production
in plant by breakdown of 1-aminocyclopropane-1-carboxylic acid (AAC), the
immediate precursor of ethylene. ACC-deaminase has been reported as a common
activity in soil bacteria, yeast and fungi (Penrose and Glick, 2003). The enzyme, that
catalyses the conversion of ACC to α-ketobutyrate plus ammonia, is a homotrimer
protein that requires pyridoxal phosphate as a cofactor (Sheehy et al., 1991). It
allows bacteria to grow with ACC as nitrogen source. The structural gene, acdS, has
been cloned from several Rhizobium, Pseudomonas and E. cloacae  strains (Sheehy
et al., 1991; Campbell and Thomson, 1996; Shah et al., 1998; Belimov et al., 2001).
Genome projects reveal also that putative ACC deaminases are encoded by plant
pathogens A. tumefaciens, P. syringae pv. tomato, Ralstonia solanacearum and
different rhizobia.

6.4. Other Plant Growth Affecting Substances.

Occurrence of abscisic acid at low concentrations in supernatants of Azospirillum
cultures was reported but no further documented (Kolb and Martin, 1985; Iosipenko
and Ignatov, 1995).

Another compound produced by Azospirillum was found to mimic the effect of
IAA in several plant tests. This compound, produced when the bacteria were grown
on nitrate, was identified as nitrite generated by the dissimilatory nitrate reductase.
Since the effect of nitrite could be enhanced by ascorbate, it was suggested that
nitrite interacted with ascorbate in the plant cells and that the reaction product was
responsible for the observed auxin-like response in bioassays (Zimmer and Bothe,
1988; Zimmer et al., 1988a).

Synthetic auxins are commonly used in agriculture. The property to degrade 2,4-
D, a common herbicide, was found initially in strains of Ralstonia (formerly
Alcaligenes), R. eutropha and R. paradoxus that contained a conjugative catabolic
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plasmid (Don and Pemberton, 1981). The initial steps of 2,4-D mineralization
involve a α-ketoglutarate dependent 2,4-D dioxygenases that converts 2,4-D into
2,4-dichlorophenol (coded by tfdA), and a phenol hydroxylase that converts 2,4-
dichlorophenol to dichlorocathecol (coded by tfdB). A number of different species
belonging to the α and β subgroup of Proteobacteria have the ability to degrade 2,4-

D. PCR amplification of tfdA and other tfd gene sequences revealed that extensive
interspecies transfer has been involved in the evolution of 2,4-D degradation ability
by these bacteria (Fulthrope et al. 1995).

7. PLANT GROWTH PROMOTION: ROLE OF BACTERIAL
PHYTOHORMONES PRODUCTION, ACC-DEAMINASE AND USE OF

SYNTHETIC AUXINS

7.1. PGP Effect on Crops of Agronomic Importance

The observed PGP effects include modifications of the root morphology after
inoculation with Azospirillum, such as a dramatic increase of length and density of
roots hairs, increase in root branching and root surface area, which led to an
enhanced uptake of water and minerals (discussed in Chapter 7, this volume). All
these effects have been tentatively attributed to the production phytohormones such
as IAA, gibberellin, and kinetin by the bacteria (Tien et al., 1979; Jain and Patriquin,
1984; 1985; Fallik et al., 1988).

7.1.1. Use of Low IAA Producers
The effect of Azospirillum inoculation on the plant is concentration dependent,
leading to the promotion or inhibition of root growth, (Barbieri and Galli, 1993;
Kapulnik et al., 1985; Dobbelaere et al., 1999). Thus, inoculation with Azospirillum
mimics typical growth response induced by auxins, which are inhibitory of plant
growth at high concentrations and stimulatory at lower levels. Barbieri and Galli
(1993) first reported that a mutant of A. brasilense (SpM7918), producing very low
IAA quantities, when inoculated on wheat seedlings showed a reduced ability in
promoting the development of the root system, both in terms of number and length
of lateral roots and distribution of roots hairs. Dobbelaere et al. (1999) implemented
a plate assay protocol to perform seedlings inoculation experiments with the wild-
type A. brasilense strains Sp245 and Sp7, and with ipdC mutants. They observed
that inoculation with increasing cellular concentrations of the wild-type strains led to
a strong decrease of root length and an increase in root hair density, an effect similar
to that produced by IAA at a concentration of 10-8M. No inhibition of root length
was observed when root tips were inoculated with the ipdC mutants unless high
inoculum concentration (up to 109 cfu/ml) was assayed; in addition, only slightly
more hairs than non-inoculated control were observed (Dobbelaere et al., 1999). The
wild-type phenotype was restored after addition of 0.1mM Trp (Dobbelaere et al.,
1999). This suggested that Trp can be converted into IAA, but whether this resulted
from metabolism by the bacteria (e.g. via the TAM pathway, Carreño-Lopez et al.,
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2000) or by the host plant remained unclear. This also suggested that the strong
inhibitory effect observed on root length at high cell density did not involve ipdC.

Work performed with the non-pathogenic E. herbicola 299R strain showed   that
ipdC transcription increased 32 fold in planta on leaves of bean and tobacco and
1000 fold on pears flowers (Brandl and Lindow, 1997). Studies involving with wild-
type and ipdC mutant have demonstrated that IAA production contributed to
epiphytic fitness of the bacteria on bean plants and pear blossoms, because the ipdC
mutants exhibited a ten-fold reduced fitness when compared to wild-type strain
(Brandl and Lindow, 1998).

7.1.2. Effect on the Metabolism of Endogenous Phytohormones
In corn seedling, roots inoculated with Azospirillum exhibited relatively higher
amounts of free forms (in contrast to conjugated) of IAA, IBA and gibberellin GA3,
as compared to non-inoculated controls (Fallik et al., 1989; Fulchieri et al., 1993;
Lucangeli and Bottini, 1996). Therefore, it appears that the presence of Azospirillum
may affect the metabolism of endogenous phytohormones in the plant. It is worth
noting that, the reversion of the dwarf phenotype in the dwarf-1 line of Maize, and
dwarf-x of rice mutants was observed when A. brasilense Cd, and A. lipoferum op3
were inoculated onto these mutants (Lucangeli and Bottini, 1996). Moreover, when
two types of GA20–glucosyl conjugates GA20-G, and GA20-EG were added, both
were effective in promoting growth of seedlings and reversing dwarfism (Cassán et
al., 2001). It is concluded that GAs production, and bacterial hydrolysis of GA-
conjugates by Azospirillum species could be an important mechanism accounting for
the beneficial effect observed after inoculation of bacteria to plants. In addition after,
application of uniconazole to maize (an inhibitor of GA synthesis), GA3 could not be
detected in non-inoculated plants, in contrast to plants inoculated with Azospirillum
(Lucangeli and Bottini, 1997).

7.1.3.  Sugar Cane Promotion
Up to 80% of the total N incorporated into several sugar cane cultivars, can be
attributed to BNF (see Chapter 11). In addition, the growth promotion of sugarcane
could be driven by a hormone-dependent mechanism. Under N-sufficient growth
conditions, plants inoculated with Gluconacetobacter diazotrophicus, either as the
wild type or a nifD mutant are approximately 20% taller than non-inoculated plants.
These results suggested that G. diazotrophicus could benefit sugarcane by two ways:
by transfer of bacterial nitrogen fixed and as well as via phytohormones production
(Sevilla et al., 2001). Inoculation of Sorghum seedlings with G. diazotrophicus,
increased overall growth, but it had a moderate effect on the increase of total
carbohydrates, such as glucose and fructose (Bastían et al., 1999).

7.2. Gain in Root Length Associated to ACC-Deaminase

Ethylene plays an inhibitory role on root elongation. A role for the ACC-deaminase
in preventing ethylene effect was shown in inoculation experiments of canola roots
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by E. cloacae . Using a mutant strain with an interrupted acdS gene, Li et al. (2000)
showed that the ability to promote root elongation was diminished as compared to
that induced by the wild type. Similar results were observed with a P. putida strain
(see details in Chapter 7, Section 2.4). The authors proposed that a major mechanism
accounting for the plant growth promotion effect is linked to the lowering of plant
ethylene levels by the bacterial ACC-deaminase. Therefore, the same group
introduced the acdS gene into Azospirillum that does not normally display ACC
deaminase activity. The resulting strains displayed high ACC-deaminase activity,
correlated with an increased ability to stimulate root growth of tomato and canola,
but not of wheat seedlings (Holguin and Glick, 2001).

7.3. Root Deformation (para-Nodules) Induced with Synthetic Auxins.

Morphological changes often referred as "pseudo nodules" linked to the application
of Trp, IAA and synthetic auxins (2,4-D, NAA and others), were recorded more than
60 years ago. However, Y.F. Nie, in China, first reported that addition of 2,4-D on
rice roots induced deformations that can be colonized by nitrogen-fixing bacteria
(reviewed in Tchan and Kennedy, 1989; Cocking et al., 1994). The synthetic auxin-
induced deformations could be obtained with several non-legume plants, including
rice, wheat, barley, and oil-seed rape. Although, these structures differed from
nodules, and were merely modified lateral roots (Rolfe et al., 1997), they where
commonly called nodule-like structures, pseudonodules or para-nodules (Kennedy
and Tchan 1992, Kennedy et al., 1997). Nitrogenase activity was observed in situ
when the 2,4-D treated plantlets inoculated with Azospirillum were placed at
reduced oxygen tension (Zeman et al., 1992). These structures were colonized by
several bacterial species including Azospirilla, Derxia, Gluconacetobacter,
Herbaspirillum, and rhizobia (Kennedy et al., 1997; Rolfe et al., 1997).

Azospirillum is an efficient root colonizer (see Chapter 5). In association with the
plants, the bacteria differentiate in non-flagellated cyst-like forms (Katupitiya et al.,
1995; Pereg-Gerk et al., 1998). Inoculation of 2, 4-D treated wheat seedlings with
Azospirillum strains allowed an important colonization of the induced-deformations.
The bacteria were found intercellularly, usually in the basal zone of the "para-
nodules" where the wheat plants cells appear loosely packed (Katupitiya et al.,
1995). Ammonia excreting Azospirillum mutant strains were localized both inter-
and intracellularly in 2,4-D induced deformations in maize (Christiansen-Weniger
and Vanderleyden, 1994). The mutant strain Sp7-S that is impaired in capsule
formation and remained in the vegetative form when associated to roots colonized
more efficiently the structures than the wild type, although the colonization of the
root surface of control plants non-treated with 2,4-D was less efficient as compared
to the wild type (Katupitiya et al., 1995; Pereg-Gerk et al., 1998). Using a
transcriptional nifH-lacZ fusion, higher β-galactosidase activity was observed with
the mutant than with the wild type in 2,4-D treated plants, consistent with the
endophytic mode of colonization of the Sp7-S mutant strain (Katupitiya et al., 1995;
Kennedy et al., 1997; Pereg-Gerk et al. 2000).
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8. CONCLUDING REMARKS

Understanding of IAA, gibberellins, and cytokinins metabolism calls for further
identification and analysis of the intermediates, enzymes, and genes involved in
their biosynthesis, as well as in the isolation of mutants defective in each pathway.
Although the production of phytohormones at the free-living state is well established
in many microorganisms, there is still insufficient evidence for their synthesis in
their naturals habitats. The ecological significance of phytohormones production by
bacteria would be more convincing if it could be demonstrated that bacterial
phytohormones production occurs while bacteria colonize the root system. As both
the plant and the bacteria synthesize and secrete auxins, gibberellins and cytokinins
is difficult to address the contribution of one particular hormone as responsible of
the effects observed. Thus, the possibility that the host plant directs the bacterium to
produce IAA through Trp present in root exudates is intriguing and speculative at
this point.

The enzymes and intermediates in IAA biosynthesis have not yet been
definitively established, though substantial progresses have been made on the
biochemical characterization of these pathways. Much of the evidence for the
importance of IAA production in plant-microbe beneficial interactions comes from
the use of attenuated mutants, in relation with the concomitant attenuation of the
characteristic biological effects. In future, the use of transcriptional (or other type)
fusions for the analysis of the differential expression of the bacterial genes involved
in phytohormones biosynthetic pathways in association with the host plant should
generate important information.

In recent years, a number of studies on inoculation of cereals such as wheat,
maize, sugar cane, sorghum, and sunflower with PGPR have been performed.
Beneficial effects such as increase in nitrogen content and yield have been reported
in Belgium, Israel, France, Argentina, Uruguay, México, USA, and South Africa.
Success of field experiments depends of many parameters, such as the strain used,
concentration of bacterial inoculum, viability of bacteria during storage, carrier
employed, appropriate inoculation methodology, and soil characteristics. The
identification of many traits and genes related to the beneficial effects of inoculated
bacteria shall result in a better understanding of the performance of bioinoculants in
the field. It will also provide a strategy to design genetically modified strains with
improved PGP effects.
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