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Microbial synthesis of the phytohormone auxin has been known for a long time. This
property is best documented for bacteria that interact with plants because bacterial auxin
can cause interference with the many plant developmental processes regulated by auxin.
Auxin biosynthesis in bacteria can occur via multiple pathways as has been observed in
plants. There is also increasing evidence that indole-3-acetic acid (IAA), the major naturally
occurring auxin, is a signaling molecule in microorganisms because IAA affects gene
expression in some microorganisms. Therefore, IAA can act as a reciprocal signaling mol-
ecule in microbe-plant interactions. Interest in microbial synthesis of auxin is also increasing
in yet another recently discovered property of auxin in Arabidopsis. Down-regulation of
auxin signaling is part of the plant defense system against phytopathogenic bacteria.
Exogenous application of auxin, e.g., produced by the pathogen, enhances susceptibility
to the bacterial pathogen.

The phytohormone auxin (from the Greek
“auxein,” meaning to grow) regulates a

whole repertoire of plant developmental proc-
esses, as documented in previous articles on
this topic. Perhaps less well known is the fact
that some microorganisms also produce au-
xin (Costacurta and Vanderleyden 1995; Patten
and Glick 1996). In their interaction with
plants, these microorganisms can interfere
with plant development by disturbing the auxin
balance in plants. This is best documented for
phytopathogenic bacteria like Agrobacterium
spp. and Pseudomonas savastanoi pv. savastanoi,
causing tumors and galls, respectively (Jameson
2000; Mole et al. 2007), and plant growth pro-
moting rhizobacteria (PGPR) such as Azospiril-
lum spp. that impact on plant root development

(Persello-Cartieaux et al. 2003; Spaepen et al.
2007a). The term rhizobacteria refers to the
fact that their numbers are highly enriched in
the rhizosphere, i.e., the narrow band of soil
that surrounds the root (Hiltner 1904; Smalla
et al. 2006; van Loon 2007). Of more recent
date is the observation that auxin (indole-3-
acetic acid or IAA) is a signaling molecule in
some microorganisms (Spaepen et al. 2007a).
Bringing these data together, it follows that
auxin can have a major impact in microorgan-
ism-plant interactions. This is the main theme
addressed in this article. Finally, the recent find-
ing that auxin signaling in plants is also part of
the Arabidopsis defense response against a leaf
pathogen (Navarro et al. 2006) is discussed in
relation to bacterial IAA synthesis.
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BIOSYNTHESIS PATHWAYS IN BACTERIA

Production of IAA has been reported for many
bacteria. It is even assumed that over 80% of the
bacteria isolated from the rhizosphere are capa-
ble to synthesize IAA (Patten and Glick 1996;
Khalid et al. 2004). The main precursor for
the synthesis of IAA is tryptophan. Addition
of tryptophan to culture media results in all
cases in higher IAA production. Biosynthesis
of tryptophan starts from the metabolic node
chorismate in a five-step reaction encoded by
the trp genes. The branch point compound
chorismate is synthesized starting from phos-
phoenolpyruvate and erythrose 4-phosphate
in the shikimate pathway, a common pathway
for the biosynthesis of aromatic amino acids
and many secondary metabolites (Dosselaere
and Vanderleyden 2001; Merino et al. 2008).

Starting with tryptophan, at least five dif-
ferent pathways have been described for the
synthesis of IAA, and most pathways show sim-
ilarity to those described in plants, although
some intermediates can differ (Patten and Glick
1996; Woodward and Bartel 2005; Spaepen et al.
2007a). The IAA biosynthetic pathways have

been identified using several genetic and bio-
chemical methods. However, not all genes,
enzymes encoded, or intermediates have been
characterized. Especially, the use of feeding ex-
periments with labeled precursors in combina-
tion with the identification of intermediates
has been a major source for the identification
of biosynthetic pathways. The pathways de-
scribed in literature are illustrated in Figure 1
and are mostly named according to a key inter-
mediate of the given pathway. In several studied
microorganisms, redundancy of IAA biosyn-
thetic pathways is observed, meaning that mul-
tiple pathways are present and active in one
single microorganism. This observation is main-
ly based on knockout studies in which some
IAA production could still be observed after
inactivation of a single pathway. In the follow-
ing sections, an overview of the IAA biosyn-
thetic pathways in bacteria is given.

Indole-3-Acetamide Pathway

As the indole-3-acetamide (IAM) pathway is
present in several pathogens and can contribute
to the virulence of these strains by producing
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Figure 1. Overview of IAA biosynthetic pathways in bacteria. Dashed lines refer to the name of pathways, mostly
named after an intermediate. IAAld, indole-3-acetaldehyde; IAM, indole-3-acetamide; IPDC, indole-3-
pyruvate decarboxylase; Trp, tryptophan. Adapted from Spaepen et al. (2007).
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high amounts of IAA (Jameson 2000; Persello-
Cartieaux et al. 2003), the genes/proteins and
their regulation involved in this pathway are
well characterized. The pathway consists of
two distinct steps. In the first step tryptophan
monooxygenase (encoded by iaaM gene) con-
verts tryptophan to IAM; in the second step
IAM is hydrolyzed to IAA and ammonia by an
IAM hydrolase (encoded by iaaH gene). Both
genes have been characterized from many phy-
topathogens such as Agrobacterium tumefaciens,
P. savastanoi, Pseudomonas syringae, Pantoea
agglomerans, but also in symbiotic nitrogen-
fixing bacteria belonging to Rhizobium and
Bradyrhizobium species (Sekine et al. 1989; Clark
et al. 1993; Morris 1995; Theunis et al. 2004). In
A. tumefaciens, these genes are located in the
T-DNA region of the pTi plasmid together
with the ipt gene (coding for dimethylallyl-
pyrophosphate:AMP dimethylallyltransferase),
involved in cytokinin production (for reviews
see Hooykaas and Beijersbergen 1994; Costa-
curta and Vanderleyden 1995). A. tumefaciens
can infect dicotyledonous plants at wound sites
by transferring the T-DNA inside the plant cells
(genetic colonization), where it is stably inte-
grated into the genome. Several genes encoded
on the T-DNA are expressed in the plant nu-
cleus, causing an imbalance in the hormonal
status of the plant cells and thereby inducing
crown gall tumors (for reviews see Zambryski
et al. 1989; Zambryski 1992; Hooykaas and
Beijersbergen 1994). In the plant pathogen
P. savastanoi pv. savastanoi, which produces
high amounts of IAA in culture medium
(Glickmann et al. 1998; Manulis et al. 1998;
Buell et al. 2003), the iaaM and iaaH genes
are located on plasmid pIAA1 (Comai and
Kosuge 1982). Both genes are clustered in the
iaa operon, and loss of the pIAA1 plasmid
results in the loss of IAA production in free liv-
ing cultures. Strains without the pIAA1 plasmid
no longer cause gall formation on host plants
such as olive and oleander.

In the symbiotic bacteria Rhizobium fredii
and Bradyrhizobium japonicum, the production
of IAA via the IAM pathway was suggested,
as bacterial cultures can convert an IAM analog.
A gene (bam) with sequence similarity with

iaaH could be isolated from B. japonicum
(Sekine et al. 1988; Sekine et al. 1989). Later,
the presence of the IAM pathway was also con-
firmed for Rhizobium sp. strain NGR234 by
LC-MS detection of intermediates (Theunis
et al. 2004).

Indole-3-Pyruvate Pathway

The indole-3-pyruvate (IPA) pathway is a major
auxin pathway in plants. The IPA pathway could
be shown in many bacteria such as phytopatho-
gens (P. agglomerans), plant beneficial bacteria
(Azospirillum, Bacillus, Bradyrhizobium, Enter-
obacter cloacae, Paenibacillus, Pseudomonas,
and Rhizobium), and even cyanobacteria. The
pathway consists of three steps. In a first step
the precursor tryptophan is transaminated to
IPA by an aminotransferase. Aminotransferase
activity has been shown in different IAA-pro-
ducing bacteria such as Azospirillum brasilense
and Azospirillum lipoferum (Ruckdäschel et al.
1988; Baca et al. 1994). In the rate-limiting
step IPA is decarboxylated to indole-3-acetalde-
hyde (IAAld), which is then oxidized to IAA by a
dehydrogenase. The decarboxylation step is cat-
alyzed by the key enzyme indole-3-pyruvate
decarboxylase (encoded by ipdC gene). Based
on phylogenetic and biochemical analysis, this
group of enzymes could be divided into two
subgroups, indicating a distinct origin of the
encoding genes (Spaepen et al. 2007b). Several
members have been isolated and characterized
from diverse bacteria such as A. brasilense, A.
lipoferum, E. cloacae, Pseudomonas putida, and
P. agglomerans (Koga et al. 1991; Costacurta
et al. 1994; Brandl and Lindow 1996; Patten
and Glick 2002b). Inactivation of these genes
results in impaired IAA production (sometimes
.90%), indicating the importance of the
encoded enzymes and consequently the IPA
pathway in the IAA biosynthesis (Prinsen et al.
1993; Costacurta et al. 1994). Biochemically,
the indole-3-pyruvate decarboxylase is best
characterized in E. cloacae (Schütz et al. 2003a;
Schütz et al. 2005) and A. brasilense. In A.
brasilense, the decarboxylase can use both
indole-3-pyruvate and phenylpyruvate as sub-
strates (Spaepen et al. 2007b). In addition, the
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crystal structure of both indole-3-pyruvate de-
carboxylases has been determined (Schütz
et al. 2003b; Versées et al. 2007a; Versées et al.
2007b).

Other Pathways Starting from Tryptophan

In the tryptamine (both TAM and TRM are
used as abbreviations) pathway, tryptophan is
first decarboxylated to tryptamine by a trypto-
phan decarboxylase and tryptamine is, in con-
trast to the TAM pathway in plants, directly
converted to IAAld by an amine oxidase. In
Bacillus cereus, tryptophan decarboxylase activ-
ity could be identified (Perley and Stowe 1966),
and in Azospirillum exogenously supplied tryp-
tamine is converted to IAA (Hartmann et al.
1983).

The indole-3-acetonitrile (IAN) pathway in
plants has been suggested and studied for many
years, but the exact role of the involved players is
still under debate. In bacteria, nitrilases with
specificity for IAN have been detected (Naga-
sawa et al. 1990; Kobayashi et al. 1993; Howden
et al. 2009). In several Agrobacterium and Rhi-
zobium spp., nitrile hydratase and amidase
activity could be measured suggesting the con-
version of IAN to IAA via IAM. In addition,
the nitrile hydratase enzyme from A. tumefa-
ciens could be purified and characterized (Ko-
bayashi et al. 1995).

The tryptophan side-chain oxidase (TSO)
pathway has only been shown in Pseudomonas
fluorescens CHA0, and in this pathway trypto-
phan is directly converted to IAAld bypassing
IPA. In the last step IAAld is oxidized to IAA
as in the IPA pathway (Oberhänsli et al. 1991).

Tryptophan-Independent Pathway

Analysis of mutants in the tryptophan biosyn-
thetic pathway showed that plants are able to
synthesize IAA without the tryptophan precur-
sor, and the branch point for this tryptophan-
independent pathway arises at indole-3-glycerol
phosphate or indole (Last et al. 1991; Normanly
et al. 1993). However, no genes or proteins
involved in this pathway could be identified
yet in plants (Woodward and Bartel 2005). In

bacteria, a tryptophan-independent pathway
was suggested to occur in A. brasilense by feed-
ing experiments with labeled tryptophan (Prin-
sen et al. 1993). However, also in this case, no
firm genetic or biochemical evidence has been
provided to support this pathway.

IAA Conjugation and Degradation

Some intermediates of the IAA biosynthetic
pathways can be reversibly converted into stor-
age compounds (e.g., reduction of IAAld to
indole-3-lactic acid), although the exact func-
tion of these compounds is not known. In
plants much of the IAA molecules are found
covalently linked to sugars or amino acids,
known as IAA-conjugates (Woodward and
Bartel 2005). These compounds have diverse
roles, such as protection against degradation
(although in some cases conjugation is also sug-
gested as a first step in degradation), storage,
and transport, and are important to maintain
the IAA homeostasis in the cells (Cohen and
Bandurski 1982; Seidel et al. 2006). In bacteria
the presence of IAA-conjugates has only been
shown for P. savastanoi pv. savastanoi. In addi-
tion, a gene, involved in the conjugation process
and located on the pIAA1 plasmid, was charac-
terized as an indole-3-acetic acid-lysine synthe-
tase (iaaL gene). This enzyme catalyzes the
formation of an amide bond between the car-
boxyl group of IAA and the epsilon amino
group of lysine in an ATP-dependent way (Glass
and Kosuge 1986; Glass and Kosuge 1988). The
importance of this process was shown by plant
experiments with an iaaL knockout mutant.
This mutant is unable to accumulate IAA
conjugates in the bacterial culture medium
and to form typical gall formation, indicating
an impaired virulence. It was hypothesized
that IAA-conjugates are produced by P. savasta-
noi to protect IAA against degradation by plant
enzymes and are hydrolyzed inside plant cells by
plant hydrolases into biologically active IAA,
promoting gall formation (Glass and Kosuge
1988).

In plants, the degradation of IAA can
occur via decarboxylative catabolism of IAA
(modification of both side-chain and indole
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ring), via nondecarboxylative oxidation of the
indole ring or via auxin conjugates that can
be degraded. IAA degradation has also been
shown in many bacteria, and several intermedi-
ates were identified (for an overview of the
suggested bacterial degradation pathways, see
Leveau and Gerards 2008). Recently, an iac
locus involved in the degradation of IAA was
characterized in P. putida, but further analysis
is needed to propose the exact degradation
pathway (Leveau and Lindow 2005; Leveau
and Gerards 2008).

REGULATION OF BACTERIAL IAA
BIOSYNTHESIS

Whereas reports on IAA biosynthesis in bacteria
are numerous, regulation of IAA biosynthesis is
only documented in a few bacteria. The main
precursor for IAA production, tryptophan, is
an important modulator in IAA biosynthesis.
The addition of tryptophan to the culture me-
dium enhances IAA production in all studied
bacteria.

The best documented case whereby the
effect of environmental factors is linked, al-
though only partially, to genetic elements is
A. brasilense, a member of the group of plant
growth promoting rhizobacteria (PGPR). The
key gene in IAA production of A. brasilense
Sp245, ipdC, is strictly regulated. The IAA pro-
duction in A. brasilense Sp245 increases during
growth with the highest production in the sta-
tionary phase. The increase in IAA production
is preceded by an increase of ipdC gene expres-
sion. Expression of the ipdC gene is further
enhanced by the addition of IAA to the culture

medium, indicating positive feed-back regula-
tion by the end-product IAA of the IPA pathway.
Other auxins such as naphtalene acetic acid and
phenylacetic acid also induce ipdC gene expres-
sion (Vande Broek et al. 1999; Somers et al.
2005). The ipdC gene of A. brasilense Sp245
was the first bacterial gene described to be regu-
lated by auxins. In silico analysis of the Sp245
ipdC promoter region revealed several putative
cis-regulatory elements, such as an auxin re-
sponse element (AuxRE) as defined in plant
genes, a RpoN binding site, and an inverted
repeat (see Fig. 2 for an overview of the regu-
latory elements in the ipdC promoter of
A. brasilense) (Vande Broek et al. 2005). The
RpoN binding site has been shown to partially
control ipdC gene expression because expres-
sion of ipdC in a rpoN mutant is 50% reduced
(Gysegom 2005). No other trans-controlling
elements affecting ipdC gene expression have
been identified so far. The inverted repeat is
required for IAA inducibility of the ipdC
promoter. Expression of the Sp245 ipdC gene
is further enhanced by carbon limitation and
acidic pH (Ona et al. 2003; Ona et al. 2005).
Although it is tempting to speculate that these
environmental conditions mimic the plant rhi-
zosphere, the natural habitat of A. brasilense, it
should be noted that not all A. brasilense strains
show a similar ipdC expression profile (Rothbal-
ler et al. 2005; Malhotra and Srivastava 2008).

In P. putida GR12-2 and P. agglomerans,
ipdC expression is regulated by RpoS (Brandl
et al. 2001; Patten and Glick 2002a). RpoS is
known to regulate transcription of genes in
response to stress conditions and starvation.
In Pseudomonas chlororaphis, the GacS/GacA

c a a t t t c c g g c g c g a a t g g a t t g t t t c g a a t g a a a c a a t t c t t g c g c g g a g c g g t g g a g g a g g c g a t g c t g t c c c c c t g t g c g g g t t t t
IR1 RpoN BS AuxRE

cgacccgcgaaaccaattggaacgggagagcggccatgaag

RBS
ipdC

Figure 2. Promoter region of the A. brasilense Sp245 ipdC gene. The start of the ipdC open reading frame is indi-
cated with an open arrow, and the ATG start codon is in boldface. The ribosome binding site is underlined in
dots. The transcription initiation site is indicated by an arrow. The RpoN-dependent promoter sequence is
underlined, and the auxin-responsive element AuxRE is boxed. The inverted repeat is indicated by opposite
arrows, and this repeat is responsible for IAA inducibility of the ipdC gene.
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two-component system acts as a negative regu-
lator of the tryptophan-dependent IAA biosyn-
thesis (Haas and Keel 2003; Kang et al. 2006).
The GacS/GacA system controls the expression
of genes, of which many are induced during late
logarithmic growth phase.

In E. cloacae UW5, a putative TyrR box, sim-
ilar to the recognition sequence of TyrR, was
found in the promoter region of the ipdC
gene. TyrR is a regulatory protein involved in
transport and metabolism of aromatic amino
acids. TyrR is directly involved in the induction
of ipdC gene expression in E. cloacae in response
to tryptophan, phenylalanine, and tyrosine,
suggesting a broader function of indole-3-
pyruvate decarboxylases (Ryu and Patten 2008).

In Xanthomonas axonopodis, IAA produc-
tion is increased in the presence of leaf extract
from the host plant Citrus sinensis (Costacurta
et al. 1998). In P. agglomerans, ipdC gene ex-
pression is dramatically increased when the
bacterium is grown on plant surfaces, but the
specific compounds involved are not known
(Brandl and Lindow 1997).

In Ralstonia solanacearum, there is a link
between the type III secretion system (TTSS)
and IAA synthesis. The host-responsive regula-
tor, HrpG, of the TTSS activation cascade not
only controls genes of the TTSS but also genes
not belonging to the TTSS pathway including
other virulence determinants and genes in-
volved in adaptation to life in the host, such as
phytohormone production. Auxin synthesis is
reduced in an hrpG mutant (Valls et al. 2006).

In Erwinia chrysanthemi, known to produce
IAAvia the IAM pathway, it was found that in an
iaaM mutant, expression of TTSS genes and the
gene encoding a pectate lyase is lower as com-
pared to the wild type (Yang et al. 2007).

In P. agglomerans pv gypsophilae, the inter-
action of the TTSS, quorum sensing and IAA
biosynthesis in relation to plant interaction
(epiphytic fitness and virulence) was investi-
gated. It was found that IAA (and cytokinins)
are involved in the regulation of the quorum
sensing system and TTSS regulatory genes
(Chalupowicz et al. 2009). Interestingly, as this
bacterium possesses both the IAM and IPA
pathway for IAA biosynthesis, effects were

found opposite for mutants in the IPA and the
IAM pathways, respectively.

In Rhizobium sp. strain NGR234, flavonoid
signal molecules can induce IAA production,
and the transcriptional regulators NodD1 and
NodD2 in combination with nod-box NB15
upstream the IAA biosynthesis operon are
involved in the induction (Theunis et al. 2004).

AUXIN AS A MICROBIAL SIGNAL MOLECULE

Changes in bacterial gene expression under the
influence of IAA were first described for the
ipdC gene of A. brasilense (see earlier discussion,
positive feedback regulation of IAA synthesis).
In the phytopathogen A. tumefaciens, it was
shown that IAA is a signal molecule because
vir gene expression is inhibited by IAA (by com-
peting with the phenolic plant signal for inter-
action with the VirA/G system). This control
mechanism is proposed as a signal for A. tume-
faciens indicating that plant transformation
(transfer and expression of T-DNA) was suc-
cessful (Liu and Nester 2006). In a follow-up
study, microarray analyses revealed that addi-
tion of IAA represses the vir regulon and chv
genes of A. tumefaciens, and that most of these
changes are also induced by the addition of
salicylic acid. Expression of a gene encoding
an ABC-type transporter, probably involved in
the uptake of IAA, was found to be specifically
up-regulated by IAA (Yuan et al. 2008).

In the yeast Saccharomyces cerevisiae, the
addition of IAA to the culture medium stim-
ulates adhesion and filamentation (inducing
invasive growth), and a cell-surface protein en-
coded by FLO11 is involved in these changes
(as supported by the increase of FLO11 tran-
scription). At higher IAA concentrations, cell
growth is arrested. Transcript profiling revealed
a YAP-1 (fungal-specific transcriptional activa-
tor involved in pleiotropic drug resistance)
binding site in the promoter of IAA-regulated
genes; interestingly, a yap1-1 mutant was found
hypersensitive to IAA, suggesting that YAP-1 is a
key mediator in the auxin response in yeast. It is
postulated that IAA at plant wound sites can
serve as a cue for yeast and fungi to sense and
adapt to the plant environment (Prusty et al.
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2004). In Escherichia coli, it was found that
IAA-induced cells are more resistant to different
stress agents, probably by the enhanced forma-
tion of trehalose, lipopolysaccharides, exopoly-
saccharides, and biofilm. In the presence of
IAA, expression of genes encoding cell envelope
components and proteins involved in the adap-
tion to adverse conditions are induced (Bianco
et al. 2006a). Further expression studies revealed
that genes involved in the tricarboxylic acid
cycle, glyoxylate shunt, and amino acid biosyn-
thesis are up-regulated in the presence of IAA.
In addition, increased activity of several en-
zymes in the central metabolism was shown
(Bianco et al. 2006b).

The question can be addressed whether IAA
as an effector molecule for bacterial gene
expression is related to indole as a signaling
molecule. Indole is well known as a communi-
cation signal in E. coli (Lee and Lee 2010) and
is studied in relation to quorum sensing (Wal-
ters and Sperandio 2006; Lee et al. 2007). Indole
controls biofilm formation in E. coli and Vibrio
cholerae (Di Martino et al. 2003; Mueller et al.
2009). In a recent study (Lee et al. 2010), it
was shown that indole-3-acetonitrile (an auxin)
decreased biofilm formation of E. coli 0157:H7
and Pseudomonas auruginosa virulence. This
could be linked with specific effects of IAN on
gene expression. However, in cases in which
IAA has been found as an effector in bacterial
gene expression, no such effect was observed
with indole, indicating that auxin effects on
bacterial gene expression are distinct from the
well-known indole signaling.

AUXIN AS AN EFFECTOR MOLECULE IN
BACTERIA PLANT INTERACTIONS

Phytopathogens

As already mentioned before, A. tumefaciens
transfers T-DNA, encoding genes for auxin and
cytokinin biosynthesis (among others), on plant
infection into the plant genome. The genes
encoding enzymes for auxin and cytokinine bio-
synthesis are under the control of strong consti-
tutive eukaryotic promoters, resulting in a high
accumulation of phytohormones. Depending

on the Agrobacterium strain, and consequently
on the exact nature of the genes encoding
enzymes for phytohormones, T-DNA transfer
results either in undifferentiated plant tissue
(tumors) or hairy roots (Zambryski 1992; Zupan
et al. 2000).

The production of phytohormones (mainly
auxins and cytokinins) in free-living cultures is
a hallmark for many phytophatogenic gall-
forming bacteria such as P. agglomerans, P.
savastanoi pv. savastanoi, P. syringae pv. syrin-
gae, R. solanacearum and Rhodococcus fascians
(Morris 1995; Vandeputte et al. 2005; Valls
et al. 2006). Auxin biosynthesis genes are
located either on the chromosome or on a plas-
mid. This location can modulate the IAA level
as plasmids are mostly present in multiple cop-
ies. This difference is exemplified by the differ-
ence in IAA production between P. savastanoi
pv. savastanoi and P. syringae pv. syringae. In
the former strain, the genes are located on a
plasmid, whereas in the latter strain IAA biosyn-
thetic genes are located on the chromosomal
DNA, resulting in a lower IAA production.
The IAA production in P. syringae pv. syringae
could be increased fourfold by introducing a
low-copy plasmid, carrying the IAA biosyn-
thetic operon (Mazzola and White 1994; Patten
and Glick 1996; Brandl and Lindow 1996). As
already mentioned above, the IAM pathway is
mainly linked to phytopathology, whereas the
IPA pathway is involved in epiphytic and rhizo-
sphere fitness. In the gall-forming bacterium
P. agglomerans pv. gypsophilae, both the IAM
and the IPA pathway are present. Reduced gall
size was observed by inactivation of the IAM
pathway (as for many gall-forming bacteria),
whereas only a minor reduction in pathogenic-
ity could be observed on inactivation of the IPA
pathway. The opposite effect was observed when
looking at the epiphytic fitness. In addition,
the difference in function of the two pathways
could be linked to a difference in regulation of
the pathways: the ipdC gene is up-regulated dur-
ing colonization of the plant, whereas the
iaaM gene is up-regulated during the later
phases of the interaction with the plant such
as gall formation. It was therefore concluded
that the IAM pathway is mainly linked to
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phytopathology, whereas the IPA pathway is
involved in epiphytic fitness (Manulis et al.
1998).

Symbiosis

Auxin is involved in many processes of nodule
formation by rhizobia in legume plants, such
as founder cell specification (auxin transport
inhibition mainly by flavonoids), nodule initia-
tion and differentiation (auxin accumulation),
vascular bundle formation, and nodule num-
bers (long distance auxin transport). Because
many rhizobia are capable of producing IAA
via different pathways, it is assumed that bacte-
rially produced auxin can alter the auxin bal-
ance inside the plant. In addition, rhizobia
can also indirectly influence the auxin homeo-
stasis by interfering with plant auxin transport
(Mathesius 2008).

In general, root nodules contain more auxin
than non-nodulated roots (Badenochjones
et al. 1983; Ghosh and Basu 2006). Nodules
induced with low IAA-producing Rhizobium
mutants contain less IAA than nodules initi-
ated by the wild-type strain (Theunis 2005).
Vice versa, bacteroids of a B. japonicum mutant,
overproducing IAA, contain higher amounts of
IAA (Hunter 1989). Also in Rhizobium legumi-
nosarum bv. viciae, the introduction and
expression of the IAM biosynthetic pathway
resulted in Vicia hirsuta root nodules contain-
ing up to 60-fold more IAA than nodules
invoked by the wild-type strain. Nitrogen fixa-
tion capacity (bacterial conversion of atmos-
pheric N2 to ammonium) in the former
nodules was also increased (Camerini et al.
2008). A Sinorhizobium meliloti strain overex-
pression of the same IAM biosynthetic pathway
showed increased tolerance to several stresses,
and Medicago truncatula plants inoculated
with this strain have a higher IAA content in
nodules and roots and are better resistant to
salt stress (Bianco and Defez 2009). In addition,
inoculation of M. truncatula with the IAA-
overproducing strain resulted in better plant
growth under phosphorus deficiency because
of the release of organic acids by the bacteri-
um (Bianco and Defez 2010). In co-inoculation

studies with Azospirillum and Rhizobium, ear-
lier and faster nodulation and higher crop yields
are observed. In addition, nodule numbers and
biological nitrogen fixation are increased. Using
an Azospirillum ipdC mutant, producing 10%
of IAA produced by the wild-type strain, the
increase in nodulation and nitrogen fixation
was not observed, indicating that bacterial
IAA production is important in symbiosis
(Remans et al. 2008). An extensive overlap of
changes in protein level could be observed in
M. truncatula in response to auxin treatment
and S. meliloti inoculation, probably because
of regulation of these proteins by auxin during
the early stages of nodulation (van Noorden
et al. 2007).

Plant Growth Promoting Rhizobacteria

Upon inoculation of plants with PGPR, a
change in root architecture is observed, mainly
as an increase in root hairs and lateral roots and
shortening of the root length. In general, the
total root surface increases, leading to an en-
hanced mineral uptake from the soil and root
exudation (further stimulating root coloniza-
tion by PGPR). Already for decades, these mor-
phological changes of the root have been
attributed to bacterial auxin production, and
studies with mutants altered in IAA production
confirm its important role. The plant growth
promoting effect of bacteria, for which it has
been shown that auxin is involved, is known
as phytostimulation. However, because most
IAA knock-out mutants are still able to promote
some plant growth, IAA biosynthesis alone is
not responsible for the overall observed effect
(Xie et al. 1996; Dobbelaere et al. 1999; Dobbe-
laere et al. 2003). In the “additive hypothesis,”
it was suggested that multiple mechanisms,
such as dinitrogen fixation, phosphate solubili-
zation, and 1-aminocyclopropane-1-carboxylate
(ACC) deaminase activity, together with IAA
biosynthesis, are responsible for the observed
plant growth promotion and yield increase
(Bashan and Holguin 1997). In addition, some
plant growth-promoting traits do not work inde-
pendently of each other as exemplified by IAA
biosynthesis and ACC deaminase activity. Some
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bacteria can promote plant growth via the action
of the ACC deaminase enzyme. This enzyme
converts ACC (the precursor of the stress hor-
mone ethylene) in a-ketobutyrate and ammo-
nia, lowering the ethylene level (inhibitor of
root growth) inside the plant because of lack of
precursor (Glick et al. 1998; Glick 2005). For a
more detailed overview of plant growth-promot-
ing rhizobacteria, we refer to other reviews
(Steenhoudt and Vanderleyden 2000; Lugten-
berg and Kamilova 2009).

AUXIN SIGNALING IN PLANT DEFENSE
RESPONSE

Recently, a new intriguing role of auxin has been
shown. Auxin physiology is a key factor in bac-
terial phytopathogenesis. On recognition of a
biotrophic leaf pathogen by the plant, auxin sig-
naling in Arabidopsis is down-regulated, thereby
decreasing susceptibility for the pathogen
(Navarro et al. 2006). This can be counteracted
by the pathogen through the activity of an Hrp
system (Chen et al. 2007). Both studies illustrate
very nicely a prominent role for host auxin sig-
naling in a particular aspect, effector-triggered
susceptibility, pathogen associated molecular
pattern-triggered immunity and effector-trig-
gered susceptibility, respectively, of the four-
phased model of the plant immune system
(Jones and Dangl 2006). Furthermore, both
studies showed that exogenous supply of auxin
to the host promotes susceptibility to the bacte-
rial pathogen and disease symptom develop-
ment. As many bacterial pathogens are known
to produce IAA (see above), it can be speculated
that this property is part of the strategy used by
the pathogen to circumvent the plant defense
system. The same could apply for auxin pro-
ducing plant growth-promoting rhizobacteria.
However, it remains to be proven that IAA pro-
duced by these bacteria indeed contributes to
better bacteria-plant-root interaction.

Nevertheless, biotrophic phytopathogens
and plant beneficial bacteria are coming closer
to each other when taking an auxin perspective.
Clearly, answering questions in one direction
(phytopathology) raises new fascinating ques-
tions in another direction (phytostimulation).

CONCLUDING REMARKS AND
PERSPECTIVES

Recent landmark discoveries in plant auxin, in
terms of the auxin receptor, auxin transporters,
integration of auxin signaling with other signal-
ing pathways (see other articles on this topic), in
combination with previous scattered reports on
the role of auxin in microbe-plant interactions
and microbial synthesis of auxins, respectively,
have given a tremendous boost to auxin research
in bacteria interacting with plants. This is most
visible in research of plant growth promoting
rhizobacteria in which reported cases of phyto-
stimulation are vastly increasing. This is well in
line with the increasing interest in roots as cen-
tral in efforts of scientists to produce crops with
a better yield.

Whereas efforts to fully characterize the
multiple microbial biosynthetic pathways of
auxin should continue, and this is likely to be
the case because similar efforts are being made
by plant physiologists and biochemists, also
the regulation of microbial IAA biosynthesis
should be studied. This will help us to under-
stand the role of IAA in microbial physiology.
Until a number of years ago, IAA produced by
microorganisms was merely considered as a sec-
ondary metabolite, possibly as the result of a
detoxification process when tryptophan starts
to accumulate in cells. However, the observation
that multiple IAA biosynthesis pathways exist in
IAA producing bacteria, like it is found for
plants, already suggests additional or other roles
for IAA in bacteria. The finding that IAA is used
as a signal for gene regulation in some bacteria,
both in IAA-producers and nonproducers, and
Saccharomyces cerevisiae, further supports the
idea of IAA being part of genetic networks in
some microorganisms. When these microor-
ganisms interact with plants as part of their
ecological habitat, it becomes obvious that a
reciprocal IAA-mediated signaling process in
microbe-plant interactions is likely to occur
(Lambrecht et al. 2000). Our further under-
standing of bacteria-plant interactions, be it
pathogenic or beneficial, needs detailed studies
that examine hormonal dynamics throughout
the course of the interaction (see Fig. 3 for the
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different processes involved in IAA dynamics
from the microbial point of view). With the
observation that some rhizosphere bacteria are
able to degrade IAA, it is clear that future
research on plant roots for better plant growth
and yield whereby IAA signaling is considered
as a target need to take into account soil condi-
tions, in particular the microbial activities in
the rhizosphere.
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Schütz A, Golbik R, Tittmann K, Svergun DI, Koch MH,
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