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Chapter

Auxins-Interkingdom Signaling 
Molecules
Aqsa Tariq and Ambreen Ahmed

Abstract

Phytohormones play a fundamental role in the development of plants. Among 
various phytohormones produced by the plants, Auxins act as a master hormone 
that plays a major role during plant development and differentiation through cell 
division. Besides plants, many rhizospheric microorganisms are also capable of 
producing auxins specifically indole-3-acetic acid (IAA), that act as signaling 
molecules for the regulation of gene expressions in plants. However, bacterial IAA 
is majorly linked with the modulation of plant roots architecture and developing 
positive plant-microbe interactions. Bacterial auxin modifies root morphology by 
enhancing root length, forming adventitious root and root hair, thereby, increasing 
surface area for water and nutrient absorption affecting various aspects of plant 
biology in a number of ways. Bacteria mostly utilize tryptophan, present in plant 
root exudates, to synthesize IAA that eventually helps bacteria to colonize roots 
by establishing beneficial associations with plant roots. Auxins also stimulate the 
formation of exopolysaccharides and biofilms that help bacterial root colonization. 
Auxins have given the survival benefit to rhizobacteria that make them more com-
petent to establish symbiotic interaction with plants. Synergistic and antagonistic 
interactions of auxins (both interkingdom and Intrakingdom) with other phytohor-
mones play a key role in plant development and growth improvement.

Keywords: Auxins, bacterial IAA, phytostimulation, Indole-3-acetamide, 
Tryptophan

1. Introduction

Auxins are mainly synthesized in meristematic tissues and transported to other 
plant parts. Auxins play a critical role in controlling various processes during growth 
and development across variable environmental conditions, even at lower concen-
trations, these can modulate gene expression by interacting with specific proteins 
involved in the transcription process [1]. The plant rhizosphere is enriched with a 
diversity of microflora that directly contributes to their growth. The rhizosphere 
microbiota has the ability to produce phytohormones as a signaling molecule for 
inter and intraspecies communications. The synthesis and release of auxins establish 
a mutualistic or morbific link between organisms. Indole-3-acetic acid (IAA) is a 
widely produced rhizobacterial signaling phytohormone. Primarily, auxin controls 
various physiological processes, such as cell division, elongation, phototactic, and 
geotactic responses, in plants [2]. Thus, in nature, plants are receiving endogenous 
and exogenous signals simultaneously influencing their developmental patterns. 
Endogenous auxin can either be free (active auxin) or act as storage intermediates 
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as conjugated compounds with amino acids and sugars [3]. Since higher auxin levels 
cause inhibitory effects, therefore, homeostasis and coordination of auxin signaling 
within plants and their surroundings are necessary for their regular growth and 
development. Endogenous auxin levels suggest the type of interactions between 
plant and rhizobacteria. Generally, three possible plant-bacterial IAA associations 
have been stated so far, first, due to direct transfer of bacterial IAA genes into host 
cell; second, due to bacteria living and releasing IAA within plant tissues and lastly, 
due to bacteria colonizing plant surfaces and producing IAA [4]. The first two asso-
ciations usually result from pathogenic interactions. The knowledge of deciphering 
these signals and their outcomes is critical for the development of strategies for sus-
tainable agricultural practices. Thus, the present chapter highlights the significant 
role of bacterial IAA as a potent microbial signaling molecule regarding beneficial 
plant-rhizobacterial interactions which are important for ecological resilience and 
sustainability.

2. Biosynthetic pathways of auxins

Conferring to key intermediate compounds, five different pathways for 
IAA synthesis have been reported in bacteria using tryptophan precursors [5]. 
Rhizobacteria use tryptophane either from plant root exudates or synthesize 
through chorismate precursor using trp gene by shikimate pathway [6, 7]. Rhizobia 
are an example of rhizobacteria that utilize host tryptophan for IAA synthesis 
[8]. Zhang et al. [9] analyzed 7282 prokaryotic genomes and revealed that 82.2% 
were efficient IAA producers from tryptophan precursors. However, Brown and 
Burlingham [10] observed a low amount of auxin in bacterial cultures without 
tryptophan indicating the fact that bacteria might have the ability to synthesize 
auxin without using tryptophan [11, 12]. Later, this was confirmed by the studies 
of Prinsen et al. [13] who reported the ability of IAA production by Azospirillum 
brasilense following tryptophan-independent pathway. However, there is a lack 
of information regarding genes, enzymes, or proteins involved. Recently, Li et al. 
[14] and Ahmad et al. [15] have also reported IAA biosynthesis in the absence of 
an exogenous tryptophan supply in Arthrobacter pascens ZZ21 and Micrococcus 
aloeverae DCB-20, respectively, however, no genetic evidence has been provided so 
far. Moreover, more than one auxin biosynthetic pathway functions within plants 
and bacteria together [9, 14].

In vitro production of IAA was observed to be highly influenced by bacterial 
growth conditions and the presence of tryptophan [16–18]. Higher auxin produc-
tion by bacterial strains has been observed under increasing tryptophan concentra-
tions [19]. Moreover, the genetic elements involved in the regulation of bacterial 
IAA have been demonstrated in A. brasilense. The key gene involved in this process 
is ipdC gene. Moreover, increased expression of ipdC gene was observed under 
increasing IAA levels indicating the involvement of auxin signaling in regulating its 
biosynthesis, a positive-feedback regulation. In silico analysis revealed that RpoN 
binding site is responsible for regulating the expression of ipdC gene [20]. Various 
transcriptional factors influencing ipdC gene expression have been identified in 
different bacterial species. Patten and Glick [21] described RpoS to regulate ipdC 
transcription in Pseudomonas putida and P. agglomerans, respectively. Similarly, 
GacS/GacA system has been identified in Pseudomonas chlororaphis as a negative 
regulator of tryptophan-dependent routes of IAA production [22]. Ryu and Patten 
[23] identified TyrR protein to regulate the induction of ipdC gene expression in 
Enterobacter cloacae in response to tryptophan. A high similarity of various auxin 
synthetic pathways has been observed between plants and bacteria with slightly 
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different intermediate products. An overview of various auxin biosynthetic path-
ways has been given below:

Indole-3-acetamide (IAM) pathway: It involves two steps, conversion of tryp-
tophan to Indole-3-acetamide by tryptophan-2-monooxygenase followed by con-
version to IAA by IAM hydrolase [4]. The phytopathogens, such as Agrobacterium 
tumefaciens, Pantoea agglomerans, and Pseudomonas syringae, and some plant growth-
promoting rhizobacterial (PGPR) genera, such as Rhizobium and Bradyrhizobium, 
have exhibited this pathway [7, 24].

Indole-3-pyruvic acid (IPyA) pathway: It involves three steps, first formation  
of Indole-3-pyruvic acid by aminotransferase occurs followed by decarboxylation into 
indole-3-acetaldehyde which is finally oxidized into IAA (Figure 1). The key enzyme in 
this pathway is identified as indole-3-pyruvate decarboxylase (encoded by ipdC gene) 
[4]. This pathway is present in a broad range of bacterial species from phytopathogenic 
bacteria (P. agglomerans) to PGPR (Pseudomonas, Azospirillum, Enterobacter, Bacillus, 
Paenibacillus, Bradyrhizobium, and Rhizobium) and even in cyanobacteria [7, 25].

Tryptamine (TAM) pathway: It involves decarboxylation of tryptophan to 
tryptamine which is then converted into indole-3-acetaldehyde by amine oxidase 

Figure 1. 
Various tryptophan-dependent and -independent pathways for auxin (IAA) synthesis. Red lines indicate 
the tryptophan-independent pathway of IAA synthesis. Black lines show tryptophan-dependent pathways. 
Chorismate is the precursor of both mechanisms. [A- trans - aminotransferase; Trp dec - tryptophan 
decarboxylase; Am oxi - amine-oxidase; IPDC - Indole-3-pyruvate decarboxylase; IAM-hyd - Indole-3-
acetamide hydrolase; Nitril - Nitrilase; IAAid dehyd – Indole-3-acetaldehyde dehydrogenase].



Plant Hormones - Recent Advances, New Perspectives and Applications

4

followed by its oxidation to IAA [4]. This has been reported in Bacillus cereus and 
Azospirillum [7, 24].

Indole-3-acetonitrile (IAN) pathway: In this pathway, tryptophan is converted 
into Indole-3-acetonitrile either by indolic glucosinolates or indole-3-acetaldoxime 
which is then further converted into IAA by nitrilase. This pathway has also been 
reported in Alcaligenes faecalis, A. tumefaciens, and Rhizobium spp. [7, 24].

Tryptophan side-chain oxidase (TSO) pathway: This is found in 
Pseudomonas fluorescens CHA0 and involves direct conversion of tryptophan to 
indole-3-acetaldehyde which then oxidizes to IAA. This mechanism is only found in 
bacteria and has not been studied in plants (Figure 1) [7, 24].

3. IAA – Signaling molecule

a. Intrakingdom Signaling

Auxins modulate the gene expression making it inter and intrakingdom 
communicating chemical messenger and quorum-sensing molecule. Scott et al. 
[26] observed bacterial chemotaxis toward IAA in P. putida. This movement is 
mediated by methyl-accepting proteins that receive and transmit IAA signals 
to flagellar machinery [26]. Hence, the movement of PGPR toward plant roots 
might be due to IAA present in root exudates. This IAA also acts as a nutrient 
pool, thereby, chemotaxis toward IAA ensures bacterial survival within the plant 
environment. Moreover, the fact that most of the plant-associated rhizobacteria 
produce IAA indicates that IAA might have some crucial role in bacterial cells 
other than interacting with plants [27]. From an evolutionary perspective, bac-
teria gain this ability for their survival and persistence within the plant environ-
ment [28]. IAA producers are more environmentally adaptive and competitive 
as compared to non-producers. Studies by Bianco et al. [29] showed that IAA 
confers protection to bacteria under various abiotic conditions, such as acidity, 
UV, salt, and heat stress. The author observed higher production of extracellular 
polysaccharides (EPS), lipopolysaccharides, and biofilms in IAA overproducers 
that improved bacterial adherence to plant surfaces which ultimately protect 
bacterial cells from various environmental stresses. Moreover, overproduction 
of trehalose in IAA producers has been observed indicating the accumulation of 
osmolytes within the bacterial cell to confer osmotic protection [29]. This was 
further confirmed by the studies of Donati et al. [30]. They reported a higher 
survival rate of IAA-treated bacteria under oxidative, desiccation, and osmotic 
stress and observed increased production of EPS and biofilm. Under various 
stress conditions, increased IAA levels were observed within bacterial cells 
indicating the fact that IAA plays important role in modulating gene expression 
of bacterial cells and making them more competitive [31]. However, the exact 
mechanism is still unknown and needed to be explored. IAA also acts as a signal-
ing molecule for various metabolic processes within bacterial cells. Van Puyvelde 
et al. [32] observed the overall changes in gene expression of a mutant strain 
of A. brasilense and noted the decreased expression of 39 genes, including the 
genes involved in bacterial cell respiration by affecting the expression of NADH 
dehydrogenase. However, on the other hand, increased expression of the nitrate-
reducing system involved in aerobic denitrification and ATP-binding cassette 
transporters and tripartite ATP-independent periplasmic (TRAP) transporters 
was also observed. Van Puyvelde et al. [32] also noted increased expression of 
T6SS (Type VI Secretion System) by exogenous IAA induction which is involved 
in the transport of various components via injection tube from a bacterial cell to 
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plants cell (the mechanism by which bacteria interact directly to plant signaling 
pathways). Moreover, IAA also enhances the expression of genes involved in the 
formation of effector proteins of T3SS (Type III Secretion System) required for 
injection of pathogenicity within plant cells [33].

b. Interkingdom Signaling

Signal exchange between plant and rhizospheric bacteria occurs through the 
release of root exudates [34]. This signaling is key for developing and determin-
ing the nature of plant-bacterial interactions (symbiotic or pathogenic). PGPR 
colonization is the result of these signaling activities. Besides IAA synthesis, many 
rhizobacterial species have the ability to degrade IAA. This IAA degrading ability 
has given the advantage to bacteria for rhizospheric colonization and manipulat-
ing plant physiology for their survival. However, the mechanism of how IAA 
degradation is beneficial for plants and bacteria is not well studied and needed 
to be explored. Zuniga et al. [35] observed that IAA degradation by Burkholderia 
phytofirmans is key for efficient rhizosphere colonization and subsequent plant 
growth promotion. Any mutation in IAA degrading gene (iacC) also affects the 
growth promotional activity of the bacteria. In addition, auxin also interferes with 
the developmental pathways of the host. So, it is hypothesized that rhizobacteria 
synthesize and secrete auxin that is taken up by plants in such quantities that alter 
normal plant developmental pathways [36]. The principal feature of bacterial IAA 
reported by researchers is to manipulate the plant root growth (Figure 2). It induces 
the formation of root hair and enhances the growth of primary and lateral roots 
within their optimum range. However, at higher concentrations, it causes inhibitory 
effects and ceases the primary root growth [37]. It is suggested that this larger root 
system besides helping the host plant, also benefits its associated bacterial species 
and a larger root system absorbs more nutrients and strengthens the bacterial sur-
vival within the plant vicinity [38]. Moreover, IAA is considered to have a parallel 
role in developing and maintaining plant-rhizobacterial interactions [39]. In the 

Figure 2. 
Interaction of root exudates to attract various auxin-producing plant beneficial bacteria leading to various 
metabolic activities within bacteria and making them more competent to colonize rhizosphere. Plants also 
uptake bacterial auxin that interacts with other phytohormones to control overall plant development.
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symbiotic association between rhizobia and legumes, the formation of macroscopic 
nodular structures on the roots of the host plant is considered to be formed by the 
action of auxin signals. Flavonoids accumulated at the sites of rhizobial entry to 
plant roots, inhibit auxin efflux resulting in auxin accumulation that causes exces-
sive cell division leading to the formation of root nodules. Hence, the initiation of 
nodule formation is triggered by auxin signaling. Moreover, the specification of 
founder cells for nodule formation is also triggered by inhibition of auxin transport. 
Similarly, the formation of vascular bundles and the number of nodules also depend 
on long-distance auxin signaling. Hence, it has been hypothesized that auxin signal-
ing triggers the formation of nodules on roots of host plants [38, 40]. Besides initia-
tion of root nodules, IAA also modulates bacterial metabolic pathways involved 
in the conversion of bacteria to bacteroids for nitrogen fixation within nodules. 
For example, Bianco et al. [29] observed the activation of tricarboxylic acid and 
polyhydroxybutyrate cycle in Sinorhizobium meliloti by exogenous IAA applica-
tion and in IAA-overproducer mutants (RD64). Theunis [41] observed high auxin 
levels in nodulated roots than in non-nodulated roots. High IAA levels also interact 
with nitrogen-fixing bacterial ability and enhance the nitrogen levels in nodules. 
In addition, the studies of Huo et al. [42] experimentally proven that reduction of 
IAA transporter genes (PIN) results in reduced nodulation. Moreover, rhizobacte-
rial IAA also interacts with the hormonal metabolism of its associated plants. It is 
reported to promote the transcription of 1-aminocyclopropane-l-carboxylic acid 
(ACC) synthase enzyme in plants to catalyze the production of ACC deaminase 
enzyme which converts ACC to ammonia and α-ketobutyrate resulting in lower 
ethylene levels of plants. Consequently, by lowering plant ethylene levels, rhizobac-
teria can reduce the effect of ethylene on root growth causing plants to get nutrients 
and water under a wide range of stress conditions [43]. In addition, auxin signals 
also influence other phytohormones to regulate various plant processes. Auxin and 
brassinosteroids coordinate and interact to regulate the development of plant roots. 
Similarly, it also regulates gibberellin responses by interfering with the stability of 
DELLA proteins. Lower auxin levels caused reduced synthesis of gibberellins due to 
stabilization of DELLA proteins. Cytokinins, contrarily, have been known to sup-
press root formation. Therefore, overall plant growth and development depends on 
signaling crosstalk between auxin and other phytohormones to determine the final 
physiology of plants [37].

The role of bacterially produced IAA has been very significant in plant growth 
promotion and has been investigated by various researchers. Ahmed and Hasnain 
[19] studied auxin production ability and potential plant growth promotional 
activity of two gram-positive Bacillus strains and noted enhanced growth param-
eters, including root system and auxin content of treated plants. In another study, 
Fatima and Ahmed [44] investigated the role of IAA producing chromium resis-
tant Sporosarcina saromensis and two species of Bacillus cereus on the growth of 
Helianthus annuus L. and observed an increase in plant growth parameters (shoot 
length, root length, fresh weight, and a number of leaves) and auxin content in 
treated plants. Auxin-producing bacteria stimulate seed germination and root 
proliferation leading to the enhanced and well-developed root system of the host 
plant to have greater access to water and nutrients [45]. IAA facilitates cell elonga-
tion by losing plant cell walls, thereby, increasing root length, nutrient uptake, and 
the release of root exudates. Enhancement in the root system of plants by exogenous 
application of IAA was elaborated by Vacheron et al. [46]. The author observed that 
exogenous IAA application significantly alters the root architecture of plants in a 
dose-dependent manner. Root growth is enhanced under optimum auxin condi-
tions; however, higher IAA levels cease primary root growth and stimulate lateral 
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Figure 3. 
Root growth responses to various auxin levels.

Source Plant Effects Cross-signaling mechanism Reference

Pseudomonas sp. Zea mays Root architecture 

modified by 

inhibition of primary 

root elongation and 

promotion of lateral 

root and root hair

Auxins interacting with 

volatile organic compounds

[51]

Streptomyces spp. Soybean Enhanced shoot 

growth and improved 

dry mass

Auxins interacting with ACC 

deaminase production

[52]

Bacillus sp., 

Agrobacterium sp., 

Rhizobium sp., 

Phyllobacterium sp.

Acacia 

cyanophylla

Increased shoot and 

root dry weight, and 

shoot length

Auxin + solubilized 

phosphate interaction

[53]

Bacillus spp. Bamboo 

seedlings

Enhance chlorophyll 

content

Auxin trigger the chlorophyll 

related enzymes

[54]

Azospirillum 

brasilense

Arabidopsis 

sp.

Increased the 

expression of 

TARGET OF 

RAPAMYCIN (TOR) 

in shoot and root 

apexes and induce 

phosphorylation

Auxin + TOR signaling [55]

Pseudomonas putida

Pseudomonas 

fluorescens

Arabidopsis 

sp.

Increased shoot and 

root biomass, lateral 

roots number per 

plant, and root hair 

formation but no 

effect on primary root 

length

Induction of auxin signaling [47]

Bacillus toyonensis 

strain Bt04

Maize roots Enhanced root 

development and 

reduced lipid 

peroxidation

Induction of auxin signaling [56]

Table 1. 
Various signaling interactions of IAA.
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root growth and root hair formation. In Arabidopsis sp. greater number of lateral 
roots have been found in the presence of high auxin-producing Phyllobacterium 
brassicacearum, however, no effect on primary root was present. Higher levels of 
auxins trigger lateral root formation and initiate root hair formations. However, 
if the auxin concentrations in plant root do not reach optimum levels even after 
uptake of bacterial IAA, root growth remains unaffected. Low auxin-producing A. 
brasilense has not shown any improvement in the root growth of its associated plants 
[47]. Recent studies have also proven the hypothesis that bacterially produced IAA 
contributes toward phenotypic changes in the root architecture of treated plants 
(Figure 3) (Table 1) [48–50].

4. Conclusions

Auxin is a key phytohormone controlling the whole physiology of plants by 
interacting and regulating other phytohormones as well. Besides plants, various 
rhizobacteria have the ability to produce auxins. Various auxin biosynthetic path-
ways act simultaneously to regulate auxin formation. These pathways in plants and 
bacteria are highly similar, however, the tryptophan side chain oxidase pathway is 
the mechanism found only in bacteria. The main precursor for auxin synthesis is 
tryptophan, however, tryptophan-independent routes are also present but these 
routes are not well described and need to be studied. Auxin besides controlling 
plant growth and development, also affects various regulatory processes in bacteria 
as well, making inter and intrakingdom cross-signaling interactions. In bacteria, 
auxin primarily supports bacterial survival by strengthening their stress toler-
ance mechanism and also enhancing colonizing ability. This also helps in bacterial 
rhizospheric competence making them more adaptive to the environment. As an 
interkingdom signaling molecule, auxins interact with various plant signaling 
mechanisms and coordinate various plant growth processes. Auxins directly affect 
plant root architecture helping plants for enhanced nutrient and water uptake 
even under various stress conditions. Plants under optimum auxin levels showed 
enhanced and prolonged root systems but higher levels of auxin do not increase root 
length instead initiate the formation of lateral roots and root hair. However, very 
low auxin levels do not show any effect on root growth. Thus, auxins exert a signifi-
cant impact (either directly or indirectly) on the healthy development and growth 
of the plants in a coordinated manner.
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