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Abstract 

Aims 

The aim of this research was to analyze the global IAA metabolism in three commercially used 

strains of A. brasilense.  

Methods and Results 

A. brasilense Sp245, Az39 and Cd, containing a plasmid with the ipdC-gusA fusion (pFAJ64), 

were cultured in minimal medium MMAB with or without 10 mg.l-1 of L-trp till exponential or 

stationary growth phase. The cultures were then split into 10 ml tubes and individually treated 

with 10 mg.ml-1 IAA, IBA or NAA (auxin catabolism and homeostasis); IAPhe, IALeu, IAA-ala, 

IAA-glucose (IAA conjugate hydrolysis); or L-lys, L-leu, L-ileu, L-phe, L-ala, L-val, L-arg, L-

glu, L-his, L-met, L-asp, L-cys, L-ser, L-pro, L-thr and L-trp (regulation of IAA biosynthesis and 
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IAA conjugation). Bacterial growth, IAA production and ipdC expression were evaluated. None 

of the A. brasilense strains were able to hydrolyze IAA conjugates, catabolize auxins, or 

conjugate IAA with amino acids or glucose. L-amino acids L-met, L-val, L-cys and L-ser 

inhibited bacterial growth and decreased IAA biosynthesis. The expression of ipdC and IAA 

biosynthesis but not bacterial growth were affected by L-leu, L-phe, L-ala, L-ile, L-pro. L-arg, L-

glu, L-his, L-lys, L-asp and L-thr did not affect any of the measured parameters.  

Conclusions 

In this paper we confirmed that A. brasilense produces IAA only in presence of L-trp, is not able 

to degrade auxins, conjugate IAA with sugars and/or L-amino acids, or hydrolyze such conjugates 

to release free IAA. Finally, we found that bacterial growth and/or IAA biosynthesis were 

inhibited by the presence of several L-amino acids probably by diversion of the cellular 

metabolism. 

Significance and Impact of Study 

We propose a renewed model to explain IAA metabolism in A. brasilense, one of the most 

studied phytostimulatory bacteria. 

 

Keywords: Azospirillum brasilense, indole-3-acetic acid, auxins, metabolism, catabolism, 

homeostasis, hydrolysis, conjugation, L-amino acids. 

 

Journal keywords: Mechanism of action, metabolism, microbial physiology, probiotics, 

agriculture 

 

Introduction 

Azospirillum spp. are able to colonize more than one hundred plant species and significantly improve 

the growth, development and performance of numerous species of agronomic interest around the 

world (Cassán and Diaz Zorita, 2016; Bashan and de Bashan 2010). One of the main proposed 
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mechanisms how Azospirillum sp. promotes plant growth in inoculated plants is related to its ability to 

produce and metabolize several phytohormones and other plant-growth regulating molecules (Tien et al. 

1979; Cassán et al. 2014). Indeed, Azospirillum spp. have been shown to produce the five major 

plant hormones: auxins (Crozier et al. 1988), cytokinins (Horemans et al. 1986), gibberellins 

(Bottini et al. 1989), abscisic acid (Kolb and Martin, 1985) and ethylene (Strzelczyk et al. 1994). 

Nevertheless, the observed plant responses to inoculation have been attributed mainly to the 

activity of indole-3-acetic acid (IAA) (Okon and Vanderleyden, 1997). Biochemical and genetic 

analyses revealed the presence of at least four different IAA biosynthesis pathways in 

Azospirillum: IPyA (indole-3-pyruvate), IAM (indole acetamide), and TAM (tryptamine), known 

as the tryptophan-dependent pathways (Cassán et al. 2014) and a putative tryptophan-independent 

pathway (Prinsen et al. 1993). The IPyA pathway is considered the most important pathway for 

IAA biosynthesis in Azospirillum sp. and the key enzyme of this pathway is the IPyA 

decarboxylase, encoded by the ipdC gene (Vande Broek et al. 1999 This pathway is responsible 

for the majority of the plant growth promotion effects since a knock-down mutants in the ipdC 

gene (producing significantly low level of IAA) showed variations in plant growth promotion 

capability (Dobbelaere et al., 1999). 

A significant number of reports on IAA biosynthesis in A. brasilense have been published (see 

Bashan and de Bashan, 2010 for further details), but none of them has focused on IAA 

metabolism as a whole. Particularly, there are no exhaustive studies of processes such as IAA 

conjugation with sugars or amino acids, hydrolysis of such conjugates, regulation of IAA 

biosynthesis by several molecules, or assimilative and oxidative catabolism in Azospirillum sp. 

These processes have previously been studied and reported in several IAA-producing 

rhizobacteria associated with plants such as Burkholderia phytofirmans (Zuñiga et al. 2013), 

Pseudomonas putida (Leveau and Gerards, 2008), P. savastanoi (Glass and Kosuge 1986, 1988) 

and Bradyrhizobium japonicum (Jensen et al. 1995, Torres et al. 2018, Egebo et al. 1991) for 

which the understanding of the whole IAA metabolism, besides to the IAA biosynthesis, clearly 
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allowed to establish a more detailed model. Therefore, our main objective was to analyze the 

global metabolism of IAA in three strains of A. brasilense and propose a renewed model to 

explain IAA metabolism in one of the most studied phytostimulatory bacteria around the world. 

The first strain, A. brasilense Sp245, is one of the most studied strains worldwide and is 

considered a type strain for this species. It was isolated from surface-sterilized wheat (Triticum 

aestivum L.) roots in the Paraná state in south Brazil (Baldani et al. 1986), and it was one of the 

most promising strains for wheat inoculation in Brazil during the 1980s. A. brasilense Az39, on 

the other hand, was isolated in 1982 from surface-sterilized wheat seedlings in Marcos Juárez 

(Córdoba, Argentina) and selected for inoculant formulation based on its ability to increase crop 

yield in corn and wheat under agronomic conditions. Finally, A. brasilense Cd is a spontaneous 

mutant obtained from Sp7, which was isolated by Joana Döbereiner from Pangola grass 

(Digitaria decumbens) plants in Rio de Janeiro, Brazil (Döbereiner and Day, 1976), and proposed 

as the type strain for the species (Tarrand et al. 1978). The capacity of A. brasilense Cd to 

produce IAA under in vitro conditions was previously reported (Omay et al. 1993). 

 

Materials and Methods 

Strains and plasmids 

The strains and plasmids used in this study are listed in Table 1. A. brasilense was routinely 

maintained on L-malate minimal medium (MMAB) (Vanstockem et al. 1987). For the genetically 

modified strains (pFAJ64), the antibiotic tetracycline (Tc) was added to a final concentration of 

10 µg.ml-1 in the MMAB. 

 

Conjugation of A. brasilense Cd with pFAJ64 

To study the expression of the ipdC gene, we used A. brasilense Sp245 (pFAJ64) (Vande Broek 

et al. 1999) and A. brasilense Az39 (pFAJ64) (Molina et al. in press) and transferred the strain A. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

brasilense Cd with the plasmid pFAJ64 containing an ipdC-gusA fusion by tri-parental 

conjugation (Vanstockem et al. 1987). 

 

Metabolism of indole-3 acetic acid  

Assimilative and non-assimilative catabolism of IAA 

Assimilative catabolism  

The ability to use IAA as the sole carbon source in a chemically defined culture medium was 

analyzed in A. brasilense. Pure cultures of A. brasilense Sp245, Az39 and Cd (pFAJ64) were pre-

incubated at 30°C, with 200 rpm orbital shaking, in 250 ml flasks containing 100 ml MMAB 

minimal medium without addition of L-Trp. After the cultures reached OD595≈1.0, corresponding 

to exponential growth phase, cells were centrifuged, washed and re-suspended in fresh MMAB 

medium without L-malic acid and NH4Cl and modified by the addition of 0.1 or 0.5 mmol.l-1 

IAA, as the sole carbon and nitrogen sources (MMAB-IAA), to obtain a final OD595 0.8. The 

cultures were incubated for 48 hours at 30˚C with 200 rpm shaking, to evaluate how IAA 

concentration decreased due to assimilative bacterial catabolism. Biomass production (OD595), 

cellular viability (CFU.ml-1), IAA concentration (µg.ml-1) and ipdC gene expression (Miller 

Units) were measured. A negative control treatment was prepared using MMAB supplemented 

with 0.1 mmol.l-1 IAA.  

 

Non-assimilative (oxidative) catabolism 

The ability to oxidize IAA in a chemically defined medium was analyzed in A. brasilense.  Pure 

cultures were obtained as described above (section “Assimilative catabolism”) in MMAB 

medium without L-Trp as a precursor. After the cultures reached OD595≈0.8, they were modified 

by the addition of 0.1 or 0.5 mmol.l-1 IAA and incubated for 48 hours at 30˚C with 200 rpm 

shaking. At the end of the experiment, biomass production (OD595), cellular viability (CFU.ml-1), 

IAA concentration (µg.ml-1) and ipdC gene expression (Miller Units) were measured. A negative 
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control treatment was prepared using MMAB supplemented with 0.1 mmol.l-1 IAA. The cultures 

were kept at 30˚C in the dark for three months and IAA concentration was measured periodically. 

 

Homeostasis of IAA and auxins 

We evaluated whether the presence of exogenous auxins, both natural or synthetic, interferes with 

bacterial growth and the ability to synthesize IAA. A. brasilense Sp245, Az39 and Cd (pFAJ64) 

were cultured at 30°C with 200 rpm shaking, in individual 250 ml flasks containing 100 ml 

MMAB with or without addition of 0.1 mg.ml-1 L-Trp. When the cultures reached OD595 0.8-1.0, 

corresponding to exponential growth phase, they were split into 5 ml aliquots, placed in sterile 10 

ml tubes, and exposed to 0.1 mmol.l-1 IAA and indole-3-butyric acid (IBA) as natural auxins, and 

naphthalene acetic acid (NAA) as a synthetic one. The cultures were incubated at 30°C with 200 

rpm shaking for 4 hours. An MMAB culture without exposure to auxins was used as control 

treatment. The following parameters were evaluated: biomass production (OD595), IAA 

concentration (µg.ml-1) and ipdC gene expression (Miller Units). 

 

IAA biosynthesis by A. brasilense and its regulation by L-amino acids 

We analyzed the capacity of L-amino acids to interfere with growth and/or IAA biosynthesis in A. 

brasilense. Strains Sp245, Az39 and Cd (pFAJ64) were cultured at 30°C, with 200 rpm shaking, 

in individual 250 ml flasks containing 100 ml MMAB with or without addition of 0.1 mg.ml-1 L-

Trp. When the cultures reached OD595 0.8-1.0, they were split into 5 ml portions, placed in sterile 

10 ml tubes, and treated with a 0.1 mg.ml-1 aliquot of an L-amino acid solution. Sixteen amino 

acids, a hydrolysed protein source (containing free amino acids) and a sterile water control 

treatment were evaluated: L-arginine (L-arg), L-gluthamine (L-glu), L-histidine (L-his), L-leucine 

(L-leu), L-lysine (L-lys), L-methionine (L-met), L-valine (L-val), L-phenylalanine (L-phe), L-

alanine (L-ala), L-aspartate (L-asp), L-isoleucine (L-ile), L-cysteine (L-cys), L-proline (L-pro), L-

serine (L-ser), L-threonine (L-thr), L-tryptophan (L-trp) and TSB (Trypticase soybean broth). 
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After exposure, tubes were incubated at 30°C with 200 rpm shaking for 4 hours, and the 

following parameters were evaluated: biomass production (OD595), IAA concentration (µg.ml-1) 

and ipdC gene expression (Miller Units). Some complementary experiments were carried out in 

order to improve understanding of this biological model, but they are not described in this paper 

because none of the results were unexpected.  

 

Biosynthesis of IAA conjugates 

We analyzed the capacity of A. brasilense to synthetize IAA conjugates with amino acids (IAA-

amides) or D-glucose (esters) in a chemically defined culture medium. A. brasilense  Sp245, 

Az39 and Cd (pFAJ64) were cultured at 30°C with 200 rpm shaking, in individual 250 ml flasks 

containing 100 ml MMAB with or without addition of 0.1 mg.ml-1 L-Trp. When the cultures 

reached OD595 0.8-1.0, they were split into 5 ml portions, placed in sterile 10 ml tubes, and treated 

with an aliquot of a solution containing 0.1 mmol.l-1 IAA and 0.1 mg.ml-1 of an individual L-

amino acid (L-glu, L-leu, L-phe, L-ala and L-asp) or D-glucose. An MMAB culture without the 

addition of L-amino acids or D-glucose, and an MMAB culture with the addition of IAA were 

used as controls. The tubes were incubated at 30°C with 200 rpm shaking until reaching 

stationary phase, OD595: 1.4. Then, biomass production (OD595) was measured and IAA or IAA-

conjugate concentration (µg.ml-1) was quantified by HPLC. 

 

Hydrolysis of IAA-amides and IAA-ester  

We analyzed the capacity of A. brasilense to hydrolyze IAA conjugates in a chemically defined 

medium MMAB. A. brasilense  Sp245, Az39 and Cd (pFAJ64) were cultured at 30°C with 200 

rpm shaking, in individual 50 ml flasks containing 10 ml MMAB, until they reached OD595 0.8-

1.0, corresponding to exponential growth phase. Afterwards, they were treated with solutions of 

0.1 mmol.l-1 IAPhe, 0.1 mmol.l-1 IALeu or 0.1 mmol.l-1 IAAla (IAA-amides) (Sigma-Aldrich, 

USA) and 0.1 mmol.l-1 IAA-glucose (IAA-ester) (Olchemin, Checz Republic). An MMAB 
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culture without the addition of IAA-conjugates was used as control. The flasks were incubated at 

30°C with 200 rpm shaking until they reached stationary phase, OD595: 1.4. Then, biomass 

production (OD595) was measured and IAA concentration (µg.ml-1) was quantified by HPLC.  

 

Bacterial growth and auxin related methodologies  

ipdC gene expression 

We measured ipdC gene expression in A. brasilense growing in a minimal medium modified by 

the addition of IAA precursors, natural and synthetic auxins, IAA conjugates or L-amino acids. 

The chosen method was quantitative analysis of β-glucuronidase activity in microtiter plates, 

using GusA extraction buffer and p-nitrophenyl-β-D-glucuronide as substrate (Jefferson, 1987). 

Activity is expressed in Miller units (Miller, 1972) and represents the mean of three 

measurements and three biological replicates. 

 

Quantification of auxins 

The bacterial cultures were centrifuged at 13,500 g for 10 min to collect the supernatant. 

Identification and quantification of IAA, IBA, NAA and IAA-conjugates (IAAla, IAAsp, IALeu, 

IAPhe and IAA-glu) was conducted by reverse-phase high pressure liquid chromatography 

(HPLC) (Jensen et al. 1995). Briefly, an Aligent 1200 Series HPLC system with Quaternary 

Pump, which features an Aligent Eclipse XDB-C18 column (4.6 mm diameter, 150.0 mm length 

and 5.0 μm particle size), was used at a flow rate of 1 ml.min−1. Elution was performed with a 

mixture of H2O and MeOH (60:40) containing 0.5 % acetic acid, and monitored at 280 nm. 

 

Statistical Analysis 

Experimental data were analyzed by ANOVA, followed by Tukey’s post hoc test at p< 0.05 using 

GraphPad Prism 5.0 software (GraphPad, USA). Treatments were performed in triplicate from 

three independent experiments. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Results 

This section summarizes the most representative results from the evaluation of IAA metabolism 

and homeostasis in three of the most agriculturally used and widely studied strains of A. 

brasilense. We analyzed bacterial biosynthesis and catabolism of IAA and other auxins, their 

conjugation with L-amino acids or glucose and their hydrolysis under environmentally controlled 

conditions.  

 

IAA biosynthesis  

The experiments were performed to compare the capacity of each of these bacteria to grow and 

produce IAA under environmentally controlled conditions, using MMAB medium with or 

without addition of L-tryptophan (L-trp) as a precursor. Results are summarized in Table 2. 

Under the same experimental conditions, there were no significant differences (P<0.05) between 

A. brasilense Az39 and Sp45 at the level of cellular viability (CFU.ml-1) and biomass production 

(OD595). For its part, the Cd strain showed a 9.2% increase in the production of biomass in 

comparison with Sp245 at the same period of evaluation, but this phenomenon was not correlated 

with a difference in the number of viable cells (CFU.ml-1), probably due to a transient increase of 

the bacterial growth. Bacterial growth parameters were not influenced by the presence or absence 

of L-trp in the culture medium, but this molecule was necessary for IAA biosynthesis in the three 

strains. A significant difference (P<0.05) was registered in the ability of strains Cd and Az39 to 

produce IAA in comparison with Sp245, in the presence of L-Trp (8.6% and 6.0%, respectively). 

IAA production was relative to bacterial growth, but it showed the same tendency for the three 

strains in terms of biomass production and viable cell number. By contrast, ipdC gene expression 

in MMAB medium with the addition of L-trp was higher in Sp245 than in Cd and Az39 strains. 

In particular, Az39 displayed the most efficient gene expression in relation with IAA 

biosynthesis. 
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Homeostasis of IAA and auxins  

We evaluated how the exogenous addition of 0.1 mmol.l-1 of a synthetic auxin (NAA) and two 

natural auxins (IAA and IBA) can affect growth of A. brasilense as well as IAA biosynthesis and 

ipdC gene expression (Table 3). The addition of 0.1 mmol.l-1 of both natural and synthetic auxins 

(IAA, IBA and NAA) to the MMAB culture medium, in presence or absence of L-trp, did not 

modify the biomass production and viable cell number (data not shown). In regard to the ipdC 

gene, its expression was induced by the presence of exogenous natural or synthetic auxins (IAA 

and NAA) independently of the addition of L-trp. For strains Sp245 and Az39, IAA was the most 

effective in increasing ipdC expression in comparison to NAA, both in the presence and in the 

absence of L-trp, but IAA accumulation in the culture medium, was only induced in the presence 

of the precursor amino acid. The addition of exogenous IBA or NAA induced neither ipdC gene 

expression nor IAA accumulation in the cultures of Sp245 and Az39 cultures, but the addition of 

NAA in the presence of L-trp induced higher ipdC gene expression and IAA accumulation in 

comparison with the addition of L-trp alone. IBA did not interfere with IAA biosynthesis in the 

presence of L-trp. In the case of the addition of exogenous IAA and L-trp, higher IAA 

accumulation was registered for Sp245 and Az39.   

 

Regulation of IAA biosynthesis in the presence of L-amino acids  

We evaluated how the addition of sixteen amino acids to the culture medium affected bacterial 

growth and IAA biosynthesis in A. brasilense. The results presented in Table 4 confirm that the 

bacterial lifestyle, in terms of growth or phytohormone production, is modified by the addition of 

certain L-amino acids. As expected, the addition of 0.1 mg.ml-1 L-trp to the culture medium 

significantly increased ipdC gene expression and IAA biosynthesis in comparison with the 

untreated control. The addition of 0.1 mg.ml-1 L-met, L-val, L-cys and L-ser significantly 

decreased bacterial growth in relation with the control MMAB treatment, in presence or absence 

of L-Trp as a precursor. For each of the three strains (Sp245, Az39 and Cd, in that order), such 
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differences were, respectively: (a) 14.3, 29.8 and 33.5% in the case of L-met, (b) 47.9, 40.8 and 

41.4% with L-val, (c) 30.5, 39.1 and 43.5% with L-cys, and (d) 12.3, 21.2 and 26.4% with L-ser. 

Growth inhibition was correlated with a decrease in IAA production and ipdC gene expression. 

The addition of 0.1 mg.ml-1 L-leu, L-ala, L-phe, L-ile, L-pro and TSB to the culture medium 

significantly decreased IAA production in comparison with the control treatment, but in the case 

of L-ile and L-pro this reduction was not correlated with a decrease in ipdC gene expression 

(Table 4). A third group of treatments, involving the addition of 0.1 mg.ml-1 L-arg, L-glu, L-his, 

L-lys, L-asp and L-thr, showed no significant differences in comparison with the control 

treatment at the level of bacterial growth, ipdC gene expression or IAA biosynthesis.  

Further experiments were performed using cultures of A. brasilense modified by the addition of 

selected L-amino acids (L-phe, L-leu, L-ala, L-asp, L-cys, L-val and L-met), in order to test their 

capacity to: (1) modify bacterial growth and then IAA biosynthesis, and (2) modify IAA 

biosynthesis. Bacterial growth and IAA biosynthesis were affected in A. brasilense Sp245, when 

cultured in MMAB medium supplemented with 0.1 mmol.l-1 IAA or 0.1 mg.ml-1 L-trp, together 

with 0.1 mg.ml-1 L-phe, L-leu, L-ala or L-asp at exponential growth phase (Figure S1C-D). The 

addition of L-amino acids L-phe, L-leu, L-ala and L-asp, with or without 0.1 mmol.l-1 IAA or 0.1 

mg.ml-1 L-trp, did not induce differences in bacterial growth in terms of biomass production. 

Likewise, when IAA production was evaluated, no differences were observed with the addition of 

any L-amino acids together with 0.1 mmol.l-1 IAA (Figure 1). The absence of indoleacetylalanine 

(IAAla), indoleacetylaspartic acid (IAAsp), indoleacetyleucine (IALeu), or indolacetyphenyl 

(IAPhe) was confirmed by HPLC. These results demonstrate that A. brasilense is unable to 

conjugate IAA with such L-amino acids in a minimal medium.  

On the other hand, the addition of L-phe, L-leu and L-ala in the presence of 0.1 mg.ml-1 L-Trp 

significantly decreased IAA biosynthesis in comparison to the control without the amino acid 

addition, whereas IAA biosynthesis was not affected by the addition of L-asp (Figure S1D). 

Similar results were obtained with A. brasilense Az39 and Cd (data not shown). IAA 
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biosynthesis, therefore, is L-trp-dependent, while ipdC gene expression might be induced by the 

addition of L-phe and Trypticase Soybean Broth (TSB) to the culture medium. These treatments, 

together with L-leu and L-ala, reduced bacterial production of IAA. In the case of the last two L-

amino acids, ipdC gene expression decreased alongside IAA production, while L-pro and L-Ile 

were able to reduce IAA production without affecting ipdC gene expression. Biomass production 

in A. brasilense was reduced by the presence of L-cys, L-val, L-met and L-ser, and as a 

consequence  IAA biosynthesis was affected. 

When the L-amino acids L-cys, L-val and L-met were applied to the MMAB culture medium 

simultaneously with 0.1 mmol.l-1 IAA or 0.1 mg.ml-1 L-Trp, a significant decrease was observed 

in bacterial growth, while the presence of L-asp had no effect on the growth (Figure S1A). 

Regarding IAA biosynthesis, the addition of L-cys, L-val and L-met together with exogenous 

IAA did not alter IAA concentration in relation with the Sp245 control or L-asp treatment. 

However, in the presence of 0.1 mg.ml-1 L-Trp as a precursor, IAA biosynthesis significantly 

decreased with the addition of L-cys, L-val and L-met, but not with L-asp (Figure S1B). Similar 

results were obtained with A. brasilense Az39 and Cd (data not shown). Figure 1 shows how 

bacterial growth, ipdC gene expression and IAA biosynthesis were affected in A. brasilense 

Sp245, when it was cultured in MMAB medium modified by the addition of 0.1 mg.ml-1 L-Trp 

together with 0.1 mg.ml-1 of L-leu, L-ala, L-phe, L-cys, L-val, L-asp or L-glu. According to these 

results, and those shown in Table 4, only L-cys and L-val affected bacterial growth and 

consequently ipdC gene expression and IAA biosynthesis. The addition of other L-amino acids, 

L-leu, L-ala, L-phe, L-asp and L-glu, did not induce differences in bacterial growth in comparison 

with the untreated control. Furthermore, L-leu, L-ala, L-phe, L-cys and L-val significantly 

decreased ipdC gene expression and IAA biosynthesis, while L-phe decreased IAA concentration 

but increased ipdC gene expression. Similar results were obtained with A. brasilense Az39 and 

Cd (data not shown). Thus, our general model involves three potential responses from A. 

brasilense to the presence of L-amino acids: (1) L-amino acids regulate bacterial growth, (2) L-
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amino acids regulate IAA biosynthesis or ipdC gene expression, or (3) L-amino acids regulate 

IAA biosynthesis or ipdC gene expression in a growth-dependent way. 

 

Assimilative and oxidative catabolism  

Table S1 summarizes the growth of the three A. brasilense strains in MMAB medium modified 

by the addition of IAA as the sole carbon source. None of the A. brasilense strains were able to 

grow in MMAB modified by the addition of 0.1 mmol.l-1 and 0.5 mmol.l-1 IAA as the sole carbon 

source (MMAB-IAA). In the same way, when A. brasilense was cultured in MMAB medium 

without L-trp, but modified by the addition of 0.1 mmol.l-1 and 0.5 mmol.l-1 IAA, the bacterium 

was unable to catabolize exogenous IAA after 48 hours culture and at stationary growth phase, 

after 90 days of evaluation (data not shown). 

 

Evaluation of IAA-conjugate hydrolysis Bacterial hydrolysis of IAA conjugates and glucose 

was evaluated with the addition of IAA-amides and IAA-ester to pure MMAB cultures of A. 

brasilense. Our results registered no significant increase in IAA concentration or bacterial growth 

with the addition of solutions of 0.1 mmol.l-1 IAPhe, IALeu and IAAla and IAA-glucose (data not 

shown).  

In summary, none of the three strains of A. brasilense were able to hydrolyze IAA conjugates or 

catabolize natural or synthetic auxins, nor could they conjugate IAA with L-amino acids or D-

glucose.  

 

Discussion 

Bacteria require the presence of the L-amino acid tryptophan as a precursor to synthesize 

significant amounts of IAA (Glick, 1995). In the case of the phytostimulatory bacterium A. 

brasilense Sp245, IAA production increases together with bacterial growth, with a maximum 

accumulation at the stationary growth phase (Prinsen et al. 1993). The increase in IAA 
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biosynthesis is preceded by an enhancement of ipdC gene expression (Vande Broek et al. 1999). 

In our experiments, bacterial growth was not influenced by the presence L-trp in the culture 

medium, but the amino acid was absolutely necessary for IAA biosynthesis in two of the most 

agriculturally used strains of A. brasilense worldwide, besides Sp245. Strains Cd and Az39 of A. 

brasilense produced more IAA than Sp245 in the presence of L-trp. However, ipdC gene 

expression was higher for Sp245. In summary, the Az39 strain was more efficient than Cd and 

Sp245 in producing IAA with lower levels of ipdC gene expression, under similar experimental 

conditions.  

In relation to IAA homeostasis in A. brasilense, previous reports have shown that ipdC gene 

expression is induced when the culture medium is supplemented with exogenous IAA and/or 

other auxins, such as NAA and PAA (Vande Broek et al. 1999, Somers et al. 2005). In our study, 

the addition of exogenous natural (IAA) or synthetic (NAA) auxins increased expression of the 

ipdC gene in presence or absence of L-trp in the culture medium. The addition of exogenous IBA 

was not able to increase neither ipdC gene expression nor IAA biosynthesis in the three strains 

probably due to the absence of catalytic enzymes from the conversion of IBA into IAA.  

The three studied A. brasilense strains showed a significant decrease in bacterial growth and/or 

IAA biosynthesis with the addition of several L-amino acids to the culture medium. Other authors 

reported the influence of various amino acids on bacterial growth and  other plant-growth 

promoting traits, such as the regulation of nitrogen fixation in Azospirillum sp. (Hartmann et al. 

1988). In our experiments, the response of A. brasilense towards amino acids could be divided 

into three categories. A first group including L-met, L-val, L-cys and L-ser significantly decrease 

bacterial growth, in association with a decrease in IAA production and ipdC gene expression. A 

second group comprising L-leu, L-ala and L-ile and L-pro produced no changes at the level of the 

bacterial growth, but they significantly decreased IAA biosynthesis. In the particular case of L-ile 

and L-pro, the reduction was not correlated with a decrease in ipdC gene expression. A third 

group of amino acids, including L-arg, L-glu, L-his, L-lys, L-asp and L-thr, did not significantly 
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alter bacterial growth, ipdC gene expression or IAA biosynthesis. Finally, considering the rest of 

the amino acids evaluated, the presence of L-phe in the culture medium was correlated with a 

reduction in IAA biosynthesis and an increase in ipdC gene expression. This phenomenon could 

be linked to the capacity of A. brasilense to use L-phe for the synthesis of another related 

molecule via the IPyA pathway, phenyl-acetic acid (PAA). PAA is an auxin-like compound that 

depends on the presence of L-phe and ipdC gene expression in A. brasilense is also upregulated 

by PAA (Somers et al. 2005), fully explaining our observations. The effects of amino acids on 

bacterial auxin biosynthesis has not been studied in detail, while the effect on bacterial growth 

has been reported. For Azospirillum sp., it has been demonstrated that A. lipoferum and A. 

amazonense assimilate amino acids more readily than A. brasilense (Hartmann and Burris, 1988). 

Observed effects also vary between members of the same species as demonstrated for different 

sets of amino acids for the Bacillus genus (Conner and Hansen, 1967; Singer and Rogoff, 1968). 

In Escherichia coli BL21, L-lys and L-phe (out of eight tested amino acids) have negative effects 

on motility and biofilm formation (Goh et al. 2013). In P. aeruginosa ATCC27853, the addition 

of L-trp and L-tyr inhibited biofilm formation, while L-met and L-leu did not (Brandenburg et al. 

2013).  

The production of IAA conjugates has been reported for P. savastanoi pv. savastanoi. The gene 

responsible for the conjugation process is located on the pIAA1 plasmid, and encodes for an IAA-

lysine synthetase (iaaL gene) responsible for the conjugation to L-lys (Glass and Kosuge 1986, 

1988). Hydrolase activity for auxin conjugatues have been detected in Arthrobacter and 

Cellulomonas (Chou et al. 1996, 1998, 2005). Previously, it has been shown that Enterobacter 

agglomerans has an IAAsp hydrolase inducible by N-acetyl-L-aspartate, which suggests that N- 

acetyl-L-amino acids may be the inducers for IAA-amino acid hydrolases in bacteria (Chou et al. 

1996). An analysis of the A. brasilense Az39 genome sequence showed that iaaL or some closely 

related homologue is absent in the sequence (Rivera et al. 2014). Based on the outcome of our 

HPLC analysis, A. brasilense is not able to produce IAA-amides or IAA-esters. Furthermore, the 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

capacity of this bacterium to hydrolyze such conjugates in vitro was not corroborated using the 

same methodology. These results are consistent with those reported by Glass and Kosuge (1988).   

The three A. brasilense strains were not able to catabolize IAA in an assimilative or non-

assimilative way. No studies have reported the ability of the Azospirillum genus to catabolize 

IAA, although other microorganisms such as B. japonicum are able to degrade IAA in an oxygen-

dependent manner (Jensen et al. 1995; Torres et al. 2018; Egebo et al. 1991). IAA degradation in 

B. phytofirmans PsJN plays an important role in promoting plant growth and might affect 

efficient colonization in the rhizosphere (Zuñiga et al. 2013). In P. putida, the iac genes for IAA 

catabolism have been identified (Leveau and Gerards, 2008). Analysis of the genome sequences 

of A. brasilense Az39, CBG497 and Sp245 could not reveal the presence of iac gene sequences, 

while genes similar to the iac genes could be identified in A. lipoferum 4B and Azospirillum sp. 

B510 (Rivera et al. 2014; Wisniewski-Dyé et al. 2012). 

Finally, we propose a simplified model to explain IAA metabolism in the phytostimulatory 

bacterium A. brasilense (Figure 2), focusing on IAA biosynthesis and its negative regulation by 

the presence of several amino acids. In our experiments we did not find any evidence for non-

assimilative or assimilative catabolism of IAA, for its conjugation with L-amino acids or glucose 

or for hydrolysis of IAA conjugates. In relation to Trp-dependent biosynthesis, we propose: (1) 

IAA biosynthesis is dependent on the presence of L-trp in the culture medium, (2) IAA 

biosynthesis and ipdC gene expression are induced by exogenous addition of L-trp and IAA, 

although in maximum concentrations (in our conditions, >40 µg.ml-1 IAA) IAA biosynthesis and 

ipdC gene activity are reduced, (3) IAA biosynthesis or ipdC expression are not modified by the 

addition of 0.1 mmol.l-1 IBA or NAA in the absence of L-trp, but IBA increases both parameters 

in the presence of the precursor, (4) L-phe increases ipdC gene expression while IAA 

biosynthesis is decreased probably due to competition between the substrates phenylpyruvate and 

IPyA for the ipdC gene product, and (5) IAA biosynthesis and/or bacterial growth are reduced by 

the addition of several L-amino acids. The exact mechanism behind this reduction is not studied, 
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but we hypothesize that the cellular metabolism is diverted towards the assimilation of the 

supplemented amino acids resulting in less energy and IAA production (L-trp is the most costly 

amino acid). 
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Figure legends 

Figure 1: Bacterial growth (withe), IAA biosynthesis (black) and ipdC gene expression (grey) for 

A.brasilense Sp245 (pFAJ64) in MMAB medium modified by the addition of 0.1 mg.ml-1 L-Trp 

with the simultaneous addition of L-leucine (L-leu), L-alanine (L-ala), L-phenylalanine (L-phe), L-

cysteine (L-cys), L-valine (L-val), L-aspartate (L-asp) or L-glutamate (L-glu). Cultures were started 

at early exponential growth phase (OD595≈0.4) and incubated for 8 hours at 30˚C with 200 rpm 

shaking. Similar results were obtained with Az39 and Cd strains, and also with Sp245 4 hours after 

induction at 30˚C with 200 rpm shaking (data not shown). Columns denoted by a different letter 

differs significantly by Tukey post hoc test at p< 0.05. 
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Figure 2: Biological model of IAA metabolism and homeostasis proposed for A. brasilense. We 

confirmed Trp-dependent IAA biosynthesis in a chemically defined medium (A) We did not find 

evidence for IAA catabolism, conjugation of IAA with amino acids or glucose and/or hydrolysis of 

IAA-amides to free IAA and amino-acids (x). IAA biosynthesis and ipdC gene expression were 

induced by presence of IAA and L-trp in the culture medium, but addition of >40 µg.ml-1 

exogenous IAA to the culture medium decreased both ipdC gene expression and IAA biosynthesis. 

The addition of L-amino acids different to L-trp to the culture medium inhibited IAA biosynthesis 

(B) by regulating ipdC activity or bacterial growth (D). Even though L-phe increases ipdC gene 

expression, IAA biosynthesis decreased in the presence of this amino acid (C). 

 

Table Headers 

Table 1: Bacterial strains and plasmid 

 

Table 2:  Bacterial growth, ipdC expression and IAA biosynthesis for A.brasilense Sp245 

(pFAJ64), Az39 (pFAJ64) and Cd (pFAJ64) in MMAB medium with or without the addition of 

the precursor L-Trp, incubated at 30˚C with 200 rpm shaking. IAA and ipdC measurement were 

evaluated at OD595 1.2, corresponding to stationary growth phase, for three strains. 

 

Table 3: Bacterial growth, ipdC gene expression and IAA biosynthesis for A.brasilense Sp245 

(pFAJ64), Az39 (pFAJ64) and Cd (pFAJ64) in MMAB medium modified by the addition of 

exogenous 0.1 of mmol.l-1 IAA, IBA and NAA with or without addition of precursor L-Trp. 

Treatments were started at exponential growth phase (OD595 0-8-1.0) and incubated for 4 hours at 

30˚C with 200 rpm shaking  
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Table 4. Bacterial growth, ipdC gene expression and IAA biosynthesis for A. brasilense Sp245 

(pFAJ64), Az39 (pFAJ64) and Cd (pFAJ64) in MMAB medium modified by the addition of 0.1 

mg.ml-1 of several L-amino acids together with 0.1 mg.ml-1 L-Trp. Treatments were started at 

exponential growth phase (OD595 0-8-1.0) and incubated for 4 hours at 30˚C with 200 rpm 

shaking.  

 

Supplementary Material 

Figure S1: Bacterial growth (white bars) and IAA concentration (black bars) for A. brasilense 

Sp245 (pFAJ64) in MMAB medium modified by the addition of 0.1 mmol.l-1 IAA or 0.1 mg.ml-1 

L-trp, with the simultaneous addition of 0.1 mg.ml-1 L-phenylalanine (L-phe), L-leucine (L-leu), L-

alanine (L-ala) or L-aspartic acid (L-asp) (C and D) or L-cysteine (L-cys), L-valine (L-val), L-

methionine (L-met) or L-aspartic acid (L-asp) (A and B). Cultures were started at exponential 

growth phase (OD595≈0.8) and incubated for 4 hours at 30˚C with 200 rpm shaking. (*) No IAA-

amides were identified in cultures modified with L-amino acids. Similar results were obtained with 

Az39 and Cd strains (data not shown). Bars denoted by a different letter differs significantly by 

Tukey post hoc test at p< 0.05. 

 

Table S1: Bacterial growth and IAA concentration of A. brasilense Sp245 (pFAJ64), Az39 (pFAJ64) 

and Cd (pFAJ64) growing in MMAB without L-trp, modified by the addition of 0.1 mmol.l-1 and 0.5 

mmol.l-1 IAA as a sole source of C and N (MMAB-IAA), to evaluate assimilative catabolism (*) For 

this, bacteria were grown in MMAB until reaching exponential growth phase, Then the cultures were 

centrifuged, washed and diluted in MMAB-IAA medium to obtain a final OD595 0.8. The cultures 

were incubated for 48 hours at 30˚C with 200 rpm shaking (**) to evaluate the decrease in IAA 

concentration due to bacterial assimilation. Similar treatments were developed in MMAB medium, 

without L-trp and modified by the addition of 0.1 mmol.l-1 and 0.5 mmol.l-1 IAA, to evaluate 

oxidative catabolism (data not shown).  
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Table 1 

Strain or plasmid Relevant characteristics Reference or source 

bacterial strains   

Azospirillum brasilense Sp245 
wild-type strain, isolated from surface sterilized 

wheat roots, Brazil 
Baldani et al. (1986) 

Azospirillum brasilense Sp245 (pFAJ64) Tcr, pLAFR3 containing ipdC-gusA translational fusion Vande Broek et al. 1999(2) 

Azospirillum brasilense Az39 
wild-type strain Isolated of wheat roots and used for 

inoculants formulation, Argentina 
WDCM31(1) 

Azospirillum brasilense Az39 (pFAJ64) Tcr, pLAFR3 containing ipdC-gusA translational fusion Molina et al. (in press) 

Azospirillum brasilense Cd wild-type strain isolated from Cynodon dactylon, Brazil Eskew et al. (1977) 

Azospirillum brasilense Cd (pFAJ64) Tcr, pLAFR3 containing ipdC-gusA translational fusion This study 

plasmid   

pFAJ64 Tcr, ipdC-gusA translational fusion Vande Broek et al. (1999) 

(1) Instituto de Microbiología y Zoología Agrícola. Castelar. Argentina. 

(2) Center of Microbiology and Plant Genetic. Katholieke Univesiteit Leuven, Belgium 
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 Table 2 

 
 A. brasilense Sp245  

(pFAJ64) 

A. brasilense Az39 

(pFAJ64) 

 A. brasilense Cd 

(pFAJ64) 

Culture 

medium 
MMAB MMAB+L-Trp MMAB MMAB+L-Trp MMAB MMAB+L-Trp 

Optical density  

OD595 
1.398±0.027a 1.402±0.041a 1.445±0.023ab 1.453±0.012ab 1.501±0.044b 1.524±0.037b 

Cell number 

log10 cfu.ml
-1

 
9.30±0.12a 9.29±0.08a 9.29±0.09a 9.33±0.07a 9.33±0.11a 9.35±0.12a 

IAA 

concentration 

μg.ml
-1

 

* 5.73±0.22a * 6.09 ± 0.07b * 6.27 ± 0.14bc 

Relative IAA  

μg.ml
-1

/log10 cfu 
* 0.61 * 0.65 * 0.67 

Relative IAA  

μg.ml
-1

/OD595 

units 

* 4.09 * 4.19 * 4.38 

ipdC expression 

Miller Units 
* 288.44 ± 4.77c * 249.17 ± 7.27a * 263.39 ± 2.62b 

ipdC expression 

efficiency 
* 1.98 * 2.44 * 2.38 

(*):IAA not identified  
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Table 3  

 

 
A. brasilense Sp245 

(pFAJ64) 

A. brasilense Az39 

(pFAJ64) 

A. brasilense Cd 

(pFAJ64) 

 
Optical 

density 

IAA  
ipdC gene 

expression 

Optical 

density 

IAA  
ipdC gene 

expression 

Optical 

density 

IAA  
ipdC gene 

expression 

MMAB 1.31±0.07a * * 1.34±0.08a * * 1.38±0.10a * * 

+ L-Trp 1.38±0.10a 8.23±0.17a 243.21±9.87c 1.43±0.08a 9.01 ± 0.24a 236.12±4.11c 1.45±0.06a 8.87 ± 0.14a 239.74±8.03a 

+ IAA
 

1.27±0.03a 15.13±0.22c 194.33±6.25b 1.29±0.06a 14.98±0.14c 198.12±5.43b 1.32±0.05a 15.24±0.09b 201.78±4.06 

+IAA +L-Trp 1.25±0.15a 22.45±0.36d 289.64±7.94e 1.24±0.21a 24.98±0.57d 281.19±10.8f 1.31±0.09a 27.81±0.74c 277.13±12.6b 

+ IBA 1.33±0.09a * * 1.31±0.08a * * ** ** ** 

+IBA +L-Trp 1.30±0.11a 8.78±0.45a 237.93±4.60c 1.38±0.14a 9.13±0.65a 240.79±4.11c ** ** ** 

+ NAA 1.28±0.11a * 132.17±5.67a 1.36±0.09a * 129.75±6.41a  ** ** ** 

+NAA +L-Trp 1.24±0.12a 10.45±0.22b 266.20±11.4d 1.41±0.10a 11.38±1.04b 254.19±10.3e ** ** ** 

Units: Optical density (OD595); cells viability (cfu.ml-1); IAA concentration (µg.ml-1); ipdC gene expression (Miller Units) 

(*) not detected  

(**) not evaluated for the strain 
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Table 4.  

 

A. brasilense Sp245 

(pFAJ64) 

A. brasilense Az39 

(pFAJ64) 

A. brasilense Cd 

(pFAJ64) 

 
Optical 

density 

IAA  
ipdC gene 

expression 

Optical 

density 

IAA  
ipdC gene 

expression 

Optical 

density 

IAA  
ipdC gene 

expression 

MMAB 1.21±0.04c 5.21±0.12e 206.16±7.32c 1.37±0.04c 5.81±0.08e 218.16±6.65c 1.40±0.06c 6.12±0.09d 239.74±8.03d 

+L-arg 1,23±0.05c 5.34±0.13e 213.42±8.21c 1,38±0.11c 6.01±0.11e 223.42±7.32c 1,44±0.09c 6.47±0.17d 241.21±7.64d 

+L-glu
 

1,28±0.06c 5.48±0.25e 212.31±4.27c 1,39±0.07c 6.19±0.16e 220.31±6.11c 1,45±0.08c 6.60±0.20d 243.11±5.77d 

+L-his 1,29±0.07c 4.99±0.42e 208.12±9.18c 1,41±0.09c 6.03±0.10e 219.12±10.2c 1,44±0.10c 6.40±0.08d 237.65±11.8d 

+L-leu 1,23±0.09c 

3.01±0.23b 

-42.1% 

131.11±9.24a 

-36.4% 

1,40±0.10c 

2.66±0.31b 

-54.1% 

128.5±2.13a 

-41.1% 

1,48±0.11c 

2.25±0.12b 

-63.2% 

138.98±5.81d 

-42.0% 

+L-lys 1,25±0.04c 5.23±0.11e 201.98±12.1c 1,41±0.08c 5.97±0.29e 211.98±9.34c 1,46±0.07c 6.39±0.10d 233.74±10.1d 

+L-met 

1,03±0.06b 

-14.3% 

3.93±0.07d 

-24.4% 

169.05±8.24b 

-18.0% 

0,96±0.05b 

-29.8 % 

4.25±0.11d 

-26.8% 

162.3±6.18b 

-25.6% 

0,93±0.12b 

-33.5 % 

3.34±0.06c 

-45.2% 

168.26±5.55c 

-30.0% 

+L-val 

0,63±0.11a 

-47.9% 

2.16±0.10a 

-58.4% 

138.94±10.6a 

-32.6% 

0,81±0.08a 

-40.8 % 

2.75±0.22b 

-52.6% 

129.3±9.99a 

-40.7% 

0,82±0.08b 

-41.4 % 

2.03±0.07b 

-66.8% 

144.95±8.31b 

-39.3% 
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+L-phe 1,22±0.06c 

3.18±0.14b 

-38.9-% 

265.12±11.1e 

+28.6% 

1,38±0.06c 

3.28±0.12c 

-43.5% 

275.9±11.1d 

+26.2% 

1,44±0.09c 

3.66±0.10b 

-40.2% 

289.96±4.14f 

+20.9% 

+L-asp 1,28±0.09c 4.99±0.36e 209.45±11.3c 1,38±0.11c 5.93±0.12e 219.45±8.53c 1,44±0.09c 5.88±0.48d 234.00±12.5d 

+L-ala 1,26±0.09c
 

3.32±0.15c 

-36.2-% 

137.92±7.82a 

-33.1% 

1,35±0.07c
 

3.43±0.06c 

-40.8% 

123.0±3.77a 

-43.6% 

1,47±0.11c
 

3.20±0.09c 

-47.7% 

141.21±8.73b 

-41.0% 

+L-trp 1,16±0.04c
 16.05±0.99f 218.87±14.3c

 1,36±0.08c
 17.05±1.87f 222.87±10.7c

 1,45±0.07c
 19.05±1.53f 244.00±9.35d

 

+L-ile 1,18±0.06c 

3.69±0.12c 

-29.12% 

190.56±5.20c 1,36±0.12c 

4.63±0.08d 

-20.3% 

213.56±9.10c 1,47±0.08c 

4.95±0.08b 

-19.1% 

229.98±16.2d 

+L-cys 

0,84±0.15b 

-30.5% 

2.68±0.18b 

-48.5% 

132.35±6.63a 

-35.8% 

0,83±0.13a 

39.1 % 

1.99±0.22a 

-65.7% 

122.3±6.63a 

-43.9% 

0,79±0.18a 

43.5 % 

1.63±0.11a 

-73.3% 

113.17±10.8a 

-52.8% 

+L-pro 1,24±0.04c 

3.72±0.13c 

-28.44% 

199.17±9.55c 1,40±0.10c 

4.90±0.10d 

-15.5% 

218.17±10.3c 1,44±0.07c 

4.99±0.07b 

-18.4% 

224.32±15.1d 

+L-ser 

1,06±0.08b 

-12.3% 

3.94±0.08d 

-24.2% 

171.73±5.60b 

-16.7% 

1,07±0.06b 

-21.2 % 

3.31±0.21c 

-39.6% 

184.5±9.03c 

-15.4% 

1,03±0.11b 

-26.4 % 

2.47±0.09b 

-59.5% 

178.42±9.39c 

-25.5% 

+L-thr 1,21±0.05c 5.02±0.41e 202.91±7.32c 1,39±0.07c 5.96±0.23e 209.91±8.1c 1,44±0.08c 6.06±0.35d 237.86±7.22d 

+TSB 1,20±0.04c 3.05±0.31b 244.46±9.12d 1,38±0.06c 3.99±0.13c 266.7±9.12d 1,42±0.09c 3.55±0.18c 276.43±5.98e 
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-41.3% +18.5% -32.1% +22.2% -40.3% +15.3% 

+IAA 0.1 mM  1.18±0.07a 15.24±0.89f 

272.61±8.33e 

+32.2% 

1.37±0.08c 15.83±0.78f 

273.5±8.33d 

+25.3% 

1.38±0.05a 16.24±1.10e 

299.05±6.61f 

+24.7% 

 

 

Units: Optical density (OD595); cells viability (cfu.ml-1); IAA concentration (µg.ml-1); ipdC gene expression (Miller Units) 

(1) Supplemental experiment 1: MMAB-IAA was formulated by addition of 0.1mM IAA for the conjugation evaluation (data non shown).  

(2) Supplemental experiment 2: MMAB was formulated without addition of 0.1 mg.ml-1 L-Trp (data non shown)  

(3) Supplemental experiment 3: Cultures were exposed at lag (OD595 0.2) and stationary (OD595 1.4) growth phases (data non shown) 

(4) Supplemental experiment 4: Bacterial cultures were exposed to L-amino acid for 30 and 120 minutes (data non shown)   
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