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Abstract

Bradyrhizobium japonicum E109 is a bacterium widely used for inoculants paicn in
Argentina. It is known for its ability to produceweral phytohormones and degrade
indole-3-acetic acid (IAA). The genome sequenc®.gfaponicum E109 was recently
analyzed and it showed the presence of genes detatehe synthesis of IAA by
indole-3-acetonitrile, indole-3-acetamide and taypine pathways. Nevertheless,
japonicum E109 is not able to produce IAA and instead hasathibty to degrade this
hormone under saprophytic culture conditions. Tosk aimed to study the molecular
and physiological features of IAA degradation amehitify the genes responsible of this
activity. In B. japonicum E109 we identified two sequences coding for a peat
3-phenylpropionate dioxygenase (subunitndp) responsible for the IAA degradation
that were homologous to the canonical clustead® andiacD of P. putida 1290. These
genes form a separate cluster together with thdwbtianal genes with unknown
functions. The degradation activity was found to dmmstitutively expressed iB.
japonicum E109. As products of IAA degradation, we identfitvo compounds,
3-indoleacetic acid 2,3-oxide and 2-(2-hydroper8xlyydroxyindolin-3-yl) acetic acid.

Our report proposes, for the first time, a modellfA degradation irBradyrhizobium.
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1. Introduction

The auxins are a group of phytohormones charaetéitiy their ability to induce
plant growth and to reproduce the physiologicak@ of the naturally occurring
indole-3-acetic acid (IAA). The IAA metabolism ingher plants, fungi and bacteria
comprises several mechanisms, such as the biosysitliegradation, catabolism (i.e.
oxidation and assimilation), conjugation and hygsa of auxin conjugates [1], which
globally regulate the IAA levels in these biolodicystems.Bradyrhizobium is an
alphaproteobacterium with the ability to produceAlAand this capacity has been
demonstratedn vitro and in planta after soybean inoculation [2-4]. Thimann [5]
proposed that auxins play an important role inahigeny of the root nodules during the
rhizobia-legume symbiosis, as many studies havécatetl that a change in the
concentration of this phytohormone is a pre-retgi$or nodule organogenesis [6].
Nielsen et al. [7] were the first to report thatdiazoefficiens USDA110 (formerlyB.
japonicum USDA110) has the capacity to degrade indole-3-aeeiid (IAA) and Egebo
et al. [8] suggested that this reaction might bpedelent on oxygen availability in the
culture medium. Jensen et al. [9] isolated met&dwliof IAA degradation inB.
diazoefficiens USDA110 and the identified products suggestednametabolic pathway
that included anthranilic acid. However, they contd confirm this pathway or identify
the gene(s) or enzyme(s) responsible for such dgpac

Two sets of canonical genes have been charactdae®A catabolism in bacteria:

i) theiac (indole 3-acetic acid catabolism) gene clustentified in P. putida 1290 [10]
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and others bacteria, which codes for an aerobitwsat through which IAA is
transformed into catechol; thma (indole 3-acetic acid degradation) gene cluster
identified in Aromatoleum aromaticum EbN1 [11], which underlies the anaerobic
conversion of I1AA into 2-aminobenzoyl-CoR. putida 1290 has the ability to degrade
IAA as the sole source of carbon and energy (céisabp This process is carried out by
theiac locus, which consists of 10 genes coding for ereg/mith a metabolic activity for
both indole and aromatics molecules, as well atepre with regulatory functions [10].
At present, there is no information about the &gt of processes involved in the IAA
catabolism inB. japonicum, its homeostatic control, or the effects on thelsiptic
interaction with soybeatB. japonicum E109 has been one of the most used strains for the
production of soybean inoculants in Argentina foryéars [12]. The genome sequence of
B. japonicum E109 has revealed the presence of genes invalveeveral plant growth
promoting mechanisms and in particular in the bitisgsis of the phytohormone I1AA
[13]. The genome analysis of E109 revealed the@xie of three putative pathways for
IAA biosynthesis: indole-3-pyruvate (IPyA), indoBeacetonitrile (IAN) and
indole-3-acetamide (IAM) [14]. However, the LC-MSSManalysis did not show
significant amounts of the hormone in liquid cuéfumedia, suggesting thatjaponicum
E109 is not able to produce IAA, but on the comntiaithas the ability to degrade I1AA
underin vitro conditions [15]. In the same report, we also aoméid the ability ofB.
japonicum E109 to degrade other natural and synthetic aysinsh as indole-3-butyric
acid (IBA) ora-naphthalene acetic acid (NAA). Exogenous IAA inglli@an increase in
the production of biomass and exopolysaccharidigund culture media oB. japonicum

E109, leading to a modification of its symbiotidhlgior with soybean plants.
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The aim of this work was to analyze the molecutat physiological features of IAA
degradation irB. japonicum E109 in order to identify the responsible gened tre

produced metabolites, and to outline a putativeatigion pathway in this bacterium.

2. Materials and Methods
2.1 Bacterial strains and culture conditions

The strains and their characteristics are sumnthiizdable 1B. japonicum E109
(BJE109) was provided by the IMYZA-INTA, Buenos Air¢argentina); B. elkanii
SEMIA5019 BeSEMIA5019) was obtained from Empresa Brasileira REsquisa
Agropecuaria (EMBRAPA) in Brazil;B. diazoefficiens USDA110 wild type
(BAUSDA110) andB. diazoefficiens USDA110 deficient innrgC gene named.
diazoefficiens 8620 or USDA110 spcBUUSDAL11MNiacA) were provided by Prof. Dr.
Hans-Martin Fischer of Institute of Microbiology itirich, Switzerland. Despite the
product ofngrC (NrgC, accession number AAG61032) has been puslyicassociated
with nitrogen fixation [16]jn silico analysis showed thagrC sequence has homology
with that ofiacA of P. putida 1290, related with IAA degradation [10] aidbA of P.
alcaligenes PA-10 related with indigo production [17]. Thusstlstrain was named as
BAUSDA11Q\iacA in Table 1 and along the manuscript. Bacteriaeniapculated in
250 ml flasks containing 100 ml of Yeast Extractrividiol (YEM) culture medium [21]
modified by the addition of 10 mg.IL-tryptophan (Trp) as the main precursor for IAA
biosynthesis [22] and antibiotics according to 8teain (Table 1). Cultures were

incubated at 30°C with orbital shaking (180 rpmjiluexponential growth phase was
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reached. The purity of the cultures was checketnely on YEM agar [21] and TSA

plating (Trypticase Soybean Agar) at 10% (v/v).

Table 1

2.2 1AA degradation by Bradyrhizobium
We compared the IAA degradation activity in thréiaias belonging to different

species oBradyrhizobium according to Torres et al. [15]. In particular, 1@0aliquots
obtained from exponential growth phase culturesBg109, BeSEMIA5019 and
BAUSDA110 were individually inoculated in 250 ml fk@scontaining 100 ml of YEM
culture medium [21] modified by the addition L-Tag described before. Cultures were
incubated at 30°C with orbital shaking (180 rpmjilusarly exponential growth phase
(ODsgsx0.6), and were divided into 5 ml aliquots which evdispensed into 10 ml sterile
borosilicate tubes. After 15 min of incubation citisths at 30°C, 200 pl of 1 mg.fhl
IAA solution (or equivalent volume of sterilized tea) were separately added into the
tubes containing the cultures of each strain taioba final concentration 40 pg.mt*
(38.51g.ml%) IAA per tube. This concentration was selected bseatis similar to that
produced by several rhizobacteria, including thgtg@dtimulatory modelAzospirillum
brasilense [22]. To account for the non-biological degradatidthe compound the same
volume of IAA solution was added to tubes contagnsrml of non-inoculated YEM
medium. Tubes were incubated at 30°C with orbhakeg (180 rpm) and samples were
taken at TO (5-10 min after IAA induction) and eve2 h to measure the 1AA

concentration (pg.r).
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2.3 Quantification of IAA

Quantification of IAA was performed by spectrophatry [23] and confirmed by
HPLC according to Torres et al. [15]. Briefly, alafs of 500 pl of bacterial culture were
centrifuged at 11.300 x g for 10 min. Subsequerab pl of supernatant was filtered
(0.2 pm), mixed with 250 pl of Salkowski’'s reagéh® M H,SO, and 12.5 gt FeCk)
and gently shaken in inverted position at leastim@s. Samples were incubated in the
dark for 30 min and the absorbance at 530 nm wassuned. An aliquot of filtered
supernatants was also injected with a final vol@i20 pl in an HPLC Waters 600-MS
device (Waters Inc., USA) equipped with an U6K atge and C18 reverse phase column
(Purospher STAR RP C-18, 3 mm, Lichrocart 55-4}érbat 30 °C, coupled to a system
with UV-VIS Waters 486 detector (Waters Inc., US#t at 265 nm. The elution was
performed with a mixture of ethanol: acetic acidter (Et-OH/H-Ac/H20) (12: 1: 87) as
mobile phase at a flow rate of 1 ml.ifimt 30 °C. The retention time for IAA was
10.1-10.3 minutes and it was previously identifisthg an appropriate standard solution
of IAA (Sigma Aldrich, Germany). Quantification waerformed by integration of the
peak area corresponding to the retention time (Rifg an integration software (Waters

Inc. USA). The IAA concentration was expresseddgml™

2.4 Analysis of constitutive or inducible characteiof IAA degradation

We evaluated whether the degradation of IAA waggared by its own addition
(inducible) or it depended on bacterial growth @&dntive). For thatBjE109 was grown
until late exponential growth phase (§B:1.2), then a 50 ml aliquot was centrifuged at
8000 rpm for 15 min, and the cell-free supernateas filtered (0.2 um). The resultant
filtrate was divided into 5 ml aliquots and transéel into 10 ml sterile borosilicate tubes

for IAA induction. The treatments of the superngédamere the following: (1) addition of
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IAA solution to obtain a final concentration 40 pug.mf IAA per tube (SE109); (2)
addition of IAA to heat denatured supernatants 1fiif at 90 °C) to obtain a final
concentratiorr 40 pg.mft IAA per tube (SE10§) and (3) addition of 200 pl of sterile
water to supernatants, and (4) addition of 200 filswrile water to denatured
supernatants. Tubes were incubated as previousbyided and 500 ul of the mixtures

were sampled every 2 h to measure IAA concentrdtigomi®).

2.5. Analysis of cellular or extracellular characte of IAA degradation

BJE109 was grown as described before, but 10 ml adgqabtained from exponential
growth phase cultures were centrifuged at 12,009 for 20 min (4 °C). The
supernatants were used as control treatment fordégradation assays (extracellular
feature) as described before. The pellets were edastice and resuspended in 10 ml of
20 mM Tris—HCI buffer pH 8.0 containing 1 mM EDTAQ mM MgCb, 12.5 % (v/v)
glycerol, 0.1% (v/v) Triton, and the complete mIBDTA-free protease inhibitor
cocktail (Sigma-Aldrich, Germany). The cells wergrdpted (lysed) by sonic treatment
(M.S.E. 150 W) for 210 s (in 30 s period), cenigéd and the cellular debris discarded.

The supernatants were used for IAA degradationyagsallular feature).

2.6 Evaluation of IAA degradation kinetics

We assessed the kinetics of IAA degradation in hmifree supernatants and
non-centrifuged cell cultures 8{E109.

In the case of cell cultures, we evaluated thetemtdof different concentrations of

exogenous IAA tdBjE109 cultures during exponential growth phase depoto estimate
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the maximum quantity of I1AA that this metabolicaligtive microorganism is able to
degrade. To achieve this, cell cultures were intatas previously described until early
exponential growth phase (@§g~0.6) and divided into 5 ml aliquots, which were edd
into 10 ml sterile borosilicate tubes. After 15 naihstabilization at 30°C with orbital
shaking (180 rpm), 200 ul of IAA solution or equeat volume of sterilized water was
alternatively added into the tubes contairidp§109 to obtain a final concentratier20,
40, 80, 120 and 160 pg.ibf IAA per tube. Control treatments using uninatet YEM
medium modified by the addition of IAA solutions reealso performed. Tubes were
incubated at 30°C with orbital shaking (180 rpnmg 00 pl of the mixture was sampled
after 15 min (TO), 8, 12, 24 and 32 h of incubattonmeasure IAA concentration
(Lg.mi%). The viability ofBjE109 cells was evaluated after 32 h of IAA additigrdirect
plate counting on YEM agar, according to Vincerit][2

In the case of the cell-free supernataBig,109 cultures were incubated at 30°C with
orbital shaking (180 rpm) until early exponentiBE) (OD;9s=0.6) or late exponential
(LE) (ODsgs=1.2) growth phase. A 50 ml aliquot obtained fronesi cultures was
centrifuged at 8000 rpm for 15 min, filtered (0/@)to obtain a cell free supernatant and
divided in 5 ml aliquot in borosilicate tubes féxA-treatment as described before. The
treatments carried out were the following: (1) &ddi of pure IAA solution to EE
supernatant to obtain a final concentratiofd pg.mf* IAA per tube; (2) addition of IAA
to LE supernatant to obtain a final concentratiof0 pig.mf* IAA per tube. Treatments
were performed in triplicate. Control treatmentsngsuninoculated YEM medium
modified by the additior: 40 ug.mf* IAA solutions were also carried out. Tubes were
incubated as previously described, and 500 pl @tixture was sampled every 2 h to

measure IAA concentration (Lg.Ml
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2.7 Analysis of IAA degradation pathway
2.7.1 Analysisin silico

Based on the canonical metabolic pathway desciib@&d putida 1290 by Leveau
and Gerards [10] for the IAA degradation, we anetlythe presence of similar proteins
by sequence comparison in tlBE109 genome. For bioinformatics analysis, the
following tools (T) and databases were used: Blas{24], KEGG [25], RAST [26],

T-coffee (T) [27], Smart [28], MaGe [29], UniPr@&(] and InterPro [31].

2.7.2 Construction ofAiacC mutants

The general cloning procedures were performed doupito Sambrook et al. [32]
with minor modifications. The deletions in thecC gene in both strains of
Bradyrhizobium were carried out through an unmarked in-frame togleusing the
pK18mobSacB plasmid carrying the counter-selecti@me sacB, as described by
Mongiardini et al. [33]. Given the sequences sintyebetween the predictadcC genes
(AJA64126.1 in E109 or bIr3400 in USDA110), the P@Rducts were amplified with
the same set of primers, F8CE and RVacCH (Table 1). The fragments were
gel-purified and cloned at the restriction siEesRI/Hindlll into the pK18mobSacB [19]
giving the plasmids, pK18mobSacBcCBd and pK18mobSacBacCBj carrying the
BAUSDA110fragment and thBjE109 fragment respectively. Each plasmid \&aH
digested which released a 468 bp fragment fronntbexrt cloned before as exemplify for
BJE109 in the Fig. S1. Then, each plasmid was read@giving the final construction,
pK18mobSacBaAiacCBd and pK18mobSacBiiacCBj. These plasmids were
transferred by bi-parental conjugations to theesponding wild-type strain according to
Quelas et al. [34] and simple-crossover transcamjtg) (cointegrate) were selected by

Km resistance in YEM media agar and the doublesones recombination was induced
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by plating the transconjugants in YEM agar platgggemented with 10% (w/v) sucrose.
These sucrose resistant clones, that resolve tdmmt@nant plasmid and that are Km
sensitive, were checked by PCR to dissociate betwlee mutant and the wild-type
genotype. The mutants obtained carry an in-franhetida in eachacC gene and were
namedBjE10%iacC andBdUSDA11QiacC. All the plasmids and constructions are

listed in the Table 1.

2.7.3 Restoration of the IAA degradation capacityn AiacC mutants

The restored phenotype of the mutBfE10AiacC was obtained using competent
cells ofEscherichia coli S-17 containing the pJN105 (pBBR) plasmid [20hwhieiacC
cloned fragment inducible by L-arabinoge. coli S-17 was grown in LB medium
modified by the addition of 30 pg.thgentamicin (Gm), anBjE109 was grown in PSY
medium modified by the addition of L-arabinose [4Fbr conjugationE. coli S-17
culture was diluted a hundred times in LB mediurthaut antibiotics and grown at 30°C
with orbital shaking (180 rpm) until O~0.8-1. Subsequently, a mix with 900 pl of
E109 culture during exponential growth phase wii @l of S-17 culture was made. The
culture mix was centrifuged for 8 minutes at 30pthrand the pellet was re-suspended
and placed in a plate containing PSY agar mediuth Wiarabinose. Plates were
incubated at 30°C for 48 h. Colonies were re-suspeérand homogenized into 1 ml of
saline solution. A 150 ul aliquot of conjugatiommagenate was placed in YEM medium
with 50 pg.mt* Gm and plates were incubated in the conditiongipusly mentioned for
72-96 h. The restored phenotype BIE109 namedBjE10NiacC/pJN10bacC was
evaluated in comparison witlBjE109 (wild type) andBjE10QiacC as control

treatments.
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2.8 I1AA biosynthesis and degradation irBjJE109,BdUSDA110 and their mutants

We evaluated both degradation and biosynthesisA#f by the BJE109 and
BAUSDA110 wild type strains and their mutaBj&10AiacC, BAUSDA11Q\iacA and
BAUSDA11Q\iacC. Cultures of each strain were incubated untilyeaxponential
growth phase (ORs=0.6), and treated with IAA solution to obtain adiilconcentratior
40 pg.mit IAA as described before. A control treatment usimgnoculated YEM
medium, but modified by addition of pure IAA wass@lconsidered. Tubes were
incubated at 30°C with orbital shaking (180 rpmjd &00 pl of the mixture was taken
every 2 h incubation to measure IAA concentratipg.fi?). In the case of the 1AA
biosynthesis, 250 ml flasks containing 100 ml of N Eulture medium modified by
addition of 10 mg:t L-trp were inoculated with 10 % (VABJE109 cultures in early
exponential growth phase (@2<0.6) or its mutantBjE10%iacC. Cultures were
incubated as previously described and after 12ch2dnh of incubation samples were

taken to measure cell growth (@) and IAA concentration (pg.m).

2.9 Identification of metabolites produced by IAA degradation

The identification of IAA degradation metabolitegasvachieved by analyzing the
expression of theBJE109 genesiacC, iacD or iacCD in the heterologous strain
Cupriavidus pinatubonensis JMP134 (Table 1) under the control of the AraBATab)
promoter in the pBS1 plasmid [48]. This strain ki@dc gene sequences and is unable to
use IAA as a sole carbon and energy source whichvats use as an appropriate
heterologous host for higher expressionaofgenes. An empty pBS1 plasmid (control)
and pBS1 derivatives containiraeC, iacD oriacCD were independently electroporated
in C. pinatubonensis JMP134 and selected in LB medium plus Gm (30 piy.nfor the

expression offac genes driven by the heterologousd’promoter, these derivatives were
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294 exposed to 5 mM L-arabinose [35]. Exponential glowtiltures ofC. pinatubonensis
295 JMP134 of 100 ml final volume were exposed to alfgoncentration of 40-160 pg.ml
296 IAA during 24 h and then analyzed for metabolitenitification. The organic fraction of
297 the culture medium was extracted by triplicate gsan equal volume of ethyl acetate.
298 Then, the organic layer was dried over anhydrousgSNaand filtered, and the solvent
299 was removed in vacuum. The resultant mixture ofdpobs was subjected to a
300 spectroscopic analysis. The NMR (nuclear magnesomance) spectra were recorded on
301 a Bruker Advance Il HD 400 at 400 MHz f&id and 100 MHz for*C. NMR spectra
302 were recorded in DMS@6 (dimethyl sulfoxide), using the solvent signalreterence.
303 The chemical shifts are expressed in ppnsd¢ale) downfield from tetramethylsilane
304 (TMS) and coupling constant valued) @re given in Hertz. The mass spectra were
305 determined in TQ 4500 triple-quadrupole mass spewter coupled with electrospray
306 ionization (ESI) source and were operated in tlgatiee ion mode. The IAA degradation
307 metabolites identified by expression iat genes inC. pinatubonensis JIMP134 were
308 evaluated by spectroscopic and spectrometric asailyslate exponential cultures of
309 BjE109 obtained from YEM culture media exposed dudi#d to~ 40 pg.mf* IAA. The
310 analytical procedure was the same previously desdri

311

312 2.10Bradyrhizobium-soybean symbiosis il8jE109,BdUSDA110 and their mutants
313 Cultures oBjE109,BdUSDA110 andacC mutants, grown as previously described
314 in section 2.1, were used to inoculate soybearsseedon Mario 4800 with a 3 ml.Kg
315 dose (Note: this dose is normally used under fteladitions by most of the agricultural
316 companies). The nodulation pattern was individuaitgluated on both inoculated and

317 non-inoculated (control) seeds according to Budbal. [36] with some modifications.
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A triplicate of 9 soybean seeds (n=27) were sowthiiee separate plastic pots (300 ml
volume capacity) containing vermiculite as a sokdibstrate, irrigated with
nitrogen-deficient sterile N-free Hoagland's sant(25% v/v) [37]. The seedlings were
maintained for 21 days in a growth chamber at 3628nd 80% relative humidity with
a 16/8 h day/night photoperiod. At the end of thpegiment, the following parameters
were measured: (1) number of nodules on the mainper plant, (2) number of nodules
on the secondary roots per plant, (3) number otilesdper plant, following Burton et al.

[36], and (4) shoot and root dry weight.

2.11 Statistical analyses

Treatments were performed in triplicate from threkependent experiments. Values
shown represent mean + standard deviation (SD)ulResf IAA degradation were
analyzed by the Kruskal-Wallis non-parametric testile results obtained from soybean
symbiosis assays were analyzed by ANOVA followedbijukey’spost hoc analysis at
p<0.05. Analyses and graphs were performed usm@BRISM V 4.0 statistical package

for Windows (GraphPad Software, San Diego, CA USA).

3. Results

3.1 IAA degradation by Bradyrhizobium
We measured the evolution of IAA concentrationg.tl*) along time in
exponential cultures oBjE109, BAUSDA110 andBeSEMIA5019 modified by the

exogenous addition of the hormone.
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Fig. 1

The concentration of IAA in cultures 8{E109 andBdUSDA110, modified by the
addition of the hormone, decreased as a functidm (Fig. 1A). A 50% decrease of
in the IAA concentration was observed 8 h afteritgmitl whereas it was no longer
detected in culture media after 24 h of incubati@espite bothBjE109 and
BAUSDA110 strains were able at 24 h after additiondegrade all the IAA, the
degradation rate iBAUSDA110 (6.570 + 0.2754 pg.thh™') was faster thaBjE109
(5.655 + 0.4524 pg.nflh?) between 4 and 8 h after addition. On the otherdha
BeSEMIA5019 was unable to degrade IAA and the hormaoecentration was
maintained along the experiment and even foundetslightly increased after 24 h of
incubation, presumably as a result of the abilityttos bacterium to synthesize this
molecule [15]. In the case of uninoculated YEM crét media, the IAA concentration
(ng.mr) did not change over time, probably because thtereumedium did not affect
the stability of the molecule.

To elucidate the nature of the molecule respon$dsléAA degradation irBjE109,
we measured the IAA concentratiopg(ml™®) in supernatants (sE109) and heat
denatured supernatants (sEQDYFor that, around 4Qg.m* IAA was added to each
treatment. A significant decrease in the IAA corcation (1g.mI*) was observed 4 h

after addition of the hormone in sE109, while a ptete absence of the molecule was
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found after 8 h of incubation (Fig.1B). IAA conceation in sE108 did not change
over time. No IAA degradation was observed in gised cells (lysates cells) indicating
the extracellular feature of the activity. Underr axperimental conditions, results
suggest the molecule responsible for IAA degradasbould be released into the
culture medium (extracellular feature) before IAdddion (constitutive feature). The
loss of activity in the supernatants following he@naturation suggested an enzyme

candidate.

3.2 Evaluation of the kinetics for IAA degradationby BJE109

We evaluated the IAA degradation kineticsB)E109 by the use of two different
approaches. In the first one, we estimated the mmaxi concentration of 1AA that could
be degraded by these bacteria, using the wholenexyial cultures oBjE109. Results
of these experiments are summarized in Fig. 2héndecond approach, we used the
supernatants obtained from both early (EE) anddaponential (LE) growth phases of

BjE109 cultures and these results are summarizeid i8. F

Fig.2

Fig.2 shows thaBjE109 cultures under exponential growth phase wieesta fully

degrade up tez 80 ug.mi* of exogenous IAA after 24 h of treatment. Howe\atr,

higher concentrations of the hormone (i.e. aroud@ and 160ug.ml"), there was a
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reduction in the degradation capacity: about 50%thaf initial concentration was
measured at the end of the experiment, clearly stgpa saturation kinetics after 8 h of
IAA treatment over 8Qug.ml™. The viability of theBjE109 was measured at 24, 36 and
48 h incubation by direct plate counting on YEM ragad no significant variations

between treatments were recorded.

Fig.3

Fig.3 shows that supernatantsBpE109 cultures obtained from both early (EE) and
late exponential (LE) growth phases had differenetcs for IAA degradation after 12
h of IAA treatment. The supernatants obtained fitbin late exponential (LE) growth
phase oBjE109 cultures degrade the IAA more rapidly thandhes obtained from the
early exponential (EE) growth phase. This behaisoprobably due to the fact that
enzyme biosynthesis has kinetics similar to thataoprimary metabolite produced
during bacterial growth, in which the accumulatiohthe enzyme into the culture

medium increases the degradation capacity of IAupé of time.

3.3. IAA degradation is encoded in the genome &. japonicumE109
Based on the metabolic pathway describedPimputida 1290 by Leveau and
Gerards [10] for the IAA degradation, we checkedtifi® presence of similar sequences

in the BIE109 genome. The results of timesilico analyses are showed in Table S1. We
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found homologous sequences for all the proteiratedlto thaac cluster ofP. putida
1290 in theBjE109 genome; however, they are not located in quencluster of genes
but distributed along the genome in a random wéne protein sequence with highest
amino acid similarity is the one homologue ismA, which codes for an acyl-CoA
dehydrogenase iBJE109. The protein encoded by tiaeA gene has been previously
reported in BAUSDA110 as NrgC, which is regulated by NifA durinipe
Bradyrhizobium-soybean interaction [16]. We assessed the IAA abigion by
BAUSDAl1l1QiacA mutant [16] and fully discarded thacA expression product would

participate in the IAA degradation process (Fig. 4)

Fig. 4.

The wild type strain degraded 100% of the i 4Pmi* IAA added in the culture
medium before 24 h of incubation. This behavior wasilar to that of the mutant
BAUSDAl11QAiacA. In our experimental conditions the geil@aeA was not involved in
IAA catabolism, thus this result allowed us to at@mthe hypothesis abow#cA as the
main responsible for IAA degradation. In the cakthe AiacC, the results showed that
the mutant strain could not degrade the hormonetfsiadact indicates that the product

of iacC is required for IAA degradation BAUSDA110.

3.3.1 TheiacCDF cluster of BJE109
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The in slico analysis of theBJE109 genome shows thaacC codes for an
oxidoreductase 3-phenylpropionate dioxygenassupunit), according to the Blast-p
tool of NCBI and RAST database (Fig. S2). TheC is flanked byiacD, which codes
for a 3-phenylpropionate dioxygenasp-stibunit) andiacF, which codes for a
ferredoxin and grouped with two additional genesoeliing for long chain fatty acid
CoA ligase and an oxidoreductase, forming a sepailaster in the genome BfE109
(Fig. S2). We performed a complementary analysitheflacC sequence by SignalP-5.0

(http://www.cbs.dtu.dk/services/SignalP/) and esihbd its tentative extracellular

localization by the presence of a TAT [Tat/SP] sigpeptide, responsible for the
protein translocation. Finally, thacC sequence dBJE109 was compared with similar
sequences obtained from other strains belonginglifferent species of the genus
Bradyrhizobium. In the case of those strains belonging to theesgpecies agjE109, the
iacC gene identity was higher than 97%, while in ogpcies the identity decreased by
95-91% (Table S2) witlB. yuanmingense and B. diazoefficiens as the closest t8&.

japonicum.

3.4 IAA degradation by B. japonicum E109 and E10@iacC mutant

Taking into account thén silico analysis, we decided to consider tlzeC of
BJE109 as the target gene for mutagenesis procedime. main objective of this
procedure was to obtain ti}E10NiacC mutant and to evaluate the capacity of such

strain to degrade IAA in comparison with the wigé one.
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Fig.5.

Fig.5 shows thaBjE10QiacC mutant was unable to degrade IAA when the
molecule was exogenously added into the cultureiumgdeven for a long period of 48
h incubation. On the contrary, the str&j£109 degraded 100% of the40 pg.ml*
IAA in the culture medium before 24 h of incubatidfo confirm that the observed
phenotype was due to the mutation in itheC, we evaluated the complemented strain
BJE10OQAiacC/pJN10%acC. The capacity to degrade IAA was resumed: after 1AA
addition a 28% IAA degradation (10.96 pginin the first 24 h, a 72% after 48 h (28.4
ng.miY) and a 90% after 72 h (34.1 pgivas measured (Fig. 5). On the other hand,
the IAA concentration did not change along the expent & 40 pg.mt) in the case of
the BJELOQ\iacC mutant, in contrast to tH§E109 strain, for which IAA degradation
was 100% at 24 h after IAA-treatment. These reslltsved us to confirm thatcC
codes for the putative enzyme responsible for IAédgrddation in this bacterium.
Experiments of heterologous expressiorCirmpinatubonensis IMP134 showed that the
product ofiacD alone and the control with empty vector were atgle to degrade 40
ng.mi* 1AA in comparison with the product #cC andiacCD genes, which were able

to degrade this molecule in less than 24 h incabati

3.5 Evaluation of IAA biosynthesis in theBjE109iacC



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

21

In a previous report wusing liquid chromatographykiple reaction
monitoring-mass spectrometry (LC-MRM-MS), we fouadegligible amount of IAA
(0.67 pmol.mt') in supernatants @jE109. However, the molecule did not accumulate
into the culture medium at a significant concemrato be detected by HPLC, we thus
concluded that this strain was unable to produc® [[£5]. In this study, no significant
amount of IAA was detected by HPLC for both wilghéyand the mutamdjE10iacC.
The mutation in théacC gene led to the bacterium losing the ability égrhde IAA;
however, the mutant did not release a detectabtaatrof the hormone in the culture
media. The results obtained in this paper (undénei@® experimental conditions), in
addition to those previously published [15] and particular experience modifying a
broad range of experimental conditions (i.e. celtumedia, incubation time,
temperature, etc.) to evaluate the bacterial capdoi biosynthesize IAA (data not
shown), allow us to conclude that tBEE109 has no significant activity in any of the
proposed pathways for IAA biosynthesis and thusaitnot synthesize it in significant

amounts.

3.6 Metabolites of IAA catabolism inBjE109

The metabolites deriving from thacCD expression irC. pinatubonensis IMP134
in presence of IAA were analyzed by different spmsttopic and spectrometric
techniques *H-NMR, *C-NMR, DEPT, MS) (Fig. S3, S4 and S5) and confirnied

BjE109 cultures modified by the presence of the hoend'he'H-NMR spectrum
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analyses indicated that the product of degradaifdAA contained two metabolites in
equal proportions with a structural similarity. @teally, both metabolites showed an
intact phenyl ring and a signal concordant with @idup between 5-6 ppm. This result
suggests that the pyrrole ring of the IAA molecwks saturated at positions C2-C3. On
the other hand, the presence of signals correspgnii aliphatic hydrogen atoms
between 2-3 ppm indicates that a methylene groyacent to the carboxylic group
presents both hydrogens with a different magneticirenment, suggesting that the
pyrrole ring was modified in both metabolites iaten to the precursor IAAThe
13C-NMR spectrum analysis indicated that both meiggmhave a carbonyl group with
a similar magnetic environment, reinforcing theaidthat both products have very
similar identities. Also, the joint analysis of tH€-NMR and DEPT spectra indicated
the presence of one carbonyl group, three quategabon atoms, five CH groups and
one methylene group for each of the molecules. Aumber and type of carbon atoms
finding in metabolites are equal to the presenttha precursor (IAA); however, the
displacement of one of the CH groups and of ond@fjuaternary carbons accounts for
an aliphatic rather than aromatic character fos¢h®vo carbon atoms. The MS analysis
indicated the presence of two compounds with a noésE90.8 (A) and 224.9 (C)
g.mol?, respectively (Fig S3, S4, S5 and Fig. 6). The Iialecule has an exact mass
of 175.1 g.mof. Mass difference of 190.8 g.mdbetween IAA and the metabolite A is
equal to the mass of an oxygen atom. This expetahatata together with NMR

evidences allow us to postulate that the molecuie Ane of the metabolites isolated
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from IAA degradation by E109. However, the presentdhe metabolite C (224.9
g.mol?) in the degradation product was interesting, asfa chemical point of view the
logical sequence would be the opening of the emoxibup in A by a molecule of
water to obtain the molecule B (209.7 g.HolNevertheless, MS did not show any
compound B with a 209 g.mal Summarizing, analyses b¥H and **C NMR
spectroscopy and mass spectrometry suggested uhfiegh compounds produced by
IAA  degradation in BJE109 are 3-indoleacetic acid 2,3-oxide or
2-(1a,2-dihydro-6bH-oxireno [2,3-b] indol-6b-yl) @ec acid, according to IUPAC (A)

and 2-(2-hydroperoxy-3-hydroxyindolin-3-yl) ace#icid (C).

Fig.6.

3.7 Bradyrhizobium-soybean symbiosis ilBjE109,BdUSDA110 and their mutants

Table 2 shows the growth and nodulation of soybs=edlings inoculated with

BjE109,BdUSDA110 and theiracC mutants.

Table 2

Plant growth and nodulation increased in soybdantg obtained from inoculated

seeds as compared to those uninoculated, in winictodule was observed. In the case

of inoculated seeds, nodulation as MRN (main raadutes), SRN (secondary root
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nodules) and RN (root nodules) increased in plaetted with the wild type strain in
comparison withacC mutants. The MRN, SRN and RN BfE109 inoculated plants
increased by 25.6, 16.4 and 21.6% respectivelgpmparison withBjJE10QiacC. In
the case oBAUSDA110, plants inoculated with this strain inceshdy 42.8; 35.0 and
40.4% respectively in comparison with the mutarito@ dry weight increased by
18.0% and 20.6% in plants inoculated wWigjfE109 andBdUSDA110 respectively, in
comparison with the ones inoculated with theC mutants. Root dry weight increased
by 21.9% and 8.7% in plants inoculated with wilgheystrains in comparison with

mutants.

4. Discussion

Minamisawa and Fukai [38] observed, for the firste, that some strains &.
japonicum were unable to accumulate IAA in the culture mediaey suggested that
such strains were unable to produce IAA or degrdlednolecule after its biosynthesis.
At the same time, Egebo et al. [8] confirmed Bad)SDA110 degraded IAA under an
oxygen-dependent reaction and suggested that 1AXidized to aminobenzoyl-acetic
acid and anthranilic acid by a putative tryptopBa@rdioxygenase. A different pathway
for IAA degradation, starting with an oxidationl&$A to anthranilic acid, was proposed
by Jensen et al. [9]. They reported the productodndioxindole-3-acetic acid,
dioxindole, isatin, 2-aminophenyl glyoxylic acigdtinic acid) and anthranilic acid as

metabolites related to IAA catabolism BUUSDA110. Olesen and Jochimsen [39]
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550 suggested that both an isatin reductase and isatidohydrolase were responsible of
551 IAA degradation inB. japonicum. However, these metabolites or the related enzymes
552 were not identified in this or later reports [40) transcriptional analysis of
553 BdUSDA110 after exogenous treatment with 1 mM of |4 not reveal a potential
554 catabolic pathway of IAA or any enzymes involved][4Recently, we confirmed the
555 non-assimilative degradation of both natural andttsgtic auxins irBjE109 cultures
556 after 24 h exposition [15]. In the present work st®wed two new features about the
557 IAA degradation InBJE109. The IAA degradation capacity is preexisting the
558 exogenous addition of the molecule in the cultuesliim and the degradation capacity
559 occurs in the extracellular environment. The demion by heat ofBjE109
560 supernatants led to the complete loss of IAA degfiad capacity, supporting the
561 existence of a preexisting (constitutive) and ecdHalar enzyme as responsible.

562 Two different clusters for IAA catabolism have begraracterized in eubacteria,
563 theiac cluster identified in the alphaproteobactdfiaputida 1290 [10] and theaa
564 cluster identified in the betaproteobactekiaaromaticum EbN1 [11]. In the case ¢
565 putida 1290, which uses IAA as a sole source of carbaresrergy, it contains a cluster
566 of 10 genes [10]. The canonical clustePoputida 1290 is well conserved and named
567 theiacABCDEFGRHI gene cluster. ThacA encodes the acyl-CoA dehydrogenase,
568 which would start the IAA degradation attacking ih@ole ring of IAA, thus generating
569 2-hydroxy-lIAA. TheiacB encodes a conserved hypothetic protein with umkno

570 functions. TheacC andiacD genes encode the alpha and beta subunits ofdr{2Ele—
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2S) domain containing aromatic ring hydroxylatingxygenase, which is involved in
3-hydroxy-2-oxo-IAA conversion to catechol. ThecE encodes a short-chain
dehydrogenase/reductase, which is involved in teversion of 2-hydroxy-IAA to
3-hydroxy-2-oxo-1AA. TheaacF encodes for ferredoxin and tleeG encodes a flavin
reductase domain protein. This proteinRirphytofirmans PsJN, might provide reduced
flavins to the lacA protein [35]. ThiecH andiacl geneswhich encode for a putative
Glu-tRNA amidotransferase and conserved hypothgircdein respectively, both have
unknown functions. TheacR encodes for transcriptional regulator of the M&aRily
[42-43].P. putida 1290 carries two copies each of theC, iacD andiacF genes [44]. In
the case oBJE109, theacC gene forms a separate cluster together nadb, iacF and
two additional genes (Fig. S2). Based on this fa&t,constructed th8jE10NiacC
mutant and observed the full loss of IAA degradatiapacity We then confirm the role
of 3-phenylpropionate dioxygenasegubunit) in the IAA degradation process.

Both, P. putida 1290 andCaballeronia glathet DSM 50014 utilize IAA as a sole
source of carbon and energy and the final produttis pathway is catechol [10;45].
The first reaction is catalyzed by lacA, which certg IAA to 2-hydroxy-IAA
(2-oxindole-3-acetic acid) [42] or 2,3-dihydroxydimline-3-acetic acid, according to
Sadauskas et al. [45]. Then, lacE catalyzes theersion of these metabolites to
3-hydroxy-2-oxindole-3-acetic acid (dioxindole-3eic acid). The conversion of
dioxindole-3-acetic acid to the final product, ctel, involves multiple reactions but

mainly are carried out by lacC and lacD. B&}E109 cultures and heterologous
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expression ofiacC or iacCD genes inC. pinatubonensis JMP134 during IAA
degradation allowed us to identify 3-indoleaceticcida 2,3-oxide and
2-(2-hydroperoxy-3-hydroxyindolin-3-yl) acetic acidhese metabolites were not
produced in any of the pathways previously desdriimeboth BAUSDA110 andP.
putida 1290.

Bradyrhizobium sp. has been extensively studied because of itsbisyic
association with legumes and its biological nitro§jgation capacityBjE109 is broadly
used to inoculate soybean seeds because it habitigto increase the performance of
the legumes under agronomic conditions [46]. Irevipus report, we observed that
addition of IAA to BJE109 cultures increased the viable cell recoveoynfisoybean
seeds after inoculation, in comparison with thereated control [15]. In similar
experiments, Donati et al. [41] examined the effadcpretreatment with IAA on the
ability of BAUSDA110 to nodulate soybean roots, but in this rgpaoone of the
pretreatments affected the number of nodules, eodeight, or plant weight. In our
experiment8jE109 andBBdUSDA110 were able to increase the number of nocanes
dry weight of shoots and roots in soybean plantsomparison with the mutanitacC,
unable to degrade the phytohormone. These paranete remarkably higher in
BAUSDA110 in comparison to plants inoculated wBE109. Summarizing, the
inability of theiacC mutants to degrade the hormone determined a ehantheir
symbiotic behavior: the establishment of the symisiat the level of the nodules

number and their location in the roots, as wethasggrowth of the inoculated plant, were
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negatively affected. This behavior could be pdstidue to the change in the mutant’s
abilities related to: (a) the survival on soybeaeds after inoculation; (b) the
colonization of roots after germination or (c) #oemation of active nodules during
symbiosis process. This issue should be addresseuiure work.

In this study, we have presented new molecularmpduydiological evidences related
to the IAA degradation iB. japonicumand we have proposed a putative model/pathway

for IAA degradation in this bacterium
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Legends to figures

Fig. 1. Evolution of IAA concentrationgg.ml*) measured along time (h) {A) YEM
(Yeast Extract Mannitol) culture mediurBjE109, BAUSDA110 andBeSEMIA5019
cultures modified by the exogenous addition of IA& a final concentration of 40
ug.ml*. (B) Supernatants and heat denatured supernataBitta09 modified by the
exogenous addition of IAA to a final concentratioh40 pg.ml*. Values shown are

mean £ SD (n = 3). Where not shown, the SD waslentalan the symbol.

Fig. 2. IAA concentration (g.m) measured along time (h) iBJE109 cultures
modified by the exogenous addition of IAA to a fisancentration of 0, 20, 40, 80, 120
and 160ug.ml* of IAA (ng.ml™) per tube. Values shown are mean + SD (n = 3).r&/he

not shown, the SD was smaller than the symbol.
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Fig. 3. IAA concentration fg.mI*) measured along time (h) in supernatantBj&f109
cultures obtained from early exponential (EE) de laxponential (LE) growth phase
modified by the addition of an IAA solution to andil concentration of 4Qg.ml™.
Values shown are mean = SD (n = 3). Where not shtwenSD was smaller than the

symbol.

Fig. 4. IAA concentration ;(Lg.mrl) measured along time (h) BAUSDA110 wild type,
BAUSDAl1l1QiacA and BAUSDA11Q\iacC mutant modified by exogenous addition of
IAA to a final concentration of 4Qg.mr1. Values shown are mean £ SD (n = 3). Where

not shown, the SD was smaller than the symbol.

Fig. 5. IAA concentration ;@g.ml‘l) measured along time (h) BJE109 wild type and
BJE10QAiacC mutant modified by exogenous addition of IAA téreal concentration of
40 pg.mr*. Values shown are mean + SD (n = 3). Where noshthe SD was smaller

than the symbol.

Fig. 6. Metabolic products identified after heterologoespression of thaacCD
construct inC. pinatubonensis JMP134. The figure represents the putative degada
pathway inBJE109 in relation of the identified metabolites @laolor) and the ones

expected (red color) in our experiments.



1 Tablel: Strains, plasmids and primers
Strains, plasmid and primers Relevant characteristics Effgfrccg
Strains
B. japonicum E109 @jE109) degrade IAA WDCM3¥
B. diazoefficiens USDA110 BdUSDA110) degrade IAA [18]
B. japonicum E109AiacC (BJE10%iacC) unable to degrade I1AA This study
B. diazoefficiens USDA110AiacC (BAUSDA11Q\iacC) unable to degrade I1AA This study
B. diazoefficiens USDA110 spc4BdUSDAL1Q\iacA) degrade IAA [16]
B. elkanii SEMIA 5019 BeSEMIA5019) produce IAA, unable to degrade IAA E'\éBNF‘;ﬁFI;A
B. japonicum E109AiacC/pJN105acC degrade IAA This study
Cupriavidus pinatubonensis JIMP134 unable to use IAA as a sole carbon and energy sourc [35]
Plasmids
pK18mobSacB lacZo Km' sacB [19]
pK18SaciacCBd lacZa. Kmr sacB carrying the internal fragmentiaéC fromBd This study
pK18Sac:AiacCBd lacZo Kmr sacB carrying the internal fragmentiaéC fromBd deleted in Sall sites This study
pK18SacBiacCBj lacZo Kmr sacB acC carrying the internal fragment i@cC from Bj This study
pK18Sac:AiacCBj lacZo Kmr sacB racC carrying the internal fragment i@icC from Bj deleted in Sall sites This study
pJN105 (pBBR) Gm [20]
pBS1 broad host range gateway destination ve@@C-Psap, Gt [48]
Primers
FWiacCE (EcoRl) AAAAQgaattcGCTGGGTCTATGTCGGGC This study
RViacCH (Hind 111) AAAaagcttGACCTGCCACTGCATCGT This study
FWext TCCTCAGCGACGACGAGA This study
RVext TTCAGGAGCAGCAGGTCC This study

2 @ IMYZA-Instituto de Microbiologia y Zoologia Agrical Castelar. Argentina



Table 2. Effects of inoculation wittBjE109,BAUSDA110 andiacC mutants on soybean
seedlings growth and nodulation. Different letteepresent significant differences
according to Tukey test p< 0.05. Numbersbmid represent the difference percentages

between mutants and wild type strain.

MRN SRN RN SDW RDW
Control nd nd nd 0.21+0.00? 0.048+0.009
E109 11.68+0.28 9.14+0.62 20.83+0.6%1 0.33+0.008 0.073+0.004
E£109 8.68+0.38  7.64+0.8%° 16.32+0.91 0.27+0.0089 0.057+0.01%
AiacC

-25.6% -16.4% -21.6% -18.05% -21.9%

USDA110 22.66+0.8 3.22+0.7? 25.88+0.34 0.29+0.004 0.080+0.007

USDA110 12.94+0.47 2.09+0.57 15.04+0.52 0.23+0.003 0.072+0.018

AiacC
-42.8% -35.0% -40.4% -20.6% -8.75%

ReferencesMRN: Main root nodules.plafit SRN: Secondary root nodules.plantRN:

Root nodules.plaftt SDW: Shoot dry weight.plaitt RDW: Root dry weight.plant (36).

nd: not determined.
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