




























































































































































































ligase at 65°C for 15 min. 

To amplify the region upstream of the ipdc gene, the following PCR primers were 

designed to bind within the ipdc sequence, approximately 50 hp from each end; however, 

rather than amplify the ipdc gene, the primers would initiate DNA synthesis in the opposite 

direction: forward primer (in this case, complementary to the 5' end of the non-coding strand 

just upstream of the Kpnl recognition site), 5' CAAACTGGCGATGAGCAAACG 3'; 

reverse primer ( complementary to a region near the 5' end of the coding sequence), 

5' GACGGTCCAGCAGGTAATCG 3' (MOBIX, McMasterUniversity, Hamilton, Ontario). 

Twenty µL of inactivated ligation mixture were mixed on ice with 5 µL of each primer (from 

a 3 µM stock in 0.lX TE buffer) and 5 µL dNTPs (from a 2 mM stock; Roche Diagnostics). 

Expand High Fidelity PCR enzyme was prepared as before but with additional MgCh (3 µL 

per PCR reaction from a 25 mM stock solution; Roche Diagnostics). PCR cycles were as 

previously described, except that annealing of the primers to the template was performed at 

53°C. 

Suhcloning the ipdc upstream sequence 

Because Taq polymerase, a component of the Expand High Fidelity PCR System 

used to amplify the ipdc upstream sequence, generates a single deoxyadenosine overhang on 

the 5' ends of PCR products, subcloning of PCR products is facilitated by vectors which have 

compatible thymidine overhangs in their cloning sites. One such vector is pGEM®-T, 

available in the kit pGEM®-T Vector System (Promega). PCR products were purified by . 

phenol:chloroform extraction as described above and resuspended in sterile water to a final 

concentration of 5 ng/µL. Three µL (15 ng) PCR products were ligated to 1 µL (50 ng) 

pGEM®-T vector using 1 µL (3 U) T4 DNA ligase (Promega) in a total volume of 10 µL of 
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IX Rapid Ligation Buffer (Promega) diluted in sterile water. 

The reaction was incubated overnight at 4 °C before transforming E. coli JMl 09 High 

Efficiency Competent Cells (Promega) as follows. Note that these cells were recommended 

and supplied with the pGEM®-T Vector System because ligation of fragments with a single 

base overhang is inefficient and a high transformation efficiency is necessary to obtain a 

reasonable number of transformed colonies. Competent cells were removed from storage at 

70°C and allowed to thaw on ice for about 5 min. Fifty µL of cells were gently mixed with 

2 µL of ligation mixture in a microcentrifuge tube and placed on ice for 20 min. The cells 

were subjected to a mild heat shock in a 42°C water bath for 45 sec and then returned to ice 

for 2 min. To allow the cells to recover and express antibiotic resistance genes, 950 µL of 

SOC medium were added and cells were incubated for 1.5 h in a 37°C water bath with gentle 

shaking. SOC medium was prepared as follows: Bacto-tryptone, 2g; Bacto-yeast extract, 

0.5 g; I M NaCl, 1 mL; 1 M KCI, 0.25 mL; were combined with 97 mL distilled deionized 

water and autoclaved. Once cooled, 1 mL 2 M glucose (filter sterilized) and 1 mL 2 M Mg2
+ 

stock (MgCh·6H2O, 20.33 g; MgSO4 • 7H2O, 24.65 g in 100 mL water, filter sterilized) were 

added aseptically; the final pH is 7.0. Cells (100 µL) were spread onto LB agar plates 

containing ampicillin, IPTG and X-Gal, prepared as previously described. Successful 

transformants were identified as white colonies resistance to ampicillin and confirmed to 

carry a plasmid of the appropriate size. 

Because the products of inverse PCR included part of the ipdc gene sequence, the 

positions of restriction enzyme recognition sites within the promoter sequence relative to the 

ipdc gene were known. Thus, it was possible to determine the orientation of the promoter 

fragment inserted into pGEM®-T by the position of restriction enzyme recognition sites 
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(e.g., an Ncol site) in the promoter region in relation to those on the vector (e.g., Ncol and 

Seal). Knowledge of the orientation in pGEM®-T was important for subsequent subcloning 

of the promoter fragment into the reporter vector pQF70 in the proper orientation for 

transcription of the luxAB gene carried on the vector. pGEM®-T carrying the promoter 

region was digested with 10 U Sall in IX Buffer H (Roche Diagnostics) for I hat 37·c. The 

digestion reaction was heat inactivated for 10 min at 65°C, and the sticky ends made blunt 

using the Kienow fragment of DNA polymerase I as follows. Two µL Kienow mix (SU 

Kienow polymerase in Kienow buffer; Promega) were added to 18 µL digestion mix and 

incubated at 37°C for 3 min. Then, 2 µL dNTPs (0.125 mM each, Promega) were added and 

the mixture again incubated, this time at 30°C for 10 min. The polymerase was inactivated 

by incubation at 6S°C for 10 min and the mixture stored on ice until the DNA was extracted 

once each with phenol:chloroform and chloroform, and precipitated with isopropanol as 

described previously. Similarly, vector pQF70 (Farinha and Kropinski, 1990) was digested 

with 10 U Hindlll (Roche Diagnostics) in IX Buffer B (Roche Diagnostics) for 1 hat 37°C, 

and then heat inactivated and treated with Kienow polymerase as above. 

The purified linear plasmids were then digested (separately) with 10 U of Ncol (MBI 

Fermentas) in IX y+ Tango buffer (MBI Fermentas) overnight at 37°C. The 0.5 kb Ncol-San 

promoter fragment from pGEM®-T was recovered from a 0.9% (w/v) low-melting­

temperature agarose (Gibco BRL) gel and purified as follows. The slices of agarose 

containing the desired fragments were melted in S volumes of 20 mM Tris·Cl, pH 8.0, I mM 

EDT A, pH 8.0, for 5 min at 65°C. After cooling to room temperature, the DNA was 

extracted from the solution once each with phenol, phenol:chloroform, and chloroform, 

precipitated with 0.1 volume of 3 M sodium acetate, pH 8.0, and 1 volume of isopropanol as 
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previously described, and finally, resuspended in 10 µL water. 

To insert the ipdc promoter into pQF70 (to create pQFPROM), 25 ng of the gel­

purified Ncol-Sa/1 promoter fragment and SO ng of pQF70, digested with HindlIT and then 

Ncol, were mixed with 2 U T4 DNA ligase (Roche Diagnostics) in lX ligation buffer (Roche 

Diagnostics) and 2 µL 50% PEG 4000 (MBI Fermentas) in a total reaction volume of20 µL 

overnight at 14°C. The ligation mixture was heat inactivated at 65°C for 10 min and then 

used to transform CaCh-competent E. coli DH5a. Ampicillin-resistant transformants 

(selected on LB agar containing 100 µg/mL ampicillin) were assayed for LuxAB activity, 

driven by the ipdc promoter, by spotting 5 µL n-decyl aldehyde (Sigma) on the lid of the 

inverted agar plate on which the cells were cultured, and checking for light emission by eye 

in a dark room. 

To verify that the region isolated by inverse PCR was indeed the region upstream of 

the ipdc gene, a 5' (forward) PCR primer was designed from the putative upstream sequence 

(5' CCCACATGGTATAACCCGCTTTGG 3') and a 3' (reverse) PCR primer from the 3' 

end of the ipdc structural gene (5' CTGGGGATCCGACAAGTAATCA-GGC 3') such that 

amplification of the P. putida GR12-2 genome would yield a single fragment that would 

include approximately 500 bp of the promoter region and the entire ipdc gene. To a 0.5 mL 

microcentrifuge tube containing Ready-to-Go® PCR beads ( consisting of 1.5 U dehydrated 

Taq DNA polymerase, buffer (10 mM Tris·Cl, pH 9.0; 50 mM K.Cl; 1.5 mM MgCh), 

200 µM each dNTP; and BSA; Amersham-Phannacia), on ice, approximately l 00 ng of 

genomic DNA, 300 nM of each primer, and sterile water to a total volume of 25 µL were 

added. After vortexing to mix well, and centrifuging for about 5 sec to collect any droplets 

from the sides of the tube, the mixture was overlaid with 30 µL of mineral oil and then placed 
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in PTC-100™ Themal Cycler (MJ Research) for amplification using the cycles previously 

described (Ta= 53°C). Confirmation that the amplified fragments contained the expected 

sequence was obtained by restriction enzyme mapping. 

Characterization of ipdc Promoter Activity 

Introduction ofpOFPROM-Kan into P. putida GR12-2 by electroporation 

Because P. putida GR12-2 is somewhat resistant to ampicillin, it was necessary to 

insert the gene for kanamycin resistance into pQFPROM before introducing it into P. putida 

GR12-2. To this end, the 2.3 kb EcoRI fragment carrying the kanamycin resistance gene was 

isolated from pHP45'1-Km (Fellay et al., 1987; Prentki and Krise~ 1984) and the ends made 

blunt by treatment with S 1 nuclease as described below. Plasmid pQFPROM (200 ng) was 

digested with l 0 U Pvull in 1 X buffer M (Roche Diagnostics) overnight at 3 7°C, extracted 

twice with 100 µL phenol:chloroform, precipitated with isopropanol, and resuspended in 

10 µL water. The linear plasmid (approx. 100 ng) was then ligated overnight with 100 ng of 

the kanamycin resistance gene with 8 U T4 DNA ligase (MBI Fermentas) and 2 µL PEG 

4000. The resultant plasmid, pQFPROM-Kan, was intitially introduced into CaCh­

competent cells of E. coli DH5a, selected for LuxAB activity (i.e., light production in the 

presence ofn-decyl aldehyde) and insertion of the kanamycin resistance gene in LB medium 

plus kanamycin, and then introduced into P. putida GRl 2-2 via electroporation. 

Electrocompetent cells of P. putida GR12-2 were prepared by the method of Dower 

et al. (1988). A culture of P. putida GR12·2 was grown overnight in 5 mL TSB at 25°, and 

then 2.5 mL of the overnight culture was transferred to 250 mL TSB and incubated again at 

25°C until the optical density at 600 run reached 0.4. The culture was decanted into an ice-
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cold centrifuge bottle and placed on ice for 10 min to chill. Cells were centrifuged in a 

Sorvall GSA rotor at 6,000 x g for 15 min at 4°C and resuspended in approximately 20 mL 

ice-cold MilliQ water. After a second centrifugation, cells were again suspended in ice-cold 

MilliQ water, this time in a volume of approximately 100 mL. These two cycles of 

centrifugation and suspension in first a small volume of MilliQ water and then a larger 

volume were repeated once more. The cells were next resuspended in 5 mL ice-cold 10% 

glycerol and centrifuged in a Sorval SS34 rotor for 15 min at 6,000 x g and 4°C, before 

finally being resuspended in 800 µL ice-cold 10% glycerol. Aliquots ( 40 µL) were 

dispensed into chilled 0.5 mL microcentrifuge tubes and flash-frozen in liquid nitrogen 

before being stored at -70°C. 

Just prior to electroporation, the cells were thawed on ice, and then pQFPROM-Kan 

(5 ng suspended in water) was added, mixed gently, and the mixture stored on ice for a few 

minutes before being transferred to a chilled cuvette. Air bubbles were removed by gently 

tapping the cuvette and any moisture on the sides of the tube was removed. The cuvette was 

placed in the chilled cuvette holder and then in a Bio-Rad Gene Pulser™. The cells were 

pulsed under the following conditions: 2.5 KV, 25 µF capacitance, and 200 ohms. 

Immediately following electroporation, 1 mL SOC medium was added to the cells and mixed 

by pipetting up and down. The cells were transferred to a sterile 1.5 mL microcentrifuge 

tube and incubated at 25°C for 1 h with gentle shaking. P. putida GRI 2-2 cells carrying 

pQFPROM-Kan were selected by plating 100 µL of the transformation mixture on Tryptic 

Soy Agar (TSA) containing kanamycin (50 µg/mL). 

Control cells, P. putida GR12-2 carrying pQF70-Kan, which is similar to pQFPROM­

Kan except that it does not contain the ipdc promoter, were prepared similarly. 
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Introduction of 1J'QS into P. putida GR12-2/pOFPROM-Kan by triparental mating 

To determine whether the stationary phase sigma factor RpoS ( a 38
) regulates 

transcription from the ipdc promoter, the rpoS gene from Pseudomonas jluorescens Pf-5, 

carried on plasmid pJEL5649 (Samiquet et al., 1995) kindly provided by Dr. J. Loper (USDA 

Agricultural Research Service, Corvallis, Oregon), was transferred from E. coli HBl0I to 

P. putida GR12-2/pQFPROM-Kan by triparental mating using E. coli HBI0l/pRK2013 

(Ditta et al., 1980) as a helper. Upregulation of the ipdc promoter by constitutively produced 

RpoS could then be measured by assaying for increased Lux.AB activity. P. putida 

GRI2-2/pQF70-Kan was similarly transformed with pJEL5649 and used as a negative 

control. E.coli HBI0l/pJEL5649 (donor), E. coli HBl0l/pRK.2013 (helper), and either 

P. putida GR12-2/pQF70-Kan or P. putida GRI2-2/pQFPROM-Kan (recipients) were grown 

overnight in 5 mL rich medium (LB plus 10 µg/mL tetracycline for donor cells, LB plus 

50 µg/mL kanamycin for helper cells, and TSB plus 50 µg/mL kanamycin for recipient cells) 

at 37°C for E.coli cells and 27°C for P. putida GR12-2. Cells were washed once with 0.85% 

NaCl to remove antibiotics and then resuspended in 5 mL Nutrient Broth (8 g/L; Difeo). The 

optical density of all of the cultures at 600 nm was adjusted to 1.2 with Nutrient Broth and 

then 1 mL donor cells was mixed with 1 mL helper cells and 5 mL recipient cells. Vacuum 

filtration was used to concentrate the mixed cells on a Millipore filter (0.45 µM 

nitrocellulose) which was then placed with the cells facing up on Nutrient Agar (23 g/L; 

Difeo) and incubated at 30°C for 24 h to allow mating and homologous recombination to 

occur. To collect the cells, the filter was transferred to I mL 0.85% NaCl and incubated at 

27°C for 1 h with gentle shaking. P. putida GR12-2 transconjugants were selected by 

spreading 100 µL of the collected cells onto DF salts minimal agar ( on which E. coli cannot 
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grow) supplemented with tetracycline (IO µg/mL) to select for the presence of pJEL5649 and 

kanamycin (50 µg/mL)· to select for the presence of pQF70-Kan or pQFPROM-Kan. To 

ensure that selected colonies were indeed P. putida GRI 2-2, these were subcultured on 

Simmon's Citrate agar (24.2 g/L; Difeo) (on which E. coli cannot grow) containing 

tetracycline and kanamycin. That these cells carried both pJEL5649 and pQF70-Kan or 

pQFPROM-Kan was verified by isolation and restriction enzyme digestion of plasmids from 

selected transconjugants. Transconjugants carrying both plasmids were designated P. putida 

GR12-2/pQF70-Kan/pRpoS and P. putida GR12-2/pQFPROM-Kan/pRpoS. 

Quantification of promoter activity in the presence of tryptophan 

In addition to visuali7.ation by eye in the presence of n-decyl aldehyde as described 

above, Lux activity driven by the ipdc promoter in P. putida GR12-2/pQFPROM-Kan and in 

P. putida GR12-2/pQFPROM-Kan/pRpoS was quantified using a luminometer (Turner 

Design Model TD20/20). Five mL DF salts minimal medium, containing kanamycin for 

P. putida GR12-2/pQFPROM-Kan and kanamycin and tetracycline for P. putida 

GR12-2/pQFPROM-Kan/pRpoS, were inoculated from a single colony and grown for 24 h at 

27°C. From the overnight culture, 200 µL were transferred into 50 mL DF salts minimal 

medium with and without tryptophan (200 µg/mL final concentration, prepared from a 

5 mg/mL stock in warm water) and returned to the 27°C water bath. 

At various times (8, 16, 20, 24, 27, 32 and 48 h), the optical density of the culture at 

600 nm was determined (in duplicate), and then two 1 mL aliquots of each culture were 

transferred to 1.5 mL microcentrifuge tubes to measure Lux activity. In addition, the 

supernatant from 1 mL of culture was assayed for IAA content by reaction with Salkowski' s 

reagent as described below. After centrifugation to remove the bacterial cells, 200 µL of the 

88 



culture supernatant was mixed with 800 µL of Salkowski!t s reagent in a disposable 1 mL 

cuvette (VWR) and left to stand at room temperature for 20 min. The absorbance at 53S nm 

was measured in a Novaspec II spectrophotometer; uninoculated DF salts minimal media 

with and without tryptophan were used as references. 

The 1.5 mL microcentrifuge tubes containing 1 ml of culture were stored on ice until 

just before addition of n-decyl aldehyde when they were removed from the ice and warmed 

to room temperature for 5 min. Five µL n-decy I aldehyde were added to each tube, mixed 

well by vortexing, and the cells left at room temperature for an additional S min. Just before 

placing the tubes in the luminometer, the cells were again mixed briefly by vortexing, and 

then luminescence was measured immediately at the following luminometer settings: delay, 

3 sec; integratio~ 15 sec; sensitivity, 20.1 %. Light production by control cells, P. putida 

GR12-2/pQF70-Kan, and P. putida GR12-2/pQF70-Kan/pRpoS, was also measured to 

determine background levels ofLuxAB activity. 

Collection of canola seed exudate 

To determine whether unidentified factors present in seed exudate can stimulate the 

ipdc promoter and IAA production in P. putida GR12-2, exudate was collected from imbibed 

canola seeds by the method of Penrose and Glick (2001) and added to the medium of 

P. putida GR12-2/pQFPROM-Kan cultures. Canola seeds (Hyola 401), kindly provided by 

Dr. J. Omielan (University of Guelph, Guelph, Ontario), were surface sterilized by soaking 

100 seeds in 5 mL 10% H202 at room temperature for 2 min and then rinsing four times with 

sterile distilled water to remove residual H2O2. The seeds were then imbibed for 1 h in 5 mL 

0.03 M MgSO4 at room temperature, rinsed twice with sterile distilled water, and transferred 

to a 100 µm sterile nylon cell strainer (Becton Dickinson Labware, Franklin Lakes, N.J.) set 
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in to a sterile polypropylene Petri dish (60 x 15 mm) containing 1 mL of sterile distilled 

water. Four such Petri dishes containing 100 seeds each were placed in a plastic dish fitted 

with a lid to shade the seeds from light, and incubated in a growth chamber at 20°C. At 3, 

6.5, and 10 h following imbibition, the exudate from four dishes was collected using a 

micropipette, and combined before filtering through a 0.2 µM syringe filter (Acrodisc®, Pall 

Gelman Laboratories} pre-wetted with sterile distilled water. Immediately following 

collection, the exudate was stored in 15 mL polypropylene tubes (Falcon) at-80°C. 

Quantification of promoter activity in the presence of canola seed exudate 

To measure the effect of canola seed exudate on IAA production and ipdc promoter 

activity, P. putida GR12-2/pQFPROM-Kan, and P. putida GR12-2/pQF70-Kan as a negative 

control, were first grown for 24 h at 27°C in S mL DF salts minimal medium containing 

kanamycin (50 µg/mL) before transferring 20 µL to 5 mL DF salts minimal medium to 

which either 400 µL water or 400 µL exudate (roughly equivalent to the exudate collected 

from 100 seeds) had been added. These cultures were incubated at 27°C for an additional 

24 h, after which two 1 mL aliquots were transferred to cuvettes to measure the optical 

density of the cultures at 600 nm, and three 1 mL aliquots were transferred to 1.5 mL 

microcentrifuge tubes to measure promoter activity (LuxAB activity) and IAA production as 

described above. For each bacterial strain, the effect of exudate collected from Hyola 401 

seeds after 3, 6.5, and 10 h was measured in duplicate and analyzed by two-way ANOVA; 

F-values shown in the text summarize the results of the analysis. 

Construction of an IAA-Deficient Mutant of P. P"tida GR12-2 

To construct a vector for insertional mutagenesis of the ipdc gene in P. putida 
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GR12-2, the ipdc sequence isolated above was first transferred from plPD2 to the suicide 

vector pJQ200 (sacB, oriT, mob from RP4, GmR, lacZ; Quandt and Hynes, 1993) and then 

inserted with a gene for kanamycin resistance. Plasmid pJQ200 (150 ng) and plPD2 (300 ng) 

were digested separately with 10 U of BamHI (Roche Diagnostics) in a :final volume of 

20 µL of lX Buffer B (Roche Diagnostics) overnight at 37°C. Digestion fragments of the 

appropriate size ( 4.9 kb for pJQ200 and 1. 7 kb for plPD2) were cut from a 0.8% agarose gel, 

purified using Gene Cleanll®, and ligated using standard methods described previously. The 

resulting ligation products were transformed into E. coli JMl 09 and selected on LB agar 

containing gentamicin (30 µg/mL; Sigma), IPTG and X-Gal. After confirmation of plasmid 

size and the presence of expected restriction sites, one plasmid, pJQIPDC4, was chosen for 

further manipulation. 

Construction of pJOIPDC4-Kn 

The kanamycin resistance gene carried on a 2.3 kb EcoRI fragment was isolated from 

pHP450-Km (Fellay et al., 1987; Prentki and Krisch, 1984) by digestion of 800 ng of 

plasmid with 10 U EcoRI (MBI Fermentas) in 20 µL of IX EcoRI buffer (MBI Fermentas) 

overnight at 37°C. Following the digestion, EcoRI w~ heat inactivated by incubation at 

65°C for 15 min. To purify the DNA from the mixture, 10 µL of3 M sodium acetate, pH 8.0, 

and 70 µL of water were added to 20 µL of digestion mix, and the DNA was extracted twice 

with l 00 µL of phenol:chloroform. Digestion products were collected by precipitation with 

l 00 µL of isopropanol for 1 h at -20°C, centrifugation for 20 min at full speed in an 

Eppendorf microcentrifuge, followed by washing with 70% ethanol and resuspension of the 

air-dried pellet in 18.2 µL of water. The cut ends of the Eco RI fragments were made blunt 

by addition of 5 U of S 1 nuclease ( diluted in I µL of water from a 30 U/µL stock; Promega) 
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and 3 µL 7.4X St buffer (Promega) to the DNA suspensio~ and incubation at 30°C for 

30 min. To inactivate the nuclease, I µL of S l nuclease stop buffer (Promega) was added 

and the mixture was incubated at 65°C for IO min. The DNA fragments were precipitated in 

2 volumes of 100% ethanol and 2.2 µL of sodium acetate (3 M, pH 8.0) for 2 hat -20°C, 

collected by centrifugation and rinsed with 70% ethanol as described previously, and finally 

resuspended in 7.5 µL of water. 

Plasmid pJQIPDC4 (100 ng) was digested at a unique site within the ipdc gene using 

PmH (10 U; MBI Fermentas) in 10 µL of lX y+ Tango buffer (MBI Fermentas) overnight at 

37°C. Because Pmn generates blunt ends, SI nuclease treatment was not required; therefore, 

following heat inactivation of the restriction enzyme, the digestion products were directly 

ligated with the blunt-ended kanamycin resistance gene fragment. To this end, 10 µL of the 

pJQIPDC4-Pm/l digestion mixture was combined with 7 .S µL of S 1 nuclease-treated 

pHP45O-Km EcoRI fragments, 2.5 µL lOX ligation buffer (MBI Fermentas), 2 µL PEG 

4000 (MBI Fermentas) and 4 µL T4 DNA ligase (2 U/µL; MBI Fermentas), and incubated 

overnight at 20°C. Competent cells (200 µL) of E.coli S17.1 (carrying the RP4 tra genes 

required for transfer of the plasmid to P. putida GR12-2 via conjugation; Simon et al., 1983) 

were transformed with 12.5 µL of the ligation mixture and then selected for the presence of 

pJQIPDC4-Kn by resistance to gentamicin (30 µg/mL) and kanamycin (SO µg/mL). 

Coniusation to transfer pJOIPDC4-Kn to P. gutida GR12-2 

Donor cells (E. coli S17.l/pJQIPDC4-Kn) and recipient cells (P. putida GR12-2) 

were grown overnight in S mL rich media (LB plus 30 µg/mL gentamicin and SO µg/mL 

kanamycin, and TSB, respectively). Cells were washed once with S mL 0.85% (w/v) NaCl 

to remove antibiotics, and resuspended in S mL Nutrient Broth (8 g/L). The optical density 
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(at 600 nm) of each cell suspension was adjusted to 1.3 with Nutrient Broth. Two mL of 

donor cells were mixed with 8 mL of recipient cells and collected on a 0.45 µM Millipore 

filter by vacuum filtration. The filter containing the mixed cells was placed with the cells 

facing up on a Nutrient Agar (23 g/L) plate and incubated at 30°C for 24 h to allow mating 

and homologous recombination to occur. To collect the cells, the filter was transferred to 

1 mL 0.85% NaCl and incubated at room temperature for 1 h with gentle shaking. Because 

E. coli donor cells cannot grow on Simmon' s Citrate medium, and untransformed P. putida 

GR12-2 parental cells cannot grow on medium containing kanamycin, transconjugants were 

identified by growth on Simmon's Citrate agar (24.2 g/L} supplemented with kanamycin 

(50 µg/mL). Individual colonies were replica plated onto DF salts minimal medium agar (on 

which E. coli cannot grow) plus kanamycin to verify the identification of transconjugants. 

To select for transconjugants that had replaced the functional ipdc gene in their chromosome 

with the disrupted ipdc gene from the plasmid by double crossover between homologous ipdc 

sequences, colonies resistant to the lethal effects of the vector-encoded sacB gene product in 

the presence of sucrose were identified on TSA containing kanamycin and 5% (w/v) sucrose. 

In addition, these colonies were plated on TSA supplemented with gentamicin; lack of 

growth confirmed the absence of gentamicin acetyltransferase also encoded on the vector. 

Insertion of the kanamycin resistance gene into the chromosomal ipdc gene was substantiated 

by PCR using the primers used to isolate the ipdc gene, and by Southern hybridi7.ation. In the 

latter case, the probe was labeled by PCR using Ready-to-Go® PCR beads, I 00 pg of plPD2 

as a template, 300 nM each of the primers used to isolate the ipdc gene, and 10 µL dNTP 

labeling mix (1 mM stock containing 1:2 DIG-dUTP:dTTP; Roche Diagnostics), in a total 

reaction volume of 25 µL. Amplification cycles were as described above. 
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Characterization of IAA-Deficient Mutant of P. putida GR12-2 

Quantification of lAA production 

The chemical assay described by Gordon and Weber (1951) provides a reasonably 

specific and sensitive method for estimating the concentration of IAA in solution (Glickmaon 

and Dessaux, 1995). The basis for the test is the reaction of Salkowski's reagent with IAA, 

resulting in a characteristic colorimetric change, the intensity of which can be measured 

spectrophotometrically. 

Colonies of wild-type and IAA-deficient P. putida GR12-2 were propagated in 5 mL 

DF salts minimal medium overnight (17-20 h) at 30°C in a shaking water bath and then 

20 µL were transferred into 5 mL OF salts minimal medium supplemented with the 

following concentrations of L-tryptophan (µg/mL; from a filter-sterilized 2 mg/mL stock 

prepared fresh in warm water; Sigma): 0, 50, I 00, 200, 500. After incubation for 42 h at 

30°C in a shaking water bath, the density of the culture was measured spectrophotometrically 

at 600 run and then the bacterial cells were removed from the culture medium by 

centrifugation (IEC Model HN; 5,500 x g) at room temperature for 10 min. Al mL aliquot 

of the supernatant was mixed vigorously with 4 mL Salkowski's reagent (150 mL 

concentrated H2SO4, 250 mL distilled H2O, 7.5 mL 0.5 M FeCh·6H2O) in a 13 x 100 mm test 

tube and allowed to stand at room temperature for 20 min. One mL was transferred to a 

disposable semi-micro cuvette (VWR), and the absorbance at 535 run was measured 

immediately in a Shimadzu UV2 l 02PC spectrophotometer; uninoculated medium, 

supplemented with the appropriate concentration of tryptophan, was used as a reference. 

The concentration of IAA in each culture medium was determined by comparison 
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with a standard curve generated as follows. A 100 µg/mL stock solution of IAA (Sigma) was 

freshly prepared by dissolving 10 mg oflAA in 200 µL of 100% ethanol followed by 90 mL 

sterile distilled water. The solution was warmed slightly at 37°C to remove the ethanol and 

the volume adjusted to I 00 mL with sterile distilled water. From this stock solution, 

dilutions were prepared to final concentrations of 0, 1, 2, 5, I 0, 20, and 40 µg/mL. The 

absorbance of each concentration of IAA standard was measured using Salkowski' s assay 

described above, and the values for absorbance at 535 nm versus IAA concentration (µg/m.L) 

were plotted (Fig. 7). 

To compare the reactions of IAA and indolepyruvic acid with Salkowski' s reagent, 

the above procedure was modified slightly. Because indolepyruvic acid is highly unstable 

and difficult to dissolve in water, stock solutions and subsequent dilutions of both IAA and 

indolepyruvic acid were prepared in I 00% ethanol. Although the concentrations of IAA are 

expressed elsewhere in µg/mL, for comparison of their reaction with Salkowski's reagent, 

the compounds were prepared in concentrations of 0, 0.005, 0.01, 0.025, 0.05, 0.125, 0.25, 

and 0.5 mM to account for differences in molecular weight between IAA (175 g/mole) and 

indolepyruvic acid (203 g/mole ). 

Gnotobiotic Root Elongation Assay 

Cultures of wild-type and IAA-deficient strains of P. putida GR12-2 were grown 

overnight from a single colony in 5 mL OF salts minimal medium with and without 

kanamycin (SO µg/mL), respectively, at 30°C in a shaking water bath. After approximately 

24 h, 20 µL of each culture was transferred to 5 mL DF salts minimal medium supplemented 

with tryptophan (200 µg/mL) to induce IAA production, and incubated for an additional 42 

hours. The turbidity of the cultures was measured spectrophotometrically at 600 run before 
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Figure 7. Standard curve for the spectrophotometric quantification of IAA in bacterial 

cu.ltmes using Salkowski,s reagent. 
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separating the bacterial cells from the culture medium by centrifugation (5,500 x g) for 

10 min at room temperature. The supernatant was immediately assayed for IAA 

concentration by Salkowski' s assay as previously described. Cells were washed twice by 

suspension in S mL sterile 0.03 M MgSO4 followed by centrifugation for 10 min. The final 

resuspension was adjusted to an absorbance of 0.5 at 600 nm with 0.03 M MgSO4, and stored 

on ice while seeds were prepared. 

Canola seeds (Hyola 401), kindly provided by Dr. J. Omielan, University of Guelph, 

were prepared and inoculated by the method outlined by Lifshitz et al. ( 1987) with some 

modifications (Caron et al., 1995). Approximately 300 seeds, previously stored in a 

dessicator at 4°C, were surface sterilized by soaking in 10 mL 70% ethanol for 1 min, 

followed by 10 mL l % sodium hypochlorite (bleach) for 10 min in sterile polystyrene Petri 

dishes (100 x 15 mm). To remove residual bleach, the seeds were washed five times with 

sterile distilled water. For each treatment, approximately 100 seeds were transferred 

aseptically to sterile polystyrene Petri dishes (60 x 15 mm) and incubated with 5 mL of either 

the wild-type or the mutant bacterial suspension at room temperature for 1 h to allow the 

bacteria to bind to the seed coat and for seed imbibition. Seeds were also incubated in 5 mL 

0.03 M MgSO4 under the same conditions as a control. 

Six seeds were aseptically placed in each growth pouch (Mega International, 

Minneapolis, Mn.) which had been previously filled with 10 mL distilled water and 

autoclaved. For each treatment, 10 pouches were prepared. Pouches were placed upright in 

metal racks, one treatment per rack to prevent cross-contamination, with two empty pouches 

at either end of the rack. Racks were set in a plastic bin containing about 3 cm of deioniz.ed 

water and covered loosely with plastic wrap to prevent dehydration. Pouches were incubated 
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in a growth chamber at 2o·c with a cycle of 12 hours of dark followed by 12 hours of light 

(18 µmol photons/m2/sec2
). For the first two days, seeds were kept in the dark by covering 

the pouches with aluminium foil. After five days, shoot and primary root length, and shoot 

and root fresh and dry weight were measured and analyzed by two-way ANOV A; F-values 

shown in the text summarize the results of the analysis. Seeds that failed to germinate three 

days after sowing were marked and shoots and roots that subsequently developed from these 

seeds were not measured. 

Rooting Assay 

The effect of wild-type and the IAA-deficient mutant of P. putida GR12-2 on the 

development of adventitious roots on mung bean cuttings was assessed using the method 

outlined by Mayak et al. (1999). Mung bean (Vigna radiata) seeds were surfaced sterilized 

in a manner similar to that used for canola seeds above, by soaking for 1 min in 70% ethanol 

and then for 10 min in 1 % sodium hypochlorite (bleach) in a sterile polystyrene Petri dish, 

before rinsing five times with sterile distilled water. Seeds were imbibed for 1 h in sterile 

distilled water and then sown in sterile vermiculite in a flat equipped with a drainage tray and 

a transparent lid. Mung beans seedlings were grown in a growth chamber at 20°C with a 

cycle of 12 hours of dark followed by 12 hours of light (18 µmol photons/m2/sec2
). After 

7 days, the portion of the seedlings above the surface of the vermiculite was excised using a 

razor blade and placed immediately in either water or a bacterial suspension prepared as 

follows. 

Five mL DF salts minimal medium was inoculated with wild-type or the IAA­

deficient mutant of P. putida GR12-2 and incubated overnight at 27°C. Eighty µL of the 

overnight culture was transferred to 20 mL DF salts minimal medium containing tryptophan 
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(200 µg/mL) and incubated at 27°C for an additional 42 h. Cells were washed twice with 

sterile distilled water and resuspended in sterile water to an optical density of 0.5 at 600 run. 

Three mL of each bacterial treatment were transferred to each of ten borosilicate glass tubes 

(10 x 75 mm), and ten additional tubes were filled with 3 mL sterile distilled water. One 

mung bean cutting was placed in each tube, for a total of ten cuttings per treatment, and these 

were placed in a rack, covered loosely with plastic wrap to prevent evaporation, and 

incu_bated in the growth chamber under the same conditions described above. After eight 

days, the cuttings were rinsed briefly with distilled water, and the number and lengths of 

adventitious roots were measured under a magnifying glass and analyzed by two-way 

ANOVA; F-values shown in the text summarize the results from the analysis. 
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RESULTS 

Isolation of the Indolepyruvate Deearboxylase Gene 

Hybridization of approximately 3,000 colonies of E. coli DHSa carrying fragments 

from the P. putida GR12-2 genome on plasmid pUC18, with the DIG-labeled indolepyruvate 

decarboxylase (ipdc) gene from Enterobacter cloacae FERM BP-1529 (Koga et al., 1991a) 

revealed a single colony carrying a 2.6 kb insert in pUC18 similar to the probe sequence (Fig. 

8A). A secondary screen of this colony, in duplicate, using the same probe as above, 

confirmed hybridization (Fig. 8B). Digestion of the insert from the positive clone and 

Southern hybridization using the E. cloacae ipdc probe, showed that the P. putida GRI2-2 

ipdc sequence was present on a I.I kb BamIIl fragment (Fig. 9A). Sequence analysis of the 

1.1 kb fragment indicated that only 200 hp of the ipdc sequence were contained on the 

fragment (Fig. 9B); however, this sequence was 98% identical at the nucleotide level to the 

3' end of the E. cloacae FERM BP-1529 ipdc gene (Fig. 9C). The remainder of the 1.1 kb 

BamHI fragment, which corresponds to the region downstream of the ipdc gene in the 

P. putida GR12-2 genome, carries a sequence 72% identical at the nucleotide level to an 

open reading frame in E. coli of unknown function (Accession No. AE000327) on the 

opposite strand (Fig. 1 OA). A putative transcription termination signal was also identified in 

the region immediately downstream of the ipdc gene by the presence of sequences capable of 

forming a stable stem-loop structure in the mRNA (Fig. 1 OB). A stable stem structure is 

characterized by 4-20 complementary nucleotide pairs with a high G+C content; the loop 

usually ranges from about 3-10 nucleotides (Ennolaeva et al., 2000). 

Working on the assumption that the high degree of identity between the 3' ends of the 
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Figure 8. Hybridization of a colony of E. coli DHSa carrying a fragment of the P. putida 

GR12-2 genome with the DIG-labeled indolepyruvate decarboxylase (ipdc) gene from 

E. cloacae FERM BP-1529. A, primary screen; B, secondary screen. 
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Figure 9. A 1.1 kb BamHI fragment from the P. putida GR12-2 genome carries 200 bp 

of the 3' end of the indolepyruvate decarboxylase (ipdc) gene. A, Southern hybridization 

revealed that this fragment hybridized to the E. cloacae FERM BP-1529 ipdc gene probe 

(Lane 1, plasmid from positive clone revealed by colony hybridization of P. putida 

GR12-2 genomic clone bank (see Fig. 8), digested with BamHI and HindIII; Lane 2, 

plasmid from the same positive clone digested with Seal and Hindlll; Lane 3, Plasmid 

plP27 carrying the E. cloacae FERM BP-1529 ipdc gene on a 1.7 kb Pstl-BamHI 

fragment); B, Map of the 1.1 kb fragment showing the 3' end of the ipdc gene and a 

sequence downstream similar to an E. coli gene of unknown function; C, The 3' end of 

the P. putida GR12-2 ipdc gene is 98% identical to the corresponding region of the 

E. cloacae FERM BP-1529 ipdc gene. 
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A 

B 
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Query: 

2.7 kb 
1.7 kb 

1.1 kb 

Bamlll 

0 

1 2 

==E. coli gene 

3 

Bamlll 

0.9 1.1 kb 

tcctcagtctgagtgctggcgggtcagtgaagcggaacagctggcggacgtacttgaaaa 
I I I 11 I 1111 I I I 11 I I I I I 11111 I 11 I 11 11 I I I I I I I I 11 I I I I I I I I I I I 11 11 I I 

ipdc: 1518 tcctcagtctgagtgctggcgggtcagtgaagcggaacagctggcggacgtacttgaaaa 

Query: agtggcgcaccacgagcggctctcgttgattgaggtgatgctcccgaaagcggatatccc 
I I I 11 I 111 I I I I 11 I I I I I 111111 11 I 11 I I I I I I I I I I 11 I I I I I I I I 11 I I I I I I I 

ipdc: 1578 agtggcgcaccacgagcggctctcgttgattgaggtgatgctcccgaaagcggatatccc 

Query: gccgctgctcggggcgcttaccaaagctctggaagcgcgtaataacgcctgactacttgt 
I I I I I I I I I I I I I I I I I 1 I I 1111 II 11 I I I I I I I I I I 111 I I I I I I I I I I I I I I I I 

ipdc: 1638 gccgctgctcggggcgcttaccaaggctctggaagcgtgtaataacgcctgattacttgt 

Query: cgtttcgccaggccatcatcatcggtttgcccgcca 
I 11 11 I I I 11 I I I 11 I I l I l 111111 I I I 11 I I I I I 

ipdc: 1698 cgtttcgccaggccatcatcatcggtttgcccgcca 
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Figure 10. The l.1 kb BamHI fragment from the P. putida GR12-2 genome carries a 

sequence downstream of the ipdc gene that is 72% identical to an E. coli gene of 

unknown function (A) and, immediately downstream of the ipdc gene, a transcription 

termination signal (B, complementary sequences capable of forming a stem structure of a 

hairpin loop are underlined). 
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Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

181 tggactggaccatcctcgcctctgcaggcaccatcggggcgcttttcggcacgcccgttg 240 
1111 11111 II I 11111111 II 11111111 II II II 11111 II 1111 

1742 tggagtggactattttagcctctgccggaaccatcggcgcactgtttggcactcctgttg 1801 
145 M E W T I L A S A G T I G A L F G T P V 

241 ccgccgcccttattttttctcagacgcttaccagcaataacgacgtcccgctctgggata 300 
I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I 

1802 cggcggcgttgatattttcgcaaaccttaaatggcagtagtgaagttccgctatgggatc 1861 
165 A A A L I F S Q T L N G S S E V P L W D 

301 aactctttgcgccgctgatggccgctgcggctggtgcgctcacgaccagtctgtttttcc 360 
l111I11II1I1 I 11111 II 11 11111111 II II Ill I I 1111111 

1862 gtctctttgcgccgttaatggcggcagcagctggtgcacttactaccggattatttttcc 1921 
185 R L F A P L M A A A A G A L T T G L F F 

361 atcctcatttctcactctctctgccccactaaggccagatgcatattgccgatattttca 420 
11 I I I I II I I I I I I I I I I I I I I 11 11 I I I I I I I I I I I I I I I I I I 

1922 atcctcatttttcactgcccattgctcattacggacagatggaaatgaccgatattctca 1981 
205 H P H F S L P I A H Y G Q M E M T D I L 

421 gcggtgccatcgtcgtcgcgatcgccattcgactcgggatgattgcggtatggtgccttc 480 
1111111 II 1111 11111 11111 I 111111 I II 111111111 I I 

1982 gcggtgcaattgtcgcggcgattgccatcgcagcagggatggtcgccgtatggtgcttac 2041 
225 S G A I V A A I A I A A G M V A V W C L 

481 cgcgcctgcaccgtctgatgcaccggctgaagcacccggtcgtgattctgggggcgggtg 540 
I 11 I I I I I I I 11111 I I I I I I I I I I I I I II I 11 I I I 

2042 cacggttgcacgcgatgatgcatcaaatgaaaaatccggtgctcgtgctgggtattggcg 2101 
245 P R L H A M M H Q M I< N P V L V L G I G 

541 gtctgatgctgggcgtattaggggctatcggcggaacggtaacgctgtttaaaggccttg 600 
I I 11 11 11 I I 1111 Ill II Ill I II 1111111111111 II I 

2102 gatttattctcggtattctgggggttattggtggaccagtttcgctgtttaaagggctgg 2161 
265 G F I L G I L G V I G G P V S L F I< G L 

601 atgaaatgcagcagttggctttcagccaggtgttcagcgtgtctgattacctgctgtttg 660 
1111 111111111 Ill I 1111 111111 111111 I II I I 

2162 atgagatgcagcagatggtggcaaatcaggctttcagcaccagcgattactttttgctgg 2221 
285 D E M Q Q M V A N Q A F S T S D Y F L L 

661 cgctggttaaactggcggcgctggtggtagctgcagcatgtgggttccgcggtgggcgta 720 
11 I 1111111 II II 11111 II 11111 II till II 11111111111 I 

2222 cggtaattaaacttgccgccctggtcgttgctgccgccagtggctttcgcggtgggcgaa 2281 
305 A V I K L A A L V V A A A S G F R G G R 

721 tcttcccggcggtgtttatcggtgtggcgctggggctgatgctgcatgagcatgtggatg 780 
1111111111 111111 1111 11111 I Ill 1111111111111111 II I 

2282 tcttcccggcagtgtttgtcggcgtggcattagggttgatgctgcatgagcacgttcccg 2341 
325 I F P A V F V G V A L G L M L H E H V P 
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Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

Query: 

Sbjct: 
Orf 

B 

781 cggtgccggcagcgataacggtctcttgctcaattctggggctggtgctggtggtgacgc 840 
I II II II II 11111 II 111111 I 11111 II I 11111111111 II I 

2342 ccgtaccagcggcaataaccgtttcttgcgctattctcggcatcgtgctggtggtaacac 2401 
345 A V P A A I T V S C A I L G I V L V V T 

841 gcgatgcgtggctgagcctgtttatggcggcggtagtggtgccggattcaacgctcttcc 900 
111111 111 I 11 II 11111111111 II II II 11 11 I II I I I 

2402 gcgatggctggttaagtctttttatggcggcagtcgttgtacccaataccacattgctac 2461 
365 R D G W L S L F M A A V V V P N T T L L 

901 ccctgctctgtatcgtgatgttgcccgcctggctcctgctggcgggcaaaccgatgatga 960 
I 11111111111111 111 I II II 11111 I I 11 11 11 1111111111 

2462 cgctgctctgtatcgtcatgcttccggcatggctgttattagcaggtaagccgatgatga 2521 
385 P L L C I V M L P A W L L L A G K P M M 

961 tgg 963 
111 

2522 tgg 2524 
405 M 

gaagcgcgtaataacgcctgactacttgtcgtttcgccaggccatcatcatcggtttgcccgccagca 
cttcgcgcattattgcggactgatgaacagcaaagcggtccggtagtagtagccaaacgggcggtcgt 
E A R N N A * 

ggagccaggcgggcaacatca 
cctcggtccgcccgttgtagt 
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P. putida ORI 2-2 and E. cloacae FERM BP-1529 ipdc sequences could be extended to the 

entire gene, PCR primers were designed from the published E. cloacae FERM BP-1529 

sequence in an attempt to amplify the entire open reading frame. Electrophoresis of the PCR 

products from purified genomic DNA and from whole cell lysates of P. putida GR12-2 

revealed a single band of the expected size, about 1.7 kb (Fig. 11). Sequence analysis of the 

PCR products, and alignment of the nucleotide sequence with the ipdc gene from E. cloacae 

FERM BP-1529, confirmed that the P. putida GR12-2 ipdc gene had indeed been isolated 

(GenBank Accession No. AF285632) (Fig. 12). Furthermore, the translated amino acid 

sequence is similar to other known bacterial indolepyruvate decarboxylases (Fig. 13, 

Table 3). 

The P. putida GR12-2 indolepyruvate decarboxylase is also similar to pyruvate 

decarboxylase from Zymomonas mobilis and Saccharomyces cerevisiae, sharing substantial 

identity (33% and 36%, respectively) and similarity (51% and 53%, respectively) in their 

amino acid sequences (Fig. 14 ), and to the C-tenninal end of pyruvate oxidase from 

Lactobacillus plantarum. Four of the six residues believed to be involved in substrate 

binding and catalysis for pyruvate decarboxylase are conserved in the indolepyruvate 

decarboxylase sequence: Asp29
, His115

, His116
, and Glu468 of indolepyruvate decarboxylase 

from P. putida GR12-2 correspond to residues Asp27
, His113, His 114, and Glu473 in the active 

site of Zymomonas mobi/is pyruvate decarboxylase (Dobritzsch et al., 1998) (Fig. 14). In 

addition, most of the residues known to bind cofactors Mg2
+ and thiamine diphosphate in 

pyruvate decarboxylase are conserved in indolepyruvate decarboxylase including Glu52
, 

Gly408
, Asp435

, Asn462
, and Gly464

. Indolepyruvate decarboxylase is also similar to 

acetolactate synthase (large subunit), another member of the thiamine diphosphate•dependant 
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Figure 11. Agarose gel electrophoresis of PCR products amplified from purified 

genomic DNA {Lane 2) and whole cell lysates (Lane 3) from P. putida GR12-2 using 

primers designed from the E. cloacae FERM BP-1529 ipdc sequence to amplify the ipdc 

gene {Lane l, PCRproducts from water as a template; Lane 4, DNA size markers). 
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Figure 12. Nucleotide and translated amino acid sequence of the ipdc gene from 

P. putida GR12-2 (GenBank Accession No. AF285632). 
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1 ATGCGAACCCCATACTGGGTCGCCCATTACCTGCTGGACCGTCTTACAGATTGTGGTGCC 60 
M R T p y w V A H y L L D R L T D C G A 

61 GATCATCTGTTTGGCGTGCCGGGCGACTATAACCTGCAGTTTCTCGACCACGTAATAGAC 120 
D H L F G V p G D y N L Q F L D H V I D 

121 AGCCCGGATATTTGTTGGGTGGGCTGTGCCAATGAGCTGAACGCATCCTATGCCGCTGAC 180 
s p D I C w V G C A N E L N A s y A A D 

181 GGATACGCCCGATGTAAGGGCTTTGCCGCGCTGCTGACCACATTCGGCGTTGGGGAGTTA 240 
G y A R C K G F A A L L T T F G V G E L 

241 AGTGCCATGAACGGCATTGCCGGCAGCTATGCCGAGCATGTCCCGGTTTTACATATTGTG 300 
s A M N G I A G s y A E H V p V L H I V 

301 GGGGCGCCGGGTACGGCGGCACAGCAAAGGGGAGAGTTGCTGCATCATACGTTGGGGGAT 360 
G A p G T A A Q Q R G E L L H H T L G D 

361 GGGGAGTTCCGTCACTTTTATCATATGAGCGAGCCGATCACCGTCGCACAGGCGGTCCTT 420 
G E F R H F y H M s E p I T V A Q A V L 

421 ACCGAACAAAATGCCTGTTATGAAATCGACCGTGTGTTGACAACCATGCTTCGGGAACGT 480 
T E Q N A C y E I D R V L T T M L R E R 

481 CGCCCCGGTTATCTGATGTTACCCGCCGATGTGGCAAAAAAAGCCGCCACGCCGCCTGTA 540 
R p G y L M L p A D V A K K A A T p p V 

541 AACGCTCTCACTCATAAGCAGGCTAATGCCGATAGCGCCTGCCTGAAAGCGTTCCGGGAT 600 
N A L T H K Q A N A D s A C L K A F R D 

601 GCTGCTGAGAACAAACTGGCGATGAGCAAACGTACCGCGCTGCTGGCCGACTTCCTTGTT 660 
A A E N K L A M s K R T A L L A D F L V 

661 CTGCGCCATGGCCTGAAGCATGCGCTACAGAAGTGGGTGAAAGAGGTACCGATGGCACAT 720 
L R H G L K H A L Q K w V K E V p M A H 

721 GCCACCATGCTGATGGGGAAAGGGATATTCGACGAGCGTCAGGCGGGTTTTTACGGTACA 780 
A T M L M G K G I F D E R Q A G F y G T 

781 TACAGTGGTTCAGCCAGCACCGGTGCGGTAAAAGAGGCGATTGAAGGGGCTGACACGGTA 840 
y s G s A s T G A V K E A I E G A D T V 

841 TTGTGTGTTGGCACGCGTTTTACCGATACCCTGACGGCCGGGTTCACGCACCAGCTTACC 900 
L C V G T R F T D T L T A G F T H Q L T 

901 CCGGCGCAAACCATTGAAGTTCAGCCGCATGCCGCACGCGTCGGGGATGTCTGGTTTACC 960 
p A Q T I E V Q p H A A R V G D V M F T 

961 GGCATCCCAATGAACCAGGCGATTGAGACGCTGGTCGAACTCAGCAAACAGCACGTGCAC 1020 
G I p M N Q A I E T L V E L s K Q H V H 

1021 ACTGGCCTTATGTCGTCATCATCCGGCGCAATACCGTTCCCGCAGCCGGACGGTTCGCTT 1080 
T G L M s s s s G A I p F p Q p D G s L 

1081 ACCCAGGAGAATTTCTGGAGAACGTTGCAAACCTTTATTCGCCCGGGGGACATTATCCTT 1140 
T Q E N F w R T L Q T F I R p G D I I L 

1141 GCCGACCAGGGAACATCGGCCTTCGGCGCGATTGATCTGCGTTTACCGGCTGATGTGAAC 1200 
A 0 Q G T s A F G A I 0 L R L p A D V N 

1201 TTTATCGTCCAGCCGCTGTGGGGCTCGATTGGTTACACGCTGGCGGCGGCGTTTGGTGCA 1260 
F I V Q p L w G s I G y T L A A A F G A 

1261 CAAACCGCATGCCCGAACCGGCGCGTGATTGTGCTGACGGGGGATGGCGCGGCCCAGCTC 1320 
Q T A C p N R R V I V L T G D G A A Q L 

1321 ACTATTCAGGAACTAGGCTCGATGCTGCGTGATAAACAGCACCCCATTATTCTGGTGCTC 1380 
T I Q E L G s M L R D K Q H p I I L V L 

1381 AACAACGAAGGCTACACGGTTGAAAGGGCTATCCATGGGGCGGAGCAGCGGTATAACGAC 1440 
N N E G y T V E R A I H G A E Q R y N 0 

1441 ATTGCTTTGTGGAACTGGACGCACATTCCACAGGCGTTGAGCCTCGATCCTCAGTCTGAG 1500 
I A L w N w T H I p Q A L s L D p Q s E 

1501 TGCTGGCGGGTCAGTGAAGCGGAACAGCTGGCGGACGTACTTGAAAAAGTGGCGCACCAC 1560 
C w R V s E A E Q L A D V L E K V A H H 

1561 GAGCGGCTCTCGTTGATTGAGGTGATGCTCCCGAAAGCGGATATCCCGCCGCTGCTCGGG 1620 
E R L s L I E V M L p K A D I p p L L G 

1621 GCGCTTACCAAAGCTCTGGAAGCGCGTAATAACGCCTGA 1657 
A L T K A L E A R N N A * 

113 



Figure 13. Alignment of bacterial indolepyruvate decarboxylase amino acid sequences 

from Enterobacter cloacae FERM BP-1529, Pseudomonas putida GR12-2, Erwinia 

herbicola 299R, and Azospirillum hrasilense Sp245. The following symbols found 

below the sequences indicate conserved positions: •, columns that contain identical 

amino acid residues; :, columns that contain amino acids that have strongly similar 

properties (e.g., amino acids with similar charge); ., columns that contain amino acids 

that have weakly similar properties. 
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&.cloacae 
P.puti.da 
E.berbicola 
A.brasilenae 

£.cloacae 
P.putida 
£.herbicola 
A.braai.lenae 

£.cloacae 
P.putida 
E.berbicola 
A.brasilenae 

E.cloacae 
P.putida 
E.he.d>ic:ola 
A.braailenae 

£.cloacae 
P.putida 
E.herbicola 
A.braailense 

£.cloacae 
P.putida 
E.herbicola 
A.brasilenae 

E.cloac:ae 
P.putida 
E.herbicola 
A.braailense 

s.cioacae 
P.putida 
£.herbicol.a 
A.braailenae 

B.el.oacae 
P.putida 
E.he.rbi.cola 
A.braailenae 

&.cloacae 
P.put:ida 
E.bemicola 
A.brasilen.ae 

MM'fYCVADYLLDRLTDCGN>BJ.l'GVKDYNLQl'LDBVXDSPDtt1IVGCMBIMSYNm 60 
NRTPYIIVABYLLDRLTDCGADBLl"GWGDYNLQft.DIIVIDS•DIC9VGCAN8UIASYMD 60 
-MSTffYGDYLLTRLQDGZIOILl'GYtGDYNLQFLDRVIADEISIIVGCMELNAAYMD 59 
----NKLMALLMLKDRGMWll'GIPGDl'ALPf'l'KVADTQILPLBTLSHUAVGl'MD 56 

: 

GYMCKG-FMLL1"l'l'GVGELSMINGIAGSYABIIVPVLIIIVGGTMQQRGEJ.LHR'1'l.G 119 
GYMCKG-l'MLL1"l'l'GVGBLSNINGIAGSYAERVPVLHIVGUGiT~ 119 
GYARCNG-AGALL1"l'l'GVGELSAilfGDGSDEYLl'VIBIVGUATQIQl,QGDCVBRSLG 118 
AMRYSSTLGVAAVTYGAGAl'HNVNAVAaYMKSfVVVISGUGTTBGNAGl.LLIUIQG- 115 .. .•:•.• : . :• .. ••:••· ••: . ·••.• . :•• 

DGE!'IUU'rBNSUI~VL'lT.Qtf-ACYEIDRVLT'DILRIRRPGYUIL~P 178 
DGBl'IUIFYIDISUI~VLTBQN-ACYEIDRVLT'DILRIRRPGYUILADVAKXN.TP 178 
DGD!"Qlll'IlN'IAEYSVATALLTMltf-ATMXDRVIISALQMUtPGYLSIAVDVANP.VQP 177 
-RTLDTQl'QVl'DZTVAQULDDPAKAPAUARVI.GMMLSUVYI.EIPIUOMIAEVBP 174 

: : : : :•• .. . .. .. ••: : ...... : . : : . .. 
PVNALTHKQMAl)SACLIAl'RDAMNJ(LN(SKRT.ALLM>n.VLRHGLKRALQJOl'VKEVPM 238 
PVNALTIIKQMJU>~KR'l'ALLADFLVIJUIGLKHALQDVKEVPN 238 
PAQPLNTBQf-~AQRVSLIADFLi\LRIQQQSALMLRBQSAI 236 
VG-DDPMPVDRDAIMCADEVLMMRSATSl'VUCVCVEVRRYG~ 231 

• : •:. . . • t. : 

AHM'MLMGKGil'DERQM;l'YGTYSGSASTaVKPAIEGADTYLCVGTltrrDTI.TAGffHQ 298 
AHA'l'NllCGKGZl'DDQM;!YGTYSGSAST<aVKPAIBGADTYLc:VGTRrrDTLTAG!"'l'BO 298 
PCASLLMGKGVLDZQQ~IBQVDMICVGVRrl'DTITAGftQQ 296 
PWTTl'MGRGLLADUTPPr.GTnGVAGMBITIU.VBBSDGLl'l,J.GAIJ.SDTNJ'AVSQRX 291 . . : : .. : . : : : ... . . .. . : . : . . : : • . : : .. . : : 

LTPAQ'l'IBVQfBMllVGDVllnGUNN~ETLVBLCKQIMIAGUISSSSGAIPl'fQIDG 358 
LTPAQ'nEVQPIIMRVGIMrn'GtfNN~t:rLVZLSKQBYBTGLMSSSSGAIPRQPDG 358 
l'ATBRLIDLQIPSASVGNBR!'APL~BLQILnllYGQQIIQPMAifMQIAUTA 356 
IDLRXTIHAl'DMVTLGYIITYADIPLAGLVDALLBGWPSDll'?TRGDPHAYfTGLQN)G 351 
: : * : . :• : I I. I : • * I I• • 

-SLTQIN!'IIRTI.QTFIUGD---IILM)QG'l'SAPalDLRLPMMlnVQPLIIGSIGYTL 414 
-SLTQDl!'IIRTI.QTnUGJ>--ItIADQGTSAl'GAIDLRLPADVHrIVQPLWGSIGYTL 414 
-VISQJIA!lfQAMQGl'LQPGD--Ll~SMQLWQPLIIGSIGYTL 412 
EPIABIDIAMVNDRYMGQBPLLIMmlGDCLn'Mml IDAGUCAIGYYAGNGl'GV 408 . . . . : :::: ::.•: . .. .. . ... 
AMl"GAQl'ACfNRRVIVLTGDGMQLTIQBLGSNLRDKQUIII,VUfDGYTVBMIB~ 474 
~TGDGMQLTlQSLGSNLRDKQBPIZLVlHRZGffYEMIHQ 47 4 
l»Ml'GAQ'l'MPl>IUlVILIIGDGMQLTIQSLGSMLRDGQRLIIl'LLHNDGYTVERAIBGll 4 72 
PAGiaQCVSGGKRIL~GIIELGNCRRLGIDPivILl'IIIIMIIDCLlffPQ-P 467 
.•.:••• .:•::: •••: •:• ••• • *:::z•• .: : •::: . 

BQRYNDIALIINlffllIPQU,SLDPQSlafRVS!'AIQ~LIEVMLPDD 534 
BQR'ltHDIAL1ftllffll1PQUSLDIQSlatRVSMBQLADVLEKVMIIDLSLIEVNLPICAD 534 
TQRYNDlAftNll'l'ALPRA---- ------------------ 490 
BSAIHDLD1DlllRl'Jlllll3WNiGD--GVIMlfflW:LXMlr.DIKAl'ATRGRl'QLIUMIPRGV 524 
. :••: •.:: : .. 

UPLLaLTKALBM:NNA- 552 
IPPLLaLTDLDR-- 549 ---------LSD'l'LARl'VQGQKRLHMPRE 545 
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Table 3. Comparison of the P. putida GR12-2 indolepyruvate decarboxylase amino acid 
sequence with other bacterial indolepyruvate decarboxylases. 

Organism 

Enterobacter cloacae FERM BP-1529 

Erwinia herico/a 299R 

Azospirillum brasi/ense Sp245 

Identity(%) 

116 

99 

S1 

29 

Similarity (%) 

99 

71 

44 



Figure 14. Alignment of P. putida GR12-2 (P.p) indolepyruvate decarboxylase (IPDC) 

with pyruvate decarboxylase (PDC) from the yeast Saccharomyces cerevisiae (S.c ), the 

bacterium Zymomonas mob ii is (Z.mo ), and the plant Zea mays (2.ma), and with 

acetolactate synthase (ALS) from the chloroplast of Brassica napus (B.n), from the 

genome of E. coli (E.c), and from the mitochondrion of Saccharomyces cerevisiae (S.c). 

Conserved residues involved in substrate and cofactor binding are shown in bold. The 

following symbols found below the sequences indicate conserved positions: •, columns 

that contain identical amino acid residues;:, columns that contain amino acids that have 

strongly similar properties ( e.g., amino acids with similar charge); ., columns that contain 

amino acids that have weakly similar properties. 
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P.p/IPDC -----------------------------------------------------------­
S.c/PDC -----------------------------------------------------------­
Z.mo/PDC ------------------------------------------------------------
Z.mo/PDC --------------------------------------------METLLAGNPANGVAKP 16 
B.n/ALS ---------MAAATSSSPISLTAKPSSKSPLPISRFSLP----FSLTPQKPSSRLHRPLA 47 
E.c/ALS ------------------------------------------------------------
S.c/ALS MIRQSTLKNFAIKRCFQHIAYRNTPAMRSVALAQRFYSSSSRYYSASPLPASKRPEPAPS 60 

P .p/IPDC 
S.c/PDC 
z.mo/PDC 
z.mo/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/PDC 
z.mo/PDC 
z .ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/PDC 
Z .mo/PDC 
z .rna/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P .p/IPDC 
S.c/PDC 
Z .rno/PDC 
Z.ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

---------------------------MRTPYWVAHYLLDRLTDCGADHLFGVPGDYNLQ 33 
----------------------------MSEITLGKYLFERLKQVNVNTVFGLPGDFNLS 32 
-----------------------------MSYTVGTYLAERLVQIGLKHHFAVAGDYNLV 31 
TCNGVGALPVANSHAIIATPAAAAATLAPAGATLGRHLARRLVQIGASDVFAVPGDFNLT 76 
ISAVLNSPVNVAPEKTDKIKTFISRYAPDEPRKGADILVEALERQGVETVFAYPGGASME 107 
-------------------------------MNGAQWWHALRAQGVNTVFGYPGGAIMP 29 
FNVDPLEQPAEPSKLAKKLRAEPDMDTSFVGLTGGQIFNEMMSRQNVDTVFGYPGGAILP 120 

* * 

FLDHVIDSPDICWVGCANELNASYAADGYARCKG-FAALLTTFGVGELSAMNGIAGSYAE 
LLDKIYEVEGMRWAGNANELNARYAADGYARIKG-MSCIITTFGVGELSALNGIAGSYAE 
LLDNLLLNKNMEQVYCCNELNCGFSAEGYARAKG-AAAAVVTYSVGALSAFDAIGGAYAE 
LLDYLIAEPGLTLVGCCNELNAGYAADGYARSRG-VGACAVTFTVGGLSVLNAIAGAYSE 
IHQALTRSSTIRNVLPRHEQGGVFAAEGYARSSGKPGICIATSGPGATNLVSGLADAMLD 
VYDALYDGG-VEHLLCRHEQGAAMAAIGYARATGKTGVCIATSGPGATNLITGLADALLD 
VYDAIHNSDKFNFVLPKHEQGAGHMAEGYARASGKPGWLVTSGPGATNVVTPMADAFAD . . . . . • * * **** • * * . . . ... 
HVPVLHIVGAPGTAAQQRGELLBHTLGDGEFRHFYHMSEPITVAQAVLTEQN-ACYEIDR 
HVGVLHWGVPSISSQAKQLLLHHTLGNGDFTVFHRMSANISETTAMITDICTAPAEIDR 
NLPVILISGAPNNNDHAAGHVLBRALGKTDYHYQLEMAKNITAAAEAIYTPEEAPAKIDH 
NLPVVCIVGGPNSNDYGTNRILHBTIGLPDFSQELRCFQTITCYQAIINNLDDAHEQIDT 
SVPLVAITGQVPRRMIGTDAFQETPIVE--------VTRSITKHNYLVMDVDDIPRIVQE 
SIPWAITGQVSAPFIGTDAFQEVDVLG--------LSLACTKHSFLVQSLEELPRIMAE 
GIPMVVFTGQVPTSAIGTDAFQEADVVG--------ISRSCTKWNVMVKSVEELPLRINE 

* 

92 
91 
90 
135 
167 
88 
180 

151 
151 
150 
195 
219 
140 
232 

VLTTMLRERR-PGYLMLPADVAKK--AATPP-VNALTHKQA-----NADSACLKAFRDAA 202 
CIRTTYVTQR-PVYLGLPANLVDLNVPAKLL-QTPIDMSLK-----PNDAESEKEVIDTI 204 
VIKTALREKK-PVYLEIACNIA--SMPCAAPGPASALFNDE-----ASDEASLNAAVEET 202 
AIATALRESK-PVYISVSCNLAGLSHPTFSRDPVPMFISPR-----LSNKANLEYAVEAA 249 
AFFLATSGRPGPVLVDVPKDIQQQLAIPNWDQPMRLPGYMS-----RLPQPPEVSQLGQI 274 
AFDVASSGRPGPVLVDIPKDIQ--LASGDLEPWFTTVENEV-----TFPH----AEVEQA 189 
AFEIATSGRPGPVLVDLPKDVTAAILRNPIPTKTTLPSNALNQLTSRAQDEFVMQSINKA 292 

• . . . . . . . . . 
P.p/IPDC ENKLAMSKRTALLADF-LVLRHGLKHALQKWVKEVPMAHATMLMGKGIFDERQAGFYGTY 261 
S.c/PDC LVLAKDAKNPVILADA-CCSRHDVKAETKKLIDLTQFPAFVTPMGKGSISEQHPRYGGVY 263 
z.mo/PDC LKFIANRDKVAVLVGS-KLRAAGAEEAAVKFADALGGAVATMAAAKSFFPEENPHYIGTS 261 
Z.ma/PDC ADFLNKAVKPVMVGGP-KIRVAKAREAFAAVADASGYPFAVMPAAKGLVPEHHPRFIGTY 308 
B.n/ALS VRLISESKRPVLYVGG---GSLNSSEELGRFVELTGIPVASTLMGLGSYPCNDELSLQ-M 330 
E.c/ALS RQMLAKAQKPMLYVGGGV-GMAQAVPALREFLATTKMPATCTLKGLGAVEADYPYYLG-M 247 
S.c/ALS ADLINLAKKPVLYVGAGILNHADGPRLLKELSDRAQIPVTTTLQGLGSFDQEDPKSLD-M 351 
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P.p/IPOC 
S.c/POC 
Z.mo/POC 
z.ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/PDC 
Z.mo/PDC 
Z.ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/PDC 
z.mo/PDC 
z.ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P .p/IPDC 
S.c/PDC 
Z.mo/PDC 
Z.ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/PDC 
Z .ma/POC 
Z .ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

P.p/IPDC 
S.c/POC 
Z .mo/PDC 
Z .ma/PDC 
B.n/ALS 
E.c/ALS 
S.c/ALS 

SGSASTGAVKEAIEGADTVLCVGTRFTDTLTAGFTHQLTPAQ---------TIEVQPHAA 
VGTLSKPEVKEAVESADLILSVGALLSOFNTGSFSYSYKTKN---------IVEFHSDHM 
WGEVSYPGVEKTMKEADAVIALAPVFNDYSTTGWTDIPDPI<K---------LVLAEP-RS 
WGAVSTTFCAEIVESADAYLFAGPIFNDYSSVGYSLLLKREK---------AVIVQPDRM 
LGMHGTVYANYAVEHSDLLLAFGVRFDDRVTGKLEAFASRAK---------IVHIDIDSA 
LGMHGTKAANFAVQECDLLIAVGARFDDRVTGKLNTFAPHAS---------VIHMDIDPA 
LGMHGCATANLAVQNADLIIAVGARFDDRVTGNISKFAPEARRAAAEGRGGIIHFEVSPK 

* * : * 

RVGO-VWFTGIPMNQAIETLV----ELSKQ-----------HVHTGLMSSSS-GAIPFPQ 
KIRN-ATFPGVQMKFVLQKLLTNIADAAKG-----------YKPVAVPARTP-ANAAVP­
VVVNGIRFPSVHLKDYLTRLAQKVSKKTGA-----------LDFFKSLNAGELKKAAPAD 
VVGDGPAFGCILMPEFLRALAKRLRRNTTA-----------YDNYRRIFVPD-REPPNGK 
EIGKNKTPHVSVCGDVKLALQGMNKVLENRAEELKLDFGVWRSELSEQKQKFPLSF--KT 
EMNKLRQAHVALQGDLNALLPALQQPLN---------INDWQQYCAQLRDEHAWRY--DH 
NINKVVQTQIAVEGDATTNLGKMMSKIFPVKE-----RSEWFAQINKWKKEYPYAYMEET 

* 

PDGSLTQENFWRTLQTFIR--PGDIILADQG--TSAFGAIDLRLPADVNFIVQPLWGSIG 
ASTPLKQEWMWNQLGNFLQ--EGDVVIAETG--TSAFGINQTTFPNNTYGISQVLWGSIG 
PSAPLVNAEIARQVEALLT--PNTTVIAETG--DSWFNAQRMKLPNGARVEYEMQWGHIG 
PNEPLRVNVLFKHIKGMLS--GDSAVVAETG--DSWFNCQKLRLPEGCGYEFQMQYGSIG 
FGEAIPPQYAIQVLDELT---QGKAIISTGVGQHQMWAAQFYKYRKPRQWLSSSGLGAMG 
PGDAIYAPLLLKQLSDRK---PADCVVTTDVGQHQMWAAQHIAHTRPENFITSSGLGTMG 
PGSKIKPQTVIKKLSKVANDTGRHVIVTTGVGQHQMWAAQHWTWRNPHTFITSGGLGTMG 

* : * 

YT----LAAAFGAQTACPNRRVIVLTGDGAAQLTIQELGSMLRDKQHPIILVLNNE--GY 
FTTGATLGAAFAAEEIDPKKRVILFIGDGSLQLTVQEISTMIRWGLKPYLFVLNND--GY 
ws----VPAAFGYAVGAPERRNILMVGDGSFQLTAQEVAQMVRLKLPVIIFLINNY--GY 
ws----VGATLGYAQAAKDKRVIACIGDGSFQVTAQDVSTMLRCGQKSIIFLINNG--GY 
FG----LPAAIGASVANPDAIVVDIDGDGSFIMNVQELATIRVENLPVKILLLNNQHLGM 
FG----LPAAVGAQVARPNOTVVCISGDGSFMMNVQELGTVKRKQLPLKIVLLDNQRLGM 
YG----LPAAIGAQVAKPESLVIDIDGDASFNMTLTELSSAVQAGTPVKILILNNEEQGM 

: *: .. **. : :.:::* * 

TVERAIHGAEQRYNDIALWN-------WTHIPQALSLDP-----QSECWRVSEAEQLADV 
TIEKLIHGPKAQYNEIQGWD-------HLSLLPTFGAK------DYETHRVATTGEWDKL 
TIEVMIH--DGPYNNIKNWD-------YAGLMEVFNGNGGYDSGAGKGLKAKTGGELAEA 
TIEVEIH--DGPYNVIKNWD-------YTGLVNAIHNS----EGNCWTMKVRTEEQLKEA 
VMQWEDRFYKANRAHTYLGOPARENEIFPNMLQFAGACG------IPAARVTKKEELREA 
VRQWQQLFFQERYSETTLTD-------NPDFLKLASAFG------IPGQHITRKDQVEAA 
VTQWQSLFYEHRYSHTHQLN--------PDFIKLAEAMG------LKGLRVKKQEELDAK 

LEKVAHHER--LSLIEVMLPKADIPPLLGALTKALEARNNA------------------­
TQDKSFNDNSKIRMIEVMLPVFDAPQNLVEQAKLTAATNAKQ-----------------­
IK-VALANTDGPTLIECFIGREDCTEELVKWGKRVAAANSRKPVNKLL-----------­
IATVTGAI<KDCLCFIEVIVHKDDTSKELLEWGSRVSAANSRPPNPQ-------------­
IQTMLDTPG--PYLLOVICPHQEHVLPMIPSGGTFKDVITEGDGRTKY-----------­
LDTMLNSDG--PYLLHVSIDELENVWPLVPPGASNSEMLEKLS----------------­
LKEFVSTKG--PVLLEVEVDKKVPVLPMVAGGSGLDEFINFDPEVERQQTELRHKRTGGK 
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312 
314 
311 
359 
381 
298 
411 

355 
360 
360 
407 
439 
347 
466 

411 
416 
416 
463 
496 
404 
526 

465 
474 
470 
517 
552 
460 
532 

513 
521 
521 
564 
606 
507 
628 

550 
563 
568 
610 
652 
548 
686 



protein family, involved in amino acid biosynthesis, from bacteria and plastids found in some 

yeast, plants and algae (Fig. 14). 

Isolation of the ipdc Promoter Region 

The promoter region for the P. putida GR12-2 ipdc gene was isolated by inverse PCR 

as outlined in Fig. 15. Briefly, P. putida GR12-2 genomic DNA was digested with Kpnl 

because it was known that this restriction enzyme would cut within the ipdc gene as well as 

at an unknown site somewhere upstream of the ipdc gene. This facilitated isolation of only 

the upstream region and avoided isolation of the downstream region which would have 

unnecessarily complicated the identification of the promoter sequence. Following 

circularization of the KpnI genomic fragments, the region upstream of the ipdc gene was 

amplified using PCR primers designed to anneal to regions within the ipdc gene as illustrated 

in Fig. 16. Forward and reverse primers were chosen to bind just upstream of the Kpnl 

recognition site and slightly downstream of the start codon in the ipdc sequence, respectively, 

such that PCR products containing the ipdc upstream region could be confirmed by the 

presence of some ipdc coding sequence. Agarose gel electrophoresis of PCR products 

revealed a single band of about 700 hp (Fig. 17 A). Subsequent sequence analysis of the PCR 

products suggested that a sequence recognized by the RNA polymerase sigma factor RpoD 

(670
), characterized by the consensus sequence TIGACA and TATAAT at positions-3S and 

-10, respectively, and separated by a spacer of 16-18 nucleotides, was not present; however, 

three possible stationary phase sigma factor RpoS (838
) recognition sequences (CT AT ACTI 

were apparent (Fig. 17B). In addition, two putative ribosome binding sites were revealed 

(Fig. 178). Interestingly, the region further upstream from the binding site for the 
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Figure 15. Strategy to isolate the P. putida GR12-2 ipdc promoter region using inverse 

PCR. P. putida GR12--2 genomic DNA was digested with Kpnl which is known to cut 

within the ipdc gene. Kpnl fragments were circularized by ligation with T4 DNA ligase 

and the region upstream of the ipdc gene was amplified using PCR primers designed to 

anneal to regions within the ipdc gene. 
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P. putida GR12-2 Chromosomal DNA 

~ Digest with Kpnl 

i Ligate 
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Figure 16. Nucleotide sequence of the P. putida GR12-2 ipdc gene showing positions 

within the gene for binding of PCR primers used to amplify the region upstream of the 

ipdc gene. The binding position for each primer and the direction of amplification are 

indicated by the arrows. The unique Kpnl site within the ipdc gene is underlined. 
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1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

661 

721 

781 

841 

901 

961 

1021 

1081 

1141 

1201 

1261 

1321 

1381 

1441 

1501 

1561 

1621 

ATGCGAACCCCATACTGGGTCGCC<a'rrACCTGCTGGACCG'rCTTACAGATTGTGGTGCC 

GATCATCTGTTTGGCGTGCCGGGCGACTATAACCTGCAGTTTCTCGACCACGTAATAGAC 

AGCCCGGATATTTGTTGGGTGGGCTGTGCCAATGAGCTGAACGCATCCTATGCCGCTGAC 

GGATACGCCCGATGTAAGGGCTTTGCCGCGCTGCTGACCACATTCGGCGTTGGGGAGTTA 

AGTGCCATGAACGGCATTGCCGGCAGCTATGCCGAGCATGTCCCGGTTTTACATATTGTG 

GGGGCGCCGGGTACGGCGGCACAGCAAAGGGGAGAGTTGCTGCATCATACGTTGGGGGAT 

GGGGAGTTCCGTCACTTTTATCATATGAGCGAGCCGATCACCGTCGCACAGGCGGTCCTT 

ACCGAACAAAATGCCTGTTATGAAATCGACCGTGTGTTGACAACCATGCTTCGGGAACGT 

CGCCCCGGTTATCTGATGTTACCCGCCGATGTGGCAAAAAAAGCCGCCACGCCGCCTGTA 

AACGCTCTCACTCATAAGCAGGCTAATGCCGATAGCGCCTGCCTGAAAGCGTTCCGGGAT 

GCTGCTGAGAACNACTGGCGA~TACCGCGCTGCTGGCCGACTTCCTTGTT 

CTGCGCCATGGCCTGAAGCATGCGCTACAGAAGTGGGTGAAAGAGGTACCGATGGCACAT 

GCCACCATGCTGATGGGGAAAGGGATATTCGACGAGCGTCAGGCGGGTTTTTACGGTACA 

TACAGTGGTTCAGCCAGCACCGGTGCGGTAAAAGAGGCGATTGAAGGGGCTGACACGGTA 

TTGTGTGTTGGCACGCGTTTTACCGATACCCTGACGGCCGGGTTCACGCACCAGCTTACC 

CCGGCGCAAACCATTGAAGTTCAGCCGCATGCCGCACGCGTCGGGGATGTCTGGTTTACC 

GGCATCCCAATGAACCAGGCGATTGAGACGCTGGTCGAACTCAGCAAACAGCACGTGCAC 

ACTGGCCTTATGTCGTCATCATCCGGCGCAATACCGTTCCCGCAGCCGGACGGTTCGCTT 

ACCCAGGAGAATTTCTGGAGAACGTTGCAAACCTTTATTCGCCCGGGGGACATTATCCTT 

GCCGACCAGGGAACATCGGCCTTCGGCGCGATTGATCTGCGTTTACCGGCTGATGTGAAC 

TTTATCGTCCAGCCGCTGTGGGGCTCGATTGGTTACACGCTGGCGGCGGCGTTTGGTGCA 

CAAACCGCATGCCCGAACCGGCGCGTGATTGTGCTGACGGGGGATGGCGCGGCCCAGCTC 

ACTATTCAGGAACTAGGCTCGATGCTGCGTGATAAACAGCACCCCATTATTCTGGTGCTC 

AACAACGAAGGCTACACGGTTGAAAGGGCTATCCATGGGGCGGAGCAGCGGTATAACGAC 

ATTGCTTTGTGGAACTGGACGCACATTCCACAGGCGTTGAGCCTCGATCCTCAGTCTGAG 

TGCTGGCGGGTCAGTGAAGCGGAACAGCTGGCGGACGTACTTGAAAAAGTGGCGCACCAC 

GAGCGGCTCTCGTTGATTGAGGTGATGCTCCCGAAAGCGGATATCCCGCCGCTGCTCGGG 

GCGCTTACCAAAGCTCTGGAAGCGCGTAATAGCCTGA 
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Figure 17. The region upstream of the P. putida GR12-2 ipdc gene. A, Inverse PCR 

products following agarose gel electrophoresis (Lane 3 ). The 700 bp fragment canying 

the upstream region is indicated by the arrow. Lane 1, DNA size markers; Lane 2, PCR 

products from water as a template. B, Nucleotide sequence of the upstream region 

showing possible binding sites for sigma factor RpoS ( overlined) and ribosomes 

( underlined), and the translation start codon for indolepyruvate decarboxylase (in bold). 

The position of the start codon and the direction of translation for a putative potassium 

ion channel protein is indicated by an arrow. 
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A 

B 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

l 2 3 

700bp 

ATCCACATATTCCAGCCCCATACGCTTCAGGCTTTGATCCAGGCTGGCAACCAGATATTT 
V Y E L G M R K L S Q D L S A V L Y K R 

GCGTGACCCCCAGTCGCCGTAGGGGCCATCCCACATGGTATAACCCGCTTTGGTCGAGAT 
S GW D GYP GD QM TY GA KT SI I 

GATCAGCTCGTCGCGCCATGGCAGGAAATCTTCCTGCAAAATGCGACCGAAATTACGTTC 
LED R WP L FD E Q LI RG F N RE A 

GGCTGAGCCGGGAGGAGGACCGTAATTATTGGCAAGGTCGAAATGCGTAATACCCAGATC 
S GP PPG Y N NAL D F HT I GLD F 

GAACGCGCGTTGTAAAAGTTGACGGCTGTTTTCGACAAGCGTGGCGTCGCCAAAATTGTG 
A RQ LL QR S SN EV LT AD G F NH 

CCACAACCCGAGTGAGATGGCAGGCAACCTGAGTCCGCTTTGCCCGCAGCGGCGATACTG 
W L G L S I A P L R L G S Q G C R R Y Q 

~TTGTCTGATAACGATTTTTGTCCGGCTGGTAACCCATTCTGATGCCCTCTGGCGCTGA 
M 

AAGGAAAAATCAGTGTATACGTTTACATTTACATGAAAAAAAAGAGCATAGCGCAGCCTT 

TTTTGTAAAGCATTCTTTCCATGCCCTTCTTACGACCAATTCTGGACAGCCATCACGCTT 

CTTTAATACTCAAAGTGAGGTCAACGTCAGAAGGACACCTGTTA!GCGAACCCCATACTG 
M R T P Y W 

GGTCGCCCATTACCTGCTGGACCGTCTTACAGATTGTGGTGCCGATCATCTGTTTGGCGT 
VAH Y LLD R LTD CG AD H L F G V 

126 



transcriptional machinery is significantly similar (63% identical over approximately 400 bp) 

to the corresponding nucleotide sequence upstream of the ipdc gene from Erwinia herbicola 

(Brandl and Lindow, 1996). This region may encode a potassium ion channel protein subunit 

similar to that found in many organisms including microorganisms, animals and plants (Fig. 

18). The protein is transcribed from the strand opposite to that carrying the ipdc gene, 

beginning from the translation start codon 220 bases upstream of the start codon for 

indolepyruvate decarboxylase (Fig. 17B). 

That the isolated sequence indeed corresponded to the region upstream from the ipdc 

gene was confirmed by several means. As expected, the sequence of the products from 

inverse PCR revealed that the 5' end was identical to approximately 60 bases just upstream 

from the KpnI site in the ipdc gene, and similarly, the 3' end of the PCR products was 

identical to the first 23 bases of the ipdc gene. In addition, PCR primers designed from the 5' 

end of the isolated upstream sequence and from the 3' end of the ipdc structural gene, 

amplified a region of P. putida GR12-2 genomic DNA of expected size·(2.2 kb, Fig. 19A) 

and with expected restriction enzyme recognition sites (Fig. 198). 

The proximity of the promoter to the ipdc gene, and the presence of a putative 

transcription termination sequence and a putative gene transcribed from the opposite strand 

in the region downstream of the ipdc gene, indicate that the genes involved in IAA 

biosynthesis in this bacterium are not organized in an operon. 

Characterization of ipdc Promoter Activity 

The 700 bp PCR fragment was initially inserted into vector pGEM®-T by ligating the 

single deoxyadenosine on the 5' ends of the PCR products, generated by Taq polymerase, 
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Figure 18. Alignment of the open reading frame upstream of the P. putida GRl 2-2 ipdc 

gene with the sequences for a potassium ion channel protein from E. coli (E.c), 

Arabidopsis thaliana (A.t) and Homo sapiens (H.s). The numbers shown to the right of 

the P. putida GR12-2 sequence (P.p) indicate the nucleotide position upstream relative to 

the indolepyruvate decarboxylase start codon. 
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P.p ----------------------MQYRRCGQSGLRLPAISLGLWHNFGDATLVENSSRQLL 334 
E.c ----------MVWLANPERYGQMQYRYCGKSGLRLPALSLGLWHNFGHVNALE-SQRAIL 49 
A.t ----------------------MQYKNLGKSGLKVSTLSFGAWVTFGNQLDVK-EAKSIL 37 
H.s MYPESTTGSPARLSLRQTGSPGMIYRNLGKSGLRVSCLGLGTWVTFGGQITDE-MAEQLM 59 

P.p QRAFDLGITHFDLANNYGPPPGSAERNFGRILQEDFLPWRDELIISTKAGYTMQDGPYGD 514 
E.c RKAFDLGITHFDLANNYGPPPGSAEENFGRLLREDFAAYRDELIISTKAGYDMWPGPYGS 109 
A.t QCCRDHGVNFFDNAEVYAN--GRAEEIMGQAIRE--LGWRRSDIVISTKIFWGGPGPNDK 93 
H.s TLAYDNGINLFDTAEVYAA--GKAEVVLGNIIKK--KGWRRSSLVITTKIFWGGKAETER 115 

P.p WGSRKYLVASLDQSLKRMGLEYVD------------------------------------ 586 
E.c GGSRKYLLASLDQSLKRMGLEYVOIFYSHRVDENTPMEETASALAHAVQSGKALYVGISS 169 
A.t GLSRKHIVEGTKASLKRLDMDYVDVLYCHRPOASTPIEEAVRAMNYVIDKGWAFYWGISE 153 
H.s GLSRKHIIEGLKASLERLQLEYVOVVFANRPOPNTPMEETVRAMTHVINQGMAMYWGTSR 175 
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Figure 19. The 2.2 kb genomic fragment carrying the P. putida GR12-2 ipdc gene and its 

upstream flanking region. A, Agarose gel electrophoresis of PCR products using primers 

designed to anneal to the S' end of the upstream region and the 3' end of the ipdc gene 

from P. putida GR12-2 (Lane 1) and water (Lane 2) as a template. Lane 3, 1 kb ladder 

DNA size markers. B, Map of restriction enzyme recognition sites. 

130 



A 

I 2 3 

B 

BstEU Pstl Kpnl 

promoter ipdc gene 

t I I 
0 0.3 0.6 1.2 2.2 kb 

131 



with compatible thymidine overhangs in the cloning site of the vector. The promoter 

fragment was subsequently transferred from pGEM®-T as an Neal-Sall fragment to 

Ncol/Hindlll-digested pQF70 carrying the luxAB reporter gene to generate pQFPROM (the 

San site was abolished but the Hindlll site was regenerated following treatment with Kienow 

polymerase to fill in sticky ends) (Fig. 20). 

Light production (LuxAB activity) in transformed E.coli DHSa cells, driven by the 

ipdc promoter, was quantified in a luminometer before isolating plasmids for further 

manipulation. E. coli DH5a cells carrying plasmids with the promoter fragment inserted 

upstream of luxAB in pQFPROM produced about one hundred times more light in rich 

medium than cells carrying plasmids without the promoter inserted (pQF70) (Table 4). 

Because P. putida GR12-2 is naturally resistant to ampicillin (100 µg/mL), cells transformed 

with pQFPROM could not be selected using the ampicillin resistance marker on the plasmid. 

Therefore, a kanamycin resistance gene was inserted into the Pvull site of pQFPROM to 

generate pQFPROM-Kan (Fig. 20). Colonies of both E. coli DH5a/pQFPROM and 

P. putida GR12-2/pQFPROM-Kan growing on agar plates produced light in the presence of 

n-decyl aldehyde, whereas corresponding control cells, E. coli DH5a/pQF70 and P. putida 

GR12-2/pQF70-Kan, did not (Fig. 21). 

Effect of tryptophan and RpoS on promoter activity 

Preliminary experiments indicated that ipdc promoter activity in P. putida 

GR12-2/pQFPROM-Kan, assayed by measuring light production by LuxAB, increased 

sharply in the presence of tryptophan around the onset of stationary phase. To determine 

whether the stationary phase sigma factor RpoS regulates the ipdc promoter, P. putida 

GR12-2/pQFPROM•Kan, and P. putida GR12-2/pQF70-Kan as a negative control, were 
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Figure 20. Construction of promoter reporter plasmids pQFPROM and pQFPROM-Kan. 

The 0.6 kb Ncol-Sa/1 ipdc promoter fragment was excised from the pGEM-T vector and 

inserted into the Ncol-Hindlll site upstream of the luxAB reporter gene in pQF70 to 

create pQFPROM. The orientation of the promoter was preserved by ligation into the 

Ncol site; the Sa/I site was abolished but the HindlII site was regenerated following 

treatment with Kienow polymerase to fill in sticky ends and subsequent blunt end 

ligation. The kanamycin resistance gene, carried on a 2.3 kb EcoRI fragment, was 

removed from pHP45O-Kn and inserted into the PvulI site in pQFPROM to generate 

pQFPROM-Kan. 
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Table 4. Light production (Lux activity) in E. coli cells carrying reporter plasmids with 
and without the P. putida GR12-2 ipdc promoter inserted upstream of luxAB (pQF70 and 
pQFPROM, respectively). 

Strain 

E. colilpQF10 

E. co/i/pQFPROM 

Lux Activity {RLU) 

Trial 1 

68 

6676 

135 

Trial 2 

63 

6830 



Figure 21. E. coli DHSa/pQFPROM and P. putida GR12-2/pQFPROM-Kan, carrying 

the ipdc promoter region upstream of the l uxAB reporter gene, produce light in the 

presence of n•decyl aldehyde whereas control cells without the promoter region, E. coli 

DHSa/pQF70 and P. putida GR12-2/pQF70-Kan, do noL A and B, E. coli DHSa/pQF70 

(top half of plates) and E. coli DHSa/pQFPROM (bottom half of plates) in the light (A) 

and in the dark (B). C and D, P. putida GR12-2/pQF70-Kan (top half of plates) and 

P. putida GR12-2/pQFPROM-Kan (bottom half of plates) in the light (C) and in the dark 

(D). 
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transformed with pJEL5649 (pRpoS) which carries the gene encoding RpoS from 

Pseudomonas fluorescens Pf-5 (Sarniguet et al., 1995). Resistance to both kanamycin 

( encoded on pQF70-Kan and pQFPROM-Kan) and tetracycline ( encoded on pRpoS), and the 

pattern of bands for uncut and E c oRI-digested plasmids isolated from P. putida 

GR12-2/pQF70-Kan/pRpoS (Fig. 22A, lane 3) and from P. putida GR12-2/pQFPROM­

Kan/pRpoS (Fig. 22B, lane 3) in an agarose gel, confirmed that these strains carry both 

pRpoS (Figs. 22A, lanes 2 and 3; Fig. 22B, lane 2) and the luxAB reporter plasmid (Figs. 

22A, lanes 6 and 7; Fig. 22B, lane 4). 

The growth of all four strains, that is, P. putida GR12-2/pQF70-Kan, P. putida 

GR12-2/pQFPROM-Kan, P. putida GR12-2/pQF70-Kan/pRpoS, and P. putida 

GR12-2/pQFPROM-Kan/pRpoS, was similar whether cultured in the presence or absence of 

tryptophan (Fig. 23A and 23B). The rate of cell proliferation was maximal from about 8 

hours until the onset of stationary phase at around 20 hours. 

Production of IAA by all strains in minimal medium without tryptophan was very low 

throughout the 48 hour period of the experiment, never reaching more than 1 µg/mL. In 

media supplemented with tryptophan (200 µg/mL ), IAA was first apparent in cultures of 

P. putida GR12-2 strains carrying extra copies ofrpoS (on pRpoS) at 16 hours (Fig. 24A and 

24B). At this time, IAA production in cells without pRpoS was still very low. These latter 

cells without pRpoS began to produce IAA in the presence of tryptophan four hours later, 

and at levels well below those of cells overexpressing RpoS. Strains carrying extra copies of 

the ipdc promoter, on pQFPROM-Kan, always lagged behind corresponding strains carrying 

pQF70-Kan, which does not carry the promoter fragment, in IAA production, although this 

was alleviated somewhat by RpoS overproduction in the early stages of the 
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Figure 22. Agarose gel electrophoresis of plasmids isolated from P. putida 

GR12-2/pQF70-Kan/pRpoS (A; Lane 3, EcoRI digest) and P. putida GR12-

2/pQFPROM-Kan/pRpoS (B; Lane 4, uncut; Lane 5, EcoRI digest) to confirm the 

presence of pRpoS (A; Lane 2, uncut; Lane 3, EcoRI digest; B; Lane 2, EcoRI digest), 

and pQF70-Kan (A; Lane 6, uncut; Lane 7, EcoRI digest) or pQFPROM-Kan (B; Lane 4, 

EcoRI digest). (A; Lanes 1 and 8, and B; Lanes 1 and S, 1 kb ladder DNA size markers) 
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Figure 23. Growth of P. putida GR12-2/pQF70-Kan, P. putida GR12-2/pQFPROM-Kan, 

P. putida GRl2•2/pQF70-Kan/pRpoS, and P. putida GR12-2/pQFPROM-Kan/pRpoS in 

the presence {Trp) and absence (MM) oftryptophan (200 µg/mL) over a 48 hour period. 

Growth was determined spectrophotometrically by the absorbance of the cultures at 600 

run. ( +Prom indicates the presence of pQFPROM•Kan; -Prom indicates the presence of 

pQF70-Kan and ±RpoS indicates the presence or absence of pRpoS in cells; n=2 for each 

strain at each time point.) 
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Figure 24. IAA production by P. putida GR12-2/pQF70-Kan (-Prom) and P. putida 

GR12-2/pQFPROM-Kan (+Prom) in the presence oftryptophan (200 µg/mL) and in the 

presence or absence of pRpoS (±RpoS) over a 48 hour period. In each experiment, n=2 

for each strain at each time point; enor bars indicate standard error of the mean (SE). 

Where error bars are not visible, they are smaller than the marker. 
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growth cycle. These trends continued as IAA accumulated in the culture medi~ at least to 48 

hours; however, in the later stationary phase, overproduction of RpoS did not influence IAA 

production. 

When the promoter was absent, as in control cells P. putida GR12-2/pQF70-Kan and 

P. putida GR12-2/pQF70-Kan/pRpoS, cells did not produce light (always less than 1 RLU; 

for comparison, light producing cells reached values ranging from several hundred to several 

thousand RLU). In cells carrying the promoter fragment (on pQFPROM-Kan), LuxAB 

activity increased at between 16 to 24 hours, and then decreased rapidly (Fig. 25). In the 

presence of tryptophan, this increase in promoter activity was approximately 5 times greater 

than in cells grown without tryptophan. Light was emitted earlier, and was maintained at a 

higher level later in the growth cycle, in cells carrying extra copies of rpoS, compared to 

corresponding cells without pRpoS. However, at the onset of stationary phase, at around 20 

hours, overproduction of RpoS did not result in a further increase in promoter/LuxAB 

activity. 

Effect of canola seed exudate on promoter activitr 

Exudate collected from canola (Hyola 401) seeds 3, 6.5 and 10 hours after imbibition 

in 0.03 M MgSO4, did not influence IAA production (Fig. 26A) in P. putida GR12-

2/pQFPROM-Kan (+Prom) or P. putida GR12-2/pQF70-Kan (-Prom). IAA levels in the 

culture medium of cells treated with exudate were very low, less than 1 µg/mL, and were not 

significantly different from cells grown in minimal medium without added exudate. 

However, light emission decreased slightly in P. putida GR12-2/pQFPROM-Kan cultures 

supplemented with exudate compared to light production in the absence of exudate. 
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Figure 25. Activity of the ipdc promoter as determined by LuxAB activity (measured in 

relative light units, RLU) in P. putida GR12-2/pQFPROM-Kan (+Prom) in the presence 

(Trp) and absence (MM) of tryptophan (200 µg/mL), and in the presence or absence of 

pRpoS ( ±RpoS) over a 48 hour period. In each experiment, n=2 for each strain at each 

time point; error bars indicate SE. Where error bars are not visible, they are smaller than 

the marker. 
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Figure 26. IAA production (A) and ipdc promoter activity (LuxAB activity; measured in 

relative light units, RLU) (B) in P. putida GRl 2-2/pQF70-Kan (-Prom) and P. putida 

GR12-2/pQFPROM-Kan (+Prom) in media supplemented with exudate collected from 

canola seeds 3, 6.S and 10 h following imbibition in 0.03 M MgSO4. Note that 0 

indicates cultures where sterile distilled water was added in place of exudate, and that, for 

clarity, values for LuxAB activity (B) in P. putida GR12-2/pQF70-Kan were omitted 

because they were negligible (< 1 RLU) compared with values for P. putida GR12-

2/pQFPROM-Kan. In each experiment, n=4 for each treatment and error bars indicate 

standard error of the mean (SE). Where error bars are not visible, they are smaller than 

the marker. The analysis of variance showed that Lux activity in P. putida GR12-

2/pQFPROM-Kan cells treated with exudate (B) was significantly lower (at P value< 

0.05) than in cells grown in the absence of exudate (F113 = 12.2). 
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Construction of an IAA-Deficient Mutant of P. plllitla GRll-2 

Vector pJQ200 (Quandt and Hynes, 1993) was chosen as a vehicle for delivery of the 

ipdc sequence, disrupted by insertion of a gene for kanamycin resistance, into the genome of 

P. putida GR12-2 because it has an origin of transfer (orin and mob genes from plasmid 

RP4 enabling transfer of the vector from E. coli S 17 .1 (Simon et al., 1983) into P. putida 

GR12-2 via conjugation. However, once in P. putida GR12-2 the plasmid cannot replicate 

because it has an origin of replication derived from pACYC 184 that is functional only in 

enterobacteria (Quandt and Hynes, 1993). Thus, following transfer of the vector to P. putida 

GR12-2, kanamycin resistant cells can only arise if the kanamycin resistance gene has been 

inserted into the ipdc gene in the genome by a double crossover between homologous ipdc 

sequences on the plasmid and in the chromosome. In addition, because gentamicin 

acetyltransferase and SacB are encoded on the vector, selection for the absence of these 

traits, that is, selection for sensitivity to gentamicin and resistance to the lethal effects of 

SacB in the presence of sucrose, selects against the incorporation of the entire plasmid into 

the genome thai would result from a single crossover event. 

The 1. 7 kb BamHI fragment carrying the ipdc gene from p1PD2 was subcloned into 

the BamHI site in the multiple cloning site of pJQ200 to yield pJQIPDC4 (Fig. 27). A 

kanamycin resistance gene, carried on a 2.3 kb EcoRI fragment from pHP45'2-Kn (Fellay et 

al., 1987; Prentki and Krisch, 1984 ), was inserted into the unique Pmll site of pJQIPDC4, 

roughly in the middle of the ipdc gene. The orientation of the kanamycin resistance gene in 

the resulting plasmid (pJQIPDC4-Kan) was determined by restriction enzyme mapping of 

plasmids isolated from transformed cells of E. coli S 17 .1 that were initially selected on the 

basis of kanamycin and gentamicin resistance. In addition to confirming the expected size 
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Figure 27. Construction of plasmid pJQIPDC4-Kan used for insertional mutagenesis of 

the ipdc gene in the genome of P. pulida GR12·2. The ipdc gene was transferred from 

pIPD2 to vector pJQ200 as a 1. 7 kb BamHI fragment to generate pJQIPDC4. The 2.3 kb 

EcoRl fragment from pHP45O-Kn, carrying a kanamycin resistance gene, was inserted 

into the Pm/I site in the ipdc gene in pJQIPDC4 by blunt end ligation following S 1 

nuclease treatment of the EcoRl sticky ends. The resulting plasmid was designated 

pJQIPDC4-Kan. 
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(8.9 kb) of the plasmids from positive transformants by agarose gel electrophoresis of 

digested plasmids (Fig. 28), insertion of the kanamycin resistance gene into the ipdc gene on 

pJQIPDC4-Kan was verified by an increase of 2.3 kb in the size of PCR products compared 

to those from pJQIPDC4 using primers designed to amplify the ipdc gene (Fig. 29). 

Following the transfer ofpJQIPDC4-Kan from E.coli S17.1 to P. putida GR12-2 by 

conjugation, transconjugants were initially selected on Simmon's Citrate agar (on which 

E.coli donor cells cannot grow) containing kanamycin (on which non-transformed P. putida 

GR12-2 cells cannot grow). After three days, the surface of the Simmon's Citrate plates was 

almost covered with small colonies and, in addition, 20 larger colonies were visible. Cells 

from eight large colonies were carefully picked and subcultured onto Simmon' s Citrate agar 

plus kanamycin in order to isolate single colonies, and then onto DF salts minimal agar ( on 

which E.coli cannot grow) containing kanamycin to confirm that they were indeed derived 

from P. putida GR12-2; four transconjugants were selected for further analysis. Growth on 

TSB agar containing kanamycin and 5% sucrose, and lack of growth on TSB agar containing 

gentamicin, indicated that the kanamycin resistance gene, but not the remainder of the 

plasmid, had been inserted into the chromosome of all four selected transconjugants. 

Replacement of the functional ipdc gene in the chromosome of P. putida GR12-2 with the 

ipdc gene disrupted by the kanamycin resistance gene from pJQIPDC4-Kan was confirmed 

by PCR using primers designed to amplify the ipdc gene, and whole cell lysates of 

transconjugants and wild-type P. putida GR12-2 as templates. As can be seen in Fig. 30, 

PCR products from transconjugants (Lanes 2, 3, and S) are 2.3 kb larger, corresponding to 

the size of the kanamycin resistance gene fragment, than PCR products from the wild-type 

strain (Lane 6); PCR products were confirmed to contain the ipdc sequence by Southern 
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Figure 28. Sa fl digestion products of pJQIPDC4 .. Kan following agarose gel 

electrophoresis. Lanes I and 7, 1 kb ladder DNA size marker; Lanes 2-6, plasmids 

pJQIPDC4--Kan isolated from positive transfonnants. The plasmid shown in lane 5 was 

chosen for further manipulation. 
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Figure 29. Products of PCR amplification of the P. putida GR12--2 ipdc gene in 

pJQIPDC4-Kan (Lane 2) and pJQIPDC4 (Lane 3) following agarose gel electrophoresis. 

Lane 1, PCR products from water as a template; Lane 4, 1 kb ladder DNA size markers. 
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Figure 30. Products of PCR amplification of the ipdc gene from whole cell lysates of 

transconjugants (Lanes, 2-5) and wild-type (Lane 6) P. putida GRI 2-2. The 2.3 kb 

increase in the size of the PCR products from the transconjugants compared to those from 

the wild-type strain confirms that the kanam.ycin resistance gene was inserted into the 

ipdc gene in the P. putida GR12-2 genome. Lanes 1 and 7, 1 kb ladder DNA size 

markers; Lane 8, PCR products from water as a template. 
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hybridization (Fig. 31, lanes 3 and 4). In addition, Southern hybridization confirmed the 

presence of a larger EcoRI fragment carrying the ipdc gene in the chromosome of the mutant 

strain compared to the wild-type bacterium (Fig. 31, lanes 1 and 2). 

Characterization of the IAA-Defieient Mutant of P. p11tida GRll-2 

IAA production 

In the absence of tryptophan supplements, both the IAA-deficient mutant and wild­

type P. putida GR12-2 produced very low levels of IAA (Fig. 32). However, when both 

strains were grown in the presence of SO µg/mL (or approx. 0.25 mM) tryptophan for 

approximately 42 hours, wild-type P. putida GR12-2 responded by producing substantial 

levels of IAA, while the mutant was not capable of producing significant amounts of IAA 

(Fig. 32). As the concentration of tryptophan in the growth medium was increased, so did 

IAA production by the wild-type strain. In contrast, IAA production by the mutant strain 

remained low. The apparent slight increase in IAA concentration in the medium of mutant 

cultures supplemented with high levels of tryptophan (500 µg/mL) is most likely due to 

accumulation of indolepyruvic acid, which can also react with Salkowski's reagent used to 

estimate IAA concentration colorimetrically, albeit to a lesser extent than IAA (Fig. 33). 

lndolepyruvic acid is the product of catalysis of tryptophan by tryptopban transaminase, the 

first step in the IAA biosynthetic pathway, and the substrate for indolepyruvate 

decarboxylase, which is no longer functional in the mutant. The growth of the mutant and 

wild-type strains of P. putida GRI 2-2 was not affected by the addition of high levels of 

tryptophan to the medium (Fig. 34). 
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Figure 31. Southern hybridization of EcoRI-digested genomic DNA from an IAA­

deficient mutant (Lane I) and a wild-type strain (Lane 2) of P. putida GR12-2, and the 

products of PCR amplification of the ipdc gene from whole cell lysates of the IAA­

deficient mutant (Lane 3) and the wild-type strain (Lane 4), with a DIG-labeled ipdc gene 

probe. 
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Figure 32. Production of IAA by wild-type and an IM-deficient mutant of P. putida 

GR12-2 in the presence of various concentrations of tryptophan. The concentration of 

IAA in the cell-free growth media was measured by reaction with Salkowski's reagent 

after 42 hours of growth and adjusted to account for small differences in cell numbers 

among the various cultures (absorbance of the cultures at 600 run). Error bars indicate 

standard error of the mean (SE); n=3. 
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Figure 33. Reaction of indoleacetic acid (IAA) and indolepyruvic acid (IPyA) with 

Salkowski' s reagent used for the colorimetric estimation of IAA concentration 

(absorbance of the reaction products at 535 nm). Although the concentration ofIAA is 

expressed elsewhere in µg/mL (see Fig. 32), the concentration here is expressed in mM to 

account for differences in molecular weight between IAA (175 g/mole) and 

indolepyruvic acid (203 g/mole); however, for the purposes of conversion, 0.5 mM of 

these compounds corresponds roughly to 100 µg/mL. Error bars indicate standard error 

of the mean (SE); n 2. 
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Figure 34. Growth of wild-type and an !AA-deficient mutant of P. putida GR12-2 in the 

presence of various concentrations of tryptophan as measured by the optical density 

(turbidity) of 42-hour cultures at 600 run. Error bars indicate standard error of the mean 

(SE); n=3. 

167 



■ Mutant 

3 ~ Wild-type 

2.5 
§ 

0 2 0 
\0 
«i 
C.> 1.5 u 
;i 
-e 

1 0 en .c 
< 

0.5 

0 
0 50 100 200 500 

Tryptophan Concentration (µg/mL) 

168 



Root elongation assays 

IAA produced by P. putida GR12-2 has a significant impact on the ability of this 

bacterium to stimulate the growth of primary roots of canola seedlings. Whereas roots from 

seeds treated with wild-type P. putida GR12-2 were on average 35% longer than those from 

uninoculated control seeds after five days, the lengths of roots from seeds treated with the 

IAA-deficient mutant were not significantly different from those from uninoculated control 

seeds (Fig. 35, Table 5). IAA produced by the wild-type strain bad no effect on shoot length, 

as shoots from seeds inoculated with wild-type P. putida GR12-2 were not different in length 

from shoots from uninoculated seeds (Fig. 36). Similarly, wild-type P. putida GR12-2 did 

not have an effect on the fresh or dry weight of shoots and roots (Table 6). As expected then, 

abolishing IAA production also did not affect these parameters. 

Rooting assays 

Mung bean cuttings, excised from above the roots after seven days of growth in 

vermiculite and placed in either water or a bacterial suspension, showed visible roots at the 

base of the stem after five days. After eight days, the cuttings in water had a few long roots, 

on average about six 3.7 mm long roots (Table 7) growing fromjust above the base (Fig. 37). 

More than three times as many adventitious roots developed in a suspension of wild-type 

P. putida GR12-2 (Table 7). Most of these were very small, less than 1 mm long (Fig. 38), 

distributed over several centimeters up from the base of the stem, sometimes with a few 

longer roots right at the base (Fig. 3 7). Roots that developed in the suspension of IAA­

deficient mutant of P. putida GR12-2 were both abundant and long (Fig. 37), likely the best 

situation for propagation of the cutting in the long term. Twice as many roots were present 

on these cuttings compared to those growing in water, and these were generally longer than 
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Figure 35. Lengths of roots from canola seeds treated with wild-type or an !AA-deficient 

mutant of P. putida GR12-2 and from uninoculated control seeds after five days of 

growth. The average lengths of roots from five separate experiments are presented; 

n=300 roots/treatmen~ error bars indicate standard error of the mean (SE). The analysis 

of variance indicated that roots from uninoculated control seeds were significantly shorter 

(at P value< 0.01) than those from seeds treated with wild-type P. putida GR12-2 (F l/8 = 

30.1 ), but were not different from roots from seeds treated with the IAA-deficient mutant 

(F 1/8 = 4.3). 
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Table 5. Length of five day old canola seedling roots from seeds treated with either wild­
type or an IAA-deficient mutant of P. putida GR12-2 or MgSO4 as a negative control. 
The root lengths from five separate root elongation assays are presented as the mean 
value of approximately 60 roots± SE (standard error of the mean). 

Average Root Length (mm± SE) 

Assay No. 
Control IAA- Mutant Wild-type 

1 59.6 ± 1.6 56.3 ± 2.3 87.1 ±2.1 

2 45.9 ± 1.3 60.6 ± 1.7 63.9± 1.8 

3 61.2 ± 2.0 68.1 ± 2.2 81.6 ± 2.5 

4 53.2 ± 1.4 60.8 ± 1.7 66.4± 1.7 

5 52.4 ± 1.1 63.6 ± 2.1 71.9 ± 2.2 
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Figure 36. Lengths of shoots from canola seeds treated with wild-type or an IAA­

deficient mutant of P. putida GR12-2 and from uninoculated control seeds after five days 

of growth. In each assay, 60 seeds were used for each treatment, error bars indicate 

standard error of the mean (SE). The analysis of variance indicated that shoots from 

uninoculated control seeds were not significantly different from those from seeds treated 

with wild-type P. putida GR12-2 (F 114 = 5.1) or from shoots that developed from seeds 

treated with the !AA-deficient mutant (Fl/4= 3.9). 
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Table 6. Fresh and dry weight of five day old canola seedling roots and 
shoots from seeds treated with wild-type or IAA-deficient P. putida 
GR12-2 or MgS04 as a control (n =60). 

Root Fresh Shoot Fresh Root Dry Shoot Dry 
Treatment Weight Weight Weight Weight 

(mg± SE) (mg•SE) (mg±SE) (mg±SE) 

Control 10.5 •0.4 34.6•1.0 0.66 ± 0.02 3.S •0.l 

!AA-Mutant 12.0 ± 0.4 35.8± 0.9 0.66 ±0.03 3.6 ± 0.1 

Wild-type 11.5 •0.4 36.0± 0.7 0.68 ± 0.02 3.7 •0.I 
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Figure 37. Adventitious roots on mung bean cuttings after eight days of incubation in 

water, or in a suspension of wild-type or an !AA-deficient mutant of P. putida GRl 2-2. 

176 



!~;::· 

?t:;~-

-~[l , 
: .?~~>- -.• .. -
.,1..,·:.,_,_. : .. , 

-~~ .. ~• • ~•-·· r• 

·<:~!~¥\::;;;y~i~1iJ,i~.·:,~~i :•_ 

177 

·-Yl-!t 

:·;·_::·.&~\fMll 



-...... 
00 

Table 7. Effect of wild-type and an )AA-deficient mutant of P. putida GRl2-2 on the number and length of adventitious roots on 
mung bean cuttings. Roots were measured eight days after treatment with the bacteria. In each experiment, ten cuttings were measured 
for each treatment; SE indicates standard error of the mean. The analysis of variance indicated that significantly (at P value < 0.05) 
more (F 114 = 19 .2) and shorter (F 114 = 17 .8) adventitious roots developed on cuttings treated with wild-type P. putida GR 12-2 than in 
water, and that the number and length of adventitious roots that developed on cuttings treated with the IAA-deficient mutant were 
intermediate between these two (F 114 = 0.4 for abundance; F 114 = 0.3 for length). 

Treatment Roots/Cutting (No. ± SE) Avg. Root Length (mm± SE) 

Exp. I Exp.2 Exp.3 Exp. 1 Exp.2 Exp.3 

Water 6.8± 1.0 5.S ± 1.3 6.3 ± 0.6 3.4±0.2 3.4 ± 0.2 4.2 ± 0.2 

)AA-Mutant 13.8 ± 1.9 10.1 ± 1.8 14.2 ± 1.6 2.6 ± 0.1 2.1 ± 0.1 2.9± 0.2 

Wild-type 20.3 ± 2.2 16.1 ± 3.8 33.4 ± 3.4 1.6 ± 0.1 2.4 ± 0.1 1.4 ± 0.1 



Figure 38. Number of adventitious roots of each length (1-9 mm) that developed on ten 

mung bean cuttings after eight days of incubation in water ( control), or in a suspension of 

wild-type or an !AA-deficient mutant of P. putida GR12-2, in three separate experiments. 
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those that developed in the wild-type bacterial suspension (Table 7, Fig. 38). 
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DISCUSSION 

lndolepyruvate Decarbosylase 

The amino acid sequence determined from the ipdc gene isolated from P. putida 

GR12-2 reveals a protein of 552 amino acids with a predicted molecular weight of 

approximately 60 kDa. It is not encoded in an operon containing the other genes involved in 

the biosynthesis of IAA by the indolepyruvic acid pathway as it is transcribed from its own 

promoter and has a transcription termination sequence just downstream of the translation stop 

codon. Also, the ipdc gene is flanked by two genes, transcribed from the opposite strand on 

the chromosome, one encoding a putative potassium ion channel protein in the 5' flanking 

region, and the other, a protein similar to an E. coli protein of unknown function in the 

3' flanking region; rarely are two genes transcribed from complementary DNA strands in the 

same region of DNA. It is reasonable that the enzymes involved in the indolepyruvic acid 

pathway are not expressed from an operon because the genes for the first enzyme in the 

pathway, an aromatic aminotransferase, are often present in multiple copies in a single 

bacterium, and can utilize substrates other than tryptopban (Kuo and Kosuge, 1970; Liu et 

al., 1982; Ruckaschel et al., 1988; Soto•Urzua et al., 1996; Kittel et al., 1989; Koga et al., 

1994; Brandl et al., 1996). Not only does this enzyme lack specificity for L-tryptophan, but 

it prefers to utilize other amino acids as substrates. For example, the Km values for the 

aromatic aminotransferase from Azospirillum brasilense for L-tyrosine, L-histidine, and 

L-phenylalanine were 0.19, 0.35, and 0.43 mM, respectively, compared to I.OS mM for_ 

L-tryptophan (Soto-Urzua et al., 1996). Thus, this aromatic aminotransferase is not solely an 

IAA biosynthesis enzyme. 

Indolepyruvate decarboxylase from P. putida GR12-2 is similar in sequence to 
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indolepyruvate decarboxylase from Enterobacter cloacae FERM BP-1529, which was 

isolated from the rhizosphere of cucumber (Koga et al., 1991), and to the same protein from 

Erwinia herbicola 299R, an epiphytic bacterium isolated from pear (Brandl and Lindow, 

1996). The E. cloacae indolepyruvate decarboxylase is a 552 amino acid protein with a 

molecular weight of 60 kDa and the protein from E. herbicola consists of 550 amino acids. 

In contrast, indolepyruvate decarboxylase from two Azospirillum brasilense strains, Sp245 

and Sp7 (Costacurta et al., 1994; Zimmer et al., 1998), is somewhat different in sequence 

from those from the aforementioned bacteria including P. putida ORI 2-2, although identified 

conserved regions are present. These Azosprillum strains are capable of producing high 

levels of IAA in the presence of tryptophan, compared to P. putida GR12-2 which is a 

moderate IAA producer. This could be due to differences in the regulation of IAA synthesis, 

or alternatively, to differences in indolepyruvate decarboxylase activity. 

Attempts to isolate the ipdc gene from Enterobacter cloacae CAL3, another 

bacterium capable of producing levels of IAA much higher than P. putida ORI 2-2 (Patten, 

1996), using homology-based methods such as colony hybridization and PCR, were 

unsuccessful, possibly because this gene from E. cloacae CAL3 is also different from that 

from the other bacterial strains. Support for this can be found in Southern blots of P. putida 

ORI 2-2 and E. cloacae CAL3 genomic DNA in which the probe, the ipdc gene from 

E. cloacae FERM BP-1529, hybridized strongly to a fragment of the P. putida GR12-2 

genome but gave only a faint signal from the E. cloacae CAL3 genome. Perhaps there is 

some correlation between the indolepyruvate decarboxylase sequence present in a bacterium 

and the levels of IAA produced. Alternatively, the differences among the sequences may 

simply manifest evolutionary relationships among these strains, with P. putida ORI 2-2 being 

183 



more closely related to E. cloacae FERM BP-1529 and E. herbicola 299R than to the 

Azospirillum brasilense strains. Interestingly, the putative potassium ion channel protein 

upstream of ipdc in P. putida ORI 2-2 is also present upstream of ipdc in E. herbicola 299R 

(GenBank Accession No. L80006) suggesting that not only the ipdc gene sequences, but also 

the organization of genes in this region, are conserved in these two organisms. Whether or 

not the organization of these genes is conserved because it is important for their function is 

not clear. There is some evidence that a gene similar to ipdc is present in other 

Enterobacteriaceae such as Klebsiella aerogenes and Enterobacter agglomerans, although 

only partial sequences have been obtained as PCR products from primers designed to anneal 

to conserved regions within the gene (Zimmer et al., 1994); function has not been confirmed. 

Koga (1995) has extensively characterized indolepyruvate decarboxylase from 

E. cloacae FERM BP-1529 as a homotetramer that requires thiamine diphosphate and Mg2
+ 

as cofactors and has a high specificity and high affinity (Km=IS µM) for indolepyruvic acid 

(Koga et al., 1992). Thiamine diphosphate and Mg2
+ are involved in the formation and 

stability of the tetramer. Pyruvate decarboxylases from the bacterium Zymomonas mobilis 

(Dobritzsch et al., 1998) and from the yeast Saccharomyces cerevisiae (Kellermann et al., 

1986) share extensive similarity to indolepyruvate decarboxylase from E. cloacae FERM BP-

1529 and from P. putida GR12-2, especially in many of the residues that, from the crystal 

structure and site-directed mutagenesis of pyruvate decarboxylase, are believed to be 

involved in cofactor and substrate binding (Candy et al., 1996; Lobell and Crout, 1996; 

Schenk et al., 1997; Dobritzsch et al., 1998). Pyruvate decarboxylase from Z mobilis is also 

a homotetramer; each subunit is composed of 568 amino acids with a molecular mass of 

60 kDa. This enzyme catalyzes the decarboxylation of pyruvic acid to acetaldehyde and 
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CO2, a key step in the fermentation of glucose to alcohol. 

The similarity among the sequences for pyruvate decarboxylases and indolepyruvate 

decarboxylases, and the ability of indolepyruvate decarboxylase to utilize pyruvate as a 

substrate, albeit with a relatively low binding affinity (Km=2.5 mM) (Koga et al., 1992), 

suggests that indolepyruvate decarboxylase may have evolved from pyruvate decarboxylase. 

Alterations in some of the substrate binding residues may have changed the substrate 

preference of an ancestral pyru.vate decarboxylase molecule for indolepyruvate rather than 

pyru.vate. That pyruvate decarboxylase is the ancestral protein rather than indolepyruvate 

decarboxylase, is suggested by some of the characteristics of pyruvate decarboxylase: 1) It is 

the key enzyme in energy metabolism under anaerobic conditions that were believed to be 

present on ancient earth; 2) It is more ubiquitous than indolepyruvate decarboxylase, being 

present in a wide range of organisms including bacteria, fungi, plants (Kelley et al., 1991; 

Hossain et al., 1996) and animals (Zhang et al., 1993 ). This suggests that pyru.vate 

decarboxylase was conserved through evolution, although more recent lateral transfer of the 

gene among these organisms cannot be ruled out. 

lndolepyruvate decarboxylase is also similar to the acetolactate synthase large 

subunit, involved in the biosynthesis of branched chain amino acids in bacteria, fungi, plants, 

and archaea (Bowen et al., 1997; Chipman et al., 1998; Pang and Duggleby, 1999). 

Aceto lactate synthase, also a thiamine-diphosphate- and Mg2
+ -requiring enzyme, catalyzes 

two different reactions, both involving the decarboxylation of pyruvate. In one reaction 

acetolactate synthase converts two molecules of pyruvate to acetolactate, the precursor of 

valine and leucine, while in the other, acetolactate synthase converts one molecule of 

pyru.vate and one molecule of 2-ketobutyrate to acetohydroxybutyrate, a key step in the 
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synthesis of isoleucine (Gollop et aL, 1990). Although the overall identity between 

indolepyruvate decarboxylase and acetolactate synthase is moderate (approximately 25%), 

conserved residues are concentrated in several regions of the proteins. 

It is possible that the gene for acetolactate synthase gave rise to ipdc, or vice versa 

The reaction that results in the biosynthesis of IAA from tryptophan via the indolepyruvic 

acid pathway is, in reverse, an amino acid biosynthesis reaction. In fact, tryptophan 

aminotransferase, the enzyme that catalyzes the first step in the indolepyruvic acid pathway, 

preferentially catalyzes the conversion of indolepyruvic acid to tryptophan (Koga et al., 

1994 ). The Km value of tryptophan aminotransferase for indolepyruvic acid is 24 µM, 

whereas the Km value for L-tryptophan is 3 .3 mM. Only when indolepyruvate decarboxylase 

is present, and indolepyruvate levels are therefore low, does the reaction favor IAA synthesis. 

The sequence similarity among genes encoding acetolactate synthase in archaea and 

bacteria, and the ubiquity of the enzyme among organisms, suggest that it is an ancient 

molecule, arising before the divergence of bacteria and archaea (Bowen et al, 1997). 

However, others argue that on ancient earth, amino acids were abundant and therefore 

proteins that catalyze amino acid biosynthesis would be a late development (Chang and 

Cronan, 1988). Rather, they suggest that pyruvate oxidase, another thiamine diphosphate­

dependent enzyme similar in sequence to both indolepyruvate decarboxylase and acetolactate 

synthase, was the ancestral molecule. Pyruvate oxidase catalyzes the oxidative 

decarboxylation of pyruvate to acetate but also has acetolactate synthase activity (Chang and 

Cronan, 1988). Thus, while there is an evolutionary relationship among indolepyruvate 

decarboxy lase, acetolactate synthase, pyruvate oxidase and pyruvate decarboxylase, the 

precise phylogenetic linkages are not clear. 
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Indulging in some speculation, if acetolactate synthase or pyruvate decarboxylase 

gave rise to indolepyruvate decarboxylase in bacteria, then it is equally possible that one of 

these genes in plants gave rise to the elusive plant indolepyruvate decarboxylase. Careful 

phylogenetic analysis of acetolactate synthase genes from a variety of organisms, suggests 

that the eukaryotic, nuclear-encoded acetolactate synthase genes are of bacterial origin 

(Funke et al., 1999). Acetolactate sythase is also encoded on some plastid genomes such as 

the chloroplast chromosome of the red alga, Porphyra umbilicalis (Reith and Munhulland, 

1993 ). This, and the presence of a similar acetolactate synthase gene in cyanobacteria 

(Maestri and Joset, 2000), suggests that the gene was transferred to eukaryotes from bacteria 

during the endosymbiosis that gave rise to the chloroplast. Perhaps, after transfer to plants 

and a gene duplication event, an acetolactate synthase paralogue diverged to generate plant 

indolepyruvate decarboxylase. A similar duplication, and divergence, in bacteria would yield 

bacterial indolepyruvate decarboxylase with a sequence different from that from plants. 

Such a scenario would explain why, despite biochemical evidence for the presence of 

indolepyruvate decarboxylase in plants (McQueen-Mason and Hamilto~ 1989; Cooney and 

Nonhebel, 1991; Nonhebel et al., 1993), a gene similar to bacterial ipdc has not been found. 

Regulation of lndolepyruvate Decarboxylase Expression 

IAA accumulates in the culture medium of P. putida GRl 2-2 and many other 

bacterial cells grown in the presence of exogenous tryptophan (Koga et al., 1991 b; Emsten et 

al., 1987; Kaneshiro et al., 1983; Patten, 1996; Brandl and Lindow, 1996; Barbieri et al., 

1986; Omay et al., 1993 ). When tryptopban is not added, only very low levels of IAA are 

produced. From this, it is concluded that exogenous tryptophan is required for IAA 
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synthesis. But is it required to regulate the expression or activity of the enzymes involved in 

IAA biosynthesis, or is it simply required as a substrate, to drive the reaction in favor of lAA 

synthesis? As noted above, Koga et al. (1994) suggest that tryptophan aminotransferase, the 

first enzyme in the indolepyruvic acid pathway, preferentially catalyzes the synthesis of 

tryptophan from indolepyruvic acid rather than the reverse reaction which leads to IAA 

production. However, when the levels of indolepyruvic acid are low, or possibly when the 

levels of tryptophan are high, the synthesis of IAA is favored. Because appreciable levels of 

IAA are not produced unless an external source of tryptopban is supplied to the bacterial 

cells, endogenous levels of tryptophan are not sufficient for IAA production. There is likely 

a high demand for tryptophan by bacterial cells as it is used to produce many essential 

compounds such as proteins and vitamins (Martens and Frankenberger, 1993). Perhaps IAA, 

a secondary metabolite that is not required for cell proliferation, is not important enough for 

the cell to use up limited amounts of available endogenous tryptophan for its production. 

To determine if exogenous tryptopban is an activator of transcription of IAA 

biosynthesis genes, transcriptional fusions can be constructed in which the promoter region 

of an IAA gene is inserted upstream of a reporter gene, and then expression of the reporter 

gene compared in the presence and absence of tryptopban. To date, the promoter regions 

from only a few indolepyruvate decarboxylase genes have been studied. Only in one case 

was tryptophan found to increase the expression of indolepyruvate decarboxylase. Zimmer 

et al. (1998) inserted the /acZ reporter gene in the genome of Azospirillum brasilense Sp7 

such that it was expressed by the native ipdc promoter and found that 13-galactosidase activity 

increased three- to four-fold in the presence of 50 µg/mL tryptophan. In contrast, the ipdc 

promoter in A. brasilense Sp245 (V ande Broek et al., 1999) and in Erwinia herbicola 299R 
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(Brandl and Lindow, 1997), fused to the gus reporter gene and to an ice nucleation gene, 

respectively, in the bacterial chromosome, was not influenced by exogenous tryptopban, 

although in both bacteria the levels of IAA were substantially elevated when the culture 

medium was supplemented with tryptophan. 

Both ipdc promoter activity and IAA production in P. putida GR12-2 are increased in 

response to exogenous tryptophan. By late-log/early stationary phase, LuxAB (luciferase 

from the bacterium Vibrio harveyi) activity driven by the ipdc promoter in pQFPROM-Kan, 

was about five-fold higher in cells grown in the presence of 200 µg/mL L-tryptophan than in 

medium without tryptophan. At this time, tryptophan-induced IAA was also beginning to 

accumulate in the culture medium. The rapid decline in LuxAB activity after this stage may 

be due to the instability of luciferase and/or to reduced transcription, especially as the 

inducer, tryptophan, is being depleted as a consequence of IAA production. Luciferase may 

be recognized as foreign by P. putida GR12-2 and degraded rapidly by proteases, a common 

problem for recombinant proteins that is often a function of the protein sequence and the host 

cell (Murby et al., 1996). Terminal sequencing of the products of limited proteolysis of the 

alpha subunit of bacterial luciferase (LuxA) indicated a protease-labile C-terminal region 

(Noland et al., 1999). In contrast to luciferase, indolepyruvate decarboxylase may be more 

stable, although the turnover rate for this enzyme has not been determined. If transcription of 

ipdc is induced only for a short period of time, as is indicated by the sharp peak in LuxAB 

activity in the presence of tryptophan and the lack of continuous transcription, then 

indolepyruvate decarboxy lase would have to be a reasonably stable protein in order to have 

continued production of IAA for at least an additional 28 hours. 

Several tryptophan-regulated promoters have been identified in bacteria; these usually 
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control the transcription of genes involved in tryptophan metabolism. Expression of most of 

these genes, such as those involved in the biosynthesis of tryptophan ( e.g., the E. coli trp 

operon) and other amino acids (e.g., the aroH and aroL operons) are repressed by tryptophan 

(Pittard, 1996; Caligiuri and Bauerle, 1991; Heatwole and Sommerville, 1992; Lawley and 

Pittard, 1994). In E. coli, repression is mediated by the tryptophan repressor TrpR, which is 

also negatively regulated by tryptophan at the transcriptional level, and by transcription 

attenuation (Pittard, 1996; Santillan and Mackey, 2001; Khodursky et al., 2000). Mironov et 

al. (1999) established a recognition rule for tryptophan-regulated promoters in £. coli and 

Haemophi/us influenzae by identifying sequences common to the upstream regions of genes 

known to be regulated by tryptophan. This approach assumes that the cognate regulatory 

molecules are also conserved. The consensus sequence T(T/C)GTACT(A/C)GT(T/G)AAC­

TAGT ACA was found in the promoters of trpR, the trp operon, aroH, and mtr (a tryptophan• 

specific permease ), all of which are negatively regulated by TrpR. They then used this 

recognition rule to identify putative tryptophan-regulated genes in unannotated bacterial 

genomes. 

Very few genes are known to be positively regulated by tryptophan. In contrast to the 

E. coli trp operon, the trpBA operon for tryptophan biosynthesis in fluorescent 

pseudomonads is positively regulated by its cognate regulatory molecule Trpl, however, 

tryptophan has not been implicated in the mechanism (Auerbach et al., 1993). Rather, 

indoleglycerol phosphate, an intermediate in tryptophan synthesis, mediates the binding of 

Trpl to the trpBA promoter, causing the DNA to bend such that transcription by RNA 

polymerase is facilitated (Pineiro et al., 1997). 

Genes likely to be up-regulated by tryptophan are those involved in tryptophan 
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catabolism; however, the known mechanisms of activation do not seem to apply to 

tryptophan-induced transcription of ipdc in P. putida GR12-2. For example, tryptophan 

oxygenase, which catalyzes the first step in the conversion of tryptophan to niacin via the 

kynurenine pathway, is subject to allosteric activation by tryptophan; this of course does not 

explain the increased transcription of the luxAB reporter gene from the ipdc promoter. Using 

ON A microarrays to measure changes in transcript levels in response to exogenous 

tryptophan in E. coli, Khodursky et al. (2000) found that only transcription from the maAB 

operon was increased by tryptophan. This operon encodes tryptophanase (TnaA), which 

converts tryptophan to indole and pyruvate, and tryptophan permease (TnaB). In the absence 

of tryptophan, transcription of tnaAB, which is regulated by catabolite repression, is 

terminated in the leader region (tnaC) of the operon (Stewart and Yanofsky, 1985). When 

tryptophan is present, termination is inhibited and expression of tnaAB proceeds. A leader 

peptide similar to TnaC (GenBank Accession No. 154862) is not apparent in the region 

upstream of ipdc in P. putida GR12-2, therefore it is unlikely that indolepyruvate 

decarboxylase expression is regulated in a similar manner. 

Given that only a small number of promoters known to be positively-regulated by 

tryptophan are available, identification of a tryptophan-responsive element using the method 

of Mironov et al. (1999) is not possible at this time. However, the reduced production of 

IAA in cells carrying pQFPROM-Kan compared to negative control cells carrying pQF70-

Kan supports the hypothesis that a transcription factor is involved in the expression of ipdc. 

Many extra copies of the ipdc promoter on the multicopy plasmid pQFPROM-Kan would 

compete with the chromosomal ipdc promoter for binding of such a factor. It is not likely 

that a high level of expression of LuxAB on the plasmid is placing a metabolic load on the 
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cells because growth of these cells was similar to that of P. putida GR12-2/pQF70-Kan cells, 

in which LuxAB was not expressed. Also, despite the fact that tryptophan was continuously 

present in the culture medium, LuxAB activity did not increase for approximately 20 hours, 

perhaps awaiting the production/activation of a transcription factor. Although not likely to 

be applicable to bacterial cells, an element required for induction of transcription in response 

to tryptophan was present in the upstream region of both an aromatic aminotransferase and 

an indolepyruvate decarboxylase homologue in Saccharomyces cerevisiae; the cognate 

transcriptional activator was also identified (lraqui et al., 1999). 

It is possible that tryptophan only indirectly induces expression of indolepyruvate 

decarboxylase. Azospirillum iralcense, a low IAA producer, accumulates more anthranilate 

than Azospirillum strains that synthesize higher levels of IAA (Zimmer et al., 1991 ). When 

A. irakense was transformed with genes for enzymes that metabolize anthranilate, for 

example, those from the tryptophan biosynthesis operon, anthranilate levels were reduced 

and IAA levels were increased (Zimmer et al., 1991 ). Exogenous or high levels of 

endogenous tryptophan can reverse suppression of IAA production by anthranilate by 

preventing anthranilate synthesis through feedback inhibition of anthranilate synthase, the 

enzyme that catalyzes the synthesis of anthranilate from chorismic acid (Denenu and 

Demain, 1981; Hartmann et al., 1983 ). Alternatively, tryptophan may indirectly induce 

indolepyruvate decarboxylase expression by increasing expression of tryptophan 

aminotransferase. This enzyme converts tryptophan to indolepyruvic acid which may be 

responsible for increased expression of indolepyruvate decarboxylase. The tryptophan 

aminotransferase from E. herbicola was shown to be regulated by tryptopban (Clark et al., 

1992; Jaeger et al., 1999). It would be very difficult to test the hypothesis that indolepyruvic 
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acid activates the ipdc promoter by adding indolepyruvic acid to the culture medium because 

indolepyruvic acid is extremely unstable in vitro. 

IAA itself has been shown to regulate expression of indolepyruvate decarboxylase in 

A. brasi/ense Sp245 (V ande Broek et al., 1999). A sequence similar to the auxin-responsive 

element found in the promoter of this gene is not present in the P. putida GR12-2 ipdc 

promoter. Lambrecht et al. (1999) believe that this element was derived from plants because 

it is similar in sequence to the auxin-responsive element found in promoter of some plant 

auxin-regulated genes (Ulmasov et al., 1999), and because its proximity to the RNA 

polymerase a54 recognition sequence in the A. brasilense ipdc promoter is suggestive of the 

modular arrangement of elements conserved in the hormone-inducible promoters of plants. 

Since exogenous tryptophan is required for bacterial IAA production, it must be 

present in the rhizosphere for bacteria to synthesize IAA when associated with their host 

plants. One possible source of tryptophan is in the exudates of seeds and roots of plants. 

Seed and root exudates are known to contain many different compounds, mainly sugars, 

amino acids (including tryptophan (Martens and Frankenberger, 1994)), and organic acids, 

some of which can increase protein expression in bacteria (Van Bastelaere et al., 1993; 

Overbeek and van Elsas, 1995; Jaeger et al., 1999). It was hypothesized that a compound, 

possibly tryptophan, present in exudates collected from imbibed canola seeds, could activate 

the ipdc promoter and induce production ofIAA in P. putida GR12-2. Seed exudates were 

expected to increase IAA expression to a greater extent than root exudates because the 

concentration of many amino acids is higher in seed exudates than in root exudates (Penrose, 

2000), and because PGPR are believed to exert their effect early, before roots have 

developed, and therefore bacterial IAA, if involved in plant growth promotion, must also be 

193 



present early. 

Contrary to expectation, exudates collected from canola seeds at 3, 6.5 and 10 hours 

after imbibition slightly inhibited transcription from the ipdc promoter in P. putida 

GR12-2/pQFPROM-Kan, although the exudates had no effect on lAA production. This does 

not necessarily preclude that tryptophan, or some other inducing factor, is not present in seed 

exudates. Levels of such a factor in the volume of exudates added to the cultures may be 

outside the range required to stimulate promoter activity. One explanation for lack of 

induction of ipdc is that the exudate was collected from uninoculated seeds and therefore· 

sufficient levels of an appropriate inducer were not available. It is well known that bacteria 

stimulate exudation from seeds and roots (Lee and Gaskins, 1982; Heulin et al., 1987; 

Laheurte and Berthelin, 1988; Mehag and Killham, 1995), possibly by alteration of plant cell 

membrane permeability, a process that may be influenced by bacterial IAA (Rausch et al., 

1984; Brummel and Hall, 1987; Bashan and Levanony, 1991 ). It is also possible that 

bacteria may stimulate exudation of specific compounds, such as tryptophan. For example, 

bacteria that synthesize ACC deaminase are a sink for that enzyme's substrate, the amino 

acid l-aminocyclopropane-1-carboxylic acid (ACC) (Penrose and Glick, 2001). 

Certainly, levels of tryptophan available in exudates from roots of Avena barbata 

treated with E. herbicola 299R were adequate to increase the activity of a tryptophan­

responsive promoter in E. herbicola 299R (Jaeger et al., 1999). IAA production has been 

shown to be induced in the presence of leaf extracts in Xanthomonas axonopodis pv. citri 

(Costacurta et al., 1998), and ipdc promoter activity, assessed by fusing the promoter to a 

gene for ice nucleation protein or for green fluorescent protein, increased dramatically when 

E. herbicola 299R was associated with the leaves and flowers of various plants, in some 
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cases, more so than levels induced under the best conditions in vitro (Brandl and Lindow, 

1997; Brandl et al., 2001). 

During the logarithmic phase of bacterial cell growth, expression of many of the 

genes required for cell proliferation is controlled by the sigma factor, RpoD (a7°) (Jishage 

and Isbihama, 1995). RpoD is a component of bacterial RNA polymerase and is responsible 

for promoter recognition. When available nutrients begin to be depleted, cells respond by 

increasing production of another sigma factor known as RpoS ( a 38
) (Jishage and Ishihama, 

1995). This stationary phase sigma factor competes with RpoD for association with RNA 

polymerase and directs RNA polymerase to the promoters of genes whose products enable 

the bacterial cells to survive under starvation or stress conditions (Mccann et al., 1991; 

O'Neal et al., 1994; Laz.azzera, 2000). Examples of genes shown to be regulated by RpoS 

include those involved in DNA repair, in the determination of cell morphology ( cells become 

more compact under nutrient stress conditions), in thermotolerance, and in virulence 

(Loewen and Hengee-Aronis, 1994; Schellhorn et al., 1998). It is likely that, outside of 

laboratory conditions, bacterial cells spend most of their time in such a survival mode, during 

which stationary phase responsive genes are expressed. IAA biosynthesis genes, and 

specifically ipdc, in P. putida GR12-2 seem to belong in this group of stationary phase genes 

for the following reasons: l) IAA production normally begins in the late-log/early stationary 

phase, at the same time as RpoS levels are known to increase (Zhou and Gottesman, 1998; 

Jishage and lshihama, 1995), and accumulates into the later stationary phase of cell growth, 

at least to 48 hours. Recombinant cells carrying constitutively produced RpoS produce IAA 

earlier, and continue to do so at consistently elevated levels, compared to cells that produce 

natural levels of RpoS; 2) The ipdc promoter of P. putida GR12-2 contains a sequence 
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similar to the consensus sequence CTATACT recognized by RpoS (Espinosa-Urge( et al., 

1996). Brandl et al. (2001) also indicate that indolepyruvate decarboxylase is regulated by 

RpoS in Erwinia herbicola 299R; 3) Although constitutive production of RpoS does not 

increase transcription of ipdc at its peak, suggesting that RpoS is not normally limiting at this 

stage of cell growth, it does cause the promoter to be activated earlier, when RpoS is not 

naturally produced. In addition, constitutively produced RpoS prolongs a significantly 

higher level of transcription at the later stages of the cell cycle, when nutrients in the culture 

medium are severely depleted and RpoS is likely to be in high demand. Elevated levels of 

ipdc transcription are seen both in cultures grown in minimal medium supplemented with 

tryptophan and in those grown without tryptophan, although in the latter case the increase in 

transcription compared to cells lacking extra RpoS is not as dramatic. 

Role of lndoleacetic Acid in Plant Growth Promotion 

To understand how microbial IAA influences plant growth, mutants can be created 

that overproduce or underproduce IAA, and any alterations from the plant's response to the 

wild-type strains can be observed. Despite the inability to obtain bacterial mutants 

completely deficient in IAA synthesis, some mutants with significantly reduced levels have 

been generated by several means. Where IAA biosynthesis genes are plasmid-encoded, IAA 

underproducing mutants have been isolated following curing of plasmids from the 

phytopatbogens Pseudomonas syringae pv. savastanoi and Agrobacterium tumefaciens, 

using acridine orange (Comai and Kosuge, 1980) and heat and ethidium bromide treatment 

(Liu et al., 1982), respectively, and by transposon mutagenesis of the Ti plasmid of 

A. tumefaciens (Liu et al., 1982) and a large plasmid from Erwinia herbicola pv. gypsophilae 
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(Clark et al., 1993). Spontaneous mutants have also been identified in P. syringae pv. 

savastanoi (Smidt and Kosuge, 1978; Surico et al., 1984; Soby et al., 1994). Where IAA 

genes are located in the chromosome, chemical mutagenesis has been used to isolate an 

aromatic aminotransferase deficient mutant of A. tumefaciens (Liu et al., 1982) and 

transposon insertion has interrupted IAA biosynthesis genes in P. syringae pv. syringae 

(Mazzola and White, 1994) and in Azosprillum lipoferum (Abdel-Salam and Klingmilller, 

1987). 

Replacement of a wild-type IAA biosynthesis gene in the chromosome of a bacterial 

cell with a non-functional version will also abolish IAA production. This technique, known 

as marker exchange, necessitates a knowledge of the gene sequence that is to be disrupted. 

The target gene sequence, subcloned onto a suicide plasmid that cannot replicate in the host 

bacterium, is interrupted with a marker gene, for example, a gene encoding antibiotic 

resistance. Following transformation of the host bacterium with this construct, one can select 

for double cross-over recombination events between homologous regions of the target 

sequence on the plasmid and on the chromosome by growing cells in the presence of an 

appropriate antibiotic. Resistant cells will have integrated the antibiotic resistant marker into 

the genomic sequence. The plasmid, which would now contain the wild-type IAA gene 

sequence, would be lost as it cannot replicate in these cells. This technique has been used 

successfully to generate indolepyruvate decarboxylase deficient mutants of E. herbico/a 

(Brandl and Lindow, 1996) and A. brasilense (Costacurta et al., 1994). 

Marker exchange was also used here to successfully generate an !AA-deficient 

mutant of P. putida GR12-2. Mutant cells are resistant to kanamycin indicating that the 

kanamycin resistant gene was transferred from pJQIPDC4-Kan to the chromosome of 
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P. putida GR12-2 by homologous recombination, and the cells were also resistant to sucrose 

but not to gentamicin, evidence that the entire plasmid carrying the genes for SacB and 

gentamicin acetyltransferase (Quandt and Hynes, 1993) had not been incorporated into the 

genome by a single cross-over event. The most conclusive evidence for the creation of an 

!AA-deficient mutant was the lack of IAA production in the presence of tryptophan, 

. conditions under which the wild-type strain produces copious amounts of IAA. As 

mentioned above, mutants with reduced ability to synthesize IAA have been generated for 

some other bacteri~ however, these strains still produce low levels of IAA in the presence of 

tryptophan (Abdel-Salam and Klingmilller, 1987; Clark et al., 1993; Costacurta et al., 1994; 

Brandl and Lindow, 1996). It was concluded that an alternate pathway for IAA biosynthesis 

is present in these bacteria; many bacteria are known to possess genes for at least two 

different IAA biosynthesis pathways (Kuo and Kosuge, 1970; Liu et al., 1982; Manulis et al., 

1 991 b; Clark et al., 1993 ). 

The low level of IAA apparently present in the culture medium of the IAA-mutant of 

P. putida GR12-2 supplemented with high levels oftryptophan is more likely a consequence 

of the accumulation of indolepyruvic acid which can react with Salkowski' s reagent, used in 

the colorimetric determination of IAA concentration, than to the synthesis of IAA by an 

alternate pathway. That the Salkowski's reactive product is not IAA is further evidenced by 

the color of the reaction product which was purple-red rather than pink-red indicative of 

IAA. The Salkowski's reactive product was present only at very low, barely detectable, 

levels in cultures supplemented with lower levels of tryptophan ( e.g., SO µg/mL ), levels of 

tryptophan sufficient to induce IAA production in the wild-type strain. The contribution of 

an alternative, tryptophan-inducible pathway to the production of IAA would be expected to 
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be higher than that observed in cultures containing SO µg/mL of tryptophan. Southern 

hybridization and PCR indicated that only a single copy of ipdc is present in the P. putida 

GR12-2 genome. Southern blots containing P. putida GR12-2 genomic DNA failed to 

hybridize to the iaaMliaaH genes from indoleacetamide pathway used as a probe, even under 

low stringency conditions (Patten, 1996), however, lack of significant homology necessary 

for hybridiz.ation cannot be ruled out. The presence of a Salkowski' s reactive product, rather 

than an alternate IAA biosynthesis pathway, may also explain the apparent low levels of IAA 

production in A. lipoferum mutants (Abdel-Salam and Klingmuller, 1987). High 

performance liquid chromatography (HPLC) could be used to differentiate between IAA and 

indolepyruvic acid, and any other indole compounds secreted into the culture medium by the 

IAA mutant strains. 

Loss of the ability to produce IAA following disruption of the ipdc gene confirms that 

P. putida GRI 2-2 produces IAA via the indolepyruvic acid pathway. This provides more 

support for the hypothesis that plant growth-promoting bacteria such as Azospirillum spp. 

(Costacurta et al., 1994) and Enterobacter cloacae (Koga et al., 1991b) produce IAA via the 

indolepyruvic acid pathway in contrast to plant pathogens which seem to preferentially 

synthesize IAA via the indoleacetamide pathway (Kuo and Kosuge, 1970; Schroeder et al., 

1984; White and Ziegler, 1991; Mazzola and White, 1994). Indeed, rendering the ipdc gene 

inactive by insertional mutagenesis, and thereby abolishing IAA production by this pathway, 

significantly reduces the ability of P. putida GR12-2 to promote primary root growth in 

canola seedlings. It is known from application of exogenous IAA (Thimann, 1938; Evans et 

al., 1994), or application of diluted culture extracts or low density inocula of bacteria that 

produce high levels of IAA (Harari et al., 1988; Selvadurai et al., 1991; Beyerler et al., 
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1997), that low concentrations of IAA can stimulate primary root elongation; however, this is 

the first report to demonstrate directly that bacterial IAA plays a major role in promotion of 

root elongation when the bacterium is associated with its host plant. 

IAA secreted by a bacterium may promote root growth directly. Application of 

exogenous IAA has been shown to regulate the expression of many plant genes and to 

influence a variety of physiological responses in plants including cell elongation and cell 

division. It is generally believed that cell elongation, which occurs within minutes of 

exposure to exogenous IAA, is explained by cell wall acidification, whereas IAA-induced 

cell division is a later effect involving specific changes in gene expression (Theologis, 1986; 

Hagen, 1987). In the acid growth theory, acidification of the plant cell apoplast leads to 

loosening of the cell wall and subsequently, to cell extension as the uptake of water increases 

(Brummel and Hall, 1987; Rayle and Cleland, 1992). IAA acts on the external surface of the 

cell to activate a plasma membrane-bound Ir-A TPase which pumps hydrogen ions into the 

apoplast. The decrease in apoplastic pH may activate enzymes that can cleave bonds 

between cell wall components. 

Exogenous IAA has both a rapid effect on mRN A levels, within minutes of 

application, as well as a delayed effect, hours after exposure (Theologis, 1986; O'Neill and 

Scott, 1987). Hagen (1987) has identified over forty mRNAs that are either up- or down­

regulated in response to IAA. The early mRNAs encode small, short-lived, nuclear proteins 

with DNA-binding domains (Goldsmith, 1993; Garbers and Simmons, 1994; Abel and 

Theologis, 1996) and may encode transcription factors that control auxin-regulated gene 

expression. Products of the later RNAs have been identified as ribosomal RNAs, RNA 

polymerase I., ribosomal proteins, peroxidases, cellulases, glucanases, and pectin enzymes 
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(Theologis, 1986; O'Neill and Scott, 1987; Garbers and Simmons, 1994). 

Although roots from seeds inoculated with wild-type P. putida GR12-2 were 

consistently longer than those from uninoculated seeds, there was some variability in the 

response of plants to the IM-deficient mutant. The roots from seeds treated with the mutant 

were generally shorter than those from seeds treated with the wild-type strain, and were 

usually, but not always, as short as those from uninoculated seeds, suggesting that IAA 

production, or lack thereof, is not solely responsible for influencing primary root growth. 

Bacteria can use one or more of several mechanisms to promote plant growth. ACC 

deaminase, produced by many plant growth-promoting bacteria {Shah et al., 1997; Glick et 

al., 1998; Belimov et al., 1998; Shah et al., 1998), including P. putida GR12-2 (Jacobson et 

al., 1994 ), is also involved in the stimulation of root elongation in seedlings (Glick et al., 

1994; Li et al., 2000). ACC deaminase hydrolyzes plant ACC, the immediate precursor to 

ethylene, and thereby prevents the production of plant growth-inhibiting levels of ethylene 

(Penrose et al., 2001 ). Mutants of plant growth-promoting bacteria that no longer produce 

ACC deaminase, have lost the ability to stimulate root elongation (Glick et al., 1994; Li et 

al., 2000). Thus, it is possible that both IAA and ACC deaminase work in concert to 

stimulate root elongation. IAA produced by P. putida GRI2-2 may indirectly promote root 

growth by influencing ACC deaminase activity. Exogenous IAA is known to increase the 

transcription and activity of ACC synthase (Peck and Kende, 1995), which catalyzes the 

production of ACC from S-adenosylmethionine. Because ACC stimulates ACC deaminase 

activity in bacteria (Honma and Shimomura, 1978; Jacobson et al., 1994; Li and Glick, 

2001 ), perhaps when bacterial IAA is not available to induce sufficient ACC production via 

ACC synthase, ACC deaminase activity is low and therefore plant ethylene levels remain 
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high enough to inhibit root growth. In addition, bacterial IAA may indirectly increase ACC 

deamioase activity by stimulating exudation of metabolites, including ACC, from plant roots. 

Although, great effort was made to exactly replicate each root elongation assay, seed 

formation and storage conditions prior to inoculation with the bacteria may have varied, 

especially humidity levels and temperature. During the development and maturation drying 

of seeds, the content of free IAA and other hormones such as abscisic acid decreases 

(Buchanan et al., 2000; Mayer and Poljakoff-Mayber, 1989). Upon rehydration, the hormone 

levels within the seeds increases (Mayer and Poljakoff-Mayber, 1989), and thus their 

responsiveness to additional input of these hormones from associated bacteria may diminish. 

In plants, endogenous levels of IAA may be suboptimal or optimal for growth (Pilet and 

Saugy, 1987). If IAA levels within seeds stored under humid conditions increased to levels 

optimal for root development, then IAA contributed by a bacterium would be ineffective; that 

is, the seeds would no longer be sensitive to exogenous IAA, or a lack thereof. 

The inability of the IAA-deficient mutant to stimulate root growth may be less a 

consequence of loss of IAA directly than a consequence of a reduced ability to colonize plant 

surfaces. Recently, Brandl and Lindow (1998) have shown that an E. herbicola 299R mutant 

strain in which IAA production was abolished, could no longer compete with the wild-type 

strain for colonization of bean leaves and pear flowers. In vitro, the mutant strain grew at the 

same rate and reached the same cell density as the wild•type strain indicating that growth of 

the mutant was not debilitated. 

IAA does not seem to influence shoot growth, at least within the first five days of 

seedling growth. Shoots are generally less sensitive to auxin than are roots and require 

higher levels of exogenous IAA for growth stimulation (Thimann, 1952). 
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While low levels of IAA stimulate root elongation, high levels of bacterial IAA, 

whether from IAA-.overproducing mutants or strains that naturally secrete high levels, or 

from high density inocula, stimulate the formation of lateral and adventitious roots (Barbieri 

et al., 1986; Loper and Schroth, 1986; Barbieri and Galli, 1993; Sawar and Kremmer, 199S; 

Xie et al., 1996; Mayalc et al., 1997; Beyerler et al., 1997). P. putida GR12-2 cells that 

produce wild-type levels of IAA stimulated the formation of many short adventitious roots 

on mung bean cuttings, and an !AA-overproducing mutant induced even more adventitious 

roots than the wild-type strain (Mayak et al., 1997). In contrast, the !AA-deficient mutant of 

P. putida GR12-2 stimulated fewer roots than the wild-type bacterium and these were 

generally longer than those induced by the wild-type strain. 

Several lines of evidence suggest a role for IAA in lateral and adventitious root 

development (reviewed by Malamy and Benfey, 1997). Exogenous IAA increases root 

initiation. Arabidopsis mutants with higher levels of endogenous IAA have more lateral 

roots, while auxin-resistant mutants have fewer. IAA initiates rooting by establishing a 

population of rapidly dividing pericycle cells (Laskowski et al., 1995; Casimiro et al., 2001). 

Recent work is attempting to elucidate the mechanism by which the IAA signal is transduced 

to stimulate cell division for root formation. Naka7.awa et al. (2001) have identified a gene 

(djll) that is induced by IAA and is involved in the initiation and development of lateral roots 

in Arabidopsis. Rooting in a dfl /-overproducing mutant was significantly reduced and dfl I 

antisense transgenic plants had significantly more lateral roots suggesting that DFL l 

negatively regulates root formation. Rogg et al. (2001) also describe an Arabidopsis gene 

(iaa28) whose product represses IAA-induced genes involved in lateral root initiation. 

Initiation of adventitious and lateral roots may be mediated by IAA-induced ethylene. 
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An ACC deaminase-negative mutant of P. putida GR12-2 which is no longer capable of 

reducing ethylene levels in plants, stimulated more small adventitious roots than the wild­

type strain (Mayalc et al., 1997). The increase in the number of roots on the cuttings 

correlated with an increase in ethylene production. Mung bean cuttings treated with 

1-methylcyclopropene, a cyclic ethylene analogue which binds ethylene receptors in plants 

and thereby prevents perception of ethylene (Sisler and Serek, 1997), also prevents the 

initiation of adventitious roots (Saleh et al., in preparation). The IAA-deficient mutant of 

P. putida GR12-2 would no longer be able to stimulate ACC synthase, and therefore ethylene 

synthesis in plants, thus fewer adventitious roots are initiated on the cuttings. An attempt 

was made to measure ethylene levels stimulated in cuttings by the IAA-deficient mutant in 

the first 4.5 hours after treatment using the method described by Mayak et al. (1997), 

however, levels were outside the lower limit of detection. That more roots are still 

stimulated by the mutant compared to treatment with water, suggests that the presence of the 

bacteria alone is sufficient to induce root initiation. Again, this may be related to ethylene; 

inoculation with a bacterium imposes a certain amount of stress on the plants and ethylene 

production is a well-known plant stress response (Deikman, 1997). 

High levels of exogenous or bacterial IAA, and therefore high levels of ethylene, 

have also been shown to inhibit elongation growth in roots (Rahman, 2001; Xie et al., 1996; 

Beyerler et al., 1997; Sawar and Kremmer, 1995; Loper and Schroth, 1986). Thus, while 

adventitious roots that formed on mung bean cuttings inoculated with wild-type P. putida 

GR12-2 were very short, most less than 1mm long, the roots stimulated by the !AA-deficient 

mutant strain were longer. Because cuttings were suspended in a bacterial suspension for 

eight days, they were exposed to a high inoculum density continuously for an extended 
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period of time. Cuttings treated with the wild-type bacterium would therefore be exposed to 

a high level of IAA throughout this period. 

From a practical point of view, treatment of cuttings with an !AA-deficient mutant 

may be a beneficial method for propagation of plants. Certainly while many adventitious 

roots are desirable, longer roots with more surface area through which the plants can absorb 

nutrients and water from the soil would be advantageous. Treatment with the !AA-deficient 

mutant of P. putida GR12-2 provides just such a compromise between the many short roots 

stimulated by the wild-type strain and the few long roots produced by treatment with water. 

Before such a treatment would be viable commercially, it would have to be demonstrated that 

it stimulates root development in cuttings better than, or at least as well as, current 

treatments, that it has the desired effect on plants that are horticulturally more valuable than 

mung beans, and that, in the long tenn, cuttings with more and longer roots are propagated 

more successfully than current treatments. 

Conclusion 

Finally, we are left with the question as to why bacteria have evolved to produce 

IAA, a plant hormone which does not apparently function as such in bacterial cells. Others 

have suggested that IAA production is a mechanism by which bacterial cells can detoxify 

high levels of tryptophan or tryptophan analogues that are deleterious to bacterial cells. 

Some IAA biosynthetic enzymes can convert methylated and halogenated substrates to less 

toxic compounds (Hutcheson and Kosuge, 1985; Yamada et al., 1985; Bar and Okon, 1992), 

however, these enzymes are from the indoleacetamide pathway which does not explain the 

presence of enzymes involved ~ the indolepyruvic acid pathway. It is also doubtful that high 
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levels of tryptophan would often be encountered by bacterial cells in nature. Rather, it is 

expected that the converse would usually be the case, as levels of tryptophan in the soil and 

even in the rhizosphere are low (Weibull et al., 1990; Kravchenko et al., 1991 ). 

IAA production may have evolved in bacteria because it is important in the bacterial­

plant relationship. In this research and that of others, it has been shown that bacterial IAA 

plays a role in the development of the host plant root system, and in phytopathogens such as 

Agrobacterium tumefaciens, IAA stimulates the formation of gall tumors; in both situations 

the advantage for the bacterium is an increased food supply. As much as 30% of the 

metabolic products of the carbon fixed by plants may be lost from roots into the rhizosphere 

as exudates, lysates and mucilage (Martens and Frankenberger, 1994) providing a rich source 

of carbon and energy for root-associated bacteria; bacterial IAA may enhance the release of 

plant metabolites from roots. Brandl and Lindow (1998) postulate that !AA-deficient 

mutants are less competitive on plant surfaces because decreased levels of IAA result in 

decreased exudation of nutrients from plants. It may be significant that nutrient-deprived 

Azospirillum sp. (Y ahalom et al., 1990; Omay et al., 1993 ), and Erwinia herbicola (Brandl 

and Lindow, 1997) increase IAA production, thereby providing a mechanism to promote root 

exudation and obtain nutrients essential for their growth. Here it has been shown that 

production of indolepyruvate decarboxylase and IAA in P. putida GR12-2 are regulated by 

tryptophan, a component of many plant exudates, and by RpoS, a stationary phase sigma 

factor that regulates gene expression in response to nutrient stress. 

If it is true that bacteria have evolved to produce IAA because it is involved in their 

relationship with the host plant, then one would expect only plant-associated bacteria to 

possess genes for IAA synthesis. However, this is not the case. A search of the sequenced 
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bacterial genomes suggests that a protein highly similar to indolepyruvate decarboxylase is 

widespread among bacteria, even in those that are not normally associated with plants. For 

example, a protein 66% identical (77% similar) to indolepyruvate decarboxylase was found 

in Salmonella typhimurium. Several species of Mycobacterium, including M /eprae and 

M. tuberculosis, also carry a sequence with a high degree of similarity (47% identity, 61% 

similarity) to indolepyruvate decarboxylase. The extent of similarity is much higher than that 

between indolepyruvate decarboxylase and closely related proteins such as pyruvate 

decarboxylase and acetolactate synthase which are 35% and 25% identical (50% and 40% 

similar), respectively, suggesting that the similar proteins found in the genome databases are 

indolepyruvate decarboxylase rather than another related protein. 
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