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Abstract

Background: Pseudomonas syringae pv. phaseolicola, the causal agent of halo blight disease in beans, produces a
toxin known as phaseolotoxin, in whose synthesis participate a group of genes organized within the genome in a
region known as the “Pht cluster”. This region, which is thought to have been acquired by horizontal gene transfer,
includes 5 transcriptional units, two monocistronic (argK, phtL) and three polycistronic (phtA, phtD, phtM), whose
expression is temperature dependent. So far, the regulatory mechanisms involved in phaseolotoxin synthesis have
not been elucidated and the only well-established fact is the requirement of low temperatures for its synthesis. In
this work, we searched for regulatory proteins that could be involved in phaseolotoxin synthesis, focusing on the
regulation of the phtD operon.

Results: In this study we identified the global regulator IHF (Integration Host Factor), which binds to the promoter
region of the phtD operon, exerting a negative effect on the expression of this operon. This is the first regulatory
protein identified as part of the phaseolotoxin synthesis system. Our findings suggest that the Pht cluster was
similarly regulated in the ancestral cluster by IHF or similar protein, and integrated into the global regulatory
mechanism of P. syringae pv. phaseolicola, after the horizontal gene transfer event by using the host IHF protein.

Conclusion: This study identifies the IHF protein as one element involved in the regulation of phaseolotoxin
synthesis in P. syringae pv. phaseolicola NPS3121 and provides new insights into the regulatory mechanisms
involved in phaseolotoxin production.

Background
Pseudomonas syringae pv. phaseolicola is a pathogenic
bacterium, that produces a disease in beans (Phaseolus
vulgaris L.) known as “Halo Blight”. This disease affects
both leaves and pods, and is responsible for major field
crop losses in temperate areas. Disease symptoms are
typically water-soaked lesions surrounded by a chlorotic
zone or halo. This halo is due to the action of a non-
host specific toxin known as phaseolotoxin [Nδ(N’-sulfo-
diaminophosphinyl)-ornithyl-alanyl-homoarginine],

which is the major virulence factor of the pathogen and
a key component in the development of the disease
[1-3]. Phaseolotoxin acts as a reversible inhibitor of the
enzyme ornithine carbamoyltransferase (OCTase;
EC2.1.3.3) that catalyzes the conversion of ornithine to
citruline in the arginine biosynthesis pathway [4,5]. The
consequence of OCTase inhibition is blockage of argi-
nine biosynthesis resulting in death of host cells. The
production of phaseolotoxin by P. syringae pv. phaseoli-
cola is regulated by temperature, being optimally pro-
duced at 18°C-20°C, while at 28°C (the optimal growth
temperature for this bacterium) the toxin is not detected
[6,7]. Nevertheless, other factors such as plant signals
and carbon sources have also been suggested as indu-
cers of phaseolotoxin synthesis [8,9].
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Our group reported the sequence of a chromosomal
region of P. syringae pv. phaseolicola NPS3121, which
contains genes involved in phaseolotoxin synthesis. This
region, known as the “Pht cluster”, includes 23 genes
organized in five transcriptional units: two monocistro-
nic, argK and phtL, and three polycistronic, a large
operon from phtA to phtK, with an internal promoter
capable of driving expression of phtD to phtK and a
third operon that includes genes from phtM to phtV
[10]. The function of argK, desI, amtA and phtU is
known, while the function of the remaining genes
remains uncertain [11-15]. The Pht cluster is also pre-
sent in other phaseolotoxin-producing pathovars,
including P. syringae pv. actinidiae (a kiwi pathogen)
and in a single strain of P. syringae pv. syringae
CFBP3388, although in the latter the cluster organiza-
tion is poorly conserved [16,17]. Different evidence has
suggested that the Pht cluster was acquired in these
pathovars by horizontal gene transfer, most likely from
a Gram positive bacterium [18-20]. However, whether
this cluster contains all the elements necessary for pha-
seolotoxin production is still unknown.
Analysis of gene expression within the Pht cluster

showed that most of the genes are transcribed at high
levels at 18°C with a basal level of expression at 28°C,
which agrees with the observed temperature-dependent
pattern of phaseolotoxin synthesis, with the exception of
phtL, which was expressed at both temperatures [10].
The mechanism by which P. syringae pv. phaseolicola
regulates the expression of these genes in relation to
temperature is poorly understood. Analysis of the pro-
moter regions identified in the Pht cluster showed that
the divergent promoters for argK and phtA contain
canonic sequences of s70-type promoters, while the pro-
moter regions for phtD, phtL and phtM did not show
similarity to consensus sequences for bacterial sigma
factors. However, a common mechanism of transcrip-
tional regulation for phtD and phtM has been suggested
due to the presence of conserved regions in the promo-
ters of these operons. Furthermore, analysis of transcrip-
tional fusions of the Pht cluster promoter regions
suggest that temperature regulation occurs at the tran-
scriptional level since maximal transcriptional activity
occurs at 18°C and is significantly lower at 28°C [10].
In bacteria, transcriptional regulation is commonly

mediated by regulatory proteins that control gene
expression in response to internal metabolic changes or
external signals such as temperature, pH, and carbon
source [21,22]. Previous reports proposed that argK reg-
ulation is under negative control mediated by a repres-
sor protein present at 28°C, although the identity of this
regulatory protein has not been elucidated [23]. Simi-
larly, a regulatory function for the PhtL protein has
been suggested based on the lack of phtM operon

expression in a phtL- background, although this still
requires experimental confirmation [10]. Despite our
knowledge of the effect of low temperature on phaseolo-
toxin synthesis, the regulatory mechanisms that control
toxin production remain poorly understood. So far it is
not known whether all the genes involved in the regula-
tion of phaseolotoxin synthesis are located within the
Pht cluster, or whether there are any other genes out-
side the Pht cluster involved in this process. In the latter
case, it would be interesting to know whether any regu-
latory gene found outside the Pht cluster is specifically
required for phaseolotoxin synthesis, or whether the
synthesis of the toxin has adapted its expression to the
regulatory mechanisms of the bacteria during horizontal
gene transfer. For these reasons, this study was underta-
ken with the objective of identifying regulatory proteins
that could participate in the regulation of genes for pha-
seolotoxin synthesis, with a focus on the regulation of
the phtD operon.

Results
The promoter region of the phtD operon contains a
binding site for a putative regulatory protein
The phtD operon includes eight genes from phtD to
phtK, whose expression can be driven either from the
promoter upstream of phtD, or from read-through from
the phtA promoter located upstream (Figure 1A). The
transcription initiation site for the phtD operon was
determined to be 127 bp upstream of the probable
initiation codon, and analysis of this promoter region
did not show any similarity with binding sites reported
for bacterial sigma factors [10]. Therefore, in order to
identify putative transcriptional regulators of the phtD
operon, we performed mobility shift assays to analyze
the presence of DNA-binding proteins in crude extracts
of P. syringae pv. phaseolicola NPS3121. A 300 bp radi-
olabeled DNA fragment (PphtD), spanning positions -111
to +188 relative to the transcription start site of the
phtD operon was used as probe (Figure 1B). Radiola-
beled PphtD fragment was incubated with cellular protein
extracts from P. syringae pv. phaseolicola NPS3121
grown at 28°C and 18°C under appropriate binding con-
ditions. Mobility shift assays showed that the fragment
was able to form a specific DNA-protein complex with
a protein found in extracts of cells grown at 18°C (the
optimal temperature for toxin production). Likewise, the
same retarded mobility complex was obtained with
extracts from cultures grown at 28°C, indicating that the
presence of the interacting protein is independent of
temperature (see Additional file 1).
To determine the specificity and localization of the

observed protein-DNA complex, mobility shift assays
were carried out using different PphtD fragments as unla-
beled competitors (indicated in Figure 1B). These assays
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showed that the retarded band was effectively competed
by the full-length probe (A) and by fragments B, C, D
and I, thus indicating that the observed protein-DNA
interaction is located in a 104 bp region that spans posi-
tions -111 to -8, relative to the phtD operon transcrip-
tion start site (Figure 1B and 1C). Although shorter
length probes (G, H) were used in gel shift competition
assays, these were unable to compete the DNA-protein
complex (data not shown). Incubation of crude cell
extracts with specific or non-specific DNA probes also
showed that the DNA-protein binding is specific and is
localized in the above-mentioned position (data not

shown). These results suggested that a putative tran-
scription factor of the phtD operon is present in P. syr-
ingae pv. phaseolicola NPS3121 during growth at both
temperatures.

The putative transcription factor of the phtD operon is
encoded outside of the Pht cluster
In general, genes that participate in the synthesis of phyto-
toxins are grouped together in a particular chromosomal
region, within which are encoded both structural genes and
regulatory proteins involved in the process [24]. However,
in the case of P. syringae pv. phaseolicola it is unknown

Figure 1 Gel shift competition assays. (A) Graphic representation of the pht region. Each arrow represents an individual gene, with the
direction of the arrow indicating the direction of transcription. Red arrows indicate genes whose function have been previously reported (B)
Detailed view of the phtD operon upstream region indicating the PphtD fragments used as unlabeled DNA competitors. The blue bars represent
the probes able to compete the DNA-protein complex, while the red bars represent probes unable to compete the complex. The fragment “I”
corresponding to the region of 104 bp defined as the binding site for protein. (C) An example of gel shift competition assays used in this case,
fragment “I” as competitor. These assays were carried out using crude protein extracts of P. syringae pv. phaseolicola NPS3121 grown at 18°C in
M9 minimal medium and increasing concentrations of different unlabeled DNA fragments indicated in (B) as competitors. We show the gel shift
competition assay performed with the 104 bp probe, which was identified as the minimum region necessary to bind a putative transcription
factor. The concentration of unlabeled DNA competitors was as follows: lanes 1 and 2, no competitor DNA; lane 3, 25 ng (0.36 pmol); lane 4, 50
ng (0.73 pmol); lane 5, 60 ng (0.87 pmol); lane 6, 100 ng (1.46 pmol); lane 7, 150 ng (2.18 pmol); and lane 8, 200 ng (2.9 pmol).
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whether all genes necessary for the synthesis and regulation
of phaseolotoxin are found within the Pht cluster. We per-
formed a bioinformatic analysis for each of the predicted
ORFs of the Pht cluster, in a search for DNA binding motifs
using the Pfam database (http://pfam.sanger.ac.uk/) [25].
According to this analysis, no DNA binding motif was
found in the Pht gene cluster (data not shown).
In order to assess whether the putative transcription

factor of the phtD operon as revealed through the mobi-
lity shift analysis was encoded outside or within the Pht
region, gel-shift assays were performed using crudes
extracts from P. syringae pv. phaseolicola strain CLY233,
a non-toxigenic strain lacking the Pht cluster and P. syr-
ingae pv. tomato DC3000 (non phaseolotoxin-producer)
grown at 18°C and 28°C in M9 minimal medium. Incuba-
tion of the radiolabeled PphtD fragment with crude pro-
tein extracts of the above mentioned strains
demonstrated the presence of a retarded mobility com-
plex similar to that obtained with protein extracts of P.
syringae pv. phaseolicola NPS3121 (Figure 2). Mobility
shift competition assays with specific and non-specific
probes indicated that the observed DNA-protein binding
was specific for the PphtD region (data not shown). These
results indicated that the putative transcription factor
binding upstream of phtD was encoded by a gene located
outside of Pht region that is shared with other pathovars
and thus is not specific for phaseolotoxin synthesis, and
also that its presence is independent of temperature.
Therefore, these results suggest that upon transfer of the
Pht cluster horizontally, the regulation of phaseolotoxin
synthesis adapted to pre-existing regulatory mechanisms
of P. syringae pv. phaseolicola NPS3121.

A DNA sequence upstream of the phtD operon contains a
putative binding site for the IHF protein
Once the binding site for the putative phtD regulatory
protein had been delimited to a 104 bp region and it was

determined that this protein was encoded outside the Pht
cluster, we evaluated the presence of putative cis-acting
elements within the phtD promoter region using a tran-
scription factor search program (BPROM, http://www.
softberry.com) [26]. Sequence analysis revealed the pre-
sence of a potential binding site for the DNA-binding/
bending protein IHF. This sequence was located at posi-
tions -64 to -44, relative to the start of phtD transcrip-
tion, and showed similarity to the consensus IHF binding
site proposed by Kur et al. [27] (Figure 3A).

Members of the DNABII family (HU or IHF) interact with
the PphtD fragment
IHF is a member of the DNABII DNA-binding protein
family, which includes HU (a histone-like protein from
E. coli strain U93) and IHF proteins [28]. The IHF pro-
tein has been reported to regulate the expression of sev-
eral genes, some of which are involved in virulence
factor synthesis [29,30]. To assess whether IHF might
interact with the phtD promoter region, and whether it
was involved in the formation of the complex observed
in gel mobility shift assays, we performed supershift
assays. Supershift assays were carried out using a poly-
clonal antibody directed against DNA-binding proteins
of the DNABII family (IHF and HU proteins). The addi-
tion of the antibody generated a supershifted complex
when compared with a negative control, where no anti-
body was added (Figure 3B). On the other hand, when
the probe was incubated with the anti-DNAB-II anti-
body without protein extract, neither shifted nor super-
shifted band was observed, ruling out nonspecific
antibody-probe interactions. Furthermore, no super-
shifted band was revealed when unrelated antibodies
were evaluated, again validating the specificity of the
antibody used (see Additional file 1). These assays indi-
cated that members of the DNAB-II family (IHF or HU)
are involved in the protein-DNA complex that forms at

Figure 2 Gel shift assays with crude extracts of different pathovars of P. syringae. Radiolabeled PphtD fragment was incubated with protein
extracts of P. syringae pv. phaseolicola strains NPS3121and CLY233, and P. syringae pv. tomato DC3000, grown at 18°C and 28°C in M9 minimal
medium. Gel shift assays were carried out under conditions similiar to those used with crude extracts of the wild-type strain. The arrow indicates
the DNA-protein complex.
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the phtD promoter region. Finally, to provide additional
confirmation that IHF or HU contributed to the gel
mobility shift results, we performed shift-western experi-
ments, in which shifted bands were transferred to nitro-
cellulose membranes and incubated with anti-DNABII
family protein antibodies. Incubation with antibodies
yielded one band at a position identical to that of the
shifted band (Figure 3C), supporting the presence of a
DNAB-II family DNA-binding protein (IHF or HU) in
the complex identified by gel mobility assays.

IHF protein interacts with the phtD operon promoter
region
To determine the identity of the protein observed in gel
shift assays, we analyzed crude protein extracts of E. coli
single mutants having, deletions in the genes coding for
the alpha and beta subunits of IHF and HU proteins by
gel mobility shift assays. The bacterial strains were
grown in LB at 37°C until the cells reached the early
stationary phase, when IHF levels are reported to
increase and even small amounts of HU protein are

Figure 3 Bioinformatic analysis of the sequence upstream of the phtD operon, and Supershift and Shift-western experiments to
analyze the DNABII-family proteins binding activity to the PphtD fragment. (A) Bioinformatic analyses. This panel schematizes the intergenic
region between phtC and phtD where the IHF binding site position is represented with a yellow barrel. The alignment of the phtD IHF binding
site with the consensus IHF binding site proposed by Kur et al [27] is also shown. The sequence identified as the putative IHF binding site in the
phtD promoter is shown in bold red letters. W: A or T; R: A or G; N, any base. (B) Supershift assays. Analyses were conducted using increasing
concentrations of anti DNAB-II family proteins antibody. Supershift signals were observed when antibody was added to the reaction mixture. The
specific DNA-protein complex is indicated by a solid arrow. Supershift bands are indicated by solid arrowheads. (C) Shift-western experiment. Gel
shift assays with the PphtD probe were performed as described in the Methods, followed by transfer of proteins onto nitrocellulose membranes,
which were probed with antibody to DNA-binding proteins of DNAB-II family. To identify the signal, the images were analyzed using Quantity-
one software (BIO-RAD) following the manufacturer’s instructions. Panel I depicts a standard gel mobility assay with radiolabeled PphtD probe.
Lane 1, free probe; lane 2, DNA-protein complex. Panel II: Immunoblot using polyclonal antibody. Lanes correspond to those of Panel I. The
arrow indicates the position of the gel shift band.
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observed [31]. Incubation of the PphtD probe with crude
extracts from E. coli strains K12 wild type, hupA-, and
hupB-, showed a retardation signal similar to that
obtained with extracts of P. syringae pv. phaseolicola
NPS3121, indicating that mutations in genes encoding
HU protein subunits have no effect on the presence of
the putative phtD regulatory protein. However, when
crude extracts of E. coli mutants ihfA- and ihfB- were
assayed, no retarded signal was observed (Figure 4A).
These results strongly suggest that the protein involved
in the DNA-protein complex is IHF. To validate these
results, two types of additional experiments were per-
formed: 1) mobility shift competition assays using the
algD promoter region and 2) mobility shift assays with a
complemented E. coli ihfA- strain.
Previously, it was reported that the promoter region of

the algD gene in P. aeruginosa contains a functional
binding site for the IHF protein [32]. This site has also
been found in the promoter region of the orthologous
gene in P. syringae pv. phaseolicola 1448A. For that rea-
son, we decided to use the promoter region of the algD
gene of 1448A, which contains a putative IHF binding
site, as a competitor in gel shift assays. The results
showed that the retarded mobility signal progressively
decreased, compared to the DNA-protein complex, indi-
cating that increasing concentrations of competitor
DNA titrated the protein. However, when the promoter
region of the same gene without the putative IHF bind-
ing site was used as a competitor, the retarded signal
intensity was not altered (see Additional file 1). Addi-
tionally, a second experiment was conducted where the

P. syringae pv. phaseolicola NPS3121 IHF alpha subunit
gene was cloned in the pCR4-TOPO vector, creating the
plasmid pPihfA, which was then introduced into the E.
coli ihfA- mutant. Crude extracts of the complemented
E. coli strain were used in mobility shift assays to ana-
lyze the binding activity of the PphtD fragment. Mobility
shift assays showed the presence of a retarded signal
similar to that obtained with our P. syringae pv. phaseo-
licola strain, indicating that the presence of the ihfA
gene in trans is capable of restoring the formation of
the DNA-protein complex (Figure 4A). Finally, strong
evidence concerning the identity of the PphtD binding
protein was obtained through gel shift assays using IHF
protein purified from E. coli, which showed the presence
of a retarded signal whose position was identical to that
formed with the protein present in extracts of P. syrin-
gae pv. phaseolicola NPS3121 (Figure 4B). These results
unambiguously demonstrate that the IHF protein inter-
acts with the phtD promoter region and is probably
involved in regulation of this operon.

The IHF protein exerts a negative effect on the
expression of the phtD operon in E. coli
To assess the participation of the IHF protein in regulat-
ing phtD operon expression, a transcriptional fusion of
the phtD promoter was made to the gfp reporter gene
creating the pJLAG plasmid with the intention of evalu-
ating the expression from this construct in an IHF-

background of our P. syringae pv. phaseolicola strain.
However, despite the fact that several strategies were
attempted to obtain mutations in the subunits of the P.

Figure 4 Gel shift assays using Escherichia coli mutant strains and purified IHF protein. Gel shift assays were performed as described in
Methods. (A) Protein extracts of E. coli mutants for subunits of HU (hupA, hupB) and IHF proteins (ihfA and ihfB) were used in these assays. The
arrow indicates the DNA-protein complex formed. (B) Gel shift assay using the purified IHF protein from E. coli (IHFr), which produces a retarded
signal similar to that obtained with the extract of P. syringae pv. phaseolicola. The probe used in this assay corresponds to the 104 bp region.
The band shifted is indicated by an arrow.
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syringae pv. phaseolicola NPS3121 IHF protein, these
mutants could not be obtained. Nevertheless, because
the amino acid sequences of the P. syringae pv. phaseoli-
cola IhfA and IhfB proteins are 86% and 73% identical
to the E. coli IhfA and IhfB proteins respectively (data
not shown), and since previous reports demonstrated
that the E. coli IHF protein can functionally replace the
IHF protein of some Pseudomonas and viceversa [33],
we decided to perform the assays with the ihfA- mutant
strain of E. coli. We examined the expression of the
phtD::gfp transcriptional fusion (pJLAG) in wild type E.
coli K12 and ihfA- mutant backgrounds. The expression
of phtD::gfp was increased in the ihfA- background, in
comparison to the expression observed in the wild type
E. coli K12 strain. On other hand, when the expression
of the phtD::gfp transcriptional fusion was examined in
the ihfA- mutant complemented with the ihfA gene of P.
syringae pv. phaseolicola NPS3121, we observed a clear
reduction in fluorescence levels, suggesting a decrease in
gene expression (Figure 5). However, to investigate the
possibility that the decrease in phtD promoter expres-
sion was related to the decrease in growth rate observed
in this strain, possibly due to over-expression of the
ihfA gene, we evaluated the expression of the phtD::gfp
fusion in the ihfA- mutant transformed with the PCR 4-
TOPO vector (without ihfA gene). The results of these
experiments showed that the decrease in the growth
rate was possibly due to the presence of an additional
plasmid and not to the presence of the ihfA gene, which
excludes a possible toxic effect. Likewise, the results

showed that the decrease in the expression observed
from the phtD::gfp fusion in the complemented ihfA-

mutant was, due solely to the presence of the ihfA
gene in trans, and not to the observed decrease in
growth (Figure 5). These results indicate that the IHF
protein negatively regulates expression of the phtD
operon in E. coli.

Mutations in the putative IHF binding site affect the DNA-
protein interaction
Since the IHF site found in the phtD operon promoter
region has 83% similarity with the reported consensus
sequence, we evaluated the role of this sequence on the
DNA-protein interaction. To this end, 104 bp synthetic
oligonucleotides corresponding to the minimum binding
region for IHF were designed with mutations at bases
previously reported to be necessary for IHF protein
binding. The selected mutations were based upon those
previously shown to severely affect IHF binding [34].
Two mutant probes were analyzed. Mutant probe 1
(L100271-L100272) has changes in the dA-dT rich
upstream region as well as changes of C to A and G to
T of the consensus sequence. Gel mobility shift assays
with mutant probe 1 clearly show a dramatic decrease
in the amount of retarded signal (89%) as compared to
the amount of signal obtained with the wild type probe
(Figure 6A). These results indicate that the changes
introduced in this probe decrease the PphtD-IHF interac-
tion. Likewise, gel mobility shift assays with mutant
probe 2 (L100275-L100276), which also includes

Figure 5 Promoter activity of the phtD operon in Escherichia coli background. (A) Growth curve of E. coli strains carrying the phtD::gfp
transcriptional fusion grown in LB broth. (B) Fluorescence activity of phtD::gfp in the E. coli background.
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mutations in the TTR region of the consensus sequence,
showed a clear decrease in the retarded signal as com-
pared to the control (86%) (Figure 6B). These results
demonstrate the role of this sequence in IHF protein
binding.

Discussion
Phaseolotoxin is an important virulence factor of P. syr-
ingae pv. phaseolicola, whose synthesis involves genes in
the Pht cluster. The expression of these genes is higher
at 18°C than at 28°C, which is consistent with condi-
tions of phaseolotoxin synthesis [10]. So far, the regula-
tory mechanism involved in the production of this
phytotoxin has not been elucidated, and the only known
fact is the effect of low temperatures on its synthesis
[7]. In the present work we initiated study of the regula-
tory pathway involved in phaseolotoxin synthesis in P.
syringae pv. phaseolicola NPS3121 by focusing on the
control of phtD operon expression. In this study we
report the binding of the IHF protein to the phtD pro-
moter region and a possible role for this protein in con-
trolling the expression of this operon.
Mobility shift assays using the region upstream of the

phtD operon as a probe showed the formation of a
DNA-protein complex that clearly indicates the pre-
sence of a binding site for a regulatory protein within
this region. These data also indicate that the presence of
this protein is independent of temperature, as it was
found in crude extracts obtained at both 28°C and 18°C.

The minimal region necessary for the binding of this
protein was defined by competition assays to be a region
of 104 bp, a size greater than that reported for most
DNA-binding proteins, which are typically 20-40 bp
[35]. This result suggests that the DNA-protein interac-
tion observed in phtD not only depends on the recogni-
tion of specific sequences but also depends on specific
DNA structures that can only form in the 104 bp frag-
ment. A similar requirement has been reported for
some regulatory proteins, such as H-NS, which requires
a curved DNA structure for its binding [36-38].
The assays with P. syringae pv. phaseolicola strain

CLY233 (which lacks the Pht cluster) and P. syringae pv.
tomato DC3000 (non phaseolotoxin-producer), show a
retardation signal identical to that obtained with our
working strain, indicating that the protein binding to
the phtD promoter region is encoded outside of the Pht
cluster and is not exclusive to the phaseolicola pathovar,
given its presence in other pathovars, futher suggesting
that this protein could be a global regulator. These
results validate the bioinformatic prediction that did not
reveal a DNA-binding motif for any predicted Pht clus-
ter ORF, suggesting that none of these proteins encode
a DNA-binding protein, although evidence in some
cases suggests a regulatory role for the product of some
genes found within the Pht cluster [10]. Our findings
resemble previous reports in P. syringae pv. syringae, in
which the syr-syp gene clusters involved in syringomycin
(syr) and syringopeptin (syp) synthesis, are regulated by

Figure 6 Evaluation of the effect of mutations in the proposed IHF binding site. Gel mobility shift assays using the mutant probes of
fragment I (104 bp). Panel A shows the assays using mutant probe 1, which contains changes in the dA-dT rich upstream region as well as
changes of C to A and G to T in the consensus sequence. These changes caused a decrease of 89% with respect to the control. Panel B shows
assays using mutant probe 2, which also includes mutations in the TTR region of the consensus sequence, causing an 86% decrease in the
retarded signal. The asterisks indicate the bases modified. The bold red letters indicate the proposed site for IHF binding.
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the SalA and GacS/GacA proteins, which are localized
outside of this region and also present in other patho-
vars. However, the regulation of these phytotoxins also
depends on regulatory proteins present in the syr-syp
region [24].
An approximation for the identity of the phtD bind-

ing protein was obtained by supershift and shift-wes-
tern assays, which indicated that DNA-binding
proteins of the DNABII family (HU or IHF) are
involved in the formation of the protein-DNA complex
observed in the phtD promoter region. These results
are consistent with the bioinformatic analysis, which
revealed the presence of a potential binding site for
the IHF protein, at position -64 to -44, relative to the
start of phtD transcription.
Finally, the identity of the phtD binding protein was

determined by mobility shift assays using E. coli strains
mutated in each of the genes encoding subunits of HU
and IHF proteins. The absence of retardation signal in
ihfA- and ihfB- mutants clearly indicates a role for
these proteins in the formation of the DNA-protein
complex, thus demonstrating that IHF protein binds to
the phtD promoter region. Further evidence for the
binding of IHF to this region was provided by cell
extracts from a complemented E. coli ihfA- strain, in
which the retarded signal was restored by the presence
of the P. syringae pv. phaseolicola ihfA gene acting in
trans. Finally, mobility shift assays using purified IHF
protein confirmed that the protein binding the phtD
promoter region was IHF.
IHF is a small basic DNA-binding protein conserved

in Gram-negative bacteria that belongs to the class of
so-called nucleoid associated proteins (NAP’s) [39,40].
The IHF protein consists of two heterologous subunits,
IHFa and IHFb which are encoded in different tran-
scription units by the homologous ihfA (himA) and ihfB
(himD) genes, respectively. Both subunits also share sig-
nificant homology with the subunits of the HU protein,
a nonspecific DNA binding protein that also belongs to
the same protein family. Unlike the HU protein, the IHF
protein recognizes a specific consensus sequence:
WCARNWNNTTR (where W represents A or T and R
represents A or G), which introduces a bend of 180°
into the DNA, centered at the 5’end of the 5’-
WWWCAR-3’ element in the binding site [35,39]. In
addition, 5’-proximal bases with high dA-dT content,
are also thought to be required for binding of this pro-
tein at some sites [34,41]. The IHF-binding sequence
predicted upstream of the phtD region is 83% identical
to the reported consensus sequence, and only two
changes (A to T; T to A, or G) are observed in the 3’-
end. In addition, an A-T rich region is found upstream
of this sequence, strongly suggesting a role for these
sequences in the binding of the IHF protein. Mobility

shift assays with mutant probes clearly demonstrated a
role for these residues in the PphtD-IHF interaction.
Similarly, our proposal for the requirement of a change
in the DNA structure for IHF binding to the phtD
operon is somewhat supported by various reports which
demonstrate that besides the interaction with consensus
sequences, the IHF protein requires a curved DNA
structure for binding [38].
The IHF protein contributes in an important way to

the function of a wide variety of macromolecular pro-
cesses in bacteria and is recognized as a global regula-
tion factor in the transcription of many genes. IHF can
alter gene expression in a number of ways, including
positive and negative effects on transcription, and its
role as a regulator of virulence gene expression has
increasingly been determined [39,42]. The role of IHF
protein in regulating phtD operon expression was exam-
ined through the analysis of a phtD::gfp transcriptional
fusion in an E. coli K12 ihfA- mutant background, which
clearly showed higher transcriptional activity than that
observed in the wild type background. This activity sig-
nificantly decreases when the ihfA- mutant strain is
complemented in trans with the ihfA gene of P. syringae
pv. phaseolicola NPS3121, suggesting that the IHF pro-
tein has a negative effect on the expression of the phtD
operon in E. coli. Because some reports have demon-
strated that the E. coli IHF protein can functionally
replace IHF proteins of some Pseudomonas species, and
since this protein is not modulated by interactions with
inducer or co-repressor molecules, as are most tran-
scription factors [33,35], we propose that the IHF pro-
tein also exerts a negative effect on P. syringae pv.
phaseolicola NPS3121 phtD operon expression.
IHF has been shown to act as a negative regulator

through several mechanisms. In some cases, IHF seems
to act as a classical repressor by binding to DNA within
the RNA polymerase recognition site and excluding the
polymerase from the promoter. IHF may also act indir-
ectly as a repressor, collaborating with a gene-specific
repressor or obstructing the binding of an activator.
Alternatively, IHF can repress transcription in concert
with other nucleoid proteins and global or gene-specific
transcriptional regulators to create a higher-order
nucleoprotein complex that forms an inhibitory promo-
ter architecture [35,37,42]. The way in which IHF could
act to repress the phtD operon is unknown, although
according to the position of the predicted IHF binding
site (-64 to -44), its role as a classical repressor may be
dismissed. The fact that the expression of phtD::gfp tran-
scriptional fusion is not completely depressed, despite
the presence of IHF on a multiple copy plasmid, sug-
gests the participation of other regulatory proteins with
which the IHF protein may interact to regulate phtD
operon expression.
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On other hand, a common mechanism for transcrip-
tional regulation of phtD and phtM, due to the presence
of conserved regions in promoters of these genes has
been suggested [10], however the bioinformatic analysis
did not reveal IHF binding sites in the phtM promoter
region. In addition, mobility shift competition assays
showed that this region is unable to compete the
retarded signal in phtD, indicating that the IHF protein
does not bind to the upstream region of phtM (data not
shown).
Several lines of evidence have postulated that the

genes of the Pht cluster form a genomic island (GI),
which was acquired by horizontal gene transfer from a
Gram positive bacterium [18-20]. Based on our findings,
we propose that the regulation of this gene cluster (Pht
cluster), became integrated into the global regulatory
mechanism of the host-bacterium P. syringae pv. pha-
seolicola NPS3121, after the horizontal transfer event.
This phenomenon of foreign DNA integration into the
regulatory pathway of the host cell has been reported in
other organisms and several examples of horizontally
acquired genes that are regulated by global proteins
exist in the literature. In Salmonella, genes within the
SPI-1 pathogenicity island, which is thought to have ori-
ginated outside the enteric bacteria, are positively regu-
lated by the nucleoid protein Fis. Similarly, the virulence
regulon in Vibrio cholerae, which is a mosaic of ances-
tral and horizontally acquired genes, uses the H-NS glo-
bal regulator as a transcriptional repressor; as does
enteropathogenic E. coli, where the H-NS protein
represses the virulence genes in the LEE pathogenicity
island (PAI) [43,44]. The role of the IHF protein in the
regulation of transferred genes has also been reported,
with this protein positively regulating the virulence
genes TCP (Toxin-Coregulated Pilus) and CT (Cholera
Toxin) in V. cholerae, alleviating H-NS repression. Simi-
larly the IHF protein directly activates the expression of
genes in the LEE PAI in enteropathogenic E. coli
[30,45]. It seems that the integration of foreign DNA
into the global regulatory mechanisms of host bacterium
is not unusual. Some authors suggest that this event
allows the host cells to control the expression of trans-
ferred genes thus avoiding unregulated expression that
could have harmful consequences besides having a high
energy cost [46,47]. Based on our results, we suggest
that in P. syringae pv. phaseolicola NPS3121, the control
of some genes of the Pht cluster is dependent on the
IHF protein.

Conclusions
In this study we demonstrated that the regulatory pro-
tein IHF binds to the promoter region of the phtD
operon, most likely exerting a negative control on
expression of this operon. This is the first regulatory

protein reported as part of the regulation system of pha-
seolotoxin synthesis in P. syringae pv. phaseolicola
NPS3121, which suggests that regulation of gene expres-
sion within the Pht cluster has integrated into the global
regulatory mechanisms. However, it is still necessary to
dissect in detail the regulatory mechanism of the IHF
protein and identify other regulators that will enable us
to elucidate the regulatory pathway for phaseolotoxin
production in P. syringae pv. phaseolicola NPS3121.

Methods
Bacterial strains, media and growth conditions
The bacterial strains and plasmids used in this study are
listed in Additional file 2, Table S1. P. syringae strains:
pv. phaseolicola NPS3121, pv. phaseolicola CLY233 and
pv. tomato DC3000 were grown on M9 minimal med-
ium at 18°C or 28°C. Pre-inoculums (25 ml) of P. syrin-
gae strains were grown overnight at 28°C in M9
medium with glucose (0.8%) as the carbon source. The
cells were inoculated into 50 ml M9 minimal medium at
OD600 nm 0.1 and the cultures were incubated at 18°C
and 28°C until they reached the transition phase
(OD600 nm 1.0). Escherichia coli wild type and mutant
derivative strains, were routinely grown on Luria-Bertani
(LB) medium at 37°C. When required, the following
antibiotics were added: carbenicillin 100 μg μl-1, kana-
mycin 50 μg μl-1, rifampin 50 μg μl-1.

Molecular biology techniques
Routine techniques were performed using standard pro-
tocols [48]. Genomic DNA of P. syringae pv. phaseoli-
cola NPS3121 was isolated as described previously [49].
Plasmid DNA was isolated from E. coli using the QIA-
GEN®: plasmid midi kit following the manufacturer’s
instructions. PCR products were amplified with High
Fidelity DNA Polymerase and Platinum supermix (Invi-
trogen, California USA) and purified with the QIA-
quick® gel extraction kit (QIAGEN). Restriction
enzymes were used according to manufacturer’s instruc-
tions. Primers were designed using Vector NTI Software
(Invitrogen, California USA) with reference to the pre-
viously reported Pht cluster sequence (Gen Bank
DQ141263) [10]. The oligonucleotide primers used in
this study are listed in Additional file 2, Table S2.

Gel mobility shift assays
The probes used in gel shift assays were obtained by
PCR amplification using the oligonucleotide pairs shown
in Additional file 2. The double-stranded probes were
end-labeled with ( 32P)-ATP using T4 polynucleotide
kinase enzyme (Invitrogen, California USA). Gel shift
assays were performed as previously described, with
some modifications [50]. Briefly, protein extracts were
prepared from P. syringae pv. phaseolicola NPS3121
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grown in M9 minimal medium at 18°C and 28°C until
reaching the transition phase (OD600 nm of 1.0). Cultures
were centrifuged and the pellet was rinsed once with 1/
20 volume of cold extraction buffer (25 mM Tris-HCl
pH 8.0, 0.1 mM EDTA, 1 mM DTT, 10% glycerol and
0.04 mM PMSF), the cell pellet was freeze-thawed once,
diluted in 1/20 volume in extraction buffer, and soni-
cated (3 times for 15s with intervals of 15s) in an ice
bath using a Virsonic 60 sonicator (Virtis Company
Inc). The cellular debris was pelleted by centrifugation
at 13,000 r.p.m in a microcentrifuge, for 5 min at 4°C
and discarded. Total protein was measured using the
Bradford method with a BSA standard curve as control
[51]. The binding reactions contained approximately 10
ng of the probe (0.051 pmol for PphtD and 0.146 pmol
for fragment I), 30 μg of the appropriate protein extract,
0.5-1 μg poly(dI-dC), and 0.2 μg sonicated salmon
sperm DNA, in a 20 μl total volume of binding buffer
(25 mM Tris pH 7.5, 50 mM KCl, 1 mM EDTA, 1 mM
DTT, 5% glycerol) and were incubated for 30 min at
room temperature. Protein-DNA complexes were sepa-
rated from unbound probe on 6.5% native polyacryla-
mide gels at 6 mA for 3-4 hrs, in 0.5X TBE buffer. Gels
were vacuum-dried and exposed to a Phosphor screen
(Molecular Dynamics). The image was captured by scan-
ning on a STORM 860 (Molecular Dynamics) and ana-
lyzed with Quantity One software (BIO-RAD). To
determine the specificity of the DNA-protein complexes
observed, competition assays were carried out using
increasing concentrations of specific and non-specific
competitor DNA. A 300 bp-PvuII fragment of pUC19
plasmid was used as non-specific competitor. To deter-
mine the localization of the DNA-protein complex,
competition assays were performed with an excess of
unlabelled wild-type probes, listed in Additional file 2,
Table S3. When crude extracts of P. syringae pv. tomato
DC3000 and P. syringae pv. phaseolicola CLY233 were
assayed, the same gel shift assay conditions were used.
For analysis of E. coli mutants, strains were grown at
37°C on LB broth until reaching an optical density of
1.2 (OD 600 nm), and the conditions of the gel-shift
assays were similar to those described above.

Gel Mobility shift assays with purified IHF protein
Gel shift assays were performed essentially as described
above with some changes. Purified IHF protein from E.
coli (a generous gift from Dr. Steven Goodman) was used
in these assays at a concentration of 2 μM. The probes
used corresponded to the PphtD fragment (300 bp) (data
not shown) and the fragment I (104 bp) obtained by PCR
amplification. The probe concentration of the 104 bp
used was 0.146 pmol. Protein-DNA complexes were
separated from unbound probe on 8% native polyacryla-
mide gels under conditions previously mentioned.

Electrophoretic mobility supershift assays
The antibody used in supershift assays is a polyclonal
antibody that was raised in rabbit against DNA-binding
proteins of the DNAB-II family (e.g. HU, IHF) (a gener-
ous gift from Dr. Steven Goodman). Prior to the addi-
tion of the radiolabeled probe, the protein extract was
incubated with increasing concentrations of antibody for
20 min at room temperature. The probe was then added
and the reaction continued for another 30 min at room
temperature. Each reaction mixture was analyzed by gel
shift assays as described above. In these assays only
crude extracts of P. syringae pv. phaseolicola NPS3121
grown at 18°C were used.

Shift–Western assays
The Demczuk method [52] was used to identify the
protein components of the gel-shift assays in combina-
tion with the immunoblotting technique, with some
modifications. Gel shift assays were carried out under
the conditions mentioned above. Only crude extracts
of the wild type strain grown at 18°C were evaluated,
and the PphtD fragment was used as probe. The binding
reactions were prepared in duplicate and subjected to
electrophoresis. After completion of the gel shift assay,
the gel was divided into two parts; one was exposed
and used as control, while the other was blotted onto
a nitrocellulose membrane at room temperature for 45
min at 20 V in a buffer containing 25 mM Tris pH
8.0, 192 mM Glycine and 5% methanol using a semidry
blotting apparatus (Trans-blot SD, BIO-RAD). For
immunoreactive detection, the membranes were first
blocked overnight at 4°C in TBS containing 5%
skimmed milk, and subsequent manipulations were
done in the absence of skimmed milk. Primary anti-
body was applied at a dilution of 1:1000 and enhanced
chemiluminescence protein detection was done using
Amersham anti-rabbit peroxidase-conjugated antibo-
dies as described by the manufacturer (Amersham
Biosciences). To identify the signal, the images were
overlapped using Quantity-one software (BIO-RAD)
following the manufacturer’s instructions.

Complementation of ihfA- E. coli mutant with the alpha-
subunit gene of P. syringae pv phaseolicola NPS3121
Using the sequence of the 1448A strain (Gene Bank
accession no. CP000058) [53], we designed primers to
amplify the ihfA gene of P. syringae pv. phaseolicola
NPS3121. The ihfA gene was obtained by PCR amplifi-
cation using oligonucleotides L100258-L100259 (Addi-
tional file 2, Table S2), and cloned into the pCR4-
TOPO vector, under control of the lacZ promoter
(pPihfA). The construct was mobilized into the ihfA- E.
coli K12 mutant via electroporation. The orientation of
the construct was determined by restriction enzyme
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digestion. The induction of the gene was carried out
with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG).

Construction of a phtD:gfp transcriptional fusion
The plasmid pUA66, which contains the gfpmut2 repor-
ter gene with a strong ribosome binding site, was used
to construct a transcriptional fusion. A 416-bp fragment,
corresponding to the intergenic region of phtC-phtD
(-179 to +236) was obtained by PCR using primers
L100269 phtDXhoI and L100270phtDBamHI, which
include suitable restriction sites (Additional file 2, Table
S2). This region (416 bp) was previously delimited as
the minimum required for differential expression of the
phtD operon, in response to temperature changes
(unpublished data). The amplicon was cloned into the
XhoI-BamHI sites of pUA66 to create pJLAG and orien-
tation was validated by PCR. To evaluate the activity of
the gfp reporter gene, constructs were mobilized into E.
coli K12 and the ihfA- mutant derivative of E. coli K12,
by thermal shock.

Measurement of promoter activity by fluorescence
Pre-inoculums (2 ml) of E. coli K12 strain and mutant
ihfA- strain carrying the gfp fusion were grown for 16
hours at 37°C with agitation in LB broth supplemented
with kanamycin (50 μg/μl). The cultures were diluted
1:100 in LB broth with kanamycin to a final volume of
150 μl per well in flat-bottomed 96-well plates. Cultures
were grown at 37°C with constant shaking and moni-
tored in a Wallac Victor 3X multiwell fluorimeter. The
parameters for measurements of growth and fluores-
cence were: fluorescence readings (filters F485, F535,
0.5s, CW lamp energy 10,000) and absorbance (OD)
measurements (490 nm, P490, 0.5s). The time between
repeated measurements was 1 hour. Promoter activity
was determined as the ratio of fluorescence and optical
density (GFP/OD490 nm).

Evaluation of the effect of mutations in the proposed IHF
binding site
Gel mobility shift assays were carried out under the
conditions mentioned above using 8% native polyacry-
lamide gels to separate complexes. Only crude extracts
of the wild type strain grown at 18°C were evaluated.
The probes used in these assays are derived from
annealed oligonucleotides, which were designed with
mutations at bases corresponding to the putative IHF
binding site. The sequences of these oligonucleotides
are shown in additional file 2 (Table S4). For the pre-
paration of 32P-labeled oligonucleotide probes, forward
primers (L100271 and L100275) were end-labeled with
( 32P)-ATP using T4 polynucleotide kinase enzyme
(Invitrogen, California USA), and unincorporated
nucleotides were removed using the QIAquick

Nucleotide removal kit (QIAGEN) following the manu-
facturer’s instructions. Equimolar amounts of comple-
mentary oligonucleotides (L100271-L100272 and
L100275-L100276 respectively) were mixed and
annealed in annealing buffer (0.1 M NaCl, 10 mM
Tris-HCl pH8.0,1 mM EDTA) at 100°C for 10 min and
allowed to slowly cool to room temperature. The effi-
ciency of the annealing was validated on 8% polyacry-
lamide gels (data not shown). As a control, we
performed gel shift assays using the 104 bp wild type
probe (without changes). Quantification of signal
intensity was carried out using Quantity One software
(BIO-RAD) following the manufacturer’s instructions.

Additional material

Additional file 1: In this Power Point file we show the results of gel
shift assays with the protein extracts of P. syringae pv. phaseolicola
NPS3121 grown at 28°C and 18°C, as well as the supershift assays
using unrelated antibodies, including anti-His, anti-GST, and anti
Rlk. Furthermore, we show the gel competition assays using the algD
promoter as competitor. Detection of binding to PphtD in extracts of P.
syringae pv. phaseolicola NPS3121. Gel shift assays was performed using
a radiolabeled PphtD fragment (-111 to +188) and crude extracts of P.
syringae pv. phaseolicola NPS3121 grown at 18°C and 28°C in M9
minimal medium. Probe concentration was 0.05 pmol and protein
concentration of crude extracts in each reaction was as follows: lane 1,
no protein; lanes 2 and 3, 30 g. DNA-protein complex is indicated by an
arrow. Supershift assays using unrelated antibodies. The assays were
carried out using unrelated antibodies, including anti-His, anti-GST (both
commercially available), and anti-Rlk, which validated the specificity of
the anti-DNABII antibody. Furthermore, we show control experiments in
which the DNA probe was mixed with the DNA-BII antibody in the
absence of protein extract. The retarded and super-retarded complexes
are indicated by an arrow. Gel shift competition assays with the algD
promoter. Panel A shows the competition assays using the algD
promoter region (500 bp), which includes the IHF binding site reported
by Wozniak [32] as competitor. Competitors were added in increasing
concentrations: 50 ng (0.15 pmol), 60 ng (0.18 pmol), 100 ng (0.3 pmol),
150 ng (0.45 pmol), 200 ng (0.6 pmol), and 300 ng (0.9 pmol). Panel B
depicts the competition assays with the algD promoter region (265 bp)
that does not contain the IHF binding site. The competitor concentration
used was: 50 ng (0.29 pmol), 60 ng (0.34 pmol), 100 ng (0.57 pmol), 150
ng (0.86 pmol), 200 ng (1.14 pmol), and 300 ng (1.72 pmol).

Additional file 2: This Word file contains tables listing the strains
and plasmids used in this study, as well as the sequence of
oligonucleotides and probes used in gel shift assays.
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