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In Agrobacterium tumefaciens, the balance between acquiring enough iron and avoiding iron-induced toxicity
is regulated in part by Fur (ferric uptake regulator). A fur mutant was constructed to address the physiological
role of the regulator. Atypically, the mutant did not show alterations in the levels of siderophore biosynthesis
and the expression of iron transport genes. However, the fur mutant was more sensitive than the wild type to
an iron chelator, 2,2�-dipyridyl, and was also more resistant to an iron-activated antibiotic, streptonigrin,
suggesting that Fur has a role in regulating iron concentrations. A. tumefaciens sitA, the periplasmic binding
protein of a putative ABC-type iron and manganese transport system (sitABCD), was strongly repressed by
Mn2� and, to a lesser extent, by Fe2�, and this regulation was Fur dependent. Moreover, the fur mutant was
more sensitive to manganese than the wild type. This was consistent with the fact that the fur mutant showed
constitutive up-expression of the manganese uptake sit operon. FurAt showed a regulatory role under iron-
limiting conditions. Furthermore, Fur has a role in determining oxidative resistance levels. The fur mutant was
hypersensitive to hydrogen peroxide and had reduced catalase activity. The virulence assay showed that the fur
mutant had a reduced ability to cause tumors on tobacco leaves compared to wild-type NTL4.

Iron is required for the growth of most living organisms due
to the element’s importance in many biological processes. Bac-
teria have evolved various iron-sequestering mechanisms to
acquire iron from the environment and maintain intracellular
homeostasis. Despite the indispensability of iron, it can be
toxic in excess due to its ability to catalyze the production of
highly deleterious hydroxyl radicals via the Fenton reaction
(28). The generated reactive hydroxyl radicals can damage
DNA, proteins, and lipids. Iron transport, storage, and con-
sumption are coregulated to help maintain the balance be-
tween acquiring enough iron to grow and avoiding iron-in-
duced toxicity. In many bacteria, this regulation is mediated in
part by the Fur (ferric uptake regulator) protein (2, 7). Fur
functions as a transcriptional repressor of iron uptake systems
and iron-regulated genes when sufficient iron is available. The
molecular basis of iron regulation by Fur has been most ex-
tensively studied in Escherichia coli, providing the classic
model of Fur regulation (2). Fur binds to its corepressor fer-
rous ion (Fe2�) and the Fe2�-Fur complex binds to the con-
served sequence, known as the Fur box (GATAATGATAAT
CATTATC), which is located in the promoter regions of Fur-
regulated genes. In the absence of the cofactor Fe2�, Fur no
longer binds to the regulated promoters, leading to derepres-

sion of iron uptake systems under the iron-deficient conditions.
Fur could mediate targeted-gene repression in its apo form as
observed in Helicobacter pylori, where the iron-free form of Fur
binds to pfr (60) and sodB (17) promoters. Fur has also been
reported to be an activator. This positive regulation by Fur
observed in E. coli occurs via an indirect, Fur-mediated repres-
sion of a small RNA molecule, RhyB, which acts as a regula-
tory RNA that blocks gene expression by binding to and de-
grading target mRNAs (34, 35). Nonetheless, direct activation
of gene transcription by Fur has been found in Neisseria men-
ingitidis (13).

Several studies have shown that Fur’s regulatory function is
not limited to the control of iron metabolism genes. Fur has
also been reported to regulate genes involved in acid tolerance
(22, 60), the production of toxins (4, 8), and virulence factors
(20, 31, 36), and defense against oxidative stress (27, 57). The
wide range of genes controlled by Fur indicates that Fur serves
as a global regulator.

Agrobacterium tumefaciens is a gram-negative, �-proteobac-
terium that causes crown gall tumor disease on dicotyledonous
plants. The infection process involves attachment of the bac-
teria to wounded plant cells and subsequent transfer of a seg-
ment of DNA from the bacterium’s tumor-inducing (Ti) plas-
mid into the plant cells (67). In response to microbial infection,
one active plant defense response is increased production of
reactive oxygen species. In addition, plants possess mecha-
nisms that deprive invading microbes of iron (37, 41, 51).
Microbes need to overcome both oxidative stress and iron
deprivation to survive and proliferate. The iron-sensing regu-
latory fur genes from plant pathogens have been shown to play
a critical role during the plant-pathogen interaction. Reduced
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virulence associated with mutations in fur genes has been re-
ported in Erwinia chrysanthemi (18) and Xanthomonas oryzae
pv. oryzae (53).

Interestingly, it has emerged that the metal specificity and
function of Fur-like proteins from members of the �-pro-
teobacteria are different than in the model �-proteobacterium
E. coli. Fur is best known as an iron-sensing regulator; how-
ever, there are reports that indicate a different role for Fur-like
proteins from Rhizobium leguminosarum (FurRl) and Sinorhi-
zobium meliloti (FurSm). Disruption of the fur gene had no
effect on the expression of several genes that are involved in
iron acquisition (10, 44, 61). Instead, FurRl and FurSm physi-
ologically function in response to manganese by repressing
transcription of the sitABCD operon, which encodes a Mn2�

uptake system, under manganese-replete conditions (10, 14,
44). In R. leguminosarum and S. meliloti, a transcriptional reg-
ulator, RirA (rhizobial iron regulator), showing no sequence
similarity to Fur has been shown to replace typical Fur func-
tions in the regulation of iron-responsive genes for controlling
iron homeostasis (11, 56). The RirA regulon includes genes for
the synthesis (vbs) and uptake (fhu) of the siderophore vicibac-
tin, genes involved in heme uptake (hmu and tonB), genes that
probably participate in the transport of Fe3� (sfu), a putative
ferri-siderophore ABC transporter (rrp1), a gene that specifies
an extracytoplasmic function RNA polymerase � factor (rpoI),
genes for the synthesis of Fe-S clusters (suf), an iron response
regulator (irrA), and rirA itself (55). The RirA protein belongs
to the Rrf2 family of putative transcription regulators. The
close RirA homologues appear to be confined to other mem-
bers of �-proteobacteria, the rhizobium Mesorhizobium, the
human pathogen Bartonella, the animal pathogen Brucella, and
the phytopathogen A. tumefaciens. The RirA-like protein does
not exist in Bradyrhizobium japonicum, a member of the �-pro-
teobacteria, and its regulation of iron metabolism is, at least in
part, still modulated by Fur-like protein (FurBj) in cooperation
with another regulator called Irr (iron response regulator)
through controlling the heme biosynthesis pathway (23, 24).
The B. japonicum Irr protein was first described as a repressor

of hemB, the gene encoding the enzyme �-aminolevulinic acid
dehydratase that catalyzes the second step in heme biosynthe-
sis, under iron-restricted conditions to prevent the accumula-
tion of toxic protoporphyrin intermediates from exceeding iron
availability. The presence of iron causes repression of irr tran-
scription via Fur (19, 24) and degradation of Irr protein by
oxidation in a heme-dependent mechanism (46, 65). Both
these transcriptional and posttranslational controls lead to de-
repression of heme biosynthesis under iron-replete conditions.
Subsequently, it has been shown that Irr was both a transcrip-
tional activator and a repressor of many genes involved in iron
transport, storage, and metabolism (49). Moreover, Irr also
controlled genes involved in the tricarboxylic acid cycle, energy
metabolism, and oxidative stress response (49). It is notable
that B. japonicum and R. leguminosarum each have a second irr
gene named irrB with unknown function(s).

Analysis of the A. tumefaciens genome revealed three fur
homologues, named fur (Atu0354), irr (Atu0153), and zur (zinc
uptake regulator; Atu1518) (64). However, the functions of
these transcriptional regulators have not been defined. In the
present study, the physiological function of the A. tumefaciens
fur gene (furAt) was investigated. The important roles of furAt in
metal and oxidative stress responses are demonstrated. In ad-
dition, Fur contributes significantly to the virulence of A. tu-
mefaciens.

MATERIALS AND METHODS

Bacterial growth conditions. Bacterial strains and plasmids are listed in Table
1. A. tumefaciens strains were grown aerobically in Luria-Bertani (LB) medium
at 28°C with shaking at 150 rpm. The medium was supplemented with 100 �g of
ampicillin (Ap) ml�1, 25 �g of chloramphenicol (Cm) ml�1, 90 �g of gentamicin
(Gm) ml�1, or 10 �g of tetracycline (Tc) ml�1 as required. E. coli strains were
grown aerobically at 37°C in LB medium supplemented with 100 �g of Ap ml�1,
30 �g of Gm ml�1, or 15 �g of Tc ml�1 as required.

Molecular techniques. Unless otherwise stated, general molecular techniques
were performed by using standard procedures (50). Plasmid purification was
performed by using the QIAprep kit (QIAGEN). DNA was sequenced by using
a BigDye terminator cycle sequencing kit (PE Biosystems) on an ABI 310
automated DNA sequencer (Applied Biosystems). Plasmids (50 to 100 ng) were
transferred into A. tumefaciens strains by electroporation (9).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or reference

Strains
A. tumefaciens

NTL4 Wild type S. K. Farrand
NTLfur fur mutant, a derivative of NTL4 in which fur was disrupted by pKNOCKfur; Gmr This study

E. coli DH5� supE �lac(�80dlacZ�M15) hsdR recA endA gyrA thi relA Laboratory
collection

Plasmids
pGEM-T-Easy Cloning vector; Apr Promega
pKNOCK-Gm Suicide vector; Gmr Alexeyev (1)
pKNOCKfur pKNOCK-Gm containing a 169-bp BamHI-EcoRI fragment of fur coding region; Gmr This study
pBBR1MCS-4 Expression vector; Apr Kovach et al. (29)
pFur Full-length fur coding region cloned into pBBR1MCS-4, Apr This study
pUFR027lacZ Promoter probe vector; Tcr DeFeyter et al. (12)
pPfhuA-lacZ 414-bp PCR fragment containing fhuA promoter cloned into pUFR027lacZ; Tcr This study
pPkatA-lacZ 330-bp PCR fragment containing katA promoter cloned into pUFR027lacZ; Tcr Nakjarung et al. (40)
pCMA1 pTiC58traM::nptII; Kmr S. K. Farrand

a Gmr, Gm resistance; Tcr, Tc resistance; Apr, Ap resistance; Kmr, Km resistance.
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A. tumefaciens fur mutant construction and analysis. The fur mutant was
constructed by insertional inactivation of the fur gene on the chromosome by a
single homologous recombination. The primers BT772-5	-TCAGGAATCAGC
CGATCATC-3	 and BT773-5	-ATGACCACGCTGTTCTTCAG-3	, designed
from the sequence of a putative fur gene (Atu0354) identified from the A.
tumefaciens C58 genome sequence (64), were used to amplify a 219-bp fragment
of fur coding region using Taq DNA polymerase and A. tumefaciens NTL4
genomic DNA as a template. The PCR product was cloned into pGEM-T Easy
vector (Promega), and the insert’s nucleotide sequence was confirmed by auto-
mated DNA sequencing. Subsequently, the 169-bp BamHI-EcoRI fragment of
the PCR clone was filled in with the Klenow enzyme and subcloned into
pKNOCK-Gm (1), a nonreplicative plasmid in Agrobacterium, digested at the
unique SmaI site. The resultant plasmid, pKNOCKfur (2.16 kb), was then trans-
ferred to A. tumefaciens by conjugation (9). Recombination of the cloned fur
fragment in the suicide plasmid with the homologous counterpart on the A.
tumefaciens chromosome resulted in the disruption of the fur gene. The fur
mutant was selected on LB agar containing 25 �g of Cm ml�1 and 90 �g of Gm
ml�1. To verify the fur mutant, Southern blot analysis was performed by using a
standard protocol (50). Chromosomal DNA samples from the fur mutant and
wild-type A. tumefaciens NTL4 were digested with SphI, separated, and blotted
onto a nylon membrane. The blot was hybridized to 169-bp BamHI-EcoRI
radioactively labeled fur probes. Probes were radioactively labeled by using a
random priming kit (Amersham Pharmacia Biotech) and [�-32P]dCTP. A single
hybridizing band of 0.86 kb was obtained from wild-type NTL4, as expected from
the genomic sequence. In contrast, a hybridizing band of 3.02 kb was detected in
the fur mutant, confirming that pKNOCKfur had correctly integrated into the fur
gene. The fur mutant was named NTLfur.

Construction of full-length fur. The full-length wild-type fur gene was ampli-
fied from A. tumefaciens NTL4 genomic DNA with the primers BT692-5	-CCA
GAAGACGTGATAGACCT-3	 and BT693-5	-CGGCGTCTCAGCGTTCTTC
G-3	 using Pfu DNA polymerase (Promega). The 438-bp PCR product was
cloned into the unique SmaI site of an expression vector, pBBR1MCS-4 (29),
creating the recombinant plasmid pFur. The cloned DNA region was confirmed
by automated DNA sequencing.

Reverse transcriptase-PCR (RT-PCR) analysis of sitABCD transcripts. Bac-
teria grown overnight in LB medium were subcultured into fresh LB medium to
give an optical density at 600 nm (OD600) of 0.1. Exponential-phase cells (OD600

of 0.5 after incubation for 4 h) were treated with 50 �M FeCl3 or 50 �M MnCl2
for 15 min. Total RNA was extracted from untreated and treated cells by using
the RNeasy minikit (QIAGEN), and the RNA samples were treated with DNase
I by using the DNA-free kit (Ambion) according to the manufacturers’ protocols.
Reverse transcription (converts mRNA to cDNA before PCR) was accomplished
by using SuperScript II RT (Invitrogen) with reverse primer BT662 (see below)
for sitA or BT1422 (see below) for 16S rRNA. Reverse-transcribed RNA sample
(2 �g) from each condition was used in the PCR. Control reactions, where RT
was omitted, were run in parallel to ensure there was no DNA contamination.
Positive controls were performed with genomic DNA. Gene-specific primers for
sitA (BT661-5	-TGATGTGACGGTGAGCGATG-3	 and BT662-5	-GGCGCC
TTCGCTCGTTACCA-3	 to generate the 280-bp PCR product) and 16S rRNA
(BT1421-5	-GAATCTACCCATCTCTGCGG-3	 and BT1422-5	-AAGGCCTT
CATCACTCACGC-3	 to generate the 280-bp PCR product) were used for
separate PCRs using the Taq PCR master mix kit (QIAGEN). PCRs were
carried out with an initial denaturation step at 95°C for 5 min, followed by 35
cycles of denaturation at 95°C for 1 min, annealing at 58°C for 1 min, and
extension at 72°C for 1 min, with a final extension step at 72°C for 10 min.
RT-PCR products were visualized through gel electrophoresis on a 2% agarose
gel and ethidium bromide staining.

Sensitivity to Dipy. Overnight cultures grown in LB medium were washed once
with fresh LB medium. Cells were diluted to an OD600 of 0.01 in 5 ml of LB
medium. An iron-limiting condition was achieved by adding a 300 �M concen-
tration of the iron chelator 2,2	-dipyridyl (Dipy; Sigma). Growth was monitored
by measuring the OD600 after incubation at 28°C with shaking for 24 h. The effect
of addition of metal ions on bacterial growth in the presence of Dipy was assayed
on LB agar plates containing 300 �M Dipy and supplemented with various
metals. Cells grown on LB agar plates at 28°C for 2 days were washed and
adjusted to an OD600 of 0.01 in LB medium. Tenfold serial dilutions were made.
An aliquot (10 �l) of each dilution was spotted onto LB agar plates containing
300 �M Dipy and 100 �M concentrations of FeCl3, MnCl2, ZnCl2, or CuSO4 and
then incubated at 28°C for 48 h. Cells spotted onto an LB agar plate were used
as a control.

Sensitivity to SNG. Overnight cultures were streaked on LB agar plates con-
taining 300 �M Dipy and incubated at 28°C for 2 days. Cells were washed once
with fresh LB medium. Cells (104) were treated with streptonigrin (SNG) at a

concentration of 100 �g ml�1 in LB medium. SNG was prepared as a stock
solution at 10 mg ml�1 in dimethyl sulfoxide. Control cells (untreated) received
equivalent amounts of dimethyl sulfoxide. The cells were incubated at 28°C with
shaking for 24 h and were diluted (10-fold serial dilutions). An aliquot (10 �l) of
each dilution was spotted onto an LB agar plate and incubated at 28°C for 2 days.
Each strain was tested in duplicate, and the experiment was repeated twice.

Siderophore analysis. Siderophore production was analyzed using chrome
azural S (CAS) agar plates (52). Solid CAS medium was made by adding 10 ml
of CAS stock (52) to 100 ml of YEM medium (59) containing 1.5% agar.
Overnight cultures grown in LB medium (5 �l at an OD600 of 0.1) were spotted
onto YEM�CAS plates containing 50 �M FeCl3 or 200 �M Dipy, followed by
incubation at 28°C for 2 days. Siderophore production is indicated by the pres-
ence of an orange halo zone around the bacteria. This occurs because sid-
erophores produced by bacteria remove iron from the original blue CAS-Fe3�

complex contained in the plate, resulting in a change in color of the dye.
Sensitivity to hydrogen peroxide and MnCl2. Cells grown on LB agar plates at

28°C for 2 days were washed and adjusted to an OD600 of 0.01 in LB medium.
Tenfold serial dilutions were made. An aliquot (10 �l) of each dilution was
spotted onto LB agar plates containing 450 �M H2O2 or 10 mM MnCl2 and
incubated at 28°C for 48 h. Cells spotted on an LB agar plate were used as a
control. Each strain was tested in duplicate, and the experiment was repeated
twice.

Construction of fhuA-lacZ fusion. The putative fhuA promoter region was
amplified from A. tumefaciens NTL4 genomic DNA with primers BT1095-5	-C
GTAGCTCGAATGTATCCGC-3	 and BT1096-5	-CGCGACATAACCTTTC
ACCG-3	 using Pfu DNA polymerase (Promega). The 414-bp PCR product was
cloned into the unique HindIII site (end-gap fill with Klenow enzyme) of the
promoter probe vector pUFR027lacZ, a derivative of pUFR027 (12). The re-
sultant recombinant plasmid was named pPfhuA-lacZ and was transferred into
wild-type NTL4 and the NTLfur mutant. Bacteria grown overnight in LB me-
dium were subcultured into fresh LB medium to give an OD600 of 0.1. Expo-
nential-phase cells (OD600 of 0.5 after incubation for 4 h) were treated with 50
�M FeCl3 or 200 �M Dipy for 1 h. Cells were harvested and used for a

-galactosidase activity assay.

Enzyme activity assays. Crude bacterial lysates were prepared by using bac-
terial suspensions in 50 mM sodium phosphate buffer (pH 7.0) containing 1 mM
phenylmethylsulfonyl fluoride, a protease inhibitor. Cell suspensions were lysed
by brief sonication, followed by centrifugation at 12,000 � g for 10 min. Clear
lysates were used for total protein determination, a 
-galactosidase assay, and a
catalase activity assay. Protein concentrations were determined by using the
Bradford Bio-Rad protein assay. The 
-galactosidase assay was done as de-
scribed previously (38) and was presented in units per mg of protein (U mg of
protein�1). Catalase activity was monitored through the decomposition of H2O2

by measuring the absorbance at a wavelength of 240 nm (5). One unit of catalase
was defined as the amount of enzyme capable of catalyzing the turnover of 1
�mol of substrate per min under the assay conditions.

Tumor formation assays. A. tumefaciens strains containing pCMA1 plasmid
were used to infect tobacco (Nicotiana tabacum) leaves according to the method
described previously (32). Bacterial cells were grown on LB agar plates at 28°C
for 2 days. The cells were washed with hormone-free MS liquid medium (39), and
the cell concentration was adjusted to an OD600 of 0.01 in 20 ml of hormone-free
MS medium. The cell suspensions were cocultivated with �0.5-cm squares of
tobacco leaves (30 leaf squares for each bacterial strain) at room temperature for
10 min. Tobacco leaf pieces incubated in hormone-free MS medium without
bacterial cells were used as a negative control. The tobacco leaf pieces were
transferred onto hormone-free MS agar plates containing 300 �M acetosyrin-
gone and incubated at 28°C in the dark for 2 days. The tobacco leaf pieces were
then transferred onto hormone-free MS agar plates containing 200 �g of timen-
tin ml�1 and incubated at 28°C in the dark. The tumors on each leaf piece were
observed after 14 days. The experiments were repeated twice.

RESULTS AND DISCUSSION

A. tumefaciens Fur. Analysis of the A. tumefaciens genome
revealed three fur homologues, named fur, irr (iron response
regulator), and zur (zinc uptake regulator) (64). The A. tume-
faciens fur-like gene (Atu0354), furAt, is flanked upstream by a
gene encoding a putative acetyltransferase (Atu0353) and
downstream by plsC, a gene encoding a glycerol phosphate
acyltransferase (Atu0355). The furAt gene is 429 bp long and
encodes a protein of 142 amino acid residues with a deduced
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molecular mass of 16.7 kDa. The FurAt protein has a high
degree of similarity to many Fur proteins, with the most closely
related proteins from �-proteobacteria including R. legumino-
sarum (84%), Bradyrhizobium japonicum (68%), and S. meliloti
(45%). FurAt has moderate levels of identity to Fur from
�-proteobacteria such as E. coli (37%) and Pseudomonas
aeruginosa (32%). The putative regulatory Fe-sensing site (S1)
consisted of amino acid residues H86, D88, E107, and H124.
The second binding site (S2) was a structural Zn-binding site
involving H32, E80, H89, and E100. All eight of these amino
acids are highly conserved among Fur proteins from many
bacteria, including A. tumefaciens (Fig. 1).

Fur is essential for A. tumefaciens survival under iron-lim-
iting conditions. In order to determine the functional role of
the fur gene in A. tumefaciens, a chromosomal fur mutant strain
(NTLfur) was constructed by suicide plasmid integration into
the fur gene and was confirmed by Southern blot analysis (data
not shown and see Materials and Methods). First, we investi-
gated the biological effect of fur inactivation in the response to
iron by culturing NTL4 and NTLfur strains under iron-suffi-
cient (LB) and iron-deficient (LB � 300 �M Dipy) conditions
(Fig. 2A). In LB medium, NTL4 and NTLfur strains harboring
the plasmid vector pBBR1MCS-4 (NTL4/pBBR and NTLfur/
pBBR) or a plasmid for the expression of functional Fur
(NTL4/pFur and NTLfur/pFur) showed no differences in
growth. In the presence of an iron chelator Dipy (LB � 300 �M
Dipy), the fur mutant had slower growth as judged by the obser-
vation that the OD600 obtained from NTLfur/pBBR (0.32  0.01)

was lower than the OD600 for NTL/pBBR (0.62  0.02). The
Dipy-sensitive phenotype of NTLfur could be complemented by
expression of the functional fur on the expression vector (NTLfur/
pFur). Moreover, overproduction of Fur conferred additional
tolerance to Dipy, as shown by higher growth (OD600) of
strains harboring pFur, NTL4/pFur (0.82  0.01) and NTLfur/
pFur (0.83  0.02), compared to a strain harboring the vector
control, NTL4/pBBR (0.62  0.02), in the presence of the iron
chelator. This suggests that Fur has a regulatory role in main-
taining intracellular iron under iron-limiting growth condi-
tions. However, the mechanism by which Fur regulates the
process is not known.

Levels of FurAt affect cellular iron concentrations. The hy-
persensitivity of NTLfur to Dipy led us to ask whether fur has
an effect on cellular iron concentrations. SNG has been used to
assess free iron levels in bacterial cells (16, 53, 63). SNG is an
aminoquinone that is capable of cyclic reduction and oxidation
inside bacteria to produce superoxide and hydroxyl radicals
which damage cells (21, 25). The availability of intracellular
iron is an important factor in the action of SNG. Increased
sensitivity to SNG was shown to correlate with an increase in
the levels of intracellular free iron (62, 66). Relative intracel-
lular iron levels in NTL4 and the NTLfur mutant were assessed
by SNG sensitivity assays. Cells grown under the iron-deficient
condition (LB agar plates containing 300 �M Dipy) for 2 days
were used for SNG sensitivity assays (see Materials and Meth-
ods). The results in Fig. 2B show that untreated cells exhibited
similar viability. However, the NTLfur/pBBR mutant had

FIG. 1. Primary sequence alignment generated by using CLUSTAL W (43) for selected proteins belonging to the Fur superfamily. Sequences
shown are those from Agrobacterium tumefaciens (FurAt), Rhizobium leguminosarum (MurRl), Bradyrhizobium japonicum (FurBj), Sinorhizobium
meliloti (FurSm), Escherichia coli (FurEc), and Pseudomonas aeruginosa (FurPa). Sequences were from GenBank (http://www.ncbi.nlm.nih.gov
/GenBank) and accession numbers are as follows: FurAt (NP_531060), MurRl (CAA74010), FurBj (AAC32180), FurSm (CAC47604), FurEc
(NP_415209), and FurPa (AAC05679). The putative regulatory Fe-sensing site residues (S1) are indicated with circles (F), and the structural
Zn-binding site residues (S2) are indicated with triangles (‚).
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greater tolerance to 100 �g ml�1 of SNG treatment than wild-
type NTL4/pBBR. These data provided evidence that the fur
mutant has lower levels of intracellular free iron relative to
levels in the wild-type. Another possible explanation for in-
creased resistance to SNG could be the overproduction of
superoxide dismutase (SOD) (21). The A. tumefaciens genome
contains three sod-like genes (Atu0876, Atu4583, and
Atu4726) (64). Identification of SOD isozymes by selective
inhibition with KCN or H2O2 revealed that all three SOD
isozymes were Fe-SODs (unpublished data). Moreover, SOD
activity gel staining assays showed that NTL4/pBBR and
NTLfur/pBBR had similar levels of SOD activity (data not
shown). Thus, increased resistance of the NTLfur mutant to
SNG was not due to the overproduction of SOD enzymes.
Complementation of the mutant by overproduction of func-

tional Fur from the plasmid pFur, NTLfur/pFur, could restore
SNG sensitivity to a similar level as that of wild-type NTL4/
pBBR. These results suggested that levels of FurAt affected
cellular iron concentrations. Further evidence supports this:
overproduction of functional Fur in the wild-type background,
NTL4/pFur, enhanced sensitivity to SNG compared to NTL4/
pBBR.

Dipy is known to sequester external iron, as well as intra-
cellular labile Fe2� pool and possibly other metal ions. We
further sought to determine whether the increased sensitivity
to Dipy in the NTLfur mutant was primarily due to iron star-
vation and not other metals. The effect of the addition of metal
ions (100 �M FeCl3, MnCl2, ZnSO4, and CuSO4) on the
growth on LB agar plates containing 300 �M Dipy of NTLfur
compared to wild-type NTL4 was investigated. The results
showed that only the addition of iron complemented the Dipy-
sensitive phenotype of NTLfur and restored the growth of
NTLfur to similar levels of wild-type NTL4 (LA � Dipy � Fe)
(Fig. 2C). These data clearly demonstrated that the growth
defect of NTLfur in the presence of Dipy was iron specific and
that the loss of fur led to iron deficiency in NTLfur.

Inactivation of fur in most bacteria leads to increased ex-
pression of genes involved in iron uptake and transport (2, 53,
57). Hence, these mutants are overloaded with iron. Thus, the
iron deficiency of the A. tumefaciens fur mutant makes it dif-
ferent from typical bacterial fur mutants.

Fur is not the iron-responsive regulator of the siderophore
biosynthesis and transport genes in A. tumefaciens. Sid-
erophores are ferric-ion-chelating molecules synthesized and
secreted by bacteria growing under low-iron stress. In many
bacteria, synthesis of siderophores is negatively regulated by
iron and the Fur protein. One of the common phenotypes in
fur mutants is the loss of iron-mediated regulation of sid-
erophore synthesis, resulting in overproduction or constitutive
secretion of siderophores (26, 27, 33, 53, 54). To determine
whether the furAt mutation affects siderophore biosynthesis,
production of siderophores by the NTLfur mutant was com-
pared to that of the wild-type NTL4 on YEM�CAS plates
under iron-replete (50 �M FeCl3) and -depleted (200 �M
Dipy) conditions. As shown in Fig. 3A, wild-type NTL4 and
mutant NTLfur did not produce siderophores under iron-re-
plete conditions. Both strains produced siderophores only un-
der iron-limiting conditions (Fig. 3B), as indicated by the halo
zones. In addition, the sizes of the halo zones surrounding the
bacterial colonies were similar for the two strains. This indi-

FIG. 2. (A) Sensitivity to Dipy (Dipy). NTL4/pBBR and NTLfur/
pBBR strains are the wild type and the fur mutant, respectively, con-
taining the plasmid vector pBBR1MCS-4. NTL4/pFur and NTLfur/
pFur strains are the wild type and the fur mutant, respectively,
expressing functional Fur from the plasmid pFur. Cells were grown
under iron-sufficient (LB) and iron-limiting (LB � 300 �M Dipy)
conditions. Growth was monitored by measuring the OD600 after in-
cubation at 28°C with shaking for 24 h. The values presented are
means, and the error bars indicate the standard deviations of three
replicates. (B) Sensitivity to SNG. Cells were untreated and treated
with 100 �g ml�1 of SNG at 28°C for 24 h. Cells were diluted and
spotted on LB agar plates. Tenfold serial dilutions are marked above
each column. (C) Effect of addition of metal ions to the growth in the
presence of Dipy. Cells were diluted and spotted onto LB agar plates
containing 300 �M Dipy and 100 �M concentrations of either FeCl3,
MnCl2, ZnCl2, or CuSO4 and then incubated at 28°C for 48 h. Cells
spotted onto an LB agar plate (LA) were used as a control.

FIG. 3. Effect of the fur mutation on siderophore production. Anal-
ysis of siderophore production was performed using siderophore indi-
cator CAS agar plates. Wild-type NTL4 and mutant NTLfur strains
were spotted onto YEM�CAS agar plates containing 50 �M FeCl3
(A) or 200 �M Dipy (B) and incubated at 28°C for 2 days. The halo
zone surrounding bacteria indicates the production of siderophores.
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cated that iron-mediated regulation of siderophore synthesis
was normally maintained in the NTLfur mutant, as in the
wild-type NTL4; therefore, fur is not involved in iron regula-
tion of siderophore production in A. tumefaciens.

To investigate a potential role for FurAt in iron regulation of
the outer membrane siderophore receptor, expression of fhuA
from the fhuA-lacZ transcriptional fusion plasmid (pPfhuA-
lacZ) was monitored in wild-type and fur mutant backgrounds.

-Galactosidase activities were measured from wild-type
NTL4 and the NTLfur mutant containing pPfhuA-lacZ grown
under iron-replete (LB � 50 �M FeCl3) and iron-depleted
(LB � 200 �M Dipy) conditions. The levels of 
-galactosidase
activity from wild-type NTL4/pPfhuA-lacZ and mutant NTLfur/
pPfhuA-lacZ were higher when cells were grown under the iron-
depleted condition (382  24 and 380  25 U mg of protein�1,
respectively). The expression of fhuA was reduced under the
iron-replete condition in both wild-type NTL4/pPfhuA-lacZ and
mutant NTLfur/pPfhuA-lacZ backgrounds (249  21 and 220 
10 U mg of protein�1, respectively). The iron-controlled expres-
sion of fhuA was similar in the wild-type and in the fur mutant,
indicating that iron-regulated fhuA expression was not medi-
ated by FurAt. The finding that mutation of fur does not affect
siderophore biosynthesis and transport genes is not unique to
A. tumefaciens. Similar findings have been reported for the
rhizobia R. leguminosarum (61) and S. meliloti (10), where
instead of Fur, the RirA proteins have been shown to regulate
siderophore biosynthesis and transport genes (56, 58). A ho-
mologue of rirA (Atu0201) is also present in the A. tumefaciens
genome (64); however, its functions have not been studied.
Although A. tumefaciens Fur is not the dominant regulator of
iron transport and siderophore synthesis (Fig. 3), we show here
that Fur is important for survival under iron-limiting condi-
tions (Fig. 2A).

FurAt is the repressor of sitA. It has been reported that
MurRl and FurSm function in response to manganese by re-
pressing transcription of the sitABCD operon, which encodes a
Mn2� uptake system, under manganese-replete conditions (10,
14, 44). Analysis of the A. tumefaciens genome revealed a
putative sitABCD operon (Atu4471, Atu4470, Atu4469, and
Atu4468, respectively). To determine the role of FurAt in the
regulation of sitABCD expression, RT-PCR was used to ana-
lyze the expression of sitA in RNA samples isolated from
NTL4 and NTLfur grown in the absence or presence of metals
(Fig. 4). 16S rRNA was used as a loading control and to
quantitate the amount of RNA in RT-PCRs. Unlike the 16S
rRNA RT-PCR products (Fig. 4B), the amount of sitA RT-
PCR products differed depending on the various culture con-
ditions (Fig. 4A). Expression of sitA in NTL4 was detectable in
untreated cells, and the addition of 50 �M manganese fully
repressed sitA expression. Similarly, the addition of 50 �M iron
greatly reduced, but did not abolish, the expression of sitA.
Regulation of sitA expression by iron and manganese was lost
in the NTLfur mutant, resulting in constitutively high expres-
sion of sitA in the presence of iron or manganese. These data
indicated that FurAt is involved in metal-dependent repression
of sitA. In S. meliloti, the mnt (sit) operon is repressed strongly
by Mn2� and moderately by Fe2�. The Mn2�-mediated repres-
sion of the mntABCD operon is Fur dependent, whereas the
Fe2�-mediated repression is only partially affected by Fur (10).
In regulation of the sitABCD operon, MurRl has been shown to

bind the 7-N7-7 inverted repeats, instead of the conventional
E. coli Fur box, within the sitABCD promoter region called the
Mur-responsive sequence (MRS1 [TGCAATT-N7-AATTGCA]
and MRS2 [TGCAAAT-N7-AATCGCA] separated by 16 bp)
(15). MRS-like motifs, MRS1 (TGGTATT-N7-AATCGCA)
and MRS2 (TTAAATT-N7-ATTTGCA) separated by 31 bp,
are also found in the putative promoter region of the A. tume-
faciens sitABCD operon. This suggests that FurAt senses man-
ganese and directly regulates the sitABCD operon by a mech-
anism similar to that of MurRl. However, the R. leguminosarum
sitABCD operon is repressed by manganese but not iron (14).
Thus, regulation of the sit operon in A. tumefaciens shares
similarity with the operon’s regulation in S. meliloti but differs
from that in R. leguminosarum.

In other bacteria inactivation of fur genes leads to the dere-
pression of iron uptake and transport genes, resulting in iron
overload in the cells. Whereas the A. tumefaciens fur mutant
was unable to utilize iron under iron-depleted conditions (Fig.
2) and showed derepression of the manganese uptake sit
operon (Fig. 4A), we tested whether inactivation of fur affected
the sensitivity of A. tumefaciens to manganese. Wild-type
NTL4 and the NTLfur mutant were grown on an LB agar plate
containing 10 mM MnCl2. The results showed that NTLfur/
pBBR was apparently more sensitive to manganese than was
wild-type NTL4/pBBR (Fig. 4C). These data suggested the loss
of control of manganese transport and manganese overload in
the NTLfur mutant, resulting in manganese toxicity, at least
due to the constitutive up-expression of the sit operon. The
manganese-sensitive phenotype of NTLfur could be comple-
mented by expression of the functional fur on the expression
vector (NTLfur/pFur) (Fig. 4C). This further confirmed that A.
tumefaciens Fur has a regulatory role in maintaining intracel-
lular manganese concentrations.

It is becoming increasingly clear that in some members of

FIG. 4. RT-PCR was used to analyze the mRNA levels for the sitA
gene (A) and 16S rRNA (B). RNA samples were isolated from wild-
type NTL4 and mutant NTLfur culture untreated (Un) or treated with
50 �M FeCl3 (Fe) and 50 �M MnCl2 (Mn) for 15 min. P, positive
controls were performed with genomic DNA. (C) Sensitivity to MnCl2.
Cells were diluted and spotted onto an LB agar plate containing 10
mM MnCl2 and incubated at 28°C for 48 h. Cells spotted on an LB agar
plate (LA) were used as a control. NTL4/pBBR and NTLfur/pBBR
strains are the wild type and the fur mutant, respectively, expressing
the plasmid vector pBBR1MCS-4. NTLfur/pFur is the fur mutant
expressing functional Fur from the plasmid pFur.
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the �-proteobacteria such as A. tumefaciens and rhizobia, Fur-
like proteins have evolved to respond to manganese, and yet
the regulator does not serve as a typical global regulator of
iron-responsive genes (10, 14, 44).

The NTLfur mutant is hypersensitive to hydrogen peroxide
and exhibits reduced catalase activity. Increased production
and accumulation of ROS such as H2O2, superoxides, and
organic peroxides are part of the initial plant defense response
against microbial invasion (3). Intracellular iron concentra-
tions also have a crucial role in the cell’s oxidative stress levels.
The role of Fur in the response of A. tumefaciens to H2O2 was
determined. NTLfur/pBBR was more sensitive than NTL4/
pBBR to 450 �M H2O2 (Fig. 5). Expression of a functional fur
gene in the mutant could complement the H2O2-hypersensitive
phenotype, as shown by similarity in the H2O2 resistance levels
between NTLfur/pFur and NTL4/pBBR. Nonetheless, overpro-
duction of Fur in NTL4 did not confer additional resistance to
H2O2 (Fig. 5). These data confirmed that disruption of fur was
responsible for the H2O2-hypersensitive phenotype, indicating an
important role for FurAt in the response to oxidative stress.

We have shown that catalase is the major H2O2 detoxifica-
tion enzyme responsible for H2O2 resistance levels in A. tume-
faciens (45). Hence, catalase levels were determined in NTLfur.
NTLfur (6.9  0.2 U mg of protein�1) had 30% lower total
catalase activity than NTL4 (9.8  0.6 U mg of protein�1).
This indicates that the increased H2O2 sensitivity phenotype of
NTLfur was due to the reduction in total catalase activity.
There are two catalase genes in A. tumefaciens, the major
catalase encoded by katA, which is the enzyme responsible for
H2O2 resistance, and a minor stationary-phase catE (45). The
role of Fur in the regulation of katA expression was investi-
gated by using a katA promoter fused to a reporter lacZ on a
plasmid (pPkatA-lacZ) (40) in NTL4 and NTLfur. The 
-
galactosidase activity obtained from NTLfur/pPkatA-lacZ
(9,609  293 U mg of protein�1) was 20% lower than the
activity in NTL4/pPkatA-lacZ (12,212  389 U mg of pro-
tein�1). The data show that the decrease in catalase levels in
the NTLfur mutant resulted from decreased katA expression.
This suggests that katA expression is either directly or indi-
rectly regulated by Fur. The promoter region of the katA gene
contains a potential Fur-binding site (GTGGATGATCATCG
GCATC), which matches the E. coli Fur box at 12 of 19 posi-
tions; however, there is no sequence resembling the MRS-like

motif found in the sit operon promoter. Although the levels of
total catalase in the NTLfur were about 30% reduced com-
pared to wild-type NTL4 levels, NTLfur had increased sensi-
tivity to H2O2. These findings imply that catalase is the major
component involved in H2O2 resistance of A. tumefaciens.

The NTLfur mutant has reduced virulence. In many patho-
genic bacteria, fur mutants have a reduced-virulence pheno-
type (27, 42, 47). Among plant pathogens, mutations in the fur
genes of Erwinia chrysanthemi (18) and Xanthomonas oryzae
pv. oryzae (53) led to attenuated virulence. A. tumefaciens
induces the formation of crown gall tumors by transferring
T-DNA from the bacterium’s tumor-inducing (Ti) plasmid into
host plant cells. We tested whether fur is important in A.
tumefaciens virulence by assessing the ability of various mu-
tants to form tumors on tobacco leaf discs. Tobacco leaf pieces
were infected with either NTL4 or NTLfur containing the
pCMA1 plasmid. A. tumefaciens strains lacking the pCMA1
plasmid were not able to cause tumors on tobacco leaves (data
not shown). The results in Fig. 6 show that NTLfur/pCMA1
was significantly less virulent than the wild-type strain NTL4/
pCMA1. The tumors that formed on tobacco leaf pieces in-
fected with NTLfur/pCMA1 were much fewer and smaller
than those caused by NTL4/pCMA1. Furthermore, the atten-
uated virulence of the NTLfur/pCMA1 mutant could be com-
plemented by pFur, as shown by the fact that the tumor-
inducing ability of NTLfur/pCMA1/pFur was completely
restored to NTL4/pCMA1 levels (Fig. 6). A control, NTLfur/
pCMA1/pBBR1MCS-4, did not exhibit complementation of
the reduced-virulence phenotype of the mutant (data not
shown). These results confirmed that inactivation of fur was
responsible for the attenuated virulence and that A. tumefa-
ciens fur is important in the bacterium’s pathogenesis on a
plant host.

The A. tumefaciens fur mutant (NTLfur) was highly attenu-
ated in virulence on tobacco leaves (Fig. 6). In some organisms,
Fur plays a role in resistance to low pH (6, 22, 60). It is known
that a wounded plant cell is an acidic environment. It is pos-
sible that the reduced virulence of the NTLfur mutant could

FIG. 5. Sensitivity to H2O2. Cells were diluted and spotted onto LB
agar plates containing 450 �M H2O2 and incubated at 28°C for 48 h.
Tenfold serial dilutions are marked above each column. Cells spotted
onto an LB agar plate (LA) were used as a control. NTL4/pBBR and
NTLfur/pBBR strains are the wild type and the fur mutant, respec-
tively, expressing the plasmid vector pBBR1MCS-4. NTL4/pFur and
NTLfur/pFur strains are the wild type and the fur mutant, respectively,
expressing functional Fur from the plasmid pFur.

FIG. 6. Virulence assay. Tumor formation was determined on to-
bacco leaf squares infected with A. tumefaciens wild-type NTL4 or
mutant NTLfur containing the pCMA1 plasmid (NTL4/pCMA1 and
NTLfur/pCMA1, respectively). The NTLfur mutant was comple-
mented by expression of functional Fur from the plasmid pFur (NTL-
fur/pCMA1/pFur). Control refers to tobacco leaf squares without in-
fection. Representative leaf pieces (from n � 30) are shown.
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result from decreased acid tolerance. We therefore examined
the ability of the NTLfur mutant to grow under acidic condi-
tions. The growth rates of the NTLfur mutant in IB medium
(pH 5.5), which has been shown to resemble the bacterial
growth condition in plant tissues (30), and in MS medium (pH
5.5) (39) were compared to the growth rates of wild-type NTL4
by measuring the OD600. The NTLfur mutant had growth rates
similar to those of NTL4 in both media (data not shown).
Thus, the attenuated phenotype was not due to the mutant’s
inability to grow at lower pH. A. tumefaciens fur has regulatory
roles in the response to iron starvation and oxidative stress.
Inactivation of the furAt gene caused cells to become more
sensitive to iron limitation (Fig. 2A) and H2O2 (Fig. 5). This
suggests that the virulence deficiency of the NTLfur mutant
could be due, at least in part, to an impaired ability to cope
with the iron-restricted and oxidative stress conditions which
are an important component of the plant defense response to
microbial infection.

Previous analyses of fur from other �-proteobacteria suggest
that the gene has almost no physiological role in iron ho-
meostasis (10, 14, 44, 61). The role of Fur-like proteins seems
to be restricted to the regulation of manganese uptake gene,
and thus Fur was renamed Mur (10, 14). Recently, compara-
tive genomics and computational approaches were used to
establish the iron and manganese regulatory network in �-pro-
teobacteria (48). The results showed that, in the Rhizobiales
and Rhodobacteraceae, Fur-like proteins evolved to become a
regulator of the manganese uptake systems in response to
manganese concentrations and thus had become Mur. In these
two lineages, the role of Fur in regulating iron homeostasis was
taken by RirA and Irr, and this had been confirmed experi-
mentally in R. leguminosarum and S. meliloti (11, 55, 56, 58).
Furthermore, genome scanning for RirA-box (IRO), Irr-box
(ICE), and Fur/Mur-box (MRS) in the upstream regions of
genes involved in iron and manganese homeostasis led to iden-
tification of candidates for the RirA, Irr, and Fur/Mur regu-
lons. Analysis of the A. tumefaciens genome revealed that the
iron regulatory motifs IRO and ICE were found in most genes
involved in iron uptake, storage, and usage (48). These imply
that, instead of Fur, RirA and Irr have a major role in con-
trolling iron homeostasis in A. tumefaciens. There were only
two manganese transporter systems, sitABCD and mntH, which
were predicted to be members of the Fur (Mur) regulon in A.
tumefaciens (48). Here, we show that FurAt is the repressor of
the sit operon (Fig. 4A). Nonetheless, FurAt has a regulatory
role under iron-limiting conditions (Fig. 2A) through an as-
yet-unidentified mechanism(s). Inactivation of furAt leads to
multiple changes in the cellular phenotypes, suggesting that
Fur has global regulatory functions involving gene regulation
in many pathways from iron and manganese homeostasis to
oxidative stress response. Physiologically, the most important
defect in the fur mutant is its inability to form tumors on a
plant host. This suggests that the regulation of metal ho-
meostasis and oxidative response are crucial during plant-mi-
crobe interactions and subsequent disease progression.
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