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Introduction

Gluconacetobacter diazotrophicus is a nitrogen-fixing bac-
terium, first isolated as an endophyte of sugarcane plants 
by Cavalcante and Döbereiner (1988). It is also found in 
roots, stems, and leaves of sugarcane plants, as well as in 
Cameroon grass, sweet potato, coffee, tea, banana, ragi, 
rice, and pineapple (Muthukumarasamy et al. 2002; Jime-
nez-Salgado et al. 1997). Inoculation of sugarcane varieties 
with G. diazotrophicus can contribute to up to 60 % of their 
total nitrogen requirements through the biological nitrogen 
fixation process (Urquiaga et al. 1992; revised in Baldani 
and Baldani 2005). In addition, G. diazotrophicus promotes 
plant growth by means of phytohormone production, bio-
control of pathogens, and minerals solubilization, including 
iron, phosphorus, and zinc (Muthukumarasamy et al. 2002; 
Saravanan et al. 2007, 2008). G. diazotrophicus is adapted 
to live inside sugarcane plant vessels. In the free-living 
state, its optimal growth occurs at 10 % sucrose and pH 5.5 
(gillis et al. 1989; Stephan et al. 1991), and can fix nitro-
gen in the presence of 30 % sucrose at pH 3.0. However, its 
nitrogenase activity is partially inhibited by nH4

+ at high 
sucrose concentrations, and it is not affected by the high 
concentration of nO3

− (25 mM). Its ability to synthesize 
nitrogenase and to fix nitrogen in the presence of nitrate 
is an additional benefit, because G. diazotrophicus could 
be used in cultivars that have been previously treated with 
nitrate fertilizers (reis and Döbereiner 1998).

Iron is an essential micronutrient for plants and most bac-
teria. Iron is essential for growth since it is a component of 
cytochromes involved in electron transfer and also associ-
ated with key enzymes implicated in nucleic acid synthesis. 
In addition, it also plays a role in metabolic processes such 
as the tricarboxylic acid cycle, electron transport chain, and 
oxidative phosphorylation, and it is an essential component 
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of metal clusters that are associated with nitrogenase (How-
ard and rees 2006). Thus, the availability of nutritional iron 
might impose restrictions on the expression, assembly, and 
function of an effective nitrogenase complex. Iron depletion 
in the mutant exbD gene from Herbaspirillum seropedicae 
that is involved in siderophore-mediated iron acquisition 
affects the nitrogenase activity and the expression of nifH 
and nifA genes, (rosconi et al. 2006).

Iron is one of the most abundant elements in the earth’s 
crust, but it is biologically unavailable. In an oxidative 
environment at a neutral pH, ferric iron (Fe3+) predomi-
nates and it is the stable form of iron, but has extremely low 
solubility in water, whereas ferrous iron (Fe2+) is unstable. 
Microorganisms have developed a number of strategies to 
sequester this metal, such as the synthesis of siderophores 
that are powerful iron-binding compounds, mechanisms for 
iron uptake from host iron-binding proteins, and reduction 
of Fe3+ into Fe2+ (genco and Dixon 2001; Köster 2001). 
Hence, there is intense competition for iron among micro-
organisms sharing the same niche, favoring those with the 
most efficient iron uptake strategies. Under aerobic condi-
tions, ferrous iron is rapidly oxidized through the “Fenton 
reaction,” that generates ferric ions and reactive oxygen 
species, the latter being responsible for damaging biologi-
cal macromolecules (Touati 2000). In particular, during 
oxidative stress, therefore, microorganisms have developed 
mechanisms to strictly regulate the uptake of iron. To date, 
no research has focused to understanding the iron uptake 
mechanisms in G. diazotrophicus. Herein, we report the 
identification of and characterization of ATP-binding cas-
sette (ABC) transport system, comprising three genes 
(feuABC) that encode a periplasmic-binding protein, a per-
mease, and a traffic ATPase, and the involvement of this 
system in iron acquisition by this bacterium.

Materials and methods

Bacterial strains and growth conditions

G. diazotrophicus Pal5 strain (ATCC49037) was cultured 
in lgITA medium (Stephan et al. 1991), with minor modi-
fications: [50 g glucose/l, 5 g citric acid/l, 4 g KH2PO4, 
5 g/l, K2HPO4/l, 1.32 g (nH4)2SO4/l, 0.2 g Mg2SO4/l, 
0.02 g CaCl2/l, 0.002 g naMoO4/l, and 0.01 g FeCl3/l, 
(correspond to 40 μM), at pH 5.5], in a shaker (200 rpm) 
at 30 °C for 24 h until the optical density (OD600nm) of the 
culture was 0.1. Escherichia coli strains were grown over-
night in luria broth (lB) at 37 °C, contained the appro-
priate antibiotics as follows: 25 μg/ml kanamycin (Km), 
100 μg/ml ampicillin (Ap), and 75 μg/ml streptomycin 
(Sm). For solid media, 15 g/l agar was added. The strains 
and plasmids used in this study are listed in Table 1.

DnA techniques

Standard protocols were used for restriction endonuclease 
digestions, ligations, transformation, preparing electrocom-
petent cells, and agarose gel electrophoresis were carried 
out as described by Sambrook and russell (2001). The 
purification of the plasmids and products of the polymerase 
chain reaction (PCr) was carried out using the QIAprep 
Spin Miniprep (Quiagen) and PCr Purification kits (Inv-
itrogen), respectively. genomic DnA isolation and electro-
competent cell preparation were carried out as per the pro-
tocol of Teixeira et al. (1999).

Construction of a genomic DnA library

G. diazotrophicus Pal5 genomic DnA was digested with 
Ecor1 to obtain 4–7 kb sized fragments, that were cloned 
into the pSUP202 vector before transformation into E. coli 
strain DH5α. Transformants were selected in lB medium 
supplemented with 10 μg/ml tetracycline (Tc). Individual 
clones were grown in lB + Tc. The genomic library of G. 
diazotrophicus was maintained in a frozen state at −70 °C 
in 30 % glycerol (V/V).

Cloning and nucleotide sequencing of the feuABC operon

Comparison of iron permeases sequences available in 
genBank led to design the oligonucleotide primers FFeu 
5′-Tgg ggT CAT CCg gAA gTT TAC-3′ and rFeu 5′-
ggT ATT ATg ggA gTA ggC AAT-3′. These primers 
were used to amplify a fragment of DnA putative for iron 
permease from the total DnA of G.diazotrophicus Pal5. 
The PCr conditions were as follows: 96 °C for 3 min; 
30 cycles of 30 s at 94 °C, and 1 min at 49 °C, 1 min at 
72 °C; and then 10 min at 72 °C. The 400-bp amplicon 
obtained was cloned into pCr2.1 (Invitrogen) to gener-
ate plasmid pgD400. This plasmid was then used as a 
probe to detect permease screen genomic library contain-
ing clones by colony hybridization method. A positive 
clone, named pgD100, carrying a 5.4-kb DnA insert was 
obtained, and the insert was subcloned into pBSK+ to gen-
erate the plasmid pgD110. Plasmid pgD110 was purified 
using QIAprep spin maxiprep columns (Qiagen), and DnA 
sequencing was performed by Macrogen Co. by using uni-
versal and custom oligonucleotides primers. The sequence 
that we obtained corresponded to that of the putative iron 
transporter which was named feuABC.

Plasmid and mutant strain construction

To interrupt the operon feuABC, the Km cassette from 
pBSl46 was digested using KpnI and inserted into pgD100 
to yield pgD101 (Fig. 1a). A transcriptional fusion under 
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the control of the feuABC promoter was generated using 
the gusA-Smr cassette from plasmid pBSl97, also digested 
with KpnI and inserted into the KpnI site of pgD100, to 
yield pgD120A. Plasmid pgD120B carried the same cas-
sette but in opposite direction (Fig. 1a, c). Plasmids con-
structed (pgD101, pgD120A, and pgD120B) were puri-
fied and used to transform G. diazotrophicus cells using 
a previously described electroporation protocol (Teixeira 
et al. 1999). Mutant strains AS, AC-1, and AC-2 were then 
obtained after homologous recombination of the inter-
rupted operon from pgD101, pgD120A, and pgD120B, 
respectively, into the chromosome of G. diazotrophicus. 
Transformed colonies were allowed grown at 30 °C for 
2 days in lgITA media supplemented with 200 μg/ml 
Km or with 150μg/ml Sm. The insertion of the Km cas-
sette at the correct location was verified by PCr using the 

Km oligonucleotides: Km F 5′-CCg TgA TAT TgC TgA 
AgA gC-3′; and Km r 5′-ggA gCA Agg TgA gAT 
gAC Ag-3′, and the oligonucleotides were designed from 
the feuABC sequence that was contiguous with the inser-
tion site (FeuKpF 5′-gCC ggg CgT gTC CAT CAA 
AAC C-3′ and FeuKpr 5′-CCA gCg TCC ggg CCT 
CgT CAT-3′), Fig. 1b. Southern blot analysis was also 
performed on genomic G. diazotrophicus DnA using both 
Kmr and gusA-Smr cassettes as probes (data not shown). 
The plasmid pJgDfeuABC was constructed digesting 
pgD110 and pJB3Tc20 with EcorI, then ligated and trans-
formed in E. coli strain DH5α. After that, pJgDfeuABC 
was transferred into competent G. diazotrophicus cells.

The growth curves of wild-type (Pal5), mutant AS and 
its complemented Pal5 (pJgDfeuABC) and AS (pJg-
DfeuABC) strains under iron-replete or iron-depleted 

Table 1  Strains, vector, and plasmids used in this study

Strains, vector, or plasmids relevant genotype Source or reference

G. diazotrophicusPal5 Wild-type ATCC49037

G.diazotrophicus AS Derivative mutant of Pal5 with a cassette of kanamycin inserted in feuAB::kmRC This work

G. diazotrophicus AC-1 Derivative of Pal5 with a cassette gusA-smR inserted in feuB::gusA-smR  
right direction

This work

G. diazotrophicus AC-2 Derivative of Pal5 with a cassette gusA-smR insertion in feuB:: gusA-smR  
an opposite direction

This work

G. diazotrophicus Pal5  
(pJgDFeuABC)

Complemented of Pal5 with a pJB3Tc20 carrying the EcoRI fragment of 5.4 kb  
from pgD100, Tcr

This work

G. diazotrophicus AS  
(pJgDFeuABC)

Complemented mutant of Pal5 with a pJB3Tc20 carrying the EcoRI fragment  
of 5.4 kb (feuABC) from pgD100, Tcr, Kmr

This work

Escherichia coli

 E. coli DH5α hds17 endA1 thi-1 gyrA96 relA1 recA1 supE44 Δ-lacU169 (φ80dlacZ ΔM15) gibco–Brl

 E. coli S17.1 E. coli res− Mod+ recA proA thi integrated plasmid rP4 Tc::Mu Km::Tn7 Tra+  
Smr, Spr, Tpr

Simon et al. 1983

Vector

 pCr2.1 Cloning vector Apr Kmr Invitrogen

 pBSK+/− Cloning vector Apr lacZ’ Stratagene

 pBSl46 Cloning vector Apr, Kmr Alexeyev et al. 1995

Plasmid

 pJB3Tc20 rK2 oriT, Tcr,Apr, 7.1 kb Blatny et al. 1997

 pSUP202 Suicide vector, pBr325 mob Tcr Apr Cmr Simon et al. 1983

 pBSl97 Plasmid derivative of pBSl46 Apr, Kmr, gusA-smR cassette Castañeda M.

 pgD400 Derivative of pCr2.1 carrying a fragment of 400 bp of gene feuB This work

 pgD100 5.4-kb EcoRI containing intact feuABC sequence cloned into corresponding  
site in pSUP202, Tcr

This work

 pgD101 Derivative of pSUP202 carrying an EcorI fragment (feuABC) of 5.4 kb from  
pgD100, disrupted 1.2-kb kanamycin cassette, Tcr, Kmr

This work

 pgD110 Derivative of pBSK ± carrying an EcoRI fragment (feuABC) of 5.4 kb, Apr This work

 pgD120A Derivative of pgD100 carrying feuB::gusA- smR inserted in KpnI site  
in 5′3′ direction

This work

 pgD120B Derivative of pgD100 carrying feuB:: gusA-smR inserted in KpnI site  
in 3′5′ direction

This work

 pJgDfeuABC Derivative of pJB3Tc20 carrying the EcorI fragment (feuABC) of 5.4 kb  
from pgD110, Tcr

This work
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conditions were tested in the following manner. For the 
iron-replete condition, broth cultures were grown in lgITA 
that had been supplemented with 40 μM FeCl3. How-
ever, for iron-depleted growth, both cultures were grown 
in lgITA without FeCl3 supplemented it with 60 μM of 
DP as an iron sequestrate. Furthermore, the strains were 
subcultured in the same media to a final optical density of 
0.1 OD 600nm. The cultures were incubated at 30 °C under 
shaking (200 rpm) conditions, and OD readings were deter-
mined every hour for 48 h.

reporter gene expression and acetylene reduction activity 
under controlled conditions

The activity of β-glucuronidase from the G. diazotrophicus 
strains was determined under both iron-replete and depleted 
conditions. The wild-type (Pal5), and mutant strains (AC-1 
and AC-2) were inoculated into flasks that were pre-
pared under iron-replete and depleted conditions to reach 
an initial OD of 0.01 in 125-ml erlenmeyer flasks that 
contained 15 ml of the test medium, and then incubated 
at 30 °C and 200 rpm. At various points up to 48 h dur-
ing the exponential and stationary phases, 2 ml per flask 
was centrifuged, re-suspended in 2 ml of the various test 
media (for OD600nm measurements), and frozen at -20 °C 
for subsequent β-glucuronidase activity determination. 

glucuronidase activity was measured by the method of 
Miller (1972), where para-nitrophenyl-β-d-glucuronide 
(PnPg, Sigma Chemical Co) was used as a substrate. The 
activity was expressed as: Act = [A420(OD600 × t)]/1,000, 
where Act is the β -glucuronidase activity in Miller units 
and t is the incubation time in minutes.

nitrogenase activity was measured using an acetylene 
reduction assay (galimand et al. 1989). Both wild-type Pal5 
and mutant strains were grown on lgITA medium overnight 
(Cavalcante and Döbereiner 1988), and then, 2 ml of cul-
ture was inoculated into 500-ml-conical flasks containing 
200 ml of lgITA, incubated at 30 °C for 36 h with shaking 
at 200 rpm, and harvested at an OD of 0.45. The cells were 
re-suspended, and the cell concentration was adjusted to an 
OD of 1.5. The cell suspension was inoculated into 50-ml 
flasks that contained 20 ml of n-free lgITA or lgITA 
n-free containing iron concentration of 0, 10, 20, or 40 μM, 
with 200 μM DP. The flasks were incubated for 2 h at 30 °C 
with shaking at 200 rpm, under a nitrogen atmosphere that 
contained 1 % oxygen and 10 % acetylene. We determined 
the extent of ethylene production by employing gas chro-
matography (galimand et al. 1989). The experiments were 
repeated independently three times, with three assays each. 
Total protein was determined using the BIO-rAD protein 
assay reagent, and albumin serum bovine (BSA) was used 
as the standard (Sigma Chemical Co.).
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Fig. 1  Schematic representation of the chromosomal region that 
contains feuABC operon. a genetic organization of the Gluconaceto-
bacter diazotrophicus feuABC cluster, including three genes and the 
partial sequence of a putative glycine dehydrogenase protein (gly-
dhase). The rr contains the putative regulatory region. The trian-
gle indicates the introduction of the Kmr gene into feuB. The arrows 
show the primers used for PCr: KmF and Kmr; and FeuKpF and 
FeuKpr. The KpnI site also used for the introduction of gusA-Smr 
in both directions is indicated. S = SalI; Sma = Sma I; K = KpnI; 
e = EcorI; P = PstI; B = BamHI and V = vector. B. The PCr reac-

tion of genomic DnA from the G. diazotrophicus Pal5 and AS strains 
as described in “Materials and methods,” lane 1 λDnA digested with 
HindIII as molecular marker; lane 2 and 3, Pal5 strain; and lanes 
4 and 5, AS strain.C. SalI (S) enzyme digestion sites of plasmids 
pgD120A (lane 1) and pgD120B (lanes 2, and 3), that were used 
for transcriptional fusions in both directions relative to the regulatory 
region as indicated in cassette Smr -gusA and the vector map (Alex-
eyev et al. 1995; Simon et al. 1983), and lane 5, the 10 kb as molecu-
lar marker (Invitrogen, 12352019)
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Results and discussion

Identification of a cluster that encodes an ABC iron 
transporter

At the time of initiation of this work, G. diazotrophicus 
Pal5 genome has not been published so the Feu operon was 
initially identified by searching in previously described 
genomes containing genes that putatively function as an 
ATP-binding cassettes (ABC) transporter. establishment 
of the nucleotide sequence of the 5.4-kb insert containing 
in pgD100 (genBank accession number DQ080039.1) 
led to the identification of three OrFs, tentatively named 
feuA, feuB, and feuC, genes (Fig. 1a) whose deduced 
translation products shared similarity with components of 
an ABC-type transporter family. G. diazotrophicus feuA, 
feuB, and feuC genes encode proteins of 346 (38 kDa), 342 
(38.2 kDa), and 240 (25.4 kDa) amino acids, respectively. 
The deduced protein sequence can be obtained from the 
following accession numbers AAY90137, AAY90138, and 
AAY90139.

The FeuA protein’s n-terminal amino acid sequence 
was deduced, which is similar to the gram-negative bac-
terial leader peptide; a signal peptidase cleavage site 
was predicted to follow a potential peptidase cleavage 
(PAA/grAr), using the program PSOrT 6.4. Cleav-
age after A25 would lead to a mature protein of 320 
amino acids in length, with a calculated molecular mass 
of 34.7 kDa. This protein showed similarity with several 
solute-binding proteins; these proteins are located in the 
periplasmic space in gram-negative bacteria and belong to 
the TroA superfamily of helical backbone metal receptor 
proteins (nakai and Horton 1999). The FeuA amino acid 
sequence was homologous with tyrosine-rich metal- bind-
ing motif sequences and strongly resembled the iron sites 
of the ABC transporter periplasmic-binding proteins from 
YtgA of Chlamydia trachomatis (DQ164839, with 35 % 
similarity), YfeA from Shigella flexneri (AY126440 with 
44 % similarity), and YfeA from Yersinia pestis (U50597 
with 25 % similarity), as detailed previously (Bearden et al. 
1998; runyen-Janecky et al. 2003; Miller Sal et al. 2009).

The FeuB protein contains an amino-terminal mem-
brane-spanning domain with nine predicted transmembrane 
(TM) helices. This ABC-type system usually consists of 
two integral membrane permease proteins, which form the 
channel. The TMs are bundles of alpha helices that trans-
verse the cytoplasmic membrane (Köster 2001).

The FeuC exhibits the characteristic motifs of the 
ATPase traffic component, the highly conserved ATP-
hydrolyzing domain [the ABC, also referred to as a 
nucleotide-binding domain (nBD)] that is unequivocally  
characterized by three short sequence motifs (Köster 2001). 
These sequences are as follows: the Walker A motif, the 

ATP-binding site (amino acids 34-gPngAgKTTY-47), 
and the Walker B motif (161-llVlDePeT-169), which 
were identified in the carboxy-terminal domain of the FeuC 
protein. These motifs are indicative of the presence of a 
nucleotide-binding site, and the signature motifs are unique 
to the ABC proteins. Other characteristic motifs include the 
Q loop, the H loop (also called the switch region), and the 
typical ABC signature (141-lSggerQ-147), which is the 
only major conserved motif that does not contact the nucle-
otide in the monomer structure. This information suggests 
that the protein acts as an ATP hydrolase and energizes the 
transport process. Based on this information, we named 
these genes and the proteins that are encoded by them as 
FeuA, FeuB, and FeuC, for iron (Fe) uptake transporter.

Sequence analysis revealed that feuA and feuB, as well 
as feuB and feuC have overlapping stop/start signals, 
which suggests that the three genes are co-transcribed and 
organized as a single operon. Translational coupling may 
be important to guarantee the proper stoichiometry of the 
transport components (Davidson and Chen 2004).

The complete genome sequence of the G. diazotrophicus 
PAl5 strain was presently available (Bertalan et al. 2009; 
http://www.riogene.lncc.br/). We searched the genome for 
genes that potentially encode iron transporters and found 
one set of genes that corresponded to the feuABC operon 
that we have described here: periplasmic-binding protein 
(YP_001602557, 99 % identity with FeuA), import system 
permease (YP_001602556, 100 % identity with FeuB), and 
ATP-binding protein YP_001602555, 99 % identity with 
FeuC, as detailed by (Bertalan et al. 2009).

Characterization of the feuB::kmR mutant

The homology between feuA, feuB, and feuC and other bac-
terial iron transport systems prompted us to examine their 
role in G. diazotrophicus iron transport. With that purpose, 
a mutant strain was created by homologous recombination 
and allelic replacement, in which feuB was disrupted by 
introducing a Km resistance cassette. growth of the Pal5 
strain and its isogenic mutant AS (feuB::kmR) in the pres-
ence of iron and under iron-restricted conditions is shown 
in Fig. 2. The inactivation of feuABC had no effect on the 
growth of G. diazotrophicus under high-iron conditions, 
but it does affect the ability of this bacterium to multiply 
under iron-restricted conditions, indicating that feuABC 
is needed for iron uptake (Fig. 2). The complementation 
of the AS strain with a plasmid that carried the feuABC 
operon (pJgDFeuABC) restored growth to a level that 
was comparable to the parent strain. Since the disruption 
of feuABC had no effect on the growth of this bacterium, 
the limited growth of the feuABC mutant under the iron-
deficient condition was probably sustained by an additional 
iron transport system with higher affinity than that of the 

http://www.riogene.lncc.br/
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FeuABC system. The genome was scanned for uncharac-
terized genes that potentially encode iron transporters that 
exist in the Pal 5 strain. One set of these genes appeared 
to encode a member that exhibited homology with a sys-
tem for iron transport: the putative iron ABC transporter 
ATP-binding protein (YP_001602305), import system per-
mease (YP_00162305), and the putative periplasmic-bind-
ing protein (001602307). In addition, an ABC transporter 
for ferrichrome siderophore transport (YP_001600948; 
YP_001600949) was found.

recently, several G. diazotrophicus strains, including 
Pal5, isolated from sugarcane roots in Coimbatore, India, 
were shown to be producers of the hydroxamate-type 
siderophores, which suggests that the bacterium could 
acquire Fe3+ through this siderophore (logeshwaran et al. 
2009). Another possibility that cannot be excluded at this 
stage is that G. diazotrophicus can use siderophores that 
are biosynthesized by other bacteria. For example, Pseu-
domonas aeruginosa, which synthesizes two siderophores, 
can also use siderophores that are produced by other pseu-
domonads (Dean and Poole 1993). Azoarcus sp (strain 
BH72), a plant endophyte, seems to posses 22 genes that 
encode for proteins that are related to iron transport. How-
ever, there is no evidence for a siderophore biosynthetic 
pathway or experimental evidence that siderophore synthe-
sis occurs in this bacterium. These large numbers of iron 
transport proteins are hypothesized to be efficient cross-uti-
lizers of siderophores (Krause et al. 2006). Iron is an essen-
tial metal for nearly all organisms, and it is well known that 
gram-negative bacteria have evolved numerous systems 
for acquiring this element. This seems to be the case for  
G. diazotrophicus Pal5 as well.

expression of feuABC under iron limited conditions

Because of the toxicity of iron at high concentrations and 
the energy cost, the Fe transporters synthesis is strictly reg-
ulated and expressed only when required. In gram-negative 
bacteria, iron uptake is precisely controlled by the sensory 
and regulatory ferric uptake regulator (Fur) protein. This 
protein specifically binds to the regulatory regions of genes 
that code for proteins that are involved in iron transport 
(escolar et al. 1999). An inspection of the promoter region 
of the feuABC genes revealed the existence of a putative 
conserved Fur box of 19 bp 5′-CAATAgGATATAgAT‑
CATC-3′, showing a 58 % identity with the Fur box of  
E. coli. nucleotides in boldface and underlined are identi-
cal between the G. diazotrophicus sequence and the E. coli 
consensus, suggesting a control mechanism involving a Fur 
protein may be operative (de-lorenzo et al. 1987).

negative regulation via an iron-responsive repres-
sor is a common characteristic of iron uptake systems 
(Fetherston et al. 1999; Taoka et al. 2009; Yeoman et al. 
2000). To gain new insight into the iron transport sys-
tem that we studied here, we investigated the expression 
of the feu locus in response to iron concentration, using 
the mutant strain AC-1 and AC-2 carrying a transcrip-
tional fusion under the control of the feuABC promoter 
(Fig. 1c). expression of gusA was monitored in cul-
tures grown in lgITA medium containing 40 μM FeCl3 
or without of FeCl3 (in the presence of 60 μM DP). As 
expected, no β-glucuronidase activity was observed in the 
control AC-2 strain containing the cassette in the wrong 
orientation. In contrast, activity was observed with the 
AC-1 strain with the correct cassette orientation (Fig. 3). 
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Fig. 2  growth of Gluconacetobacter diazotrophicus Pal5, and Pal5 
(pJgDFeuABC), and G. diazotrophicus AS, and AS (pJgDFeuABC). 
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In mid-exponential phase growth (1.0 OD), feuABC 
was repressed 22-fold in the presence of iron, unlike 
that observed in the case of the iron-depleted condition 
(Fig. 3). This suggests that feuABC expression was con-
trolled directly or indirectly by iron and, furthermore, 
supports the role of FeuABC in iron acquisition. Cunha 
e Silva et al. (2004) determined the iron concentration in 
seven different sugarcane samples, which ranged from 
2.68 to 9.85 μM. Consistent with this observation, iron-
restricted conditions find in planta could enhance the 
production of the Feu transporter system. Mechanisms of 
iron acquisition, such as the one that involves FeuABC, 
are important for endophytic bacteria, because the level of 
free iron is low in plants and iron sequestering is impor-
tant for host-bacteria relationships (lemanceau et al. 
2009). However, if feuABC is expressed in planta, and the 
effect of iron acquisition to planta by G. diazotrophicus 
throughout its endophytic lifestyle, remain to be explored.

The role of feuABC in nitrogen fixation

During biological nitrogen fixation, the enzyme nitroge-
nase catalyzes the ATP-dependent reduction of dinitrogen 
to ammonia. nitrogenase consists of two component metal-
loproteins the iron (Fe) protein and the molybdenum-iron 
(MoFe) protein. The Fe protein mediates the coupling of 
ATP hydrolysis to interprotein electron transfer, whereas 
the active site of the MoFe protein contains the MoFe 
cofactor, which is a species that is composed of seven 
iron atoms, one molybdenum atom, nine sulfur atoms, and 
one homocitrate molecule. In addition, the Fe protein is a 
homodimeric protein that contains a [4Fe:4S] cluster that 
bridges the two subunits. Therefore, it was determined that 
the nitrogenase components carry 38 atoms of iron per 
molecule (Howard and rees 2006). To investigate whether 
the ABC transport system is involved in nitrogenase activ-
ity, the G. diazotrophicus Pal5 wild-type strain was studied, 
along with its isogenic AS mutant strain, under nitrogen-
fixing conditions. ArA was measured under both iron-
sufficient and iron-deficient conditions that were mediated 
by the iron-chelating agent DP (Fig. 4). The inactivation of 
feuABC transporter had an effect in ArA, and the activity 
of nitrogenase was reduced by approximately 23 % com-
pared with the wild-type when both of the strains were 
grown in the presence of 40 μM iron. This was possibly 
due to the presence of other systems with overlapping func-
tions. In contrast to this result, both the wild-type and AS 
mutant strains showed dramatic decreases in ArA activity 
(of 90 and 81 %, respectively), when grown under iron defi-
ciency (ranging from 0.009 nM to 0.00225 nM) compared 
to iron sufficiency. However, a lower level of ArA activity 
was observed, presumptively by the scarcity of metal con-
ditions. Another diazotrophic endophyte, Herbaspirillum 

seropedicae, exhibits similar behavior when iron is limited; 
its nitrogenase activity is reduced 40–50 % of the wild-type 
strain. These data indicate that iron availability imposes 
restrictions on the assembly and function of an effective 
nitrogenase complex (rosconi et al. 2006).

In conclusion, we identified here for the first time a 
functional transporter system type ABC for iron that is pre-
sent in a member of the Acetobacteraceae family. Further, 
gaining knowledge of the Fur regulator protein and other 
iron uptake systems in this bacterium could maximize their 
diazotrophic activity, and the establishment of successful 
plant associations should allow a better understanding of 
the role that is played by this worthy bacterium in plant–
bacteria interactions.
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