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Abstract

Multidrug efflux systems not only cause resistance against antibiotics and toxic

compounds but also mediate successful host colonization by certain plant-

associated bacteria. The genome of the nitrogen-fixing soybean symbiont Brady-

rhizobium japonicum encodes 24 members of the family of resistance/nodulation/

cell division (RND) multidrug efflux systems, of which BdeAB is genetically

controlled by the RegSR two-component regulatory system. Phylogenetic analysis

of the membrane components of these 24 RND-type transporters revealed that

BdeB is more closely related to functionally characterized orthologs in other

bacteria, including those associated with plants, than to any of the other 23

paralogs in B. japonicum. A mutant with a deletion of the bdeAB genes was more

susceptible to inhibition by the aminoglycosides kanamycin and gentamicin than

the wild type, and had a strongly decreased symbiotic nitrogen-fixation activity on

soybean, but not on the alternative host plants mungbean and cowpea, and only

very marginally on siratro. The host-specific role of a multidrug efflux pump is a

novel feature in the rhizobia–legume symbioses. Consistent with the RegSR

dependency of bdeAB, a B. japonicum regR mutant was found to have a greater

sensitivity against the two tested antibiotics and a symbiotic defect that is most

pronounced for soybean.

Introduction

Multidrug resistance (MDR) efflux systems are ubiquitous

and important means by which living cells cope with toxic

compounds in their environment (Higgins, 2007; Blair &

Piddock, 2009). These efflux systems have been classified

into five families, whose members recognize and extrude a

battery of structurally dissimilar compounds from the cell

(Saier & Paulsen, 2001). Transport systems of the resistance/

nodulation/cell division (RND) family are the major cause

of antibiotic resistance in clinically relevant Gram-negative

bacteria (Piddock, 2006). The well-studied RND-type drug

export system of Escherichia coli consists of the AcrB

transport protein, localized in the cytoplasmic membrane,

the membrane fusion protein AcrA, and the outer mem-

brane protein TolC (Nikaido & Zgurskaya, 2001). The

physiological role of MDR efflux systems is not only

restricted to antibiotic resistance, but may also enhance the

virulence of animal- and human-pathogenic bacteria (Pid-

dock, 2006; Martinez et al., 2009).

Plant roots produce and secrete a large diversity of

secondary metabolites into the rhizosphere, several of which

possess bioactive potential and play important roles in the

interaction of plants with soil microorganisms. For example,

phytoalexins form a central component of the plant defense

system (Hammerschmidt, 1999; Grayer & Kokubun, 2001),

and flavonoids serve as crucial signaling compounds in the

symbiotic interaction between nitrogen-fixing rhizobia and

their host plants (Long, 2001; Gibson et al., 2008). In

phytopathogenic bacteria, MDR efflux systems were shown

to contribute to the successful interaction with host plants.

Their loss by mutation compromised the bacteria strongly

in virulence and in their capability to extrude antibiotics and

phytoalexins (see Martinez et al., 2009, and references

therein). By contrast, little is known about the role of MDR

efflux pumps in rhizobia. Mutants of the bean symbiont
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Rhizobium etli that lack the RmrAB efflux pump (a member

of the major facilitator superfamily) are more sensitive to

phytoalexins and are impaired in root-nodule formation

(Gonzalez-Pasayo & Martinez-Romero, 2000). In Sinorhizo-

bium meliloti, the NolGHI proteins belonging to the RND-

type efflux family are possibly involved in the export of

nodulation signals (Saier et al., 1994), although this was

disputed more recently (Hernandez-Mendoza et al., 2007).

We had previously performed microarray analyses with

the objective to identify genes whose expression depends on

the RegSR two-component regulatory system in the soybean

symbiont Bradyrhizobium japonicum (Lindemann et al.,

2007). The RegSR system has long been known to activate

the transcription of the nifA gene that encodes the key

regulator for nitrogen-fixation genes in B. japonicum (Bauer

et al., 1998). Among the novel RegR target genes, we

identified a putative operon (blr1515–blr1516) that encodes

a predicted multidrug efflux system. Here, we report the

characterization of a mutant lacking this predicted transport

system, now designated BdeAB, and demonstrate that it

confers antibiotic resistance and is required for an efficient

symbiosis specifically with soybean.

Materials and methods

Bacterial strains, media, and growth conditions

Bradyrhizobium japonicum strains were routinely cultivated

in a peptone–salts–yeast extract (PSY) medium supplemen-

ted with 1 g L�1
L-arabinose as described elsewhere (Regens-

burger & Hennecke, 1983; Mesa et al., 2008). Alternatively,

we used a modified Vincent’s minimal medium (Vincent,

1970; Becker et al., 2004) that was supplemented with 3 g L�1

L-arabinose, 10 mM MOPS (final pH of medium adjusted to

6.8 with 2 M NH3), and trace elements as described else-

where (Bishop et al., 1976). When appropriate, antibiotics

were used at the following concentrations (mg mL�1): spec-

tinomycin, 100; streptomycin, 50; tetracycline, 50 (solid

media) or 25 (liquid media); and cycloheximide, 100.

Bradyrhizobium japonicum strain 110spc4 was used as the

wild type (Regensburger & Hennecke, 1983). Mutant deri-

vatives relevant for this work were strain 2426 (DregR<O;

Bauer et al., 1998); strain 9589 (DbdeAB<O; see below); and

strain 9589-38 (strain 9589 complemented with chromoso-

mally inserted wild-type bdeAB genes; see below). Escher-

ichia coli strains were grown in Luria–Bertani medium

(Miller, 1972) containing the following concentrations of

antibiotics for plasmid selection (mg mL�1): ampicillin, 200;

streptomycin, 50; and tetracycline, 10. Strain DH5a (Bethes-

da Research Laboratories, Gaithersburg, MD) was the host

for cloning, and S17-1 (Simon et al., 1983) for the conjuga-

tion of plasmids into B. japonicum.

Plant growth

Sterilization of seeds of soybean [Glycine max (L.) Merr. cv.

Williams], cowpea (Vigna unguiculata), siratro (Macropti-

lium atropurpureum), and mungbean (Vigna radiata), plant

growth conditions, and measurement of nitrogenase activity

were performed as described previously (Göttfert et al.,

1990; Gourion et al., 2009; Koch et al., 2010). At least 107

cells of B. japonicum were added as inoculum. For bacteroid

isolation, all nodules from individual soybean plants in-

fected by either the wild type or the DbdeAB strain 9589

were collected and weighed. Nodule material was then

crushed in PSY medium, and serial dilutions of the bacter-

oid suspension were spotted in four parallels on PSY agar

plates containing spectinomycin and cycloheximide. After a

1-week incubation at 30 1C, the number of CFU per milli-

gram of nodule wet weight was determined. In total, nodule

material was collected from 10 individual plants (n = 10) per

strain. For statistical analysis, the SPSS statistical package,

version 16.0, was used.

Construction of a DbdeAB (blr1515--blr1516)
deletion mutant

Deletion mutagenesis of blr1515 and blr1516 was performed

by marker exchange as indicated in Fig. 1. The 50 and 30

flanking regions of bdeA were PCR amplified using appro-

priate primers and subcloned in the pBluescript SK(1)

vector (Stratagene, La Jolla, CA). Sequences of all primers

used in this work are available from the authors upon

request. A streptomycin-resistance cassette (O) excised from

pBSL15O was inserted in between the two B. japonicum

DNA fragments, yielding plasmid pRJ9587. pBSL15O had

been constructed by cloning of the O cassette from pHP45O
(Prentki & Krisch, 1984) on a 2.1-kb EcoRI fragment into

the 2.6-kb backbone of EcoRI-digested plasmid pBSL15

(Alexeyev, 1995). The insert of pRJ9587 was cloned into the

vector pSUP202pol6K (Zufferey et al., 1996), and the

resulting plasmid pRJ9589 was then mobilized by conjuga-

tion from E. coli S17-1 (Simon et al., 1983) into B.

japonicum strain 110spc4 (wild type) for marker replace-

ment, yielding mutant strain 9589.

Construction of a complemented DbdeAB strain

A 6.1-kb B. japonicum genome fragment containing the

bdeAB genes including the flanking regions was PCR ampli-

fied with appropriate primers using the PhusionTM DNA

Polymerase (Finnzymes, BioConcept, Allschwil, Switzer-

land). The PCR fragment was digested using intrinsic

restriction sites for PstI and EcoRI (Fig. 1), subcloned for

verification by sequencing, and eventually cloned into

pSUP202pol6K. The resulting plasmid pRJ9638 was mobi-

lized by conjugation into the B. japonicum mutant strain
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9589, yielding strain 9589-38. Candidates with a single-

recombination event were picked, and the correct integra-

tion of pRJ9638 upstream of the O cassette present in strain

9589 was verified by Southern blot analysis of genomic

DNA.

Drug sensitivity assays

Potential growth-inhibitory compounds and antimicrobial

peptides were purchased from Sigma Aldrich Co. (Buchs,

Switzerland) and screened first for growth inhibition using

the gradient agar plate technique (Szybalski & Bryson,

1952).

For agar plate diffusion assays, 15 mL of 0.9% PSY agar

was warmed to 42 1C, inoculated with bacterial cell suspen-

sions to 5� 106 CFU mL�1 and quickly poured into round

Petri dishes. Holes were punched into each plate using the

end of a Pasteur glass pipette, and 15 mL of the test

compound was pipetted into each hole. After 2 days of

incubation at 30 1C, test plates were monitored for zones of

growth inhibition on the bacterial lawn. The assays were

repeated at least three times.

Results

The blr1515--blr1516 genes encode a putative
RND-type multidrug efflux pump

Based on annotations compiled in the B. japonicum genome

sequence database (http://bacteria.kazusa.or.jp/rhizobase/),

genes blr1515 and blr1516 code for components of a multi-

drug efflux system, and their genomic organization (Fig. 1)

suggests that they form an operon. Gene blr1515 is predicted

to encode a protein of 397 amino acids (aa) with sequence

similarity to Pseudomonas aeruginosa MexC (43%) and E.

coli AcrA (40%) (Poole et al., 1993; Ma et al., 1995), for

example. These proteins form the membrane fusion protein

of tripartite RND-type multidrug efflux systems. Gene

blr1516 is predicted to encode a protein of 1050 aa, with 11

predicted transmembrane helices and significant sequence

similarity to the RND-type transporters MexD of P. aerugi-

nosa (54%) and AcrB of E. coli (44%), for example. Based on

these structural features and the functional data described

below, genes blr1515 and blr1516 were termed bdeA and

bdeB, respectively, acronyms of the Bradyrhizobium drug

exporter.

Database searches revealed that, in addition to BdeAB, the

B. japonicum genome encodes 23 further putative RND-type

efflux pumps, which are potentially involved in multidrug

export. We determined the phylogenetic relationship be-

tween these paralogous transporters in B. japonicum, and

compared them with prototypic RND-type transporters of

known substrates (deposited in the Transport Classification

Database at http://www.tcdb.org/; Saier et al., 2006, or

described in the literature as being present in phytopatho-

genic bacteria). Phylogenetic analysis revealed that the BdeB

membrane transporter is more closely related to orthologs

from other Gram-negative bacteria than to any of its 23

paralogs (see Supporting Information, Fig. S1). BdeB clus-

tered with MexD and MexY of P. aeruginosa, AmrB of

Burkholderia pseudomallei and MtrD of Neisseria gonor-

rhoeae. MexD and MexY have a common basic substrate

profile [quinolones, macrolides (e.g. erythromycin), tetra-

cycline, chloramphenicol, and certain b-lactams] that is

extended by novobiocin (MexD) and aminoglycosides

blr1515 blr1516

bdeA

bll1517
bsr1514

blr1513

P E P PP E

1kb

bdeB

pRJ9638

9589

Ω

P E (P) (P) (P) E
WT

16
49

70
1

16
54

05
3

Δ

Fig. 1. Physical map of the bdeAB locus and

genetic constructions relevant for this work.

Numbers on top refer to nucleotide positions in

the Bradyrhizobium japonicum genome database

(http://genome.kazusa.or.jp.rhizobase). The

genotype of mutant 9589 shows the deleted

DNA (D) plus the orientation of the inserted O
cassette (horizontal arrow). The cloned insert

of plasmid pRJ9638, which was used for

complementation of strain 9589 in cis, is also

displayed. The complemented strain 9589-38

emerged after a single recombination event

upstream of the O cassette. Restriction sites used

during construction work are abbreviated: P, PstI;

E, EcoRI; those in parentheses were not used.
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(MexY) (Masuda et al., 2000; Jeannot et al., 2005). Amino-

glycosides and erythromycin are also exported by AmrB

(Moore et al., 1999), whereas MtrD was reported to export

mainly fatty acids and bile salts (Hagman et al., 1997).

Phenotypic characterization of the
DbdeAB mutant

Colonies formed by the DbdeAB mutant (strain 9589) on

plates were more mucous as compared with those formed by

the wild type. Cultures used for all assays performed in this

work were inoculated from second-generation precultures

in order to minimize the potential risk of exopolysaccharide

interference with OD measurements. Heterotrophic growth

of the DbdeAB mutant cultivated under oxic and micro-oxic

conditions in a complex medium was indistinguishable

from that of the wild type, and so was growth in minimal

medium under oxic conditions (data not shown). The

potential susceptibility of the DbdeAB strain 9589 to various

antimicrobial compounds was tested qualitatively in gradi-

ent plate assays (not shown) or, more quantitatively, using

agar plate diffusion assays. The deletion of bdeAB resulted in

a marked and significant increase of sensitivity to the

aminoglycosides kanamycin and gentamicin as compared

with the wild type (1.7- and 5.5-fold difference, respectively,

based on the size of the inhibition zone; Fig. 2). The

complemented strain 9589-38 showed wild-type resistance

levels and a largely normal colony morphology. Because the

transcription of the bdeAB genes strongly depends on

activation by the response regulator RegR (Lindemann

et al., 2007), we rationalized that a DregR strain might

exhibit an aminoglycoside susceptibility profile similar to

the bdeAB knockout strain. Our data showed, indeed, that

the DregR mutant was at least as sensitive to kanamycin and

gentamicin as the DbdeAB strain (Fig. 2).

No significant difference was observed between the wild-

type and the mutant strains when they were tested for their

sensitivity against additional selected antibiotics from dif-

ferent classes, flavonoids, heavy metals, and detergents,

among others. For a complete list of tested compounds, see

Table S1.

Symbiotic properties of the DbdeAB strain

The identification of genes for a functional MDR pump,

which are coregulated with symbiotically relevant genes by

RegR (Lindemann et al., 2007), raised the attractive hypoth-

esis that BdeAB might be involved in the formation of an

effective symbiosis of B. japonicum with its host plants.

Soybean plants infected with the DbdeAB strain perhaps had

a marginally increased number of nodules compared with

plants infected by the wild type, but the nodule dry weight

was within the wild-type range (Table 1). This shows that

the mutant is not affected in its ability to nodulate. How-

ever, symbiotic nitrogen-fixation activity of the mutant was

strongly decreased (Table 1), which was further manifested

by the pale green-to-yellowish color of soybean leaves, a

typical sign of nitrogen starvation (not shown). The sym-

biotic defect of the mutant was maintained after prolonged

plant growth for up to 5 weeks, which speaks against a

delayed phenotype. Chromosomal integration of wild-type

bdeAB genes into the DbdeAB mutant almost restored a

wild-type level of nitrogen-fixation activity (Table 1).

Confocal microscopy imaging of 3-week-old nodules

elicited by the DbdeAB strain revealed that, while infected

plant cells were densely packed with bacteroids, there was

larger number of uninfected cells as compared with nodules

infected by the wild type (not shown). To follow up on this

observation, bacteroids were reisolated from 3-week-old

nodules, with the result that, on average, a 10-fold lower

number of viable cells were recovered from nodules infected

by the DbdeAB strain as compared with nodules infected by

the wild type (Fig. 3).

The DbdeAB strain was also tested for its symbiotic

properties on other B. japonicum host plants such as cow-

pea, mungbean, and siratro. Surprisingly, in contrast to

soybean, the nitrogen-fixation activity of the DbdeAB strain

was not decreased on cowpea and mungbean, and was only

marginally lower on siratro, as compared with the wild type

(Fig. 4). It was shown previously that the DregR mutant had

a strong symbiotic defect on soybean (Bauer et al., 1998);
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Fig. 2. Susceptibility of Bradyrhizobium japonicum toward aminoglyco-

side antibiotics determined using agar plate diffusion assays. The follow-

ing strains were examined: wild type (WT), mutant strain 9589

(DbdeAB), the complemented strain 9589-38 (DbdeAB, bdeAB1), and

the regR mutant strain 2426 (DregR). The compounds tested were

kanamycin (black columns) and gentamicin (white columns), both

applied at a concentration of 100 mg mL�1. Indicated is the distance

(mm) of the growth zone around the rim of the drug-containing hole

measured after incubation of the PSY agar plates for 2 days at 30 1C. At

least three independent experiments were performed, of which one

representative data set is shown. Error bars reflect SDs deduced from a

total of six measurements per experiment. The error bar is missing in one

case because the six measurements yielded identical results.
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however, other host plants had never been tested. While the

strong symbiotic defect on soybean was confirmed, the

nitrogen-fixation activity of the DregR mutant was far less

affected on the other three hosts (Fig. 4). Notably, the

deletion of regR had more severe consequences on symbiotic

nitrogen fixation than elimination of the BdeAB efflux

system when respective mutants were tested on soybean,

cowpea, and mungbean.

Discussion

In several recent studies, MDR efflux pumps of phytopatho-

genic bacteria were shown to be involved in the extrusion of

plant-derived antimicrobial metabolites, which promotes

host colonization and enhances virulence (Martinez et al.,

2009, and references therein). Plant-associated soil bacteria

are challenged in several ways, for example by abiotic

environmental stresses or competing organisms and their

metabolic products. At least conceptually, symbiotic and

phytopathogenic bacteria appear to initiate similar pro-

grams for invasion and colonization (Soto et al., 2006;

Deakin & Broughton, 2009). Therefore, the expression of

efflux proteins seems to be a useful common trait of these

bacteria that allows them to cope with the toxic compounds

that they may encounter during infection.

In this work, we have characterized an RND-type multi-

drug efflux system, termed BdeAB, in the legume symbiont

B. japonicum. Another putative efflux pump, RagCD, was

described previously in B. japonicum (Krummenacher &

Narberhaus, 2000). However, ragCD mutants did not differ

from the wild type in their antibiotic susceptibility profile

and in their symbiotic phenotype. By contrast, we have

shown here that the loss of the BdeAB proteins increases the

susceptibility toward aminoglycoside antibiotics, support-

ing the idea that these proteins principally function as a drug

efflux pump. Unlike the RmrAB efflux pump of the bean

symbiont R. etli, which was shown to be required for

nodulation (Gonzalez-Pasayo & Martinez-Romero, 2000),

the B. japonicum bdeAB mutant was not affected in nodule

formation. However, soybean nodules elicited by this strain

contained fewer bacteroids as compared with nodules

formed by the wild type. The impaired colonization by the

Table 1. Symbiotic phenotype of the DbdeAB mutant (9589) and the complemented strain (9589-38) on soybean 3 weeks post inoculation�

Strain Relevant genotype Nodule number Nodule dry weight (mg per nodule) Nitrogenase activity (% of wild type)

110spc4 Wild type 22� 5 0.64� 0.13 100� 13

9589 DbdeAB 27� 6 0.54� 0.06 27� 13

9589-38 DbdeAB, bdeAB1 23� 7 0.58� 0.1 85� 25

�The symbiotic phenotype was determined in four independent soybean (Glycine max) infection experiments, of which one representative data set is

shown. At least six plants were measured per strain, and the mean values� SDs are shown.
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Fig. 3. Number of viable cells reisolated from individual pools of soybean

nodules that had been infected by the wild type or the DbdeAB strain

9589. The Mann–Whitney U-test was used for analysis of statistical

significance. The box plot shows the median, 10th, 25th, 75th, and 90th

percentiles of the number of CFU per milligram of nodule wet weight

(WW). The dot indicates an outlier in the data set of the wild-type strain.
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Fig. 4. Symbiotic nitrogen-fixation activity in Bradyrhizobium japoni-

cum-induced root nodules on four different host plants (soybean, cow-

pea, mungbean, and siratro). The following strains were inoculated: wild

type (black columns), DbdeAB strain 9589 (gray columns), and the DregR

strain 2426 (white columns). Measurements were performed 3 weeks

after infection, except for siratro (4 weeks). At least five plants were

measured per strain, and average values� SE from at least two indepen-

dent plant tests are shown.
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DbdeAB strain might account for the decreased nitrogen-

fixation activity in these nodules.

It is known that legumes synthesize phytoalexins not only

in response to a pathogenic attack but also in the presence of

rhizobia (see the review by Baron & Zambryski, 1995, and

references therein). In fact, the RmrAB efflux pump confers

tolerance to plant-derived antimicrobial compounds (Gon-

zalez-Pasayo & Martinez-Romero, 2000). Recently, another

example of the importance of export proteins in plant–

microorganisms interactions was reported. In Mesorhizo-

bium tianshanense, a LysE-family exporter for the antimeta-

bolite canavanine was identified, which helps those rhizobia

to survive in a canavanine-rich legume rhizosphere (Cai

et al., 2009). It is tempting to speculate that the BdeAB

system provides a similar advantage to B. japonicum,

perhaps coping with an as yet unidentified soybean-derived

compound. The observation that symbiosis of the B. japo-

nicum bdeAB mutant with cowpea and mungbean was not

negatively affected is suggestive of a higher abundance of

noxious BdeAB substrates in soybean (and to a small extent

possibly also in siratro) than in the other hosts.

Even if one considers the large size of the B. japonicum

genome (9.1 Mbp), the number of 24 putative RND-type

transporters it encodes is notably high. Yet, none of the

defects in the DbdeAB strain could apparently be rescued by

its paralogs, suggesting a rather specific substrate profile of

the BdeAB exporter. This is in line with the fact that BdeB

clusters phylogenetically with its orthologs from other

bacteria rather than with its paralogs.

Based on 14 aa involved in E. coli AcrB ligand binding,

Hernandez-Mendoza et al. (2007) defined 16 groups of

different ligand preferences among 47 RND proteins. While

the phylogenetic similarity between BdeB and the four RND

transporters MexD, AmrB, MexY, and MtrD is well reflected

at the critical amino acid positions (two to four identical

positions among the five most informative amino acids), a

correlation with substrate preferences is less obvious because

individual BdeB orthologs have relatively broad substrate

ranges that may (MexD, AmrB, and MexY) or may not

(MtrD) include aminoglycosides. In any case, it appears that

apart from extruding antimicrobial compounds, efflux

systems may also contribute to the export of intrinsic,

potentially harmful molecules, for example those generated

under oxidative or membrane stress conditions (Poole,

2007).

Inner membrane export systems require the presence of

an outer membrane factor (OMF) in order to channel the

substrate to the extracellular space (Koronakis et al., 2004).

The OMF structural gene often maps in close vicinity to the

genes for the transport system (Poole et al., 1993). Yet,

inspection of the genomic region around bdeAB did not

reveal a gene that might code for an OMF. According to the

Transport Database (Ren et al., 2007), the B. japonicum

genome encodes nine putative OMFs. It is conceivable that

any one of these OMFs may form a tripartite efflux pump

together with BdeAB. Intriguingly, however, none of them

seems to belong to the RegR regulon (Lindemann et al.,

2007).

Originally, the symbiotic defect of the DregR mutant was

solely explained by the fact that RegR in the wild type

activates the essential nitrogen-fixation regulatory gene nifA

(Bauer et al., 1998). However, subsequent microarray ex-

periments revealed that the RegR regulon comprises numer-

ous NifA-independent genes, which, in principle, may

contribute to symbiosis (Lindemann et al., 2007). The key

finding of this study, i.e., mutation of the RegR-controlled

bdeAB genes causes a symbiotic defect, demonstrates that

such genes indeed exist. Moreover, the defect is observed

primarily on soybean and much less so on the other hosts

tested (cowpea, mungbean, and siratro). Interestingly, based

on recent proteomics data, RegR and, although marginally,

also BdeA are more abundant in soybean than in cowpea

and siratro. Moreover, regR transcription was sixfold higher

in soybean nodules than in those of cowpea or siratro (Koch

et al., 2010; mungbean was not included in that study). This

may explain why the deletion of these genes had more severe

consequences on the interaction with soybean than with the

other two hosts.

In three of the four hosts, we noticed a more severe

symbiotic phenotype for the DregR strain as compared with

the DbdeAB mutant. Given the large regulon of RegR, this

difference could be readily explained by the simultaneous

downregulation of several symbiotically relevant genes in

the regR mutant. One of them is nifA, and thus one may

wonder why a regR mutant is able to fix nitrogen at all. This

is explained by the fact that a low, but significant level of

nifA gene expression is uncoupled from RegR (Bauer et al.,

1998; Lindemann et al., 2007) and that NifA protein

synthesized under low-oxygen conditions activates its own

transcription (Thöny et al., 1989; Barrios et al., 1995).

Therefore, it is likely that the nodule environment allows

for a sufficiently high RegR-independent NifA synthesis and

subsequent nifA autoactivation in bacteroids. In conclusion,

the RegR-dependent, but NifA-independent expression of

bdeAB has emerged from this work as a novel, important

facet in the root-nodule symbiosis of B. japonicum with

soybean.
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Göttfert M, Hitz S & Hennecke H (1990) Identification of nodS

and nodU, two inducible genes inserted between the

Bradyrhizobium japonicum nodYABC and nodIJ genes. Mol

Plant–Microbe In 3: 308–316.

Gourion B, Sulser S, Frunzke J, Francez-Charlot A, Stiefel P, Pessi

G, Vorholt JA & Fischer HM (2009) The PhyR-sEcfG signalling

cascade is involved in stress response and symbiotic efficiency

in Bradyrhizobium japonicum. Mol Microbiol 73: 291–305.

Grayer RJ & Kokubun T (2001) Plant–fungal interactions: the

search for phytoalexins and other antifungal compounds from

higher plants. Phytochemistry 56: 253–263.

Hagman K, Lucas C, Balthazar J, Snyder L, Nilles M, Judd R &

Shafer W (1997) The MtrD protein of Neisseria gonorrhoeae is

a member of the resistance/nodulation/division protein family

constituting part of an efflux system. Microbiology 143:

2117–2125.

Hammerschmidt R (1999) Phytoalexins: what have we learned

after 60 years? Annu Rev Phytopathol 37: 285–306.

Hernandez-Mendoza A, Quinto C, Segovia L & Perez-Rueda E

(2007) Ligand-binding prediction in the resistance-

nodulation-cell division (RND) proteins. Comput Biol Chem

31: 115–123.

Higgins CF (2007) Multiple molecular mechanisms for multidrug

resistance transporters. Nature 446: 749–757.

Jeannot K, Sobel ML, El Garch F, Poole K & Plesiat P (2005)

Induction of the MexXY efflux pump in Pseudomonas

aeruginosa is dependent on drug–ribosome interaction. J

Bacteriol 187: 5341–5346.

Koch M, Delmotte N, Rehrauer H, Vorholt JA, Pessi G &

Hennecke H (2010) Rhizobial adaptation to hosts, a new facet

in the legume root-nodule symbiosis. Mol Plant–Microbe In

23: 784–790.

Koronakis V, Eswaran J & Hughes C (2004) Structure and

function of TolC: the bacterial exit duct for proteins and drugs.

Annu Rev Biochem 73: 467–489.

Krummenacher P & Narberhaus F (2000) Two genes encoding a

putative multidrug efflux pump of the RND/MFP family are

cotranscribed with an rpoH gene in Bradyrhizobium

japonicum. Gene 241: 247–254.

Lindemann A, Moser A, Pessi G, Hauser F, Friberg M, Hennecke

H & Fischer HM (2007) New target genes controlled by the

Bradyrhizobium japonicum two-component regulatory system

RegSR. J Bacteriol 189: 8928–8943.

Long SR (2001) Genes and signals in the Rhizobium–legume

symbiosis. Plant Physiol 125: 69–72.

Ma D, Cook DN, Alberti M, Pon NG, Nikaido H & Hearst JE

(1995) Genes acrA and acrB encode a stress-induced efflux

system of Escherichia coli. Mol Microbiol 16: 45–55.

Martinez JL, Sánchez MB, Martı́nez-Solano L, Hernandez A,

Garmendia L, Fajardo A & Alvarez-Ortega C (2009)

Functional role of bacterial multidrug efflux pumps in

microbial natural ecosystems. FEMS Microbiol Rev 33:

430–449.

Masuda N, Sakagawa E, Ohya S, Gotoh N, Tsujimoto H &

Nishino T (2000) Substrate specificities of MexAB-OprM,

MexCD-OprJ, and MexXY-OprM efflux pumps in

Pseudomonas aeruginosa. Antimicrob Agents Ch 44: 3322–3327.

Mesa S, Hauser F, Friberg M, Malaguti E, Fischer HM &

Hennecke H (2008) Comprehensive assessment of the

regulons controlled by the FixLJ-FixK2-FixK1 cascade in

Bradyrhizobium japonicum. J Bacteriol 190: 6568–6579.

Miller JH (1972) Experiments in Molecular Genetics. Cold Spring

Harbor Laboratory Press, Cold Spring Harbor, NY.

Moore RA, DeShazer D, Reckseidler S, Weissman A & Woods DE

(1999) Efflux-mediated aminoglycoside and macrolide

resistance in Burkholderia pseudomallei. Antimicrob Agents Ch

43: 465–470.

Nikaido H & Zgurskaya HI (2001) AcrAB and related multidrug

efflux pumps of Escherichia coli. J Mol Microb Biotech 3:

215–218.

Piddock LJ (2006) Multidrug-resistance efflux pumps – not just

for resistance. Nat Rev Microbiol 4: 629–636.

Poole K (2007) Bacterial multidrug efflux pumps serve other

functions. Microbe 3: 179–185.

FEMS Microbiol Lett 312 (2010) 184–191c� 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

190 A. Lindemann et al.



Poole K, Krebes K, McNally C & Neshat S (1993) Multiple

antibiotic resistance in Pseudomonas aeruginosa: evidence for

involvement of an efflux operon. J Bacteriol 175: 7363–7372.

Prentki P & Krisch HM (1984) In vitro insertional mutagenesis

with a selectable DNA fragment. Gene 29: 303–313.

Regensburger B & Hennecke H (1983) RNA polymerase from

Rhizobium japonicum. Arch Microbiol 135: 103–109.

Ren Q, Chen K & Paulsen IT (2007) TransportDB: a

comprehensive database resource for cytoplasmic membrane

transport systems and outer membrane channels. Nucleic Acids

Res 35: D274–D279.

Saier MH Jr & Paulsen IT (2001) Phylogeny of multidrug

transporters. Semin Cell Dev Biol 12: 205–213.

Saier MH Jr, Tam R, Reizer A & Reizer J (1994) Two novel families

of bacterial membrane proteins concerned with nodulation,

cell division and transport. Mol Microbiol 11: 841–847.

Saier MH Jr, Tran CV & Barabote RD (2006) TCDB: the

transporter classification database for membrane transport

protein analyses and information. Nucleic Acids Res 34:

D181–D186.

Simon R, Priefer U & Pühler A (1983) Vector plasmids for in vivo

and in vitro manipulation of gram-negative bacteria. Molecular

Genetics of the Bacteria–Plant Interaction (Pühler A, ed),

pp. 98–106. Springer-Verlag, Heidelberg, Germany.

Soto MJ, Sanjuan J & Olivares J (2006) Rhizobia and plant-

pathogenic bacteria: common infection weapons. Microbiology

152: 3167–3174.

Szybalski W & Bryson V (1952) Genetic studies on microbial

cross resistance to toxic agents: cross resistance of Escherichia

coli to fifteen antibiotics. J Bacteriol 64: 489–499.
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