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A toxin-antitoxin (TA)-like system (designated as bat/bto 
genes) was identified in Bradyrhizobium japonicum, based 
on sequence homology and similarities in organization and 
size to known TA systems. Deletion of the bat/bto module 
resulted in pleiotropic alterations in cell morphology and 
metabolism. The generation time of the mutant was consid-
erably decreased in rich media. Atomic force microscopy 
revealed the modified shape (shorter and wider) and soft-
ness of mutant cells. The synthesis of phosphatidylcholine 
was completely blocked in the mutant bacteria, and vacce-
nic acid, the predominant fatty acid of membranes of the 
wild-type cell, was replaced by palmitic acid in the mutant 
membranes. The mutant bacteria synthesized incomplete 
lipopolysaccharide molecules. Remarkable changes in the 
membrane lipid composition may explain the observed mor-
phological alterations and growth properties of the mutant 
bacteria. The overlapping promoter region of bat/bto and 
glpD (coding for the aerobic sn-glycerol-3-phosphate dehy-
drogenase) genes suggests a complex regulation and the 
involvement of bat/bto in the control of main metabolic path-
ways and an important role in the maintenance of a normal 
physiological state of B. japonicum. These data reveal new 
aspects of the role of TA systems in bacteria. 

Toxin-antitoxin (TA) modules consisting of two partially 
overlapping genes are ubiquitous among bacteria and archaea 
(Arcus et al. 2004; Gerdes et al. 2005). TA loci identified on 
plasmids as well as on chromosomes are characterized by 
similar genetic organization and regulation. Toxin genes encode 
proteins that recognize specific targets in the cell, and the pro-
tein products of the generally upstream-located antitoxin genes 
counteract the toxins by forming a complex with them. TA 
operons are under the negative control of the TA complex, 
which is able to bind to the promoter region and prevent tran-
scription of the module (Gerdes et al. 2005). 

The mechanism of action of TA systems is based on the dif-
ferent stabilities of toxin and antitoxin proteins; unstable anti-
toxins are degraded faster than stable toxins (Buts et al. 2005; 
Gerdes et al. 2005; Hayes 2003). The altered ratio of the two 
components can be induced by starvation, DNA damage, or 
antibiotics (Christensen et al. 2001; Hazan et al. 2004; Sat et 
al. 2001). The excess amount of free toxin exerts toxic effects 
on various cellular targets acting as DNA gyrase inhibitors, 

site-specific endoribonucleases, ribosome-dependent ribonucle-
ases, or possible riboexonucleases (Arcus et al. 2004; Jensen 
and Gerdes 1995; Pedersen et al. 2003; Zhang et al. 2003). 
Plasmid-encoded systems have a clear role in plasmid mainte-
nance by preventing the proliferation of plasmid-free progeny 
(Gerdes et al. 2005). The physiological function of chromo-
somally carried systems is still controversial, even in well-
characterized cases. It has been shown that MazF of Esche-
richia coli, when activated by various stress conditions, induces 
significant loss of viability (Amitai et al. 2004; Hazan et al. 
2004). Contrary to this observation, ectopic expression of RelE 
or MazF was shown to decrease cell metabolism, resulting in 
bacteriostasis rather than a bacteriocidal effect (Pedersen et al. 
2002). The induction of the cognate antitoxins neutralized the 
effect of toxin molecules and cells were able to recover to nor-
mal physiology. It is possible, however, that the quasidormant 
state can either be reversed if stress conditions improve within 
a short period of time or, alternatively, after a prolonged time 
cells pass the ‘point of no return’ and lose the capacity to re-
cover (Amitai et al. 2004). Recently, TA loci of chromosomal 
locations were also shown to participate in bacterial persis-
tence and biofilm formation (Brooun et al. 2000; Keren et al. 
2004; Lewis 2005). Since bacteria generally contain more than 
one TA module, the possibility that they are all involved in 
stress response has been investigated. Surprisingly, the absence 
of five copies of E. coli TA modules did not influence cell 
viability under stressful conditions (Tsilibaris et al. 2007). 

The proposed role of TA loci as general stress managers 
adjusting metabolic rates under varying environmental stimuli 
may be of special importance during the adaptation of soil bac-
teria to oligotrophic conditions. In addition, symbiotic nitrogen-
fixing soil bacteria that develop an intimate interaction with 
leguminous plants have the ability to adapt and function also 
within the plant host cells during symbiosis. 

The development of symbiotic interactions of soil bacteria 
belonging to the genera Rhizobium, Sinorhizobium, Azorhizo-
bium, Mesorhizobium, Allorhizobium, and Bradyrhizobium and 
leguminous host plants is governed by signal exchanges be-
tween the two partners. The first signals, flavonoid molecules 
excreted by the plants, induce the expression of bacterial nodu-
lation genes responsible for the synthesis of bacterial signal 
molecules, the Nod factors (Dénarié et al. 1996). These mole-
cules elicit the formation of new organs, the root nodules, on 
the plants. Nodules are invaded by symbiotic bacteria, in which 
nif genes determine the enzyme nitrogenase capable of reducing 
atmospheric nitrogen to ammonia (Gibson et al. 2008). The 
fixed nitrogen source can be utilized by the host plant; therefore, 
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legumes are able to tolerate nitrogen-deprived environments. 
The transition of free-living bacteria to the symbiotic state of 
bacteroids implies multiple metabolic and morphological 
changes, absolutely necessary for the bacteria to survive in a 
new environment and to perform new tasks (Jones et al. 2007). 

Previously, the role of the TA locus ntrPR of Sinorhizobium 
meliloti, the microsymbiont of alfalfa, has been investigated 
(Bodogai et al. 2006). The ntrPR operon represents a vapBC-
type TA system, which is the most abundant group of the seven 
typical TA gene families, classified according to their modular 
genetic organization and sequence similarities (Gerdes et al. 
2005, Jørgensen et al. 2009). The antitoxin NtrP carries a 
SpoVT/AbrB-like domain, and the toxin NtrR contains a PIN 
domain (Puskás et al. 2004). The general organization and the 
negative autoregulation of the module are highly similar to 
other known TA systems. This first example of TA loci in sym-
biotic bacteria has been shown to have an important influence 
on the plant-bacterium interaction. When the toxin gene ntrR 
was inactivated by a Tn5 insertion, the mutant strain developed 
a higher number of root nodules on alfalfa, especially in the 
presence of combined nitrogen. Moreover, these bacteria in-
duced more efficient nitrogen-fixing nodules, since bacteroids 
expressed nif genes at an elevated level (Oláh et al. 2001). 

Our aim was to examine whether vapBC-type TA modules 
may also exist in the symbiotic nitrogen-fixing bacterium Bra-
dyrhizobium japonicum, the microsymbiont of soybean (Gly-
cine max (L.) Merr.). Soybean is an important crop used for 
human food and livestock feed throughout the world. Although 
vapBC-type loci represent an abundant group of TA families, 
their presence and copy number vary considerably in different 
species. Escherichia coli, for example, does not contain 
vapBC-type modules; in contrast, Mycobacterium tuberculosis 
and Archeoglobus fulgidus carry an extremely high number of 
PIN domain–type modules (Pandey and Gerdes 2005). By using 
similarity search and neighborhood analysis, we identified a 
putative TA-like system in B. japonicum. To study the role of 
this module, a mutant strain was constructed by deleting the 
whole operon. The absence of the module resulted in remark-
able changes of lipid composition of membranes and caused 
altered generation time and cell morphology, suggesting new 
functions for a TA system. 

RESULTS 

Identification and characterization  
of the bsl2435/bll2434 operon, a putative TA locus  
in the genome of Bradyrhizobium japonicum USDA110. 

A sequence similarity search using the deduced protein se-
quence of the rhizobial toxin NtrR (Oláh et al. 2001) as a 
query and gene neighborhood analysis pointed out a candidate 
TA system in the B. japonicum USDA110 genome. The chro-
mosomal operon bsl2435/bll2434 (Fig. 1A), designated as a 
bat/bto operon (Bradyrhizobium antitoxin/Bradyrhizobium 
toxin), encodes a protein pair that forms a possible TA module. 
The bat/bto locus consists of an upstream-located 285-bp open 
reading frame (ORF), bat, that encodes a putative protein of 94 
amino acids (Fig. 1B) and a downstream-located 426-bp ORF, 
bto, that encodes a putative protein of 141 amino acids (Fig. 
1C). The translational start codon for bto overlaps with the last 
base of the translational stop codon of bat, which is a strong 
indication of translational coupling. The Bat protein represents 
the putative antitoxin component, and it carries a PhdYefM-
like domain. The best-characterized member of this protein 
family is Phd of bacteriophage P1, the antidote partner of Doc 
(Lehnherr et al. 1993). Smith and Magnuson (2004) proposed 
that TA systems are composed of two evolutionarily independ-
ent modules joined by a transition region. The first module is a 

repressor represented by a DNA binding domain at the N-ter-
minal part of the antitoxin. The second module is formed by 
the C-terminal part of the antitoxin and the toxin protein. Re-
combination in the transition region may contribute to TA di-
versity. Further sequence analysis revealed that the Bat protein 
may also be composed from two different modules. Interest-
ingly, the N-terminal part of the protein exhibited a higher 
degree of identity to the Phd module (Fig. 1B), whereas the C-
terminal part showed similarity to the AbrB domain of the 
NtrP antitoxin, a member of the vapBC-type ntrPR system of 
S. meliloti (Bodogai et al. 2006). 

The Bto protein representing the putative toxin component 
contains a PIN domain (Fig. 1C) that has been identified in 
many bacteria, Archaea species, and eukaryota (Makarova et 
al. 1999). PIN domains comprise a large family of proteins 
characterized by the presence of four invariable acidic residues 
and a less conserved general amino-acid sequence identity 
(Arcus et al. 2004; Makarova et al. 1999). FitB, the toxin com-
ponent of fitAB of Neisseria gonorrhoaea (Mattison et al. 
2006), presents 39% identity to the Bto protein (Fig. 1C). It is 
worth noting that one of the conserved aspartic acid residues at 
the C-terminal region is replaced by an asparagine in the Bto 
protein. According to these data, the structural organization of 
the bat/bto operon corresponds to that of the known bacterial 
TA modules. 

Activity of the bat/bto promoter. 
The negative autoregulation of TA operons by either TA 

complexes or free antitoxins is a common property of the char-
acterized TA systems (Gerdes 2000; Gerdes et al. 2005; Oláh 
et al. 2001). To examine the regulation of the bat/bto operon, 
the plasmid pMP105, carrying the promoter region on a 379-
bp fragment upstream of a promoterless lacZ gene, was intro-
duced into wild-type, bat/bto mutant, and complemented B. ja-
ponicum strains, and β-galactosidase activities were determined. 
The enzyme activity determined in the mutant strain was con-
siderably lower (5.2 ± 0.5 Miller units) than that in the wild-
type background (114.8 ± 3.9 Miller units) (Fig. 2A, bars 2 
and 1, respectively) or in the complemented strain (117.3 ± 6.1 
Miller units) (Fig. 2A, bar 3), indicating that the regulation of 
the bat/bto operon does not exhibit the characteristics of 
typical TA modules. 

Examination of the chromosomal neighborhood of the 
bat/bto operon revealed that it is located upstream of the glpD 
and downstream of the glpR genes (Fig 1A). The well-charac-
terized glpD of E. coli encodes the enzyme glycerol-3-phos-
phate (G3P) dehydrogenase. The expression of glpD is nega-
tively regulated by the repressor protein GlpR, which binds to 
multiple operator sequences in the glpD promoter (Yang and 
Larson 1996, 1998; Ye and Larson 1988). The presence of the 
inducer G3P reduces the binding activity of GlpR to the opera-
tors and thereby releases repression of the glp genes. The puta-
tive promoter region of the bat/bto operon in B. japonicum 
partially overlaps the putative promoter region of glpD (Fig. 
2B), which is transcribed in the opposite direction from the 
complementary strand. Using the PromScan software, we could 
identify two putative GlpR binding regions in this intergenic 
sequence (Fig. 2B). Further examination revealed the presence 
of repeated sequences similar to the characteristic GlpR 
binding sites identified by computer-assisted analysis of Rhi-
zobia (Danilova et al. 2003). The consensus sequence deter-
mined from data of three other Rhizobium species contains 
three to four direct repeats of –TTTCGTT– separated by 3 to 4 
nucleotides (nt) (Danilova et al. 2003). The putative GlpR bind-
ing sites in Bradyrhizobium species contain two repeats with-
out a space. One of them partially overlaps with a direct repeat 
sequence that, similarly to other TA modules (Bodogai et al. 
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2006; Magnuson and Yarmolinsky 1998; Marianovsky et al. 
2001), may represent a potential binding site for the TA com-
plex. The other putative GlpR binding site is located just up-
stream of the glpD gene. We supposed that a potential compe-
tition of the TA complex and GlpR for the overlapping binding 
sites in the promoter region of bat/bto may influence the 
regulation of the bat/bto system of B. japonicum. 

To examine this assumption, β-galactosidase activity ex-
pressed from plasmid pMP105 was determined in wild-type 
bacteria grown in minimal medium (MM) containing the in-
ducer glycerol, the precursor of G3P. The activity was consid-
erably higher than that obtained in MM without glycerol (Fig. 
2A, bars 4 and 5) demonstrating that the expression of the TA 
module was positively influenced, probably by the inhibition 
of GlpR binding. Since bat/bto mutant cells were not able to 
grow in MM, we could not perform similar experiments with 
strain MP99. Wild-type bacteria grown in PSY medium (pep-
tone, salt, and yeast extract) (Hahn and Hennecke 1984) with 
glycerol also exhibited a higher activity level than in PSY me-
dium without glycerol (Fig. 2A, bars 6 and 1, respectively). In 
contrast to other TA systems, however, the very low expression 
levels observed in the deletion mutant MP99, as compared with 

those of the wild-type and complemented strains, indicated 
that the TA complex may influence its expression positively. 

The effect of ectopic expression of Bat and Bto proteins  
on the viability of Escherichia coli. 

To test the presumed toxic properties of the Bto protein, we 
examined the viability of E. coli strains carrying the bto gene 
and, as a control, either the bat gene or the bat/bto operon 
cloned in the vector pET-28. The gene expression was induced 
by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to 
the cells and, subsequently, the growth of the cultures and the 
number of viable cells was determined. Surprisingly, E. coli 
cells containing the bto toxin gene (plasmid pMP113) showed 
similar growth properties as the control cells carrying the vec-
tor plasmid (Fig. 3A), but the strains expressing the cloned 
antitoxin (pMP112) or the bat/bto operon (pMP114) grew very 
poorly (Fig. 3A). In accordance with the growth properties, the 
number of viable cells containing either the plasmid pET-28 or 
pMP113 continuously increased, whereas the living-cell num-
ber of the strains with plasmids pMP112 or pMP114 drasti-
cally decreased by the third hour after induction (Fig. 3B). 
These data revealed that the bat/bto system may be composed 

 

Fig. 1. A, Organization and chromosomal neighborhood of the bat/bto module. The bat/bto operon is located between the glpD and glpR genes and is
transcribed from the complementary strand in the opposite direction. The orientation and insertion site of the kanamycin-resistance cassette replacing the 
bat/bto genes in MP99 deletion mutant is shown above the module. B, Alignment of the deduced amino-acid sequence of the Bat protein with antitoxins Phd 
of phage P1 and NtrP of Sinorhizobium meliloti. The N terminal parts of Phd and Bat show 23% identity in 59 amino acids, but their C terminal parts are
different (5.7% identity in 35 amino acids). In contrast, Bat and NtrP exhibit homology at their C terminal parts (24% identity in 34 amino acids), whereas
the N terminal regions are different (16.7% identity in 60 amino acids). A recombination junction proposed for Phd antitoxin (Smith and Magnuson 2004) is 
also present in Bat (underlined) and is located within the transition region. C, Alignment of the deduced amino-acid sequence of Bto toxin with FitB, the 
toxin component of the fitAB module of Neisseria gonorrhoaea (Mattison et al. 2006). The two sequences are 39% identical. The conserved acidic residues 
are shaded. The aspartate residue near to the C terminal end in FitB is replaced by an asparagine in the Bto protein. 
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of an active antitoxin and a functionally inactive toxin compo-
nent. The more pronounced decrease of the number of viable 
cells in the presence of both components suggests a role for the 
toxin via complex formation with its antitoxin partner. 

The altered division rate of the bat/bto mutant strain  
is dependent on the nitrogen and carbon sources  
of the growth medium. 

Deletion of the bat/bto operon of B. japonicum resulted in a 
considerably decreased generation time of the mutant strain 
MP99 (2.5 h) compared with that of the wild-type bacteria (14 
h) in yeast extract mannitol (YEM) medium (Fig. 4A). Growth 
stopped when the optical density at 600 nm (OD600) of the 
MP99 culture reached 0.8. Under these conditions, more than 
80% of the cells sustained their viability for more than 6 days. 
The growth of bacteria could be restored by transferring the 
cells into fresh medium, in which higher optical densities 
(OD600 = 1.2) were obtained (data not shown). In PSY me-
dium, the generation time of MP99 was even shorter (about 2 
h) and the culture could reach a much higher OD (Fig. 4B). To 
determine which component of the PSY medium was responsi-
ble for the improved generation time, the effect of two compo-
nents, peptone and biotin, was tested by adding them separately 
to YEM medium. The presence of biotin did not improve bac-
terial growth in YEM. Moreover, biotin was also not required 
for the growth of wild-type B. japonicum strains in PSY me-
dium (data not shown). The addition of peptone, a rich source 
of complex nitrogen and carbon, however, promoted a better 
growth of MP99 in YEM medium (data not shown), suggesting 
a role of the complex nitrogen source in the fast growth. This 
was confirmed when MM containing ammonium sulphate as 
nitrogen source was used. The bat/bto mutant was unable to 
grow in MM, whereas the growth of the wild-type bacteria was 
only delayed (Fig. 4C). When peptone was added to MM, the 
growth of MP99 was similar to that in YEM (Fig. 4D). 

To examine whether the altered division rate of the mutant 
strain was due to the deletion of the bat/bto module, MP99 
was complemented in trans with a plasmid containing the bat/ 

Fig. 2. A, Activity of the bat/bto promoter. β-galactosidase activity expressed from plasmid pMP105 carrying a 379-bp fragment consisting of the 233-bp 
intergenic region, 144 and 2 bp of the glpD and bat/bto coding regions, respectively. Enzyme activities of Bradyrhizobium japonicum wild-type (1, 4, 5, 6), 
MP99 deletion mutant (2, 7), and MP120 complemented (3) strains carrying pMP105 were determined. Bacteria were grown in peptone, salt, and yeast 
extract (PSY; 1, 2, 3, 6, 7) or in minimal medium (MM; 4, 5) at 31°C, to an optical density at 600 nm = 0.5. Cultures were induced by the addition of 0.04% 
glycerol as indicated. The measurements were repeated five times. Wt = wild-type strain, Δm = deletion mutant MP99, and cm = complemented strain 
MP120. B, The intergenic region of glpD and the bat/bto module with repeated sequences (ATAGTCAT) representing potential binding sites of the Bat/Bto 
complex (underlined with arrows). Potential –10 and –35 regions in the promoter of glpD and bat/bto are superlined. A TGN extension of the –10 motif in 
the glpD promoter region may account for the lower conservation of the –35 region. A possible CRP binding site, TTTGA-N5-TCACA, upstream of glpD is 
shaded. Translation start sites for glpD and bat/bto are shown by small arrows. Putative GlpR binding sites exhibiting similarity to the sequence unit –
TTTCGTT– characteristic for α-proteobacteria (Danilova et al. 2003) are boxed. 

Fig. 3. A, Growth and B, viability of Escherichia coli carrying the vector
plasmid (pET-28b, open circles), the cloned bat antitoxin (pMP112, 
filled triangles), the bto toxin (pMP113, open triangles), or both genes 
(pMP114, filled circles) expressed from the isopropyl β-D-1-thiogalac-
topyranoside (IPTG)-inducible promoter of plasmid pET-28b. E. coli
cells grown in Luria Bertani (LB) medium were induced by 1 mM IPTG 
at an optical density at 600 nm (OD600) = 0.1. Growth of bacteria was 
followed by measuring OD600. Samples were taken at the indicated time 
and were diluted and plated on LB medium to determine the number of 
viable cells. Standard deviations were calculated from the results of 
three experiments. 
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bto coding region and the putative promoter. Whereas the pres-
ence of the vector plasmid pRK290 had no influence on the 
growth properties of either the wild-type strain or the mutant 
MP99 (Fig. 4E and F), the growth of the complemented strain 
MP120 was similar to that of the wild-type strain, both in MM 
and YEM media (Fig. 4E and F, respectively), suggesting that 
the altered generation rate of the MP99 mutant strain was due 
to the absence of the bat/bto operon. The revertant MP119 
strain (obtained by restoring the bat/bto operon in the mutant 
MP99 strain) exhibited a similar growth pattern as wild-type 
and MP120 complemented strains (data not shown). 

Cell size and mechanical parameters are affected  
by the bat/bto mutation. 

The faster-dividing MP99 cells also exhibited considerably 
altered morphological properties (Fig. 5A). Three-dimensional 
surface profiles of living cells obtained by atomic force micros-
copy (AFM) demonstrated that wild-type bacteria had elon-
gated cylindrical shape (2 to 2.5 µm long and 0.5 to 0.6 µm 
wide), whereas the mutant cells were more compact and round 
shaped with decreased length (1 to 1.5 µm) and increased width 
(1 to 1.4 µm). The height profile shown in Figure 5B was deter-
mined between the markers indicated in Figure 5A. The three-

dimensional surface profile of complemented strain MP120 
showed similar elongated cylindrical cells with the same dimen-
sions as was observed for the wild-type cells (data not shown), 
demonstrating that the wild-type morphology was restored by 
introducing the bat/bto genes. 

Since the cell sizes of the wild-type and the mutant bacteria 
were remarkably different, we compared the number of colony-
forming units of the two strains (grown in PSY medium) at in-
creasing OD600 values. The cell numbers of the wild-type strain 
were lower between OD600 = 0.3 to 0.5, but the difference was 
not statistically significant (data not shown). At higher OD 
values, the cell numbers were nearly identical. 

To investigate the mechanical properties of the mutant cells, 
local force measurements were performed by recording the 
indentation of the AFM cantilever in function of the vertical 
displacement of the z piezo. As the distance and indentation 
curves demonstrated, greater distance (Fig. 6A) and indenta-
tion (Fig. 6B) values were obtained with the mutant cells com-
pared with those obtained with the wild-type strain, indicating 
a softer cell surface (Bálint et al. 2007). This was confirmed by 
the calculated elastic modulus, which was about one order of 
magnitude lower for the mutant strain. Em = 0.6 ± 0.24 MPa 
and Em = 4.5 ± 0.92 MPa for the mutant and the wild-type 

 

Fig. 4. A, B, C, and D, Growth curves of Bradyrhizobium japonicum wild-type (filled squares) and bat/bto mutant MP99 (open circles) strains in A, yeast
extract mannitol (YEM), B, peptone, salt, and yeast extract and C, minimal medium (MM) without and D, with the addition of peptone. E and F, Compari-
son of the growth of B. japonicum wild type, deletion mutant MP99, and MP120 complemented strains in MM (E) and YEM (F) media. B. japonicum wild-
type strain with plasmid pRK290, open squares; mutant MP99 strain with pRK290, filled circles; and complemented strain with the recombinant plasmid 
pMP117, filled triangles. Cultures were grown at 31°C in liquid medium containing the appropriate antibiotics. At the beginning of the experiments, starter 
cultures were diluted in the corresponding media to obtain an optical density of 0.15. The growth of bacteria was followed by measuring the optical density
at 600 nm. Standard deviations were calculated from the data of four experiments. 
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cells, respectively. To explain the observed morphological 
changes, the amount and composition of several cell-mem-
brane components of the mutant and wild-type strains were 
investigated in further experiments. 

The bat/bto mutation results in differences in the pattern  
of lipopolysaccharides (LPS) and phospholipids (PL). 

LPS contributing to the structural and physiological integrity 
of the bacterial cell were analyzed in further experiments. 
Rhizobial LPS also play an important role in the symbiotic 
infection process. Rhizobium mutants producing defective 
LPS that lack the O-chain polysaccharide were shown to be 
defective in nodulation (Stacey 1991). The differences in LPS 
pattern between the wild-type and MP99 strains were remark-
able (Fig. 7). The heterogeneous banding region of wild-type 
LPS (Fig. 7, lane 1) consisted of LPS molecules that were 
separated according to the number of O-antigen repeating units 
or differences in the electric charges of these units (Carrion et al. 
1990). The low molecular weight bands (Fig. 7, lanes 2 and 4) 

represented incomplete LPS of the mutant strain, which either 
lacked the entire O-antigen repeating unit or contained only 
one to two repeating units. The mutant also produced lower 
amounts of complete LPS molecules with altered mobility as 
compared with the wild-type strain (Fig. 7, lane 4). In the com-
plemented strain MP120 that carried the reintroduced bat/bto 
operon, the heterogenous banding region characteristic for the 
wild-type LPS pattern was restored (Fig. 7, lane 3). 

The considerable change in the shape of the cells and the 
softness of the mutant membrane observed by AFM force 
measurements suggested an alteration of the membrane com-

Fig. 6. Elastic properties of Bradyrhozobium japonicum wild-type and 
bat/bto mutant bacteria measured by atomic force microscopy. A, Force-
distance curves with standard deviation error bars. B, Force-indentation 
curves calculated by subtracting the reference from the curves of wild-type 
and mutant cells. Lines are the fitted second order polynomials. Bacterial
suspensions were immobilized after being grown at 31°C in yeast extract
mannitol medium on a poly-L-lysine precoated mica surface. 

 

Fig. 7. Sodium deoxycholate-polyacrylamide gel electrophoresis (DOC-
PAGE) of polysaccharide extracts from Bradyrhizobium japonicum wild-
type, mutant MP99, and complemented MP120 strains silver-stained for 
lipopolysaccharides (LPS). Two types of LPS of differing molecular 
weight are indicated (HMW and LMW). Polysaccharides were extracted 
from cultures grown in peptone, salt, and yeast extract medium at 31°C to 
an optical density at 600 nm = 0.6. DOC-PAGE was performed on 18% 
polyacrylamide gels. 

 

Fig. 5. A, Three-dimensional atomic force microscopy (AFM) profiles of Bradyrhizobium japonicum wild-type (left) and bat/bto mutant MP99 (right) cells 
constructed from 5 × 5–µm scan images. Both trace and retrace images were measured at a scan rate of 0.3 to 1.0 lines s–1. B, Height profiles of AFM images 
were drawn between the markers (black triangels). Images were made after immobilization of bacterial suspensions grown at 31°C in yeast extract mannitol 
medium on a poly-L-lysine precoated mica surface. 
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position of the bat/bto mutant. To determine the PL composi-
tion of membranes of wild-type and MP99 strains, thin-layer 
chromatography coupled with gas chromatographic-mass spec-
trometry (GC-MS) determination of fatty acids was used (Fig. 
8). The main PL of the wild-type cells were phosphatidyl-
ethanolamine (PE), phosphatidylcholine (PC), cardiolipin (CL), 
phosphatidylglycerol (PG), the intermediate lipid mono-methyl-
phospatidylethanolamine (MMPE), and lysophosphatidyleth-
anolamine. There were striking differences in the PL compo-
sition of the two strains (Fig. 8A and B), of which the most 
remarkable was the complete lack of PC in the mutant. The 
main PL in both cell types was PE, which increased in parallel 
with the disappearance of PC. CL was present in higher 
amounts in the mutant, at the expense of its precursor, PG. 

As the physico-chemical properties of PL are determined 
by both the head group and the alkyl chain regions, the fatty-
acid composition of total PL was also investigated from both 
wild-type and MP99 strains (Fig. 8C and D). In the wild-type 
bacteria, cis-vaccenic acid (18:1) was the major fatty acid, 
making up about 80% of total fatty acids, the amount of 
which decreased to less than one third (25%) in the mutant 

strain. As the amount of palmitoleic acid (16:1) increased 
more than 50 times (0.4% in the wild-type vs. 25.2% in the 
mutant cells), it was obvious that fatty-acid elongation was 
blocked in the mutant strain. However, there was a more 
overall modification in fatty-acid synthesis as palmitic acid 
(16:0) content increased from 14% in the wild type to 42% in 
the mutant cells, resulting in a considerable decrease in the 
ratio of unsaturated fatty acids in the mutant (50.9%) com-
pared with a much higher value in wild-type cells (83.3%), 
suggesting a fundamental alteration in the lipid chain order 
and the polymorphic characteristics of membrane lipids. 

To explain the profound changes observed in PL composi-
tion, the expression of several genes involved in PC biosynthesis 
was investigated. 

In the bat/bto mutant cells, transcripts  
for the two PL N-methyltransferases PmtA and PmtX1  
are not detectable. 

Biosynthesis of PC from PE is accomplished by three suc-
cessive methylation steps in many prokaryotes. An alternative 
direct pathway that requires the presence of free choline and of 

Fig. 8. Lipid analysis of Bradyrhizobium japonicum wild-type and MP99 mutant cells. A, Thin-layer chromatography of phospholipid samples per-
formed on silica gel G plates. Samples were visualized by spraying with 0.05% 8-anilinonaphtalene-1-sulfonate. B, Phospholipid composition was de-
termined after transmethylation. The identified phospholipids are: LPE = lysophosphatidylethanolamine, PE = phosphatidylethanolamine, PG = phos-
phatidylglycerol, CL = cardiolipin, PC = phosphatidylcholine, and MMPE = mono-methyl-phosphatidylethanolamine. C and D, Fatty-acid composition 
of total lipid extracts. The amount of fatty acids as the percentage of total lipids is indicated with standard deviation values. All experiments were done
in triplicate. 
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PC synthase was documented in several bacteria (Martínez-
Morales et al. 2003). The absence of PC from the membranes of 
MP99 mutant cells was an intriguing observation. Moreover, 
MMPE, the first intermediate during the conversion of PE to 
PC was also absent from the mutant membranes. In B. japoni-
cum, the first methylation step is performed predominantly by 
the enzyme PmtA, whereas PmtX1 catalyzes mainly the sec-
ond and third subsequent methylation steps (Hacker et al. 
2008). With the use of reverse transcription-polymerase chain 
reaction (RT-PCR), we checked the level of mRNA from these 
two genes. We observed that both the pmtA and pmtX1 tran-
scripts were detectable in the wild-type cells (Fig. 9, lanes 5 
and 8), but they were not detected in the mutant strain (Fig. 9, 
lanes 6 and 9) or in the mutant strain carrying the vector plas-
mid pRK290 (data not shown). In the complemented MP120 
strain, pmtA and pmtX1 mRNA levels were restored (Fig. 9, 
lanes 7 and 10). Therefore, the lack of the enzymes catalyzing 
the methylation reactions explained the absence of PC in the 
bat/bto mutant bacteria. As a positive control, the expression 
of histidyl-tRNA synthetase was detected in all strains (Fig. 9, 
lanes 2, 3, and 4). 

Symbiotic phenotype of the bat/bto mutant. 
We have shown previously that a mutation in the toxin com-

ponent of the ntrPR module of S. meliloti results in increased 
nodulation and more efficient nitrogen-fixation capacity in 
symbiosis with the host plant alfalfa (Oláh et al. 2001). Since 
both toxins Bto and NtrR are PIN domain homologs, we ex-
amined whether the Bto toxin may have a similar effect on 
symbiotic properties. Soybean plants were inoculated with 
mutant MP99 and the wild-type strain, and nodule formation 
and plant biomass production were determined after 60 days. 
Deletion of the bat/bto region resulted in decreased symbiotic 
capacity. The mutant strain produced about 60% fewer nodules 
on soybean (51.7 ± 6 nodules per plant formed by the wild-
type bacteria compared with 22.5 ± 4 nodules per plant elicited 
by the mutant MP99 strain). The average dry weight of plants 
inoculated by the mutant strain was about 40% lower than that 
of the wild type–inoculated plants (0.57 ± 0.13 and 0.95 ± 0.12 
g per plant, respectively). The average dry weight of uninocu-
lated plants was 0.38 ± 0.07 g per plant. 

Bacteria were recovered from 40 randomly collected nodules 
of both types, and 200 colonies from each inoculation were 
tested for kanamycin and spectinomycin resistance, the markers 
of the mutant and wild-type strains, respectively. All of the 
colonies (100%) obtained from the MP99 mutant–elicited nod-
ules were kanamycin resistant and exhibited the morphology 
of the MP99 mutant colonies (low levels of polysaccharide 
production). Their growth on YEM agar plates was also similar 
to that of the MP99 strain. Randomly selected colonies were 
further tested in YEM liquid medium, and their generation 
times were identical to that of the mutant strain (data not 
shown). The nodules elicited by the wild-type strain contained 
only kanamycin-sensitive bacteria. 

DISCUSSION 

In this paper, we report the identification and experimental 
characterization of the first TA-like module of the soybean mi-
crosymbiont Bradyrhizobium japonicum. We demonstrate that 
the deletion of the TA module caused remarkable physiological 
alterations resulting in morphological and structural changes. 
The observed effects define new functions for a TA system. 

TA loci have been grouped into seven families based on 
their module organization and domain structure (Gerdes et al. 
2005; Jørgensen et al. 2009). Members of the vapBC family 
are composed of a toxin carrying a PIN domain and an anti-

toxin containing one of the DNA-binding motifs AbrB, cHTH, 
Phd/YefM, or MetJ/CopG. The chromosomally located bat/bto 
system is composed of a Phd/AbrB-type antitoxin and a PIN 
domain-type toxin. 

Although the size and organization of the genes and the de-
duced amino-acid sequences of the proteins encoded by the 
bat/bto module classified it as a TA system belonging to the 
vapBC-family, the expression of the module did not exhibit the 
typical negative autoregulatory properties of most TA modules. 
The expression level was higher in the wild-type background 
than in the mutant strain, suggesting a positive role for the TA 
complex. Since the putative binding site for the Bat/Bto com-
plex follows the –10 region, a direct autoactivation seems un-
likely. Further experiments are required to clarify this mecha-
nism. Two modules with similar properties were identified in 
Mycobacterium tuberculosis, where RelB and RelF antitoxins 
acted as transcriptional activators on their respective promoters 
(Korch et al. 2009). However, together with their toxin pairs, 
these proteins repressed the expression to basal levels. The 
absence of a typical autorepression was also demonstrated in 
Staphylococcus aureus. The promoter of the mazEF module in 
this bacterium was downregulated by sigB encoding an alter-
native sigma factor and was activated by a SarA transcriptional 
regulator (Donegan and Cheung 2009). In addition to the lack 
of negative autoregulation of bat/bto, the partial overlapping of 
the potential binding sites of GlpR protein and the Bat/Bto 
complex suggested the involvement of the downstream-located 
GlpR protein in bat/bto regulation. Indeed, in the presence of 
the inducer glycerol, an increased promoter activity was ob-
served in the wild-type cells grown either in rich medium or 
MM. 

In the genome of three Bradyrhizobium strains (B. japoni-
cum USDA 110 and Bradyrhizobium sp. strains BTAi1 and 
ORS278) one of the multiple glpD copies is located down-
stream of glpR. Putative GlpR binding sites could be localized 
only in the promoter region of these copies. However, none of 
these sequences contain three to four direct repeats of the con-
sensus –TTTCGTT– separated by 3 to 4 nt, as was described 
for three other Rhizobium species (Danilova et al. 2003). The 
Bradyrhizobium promoters are characterized by the presence 
of T-rich sequences interrupted by 2 to 3 G/C nt. 

Our observation that the ectopic expression of Bto toxin had 
no influence on the viability of E. coli suggested that the Bto 
protein has lost its function characteristic for the toxin compo-
nents of TA modules. It is conceivable that the loss of toxicity 
is due to the replacement of one of the essential acidic residues 
with an asparagine near to the C-terminal end. The structural 
analysis of PIN-domain proteins revealed that the quartet of 
acidic amino acids constitute the active site, which binds Mg2+ 
or Mn2+ ions and facilitates the cleavage of single-stranded 

 

Fig. 9. Transcript levels of pmtA, pmtX1, and hisS genes. RNA was iso-
lated from cultures of Bradyrhizobium japonicum strains grown in pep-
tone, salt, and yeast extract medium at 31°C. Reverse transcription was 
performed from identical amounts of RNA obtained from B. japonicum 
wild-type (lanes 2, 5, and 8), MP99 bat/bto mutant (lanes 3, 6, and 9), and 
MP120 complemented (lanes 4, 7, and 10) strains. Amplification reactions 
were done using gene-specific primers for hisS (lanes 2, 3, and 4), pmtA
(lanes 5, 6 and 7), and pmtX1 (lanes 8, 9, and 10). Lane 1, DNA ladder. 
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RNA (Bunker et al 2008). More surprisingly, the ectopic ex-
pression of either the Bat antitoxin or the complete module 
resulted in a remarkable loss of cell viability. Whether these 
unconventional properties of the bat/bto system are due to the 
binding of antitoxin to some yet unknown regulatory regions 
or to possible interactions with TA modules of E. coli remain 
to be further examined. 

By analyzing nearly 400 natural isolates of E. coli, Mine 
and coworkers (2009) proved that 29% of the ccdO157 variants 
were composed of an active antitoxin and an inactive toxin. 
Moreover, the CcdB toxin proteins were more diversified and 
lost their function more frequently than the antitoxins. Com-
paring the intergenic regions between glpD and glpR genes of 
three Bradyrhizobium species (B. japonicum USDA110 and 
Bradyrhizobium sp. strains BTAi1 and ORS278), we observed 
a considerable DNA sequence similarity, similar length, and 
the presence of identical putative binding sites for GlpR. We 
suppose that the bat/bto operon was acquired by horizontal 
gene transfer and was inserted between the glpD and the glpR 
genes of B. japonicum USDA110. The possible lack of stronger 
selective pressure may have resulted in the inactivation of toxin 
protein, whereas the antitoxin (and its complex with the cognate 
toxin) became part of a metabolic process such as the competi-
tion with the GlpR protein. 

Deletion of the bat/bto operon resulted in alterations in sev-
eral metabolic pathways leading to characteristic phenotypic 
changes. The electrophoretic pattern of LPS of cell membranes 
revealed the accumulation of incomplete LPS molecules. Com-
parison of the composition of PL and fatty acids in the wild-
type and mutant strains showed substantial alterations. PC was 
completely absent in the mutant strain, whereas PE together 
with CL increased dramatically. It is known that PE and CL 
are both non–bilayer forming lipids. In the cells, the balance 
between bilayer and nonbilayer lipids is tightly regulated and 
has been shown to be essential for viability (Rietveld et al. 
1993). The regulation of the tendency to form the hexagonal 
phase can be achieved by alterations in membrane fatty-acid 
composition that influence PL shape (Horváth et al. 1986). The 
cone-shaped geometry of PE with relatively small head group 
size coupled with the relatively large area occupied by the un-
saturated 18:1 acyl chains promotes the formation of nonbi-
layer, hexagonal structures. This might explain why the con-
tent of unsaturated fatty-acid species (18:1) decreased in the 
mutant strain, which had a dramatically increased PE content. 
Taken together, it is highly conceivable that the above restruc-
turing of lipids is aimed at reestablishing lateral packing order, 
bilayer stability, membrane permeability, and ultimately, mem-
brane functionality in the mutant strain (Vigh et al. 2005). 

In prokaryotes, one of the biosynthetic pathways to yield PC 
is the enzymatic methylation of PE catalyzed by PL N-methyl-
transferase (Pmt) in three consecutive steps using S-adenosyl-
methionine as methyl donor. Alternatively, PC can be synthe-
sized directly from free choline by PC synthase (Pcs). Pcs is 
also present and functional in B. japonicum, although no up-
take system exists for choline in this species (Boncompagni et 
al. 1999; Hacker et al. 2008). The block of the methylation 
pathway results in the complete absence of PC in the MP99 
mutant strain. We have shown that the methylation steps are 
defective, since the transcripts of the genes coding for PmtA 
and PmtX1 (Hacker et al. 2008) were not detected in the mu-
tant cells. We suppose that the absence of Bat/Bto indirectly 
affects these transcript levels either via the activation of a de-
grading factor or by influencing an unknown positive regula-
tory factor involved in the transcription of these genes. 

The profound alterations in the lipid composition of the 
mutant membranes may result in changes in the cell division 
rate, cell shape, and membrane rigidity. Distribution of PL in 

membranes is an important factor in the process of division-
site selection. At the midcell domain, optimal lipid composi-
tion is required for the Z-ring positioning. In E. coli, CL-
enriched domains were detected at the cell poles and at the 
division septum, suggesting their involvement in cell division 
(Kates 1986; Mileykovskaya and Dowhan 2005). Membrane 
synthesis is also required for cell expansion and might be regu-
lated spatially and temporally in the same manner as cell-wall 
synthesis. The increased amounts of CL and PE and the in-
complete LPS molecules in the mutant strain may, therefore, 
influence cell-division rate and cell shape by altering the for-
mation of division-site selection and the elongation phase be-
tween two divisions. We assume that the incomplete LPS and 
the altered membrane composition may also be responsible for 
the lower symbiotic efficiency of MP99 strain. Previous data 
proved that exopolysaccharide and LPS molecules acting as 
signals to avoid plant defense reactions may have an important 
role in plant-bacterium interactions (Stacey et al. 1991). 

G3P dehydrogenase encoded by the glpD gene has a central 
function at the crossroad of the glycolytic pathway and the PL 
biosynthesis pathway. GlpD converts G3P, the key factor in the 
PL biosynthesis, to di-hydroxi-acetone-phosphate, an interme-
diate of pyruvate in the glycolytic pathway. Our data suggest 
that, in B. japonicum, the addition of glycerol resulted in a 
higher expression of the bat/bto genes, probably due to the 
absence of competing GlpR at the overlapping binding site. 
Further experiments are required to clarify whether the 
Bat/Bto proteins may also influence directly or indirectly the 
regulation of glpD. 

Chromosomally located TA systems of E. coli were shown 
to act as bacterial metabolic stress managers (Buts et al. 2005; 
Gerdes et al. 2005), associated with the modulation of the 
global level of translation under various stress conditions and 
nutrient limitation. In contrast to these data, deletion of the 
B. japonicum bat/bto operon resulted in alterations of several 
metabolic pathways and defective symbiotic performance, 
probably due to the changes in LPS and PL composition of 
the cellular membrane. In conclusion, the bat/bto operon 
seems to be involved in the maintenance of the normal 
physiological state of the cell, modulating the metabolic rates 
to a level that may support a better adaptation to environ-
mental conditions. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. 
Escherichia coli DH5α (Maniatis et al. 1982) and its deriva-

tives were grown at 37°C in Luria-Bertani (LB) medium 
(Maniatis et al. 1982) that was supplemented when appropriate 
with ampicillin (100 µg/ml), kanamycin (Km) (50 µg/ml), or 
tetracycline (Tc) (10 µg/ml). Bradyrhizobium japonicum 
USDA110 (wild type, spectinomycin-resistant) (Regensburger 
and Hennecke 1983) was cultivated at 31°C in YEM (yeast-
extract-mannitol) (Vincent 1970), PSY (Hahn and Hennecke 
1984), or MM (Guerinot et al. 1990) containing the appropri-
ate antibiotics: Sp, 50 µg/ml; Km, 100 µg/ml; chlorampheni-
col, 30 µg/ml; Tc, 50 µg/ml; or gentamicin, 150 µg/ml. When 
required, a modified MM was used, in which mannitol was 
replaced by 0.4% (final concentration) of glycerol as the only 
carbon source present in the medium. 

For the determination of generation times, B. japonicum 
wild-type USDA110, MP99, MP119, and MP120 strains were 
precultured in YEM medium, were washed with 0.9% NaCl 
solution, and then, were diluted to an OD600 of 0.1 in the tested 
growth media YEM, PSY, and MM. The cultures were grown 
in flasks in a gyrotory water bath with 200 rpm at 30°C. 
Samples were taken at the indicated time points, and bacterial 
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growth was followed by measuring the OD600. When required, 
peptone was added at a final concentration of 0.1%. The ex-
periments were repeated at least six times. 

DNA manipulations. 
Preparation of plasmid DNA, digestion with restriction en-

zymes, agarose gel electrophoresis, fragment isolation, cloning 
procedures, and transformation of E. coli cells were performed 
according to Maniatis and associates (1982). In PCR, Pfu 
polymerase (Fermentas, Vilnius, Lithuania) was used to obtain 
error-free products. 

Construction of strains and plasmids. 
Construction of a bat/bto deletion derivative of B. japoni-

cum. For the deletion of the bat/bto operon, PCR primers were 
designed to amplify a 1-kb upstream region and a 1.2-kb 
downstream region of the operon. The 5′ ends of two primers 
contain a BamHI restriction site each (shown in bold). The se-
quences of the primers are as follows: BAT1, 5′-CGTGGTCG 
TAGAGCTTCTTGA-3′ and BAT2, 5′-GGATCCTGCCAGCA 
AGAACCAATA-3′ for the amplification of the upstream re-
gion; BAT3, 5′-GGATCCCCCTATCTCAACCGCAC-3′ and 
BAT4, 5′-GCATCACGGACCGTTTCAA-3′ for the amplifi-
cation of the downstream region. The PCR products were 
cloned separately in a pBluescript II (SK+) (Alting-Mees and 
Short 1989) derivative (BamHI site excised from multiclon-
ing site) to obtain plasmids pMP73 with the upstream region 
and pMP74 with the downstream region of the bat/bto op-
eron. A SmaI-BamHI fragment of pMP74 containing the 
downstream region was cloned in pMP73, which was di-
gested with the same enzymes. In the resulting plasmid 
pMP77, the upstream and downstream regions were ligated 
at the BamHI restriction site. This site was used to introduce 
a Km-resistance cassette between the two regions, resulting 
in pMP85. The construct containing the upstream and down-
stream regions with the Km-resistance cassette was recov-
ered by cutting with XhoI-SpeI restriction enzymes and was 
cloned in plasmid pRK290 (Ditta et al. 1980) at the EcoRI 
restriction site, yielding pMP86. This plasmid was conjugally 
transferred from Escherichia coli to Bradyrhizobium japoni-
cum wild-type strain by triparental mating using the helper 
plasmid pRK2013 (Ditta et al. 1980). The bat/bto operon was 
specifically replaced by the Km-resistance cassette as a con-
sequence of the homologous recombination between the up-
stream and downstream regions present on the chromosome 
and on pMP86, respectively. 

Southern hybridization was performed to confirm the re-
placement of bat/bto genes with the Km-resistance cassette. A 
1,351-bp HindIII-SalI fragment carrying the Km-resistance 
cassette was hybridized to the BamHI-digested total DNA of 
the mutant and wild-type strains to prove the presence of the 
selectable marker in the mutant. Furthermore, the presence of 
the resistance cassette and the absence of the bat/bto module 
were also detected by PCR. Primer pairs were designed; in 
each case, one of the primers was specific for the neighboring 
genomic region (BAT-UP-F, 5′-ATGGCCGAGGAAGGGATA 
G-3′ and BTO-DW-R, 5′-ACCATGCACCTTCCTGATTT-3′ for 
the upstream and downstream regions, respectively), whereas 
the other one was specific for the Km cassette (KM-R, 5′-GG 
CTTCCCAACCTTACCAG-3′ and KM-F, 5′-TCGGCATCCA 
GGAAACCA-3′). Using the corresponding primer pairs (BAT-
UP-F and KM-R, KM-F and BTO-DW-R), amplified frag-
ments of correct sizes were detected from the total DNA of the 
mutant strain, demonstrating that the resistance cassette re-
placed specifically the bat/bto module. Finally, by sequencing 
of the upstream and downstream regions amplified from the 
total DNA of the mutant strain by using BAT-1 BAT-2 and 

BAT-3 BAT-4, respectively, no further changes were revealed 
in the neighboring regions at DNA sequence level. 

Construction of the complemented strain MP120. In order to 
confirm that the pleiotropic effects observed in the phenotype 
of MP99 are all due to the deletion of the bat/bto operon, a 
complemented strain, MP120, was constructed. Primers BAT-
PR-F (5′-TCAAACAGACGCATCCCCCGG-3′) and BAT-
104-R (5′-AGATAGGGCTATGGGTCGTC-3′) were used to 
amplify a fragment consisting of the coding sequence of the 
bat/bto operon and 248 bp upstream of the translation start site 
of the operon. The amplicon was cloned into the EcoRI restric-
tion site of plasmid pRK290 (resulting in the plasmid 
pMP117) and was introduced into B. japonicum MP99 mutant 
strain by triparental mating, yielding the MP120 complemented 
strain. 

Construction of the revertant strain MP119. To avoid any 
possible unwanted effect of multiple copies present in the 
complemented strain, in another experiment, a revertant 
strain (MP119) was constructed. A DNA fragment containing 
the bat/bto genes and a 1-kb upstream and 1.2-kb down-
stream region of the operon was amplified by PCR using the 
primers BAT1 and BAT4. This fragment was cloned in the 
EcoRI restriction site of plasmid pRK290. The resulting plas-
mid pMP118 was conjugally transferred from E. coli to 
MP99 strain by triparental mating, and the bat/bto region 
was inserted into the chromosome by double homologous 
recombination. The presence of the wild-type bat/bto genes 
was confirmed by Southern hybridization using as probe a 
PCR fragment amplified by the BAT1.2 (5′-TCACAACACT 
GCACCCGAC-3′) and BAT2.1 (5′-GCCGAATGCAGCGAA 
ATCC-3′) primers. This fragment covers a 677-bp region of 
the bat/bto operon. 

Plasmid containing the promoter region of the bat/bto operon. 
To determine the expression of the bat/bto operon, a 379-bp 
fragment consisting of the 233-bp intergenic region, 144 and 2 
bp of the glpD and bat/bto coding regions, respectively, was 
amplified with primers BAT1 and BAT2 and was digested with 
BamHI-SalI restriction enzymes. The promoter-containing frag-
ment was filled by Klenow polymerase and was inserted into 
plasmid pEP82 (Élö et al. 1998) upstream of the promoterless 
lacZ gene. The resulting plasmid pMP105 was introduced into 
wild-type, mutant, and complemented B. japonicum strains by 
conjugation. 

Plasmids carrying bat, bto, or the bat/bto operon under the 
IPTG-inducible promoter of pET-28b. To investigate the effect 
of the ectopic expression of the bat/bto module in E. coli cells, 
plasmids containing bat, bto, or bat/bto genes were constructed 
by cloning the appropriate PCR fragments first in pBluescriptII 
digested with SmaI. The following plasmids were obtained: 
pMP108 carrying the bat gene amplified by the primers B101-
F (5′CTTGCTGCCATGGCCATCA-3′) and B102-R (5′-AGC 
AGGTTCACGGCATCT-3′), pMP110 carrying the bto gene 
amplified by the primers B103-F (5′-CGACGAGATGCCATG 
GACCT-3′) and B104-R (5′-AGATAGGGCTATGGGTCGCT-
3′), and pMP111 carrying the entire bat/bto operon amplified 
by the primers B101-F and B104-R. 

The pBluescriptII derivatives containing the cloned frag-
ments were digested with NcoI (present on the fragment) and 
SalI (present on the multicloning site of the vector), and the 
inserts were recloned in the NcoI-SalI–digested pET-28b vec-
tor (Merck, Darmstadt, Germany). The plasmids carrying the 
bat (pMP112), bto (pMP113), or bat/bto (pMP114) genes un-
der the T7-inducible promoter were transformed in E. coli 
BL21-Gold (DE3) competent cells. Thus, the NcoI restriction 
site of pET-28b and the translational start codon ATG were 
restored in the plasmids, due to the presence of an NcoI site in 
the sequence of forward primers (underlined). 
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Viability tests. 
E. coli BL21-Gold (DE3) cells with plasmids pMP112, 

pMP113, pMP114, or the vector pET-28b were grown overnight 
in LB medium supplemented with Km. The cultures were di-
luted in the same medium to obtain equal optical densities 
(OD600 = 0.1) and were induced with 1 mM IPTG. Cultures 
were grown at 37°C, and samples were removed to determine 
OD and viable cell number. 

RT-PCR. 
RNA was extracted from cells at logarithmic phase using the 

RNA Easy mini kit from Qiagen (Hilden, Germany). Reverse 
transcription was performed from identical amounts (1 µg) of 
RNA obtained from wild-type, MP99, and MP120 strains using 
the Transcription First Strand cDNA synthesis kit (Roche Ap-
plied Science, Indianapolis, IN, U.S.A.). RT-PCR was per-
formed with identical volumes of cDNA samples as templates, 
using specific primers for the following genes: hisS (HIS1, 5′-
GAGATGGTCGAGAAGATCC-3′ and HIS2, 5′-ATCGTAAC 
GCAAGCTAATC-3′), pmtA (PTA1, 5′-CTTCGTCCAGTTCA 
CCTAT-3′ and PTA2, 5′-TTAATCCTTGCGATACACC-3′) and 
pmtX1 (PTX1, 5′-GGTCTACGATCTCGTGTT-3′ and PTX2, 
5′-AGAGCACCTCGACATTGC-3′). Controls without the re-
verse transcriptase enzyme or without the template cDNA were 
also performed. All experiments were repeated three times. 

AFM. 
Bacteria were grown at 31°C in YEM medium. Aliquots were 

removed from the cultures at early logarithmic phase and were 
washed with PBS. To immobilize the cells, muscovite mica 
surface was coated with a 0.1% (wt/vol) solution of poly-L-
lysine (molecular weight >300,000) for at least 2 h. Bacterial 
adhesion was carried out at room temperature by depositing 20 
µl of bacterial suspension onto mica surface, was buffered at 
pH 7, and was incubated for 20 min. The sample holder con-
taining bacteria was filled with distilled water during experi-
ments. 

AFM measurements were carried out with an Asylum MFP-
3D head and controller (Asylum Research, Santa Barbara, CA, 
U.S.A.) in AC mode. The driver program MFP-3D Xop was 
written in IGOR Pro software (version 5.05b; Wavemetrics, 
Lake Oswego, OR, U.S.A.). Silicon nitride cantilevers (Bio-
Lever Mini BL-AC40TS; Olympus Optical Co., Ltd., Tokyo) 
with a nominal spring constant of 90 pN/nm were used. Typi-
cally 512 × 512–pixel scans were taken at a scan rate of 0.3 to 
1.0 lines per second under water. Both trace and retrace images 
were measured and compared for accuracy, no difference was 
found between them. A number of at least 40 cells were sub-
jected to the measurements. 

To characterize the changes in the mechanical properties of 
membranes, the elastic (Young’s) modulus was determined by 
force measurements as was described earlier (Balint et al. 
2007; Wilhelm et al. 2007), except that force curves were re-
corded at a constant speed of 600 nm s–1. All experiments were 
repeated at least four times. 

Detection of LPS. 
Bacterial cultures of B. japonicum wild-type, MP99, and 

MP120 strains were grown in liquid PSY medium. Cultures 
(200 µl) of logarithmic phase were pelleted by centrifugation 
and were washed and extracted with the hot phenol-water 
method (Kiss et al. 1997). The aqueous phases were pooled 
and exhaustively dialyzed (membrane cutoff 6,000 to 8,000 
kDa) against water. This crude polysaccharide solution was 
lyophilized and then dissolved in 100 µl of water. 

Total polysaccharide extracts were analyzed by sodium de-
oxycholate-polyacrylamide gel elecrophoresis, using 18% poly-

acrylamide gels with deoxycholic acid as detergent (Krauss et 
al. 1988). Equal amounts of polysaccharide extracts were loaded 
on gels, except when otherwise described. Sample buffer, gel 
electrophoresis buffer, and silver staining were used as de-
scribed by Krauss and associates (1988). Experiments were 
performed three times. 

Lipid extraction. 
Cells grown in PSY medium (50 ml) were harvested at 

OD600 = 0.8 and were washed twice with PBS, and the wet 
bacterial cell paste was subjected to lipid extraction procedure 
according to a modified Bligh and Dyer method (Kates 1986). 
The final dried lipid extract was immediately dissolved in 300 
µl of chloroform/methanol (2:1) and was stored at –20°C. 

Fatty-acid analysis of total lipid extracts. 
Lipid samples (50 µl) were dried in ampules and trans-

methylated with 2 ml of 5% acetyl chloride (in methanol) at 
80°C for 2 h. The resulting fatty-acid methyl esters (FAME) 
were extracted with hexane, the solvent was evaporated, and 
the residue was dissolved in 50 µl of benzene and was ana-
lyzed using the Shimadzu GC-MS-QP2010 (Shimadzu Corpo-
ration, Tokyo) equipped with a BPX70 capillary column (10 m 
× 0.1 mm × 0.2 µm) (SGE Analytical Science Pty Ltd., Ring-
wood, Australia). A 1-µl aliquot was injected onto the column 
maintained at 150°C for 2 min and programmed at 6°C per 
minute from 150 to 215°C and at 20°C per minute to 235°C 
and then maintained isothermally for 2 min. Fatty-acid compo-
sition is given as weight percent (%) of total. The measure-
ments were made in triplicate. 

Separation of individual PL. 
Individual lipid classes were separated by thin-layer chro-

matography on Kielselgel 60 silica gel TLC plates (Merck & 
Co., Inc., Whitehouse Station, NJ. U.S.A.) First, a developing 
solvent of acetone/petroleum ether (30 to 50°C, 1:3) was used 
to run to the top of the plate, which was then dried. Second, a 
chloroform/methanol/acetic acid (65:25:10) solvent was run 
for 2/3 of the plate. Lipids were visualized by spraying the plate 
with 0.05% 8-anilinonaphtalene-1-sulfonate in methanol and 
were identified using authentic standards. Depending on the 
relative fluorescence, 0.5 to 5 µg of C24:0 fatty acid was applied 
on the spots as internal standards. The spots were scraped off 
the plate and transmethylated, and FAME was analyzed as 
above. All measurements were done in triplicate. 

β-galactosidase measurements. 
B. japonicum strains grown at 31°C in PSY medium con-

taining the appropriate antibiotics were diluted to OD600 = 0.1 
and were further cultivated to OD600 = 0.5. The β-galactosidase 
activity was determined as described previously (Oláh et al. 
2001). Glycerol was added to the tested medium when re-
quired at a final concentration of 0.04%. Measurements were 
repeated five times. 

Symbiotic interaction with soybean host plant. 
Soybean seeds (Glycine max var. Pannonia Kincse) were 

surface-sterilized, were germinated for 3 days at room tem-
perature, and then, were placed in pots containing clay beads 
(Lodeiro and Favelukes 1999). Aliquots (1 ml) of B. japoni-
cum wild-type or MP99 mutant cultures grown in PSY me-
dium were used at the logarithmic growth phase (OD600 = 0.6; 
6.7 × 108 and 7.3 × 108 cells per milliliter, respectively) for 
inoculation of each plant. For both bacterial strains, 30 soybean 
plants were analyzed. After 60 days, plants were harvested, 
and the number of nodules and the dry weight of shoots were 
determined. To analyze nodule occupancy, 40 nodules were 
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randomly collected from plants inoculated either by the wild-
type or by the MP99 mutant strain and were surface-sterilized 
by repeated washing with 96% ethanol and, finally, with sterile 
distilled water. The nodules were crushed and suspended in 
0.9% NaCl, and 40 to 80 µl of the solution was placed on YEM 
agar plates. A total of 200 colonies from each strain type were 
checked for Km resistance to select for the MP99 mutant strain 
and for spectinomycin to select for the wild-type strain. 

Databases and software. 
The complete genomic sequence of Bradyrhizobium japoni-

cum was available online at the Kazusa Research Institute 
RhizoBase website and the BacMap Genome Atlas site. Se-
quence analyses were done using the ClustalW2 Bioedit pro-
gram and Promscan. 
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