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ABSTRACT Bacteria have multiple K� uptake systems. Escherichia coli, for example, has
three types of K� uptake systems, which include the low-K�-inducible KdpFABC system
and two constitutive systems, Trk (TrkAG and TrkAH) and Kup. Azorhizobium caulinodans
ORS571, a rhizobium that forms nitrogen-fixing nodules on the stems and roots of Ses-
bania rostrata, also has three types of K� uptake systems. Through phylogenetic analy-
sis, we found that A. caulinodans has two genes homologous to trkG and trkH, desig-
nated trkI and trkJ. We also found that trkI is adjacent to trkA in the genome and these
two genes are transcribed as an operon; however, trkJ is present at a distinct locus. Our
results demonstrated that trkAI, trkJ, and kup were expressed in the wild-type stem nod-
ules, whereas kdpFABC was not. Interestingly, Δkup and Δkup ΔkdpA mutants formed
Fix– nodules, while the Δkup ΔtrkA ΔtrkI ΔtrkJ mutant formed Fix� nodules, suggesting
that with the additional deletion of Trk system genes in the Δkup mutant, Fix� nodule
phenotypes were recovered. kdpFABC of the Δkup ΔtrkJ mutant was expressed in stem
nodules, but not in the free-living state, under high-K� conditions. However, kdpFABC of
the Δkup ΔtrkA ΔtrkI ΔtrkJ mutant was highly expressed even under high-K� conditions.
The cytoplasmic K� levels in the Δkup ΔtrkA ΔtrkI mutant, which did not express kdp-
FABC under high-K� conditions, were markedly lower than those in the Δkup ΔtrkA ΔtrkI
ΔtrkJ mutant. Taking all these results into consideration, we propose that TrkJ is in-
volved in the repression of kdpFABC in response to high external K� concentrations and
that the TrkAI system is unable to function in stem nodules.

IMPORTANCE K� is a major cytoplasmic cation in prokaryotic and eukaryotic cells.
Bacteria have multiple K� uptake systems to control the cytoplasmic K� levels. In
many bacteria, the K� uptake system KdpFABC is expressed under low-K� condi-
tions. For years, many researchers have argued over how bacteria sense K� concen-
trations. Although KdpD of Escherichia coli is known to sense both cytoplasmic and
extracellular K� concentrations, the detailed mechanism of K� sensing is still un-
clear. In this study, we propose that the transmembrane TrkJ protein of Azorhizo-
bium caulinodans acts as a sensor for the extracellular K� concentration and that
high extracellular K� concentrations repress the expression of KdpFABC via TrkJ.
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Azorhizobium caulinodans ORS571 is a microsymbiont of the water-tolerant tropical
legume Sesbania rostrata (1–3), where it forms N2-fixing nodules on the stems and

roots. A previous transposon mutagenesis study on the rhizobial factors involved in
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normal stem nodule development showed that A. caulinodans mutants with disrup-
tions of kup, the gene encoding the K� uptake system Kup, formed stem nodules
lacking N2-fixing activity (4).

Generally, there are four K� transport systems found in bacteria: the Trk, Ktr, Kup,
and Kdp systems. The Trk system is a major constitutive K� uptake system found in
most bacterial species and in several archaeal species. It has a moderate affinity for K�

in the vicinity of 1 mM (5) and probably takes up K� in symport with a proton (5, 6). It
is a multicomponent complex that consists of a K�-translocating subunit, either transmem-
brane protein TrkG or TrkH, and a cytoplasmic membrane surface protein, TrkA, which
carries the NAD� binding site that is necessary for the activity of the Trk system (6, 7).
For Trk function in Escherichia coli, either of the homologous genes trkG or trkH suffices,
but the catalytic domain gene trkA is essential (8, 9). The specificity of the system
depends on which of these two membrane-spanning components is involved (10). The
trkH-dependent transport requires an additional gene, trkE, which encodes an ATP-
binding protein (8, 9), whereas trkG-dependent transport requires ATP (5, 11) yet only
partially requires TrkE (8).

The Ktr system is similar to the Trk system and is found in many bacteria, but not
in archaea (5). It consists of two components, KtrA and KtrB, which are distantly
related to TrkA and TrkH, respectively (5). KtrA is about half the size of TrkA, with
a region that shares sequence homology with the NAD�-binding domain of some
dehydrogenases (5).

The Kup system, which has a modest affinity for K�, is a constitutively expressed
type of K� uptake system present in some bacteria, but its activity is inhibited at
elevated osmolarity (5). The Kup system protein is encoded by a single gene and is
composed of two domains: an integral membrane domain that has 12 putative
transmembrane spanners and a hydrophilic C-terminal domain (11).

The Kdp system, which consists of four subunits encoded by the kdpFABC operon,
has a high affinity for K�. It is the only K� uptake system that is induced by environ-
mental conditions such as a decrease in turgor pressure or low K� concentrations (5, 6,
12). KdpA is a K�-binding and transport protein and is highly hydrophobic, with 10
membrane-spanning segments (13). KdpB is the homologue of other P-type ATPases
and contains a highly conserved phosphorylation site. KdpC is presumed to have only
a single membrane-spanning segment and is involved in linking KdpA and KdpB
together, serving to assemble and stabilize the KdpFABC complex (13, 14). KdpA, KdpB,
and KdpC are sufficient to form a functional transport complex (15, 16), but all three
subunits are required for normal Kdp activity (13). KdpF, which in E. coli is a small
peptide consisting of 29 amino acids, is dispensable but important for the stability of
the Kdp complex (17, 18). The expression of the kdpFABC operon is positively controlled
by a two-component KdpDE system in response to low K� concentrations (19).

In the genome of A. caulinodans, three K� uptake systems, Kdp, Trk, and Kup, have
been identified, and kup mutants were observed to form dysfunctional stem nodules as
described above. This raised the hypothesis that the Kup system of A. caulinodans plays
an essential role in stem nodules that could not be complemented by the other K�

uptake systems. To test this hypothesis, we studied the contribution of each of the K�

uptake systems to nodule formation by constructing deletion mutants of each gene
and analyzing the expression patterns of the genes.

RESULTS
Genetic organization of the K� uptake system genes in A. caulinodans. Maps of

the K� uptake system genes of A. caulinodans ORS571 are shown in Fig. 1. The similarity
of the proteins encoded by these genes to those of E. coli or other bacteria are listed
in Table S1 in the supplemental material.

The AZC_4041 locus tag on the genome was named kup. Reverse transcription-PCR
(RT-PCR) analysis revealed that kup was transcribed in a monocistronic manner (see Fig.
S1 in the supplemental material).
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The AZC_1565, AZC_1566, and AZC_1567 locus tags, which are adjacent in the genome,
were named kdpA, kdpB, and kdpC, respectively. A small open reading frame was found in
the upstream region of kdpA and designated kdpF, but the locus tag of this gene was not
assigned. The KdpF of A. caulinodans is not identical to that of E. coli but to that of putative
KdpF proteins of species belonging to the Alphaproteobacteria (Table S1). The gene cluster
of kdpFABC was transcribed as an operon (Fig. S1).

The AZC_3082 gene was named trkA. Two genes homologous to trkG and -H were
identified in the genome of A. caulinodans. One is AZC_3081, which is located down-
stream of trkA, and the other is AZC_4025. A phylogenetic analysis based on the
putative amino acid sequences of the bacterial proteins homologous to TrkG and -H
revealed that the AZC_3081 protein belongs to a cluster that includes TrkI of Halomo-
nas elongata (20) and that the AZC_4025 protein belongs to a new cluster consisting
of proteins from Alphaproteobacteria, which is a cluster different from those that consist
of TrkG, TrkH, and TrkI proteins (Fig. 2). Thus, AZC_3081 and AZC_4025 were named trkI
and trkJ, respectively. The gene cluster of trkAI was transcribed as an operon, whereas
trkJ was transcribed in a monocistronic manner (Fig. S1).

Transcriptional activities of K� uptake system genes. To investigate the
transcriptional activities of kup, kdpFABC, trkAI, and trkJ, we constructed strains
harboring a transcriptional fusion of lacZ with kup, kdpF, trkA, or trkJ, and these
were designated the wild-type (WT) kup-lacZ, kdpF-lacZ, trkA-lacZ, and trkJ-lacZ
strains, respectively. These strains were grown at various K� concentrations (0.05 to
5 mM), and their �-galactosidase activities were measured (Fig. 3A). Consistent with
its regulation in other bacteria, the expression of kdpFABC was induced under
low-K� conditions, and kup, trkAI, and trkJ were constitutively expressed irrespec-
tive of the environmental K� concentration. To investigate the transcriptional
activities of these genes/operons in the symbiotic state, we stained stem nodules
formed after inoculation with these strains with 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) (Fig. 3B). We detected the transcriptional activities of kup,
trkAI, and trkJ in the infected regions of the stem nodules. However, kdpFABC was
not expressed in the infected regions of the stem nodules, suggesting that stem
nodules are abundant under K� conditions.

Phenotypes of stem nodules formed by mutant strains with deletions of K�

uptake system genes. We constructed a series of mutants with deletions of K� uptake
system genes as described in Materials and Methods. We first observed the stem nodules
formed by the Δkup, ΔkdpA, ΔtrkA ΔtrkI ΔtrkJ, ΔkdpA ΔtrkA ΔtrkI ΔtrkJ, Δkup ΔtrkA ΔtrkI
ΔtrkJ, and Δkup ΔkdpA strains and measured acetylene reduction activities (ARAs), which

kdpF kdpA (AZC_1565) kdpB (AZC_1566) kdpC (AZC_1567)

kup (AZC_4041)

trkA (AZC_3082) trkI (AZC_3081)

trkJ (AZC_4025)

1 kb

FIG 1 Genetic organization of the K� uptake system genes in A. caulinodans ORS571. Thin arrows below each map
indicate transcription units of K� uptake system genes.
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reflect nitrogen fixation activities (Fig. 4). The stem nodules formed by the Δkup mutant
showed Fix– phenotypes, characterized by white inner regions and limited nitrogen fixation
activities; while the ΔkdpA, ΔtrkA ΔtrkI ΔtrkJ and ΔkdpA ΔtrkA ΔtrkI ΔtrkJ mutants formed
Fix� stem nodules showing pink inner regions and high nitrogen-fixing activities. These
results suggest that the Kup system is an essential K� uptake system to maintain stem
nodules and that the Trk and Kdp systems are not required for normal nodule formation.
Interestingly, the Δkup ΔtrkA ΔtrkI ΔtrkJ mutant rather than the Δkup ΔkdpA mutant formed
Fix� stem nodules, indicating that the Fix– phenotype of the stem nodules caused by kup
deletion was recovered by the additional deletion of the Trk system genes.

To determine which genes among trkA, trkI, and trkJ contribute to the reversion of
the Fix– phenotype caused by the kup deletion, we observed the stem nodules formed

0.1

Alphaproteobacteria
Betaproteobacteria

Deltaproteobactaria
Gammaproteobacteria

Epsilonproteobacteria

Euryarchaeotes
Crenarchaeotes

Firmicutes
CFB group bacteria

E. coli, TrkG

E. coli, TrkH

H. elongata, TrkH
H. elongata, TrkI

A. caulinodans, TrkJ

A. caulinodans, TrkI

no circle Others

FIG 2 Phylogenetic relationships among TrkG and -H family proteins. Amino acid sequences were obtained by a BLASTp search on the NCBI server using the
AZC_3081 protein as a query, and phylogenetic analyses were performed using MUSCLE. The amino acid sequences used in this analysis are listed in Data Set
S1 in the supplemental material. Colored circles indicate the taxa of bacteria that possess each TrkG and -H family protein.
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by kup mutants with additional deletions of trkA, trkI, and/or trkJ and their combina-
tions (Fig. 5A and B). The mutants with common deletions of kup and trkJ (i.e., the Δkup
ΔtrkJ, Δkup ΔtrkA ΔtrkJ, Δkup ΔtrkI ΔtrkJ, and Δkup ΔtrkA ΔtrkI ΔtrkJ strains) formed Fix�

stem nodules, regardless of trkA and trkI deletion. However, the Δkup ΔkdpA ΔtrkJ
mutant formed Fix– stem nodules, although it has a common deletion of kup and trkJ.
Microscopic analysis was performed to observe in detail the phenotypes of the stem
nodules formed by these mutants (Fig. 5C). In the stem nodules formed by the WT and
Δkup ΔtrkJ strains, we observed that plant host cells were filled with bacterial cells.
However, those formed by the Δkup and Δkup ΔkdpA ΔtrkJ mutants have very low
numbers of bacterial cells inside the plant host cells, suggesting that these mutant
strains had difficulty surviving in the plant host cells. Based on these results, we
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FIG 3 Transcriptional activities of K� uptake system genes in the free-living and symbiotic states. (A)
Effect of extracellular K� concentration on the expression of kup, kdpFABC, trkAI, and trkJ. The WT
kup-lacZ, kdpF-lacZ, trkA-lacZ, and trkJ-lacZ strains were grown for 4 h under 0.05, 0.5, and 5 mM K�

conditions, and the �-galactosidase activities of these strains were measured. Data are presented as the
means � standard deviations from three replicate cultures. (B) Expression of kup, kdpFABC, trkAI, and trkJ
in stem nodules. Stem nodules formed by the indicated strains were sliced at 12 days postinoculation
(dpi), and the �-galactosidase activity was detected by staining with X-Gal.
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FIG 4 Phenotypes of stem nodules formed by mutant strains with deletion of K� uptake system genes.
Stem nodules formed by the indicated strains were observed at 12 dpi. (A) Images of the hand-cut stem
nodules. (B) N2 fixation activities of the stem nodules as assessed by ARAs. Data are presented as the
means � standard deviations from five separate plants. FW, fresh weight.
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hypothesized that simultaneous deletion of kup and trkJ induces high expression of the
kdpFABC operon. Furthermore, we hypothesized that the TrkAI uptake system cannot
function in the symbiotic state. To test these hypotheses, we conducted expression
analyses of the kdpFABC operon.

Effects of simultaneous deletion of kup and trkA, -I, and/or -J on the transcrip-
tional activity of kdpFABC. The kdpF-lacZ fusion was introduced into the mutants with
deletions of kup and trk genes. The resultant mutants were grown under various K�

conditions, and their �-galactosidase activities were measured to investigate the
transcriptional activity of kdpFABC (Fig. 6A). In the mutants with simultaneous deletions
of kup, trkA and/or -I, and trkJ (i.e., the Δkup ΔtrkA ΔtrkJ kdpF-lacZ, Δkup ΔtrkI ΔtrkJ
kdpF-lacZ, and ΔkupΔ trkA ΔtrkI ΔtrkJ kdpF-lacZ mutants), the expression levels of
kdpFABC were high even under high-K� conditions. However, kdpFABC was not in-
duced in the Δkup ΔtrkJ kdpF-lacZ mutant under high-K� conditions but under low-K�

conditions instead. These results revealed that simultaneous deletion of kup, trkJ, and
of trkA and/or trkI induced a high level of expression of kdpFABC even under high-K�

conditions. To determine the reason why the Δkup ΔtrkJ mutant could form Fix� stem
nodules, we observed the stem nodules formed by the Δkup ΔtrkJ kdpF-lacZ mutant.
We detected high expression of kdpFABC in the stem nodules formed by the Δkup ΔtrkJ
kdpF-lacZ mutant, like those observed in the Δkup ΔtrkA ΔtrkI ΔtrkJ kdpF-lacZ mutant
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FIG 5 Effect of trkJ deletion on the Fix– phenotype caused by kup deletion. Stem nodules formed by the
indicated strains were observed at 12 dpi. (A) Images of the hand-cut stem nodules. (B) ARAs of the stem
nodules. Data are presented as the means � standard deviations from five separate plants. FW, fresh
weight. (C) Optical microscopy observations of the stem nodules. Stem nodules were longitudinally
sectioned and stained with toluidine blue O.
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(Fig. 6B). These results indicate that the TrkAI system cannot function in the symbiotic
state, as hypothesized above.

Cytoplasmic K� content and growth in the free-living state. To investigate the
relationships of kdpFABC expression, cytoplasmic K� contents, and the growth of the
mutants with deletions of kup and trkA, -I, and/or -J, we grew a series of mutants (shown
in Fig. 5) under various K� conditions (Fig. 7). Lower cytoplasmic K� contents were
observed in the Δkup ΔtrkA, Δkup ΔtrkI, and Δkup ΔtrkA ΔtrkI mutants under higher
extracellular K� conditions (Fig. 7A). Furthermore, the cytoplasmic K� contents of these
mutants under 0.5 and 5 mM K� conditions were much lower than those of other
mutants. The growth of these mutants was also inhibited under 0.5 and 5 mM K�

conditions (Fig. 7B). These results suggest that the mutants with common deletion of
kup and of trkA, trkI, or both (Δkup ΔtrkA, Δkup ΔtrkI, and Δkup ΔtrkA ΔtrkI strains) were
unable to effectively import K� since these mutants lacked Kup and TrkAI, and even if
the KdpFABC system is present, it was not expressed. The low levels of cytoplasmic K�

in these mutants were rectified by additional deletion of trkJ; the Δkup ΔtrkA ΔtrkJ, Δkup
ΔtrkI ΔtrkJ, and Δkup ΔtrkA ΔtrkI ΔtrkJ mutants contained higher cytoplasmic K� levels
than the Δkup ΔtrkA, Δkup ΔtrkI, and Δkup ΔtrkA ΔtrkI mutants under 0.5 and 5 mM K�

conditions. Furthermore, the former mutants lacking trkJ grew better than the latter
mutants possesing trkJ.
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FIG 6 Effects of simultaneous deletion of kup and trkA, -I, and/or -J on the transcriptional activity of
kdpFABC. (A) Transcriptional activity of kdpFABC in the indicated strains in the free-living state under
various K� conditions. The strains were grown for 4 h under 0.05, 0.5, and 5 mM K� conditions, and their
�-galactosidase activities were measured. Data are presented as the means � standard deviations from
three replicate cultures. (B) Expression of kdpFABC in stem nodules. The stem nodules formed by the
indicated strains were observed at 12 dpi (upper panels), and �-galactosidase activity was detected by
staining with X-Gal (lower panels).
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DISCUSSION

The present study provides evidence of a novel pathway for the regulatory mech-
anism of K� uptake systems in a plant symbiotic bacterium. Here, we propose that TrkJ,
a TrkG and/or TrkH homologue, acts as a repressor for the expression of kdpFABC, the
operon encoding the high-affinity K� uptake KdpFABC system, probably via sensing a
high extracellular K� concentration. We also propose that the TrkAI system cannot
function in the symbiotic state (Fig. 8A).

These propositions are manifested in the phenotypes of the mutants in the symbi-
otic and free-living states. The Δkup mutant in the symbiotic state (Fig. 8B) is unable to
import K� via the TrkAI and Kup systems because the former cannot function in the
symbiotic state, and the latter is lacking; it is also unable to import K� via the KdpFABC
system because kdpFABC expression is repressed—most probably via TrkJ—in response
to high extracellular K� concentrations. Hence, the Δkup mutant could hardly import
K� in the stem nodules and eventually could barely survive there, resulting in Fix– stem
nodules. On the contrary, the Δkup ΔtrkJ mutant in the symbiotic state (Fig. 8C) may
import K� via the KdpFABC system, which is expressed in response to low cytoplasmic
K� concentrations, because the mutant is defective in TrkJ-mediated repression of
kdpFABC expression. Thus, the Δkup ΔtrkJ mutant can avoid critically low cytoplasmic
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FIG 7 Cytoplasmic K� content and growth in the free-living state. (A) Cytoplasmic K� content of the
indicated strains grown under various K� conditions. Bacterial cells grown for 4 h under 0.05, 0.5, and 5
mM K� conditions were collected, washed with 50 mM NaCl, and then suspended in pure water. These
cell suspensions were boiled, and the extracted K� was measured. Total extracted K� was normalized to
the OD595 of each cell suspension. (B) Growth of the indicated strains under various K� conditions. Each
strain was suspended in medium with 0.05, 0.5, and 5 mM K� to an OD600 of 0.05 and incubated for 16 h
with shaking. After incubation, the OD595 of each culture was measured using a 96-well microplate
reader. In panels A and B, data are presented as the means � standard deviations from three replicate
cultures.
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K� concentrations and form Fix� stem nodules. In the free-living state, this Δkup ΔtrkJ
mutant does not express kdpFABC under high-K� conditions because it can import
sufficient K� via the TrkAI system (Fig. 8D). The Δkup ΔtrkA ΔtrkI mutant in the
free-living state (Fig. 8E) likely imports little K� under high-K� conditions because it
lacks the TrkAI and Kup systems and is unable to express kdpFABC due to TrkJ-mediated
repression. Thus, this mutant is defective in growth under high-K� conditions. It grows
better under low-K� conditions than under high-K� conditions because the TrkJ-
mediated repression of kdpFABC expression could be prevented under low-K� condi-
tions and because it is able to import K� via the KdpFABC system. The Δkup ΔtrkA ΔtrkI
ΔtrkJ mutant in the free-living state (Fig. 8F) is defective in K� uptake via the TrkAI and
Kup systems under high-K� conditions but avoids critically low cytoplasmic K� con-
centrations by expressing the KdpFABC system because this mutant lacks the TrkJ-
mediated repression system of kdpFABC expression.

Generally, transcription of the kdpFABC operon is positively controlled by the
two-component system KdpDE in response to low K� concentrations. The E. coli
KdpD consists of a cytoplasmic N-terminal domain and a cytoplasmic C-terminal
domain (kinase domain) interconnected by four transmembrane segments (21). In
the case of E. coli, it has been proposed that the cytoplasmic C-terminal domain of
KdpD senses intracellular K� (22) and that the periplasmic loops of KdpD sense
extracellular K� (23).

For years, KdpDE has been thought to be the sole regulatory system of the kdpFABC
operon. However, this study provides insight into the possible presence of inhibitors
that interact with KdpDE or the presence of a regulatory system other than KdpDE that
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FIG 8 Model for regulation of the TrkAI and KdpFABC systems. The findings of this study strongly suggest
that the TrkAI system is unable to function in the symbiotic state and that kdpFABC expression is repressed
by high extracellular K� concentrations via TrkJ. The details are described in the Discussion section in the
main text.
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controls the expression of kdpFABC. Whether TrkJ is a separate regulatory system or just
a protein inhibitor interfering with the KdpDE system, elucidation of the structure of
TrkJ of A. caulinodans would clarify the nature of its involvement in kdpFABC expression.
The possible interactions of TrkJ with the histidine kinase KdpD or the response
regulator KdpE, which controls the expression of the kdpFABC operon in response to
K�, warrant further investigation.

In relation to the proposed mechanism of TrkJ-mediated control of the expression
of kdpFABC, a connection between the Trk and Kdp systems has previously been
reported. The Trk and Kdp systems are linked via a clever regulatory mechanism, the
enzyme IIANtr (EIIANtr) of the nitrogen-metabolic phosphotransferase system. This enzyme
directly interacts with KdpD, as well as with TrkA, thereby regulating kdpFABC expres-
sion and inhibiting Trk, respectively (24, 25). The dephosphorylated form of EIIANtr

binds and inhibits TrkA activity (24); it also independently interacts with the sensor
kinase KdpD and stimulates kinase activity, resulting in increased levels of the phos-
phorylated response regulator KdpE (25). Although the binding of dephosphorylated
EIIANtr to TrkA to inhibit Trk activity is independent of the EIIANtr-mediated regulatory
mechanism of kdpFABC expression (25), it is noteworthy that both activities occur as
consequences and subsequent steps of a common event—the formation of dephos-
phorylated EIIANtr. This supports our findings that there is a link between the Trk and
Kdp systems. This also supports our hypothesis that TrkJ might interact directly or
indirectly with the KdpDE regulatory system and that this interaction could lead to the
repression of kdpFABC expression. Furthermore, it would be interesting whether or not
EIIANtr is involved in the inactivation of the TrkAI system in the stem nodules.

Moreover, there is a need to verify the ubiquity of the novel regulatory mechanism of
K� uptake systems. The results of the phylogenetic analyses of TrkA/G family proteins
suggest that TrkJ-mediated repression in response to extracellular K� is limited to Alpha-
proteobacteria. Furthermore, this regulatory system might be specific to some species of
Alphaproteobacteria because not all of the Alphaproteobacteria possess TrkJ homologues.

MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are listed in Table 1. A.

caulinodans ORS571, the WT strain, and its derivatives were grown at 38°C in either tryptone-yeast
extract (TY) medium (26) supplemented with 15 mM KCl or in synthetic medium supplemented with
0.05, 0.5, or 5 mM KCl. The synthetic medium is composed of 10 mM NH4Cl, 10 mM sodium
phosphate (pH 7.0), 50 mM disodium succinate, 100 mg liter�1 MgSO4 · 7H2O, 50 mg liter�1 NaCl,
40 mg liter�1 CaCl2 · 2H2O, 5.4 mg liter�1 FeCl3 · 6H2O, 5 mg liter�1 Na2MoO4 · 2H2O, 2 mg liter�1

biotin, 4 mg liter�1 nicotinic acid, and 4 mg liter�1 pantothenic acid. Inoculation of A. caulinodans
strains into the synthetic medium supplemented with KCl was carried out as follows. Bacterial cells
grown overnight in TY medium with 15 mM KCl were collected by centrifugation and washed twice
with KCl-free synthetic medium. The washed bacterial cells were suspended in KCl-free synthetic
medium, and the cell suspensions were diluted with equal amounts of synthetic medium supple-
mented with 0.1, 1, or 10 mM KCl. The final concentrations of KCl were 0.05, 0.5, and 5 mM. The
cultures of each strain were then incubated with shaking.

Construction of bacterial strains. The plasmids and primers used for strain construction are listed in
Tables 1 and 2, respectively. Plasmids for gene deletion were constructed by splicing by overhang extension
(SOE) PCR (27). The genomic DNA isolated from the WT strain was used as a template in each first-round PCR.
To construct the plasmid for kup deletion, fragments containing the 5= end and 3= end of kup were amplified
by PCR, using primer pairs Acp16-Acp17 and Acp18-Acp19, respectively. Acp17 contains the complementary
sequence of Acp18, and the two amplified fragments were integrated by a second PCR using Acp16 and
Acp19. The integrated fragment was cloned into EcoRI and BamHI sites in pK18mobsacB (28), which is a
suicide vector allowing sucrose selection for vector loss. The resulting plasmid was designated pTAC3.
Similarly, the plasmids for the deletion of kdpA, trkAI, trkA, trkI, and trkJ were constructed using the primers
listed in Table 2 and designated pTAC39, pTAC40, pTAC110, pTAC111, and pTAC41, respectively. These
plasmids were conjugated into WT and mutant strains via E. coli S17-1(�pir) (29), and gene deletions were
introduced by allelic exchange.

In order to construct kup-lacZ, kdpF-lacZ, trkA-lacZ, and trkJ-lacZ fusions on the chromosome, the
fragments containing the 5= end of each open reading frame were amplified by PCR from the genomic
DNA of the WT strain using the primer pairs listed in Table 2 and cloned into a suicide vector, pTA-MTL
(30), which carries a promoterless lacZ gene flanked by terminator sequences. The resulting plasmids
were conjugated into the WT strain and its derivative mutant strains via E. coli S17-1(�pir), with selection
for kanamycin resistance.

Plant growth and bacterial inoculation for nodule formation. S. rostrata stems were inoculated
with A. caulinodans strains, as described previously (31), and then grown at 30°C under a 24-h light
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regimen. ARA measurements and optical microscopy observations of stem nodules were carried out as
described previously (31).

RT-PCR analysis. Total RNA was isolated from bacterial cultures, and cDNA was synthesized according
to previously described methods (31). Subsequent PCRs were performed using the cDNAs and WT genomic
DNA (1 � 10�1 ng �l�1) as the templates with the gene-specific primer pairs listed in Table 2.

�-Galactosidase activity in the free-living state. Bacterial cells were suspended in 2 ml of synthetic
medium supplemented with 0.05, 0.5, or 5 mM KCl at an optical density at 600 nm (OD600) of 0.5. Cultures
were incubated for 4 h with shaking. After incubation, �-galactosidase activity was measured according
to a previously reported method (32), with some modifications, as follows. Bacterial cultures (50 �l) were
mixed with 450 �l of Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4)
supplemented with 50 mM 2-mercaptoethanol, 0.001% SDS, and 50 �l of chloroform. The mixture was
vortexed for 30 s, and 50 �l of o-nitrophenyl-�-D-galactoside (ONPG; 4 mg ml�1 in Z buffer) was added.
After incubation at 25°C, reactions were stopped by adding 250 �l of 1 M Na2CO3. The mixtures were
centrifuged, and 200 �l of the supernatants was transferred to clear 96-well plates. Subsequently, 200 �l
of the bacterial cultures was transferred to clear 96-well plates. The absorbance of the supernatants at

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description
Source or
reference

Strains
A. caulinodans

ORS571 WT 1
Anx3 Δkup This study
Anx101 ΔkdpA This study
Anx104 ΔtrkA ΔtrkI ΔtrkJ This study
Anx105 Δkup ΔtrkJ This study
Anx106 ΔkdpA ΔtrkA ΔtrkI ΔtrkJ This study
Anx107 Δkup ΔtrkA ΔtrkI ΔtrkJ This study
Anx108 Δkup ΔkdpA This study
Anx191 Δkup ΔtrkA This study
Anx192 Δkup ΔtrkI This study
Anx193 Δkup ΔtrkA ΔtrkI This study
Anx194 Δkup ΔtrkA ΔtrkJ This study
Anx195 Δkup ΔtrkI ΔtrkJ This study
Anx112 Δkup ΔkdpA ΔtrkJ This study
Anx124 WT kup-lacZ This study
Anx138 WT kdpF-lacZ This study
Anx126 WT trkA-lacZ This study
Anx127 WT trkJ-lacZ This study
Anx139 Δkup kdpF-lacZ This study
Anx197 Δkup ΔtrkA kdpF-lacZ This study
Anx198 Δkup ΔtrkI kdpF-lacZ This study
Anx199 Δkup ΔtrkA ΔtrkI kdpF-lacZ This study
Anx200 Δkup ΔtrkJ kdpF-lacZ This study
Anx201 Δkup ΔtrkA ΔtrkJ kdpF-lacZ This study
Anx202 Δkup ΔtrkI ΔtrkJ kdpF-lacZ This study
Anx141 Δkup ΔtrkA ΔtrkI ΔtrkJ kdpF-lacZ This study
Anx114 ΔtrkJ kdpF-lacZ This study

E. coli
DH5� F� �80ΔlacZΔM15 Δ(lacZYA-argF)U169 recA endA hsdR supE44

thi gyrA relA1
36

S17-1(�pir) F� ompT hsdSB(rB
� mB

�) gal dcm(DE3) Δ(srl-recA)306::Tn10 (Tetr) 29

Plasmids
pK18mobsacB Suicide vector for gene disruption 28
pTA-MTL Suicide vector for lacZ fusion 30
pTAC3 pK18mobsacB carrying kup deletion fragment This study
pTAC39 pK18mobsacB carrying kdpA deletion fragment This study
pTAC110 pK18mobsacB carrying trkA deletion fragment This study
pTAC111 pK18mobsacB carrying trkI deletion fragment This study
pTAC40 pK18mobsacB carrying trkAI deletion fragment This study
pTAC41 pK18mobsacB carrying trkJ deletion fragment This study
pTAC54 pTA-MTL carrying kup-lacZ fusion This study
pTAC58 pTA-MTL carrying kdpF-lacZ fusion This study
pTAC56 pTA-MTL carrying trkA-lacZ fusion This study
pTAC57 pTA-MTL carrying trkJ-lacZ fusion This study
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TABLE 2 Primers used in this study

Primer Sequence
Description of
underlined sequence

Plasmid construction
pTAC3

Acp16 CGAATTCTGATCCGGCACATTGTCA EcoRI
Acp17 GTCGAGATTGGTCACCCGCCAGGTGATGAGCGACAG Complement with Acp18
Acp18 CGGGTGACCAATCTCGAC
Acp19 GCGGATCCGGATGGGATGACGCTAC BamHI

pTAC39
Acp254 AACTGCAGCCTGATCGGGATTGAACG PstI
Acp192 ACGATGTAGGCGAAGCGGAGCGTGTAGCCGATCCAG Complement with Acp193
Acp193 CCGCTTCGCCTACATCGT
Acp255 GCTCTAGAGAGGGCGGAGATCTTGGT XbaI

pTAC110
Acp198 AACTGCAGAGCGCCTGCTGATTCTC PstI
Acp579 GCAGGCCACCATGTTCAC
Acp584 GTGAACATGGTGGCCTGCGTCAGCCTCGAATTCTTCTGA Complement with Acp579
Acp585 GCTCTAGATGGCTTCCACCGTCTC XbaI

pTAC111
Acp586 AACTGCAGTCAGCCTCGAATTCTTCTGA PstI
Acp587 CAGGATCAGGCTCTCGCCGATGGCTTCCACCGTCTC Complement with Acp207
Acp207 GGCGAGAGCCTGATCCTG
Acp208 GCTCTAGAGGCGAGGTGGATGATGAC XbaI

pTAC40
Acp198 AACTGCAGAGCGCCTGCTGATTCTC PstI
Acp253 CAGGATCAGGCTCTCGCCGCAGGCCACCATGTTCAC Complement with Acp207
Acp207 GGCGAGAGCCTGATCCTG
Acp208 GCTCTAGAGGCGAGGTGGATGATGAC XbaI

pTAC41
Acp212 CGAATTCGGCCATGTGGAAGAGGTG EcoRI
Acp213 AACAGACGCACTTCCGGAATGTTCCGCCACAAGAGC Complement with Acp214
Acp214 TCCGGAAGTGCGTCTGTT
Acp215 GCGGATCCCGTCATCCGCATATCGT BamHI

pTAC54
Acp256 GCGGATCCACAAGAAGCGCATCATCCTT BamHI
Acp285 AACTGCAGAAGATACCAGCGCAGACC PstI

pTAC58
Acp307 AACTGCAGCAAGTCCATCTCCTCCTCCA PstI
Acp308 GCTCTAGAATCATCACGCGCTCCTTC XbaI

pTAC56
Acp198 AACTGCAGAGCGCCTGCTGATTCTC PstI
Acp287 GCTCTAGAGCAGGCCACCATGTTCAC XbaI

pTAC57
Acp212 CGAATTCGGCCATGTGGAAGAGGTG EcoRI
Acp288 GCGGATCCATGTTCCGCCACAAGAGC BamHI

RT-PCR
kup

P1 AGATCGAGCTCTGGACGAAG
P2 TATTTGACGGTGACGGAAAG
P3 CACAGCAACCGTGAACGAC
P4 TTCACCGGATAACCGATCTC
P5 CGGGTGACCAATCTCGAC
P6 ATAAATCCCAAGCCATGCAG

kdpFABC
P7 GACCGAGATCTCCACCAAGA

(Continued on next page)
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415 and 540 nm and the OD595 of the cultures were measured using a 96-well microplate reader (680 XR;
Bio-Rad, Hercules, CA, USA).

�-Galactosidase activity in the symbiotic state. Stem nodules were longitudinally cut into 3 pieces
with a razor blade. The middle piece of each sample was incubated in ice-cold 90% acetone for 15 min
and washed with 50 mM phosphate buffer (pH 7.2). The samples were incubated at 25°C in reaction
buffer containing 50 mM phosphate buffer (pH 7.0), 0.5 mM K3[Fe(CN)6], 0.5 mM K4[Fe(CN)6], and 0.05%
Triton X-100 with 0.25 mg ml�1 X-Gal under vacuum conditions for 30 min, followed by incubation for
3 h under nonvacuum conditions.

Cytoplasmic K� content and growth test. For measurements of cytoplasmic K� content, bacterial
cells were suspended in 10 ml of synthetic medium supplemented with 0.05, 0.5, or 5 mM KCl to an OD600

of 1.0. Cultures were incubated for 4 h with shaking. After incubation, the cultures were washed with 50
mM NaCl and suspended in 10 ml of pure water. The OD595 of each solution (200 �l) was measured using
the 96-well microplate reader. The tubes were then boiled for 30 min, and the cultures were centrifuged.
The K� content of the supernatant was measured using an atomic absorption spectrophotometer
(AA-6200; Shimadzu, Kyoto, Japan) and divided by the OD595 of the bacterial strain measured before the
disruption of the cells. For the growth tests, bacterial cells were suspended in 2 ml of synthetic medium
with KCl to an OD600 of 0.05. Cultures were incubated for 16 h with shaking. After incubation, 200 �l of
the bacterial cultures was transferred to clear 96-well plates, and the OD595 of each culture was measured
using the 96-well microplate reader.

Sequence analysis. The nucleotide sequence of the entire genome of A. caulinodans ORS571 is
available in the DDBJ/EMBL/GenBank databases under accession no. AP009384. Homology searches
based on amino acid sequences were performed using the BLASTp program on the National Center for
Biotechnology Information (NCBI) server (www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic analyses were
carried out using the MUSCLE programs (33) on MEGA5 software (34). Predictions of transmembrane
regions on the amino acid sequences were performed using the SOSUI program (35) on the SOSUI server
(http://harrier.nagahama-i-bio.ac.jp/sosui/).
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TABLE 2 (Continued)

Primer Sequence
Description of
underlined sequence

P8 GCAGGATGTAGAGGGTCGAA
P9 CTCGCCGCTTATCTCCTCAC
P10 GAGATCACGGATGAACAGCA
P11 CCGCTTCGCCTACATCGT
P12 AGGAATTGGCGGCATCATAG
P13 GCCATCACCCTTCTGGTG
P14 ATGTCGAATTCAGGGACGAG

trkAI
P15 TCGACCTCATCTCTCAGACG
P16 GATTGCTCTCCACCACCTTG
P17 AGAACGACGTCTCCATCGTC
P18 GGCGAGGTGGATGATGAC
P19 GGCGAGAGCCTGATCCTG
P20 GAGGTGGATGATGACGAAGG

trkJ
P21 TCTGGGCCTATACGATCGAG
P22 TGAAGACGATGGCCACATAG
P23 GCTGTTCGAGAGCATGTCC
P24 GCTCGCCACATAAAGGAAGA
P25 TCCGGAAGTGCGTCTGTT
P26 GCGAAGAGCAGAAGGAGATG
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