APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 2000, p. 5353–5359
0099-2240/00/$04.00⫹0
Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Vol. 66, No. 12

A Homologue of the Tryptophan-Rich Sensory Protein TspO and
FixL Regulate a Novel Nutrient Deprivation-Induced
Sinorhizobium meliloti Locus
MARY ELLEN DAVEY*

AND

FRANS J.

DE

BRUIJN

NSF Center for Microbial Ecology, MSU-DOE Plant Research Laboratory, and Department of
Microbiology, Michigan State University, East Lansing, Michigan 48824
Received 14 August 2000/Accepted 5 October 2000

phosphorus or nitrogen may limit growth. Rhizosphere soil has
been reported to be a somewhat less oligotrophic environment
than bulk soil, due to the presence of plant root exudates as
readily utilizable nutrients. However, even in the rhizosphere,
bacterial growth and activity are generally limited to the short
periods when these exudates are available (18). It is likely that
bacteria, which have evolved within the soil and rhizosphere,
have developed distinct mechanisms for persisting in a nutrient-limited soil environment.
We have been investigating gene expression during nutrient
deprivation in an indigenous soil bacterium, Sinorhizobium
meliloti. This bacterium is a capable of establishing a symbiosis
with the legume alfalfa (Medicago sativa) during which a new
specialized organ is formed, the nitrogen-fixing root nodule.
These nodules provide the proper physiological conditions for
the bacteria to survive in the absence of competing microflora
and to reduce atmospheric dinitrogen to ammonia, which is
then assimilated by the plant (reviewed in references 34 and
41). The symbiotic properties of rhizobia have been thoroughly
investigated (34), yet little is known about how these bacteria
are able to persist in their free-living state in the soil and
rhizosphere. Previously, we reported the isolation of 33 S. meliloti strains with Tn5-luxAB reporter gene fusions induced by
deprivation of carbon, nitrogen, or both (23). Here we report
further characterization of one of these strains (C22) that
harbors a transcriptional fusion induced by oxygen, nitrogen,
or carbon deprivation; by osmotic stress; and during entry into
postexponential stationary phase. The locus containing this
fusion has been designated ndi for nutrient deprivation induced. In addition, we describe the identification of an S. meliloti gene encoding a homologue of the tryptophan-rich sensory protein TspO from Rhodobacter sphaeroides which is
involved in regulating the expression of the ndi locus.

In nature, bacterial growth is restricted by a wide variety of
environmental factors. One factor of particular importance is
the lack of essential nutrients. In most natural settings, at least
some essential nutrients are limiting; therefore, negligible
growth or dormancy is the more typical physiological state of
bacteria (24). Understanding how bacteria are able to monitor,
sense, and respond to their environment in this nutrient-deprived state is fundamental to our understanding of microbial
biology and ecology. Some bacteria, such as Bacillus and Myxococcus spp., sporulate when challenged with environmental
stresses (11, 14). However, the majority of bacteria do not
appear to differentiate into these stress-resistant forms. Research on primarily Escherichia coli, Salmonella typhimurium,
and Vibrio spp. has shown that under starvation conditions,
these nonsporulating bacteria enter into a specific genetic program which results in the generation of a survival state supporting the persistence of the species until conditions improve
(17, 19, 28, 35).
Research on the starvation survival of bacteria whose natural habitat is soil, such as Pseudomonas or Rhizobium spp., has
been relatively limited thus far (see Discussion). Soil is generally a harsh, oligotrophic environment (31, 40, 44). Nutrient
deprivation and oxygen limitation may represent the most prevailing stress conditions for bacteria that persist in this environment. Although a small amount of organic matter is present
in most soils, the bulk of it is in a recalcitrant form, such as
lignin or humus (1). Furthermore, in soils where utilizable
carbon is available, the lack of inorganic nutrients such as
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A nutrient deprivation-induced locus in Sinorhizobium meliloti strain 1021 was identified by use of a Tn5-luxAB
reporter gene transposon. The tagged locus is comprised of two open reading frames (ORFs) designated ndiA
and ndiB for nutrient deprivation-induced genes A and B. Comparison of the deduced amino acid sequences
of both ndiA and ndiB to the protein databases failed to reveal similarity to any known genes. The expression
of the ndi locus was found to be induced by carbon and nitrogen deprivation, osmotic stress, and oxygen limitation
and during entry into stationary phase. To identify regulatory components involved in the control of ndi gene
expression, a second round of mutagenesis was performed on the primary ndiB::Tn5-luxAB-tagged strain (C22)
with transposon Tn1721. A double-mutant strain was obtained that lacked ndi locus transcriptional activity
under all of the inducing conditions tested. The Tn1721-tagged gene showed a high degree of similarity to
tryptophan-rich sensory protein TspO from Rhodobacter sphaeroides, as well as to mitochondrial benzodiazepine receptor pK18 from mammals. Induction of the ndi::Tn5-luxAB reporter gene fusion was restored under
all inducing conditions by introducing the tspO coding region, from either S. meliloti or R. sphaeroides, in trans.
Furthermore, it was found that, in addition to tspO, fixL, which encodes the sensor protein of an oxygen-sensing
two-component system, is required for full expression of the ndi locus, but only under low oxygen tension.
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Strains
E. coli DH5␣
S. meliloti
1022
C22
12,C-4
R-C22
5001

Source or reference

supE44 lacU169 (80lacZ⌬M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1

8a

Smr; wild type
Kmr; S. meliloti 1021 ndiB::Tn51063a
Tcr Kmr; C22 tspO::Tn1721
Tcr; S. meliloti 1021 tspO::Tn1721
ntrC::Tn5; Smr Kmr

20a
23
This study
This study
37

Kmr; triparental mating helper, ColE1 replication, Tra⫹
Tcr suicide vector, contains transposon Tn1721
Ptrp-GFP-S65T in pMB393; Spr
Apr; cloning and sequencing vector
Broad host range; Tcr IncP Mob⫹ Tra⫺
Kmr; EcoRI transposon recovery from strain C22
Spr Kmr; entire 12.2-kb EcoRI fragment of pC22 inserted into pTB93
Apr; HindIII transposon Tn1721 recovery from strain 12,C-4
Tcr; clone containing tspO locus from pLAFR1 S. meliloti library
Spr; ppuMI-SalI fragment of pLtspO containing tspO ORF from S. meliloti inserted into pTB93
Tcr; pRK415 containing tspO under control of PrrnB
Spr; BamHI-KpnI fragment containing tspO gene from plasmid pUI1126 inserted into pTB93

6a
32a
8
Stratagene, La Jolla, Calif.
7a
This study
This study
This study
6
This study
48
This study

MATERIALS AND METHODS
Media and growth conditions. S. meliloti strains were grown on or in rich TY
medium (4) or defined minimal GTS medium (23) at 28°C, as indicated. GTS-N
is GTS medium lacking nitrogen. GTS-C is GTS medium lacking carbon.
GTS⫹NaCl is GTS containing NaCl (400 mM). GTS⫹sucrose is GTS containing
sucrose (30%). E. coli strains were grown on rich medium (Luria-Bertani medium) at 37°C. Antibiotics were added at various concentrations. S. meliloti
received streptomycin at 250 g ml⫺1, kanamycin at 200 g ml⫺1, tetracycline at
10 g ml⫺1, and spectinomycin at 50 g ml⫺1. E. coli received ampicillin at 100
g ml⫺1, kanamycin at 50 g ml⫺1, spectinomycin at 100 g ml⫺1, and tetracycline at 5 g ml⫺1.
Survival during stationary phase. Strains 1021, C22, 12,C-4, and R-C22 were
grown in GTS medium containing limiting amounts of carbon (0.025% glucose).
Triplicate cultures (25 ml) were grown in 125-ml flasks with shaking at 28°C for
21 days. Viable cell counts of each culture were determined at regular intervals
by plating a dilution series (five replicates) on TY medium containing the appropriate antibiotics. The data were recorded as CFU per milliliter.
Nodulation experiments. S. meliloti mutant strains C22 and 12,C-4 were
screened for the symbiotic phenotype by inoculation on alfalfa (M. sativa) seedling roots and for the ability to fix nitrogen as described previously (22).
Substrate utilization experiments. To test strains for the ability to utilize or
oxidize a variety of different carbon sources, GN Biolog Microplates from
BiOLOG (Hayward, Calif.) were used as described by the manufacturer.
DNA manipulations and plasmid constructions. The strains and plasmids used
in this study are described in Table 1. Plasmid DNA for restriction analysis and
DNA sequencing was prepared using Wizard minipreps from Promega (Madison, Wis.). Chromosomal DNA was isolated from S. meliloti strains as described
by de Bruijn et al. (6). All enzymes for DNA manipulations were purchased from
Boehringer Mannheim (Indianapolis, Ind.) or New England Biolabs (Beverly,
Mass.). Restriction enzyme digests and ligations were carried out as described by
Sambrook et al. (32). Probes were labeled with [␣-32P]dATP using a random
primer kit (Boehringer Mannheim) and following the manufacturer’s instructions. Plasmids were introduced into E. coli hosts by electroporation and into
S. meliloti strains via triparental conjugation (5).
Two plasmids (pTtspO and pRstspO) were constructed for complementation
studies with double-mutant strain 12,C-4. To construct plasmid pTtspO, we
replaced the gfp coding region in plasmid pTB93F (8) with an S. meliloti tspO-like
open reading frame (ORF) containing a PpuMI-SalI fragment derived from
plasmid pLtspO. Expression of the S. meliloti tspO-like ORF in this construct is
controlled by the constitutive trp promoter of pTB93F. To construct plasmid
pRstspO, we replaced the gfp coding region in plasmid pTB93F (8) with a
BamHI-KpnI fragment containing the R. sphaeroides tspO gene from plasmid
pUI1126 (48). Expression of R. sphaeroides tspO in this construct is also under
the control of the constitutive trp promoter of pTB93F.
Transposon mutagenesis. Tn1721 transposon mutants were generated by triparental conjugation (5; A. Milcamps, P. Struffi, and F. J. de Bruijn, submitted
for publication) using E. coli strain DH5␣ carrying plasmid pJOE105 (donor;
Tcr) or plasmid pRK2013 (helper; Kmr) and the S. meliloti insertion mutant C22
(recipient). Three thousand transposon mutants were isolated, and single colo-

nies were purified, grown in liquid TY medium, and stored in microtiter plates
at ⫺80°C. The resulting double-mutant strains were screened for luciferase
activity on agar plates under the inducing conditions specified using a Hamamatsu Photonic System model C1966-20 (Photonic Microscopy) as described by
Milcamps et al. (23).
Isolation of the Tn1721-tagged locus and genetic techniques. The Tn1721tagged locus from double-mutant strain 12,C-4 was isolated by creating a partial
genomic library in pBluescript II KS, using 12,C-4 genomic HindIII fragments
between 4.0 and 5.0 kb, and screening this library via colony hybridization using
a probe corresponding to the first 350 bp of the 5⬘ end of Tn1721. This clone was
designated pBSR. In order to obtain additional flanking sequence information, a
pLAFR1 genomic library of S. meliloti 1021 (6) was probed with pBSR to isolate
the wild-type genomic clone of the S. meliloti tspO locus. The obtained pLAFR1
genomic clone was designated pLtspO.
Phage M12 was used for general transduction as described by Finan et al. (7)
to reconstruct tspO::Tn1721 as a single mutation. This strain is designated R-C22.
Induction and quantitative measurement of luciferase activity. To evaluate
expression under various stress conditions, strain C22 or strains harboring
pC22lux were grown in TY broth with the appropriate antibiotics for 36 h,
subcultured in triplicate into GTS or TY broth (1:100 dilution), and grown
overnight to early exponential growth phase (optical density between 0.1 and
0.3). The cultures were maintained under aeration for experiments evaluating
luxAB gene expression during stationary phase or constantly bubbled with a
mixture of 1% oxygen in nitrogen to test the effect of microaerophilic conditions
on expression. Alternatively, the cells were centrifuged at room temperature and
the pellets were resuspended in regular or modified GTS medium for examination of expression under nutrient deprivation conditions or osmotic stress. All
cultures were incubated in a rotory shaker at 28°C, and luciferase activity and cell
density were measured at the designated time points.
Luciferase activity was determined with a luminometer (model TD-20e;
Turner Designs, Sunnyvale, Calif.) by mixing 140 l of bacterial culture with 10
l of n-decyl aldehyde (Sigma, St. Louis, Mo.) and immediately starting the
analysis. The aldehyde solution was prepared in water (0.1%, vol/vol) and vortexed for 10 min to form an emulsion. Photons were counted for 20 s, and data
was recorded as light units (LU). The assay was performed in triplicate on each
culture. Calibration of the luminometer by the method of Hastings and Weber
(10) was used to determine that 1 LU equaled approximately 1.4 ⫻ 107 photons.
To quantitatively determine the luminescence of carbon-limited and therefore
energy-starved cells, a 500-l aliquot of culture was mixed with an equal portion
of complete GTS medium and vortexed briefly. This mixture was incubated at
room temperature for 15 min, and a 140-l aliquot was used for luciferase
activity testing as described above.
Since oxygen is required for luciferase activity, the cells that were exposed to
low oxygen tension (1%) were aerated briefly before testing by pelleting a 750-l
aliquot of culture and resuspending the pellet in an equal amount of fresh GTS
medium. This sample was subsequently immediately tested for luciferase activity
as described above.
DNA sequence analysis. Sequence analysis of DNA fragments carried in Bluescript vectors was performed using standard primers and primer walking strate-
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Plasmids
pRK2013
pJOE105
pTB93F
pBluescript II SK
pLAFR1
pC22
pC22lux
pBSR
pLtspO
pTtspO
pUI1126
pRstspO
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gies. The sequencing was carried out at the DNA sequencing facility at Michigan
State University. Initial DNA sequence analysis was carried out using the Sequencher software package (Gene Code Corporation, Ann Arbor, Mich.). ORFs
were identified by analyzing the DNA sequence with a codon preference program based on codon usage for S. meliloti (C. Halling, University of Chicago,
Chicago, Ill.) and by examining the DNA sequence for start codons and ShineDalgarno motifs around translational start sites indicated by the codon usage
program. Possible promoter regions were identified by searching for characteristic motifs in the DNA sequence using the Predict Promoter for Prokaryotes
program (29a, 29b). Database searches were conducted through the National
Center for Biotechnology Information (NCBI) web page using the Gapped
BLAST program (2). Alignments of deduced amino acid sequences were obtained using the pileup program of the GCG software package (Genetics Computer Group, Madison, Wis.).
Nucleotide sequence accession numbers. The DNA sequences obtained in this
study have been submitted to GenBank under accession numbers AF178441 (ndi
locus) and AF179401 (tspO locus).

RESULTS
S. meliloti strain C22 carries a Tn5-luxAB insertion in a novel
locus. Tn5-luxAB insertion mutant C22 was isolated in a previous
screen for S. meliloti strains carrying luxAB reporter gene fusions
induced under nutrient deprivation conditions (23). The tagged
locus in strain C22 was cloned by excision from the genome as an
EcoRI fragment (EcoRI does not cleave within Tn5-luxAB), selfligated, and electroporated into E. coli (DH5␣). The resulting
plasmid (pC22) is self-replicating due to the presence of oriV
within the Tn5-luxAB transposon (46). The sequence of the DNA
flanking the Tn5-luxAB insertion site was determined using
unique outward reading primers corresponding to the left and
right ends of the transposon, as described previously (23). Additional sequence in the region was determined by primer walking.
DNA sequence analysis of the region flanking the Tn5-luxAB
insertion (4.7 kb) predicted four ORFs (Fig. 1). The site of insertion in strain C22 was found to be located near the middle of an
ORF that, upon comparison of the deduced amino acid sequence
to the NCBI protein databases, failed to reveal significant similarity to any known protein. This ORF has been designated ndiB
for nutrient deprivation-induced gene B. The predicted translational stop codon (TGA) of the ORF just upstream of ndiB, which
has been designated ndiA, and the predicted start (ATG) site of
ndiB were found to overlap (GAAGGAGAGACTGCAAT
GAA). Therefore, it is possible that these two genes are translationally coupled and constitute an operon. In addition, comparison of the deduced amino acid sequence of ndiA also
showed no similarity to any sequence in the NCBI protein
databases; therefore, both ndiA and ndiB appear to be novel.
Two strategies were used to delimit the predicted promoter
region of the ndiAB locus. First, plasmid pC22 was digested
with EcoRI and the entire fragment was cloned into broadhost-range vector pTB93 (pC22lux) and subsequently introduced into S. meliloti strain 1021. Induction of luciferase ac-

tivity during oxygen, nitrogen, or carbon deprivation; osmotic
stress; and stationary phase was observed in the strain containing plasmid pC22lux (data not shown), indicating that the
complete ndi promoter region is contained within the 4.7-kb
fragment. In addition, the DNA sequence analysis program
Promoter Predictions for Prokaryotes (http://www.fruitfly.org
/seq_tools/promoter.html) predicts a putative promoter region
(score, 0.91) approximately 275 bp upstream of ndiA (Fig. 1).
An ORF encoding a protein with a high degree of similarity
(31% identity, 46% similarity) to various repressor proteins,
such as PurR and LacI (33), was found adjacent to and downstream (194 bp) of the ndiAB genes, along with a putative
promoter region (score, 0.98) identified by the Predict Promoter Program (Fig. 1). It is highly similar to the consensus
(⫺35, ⫺10) promoter element of E. coli (9). It should be noted
that within the 4.7-kb sequence analyzed, the promoter region
upstream of ndiA and this promoter region were the only two
promoters predicted by the program.
In addition, a divergent ORF was predicted at the 5⬘ end of
the putative ndiAB operon, containing a region with significant
similarity (41% identity, 60% similarity) to the gene osmY from
E. coli, which encodes an osmotically induced periplasmic protein whose function is unknown (51, 52).
The ndiB::Tn5-luxAB gene fusion in strain C22 is induced by
O2, N, and C deprivation; by osmotic stress; and during stationary phase. The expression of the chromosomal ndiB::Tn5luxAB fusion harbored by strain C22 was quantitatively examined by measuring luminescence (relative LU [RLU]) under a
variety of growth conditions. The ndi promoter was found to be
active at low levels throughout exponential growth (⬵3 RLU)
and induced 12- to 27-fold after 4 h of carbon deprivation,
nitrogen deprivation, or osmotic stress and at reduced oxygen
tension (Fig. 2). In addition, an eightfold induction of the
ndiB::Tn5-luxAB fusion was observed as the cells of strain C22
entered stationary phase in complex TY medium (Fig. 3). This
expression profile was also observed in stationary-phase cells
grown in defined GTS medium (data not shown). The observed
luxAB reporter gene expression pattern persisted for approximately 8 h after entry into stationary phase. However, since
luciferase activity is dependent on the energy status of the cell
due to the requirement for reducing equivalents (reduced flavin mononucleotide) to catalyze the bioluminescence reaction
(21), the persistence of expression during later stages of sta-

FIG. 2. Strain C22 ndi::Tn5-luxAB expression under oxygen (1% oxygen),
carbon (GTS-C), and nitrogen (GTS-N) deprivation and under osmotic stress
(GTS plus NaCl or sucrose). Luciferase activity was determined at 2-h intervals
for 8 h. Luminescence values are defined as described in Materials and Methods.
Data are presented as the mean ⫾ the standard deviation (n ⫽ 9). O.D. 600,
optical density at 600 nm.
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FIG. 1. Map of the Tn5-luxAB-tagged locus from strain C22. Insertion site of
Tn5-luxAB is indicated (by an inverted triangle), along with selected restriction
sites used for cloning, predicted ORFs (➡), and putative promoter regions ( ➝ ).
The presumptive direction of transcription is indicated by arrows.
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tionary phase (after 24 h) could not be quantitatively evaluated.
A homologue of tspO regulates expression of the ndi locus. In
order to identify genes involved in the regulation of the ndi
locus, strain C22 (ndiB::Tn5-luxAB) was mutagenized with a
second transposon (Tn1721) as described in Materials and
Methods and a library of 3,000 double mutants was screened
for altered patterns of ndiB::Tn5-luxAB expression. One double mutant, designated strain 12,C-4, was found in which the
ndiB::Tn5-luxAB reporter gene fusion was found to be no
longer expressed under any of the previously determined inducing conditions. Southern hybridization analysis of strain
12,C-4 confirmed that this strain contained a single Tn1721
insertion and that the insertion site did not fall within the
initial Tn5-luxAB-tagged locus (data not shown).
The corresponding Tn1721-tagged locus from double-mutant strain 12,C-4 was isolated as described in Materials and
Methods. The structure and DNA sequence of the region
surrounding the transposon were determined (Fig. 4). The site
of insertion was found to be in a gene encoding a protein with
a high degree of similarity to the 18-kDa outer membrane
component (pK18) of the mammalian mitochondrial benzodiazepine receptor (⬵45% identity, 65% similarity) (20), as well
as to an outer membrane oxygen sensor protein (TspO) of
R. sphaeroides (42% identity, 67% similarity) (48–50).
Upstream (53 bp) of the tspO-like gene, a 225-bp ORF
(ORF2) was found with a high degree of similarity (55% identity) to the protein encoded by the yuzA gene from Bacillus
subtilis (accession no. Z99120). This protein, whose function is
unknown, is approximately the same size as the predicted protein in ORF2 (78 amino acids; Fig. 4). Upstream of ORF2 (29
bp) was found another ORF (ORF1), in the same transcriptional direction, which shares a high degree of similarity with a
gene encoding a transforming growth factor-induced protein
from Synechocystis sp. (46% identity) (15) and a major secreted
protein MBP70 precursor from Mycobacterium bovis (39%
identity; accession no. A37195). Both of these genes encode
secreted proteins that affect eukaryotic gene expression.
A putative promoter region was identified by computer analysis just upstream of ORF1 (score, 0.94), and a divergent ORF
(ORF4) upstream of this putative promoter region was identified with similarity to a gene encoding an epoxidase from
Methanobacterium thermoautotrophicum (32% identity and 50%
similarity) (accession no. AAB85164). In addition, downstream

FIG. 5. Complementation of double-mutant strain 12,C-4 with pTtspO
(S. meliloti) and pRstspO (R. sphaeroides) under all inducing conditions. Data for
pTtspO is after 6 h, and that for pRstspO is after 8 h of exposure to inducing
conditions. Double-mutant strain 12,C-4 is not responsive (0.0 RLU) under any
of the conditions tested. A strain 12,C-4 pTB93 vector-only control also showed
no expression, as expected (data not shown). Luminescence values are defined as
described in Materials and Methods. Data are presented as the mean ⫾ the
standard deviation (n ⫽ 9). O.D. 600, optical density at 600 nm.

of the tspO-like gene, a divergent ORF encoding a protein with
low similarity (31% identity and 46% similarity) to a Tra protein from Streptomyces lividans plasmid pIJ101 (accession no.
P22409) was found (data not shown). Thus, the sequence
analysis predicts that three ORFs (ORF1, ORF2, and ORF3,
which encodes TspO) constitute a Tn1721-tagged operon.
To determine if the dark phenotype of double-mutant strain
12,C-4 was exclusively due to the mutation in the tspO-like
gene, a plasmid (pTtspO) which constitutively expresses the
coding region of only the tspO-like ORF was introduced into
strain 12,C-4 via conjugation for complementation studies.
This region was found to restore induction of the ndi locus
under all of the previously tested induction conditions (Fig. 5).

FIG. 4. Map of the Tn1721-tagged locus from double-mutant strain 12,C-4
with indication of the Tn1721 insertion site (inverse triangle), the putative promoter region ( ➝ ), selected restriction sites, predicted ORFs (➡), protein sequence similarities, the organism with which the similarity was found, and percent identity. The presumptive direction of transcription is indicated by arrows.
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FIG. 3. Strain C22 ndi::Tn5-luxAB expression during entry into postexponential stationary phase in complex TY medium. Cultures were grown in triplicate
for 72 h. Luciferase activity and absorbance were determined at the specified
intervals. Data are presented as the mean ⫾ the standard deviation (n ⫽ 9). O.D.
600, optical density at 600 nm.
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TABLE 2. Plasmid pC22lux and chromosomal ndi::Tn5-luxAB expression in S. meliloti 1021 wild-type and tspO and fixL mutant
strains after exposure to low oxygen tension for 8 ha
Chromosomal ndi::Tn5lux

Plasmid pC22lux
Regulatory mutant
background

0h

Wild type
fixL::Tn5
tspO::Tn1721

493 ⫾ 19.7
883 ⫾ 35.2
344 ⫾ 6.9

a

8h
Aerobic

1% O2

344 ⫾ 10.7
116 ⫾ 4.5
101 ⫾ 2.0

2,632 ⫾ 158.0
1,064 ⫾ 49.7
453 ⫾ 12.9

8h

0h

5.2 ⫾ 0.25
11 ⫾ 0.9
0.0

Aerobic

1% O2

0.4 ⫾ 0.0
0.0
0.0

55.8 ⫾ 5.0
8.8 ⫾ 0.72
0.0

Luminescence values are defined as described in Materials and Methods. Data are presented as the mean ⫾ the standard deviation (n ⫽ 9).

ase expression of the Tn5-luxAB reporter gene (data not shown).
Therefore, expression of the ndi locus, rather than luciferase
activity per se, appears to be dependent on fixL and tspO.
Phenotypic analysis of mutant strains. The growth rate and
survival characteristics of strains C22, 12,C-4, and R-C22 were
examined. These strains, as well as wild-type strain 1021, were
grown in minimal GTS medium, and viable cell counts of each
culture were determined at regular intervals for 21 days. All
three strains were found to have growth rates similar to that of
the wild-type strain. Furthermore, a decrease in viable counts
was not observed during stationary phase, indicating that these
mutants are not impaired in the ability to persist under starvation conditions (data not shown). In addition, the ability to
utilize or oxidize a wide variety of different carbon sources was
screened using the GN Biolog Microplates. All three strains
had utilization patterns similar to that demonstrated by the
wild-type strain (data not shown). Therefore, these mutants do
not appear to be deficient in carbon utilization.
The abilities of the C22 and 12,C-4 mutants to nodulate and
to fix nitrogen symbiotically were examined in a plant infection
test. Both strains were able to nodulate the plant with equivalent numbers of nodules, and the nodules demonstrated levels
of nitrogenase activity comparable to that of plants infected
with the wild-type strain. Therefore, ndiB and tspO do not
appear to be absolutely required for the formation and function of the symbiotic association.
DISCUSSION
Rhizobia provide a unique model system with which to investigate environmental control of gene expression in a bacterium indigenous to soil. These bacteria persist in the free-living
state in bulk soil or in an endosymbiotic state in plants. In
order to do so, rhizobia must survive under stressful conditions
in soil, competitively sense and utilize signaling molecules and
growth-promoting nutrients excreted from the plant into the
rhizosphere, and adapt to the homeostatic environment within
the host plant tissue. It is evident that these three distinct
modes of existence require a high degree of physiological
adaptability and mechanisms to sense changes in environmental parameters.
The nutrient deprivation responses in rhizobia are just beginning to be investigated. Recently, evidence for a general
starvation response in Rhizobium leguminosarum similar to
that found in E. coli and Vibrio sp. has been reported (38) and
Uhde et al. (39) have identified S. meliloti mutants that are
affected in stationary-phase survival (39). In addition, phosphate stress-induced genes in S. meliloti (36), as well genes
expressed during carbon or nitrogen deprivation, have been
reported (23) and starvation-induced changes in chemotaxis,
motility, and flagellation have also been reported (42).
Although S. meliloti starvation or stress response research
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In addition, the tspO gene from R. sphaeroides was also found
to restore proper induction patterns when provided in trans
(pRstspO) and expressed under the control of the same constitutive promoter (Fig. 5).
FixL is involved in regulating expression of the ndi locus. As
described above, expression of the Tn5-luxAB fusion in strain
C22 is induced by nitrogen and oxygen deprivation (Fig. 2).
Two regulatory pathways have been described in S. meliloti
that are involved in the control of nitrogen deprivation and
microaerobically induced genes, namely, the ntr system, consisting of the ntrA (30) and ntrBC (37) genes, and the fixLJ
system (3), respectively. In order to evaluate the involvement
of these signaling pathways in the control of ndiB expression,
plasmid pC22lux was introduced into fixL::Tn5-233 (J. Trzebiatowki, unpublished data) and ntrC::Tn5 (37) mutant strains
of S. meliloti 1021 and luciferase activity was monitored over
time under inducing conditions. A similar reporter gene expression profile was found in the wild-type and ntrC mutant
backgrounds during nitrogen deprivation (data not shown),
indicating that ntrC is not required for ndiB expression during
nitrogen deprivation. However, a much lower level of luciferase expression was found under oxygen-limiting conditions
in the fixL mutant strain than in the wild-type background
(Table 2). To further evaluate this observation, a double chromosomal (S. meliloti 1021 fixL::Tn5-233 ndiB::Tn5-luxAB) mutant was created by transducing the ndi::Tn5-luxAB insertion
into S. meliloti 1021 fixL::Tn5-233. This strain (fixL::Tn5-233
ndiB::Tn5-luxAB) was examined for luciferase activity under
oxygen-limiting conditions. A decreased level of ndiB::Tn5luxAB expression during oxygen deprivation was observed,
compared to that found in the wild-type background (Table 2),
confirming the data obtained with strains carrying the plasmidborne fusion. Therefore, it appears that fixL is required for full
induction of ndiB::Tn5-luxAB reporter gene expression under
low oxygen tensions. Furthermore, ndiB-luxAB reporter gene
expression patterns were found to be unaltered in the fixL
mutant under all of the other inducing conditions tested (carbon and nitrogen deprivation and osmotic stress) (data not
shown). Therefore, fixL involvement in the regulation of the
ndi locus appears to be specific to sensing and/or responding to
low oxygen tension.
Luciferase activity is dependent on the energy status of the
cell. Therefore, it was possible that the observed decrease in
ndiB::Tn5-luxAB reporter gene expression in the fixL and tspO
mutant backgrounds could be the result of a general effect of
the physiology of the cells on luciferase activity. To examine
this question, a control strain (CV2) harboring a constitutively
expressed Tn5-luxAB fusion in a gene whose function is unknown (23) was used. Double-mutant strains CV2:tspO::Tn1721
and CV2: fixL::Tn5-233 were created by M12 transduction
and examined for luciferase activity under low oxygen tension.
Inactivation of the fixL or tspO gene did not affect the lucifer-
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also belong to the alpha subdivision of purple bacteria; therefore, it is not surprising that similar proteins are retained in
these organisms. However, since only a few prokaryotes contain this protein, it may be evolutionarily significant that mitochondria, members of the alpha subdivision of purple bacteria that are the likely source of the endosymbiont that gave
rise to the mammalian mitochondrion, and S. meliloti, an endosymbiont, contain this protein.
In Rhodobacter spp., TspO is located in the outer membrane
and is associated with the major outer membrane porins. In the
mitochondrion, the data indicate that pK18 is also localized to
the outer membrane and is associated with the voltage-dependent anion channel (20). Moreover, both the TspO and pk18
complexes bind and transport dicarboxylic tetrapyrrole intermediates of the heme biosynthetic pathway (20, 48). This has
been proposed as the likely mechanism by which TspO regulates gene expression in Rhodobacter (47, 49). Although it
seems counterintuitive that synthesis of porphyrins would occur during nutrient deprivation, it has been reported that under a variety of conditions, such as iron deficiency, starvation
for heme, or oxygen limitation, bacterial cells produce and
excrete porphyrins (12, 25, 29). We propose that heme itself or
an intermediate of the heme biosynthetic pathway acts as an
effector molecule or triggers the synthesis of another effector
molecule that binds to a repressor, which then inhibits transcription of the ndi locus. When the concentration of porphyrins or putative effector molecules is decreased, the repressor
can no longer inhibit transcription and expression of the ndi
locus is restored. It is possible that in the TspO mutant, the
concentrations of porphyrins remains high under physiologically stressful conditions; therefore, there is constant repression of the ndi locus.
In addition, FixL appears to be required for full induction of
the ndi locus under low oxygen tension. This control may be
imposed directly through the response regulator FixJ, or the
control may be an indirect effect; that is, FixL may control
porphyrin biosynthesis in response to oxygen tensions and
thereby indirectly regulate expression of the ndi locus when the
oxygen tension is low. However, TspO appears to be epistatic
to FixL, since no expression is observed in the tspO mutant,
even though FixL is still present.
The mechanism by which TspO in Rhodobacter controls the
transport of porphyrins and the nature of the signal that TspO
senses remains to be determined. In addition, further investigations are necessary to determine if these two related TspO
homologues in S. meliloti and Rhodobacter spp. actually function in a similar manner and respond to the same signals.
Nonetheless, these two proteins are involved in regulating gene
expression and are likely to provide a new and important way
to think about signal transduction in prokaryotes.
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