
JOURNAL OF BACTERIOLOGY,
0021-9193/99/$04.0010

Feb. 1999, p. 849–857 Vol. 181, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Poly-3-Hydroxybutyrate Degradation in Rhizobium (Sinorhizobium)
meliloti: Isolation and Characterization of a Gene Encoding

3-Hydroxybutyrate Dehydrogenase
P. ANEJA1 AND T. C. CHARLES1,2*

Department of Natural Resource Sciences, McGill University, Ste-Anne-de-Bellevue, Quebec,
Canada H9X 3V9,1 and Department of Biology, University of Waterloo,

Waterloo, Ontario, Canada N2L 3G12

Received 26 August 1998/Accepted 23 November 1998

We have cloned and sequenced the 3-hydroxybutyrate dehydrogenase-encoding gene (bdhA) from Rhizobium
(Sinorhizobium) meliloti. The gene has an open reading frame of 777 bp that encodes a polypeptide of 258 amino
acid residues (molecular weight 27,177, pI 6.07). The R. meliloti Bdh protein exhibits features common to mem-
bers of the short-chain alcohol dehydrogenase superfamily. bdhA is the first gene transcribed in an operon that
also includes xdhA, encoding xanthine oxidase/dehydrogenase. Transcriptional start site analysis by primer
extension identified two transcription starts. S1, a minor start site, was located 46 to 47 nucleotides upstream
of the predicted ATG start codon, while S2, the major start site, was mapped 148 nucleotides from the start
codon. Analysis of the sequence immediately upstream of either S1 or S2 failed to reveal the presence of any
known consensus promoter sequences. Although a s54 consensus sequence was identified in the region between
S1 and S2, a corresponding transcript was not detected, and a rpoN mutant of R. meliloti was able to utilize
3-hydroxybutyrate as a sole carbon source. The R. meliloti bdhA gene is able to confer upon Escherichia coli the
ability to utilize 3-hydroxybutyrate as a sole carbon source. An R. meliloti bdhA mutant accumulates poly-3-
hydroxybutyrate to the same extent as the wild type and shows no symbiotic defects. Studies with a strain
carrying a lacZ transcriptional fusion to bdhA demonstrated that gene expression is growth phase associated.

The soil bacterium Rhizobium (Sinorhizobium) meliloti fixes
N2 in symbiotic association with leguminous plants such as
alfalfa. R. meliloti cells are able to exist as two distinct entities:
the free-living form competes for limiting nutrients with other
soil inhabitants, while the symbiotic N2-fixing bacteroid forms
an intimate association with the host plant from which a steady
supply of nutrients is derived.

When excess carbon nutrient is available but a noncarbon
nutrient such as N, P, or O2 is limiting for growth, many bac-
teria accumulate the intracellular carbon storage compound
poly-3-hydroxybutyrate (PHB). Under subsequent carbon lim-
iting conditions, the endogenous PHB stores can serve as a
source of carbon and reducing energy (3). In pure culture, free-
living R. meliloti is able to accumulate PHB to up to 60% of the
total cellular dry weight (81). PHB deposits have also been
observed to be present in bacteria within the infection thread
but not in differentiated bacteroids (40, 41, 65). In contrast to
the absence of PHB in R. meliloti bacteroids, PHB does accu-
mulate in bacteroids of some other rhizobia such as Rhizobium
sp. strain NGR234 (83), Rhizobium etli (11), and Bradyrhizo-
bium japonicum (58). Thus, PHB may have important roles to
play at various stages of the symbiosis.

The capacity of R. meliloti to successfully compete with other
soil microorganisms for the limiting nutrient resources in soil is
an important determinant for the establishment of a successful
symbiosis (82, 84). The ability to synthesize and degrade PHB
may influence the capability of bacterial cells to survive ex-
tended periods of starvation in the soil (77). A specific carbon
source that is responsible for fueling cell growth and develop-

ment during infection and nodule invasion has not been iden-
tified (28), and it has been suggested that intracellular PHB,
accumulated in the rhizosphere, may be an important source of
carbon and energy during infection (12). In the cases where
PHB deposits are found in bacteroids, PHB may be important
in fueling the N2 fixation process when the supply of plant
photosynthates is reduced, for example, in darkness (9, 35), or
for recovery of bacteroids after nodule senescence (48, 76).
Alternatively, PHB synthesis may compete with the N2 fixation
process for reducing equivalents, as was proposed to explain
the observation that R. etli mutants defective in PHB synthesis
induce nodules with enhanced N2 fixation capacity (11). Al-
though it has been reported that mutants of R. meliloti unable
to synthesize PHB are able to establish symbiotic association
with alfalfa hosts (67), PHB may nevertheless provide carbon
and energy for bacteria within the infection thread when the
supply from the host is inadequate.

Biochemical studies have suggested a pathway for PHB ca-
tabolism in bacteria. Degradation is initiated with the action of
a PHB depolymerase that releases the monomer 3-hydroxybu-
tyrate. Both intracellular and extracellular PHB depolymerases
have been documented (42, 43). The enzyme 3-hydroxybuty-
rate dehydrogenase (EC 1.1.1.30; Bdh) catalyzes the reversible
oxidation of the released 3-hydroxybutyrate (HB) to acetoac-
etate, which is then activated to acetoacetyl coenzyme A (ace-
toacetyl-CoA) by a CoA transferase. A ketothiolase cleaves the
acetoacetyl-CoA to yield two molecules of acetyl-CoA which
are metabolized via the tricarboxylic acid cycle and glyoxylate
shunt (71).

Bdh enzymes from a number of bacteria have been purified
and biochemically characterized (10, 22, 46, 49, 55, 63, 78).
Enzymatic studies in various bacteria have suggested that Bdh
plays a key role in the control of PHB degradation because its
activity is regulated by some or all of the following compounds:
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NAD(P)H, pyruvate, oxaloacetate, 2-oxoglutarate, and acetyl-
CoA (55, 56, 71, 78). Moreover, this enzyme has been observed
only in bacteria that are able to accumulate PHB (55), and in
Azospirillum brasilense, the level of Bdh activity has been
shown to be directly proportional to the total PHB content
(77). Although R. meliloti has a single Bdh, some Rhizobium
strains produce multiple forms of Bdh, the physiological sig-
nificance of which remains unknown (31).

In mammals, the Bdh enzyme is involved in ketone body
metabolism during periods of starvation. The mammalian en-
zyme is located in the matrix face of the inner mitochondrial
membrane (59), whereas the bacterial enzyme is cytoplasmic.
In contrast to the bacterial enzyme, the mammalian enzyme
has an absolute requirement for phosphatidylcholine for activ-
ity. The primary sequence of rat Bdh places it in the short-
chain alcohol dehydrogenase (SCAD) superfamily (20). An
example of a bacterial Bdh sequence has not been available for
comparison to establish the molecular basis of the structural
and functional differences between the bacterial and mamma-
lian Bdh enzymes.

In a recent report, we described the isolation of a R. meliloti
Tn5 mutant, strain Rm11107, that is unable to metabolize HB
but retains the ability to utilize acetoacetate as a sole carbon

source (12). Cell extracts of strain Rm11107 cultures lack 3-
hydroxybutyrate dehydrogenase activity. The mutation was
mapped to megaplasmid pRmeSU47b. Here we report the
phenotypic characterization of the bdhA mutant, isolation of
the bdhA gene, and the complete nucleotide sequence of the
gene and surrounding DNA. In addition, we show that expres-
sion of bdhA is growth phase associated.

MATERIALS AND METHODS

Bacterial strains, plasmids, transposons, and culture conditions. A list of the
bacterial strains, plasmids, and transposons used in this study is provided in
Table 1. The construction of new strains is described in the text. Culture methods
in LB, TY, and modified M9 minimal medium with various carbon sources, and
antibiotic concentrations, were as described previously (12, 13). Thiamine (5
mM) was added to minimal medium for growth of Escherichia coli LS5218 and
LS5218R. Where glycerol served as the sole carbon source, it was present at a
final concentration of 1%.

Genetics and molecular biology techniques. Bacterial conjugations, FM12
transductions, Tn5 mutagenesis, homogenotizations, and transposon replace-
ments were carried out as described previously (13, 14, 16). DNA manipulations
were carried out by using standard methods (4). DNA sequence was determined
by a combination of manual and automated (MOBIX Facility, McMaster Uni-
versity, Hamilton, Ontario, Canada) sequencing using both universal and cus-
tom-designed primers and an IS50-specific primer (15). Custom-designed prim-
ers were purchased from Biosource International (Keystone Labs, Camarillo,
Calif.) or Life Technologies GIBCO BRL (Gaithersburg, Md.). Manual sequenc-

TABLE 1. Bacterial strains, plasmids, and phage used in this studya

Strain, plasmid,
or phage Relevant characteristics Source, reference,

or construction

R. meliloti
Rm1021 SU47 str-21 61
Rm5000 SU47 rif-5 26
Rm5422 Rm1021ntrA75::Tn5 29
Rm8501 Rm1021lac 37
Rm11107 Rm1021bdhA1::Tn5 12
Rm11145 Rm1021bdhA1::Tn5-233 12
Rm11159 Rm1021bdhA2::Tn5 This study
Rm11191 Rm1021bdhA3-2::Tn5-B20 This study
Rm11234 Rm1021glpK11::Tn5 This study
Rm11249 Rm5000bdhA3::VSmSp This study
Rm11262 Rm1021bdhA3::VSmSp This study

E. coli
LS5218 fadR601 atoC200 (constitutive) CGSC 6966; reference 74
LS5218R LS5218 Rpr This work
DH5a F2 endA1 hsdR17 (rK

2 mK
2) supE44 thi-1 recA1 gyrA96 relA1 D(argF-lacZYA)U169 F80dlacZ DM15 l2 BRL Inc.

MT607 pro-82 thi-1 endA hsdR17 supE44 recA56 27
MT616 MT607(pRK600); mobilizer 27
G312 MT607V5::Tn5-B20 24
MT614 MT607VTn5 29a

Plasmids
pLAFR1 IncP cosmid cloning vector; Tcr 33
pHP45 V SmrSpr; vector Apr 68
pBSKS1 ColE1 cloning vector; Apr Stratagene
pUC19 ColE1 cloning vector; Apr 87
pSP329 IncP cloning vector; Tcr 66a
pTC344 pLAFRI clone carrying bdhA, isolated by complementation of Rm11107 This study
pTC370 pLAFRI clone carrying bdhA, isolated by complementation of LS5218R This study
pPA31 pBSKS1 carrying bdhA on a 5.5-kb PstI fragment, derived from pTC344 This study
pPA35 pSP329 with the pTC344-derived 5.5-kb PstI fragment carrying bdhA This study
pPA36 Same as pPA35, opposite orientation This study
pPA56 pUC19 with the pTC344-derived 5.5-kb PstI fragment carrying bdhA This study
pPA59 pPA56 with V SmrSpr insertion in unique EcoRV site within bdhA This study
pPA60 pSP329 with the PstI fragment in pPA59 This study
pPA63 pBSKS1 carrying bdhA on a 1.2-kb XhoI-SalI fragment derived from pPA35 This study
pPA67 pSP329 carrying bdhA on a 1.2-kb XhoI-SalI fragment derived from pPA35 This study

Phage
FM12 Generalized transducing phage 26

a Abbreviations: Ap, ampicillin; Rp, rifampin; Sm, streptomycin; Nm, neomycin; Tc, tetracycline; Sp, spectinomycin. Transposons used in this work include Tn5 (7),
Tn5-233 (23), and Tn5-B20 (73).
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ing was performed with the cycle sequencing kit from Life Technologies GIBCO
BRL. Automated sequencing was performed with an Applied Biosystems 373A
Stretch DNA automated sequencer, using dye terminator chemistry and cycle
sequencing. Sequence compilations and analyses were done with MacVector,
version 6.0.1 (Oxford Molecular Group) and DNA Strider, version 1.2 (57).
Multiple alignments were performed with the Clustal W program (79).

RNA isolation. Total cellular RNA was prepared from 500 ml of TY-grown
R. meliloti cultures harvested at an optical density at 600 nm (OD600) between 0.5
and 0.6 by using a modification of the hot phenol extraction method (34, 64).
Prior to use, the RNA solution was treated with 160 U of RNase-free DNase I
in the presence of 80 U of the RNase inhibitor RNasin (Promega, Madison,
Wis.). This was followed by phenol-chloroform-isoamyl alcohol (25:24:1) extrac-
tion and ethanol precipitation of the RNA.

Primer extension analysis. A 30-mer oligonucleotide (59-CTCGTGGAACCC
GTTATCACCGCAGTCTTG-39) complementary to nucleotide positions 6 to
35 of the putative protein coding region was employed for mapping the tran-
scriptional start site(s) of bdhA. The primer was end labeled with [g-33P]ATP
(Amersham, Buckinghamshire, United Kingdom) by using T4 polynucleotide
kinase (Promega) at 37°C for 10 min, followed by heat inactivation at 65°C for
5 min. The labeled primer was separated from the unincorporated label by using
a Microcon-3 (Amicon, Beverly, Mass.) spin column. The probe (106 cpm) was
coprecipitated with 50 mg of Rm1021 RNA. Extension was performed with 40 U
of Expand reverse transcriptase (Boehringer GmbH, Mannheim, Germany) for
90 min at 42°C. Half of the extension product was loaded onto a 6% polyacryl-
amide–7 M urea gel and run alongside a sequencing ladder generated by using
the same 30-mer oligonucleotide as primer and 200 ng of plasmid pPA31 as
template DNA.

Enzyme assays. Preparation of cell extracts, protein determination, the assay
for Bdh activity, and nondenaturing polyacrylamide gel electrophoresis were
carried out as described previously (12). For detection of xanthine oxidase and
xanthine dehydrogenase activities, cell extracts equivalent to 85 mg of total
protein were electrophoresed through a nondenaturing polyacrylamide gel. Pos-
telectrophoretic staining for xanthine oxidase (EC 1.1.3.22) and xanthine dehy-
drogenase (EC 1.1.1.204) activities were performed with hypoxanthine as the
substrate (25, 72). Since aldehyde oxidase (EC 1.2.3.1) can also be detected by
this method, a parallel control gel was stained for aldehyde oxidase activity with
benzaldehyde as the substrate (25).

Generation of bdhA-lacZ fusions. To obtain Tn5-B20 (73) insertions in bdhA,
pTC344 was introduced into E. coli G312, which carries Tn5-B20 on the chro-
mosome (24). Tn5-B20 insertions in pTC344 were identified by triparental mat-
ing of the plasmids from the donor E. coli strains into strain Rm11145 recipients
by using E. coli MT616 as a mobilizer. The Smr Nmr Tcr colonies obtained were
screened for the ability to grow on minimal medium with HB as the sole carbon
source, and five insertions that disrupted the complementing ability of pTC344
were retained. These Tn5-B20 insertions were then tested for lacZ expression in
the Lac2 strain Rm8501, and three of five were Lac1. The precise locations of
these insertions were determined by sequence analysis using the IS50 primer.
The insertions were then homogenotized into the Rm8501 genome.

Transcriptional fusion assays. Transcriptional assays were performed by in-
oculating 1.5 ml of stationary-phase cultures of strains Rm8501 and Rm11191
into 1-liter Erlenmeyer flasks containing 300 ml of TY. Samples (1.5 ml) were
withdrawn every 2 h, and OD600 and b-galactosidase activities were determined
as described previously (75). b-Galactosidase activity is expressed in Miller units
(62).

PHB assays. Cultures for PHB assays were obtained by growing the strains in
125-ml Erlenmeyer flasks containing 50 ml of YMB (K2HPO4, 0.5; MgSO4 z
7H2O, 0.2; NaCl, 0.1; mannitol, 10; yeast extract, 0.4 [in grams per liter]) (81) and
shaking at 160 rpm for 48 h. Following a saline wash and resuspension in 50 ml
of saline, PHB was extracted from a 2-ml fraction of culture and assayed by the
method of Law and Slepecky (53). The remaining 48 ml of culture was used for
dry weight determination after incubation of the wet pellet at 37°C until no
further decrease in weight was noted.

Plant assays. Symbiotic phenotype assays were performed with axenic alfalfa
plants in covered Magenta jars with washed vermiculite containing 25 ml of
Jensen’s N-free plant nutrient solution (45). Each jar, containing five 2-day-old
seedlings, was inoculated with 5 ml of a 1:50 H2O dilution of a saturated TY
culture. The jars were placed in a growth chamber (16 h at 25°C [day] and 8 h at
20°C [night]; light intensity, 300 mEm22 sm21). Shoot dry weights were deter-
mined 6 weeks after inoculation. Nodulation kinetics data were obtained by
monitoring the appearance of nodules on alfalfa plants grown on 1% agar slants
containing Jensen’s N-free medium.

Nucleotide sequence accession number. The nucleotide sequence of bdhA and
the surrounding region has been deposited in GenBank under accession no.
AF080548.

RESULTS

Isolation, identification, and subcloning of the bdhA locus.
R. meliloti Rm11107, the previously reported bdhA1::Tn5 mu-
tant, is unable to utilize HB as a sole carbon source and lacks
Bdh activity in cell extracts but is able to utilize acetoacetate as

a sole carbon source (12). A pLAFR1 genomic library of the
wild-type strain Rm1021 (33) was introduced into Rm11107
in a triparental mating. Clones that confer upon Rm11107 the
ability to utilize HB were selected by plating on minimal me-
dium containing HB (M9-HB) as a sole carbon source. Colo-
nies were streak purified twice before the complementing cos-
mid clones were transferred by conjugation into E. coli MT607.
A representative complementing cosmid clone was retained
for further study and designated pTC344. The complementing
ability of pTC344 was verified by reintroduction into Rm11107
followed by testing for HB utilization. A 5.5-kb PstI fragment
of pTC344 was isolated by subcloning into pBSKS1 to give
pPA31 and subsequently transferred into pSP329 in both ori-
entations. Plasmids pPA35 and pPA36 thus generated were
able to complement Rm11107 for HB utilization. Further sub-
cloning of pPA35 identified a 1.2-kb XhoI-SalI fragment by
first cloning into pBSKS1, to give pPA63, and then cloning
into pSP329 as a KpnI-HindIII fragment (by using convenient
flanking restriction sites in the multiple cloning site). The re-
sulting plasmid, pPA67, was able to complement the HB uti-
lization phenotype of Rm11107 (Fig. 1).

Complementation of E. coli LS5218R for HB utilization.
E. coli K-12 derivatives do not metabolize HB since they lack
3-hydroxybutyrate dehydrogenase activity, but they are able to
utilize acetoacetate as a sole carbon source. The K-12 deriva-
tive strain LS5218 constitutively expresses the genes for ace-
toacetate utilization (44, 74). We reasoned that heterologous
expression of the R. meliloti bdhA gene should confer upon
LS5218 the ability to utilize HB as a growth substrate. Ac-
cordingly, the R. meliloti clone bank was also introduced into
LS5218R (a spontaneous Rpr derivative of LS5218) as an in-
dependent attempt to isolate bdhA, and complemented trans-
conjugants were selected on M9-HB. A complementing clone
designated pTC370 was thus isolated and subjected to Tn5
mutagenesis. Plasmid pTC370bdhA2::Tn5, which is unable to
complement LS5218R for growth on HB, was isolated and re-
combined into the wild-type genome to generate strain Rm11159,
which was unable to utilize HB as a sole carbon source. Con-
sistent with this result, cell extracts of Rm11159 strain lacked
Bdh activity (data not shown). Also, both pTC370 and pTC344
were able to complement both Rm11159 and Rm11107 for HB
utilization. To compare the genomic locations of the Tn5 in-
sertions in Rm11107 and Rm11159, the insertion in Rm11145
(Rm1021bdhA1::Tn5-233) was transduced into strain Rm11159.
All 89 transductants tested were Nms, establishing that the
bdhA1 and bdhA2 insertions are tightly linked in transduction.
The precise location of the Tn5 insertion in pTC370bdhA2::
Tn5 was determined by sequencing the region flanking the Tn5
insertion and is shown in Fig. 2.

Nucleotide sequence of bdhA and surrounding region. A
1,478-bp region, encompassing the entire complementing re-
gion as determined by the subcloning and Tn5 mutagenesis ex-
periments was sequenced (Fig. 1). The precise location of
bdhA1::Tn5 was determined by sequence analysis of the PCR
amplification product obtained with Rm11107 genomic DNA
as the template, the IS50-specific forward primer, and a reverse
primer complementary to sequence between nucleotide posi-
tions 1304 and 1322. A major open reading frame (ORF)
comprising 777 bp which was predicted to encode a polypep-
tide of 258 amino acid residues was detected (Fig. 2). The
computed molecular mass of the predicted protein is 27,177
Da with an estimated pI of 6.07. The G1C content of the
R. meliloti bdhA gene is 61%, which agrees well with the G1C
values observed for other genes from this organism. An ORF
immediately downstream of bdhA exhibits homology to xan-
thine oxidases and dehydrogenases. The deduced partial pri-
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mary sequence has 43% identity (61% similarity) with the
chicken (Gallus gallus) Xdh (70) sequence over an aligned
length of 62 amino acid residues. Another ORF upstream of
bdhA shows homology to glpK, the glycerol kinase-encoding
gene and, based on sequence orientation, is predicted to be
transcribed in the opposite direction. The putative partial poly-
peptide sequence has 61% identity (74% similarity) with the
sequence for GlpK of Enterococcus casseliflavus (18) over an
aligned length of 61 amino acid residues. glpK mutants of
various organisms are unable to utilize glycerol as a sole car-
bon source (54). Additionally, the ability to utilize glycerol
as a sole carbon source is abolished when a Tn5 insertion on
plasmid pPA35, located in the glpK region (Fig. 1), is recom-
bined into the Rm1021 genome to give strain Rm11234.

A GenBank BLASTP search (2) with the deduced primary
sequence of R. meliloti Bdh revealed similarity to many mem-
bers of the SCAD superfamily. The highest score was obtained
with a putative oxidoreductase in the PEPT-KATB region of
the Bacillus subtilis genome, designated YxjF, with 40% iden-
tity (62% similarity) in a 259-amino-acid residue overlap. On
the basis of sequence similarity alone, yxjF has been deter-
mined to encode gluconate 5-dehydrogenase (51). Our analysis
shows that YxjF has only 33% identity (52% similarity) in a
266-residue overlap with gluconate 5-dehydrogenase from
Gluconobacter oxydans (47), compared to 40% identity (62%
similarity) in a 259-amino-acid overlap with R. meliloti BdhA.
Based on similarity scores with bdhA, we propose that yxjF may
encode a 3-hydroxybutyrate dehydrogenase.

R. meliloti BdhA exhibited only 24% identity (43% similar-
ity) in a 347-amino-acid overlap with the Rat Bdh sequence
(Fig. 3). However, Clustal W alignment demonstrated that ex-
cept for the first 47 amino acids that are involved in targeting
the protein to its mitochondrial location, the Rat Bdh and the
R. meliloti BdhA do show a certain degree of alignment along
most of the length of the polypeptide, particularly in regions
found to be highly conserved among members of SCAD (Fig.
3). The R. meliloti BdhA and the B. subtilis YxjF do not contain
the C-terminal domain found in the mammalian Bdh which has
been shown to be involved in binding phosphatidylcholine and
which is essential for enzyme activity (1, 38, 52). This is con-
sistent with the observation that the bacterial Bdh does not
demonstrate a requirement for phosphatidylcholine for activ-
ity.

Analysis of the sequence immediately upstream of bdhA.
The ability of the 1.2-kb XhoI-SalI fragment to complement for
HB utilization indicated that the entire ORF is present within
this region. A putative ATG start codon was assigned on the
basis of locations of insertions that disrupt the BdhA pheno-
type. Moreover, we located two possible ribosome binding site
sequences 10 and 15 nucleotides preceding the assigned ATG
start codon (Fig. 2). Transcription start site determination by
primer extension analysis identified two transcripts that corre-
spond to positions S1 and S2 (Fig. 4). Assuming that the bands
are not a result of premature termination of the extension
reaction, S1 and S2 are 46 to 47 and 148 bases upstream of the
putative ATG start codon, respectively (Fig. 2 and 4). Exami-
nation of the sequence around S1 and S2 did not reveal the
presence of any known consensus promoter sequences. We
did, however, identify a s54 consensus sequence (80) within the
stretch of sequence between S1 and S2 (Fig. 2 and 4). To de-
termine whether s54 (encoded by the rpoN gene) is required
for HB utilization, we compared the growth on M9-HB of an
rpoN mutant, strain Rm5422, with that of the wild-type strain
Rm1021. The growth of both these strains was comparable,
indicating that s54 is not required for HB utilization in free-
living R. meliloti.

BdhA is a member of the SCAD superfamily. As shown in
Fig. 3, the deduced BdhA primary sequence contains the
PROSITE consensus pattern for SCADs, [LIVSPADNK]-x
(12)-Y-[PSTAGNCV]-[STAGNQCIVM]-[STAGC]-K-{PC}-
[SAGFR]-[LIVMSTAGD]-x(2)-[LIVMFYW]-x(3)-[LIVMFY
WGAPTHQ]-[GSACQRHM] (5). A general feature of SCAD
that is also exhibited by R. meliloti BdhA is an N-terminally
located glycine-rich GXXXGXG signature sequence for coen-
zyme binding (Fig. 3). According to Persson et al. (66), there
are six strictly conserved residues in SCADs. These include
three glycine residues at positions 14, 19, and 132 and the three
polar residues D-64, Y-152, and K-156 (numbers assigned in
accordance with the Drosophila melanogaster alcohol dehydro-
genase); the R. meliloti BdhA sequence exhibits all six of them
(Fig. 3). In addition, there are seven other residues conserved
in most but not all members of this family, i.e., T-13, G-17,
D-87, A-93, G-94, N-114, and S-139 (numbers assigned in ac-
cordance with the D. melanogaster alcohol dehydrogenase)
(66); these seven other residues are present in the R. meliloti
BdhA sequence (Fig. 3). The conserved polar residues S-139,

FIG. 1. Physical and genetic map of the 5.5-kb PstI complementing fragment containing the entire bdhA gene and flanking regions. The relevant restriction sites
shown are PstI (P), EcoRV (RV), XhoI (X), SalI (S), and SacII (SII) (underline indicates unique restriction site). The location of insertion pPA35glpK11::Tn5 is marked
(ƒ). The open box delineates the 1,478-bp region sequenced. The positions of the Tn5 (ƒ) and Tn5-B20 (–? ) insertions that abolish complementation of HB utilization
are also indicated. The orientations of the arrows above the gene designations indicate directions of transcription. The lower closed box represents the 1.2-kb XhoI-SalI
fragment that retains complementing ability.
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Y-152, and K-156, predicted to be of functional importance
(66), are also among the residues contained in the R. meliloti
BdhA sequence (Fig. 3). The R. meliloti BdhA sequence, how-
ever, does not display the active-site S-T motif found in most
but not all SCAD family members. The S-T pattern refers to
the presence of a serine or threonine residue just after the
tyrosine and/or before the lysine residue. Where there are ex-
ceptions to the S-T pattern, distant serine or threonine resi-
dues have been suggested to compensate (50), and this may
also be the case for R. meliloti BdhA.

The bdhA transcript is multicistronic. Our observations of
the nucleotide sequence indicated the probability of xdhA be-
ing transcribed from the same promoter(s) as bdhA. To verify
whether bdhA and xdhA are organized as an operon and to
determine whether the bdhA1::Tn5 insertion in Rm11107 ex-

erts a polar effect on xdhA expression, we assayed for xanthine
oxidase and xanthine dehydrogenase activities in cell extracts
of Rm11107. Since Tn5 insertions do not always generate polar
mutations (8, 21), a strain in which the bdhA gene was dis-
rupted by a VSmSp interposon cassette (68) was constructed.
The interposon has strong transcriptional and translational
stop signals and therefore invariably generates polar mutations
(32). The interposon insertion was constructed by subcloning
the 5.5-kb PstI fragment containing a single EcoRV site (within
the bdhA coding sequence) to pUC19, resulting in plasmid
pPA56. The blunt-ended 2.0-kb interposon was then ligated to
EcoRV-digested pPA56 to give pPA59. The resulting 7.5-kb
PstI fragment in pPA59 was cloned into the IncP vector pSP329,
resulting in pPA60, which when introduced into Rm11107 was
unable to complement for HB utilization. The insertion, bdhA3::

FIG. 2. Nucleotide and deduced amino acid sequences of a 1,136-bp region comprising bdhA and portions of the flanking ORFs. Additional sequence information
on the ORFs flanking bdhA beyond what is included in this figure is available under GenBank accession no. AF080548. Arrows indicate directions of transcription.
Putative ribosome binding sites (RBS) for bdhA, glpK, and xdhA are in boldtype, followed by the first letter of the respective gene. The 212 and 224 regions of the
putative s54 consensus sequence are underlined. The position of the primer used for primer extension analysis is overlined (broken lines), and the transcriptional start
sites, S1 and S2, are shown in uppercase, boldfaced letters. The locations of the Tn5 insertions in Rm11107 (bdhA1::Tn5) and Rm11159 (bdhA2::Tn5) and the Tn5-B20
insertions on pTC344 are indicated by the underlined 9-bp duplicated sequence at the site of the insertion. The bdhA stop codon is marked by an asterisk. The
recognition sequences of the restriction enzymes XhoI and EcoRV are underlined.
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VSmSp, was recombined into the Rm5000 genome to give strain
Rm11249 and then transduced into the Rm1021 background,
which resulted in strain Rm11262, which was unable to utilize
HB as a sole carbon source.

Cell extracts of Rm1021, Rm11107, and Rm11262 were
separated by native polyacrylamide gel electrophoresis and
stained for xanthine oxidase, xanthine dehydrogenase, and al-
dehyde oxidase activities. Cell extracts of the bdhA mutants
and the wild type revealed the presence of the unidentified
dehydrogenases and aldehyde oxidase bands of equal intensity
in Fig. 5. In gels stained for xanthine oxidase (Fig. 5A) and
xanthine dehydrogenase (Fig. 5B) activities, the lower band of
the doublet present in the wild-type cell extracts (Fig. 5A and
B, lanes 1) is absent in cell extracts of both of the bdhA mutant
strains (Fig. 5A and B, lanes 2 and 3). This confirms that xdhA
lacks an independent promoter that is active under the culture
conditions examined and that xdhA is probably transcribed
from a bdhA promoter(s).

PHB accumulation and bdhA gene expression. To determine
whether a genetic lesion in the PHB degradation pathway re-
sults in excessive PHB accumulation, the total PHB content of
YMB-grown cultures of the bdhA mutant strain Rm11107 and
the wild-type strain Rm1021 was determined. The proportion
of the total cellular dry weight contributed by PHB was not
significantly different between the wild-type and the bdhA mu-
tant under the growth conditions tested (data not presented).

The insertion on plasmid pTC344bdhA3-2::Tn5-B20 was
homogenotized into Rm8501 (Lac2), resulting in Rm11191.
When grown on complex TY medium, the specific b-galacto-
sidase activity over time was found to be growth phase depen-
dent. Activity was lowest in the lag phase, then increased
steadily in log phase, and finally leveled off in stationary phase.
Due to the stability of b-galactosidase, whether gene expres-
sion in the stationary phase is actually repressed cannot be
concluded from this study (Fig. 6).

Symbiotic phenotype of the bdhA mutant. Symbiotic assays
with alfalfa host plants showed no significant differences in
shoot dry weight per plant inoculated with either the bdhA
mutant strain Rm11107 or the wild-type strain Rm1021 (data

not presented). The inoculated plants appeared healthy and
green, whereas the uninoculated plants were stunted and yel-
low in appearance. Nodulation kinetic data also did not reveal
any differences between the mutant and the wild type either in

FIG. 4. Determination of the transcription start site(s) of bdhA by primer
extension analysis. The products of the sequencing reactions, using the same
primer, are shown on the left of the extension product (P). The sequence
surrounding the extension products is shown on the left of the ladder. The pu-
tative s54 binding consensus sequence is underlined. The positions of the ob-
served extension products are marked by arrows labeled S1 and S2 and the cor-
responding nucleotides are boldfaced and capitalized in the adjoining sequence
ladder.

FIG. 3. Alignment of the deduced primary sequences of R. meliloti BdhA, the putative oxidoreductase, YxjF from B. subtilis (51), and Bdh from Rattus norvegicus
(20). The position of cleavage of the mitochondrial targeting sequence of the Rat Bdh is marked by an arrow. The amino acid residues involved in coenzyme binding
are indicated by asterisks. The amino acid residues corresponding to the proposed consensus for SCAD are indicated by a broken hatched overline. The six strictly
conserved residues are indicated by solid circles below the residues. The seven other conserved residues common to most members of the SCAD superfamily are
highlighted by carets under the residues. Alignment was performed by using the ClustalW program.
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terms of numbers of nodules induced or the time course of
appearance of the nodules (data not presented).

DISCUSSION

We have cloned and sequenced the bdhA gene of R. meliloti,
which encodes 3-hydroxybutyrate dehydrogenase. To our
knowledge, this is the first example of genetic and molecular
characterization of a nonmammalian 3-hydroxybutyrate dehy-
drogenase-encoding gene. Analysis of the predicted polypep-
tide indicates that R. meliloti BdhA is a member of the SCAD
family of proteins. A survey of Genpept96 (39) identified at
least 350 members belonging to the SCAD superfamily of
oxidoreductases. Members of this group are 250 to 300 amino
acids long and are either dimeric or tetrameric. There is no
striking overall similarity between the mammalian and bacte-
rial Bdh primary sequences other than what is typically ob-
served between most members of this family. A detailed ex-
amination of these differences may provide a better
understanding of the structure-function relationship of these
functionally similar proteins that have only a minimal degree of
identity at the primary sequence level. The low level of se-
quence homology between the bacterial and mammalian Bdh
proteins suggests that they may be of independent evolutionary
origins.

Most of the conserved residues in members of the SCAD
superfamily are glycine residues, which are believed to be in-
volved in coenzyme binding and contribute to the maintenance
of the tertiary structure by allowing bend formation. Con-
served residues other than the glycines are believed to have
functional importance, particularly Y-152, K-156, and S-139,
which are found at the active site and therefore considered to
be strong candidates for residues involved in catalysis (66).
Ghosh et al. (36) described the active site as a deep cleft
located around the center of the tetramer in 3a.20b-hydroxys-
teroid dehydrogenase, which is also a member of the SCAD
superfamily. Both the bacterial and mammalian Bdh proteins
have also been described as homotetramers (60, 63, 78).

The recently completed sequence of the B. subtilis genome
(51) shows the bdhA homologue yxjF positioned beside two loci
designated yxjE and yxjD, arranged in the order yxjDEF. On the
basis of sequence similarity analyses, yxjE and yxjD have been
proposed to encode the two subunits of 3-oxoadipate CoA
transferase, an enzyme that is able to catalyze the activation of
acetoacetate to acetoacetyl-CoA. We also noted that yxjF and
yxjE are interrupted by a mere 16 nucleotides, making the
existence of an independent promoter in this region highly
unlikely. Taken together, these observations suggest the pres-
ence of a PHB degradation operon in B. subtilis. In R. meliloti,
the only organism in which studies on the genetics of PHB

degradation has been addressed, loci involved in PHB deg-
radation appear to be scattered on the genome, with two loci
on the chromosome and two on one of the megaplasmids,
pRmeSU47b (12).

The R. meliloti megaplasmid pRmeSU47b carries a number
of catabolic genes, including those encoding enzymes for uti-
lization of carbon sources such as C4-dicarboxylates, dulcitol,
lactose, melibiose, HB, and acetoacetate (12, 13, 17, 86, 88), as
well as genes encoding enzymes for phosphate utilization (6).
In this report, we have shown that pRmeSU47b also carries
glpK, a gene required for utilization of glycerol as a sole carbon
source, and xdhA, which in B. subtilis is involved in the utili-
zation of purines as a sole nitrogen source (30). This further
reinforces the significant catabolic capacity of megaplasmid
pRmeSU47b.

The relevance of the coexistence of xdhA and bdhA in the
same operon is not clear. Research on hypoxanthine salvage
and hypoxanthine catabolism in Streptomyces spp. (85) and
B. subtilis (19) has shown that both of these pathways are sub-
ject to nitrogen control. When nitrogen is in excess, catabolism
is repressed, whereas when nitrogen is limiting, purine salvage
is repressed and catabolism is induced. Furthermore, enhanced
Xdh activity in a glnA mutant background has been reported,
suggesting the involvement of glutamine synthetase (encoded
by the glnA gene)-mediated nitrogen catabolite repression (19).
This leads us to consider whether the organization of these two
genes, bdhA and xdhA, the products of which have roles to play
during carbon and nitrogen starvation, respectively, reflect a
physiological relationship between these two different starva-
tion responses.

Although there are several reports demonstrating that Bdh
activity is negatively regulated by NAD(P)H, adenosine nucle-
otides, pyruvate, oxaloacetate, and 2-ketoglutarate (55, 71, 78),
regulation of Bdh at the level of gene expression was not
examined. The growth phase-associated gene expression may
reflect cellular PHB levels, and this will be the subject of
further study. The relationship of bdhA gene expression to the
pattern of cellular PHB accumulation is a topic that should be
addressed, especially considering the proposed key role of Bdh
in the control of PHB degradation.

From our PHB assay data, we are able to conclude that a
mutation in bdhA has no effect on the ability of R. meliloti to
accumulate PHB under the culture conditions tested. For a
more complete assessment of the effect of the bdhA mutation

FIG. 5. Staining for xanthine oxidase (A), xanthine dehydrogenase (B), and
aldehyde oxidase (C) activities on native polyacrylamide gels. Lane 1, Rm1021
(wild type); lane 2, Rm11107 (bdhA1::Tn5); lane 3, Rm11262 (bdhA3::VSmSp).
Cell extracts, equivalent to 85 mg of total protein, were loaded in each lane.

FIG. 6. Growth (■) and expression (h) of bdhA-lacZ fusion in strain
Rm11191 grown in TY complex medium.
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on cellular PHB levels, the ability to utilize endogenous PHB
stores in a carbon-poor medium needs to be determined.

The nature of the promoters corresponding to transcription
start sites S1 and S2 is not apparent, as no familiar promoter
consensus sequences were recognized immediately upstream
of either of these sites. It will be important to delineate the
upstream regions that are required for expression, especially
since relatively little is known about promoters of nonsymbi-
otic genes in R. meliloti (64).

The presence of a s54 consensus sequence between S1 and
S2 is intriguing, especially considering the importance of s54 in
the regulation of symbiotic functions (69, 83). Primer extension
analysis with bacteroid RNA may help clarify the involvement,
if any, of s54-dependent expression of bdhA-xdhA. The ab-
sence of consensus sequences for binding of any of the known
s54-associated transcriptional activators raises the possibility
that as-yet-undiscovered transcriptional factors are involved in
regulation of bdhA-xdhA gene expression.

Since the bdhA mutant shows no symbiotic defects, we con-
clude that Bdh-dependent PHB degradation is not essential for
bacteroid development or function. The behavior of the mu-
tant in the soil and rhizosphere environments remains to be
investigated. Consideration of the biology of the free-living
organism will potentially be as enlightening as the symbiotic
studies.
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