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The goal of this study was to initiate investigation of the genetics of bacterial poly-3-hydroxybutyrate (PHB)
metabolism at the community level. We constructed metagenome libraries from activated sludge and soil
microbial communities in the broad-host-range IncP cosmid pRK7813. Several unique clones were isolated
from these libraries by functional heterologous complementation of a Sinorhizobium meliloti bdhA mutant,
which is unable to grow on the PHB cycle intermediate D-3-hydroxybutyrate due to absence of the enzyme
D-3-hydroxybutyrate dehydrogenase activity. Clones that conferred D-3-hydroxybutyrate utilization on Esche-
richia coli were also isolated. Although many of the S. meliloti bdhA mutant complementing clones restored
D-3-hydroxybutyrate dehydrogenase activity to the mutant host, for some of the clones this activity was not
detectable. This was also the case for almost all of the clones isolated in the E. coli selection. Further analysis
was carried out on clones isolated in the S. meliloti complementation. Transposon mutagenesis to locate the
complementing genes, followed by DNA sequence analysis of three of the genes, revealed coding sequences that
were broadly divergent but lay within the diversity of known short-chain dehydrogenase/reductase encoding
genes. In some cases, the amino acid sequence identity between pairs of deduced BdhA proteins was <35%, a
level at which detection by nucleic acid hybridization based methods would probably not be successful.

It is now well recognized that some of the more interesting
and influential physiological processes in microbial communi-
ties are carried out by organisms that have not been isolated in
pure culture. In recent years, many studies have involved the
construction of gene libraries from DNA isolated directly from
microbial communities without prior culture (40; reviewed in
reference 39). Genes of interest have been identified from
these libraries by phenotypic screens, usually in the Escherichia
coli surrogate host, or by direct sequence analysis of the clones
(42, 47). In some cases, the sequences of complete genomes
have even been determined from complex libraries of this type
(46, 47).

As part of our efforts to understand metabolic interac-
tions in microbial communities, we are developing the use of
phenotypic selection techniques as alternatives to physical,
sequence-based approaches in the isolation and identifica-
tion of specific metabolic genes from microbial communities
in uncultivated environmental samples. The use of gene
selection based on function, rather than sequence homol-
ogy, has the potential for isolation of genes that are truly
novel (22). The immense power of phenotypic selection
methods, especially in comparison to screening, is well
known in microbial genetics.

Polyhydroxyalkanoate (PHA) deposits are accumulated by
many different species of bacteria, and these deposits act as
carbon stores to aid the cells in surviving nutrient carbon star-
vation conditions (for a comprehensive review see Madison
and Huisman [33]). The most common PHA is poly-3-hydroxy-
butyrate (PHB). The structural diversity and range of physical
properties of the known PHA polymers is very great, with �90
different constituent hydroxyalkanoic acids described (43).
These compounds are of commercial interest, since they can be
developed as substitutes for fossil fuel-derived polymers.

Intracellular PHA accumulation occurs when the growth
of bacterial cells is inhibited by nutrient or physical limita-
tion while carbon sufficiency is maintained. The microbial
communities in pulp effluent treatment systems periodically
experience occasions of such unbalanced growth conditions,
as do soil bacteria in the carbon-rich rhizosphere. PHA
metabolism would thus be expected to be important for the
physiology of microbial communities in these systems. Al-
though PHA synthesis has been thoroughly investigated due
to the industrial interests in PHA production, a good un-
derstanding of the genetics and biochemistry of the com-
plete PHA cycle is still lacking. Investigations in the model
soil bacterium Sinorhizobium meliloti (2, 4, 9, 11, 12) have
resulted in the mutation, isolation and investigation of most
of the PHB cycle genes. As well as supporting investigation
of the biological role of PHB in this organism, this genetic
material has facilitated the isolation of corresponding PHB
metabolism genes such as bdhA (encoding D-3-hydroxy-
butyrate dehydrogenase [EC 1.1.1.30]) and phbC (encoding
PHB synthase) from other genomes (4, 5).
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Many of the bacterial genes present in community libraries
will not be expressed in a given surrogate host due to tran-
scriptional control requirements and codon preference. To
isolate genes based on their expression, it would be desirable to
use vectors that are able to replicate in a broad range of
bacteria. Relatively few of the large diversity of cultivated
bacteria have genetic systems sufficiently developed to allow
use as a surrogate host, and vectors that are able to replicate
across the complete range of cultivated bacteria are not avail-
able. Nevertheless, the requirements for gene expression are
sufficiently different even within the Proteobacteria to justify
constructing libraries that can replicate and be maintained in
diverse Proteobacteria.

IncP vectors have been extensively used within the Pro-
teobacteria. We wanted to isolate genes by complementation of
PHB cycle mutants in S. meliloti, which is well characterized
(19) and genetically amenable (20). We therefore took advan-
tage of a cosmid vector with an IncP origin of replication to
construct the microbial community libraries for the present
study. The described libraries should be useful for selection or
screening in any strain that supports the replication of IncP
plasmids and in which tetracycline resistance can be used as
selectable marker.

In the present study, we describe the construction of IncP
cosmid libraries from soil communities and from wastewater
treatment activated sludge communities. We demonstrate the
successful complementation of S. meliloti mutants to isolate
clones from this library that contain PHB metabolism genes.
Finally, we present the initial biochemical characterization of
the enzymes encoded by these genes and DNA sequence char-
acterization of some of the clones. This work is the first step in

our study of the genetics of carbon metabolism at the commu-
nity level.

MATERIALS AND METHODS

Strains, plasmids, and bacterial culture. Bacterial strains and plasmids are
listed in Table 1. Culture methods in TY, LB, LBmc, and modified M9 minimal
medium, and the concentrations of carbon sources and antibiotics, were as
described previously (2, 9, 10, 11). Measurement of growth on D-3-hydroxy-
butyrate was carried out as previously described (3).

Molecular biology. Standard techniques were used for molecular biology. A
Visible Genetics Long Read Tower system (Visible Genetics, Toronto, Ontario,
Canada) was used for determination of DNA sequence. Total microbial DNA
was isolated from an organic rich, sandy loam surface soil that was collected from
the banks of Laurel Creek on the Campus of the University of Waterloo,
Waterloo, Ontario, Canada. The Ultra Clean Soil DNA Kit (Mo Bio Laborato-
ries, Inc., Carlsbad, CA) was used by the method suggested by the manufacturer
but with the addition of a final purification step that consisted of one time
phenol-chloroform, followed by two chloroform extractions. After incubation
with RNase for 20 min at 37°C, the DNAs were precipitated with isopropanol,
washed with 75% ethanol twice, and dissolved into T10E1 buffer (10 mM Tris-Cl,
1 mM Na-EDTA [pH 8.0]). DNA from wastewater communities was from a
previously published study (35). Cosmid libraries were constructed by cloning
fragments from BamHI partial digests into the BamHI site of the IncP Tcr

plasmid pRK7813 (24), followed by packaging with Gigapack III XL Lambda
packaging extract (Stratagene) and transduction of E. coli HB101 to Tcr. Rep-
resentative clones from each library were analyzed by restriction digest to ensure
that members of each library contained insert DNA. Colonies from single trans-
ductions were pooled and subcultured, and the resulting libraries were main-
tained as aliquots in LB containing 7% dimethyl sulfoxide at �70°C. For phy-
logenetic analysis, an �500-bp internal segment of small subunit rRNA encoding
gene was amplified. A set of primers specific for bacterial 16S rRNA gene
sequences was used for amplification of a portion of the 16S gene (25). These
primers were designated b341 (5�-CCTACGGGAGGCAGCAG-3�) and b758
(5�-CTACCAGGGTATCTAATCC-3�). DNA from the pooled libraries was
treated with the Plasmid-Safe ATP Dependent DNase (EPICENTRE Technol-
ogies) to minimize contamination by E. coli host DNA prior to amplification.

TABLE 1. Bacterial strains and plasmids

Strain, plasmid,
or transposon Relevant characteristicsa Reference

or source

Strains
Sinorhizobium meliloti

Rm1021 SU47 str-21 (Smr) 34
Rm11107 Rm1021 bdhA1::Tn5 11
Rm11196 Rm1021 bdhA2::Tn5 shb-3 3

Escherichia coli
HB101 supE44 hsdS20 (rB

� mB
�) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1

leuB6 thi-1
8

LS5218 fadR601 atoC200 (constitutive) 41
DH5� F� endA1 hsdR17 (rK

� mK
�) supE44 thi-1 recA1 gyrA96 relA1 �(argF-lacZYA)U169

�80dlacZ�M15, 	�
21

DH5�(pRK600) Mobilizing strain; Cmr 18; this study

Plasmids
pRK7813 IncP cosmid cloning vector; Tcr 24
pGEM-TEasy T-vector; Apr Promega
pBSKS� Cloning vector, ColE1 oriV, bla Stratagene
pUC18/19 Cloning vector, ColE1 oriV, bla 50
pRCX series pRK7813 clones, complementing bdhA in Rm11107 This study
pLCX series pRK7813 clones, complementing LS5218 for growth on D-3-hydroxybutyrate This study

Transposon
EZ::TN 
KAN-2� Kmr EPICENTRE Technologies

a Abbreviations for antibiotics: Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Tc, tetracycline.
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PCR-amplified fragments from the community genomic DNA samples or from
the pooled libraries were cloned into pGEM-T Easy Vector (Promega). Individ-
ual clones were initially characterized by Sau3AI, HaeIII, CfoI, and MspI re-
striction enzyme digestion of reamplified fragments (amplified ribosomal DNA
restriction analysis [ARDRA]), and based on comparative analysis of restriction
patterns individual representative clones were sequenced by using vector prim-
ers. The RDP II database (15) was used for placement of the 16S sequences on
the bacterial phylogenetic tree. The DNA sequences have been deposited in
GenBank under accession numbers AY836590 to AY836610.

Genetic techniques. Triparental conjugation, using DH5� containing the mo-
bilizing plasmid pRK600 (18), was used to transfer pRK7813-based clones be-
tween E. coli and S. meliloti strains. For isolation of clones by phenotypic
complementation, selection was carried out on the selective media, followed by
streak purification. Plasmids were transferred by triparental conjugation or trans-
formation into E. coli DH5� for physical characterization of the cloned DNA. In
each case, the complementation ability of the clone was confirmed by reintro-
duction from DH5� back into the mutant, followed by testing for phenotype.
Mapping of the clones was carried out by using the in vitro transposon EZ::TN

KAN-2� (EPICENTRE Technologies), which also facilitated much of the
DNA sequencing.

Biochemical assay and enzyme activity staining. Preparation of S. meliloti cell
extracts, protein determination, the assay for D-3-hydroxybutyrate dehydroge-

nase activity (7), and nondenaturing polyacrylamide electrophoresis were carried
out essentially as described previously (2, 11, 45). Crude cell extracts of the E. coli
strains were obtained as follows. The pelleted cells were washed and suspended
in the same buffers and manner as for S. meliloti cells above. To the cell-buffer
solution, 1-mm zirconia/silica beads (Biospec Products, Inc., Bartlesville, OK)
were added in a 2:1 (beads to solution) ratio. Cells were subjected to four cycles
of 5 min of shaking in a bead beater at 4°C (type 2876, no. 790; Bronwill
Scientific, Inc., Rochester, NY) followed by 5 min on ice. This was followed by
centrifugation at 12,000 rpm (SS34 rotor) for 20 min to remove cell debris. As
positive control, all extracts were assayed for malate dehydrogenase activity (17).

RESULTS

Construction of microbial community libraries. The plasmid
pRK7813 (24) was chosen as the vector for library construction
because its IncP replicon allows it to replicate in a broad range
of Proteobacteria, and the cos sites facilitate phage lambda
packaging. The libraries that were constructed in the present
study are summarized in Table 2. A total of 8,732 clones were
obtained from pulp effluent-activated sludge DNA, 3,322
clones were from the municipal system DNA, and 33,576
clones were from the soil DNA (Table 2). The predicted
amount of DNA contained in these library types is ca. 288, 110,
and 1,108 Mb, respectively, based on an average insert size of
33 kb found in our restriction analysis of randomly chosen
clones (data not shown). We carried out 16S rRNA sequence
analysis to ensure that the libraries were not dominated by
DNA from a limited number of organisms. The internal 16S
primers were used to amplify from the original DNA samples,
as well as from the largest pooled soil library CX9, and 129
clones were analyzed by ARDRA (data not shown). A total of
21 clones (11 library, 10 direct) were selected as representative
of the different ARDRA groups. Sequence determination was
carried out on these representative clones, and their phylogenetic
positions were determined by comparison with the RDPII
database (15) (Table 3). In one instance (N25 and NL1), iden-
tical sequence was obtained between a library clone and a
direct clone. Both of these fell within the same ARDRA group.

TABLE 2. Characteristics of the environmental clone libraries

Library DNA
sourcea

No. of
clones

No. of unique
clones from

LS5218
complementationb

No. of unique
clones from
Rm11107

complementationb

CX2 Pulp 260
CX3 Pulp 2,544 1
CX4 Pulp 3,879 5 7
CX5 Pulp 2,049
CX6 Municipal 3,322
CX7 Soil 1,383
CX8 Soil 1,315
CX9 Soil 22,180 2 14
CX10 Soil 8,698 2 3

a Activated sludge DNA was from Domtar Cornwall (pulp) and Vaudreuil
(municipal) treatment systems (35). Soil samples were collected from banks of
Laurel Creek, University of Waterloo Campus.

b Unique clones were determined by comparison of restriction digests.

TABLE 3. Classification of 16S rRNA gene sequences from soil by comparison to the RDPII databasea

Sequenceb Phylum Class Order Family Genus

N1 Proteobacteria (100) Alphaproteobacteria (100) Rhizobiales (100) Bradyrhizobiaceae (100) Bradyrhizobium (95)
N2 Verrucomicrobia (79) Verrucomicrobiae (79) Verrucomicrobiales (79) Verrucomicrobiaceae (75) Verrucomicrobium (75)
N5 Actinobacteria (92) Actinobacteria (92) Coriobacteriales (38) Coriobacteriaceae (38) Slackia (15)
N10 Bacteroidetes (100) Sphingobacteria (70) Sphingobacteriales (70) Flexibacteraceae (63) Sporocytophaga (29)
N12 Proteobacteria (100) Alphaproteobacteria (100) Sphingomonadales (100) Sphingomonadaceae (100) Sphingomonas (100)
N25 and NL1 Bacteriodetes (98) Sphingobacteria (89) Sphingobacteriales (89) Flexibacteraceae (87) Sporocytophaga (62)
N30 Proteobacteria (100) Alphaproteobacteria (100) Rhizobiales (100) Hyphomicrobiaceae (87) Rhodoplanes (80)
N34 Proteobacteria (100) Alphaproteobacteria (100) Rhodospirillales (92) Rhodospirillaceae (51) Azospirillum (28)
N39 Firmicutes (100) Bacilli (100) Bacillales (100) Bacillaceae (99) Bacillus (99)
N54 Proteobacteria (58) Deltaproteobacteria (36) Desulfobacterales (18) Desulfobacteraceae (16) Desulfococcus (12)
NL4 Proteobacteria (100) Alphaproteobacteria (100) Rhizobiales (100) Rhizobiaceae (66) Sinorhizobium (66)
NL14 Actinobacteria (84) Actinobacteria (84) Actinomycetales (55) Acidothermaceae (26) Acidothermus (26)
NL23 Actinobacteria (100) Actinobacteria (100) Actinomycetales (100) Intrasporangiaceae (99) Janibacter (73)
NL28 Actinobacteria (90) Actinobacteria (90) Actinomycetales (46) Nocardioidaceae (15) Kribbella (15)
NL30 Proteobacteria (98) Alphaproteobacteria (94) Rhizobiales (35) Hyphomicrobiaceae (21) Rhodomicrobium (21)
NL33 Proteobacteria (98) Alphaproteobacteria (79) Rhizobiales (73) Brucellaceae (50) Mycoplana (50)
NL45 Proteobacteria (100) Betaproteobacteria (100) Burkholderiales (100) Comamonadaceae (60) Acidovorax (43)
NL46 Proteobacteria (100) Alphaproteobacteria (100) Rhodospirillales (96) Rhodospirillaceae (76) Azospirillum (39)
NL55 Proteobacteria (100) Betaproteobacteria (93) Burkholderiales (76) Incertaesedis (58) Schlegelella (47)
NL67 Verrucomicrobia (74) Verrucomicrobiae (74) Verrucomicrobiales (74) Verrucomicrobiaceae (67) Verrucomicrobium (67)

a Analysis done on 27 November 2004, with Naı̈ve Bayesian rRNA Classifier version 1.0, November 2003 (Taxonomical Hierarchy Bergey’s Manual of Systematic
Bacteriology, vetted sequences, release 0.9). The confidence level is indicated in parentheses.

b N sequences are from direct amplification of DNA extracted from soil sample; NL sequences are from amplification of the soil library CX9.
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Several of the sequenced clones appear to be from organisms
that are representative of soil communities, including the �, �,
and � Proteobacteria; high and low GC gram positive; Verru-
comicrobia; and Cytophaga.

Isolation of clones complementing for D-3-hydroxybutyrate
utilization. In previous studies (2, 5), we have used two differ-
ent strategies to isolate genes involved in the first step in
D-3-hydroxybutyrate degradation, carried out by the enzyme
D-3-hydroxybutyrate dehydrogenase (EC 1.1.1.30). This en-
zyme is a member of the short-chain dehydrogenase/reductase
(SDR) family (26). The first strategy involves the phenotypic
complementation of the S. meliloti bdhA mutant Rm11107,
which is unable to synthesize D-3-hydroxybutyrate and thus
cannot form colonies on defined medium containing D-3-hy-
droxybutyrate as the sole carbon source. The second strategy
involves selection for the gain of the ability to utilize D-3-
hydroxybutyrate as the sole carbon source by the E. coli strain
LS5218. This E. coli strain carries the atoCc mutation (41),
resulting in constitutive expression of the ato genes that are
required for growth on acetoacetate as the sole carbon source.
E. coli naturally lacks the ability to oxidize D-3-hydroxybutyrate,
but synthesis of D-3-hydroxybutyrate dehydrogenase from exoge-
nous genes results in production of acetoacetate, which is further
degraded to acetyl-coenzyme A by the ato-encoded system. Due
to different requirements for gene expression in S. meliloti com-
pared to E. coli, it was expected that the two approaches would be
complementary and that some clones that would be isolated by
using one strategy would not be isolated by using the other strat-
egy. A number of clones were isolated from each of the libraries
CX3, CX4, CX9, and CX10, using both strategies, and unique
clones were identified by restriction enzyme digest (Table 2).

Phenotypic characterization of complementing clones. Based
on the restriction enzyme digest results, 25 representative unique
clones from the Rm11107 complementation and 9 representa-
tive unique clones from the LS5218 complementation were
(re)introduced into both Rm11107 and LS5218, and the result-
ing transconjugant strains were tested for growth on M9 D-3-
hydroxybutyrate (Table 4 and Fig. 1). We were surprised to
find that of the 25 unique clones isolated by phenotypic selec-
tion in S. meliloti Rm11107, only 1 (pRCX24) was able to
complement E. coli LS5218 for growth on D-3-hydroxybutyrate.
None of the clones isolated in LS5218 were able to comple-
ment S. meliloti Rm11107. Thus, despite our previous demon-
stration of the isolation of bdhA-containing clones from Sino-
rhizobium NGR234 by complementation in both S. meliloti and
E. coli (5), the clones isolated from the metagenomic libraries
for the most part were only able to confer D-3-hydroxybutyrate
utilization ability on the host that was used for the original
selection.

Cell extracts of LBmc (for S. meliloti) or LB (for E. coli)
broth cultures of the representative clones in their cognate
hosts were assayed for the expected D-3-hydroxybutyrate de-
hydrogenase activity using both the spectrophotometric assay
and the native gel activity stain (Table 4). In almost all cases,
the clones from the Rm11107 selection in the cognate back-
ground exhibited the enzyme activity. However, none of these
clones exhibited the enzyme activity in the LS5218 background
(data not shown). Furthermore, none of the clones from the
LS5218 selection exhibited detectable enzyme activity in either
background (data not shown). For the Rm11107 clones, there

was quite a range in enzyme activity, with the most active clone
pRCX32 giving activity sixfold higher than that of the S. me-
liloti wild-type Rm1021 control (Table 4).

The growth kinetics of the transconjugant strains were ex-
amined in liquid media (Table 4). There did not appear to be
a correlation between enzyme activity of LBmc grown cultures
and growth rate on D-3-hydroxybutyrate as a carbon source. It
is possible that several of the enzyme activities might be in-
ducible at transcriptional or posttranscriptional level.

DNA sequence analysis and comparison to known BdhA
sequences. Three clones originating from the Rm11107
complementation, pRCX32 and pRCX23 from the soil librar-
ies CX10 and CX9, respectively, and pRCX6 from the pulp
sludge library CX4 were chosen for partial DNA sequence
analysis. pRCX32 is remarkable for its sixfold-higher level of
D-3-hydroxybutyrate dehydrogenase activity compared to the
Rm1021 control. pRCX23 had relatively high enzyme activity,
but no activity was detectable in the native gel assay. Muta-
genesis was carried out with the EZ::TN 
KAN-2� transpo-
son, and individual mutant clones were screened for inability to
complement the bdhA mutants Rm11107 or Rm11196 for
growth on M9 D-3-hydroxybutyrate. DNA sequence was ob-

TABLE 4. Specific D-3-hydroxybutyrate dehydrogenase activities of
crude cell extracts of LBmc grown cultures, native gel activity, and

growth phenotype on D-3-hydroxybutyrate minimal media

Straina Library
source

Mean enzyme
activity

(nmol/min/mg
protein)b 

SEM

Native
gel

activity

M9 � D-3-HB
(5 mM)c

Generation
time (h)

On
plate

Rm1021 NA 83.6  3.7 Yes 19.5 ��
Rm11107 NA 6.4  0.0 No �
RCX2 CX3 10.7  1.1 No 84.9 �
RCX6 CX4 109.9  8.4 Yes 45.3 ��
RCX7 CX9 117.4  4.0 No 43.9 ��
RCX8 CX9 21.4  1.9 Yes 55.1 ��
RCX9 CX10 63.8  1.4 Yes 157.7 �
RCX10 CX4 10.4  0.5 Yes 45.6 ��
RCX11 CX4 6.4  0.0 No 22.9 �
RCX12 CX4 15.0  0.5 No 27.4 �
RCX13 CX4 20.9  2.5 No 37.6 �
RCX14 CX4 136.7  9.7 Yes 37.0 ��
RCX15 CX4 3.8  2.3 No 20.2 �
RCX18 CX9 83.1  1.4 No 41.7 ��
RCX19 CX9 79.3  6.0 No 33.1 ��
RCX20 CX9 293.1  18.2 Yes 38.8 ��
RCX21 CX9 91.1  7.5 No 46.8 ��
RCX23 CX9 95.4  21.4 No 31.1 ��
RCX24 CX9 293.1  18.0 No 63.2 ��
RCX25 CX9 144.7  5.6 Yes 28.1 ��
RCX26 CX9 20.9  1.9 Yes 66.9 ��
RCX27 CX9 18.2  0.5 Yes 64.4 �
RCX28 CX9 95.4  1.9 Yes 37.1 ��
RCX30 CX9 207.9  1.9 Yes 30.8 ��
RCX31 CX9 102.4  5.3 Yes 46.1 ��
RCX32 CX10 512.3  31.1 Yes 52.1 ��
RCX33 CX10 33.8  0.9 No 61.7 �/�

a The RCX strain designation indicates Rm11107 containing the correspond-
ing pRCX plasmid.

b Values represent average of triplicate assays  standard error of the mean.
c The optical density was measured at 600 nm after 3 days growth at 30°C. ��,

large colony; �, medium-sized colony; �/�, very small colony; �, no colony.
D-3-HB, D-3-hydroxybutyrate.
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tained from the sites of transposon insertion and from sub-
clones and then assembled into contigs.

The three predicted coding sequences of bdhARCX6,
bdhARCX23, and bdhARCX32 encode proteins of 260, 260, and
262 amino acids, corresponding to molecular weights of 273,
273, and 274, respectively. The sequences have been deposited
in GenBank under accession numbers AY692352, AY692351,
and AY692350, respectively. Comparison of the sequences
with the NCBI database using BlastP (1) identified each of the
three genes as members of the SDR family. The top hits were
to sequences from Azospirillum brasilense (AAM00195) (16),
Legionella pneumophila (AAU28378, locus lpg2316) (14), and
Bradyrhizobium japonicum (BAC46753, locus blr1488) (28),
respectively. Although each of these sequences is predicted to
encode an SDR protein, the experimental evidence for sub-
strate specificity has not been published.

Prior to this study, the DNA sequences of four experimentally
determined D-3-hydroxybutyrate dehydrogenase-encoding genes
had been published, from S. meliloti (O86034) (2), Sinorhizobium
sp. strain NGR234 (AAO66470) (5), Methylobacterium extorquens
(AAQ95632) (29), and Rhodobacter sp. strain DSMZ 12077
(AAD42688) (30). The deduced amino acid sequences of these
four sequences and our three metagenomic sequences were an-
alyzed with Pratt version 2.1 (23) by using the web interface at
EMBL-EBI (http://www.ebi.ac.uk/pratt). The following common
motif was based on that analysis: A-S-x (2)-K-x(0,1)-A-x(0,1)-Y-
V-[AST]-A-K-H-G-[ILV]-x-G-[FL]-[AT]-K-[TV]-[ATV]-A-x-E-
x-A-x (3)-[IV]-x-[ACV]-N-[ACSV]-I-[CS]-P-G-[FWY]-V-x-T-P-
L-V-[EQ]. This motif was located in the region corresponding to
positions 146 to 192 of the S. meliloti BdhA sequence. The motif
was searched against the NR-AA database, using the MOTIF
tool at GenomeNet (http://motif.genome.jp, 28 November 2004).
Eight additional gene sequences were identified by this analy-
sis, several of which had already been annotated as encoding
D-3-hydroxybutyrate dehydrogenase activity, presumably based
on sequence similarity to the known genes. These included one
additional sequence from B. japonicum (BAC52294, locus
blr7029) (28), one sequence from the Agrobacterium tumefa-

ciens circular chromosome (AAL43297, locus Atu2308) (49),
and a megaplasmid-borne sequence from Sinorhizobium sp.
strain NGR234 (AAQ87462) (44), which is different from the
one shown to be required for use of D-3-hydroxybutyrate as
carbon source (5). Other sequences were from Caulobacter
crescentus (F87668) (36), Mesorhizobium loti (NP_103755, lo-
cus mlr2400) (27), Rhodopseudomonas palustris (CAE29647,
locus RPA4206) (31), Bordetella parapertussis (CAE38726)
(37), and Ralstonia eutropha (Q9X642). All of these sequences,
plus the L. pneumophila sequence (which was not identified by
the motif search), were aligned by using ClustalX 1.83 (13). E.
coli FabG (P25716) (38), a member of the SDR family, was
used as outgroup. Percent identity was as low as 33 to 35 in
some cases, which compares with the 25 to 35% identity com-
monly found between SDR paralogs of differing substrate
specificity, as exemplified by the percent identity of 31 to 35
between FabG and the BdhA sequences. The resulting tree
(Fig. 2) demonstrates that BdhARCX32 clusters with most of
the experimentally determined BdhA, whereas BdhARCX6

groups with a clade that includes the R. eutropha and A.
brasilense orthologs. BdhARCX23 defines a new clade with the
sequences from L. pneumophila and M. loti, neither of which
has been confirmed experimentally to be BdhA.

Each of the sequences identified by our motif was also iden-
tified as being a member of the TIGR01963 protein family
PHB_DH. Other members of TIGR01963 were not identified
by our motif, but for none of these has the enzyme activity been
determined experimentally. As additional D-3-hydroxybutyrate
dehydrogenase activities become known, the motif might have
to be modified to accommodate them. It should be noted that
the motif only identified proteins encoded by members of the
Proteobacteria, even though it is likely that some nonpro-
teobacterial bacteria for which genome sequence information
is available exhibit D-3-hydroxybutyrate dehydrogenase activ-
ity. It will be interesting to have experimentally determined
D-3-hydroxybutyrate dehydrogenase encoding genes from non-
proteobacterial bacteria with which to attempt to determine a
more universal motif for this enzyme.

FIG. 1. Generation times of E. coli LS5218 carrying clones allowing growth on M9 D-3-hydroxybutyrate. No growth was observed for
LS5218 alone.
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DISCUSSION

BdhA is a member of the SDR family of enzymes. Members
of this family are typically proteins of 250 to 350 residues that
can share as little as 15% residue identity but have strikingly
high similarities in tertiary structure (26). The characterized
members of the SDR family are homodimeric or homotetra-
meric and catalyze NAD(H)/NAD(P)(H)-dependent oxida-
tion/reduction reactions. Surprisingly, the substrate specifici-

ties have been experimentally determined for only very few of
those encoded in bacterial genomes. Members of the SDR
family are likely important contributors to the catabolic capac-
ity of bacteria in natural environments such as soil and waste-
water treatment systems. The SDR-mediated oxidation of spe-
cific substrates is a critical step in the utilization of these
substrates as nutrients. From available genome sequences, it is
clear that a considerable amount of genomic information is

FIG. 2. N-J tree of deduced BdhA proteins based on ClustalX alignments, rooted using E. coli FabG (P25716) (38). Accession numbers of the
BdhA sequences, described in the text, are as follows: Mlo (M. loti), NP_103755; RCX23, AY692351; Lpn (L. pneumophila), AAU28378; Ccr (C.
crescentus), F87668; Mex (M. extorquens), AAQ95632; Bja7029 (B. japonicum blr7029), BAC52294; Rpa (R. palustris), CAE29647; RCX32,
AY692350; Bja1488 (B. japonicum blr1488), BAC46753; Atu2308 (A. tumefaciens), AAL43297; NGR (NGR234 chromosomal locus), AA066470;
Sme (S. meliloti), O86035; NGR2 (NGR234 megaplasmid locus), AAQ87462, Rho (Rhodobacter sp.), AAD42688; Bpa (B. parapertussis),
CAE38726; Reu (R. eutropha), Q9X642; RCX6, AY692352; Abr (A. brasilense), AAM00195. Bootstrap analysis (1,000 trials) provided the
indicated levels of support.
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devoted to the synthesis of the SDR enzymes. For example, the
B. japonicum genome contains 113 SDR-encoding genes, and
the genome of soil- and plant-associated �-proteobacteria typ-
ically have 11 to 12 SDR genes per Mbp (Pfam database) (6).
Some SDR enzymes are also potentially useful in the industrial
production of chiral compounds. Nevertheless, the range and
basis of substrate specificity of the bacterial SDRs remain
relatively unexplored.

In the present study, we have provided additional examples
of the use of functional complementation for the isolation of
novel genes from microbial communities. Most advances in
molecular microbial ecology research have been based on the
use of sequences of known genes as probes for the detection or
isolation of those genes or their transcripts in environmental
samples. A significant limitation in this type of approach is that
it is based on the assumption that all genes encoding enzymes
involved in a particular process will exhibit sequence similarity.
It is becoming apparent, however, that this assumption is in-
correct (22). Considering that the majority of organisms in a
given microbial community are unknown, certainly there are
numerous different types of genes encoding particular enzymes
that would not be identified based on DNA sequence similar-
ity. The SDR protein family is an example of a group of
proteins for which it is often not possible to determine the
substrate specificity based on sequence alone.

Most function-based metagenomic studies rely on expres-
sion and screening in E. coli surrogate hosts. There are few
examples where non-E. coli hosts are used (48). We have
shown that even within the Proteobacteria, there are expression
differences that influence the genes that are isolated through
functional complementation. Although we had previously
demonstrated the ability to isolate bdhA genes from single-
genome libraries through functional complementation of E.
coli LS5218, the LS5218-complementing clones isolated from
our metagenomic libraries did not express this activity. The
identity of the LS5218-complementing genes is currently being
investigated. It is quite possible, and it will be interesting to
see, whether the LS5218 complementation strategy selects for
enzyme activity distinct from BdhA. The absence of detectable
BdhA enzyme activity for a few of the clones isolated in the S.
meliloti complementation could also be due to presence of
genes encoding other enzymes that are able to complement the
growth phenotype. This also merits further investigation.

Through the functional analysis of relatively few genes, we
have considerably broadened the known diversity of bacterial
BdhA proteins. It is striking that although the BdhA proteins
examined in the present study are probably all encoded by
proteobacterial genomes, they exhibit sequence diversity almost
as great as that exhibited within the entire SDR family. It is
anticipated that further functional and comparative analysis
will result in better definition of motifs that will not only allow
improved annotation of gene function but will also lead to
greater understanding of the recognition of specific substrates
by functional protein domains.
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43. Steinbüchel, A., and H. E. Valentin. 1995. Diversity of bacterial polyhydroxy-
alkanoate acids. FEMS Microbiol. Lett. 128:219–228.

44. Streit, W. R., R. A. Schmitz, X. Perret, C. Staehelin, W. J. Deakin, C. Raasch,
H. Liesegang, and W. J. Broughton. 2004. An evolutionary hot spot: the
pNGR234b replicon of Rhizobium sp. strain NGR234. J. Bacteriol. 186:535–
542.

45. Sukdeo, N., and T. C. Charles. 2003. Application of crossover-PCR-medi-
ated deletion-insertion mutagenesis to analysis of the bdhA-xdhA2-xdhB2
mixed-function operon of Sinorhizobium meliloti. Arch. Microbiol. 179:301–
304.

46. Tyson, G. W., J. Chapman, P. Hugenholtz, E. E. Allen, R. J. Ram, P. M.
Richardson, V. V. Solovyev, E. M. Rubin, D. S. Rokhsar, and J. F. Banfield.
2004. Community structure and metabolism through reconstruction of mi-
crobial genomes from the environment. Nature 428:37–43.

47. Venter, J. C., K. Remington, J. F. Heidelberg, A. L. Halpern, D. Rusch, J. A.
Eisen, D. Wu, I. Paulsen, K. E. Nelson, W. Nelson, D. E. Fouts, S. Levy, A. H.
Knap, M. W. Lomas, K. Nealson, O. White, J. Peterson, J. Hoffman, R.
Parsons, H. Baden-Tillson, C. Pfannkoch, Y.-H. Rogers, and H. O. Smith.
2004. Environmental genome shotgun sequencing of the Sargasso Sea. Sci-
ence 304:66–74.

48. Wang, G. Y., E. Graziani, B. Waters, W. Pan, X. Li, J. McDermott, G.
Meurer, G. Saxena, R. J. Andersen, and J. Davies. 2000. Novel natural
products from soil DNA libraries in a streptomycete host. Org. Lett. 2:2401–
2404.

49. Wood, D. W., J. C. Setubal, R. Kaul, D. E. Monks, J. P. Kitajima, V. K. Okura,
Y. Zhou, L. Chen, G. E. Wood, N. F. Almeida, Jr., L. Woo, Y. Chen,† I. T.
Paulsen, J. A. Eisen, P. D. Karp, D. Bovee Sr., P. Chapman, J. Clendenning, G.
Deatherage, W. Gillet, C. Grant, T. Kutyavin, R. Levy, M.-J. Li, E. McClelland,
A. Palmieri, C. Raymond, G. Rouse, C. Saenphimmachak, Z. Wu, P. Romero, D.
Gordon, S. Zhang, H. Yoo, Y. Tao, P. Biddle, M. Jung, W. Krespan, M. Perry,
B. Gordon-Kamm, L. Liao, S. Kim, C. Hendrick, Z.-Y. Zhao, M. Dolan, F.
Chumley, S. V. Tingey, J.-F. Tomb, M. P. Gordon, M. V. Olson, and E. W.
Nester. 2001. The genome of the natural genetic engineer Agrobacterium tume-
faciens C58. Science 294:2317–2323.

50. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.

VOL. 72, 2006 METAGENOMIC ANALYSIS OF PHB METABOLISM 391


