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Summary

Molecular characterizations of bacteria often employ
ribosomal DNA (rDNA) to establish the identity and
relationships among organisms, but the use of rRNA
sequences can be problematic as the result of align-
ment ambiguities caused by indels, the lack of infor-
mative characters, and varying functional constraints
over the molecule. Although protein-coding regions
have been used as an alternative to rRNA, there is
neither consensus among the genes examined nor
ways to rapidly obtain sequence information for such
genes from uncharacterized bacterial species. To
standardize the set of protein-coding loci assayed in
bacterial genomes, we examined over 100 widely dis-
tributed genes to identify sets of universal primers for
use in the PCR amplification of protein coding regions
that are common to virtually all bacteria. From this
set, we developed primer sets that each target of 10
genes spanning an array of genomic locations and
functional categories. Although many of the primers
contain sequence degeneracies that aid in targeting
genes across diverse taxa, most are adequate for
direct sequencing of amplification products, thereby
eliminating intermediate cloning before sequence
determination. We foresee the analysis of these pro-
tein-coding regions as being complementary to ribo-
somal DNA for answering questions pertaining to
bacterial identification, classification, phylogenetics
and evolution.

Introduction

 

Communities of bacteria have been recovered and char-
acterized from diverse environments, ranging from culti-
vated fields and arctic tundra (Torsvik and Ovreas, 2002;
Buckley and Schmidt, 2003), to thermal springs and open
ocean (Gordon and Giovannoni, 1996; DeLong, 2001;

Blank 

 

et al

 

., 2002), and including those within human and
animal hosts (Kroes 

 

et al

 

., 1999; Frank 

 

et al

 

., 2003; Moran

 

et al

 

., 2003; Rolain 

 

et al

 

., 2003; Schramm 

 

et al

 

., 2003).
Although bacteria are the most ancient and pervasive
organisms on the planet (Whitman 

 

et al

 

., 1998; Sheridan

 

et al

 

., 2003), identifying and distinguishing microbial
species, and inferring their relationships, have been
historically fraught with difficulties because of a lack of
morphologically distinguishing features. Moreover, the ini-
tial dependence on biochemical and metabolic properties
as key characteristics for the classification of bacteria has
limited analysis to the estimated 1% of microbes that can
be cultivated (Amann 

 

et al

 

., 1995; Kaeberlein 

 

et al

 

.,
2002).

Since the 1980s, analysis of ribosomal RNA and DNA
sequences has served as the standard to assess micro-
bial diversity in nature and to classify bacterial species
(Fox 

 

et al

 

., 1980; Busse 

 

et al

 

., 1996). The appeal of
these molecules lies in their ubiquitous distribution and
relatively slow rates of evolution, which enables compari-
sons among very divergent bacteria. In addition, the
highly conserved domains of ribosomal DNA can serve
as templates for designing amplification primers to gener-
ate the corresponding regions from all samples. By
applying a universal genetic character by which all organ-
isms, even those not amenable to cultivation, can be
compared, these procedures have greatly enhanced our
view of microbial diversity and relationships (DeLong and
Pace, 2001; Smith 

 

et al

 

., 2001; Hagstrom 

 

et al

 

., 2002;
Hayashi 

 

et al

 

., 2002; Francino 

 

et al

 

., 2003). To date,
the nearly 75 000 bacterial isolates for which rDNA
sequences are available have been classified into almost
40 phyla, over half of which have been recognized solely
on the basis of their 16S rDNA sequences (Hugenholtz

 

et al

 

., 1998; Dojka 

 

et al

 

., 2000; DeLong, 2002;
Hugenholtz, 2002).

Despite these advances, several authors have noted
shortcomings in using 16S rDNA sequences for assessing
microbial diversity and for phylogenetic analysis. Quite
apart from the fact the 16S rDNA spans a very small
portion of the genome, the lack of informative characters
and its slow evolutionary rate can complicate both the
differentiation of closely related strains of bacteria as well
as the resolution of evolutionary trees (e.g. Rogall 

 

et al

 

.,
1990; Bennasar 

 

et al

 

., 1996). Furthermore, because
rDNA does not encode a protein, the occurrence of addi-
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tions and deletions (indels) can introduce problems for
sequence alignments, and selection on secondary struc-
tures can cause sequence convergence and saturation,
thereby distorting the actual relationships among organ-
isms (Hillis and Dixon, 1991; Dixon and Hillis, 1993; Kjer,
1995). Finally, there are questions pertaining to the
degree to which rDNA sequences are resistant to lateral
gene transfer (Yap 

 

et al

 

., 1999) or whether any single
molecule can accurately represent the true organismal
phylogeny.

To circumvent many of these problems, we have
focused on universally conserved protein-coding gene
sequences. Unlike rDNA, such genes are typically present
in single copies within genomes, are subject to very low
rates of indels and can be readily partitioned into synon-
ymous and non-synonymous sites, which undergo very
different rates and patterns of evolution. Such features
allow for both the accurate alignment of homologues
from divergent organisms as well as the differentiation of
very closely related lineages. Conserved protein-coding
regions have been used as an alternative to 16S rDNA to
address many questions pertaining to the relationships of
microbes ranging from the deepest branching bacterial
phylogenies (reviewed in Francino 

 

et al

 

., 2003) to the
assessment of genetic variation within individual species
(Enright and Spratt, 1999; Feil 

 

et al

 

., 2003). Unfortunately,
there is no consensus among the genes examined across
species, with the selection of loci often specific to a par-
ticular study. In order to: (i) standardize the set of loci
assayed in bacterial genomes at all phylogenetic levels;
(ii) complement and extend the utility of 16S rRNA in the
identification and classification of bacteria, and (iii)
explore differences in the substitution patterns across
genes common to different bacterial groups, we have
developed sets of conserved primers of limited degener-
acy designed for use in recovering protein-coding genes
present in virtually all bacteria (Eisen, 1995; 1998). By
allowing access to more comprehensive portions of bac-
terial genomes, these primer sets should be of broad
application in molecular, genetic and evolutionary
analyses.

 

Results

 

A total of 143 genes was identified which fit the criteria of
being both single copy and present in more than 95% of
completely sequenced bacterial genomes. Based on anal-
ysis of the amino acid alignments of these broadly distrib-
uted sequences, candidate genes could be categorized
into three classes: (i) those containing no regions that
were sufficiently well-conserved to design low-degener-
acy primers (35 genes); (ii) those with a single conserved
region (69 genes), and (iii) those with at least two highly
conserved regions separated by at least 100 amino acids

(39 genes). Focusing first on this set containing 39 genes,
we were able to design and synthesize primers for 10
functionally diverse genes (Table 1). Most of these genes
are distributed around the bacterial chromosome; how-
ever, from a large group of conserved genes known to be
clustered in most bacterial genomes (Hansmann and Mar-
tin, 2000; Lathe 

 

et al

 

., 2000), we utilized three represen-
tatives (e.g. 

 

fusA

 

, 

 

rplB

 

 and 

 

rpoB

 

). For many of the
selected loci, there were numerous potential primer bind-
ing sites conserved across bacterial taxa: at the extreme,
this led to designing nine forward and seven reverse prim-
ers for 

 

gyrB

 

.
Primer combinations resulting in high levels of back-

ground and non-specific amplification among the tested
isolates, as well as those yielding low amplification effi-
ciencies, were systematically removed. Ultimately, we
identified at least one, but often several, combinations of
primers for each of the 10 loci that produced either a
single amplicon or one with a minimal background
(Table 1) for more than two-thirds of the phylogentically
diverse bacterial isolates screened. Primer combinations
differ in their utility across taxonomic groups (Table 2);
amplifications performed on representatives of the 

 

e

 

-
Proteobacteria (

 

Helicobacter pylori

 

) and Spirochetes

 

Table 1.

 

Primer sequences for universally conserved genes in
bacteria.

Gene
name Primers

 

a

 

fusA

 

fusAF: 5

 

¢

 

-CATCGGCATCATGgcncayathga-3

 

¢

 

fusAR: 5

 

¢

 

-CAGCATCGGCTGCaynccyttrtt-3

 

¢

 

gyrB

 

gyrBBAUP2: 5

 

¢

 

-GCGGAAGCGGccngsnatgta-3

 

¢

 

gyrBBNDN1: 5

 

¢

 

-CCGTCCACGTCGgcrtcngycat-3

 

¢

 

ileS

 

ileSBCUP1: 5

 

¢

 

-GCCCGGCTGGgaywsncaygg-3

 

¢

 

ileSBKDN1: 5

 

¢

 

-TGGAGCCGGAGTCGawccanmmntc-3

 

¢

 

lepA

 

lepABAUP1: 5

 

¢

 

-CATCGCCCACATCgaycayggnaa-3

 

¢

 

lepABAUP2: 5

 

¢

 

-TGCATCATCGCCCACrtngaycaygg-3

 

¢

 

lepABIDN1: 5

 

¢

 

-CATGTGCAGCAGGccnarraancc-3

 

¢

 

leuS

 

leuSF: 5

 

¢

 

-GAGACCGTGCTGGCCaygarsarrt-3

 

¢

 

leuSBKDN1: 5

 

¢

 

-GGGGCAGCcccarwanckyt-3

 

¢

 

pyrG

 

pyrGBAUP1: 5

 

¢

 

-GGCGTGGTGTCCTCCntnggnaargg-3

 

¢

 

pyrGBDDN2: 5

 

¢

 

-GGAAGGGCAGGCACTcnatrtcnccna-3

 

¢

 

recA

 

recABDUP1: 5

 

¢

 

-CCCGAGTCCTCCggnaaracnac-3

 

¢

 

recABGDN2: 5

 

¢

 

-CGTTGCCGCCGgkngtnryytc-3

 

¢

 

recABHDN1: 5

 

¢

 

-GAAGGGTGGGGCCanyttrttytt-3

 

¢

 

recG

 

recGBHUP2: 5

 

¢

 

-GGGCGACGTGGGCdsnggnaarac-3

 

¢

 

recGBMDN1: 5

 

¢

 

-GGGTCCGGGGGatnggngtngc-3

 

¢

 

rplB

 

rplBBDUP1: 5

 

¢

 

-CAAGGTGGAGCGCATCsantaygaycc-3

 

¢

 

rplBBHDN1: 5

 

¢

 

-GCCGCCGCCGwdnggrtgrtc-3

 

¢

 

rplBR: 5

 

¢

 

-CGCCGCCGCCGwrnggrtgrtc-3

 

¢

 

rpoB

 

rpoBBDUP1: 5

 

¢

 

-GGGCACCTTCATCATCaayggndbnga-3

 

¢

 

rpoBBDUP4: 5

 

¢

 

-CATGGGCGACATCccnhwnatnac-3

 

¢

 

rpoBBJDN2: 5

 

¢

 

-CCGATGTTCGGGCcytcnggngtyt-3

 

¢

 

rpoBBJDN3: 5

 

¢

 

-GATGTTCGGGCCCtcnggngtytc-3

 

¢

 

a.

 

 Capital letters denote non-degenerate 5

 

¢

 

 consensus clamp region,
and lower case letters represent the degenerate 3

 

¢

 

 core region of
primers, as designed by 

 

CODEHOP

 

 (Rose 

 

et al

 

., 1998). Abbreviations
for degenerate nucleotides follow those of the IUPAC ambiguity
codes.
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(

 

Borrelia burgdorferi

 

) were particularly unsuccessful com-
pared with other bacterial groups.

Although the diversity in target sequences required that
some primers contain up to 512-fold degeneracy, these
PCR primers were, by-and-large, adequate for directly
sequencing amplification products, thereby eliminating the
need for the intermediate cloning of amplicons prior to
sequence determination. Sequence data generated
directly from PCR amplicons were over 99% identical to
sequences obtained from cloned inserts. As anticipated,
amino acid sequences (translated from the nucleotide
sequences) could be aligned with minimal effort.

 

Discussion

 

We have developed sets of universal primers that target
protein-coding genes distributed in virtually all bacteria.
With these primers, the DNA sequences of the corre-
sponding regions of universally conserved genes can be
generated via PCR, and can be used to: (i) recover
sequences from small or heterogeneous environmental
samples of bacteria; (ii) provide a common set of charac-
ters by which one can identify, classify and determine the
relationships of bacteria at varied taxonomic levels, and
(iii) examine the heterogeneity in rates and patterns of
sequence evolution across taxa.

Like the conserved primers available for the amplifica-
tion of ribosomal DNA, the primer pairs designed to
amplify protein-coding regions will generate PCR prod-
ucts from most, but not all, bacterial genomes. For the

panel of isolates that we tested, there was about a 60%
success rate for obtaining the correct amplification prod-
uct from each pair of primer (Table 2). However, the appli-
cation of all possible primer combinations for a given gene
greatly reduced the number of amplifications that yielded
no, or multiple, PCR reaction products. Those few strains
in which no reaction products could be recovered were
apparently the result of the low G + C contents of some
genomes coupled with the stringent primer annealing con-
ditions that were applied. This problem is exacerbated by
the fact that primers designed by CODEHOP possess a
G + C rich 5

 

¢

 

-consensus clamp that is integral to the
amplification strategy (Rose 

 

et al

 

., 1998). For such cases,
we synthesized additional primers directed towards a
more restricted taxonomic group (i.e. a particular phylum)
based on known features (i.e. G + C content and codon
usage biases) of constituent genomes. Although the
design of the original primers ensures that the synthesis
of additional primers will seldom be required, we adopted
this alternative strategy to recover sequences from 

 

e

 

-
Proteobacteria based on the available genome sequence
of 

 

Helicobacter pylori

 

 and 

 

Campylobacter jejuni

 

 (data not
shown).

The approach that we outline – i.e. using multiple con-
served protein-coding regions for assessing the diversity
and relationships of bacterial species – is similar, in con-
cept, to the genotypic data obtained by multilocus
sequence typing (MLST) which has been developed to
assess genic diversity within bacterial species (Enright
and Spratt, 1999; Spratt, 1999). However, MLST schemes

 

Table 2.

 

Testing amplification with universal primers on some representative bacterial DNAs. Genes which could be PCR amplified from an iso-
late with the universal primers are designated with a (+) whereas lack of PCR amplification is indicated by a (–).

Test species

Gene

 

fusA gyrB ileS lepA leuS pyrG recA recG rplB rpoB

Agrobacterium tumefaciens

 

(

 

a

 

-Proteobacteria)
+ + + + + + + + + +

 

Bacillus subtilis

 

(Firmicutes)
+ + + + – + + + – –

 

Borrelia burgdorferi

 

(Spirochetes)
+ + – – – – + – – –

 

Cellvibrio japonicus

 

(

 

g

 

-Proteobacteria)
– + – + – – + – + +

 

Chlorobium tepidum

 

(Chlorobi)
+ + + + + + + + + +

 

Clostridium vincentii

 

(Firmicutes)
– + – + – – + – + +

 

Escherichia coli

 

(

 

g

 

-Proteobacteria)
+ + + + + + + + + +

 

Flavobacterium hydatis

 

(Bacteroidetes)
– + – + – – – – + –

 

Helicobacter pylori

 

(

 

e-Proteobacteria)
– + – – – + – + – –

Neisseria gonorrhoeae
(b-Proteobacteria)

– + + + + + + + + +

Rhizobium leguminosarum
(a-Proteobacteria)

+ – – + + – + – + +
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focus on the allelic variation at 6–8 enzyme loci within a
particular species and makes little attempt to examine the
same loci in different taxa because the genetic information
is used principally to monitor the epidemiology and pop-
ulation structure within individual pathogenic species. The
conserved primer sets designed in the present study can
serve as a convenient starting point in the development
of MLST schemes for a wide range of bacterial species,
including those that have not been previously well char-
acterized at the molecular level, and will further allow the
comparative analysis of molecular and evolutionary pro-
cesses across diverse taxa.

Many of the features that make the analysis of ribosomal
DNA sequences so attractive for analysing bacterial
diversity are also exhibited by conserved protein-coding
regions. In addition, these genes are typically single copy
within a genome, and their amino acid sequences promote
alignments among very distantly related organisms.
Finally, having access to additional regions of the genome
can assist in screening clone libraries for conserved
regions, phylogenetic reconstruction (by providing larger
numbers of informative characters), and evolutionary stud-
ies (by permitting comparisons of the history and substi-
tution patterns of different genes). Thus, information
derived from universally conserved protein coding regions
can complement and extend the utility of ribosomal DNA
sequences for resolving questions pertaining to the molec-
ular biology, genetics and evolution of bacterial genomes.

Experimental procedures

Choice of genes and primer design

A gene was considered a candidate for primer design if its
orthologue was present in single copy in all (n = 132 as of
August 2002), or nearly all, completely sequenced bacterial
genomes. Amino acid sequences were retrieved from the
NCBI Clusters of Orthologous Groups (COG) database
(http://www.ncbi.nlm.nih.gov/COG/), supplemented with
sequences from the Joint Genome Institute genome
sequencing projects (http://www.jgi.doe.gov/JGI_microbial/
html/index.html). Sequences were aligned in CLUSTAL X

(Thompson et al., 1997).
To identify regions corresponding to the most highly con-

served segments of each candidate gene, amino acid align-
ments were submitted to the BLOCKS Multiple Alignment Pro-
cessor (http://blocks.fhcrc.org/blocks/process_blocks.html).
Output from BLOCKS was used to design PCR primers with
CODEHOP (Rose et al., 1998) employing the following param-
eters: annealing temperature of at least 55∞C, equal codon
usage, and a sequence degeneracy of £512. The remaining
parameters in CODEHOP were maintained at their default set-
tings. Primer combinations whose predicted products ranged
from 400 to 2000 bp were selected for empirical testing. To
improve the success of PCR amplifications, between two and
six primers were chosen for synthesis when CODEHOP

designed more than a single primer for a particular direction

of a given gene. Resulting primers ranged from 20 to 30
nucleotides in length and were synthesized by Sigma-
Genosys.

Bacterial isolates

To ascertain primer efficacy and amplification efficiency, a
panel of taxonomically diverse bacteria was screened. The
panel consisted of Flavobacterium hydatis (Bacteroidetes),
Chlorobium tepidum (Chlorobi), Bacillus subtilis and Clostrid-
ium vincentii (Firmicutes), Agrobacterium tumefaciens and
Rhizobium leguminosarum (a-Proteobacteria), Neisseria
gonorrhoeae (b-Proteobacteria), Helicobacter pylori (e-
Proteobacteria), Cellvibrio japonicus and Escherichia coli (g-
Proteobacteria) and Borrelia burgdorferi (Spirochetes). DNA
from F. hydatis, C. vincentii, R. leguminosarum and C. japoni-
cus was kindly provided by D. R. Humphry (University of
York). The remaining bacterial isolates were purchased from
the American Type Culture Collection (ATCC). Cultures were
grown overnight in the recommended medium and DNA
extracted using the Qiagen DNeasy Tissue Kit.

Amplification, cloning and sequencing methods

Polymerase chain reactions were conducted in 25 ml volumes
containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM
MgCl2, 200 mM of each dNTP, 15 pmol of each primer, 1 U
Eppendorf Taq polymerase, and 10 ng of template DNA. For
genes in which more than a single forward or reverse primer
were designed, all possible primer combinations were tested.
Reactions incorporated a ‘touchdown’ PCR procedure (Don
et al., 1991) using the following conditions: initial denatur-
ation at 94∞C for 2 min, 10 cycles of 94∞C for 1 min, 60∞C for
1 min (-1∞C/cycle), and 72∞C for 1 min followed by 21 cycles
of 94∞C for 1 min, 50∞C for 1 min, and 72∞C for 1 min, with a
final extension of 72∞C for 5 min.

Given the size distribution of anticipated products (400–
2000 bp), PCR amplifications were assessed on 2% agarose
gels in 0.5¥ Tris-borate (TBE). Amplifications that resulted in
a single product were purified with the QIAquick PCR purifi-
cation kit (Qiagen). In cases where reactions generated mul-
tiple products, the resulting DNA fragments were gel purified
in a 2% 1¥ Tris-acetate (TAE) agarose gel. Products of the
anticipated size were excised from the gel and recovered
using the QIAquick gel extraction kit (Qiagen). In situations
where extraneous products could not be fractionated from the
desired amplicon by gel purification, amplicons were cloned
using the TOPO TA Cloning¢ kit (Invitrogen) before sequenc-
ing. In all other cases, amplicons were sequenced directly
without intermediate cloning. Sequence reactions utilized the
ABI PRISM Big Dye terminator cycle sequencing ready reac-
tion kit (Perkin Elmer). Cloned products were sequenced
from multiple independent inserts to ensure adequate repre-
sentation. Conceptual translations of nucleotide sequences
were identified and verified via BLAST (Altschul et al., 1997)
searches to the GenBank database.
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