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The availability of a diverse set of 23S rRNA gene sequences enabled evaluation of the specificity of 39
previously published and 4 newly designed primers specific for bacteria. An extensive clone library constructed
using an optimized primer pair resulted in similar gene richness but slightly differing coverage of some
phylogenetic groups, compared to a 16S rRNA gene library from the same environmental sample.

There has been renewed interest in the use of the 23S rRNA
gene with the decrease in sequencing costs and the growing
popularity of techniques such as microarrays (3, 13), analysis of
the 16S-23S intergenetic region (7, 9), fluorescence in situ
hybridization, and quantitative PCR. The 23S rRNA gene of-
fers the same advantages as the 16S rRNA gene (e.g., universal
distribution, conserved function, and invariant and variable
regions), yet it includes additional diagnostic sequence stretches
due to a greater length, characteristic insertions and/or dele-
tions (12), and possibly better phylogenetic resolution because
of greater sequence variation (4, 10-12, 20). However, use of
the 23S rRNA gene for bacterial community analysis is ham-
pered by the lack of established broad-range bacterial PCR
amplification and sequencing primers.

This study incorporates data from large-scale sequencing
efforts to develop new and evaluate existing bacterium-specific
23S rRNA PCR amplification primers. Additionally, this study
includes the first well-sampled environmental clone library of
23S rRNA sequences, greatly increasing the number of 23S
rRNA gene sequences.

Evaluation of primers. To check the specificity of PCR prim-
ers, an alignment of 23S rRNA gene sequences was developed
using the ARB software package (http://www.arb-home.de).
Bacterial 23S rRNA sequences were obtained from published
sources: the European rRNA database (22), National Center
for Biotechnology Information complete bacterial genomes
(as of 6 February 2005), the ARB LSU database, and environ-
mental bacterial artificial chromosome clones (16, 18). To en-
sure broad environmental representation of these primers, se-
quences were also retrieved using BLAST from the Sargasso
Sea assembled database (21) with full-length query 23S rRNA
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sequences from the genomes of representative organisms (Shi-
gella flexneri 2a strain 301, Pirellula strain 1, Prochlorococcus
marinus CCMP 1986, Streptomyces coelicolor A3, Bradyrhozo-
bium japonicum USDA110, and Bacteriodes fragilis YCH46).
Using this method, 1,415 nonredundant 23S rRNA sequences
of >400 bp each were retrieved from the Sargasso Sea data set.
Initial alignments of a total of 2,176 sequences were con-
structed using the ARB Fast Aligner with manual editing
based on secondary structure and the existing ARB alignment.
This data set was not corrected for skewing, due to over-
representation of common laboratory organisms, pathogens,
and organisms abundant in the Sargasso Sea.

The primers developed in this study (129f, 189r, 457r, and
2490r, with numbering based on Escherichia coli position) (6)
show excellent correspondence to sequences in the aligned
database (Table 1); additionally, some mismatches may be the
result of PCR or sequencing error. Although some previously
published “universal” bacterial primers display broad range,
this extensive database indicates that other suggested target
regions are not sufficiently conserved to serve as bacterial PCR
primers (Table 2). Primers for ITS amplification show various
degrees of specificity: the region corresponding to the position
of primer 129f is highly conserved (8, 15), but other primers are
less conserved and exclude a large fraction of bacterial diver-
sity (7, 19).

On the basis of their broad specificity, length of amplified
sequence, and good amplification properties, we propose using
the primers 129f (modified in this study) and 2241r for studies
of bacterial 23S rRNA diversity. These primers amplify a large
portion of the 23S rRNA, consistently produce only a single
band of PCR product, and are highly conserved across the
bacterial sequences currently available (Tables 1 and 2). Pos-
itive amplification was achieved with a diverse set of isolates
under the following conditions: 3 min at 94°C; then 30 cycles,
each consisting of 1 min at 94°C, 1 min at 57°C, and 2 min at
72°C; and a final 5-min extension at 72°C. All isolates used to
test the primers produced PCR product of the correct size; the
phyla of bacteria are listed and the number of isolates tested is
given in parentheses: a-Proteobacteria (7), B-Proteobacteria (2),
8-Proteobacteria (1), e-Proteobacteria (1), y-Proteobacteria (22),
Firmicutes (7), Bacteroidetes (8), and Cyanobacteria (2).
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TABLE 1. Percentage mismatches to the 23S rRNA gene dataset for primers designed in this study®

Primer” Nucleotide and % mismatch

129f C Y G A A T G G G G \% A A C C
0.3 0.1 2.4 0.2 0.5 0.6 2.4 2.1 1.9 9.0 4.0 0.5 1.1 2.2 2.4

189r T A C T D A G A T G T T T C A S T T C
0.1 0.2 2.3 0.1 0.0 0.0 0.3 0.1 0.3 4.7 1.6 0.6 0.0 0.3 0.3 4.8 0.0 0.0 0.2

457r C C T T T C C C - T C A C G G T A C T
3.0 0.1 44 0.1 0.0 1.3 0.7 5.5 0.5 0.2 1.3 3.7 0.1 5.2 0.6 0.0 0.0 0.2 0.1

2490r C G A C A T C G A
03 03 02 01 01 0.1 02 02 02

G G T G C C A A A C
03 02 02 09 09 01 09 01 07 02

“ Degenerate positions in the sequences were assumed to equally contribute to all possible nucleotides. Boldface type indicates that >5% of database sequences do

not match the primer. A hyphen indicates insertions in more than two sequences.

b Primer 129f is modified from 130f (9b), 189r is modified from 11A (20a), and 457r is modified from 473r (10).

Analysis of 23S rRNA clone library. The 129f-2241r primer
set was subsequently used to construct a clone library to eval-
uate coverage and relative distribution of phyla in comparison
with a 16S rRNA clone library constructed from a parallel
sample (1). A surface seawater sample from the marine end of
Plum Island Sound estuary (northeastern Massachusetts) was
collected as previously described (1). Cells were lysed using
bead beading (5), and DNA was purified using phenol:chloro-
form:isoamyl alcohol extraction, sodium acetate and ethanol
precipitation, and RNase I treatment (17). DNA was amplified
in 10 replicate 20-ul PCRs, each reaction mixture containing
50 ng of purified DNA template. PCR conditions were as
follows: 3 min at 94°C; then 15 cycles, each consisting of 1 min
at 94°C, 1 min at 57°C, and 2 min at 72°C; and a final 5-min
extension at 72°C. PCR products were pooled, precipitated
with ethanol, and gel extracted (QIAGEN gel extraction Kit).
Amplicons were cloned using the TOPO-TA kit (Invitrogen).

A total of 535 operational taxonomic units (OTUs) were
identified, based on sequential digests with restriction enzymes
Hhal and Mspl of cloned inserts amplified using internal plas-
mid primers (M13). Inserts with restriction patterns adding up
to >2,500 nucleotides were excluded, as they were assumed to
originate from more than one cloned 23S rRNA gene insert.
To determine the phylogenetic coverage, at least one member
of each OTU was sequenced and grouped into higher taxo-
nomic groups (subphylum or phylum). Both 129f and 457r
were used as sequencing primers on plasmids extracted using a
QIAprep Spin Miniprep kit (QIAGEN) and M13-amplified
PCR products, respectively. A total of 614 clone library se-
quences were edited using Sequencher, and phylum-level iden-
tification of the OTUs was made using discontinuous mega-
BLAST with a scoring metric (match = 4; mismatch = —5) to
allow identification of sequences highly divergent from those
present in the database. The cutoff for categorization of a
sequence was a sequence length of 300 bp of at least 85%
similarity to an organism of known phylogeny.

A comparison of 23S and 16S rRNA (1) gene clone libraries
constructed from replicate water samples yielded gross simi-
larities but also some important differences (Fig. 1). The ob-
served levels of richness in the two libraries were comparable
when the digestion-defined OTUs in the 23S library were ap-
proximated by 99% sequence identity clusters (1, 14) in the 16S
rRNA library (535 versus 520 for the 23S and 16S rRNA gene

libraries, respectively). In both libraries, Bacteroidetes and
a-Proteobacteria were the most abundant groups (2). However,
the 23S library displayed a higher percentage of Bacteriodetes
(42.8% versus 32.5%) and lower percentages of y-Proteobac-
teria (3.9% versus 22.8%), Actinobacteria, and minor groups.
This comparison is of interest because it may reflect the primer
bias of either 23S or 16S rRNA primers, a shallower depth of
sequence coverage in the 23S library masking rare variants, or
a limited 23S rRNA database preventing identification of cer-
tain groups. Planctomycetales were probably excluded by these
23S rRNA primers because the forward primer targets a region
not present in their 23S rRNA gene. Additionally, >5% mis-
matches were observed at position 10 of primer 129f to the set
of aligned sequences (Table 1); these mismatches occurred
primarily in environmental sequences rather than in cultured
isolates, confirming the value of incorporating environmental
shotgun sequences in the alignment. This mismatch may ex-
plain the low level of abundance of +y-Proteobacteria in the
clone library, as this alternate sequence is present in the
SAR-86 group (16, 18) and other y-Proteobacteria in the data-
base, as well as members of other phyla. This problem can be
remedied by adding an additional degeneracy to primer 129f
with the final sequence as CYGAATGGGRVAACC; this
modified primer paired with 2241r positively amplified a subset
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FIG. 1. Relative frequency distribution of major phylogenetic groups
detected among the environmental sequences from a 16S rRNA library
(black) and a 23S rRNA library (gray).
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TABLE 2. Percentage mismatches to the 23S rRNA gene dataset at each position for previously described universal primers

EVALUATION OF BACTERIAL 23S rRNA PCR PRIMERS 2223

a

Primer
(reference)

Nucleotide and % mismatch

ITSReub (7)

66r (19)

fprimer6 (3a)

130f (9b)

130r (9b)

11A (20a)

242r (9b)

256f (9b)

23ar (20a)

rprimer10 (3)

473f (10)

559r (9b)

559r (21a)

803r (21a)

820f (20a)

975r (10)

43a (20a)

1075f (10)

1091r (9b)

1104f (9b)

1200f (10)

1363f (10)

53a (20a)

1623f (9b)

62ar (20a)

79

244

50.6

0.3

C*

99.9

47.0

2.9

0.0

0.6

10.8

C*
100

0.2

0.2

0.1

5.2

0.0

2.3

10.5

6.3

0.4

2.4

0.0

0.2

0.6

4.5

533

1.7

54.9

A
16.4

0.9

11.7

0.2

0.5

0.0

0.8

0.3

0.0

66.5

0.0

6.2

6.2

0.2

0.2

0.3

55.2

5.2

1.1

0.2

0.6

42.1

A
10.8

84.5

17.1

0.5

0.2

0.0

3.1

0.6

0.3

0.3

45.0

0.3

0.4

0.1

46.9

0.6

0.2

0.0

25.8

243

0.2

3.4

27.8

0.0

0.1

44

0.1

25.6

114

0.8

0.1

2.6

2.9

29.9

0.1

26.6

5.8

2.6

0.1

2.0

2.4

0.6

0.0

22

38.4

0.0

13

0.3

0.3

15.8

3.7

0.4

0.0

0.0

0.0

0.3

0.8

0.0

28.6

3.0

2.9

0.1

0.4

16.7

0.4

7.7

2.5

0.0

C
10.6

0.4

0.5

0.5

0.2

0.3

0.0

0.6

13.0

5.5

5.5

0.3

0.3

0.2

0.8

0.5

2.2

0.0

0.1

C
2.8

A
12.8

G
4.2

G
2.4

G*
100

26.7

2.3

229

26.4

0.4

8.7

C
53

S
6.2

G
2.1

G*
99.9

G
0.3

T
0.0

T
0.3

G
0.8

0.1

1.9

10.2

114

0.1

0.6

344

G*
100

34.0

0.0

0.6

0.2

3.7

0.1

0.1

0.1

0.4

0.5

0.4

2.6

0.1

13

0.9

15.0

0.4

8.6

0.2

39.3

23

2.9

0.5

T
0.1

0.2

13

0.6

4.9

4.9

T
0.0

A C C C
11 22 24 175

A
0.1
G G
0.0 24

0.0 00 02 01

01 84 33

C
0.2

Continued on following page
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TABLE 2—Continued
Primer Nucleotide and % mismatch
(reference)
1685r (21a) C C T T M T C S C - G A A S T T A C G G
8.5 6.6 00 00 09 01 216 01 27 09 49 00 04 01 56 01 01 00 108 84
69ar (20a) C T T A G G A C C G T T A T A G T T A C
0.3 0.3 03 15 08 20 03 58 59 07 01 30 00 08 06 05 03 01 00 02
1930r (9b) C G A C A A G G A A - T T T C G C T A C
37 00 07 05 09 01 04 03 11 00 04 11 04 02 03 03 01 01 01 0.1
2069f (9b) G A C G Yt A A A G A C C C C R T G
0.1 0.0 02 31 998 05 05 03 01 01 03 00 00 35 00 58 16
2241r (9b) A C C G C C C C A G T H A A A C T
04 04 07 26 04 04 01 00 00 03 09 10 01 01 02 02 06
24306f (10) T C - G C T C A A C G G A T A A A A G
0.9 2.7 03 30 15 03 41 03 30 61 07 35 19 08 04 02 00 03 02
2498r (9b) G A G Y C G A C A T C G A G G
0.3 0.1 03 00 03 02 02 01 01 01 02 02 02 03 02
93ar (20a) C G A C G - T T C T G A A C C C A G C T C
02 02 01 02 02 02 20 01 107 02 386 02 02 02 02 01 01 29 02 02 02
2603f (21a) A R A M - C G T C G T G A G A C A G
02 0.1 01 01 02 02 02 01 02 02 20 00 00 01 01 02 02 02
2669f (9b) A G T A C G A G - A G G A C C G G
0.5 02 01 02 03 02 02 06 03 01 01 01 01 06 03 35 80
2744r (10) C T T - A G A T G C Y T T C A G C
22 01 02 04 01 57 01 02 02 04 15 01 00 02 02 23 32
2747r (9b) G Y T T - A G A T G C Y T T C
174 0.0 01 02 04 01 57 01 02 02 04 15 01 00 02
97ar (20a) C C C G C T T - A G A T G C T T T cC A G C
23 359 190 174 22 01 02 04 01 57 01 02 02 04 56 01 00 02 02 23 32
2758f (9b) Y T G A A R G C A T C T - A A
00 02 02 00 01 15 04 02 02 01 57 01 04 02 01

¢ Primers follow the naming convention of the original publication but are ordered according to their position along the 23S rRNA sequence. Positions shown in
boldface indicate that >5% of sequences do not match the primer at that position. Degenerate positions in the sequences were assumed to equally contribute to all
possible nucleotides. Hyphens indicate insertions in more than two sequences. *, probable typographic error in the published primer sequence.

of 14 isolates from diverse phyla. The large number of un-
knowns is due to the difficulty of 23S rRNA sequence identi-
fication because of the poor depth of sequence coverage, espe-
cially for less-well-studied phyla (i.e., B-, d-, and e-Proteobacteria).

Applications using 23S primers, especially techniques such
as automated rRNA intergenic spacer analysis that are highly
sensitive to the primers chosen (7), should be reevaluated and
perhaps modified in light of this data. Nonetheless, this com-
parison of 16S and 23S rRNA gene sequences shows that
reasonable coverage and agreement between broad-range
primer pairs can be achieved.

The alignment used to check the primers is available online
(see the supplemental material and the ARB database, avail-
able for download at http://web.mit.edu/polz/seq=align.html).

Nucleotide sequence accession numbers. Sequences were
submitted to GenBank with accession numbers DQ312516 to
DQ313129.

This research was supported by grants from NSF, NIEHS, and DOE
(Genomes to Life).
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