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Spontaneous, erythromycin-resistant mutants of Thermus thermophilus 1B-21 were isolated and found to
carry the mutation A2058G in one of two 23S rRNA operons. The heterozygosity of these mutants indicates that
A2058G confers a dominant or codominant phenotype in this organism. This mutation provides a valuable tool
for the genetic manipulation of the 23S rRNA genes of Thermus.

Genetic analysis of rRNAs and ribosomal proteins has been
an essential tool in elucidating the mechanism of protein syn-
thesis. While numerous ribosomal protein and rRNA mutants
have been isolated, none has been examined structurally in
atomic detail. This is primarily due to the inadequacy of ribo-
somes from genetically tractable organisms such as Escherichia
coli for forming crystals that diffract X-rays at sufficient reso-
lution. Ribosomes suitable for X-ray crystallographic analysis
have thus far been obtained exclusively from thermophiles (4,
23, 33) or halophiles (1). Regrettably, only limited effort has
been devoted to studying the ribosomes of these organisms
using genetic approaches (see, however, reference 26). Deter-
mining the structures of mutant ribosomes of such an organism
(an organism producing ribosomes suitable for X-ray crystal-
lographic analysis) should define conformational perturbations
that result in specific functional consequences. We have, there-
fore, initiated a genetic dissection of ribosomes of the extreme
thermophile Thermus thermophilus. Despite the promise of
Thermus as a genetic system (16, 21), the lack of selectable
genetic markers such as transposons or antibiotic resistance
mutations makes the mapping of mutations to ribosomal pro-
tein and RNA genes problematic. Here we report the isolation
of a 23S rRNA mutation conferring resistance to the antibiot-
ics erythromycin and lincomycin. This selectable genetic
marker will facilitate the identification, by transformation, of
23S rRNA mutations affecting 50S subunit structure and func-
tion.

Thermus spp. have an unusual TRNA gene composition of
two 16S rRNA genes unlinked from two 23S rRNA-5S rRNA-
tRNASY operons (3, 12, 13). Thus, rRNA mutations are po-
tentially obtainable by direct selection if they exhibit a domi-
nant or codominant phenotype or if gene conversion occurs at
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a sufficiently high frequency. For these experiments we chose
the halotolerant strain 7. thermophilus 1B-21 (ATCC 43615).
Although the strain was originally described as Thermus sp.
strain IB-21 (17), the designation T. thermophilus is indicated
by DNA-DNA hybridization experiments (32) and our own
DNA sequence analysis (S. Gregory, J. H. D. Cate, and A. E.
Dahlberg, unpublished results).

Isolation of spontaneous erythromycin-resistant mutants.
We conducted a search for erythromycin resistance mutations
in 23S rRNA which have been isolated for a number of organ-
isms with multiple rRNA operons (reviewed in reference 30).
In several instances, including in the cases of Streptomyces
ambofaciens (22), Helicobacter pylori (29), and Streptococcus
pneumoniae (27), heterozygous mutants indicate that this mu-
tation is dominant or codominant, as has been previously dem-
onstrated using multicopy plasmid-encoded rrn operons in E.
coli (9, 24, 31). Spontaneous, erythromycin-resistant mutants
were selected by plating approximately 10° cells from an over-
night culture grown at 72.5°C in medium 162 (7) (supplement-
ed with 0.25% tryptone and 0.25% yeast extract) onto plates of
the same medium solidified with 2.8% agar (Difco) and con-
taining 100 pg of erythromycin per ml. After 3 days of incu-
bation at 72.5°C, mutants appeared at a frequency of approx-
imately 10”7 and were purified by restreaking once onto
medium 162-erythromycin plates and a second time onto an-
tibiotic-free plates. Six resistant isolates, designated HG4S,
HG49, HG50, HG51, HGS52, and HGS3, respectively, were
kept for analysis.

Identification of a 23S rRNA mutation. The most frequently
occurring macrolide resistance mutations occur at A2058 of
23S rRNA (30), which is footprinted by macrolide, lincos-
amide, and streptogramin B antibiotics in chemical probing
experiments (10, 20). We therefore amplified a segment of the
T. thermophilus 23S tRNA genes extending from positions
1660 to 2293 (according to E. coli 23S rRNA numbering) by
PCR using Tag DNA polymerase (Promega) and oligonucle-
otide primers 7th23SD (5'-GGACCTTTGGGCGCCTCCGT

4382



VoL. 183, 2001

wild-type rrlA1
TGCA T G CA
- = - B =
--_ -B
= “ @A2058
< - - < =8

— -

FIG. 1. Sequencing of PCR-amplified 23S rRNA operons in the
region of A2058. Sequences from wild-type 7. thermophilus 1B-21 and
from the rrl41 mutant HG48. The presence of mixed termination
products at position A2058 indicates that this mutant is heterozygous
for the rrlA1 mutation.

TACC-3") and Tth23SE (5'-CGCCAAGGAACTCTGCAAG
TTGGC-3") (both primers from Operon Technologies) based
on the T. thermophilus HB8 23S rRNA sequence (14). Direct
sequencing of PCR products revealed that three of the six
isolates (HG48, HG50, and HG53) carry the mutation A2058G
(numbered according to E. coli 23S rRNA numbering). More-
over, concurrent terminations in the A and G lanes at the
position corresponding to position 2058 indicated that all three
isolates are heterozygous (Fig. 1).

Strong-stop primer extension analysis (25) of total RNA
from the A2058G mutants using the oligonucleotide primer
Tth2058RT (5'-CAGTAAAGCTCCACGGGGTC-3"), com-
plementary to positions G2061 to G2080, confirmed the pres-
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FIG. 2. Primer extension analysis of total RNA from wild-type 7.
thermophilus 1B-21 and from the A1 mutant HG48 (25). Lane 1,
extension from wild-type RNA using dATP, dGTP, dTTP, and ddCTP;
lane 2, extension from RNA from HG48 using dATP, dGTP, dTTP,
and ddCTP; lane 3, extension from wild-type RNA using four de-
oxynucleoside triphosphates (ANTPs) and no ddNTPs; lane 4, exten-
sion without RNA using four dNTPs. The positions of G2056 and
A2058 and of an unextended primer are indicated. The presence of
A2058G mutant 23S rRNA is apparent in lane 2.
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FIG. 3. Secondary structure of the central loop of domain V of T.
thermophilus HB8 23S rRNA (11) and the site of the A2058G eryth-
romycin resistance mutation.

ence of both mutant and wild-type 23S rRNA (Fig. 2), with
mutant RNA comprising between 50 and 60% of the total 23S
rRNA in the three mutants. We have designated the 23S
rRNA gene bearing the A2058G mutation from one of the
isolates (HG48) 1l4 and the wild-type 23S rRNA gene 1B
(these designations, though conforming to standard nomencla-
ture [2, 8], were assigned arbitrarily). The A2058G allele has
been designated rlA1. The site of this mutation in the T.
thermophilus 23S rRNA secondary structure (11) is shown in
Fig. 3.

The doubling times of both wild-type IB-21 and the A1
mutant HG48 were determined to be approximately 48 min,
whereas the doubling time of HG48 in the presence of 100 wg
of erythromycin per ml was about 81 min. This increase in
doubling time is consistent with roughly 60% of the ribosomes
carrying the resistance mutation. Some excess of mutant ribo-
somes in cells grown in erythromycin is not unexpected given
the drug’s property of inhibiting assembly of sensitive 50S
subunits (6).

Macrolide-resistant mutants of H. pylori have been shown to
contain A2058G in one or both 23S rRNA-5S rRNA operons
(29), indicating that homozygosity can result from either gene
conversion or an independent mutational event at A2058 in the
second operon. Attempts to obtain second-step homozygous
rtlA rrlB double mutants of T. thermophilus by a second round
of selection on higher levels of erythromycin (400, 600, and 800
pg/ml) were unsuccessful. This suggests either that gene con-
version to homozygosity is rare or that such events do not
generate significantly higher levels of resistance. We prefer the
latter explanation, since Thermus spp. are proficient at homol-
ogous recombination (16) and because r7/B mutations are ex-
pected to appear spontaneously (at a frequency similar to that
at which 714 mutations appear) in a second round of selection.

Cross-resistance to lincomycin. The A2058G mutation has
been shown to confer resistance to clindamycin (a lincosamide)
in vitro to reconstituted 50S subunits of Thermus aquaticus (15)
and has been demonstrated to confer resistance to macrolide,
lincosamide, and streptogramin B antibiotics in vivo to several
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organisms (30). Not unexpectedly, we found that it confers
high-level cross-resistance to lincomycin in vivo to 7. ther-
mophilus. Levels of drug resistance were determined by streak-
ing overnight cultures for single colonies on medium 162 plates
containing closely spaced concentrations of either erythromy-
cin or lincomycin. Wild-type T. thermophilus 1B-21 is not highly
sensitive to erythromycin and was inhibited at an antibiotic
concentration of only 50 wg/ml. The rl4] mutants are only
weakly resistant to erythromycin and were inhibited by an
antibiotic concentration of 400 pg/ml. In contrast, these mu-
tants exhibited high-level resistance to lincomycin. The MIC
for the wild-type strain was found to be only 2 wg/ml, whereas
rrlA1 mutants were resistant to lincomycin at concentrations
higher than 800 pg/ml.

The three remaining mutants (HG49, HG51, and HG52),
with an unidentified mutation of a gene tentatively designated
eryA, behaved uniformly with regard to antibiotic resistance
phenotypes. They are weakly resistant to erythromycin (com-
pletely inhibited by an antibiotic concentration of 400 pg/ml)
and only very weakly resistant to lincomycin, showing marginal
inhibition at an antibiotic concentration of 10 wg/ml and com-
plete inhibition at a antibiotic concentration of 40 pwg/ml. They
are thus phenotypically distinct from the 77147 mutants. Se-
quencing of several candidate sites within r724(B) and within
rpID and rplV (encoding ribosomal proteins L4 and 122, re-
spectively [see reference 5]) did not reveal the nature of the
mutation. While a ribosomal mutation has not been excluded,
it is also quite possible that ery4 affects antibiotic uptake.

Utility of the A2058G mutation. We have demonstrated that
it is possible to obtain 23S rRNA mutants of T. thermophilus
exhibiting a dominant or codominant antibiotic-resistance phe-
notype, despite the presence of two 23S rRNA gene copies.
The principle value of this mutation as a selectable genetic
marker is as a tool for the identification of other 23S rRNA
mutations of interest, such as ram mutations, or other muta-
tions producing a functional defect for which there is a genetic
selection. Such mutations could be mapped genetically to 74
by transformation to erythromycin resistance (using DNA
from the erythromycin-resistant mutant) and screening for loss
of the original phenotype. Alternatively, mutations in cis to
A2058G could be enriched by transforming a wild-type recip-
ient with DNA from pooled mutants selected in the rrlAl
background, simultaneously selecting for both phenotypes. Fi-
nally, site-directed mutations may be introduced into the chro-
mosomal rRNA operons by homologous recombination using
the rrlA1 mutation as a selectable marker. Such an approach
has been used with Halobacterium halobium (19). To facilitate
such experiments as well as to obtain strains producing uni-
form populations of mutant ribosomes for structural studies, a
strain of T. thermophilus bearing a deletion of one of the 23S
rRNA-5S rRNA-tRNASY operons can be constructed using
the same methodology employed to delete the Thermus genes
leuB (28), slpA (18), and rpsQ encoding ribosomal protein S17
(26).
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