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Molecular Mechanisms of Clarithromycin Resistance in Mycobacterium avium:
Observation of Multiple 238 rDNA Mutations in a Clonal Population
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The peptidyltransferase region of the 23S rRNA gene (the probable target site for the macrolides)
was investigated in blood isolates of Mycobacterium avium recovered from 38 patients before and
after the development of clarithromycin resistance. Point mutations were identified in 100% of the
74 resistant relapse blood isolates but in none of 69 susceptible pretreatment isolates. Multiple
mutations were identified in isolates from 23 (61%) of 38 patients. Of the 63 identified mutations,
95% involved adenine at bp 2058. Single-colony clones from cultures that were mixtures of more
than one mutation revealed a single mutation within each clone. Pulsed field gel electrophoresis of
genomic DNA restriction fragments revealed that 13 (81%) of 16 multiple mutations identified in
the same patient were derived from a single infecting strain. In vitro investigation revealed the
same point mutations observed in vivo. This study defines the probable mechanism of clarithromycin
resistance in M. avium and provides in vivo evidence that mutational resistance is random and
selection-directed.

The genetic mechanisms of antibiotic resistance have been
studied intensely over the past 20 years, with most commonly
encountered types of resistance having been well-defined. Re
sistance usually relates to a transferable gene or resistance
determinant on a plasmid or transposon that encodes for an
enzyme (such as (3-lactamase or aminoglycoside-modifying en
zymes) that inactivates the antibiotic. Other resistance determi
nants result in accelerated export of the drug from the cell
(such as the tetB gene) [1] or modify the target or binding site
of the antibiotic (such as the erythromycin ribosomal methylase
[erm] genes that modify the 23S rRNA erythromycin-binding
site) [2]. Some resistance relates to nontransferable genes, such
as the mecA gene of methicillin-resistant Staphylococcus
aureus [3]. Resistance due to mutational changes that involve
chromosomal genes among bacterial species is relatively rare.
Exceptions to this are acquired resistance to rifampin (RNA
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polymerase gene; rpo(3) [4] and the quinolones (gyrase gene;
gyrA) [5].

It was demonstrated in vitro some 40 years ago that muta
tional resistance is not adaptive but selection-directed; that is,
bacteria resistant to a drug were present before addition of the
drug used to select the mutants [6]. However, in vivo evidence
demonstrating in humans the selection of undirected resistance
mutations while being treated for an infectious pathogen is still
missing.

Studies of resistance of mycobacterial species to antimicro
bial agents is essentially in its infancy, having been done at
the genetic level only within the past 5 years. Most work has
centered on Mycobacterium tuberculosis [7- 9]. The emergence
of Mycobacterium avium complex as a serious pathogen in
patients with AIDS [10, 11] and in an increasing number of
patients with chronic lung disease [12, 13] has focused interest
on this pathogen, including how antimicrobials work and what
mechanisms of resistance develop to thwart drug therapy [12].
The newer macrolides clarithromycin and azithromycin have
emerged as the pillars of therapy for M. avium complex [14
19], but acquired resistance follows relatively quickly when
monotherapy is used [18, 19].

Previous studies from our laboratories with a small number
of isolates ofMycobacterium intracellulare suggested acquired
resistance related to mutational changes in the central loop of
domain V of the 23S rRNA [20]. Nash and Inderlied [21]
studied 8 macrolide-resistant strains of M. avium from patients
with disseminated disease and identified a mutation in 7 strains
at the same position (homologous to Escherichia coli position
A-20S8) as identified with M. intracellulare [21]. We have
expanded this study to include a large number of isolates of
M. avium from patients with AIDS, as well as spontaneous
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laboratory-resistant mutants. In addition, the clinical isolates
were analyzed for their restriction fragment length polymor
phism (RFLP) pattern using pulsed-field gel electrophoresis
(PFGE).

Methods

Clinical isolates of M. avium for genetic evaluation. Blood
isolates of M. avium complex were obtained from patients with
AIDS before clarithromycin therapy and again after clinical and
microbiologic failure. When possible (or within 1 month of onset
of therapy), 2 pretreatment and 2 relapse samples were obtained
from each patient for culture. Details of culture methods and MICs
have been published [18, 22]. Quantitative blood cultures were
done by plating lysed blood samples on 7H 11 agar [23], with the
peak pretreatment colony count assessed for each patient. Sweeps
from organisms plated on Middlebrook 7H 10 agar were frozen at
-70°C, then submitted for genetic evaluation. Organisms were
identified as M. avium using commercial RNA/DNA probes (Accu
Probe; GenProbe, San Diego).

Selection of clarithromycin-resistant in vitro mutants. Two
reference strains of M. avium, ATCC 35712 and ATCC 35718,
and a reference strain of M. intracellulare, ATCC 35761, were
obtained from American Type Culture Collection (Rockville, MD).
The organisms were grown on Middlebrook 7H 10 agar plates con
taining 32 j.Lg/mL c1arithromycin. Single colonies were picked,
and isolates with MICs ~32 j.Lg/mL were submitted for genetic
evaluation.

Clarithromycin susceptibility testing. Clinical isolates of M.
avium were tested for susceptibility to clarithromycin using the
BACTEC radiometric system (Becton Dickinson Diagnostic In
strument Systems, Towson, MD) as described [22]. The MIC range
was 0.125-1024 j.Lg/mL. Results of these MIC studies have been
published [22]. The in vitro mutants obtained from the 3 ATCC
reference strains were evaluated by broth microdilution using cat
ion-supplemented Mueller-Hinton broth with 5% oleic acid, albu
min, and dextrose [24]. Selected isolates, especially those in whom
a mutation could not be identified, were regrown with single
colony isolates being retested using the BACTEC system.

23S rDNA polymerase chain reaction (PCR) and gene sequenc
ing. The peptidyltransferase region of the 23S rDNA was sub
jected to PCR and sequenced [20]. Nucleic acids were extracted
by mechanical lysis. A small loopful of bacterial mass was resus
pended in 1.0 mL of TRIS-EDTA buffer (TE) in a 1.5-mL micro
centrifuge tube and incubated for 10 min at 80°C to inactivate the
mycobacteria. The sample was centrifuged in a microcentrifuge
for 10 min at maximum speed, the supernatant was discarded, and
100 j.LL of TE and a loopful of acid-washed glass beads with a
diameter of 100 fJill (Sigma, Munich) were added. The sample
was placed for 2 min at maximum speed in a tissue disintegrator
(Mickle Laboratory, Gomshall, UK) to disrupt the cells. The sam
ple was subsequently centrifuged at maximum speed in a micro
centrifuge for 2 min, and a 5-fJ,L aliquot of the supernatant was
used for PCR.

PCR was done with a 50-fJL reaction mixture containing 50
mMKC1, 10 roM TRIS-HCl (pH 8.3), 1.5 roM MgCh, 0.01% (wt/
vol) gelatin, 200 mM each dNTP, 1.25 U ofTaq polymerase (Per-

kin-Elmer Cetus, Uberlingen, Germany), 30 pmol of primer 18
(5'-AGTCGGGACCTAAGGCGAG-3', corresponding to E. coli
23S rRNA positions 1342-1360), and 10 pmol of biotinylated
primer 21 (5'-TTCCCGCTTAGA TGCTTTCAG-3', correspond
ing to E. coli positions 2765-2745). Next, 5 j.LL of crude nucleic
acids was added to the PCR mixture while the reaction was main
tained at 70°C. The thermal profile involved 39 cycles with a 1
min denaturation step at 94°C, a 2-min annealing step at 62°C,
and a 2-min extension step at 72°C. Successful amplification was
confirmed by agarose gel electrophoresis.

The primers that were used exhibit broad reactivity, amplifying
23S rRNA gene fragments from a variety of gram-positive and
gram-negative bacteria; therefore, a combined psoralen UV treat
ment was used to eliminate contaminating DNA within PCR re
agents [25]. Multiple reactions without adding exogenous nucleic
acids were run to control for contamination as well as for the
success of the decontamination procedure.

The PCR product was sequenced directly. In brief, the biotinyl
ated single-stranded DNA template was prepared by use of Dyna
beads-280-streptavidin (Dynal, Hamburg, Germany) and a Dynal
MPC-E magnetic separator essentially as described by the manu
facturer. A 20-j.LL bead solution (10 J.Lg/fJ,L) was used in each
PCR. The beads were resuspended in 20 j.LL of H20 . Sequencing
was done with 2-5 j.LL of the bead single-stranded DNA solution,
2 pmol of sequencing primer 19 (5'-GTAGCGAAATTC
CTTGTCGG-3', corresponding to E. coli 23S rRNA positions
1930-1949) per reaction, 0.5 -1.0 j.LCi of [a-35P]dCTP at 3000
Ci/mrnol (Amersham Buchler, Braunschweig, Germany), and
Sequenase version 2.0 (USR, Bad Homburg, Germany) by stan
dard procedures (USB and Dynal manuals). After electrophoresis,
gels were fixed in 10% (vol/vol) acetic acid with 12% (vol/vol)
methanol, dried, and exposed to radiographic film for 6-12 h.

The clinical isolates of M. avium were tested blindly without
knowledge of the clarithromycin susceptibility results or whether
the isolates were pretreatment or relapse. Clarithromycin-resistant
in vitro mutants were streaked on 7H 10 agar with and without 50
j.Lg/mL clarithromycin. Sequence analysis was done using bacterial
mass grown on the control plate as well as the drug-containing
plate. For isolates with a mixed mutation (i.e., change in > 1 bp
noted in the same blood culture isolate), 4 single-colony clones
were prepared and the sequencing was repeated on the individual
clones.

Comparison of genomic DNA large restriction fragment pat
terns by PFGE. Subcultures of M. avium were grown in broth,
heated to 80°C for 30 min to kill the organisms, lysed with lyso
zyme (2 mg/mL), SDS (1%), and proteinase K (l mg/mL), and
incorporated into agarose plugs as described [20, 26]. Genomic
DNA was digested with DraI and XbaI (Boehringer Mannheim,
Indianapolis) according to the manufacturer's instructions. PFGE
of the large restriction fragments was done using a contour
clamped homogeneous electric field mapper (Bio-Rad, Richmond,
CA) at 14°C for 20 h at 6 V/cm. Pulse time was ramped from 3
to 12 s after Xbal digestion and from 5 to 15 s for 14 h and then
from 60 to 70 s for 6 h after DraI digestion.

PFGE was done on all available blood isolates from patients
with a relapse culture that showed evidence of a mixed mutation
(i.e., > I mutation in the same blood isolate) or multiple mutations
(i.e., different mutations in different blood culture isolates), as
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well as the single-colony clones selected for repeat sequencing. In
addition, for any culture whose RFLP pattern suggested the pres
ence of> I organism (too many bands or bands of different inten
sity), 10 single colonies were chosen from an isolation plate and the
PFGE was repeated on subcultures made from the single colonies.

Results

Clinical isolates for genetic analysis. Thirty-eight patients
were identified with disseminated M. avium disease who re
ceived clarithromyein monotherapy with subsequent relapse of
their bacteremia. A total of 69 pretreatment isolates and 74
relapse isolates were evaluated for clarithromycin susceptibility
and 23S rRNA gene sequences. All isolates were M. avium as
determined by DNA probe.

Selection of clarithromycin-resistant in vitro mutants.
Forty-two single-colony mutants from the 3 ATCC reference
strains with clarithromycin MICs ~32 p,g/mL were submitted
for 23S rONA sequencing.

Clarithromycin-susceptibility testing. The 69 pretreatment
blood isolates of M. avium were all susceptible to clarithro
mycin, with broth-determined MICs of 0.125-2.0 f.Lg/mL. Of
the 74 relapse blood isolates, the clarithromycin MICs ranged
from 256 to 1024 f.Lg/mL [22].

Of the 42 in vitro mutants selected from the ATCC reference
strains, 18 had clarithromycin MICs of 32-64 f.Lg/mL and 24
had MICs ~ 128 f.Lg/mL.

23S rDNA PCR and gene sequencing. Of the 69 pretreat
ment blood isolates, none had a mutation identified in the pepti
dyltransferase region. Of the 74 relapse blood isolates that had
clarithromycin MICs ~ 128 f.Lg/mL, 5 isolates from 3 patients
had a wild type sequence. Repeat sequencing done after growth
on plain 7H 10 agar plates revealed a wild type sequence in 4 of
5 strains, while sequencing of isolates grown on clarithromycin
containing 7HIO agar revealed mutational sequences in all 5,
demonstrating that these cultures were mixtures of both wild
types and mutations. Of interest, blood cultures from these 3
patients were never negative while the patients were receiving
therapy. The blood cultures that were sequenced were obtained
between day 75 and day 174 of therapy and were the first
cultures in these patients to show a major increase in clarithro
mycin MIC. In the remaining 69 samples, mutations were iden
tified on initial sequencing. Thus, 100% (all 74) of the relapse
blood isolates from the 38 patients had identified mutations in
the peptidyltransferase region.

The mutations were not all uniform. Fifteen patients had the
same single mutation identified in all blood isolates tested (27
total). An additional 17 patients had 18 cultures with 2 different
mutations at the A-2058 position in the same blood culture.
Single-colony isolations with repeat sequencing revealed in
each case the presence of 2 clones that each had a different
but single nucleotide mutation. Of the remaining 6 patients, 5
had different A-2058 mutations identified in different blood

cultures taken on different days, and I patient had an A-2058
and an A-2059 mutation in different cultures on different days.
Thus, of the 38 patients, only 15 (39%) had a single nucleotide
mutation identified in their relapse strain of M. avium. In con
trast, 21 patients (56%) had 2 nucleotide mutations involving
bp A-2058 or A-2059 (or both), and 2 patients (5%) had 3
mutations that involved both nucleotides A-2058 and A-2059.

The recognition of mixed or multiple mutations was related
to the number of blood culture isolates analyzed. The presence
of> 1 mutation was identified in 40% (2/5) of patients with a
single blood isolate analyzed, 60% (18/30) of those with 2
blood isolates analyzed, and 100% (3/3) of those with 3 blood
isolates evaluated. There was no relationship between the iden
tified level of bacteremia of pretreatment blood cultures and
the likelihood of having multiple or mixed mutations.

Thus, 63 mutations involving the 23S rONA peptidyltrans
ferase region were identified in the isolates of M. avium recov
ered from the 38 patients with clarithromycin therapy failure
(table 1). Sixty of these mutations (95 Iyo) involved A-2058,
with the most common substitutions being adenine to cytosine
(33/63,52%) and adenine to guanine (25/63, 40%). Thus, 92%
of all mutations involved either a guanine or cytosine substitu
tion for A-2058. Only 3 mutations (5% of the total) involved
A-2059, with all 3 containing an adenine-to-guanine substitu
tion. No strain exhibited a mutational change in both A-2059
and A-2058.

Of the 42 spontaneous in vitro mutants, 21 (50%) had a
point mutation in the peptidyltransferase region. These most
commonly involved a guanine or cytosine substitution for A
2058 (12/21, 57%) or A-2059 (7/21, 33%). The remaining 21
isolates (50%) had a wild type sequence. There was a direct
relationship between the degree of clarithromycin resistance as
measured by MICs and the likelihood of finding a mutation.
Of 21 strains with mutations in the peptidyltransferase region,
19 (91%) had MICs ~ 128 f.Lg/mL. In contrast, of the 21 mu
tants with wild type peptidyltransferase regions, 16 (76%) had
MICs of 32~64 f.Lg/mL using the broth microdilution suscepti
bility method. The presence of low-level resistance in these
strains was confirmed using BACTEC, and efforts to show a
mixed susceptible/resistant population were unsuccessful.

PFGE. Fifty-seven blood culture isolates from 16 patients
with multiple or mixed mutations were studied by PFGE. In
addition, 32 single-colony (sequenced) clones from 8 patient
isolates with mixed mutations and 30 single (unsequenced)
colony clones from 3 isolates that appeared to have a mixed
RFLP pattern were also studied (table 1). By PFGE, each pa
tient's isolates were unique. The 2 mutations in 12 (86%) of
14 patients and the 3 mutations in 1 of 2 patients (13/16, 81%
overall) were due to multiple mutations in the same M. avium
strain (clone), with the pretreatment and subsequent peptidyl
transferase mutants having the same PFGE pattern (table I,
figures I and 2). Lanes 1-8 in figure 1 show the PFGE patterns
of a patient with mixed mutations in a single strain, while the
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Table 1. Result s of pulsed-field gel electrophoresis (PFOE) genomic DN A large restriction fragment analysis of cultures containing > I
ident ified mutation in 23S r-DNA peptidyltransferasc region.

No. of strains determined
by PFGE to be present

per patient

Group
No. of patients

evaluated
No. of blood

cultures evaluated*
No. of single-colony

clones sequenced 2 > 2

Same blood culture. 2 different mutations at
bp 2058

Same blood culture. 2 different mutations at
bp 2058, second blood culture with
mutation at bp 2059

Different blood cultures with different single
mutations

Total

9

2

5
16

30

7

20
57

24

8

o
32

9

3
13

o

o

2
2

o

o
I

* Includes pretherapy and relapse isolates.

Discussion

These studies clearly define that clarithromyein resistance
following clarithromycin therapy in patients with disseminated

PFGE pattern of a patient with 2 infecting strains is shown in
lanes 9 -12. Results of the sequencing gel and PFGE of a
patient with a mixed mutation in a single strain is shown in
figure 2. One of the 16 patients (6%) had evidence ofS different
strains (clones) in the M. avium isolates recovered from the
blood.

Figure l. Xhal large restriction fragment (LRF) patterns of geno
mic DNA from AI. avium cultures from 2 patients with mix ed mut a
tions. Lanes I 8: isolates from patient 602. Lan e I, pretreatment
isolate : lane 3. culture from day 8 of therapy; lane 2. relapse culture
from da y 84 of therapy, which contained A-C mutation at bp 2058 ;
lane 4 , relap se culture from day 168 which contained A-O/C mixed
mutation at bp 2058; lanes 5, 6: single-colony clones from previous
culture with 2058 A-O mutation; lanes 7. 8. single-colony clones
from previous culture with 2058 A-C mutation . Lanes 9-12: isolates
from patient 421. Lane 10, pret reatment isolate ; lane 12. last positive
culture before culture conversion (although not easily seen, 2 LRF
patterns are present in lane 12); lane 9, relapse isolate from treatment
day 114 which contains 1\ - 0 mutation at bp 205S ; lane II , relapse
isol ate from treatment day 141 with i\-C mutation at bp 2058 ; lane
13. line ar bp standards.

...........-.~-_.
- - - - -- - - - - -.-.- - -- - - - - - -- - ------ - i ---- '!"'!'- - iii i - -- - - == --.. -... ---

~ - Ii ="
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M. avium infection relates to mutations involving I of 2 bp in
the peptidyltransferase region of the 23S rDNA. This finding
supports a preliminary study from our laboratory done with M.
avium and M. intracellulare that showed mutations involving
A-2058 or A-20S9 in 7 of 10 strains [20] and a recent study
by Nash and Inderlied [21] that showed mutations at A-20S8
in 7 of 8 strains ofM . avium that had developed clarithromycin
resistance.

A-2058 is thought to be involved in macrolide binding for
several reasons. The same position in rRNA is the site of
methylation by the erm [21genes, the most common mechanism
of macrolide resistance among gram-positive bacteria, which
acts by blocking ribosomal binding. In addition, erythromycin
binding affinity to the 23S ribosome has been shown to be
reduced with mutations involving E. coli A-20SS [27] , presum
ably related to conformational changes in the peptidyltransfer
ase loop [21, 27]. Since all macrolides are thought to have a
common ribosomal binding site, it would explain the same
mutation developing after therapy with either azithromycin or
clarithromycin [20, 21] and the cross-resistance between clar
ithromyein and azithromycin previously observed among iso
lates of M. avium complex identified as being resistant to either
agent [22].

No mutation involving A-20S8 or A-20S9 was detected in
4 (22%) of 18 cJarithromycin-resistant isolates combined from
two previous studies [20, 21] and initially in 5 (7%) of 74
isolates in the current study. Subsequent testing with the latter
after regrowth in clar ithromycin-containing medium suggested
these were false-negative tests because of a mixed resistant!
susceptible population.

Surprisingly, similar mutations were identified in only SO%
of in vitro -selected clarithrornycin-resistant mutants of M.
avium -sM, intracellulare. A feature of the mutants with wild
type peptidyltransferase regions was their relatively low clar
ithromycin MICs, usually in the range of 32-64 ILg/mL. This
contrasts with the higher MICs seen in the peptidyltransferase

Kb
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-242.5
-194.0
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Figure 2. Sequencing gels of peptidyltransferase region (A) and
pulsed-field gel electrophoresis (B) of isolates obtained from patient
with mixed mutation: 2058 wild type, c1arithromycin-susceptible pre
treatment isolate (CLAs) ; 2058 A-C/G, drug-resistant (CLAR

) re
lapse culture with mixed mutations; 2058 A-C, 2058 A-G, single
colony clones from culture with mixed mutation. Columns in gels
were loaded in order G-A-T-C. * = position of adenine 2058 on
sequencing gels.

One previous study of M. avium-M. intracellulare identified
mutations at A-2059 in 3 of7 isolates with macrolide resistance
[20]. The current study confirmed the importance of this posi
tion , as point mutations at A-2059 were identified in 5% of
the 60 in vivo mutants and 33% of 21 in vivo mutants. The
effects of base pair changes at A-2059 on ribosomal structure
or macrolide binding are not as well defined as with A-2058 .
Resistance to erythromycin in Mycoplasma pneumoniae [32]
and of lincosamides in chloroplasts [33] has also been reported
following point mutations at locations homologous to A-2059.
Thus , this posit ion appears to play an important role in macro
lide binding in addition to the previously recogniz ed A-2058.

Clearly the most astonishing finding of the study was the
presence of multiple mutations in M. avium isolates from the
same patient. This was identified in 61'% of patients with clar
ithromycin-resistant M. avium but was directly proportional to
the number of blood cultures studied and may well have been
present in most ifnot all patients. By RFLP analysis , the major
ity of such patients (13116 studied) had multiple mutations in
the same strain as determined by PFGE . The presence of multi
pie resistance mutations in a single strain of organisms (i.e.,
clonal population) is indicative of the random nature of these
mutational events occurring in vivo.

One concern might be that the presence of > 1 mutation in
the same culture reflects an error in the PCR and sequencing
technique. This is highly unlikely for a number of reasons,
including that the isolates underwent PCR and sequencing with
the investigator blinded to the susceptibility results. Mixed
mutations were seen only among resistant isolates. The se
quencing was done directly from the PCR product without
cloning, a technique that minimizes amplification errors. Fi
nally, single-colony clones from the cultures with a mixed
mutation gave single mutations that reflected the mixed muta
tion seen in the parent strain.

The reason for these multiple mutations at first glance ap
pears unclear, as the emergence of a single drug-resistant mu
tant would likely replace most of the population at any given
site. However, M. avium infection in patients with AIDS is
usually widely disseminated, with foci involving the liver,
spleen, multiple sites within the bone marrow, gastrointestinal
tract, lymph nodes, and other organs. Although the frequency
of spontaneous resistant mutants to clarithromycin was not
determined in this study, several previous studies hav e deter
mined it to be generally 10- 8 to 10- 9 [22].

The total body burden of M. avium in patients with positive
blood cultures is variable, as up to 30% of patients with M.
avium bacteremia will have no detectable foci histopathologi
cally at postmortem examination, while -50% will have three
or more sites of involvement [34]. The number of visible sites
of involvement increased with duration of survival after the
first positive blood culture [34]. Since most of these organs
are acid-fast smear -positive, it is likely that each of these
organisms potentially harbors some spontaneous clarithro-

•-•----
A

*- -
- - -

2058 2058 2058 2058
wi ldt ype A - C/G A-C A-G

I L., ~ I
I

B

mutants, which were almost always > 128 Ilg/mL, and among
the clinical isolates, which averaged 1024 Ilg/mL. This sug
gests that some other mutation is responsible for these low-level
clarithromycin-resistant mutants, perhaps involving cellular or
cell wall transport. Of interest, similar low-level mutants with
wild type peptidyltransferase regions were not encountered
among clinical isolates. Given the very high macrophage and
tissue concentrations achieved with both azithromycin and clar
ithromycin [28 - 31], these concentrations may actually be
achieved in tissues in vivo and hence the isolates are not clini
cally resistant.
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mycin mutants. The large numbers of organisms at each site
may provide good conditions for the development of multiple
clones containing different mutations. The same mutational
change, such as adenine to guanine at bp 2058, could actually
occur at multiple sites but be undetectable by current genetic
methodologies.

Ribosomal mutations are a rare cause of antibiotic resis
tance among bacterial species, in part related to the finding
that most gram-positive and gram-negative bacteria contain
multiple copies of the 23S rRNA gene in the chromosome.
Hence, a mutation involving only one of these genes would
have a lesser impact (probably not a clinical one) than muta
tions involving other genes that are present as single copies.
Previous studies in M. avium complex have shown that they
contain only a single chromosomal copy of the 23 S rRNA
gene [21, 35] and hence would be highly susceptible to muta
tions involving the gene. As has been noted previously [22]
and was confirmed in the current study, spontaneous c1ar
ithromycin-resistant mutants are readily recovered from a
single culture in the laboratory.

Since the introduction of antibiotics in clinical medicine, it
is clear that drug treatment may lead to selection of resistant
mutants. Definitive evidence of spontaneous, undirected bacte
rial mutation was furnished by an in vitro statistical approach
called fluctuation analysis, designed by Luria and Delbruck
[6] in 1943. Lederberg and Lederberg [36] subsequently used
replica plating to demonstrate the same effect more directly.
Three unique circumstances have allowed us to provide evi
dence in vivo for the stochastic nature of acquired mutational
resistance: the existence of a drug resistance that is exclusively
mutational, the functional equivalence of different resistance
conferring mutations, and the excessive bacterial load present
in patients with disseminated M. avium infection that occurs
in patients with AIDS.

Acknowledgments

We wish to acknowledge the laboratory assistance of Tracy
Sanchez and Richard Chaisson and other members of the clinical
trial group who collaborated in the clinical treatment trial from
whence the study isolates were obtained.

References

I. Levy SB. Tetracycline resistance determinants are widespread. ASM News

1988;54:418 21.

2. Eady EA. Ross .II, Cove .IH. Multiple mechanisms of erythromycin resis

tance. J Antirnicrob Chcmother 1990;26:461-71.

:I. Lencastre HD. de Jounge BLM. Matthews PRo et al. Molecular aspects of

methicillin resistance in Staphylococcus aureus. .I Antimicrob Cherno

ther 1994:33:7-24.

4. Carter PE. Abadi FJR, Yakubu DE, et al. Molecular characterization of

rifampin-resistant Neisseria meningitidis. Antimicrob Agents Cherne
ther 1994:38:1256 61.

5. Oram M, Fisher LM. 4-quinolone resistance mutations in the DNA gyrase

of Escherichia coli clinical isolates identified by using the polymerase

chain reaction. Antimicrob Agents Chemother 1991;35:387-9.

6. Luria SE, Delbruck M. Mutations of bacteria from virus sensitivity to
virus resistance. Genetics 1943;28:491511.

7. Zhang Y, Heym B, Allen B, Young D, Cole S. The catalase-peroxidase

gene and isoniazid resistance of Mvcobacterium tuberculosis. Nature
1992; 358:591-3.

8. Telenti A, Imboden P, Marchesi F, et al. Detection of rifampicin

resistance mutations in Mycobacterium tuberculosis. Lancet 1993;
341:647-50.

9. Douglas .I, Steyn LM. A ribosomal gene mutation in streptomycin

resistant Mycobacterium tuberculosis isolates . .I Infect Dis 1993;
167:1505-6.

10. Horsburgh CR .II'. Mycobacterium avium complex infection in the acquired

immunodeficiency syndrome. N Engl J Med 1991;324:1332-7.

II. Nightingale SD, Byrd LT, Southern PM, et al. Incidence of Mycobacterium

avium-intracellulare complex bacteremia in human immunodeficiency

virus-positive patients. J Infect Dis 1992; 165:1082-5.

12. Inderlied CB, Kemper CA, Bermudez LEM. The Mycobacterium avium

complex. Clin Microbiol Rev 1993; 6:266- 31 O.

13. Wallace RJ .II', O'Brien R, Glassroth J, et al. Diagnosis and treatment of

disease caused by nontuberculous mycobacteria. Am Rev Respir Dis

1990; 142:940-53.

14. Dautzenberg B, Truffot e. Legris S, et al. Activity of clarithromycin

against Mvcobacterium avium infection in patients with the acquired

immune deficiency syndrome. Am Rev Respir Dis 1991; 144:564-9.

IS. Dautzenberg B, Saint Marc T, Meyohas Me. ct al. Clarithromycin and

other antimicrobial agents in the treatment of disseminated Mycobacte

rium avium infections in patients with acquired immunodeficiency syn

drome. Arch Intern Med 1993; 153:368 72.

16. Dautzenhcrg B. Piperno 0, Diot P. Truffot-Pernot e. Chauvin JP, Clar

ithrornycin Study Group of France. Clarithrornycin in the treatment of

Mvcobacterium avium lung infections in patients without AIDS. Chest

1995; 107:1035-40.

17. Young LS, Wiviott L, Wu M. Kolonoski P, Bolan R, Inderlied CB.

Azithromycin for treatment of Mycobacterium avium-intracellulare

complex infection in patients with AIDS. Lancet 1991; 338:

11079.

18. Chaisson RE, Benson CA, Dube MP, et al. Clarithromycin therapy for

bacterernic Mvcobactcrium avium complex disease in patients with

AIDS. Ann Intern Med 1994: 121 :905-11.

19. Wallace R.I Jr, Brown BA. Griffith DE, et al. Initial clarithromycin mono

therapy for Mycobacterium avium-intracellulare complex lung disease.

Am.l Respir Crit Care Med 1994; 149:1335--41.

20. Meier A, Kirschner P. Springer B, et al. Identification of mutations in 23S

rRNA gene of clarithromycin-resistant Mycobacterium intracellulare.

Antimicroh Agents Chernother 1994; 38:381-4.

21. Nash KA, Inderlied CB. Genetic basis of macrolide resistance in Mycobac

terium avium isolated from patients with disseminated disease. Antirni

crob Agents Chernother 1995; 39:2625 30.

22. Ileifets L. Mol' N. Vanderkolk .I. Mvcobacterium avium strains resistant

to clarithromycin and azithromycin. Antimicrob Agents Chemother

1993; 37:2364-70.

n. Sanchez T. VanderKolk J, Seay S, Heifets L. Quantitation of mycobacteria

in blood specimens from patients with AIDS. Tubercle Lung Dis 1994;

75:386-90.

24. Brown BA. Wallace RJ .II'. Onyi GO. Activities of clarithrornycin against

eight slowly growing species of nontuberculous mycobacteria. deter

mined by using a broth microdilution MIC system. Antimicrob Agents

Chemother 1992; 36: 1987 - 90.

25. Meier A, Persing DH, Finken M, Bottger EC. Elimination ofcontaminating

DNA within polymerase chain reaction reagents: implications for a

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/174/2/354/837072 by guest on 09 April 2024



360 Meier et al. .lID 1996; 174 (August)

general approach to detection of uncultured pathogens. 1 Clin Microbiol

1993;31:646-52.

26. Mazurek GH. Hartman S. Zhang Y, et a!' Large DNA restriction fragment

polymorphism in the Mvcobacterium avium ~ M. intracellulure complex:

a potential epidemiologic tool. 1 Clin Microbiol 1993; 31:390 -4.

27. Douthwaite S, Aagaard C. Erythromycin binding is reduced in ribosomes

with conformational alterations in the 23S rRNA peptidyltransferase

loop. 1 Mol Bioi 1993;232:725-31.

28. Hardy DJ. Guay DRP, Jones RN. Clarithrornycin, a unique macrolide. A

pharmacokinetic, microbiological, and clinical overview. Diagn Micro

bial Infect Dis 1992; 15:39-53.

29. Peters DH, Clissold SP. Clarithromycin. A review of its antimicrobial

activity. pharmacokinetic properties. and therapeutic potential. Drugs

1992;44:117-64.

30. Fish DN, Gotfried MH, Danziger LH, et al. Penetration of clarithromycin
into lung tissues from patients undergoing lung resection. Antimicrob

Agents Chemother 1994;38:876-8.

31. Panteix G. Guillaumond B, Harf R, et at. In-vitro concentration of azithro

mycin in human phagocytic cells . .I Antirnicrob Chemothcr 1993:

31(suppl E):1-4.

32. Lucier TS, Hetizrnan K, Liu SK. Hu Pt.'. Transition mutations in the 23S

rRNA of erythromycin-resistant isolates of Mycoplasma pneumoniae.

Antimicrob Agents Chemother 1995;39:2770- 3.
33. Cseplo A, Etzold T, Schell J, Sxhreier PH. Point mutations in the 23S

rRNA genes of four lincomycin-resistant Nicotiana plumbaginifolia mu

tants could provide new selectable markers for chloroplast transforma

tion. Mol Gen Genet 1988;214:295 9.

34. Torriani Ff , McCutchan .lA, Bozzcttc SA, Grafe MR, Havlir DY. Autopsy

findings in AIDS patients with Mycobacterium avium complex bacter

emia. J Infect Dis 1994; 170:1601 5.

35. Bercovier H, Kafri 0, Sela S. Mycobacteria possess a surprisingly small

number of ribosomal RNA genes in relation to the size of the genome.

Biochem Biophys Res Cornmun 1986; 1]f1: 113f1 41.

36. Lederberg J, Lederberg EM. Replica plating and indirect selection of

bacterial mutants. J Bacterial 1952:63:399 406.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/174/2/354/837072 by guest on 09 April 2024




