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ABSTRACT Macrolides are the cornerstone of Mycobacterium abscessus multidrug
therapy, despite that most patients respond poorly to this class of antibiotics due to
the inducible resistance phenotype that occurs during drug treatment. This mecha-
nism is driven by the macrolide-inducible ribosomal methylase encoded by erm(41),
whose expression is activated by the transcriptional regulator WhiB7. However, it has
been debated whether clarithromycin and azithromycin differ in the extent to which
they induce erm(41)-mediated macrolide resistance. Herein, we show that macrolide
resistance is induced more rapidly in various M. abscessus isolates upon exposure to
azithromycin than to clarithromycin, based on MIC determination. Macrolide-induced
expression of erm(41) was assessed in vivo using a strain carrying tdTomato placed
under the control of the erm(41) promoter. Visualization of fluorescent bacilli in in-
fected zebrafish demonstrates that azithromycin and clarithromycin activate erm(41)
expression in vivo. That azithromycin induces a more rapid expression of erm(41)
was confirmed by measuring the �-galactosidase activity of a reporter strain in
which lacZ was placed under the control of the erm(41) promoter. Shortening the
promoter region in the lacZ reporter plasmid identified DNA elements involved in
the regulation of erm(41) expression, particularly an AT-rich motif sharing partial
conservation with the WhiB7-binding site. Mutation of this motif abrogated the
macrolide-induced and WhiB7-dependent expression of erm(41). This study provides
new mechanistic information on the adaptive response to macrolide treatment in M.
abscessus.
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Members of the Mycobacterium abscessus complex are rapidly growing nontuber-
culous mycobacteria (NTM) of increasing clinical significance due to the rising

burden of associated pulmonary disease, particularly in cystic fibrosis (CF) patients (1).
In CF patients, infection with M. abscessus correlates with a more rapid decline in lung
function and can represent an obstacle to subsequent lung transplantation (2–4). The
possible person-to-person transmission of virulent clones among the CF population
makes this situation even more worrisome (5, 6). From a taxonomic view, the complex
currently comprises three subspecies: M. abscessus subsp. abscessus, M. abscessus subsp.
bolletii, and M. abscessus subsp. massiliense (7). These subspecies exhibit different
clinical outcomes and drug susceptibility profiles with respect to antibiotic treatments.
M. abscessus subsp. abscessus is notoriously acknowledged as the most drug-resistant
mycobacterial species, characterized by a wide panel of acquired and innate drug-
resistance mechanisms against nearly all antitubercular drugs, as well as to most classes
of antibiotics (8). These mechanisms rely largely on the expression of enzymes able
to modify and inactivate rifamycins (9), aminoglycosides (10), tetracyclines (11), or
�-lactams (12) or on the presence of multiple efflux pumps of the MmpL family, which
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afford low-level resistance to clofazimine and bedaquiline (13, 14). Therapeutic treat-
ments require prolonged courses of multiple antibiotics, usually combining a macro-
lide, a �-lactam (cefoxitin or imipenem), and an aminoglycoside (15). Macrolides
represent the cornerstone of M. abscessus subsp. abscessus multidrug therapy (15), but
treatment success rates are poor, particularly in macrolide-resistant strains. Acquired
resistance to macrolides usually occurs at low rates through point mutations at
positions 2058 or 2059 of the 23S rRNA rrl gene (16). In addition, M. abscessus subsp.
abscessus harbors an inducible ribosomal methylase encoded by erm(41), which rep-
resents the primary mechanism of intrinsic resistance against macrolides (17). This
adaptive resistance mechanism can be manifested by prolonged incubation of the
bacilli up to 14 days in drug-susceptible testing assays, rather than the typical 3 to
4 days of exposure to other drugs. A single nucleotide exchange (of T28C, resulting in
a Trp10Arg replacement) in erm(41) is associated with a loss of methylase activity in M.
abscessus subsp. abscessus, abrogating the inducible resistance mechanism and thereby
resulting in a macrolide-susceptible phenotype (18, 19). This T28C polymorphism is
found in 15 to 20% of clinical isolates (20, 21). In contrast to M. abscessus subsp.
abscessus or M. abscessus subsp. bolletii, M. abscessus subsp. massiliense has been
associated with clarithromycin (CLR) susceptibility due to deletions (bases 64 to 65 and
159 to 432) within erm(41) (17, 22), explaining the more favorable clinical outcomes
upon CLR treatment (23). However, the role and contribution of the Erm(41)-dependent
mechanism in azithromycin (AZM) resistance is less clear and has been the subject of
discrepancies between studies. In accordance with an early report of Brown et al. (24),
it was subsequently reported that MICs of AZM for the M. abscessus complex tend to
be higher than those of CLR (18). In contrast to these studies, Choi et al. reported that
AZM is a poor inducer of erm(41) gene expression compared to CLR and, therefore,
should be preferred in antibiotic therapy for M. abscessus infections (25). However, this
work was inconsistent with another study in which both molecules provoked a com-
parable resistance phenotype in M. abscessus (19). A recent study also showed that
erm(41) expression increased after exposure to either macrolide for 7 days and it was
proposed that this should not be an argument for choosing between CLR and AZM for
therapy (26). However, most studies are based on the in vitro determination of the MIC
to cultures exposed to macrolides and data reporting the Erm(41)-dependent inducible
mechanisms in the infected host are scarce. Except for a study reporting the increased
expression of erm(41) transcripts in M. abscessus-infected mice treated with CLR, but
not with AZM (25), it remains to be fully established whether macrolide-inducible
resistance occurs in vivo, and whether induction occurs rapidly upon drug treatment in
the infected host.

In the context of this long debate, the present study aimed at revisiting the erm(41)
inducible mechanisms through the following means: (i) evaluation of the in vitro drug
susceptibility of clinical isolates belonging to the M. abscessus complex to CLR and AZM;
(ii) visualization of induced expression of erm(41) in zebrafish infected with an M.
abscessus reporter strain in which a fluorescent marker has been placed under the
control of the erm(41) promoter region; and (iii) dissection of the erm(41) promoter to
uncover important DNA regions that participate directly in this regulatory process.

RESULTS
Macrolide-inducible resistance of smooth and rough M. abscessus CIP104536T

is medium independent. The current debate regarding the level of resistance induced
by CLR or AZM has been hypothesized to be dependent on the composition of the
medium used for the determination of the MICs of the two drugs. In particular, Choi et
al. (25) used Middlebrook 7H9, which contains a large amount of inorganic salts and has
a slightly acidic pH (pH 6.8), whereas Bastian et al. (18), following the Clinical and
Laboratory Standards Institute (CLSI) recommendations, used cation-adjusted Mueller-
Hinton broth (CaMHB), which has a higher pH (pH 7.4) than 7H9. Because macrolide
activity is sensitive to pH (27), it was hypothesized that the different media used in
various studies may have influenced the MIC values. Herein, we evaluated and com-
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pared macrolide-induced resistance to both drugs at various time points (3, 5, 7, 10, and
14 days posttreatment [dpt]) in three different media (CaMHB, 7H9, and Sauton’s).
When assaying the smooth (S) morphotype of the reference strain CIP104536T, we
consistently found that AZM induced a more rapid upshift of the MIC than CLR in all
three media (Fig. S1A in the supplemental material). The increase in MIC of AZM started
after 3 dpt and rose progressively to reach a MIC of 256 �g/ml at 10 dpt. The same MIC
value was reached at 14 dpt with CLR, indicating that, although the intensity of induced
resistance is comparable for both macrolides, the kinetics of resistance was delayed
with CLR compared to AZM in vitro. As expected, amikacin (AMK), used as a nonrelevant
control drug, failed to show a similar drug-induced phenotype upon a prolonged
exposure time. As observed with the S variant, the kinetics of resistance to AZM in the
rough (R) variant was more rapid than that with CLR and this macrolide-induced
resistance was independent of the medium used (Fig. S1B). Overall, these results
indicate that both S and R morphotypes respond similarly to macrolide treatment
regardless of the medium.

Resistance to macrolides is rapidly induced in the M. abscessus complex strains
upon exposure to CLR and AZM. We next investigated the kinetics of macrolide-
inducible resistance in clinical strains isolated from cystic fibrosis (CF) and non-CF
patients in CaMHB. Clinical M. abscessus subsp. abscessus strains 2069 and 3022, from
non-CF patients, were characterized by a more rapid increase in the MIC values for AZM
than for CLR, similar to the reference strain CIP104536T (Fig. S2A and S2B). However, in
the case of strain 2069, the resistance to CLR reached a plateau at 128 �g/ml at 10 dpt,
whereas for strain 3022 the MIC continued to rise up to 256 �g/ml at 14 dpt, sharing
a profile similar to the CF strain 2648. In contrast, strain 1298 failed to show inducible
resistance to either macrolide (Fig. S2A). Due to the important contribution of the
polymorphism at the 28th nucleotide of erm(41), where the T28 sequevar (Trp10) shows
inducible resistance while the C28 sequevar (Arg10) remains susceptible to macrolides
(18), we sequenced erm(41) in M. abscessus subsp. abscessus strains 1298, 2069, 2648,
3022, M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense. All M. abscessus
subsp. abscessus strains possess an erm(41) gene identical to the M. abscessus
CIP104536T reference strain, with a Trp in position 10, except for strain 1298 carrying a
Leu residue instead of a Phe in position 34 (not shown). To our knowledge, this point
mutation, presumably inactivating Erm(41) and conferring susceptibility to macrolides,
has not been yet reported (20). The M. abscessus subsp. bolletii S strain carrying the T28
sequevar also showed inducible resistance to macrolides, similarly to M. abscessus
subsp. abscessus (Fig. S2C). As anticipated, M. abscessus subsp. massiliense was found to
be intrinsically susceptible to CLR and AZM due to a genetic lesions in erm(41) that
renders the enzyme nonfunctional (18) (Fig. S2D). We next constructed an unmarked
deletion mutant of erm(41) using a recently developed strategy based on a new suicide
vector, pUX1-katG, which allows the easy and rapid generation of genetic deletions in
the M. abscessus chromosome, facilitated by the presence of the brightly red fluores-
cent tdTomato positive selectable marker and the katG counter selectable marker (10,
13, 28) (Fig. S3). In agreement with a previous report (25), this mutant remained fully
susceptible to CLR and AZM, confirming the direct involvement of Erm(41) in
macrolide-inducible resistance (Fig. S2E).

Together, these results confirm that M. abscessus subsp. abscessus clinical isolates
and M. abscessus subsp. bolletii carry a functional Erm(41) methylase undergoing a
faster increase in resistance to AZM than to CLR, and that the newly discovered F34L
substitution in Erm(41) abrogates the macrolide-induced resistance.

Inducible resistance to macrolides occurs in infected zebrafish. The vast majority
of studies related to macrolide-inducible resistance are based on MIC determination
and/or determination by quantitative reverse transcriptase PCR (qRT-PCR) of the level
of erm(41) transcripts in vitro (18, 19, 26). Despite the clinical importance, reports
describing whether macrolide-inducible resistance occurs during patient therapy are
scarce. However, one study reported increased expression of erm(41) transcripts in M.
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abscessus-infected mice treated with CLR but not with AZM (25). We took advantage of
the transparency of zebrafish embryos to visualize and monitor the induced expression
of erm(41) during macrolide treatment of larvae infected with M. abscessus. Indeed, this
recently developed animal model allows easy assessment of the suitability and sensi-
tivity of clinically relevant drugs, along with the ability to visualize, in a dose- and
time-dependent manner, the dynamics of infection in the presence of an active
compound (12, 29–31). To do so, a fluorescent reporter M. abscessus strain was
designed, carrying the plasmid pMV261_P123_tdTomato, in which the tdTomato gene
was cloned under the control of the 123 bp promoter region of erm(41) (Fig. 1A). To
verify the usefulness of this construct, the recombinant strain was first plated onto
Middlebrook 7H10 medium containing 100 �g/ml kanamycin supplemented or not
with 2 �g/ml CLR or AZM. Examination of the plates under a fluorescence microscope
revealed the presence of red fluorescent colonies in the presence of either macrolide,
while no fluorescence was detected on plates lacking these drugs (Fig. 1B). As a positive

FIG 1 In vivo induction of macrolide resistance in M. abscessus-infected zebrafish embryos. (A) Schematic repre-
sentation of the plasmid pMV261_P123_tdTomato used to transform M. abscessus smooth (S) variant CIP104536T,
where P123 represents the full-length promoter region of erm(41). (B) Bacteria with no plasmid (WT), with the
pTEC27 plasmid which constitutively expresses the red fluorescent protein tdTomato, or with the
pMV261_P123_tdTomato plasmid for monitoring macrolide-inducible expression of tdTomato were plated on
7H10OADC supplemented or not with 2 �g/ml CLR or AZM. Plates were incubated at 37°C for 5 days and observed
under a fluorescence microscope. Scale bars represent 0.200 �m. (C) Macrolide-inducible resistance by CLR and
AZM occurs in vivo. Tg(mpeg1:GFP-CAAX) zebrafish embryos, harboring green fluorescent macrophages, were
injected in the caudal vein with 900 to 1,000 CFU of the three M. abscessus strains described in panel B. At 24 hpi,
embryos were exposed to osmotic water supplemented with 32 �g/ml CLR, AZM, or AMK (day 0 of treatment) and
fluorescence was monitored at 2 and 6 days posttreatment. Shown is representative confocal live imaging. White
arrows indicate red fluorescent bacteria.
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control for fluorescence, a strain harboring pTEC27, which allows constitutive expres-
sion of tdTomato in M. abscessus (32), was also included in these experiments (Fig. 1B).
These results clearly highlight the potential of this reporter strain to monitor macrolide-
inducible erm(41) expression in an infected host. Whether red fluorescent bacilli can be
visualized directly in M. abscessus-infected embryos upon treatment with macrolides
was next investigated. Around 1000 CFU of the reporter strain were microinjected into
the caudal vein of the mpeg:GFP-CAAX transgenic embryos harboring green fluorescent
macrophages (33) which, after 96 h, were exposed to 32 �g/ml CLR or AZM (directly
added to the water). Fish were observed under the fluorescence microscope at 0, 2, and
6 dpt. Red fluorescent bacilli could be detected at 2 dpt with either macrolide, while no
signal was detected in control embryos (M. abscessus without plasmid) or embryos
treated with AMK as a nonrelevant drug, indicating that expression of tdTomato
occurred very rapidly during infection in a living animal and was specifically induced by
macrolides (Fig. 1C). At later time points (6 dpt), red fluorescent bacilli were detected
inside individualized macrophages or inside aggregated macrophages forming granu-
lomas. Red bacilli could also be observed outside macrophages, although they may
reside inside neutrophils (which cannot be visualized in this transgenic zebrafish line
harboring only fluorescent macrophages), shown to rapidly engulf M. abscessus (34). It
remains, however, difficult to explain at this stage whether already fluorescent bacteria
are phagocytosed by macrophages or whether macrolides penetrate macrophages/
granulomas to induce tdTomato expression in intracellular bacilli.

Overall, these results indicate that macrolide-inducible resistance occurs in the
zebrafish model of infection.

Low macrolide concentrations induce a more rapid expression of erm(41) than
high concentrations in M. abscessus. The pMV261_P123_lacZ plasmid containing the
lacZ gene encoding the �-galactosidase (�-Gal) gene under the control of the erm(41)
promoter was designed to tackle the fluctuations in erm(41) gene expression during
exposure of the culture to various drug treatments (Fig. 2A). This strain was exposed to
2, 8, 64, and 128 �g/ml of either CLR or AZM and lacZ expression was determined by
measuring �-Gal activity using 2-nitrophenyl �-D-galactopyranoside (ONPG) at different
time points over a 14-day period (Fig. 2B). Exposure to 2 �g/ml of CLR induced rapid
�-Gal activity during the first 2 days of treatment, which plateaued thereafter. Increas-
ing the drug concentration resulted in similar but delayed specific activity curves. At the
highest concentration tested, the lag phase lasted for 7 days prior to the induction of
lacZ expression. This is unlikely to be linked to the impaired growth of the cultures
treated with high concentrations of macrolide as the specific activity is expressed in
relation to the total amount of soluble proteins. The maximum specific activity was,
however, lower than the �-Gal activity produced when lacZ was placed under the
control of the strong constitutive hsp60 promoter (Fig. 2C, left). As expected, when the
promoterless construct was introduced in M. abscessus, this resulted in the loss of �-Gal
activity. Moreover, in another strain in which the erm(41) promoter region was substi-
tuted by the promoter region of MAB_4384, encoding a TetR protein previously
characterized (35), no activity was detected. This further supports that CLR-dependent
expression of lacZ was specific to the erm(41) promoter region. Treatment with increas-
ing concentrations of AZM showed slightly different trends, characterized by a faster
induction of lacZ expression at low concentrations (2 and 8 �g/ml) than at high
concentrations (64 and 128 �g/ml) and a significantly shorter lag phase with AZM than
with CLR (Fig. 2C, right). Cultures treated with 64 �g/ml of AZM reached a �-Gal activity
of approximately 8,000 units in only 3 days, whereas 10 days were needed for cultures
treated with the same CLR concentration to reach this level of activity. Together, these
results suggest that erm(41) transcriptional expression is more rapidly induced by AZM
than by CLR, in agreement with the MIC results (Fig. S1 and S2).

To ask whether the rapid increase in AZM-dependent expression of lacZ was
restricted to the reference strain, the influence of both macrolides on lacZ expression
was assessed in clinical strains (M. abscessus subsp. abscessus strains 2069, 2648, 3022
and M. abscessus subsp. bolletii) transformed with pMV261_P123_lacZ. In all cases,
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FIG 2 Kinetics of macrolide-induced expression of erm(41) using lacZ reporter strains. (A) Schematic representation of the pMV261_P123_lacZ used to transform
the M. abscessus CIP104536T rough variant. (B) Schematic protocol of the �-Gal assay to evaluate the kinetics of macrolide-induced resistance. (C) The M.
abscessus strain carrying the pMV261_P123_lacZ was first exposed to various concentrations of CLR and AZM for 14 days. Antibiotics were then removed by
washing the bacterial pellets several times with PBS prior to �-Gal activity measurements for the next 7 days. (C) The �-Gal activity profile of M. abscessus
CIP104536T rough variant exposed to 2, 8, 64, and 128 �g/ml CLR (left) or AZM (right). A pMV261 derivative containing lacZ cloned under the control of the
constitutive hsp60 promoter (Phsp60) was used as a positive control. A promoterless construct (ΔP) and a pMV261_lacZ construct carrying the promoter of an
unrelated gene (PMAB_4384) were included as negative controls. (D) Similar experiments as in panel C were carried out using different M. abscessus subsp. abscessus
clinical strains (2069, 2648, and 3022) as well as M. abscessus subsp. bolletii transformed with pMV261_P123_lacZ and exposed to either CLR or AZM (8 �g/ml)
for 7 days. All experiments were performed on 2 separate occasions with a total of 6 technical replicates. The specific activity of �-Gal is given in (A420nm � min)/(4
�gTotal protein � liters) as described in the Materials and Methods section � standard deviation.
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treatment with 8 �g/ml AZM induced a more rapid induction of lacZ expression than
treatment with 8 �g/ml CLR, although the intensity of the response varied from one
strain to another and was always below the activity associated with the hsp60 promoter
(Fig. 2D). For instance, lacZ induction in strain 3022 was significantly slower than in
strain 2069.

Overall, these results confirm that, although both macrolides induce a potent transcrip-
tional expression of erm(41), AZM induces a more rapid response than does CLR.

Both CLR and AZM reduce the efficacy of AMK in M. abscessus. Drug-inducible
resistance is a mechanism of adaptive response to antibiotic treatment that is not
genetically programed. As such, this reversible phenomenon is expected to disappear
after stopping the drug treatment. Our reporter strain allowed us to ask whether
erm(41) expression is reversed after removal of the drugs. In the experimental protocol
used, bacteria were treated for 14 days with 8 �g/ml CLR (Fig. 2C, left) or with 8 �g/ml
AZM (Fig. 2C, right), after which the cultures were extensively washed with phosphate-
buffered saline (PBS) and the �-Gal activity further monitored for 7 days in the absence
of drugs (Fig. 2B). Rapidly after washing, lacZ expression dropped during the next
2 days and then remained unchanged until the end of the experiment (7 days post
washing) at significantly higher levels (around 4,000 units) than prior to drug addition.
To assess the possibility that macrolide-pretreated cultures are more tolerant than
unexposed cultures, bacteria containing pMV261_P123_lacZ were first preexposed or
not with 8 �g/ml of CLR or AZM for 4 days. Once the optimal �-Gal activity was reached,
the cultures were carefully washed with 1� PBS and bacterial pellets were resuspended
and incubated in macrolide-free Sauton’s medium for two more days, a time point at
which a �-Gal activity of 4,000 units was measured (not shown). From this stage
(considered day 0), the MIC of CLR, AZM, and AMK were determined in Sauton’s
medium at 3, 5, 7, 10, and 14 days (Table 1). At day 3, the untreated cultures exhibited
MIC values of 1, 4, and 16 �g/ml for CLR, AZM, and AMK, respectively, while the
macrolide-pretreated cultures exhibited higher MIC values. The CLR-treated culture
displayed MICs of 64, 128, and 16 �g/ml against CLR, AZM, and AMK, respectively. This
effect was even more pronounced with the AZM-treated culture (128, 256, and 32 for
CLR, AZM, and AMK, respectively) and further increased at day 5 and day 7, with MIC
values exceeding 256 �g/ml. While the MIC of AMK remained unchanged for the
untreated culture (16 to 32 �g/ml), pretreatment with CLR induced cross-resistance to
AMK (64 g/ml), as previously reported (36). We found this was also true with AZM (Table
1), indicating that, like CLR, exposure to AZM reduces the activity of AMK.

Identification of a whiB7 box upstream of erm(41) required for macrolide-
induced expression. Careful examination of the promoter region using the MEME
software identified two pairs of conserved repetitive sequences. To gain further insights
into the regulatory DNA elements responsible for macrolide induction, the P123 pro-
moter region in pMV261_ P123_lacZ was replaced by DNA fragments of 92 bp, 61 bp,
and 38 bp derived from the original P123. The segment sizes were chosen to progres-
sively shorten the degenerated inverted repeats (Fig. 3A and B). These DNA motifs may
eventually represent the target of transcriptional factors that contribute to erm(41)
transcriptional regulation. Cultures were exposed to various concentrations of AZM or

TABLE 1 Enduring resistance levels to macrolides and amikacin following preexposure of M. abscessus to CLR or AZM

Growth conditionsa

MIC �g/ml

Day 3 Day 5 Day 7 Day 10 Day 14

CLR AZM AMK CLR AZM AMK CLR AZM AMK CLR AZM AMK CLR AZM AMK

Untreated 1 4 16 16 64 16 64 128 16 128 256 32 256 �256 32
CLR pretreated 64 128 16 256 �256 32 �256 �256 32 �256 �256 64 �256 �256 64
AZM pretreated 128 256 32 �256 �256 64 �256 �256 64 �256 �256 64 �256 �256 64
aM. abscessus CIP104536T (rough variant) was pretreated or not with 8 �g/ml of either CLR or AZM for 4 days, washed, and incubated in macrolide-free medium for 2
additional days. MIC of CLR, AZM, and AMK were determined according to the CLSI guidelines at different time points. The MICs are given in �g/ml. Results are
representative from three individual experiments with similar values.
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CLR and lacZ expression was monitored over time by measuring the �-Gal activity. In
the presence of 2 �g/ml of either macrolide, the optimal specific activity of the
full-length construct (123 bp) plateaued at around 7,000 units, while the 92-bp con-
struct was associated with a reduction in activity, to around 5,000 units (Fig. 3C, left).
This indicates that the construct lacks an important regulatory element that is required
for normal transcriptional levels. Unexpectedly, further shortening the promoter region
down to 61 bp led to an opposite effect, with a much more pronounced �-Gal activity
than with P123, reaching the levels of the strong hsp60 promoter. As shown earlier,
these effects were always more rapid when the various strains were exposed to AZM
than to CLR. Similar profiles were obtained by treating the various strains with 8 �g/ml
(Fig. 3C, middle) or 64 �g/ml (Fig. 3C, right) of macrolides. In sharp contrast, the strain
carrying pMV261_P38_lacZ failed to express any �-Gal activity, indicating that P38 is
missing important regulatory information. As expected, when either the promoterless
construct (ΔP) or the pMV261_PMAB_4384_lacZ were introduced in M. abscessus, no �-Gal
activity was detected (Fig. 3C). This suggests the presence of two important regulatory
sequences in P123: one located between the 5= end of the P61 construct and the 5= end
of the P38 construct that positively regulates the expression and one located at the 5=
end of the 92 bp segment that possibly participates in the downregulation of erm(41)
expression.

FIG 3 Dissection of the erm(41) promoter region and impact on lacZ expression. (A) Schematic representation of the intergenic region between rpsA and
erm(41). Two pairs of weakly conserved palindromes were identified using the MEME Suite 4.20.0 online tool. (B) Derivatives of pMV261_lacZ containing various
truncated intergenic regions (where P123, P92, P61, and P38 correspond to the size of the promoter region in base pairs) were generated according to this
bioinformatics analysis and shown using a color code. (B) Schematic representation of the intergenic region between rpsA and erm(41). Two pairs of weakly
conserved palindromes were identified using the MEME Suite 4.20.0 online tool. (C) �-Gal activity profile of the M. abscessus strains transformed with the various lacZ
reporter constructs monitored over a period of 14 days and exposed to 2 �g/ml (left), 8 �g/ml (middle), or 64 �g/ml (right) of either CLR (dotted lines) or AZM (normal
lines). A pMV261 derivative containing lacZ cloned under the control of the constitutive hsp60 promoter was used as a positive control (Phsp60). A promoterless construct
(ΔP) and a pMV261_lacZ construct carrying the promoter of an unrelated gene (PMAB_4384) were included as negative controls. The results were obtained from two
separate experiments with a total of 6 technical replicates. The specific activity of �-Gal is given in (A420nm � min)/(4 �gTotal protein � liters) as described in the Materials
and Methods section � standard deviation.
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FIG 4 Implications of a WhiB7-binding site required for macrolide-inducible expression of erm(41). (A) DNA sequences of P38 and P61 as well as three
mutated constructs of the P61 promoter region were introduced into the lacZ reporter strains. These nucleotide changes were introduced in the putative
WhiB7-binding site (P61_Mut(B7)) and the erm(41) putative �35 box (P61_Mut(�35)), either individually or together (P61_Mut(B7/-35)). All constructs were used
to transform M. abscessus CIP104536T rough variant. The transcriptional starting site (TSS) has been determined previously (17). (B) In the absence of
macrolides, constitutive expression of whiB7 (provided by the integrative pMV361_whiB7, red) in M. abscessus pMV261_P123_lacZ correlates with a
significantly stronger �-Gal activity than in a strain carrying pMV261_P123_lacZ alone, implicating WhiB7 as a positive regulator of P123. (C) M. abscessus
rough variant containing the P61, P61_Mut(B7), P61_Mut(�35), or P61_Mut(B7/-35) derivatives fused to lacZ were transformed with pMV361_whiB7. All these
mutations abrogated the �-Gal activity in liquid cultures (upper) and on solid medium (lower). Exponentially growing M. abscessus cultures were spotted
onto 7H10 plates containing 50 �g/ml X-Gal. The plates were subsequently incubated for 3 days at 37°C and bacteria visualized for their blue/white
coloration. (D) The presence of macrolides failed to induce �-Gal activity in the mutated promoter constructs as evidenced by monitoring the lacZ activity
in the presence of 8 �g/ml of CLR or AZM. A pMV261 derivative containing lacZ cloned under the control of the constitutive hsp60 promoter was used
as positive control (Phsp60). A promoterless construct (ΔP) and a pMV261_lacZ construct carrying the promoter of an unrelated gene (PMAB_4384) were
included as negative controls. The results were obtained from two separate experiments with a total of 6 technical replicates. The specific activity of �-Gal
is given in (A420nm � min)/(4 �gTotal protein � liters) as described in the Materials and Methods section � standard deviation.
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By analyzing the sequence of P61 missing in P38, we identified a putative �35 box
(Fig. 4A). In addition, WhiB7 is known as a master regulator that activates transcription
of many different genes involved in resistance to macrolides and amikacin (36, 37), but
its direct implication in this process remains to be defined. We therefore scrutinized
more thoroughly the DNA sequence of P61 and found a sequence that resembles the
typical AT-rich DNA sequence recognized by WhiB7. This sequence displays partial
conservation with a motif located in the region upstream of whiB7 in various myco-
bacterial species (38) and which is missing in P38 (Fig. 4A). This putative 5 bp WhiB7-
binding site (GAAAC) is located 3 nucleotides upstream of a potential �35 box, similarly
to the sites and sequences defining the whiB7 promoter (38, 39). However, the optimal
distance of 16 to 19 nucleotides between the �35 and �10 hexamers is not conserved,
as they are separated by only 7 nucleotides (Fig. 4A). Mycobacterial promoters have
been identified with hexamer distances of between 6 and 35 bp (40). To test whether
WhiB7 influences erm(41) expression by binding to this motif, the integrative plasmid
pMV361_whiB7 was introduced into M. abscessus carrying pMV261_P123_lacZ and �-Gal
activity was followed for 7 days in the absence of drug treatment. Fig. 4B clearly shows
that lacZ was constitutively expressed at much higher levels in the strain containing
pMV361_whiB7, indicating that WhiB7 is a positive regulator of erm(41) expression, in
accordance with previous findings (36, 37). To further illuminate the contribution of the
GAAAC motif as a potential WhiB7-binding site, this sequence was mutated in
pMV261_P61_lacZ, (designated P61_Mut(B7)), as illustrated in Fig. 4A. Introduction of the
mutation abrogated lacZ expression both in liquid cultures (Fig. 4C, upper) and on agar
plates (Fig. 4C, lower). In addition, mutating the putative �35 box was accompanied by
a sharp drop in �-Gal activity and mutations in both the whiB7 and the �35 boxes
abrogated lacZ expression, suggesting that both regions are required for regulation
and the transcriptional expression of erm(41) (Fig. 4C). To conclusively demonstrate
the importance of the GAAAC motif for macrolide-inducible resistance, we treated
the three mutated strains (pMV261_P61_Mut(B7)_lacZ, pMV261_P61_Mut(�35)_lacZ, and
pMV261_P61_Mut(B7/-35)_lacZ) with either 8 �g/ml CLR or AZM for 7 days. This almost
completely abolished the �-Gal activity upon treatment with either drug, compared to
the pMV261_P61_lacZ control strain carrying the intact motifs (Fig. 4D).

Collectively, these results indicate that the 61 bp promoter region comprises a
critical WhiB7 binding motif that is necessary for macrolide-inducible erm(41) expres-
sion.

DISCUSSION

M. abscessus is a challenging pathogen that causes severe respiratory infections in
patients with underlying lung disorders and these infections have become more
common recently. This is of particular concern due to the natural resistance of M.
abscessus to most conventional antibiotics (8). Macrolides are important components of
the multidrug therapy against M. abscessus sensu lato and the American Thoracic
Society/Infectious Diseases Society of America guidelines for the treatment of nontu-
berculous mycobacteria (NTM) recommend use of one of these agents as part of a
multidrug regimen (15). It was previously shown that clarithromycin (CLR) is a stronger
inducer of Erm(41) than azithromycin (AZM), with higher mRNA expression and a more
rapid increase in MICs during prolonged incubation (25), leading to the conclusion that
AZM may be preferred to CLR for the treatment of M. abscessus infections. It was then
reported that the median MICs of AZM for M. abscessus sensu lato were markedly higher
than those of CLR (41), while both macrolides induce resistance similarly (26). The
present results confirm that M. abscessus subsp. bolletii and M. abscessus subsp.
abscessus clinical isolates carrying a functional Erm(41) methylase undergo a more rapid
increase in the MIC for AZM than for CLR, which was linked neither to the composition
of the medium nor to the morphotype of the strains. Based on these results, induction
of resistance cannot be a criterion for choosing between CLR and AZM for M. abscessus
subsp. abscessus and M. abscessus subsp. bolletii drug treatment.

In one case only, macrolide-induced resistance was abrogated (clinical strain 1298)
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due to a F34L substitution in Erm(41), a mutation that was not previously reported to
our knowledge, that presumably inactivates enzymatic activity. MIC data were also
corroborated with transcriptional data through the development of a lacZ reporter
strain exposed to various doses of either macrolide and supporting the view that
expression of erm(41) is more rapidly induced with AZM than with CLR. This reporter
strain provides a means to better understand the differential effect of AZM and CLR on
promoter activity when bacteria are exposed to various stress conditions, such as
antibiotic combinations and medium composition. Importantly, through the develop-
ment of a tdTomato reporter strain, we were able to image macrolide-induced resis-
tance in infected animals. Thanks to the optical transparency of zebrafish embryos,
individual bacilli expressing tdTomato could be detected very early after exposing the
embryos to either CLR or AZM (2 dpt). Although qualitative, these results indicate that
CLR- and AZM-inducible resistance occurs very rapidly in the infected host, likely
explaining the poor effectiveness of macrolide therapy in patients infected with M.
abscessus subsp. abscessus or M. abscessus subsp. bolletii (42, 43). While the zebrafish
model appears well adapted to monitor the in vivo induction of erm(41), it presents
some limitations to study the reverse phenomenon following removal of the drugs.
Drugs are likely to accumulate in the embryos and, even after their removal from the
water, their presence in fish will sustain the expression of tdTomato. Hence, this would
lead to erm(41) expression kinetics that differ from those observed in vitro. However,
this tdTomato reporter strain may be particularly suitable to assay next-generation
macrolide antibiotics that do not induce the erm(41)-based resistance mechanism and
retain activity against M. abscessus. It is conceivable to develop a microbiological assay
based on the M. abscessus strain containing pMV261_P123_tdTomato in a 96-well plate
format that couples MIC determination with fluorimetric readings, enabling simultane-
ous assessment in vitro of the activity of a compound and the degree of macrolide-
induced resistance. Such an approach could be adapted to the high-throughput
screening of large libraries of macrolide scaffolds (44) in a short time frame.

Penetration of drugs into the bacterial cytoplasmic compartment induces an im-
portant transcriptional reprograming that results in changes in growth rate, metabo-
lism, and induction of genes involved in drug resistance, such as enzymes that modify
either the antibiotic or its target as well as efflux pumps. Interestingly, erm(41), also
known as MAB_2297, is located in close proximity to a gene cluster participating in the
intrinsic resistance to clofazimine and bedaquiline in M. abscessus, comprising a TetR
transcriptional repressor (MAB_2299c) that regulates the transcription of an MmpS/
MmpL efflux pump system encoded by MAB_2300/MAB_2301 (13). This gene cluster
also possesses a second MmpS/MmpL pair (MAB_2302/MAB_2303) whose role in resis-
tance to antibiotics has yet to be established. These observations point to a multidrug
resistance island that participates in the intrinsic resistance to different classes of
antibiotics in M. abscessus.

WhiB7 represents one of the best-studied transcriptional activators of the repro-
graming circuit that belongs to the WhiB family of regulators conserved in actinomy-
cetes (39, 45). The whiB7 gene is induced upon treatment of mycobacteria with several
structurally unrelated antibiotics, as well as compounds that can perturb respiration,
redox balance, and iron starvation (38, 39, 46, 47). Recently, MAB_3508c, which is 75%
identical to the Mycobacterium smegmatis and Mycobacterium tuberculosis whiB7 genes,
has been shown to be involved in intrinsic resistance of M. abscessus to various
antibiotics, as deletion of this gene results in hypersusceptibility to erythromycin,
clarithromycin, streptomycin, spectinomycin, amikacin, and tetracycline (37). In addi-
tion, RNA-seq data to determine the whiB7 regulon of M. abscessus identified 128
genes, including erm(41) and eis2 (39). In another study, it was shown that WhiB7 was
induced by CLR and was needed for erm(41) induction in M. abscessus (36). This is
supported by our study, where constitutive overexpression of WhiB7 led to increased
lacZ expression when it was cloned under the control of the erm(41) promoter. In
addition, we identified a putative WhiB7-binding site which, when mutated, prevented
macrolide-induced resistance, proving that the direct binding of WhiB7 to the specific
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AT-rich motif is necessary to induce erm(41) expression. This confirms WhiB7 as a
primary determinant in transcriptional reprograming in macrolide-inducible resistance
in M. abscessus.

As a nongenetically programed mechanism, macrolide-inducible resistance reflects
an adaptive response to antibiotic treatment, thought to be reversible upon drug
removal. We found that the �-Gal activity, mirroring erm(41) transcriptional expression,
rapidly decreased during the 2 days following removal of CLR or AZM from cultures and
then remained constant for the 5 following days at levels that were significantly higher
than prior to drug addition. This suggests that induced macrolide resistance is only
partially reversible, at least under the conditions used, since the specific activity at
7 days postwashing remained significantly higher than the basal level of lacZ expres-
sion prior to drug treatment. This phenomenon implies that, even after several rounds
of division, the bacteria remain in an activated metabolic state conferring an enduring
resistance phenotype. In this particular physiological stage, M. abscessus exhibits very
high resistance levels to CLR and AZM and, to a lesser extent, to AMK, compared to
previously unexposed bacteria at days 3, 5, 7, and 10. It can be inferred that pretreat-
ment with CLR or AZM sensitizes the cultures, which will respond more efficiently upon
reexposure to the drugs. This may confer the bacilli a protective advantage during
subsequent drug therapy. This scenario appears to involve the transfer of signaling
events through the subsequent generations and may possibly implicate epigenetic
regulation by providing newly formed bacteria the capacity to stay in an “on” state for
macrolide-inducible resistance. A simple explanation is that during treatment, the
bacilli adapt their metabolism so as to continue producing erm(41) transcripts at higher
basal levels. That bacteria previously exposed to either CLR or AZM express higher basal
levels of erm(41) transcripts (and show higher resistance levels to macrolides and
amikacin) may have important clinical consequences. Indeed, recent surveys have
identified M. abscessus as a major threat in many CF centers worldwide and epidemi-
ological studies are documenting the transmission from patient to patient of dominant
circulating M. abscessus clones that have spread globally between hospitals (6). If this
happens, it is possible that patients infected with previously macrolide-exposed bacilli
may be more refractory to subsequent macrolide and AMK treatment, complicating the
antibiotic-based therapy.

MATERIALS AND METHODS
Strains and growth conditions. M. abscessus subsp. abscessus CIP104536T reference strain and

clinical isolates are listed in Table S1 in the supplemental material. Strains were grown either in
Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 (Sigma-Aldrich) and 10% oleic
acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9T/OADC), Sauton’s medium, or cation-
adjusted Mueller-Hinton broth (CaMHB; Sigma-Aldrich) at 30°C. On plates, colonies were selected either
on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10OADC) or on LB
agar. Antibiotics were purchased from Sigma-Aldrich.

Drug susceptibility assessment. The MICs were determined according to the Clinical and Labora-
tory Standards Institute (CLSI) guidelines (48).

Construction of the lacZ and tdTomato reporter strains. The full-length intergenic region (IR)
(designated P123) as well as its truncated versions (designated P92, P61, and P38) were PCR amplified from
the M. abscessus CIP104536T genomic DNA using the Phusion polymerase (Thermo Fisher Scientific) with
the primers listed in Table S2. To generate the mutated IRs (P61_Mut(B7), P61_Mut(�35), and P61_Mut(B7/-35)),
complementary single-stranded DNA segments containing the XbaI and BamHI sites (Table S2) were first
denaturated for 15 min at 95°C and then annealed together. All DNA fragments were restricted with XbaI
and BamHI and ligated to the linearized pMV261_lacZ (35), digested with the same restriction enzymes,
leading to a panel of lacZ reporter constructs, as listed in Table S3. To generate pM261_P123_tdTomato,
pMV261_P123_lacZ was digested with BamHI and HindIII to replace lacZ by a linearized BamHI/HindIII-
restricted tdTomato gene which was amplified by PCR from pTEC27 using the primers listed in Table S2.
The pMV361 containing an apramycin resistance cassette was linearized with the XmnI blunt cutter and
ligated to the double-blunt whiB7 PCR product to generate the pMV361_whiB7 construct, allowing
constitutive overexpression of whiB7. Plasmids were electroporated into an electrocompetent M. absces-
sus S strain for the tdTomato reporter construct and M. abscessus R strains for the lacZ constructs.

�-Galactosidase assay. The quantification in liquid medium of the �-Gal activity was performed as
previously reported (35). Briefly, bacterial cultures were adjusted to an optical density at 600 nm (OD600)
of 0.8 in Sauton’s medium supplemented with 0.025% tyloxapol containing the appropriate antibiotics
to maintain the plasmids. The �-Gal activity was determined at various time points after the initial
addition of CLR or AZM (t � 0). At each time point, 1 ml cultures were centrifuged (4,000 � g for 10 min
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at room temperature) and the pellets were resuspended in 700 �l 1� phosphate-buffered saline (PBS).
Bacterial suspensions were lysed by bead beating for 3 min at 30 Hz. Lysates were centrifuged
(16,000 � g for 10 min at room temperature) and the supernatant collected for measuring the OD280 with
a NanoDrop 2000c. Four micrograms of the total protein amount present in the supernatant were
coincubated with 100 �l of a reaction buffer containing 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl,
1 mM MgSO4, and 50 mM �-mercaptoethanol in 96-well plates at 37°C for 30 min. Thirty-five microliters
of a 4 mg/ml solution of 2-nitrophenyl �-D-galactopyranoside (ONPG, Sigma-Aldrich) were added and the
absorbance at 420 nm was measured at 30 to 34°C for 30 min using a multimode microplate reader
POLARstar Omega (BMG Labtech). The specific �-Gal activity (SA�-Gal) was defined as follows:
(absorbance420nm � min)/(4 �g of total protein � liter of culture). To discard macrolides from bacterial
cultures after 14 days of treatment, bacteria were centrifuged at 4000 � g for 10 min at room temper-
ature and washed three times in PBS. The pellets were finally resuspended in Sauton’s medium
supplemented with 0.025% tyloxapol containing the appropriate antibiotics to maintain the plasmids.
�-Gal activity on solid medium was directly observed by spotting 2.5 �l of cultures at an OD600 of 0.8
onto 7H10OADC and following incubation of the plates at 37°C for 3 days.

Unmarked deletion of erm(41) in M. abscessus. The pUX1-katG-erm(41) was generated following
the same strategy as previously described (13, 14) using the primers listed in Table S2 and introduced
into M. abscessus S. Selection of bacteria having undergone the first homologous recombination was
done by screening for red fluorescent colonies on 7H10OADC supplemented with 200 �g/ml kanamycin.
To promote the second homologous recombination event, the selected clones were subcultured
overnight in 7H9OADC in the absence of kanamycin. Cultures were 10-fold-serially diluted and plated onto
7H10OADC containing 50 �g/ml isoniazid (INH) to select for isoniazid-resistant, kanamycin-sensitive, and
nonfluorescent colonies. Following genomic DNA preparation of selected colonies, a PCR screening was
set up using primer sets binding upstream of the left arm (LA) and inside the right arm (RA) or binding
inside the LA and downstream of the RA. Amplicons were subsequently sequenced to confirm the
junction between LA and RA and proper deletion of erm(41).

Zebrafish infections and visualization of macrolide inducible resistance. All zebrafish experi-
ments were conducted in accordance with the guidelines from the European Union for handling of
laboratory animals (http://ec.europa.eu/environment/chemicals/lab_animals/home_en.htm) and approved
by the Direction Sanitaire et Vétérinaire de l’Hérault et Comité d’Ethique pour l’Expérimentation Animale
de la région Languedoc Roussillon under the reference number CEEA-LR-1145. Experiments were
conducted using the transgenic Tg(mpeg1:GFP-CAAX) zebrafish line carrying green fluorescent macro-
phages (33). Ages of embryos are expressed as hours post fertilization (hpf). M. abscessus S left
untransformed (as a negative control) or carrying either pTEC27 (with constitutive expression of
tdTomato) or pMV261-P123-tdTomato (with macrolide-inducible expression of tdTomato) were injected
into zebrafish embryos and monitored for fluorescence expression, according to protocols reported
previously (49). Briefly, infections were performed by intravenous microinjection of 900 to 1,000 CFU in
dechorionated and anesthetized 30 hpf embryos. At 96 hours postinfection (hpi), infected embryos were
exposed to either 32 �g/ml CLR or AZM in osmotic water and this treatment was renewed on a daily
basis. Red fluorescence was assessed by immobilizing anesthetized embryos in 1% low-melting-point
agarose and performing life imaging by confocal microscopy (LSM 880 Airyscan) at day 0, day 2, and day
6 post treatment (dpt). 2D reconstructions of image stacks were done with the ZEN 2 software.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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