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ABSTRACT Mycobacterium abscessus is an opportunistic pathogen notorious for its
resistance to most classes of antibiotics and low cure rates. M. abscessus carries an
array of mostly unexplored defense mechanisms. A deeper understanding of antibi-
otic resistance and tolerance mechanisms is pivotal in development of targeted ther-
apeutic regimens. We provide the first description of all major transcriptional mecha-
nisms of tolerance to all antibiotics recommended in current guidelines, using RNA
sequencing-guided experiments. M. abscessus ATCC 19977 bacteria were subjected
to subinhibitory concentrations of clarithromycin (CLR), amikacin (AMK), tigecycline
(TIG), cefoxitin (FOX), and clofazimine (CFZ) for 4 and 24 h, followed by RNA
sequencing. To confirm key mechanisms of tolerance suggested by transcriptomic
responses, we performed time-kill kinetic analysis using bacteria after preexposure to
CLR, AMK, or TIG for 24 h and constructed isogenic knockout and knockdown strains.
To assess strain specificity, pan-genome analysis of 35 strains from all three subspe-
cies was performed. Mycobacterium abscessus shows both drug-specific and common
transcriptomic responses to antibiotic exposure. Ribosome-targeting antibiotics CLR,
AMK, and TIG elicit a common response characterized by upregulation of ribosome
structural genes, the WhiB7 regulon and transferases, accompanied by downregula-
tion of respiration through NuoA-N. Exposure to any of these drugs decreases sus-
ceptibility to ribosome-targeting drugs from multiple classes. The cytochrome bd-
type quinol oxidase contributes to CFZ tolerance in M. abscessus, and the sigma fac-
tor sigH but not antisigma factor MAB_3542c is involved in TIG resistance. The
observed transcriptomic responses are not strain-specific, as all genes involved in tol-
erance, except erm(41), are found in all included strains.

KEYWORDS M. abscessus, RNA sequencing, antibiotic resistance, nontuberculous
mycobacteria

M ycobacterium abscessus is a nontuberculous mycobacterium (NTM), capable of
causing opportunistic pulmonary infections in patients with local or systemically

decreased immunity (1). It is recognized as an important emerging health threat, par-
ticularly for susceptible individuals such as cystic fibrosis (CF) patients. Recently it was
shown that M. abscessus, unlike other NTM, is human transmissible and a global spread
of clustered isolates is seen in CF patients. In addition, the isolates found within these
outbreak clusters show increased virulence in mice, likely due to multiple rounds of
genetic selection within patients (2, 3).
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For its intrinsic resistance to most classes of antibiotics, M. abscessus has rightfully
been labeled an “antibiotic nightmare” (4). The major determinant of the intrinsic anti-
biotic-resistance of M. abscessus is the highly impermeable cell membrane, rendering it
resistant to most broad-spectrum antibiotics (5). In addition, M. abscessus uses a range
of drug- and target modulating mechanisms and efflux pumps by which resistance to
antibiotics is achieved. Examples are the erythromycin resistance methylase (erm) re-
sponsible for macrolide resistance, aminoglycoside N-acetyltransferases aac(‘2) and
Eis2, the class A b-lactamase Bla_Mab, the MmpL5/MmpS5 bedaquiline and clofazi-
mine (CFZ) efflux system, and the tetracycline-inactivating monooxygenase MabTetX
(6–10). As a result, treatment is complex and highly toxic, comprised of at least three
drugs with proven in vitro activity in the first phase. Regimens typically include intrave-
nous amikacin (AMK), tigecycline (TIG), imipenem or cefoxitin (FOX), with oral clofazi-
mine (CFZ) and a macrolide (preferably azithromycin) for 3 months (11, 12). This is
followed by an oral and inhaled continuation regimen, partly based on in vitro suscep-
tibilities. Despite this intensive regimen, treatment is only successful in approximately
45% of all patients (13).

Although some mechanisms contributing to the high level of antibiotic resistance
in M. abscessus have been elucidated, most remain unknown. To improve treatment
and outcome of M. abscessus disease, it is important to understand the mechanisms by
which antibiotic tolerance and resistance are acquired. Therefore, we studied the full
transcriptomic responses of M. abscessus to all drugs included in the recommended ini-
tial treatment regimen. To this end, we exposed M. abscessus to subinhibitory concen-
trations of each drug and used RNA sequencing to characterize pathways contributing
to antibiotic tolerance and confirmed findings in secondary experiments.

RESULTS
M. abscessus shows a tailored transcriptomic response to each antibiotic.

Principal-component analysis (PCA) showed that the antibiotic stress response to each
drug was reproducible and drug-specific; PCA plots are shown in Fig. S1 in the supple-
mental material. The number of differentially expressed genes (DEGs) for each condi-
tion and the overlap between responses after 4 and 24 h of exposure are presented in
Fig. 1A.

FIG 1 (A) Number of DEGs per condition. (B) Common and condition-specific transcriptomic changes. (C) Differentially expressed transferases. Heatmap
illustrating transferases that had a fold change of .2 Log2 and a P value of ,0.05. AMK, amikacin; CFZ, clofazimine; CLR, clarithromycin; FOX, cefoxitin; TIG,
tigecycline.

Schildkraut et al. Antimicrobial Agents and Chemotherapy

January 2022 Volume 66 Issue 1 e01509-21 aac.asm.org 2

https://aac.asm.org


The transcriptomic response to ribosome-targeting drugs. Gene Ontology (GO)
enrichment was performed on DEG sets (Fig. S2 in the supplemental material) and
showed the response to ribosome-targeting drugs is characterized by both common
and drug-specific pathways, shown in Fig. 1B The common response to ribosome-tar-
geting drugs can be characterized by four transcriptomic responses: 1) induction of
WhiB7, a mycobacterial transcriptional regulator responsible for antibiotic resistance; 2)
a downregulation of the type I NADH dehydrogenase (NuoA-N), responsible for oxidiz-
ing NADH to NAD1 and thereby providing electrons for the electron transport chain;
3) the upregulation of genes related to ribosome structure and function and, and 4)
increased transcription of genes encoding a wide range of transferases (detailed in
Fig. 1C), including eis2, aac(2’) and aph(39). An overview of all changes in the respira-
tory chain following antibiotic exposure is shown in Fig. 2.

In addition, each drug induced a specific response. CLR exposure was characterized
by a decreased expression of genes involved in central metabolic pathways, such as
the pyruvate dehydrogenase complex and increased expression of genes involved in
fatty acid catabolism (Fig. 1B). AMK exposure was characterized by the increased
expression of the GroEL-GroES chaperonin system and TIG exposure led to decreased
expression in both the F1F0 type ATPase and cyctochrome C reductase, both respira-
tory chain components, and increased expression of the sigH sigma factor (Fig. 1B).

Cross-over experiment results. To study the effect of the overlapping transcrip-
tomic response to ribosomal-targeting drugs, we performed time-kill kinetic analysis
using strains preexposed to each drug for 24 h. Time-kill kinetic analyses show that pre-
exposure also influences subsequent killing of 4� MICs of each drug (Fig. 3, Table 1).
The most striking effect of preexposure is seen in the more rapid emergence of macro-
lide resistance at day 3 in all preexposed strains due to the timely induction of erm(41),
leading to a decrease in effect size of between 37 and 47%. Furthermore, although less
pronounced than for macrolides, the overall susceptibility to AMK is decreased, as evi-
denced by an absence (in TIG and AMK preexposed strains) or decrease (CLR preexposed
strains) of the initial bactericidal effect of AMK in comparison to the non-exposed con-
trol. Effect sizes for AMK decreased by 29, 35, and 45% for CLR, TIG, and AMK, respec-
tively. Finally, only preexposure to AMK led to decreased activity of TIG (23% decrease in
effect size), with increased outgrowth seen from day 6.

Knock-out of the antisigma factor (MAB_3542c). To study the role of the anti-
sigma factor MAB_3542c on TIG resistance, we created an isogenic knockout strain,
DMAB_3542c. Our findings show that DMAB_3542c only had a very minimal increase in
sigH expression (1.19-fold increase 6 SEM; 1.10–1.28); see Fig. S4A in the supplemental

FIG 2 The mycobacterial respiratory chain. Graphical representation of the mycobacterial respiratory chain. NDH1, NADH dehydrogenase subtype 1; NDH2,
NADH dehydrogenase subtype 2; SDH, succinate dehydrogenase. Green and red arrows indicate complexes for which encoding genes are up- or
downregulated, respectively. The proposed redox cycling pathway of clofazimine is depicted in red (24).
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material. In addition, no increase in TIG MIC was seen in DMAB_3542c and time-kill ki-
netic analysis showed that the kill-curves of 1 and 2x MIC of TIG in DMAB_3542c and
wild type were highly similar (effect sizes of 7.8 [1� MIC] and 16.5 [2� MIC] in wild type
and 10.9 [1� MIC] and 19.7 [2� MIC] in DMAB_3542c), shown in Fig. 4A and Table 2.

The transcriptomic response to FOX and CFZ. Exposure to FOX showed a rela-
tively small amount of DEGs compared with ribosome-targeting antibiotics, only 32
(up- and downregulated) at 24 h. Only in the late response an increased expression of
the iniBAC operon was seen. Exposure to CFZ yielded an even more limited transcrip-
tomic response both at 4 and 24 h postexposure. The early time point showed upregu-
lation of only two genes, a hydroperoxide reductase and a peroxiredoxin. At 24 h, CFZ
exposure still only led to 14 DEGs (up- and downregulated), including structural com-
ponents of the cytochrome bd-type quinol oxidase and the CydC/CydD transporter.
GO enrichment showed additional increased expression of pathways related to the
F1F0-ATP synthase.

CRISPR interference of the bd-type quinol oxidase. To confirm the role of the re-
spiratory chain, particularly the bd-type quinol oxidase, in CFZ susceptibility we cre-
ated isogenic inducible knockdown mutants of cydA, a subunit of the bd type quinol
oxidase. All cydA-targeting guides were successful in increasing susceptibility to CFZ in
comparison to the wild-type strain until day seven, shown in Fig. S3. Overall cydAi1
had the largest increase in CFZ susceptibility, accompanied by a doubling in effect size
(Fig. 4B and Table 2). We then confirmed that the increased CFZ susceptibility was due
to decreased cydA expression, with a mean fold reduction of 0,30 (fold reduction 1-
SEM; 0,18 – 0,52); see Fig. S4B

Pan-genome analysis results. To study genomic plasticity in M. abscessus we per-
formed pan-genome analysis of all full-length M. abscessus genomes on NCBI and two
novel M. abscessus genomes obtained using PacBio long-read sequencing. The M.
abscessus genome contains 3,183 core genes (present in .99% of strains), 522

FIG 3 Time-kill curves following preexposure. Log-phase bacteria were exposed to subinhibitory concentrations ofamikacin (8 mg/ml), clarithromycin (4 mg/
ml), or tigecycline (0.5 mg/ml) for 24 h. Subsequently, a 0.5 McFarland was made, and time-kill kinetic analysis was performed using 4� MIC of each drug.

TABLE 1 Effect sizesa of time-kill kinetic curves

4×MIC Preexposure Effect size E (log10 CFU/ml day)
Clarithromycin None 29,27

Clarithromycin 15,65
Amikacin 16,88
Tigecycline 18,51

Amikacin None 52,32
Clarithromycin 36,94
Amikacin 28,93
Tigecycline 34,03

Tigecycline None 40,66
Clarithromycin 40,29
Amikacin 31,3
Tigecycline 39,07

aEffect size was calculated as AUCGC – AUCTreated for each preexposed strain relative to their own growth control.
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belonged to the soft core genes (present in 95–99% of strains), 2,160 shell genes (pres-
ent in 15–95% of strains), and 5,846 cloud genes (present in ,15% of strains), contrib-
uting to a total gene universe of 11,714 genes.

Subsequently, strain phylogeny and protein similarity between the M. abscessus
ATCC 19977 and all included strains for all the genes indicated to be of importance for
resistance were studied. Most included proteins have a high level (.95%) of homol-
ogy. One exception is erm(41), in which a large deletion distinguishes M. abscessus sub-
species massiliense isolates from the other subspecies. In addition, sigH and, aac2’ were
each found to have multiple partial matches of the total sequence in the same region
in a single strain, likely due to misassembly in the published genomes.

DISCUSSION

Mycobacterium abscessus employs highly tailored responses to the antibiotics in
currently recommended regimens. Key features of its tolerance to antibiotics are drug-
specific converting enzymes, target protection and shifts in its respiratory chain and
metabolic state. The mechanism of action of CFZ is still incompletely understood, but
based on the transcriptomic response and CRISPR interference experiments we shed
new light on the importance of the cytochrome bd-type quinol oxidase in CFZ toler-
ance in M. abscessus. Ribosome-targeting antibiotics elicit an elevated transcriptional

FIG 4 Time-kill curves of CydAi and DMAB_3542c. (A) Time-kill kinetic analysis was performed using 4
or 8 mg/ml tigecycline. (B) Time-kill kinetic analysis was performed using 2 mg/ml of clofazimine.

TABLE 2 Effect sizesa of time-kill kinetic curves for CydAi and DMAB_3542c

Antibiotic exposure Strain Effect size E (log10 CFU/ml day)
Clofazimine (2mg/ml) CydAi1 12,15

Wild type 5,99
Tigecycline (4mg/ml) DMAB_3542c 10,89

Wild type 7,84
Tigecycline (8mg/ml) DMAB_3542c 19,72

Wild type 16,54
aEffect size was calculated as AUCGC – AUCTreated for each preexposed strain relative to their own growth control.
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response in overlapping pathways such as WhiB7 in M. abscessus, resulting in cross-re-
sistance between these antibiotics, as seen in time-kill analysis. The sigma factor sigH is
thought to be important for tigeycline resistance, however, knockout of antisigma fac-
tor MAB_3542c does not influence sigH regulation and TIG resistance. Genes essential
in all these responses are part of the core genome and show high degrees of homol-
ogy, with the known exception of erm(41) which has a large deletion in all strains of
M. abscessus subsp. massiliense, rendering these bacteria susceptible to macrolide anti-
biotics (6).

The transcriptomic response to ribosome-targeting drugs. The common tran-
scriptional response to ribosome-targeting drugs consists of the induction of WhiB7,
genes encoding drug-modifying transferases and genes involved in ribosome biogene-
sis (see Fig. S2 in the supplemental material), accompanied by a downregulation of res-
piration through the NADH dehydrogenase encoded by Nuo(A-N).

We measured increased expression of whiB7 after exposure to all ribosome target-
ing antibiotics. While it has previously been shown that CLR induces whiB7, there are
conflicting findings with regard to AMK. Although whiB7 knockout studies have shown
increased susceptibility to AMK, Pryjma et al. found that AMK did not induce expres-
sion of whiB7 after 3 h of incubation (14). In line with previous findings (15), we show
that AMK-induced expression of whiB7 increases over time and is approximately
40-fold higher after 24 h than 4 h. Confirming that AMK is weaker inducer of whiB7
and that the induction is time-dependent.

The NADH dehydrogenase encoded by nuo(A-N) contributes to the proton-motive
force in the electron transport chain (16). Because a proton-motive force is necessary
for passive diffusion of molecules into the intracellular space, the decrease in nuo(A-N)
expression may also contribute to increased tolerance to aminoglycosides, as their
uptake has previously been shown to be dependent on proton-motive force (17).

In mycobacteria, N-acetyl and phosphotransferases convert aminoglycoside antibiot-
ics leading to decreased susceptibility (8). Many of these transferases were upregulated
following exposure to all ribosome-targeting antibiotics many of these transferases were
upregulated; shown in Fig. 1C. While expression of the well-known aminoglycoside con-
verting enzyme-encoding genes eis2 and aph(39) (8) was increased following exposure
to all three antibiotics, aac(2’) (8), was not induced by AMK. This, together with the
altered structure of AMK in comparison to other aminoglycosides likely explains why
some activity of AMK inM. abscessus remains.

The expression of structural and functional components of the ribosome and
increasing levels of ribosomal protein transcription is known from Escherichia coli as an
attempt to recover ribosomal function (18).

Cross-resistance following exposure to ribosome-targeting drugs. As whiB7
expression is induced by all ribosome-targeting antibiotics, it stands to reason that pre-
exposure to any drug within these classes, and perhaps others, might decrease the
therapeutic success of subsequent treatment with the other drugs. The time-kill assays
demonstrate that preexposure to any of the ribosome-targeting antibiotics leads to
more rapid emergence of macrolide resistance and decreased susceptibility to AMK
and TIG (Fig. 3), most likely due to the shared upregulation of whiB7. The strongest
effect is seen in the emergence of macrolide resistance at day 3 due to the timely
induction of erm(41). In addition,WhiB7mediated induction of aminoglycoside-modify-
ing enzymes at an early time point does likely contribute to increased AMK tolerance.
However, this is less clear in CLR preexposed samples that initially show increased kill-
ing, possibly due to their altered metabolism. Lastly, while the effect on growth in the
presence of TIG is less pronounced, overall, the drug susceptibility is decreased. This is
of particular concern in patients receiving macrolide or aminoglycoside maintenance
therapy while at high-risk for M. abscessus infection, such as CF and bronchiectasis
patients. This low-level antibiotic exposure may contribute to decreased therapeutic
success of subsequent M. abscessus treatment. Our findings highlight the importance
of screening patients for NTM prior to considering maintenance therapy (12).
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CLR exposure induces a persister-like state. CLR exposure induces a downregula-
tion of the type I NADH dehydrogenase [Nuo(A-N)] and a decreased expression of the
pyruvate dehydrogenase complex, the main link between glycolysis and the TCA cycle.
This was accompanied by an increased expression of genes involved in fatty acid ca-
tabolism at 24 h. This decreased respiration through Nuo(A-N) and fatty acid catabo-
lism to provide acetyl-coA for the TCA cycle through b-oxidation is similar to the shifts
seen in M. tuberculosis in its non-replicating persister state, associated with decreased
drug susceptibility (19, 20). Our findings indicate that M. abscessus, upon macrolide ex-
posure, decreases flux through the TCA cycle, thereby inducing tolerance, while fatty
acids are utilized to maintain low-level metabolic activity until resistance is induced via
the erm(41) gene (6).

Aminoglycoside tolerance due to chaperonin-guided protein folding. Following
24 h of AMK exposure upregulation of chaperonin proteins GroEL and GroES was seen.
Aminoglycoside antibiotics function by interrupting protein translation and inhibiting
proper protein folding (21). The GroEL-GroES chaperonin system is known to assist in
folding and has been shown to protect E. coli from aminoglycoside activity (22). This is
also likely the case for M. abscessus.

TIG.We observed an increased expression of sigma factor H (sigH) following TIG ex-
posure. Recently, Ng et al. showed that a point mutation in the antisigma factor
MAB_3542c in M. abscessus, the inhibitor of sigH (MAB_3543c), leads to increased TIG
resistance, likely by decreased inhibition of sigH (23). Therefore, increased expression
of sigH may contribute to increased TIG tolerance. To study the role of MAB_3542c on
TIG resistance further we constructed a knockout strain, DMAB_3542c. The MIC of TIG
in DMAB_3542c was not increased in comparison to the wild type (WT) and time-kill ki-
netic curves only showed a small decrease in susceptibility that is more likely explained
by an inoculum effect and biological variation in response (fig. 4B). In addition, the
expression of sigH in DMAB_3542c was also not increased in comparison to WT (Fig.
S3B). These findings contrast with previous findings by Ng et al. (23), that suggest
MAB_3542c is an inhibitor of sigH transcription and that decreased inhibition leads to
TIG resistance. No increased expression of the MabTetX (MAB_1496c) tetracycline
monooxygenase was observed; this confirms the previous finding that TIG is a poor
substrate -and does not induce expression- of the gene encoding MabTetX (9).

FOX and CFZ induce small specific transcriptomic responses. FOX exposure only
led to increased expression of genes involved in DNA-directed RNA polymerase activ-
ity. Interestingly, following FOX exposure no increase in transcription of Bla_Mab was
seen, although M. abscessus bacteria were able to grow at only a slightly decreased
rate compared to the growth controls. Constitutive expression of the b-lactamase
gene is likely sufficient for protection against the relatively low level of b-lactam
exposure.

CFZ exposure led to an increased expression of genes encoding components of the
respiratory chain. Upregulation included structural components of the F1F0-ATP syn-
thase, the cytochrome bd-type quinol oxidase (CydA and CydB) and the CydC/CydD
transporter thought to be essential for the function of the cytochrome bd-type ubiqui-
nol oxidoreductase in M. tuberculosis (19). Although the exact mechanisms of action of
CFZ is not fully understood, our findings suggest that increased oxidative stress con-
tributes to the bactericidal effect, supporting the previously proposed redox cycling
pathway of CFZ, in which Reactive Oxygen Species are generated (24). Upregulation of
the cytochrome bd-type quinol oxidase likely helps to tolerate CFZ, as it has previously
been shown to protect M. smegmatis from oxidative stress while depletion of the oxi-
dase lead to increased susceptibility to CFZ (25). This theory is further supported by
our findings using isogenic inducible knockdown of cydA in M. abscessus. When tran-
scription of cydA was limited an increase in susceptibility to CFZ was seen (Fig. 4A),
thereby confirming the role of the cytochrome bd-type quinol oxidase in CFZ tolerance
in M. abscessus. As the cytochrome bd-type quinol oxidase is only found in prokaryotes
this is a promising drug-target, potentially in combination with CFZ, for this extremely
difficult-to-treat pathogen (26).
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Here we provide the first description of the transcriptomic antibiotic stress response
of M. abscessus over the breadth of all drugs included in treatment regimens. However,
while this unbiased method allows identification of overlapping and drug-specific
responses, it is in many instances hypothesis-generating in nature and still requires in-
depth analyses into all discovered pathways. We believe that future work characteriz-
ing the proposed mechanisms would be of great value as transcriptomic changes do
not always adequately reflect biological meaningfulness (27, 28).

In conclusion, Mycobacterium abscessus shows both drug-specific and common
transcriptomic responses to antibiotic exposure. Key features of its tolerance to antibi-
otic exposure are drug-specific converting enzymes, target protection, and shifts in its
respiratory chain and metabolic state. In confirmatory experiments, we highlight the
role of the bd-type quinol oxidase in CFZ tolerance, suggesting ROS generation is a
key mechanisms of action of CFZ, and role of the SigH sigma factor but not the
MAB_3542c antisigma factor in TIG tolerance. Because of the common response eli-
cited by ribosome-targeting antibiotics, exposure to any of these drugs rapidly induces
tolerance mechanisms that decrease susceptibility to ribosome-targeting drugs from
multiple classes. A deeper understanding of drug tolerance and resistance is essential
to improve antibiotic treatment regimens and their outcome.

MATERIALS ANDMETHODS
Bacterial strains and antibiotics. The M. abscessus subsp. abscessus ATCC 19977 type strain (Institute

Pasteur, Paris, France) with established MICs of 32, 4, 4, 64 and 0.5 mg/ml for AMK, CLR, TIG, FOX, and CFZ
was used. Stock vials of the strain were stored at 270°C in Trypticase soy broth containing 40% glycerol.
CLR, AMK, FOX, and CFZ were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands) and TIG was
obtained from Pfizer (Capelle aan den Ijssel, The Netherlands). Antibiotics were dissolved in methanol,
MilliQ, MilliQ, DMSO and, MilliQ, respectively.

Culture conditions. A bacterial inoculum was grown before each assay, diluted in Cation Adjusted
Mueller-Hinton (CAMH; for CLR, AMK, TIG, and FOX conditions) or Middlebrook 7H9 (for CFZ condi-
tions) broth with 0.05% Tween 80 and cultured until early log-phase, see supplementary methods for
more detailed protocols. Subsequently, antibiotics at subinhibitory concentrations (CLR [4 mg/ml],
AMK [8 mg/ml], TIG [0,5 mg/ml], FOX [8 mg/ml], or CFZ [1 mg/ml]) were added and the culture was
grown for a further 4 or 24 h prior to RNA isolation. All conditions were completed in biological
triplicate.

RNA isolation and library preparation. RNA isolation was performed using the Nucleospin RNA kit
(Machery Nagel, Düren, Germany), with slight modifications, a detailed protocol is included in supple-
mentary methods. Following isolation, RNA integrity was determined, rRNA was depleted and the mRNA
library was constructed and sequenced on a NextSeq 500 (Illumina, San Diego, CA).

Differential gene expression analysis. All obtained reads were mapped to the M. abscessus ATCC
17799 genome using STAR (v2.7.0) (29). Differential expression analysis was performed in R (v3.3.3) using
the DESeq2 package (30) and cutoffs were defined as Log2 fold change $ 2 or # 22 and a P value cor-
rected for multiple guessing # 0.05. Subsequently all Gene Ontology (GO) terms were retrieved from
MycoBASE (31), and an enrichment analysis was performed using the topGO R package.

Time-kill kinetic analysis following 24-h preexposure of ribosome-targeting drugs. Duplicate
vials containing CAMH with 0.05% Tween 80 and either 4� MIC of CLR, AMK, or TIG were inoculated
using M. abscessus preexposed to one of these antibiotics for 24 h, thereby mimicking the exposure in
transcriptomic experiments, alongside an antibiotic-free growth control. Vials were incubated on shaker
at 100 rpm at 30°C with oxygenation through a filtered needle. Growth of the bacterial population over
8 days of exposure was quantified by CFU counting using a 10-fold serial dilution on Middlebrook 7H10
agar (BD Bioscience, Erembodegem, Belgium) and incubated at 30°C for 3 days before CFU counting.
The AUC was calculated from log CFU over time using the trapezoidal rule after averaging the results
from both replicates in GraphPad prism version 5.03. Effect size was then calculated as AUCGC –AUCTreated

for each preexposed strain relative to their own growth control, .10% decrease in effect size was con-
sidered a decreased response to treatment (32).

Generation of isogenic inducible knockdown strains of cydA using dCas9. We used the recently
described inducible CRISPR interference system in M. abscessus ATCC 19977 (3). In short, the M. abscessus
ATCC 19977 type strain was transformed with a dCas9 encoding plasmid (pTetInt-dcas9-Hyg) and a sec-
ond vector (pGRNAz) containing a custom-designed small guide RNA (sgRNA) cassette. Four 20-nucleo-
tide guides were designed for cydA and annealed and cloned between sphI and aclI of the pGRNAz and
the respective strains were named cydAi1-4. In addition, a strain with nontargeting guides was included.
To select for successful clones, the transformed bacteria were plated on Middlebrook 7H10 agar contain-
ing 1 mg/ml hygromycin and 300 mg/ml zeocin, and colonies were picked and stored at 270°C in
Trypticase soy broth containing 40% glycerol.

Generation ofDMAB_3542c using mycobacterial recombineering.We used a previously described
mycobacterial recombineering system optimized for M. abscessus ATCC 19977 (33). In short, a M. absces-
sus recombineering strain containing the pJV53 plasmid encoding the Che9c recombination proteins
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was prepared. Subsequently, a custom plasmid was designed using pUc19 in which regions of homol-
ogy flanking the target gene MAB_3542c were cloned in combination with a zeocin resistance cassette
and transformed into the M. abscessus recombineering strain. The transformed strains were incubated in
7H9 broth containing ADC and 0,05% Tween to recover and then plated on zeocin-containing 7H10
agar to select for resistant transformants. Whole genome sequencing was performed to confirm
recombinant strain genotype.

Time-kill kinetic analysis of isogenic knockdown strains. Strains containing dCas9 were grown in
Middlebrook 7H9 broth with 0.05% Tween 80, 1 mg/ml hygromycin and 300 mg/ml zeocin and the M.
abscessus WT was cultured in antibiotic-free medium. After 4 days, duplicate vials containing 10 ml
Middlebrook 7H9 broth containing no CFZ or CFZ at a concentration of 8 mg/ml were inoculated as pre-
viously described. To induce gene silencing anhydrotetracycline was added at 100 ng/ml to all condi-
tions, including the WT control, and vials were incubated as described previously. Growth of bacterial
populations was followed for 7 days on Mueller-Hinton II agar and effect size was calculated as previ-
ously described.

MIC and Time-kill kinetic analysis of isogenic knockout strains. DMAB_3542c was grown in
Middlebrook 7H9 broth with 0.05% Tween 80 and 300 mg/ml zeocin and the M. abscessus WT was cul-
tured in antibiotic-free medium for 4 days. TIG MIC was determined using sensititre RAP plates following
CLSI guidelines. For time-kill kinetic analysis, duplicate vials containing 10 ml CAMH broth containing no
TIG or TIG at a concentration of either 4 or 8 mg/ml were inoculated and growth of bacterial populations
was followed for 7 days on Middlebrook 7H11 II agar and effect size was calculated as previously
described.

qPCR confirmation of cydA and sigH expression. CydAi1 and DMAB_3542c strains were cultured as
previously described in the absence of CFZ or TIG. The WT M. abscessus was included as a control for the
DMAB_3542c strain and a strain containing pGRNAz with non-targeting guides was included as a control
for CydAi1. Three biological replicates of each condition were included. The relative expression of cydA
and sigH was determined in comparison to the housekeeping genes Glyceraldehyde 3-phosphate dehy-
drogenase and RNA polymerase subunit beta. Primer sequences and PCR protocol are shown in Tables
S1 and S2 in the supplemental material.

gDNA isolation and PacBio sequencing. Genomic DNA (gDNA) was isolated using the Bacterial
gDNA isolation kit (Norgen Biotek Corp, Thorold, Canada) with slight modifications, see supplementary
methods for detailed protocol. All gDNA fragments above 4 kb were selected using the BluePippin
(Sage Science, Beverly, MA), samples were prepared for PacBio SMRT and sequenced on a Sequel SMRT
Cell 1M v2 (Pacific Biosciences, Menlo Park, CA).

De novo long-read assembly and phylogeny analysis. De novo genome assembly was performed
using Canu (v1.9) and annotated with PROKKA (v1.14.5). Phylogeny analysis of included strains was per-
formed using RAxML (v8.0.0) and the tree was rooted at midpoint. Subsequently, ROARY (v3.13.0) was
used to determine the core and accessory genome, genes were divided into core (present in .99% of
strains), soft core (present in 95–99% of strains), shell (present in 15–95% of strains), and cloud (present
in ,15% of strains) (34). Finally, the presence and protein sequence homology of genes was determined
using BLAST (v2.9.01).

Data availability. Raw PacBio data are publicly available in the SRA database under BioProject num-
ber PRJNA655109. Raw illumina read data has been uploaded to the Gene Expression Omnibus database
under accession no. GSE163621.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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