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ABSTRACT Mpycobacterium abscessus is an emerging pathogen causing severe pulmo-
nary infections. Within chronically infected patients, M. abscessus isolates undergo molecular
changes leading to increased virulence and antibiotic resistance. Specifically, mutations in
glycopeptidolipid (GPL) synthesis genes, leading to the rough phenotype, are associated
with invasive, nonremitting infections and a severe clinical course. It has been unclear
whether GPL defects confer antibiotic resistance independently of other molecular changes.
We used transposon technology to isolate a rough (GPL-defective; Tn MABS_4099c%*°%) mu-
tant and compare it to a fully isogenic parent strain (ATCC 19977) bearing wild-type zeocin
resistance (WTZe°R). Antibiotic susceptibility profiles of Tn_4099c?°R and WTZR were tested
and compared using the Sensititre RAPMYCOI antimicrobial susceptibility test plate. MICs
were evaluated within clinically relevant values according to the Clinical and Laboratory
Standards Institute (CLSI) standards. We found that M. abscessus with rough colony mor-
photype (Tn_4009¢c) had comparable antibiotic susceptibility to its smooth isogenic WT
counterpart. Small differences (a 1:2 dilution) in MICs were found for imipenem, cefoxitin,
and tigecycline, yet those small differences did not change the clinical susceptibility report
for these antibiotics, as they fell within the same CLSI cutoffs for resistance. While small
alternations in susceptibility to imipenem, cefoxitin, and tigecycline were noted, we con-
clude that the GPL mutations in M. abscessus did not confer clinically significant antibiotic
resistance. Increased antibiotic resistance in the clinical setting may occur in an unrelated
and parallel manner to GPL mutations.

IMPORTANCE Mycobacterium abscessus chronically infects patients with preexisting lung
diseases, leading to progressive deterioration in pulmonary function. The common percep-
tion among clinicians is that the rough phenotype is associated with progressive disease
and severe clinical course, manifested as a widespread inflammatory response and resist-
ance to antibacterials. However, as clinical isolates accumulate hundreds of mutations over
the prolonged course of infection, it is unclear whether the rough phenotype per se is
responsible for the antibiotic resistance seen in late-stage infections, or whether the resist-
ance is related to other genetic changes in the bacteria. Previous studies mostly compared
rough and smooth clinical isolates. Here, for the first time, we compared WT smooth
bacteria to a specific rough, GPL-associated, otherwise-isogenic mutant. We determined
that the rough morphotype had essentially identical antibiotic susceptibilities as the parent
strain. The mechanistic basis for the antibiotic resistance observed in rough clinical isolates
is therefore most probably related to other genetic determinants.
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Rough MABs Are Not More Resistant than Smooth

ycobacterium abscessus is an emerging pathogen known to cause severe pulmonary

infections among patients with cystic fibrosis (CF) and other chronic lung diseases (1, 2).
In the clinical setting, M. abscessus appears as either smooth (S) or rough (R) colony variants,
mostly associated with mutations in genes related to synthesis of the glycopeptidolipid (GPL)
outer layer, such as inactivating mutations in the 20-kb GPL complex (MAB_4098c [mps2],
MAB_4099c [mpsT1]) or GPL transport (MAB_4115 [mmpL4b]) (3). Other mechanisms of the
S-to-R transition have been described, but they are considerably rarer and often entail
transcription factors affecting GPL synthesis as well as other cellular processes (4).
Phenotypically, the S variant is known for its relative transmissibility, biofilm formation,
and persistence, while the R variant is associated with an increased inflammatory response,
extracellular chording, and hypervirulence, causing increased lethality in animal models
and rapidly deteriorating lung functions in human patients (5-10). Microbiology studies
examining antibiotic susceptibility of M. abscessus isolates of R and S morphotypes have
noted mixed results (11, 12). While some studies reported similar susceptibilities, others
noted R isolates to be more resistant, especially to beta-lactam antibiotics, such as imipe-
nem and cefoxitin (13), leading to the prevailing paradigm that R isolates are necessarily
antibiotic resistant. Within the human host, M. abscessus strains accrue multiple mutations
leading to increased pathogenicity and increased antibiotic resistance (14). As these trans-
formations occur in parallel to the transition from S to R variants, it has been unclear whether
GPL synthesis defects per se reduce antibiotic susceptibility, independently of other molecular
changes. To elucidate this point, we used our verified GPL-defective transposon mutant and
an isogenic parent strain control to examine whether isolated GPL synthesis defects affect sus-
ceptibility to the antibiotics in clinical use in clinically relevant concentrations.

Results. Antibiotic susceptibility profiles of Tn_4099c and the wild-type zeomycin-resistant
counterpart, WT?°R, were tested and compared using the Sensititre RAPMYCOI antibacterial
susceptibility test (AST) plate. MICs were evaluated within clinically relevant ranges according
to the Clinical and Laboratory Standards Institute (CLSI) standards (15) (Table 1). Both isolates
were found clinically resistant to trimethoprim-sulfamethoxazole, doxycycline, and ciprofloxa-
cin, with MICs above the CLSI breakpoints for resistance (exact MICs not determined). Both iso-
lates were susceptible to amikacin (identical MICs of 16 wg/mL) yet resistant to moxifloxacin
(identical MICs of 8 wg/mL) and to tobramycin (identical MICs of 16 wg/mL). Both had inter-
mediate susceptibility to linezolid (identical MICs of 16 wg/mL) and induced clarithromycin
resistance (identical MICs of 0.5, 8, and 16 ng/mL on days 3, 5, and 14 of incubation).
Minor susceptibility differences in MICs were noted for imipenem, cefoxitin, and tigecycline.
All three antibiotics showed an increase of a 2-fold dilution in the rough compared to its
smooth counterpart (Table 1). These differences in MICs did not change the breakpoint
interpretation of any of these antimicrobials. Finally, Tn_4099 and WTZ%°® both had MICs
above the limit of detection for minocycline, amoxicillin-clavulonate, ceftriaxone, and
cefepime (exact MICs were not determined), all of which are not commonly used to treat
mycobacterial infection yet are included in the Sensititre commercial panel.

Discussion. M. abscessus isolates of rough colony morphotypes are often found in
the clinical setting, especially in cases of chronic long-standing infection, and have been
associated with severe clinical disease and worse clinical outcomes (5, 10). Antibiotic suscepti-
bility studies of clinical isolates have also noted that rough colony clinical isolates have higher
rates of resistance to clarithromycin, tigecycline, imipenem, and cefoxitin (11, 13). Within the
human host, M. abscessus undergoes molecular changes that lead to increased pathogenicity
(14) and increased antibiotic resistance. It is therefore unclear whether the GPL changes associ-
ated with the rough phenotype confer antibiotic resistance or, rather, that the genetic changes
leading to the rough phenotype occur alongside the molecular changes leading to antibiotic
resistance within chronically infected patients.

Our study is the first to describe the antibiotic susceptibility profile of isogenic smooth
and rough M. abscessus. We found that rough GPL-defective M. abscessus isolates (Tn_4099)
and their isogenic smooth counterparts had similar susceptibility results for most clinically
used antibiotics. A minor, 1-fold dilution difference of MICs was noted for the beta-lactams
imipenem and cefoxitin and for the tetracycline tigecycline, as previously described (11, 13).
These differences did not change the breakpoint interpretations for these antibiotics. While
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TABLE 1 Antibiotic susceptibility of Smooth and Rough (GPL-defective) isogenic strains

Determined MIC L
Published S, I, and R Sterming (g/mL)

Antibiotic breakpoints (xg/mL)? Vet Tn_4099

Imipenem =4,8-16, =32 8 16

Clarithromycin =2,4,=8 0.5 (day 3), 8 (day 5), 0.5 (day 3), 8 (day 5),
>16 (day 14) >16 (day 14)

Linezolid =8, 16, =32 16 16

Doxycycline =1,2-4,=8 >16 >16

Tigecycline =0.5,1-4,=8 0.12 0.25

Moxifloxacin =1,2,=4 8 8

Ciprofloxacin =1,2,=4 >4 >4

Tobramycin =2,4,=8 16 16

Amikacin =16,32, =64 16 16

TMP/SMX =2/38,NR, =4/76 >8/152 >8/152

Cefoxitin =16,32-64, =128 32 64

9The susceptible (S), intermediate (1), and resistant (R) breakpoints for the indicated antibiotics. With the
exception of tigecycline, breakpoint information was obtained from CLSI (15); the tigecycline breakpoints were
previously published (26). TMP/SMX, trimethoprim-sulfamethaxazole; NR, not reported.

these MIC differences may be of questionable clinical significance, they do raise questions
regarding the possible effect of GPL synthesis on antibiotic susceptibility.

Antibiotic resistance mechanisms in M. abscessus are diverse and are often specific
to the antibiotic group or mechanism of function. Resistance to beta-lactams is mostly
mediated through beta-lactamases (16), while tigecycline resistance has been attributed
to transcription modifiers (17). A common resistance mechanism may be related to cell
wall permeability. GPL-deficient mycobacteria have been previously shown to have increased
permeability to hydrophobic substances, suggesting that they would be likely to be more sen-
sitive, rather than more resistant, to these substances. However, they did not appear to have
altered MICs to hydrophobic or hydrophilic antibiotics (18). Mycobacterial efflux pumps have
been associated with resistance to antibiotics such as bedaquiline, clofazemine, clarithromycin,
amikacin, and tigecycline (19-22). Expression of efflux pump genes has been shown to be up-
regulated by antibiotic stress (22). It is unknown whether disabling MAB_4099c directly affects
the regulation of efflux pump genes, yet it may be hypothesized that Tn_4099c may have
increased cell wall permeability, allowing increased, albeit sublethal, exposure to the antibiot-
ics, which may then lead to upregulation of efflux pump genes and thus paradoxical increased
antibiotic resistance. Further studies are needed to evaluate the effect, if any, of MAB_4099c
alterations on efflux pump gene expression.

It should be noted that the clinical outcome and treatment success of M. abscessus
infections do not depend purely on the MIC. Indeed, M. abscessus is notorious for having dis-
crepancies between the in vitro MIC and the clinical success of the treatment proposed on
the basis of that MIC (1). Rough and smooth isolates may occupy different biological niches
(intracellular, cavitary lesions, biofilm, thick mucus of patients with CF, etc.). The penetration
of the antibiotic into each niche, the proliferation status of bacteria in them, and the degree
of tolerance may differ (12). As the niche occupied by the pathogen may affect its physiol-
ogy, the GPL (and other lipid) content may differ (23). Two isolates with similar in vitro MICs
may therefore be differentially affected by the same antibiotic, making one clinically resistant
and the other clinically susceptible. Minimal bactericidal concentrations (MBCs) may also dif-
fer in isolates with identical MICs. As MBCs are more complicated to test, most clinical labo-
ratories do not report them, and clinical decisions are mostly based on MICs. Also, this study
did not address the question of tolerance (i.e., the rate of killing) and the issue of persistence,
and whether these characteristics were affected by GPL mutations. These are important
questions that should be addressed in future studies.

A rough mutant may sometimes arise with no apparent mutation in the GPL pathway,
probably related to a regulatory mutation affecting the expression of this pathway, but there
are also other targets (3, 4). These isolates may possibly differ substantially in their MICs, and
our conclusions here are restricted to specific defects in the GPL pathway.
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In summary, M. abscessus of the rough colony morphotype has been found to have
similar antibiotic susceptibility to its smooth isogenic counterpart. Small differences in MICs
were found for imipenem, cefoxitin, and tigecycline, yet those compounds are of question-
able clinical significance. Increased antibiotic resistance of rough clinical strains is therefore
likely not related to the rough phenotype directly, but rather to additional molecular
changes that occur within the chronically infected host.
Materials and methods. A MAb_4099c transposon mutant (Tn_4099) was isolated
from our previously generated zeocin resistance-selected, M. abscessus ATCC 19977-based
Tn mutant library (24), and it has been genetically characterized (25). A zeocin-resistant
smooth counterpart (WT?¢°R) was created by insertion of a single-copy attB-integrating plas-
mid with zeocin resistance into M. abscessus ATCC 19977. Antibiotic susceptibility patterns of
clinically used antibiotics were tested using the Sensititre RAPMYCOI AST plate (Thermo
Scientific). Briefly, an inoculum suspension was prepared in demineralized water by gently
scraping pure bacterial cultures grown on 7H10/glycerol agar plates, using sterile cotton
swabs. The suspension was homogenized using the swab and passed through a 27-gauge
needle to minimize clumping. A nephelometer was used to adjust the optical density to a
McFarland 0.5 turbidity standard. Subsequently, 50 uL of the suspension was transferred
to Mller-Hinton broth and tested with the Sensititre RAPMYCOI AST plate per the manu-
facturer’s instructions.

REFERENCES

1.

Floto RA, Olivier KN, Saiman L, Daley CL, Herrmann J-L, Nick JA, Noone PG,
Bilton D, Corris P, Gibson RL, Hempstead SE, Koetz K, Sabadosa KA, Sermet-
Gaudelus 1, Smyth AR, van Ingen J, Wallace RJ, Winthrop KL, Marshall BC,
Haworth CS, US Cystic Fibrosis Foundation and European Cystic Fibrosis Soci-
ety. 2016. US Cystic Fibrosis Foundation and European Cystic Fibrosis Society
consensus recommendations for the management of non-tuberculous myco-
bacteria in individuals with cystic fibrosis. Thorax 71(Suppl 1):i1-i22. https:/
doi.org/10.1136/thoraxjnl-2015-207360.

. Haworth CS, Banks J, Capstick T, Fisher AJ, Gorsuch T, Laurenson IF, Leitch

A, Loebinger MR, Milburn HJ, Nightingale M, Ormerod P, Shingadia D, Smith
D, Whitehead N, Wilson R, Floto RA. 2017. British Thoracic Society guidelines
for the management of non-tuberculous mycobacterial pulmonary disease
(NTM-PD). Thorax 72:ii1-ii64. https://doi.org/10.1136/thoraxjnl-2017-210927.

. Pawlik A, Garnier G, Orgeur M, Tong P, Lohan A, Le Chevalier F, Sapriel G,

Roux A-L, Conlon K, Honoré N, Dillies M-A, Ma L, Bouchier C, Coppée J-Y,
Gaillard J-L, Gordon SV, Loftus B, Brosch R, Herrmann JL. 2013. Identification and
characterization of the genetic changes responsible for the characteristic
smooth-to-rough morphotype alterations of clinically persistent Mycobac-
terium abscessus. Mol Microbiol 90:612-629. https://doi.org/10.1111/mmi
.12387.

. Park IK, Hsu AP, Tettelin H, Shallom SJ, Drake SK, Ding L, Wu U-l, Adamo N,

Prevots DR, Olivier KN, Holland SM, Sampaio EP, Zelazny AM. 2015. Clonal
diversification and changes in lipid traits and colony morphology in
Mycobacterium abscessus clinical isolates. J Clin Microbiol 53:3438-3447.
https://doi.org/10.1128/JCM.02015-15.

. Kreutzfeldt KM, McAdam PR, Claxton P, Holmes A, Seagar AL, Laurenson

IF, Fitzgerald JR. 2013. Molecular longitudinal tracking of Mycobacterium
abscessus spp. during chronic infection of the human lung. PLoS One 8:
€63237. https://doi.org/10.1371/journal.pone.0063237.

. Nessar R, Reyrat J-M, Davidson LB, Byrd TF. 2011. Deletion of the mmpL4b

gene in the Mycobacterium abscessus glycopeptidolipid biosynthetic pathway
results in loss of surface colonization capability, but enhanced ability to replicate
in human macrophages and stimulate their innate immune response. Microbiol-
ogy (Reading) 157:1187-1195. https://doi.org/10.1099/mic.0.046557-0.

. Howard ST, Rhoades E, Recht J, Pang X, Alsup A, Kolter R, Lyons CR, Byrd

TF. 2006. Spontaneous reversion of Mycobacterium abscessus from a
smooth to a rough morphotype is associated with reduced expression of
glycopeptidolipid and reacquisition of an invasive phenotype. Microbiol-
ogy (Reading) 152:1581-1590. https://doi.org/10.1099/mic.0.28625-0.

. Roux A-L, Viljoen A, Bah A, Simeone R, Bernut A, Laencina L, Deramaudt

T, Rottman M, Gaillard J-L, Majlessi L, Brosch R, Girard-Misguich F, Vergne |, de
Chastellier C, Kremer L, Herrmann J-L. 2016. The distinct fate of smooth and
rough Mycobacterium abscessus variants inside macrophages. Open Biol 6.
https://doi.org/10.1098/rsob.160185.

March/April 2023 Volume 11 Issue 2

. Kam JY, Hortle E, Krogman E, Warner SE, Wright K, Luo K, Cheng T, Manuneedhi

Cholan P, Kikuchi K, Triccas JA, Britton WJ, Johansen MD, Kremer L, Oehlers SH.
2022. Rough and smooth variants of Mycobacterium abscessus are differentially
controlled by host immunity during chronic infection of adult zebrafish. Nat
Commun 13:952. https://doi.org/10.1038/541467-022-28638-5.

. Li B, Ye M, Zhao L, Guo Q, Chen J, Xu B, Zhan M, Zhang Y, Zhang Z, Chu H.

2020. Glycopeptidolipid genotype correlates with the severity of Myco-
bacterium abscessus lung disease. J Infect Dis 221:5257-5262. https://doi
.0rg/10.1093/infdis/jiz475.

. Ruger K, Hampel A, Billig S, Ruicker N, Suerbaum S, Bange F-C. 2014. Char-

acterization of rough and smooth morphotypes of Mycobacterium abscessus
isolates from clinical specimens. J Clin Microbiol 52:244-250. https://doi.org/
10.1128/JCM.01249-13.

. Greendyke R, Byrd TF. 2008. Differential antibiotic susceptibility of Myco-

bacterium abscessus variants in biofilms and macrophages compared to
that of planktonic bacteria. Antimicrob Agents Chemother 52:2019-2026.
https://doi.org/10.1128/AAC.00986-07.

. Lavollay M, Dubée V, Heym B, Herrmann J-L, Gaillard J-L, Gutmann L, Arthur

M, Mainardi J-L. 2014. In vitro activity of cefoxitin and imipenem against
Mycobacterium abscessus complex. Clin Microbiol Infect 20:0297-300. https://
doi.org/10.1111/1469-0691.12405.

. Bryant JM, Brown KP, Burbaud S, Everall |, Belardinelli JM, Rodriguez-

Rincon D, Grogono DM, Peterson CM, Verma D, Evans IE, Ruis C, Weimann
A, Arora D, Malhotra S, Bannerman B, Passemar C, Templeton K, MacGregor G,
Jiwa K, Fisher AJ, Blundell TL, Ordway DJ, Jackson M, Parkhill J, Floto RA. 2021.
Stepwise pathogenic evolution of Mycobacterium abscessus. Science 372:
eabb8699. https://doi.org/10.1126/science.abb8699.

. Woods GL, Brown-Elliott BA, Conville PS, Desmond EP, Hall GS, Lin G, Pfyffer

GE, Ridderhof JC, Siddigi SH, Wallace RJ, Jr, Warren NG, Witebsky FG. 2011. Sus-
ceptibility testing of Mycobacteria, Nocardiae, and other aerobic Actinomy-
cetes. Clinical and Laboratory Standards Institute, Wayne, PA.

. Luthra S, Rominski A, Sander P. 2018. The role of antibiotic-target-modifying

and antibiotic-modifying enzymes in Mycobacterium abscessus drug resistance.
Front Microbiol 9:2179. https://doi.org/10.3389/fmicb.2018.02179.

. Ng HF, Ngeow YF. 2022. Genetic determinants of tigecycline resistance in

Mycobacteroides abscessus. Antibiotics (Basel) 11:572. https://doi.org/10
.3390/antibiotics11050572.

. Etienne G, Villeneuve C, Billman-Jacobe H, Astarie-Dequeker C, Dupont

M-A, Daffé M. 2002. The impact of the absence of glycopeptidolipids on
the ultrastructure, cell surface and cell wall properties, and phagocytosis of
Mycobacterium smegmatis. Microbiology (Reading) 148:3089-3100. https://
doi.org/10.1099/00221287-148-10-3089.

10.1128/spectrum.05270-22 4


https://doi.org/10.1136/thoraxjnl-2015-207360
https://doi.org/10.1136/thoraxjnl-2015-207360
https://doi.org/10.1136/thoraxjnl-2017-210927
https://doi.org/10.1111/mmi.12387
https://doi.org/10.1111/mmi.12387
https://doi.org/10.1128/JCM.02015-15
https://doi.org/10.1371/journal.pone.0063237
https://doi.org/10.1099/mic.0.046557-0
https://doi.org/10.1099/mic.0.28625-0
https://doi.org/10.1098/rsob.160185
https://doi.org/10.1038/s41467-022-28638-5
https://doi.org/10.1093/infdis/jiz475
https://doi.org/10.1093/infdis/jiz475
https://doi.org/10.1128/JCM.01249-13
https://doi.org/10.1128/JCM.01249-13
https://doi.org/10.1128/AAC.00986-07
https://doi.org/10.1111/1469-0691.12405
https://doi.org/10.1111/1469-0691.12405
https://doi.org/10.1126/science.abb8699
https://doi.org/10.3389/fmicb.2018.02179
https://doi.org/10.3390/antibiotics11050572
https://doi.org/10.3390/antibiotics11050572
https://doi.org/10.1099/00221287-148-10-3089
https://doi.org/10.1099/00221287-148-10-3089
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.05270-22

Rough MABs Are Not More Resistant than Smooth

19.

20.

21.

22.

Li B, Guo Q, Mao Y, Zou Y, Zhang Y, Zhang Z, Chu H. 2020. Genetic evolution
of Mycobacterium abscessus conferring clarithromycin resistance during
long-term antibiotic therapy. Can Respir J 2020:7623828.

Gutiérrez AV, Richard M, Roquet-Banéres F, Viljoen A, Kremer L. 2019. The
TetR family transcription factor MAB_2299c¢ regulates the expression of
two distinct MmpS-MmpL efflux pumps involved in cross-resistance to
clofazimine and bedaquiline in Mycobacterium abscessus. Antimicrob
Agents Chemother 63. https://doi.org/10.1128/AAC.01000-19.

Vianna JS, Machado D, Ramis IB, Silva FP, Bierhals DV, Abril MA, von Groll
A, Ramos DF, Lourenco MCS, Viveiros M, da Silva PEA. 2019. The contribution
of efflux pumps in Mycobacterium abscessus complex resistance to clarithro-
mycin. Antibiotics (Basel) 8:153. https://doi.org/10.3390/antibiotics8030153.
Mudde SE, Schildkraut JA, Ammerman NC, de Vogel CP, de Steenwinkel JEM,
van Ingen J, Bax HI. 2022. Unraveling antibiotic resistance mechanisms in
Mycobacterium abscessus: the potential role of efflux pumps. J Glob Antimicrob
Resist 31:345-352. https://doi.org/10.1016/j,jgar.2022.10.015.

March/April 2023 Volume 11 Issue 2

23.

24,

25.

26.

Microbiology Spectrum

Hunt-Serracin AC, Parks BJ, Boll J, Boutte CC. 2019. Mycobacterium abscessus
cells have altered antibiotic tolerance and surface glycolipids in artificial cystic
fibrosis sputum medium. Antimicrob Agents Chemother 63. https://doi.org/
10.1128/AAC.02488-18.

Foreman M, Gershoni M, Barkan D. 2020. A simplified and efficient method
for Himar-1 transposon sequencing in bacteria, demonstrated by creation and
analysis of a saturated transposon-mutant library in Mycobacterium abscessus.
mSystems 5. https://doi.org/10.1128/mSystems.00976-20.

Meir M, Foreman M, Bar-Oz M, Naor N, Rozenblit A, Barkan D. 2022. Comparison
of isogenic strains shows no evidence of altered nosocomial transmission-
competency of rough, GPL-negative Mycobacterium abscessus strains.
Microbiol Spectr 10:20199021. https://doi.org/10.1128/spectrum.01990-21.

He G, Wu L, Zheng Q, Jiang X. 2022. Antimicrobial susceptibility and minimum
inhibitory concentration distribution of common clinically relevant non-tubercu-
lous mycobacterial isolates from the respiratory tract. Ann Med 54:2500-2510.
https://doi.org/10.1080/07853890.2022.2121984.

10.1128/spectrum.05270-22 5


https://doi.org/10.1128/AAC.01000-19
https://doi.org/10.3390/antibiotics8030153
https://doi.org/10.1016/j.jgar.2022.10.015
https://doi.org/10.1128/AAC.02488-18
https://doi.org/10.1128/AAC.02488-18
https://doi.org/10.1128/mSystems.00976-20
https://doi.org/10.1128/spectrum.01990-21
https://doi.org/10.1080/07853890.2022.2121984
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.05270-22

	Outline placeholder
	Results.
	Discussion.
	Materials and methods.

	REFERENCES

