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Characterizing Mycobacterium abscessus complex (MABSC) biofilms under host-
relevant conditions is essential to the design of informed therapeutic strategies targeted
to this persistent, drug-tolerant, population of extracellular bacilli. Using synthetic cystic
fibrosis medium (SCFM) which we previously reported to closely mimic the conditions
encountered by MABSC in actual cystic fibrosis (CF) sputum and a new model of
biofilm formation, we show that MABSC biofilms formed under these conditions are
substantially different from previously reported biofilms grown in standard laboratory
media in terms of their composition, gene expression profile and stress response.
Extracellular DNA (eDNA), mannose-and glucose-containing glycans and phospholipids,
rather than proteins and mycolic acids, were revealed as key extracellular matrix
(ECM) constituents holding clusters of bacilli together. None of the environmental
cues previously reported to impact biofilm development had any significant effect
on SCFM-grown biofilms, most likely reflecting the fact that SCFM is a nutrient-rich
environment in which MABSC finds a variety of ways of coping with stresses. Finally,
molecular determinants were identified that may represent attractive new targets for the
development of adjunct therapeutics targeting MABSC biofilms in persons with CF.

Keywords: Mycobacterium abscessus, biofilm, antibiotic tolerance, polysaccharide, extracellular DNA, lipid

INTRODUCTION

Over the last 10 years, rapidly growing nontuberculous mycobacteria (NTM) of the Mycobacterium
abscessus complex (MABSC) have emerged as important human pathogens causing an increasing
number of pulmonary infections among cystic fibrosis (CF) and non-CF bronchiectasis patients
globally (Floto and Haworth, 2015; Park and Olivier, 2015; Martiniano et al., 2019).

Like other mycobacterial pathogens, MABSC species are intracellular pathogens that primarily
infect macrophages but can also target neutrophils, epithelial cells, and endothelial cells
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(Davidson et al., 2011; Garcia-Perez et al., 2011; Malcolm
et al., 2013; Viljoen et al., 2017; Matsuyama et al., 2018).
While MABSC strains have long been known to form biofilms
in the environment and under laboratory growth conditions
(Xiang et al., 2014; Faria et al., 2015; Chakraborty and Kumar,
2019; Chakraborty et al., 2021; Dokic et al., 2021), only
recently have studies in CF and non-CF infected lung tissues
provided support for the assumption that extracellular MABSC
biofilm growth also occurs during human pulmonary infections
(Qvist et al., 2015; Fennelly et al., 2016; Hoiby, 2017). The
finding of biofilms, herein defined as microcolonies of MABSC
embedded within a matrix, in the thickened alveolar walls,
airways, and lung cavity of patients has important clinical
implications. The presence of biofilms where bacilli in different
metabolic states (including intrinsically drug-tolerant semi-
dormant cells) persist may help explain why MABSC lung
infections are usually incurable with antibiotic therapy alone
and why adjunctive surgical resection of cavities may improve
treatment outcomes. MABSC biofilms may further promote the
colonization of the respiratory epithelium as recently illustrated
by studies on Mycobacterium avium (Yamazaki et al., 2006;
Babrak et al., 2015a,b) or attenuate phagocytic cell (Rose and
Bermudez, 2014) and neutrophil functions (Malcolm et al.,
2013) to facilitate immune evasion leading to persistent infection
(Richards and Ojha, 2014).

Owing to the fact that the most in-depth genetic and
biochemical studies on mycobacterial biofilm thus far have
been conducted on Mycobacterium spp. other than MABSC
(e.g., Mycobacterium tuberculosis, M. avium, M. chelonae,
M. smegmatis, and M. ulcerans) and have been performed
in defined laboratory media that do not reflect the physical
conditions encountered by MABSC in the airway and lung
of the infected host, the environmental signals and molecular
determinants governing MABSC biofilm development in vivo
remain, for the most part, unknown (Carter et al., 2003;
Marsollier et al., 2007; Ojha and Hatfull, 2007; Ojha et al., 2008;
Rose and Bermudez, 2016; Trivedi et al., 2016; Chakraborty and
Kumar, 2019; Vega-Dominguez et al., 2020; Dokic et al., 2021).
In this study, we phenotypically and genotypically characterized
the biofilm formed by a M. abscessus subsp. abscessus CF
isolate in synthetic CF medium which we found to closely
mimic the conditions encountered by MABSC in actual CF
sputum (Wiersma et al., 2020). We highlight the substantial
differences these biofilms display from MABSC biofilms formed
in standard laboratory media and reveal new targets for
therapeutic intervention directed to this population of persistent,
drug-tolerant, extracellular bacilli.

MATERIALS AND METHODS

Strains and Culture Media
Mycobacterium abscessus subsp. abscessus clinical isolate NJH12
was from a patient with CF at National Jewish Health (Denver,
CO, United States). Mabs NJH12 was grown under agitation
at 37◦C in Middlebrook 7H9 medium supplemented with
10% albumin-dextrose-catalase (ADC) (BD Sciences) and 0.05%

Tween 80, in SCFM2 (Turner et al., 2015) devoid of mucin
and DNA (medium referred to as SCFM in this study), or
on Middlebrook 7H11 agar supplemented with 10% oleic acid-
albumin-dextrose-catalase (OADC) (BD Sciences). To assess the
impact of divalent cations on growth and biofilm formation,
SCFM was prepared with CHELEX-100 R©-treated water (Bio-
Rad) and FeSO4, ZnSO4, MnSO4, CuSO4, NiCl2, CoCl2, CaCl2,
and MgCl2 were added at different concentrations.

Biofilm Assay
Mabs NJH12 submerged biofilms were formed in 96-well
(polystyrene, flat bottom) poly-D-lysine-coated plates in 200 µL
of SCFM. Biofilm formation was monitored by colony-forming
unit counting or by crystal violet staining as follows: Culture
medium and planktonic cells were removed from 3 to 6-day-
old biofilm plate and biofilms were washed gently with PBS
prior to adding 100 µL of 0.05% crystal violet solution. After
30 min of incubation at room temperature, the wells were washed
with PBS and crystal violet was extracted with 300 µL of 30%
acetic acid for 30 min followed by reading the absorbance of the
solution at 562 nm.

For fluorescence confocal imaging, Mabs NJH12 was
transformed with pCHERRY3 (Addgene # 24659) expressing
mCherry or pMSP12GFP (Chan et al., 2002) expressing GFP.
mCherry and GFP-expressing Mabs NJH12 biofilms were
grown for 3–6 days on poly-D-lysine-coated µ-Dish 35 mm, low

(ibidi) at 37◦C in a 5% CO2 incubator. Biofilms were stained
using Nile Red (Invitrogen) for staining lipids, TOTOTM-1
iodide (Invitrogen) for nucleic acids, FilmTracerTM SYPRO R©

Ruby (Invitrogen) for proteins, and Texas RedTM hydrazide
(Invitrogen) for polysaccharides. Glass slides were visualized
using a ZEISS LSM 510M ETA confocal microscope equipped
with a 63x/1.40 plan-Apochromat objective. At least two
independent experiments were performed, and images from one
representative experiment are shown.

Treatment of Established Biofilms With
Enzymes
Enzyme treatments were performed on 4-day old biofilms.
Planktonic cells were removed and biofilms were washed once
with PBS prior to adding 150 µL of enzyme, or the corresponding
buffer without enzyme as control. After 20 h of incubation at
37◦C, planktonic cells were removed and the biofilm washed once
with 150 µL PBS prior to quantification by crystal violet staining
as described above. The following enzymes were used: TURBO R©

DNase (Thermo Fisher Scientific) in the commercial buffer
provided, Cellulase from Trichoderma sp. (Sigma) in 50 mM
citrate buffer (pH 5.0), α-amylase from Bacillus licheniformis
(Sigma) in PBS (pH 7.4), α-mannosidase from Canavalia
ensiformis (Sigma) in 10 mM ammonium acetate buffer (pH 7.0),
Proteinase K (GoldBio) in 10 mM Tris buffer (pH 8.0), Trypsin
from bovine pancreas (Sigma) in PBS (pH 7.4), Lipase from
Candida rugosa (Sigma) in PBS (pH 7.4), Lysozyme (Sigma) in
PBS (pH 7.4) and phospholipases A1 (from Aspergillus oryzae;
Sigma) and A2 (from Apis mellifera; Sigma) in 50 mM Tris–HCl
(pH 7.5), 10 mM CaCl2 and 2% DMSO buffer.
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Minimum Inhibitory Concentration
Determinations
The Minimum Inhibitory Concentrations (MICs) of a variety
of antibiotics against Mabs NJH12 either grown planktonically
or as biofilms were determined in SCFM, in a total volume of
200 µL in 96-well microtiter plates. For planktonically grown
cells, Mabs NJH12 grown to early log phase were diluted to
a final concentration of 106 CFU mL−1 and incubated in the
presence of serial dilutions of the drugs for 5 days at 37◦C.
MICs were determined using the resazurin blue test and read
after 24 h (Martin et al., 2003). For biofilm-grown Mabs NJH12,
serial dilutions of the antibiotics were added to 4-day old biofilms
for 24 h and MICs were determined as described above. Rapid
colorimetric methods based on Alamar blue, resazurin blue and
water-soluble tetrazolium salts reflect metabolic activity and are
extensively used to assay compound efficacy against replicating
and non-replicating bacteria, including the viability of bacteria
residing within biofilms (Marshall et al., 1995; Nett et al., 2011).

Analysis of Extracellular Matrix Lipids,
Sugars, Proteins, and Extracellular DNA
Mabs NJH12 triplicate cultures (50 mL each) were grown either
planktonically under agitation (160 rpm) in SCFM for 2–5 days
at 37◦C, or as biofilms in the same medium in standing 175 cm2

poly-D-Lysine-coated tissue culture flasks at 37◦C for 5 days.
To provide a better reflection of the conditions encountered
by the bacteria in the lung and thus ensure nutrients did not
become limiting, the medium of biofilm and planktonic cultures
was replaced with fresh medium on days 2, 3, and 4. Upon
collection, bacterial pellets from planktonic and biofilm cultures
were washed twice with sterile water, resuspended in sterile water
with glass beads (4 mm in diameter) and vortexed for 1 min.
The supernatants resulting from the centrifugation of these
suspensions at 6,000 × g for 30 min yielded the ECM fractions
which were subsequently freeze-dried and biochemically defined
(see below). The pellet, corresponding to bacteria stripped of their
ECM, was similarly freeze-dried and weighed.

For analysis of protein extracts, ECM were either submitted to
SDS-PAGE analysis and Coomassie blue staining, or delipidated
using a biphasic organic extraction with methyl tert-butyl
ether:methanol:water [6:3:1, by vol.] followed by digestion using
ProteaseMAXTM Surfactant (Promega) in combination with
trypsin. The digested samples were analyzed using a reverse
phase HPLC coupled to a nanospray ionization source on an
Orbitrap Velos mass spectrometer at Colorado State University’s
Analytical Resources Core. The Mascot search engine was used
to interpret the acquired MS/MS spectra by searching against
Uniprot_Mycobacterium_abscessus_rev_021220 database, and
the Scaffold proteomics software was applied to further validate
the peptide identification and data interpretation. Peptide
matches over 95% were considered as identified peptides.
Proteins identified by more than two peptides were considered
for further analysis. Two independent biofilm (day 5) and
planktonic cultures (day 2 and day 5) were used for proteomics
analyses. The experiment was done twice on independent
cultures and representative results are shown.

Extracellular DNA (eDNA) in the ECM was quantified using
the Qubit fluorometric quantification (Thermo Fisher Scientific).

Lipids were extracted from lyophilized ECM with CHCl3/H2O
(1:1, v/v) and the lipids recovered from the chloroform phase
subsequently analyzed by thin-layer chromatography (TLC) on
aluminum-backed silica gel 60-precoated plates F254 (E. Merck),
or by LC-MS in positive and negative ion modes following the
method described by Sartain et al. (2011) on an Agilent 1260
Infinity chromatograph equipped with a 2.1 mm × 150 mm
(3.5 µm particle size) XBridge reverse phase C18 column
(Waters) coupled to an Agilent 6224 time-of-flight (TOF) mass
spectrometer. Data analysis was carried out using the Agilent
MassHunter software.

To determine the monosaccharide composition of the ECM,
the water phase retained after the extraction of lipids with
chloroform was freeze-dried and alditol acetate derivatives of
monosaccharides were prepared following an earlier procedure
(Kaur et al., 2007). Alditol acetates were analyzed by gas
chromatography-mass spectrometry (GC/MS) on a Thermo
Scientific TRACE 1310 Gas Chromatograph paired with a
Thermo Scientific TSQ 8000 Evo Triple Quadrupole GC-
MS/MS. Samples were run on a Zebron ZB-5HT Inferno
30 m × 0.25 mm × 0.25 µm capillary column (Phenomenex) at
an initial temperature of 100◦C. The temperature was increased
to 150◦C at a ramp rate of 20◦C min−1, then to 240◦C at a ramp
rate of 5◦C min−1 and was held at this temperature for 3 min to
be finally increased to 300◦C at a rate of 30◦C min−1 and held
at the final temperature for 5 min. Collected data were analyzed
using the Thermo Scientific Chromeleon Chromatography Data
System software.

RNA Extraction, Reverse Transcription,
and RT-qPCR
Two independent biofilm (day 2 and day 5) and planktonic (day
1 and day 2) cultures were used for transcriptomics analyses.
RNA extraction with the Direct-zolTM RNA Miniprep kit (Zymo
Research), reverse transcription reactions using the Superscript
IV First-Strand Synthesis System (Thermo Fisher Scientific) and
RT-qPCRs using the SsoAdvancedTM Universal SYBR R© Green
Supermix (Bio-Rad) were conducted per the manufacturers’
protocols and analyzed on a CFX96 real-time PCR machine
(Bio-Rad). PCR conditions: 98◦C (30 s; enzyme activation),
followed by 40 cycles of 98◦C (10 s; denaturation) and 60◦C (30 s;
annealing/extension). Mock reactions (no reverse transcription)
were done on each RNA sample to rule out DNA contamination.
The target cDNA was normalized internally to the sigA
cDNA levels in the same sample. The following primers were
used: MAB_0663_Fw (5′-GAACTGGCGGCATTCATGTG-
3′), MAB_ 0663_Rv (5′-CTGGATGTCGATCGTGCTGA-3′);
MAB_2122 (mbtE)_Fw (5′-TGGCAGAGCGAAAGTCCAAT-
3′), MAB_2122 (mbtE)_Rv (5′-AAGCTATCGTCCGGGTTC
AC-3′); MAB_3354_Fw (5′-CCGACCTCGAGCTCCTACAC-
3′), MAB_3354_Rv (5′-GGATGTAGTCGTGCGGGTTCC-3′);
MAB_2142 (nuoI)_Fw (5′-ATGCCTGATCTTCTGCGACG-3′),
MAB_2142 (nuoI)_Rv (5′-AGCCGCTTCTTGAACATGGA-
3′); MAB_2233c (eccB3)_Fw (5′-CAGTGCCCTCAATCTCG
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GAG-3′), MAB_2233c (eccB3)_Rv (5′-TTGAGCAGACGAGT
GGTGAC-3′); MAB_3731c (groEL1)_Fw (5′-GACAAGGGCT
ATCTGTCGCA-3′); MAB_3731c_Rv (5′-CTGATCTTGTCGCG
ATGCAG-3′); and sigA_fwd (5′-CGTTCCTGGACCTGATTC
AG-3′), sigA_rev (5′-GTACG TCGAG AACTT GTAACCC-3′).

RNA-Seq Library Preparation
RNA was quantified using a Qubit RNA spectrophotometer
(Thermo Fisher) and sample quality was assessed using
an Agilent High Sensitive RNA Screentape on an Agilent
Tapestation, according to the manufacturer’s recommendations.
All RNA had an RNA Integrity Number (RIN) of greater than
6, indicating sufficient RNA quality for sequencing. Ribosomal
depletion was performed using an adapted protocol from Huang
et al. (2020) ssDNA oligo probes were designed to cover Mabs 16S
and 23S rRNA using the RNaseH_depletion scripts1 developed
by Huang et al. (2020). The ssDNA oligo probe sequences are
available in Supplementary Table 1. The oligo probe library
was chemically synthesized (Integrated DNA Technologies Inc.),
resuspended in a plate format (100 µM), and equimolarly pooled
to generate the oligo probe mix used in this study. Ribosomal
RNA was depleted from 0.5 µg of total RNA using a 5X probe
ratio and 3 µL Hybridase Thermostable RNase H (Lucigen) as
recommended by Huang et al. (2020). Probes were then removed
by DNase treatment (Thermo Fisher Scientific) followed by a
2X bead clean-up (AMPure RNA, Beckman Counter). Depleted
RNA was resuspended in the fragmentation buffer provided
with the KAPA RNA Hyperprep kit (Roche). Fragmentation was
performed for 6 min at 85◦C followed by the 1st and 2nd strand
synthesis. Ligation was performed with 1.5 µM of KAPA Dual-
Indexed Adapter (Roche). After the final amplification step (5
cycles), libraries were quantified using Qubit dsDNA BR Assay
Kit (Thermo Fisher Scientific, Waltham, MA, United States),
and the fragment size was assessed on an Agilent Tapestation
using the D1000 Screen tape. Libraries were multiplexed on
one sequencing run at equimolar concentrations. Libraries were
sequenced using single-end or pair-end reads on an Illumina
NextSeq instrument using the mid-output 75 cycles.

RNA-Seq Data Analysis
RNA-seq reads were trimmed for quality score greater than
20 and length greater than 50 using Skewer (version 0.2.2)
automatically detecting adapters (Jiang et al., 2014). Reads
were mapped to the Mabs subsp. abscessus ATCC 19977
genome (NC_010397.1) using Bowtie 2 (version 2.3.5) end-
to-end alignment with default parameters (Langmead and
Salzberg, 2012). Count tables were constructed from sorted
BAM files using HTSeq-count (version 0.11.1) (Anders et al.,
2015) set to non-stranded, intersection_nonempty using the gff3
file for NC_010397.1 and counting reads on gene_id. Gene
expression and differential expression analysis was completed
in R (version 3.6.0) using DESeq2 (version 1.26.0) (Love et al.,
2014). Genes were identified as differentially expressed if they
had a fold change≥2.0 and Benjamini-Hochberg multiple testing
correction adjusted p-value of 0.05 or less.

1https://github.com/hym0405/RNaseH_depletion

Functional Enrichment Analysis
We mapped the significantly differentially expressed genes in the
comparison B2 vs. P1 and B5 vs. P2 to genome-scale metabolic
network construction of M. tuberculosis H37Rv by identifying
orthologs using protein-to-protein sequence comparison using
the OMA and the BLOSUM62 scoring matrix (Pearson, 2013).
Then, we identified metabolic pathways that were significantly
enriched in the Mabs biofilm stages [Benjamini Hochberg
corrected for false discovery rate (FDR) p-value < 0.05
(Benjamini and Hochberg, 2000) and Fold-enrichment > 2]
using the KEGG and Gene Ontology (GO) databases in the
DAVID’s functional annotation tool (Huang et al., 2009).

Data Availability
The sequencing data described in this publication have been
submitted to the NCBI gene expression omnibus (GEO) under
BioProject # PRJNA648126.

RESULTS

Formation of Mycobacterium abscessus
Complex Biofilms in Synthetic Cystic
Fibrosis Medium
To establish an in vitro model of biofilm formation that mimics
as closely as possible the environment encountered by MABSC
in the airway and lung of persons with CF, we used a modified
synthetic CF medium (herein referred to as SCFM) based on
the composition of expectorated sputum (Turner et al., 2015)
to grow MABSC biofilms in 96-well poly-D-lysine-coated plates.
We recently showed this medium to closely mimic the metabolic
adaptation undergone by MABSC in actual CF sputum (Wiersma
et al., 2020). MABSC grows as submerged biofilms firmly attached
to the bottom of the wells in this model allowing for reproducible
quantification of biofilm formation by CFU counting (Figure 1A)
and crystal violet staining (Figure 1B) over time. Consistent
with an earlier report (Clary et al., 2018), biofilm formation
occurred rapidly with measurable crystal violet staining and CFU
counting 2 days post-inoculation. In the modified synthetic CF
medium used herein, mucin was omitted to allow quantification
of biomass by crystal violet staining, and so was eDNA to allow
DNA originating from the bacilli to be detected in subsequent
ECM analyses. Representative confocal images of biofilms from
Mabs NJH12, a clinical isolate from a patient with CF, are shown
in Figure 1C. As expected, biofilm growth in this model results in
bacteria displaying higher tolerance to a panel of clinically used
antibiotics compared to planktonically grown cells, including
amikacin, azithromycin, ciprofloxacin, clofazimine, cefoxitin,
and imipenem (Table 1).

Confocal Microscopy Imaging of
Mycobacterium abscessus Complex
Biofilms Stained With Specific Dyes
The hallmark of biofilms is the production of an ECM that holds
the community of bacteria together and contributes to drug
tolerance and phenotypic heterogeneity. Important constituents
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FIGURE 1 | MABSC biofilm formation in synthetic CF medium. Mabs NJH12 biofilm formation as monitored by CFU counting (A) and Crystal violet staining (B).
Shown are averages ± standard deviations of triplicate wells containing 200 µL of SCFM. (C) Development of mCherry-expressing Mabs NJH12 biofilms as
monitored by fluorescence confocal imaging. 2D (left panels) and 3D (right panels; X × Y × Z = 497 µm × 497 µm × 12 µm) views of the biofilms are shown. The
density of biofilms increases over time until they reach maturation on day 5 and start detaching from the substratum on day 6.

of the ECM identified in a variety of Mycobacterium species
include proteins, eDNA, mycolic acids, glycopeptidolipids
(GPLs), polysaccharides and other more or less defined

TABLE 1 | Minimal inhibitory concentrations (MICs) of a variety of antibiotics
against planktonically- and biofilm-grown Mabs NJH12 in synthetic CF medium.

Antibiotic AMI AZI CIP CFZ CEF IMI

Planktonic 16 2 8 0.5 16 8

Biofilm >256 >256 >256 >256 >256 >256

Mabs NJH12 was grown in SCFM under planktonic and biofilm conditions. MIC
determinations (in µg/mL) were performed using the resazurin blue test and are
representative of two independent experiments.

cell envelope constituents (Richards and Ojha, 2014;
Xiang et al., 2014; Rose et al., 2015; Rose and Bermudez,
2016; Trivedi et al., 2016; Chakraborty and Kumar, 2019;
Chakraborty et al., 2021).

The content of the ECM of SCFM-grown MABSC biofilms
was first investigated by staining 5-day old biofilms formed by
Mabs NJH12 expressing GFP or mCherry with different dyes
specific for eDNA, proteins, lipids or carbohydrates, followed
by fluorescence confocal imaging. Staining with TOTO-1 iodide
which does not stain intracellular DNA clearly revealed the
presence of abundant quantities of eDNA in the ECM of SCFM-
grown Mabs NJH12 biofilms (Figure 2A). Staining with Nile
red which stains both intracellular and extracellular lipids clearly
revealed the presence of lipids co-localizing with the bacilli as well
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as within the ECM of bacterial clusters (Figure 2B). A similar
staining pattern was obtained with Texas Red hydrazide which
intensely labeled both the bacilli and areas of the ECM indicative
of the presence of polysaccharides at the bacilli’s surface and
within the ECM (Figure 2C). Finally, staining with the protein-
specific dye FilmTracerTM SYPRO R© Ruby revealed extracellular

proteins as abundant components of the ECM although their
distribution differed from that observed with eDNA, lipids and
polysaccharides in that labeling was most intense within deeper
layers of the biofilms, closer to the substratum, and showed no
clear evidence of co-localization with the bacilli (Figure 2D).
A control run without biofilm in the well did not suggest any bias

FIGURE 2 | Staining of MABSC biofilms with protein, lipid, polysaccharide, and DNA-specific dyes. mCherry- or GFP-expressing Mabs NJH12 biofilms were stained
with TOTO-1 iodide for staining eDNA (A), Nile red for staining intra- and extra-cellular lipids (B), Texas Red hydrazide for staining extracellular polysaccharides (C)
and SYPRO Ruby for staining extracellular proteins (D). Shown are three-dimensional (bottom; X × Y × Z = 128 µm × 128 µm × 5–9 µm) and side views (top) of
the stained biofilms as analyzed by fluorescence confocal imaging. Left panel: mCherry- or GFP-expressing Mabs NJH12. Middle panel: constituent-specific staining
of the biofilm; Right panel: overlay of the previous images.
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in the results caused by the staining of poly-D-Lysine by SYPRO R©

Ruby (data not shown).

Biochemical Definition of the
Extracellular Matrix of Mycobacterium
abscessus Complex Biofilms
To biochemically define the composition of the ECM from
SCFM-grown Mabs NJH12 biofilms, triplicate cultures of Mabs
NJH12 were grown in poly-D-lysine-coated tissue culture flasks
for 5 days at 37◦C, replacing the supernatant with fresh SCFM on
days 2, 3, and 4 so that nutrients did not become limiting. Parallel
triplicate Mabs NJH12 cultures were planktonically grown in
SCFM under agitation at 37◦C for 2–5 days until they reached
late exponential phase and stationary phase, respectively, with
medium replacement on days 2, 3, and 4 (Supplementary
Figure 1). The ECM fraction from biofilm and planktonically
grown cells was isolated by mechanical disruption with glass
beads, a method known not to affect the integrity of the
cells (Ortalo-Magné et al., 1995; Marsollier et al., 2007), prior
to freeze-drying and further analyzing carbohydrates, lipids,
DNA and proteins.

The ECM recovered from 5-day-old biofilm-grown Mabs
NJH12 represented as much as 30% of the total weight of the
biofilm which was∼ 4 times the amount of ECM recovered from
planktonically grown cells (7.4%) (average of three biological
replicates for each culture condition). Compositional analysis
indicated that while proteins represented the bulk of the
ECM material prepared from planktonically grown cells, lipids
dominated the composition of the ECM of Mabs NJH12 biofilms,
followed by proteins, polysaccharides and eDNA (Table 2).
Looking at sugar:protein:lipid:eDNA ratios, the most striking
difference between the two culture conditions was a 10-fold
increase in the eDNA and lipid contents of the ECM of biofilm-
grown cells compared to planktonically grown cells (Table 2).
An analysis of ECM lipids by TLC, however, indicated that
DOPC was the main lipid constituent. Thus, MABSC used the
phospholipid available in SCFM to incorporate into its biofilm
matrix more than it actively produced and secreted endogenous
lipids to promote biofilm development (Figures 3A,B). In
contrast, the dramatic increase in the abundance of eDNA found
in the ECM of biofilm-grown bacilli relative to other constituents,
clearly pointed to the active release of DNA by the bacteria as the
biofilm develops.

To gain further insights into the nature of the MABSC
lipids found in the ECM of planktonically- and biofilm-grown
cells, lipid fractions were submitted to LC/MS analysis. The
results not only revealed shared constituents between the
two types of ECM, but also highlighted some lipids whose
abundance markedly increased under biofilm growth conditions
(Figure 3B and Table 3). Predominant shared lipids included
DOPC, various forms of di- and tri-glycosylated GPLs (Wiersma
et al., 2020), free fatty acids (palmitic, palmitoleic, and oleic
acids) and cardiolipin. Lipids found exclusively or in greater
abundance in the ECM of biofilm-grown cells included some
forms of GPLs, free mycolic acids and tetraacylated forms of
phosphatidylinositol dimannosides (Ac2PIM2) as well as some

constituents (marked by double asterisks in Figure 3B) whose
m/z did not yield any identifiable compound in the lipidomics
database used herein (Sartain et al., 2011). In contrast to the
situation in M. smegmatis, M. tuberculosis, M. chelonae, and
MABSC biofilms grown at the air-liquid interface in minimal
laboratory media (Ojha et al., 2005, 2008; Ojha and Hatfull, 2007;
Vega-Dominguez et al., 2020; Dokic et al., 2021), free mycolates
were relatively minor constituents of the ECM of SCFM-grown
MABSC biofilms (Figure 3B) and the mycolate species identified
did not differ between biofilm- and planktonically grown cells.
No trehalose dimycolates were detected under any of the two
growth conditions.

Sugar analysis identified glucose as the main monosaccharide
present in the ECM of Mabs NJH12 grown under both culture
conditions followed by mannose, arabinose, ribose, galactose,
inositol, N-acetyl-glucosamine, and N-acetyl muramic acid
(Figure 4). We note that both glucose and N-acetyl-glucosamine
are present in SCFM and could therefore, at least in part, be
coming from residual traces of the culture medium in our ECM
preparations. Alternatively, cellulose was recently reported to be
a structural component of NTM biofilms grown in laboratory
medium under thiol reductive stress (Chakraborty et al., 2021)
and, along with capsular α-D-glucan (Ortalo-Magné et al., 1995),
may represent a source of ECM glucose. The fact that 3 to 4 times
more arabinose and galactose were found in the ECM of biofilm-
grown cells compared to that of planktonically grown cells is
either suggestive of the release of arabinogalactan from lysed cells
within the biofilm or of the presence of as yet uncharacterized
arabinan- and galactan-based exopolysaccharide(s) in the biofilm
matrix of Mabs as recently proposed in M. smegmatis and
M. tuberculosis (Bharti et al., 2020).

Coomassie blue staining of an SDS-PAGE gel of proteins
prepared from total bacilli and ECMs from planktonically-
and biofilm-grown Mabs NJH12 revealed significantly different
profiles (Supplementary Figure 2). ECM proteins from both
culture conditions were submitted to proteomics analysis.
Twenty-seven proteins were uniquely found in the ECM
from Mabs NJH12 biofilms and 75 proteins were found in
significantly greater abundance in this preparation compared to

TABLE 2 | Composition of the ECM of planktonically- and biofilm-grown Mabs
NJH12 in synthetic CF medium.

ECM planktonic cells
(µg/mg dry cells)

ECM biofilms
(µg/mg dry cells)

Sugars 3.08 ± 0.27 5.85 ± 3.48

Proteins 13.07 ± 1.60 28.07 ± 2.08

Lipids 1.88 ± 0.45 36.96 ± 6.24

eDNA 0.11 ± 0.005 2.04 ± 0.21

[sugar:protein:lipid:eDNA] ratio 1:4.24:0.61:0.035 1:4.80:6.32:0.35

The ECM of 2 days-old planktonically grown cells and 5 days-old biofilm-grown
Mabs NJH12 cells was collected and processed for DNA, lipid, protein, and sugar
quantitative and qualitative analysis as described under section “Materials and
Methods.” Bacterial cells recovered after their ECM was removed were freeze-
dried and weighed. The amounts of ECM-derived DNA, lipids, proteins, and sugars
provided below are expressed relative to the dry weight of bacilli stripped of their
ECM. Shown are averages ± SD of triplicate cultures.
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TABLE 3 | Lipid composition of the ECM of planktonically- and biofilm-grown Mabs NJH12.

Structures Theoretical mass (m/z) Biofilm Planktonic Charge Observed mass
(m/z)

Mass accuracy
(ppm)

DOPC 844.6073 + + [M+Hac-H]− 844.6095 2.58

Free fatty acids 253.2173 (C16:1) + + [M-H]− 253.2175 0.67

Palmitoleic acid (C16:1), Palmitic acid (C16:0) 255.2329 (C16:0) + + [M-H]− 255.2322 −2.74

Oleic acid (C18:1), Stearic acid (C18:0) 281.2486 (C18:1) + + [M-H]− 281.2471 −5.33

283.2642(C18:0) + + [M-H]− 283.2657 5.30

Free mycolic acids 913.9321 + nd [M-H]− 913.9374 5.76

927.9478 t – [M-H]− 927.9495 1.83

941.9634 + + [M-H]− 941.9632 −0.27

1080.1040 + – [M-H]− 1080.1071 2.86
1108.1354 + t [M-H]− 1108.1313 −3.65

1122.1511 + t [M-H]− 1122.1491 −1.76

1136.1668 + t [M-H]− 1136.1641 −2.34

1150.1825 + t [M-H]− 1150.1812 −1.08

1164.1982 t + [M-H]− 1164.1892 −7.68

Cardiolipins 1265.8543 (2R1 + 2R2 = 58:2) + + [M-H]+ 1265.8517 −2.01

1279.8699 (2R1 + 2R2 = 59:2) + + [M-H]+ 1279.8629 −5.46

1293.8856 (2R1 + 2R2 = 60:2) + + [M-H]+ 1293.8959 7.99

1307.9012 (2R1 + 2R2 = 61:2) + + [M-H]+ 1307.8983 −2.22
1321.9169 (2R1 + 2R2 = 62:2) + + [M-H]+ 1321.9147 −1.62

1335.9325 (2R1 + 2R2 = 63:2) + + [M-H]+ 1335.9302 −1.74

1349.9482 (2R1 + 2R2 = 64:2) + + [M-H]+ 1349.9412 −5.16

1363.9638 (2R1 + 2R2 = 65:2) + + [M-H]+ 1363.9522 −8.48

1377.9795 (2R1 + 2R2 = 66:2) + + [M-H]+ 1377.9729 −4.77

Glycopeptidolipids (GPLs) 1207.7939 + + [M-H]+ 1207.7970 2.58

1221.8096 + + [M-H]+ 1221.8110 1.19

1235.8253 + + [M-H]+ 1235.8347 7.66

1249.8410 + + [M-H]+ 1249.8458 3.86

1263.8567 + + [M-H]+ 1263.8620 4.18

1277.8724 + + [M-H]+ 1277.8756 2.51

1291.8881 + + [M-H]+ 1291.8879 −0.10

1305.9038 + – [M-H]+ 1305.9042 0.29

1353.8518 + + [M-H]+ 1353.8574 4.16

1367.8677 + + [M-H]+ 1367.8632 −3.28

1381.8834 + + [M-H]+ 1381.8844 0.74

1395.8991 + + [M-H]+ 1395.9031 2.89

1409.9148 + + [M-H]+ 1409.9119 2.04

1423.9305 + + [M-H]+ 1423.9345 2.84

Ac2PIM2 1622.0835 t – [M-H]− 1622.0758 −2.75

1636.0992 t – [M-H]− 1636.1103 6.81

1648.0992 t – [M-H]− 1648.0992 0.01

1650.1148 t – [M-H]− 1650.1112 −2.19

1662.1148 t – [M-H]− 1662.1222 4.45

R=C16 or C18 or C18:1 or C19 (tuberculostearic acid)

LC-MS analyses were run in both positive and negative modes and the m/z values of the main compounds identified are shown. Plus and minuses refer to the presence
or absence of detectable amounts of lipid constituents. t denotes ions present at trace levels (counts < 100).
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FIGURE 3 | Lipid composition of the ECM from planktonically grown and biofilm-grown Mabs NJH12. (A) Thin-layer chromatography analysis of ECM lipid fractions
prepared from Mabs NJH12 extracellular matrices. 1/30th of the total lipids prepared from 150 mL cultures of day 2 planktonically grown cells (corresponding to
1.95 ± 0.02 mg of dry bacilli devoid of ECM) and 150 mL cultures of day 5 biofilm-grown cells (corresponding to 1.11 ± 0.03 mg of dry bacilli devoid of ECM) was
loaded and the plate was developed in chloroform:methanol:water (20:4:0.5 by vol.). Lipids were revealed by spraying with cupric sulfate (10% CuSO4 in 8%
phosphoric acid solution) and charring. The lipid fractions from triplicate cultures are shown. Pure DOPC control (250 ng) was loaded in the last lane. (B) Negative
mode LC/MS analysis of the lipid fractions prepared from triplicate ECM preparations of biofilm-grown (black lines) (day 5) and planktonically grown (blue lines) (day
2) Mabs NJH12. Total ion chromatograms are shown. See Table 3 for the individual molecular species identified, their corresponding mass accuracy (ppm) values,
and relative abundance in the planktonic and biofilm ECM samples. Single and double asterisks denote unknown, co-eluting, compounds. Peaks marked by double
asterisks (**) were specifically seen in the ECMs prepared from biofilm cultures. Ac2PIM2, tetraacylated phosphatidylinositol dimannosides; DOPC, dioleoyl
phosphatidylcholine (from SCFM); GPL, glycopeptidolipids.

the ECM prepared from planktonically grown cells (p < 0.05)
(Supplementary Table 2). Overall, unique or enriched proteins
of the biofilm ECM were overwhelmingly comprised of
proteins involved in central carbon metabolism, respiration
(ATP synthase, cytochrome c oxidase, ferredoxin; type II
NADH dehydrogenase), amino acid and lipid metabolism,
and heat shock responses (Clp proteases; chaperones: GroEL,
GroES, DnaK, ClpB, 18 kDa antigen) (Supplementary Table 2).
Interestingly, a catalase (MAB_0351) involved in response to
oxidative stress, and a lipase (MAB_2814) potentially involved in
the utilization of DOPC from SCFM were found in significantly
greater abundance in the ECM of biofilm-grown cells. Also worth
mentioning among the proteins uniquely found in biofilm ECM
are (i) two DNA-binding proteins (MAB_0019; MAB_2883c)
which may play a role in stabilizing the matrix upon DNA
release by the bacilli; (ii) five proteins predicted to belong
to the hypoxia-induced DosRS regulon including DosR itself
[MAB_1041, MAB_2489, MAB_3354; MAB_3891c (DosR) and
MAB_3902c] (Park et al., 2003; Gerasimova et al., 2011), and
(iii) an enzyme involved in arabinan synthesis (MAB_1147c)
which may participate in the formation of ECM polysaccharides.
We finally note that more than 20 of the proteins found to be
enriched in the ECM of biofilm-forming Mabs NJH12, including

8 out of 27 proteins uniquely found in the biofilm ECM, were
also found by transcriptional profiling to be expressed at a
significantly higher level in biofilms than in planktonically grown
bacilli (see further in the text) (see proteins labeled with an
asterisk in Supplementary Table 2).

Dispersal of Established Mycobacterium
abscessus Complex Biofilms by DNase,
Glycosidases, and Phospholipases
Consistent with the finding of DNA in the ECM of SCFM-grown
Mabs NJH12 biofilms, but in contrast to recent conclusions
drawn from the analysis of the ECM of MABSC biofilms grown
in minimal Sauton’s medium (Chakraborty et al., 2021), the
addition of DNase on established 4-day-old NJH12 biofilms
caused a significant dispersal of the biofilm (Figure 5). A similar
effect was observed with α-mannosidase and cellulase indicating
that glucose- and mannose-based (lipo)polysaccharides (i.e.,
possibly lipomannan and/or lipoarabinomannan, capsular
mannan and/or arabinomannan, and cellulose) play an
important role in the organization of MABSC biofilms. Likewise,
phospholipase A1 and A2 treatment, which we confirmed to
hydrolyze DOPC in vitro (data not shown), led to the dispersal of
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FIGURE 4 | Sugar composition of the ECM from planktonically grown and biofilm-grown Mabs NJH12. Monosaccharidic composition of Mabs NJH12 planktonic
and biofilm extracellular matrices. The reported values are averages ± standard deviations of three biological replicates and represent relative mole percentages.
Asterisks denote statistically significant differences between the two culture conditions pursuant to the Student’s t-test (p < 0.05).

the biofilms in line with the abundant quantities of phospholipids
(DOPC and cardiolipin) found in the ECM of biofilm-grown cells
(Figure 3 and Table 3). A triglyceride-specific lipase, in contrast,
had no effect on pre-established biofilms (Figure 5) consistent
with the fact that no detectable amounts of triglycerides were
found in the ECM. The lack of effect of proteases (proteinase
K and trypsin) on biofilm dispersal despite the abundance of
proteins in the ECM of biofilm-grown cells (Table 2) indicates
that proteins do not significantly contribute to holding the
clusters of bacilli together although one cannot exclude that
they play a role at a different stage of the development of the
biofilm (e.g., attachment or maturation). Finally, α-amylase
and lysozyme also had no significant effect on pre-established
biofilms (Figure 5). Again, the ineffectiveness of proteases on
established MABSC biofilms contrasts with the potent dispersing
activity of proteinase K on MABSC biofilms formed in Sauton’s
medium (Chakraborty et al., 2021) and highlights the variations
in composition undergone by MABSC biofilms depending on
the environment in which they are grown.

Interestingly, omitting DOPC from the composition of SCFM,
without significantly affecting growth (Supplementary Figure 1),
appeared to facilitate biofilm formation by allowing earlier
attachment to the substratum (Supplementary Figure 3) and
the formation of what appeared to be (on pipetting) more
firmly attached biofilm structures. We thus conclude that
while impairing the initial attachment of MABSC biofilms to
substratum, the host surfactant lipids that become incorporated
in the ECM subsequently contribute to holding the clusters of
bacilli together.

Transcriptional Changes Associated With
Mycobacterium abscessus Complex
Biofilm Formation and Maturation
To analyze transcriptional changes associated with biofilm
formation and maturation, Mabs NJH12 grown planktonically
for 1 or 2 days [mid (P1) and late (P2) log phase, respectively;
see Supplementary Figure 1] or as biofilms in our SCFM model
for 2–5 days [early-stage surface attachment (B2) to mature (B5)

biofilm, respectively; see Figure 1] were collected and their RNA
subjected to RNA-sequencing. Two time points were studied for
each culture conditions to analyze separately early- and late-
stage biofilms and more specifically identify those differentially
expressed genes involved in biofilm development and maturation
from those whose expression was merely impacted by aging. To
ensure nutrients did not become limiting in the biofilm cultures
incubated for 5 days, the medium was replaced on days 2, 3,
and 4 with fresh SCFM. Based on the growth curve of Mabs
NJH12 in SCFM presented in Supplementary Figure 1, nutrients
in planktonic cultures did not become limiting until after day 2.

FIGURE 5 | Effect of enzyme treatments on MABSC biofilm dispersal. Mature
4-day-old biofilms were treated with DNase, lipase, phospholipases A1 (PLA1)
and A2 (PLA2), cellulase, α-amylase, α-mannosidase, lysozyme, proteinase K,
or trypsin for 20 h at 37◦C. The biofilms remaining after treatment were
washed and quantified by crystal violet staining. The values are expressed as
percentages of the values obtained for the controls (treatment with PBS or
other enzyme buffers alone). Biofilm assays run in the same buffer are colored
similarly. Quantification was performed on four wells per treatment. Two
independent experiments were performed with similar results. Asterisks
denote statistically significant differences between enzyme treatment and
control groups (enzyme buffer without enzyme) pursuant to the Student’s
t-test (***p < 0.0005, ****p < 0.00005).
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FIGURE 6 | Transcriptional profile of MABSC residing in biofilms. (A) Venn
diagrams showing the number of genes expressed at significantly higher or
lower levels in Mabs NJH12 biofilms at day 2 vs. Mabs NJH12 biofilms
planktonic cultures at day 1 (B2 vs. P1) or biofilms at day 5 vs. planktonic
cultures at day 2 (B5 vs. P2). (B) Heatmap showing changes in the expression
of genes involved in a few selected pathways found to be enriched in our
analyses. INLP genes are involved in the biosynthesis of isonitrile lipopeptides.
ESX-3 and mycobactin are involved in iron acquisition. The DosR regulon is
involved in the response to hypoxia and oxidative stress. The results of our
complete functional enrichment analysis are presented in Supplementary
Figure 4.

Analysis of differentially expressed (DE) genes (fold change
≥2.0 and ≤−2.0 with a FDR adjusted p-value < 0.05) revealed
514 and 400 upregulated genes, and 760 and 761 downregulated
genes when comparing B2 vs. P1 and B5 vs. P2, respectively.
Of these genes, 168 were expressed at a higher level and 147

FIGURE 7 | Effect of divalent cation and other environmental cues on MABSC
biofilm formation in synthetic CF medium. (A) Crystal violet quantification of
Mabs NJH12 biofilms after 5 days of incubation in standard SCFM medium,
SCFM supplemented with various metal ions, or SCFM devoid of CaCl2 or
FeSO4. The growth curves of Mabs NJH12 in the corresponding culture
media are presented in Supplementary Figure 6. (B) Biofilm formation of
Mabs NJH12 in SCFM in the presence of increasing concentrations of H2O2.
Mabs NJH12 biofilm cultures were exposed to 0.005–5 mM H2O2 from the
time of inoculation and biofilm formation was measured by crystal violet
staining after 5 days (Geier et al., 2008). (C) Impact of thiol reductive stress on
Mabs NJH12 biofilm formation. Mabs NJH12 biofilm cultures were added
6 mM reduced DTT (GoldBio) or 6 mM oxidized DTT (Sigma) at the time of
inoculation and incubated for 24 h prior to crystal violet staining. (D) Biofilm
formation of Mabs NJH12 in SCFM under a 5% CO2 atmosphere compared
to ambient air. Asterisks denote statistically significant differences between
enzyme treatment and control groups (standard SCFM medium under
ambient air) pursuant to the Student’s t-test (*p < 0.05, **p < 0.005, and
***p < 0.0005). Crystal violet values are expressed relative to untreated biofilm
values (grown under ambient air) arbitrarily set to 1.

were expressed at a lower level under both conditions (Figure 6A
and Supplementary Table 3). The metabolic pathways associated
with the DE genes in B2 vs. P1 and B5 vs. P2 and those specific
to biofilms in both comparisons were assessed using pathway
enrichment in comparison to M. tuberculosis metabolism and the
results are reported in Supplementary Figure 4.

Interestingly, genes predicted to belong to the hypoxia-
responsive DosRS regulon of MABSC (Gerasimova et al., 2011;
Miranda-CasoLuengo et al., 2016) were among the most
significantly upregulated at both stages of biofilm formation
(B2 vs. P1 and B5 vs. P2) (Figure 6B). This is reflective
of the microaerophilic conditions to which biofilm-growing
cells become exposed and is consistent with the concomitant
differential expression of multiple other genes related to
respiration and oxidative stress (Figure 6B and Supplementary
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Figure 4), including some encoding a pyruvate dehydrogenase
and TCA cycle enzymes. This adaptation to biofilm growth in
SCFM has precedence in the metabolic rewiring undergone by
Pseudomonas aeruginosa in the CF airway (Rossi et al., 2021).

Other genes most significantly induced at one or both stages
of biofilm formation (B2 vs. P1 and/or B5 vs. P2) included genes
involved in isonitrile lipopeptide (INLP) biosynthesis (Figure 6B;
Harris et al., 2017), carbonic anhydrase encoding genes (e.g.,
MAB_0468, MAB_3211c, and MAB_2564), lipase and esterase
genes (e.g., MAB_4134 and MAB_2484) and a possible Mce gene
cluster of unknown function (MAB_1693 through MAB_1699)
that was induced 6.2–7.2 log2-fold. In M. avium, carbonic
anhydrases have been shown to be induced upon exposure to
bicarbonate and to positively influence eDNA export (Rose and
Bermudez, 2016). Likewise, INLP were found to be important
to the architecture development of M. tuberculosis biofilms
suggestive of a generalized role of these secondary metabolites in
the formation of mycobacterial biofilms (Richards et al., 2019), in
addition to a possible role in metal transport and homeostasis in
M. marinum (Harris et al., 2017), and virulence in tuberculous
mycobacteria (Hotter et al., 2005; Dhar and McKinney, 2010;
Bhatt et al., 2018). Unfortunately, the structure of INLP has only
been partially characterized in M. marinum and M. tuberculosis
thus far (Harris et al., 2017; Richards et al., 2019) and we were
not able to detect any of the forms reported in the literature
in the ECM of Mabs NJH12 by LC/MS, either due to their low
production levels or to the fact that MABSC produces structurally
distinct forms of these metabolites. Lipases/esterases and the
strongly induced MAB_1693-MAB_1699 Mce cluster may play
a role in releasing and importing, respectively, fatty acyl chains
from ECM lipids (including DOPC). Finally, consistent with our
proteomics results, we note that several chaperones/chaperonins
(GroEL, GroEL1, GroES, etc.) were strongly upregulated in
biofilm-grown MABSC, but only during the maturation stage
(B5) (Figure 6B and Supplementary Table 3).

Interestingly, in contrast to what had been reported in
M. tuberculosis and M. smegmatis biofilms (Ojha and Hatfull,
2007; Trivedi et al., 2016) but in agreement with observations
made on M. chelonae biofilms (Vega-Dominguez et al., 2020), two
gene clusters related to iron homeostasis (the type VII secretion
system ESX-3 and mycobactin biosynthetic genes) were among
the most strongly downregulated in our MABSC biofilm model
(both B2 vs. P1 and B5 vs. P2) (Figure 6B, Supplementary
Figure 4, and Supplementary Table 3).

Despite evidence of an intense remodeling of the cell envelope
(affecting arabinogalactan, peptidoglycan, and several as yet
undefined pathways involving MmpL-type transporters) during
MABSC’s shift to biofilm growth (Supplementary Figure 4 and
Supplementary Table 3), genes involved in GPL biosynthesis
which we found to be abundant constituents of the ECM of both
biofilm and planktonically grown cells (Figure 3 and Table 3)
were not found to be differentially expressed. Consistent with
their relatively low abundance in the ECM of Mabs NJH12
biofilms, genes involved in the biosynthesis of mycolic acids were
also not found among the genes expressed at a significantly higher
level in early or late biofilms, with the exception of three genes
involved in the late stages of their elongation or functionalization

(MAB_3881 encoding a cyclopropane synthase, and MAB_3897c-
MAB_3898c encoding the HadBC dehydratase). Genes involved
in the elongation and assembling of mycolic acids per se [e.g.,
fadD32 (MAB_0179), pks13 (MAB_0180), inhA (MAB_2722c),
acpM (MAB_1878c), kasA (MAB_1877c), kasB (MAB_4608), etc.]
were, on the contrary, expressed at a significantly lower level
in early-stage biofilms and/or late biofilms compared to their
planktonic counterparts. This result is in sharp contrast with the
situation recently reported for MABSC biofilms formed at the air-
liquid interface in minimal Sauton’s medium (Dokic et al., 2021).

RNA-seq results were validated by RT-qPCR on a few selected
genes (Supplementary Figure 5).

Effect of Some Environmental Cues on
Mycobacterium abscessus Complex
Biofilm Formation
Much like the situation in other bacteria, biofilm formation
in mycobacteria is governed by a number of environmental
cues including nutrient availability, osmolarity, CO2/bicarbonate,
metal ions and redox stresses (Carter et al., 2003; Ojha and
Hatfull, 2007; Ojha et al., 2008; Rose and Bermudez, 2016; Trivedi
et al., 2016; Chakraborty and Kumar, 2019). Bicarbonate was
shown to positively influence, in a pH-independent manner,
eDNA export in MABSC, M. chelonae and M. avium (Rose
and Bermudez, 2016). M. avium biofilm formation on plastic
microtiter plates in water, on the other hand, was shown
to be dependent on the presence of Ca2+, Mg2+ and Zn2+

(Carter et al., 2003). Zinc is required for biofilm formation
in M. tuberculosis (Ojha et al., 2008) whereas iron appears to
only be required during the late stages of biofilm development
in M. smegmatis and M. tuberculosis (Ojha and Hatfull, 2007;
Ojha et al., 2008). Furthermore, the results of our transcriptional
profiling studies indicated that magnesium and manganese
homeostasis may be important to both the early and maturation
stages of MABSC biofilm development (Supplementary Table 3).
It was proposed that divalent cations act as stabilizing agents
for the negatively charged nucleic acids present in the biofilms
(Chakraborty and Kumar, 2019). To determine whether divalent
cations impacted the formation of Mabs NJH12 biofilms in
SCFM, we tested the effect of removing or, on the contrary,
supplementing SCFM with Fe2+, Mg2+, Ca2+, Mn2+, Cu2+,
Co2+, Ni2+, and Zn2+. Each ion was tested at the maximum
concentration at which it remained soluble in the medium
while having no deleterious effect on bacterial planktonic growth
and the results are shown in Figure 7A and Supplementary
Figure 6. Of the three divalent cations naturally present in
SCFM, Fe2+, Mg2+, and Ca2+, only Mg2+ was required for
MABSC growth in SCFM (Supplementary Figure 6). Omitting
CaCl2 from the SCFM preparation, or reducing MgCl2 to near
the minimal concentration required to support normal growth
(from the 606 µM normally present in SCFM to 50 µM) had
no deleterious impact on biofilm formation whereas omitting
FeSO4 was slightly inhibitory. Increasing Fe2+ concentration
to 50 µM, Mn2+ concentration to 375 µM, and Cu2+, Co2+,
Ni2+ concentrations to 500 µM did not alter the ability
of Mabs NJH12 to form biofilms. Zn2+, however, inhibited

Frontiers in Microbiology | www.frontiersin.org 12 October 2021 | Volume 12 | Article 743126

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-743126 October 25, 2021 Time: 15:36 # 13

Belardinelli et al. Mycobacterium abscessus Biofilms

biofilm formation in a concentration-dependent manner with
an IC50 (the concentration of Zn2+ required to inhibit 50%
of biofilm formation) in the range of ∼ 150 µM (Figure 7A).
Thus, of all metals tested, Fe2+ slightly promoted MABSC
biofilm formation in SCFM whereas Zn2+ was inhibitory
at relatively high concentrations. Some ions (e.g., Zn2+ at
5 µM, Ni2+ at 500 µM, Mn2+ at 50 and 375 µM and
Cu2+ at 500 µM) slightly stimulated biofilm development but,
for some (Zn2+ at 5 µM and Ni2+ at 500 µM), this was
most likely due to their stimulatory effect on bacterial growth
(Supplementary Figure 6).

Because MABSC residing inside necrotizing lung granulomas
and in the neutrophil-rich environment of the CF airway is
exposed to oxidative stress (Malcolm et al., 2013), and because
of previous reports showing that oxidative stress promoted
M. avium biofilm formation in vitro (Geier et al., 2008) and
MABSC growth in macrophages (Oberley-Deegan et al., 2010),
we next tested the effect of exposing biofilm-grown Mabs NJH12
to increasing concentrations of hydrogen peroxide (Geier et al.,
2008). Concentrations of H2O2 up to 5 mM, however, had no
significant impact on Mabs NJH12 biofilm formation in the
SCFM model (Figure 7B). A higher concentration of H2O2
(50 mM) resulted in the killing of Mabs (data not shown).
Next, we tested whether thiol reductive stress induced biofilm
formation in MABSC as described in M. tuberculosis and, more
recently, in MABSC grown in minimal Sauton’s medium (Trivedi
et al., 2016; Chakraborty et al., 2021). However, again, neither
reduced or oxidized DTT (at a final concentration of 6 mM)
had any significant effect on the formation of NJH12 biofilms in
SCFM (Figure 7C).

Finally, we found that growing Mabs NJH12 in SCFM in
ambient air or in a 5% CO2 incubator also had no impact on the
formation of biofilms (Figure 7D).

DISCUSSION

Understanding the environmental cues and molecular events
leading to surface attachment and generation of a drug-tolerant
biofilm has the potential to reveal novel interventions to
better control MABSC infections. The studies reported herein
highlight the importance of studying MABSC biofilms under
conditions that mimic those encountered by the bacterium
during host infection since different in vitro biofilm models lead
to significantly different conclusions with regards to not only the
nature of the critical constituents of the ECM but also the way
MABSC biofilms respond to environmental cues.

In contrast to MABSC biofilms formed in Sauton’s minimal
medium under thiol reductive stress that were readily dispersed
by proteinase K (Chakraborty et al., 2021), this enzyme or
trypsin had relatively little effect on pre-established Mabs NJH12
biofilms, while the reverse was observed with DNase. In our
model, DNA was in fact the ECM constituent of bacterial
origin whose abundance increased the most (∼10-fold) between
planktonic and biofilm-forming conditions. Other enzymes with
the ability to disperse pre-established SCFM-grown MABSC
biofilms included α-mannosidase, cellulase and phospholipases

A1 and A2. eDNA, phospholipids (i.e., exogenous DOPC and
endogenous cardiolipin) and polysaccharides are thus key ECM
constituents holding clusters of MABSC bacilli together in SCFM,
whereas MABSC proteins appeared to play a less important role
in this regard despite being abundant constituents of the ECM.
It is possible that proteins serve a different primary function in
the ECM (e.g., in bacterial metabolism or resistance to stresses)
or that they play a more prominent role at other stages of
biofilm development such as initial attachment or maturation.
Interestingly, the presence of DOPC from the onset of biofilm
growth, without impacting growth rate, appeared to slow down
the attachment of the bacilli to substratum suggesting that lung
surfactant lipids may mitigate the attachment of MABSC biofilms
even though, once incorporated into the ECM, they contribute to
holding the clusters of bacilli together.

Inter-species and inter-model differences also expressed in
the facts that the ECM of SCFM-grown Mabs NJH12 contained
very different lipids from those reported in M. chelonae,
M. tuberculosis, M. smegmatis, and MABSC grown in minimal
laboratory media. Indeed, medium-chain fatty acids (palmitic,
stearic, palmitoleic and oleic acids) along with cardiolipin,
GPLs and SCFM-derived DOPC, rather than free mycolates,
dominated the lipid composition of the ECM in the SCFM
model. It is possible that some of the free fatty acids found
in the ECM originate in the active hydrolysis of DOPC by
the bacilli in an effort to recover fatty acyl chains as carbon
sources since the level of expression of several lipases/esterase
genes significantly increased in biofilm-forming MABSC bacilli
relative to planktonically grown cells. To what extent the
presence of abundant quantities of lung surfactant phospholipids
qualitatively and quantitatively impacts the synthesis and
secretion of endogenous lipids, including mycolic acids, by
biofilm-forming MABSC during infection is an important
question worthy of further investigations. We note, however,
that the accumulation of free mycolates in biofilm-forming
mycobacteria has to this date solely been reported in bacilli grown
in minimal media (M63 or Sauton’s) as pellicles at the liquid-air
interface (Ojha et al., 2005, 2008; Ojha and Hatfull, 2007; Vega-
Dominguez et al., 2020; Dokic et al., 2021) and could thus be a
specific feature associated with these particular types of biofilms.

While RNA-seq analyses revealed similarities between
mycobacterial biofilms (e.g., upregulation of oxidoreductase
genes and genes involved in isonitrile lipopeptide synthesis,
response to hypoxia and redox stress, cell envelope remodeling;
lack of induction of GPL biosynthetic genes) (Richards et al.,
2019; Vega-Dominguez et al., 2020; Dokic et al., 2021), they also
highlighted significant differences between the transcriptional
profile of SCFM-grown Mabs NJH12 biofilms and those of other
mycobacteria, including Mabs ATCC 19977, grown in different
laboratory media, most likely reflecting inter-species variations
as well as differences in the in vitro conditions under which the
biofilms were formed. Most notable among these differences was
the downregulation of genes involved in iron homeostasis in our
model (ESX-3 and mycobactin synthesis) and that of mycolic
acid biosynthetic genes.

Strikingly, in a rich medium such as SCFM, virtually none
of the environmental cues that we tested had any significant
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impact on the ability of MABSC to form biofilms (Figure 7).
This result contrasts with the important effects of varying
the ratio of carbon to nitrogen or adding bicarbonate, metal
ions or other sources of stress (oxidative stress, thiol reductive
stress) on the microaggregation and biofilm-forming capacity
of mycobacteria grown in standard laboratory media (Carter
et al., 2003; Ojha and Hatfull, 2007; Ojha et al., 2008; Rose
and Bermudez, 2016; DePas et al., 2019; Chakraborty et al.,
2021; Dokic et al., 2021), and is probably explained by the
abundance of nutrients present in SCFM with overlapping
functions in biofilm development and the multitude of stress
response mechanisms apparently induced in MABSC grown
under these conditions. The titration of metal ions and other
divalent cations had overall little impact, with the exception
of a modestly deleterious effect of omitting FeSO4 from the
preparation of SCFM. Zinc was the only metal ion found to
be inhibitory to biofilm formation, as reported in the case of
other bacterial biofilms (Wu et al., 2013), albeit at relatively high
concentrations (IC50 in the range of 150 µM) that likely precludes
its safe therapeutic application.

Collectively, the findings reported herein provide significant
new knowledge about the physiological state of MABSC biofilms
grown under conditions mimicking the environment of the
CF airway. Future studies aimed at determining to what
extent the molecular determinants involved in this lifestyle
contribute to host colonization, immune evasion and poor
treatment outcome could inform novel therapeutic strategies
to better control MABSC infections. On the short-term, the
finding that eDNA represents a major determinant of MABSC
biofilm formation already provides strong support for the
use of DNase as an adjunct therapy with the potential to
disrupt and reverse the drug tolerance of MABSC biofilms in
persons with CF.
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