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ABSTRACA number of nontuberculous mycobacterium species ampportunis-
tic pathogens and ubiquitously form biofilms. These infections are often retal
trant to treatment and require therapy with multiple drugs for long duration. The
biofilm resident bacteria also displaphenotypic drug tolerance and thus it has
been hypothesized that the drug unresponsiveness vivo could be due to fo-
mation of biofilms inside the host. We have discussed the biofilms of seve
pathogenic non-tuberculous mycobacterium(NTM) species in context to than
vivo pathologies. Besides pabgenic NTMsMycobacterium smegmatids often
used as a model organism for understanding mycobacterial physiology and
been studied extensively for understanding the mycobacterial biofilms. A numb
of components of the mycobacterial cell wall such g$/copeptidolipids, short
chain mycolic acidsmonomeromycolyl diacylglycerol, etc. have been shown t
play an important role in formation of pellicle biofilms. It shall be noted that thes
components impart a hydrophobic character to the mycobacteriallirface that
facilitates cell to cell interaction. However, these components are not necessal
the constituents of the extracellular matrix of mycobacterial biofilms. In the enc
we have described the biofilms dflycobacterium tuberculosigMtb), the causa-
tive agent of tuberculosisThree models of Mtb biofilm formation have been pr
posed to study the factors regulating biofilm formation, the physiology of thesre
ident bacteria, and the nature of the biomaterial that holds these bacterial rsas
es togetter. These models include pellicle biofilms formed at the liqwad inter-
face of cultures, leukocyte lysatenduced biofilms, and thiol reductive stress
induced biofilms. All the three models offer their own advantages in the study
Mtb biofilms. Interedingly, lipids (mainly ketemycolic acids) are proposed to be
the primary component of extracellular polymeric substance (EPS) in the pelli
biofilm, whereas the leukocyte lysatinduced and thiol reductive stressduced
biofilms possess polysaccharides the primary component of EPS. Both mode
also contain extracellular DNA in the EPS. Interestingly, thiol reductive stre
induced Mtb biofilms are held together by cellulose and yet unidentified structu
al proteins.We believe that a better understanitig of the EPS of Mtb biofilms anc
the physiology of the resident bacteria will facilitate the development of shorte
regimen for TB treatment.
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Abbreviations:

EPS extracellular polymeric substance
GPL- glycopeptidolipids

HBHA: heparinbinding hemagglutinin
adhesin

MMDAG- monomeromycolyl
diacylglyceraql

NTM- nontuberculous mycobacterja
TB- tuberculosis

TDM- trehalose dimycolate

TRS thiol-reductive stres

INTRODUCTION scriptomic, proteomic and metabolomic profile etc. But the
Bacteria are generally studied the research laboratories bacterial growth in biofilms requires a varied but coerd
as single cell suspensions called as planktonic cultures, nated transcriptional, psteomic and metabolomic profile.
however, in nature, bacteria primarily exist as a community The bacterial cells residing in biofilms exhibit quite diffe
encased in a seffroduced extracellular matrix called as  ent phenotypic properties compared with their planktonic
biofilms. There are many advantages of studying baater  counterparts[1]. Formation of bacterial biofilms requires
in the planktonic cultures such as development of @ h cooperation, differentiation and division adlbor, capturing
mogenous population of bacterial cells having similanira and sharing of resources such as nutrients. Microbial
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biofilms ensure improved survival following exposure to
antimicrobials and physicochemical stresses. Bacteria r
siding in biofilms are highly heterogeneous and unde
standing their physilogy is challenging. Given the ploysi
logical heterogeneity, the biofilm resident bacteria depict
phenotypic drug tolerance that is of relevance for amu
ber of infections. Bacterial biofilms are associated with a
number of infections such as endocarditeystic fibrosis,
pneumonia, infectious kidney stones, inner ear infections
and many hospitahcquired infections from catheters and
ports [2-4]. Biofilm resident bacteria display Q@00 folds
higher minimal inhibitory concentration (MIC) as compared
to planktonic bacteria making their treatment a challenging
task[5]. It is believed that the extracellular polymericbsu
stance (EPS) could act as a barrier for antibiotic penetr
tion and thus may contribute to the drug tolerancé-o
served in biofilms. Thbasic ultrastructure of the bacterial
biofilms largely depends on the extracellular matri>opr
duced by the cells within the biofilm3he matrix of bb-
films is composed of different types of biopolymers known
as EPS. In most of the bacterial biofilms, mafsthe dry
mass is due to EPS, while bacteria contribute only to a
small fraction of the total dry mag$§]. EPS provides en
chanical stability to biofilms through physiochemical mte
actions that involve electrostatic forces, hydrogen bonds
and van der Wals interactiong6, 7]. Although the comp-
sition of EPS varies significantly among different bacterial
species, extracellular polysaccharides, proteins and lipids
remain as the key components of HBp

A number of Mycobacterial species are known to form
biofilms includingMycobacterium tuberculosiévitb), My-
cobacterium smegmatis (Msm) Mycobacterium avium,
Mycobacteriummarinum and Mycobacteriumulcerans[9-
12]. Schulzeet al. described the capability of Mycobast
rium to form biofilms in 198913]. In this pioneering work,
they analyzed the capability dflycobacterium kansasii
and Mycobacterium flavescen® form biofilms in water
drainage system They demonstrated densely packeg-m
cobacterial colonies in the silicone tube constantlyr-pe
fused by the watefrom the distribution system. The same
group further reported the occurrence of ~ 4.5RXDFU/L
of Mycobacterium chelongeMycobacterium gordonae
Mycobacterium fortuitumM. kansasiand M. flavescensn
the biofilms formed in domestic water suppdystems 8-
ing specific biochemical reactions and thin layer chaem
tography for mycolic acidgl4, 15] A number of studies
have shown the presence obn-tuberculous mycobacteria
(NTM9 in the cooling water distribution systems, dental
sprays[16], potabledrinking waters[17, 18] water filters
in contaminated hospital bronchoscopg$9], and other
environmental sources. These sources could act as a-rese
voir for NTMs that could infect humans and animals
through swallowing, inhalation or inoculation andbsa-
guent colonization in oral, respiratory or gastric wounds. In
the last two decades, understanding the mycobacterial
biofilms has evolved into a niche area for research. It must
be noted that both pathogenic and ngpathogenic species
of mycobacteria arecapable of forming biofilms and this
capability is not essentially a virulence mechanism.
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However, biofilms could protect the pathogenic mycoba
terial species from the immunsystem of the host and
could help bacteria to persist during treatment with @it
otics. Given these observations, studying biofilms ohpat
ogenic mycobacterial species is important. In this review,
we will describe the pertinent information on mycobaet
rial biofilms with emphasis to their clinical relevance and
the nature of EPS. Ehbiofilm formation occurs through a
series of steps involving the initial attachment of the teact
rial cells to substratum which is followed by the aggreg
tion of the cells and irreversible binding. This step Is fo
lowed by maturation of the biofilm cellghich is formed by
layering of the aggregates, which upon reaching ai ult
mate thickness starts to disperse only to start aggregating
at a new site (as depicted in Figure 1). Current undedstan
ing of the mechanisms and characteristic features gf m
cobacteral biofilms are described in this review.

BIOFILM
SMEGMATIS
Msm is a rapidly growing noepathogenic mycobacterial
species that is often used as a model organism for studying
the mycobacterial physiologj20]. Since it is anodel a-
ganism, it is quite well studied for the biofilm formation.
Msm s known to form well organized colonies and roicr
colonies which have been described by Danekal as a
type of biofilm. These colonies are composed of microbial
cells encapsulatedy a large amount of exopolysaech
rides[21]. Importantly, sliding motility plays a critical role
in the formation of colonies on platf22]. Rechtet al.
demonstrated that transposon mutants in the glycepe
tidolipids (GPL) biosynthesis pathway are attenuated for
colony formation and lack the capability to form biofilms
on PVC platef22]. GPLs are an important component of
the mycobacterial cell wall, and it was observed that they
play an important role inhe initial attachment of mya-
bacterial cells to the substratum like PVC. The same group
later on demonstrated that acetylation of GPL is alse i
portant in determining the colony morphology andrfo
mation of biofilms on PVC plat¢23]. Subsequently, y
colicacids, another major component of the mycobacterial
cell wall, was implicated in pellicle biofilm formation. Rell
cle is a bacterial growth at the medar interface. This
mode of growth is primarily seen in aerobic bacteria
wherein the bacterial cellsadve access to both air andin
trients of media. Some of the recent studies have demo
strated that in the pellicle, the mycobacterial cells are e
capsulated in selproduced EP$4]. Thus, mycobacterial
pellicles are considered to be a form of biofilms.ah ex-
citing discovery, Ojhat al. demonstrated that mycolic
acids play a critical role in maturation of pellicle biofilms
[25]. Importantly, the mycolic acids produced during mat
ration of pellicle growth are shorter {£Gss) compared to
the regular myctic acids of the cell wall of Mycobacteria
(GoCp). Apparently, chaperone GroEL1 regulates this
transition in the type of mycolic acid and thus plays an
important role in pellicle biofilms formatiof25]. Ojha and
colleagues also suggested that the shawain free mycolic

FORMATION BY MYCOBACTERIUM
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bacteria form biofilms through a series of steps, which involve

initial attachment of the cells to a substratum followed by biofilm maturation and proliferation of bacteria within thexnaaudi finally a
part of the matured biofilm tpersing to another site for subsequent localization and attachment. During this process, bacteria ui

phenotypic changes. Several genes playing roles in virulence and

redox sensing are upregulated. Biofilms formatiorted as$oom

regulation n cellulose synthesis during maturation of the biofilms; however, localized expression of cellulases and proteases degi

extracellular the matrix of the biofilm thereby leading to bacterial dis

acids are released through hydrolysis of trehalose
dimycolate (TDM) by serine estera§26]. Interestingly,
Msm rpoZ gene éncoding for the. subunit of the RNA
polymerase), deletion mutant displayed an altered colony
morphology. Analysis of this mutant revealed that it & d
fective in sliding motility and biofilm formatiof27]. Im-
portantly, this mutant has equal quantities of GPLmeo
pared wih wild type Msm. Mass spectroscepgsed ank
ysis of mycolic acids suggested that it possessed very low
levels of short chain mycolic acids. SEM analysis demo
strated the absence of ECM in the pellicle growth of the
mutant. These findings strongly suppdttat short chain
mycolic acids are a component of EJR&¥]. The role of
lipids in biofilm formation is also supported by the obse
vation that aMsm mutant in mmpL11(required forthe
transport of monomeromycolyl diacylglycerol (MMDAG)
and mycolate ester wato the bacterial surface) has &-d
lay in biofilm formation[28]. However, it must be noted
that this mutant forms quite mature pellicle biofisisome-
time later. The role of MMDAG in cédi cell attachment
and biofilm formation was also independently denstra-

ed in a separate study29]. In this study a transposon
mutant library was created and analyzed for defects in
colony morphology. It was observed that transposon inse
tion in the Lsr2 (a histone like protein in mycobacteria)
leads to smooth, wet, rad round colonies, opposed to the
dry, rough, and rugose colonies of the parehtsm
strain. This strain was also compromised in biofilm
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persal followed by start of a new cycle of biofiltido.

formation. Further analysis suggested that this transposon
mutant strain hasequivalent levels of GPland mycolic
acid but is deficient in the MMDAGEO0]. It was further
suggested that the presence of MMDAGs on the cell su
face may increase its hydrophobicity to facilitate ¢elcell
interaction. The role of Lsr2 in biofilm formation waseo
firmed by another study which demonstrated that Lsr2
mutant of Msm has increased sliding motility, reduced
surface hydrophobicity and is attenuated for pellicle
growth[31]. Therole of Lsr2in the different genetically
programmed stages of biofilm formation Msm was fu-
ther illustrated by Yangt al. in 2017, where they man
tored the participation of different genes in the individual
stages of biofilm formatiorg from attachment with the
substratum tointercellular aggregation followed by mat
ration of the pellicle architectur¢32]. The group presdn
ed a model of biofilm formation where the planktonic cells,
with the help of Lsr2start forming aggregates which in
turn triggers upregulation of GroEL c&uroEL dependent
free mycolate synthesis. It is worth noting that aggregation
may impart benefits like drug tolerangckut it is not equv-
alent of biofilms. However, it shall be noted that bacterial
aggregates may play a role in biofilm formation in baete
species such aB. aeruginospand that variant strains that
readily make aggregates also form strongly adherent bi
films [33-35]. It further induces iron sequestration pat
ways, which mark the onset of biofilm maturati@2]. The
role of the cell wH in pellicle biofilm formation is also
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supported by the observation thahe pnhadCmutant with

a defect in dehydratase activity of fatty acid synthase type
Il (FASI) takes longer time for pellicle formation and has
altered colony morphologj36]. On te contrary,a mutant

of the mammalian cell entry (mce) 1 operon that aceum
lates free mycolic acids iits cell wall forms normal cot
nies [37]. Whether these mutants form better pellicle or
make it rapidly remain to be analyzedowever, themce
operon mutant ofMsm, wherein all the six operons are
deleted, is attenuated for pellicle formation and had- a
tered colony morphology38]. It will be interesting to see if
this mutant also accumulates free mycolic acids in the cell
wall. Intriguingly, epic expression of a putative peapt
doglycan amidase (Rv0024) Mism induces biofilm fo-
mation and leads to an increase in drug resistaf®].
Importantly, overexpression of Rv0024 was associated with
increased hydrophobicity of mycobacterial cells. T&hes
observations suggest that abundant amosif free nmy-
colic acids may still be the part of the cell whllt lead to
increased surface hydrophobicity that may help the owyc
bacterial cells to associate more with each other. However,
if this hypothesis igrue, then the free mycolic acids are
not really part of the extracellular matrix (since they are
part of the cell wall, rather than the extracellular matrix).
This hypothesis is supported by the observation thatiinc
bation of Msm cells with secretory angen MTC 28 (e
coded by Rv0040c) increases hydrophobicity of theanyc
bacterial cells and induces cellular aggregatjd@]. Fu-
thermore, inhibition of peptidoglycan biosynthesis by
knockdown ofphosphoglucosamine mutaseylinM) also
reduces biofilm formatiorf41]. These observations suggest
that composition of the cell wall could greatly affect the
mycobacterial biofilm formation through modulation of
initial celtto-cell interaction. We believe that furtherer
search is required to study the effect of change<eltto-

cell contact on the biofilm formation.

How does the mycobacteridiofiims form and whatn-
duces their formation have remained important questions
in the field In the recent years, answers to these questions
are emerging, but the entire picture is not as clear as is
desired. A number of redox stresses are known in other
bacteria to induce biofilmg42]. Bhatet al. have earlier
demonstrated that redox stress inculture and/or inside
macrophages leads to accumulation of NADH levelsyin m
cobacterial cell§43, 44] Interestingly, intracellular NADH
levels are sensed by the PknknG along with ribosomal
proteins L13 and Nudix hydrolase Rentbnstitutes a e-
dox homeostatic system responsive tellular NADH levels
named as RHOC®/olff et al. demonstrated that upon
sensing higher cellular levels of NADH, PknG phogphor
lates L13 protein and thus increases its association with
RenU. L13 with RenU leads to NADH hydrolysis thereby
balancing redox homeostasis in the cells. Interestingly,
PknG, L13 and RenU all are required for biofilm formation
by Msm [45]. These findings sigest thatthe metabolic
state of the mycobacterial cells regulates the biofilm-fo
mation in Mycobacteria. On one hanthe NADH:NAD
redox couple along with the ATP:ADP depicts the metabolic
state of the cell, on the other hand, mycothiol along with
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the antioxidant ergothioneine constitutes the thiol buffe
ing system of the mycobacterial cel46]. Interestingly,
MsmYdzil yda Ay YeéO2 (nfshQof myo A
O2GKA2t RSLISYRSyld YSinkcgaré A
compromised for pellicle biofilm formatiof47]. These
observations suggest a critical role of the redox state in the
biofilm formation. Along these lines, Triveeli al. demon-
strated that intracellular thiol reductive stress induces-bi
film formation in Mtb cells. It remains to be analyzed
whether thiol reductive stress also induces biofilnr-fo
mation inMsmor other mycobacterial species. Besides the
redox stress, marker of the stringent stress response
(p)ppGppand cyclic nucleotide-di-GMP play a&ritical role

in biofilm formation. (p)ppGpds synthesized byRelsm
while the e¢di-GMP is synthesized by Dcpism knockout
A0GNIAYya 27
compromised for biofilm formation[48]. Furthermore,
Kuldeepet al. have demonstrated that low levels of these
second messengers assist in bacterial growth, while higher
intracellular concentration promotes biofilm formation
[49]. However, the mechanisms through which the altered
redox and metabolic state modulates thesecond me-
sengers to promote biofilm formation needs to be
delineated.

It shall be noted that biofilm formation is an activeopr
cess that is tightly regulated at translational and transcri
tional levels. In order to understand the genes involved in
biofilm formation, Ojhaet al. studied the transcription
profiling of Msmbiofilms[50]. They demonstrated that &3
day old Msm biofilm had 1.5% differentially regulated
genes, whereas 4.5% of the total genes are modulated in
the 4-day old biofilm and 4.9% in ¢hstationary phase
Msm cultures. There was an increase in the expression of
mycobactin biosynthesis genes, exochelin biosynthetic
genes and the putative iron ABC transporter in thday
and 4day old biofilm cultures, suggesting an importance of
iron uptake in the development of Msrhiofilms. But more
transcriptomics experiments need to be performed tmge
erate a transcriptional map ofhe important regulatory
network that plays an important role in the biofilm
formation.

2
a

BIOFILM FORMATION BY TRHNBENTUBERCULOUS
MYCOBACTERIA (NTMS)

NTMs include all the mycobacterial species
(~178 different species listed attp://www.bacterio.net/
mycobacterium.htn)l besides the ones classified under
the éMycobacterium tuberculosis compéxand those
known to cause leprosyMycobacterium leprag These
are also known asémycobacteria other than tuberculogis
and atypical mycobacteri&[17]. NTMs are ubiquitous and
are found in diverse environments such as soil and water.
These mycobacterial species could infect and cause skin

and soft tissue infections (SSTIs) in animals and humans

[17]. A number of the NTMs make biofilms naturally in the
environment[51]. NTMs such as species belonginghe
Mycobacterium aviuntcomplex form biofilmg12] and also
cause infectios in humans and animalfs2]. Given that
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many of the NTM infections are chronic and require long
treatment, studying their biofilrm could be relevant to
reduce the course of treatment. Although a number of
NTMs form biofilms in the environment, here we hawee f
cused on the biofilms of medically relevant species of NTM.

Mycobacterium avium

M. aviumis capable of infecting human$3], domestic
animals[54] and birds[55] and is found abundantly in fdi
ferent environmental niches such as water bodies and soil.
Being an opportunistic pathogen, it mostly infects immu
ocompromised patients, especially those suffering from
AIDSI[53], cystic fibrosid56], or pulmonary alveolar pr
teinosis[57]. Falkinhamet al. demonstrated the presence
of M. aviumbiofilms in the drinking water distribution sy
tem [58]. Following that, many studies have confirmed that
M. avium forms detectable biofims in potable drinking
water as well as household plumbing water pig8-61].
Importantly, several human, avian and porcine isolates of
M. avium are capable of forming biofilms vitro when
incubated for 7 days as a suspension in 7H9 medium with
O-ADCand Tween in the96-well flat bottom polystyrene
microtiter plate [62]. M. avium infections are difficult to
treat and require prolonged treatment with multiple drugs.
Formation ofM. aviumbiofilms in vivo could explain the
requirement of such a prolongeleatment. Formation of
colony biofilms has been studied extensively Kbravium
Sliding motility is dependent on the presence of glyqope
tidolipids (or GPLs are a class of amphiphilic molecules
localized in the cell envelope) and plays a critical inle
colony biofilm formation irM. avium[22, 63] Interestingly,
Yamazaket al. observed a correlation betweekl. avium
biofilm formation and its capability to colonize the loro
chial and bronchiolar mucogé4]. M. aviumstrains, nare-

ly MAC104, MAC101 and MAC A5 could invade and infect
the bronchiolar epithelial cells. Incidentally, these strains
are also capable of forming biofilnis vitro. However ie-

The extracellular matrix of mycobacterial biofilms

biofilm formation inM. avium[66]. Apart from GPLs, exf
cellular DNA (eDNA) has also beennfduo be a part of
the M. avium biofilm matrix. Importantly, exposure to
Dnase disrupt#1. aviumbiofilms suggesting that DNA is an
integral component of the EPS bf. avium biofilms [67].
GenerallyeDNA is produced in biofilms through (i) aytol
sis, (ii) active secretion, (iii) and via membrane ves[6&k
The release of eDNA is governed through quorum sensing.
Interestingly, an unbiased transposon mutant screening
identified the FtsK/SpolllE DNA transport system and ca
bonic anhydrase as sidfent components for DNA export
in M. avium and these genes were induced by bicarbonate
[69]. These observations point to a quorum sensing based
mechanism for production of eDNA M. avium biofilms.
Another study identified @xodehydrogenases(icA, en-
zymes of the TCA cycle, protein synthetgsst), enzymes

of glycopeptidolipid (GPL) synthesis, and Rv1565c (a-hyp
thetical membrane protein) to play an important role in
biofilm formation[70]. However, a detailed analysis thie
extracellular polymericsubstance ofM. avium biofilms
remains to be done.

Mycobacterium abscessus

M. abscessugMab) is a fasgrowing NTM that causes a
wide variety of human infections, including those of lung,
skin, soft tissue, ocular and central nervous system, etc.
These mfections are recalcitrant to treatment with a mislt
tude of antibacterial drug§71]. Mab is emerging as aan

jor pathogen associated with cystic fibro§r2]. In an et-
gant study, Qviset al. demonstrated the presence of Mab
microcolonies surrounded by extracellular matrix in sparse
intra-alveolar walls[73]. Microcolonies are microscopic
communities of ~50 cells that spontaneously aggregate and
could nucleate the growth ofa biofilm. In the &ove
mentioned study, the aggregates/microcolonies were
mostly observed embedded deep in the alveolar wall and
only occasionally observed in the phagocytosed MaB$

genic mutant clones of MAC A5 (namely 5G4, 6H9 and 9B5), Importantly, these microcolonies were equated to biofilms

that are attenuated to fom biofilms were unable to invade
and infect the bronchiolar epithelial cells. Additionally, it
was observed that these mutant strains were alsaneo
promised in their ability to infect mice lung while the MAC
A5 was capable of infecting mice lungs, spleed &ver.
Furthermore M. aviumbiofilms or their supernatants were
capable of inducing TNF LINR RdzOG A 2y
with their planktonic counterparts. This excessive TNF
production in response t#. aviumbiofilms leads to app-
totic cell death of themacrophage$65]. Investigations on
biofilm formation suggested a requirement of divalent
cations like C4, Mdf*, zrf* for biofilm formation [12].
These might act as stabilizing agents for the negatively
charged nucleic acids present in the biofilms. Besithese
agents, the presence of glucose and peptone as carbon
sources enhanced the biofilm formation. On the contrary,
humic acid could inhibit biofilm formation. Interestingly,
the supernatant from theM. aviumbiofilm culture induced
biofilm formationin planktonic cells suggesting some kind
of quorum sensing could assist biofilm formatid2]. Also,
oxidative stress induced by Autoinduer(At2) activates
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in the absence of any evidemdor the selfproduced exta-
cellular matrix. In our view, more studies are required to
demonstrate the presence of extracellular matrixrsu
rounding the bacterial communities to conclude the pre
ence of mycobacterial biofilms in the lungs. Such studies
coud prove to be milestones in the current understanding

g K Soffthe PahgeltesiSoR diseaseaused by mycobacteria.

Interestingly, another study by Fenne#y al. demonstrd-

ed the presence of Mab biofilms in the lung cavity ofaa p
tient with chronic obstructie pulmonary disease usirg.
abscessuspecific PNAISH probes. They also demonstra
ed that ~2% of Mabs in the lung cavity were in the biofilms
and were embedded in the extracellular matfid]. Inter-
estingly, bacteria residing in biofilms exhibit dragerance
[75]. A few other reports also suggest that Mab biofilms
formed on implants can lead to pesperative surgical site
contamination[76, 77] It is worth mentioning that Mab
grows on LJ slants and Middlebrook 7H10 agar to produce
two different colony morphologies, namely rough (Md®)
and smooth (MakS). Importantly, rough and smooth mo
photypes exhibit different virulence phenotypefll].
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Interestingly, MakR forms extensively corded microoel
nies and is virulent, on the other handMab-S forms
rounded, smooth, smaller microcolonies and is less virulent
[11, 78] Further studies on the morphology switching r
vealed thatthe genemab_3168c.encoding for a putative
acetyltransferasge regulates this morphotypic switching
and themab_3168aleletion mutant grows in smooth to
2y ASao L YnaR BiBSds/unable th reyert back to
rough colonies and is deficient in biofilm formation and
intracellular survival[79]. Although much information is
not available about the nature of EPS of thNM, few
reports suggest that the matrix of Mab biofigntontains
glycopeptidolipids as well as extracellular DF6X]. The
secretion of eDNA is regulated by bicarbonate andnis i
portant for structural integrity of the biofilnj69]. The role
of glycopeptialipids in Mab biofilms has been worked out
using genetic approaches. It was observed that deletion of
genes likemmpL4b[80] or mab_3168d79], that play m-
portant roles inthe glycopeptidolipid biosynthetic pathway
results in impaired biofilm formatiorHowever, more std-
ies are required for characterization of the nature of extr
cellular matrix of this pathogen.

Mycobacterium fortuitumand Mycobacterium chelonae
Other important fastgrowing human pathogens areM.
fortuitum and M. chelonae These are opportunistic human
pathogens that primarily infect people with compromised
immune system or those suffering with chronic diseases
[81]. These species are also known to lead to fusgical
infections and could form biofilms in eye or skinstiss
[82]. These species quickly form biofilms within 48[B6.
The biofilm formation is robust and does not depend upon
the nature of the substrate [84]. Importantly, these -
films are biocide resistanB5]. The biofilms oM. fortui-
tum are impermeabke to several antibiotics, including
ciprofloxacin, thereby suggesting that biofilm permeability
of antibiotics might be an important reason behind antim
crobial drug resistance. Interestingly, these biofilmsi-co
tain eDNA and a combination of antibioticiwDNase was
more effective in disrupting the biofilms and killing biofilm
residents than antibiotics alon@®].

Mycobacterium ulcerans

M. ulceranscauses buruli ulcer in humans. Buruli ulcer is
the third most common infection caused by a mycoleact
rial pathogen after tuberculosis and leprosy. These dnfe
tions are most commonly reported from sigaharan Afir

ca [86]. A unique feature oM. ulceransinfection is the
development of necrotic cutaneous lesions caused by
polyketide toxing Mycolactone[87]. Importantly, Mycola-
tone is among only few of the virulence toxins identified
for mycobacterial speciesM. ulceransis a slowgrowing
environmental bacterium that is capable of formimgvivo
biofilms on the salivary glands thfe aquatic insecNaum-

ris cimicoideq88] and on aquatic plantg89]. In an elegant
study, Marsollieet al. [90] characterized the biofilms d¥l.
ulcerans SEM analysis also revealed that in the biopsy
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samples from Buruli ulcers patients and those isolated
from infected mice mgobacterial cells were organized into
discrete bacterial clusters enveloped in the extracellular
matrix suggesting the formation of biofilms viva Im-
portantly, these biofilrdike structures also contained \ies
clesbetween50 and 200 nm in diameter. Siani vesicles
were also detected in the ECM from. ulceransbiofilms.
They further showed that these vesicles contain Mycela
tone and its biosynthesis machinery. This group was able to
separate the ECM from the bacterial cells usimechanical
disruption (ith glass beads) along with treatmemtith
Tween 80 detergent. They demonstrated that the ECM was
capable of protecting the mycobacterial cells from antim
cobacterials such as Rifampicin. They further demonstrated
that more than 80 proteins are present the ECM and
that these proteins play roles in stress responses, raspir
tion and intermediary metabolism. They also revealed that
M. ulceransbiofilms are rich in carbohydrates, with glucose
being the most abundant monosaccharide unit, relating it
structurally to the Dglucan of Mtb. More research work is
required to fully understand the role of polysaccharides in
the ECM ofM. ulceransbiofilms. Other ECM components
include lipids such as phosphatidylinositol mannosides
(PIM2, PIM5 and PIM6), phospholipigphosphatidylét-
anolamine, phosphatidylinositol, cardiolipin), triacylglyce
ol, phthiodiolone diphthioceranate®tc [78]. The bacterial
adherence and attachment to the surface are enhanced by
the small 18kDaheat shock protein (Hsp1891] sugges

ing an important role for this chaperon in the biofilmrfo
mation.

Mycobacterium marinum

M. marinumis a slowgrowing bacterium that causes irde
tion in fish and occasionally infects humans. Its infection in
Zebrafish has been used as an important model systm
teasing out the molecular events associated with TBhpat
ogenesis[92]. Importantly, M. marinum could form beo-
films within 14 days on a variety of abiotic surfaceswHo
ever, silicon surface yieldethe highest levels of biofilm
production. HalStoodlyalso studied the ultrastructure of
these biofilms and observed that the cording of mycoba
terial cells progressed during the later phase of biofilm
development[93]. This cording phenotype was suppressed
by OADC supplemer[B3]. Lipooligosaccharides areell
wall componens and play an important role in cell motility.
M. marinummutants incapable of forming lipooligosaech
rides were defective in biofilm formatiof94]. The role of
phthiocerol dimycocerosates (PDIMs) and phenolic ghycol
pids (PGLs) in bith formation byM. marinumwas ara-
lyzed by Mohanda®t al. [95]. They demonstrated that
genetic mutants defective in the PDIM/PGL biosynthetic
pathway are attenuated for biofilm formation. Theseum
tations also affect ceburface properties but not slidqn
motility. These mutants also display increased antibiotic
susceptibility[95]. However, the precise nature of the-e
tracellular matrix ofM. marinum biofilm remains to be
deciphered.
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BIOFILMS OMYCOBACTERIUM TUBERCULOSIS

Mtb causes tuberculosis (TB) and is the leading cause of
human deaths due ta single pathogenThe arrently used
treatment of TB involves usage of multiple drugs namely
isoniazid, rifampicin, pyrazinamide, streptomycin anti-et
ambutol for at least ® morths. Such lengthy treatment
results in norcompliance and emergence of muiliug
resistant TB (MDRB) and extensively drug resistant- t
berculosis (XDRB). However, it must be emphasized that
such a combination can efficiently eliminate Mtb in culture
in significantly shorter duration of time. These differences
in the killing of Mtb cells under laboratory conditions and
in infected hoss point towards a disconnect between the
current understandings of Mtb physiology emerging from
labs and its actual phyadbgical state in humans. Current
literature suggests two plausible hypotheses to explain the
phenotypic drug tolerance displayed by the genetically
drug susceptible Mtb inside the host. The first hypothesis
suggests that Mtb senses the host environmend anfrac-
tion of Mtb cells transits into nomeplicating persistent
(NRP) state. During the NRP state, Mtb cells are believed to
be metabolically quiescent, but generating sufficient ene
gy to keep the membrane energiz¢2b, 97] Since most of
the antimycdoacterial drugs (besides bedaquiline) target
components of active cell growth, these metabolically-qu
escent cells are drug tolerant. It is well documented that
the NRP state could be induced by hypoxia, nitric oxide and
starvation[46, 98101] and could le reversed by resup:
tion of ambient oxygen and nutrients, declining nitric oxide
levels[102]. Another hypothesis to explain the phenotypic
drug tolerance is the formation of Mtb biofilms inside the
host. Mtb forms biofilmdarbouringdrug-tolerant bactera

in vitro [10, 103]however,the factors controlling the lo-
film formation and the properties of the extracellularam
terial are poorly known. The Mtb biofilm hypothesis arose
from the work of Ojheet al., wherein Mtb pellicle growth
was equated to the biims as pelliclescontain self
produced EPS which holds the cells together. Interestingly,
this study also demonstrated that Mtb cells residing in the
pellicle exhibit drug tolerance antiarbour significantly
higher number of persisteMtb cells. In the dllowing se-
tion, we have described the most pertinent information
regarding the Mtb biofilms.

Mtb biofilm models

Three models of Mtb biofilm formation have beenopr
posed to study the factors regulating biofilm formation,
the physiology of the resident bacteria, and the nature of
biomaterial that holds these bacterial masses together.
These models include pellicle biofilms formed at the liquid
air interface of culturs, leukocyte lysatinduced biofilms,
and thiol reductive stresgduced biofilms (depicted in the
Figure 2).

Pellicle biofilms
Mtb has a propensity to grow as pellicles at the ligaid
interface in vitro cultures. The Mtb pellicles are formed
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through several stages of development over a period-@f 5
weeks[104]. Ketemycolic acids play an important roie
pellicle formation and has been proposed to be a structural
component of ECM in pellicle biofilnj2g4]. The usage of
this model of biofilmgfor the screeningof antimycobace-
rial compounds resulted in the identification of the pate
tial antimycobacterial drug candidate TCAIO5]. Major
advantage of the pellicle model of Mtb biofilms is that it
allows for tracking of the different developmaeaitstages
during biofilm maturation. Given the simplicity of this
model, it remains one of the most studied models of Mtb
biofilm formation.

Leukocyte lysateénduced biofilms

Recently, Ackaret al. demonstrated that mycobacterial
cells organize into substratwaitached drug tolerant ria
crobial communities in culture media (RPMI 1640) seppl
mented with the lysate of leukocytes over a period of 7
days [106]. Importantly, the drug tolerant phenotype of
these mycobacterial communities could be reverted
through the disintegration of the communities, using
DNase or Tween 80. These studies clearly depict that the
drug tolerance of mycobacteria could be explained solely
through their capability to form biofihs. It is important to
note that inside caseous necrotic granulomas, extracellular
mycobacteria are exposed to leucocyte lysate. Thus, this
model, in a way mimics thia vivoenvironment. Intriguirg-

ly, this model was employed in the discovery of molecules
capable of dispersing Mtb communities and, thus, aiding
killing by firstline antiTB drugg107]. Based on these filt
ings, the classical artiB therapy could be shortened in the
future through theuseof biofilm-dispersing adjunct ther

py with similar ati-biofilm agents.

Thiol reductive stressnduced biofilms

Recently, another model of Mtb biofilms was established
by Kumar and coworkerd 08]. In this model, upon exp
sure to thiotreductive stress (TRS), Mtb cells organize into
microbial communities teongly attached to the subsa-
tum. The architecture of the microbial community depends
on the prevailing culture conditions, i.e., submerged-bi
films form in standing cultures while biofilms at the liquid
air interface form in shake flask cultures. Onetloé big-
gestadvantage®f this model is that these biofilms require
only 2930 hrs for biofilm formation in comparison to the 7
days required for biofilms induced by host esddlrived
complex macromolecules and ~35 days required for the
development of pdicle biofilms[108]. Owing to the short
duration required for biofilm formation in this model, the
processes of bacterial cell attachment, cellular differanti
tion and the synthesis of EPS are amenable to tracking
through microscopy, transcriptomic, praienic and
metabolomic profiling. Furthermore, these biofilms are
strongly attached to the substratum similar to convemtio

al biofilms, such that a simple treatment with the
detergent Tween 80 or manual shakidges not disrupt
these biofilms.
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FIGURR: Different models of biofilm formation inM. tuberculosis (A) Pellicle biofilm model of M. tuberculosiBhe pellicle biofilm @
tures through several stages of development in arourd Wweeks. These biofilms are rich in free mycolic a¢B€) Thiol reductive stres:
induced biofilm of M. tuberculosighis model is induced by thiol reductive stress generated by reduced DTT. This polysaccharide ricl
of Mtb takes around 29 hours to develop. Keeping the culture flask at standing positienagres a biofilm that attaches to the botton
surface of the flaskB), whereas shaking of the culture leads to biofilm formation at the ligaifdnterface(C) (D) Leukocyte lysate induce
biofilm model of M. tuberculosi§his eDNA rich biofilm of Mtlakes around 7 days to develop. This model may depict the biofilms for
inside the granuloma, wherein leukocyte lysate is available due to cell lysis induced by Mtb cells.

TRANSCRIPTIONAL CHANGES ASSOCIATED WIlinduced Mtb biofilms is associated with induction 9gE

BIOFILM FORMATION

In order to understandhe tight regulation of genes at the
transcriptional levels in TRS induced biofilm formation,
Trivediet al. analyzed the transcription kinetics, both when
the Mtb cells were subjected to sudptimal TRS as well as
optimal TRS for biofilm formation. Upon milder treatment,
the genes involved in protein synthesis are downregulated
suggesting that the cells go inenergy conserving mode.
Genes responsible for iron uptake, aerobic respiration and
lipid degradation are, however, upregulated. Upon trea
ment leading to high TRS, DNA replication, RNA biosynth
sis as well as protein synthesis machinery come to a halt,
as all the genes involved in these central processes are
downregulated, which is again suggestive of the fact that
the bacterial cells stop replicating. The formation of TRS
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sigBand whiB3 expression However, the precise role of
sigE sigB and whiB3 in the formation of mycobacterial
biofilms remains to be defined. Importantly, the type VII
secretion system ESXis upregulated in the Mtb biofilm
which indicates a requirement of iron uptake in biwfil
formation. In agreementurA, responsible for iron uptake

is highly upregulated in Mtb biofilms. Other upregulated
genes involve those playing a role in cysteine and arginine
metabolism. It must also be noted th#te SenX3/RegX3
system which is inducedpon mild TRS is also overe
pressed in the Mtb cells residing in the biofilfii®8]. The
SenX3/RegX3 two component system is involved in growth
in response to resumption of ambient oxygen leVdg2].
These data suggest that oxygen is not evenly disteithin
biofilms. Interestingly, PknA is also induced in the biofilm
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resident Mtb cells. Since PknA is involvedha mainte-
nance of bacterial cell growtfil09], these data suggest
that some bacterial cells may be growing in the biofilm.
However that the tanscriptomic data obtained through
microarray experiments do not reflect upon the differential
expression of genes in the bacterial cells localized atrdiffe
ent spatial location in the biofiilms and hence such data
should be analyzed with cautioWe believe that devé
opment of tools having spatial resolution for monitoring
gene expression could shed light on the differential egpre
sion in biofilms.

PHENOTYPIC DRUG TOLERANCE IN BIOFILMS
Phenotypic drug tolerance is the ability of genetically drug
susceptible bacterial cells to evade killing by the antioicr
bial agentg110]. It is worth noting that Mtb biofilmsde-
veloped using either of the three modelsarbor pheno-
typically drugtolerant Mtb cells. However, the meah
nisms and molecular eventsahdictate the drug tolerance
of the biofilmresident cells have not been deciphered.
Several mechanisms have been proposed to explain the
phenotypic drug tolerance displayed by biofikesident
bacteria[111], i.e., metabolic heterogeneity of biofilm gse
idents, increasedersister population, induction of ree

The extracellular matrix of mycobacterial biofilms

of the metabolites with spatiotemporal details will bed
sirable. It is worth ndhg that alterations of the redoxds
meostatic system that controls the cellular levels of FADH
and NADH modulate biofilm formatiof5]. Importantly,
accumulation of intracellular thiol also facilitates ther-fo
mation of Mtb biofilms[98]. Redox homeostasis also
known to play an important role in the persistence of Mtb
[98, 99] Furthermore, Trivedet al. performed transcip-
tome kinetic analysis during the biofilm formation. This
analysis suggested that biofilmsident bacterial cells it
lize alternatie metabolic pathways for the generation of
energy [108]. However, we believe that such a tra
AONRLII2YAO lylrfeara 2yfte LINBJA
transcriptional changes associated with the biofilms. New
tools having spatiotemporal resolution couldopide de-
tails of the differential transcriptional regulation in diffe
ent regions of the biofilms are needed to understand the
transcriptional profile of biofilm resident bacteria. Further
analysis of metabolic profiles, using other techniques such
as quantitative mass spectroscopy, could help us to unde
stand the metabolic networks that play critical roles in the
biofilm formation, maintenance, and disruption. Once
these alternative metabolic pathways are delineated, they
could be targeted to kill the bfdm-resident mycobacterial

tive oxygen species scavengers, increased expression of cells.

efflux pumps, extracellular drug inactivation, protection by
polysaccharides that acts as a physical barrier resulting in
low penetrance of ani A2 i A 0ax SiO0®
know which of these mechanism/s contribute more for the
phenotypic drug tolerance but the study from Ackattal.
and Trivediet al. suggest that the formation of bacterial
communities is important forthe observed phenotpic
drug tolerance[106, 108] Understanding such meah
nisms for Mtb will be helpful in designing new therapeutic
agents that may reduce the duration of TB therapy. In this
direction, Ojhaet al. demonstrated that the pellicle b
films of Mtb harbor a sigificantly larger number of pe
sister cells compared to planktonic ceJl04]. It is can-
monly believed that bacterial cells residing in the biofilms
are metabolically quiescent and, thus, display drug rtole
ance. However, Trivedit al. reported that the AP/ADP,
NADH/NAD, NADPH/NADRatios of Mtb cells residing in
TRSnduced biofilms were only slightly lower than those of
planktonic bacterig108]. However, such studies presume
that the metabolic states of all residents of the biofilm are
similar whilebacterial cells in different regions of theobi
films have differences in terms of access to nutrients and
thus are expected to have a different metabolic state. To
dissect the metabolic heterogeneity of biofilms resident
bacteria, new tools with spatial selution (and preferably
temporal resolution as well) are urgently required. Reeen
ly, genetically encoded biosensors for the measurement of
the metabolic[43, 44, energy[112] and redox statg113]

of Mtb cells were developed. The application of these-b
sensors to understand the metabolic flux and redox state
of the residents of Mtb biofilms represents a new research
opportunity. Furthermore, knowing absolute concentration
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/| dzNUNeSeytédeliilar matr® conigty dd BPS, produced by cells

present in the biofilm. Selfroduced EPS is also considered
to be the hallmark of a microbial biofilfi14]. Bacterial
cells,along with nutrients and enzymes, are embedded in
this EPS. EPS acts as the glue that keeps the bacterial cells
together in microcolonies and attaches them to thebsu
stratum. EPS allows cell to cell interaction, communication
and synergy within thenicrocdonies[114]. EPS represents

a wide array of polymers, including proteins, nucleic acids,
polysaccharides and lipids that serve as carbon and energy
reserves. EPS could also be accumulated on the cell surface
to protect the cells againsthe external envionment. In
most types of microbial biofilms, the EPS is composed of
polysaccharides, structural proteins, extracellular DNA
(eDNA, and lipids (as depicted in Figure 3). In the following
section, we have described each of the components of the
extracellula matrix of Mtb biofilms.

Lipids

One of the most studied models of Mtb biofilraee pellicle
biofilms. Importantly, mycobacterial pellicles contain large
quantities of free mycolic acid25, 104] This free mycolic
acid is produced by cleavage of trehalose dimycolate using
a TDM specific esterad@6]. An inability in ketemycolic
acid biosynthesis or in cleaving TDM leads to the inability
to form pellicle biofilms or retarded biofilm growtf24].
Besides mycolic acidsyeromycolyldiacylglycero[29, 30]
and glycopeptidolipid$23] also contribute to biofilm fo
mation in mycobacteria. These studies suggested that m
cobacterial biofilms are uniquely held together by a waxy
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FIGURE Different components of the extracellular polymeric substance of mycobacterial biofilr(s) The pellicle biofilm modelhe
inset in maroon shows the different components of the mycobacterial cell wall. The inset in pink shows the lipid baselddhydliofera-
tions that hold the cells in the biofilm together. The inset in blue shows the different types of mycolic acids presengxiraicellular -
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EPH115]. However, another hypothesis is that these cell
wall components increase the cslirface hydrophobicity
to increase the ceflo-cell interaction and thus areer
quired for biofilm formation, but are not the components
of the EPS of Mtbiofilms.

Polysaccharides

The view that mycolic acids/lipids are primary comporsent
of Mtb biofilms was recently challenged by the observation
that large quantities of polysaccharides are present in-TRS
induced Mtb biofilms[108]. Importantly, by stainingvith
carbohydratespecific stains, Texas Red, lectin Gonc
navalin A, and Calcofluavhite, this group of researchers
demonstrated that polysaccharides are present in the e
tracellular space of the biofilm. Using Nile red to stain |
pids, they also suggext that lipids primarily localize on
mycobacterial cells and not in the extracellular space of the
Mtb biofilms. This observation is also suggestive of mycolic
acids being a component of the cell wall rather than EPS.
On the other hand, polysaccharides wedetected at the
base of the microcolony stalk and between the microeol
nies. These findings suggested that polysaccharides are the
major component of the EPS. Basaraba and coworkers
have previously demonstrated the presence of complex
polysaccharides irthe leukocyte lysaténduced substi-
tum-attached biofilms of Mtf106]. The presence of exr
cellular polysaccharides in mycobacterial biofilms is also
supported by studies in which abundant Texas Red staining
was observed in the extracellular matrix bf. ulcerans
biofilms [90] and the observation that aggregation of the
mycobacteriakell is influenced by sugaf$16]. Importart-

ly, Kumar and coworkers have further characterized these
polysaccharides by several biochemical methods and
demonstrated that TRBiduced Mtb biofilms employ ceit

lose as a major structural componefit08]. Intriguingly,
cellulose was detected primarily in the spaces between the
microcolonies and some cellulose was also detected at the
stalks of the microcolonies. Celluloseaipolymer of gu-
024as tAY1SR
hydrophilic but waterinsoluble and has strength corap
rable or more to that of stee]117]. Given the strength,
cellulose has been shown to be an important component
of several bacterial biofils [114, 118]. Importantly, cell-
lase can disintegrate TR®luced Mtb biofilms, suggesting
that cellulose is critical for Mtb biofilm formation. The role
of cellulose as an integral component is also supported by
the observation the Mtb genome encodes foellulases
[119, 120] that could facilitate the dispersal of Mtb biofilms.
The role of cellulase in mycobacterial pellicle biofilms was
also analyzed by Wyét al. [121], through overexpression

of Rv0062 homologue MSMEG_6752Nsm. They &-
served that upon overexpression of MSMEG_67498m
cells are not able to form pellicle biofilms. Furthermore,
treatment of Mtb biofilms with cellulase MSMEG_6752
leads to disruption of the biofilms and release of glucose
subunits (28168306). However, it mains to be dete
mined whether cellulose is present in other models of Mtb
biofilms, namely leukocytenduced biofilms and pellicle
biofilms. Additionally, the presence of cellulose should be
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analyzed in the biofilms of other mycobacterial species as
besices Mtb andMsm. Another important type of biofilm
that has not been studied in mycobacteria is the
macrocolony Cellulose has been shown to playcritical
role in the architecture of thenacrocolonymorphology for
Escherichia col[122], but the role of ellulose in the
macrocolony morphology of mycobacteriumspecies e-
mains to be established. Cellulose is currently detected in
biofilms using dyes such as Congo red and Calcefluor
White. Although these methods are suitableut more
specific biologically esoded sensors of cellulose (such as a
cellulosebinding domain coupled with a fluorescent tag)
could help in the analysis of the architectural role ofcell
lose in biofilms. The demonstration of cellulose as a critical
component of Mtb biofilms has openedew avenues of
research. The genetic pathway used by Mtb for the
synthesisof cellulose and their regulations are yet to be
identified. Cellulose is synthesized in bacterial cells using a
multiprotein complex called cellulose synthase with the
core catalyic activity residing in the BcsA and BcsB-pr
teins[123, 124]. Although a number of mycobacterialesp
cies, such aM. neoaurum (Uniprot ID AOA024QK68M.
cosmeticum(Uniprot ID- W9B851) etc., contain genes
encoding for putative components of theellulose sg-
thase, but the Mtb genome does not seem to encodé e
ther BcsA or BesB. Interestingly, the Mtb genome encodes
few cellulaseg120], which could be expressed and sdere
ed in a spatiotemporal manner to facilitate the regulated
dispersal of biofim residents. It is noteworthy that the Mtb
genome encodes for a large number of glycosyltransfera
es [125], including many uncharacterized ones that may
function as norcanonical cellulose synthase. Previously a
number of approaches besides the sequersilarity-
based method were utilized for identification of conop
nents of the cellulose synthase in other bacterial species.
These includethe use of activitybased enrichment and
purification of the cellulose synthase complg26] using

the photo-affinity probe 5azidcUDRGIc [127], proteirt

{glcNgididzaokinds.) b NS protein interactionbased screenin§l 28], and transposon

insertion mutagenesis screefit29]. We believe that such
approaches could lead to the identification of the cellulose
synthase of Mthas well. Identification of the genetic gat
way/s involved in cellulose biosynthesis could further facil
tate the analysis of the role of Mtb biofilms in TB path
genesis. Interestingly, cellulose synthesis is regulated- pos
translationally via cychdi-GMP (c-di-GMP) [130]. Gdi-
GMP is synthesized by the diguanylate cyclakg) (en-
zymes with a characteristic GGDEF motif and is degraded
by phosphodiesterasepfle) enzymes with an EAL or HD
GYP motif131]. Mtb possesses both dgc (Rv1354c) and
pde (Rv1357c)interestingly, Rv1354c has the GAF, GGDEF,
and EAL domains organized in tandem and are ablerto sy
thesize and degrade-@i-GMP, whereas Rv1357c contains
only the EAL domain and degradedi<cMP to pGpG132].
Intriguingly, the pde deletion mutant of M. bovis BCG
forms highly matured pellicle biofilms and colonies with
higher levels of cording. In line with these findings, poe
deletion mutant survived better in immunocompetent
mice [133]. On the contrary, gpde mutant of Mtb has
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decreased survival iTHPR1 cells and in a mouse model
[134]. Despite these exciting studies, the role edi€cGMP

in the regulation of cellulose synthesis aimdvivo biofilm
formation still needs to be explored. Importantly, TRS
induced biofilms seem to contain other polyshaddes, in
addition to cellulosg108]. Further research is required for
the isolation, purification, identification, and characteriz
tion of these polysaccharides. We believe that our unde
standing of mycobacterial biofilms will rapidly expand with
the characterization of these polysaccharides. Additionally,
the identification of the genetic pathways that contribute
to polysaccharide synthesis and their regulation vitro
andin vivorepresent exciting research opportunities.

Proteins

A number ofstructural proteins play an important role in
microbial biofilms. Structural proteins are known to facil
tate the interaction of the bacterial cells with the sulestr
tum, the EPS of the biofilm, and with other bacterial cells.
Mtb cells produce a number addhesins such as fibme
ectin-binding proteins, heparibinding hemagglutinin @
hesin (HBHA), and pili. A few of these proteins have been
shown to play important roles in biofilm formation oga
gregation of Mtb cells. HBHA is a bacterial cell surface
assocated protein that can also be secreted. Importantly,
HBHA can induce awaggregation of Mtb cells at a oo
centration of 0.5 pg/ml[135]. Mtb pili encoded by
Rv3312Aare involved in the formation of pellicle biofilms
of Mtb [136]. TRSnduced Mtb biofilmscan be disintegra

ed by the use of proteasd$08] suggesting that some yet
unidentified structural proteins play a critical role in mai
taining biofilm integrity. Efforts towards the identification
of such proteins should be made, as this holds the key to
our capability to disrupt Mtb biofilms. The presence of
HBHA or pili remains to be analyzed in -ifBced Mtb
biofilms. Interestingly, pili also play a critical role in the
architecture ofE. colicolonies[137]. The role of pili in the
architecture andmicroanatomy of the Mtb colony remains
to be analyzed. Besides containing structural proteins, EPS
also has a number of enzymatic activities and quorum
sensing molecules to enable communication among the
resident cells. A number of reactive oxygen spe¢ioS)
detoxifying enzymes are secreted by biofilm resident cells.
These enzymes protect the bacterial cells against R@S ge
erators. However, the enzymes and quorsensing ma-
cules of Mtb biofilms have not been characterized and
represent an important resarch prospect.

eDNA

Besides polysaccharidesDNAis also known to be ammi-

portant structural component of microbial biofilm4.14].

As described earlier in this revie@PNAis found in the
biofilms of M. avium [67], M. abscessusand M. chelonae
[69]. In context of Mtb biofilms, the presence eDNAwas
reported in leukocyte lysatenduced and TR&®&duced bo-

films of Mtb[106, 108] Degradation oEDNAusingDnase
treatment led to the disruption of leukocyte lysabeduced
Mtb biofilms but not of TR&duced biofilms. These obise
vations suggest different structural raé the two models
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of Mtb biofilms. In TR#duced biofiims,eDNAwas d-
served at the stalk of the microcolonies. These obaerv
tions suggest that cellulose, along widDNA could be
involved in attaching the microcolonies to the substratum.
In a number of biofilms, theDNAoriginates through the
altruistic selfkilling of a few resident cellgl38] or is a-
tively released through membrane vesic[@89]. Currently,
we do not know how lte eDNAoriginates in Mtb biofilms
and identification of these pathways will improve oun-u
derstanding of the physiological functions eDNA It is
important to mention that Mtb aggregates in response to
interferon gamma[140]. Mtb is known to producextra-
cdlular vesicles[141] and possesss 88 toxinantitoxin
systems[142], but their role in Mtb biofilms remainsm
known. It will be interesting to analyze whether Mtb cells
residing in biofilms utilize extracellular vesicles for secre
ing DNA. The stydof the spatiotemporal expression of
toxin-antitoxin modules would help us to understand their
role in biofilm maintenance. In our view, taking advantage
of the models of Mtb biofilms, further research should be
focused on understanding the different stepf biofilm
formation and maturation. It is plausible that, in response
to yet-unidentified signaling molecules, Mtb cellsstart
producing adhesins (or alternatively modulate the celt-su
face to increase surface hydrophobicity) that facilitate the
attachment of bacterial cells to the substratum. Aftet-a
tachment of the Mtb cells to the substratum, more cells
start adhering to the surface and start producing potysa
charides along with structural proteins. Other components
such as DNA or enzymes are conttdzuthrough regulated
lysis of a few cells or localized production of extracellular
vesicles. The microcolony thus established grows bigger
through recruitment of more cells or cell division of ires
dent bacteria. Localized production of EfRSfrading e-
zymes such as cellulase, protease, dhasefacilitate the
dispersal of Mtb biofilms.

In summary, research on Mtb biofilms has gained-m
mentum with the establishment of three different models
of biofilm formation. Although cellulose has been clara
terized asa key constituent of Mtb biofilms, it is important
that the nature of the EPS of Mtb biofilms is further cha
acterized. The demonstration of the presence of Mtb-bi
films in animals/humans will further advance research on
Mtb biofilms; however, this will equire identification of
more specific biomarkers for Mtb biofilms. With the ¢ee
er understanding of the nature of Mtb biofilms, new inte
ventions in therapy and diagnosis of TB can be facilitated.

IN VIVOPERSPECTIVE OF MTB BIOFILMS

A hallmark of Mtb indction in humans is the presence of
granulomas witha caseating necrotic core at the center.
Interestingly, several extracellular Mtb cells were detected
in the necrotic core and in the acellular rim of necrotic
lesions[143]. These bacteria were presenitteer as single
cells or as cluster of bacteria encapsulated within a matrix
of extracellular polymers. A fraction of bacteria residing in
clusters at the necrotic core and acellular rim could survive
treatment of guinea pigs with antimycobacterial drugs
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[143]. Given the critical observations it is tempting to spe
ulate that Mtb may form biofilms in vivo. However, toreo
clusively demonstrate that these clusters of extracellular
Mtb cells are indeed Mtb biofilms, the presence of leact
ria-synthesized ECMurrounding these clusters is required.
We have recently proposed that cellulose could be used as
a marker for the detection of Mtb biofilms in infectedian
mals and humangL08, 141]. Additionally, since humans do
not produce cellulose, detection of celtwe in human or
animal tissues surrounding mycobacterial cells could-ind
cate the presence of Mtb biofilmis viva We believe that
such a finding would be a major step forward in our unde
standing of mycobacterial physiology inside the host. It
must be nded here that previous studies have also ident
fied shortchain free mycolic acid variants as markers of
Mtb pellicle biofilms; thus, the presence of these variants
of mycolic acid in human or animal tissue around the Mtb
cells could be suggestive of theigtence of the Mtb la-
film in viva We presume that the demonstration of the
presence of Mtb biofilms in animals or humans could be a
milestone in the field.

CONCLUDING REMARKS

A number of mycobacterial species such as Mtb and a few
NTMs cause chronic fections, and their treatment a-
quiresthe usage of multiple antinycobacterials for a long
period of time. Such drutplerant chronic infections are
often associated within vivo biofilms. Emerging evidence
suggests that few mycobacterial species make&ivo bio-
films, thus understanding the bacterial physiology of-m
cobacteria residing in the biofilms and the nature of ECM is
key to our ability to treat such infectien Recent studies
have also suggested that free mycolic acidbjcope-
tidolipids andother cell wall components could alter the
celtto cell interaction to influence biofilm formation. A few
studies have also suggested a structural role of polysacch
rides and extracellular DNA in maintaining the structural
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