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ABSTRACT

Mycobacterium chelonae is a non-tuberculous mycobacteria that is ubiquitously found in
the environment. It can cause infections in humans, and it is regarded as one of the most
drug-resistant mycobacteria, attribute partially explained due to the poor permeability of
its cell wall. Because M. chelonae causes infections and persists in the environment as a
biofilm, we studied pellicular biofilms, aiming to elucidate its molecular components and
structure. Using scanning electron microscopy, we detected the presence of an
extracellular matrix coating the bacilli residing in a pellicle, and also detected the
presence of pores. With fluorescent microscopy, biochemical analysis, and Raman
spectroscopy, we characterized the components of the extracellular matrix, identifying
proteins and lipids as the principal components. We also identified an accumulation of
free mycolic acids and phosphatidylglycerol in M. chelonae pellicles. After analyzing the
trasncriptomes of M. chelonae pellicles, we identified dow regulation of transporters, and
upregulation of genes belonging to the REDOX metabolism, and the oxidative
phosphorylation pathway. The characterization of M. chelonae pellicles in this thesis will
contribute to the understanding of biofilm formation in this pathogen for the development

of anti-biofilm strategies.
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Chapter 1 General introduction

1.1 The genus Mycobacterium

The genus Mycobacterium belongs to the phylum Actinobacteria and consists of rod-
shaped bacilli with a high content of G+C, and comprises over 170 species (Goodfellow,
2012). Most mycobacteria are non-pathogenic and occur ubiquitously in water and soil
(Falkinham, 2009), and some of them are used in steroids biotechnology (Fernandez-
Cabezon et al., 2018). However, the most studied members of this genus are obligated
pathogens, like Mycobacterium tuberculosis and Mycobacterium leprae, responsible for
causing human tuberculosis (TB) and leprosy, respectively; or animal pathogens such as

Mycobacterium bovis, responsible for bovine tuberculosis.

Because of the magnitude of the problem that TB represents for human health, M.
tuberculosis is the most extensively studied mycobacteria. Tuberculosis is an airborne
disease that affects the lungs primarily, and it is estimated that one-third of the world’s
population is carrying the M. tuberculosis bacillus, despite the absence of any apparent
symptoms. From 5 to 10% of these carriers will develop symptoms of the disease during
their lifetime, and this percentage increases for immunocompromised individuals, such

as HIV-infected persons or those going under corticosteroid therapies (WHO, 2015).

Due to an increase in the cases of TB driven by HIV epidemics, in 1993 TB was declared
by the World Health Organization as a global emergency (WHO, 1993). TB accounted
for the death of 1.2 HIV-negative individuals plus 251000 HIV-positive patients
worldwide during 2018, and most of the deaths occurred in sub-Saharan Africa and

southeast Asia regions (World Health Organization, 2019).

There is an available vaccine against M. tuberculosis, and it is a live attenuated variant of
Mycobacterium bovis, the Bacillus Calmette-Guérin (BCG). BCG owes its name to

Charles Calmette and Camille Guérin, which isolated the attenuated strain after a series
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of passages in their potato-glycerine-bile media (Calmette, 1922). Although BCG is very
good at conferring protection against the extra-pulmonary forms of TB, it is not effective
against pulmonary TB, the most common form of the disease (Poyntz et al., 2014). There
are also drugs for treating tuberculosis, but the length of the required chemotherapy that
needs to last at least four months translates into poor adherence to the regime and eventual
relapse. To further add to TB as a global health emergency, during the past three decades,
there has been an increase in the detection of strains of M. tuberculosis that are resistant
to the currently used drugs to treat TB (Keshavjee and Farmer, 2012). All these issues

together highlight the importance of investing in mycobacterial research.

1.2 Non-tuberculous mycobacteria

Apart from M. tuberculosis and M. leprae, there is a group of environmental mycobacteria
that can act as opportunistic pathogens, especially in immunocompromised individuals
(Katoch, 2004; Lake et al., 2016; Tebruegge et al., 2016). In 1950, Ernest Runyon
introduced the term ‘Non-tuberculous mycobacteria’ (NTM) to reference these, back

then, poorly characterized mycobacteria (Runyon, 1959).

Runyon also conceived a classification system based on the growth rate of these
mycobacteria and their capability of producing pigments when exposed to light. Groups
I, I, and I, were constituted by NTM that showed a similar growth rate to M.
tuberculosis which typically takes around 21 days to form colonies in agar plates. Group

I or Photocromogens, was composed of NTM that developed a yellow-red pigmentation



Chapter 1 General introduction

only when exposed to light. Group Il or Scotochromogens, included NTM that produced
yellow-red pigments even when grown under dark conditions. Group Il or Non-
Photochromogens, was formed by NTM that were not able to produce any pigmentation,
even in the presence of light. Finally, Group IV or Fast growers, comprised NTM that

developed visible colonies after only 48h of cultivation in agar (Runyon, 1959).

A recent phylogenetic analysis comprising 150 mycobacterial species, outlined the
existence of five clades: the “Tuberculosis-Simiae”, “Terrae”, “Triviale”, “Fortuitum-
Vacaccae”, and “Abscessus-Chelonae” clade (Gupta et al., 2018). The Fast growers
mycobacteria are comprised in the “Fortuitum-Vacaccae” and “Abscessus-Chelonae”
clades, while the “Tuberculosis-Simiae”, “Terrae”, and “Triviale” clades group the slow

grower mycobacteria (Gupta et al., 2018).

1.3 Importance of NTM on human health

NTM are gaining interest from the scientific community because there has been an
apparent increase in the incidence of these opportunistic pathogens (Blanc et al., 2016;
Dabo et al., 2015; Kim et al., 2014; Maurya et al., 2015; Nasiri et al., 2015; Rindi and
Garzelli, 2016; Streit et al., 2013; Varghese et al., 2013). NTM are known to cause disease
in several parts of the human body, primarily in the lungs, followed by skin and soft
tissue, eyes, and heart (Katoch, 2004; Lake et al., 2016; Piersimoni and Scarparo, 2009).
Individuals with some specific conditions, such as AIDS, chronic obstructive pulmonary
disease (COPD), cystic fibrosis (CF), or impaired production of IFN-y, are especially
susceptible to NTM infections (Griffith et al., 2007; Lake et al., 2016; Orme and Ordway,

2014).
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During NTM diagnosis, the identification of the etiological agent at the species level is
of paramount importance (Faria et al., 2015), as the susceptibility to antibiotics varies
between species (Cowman et al., 2016; Falkinham, 2018). In the practice Mycobacterium
avium, a slow grower NTM that often causes pulmonary disease is treated with a regimen
consisting of three antibiotics that are clarithromycin or azithromycin, rifampicin or

rifabutin, and ethambutol (Griffith et al., 2007).

On the other hand, the suggested chemotherapy for treating infections caused by M.
chelonae and M. abscessus, two closely related fast growers NTM, consists on the use of
amikacin or macrolides (Griffith et al., 2007), however, it is strongly advisable to test for
susceptibility to antimicrobials first, as clinical isolates from these species present
variable patterns of antimicrobial susceptibility (Brown-Elliott et al., 2012; Griffith et al.,

2007).

Another interesting topic of research is the potential interference of NTM with the
effectiveness of the M. tuberculosis vaccine. The available TB vaccine is a live attenuated
strain of Mycobacterium bovis: the bacillus Calmette-Guerin or M. bovis BCG (BCG).
As mentioned above, vaccination with BCG is good at protecting against extra-pulmonary
forms of TB, but the protection against pulmonary TB varies widely according to the

world region (Mangtani et al., 2014).

There is not yet a consensus on how NTM impacts on BCG vaccination, as different NTM
species and different administration routes seem to impact differently on the protective
capacity of BCG (Shah et al., 2019). For example, a study in a murine model found that
the protection of the BCG vaccine against pulmonary TB in mice that have been pre-
exposed orally to M. avium is impaired, compared to mice that have not been pre-exposed

to this NTM (Poyntz et al., 2014). Another study shows that aerogenic pre-exposure to
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M. avium does not affect the capacity of BCG vaccination for controlling M. tuberculosis
bacterial burden (de Lisle et al., 2005). This evidence shows that more research needs to

be carried to clarify the potential impact of NTM exposure to BCG vaccination.

Also is interesting assessing if vaccination with BGC could also offer some protection
against pathogenic NTM. For instance, there is a report suggesting that BCG vaccination
may offer some protection against M. avium and M. abscessus (Abate et al., 2019),
supporting the data on the increase of prevalence of NTM infections after changes of the

policy of BCG administration (Poyntz et al., 2014).

1.4 Mycobacterium chelonae

Mycobacterium chelonae, the subject of this study, belongs to the “Abscessus-Chelonae”
clade, ant the type strain NCTC946 (ATCC35752) has a genome size of 5.03 Mbp, and a
G+C content of 63.9% (Nouioui et al., 2018). It is a fast grower mycobacteria that can
grow in a temperature range from 22 to 40°C, although some strains may grow poorly, or
not grow at all at 37°C (Goodfellow, 2012). As all other mycobacteria, M. chelonae is an
acid-fast bacteria, and form colonies that are typically round and glossy (Figure 1-1),
although some strains showing colonies with a waxy, irregular appearance, have been
described (Fogelson et al., 2019; Hsueh et al., 1998; Manzoor et al., 1999). It was first
isolated in 1903 by Friedman from a turtle, the reason for its original name

Mycobacterium chelonei (Goodfellow, 2012).
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Figure 1-1. Seven-day old colony of Mycobacterium chelonae.
A representative colony of M. chelonae growth in 7H11/OADC agar for 7 days at 30°C. The colony is round with
undulated margins, and it has a white pigmentation, with a pale-yellow center.

1.1.1 M. chelonae as a human pathogen

M. chelonae is regarded as an opportunistic pathogen that can infect several parts of the
body, being skin and soft tissue, followed by eye infections. Infections caused by M.
chelonae tend to be localized, and arise after trauma, iatrogenic, or cosmetic procedures,
although disseminated infections have been observed in individuals with underlying. The
infections caused by M. chelonae and other NTMs are often associated with impairment
of the immune system (Lake et al., 2016), but M. chelonae nut is also capable of causing
disease in individuals with no underlying immunosuppressive conditions (Campbell et

al., 2013; Jagadeesan et al., 2013).

It is difficult to determine the incidence of M. chelonae, because reporting infections due
to NTM is not mandatory in many countries. However, there is some epidemiology data
available on NTM infections from some countries, and was recently summarized by

Wagner et al., 2019. Overall, there seems to be a relatively low reported NTM incidence,
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ranging from 0.72-0.74 cases per 100,000 habitants in Germany between 2009 and 2014
(Ringshausen et al., 2016), to 3.2 per 100,000 population in Australia during 2005
(Thomson, 2010). The incidence of NTM in England, Wales, and North Ireland is 7.6
cases per 100,000 inhabitants, putting M. chelonae as the second most commonly isolated
NTM, identified in 9% of the isolated cultures (Shah et al., 2016). The incidence of M.
chelonae varies according to the world region. For instance, in India M. chelonae was the
fourth most commonly isolated NTM from clinical samples from 2013 and 2015 (Umrao
etal., 2016), while in NTM strains collected from selected European countries (this study
does not include the UK), M. chelonae was the seventh most commonly isolated (van der

Werf et al., 2014).

Unlike M. tuberculosis and M. leprae that are only found on their hosts, M. chelonae is
ubiquitously found in the environment, from water sources and soil to house and hospital
plumbs (Falkinham, 2009; Manzoor et al., 1999; Stormer and Falkinham, 1989), and
these environmental niches are thought to be the sources of the latter infecting bacilli. In

the following sections, the type of infections caused by M. chelonae will be outlined.

1.4.1 Skin and soft tissue infections

M. chelonae can cause skin and soft tissue infection usually after a trauma (Mali et al.,
2014) or iatrogenic procedures (Kannaiyan et al., 2015; Kim and Mascola, 2010;
Murback et al., 2015). There are also cases where M. chelonae skin infections arose after
cosmetic procedures such as dermal fillers (Rodriguez et al., 2013), fat injections and
biomesotherapy (lvan et al., 2013), piercings (Pearlman, 1995), and ink tattoos (Bini¢ et

al., 2011). Interestingly, there is also one report from an immunocompetent patient

8
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lacking previous story of trauma and with no comorbidities associated with susceptibility

to mycobacteriosis, that presented erythema due to M. chelonae (Campbell et al., 2013).

While in immunocompetent patients the infections by M. chelonae are usually localized,;
in immunocompromised individuals, the infections often spread, for example, there are
reports of disseminated cutaneous infection has in patients with acute myeloid leukemia
(Roukens et al., 2014), mixed connective tissue disease (Lage et al., 2012), diabetes
(Patnaik et al., 2013), or those under corticosteroids therapy (McCallum and Johnson,

2016; Pinto-Gouveia et al., 2015).

1.4.2 Catheter and port- associated infections

Often the devices used to facilitate the delivery of therapeutics can be colonized by
bacteria, and the consequential infections interfere with the treatment of the original
disease. There is report of M. chelonae colonizing the dialysis machines and the catheters
used by the patients, leading to peritonitis, and in most cases, the infections did not resolve
by the sole use of antibiotics, and the catheters were replaced (Van Ende et al., 2016; Lo

et al., 2013; Okado et al., 2015; Yamada et al., 2015).
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1.4.3 Endocarditis

M. chelonae, along with M. fortuitum and M. abscessus, are the predominant
Mycobacteria causing endocarditis (Yuan, 2014). Early reports have linked endocarditis
caused by M. chelonae after surgical implant of prosthetic hearth valves (Narasimhan and
Austin, 1978), but also on pacemarkers (Hooda et al., 2014), and cardioverter
defibrillators (Whitaker et al., 2016). Surprisingly, M. chelonae caused endocarditis in an

immunocompetent patient without a history of previous trauma (Jagadeesan et al., 2013).

1.4.4 Eye infections

The most commonly isolated mycobacteria from eye infections is M. cheonae, accounting
for around 42% of the reported cases (Kheir et al., 2015). M. chelonae often causes
keratitis which is the inflammation of the cornea (Kheir et al., 2015), usually after a
corneal grafts (Aylward et al., 1987; Chowdhury et al., 2016; Mirate et al., 1983; Murthy
et al., 2013). Apart from the cornea, M. chelonae also causes infections on the white part
of the eye (scleritis) (Holland et al., 2017), dacryocystitis (inflammation on the lacrimal

sac) (Meyer et al., 2011), and eye lids (Moorthy and Rao, 1995).
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1.5 Management of M. chelonae infections

The clinical management of M. chelonae, is challenging, as M. chelonae is regarded as
one of the drug resistant NTMs (Brown-Elliott et al., 2012; Cowman et al., 2016). The
standard therapy for M. chelonae involves the use of a macrolide, usually clarithromycin,
along with a fluoroquinolone (Griffith et al., 2007). Unlike amikacin, the aminoglycoside
tobramycin is effective against M. chelonae, as well as the oxazolidinone linezolid

(Brown-Elliott and Philley, 2017).

This resistance to antibiotics in M. chelonae could be attributed to the poor permeability
of the mycobacterial envelope, as well as the low expression of porins (Garcia et al., 2019)
and the presence of beta lactamases and other efflux pumps (Brown-Elliott et al., 2012)
encoded in its genome. In addition to these genetic traits, M. chelonae is able to form
biofilms in vivo (Aung et al., 2017; Chandra et al., 2001), which are communities of
bacteria encased into extra polymeric substances (EPS), known to foster an increased
drug-tolerance on its residents (Falkinham, 2018; Ojha and Hatfull, 2012). M. chelonae
forms biofilms in medically relevant surfaces (Hall-Stoodley et al., 1999) and in the
cornea of infected mice (Holland et al., 2017). The object of the study of this thesis is M.
chelonae biofilms. Still, due to the leading role of the mycobacterial cell envelope during
biofilm formation, the components and organization of this organelle will be reviewed in

the following sections.
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1.6 Mycobacterial cell envelope

The mycobacterial cell envelope is, without doubt, the most distinct feature of
mycobacteria. It is responsible for giving the bacilli structural support and acting as an
impermeable barrier that confers protection from the environment (Brennan and Nikaido,

1995).

For pathogenic mycobacteria such as M. tuberculosis, some components of the
mycobacterial cell envelope have immunomodulatory properties that allow the bacilli to
evade the immune response from the host (Gago et al., 2018). Such is the relevance of
this organelle that two of the first-line drugs against tuberculosis, isoniazid and
ethambutol, target the synthesis of components of the cell wall (Abrahams and Besra,
2018). Isoniazid inhibits the action of Inh (Banerjee et al., 1994), an enzyme part of the
complex that elongates mycolic acids (Marrakchi et al., 2000), while ethambutol targets
EmbC, an arabinosyltransferase involved in the synthesis of arabinogalactan (Goude et

al., 2009).

The mycobacterial cell envelope is an organelle with relatively low permeability, and this
partly explains the mycobacterial intrinsic resistance to some drugs. For instance, M.
chelonae cell envelope is extremely impermeable to hydrophilic molecules (Jarlier and
Nikaido, 1990), being at least ten times less permeable than M. smegmatis or M.
tuberculosis cell envelopes (Brennan and Nikaido, 1995). Although most of the
components of the cell envelope are well conserved across mycobacteria, others are
species-specific, and these traits seem to have an impact on the bacilli antimicrobial
susceptibility as well as the interaction with the environment (Brennan and Nikaido,

1995).
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Most information on the mycobacterial cell wall derives from studies done in M.
tuberculosis or Mycobacterium smegmatis, a fast grower NTM used as a surrogate for M.
tuberculosis. The following sections detail the available information on the components

of the mycobacterial cell wall, highlighting the particular traits about fast growers NTM.

1.6.1 The structure of the mycobacterial envelope

The mycobacterial cell envelope is formed of four segments, and each one of them is
depicted in Figure 1-2. The first segment is the plasma membrane composed of
phospholipids, referred as mycobacterial inner membrane (MIM). The second segment
consists of peptidoglycan that is covalently linked to arabinogalactan, forming the
arabinogalactan complex, the core of the cell wall. The arabinogalactan chains are in turn
esterified to mycolic acids (MASs), a characteristic long-chain a-alkyl B-hydroxy acid
produced by the genus Mycobacterium and other actinobacteria (Marrakchi et al., 2014;

Nataraj et al., 2015).

MAs, along with non-covalently bound lipids, form a bilayer known as mycobacterial
outer membrane (MOM), the third segment of the mycobacterial cell envelope. Finally a
capsule composed of polysaccharides, proteins, and glycolipids, forms the fourth and
outermost section of the mycobacterial cell envelope (Daffé et al., 2014; Jankute et al.,

2015; Kaur et al., 2009a; Minnikin et al., 2015).
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Figure 1-2. Schematic representation of the mycobacterial cell envelope.

The mycobacterial cell envelope is composed of four segments, a plasma membrane often referred as mycobacterial
inner membrane (MIM), composed mainly of phospholipids. The core of the mycobacterial cell envelope is formed
by peptidoglycan bound to arabino-galactan, which in turn is esterified to mycolic acids (MAs). The mycobacterial
outer membrane (MOM) is formed by glycolipids and free MA that are intercalated with the MAs bound to the
arabinogalactan. The outermost structure or the mycobacterial cell envelope is a capsule formed mainly by proteins
and carbohydrates. GPL- glycopeptidolipids, TDM- trehalosedimycolate, MAs- mycolic acids, TAG- triacylglycerides,
AG- arabinogalactan, PG- peptidoglycan, LAM-lipoarabinomannan, LM- lipomannan, PE- phosphatidyletanolamine,
DPG- diphosphatidylglycerol, PI-phosphatidylinositol, Ac/Ac,PIMs, Ac/Ac2PIM,- mannosylated phosphatidylinositol.
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1.6.1.1 Mycobacterial inner membrane

The MIM of M. smegmatis is made up of several phospholipids, and their structures are
depicted in Figure 1-3. Among the phospholipids present in the MIM are
phosphatidylglycerol (DPG), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
but the most abundant phospholipid is a specie of phosphatidylinositol mannoside (P1M),
the diacyl phosphatidylinositol dimmanoside (Ac2PIM2) (Bansal-mutalik and Nikaido,
2014). One considerable difference of mycobacterial plasma membrane to other bacterial
plasma membranes is the relatively low proportion of the phospholipid
phosphatidylglycerol (Jackson et al., 2000). The MIM of M. smegmatis also contains
other PIMs species, such as the acyl phosphatidylinositol dimannoside (AcPIM2), mono-
and di- acetylated phosphatidylinositol tetramannosides (AcPIMa4/Ac2PIM4), and mono-
and di- acetylated phosphatidyl inositol hexamannosides (AcPIMe/Ac2P1Ms) (Bansal-
mutalik and Nikaido, 2014). In addition to the phospholipids, the hypermannosylated
forms of PIMs, named lipomannans (LM) and lipoarabinomannans (LAM) are anchored

on the MIM (Crellin et al., 2013).
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Figure 1-3. Phospholipids present in the MIM. The phospholipids present in the M. smegmatis MIM are
Diphosohatidylglycerol (B), PE- phosphatidylethanolamine (C), PI- phosphatidylinositol (D), and its mannosylated
derivatives, acetyl phosphatidylinositol dimannoside (E), diacetyl phosphatidylinositol dimannoside (F), acetyl
phosphatidylinositol hexamannoside (G), and diacetyl phosphatidylinositol hezamannoside (H). The phospholipid
phosphatidylglycerol (A) is also present in the MIM, although in low quantities.

PIMs, LM, and LAM share a conserved Pl anchor, which consists of sn-glycero-3-(1-D-
myo-inositol) that is further mannosylated at the O-2 and O-6 residues of the myo-inositol
residue (Kaur et al., 2009b). In addition to the anchor, LM and LAM possess a mannan
core composed of 21-34 Manp residues linked by an a(1—6) glycosidic bond, with
branches of a single o(1—2)Manp residues (Misaki et al., 1977), with the notable
exception of LAM and LM of M. chelonae, where the branching occurs at the C-3 position
(Guérardel et al., 2002a). The length and the degree of branching vary according to the
mycobacterial specie (Kaur et al.,, 2009a). For LAM, the mannan core is further
glycosylated with linear chains of a(l1—5)Araf residues, decorated with a(3—35)Araf
branches (Jankute et al., 2015). The non-reducing end of the arabinan domain is capped
by different motifs that are species-dependent (Kaur et al., 2009a). M. chelonae lacks a
capping motif (Guerardel et al., 2002b); while the capping motif in other fast growers

NTM, such as M. smegmatis and M. fortuitum is phospho-myo-inositol (Khoo et al.,
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1995), the capping motif of some slow-growing mycobacteria (M. tuberculosis, M. bovis,

M. leprae, M. avium), consists of a(1—2)-linked Manp residues (Chatterjee et al., 1992).

1.6.1.2 Arabinogalactan-peptidoglycan (AGP) complex

The arabinogalactan-peptidoglycan complex surrounds the mycobacterial inner
membrane. It provides structural stability to the MOM and, and also regulates the osmotic
stress on the bacilli (Brennan and Nikaido, 1995). It is composed of a mesh-like structure
of peptidoglycan that is covalently linked to the arabinogalactan complex; however, the
exact spatial conformation of the components is still under debate (Alderwick et al.,

2015).

1.6.1.2.1 Peptidoglycan

The peptidoglycan (PG) localizes outside the plasma membranes in most bacteria. The
peptidoglycan from mycobacteria is formed of repetitive units of N-acetylglucosamine
(GlcNac) and N-acetylmuramic acid (MurNac) via a f(1—4) linkage (McNeil et al.,
1990b). The peptidoglycan from mycobacteria has a distinctive feature, as a proportion
of MurNac residues are modified to N-glycolylmuramic acid (N-MurGlyc) (Raymond et
al., 2005), that is believed to increase the overall strength of the peptidoglycan (Alderwick

et al., 2015).

The mycobacterial peptidoglycan chains possess a linker unit formed of the tetrapeptide

L-alanyl-D-isoglutaminyl-meso-diaminopimelic-D-alanine that is cross-linked between
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meso-diaminopimelic acid(m-DAP)and D-alanine(3—4), allowing the formation of
mesh-like structures with the PG chains (Alderwick et al., 2015; Jankute et al., 2015).
The PG is covalently bound to the galactan domain of the arabinogalactan complex,
where the -OH residues from the C6 of muramic acid residues bind to C-5 of the B(1—6)
Galf residues (Besra et al., 1995) from arabinogalactan forming a phosphodiester bond,
via a unique linker unit consisting of a-L-ramhnopyranose-(1—3)-a-D-GIcNAc-(1-P)

(McNeil et al., 1990b).

1.6.1.2.2 Arabinogalactan complex

The heteropolysaccharide arabinogalactan (AG) is acknowledged as the principal cell
wall polysaccharide in mycobacteria (Kaur et al., 2009a). It is composed of galactose
(Gal) and arabinose (Ara), both in the furanose (f) form (McNeil et al., 1987). The
galactan component consists of a chain of about 30 units of 5- and 6- B-D-Galf (McNeil
et al., 1990a). The arabinans chains are made of a-1,5-linked Araf, and the branches are
introduced by a-3,5- bond in some of the Araf units (Daffe et al., 1990). The inner core
of the arabinan domain is decorated with up to three succinyl esters, and interestingly,
only those chains that are not bound to mycolic acids are succynylated (Bhamidi et al.,

2008).

The nonreducing ends of the arabinan chains consist of an hexa-arabinoside motif [[3-D-
Araf-(1—2)-a-D-Araf]2-3,5-a-D-Araf-(1—5)-a-D-Araf], where the C5 of the terminal

B-D-Araf and the penultimate 2-a

-D-Araf serves as an attachment site for mycolic acids (McNeil et al., 1991).
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1.6.1.3 Mycobacterial outer membrane

The mycobacterial outer membrane has a thickness of 7-8nm (Sani et al., 2010). The inner
leaflet is made of the mycolic acids that are bound to the arabinogalactan complex, while
the outer leaflet consists of diverse lipids intercalated to the tails of the mycolic acids of

the inner leaflet (Bansal-mutalik and Nikaido, 2014).

Recently, a study using a reverse micellar approach found that the non-covalently bound
lipids from the M. smegmatis MOM are glycopeptidolipids (GPLs), trehalose dimycolate
(TDM), free mycolic acids (FMA), and diacyl and triacylglycerols (DAG, TAG) (Bansal-

mutalik and Nikaido, 2014).

1.6.1.3.1 Mycolic acids

Mycolic acids (MA) are 2-alkyl, 3-hydroxy long-chain fatty acids (Marrakchi et al.,
2014). The breakdown of a molecule of MA yields an intact fatty acid, also known as the
a-branch, and a longer aldehyde, often referred as the merochain (Figure 1-4) (Barry et al.,

1998).
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Figure 1-4. Schematic representation of mycolic acids.

The molecule of a mycolic acid originates by the condensation of a meroaldehyde and a fatty acid (A). The merochain
moiety (red) of the mycolic acid molecule originates from the meroaldehyde, while the alpha branch (blue) comes
from the fatty acid molecule. M. chelonae produces two classes of mycolic acids, the a-mycolic acid (B), and o’- (C)
mycolic acid. The a- and a’-mycolic acids differe in the length of their mero chain, being shorter in a’-mycolic acids.

According to the functionalization and length of the merochain, seven different types of
mycolic acids have been identified in mycobacteria. a-mycolic acids, which contain from
70 to 74 carbon units, and typically have cis-cyclopropyl groups or two double bonds in
the meromycolic branch. The a’-mycolic acids, which have a single cis-double bond and
are shorter in length (from 60 to 62 carbon atoms). There are also five types of oxygenated
mycolic acids and are classified according to the functional group adjacent to a methyl
group within the meromycolate branch. The oxygenated mycolic acids are keto-,
methoxy, epoxy-, wax esther-, and hydroxyl-mycolic acids (Marrakchi et al., 2014). All
the studied mycobacteria are found to produce a-mycolic acids, and most of the
mycobacteria produce keto-mycolic acids. Although a’-mycolic acids are produced by a

vast amount of mycobacteria, this mycolic acid species is absent in M. tuberculosis (Barry
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et al., 1998). M. chelonae produces only aand o’ mycolic acids (Barry et al., 1998). The
a-branch of all mycolic acids from M. chelonae has a length of 24 carbon units, while the

merochain for the a-mycolic has a length of 48-54 carbon units (Kaneda et al., 1986).

Mycolic acid biosynthesis requires two types of fatty acyl synthases, the eukaryotic-like
type | fatty acid synthase (Fas-1) that synthesize de novo short-chain fatty acids, and a
prokaryotic-like type 1l fatty acid synthase (Fas-11) which elongates fatty acids to form
the distinctively long merochain of mycolic acids (Marrakchi et al., 2014; Nataraj et al.,
2015). In M. tuberculosis, Fas-1 is encoded by the gene fas and consists of a single
polypeptide (Zimhony et al., 2004), while Fas-11 involves discrete dissociable enzymes

that catalyze the elongation of the fatty acids (Barry et al., 1998).

The activity of Fas-1 and Fas-1l involves the four sequential enzymatic activities: -
ketoacyl synthase (KAS), B-ketoacyl reductase (KR), B-hydroxy acyl dehydratase (DE),
and an enoyl reductase (ER) (Nataraj et al., 2015). The synthesis of mycolic acids is
initiated by Fas-1 that elongates de novo fatty acids of 18 or 24-26 carbon units, and these
short-chain fatty acids are likely to act as substrates for Fas-11 to be further elongated to
60 carbon units chains (Marrakchi et al., 2014; Nataraj et al., 2015), because

mycobacterial Fas-I1 cannot synthesize fatty acids de novo(Odriozola et al., 1977).

The elongating of the fatty acids in Fas-1 and Fas-11 requires of the successive addition of
two-carbon units form malonyl-coenzyme A (CoA) (Daniel et al., 2007). In Fas-II, the
malonyl moiety from malonyl-CoA is transferred to an acyl carrier protein (ACP) by
FabD (Kremer et al., 2001) to form p-ketoacyl-ACP. From that point, the chain will go
through four iterative steps for elongating the nascent chain. First, the keto group is
reduced by the action of MabA (Marrakchi et al.,, 2002) to form a B-hydroxyl
intermediate, and the subsequent dehydration of the B-hydroxyl intermediate to form

enoyl-ACP is carried by the heterodimers HadAB or HadBC (Brown et al., 2007; Sacco
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et al., 2007). The enoyl-ACP is further reduced by InhA (Vilchéze et al., 2000) to form
an Acyl-CoA. The following elongation rounds will be then initiated by KasA or KasB,
B-ketoacyl synthases (Bhatt et al., 2007; Gao et al., 2003) until the acyl chains reach the

required length.

The a-branch and the merochain are condensed by Pks13 (Gande et al., 2004; Portevin et
al., 2004) to yield an oxo-mycolic acid. This latter is further reduced by the action of
Rv2509 (in M. tuberculosis) to yield a fully mature mycolic acid (Bhatt et al., 2008).
DesAl introduces the double bonds in the merochain of a-mycolic acids, and this

modification likely occurs during the merochain elongation (Singh et al., 2016).

Prior exportation from the cytosol, mycolic acids are bound to trehalose, although the
mechanism has not yet been identified (Takayama et al., 2005). TMM is then transported
to the cytoplasm by Mmpl3 (Varela et al., 2012; Xu et al., 2017), where the mycoloyl
residues are transferred to the cell wall acceptors, in a process mediated by the proteins

from the Antigen85 (Belisle et al., 1997; Puech et al., 2002).

1.6.1.3.2 Trehalose dimycolate

Trehalose dimycolate (TDM, Figure 1-5) is present on the outer leaflet of the M. smegmatis
MOM (Bansal-mutalik and Nikaido, 2014). It was one of the first identified lipids from
mycobacteria and is known to have several immunomodulatory properties. TDM is
synthesized by the proteins of the Antigen 85 that transfer a mycoloyl group from one

molecule of TMM to another molecule of TMM (Belisle et al., 1997).
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Figure 1-5. Trehalose dimycolate. The glycolipid trehalose dimycolate (TDM) is present on the MOM. It is composed
by two mycolic acid molecules esterified to C6 of each glucose residue from the trehalose.

1.6.1.3.3 Glycopeptidolipids

Glycopeptidolipds (GPLs), formerly known as c-mycosides, are a group of lipids present
in some NTM such as M. avium, M. smegmatis, M. abscessus, M. fortuitum, and M.
chelonae (Fujiwara et al., 2015). In M. smegmatis, GPLs account for almost half of the
lipids of the non-covalently bound lipids from the MOM (Bansal-mutalik and Nikaido,
2014). The structure of a GPL (Figure 1-6) consists of a 3-hydroxylated or a 3-
methoxylated fatty acid, usually from 26 to 36 carbons long, linked to the tripeptide D-
Phe-D-alloThr-D-Ala by an amide bond. The tripeptide is in turn terminated with an L-
alaninol residue. The D-alloThr residue is glycosylated with a di-O-acetylated 6-
deoxytalosyl unit, and the L-alaninol residue is glycosylated with a 3,4-O-methyl-

rhamnose (Daffé et al., 2014).
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Figure 1-6. Generic structure of glycopeptidolipids. The GPLs are composed by either a fatty acid (blue) bound to the
tripeptide Phe-D-alloThr-D-Ala (orange). The C3 from the fatty acid moiety is either methoxylated in or hydroxylated
(R1, blue). The D-alloThr residue from the tripeptide is further glycosylated with a di-O-acetylated 6-deoxytalosyl
unit, and the L-alaninol residue is glycosylated with a 3,4-O-methyl-rhamnose. The C2 from the 3,4-O-methyl-
rhamnose residue is methoxylated in GPL-1 and GPL-2, while in GPL-5 and GPL-6 the substituent is a 3-O-
methylrhamnose.

According to the number of sugars linked to the lipopeptide core, two major types of
GPLs can be distinguished. The non-polar GPLs, GPL-(1-4), contain only two sugars,
while the polar GPLs contain more than two. Unlike the polar GPLs of M. avium, where
the extra sugars are bound to the 6-deoxy-talose (Daffé et al., 2014), The polar GPLs of
M. smegmatis (GPL-5 and GPL-6) have the second 3-O-methyl-rhamnose linked to the
one bound to the alalinol residue (Villeneuve et al., 2003). These triglycosilated GPLs
(GPL-6 and GPL-6) were only observed in M. smegmatis when it was cultured in carbon
starvation media (Ojha et al., 2002), although triacetylated GPLs had been observed first
in M. fortuitum (LOpez Marin et al., 1991), and M. abscessus and M. chelonae (Lopez-
Marin et al., 1994). The GPLs produced by M. chelonae and M. abscessus are
indistinguishable from the GPLs produced by M. smegmatis, but their relative abundance

differs among the three species (Ripoll et al., 2007).
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In M. smegmatis, the synthesis of the GPLs is currently thought to involve around 24
genes (Daffé et al., 2014), and some of them have already been characterized (Schorey
and Sweet, 2008). The non-ribosomal peptide synthases Mps1 and Mps2 are responsible
for the synthesis of the peptidic moiety (Billman-Jacobe et al., 1999), while Pksl is
thought to synthesize the acyl chain linked to the peptidic moiety (Sonden et al., 2005).
The glycosyltransferases involved in the addition of the 6-deoxytalose is Gftl (Eckstein
et al., 2003; Miyamoto et al., 2006), while Gft2 catalyzes the addition of the 3,4-di-O-
methyl-rhamnose to the alalinol residue (Eckstein et al., 2003; Miyamoto et al., 2006).
Gft3 adds the second 3,4-di-O-methyl-rhamnose for the formation of the polar GPL-5 and
GPL-6 (Miyamoto et al., 2006). Finally, the translocation of GPLs in M. smegmatis and
M. abscessus, is mediated by MmpL4 (Deshayes et al., 2010; Nessar et al., 2011; Recht

et al., 2000).

1.6.1.4 Capsule

Mycobacteria possess a capsule that has a thickness of ~30nm (Sani et al., 2010).
Although its composition varies among mycobacterial species (Lemassu et al., 1996b), in
general it is formed by neutral polysaccharides, proteins, and in a minor proportion, lipids
(Ortalo-Magne et al., 1995). This structure is easily shed from the bacilli when grown in
the presence of detergents (Sani et al., 2010), which is the standard protocol for culturing

mycobacteria in the laboratory.
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1.6.1.4.1 oa-glucan

The most abundant polysaccharide in all the studied mycobacterial capsules is a-glucan
(Lemassu et al., 1996b; Lemassu and Daffe, 1994; Ortalo-Magne et al., 1995). The
synthesis of this polymer is the product of the iterative action of GlgB and GIgE. First,
the maltosyl transferase GIgE creates linear chains of —4-a-D-Glcp-1— residues, using
maltose-1-phosphate (Kalscheuer et al., 2010a). Once GIgE has elongated the chain to
about 16 units, GlgB introduces a branch by cleaving 7-8 residues from the non-reducing
end of the elongated maltooligosaccharide, and creates the branch by transferring the
cleaved residues back into the chain via an a-1,6 bond (Rashid et al., 2016). The final o-
glucan has an apparent molecular weight of 120kDA (Dinadayala et al., 2008; Lemassu
and Daffé, 1994; Ortalo-Magne et al., 1995), and its generic structure is depicted in Figure
1-7. Although the synthesis of capsular a-glucan is carried out in the cytosol (Koliwer-
brandl et al., 2016), the mechanism involved in the export of this polymer to the capsule

remains unknown.

Figure 1-7. Generic structure of capsular a-glucan from mycobacterial species. The glucan from mycobacterial species
is composed of chains of glucose bound by an a—>1,4 glycosidic bonds and decorated with ramifications arising from
the C6 of some residues.
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1.6.1.4.2 Mannans and arabinomannans

Mannans and arabinomannans are also present in the mycobacterial capsule (Lemassu et
al., 1996b; Lemassu and Daffé, 1994; Ortalo-Magne et al., 1995), and share the same
structure as the moieties from LAM and LM (Guérardel et al., 2002b), so it is likely that

these originate from the cleavage of LAM and LM by a mechanism yet to be determined.

1.6.1.4.3 Lipids in the mycobacterial capsule

Lipids are a minor component of the mycobacterial capsules (Ortalo-Magné et al., 1996)
except in M. leprae (Hunter et al., 1982) and M. lepraemurium (Draper and Rees, 1973),
mycobacterial species which capsules possess large amounts of phenolglycolipids (PGLS)
and GPLs respectively. The study of the lipids present in the capsule of several
mycobacteria determined that the lipid composition varies according to each specie
(Ortalo-Magné et al., 1996). M. tuberculosis capsule harbours species-specific lipids,
such as phenolglycolipids (PGLs), lipooligosaccharydes (LOS), dimycoserosates
phthiocerols, as well as the non-species specific PIMs (Ortalo-Magné et al., 1996). The
lipids present in the M. smegmatis capsule, TMM, TAG, PE, and PIMs, are non-species
specific, with the notable exception of GPLs (Ortalo-Magné et al., 1996; Villeneuve et

al., 2003).
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1.7 Biofilms

Biofilms are communities of bacteria that grow surrounded by a matrix of extra-
polymeric substances (EPS). Biofilms seem to be the preferred mode of growth for many
bacteria (Davey and O’toole, 2000), as around only 0.1% of the world’s bacteria live as

planktonic (free-living) bacteria (Mah and O’Toole, 2001; Potera, 1998).

Biofilms in the clinical settings have tremendous importance, as up to 80% of the human
bacterial infections are associated with biofilm formation (Rémling and Balsalobre,
2012). Microorganisms can colonize the human host and implantable devices, forming
pathogenic biofilms, that derive into infections that are difficult to eradicate (Aparna and

Yadav, 2008)

A typical example of pathogenic biofilms formed in human tissues is periodontitis, where
bacteria colonize the supporting structure of the teeth, causing chronic inflammation that
may lead to tooth loss (Kinane et al., 2017). Other diseases caused by pathogenic biofilm
are urinary tract infections caused by uropathogenic Escherichia coli (Anderson et al.,
2001), chronic wounds infected with Pseudomonas aeruginosa (James et al., 2007),
osteomyelitis caused by Staphylococcus aureus (Brady et al., 2007), and lung infection

by P. aeruginosa in cystic fibrosis patients (Singh et al., 2000).

Medical and implantable devices can also be colonized by microorganisms, causing
posterior infections that often resolve only after the removal of the implanted device
(Rémling and Balsalobre, 2012). Among the most common bacteria that colonize
implantable devices are Enterococcus faecalis, Staphylococcus aureus, Staphylococcus
epidermis, Streptococcus viridans, Escherichia coli, Klebsiella pneumonia, Proteus

mirabilis, and Pseudomonas aeruginosa (Khatoon et al., 2018).
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Although the biofilms formed by the pathogens mentioned before differ vastly in
composition, the resulting infections share some similar traits, such as recalcitrance to
antibiotics. Biofilms are known for fostering drug-tolerance on the residing
microorganisms, perhaps, because the environmental heterogeneity within the biofilm
structures results in the arising of populations of microorganisms with different metabolic

activities, and thus different susceptibility to drugs (Bjarnsholt et al., 2013).

1.7.1 The development of the biofilm

Prior biofilm formation, planktonic bacteria sense extracellular signals that result in the
synthesis of second messengers (intracellular molecules) that lead to the modulation of
the metabolism for biofilm formation (Tamayo et al., 2007). In many bacteria the second
messenger cyclic diguanylate (c-di-GMP) modulates the transition from planktonic

bacteria to biofilms (Tamayo et al., 2007).

Biofilms can occur either attached to biotic or abiotic surfaces, submerged under fluids,
or also in the liquid-air interphase, and are then called pellicles (Kovacs and Dragos,
2019). Although there is a high heterogeneity on the signals or molecular components
contributing to biofilm formation across bacteria (Lépez et al., 2010), all biofilms go
through five distinctive stages from their formation to the dispersion of the structure

(Sauer, 2003), as shown in Figure 1-8.
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Figure 1-8. The biofilm life cycle

In Stage |, planktonic bacteria deposits into a surface. The attachment becomes irreversible when the deposited bacteria start
secreting EPS (Stage I1), and the structure develops into a mature state (Stage Ill). When the biofilm is fully mature (Stage IV), it
goes through processes that lead to the dispersion of the structure (Stage V).

During Stage I, the bacterial cells attach in a reversible mode to a surface. In Stage Il, the
attachment becomes irreversible due to the secretion of extra-polymeric substances
(EPS). At stage I11, the biofilm enters into an early maturation stage, where its architecture
is defined. When the biofilm has reached a sufficiently mature structure, then it has
reached Stage IV. Finally, during Stage V, several mechanisms on the biofilm are

activated and lead to the dispersal of the structure (Aparna and Yadav, 2008; Sauer, 2003).

1.8 Biofilms of mycobacteria

The spontaneous formation of pellicles for mycobacteria has been observed since the very
first years of mycobacteriology. Mycobacteria usually form clumps when grown in the
absence of detergents, and perhaps this predisposition to self-associate facilitates the
biofilm formation (Islam et al., 2012; Zambrano and Kolter, 2005). For instance, M. bovis
BCG, the available vaccine for TB, is sometimes grown as a pellicle (Dietrich et al.,
2002).
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While most mycobacteria form pellicles (Ojha et al., 2008), some mycobacteria, as M.
chelonae, M. smegmatis and, M. abscessus, can also form surface-attached biofilms
(Recht and Kolter, 2001; Rose et al., 2015), and colonize a wide array of surfaces, being
found in household plumbing and implantable medical devices (Falkinham, 2009).
Among the mycobacteria that form biofilms in the environment as well as in the human
host we found M. chelonae (Holland et al., 2017), M. abscessus (Qvist et al., 2015), and
M. ulcerans (Marsollier et al., 2007); and it has even been suggested that M. tuberculosis
could form biofilm-like structures in vivo, nevertheless this is still under debate (Lenaerts

et al., 2007; Orme, 2013).

Most of the studies in mycobacterial biofilms have been done in pellicles, as this
spontaneously-formed structure yields a fair amount of biomass that facilitates further
analysis. The biochemical characterization of mycobacterial biofilms has highlighted cell
wall components as the major components of the biofilms EPS (Chakraborty and Kumar,
2019). In the following sections the available information on the role of different

molecules during biofilm formation is reviewed.

1.8.1 Lipid metabolism during biofilm formation

Lipid metabolism plays a leading role in mycobacterial biofilm formation (Ojha et al.,
2008; Pacheco et al., 2013; Pang et al., 2012; Recht and Kolter, 2001; Roése et al., 2004;
Sambandan et al., 2013), and have been the most extensively studied components of the

mycobacterial biofilm matrix.
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One of the most distinctive phenotypes in mycobacterial biofilms is the accumulation of
free mycolic acids, observed in M. tuberculosis (Ojha et al., 2008; Sambandan et al.,
2013) and M. smegmatis (Ojha et al., 2010). The increase in the production of mycolic
acids during biofilm formation in M. smegmatis is mediated by GroEL1, which binds to
KasA and aids in the synthesis of long-chain fatty acids (Ojha et al., 2005). In M.
smegmatis, the accumulation of FMA is partly consequence of the enzymatic hydrolysis
of TDM (Qjha et al., 2010), and this glycolipid is also essential for biofilm formation
(Ojha et al., 2010). Interestingly, M. avium biofilms show a decrease in the TDM content

but do not appear to accumulate FMA (Totani et al., 2017).

In addition to TDM, mycolyldiacylglycerols (MDAGS) have also been associated with
biofilm formation in M. smegmatis (Chen et al., 2006; Pacheco et al., 2013). The
essentiality for biofilm formation of MDAG was first identified in an M. smegmatis
mutant lacking Lsr2, a global transcriptional regulator present in several mycobacteria
(Chen et al., 2006). The mycobacteria membrane protein large 11 (MmpL11) was then
identified to be the transporter of MDAGSs and mycolate wax ester in M. smegmatis, and
thus essential for biofilm formation (Pacheco et al., 2013). MmpL11 is also required for
biofilm formation in M. tuberculosis, although only mycolate wax ester was identified as

a substrate for this transporter (Wright et al., 2017).

Glycopeptidolipids contribute to biofilm formation in NTMs (Freeman et al., 2006;
Howard et al., 2006; Nessar et al., 2011; Recht et al., 2000; Recht and Kolter, 2001). In
M. smegmatis acetylated GPLs mediate the attachment of the bacilli to several surfaces
(Recht and Kolter, 2001; Yang et al., 2017), and although the absence of GPLs delays
pellicle formation in M. smegmatis, these are dispensable for the formation of this type

of biofilm (Yang et al., 2017).
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1.8.2 Carbohydrates and biofilm formation

Polysaccharides are the major components of the extracellular matrix (ECM) in most
types of biofilms (Flemming and Wingender, 2010). In mycobacterial biofilms, lipids are
often regarded as the major components of mycobacterial biofilms; however confocal
laser scanning microscopy (CLSM) analysis and biochemical analysis of the ECM show
that carbohydrates are the bulk component of the mycobacterial biofilms (Lemassu et al.,

1996b; Lemassu and Daffé, 1994; Trivedi et al., 2016).

In all of the studied mycobacterial pellicles, the ECM is composed of neutral
polysaccharides, and a-glucan was identified as the predominant species, followed by
arabinommanans, and mannans (Lemassu et al., 1996a; Lemassu and Daffé, 1994), the
same polysaccharides present in the mycobacterial capsule (Dinadayala et al., 2008;
Ortalo-Magne et al., 1995). More recent studies show that thiol-induced M. tuberculosis
biofilms and M. smegmatis pellicles contain cellulose-like polysaccharides (Trivedi et al.,
2016; Wyk et al., 2017), somehow conflicting with previous observations, where the

glycosidic bond of the glucans was determined to have an a configuration (Dinadayala et

al., 2008).
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1.8.3 Role of extracellular DNA in biofilms

In many biofilms, extracellular DNA (eDNA) is an essential structural component of the
ECM (Okshevsky and Meyer, 2015), and in some microorganisms, triggers responses that
contribute to drug tolerance from the residing microorganisms (Okshevsky and Meyer,
2015). The biofilms formed by M. chelonae, M. abscessus, M. avium, and M.
tuberculosis, contain extracellular DNA (eDNA) (Rose et al., 2015; Rose and Bermudez,
2016; Trivedi et al., 2016), and in surface-attached biofilms formed by M. chelonae, M.
abscessus, and M. avium, HCO3 triggers the release of eDNA (Rose and Bermudez,

2016).

M. tuberculosis is capable of forming colonies of drug-tolerant bacilli attached to DNA
from lysed leukocites (Ackart et al., 2014a). These microcolonies had a thickness of
~28um and were surrounded by complex polysaccharides (Ackart et al., 2014a), very
much resembling biofilms. The drug tolerance of these microcolonies was reverted after
treatment with tween 80 or DNAse (Ackart et al., 2014a) or by adding imidazole-based
compounds, that inhibit pellicle formation in M. smegmatis (Ackart et al., 2014b).
Detailed observation of these structures by confocal laser scanning microscopy (CLSM),
showed that eDNA served as an attachment scaffold for M. tuberculosis microcolonies to
the culture well surface (Ackart et al., 2014a), and this observation is in agreement with
the study by Trivedi et al. 2016 in M. tuberculosis biofilms, where the eDNA seems to
mediate the attachment of the bacilli to the culture flasks in thiol-induced biofilms

(Trivedi et al., 2016).
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1.8.4 Proteins in mycobacterial biofilms

There is limited information regarding the role of proteins present in the mycobacterial
ECM. Proteins play a structural role in thiol-induced M. tuberculosis biofilms (Trivedi et
al., 2016), and in M. avium SA-biofilms, the most abundant proteins present on the ECM
(Rose and Bermudez, 2016) include Wag31, a protein that regulates cell wall biosynthesis
is mycobacteria (Kang et al., 2008); SodA and KatG, enzymes associated with the
maintenance of the REDOX homeostasis in mycobacteria (Kumar et al., 2011); a DNA

binding protein (MAVAG6_16770); and the Antigen 85B.

1.9 Is there a unified mechanism for biofilm formation in
mycobacteria?

The biofilms formed by M. smegmatis have been extensively studied, and this has
allowed the identification of components and mechanisms required for the development
of this structure. GPLs are required for the initial attachment of the bacilli to the
substratum making them essential for SA-biofilm formation in NTM (Recht and Kolter,
2001), and although they facilitate the formation of the pellicle in vitro, the intercellular
aggregation is more relevant during pellicle formation. Interestingly the intercellular
aggregation is modulated in M. smegmatis by Lsr2, a transcriptional regulator that also

mediates the production of MDAG (Chen et al., 2006; Yang et al., 2017).

After cells have aggregated, there is an overall increase in the synthesis of FMA mediated
by GroEL1 (Ojhaetal., 2005) followed by an induction on the expression of genes related

with iron uptake (Yang et al., 2017), a mineral essential for the formation of mature
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pellicles in M. smegmatis (Ojha and Hatfull, 2007). The increase in the synthesis of free
myecolic acids and the up-regulation of iron acquisition genes define the early maturation
stage of M. smegmatis biofilms (Yang et al., 2017). The stage of late maturation is defined
by induction of genes related to nitrogen acquisition (Yang et al., 2017), a process
mediated in by the transcriptional regulator GInR, which leads to a peroxide-resistant

phenotype on biofilms (Yang et al., 2018).

An imbalance in the REDOX metabolism triggers various mechanisms required for
biofilm formation in several microorganisms (Gambino and Cappitelli, 2016), including
mycobacteria (Anand et al., 2015; Trivedi et al., 2016; Wolff et al., 2015). A way of
assessing the REDOX balance in the cells is to measure the oxidation state of the
nucleotide nicotinamide adenine dinucleotide, NAD(H), or its phosphorylated version
NADP(H) (Liu et al., 2019). The NADH/NAD" ratio in M. smegmatis biofilms is about
three times higher than planktonic bacteria, and the adenosine triphosphate (ATP) level
is halved compared to ATP in planktonic cultures (Anand et al., 2015), suggesting
impaired respiration and augmented reductive stress in M. smegmatis pellicles (Anand et
al., 2015). M. tuberculosis forms biofilms after exposure to dithiotreitol (DTT), a
molecule widely used for producing reductive stress in bacteria (Trivedi et al., 2016). In
mycobacteria, elevated levels of NADH induce the transcription of the protein kinase
PknG (Wolff et al., 2015), that act on substrates known to regulate the central carbon
metabolism (Rieck et al., 2017; Ventura et al., 2013), and it is required for biofilm
formation (Wolff et al., 2015), further highlighting the role of reductive stress as a trigger

of biofilm formation in mycobaceria.

The effect of the second messenger c-di-GMP during biofilm formation has also been
assessed in mycobacteria (Flores-Valdez et al., 2012; Gupta et al., 2016). Mycobacteria

possess the enzymes for metabolizing c-di-GMP (Cui and He, 2012; Hong et al., 2013;
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Kumar and Chatterji, 2008), but the role of this second messenger in mycobacterial
biofilm formation shows conflicting evidence, as some studies show that c-di-GMP
contributes to biofilm formation in M. smegmatis (Gupta et al., 2015) and M. bovis BCG
(Flores-Valdez et al., 2015), while other studies found it being dispensable for biofilm

formation (Kumar and Chatterji, 2008).

Although some molecular changes occurring during biofilm formation have been defined
in some mycobacteria, there is not yet a comprehensive description that integrates the role
of other vital components of the ECM, such as polysaccharides or eDNA; nor the
molecular traits associated with the dispersion of the mycobacterial biofilms. The
presence of polysaccharides and eDNA has been observed in many of the the studied
mycobacterial biofilms, suggesting that perhaps the presence of eDNA is a conserved trait
in mycobacterial biofilms, so it is important to carry more research in order to elucidate
the mechanisms orchestrating biofilm formation in mycobacteria, especially in

pathogenic mycobacteria that form biofilms in vivo, such as M. chelonae.
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1.10 Aim

The overarching aim of this thesis is to conduct a characterization of M. chelonae biofilms
at a molecular level and a spatial level, aiming to further contribute to the elucidation of

the mechanisms responsible for biofilm formation in M. chelonae.

1.10.1 Specific objectives

The specific objectives of the work described in this thesis are:

¢ To define the structural organization of M. chelonae pellicular biofilms.

e To characterize the changes occurring in cell call lipids and carbohydrates during
biofilm formation.

e To identify the overall changes in the composition of the biofilm through time
using Raman spectroscopy.

e To investigate the changes in the M. chelonae transcriptome during biofilm
formation.

e Amalgamate the information gained from working towards the above objectives
to identify molecules and mechanisms involved in mycobacterial pellicle

formation.
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2.1 Introduction

Scanning electron microscopy (SEM) has been widely used for imaging biofilms because
it produces 3D images with high resolution (Surman et al., 1996). SEM provides
invaluable information on the morphology of biofilms. SEM has been used to identify ex
vivo biofilms in tooth root canals, allowing the identification of different morphologies
according to the stage of the infection (Distel et al., 2002). SEM also allows observing
the aggregation and cord formation in mycobacterial biofilms (Abidi et al., 2014; Hall-
Stoodley et al., 1999; Julian et al., 2010; Sambandan et al., 2013; Sochorova et al., 2014;

Sousa et al., 2015; Totani et al., 2017; Trivedi et al., 2016).

Although SEM is a technique that allows the visualization of bacterial biofilms in a high
range of amplification and very high resolution, it does not provide information on the
identity of biofilm components (Gomes et al., 2014). A way to visually identify the
components of the biofilm matrix can be achieved by using Confocal Laser Scanning
Microscopy (CSLM), using fluorophores targeting specific components of the biofilm

matrix.

CLSM allows the capture of two-dimensional optical sections of a specimen that can be
later used to recreate three-dimensional reconstructions (Luo et al., 2018) by scanning the
specimen with a focused beam of light (usually a laser). The generated fluorescent signal
is detected by a photomultiplier tube through a pinhole, and the resulting signal is finally

built into an image by a computer (Rai and Dey, 2011).

CLSM is hugely versatile as we can select specific fluorescent stains and genetically
engineered organisms for visualizing specific components of the studied sample. Many
fluorophores have been functionalized changing their permeability and increasing its

specificity, and are commercially available.
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The availability of fluorphores, and the possibility to genetically modify microorganisms
to express fluorescent proteins, make CLSM a gold standard for the study of biofilms.
When quantitative image analysis follows image acquisition, the resulting information
can also provide quantitative data on different properties of the biofilm matrix (Schlafer
and Meyer, 2017). There is software that facilitates the calculus of geometrical parameters
such as biovolume and colocalization coefficients, which can help researchers to describe
biofilms objectively (Schlafer and Meyer, 2017). The calculus of geometrical parameters
from bacterial biofilms made possible to assess the changes on the biofilm biovolume
under different conditions (Guilbaud et al., 2015), or in response to antimicrobials (Jung
et al., 2014), and have also made possible the monitoring of specific components of the

ECM through time (Gonzéalez-Machado et al., 2018).

In mycobacteria, CLSM has allowed the observation of the morphology of the biofilm
and the components of the biofilm matrix (Aung et al., 2016; Hall-stoodley et al., 2006;
Julian et al., 2010; Martin-de-Hijas et al., 2009; Trivedi et al., 2016; Wouters et al., 2010).
CLSM made possible the measuring of the NADH/NAD™ ratio across the structure
(Anand et al., 2015), and biovolumes of components of the ECM (Trivedi et al., 2016).
The quantitative description components of the ECM using CLSM could allow the
comparison of mycobacterial biofilm development through time, between species, and in
response to antimicrobials, which could be useful in the development of strategies against

mycobacterial biofilms.
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2.2 Aim

The aim of this chapter is to describe the structure of M. chelonae biofilms and determine

the presence of extra polymeric substances by using microscopy.

2.2.1 Specific objectives

— Describe the morphology of M. chelonae biofilms using SEM.

— ldentify the presence of extra polymeric substances in M. chelonae biofilms
CLSM.

— Calculate geometric parameters to describe the polymers present in the M.

chelonae biofilm.

2.3 Results

2.3.1 Mycobacterium  chelonae pellicles have similar

ultrastructure to other mycobacterial biofilms.

Mycobacterial pellicles have been widely cultured in Sauton’s media (Esteban and
Garcia-Coca, 2018; Ojha et al., 2008; Trivedi et al., 2016) because its primary carbon

source is glycerol, which allows copious growth of many mycobacterial species (Keating
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et al., 2005). Aiming to facilitate the comparisons with information available in the study
of other mycobacterial biofilms, we chose Sauton’s media for growing M. chelonae

pellicles and planktonic bacteria (see section 7.4.2 and 7.4.3).

M. chelonae pellicles grown in Sauton’s media for 5 days are opaque, and possess a
creamy coloration (Figure 1-1), and also display the typical wrinkles, as observed in other

mycobacterial pellicles (Ojha et al., 2008).

Figure 2-1. Five-day old M. chelonae pellicle growth in Sauton’s media at 30°C.

Detail of a 5-day old M. chelonae pellicle growth in Sauton’s media a 24-well plate at 30°C.
The coloration of the pellicle is creamy, and displays the characteristic wrinkling of other
mycobacterial pellicles.

To gain a deeper understanding of the morphology M. chelonae pellicle, we imaged them
using SEM. We grew planktonic bacteria and pellicles as described in section 7.4.3 and

7.4.2 respectively. For the M. chelonae pellicles, before the removal of the aqueous phase
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for further fixation, a sterile coverslip was placed in the bottom of the well, as this allowed
a more gentle collection of the pellicle, aiming to preserve better the structure of the
pellicle. The pellicle was then fixed with 6% paraformaldehyde overnight, and latter
imaged in a Philips XL-30 FEG ESEM. The obtained micrographs showed that M.
chelonae planktonic bacteria (Figure 2-2, panel A) is not covered by extracellular material,
unlike bacilli residing in pellicles (Figure 2-2, panel B) that are coated by a substance that
prevents to distinguish individual bacilli. As we zoomed out into the structure, we noticed
that M. chelonae pellicles have pores (Figure 2-2, panels C and D, white arrows), and
display cord-like structures (Figure 2-2, panel E, white box), very similar to the observed

cording in other mycobacterial agar colonies (Julian et al., 2010).
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Figure 2-2. SEM micrographs of M. chelonae cultures.

M. chelonae planktonic bacteria (A) and 5-day old pellicles (B-F) were imaged using SEM. Unlike planktonic bacteria
(A), biofilm-residing bacteria is coated by a layer of extracellular material (B). As the magnification decreases in the
structure, the presence of pores becomes evident (white arrows, C and D). Similarly to other mycobacterial biofilms,
M. chelonae pellicles show the characteristic cord-like pattern (white rectangle, E).

2.3.2 Mycobacterium chelonae pellicles are composed of lipids,
eDNA, carbohydrates, and proteins.

After generating high-resolution 3D images of M. chelonae pellicles, we stained M.
chelonae pellicles using CLSM to visualize specific biopolymers present in the biofilm
matrix. The eGFP-expressing M. chelonae pellicles were stained with an impermeable
fluorophore targeting a specific component of the biofilm matrix. Once fixed, M.
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chelonae cultures were incubated in a solution containing a single fluorophore. We used
Nile Red (NR) for staining lipids, Concanavalin A conjugated with Alexa Fluor 647
(ConcA) for staining carbohydrates, Propidium lodide (PI) for nucleic acids, and
FilmTracer™ SYPRO® Ruby biofilm matrix stain (SR) for proteins. We selected this set
of fluorophores because with the exception of NR, they are all impermeable to cells, and
their emission wavelength does not overlap with the emission wavelength of eGFP. The
concentration and staining time for each of the fluorophores is summarized in table Table

7-3.

We started imaging M. chelonae planktonic cultures. The signals from the bacilli (eGFP)
and lipids (NR), show the rod-shaped characteristic bacilli (Figure 2-3, panel A). The
signals from carbohydrates (ConcA), and proteins (SR), are also present, although more
faint (Figure 2-3, panels C and D, respectively). The signal from eDNA (PI) was barely
detectable (Figure 2-3, panel B). Our confocal images of planktonic M. chelonae show that
there is not a large accumulation of proteins, carbohydrates, or eDNA, in the outermost
surface of the bacteria, or that these polymers may have been released to the culture media
due to the agitation and the presence of tyloxapol used for growing planktonic bacteria

(see section 7.4.3).
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Figure 2-3. CLSM images of M. chelonae planktonic bacteria.

The figure shows a 5um-thick stack acquired from M. chelonae planktonic bacilli growth in Sauton’s media + 0.05%
tyloxapol, until an ODggo=1. Panel A shows pellicles stained with NR (lipids), B with Pl (eDNA), C with ConcA
(carbohydrates), and D with SR (proteins). eGFP-expressing bacilli is depicted in column i, column ii shows the signal
corresponding to the specific fluorophore, and column iii is the overlay of the signals from eGFP and the
fluorophore.
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We next imaged 5-day old pellicles, and in Figure 2-4 we observe a representative figure
of the imaged pellicles. Similar to planktonic bacteria (Figure 2-3, panel A), the signal from
lipids and bacilli were intense in M. chelonae pellicles (Figure 2-4, panel A), and unlike
planktonic M. chelonae (Figure 2-3), we were able to detect a good signal from
carbohydrates (Figure 2-4, panel C), eDNA (Figure 2-4, panel B), and proteins (Figure 2-4,
panel D). Overall, CLSM allowed us to visually identify lipids, carbohydrates, proteins,

and eDNA, as a component of the M. chelonae pellicle matrix.
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Figure 2-4. CLSM images of M. chelonae pellicles.

The figure shows a 20um-thick stack acquired from M. chelonae pellicles. Panel A shows pellicles stained with NR
(lipids), B with PI (eDNA), C with ConcA (carbohydrates), and D with SR (proteins). eGFP-expressing bacilli is depicted
in column i, column ii shows the signal corresponding to the specific fluorophore, and column iii is the overlay of the
signals from eGFP and the fluorophore.
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To further describe the distribution of the biopolymers on the biofilm matrix, we
calculated geometrical parameters that would aid to the description of the localization of
the biopolymer. We imaged four different locations in four biological replicates (16
acquisitions per fluorophore in total). First, we calculated the relative volume of each of
the biopolymers using as a reference the volume of the eGFP-expressing bacilli (see
section 7.6.2.3), using the stats module in Icy (de Chaumont et al., 2012). We also
evaluated co-localization by calculating the Pearson’s correlation coefficient (r) and the
Mander’s co-occurrence coefficients (M1 and M2), using the ColocalizationStudio
Plugin in Icy (de Chaumont et al., 2012). The Pearson’s correlation coefficient allows us
to evaluate how well two signals (eGFP and one of the other fluorophores) linearly
correlate to each other. This parameter is useful for evaluating if we measure more of the
signal of a fluorophore (a specific component of the biofilm matrix) due to an increased
concentration of bacteria (eGFP signal). The Pearson’s coefficient does not give
information on the fraction of a given signal that overlaps with another one, meaning that
we would not be able to measure how much of the bacilli in the biofilm is covered by a
specific component of the ECM. To overcome this problem, we calculated the Mander’s
co-occurrence coefficients (M1 and M2) as they calculate the fraction of the signal from
a defined fluorophore co-occurring with the signal from another fluorophore. In this
thesis, M1 always refers to the fraction of the eGFP signal co-occurring with any of the
used fluorophores (NR, SR, ConcA, and PI), while M2 always refers to the fraction of
the signal from a given fluorophore (a component of the extracellular matrix) that co-
occurs with the eGFP signal (bacilli). The median of the calculated relative voulumes are
summarized in Table 2-1 and Figure 2-5, and the medians for each of the coefficients are

summarized in Table 2-1.
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Table 2-1. Relative biovolumes and colocalization coefficients of the components of the M. chelonae pellicles ECM.

Mander’s coefficient

Component of the Relative Pearlsm'n’s M1 M2
ECM biovolume correlation
coefficient (fraction of the eGFP | (fraction of the signal of
signal co-occurring the fluorophore co-
with the fluorophore occurring with the eGFP
signal) signal)
Nile Red (Lipids) 1.030 0.717 0.926 0.898
Propidium iodide
(eDNA) 1.081 0.85 0.984 0.924
Concanavalin A Alexa
Fluor 647 0.688 0.271 0.640 0.966
(Carbohydrates)
SYPRO Ruby 1.073 0.678 0.832 0.732
(Proteins)
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Figure 2-5. Relative volumes of components of M. chelonae ECM

The relative volumes of each of the components of the mycobacterial biofilms were calculated using the fluorescent
signal from stained M. chelonae pellicles and the signal from fluorescent bacilli (eGFP), was used as the reference.
Lipids, eDNA, and proteins have a relative volume closer to 1 p3fluorophore/u3eGFP, while the relative volume from
carbohydrates, 0.688u3carboydrates/u3eGFP (Table 2-1), is significantly lower than the rest of the components
(Mann-Whitney test, pval<0.01).

The correlation between the Pl and eGFP signals is high (0.859, Table 2-1), and even more,
most of the signals overlap with each other (M1=0.984 and M2=0.924, Table 2-1). These

parameters indicate that eDNA is likely to be in the proximity of the bacilli.

The signal from NR and eGFP have a good (r=0.717, Table 2-1), and as expected, most of
the eGFP signal overlaps with the signal from NR (M1=0.926, Table 2-1), but around 10%
of the signal of NR does not overlap with the bacilli on the biofilm (M2=0.898, Table 2-1).

This data suggests that, to some degree, lipids are components of the ECM.
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Although most of the eGFP signal overlaps with SR (M1=0.832, Table 2-1), around 30%
of the SR signal does not overlap with eGFP (M2=0.732, Table 2-1). However, the
correlation between the signals is relatively high (r=0.678, Table 2-1). These calculations
suggest that proteins are scattered across the biofilm matrix and are the bulk component

of the M. chelonae biofilm ECM.

The signals from ConcA and eGFP correlate poorly (r=0.271, Table 2-1), and although
around 96% of ConcA signal overlaps with eGFP (M2=0.966, Table 2-1), only 73% of the
eGFP signal overlaps with ConcA (M1=0.732, Table 2-1). The calculations suggest that
carbohydrates are accumulating in specific areas of the biofilms, or that some of the
carbohydrate content may have been removed during the repeated washes during the
staining. It is also worth taking into account that unlike NR, PI, and SR, Concanavalin A
is a protein and perhaps does not diffuses across the biofilm matrix as freely as the rest of

the dyes, that are relatively smaller molecules.

2.4 Discussion

Microscopy is a powerful tool that not only allows us to get a closer, detailed look at the
morphology of mycobacterial biofilms but also has the power of revealing quantitative
data on the components of the ECM. When the experimental design incorporates good
practices for image acquisition and includes the calculation of geometrical parameters,
such as biovolume and colocalization coefficients, the resulting information can be
compared between studies, facilitating the description of biofilms, and easing the

evaluation of anti-biofilm strategies.
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The information obtained by imaging M. chelonae pellicles is similar to other studies
(Lemassu et al., 1996b; Lemassu and Daffé, 1994; Ortalo-Magne et al., 1995; Rose et al.,
2015; Rose and Bermudez, 2016), and eased the description of how the ECM components
distribute on the biofilm. Mycobacterium chelonae pellicles form cord-like structures and
have pores, and the resident bacilli are coated by a layer of extra-polymeric substances
that make up the ECM. The composition of the ECM of some mycobacterial pellicles has
been addressed before and showed that the most abundant components are carbohydrates
and proteins, eDNA and to a minor degree lipids (Lemassu et al., 1996b; Lemassu and
Daffé, 1994; Ortalo-Magne et al., 1995; Ortalo-Magné et al., 1996; Rose et al., 2015;

Rose and Bermudez, 2016; Trivedi et al., 2016).

After detecting proteins, lipids, carbohydrates, and eDNA, in the ECM of M. chelonae
pellicles, the relative biovolume was calculated using as a reference the volume of the
bacilli in the pellicle. The relative biovolumes for all components are all close to 1, except
for carbohydrates, which is 0.69. While eDNA and lipids appear to be closer to the bacilli,
carbohydrates and proteins are in the outermost part of the M. chelonae. eDNA, proteins,
and carbohydrates have a structural role in mycobacterial biofilm biofilms (Aung et al.,
2017; Rose et al., 2015; Trivedi et al., 2016). Lipids are also present in the ECM (Ortalo-
Magne et al., 1995; Ortalo-Magné et al., 1996), but they do not seem to be responsible
for the structure of the biofilm (Trivedi et al., 2016). Carbohydrates, at least the ones
detected by Concanavalin A, appear to be concentrated in some parts of the pellicles,
instead of uniformly distributed. This observation may be due to removal of the
carbohydrate-content during the washes involved in the staining, or poor penetration of
the used dye, as Concanavalin A is protein, and it is bigger than the other used dyes. M.
tuberculosis and M. smegmatis produce cellulose when forming biofilms (Trivedi et al.,

2016; Van Wyk et al., 2017), despite the genus mycobacteria lacking the genes for
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cellulose synthase, and these observations contrast with previous studies, where the
configuration of the glycosidic bond characterized polysaccharides from mycobacterial
pellicles, including M. tuberculosis and M. smegmatis, was a, not B (Lemassu and Daffe,
1994). Perhaps, further experiments will help us to clarify the role of carbohydrates during

pellicle formation in M. chelonae.
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Chapter 3 Analysis of the extra polymeric substances of Mycobacterium chelonae biofilms

3.1 Introduction

The extra polymeric substances (EPS) of bacterial biofilms are responsible for mediating
the first steps of the attachment during biofilm formation. Once the structure is formed,
the EPS confers protection to the resident bacteria to a wide variety of stresses (Flemming
and Wingender, 2010), including attacks from the immune system in infection-associated
biofilms. However, the response following the encounter of the components of the
immune system and pathogenic biofilms is often complicated and depends significantly
on the components of the EPS and the anatomical location of the biofilm (Watters et al.,

2016).

Some EPS are known to impair the functions of components of the immune system. EPS
produced by a clinical strain of Burkholderia cepacia inhibits neutrophils chemotaxis and
the production of reactive oxygen species (Bylund et al., 2006), while the alginate
produced by Pseudomonas aeruginosa interferes with the Kkilling effects of the
macrophages (Leid et al., 2005) and opsonization by the complement system (Pier et al.,

2001).

The composition of the EPS of several mycobacterial biofilms has been described
(Lemassu and Daffé, 1994; Ojha et al., 2005; Ortalo-Magne et al., 1995; Ortalo-Magné
etal., 1996; Rose et al., 2015; Rose and Bermudez, 2016; Trivedi et al., 2016), finding an
accumulation of free mycolic acids during pellicle formation, and identifying
carbohydrates as the bulk components of the ECM. However, the components of M.

chelonae pellicles have not yet been characterized fully.
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3.2 Aim

The aim of this chapter is to elucidate the changes occurring of carbohydrates and cell

wall lipids from M. chelonae due to biofilm formation.

3.2.1 Specific objectives:

— Determine the lipid profiles of M. chelonae biofilms and planktonic cultures.

— Identify changes in cell wall lipids associated with biofilm formation.

— Elucidate the composition of the carbohydrates present in M. chelonae
extracellular material.

— Identify changes in the composition of carbohydrates during biofilm formation.

3.3 Results

In the past chapter, we analyzed the structure of M. chelonae pellicles and identified the
presence of lipids, eDNA, carbohydrates, and proteins, as components of the extracellular
matrix. Due to the extensive washing required for fluorescent staining, we did not pursue
the imaging of 10-day old biofilms (Figure 3-1, panel B), as they are easily disrupted by
mechanical movement. However, in the current chapter, we include the lipid and
carbohydrate composition of M. chelonae pellicles growth for five (Biofilm t1) and ten
days (Biofilm t2), as well as planktonic bacilli at ODgoo=1 (Planktonic t1) and ODgoo=3
(Planktonic t2), to assess the changes occurring in the pellicles through time.
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Figure 3-1. M. chelonae biofilms growth for five (A) and ten (B) days in Sauton’s media at 30°C.

Detail of a single well of a 24-well plate where M. chelonae pellicles have been growing for five (A) and ten (B)
days. The five-day old pellicle displays the characteristic cording of mycobacterial pellicles, while the ten-day old
pellicle has collapsed and sunk into the bottom of the well.

3.3.1 The lipid profile of M. chelonae biofilms is different
from its planktonic counterpart

Lipids are an integral component of the mycobacterial outer envelope, and they have been
studied in detail in several mycobacterial biofilms (Ojha et al., 2008; Ortalo-Magné et al.,
1996; Pacheco et al., 2013; Recht and Kolter, 2001; Sambandan et al., 2013; Wright et
al., 2017). We grew M. chelonae pellicles and planktonic bacteria in Sauton’s media
supplemented with a small amount of 4[C]-acetate, for it to be incorporated into the
synthesized lipids (for more details, see section 7.9.1). The **[C]-labelled lipids from M.
chelonae cultures were extracted into three different lipid fractions using a mix of solvents

with different polarities (section 7.9.2). We obtained solvent-extractable apolar lipids,
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inner apolar lipids, and polar lipids. In addition to the fractionation of lipids from M.
chelonae cultures, we hydrolyzed the de-lipidated bacterial pellet to extract the cell wall-
bound mycolic acids, which in turn were derivatized to their respective methyl-ester ( see
section 7.9.3). All the obtained lipid fractions were resolved using thin-layer
chromatography systems described by Dobson, et.al. (Dobson et al., 1985; see Table 7-5),

and the obtained TLC lipid profiles are depicted from Figure 3-2 to Figure 3-8.
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Biofilm t1 Biofilm t2 Planktonic t1 Planktonic t2
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Figure 3-2. TLC of M. chelonae apolar lipids resolved using system A.

Solvent extractable and inner apolar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2) were resolved
by TLC using system A (Table 7-5). This solvent allows to resolve triacylglycerol (TG) from the rest of the lipids present in the analyzed fractions.
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Biofilm t1 Biofilm t2 Planktonic t1 Planktonic t2

Solvent extractable

Inner apolar

Figure 3-3. TLC of M. chelonae apolar lipids resolved using system B.
Solvent extractable and inner apolar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2) were resolved

by TLC using system B (Table 7-5). This solvent allows to resolve free mycolic acids(FMA) from the rest of the lipids present in the analyzed fractions. We observed an accumulation of FMA on the
solvent extractable lipid fraction from M. chelonae pellicles, compared to their planktonic counterparts. The accumulation of FMA is even more evident in 10-day old M. chelonae pellicles.
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Figure 3-4. TLC of M. chelonae apolar lipids resolved using system C.

Solvent extractable and inner apolar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2) were resolved
by TLC using system C (Table 7-5). This solvent allowed us to resolve free mycolic acids (FMA) from the rest of the lipids present in the analyzed fractions. As observed in Figure 3-3, the accumulation
of FMA on the solvent extractable lipid fraction from M. chelonae pellicles is evident, and this system even allowed the resolution of two different spots of FMA (Solvent extractable lipids, Biofilm

t2), perhaps two different subclasses of FMA.
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Figure 3-5. TLC of M. chelonae apolar lipids resolved using system D.

Solvent extractable and inner apolar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2) were resolved
by TLC using system D (Table 7-5). This solvent system allowed us to resolve trehalose dimycolate (TDM) and diacyl trehalose (DAT) from the rest of the lipids present in the analyzed fractions.
While the presence of the glycolipid TDM increases from Plnktonic t1 to Planktonic t2, it decreases from Biofilm t1 to Biofilm t2.
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Figure 3-6. TLC of M. chelonae polar lipids resolved using system D.

Polar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures ODspo=1 (Planktonic t1) and ODego=3 (Planktonic t2) were resolved by TLC using system D (Table
7-5). This solvent system allowed us to resolve glycolipids (G) from the rest of the lipids present in the analyzed fractions.
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Figure 3-7. TLC of M. chelonae polar lipids resolved using system E.
Polar lipids from 5 (Biofilm t1) and 10-day old (Biofilm t2) and M. chelonae planktonic cultures ODgpo=1 (Planktonic t1) and ODepo=3 (Planktonic t2) were resolved by TLC using system E (Table
7-5). This solvent system allowed us to resolve the phospholipids diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol, the

phosphatidylinositolmannosides (PIMs) and its acetlylated variants (ACPIM,, ACoPIM,). We detected an accumulation of PG in polar lipids from Biofilm t1, although PG is a minor component of
the mycobacterial inner membrane.
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Figure 3-8. Argentation TLC of M. chelonae mycolic acid methylesters.

The mycolic acids present in apolar lipid fractions (solvent extractable apolar lipids and inner apolar lipids) and the cell wall-bound mycolic acids were derivatized to their methyl ester form and
resolved using argentation TLC. This silica plates have been treated with silver nitrate (see sections 7.9.3 and 7.9.5), this allows to resolve subspecies from the mycolic acids, according to the
degree of insaturations. We were able to discern between o and a” mycolic acids methylesters, but we did not observe any difference between M. chelonae pellicles or planktonic cultures.
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After comparing the patterns of lipids, we were able to identify profiles that have been
identified in other mycobacterial biofilms that are also present in M. chelonae biofilms.
We observed an accumulation of free mycolic acids on solvent extractable lipids from
biofilm samples (Figure 3-4 and Figure 3-4, FMA), and we also have noted that this
accumulation is more evident as the biofilm ages (Figure 3-4, see FMA in solvent
extractable lipids from Biofilm t1 and Biofilm t2). The accumulation of free mycolic acids
has been observed in all the studied mycobacterial biofilms, except in M. avium (Totani
etal., 2017). In M. smegmatis, the release of free mycolic acids is partly attributed to the
enzymatic hydrolysis of TDM by the action of the TDM serine-estherase Msmeg_1529
(Ojha et al., 2010). As occurring in M. smegmatis, we have observed a transient decrease
of TDM in M. chelonae biofilms (Figure 3-5, see TDM in Solvent extractable lipids for
Biofilm t1 and Biofilm t2), while TDM is easily detected in planktonic bacteria (Figure
3-5, see TDM in solvent extractable lipids for Planktonic t1 and t2), suggesting a similar

mechanism as the one observed in M. smegmatis.

In addition to the changes in the abundance of free mycolic acids and TDM, we have
observed that the amount of phosphatidylglycerol, a phospholipid present in the plasma
membrane, is increased in Biofilm t1 compared to planktonic cultures or Biofilm t2

(Figure 3-7, PG).

3.3.2 The glucose content of surface-exposed of M. chelonae
biofilm decreases as the biofilm ages.

Early studies in mycobacterial pellicles have shown that the most abundant carbohydrate
present as a surface exposed material is a-glucan, followed by arabinommanans and

mannans (Lemassu et al., 1996a; Lemassu and Daffé, 1994; Ortalo-Magne et al., 1995).
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We extracted surface-exposed material from M. chelonae cultures (3 biological
replicates), for further hydrolysis and synthesis of the respective alditol acetates. The
synthesized alditol acetates were quantified using gas chromatography (GC). The
obtained chromatographs are attached in Appendices 1-4. We used the areas for the peaks
corresponding to arabinose, mannose, glucose, and myo-inositol, to calculate the relative
abundance of these three species, and the median of the relative abundance of each
component is summarized in Table 3-1 and depicted in Figure 3-9. The relative
abundance of sugars and Myo-inositol extracted from EPS of M. chelonae cultures..
We also determined the molar ratio of each sugar, using Myo-inositol as a reference and

the results are summarized in

Table 3-2. The molar ratios calculated for 5-day old M. chelonae pellicles (Biofilm t2)
must be interpreted with caution, as they were calculated using a single replicate because

we were unable to detect myo-inositol in the other two replicates.

As observed in other mycobacteria, glucose is the major component of the surface
exposed polysaccharides in M. chelonae biofilms and planktonic cultures, followed by
mannose and arabinose (Figure 3-9). Myo-inositol, a polyalcohol that is a component of
phosphatidylinositol and its glycosylated derivatives, was found to be more abundant in
M. chelonae planktonic cultures (rigure 3-9). In contrast, in 5-day old pellicles, Myo-inositol
was only detected in one of the three experiments. An interesting trend we observed is
that the glucose content drops in Biofilm t2, with the respective increment of arabinose

and mannose (Figure 3-9).
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Table 3-1. The relative content of sugars and Myo-inositol in M. chelonae EPS.

Component Relative abundance

Biofilmtl | Biofilmt2 | Planktonictl | Planktonic t2

Arabinose 0.118 0.183 0.100 0.051
Mannose 0.208 0.299 0.138 0.083
Glucose 0.672 0.497 0.671 0.696
Myo-Inositol 0 0.0272 0.064 0.167

Table 3-2. Relative molar ratio of arabinose, mannose, and Glucose, extracted from M. chelonae EPS.

Component Relative molar ratio

Biofilmtl | Biofilmt2 | Planktonictl | Planktonic t2

Arabinose 7.06 8.02 3.07 2.24
Mannose 10.46 12.50 3.92 3.33
Glucose 14.25 17.17 9.12 7.60

Myo-inositol 1 1 1 1
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Figure 3-9. The relative abundance of sugars and Myo-inositol extracted from EPS of M. chelonae cultures.

Purified carbohydrates extraceted from three biological replicates of 5 (Biofilm t1) and 10-day old (Biofilm t2) M. chelonae
pellicles and planktonic cultures ODsoo=1 (Planktonic t1) and ODsoo=3 (Planktonic t2) were derivatized to alditol acetatates (see
section 7.10.2), and analyzed using gas chromatography. We detected the presence of the alditol acetates from arabinose,
mannose, glucose and myo-inositol. The relative abundance was calculated using the areas under the peaks. The most abundant
sugar present on the extracted carbohydrates was glucose, followed by mannose and arabinose. The presence of myo-inositol
was detected as well, however it was in a relative low amount in the biofilm samples. We observed as well a drop on the glucose
content during biofilm t2.

3.4 Discussion

As seen in other mycobacteria, bacilli residing in biofilms display a distinct lipid

phenotype compared to its planktonic counterpart (Islam et al., 2012; Ojha et al., 2008).

Possibly, one of the most characteristic traits of mycobacterial biofilms is the
accumulation of free mycolic acids. This phenotype has been observed in virtually all the
studied mycobacterial biofilms, and in M. smegmatis the accumulation of these lipids
during biofilm formation has been partially attributed to the hydrolysis of trehalose
dimycolate (TDM) to yield trehalose monomycolate and free mycolic acids (Ojha et al.,

2010). As we also observe a reduction in the TDM content from 10-day old (Biofilm t2)
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M. chelonae biofilms compared to 5-day old biofilm samples (Biofilm t1), we could

hypothesize that a similar mechanism could be happening as well in M. chelonae.

The accumulation of free mycolic acids in the mycobacterial outer membrane is not
exclusive of mycobacterial biofilms. This phenotype has also been observed in planktonic
cultures of a strain of M. tuberculosis lacking Mez, a malic enzyme involved in the central

carbon metabolism (Basu et al., 2018).

Although the signals and the mechanisms leading to the phenotypes related to biofilm
formation are yet to be fully elucidated, it has been suggested that a restructure of the
lipid metabolism is occurring during biofilm formation (Chen et al., 2006), and there is
already some evidence pointing the importance of regulators of the central carbon
metabolism on biofilm formation, specifically PknG and Lsr2 (Chen et al., 2006; Wolff

et al., 2015).

Another consistent change we observed was the accumulation of phosphatidylglycerol in
Biofilm t1, but not in the rest of the analyzed samples. Phosohatidylglycerol is a
phospholipid present in abundance in all plasma membranes, either eukaryotic or
prokaryotic organisms, but in mycobacteria is acknowledged only as a minor component
of the plasma membrane (Jackson et al., 2000). Phospahtidylglycerol is one of the most
abundant lipid components of M. tuberculosis extracellular vesicles (Prados-Rosales et
al., 2011), and despite the lack of studies addressing the role of mycobacterial
extracellular vesicles on biofilm formation, it would not be surprising to find they play
an active role in biofilm formation, as extracellular vesicles are known to export eDNA
and proteins during biofilm formation (Brown et al., 2015; Schooling and Beveridge,

2006).
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Regarding carbohydrates, we have observed that the glucose content of the EPS of the M.
chelonae biofilms decreases as the structure ages. The intracellular glycogen and capsular
glucan, are synthesized by a common pathway in mycobacteria (Kalscheuer et al., 2019).
Our pathway enrichment analysis shows that the transcription of genes involved in the
synthesis of glucans is down-regulated in the 10-day old biofilm, which could partially

explain the observed decrease in the glucose content in the EPS.

Although mycobacteria share many distinctive molecular changes associated with biofilm
formation, some seem to be species-specific. Apart from the accumulation of FMA and
decrease on TDM during biofilm formation, the study on the matrix components resulted
in two new molecular changes associated with biofilm formation or maintenance which
are the accumulation of phosphatidylglycerol in the 5-day old biofilms, and the second
one, the decrease in the glucose content displayed only in 10-day old biofilms. Whether
these changes are exclusive of M. chelonae biofilms or if they are shared by all
mycobacteria is yet to be determined, as most of the studies have not focused on studying

the changes of mycobacterial biofilms through time.

It is also essential to assess if these alterations of the EPS components have a further
impact on the interaction with the immune system, as several components of the cell

envelope are known to have immunomodulatory properties.
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Chapter 4 Raman spectroscopy for the study of Mycobacterium chelonae biofilms

4.1 Introduction

When a molecule is irradiated with light (photons) into a virtual state, the light is scattered
by the molecules. Often, the energy of the scattered photons is the same as the energy of
the photons used for irradiating the sample, and this phenomenon is called Rayleigh
scattering. However, sometimes the energy of the scattered photons is larger than the
energy of the photons used for irradiating the sample, and then the event is termed stokes

Raman scattering (Diem, 2015).

The stokes Raman scattering is an extremely rare event (Diem, 2015), but the
development of the technology has made it easier to record Raman spectra
(Vandenabeele, 2010). In Raman spectroscopy, the energy of the liberated photon is
called Raman shift, and its value depends on the type of “vibrations” of the bonds of the
molecule from where the Stokes Raman scattering originated, but it is independent of the
energy of the photons used for irradiating the sample. Even more, the intensity of the
generated Raman shift is proportional to the concentration of the molecule in the sample,
so if done correctly, Raman spectroscopy can provide both quantitative and qualitative
information about the composition of the analyzed sample (Butler et al., 2016; Diem,
2015; Vandenabeele, 2010). Unlike in Infrared spectroscopy, the presence of water on
samples analyzed by Raman spectroscopy does not generate interference, so this trait
makes Raman spectroscopy very attractive for the study of intact biological samples, with

minimal sample requirements (Butler et al., 2016; VVandenabeele, 2010).

Raman spectroscopy is used widely for the characterization of biological samples (Butler
et al., 2016; Diem, 2015; Rosch et al., 2005), and for microorganisms, it has made

possible the identification of different species within mixed-communities biofilms (Beier
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et al., 2010; Samek et al., 2015), as well as the effect of antibiotics on Pseudomonas
aeruginosa biofilms (Jung et al., 2014). To our knowledge, in the mycobacterial field,
Raman spectroscopy has proven to be powerful enough for discerning mycobacteria to
the level of species (Stockel et al., 2017) and thushas been suggested as a potential
diagnostic tool to determine the mycobacteria species quickly without the need of
culturing the microorganism (Buijtels et al., 2008). Raman spectroscopy has also made it
possible to identify differences in the metabolite production of M. smegmatis grown in
different carbon sources (Kumar et al., 2015). Raman spectroscopy has also been used
for generating the characteristic Raman spectra from different mycolic acids, aiming to

generate characteristic patterns for diagnosis (Perumal et al., 2018).

4.2 Aim

The overall aim of the work described in this chapter is to use Raman spectroscopy to
elucidate changes in the overall composition of M. chelonae biofilms to identify

molecular changes during biofilm formation.

4.2.1 Specific objectives

— Generate Raman spectra from M. chelonae biofilms and planktonic cultures.
— ldentify the differences between M. chelonae biofilms and planktonic culture
Raman spectra, and

— Associate the changes in the Raman spectra to changes in the composition of the

biofilm.
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4.3 Results

4.3.1 Characteristic Raman spectra of M. chelonae cultures

After analyzing carbohydrates and lipids present in M. chelonae pellicles and planktonic
bacteria, we applied Raman spectroscopy to further characterize these bacterial cultures.
This spectroscopy technique will allow us to obtain a ‘fingerprint’ of the analyzed sample,
that we can later dissect and annotate to gain further information on the biomolecules
present on the sample. In collaboration with the Umapathy group from the Indian Institute
of Science, Bangalore, we generated the average Raman spectra for five and 10-day old
M. chelonae biofilms and M. chelonae planktonic cultures at an ODgoo=1 and ODeoo=3.

The obtained Raman spectra are depicted in Figure 4-1.
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Figure 4-1. Average Raman spectra from M. chelonae cultures.

We collected the Raman shift from four different replicates of 5-day old (Biofilm t1) and 10-day old (Biofilm t2) M. chelonae pellicles, and planktonic bacteria at an ODggo=1 (Planktonic t1) and
ODeoo=3. The average intensity of each recorded Raman shift is expressed in arbitrary units (AU) and was used to generate each sample characteristic spectra.
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It is challenging to identify the differences between growth conditions just by looking at
the spectra, and for our work, determining the Raman shifts (and the associated
biomolecues) that allow us to discern between M. chelonae pellicles and planktonic
cultures is essential. To achieve this, we applied a Principal Component Analysis (PCA)
to the generated spectra to identify zones where the samples differ the most, and further
associate them to biomolecules to describe changes on the composition between pellicles

and planktonic cultures.

4.3.2 PCA discerns between Raman spectra from M. chelonae
pellicles and planktonic bacteria

A Principal Component Analysis (PCA) was applied to ease the description of the data
set, and for identifying specific Raman shifts (and associated biomolecules) causing
variability between samples. The PCA describes the samples in terms of new variables
named Principal Components (PC), which are just linear combinations of our original
measured variables (Raman shifts). Once the principal components were calculated, a
scree plot was generated. A scree plot shows the percentage of the explained variance by
each component, so we can select a few components that account for most of the

variability between samples and use them to describe our samples.
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Figure 4-2. Scree plot showing the percentage of the explained variance by the first twenty PCs in the PCA involving
Raman spectra from M. chelonae pellicles and planktonic cultures.

The first three PCs were used to describe the data set. PC1, PC2, and PC3 explain for
66.7% of the variance of the data set (Figure 4-2). After plotting each sample in terms of
the principal components (Figure 4-3), we can observe that each growing condition clusters
well, meaning that the PCA applied to the acquired Raman spectra allowed us to

distinguish between biofilms and planktonic cultures, at different stages of growth.
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Figure 4-3. Visual representation of Raman spectra from M. chelonae cultures in terms of PC1, PC2, and PC3.

The scree plot (Figure 4-2) shows that using three principal components is sufficient for explaining most of the
variability between the spectra from M. chelonae pellicles and planktonic cultures. By plotting each analyzed sample
in terms of the three principal components, we observe that samples cluster well, meaning that the PCA is able to
discern between 5 (Biofilm t1) and 10—day old (Biofilm t2) M. chelonae pelliclles and planktonic M. chelonae at and
0OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2).
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4.3.2.1 The intensities for proteins and lipid-associated signals are
different between M. chelonae biofilms and planktonic cultures.

Once that we identified the set of variables (PCs), that describe best the differences
between M. chelonae pellicles and planktonic bacteria, we identified which Raman shifts
have a higher contribution to each PC (and thus to the variability between samples), and

those are summarized in Table 4-1.

Table 4-1. Top 20 Raman shifts with a high contribution to the PCs.

Principal Top 20 Raman shifts with the highest contribution to the PC (cm™)
component
PC1 1006.29, 1005.16, 1436.85, 1435.80, 1434.76, 1004.02, 1437.89, 1002.89, 1240.28, 1235.94, 1438.93,

1237.03, 1238.11, 1243.53, 1239.19, 1245.69, 1433.72, 1241.36, 1247.86, 1248.94.

PC2 145454, 1455.57, 1456.61, 1288.80, 1453.50, 1450.38, 1457.65, 1444.14, 1285.58, 1451.42, 1449.34,

1458.69, 1289.87, 1286.65, 1452.46, 1445.18, 1284.50, 1446.22, 1287.73, 1448.30.

PC3 1132.96, 791.72, 1115.22, 794.09, 792.90, 1114.11, 1487.67, 1484.57, 1113.00, 790.53, 1483.54, 1116.33,

1134.07,1111.89, 1485.60, 1118.55, 1117.44, 1486.64, 1110.77, 1131.85.

It is possible to associate some Raman shifts to biomolecules, and by comparing the
intensities of the signals between is possible to get information on the relative abundance
of the biopolymers between samples (Kuhar et al., 2018). We chose representative Raman
shifts with a high contribution to the principal components and highlighted them on top
of the acquired spectra (Figure 4-4). Next, we compared the intensities between samples for

some of these Raman shifts, and associate them with previously characterized
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biomolecules (Table 4-2). This association makes it is possible to explain the differences
between M. chelonae biofilms and planktonic cultures in terms of abundance of

biopolymers.
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Differences between the spectra of M. chelonae pellicles and planktonic culutres
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Table 4-2. Representative Raman shifts with a high contribution to the three PCs selected to describe M. chelonae

pellicles and planktonic cultures.
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In general, we can observe two trends. First, proteins appear less abundant in Biofilm t2
(1002 and 1240cm™) compared to the rest of the samples. Also, characteristic signals for
lipids (1444 and 1454 cm™) have a lower intensity in Planktonic t1 than the rest of the
samples. For nucleic acids, the signal for DNA (791cm™) is most intense in Planktonic

t2, and less intense in Biofilm t1.

Some Raman shifts from PC3 are related to carbohydrates (1115 and 1130 cm™);
however, the assignment is ambiguous as they are also associated with lipids. Because no
other Raman shift with high contribution to the PCs is associated exclusively with
carbohydrates, we selected known signals for the glycosidic bonds (Wiercigroch et al.,
2017) and looked for a general trend between samples (Figure 4-5). Four of the six selected
Raman shifts show a decrease in the intensity of Biofilm t2 (727, 942, 938, and 1051 cm"
1 Figure 4-5). Still, two show a different trend (1130 and 1099cm™, Figure 4-5), perhaps

due to contribution of other molecules (lipids) to those Raman shifts.
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Figure 4-5. Selected Raman shifts associated with the glycosidic bond.
To further clarify the behavior of signals associated with carbohydrates, we selected a group of Raman shifts
associated with carbohydrates (Kuhar et al., 2018; Talari et al., 2015; Wiercigroch et al., 2017). While in three of the

selected show a similar trend (727, 942, 1051cm‘?, left column), te selected Raman shifts in the right columns do
not follow a uniform pattern.
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4.3.3 PCA discerns between M. chelonae planktonic bacteria
at ODsoo=1 and ODgoo=3.

After analyzing M. chelonae pellicles and planktonic cultures, we re-analyzed the Raman
spectra from M. chelonae planktonic cultures at an ODgoo=1 and ODsoo=3. We applied a
PCA, and we found that the first principal component explains 42.1% of the variance of
the sample, while the second PC accounts for only 3.5% (Figure 4-6). We chose the two
first PCs to describe our data set, and by plotting each sample in terms of the two first
principal components (Figure 4-7), we can conclude that the PCA can discern between M.

chelonae planktonic cultures at ODggo=1 and ODgoo=3.

Scree Plot
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Figure 4-6. Scree plot showing the percentage of the explained variance by the first twenty PCs in the PCA involving
Raman spectra from M. chelonae planktonic cultures ODgpo=1 and ODgoo=3.
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Figure 4-7. Visual representation of Raman spectra from M. chelonae planktonic cultures in terms of PC1 and PC2.
The scree plot (Figure 4-6) shows that using two principal components is sufficient for explaining most of the
variability between the spectra from M. chelonae planktonic cultures. By plotting each analyzed sample in terms of

the two principal components, we observe that samples cluster well, meaning that the PCA is able to discern between
planktonic M. chelonae at and OD600=1 (Planktonic t1) and OD600=3 (Planktonic t2).

4.3.3.1 The intensities for carbohydrates and protein-associated signals
are different between M. chelonae planktonic cultures.

To get a better understanding of the potential biomolecules causing the variations
between planktonic M. chelonae ODgoo=1 and ODeoo=3, we identified the Raman shifts
with high contribution to PC1 and PC2 (1able 4-3), associated them to biomolecules (

Figure 4-8), and compared their intensities between M. chelonae planktonic cultures (Table

4-4).
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Table 4-3. Raman shifts with high contribution to PC1 and PC2 in the PCA of M. chelonae planktonic cultures.

Principal Top 20 Raman shifts with the highest contribution to the PC (cm™)
component
PC1 1656.27344, 1657.27344, 1660.27148, 1355.95808, 1446.22363, 1448.30469, 1450.38379, 1655.27441,

1658.27344, 1456.61719, 1452.46289, 1353.84082, 1359.13477, 1451.42285, 1664.26758, 1346.41992,

1447.26465, 1334.73633, 1331.54492, 1354.90039.

PC2 1066.10938, 893.7832, 779.85449, 1127.42871, 1067.23047, 1057.12695, 1062.74219, 1608.06738,
778.66602, 931.95508, 1064.98731, 809.46777, 1130.75195, 1591.90137, 807.10547, 804.74121,

1438.93555, 1128.53613, 1437.89356, 918.1084.
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Differences between the spectra of M. chelonae planktonic cultures
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Table 4-4. Representative Raman shifts with a high contribution to the two PCs selected to describe M. chelonae
planktonic cultures.
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The intensity of the signals associated with carbohydrates decreases from M. chelonae

planktonic cultures ODgoo=1 to ODgoo=3 (Table 4-4, 1130 and 1355¢cm™). And we observe

a similar trend in some Raman shifts associated with proteins (Table 4-4, 1285 and 642cm’

1)'
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4.3.4 PCA discerns between M. chelonae planktonic bacteria
at ODsoo=1 and ODgoo=3.

To finalize the analysis of M. chelonae Raman spectra, a PCA was applied to five and
10-day old M. chelonae pellicles. We noted that the first two PC accounted for 61% of
the variance of the sample (Figure 4-9). When each sample was plotted in terms of PC1
and PC2 (Figure 4-10), we observed that the applied PCA is able to distinguish between
M. cbelonae pellicles, so we chose the first two PCs to describe the differences between

Raman spectra from M. chelonae pellicles.

Scree Plot

50

40 ~

30 ~

20 ~

Percentage of Explained Variance

10 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Principal component

Figure 4-9. Scree plot showing the percentage of the explained variance by the first twenty PCs in the PCA involving
Raman spectra from 5 and 10-day M. chelonae pellicles.
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Figure 4-10 Visual representation of Raman spectra from M. chelonae pellicles in terms of PC1 and PC2.

The scree plot (Figure 4-9) shows that using two principal components is sufficient for explaining most of the
variability between the spectra from M. chelonae pellicles, and by plotting each analyzed sample in terms of the two
principal components, we observe that samples cluster well, meaning that the PCA is able to discern between 5
(Biofilm t1) and 10—day old (Biofilm t2) M. chelonae pellicles.

Principal Top 20 Raman shifts with the highest contribution to the PC (cm™)
component
PC1 1004.02832, 1002.8916, 1005.16309, 1001.75586, 1436.85156, 1434.7666, 1437.89356, 1435.80957,

1438.93555, 1006.29883, 1439.97754, 1433.72363, 1000.61914, 1431.63769, 1432.68066, 1430.59375,

1647.26758, 1648.26953, 1646.26563, 0.043418945.

PC2 1284.50977, 1285.58398, 1447.26465, 1283.43555, 1445.18359, 1665.26563, 1449.34375, 1448.30469,
1101.87695, 1664.26758, 1666.26367, 1668.25977, 1100.76367, 1286.65723, 1282.36133, 1099.64941,

1288.80371, 1280.21191, 1455.5791, 1446.22363.

96



Chapter 4

Raman spectroscopy for the study of Mycobacterium chelonae biofilms

Intensity (AU)

Differences between the spectra of M. chelonae pellicles

0.12 -

0.10 A

0.08

0.06 A

0.04 -

0.02 -

0.00 A

‘ p ﬂ)_l‘*,h.ﬂ?mf\‘.d'ﬁ

Adenine

.. Phospho- . Amide 1lI
11 diesten 1
Il bond 1 1
'Glycosidic
ond

__‘_____________________________.b..

-

J.ﬂ‘ ]

e e e e -

\Basih

Lipids IV

!

Amide |

600

800

1000 1200
Raman shift (1/cm)

—— Biofilm tl

Biofilm t2

97

1400

1800

Figure 4-11. Annotated average Raman spectra
obtained from M. chelonae pellicles.

The average Raman spectra from 5 (Biofilm t1)
and 10-day (Biofilms t2) old M. chelonae
pellicles were plotted and annotated with
Raman shifts with high contribution to the PCs.
Each annotated region was associated with a
biopolymer. Most of the variability between
Raman spectra from M. chelonae pellicles and
planktonic cultures is due to signals associated
to proteins (Phenylalanine, Tryptophan, Amide
region lll, and Amide region 1), and lipids (lipids
region V). There is also contribution from
signals  associated ~ with  nucleic  acids
(phosphodiester bond from the DNA backbone,
and adenine), and carbohydrates (glycosydic
linkage).
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Table 4-5 Representative Raman shifts with a high contribution to the three PCs selected to describe M. chelonae pellicles.
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4.4 Discussion

The Raman spectra generated from M. chelonae biofilms and its planktonic counterparts
are different. Furthermore, the PCA analysis showed that samples can be distinguished
from each other and that most of the variance of the data set could be explained by using

two or three principal components.

Overall, Raman spectroscopy serves as an exploratory approach for detecting potential
differences in the composition of bacterial biofilms and its planktonic counterparts, being
able to detect changes in the relative abundance of biopolymers between biofilms and

planktonic cultures, and also between different time points.
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5.1 Introduction

The transcriptome is the complete set of transcribed RNAs on a cell population during a
specific condition (Wang et al., 2009). One of the applications that derive from the study
of transcriptomes is the identification of differentially expressed genes (DEG) aiming to

understand which genes or pathways are associated with a defined condition (Ishii, 2014).

The study of bacterial biofilms has benefited hugely from the study of transcriptomes
(Franklin et al., 2015), as it made possible the identification of key molecular components
required for biofilm formation in several microorganisms, such as Candida albicans
(Rajendran et al., 2016), Escherichia coli O157:H7 (Lee et al., 2011), or Bacillus subtilis,
the model organism for studying gram-positive bacterial biofilms (Kobayashi, 2007;

Pisithkul et al., 2019).

Apart from providing information on the metabolic pathways active during in vitro
biofilm formation, transcriptomics allowed the identification of genes that are up-
regulated in vivo in pathogenic Pseudomonas aeruginosa biofilms (Cornforth et al.,
2018), assessing quickly and easily how the in vitro growth differs from biofilms in

animal models or humans (Cornforth et al., 2018).

Unlike other bacteria, there are not yet many studies on the transcriptomes of
mycobacterial biofilms. In M. tuberculosis, the transcriptome profile of thiol-induced
biofilms shows an up-regulation in cysteine and iron metabolism. At the same time, genes
related to cell wall biogenesis, replication, transcription, and translation are down

regulated (Trivedi et al., 2016).

Transcriptomic analysis in M. smegmatis pellicles shows a time-dependent change on the

transcription of genes related to iron uptake, being up-regulated prior biofilm maturation,

102



Chapter 5 A study of the Mycobacterium chelonae biofilm transcriptome

and down-regulated in fully-matured biofilms (Ojha and Hatfull, 2007; Yang et al., 2017).
Also, genes related to the uptake of nitrogen are up-regulated in fully-mature biofilms
(Yang et al., 2017). Interestingly, the expression of the genes related to nitrogen uptake
is under control of Glnr, a transcription factor which activation during biofilms formation

also translates into peroxide resistance (Yang et al., 2018).

The previous information shows that the development of mycobacterial biofilms follows
defined stages that require the modulation of the transcriptome. Understanding the
transcriptional network during biofilm formation for pathogenic NTM biofilms, such as
the ones formed by M. chelonae, will provide information on the molecular requirements

for the formation and maintenance of the structure.

5.2 Aim

The aim of this chapter is to characterize the transcriptional changes occurring during M.
chelonae biofilms and identify genes that could contribute to the development of M.

chelonae biofilms.

5.2.1 Specific objectives
— Describe the transcriptome of M. chelonae pellicles and planktonic cultures.

— ldentify the enriched metabolic subsystems occurring during biofilm formation.
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5.3 Results

5.3.1 The gene expression profiles of Mycobacterium chelonae
biofilms are different from planktonic cultures.

We extracted RNA from five and ten-day old M. chelonae pellicles and M. chelonae
planktonic cultures at an ODgoo=1 and ODe0o=3, and depleted the ribosomal RNA. Once
the sample was purified, we synthesized a cDNA library for further sequencing. The
cDNA library contains a complementary chain of the mRNA isolated (transcriptome)
from the M. chelonae cultures. After sequencing, the obtained reads were analyzed by Dr.
Eliza Peterson at the Institute for System Biology (Seattle, USA), for defining the
differentially expressed genes (DEG) using the DESqg2 algorithm (Love et al., 2014). The
sample taken as a reference was M. chelonae planktonic t1 (ODsoo=1), and the log2 fold-
chage for a given gene was calculated based on the reads obtained in the reference

samples (Planktonic t1)

Overall, 1274 were differentially expressed in at least one condition. M. chelonae
Planktonic t2 (ODeo0o=3) has 92 DEG, 5-day old M. chelonae pellicle (Biofilm t1) has
566, and 10-day old M. chelonae pellicle has 1137 DEG. For visualization of the
expression patterns between samples, a heat map was generated using the Log2 of the
fold changes (FC) of the DEG in at least one condition (Figure 5-1). The 50 DEG genes
with the highest value on the absolute FC are shown Table 5-1 for M. chelonae ODgoo=3,

and Table 5-2 and Table 5-3 for five and ten-day old pellicles respectively.
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Figure 5-1. Heat map depicting the Log2FC of the DEG in 5 (Biofilm t1) and 10-day (Biofilm t2) old M. chelonae
pellicles, and M. chelonae Planktonic culture OD=3 (Planktonic t2).

Table 5-1 Top 50 differentially expressed genes with the highest absolute fold change from M. chelonae planktonic

culutres ODgpo=3.

Gene name Product Log2 Fold change | p-value
Top 25 DEG

BB28_RS05065 pyridoxamine 5'-phosphate oxidase family protein 5.036193 0.001119
BB28_RS19640 type 1 glutamine amidotransferase 4.071299 0.000557
BB28_RS05070 cytochrome c oxidase subunit | 2.787458 2.23E-05
BB28_RS07075 23S ribosomal RNA 2.636275 0.004764
BB28_RS07070 16S ribosomal RNA 2.563874 0.006823
BB28_RS24410 hypothetical protein 1.870165 0.000593
BB28_RS01700 ammonium transporter 1.592994 0.004892
BB28_RS01605 2-isopropylmalate synthase 1587311 0.00488
BB28_RS03135 copper chaperone 1.528366 0.004328
BB28_RS18895 cutinase family protein 1.51776 0.006762
BB28_RS07400 DUF3618 domain-containing protein 1.489112 0.000333
BB28_RS15725 | 23S rRNA (adenine(2503)-C(2))-methyltransferase RImN 1.372465 8.84E-05
BB28_RS20590 resuscitation-promoting factor RpfA 1.316039 0.001582
BB28_RS13050 quinolinate synthase NadA 1.295696 0.002987
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BB28_RS17700 hydroxylase 1.292062 0.000108
BB28_RS17085 DUF2275 domain-containing protein 1.24188 0.007914
BB28_RS01090 histidinol-phosphate transaminase 1.240005 0.004088
BB28_RS22740 TIGR04338 family metallohydrolase 1.230089 0.005493
BB28_RS11240 MarR family transcriptional regulator 1.220136 0.003168
BB28_RS09300 M4 family peptidase 1.207552 0.005956
BB28_RS12530 heat-shock protein Hsp20 1.172827 0.006791
BB28_RS15655 malate dehydrogenase (quinone) 1.169495 0.003624
BB28_RS03580 TetR/AcrR family transcriptional regulator 1.159861 0.000405
BB28_RS04055 DUF2537 domain-containing protein 1.151279 0.001438
BB28_RS06210 class | SAM-dependent methyltransferase 1.146762 0.009768
Bottom 25 DEG
BB28_RS12345 hypothetical protein -2.14966 0.000134
BB28_RS01290 hypothetical protein -1.97396 0.002947
BB28_RS21160 hypothetical protein -1.64299 0.002528
BB28 RS01155 hypothetical protein -1.59252 0.007685
BB28_RS08540 hypothetical protein -1.573 0.006691
BB28_RS19505 ECF subfamily RNA polymerase sigma-24 subunit -1.53578 0.000157
BB28_RS18955 hypothetical protein -1.49932 0.007281
BB28_RS18540 tautomerase family protein -1.48569 0.00149
BB28_RS04035 DUF2530 domain-containing protein -1.36114 0.005286
BB28 RS14770 dUTP diphosphatase -1.35084 0.007965
BB28_RS04930 hypothetical protein -1.25801 0.000772
BB28_RS10780 precorrin-4 C(11)-methyltransferase -1.24844 0.006817
BB28_RS20535 hypothetical protein -1.23867 0.001707
BB28_RS22455 glycosyltransferase family 1 protein -1.22506 0.001108
BB28_RS05625 hypothetical protein -1.21917 0.002603
BB28_RS15035 hypothetical protein -1.18803 0.009193
BB28_RS13085 malate:quinone oxidoreductase -1.18395 0.00015
BB28_RS19125 alpha/beta hydrolase -1.18219 0.000574
BB28_RS17160 cytochrome P450 -1.18149 0.008268
BB28_RS24395 hypothetical protein -1.16963 0.005786
BB28_RS24740 hypothetical protein -1.16767 0.006124
BB28_RS12790 dTDP-4-keto-6-deoxy-D-glucose epimerase -1.14886 0.006001
BB28_RS24370 hypothetical protein -1.14727 0.000712
BB28_RS18120 acyl-CoA dehydrogenase -1.13683 0.000475
BB28_RS13345 hypothetical protein -1.12173 0.00099

Table 5-2 Top 50 differentially expressed genes with the highest absolute fold change from 5-day old M. chelonae

pellicles.
Gene name Product Log2 Fold change | p-value
Top 25 DEG
BB28_RS24410 hypothetical protein 8.063117 3.2E-17
BB28_RS24780 hypothetical protein 6.762328 8.3E-13
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BB28_RS14405
BB28_RS19640
BB28_RS03140
BB28_RS05065
BB28_RS05000
BB28_RS19975
BB28_RS02635
BB28_RS23240
BB28_RS05070
BB28_RS18265
BB28_RS03120
BB28_RS12215
BB28_RS18255
BB28_RS15580
BB28_RS14545
BB28_RS03145
BB28_RS02630
BB28_RS14470
BB28_RS21800
BB28_RS03095
BB28_RS05190
BB28_RS02680
BB28_RS15365

BB28_RS13040
BB28_RS08635
BB28_RS00165
BB28_RS06700
BB28_RS16680
BB28_RS07345
BB28_RS15035
BB28_RS18120
BB28_RS11055
BB28_RS04665
BB28_RS13025
BB28_RS11035
BB28_RS05570
BB28_RS15555
BB28_RS07270
BB28_RS05500
BB28_RS24490
BB28_RS15295
BB28_RS14200
BB28_RS09780
BB28_RS00910

XshC-Cox1 family protein
type 1 glutamine amidotransferase
class | SAM-dependent methyltransferase
pyridoxamine 5'-phosphate oxidase family protein
divalent metal cation transporter MntH
1,4-dihydroxy-2-naphthoate polyprenyltransferase
hypothetical protein
hypothetical protein
cytochrome c oxidase subunit |
Lrp/AsnC family transcriptional regulator
PE family protein
hypothetical protein
NADPH-dependent oxidoreductase
HNH endonuclease
hypothetical protein
PPE family protein
hypothetical protein

molybdopterin-guanine dinucleotide biosynthesis protein MobA

LuxR family transcriptional regulator
TauD/TfdA family dioxygenase
hypothetical protein
metal ABC transporter permease
bleomycin resistance family protein

Bottom 25 DEG
nicotinate-nucleotide diphosphorylase (carboxylating)
competence protein
cell division protein CrgA
nuclear transport factor 2 family protein
Lrp/AsnC family transcriptional regulator
sensor domain-containing protein
hypothetical protein
acyl-CoA dehydrogenase
MbtH family protein
TetR/AcrR family transcriptional regulator
ABC transporter ATP-binding protein
peroxiredoxin
deferrochelatase/peroxidase EfeB
hypothetical protein
enoyl-CoA hydratase
hypothetical protein
cupin
Ycel family protein
DJ-1/Pfpl family protein
polyketide cyclase
hypothetical protein
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6.709886
6.653272
6.134321
5.554323
5.231883
5.182603
4.915092
4.755926
4.745509
4.644677
4.638839
4.391448
4.343847
4.096421
4.028601
3.982017
3.949084
3.886748
3.874218
3.854598
3.835867
3.775164
3.732409

-4.8564
-2.74031
-2.71257
-2.43886
-2.35382
-2.22298
-2.07191
-2.06732
-2.03382
-2.02977
-1.99038
-1.96506

-1.925
-1.90972
-1.83859
-1.81247
-1.78874
-1.78669
-1.77805
-1.77588
-1.77378

2.65E-09
9.38E-22
5.37E-23
2.19E-18
5.1E-20
2.39E-17
1.03E-16
1.94E-09
1.72E-18
4.4E-16
1.3E-08
1.04E-13
3.25E-19
5.04E-06
8.55E-06
8.91E-13
1.45E-15
7.59E-05
2.39E-08
7.71E-14
4.22E-15
1.99E-10
3.5E-11

1.84E-16
4.13E-11
1.95E-05
4.6E-05

0.003525
2.98E-08
0.000529
3.99E-06
0.003463
0.000437
0.000115
0.001948
1.94E-05
1.32E-05
1.76E-06
6.17E-08
2.06E-05
0.000353
2.87E-06
0.000645
0.002223
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BB28_RS03055
BB28_RS13085
BB28_RS14015
BB28_RS11925

TetR/AcrR family transcriptional regulator
malate:quinone oxidoreductase
haloacid dehalogenase type |1

GlsB/YeaQ/YmgE family stress response membrane protein

-1.76973
-1.74296
-1.73793
-1.71861

0.003673
2.01E-07
5.94E-05
2.07E-05

Table 5-3. Top 50 differentially expressed genes with the highest absolute fold change from 10-day old M. chelonae
pellicles.

Gene name Product Log2 Fold change | p-value
Top 25 DEG
BB28_RS24410 hypothetical protein 8.603997 5.57E-27
BB28_RS24780 hypothetical protein 7.271395 5.96E-22
BB28_RS19640 type 1 glutamine amidotransferase 7.00953 4.23E-40
BB28_RS14405 XshC-Cox1 family protein 6.706251 3.53E-20
BB28_RS05065 pyridoxamine 5'-phosphate oxidase family protein 6.606976 9.21E-28
BB28_RS18265 Lrp/AsnC family transcriptional regulator 6.222184 5.91E-39
BB28_RS03140 class | SAM-dependent methyltransferase 6.180836 4.92E-33
BB28_RS19975 1,4-dihydroxy-2-naphthoate polyprenyltransferase 6.062166 5.45E-17
BB28_RS09130 hypothetical protein 5.626574 2.48E-16
BB28_RS18280 short-chain dehydrogenase 5.423429 9.63E-35
BB28_RS14470 | molybdopterin-guanine dinucleotide biosynthesis protein MobA 5.237611 1.35E-12
BB28_RS01840 glycerol kinase 5.033261 5.57E-25
BB28_RS11130 amino acid permease 5.018604 5.02E-26
BB28_RS18255 NADPH-dependent oxidoreductase 4.999078 5.25E-27
BB28_RS23625 phosphoenolpyruvate carboxylase 4.968198 4.33E-21
BB28_RS05070 cytochrome ¢ oxidase subunit | 4.949974 1.43E-33
rrf 5S ribosomal RNA 4.906745 0.00014
BB28_RS01830 short-chain dehydrogenase 4.901315 6.34E-18
BB28_RS12870 DUF4190 domain-containing protein 4.820052 1.13E-18
BB28_RS20565 hypothetical protein 4.818612 4.57E-19
BB28_RS19940 DUF3349 domain-containing protein 4.699323 1.59E-08
BB28_RS09340 alcohol dehydrogenase 4.67926 7.7E-29
BB28_RS01820 lipid-transfer protein 4.632437 3.12E-16
BB28_RS19665 hypothetical protein 4.607207 7.73E-07
BB28_RS11125 ATP-dependent DNA helicase RecQ 4.590025 8.4E-29
Bottom 25 DEG

BB28_RS13040 nicotinate-nucleotide diphosphorylase (carboxylating) -6.12272 5.9E-38
BB28_RS07375 holo-ACP synthase -3.36334 1.65E-07
BB28_RS20715 glycosyltransferase -3.05592 1.67E-23
BB28_RS04550 hypothetical protein -2.80231 0.000798
BB28_RS07550 hypothetical protein -2.77308 0.003348
BB28_RS20780 membrane protein -2.72794 0.000125
BB28_RS07835 DNA polymerase 111 subunit beta -2.72708 1.38E-16
BB28_RS09250 XRE family transcriptional regulator -2.67993 8.31E-16
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BB28_RS16680 Lrp/AsnC family transcriptional regulator -2.66573 0.001674
BB28_RS23445 methyltransferase domain-containing protein -2.62497 0.001919
BB28_RS00145 SAM-dependent methyltransferase -2.57556 1.08E-18
BB28_RS02080 hypothetical protein -2.55072 6.64E-20
BB28_RS02330 wax ester/triacylglycerol synthase family O-acyltransferase -2.53378 1.38E-14
BB28_RS10840 NAD(P)-dependent oxidoreductase -2.47466 1.78E-14
BB28_RS09020 1-aminocyclopropane-1-carboxylate deaminase -2.47365 4.05E-18
BB28_RS01525 hypothetical protein -2.46563 1.33E-12
BB28_RS21165 hypothetical protein -2.45175 4.6E-08
BB28_RS18120 acyl-CoA dehydrogenase -2.42846 2.49E-14
BB28_RS24800 acyltransferase -2.41719 1.41E-08
BB28_RS21500 hypothetical protein -2.40781 4.83E-11
BB28_RS07270 enoyl-CoA hydratase -2.37866 1.81E-09
BB28_RS19165 50S ribosomal protein L23 -2.3435 6.38E-08
BB28_RS08635 competence protein -2.29122 5.51E-10
BB28_RS22655 CoA-binding protein -2.27424 451E-07
BB28_RS02035 EamA/RhaT family transporter -2.27408 2.28E-12

In general, the patterns of DEG on Biofilm t1 and t2 are similar, but perhaps with steeper
values on the FC on DEG from Biofilm t2 (Figure 5-1). In order to ease the visualization
of the DEG associated with each condition, a Venn diagram was generated (Figure 5-2),
and the genes belonging to each of the generated subgroups are summarized in
Appendices 4-10. Forty-one genes are differentially expressed in all conditions
(Appendix 4), and only eight are differentially expressed in 5-day old M. chelonae
pellicles and Planktonic cultures ODeoo=3, and fourteen DEG are common to 10-day old
M. chelonae pellicles and the Planktonic culutres ODgoo=3. There are 416 DEGs common
to five and ten-day old M. chelonae pellicles (Appendix 7), suggesting a core of genes
differentially regulated during biofilm formation. There are also genes that are
differentially expressed exclusive to each of the conditions, suggesting that each growth

condition could be characterized by specific metabolic signatures (Appendices 8-10).
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Venn diagram of differentially expressed genes

Biofilm tl1
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Planktonic t2
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Figure 5-2. Venn diagram of the DEG in 5 and 10-day old M. chelonae pellicles and planktonic cultures OD=3.

The Venn diagram of the differentially expressed genes in 5 (Biofilmt1) and 10-day old (Biofilm t2) M. chelonae
pellicles and planktonic cultures ODgoo=3 (Planktonic t2) allows the visualization of the common differentially
expressed genes between conditions.

5.3.2 The enriched metabolic pathways in M. chelonae
biofilms are different.

There are 4726 predicted coding sequences in M. chelonae genome (Jaén-Luchoro et al.,
2016); therefore, the DEG during Biofilm t2 represents around 24% of the whole genome,
and such amount of data complicates the biological interpretation of the transcriptome
profiles. A way to overcome this problem is by doing pathway enrichment analysis, which
allows the identification of metabolic pathways that enriched in a list of genes
(Hanzelman et al., 2013; Reimand et al., 2019). The pathway enrichment analysis of our

transcriptomic data set was carried out by Dr. Eliza Peterson. First, the closest ortholog
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in M. tuberculosis of the list of DEG from M. chelonae pellicles were mapped into the M.
tuberculosis genome scale model iIEK1011 (Kavvas et al., 2018), and then identified the
metabolic pathways that were enriched. The metabolic pathways that are enriched (hyper
geometric test, p-value<0.01, Log2 fold change >1 or 1<) in 5 and 10-day old M. chelonae

pellicles are shown in Table 5-4 and Table 5-5, respectively.

Table 5-4. Enriched metabolic pathways in 5-day old M. chelonae pellicles.

Subsystem Fold Number of p-value Genes Closest TB Gene name
change genes ortholog
L_AAA biosynthesis 2 1 0 BB28 RS18260 | lat Rv3290c
Oxidative phosphorylation 1 16 4.07E- BB28 RS05070 | Rv3043c ctaD
07 BB28 RS07010 | Rv1304 atpB
BB28 RS07015 | Rv1305 atpE
BB28 RS07020 | Rv1306 atpF
BB28 RS10465 | Rv3146 nuoB
BB28 RS10470 | Rv3147 nuoC
BB28 RS10475 | Rv3148 nuoD
BB28 RS10485 | Rv3150 nuof
BB28 RS10490 | Rv3151 nuoG
BB28 RS10495 | Rv3152 nuoH
BB28 RS10500 | Rv3153 nuol
BB28 RS10505 | Rv3154 nuoJ
BB28 RS10515 | Rv3156 nuol
BB28 RS11885 | Rv1854c ndh
BB28 RS12095 | Rv2196 qcrB
BB28 RS13975 | Rv1305 atpE
Redox metabolism 1 8 0.002 BB28 RS07405 | Rv3045 adhC
BB28 RS12110 | Rv1908c katG
BB28 RS12850 | Rv1623c cydA
BB28 RS12855 | Rvi622c cydB
BB28 RS12860 | Rvi62ic cydD
BB28 RS12865 | Rv1620c cydC
BB28 RS14155 | Rv2605c tesB2
BB28 RS17655 | Rv0253 nirD
Glyoxylate metabolism 1 1 0.002 BB28 RS15360 | Rv2780 ald
Lipid metabolism 2 2 0.002 BB28 _RS24120 | Rv2495c bkdC
BB28 RS24125 | Rv2496c¢ bkdB
Mycolic acid biosynthesis 2 3 0.0008 BB28 RS03100 | Rv0098 fcoT
BB28 RS06770 | Rv2246 kasA
BB28 RS06780 | Rv2245 kasB
Arabinogalactan -1 8 0.0005 BB28_RS00845 | Rv3809c glf
biosynthesis BB28_RS00865 | Rv3805c aftB
BB28 RS00955 | Rv3793 embC
BB28 RS00960 | Rv3792 aftA
BB28 RS01015 | Rv3782 glfT1
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BB28 RS10090 | Rv2174 mptA
BB28 RS16230 | Rv2981c ddIA
BB28 RS18830 | Rv3441c mrsA
Arginine-Proline 1 4 0.0016 BB28 RS11450 | Rv1653 arg)
metabolism
BB28 RS11455 | Rv1654 argB
BB28 RS11460 | Rv1655 argD
BB28 RS11465 | Rv1656 argF
Mycobactin biosynthesis 1 7 8.99E- BB28 RS10375 | Rv2382c mbtC
06 BB28 RS10385 | Rv2380c mbtE
BB28 RS10390 | Rv2379c mbtF
BB28 RS10395 | Rv2383c mbtB
BB28 RS11030 | Rv2386¢ mbt/
BB28 RS11045 | Rv2380c mbtE
BB28 RS11050 | Rv2378c mbtG
Mycolic acid biosynthesis 1 4 0.0016 BB28 RS00895 | Rv3801c fadD32
BB28 RS00900 | Rv3800c pks13
BB28 RS09435 | Rv2245 kasA
BB28 RS13295 | Rv1483 fabG1/mabA
Nucleotide salvage 1 2 0.005 BB28 RS02415 | Rv3624c hpt
pathway BB28 RS20200 | Rv0501 galE2
Peptidoglycan metabolism 1 4 0.0016 BB28 RS10140 | Rv2158c murE
BB28 RS10145 | Rv2157c murF
BB28 RS10155 | Rv2155c murD
BB28 RS10165 | Rv2153c murG
Transport 1 33 2.49E- BB28 RS01235 | Rv3759c proX
11 BB28 RS01240 | Rv3758c proV
BB28 RS01245 | Rv3757c proW
BB28 RS01250 | Rv3756¢ proZ
BB28 RS03405 | Rv1282c oppC
BB28_RS04470 | Rv3496c mce4D
BB28 RS04490 | Rv1965 yrbE4B
BB28_RS04495 | Rv3501c yrbE1A
BB28 RS06575 | Rv1235 IpgY
BB28 RS06580 | Rv1236 SUgA
BB28 RS06585 | Rv1237 sugB
BB28 RS06590 | Rv1238 sugC
BB28 RS08770 | Rv2399c cysT
BB28 RS08775 | Rv2398c cysW
BB28 RS11060 | Rv1349 irtB
BB28 RS11065 | Rv1348 irtA
BB28 RS13025 | Rv3758c proV
BB28 RS16340 | Rvi200 Rv1200
BB28 RS16665 | Rv1348 irtA
BB28 RS16670 | Rv1349 irtB
BB28 RS20335 | Rv3501c yrbE4A
BB28 _RS20340 | Rv1965 yrbE4B
BB28 RS20920 | Rv3494c mce4F
BB28 RS20925 | Rv3495c IprN
BB28 RS20930 | Rv3496c mce4D
BB28 RS20935 | Rv3497c mce4C
BB28 RS520940 | Rv3498c mce4B
BB28 RS20945 | Rv3499c mce4A
BB28 _RS20950 | Rv3500c yrbE4B
BB28 _RS20955 | Rv3501c yrbE4A
BB28 RS22480 | Rv1200 Rv1200
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BB28 RS22830 | Rv3496¢ mce4D
BB28 RS23005 | Rv1965 yrbE3B
Table 5-5. Enriched metabolic pathways in 10-day old M. chelonae pellicles.
Subsystem Fold change p-value Genes Closest TB Gene name
ortholog
B-oxidation of 1 0.001 BB28 RS02715 Rv3573c fadE34
unsaturated fatty BB28 RS03610 Rv1715 fadB3
acids BB28 RS0O3880 Rv0859 fadA
BB28 RS04445 Rv0243 fadA2
BB28 RS05195 Rv0971c echA7
BB28 RS05215 Rv0975¢ fadE13
BB28_RS09385 Rv2724c fadE20
BB28 RS11710 Rv2789¢ fadE21
BB28 RS12250 Rv1934c fadE17
BB28 RS14975 Rv2724c fadE20
BB28 RS15455 Rv3573c fadE34
BB28 RS15460 Rv1933c fadE18
BB28 RS15465 Rv2831 echAl6
BB28 RS17275 Rv3556¢ fadA6
BB28 RS19370 Rv0672 fadE8
BB28_RS20660 Rv0468 fadB2
BB28 RS20970 Rv3504 fadE26
BB28 RS20975 Rv3505 fadE27
BB28 RS21000 Rv3516 echA19
BB28_RS21905 Rv0271c fadE6
BB28 RS22260 Rv0244c fadE5
BB28 _RS22855 Rv1142c echA10
Cholesterol 1 1.47E-05 BB28 RS02715 Rv3573c fadE34
degradation BB28 _RS02740 Rv3570c hsaA
BB28 _RS02745 Rv3568¢c hsaC
BB28_RS02885 Rv3546 fadA5
BB28 RS02890 Rv3545¢c cypl25
BB28 RS02930 Rv3538 Rv3538
BB28_RS02935 Rv3537 kstD
BB28 _RS02945 Rv3536¢ hsaE
BB28_RS02950 Rv3535¢ hsaG
BB28_RS02955 Rv3534c hsaF
BB28 _RS05945 Rv3409c choD
BB28 RS15455 Rv3573c fadE34
BB28 RS18630 Rv3409c choD
BB28 RS19125 Rv3569c hsaD
BB28 RS19770 Rv3571 kshB
BB28_RS20970 Rv3504 fadE26
BB28 RS20975 Rv3505 fadE27
BB28 _RS20995 Rv3515c fadD19
BB28 RS21020 Rv3522 Itp4
BB28_RS21025 Rv3523 Itp3
BB28 RS21050 Rv3526 kshA
L_AAA 2 0 BB28 RS18260 lat Rv3290c
biosynthesis
Oxidative 1 3.83E-06 BB28_RS05070 Rv3043c ctaD
phosphorylation BB28 RS07015 Rv1305 atpE
BB28 RS10465 Rv3146 nuoB
BB28 RS10470 Rv3147 nuoC
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BB28 RS10475 Rv3148 nuoD
BB28 RS10480 Rv3149 nuok
BB28 RS10485 Rv3150 nuoF
BB28_RS10490 Rv3151 nuoG
BB28_RS10495 Rv3152 nuoH
BB28_RS10500 Rv3153 nuol
BB28_RS10505 Rv3154 nuoJ
BB28 RS10510 Rv3155 nuolL
BB28 RS10515 Rv3156 nuolL
BB28 RS10520 Rv3157 nuoM
BB28 RS10525 Rv3158 nuoN
BB28 _RS11885 Rv1854c ndh
BB28_RS12095 Rv2196 gcrB
BB28 RS13975 Rv1305 atpE
Arabinogalactan -1 2.62E-09 BB28_RS00845 Rv3809c glf
biosynthesis
BB28_RS00850 Rv3808c glfT2
BB28_RS00855 Rv3807c Rv3807¢c
BB28_RS00860 Rv3806¢ ubiA
BB28_RS00865 Rv3805¢c aftB
BB28_RS00940 Rv3795 embB
BB28_RS00955 Rv3793 embC
BB28_RS00960 Rv3792 aftA
BB28_RS00965 Rv3791 dprE2
BB28_RS00970 Rv3790 dprEl
BB28_RS01015 Rv3782 glfT1
BB28_RS10090 Rv2174 mptA
BB28_RS16230 Rv2981c ddIA
BB28_RS18830 Rv2981c ddla
BB28_RS18970 Rv3464 rmiB
BB28 RS18975 Rv3465 rmiC
BB28_RS20760 Rv0334 rmiA
Arginine proline -1 0.0003 BB28 _RS11445 Rv1652 argC
metabolism BB28 RS11450 Rv1653 argJ
BB28 RS11455 Rv1654 argB
BB28 RS11460 Rv1655 argD
BB28 RS11465 Rv1656 argF
BB28_RS20210 Rv0500 proC
Histidine -1 0.001 BB28_RS10445 Rv2122c hisk
metabolism BB28_RS10450 Rv2121c hisG
BB28 RS12965 Rv1606 his/
BB28 RS12970 Rv1605 hisF
BB28_RS12980 Rv1603 hisA
Mycobactin -1 5.90E-05 BB28 RS10375 Rv2382c mbtC
biosynthesis BB28 RS10385 Rv2380c mbtE
BB28_RS10390 Rv2379c mbtF
BB28_RS10395 Rv2383c mbtB
BB28 _RS11045 Rv2380c mbtE
BB28 _RS11050 Rv2378c mbtG
BB28_RS20695 Rv2377¢ mbtH
BB28_RS23405 Rv2377¢ mbtH
Mycolic acids -1 0.006 BB28_RS00870 Rv0129c fbpC
pathhway BB28_RS00880 Rv3804c fbpA
BB28_RS00890 Rv3802c Rv3802c
BB28 RS10830 Rv2051c ppm1
BB28 _RS18245 Rv3285 accA3
Peptidoglycan -1 1.81E-05 BB28 RS02395 Rv3627¢ Rv3627¢c
metabolism BB28 _RS10140 Rv2158c murkE
BB28_RS10145 Rv2157c murF
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BB28 _RS10150 Rv2156¢ murX
BB28 RS10155 Rv2155¢ murD
BB28 RS10165 Rv2153c murG
BB28 RS10170 Rv2152c murC
Purine pyrimidine -1 0.006 BB28_RS02235 Rv3645 Rv3645
biosynthesis
BB28 RS02415 Rv3624c hpt
BB28 _RS03255 Rv0777 purB
BB28_RS03270 Rv0780 purC
BB28 RS03315 Rv0788 purQ
BB28_RS03440 Rv0809 purM
BB28_RS05170 Rv0956 purN
BB28 _RS05175 Rv0957 purH
BB28_RS07090 Rv1319c Rv1319c
BB28_RS08795 Rv1286 cysN
BB28_RS09035 Rv2344c dgt
BB28 RS11620 Rv1712 cmk
BB28 RS13780 Rv1389 gmk
BB28 _RS13795 Rv1385 pyrf
BB28_RS14085 Rv2584c apt
BB28 RS14770 Rv2697¢c dut
BB28_RS18005 Rv3247¢c tmk
BB28 _RS18990 Rv0733 adk
BB28 RS21525 Rv0382c pyrE
Starch sucrose -1 0.006 BB28 RS07135 Rv1327¢ glgE
metabolism BB28 _RS16620 Rv3031 Rv3031
BB28 RS16625 Rv3032 Rv3032
Transport -1 1.47E-06 BB28 RS01235 Rv3759c proX
BB28 RS01240 Rv3758¢c proV
BB28 RS01245 Rv3757¢ proW
BB28 _RS01745 Rv3331 sugl
BB28 RS03405 Rv1282c oppC
BB28 _RS04470 Rv3496¢ mce4D
BB28_RS04490 Rv1965 yrbE3B
BB28_RS04495 Rv3501c yrbE4A
BB28_RS05180 Rv1819c bacA
BB28 RS05425 Rv0346¢ ansP2
BB28_RS06575 Rv1235 IpqY
BB28_RS06580 Rv1236 SugA
BB28_RS06585 Rv1237 sugB
BB28_RS06590 Rv1238 sugC
BB28 _RS08770 Rv2399c Rv2399c
BB28 RS08775 Rv2398¢c cysW
BB28 RS09175 Rv2316 uspA
BB28_RS11060 Rv1349 irtB
BB28 RS13025 Rv3758¢c proV
BB28_RS16670 Rv1349 irtB
BB28_RS20335 Rv3501c yrbE4A
BB28_RS20340 Rv1965 yrbE3B
BB28_RS20920 Rv3494c mce4F
BB28_RS20925 Rv3495¢c IprN
BB28 RS20930 Rv3496¢ mce4D
BB28 RS20935 Rv3497¢ mce4C
BB28 RS20940 Rv3498¢c mce4B
BB28 RS20945 Rv3499c mce4A
BB28_RS20950 Rv3500c yrbE4B
BB28_RS20955 Rv3501c yrbE4A
BB28 _RS21320 Rv0411c glnH
BB28_RS21440 Rv2287 yjcE
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BB28_RS522480 Rv1200 Rv1200
BB28_RS22830 Rv3496¢ mce4D
BB28_RS23005 Rv1965 yrbE3B
BB28_RS23520 Rv2692 ceoC

In 5-day old M. chelonae pellicles there are six metabolic pathways are up-regulated, and
seven of them are down-regulated. In comparison, in 10-day old M. chelonae pellicles,
four metabolic pathways are up-regulated, and nine are down-regulated. Aiming to ease
the visualization of the interaction of the proteins coded by the genes in the enriched
pathways, we used String (Szlarczyk et al., 2019) to generate a network, using as a
criterion for showing interaction neighborhood, gene fusion or co-occurrence. The
generated networks were annotated in Cytoscape (Shannon et al., 2003), and are depicted

in Figure 5-3 and Figure 5-4.

116



REDOX

Transporters .
: Mycobactin metabolism
cysW meedA biosynthesis
Rv1200 cj‘sT I e tesB2 -
cedB Y
oppC m’ : / ___> adhC cydD
'”A\ <S—— ,/’ cydC
WA~ gugc yIbE3B AT S \/
prow proZ | | . . fadD32 —— yd
an; i oy AG biosynthesis \ o j \
prox Yy o “M'AS- pks13
- <~ T — tpE
argB gifT1 / bfdsynthe5|s \ S L nuoH e -
- | < —Enbe fabG1 nuoB \ ndh
L — mrsA nuol nuoF L_AAA
P mptA \| biosynthesis
Arg-Pro / H oL
i —~
metabolism - oG T . 2
Nucleotide murD murF 2 Oxidative
salvage @ ! | phosphorylation
g muwG  ~  murE - LogZ FC
pathway
PG metabolism  Glyoxylate Lipid .

Figure 5-3 Enriched metabolic subsystems in 5-day old M. chelonae pellicles.

After determining the enriched metabolic pathways in 5-day old M. chelonae pellicles, we created a network on by defining as interaction neighborhood, gene
fusion, or co-occurrence. There are thirteen enriched metabolic pathways, and the identity of each pathway is written next to it .The genes belonging to the
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Figure 5-4. Enriched metabolic subsystems in 10-day old M. chelonae pellicles
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5.3.2.1 Genes related to the cell wall biogenesis are down-regulated
during biofilm formation

During Biofilm t1 and t2, there is a down-regulation of purine and pyrimidine
metabolism, and in Biofilm t2, there is also a down-regulation of the histidine-proline
metabolism. These pathways share in common the metabolite phosphoribosyl-1-
pyrophosphate (pRpp) (Hove-Jensen, 1988). In mycobacteria pRpp is synthesized by
UbiA (Alderwick et al., 2010), and derived to arabinose to be incorporated into the

arabinogalactan biosynthesis (Mikusova et al., 2005).

The arabinogalactan biosynthesis and peptidoglycan metabolism are down-regulated in
M. chelonae at Biofilmt t1 and t2, suggesting an arrest on bacilli replication in biofilm.
However, bacilli in mycobacterial biofilms remain metabolically active (Anand et al.,
2015), and indeed, genes involved in the oxidative phosphorylation show up-regulation

in both Biofilm samples.

5.3.2.2 The oxidative phosphorylation is up-regulated during biofilm
formation

In M. bovis BCG biofilm, genes related to respiration (oxidative phosphorylation) are
down-regulated, leading to the generation of ATP via glycolysis and activation of
subsequent biosynthetic pathways (Zeng et al., 2019). This process is known as the
Crabtree effect (Herbert and Crabtree, 1929). A similar trend is not observed in the
analyzed M. chelonae biofilms samples, suggesting that this organism does not favour
glycolysis to respiration during biofilm formation, or else, that the Crabtree effect is a
transient phenomenon in mycobacterial biofilms and our analyzed biofilm samples are

not in the same developmental stage as the M. bovis BCG biofilms used in this study.
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5.3.2.3 Genes associated with steroids degradation an -oxidation are up-
regulated in M. chelonae biofilms

During Biofilm t2, there is an up-regulation of genes associated with cholesterol
degradation and B-oxidation of unsaturated fatty acids. M. chelonae is not predicted to be
able to assimilate cholesterol, as it lacks some of the characteristic genes coding for
enzymes required for degrading this metabolite (van Wyk et al., 2019). We also observe
a down regulation of genes from the mce4 operon, and in M. smegmatis this operon codes
for enzymes that are required for cholesterol uptake (Garcia-Fernandez et al., 2017). In
M. smegmatis all the mce transporters are non-essential, but deletion of all of them impair

biofilm formation, likely due to alteration in the cell wall components (Klepp et al., 2012).

5.3.2.4 Genes related to iron uptake are down regulted in M. chelonae
biofilms

The genes involved in the mycobactin biosynthesis and iron transporter (irtA and irtB)
are down regulated in M. chelonae Biofilm t1 and t2, a phenotype consistent with
observations in other mature mycobacterial biofilms (Yang et al., 2017). Prior biofilm
formation there is an up-regulation of genes related to iron uptake and storage (Ojha and
Hatfull, 2007), but as the biofilm matures, there is a down-regulation of these genes (Yang
etal., 2017). The uptake and storage of iron are controlled processes, as iron participates
in the Fenton reaction that generates free radicals that cause cell damage (Crichton and

Charloteaux-wauters, 1976; Fang et al., 2015).
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5.3.2.5 lat, a persistence-associated gene, is up-regulated during M.,
chelonae biofilm formation.

In  mycobacteria, Lat shows lysine-aminotransferase acitivity (Tripathi and
Ramachandran, 2006). In M. tuberculosis, lat is up-regulated after nutrient starvation
(Betts et al., 2002), and in M. bovis BCG, lat contributes to the arising of persister bacilli
after exposure to norfloxacine (Li et al., 2016). The pathway analysis show an up
regulation of lat in Biofilm t1 and t2, suggesting a potential role of lat in persisters

formation in M. chelonae biofilms, although this remains to be tested.

5.3.2.6 Genes related to the synthesis of a-glucan are down-regulated in
10-day old biofilms

The genes related to the synthesis of a-glucan (starch and sucrose metabolism), and a
trehalose transporter (IpqY-sugA-sugB-sugC) are down-regulated during Biofilm t2. a-
glucan is an important component of mycobacterial biofilms (Lemassu and Daffé, 1994;
Ortalo-Magne et al., 1995; Ortalo-Magné et al., 1996), and is synthesized from maltose-
1-phosphate (Kalscheuer et al., 2010a). Trehalose can also be incorporated to the
synthesis of a-glucan, as it can be converted into maltose-1-phosphate for further

elongation to a-glucan.
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5.4 Discussion

The comparison of the transcriptomes of M. chelonae biofilms and planktonic cultures,
followed by a pathway enrichment analysis, showed that M. chelonae biofilms share some
of the transcriptional changes associated to biofilm formation in other mycobacteria, such

as the down-regulation of genes associated with iron uptake and storage.

However, M. chelonae biofilms display specific transcriptional changes not previously
described in other mycobacterial biofilms, such as the induction of lat, or the down-
regulation of the a-glucan biosynthesis during Biofilm t2. In M. smegmatis biofilms, the
induction of genes associated with nitrogen acquisition and glutamine metabolism leads
to peroxide resistance (Yang et al., 2018), and such transcriptional changes are not

observed in the analyzed M. chelonae biofilms.

The observed transcriptional changes associated with biofilm formation in M. chelonae
contribute to the identification of the requirements for the maintenance (transcriptome of
Biofilm t1), or dispersion of the biofilm (Biofilm t2). Whether if these transcriptional
changes are also relevant when M. chelonae forms biofilms during infection remains to

be tested.
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6.1 General discussion and future work

Some NTM can form biofilms, either colonizing implantable devices or human tissues
(Holland et al., 2017; Marsollier et al., 2007; Qvist et al., 2015, 2013). NTM-associated
infections often require prolonged chemotherapy, and sometimes, the infection only
resolves after the replacement of the colonized implantable device, or debridement the
infected tissue (Blanc et al., 2016; Tebruegge et al., 2016). M. chelonae is one of the two
most drug-resistant NTM and forms biofilms in vivo (Holland et al., 2017), making it

extremely difficult to treat.

NTM occur in the environment as biofilms (Falkinham, 2009), and these environmental
biofilms are thought the be the source of the infecting NTM. After an outbreak M.
chelonae causing skin infections in patients that had undergone liposuction, the source of
the infection was likely a strain of M. chelonae recovered from a biofilm formed in the
pipes of the water system in one of the physicians office (Meyers et al., 2002). The
identification of environmental biofilms as the source of biofilm-associated infections

highlights the need for characterizing Mycobacterium chelonae biofilms.

In light of this information, the aim of this thesis was to characterize M. chelonae
biofilms, associating changes in the transcriptome to changes in the biochemical
composition during biofilm formation. The observed phenotypes associated with M.
chelonae biofilm formation derived from this thesis are summarized in Figure 6-1. We
have identified several phenotypes that are common to other mycobacterial biofilms, and
our study on M. chelonae biofilms also shows biofilm-associated phenotypes that have
not been described previously in other mycobacterial biofilms. Similar to other

mycobacteria (Lemassu et al., 1996a; Lemassu and Daffé, 1994; Ortalo-Magne et al.,
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1995; Trivedi et al., 2016), the extracellular matrix of M. chelonae biofilms is formed by
carbohydrates, proteins, lipids, and nucleic acids, and the M. chelonae biofilm
morphology shows the distinctive cording of other mycobacterial biofilms (Abidi et al.,
2014; Hall-Stoodley et al., 1999; Julian et al., 2010; Sambandan et al., 2013; Sochorova

etal., 2014; Sousa et al., 2015; Totani et al., 2017; Trivedi et al., 2016).

Release of free mycolic Decrease in the TDM
acids content

b
—
GPLs QN
Stage | Stage Il Stage lll Stage IV Stage V
Reversible attachment  |rreversible attachment Early maturation Late maturation Dispersion
= = Growth arrest
Bloﬁlm t1 B|0ﬂ|m t2 Accumulation of PG (Down-regulation of
Vasicle formation? AG-PG biosynthesis)
Up-regulation of /at
Increase on persisters?

Decrease in the
carbohydrate and
protein content

Figure 6-1. Model for M. chelonae biofilm formation.

Biofilm t1 correspond to M. chelonae biofilms in the Late maturation stage (blue star) and Biofilm t2 to biofilms prior
Dispersion state (red star). As M. chelonae biofilms reach the dispersion stage, there is a down-regulation of the
synthesis of cell wall components, as well as upregulation of genes associated with persistence. There is also a
decrease in the carbohydrates and proteins that could contribute to de dispersion of the biofilms.

The lipid profiles form mycobacterial biofilms have been studied extensively (Fujiwara
et al., 2015; Ojha et al., 2005, 2010; Ortalo-Magné et al., 1996; Pacheco et al., 2013;
Sambandan et al., 2013; Wright et al., 2017), and one of the distinctive features of
mycobacterial biofilms is the accumulation of free mycolic acids (Ojhaetal., 2010, 2008).
In agreement with previous observations, M. chelonae accumulate free mycolic acids. In
M. smegmatis, the release of free mycolic acids is due to the hydrolysis of TDM (Ojha et
al., 2010). The content of TDM in M. chelonae biofilms decreases from day five to day

ten, suggesting a similar mechanism as in M. smegmatis.
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In addition to the accumulation of free mycolic acids and the decrease of TDM, the lipid
profile from b5-day old M. chelonae biofilms shows an accumulation of
phosphatidylglycerol. This phospholipid is not abundant in the mycobacterial plasma
membrane (Jackson et al., 2000); however, it is one of the principal phospholipids found
in mycobacterial extracellular vesicles (Prados-Rosales et al., 2011). Many bacteria, both
Gram-negative and Gram-positive, secrete extracellular vesicles that contribute to the
formation of biofilms (Brown et al., 2015; Liao et al., 2014; Schooling and Beveridge,
2006). The accumulation of phosphatidylglycerol during biofilm formation has not been
reported for other mycobacteria before, but Mycobacterium ulcerans, the etiological
agent of Buruli ulcer, is known to form biofilms that have abundant extracellular vesicles
(Marsollier et al., 2007). Although it is likely that vesicles play role in M. chelonae

biofilms, this yet remains to be determined.

Carbohydrates, proteins, and eDNA have a structural function in mycobacterial biofilms
(Aung et al., 2017; Rose et al., 2015; Trivedi et al., 2016), and the Raman spectra from
10-day old biofilms show an overall decrease in the protein content, and also suggests a
possible a decrease in the carbohydrate content of 10-day old biofilms, but this result is

somehow ambiguous.

There is a down-regulation of genes related to the synthesis of a-glucan and trehalose
importers observed in Biofilm t2. Trehalose can be used to form a-glucan (Kalscheuer et
al., 2010Db), and when the synthesis of intracellular a-glucan decreases, the abundance of
capsular glucan decreases as well (Sambou et al., 2008). The glucose-content of
extracellular polysaccharides from M. chelonae decreases from day 5 to day 10, further
supporting the findings form Raman spectroscopy and transcriptome analysis. This

information suggests that prior/during dispersion stage, M. chelonae biofilms down-
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regulates the synthesis of a-glucan, which could contribute to the dispersion of the

structure.

Although our pathway enrichment analysis detected a down regulation of genes related
to the synthesis of a-glucans during 10-day old M. chelonae pellicles, which we further
correlated with the decrease in the glucose content measured with gas chromatography,
we did not obtain further information about pathways related to the central carbon a
metabolism. In Bacillus subtillis, the dynamic remodelling of the central carbon
metabolism allows the bacteria to adapt during the biofilm formation (Pisithkul et al.,
2019). Our study would have benefitted from determining secreted metabolites such as
pyruvate or acetate to query the active metabolic pathways in M. chelonae biofilm

through time.

M. smegmatis and M. tuberculosis induce the expression of genes related to the glutamine
biosynthesis during biofilm formation (Yang et al., 2018; Zeng et al., 2019), and in M.
smegmatis this leads to peroxide resistant (Yang et al., 2018). The transcriptome of M.
chelonae biofilms does not show similar behaviour, and perhaps other mechanisms are

involved in the development of biofilms increased tolerance to antimicrobials.

The microorganisms dispersed from a biofilm do not go immediately into planktonic
growth phase (Chua et al., 2014). Pseudomonas aeruginosa that have just been released
from a biofilm are hyper-virulent to macrophages and have a different transcriptome
compared to both biofilms and planktonic bacteria (Chua et al., 2014). During M.
chelonae biofilm formation, there is an up-regulation of lat, a gene coding for an enzyme
associated with persisters formation in M. bovis BCG (Li et al., 2016), and that is also up-
regulated on M. tuberculosis in a nutrient-starved persistence model (Betts et al., 2002).

Genes coding for enzymes associated with the synthesis of arginine, proline, and histidine
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are down-regulated in M. chelonae biofilms. Mycobacterial biofilms are metabolically
heterogenous (Anand et al., 2015), and although mycobacterial biofilms have pores that
could help to facilitate the distribution of nutrients through the biofilm, it is possible that
the inner population of the biofilm is not receiving as many nutrients as the bacilli present
in the outermost layers of the biofilms. The starvation of the inner bacilli in M. chelonae
biofilms could be responsible for the observed up-regulation of lat, and perhaps, is a

mechanism that could contribute to the arising of persisters in M. chelonae biofilms.

The information derived from this work show characteristic molecular changes occurring
in M. chelonae biofilm formation and the methods here described could be used in other
mycobacteria to compare the biofilm formation between species, aiming to identify

conserved mechanisms or components necessary for biofilm formation in NTM.

The strain used in this work is M. chelonae NCTC 946 and was isolated from the lung of
a turtle by Friedman. Although there is little genetic variability between M. chelonae
clinical isolates and M. chelonae NCTC 946, the latter is slightly more susceptible to
antibiotics compared to clinical isolates (Fogelson et al., 2019). There is no information
available on the characteristics of the biofilms formed by clinical isolates, but using as a
reference the molecular signatures associated with biofilm formation identified in this
work, Raman spectroscopy could be used to quickly evaluate the biochemical
composition of biofilms formed by M. chelonae clinical isolates, to further determine if
a particular component of the biofilm is associated with the capacity of a clinical isolate

to colonize a determined tissue.

It would also be interesting to study the biofilm formation of M. chelonae or other NTM,
in ex vivo models (Schaudinn et al., 2017), and determine the transcriptome of both host

and bacilli, as it has been done for other mycobacteria (Peterson et al., 2019). The study
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of transcriptomes during biofilm formation in ex vivo models could lead to the
identification of genes that are involved in the biofilm formation in different human
tissues, providing the researchers with valuable information for further development

therapies against Mycobacterium chelonae and other pathogenic NTM.
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7.1 Chemicals and reagents

All chemicals and solvents were purchased from Sigma-Aldrich (U. K.) unless otherwise

stated.

7.2 Culture media preparation

7.2.1 TH9/OADC broth

2.35g of 7H9 powder (Difco™) was dissolved in 450mL of miliQ water and sterilized by
autoclaving at 121°C for 15min. After sterilization, 50mL of sterile ovoalbumin, dextrose,
and catalase (OADC) enrichment (Difco™), 5mL of sterile 50% glycerol, and 1.25mL of

sterile 20% Tween 80 were added.

7.2.2 TH11/OADC

9.5g of 7H11 powder (DIFCO™) was dissolved in 450mL of miliQ water and sterilized
by autoclaving at 121°C for 15min. After sterilization, 50mL of sterile OADC enrichment
and 10mL of 50% glycerol were added. The agar was then distributed in plates

aseptically.
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7.2.3 Sauton’s media

The compound used for preparing Sauton’s media are summarized in Table 7-1. All the
components were mixed in 940mL of miliQ water and 60mL of glycerol. The pH was
adjusted to 7.2, when required, with KOH or HCI. The solution was autoclaved for 15min
at 121°C. After sterilization, 10mL of sterile 50% glucose was added. When required,

Sauton’s media was supplemented with tyloxapol until a final concentration of 0.05%.

Table 7-1. Sauton's media compostion.

Compound Amount per liter
Asparagine 49

Potassium citrate 3.18¢g

1% ZnSO4 in miliQ water = 100pL

K2HPO, 0.5

MgSO4 0.5

Ammonium ferric citrate | 0.05¢g

7.3 Preparation of stocks of fluorescent dyes

7.3.1 Nile Red stock

The Nile Red powder was diluter in miliQ water until a final concentration of 15mg/mL.
Then, this stock was further diluted to 0.03184mg/mL. 2uL of the final stock was diluted

in ImL of water before biofilm staining.
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7.3.2 Propidium lodide Stock

The Propidium lodide was diluted in water until a final concentration of 10pug/mL. From

this stock, 0.2mL was further diluted in water to a final volume of 1mL.

7.3.3 Concanavalin A Alexa Fluor 647 stock

5mg of Concanavalin A Alexa Fluor 647 was resuspended in 1mL of 0.1M NaHCOs3
(S5mg/mL). 200uL from this solution was further diluted to Img/mL. Prior usage, 100uL

of the Img/mL stock were diluted to a final volume of 1mL (100ug/mL).

7.4 Culture conditions

7.4.1 Propagation of M. chelonae

M. chelonae strains were routinely maintained in Middlebrook 7H9 broth or 7H11 agar.

Cultures were maintained at 30°C and 100rpm or under static conditions.

7.4.2 Biofilm formation

For biofilm formation, M. chelonae NCTC 946 was grown in 7H9 broth, and further
diluted until an ODggo of 0.03 in Sauton’s media. The volumes and containers used were

different for each analysis, and the Table 7-2 summarizes the conditions for each analysis.
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Table 7-2. Conditions for biofilm formation.

Analvsis Conditions for biofilm Conditions for
y cultures planktonic cultures
Confocal microscopy and 16mL distributed in the
. Py central wells of a 24-well Not required.
Scanning Electron Microscopy plate
Lipid extraction for 16mL distributed in the
P! .. central wells of a 24-well 10mL
radiolabelled lipids plate
H 2
RNAseq 50mL, in ?IZSSli:m culture 50mL
H 2
Carbohydrayes 500mL, in %&chm culture 1L

For all the analyses, except for the microscopy analysis (SEM and CLSM), the samples
were analyzed at two different time points. For biofilm cultures, the samples were

collected on day 5 (Biofilm t1) or on day10 (Biofilm t2).

7.4.3 Planktonic cultures

For biofilm formation, M. chelonae cultures growth in 7H9 broth were diluted until an
ODs0o 0of 0.03 in Sauton’s media supplemented with tyloxapol (0.05%). The cultures were

collected at an ODegoo of 1 (Planktonic t1) or 3 (Planktonic t2).

7.5 Transformation of M. chelonae

For CLSM, M. chelonae was transformed with the plasmid

pMV306-eGFP, kindly provided by Laurent Kremer.
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7.5.1 Preparation of electrocompetent Mycobacterium
chelonae

M. chelonae cultures were grown in 50mL of 7H9 broth to an ODego 0f 0.8. The culture
was pelleted by centrifugation at 3000rpm for 10min at 4°C. The supernatant was
discarded, and the remaining cell pellet was washed 3 times with ice-cold 10% glycerol
in MiliQ water. Once the washes were completed, the remaining bacterial pellet was

suspended in 1 mL of 10% glycerol prior electroporation.

7.5.2 Electroporation of Mycobacterium chelonae

For transformation, 200uL of electrocompetent M. chelonae was transformed (2.5kV)
with 5ul (0.5-1pg) of pMV306-eGFP plasmid, using a 5mm gap cuvette. Both the

transformed sample and control had a transformation time above 4 milliseconds.

The samples were mixed with 1mL of 7H9 broth, and allowed to recover at 30°C for 4h.
Once the time was completed, the cultures were centrifuged (14000rpm, 2min) for
pelleting the cells. 700uL of the supernatant was discarded, and the remaining volume
(500uL), was used to resuspend the bacterial pellet. The suspension was serially diluted
(10-fold), and plated 50uL of the dilutions (0, 1073, and 107°) in 7H11 agar supplemented

with zeocin (50pug/mL) as a selection marker.

Transformant colonies were detected after five days of growth and were propagated in
7HO9 broth supplemented with zeocin (Invitrogen, 50ug/mL). Once the cultures reached
an ODeoo of 0.8, we took one volume of the culture and mixed it with one volume of 50%

glycerol, prior storage (-80°C).
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7.6 Microscopy

7.6.1 Scanning electron microscopy of M. chelonae biofilms

7.6.1.1 Sample preparation

M. chelonae biofilms were formed in 24-well plates. Once formed, the supernatant was
carefully removed, and the pellicle was washed once with phosphate buffer saline (PBS,
pH=7.2). The supernatant was replaced by 6% glutaraldehyde in PBS and allowed to fix

overnight.

7.6.1.2 Image acquisition

The M. chelonae pellicles were sent to the Centre for Electron Microscopy at the
University of Birmingham, for micrographs to be acquired by Mr. Paul Stanley, using a

Philips XL-30 FEG ESEM.

7.6.2 CLSM of M. chelonae biofilms

7.6.2.1 Sample preparation
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M. chelonae::eGFP biofilms were formed in 24-well plates. Once the pellicle was formed
(5 days) a coverslip (@=16mm) was carefully placed at the bottom of each well of the
culture plate. The liquid phase was carefully removed with a 200uL pipette and washed
three times with 1 mL of PBS. After the washings, the eGFP-expressing biofilms were
stained with one impermeable fluorophore. We used a volume of 200uL for each dye.
The concentration for each fluorophore and the incubation time are summarized in Table

7-3.

Table 7-3. Staining conditions.

Targeted

Fluorophore Concentration Time
component
eGFP Bacteria - -
Nile Red Lipids 1uM 30 min
Pr_oplfjlum Nucleic acids 15uM 15 min
iodide
As provided by
Sypro Ruby Proteins the 30 min
manufacturer
a-mannose
and a-glucose
Alexa Fluor in the 100pg/mL 30min
pyranose

configuration.

After incubation with the dye, the sample was carefully washed three times more with
1mL of PBS and then fixed with 1mL of a solution of 4% paraformaldehyde in PBS
(Thermo Scientific™) for 30min. The sample was subsequently washed three times more
with 1mL of PBS, and the round coverslip was lifted from the bottom of the well to
harvest the stained pellicle, which was then mounted on a glass slide. Finally, the
coverslip was sealed with clear nail polish to avoid sample desiccation. The ready-to-

image coverslips were stored in the dark at 4°C until imaged.
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7.6.2.2 Image acquisition

The stained pellicles were imaged in the Birmingham Advanced Light Microscopy
Facility, using a Nikon A1R Inverted Confocal/ TIRF microscope. The scan speed for all
the samples was 1/8, the scan size 1024, and the pinhole size was 1 Aury units. The lasers
used for acquiring each fluorophore and the wavelength range for signal recovery are

summarized in Table 7-4.

Table 7-4. Acquisition parameters.

Fluorophore Target component | Laser wavelength (nm) = Emission (nm)

eGFP M. chelonae 488 494-524

Nile Red Lipids 514.5 602-644
Propidium iodide Nucleic acids 561.4 570-620
SyproRuby Proteins 457.9 608-638
Alexa Fluor Carbohydrates 639 663-738

7.6.2.3 Image analysis

The colocalization analysis and calculus of biovolumes were done in Icy (de Chaumont
et al., 2012), using the Protocols plug in to create automated pipelines for each analysis.
Images from each channel were de-noised using a median filter, and then a threshold was
calculated using the Thresholder plug in, applying the Li method (Li and Tam, 1998).
The image was then binarized to create the region of interest (ROI). The signal within the
ROI was extracted for colocalization analysis, using the Colocalization Studio plug in,
and calculation of biovolumes, using the Stats plug in. The median comparison of the
relative biovolumes was made in Python (Perez and Granger, 2007) using the Numpy

(van der Walt et al., 2011), Matplotlib (Hunter, 2007), and StatAnnot modules.
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7.7 RNAseq

7.7.1 RNA extraction

We extracted RNA from 200uL of bacterial pellet, either biofilm or planktonic samples.
The pellets were resuspended in 600uL of a lysozyme solution (5mg/mL in TE pH=8.0)
and 7uL of B-mercaptoethanol. The mixture was transferred to a lysis tube and shaken for
one minute (speed=400). Then, 60uL of 10% sodium dodecyl sulfate (SDS) were added
to the mix which was shaken for two more minutes. The resulting lysate was mixed with
60uL of 3M sodium acetate (pH=5.2), and then 720puL of acid phenol (pH=4.2). The
samples were then incubated at 65°C for 5min, with occasional mixing, and then
centrifuged (17000 rfc, Smin). The upper aqueous phase (~650uL) was mixed with one
volume of acid phenol (pH=4.2) and mixed the two phases by vortexing prior a 2min
incubation at 65°C. The samples were centrifuged again (17000rfc, 5min), and the upper
aqueous phase (~400uL) was mixed with 550uL of chloroform:isoamyl alcohol. The
suspension was centrifuged (17000rfc, 5min), and the upper aqueous phase (~400uL) was
transferred into a new tube. 40ul of 3M sodium acetate (pH=5.2) and 3 volumes of
ethanol were added to the recuperated supernatant and were then left to precipitate
overnight at 4°C. The aqueous phase was discarded, and the remaining pellet was washed
once with 70% ethanol. The pellet was allowed to air-dry before being resuspended in

RNAse free water.
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7.7.2 rRNA depletion

For depleting the rRNA, the RiboZero® (lllumina®) kit was used, following the
manufacturer’s instructions. Spg of total RNA from each sample was put in 0.2mL
microcentrifuge tubes. 8uL of the RiboZero® Removal Solution buffer and 4pL of
RiboZero® reaction buffer were added to each tube. A final volume of 40uL was obtained
after the addition of RNAse free water. The samples were placed in a thermocycler at
68°C to allow hybridization. After cooling down, the samples were transferred toa 1.5mL
microcentrifuge tube that contained S6uL of magnetic beads provided by the RiboZero®

Kit.

The tubes were vortexed for ten seconds and were incubated at room temperature for five
minutes. Then, the tubes were incubated for five minutes more at 50°C and then placed
in a magnetic stand. Once the supernatant was clear, 90uL was transferred to a clean
1.5SmL tube and placed on ice. 90uL of RNase-free water was added to each tube,
followed by the addition of 18uL of 3M sodium acetate and 2pL of glycogen (10mg/mL).

After vortexing, 600uL of 100% ethanol was added to each tube and mixed by vortexing.

The samples were left to precipitate for 1h at -20°C, and were then centrifuged at 10,000
g and 4°C for 30min. The supernatant was discarded, and the samples were washed twice
more with 70% ethanol. Once the supernatant was discarded, the samples were allowed
to air-dry at room temperature. The dry samples were suspended in 8.5uL of TruSeq

Stranded mMRNA ® (Illumina®) buffer and kept at -80°C before library preparation.
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7.7.3 Library preparation

For the synthesis of the DNA strands from RNA templates, we used the TruSeq RNA®
(Ilumina®) using the Low sample preparation. 100nG (5ul) of the rRNA-depleted
samples was placed in a 96-well PCR plate that was labeled with the RBP barcode,
followed by the addition of 19.5uL of the Elute, Prime, Fragment Mix to each sample.
The content of each well was mixed, and the plate was sealed. The RBP plat was placed
in a thermocycler and was incubated for 8min at 94°C, and then 4°C. When the RBP plate
reached 4°C, it was removed from the thermocycler and centrifuged for a minute. 17uL
from each well was transferred the corresponding wells of the CPD plate. 8uL of the
SuperScript Il mix was added to each well of the CPD plate. The CPD plate was sealed,
centrifuged, and incubated at 25°C for 10min, followed by an incubation of 50min at

42°C, and 15min at 70°C.

Once the incubation times were completed, the CPD plate was removed from the
thermocycler, and the seal was removed. 25uL of the Second Strand Master Mix was
added to each of the wells of the CPD plate. The CPD plate was sealed again and
incubated in the thermocycler at 16°C for one hour. After incubation, 90uL of the
AMPure XP beads were added to each well of the CPD plate. The plate was incubated at
room temperature for 15min and then placed into a magnetic stand for five minutes. The
supernatant was discarded, and the beads in the CPD plate were washed with 80%
ethanol. The CPD plate was allowed to dry, and then 52.5uL of the Resuspension Buffer
was added to each well and incubated for two minutes. The CPD plate was then placed
in a magnetic stand, and the supernatant from each tube (50ulL) was transferred to the

corresponding well of the IMP plate.
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40uL of the End Repair Mix was added to each well of the IMP plate, which was then
sealed, and incubated at 30°C for 30min. Followed incubation, 160uL of the AMPure XP
beads were added to each well, and further incubated at room temperature for 15min. The
IMP plate was then placed in the magnetic stand, and the supernatant was discarded. The
content of each plate was washed twice with 80% ethanol. After the washes, the IMP
plate was allowed to air-dry, and then 17.5uL of the Resuspension Buffer was added to
each well of the IMP plate. The mix was incubated for two minutes at room temperature.
The IMP plate was transferred to a magnetic stand, and 15puL of the supernatant was

transferred to the corresponding ALP plate.

12.5uL of the A-tailing Mix was added to each well of the ALP plate. The seal plate was

incubated in a thermocycler at 37°C for 30min, followed by 5 minutes at 70°C.

After incubation, 2.5uL of the Ligation Mix and 2.5 pL of the RNA Adapter Index was
added to each well. After sealing, the ALP plate was incubated at 30°C for 10min. After
incubation, SuL of the Stop Ligation Buffer was added to each well, followed by 42yl
of the AMPure XP beads. After 15min of incubation, the ALP plate was transferred to a
magnetic stand, and the supernatant was removed. The samples were washed with 80%
ethanol twice. The ALP plate was allowed to air-dry, and then 52.5uL of the
Resuspension Buffer was added. The ALP was incubated for two minutes and then
transferred to a magnetic stand. 50uL of the supernatant were transferred to the

corresponding well from CAP plate.

50uL of the AMPure XP beads were added to each well of the CAP plate. After mixing,
the CAP plate was incubated for 15min at room temperature. Once in the magnetic stand,
the CAP was incubated for five minutes. The supernatant was removed, and the remaining

beads were washed twice with 80% ethanol. After air-drying, 22.5uL of the Resuspension

142



Chapter 7 Materials and methods

Buffer was added to each well of the CAP plate. After a five minute incubation in a

magnetic stand, 20uL of the obtained supernatants were transferred to the PCR plate.

SuL of the PCR Primer Cocktail was added to each well of the PCR plate, followed by
25ul of the PCR Master Mix. After sealing the PCR plate, it was subjected to an
amplification program consisting of 15cycles with 60°C as the alignment temperature,
and 72°C as the extension temperature. Once the amplification was completed, SOuL of
AMPure XP beads were added to each well, and the PCR plate was incubated at room
temperature for 15min. After incubation, the plate was transferred to a magnetic stand,
and the supernatant was removed. The samples were then washed with 80% ethanol, and
allowed to air-dry at room temperature. The content of each well was resuspended in
32.5uL of Resuspension Buffer ad incubated for two minutes. After incubation on the
magnetic stand, 30uL of the supernatant were transferred to the TSP1 plate. Once sealed,
the TSP1 plate, which contains the double-stranded DNA synthesized from ribosome-

depleted RNA, was store at -20°C prior sequencing.

7.7.4 Sequencing

The sequencing of the prepared libraries was done using an Illumina NextSeq Instrument

at the Institute of Systems Biology (ISB), Seattle, US.

7.7.5 DEG and pathway enrichment analysis

Dr. Eliza Peterson (Dr. Baliga lab, ISB) did the bioinformatics analysis of the sequenced

samples. The estimation of the DEG was done by applying the Deseq2 algorithm(Love et
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al., 2014). The pathway enrichment analysis was done by looking for gene homology
from the DEG M. chelonae in M. tuberculosis, followed by the search of enriched
subsystems from a metabolic reconstruction of M. tuberculosis(Kavvas et al., 2018). Dr.
Eliza Peterson kindly provided a list with the DEG and a list including the enriched

metabolic subsystems.

7.7.6 Data interpretation an visualization

For visualization of the DEG, heatmaps, and Venn diagrams were generated using the
modules Numpy(van der Walt et al., 2011), Pandas(McKinney, 2010), Seaborn(Waskom

et al., 2018), and Matplotlib(Hunter, 2007) in Python(Perez and Granger, 2007).

A network was created in String(Szlarczyk et al., 2019) with the set of genes resulting
from each pathway analysis (one network for Biofilm t1 and one network for Biofilm t2),

and further annotated in Cytoscape(Shannon et al., 2003).

7.8 Raman spectroscopy

7.8.1 Sample preparation

Biofilms were growth in 24-well plates as described before. The biofilms were harvested
after 5 and 10 days. Planktonic cultures were harvested after reaching an ODeoo of 1 and

3. The resulting pellets were washed once with PBS and stored at -80°C before spectra
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acquisition. Four different experiments were sent to the Indian Institute of Science

(Bangalore, India) for generating the characteristic Raman spectra.

7.8.2 Spectra acquisition

The Raman Spectra acquired using a Renishaw InVia Raman spectrometer by Saumya
Singh from Dr. Siva Umapathy's research group, who kindly provided the normalized

data for further analysis.

7.8.3 Data visualization and analysis

The spectra from M. chelonae cultures were generated after plotting the intensity units
for each Raman shift. This was done using the Numpy (van der Walt et al., 2011) and

Matplotlib (Hunter, 2007) modules in Python (Perez and Granger, 2007).

7.8.3.1 Principal component analysis

The principal component analysis was done in Python (Perez and Granger, 2007) using
the scikit-learn (van der Walt et al., 2014) and Pandas (McKinney, 2010) modules. The
‘elbow rule’ (Nguyen and Holmes, 2019) was applied for selecting the number of
principal components for describing the data set, and the resulting graphs were generated

using the Matplotlib (Hunter, 2007) module.
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7.9 Lipid analysis

7.9.1 Radiolabelling of M. chelonae cultures

M. chelonae biofilms and planktonic cultures were grown as described before, only that
1uL of [C]-acetate (1uCi/uL, Perkin Elmer) was added per milliliter of the bacterial
cultures. The planktonic bacteria were labeled after they reached the desired ODegoo, and
collected 4h laters. M. chelonae pellicles were labeled at day 5 for Biofilm t1 or on day

10 for Biofilm t2 and collected a day after labeling.

Once the labeled cultures were collected in a glass tube (@=16mm), the bacterial pellets
were separated from the supernatant by centrifugation (3000rmp, 10min). The resulting
supernatants were discarded, and the obtained bacterial pellets were washed with one

volume of PBS. The resulting pellets were dried under a stream of air at 50°C.

7.9.2 Lipid extraction

The lipid fractionation process we used has been described by Dobson, et. Al (Dobson et
al., 1985). The dried bacterial pellets were suspended in 2mL of petroleum ether (60-80)
and mixed. After 2h the tubes were centrifuged (3000 rpm, 5min), and the supernatant
was transferred to a new tube. The collected fraction was dried at 50°C under a stream of

air, and the resulting material consisted of outer solvent-extractable apolar lipids.

The remaining pellet from the petroleum ether extraction was dried in an air bath. Once

dried, 2mL of methanol/0.3% aqueous NaCl (10:1) was added to the pellet, followed by

146



Chapter 7 Materials and methods

1mL of petroleum ether (60-80). The samples were mixed in a rotator for 15min and then
centrifuged (3000rpm, 5min). The upper layer was transferred to a new tube, and one
milliliter more of petroleum ether was added to the remaining lower phase. The resulting
mix was agitated again (15min) and centrifuged (3000rpm, 5min). The generated upper
layer was pooled with the previously recovered one, and the solvent was evaporated at

50°C under a stream of air. The remaining material is inner apolar lipids.

2.3 mL of chloroform: methanol: 0.3% NaCl (9:10:3) was added to the remaining lower
phase with the bacterial pellet mentioned above. The tubes were then mixed in a rotator
for an hour before being centrifuged (3000rpm, 5min). The supernatant was transferred
to a new tube (called now Tube C) and set aside. 750uL of chloroform: methanol: 0.3%
NaCl (5:10:4) were added to the remaining bacterial pellet and then mixed in a rotator for
30min prior centrifugation (3000rmp for 3min). The resulting supernatant was pooled
into Tube C, and the remaining bacterial pellet was re-extracted with 750uL of
chloroform: methanol: 0.3% NaCl (5:10:4) once for 30 minutes before recovering the

supernatant.

1.3mL of chloroform plus 1.3mL of 0.3% NaCl were added to the pooled extracts in
Tube C and then mixed 5min before centrifuging. Two phases were generated, and the
upper layer was discarded. The lower layer was collected into a new tube, and the

resulting material after drying is polar lipids.

7.9.3 Mycolic acid derivatization
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Mycolic acids were extracted from the delipidated cell pellets or the apolar fractions of
lipids. The starting material was hydrolyzed with 2mL of 5% tetrabutylammonium
hydroxide, followed by incubation at 95°C overnight. After cooling down, 2mL of miliQ
water, 4mL of CH2Cl>, and 500uL of CHsl were added to each tube. The tubes were
mixed for thirty minutes and then centrifuged ad 5000rpm for five minutes. The upper
aqueous phase was discarded, and the lower organic phase was transferred to a fresh tube.
This fraction was washed twice with water. The resulting organic phase was dried and
resuspended in 4mL of diethyl ether. Each sample was sonicated for five minutes and
then centrifuged at 3000rpm for five minutes. The upper phase was collected in a fresh

tube and dried.

7.9.4 Quantification of radioactivity

The extracted lipid fractions were dissolved in 200uL of chloroform/methanol (2:1). SuL.
of each sample was added to 10mL of scintillation fluid (Ecoscint A, National Diagnosis).
The counts per minute (CPM) were measured in the TRI-CARB 2700TR Liquid
Scintillation Analyser following a pre-set protocol for *4[C]-labelled samples. The drops

per minute were calculated using the next equation:

Where 0.95 is the decimal efficiency for 4[C] samples.
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7.9.5 Thin layer chromatography

After quantifying the radioactivity in the extracted lipids, we used 25000cpm ("5-10uL)
for loading into a 6x6cm squared silica plate F254 (Merck). The lipids were loaded in the
bottom left corner of the silica plate, and allowed to air-dry for a couple of minutes. Each
silica plate was developed in two directions. The composition of the mobile phases
depended on the fraction of the lipids that were being analyzed. Apolar lipids were
developed with systems A, B, C and D, and polar lipids were developed with systems D

and E. The composition for each mobile phase is shown in Table 7-6.

Table 7-5. Solvents systems for TLC.

System 1t Dimension 2" dimension Lipid fraction

Petroleum ether: ethyl . . NC bound
acetate (98:2). Three times. Petroleum ether: acetone (98:2). Apolar
Petroleum ether: acetone NC bound

B (98:2). Three times. Toluene: acetone (95:5). Apolar
Chloroform: methanol ) . NC bound

C (96:4). Toluene: acetone (80:20). Apolar
D Chloroform: methanol: water | Chloroform: acetone: methanol: Ni bo(ig?d

(100:14:0.8). water (50:60:2.5:3). P
Polar
E Chloroform: methanol: water Chloroform: acetic acid: Polar
(60:30:6). methanol: water (40:25:3:6).
Petroleum ether (60- Petroleum ether 60-80: Ethyl A hlglgl\-/ltlrzesate q

80):Acetone (95:5) acetate (95:5). Three times. %ilic; gel)

Once the TLCs were developed, they were allowed to air-dry inside of a fume cupboard
for 20min. Once dried, the silica plates were exposed to an autoradiography (Carestream

Kodak BioMax) for 72h, to allow sample visualization.

7.10 Analysis of the extracellular carbohydrates
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Chapter 7 Materials and methods

7.10.1 Extraction of extracellular polysaccharides

Surface exposed materials from three independent experiments of Mycobacterium
chelonae cultures were extracted by mechanical forces as described previously for other
mycobacteria (Grzegorzewicz and Jackson, 2013; Parish et al., 2003). First, the harvested
M. chelonae pellets from three different experiments of planktonic cultures and biofilms
were mixed with 4mm glass beads and shaken gently for 2min. This mechanical abrasion
is known for shedding the surface exposed material from the bacilli, without lysing the
later. After this mechanical treatment with the glass beads, the bacterial pellets were
suspended in miliQ water to a final volume of 50mL, and the suspended cultures were
centrifuged at 3000rpm for 15min at 4°C. The obtained supernatants were recovered and
filtered through a 0.22pum pore size filter. The obtained filtrate was concentrated to 1/10™
of the original volume using a rota-evaporator. The concentrated filtrate was mixed with
chloroform and methanol to a final ratio chloroform/methanol/water 1:2:0.8 (v/v/v). The
mix was agitated for 1h and then centrifuged for 10min at 3000rpm. The aqueous phase
and the interphase were recovered in separate tubes. The interphase was re-extracted three
more times with miliQ water and the obtained supernatants were added to the previously
recovered aqueous phase. The pooled extracts were dried and dissolved in 2mL of miliQ
water for further digestion for 12h with Proteinase K (Promega) at 50°C. The protein-
digested material was dialyzed against MiliQ water for 48h using a 3kDa membrane. We

used 100uL of the dialyzed material for further derivatization to alditol acetates.
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7.10.2 Synthesis of alditol acetates

To determine the relative composition of the monosaccharides present in our samples, we
chose to use gas chromatography (GC) analysis of alditol acetates. Monosaccharides need
to be derivatized to volatile molecules to make possible their characterization by GC, and
we chose to derivatize our samples to alditol acetates because when hexoses or pentoses
(or polyalcohols) are derivatized to their respective alditol acetate, they generate a single
peak in the chromatogram (Ruiz-Matute et al., 2011) which eases the interpretation of the

data.

We used several standards for easing the identification of the detected peaks in the
analyzed samples. The standards were solutions (10mg/mL), of the following molecules:
arabinose, fucose, galactose, mannose, rhamnose, ribose, xylose, and Myo-inositol. 10uL
(1ug) of these standard solutions were added to a glass tube (13x100mm). One hundred
microliters of the dialyzed material were added to separate tubes (one per sample). One
microgram (10pL) of the internal standard was added to all the tubes (samples and
standard). The tubes were allowed to dry under a stream of air, and then 250uL of an
aqueous solution of 2M trifluoroacetic acid (TFA) was added. The tubes were closed and
kept at 120°C for two hours. Once the time was completed, the content of each tube was
dried under a stream of air. The resulting material was suspended in 100uL of methanol,

and then the tubes were dried. This step was repeated once more.

For reducing the resulting monosaccharides, we added 200uL of a reducing agent to each
tube and let the reaction happen at room temperature overnight. The reducing agent
consisted on sodiumborodeuteride (Img/mL) in a solution of 1M aqueous ammonium
hydroxide/ 95% ethanol (1:1, v/v). Once the time was completed, SOuL of glacial acetic

acid was added to each tube to stop the reaction. The content of the tube was dried under
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a stream of air. Once dry, 100uL of 10% glacial acetic acid in methanol was added, and
the content of each tube was evaporated again. The addition of 10% glacial acetic acid in
ethanol with the subsequent drying, was repeated thrice. 100uL of methanol was added

to the resulting content of each tube and evaporated later.

To acetylate, a 100uL of acetic anhydride was added to each of the tubes and kept at
120°C for two hours. Once the time was completed, the tubes were allowed to cool down,
and the liquid contained was dried under a stream of air. Once the solvents evaporated,
ImL of miliQ water and 2mL of chloroform were added to each tube. The tubes were
mixed thoroughly and then centrifuged at 3000rpm for 5min. The upper aqueous phase
from each tube was discarded. One milliliter more of miliQ water was added to the
remaining organic phase, and mixed. The tubes were centrifuged again (3000rpm, 5min),
and the generated organic phase was transferred into a new tube, and immediately after
the solvent was evaporated under a stream of air. The remaining contents of each tube

were sent for GC analysis.

7.10.3 Gas chromatography of alditol acetates

The synthesized alditol acetates were submitted to the Centre for Chemical and Materials

Analysis to be analyzed by Gas Chromatography.
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Appendix 1: Chromatograms of alditol acetates from
capsular polysaccharides from 5-day old M.
chelonae pellicles

Gperator Shimaczu Timebase GC2010_SYSTEM1 Sequence Aldtol Acelale 18_02 Paga 11
5212018 4.42PM

9 31171
3am Injection Volume: 50
5 @ FiD
Sampla Tyme: unknown Wavsiangth na
Control Frogram:  Alditol Acetate | Bandwidi na.
Quanti. Metkod.  Alditol Acetate Dilution Factor: 1.0000
Recorting Trae: 11212018 11:13 Sample Weight 1.0000
Run Time (mi) 20,00 Sample Amount 1.0000
st oo £ B 70 02 51 sam o
[
¢ e
o000
300000 ERTES
5. Mfncsa - 13958
210000 | VP
\
4
awoom] . ™
. 20 e Tl Tao e e’ e
Wo. | RetTims Foak Faight Frea | RelArea  Amount
min Name o B¥min %
T 73 na BBA00 5T T2 na
2 | am Arabinoss D716 00101706 778
3 na. mE2I00 304Taa 2300
a | n na 3536100 21645 166
5 | 1308 Mannose Z7956400 176358 1354
6 | 1354 Galaclose 1480 1081 835
7| 1a1n Glucose S7I8600 576244 4407
256674 00_13076204__100.00
Chrameleon e} Dionex 1096-2005
Defaul TesVintegration Version 50 SRE Bulld 2629 (156243}
_SYSTEM! Seqy Acetate 26_03
OperatorShimaozy Timebase: GO2010_SYSTEMT Sequence:Alditol Acelate 25 02 Page 1-1
261212019 1005 AM
4 BFT1
5 BFT1
Sampie tome: BF T Inetion Volume:
Sompie fome- | BFT1 Injection Vialarme: 50 Vial Number: 2 Channel
Vial Mumber. 5 Channal FID Sample Type known Wavelength
Semple Type: unknown Wavsiengih. na Coniral Program Alditol Acetate | Banchin
Gontrol Program: Alditol Acetats | Banawdth: na Cuant, Meihad  Alditol Acetate Dltion Factor.
Guant? idethod  Alditol Acetate Dilution Factar: 1.0000 Rocoraing Time: 261312019 1 Sampic Weight
Rocorting Trme: 251212018 14:10 Sample Weight 1.0000 Run Time (min}: 20,00 Sampis Amcunt:
Fun Time (70 2000 Sampte Amount 1.0000
04 i o
. a1t acatal 75,00 85 e [
] 10 Sz 13675
PR
aompee-
e ]
1 S
o000 sowco .
7 svetincas? EH™)
s 00 1
PR +am060
soo o] 1
3w e
25000 ‘ i ]
busbinoed 643 -
ssom0] 100 00
] PRV s
o BN e
. o . o R R R N TR DT 0
. 20 b e T 20
e
o, | RetTima Foak Haight e min
min Name v 546
1 895 Arabinose 163094.00 22742
2 | 11ag na 505640 00 33623
3 | 1288 na 79451
4 | 129 Mannose 232870 00 148844
6 1343 Galaclose 132179 06 55611.5
6 | 135 na 810670 00 2031378
~576540.00 5 [ 5089 1
| 57654001 00.00 00 el
00 37277
76040
1234 £
1283 278518 76206 130 na
1285 SAAGEEL0 0018 2223 na
1340 BE5175 502306 a7t na
Ghromeseon ie) Dionex 1996-2006
Chromelecn {c) Dianex 18562005 Default Tastintegration Version 5,80 SRE Bulld 2623 (156243)
Defaul Tesvintegration ersian & 60 SRS Bula 2623 (156243)
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Appendix 2:
capsular
chelonae

Chromatograms of alditol acetates from
polysaccharides from 10-day old M.
pellicles

Operator Shimadzu Timebase: GE2010_SYSTEN  Sequence-Aldital Acetate 19_02

Page 11
522018 441 PM

8 31172
Sampie Nama: 34112 Injiction oime: 50
WVial Wurriber 4 Charnne. FID
Sampls Type: umkmown Wastergit na.
Gl Progrom:  Atdkol Acetata Bonawith:
Quand Mathod! Alditol Acetate Dilution Factor 1.0000
Racording Time: 11212018 10:50 Sample Wenght. 1.0000
Run Time (min): 20,00 Sample Amaunt: 1.0000
- X
£
-
0 Gas 4112
-
PR
s 13550
2ome |
Ll S
P -
BT e e dewa e mo
Peak Height ‘Area RelArea  Amount
Hame. v e %
na 26387.00 23534 063
2 | s a Faom o ass na
5 | am proonose  E3eR 00 Sresma 1045 na
4 | e s TN TOEE 251 e
5 1182 na 51140.00 32035 091 na.
6 | e ne Tamon uts— ase e
7 1276 na 142642 01 8816.8 245 na.
5 | o7 Vemese  WDLADN BRI 04 e
o | s Gasme 53700 ME3n 950 as
10 1411 Glucose 1635772.00  101877.7 28.28 na.
n | s 3800 asses 106
Fotr: Sssas08 00 3017205 10000 Guam
Chromeieon ) D 19652005
Default Test/integrarion Version & 80 SR8 Build 2623 (156243}
Operator Shimarizu Timease GGI010_SYSTEM1 Sequence Ao Acetate 25_02 Page 1.1 Operstor Shimatza Troebase GCA010_SYSTEM  Sequence Adi Aceite 2505 Pageiz
26202018 10:03 AM = = IBAR019 460 PM
3 BPT2 5 BFTZ
Sampis Name:  BPTZ Injection Volume: 20 Sompia vama | BF 12 oction Vol 50
Viaf Number: 3 Channet. FID Vial Nermber. Gharmne. FID
sorpic Type: unknoum Wncsiangt na n Wvolangt
Contal Program: Alditol Acetate | Bandwinith. na. wgram: Alditol Acatats | Bandwidth na
Quantit Method:  Aldital Acetate Diltstion Factor: 1.0000 Melhod.  Alditol Acatate Diludion Facior 1.0000
Recercing Fume: 25i2i201913:24 Sample Weight 1.0000 Recording Time: 26/3/2019 17:56 ar aight 1.0000
Rt Time (rmin). 20.00 Sample Amount. 1.0000 ime (min). 20,00 Sample Amourt; 1.0000
800,000 AMSL Aceiate 2502 #9 reedied by Shirkbdz) iard D . g pcstate 26 03¢5 [moanad by Svmadnd B2 O
o - T
o] o JE—
- P———
0
1 4,000,200
000
| P -
o somnmo
o]
1 - sotiond 355 -
o]
o ¥
onane] \ -
_/—»‘" \‘l
P
) 2o 4o o i B [ . i I 210 o B 0
Peak Height Area Rel.Area  Amount Peak Height Area RelArea  Amount
Name N iV min % Name N v min %,
Fratinoss _iEkag00 Ge7is o e . TR — =
62872800 200852 _ 2431 na. na. 176717 00 6085.5 0% na.
4324500 20217 210 na na 408670 0014951 8 17 na
Mannose 324099.00 18436.0 17.42 n.a. Arabinose 44929432 00 2313 na.
Galactose 15004500 106183 1003 na. na 7551800 34009 030 na.
e TEwenoo maST 3111 na i e o i
na 1985500 17154 162 na na 2531357 00 13.768 na.
1916828 00 105860 48 100,00 0.000 na. 0 6. 012 na.
e Tmammios it e
na. 1 028 na.
. 3 na
Mannoss mer ne
Galactose SB3567 00 L) na
Glucose 2551070 00 16.52 na.
e Tagar 60 2 e
Chromelean {2) Disnex 1695-2005 Chromeleon (< Dionex 1995-2008
Detaut Tesntagrason vrsion § 68 SRS B 2523 (158249, Version BB SR bukases earen
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Appendix 3: Chromatograms of alditol acetates
capsular polysaccharides fro M. chelonae

planktonic cultures ODeggo=1.

Operator Shimadzu Timebase GU2010_SYSTEMT Sequence Alg

1ol Acetate 19_02

8 34172

Sampia tama: 34412 njction Vot 50
Vial Number. Channei: FID
Ssmpis Typs unknown o — na.
Cantrol Program: Alditol Acetata | Bandwiith: na
Quantif. Method: Alditol Acetate Dilution Factar: 1.0000
Recording Time: 17272018 10:50 Sample Weight: 1.0000
un Time (mn). 20,00 Saniple Amount 1.0000

2500000 {lEtcowte 190290

20000m]

10 Guees 14112

Mo 13065

1 oo0mn |
3
-
o]
oy e
J1-as
it
b
o E
0000 | —— - T o
o do dn s e wa | de ua 2
Foak Faight RelArea  Amount
Name %
na 2026700 063
na a5870.00 053
Arzbinose 3046300 376484 1045 na
212008000 018728 2831 na.
na na
na na
na na
Mannose 06278400 B138sZ_ 1704 na
Galscrose 54332700 5638 a5e nz
10 Glucose GIET7200 A01ETTT 2820 na.
na 5231800 33300 108 na
[rotar: 6552506.00 35017205 100.00 0.0

Defaull Testintegration

Chromeieon (o) Dionex 1995-2005
Version 5 B0 SRS Buid 2623 (156243}

Page 1.1
5:2/2010 4:41 PM

o ™ _SYSTEMT Seq Acstate 25_02 Pags 1 Operator Shimadzy Timsbase GE2010_SYSTENT Sequence Aldiol Acelate 26_03 Page 12
261202019 10:05 AM 2832019 400 PM
6 PLKT1 6 PIKT1
Sampe ame: PLKT1 injection votuime 50 PIKTI 50
Vil Nt 6 Chanes FID E FID
Saipte Type: unknown na. unknown na.
Goirol Program. Alditol Acetato | na. Gontrol Pragram: Alditol Acetate | na.
Quantit Meltiod.  Aldital Acotate 0000 Quantit Methad  Alditol Aeetate oil 10000
Recording Time: 28272019 14:33 Sample Weight 1.0000 Recording Time: 261312019 18:19 Sample Weight 10000
Run Tims fmin) 20,00 Sample Amount 0000 Fur Tine (mn). 20,00 Sorighe: Amaunt 10000
. a5 bl o . A vl 26 ndal PTKTY o
o T
- U 4~ Gueuss - 13953
o Arsbiose wezs [ M 1220
ramomh 3 000,000
racomn
2 50000
2 000,000
e
000
3 fratine 1000000
a0 a7t
anes o 1o ascteae . 13338
Y s doen do s <do o sfo o o O #0 <0 an s0 o wa 4o wa o a0
RetTime Feak etgnt Area  RelAmea  Amount o,
in Name v “min
na A07IB00 15537 na
na 121530 00 na 2
Arsbinose 22164000 na 3
na 3547120016661 1 na 4
na 263031 na 5
Mannose 15825 5 na g
Salaciose 0 100471 na 7
na 36041700 79664 7 na 8
na TFE4I 00 129666 na 9
na 1836100 16633 na 10
na 1688900 18374 na "
316852000 181630 87 160.00 0,000 12 Mannose 308397500 691887 2233 na
13 Galactosa 40644300 256003 342 na
19 Glucose 342674500 2106822 2780 na
15 na. 2065800 42878 057 na.

Default Testntegration

Ghiomeleon ic) Diones: 1996-2006
Wersion 6,80 SRE Buld 2623 [156243)

Default Testintegration
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Appendix 3: Chromatograms of alditol acetates from
capsular polysaccharides fro M. chelonae
planktonic cultures ODegoo=3.

Operator Shimadzy Timebase: GE2010_SYSTEN

10 31.272

3212 Injection Volume:

unknown

Alditol Acetate |
Alditol Acetata Dittion Factar
11212018 11:36 Sampls Weight:
2000 Sample Amaunt,

a
1.0000
1.0000
1.0000

Quantit Matiad:
Racoring Time:
un Time (min).

e 39m

1 maom T e

anar
+ 4000w

1200000

100,000

0

em

00w

2000 e r —
R R R TRt P wa om0
Foak TGNt Ates  RelAres  Amount
Name v V" min ]
7 na TEAT 60T 105 wa
2 | B0 na 26000 Zes0a 172 na
3 802 Aravinose 13021500 5048.5 3.89 na.
a | v na Tha360 065000 578 na
5 | 123 n Seisetoo_tresea 1135 na
6 | o Mannose T @78 620 na
7 1355 Galactose 6183300 58888 378 na
s | w0 Glicoss 28733200 BisEL_ 5240 na
L] 14.58 27600 108484 1283 na.
10 19.16 na 20491.00 17537 113 na.
| 2565456.00 15562248 100000000
{c) Dionex 1995-2005
Testimegraton Version 5 60 5RE Buld 7623 (166243

10_SYSTEM1 Acetate 25_02 Pags 1-
26202079 1006 AN
7 PLKT2
sampic Nome: PLKTZ Ijection Volume: 50
Vit Neamber: 7 Channs:
ampis Tyne: inknown Wavsiangth
Coatat Program:  Alaitel Acetate | Eonoiatn
Quanaf Metad  Alditol Acetate Biation Factor
Rocurcting Time: 28042019 14:56 Sample Woight
Run Tima (min) 2000 Sample Amauat 1.0000
. 25 0047 redfied by Sucdes] __ PLKTE o
et |
\ PR
a o-t] 16z s waprpac 122
axo 000 e
sas
" 21 db a0 en Wa 0 o wa | ik za
Na. | RetTime Feak Tetght Area RelArea  Amount
min Name N min %
5] na ATATa00 17681 155 e
804 Arabinase TBE00 36206 219 ne
1118 13534100 6a0a5 572 na
1205 na 26515700  143ge8 1266 ne
1285 Mannose 11605700 66203 _ 583 na
1347 Galactose 50700 Goa85 488 na
1288 na SE30500 600315 5282 a
1444 na 21056700 151728 1335 na
1883448 00113657 27 100.00 0000

Default TestIntagration

Grromeleon (¢) Dionex 19962005
Wersion 6,60 SRA Build 262 (155243)

Operator Shimadzu

Timegase GC2010_SYSTEM]

Sequence Alditol Acetste 26_03 Page 12
261372018 358 P

3 PIKT2
PIKTZ

vial Mumber: 2
sampie Type unknown
Control Program Alditol Acetate |
Quant, Mathet:  Alditol Acetate
| Rocording Time:  26/312018 17:10
| Run Time (mink: 20,00

Infectiog Vialume. 50
el Fio
Wavelengin na.
Banctict na.
Diltion Factor: 10000
Sanpie Weight 1.0000
Sampis Amcur; 1.0000

PKT

g

3smnoe

somm e
250000

200000

1sanone]

10000

sa.gee

13 Glazose 13565

10-11 17

3 hereas - 1256

- desbinced- 5230

1

T £5151 0
2 59336 O

3 232076

i

5

5

7 | 100 na

8 | 1058 na

5 | 107 na

w0 | 17 na 2400508
1| 11w na 18275

12 | 1263 na 12010100
13 | 1204 Mannose 225568300
1a | 1341 Galactose. 53160600
15 | 1a07 Gluzose 332650700 2047780

Default Testintegration
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Appendix 4: Common DEG in Plancktonc t2,

Biofilm t1, and Biofilm t2.

Gene ID Planktonic t1 | Biofilmtl | Biofilmtl Gene ID Planktonic t1 | Biofilmtl | Biofilmtl
(Log2FC) (Log2FC) | (Log2FC) (Log2FC) (Log2FC) | (Log2FC)
BB28_RS00145 -0.86382 -1.39866 -2.57556 | BB28_RS13045 -1.09142 -1.42728 -2.21127
BB28_RS01700 1.592994 2.631764 1.877371 | BB28_RS13085 -1.18395 -1.74296 -1.78978
BB28_RS02330 -1.109 -1.58639 -2.53378 | BB28_RS13345 -1.12173 -1.33658 -1.55714
BB28_RS03135 1.528366 3.134637 3.631282 | BB28_RS13455 1.11644 2.106272 2.428809
BB28_RS03580 1.159861 1.721561 | 2.190719 | BB28_RS14730 -0.76832 -1.56013 -2.02854
BB28_RS03865 1.102697 0.988136 2.019142 | BB28_RS15035 -1.18803 -2.07191 -1.4344
BB28_RS04930 -1.25801 -1.54812 -1.59253 | BB28_RS16230 -0.81605 -1.18141 -1.51987
BB28_RS05065 5.036193 5.554323 6.606976 | BB28_RS16255 -0.951 -1.46519 -1.04864
BB28_RS05070 2.787458 4.745509 | 4.949974 | BB28_RS17085 1.24188 3.360562 3.96485
BB28_RS05625 -1.21917 1.90182 3.704638 | BB28_RS17700 1.292062 1.066444 0.945121
BB28_RS07270 -0.99166 -1.83859 -2.37866 | BB28_RS17715 -1.09958 -1.39626 -1.22832
BB28_RS08105 -0.66404 -1.22354 -1.06435 | BB28_RS18120 -1.13683 -2.06732 -2.42846
BB28_RS09145 1.034457 1.767462 3.115215 | BB28_RS19125 -1.18219 -1.53371 -2.00861
BB28_RS09300 1.207552 2.731291 | 3.181994 | BB28_RS19640 4.071299 6.653272 7.00953
BB28_RS09780 -1.10674 -1.77588 -1.15482 BB28_RS21410 0.837207 0.974779 1.249664
BB28_RS10235 -0.85517 -1.30129 -1.54978 | BB28_RS22740 1.230089 1.613439 | 1.691657
BB28_RS10755 -0.95465 -1.19627 -1.5307 BB28_RS24315 -0.79177 -1.60272 -1.13126
BB28_RS11240 1.220136 1.540318 1.18265 BB28_RS24410 1.870165 8.063117 8.603997
BB28_RS12530 1.172827 3.392578 | 3.519789 | BB28_RS24490 -1.00919 -1.78874 -1.89749
BB28_RS12790 -1.14886 -1.48417 -1.08344 | BB28_RS24850 -0.90486 -1.28543 -1.24292
BB28_RS13040 -0.77236 -4.8564 -6.12272
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Appendix 5: Common DEG in Plancktonic t2 and
Biofilm t1, but not DE in Biofilm t2.

Planktonic t1 | Biofilm tl
(Log2FC) (Log2FC)

BB28_RS02560 0.697938 0.950773
BB28_RS11880 0.670142 1.323779
BB28_RS14660 0.87846 0.950478
BB28_RS14770 -1.35084 -1.6508
BB28_RS15655 1.169495 1.343898
BB28_RS15725 1.372465 1.305596
BB28_RS15945 -0.85357 -0.91363
BB28_RS16210 -0.74816 -1.41346

Gene ID
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Appendix 6: Common DEG in Planktonic t2 and
Biofilm t2, but not DE in Biofilm t1.

Planktonic t1 | Biofilmtl
(Log2FC) (Log2FC)
BB28_RS00005 -0.9112 -1.52915

BB28_RS07070 2.563874 2.474597
BB28_RS07075 2.636275 2.366342

Gene ID

BB28_RS10780 -1.24844 -1.56758
BB28_RS12785 -0.93957 -0.67217
BB28_RS16195 -1.07986 -0.99554

BB28_RS18895 1.51776 2.003281
BB28_RS19505 -1.53578 1.893032

BB28_RS20535 -1.23867 -1.31945
BB28_RS22455 -1.22506 -1.85624
BB28_RS22850 -0.99802 -0.97164
BB28_RS22870 -1.11557 -1.18014
BB28_RS23395 -0.70722 1.001093
BB28_RS24370 -1.14727 -1.07403
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Appendix 7: Common DEG in Biofilm t1 and
Biofilm t2, but not in Planktonic t2

Gene ID Biofilmtl | Biofilm t2 Gene ID Biofilm t1 | Biofilm t2

(Log2FC) | (Log2FC) (Log2FC) | (Log2FC)
BB28_RS00100 1.84 3.16 BB28_RS13015 -1.21 -1.78
BB28_RS00120 3.05 2.32 BB28_RS13025 -1.99 -1.59
BB28_RS00125 2.14 2.33 BB28_RS13030 -1.34 -0.97
BB28_RS00165 -2.71 -1.44 BB28_RS13035 -1.24 -1.05
BB28_RS00175 -1.03 -1.37 BB28_RS13130 -0.86 -0.86
BB28_RS00215 217 2.18 BB28_RS13200 -1.39 -1.17
BB28_RS00300 2.05 331 BB28_RS13245 1.12 1.66
BB28_RS00425 2.18 1.66 BB28_RS13280 -1.29 -1.24
BB28_RS00460 1.10 1.07 BB28_RS13390 -1.48 -1.75
BB28_RS00560 -0.80 -1.02 BB28_RS13540 -0.99 -1.25
BB28_RS00615 1.89 1.73 BB28_RS13610 -1.00 -1.29
BB28_RS00650 1.07 1.40 BB28_RS13665 171 1.59
BB28_RS01040 -1.29 -1.47 BB28_RS13675 1.90 1.56
BB28_RS01085 -0.88 -1.32 BB28_RS13705 -1.01 -1.70
BB28_RS01095 3.01 2.88 BB28_RS13790 -1.24 -1.95
BB28_RS01160 257 351 BB28_RS13850 -1.14 -2.08
BB28_RS01295 2.37 3.10 BB28_RS13900 3.56 3.46
BB28_RS01405 144 1.45 BB28_RS13905 3.73 3.68
BB28_RS01465 1.33 1.89 BB28_RS13980 141 1.06
BB28_RS01510 2.34 2.33 BB28_RS14015 -1.74 -0.88
BB28_RS01525 -1.25 -2.47 BB28_RS14045 -1.30 -1.60
BB28_RS01630 -0.90 -1.23 BB28_RS14125 2.27 3.40
BB28_RS01750 1.28 1.87 BB28_RS14200 -1.78 -1.94
BB28_RS02035 -1.10 -2.27 BB28_RS14245 191 1.96
BB28_RS02070 -1.08 -1.71 BB28_RS14365 222 1.60
BB28_RS02080 -1.27 -2.55 BB28_RS14370 2.81 2.61
BB28_RS02235 -1.31 -1.37 BB28_RS14380 3.01 2.68
BB28_RS02245 3.09 3.13 BB28_RS14400 3.22 2.86
BB28_RS02290 -0.95 -1.23 BB28_RS14405 6.71 6.71
BB28_RS02295 -1.05 -1.91 BB28_RS14425 1.03 117
BB28_RS02320 -0.85 -1.49 BB28_RS14460 1.64 2.26
BB28_RS02350 -1.08 -1.05 BB28_RS14470 3.89 5.24
BB28_RS02375 247 4.25 BB28_RS14545 4.03 3.03
BB28_RS02420 -1.35 -1.26 BB28_RS14655 2.96 131
BB28_RS02555 -1.10 -1.68 BB28_RS14905 1.78 2.16
BB28_RS02630 3.95 3.04 BB28_RS14935 1.68 4.06
BB28_RS02635 4.92 4.44 BB28_RS14940 1.78 3.85

Gene ID Biofilmtl | Biofilm t2 Gene ID Biofilm t1 | Biofilm t2
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BB28_RS02675
BB28_RS02680
BB28_RS02685
BB28_RS02690
BB28_RS02695
BB28_RS03050
BB28_RS03090
BB28_RS03095
BB28_RS03100
BB28_RS03105
BB28_RS03115
BB28_RS03120
BB28_RS03130
BB28_RS03140
BB28_RS03145
BB28_RS03180
BB28_RS03320
BB28_RS03440
BB28_RS03530
BB28_RS03595
BB28_RS03650
BB28_RS03660
BB28_RS03665
BB28_RS03750
BB28_RS03765
BB28_RS03860
BB28_RS03940
BB28_RS03950
BB28_RS04030
BB28_RS04100
BB28_RS04120
BB28_RS04125
BB28_RS04210
BB28_RS04295
BB28_RS04315
BB28_RS04320
BB28_RS04335
BB28_RS04640
BB28_RS04680
BB28_RS04990
BB28_RS04995
BB28_RS05000
BB28_RS05005

Gene ID

(Log2FC)
2.96
3.78
3.14
1.65
3.13
-1.61
214
3.85
3.29
2.64
2.82
4.64
249
6.13
3.98
-1.04
-0.90
1.18
3.10
271
1.16
2.16
245
-0.91
1.20
-0.89
-0.87
-0.92
-0.84
-0.99
1.94
297
-1.21
121
1.27
2.27
2.09
1.20
-0.79
-1.15
3.44
5.23
3.37

Biofilm t1

(Log2FC)
2.52
3.59
3.80
3.19
4.23
-1.02
242
3.91
3.28
2.68
2.53
451
2.25
6.18
3.99
-2.26
-0.83
1.29
3.10
3.83
117
2.69
231
-0.92
2.59
-0.93
-0.71
-1.96
-1.95
-2.05
2.66
3.78
-1.84
1.98
124
2.37
174
1.59
-0.86
-1.41
3.92
457
3.65

Biofilm t2

BB28_RS14945
BB28_RS14950
BB28_RS15055
BB28_RS15060
BB28_RS15225
BB28_RS15260
BB28_RS15295
BB28_RS15365
BB28_RS15370
BB28_RS15455
BB28_RS15545
BB28_RS15555
BB28_RS15580
BB28_RS15585
BB28_RS15590
BB28_RS15595
BB28_RS15690
BB28_RS15775
BB28_RS15910
BB28_RS15930
BB28_RS15980
BB28_RS16030
BB28_RS16225
BB28_RS16290
BB28_RS16320
BB28_RS16335
BB28_RS16545
BB28_RS16560
BB28_RS16565
BB28_RS16580
BB28_RS16585
BB28_RS16600
BB28_RS16635
BB28_RS16680
BB28_RS16720
BB28_RS16780
BB28_RS16800
BB28_RS16820
BB28_RS16860
BB28_RS16865
BB28_RS16875
BB28_RS17045
BB28_RS17240

Gene ID

162

(Log2FC)
1.46
154
1.66
-1.23
-0.92
2.13
-1.79
3.73
1.83
1.43
-1.33
-1.91
4.10
1.58
212
2.02
-1.07
-0.89
-1.53
-1.16
-1.35
-1.23
-1.32
1.75
-1.01
-1.43
197
143
-1.22
2.35
2.77
-1.14
-1.01
-2.35
1.83
141
113
1.87
1.68
3.23
1.98
1.16
1.64

Biofilm t1

(Log2FC)
2.61
171
1.86
-1.28
-1.55
2.23
-1.55
3.87
1.68
221
-1.64
-2.21
431
1.96
2.67
2.64
-2.05
-0.97
-0.89
-1.67
-1.80
-0.92
-2.11
2.27
-1.30
-1.70
2.05
1.67
-1.45
2.64
2.76
-1.50
-1.81
-2.67
1.88
1.05
1.80
1.88
2.88
2.96
2.03
2.01
2.20

Biofilm t2
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BB28_RS05020
BB28_RS05055
BB28_RS05060
BB28_RS05075
BB28_RS05080
BB28_RS05185
BB28_RS05190
BB28_RS05310
BB28_RS05420
BB28_RS05425
BB28_RS05465
BB28_RS05500
BB28_RS05550
BB28_RS05570
BB28_RS05610
BB28_RS05615
BB28_RS05635
BB28_RS05725
BB28_RS05805
BB28_RS05810
BB28_RS06130
BB28_RS06300
BB28_RS06340
BB28_RS06415
BB28_RS06470
BB28_RS06475
BB28_RS06495
BB28_RS06525
BB28_RS06565
BB28_RS06600
BB28_RS06620
BB28_RS06700
BB28_RS06770
BB28_RS06775
BB28_RS06785
BB28_RS06795
BB28_RS06900
BB28_RS06905
BB28_RS06910
BB28_RS06970
BB28_RS07090
BB28_RS07225
BB28_RS07245

Gene ID

(Log2FC)
1.69
143
3.07
3.63
1.90
0.92
3.84
242
-1.18
-0.90
-1.52
-1.81
1.67
-1.93
1.73
2.23
1.47
-1.28
-1.04
-1.21
1.56
-1.09
-1.16
-0.95
1.22
1.40
-0.82
1.36
-0.83
-1.20
-1.42
-2.44
1.92
2.50
1.90
3.16
291
157
1.64
-1.28
-1.23
-0.94
3.57

Biofilm t1

(Log2FC)
401
1.93
3.33
3.93
2.73
1.06
4.38
2.02
-1.28
-1.39
-2.12
-2.13
2.34
-1.62
2.67
3.74
1.97
-1.15
-1.73
-0.92
191
-1.01
-1.46
-1.48
151
2.02
-0.94
1.45
-0.76
-1.47
-1.66
-2.06
2.25
2.40
1.82
3.07
3.38
2.57
247
-1.26
-1.10
-0.84
3.60

Biofilm t2

BB28_RS17275
BB28_RS17295
BB28_RS17350
BB28_RS17370
BB28_RS17545
BB28_RS17585
BB28_RS17640
BB28_RS17955
BB28_RS18140
BB28_RS18185
BB28_RS18195
BB28_RS18250
BB28_RS18255
BB28_RS18260
BB28_RS18265
BB28_RS18270
BB28_RS18280
BB28_RS18325
BB28_RS18395
BB28_RS18510
BB28_RS18515
BB28_RS18535
BB28_RS18590
BB28_RS18670
BB28_RS18845
BB28_RS18910
BB28_RS18935
BB28_RS18980
BB28_RS19035
BB28_RS19110
BB28_RS19270
BB28_RS19390
BB28_RS19400
BB28_RS19475
BB28_RS19520
BB28_RS19525
BB28_RS19535
BB28_RS19540
BB28_RS19590
BB28_RS19595
BB28_RS19600
BB28_RS19610
BB28_RS19645

Gene ID

163

(Log2FC)
-1.40
-1.37
-1.21
-1.20
2.81
152
2.07
1.73
-1.21
-1.27
-1.33
3.48
4.34
1.67
4.64
1.14
3.62
-0.95
-0.76
3.02
1.83
-1.29
154
3.20
213
-1.34
-0.85
-1.26
-1.63
-1.26
117
-1.22
-1.53
1.59
2.32
2.59
2.93
3.02
2.59
2.79
2.60
2.60
142

Biofilm t1

(Log2FC)
-1.97
-2.20
-2.06
-1.74
2.94
2.59
3.12
1.72
-1.69
-1.97
-1.64
3.93
5.00
1.90
6.22
245
5.42
-0.79
-1.01
2.25
1.16
-1.92
1.38
2.58
1.99
-0.81
-1.61
-1.67
-1.20
-1.63
1.27
-0.91
-1.29
2.18
3.79
2.59
3.01
4.18
2.16
2.67
3.09
3.48
2.13

Biofilm t2
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BB28_RS07345
BB28_RS07380
BB28_RS07385
BB28_RS07835
BB28_RS07985
BB28_RS07990
BB28_RS08155
BB28_RS08165
BB28_RS08200
BB28_RS08290
BB28_RS08295
BB28_RS08320
BB28_RS08390
BB28_RS08455
BB28_RS08460
BB28_RS08635
BB28_RS08665
BB28_RS08870
BB28_RS09020
BB28_RS09090
BB28_RS09120
BB28_RS09130
BB28_RS09230
BB28_RS09245
BB28_RS09250
BB28_RS09285
BB28_RS09310
BB28_RS09340
BB28_RS09425
BB28_RS09475
BB28_RS09725
BB28_RS09865
BB28_RS09925
BB28_RS09960
BB28_RS10020
BB28_RS10035
BB28_RS10085
BB28_RS10100
BB28_RS10115
BB28_RS10250
BB28_RS10400
BB28_RS10735
BB28_RS10760

Gene ID

(Log2FC)
-2.22
-1.26
-1.43
-1.28
-1.00
-1.03
-0.96
1.32
-0.94
-1.12
-0.89
-0.87
2.95
3.00
1.59
-2.74
-1.36
1.48
-1.07
1.55
1.96
3.42
141
1.40
-1.61
1.16
297
297
1.83
2.85
2.30
-1.48
0.91
-1.32
-0.82
-1.06
-1.64
-1.22
1.49
1.94
-1.19
1.46
-0.84

Biofilm t1

(Log2FC)
-1.91
-2.24
-0.88
-2.73
-1.47
-1.18
-1.60
2.08
211
-1.14
-0.83
-0.77
221
1.60
1.48
-2.29
-0.92
1.14
-2.47
154
3.85
5.63
1.53
1.27
-2.68
2.46
2.84
4.68
3.08
2.75
2.92
-1.54
131
-1.18
-2.07
-2.04
-1.93
-0.96
1.56
2.38
-1.22
142
-1.89

Biofilm t2

BB28_RS19650
BB28_RS19655
BB28_RS19665
BB28_RS19670
BB28_RS19745
BB28_RS19905
BB28_RS19970
BB28_RS19975
BB28_RS20040
BB28_RS20090
BB28_RS20210
BB28_RS20500
BB28_RS20585
BB28_RS20605
BB28_RS20625
BB28_RS20715
BB28_RS20785
BB28_RS20870
BB28_RS20955
BB28_RS21040
BB28_RS21165
BB28_RS21170
BB28_RS21175
BB28_RS21195
BB28_RS21255
BB28_RS21445
BB28_RS21500
BB28_RS21610
BB28_RS21620
BB28_RS21630
BB28_RS21730
BB28_RS21775
BB28_RS21780
BB28_RS21800
BB28_RS21820
BB28_RS21825
BB28_RS21840
BB28_RS21875
BB28_RS22085
BB28_RS22115
BB28_RS22120
BB28_RS22125
BB28_RS22175

Gene ID

164

(Log2FC)
2.01
2.76
341
2.54
-1.15
-1.10
3.50
5.18
1.63
2.69
-1.13
-1.20
151
1.26
-1.12
-1.59
-0.92
2.35
-1.33
-0.92
-1.37
-1.35
-1.21
-1.33
-1.44
-1.20
-1.40
1.38
1.97
0.91
3.39
2.38
154
3.87
1.78
2.63
1.75
117
-1.13
122
1.60
2.24
0.95

Biofilm t1

(Log2FC)
3.39
347
461
3.11
141
-1.59
2.82
6.06
1.59
1.64
-1.72
-1.09
244
1.79
-1.68
-3.06
-1.18
217
-1.51
-1.20
-2.45
-2.20
-1.07
-1.15
-1.30
-1.19
-2.41
231
1.69
1.10
3.79
2.18
1.30
4.23
2.37
2.01
2.76
2.64
-1.95
1.33
1.36
2.67
1.18

Biofilm t2
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BB28_RS10785
BB28_RS10840
BB28_RS10870
BB28_RS10920
BB28_RS10925
BB28_RS10930
BB28_RS10935
BB28_RS10945
BB28_RS10950
BB28_RS11035
BB28_RS11060
BB28_RS11105
BB28_RS11110
BB28_RS11125
BB28_RS11185
BB28_RS11285
BB28_RS11330
BB28_RS11365
BB28_RS11440
BB28_RS11540
BB28_RS11630
BB28_RS11885
BB28_RS11895
BB28_RS11925
BB28_RS12080
BB28_RS12215
BB28_RS12230
BB28_RS12335
BB28_RS12520
BB28_RS12525
BB28_RS12540
BB28_RS12545
BB28_RS12550
BB28_RS12750
BB28_RS12755
BB28_RS12845
BB28_RS12850
BB28_RS12855
BB28_RS12870
BB28_RS12875
BB28_RS12950
BB28_RS12960

(Log2FC)
-1.25
-1.47
1.18
1.98
3.46
1.20
1.49
2.06
2.02
-1.97
-1.34
2.25
1.69
1.94
2.39
1.94
1.08
-0.91
1.40
-0.87
141
1.34
1.31
-1.72
-1.05
4.39
2.63
-0.92
2.80
2.79
2.84
244
1.73
2.14
1.04
2.50
1.59
147
3.03
1.02
1.93
-0.95

(Log2FC)
-1.65
-2.47
1.72
1.01
2.95
213
2.24
2.90
2.20
-1.66
-1.68
251
1.75
4.59
2.83
1.95
1.23
-1.02
1.87
-1.39
1.18
1.09
142
-1.74
-1.19
4.07
3.28
-1.18
3.53
4.20
2.56
1.58
1.61
1.73
1.76
281
243
231
4.82
143
1.15
-1.45

BB28_RS22215
BB28_RS22260
BB28_RS22340
BB28_RS22370
BB28_RS22395
BB28_RS22450
BB28_RS22540
BB28_RS22655
BB28_RS22750
BB28_RS22765
BB28_RS22860
BB28_RS22885
BB28_RS22960
BB28_RS23110
BB28_RS23145
BB28_RS23235
BB28_RS23240
BB28_RS23320
BB28_RS23435
BB28_RS23505
BB28_RS23520
BB28_RS23840
BB28_RS23860
BB28_RS24125
BB28_RS24145
BB28_RS24200
BB28_RS24270
BB28_RS24300
BB28_RS24350
BB28_RS24455
BB28_RS24460
BB28_RS24465
BB28_RS24520
BB28_RS24550
BB28_RS24725
BB28_RS24735
BB28_RS24755
BB28_RS24770
BB28_RS24780
BB28_RS24830
ffs

SSFA

165

(Log2FC)
2.03
1.67
151
-0.97
-1.39
-1.03
-1.19
-1.16
-1.25
-1.11
-1.18
-0.99
-1.13
247
1.55
3.21
4.76
-1.25
-1.09
2.78
-1.18
-1.08
1.98
2.64
-1.39
-1.29
-0.78
-1.30
1.09
1.92
2.36
1.02
1.83
-1.53
-1.37
-1.42
-1.19
2.55
6.76
-1.59
2.68
2.25

(Log2FC)
291
2.63
2.02
-1.62
-1.73
-1.27
-1.14
-2.27
-1.45
-1.95
-1.75
-1.81
-1.22
2.45
1.56
3.17
4.02
-1.36
-2.24
2.87
-0.80
-1.32
3.72
2.85
-1.69
-1.85
-1.05
-2.22
1.24
2.05
2.24
1.29
1.88
-2.01
-1.53
-2.04
-1.09
2.32
7.27
-1.98
2.46
217
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Appendix 8: DEG only in Planktonic t2.

Biofilm t1
(Log2FC)

BB28_RS01090 | 1.240005
BB28_RS01155 | -1.59252
BB28_RS01290 | -1.97396
BB28_RS01605 | 1.587311
BB28_RS03600 | -1.10331
BB28_RS04035 | -1.36114
BB28_RS04055 | 1.151279
BB28_RS06150 | 1.095813
BB28_RS06210 | 1.146762
BB28_RS06305 | 0.847264
BB28_RS07400 | 1.489112

Gene ID

BB28_RS08540 -1.573

BB28_RS12345 | -2.14966
BB28_RS13050 | 1.295696
BB28_RS16410 | 0.858077
BB28_RS17070 | 1.008574
BB28_RS17160 | -1.18149
BB28_RS18540 | -1.48569
BB28_RS18955 | -1.49932
BB28_RS20590 | 1.316039
BB28_RS21160 | -1.64299
BB28_RS21460 | 1.126396
BB28_RS21580 | -0.78905
BB28_RS22770 | -0.92237
BB28_RS23890 | -0.97581
BB28_RS23985 | 1.017709
BB28_RS24395 | -1.16963
BB28_RS24740 | -1.16767

166
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Gene ID

Biofilm t1
(Log2FC)

Gene ID

Biofilm t1
(Log2FC)

Appendix 9: DEG only in Biofilm t1.

Gene ID

Biofilm t1
(Log2FC)

BB28_RS00430
BB28_RS00580
BB28_RS00760
BB28_RS00830
BB28_RS00910
BB28_RS00915
BB28_RS00985
BB28_RS01100
BB28_RS02355
BB28_RS02530
BB28_RS02620
BB28_RS03055
BB28_RS03085
BB28_RS03125
BB28_RS03155
BB28_RS03295
BB28_RS03315
BB28_RS03410
BB28_RS03495
BB28_RS03550
BB28_RS03610
BB28_RS04195
BB28_RS04555
BB28_RS04635
BB28_RS04665
BB28_RS04675
BB28_RS04775
BB28_RS04890
BB28_RS05050
BB28_RS05085
BB28_RS05360
BB28_RS05975
BB28_RS06135
BB28_RS06200

1.110917
1.306248
1.620231
-1.19911
-1.77378
1.571835
-0.91498
2.625909
-1.10542
1.090521
1.639369
-1.76973
1.380092
2.248046
1.434102
1.945678
1.084694
1.361512
1.559922

1.30858
-1.08099
2.086935
2.721495
1.906666
-2.02977
-0.88031
-0.82742

-1.1914
1.519397
2.387072
1.695193
1.249914
-1.47909
1.660559

BB28_RS07020
BB28_RS07025
BB28_RS07030
BB28_RS07040
BB28_RS07905
BB28_RS08110
BB28_RS08535
BB28_RS08705
BB28_RS08865
BB28_RS09015
BB28_RS09885
BB28_RS09970
BB28_RS09975
BB28_RS09990
BB28_RS10080
BB28_RS10580
BB28_RS11055
BB28_RS11160
BB28_RS11310
BB28_RS11415
BB28_RS11770
BB28_RS11870
BB28_RS11875
BB28_RS12365
BB28_RS12475
BB28_RS13450
BB28_RS14145
BB28_RS14155
BB28_RS14305
BB28_RS14535
BB28_RS14540
BB28_RS14570
BB28_RS15075
BB28_RS15080

1.673855121
1.347902618
1.113450756

1.07241493
2.641916931
2.815201183
-1.13651773
-1.00932034
-1.22933762
1.311476361
1.280136819
1.264380403

1.39993082
-0.84728354
1.871134503
1.272836995
-2.03381785
1.228348602
1.120185399
1.242000281
1.474639589
2.197831387
1.709288581
1.701731976
-1.29037061
-0.93366994
2.755748034
1.541848829
1.319341962
2.876022712

1.79224702
1.454110318
1.834217443
1.218060872
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BB28_RS15420
BB28_RS16295
BB28_RS16555
BB28_RS16715
BB28_RS16795
BB28_RS16910
BB28_RS16925
BB28_RS16995
BB28_RS17005
BB28_RS17035
BB28_RS17420
BB28_RS17730
BB28_RS17790
BB28_RS17900
BB28_RS18830
BB28_RS19300
BB28_RS19835
BB28_RS21350
BB28_RS21600
BB28_RS21855
BB28_RS22145
BB28_RS22150
BB28_RS22170
BB28_RS22635
BB28_RS22640
BB28_RS22820
BB28_RS23105
BB28_RS23605
BB28_RS23980
BB28_RS24010
BB28_RS24385
BB28_RS24560
BB28_RS24805

-1.36937439
2.76369041
1.09301442

-1.41162518
1.00136916

-1.276292
-1.29181018
1.3313529
2.22995335

-0.83020813
1.14875507

-0.97529369
1.31184188

-1.58289445
1.89265297
1.14884161
1.66236213
1.31291815
1.24536179
0.98964202
1.71716096
1.62420836
1.30945158
1.09449434
2.07164684

-0.93226395
2.93890812

1.2014345
2.36086909

-1.26815336

-0.81044449
1.10767217

2.8234673
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Appendix 10: DEG only in Biofilm t2.

Gene ID

Biofilm t2
(Log2FC)

Gene ID

Biofilm t2
(Log2FC)

Gene ID

Biofilm t2
(Log2FC)

Gene ID

Biofilm t2
(Log2FC)

BB28_RS00155
BB28_RS00200
BB28_RS00210
BB28_RS00260
BB28_RS00305
BB28_RS00345
BB28_RS00390
BB28_RS00410
BB28_RS00655
BB28_RS00670
BB28_RS00720
BB28_RS00810
BB28_RS00815
BB28_RS00835
BB28_RS00875
BB28_RS00880
BB28_RS00885
BB28_RS00890
BB28_RS00895
BB28_RS00900
BB28_RS00905
BB28_RS00935
BB28_RS00955
BB28_RS00980
BB28_RS00995
BB28_RS01000
BB28_RS01005
BB28_RS01115
BB28_RS01165
BB28_RS01195
BB28_RS01200
BB28_RS01220
BB28_RS01225
BB28_RS01265
BB28_RS01270
BB28_RS01305
BB28_RS01340
BB28_RS01345
BB28_RS01350
BB28_RS01355

BB28_RS01435

1.42

-0.85

-0.88

-1.13

-0.80

1.88

-1.32

-1.67

-1.38

-1.06

-0.75

-1.68

-1.25

-1.46

-1.12

-0.89

-0.67

-1.16

-1.55

-1.57

-1.78

-1.01

-0.71

-1.38

1.78

-1.24

-0.88

-1.00

-1.75

-1.31

-1.21

BB28_RS06190
BB28_RS06235
BB28_RS06275
BB28_RS06290
BB28_RS06430
BB28_RS06505
BB28_RS06540
BB28_RS06550
BB28_RS06560
BB28_RS06590
BB28_RS06675
BB28_RS06695
BB28_RS06730
BB28_RS06765
BB28_RS06780
BB28_RS06810
BB28_RS06895
BB28_RS06955
BB28_RS06960
BB28_RS07105
BB28_RS07130
BB28_RS07265
BB28_RS07335
BB28_RS07375
BB28_RS07405
BB28_RS07435
BB28_RS07465
BB28_RS07475
BB28_RS07550
BB28_RS07660
BB28_RS07665
BB28_RS07930
BB28_RS07980
BB28_RS08125
BB28_RS08130
BB28_RS08170
BB28_RS08175
BB28_RS08180
BB28_RS08185
BB28_RS08195

BB28_RS08205

-1.14

-1.79

-0.92

-1.14

-1.30

1.91

-0.59

1.80

-0.98

-2.18

-3.36

-1.10

-2.02

-0.81

-0.84

-2.77

-1.23

-1.13

-0.86

-1.10

-0.60

-1.08

168

BB28_RS13840
BB28_RS13870
BB28_RS13875
BB28_RS13910
BB28_RS13930
BB28_RS13975
BB28_RS14005
BB28_RS14010
BB28_RS14035
BB28_RS14040
BB28_RS14050
BB28_RS14060
BB28_RS14080
BB28_RS14090
BB28_RS14095
BB28_RS14135
BB28_RS14385
BB28_RS14410
BB28_RS14415
BB28_RS14445
BB28_RS14450
BB28_RS14475
BB28_RS14550
BB28_RS14590
BB28_RS14625
BB28_RS14630
BB28_RS14635
BB28_RS14640
BB28_RS14700
BB28_RS14735
BB28_RS14750
BB28_RS14760
BB28_RS14775
BB28_RS14815
BB28_RS14820
BB28_RS14850
BB28_RS14855
BB28_RS14860
BB28_RS14895
BB28_RS14910

BB28_RS14920

1.47

-0.70

1.02

-1.74

-0.82

-1.65

1.48

1.55

1.62

-0.68

-1.64

-1.13

-0.58

-0.97

-0.63

-1.82

1.53

1.26

1.89

1.45

1.95

1.41

-1.06

-1.01

-1.26

-1.00

-1.22

-0.94

-0.88

-0.97

-1.27

-1.35

-0.87

-1.34

-0.65

1.50

2.29

BB28_RS19050
BB28_RS19055
BB28_RS19060
BB28_RS19065
BB28_RS19100
BB28_RS19105
BB28_RS19130
BB28_RS19135
BB28_RS19140
BB28_RS19145
BB28_RS19150
BB28_RS19155
BB28_RS19160
BB28_RS19165
BB28_RS19175
BB28_RS19180
BB28_RS19250
BB28_RS19255
BB28_RS19305
BB28_RS19315
BB28_RS19325
BB28_RS19340
BB28_RS19375
BB28_RS19415
BB28_RS19440
BB28_RS19450
BB28_RS19455
BB28_RS19460
BB28_RS19465
BB28_RS19470
BB28_RS19480
BB28_RS19490
BB28_RS19495
BB28_RS19500
BB28_RS19515
BB28_RS19530
BB28_RS19545
BB28_RS19550
BB28_RS19570
BB28_RS19760

BB28_RS19780

-1.80

-1.48

-1.52

-0.99

-1.64

-1.47

-1.99

-1.84

-1.60

-2.02

-1.97

-1.63

-1.50

-2.34

-1.40

-1.54

2.31

-0.78

-1.08

-1.33

-0.93

-0.98

-1.31

-1.27

-2.15

-2.04

-0.86

3.18

3.19

-1.62

-0.92

-1.64

-1.36

-1.03
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Gene ID
BB28_RS01440
BB28_RS01455
BB28_RS01475
BB28_RS01625
BB28_RS01675
BB28_RS01755
BB28_RS01800
BB28_RS01810
BB28_RS01815
BB28_RS01820
BB28_RS01825
BB28_RS01830
BB28_RS01835
BB28_RS01840
BB28_RS01880
BB28_RS01885
BB28_RS01910
BB28_RS01945
BB28_RS01950
BB28_RS02010
BB28_RS02065
BB28_RS02085
BB28_RS02150
BB28_RS02155
BB28_RS02160
BB28_RS02170
BB28_RS02200
BB28_RS02230
BB28_RS02310
BB28_RS02335
BB28_RS02385
BB28_RS02405
BB28_RS02415
BB28_RS02455
BB28_RS02475
BB28_RS02615
BB28_RS02700
BB28_RS02705
BB28_RS02725
BB28_RS02735
BB28_RS02750
BB28_RS02780
BB28_RS02790

BB28_RS02845

Biofilm t2
(Log2FC)

-1.25

-1.14

463
4.05
4.90
4.45

5.03

-1.13
-2.18
-1.28

-1.34

-1.18
-1.20

-0.91

-0.95

-0.75

-1.37
-1.31

-1.63

-0.87
1.44

2.03

Gene ID
BB28_RS08215
BB28_RS08325
BB28_RS08350
BB28_RS08380
BB28_RS08400
BB28_RS08440
BB28_RS08490
BB28_RS08500
BB28_RS08580
BB28_RS08585
BB28_RS08640
BB28_RS08660
BB28_RS08695
BB28_RS08815
BB28_RS08820
BB28_RS09135
BB28_RS09170
BB28_RS09290
BB28_RS09315
BB28_RS09320
BB28_RS09335
BB28_RS09390
BB28_RS09395
BB28_RS09400
BB28_RS09405
BB28_RS09440
BB28_RS09450
BB28_RS09455
BB28_RS09500
BB28_RS09720
BB28_RS09765
BB28_RS09870
BB28_RS09895
BB28_RS09930
BB28_RS10135
BB28_RS10200
BB28_RS10260
BB28_RS10365
BB28_RS10390
BB28_RS10470
BB28_RS10490
BB28_RS10540
BB28_RS10570

BB28_RS10615

Biofilm t2
(Log2FC)

1.42

-1.38

-1.60

-1.03

-0.91

1.64

1.72

1.39

-1.18

251

1.76

-0.87

-0.77

-1.45

2.79

-1.15

1.29

-1.21

1.44

-1.43

-0.96

-1.39

-1.43

-1.16

-1.23

-1.64

-0.95

-0.94

-0.99

1.79

-1.38

-1.19

1.58

169

Gene ID
BB28_RS14925
BB28_RS14975
BB28_RS15015
BB28_RS15040
BB28_RS15045
BB28_RS15050
BB28_RS15110
BB28_RS15255
BB28_RS15300
BB28_RS15395
BB28_RS15425
BB28_RS15460
BB28_RS15465
BB28_RS15480
BB28_RS15485
BB28_RS15540
BB28_RS15570
BB28_RS15605
BB28_RS15610
BB28_RS15660
BB28_RS15665
BB28_RS15745
BB28_RS15800
BB28_RS15820
BB28_RS15825
BB28_RS15850
BB28_RS15875
BB28_RS15915
BB28_RS15940
BB28_RS15975
BB28_RS16170
BB28_RS16175
BB28_RS16215
BB28_RS16220
BB28_RS16275
BB28_RS16280
BB28_RS16285
BB28_RS16350
BB28_RS16355
BB28_RS16360
BB28_RS16365
BB28_RS16420
BB28_RS16435

BB28_RS16450

Biofilm t2
(Log2FC)

241
1.58
-1.28
1.42
1.52
1.90
1.35
1.22
-1.09
-0.79
-1.50

3.38

-0.64
1.93
1.56
-1.81
-1.39

-1.64

1.48
-1.30
-1.82

131

1.99
-0.66

1.93
-0.81
-0.83

-1.37

1.92
2.54
231
1.83
-1.16

-0.87

Gene ID
BB28_RS19800
BB28_RS19875
BB28_RS19910
BB28_RS19940
BB28_RS19945
BB28_RS19955
BB28_RS20015
BB28_RS20030
BB28_RS20080
BB28_RS20085
BB28_RS20160
BB28_RS20165
BB28_RS20270
BB28_RS20385
BB28_RS20505
BB28_RS20565
BB28_RS20570
BB28_RS20575
BB28_RS20665
BB28_RS20675
BB28_RS20690
BB28_RS20725
BB28_RS20730
BB28_RS20765
BB28_RS20780
BB28_RS20790
BB28_RS20860
BB28_RS20905
BB28_RS20910
BB28_RS20980
BB28_RS21060
BB28_RS21090
BB28_RS21180
BB28_RS21200
BB28_RS21265
BB28_RS21300
BB28_RS21305
BB28_RS21325
BB28_RS21330
BB28_RS21340
BB28_RS21355
BB28_RS21360
BB28_RS21400

BB28_RS21440

Biofilm t2
(Log2FC)

1.91
2.33
-1.34
4.70
4.14
2.14
-1.09
-0.97
-0.73
-0.62
-0.98
1.54
-1.46
-1.83
-1.28
4.82

3.60

-0.85
-0.73
-1.58
-1.85
-1.15
-2.73
-1.20
-1.77
-1.30
-1.20
-1.14
1.97
-0.72
-0.81
-1.38
-1.15
-1.39
-1.45
-1.03
-1.10
-0.62
-1.34
-0.75
-0.77

-0.75
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Gene ID
BB28_RS02915
BB28_RS03040
BB28_RS03170
BB28_RS03190
BB28_RS03210
BB28_RS03240
BB28_RS03280
BB28_RS03285
BB28_RS03325
BB28_RS03385
BB28_RS03435
BB28_RS03470
BB28_RS03490
BB28_RS03535
BB28_RS03590
BB28_RS03615
BB28_RS03800
BB28_RS03885
BB28_RS03910
BB28_RS03955
BB28_RS04015
BB28_RS04020
BB28_RS04025
BB28_RS04085
BB28_RS04110
BB28_RS04135
BB28_RS04160
BB28_RS04200
BB28_RS04205
BB28_RS04215
BB28_RS04240
BB28_RS04245
BB28_RS04260
BB28_RS04285
BB28_RS04290
BB28_RS04345
BB28_RS04445
BB28_RS04455
BB28_RS04550
BB28_RS04585
BB28_RS04645
BB28_RS04650
BB28_RS04660

BB28_RS04755

Biofilm t2
(Log2FC)

-1.17
-0.88
271
217
211
1.79
-0.82

-0.78

1.44
-1.97

151

-1.13

-1.26

-0.89
-1.47

-1.41

-0.60
-1.90
1.15
-0.95

-1.11

1.47
-1.07
1.23

-1.57

-1.74
-0.83
-1.27
-0.91
-2.80

-0.67

3.08
-0.64

-1.24

Gene ID
BB28_RS10645
BB28_RS10675
BB28_RS10705
BB28_RS10710
BB28_RS10715
BB28_RS10790
BB28_RS10805
BB28_RS10820
BB28_RS10825
BB28_RS10830
BB28_RS10835
BB28_RS10875
BB28_RS10940
BB28_RS10955
BB28_RS10965
BB28_RS10970
BB28_RS11075
BB28_RS11085
BB28_RS11090
BB28_RS11130
BB28_RS11135
BB28_RS11140
BB28_RS11145
BB28_RS11150
BB28_RS11190
BB28_RS11205
BB28_RS11215
BB28_RS11280
BB28_RS11350
BB28_RS11355
BB28_RS11370
BB28_RS11405
BB28_RS11475
BB28_RS11645
BB28_RS12110
BB28_RS12135
BB28_RS12145
BB28_RS12160
BB28_RS12165
BB28_RS12170
BB28_RS12175
BB28_RS12180
BB28_RS12185

BB28_RS12225

Biofilm t2
(Log2FC)

-1.08

-1.38

-1.44

-1.26

170

Gene ID
BB28_RS16525
BB28_RS16530
BB28_RS16685
BB28_RS16740
BB28_RS16750
BB28_RS16755
BB28_RS16815
BB28_RS16840
BB28_RS16855
BB28_RS16895
BB28_RS16905
BB28_RS16915
BB28_RS16955
BB28_RS16985
BB28_RS17020
BB28_RS17050
BB28_RS17075
BB28_RS17090
BB28_RS17095
BB28_RS17100
BB28_RS17140
BB28_RS17145
BB28_RS17180
BB28_RS17210
BB28_RS17315
BB28_RS17320
BB28_RS17390
BB28_RS17435
BB28_RS17460
BB28_RS17465
BB28_RS17535
BB28_RS17565
BB28_RS17570
BB28_RS17575
BB28_RS17580
BB28_RS17615
BB28_RS17635
BB28_RS17690
BB28_RS17695
BB28_RS17720
BB28_RS17725
BB28_RS17735
BB28_RS17740

BB28_RS17745

Biofilm t2
(Log2FC)

-1.00
-0.83
1.89
-0.79
1.46
-1.12
2.54
1.68
1.54
-0.97
-0.85
-0.72
1.50

-1.50

1.48
-1.20
2.36
131
3.09
-0.62
-0.79
1.64
-1.28
1.28
3.36
1.55
-1.20
-1.65
-1.40
-1.15

1.43

3.00
-1.35
2.85
-0.65
-0.65
2.42
2.33

-1.31

1.28

Gene ID
BB28_RS21465
BB28_RS21525
BB28_RS21540
BB28_RS21605
BB28_RS21635
BB28_RS21700
BB28_RS21710
BB28_RS21720
BB28_RS21725
BB28_RS21735
BB28_RS21790
BB28_RS21795
BB28_RS21805
BB28_RS21930
BB28_RS22060
BB28_RS22110
BB28_RS22135
BB28_RS22205
BB28_RS22225
BB28_RS22250
BB28_RS22265
BB28_RS22295
BB28_RS$22335
BB28_RS22350
BB28_RS22645
BB28_RS22660
BB28_RS22695
BB28_RS22720
BB28_RS22730
BB28_RS22815
BB28_RS22965
BB28_RS22970
BB28_RS23000
BB28_RS23050
BB28_RS23065
BB28_RS23070
BB28_RS23080
BB28_RS23090
BB28_RS23095
BB28_RS23115
BB28_RS23140
BB28_RS23150
BB28_RS23155

BB28_RS23360

Biofilm t2
(Log2FC)

-1.16
-1.62
-0.87
-1.38
-1.00
2.21
1.42
1.89
1.62

1.66

-1.86
-1.02

2.44

1.52
-1.70
-2.02
-1.28
-0.73
-1.42

1.22
-1.55
-0.90
-1.45
-1.13

-1.42
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Gene ID
BB28_RS04795
BB28_RS04865
BB28_RS04895
BB28_RS04905
BB28_RS04970
BB28_RS05015
BB28_RS05045
BB28_RS05090
BB28_RS05095
BB28_RS05100
BB28_RS05110
BB28_RS05165
BB28_RS05195
BB28_RS05200
BB28_RS05205
BB28_RS05210
BB28_RS05215
BB28_RS05220
BB28_RS05265
BB28_RS05270
BB28_RS05275
BB28_RS05280
BB28_RS05325
BB28_RS05350
BB28_RS05385
BB28_RS05640
BB28_RS05655
BB28_RS05685
BB28_RS05700
BB28_RS05730
BB28_RS05740
BB28_RS05840
BB28_RS05845
BB28_RS05985
BB28_RS06010
BB28_RS06030
BB28_RS06080

BB28_RS06090

Biofilm t2
(Log2FC)

-1.08
1.86
-0.79

-1.23

1.91
-1.47
-0.87
-1.09
-0.80
-0.90
-0.76

-0.81

Gene ID
BB28_RS12235
BB28_RS12240
BB28_RS12280
BB28_RS12330
BB28_RS12340
BB28_RS12385
BB28_RS12405
BB28_RS12465
BB28_RS12495
BB28_RS12515
BB28_RS12570
BB28_RS12600
BB28_RS12685
BB28_RS12710
BB28_RS12730
BB28_RS12840
BB28_RS12860
BB28_RS12865
BB28_RS12880
BB28_RS12885
BB28_RS12900
BB28_RS13010
BB28_RS13055
BB28_RS13065
BB28_RS13080
BB28_RS13105
BB28_RS13125
BB28_RS13170
BB28_RS13380
BB28_RS13435
BB28_RS13445
BB28_RS13465
BB28_RS13545
BB28_RS13625
BB28_RS13715
BB28_RS13730
BB28_RS13740

BB28_RS13830

Biofilm t2
(Log2FC)

3.66

1.70

1.41

1.56

1.49

1.48

1.58

-0.67

-0.77

1.43

-1.06

-0.61

-0.81

1.74

-1.07

-0.87

1.84

-1.57

-0.91

-0.94

171

Gene ID
BB28_RS17770
BB28_RS17785
BB28_RS17840
BB28_RS17980
BB28_RS18000
BB28_RS18005
BB28_RS18075
BB28_RS18090
BB28_RS18135
BB28_RS18275
BB28_RS18285
BB28_RS18290
BB28_RS18295
BB28_RS18300
BB28_RS18330
BB28_RS18355
BB28_RS18360
BB28_RS18375
BB28_RS18440
BB28_RS18450
BB28_RS18485
BB28_RS18490
BB28_RS18620
BB28_RS18630
BB28_RS18710
BB28_RS18720
BB28_RS18730
BB28_RS18745
BB28_RS18805
BB28_RS18840
BB28_RS18880
BB28_RS18920
BB28_RS18925
BB28_RS18940
BB28_RS18945
BB28_RS18990
BB28_RS19010

BB28_RS19040

Biofilm t2
(Log2FC)

-0.63
121
-0.82
-0.78
-1.35
1.47
1.53
-1.16
-0.72
2.92

1.86

1.49
2.52
-1.24
1.74
-0.85

-0.98

-1.50
-1.01
1.21
-0.83
-1.41
-1.09
0.99
-1.44
-1.26
-1.37
-1.91
-1.86
-0.97

-1.17

Gene ID
BB28_RS23410
BB28_RS23440
BB28_RS23445
BB28_RS23450
BB28_RS23550
BB28_RS23590
BB28_RS23625
BB28_RS23630
BB28_RS23655
BB28_RS23845
BB28_RS23865
BB28_RS23915
BB28_RS$23920
BB28_RS23925
BB28_RS23930
BB28_RS24080
BB28_RS24090
BB28_RS24120
BB28_RS24130
BB28_RS24175
BB28_RS24185
BB28_RS24250
BB28_RS24325
BB28_RS24360
BB28_RS24380
BB28_RS24440
BB28_RS24450
BB28_RS24475
BB28_RS24570
BB28_RS$24655
BB28_RS24685
BB28_RS24695
BB28_RS24700
BB28_RS24800

rnpB

rrf

Biofilm t2
(Log2FC)

-1.34
-1.90
-2.62
-1.24
1.34
1.89
4.97
1.73
3.05
2.22
2.86
3.13
4.38
3.53
-0.85
-1.45

-1.10

-1.64
1.88
-0.79
1.05
-1.79
1.00
-0.68
241
-1.39
-1.58
-1.02
-0.97
-0.65
-1.21
-2.42
3.14

491
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