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Abstract Properties of attachment of Mycobacterium
marinum to hydrophobic surfaces and subsequent bio-
film formation were investigated. Binding of M. mari-
num to polypropylene occured under aerobic and
anaerobic/microaerophilic conditions. However, aero-
bic conditions were necessary for biofilms to persist.
Highly non-polar organic solvents were found to
efficiently remove attached bacteria from the poly-
propylene surface, indicating strong hydrophobic
interactions between the M. marinum cell wall and the
surface. Increased capsular material, occurring during
stationary phase, correlated with a decrease in attach-
ment of cells to polypropylene. A protein of approxi-
mately 40 kDa appears to be present in increased
amounts during the stationary phase. The protein has
been identified by LC MS/MS analysis as alanine
dehydrogenase.

Keywords M. marinum - Aerobic biofilm - Culture
condition - Attachment - Hydrophobic interaction

Introduction

The aquatic microorganism Mycobacterium marinum
has been isolated from waters along the eastern coast
of the United States, including the Chesapeake Bay
(Heckert et al. 2001; Rhodes et al. 2001, 2003). This

M. R. Alavi (X)) - H. D. Shukla - M. Shahamat

Center of Marine Biotechnology, University of Maryland
Biotechnology Institute, Baltimore, MD, USA

e-mail: alavi@umbi.umd.edu

B. Whitaker - J. Arnold
National Aquarium in Baltimore, Baltimore, MD, USA

organism is one of several atypical mycobacterial
species that causes mycobacteriosis in ectothermic
animals, such as fish and frogs (Bonafe et al.
1992; Gluckman 1995; Bercovier and Vincent 2001;
Decostere et al. 2004). M. marinum is a significant
concern for the aquaculture industry, which lacks sat-
isfactory methods for prevention and treatment of
infection. In these settings, infection of one fish
has often led to destruction of the entire fish stock
(Hedrick et al. 1987; dos Santos et al. 2002; Decostere
et al. 2004). Dissemination of M. marinum and other
atypical mycobacteria from fish tanks and environ-
mental reservoirs could also pose serious health prob-
lems to immunocompromised humans (Sato 1972;
Bruckner-Tuderman and Blank 1985; Patel et al. 1995;
Barton et al. 1997; Ghittino et al. 2003).

M. marinum, a close genomic relative of M. tuber-
culosis (Tonjum et al. 1998), belongs to the family
Mycobacteriaceae, members of which possess an
unusually complex cell wall setting them apart from
both gram-positive and gram-negative bacteria. The
mycobacterial cell wall consists of a peptidoglycan
layer covalently attached to a thicker layer of mycolic
acid—arabinogalactan complex. The cell wall also con-
tains lipomannan and lipoarabinomannan macromole-
cules. Enveloping the mycobacterial cell wall is an
electron transparent layer of variable thickness that is
rich in polysaccharides, glycolipids, proteins and polar
molecules that associate, through hydrophobic or
electrostatic interactions, with the underlying cell wall
(Rastogi and Hellio 1990; Levchenko 1991; Brennan
and Nikaido 1995).

Abiotic and biotic surfaces in the environment and
in the aquaculture systems can serve as substrates
for colonization and growth by M. marinum. Recent
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studies indicate that M. marinum and other environ-
mental mycobacteria can bind to hydrophobic surfaces
and form biofilms in submerged conditions (Ridgway
et al. 1984; Schulze-Robbecke 1993; Hall-Stoodley and
Lappin-Scott 1998; Bardouniotis et al. 2003; Carter
et al. 2003). However, since mycobacteria are aerobic
organisms, submerged environmental niches may not
sustain M. marinum biofilms. Additionally, the inter-
action of M. marinum with the surfaces may be af-
fected by modification of their cell envelope, caused by
changes in nutrient and oxygen availability, pH,
osmolarity and localized accumulation of secondary
metabolites, as has been shown for other bacteria
(Krieg et al. 1988; Watson and Watson 1989; Stewart
and Olson 1992; Popova and Klitsunova 1998; Castel-
lanosa et al. 2000; Wick et al. 2002; Hassan and Frank
2004). In fact, mycobacteria modify their gene
expression (DeMaio et al. 1996; Yuan et al. 1996;
Gupta et al. 2002) and increase the thickness of their
capsular layer in the late stationary phase of the culture
(Cunningham and Spreadbury 1998).

The aim of this study was to characterize the rela-
tionship between the cell surface of M. marinum and
biofilm formation as a function of growth conditions.
This was accomplished by: (1) comparing persistence
of M. marinum as biofilms at hydrophobic surfaces in
aerobic and anaerobic/microaerophilic conditions; (2)
examining the affinity of the cell wall for the hydro-
phobic surface; (3) determining the effects of culture
conditions on the ability of M. marinum to attach to
the surface; (4) comparing protein profiles of M. mar-
inum from different phases of culture.

Methods
Bacterial strain and culture

The strain used for this study, M. marinum 2025R, was
isolated from a striped bass (Morone saxatilis) in the
Animal Research Center II (ARCII) at the Center of
Marine Biotechnology of the University of Maryland
Biotechnology Institute. The 16S rDNA sequence of
this strain is identical to the 16S rDNA sequence from
a M. marinum strain in the GenBank (accession
number AF251565). M. marinum 2025R was cultured
on 7H11 agar with AODC (oleic acid-albumin-dex-
trose-catalase) as the enrichment medium and main-
tained in 7HY9 medium supplemented with ADC
(albumin-dextrose-catalase) enrichment medium (BD,
Franklin Lakes, NJ). All experiments were carried out
in Long’s minimal medium (Long and Seibert 1926;
Wong and Weinzirl 1936) or in Long’s medium
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supplemented with 0.05% (v/v) Tween-80 (T-80) to
minimize clump formation. The M. marinum used in
all experiments was grown in 500 ml sterile screw cap
Pyrex flasks (Corning) at 30°C in a shaker incubator at
165 rev/min.

Biofilm formation
Solid-liquid interface

Mycobacteria from late exponential phase (ODggg =
0.4) were inoculated into 100 pl Long’s medium in 96-
well polyvinylchloride (PVC) plates and allowed to
settle to the bottom of the wells for 1 h. Unbound cells
were removed and cells adhering to PVC wells were
incubated at 30°C in fresh medium and examined
periodically to monitor biofilm development. Images of
attached cells and biofilm development were captured
via digital camera attached to a light microscope.

Solid-liquid—air interface

About 3-ml aliquots of late exponential phase cells
(ODggp = 0.4) were placed in polypropylene tubes with
Long’s medium with 0.05% T-80 and incubated with
shaking at 150 rev/min at room temperature for 1 h.
The unbound bacteria were removed and the tubes
were washed with 3 ml of water containing 0.05% T-
80. The remaining attached cells were incubated in
3 ml of Long’s medium supplemented with 0.05% T-80
at 30°C with shaking at 150 rev/min for 17-20 days or
until a biofilm could be visualized as a ring at the solid—
air interface.

Attachment assay

Mycobacteria attached to the surface of polypropylene
were stained using the Ziehl-Neelsen acid-fast staining
method (TB Quick Stain kit; Becton Dickinson, Sparks,
MD). Tubes were dried at 50°C. To quantify the at-
tached cells, carbolfuchsin retained by the cell wall was
measured by dissolving the stained cells in 300 pl of 10%
SDS and 95% ethanol (1:1 ratio by vol.). The amount of
stainin 100 pl of the dissolved material was quantified in
a 96-well polystyrene plate using a microplate reader
(Anthus htII, Salzburg, Austria) at OD49, nm.

Estimation of strength of attachment
to hydrophobic surface

To determine the affinity of the hydrophobic interaction
between the M. marinum cell wall and polypropylene,
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we used a series of reagents with different polarities to
dislodge the cells from the surface of polypropylene.
Because acid-fast stain is retained by M. marinum cell
wall after treatment with these solvents (Alavi et al.,
unpublished observation), the stain can be used to
determine the ratio of dislodged cells to those remaining
attached after treatment with each reagent. Measure-
ment of the amount of carbolfuchsin in each fraction was
carried out as described above. Reagents tested using
these methods and their respective polarities were: wa-
ter (1), ethanol (0.79), dimethylformamide (0.4), ace-
tone (0.36), chloroform (0.26), and xylene (0.07).
Mechanical removal of attached cells by scraping was
also employed as a measure of maximum removal.

Attachment to polypropylene at different phases
of growth

A small inoculum of late exponential phase cells was
used to start a 200 ml culture in a 500-ml glass flask.
The culture was grown at 30°C at 150 rev/min. At se-
lected time-intervals during culture growth, ODggyy was
recorded and viable counts were determined by plating
serial dilutions on 7H11 agar containing OADC. At
each time interval, 2 ml-aliquots were also transferred
aseptically into polypropylene tubes and incubated at
room temperature on a shaker at 150 rev/min for 1 h.
After removal of unbound bacteria, attached bacteria
were scraped from the tube using a sterile tissue cul-
ture scraper (Corning) and placed into 2 ml of fresh
medium. The number of bacteria attached to the sur-
face was determined by plating serial dilutions on 7H11
agar. The significance of the difference between the
means for data obtained from c.f.u. counts of attached
bacteria in exponential and stationary phases was
determined by paired t-tests. 7-test computation was
performed using PSI-Plot Version 7.01 (Poly Software
International, Inc.).

Preparation of capsular material

Glycolipids and other capsular components in expo-
nential and stationary phases of growth were extracted
according to Nigou et al. (1999). Briefly, cells from
cultures at exponential (ODgg = 0.34) and stationary
phase (ODggo = 0.95) were harvested by centrifuga-
tion. Approximately 100 mg from each were treated
with 0.75 ml of chloroform/methanol (1:1, v/v). After
removing solid material by centrifugation, organic
solvents were evaporated in a vacuum incubator at
50°C and the extracted capsular material was dissolved
in SDS-PAGE sample buffer. Phase fractionation of

capsular material was carried out by treating cell
pellets with chloroform/methanol/water (1:1:0.9 by
vol.) followed by separation of aqueous and organic
phases by centrifugation. Solvents from each phase
were again removed by evaporation and the extracted
material was dissolved in SDS-PAGE sample buffer.

SDS-PAGE and staining of capsular material

Capsular materials prepared by delipidation were
subjected to SDS-PAGE on 8-20% gradient gels. Gels
were stained with Alcian blue (0.1 g in 100 ml of 40%
ethanol, 5% acetic acid) for staining mucopolysaccha-
rides (Karlyshev and Wern 2001) or Sudan black
(0.07 g in ethanol) for staining lipids and phospholipids
(Perusse et al. 2001). After staining with Sudan black,
gels were treated with a mixture of 0.8% acetic acid
and 4% methanol to restore their shape.

Protein analysis by two-dimensional gel
electrophoresis

Protein profiles of M. marinum from exponential and
stationary phase cultures were examined by two-
dimensional (2-D) gel electrophoresis. Aliquots
(5-10 ml) from mid-exponential phase (ODggo = 0.29)
and late stationary phase (ODgg = 0.45, after drop-
ping from ODygyy = 1) were removed, and cells were
harvested and washed once with water containing
0.05% T-80. Cell pellets were dissolved in extraction
buffer with the following composition: 5 M urea,
0.625 M thiourea, 2% CHAPS (w/v), 2% SB3-10,
40 mM Tris base and 0.5% 3-10 ampholytes (v/v). The
lysates were sonicated for 4-35 s pulses at 50% power.
Cell debris was removed by centrifugation and the
extract held at —-80°C until analysis. The concentration
of proteins in the samples was determined using
the DC/RC protein assay kit (Bio-Rad Laboratories,
Hercules, CA). About 80 pg from each sample was
mixed with rehydration buffer with the composition:
8 M urea, 4% CHAPS (w/v), 1 mM DTT and 0.5%
3-10 ampholytes (v/v) and 2-D gel electrophoresis
was performed according to Shepard et al. (2000). Gels
were stained with Coomassie Blue and scanned with a
Kodak EDAS 290 imaging system. Image analysis was
carried out with ImageMaster 2-D Elite, version 4.01
(Amersham Bioscience, Piscataway, NJ) according to
the manufacturer’s instructions. Gels were aligned and
matched, and quantitative determination of spot vol-
umes was performed (mode: total spot volume nor-
malization). Normalized spot volumes for triplicate
experiments were statistically reproducible.
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Protein identification by LC-MS/MS analysis
Digestion and extraction of peptides

Each protein gel spot was excised and destained using
the ProteoSilver Plus Destaining (Sigma) following the
manufacturer’s protocol. In-gel digestion was per-
formed according to a modification of Shevchenko et al.
(1996). In short, 50-100 pl of 50 mM ammonium bicar-
bonate was added to the sample containing 10 ng/ul
modified trypsin (Promega, Madison, WI) and incu-
bated at 37°C overnight. Tryptic peptides were extracted
twice in 100 pl extraction buffer (0.1% TFA, 50% ace-
tonitrile pH 2.5). The two extractions were combined
and dried in a speed-vac device until proper volumes
were reached (25-50 pl). Precipitates or suspended
particles were removed by centrifugation before sam-
ples were loaded for automated LC-MS/MS analysis.

LC-MS/MS analysis

The Surveyor HPLC system (with an autosampler and
LC pump, ThermoFinnigan, San Jose, CA) was used
for automatic sample loading and flow control. Vari-
able flow was controlled using the divert valve of the
LCQ DECA XP ion trap mass spectrometer (Ther-
moFinnigan). For analysis, 10 pl tryptic peptide sample
was injected into a BioBasic C-18-packed nanospray
microcapillary column (75 pm x 12 cm packed with
5 pm, 300 A Magic C18; New Objective), followed by a
20 min buffer A wash with the composition: 0.1%
formic acid in water (v/v). Peptides were eluted using a
linear gradient of 5-60% methanol over 60 min; flow
rate was maintained at 200 pl/min. Separated peptides
were automatically analyzed by coupling on line to an
ion trap (IT) mass spectrometer (LCQ Deca XP;
Thermo Finnigan, San Jose CA, USA). The IT spec-
trometer was operated in a data-dependent mode at
1.70 kV, where each full MS scan was followed by
three MS/MS scans.

The product ions generated from each MS/MS scan
were searched against the NCBI-nr database (www.
ncbi.nlm.nih.gov) using SEQUEST (ThermoFinnigan,
San Jose, CA, USA). This search identified the secreted
alanine dehydrogenase of Mycobacterium leprae
(accession number gi:15826865) as the closest match in
the database. All subsequent searches were carried out
on the sequence data produced by the M. marinum
Sequencing Group at the Sanger Institute (http:/
www.sanger.ac.uk/Projects/M_marinum/). Using the
nucleotide sequence of M. leprae ald gene as query
sequence the databank of the Sanger Institute was
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searched and the full open reading frame of the
M. marinum ald gene was identified.

Results and discussion

Biofilm formation at solid-liquid and solid—air
interfaces

We compared the persistence of M. marinum biofilms
at hydrophobic surfaces under both anaerobic/micro-
aerophilic and aerobic conditions. As indicated in
Fig. 1, M. marinum attached to the bottom of PVC
wells began dividing under submerged conditions.
However, as cell numbers in aggregates increased,
rope-like structures were formed, which eventually
detached from the bottom of the wells and floated to
the surface. As suggested by Hall-Stoodley and
Stoodley (2005), the detachment of mycobacterial
aggregates from the surface may be a means for dis-
persion of M. marinum in nature.

We found that M. marinum growing in polypropyl-
ene tubes with minimal medium in the presence of low
concentrations of T-80 tended to bind the tube at the
solid—air interface. The attached cells form a ring that
could be easily visualized by acid fast staining (Fig. 2).
When the attached cells were incubated with fresh
medium with gentle shaking, a biofilm ring formed at
the liquid-air interface (Fig. 2). This biofilm was en-
cased in an extracellular mucous-like substance and
was firmly attached to the surface. Release of large
cellular clumps, such as those seen under submerged
conditions, could not be detected, although it is possi-
ble that smaller aggregates or single cells could be shed
from such biofilms. Pellicle formation on the surface of
liquid medium, a characteristic of mycobacterial spe-
cies in standing laboratory cultures, was not seen under
these conditions. Surface-attached aerobic biofilms
also occur in other opportunistic pathogens and the
physiology of bacteria in these biofilms could provide
new information about mechanisms of pathogenesis in
these organisms (Irie et al. 2004; Mishra et al. 2005).
Although M. marinum can attach to hydrophobic sur-
faces in anaerobic and aerobic conditions, our data
suggest that they will form persistent biofilms on sur-
faces under aerobic conditions.

Affinity of attachment to hydrophobic surfaces
When we examined the affinity of the M. marinum cell

wall for the hydrophobic surface, using solvents with
different polarities, we found that as the polarity of the
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3 days
Fig. 1 Attachment and growth of M. marinum on the submerged
surface of PVC in minimal medium. Attached cells were

incubated in a 96-well PVC plate and examined by light
microscope at several time intervals. Cell division of the attached

A -

—

Fig. 2 Attachment to solid surface at interface with air and the
resulting biofilm. (A) The attached mycobacterial cells at the
solid-air interface can be visualized by acid-fast stain. (B) When
incubated in minimal medium these cells can give rise to an
attached biofilm ring at the air interface

reagents decreased, more cells were dislodged from
polypropylene (Fig. 3). Xylene with the least polarity
(0.07) was the most effective reagent for releasing at-
tached cells from polypropylene, while water with the
highest polarity (1) was the least effective reagent.
Since successful colonization of surfaces in an aquatic
environment depends on the cohesive strength of the
initial attachment (Costerton et al. 1987, 1995; Beve-
ridge et al. 1997; Donlan 2002; Soini et al. 2002),

Fig. 3 Estimation of
attachment cohesiveness of
M. marinum cell wall to

"3 10 da}'s . 15 days

cells leads to increase in clump size and eventual detachment
from the submerged surfaces The first 3 panels are 800x
magnifications while the last panel (detached cord) is magnified
100x

M. marinum may use strong hydrophobic interactions,
which are probably mediated by the lipid components
of the cell wall (Ridgway et al. 1984), to attach and
colonize surfaces, particularly at the interface with air.

Correlation between the abundance of capsular
material and attachment of mycobacteria
to hydrophobic surface

Examination of the effect of culture conditions on
M. marinum cell surface properties revealed that sig-
nificantly more capsular components of varying sizes
were present in cells from the stationary phase than
from the exponential phase (Fig. 4a). Nearly all the
capsular material detected by the two stains was par-
titioned into the organic phase suggesting high abun-
dance of lipid-conjugates. The lipid moieties in
capsular material are thought to interact with lipid
components of the cell wall, while hydrophilic moieties
face outward (Draper 1998).

To test the hypothesis that accumulation of capsule
on the M. marinum cell wall could mask components
that interact with hydrophobic surfaces, the number of
mycobacteria that attached to the surface was esti-
mated from c.f.u. counts and compared with their total
number at different stages of growth. As indicated in

m % removed
w % attached

polypropylene. The attached Solvent Formula 'F:legtr'i‘{; Scraping

cells were stained with acid- : Xylene

fast. Reagents with different Scraping Chioroform

polarities were then used to Xylene C8H10 0.07

dislodge them from the Chloroform CHCI3 0.26 Acetone {

erllidfa;; gizltz)c:is g(fj i:heslllcs)dagrzd Acetone C3H60 0.36 Dimethylformamide

shown as percegnt in the bar Dimethylformamide C3H7NO 0.40 Ethanol

graphs. Table to the left Ethanol C2H100 0.79 Water

indicates the relative Water H20 1.00 , . . . . .
60 80 100

polarities of the various
solvents

Percent OD 45
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Fig. 4 Correlation between abundance of capsular material on
cells in exponential and stationary phases and attachment to
polypropylene. (A) Capsular components were extracted by
chloroform/methanol and an aliquot phase-separated into aqueous
and organic fractions. The unfractionated and phase-fractionated
material were subjected to SDS-PAGE and then stained with
Alcian blue or Sudan black. The lanes contain either total fraction

Fig. 4b, the number of cells attached to polypropylene
was significantly higher (P < 0.05) in early and mid-
exponential phases, declining sharply thereafter. The
lowest rate of attachment was observed when cells
were in stationary phase, a time when a thick capsular
layer is present. No correlation existed between the
number of attached cells and cell density, indicating
that cell density was not the major factor influencing
the attachment. Since incubation of bacteria with the
surface was carried out directly in the presence of the
original culture medium, we also examined the possi-
bility that material released from bacteria could inhibit
binding of cells in older cultures. The late stationary
phase cells were thoroughly washed and incubated with
polypropylene in presence of fresh culture medium in
parallel with a control aliquot that was incubated in the
original medium. The acid-fast staining assay indicated
no difference in attachment of the old culture cells
in the presence of fresh or spent culture medium
(ODygp = 0.035 £ 0.021 and ODyg, = 0.039 + 0.009,
respectively). Therefore, accumulation of the cap-
sule on cells appears to prevent the attachment of
M. marinum to polypropylene.

Comparative analysis of the most abundant
proteins from cells in exponential and stationary

phases

We identified proteins that may play a role in pro-
tecting M. marinum under stress by comparing
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hydrophobic or hydrophilic fraction. (B) M. marinum growth curve
and the stacked bar graph representing the proportion of cells
attached to polypropylene at the selected time intervals. The
number of attached cells were subtracted from the total number of
cells at each stage and plotted as a stacked bar graph. The inset table
shows the ODg( the number of cells that attached to polypropyl-
ene and their percent of the total at the selected time points

protein profiles of M. marinum from exponential and
stationary phases by two-dimensional gel electropho-
resis and Coomassie Blue staining. We detected 81
protein spots in stationary phase (Fig. 5a) as compared
to 103 spots in exponential phase (Fig. 5b). At least 16
protein spots showed a two-fold or greater level dif-
ference between the two phases of culture (data not
shown). However, the most noticeable difference was
the accumulation of a protein with apparent size of
~40 kDa and PI of 6.7 (arrow) in stationary phase as
compared to the exponential phase (>14-fold). MS/MS
analysis after in-gel digestion with trypsin indicated
sequences related to the alanine dehydrogenase of
M. leprae.

When the M. leprae ald gene sequence was used to
search the publicly available M. marinum database
from the Sanger Institute, we identified the corre-
sponding M. marinum ald gene. The amino acid align-
ment of Ald from M. marinum, M. leprae and
M. tuberculosis is presented in Fig. 6. Significant
homology exists between the amino acid sequences of
M. marinum, M. leprae and M. tuberculosis with the
major N-terminal AlaDh_PNT-N (PSSM-id: 16517) and
C-terminal AlaDh_PNT_C (PSSM-id: 15323) domains
conserved.

Alanine dehydrogenase (PSSM-id:10555) (EC
1.4.1.1) is a membrane or cell-surface associated pro-
tein and is involved in amino acid transport and
metabolism. This enzyme can catalyse the NAD-
dependent reversible conversion of pyruvate into
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alanine concomitant with translocation of a proton
across the membrane. In other mycobacteria, alanine
dehydrogenase is upregulated during anaerobic con-
ditions and is required for sustaining anaerobic growth
(Feng et al. 2002; Starck et al. 2004). We therefore

suggest that increased accumulation of this protein
during stationary phase in M. marinum may also be
an upregulation event. Evidence also suggests that
mycobacterial alanine dehydrogenase is active as a
secreted enzyme and, as such, may be involved in cell

Fig. 6 Alignment of M.maTiTa  MEVELFIETE LNEEEGSLTE SWGASLTKHE VLIS WSl Bl &0 DE0E
mycobacterial alanine M.leprae  MEVGIPTETK MMEFEUAITF AGWASLTHRG HEVLUQAGAG EGSAIADAEF
dehydrogenases. Amino acid M. tbedl551 MEBIGIPTETE MMEFEVAITP AGVAELTERG: HEVLIQAGAL EGRIAITDALR
sequences of the alanine
dehydrogenases from . M.marirom  KAAGAQLIST AD(UWADADL LLKVKEPIES EYGRLERG(T LFTYLHLAAS
M. marinum, M. tuberculosis M. leprae K2AGAQLI ST PEQWITEVDL LLKVKEPMP2 EYVHLEHGQI LFTYLHLAZS
and M. leprae were aligned by M. tbcdl551 K2AGAQLYGT ADQWWADADL LIXKVKEFIA: EYGRELEHGQI LFTFLHLALS
ClustalX 1 81. The two
domains AlaDh_PNT-N :
(PSSM-id: 16517) and M.marimam  RPITDALLKS GTTS IAYETV QTADGALPLL APMSEVAGEL SAQAGAYHLM
AlaDh PNT C (PSSM-id' M. leprae BEPCTDALLAS GTTS IAYETY QTADGALPLL APMSEVAGEL S2QWERAYHLM
- ’ M. tbcdl551 RERACTDALLDS GTTS IAYETY QTFDGALFLL AFMSEVAGEL AAQVLAYHLM
15323) are indicated by
shaded background
M. mariram  RTHGGRGULM GGUPGVKPAD ViVIGAGTAG YHAARVANGM GAMUTVLDUN
M. leprae ETHRGCGVLY GGVPGVEPAD VWVIGLGTAG YHAARIANGH GATVIVELVH
M.tbcdl551 EBTOGGRGVIM GLGVPLVEPAD WWWIGAGTALF YHAARIANGHM GATVTVLDIR
M.mariruom  ITHKLRQIDAE FGGRVRTEYS STLDLEDAAV RADILIGAVL WPGAKAPKLI
M. leprae INELRELDAE TGCRLETEYS SAYDLEGAVK HADLVIGAVL WPGAKAPELI
M. tbcdl551 IDKLRQLDAE FCGRINTEYS SAYELEGAVK RADLVIGAVL WPGAKAPKLY
M.mariran  PHSLVARMKK GAVLVDISID QGGCFEDIRP TTHTSPTETV HOTWUEY (VAN
M. leprae SHSLVAHUKP GAVLVDIAID QGGUFEDS(P TTHDQPTTAY HDTLEY CWAN
M.tbcdl551 INSLUAHMEP GAVLVDIAID QEGCFEGSEP TTYDHPTFAY HOTLEY CUAN
M.marirean  MPGAAPRTST YALTMATMPY VLKLADLGWQ AACLIDIALA KGLITHEGAL
M. leprae MPSAVPKT ST FALTHATMPY ILKLADQGHQ EACQSDFALA KGL STHRGAL
M.tbcdl551 MPASVPKTET YALTRATMPY WVLELADHGHE AACRIMPALZ KGLSTHEGAL
M.marirmmm  LADHVAADLD LPTTDPANVL G
M. leprae LIEQVATDLG IAFTEPASUL &
M.tbrdl551 LSERVATDLG VPFTEPASVL .
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wall synthesis (Andersen et al. 1992; Ortalo-Magne
et al. 1995; Raynaud et al. 1998). Current experiments
in our laboratory are being conducted to fully eluci-
date the role of this enzyme in M. marinum stress
responses.

Conclusions

Environmental mycobacteria are generally found in
the water column, in sediments (particulate) or in
shallow stagnant water (pellicles). Our results suggest
that the solid-air interface may be an aerobic ecolog-
ical niche for persistence of this bacterium in the
environment. Although M. marinum binds firmly to
abiotic hydrophobic surfaces under both aerobic
and anaerobic/microaerophilic conditions, attachment
leads to the development of a cohesive and persistent
biofilm only under aerobic conditions. Initial attach-
ment is mediated by cell wall components, which could
be masked by accumulation of the capsular material on
the cell wall. We also found that M. marinum alanine
dehydrogenase accumulates significantly in the sta-
tionary phase cells. These data suggest that fortification
of the physical barrier between the cytoplasm and
extracellular environment, by increase in the thickness
of the cell wall and capsular layer, may be a strategy for
M. marinum to adapt to stress conditions.
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