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Abstract: Tenacibaculum discolor develops biofilm in marine aquaculture production tanks and is
identified as one of the causative agents of tenacibaculosis, a bacterial disease that causes significant
losses in marine aquaculture production. In this study, the biofilm characteristics of T. discolor strain
FMCC B487 were evaluated. Cell growth and biofilm formation and development were studied in
miniaturized assays to assess the effect of different levels of environmental factors temperature and
salinity, as well as the presence of monosaccharides potentially found in aquaculture hatcheries. The
ability of the strain to grow and develop strong biofilms in ambient to high temperatures and at
salinities above 20 g/L was shown. Mannose was the monosaccharide with the most prominent
impact on the T. discolor strain FMCC B487 biofilm. The composition of planktonic cell extract,
biofilm extracts, and extracellular polymeric substances (EPS) produced by T. discolor strain FMCC
B487 were investigated by means of colorimetric and fluorometric assays as well as analyses by
electrophoresis, gas chromatography, and high-performance size-exclusion chromatography coupled
with a multiangle light scattering detector, revealing the dominance of proteins and lipids and
the absence of high-molecular-weight polysaccharides. This information may serve as a basis for
considering anti-biofilm strategies against the pathogen T. discolor.

Keywords: Tenacibaculum; salinity; temperature; biofilm; proteins; extracellular polymeric substances;
mannose

1. Introduction

The increased global consumption of aquatic species has been reflected through
the high aquaculture production which now contributes 49% to global aquatic animal
production [1]. However, to achieve such an increase in production volumes, large-scale
installations with high density are required. These conditions offer ideal ground for the
emergence and spread of diseases, leading to animal fatalities and financial losses. In
particular, bacterial pathogens may cause significant mortalities due to diseases such as
vibriosis, tenacibaculosis (former flexibacteriosis), and mycobacteriosis [2]. Many of these
bacterial pathogens have been found to develop biofilms on aquaculture installations,
making them difficult to remove and treat [3].

Regarding these infectious bacterial diseases, tenacibaculosis is considered one of
the most important [2], affecting marine aquaculture installations by causing significant
losses [2,4,5]. The symptoms in fish include hemorrhagic mouth, ulcers on the skin, and
fin and tail rot [2,6,7]. Apart from fish, tenacibaculosis has also been reported to affect
mollusks [8,9]. Tenacibaculum maritimum is the most thoroughly studied species of the
Tenacibaculum genus, since it was the first species recognized as the etiological agent of the
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disease [10]. So far it has been attributed to the disease in a variety of fish species [11–17].
Other Tenabibaculum species that have been identified as the causative agent of tenacibac-
ulosis are Tenacibaculum dicentrarchi, Tenacibaculum discolor, Tenacibaculum finnmarkense,
Tenacibaculum gallaicum, Tenacibaculum mesophilum, Tenacibaculum ovolyticum, and Tenacibac-
ulum soleae [6,18]. Out of these species, biofilm formation has only been studied for T.
maritimum [19], T. dicentrarchi [20], and T. mesophilum [21].

T. discolor has been previously isolated from marine aquaculture systems, either from
the water column or from biofilm samples [22–25]. Up to now, there have only been
a limited number of research studies on T. discolor, focusing mainly on antimicrobial
compounds [26,27] and serotyping methods [5], while, to our knowledge, there are not yet
available dedicated pathogenicity studies or studies that tackle the biofilm formation and
properties of this potential pathogen, although biofilm poses major risks in aquaculture.
Thus, in the present work, we provide more information about the growth and biofilm
properties of T. discolor strain FMCC (Lab of Food Microbiology Culture Collection) B487.
Particularly, the effect of environmental factors of temperature and salinity, as well as of
monosaccharides on cell growth and biofilm development, were evaluated. To obtain a
better insight on the strain, the biochemical composition of the strain’s planktonic and
biofilm extracts was analyzed. Furthermore, extracellular polymeric substances (EPS)
were produced by adding either glucose or mannose, and their biochemical composition
was analyzed.

2. Materials and Methods
2.1. Bacterial Strain

Tenacibaculum discolor strain FMCC B487 (accession number PP860795) was first iso-
lated from an experimental recirculation aquaculture system where seabass and seabream
were reared [25]. The initial identification of the isolate was conducted with partial se-
quencing of the 16S rRNA gene and further assessed by whole genome sequencing analysis.
The isolate was stored in Marine broth (Condalab, Madrid, Spain) supplemented with 20%
glycerol at −20 ◦C. Working cultures were activated in Zobell medium (4 g/L Tryptone,
1 g/L yeast extract and 33.3 g/L aquarium salts) incubated at 25 ◦C for 24 h.

2.2. Biofilm Assays
2.2.1. Effect of Environmental Factors on Biofilm Formation

The effect of salinity and temperature on biofilm formation was investigated with the
method of biofilm formation on polystyrene flat-bottom microplates followed by crystal
violet (CV) assay [28]. The ability of the strain to form biofilms under different (i) tem-
peratures (5, 15, and 30 ◦C) and (ii) salinities (10, 20, 30, and 40 g/L aquarium salt) was
evaluated in Zobell medium. Temperature and salinity conditions were selected so as to
cover a broad spectrum of environmental conditions found in aquaculture installations.

Ten microliters of 24 h culture were added to 10 mL of Zobell broth adapted with the
desired salinity so as to reach a bacterial density of 106 cells/mL; the bacterial density was
confirmed by serial dilutions on Zobell medium. Two hundred microliters were added in
each microplate well. As a negative control, sterile Zobell broth was added. A series of
96-well polystyrene microtiter plates were used to assess the formation and development
of biofilms under different conditions. The microtiter plates were incubated statically at
appropriate temperature conditions for 48 h. At the end of the 48 h incubation period,
optical density at 600 nm (OD 600) was measured in a Synergy HT multi-mode microplate
reader (BioTek, Winooski, VT, USA). Then, a crystal violet (CV) assay was used to assess
the biofilm formed under different treatments, as previously described [28] with slight
modifications. Briefly, after the incubation period, planktonic and loosely attached cells
were removed with pipetting. Sterile PBS was added to the wells and incubated for 5 min
under agitation so as to remove the loosely attached cells. The PBS solution was removed
and biofilm was fixed by adding methanol for 15 min. Methanol was then removed; wells
were air dried and Crystal Violet aqueous solution (0.05% w/v) was added for 5 min. Stain
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was removed and wells were washed thrice with distilled water and allowed to air dry.
The crystal violet adhered to the biofilm matrix was solubilized by adding 200 microliters
absolute ethanol. The optical density was measured at 590 nm. As a control solution, a
standard Zobell broth with a 33 g/L aquarium salt concentration was used. OD 600 was
measured prior to CV assay to determine the impact of the salinity on the growth of the
strain. A total of 3 independent biological replicates with 16 technical ones (48 in total)
were performed for each treatment. Treatments were compared with the control using
Student’s t-test.

Biofilm-forming capacity studied with the CV assay was expressed using cut-off
values; the cut-off OD (ODc) was defined as the average OD of the negative control plus
three standard deviations (SD) [29], and the biofilm forming capacity was classified as non,
weak, moderate, and high biofilm former [30].

2.2.2. Effect of Monosaccharides on the Growth and Biofilm Formation of T. discolor Strain
FMCC B487

The ability of T. discolor strain FMCC B487 to grow under the presence of various
monosaccharides and form a biofilm was assessed in Zobell broth supplemented with
(i) five monosaccharides [glucose (Glc), mannose (Man), galactose (Gal), glucosamine
(GlcN), and fructose (Fru)] at (ii) three different concentrations (10, 20, and 30 g/L) for each.
Bacterial growth was monitored by using microplates incubated at 25 ◦C for 65 h under
continuous agitation in a Varioskan™ LUX (Thermo Fisher Scientific, Illkirch, France),
measuring OD 600 every 30 min.

The formation of biofilms was assessed using CV assay in microtiter plates, as de-
scribed above. The same type of microplate was used for growth monitoring and biofilm as-
sessment. The optical density after CV staining was measured at 590 nm with a Varioskan™
LUX microplate reader. For each treatment, 3 independent biological and 4 technical
replicates (12 in total) were performed.

The effect of the monosaccharides on the growth of the strain was assessed using the
model of Baranyi and Roberts [31] by using the DMFIT software version 3.5 (Institute of
Food Research, Reading, UK) for fitting of the data. Measurements (OD 600) were limited to
48 h so as to include only the lag, exponential, and stationary phases. The growth data were
modelled as a function of time and the kinetic parameters µmax and lag were estimated.
To assess the differences of both parameters between the control and the treatments, t-test
or Mann–Whitney W-test were applied to compare either the means or medians. Statistical
analyses were conducted with STATGRAPHICS Centurion XVII software (version 17.2.00,
Statgraphics Technologies, Inc., The Plains, VA, USA) at a 95% confidence level.

2.3. Chemical Composition of Biofilm and EPS
2.3.1. Recovery of Biofilm Fractions

Biofilm recovery was performed as previously described by Passerini et al. [32] with
slight modifications. Briefly, the strain was grown on Zobell medium at 25 ◦C under
agitation (120 rpm) for 24 h. A dilution in fresh Zobell medium was performed so to reach
an average OD at 600 nm of 0.1. Volumes of 10 mL of the freshly diluted culture were
poured into each of the 40 Petri dishes (polystyrene, 90 mm of diameter) and left to form
biofilms at 25 ◦C under gentle agitation (30 rpm) for 48 h.

After the incubation period, the planktonic sample was collected and the plates were
then rinsed with 3 mL of sterile saline water (20 g/L NaCl). The biofilm formed on the
bottom surface was collected using a sterile cell scraper while adding sterile saline water
(2 mL per Petri dish). The total volumes of the recovered planktonic and adhered fractions
were recorded. Aliquots in triplicates were fixed in sterile saline water that contained 37%
formaldehyde for cell counts in a Thoma chamber with an Optika microscope model B-192
(100×) (Dutscher, Brumath, France).
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2.3.2. Extracellular Polymeric Substances Production in Medium Supplemented
with Carbohydrate

Extracellular polymeric substances (EPS) were extracted from biofilm planktonic and
sessile fractions, as well as from liquid cultures in medium supplemented with carbohy-
drate, Glc, or Man. Erlenmeyer flasks containing 500 mL Zobell medium supplemented
with either Glc (30 g/L) or Man (15 g/L) were inoculated with 5 mL of a 24 h culture of the
strain. They were incubated under agitation (150 rpm) at 25 ◦C for 48 h. At the end of the
incubation, the total volume of the cultures was collected. Aliquots in triplicates were fixed
in sterile saline water with a final concentration of 2.5% formaldehyde, and enumeration of
viable cells was performed as described above.

2.3.3. Preparation of Extracts

A series of extracts were obtained from the shake flask cultures and planktonic and ad-
hered fractions from the biofilm experiment, as previously described in detail [32]. Biofilm,
planktonic phase, and shake flask cultures from sugar-supplemented liquid medium were
centrifuged (8000× g, 40 min, 10 ◦C); the supernatants were then filtered at 2.6 µm and at
0.7 µm (glass microfiber membrane), ultrafiltered at 100 kDa, and freeze dried. Before cen-
trifugation, aliquots of 10 mL were collected for ethyl acetate extraction. Briefly, the acetate
extraction procedure was as follows: addition of 10 mL ethyl acetate, blending for 30 s, and
agitation for 15 min at 100 rpm. The supernatant was collected and the aqueous phase was
subjected to a second extraction. Then, the two solvent phases were mixed and dried under
nitrogen. Cell pellets were subjected to extraction with either NaOH or ethyl acetate. The
cell pellets extracted with NaOH were dissolved in 5 mL NaOH (0.1% w/v) and incubated
under agitation (100 rpm) for four hours. Acetic acid was then added to reach pH 7 and
samples were centrifuged (30 min, 8000× g, at 10 ◦C). The supernatants were filtered on a
sterile 0.22 µm cellulose acetate membrane (VWR, France), dialyzed on a 3.5 kDa Spectra
Por 3 membrane, and freeze dried. Table 1 depicts all extracts obtained, their origin, and
method of extraction. Their yield was recorded, and they were reconstituted with Milli-Q
water at a concentration of 2 mg/mL, or at 1 mg/mL when yield was very low.

Table 1. List of the extracts, origin of isolation, extraction procedure followed, and target compounds.
Extracts are named as described: ToT is the total extract obtained by ethyl acetate treatment, Sn is
the broth supernatant, C refers to the cell pellet extracted with ethyl acetate, and A refers to the
extracted substances of the cell surface using NaOH treatment. Acronyms are followed by letters
that correspond to the following: P planktonic cells, B biofilm cells, G planktonic cells from cultures
supplemented with glucose, and M planktonic cells supplemented with mannose.

Extract Origin Fraction Extraction Procedure Target

ToT-P Biofilm Total planktonic cell broth Ethyl acetate
Total compounds

ToT-B Biofilm Total adhered cells Ethyl acetate

SnP Biofilm Supernatant of planktonic
cell broth Aqueous solution

Extracellular
compounds

SnB Biofilm Supernatant of biofilm
adhered cells Aqueous solution

SnG Shake flask cultures supplemented
with glucose 30% w/v

Supernatant (Glucose
supplemented) Aqueous solution

SnM Shake flask cultures supplemented
with mannose 15% w/v

Supernatant (Mannose
supplemented) Aqueous solution

CP Biofilm Planktonic cells Ethyl acetate Total compounds of
cellsCB Biofilm Biofilm adhered cells Ethyl acetate
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Table 1. Cont.

Extract Origin Fraction Extraction Procedure Target

AP Biofilm Planktonic cells NaOH

Cell membrane
associated

compounds

AB Biofilm Biofilm adhered cells NaOH

AG Shake flask cultures supplemented
with glucose 30% w/v Cell pellet NaOH

AM Shake flask cultures supplemented
with mannose 15% w/v Cell pellet NaOH

2.3.4. Chemical and Electrophoretic Assays and Molecular Weight Determination

All extracts, with the exception of ethyl acetate extracts, were subjected to various anal-
yses as previously and thoroughly described [32]. Briefly, chemical analysis was performed
with colorimetric/fluorometric methods for protein (bicinchoninic assay), carbohydrate
(orcinol assay), DNA (Quant-it PicoGreen dsDNA assay (Invitrogen, Thermo Fisher Sci-
entific, Illkirch, France)), and lipid with the sulfo-phospho-vanillin assay. Electrophoretic
separations and stainings were also performed to study proteins, DNA, and glycopolymers.
All the analyzed extracts had a concentration of 2 mg/mL. Agarose gels (0.7% agarose) were
prepared in TAE (Tris Acetate EDTA buffer Thermo Fisher Scientific, Illkirch, France). Gels
were stained with a cationic carbocyanine dye Stains-All (Sigma-Aldrich, Lyon, France)
in order to reveal any anionic polymers. As a standard, GY785, a high-molecular-weight
polysaccharide, was used [33]. Extracts were also analyzed by PAGE with 12% acrylamide
gel (one hour at 200 V) and Stains-All staining or by SDS-PAGE (45 min at 100 V) at 10%
SDS concentration using Coomassie Blue staining. As a marker, protein MW marker peq
GOLD Marker I 116–14.4 kDa was used (VWR, Fontenay-sous-Bois, France).

2.3.5. Characterization of Carbohydrates

The osidic composition was determined by means of gas chromatography (8860 GC
system, Agilent Technologies, Les Ulis, France) as previously described [34], following the
method of Kamerling et al. [35] and modified by Montreuil et al. [36]. Samples of extracts
with sufficient yield were prepared appropriately and analyzed in triplicates whenever
possible. Myo-inositol was used as the internal standard.

2.3.6. Molecular Weight Determination

Extracts were analyzed by high-performance size-exclusion chromatography (HPSec)
coupled with a multiangle light scattering detector (MALS, Dawn Heleos-II, Wyatt Tech-
nology, Santa Barbara, CA, USA), a differential refractive index (RI) detector (Optilab
Wyatt technology, Santa Barbara, CA, USA), and a Prominence UV detector (Shimadzu
Co., Kyoto, Japan). The HPSEC system was composed of an HPLC Prominence system
(Shimadzu Co., Kyoto, Japan), a PL aquagel-OH mixed 8 µm (Agilent, Les Ulis, France)
guard column (U 7.5 mm × L 50 mm), and a PL aquagel-OH mixed (Agilent, Les Ulis,
France) separation column.

3. Results
3.1. Biofilm Assays
3.1.1. Effects of Environmental Factors on Biofilm Formation of T. discolor Strain
FMCC B487

The effects of salinity and temperature on growth and biofilm formation of T. discolor
strain FMCC B487 were investigated. Biofilm formation of the strain with different sea salt
amounts was assessed by employing the CV assay. Notably, at the lowest salinity, neither
growth nor biofilm formation was observed, while the growth of the strain was comparable
under all the other treatments (Figure 1a). The observed differences in the normalized OD
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590 values were not statistically significant, showing that salinity above 20 g/L has no
further effect on the biofilm development (Figure 1b).
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Figure 1. Effect of environmental conditions on the growth (a,c) and biofilm formation (b,d) of T.
discolor strain FMCC B487 under different salinities (a,b) and temperatures (c,d). OD 590 nm was
normalized by dividing by OD 600. Biofilm formation is ranged as absent (-), moderate (++), and
high (+++).

To assess the effect of temperature, cells were incubated statically under three different
temperatures, at 5, 15, and 30 ◦C, in standard-salinity Zobell medium. OD 600 was
measured after 48 h incubation, revealing no growth at 5 ◦C, while growth values increased
significantly (p < 0.05) as temperature increased (Figure 1c). CV assay results recorded
no biofilm at 5 ◦C, and normalized OD 590 values indicated significantly higher biofilm
formation at 15 ◦C than at 30 ◦C (p < 0.05), as seen in Figure 1d. Overall, the strain exhibited
strong biofilm formation capabilities under all but at low temperature (5 ◦C) and salinity
(10 g/L), as growth was inhibited.

3.1.2. Effects of Monosaccharides on Growth and Biofilm Development of T. discolor Strain
FMCC B487

The effects of five different monosaccharides at three concentrations on growth and
biofilm development were investigated. Glc, Man, Gal, GlcN, and Fru were added at
10, 20, or 30 g/L. Growth was monitored by means of OD 600, and growth parameters
were evaluated (Table 2). Regarding the growth of the cells, the addition of Glc did
not increase the OD 600, but at concentrations above 20 g/L, lag time was significantly
increased. Man addition increased the max OD600 (ymax) and lag time regardless of the
concentration. At 30 g/L, µmax was decreased. When Gal was added, ymax was increased
at all concentrations but lag time remained comparable to the control level below 30 g/L.
Adding GlcN up to 20 g/L increased the ymax, lag time, and µmax, but at 30 g/L, growth
was significantly decreased, as well as µmax. When Fru was present at 10 or 20 g/L,
growth did not change significantly; however, lag time was significantly increased. At the
highest concentration, fructose inhibited the growth of the strain. The following Table 2
summarizes the initial (y0) and maximum (ymax) OD, lag time, and µmax.

Biofilm biomass was assessed by the crystal violet assay (Figure 2). Addition of Glc
did not affect biofilm development compared to the control, while no significant difference
(p > 0.05) was observed among the averages obtained with different Glc levels. Man addi-
tion, on the contrary, resulted in significantly higher values in the CV assay (p < 0.05). By
increasing the concentration of Man, three homogenous groups were created according to
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the CV values: the first without Man, the second with 10 and 20 g/L, and the third with the
highest concentration of Man. Adding Gal at higher concentrations (20 and 30 g/L) resulted
in higher CV values (p < 0.05) when comparing the median to no or low concentration of
sugar. GlcN at concentrations up to 20 g/L resulted in significantly higher values (p < 0.05)
in the biofilm assay. However, when GlcN was added at 30 g/L, the formation of the
biofilm was inhibited. Adding Fru to the cultivation medium resulted in higher values of
the assay, which were significant (p < 0.05) at 10 g/L Fru. The higher values obtained at
30 g/L may be due to the high sugar content, since growth was inhibited. Overall, when
comparing all the treatments, the presence of Man in the incubation broth significantly
induced the formation of biofilm, as seen in Figure 2.

Table 2. Effect of monosaccharides glucose (Glc), mannose (Man), galactose (Gal), glucosamine
(GlcN), and fructose (Fru) at 10, 20, and 30 g/L on the growth parameters of T. discolor strain FMCC
B487. Initial and maximum OD 600 represent y0 and ymax, respectively.

Carbohydrate Concentration (g/L) Initial OD 600 Max OD 600 Lag Time (hours) µ Max (h−1)

Control - 0.125 ± 0.028 0.908 ± 0.081 0.0 ± 0.0 0.05 ± 0.00

Glc
10 0.044 ± 0.024 0.926 ± 0.077 0.4 ± 0.6 0.05 ± 0.01
20 0.039 ± 0.023 0.929 ± 0.077 0.9 ± 1.3 * 0.04 ± 0.01
30 0.097 ± 0.033 0.870 ± 0.087 4.1 ± 1.9 * 0.04 ± 0.01

Man
10 0.061 ± 0.029 1.093 ± 0.084 * 0.3 ± 0.5 * 0.05 ± 0.01
20 0.050 ± 0.025 1.131 ± 0.078 * 0.5 ± 0.7 * 0.05 ± 0.01
30 0.054 ± 0.039 1.106 ± 0.076 * 1.7 ± 1.7 * 0.04 ± 0.01 *

Gal
10 0.071 ± 0.028 1.099 ± 0.072 * 0.1 ± 0.3 0.05 ± 0.01
20 0.054 ± 0.027 1.122 ± 0.059 * 0.2 ± 0.7 0.05 ± 0.01
30 0.062 ± 0.019 0.995 ± 0.083 * 1.3 ± 1.4 * 0.04 ± 0.01 *

GlcN
10 0.007 ± 0.017 1.228 ± 0.065 * 0.3 ± 0.0 * 0.07 ± 0.00 *
20 0.037 ± 0.019 1.157 ± 0.073 * 1.7 ± 0.8 * 0.06 ± 0.01 *
30 0.090 ± 0.009 0.299 ± 0.092 * 2.0 ± 4.6 0.01 ± 0.00 *

Fru
10 0.084 ± 0.020 0.956 ± 0.069 2.9 ± 1.2 * 0.05 ± 0.01
20 0.156 ± 0.018 0.903 ± 0.061 17.7 ± 5.0 * 0.05 ± 0.01
30 0.103 ± 0.015 0.024 ± 0.041 * 9.0 ± 10.8 * 0.01 ± 0.02 *

Values are mean ± SD. Statistically significant difference (p < 0.05) from the control is noted with *.
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Figure 2. Effect of monosaccharides glucose (Glc), mannose (Man), galactose (Gal), glucosamine
(GlcN), and fructose (Fru) at 10, 20, and 30 g/L on the biofilm formation of T. discolor strain FMCC
B487. Y axis represents OD 590 nm values from the crystal violet assay. Bars show mean ± SD values.
Asterisk (*) denotes significant difference from the control (p < 0.05).
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3.2. Chemical Composition of Planktonic, Adhered Biofilm and EPS Extracts
3.2.1. Yield of Cell Extracts

Biofilms were prepared on the bottom of plates and were recovered with a cell scraper.
Volumes of planktonic and biofilm adhered cells suspensions were recorded, and the
bacterial population from planktonic and adhered biofilm fractions was counted under
the microscope. Cell numbers in all samples were high; 8.6 × 1011 planktonic cells and
3.3 × 1010 biofilm cells were recovered. In shake flasks, mannose-supplemented medium
resulted in 10 times more cells (5.1 × 1011 cells) than glucose (2.9 × 1010 cells).

The recovery yield of dry matter was measured and is presented in Figure 3. A high
extracted matter was recovered from the supernatant SnG where Glc was added to the
medium in shake flasks, followed by the supernatant of planktonic cells SnP and the
extracts from the NaOH extraction and supernatant of EPS production in shake flasks
with mannose. Soluble compounds collected in the NaOH extracts (A) were generally
lower than those of the corresponding supernatants (Sn), apart from the extracts from
Man-supplemented cultures (AM > SnM). The extracted matter from the ethyl acetate
extraction procedure was very low and did not exceed 1 mg.
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Figure 3. Mass yield of prepared extracts. The extract names (ToT, C, Sn, A) are followed by B
for biofilm-adhered cells, P for planktonic cells, and G for glucose or M for mannose added to the
medium. Blue bars represent planktonic and adhered cell extracts from the biofilm experiments.
Green bars stand for cultures in Erlenmeyer flasks. Ethyl acetate extracts were ToT for total extract
from the whole broth, and C refers to cell pellets. Sn refers to the broth supernatant; A contains the
substances bound to the cell surface that were extracted using NaOH.

3.2.2. Chemical Composition

The chemical composition (carbohydrate, protein, lipid, and nucleic acid content)
of all aqueous extracts was determined using both colorimetric and fluorometric assays
(Figure 4). The total amount of analyzed molecules reached a maximum of 71% (w/w) of
the dry mass for the AM extract (surface-bound compounds from cells grown in shake
flask with mannose-supplemented medium). Interestingly, proteins and lipids represented
the main components of the majority of the extracts. Carbohydrates were low in the NaOH
extracts from the cell surface, and DNA was detected only in the NaOH extracts from the
cell surface; no DNA was found in the supernatants.
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Figure 4. Compositional analysis of planktonic, biofilm, and EPS extracts (w/w %).

3.2.3. Electrophoretic Analyses

All extracts were analyzed by electrophoreses. Agarose gel analysis showed the
absence of any high-molecular-weight compound in all of the tested extracts (Figure 5a).
These results correlated with the low carbohydrate content as well as the PAGE analysis
(Figure 5b). The EPS produced by addition of Glc or Man did not show high molecular
weight carbohydrate. However, the high amount of protein content in all extracts was
further confirmed from the SDS-PAGE and agarose gel. The presence of multiple bands
on the gel (Figure 5c), especially in the AM extract (which had more than 50% proteins),
suggest that the strain produces high concentrations of proteins which are secreted and
are mainly part of the membrane cells. DNA was not detected in the electrophoresis gels,
correlating to its low amount recovered from the extracts from the fluorometric method.
Although ethyl acetate extracts were analyzed, they did not give any results due to their
low mass content.
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Figure 5. Electrophoretic analyses of T. discolor strain FMCC B487 extracts: agarose gel (a) and PAGE 

(b)  show  the  presence  of medium-  and  low-molecular-weight  polysaccharides with  stains  all 
Figure 5. Electrophoretic analyses of T. discolor strain FMCC B487 extracts: agarose gel (a) and
PAGE (b) show the presence of medium- and low-molecular-weight polysaccharides with stains all
staining, and SDS-PAGE stained with Coomassie Blue (c) shows a variety of proteins (two separate
gels). Extracts: supernatants of planktonic (SnP) and adhered cell (SnB), supernatants of cultures in
Erlenmeyer in presence of glucose (SnG) or mannose (SnM), and at the cell surface of planktonic (AP)
and adhered cell extracts (AB), as well as glucose-supplemented (AG) and mannose-supplemented
cultures (AM). PM: protein MW marker (peq GOLD Marker I 116–14.4 kDa); GY785: high-molecular-
weight polysaccharide.

3.2.4. Osidic Composition

Gas chromatography was used to determine the osidic composition of all the lyophilized
extracts (Figure 6). The carbohydrate amount of all extracts was low, especially in the NaOH
extracts from the cells, and reached a maximum of 14% (w/w) of dry mass in planktonic
supernatants. The lack of quantity required prevented the analysis of all extracts.
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Figure 6. Osidic composition (w/w %) of T. discolor strain FMCC B487 extracts. GalNAc: N-Acetylga-
lactosamine; GlcNAc: N-Acetylglucosamine; GalA: galacturonic acid; GlcA: Glc: glucose; Gal:
galactose; Man: mannose.

Planktonic supernatants soluble extracts (SnP) consisted mainly of Man followed by
the neutral sugars Glc and Gal. N-acetylglucosamine (GlcNAc), galacturonic acid (GalA),
and N-acetylgalactosamine (GalNAc) were also detected in low amounts. The mass of AP
was not sufficient to perform the same analysis. The biofilm-cell supernatant (SnB), which
had a very low carbohydrate content, showed only neutral sugars Man and Glc. On the
contrary, the NaOH extract of these biofilm cells (AB) consisted of GalA and GalNAc.

3.2.5. Molecular Weight Analysis

All the extracts (SnP, SnB, SnG, SnM, AP, AG, and AM) were analyzed by HPSEC-
MALS. The refractometer detection (RI) showed very low amounts of carbohydrate poly-
mer; only UV detection at 280 nm showed the presence of proteins. This confirmed the
previous results of the chemical and osidic compositions, suggesting that the EPS produced
by T. discolor strain FMCC B487 were of a protein nature. Indicatively, the chromatograms
of SnB and SnM are depicted in Figure 7.
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Figure 7. Combined chromatograms of RI (refractive index) and UV profiles from the HPSEC-MALS
analysis of SnB and SnM extracts.

4. Discussion

Bacterial biofilms may impact aquaculture production as they serve as a constant
source of bacterial pathogens to the reared species and act as a reservoir for them to re-
colonize the water column [37,38], while after their development, biofilms can be resistant to
disinfectants [3]. As demonstrated in the present study, T. discolor, a bacterium that has been
previously characterized as a fish pathogen [39], was able to form biofilms on polystyrene
surfaces, as pathogens T. maritimum [20] and T. dicentrarchi [19] have been reported to be
able to previously. Tenacibaculum maritimum, the main cause of tenacibaculosis disease, has
been thoroughly studied, and a vaccine has also been developed. However, in the literature,
we see that other Tenacibaculum species may be considered pathogenic, one of those being
T. discolor, for which we lack information. Here, we addressed a number of factors that
may play a role in the growth and biofilm formation of T. discolor strain FMCC B487 and
explored the composition of its biofilm and the produced EPS.

Environmental parameters, salinity and temperature, can impact the bacterial growth
and biofilm formation. To challenge the ability of the strain to develop a biofilm, initially,
salinity was assessed as a factor that may influence adhesion on surfaces. The effect
of salinity, in terms of NaCl concentration, on the biofilm formation has been reported
previously in other bacteria, such as Aeromonas hydrophila [40], Vibrio cholerae [41], and Vibrio
parahaemolyticus [42], affecting gene regulatory pathways of quorum sensing, biofilm matrix
production, and motility. In the present study, the strain’s growth and biofilm formation on
polystyrene surfaces was limited when exposed to low salinity levels, implying its ability
to contaminate only marine water aquaculture facilities. Temperature is one of the major
environmental parameters that affects both growth and biofilm development. As reviewed
by Garrett et al. [43], the optimum temperature for a microorganism is correlated with an
increase in nutrient intake which results in rapid biofilm formation. Optimum temperature
conditions for the species range from 25 to 30 ◦C, but it has been grown in a broader
range between 14 and 38 ◦C [24]. In this study, the strain was grown under three different
temperatures, 5, 15, and 30 ◦C, so as to investigate whether the “extreme” temperature
conditions would promote biofilm or planktonic phase and to cover the whole range of
temperature spectrum that is present in the seawater environment of the Mediterranean.
Here, the strain did not grow at low temperature, and growth was significantly higher at
higher temperatures. Data showed that the best conditions for T. discolor strain FMCC B487
to form a strong biofilm were ambient to warm temperatures and salinity levels between
20 and 33 g/L. This data comes in agreement with the presence of the species only in
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similar salinity conditions, as T. discolor has been only identified and isolated from marine
aquaculture facilities [23].

Nutrients can also impact bacterial growth and biofilm formation. Neutral sugars
can be found in aquaculture hatcheries, for example as components of microalgae added
as feed for zooplankton or for water conditioning purposes [44,45]. These neutral sugars
have been previously found to affect bacterial biofilm formation [32,46–48] and may be
used for controlling biofilms [49,50]. Although mannose has been shown to act as an
inhibitor of biofilm formation [51–54], in the present study, mannose addition in the culture
medium promoted both growth and biofilm formation of the strain, regardless of the
concentration tested.

As there was only limited information on the biochemical composition of the biofilm
matrix as well as on the extracellular substances that T. discolor produces, a detailed work
was conducted. By combining simple assays coupled with electrophoresis analyses, gas
chromatography, and HPSEC-MALS, we were able to characterize the composition of
extracellular and cell membrane-associated extracts from planktonic, sessile cells, and EPS
produced by cells cultured in excess of glucose and mannose. In general, the yield of the
extracts was low, especially for the ethyl acetate extracts as already described [32], so only
aqueous extracts were further analyzed. The yield from the extracts of the membrane-
associated compounds were lower than of the supernatants; however, it was increased
when mannose was added in the culture broth.

Other marine bacteria have been reported to have a biofilm matrix rich in proteins and
lipids [32,53]. Biochemical assays in this study revealed that all extracts of the strain were
characterized by high protein and lipid levels. All analyses confirmed the dominance of
proteins and the low levels of carbohydrates in these extracts. Even the addition of sugars
for the production of EPS did not result in any high-molecular-weight polysaccharides, as
confirmed by agarose gel, PAGE analysis, and HPSEC-MALS results.

The higher yield of the SnG extract can be explained by the monosaccharide composi-
tion analysis, which revealed that the SnG extract was rich in Glc. The EPSs produced in
excess of Glc were composed of Glc, Man, Gal, and GlcNAc. Compared with the osidic
composition of the SnP extract, this suggests that the strain probably did not utilize all
the glucose added in the culture medium, resulting in residual Glc co-extracted with EPS.
However, when EPSs were produced in excess of Man, the composition was comparable to
the EPS extracted when no carbon source was provided. GlcA and Rha, found previously
in the EPS of Flavobacterium columnare [55], were not detected in the EPS produced in the
present study. Usually, the addition of a carbon source during the fermentation of marine
bacteria can result in the production of extracellular polysaccharides [56]. For T. discolor
strain FMCC B487, the addition of glucose did not result in an increase in carbohydrates
rather than an increase in lipid content in the membrane-associated extract AG, but the
addition of mannose resulted in a higher protein content, especially in the AM extract. In
comparison, a recent study on T. maritimum showed that a great quantity of proteins was
excreted and may play a role in biofilm formation and virulence [57].

Overall, for T. discolor strain FMCC B487 the supplementation with Man resulted in
a massive increase in the cell membrane-associated proteins. This can be related to the
increased capacity of the strain to form biofilm in the presence of Man. The effect of Man
on the growth and biofilm formation of the species is yet to be investigated. D-mannose is
utilized for the de novo biosynthesis of L-fucose, found in the polysaccharides of bacterial
cell wall [58], and the biosynthesis of GDP-D-rhamnose [59]. However, in this study,
these sugars were not detected in any of the analyzed strain’s extracts. The role of Man
in bacterial adhesins has been demonstrated previously in the mannose-specific FimH
protein of Escherichia coli [60], in which, upon mannose binding, the adhesin’s activity
is regulated. Since the whole genome analysis of the strain has been realized, a future
comparative analysis and search for similar adhesins could give us more information.
Also, the addition of Man to the culture medium has been shown to induce the secretion
of different carbohydrate-active enzymes (CAZymes) in a Streptomyces strain [61]. The
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increased presence of proteins in the extract AM, and of cell-associated compounds of
mannose-supplemented medium, is in correlation with the aforementioned research. As
the metabolic pathways involved are not yet clear, more studies on the isolation and
characterization of the produced proteins could fill this knowledge gap.

In conclusion, in this study, we investigated factors that may influence the growth and
biofilm formation, as well as the biofilm and EPS composition, of a T. discolor strain that
we previously isolated from an aquaculture installation. As T. discolor is characterized as a
potential fish pathogen, it was important to enrich our knowledge with this information
on the composition of its biofilm matrix, which can give us clues about its eradication and
the best selection of disinfectants, while the data of the factors that promote its biofilm
development may help us predict its appearance pattern. Further studies on its mannose-
induced produced proteins and compounds would offer a better insight into its virulence
and biofilm development. Such a study can also benefit from omics techniques, including
transcriptomics, proteomics, and metabolomics, to obtain a global and integrated overview
of genes, proteins, and various compounds expressed differentially in planktonic cells and
cells adhered to the surface in biofilms.
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