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Abstract

The main goal of this work was to study the dynamémd biochemical composition of
ExtraCellular Polysaccharides (ECPS), a fractiornihef Extracellular Polymeric Substances
(EPS) produced during the development of a micragidgnthic biofilm in a European

intertidal mudflat (Marennes-Oléron Bay, France)imimwinter. Microphytobenthic biomass
was surveyed during four consecutive emersion perimd confirm the biofilm growth.

Bacteria abundance was also checked consideringrpertance of heterotrophic bacteria
observed by various authors in the dynamics of BRS8ous colorimetric assays, coupled to
biochemical chromatographic analysis were usedchtoacterize the three main fractions of
extracted EPS: colloidal, bound and residual. Tlemesaccharide distribution of colloidal
ECPS highlighted their role of carbon source foctbaa (> 50 % of glucose) even if no

increase of colloidal carbohydrate amounts was rebdgeduring the tidal exposure. Bound
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ECPS were composed of deoxy or specific sugarg43tamnose) and uronic acids (18 %
galacturonic acid). Their levels and dynamics cdwddcorrelated to the development of the
microphytobenthic biofilm, enhancing the stabiliaatof the sediment or increasing binding

forces accordingly. Residual fractions, containiaffactory bound ECPS and other internal
polymeric substances, were composed of various bgdrates. The high ratio of glucose in

these fractions (18 to 43 %) was interesting asg once attributed to colloidal sugars due to
poor extraction procedures. Finally, the presencmaditol (15 %) was significant since no

author has highlighted it before, knowing that itmisis a major growth factor for

heterotrophic bacteria.

Key words: extracellular compounds, EPS, biochemical charaet®on, biofilm, benthic

ecology, intertidal mudflat

Introduction

Tidal flats are an essential system within the troptetwork and contribute greatly to the
productivity of coastal ecosystems. The high priyreand secondary productivity of mudflats
is linked to physical and biological processes Imviy unicellular micro-organisms. The

development of conceptual models for these highdiglthe role of diatoms [16] and bacteria
in the sediment mudflats [21]. More generally, relyzgg biomass and production, it is known
that microphytobenthos are a major component cfethetertidal sediment communities [38,

39, 41].

Diatoms have been described in several recent estusinowing that they were closely
involved in the formation of biofilms [11, 27]. Thare essential for the health of the marine
environment through the excretion of large quasgitf Extracellular Polymeric Substances

(EPS), which are involved in particular in their tiity systems. In intertidal benthic
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ecosystems, this motility is essential to enablpam diatoms to migrate into the photic zone
of the sediment during the time of emersion [38].addition, previous research has shown
that EPS can be used as a carbon source by trexibBhcommunity and the macrofauna [17].
EPS also affect the microenvironment of biofilmsJarying physico-chemical parameters
like porosity, density, sorption properties, hydropicity and mechanical stability [13, 14].

Thus, the composition of EPS is clearly linkedhe erosion of sediments, either increasing
their stability [26] or decreasing stability in easf nutrient stress during growth stationary

phase [25].

The microbenthic community is mostly composed otemadiatoms, bacteria, eukaryotic
microbes, EPS and inorganic particles. Accordingvingender et al. (1999), the EPS matrix
is composed of a wide variety of proteins, polysaces (ECPS), lipids and other more
surprising compounds such as nucleic acids. Thig/ \mplex composition makes
biochemical analysis particularly difficult due tioe diversity in sugar monomers, linkages,
low concentrations and the interactions of compouhding assays. Besides, the extraction
of EPS is another challenge since the polymerdigtdy complex and exist in a continuum
from tightly cell bound to loosely cell associat@the extraction and separation methods have
to be selected in term of the compounds to be etelawhile controlling what happens to
other compounds; minimal cell lysis and no disrptor alteration of the EPS are basic
requirements [9]. In this way, Takahashi et al.0@0Oclearly demonstrated that extraction of
colloidal and bound EPS with a cation exchangenress the best method to obtain high
yield of carbohydrates and a proper extraction awth causing cell disruption or

contamination by internal storage materials.

Extraction protocols can distinguish a range of HR&s, depending on the nature of the
extraction and the location of EPS in the sedim@&htsuch as: (i) colloidal fractions

corresponding to the polymeric substances exciatdte medium, (ii) bound fractions which

-3-



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

are the compounds surrounding the cells (that shbalassociated to cell adhesion and/or
protection) and (iii) residual fractions, corresgdomg to the internal polymers and refractory
bounds EPS [37]. It has been demonstrated thabrdiatnd microbial EPS can be also
separated into two major types: Low Molecular We{gMW) and High Molecular Weigh

(HMW).

The present investigation uséd situ an improved extraction method involving a cation
exchange resin to better characterize the EPS atcyarly ECPS secreted by a
microphytobenthic biofilm [37]. The three fraction$ EPS were extracted from intertidal
sediments (Marennes-Oléron Bay, France), duringdixeclopment of diatom-dominated
biofilm [18, 19, 25] and three consecutive diurealersion periods during winter. The main
goal of the study was to determine and understdmdugh biochemical analysis of these

fractions, the dynamics of ECPS during a micropbgtahic biofilm growth.

Materials and methods

Intertidal mudflat samples

The mudflat samples used in this study were catbétom Marennes-Oléron Bay (Atlantic
Coast of France), during one week in February 20@8ter) at low tide (Fig. 1). The field
sampling was organized as a chessboard where weedefquare sampling units (2m-side)
separated by alleys (2m in width). Every day, 3asgs were randomly taken to account for
spatial heterogeneity. Three cores of each seletpedre were sampled every hour during the
emersion period, for 3 consecutive days. Sedimamipges from each square were collected
by using core diameter of 20 cm. For each coretdpelcm was collected three times and
pooled. After each sampling, sediment was brougbklirom the field by using a watercraft
for an immediate EPS extraction on fresh sedimentthe upper shore. Biochemical analyses

were performed in triplicate on the colloidal, bdwand residual fractions (216 fractions).
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Environmental parameters

Light was measured using a Li-Cor sensor which rgasrded every minute during sampling
days. Enumeration of bacteria: to separate bacfevia sediment particles, incubation in
pyrophosphate (0.01 M for at least 30 min) and caron (60 W) were performed. Bacteria
from sediment were labeled using 4,6-diamidino-2fptindole dihydrochloride (DAPI)

(2500 pg . M), filtered onto 0.2um Nucleopore black filter [30] and then counted by
microscopy (x 1000, Axioskop, Zeiss). The chloloplayconcentration in the sediment was
measured using fluorometry method [23] on two typkesamples which were obtained from
the top 0.2 cm (more representative of the chloytpd produced by diatoms) or 1 cm of
sediment cores. Initially, 16 measures of ehlconcentration were planned but only 9
measures were done in the top 1 cm of sedimens dbrem the day 2/18/08 to the day
2/20/08) and 12 measures were done in the top 0.Zfrom the day 2/18/08 to the day

2/21/08). Missing data were due to experiment gairgs.
Materials

Dowex Marathon C, bicinchoninic acid (BCA) Proteisssay Kit, Azure A, N,O-

bis(trimethylsilyl)trifluoroacetamide: trimethylotrosilane (BSTFA: TMCS) (99:1) were
obtained from Sigma-Aldrich. Standard carbohydraigsxtran, dextran sulftate, heparin,
fucoidan, glucose, galactose, rhamnose, fucosetoBe, xylose, arabinose, mannosg/o-

inositol, glucuronic and galacturonic acid) andrat@in standard (Bovine Serum Albumin,
BSA) were obtained from Sigma-Aldrich. The DB-17@hdW Scientific column (30 m, 0.32
mm, 1 um) for Gas Chromatography-Mass Spectromatialysis (GC/MS) was obtained

from Agilent.

EPS Extraction
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The extraction method [37] was done immediatelgrasampling and sediment mixing in the
field. 20 mL of fresh mudflat was continuously maxevith 20 mL of Artificial Sea Water
(ASW 30 Practical Salinity Units) during 1 h in Baess at 4 °C and then centrifuged at 3500
g and 4 °C for 10 min. The supernatant (a) comgimolloidal EPS was collected and stored
at 4 °C. 20 mL of ASW and 1 g of activated Dowexafsthon C, activated in Phosphate
Buffer Saline for 1 h in the dark) was added to skediment pellet (b). The samples were
mixed gently at 4 °C for 1 h in the dark and thentafuged at 3500 g and 4 °C for 10 min. A
supernatant containing the bound EPS (c) and acoafining intracellular and residual
polymers (d) were obtained. The cap was then frozhe residual polymers were extracted
from the frozen sediment samples (d), by sonicaabnl0O0 W for 3 min on ice after

resuspension in 20 mL in ASW.

For each fraction (colloidal, bound and residualypwrs), absolute ethanol at -20 °C was
added to the sample (a) to obtain a final ethaontentration of 75 % (v/v). The solution was
gently mixed and stored overnight at -20 °C. Theitsmh was then centrifuged at 3500 g and
4 °C for 15 min to obtain a supernatant (Low MolacuWeight, LMW fraction) and a
precipitate pellet (High Molecular Weight, HMW ftaan). Finally, the fractions were dried

under air flow and stored at -20 °C.

Biochemical analysis of EPS and carbohydrate fati

Total sugar content was determined using the phaultiric acid assay, using glucose as a
standard [10]. Briefly, 1 mL of 5 % phenol and 5 silfuric acid were added to 1 mL EPS
solution, previously resuspended in ultra-pure watad vortexed. Measurements were read
after 30 min with a spectrophotometer at 485 nmalTsugar amounts for the fractions were

measured and normalized to chloroplafthl a). This normalization is classically used in the
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literature and allows to overestimates diatom ER& EBCPS production, comparing to other

EPS sources, especially when the mudflat is maioigposed of microphytobenthos [18].

Protein content was determined using the bicinationacid (BCA) assay, using bovine
serum albumin (BSA) as a standard [31]. Briefly, MR EPS, previously resuspended in
ultra-pure water, were added to 2 mL BCA activegesd, and gently vortexed.
Measurements were read after 15 min of heating &G5Qvith a spectrophotometer at 562

nm.

Uronic acid content was determined using the mgtadxydiphenyl method (MHDP), using
galacturonic and glucuronic acids as standard4 28, Briefly, 40 uL of 4 M sulfamic acid
and 2.4 mL of 0.075 M sodium tetraborate were adttedlO0 pL of EPS, previously
resuspended in ultra-pure water, and gently vode86 uL of 0.15 % MHDP were added to
the solution after 20 min of heating at 80 °C. Sampéas strongly vortexed and allowed to

rest 10 min. Measurements were read with a speaitopteter at 525 nm.

The sulfate content was measured by the Azure A 428 the Ba/Gl gelation method [7],
using Dextran sulfate as a standard. Concernind\tiee A assay, 2 mL of 10 mg/L Azure A
were added to 200 puL EPS, previously resuspendetirarpure water, and gently vortexed.
Measurements were read with a spectrophotome&35ahm. Concerning the Ba/CGjelation
assay, 10 mg EPS were hydrolyzed in 0.5 mL of 2® fér 2 h at 100 °C. Ultrapure water
was added (gsp 10 mL) and the sample was thenifagetl for 10 min at 5000 g. For the
turbidimetric assay, 1 mL supernatant, 9 mL ultuaepwater, 1 mL of 0.5 N HCl and 0.5 mL
of Ba/CL — gelatin reagent were added in a glass tube.r A min resting at room

temperature, measurements were read with a speotaphter at 500 nm.

Characterization of carbohydrate fractions by GC/MS
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Prior to carbohydrate characterization by GC/MSSERctions were solubilized in 5 mL of
ultrapure water, dialyzed (6-8 KDa) and freezedlii2z]. EPS were then dissolved in 2 M
HCI at 50 mg/mL and heated at 90 °C for 4 h. Theppration (which contained mostly ECPS
monomers) was then freeze-dried and stored atG2@nalysis of the carbohydrate fractions
were carried out by GC/MS using a Varian CP-3800\@@an Saturn 2000. 400 pL of
pyridine and 400 pL of BSTFA: TMCS (99: 1) was adideo 2 mg of purified
monosaccharides. The solution was mixed for 2 foatn temperature, then injected into a
DB-1701 J&W Scientific column (30 m, 0.32 mm, 1 pat)a flow of 1 mL/min. The helium
pressure was 8.8 psi. The temperature of the ojestas set at 250 °C. The rise in
temperature in the oven was programmed for a &tsp at 150 °C for O min, then an
increment of 10 °C/min up to 200 °C with a finastat 200 °C for 35 min. The ionization
was performed by Electronic Impact (El, 70 eV), trap temperature was set at 150 °C and
the target ion was fixed at 40-650 m/z [29]. Eacbnosaccharide amount measured by
GC/MS was expressed depending on the total carbateydamounts measured by

biochemical assays, while considering the sampulatg and the emersion time.

Statistical analysis

One-way analysis of variance (ANOVA), was used rialgze changes in carbohydrate and
uronic acid amounts among abiotic parameters (sagpbcation, emersion time) for each
day. Data transformations (root) were performedhetime it was required to check
application conditions (normality). Normality tesiresiduals were tested by Kolmogorov-
Smirnov test and homoscedasticity by Bartlett testaddition, post hoc procedures (Tukey
test) were performed to analyze pairwise differen&earson correlations were performed to
investigate the relationships between the differERS fractions with biotic parameters
(bacterial density, chd biomass) and also abiotic parameters (luminos8tgtistical analyses

were run using the statistical software XLStat (hddft).
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Results
Environmental parameters

Light measurements showed the higher brightnessmgluhe first day of sampling (1000
pmol photons . fi. s%) (Fig. 2A). The most important brightness peaksenabtained for the
other days around 12-14h (600 to 800 pmol photom& . s'). The comparison between
ambient light climate and carbohydrate concentratidid not reveal a specific impact of light
on the dynamics of ECPS except for bound HMW (0444, R2 = 0.197). The measures of
chlorophylla remained constant during the sampling period, watlues around 21.5 pg/g of
dry sediment (Fig. 2B). The survey showed the presef a biofilm and its formation (Fig.
2C). A significant increase of the Calconcentration was observed for the day 2/21/08 (P

value [5 %] = 0.003) (Fig. 2C).
Carbohydrate content

ECPS amounts and their dynamics for the threeifragtare presented in Fig. 3, depending
on the emersion time and the sampling day. The tgigsnof total colloidal carbohydrates
(LMW and HMW) were close to 6.5 ug sugar . pg&hl(Fig. 3A). The results showed that
the amounts of LMW total sugars remained constesural 3.5 pg sugar . pg caf during
the sampling campaign (except for 2/20/08-4h, &ittoncentration close to 5.5 pg sugar . ug
chl at). HMW total sugar quantities were slightly low& |¢g sugar . ug ctd* on average,
with an increase for 2/20/08-4h to 5 pg sugar .chiga™). Differences in concentrations
related to the sampling squares were found but wetesignificant (p values [5 %] = 0.970
and 0.121 for HMW and LMW colloidal carbohydratespectively). No significant effect of
the sampling day was observed on the dynamic of L&\ HMW colloidal ECPS (p value
[5 %] = 0.447 and 0.471). Statistical analysis shdwhat the dynamics of LMW and HMW

bound carbohydrates varied with the sampling dawdfue [5 %] = 0.001 and 0.023

9-
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respectively) (Fig. 3B). Besides, no significanfieet of the spatial heterogeneity was found
for LMW and HMW bound carbohydrate concentratiops/élues [5 %] = 0.957 and 0.324
respectively). The LMW total sugar quantities irubd fractions tended to increase during
the emerged phase. This trend was especially prmeaufor the period 2/20/08 1 h - 4 h
since the quantity nearly doubled (6 pg to 13 pgasu g chi™) (p value for day 2/20/08 [5
%] = 0.028). Concerning the residual fractions (FBf), there was a good level of
repeatability for the LMW carbohydrate amounts lestw the sampling squares since no
significant difference was found (p value [5 %] £%6). It is difficult to highlight a particular
trend, except a stagnation of LMW carbohydrate arso(around 20ug sugar . pug cht).
The amounts of HMW carbohydrate quantities in #sdual fractions were found to increase
but not significantly during the emersion of thelisgent (p values for days 2/18-19-20/08 [5
%] = 0.576, 0.976 and 0.057 respectively), at higtencentrations (30 to 75 pg sugar . ug

chla™).

The change in distribution of total carbohydratesMeen LMW and HMW for the colloidal,
bound and residual fractions is presented in Figihe LMW colloidal carbohydrates were
slightly and significantly more abundant than thiel\W colloidal carbohydrates (p value [5
%] = 0.003). For the bound fractions, the carbobtel were produced in very precise
guantities as indicated by the low standard denmatietween the different sampling sites. The
bound carbohydrates seem to be produced at a obresta significant ratio of 90/10:
LMW/HMW (p value [5 %] < 0.0001), compared with 85/for the colloidal fractions. The
residual fractions were essentially composed of HM@vhpoundsj.e. 60-70 % for total

carbohydrates.

Sulfate and protein contents

-10-



238 No sulfated groups were detected in the colloidabl eébound fractions. Very low

239  concentrations of proteins were found in the bomactions. However, the BCA method used
240 for analysis was not enough accurate, so thesesotmations were considered close to zero.
241  Sulfated components were detected in the residaations (Table 1). These amounts were
242  relatively constant. However, these data shoulthtegpreted with precaution in view of the

243  significant deviations obtained between the diffiéreampling sites. Protein concentrations
244  were also measured in the residual fractions (Tapl&he quantities of proteins remained

245  constant around 20 ug . pug efithroughout the emersion.
246  Changes in ECPS composition

247  The changes in ECPS composition were carried o BG¥MS analysis (Fig. 5). The LMW
248  colloidal fractions (Fig. 5A) contained about + ZBuronic acids (80 % galacturonic acid and
249 20 % glucuronic acid). These levels confirmed tesults obtained by colorimetric assays.
250 The LMW colloidal fractions contained more than%@lucose but also 5 % rhamnose, 10 %
251  xylose and 7 % inositol (as myo-inositol). The gertage of rhamnose increased during the
252  emerged periods (0 to 6.75 %). In contrast, thegeage of mannose and xylose decreased
253  slightly during the four hours of emersion (12 %8ta5 % and 5 % to 1 % respectively). For
254 the HMW colloidal fractions, the percentage of ucoacids was lower than in the LMW
255 fractions and decreased during the emerged pe(iii$6 to 7.7 %). The HMW colloidal
256 fractions did not contain rhamnose. Concerninghle@osaccharide composition of the bound
257 fractions, one example of a spectrum analysis esgmted in Fig. 6. The LMW bound
258 fractions (Fig. 5B) were rich in rhamnose (20.8 8632.9 % during the emerged periods),
259  xylose (x 24 %), glucose (x 21 %) and galacturaad. Small amounts of arabinose and
260 mannose were also detected in the LMW bound fragtidime level of rhamnose greatly
261 increased during the emerged periods. In conttlastpercentage of galacturonic acid ratios

262  decreased significantly between the first and hastr of emersion (16 % to 6.5 %). For the
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HMW fractions, rhamnose represented about 35 %etdtal carbohydrates. The percentage
of xylose was similar in LMW and HMW bound fract®rfx 25 %). The percentage of
galacturonic acid remained constant in HMW fraddi@t around 16 % during the emersion.
The monosaccharide composition of residual frastiaias different compared to colloidal
and bound fractions (Fig. 5C). The concentrationeath monosaccharide varied widely
during the emerged periods, making it difficultkefine a typical composition. For the LMW
fractions, the amount of rhamnose was relativelystart during the first hours of emersion
(= 10 %) and decreased drastically to 1 % durirggl#éist hour. A similar observation can be
made for the percentage of xylose in these fractid®s % to 0.7 %). In addition, the
percentage of glucose followed an amazing trendnduthe emerged periods, decreasing
slightly during the first three hours of emersid® @6 to 12 %) and dramatically increasing
during the last hour to a level close to 43 % onadt half of the total monosaccharides.
Similar observations were made for the HMW fracsioparticularly regarding the changing
levels of rhamnose (11 to 5 %) and glucose (313t86lduring the first three hours then an
increase to 59 % during the fourth hour). Finalhe increase in the levels of unknown peaks

suggests that the LMW and HMW residual fractioresraally complex.
ECPS dynamics and bacteria abundance

The sediment was more rich in bacteria during tag 2/19/08 (around %2cells . ¢ dry
sediment) (Fig. 2B). The day 2/18/08 showed theekiveoncentrations of bacteria {Leells
. g* dry sediment). A decrease in the amount of bacteds observed during the 2/20/08
(56 to 2.58° cells . g dry sediment), with significant differences foufut the bacterial
densities at Oh, 1h and 3h of emersion (P valu¥®]3 0.013). During this period, a strong
increase in bound LMW carbohydrates in the sedimerst observed (Fig. 2B). Nevertheless,

no significant correlation was found between baatand bound LMW carbohydrates (r =-
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0.21, R2 = 0.044), bound HMW carbohydrates (r =6,182 = 0.035) and more generally

bound (LMW + HMW) carbohydrates (r =-0.17, R2 ©20).

Discussion

Methodological limitation

Overall, 1g of dry sediment was composed of abo0016 1900 pg of total carbohydrates
and about 300 to 600 ug of total proteins, withoatmalization to Chh. Although a large
portion was unknown, authors have considered thairal mudflats samples may contain
large quantities of impurities [8, 40] and it haseh proved that the phenol sulfuric acid assay
was not 100 % efficient for measuring complex patgharides, causing an underestimation
of the total quantities of EPS [21]. Previous reswubtained at the same station in 1998
showed that 1 g of sediment contained 700 to 1i§0ficarbohydrates [35]. These authors
have worked on the first 5mm of sediment, which espnt more accurately the
microphytobenthos biofilm. Our “first 10 mm apprbaccould overestimate diatom EPS

production due to the contamination from other sexiit EPS sources [28].

ECPS dynamics during the biofilm development preces

The ECPS dynamics in relation to the microphytobientbiofilm development were
investigated. A microphytobenthic biofilm developmevas confirmed (Fig. 2B, 2C) during
the sampling period and study conditions (Fig. 2Bhe main trend of constitution was

observed during the biofilm development process.

The rate of EPS production by diatom biofilms dgrirdal exposure periods is affected by
endogenous rhythms, light levels and nutrient stgiir, 40]. Given the current literature,
numerous authors explained the need to understenlibchemistry and physical nature of

EPS to link their carbohydrate composition withitladility to become an integral part of the
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biofilm matrix owing to their physico-chemical prpies [1, 4]. Colloidal carbohydrates
were consistently produced during the three dayanalysis (Fig. 3A). No particular trend
was found during the emerged periods, in contraghé results obtained by Taylor et al.
(1999) which showed an increase in colloidal cayloate levels towards the end of the
emerged periods. It is noteworthy that Taylor wdrlke EPS fractions containing colloidal
EPS and internal polymers. LMW bound carbohydrat@unts strongly increased towards
the end of the emerged period (Fig. 3B) in conttasHMW bound carbohydrates. Many
authors showed an increase in bound carbohydrabeir@ during the tidal exposure period
[17, 32, 38]. Bound fractions were composed of 90L%W carbohydrates and this
percentage was extremely constant throughout tiplgsg period (Fig. 5B). This high ratio
of LMW carbohydrates could be attributed to thedmcproperties of the Dowex which could
hydrolyze a part of HMW ECPS, thus producing anrestmation of LMW carbohydrates.
Cell-cell and cell-substratum interactions are lfated by the production of tightly bound
carbohydrates [4, 42] through the presence of aranids (Table 1). The anionic properties
of bound ECPS, conferred by uronic acids, couldvallassociation of divalent cations,

providing greater binding forces during the biofilevelopment process [36].

Residual fractions, composed of refractory boundPE&Cinternal polymers and all sort of
sources of ECPS, were rich in carbohydrates, exegesix or seven times the colloidal and
bound carbohydrate quantities (Fig. 3C). In comtmagh other works, the abundance in
carbohydrates did not increase during the daytimersion period. Indeed, photoassimilated
carbons, attributed to glucan and/or chrysolammacauld be stored in diatoms to provide
energy during periods of darkness [39]. Otherwiise results showed the presence of proteins
in residual fractions (Table 1) which could be @iseadditional C-stores and/or structuring

microalgae cells (glycoproteins) [5, 37].

Changes in ECPS composition and ecological relevanc
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Considering the low standard deviations found betwaur true replicates (< 5 %), it can be
considered that the type of monosaccharides, theimover, and their amounts were
controlled during short-term emerged periods by @em systems involving environmental

conditions, sediment erosion or the transport agubdition cycle [40]. The monosaccharide
composition was heterogeneous between the diff&B& fractions (Fig. 5) [34]. Colloidal

ECPS were mainly composed of glucose, galacturaaid, xylose and inositol (Fig. 5A).

Bound EPS had a more balanced distribution of macesaride components: rhamnose,
xylose, glucose and galacturonic acid (Fig. 5BxsiBéal fractions were composed of glucose,
mannose, rhamnose, galactose and galacturonic (&gd 5C). The changes in EPS
composition during the biofilm development procegse compared to previous works which
classically extracted multiple EPS: (colloidal ERSlloidal extract (CEPS), EPS from hot
water extraction (HW) and EPS from hot bicarboreatgaction (HB)). The results were then
adapted to the conceptual model of Underwood andrétm (2003) and a discussion was

proposed, based on Fig. 7.

At this point, it is noteworthy to declare thatas surprising that fucose, a recurrent deoxy
sugar found in the literature, has not been higitdid although the GC-MS method allowed
its detection. It was possible that the lack ofoike was linked to the environmental
conditions, the physiological state of the micraplwenthic biofilm and the period of the

sampling campaign (winter).

The becoming of colloidal ECPS: are they only used &-source for bacteria?

LMW colloidal fractions could be compared to thewlomolecular weight exudates of
Underwood and Paterson (2003), the colloidal foastiof Bellinger et al. (2009) or Hofmann
et al. (2009). These exudates were mainly compa$eglucose (53 %). HMW colloidal

fractions (Fig. 7) could be compared to the categuir colloidal EPS [40] or cEPS of
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Abdullahi et al. (2006) and Hofmann et al. (200@arbohydrate content was mainly
composed of glucose (55 %) (Fig. 5). Numerous ssitlave highlighted the role of bacteria
in the dynamics of EPS on sediments [17, 21]. Tieb@inderstand colloidal EPS and ECPS
dynamics during the biofilm development processisitalso important to focus on these
bacteria. Literature showed that microorganismsevedsle to produce specific bacterial EPS
and to consume polymeric substances, as ECPShéar awn development. In this way,
recent studies showed a decrease of LMW and HM\@idal carbohydrates due to bacterial
consumptions [21]. The present investigation dit stow such a decrease (Fig. 2B) even if
our specific sugar distribution of LMW colloidalactions showed amounts of monomers
close to those obtained by many authors, with trevgdence of glucose (Fig. 5). It is
noteworthy that other monosaccharides could be waeblin this consumption phenomenon.
The percentages of hexoses (xylose, mannose) dedreduring the emerged periods,
suggesting that they were may be more easily alsdedior used by heterotrophic bacteria.
Nonetheless, the important levels of xylose and rmose could be due to physiological
processes to enhance the assimilation of specibteipis or molecules in cells [20]. The
composition of colloidal ECPS could suggest thaythvere not only used as a nutrient
source. In this way, the high level of galacturoaeid (> 12 %) and its decrease during the
biofilm development was intriguing. Colloidal urcracids could be involved in the formation
and maintenance of the microphytobenthic biofilspexially at the end of emersion time,
through ion sequestration, negative charge, ECP&bifity, hydrophobicity [36].
Unfortunately, statistic tests failed to demonstratsignificant effect of the emersion time on

uronic acid dynamics.

Besides, the presence of inositol (8 — 15 %) wase alteresting, given that no author has
highlighted it. This molecule plays different anuportant roles as structural basis for a

number of secondary messengers in eukaryotic aetlsmostly as a major growth factor for
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heterotrophic bacteria, implying that this sugarlddae produced in the sediment, maybe by

diatoms, to promote the symbiotic phenomenon ledlédormation of benthic biofilm.

Bound ECPS, the active players involved in theilmmo€onstruction

LMW bound fractions (Fig. 7) were obtained for esfitime properly, without contamination
by residual polymers since less glucose was founthése fractions, comparing to HMW
fractions of Hanlon et al., (2006). Rhamnose (25 %)ose (22 %), glucose (20 %) and
galacturonic acid (13 %) were the main carbohydratéMW bound fractions were very
similar to LMW and were mainly composed of rhamn(&& %), xylose (28 %), galacturonic
acid (18 %) and glucose (13 %). The Dowex-methdowadd highlighting the presence of
important levels of deoxy sugars in the fractidndeed, the percentage of rhamnose strongly
increased during the emerged period, in contragtdgercentage of galacturonic acid, which
decreased, and both xylose and glucose, which nmmiaconstant. Deoxy sugars, as
rhamnose, can promote biostabilisation of sedimftfis 43] owing to their surface active
properties. They can also influence the hydrophabigracter of ECPS, by enhancing their
adhesion to the sediment or by regulating saligityd desiccation phenomena through
different retention rate of water at the surfigatliments [33]. Rhamnose is also a component
of the outer cell membrane of certain bacteria eand be specifically recognized by lectins,
transmitting signals to the cell- interior and cemiihg specific properties. Given some of
these properties, the increase in the percentageoinose in this fraction could be linked to
the role of these bound ECPS, for example improeeliicell interactions between bacteria
and diatoms. Thus, bound carbohydrates could belglasvolved into the formation of the
extracellular matrix of the microphytobenthic biofiand also into its biochemical short-term
modifications in response to environmental condgicAlternatively, rhamnose could play a

role as a biochemical sensor to control “the bnoféntity”.
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The amount of bacteria measured on the surfacheoédiment seemed to provide another
possible role of bound EPS. The results appeareshdav a relationship between bacteria
abundance and bound carbohydrate dynamics (Fig.F&B,3B). The results suggested a
potential negative effect of bound EPS on bacteliasion, but no significant correlation was

found between bacteria and bound carbohydrates.

Residual fractions and C-storage

LMW and HMW residual fractions (Fig. 7) could capsnd to intracellular and cell wall
associated polymers but also consist of a mixtdrelitberent refractory EPS not totally
extracted by the Dowex-method. Fractions could dmapared to a part of HW and all HB
fractions of Abdullahi et al. (2006) or Hanlon ét €006). The carbohydrate content was
composed of glucose (18 to 43 %), galacturonic éK®d%), mannose (18 %), xylose (10 %)
and rhamnose (10 %). The observations of many ethdicated that, these fractions were
very complex, due to the presence of proteins améated groups, and the different
monosaccharides detected could be involved in trendtion of structural polymers,
glycolipids or proteoglycans [24]. The importantmaio highlight was the slight decrease in
the percentage of glucose during the first hoursnoérsion. However, towards the end of the
emerged periods, the quantity of glucose doubledripted. This observation could be
correlated to the capacity of diatoms “to senseetid of emersion”, by storing a maximum
amount of carbon for their metabolism to surviveinyiperiods of darkness. This result was
partly consistent with those obtained by previouthars who have shown that the relative
abundance of glucose increased during a daytimeasemeperiod [17]. Overall, it was
considered that the majority of the glucosyl unvesre components of the storage polymers

chrysolaminaran, composed of—+$13) B-glucan chains [40]. Concerning the other sugars
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detected and their levels, the results were failtyse to those already observed in the

literature.

Conclusion

The aim of this work was to study the dynamics @mchemical compositions of EPS,
produced on an intertidal mudflat, during the depetent of a microphytobenthic biofilm.
This study highlighted the complexity involved iollecting and separating the different types
of present EPS. The extraction procedure allowedidimg more accurately on the bound
fractions, composed of specific carbohydrate moneme. large amounts of deoxy sugars
and uronic acids. The changes in bound ECPS cotigpusespecially through the levels of
rhamnose, mannose or galacturonic acid, could alenajor role during the development of
the microphytobenthic biofilm by increasing bindifmyces and cell-cell interactions. The
lack of fucose was a surprising observation andsoaslated to the sampling period (winter)
and the physiological state of the growing biofilBesides, the presence of inositol, detected
for a first timein situ, was quite interesting. This sugar is commonlduse GC/MS analysis
as an internal standardhyoinositol) and this could explain why it was not identified as
component of ECPS. Significant amounts of this gngwactor for bacteria were measured in
the colloidal fractions, a fraction known as be@direct nutrient source for the heterotrophic
bacteria constituting the microphytobenthic biofilm this way, the results showed that the
colloidal fractions were not only used as a C-seurgat that they could have an impact on ion
sequestration owing to high level of uronic acifimally, this study only focused on one
sampling campaign during winter. It was shown ttie greatest variations in sediment
dynamics resulted from seasonal changes, modifyiagconcentration, type and structure of
EPS accordingly (Underwood and Paterson, 2003).tS#ould be interesting to check if

these variations could be observed on this int@rbdy during summer.
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Table 1. Composition (Lg/g chil in uronic acids, sulfates and proteofdhe different

fractions extracted by the Dowex method from theédaes-Oléron mudflat.

F:&%OESHMW) Colloidal EPS Bound EPS Residual polymers
Content (ug/ug ch) | Uronic acids Sulfates Proteins Uronic acids Sulfates Proteins Uronic acids Sulfates Proteins
2/18/08 - 1h 1.6+0.9 0 0 1.3+0.3 0 0 20+5 8+3 15%*1
2/18/08 - 2h 1.8+0.3 0 0 1.4+0.3 0 0 19 £7 80+t6 26+6
2/18/08 - 3h 1.6+£0.9 0 0 1.4+0.6 0 0 21.0xt6 9+04 16+0.7
2/18/08 - 4h - - - - - - - -
2/19/08 - 1h 1.2+0.6 0 0 0.7+0.3 0 0 28+6 7+20 21+13
2/19/08 - 2h 1.1+£0.3 0 0 1.4+0.8 0 0 19+7 5+3 18%4
2/19/08 - 3h 1.5+05 0 0 15+0.6 0 0 257 8+10 204
2/19/08 - 4h - - - - - - - -
2/20/08 - 1h 1.4+05 0 0 1.3+0.3 0 0 239 9+5 194
2/20/08 - 2h 1.2+0.3 0 0 0904 0 0 21+15 11+0.7 198
2/20/08 - 3h 15+04 0 0 0.8+0.2 0 0 21+9 10+5 20+11
2/20/08 - 4h 1.5+0.3 0 0 0.9+0.2 0 0 17 +5 12+7 24+8

+: deviations were calculated from the heterogéner the different sampling squares and not framttue

replicates of the biochemical analyses (<5%)
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Figure 1. Station where samples of surficial indait sediment were collected: Brouage

mudflat.

Figure 2. Light climate (A) measured each minutetlyhout the sampling, cell density

associated with CHd in the first 10mm (B) and Cla in the first 2mm (C) of the sediment.

Figure 3. Carbohydrate concentration (g glc equiyshla™) for colloidal (A), bound (B)

and residual (C) fractions depending on the emepgeidd.

Figure 4. Distribution of LMW (% w/w) for colloida(A), bound (B) and residual (C)

fractions depending on the emerged period.

Figure 5. Monosaccharide composition (average lier 3 sampling sites) of the different
fractions extracted from the mudflat. The varidpilwithin true sample replicates was less

than 5%. Unknown: indicates the sum of traces whiehe not identified.

Figure 6. GC-MS chromatogram of carbohydrates detecn an HMW bound fraction.

lonization: Electronic Impact (El, 70eV). Targehict0-650 m/z.

Figure 7. EPS types and location in the Marenné&se@l mudflat, based on Underwood and
Paterson’s (2003) conceptual model for benthicodiaéxopolyméres. Composition in sugars

(%) was averaged over the emersion period.
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Gradient of EPS amounts in the sediment
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