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Abstract

Numerous field-based investigations have highlightieat the production of Extracellular
Polymeric Substances (EPS) is physico-chemically erologically essential for intertidal
mudflats. EPS are largely secreted by marine bemtfatoms and their quantity and quality
are environmental-dependant. This paper focusetherdynamic pathways, concentration
rates and monosaccharides composition of colloidalynd and residual carbohydrates
extracted by using a cationic exchange resin fromiiadom-dominated intertidal mudflat
(Marennes-Oléron, France) during two different simgpperiods: winter (February 2008)
and summer (July 2008). A wide range of biotic abgbtic parameters were also studied to
better understand the effect of environmental patam,e.g. chlorophyll a, salinity, pore
water, emersion time, luminosity, C:N ratio or tidaefficient. Multiple colorimetric assays

coupled to gas chromatographic analyses were dawig to perform the biochemical
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characterizations. Firstly, the quantity of carbditayes produced during winter was more
important than during summer. Yet, more proteinsewfeund during summer especially for
the colloidal and bound fractions. Further invesigns showed that the dynamic pathways
were equivalent between winter and summer: boungbbgdrates (BC) quantities increased
during the sediment emersion periods on the contmacolloidal carbohydrates (CC) which
tended to drop throughout the emersion time. Thadityuin monosaccharides was fraction-
dependant, whatever the season. CC were alwayssgitrcch confirming their role of carbon
source. BC were mainly composed of rhamnose whbseratio increased during the
emersion period, thus conferring adhesive propefitethe extracellular matrix bounding
diatoms cells. Residual carbohydrates (RC) werepos@d of various monosaccharides and a
major increase of glucose content was found atetheé of emersion, corresponding to
intracellular C-storage in prevention to immersiimes. Summer-RC were composed of
fucose, a monosaccharide specific to these fraxtaord which was non-present during the
winter campaign. Environmental parameters, as igglipore water, tidal coefficient could

have a significant impact on the concentrationsrated pathways of carbohydrates.

Key words. Extracellular polymeric substances (EPS), carbodtgd, diatoms, seasonal

impacts, mudflat

1. Introduction

Intertidal mudflats are extremely productive araad may provide up to 50 % of the primary
and secondary production of estuaries (Underwoadkaomkamp, 1999), especially due to
the formation of diatom-dominated biofilms at theurface (Falciatore and Bowler, 2002).
Subject to periodic tidal exposure, the physicall @hemical properties of these biofilms

change (Christie et al., 2000; de Brouwer and 2@01). Thus, some authors noted that
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variations in sediment dynamics and compositionsicceesult from seasonal fluctuations
(Frostick and McCave, 1979), and particularly Ec¢tlular Polymeric Substances (EPS)
composing benthic biofilms. Benthic biofilms are ngmsed of water, microalgae,
prokaryotes (bacteria, archeae), other eukaryoticraipes, virus and inorganic particles
entangled in an EPS matrix (Yallop et al., 199HiSTEPS matrix is rich in a wide variety of
polysaccharides, proteins, glycoproteins, lipidsl amicleic acids (Wingender et al. 1999).
Besides, marine diatoms are known to produce varkinds of EPS depending on the
environmental conditions and the tidal periods (&meod et al., 2004). On one hand,
colloidal EPS are excreted in the microenvironnudrihe benthic biofilms (Underwood et al.,
1995) and are used by different microorganiseng, the glucose-rich exudates consumed by
heterotrophic bacteria (van Duyl et al., 1999; Hafm et al. 2009). On the other hand, bound
EPS are secreted as mucilaginous slime coatingehe (Underwood and Paterson, 2003).
These EPS play key roles in microbial and physitentcal defense (Decho, 1990), in the
motility of epipelic diatoms (Stal and Défarge, 8D0in cells/cells or cells/substratum
adhesion (Wimpenny et al. 2000) and sediment Hidsation (Spears et al., 2008). Several
studies have reported large variability of EPS cositpon, abundance and properties, thus
highlighting the scientific challenge to extractdasnalyze consistently EPS by biochemical
methods (Azerado et al., 2003; de Brouwer and 2G04). In this way, Underwood and
Paterson (2003) have pointed the importance obitbehemical methodology to accurately
reflect the biological utility or relevance of EREbenthic biofilms. Recently, an alternative
method forin situ EPS extraction and determination (Takahashi eR@D9), applied during
two field studies (Pierre et al., 2010 ; Pierralet2012), has shown the possibility to separate
three major classes of EPS through the use ofiantatexchange resin (Fig. 1). Moreover,
the use of diluted polar solvents in these workswadd the size separation of EPS: short-

chain to long-chain oligosaccharideg, low molecular weight (LMW) compounds and high
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molecular weight (HMW) compounds (Decho, 2000; mekr et al., 2005). Such
characterization of EPS is a necessary step tordiete and understand their roles in benthic

biofilms, especially if we focus on the influendebiotic and abiotic parameters.

The goal of this study was to investigate the teralpdistribution and compositional changes
of EPS, in relation to seasonal dynamics. A chagileg aim was also to compile numerous
data obtained on the same field to clearly showrttpact of seasons on the EPS composition
of a microphytobenthic biofilm anda fortiori, on the trophic involvement of intertidal
mudflats. The EPS samples were collected from &omalominated biofilm (Marennes-
Oléron Bay, France) during different ecologicalipgs in the chemistry and biology of tidal
flats, i.e. in February 2008 (winter) and July 2008 (summet)en the microphytobenthic

biofilm development and its EPS composition arepegpd to be drastically dissimilar.

2. Material and methods

2.1. Field sampling

The sediment samples were collected from Marennés@ Bay (Atlantic Coast of France),
during only one week in February 2008 (winter) tlustrong field constraints and two weeks
in July 2008 (summer) at low tide (Fig. 2). Thddisampling was organized as a chessboard
where square sampling units (2m-side) separatediéys (2 m in width) were defined. Every
day, three squares were randomly considered faiageeterogeneity. Sediment samples
from each square were collected by using core dema& 20 cm. Three cores of each
selected square were sampled every hour duringdaleperiods. For each core, the top 1cm
was collected three times and pooled. After eaafiptiag, sediment pools were brought back
from the field for an immediate EPS extraction oesh sediments. Biochemical analyses
were then performed in triplicate on the colloidalbund and residual fractions (864

fractions).



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

2.2. Biotic and abiotic measurements

The chlolophylla concentration in the sediment was measured usuggoimetry method
(Lorenzen, 1966). Light was measured using a Li-€emsor which was recorded every
minute during sampling days. Salinity, pore wa@ ratio were also followed. Enumeration
of bacteria was performed by microscopy, after dl@nidino-2-phenylindole
dihydrochloride (DAPI) labeling (x 1000, Axioskoggiss) using the method of Porter and

Feig (1980). All missing data were due to experitrcamstraints.

2.3. Material

Solvents, cationic resin (Dowex Marathon C), adsiéy, protein (Bovine Serum Albumin,
BSA) and carbohydrate standards (dextran, dextutate, glucose, galactose, rhamnose,
fucose, fructose, xylose, arabinose, ribose, mannosyo-inositol, glucuronic and
galacturonic acids) were obtained from Sigma-Allridhe DB-1701 J and W Scientific
column (30 m, 0.32 mm, 1 um) for Gas Chromatogradhgs Spectrometry analysis

(GC/MS) was obtained from Agilent.

2.4. EPS extraction and fractionation

The extraction method (Takahashi et al., 2009) dase immediately after sampling and
sediment mixing on the field. 20 mL of fresh mudflaas continuously mixed with 20 mL of
Artificial Sea Water (ASW 30 Practical Salinity Wl during 1 h in darkness at 4 °C and
then centrifuged at 3500 g and 4 °C for 10 min. 3imgernatant containing colloidal EPS was
collected and stored at 4 °C. 20 mL of ASW and bfgactivated Dowex Marathon C,
previously prepared in Phosphate Buffer Salinelfbrin the dark, was added to the sediment
pellet. The samples were mixed gently at 4 °C farid the dark and then centrifuged at 3500
g and 4 °C for 10 min. A supernatant containing boeind EPS and a cap containing

intracellular and residual polymers were obtain€de cap was then frozen. The residual
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polymers were extracted from the frozen sedimemipsas by sonication at 100 W for 3 min
on ice after resuspension in 20 mL in ASW. For efaabtion (colloidal, bound and residual
polymers), absolute ethanol at -20 °C was addethéosample to obtain a final ethanol
concentration of 75 % (v/v). The solution was gemtiixed and stored overnight at -20 °C.
The solution was then centrifuged at 3500 g andC 46t 15 min to obtain a supernatant
(LMW fraction) and a precipitate pellet (HMW fraati). Finally, the fractions were dried

under air flow and stored at -20 °C.

2.5. Carbohydrate, uronic acid and protein analysis

Total sugar content was determined by the pherflfsu acid assay, using glucose as a
standard (Dubois et al., 1956). Total sugar amotmtghe fractions were measured and
normalized to chlorophylla (chl a), thus allowing the overestimation of diatom EPS,
comparing to other EPS sources (Underwood and $2ateP003). Uronic acid content was
determined using the meta-hydroxydiphenyl methodH[N), with galacturonic and

glucuronic as standards (Blumenkrantz and Asboesetanl973; Filisetti-Cozzi and Carpita,
1991). Protein content was determined by the bimnmic acid (BCA) method, using bovine

serum albumin (BSA) as a standard (Smith et aB5)19

2.6. Gas Chromatography coupled to Mass Spectrometry (GC/MS) to characterize the

carbohydrate of EPSfractions

EPS fractions were solubilized in 5 mL of ultrapuvater, dialyzed (6-8 KDa) and freeze-
dried. EPS were then dissolved in 2 M HCI at 50migand heated at 90 °C for 4 h. The
preparation was then freeze-dried and stored atGC2@nalyses were carried out by GC/MS
using a Varian CP-3800 GC/Varian Saturn 2000. 40@fupyridine and 400 pL of BSTFA:

TMCS (99: 1) was added to 2 mg of purified monobkaddes. The solution was mixed for 2

h at room temperature, then injected into a DB-1¥&WI Scientific column (30 m, 0.32 mm,
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1 um) at a flow of 1 mL/min. The helium pressuresw&a8 psi. The temperature of the
injector was set at 250 °C. The rise in temperatuthe oven was programmed for a first step
at 150 °C for 0 min, then an increment of 10 °C/minto 200 °C with a final step at 200 °C
for 35 min. The ionization was performed by Elentoo Impact (EI, 70 eV), the trap

temperature was set at 150 °C and the target iarfiwed at 40-650 m/z.

2.7. Satistical analysis

All statistical analyses were run using the stiatiétsoftware XLStat (Addinsoft). One-way
ANOVA was used to analyze changes in carbohydradeuaonic acid amounts among abiotic
parameters for each day (sampling location and soretime). Data transformations (root)
were performed to check application conditions ifmality) each time it was required. Post
hoc procedures (Tukey test) were performed to aeapairwise differences.and Z-tests

were conducted to determine significant differenbetween values of variables at the
beginning and at the end of the emerged periodsBeaorrelation tests were done with the
complete data set to investigate the relationshgtsveen the different EPS fractions with
biotic (bacterial abundance, Ch) and abiotic (luminosity, salinity) parametersinBipal

component analyses were used to highlight and gi@agtions with closed monosaccharides

distributions.

2.8. Abbreviations and nomenclature

In accordance with the literature (Underwood et2010), the term “carbohydrates” refers to
the total sugars (neutral and acidic sugars) detexdnby Dubois assays and GC/MS. The
term “uronic acids” corresponds only to the uromgsays clearly measured by the BCA
method or GC/MS analyses. Concerning the abbrevistiw and S correspond to winter and
summer, the two sampling periods. LMW and HMW rdfethe size of the carbohydrates:

low molecular weight and high molecular weight. BT and RC refer to the carbohydrates
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extracted from the three main fractions: colloidatbohydrates (CC) are water-extractable,
bound carbohydrates (BC) are obtained by using Rowarathon C, and residual
carbohydrates (RC) correspond to the fractions iichintracellular carbohydrates and

refractory EPS.
3. Results and discussion
3.1. Relationships between EPS and environmentahpeters: a seasonal heterogeneity?

The total carbohydrate quantities and the contioibudf neutral carbohydrates, uronic acid
and proteins were determined for the three main EB&ions extracted in winter and
summer (Fig. 3). At this step, it is noteworthytthi@e sugar amounts were normalized to Chl
a in order to overestimate diatom EPS productiommaredto other EPS sources (Haubois et
al., 2005). In average and regardless the emetsitay more colloidal carbohydrates were
extracted from the sediment in winter (5.28 pg.pigec?) than summer (2.04 pg.pg chth).

The same observations were done for the bound esidual carbohydrates since 2.5 times
more carbohydrates were found in the winter samffigg. 3A). Concerning the relative
contribution of neutral and acidic sugars, the ltssshowed that neutral sugars were the main
component of the fractions both in summer and wialihough the ratios varied during these
two periods. For the colloidal and bound fractiahg, neutral sugar ratios dropped from 78 %
to 61 % and 87 % to 63 % respectively (relative Mvdue to the presence of proteins in the
fractions extracted in summer.

However, if we focus only on the carbohydrate pad,significant change (p < 0.01) was
observed for the neutral sugar ratios. Previousergamoted that variations in sediment
dynamics resulted from seasonal changes in bidbgrfluences (Frostick and McCave,
1979), EPS quality and quantity being excellentdatbrs to measure the impact of these

modifications. In this way, correlations were founetween the level of EPS and the diatom
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biomass in the sedimente. EPS quantities reduced when the diatom biomasseased
(Staats et al., 2001). Ambient light climate playessential role on the photosynthetic power
of epipelic diatoms, which move up to the sedin{&arédio et al., 1997). Microphytobenthic
biofilms can have high rates of photosynthesis anldrge part of the photo-assimilated
carbon is excreted into the environment as exopetgnijUnderwood and Paterson, 2003).
During our sampling periods, the luminosity wasuem 1600 + 400 pmol photonsas® in
summer and 440 + 250 pmol photond.st in winter. The level of chh measured on the
sediment was significantly lower (p < 0.01) in sner (8.1 + 1.2 pg.g dry sedimef) than

in winter (20.2 + 0.9 pg.g dry sedimeht This difference was attributed to the intensele
of grazing byPeringia ulvae whose the density was higher in summer (17.2 iifctn7.08)
than in winter (5.77 ind.th = 2.99). Moreover, the classical normalization hwithl a
enhanced the gap between the values in summer ek wBesides, intertidal mudflats are
living areas whose the primary trophic productismon-negligible. Indeed, diatoms and their
EPS production are responsible for 40 to 50 % ef thtal global primary production in
marine systems (Medlin, 2002). So, biota livinghe intertidal zone are adapted to use EPS
as food or as protection against environmental alycsawhich dominate tidal flats (Widdows
and Brinsley, 2002). During summer periods, conssna¢é EPS (carbon source) are much
more active and directly responsible in a drop edfisent stability (Andersen, 2001). This
greater summer consumption could also explain tfferences between the amounts of
carbohydrates measured in summer and winter.

Thirdly, the amounts of proteins detected duringisier were interesting because specific of
this period (Fig.3, B). Yet, proteins were alsorfdun colloidal and bound fractions collected
in summer. During summer, pore water in the sedimes significantly lower than in winter
(p < 0.05) and positive correlations were foundw@tLMW CC and S-LMW BC (Table 1, p

< 0.05). Some authors have suggested that EPSo(oattates and proteins) could protect
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microphytobenthos from high desiccation levels aalinity (Spears et al., 2008). Thus, we
concluded that the presence of proteins combinespézific carbohydrates during summer
could be a response to desiccation stress, expiathe positive correlations found (Table 1).
These fractions could be correlated to osmoregylaamd hydratation properties to fight

against extensive salinity. Besides, proteins dao be used as additional C-storage which
can explain their presence in residual fractiomsnmosed of intracellular (chrysolaminaran)

and refractory EPS.

A number of authors have pointed at the rapid ceano order to hour, which occur at the
surface sediments during periodic tidal exposungstihe patterns varied even if colloidal
carbohydrates are often involved (Taylor and Patgerd998; Christie et al., 2000, Hofmann
et al. 2009, Pierre et al. 2012). The fate of eddband bound carbohydrate amounts between
the beginning and the end of the emersion periagsg winter and summer was then
investigated in this work (Fig. 4). LMW colloidabibohydrate amounts tended to decrease
during the emersion period. This drop observed imeav was not significant (p < 0.05) but
significantly visible in summer (p < 0.01). BesidétMW colloidal carbohydrate amounts
remained stable all over the emersion time, in evinbr summer. These results were
contradictory to other works which reported an @ase of colloidal EPS in the early part of
the tidal exposure and near to the end of the eamerfTaylor, 1998). Nevertheless,
Underwood and Paterson (2003) nuanced these remudtsargued that the evolution of
colloidal EPS during the emersion period was ofteisinterpreted due to the extraction
techniques used. In this way, previous studiesdidspecifically work on colloidal EPS but
on fractions containing a part of bound and redigodymers. The Dowex extraction that we
performed allowed a fine separation between truéidal and bound EPS surrounding
diatom cells and/or entangled in the EPS matrig.(E). We already demonstrated that the

use of this procedurim situ averted mixing a part of colloidal EPS with LMW bawlEPS
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(Pierre et al., 2012). It can be estimated thatlé¢hrels and production patterns of colloidal
EPS that we found in the present study were theseclto their function(s) and fate. Thus,
many authors highlighted that colloidal EPS wersddfces in the trophic network of tidal
mudflats, especially for heterotrophic bacteria atider micro-consumers (van Duyl et al.,

1999; Hanlon et al. 2006; Pierre et al. 2012).

On the other hand, the amounts of bound carbolsgliatreased all over the tidal exposure.
Even if this observation was not significant for MWW BC due to a lack of experimental
values (p < 0.05), significant increases were olesem summer (p < 0.01). Owing to the use
of the Dowex procedure, it was possible to distisiguhe fate of true colloidal carbohydrates
whose the amounts dropped and bound carbohydrdiesewthe concentrations increased
during the emerged period. A part of this resulsvaéready observed (Pierre et al., 2012),
leaving us to suggest that bound fractions coulthbelved in the formation and adhesion of
the microphytobenthic biofilm. The role of microgbgenthos as sediment stabilizers was
well documented (Underwood and Paterson, 1993rsateand Black, 1999, Thornton et al.,
2002; Widdows and Brinsley, 2002; Spears et al082@nd a reduction in erosion state was
already correlated with increasing of carbohydratascentrations (Sutherland et al., 1998).
Numerous authors suspected the role of colloidé EPgeneral on the sediment dynamics
but not of a very specific and separate part af¢hexopolymers. Nevertheless, recent works
brought colloidal and especially bound EPS to tire,fwhose the production could be light-
dependant (Giroldo et al., 2003; Underwood andrBate 2003; Hofmann et al. 2009; Pierre
et al., 2011). Anyway, we noted that no light-degaart production was found for the bound
fractions on the contrary to colloidal fractions agke the production was tidal coefficient-

dependant (Table 1, p < 0.05).

Numerous authors try to understand how the compas#nd dynamic of EPS produced by
benthic diatoms change depending on environmewiadiitons (Underwood and Paterson,
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2003). Thus, biochemical nature, production pattsyagle and fate of EPS in intertidal
ecosystems are widely studied. In general, all @stipoint that chemical and physical
properties of EPS producead situ vary significantly in response to biotic and almot

parameters. That is why important abiotic and bipaarameters were followed in this study,
as chla, light, salinity, pore water, bacterial abundartagl coefficient, C:N ratio, in view of

understanding their involvement in EPS dynamic potidns. We previously showed that
salinity, pore water, light and chlhave to be considered when the seasonal dynamteB $f

are studied. But it was also interesting to notg tidal coefficients could have a significant
impact (Table 1) which was logical since tidal dm&nts influence the degree of periodic
tidal emersions and the light degree. Besides,grafeant patterns were found for bacterial
abundance or C:N ratios. It was not possible toetate C:N ratios with the presence of

marine bacteria/microalgae, terrestrial or degramtgdnic matter.

3.2. Monosaccharide composition of EPS: roles andtfons of the different fractions

Monosaccharide composition of EPS was investigdtedcolloidal, bound and residual
fractions extracted in winter and summer (Fig. Bhe monosaccharide composition was
heterogeneous depending on the concerned fraciwhshe low standard deviations (< 5 %)
indicated that the types and quantities of EPS Viieedy controlled during the short-term
emerged periods. Colloidal carbohydrates wereinaglucose (> 50%), xylose, galacturonic
acid and inositol, regardless the sampling periodeed, colloidal carbohydrates are known
as carbon trophic sources due to their high quamttglucose (Abdullahi et al., 2006;
Hofmann et al. 2009). Nevertheless, we noted thatcblloidal carbohydrates collected in
summer were richer in glucose than in winter (+ 4%s/alue [5%] = 0.003). The same
observation was also done for bound and residaatiéms (+ 40 and 45 % respectively). On
the one hand, the high glucose ratio in residwdtions (22 to 42 %) was not surprising since
these samples correspond essentially to intraeelloarbohydrates. The majority of the
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glucosyl units found in these fractions are comptsmeof storage polymers as
chrysolaminaran (Underwood and Paterson, 2003Xh@©mwther hand, it seemed important to
focus on the increase of glucose content in calogshd bound fractions during summer. We
suggested that the phenomenon was a seasonal sesfpoenvironmental needs due to C-
consumers, as nematods, hydrobia or herbivorouglaokton, which are more abundant and
more active in summer. Thus, colloidal carbohydrab®pped during the emersion time (Fig.
4) but glucose content were higher (Fig. 5). lihesrefore possible that carbohydrate EPS are
selectively used by heterotrophic bacteria depandim season. In this way, bacteria could
use the different monosaccharide as substrate ituthfferent degrees of induction. Besides,
the ratios of structural hexoses (xylose and magnasd uronic acids (galacturonic acids)

were lower in summer for colloidal and bound frans.

Rhamnose was the monosaccharide widely found in L#VES %) and HMW (18 to 34 %)
bound carbohydrates in winter and summer. The lagéls of deoxy sugars in this fraction
were already observed in winter on the same samgite (Pierre et al.,, 2011) and other
studies (Hanlon et al., 2006). Owing to their scefactive properties, deoxy sugars can
promote the biostabilisation of sediments (Zhouakt 1998; Giroldo et al, 2003) by
facilitating the coagulation of particles and maoobecules (Khodse et al., 2007). Rhamnose
could also play a role of biochemical sensor inropbytobenthic biofilms as a target of
proteins involved in cell-cell transmission signat®wever, the level of rhamnose was lower
in summer for the HMW bound fractionise. for carbohydrates closely attached to diatom
cells. This observation suggested a potential Idvi@stabilisation of the sediment in summer

(LMW BC: 25.6 %, HMW BC: 18 %).

Fucose, a monosaccharide missing during winter kagsp was found in residual fractions
(10 %) collected in summer. We previously attriloutee lack of fucose to the physiological

state of the growing biofilm studied in winter (Reet al., 2012). During summer, colloidal
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and bound fractions did not contain fucose, in @®tto many works (Abdullahi et al., 2006;
Hanlon et al., 2006; Hofmann et al., 2009; Takahaslal., 2009). It is relevant to highlight
that fucose is a monosaccharide involved in theabwic pathways occurring during the
degradation off-1,3-glucan storage in diatom cells (Granum, 200&)ch could explain its

unique presence in residual fractions.

In the same way, another surprising sugar, ingsitak also found in the different samples
and particularly in colloidal fractions (7 to 17 %8s we already reported (Pierre et al., 2012),
this monosaccharide could be a growth factor fdedogrophic microorganisms involved in

the microphytobenthic biofilm formation and synetgi relationships between benthic
diatoms and bacteria (Lubarsky et al., 2010). Meeeoits production seemed to be non-

seasonal dependant (- 5 %).

A principal component analysis (ACP) along dominangar vectors was performed to
clearly identify the differences in monosacchauiikgributions of the EPS fractions (Fig. 6).
Three distinct clusters were highlighted by ACP ¢61C3). C1 was a cluster constituted of
carbohydrates rich in glucose and inositol. Colbidarbohydrates were sorted in C1.
However, a significant seasonal difference was douretween the monosaccharide
distribution of W-LMW CC and S-LMW CC. Light and pwater could play a significant

role in this dissimilarity (Table 1, p < 0.05). Sbe monosaccharide distribution of LMW CC
could be seasonal dependant (no cluster). Thesgoima are extremely labile and can be
selectively consumed by heterotrophic bacteria.st@lu 2 represented fractions rich in
rhamnose, xylose and galacturonic acid. Bounditrast excepting S-HMW BC, belonged to
C2. Previously, we noted that the rhamnose conteaxd lower in S-HMW BC and we

suggested that this ratio could play a major impacsediment biostabilisation.
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It was noteworthy that residual carbohydrates warle in glucose. However, galacturonic
acid, galactose, fucose and mannose were ACP saggurs to take into account to sort these
fractions (C3). Anyway, the results highlighted tosg heterogeneity of carbohydrate

distributions in residual fractions which couldfoether investigated.

3.3.In situ modification of monosaccharides distribution: spepathways?

The mechanisms allowing diatoms to rapidly chargeEPS types being produced are not
well understood (Underwood and Paterson, 2003; ldofiret al., 2009). Moreover, this is the
selective consumption of carbohydrate EPS by hetgrbic bacteria which seems to play the
major role in these EPS changes (Giroldo et aD32CPreviously, we showed that four major
monosaccharides (glucose, xylose, galacturonic, ab@mmnose) characterized the different
fractions with some ratios above 20 %. Fucose wgfound during summer specifically in
residual fractions. Moreover, these monosacchande® representative sugars vectors in
ACP analyses to identify clusters. That is why te@nding stocks of these five
monosaccharides were followed during the emergetbgse in order to highlight possible
specific pathways of selective consumption (Fig.THe first important observation to note
was that the same monosaccharide distribution rpatterere observed during winter and
summer. Combined to our previous conclusions, thigjor result indicated that the
distribution of monosaccharides in the fractionsnsed to follow the same process regardless
the season and also that the carbohydrate produdtioterm of amounts, could vary in
response to environmental parameters (cf. par).3Bacterial interactions, adhesion and
biofilm formation, protection against salinity origration into the sediment could be

ecological and physico-chemical phenomena involaR$ changes.

In details, the results showed that all over thersion periods, glucose amounts stayed stable

whatever a possible consumption of colloidal cayloloates by heterotrophic bacteria.

-15-



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

Galacturonic acid amounts dropped and rhamnoseeotnations slightly increased for
colloidal fractions extracted in winter and summehne evolution in the galacturonic acid
distribution was interesting and suggested thabal fractions were not only used as C-
sources. Uronic acids are involved in several neagnvironmental processes including the
production of macroaggregates, microbial adhesiaod Aaiofilm formation, binding of
extracellular enzymes or ion sequestration (Dedl®®0; Sutherland, 2001; Bhaskar et al.,
2005). This drop of uronic acids amounts could hawvempact on the biofilm community,

maybe by protecting diatoms from extreme salindgditions.

If we focus on bound fractions, rhamnose amountseased during the emersion time. We
extensively discussed about the potential role ebxg¢ sugars in part 3.2 (cell-cell
interactions) and this observation seemed to aorthre involvement of rhamnose in adhesion
phenomena or in the motility of diatom cells. Fipatesidual fractions, rich in intracellular
carbohydrates and refractory EPS were very comipleaccordance with the literature. The
important point to highlight was the slight dropglficose amounts during the first hours of
emersion, followed by a large increase of gluces®s. This result could be due to the use of
C-storage during the emerged period (metabolisrap tto a drastic storing of carbon to

survive during periods of darkness (Hanlon, 2006).

4. Conclusion

Based on extensive data set (> 800 fractions) pduger focused on the seasonal dynamics of
EPS and extensively carbohydrates produced on tertidal mudflat during two different
sampling periods (winter and summer). Firstly, @olal carbohydrates, well known as C-
sources for heterotrophic bacteria and other Cioomess, were steadily produced suggesting
that an ecological equilibrium maybe existed betwearbon production and consumption.

The increase of bound carbohydrate levels duringersion times could show their
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involvement in adhesion/cohesive properties antidhe locomotive properties of diatom
cells which have to migrate back into the sedima&nthe end of emersion time. These
dynamic pathways were identical between winter anchmer, even if the data numbers
allowed us to significantly confirm this hypothesisly for summer. The presence of proteins
during summer was correlated to an additional @rsgdor diatoms cells (residual fractions)
and to a potential protection against high desionaand salinity degrees. A number of
abiotic/biotic parameters seemed to have impadE®8 dynamics and production as salinity,
pore water, light or tidal coefficient. At last, G@S analyses showed that colloidal
carbohydrates were glucose-rich, bound carbohyslratere significantly composed of
rhamnose and residual fractions presented a widgetyaof monosaccharides. All the
fractions were richer in glucose during summer thanter, maybe to response to greater
trophic needs. ACP analyses allowed refining theulte and highlighted that colloidal
carbohydrates formed a first cluster (glc, inoustér 2 (xyl, rham) was constituted of bound
carbohydrates and cluster 3 (fuc, gal. acid, gah)of residual carbohydrates. The evolution
of five representative monosaccharides (glc, gat,ayl, rham, fuc) was also followed in
function of the tidal emersion periods and the ltesgshowed again that the distribution
pathways did not change in winter or summer in rgtto monosaccharide amounts. We
noted that the levels of galacturonic acid varmdcblloidal and bound fractions, which could
have an effect on binding forces, protection (wa sequestration for instance) and cell-cell
interactions in microphytobenthic biofilms. Besidé€sstorage consumption and C-storing
(glc, fuc, man) were observed in residual fractidngng the emerged periods. To conclude,
many results were consistent with the literaturd additional information were obtained
concerning the influence of seasonal parametelSR# productions and dynamics. It should
be interesting to check whether these conclusiooddcbe observed on a much larger data

set, specifically targeting light, salinity and pawvater, tidal coefficient as major parameters.
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Table 1. Matrix of Pearson’s correlation coefficients betwecarbohydrate contents of the
different fractions (LMW/HMW: low and high moleculaweight, CC: colloidal

carbohydrates, BC: bound carbohydrates, RC: rekidagbohydrates) and biotic/abiotic
parameters measured on the sediment and duringvtheampling periods (W: winter, S:

summer). Values of r significant at * p < 0.05,3%< 0.01 and *** p < 0.001.

Figure 1. Location hypothesis of the different EPS fracticoiected by the Dowex method,

adapted from the model of Underwood & Paterson 3200

Figure 2. Location of the study area (Brouage mudflat, Fednehere samples of surficial

intertidal sediment were collected.

Figure 3. Total carbohydrate quantities (ig . pg cald) and relative contribution (% wi/w)
of neutral carbohydrates (light grey), uronic a@drk grey) and proteins (grey) for each EPS
fraction extracted during (A) winter and (B) summeampaigns. Bars represent the

heterogeneity of the three sampling sites.

Figure 4. Comparison of carbohydrates quantities (ig . gsédiment®) during winter and
summer of the extracted EPS fractions, at the péggnof the emerged periods with their
values at the end of the emerged period. Abbr@natw, S, LMW, HMW, CC, BC and RC
correspond respectively to winter, summer, low rool@ weight, high molecular weight,
colloidal carbohydrates, bound carbohydrates asidual carbohydrates. Regression lines are
used to read the graphs. Data points in the upgferphrt correspond to variable which
increased over the emerged period; data pointsariawer right part correspond to variable
which decreased during the same period. Data polote to the line: no change over the

emerged period.

-25-



576

577

578

579

580

581

582

583

584

585

Figure 5. Monosaccharide composition (% w/w) of the difféaréactions extracted in winter

and summer. See fig 4. for abbreviations meaning.

Figure 6. Principal component analysis scatter plot groupimanosaccharide profiles of the

different fractions along dominant sugar vectoee $ig 4. for abbreviations meaning.

Figure 7. Effect of the emersion time (average on the tls@mpling sites) on the major
monosaccharide contents. Glucose, xylose, galatturacid, rhamnose and fucose are
representative monosaccharides reported in figs 6haracteristics of the physicochemical
properties of the colloidal, bound and residuatticms. The variability within true sample

replicates was less than 5 %. See fig 4. for ab&tiens meaning.
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586

587 TABLE 1
. . . Bacterial Tidal
a) Winter W-LMW CC W-HMWCC W-LMW BC W-HMW BC Light Salinity Pore water .. C:N
abundance coefficient
Chla -0.114 0.291 -0.087 0.007 0,257 0,417 0.556 -0.524 -0.391 nd
W-LMW CC X 0.656* 0.852** -0.185 0.698* -0.387 0.083 -0.323 0.200 nd
W-HMW CC X X 0.795** 0.276 0.347 -0.393 -0.176 -0.126 0.427 nd
W-LMW BC X X X 0.189 0.422 -0.733* -0.241 -0.222 0.585 nd
W-HMW BC X X X X -0.621 -0.272 -0.433 0.514 0.776** nd
Light X X X X X 0.097 0.522 -0.682* -0.423 nd
Salinity X X X X X X 0.618 -0.008 -0.763* nd
Pore water X X X X X X X -0.558 -0.654* nd
. . Bacterial Tidal
b) Summer S-LMW CC  S-HMW CC  S-LMW BC S-HMW BC Light Salinity Pore water . C:N
abundance coefficient
Chla 0.409* 0.108 -0.122 -0.375%* 0.037 0.306 0.600*** 0.405* 0.163 0.086
S-LMW CC X -0.033 -0.062 0.097 0.027 0.061 0.362%* 0.307 0.091 0.090
S-HMW CC X -0.576*** -0.304 0.288 0.120 0.293 -0.072 0.536*** -0.175
S-LMW BC X X X 0.292 0.014 0.128 -0.338* -0.136 -0.024 -0.046
S-HMW BC X X X X -0.344* -0.249 -0.090 -0.114 -0.267 0.163
Light X X X X X 0.330* -0.196 -0.033 0.507** -0.231
Salinity X X X X X X -0,421* 0.103 0.417* 0.066
Pore water X X X X X X X 0.317 -0.009 -0.030

588 nd: non determined

589

590
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