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CHAPTER 1 

General introduction 

In estuaries, sediment is transported by the tidal movement of water resulting in the 
formation of intertidal mudflats. These mudflats harbour a complex ecosystem of 
bacteria, primary producers, grazers, and predators. Because of the frequent 
immersion of intertidal mudflats, the chemical and physical environment of 
organisms inhabiting a mudflat is extremely dynamic, and the adaptations that they 
have developed to survive and grow in the estuarine environment have long been 
the subject of extensive study (Round, 1971; Perkins, 1974; Mclntire & Moore, 
1977; Admiraal, 1980; Wolff, 1980; Admiraal et al., 1983). The primary producers 
are mainly benthic diatoms. Diatoms are photo trophic unicellular algae that are 
characterized by a silica frustule enveloping the cell. A characteristic feature of 
these organisms is the secretion of large amounts of polysaccharide ("mucilage"), 
forming a matrix on the surface of the sediment, in which cells are embedded 
(Hoagland et al, 1993). The exopolysaccharide matrix probably serves to enhance 
survival and competitive advantage of the cells in several ways. In addition, the 
exopolysaccharide matrix changes the physical behaviour of surficial sediment in 
such a way that erosion decreases (Holland et al., 197'4; Vos et ai, 1988; Paterson, 
1989), a process which may influence total sediment transport within the estuary 
(Frostick & McCave, 1979; Grant et ai, 1986). Therefore, when a project was 
initiated in order to quantify and model cohesive sediment transport in an estuary 
(the BOA research theme on tidal areas), one of the aspects that were studied was 
exopolysaccharide production by benthic diatoms. This introduction presents a 
description of the BOA project. Furthermore, the concept of biostabilization is 
introduced in more detail, and several aspects of polysaccharide secretion by 
benthic diatoms are reviewed. 

Sediment stabilization 

Total sediment transport in an estuary consists of two components: horizontal 
transport (e.g. exchange between channels and tidal flats) and downward vertical 
transport (sedimentation) (Postma, 1980). Total vertical transport is the result of 
sedimentation and resuspension (the sedimentation/erosion cycle). Sedimentation 
and erosion rates are a function both of physical factors (waves and currents induce 
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erosion) and biotic factors (biologically induced flocculation in the water column 
may change sedimentation rates (Van Leussen, 1986)). In addition, processes taking 
place in or on the sediment may influence erosion rates. These also include physical 
processes (consolidation, atmospherical processes (dewatering/rainfall) (Anderson, 
1983)), and biotic processes. Due to the presence and activity of organisms in or on 
the sediment surface the critical bottom shear stress for erosion, i.e. the shear stress 
exerted on the sediment surface necessary for resuspension of particles, is altered. 
A biologically induced increase in the critical bottom shear stress for erosion is 
defined as biostabilization. Montague (1986) and Paterson (1997) reviewed the 
biological processes that have been shown to significantly enhance sediment 
stability (i.e. increase the critical bottom shear stress for erosion). For instance, it 
has been established that network formation by filamentous cyanobacteria 
enhances stability of the sediment (Neumann et al, 1970; Meadows et al, 1994; 
Yallop eta/., 1994). Also, erosion rates are decreased by reduction of flow above the 
sediment due to the presence of faunal tubes (Luckenbach, 1986) or sea grasses 
(Gambi et al, 1990). Bacteria as well as meio- and macro fauna may secrete 
polysaccharides, by which sediment stability is increased (Grant & Gust, 1987; 
Dade et al, 1990). Secretion of polysaccharides by benthic diatoms is considered 
one of the most important biostabilizing processes, especially on the fine-grained 
sediments that characterize intertidal mudflats (Holland et a/., 1974; Grant et al, 

1986; Vos étal, 1988; Paterson, 1989; Underwood & Paterson, 1993a; Sutherland et 

al, 1998). The exopolysaccharide matrix influences the behaviour of surficial 
sediment in several ways: 1) surface roughness is decreased, which leads to lower 
turbulent resuspension rates (Vos et al, 1988), 2) sediment particles are physically 
and/or chemically trapped in the exopolysaccharide matrix (Coles, 1977; Frostick 
& McCave, 1979; Vos et al, 1988; Delgado et al, 1991; Underwood & Paterson, 
1993b), and 3) chemical cohesion between particles is enhanced due to the higher 
content of organic material (Daborn eta/., 1993; Black, 1997; Blanchard et al, 1997). 
However, the amount of detailed data on the chemical composition of the material 
secreted by marine benthic diatoms is still rather limited, as well as on the 
relationship between composition and the sediment stabilizing mechanism. 
Another important question is how relevant biostabilization by benthic diatoms 
really is for total estuarine sediment transport. For instance, how large are the 
temporal and spatial variability of diatom growth and polysaccharide secretion? 
How rapid is the turnover of secreted polysaccharides? And what is the effect of 
tidal immersion on the exopolysaccharide matrix? 

Not all biological processes lead to an increase in sediment stability. For 
instance, grazing of benthic diatoms by meio- and macrofauna may lead to a 
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decrease in the critical shear stress for erosion. Furthermore, the amphipod 
Corophium volutator, which is often dominant on intertidal mudflats, is a 
burrowing species that causes bioturbation of the sediment and thereby decreases 
sediment stability. 

The general objective of the BOA project was to study processes that influence 
transport of fine-grained cohesive sediment in an estuary, with a focus on processes 
taking place on or above intertidal mudflats. The area of research of the project was 
the Heringsplaat, a large tidal flat in the centre of the Ems-Dollard estuary. The 
approach taken was to obtain long-term in situ measurements on some key 
parameters that influence sedimentation and erosion. These were combined with 
detailed (laboratory) studies on specific processes. Ultimately, a sediment transport 
model was developed integrating the different studies and extrapolating field results 
to the scale of the tidal basin. Aspects that were considered key mechanisms in 
determining sediment transport were studied in separate projects. These aspects 
included: settling of cohesive aggregates, effects of benthic diatoms on sediment 
bed strength, effects of meio- and macrofauna on sediment bed strength, and 
turbulence structure close to the sediment bed. 

Exopoly'saccharide production by marine benthic diatoms 

Benthic diatoms can generally be divided into epipsammon (species attached to 
sand) and epipelon (species attached to mud). Generally, epipelic species exhibit 
extensive motility, in contrast to epipsammic species (Mclntire & Moore, 1977). 
On mudflats, the diatom community consists almost exclusively of epipelic species. 
They can be observed as brown patches on the sediment surface, appearing at the 
start of daytime emersion in response to light and the receding tide. At the 
beginning of the dark period or of immersion, they migrate to deeper sediment 
layers and the brown colouring of the sediment disappears. Hopkins (1966) made a 
detailed study of the rhythmicity of diatom motility. It was shown that migration is 
subject to an internal rhythm, which is re-enforced by light and tide (Hopkins, 
1966; Paterson, 1986; Pinckney & Zingmark, 1991). For instance, Serodio et al. 

(1997) showed that when diatoms were incubated in the dark, they continue to 
migrate to the surface of the sediment at the start of subjective daytime emersion 
for several days. The mechanism of diatom locomotion and the role of 
exopolysaccharides in this mechanism has been the subject of much discussion. 
Many theories have been developed, which are reviewed by Edgar & Pickett-Heaps 
(1984). Initially, it was proposed that the extrusion of exopolysaccharides in itself 
generated the force for locomotion: upon hydration, the polysaccharides would 
swell and force the cell to move into the opposite direction (Hopkins & Drum, 
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1966; Harper & Harper, 1967). However, it is now clear that the force for 
locomotion is provided by contractile components of the cytoskeleton (actin 
microfilaments) (Edgar & Pickett-Heaps, 1984; Wetherbee et al, 1998). The cell is 
displaced as a result of substrate-bound exopolysaccharides moving along the 
longitudinal opening in the silica frustule (the raphe), the force for this movement 
being generated by the actin bundles. Hence, the function of exopolysaccharides is 
primarily to anchor the cell to a solid substrate (Wetherbee et al, 1998). 
Experimental evidence for such a function of exopolysaccharides in motility has 
been given (Lind et al, 1997; Wang et al, 1997). However, Edgar & Pickett-Heaps 
(1984) calculated that not much polysaccharide is necessary in this mechanism 
(hence the metabolic expense is not high). Considering the copious quantities of 
exopolysaccharide produced by motile diatoms, it seems likely that the 
exopolysaccharide matrix fulfills other functions as well. For instance, in muddy 
sediments, light attenuation is high and cells experience dark conditions at depths 
greater than a few 100 um (Fenchel & Straarup, 1971). In order to harvest light, 
cells have to move to the surface of the sediment, where light intensities are high 
(Fenchel & Straarup, 1971). Therefore cells are forced to cope with high light 
intensities and may have to revert to overflow metabolism, where photosynthate 
produced in excess of growth requirements is stored or secreted (Ruddy et al, 

1998a). Indeed, it has been reported that polysaccharide secretion by benthic 
diatoms is enhanced during stationary growth (Lewin, 1955; Bhosle et al, 1995; 
Sutherland et al, 1998), indicating that secretion is dependent on growth status. 
Other possible functions of the exopolysaccharide matrix include protection of 
cells against desiccation, which seems especially important when cells are in full 
sunlight. In addition, when considering the dynamic environment in which epipelic 
diatoms grow, the exopolysaccharide matrix may serve as a barrier against other 
rapid chemical and physical changes. Several other functions can be envisaged, such 
as complexation of inorganic nutrients or protection against grazing. Within the 
context of the BOA project, it was important to understand the steering factors for 
secretion. For instance, light and nutrients are important factors controlling growth 
of benthic diatoms. One of the main questions was, therefore, how polysaccharide 
secretion related to these factors. 

Objectives 

The basic question underlying the research described in this thesis was : how 
important is polysaccharide secretion by epipelic diatoms for estuarine sediment 
transport? To answer this general question, both field surveys and laboratory 
experiments were undertaken, which focussed on specific aspects. First, the 

10 
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seasonal and spatial variations in benthic diatom growth and secretion on a tidal flat 
were investigated, and these were related to sediment stability and sediment 
composition. 

The results of these field surveys are given in chapters 2 and 3, and the 
implications for the relative importance of biostabilization by benthic diatoms for 
sediment transport are discussed. Subsequently, laboratory experiments were 
performed with monoalgal cultures, in which detailed aspects of polysaccharide 
secretion were studied. The secreted material from two species of epipelic diatoms, 
Cylindrotheca closterium (Ehrenb.) Reimann and Lewin and Navicula salinarum 

Grun. in CI. & Grun., was isolated and chemically analyzed (chapter 4). The effects 
of changes in nutrient and light conditions on exopolysaccharide accumulation 
were studied in cultures of C. closterium (chapters 5 and 6). To be able to translate 
laboratory results to the field situation, some of the experiments performed with 
monoalgal cultures were also performed in situ. 

11 





CHAPTER 2 

Seasonal patterns of benthic diatoms and carbohydrates on an 
intertidal mudflat in the Ems-Dollard estuary 

Abstract 

In order to assess the overall effect of biological processes on morphodynamics of 
intertidal mudflats, information is required on seasonal variability of these 
processes. An important process is exopolysaccharide production by benthic 
diatoms, which decreases sediment resuspension rates and may lead to accretion of 
sediment. In order to determine seasonal variability of growth of benthic diatoms 
and secretion of polysaccharides, pigment and carbohydrate contents were 
monitored on the Heringsplaat, an intertidal mudflat in the Ems-Dollard estuary 
(The Netherlands). During 1996 and 1997 samples of surficial sediment were taken 
at two stations at monthly intervals. High diatom densities were found in early 
summer 1996, whereas during 1997 diatom concentrations remained low 
throughout the year. Carbohydrates were extracted from the sediment in two 
consecutive steps. This resulted in two operationally defined fractions termed 
water- and EDTA extractable carbohydrates. The amount of water extractable 
carbohydrates was closely correlated with chlorophyll a, except in April-May when 
a much higher content of water extractable carbohydrates was found. This 
uncoupling in April-May was possibly related to the clear water phase that occurred 
during that period. Because of this, high light intensities may have reached the 
sediment surface, which may have lead to unbalanced growth resulting in the 
production of excess carbohydrate. The ratio carbohydrate/chlorophyll a was 
therefore not constant, but depended on growth conditions. EDTA extractable 
carbohydrates correlated less well with chlorophyll a. This fraction appeared to be 
more resistant to degradation than water extractable carbohydrates. When diatoms 
were present in high densities, they caused accumulation of mud in the sediment, 
indicating that the presence of benthic diatoms may influence sediment transport. 
However, the large seasonal and interannual variations of benthic diatom growth 
and polysaccharide secretion indicated that, compared to hydrodynamic factors, 
the overall effect of benthic diatoms on sediment transport was probably limited. 

Results presented in this chapter have been submitted for publication in the Journal of 
Sea Research as: 
Staats, N., De Deckere, E., De Winder, B. & Stal, L.J. Seasonal patterns of benthic 
diatoms and carbohydrates on an intertidal mudflat 
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Introduction 

Estuaries are highly dynamic systems that are continuously subject to 
morphological changes. Transport and deposition of sediment in estuaries result in 
the formation of tidal flats. Several studies have been carried out in order to 
understand the processes that cause sediment transport and deposition in estuaries 
(Postma, 1967; Postma, 1980; Dyer, 1986). The majority of these studies has 
focussed on physical processes. However, also biological factors may be important. 
Especially biologically induced changes in sediment bed strength on the intertidal 
mudflats may influence sediment transport between flat and channel (Frostick & 
McCave, 1979; Grant eta/., 1986; Montague, 1986; Paterson, 1997). 

The production of exopolysaccharides by benthic diatoms has now been 
identified as an important process for mudflat morphodynamics (Vos et al, 1988; 
Underwood & Paterson, 1993a; Underwood, 1997). The secretion of carbohydrates 
results in the formation of a matrix (Hoagland et al, 1993) that binds and traps 
sediment particles. As a result, the erosion threshold increases (Holland et al, 1974; 
Sutherland et al, 1998). 

In order to understand the importance of benthic diatom mediated 
biostabilization of mudflats for sediment transport processes, information is 
needed with respect to temporal variability of diatom growth and metabolism. 
Therefore, a field survey was carried out on a tidal flat in the Ems-Dollard estuary, 
during which benthic diatoms, carbohydrates and mud were monitored. 

Materials and methods 

Study area and sampling 

Study area 

The Ems-Dollard estuary (500 km2) is situated in the north-eastern part of the 
Dutch Wadden Sea. The Dollard (approx. 100 km2) is the upper reach of the Ems-
Dollard estuary (Fig. 2.1a) and consists for ± 85 % of intertidal mudflats. 
Measurements were performed on the Heringsplaat, an ebb-dominated mesotidal 
flat located in the central part of the Dollard (Fig. 2.1b). 

Sampling 

Sampling was performed at two fixed stations of 100 m2 (A and B). The location of 
the stations is indicated in Fig. 2.1b. Station A was located at 50 m from the 
channel, station B at 250 m from the channel. The stations were sampled at 

14 
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Fig. 2.1 Ems-Dollard estuary (a) and Dollard (b) indicating the approximate 
location of stations A and B on the Heringsplaat (H). Dotted line indicates mean 
low water mark. 
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monthly intervals. Samples for analysis of carbohydrates, chlorophyll a and mud 
were taken using stainless steel corers of 1.75 or 2.40 cm diameter. The corer was 
pushed into the sediment, closed airtight with a rubber stopper and lifted. In 1996, 
cores were taken in 5-fold and sectioned into 0-5, 5-10, 10-15 and 15-20 mm slices. 
In 1997, cores were taken in triplicate and the top 5 mm was pooled. Samples were 
stored at -20 °C immediately after slicing. 

&• 

Analyses 

Extraction and analysis of carbohydrates 

Sediment samples were freeze-dried prior to the extraction and analysis of 
carbohydrate. To 100 mg of dry sediment 1 ml of distilled water was added. 
Samples were incubated for 1 hour at 30 °C, followed by centrifugation for 5 
minutes at 20,000g. Subsequently, the pellet was extracted with 1.5 ml of 100 mM 
Na2-EDTA for 12 hours at 20 °C, followed by centrifugation for 5 minutes at 
20,000g. Carbohydrate concentrations in the water extract and the EDTA extract 
were determined using the phenol/H2S04 assay with glucose as a reference 
(Dubois eta/., 1956). 

Extraction and analysis of chlorophyll a 

Chlorophyll a was extracted from freeze-dried sediment by N,N-
dimethylformamide (DMF). To 100 mg of sediment 0.7 ml DMF was added. 
Samples were incubated for 1 hour in the dark. After centrifugation for 5 minutes 
at 20,000g the absorption of the extract was determined spectrophotometrically at 
665 nm. Pheophytin was determined by acidification by adding 15 ul HCl (5 M) to 
0.5 ml DMF extract and measuring absorption at 665 nm. Concentrations of 
chlorophyll a and pheophytin were calculated according to the following equations 
(De Winder eta/., in press): 

chlorophyll a (g f') = k • (E,rE)/A 

pheophytin (g l1) = k • (R • Erl-E,)/A 

with En: extinction of neutral extract, Erl: extinction of acidified extract, A: 

absorption coefficient of chlorophyll a in DMF and k and R. constants. Values for 
A, k and R in DMF were 72.114, 2.3 and 1.8, respectively, and were experimentally 
obtained using purified chlorophyll a and pheophytin. 

16 
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Mud content 

Mud content was analyzed with a malvern particle sizer 3600 EC. 

Results 

In Fig. 2.2a chlorophyll a content in the upper sediment layer during 1996 and 1997 
at station A is shown. In 1996 a very high chlorophyll a content of more than 80 Lig 
g1 sediment was observed in June, but in 1997 chlorophyll a remained low 
throughout the year. (Microscopic observations of fixed sediment samples 
indicated that the phototrophic community consisted primarily of epipelic 
diatoms.) The same general pattern was observed for water- and EDTA extractable 
carbohydrates (Fig. 2.2b). This shows that large interannual variations occur in 
diatom growth and secretion. 

Figure 2.3 shows chlorophyll a and carbohydrate content at stations A and B 
during 1996 (Fig. 2.3a: same data as in Fig. 2.2). At both stations, chlorophyll a 

content increased in March. At station A, the highest content was observed in 
June, followed bv a rapid decline. At station B, chlorophyll a content already 
decreased in May. At station B chlorophyll a remained low compared to station A. 
Water extractable carbohydrate content closely followed chlorophyll a content, 
except in April when a distinct peak in water extractable carbohydrates was 
observed at both stations, which was not accompanied by a peak in chlorophyll a. 

EDTA extractable carbohydrates generally correlated less with chlorophyll a than 
water extractable carbohydrates. When chlorophyll a content was low (from July 
onwards), EDTA extractable carbohydrates remained present in relatively high 
amounts. This was the case at both stations. 

Figure 2.4 shows the mud content of the sediment together with chlorophyll a at 
the two stations in 1996. Although mud content at both stations was highly variable 
throughout the year, it was generally somewhat higher at station A than at station 
B. The high diatom densities found in June at station A coincided with a high 
sediment mud content (Fig. 2.4a). 

Discussion 

In 1996 a large peak in chlorophyll a was observed, which was not found in 1997. 

Apparently, the development of a benthic diatom bloom was subject to 

considerable interannual variations. In several respects, 1996 differed from 1997. A 

17 
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Fig. 2.2. Chlorophyll a (a) and carbohydrates (b, • : water extractable 
carbohydrates, +: EDTA extractable carbohydrates) in the upper 5 mm at station 
A during 1996 and 1997. 

clear water phase was observed in April 1996 but not in 1997. The clear water 
phase was possibly induced by freezing of the tidal flat in January and February 
1996 (Terwindt et al, subm.). This may have led to the extremely high diatom 
densities observed in 1996, in several ways: 1) the induction of a clear water phase 
created favourable light conditions for a rapid development of the diatom 
population, and 2) the development of grazers may have been slowed down. 

The fact that water extractable carbohydrates were closely coupled to chlorophyll 
a during most of the year, was taken as evidence that this fraction consisted of 
carbohydrates produced by benthic diatoms. It could not be excluded that some 
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Fig. 2.3. Chlorophyll a (•) and carbohydrates (A: water extractable carbohydrates, 
+: EDTA extractable carbohydrates) in the upper 5 mm at station A (a) and B (b) 
during 1996. 

intracellular carbohydrates were present in the water extract (Underwood é>/ al, 

1995). However, since the major part of the carbot^drates in the water extract 
precipitated in cold 80 % (v/v) ethanol, while the storage polysaccharide did not 
(Myklestad, 1988; chapter 4 this thesis), it was assumed that the largest part of the 
water extractable carbohydrates represented extracellular polysaccharides. 

In April 1996, water extractable carbohydrate did not correlate with chlorophyll 
a. The time of year suggested that this phenomenon was related to the clear water 
phase that occurred during this period. The concentration of suspended sediment 
particles started to decrease in January, and reached very low values at the end of 
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Fig. 2.4. Chlorophyll a (•) and mud content (A) in the upper 5 mm at station A (a) 
and B (»during 1996. 

March (Terwindt et al, subm.). Then, from the beginning of June, the 
concentration of suspended sediment particles increased again (Terwindt et al, 

subm.). Therefore, light intensities in the water column and on the sediment 
surface during immersion must have been relatively high during April and May. 
Ample supply of light may have resulted in overflow metabolism in the diatoms, i.e. 
an excess production of carbohydrates (Ruddy et al, 1998a). At the end of May, 
when the clear water phase ended, water extractable carbohydrates content again 
quite closely followed chlorophyll a content. However, also changes in species 
composition, or nutrient depletion may have played a role. Our data indicate that 
secretion of carbohydrates may vary considerably, dependent on growth 
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conditions. Since the carbohydrate/chlorophyll a ratio was not constant, 
carbohydrate content cannot be predicted from chlorophyll a, as suggested by 
Underwood & Smith (1998). 

EDTA extractable carbohydrates were to some extent correlated with 
chlorophyll a, suggesting that it contained carbohydrates produced by diatoms. 
However, EDTA extractable carbohydrates appeared less closely coupled to 
chlorophyll a than water extractable carbohydrates. EDTA extractable 
carbohydrate content remained high at low levels of chlorophyll a, indicating that 
these carbohydrates were more resistant to degradation than the carbohydrates in 
the wTater extract. Presumably, extraction with EDTA isolated carbohydrates that 
were relatively tightly bound to the sediment. 

At station B, the development of the diatom bloom ceased, while at station A it 
continued (May). The resulting difference in diatom abundance in June between 
stations A and B was probably related to the mud content of the sediment. It is 
known that epipelic diatoms are generally found in sediment with a high mud 
content (Colijn & Dijkema, 1981; Sundbäck, 1984; De Jonge, 1985; Brotas et ai, 

1995). In turn, it appeared that the diatoms themselves caused accumulation of 
mud. At the extremely high diatom concentration observed in June 1996 at station 
A, also an extremely high mud content was observed. Measurements of sediment 
stability confirmed that benthic diatoms stabilized the sediment in early summer, 
since sediment stability in this area was very high from April to June (Kornman & 
DeDeckere, 1998). 

Concluding, it was shown that benthic diatom growth and secretion were subject 
to large interannual variations. High chlorophyll a and carbohydrate contents were 
found in early summer 1996. More carbohydrates were secreted during the clear 
water phase. Hence, the ratio carbohydrate/chlorophyll a was variable and 
dependent on growth conditions. At high densities, diatoms substantially increased 
the mud content of the sediment. Because biostabilization by benthic diatoms was 
restricted to a short period during the year, the effect of biostabilization on total 
sediment transport was probably limited. 
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CHAPTER 3 

Spatial patterns of benthic diatoms and carbohydrates on an 
intertidal mudflat in the Ems-Dollard estuary 

Abstract 

The chlorophyll a content and two operational fractions of carbohydrate (water 
extractable and EDTA extractable) were measured along transects on a tidal flat in 
the Ems-Dollard estuary (The Netherlands). Chlorophyll a was used as a measure 
of microphytobenthos biomass, which was composed predominantly of epipelic 
diatoms. Both carbohydrate fractions correlated significantly with chlorophyll a. 
EDTA extractable carbohydrates were more resistant towards degradation than the 
water extractable fraction. During most of the year contents of chlorophyll a and 
carbohydrates were low, but in June a high content of up to 90 ug g~1 sediment was 
found in a narrow zone running parallel to the channel. Maximum contents of 
water extractable carbohydrate and EDTA extractable carbohydrate ranged 
between 800-1200 and 600-800 ug g"1 sediment, respectively. The mud content was 
high (± 90 %) at the margin of the tidal flat, and high diatom densities were only 
observed in sediment with a high mud content. Alternatively, a high mud content 
was not limited to the growth season of the diatoms, but was observed throughout 
the year. This indicated that the high mud content was mainly caused by 
hydrodynamic factors, and not by biostabilization. June represented a very 
different situation: the area of high mud content was larger than during the rest of 
the year, and correlated with high diatom densities. This indicated that the 
exceptionally high diatom densities in June increased the mud content of the 
sediment. These observations suggested that mud content and diatom density were 
interacting variables. The seasonal (June) and spatial (areas of low prevailing 
erosion rates) restriction of epipelic diatom growth indicated that the influence of 
accretion by diatoms on sediment mud content was small compared to effects of 
hydrodynamic factors. 
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Introduction 

On the Heringsplaat, a tidal flat in the Ems-Dollard estuary (The Netherlands) (Fig. 
2.1), Kornman & De Deckere (1998) observed that stability of the sediment bed 
was highest in the period April-June, when the density of benthic diatoms was high. 
In order to assess the impact of benthic diatoms and exopolysaccharides on 
biostabilization and sediment transport, more information was needed about the 
spatial distribution of benthic diatoms and associated exopolysaccharides. Several 
reports deal with spatial distribution of microphytobenthos on tidal flats. For 
instance, Cadée & Hegeman (1977) and Guarini et al. (1998) assessed the 
consequences of spatial variability of microphytobenthos biomass for estimates of 
primary production. Colijn & Dijkema (1981) and Brotas et al. (1995) looked at the 
relationship between microphytobenthos and sediment characteristics. They 
showed that diatom concentrations were correlated to the mud content of the 
sediment. However, no information on carbohydrates was provided in these 
reports. Therefore, a sampling program was carried out along transects located on 
the Heringsplaat. In this paper, we report on the distribution of diatoms, 
carbohydrates and mud along these transects. 

Materials and methods 

Study area and sampling 

Study area 

A description of the study area is given in chapter 2. 

Sampling 

In 1996 samples were taken at 3-monthly intervals along two to four transects 
running perpendicular to the channel. The transects were numbered I-IV, from 
south to north. They were 50 m apart and approximately 250 m long (the 
approximate location of the transects is indicated in Fig. 3.1). Samples for analysis 
of carbohydrate, chlorophyll a and grain size were taken using stainless steel corers 
of 1.75 or 2.40 cm diameter. The corer was pushed into the sediment, closed 
airtight with a rubber stopper and lifted. Each transect contained nine sampling 
points, at 20 m intervals for the five lowest points and 40 m intervals for the other 
points, with the lowest sampling point at 20 m from mean low water. Sampling was 
done in triplicate. The cores were subsectioned into three slices (0-5, 5-10 and 
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Fig. 3.1. Dollard estuary indicating the approximate location of transects I to IV on 
the Heringsplaat (H). Dotted line indicates mean low water mark. 

10-20 mm). The triplicate samples of corresponding depths were pooled. Samples 
were stored at -20 °C immediately after slicing. For correlations of chlorophyll«, 
carbohydrates and sediment mud content, additional data were used. These were 
collected in 1995 and 1996 from 3 or 2 plots of 100 nf, respectively, and from 
three transects sampled in 1997. The transects wrere sampled each month from 
April to October at three points. Cores were taken in triplicate and the top 5 mm 
was pooled. The 100 m2 plots were located close to the transects, and were sampled 
at monthly intervals. In 1995, sampling was done in triplicate on three plots and 
only the top cm was used. In 1996, two plots were sampled in triplicate and cores 
were sectioned into 0-5, 5-10, 10-15 and 15-20 mm slices. 

Analyses 

Extraction and analysis of carbohydrates and chlorophyll a, and analysis of mud 

content are described in chapter 2. 

Statistical analysis 
Level of significance of correlations between variables was analyzed with the 
Spearman rank correlation coefficient (Sokal & Rohlf, 1981). 
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Results 

A high content of chlorophyll a (up to 90 ug g"1 sediment) was found in June, 
whereas in March, October and December chlorophyll a content was low (less than 
10 ^g g 1 sediment) (Figs. 3.2a and d). The high chlorophyll a content in June was 
observed on all transects, between approximately 50 and 150 m from the channel 
(only transects I and III are shown; transect I was not sampled in December). 
Within 50 m from the channel and at distances greater than 150-200 m, chlorophyll 
a content fell to less than 20 ug g"' sediment. The same pattern was observed for
me water extractable carbohydrate fraction (Figs. 3.2b and e). EDTA extractable 
carbohydrate content was also higher in June (up to 800 ug g"1 sediment), but 
compared with chlorophyll a or water extractable carbohydrates the differences 
between June and other sampling periods were less pronounced (Figs. 3.2c and f). 
In addition, EDTA extractable carbohydrate content was also relatively high close 
to the channel and at increasing distance from the channel, compared with the 
zone between 50 and 150 m. This spatial pattern indicated that water extractable 
carbohydrates were more closely linked to chlorophyll a than EDTA extractable 
carbohydrates. When data of water extractable carbohydrates were plotted against 
chlorophyll a (Fig. 3.3a), water extractable carbohydrates correlated significantly 
with chlorophyll a (p<0.01; rs=0.21; n=161). However, when the data from the 
transect sampled in June were omitted, there was no significant correlation between 
water extractable carbohydrates and chlorophyll a (rs=0.12; n=146). The correlation 
of EDTA extractable carbohydrates with chlorophyll a was also significant 
(p<0.001; rs=0.46; n=159) (Fig. 3.3b), and remained significant when the data from 
the June 1996 transect were omitted (p<0.001; r,=0.45; n=143). 

Chlorophyll a was almost completely restricted to the top 5 mm of the sediment 
(Figs. 3.4a and d). Water extractable carbohydrates were also much higher in the 
top 5 mm than in deeper layers (Figs. 3.4b and e). In contrast, EDTA extractable 
carbohydrates were found in comparable amounts throughout the top 2 cm of the 
sediment (Figs. 3.4c and f). 

The mud content in the upper sediment layer decreased with increasing distance 
from the channel (Fig. 3.5). In March, October and December this was a more or 
less gradual decrease, but in June the pattern was different. At some distance from 
the channel mud content increased to approximately 90 % and remained high for 
the next 50-100 m. At increasing distance from the channel mud content decreased 
to 30-50 % (Fig. 3.5). This pattern was most pronounced along transect III (Fig. 
3.5b). 

The area of high mud content of the sediment coincided with the area of high 

26 



spatial patterns 

100 

1400 

h 1200 
u 
M 1000 

900 

600 

300 

150 200 250 300 0 

distance from channel (m) 

50 100 150 200 250 300 

distance from channel (m) 

Fig. 3.2. Chlorophyll a (a,d), water extractable carbohydrates (b,e) and EDTA 
extractable carbohydrates (c,f) in the upper 5 mm along transects I (a,b,c) and III 
(d,e,f) on 5 March (•) , 26 June (A), 6 October (+) and 4 December (•) 1996. 
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Fig. 3.3. Water extractable carbohydrates (a) and EDTA extractable carbohydrates 
(b) in the upper 5 mm (data from 1995: upper 10 mm) plotted against chlorophyll 
a. All data (+ and A) and data from June 1996 (A). 

chlorophyll a and carbohydrate contents (cf. Figs. 3.2 and 3.5). This was also 
apparent when chlorophyll a was plotted against mud content (Fig. 3.6): high values 
of chlorophyll a were found only at high mud values. Alternatively, a broad range 
of mud content values was observed at low chlorophylls content. There was no 
significant correlation between chlorophylls content and mud content both when 
the data from the transect from June 1996 were included (r=0.0F; n=158) and 
when these were omitted (i;=-0.06; n=142). 
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Fig. 3.4. Chlorophyll a (a,d), water extractable carbohydrates (b,e) and EDTA 
extractable carbodrates (c,f) along transects I (a,b,c) and III (d,e,f) at depths of 0-5 
mm (•), 5-10 mm (A) and 10-20 mm (+) in June 1996. 
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Fig. 3.5. Mud content of the upper 5 mm along transects I (a) and III (b) on 5 
March (•), 26 June (A), 6 October (+) and 4 December (•) 1996. 

Discussion 

In June 1996, contents of chlorophyll« and carbohydrate on the Heringsplaat were 
much higher than during the rest of the year. Such a seasonal pattern has frequently 
been observed for microphytobenthos on tidal flats in the Dutch Wadden Sea 
(Cadée & Hegeman, 1974; Colijn & Dijkema, 1981; Admiraal«/ al, 1982; chapter 2 
this thesis). Also large interannual variations were observed, since chlorophylls and 
carbohydrate contents were much higher in 1996 than in 1997 (chapter 2). 

Since epipelic diatoms were the only phototrophs in the sediment (Wiltshire 
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Fig. 3.6. Chlorophyll a in the upper 5 mm (data from 1995: upper 10 mm) plotted 
against mud content. All data (+ and A) and data from June 1996 (A). 

et al, 1998), chlorophyll a could be regarded as a good indication of benthic diatom 
biomas. The fact that water extractable carbohydrates correlated significantly with 
chlorophyll a only when the data from the June 1996 transect were included, 
confirmed that this period represented an exceptional situation. Furthermore, the 
close coupling of water extractable carbohydrates with chlorophyll« in June 1996 
suggested that this fraction consisted of carbohydrates secreted by benthic diatoms. 
A strong coupling of water extractable carbohydrates and chlorophyll a in fine
grained sediments was also observed by Underwood & Paterson (1993a) and 
Underwood & Smith (1998). EDTA extractable carbohydrates also significantly 
correlated with chlorophyll a, suggesting that these carbohydrates were produced 
by benthic diatoms as well. The fact that EDTA extractable carbohydrate content 
was relatively high when chlorophyll a was absent (i.e. at increasing distance from 
the channel or at greater depths), indicated that this fraction was more resistant 
towards degradation than water extractable carbohydrates. These conclusions 
confirm those derived from seasonal measurements of water and EDTA 
extractable carbohydrates and chlorophylls as presented in chapter 2. 

Generally, on tidal flats grain size decreases with increasing elevation due to 
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lower current velocities (Postma, 1957; Coles, 1977). This has been observed for 
several tidal flats in the Ems-Dollard estuary (Colijn & Dijkema, 1981; Delgado et 

al, 1991) including the Heringsplaat (Schröder & Van Es, 1980). Contrasting with 
these findings, we observed an area of high mud content on the margin of the 
Heringsplaat, which has also been reported for other tidal flats (Postma, 1957; Vos 
et al, 1988). A high mud content of the sediment found on the edge of a tidal flat in 
the Wash (England) was ascribed to accretion of mud by diatoms (Coles, 1977). 
However, our data showed that mud content on the margin of the Heringsplaat 
was high throughout the year. This phenomenon could therefore not be explained 
by binding of mud by diatoms. More likely, the high mud content was caused by 
hydrodynamic factors. Current velocity probably decreased from the channel to the 
flat, which may have resulted in high sedimentation rates (H. Ridderinkhof, pers. 
comm.). Also wave action, which is generally low at the edge of a mudflat (Postma, 
1957; Frostick & McCave, 1979; Anderson, 1983; De Jonge & Van Beusekom, 
1995) could play a role. Postma (1957) concluded that the margin of a tidal flat in 
some cases may be considered an area of low hydrodynamic energy because of low 
wave action. 

There was a distinct spatial distribution in chlorophyll a and carbohydrate 
contents on the Heringsplaat. In June the density of benthic diatoms was high in 
the area characterized by a high mud content. Vos et al (1988) observed the same 
phenomenon on tidal flats in the Eastern Scheldt: in spring a dense population of 
epipelic diatoms developed at the margin of the flat. Epipelic diatoms only seem to 
reach high densities in muddy sediment (Colijn & Dijkema, 1981; Sundbäck, 1984; 
De Jonge, 1985; Brotas et al, 1995; De Jong & De Jonge, 1995; Guarini et al, 1998). 
Also, they are generally encountered in more elevated areas of low hydrodynamic 
energy (Sundbäck, 1984; Vos et al, 1988; Underwood & Paterson, 1993b; Brotas et 

al, 1995; De Jong & De Jonge, 1995). Possibly, diatom densities and mud content 
correlate as a result of low hydrodynamic energy (Sundbäck, 1984; De Jong & De 
Jonge, 1995), since epipelic diatoms are easily resupended when exposed to 
conditions of high hydrodynamic energy (Delgado et al, 1991; De Jonge & Van 
Beusekom, 1995). On the other hand, epipelic diatoms may select for sediment of 
low grain size. On sediments of different grain size, typical assemblages of 
microphytobenthos are often found (Mclntyre & Moore, 1977; Amspoker & 
Mclntyre, 1978). Also, Van de Koppel et al. (subm.) demonstrated that epipelic 
diatoms grow faster on mud than on sand. The reason for a preference for muddy 
sediment may be found in the higher concentrations of inorganic nutrients in 
muddy sediment than in sandy sediment. It has also been suggested that 
photoperiod length may be an important factor, since at elevated areas 
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photoperiods are longer than in lower areas (Pinckney & Zingmark, 1991). 
However, the high densities observed at the margin of the Heringsplaat indicated 
that the length of the photoperiod was not a major factor controlling the presence 
of epipelic diatoms. It was likely, therefore, that diatom growth was controlled by 
low resuspension rates and/or mud content. 

Even though mud content of the sediment was to a large extent independent of 
chlorophyll a, it seemed that also in this respect the situation in June was very 
different from the rest of the year. In June the zone of high mud content was 
broader than during the rest of the year, and this coincided with the zone of high 
diatom biomass and high carbohydrate content. Apparently, in the area where 
during the rest of the year mud was removed, in June erosion was prevented by 
the presence of the diatoms. These observations suggest that there may be an 
interaction between mud content and diatom growth. Van de Koppel et al. (subm.) 
suggested a positive feedback mechanism between mud content and diatom growth 
based on both mathematical modelling and experimental evidence. 

Measurements of sediment stability at the margin of the Heringsplaat showed 
that during the period of high diatom biomass and high carbohydrate content 
(April-June) sediment stability was higher than during the rest of the year 
(Kornman & De Deckere, 1998). It should be noted that in areas of high 
hydrodynamic energy (high erosion rates), i.e. sandy sediments, epipelic diatoms 
generally do not occur. This means that biostabilization by epipelic diatoms is 
restricted to areas where prevailing erosion rates are low. This suggests that 
prevention of erosion by diatom exopolysaccharides has only limited consequences 
for sediment transport. However, it has been shown that epipelic diatoms in inland, 
sheltered areas of high mud content may enhance the process of salt marsh 
formation (Coles, 1977; Underwood, 1997). Although erosion rates in these areas 
are low, biostabilization may therefore still affect sediment transport (Underwood 
& Paterson, 1993a; Underwood, 1997). Similarly, at the margin of the tidal flat 
biostabilization by diatoms may be effective in influencing sediment transport at 
high diatom densities. It may even be more effective than biostabilization in 
elevated areas, since a large amount of sediment is trapped in a relatively small area, 
hence the level of accretion per unit diatom biomass may be relatively high. 

Concluding, benthic diatoms and exopolysaccharides on the Heringsplaat 
exhibited a clear seasonal and spatial distribution. Only in early summer (June) 
diatom concentration and carbohydrate content were high, on the margin of the 
mudflat in an area of very high mud content. This area of high mud content was 
also observed when no diatoms were present, and generally mud content was 
determined by hydrodynamic factors. In early summer the situation was different 
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since the high concentrations of benthic diatoms resulted in additional accretion of 
mud. The observations that accretion by diatoms was limited to early summer and 
to areas where mud content was already relatively high, implied that the influence 
of diatoms on sediment transport was small compared to the influence of 
hydrodynamic factors. 
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CHAPTER 4 

Isolation and characterization of exopolysaccharides from the 
marine benthic diatoms 

Cylindrotheca closterium and Navicula salinarum 

Abstract 

The accumulation and composition of extracellular polymers in axenic batch 
cultures of the marine benthic diatoms Navicula salinarum and Cylindrotheca 
closterium were investigated. Exopolymers were secreted into the medium and the 
bulk was loosely associated with the cells. Neither N. salinarum nor C. closterium 
formed a well defined polysaccharide capsule. Exopolymers of both N. salinarum 
and C. closterium consisted predominantly of polysaccharides but small quantities 
of protein were present as well. Exopolysaccharides contained uronic acids and 
sulphate groups. Analysis of monosaccharides using gas chromatography showed 
that for both species glucose and xylose were the main constituents, but several 
other monosaccharides were present in smaller quantities. Two fractions of 
exopolysaccharide were distinguished. A small amount was secreted into the 
medium. A second fraction was extracted in water at 30 °C. For both species the 
two fractions differed somewhat in composition, indicating that it concerned two 
different types of exopolysaccharide. Also exopolysaccharides produced by N. 
salinarum and C. closterium differed in composition. The rate of 
exopolysaccharide production in batch culture was highest during the transition 
from exponential growth to stationary growth. Negatively charged groups such as 
uronic acids and sulphated sugars determine the adhesion capacity of 
exopolysaccharides and this probably plays an important role in the stabilization of 
intertidal sediments on which these diatoms grow and produce biofilms. 

Results presented in this chapter have been published as: 
Staats, N., De Winder, B. Stal, L.J. & Mur, L.R. (1999). Isolation and characterization of 
extracellular polysaccharides from the epipelic diatoms Cylindrotheca closterium and 
Navicula salinarum. Eur. J. Phycol. 34, 161-169 
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Introduction 

It has been proposed that the secretion of polysaccharides by benthic diatoms is 
involved in the mechanism of motility (Edgar & Pickett-Heaps, 1984). However, 
exopolysaccharides may also fulfill several other functions such as protection 
against desiccation (Hoagland et al, 1993). Nutrient and light availibility are also 
likely to affect exopolysaccharide production. Distinct effects of nutrients and light 
on exopolymer production have been reported for a wide range of phototrophic 
microorganisms such as Chaetoceros affinis (Myklestad et ah, 1989), 
Chlamj'domonas mexicana (Kroen & Rayburn, 1984) and cyanobacteria (Bertocchi 
etal, 1990). 

Although many studies have been concerned with the capsules of bacteria 
(Sutherland, 1977; Read & Costerton, 1987; Sutherland, 1988; Whitfield, 1988), 
little is known of the production and composition of exopolysaccharides from 
marine benthic diatoms (Hoagland et al, 1993). Of special interest are anionic 
compounds such as carboxylic and sulphate groups, which are determinant factors 
in the adhesion properties of exopolysaccharides (Dade et al, 1990). In this study, 
the composition of exopolysaccharides produced by two species of benthic 
diatoms, Cylindrotheca closterium and Navicula salinarum, grown in axenic batch 
cultures in the laboratory, was investigated. A procedure for the extraction of 
exopolysaccharides was developed leaving the cells intact. Cellular composition was 
determined and growth and exopolysaccharide accumulation were monitored. 

Materials and methods 

Organisms and culture conditions 

Strains of Cylindrotheca closterium and Navicula salinarum were isolated from 
the Ems-Dollard estuary (The Netherlands) and were kindly provided by H. 
Peletier (RIKZ, Haren, The Netherlands). Cells were grown in Kester medium 
(Kester et al, 1967). The medium had a salinity of 33 PSU. The diatoms were 
cultivated on a substratum of purified sea sand (Merck, Darmstadt, Germany) in 
300 or 1000 ml glass Erlenmeyers at 20 °C. Cultures were illuminated at a light-
dark cycle of 12-12 hours by two white fluorescent tubes (Philips TLE 32/33) 
which gave an incident irradiance of 60 umol photons m 2 s"1 at the surface of the 
culture flask. 

Cells were harvested either during exponential or during stationary growth, 
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depending on the experiment. In order to harvest the cells, the culture was gently 
shaken by hand, until all cells were in suspension. Subsequently, the sand was 
allowed to sediment before the cell suspension was poured off. Unless stated 
otherwise, samples were taken in triplicate from one culture. Axenity of the cultures 
was checked by plating on agar/medium and by microscopic observation. 

Isolation of'exopoly'saccharides 

The cell suspension was centrifuged for 15 minutes at 20,000g at 10 °C. 
Centrifugation at a lower temperature resulted in cell lysis. The pellet was extracted 
in water for 1 hour at 30 °C. Tap water was used instead of distilled water to avoid 
cell lysis or leakage. This extract was subsequently centrifuged for 15 minutes at 
20,000g and 10 °C. Polysaccharides were isolated from the culture medium as well 
as from the warm water extract by overnight precipitation in cold (-20 °C) 80 % 
(v/v) ethanol. For compositional analyses, exopolysaccharides in the culture 
supernatant were pre-concentrated by ultrafiltration using a 3kD cut-off membrane 
(Filtron) prior to precipitation in ethanol. The precipitate was dried under a flow of 
nitrogen gas and subsequently stored dry at -20 °C before analysis. The fraction 
obtained after centrifugation of a cell suspension was designated non-attached 
exopolysaccharide, while the fraction obtained by extraction in water for 1 hour at 
30 °C was designated attached exopolysaccharide. 

Prior to establishment of these extraction steps as the optimal procedure, several 
other treatments of the pellet remaining after centrifugation had been tested. All 
extraction procedures were followed by microscopy in order to check for cell lysis. 
Damaged or lysed cells could be recognized as empty frustules or as cells from 
which the protoplasm had leaked out. In addition, the cellular content of protein 
was measured before and after extraction in order to establish whether any losses 
occurred during the extraction. All extracts were obtained by centrifugation for 15 
minutes at 20,000g. From all extracts polysaccharides were isolated by overnight 
precipitation in cold (-20 °C) 80 % (v/v) ethanol and quantified with the 
phenol/fTS0 4 assay (Dubois eta/., 1956). In one series of experiments, cell pellets 
from late log phase cultures were extracted in 4 consecutive steps using 
commercially available artificial seawater (Instant Ocean). Extraction lasted for 1 
hour at 20 °C. In this experiment, polysaccharides were found in the culture 
supernatant (medium) at a concentration of 4.7 and 7.1 ug ml"1 for C. closterium 

and N. salinarum, respectively. The 4 additional centrifugation steps in Instant 
Ocean resulted in very low additional amounts of polysaccharides. However, Alcian 
Blue staining clearly revealed that still exopolysaccharides were associated with the 
cells. 
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In another series of experiments, pellets were extracted by the following 
solutions: (i) water, (ii) 0.05 M NaOH, (Hi) 1 M NaCl or (iiii) 0.1 M EDTA, (i) for 1 
hour at 30 °C and (ii) to (iiii) for 1 hour at 20 °C. Extraction with 0.1 M EDTA or 
1 M NaCl yielded much less polysaccharide than extraction in water (Table 4.1). 
Extraction with 0.05 M NaOH resulted in cell lysis. In order to distinguish between 
the effect of temperature and water, pellets were subjected to extraction for 1 hour 
in water at 20 °C or 30 °C or to extraction in the growth medium at 30 °C (Table 
4.2). Incubation of the cell pellet with medium at 30 °C yielded much less polysac
charide compared to incubation in water (Table 4.2). In water, the elevated 
temperature of 30 °C increased the amount of polysaccharides. Extraction in water 
at 70 °C resulted in cell lysis (results not shown). Hence, incubation of the pellet in 
water for 1 hour at 30 °C resulted in the maximum amount of exopolysaccharide, 
leaving the cells intact (Table 4.2). Microscopic observation of Alcian Blue stained 
pellets after water extraction showed that all exopolysaccharides had been removed. 

Cell analyses 

Cells were counted in triplicate using a Coulter counter (model ZM) equipped with 

Table 4.1. Concentrations of polysaccharide in culture supernatant from C. closterium 
and N. salinarum and upon different parallel treatments of the cell pellet, and % 
recovery of cellular protein after extraction 

fraction extraction extraction polysaccharide cellular protein 
solvent temp. (°Q (ugmf1) (% recovery) 

C. closterium supernatant n.a. n.a. 4.30 (0.26) 99.41 (22.73) 
pellet water 30 3.92 (0.34) 105.70 (6.31) 
pellet 0.05 M NaOH 20 4.73 (0.27) 71.39 (9.60) 
pellet 1 M NaCl 20 0.68 (0.30) 98.23 (18.99) 
pellet 0.1 M EDTA 20 0.58 (0.78) 107.90 (23.68) 

N. salinarum supernatant n.a. n.a. 5.06 (1.49) 98.19 (6.32) 
pellet water 30 4.50 (1.20) 94.94 (5.88) 
pellet 0.05 M NaOH 20 6.88 (1.26) 45.49 (4.82) 
pellet 1 M NaCl 20 0.67 (0.61) 106.46 (10.22) 
pellet 0.1 M EDTA 20 2.26 (0.47) 112.10(11.65) 

Values are mean of 3 samples from a late log phase culture, standard deviation between brackets 
All pellet treatments were incubated for 1 hour 
n.a.: not applicable 
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Table 4.2. Concentrations of polysaccharide in culture supernatant from C. closterium 
and N. salinarum and upon different parallel treatments of the cell pellet 

fraction extraction 
solvent 

extraction 
time (min) 

extracüon 
temp. (°C) 

polysaccharide (jj,g ml"') 

C. closterium N. salinarum 

supernatant n.a. n.a. n.a. 5.02 (1.67) 2.70 (0.90) 

pellet medium 60 30 0.00 (0.02) 0.25 (0.62) 

pellet water 0 n.a. 3.23 (0.68) 5.81 (1.93) 

pellet water 60 20 4.58 (0.40) 7.94(1.11) 

pellet water 60 30 6.10 (0.69) 9.68 (1.60) 

Values are mean of 3 samples from a late log phase culture, standard deviation between 
brackets 
n.a.: not applicable 

a 50 jam aperture tube, as well as by microscope using a Bürker-Türk counting 
chamber (counting a minimum of 300 cells). Approximate biovolume measures 
were obtained by measuring cells microscopically and applying the formulas from 
the BIOVOL program developed by D.B. Kirschtel. 

Cell dry weight was determined in duplicate by filtration of 20 ml of cell 
suspension on pre-weighed Whatman G F / C filters. The filters were dried 
overnight at 80 °C to constant weight. 

Cell protein was determined on freeze dried cell pellets by the Lowry method 
(Herbert etal., 1971) using Bovine Serum Albumin as reference. 

Pigments were extracted from freeze-dried cell pellets by 90 % (v/v) acetone (20 
°C, 1 hour in the dark), and subsequently separated and quantified using HPLC as 
described in Van der Staay^/a/. (1992). 

Intracellular carbohydrates were determined on freeze dried celé from which all 
exopolysaccharides had been removed, applying the extraction procedure as 
described. Generally, the phenol/H2S04 assay was preferred as a "total 
carbohydrate" assay (Dubois et al, 1956). However, the pheno l /HS0 4 assay was 
not suitable for analysis of whole algal cells due to strong interference of pigments. 
Therefore, total hexose concentration in pellets was determined with anthrone 
reagent using glucose as standard (Herberti?/ al, 1971). Since cell carbohydrate 
consisted mainly of hexoses (cf. Table 4.5), these methods were quantitatively 
comparable. Storage polysaccharides were analyzed by alkaline hydrolysis of the 
cells by 30 % (w/v) KOH at 100 °C for 90 minutes, followed by overnight 
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precipitation in cold (-20 °C) 80 % (v/v) ethanol (Ernst et al, 1984). Precipitated 
and non-precipitated intracellular carbohydrates were dried under a flow of 
nitrogen gas and enzymatically hydrolyzed using a mixture of 24 units a-amylase 
(Sigma) and 12 units amyloglucosidase (Boehringer) per ml acetate buffer (100 mM, 
pH 4.75) at 20 °C for 1 hour. Glycogen was used as a reference from which the 
recover}- was calculated. Another batch of precipitated and non-precipitated 
carbohydrates was treated with 0.005 units ß-glucanase (Fluka) per ml acetate 
buffer (50 mM, pH 5) at 38 °C for 16 hours using laminarin (ß-1,3 glucan) as 
reference. Free glucose and glucose liberated after enzymatic hydrolysis were 
measured with the G O D assay (Boehringer). 

Exopolymer analyses 

Total carbohydrate content of the exopolymers was estimated using the 
phenol/H 2S0 4 assay with glucose as standard (Dubois et al., 1956). Uronic acids 
were assayed using the method of Blumenkrantz & Asboe-Hansen (1973) with 
glucuronic acid as standard. Sulphated sugars were determined by measuring S04

2" 
according to the method of Terho & Hartiala (1971) after hydrolysis of the 
polysaccharide. MgS0 4 was used as standard. The protein content of the extracted 
material was determined according to Bradford (1976). Bovine Serum Albumin 
(BSA) was taken as standard. 

Monosaccharide composition was determined by gas chromatographic analysis. 
Exopolysaccharides and intracellular carbohydrates were hydrolyzed and 
methylated with acidic methanol containing 2 M HCl. Hydrolysis was performed 
for 16 hours at 85 °C. The resulting methylglycosides were converted to their 
trimethylsilyl derivatives and separated on a WCOT fused silica column (25x0.32 
mm) in a Chrompack CP9000 gas Chromatograph equipped with a split-splitless 
injector and a flame ionisation detector (FID) (Chaplin & Kennedy, 1986). The 
temperatures of injector and detector were 220 and 250 °C, respectively. The 
carrier gas was oxygen-free dry helium at a flow of 25-30 ml min"1. The make-up 
flow was 25-30 ml min"1. Mannitol was used as internal standard. 

For microscopic observation of anionic polysaccharides cell suspensions were 
dried on microscope glass slides and stained using Alcian Blue (3 % in acetic acid, 
pH 2.5) for 30 minutes, then rinsed in wTater and dried. Sulphated sugars were 
stained using Alcian Blue (3 % in 0.5 M HCl, pH 0.5) (Crayton, 1982). 
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Results 

G r o w t h was measured bo th as the increase in biomass (protein) as well as cell 

density (Fig. 4.1). Protein concentrat ion reached stationary phase after 

approximately 5 days, whereas cell number continued to increase. This was 

reflected in the decreasing protein content of the cells (Fig. 4.1). The generation 

times during exponential growth of C. closterium and N. salinarum were 14.9 and 

29.9 hours , equalling growth rates of 0.067 and 0.033 h"1, respectively. T h e 

maximum growth rates, u.max, of bo th cultures based o n the increase of protein were 

0.047 and 0.045 n ' for C. closterium and N. salinarum, respectively. T h e lag 

10' 

106 

105 

10** 

10 

(a) + 
100 -i 

i 10 

• 1 

0.1 - 0 

20 

10 

105 

104 

103 

(b) • • • • 
J . ^ '* " A A A 

• + 

+
 + + 

100 

10 

• 1 

0.1 J o 

150 

75 

0 5 10 15 20 25 

cultivation period (d) 

Fig. 4.1. Typical growth curves of C. closterium (a) and N. salinarum (b). Cell 
density ( • ) , on the inner right y-axis: protein concentration (ug ml "') (A), on the 
outer right y-axis: protein content of the cells (p.g (10 6 cells)1) (+). 
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phase was 1-2 days and exponential growth lasted only about 4 days for both 
species. The cultures were harvested at the end of the log phase of growth and the 
cellular composition was determined (Table 4.3). The cell composition (jag 
component (106 cells)"1) showed much higher quantities per cell in N. salinarum 

compared to C. closterium. This was partly attributed to the fact that the volume 
of cells of N. salinarum was about twice as large as of those of C. closterium 

(approximately 200 and 100 umJ, respectively), which was reflected in the dry 
weight of the cells. The weight of the cells was relatively high due to the silica 
frustule enveloping the cell. Even when taking its larger cell volume into account, 
N. salinarum contained higher amounts of protein, twice as much carbohydrate 
and about 5 times as much photo pigment compared to C. closterium. The storage 
carbohydrate of both species was identified by enzymatic hydrolysis as a ß-1,3-
linked glucose polymer. This polysaccharide was water soluble and did not 
precipitate in cold 80 % ethanol. 

Microscopic observation of cells stained with Alcian Blue showed that 
carboxylated and sulphated polysaccharides were present. It was observed that 
exopolysaccharides were associated with the cells but did not form a well-defined 
capsule. In addition, some material was diffusely secreted in the medium and was 

Table 4.3. Cellular composition of late log phase cultures of 
C. closterium and N. salinarum 

Content (fig (106 cells)4) 
C. closterium N. salinarum 

1700 (110) 
67.00 (4.70) 
17.11 (2.38) 
4.53 (1.81) 
0.15 (0.08) 
2.11 (0.16) 
0.20 (0.08) 
0.03 (0.02) 

Values are mean of 3 samples from a late log phase culture, standard 
deviation between brackets 
a Analyzed using the Folin reagent (Herbert eta/., 1971) 
b Analyzed using the anthrone reagent (Herbert eta/., 
1971)' 
c Analyzed with HPLC after extraction with acetone 
(Van der Staay et al., 1992) 

4-2 

Dry weight 840 (50) 
Protein1' 22.8C |(1.10) 
Carbohydrate 4.88 (0.29) 
Chlorophyll d 0.41 (0.11) 
Chlorophyll cc 0.01 (0.00) 
Fucoxanthin0 0.29 (0.08) 
Diadinoxanthinc 0.05 (0.02) 

ß-carotenec 0.01 (0.00) 
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not associated with the cell. 
Exopolysaccharides that were isolated from cultures of C. closterium and JV. 

salinarum that had entered the stationary phase of growth, were characterized. In 
both species, attached and non-attached exopolysaccharides were predominantly 
composed of neutral carbohydrates (Table 4.4). Material secreted by C. closterium 

contained a small amount of protein. In N. salinarum only non-attached 
exopolymers contained a small amount of protein. The amount of uronic acids was 
about 8 % in N. salinarum and was the same in the attached and non-attached 
fraction. In C. closterium attached exopolysaccharide contained 21 % uronic acid, 
while non-attached exopolysaccharides contained only 5 %. In both species 
attached exopolysaccharides contained about 11 % of S04~". Whereas in non-
attached exopolysaccharides of C. closterium sulphated sugars were absent, this 
fraction of N. salinarum consisted for 6 % of SO/". 

Table 4.5 lists the monosaccharide composition of both exopolysaccharide 
fractions of C. closterium and N. salinarum as well as of intracellular 
carbohydrates. Attached exopolysaccharides were composed predominantly of 
glucose with minor quantities of other sugars. There were only minor differences in 
the sugar composition of attached exopolysaccharides of both species. The 
composition of non-attached exopolysaccharides was different from attached 
exopolysaccharides, containing much less glucose. In N. salinarum, glucose 
content of non-attached exopolysaccharides was 42 % and in C. closterium it was 
only 23 %. Non-attached exopolysaccharides from this species contained a very 
high amount of xylose (46 %), which was also a dominant sugar in non-attached 

Table 4.4. Composition (weight %) of non-attached and attached 
exopolysaccharides isolated from late log phase cultures of C. closterium and 
N. salinarum 

C. closterium N. salinarum 
Component non-attached attached non-attached attached 

Carbohydrate'1 86.0 (22.0) 60.4 (6.2) 80.8 (12.2) 80.3 (36.6) 
Protein1' 9.2 (5.1) 7.7 (3.3) 4.9 (0.9) 0.5 (0.2) 

Uronic acids 4.8 (0.4) 21.0 (1.7) 8.0 (1.8) 7.7 (1.3) 
S04

2" 0 10.9 (0.3) 6.3 (1.8) 11.5 (2.2) 

Values are mean of 3 samples from a late log phase culture, standard deviation 
between brackets 
* Analyzed using the phenol/H ,S04 assay (Dubois et al, 1956) 
b Analyzed using the Bradford reagens (Bradford, 1976) 
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Table 4.5. Monosaccharide composition (mole %) of non-attached and attached 
exopolysaccharides and of intracellular carbohydrates from late log phase cultures 
of C. closterium and N. salinarum 

C. closterium N. salinarum 

Monosaccharide non-attached attached cellular'1 non-attached attached cellular" 
(n=4) (n=5) (n=2) (n=4) (n=6) (n=2) 

Glucose 22.9 82.5 27.5 41.6 85.1 79.1 
Galactose 12.2 2.2 16.8 19.1 4.3 0 
Mannose 4.1 7.6 25.4 13.8 0.5 8.3 
Rhamnose 14.7 1.0 14.0 5.6 9.1 7.3 
Arabinose 0 2.8 0 0 0.6 0 
Xylose 46.1 3.9 16.3 20.2 0.3 5.4 

Mean of n replicate samples from a late log phase culture 
11 Total carbohydrate of cells after exopolysaccharide extraction 

exopolysaccharid.es from AT. salinarum (20 %). Galactose was also an important 
component sugar in non-attached exopolysaccharides. Other important sugars in 
non-attached exopolysaccharides in both species were mannose and rhamnose. 
Arabinose was found in both species exclusively in attached exopolysaccharides. 
Composition of intracellular carbohydrates showed a number of differences 
between the two species. In C. closterium intracellular carbohydrates contained 
only 27 % glucose, whereas galactose, mannose, rhamnose and xylose were present 
in relatively large quantities. In contrast, in N. salinarum 79 % of intracellular 
carbohydrates was composed of glucose, while galactose could not be detected and 
the other sugars were present in minor amounts. 

The content of attached exopolysaccharides expressed per cell o f C closterium 

increased when the culture entered the stationär)- phase of growth, from day 5 
onwards, and remained constant after day 14 (Fig. 4.2a). Amounts of non-attached 
exopolysaccharide per cell, however, increased only slightly. The ratio attached 
exopolysaccharide/protein increased much more than attached exopolysaccharide 
per cell (Fig. 4.2b). This was due to the fact that the amount of protein per cell 
dropped drom day 8 onwards (Fig. 4.1a). Regular microscopic observations 
revealed that cells became smaller (approximately 20 %) during cultivation. InN. 
salinarum, exopolysaccharide concentrations were below the limit of detection 
until day 8 (Fig. 4.3). Analysis could only be performed on the pre-culture which 
was used for the inoculation of the experimental culture (day 0). The pattern of 
polysaccharide secretion in A7, salinarum was ver)' similar to that in C. do ster 
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Fig. 4.2. Non-attached (•) and attached (A) exopolysaccharides during batch growth of 
C. closterium expressed per cell (a) and per protein (b). 

Attached exopolysaccharides began to accumulate when the culture entered the 
stationary phase, remained constant after day 16 and eventually decreased (Fig. 
4.3a). This decrease of attached exopolysaccharides was not observed in C. 

closterium. In N. salinarum non-attached exopolysaccharides per cell remained 
constant throughout growth (Fig. 4.3a). However, when expressed on a protein 
basis, a slight increase was observed (Fig. 4.3b). This was due to the decrease of the 
cellular protein content (Fig. 4.1b). In contrast t o C closterium cell volume in N. 

salinarum did not decrease. The decreasing protein content was also responsible 
for the fact that attached exopolysaccharide expressed on a protein basis continued 
to increase longer (Fig. 4.3b). 
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Fig. 4.3. Non-attached (•) and attached (A) exopolysaccharides during batch 
growth of N. salinarum expressed per cell (a) and per protein (b). 

Discussion 

Growth of the two epipelic diatoms Cylindrotheca closterium and Navicula 

salinarum in batch culture showed a typical pattern. Growth was rapid and both 
cultures entered the stationary phase after 4-5 days after inoculation. Cell division 
was not synchronized with protein synthesis in IV. salinarum. It lagged behind 
during exponential growth to catch up during the stationary phase. Also C. 

closterium cell numbers still increased slightly when protein was constant. In 
contrast to N. salinarum, this may partly be attributed to a reduction in cell size, 

4 6 



characterization of exopolysaccharides 

although this reduction could only pardy account for the observed decrease in 
protein content. These results emphasize the fact that relating measured cell 
parameters to either cell number or to biomass (protein) may lead to different 
conclusions, depending on the growth phase during which the culture was 
harvested. The yield of biomass in both cultures at the end of the experiment was 
the same (approx. 20-25 ug protein ml4), suggesting that nutrient depletion caused 
cessation of growth. The decreasing protein content of the cells indicated that cells 
may have become nitrogen starved. 

But also for comparison of the two species, cell size should be taken into 
account. The cell volume of N. salinarum was about twice that of C. closterium at 
the transition of the log phase of growth to the stationary phase. The dry weight of 
the two diatoms reflected their (two-fold) difference in size. The much higher-
content of all photopigments in N. salinarum was the consequence of its greater 
size, and necessary to achieve a similar biomass-related light absorption as in C. 

closterium. However, N. salinarum contained proportionally more protein and 
intracellular carbohydrate than C. closterium. This probably allowed N. salinarum 

to continue cell division after growth had ceased, without decreasing cell size. This 
could provide N. salinarum with an important ecological advantage compared to 
C. closterium. This aspect was however not subject of this study. The objective of 
this study was rather to investigate the consequences of these differences in 
growth, cell size and biochemical composition for exopolysaccharide production. 

Exopolysaccharides produced by marine benthic motile diatoms do not form 
stalks or capsules like many freshwater benthic diatoms, but a highly hydrated 
matrix of strands in which cells and sediment particles are embedded (Hoagland et 

al, 1993). This property of exopolysaccharides of epipelic diatoms allows it to be 
extracted from the cells by a relatively mild method. By comparison, capsular 
polysaccharides of the marine fouling diatom Navicula subinflata were extracted 
with 1 M NaCl by Bhosle et al. (1995) and capsular exopolysaccharides of the 
freshwater diatom Navicula pelliculosa was water insoluble and could only be 
extracted by using 20 % NaOH (Lewin, 1955). Capsular material from the 
cyanobacterium Microcystis aeruginosa was isolated using repeated ultrasonication 
and centrifugation (Nakagawa et al, 1987). Bertocchi et al, (1990) proposed hot 
water extraction as a general method for isolation of cyanobacterial 
exopolysaccharides. A wide variety of extraction methods have been applied for 
bacterial exopolysaccharides. These include extraction by NaOH, EDTA and 
H2S04 , as well as high speed centrifugation and ultrasonication (Brown & Lester, 
1980; Novak & Haugan, 1981; Rudd et al, 1982). Since C. closterium and N. 

salinarum did not possess a well-defined capsule, exopolysaccharides associated 
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with the cells as a loose matrix could be quantitatively extracted by water and 
subsequent centrifugation. Any other method that was tested either resulted in a 
significantly lower yield or damaged the cells. Extraction with water did not damage 
the cells. This was supported by microscopic observations, by the low 
concentrations of protein found in the extracted exopolymers, and by the fact that 
there was no loss of protein from the pellets. In addition, leakage of carbohydrates 
from the cells due to osmotic stress did not seem to have occurred, since virtually 
all of the carbohydrates extracted were polysaccharides with little LMW 
carbohydrates present in the extract (data not shown), indicating that release of 
LMW carbohydrates as osmolytes had not taken place. Microscopy of samples 
stained for polysaccharides also confirmed die extraction of exopolysaccharides. 
The efficient extraction by water may be explained by the presence of cations that 
form bridges with the anionic groups of the polymers. It is proposed that addition 
of water establishes an exchange of ions between the polymers and the water, 
thereby releasing the bonds of the polymer to the cell or other particles 
(Sutherland, 1980). It was likely that this did not happen to the same extent with 
NaCl, considering the high concentration of NaCl already present in sea water 
medium. The efficient extraction with water was also observed by Underwood et al. 

(1995) on carbohydrates extracted from intertidal sediments, although extractions 
of freeze-dried sediment and fresh cells may not be comparable. 

The exopolymers of both species consisted mainly of carbohydrates but some 
protein was present as well. Analysis revealed that considerable amounts of acid 
sugars were present in the form of uronic acids and sulphated sugars. This was 
confirmed by chemical analysis as well as by staining with Alcian Blue and 
subsequent microscopic examination. Attached exopolysaccharides contained most 
uronic acids and sulphated sugars. This fraction was most closely associated with 
the cells. This is in accordance with the idea that attached exopolysaccharides 
adhere to the outer cell surface through ion bridges by acid groups (Fletcher & 
Floodgate, 1973). The amounts of uronic acids, sulphated sugars and protein were 
comparable with those found for exopolymers isolated from other diatom species, 
e.g. N. subinflata (Bhosle et al., 1995). This implied that these compounds are an 
integral part of diatom exopolymers fulfilling a specific function, for instance in 
adhesion to a substratum. The adhering properties of exopolymers could play a role 
in the locomotory mechanism (Wetherbee et al, 1998). Some herbicides blocked 
exopolysaccharide production by Achnanthes longipes which resulted in loss of 
motility and adhesion (Wang et ai, 1997). Furthermore, Lind et al. (1997) showed 
that binding of an antibody to an extracellular proteoglycan inhibits adhesion and 
motility in Stauroneis decipiens. The binding of the antibody was competitively 

48 



characterization of exopoly'saccharides 

inhibited by uronic acids, also indicating that this component of exopolysaccharides 
may be especially important in adhesion. 

Monosaccharide composition of C. closterium and N. salinarum differed 
considerably but was largely comparable to other diatom species (Darky, 1977). 
For instance, arabinose, if present at all, was only found in trace amounts. Glucose 
was probably mainly present as the ß-1,3 glucan chrysolaminarin, which is known 
as the general storage carbohydrate in diatoms (Darky, 1977; Myklestad, 1988). 
Xylose and mannose are important components of the cell wall of diatoms. 
Mannose is also known as a compatible solute in diatoms (Paul, 1979). 

Monosaccharides occurring exclusively in extracellular fractions were arabinose 
(both species) and galactose (JV. salinarum). In other diatom species, mannose, 
rhamnose and galactose seemed to be the dominant sugars in many cases. There 
are only a few reported studies in which exopolysaccharides consisted mainly of 
glucose. Navicula subinflata produced exopolysaccharides which contained 94 % 
glucose (Bhosle et at, 1995). Capsular material from Nit^scbia angularis consisted 
of glucose with trace amounts of rhamnose and xylose (Tokuda, 1969). It is clear 
from many studies that monosaccharide composition of diatoms varies widely 
among species (Hoagland et al, 1993). Also, it is probable that monosaccharide 
composition will change with growth status. This remains to be investigated. 

Non-attached exopolysaccharides increased more or less at the same rate as 
protein or cell number and hence did not show much change during the course of 
the experiment when expressed per protein or cell number (Figs. 4.2 and 4.3), 
although a slight increase was observed in C. closterium at the end of the log phase 
of growth. However, attached exopolysaccharides showed a dramatic increase 
when the culture entered the stationary phase. It has been reported for many 
phototrophic microorganisms that stationary growth (generally induced by nutrient 
depletion) leads to accumulation of intracellular (Hobson & Pariser, 1971; Darky, 
1977; Myklestad, 1988) or extracellular carbohydrates (Lewin, 1955; Kroen & 
Rayburn, 1984; Myklestad etat., 1989; Bhosle et al, 1995). Secretion of non-attached 
and attached polysaccharides seemed to be under different metabolic controls. The 
possibility that non-attached exopolysaccharides originated (partly) from cell lysis 
cannot be fully excluded, although it did not seem likely considering the relatively 
low protein content of non-attached exopolysaccharides. At this point it remains 
unclear whether the compositional difference between the two fractions was the 
consequence of a functional difference. The bulk of the polysaccharides secreted 
remained attached to the cells. 

Anionic components such as uronic acids and sulphate groups are of special 
interest because these compounds are important for the adhesion properties of 
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exopolysaccharides (Fletcher & Floodgate, 1973; Sutherland, 1980; Bertocchi et ai, 

1990; Dade et al., 1990). Diatom bio films on coastal mudflats influence the stability 
and cohesiveness of sediment (Holland et al, 197'4; Paterson, 1989; Decho, 1994; 
Yallop et al, 1994; Sutherland et ed., 1998). In this chapter it was demonstrated that 
the marine benthic diatoms C. closterium and AT", salinarum produced 
considerable amounts of exopolysaccharides with sulphate groups and uronic acids. 
Particularly attached exopolysaccharides contained substantial amounts of these 
anionic components. It is therefore proposed that the cell associated 
exopolysaccharides are important for sediment binding and stabilization. Since 
non-attached exopolysaccharides were secreted into the medium these will 
probably be washed out from the sediment and consequently cannot contribute to 
sediment stability. Moreover, much more attached than non-attached 
exopolysaccharides were produced. Probably secretion of polysaccharides plays a 
role in adhesion to facilitate locomotion (Edgar & Pickett-Heaps, 1984; Lind et al, 

1997; Wang et al, 1997). However, the results presented here and other reports 
(Bhosle et al, 1995; Sutherland et al, 1998) seem to indicate that in addition, other 
factors such as growth phase control the amount of exopolysaccharide produced. 
Experiments that studied the effects of nutrient depletion on growth and 
polysaccharide secretion in cultures of C. closterium are presented in chapter 5. 
However, more experiments with field populations in their natural environment are 
necessary to confirm whether such factors also control exopolysaccharide 
production in the field. 
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CHAPTER 5 

Exopolysaccharide production by the marine benthic diatom 
Cylindrotheca closterium: effects of nutrient conditions 

Abstract 

During the stationary phase of a batch culture of the marine benthic diatom 
Cylindrotheca closterium, accumulation of exopolysaccharide and intracellular 
carbohydrates was observed. When nitrogen was added to the culture in the 
stationary phase, growth was resumed and accumulation of exopolysaccharides was 
delayed. This indicated that nitrogen depletion caused cessation of growth, and 
stimulated exopolysaccharide accumulation. Exopolysaccharide accumulation was 
also stimulated when cells were either resuspended in medium lacking nitrogen or 
phosphorous, or when they were inoculated in medium with low concentrations of 
nitrogen or phosphorous. Growth was not immediately affected by low nitrogen or 
phosphorous concentrations. Sulphur depletion only resulted in exopolysaccharide 
accumulation when growth was affected. Silicate or iron depletion did not 
stimulate exopolysaccharide accumulation, even when growth rates were lowered. 
Apparendy, stimulation of exopolysaccharide accumulation is dependent on the 
type of nutrient depletion. Intracellular storage carbohydrates did not accumulate 
when cells were incubated at low nitrogen or phosphorous concentrations. 
Moreover, cells grown with ammonium as nitrogen source produced more 
carbohydrates (both extracellular and intracellular) than cells grown with nitrate as 
nitrogen source, indicating that both exopolysaccharides and intracellular 
carbohydrates accumulated as a result of overflow metabolism. 

Results presented in this chapter have been submitted for publication in the Journal of 
Experimental Marine Biology and Ecology as: 
Staats, N., Stal, L.J. & Mur, L.R. Exopolysaccharide production by the epipelic diatom 
Cylindrotheca closterium: effects of nutrient conditions 
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Introduction 

Exopolysaccharides produced by diatoms on the surface of tidal mudflats form a 
matrix covering the sediment (Holland et al, 1974; Dade et al., 1990; Yallop et al, 

1994; Paterson, 1997). It seems that the degree of stabilization brought about by 
the formation of such a bio film is related to the amount of exopolysaccharide 
present in the sediment (Sutherland et al, 1998). Hence, it is of interest to 
understand the factors that control the production of exopolysaccharides. In this 
chapter the effects of different nutrient conditions on exopolysaccharide 
accumulation by C. closterium are reported. 

Much work has been done on the effect of nutrients on extracellular 
carbohydrate production by pelagic diatom species, indicating that it is influenced 
by growth rate and type of nutrient depletion (Myklestad & Haug, 1972; Myklestad, 
1977; Waite et al, 1995). However, little is known with respect to the effect of 
nutrient conditions on polysaccharide secretion by benthic diatoms. It is generally 
assumed that growth of benthic diatoms is not limited by nutrients, because 
nutrient concentrations in pore water are generally high (Cadée & Hegemann, 1974; 
Admiraal et al, 1982; Sundby et al, 1992). However, in the thin layer of diatoms on 
the sediment surface biomass may be highly concentrated, and therefore nutrients 
may temporarily become depleted (Admiraal, 1977; Flothmann & Werner, 1992). 
Indeed, evidence is accumulating that at high population densities, growth of 
benthic diatoms may become nutrient limited, especially by nitrogen (Sullivan & 
Daiber, 1975; Van Raalte etal, 1976; Hillebrand & Sommer, 1997). 

The central question of the experiments was whether exopolysaccharide 
accumulation was affected by nutrient conditions. When benthic diatoms are grown 
in batch culture, polysaccharide secretion is enhanced during the transition towards 
stationary growth (Bhosle etal, 1995; Sutherland etal, 1998; chapter 4 this thesis). 
It was therefore of interest to know which factor induced stationär)' growth and 
exopolysaccharide accumulation in cultures of C. closterium. Another question to 
be solved was, whether the type of nutrient depletion influenced polysaccharide 
secretion. Finally, we investigated the effect of different inorganic nitrogen sources 
(ammonium or nitrate) on polysaccharide secretion. 
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Materials and methods 

Organism and culture conditions 

Cultivation conditions of C. closterium were as decribed in chapter 4. 

Experimental design 

In experiments in which light or nutrient pulses were given to cultures in early 
stationary phase, samples were taken in triplicate from a single culture. 
Reproducibility was ensured by repeating each experiment independently. 

One experiment to test the effect of different nutrient depletions consisted of 
growing cells in complete medium for 7 days, followed by resuspension in medium 
devoid of either Fe, Si, P, S or N. Resuspension in complete medium served as a 
control. Cells that were resuspended in medium without Si were grown in 
polycarbonate vessels, and no sea sand was used. After 4 days of incubation in 
depleted medium, part of the culture was harvested and analyzed and the remainder 
was resuspended in fresh medium (depleted of the same inorganic nutrient). After 
another 4 days of incubation cultures were analyzed. In addition, cell density was 
measured 2 days after each resuspension. Samples were taken in triplicate from two 
independent cultures for each treatment. 

In another experiment cells were inoculated in medium with low concentrations 
of N (95.5 uM NH4C1) or P (7.7 uM N a H , P 0 4 * H ,0 ) . In the control the regular 
medium concentrations were used, which were 50 uM P and 0.5 mM N. Samples 
were taken in triplicate from a single culture. 

The experiment in which cells were grown with either NH4
+ (0.5 mM) or N03~ 

(5.9 mM) as N source, samples were taken in triplicate from three independent 
cultures. 

Isolation of exopolysaccharides 

The isolation of exopolysaccharides is described in chapter 4. For total 
exopolysaccharide amounts, the sum of the amounts in the medium and water 
extracts was taken. 

Analyses 

Analysis of cell density, cell protein, exopolysaccharide and intracellular 
carbohydrate are described in chapter 4. Soluble reactive phosporous was analyzed 
using the method of Murphy & Riley (1962). NH4

+ was analyzed by the method of 
Kempers & Kok (1989). 
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Results 

In order to assess whether stationär}7 growth of C. closterium was induced by 
shortage of light or by nutrient depletion, a culture entering the stationary phase 
was divided into three portions. One portion was incubated at a photon irradiance 
of 100 umol photons m~~ s", another portion received a pulse of nutrients yielding 
the original medium concentration of day 0, and the third portion served as a 
control and was left untreated. In the culture to which the concentrated mixture of 
nutrients was added at the beginning of the stationary' phase, growth was resumed 
and continued for approximately 3 more days (Fig. 5.1a). Protein content of the 
cells was comparable in all treatments (Fig. 5.1b). Incubation at a higher photon 
flux density (100 umol photons m"2 s"1) had no effect on growth compared to the 
control (60 umol photons m2 s"1) (Fig. 5.1a). Three days after addition of the 
nutrient mixture, the culture entered the stationary phase again. There was a lag in 
exopolysaccharide accumulation in the nutrient treated culture compared to the 
control (Fig. 5.1c). The nutrient enriched culture started to accumulate 
exopolysaccharides after day 11, which coincided with the onset of stationary 
phase. Intracellular carbohydrates also accumulated (Fig. 5.Id), but at a lower rate 
than exopolysaccharides. 

Nitrogen in the medium was supplied in the form of NH4
+ , and therefore it was 

supposed that an increase in pH might cause a rapid decrease in NH4
+ 

concentration caused by dissociation into NH 3 gas. In order to verify whether 
stationary phase was induced by N depletion, a culture entering the stationary 
phase was divided into two portions. One portion was given a pulse of NH4C1 
(final concentration: 0.5 mJVf), the other portion served as a control and was not 
treated. The onset of stationär)' phase in the control culture coincided with 
depletion of NH4

+ (Figs. 5.2a and b). The addition of NH4
+ caused an increase in 

biomass compared to the control (Fig. 5.2a), whereas cell protein content was 
similar to the control (Fig. 5.2c). 

One set of experiments aimed at obtaining cells starved for a specific nutrient. 
Cells were grown in complete medium to a high density'. Subsequently, they were 
resuspended in medium devoid of a particular nutrient. Table 5.1 shows the growth 
rates that were obtained when cells were resuspended in medium without Si, S, P, 
Fe or N. After the first resuspension, none of the treatments exhibited a lower 
growth rate than the control (resuspended in complete medium). However, when 
the resuspension step was repeated, all treatments led to substantial lower growth 
rates than the control (Table 5.1). Cells transferred to medium without P or N 
showed much higher rates of exopolysaccharide accumulation than the control 
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5 10 15 20 25 

cultivation period (d) 

Fig. 5.1. Protein concentration (a), protein content of the cells (b), 
exopolysaccharides (c) and intracellular carbohydrates (d) in batch cultures of C. 
closterium, with addition of concentrated medium at day 7 (A), incubation at a 
PFD of 100 umol photons nr 2 sA at day 7 (•) and a control (no additions of 

nutrients, PFD: 60 ftmol photons in
culture. 

!) (+). Mean ± SD of three samples from a 
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Fig. 5.2. Protein concentration (a), NFi4+ concentration (b) and protein content of 
the cells (c) in batch cultures of C. closterium, with addition of NH4+ on day 10 
(•) and without additions (+). Mean ± SD of three samples from a culture. 
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Table 5.1. Growth rates (dA) of C. closterium 
when resuspended in medium devoid of a specific 
nutrient 

nutrient 4da\ • starvation 8 day ' starvation 
depletion 

repleted 0.36 0.36 
SiO, 0.43 0.26 

so4
2- 0.38 0.17 

P O / 0.33 0.24 
Fe3+ 0.40 0.28 
NH4

+ 0.35 0.14 

For experimental design: see text Materials and methods 

(Fig. 5.3a). In all treatments rates of intracellular carbohydrate accumulation were 
slightly negative after the first transfer. 

When the transfer to nutrient depleted medium was repeated, exopolysaccharide 
accumulation rates were higher than after the first transfer in all treatments except 
in the N depleted medium (Fig. 5.3b). Compared to the control, exopolysaccharide 
accumulation rates were higher in cells grown without S or P. In contrast, Si, Fe 
and N depletion did not exhibit elevated exopolysaccharide accumulation rates 
compared to the control. In all cases rates of intracellular carbohydrate 
accumulation were higher than after the first transfer. 

In another set of experiments cultures were grown at low starting concentrations 
of N or P. Initially, increases in cell density were comparable in all cultures (Fig. 
5.4a). After 5 days, growth in cultures with low concentrations of N and P slowed 
down compared to the control. This coincided with the depletion of N or P (Figs. 
5.4d an e). During the first 5 days, exopolysaccharide content in the cultures grown 
at low N or P concentrations had increased markedly. This was not the case in the 
control culture, in which exopolysaccharide content remained constant (Fig. 5.4b). 
The control culture maintained a high growth rate until day 16, and no increase in 
exopolysaccharides was observed during that period (Figs. 5.4a and b). In the "low 
N" culture exopolysaccharide levels remained more or less constant from day 7 
onwards. In the "low P" culture, exopolysaccharide content decreased after 9 days. 
Intracellular carbohydrates showed a different pattern from exopolysaccharides 
(Fig. 5.4c). In all cultures, intracellular carbohydrate content initially remained 
constant. In the "low N" and "low P" cultures the content of intracellular 
carbohydrate started to increase after approximately 7 days, whereas in the control 
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Fig. 5.3. Accumulation rates of exopolysaccharides (white bars) and intracellular 
carbohydrates (black bars) of C. closterium when grown in medium devoid of Si, 
S, P, Fe or N. After 7 days of growth in complete medium, cells were transferred 
to medium lacking one of the nutrients and analyzed after 4 days of incubation (a), 
followed by a second transfer to fresh nutrient depleted medium and analysis after 

.4 days (b). Note difference in scale. Mean ± SD of duplicate cultures. 

culture it remained low. As was observed for exopolysaccharides, intracellular 

carbohydrate content in the "low N " culture was higher than in the "low P" culture 

(Kg. 5.4c). 

Cultures grown with NH 4
+ exhibited a slightly higher growth rate than cultures 

g rown with N 0 3 ' as N source (Table 5.2). Because growth rates were high and cells 

were no t nutr ient depleted, absolute rates of exopolysaccharide and intracellular 

carbohydrate accumulation were relatively low. Both on a cell and o n a protein 
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Fig. 5.4. Cell density (a), exopolysaccharides (b), intracellular carbohydrates (c), 
NFi4+ concentration (d) and soluble reactive phosphorous concentration (SRP) (e) 
in batch cultures of C. closterium, with low starting concentrations of N (•) , low 
starting concentrations of P (A) and regular medium (+). Mean ± SD of three 
samples from a culture. 
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Table 5.2. Growth rates and rates of accumulation of exopolysaccharide (EPS) 
and intracellular carbohydrates (ICH) of C. closterium calculated over 7 days of 
exponential growth with N03" or NH4

+. Mean of 3 replicate cultures, standard 
deviation between brackets. EPS and ICH accumulation rates in 
ug (106 cells * day)-1 or ug (mg protein * day)-1 

biomass correction: biomass correction: 
cell number protein concentration 

N O / N H ; NO/ NR, 

growth rate (d"1) 0.43 (0.02) 0.46 (0.02) 0.29 (0.00) 0.34 (0.02) 
EPS accumulation rate 0.14 (0.02) 0.27 (0.03) 5.1 (0.3) 6.9 (0.4) 
ICH accumulation rate 0.28(0.02) 0.55(0.09) 10.3(1.2) 14.4(3.0) 

basis, the cultures grown with NH4
+ accumulated more exopolysaccharides and 

intracellular carbohydrates than the N Q ; grown cultures. Because protein content 
after 7 days was higher in NH+

+ grown cells (38.5 ± 4.0 ug (1CP cells)1) than in 
NCV-grown cells (28.0 ± 3.6 ug (1Ö5 cells)1), the differences in carbohydrate 
content were smaller when expressed on a protein basis than when expressed on a 
cell basis. The N source did not have any effect on the ratio 
exopolysaccharide/intracellular carbohydrate, which was 0.5 at day 7 in both NFJ+ 

and N 0 3 grown cells. 

Discussion 

In chapter 4 it was demonstrated that exopolysaccharides in cultures o fC . 
closterium mainly accumulated during the transition from linear to stationär)' 
growth. From the results presented in this chapter it is concluded that the cultures 
entered stationary growth because of nitrogen depletion, and that this stimulated 
exopolysaccharide accumulation. Also when growth ceased due to sulphur or 
phosphorous depletion, exopolysaccharide accumulation was enhanced. In 
contrast, silicate or iron depletion did not stimulate exopolysaccharide 
accumulation, even though growth rates under phosphorous, silicate and iron 
depleted conditions were comparable. This indicated that polysaccharide secretion 
depended on the nature of the nutrient depletion. High rates of exopolysaccharide 
accumulation under phosphorous limitation were also reported for other diatom 

60 



effects of nutrient conditions 

species, such as Navicula pelliculosa (Lewin, 1955), Chaetoceros affinis 

(Myklestad, 1977) and several other planktonic diatom species (Waite eta/., 1995). 

After the first transfer to depleted medium, exopolysaccharide accumulation 
rates were high when cells were resuspended in medium without nitrogen or 
phosphorous, but growth was not affected. This suggested that cells reacted to low 
ambient concentrations of nitrogen or phosphorous by secreting polysaccharides. 
This was further confirmed by growing cultures in media with low initial 
concentrations of nitrogen or phosphorous. Exopolysaccharide content had already 
markedly increased during the first 5 days of incubation in the "low nitrogen" and 
"low phosphorous" cultures, but not in the control. During this period growth was 
not affected by the low concentrations of nitrogen or phosphorous. In the control 
culture, cell density continued to increase until day 16, while concentrations of 
nitrogen and phosphorous were already very low after 10 and 7 days, respectively. 
The increase in cell density may have been caused by a decrease in cell size, to 
which C. closterium was subject during long term incubations (chapter 4). This 
would also explain why no stimulation of exopolysaccharide accumulation was 
observed in the control treatment. Of the nutrients studied, only low nitrogen and 
phosphorous concentrations caused stimulation of exopolysaccharide accumulation 
without affecting growth, since sulphur-, silicate- and iron-depleted cultures initially 
exhibited high growth rates but produced little exopolysaccharide. Similar results 
have been obtained with the green alga Micrasterias radiata, which produced 
more extracellular fibrils when phosphorous concentration in the medium was low, 
while growth was not limited (Strycek et a/, 1992). Similarly, Eremosphera sp. was 
able to grow faster at low than at high concentrations of phosphorous in the 
medium, while producing more extracellular fibrils (Strycek eta/., 1992). 

The accumulation of exopolysaccharides as observed upon transfer to nitrogen-
or phosphorous-depleted medium was not accompanied by accumulation of 
intracellular carbohydrate. This was confirmed by the experiment where cells were 
inoculated with low nitrogen or phosphorous concentrations, in which intracellular 
carbohydrate content remained constant during the first 5 days of incubation, when 
exopolysaccharide accumulation rates were high. Apparendy, the induction of 
polysaccharide secretion by low ambient nitrogen or phosphorous concentrations 
did not result in intracellular carbohydrate accumulation, and intracellular storage 

s Ï CD 

and secretion were subject to different controlling mechanisms. 

It remained unclear why polysaccharide secretion was stimulated at low nitrogen 

or phosphorous concentrations but not at low iron or silicate concentrations. The 

ecological significance of the stimulation of polysaccharide secretion to low 

ambient nitrogen or phosphorous concentrations may be that exopolysaccharides 
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could function as polyelectrolytes that bind organic and inorganic nutrients 
(Admiraal & Werner, 1983; Armstrong & Bärlocher, 1989; Decho, 1990). Also, 
exopolysaccharides may function as sites where phosphatases could be active 
(Burkholder et al, 1990). Furthermore, it has been suggested that the oxygenation 
of the sediment that accompanies exopolysaccharide production is important 
(Sutherland et al., 1998). The depth to which the sediment is oxygenated influences 
both nitrification/denitrification processes (Wiltshire, 1992) and 
sorption/desorption of phosphorous to sediment particles (Sundby et al, 1992), 
thereby influencing availability of both nitrogen and phosphorous. 

Exopolysaccharide secretion may also be the result of overflow metabolism. This 
became apparent when cultures were compared that were grown with either 
ammonium or nitrate as nitrogen source. With ammonium as nitrogen source, 
more electrons are available for reduction of carbon dioxide than with nitrate as 
nitrogen source, which may result in a higher carbohydrate production rate (Turpin, 
1991; Smith et al, 1992). However, growth on ammonium resulted in a higher 
protein content of the cells compared with nitrate grown cells. Therefore, only 
when expressed on a cell basis differences in carbohydrate accumulation rates 
reflected differences in electron flow. The two-fold difference in carbohydrate 
accumulation rates between ammonium and nitrate grown cells indicated that 
supplying ammonium as nitrogen source had a considerable impact on 
carbohydrate accumulation rate. The fact that the ratio 
exopolysaccharide/intracellular carbohydrate remained unaltered with either 
ammonium or nitrate as nitrogen source suggested that both exopolysaccharides 
and intracellular carbohydrates were produced as a result of overflow metabolism. 
In natural populations overflow metabolism (induced by nitrogen limitation) may 
be a steering factor for exopolysaccharide production, as was shown by Ruddy et al. 

(1998a). 

In summary, in batch cultures of C. closterium exopolysaccharide accumulation 
was enhanced during stationary phase induced by nitrogen depletion. However, 
depletion of other nutrients such as silicate or iron did not lead to enhanced 
accumulation of exopolysaccharides. In addition, exopolysaccharide accumulation 
was enhanced at low, bot not growth limiting, concentrations of nitrogen or 
phosphorous, respectively. Furthermore, accumulation of both exopolysaccharides 
and intracellular carbohydrates were subject to overflow metabolism. 
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CHAPTER 6 

Exopolysaccharide production in an axenic culture of the 
marine benthic diatom Cyl'mdrotheca closterium and on an 
intertidal mudflat is dependent on oxygenic photosynthesis 

Abstract 

The accumulation of exopolysaccharides in an axenic culture of the marine benthic 
diatom Cylindrotheca closterium was investigated. The central question of the 
experiments was if polysaccharide secretion was dependent on light and 
photosynthesis. Cells were incubated in the light, in the dark, or in the light with 
addition of the inhibitor of photosystem II, 3-(3,4-dichlorophenyl)-l,l-dimethyl 
urea (DCMU). These treatments were also applied to a population of benthic 
diatoms on an intertidal mudflat in the Westerschelde (Scheldt estuary, The 
Netherlands). In the light (60 umol photons rrr2 s4) C. closterium showed high 
rates of exopolysaccharide accumulation, while no accumulation was observed in 
the dark or in the presence of DCMU. N o intracellular carbohydrate was converted 
to exopolysaccharide in the dark or in the light with DCMU added. This indicated 
that secretion of exopolysaccharides was dependent on oxygenic photosynthesis. 
Similarly, high rates of exopolysaccharide accumulation were observed during 
daytime emersion on the mudflat, but not in darkened or DCMU treated sediment. 
This demonstrated that the pattern observed in cultures of C. closterium was 
reproducible in situ. It was observed that during daytime emersion patterns of 
vertical migration in the dark and DCMU treated plots did not differ from those in 
the light. This implied that motility was not the steering factor for the observed 
accumulation of exopolysaccharides in the light. When an axenic culture of C 
closterium was incubated under an alternating 12-12 hour light-dark cycle, 
exopolysaccharide content decreased in the dark. Degradation of 
exopolysaccharides was also observed in the natural population on the mudflat 
during nighttime emersion. Because no bacteria were present in the C. closterium 
cultures, it was conceived that the degradation of exopolysaccharides observed in 
cultures was due to secretion of hydrolytic enzymes by C. closterium. 

Results presented in this chapter have been accepted for publication in Marine Ecology 

Progress Series as: 

Staats, N., Stal, L.J, De Winder, B. & Mur, L.R. Oxygenic photosynthesis as driving 
process in exopolysaccharide production of benthic diatoms 
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Introduction 

In chapter 5 it was shown that polysaccharide secretion by C. closterium was 
dependent on nutrient conditions, confirming several other reports on 
carbohydrate secretion by diatoms (Myklestad & Haug, 1972; Myklestad, 1977; 
Waite et al. 1995; Sutherland et ai, 1998). In addition, benthic diatoms are subject to 
large variations in light intensity (Fenchel & Straarup, 1971; Pinckney & Zingmark, 
1991), which may also influence exopolysaccharide production. However, the 
amount of work done on effects of light on exopolysaccharide production is still 
limited. 

In this chapter experiments are described that studied the dependence of 
exopolysaccharide production by benthic diatoms on light and photosynthesis. The 
main questions of the experiments were: 1) are polysaccharides only secreted in the 
light, or also in the dark? 2) are polysaccharides secreted when photosynthesis is 
inhibited? 3) what is the effect of light intensity on exopolysaccharide 
accumulation? The approach that was taken was to incubate cells in the light, in the 
dark, or in the light with addition of a photosynthesis blocker. These treatments 
were applied not only to axenic cultures of Cylindrotheca closterium, but also to a 
natural diatom community on an intertidal mudflat in the Westerschelde (Scheldt 
estuary, The Netherlands). Furthermore, exopolysaccharide accumulation during a 
light-dark cycle was monitored, both in cultures and in situ. Also, the effect of 
different light intensities on secretion was studied in cultures of C. closterium. 

Materials and methods 

Organism and culture conditions 

Cultivation conditions of C. closterium were as described in chapter 4, the only 
alteration being that cells were grown in continuous light unless stated otherwise. 

Experimental design 

The effect of light and dark treatment and of the inhibitor of oxygenic 
photosynthesis 3-(3,4-dichlorophenyl)-l,l-dimethyl urea (DCMU) was investigated 
in an axenic culture which was grown under continuous light at an incident 
irradiance of 60 umol photons m 2 s"1. Early stationary phase cells were used 
because during the logarithmic growth phase there was no accumulation of 
exopolysaccharides, whereas during the transition towards stationary growth the 
accumulation rate was high (chapter 4). In order to establish a dark to light 
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transition that would correspond to natural conditions, the culture was incubated in 
the dark for 10 hours before the start of the experiment. The culture was then 
divided into experimental subcultures. These were incubated either in the light (60 
umol photons m2 sA), in the light with 10"5 M DCMU, in low light (15 umol 
photons m"2 s4) or in the dark. The stock solution of DCMU (10-2 M) was made up 
in 70 % ethanol, this treatment resulted in a final concentration of 0.07 % ethanol. 
Therefore a control subculture was incubated with a final concentration of 0.07 % 
ethanol. Low light conditions were obtained by wrapping a 2-stop neutral density 
filter (Capilux, Amsterdam) around the culture flask. Complete darkness was 
obtained by wrapping the culture flask in several layers of aluminium foil. At the 
start of the experimental incubations the starting culture was harvested. At frequent 
intervals during the incubations samples were taken from the subcultures. 

In another experiment the culture was grown under an alternating 12-12 hour 
light-dark cycle (incident irradiance: 60 umol photons m 2 s"1). When the culture had 
reached early stationary phase samples were taken every 3 hours during one light-
dark cycle. 

All treatments were performed twice in independent runs to ensure 
reproducibility. 

Isolation of'exopoly'saccharides from cultures 

The isolation of exopolysaccharides is described in chapter 4. For total 
exopolysaccharide amounts, the sum of the amounts in the medium and water 
extracts was taken. In some cases also part of the supernatant of the ethanol treated 
sample was dried under nitrogen gas and stored at -20 °C. This yielded low 
molecular weight carbohydrates (monomers and oligomers), which did not 
precipitate in cold 80 % (v/y) ethanol. One experiment was performed in which 
concentrations of polysaccharide and low molecular weight carbohydrates were 
monitored in an extract of attached extracellular carbohydrates, incubated in the 
absence of cells. The extract was isolated halfway through the dark period from an 
axenic culture that had been grown under a 12-12 hour light-dark cycle. The extract 
was incubated in triplicate under sterile conditions. 

Analyses of cultures 

Analysis of cell density, cell protein, extracellular carbohydrate and intracellular 
carbohydrate are described in chapter 4. 

Site of field experiments 

Field experiments were performed on a tidal mudflat near Ellewoutsdijk, in the 
northern part of the Westerschelde (Scheldt estuary, The Netherlands). The 
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sediment surface was visibly covered with a dense bio film of benthic diatoms. 
Salinity of the pore water was 31 PSU, measured with a refractometer (Atago). 
Light intensity at the field site was measured using a Li-250 light meter (Li-Cor). 

Sampling of natural population 

The field experiment was carried out in May 1997. Immediately upon tidal 
emersion 3 plots of 2 m" were marked on the mudflat. The 3 plots were situated 
close together and did not appear to differ in morphology. One plot was darkened 
using black plastic foil. The second plot was sprayed evenly with a solution of 
DCMU. The solution was prepared by diluting a 10"2 M stock solution prepared in 
70 % ethanol to 10"5 M in 33 g l"1 NaCl, approximating the salinity of the pore 
water. The final concentration of 0.07 % ethanol in the solution applied to the 
sediment did not have any deleterious effects on growth or exopolysaccharide 
production in cultures of C. closterium, therefore it was assumed that this would 
also not be the case in sediment. The third plot was left untreated. The plots were 
sampled immediately after treatment and subsequently at intervals of 2-3 hours. At 
each sampling, 10 replicate cores were taken randomly from each plot, using 
stainless steel corers of 1.75 cm diameter. The sample sediment surface remained 
undisturbed by pressing the corer into the sediment, closing it airtight with a rubber 
stopper and lifting the corer. Immediately after the cores were taken the top 2.5 
mm were sliced using a custom-made slicer and stored on ice in the dark. Sampling 
was continued for a 24 hour period with exception of the immersion periods. 
When the experiment was completed samples were taken to the laboratory and 
stored at -20 °C. 

Isolation and analysis of exopolysaccharides from sediment 

Prior to analysis sediment samples were freeze dried. To approximately 100 mg of 
dry sediment 1.5 ml of distilled water was added, followed by incubation at 30 °C 
for 1 hour. Subsequently the extract was centrifuged at 20,000g and 10 °C for 15 
minutes. The pellet was incubated with 1.5 ml of a solution of 150 mM EDTA at 
20 °C for 6 hours. The extract was centrifuged at 20,000g for 15 minutes. From 
both the water and EDTA extracts high molecular weight (HMW) and low 
molecular weight (LMW) carbohydrates were separated by addition of ethanol to a 
final concentration of 80 % (v/v) and overnight incubation at -20 °C. The 
precipitate (HMW) and the supernatant (LMW) were dried under a flow of 
nitrogen gas and stored at -20 °C until analysis. The carbohydrate concentration of 
the fractions was assayed using the phenol /H,S0 4 assay with glucose as a standard 
(Dubois etal., 1956). 
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Extraction and analysis of chlorophyll a from sediment 

Extraction and analysis of chlorophyll a from sediment are described in chapter 2. 

Results 

The accumulation of exopolysaccharides by an early stationary phase culture of C. 

closterium is shown in Fig. 6.1a. Exopolysaccharides accumulated when incubated 
in the light during the first 2 hours after transfer from darkness. When cells were 
incubated in the dark no accumulation of polysaccharides was observed. When the 
inhibitor of photosystem II, DCMU, was added also no exopolysaccharides were 
produced. This was not an effect of ethanol in which DCMU was dissolved. A 
control culture with the same final concentration of ethanol (0.07 %) (not shown) 
did not differ from the culture incubated in the light without ethanol. 

Changes in storage carbohydrates are shown in Fig. 6.1b. In the light, no changes 
in intracellular carbohydrates were observed. Both in the dark as well as in the light 
in the presence of DCMU a slight decrease of intracellular carbohydrates was noted 
during the first 2 hours of incubation. The control culture with 0.07 % ethanol did 
not deviate from the light incubation (not shown). 

When comparing accumulation of exopolysaccharides upon transfer from dark 
to light at two different levels of illumination (15 and 60 umol photons m~2 s"1), it 
was obvious that a minimum level of illumination was required for accumulation of 
exopolysaccharides (Fig. 6.2). At an irradiance of 15 umol photons m"2 s"' amounts 
of exopolysaccharide remained constant, as was the case in the dark, whereas at an 
irradiance of 60 umol photons m 2 s"1 exopolysaccharides accumulated. 

The differences observed in both exopolysaccharide content and accumulation 
rate between the control cultures depicted in Figs. 6.1a and 6.2 may be explained by 
the age difference between the cultures used in these experiments. Cultures were in 
the transition phase towards stationary growth, which was the phase in which the 
rate of exopolysaccharide accumulation started to increase (chapter 4). The control 
culture in Fig. 6.1 was slightly older (8 daĵ s) than the control culture in Fig. 6.2 (6 
days), and therefore exhibited a higher exopolysaccharide accumulation rate 
(consequently also exopolysaccharide content was higher). 

In Fig. 6.3 the different carbohydrate pools in a culture grown under a 12-12 
hour light-dark cycle are shown. During the light period the content of 
exopolysaccharide closely associated with cells increased, with the most 
pronounced increase during the first few hours after the onset of the light period 
(as was also observed in Fig. 6.1a). The content of the non-attached 
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Fig. 6.1. Exopolysaccharides (a) and intracellular carbohydrates (b) (mean ± SD of 
3 replicate samples) in cultures of C. closterium upon incubation in the light (60 
u.mol photons nr2 s1) (•), in the dark (A) or in the light with addition of DCMU 
(+). Note difference in scale. 

exopolysaccharide fraction, consisting of exopolysaccharides not associated with 
cells but found in the medium, did not exhibit such changes during the light period. 
Interestingly/, both attached and non-attached exopolysaccharides showed a marked 
decrease during the dark period. A small amount of extracellular low molecular 
weight carbohydrates was found, which did not show any changes during the light 
period, but seemed to decrease somewhat during the dark period. It was 
remarkable that pools of intracellular carbohydrate did not show any substantial 
changes during the light-dark cycle. 

In order to get a better insight into the decrease of attached exopolysaccharides 
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Fig. 6.2. Exopolysaccharides (mean ± SD of 3 replicate samples) in cultures of C. 
closterium upon incubation at 60 fxmol photons nr2 s4 (•), 15 umol photons 
nr2 s-1 (+) or in the dark (A). 

observed during the dark period, an extract of attached extracellular carbohydrates 
was incubated in the absence of cells. In Fig. 6.4 concentrations of polysaccharide 
and low molecular weight carbohydrates in this extract are shown. The 
polysaccharide fraction decreased during the first 6 hours, while the amount of low 
molecular weight carbohydrates increased. The decrease in polysaccharides was 
balanced by the increase in LMW carbohydrates, and could therefore be explained 
by degradation (and not e.g. by polysaccharides sticking to the glass wall). 

During the 24 h field experiment, the chlorophyll* content in the upper 2.5 mm 
during daytime emersion averaged 69 ± 8 ug (g sediment)'. There were no 
differences in chlorophyll a content between the treatments, nor any changes in 
time. In addition, there was no difference in chlorophyll* content before and after 
tidal emersion, contents in the control plot averaging 78 ± 4 ug (g sediment)1 at 
night. This was taken as evidence that no growth or resuspension of diatoms had 
occurred during the experiment. Microscopic observations showed that the major 
part of the diatom community consisted of epipelic species. 

In Fig. 6.5a results are shown of the measurements of water extractable 
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Fig. 6.3. Attached exopolysaccharides (•), non-attached exopolysaccharides (A), 
total LMW extracellular carbohydrates (+) and intracellular carbohydrates (•) in a 
culture of C. closterium during a 12-12 hour light-dark cycle. Dark period 
indicated by black bar. Values are mean ± SD of 3 replicate samples. 

polysaccharides in the upper 2.5 mm of sediment during a 24 h period. During the 
daytime emersion period water extractable polysaccharides increased considerably. 
In the experimental plot that was darkened the content of water extractable 
polysaccharide remained constant during daytime emersion. In the plot treated with 
DCMU, water extractable polysaccharide content remained constant during the 
first hours. Measurements of oxygen depth profiles performed after application of 
DCMU showed that oxygen production was completely inhibited (S. van Bergeijk, 
pers. comm.). However, towards the end of emersion water extractable 
polysaccharides in the DCMU treated plot increased, probably because by this time 
DCMU had diffused out of the sediment or became otherwise inactive. During the 
period of inundation (15:30-20.00) no samples were taken. After inundation water 
extractable polysaccharide in the control plot had decreased considerably. During 
nighttime tidal emersion this fraction continued to decrease. 

In addition to polysaccharides, also high contents of LMW carbohydrates were 
found in the water extract (Fig. 6.5b). At the start of daytime emersion contents did 
not differ between plots, but during emersion the content of this fraction remained 
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Fig. 6.4. Polysaccharides (•) and LMW carbohydrates (+) in an extract of attached 
extracellular carbohydrates separated from cells grown at a 12-12 hour light-dark 
cycle. Values are mean ± SD of 3 replicate bottles. 

constant in the light, whereas in the plots that were either darkened or treated with 
DCMU it decreased. After tidal immersion water extractable LMW carbohydrates 
had not decreased, but during the night no clear pattern was found. 

At the start of daytime emersion, EDTA extractable polysaccharide content was 
in the same order of magnitude as water extractable polysaccharides, but this 
fraction showed no substantial changes during a 24 h cycle (Fig. 6.6a). However, 
LMW carbohydrates in the EDTA extract showed a pronounced increase in the 
light, but not in the darkened or in the DCMU treated sediment (Fig. 6.6b). In the 
light this fraction increased approximately 5-fold over a 6 h period, up to a content 
higher than observed for any other fraction analyzed. After tidal inundation 
virtually all of this material had disappeared. 

71 



chapter 6 

T3 

O 

60 

a. 

T3 

T3 .̂ 
J3 
O 

Xi 

1500 

08:00 12:00 16:00 20:00 00:00 04:00 
time of day 

Fig. 6.5. Water extractable polysaccharides (a) and LMW carbohydrate (b) in the 
upper 2.5 mm of sediment during emersion of a tidal flat in the Westerschelde in a 
plot treated with DCMU (+), a darkened plot (A) and a control plot (•) . Values are 
mean ± SD of 10 replicate cores. 

Discussion 

An axenic culture of C. closterium incubated in the dark accumulated no 

polysaccharides, whereas when incubated in the light exopolysaccharide content 

increased. Also, incubation in the light with oxygenic photosynthesis blocked by 

D C M U inhibited accumulation of exopolysaccharides. Al though cells had been 

incubated in the dark for 10 hours , the content of intracellular storage carbohydrate 

was still high. Therefore the fact that no polysaccharides accumulated in the dark 
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Fig. 6.6. EDTA extractable polysaccharides (a) and LMW carbohydrates (b) in the 
upper 2.5 mm of sediment during emersion of a tidal flat in the Westerschelde in a 
plot treated with DCMU (+), a darkened plot (A) and a control plot (•). Values 
are mean ± SD of 10 replicate cores. 

was not attributable to depletion of intracellular carbohydrates. The decrease of 
intracellular carbohydrates in the dark was not reflected in an increase in 
exopolysaccharides. Although it could not be fully excluded that in the dark and 
DCMU treatments intracellular carbohydrates were converted to 
exopolysaccharides (followed by degradation), this did not seem very likely (and 
even then secretion levels in these treatments would be rather low). It seemed more 
likely that the decrease of intracellular carbohydrates was atributable to respiration. 
The fact that only a small decrease of intracellular carbohydrates was found in the 

^ 
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dark was probably due to the fact that the stationary phase cells possessed low 
metabolic rates while having high levels of intracellular storage carbohydrate. 

These results demonstrated that oxygenic photosynthesis was a prerequisite for 
secretion of polysaccharides. They contradict results reported by Smith & 
Underwood (1998), who observed an increase of exopolysaccharides in darkness, 
corresponding to a decrease of intracellular storage carbohydrates. Interestingly, 
exopolysaccharide accumulation was especially high during the first two hours after 
transfer to light. This could not be explained by light functioning as a trigger, since 
in the DCMU treated culture no accumulation of exopolysaccharides was observed. 
Possibly, when cells were transferred from dark to light, secretion functioned as a 
sink for excess photosynthate, and photosynthate production was adjusted upon 
prolonged incubation. The fact that a certain minimum light intensity was required 
for exopolysaccharide accumulation, confirmed that such an overflow metabolism 
may be a steering factor for exopolysaccharide production. 

The same treatments (light, dark, DCMU) were applied to natural diatom 
communities in situ. To compare exopolysaccharide production in culture and field, 
an important issue was to what extent carbohydrate fractions extracted from 
cultured cells and from sediment could be compared. While extraction from 
cultures was performed on fresh cells, sediment samples were stored at -20 °C and 
freeze-dried prior to extraction. Underwood et al. (1995) found that extraction with 
water on freeze dried sediment may lead to contamination of the extract with 
intracellular carbohydrates. However, the storage carbohydrate of benthic diatoms, 
chtysolaminarin (Beattie et ai, 1961; Darley, 1977), is a polysaccharide that does not 
precipitate in cold ethanol (Myklestad, 1988; chapter 4 this thesis). If cell lysis had 
occurred during any extraction, this polysaccharide would have been obtained in 
the low molecular weight fraction of the extract. Therefore it was concluded that 
polysaccharides in the wTater extract from sediments could be quantitatively 
compared to polysaccharides in the water extract from cultures (which made up the 
greater part of total extracellular polysaccharides). These polysaccharides were the 
product of secretion (Taylor & Paterson, 1998; Underwood & Smith, 1998; chapter 
4 this thesis). Remarkably, LMW carbohydrates in the EDTA extract showed a 
pronounced increase in the light, hence were probably also a product of 
photosynthesis. Possibly, cell lysis occurred upon extraction with EDTA, and 
LMW carbohydrates consisted of chrysolaminarin. The concentration of this 
material decreased considerably during tidal inundation, suggesting that it may have 
been used by the diatoms as a carbon source for respiration. 

The field situation represented a much more complex system than an axenic 
culture of C. closterium. Nevertheless, the experiments in which natural sediments 
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were subjected to dark conditions or treatment with DCMU showed that also in 
the field no exopolysaccharides were produced in the dark or upon treatment with 
DCMU. This indicated that the dependence of exopolysaccharide accumulation on 
photosynthesis was not a culture artefact. Furthermore, a decrease of 
polysaccharides in the water extract was found in the dark both in culture (when 
grown under an alternating light-dark cycle) and in the field. The decrease observed 
in the field after tidal inundation may have been due to wash out by the tide. This 
was also observed by Underwood & Smith (1998). In contrast, Grant et al. (1986) 
found that the exopolysaccharide matrix remained more or less intact upon tidal 
inundation. Alternatively, polysaccharides were possibly subject to hydrolysis. This 
was supported by the facts that 1) during nighttime emersion amounts of 
polysaccharide decreased, and 2) no wash out of water extractable LMW 
carbohydrates was observed. In the C. closterium culture grown under an 
alternating light-dark cycle, a decrease of exopolysaccharides was observed during 
the dark period as well. Since no bacteria were present in culture, it was conceived 
that the diatom itself was capable of hydrolysis of extracellular polysaccharides. In 
chapter 4 it was shown that small amounts of protein were present in the extract, 
but it remained unclear whether these were an integral part of the exopolymer or 
consisted of secreted enzymes. When degradation of exopolysaccharides was 
monitored in an extract incubated separate from cells, it was accompanied by an 
increase of LMW carbohydrates. However, when cells were present (i.e. in the 
light-dark grown culture), the decrease of exopolysaccharides was accompanied by 
a decrease of LMW carbohydrates, suggesting that the hydrolysis product was taken 
up. Chemoheterotrophic growth has been encountered frequently in benthic 
diatoms (Hellebust & Lewin, 1977). This may be an important adaptation for 
benthic phototrophic organisms that are often though irregularly exposed to long 
periods of darkness, while organic carbon content is high in intertidal muddy 
sediments. Indeed, Saks et al. (1976) demonstrated that C. closterium is a facultative 
heterotroph. Although secretion of hydrolytic enzymes has been demonstrated for 
some benthic diatoms that appeared to be able to digest macromolecules such as 
agar, casein and cellulose (Lewin & Lewin, 1960; Hellebust & Lewin, 1977; Tanaka 
& Ohwada, 1988), no reports have been made of diatoms that were able to 
hydrolyze their own secretion product (Tuchman, 1996). 

It was not clear why degradation of polysaccharides in the dark in cultures of C. 

closterium was observed when cells were grown under an alternating light-dark 
cycle, but not when cells previously had been grown in continuous light. An 
explanation for this may be that continuous light-grown cells did not convert to 
heterotrophic growth very rapidly, as has been observed for glucose and lactate 
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uptake in Cjclotella cryptica and Cylindrotheca fusiformis, respectively (Lewin & 
Hellebust, 1970; Hellebust, 1971). These species showed a lag period of about one 
day before transport systems were induced. In contrast, light-dark grown cells may 
have been adjusted to the recurring dark period. However, to gain more insight 
into the possibility that under conditions unfavourable for photosynthesis benthic 
diatoms are able to take up their own secretion product, more information is 
needed on secretion of hydrolytic enzymes. 

Exopolysaccharides play a role in cell locomotion (Edgar & Pickett-Heaps, 
1984). The exopolysaccharide matrix attaches the cell to a substratum, which is a 
prerequisite for movement (Wetherbee et al. 1998). The results presented in this 
chapter indicate, however, that overflow metabolism also plays a role in steering 
exopolysaccharide production. During our field study, upward migration of 
diatoms at the start of daytime emersion was observed by the brown coloration of 
the sediment surface both in the light and in the dark plots. Indeed, Hopkins (1966) 
already showed that upward migration took place even when sediment was 
darkened, and Serodio et al (1997) showed that diatoms continue to migrate 
upwards at the start of subjective daytime emersion when incubated in the dark for 
a number of days. This suggests that the observed differences in exopolysaccharide 
accumulation between the treatments were not likely to be due to differences in 
motility. Ruddy et al. (1998a) calculated that the accumulation of carbohydrates in 
the sediment during emersion may well be the result of excess carbon fixation due 
to nitrogen limitation. There may be additional benefits in secretion of 
polysaccharides, such as protecting cells against resuspension or desiccation. This 
conclusion is not in line with the work of Smith & Underwood (1998), who 
concluded that exopolysaccharide production was closely linked to migratory 
rhythms. 

In summary, accumulation of exopolysaccharides by C. closterium occurred in 
the light but not in the dark. No exopolysaccharides accumulated when 
photosynthesis was inhibited by DCMU. In the dark or with DCMU, no 
intracellular carbohydrates were converted to exopolysaccharides. The amount of 
exopolysaccharides accumulating was dependent on light intensity. All these 
observations indicated that polysaccharide secretion was dependent on 
photosynthesis. The results suggested that overflow metabolism was a steering 
factor for secretion, and that exopolysaccharides were not only produced for 
motility. The dependence of exopolysaccharide accumulation on photosynthesis 
was not only observed in monocultures, but also in a natural diatom population. 
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General discussion 

In this chapter, the results presented in the preceding chapters are discussed in an 
attempt to answer the two main questions of this thesis as formulated in chapter 1. 
These questions were: 

1. Does the formation of an exopolysaccharide matrix by epipelic diatoms on the 
sediment surface of intertidal mudflats influence estuarine sediment transport? 

2. What are the steering factors for exopolysaccharide production by epipelic 
diatoms? 

The first question may be answered using the data from the field surveys presented 
in chapters 2 and 3. The monoculture and field experiments from chapters 4-6 are 
used to answer the second question. Furthermore, the validity of extrapolating 
results from laboratory culture studies to the field is discussed. 

Biostabilization 

At high diatom densities, the mud content of the sediment was higher than when 
diatoms were absent (i.e.: at the mudflat margin in early summer, chapters 2 and 3). 
From this it was concluded that the presence of the diatom-exopolysaccharide 
biofilm resulted in the fixation of sediment which would otherwise have been 
eroded. Removal of a dense diatom biofilm enhances erosion (Underwood & 
Paterson, 1993b). The stabilizing effect is related not only to the amount of 
exopolysaccharide but also to the density of charged substituents on the 
polysaccharide, such as carboxyl and sulphate groups (Sutherland et al, 1998). 
These substituents were shown to be present on exopolysaccharides produced by 
two diatom species isolated from mudflats (chapter 4). 

Epipelic diatoms generally grow on sediment with a high mud content (Colijn & 
Dijkema, 1981; Sundbäck, 1984; De Jong & De Jonge, 1995), and these sediments 
are found only in areas where erosion rates are low (Postma, 1957). Hence, epipelic 
diatoms are mainly present in depositional areas, where biostabilization will not 
alter sedimentation/erosion rates to a very large extent. Moreover, the fact that 
epipelic diatoms were present in high densities only in early summer and on a 
relatively small part of the intertidal flat obviously restricts the impact of 
biostabilization on overall sediment transport. Substantial erosion events take place 
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in autumn, when diatoms are absent (Coles, 1977; Frostick & McCave, 1979; 
Anderson, 1983; Brown, 1998). Therefore, the conclusion is that the influence of 
biostabilization by epipelic diatoms on sediment sorting and on sediment transport 
between tidal flat and channel on a yearly basis is probably small, compared to 
hydrodynamic factors. 

Steering factors 

In the context of the BOA research theme on tidal areas, knowledge was required 
on the conditions under which secretion of polysaccharides by benthic diatoms 
takes place. This could not be achieved without addressing the function of 
polysaccharide secretion. Therefore, a discussion of the possible steering factors for 
secretion will also touch upon possible functions of exopolysaccharide production. 

Motility 

As stated in chapter 1, it is clear from literature that the role of exopolysaccharides 
in motility is to attach the cell to a solid substratum (Edgar & Pickett-Heaps, 1984; 
Wetherbee et al, 1998). However, it is unlikely that the large quantities of 
exopolysaccharide that were found attached to the cell (chapter 4) were secreted for 
motility only. Amounts of exopolysaccharide are generally much higher than the 
amount that would, theoretically, be required for motility (Edgar & Pickett-Heaps, 
1984). Some species produce copious amounts of polysaccharide, but can move 
writh only one strand of exopolysaccharide actually attaching the cell to a 
substratum (Cohn & Weitzeil, 1991). Furthermore, exopolysaccharides are not only 
secreted through the raphe but also through other openings (e.g. pores) in the 
silicate frustule (Rosowski et al, 1983). These observations suggest that not all 
polysaccharides are secreted in order to facilitate locomotion, and that other factors 
may control exopolysacharide production. 

Smith & Underwood (1998) concluded from monoculture and field experiments 
that exopolysaccharide production is closely coupled to migratory rhythms. 
However, their results do not agree with reports showing that epipelic diatoms 
continue their rhythmic migration for several days when incubated in the dark 
(Hopkins, 1966; Serodio et al, 1997). It seems unlikely that diatoms are able to 
produce such large quantities of exopolysaccharide in the dark for several days. 
Moreover, it has been reported that the inhibitor of photosystem II, 3-(3,4-
dichlorophenyl)-l,l-dimethyl urea (DCMU) did not affect motility in the diatom 
Amphora coffeaeformis (Cooksey & Cooksey, 1980) whereas our data showed that 
this herbicide inhibited polysaccharide secretion (chapter 6). These different 
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responses of motility and polysaccharide secretion to inhibition of photosynthesis 
(either by darkness or DCMU) strongly suggest that most of the material secreted is 
not associated with motility. 

Other steering factors: overflow metabolism 

Several observations indicated that secretion was dependent on light and nutrient 
conditions. Accumulation of exopolysaccharides was dependent on growth phase: 
the highest accumulation rates were found during early stationary phase, which was 
induced by nitrogen depletion (chapters 4 and 5). Furthermore, secretion of 
exopolysaccharides occurred only in the light, without inhibition of 
photosynthesis. These results strongly suggested that exopolysaccharides were 
produced as a result of overflow metabolism. This is a well known phenomenon in 
planktonic diatoms (Myklestad et al, 1989; Wake et al., 1995). An excess amount of 
carbon dioxide is fixed relative to growth requirements, and the resulting 
carbohydrates are accumulated in the cell or secreted. Overflow metabolism 
resulting in secretion of polysaccharides was observed as a response to an increase 
in light intensity (chapter 6) or caused by a decrease in growth rate (chapter 4). In 
these experiments, the amount of time needed to attain balanced growth was 
different. When cells were transferred from dark to light, there was initially a rapid 
secretion of polysaccharides, which decreased however within a few hours (chapter 
6). A decrease of growth rate from linear to stationary growth resulted in the 
accumulation of exopolysaccharides that lasted for a number of days (chapter 4). 

Secretion versus intracellular storage: possible functions of secretion 

The different experiments described in chapters 3-5 did not reveal any general 
pattern with respect to the amount of secretion versus intracellular storage of 
carbohydrate. For instance, in the field experiments described in chapter 6 
intracellular carbohydrates as well as exopolysaccharides accumulated during 
emersion. In cells grown with ammonium as nitrogen source excess carbohydrates 
were also stored intracellularly and secreted in equal amounts (chapter 5). However, 
in other culture experiments in which excess carbohydrates were produced these 
were exclusively secreted and not stored in the cell (chapter 6). The fact that in 
some cases all excess carbohydrates were secreted suggested that there are 
additional benefits to secretion of polysaccharides apart from serving as a sink for 
excess carbon. For instance, secretion of polysaccharides may influence nutrient 
conditions. Several mechanisms are conceivable through which the 
exopolysaccharide matrix could bring about a change in nutrient conditions: 1) As 
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pointed out earlier, a diatom-exopolysaccharide biofilm could substantial!}' increase 
the mud content of the sediment surface. Because the organic carbon content of 
the mud is high, this will also increase the concentration of inorganic nutrients 
(Ruddy et ai, 1998b), 2) the exopolysaccharide matrix may bind inorganic nutrients 
(Admiraal & Werner, 1983; Decho, 1990), 3) at high diatom densities, high oxygen 
production rates may result in the formation of oxygen bubbles, which create lift 
forces that induce large parts of the diatom/exopolysaccharide biofilm to erode 
and be suspended in the water column (Blanchard et al, 1997; Sutherland et al, 

1998). This may be a strategy for dispersion or relocation to environments with 
more favourable nutrient conditions. 

Another important function of the exopolysaccharide matrix could be 
influencing the state of hydration of the sediment surface. Sediment surfaces 
densely colonized by diatoms generally appear very hydrated, whereas sediments 
not colonized by diatoms clearly dehydrate during emersion. Epilithic diatoms 
produce more exopolysaccharides when subjected to desiccation (Peterson, 1987). 
Protection against dehydration is particularly important for photosynthesis: cells in 
desiccated or flooded sediment exhibit lower photosynthesis rates than cells in 
moist (but unflooded) sediment (Holmes & Mahall, 1982). 

A comparison of monoculture and field results 

The experiments performed with monoalgal cultures indicated that overflow 
metabolism may be a steering factor for secretion. The question remained to what 
extent this was true also for secretion by natural populations. 

Overflow metabolism in intertidal sediments 

In culture, water extractable polysaccharides were produced as a result of overflow 
metabolism. The question forces itself whether in situ this fraction also accumulated 
as a result of overflow metabolism. For instance, is nutrient limited growth likely to 
occur in intertidal sediments? In muddv sediment, concentrations of inora;anic 
nutrients are generally quite high (Admiraal, 1984), suggesting that nutrient limited 
growth is unlikely. However, pore water concentrations of inorganic nutrients do 
not necessarily reflect the amount of nutrients available to the diatoms. When 
biomass is very high, it seems possible that nutrient depletion occurs every now 
and then. Ruddy et a I. (1998a) calculated that especially nitrogen may regularly limit 
growth of diatoms on intertidal mudflats. In addition to nitrogen, also 
phosphorous limitation has been shown to occur in intertidal sediments (Pinckney 
et ai, 1995). Moreover, exopolysaccharide accumulation could also be stimulated by 
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low ambient concentrations of nitrogen or phosphorous that did not limit growth 
(chapter 5). Hence, low concentrations of nitrogen or phosporous in intertidal 
sediments may have stimulated exopolysaccharide production. Obviously, 
photosynthetic carbon fixation must take place in order for overflow metabolism 
to occur. Carbon dioxide concentrations probably are not limiting photosynthesis 
in intertidal sediments (Kromkamp et al, 1998). Also, incident irradiance at the 
sediment surface must be sufficiently high. During the field experiments reported 
in chapter 6, incident irradiance at the sediment surface ranged between 1500-2000 
umol photons m 2 sA during the daytime emersion period. Values for Im;lx (optimal 
irradiance for photosynthesis) for microphytobenthos were reported by Blanchard 
& Montagna (1992) and ranged from 380 to 900 umol photons m 2 s"1. Therefore, 
in this particular field experiment (chapter 6) irradiance was probably saturating for 
photosynthesis, hence overflow metabolism may well have been a steering factor 
for the observed accumulation of exopolysaccharides. 

Turnover of exopolysaccharides 

In chapter 2, it was shown that the ratio carbohydrate/chlorophyll a was more or 
less constant throughout the year except for April, when the amount of 
carbohydrate produced per chlorophyll a increased dramatically. In agreement with 
the previous conclusions, this could be explained by overflow metabolism 
occurring during this period. This accumulation of carbohydrates over a longer 
period of time implied that the water extractable carbohydrate fraction, at least to a 
very large extent, did not wash out during immersion. At the end of the clear water 
phase, carbohydrate content rapidly decreased. Probably, this material was rapidly 
degraded due to heterotrophic activity, which confirmed conclusions drawn in 
chapter 6, that activity of heterotrophs contributed more to degradation of 
polysaccharides than wash-out by the tide. This is in agreement with observations 
by Grant et al (1986), who found that upon tidal immersion the exopolysaccharide 
matrix remains more or less intact. Furthermore, Van Duyl et al. (subm.) observed 
considerable bacterial degradation of polysaccharides in intertidal sediments. In 
addition to bacterial degradation, it is possible that also diatoms hydrolyze 
exopolysaccharides and use it as energy and/or carbon source in the dark. 

Chemoheterotrophic uptake of exopolysaccharides 

Benfhic diatoms are known to be able to grow heterotrophically, and use a wide 
variety of sugars as carbon source (Hellebust & Lewin, 1977; Tuchman, 1996). 
Considering the light climate that benthic diatoms are subjected to (i.e. frequent 
though irregular exposure to darkness), the ability to grow chemoheterotrophically 
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may be essential for survival. In chapter 2 it was concluded that photoperiod length 
was not a factor restricting diatom growth: dense populations were observed in 
areas where, due to long periods of tidal immersion, photoperiods were short. The 
ability to grow chemoheterotrophically possibly enables benthic diatoms to grow 
up to high densities in these conditions. Furthermore, chemoheterotrophic uptake 
of organic carbon may be related to motility. Cooksey & Cooksey (1980) observed 
that Amphora coffeaeformis cannot migrate in the dark without addition of glucose. 
This would explain the fact that diatoms are able to continue their regular vertical 
migration for days even when incubated in the dark (Serodio et al, 1997). Organic 
carbon may serve as the source for the exopolysaccharides that would be required 
for this behaviour. 

As yet, there is no clear evidence that benthic diatoms are also capable of using 
their own secretion product as carbon and energy source. However, results 
presented in chapter 6 supported this hypothesis. The polysaccharides secreted by 
two isolated species were quite heterogeneous with respect to monosaccharide 
composition (chapter 4). Do benthic diatoms secrete hydrolytic enzymes that 
degrade this material? An interesting line of research would be to look for these 
enzymes, and establish their activity in situ. 
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Summary 

Estuarine mudflats are frequently colonized by benthic diatoms. Diatoms are 
phototrophic microorganisms characterized by a silica frustule enveloping the cell. 
On tidal flats composed of very fine sediment the diatom population is generally 
composed of motile species, which exhibit a typical vertical migration pattern 
within the upper millimeters of the sediment surface. Marine benthic diatoms 
produce large amounts of exopolysaccharides, resulting in the formation of a 
biofilm on the sediment surface. 

The research presented in this thesis was part of a larger project investigating 
estuarine sediment transport between tidal flat and channel. One of the main 
questions of the field surveys presented in this thesis was: what is the impact of 
biostabilization by benthic diatoms on sediment fluxes? 

Literature on polysaccharide secretion by benthic diatoms shows that some of 
the exopolysaccharides produced possibly have a function in the locomotory 
mechanism, however other factors could also influence the amount of 
polysaccharides secreted. A second objective therefore was to learn more about the 
possible steering factors for polysaccharide secretion. 

The interannual, seasonal and spatial variability of diatom growth and secretion 
was monitored on a large tidal flat in the Ems-Dollard estuary (The Netherlands). 
Chlorophyll a was used as a measure of microphytobenthic biomass, which was 
composed predominantly of motile diatoms. Two operational fractions of 
carbohydrate were isolated from the sediment: water extractable and EDTA 
extractable carbohydrates. Both fractions correlated significantly with chlorophyll a, 

suggesting that both were produced by diatoms. The water extractable fraction 
contained the secreted material, whereas the nature of the EDTA extract was less 
clear. In April-May 1996 an uncoupling was observed between the water 
extractable carbohydrates and chlorophyll a, probably as a result of overflow 
metabolism occurring during the clear water phase. Overflow metabolism could 
therefore be an important steering factor for polysaccharide secretion. 

In June 1996 benthic diatom densities were extremely high, whereas during the 
rest of the year densities were very low. Also in 1997 benthic diatom concentration 
and exopolysaccharide content were very low. High diatom densities were only 
found in sediment with a high mud content, on the margin of the tidal flat. 
Diatoms caused accretion of mud in June 1996, when diatom densities were high, 
however the mud content in this area remained high throughout the year (also 
when no diatoms were present). The restricted presence of benthic diatoms and 



Summary Ex samenvatting 

exopolysaccharides to early summer and to areas of low prevailing erosion rates 
indicated that the effect of biostabilization by diatoms on sediment transport was 
probably limited compared to hydrodynamic factors. 

Characterization of the secreted material from axenic cultures of Cjlindrotheca 

closterium and Navicula salinarum showed that small amounts of 
exopolysaccharide were secreted into the medium, but the bulk (extracted in water 
at 30 °C) was associated with the cells. The attached exopolysaccharides were 
present in the form of strands running between cells and other particles, rather 
than a tight capsule. The secreted material consisted predominantly of 
polysaccharide, but small quantities of protein were present as well. Glucose and 
xylose were the main constituents of the exopolysaccharides. Substantial amounts 
of uronic acid and sulphated sugars, components that determine the adhesion 
capacity of the exopolysaccharides, were found. 

In batch cultures of both C. closterium and N. salinarum, the highest rate of 
exopolysaccharide accumulation was observed during the transition from 
exponential to stationary growth. In cultures of C. closterium, nitrogen depletion 
was the factor causing cessation of growth and stimulating exopolysaccharide 
accumulation (as well as intracellular carbohydrate accumulation). Also, cells grown 
with ammonium as nitrogen source accumulated more carbohydrates (both intra-
and extracellularly) than cells grown with nitrate as nitrogen source. In these 
experiments, both exopolysaccharides and intracellular carbohydrates probably 
accumulated as a result of overflow metabolism, confirming the field observations 
which already suggested that this may be an important steering factor. Moreover, 
accumulation of exopolysaccharides was stimulated when nitrogen or phosphorous 
concentrations in the medium were low but growth was not affected, suggesting 
that secretion could also be a reaction to low ambient nutrient concentrations. 

The dependence of exopolysaccharide accumulation by C. closterium on light 
and photosynthesis was investigated by incubating cells in the light, in the dark, or 
in the light with addition of the inhibitor of photosystem II, 3-(3,4-dichlorophenyl)-
1,1-dimethyl urea (DCMU). In the light, C. closterium accumulated 
exopolysaccharides at a high rate, whereas no secretion was observed in the dark or 
in the presence of DCMU. Similarly, when these treatments were applied to a 
population of epipelic diatoms on an intertidal mudflat in the Western Scheldt 
(Scheldt estuary, The Netherlands), high rates of polysaccharide accumulation were 
observed during daytime emersion but not in darkened or DCMU treated 
sediment. It was concluded that, both in monoculture and in situ, secretion of 
polysaccharides was dependent on oxygenic photosynthesis. This was in agreement 
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with the conclusion from other culture experiments and field observations, that 
overflow metabolism was a factor controlling exopolysaccharide production. 

Both in monoculture and in situ, exopolysaccharide content decreased in the 
dark. Because no bacteria were present in the C. closterium culture, it was 
conceived that the degradation of exopolysaccharides was due to secretion of 
hydrolytic enzymes by C. closterium. 

Samenvatting 

Op getij deplaten in estuaria komen regelmatig in grote dichtheden benthische 
diatomeeën voor. Diatomeeën zijn fototrofe microörganismen met als 
karakteristiek kenmerk een silicaatskelet dat de eigenlijke cel omhult. Op 
geüjdeplaten bestaande uit slib (zeer fijn sediment) bestaat de diatomeeënpopulatie 
voornamelijk uit soorten die een regelmatig migratiepatroon binnen de bovenste 
millimeter van het sedimentoppervlak vertonen. Benthische diatomeeën scheiden 
grote hoeveelheden Polysacchariden uit, resulterend in de vorming van een biofilm 
op het sedimentoppervlak. Het onderzoek beschreven in dit proefschrift was 
onderdeel van een groter project met als doelstelling het bestuderen van estuarien 
sedimenttransport tussen getijdeplaat en geul. Eén van de belangrijkste 
vraagstellingen was: wat is het effect van polysaccharidensecretie door benthische 
diatomeeën op de sedimentflux? 

Uit de literatuur is bekend dat een deel van de Polysacchariden die worden 
uitgescheiden waarschijnlijk een rol speelt in het bewegingsmechanisme van de 
diatomeeën. Echter, ook andere factoren kunnen de hoeveelheid geproduceerde 
exopolysacchariden beïnvloeden. Een tweede centrale vraagstelling was: van welke 
factoren is uitscheiding van Polysacchariden afhankelijk? 

De temporele en ruimtelijke variabiliteit in groei van diatomeeën en productie 
van exopolysacchariden op een getijdeplaat in het Eems-Dollard estuarium werd 
onderzocht. Chlorophyll a werd gebruikt als indicator voor diatomeeënbiomassa. 
Twee operationele koolhydraatfracties werden uit het sediment geëxtraheerd: een 
water extraheerbare en een EDTA extraheerbare fractie. Beide fracties correleerden 
significant met chlorophyll a, wat suggereerde dat beide geproduceerd werden door 
diatomeeën. De water extraheerbare fractie bevatte het uitgescheiden materiaal, 
terwijl de oorsprong van het EDTA extract minder duidelijk was. In april-mei 1996 
werd een ontkoppeling waargenomen tussen water extraheerbaar koolhydraat en 
chlorophyll a, waarschijnlijk als gevolg van "overflow"metabolisme tijdens de 

95 



Summary £ç samenvatting 

helder water fase. Overflowmetabolisme zou dus een belangrijke sturende factor 
voor secretie kunnen zijn. 

Zeer hoge concentraties benthische diatomeeën werden waargenomen in juni 
1996, terwijl gedurende de rest van het jaar concentraties zeer laag bleven. In 1997 
waren de concentratie benthische diatomeeën en het exopolysaccharidengehalte 
ook zeer laag. De hoge dichtheden diatomeeën werden gevonden in sediment met 
een zeer hoog slibgehalte, aan de rand van de getijdeplaat. De aanwezigheid van 
grote hoeveelheden diatomeeën in juni 1996 zorgde voor extra vastlegging van slib. 
Echter, het slibgehalte in dit gebied bleef hoog gedurende het hele jaar (dus ook als 
geen diatomeeën aanwezig waren). Het feit dat het voorkomen van grote 
hoeveelheden benthische diatomeeën en exopolysacchariden beperkt bleef tot de 
vroege zomer en tot gebieden waar de heersende erosiesnelheden laag waren, gaf 
aan dat het effect van biostabilisatie door diatomeeën op sedimenttransport 
waarschijnlijk beperkt was, in vergelijking met hydrodynamische factoren. 

Karakterisatie van het uitgescheiden materiaal van axenische cultures van 
Cjlindrotheca closterium en Navicula salinarum wees uit dat een kleine 
hoeveelheid exopolysaccharide in het medium werd uitgescheiden, het grootste deel 
echter (geëxtraheerd in water bij 30 °C) was aan de cel gebonden. Het celgebonden 
exopolysaccharide vormde niet zozeer een kapsel, maar strengen die cellen en 
andere deeltjes met elkaar verbonden. Naast Polysacchariden werden echter ook 
kleine hoeveelheden eiwit in het uitgescheiden materiaal gevonden. Het 
exopolysaccharide bestond vooral uit glucose en xylose. Verder werden ook 
uronzuren en gesulfateerde suikers gevonden, componenten die voor een belangrijk 
deel de adhesiecapaciteit van het polysaccharide bepalen. 

In batch cultures van zowel C. closterium and AT. salinarum werd de hoogste 
accumulatiesnelheid van exopolysacchariden gemeten tijdens de transitie van de 
exponentiële naar de stationaire fase. In cultures van C. closterium was 
stikstofdepletie de factor die stationäre groei en accumulatie van 
exopolysacchariden induceerde (evenals accumulatie van intracellulaire 
koolhydraten). Verder hoopten cellen gekweekt met ammonium als stikstofbron 
meer koolhydraat op (zowel intra- als extracellulair) dan cellen gekweekt met nitraat 
als stikstofbron. Het was waarschijnlijk dat in deze experimenten zowel 
exopolysacchariden als intracellulair koolhydraat accumuleerden als gevolg van 
overflowmetabolisme, daarmee observaties uit het veld bevestigend. Bovendien 
werd secretie van Polysacchariden ook gestimuleerd bij lage concentraties van 
stikstof of fosfor in het medium zonder dat de groei werd geremd, wat suggereerde 
dat secretie ook plaatsvond als reactie op lage nutriëntconcentraties in de omgeving 
van de cel. 

96 



Summary £r samenvatting 

De afhankelijkheid van polysaccharidensecretie van licht en fotosynthese door 
C. closterium werd onderzocht door cellen te incuberen in het licht, in het donker 
en in het licht met toevoeging van de fotosysteem II-remmer 3-(3,4-dichlorofenyl)-
1,1-dimethyl ureum (DCMU). In het licht accumuleerde C. closterium 

exopolysacchariden, terwijl in het donker of met DCMU geen uitscheiding werd 
waargenomen. Bij eenzelfde behandeling van een natuurlijke populatie van 
benthische diatomeeën op een getijdeplaat in de Westerschelde, werden hoge 
accumulatiesnelheden waargenomen gedurende droogval overdag, maar niet in 
afgedekt of DCMU-behandeld sediment. De conclusie was dat zowel in 
monocultuur als in situ uitscheiding van exopolysacchariden afhankelijk was van 
oxygène fotosynthese. Dit was in overeenstemming met de conclusies uit andere 
experimenten en veldobservaties, nl. dat productie van exopolysacchariden 
gestuurd werd door overflowmetabolisme. 

Zowel in monocultuur als in situ nam het exopolysaccharidengehalte af in het 
donker. Omdat er in cultures van C. closterium geen bacteriën aanwezig waren, 
was de afbraak van exopolysacchariden waarschijnlijk het gevolg van de 
uitscheiding van hydrolytische enzymen door C. closterium. 
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Nawoord 

Tot slot wilde ik de mensen bedanken die hebben bijgedragen aan het onderzoek 
beschreven in dit proefschrift. 

Allereerst natuurlijk Luuc, mijn promotor. Alhoewel het wad niet helemaal jouw 
plek was, heb je je altijd enthousiast getoond voor dit onderzoek. Je was er steevast 
van overtuigd dat er meer uit gegevens te halen valt dan op het eerste gezicht lijkt, 
die positieve benadering is voor een gestresste promovendus uiteraard erg prettig. 

Lucas, mijn co-promotor, ook toen je op wat grotere afstand zat heb je je nog 
intensief met mijn onderzoek bemoeid. Je moet haast wanhopig gewrorden zijn van 
de onafgebroken stroom versies van hoofdstukken die ik je de afgelopen twee jaar 
heb toegestuurd. Bedankt dat je er zoveel energie in gestoken hebt. 

Ben, vanaf het begin mijn vraagbaak en terecht kritische noot. De beginperiode 
van het onderzoek was zeker niet makkelijk, dan is het prettig om iemand te 
hebben met wie je samen dingen uit kunt zoeken. Ondanks al die opstartperikelen 
heb je me genoeg op weg geholpen om uiteindelijk dit boekje af te leveren. 

(Ex-)Kamergenoten Pim en Petra, en later Jutta, wat betreft onderzoek deden we 
allemaal wat anders maar promoveerproblemen zijn universeel. Pim, ik hoop nog 
veel van je te zien. Petra, onze gesprekken gingen de laatste tijd niet echt meer over 
wetenschap vrees ik, maar des te meer over een heleboel andere dingen (houden we 
zo). 

Hans M., je onnavolgbare gedachtensprongen blijven me na al die jaren nog 
steeds verbazen. Het feit dat ik ze nu toch beter kan volgen dan vroeger is voor mij 
een duidelijke aanwijzing dat ik veel geleerd heb. 

Udo, in minder dynamische tijden vaak mijn enige metgezel bij de lunch. Met 
sommige mensen is het bijzonder aangenaam de toestand in de wereld door te 
nemen. 

Er lopen inmiddels (gelukkig) weer teveel mensen op de 9e rond om iedereen 
persoonlijk te bedanken, dus bij deze: Ernesto, Jef, Hans B., Maria, Stef, Marco, 
Karin, Robert, Hans R., Jolanda, Elly, Jan vdS en ex-collega's Jeroen, Hélène, Josje 
en Peter. Claudia, hoewel pas net collega verdien je nu al een speciale vermelding, 
wegens gezellig kroegbezoek enzo... 

De 8e zijn we nog steeds niet helemaal vergeten: Joost, Mark, Mike, Svetlana, 
Frank, Dennis, Pieter, Andrea, Jasper, Daniel, Bart, Tilly, Klaas, Wim, Arthur, 
Claudio, Betsie en Remco. 

Albert Brugger heeft heel wat waardevolle pilotexperimenten gedaan, en ook 
Martijs, mijn enige student (maar het gaat om de kwaliteit), heeft een hoop zwaar 
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werk verricht. Wanneer word je nou eens beroemd? 

Mede-BOA'ers Eric, Willem, Ronald, Bart, Rob, Marco, Herman, Wilfried en 
Joost: veldwerk is vooral achteraf leuk, ik heb dan ook goede herinneringen aan 
onze modderige verblijven op het wad. Eric, het was grappig hoe roerend wij het 
meestal over van alles met elkaar eens waren (we hadden natuurlijk ook gewoon 
gelijk). 

Ute, bedankt voor het analyseren van al die vreselijke koolhydraat- en 
pigmentmonsters, er zijn er heel wat in dit boekje terechtgekomen. Ook andere 
mensen op het N I O O in Yerseke bedankt: Jody, Bart, Marc, en Plymouth-gangers 
Kirsten enjohan. 

Ingmar Janse en Dick Groenendijk waren zeer behulpzaam bij respectievelijk het 
opstarten van de GC en het analyseren van monsters op de AAS, en Harry Peletier 
wilde ik bedanken voor het ter beschikking stellen van diatomeeëncultures. 

Van de buitenschoolse vrienden noem ik vooral David en Madeleine, met wie 
meer dan gemiddeld het specifieke AIO- (maar ook ander) leed gedeeld kon 
worden. Het "thuisfront" Roland, (drs.) Rob (geintje), en mijn moeder (trots, 
trotser, trotst): ik kon maar moeilijk uitleggen waar ik al die tijd aan werkte: nou dit 
is het dus.. . 
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