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Production of DMSP by microphytobenthos in intertidal 

sediments 

S.A. van Bergeijk, K. Schönefeldt andL.J. Stal 

Intertidal sediment ecosystems contain high amounts of the organic sulfur compound 
dimethylsulfoniopropionate (DMSP) and therefore represent systems which have a high 
potential for dimethylsulfide (DMS) emission to the atmosphere. To obtain insight in the 
factors that control the production of DMSP in intertidal sediments, we tested a large 
number of benthic diatoms and cyanobacteria on their DMSP content. Production of DMSP 
by cyanobacteria was generally below detection limit. Diatoms produced more substantial 
amounts of DMSP, which were comparable with values reported for planktonic diatoms. 
The effects of several abiotic factors on DMSP production were tested in a number of 
diatoms. Salinity had a strong effect on DMSP production. In most species that were tested 
and in mixed populations of diatoms extracted from intertidal sediment, DMSP increased 
with increasing salinity. No clear effect of temperature on DMSP production was found, 
while nitrogen starvation seemed to limit DMSP production. The diatom Dickieia ulvacea 
was studied in more detail. In this species, an increase in cell-specific DMSP content was 
observed in the exponential growth phase. When growth became linear, probably due to 
inorganic carbon limitation, the DMSP content of cells no longer increased. In general, 
limitation of photosynthetic activity seemed to limit DMSP production. DMSP-lyase 
activity was not detected in crude extracts of the diatoms tested. 
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Introduction 
Compared to the open ocean, high concentrations of dimethylsulfonio-

propionate (DMSP) are generally detected in intertidal sediments (Visscher et al. 
1991, Van Bergeijk & Stal 1996, Jonkers et al. 1998a). Therefore, these sediment 
ecosystems represent areas with potentially high emissions of the volatile sulfur 
compound dimethylsulfide (DMS). Intertidal sediments are often inhabited by 
microphytobenthos, particularly diatoms and/or cyanobacteria and it is plausible to 
attribute the high DMSP content in intertidal sediments and associated DMS 
emission to growth and metabolic activity of these phototrophic microorganisms. 

Production of DMSP has been observed in many marine macro- and microalgae 
(White 1982, Visscher & Van Gemerden 1991a, Karsten et al. 1996). Although it has 
been reported that cyanobacteria may also be capable of producing DMSP, 
unequivocal proof for this remains to be given (Vogt 1997). Marine diatoms are 
known to produce DMSP (Ackman & Tocher 1966, Dickson & Kirst 1987, Keller et 
al. 1989, Keller & Korjeff-Bellows 1996), but their intracellular concentration is 
generally lower than 50 mM and they are therefore characterized as 'minor DMSP 
producers' (Malin & Kirst 1997). However, in environments where dense biofilms of 
benthic diatoms develop, such as the bottom layer of Arctic sea ice or the surface 
layer of intertidal sediments, these organisms can be responsible for the production 
of high amounts of DMSP (Levasseur et al. 1994, Jonkers et al. 1998^). Probably 
because diatoms are considered to be minor DMSP producers, only few studies have 
focused on the production of DMSP by marine diatoms (Dickson & Kirst 1987, 
Keller & Korjeff-Bellows 1996, Meyerdierks 1997). Although DMSP has recently 
been found in a number of benthic diatoms (Jonkers et al. 1998^), production of 
DMSP and DMS by benthic diatoms from intertidal sediments has not been 
investigated until now. 

Some marine macro- and microalgae possess DMSP-lyase, which cleaves DMSP 
to DMS and acrylate (Stefels & Van Boekel 1993, Steinke et al. 1996). DMSP-lyase 
has been studied in detail in the prymnesiophyte Phaeocystis sp. (Stefels & Van 
Boekel 1993; Stefels et al. 1995; Stefels & Dijkhuizen 1996). It is unknown whether 
diatoms produce DMSP-lyase. Stefels et al. (1995) found that DMSP-lyase activity in 
coastal surface water samples of the Nor th Sea strongly correlated with Phaeocystis 
sp. cell numbers, but not with cell numbers of diatoms. This suggests the absence of 
DMSP-lyase in diatoms. However, some authors have reported the evolution of 
DMS in cultures of marine planktonic diatoms. For example, production of DMS 
was observed in cultures of an estuarine and an arctic strain of Skeletonema costatum 
(Vetter & Sharp 1993, Matrai et al. 1995) and in cultures inoculated with diatoms 
isolated from plankton net samples obtained in an Antarctic pack-ice zone 
(Baumann et al. 1994). DMSP-lyase assays were however not performed in these 
studies. 

The aim of this study was to obtain a better insight in the factors controlling 
the production of DMSP and DMS in intertidal sediments. Therefore, the DMSP 
contents of a large number of marine and estuarine benthic diatoms and 
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cyanobacteria were measured. The effects of several abiotic factors (salinity, nitrogen 
limitation, temperature and light intensity) on the production of DMSP were 
evaluated in pure cultures of diatoms and in field samples of mixed populations. 
DMSP-lyase activity was tested in crude extracts of a number of diatom strains to 
investigate whether they were able to cleave DMSP to DMS. 

Materials and methods 

Isolation and cultivation of organisms 
Table 2.1 lists the strains that were used in this study. It shows at which culture 

collection or laboratory they are present and where they were isolated. Some of the 
diatom strains were specifically isolated for this study. Diatoms were extracted from 
the sediment using lens tissue paper (Eaton & Moss 1966). Pieces of lens tissue, 
which contained diatoms, were either put in sterile culture tubes containing Kester 
medium (Kester et al. 1967), and then used for enrichment in a dilution series, or 
they were put onto agar plates. Agar plates were prepared with Kester medium, 
solidified with 1.5% agar (Difco). Single diatom cells were picked up from the agar 
plates using capillary glass Pasteur pipettes and a microscope and were subsequently 
inoculated into liquid Kester medium. In another approach, sediment was directly 
streaked onto agar plates. Once colonies had developed they were picked up and 
transferred to liquid medium. 

Cyanobacteria were cultured in Erlenmeyer flasks, in ASN III (Rippka et al. 
1979) or ASN III/2 (Vogt 1997) medium, on a shaking incubator. Diatoms were 
cultured in Kester medium on a thin layer of sea sand (Merck) in Erlenmeyer flasks, 
which were shaken by hand daily. Photon flux density was -20 /xmol m 2 sec"1 and 
temperature -24 °C. 

Experiments 
Growing cultures (1.5-5 weeks) of diatoms and cyanobacteria and old cultures 

of cyanobacteria (stored in the cold room at 10 °C and dim light for several months) 
were tested on their DMSP content. 

The effects of salinity, nitrogen deficiency, temperature and light intensity were 
tested in y cultures of diatoms, growing in 50-ml Erlenmeyer flasks under various 
conditions. Cultures were inoculated from standard stock cultures, grown as 
described in the previous section. The species tested were: Psammodyction 
panduriforme, Cylindrotheca closterium (Z), Cylindrotheca fusiformis UTEX 2081, 
Achnanthes brevipes UTEX 2077 and Dickieia ulvacea, Microcoleus chthonoplastes (1) 
and (2), Oscillatoria agardhii and Nostoc sp.. M. chthonoplastes (1) and (2) are cultures 
of M. chthonoplastes strain 11 (Stal and Krumbein 1985). Growth and DMSP content 
were followed by sampling the cultures at regular time intervals. 

The effect of a salinity upschock was tested in cultures of Microcoleus 
chthonoplastes (1) and (2) and Nostoc sp. For this purpose, cultures were grown in 
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Table 2.1. Strains tested in tnis 

a. Cyanobacteria. 

Strain 

Anabaena sp. 

Anabaena sp. 

Aphanothece dathrata BO 57 

Calothrix scopulorum Hi 41 

Calothrix sp. 

Lyngbya semi plena Fa 8 

Merismopedia sp. 

Microcoleus chthonoplastes (1 )b 

(non-axenic) 

Microcoleus chthonoplastes (2)'' 

(axenic) 

Nodularia harveyana 

Nostoe sp. 

Oscillator/a agardhii BO 61 ' ' 

Oscillatoria sp. (SP) 

Oscillatoria sp. (SQ) 

Oscillatoria sp. (UN) 

Phormidium persicinum 

Phormidium sp. 

Xenococcus sp. 

' This is a planktonic species 

'' Microcoleus chthonoplastes strain 1 

dy. 

Laboratory or culture collection 

NIOO-CEMO, Yerseke, 

The Netherlands 

SAC 12.82 

Marine Microbiology, 

University of Bremen, Germany 

Marine Microbiology, 

University of Bremen, Germany 

SAG B 25.84 

Marine Microbiology, 

University of Bremen, Germany 

NIOO-CEMO, Yerseke, 

The Netherlands 

SAG B 31.92 

Microbial Ecology, University of 

Groningen, The Netherlands 

SAC 44.85 

NIOO-CEMO, Yerseke, 

The Netherlands 

Marine Microbiology, 

University of Bremen, Germany 

NIOO-CEMO, Yerseke, 

The Netherlands 

NIOO-CEMO, Yerseke, 

The Netherlands 

NIOO-CEMO, Yerseke, 

The Netherlands 

SAG 80.79 

NIOO-CEMO, Yerseke, 

The Netherlands 

SAG B 28.84 

(see 'Materials and methods) 

isolation site 

marine microbial mat, 

Bay of Arcachon, France 

brackish moist dune sand, 

Insel Föhr, Germany 

coast, Boiensdorf, 

Baltic Sea, Germany 

coast, Hiddensee, 

Baltic Sea, Germany 

salt marsh, Hiddensee, 

Baltic Sea,Germany 

coast, Fahrdorf, 

Baltic Sea, Germany 

marine microbial mat, 

Island of Schiermonnikoog, 

The Netherlands 

marine microbial mat, 

Insel Mellum, Germany 

marine microbial mat, 

Insel Mellum, Germany 

salt marsh near Gibraltar, Spain 

marine microbial mat, 

Island of Texel, The Netherlands 

coast, Boiensdorf, 

Baltic Sea, Germany 

marine microbial mat, 

Etang de Prévost, France 

marine microbial mat, 

Etang de Prévost, France 

marine microbial mat, 

Bay of Arcachon, France 

seawater, Woodshole, USA 

marine microbial mat, 

Etang de Prévost, France 

intertidal sediment, 

Pillar Point, USA 
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Table 2.1b. Diatoms. 

Strain Laboratory or culture 

collection 

isolation site 

Achnanthes brevipes 

Achnanthes longipes 52 

Achnanthes longipes53 

Amphora cotfeaeformis 

Cylindrotheca closterium 

Cylindrotheca closterium (46)* 

Cylindrotheca closterium (Z)* 

Cylindrotheca closterium (st. A)* 

Cylindrotheca fusiformis 

Dickieia ulvacea* 

Entomoneis paludosa 

(=Amphiprora paludosa) 

Navicula cf. phyllepta* 

Navicula incerta 

Nitzschia cf. capitata* 

Nitzschia frustulum 

Nitzschia reversa 

Phaeodactylum tricornutum 

Pinnu/aria sp. 

Psammodyction panduriforme 

Stauroneis amphoroides 

Tabularia investiens 

Tropidoneis sp. * 

(= Plagiotropis) 

Tryblionella ap/cu/ata* 

UTEX 2077 

Cawthron Institute, Nelson, 

New Zealand 

Cawthron Institute, Nelson, 

New Zealand 

UTCC 58 

University of Groningen, 

The Netherlands 

NIOO-CEMO, Yerseke, 

The Netherlands 

NIOO-CEMO, Yerseke, 

The Netherlands 

NIOO-CEMO, Yerseke, 

The Netherlands 

UTEX2081 

NIOO-CEMO, Yerseke, 

The Netherlands 

SAG B 15.83 

NIOO-CEMO, Yerseke, 

The Netherlands 

UTEX 2043 

UTEX1277 

Beaufort Laboratory, 

North Carolina, USA 

UTCC 162 

UTEX 679 

Cawthron Institute, Nelson, 

New Zealand 

UTEX 2049 

Cawthron Institute, Nelson, 

New Zealand 

NIOO-CEMO, Yerseke, 

The Netherlands 

Falmouth, MA, USA 

Glen, Nelson, 

New Zealand 

Glen, Nelson, 

New Zealand 

coast, Virginia, British Colombia, 

Canada 

tidal mudflat, Ems-Dollard estuary, 

The Netherlands 

tidal mudflat, Ems-Dollard estuary, 

The Netherlands 

tidal sandy sediment, Oosterschelde, 

The Netherlands 

sandy sediment, Bay of Arcachon, 

France 

marine littoral, Beaufort, NC, USA 

tidal mudflat, Westerschelde, 

The Netherlands 

tidal mudflat, Ems-Dollard estuary, 

The Netherlands 

tidal mudflat, Ems-Dollard estuary, 

The Netherlands 

unknown 

tidal mudflat, Westerschelde, 

The Netherlands 

brackish ditch, Lehave Islands, N.S., 

USA 

tidal flat, Pivers Island, Beaufort, 

North Carolina, USA 

coast, Plymouth, England 

tidal pool, Nova Scotia, Canada 

tidal area, Cable Bay, Nelson, New 

Zealand 

rock pool, Herring Cove, N.S., USA 

tidal area, Cable Bay, Nelson, New 

Zealand 

sandy sediment, Oosterschelde, 

The Netherlands 

sandy sediment, Oosterschelde, 

The Netherlands 

Strains isolated lor this study 
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ASN III/2 medium (salinity -17 PSU) for 1.5 weeks, after which they were 
harvested aseptically by centrifugation (680 g, 10 min) and resuspended in fresh 
medium. They were incubated for 2 days in ASN III/2 medium with 100 ^M DMSP 
(i), in ASN III medium (salinity -35 PSU) with 100 /xM DMSP (h) and in ASN III 
medium without DMSP (iii). 

Field samples were collected at several sites along the coast of the Oosterschelde and 
Westerschelde estuaries (SW Netherlands) during spring 1997 and 1998 (Table 2.2). 

Table 2.2. Sampling sites along the Oosterschelde and Westerschelde estuary (The Netherlands). 

Whole sediment samples and diatoms extracted from the sediment with lens tissue paper and silica 

slurry were used for incubation experiments. 

Sampling site date salinity temp. Nin„r(, 

(PSU) (°C) (JJM) 

dominant species 

in the incubation 

DMSP 

(mmol g~' Chi a) 

muddy sediment, 29 April 1997 25 

kruiningen, 

Westerschelde 

muddy sediment, 1 5 April 1 998 15 

Kruiningen, 

Westerschelde 

muddy sediment, 15 April 1998 5 

Bath, 

Westerschelde 

muddy sediment, 27 April 1998 20 

Kapelse hoek, 

Westerschelde 

muddy sediment, 4 May 1998 30 

Ellewoutsdijk, 

Westerschelde 

sandy sediment, 

Kattendijke, 

Oosterschelde 

20 April 1998 30 

12 

11 

11 

13 

17 

l(, 

33.4 

53.2 

37.3 

J9. 

not identified 

Na vicula a rena ha var. 1-3 

rostellata 

Navicula flanatica 

Navicula flanatica -0.1 

Navicula phyllepta 

Navicula arenaria var. ~2 

rostellata 

Na vicula a ren a ria var. 3-6 

rostellata 

Amphora cf. 

coffeaeformis, 

Amphora lineolata 

-12 

n.m. = not measured 

V total inorganic nitrogen concentration (NH„+, NO/, NO,") 

During low tide, samples were taken from the surface layer (-5 mm) of the 
sediment, which were mixed in small plastic trays of 100 x 100 mm. Diatoms were 
extracted from the sediment using silica slurry, after a method described by 
Blanchard et al. (1997). In the laboratory, the sediment was covered with plankton 
gauze (100 /im mesh size) and a layer of silica slurry. The silica slurry was prepared 
by pouring silica powder (silica 60, Fluka) into a beaker with filtered seawater 
(GF/F glass fibre filters, Whatmann), until a thick slurry was obtained. The seawater 
was collected at the sampling sites. The trays were left overnight in a climate 
chamber at 12 or 16 °C and -45 /nmol photons m'2 s\ during which the diatoms 
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migrated into the silica slurry. The following day, the silica slurry containing 
diatoms was harvested and used for experiments. An amount of the slurry was added 
to medium or filtered seawater in 50-ml Erlenmeyer flasks or 50-ml glass vials 
(Pierce). During incubation of the slurries, samples were taken for chlorophyll a and 
DMSP analysis. In order to test the effect of salinity, also whole sediment samples 
(top 2.5 mm) and pieces of lens tissue paper, containing diatoms extracted from the 
sediment, were incubated in small plastic Petri dishes ( 0 40 mm) containing filtered 
seawater or medium of varying salinities. 

Experimental conditions 

The cultures and silica slurries were incubated in temperature-controlled climate 
chambers. Light intensity was varied by using neutral density filters. The effect of 
nitrogen limitation was tested by omitting nitrogen from the medium. Nitrogen-
replete medium contained 6 rnM N a N O , and 20 juM Fe(NH4),-citrate; nitrogen-
deplete medium contained no N a N 0 3 and Fe(NH4),-citrate was replaced by 
equimolar concentrations of FeCl2 and Na2-EDTA. Salinity of the medium was 
adjusted by changing the concentrations of the major salts in the medium 
proportionally (NaCl, Na2S04 , KCl, CaCl2 and MgCl, in Kester medium and NaCl, 
MgCl2, KCl and MgS0 4 in ASNIII). 

DMSP-lyase assay 

DMSP-lyase activity was measured in crude extracts of late-exponential cultures 
of diatoms. Cultures were centrifuged aseptically at 700 g for 10 min and the pellets 
were suspended in buffer to 0.1 of the original volume. Two different buffers were 
used to reduce the possibility of a negative result caused by an inappropriate buffer. 
A 100 mM MES buffer of p H 6.2 (Steinke et al. 1996) was used as well as a 50 mM 
Tris buffer of p H 8.5 with 5 mM dithiothreitol (Stefels & Dijkhuizen 1996). Crude 
extracts were obtained by disruption of the cells in a French press at 138 MPa, 
which were kept on ice. Subsamples of the extracts were taken for protein analysis. 
The crude extract was diluted in buffer to a protein concentration between 30 and 
135 mg l"1. The assay was performed in 10 ml-glass vials (Chrompack). Immediately 
after addition of DMSP (final cone. 300 /xM) to the diluted extract, the vials were 
closed gas-tight with Teflon-coated butyl rubber septa and aluminium crimp seal 
caps. DMSP-lyase activity was measured by measuring formation of DMS in the 
headspace of the vials during -24 h. Heat-killed extract (1 h at 95 °C) and buffer 
without extract served as abiotic controls. 

Samples for biomass and DMSP analyses 

Samples from cultures and silica slurries were subdivided for analyses of biomass 
and DMSP. For diatom cell counts in culture samples, 1.5-ml aliquots were fixed 
with Lugol's fixative and stored in Eppendorf cups in the dark. For Chi a and 
protein analysis, 2-ml samples were centrifuged in 10-ml glass tubes at 2800g for 10 
min and pellets were stored at -20 °C until analysis. Samples for DMSP were put in 
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5 or 10 ml-glass vials (Chrompack). N a O H (8 M) was added to a final concentration 
of 2 M and the vials were immediately sealed with Teflon-coated butyl rubber septa 
and aluminium crimp caps. The samples were incubated for at least 24 h at room 
temperature in the dark, before DMS was measured in the headspace of the vials. 
Intracellular and extracellular DMSP were separated by filtration (GF/F glass fibre 
filters, Whatmann) of the samples. Extracellular DMSP was measured in a known 
volume of filtrate. Intracellular DMSP was measured in the filters to which a known 
volume of medium or filtered seawater was added. DMS was always below detection 
limit and extracellular DMSP never accounted for more than 5% of total DMSP. 
Standard solutions for calibration curves were prepared with DMSP, synthesized 
according to Chambers et al. (1987). DMSP standard solutions were treated in 
exactly the same way as the samples. 

Analyses 
DMSP was measured indirectly as DMS, after hydrolysis of DMSP to DMS and 

acrylate with cold alkali (Challenger et al. 1957), (White 1982). DMS was measured 
by headspace analysis with a gas chromatograph (CP 9000, Chrompack, The 
Netherlands), equipped with a wide bore column (Poraplot U, ID 0.53 mm; 25 m; 
Chrompack, The Netherlands) and a flame ionization detector (FID). The 
temperatures of the detector, injector and oven were 200, 175 and 150 °C, 
respectively. The flows of air, H2 and the carrier gas, N2, were 300, 30 and ~8 ml 
min"1, respectively. The retention time of DMS was ~2.5 mm. The detection limit of 
this method was -0.01 /iraol l"1 of sample. 

The inorganic nitrogen concentration in cultures and field samples was 
measured with a Skalar 5100 autoanalyzer, after filtration over GF /F filters and 
storage at 4 °C in the dark. Salinity was measured using a hand refractometer 
(Atago). 

Determination of cell number, chlorophyll a and protein 

Cells were counted with a Coulter counter (Coulter electronics, The 
Netherlands), equipped with a 50 or 100 /xm aperture tube, in 1 ml of fixed sample, 
suspended in 10 ml of electrolyte solution (Isoton II, Coulter electronics). 
Chlorophyll a was determined spectrophotometrically (Ultrospec III, Pharmacia) in 
N,N-dimethylformamide extracts at 665 nm, using an absorption coefficient of 
72.114 1 g"1 cm"1 (De Winder et al. 1999). Sediment samples were extracted overnight 
at 4 °C in the dark. Algal pellets were extracted for 2 h at room temperature in the 
dark. Protein was measured using the Lowry method as described by Herbert et al. 
(1971) using bovine serum albumine as a standard. 
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Results 

DMSP content of benthic diatoms and cyanobacteria 

With a few exceptions, growing cultures of cyanobacteria did not contain a 
detectable amount of DMSP (Table 2.3a). Some aged cultures, which had been stored 
for over 6 months at 10 °C and dim light, and cultures that were starved for 
nitrogen contained a low amount of DMSP. The only growing cultures that 
contained DMSP were cultures of Nodularia harveyana and Phormidium persicinum 
that had been directly inoculated with material obtained from the culture collection. 
However, after several transfers of the cultures in fresh medium, DMSP was no 
longer detected. 

In contrast, all diatoms tested, except for Entomoneis paludosa and Tropidoneis 
sp., contained DMSP (Table 2.3b). The DMSP content varied between 0.006 and 
252.95 fmol cell"1 and between 0.0012 and 13.99 mmol g'1 chlorophyll a. 

Effect of salinity, nitrogen limitation, temperature and light intensity 

Salinity 

Incubation of cyanobacteria at increased salinity for 2 days, with or without 
addition of 100 /nM DMSP, did not result in accumulation of DMSP by the strams 
tested. These results indicate that DMSP was neither produced nor taken up the 
strains under these conditions. 

The diatom species Psammodyctwn panduriforme, Cylindrotheca closterium (Z), 
Cylindrotheca fusiformis and Achnanthes brevipes showed an increase in DMSP 
content with increasing salinity (Table 2.4a). The DMSP content of Dickieia ulvacea 
increased from 20 to 33 PSU, but decreased from 33 to 46 PSU. Navicula cf phyllepta 
showed a decrease in DMSP content with increasing salinity (Table 2.4a). The cell-
specific DMSP contents showed the same trend as the chlorophyll ^-specific DMSP 
contents (Fig. 2.1). Salinity did not have a significant effect on growth rate (Fig. 
2.1A, C, E), but it did have an effect on the increase of chlorophyll ^-specific DMSP 
content per day. We calculated the increase in chlorophyll ^-specific DMSP content 
per day, by dividing the difference in chlorophyll ^-specific DMSP content between 
the last and the first sampling point by the number of days between these sampling 
points (Table 2.4b). At low salinity, the DMSP content of three species decreased. At 
high salinity, DMSP of all species increased. 

In mixed populations of diatoms, extracted from field samples, salinity also had 
a clear effect on DMSP production. The DMSP content of surface sediment covered 
with a biofilm of diatoms, and of lens tissue paper containing diatoms extracted 
from this sediment, increased with increasing salinity (Fig. 2.2). The chlorophyll a-
specific DMSP content of the sediment was almost equal to that of the lens tissue 
paper, confirming that DMSP in the sediment was associated with the diatoms. 
Similarly, silica slurries containing diatoms extracted from the sediment had a higher 
DMSP content at higher salinity (Fig. 2.3). 
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Table 2.3. DMSP content of strains tested in this study. 

a. Cyanobacteria. 

Values represent single measurements or means of duplicate cultures with standard deviations 

A. clathrata BO 57 

M. chthonoplastes (1) 

(non-axenic) 

M. chthonoplastes (2) 

(axenic) 

N. harveyana 

Nostocsp. 

O. agardhiiQOM 

Oscillatoria sp. (SP) 

Oscillatoria sp. (SQ) 

Oscillatoria sp. (UN) 

P. persicinum 

age of the culture(s) 

(weeks) 

1.5 

2 

5 

2 5 " 

1.5 

2.5 (N-free 

5 

25" 

1.5 

1.5 

2.5 (N-free 

5 

2 5 ' 

32" 

2 

4'' 

5 

25" 

1.5 
1.5 

medium)' ' 

medium)'' 

2.5 (N-free medium)'' 

5 

1.5 

2.5 (N-free 

5 

5 

32" 

3 

5 

4 0 " 
64 " 

A'1 

5 

medium) b 

DMSP 

(jumol g ' protein) 

not detected 

not detected 

not detected 

2.50 

not detected 

0.93 ± 0.42 

not detected 

not detected 

not detected 

not detected 

0.71 ± 0.52 

not detected 

detected, not 

not detected 

not detected 

detected, not 

not detected 

1.02 

not detected 

not detected 

0.29 ± 0.41 

not detected 

not detected 

0.59 

not detected 

not detected 

detected, not 

not detected 

not detected 

detected, not 

detected, not 

detected, not 

not detected 

quantified 

quantified 

quantified 

quantified 

quantified 

quantified 

(pmol g"1 chl a) 

59.08 ± 23.12 

48.11 ± 11.40 

4.61 ± 6.51 

47.81 

" Stock cultures stored in cold room (10 °C) at low light. 

''Crown in ASN III/2 medium without nitrogen. 

' Culture left standing in window-sill in the lab; no longer axenic. 

''Cultures inoculated with original material from the culture collection. 
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Table 2.3b. Diatoms. Values represent means of duplicate cultures with standard deviations 

Strain 

A brevipes 

A. longipes (52) 

A. longipes (53) 

A. coffeaeformis 

C. closterium 

C. closterium (46) 

C. closterium (Z) 

C. closterium (st. A) 

C, fusiformis 

D. ulvacea 

E. paludosa 

N. cf. phyllepta 

N. incerta 

N. cf. capitata 

N. frustulum 

N. re vers a '' 

P. tricornutum 

Pinnularia sp. 

P. panduriforme 

S. amphoroides'1 

T. Investiens'1 

Tropidoneis sp. 

T. apiculata'' 

DMSP 

(fmol cell1) 

18.08 ± 1.25 

252.95 ± 27.40 

145.69 ± 98.67 

1.11 ± 0.04 

8.07 ± 0.88 

11.07 ± 0.19 

7.59 ± 0.12 

21.04 ± 1.83 

4.25 ± 0.16 

14.08 ± 0.54 

n.d. 

0.75 ± 0.04 

3.61 ± 0.79 

14.71 ± 1.55 

0.24 ± 0.15 

0.050 ± 0.018 

3.08 ± 0.18 

0.0060 ± 0.0084 

3.17 ± 0.25 

0.046 ± 0.009 

0.41 ± 0.05 

n.d. 

1.36 ± 0.45 

(mmol g"1 chlorophyll a) 

4.18 ± 0.32 

13.99 ± 0.33 

10.47 ± 1 . 1 3 

0.18 ± 0.06 

9.07 ± 1.43 

6.59 ± 0.09 

2.64 ± 0.30 

8.56 ± 0.10 

5.22 ± 0.44 

2.17 ± 0.17 

n.d. 

0.39 ± 0.001 

1.64 ± 0.32 

10.49 ± 0.002 

0.33 ± 0.34 

0.77 ± 0.52 

5.29 ± 0.48 

0.0012 ± 0.0017 

1.09 ± 0.04 

0.0071 ± 0.0022 

0.26 ± 0.06 

n.d. 

0.22 ± 0.10 

' Badly growing cultures with low biomass at the time of sampling 

n.d. not detected 

In general, the chlorophyll ^-specific DMSP content of samples collected from the 
field (Table 2.2) was positively correlated with salinity (Spearman rank correlation 
test; ps = 0.886, n = 6, p = 0.05). 

The production of DMSP by a mixed population of diatoms, as a result of an 
increase in salinity, was stimulated by light, since the increase in chlorophyll a-
specific DMSP content of a silica slurry was inhibited by incubation in the dark or 
with the addition of 10 /xM D C M U (3-(3,4-dichlorophenyl)-l,l-dimethyl urea), 
which inhibits photosynthesis (Fig. 2.4). 

Production of DMSP by microphytobenthos 



O 2 4 6 8 10 12 14 0 2 4 6 

0 2 4 6 8 10 12 14 

450 

300 

150 

1) 

( 
, 

) 2 4 6 

j \ 

40 

30 

20 

10 

0 
8 10 12 14 

T me (days) 

0 2 4 6 8 10 12 14 

Figure 2.1. Growth and DMSP content of Cylindrotheca closterium (Z) (A, B), Achnanthes brevipes (C, D) and 

Dickieia u/vacea(E, F) at three salinities. Squares, solid lines: 20 PSU; up triangles, dashed lines: 33 PSU; circles, 

dotted lines: 46 PSU. Error bars: SD of means of duplicate cultures. 

Nitrogen /imitation 

Cultures of diatoms grew faster in nitrogen-replete medium than in nitrogen-
deplete medium (Fig. 2.5) At the first sampling point of the experiment (after 3 - 4 
days of incubation), the amount of DMSP per cell was higher in cultures of A. 
brevipes, C. fusiformis and D. ulvacea in nitrogen-deplete medium than in nitrogen-
replete medium. (Fig. 2.5H, K, N). However, in all species the cell-specific DMSP 
content increased during growth, and in all species the cell-specific DMSP content 
was higher in nitrogen-replete medium than in nitrogen-deplete medium after 1 .5-2 
weeks of incubation (Fig 2.5). Incubation in nitrogen-deplete medium resulted in a 
lower chlorophyll a content of the diatoms than in nitrogen-replete medium (not 
shown), which is reflected in the higher chlorophyll «-specific DMSP content in 
nitrogen-deplete medium (Fig. 2.5). 

Nitrogen concentration did not have an effect on the chlorophyll «-specific 
DMSP content of silica slurries containing mixed populations of diatoms extracted 
from field samples (Fig. 2.6). 
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Table 2.4 a. Chlorophyll <?-specific DMSP content of the diatoms P. panduriforme, C. closterium (Z), 

A. brevipes, C. fusiformis and D. ulvacea and N. cf. phyllepta, after growth at three salinities for 1.5 

to 2 weeks. Values represent means of duplicate cultures with standard deviations. Temperature and 

photon flux density were -24 °C and -20 /-/mol m'-' s'\ respectively. 

DMSP (mmol g"' chlorophyll a) 

salinity (PSU) 20 33 46 

P. panduriforme 0.10 ± 0.003 2.43 ± 0.08 5.34 ± 0 . 1 9 

C. closterium (Z) 0.54 ± 0.06 3.59 ± 0.001 9.26 ± 0 . 1 0 

A. brevipes 0.1 7 ± 0 . 0 4 3.45 ± 0.49 8.76 ± 0.64 

C. fusiformis 1.28 ± 0 . 2 8 5.03 ± 0.83 6.20 ±1 .25 

D. ulvacea 2.31 ± 0.84 6.36 ± 2.31 3.01 ± 0.42 

N.d. phyllepta 1.58 ± 0 . 4 3 0.69 ± 0.12 0.23 ± 0.04 

Table 2.4 b. Increase in chlorophyll ^specific DMSP content during growth of the diatoms P. 

panduriforme, C. closterium (Z), A. brevipes, C. fusiformis and D. ulvacea A three salinities. 

mmol DMSP g"1 chlorophyll a d ' 

salinity (PSU) 20 33 46 

P. panduriforme -0.054 ± 0.042 0.099 ± 0.007 0.31 ± 0 . 1 0 

C. closterium (Z) -0.032 ± 0.051 0.30 ± 0.05 0.71 ± 0.04 

A brevipes -0.017 ± 0.0003 0.24 ± 0.03 0.61 ± 0.24 

C. fusiformis 0.14 ± 0.01 0.58 ± 0 . 1 2 0.55 ± 0 . 1 2 

D. ulvacea 0.26 ± 0.12 0.75 ± 0.31 0.35 ± 0.05 

Temperature and light intensity 

Figure 2.7 shows growth and DMSP content of C. closterium (Z), C. fusiformis and 
D. ulvacea at two temperatures and at two light intensities. Growth was faster at 24 
than at 10 °C in all cultures and it was faster at 50 than at 20 iimol photons m"2 s" in 
all cultures, with the exception of C. fusiformis at 24 °C. In nearly all cultures the 
specific DMSP content increased during growth (Fig. 2.7). Therefore, we compared 
the rates of increase in specific DMSP content during growth, instead of the specific 
DMSP content per se (Table 2.5). N o clear trend was observed for the effect of 
temperature and light intensity on the increase in cell-specific DMSP content (Table 
2.5a). It was higher at 50 than at 20 iimol 
photons m"2 s"1 in cultures of C fusiformis and of C. closterium at 10 °C, but not in 
any of the other cultures. In cultures of C. closterium at 50 itmol photons m" s" and 
of A. brevipes at 20 /xmol photons m"2 s"1 it was higher at 10 than at 24 °C, but not in 
any of the other cultures. The chlorophyll a content of the cells was higher at 20 
than at 50 iimol photons m"2 s"1 and it was higher at 24 than at 10 °C (not shown). 
The lower chlorophyll a content of the cells at 50 /nmol photons m"2 s"1 is reflected in 
the increase in chlorophyll ^-specific DMSP content during growth (Fig. 2.7 and 
table 2.5b). It was higher at 50 than at 20 /xmol photons m"2 s"1 in all cultures except 
for A. brevipes at 10 °C. 

Production of DMSP by microphytobenthos 33 



z 
2 

17 25 

Salinity (PSU) 

Figure 2.2. DMSP content of whole sediment samples (A) and of lens tissue papers containing diatoms extracted 

from the sediment (B), incubated at different salinities for two days. Salinity was adjusted by adding demineralized 

water or NaCI. Sediment samples were collected at Kruiningen, Westerschelde, on 29 April 1997. Light gray bars: 

incubation in medium; gray bars: incubation in filtered Westerschelde water. Temperature and photon flux 

dentensity were -21 °C and ~70^mol m'2 s ' , respectively. Error bars: SD of means of quadruplicate incubations. 
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Figure 2.3. DMSP content of silica slurry containing diatoms extracted from sediment collected at Bath (A) and 

Kruiningen (B), Westerschelde, on 15 April 1998. The diatom slurries were incubated in filtered Westerschelde 

water at different salinities for 20 h. Salinity was increased by adding NaCI and other major salts (Kester medium). 

Temperature and photon flux density were ~1 8 'C and -30 pmol m J s ' , respectively. Error bars: SD of means of 

triplicate incubations. 
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Figure 2.4. Chlorophyll a (A) and DMSP content (B) of silica slurry containing diatoms extracted from sediment 

collected at Kapelse Hoek, Westerschelde, on 27 April 1998. The diatom slurries were incubated in filtered 

Westerschelde water at the original salinity (20 PSU) in the light and at a higher salinity (30 PSU) in the light, in 

the dark and in the light with DCMU. Salinity was increased by adding major salts (Kester medium). 

Concentration of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) was 1 0 / L / M . Temperature and photon flux 

density were -18 °C and ~30^mol m"2 s ' , respectively. Light gray bars: t = 0; gray bars: t = 24 h. Error bars: SD 

of means of quadruplicate incubations. 

In cultures of D. ulvacea the increase in chlorophyll ^-specific DMSP content was 
higher at 10 than at 24 °C, but not in any of the other cultures. 

Temperature did not have an effect on the chlorophyll ^-specific DMSP content 
of silica slurries containing mixed populations of diatoms extracted from field 
samples (Fig. 2.8). The effect of light intensity was not tested in field samples. 

In order to follow the changes in cell number and DMSP content in more detail 
during growth in batch culture, an additional experiment was performed with D. 
ulvacea (Fig. 2.9). During this experiment, the cultures were sampled daily. Cell 
number and DMSP content increased exponentially during the first eight days. The 
increase in DMSP content, however, was much faster than the increase in cell 
number, resulting in an increase in cell-specific DMSP content during the 
exponential phase. After 8 days, cell number and DMSP content increased more or 
less linear and cell-specific DMSP content remained constant. 
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Figure 2.5. Growth and DMSP content of Psammodyction panduriforme (A, B, C), Cylindrotheca closterium (Z) 

(D, E, F), Achnanthes brevipes (C, H, I), Cylindrotheca fusiformis (J, K, L) and Dickieia ulvacea (M, N, O) in 

medium with (filled squares) and without (open squares) nitrogen. Error bars: SD of means of triplicate cultures. At 

the end of the experiment, the total inorganic nitrogen concentration (Nm„r|,) was > 5.2 mM in cultures with 

nitrogen. 
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Figure 2.6. Chlorophyll a (A)and DMSP content (absolute (B) and chlorophyll ^specific (O) of silica slurry 

containing diatoms extracted from sediment collected at Kattendijke, Oosterschelde, on 20 April 1998. The 

diatom slurries were incubated in filtered Oosterschelde water (squares) and in medium with (up triangles) and 

without (circles) nitrogen, at -18 °C and - 3 0 (Umol photons rrf- s"\ Error bars: SD of means of quadruplicate 

incubations. At the start of the experiment, N i nwg in the filtered seawater was 5.3 /L/M. At the end of the 

experiment, Nin(lr, was 6.6 fjM in the filtered seawater, 4.1 JLJM in the medium without nitrogen and 5.3 mM in the 

medium with nitrogen. 

DMSP-lyase activity 

DMSP-lyase activity was measured in crude extracts of A. brevipes, C. 
closterium, C. fusiformis, P. panduriforme, D. ulvacea and P. tricornutum. In none 
of these strains DMSP-lyase activity was detected. 

Discussion 

DMSP content of benthic cyanobacteria and diatoms 

Our results demonstrate that marine benthic diatoms are significant producers 
of DMSP, whereas benthic cyanobacteria produce no or only small amounts of 
DMSP. The range of DMSP contents in the diatoms that we tested was similar to 
the range reported for diatoms reported in literature (Keller et al., 1989). 
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Figure 2.7. Growth and DMSP content of Cylindrotheca closterium (Z) (A, B, C), Cylindrotheca fusiformis (D, E, F) 

and Dickie/3 ulvacea (C, H, I) at two temperatures and two light intensities. Open squares, solid lines: 24 °C, 50 

f/mol photons m1 s"1; filled squares, solid lines: 24 °C, 20/Jmol photons nv' s1; open circles, dashed lines: 10 °C, 

50/Jmol photons m1 s ' ; filled circles, dashed lines: 10 °C, 20/Jmol photons m' s ' . Error bars: SD of means of 

triplicate cultures. 

It remains uncertain whether cyanobacteria produce DMSP. Vogt (1997) 
observed that the concentration of DMS, after addition of N a O H to samples of 
whole cells and of cell extracts of a large number of marine cyanobacteria, continued 
to increase for several days. Cleavage of DMSP to DMS and acrylate by cold alkaline 
hydrolysis is known to be complete within a few hours or less (White 1982, Vogt 
1997). Therefore, Vogt (1997) suggested that at least part of the DMS that he 
measured in hydrolyzed samples of cyanobacteria may have originated from other 
DMS precursor compounds than DMSP. For instance S-methyl methionine, a 
compound that naturally occurs in plants, was shown to liberate small amounts of 
DMS at room temperature in the presence of N a O H during a period of days (Vogt 
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Table 2.5a. Increase in cell-specific DMSP content of the diatoms C. closterium (Z), A. brevipes, C. 

fusiformis and D. ulvacea, during growth at two temperatures and two light intensities. Values 

represent means of triplicate cultures with standard deviations. Growth and DMSP content of the 

cultures are presented in figure 2.7 

temperature (°C) 

photon flux dens 

C. closterium (Z) 

A. brevipes 

C. fusiformis 

D. ulvacea 

ty (jL/n 10I m 

10 

s1) 20 

0.94 ± 0.62 

7.88 ± 0.80 

0.41 ± 0.44 

5.00 ± 0.95 

fmol DMSP cell 

10 

50 

2.02 ± 0.35 

1.81 ± 0.37 

1.54 ± 0.17 

2.24 ± 1.03 

d 

24 

20 

0.84 ± 1.06 

5.87 ± 0.89 

1.77 ± 0.87 

5.54 ± 1.64 

24 

50 

0.95 ± 0.50 

2.39 ± 2.80 

2.18 ± 0.52 

4.47 ± 0.72 

Table 2.5b. Increase in chlorophyll a-specific DMSP content of the diatoms C. closterium (Z), A. 

brevipes, C. fusiformis and D. ulvacea, during growth at two temperatures and two light intensities. 

Values represent means of triplicate cultures with standard deviations. 

mmol DMSPg1 chlorophyll ad"1 

temperature (°C) 10 10 24 24 

r's1) 20 50 20 50 

C. closterium (Z) 

A. brevipes 

C. fusiformis 

D. ulvacea 

-0.59 ± 0.96 

0.20 ± 0.43 

0.03 ± 0.07 

1.44 ± 0.22 

0.52 ± 0.27 

-0.52 ± 0 . 1 7 

1.18 ± 0.09 

2.86 ± 0.49 

0.24 ± 0.05 

0.68 ± 0.19 

0.85 + 0.49 

0.59 ±0.12 

1.08 ± 0.36 

0.91 ± 0.15 

4.14 ± 0.47 

2.09 ± 0.45 

1997). Howard & Russell (1995) developed a method which separates potential DMS 
precursors H P L C before on-line post column alkaline hydrolysis to DMS, to avoid 
interference of DMSP measurements by other DMS-liberating compounds. Using 
this method, DMSP was detected in extracts of the diatoms Phaeodactylum 
tricornutum (Russell & Howard 1996) and Cylindrotheca closterium (D.W Russel 
pers. comm.) Unfortunately, cyanobacteria were not included in their study. DMSP 
was also identified by 13C NMR spectroscopy in Phaeodactylum tricornutum 
(Macdonald et al. 1996). Therefore, we assumed that the DMS that we measured in 
samples of diatoms represented the amount of DMSP present in the diatoms. 

Factors controlling DMSP production 

Of the factors tested in this study, salinity had the strongest effect on DMSP 
production by benthic diatoms. The observation that the specific DMSP content 
increased during growth indicates that salinity was not the only factor controlling 
DMSP production. Because we only took a few samples during the experiments, it 
was not always clear at which growth stage the cultures were, when sampled. One 
experiment was performed with D. ulvacea during which we took samples every 
day. This experiment showed that the increase in cell-specific DMSP content 
occurred during the exponential phase of growth. In this phase, DMSP production 
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Figure 2.8. Chlorophyll a (A) and DMSP content (absolute (A) and chlorophyll <?-specific (Q) of silica slurry 

containing diatoms extracted from sediment collected at Ellewoutsdijk, Westerschelde, on 4 May 1998. The 

diatom slurries were incubated in filtered Westerschelde water at different temperatures and - 3 0 fimol photons 

nr-' s"1. Squares, solid lines: 6 °C; circles, dashed lines: 12 °C; up triangles, dotted lines: 18 °C; stars, dashed-

dotted lines: 28 °C. Error bars: SD of means of quadruplicate incubations. 

was faster than cell division, leading to an increase in DMSP per cell. Thereafter, the 
amount of DMSP per cell remained constant, indicating that the processes were 
balanced. An increase in the cellular DMSP content during exponential growth was 
also observed in the prymnesiophyte Phaeocystis sp. (Stefels & Van Boekel 1993) and 
in the dinoflagellate Prorocentrum minimum (Matrai & Keller 1994). Laroche et al. 
(1999) used these data sets for a modeling study, which showed that DMSP synthesis 
rates were maximal during the exponential phase, and minimal during the stationary 
phase. 

For the production of DMSP, reduction of sulfate is required, which consumes 
1 ATP and 8 reducing equivalents (Gröne 1995 and references therein). Kirst (1996) 
stated that DMSP appears to be a typical 'secondary metabolite'; potentially 
handling an excess of reducing power under favorable photosynthetic conditions 
and hence, channeling overcapacities. This might explain the increase in cell-specific 
DMSP content in batch cultures of D. ulvacea during the exponential growth phase. 
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Figure 2.9. Growth (A, B, C, D) and DMSP content (E, F) in batch cultures of D. ulvacea. Photon flux density was 

75 /Jmol m"2 s"1. Results are shown for duplicate batch cultures. Experiment performed in 500-ml Erlenmeyer 

flasks. 

The linear growth we observed in cultures of D. ulvacea was similar to the 
observations of Admiraal et al. (1982) in batch cultures of the estuarine benthic 
diatom Navicula salinarum in cultures with stagnant medium. These authors 
explained the linear growth by limitation of photosynthesis due to limitation of 
diffusion of inorganic carbon from the overlying water. This may also have occurred 
in our cultures. Considering the Redfield ratio of N:P:Si in diatoms (15-16:1:22) and 
the ratio of initial concentrations of nutrients in replete Kester medium (133:1:4), 
silicate was expected to become limiting for growth in our cultures. However, after 
15 days of growth, about 75 fxM of NaSiO, was still present, indicating that silicate 
was not limiting growth. Decreased photosynthesis in cultures of D. ulvacea, 
resulting from inorganic C-hmitation, may have caused a decrease in DMSP 
production. Consequently, the intracellular DMSP content did not increase any 
further during the linear phase of growth. 

An increase in DMSP content with increasing light intensity (Karsten et al. 
1992, Matrai et al. 1995) could also be explained by the handling of excess reducing 
power. The finding that the increase in cellular DMSP contents (fmol cell' d"1) of 
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Cylindrotheca fusiformis and Cylindrotheca clostenum (Z) was higher at the high light 
intensity might be explained as the consumption of excess reducing power. 
However, the increase of DMSP during growth (fmol cell"1 d"1) was not affected by 
light intensity in most of our cultures. Possibly, a light intensity of 50 ^mol photons 
m"2 s"1 was not high enough for the other species to bring about the same effect. 
Keller & Korjeff-Bellows (1996) did not observe an effect of light intensity on the 
DMSP content of the planktonic diatom Minidiscus trioculatus when grown at 17, 85 
and 170 jttmol photons m" s" . 

During our experiments, nitrogen became depleted in nitrogen-poor medium, 
which caused a decrease in growth and in chlorophyll a and DMSP production 
compared to nitrogen-replete cultures. Probably, a decrease in photosynthetic 
activity resulted in a decrease in DMSP production. Keller et al. (1999^) also found 
that cultivation of microalgae, including diatoms, in batch culture under nitrogen 
limitation did not stimulate DMSP production. However, these authors showed that 
the diatom Thalassiosira pseudonana had the highest DMSP content at the severest 
nitrogen limitation in steady state continuous cultures (Keller et el., 1999b). 

The importance of energy and reducing equivalents originating from 
photosynthesis, for DMSP production, was also shown by the inhibition of DMSP 
production in field samples of a mixed population of diatoms incubated in the dark 
and with DCMU after a hyperosmotic shock. Inhibition of the production of 
organic osmolytes by inhibition of photosynthesis has been observed in other 
microalgae. In Tetraselmis subcordiformis, incubation in the dark and with D C M U 
after a hyperosmotic shock were found to inhibit the production of mannitol, which 
accumulated rapidly in the light (Kirst 1980). Incubation in the dark strongly 
inhibited the accumulation of proline by the ice diatom Chaetoceros sp. after a 
hyperosmotic shock, while it rapidly increased in the light (Nothnagel 1995). 
Mannitol and proline are the main organic solutes in these species, accounting for 
approximately 50% of the intracellular osmotic pressure under steady state 
conditions. Ions (K+, Na+ , Cl") and other organic solutes (amino acids, organic acids 
and homarine in Chaetoceros sp. and homarine, glycine betaine and DMSP in T. 
subcordiformis) account for the remaining intracellular osmotic pressure. Generally, 
eukaryotic marine algae contain a variety of osmotically active substances, consisting 
of ions and organic solutes, which together maintain osmotic balance. The relative 
contribution of these compounds depends on the physiological conditions of the 
organisms. Under conditions which inhibit photosynthesis the contribution of ions 
becomes more important (Kirst 1980). In the ice diatom Navicula sp. both salinity 
and light intensity influenced the relative contribution of the main osmolyte 
proline, ions, DMSP and amino acids. Shifts in the relative contribution to the 
intracellular osmotic pressure of several osmotically active compounds during 
growth in batch culture, driven by changes in physiological conditions, may explain 
the observed increase in cellular DMSP content during growth in the diatoms that 
we studied. 
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Ecological implications 

Our finding that benthic diatoms produce much higher amounts of DMSP than 
cyanobacteria implies that species composition of microphytobenthos is an 
important factor controlling DMSP production in intertidal sediments. DMSP 
content of benthic diatoms was lower than DMSP contents reported in literature for 
other groups of algae, like dinophytes and prymnesiophytes (Keller et al. 1989). The 
high DMSP content of diatom-dominated intertidal sediments is therefore explained 
by the high biomass of diatoms. 

A modeling study simulating a Phaeocystis bloom in the North Sea showed that 
the flux of DMS to the environment increased with 25% when DMSP-lyase activity 
of Phaeocystis sp. was taken into account (Van den Berg et al. 1996). This indicates 
that DMSP-lyase activity in algae, like Phaeocystis sp. (Stefels & Van Boekel 1993), 
can contribute significantly to the flux of DMS to the atmosphere. The finding that 
marine benthic diatoms do not posses DMSP-lyase implies that their contribution to 
production processes of DMS in intertidal sediments is restricted to the production 
of DMSP. 

Iverson et al. (1989) and Cerqueira & Pio (1999) found an increase in 
chlorophyll ^-specific DMSP content along the salinity gradient in the water column 
of several estuaries from low salinities at the inner parts to high salinities at the 
mouths. Our results are in agreement with these observations and a similar spatial 
variation can be expected in intertidal sediments along estuaries. In intertidal 
sediments also short-term changes in salinity frequently occur, caused by rainfall or 
wind-induced evaporation during emersion of the sediment. The effect of short-term 
changes in salinity on the DMSP content of benthic diatoms is the subject of chapter 
3. 
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