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General introduction 

Biogeochemical cycles 
Life on earth is characterized by a continuous recycling of elements. The major 

elements of all biological systems are carbon (C), oxygen (O), hydrogen (H), 
nitrogen (N), sulfur (S) and phosphorus (P). The input of radiation from the sun 
provides energy to split water (H 2 0) and fix carbon dioxide (C02) to form organic 
matter (CH 2 0) in the process of photosynthesis, carried out by plants, algae and 
cyanobacteria. The production of biomass by photosynthesis and uptake of essential 
elements in the form of inorganic nutrients is called primary production. Elements 
are transferred from the primary producers through one or more levels of the 
foodweb and are regenerated by mineralization. All living systems together form the 
biosphere, in which the elemental cycles are intimately connected due to the use of 
oxygen (02), nitrate (NO,"), sulfate (S04

2) and C O , by microorganisms as electron 
acceptors in mineralization processes. Part of the elements stay in a bound form for 
a prolonged period by incorporation in the lifeless earth crust, the geosphere, for 
example by the formation of fossil fuels or via the sedimentation of calcium 
carbonate skeletons of plankton to the ocean floor. Elements are transported via 
rivers from the terrestrial environment to the oceans and via the atmosphere from 
the oceans to the terrestrial environment. The entireties of these transformations of 
elements are called the biogeochemical cycles of elements. Atmospheric trace gases 
containing C, N and S, in combination with each other or with O or H are the key 
intermediates in the biogeochemical cycling of these elements between the terrestrial 
and aquatic phases of the biosphere. Although concentrations of these gases may be 
low, hence the term trace gas, fluxes of these compounds through the atmosphere 
can be substantial. The fluxes of elements in a gaseous form through the atmosphere 
are responsible for the atmospheric composition of the Earth, which is very 
different from atmospheres of other planets. The concentrations of gases in the 
Earth's atmosphere differ orders of magnitude from the concentrations calculated on 
the basis of chemical equilibria (Table 1.1). Microorganisms play a crucial role in the 
cycling of trace gases (Kelly 1996). For example, 1-10% of all photosynthetically 
fixed C 0 2 passes through the trace gas methane (CH4). Methane is produced by 
methanogenic microorganisms, that use C O , as the electron acceptor during 
mineralization of organic matter in anoxic soils and sediments. 

The scientist James Lovelock became convinced of the strong impact of 
biological processes on the composition of the Earth's atmosphere while working 
for NASA in the 1960s, where he was involved in a project which sought means to 
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Table 1.1. Planetary atmospheres: their composition. 

co_, 
N, 

o2 
CH4 

Mars 

95% 

2.7% 

0.13% 

0.0 

Venus 

96.5% 

3.5% 

trace 

0.0 

Earth 

without life 

98% 

1.9% 

0.0 

0.0 

Earth 

as it is 

0.03% 

79% 

2 1 % 

1.7 ppm 

(From: Lovelock 1988) 

detect life on Mars and other planets. He felt that the scale of disequilibria observed 
in its composition, suggested that the Earth's atmosphere was not merely a biological 
product, but more probably a biological construction. The climate and chemical 
properties of the Earth seem always to have been optimal for life. Ever since life 
emerged on Earth 3.5 billion years ago, the Earth's climate changed very little, but 
output of heat from the sun, surface properties of the Earth and composition of the 
atmosphere have almost certainly varied greatly over the same period. These notions 
led Lovelock to develop the still controversial Gaia hypothesis, named after the 
Greek goddess of Earth, which proposes the Earth to behave as a single organism. In 
his first book, Lovelock (1979, p 11) defined Gaia as 'a complex entity involving the 
Earth's biosphere, atmosphere, oceans and soil; the totality constituting a feedback 
or cybernetic system which seeks an optimal physical and chemical environment for 
life on this planet. The maintenance of relatively constant conditions by active 
control may be conveniently described by the term 'homeostasis". The hypothesis 
predicted that there should be a biological mechanism for the return of an element 
like sulfur from the ocean, where it is abundant, to the land surfaces. 

Dimethylsulfide (DMS) in the atmosphere 
At the time the Gaia theory was developed, a missing link existed in the 

biogeochemical cycle of sulfur. To close the global sulfur budget an atmospheric 
component was necessary to carry sulfur from the oceans to the terrestrial 
environment. Although it had long been assumed that this was hydrogen sulfide 
(H2S), it was becoming clear that the high reactivity of this compound towards O, 
made it unlikely that H2S could fulfill this role. Based on the findings of Challenger 
(1951) that many marine algae produced the volatile organic sulfur compound 
dimethylsulfide (DMS), Lovelock et al. (1972) searched for and found the presence of 
this compound in seawater during a cruise over the Atlantic ocean. It was suggested 
that DMS, produced by marine life, was the main carrier of sulfur from the seas 
through the air to the land surfaces. A significant role of DMS in the global sulfur 
cycle has since been confirmed by many measurements of DMS in the oceans and 
atmosphere (Andreae 1986, Andreae 1990). 

Later, Shaw (1983) and subsequently Charlson et al. (1987) proposed that DMS 
not only was an important link in the biogeochemical sulfur cycle, but also played a 
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role in the global climate. DMS, excreted by phytoplankton, escapes to the air 
where it reacts to form a sulfate and a methane sulfonate (MSA) aerosol. This so-
called non-sea-salt sulfate (NSS-SCy') aerosol is found everywhere in the marine 
atmospheric boundary layer and aerosol particals which act as cloud condensation 
nuclei (CCN) are principally these same NSS-S04

2" particles. Cloud condensation 
nuclei affect the reflectance of clouds and thus the Earth's radiation budget. A 
climatic feedback system was presented in which an increase in DMS-derived C C N 
would cause a decrease in solar radiation reaching the Earth's surface and a decrease 
of the Earth's temperature. If a decrease in temperature resulted in a decrease in 
phytoplankton-associated DMS emission to the atmosphere, this would cause an 
increase in solar radiation and an increase in temperature (Fig. 1.1). In the case that 
this negative feedback actually operates, it could be interpreted as life on Earth 
maintaining a homeostatis or thermostasis as defined in the Gaia hypothesis. An 
active role of the biosphere in the regulation of climate caught special attention in an 
era of growing concern about global climate change caused by the enhanced 
greenhouse effect. Short-wave solar radiation which reaches the Earth's surface is 
reflected as long-wave, infrared radiation, which is absorbed in the atmosphere by 
radiatively active gases, or greenhouse gases, including CO, , CH4 , and 
chlorofluorocarbons (CFCs). With the enhanced greenhouse effect is meant the rise 
in global temperature caused by an increased absorption of long-wave radiation by 
the greenhouse gases. The concentrations of these gases have been found to increase 
during the past decades mainly due to anthropogenic activities, such as the burning 
of fossil fuels. Global climate change remains an important issue in today's society 
(Houghton et al. 1996). 

At present, a good correlation has been ascertained between the concentrations 
of DMS and C C N (Ayers et al. 1991, Andreae et al. 1995, Ayers et al. 1997). Thus, 
the potential of phytoplanktonic DMS to affect the radiative balance and climate 
seems well established. However, little is known yet about the feedback effects of 
climate on DMS production. Charlson et al. (1987) already recognized that there is 
no straightforward relationship between the abundance of phytoplankton and the 
concentration of DMS. The concentration of DMS in the water, which largely 
determines the flux of DMS to the atmosphere, is a complex function of production 
and consumption processes. Competition between production, consumption and 
volatilization determines the net flux of DMS to the atmosphere. The principal 
production process of DMS is enzymatic cleavage of dimethylsulfomopropionate 
(DMSP). DMSP is produced by many classes of algae (Keller et al. 1989). However, 
the amount of DMSP produced differs greatly between species (Keller et al. 1989) 
and depends on environmental conditions (Vairavamurthy et al. 1985, Turner et al. 
1988, Gröne & Kirst 1992, Sheets & Rhodes 1996, Stefels & Van Leeuwe 1998, 
Keller et al. 1999a). Cleavage of algal DMSP yields acrylate and DMS, which is 
mediated by algal (Stefels & Van Boekel 1993, Steinke et al. 1996) or bacterial 
DMSP-lyases (Kiene 1990, Diaz et al. 1992, Ledyard & Dacey 1994, De Souza & 
Yoch 1995a). The production of DMS is stimulated by senescence of phytoplankton 
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Figure 1.1. Schematic diagram of a possible climatic feedback loop (after Charlson et al. 1 987). 

(Nguyen et al. 1988, Kwint & Kramer 1995), by grazing of micro- and 
mesozooplankton (Dacey & Wakeham 1986, Wolfe et al. 1994, Daly & DiTullio 
1996), or by viral infections (Malin et al. 1998). It is commonly assumed that these 
processes cause release of DMSP from phytoplankton cells, increasing the amount of 
DMSP dissolved in the water, making it available to DMSP-lyase activity. 
Conversion to DMS is not the only fate of DMSP in seawater. DMS production 
may represent between 5% and 100% of DMSP degradation (Simó & Pedros-Alio 
1999^). The breakdown of DMSP via demethylation and demethiolation, which 
does not involve the DMS-producing lyase pathway, has also been observed in 
seawater. Only very recently it was discovered that methanethiol (MSH), the 
product of the demethylation/demethiolation pathway, ends up in the methionine-
fraction of bacterial protein and that DMSP may potentially satisfy the total sulfur 
demand of bacteria (Kiene et al. 1999). These authors suggested that DMSP may also 
be a source of sulfur in animals. DMS produced by cleavage of DMSP, is generally 
rapidly consumed by bacteria. Furthermore, DMS is oxidized photochemically 
(Andreae 1980, Brimblecombe & Shooter 1986, Kieber et al. 1996). It is now 
accepted that the internal cycling of DMS in the oceans often exceeds the emission 
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to the atmosphere (Liss et al. 1997). However, the external factors that determine the 
relative importance of the different processes remain elusive. Incorporation of data 
obtained from ecological and physiological studies in mathematical models, 
describing the identified processes, will allow the prediction of DMS fluxes to the 
atmosphere under specific environmental conditions, which should be validated by 
in situ measurements. 

The Trace Gas Project 
A joint Dutch research project (Trace Gas Project, NOP-VvA: Dutch Research 

Program-Global Change) was initiatied, which aimed at integrating ecological, 
physiological and modeling studies to obtain insight in factors controlling fluxes of 
DMS from intertidal sediment ecosystems to the atmosphere. The goals of this 
project were: 1) to evaluate the qualitative and quantitative contributions of 
microorganisms in the turnover of DMS in tidal sediment ecosystems, 2) to quantify 
fluxes of DMS between these systems and the atmosphere, 3) to evaluate the impact 
of various disturbing factors, and 4) to construct a model with predictive value. 
Intertidal sediments were chosen as a model system for several reasons. Microbial 
communities living in intertidal sediments, also called microbial mats or biofilms, 
have been subject of intensive research (Cohen & Rosenberg 1989, Van Gemerden 
1993, Stal & Caumette 1994). They are relatively simple microbial communities 
consisting of a limited number of functional groups of microorganisms, which 
interact with each other through the production and consumption of organic carbon 
and reduced sulfur compounds. These microbial ecosystems are often highly 
productive, exhibiting primary production rates that are comparable with those of 
tropical rain-forests, and therefore may contribute significantly to biogeochemical 
cycles. They contain high biomasses of the functional groups of microorganisms, 
which exhibit high turnover rates of dissolved compounds. Very high 
concentrations of DMSP and DMS have been detected in these systems, which 
facilitates measuring these compounds in the field. Several organisms, representing 
different functional groups of microorganisms, have been found to carry out 
conversions of DMSP and DMS. 

To reach the goals that were set, several strategies were proposed. Ad 1) 
Determination of production and consumption rates of DMSP and DMS in isolated 
laboratory cultures and in sediment slurry experiments and determination of the 
biomasses of associated functional groups in the field. Ad 2) Direct flux 
measurements of DMS and calculation of fluxes based on concentration profiles 
measured in the field. Unfortunately, the equipment that was available turned out 
not to be sensitive enough to measure in situ concentrations and fluxes of DMS. 
Concentrations of DMS in intertidal sediments were found to be much lower than 
the concentrations reported at the time the project proposal was written. The high 
concentrations reported earlier were an artefact of the sampling method: fixation of 
sediment samples with 0.5% glutaraldehyde in seawater caused a rapid production of 
DMS, indicating that DMSP-lyase activity in the sediment was not effectively 
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inhibited (Visscher & Van Gemerden 1991*7, Visscher et al. 1995). Ad 3) 
Determination of the effects of disturbing factors on different functional groups of 
microorganisms and simulation of the effects of disturbing factors on the flux of 
DMS with a mathematical model. Ad 4) Development of a mathematical model 
based on literature data and incorporating data obtained during the project. The 
concepts used in the model were largely derived from already existing knowledge of 
mtertidal sediment ecosystems. 

Intertidal sediment ecosystems 
Input of organic matter in intertidal sediment ecosystems occurs mainly 

through the process of photosynthesis driven by sunlight and carried out by 
oxygenic phototrophs. Oxygenic phototrophs in intertidal sediments are primarily 
cyanobactena and diatoms, but green algae may also occur. Light penetrates only a 
few millimeters into the sediment. Consequently, the phototrophs are concentrated 
in the upper layer, where their activity results in high oxygen concentrations. 
Organic matter derived from oxygenic phototrophs is respired by aerobic 
heterotrophic bacteria. High oxygen consumption rates cause oxygen depletion in 
deeper sediment layers. In these layers alternative modes of energy generation are 
used and organic matter is transformed by fermentative bacteria and is further 
degraded by sulfate-reducing bacteria. Sulfate reduction is an important process in 
anoxic marine sediment, because of the high abundance of sulfate in seawater. 
Sulfide that is produced by sulfate reduction diffuses to the sediment surface where it 
is oxidized again. In anoxic layers which receive light of the appropriate 
wavelengths, anoxygenic phototrophic bacteria (purple sulfur bacteria) use sulfide as 
an electron donor in photosynthesis. In oxic layers, colorless sulfur bacteria use 
sulfide for chemolithotrophic growth. Instead of sulfate, C 0 2 may be used as 
electron acceptor by methanogenic Archaea in the deepest sediment layers. 
Methanogenesis is an energetically less favourable process than sulfate reduction, but 
since methanogens are able to use certain compounds as 'non-competitive' substrates, 
it also plays a role in marine microbial communities. The rapid extinction of light in 
combination with the high microbial activities in the sediment cause steep vertical 
gradients of oxygen, sulfide, p H and redox potential. These gradients shift with the 
time of day, following the incident light intensity, which determines the amount of 
oxygen produced in the sediment surface (Fig. 1.2). 

The following section describes the roles of isolated members of the functional 
groups of microorganisms in the turnover of DMSP in intertidal sediment 
ecosystems. 

Metabolism of DMSP and DMS in intertidal sediments 
Oxygenic phototrophs are probably the main source of DMSP in the sediment, 

which is apparent from the similar vertical distributions of DMSP and chlorophyll a 
(Fig. 1.2). Theoretically, cyanobacteria and diatoms may both contribute to the 
production of DMSP in the sediment. Visscher & Van Gemerden (1991*?) reported a 
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Figure 1.2. Schematic representation of the structure and (bio)chemical gradients of microbial communities in 

intertidal sediments (after Van Gemerden 1993, Van Bergeijk & Stal 1996). 

DMSP content of 37 /^mol g" of protein in the common marine benthic 
cyanobacterium Microcoleus chtbonoplastes, which was released into the medium after 
exposure to a severe salinity downshock. However, other authors have not been 
able to detect a similar amount of DMSP in this cyanobacterium (Van Bergeijk & 
Stal 1996, Vogt et al. 1998, Jonkers et al. 1998a). Recently, a number of marine 
benthic diatoms have been found to contain DMSP (Van Bergeijk & Stal 1996, 
Jonkers et al. 1998a). 

The mechanisms of release of DMSP from DMSP-producing organisms have 
not been studied in intertidal sediments. In aquatic ecosystems DMSP is assumed to 
be released to the environment via cell lysis, due to scenescence (Nguyen et al. 1988, 
Matrai & Keller 1994), grazing (Nguyen et al. 1988, Chnstaki et al. 1996, Wolfe & 
Steinke 1996) or viral attack (Malin et al. 1998). Thus dissolved DMSP can be 
cleaved by DMSP-lyases to DMS and acrylate. Both aerobic and anaerobic bacteria 
from intertidal sediments have been found to produce DMSP-lyases (De Souza & 
Yoch 1995^, Van der Maarel et al. 1996^). Several micro- and macroalgae also 
contain DMSP-lyase (Stefels & Van Boekel 1993, Steinke et al. 1996). Oxygenic 
phototrophs in intertidal sediments may therefore also cleave DMSP to DMS, but 
the presence of DMSP-lyase in these organisms has not been tested yet. In addition, 
DMSP could be cleaved chemically under highly alkaline conditions occurring as a 
result of extensive C O : fixation by autotrophs in intertidal sediments (Visscher & 
Van Gemerden 1991a). Alternatively, DMSP can be demethylated, instead of 
cleaved, to 3-S-methylmercaptopropionate (MMPA), which can be degraded further. 
Both degradation routes of DMSP operate in intertidal sediments under oxic as well 
as anoxic conditions (Visscher et al. 1994). In the demethylation route MMPA is 
either demethylated to 3-mercaptopropionate (MPA) or demethiolated to 
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methanethiol (MSH) and acrylate (Van der Maarel et al. 1995, Taylor & Visscher 
1996). DMS, acrylate, MPA and MSH are all subject to further bacterial conversion 
by members of the functional groups present in intertidal sediments. 

Aerobic heterotrophic bacteria probably play an important role in DMSP 
degradation in intertidal sediments, but only a few organisms involved in the 
conversion of DMSP have been isolated. An aerobic methylotrophic bacterium was 
isolated that degrades DMSP to MPA via demethylation (Visscher & Taylor 1994). 
DMSP cleavage by aerobic bacteria is also very likely to occur in intertidal sediments 
since many marine bacteria have been isolated from aquatic systems, which cleave 
DMSP to DMS and acrylate, using acrylate as a substrate for growth (Dacey & 
Blough 1987, Kiene 1990, Diaz et al. 1992, Ledyard & Dacey 1994, De Souza & 
Yoch 1995a). De Zwart et al. (1996) isolated a methylotrophic bacterium from an 
estuarine intertidal sediment that oxidizes DMS to C 0 2 and thiosulfate. 

Colorless sulfur bacteria belonging to the genus Thiobacillus, which were 
isolated from intertidal sediments, are able to oxidize DMS completely (Visscher et 
al. 1991, Visscher & Taylor 1993b). 

Two strains of anoxygenic phototrophic bacteria were isolated from intertidal 
sediments that cleave MPA to sulfide and acrylate and use sulfide as electron donor 
(Visscher & Taylor 1993a). Several anoxygenic phototrophic bacteria from intertidal 
sediments are able to use DMS as an alternative electron donor, oxidizing it to 
dimethylsulfoxide (DMSO) (Zeyer et al. 1987, Visscher & Van Gemerden 1991b, 
Hanlon et al. 1994, Jonkers et al. 1998a). Recently, Jonkers et al. (1998&) observed 
that the purple sulfur bacterium Thiocapsa roseopersiana M i l cleaves DMSP to DMS 
and acrylate under anoxic conditions in the light and uses both compounds as 
substrates for growth under oxic conditions. These results indicate that 
microorganisms in intertidal sediments may exhibit a versatile metabolism. 

Fermentative bacteria that are involved in DMSP degradation have not been 
isolated from marine intertidal sediments. However, Wagner & Stadtman (1962) 
have isolated a Clostridium strain from river mud, which cleaves DMSP to DMS and 
acrylate and subsequently ferments acrylate to propionate and acetate. It is possible 
that similar organisms are present in marine sediments. 

Certain sulfate-reducing bacteria isolated from marine intertidal sediments 
demethylate DMSP to MMPA (Van der Maarel 1993, Van der Maarel et al. 1996a) 
and one strain has been isolated that cleaves DMSP to DMS, using acrylate as an 
alternative electron acceptor (Van der Maarel et al. 1996b). Addition of molybdate, 
an inhibitor of sulfate reduction, to anoxic marine and freshwater sediment slurries 
has been observed to cause a decrease in DMS consumption, indicating that sulfate-
reducing bacteria are involved in the oxidation of DMS (Kiene 1988, Lomans et al. 
1999/?). However, until now, there is only one report of a DMS-oxidizing sulfate-
reducing bacterium, which was isolated from thermophilic fermentor sludge 
(Tanimoto & Bak 1994). Several strains of sulfate-reducing bacteria from marine and 
hypersaline environments use DMSO as alternative electron acceptor, reducing it to 
DMS (Jonkers et al. 1996). The significance of this process in intertidal sediments is 
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uncertain, because data on concentrations of DMSO in porewaters are lacking. In 
marine aquatic environments DMSO is a ubiquitous compound, which is assumed 
to arise from the photochemical and microbiological oxidation of DMS, but may 
also be directly produced by marine microalgae (Lee & De Mora 1999 and references 
therein). Up till now, reports on the significance of DMSO in the biogeochemical 
cycling of sulfur in intertidal sediments do not exist. However, the conversion of 
DMS to DMSO by anoxygenic phototrophs and subsequent reduction of DMSO to 
DMS could support a mini sulfur cycle in the sediment (De Zwart & Kuenen 1992). 

Methanogens isolated from intertidal sediments have been found to demethylate 
MMPA to MPA (Van der Maarel et al. 1995) or to oxidize DMS to methane and 
sulfide (Kiene et al. 1986, Finster et al. 1992). 

DMSP synthesis 
Although several alternative mechanisms of DMS formation have been 

identified, such as methylation of MSH (Kiene & Hines 1995) and degradation of 
methoxylated aromatic compounds or sulfur-containing amino acids (Finster et al. 
1990, De Zwart & Kuenen 1992), DMSP cleavage to DMS is recognized as the major 
source of DMS in the marine environment (Kiene 1996£>). The amount of DMSP 
produced therefore represents the potential maximal amount of DMS that can be 
formed. 

DMSP was identified as the precursor of DMS in the marine macroalga 
Polysiphonia fastigiata in 1948, by Challenger & Simpson. Since then, DMSP has 
been found in a wide variety of eukaryotic algae (Ackman & Tocher 1966, Ishida & 
Kadota 1967, White 1982, Reed 1983, Keller et al. 1989, Blunden et al. 1992) and in 
some higher plants (Lahrer et al. 1977, Dacey et al. 1987, Hanson et al. 1994, 
Pacquet et al. 1994), occurring almost exclusively in saline environments. Although 
DMSP can also be found in marine bacteria (Wolfe 1996) and animals (Ackman et al. 
1966, Ackman & Hingley 1968, Iida & Tokunaga 1986), DMSP synthesis is assumed 
to be confined to phototrophic organisms (Gröne 1995). The production of DMSP 
is species-specific. Most species of phytoplankton belonging to the prymnesiophytes, 
dinophytes and prasinophytes and most species of macroalgae belonging to the 
chlorophytes are strong producers of DMSP, but some diatoms also produce 
significant amounts (Keller et al. 1989, Karsten et al. 1996). 

Four pathways of DMSP biosynthesis have been described, with methionine as 
a central intermediate (Fig. 1.3). Synthesis of methionine occurs via assimilatory 
sulfate reduction, of which the exact pathway is unknown, but which depends on 
ATP and reducing equivalents (Schmidt 1986, Brunold 1990, Giovanelli 1990). 
Sulfide, produced by assimilatory sulfate reduction, reacts with O-acetylserine to 
form cysteine, which is converted to methionine via cystathione and homocysteine 
(Giovanelli 1990). Methionine is a protein amino acid, but in some algae a large 
proportion of methionine that is produced may be converted to DMSP. In these 
algae more than 50% of the total organic sulfur content may be present as DMSP 
(Matrai & Keller 1994, Keller et al. 1999*). 
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Figure 1.3. Biosynthesis pathways of DMSP. I Wollastonia biflora (Compositae) (Hanson et al. 1994, James et al. 

1995, Hanson & Gage 1996); II Spartina alterniflora (Craminae) (Kocsis et al. 1998); III Cryptecodinium cohnii 

(Dinophyceae) (Uchida et al. 1996, Kitaguchi et al. 1999); IV Enteromorpha intestinalis (Chlorophyceae), 

Emiliania huxleyi (Prymnesiophyceae), Melosira nummuloides (Bacillariophyceae), Telraselmis sp. 

(Prasinophyceae) (Cage et al. 1997, Summers et al. 1998). 
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Two biosynthesis pathways of DMSP from methionine have been observed in 
higher plants. Both pathways have S-methylmethionine as an intermediate. In the 
composite Wollastonia biflora S-methylmethionine is first converted to DMSP-
aldehyde and subsequently to DMSP. In the salt marsh grass Spartina alterniflora, 
DMSP-amine is produced as intermediate between S-methylmethionine and DMSP-
aldehyde. 

In the heterotrophic dinoflagellate a third pathway of DMSP synthesis may 
exist, which proceeds via MTPA and methylmercaptopropionate (MMPA). The 
enzyme methionine decarboxylase, which converts methionine into 3-
methyltfnopropanamine (MTPA) has been purified from Cryptecodimum cohnü. 

A fourth pathway has been observed in the macroalga Enteromorpha intestinalis, 
where transamination of methionine to 4-methylthio-2-oxobutyrate (MTOB) is 
followed by reduction of MTOB to 4-methylthio-2-hydroxybutyrate (MTHB) and 
methylation of MTHB to 4-dimethylsulfonio-2-hydroxybutyrate (DMSHB), with 
decarboxylation of DMSHB to DMSP as last step. A number of microalgae 
belonging to different taxonomie groups were also found to contain DMSHB, 
converting it readily it to DMSP, indicating that these algae possess the same 
pathway as E. intestinalis. How these pathways are regulated remains elusive. 

Several physiological roles of DMSP have been suggested. The most widely 
accepted role of DMSP is that of compatible solute, i.e. a compound that is 
compatible with cell metabolism and protein-functioning at high intracellular 
concentrations. Compatible solutes allow organisms to live in environments of high 
osmotic pressure, such as seawater. DMSP is a zwitterion, which is neutral (no net 
charges) at physiological pH, has a high solubility and is membrane impermeable, 
which are important features of compatible solutes (Gröne 1995, Kirst 1996). The 
cytoplasm of marine algae is usually isotonic or hypertonic compared to the 
surrounding seawater (Kirst 1989). Since high concentrations of ions are detrimental 
to the functioning of cell proteins and membranes, these are replaced by organic 
osmolytes which are compatible with cell metabolism, such as proline and glycine 
betaine (Kirst 1989). The role of DMSP as compatible solute was initially suggested 
based on the structural analogy with glycine betaine and was confirmed by Gröne & 
Kirst (1991), who showed that DMSP had a protective effect on in vitro activity of 
the enzyme malate dehydrogenase from Tetraselmis subcordiformis at high salt 
concentrations. In accordance with this, a positive correlation between salinity and 
DMSP content has been observed in many marine macro- and microalgae as well as 
in higher plants (Dickson et al. 1980, Dickson et al. 1982, Vairavamurthy et al. 1985, 
Dickson & Kirst 1986, Dacey et al. 1987, Dickson & Kirst 1987, Karsten et al. 1992, 
Storey et al. 1993, Trossat et al. 1998). A role for DMSP as cryoprotectant has also 
been proposed. A stabilizing effect of DMSP on enzyme structure at low 
temperatures was found by Nishigushi & Somero (1992) and by Karsten et al. (1996) 
and an increase in DMSP content with decreasing growth temperatures was 
observed in polar macroalgae (Karsten et al. 1992, Karsten et al. 1996) and in the 
microalga Tetraselmis subcordiformis (Sheets & Rhodes 1996). Other factors that have 
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been observed to affect the intracellular DMSP content are light intensity, nitrogen 
limitation and growth stage. An increase in DMSP content with increasing light 
intensity was observed in macro- and microalgae (Karsten et al. 1990, Gröne 1991, 
Karsten et al. 1992, Matrai et al. 1995). Stimulation of DMSP production by light is 
not surprising considering the demand of energy and reducing equivalents for 
assimilatory sulfate reduction. Andreae (1986) suggested that under nitrogen 
limitation DMSP may replace nitrogen-containing osmolytes, such as glycine 
betaine. An elevated DMSP content at low nitrogen concentrations has indeed been 
observed in phytoplankton (Turner et al. 1988, Gröne & Kirst 1992, Keller et al. 
1999^) and in higher plants (Dacey et al. 1987, Hanson et al. 1994). It has been 
suggested that DMSP production increases when cells enter the stationary phase of 
growth. This is possibly related to nitrogen limitation, but experimental evidence 
for this suggestion is very limited (Gröne 1991, Meyerdierks 1997). 

Some, but not all, algae that produce DMSP contain DMSP-lyase that cleaves 
DMSP to DMS and acrylate (Stefels & Van Boekel 1993, Nishigushi & Goff 1995, 
De Souza et al. 1996, Steinke et al. 1996, Steinke et al. 1998). The regulation and 
function of DMSP-lyase activity remain uncertain. In a survey of 21 macro- and 
microalgae, no relationship was observed between DMSP-lyase activity and 
intracellular DMSP content (Steinke et al. 1996). It has been suggested that DMSP-
lyase plays a role in osmoregulation, lowering the DMSP concentration upon a 
decrease in salinity (Vairavamurthy et al. 1985). In Phaeocystis sp., however, DMSP-
lyase was not found to be involved in the short-term regulation of osmotic potential 
of cells upon changes in salinity (Stefels & Dijkhuizen 1996). DMSP-lyase of 
Phaeocystis sp. is membrane-bound and located extracellularly (Stefels & Dijkhuizen 
1996). This led Stefels et al. (1996) to propose that the function of DMSP-lyase in 
Phaeocystis sp. is to facilitate the release of DMSP from cells by maximizing the 
DMSP concentration gradient across the membrane, as a means to regulate the 
internal concentration of DMSP. Furthermore, DMSP-lyase activity has been 
explained as a grazing-activated chemical defense in Emiliania huxleyi, producing 
acrylate as a deterrent of microzooplankton grazing (Wolfe et al. 1997). 

Outline of this thesis 
The research described in this thesis was carried out in the framework of the 

Trace Gas Project. This research focused on the role of oxygenic phototrophs in the 
metabolism of DMSP in intertidal sediments. The subject was approached using a 
combination of field studies and laboratory experiments. 

A considerable number of marine and estuarine benthic diatoms and 
cyanobacteria, which were obtained from culture collections or isolated from the 
field, were screened for their DMSP content (Chapter 2). DMSP production could 
not be convincingly demonstrated in cyanobacterial cultures. Several strains of 
diatoms produced substantial and consistent amounts of DMSP and therefore these 
organisms were used for further studies. The effects of salinity, temperature and 
nitrogen deficiency on the DMSP content were tested in a selection of diatom strains 
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and in mixed populations of diatoms just after collection from the sediment 
(Chapter 2). The presence of DMSP-lyase activity was also investigated in several 
diatom strains (Chapter 2). The diatom Cylindrotheca closterium was chosen as a 
model organism to study the effect of salinity in more detail. In this diatom, 
excretion and uptake of DMSP were observed in response to short-term salinity 
changes (Chapter 3). Diel and seasonal variations of DMSP and pigment content 
were measured at field sites along the Westerschelde and Oosterschelde (Chapters 4 
and 5). The effects of day and night conditions on total DMSP, dissolved DMSP and 
pigment content were evaluated in situ and in mixed populations of diatoms. 
Potential degradation rates of DMSP and DMS in sediment slurries were also 
determined under these conditions (Chapter 4). To explain the seasonal variation in 
DMSP, correlations between DMSP content of the sediment, abundance of oxygenic 
phototrophs, and salinity, temperature and nitrogen- concentration were assessed 
(Chapter 5). A special case of DMS(P) production in intertidal sediments was 
discovered at the Marennes-Oléron Bay (Atlantic coast, France). A distinct smell of 
DMS, arising from the sediment, turned out to be associated with colonies of 
Convoluta roscoffensis. This is a marine flatworm that lives in symbiosis with a green 
alga belonging to the genus Tetraselmis (Chapter 6). In collaboration with other 
participants in the Trace gas project, a mathematical model was constructed, which 
simulates the diel cycle of release and conversion of DMSP and DMS by the 
functional groups of microorganisms in an intertidal sediment ecosystem (Chapter 
7). In the last chapter (Chapter 8) selected aspects of the ecophysiology of DMSP and 
DMS production are discussed and some recommendations for future research are 
given. The emission of DMS from intertidal sediment ecosystems is discussed 
considering data from literature and the research presented in this thesis. 
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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). 
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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. 
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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. 

40 Chapter 



15 O 10 15 

Time (days) 

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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Uptake and excretion of DMSP driven by salinity changes 
in the marine benthic diatom Cylindrotheca closterium 

StefA. van Bergeijk, Claarvan der Zee, and Lucas J. Stal 

Long-term and short-term effects of salinity on the dimethylsulfoniopropionate 

(DMSP) content of the marine benthic diatom Cylindrotheca closterium were investigated. 

When grown in batch cultures at salinities ranging from 11 to 55 PSU, DMSP was found to 

increase with increasing salinity. The intracellular DMSP content increased from less than 

0.25 fmol cell"1 at 11 PSU to more than 10 fmol cell"1 at 44 PSU, but did not increase further 

from 44 to 55 PSU. The amino acid proline increased strongly from 33 to 55 PSU, suggesting 

that proline may be a more effective osmoprotectant at higher salinities. During salinity 

upshock and downshock experiments, changes in DMSP content of C. closterium 

corresponded with the changes in salinity. After a salinity downshock DMSP was excreted 

into the medium. After a salinity upshock DMSP was slowly synthesized. However, C. 

closterium was able to take up DMSP from the medium, the magnitude of which depended 

on the salinity difference applied. This is the first report of uptake of DMSP by an alga. Our 

results showed that synthesis of DMSP after a salinity upshock is too slow to be important 

for short-term osmoacclimation. Moreover, the contribution of DMSP to the intracellular 

osmotic potential of C. closterium is probably not very large. But the observation that uptake 

of DMSP was faster after a salinity upshock from 11 to 33 PSU than from 11 to 22 PSU, 

indicates that DMSP has an osmoprotective function in C. closterium. Uptake of DMSP and 

other organic osmolytes from the environment may serve as a mechanism of 

osmoacclimation for diatoms living in intertidal sediments. 

Submitted for publication. 
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Introduction 
Already in 1948, dimethylsulfoniopropionate (DMSP) was identified as the 

precursor of dimethylsulfide (DMS) in the macroalga Polysiphonia fastigiata 
(Challenger & Simpson 1948). But only since DMS was recognized as an important 
trace gas, the production of DMSP by marine algae has been studied more 
extensively. Lovelock et al. (1972) proposed DMS to be the main biogenic source of 
sulfur in the atmosphere and it was subsequently shown that DMS may play a role 
in climate regulation via its atmospheric oxidation products (Charlson et al. 1987). 
DMSP is present in a wide variety of micro- and macroalgae (Ackman & Tocher 
1966, Keller et al. 1989, Blunden et al. 1992) and has been found to act as an organic 
osmolyte in several algae (Reed 1983, Vairavamurthy et al. 1985, Dickson & Kirst 
1986, Dickson & Kirst 1987, Edwards et al. 1988, Karsten et al. 1992). Its properties 
suggest that it is a reasonably good compatible solute (Kirst 1996), which is 
supported by the results of an investigation on the effects of DMSP on in vitro 
enzyme activities (Gröne & Kirst 1991). Generally, DMSP is slowly produced after a 
hyperosmotic shock, but in some cases DMSP has been observed to accumulate 
relatively quickly (Dickson et al. 1982, Vairavamurthy et al. 1985). This would be 
particularly useful to algae living in environments with fluctuating salinity. 
Estuarine intertidal sediments are such environments. Long-term salinity changes 
depend on seasonal changes of freshwater input into the estuary. Short-term salinity 
changes can occur daily when the sediment is emersed. Wind-induced evaporation 
causes a strong increase in salinity in the top layer of the sediment during the 
emersion period, especially on warm, sunny days (Visscher & Van Gemerden 
1991^). A sudden decrease in salinity occurs when the sediment is exposed to a heavy 
rainfall. The microphytobenthic communities that inhabit the sediment surface are 
often dominated by diatoms and it has been found that production of DMSP by 
these organisms can lead to high concentrations of DMSP in the sediment surface 
layer (Van Bergeijk & Stal 1996, Jonkers et al. 1998^). An increase in DMSP content 
with increasing salinity has been observed in the marine diatoms Phaeodactylum 
tricornutum (Dickson & Kirst 1986) and Navicula sp. (Nothnagel 1995), when 
grown in batch culture at various salinities. These diatoms also contained proline 
and other free amino acids as organic osmolytes. Until now, short-term effects of 
salinity changes on the DMSP content of diatoms have not been reported. 

In the present study we chose Cylindrotheca closterium as a model organism to 
investigate the effect of salinity on the DMSP content of estuarine benthic diatoms. 
C closterium has been reported to produce DMSP (Keller et al. 1989 = Nitzschia 
closterium, Van Bergeijk & Stal 1996) and is often abundant in intertidal sediments 
(Admiraal 1978, Sabbe 1993, Nilsson & Sundback 1996, Underwood et al. 1998). 
The aim of this study was to test the long-term and short-term effect of salinity 
changes on the DMSP content of C. closterium. For this purpose, C closterium was 
grown in batch culture in a range of salinities and cell suspensions were exposed to 
salinity up- and downshocks. The ability of C closterium to take up DMSP was 
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assessed by adding DMSP to the medium after a salinity upshock. The free amino 
acid composition of C. clostenum, grown at several salinities, was also evaluated. 

Materials and methods 

Organism, medium and culture conditions 

Cylindrotheca clostenum (Ehrenberg) Reimann and Lewin 1964 was isolated 
from the Ems-Dollard estuary (The Netherlands) and was kindly provided by Harry 
Peletier (University of Groningen, The Netherlands). Axenic cultures were obtained 
by treatment with a mixture of antibiotics (500 mg l"1 penicillin G, 250 mg l"1 

streptomycine and 100 mg l"1 chloramphenicol). Cells were grown in modified 
Kester medium (Kester et al. 1967) on a layer of pure sea sand (Merck) in 
Erlenmeyer flasks. Salinity of the medium was 33 PSU. Temperature was 25 °C and 
photon flux density was about 35 /zmol m"2 s"1. Stock cultures were maintained at 6 
°C in dim light. 

Long-term and short-term effects of salinity 

The long-term effect of salinity on the DMSP content of C. clostenum was 
evaluated by cultivation in duplicate batch cultures at salinities of 11, 22, 33, 44 and 
55 PSU. Salinity of the medium was achieved by adjusting the amounts of major 
salts (NaCl, Na,S0 4 , KCl, MgCh, CaCl2) proportionally. The batch cultures were 
inoculated from cultures which had been pre-grown at the same salinity. Triplicate 
samples for DMSP, cell number, chlorophyll a and protein were taken daily. 

To test the short-term effect of salinity, cultures were harvested at the late 
exponential/early stationary phase by aseptic centrifugation at 680 g for 10 min. 
Subsequently, the pellets were resuspended in fresh medium of a different salinity 
and samples for DMSP, cell number, chlorophyll a and protein were taken at regular 
time intervals. To investigate if C closterium was able to take up DMSP from the 
medium, a sterile solution of synthetic DMSP was added to a final concentration of 
60 or 100 pM. 

Samples for DMSP analysis 

Sample aliquots of 3 ml were filtered over G F / F filters ( 0 25 mm, Whatmann) 
using a filtration manifold (Millipore). Extracellular DMSP was measured in the 
filtrate and intracellular DMSP was measured in the filters. Filtrate and filters were 
put in 5-ml glass vials (Chrompack) and 3 ml of medium was added to the filters. 
After the addition of N a O H (2 M final concentration), the vials were immediately 
sealed with Teflon-coated butyl rubber septa and aluminium crimp caps. The 
samples were incubated in the dark for at least 24 h, after which all DMSP was 
cleaved to DMS and acrylate (Challenger et al. 1957, White 1982). DMSP was 
measured indirectly as DMS in the headspace of the vials. 
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Extraction of free amino acids 

The free amino acid composition of C. clostenum, grown at salinities of 11, 33 
and 55 PSU, was determined in cell-free extracts. For this purpose, C. clostenum was 
grown in batch culture in 1-1 Kluyver flasks. Cells were harvested in late 
exponential/early stationary phase by aseptic centrifugation of 200 ml of culture at 
770 g for 10 min. After decanting most of the supernatant, the cells were 
resuspended in the remainder of the liquid. The concentrated culture samples were 
transferred to sterile 10-ml centrifuge tubes and centnfuged at 2800 g for 10 mm. 
The pellets were frozen at -80 °C until analysis. For extraction of free amino acids, 
the pellets were thawed and resuspended in 5 ml ultra pure water (NANOpure, 
Barnstead, Iowa). Cells were broken by 3 to 5 passages through a French press at 138 
MPa. A 0.5-ml aliquot of the crude extract was stored at -20 °C until it was analysed 
for protein. Cell debris was removed by centrifugation at 150,000 g for 1.5 h at 4 °C. 
Dissolved proteins were precipitated with 6% perchloric acid or with 5% 
sulfosalicylic acid to prevent increase in amino acids through protease activity and to 
prevent clogging of the column used for amino acid analysis. Cell-free extracts were 
stored at -80 °C until analysis. 

Cell counts 
Cells were counted in 1 ml of sample, suspended in 10 ml of elektrolyte 

solution (Isoton II, Coulter electronics), using a Coulter counter (Coulter 
electronics, The Netherlands), equipped with a 50 or 100 ^m aperture tube. 

Chemical analyses 
Chlorophyll a was determined spectrophotometrically at 665 nm in N,N-

dimethylformamide extracts, using an absorption coefficient of 72.114 1 g'1 cm"1 (De 
Winder et al. 1999). Protein was measured using the Lowry method as described by 
Herbert et al. (1971) using bovine serum albumine as a standard. 

DMS was measured using 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). Samples of 
250 /xl of headspace were taken with a gas-tight Hamilton syringe and were directly 
injected into the GC. The temperatures of the detector, injector and oven were 200, 
175 and 150 °C, respectively. The flows of air, H , and the carrier gas N2, were 300 
ml min"1, 30 ml min"1 and ~8 ml min"1, respectively. The retention time of DMS was 
-2.5 mm. The detection limit of this method was -0.1 ^imol (1 of sample)"1. 
Calibration curves were prepared in the same way as the samples using a solution of 
synthetic DMSP. DMSP was synthesized according to (Chambers et al. 1987). 

Free amino acids were measured using a classical amino acid analyzer with post-
column nynhydnne coloration (Spackman et al. 1958), which allows the 
measurement of proline, and using reversed-phase HPLC with pre-column o-
phthalaldehyde (OPA) derivatisation, as described in Dauwe & Middelburg (1998), 
which does not allow the measurement of proline. 
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The chromatograms obtained by the OPA-method showed a strong increase in 
peak area of an unidentified substance with increasing salinity. An attempt was made 
to identify this compound by collection of the peak and subsequent mass 
spectrometry. The fraction containing the unknown compound was collected by 
preparative HPLC (SMART, Pharmacia). The same column that had been used for 
the OPA method was connected to the SMART system, in order to obtain 
comparable chromatograms. The OPA-derivatives were detected by measuring 
absorption at 235 and 330 nm with a Photo Diode Array Detector, instead of by 
fluorometric detection. After collection, the fractions were frozen and stored at -80 
°C. Several fractions were analyzed by electrospray ionization (ESI) spectrometry, 
either via a LC pump system or the nanospray method, using a single quadrupole or 
time-of-flight detection. Additionally, some fractions were analyzed by matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. 

Results 

Long-term effect of salinity 

Growth rate of Cylindrotheca clostenum was hardly affected by salinity in the 
range from 11 to 55 PSU, but growth rate was somewhat lower at both the lowest 
and highest salinity (Table 3.1). The intracellular DMSP content increased with 
salinity from less than 0.25 fmol cell"1 at 11 PSU to more than 10 fmol cell"1 at 44 
PSU, and stabilized at higher salinities (Table 3.1). Extracellular DMSP was low in 
all cultures and was detected only from the onset of the stationary phase. As an 
example, results are shown for cultures grown at 55 PSU (Fig. 3.1). 

Cultures of C. clostenum, grown at salinities from 11 to 55 PSU, were 
transferred to fresh medium of 33 PSU to investigate the adjustment of intracellular 
DMSP content to the change in salinity (Fig. 3.2). Two days after the transfer the 
cultures had all reached the same level of intracellular DMSP of about 8 fmol cell"1, 
except for the cultures that were previously grown at 11 PSU. For these cultures it 
took between 2 and 5 days of growth at the new salinity to reach that level (Fig. 
3.2). 

Amino acid composition 

Free amino acids were measured in cell-free extracts of C. clostenum grown in 
batch culture at a salinity of 11, 33 and 55 PSU, using two different methods: 1) 
classical amino acid analyzer with post-column nynhydnne coloration and 2) 
reversed-phase HPLC and pre-column OPA derivatisation. Aspartic acid, threonine, 
serine, asparagine, glutamic acid, glutamine, glycine, alanine, valine, methionine, 
leucine, phenylalanine, ornithine, lysine, histidine and arginme were measured with 
both methods. Additionally, proline was detected, using the amino acid analyzer and 
reaction with nynhidrine, while tyrosine and isoleucine were detected, using 
reversed-phase HPLC and OPA derivatisation. Table 3.2 shows the quantitatively 
most important free amino acids, measured by amino acid analyzer. Especially 
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Table 3 . 1 . Growth rate and DMSP content of Cylindrotheca closterium at several salinities. 

Results are shown for dupl icate batch cultures (1 and 2). Values represent means of tr ipl icate samples 

± standard deviations. 

Salinity (PSU) V\ 22 33 44 55 

Growth rate (d"1) 

DMSP(fmol cell ') 

DMSP (pmol g' protein) 

DMSP (mmol (g"1 Chi a) 

1 0.62 0.97 0.78 0.53 0.62 

2 0.76 0.84 0.82 1.02 0.76 

1 0.19 ± 0 . 0 2 1.22 ± 0 . 0 8 6.32 ± 0 . 1 6 11.8 ± 0 . 6 3 8.76± 0.79 

2 0.16 ± 0 . 0 2 1.45 ± 0 . 1 6 6.95 ± 0 . 1 0 11.6 ± 0 . 6 2 11.31 ± 3 . 3 0 

1 16.4 ±2 .74 95.0 ± 5.76 448 ± 33.8 823 ± 86.9 662 ± 34.0 

2 13.8 ± 2 . 3 1 103 ± 10.3 515 ± 5 9 . 0 744 ± 36.6 689 ± 1 9 1 

1 0.27 ± 0.03 1.61 ± 0 . 0 6 8.86 ± 0.58 15.4 ± 0 . 5 8 12.0 ±0 .83 

2 0.24 ± 0.01 1.59 ± 0 . 0 8 9.50 ± 0 . 1 4 16.1 ± 0 . 4 9 14.0 ± 4 . 3 1 
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Figure 3.1. Cell number and DMSP content in batch cultures of Cylindrotheca closterium growing at a salinity of 

55 PSU. Symbols represent mean values of triplicate samples. Open circles: cell number; solid squares: 

intracellular DMSP content; open squares: extracellular DMSP content. Lines represent means of duplicate batch 

cultures. Solid lines: DMSP content; dotted line: cell number. 
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Figure 3.2. Intracellular DMSP content of Cylindrotheca closterium growing in batch culture at several salinities 

and subsequently transferred to a salinity of 33 PSU at day 9 (arrow). Symbols represent means of duplicate batch 

cultures. Filled squares: 11 PSU, open squares: 22 PSU, filled circles: 33 PSU, open circles: 44 PSU, up triangles: 

55 PSU. 
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proline was found to increase with salinity. At 11 PSU proline was below the 
detection limit, but at 55 PSU it accounted for over 20% of the total free amino acid 
content. Besides proline, the major free amino acids in C. closterium were glutamic 
acid, glutamine, arginine and alanine, but these did not vary as strongly with salinity 
as proline. Similar results were obtained by reversed-phase HPLC and OPA 
denvatisation (Fig. 3.3). The chromatograms show that glutamic acid increased with 
increasing salinity. However, the most conspicuous result observed in these 
chromatograms was the increase of an unknown compound (x) with increasing 
salinity. Compound x was isolated using a fraction collector, but attempts to 
identify this compound by means of mass spectrometry failed, probably due to a 
high background noise. 

Table 3.2. Free amino acid composition (^/mol I ' cell extract) of Cylindrotheca closterium at three 

salinities. Only amino acids that made up 1 % or more of the total are included. 

Salinity (PSU) 

glutamic acid 

glutamine 

arginine 

alanine 

methionine 

ornithine 

proline 

total 

11 

61 

145 

261 

92 

21 

9 

belc 
665 

33 

119 

81 

290 

168 

8 

14 

24 

823 

55 

93 

221 

335 

231 

15 

38 

317 

1393 

Short-term effect of salinity 

Upon exposure to a salinity downshock, C. closterium excreted DMSP into the 
medium (Fig. 3.4). When identical experiments were performed in closed vials, no 
DMS was detected in the headspace, indicating that C. closterium did not cleave 
DMSP to DMS upon a salinity downshock. The relatively largest decrease in 
salinity, from 33 to 11 PSU (= 67%), caused the highest excretion of DMSP (Fig. 
3.4A), while the relatively smallest decrease in salinity, from 33 to 22 PSU (= 33%), 
caused the lowest excretion of DMSP into the medium (Fig. 3.4B). The relative 
decrease in DMSP was almost proportional to the relative decrease in salinity. A 
decrease in salinity of 33% resulted in a decrease in DMSP of 25%, a decrease in 
salinity of 50% (from 22 to 11 PSU) resulted in a decrease in DMSP of 60% and a 
decrease in salinity of 67% caused a decrease in DMSP of 70% (Fig. 3.4D). The rate 
of excretion of DMSP after salinity downshocks from 33 to 11 and from 22 to 11 
PSU was fastest during the first few hours after the downshock and was about 14 
junol g1 protein h"1 after a downshock from 22 to 11 PSU and about 57 /xmol g' 
protein h~' after a downshock from 33 to 11 PSU (Fig 3.4D). The intracellular 
DMSP content of C. closterium, 9 h after a salinity downshock to 11 or 22 PSU, had 
not reached the level observed in batch cultures at a constant salinity of 11 or 22 
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PSU, respectively (Fig. 3.4D and Table 3.1). Microscopic observation showed that a 
large salinity downshock from 33 to 11 PSU did not break the cells, which was 
confirmed by the absence of protein in the medium. This was also confirmed by an 
experiment during which C. clostenum was exposed to a salinity downshock from 33 
to 11 PSU, followed after 10 h by a salinity upshock from 11 to 33 PSU (Fig. 3.5). 
Figure 3.5 shows that C. clostenum excreted DMSP into the medium upon a salinity 
downshock. After 10 h in medium of 11 PSU, the cells were harvested and 
resuspended in fresh medium of 33 PSU. Both residual and added extracellular 
DMSP were taken up from the medium after the upshock (Fig. 3.5B). In addition, 
the total amount of DMSP increased, thus C. clostenum also produced DMSP after 
an upshock (Fig 3.5C). 
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Figure 3.3. Chromatograms of cell-free extracts of Cylindrotheca closterium grown at salinities of 11 (A), 33 (B) 

and 55 PSU (C), obtained by o-phthalaldehyde (OPA) derivatisation and reversed-phase HPLC. a.: glutamic acid, 

b: histidine+glutamine, x: unknown compound, c: glycine, d: arginine, e: alanine, f: methionine, g: lysine. 
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Figure 3.4. Intracellular and extracellular DMSP content in cell suspensions of Cylindrotheca closterium after 

salinity downshocks from 33 to 11 PSU (A), from 33 to 22 PSU (B) and from 22 to 11 PSU (C). (D) shows the 

protein-specific intracellular DMSP content in the cell suspensions. Symbols represent values of separate batch 

cultures. Filled symbols: intracellular DMSP; open symbols: extracellular DMSP; squares: downshock from 33 to 

11 PSU; circles: downshock from 33 to 22 PSU; up triangles: downshock from 22 to 11 PSU. Lines represent 

mean values of duplicate batch cultures. (A, B, C) solid lines: intracellular DMSP; dotted lines: extracellular 

DMSP. (D) solid line: downshock from 33 to 11 PSU; dashed line: downshock from 33 to 22 PSU; dotted line: 

downshock from 22 to 11 PSU. 
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Figure 3.5. Intracellular DMSP content (A), extracellular DMSP content (B) and total DMSP content of 

Cylindrotheca closterium exposed to a salinity downshock from 33 to 11 PSU at time = 0 h, followed by a salinity 

upshock from 11 to 33 PSU at time = 10 h (arrows). Filled squares: 50 jjM DMSP (final cone.) added to the 

medium at time = 10 h; filled squares represent values of duplicate incubations and solid line represents mean of 

duplicate incubations. Open squares and dashed lines: no DMSP added (single incubation). 

Uptake of DMSP 

Synthesis and uptake of DMSP by C. closterium after a salinity upshock were 
also observed in another experiment (Fig. 3.6). C. closterium was grown in batch 
culture at a salinity of 11 PSU and was subsequently exposed to upshocks from 11 to 
33 (Fig. 3.6A, B) and from 11 to 22 PSU (Fig. 3.6C, D). Synthesis was slow 
compared to uptake of DMSP. The rate of increase in intracellular DMSP, after a 
salinity upshock from 11 to 33 PSU, was about 4.8 /rniol g"1 protein h ' when no 
DMSP was added to the medium, while it was about 24.2 ^mol g"1 protein h"1 when 
DMSP was added to the medium (Fig. 3.6B). After a salinity upshock from 11 to 22 
PSU, C. closterium produced DMSP at a rate of about 0.8 /xmol g"1 protein h ' \ while 
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Figure 3.6. Increase in DMSP content of Cylindrotheca closterium exposed to a salinity upshock from 11 to 33 (A, 

B) and from 11 to 22 PSU (C, D), with and without addition of DMSP (final cone. 100/L/M) to the medium. (A, Q 

intracellular and extracellular DMSP content; (B, D) protein-specific intracellular DMSP content. Symbols 

represent values of duplicate incubations; lines represent means of duplicate incubations. Open squares, solid 

lines: DMSPin,„ without addition of DMSP; filled squares, dashed lines: DMSP„„r, with addition of DMSP; filled 

circles, dotted lines: DMSP,,,,,., in incubations with addition of DMSP. 

intracellular DMSP increased with a rate of about 4.8 /xmol g"1 protein h ' when 
DMSP was added to the medium (Fig. 3.6D). In a similar experiment, C. closterium 
was exposed to a salinity upshock from 11 to 33 PSU and was incubated with or 
without addition of DMSP to the medium, in the light or in the dark (Fig. 3.7). 
Synthesis of DMSP was faster in the light than in the dark (Fig. 3.7A). Uptake of 
DMSP seemed to be inhibited by incubation in the dark (Fig. 3.7B), but since this 
result was obtained from a single incubation care has to be taken with its 
interpretation. 

Discussion 
Organisms that experience high and/or changing salinities require mechanisms 

to adjust to conditions of low and/or changing water potential (osmotic pressure). In 
general, algae adjust their intracellular osmotic pressure to keep cell turgor more or 
less constant. This type of acclimation is called turgor pressure regulation or 
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Figure 3.7. DMSP content in cell suspensions of Cylindrotheca closterium, incubated in the light and in the dark, 

alter a salinity upshock from 11 to 33 PSU, without (A) and with (B) addition of DMSP (final cone. - 60 /JM) to 

the medium. Symbols represent values of single incubations. Filled symbols: dark incubation; open symbols: light 

incubation, solid lines: intracellular DMSP, dotted lines: extracellular DMSP. 

osmoacclimation, which has been described by Galinski (1995) as the phenotypical 
responses (i.e. changes in membrane composition, cytoplasmic solute 
concentrations, etc..) to a low water environment. According to this definition, the 
changes in DMSP content we observed in Cylindrotheca closterium were part of the 
osmoacclimation of this diatom since these changes clearly correlated with the 
changes in salinity. The DMSP content of C closterium increased with salinity when 
grown at salinities from 11 to 55 PSU. Salinity upshock experiments showed that 
synthesis and uptake of DMSP were high at high salinity and downshock 
experiments showed that excretion of DMSP was high at relatively large 
downshocks. 

Two phases can be distinguished in the response of algae to a change in salinity 
(Kirst 1989). The first phase is a very rapid (sec) change in turgor pressure caused by 
water fluxes in or out of the cells following the osmotic gradient. The second phase 
is the relatively slow (min to h) change in cellular concentrations of osmotically 
active solutes (osmolytes) until a new steady state is achieved. Changes in ionic 
contents generally precede those in organic osmolytes. The organic osmolytes are 
low-molecular-weight organic compounds which have a double function: besides 
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56 Chapter 3 



being osmotically active, they have a stabilizing effect on macromolecules and are 
compatible with cell metabolism, hence the term 'compatible solute'. 

In C. clostenum the contribution of DMSP to the intracellular osmotic pressure 
was not very high. The average intracellular DMSP concentration at a salinity of 33 
PSU was about 30 mmol 1' cell volume, calculated using a cell volume of 268 /xm 
(Keller et al. 1989), while a salinity of 33 PSU corresponds with an osmolarity of 
about 1000 mOsm. However, there are indications that DMSP is located in the 
cytoplasm (Reed 1983, Macdonald et al. 1996), which is in agreement with the 
general assumption that the osmotic pressure in vacuoles is accounted for by ions, 
while in the cytoplasm organic osmolytes in addition to K+ ions determine the 
osmotic pressure (Kirst 1989). Vacuolar volumes are greater in diatoms than in other 
algal phyla, and many pennate diatoms (like C. clostenum) contain two vacuoles 
separated by the central cytoplasm (Round et al. 1990). Thus, the actual 
concentration of DMSP in the cytoplasm will be considerably higher than estimated 
on the basis of total cell volume. 

Despite the apparently low intracellular concentration of DMSP in C 
clostenum, it may still function as a compatible solute, since compatible solutes can 
exert a protective effect at a level substantially less than that needed for complete 
osmotic balance (Brown et al. 1986). A protective effect of DMSP has been shown 
on in vitro activity of enzymes and on survival and growth of bacteria, exposed to 
salt and low temperature stress (Gröne & Kirst 1991, Karsten et al. 1996, Pichereau 
et al. 1998, Cosquer et al. 1999, Gage & Rathinasabapathi 1999, Cosquer et al. 1999). 
Other compounds, such as glycine betaine, have been shown to be better compatible 
solutes (Gröne & Kirst 1991, Pichereau et al. 1998, Cosquer et al. 1999, Cosquer et 
al. 1999). This would explain why the DMSP content of C. clostenum did not 
further increase above a salinity of 44 PSU, whereas the proline content strongly 
increased from 33 to 55 PSU. This is consistent with the fact that proline and 
glycerol have been found to be the most effective of the compatible solutes tested 
(Kirst 1989). An increasing importance of proline as compatible solute, compared to 
DMSP, with increasing salinity has also been found in the antarctic ice-diatom 
Navicula sp. (Nothnagel 1995) and the macroalga Blidingia minima (Karsten & Kirst 
1989). 

Besides proline, several other organic osmolytes have been detected in marine 
and estuarine diatoms: glutamic acid (Fujii et al. 1995, Nothnagel 1995), alanine 
(Nothnagel 1995), taurine (Jackson et al. 1992), glycine betaine (Dickson & Kirst 
1987), homarine (Dickson & Kirst 1987, Nothnagel 1995), cyclohexanetetrol (FUJII 

et al. 1995), glycerol (Dickson & Kirst 1987), mannose (Paul 1979). In this study, we 
found another organic compound, which seems to function as a compatible solute. 
This unknown compound 'x' was observed in our HPLC-chromatograms between 
the peaks of glutamine and glycine, and is probably the same as compound X, which 
was observed by (Flynn & Flynn 1992). These authors used the same HPLC-method 
to measure free amino acids and observed this peak in many marine microalgae, 
including diatoms. (Flynn & Flynn 1992) also failed to identify compound X using 
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mass spectrometry, which they imputed to contamination with other organic 
compounds (pers. comm.). Since the derivatising agent used for detection (OPA) 
reacts with primary amines, the unknown compound can be any low-molecular-
weight primary amine, including modified amino acids, dipeptides or even 
tnpeptides. In this respect, the function of A-derivatized glutamine amides and N-
acetylated diaminoacids as compatible solute in bacteria (Galinski 1995) is interesting 
to note. (Keller et al. 1999^) mentioned the unidentified compound, reported by 
(Flynn & Flynn 1992), to explain an observed discrepancy between the 
measurements of total organic nitrogen content in phytoplankton species and the 
sums of the individual pools of organic nitrogen compounds. Our results suggest 
that this unknown compound 'x' might be an important organic osmolyte and this 
calls for its identification. 

We conclude that DMSP production is not important for the short-term 
adaptation of C. closterium to increases in salinity, because its rate of synthesis was 
too slow. However, excretion of DMSP after a salinity downshock was a relatively 
rapid process. This might have been caused by a temporary breakdown of the 
selective permeability in the plasmamembrane, as has been suggested for the release 
of proline by Phaeodactylum tricornutum, the magnitude of which depended on the 
salinity differences applied (Schobert 1980). In addition to DMSP synthesis, C. 
closterium was capable of taking up DMSP from the medium. Uptake of DMSP by 
bacteria either as a substrate for growth or as a compatible solute has been well 
documented (Le Rudulier et al. 1996, Wolfe 1996, Yoch et al. 1997, Pichereau et al. 
1998, Jonkers et al. 1998^ Cosquer et al. 1999, Cosquer et al. 1999). To our 
knowledge, uptake of DMSP by algae has not been described before. In this study 
DMSP was taken up by C. closterium against a concentration gradient and a 
preliminary experiment showed that uptake was stimulated by light, suggesting 
active transport. The kinetics of DMSP uptake by C. closterium were not 
investigated, so the importance of DMSP uptake at concentrations present in the 
sediment is not yet clear. We are not aware of published concentrations of DMSP in 
porewaters of intertidal sediments. Our own unpublished measurements revealed 
porewater concentrations of DMSP of around 100 nM up to a few JXWI (after rainfall) 
in the surface layer of an intertidal mudflat with a fairly dense population of 
diatoms. Galinski (1995) stated that osmolytes released into the environment are 
used by several bacteria as an alternative and easily accessible source of compatible 
solutes, provided they possess the necessary uptake systems. An example is the 
uptake of glycine betaine by Escherichia coli in marine sediment (Gauthier & Le 
Rudulier 1990). Glycine betaine uptake has also been demonstrated in three marine 
phytoplankton species, including the diatom Thalasswsira pseudonana (Keller et al. 
1999/?). Benthic diatoms have been found to posses a wide array of transport 
systems, suggesting the utilization of multiple organic compounds, which has been 
explained as an appropriate adaptation to their habitat (Tuchman 1996). Two 
independent studies have shown the uptake of amino acids by C. closterium 
(Admiraal et al. 1984, Nilsson & Sundback 1996). We propose that uptake of organic 
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osmolytes, including DMSP, from the environment may be a mechanism of short-
term osmoacclimation of benthic diatoms in intertidal sediments. 
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Diel variation of DMSP and DMS in a diatom-dominated 
intertidal sediment 

S.A. van Bergeijk, K. Schönefeldt, L.J. Stal and J. Huisman 

Intertidal sediments usually contain a high amount of dimethylsulfoniopropionate 

(DMSP) and therefore represent environments with a potentially high emission of 

dimethylsulfide (DMS). Several studies have focused on microbial degradation of DMSP in 

marine sediments. However, knowledge on production and release of DMSP in intertidal 

sediments is scarce. Here we present data on the diel variation of the total DMS(P) content 

(DMS(P)tot,i) and the DMS(P) concentration in the porewater (DMS(P)porewiter) in an intertidal 

sediment covered by diatoms. Measurements were made at low tide during the day and 

during the night. Both DMS(P)tou, and DMS(P)porew_uer were constant and did not respond to 

the changing conditions of light and oxygen in the sediment. Incubation of diatoms under 

light/oxic, dark/oxic and dark/anoxic conditions showed that no significant amounts of 

DMSP were released under the different conditions applied. DMS(P) wltcr was around 100 

nM, which was about three orders of magnitude lower than DMS(P)t„ul. Only after the onset 

of a heavy rainfall DMS(P) rewlIer in the sediment suddenly increased up to several /dVl, which 

was explained by excretion of DMSP by DMSP-containing microorganisms in response to 

the osmotic shock. Both DMSP and DMS were rapidly degraded in sediment slurries. 

Degradation closely followed first order kinetics. We conclude that although intertidal 

sediments contain high total amounts of DMSP, a relatively low amount of DMSP is released 

by the microphytobenthos under naturally fluctuating light and oxygen conditions and 

DMSP and DMS are rapidly degraded in the sediment. 

Submitted for publication. 

Diel variation of DMS(P) 



Introduction 
Dimethylsulfide (DMS) is one of the major biogenic sources of sulfur in the 

atmosphere (Kelly & Smith 1990, Bates et al. 1992). Increasing knowledge of the 
impact of atmospheric oxidation products of DMS on climate (Charlson et al. 1987, 
Charlson & Wigley 1994, Andreae et al. 1995, Ayers et al. 1997) has stimulated 
research on processes leading to DMS emission over the past years. DMS is mainly 
emitted from the marine environment (Bates et al. 1992). This is a consequence of 
the fact that DMS is the cleavage product of dimethylsulfoniopropionate (DMSP), 
which is a compatible solute known to be present in many marine micro- and 
macroalgae (White 1982, Keller et al. 1989, Blunden et al. 1992). 

Jonkers et al. (1998a) argued that marine microbial mats are appropriate model 
ecosystems to study processes and factors that determine emission rates of DMS. 
High concentrations of DMSP have been measured in these intertidal sediment 
systems (Visscher et al. 1991, Visscher et al. 1994, Van Bergeijk & Stal 1996, Jonkers 
et al. 1998a) and they contain high amounts of functional groups of microorganisms 
that are involved in the production and consumption of DMSP and DMS (Jonkers 
et al. 1998a). The oxygenic phototrophic microorganisms or microphytobenthos, 
which grow in the top layer of the sediment, generally consist of cyanobactena and 
diatoms. DMSP production has recently been detected in several benthic diatoms 
(Jonkers et al. 1998a, chapter 2) and they are probably responsible for a substantial 
part of the total DMSP in the sediment. Release of DMSP from microphytobenthos 
to the environment provides a substrate for bacteria present in the sediment. Since 
oxygen penetrates only a few mm into the sediment (e.g. Revsbech et al. 1980), 
DMSP is degraded both under oxic and anoxic conditions. DMSP is degraded either 
via cleavage or demethylation (Taylor & Visscher 1996). Cleavage of DMSP yields 
DMS and acrylate, while methylmercaptopropionate (MMPA) is the initial product 
of demethylation of DMSP. In their turn, both DMS and MMPA are degraded 
under oxic as well as anoxic conditions. Most research has focused on the 
degradation routes of DMSP and the microorganisms involved (e.g. Taylor & 
Gilchrist 1991, Taylor & Visscher 1996, Van der Maarel & Hansen 1996 and 
references in these) but little is known about the production and release of DMSP in 
intertidal sediments. Microbial communities in intertidal sediments are exposed to 
large diel fluctuations in physico-chemical parameters (e.g. oxygen, pH, salinity). 
How these fluctuations affect the dynamics of the particulate, microphytobenthos-
related DMSP pool and the dissolved DMSP pool has not been investigated. In the 
present study we measured these pools in relation to the microphytobenthic 
biomass, expressed as Chi a, at low tide during the day and during the night, in an 
intertidal sediment covered by benthic diatoms. Furthermore, the potential 
degradation rates of DMSP and DMS in this sediment were assessed in slurry 
experiments. 
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Materials and methods 

Sampling 

The diel variation of DMS(P) and Chi a was determined at an intertidal flat at 
Ellewoutsdijk at the Westerschelde (latitude 51°23' N, longitude 3°49' E), on 29 and 
30 June 1998. The sediment (water content 43.5%, specific gravity 1.55 g cm'3 wet 
weight; measured in the top centimeter) was covered with a fairly dense film of 
diatoms, consisting mainly of epipelic species, dominated by Gyrosigma acuminatum 
and Navicula phyllepta. Samples were taken at low tide, during the day and during 
the night, at regular time intervals in six comparable plots of approximately 0.5 m2. 
Three of the plots were incubated in the dark using open plastic boxes covered with 
black plastic. The plastic boxes were removed after sampling during the day, just 
before submersion of the sediment. In each plot, three cores ( 0 24 mm) were taken 
and two sediment slices (0 - 2.5 and 2.5 - 5 mm depth) were sampled with a 2.5 mm 
high perspex ring ( 0 24 mm) for determination of total DMS(P) and Chi a. Total 
DMS(P) (DMS(P)total) is the total amount of DMS and DMSP in the sediment. The 
2.5 mm slices were cut in half with a small spatula. One half was used for Chi a 
analysis and the other half was used for determination of DMS(P)total. Samples of the 
three cores from each plot were pooled. Samples for Chi a analysis were put in glass 
culture tubes, covered with parafilm and stored on ice in the dark. The tubes were 
immediately transferred to a freezer (-80 °C) upon return to the laboratory and 
stored until analysis. Samples for determination of DMS(P)Iot.,j were put in 6-ml glass 
vials (Chrompack). Filtered seawater from the sampling site (GF/F filters, 
Whatmann) was added to a final volume of 3 ml, after which 1 ml 8 M N a O H was 
added. After addition of N a O H , the vials were immediately closed with gas-tight, 
Teflon-coated butyl rubber septa and aluminium crimp seal caps. The vials were 
stored at room temperature in the dark and the samples were analyzed for 
DMS(P)tota| within a week after sampling. Extracellular, dissolved DMS(P) in the 
porewater was sampled using Rhizon Soil Moisture Samplers (SMS, Eijkelkamp 
Agrisearch Equipment, The Netherlands; length 50 mm, diameter 2 mm). At each 
sampling point a SMS was inserted in each plot just below the sediment surface and 
was removed 1 h after insertion. Since we did not have the necessary equipment at 
our disposal in the field, we could not measure DMS and DMSP separately and 
therefore measured DMS(P)pori.water. To 4.5 ml of porewater, 1.5 ml of 8 M N a O H 
was added in 6-ml glass vials, which were immediately sealed. The samples were 
stored at 4 °C in the dark until analysis. 

Slurry experiments 

In order to determine the potential degradation rate of extracellular DMSP and 
DMS, sediment slurries were amended with 7 jxM DMSP and incubated under 
oxic/hght, oxic/dark and anoxic/dark conditions. The slurries were prepared with 
sediment from the sampling site at Ellewoutsdijk, collected using stainless steel cores 
( 0 24 mm) during low tide on 30 June 1998. In each 60-ml glass bottle, the top 1-cm 
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of sediment from one core was mixed with 25 ml of filtered seawater. Slurries heated 
at 110 °C for 45 min were used as abiotic controls. The bottles were closed gas-tight, 
using 10-mm thick butyl rubber stoppers and aluminium crimp caps. Anoxic/dark 
conditions were obtained by wrapping the bottles with aluminium foil and flushing 
the headspace with N , gas for 30 min. For oxic/dark conditions the bottles were 
wrapped with aluminium foil and incubated on a shaking incubator (200 rpm). For 
oxic/light conditions the bottles were illuminated at a photon flux density of 
approximately 75 jttmol m": s"1 and incubated on the same shaking incubator. All 
slurries were incubated at 20 °C. The DMS concentration in the slurries was 
followed by measuring DMS in the headspace of the bottles. At regular time 
intervals, 1.5 ml of slurry was sampled for DMSP using plastic syringes fitted with 
stainless steel needles. Immediately after sampling the samples were centrifuged for 2 
min (Eppendorf centrifuge, 12000 rpm) and the supernatant was used for measuring 
extracellular DMSP. The supernatant was flushed with N2 for 7 min to remove 
DMS and 0.75 ml was put in 6-ml glass vials, after which 0.25 ml N a O H was added 
and the vials were sealed. 

Incubation experiment 
A natural population of microphytobenthos, consisting of benthic diatoms, was 

also incubated under light/oxic, dark/oxic and dark/anoxic conditions to evaluate 
the effect of these treatments on the intracellular and extracellular DMSP 
concentration. Diatoms were extracted from the sediment using silica slurry, after 
the method described by Blanchard et al. (1997). In 30-ml glass bottles (Pierce), 5 ml 
silica slurry, containing the diatoms, was mixed with 10 ml filtered seawater. The 
bottles were sealed and incubated for 24 h as described above. Samples were taken 
before and after incubation. 

Chi <j analysis 
Chi a was determined spectrophotometrically. Before Chi a extraction, the 

sediment samples were freeze-dried for 48 h. Chi a was extracted overnight at 4 °C 
with N,N-dimethylformamide (DMFA), after vortexing and ultrasonicating for 10 
min in a cold water bath. After extraction, the samples were centrifuged for 5 min 
and the extinction was measured at 665 nm in 1 ml of DMFA extract in a glass 
cuvette. Subsequently, 10 \A of 4 M HC1 was added to convert chlorophyll a to 
pheophytin a. The sample was mixed and the extinction at 665 nm was measured 
again. The chlorophyll a and pheophytin a concentrations were calculated according 
to the following formulae: chlorophyll a (g 1') = (2.3 * (EN - EA)) / 72.114 and 
pheophytin a (g 1') = (2.3 * (1.8 :;" EA - EN)) / 72.114, where EN and EA are the 
extinctions measured before and after the addition of HCl, respectively and 72.114 (1 
g ' cm"1) is the absorption coefficient of chlorophyll a in DMFA (De Winder et al. 
1999). 

()4 Chapter 4 



DMS(P) analysis 

DMSP was measured indirectly as DMS, after hydrolysis of DMSP to DMS and 
acrylate with cold alkali (Challenger et al. 1957, White 1982). A final concentration 
of 2 M N a O H was used to hydrolyze the samples, which were incubated for at least 
24 h before analysis. 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). Temperatures of the detector, injector and oven 
were 200, 175 and 150 °C, respectively. The flows of air, H , and the carrier gas, N2, 
were 300, 30 and 8 ml min"1, respectively. The retention time of DMS was 
approximately 2.5 min. The detection limit of this method was 10 nM in samples of 
3 ml in 6-ml vials and accurate DMS measurements could be made above 100 nM. 
Preliminary measurements showed that extracellular DMS and DMSP 
concentrations in intertidal sediments were generally below or just above the 
detection limit. To be able to measure the concentration of DMS(P) in the 
porewater samples we used the purge-and-trap system developed by Brugger et al. 
(1998), with a detection limit of 0.33 nM for a 3 ml sample. 

Statistics 
Two-way analysis of variance with Bonferroni post-hoc comparison (Software: 

SPSS 9.0) was applied to assess significant differences between the samples taken at 
low tide during the day and during the night. Fixed factors in the analysis were 
untreated versus darkened sediment plots, and time of sampling. The data did not 
always meet the demand of homogeneity of variance, as tested with Levene's test. 
This problem could not be alleviated by transformation of the data (log or square 
root). Hence it was decided to use the non-transformed data for all statistical 
analyses, except for the data of DMS(P)porew.,tcr of which the logarithms were taken. 

Results 
Table 4.1 shows the results of the statistical analysis of the measurements taken 

during a diel cycle. Total DMS(P) content of the two top layers of sediment (0-2.5 
and 2.5-5 mm) was constant during the diel cycle (Fig. 4.1 A, E). Only the last 
sampling point of the deeper layer (2.5-5 mm) was slightly but significantly higher 
than the first sampling point. Incubation of the sediment in the dark, by covering it 
with black plastic during the low water period in the light, clearly had no effect on 
DMS(P)total, Chi a or Chi ^-specific DMSP content (Fig. 4.1 A, B, C, E, F, G). 
However, during the low water period in the dark, the Chi a content of the top 2.5 
mm of sediment was slightly but significantly lower at the last sampling points than 
at some points during the low water period in the light (4. IB, F). This decrease in 
Chi a caused the observed increase in Chi ^-specific DMSP content, which was 
slightly but significantly higher in the top 2.5 mm at the last sampling points during 
the low water period in the dark than at some points during the low water period in 
the light (Fig. 4.1 C ,G) . 
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Table 4.1. Summary of results of two-way analysis of variance. Factors were time of sampling (time) 

and untreated versus darkened sediment plots (treatment). 

DMS(P)„,U| (0-2.5 mm) 

DMStP),,,,, (0-2.5 mm) 

(nmol cm'J sediment) 

(nmol cm' ! sediment) 

DMS(P)„„Hi (2.5-5 mm) 

(nmol cm"3 sediment) 

(nmol cm"' sediment) 

Chi a (0-2.5 mm) 

(/L/g cm"' sediment) 

Chi ,i (2.5-5 mm) 

(jL/g c m ' sediment) 

DMS(P)tota| (0-2.5 mm) 

(mmol g"' Chi a) 

DMS(P)„,U| (2.5-5 mm) 

(mmol g"1 Chi a) 

DMS(P)|)orewaler 

(nM) 

Source of variation 

time 

time 

treatment 

treatment 
time x treatment 

time x treatment 

time 

treatment 

treatment 
time x treatment 

time 

treatment 
time x treatment 

time 

treatment 
time x treatment 

time 

treatment 
time x treatment 

time 

treatment 
time x treatment 

time 

treatment 

time x treatment 

dt 

9 

9 

1 

I 

9 

9 

9 

1 

1 

9 

9 

1 

9 

9 

1 

9 

9 

1 

9 

9 

1 

9 

8 

I 

8 

F 

1.880 

1.880 

0.295 

0.295 

0.639 

0.639 

2.735 * 

0.178 

0.178 

1.590 

6.642 *** 

0.078 

0.792 

0.199 

0.0003 

1.141 

6.283 *** 

0.839 

0.479 

1.586 
0.017 

0.578 

10.52 *** 

4.02 

0.28 

P-value 

0.084 

0.084 

0.590 

0.590 

0.757 

0.757 

0.014 

0.676 

0.676 

0.151 

0.00001 

0.781 

0.626 

0.993 

0.987 

0.358 

0.00002 

0.365 

0.880 

0.153 
0.897 

0.807 

0.0000005 

0.054 

0.968 

* indicates P<0.05, *** indicates P<0.001 

The low DMS(P) concentration in the porewater (Fig. 4. ID, H) indicated that 
the major part of DMS(P)total was present inside the diatoms. DMS(P)Ioul (-100 nmol 
cm - sediment or 100 /xM) was three orders of magnitude higher than DMS(P)por(,water 

(-100 nM). DMS(P) porewater was constant during the tidal cycle, but suddenly 
increased at the end of the low water period in the dark, which coincided with a 
heavy rainfall (Fig. 4.1D, H). The observation that DMS(P) loul and DMS(P)porewat„ 
were constant in the light and in the dark indicated that DMS(P) production and 
consumption processes were in equilibrium in the light and in the dark. 

Silica slurry, containing a mixed population of diatoms extracted from intertidal 
sediment, was incubated under light/oxic, dark/oxic and dark/anoxic conditions, to 
simulate the light and oxygen conditions that occur in the sediment (Fig. 4.2). Both 
the intracellular DMSP and Chi a content increased in the light, but not in the dark 
(Fig. 4.2A, B). Because Chi a increased to a lesser extent than DMSP, the Chi a-
specific DMSP content also increased in the light (Fig. 4.2C). No differences in 
intracellular DMSP and Chi a content were observed between the oxic and anoxic 
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Figure 4 .1 . Diel variation in DMS(P)total content (A, E), Chi a (B, F), Chi <3-specific DMS(P) content (C, G) and 

extracellular DMS(P) content (D, H) measured at Ellewoutsdijk on 29 and 30 June 1998, during low tide. N F V -

concentration was 47 /L/M, NO," -concentration was below detection limit, salinity was 30 PSU and temperature 

was 19 °C during the day and 16 °C during the night. Hollow bars: light period (average light intensity: 500 [imo\ 

photons m -' s"1); black bars: dark period. Filled squares: 0 - 2.5 mm depth, open circles: 2.5 - 5 mm depth. A, B, 

C, D: untreated sediment plots; E, F, C, H: sediment plots incubated in the dark during the light period. Error 

bars: standard deviation of means of 3 sediment plots. Figs. D and H: data from separate plots are shown. Arrows: 

start rainfall. 
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Figure 4.2. Intracellular DMSP content (A), Chl J (B), Chl d-specific DMSP content (C) and extracellular DMSP 

content (D) in a silica slurry, containing a mixed population of diatoms, incubated under oxic/light, oxic/dark and 

anoxic/dark conditions. Diatoms in the slurry were extracted from sediment collected at a sampling site close to 

Ellewoutsdijk on 27 April 1998. Salinity and temperature at the sampling site were 20 PSU and 13 °C, 

respectively. The sediment was densely covered by epipelic diatoms. Hollow bars: t = 0 h; Cray bars: t = 24 h. 

Error bars: standard deviation from means of 4 replicate incubations. 
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incubations in the dark. However, extracellular DMSP that was present at the start 
of the experiment (presumably as a result of the slurry preparation), had almost 
completely disappeared after 24 h under oxic, but not under anoxic conditions (Fig. 
4.2D), while DMS was detected only under anoxic conditions (results not shown). 
Since these incubations were not axenic, these results suggested that extracellular 
DMS(P) was more rapidly degraded under oxic than under anoxic conditions by 
bacteria that were associated with the diatoms in the sediment. 

To assess the potential degradation rate of DMS and DMSP by bacteria that 
were present in the sediment at station E, sediment slurries were amended with 7 
/AM DMSP and incubated under light/oxic, dark/oxic and dark/anoxic conditions 
(Fig. 4.3). The degradation of DMSP and DMS can be described by the sum of the 
metabolic activities of the different functional groups of microorganisms present in 
the sediment (e.g. sulfate-reducing bacteria, methanogens, aerobic heterotrophs), 
depending on the concentrations of DMSP and DMS according to Michaelis-Menten 
type kinetics (Van den Berg et al. 1998): 

DMSP(t) = -Y ' (1) 
dt , Ku + DMSP(t) 
d DMs{t) = Y DMSP{t)v^> -J D^t)v2kPlk 
dt j Kij + DMSP(t) Y K2k + DMS(t) 

DMSP(t) and DMS(t) are the concentrations of DMSP and DMS at time t, KH is the 
saturation constant of conversion of DMSP by a specific functional group i, vn is the 
maximum rate of conversion of DMSP per unit biomass of a specific functional 
group i, p, is the biomass of the functional group i carrying out conversion the 
conversion. In equation 2 only the groups that cleave DMSP to DMS, and hot the 
groups that demethylate DMSP, should be included in the summation term for 
DMSP. Hence the index/ in equation 2. When DMSP and DMS concentrations are 
not saturating and biomasses remain constant, equations 1 and 2 can be linearized 
giving the following equations: 

d DMSP(t) = - f DMSP(t) (3) 
dt 

- DMS(t) = 7 X ' DMSP(t) - X' DMS{t) (4) 
dt 

Ap and AD are the overall degradation rate constants of DMSP and DMS and q is the 
partitioning coefficient, expressing the portion of DMSP which is cleaved to DMS 
compared to the portion which is demethylated (mol S in DMS per mol S in 
DMSP). 
The solutions to the differential equations 3 and 4 are: 
DMSP(t) = DMS ,P(0)e_ / l ' ^ 

DMS(t) = DMS(0)e~;i"' + ƒ , nDMSP(0)(e-A'' ~e~A'') /,x 
A' -AD ' w 
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DMSP(0) and DMS(0) represent the concentrations of DMSP and DMS at t = 0. The 
data from the slurry experiments were fitted to equations 5 and 6, using non-linear 
regression and the least-sum-of-squares criterion. The estimated parameter values 
thus estimated are shown in Table 4.2. The model gave an excellent fit to the slurry 
data (Fig. 4.3). The results demonstrate that degradation of DMSP and DMS was 
faster under oxic than under anoxic conditions, while the degradation of DMS was 
slower than the degradation of DMSP under all conditions (Table 4.2, Fig. 4.3). 

Table 4.2. Estimated parameter values for equations 5 and 6, based on non-linear regression 

and the least-sum-of-squares criterion. R2 in the fourth and the last column indicate the 
goodness of fit for 

Condition 

light/oxic A 

light/oxic B 

dark/oxic A 

dark/oxic B 

dark/anoxic A 

dark/anoxic B 

Discussion 

DMSP and DMS, 

DMSP(O) 

/L/M 

6.1 

5.6 

6.0 

7.3 

6.6 

6.7 

respectively. A ar 

}f 

d' 
16.80 

22.32 

18.96 

16.08 

10.56 

11.28 

R-

0.95 

0.99 

0.97 

0.98 

0.99 

0.99 

id B are du 

DMS(0) 

IJM 

0.13 

0.44 

-0.005 

0.06 

0.59 

0.56 

pli :ate incu 

;.D 

d-1 

3.60 

5.52 

3.36 

2.88 

1.00 

0.62 

bations. 

n 

0.81 

0.82 

0.62 

0.62 

().(. 

0.73 

R-' 

0.98 

0.98 

0.95 

0.97 

0.98 

0.99 

The DMS(P)total content of the sediment was found to be constant over a diel 
cycle. The Chi a content decreased in the top layer during the low water period in 
the dark, but not during the low water period in the light, when the sediment was 
artificially incubated in the dark. Therefore, we suggest that the diatoms that are 
photosynthetically active in the top layer during the day, possibly exhibited a 
diurnal rhythm of a decrease of their Chi a content during the night and an increase 
during the day, while their DMSP content was constant. In the dark, no oxygen is 
produced and oxygen which diffuses into the sediment is rapidly consumed. 
Consequently, oxygen usually only penetrates to about 1 mm into the sediment in 
the dark, compared to several mm in the light (Revsbech et al. 1980). Anoxic 
conditions did not have a strong impact on the DMSP content of the diatoms. In a 
natural population, which was isolated from the sediment using a silica slurry, 
DMSP,mni and Chi a did not change when incubated under dark/oxic or dark/anoxic 
conditions. The diatoms apparently were able to survive dark/anoxic conditions 
very well, which is in accordance with the finding of Admiraal & Peletier (1979) that 
estuarine benthic diatoms are able to survive long periods in the dark equally well 
under oxic or anoxic conditions. Our results indicate that in the sediment DMSP, 
associated with benthic diatoms, is quite stable and no large amounts of DMSP are 
excreted under naturally fluctuating light and oxygen conditions. The heavy rainfall 
at the end of the low water period in the dark at station E caused a sudden increase 
in the extracellular DMS(P) concentration. This is explained by the release of DMSP 
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Figure 4.3. Degradation of dissolved DMSP and DMS in slurried sediment from Ellewoutsdijk, under oxic/light (A), 

oxic/dark (B) and anoxic/dark (C) conditions. A, B and C show one of two duplicate experiments. Filled squares, 

dashed lines: DMSP concentration; open squares, solid lines: DMS concentration. Symbols represent data and 

curves correspond to the model predictions. Estimated parameter values: see Table 4.2. 

by the diatoms on the sediment surface, which were exposed to an osmotic 
downshock. Excretion of DMSP as a response to an osmotic downshock has been 
observed in the Prasinophyte alga Tetraselmis subcordiformis (Dickson & Kirst 1986) 
and in the estuarine benthic diatom Cylindrotheca clostermm (Chapter 3). 

DMSP that was excreted was degraded by the bacterial community in the 
sediment. The degradation of DMSP and DMS in sediment slurries was very well 
described by the applied formulas. This means that degradation followed first order 
kinetics and was not saturated by the concentration of DMSP (7 /xM) added. 
Degradation of DMSP and DMS was fastest under light/oxic conditions. Under 
dark/oxic conditions degradation of DMSP was slightly slower and n (the 
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proportion of DMSP which is cleaved to DMS) was lower. This might be explained 
by the activity of purple sulfur bacteria, which are generally found in significant 
numbers in marine intertidal sediments (e.g. Visscher & Van Gemerden 1991*). The 
DMSP-lyase activity of Thiocapsa roseopersicina M i l has been found to be enhanced 
in the light under oxic conditions (Jonkers et al. 1998^). Marine microalgae have also 
been shown to possess DMSP-lyase (Stefels & Van Boekel 1993, Steinke et al. 1996), 
but it is unknown whether their DMSP-lyase activity is dependent on light 
conditions and there are indications that marine diatoms do not possess DMSP-lyase 
(Stefels et al. 1995, Kwint et al. 1996, chapter 2). The activity of purple sulfur 
bacteria in the light may also explain the difference between the degradation of DMS 
under light/oxic and dark/oxic conditions. Under dark/anoxic conditions the 
degradation of DMSP and especially of DMS was much slower than under oxic 
conditions. In most studies, the degradation of DMS in marine sediment slurries has 
been found to be similar under oxic or anoxic conditions (Kiene 1988, Visscher et al. 
1995), but Lomans et al. (1999*) have found a ten-fold higher degradation rate of 
DMS under oxic compared to anoxic conditions in freshwater sediment slurries. 
Furthermore, Jonkers et al. (1998*) only detected DMS in small flux chambers over 
sediment cores, which were incubated in the dark with an N2 atmosphere and not 
when they were incubated in the light with an air atmosphere. In our study we did 
not observe a difference in DMS(P)porewatcr concentrations in the sediment in the light 
or the dark. Because in the sediment slurries DMSP and DMS were found to be 
degraded faster under light/oxic than under dark/anoxic conditions, and oxygen 
penetration into the sediment decreases in the dark, an increase of the DMS(P)porewMer 

concentration in the dark was expected. But we do not know from which layer of 
the sediment the porewater was collected exactly, because of the method we used. If 
porewater was collected from a layer which was relatively thick compared to the 
thickness of the oxic layer, then the effect of a relatively low DMS(P)pürewater 

concentration in the oxic layer may not have been noticed in the bulk DMS(P) 
port-water concentration that we measured. 

Although DMS(P) may accumulate in the anoxic layer of the sediment, it will 
be largely consumed in the oxic layer when it diffuses towards the sediment surface. 
This idea is confirmed by two reports on direct flux measurements in intact 
intertidal sediment cores under an air atmosphere, which showed no differences in 
DMS fluxes under light or dark conditions (Jorgensen & Okholm-Hansen 1985, 
Harrison et al. 1992). Harrison et al. (1992) and Cerqueira & Pio (1999) have 
measured in situ DMS fluxes from emersed intertidal sediments of around 100 nmol 
m"2 h ' , which is in the same order of magnitude as fluxes calculated for seas and 
oceans (see references in Cerqueira & Pio 1999). We found that although intertidal 
sediments contain high total amounts of DMSP, a relatively low amount of DMS(P) 
is detected in the porewater and therefore no large fluxes of DMS to the atmosphere 
are to be expected. Under naturally fluctuating light and oxygen conditions no large 
amounts of DMSP are released by the diatoms and DMSP and DMS are rapidly 
degraded in the sediment. Disturbances however, like osmotic shocks caused by 
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rainfall, can lead to a transient accumulation of DMS(P) in the porewater and 
possibly to a higher flux of DMS to the atmosphere. 
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Seasonal variation of DMSP in relation to composition of 
microphytobenthos in estuarine intertidal sediments 

S.A. van Bergeijk, U. Wollenzien, K. Schonefe/c/t and L.J. Stal 

DMS(P),Mll and pigments were measured monthly during one year in the upper 2.5 mm 

of intertidal sediment at two sampling sites along the Westerschelde and the Oosterschelde 

estuary (SW Netherlands). Temperature, salinity and dissolved inorganic nitrogen (DIN) 

were measured in the porewater and qualitative microscopic observations were made of the 

microphytobenthos present in the sediment. N o clear effects of temperature, salinity or DIN 

on Chi a- or fucoxanthin-specific DMS(P) toul content were found. Both total DMS(P) and 

pigment contents were positively correlated with temperature and salinity. Simultaneous 

peaks of DMS(P) toul and Chi a and fucoxanthin (both present in diatoms) were observed in 

spring and in summer and at one station also in winter. These peaks coincided with increases 

in epipelic diatoms, while in summer also cyanobacteria and green algae were observed. The 

microphytobenthic populations usually consisted of high numbers of different species, 

which made it impossible to correlate high or low DMSP contents to particular species. 

However, we were able to distinguish certain groups of oxygenic phototrophic 

microorganisms on the basis of their pigment and DMSP content. DMSP correlated well 

with Chi a and fucoxanthin, but the correlations could be improved by excluding samples 

with a much lower fucoxanthin to Chi a ratio than the average value for diatoms. These 

results clearly showed that diatoms were the most important source of DMSP in the 

sediment. Cyanobacteria did not contribute much to the DMSP content of the sediment. 

Certain green algae (probably euglenophytes) seemed to produce similar amounts of DMSP 

as the diatoms. Our results indicate that biomass and species composition of the 

microphytobenthos were the factors determining the DMS(P) toul content in the intertidal 

sediments of the Westerschelde and Oosterschelde estuaries. 

Submitted for publication. 
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Introduction 

In 1972, Lovelock et al. (1972) reported the presence of dimethylsulfide (DMS) 
in a variety of seawater samples and postulated that this volatile organic sulfur 
compound could close the global sulfur budget by providing the transport of sulfur 
from the marine environment through the air to the land surfaces. Since then, many 
measurements have shown that DMS is one of the major biogenic sources of sulfur 
in the atmosphere (Bates et al. 1992). Charlson et al. (1987) hypothesized that 
emission of DMS to the atmosphere represents a climate-regulating mechanism. In 
the atmosphere, oxidation of DMS eventually leads to an increase in cloud 
condensation nuclei (Andreae et al. 1995) and an increase in the albedo of clouds by 
dissolution of DMS oxidation products in cloud droplets (Quinn et al. 1993). 
Increasing evidence in support of the climatic significance of DMS has stimulated the 
research on processes leading to DMS emission over the past years. 

DMS is the cleavage product of dimethylsulfoniopropionate (DMSP), which is a 
compatible solute known to be present in many marine micro- and macroalgae 
(White 1982, Keller et al. 1989, Blunden et al. 1992). The production of DMSP 
therefore determines the potential amount of DMS that can be emitted to the 
atmosphere. 

In marine pelagic systems, a correlation has been found between Chi a and 
DMSP concentrations (Gröne 1995, Townsend & Keller 1996), confirming the algal 
origin of DMSP. But the correlation between algal biomass and DMSP was 
sometimes obscured by species-specific high or low production of DMSP or 
environmental factors influencing the specific DMSP content of algae, like salinity 
and nitrogen concentration (Turner et al. 1988, Iverson et al. 1989, Townsend & 
Keller 1996). In benthic, intertidal systems the vertical distribution of Chi a has been 
observed to correspond with the vertical distribution of DMSP (Visscher et al. 1994, 
Van Bergeijk & Stal 1996, Jonkers et al. 1998^), but the correlation between 
pigments and DMSP has not been studied in detail. The oxygenic phototrophic 
microorganisms or microphytobenthos, which grow in the top layer of the 
sediment, generally consist of cyanobacteria and diatoms. DMSP production has 
recently been detected in several benthic diatoms (Jonkers et al. 1998a, chapter 2) 
and they are probably responsible for a substantial part of DMSP in the sediment. 
Reports on the production of DMSP by marine cyanobacteria provide contradictory 
results (Keller et al. 1989, Visscher & Van Gemerden 1991a, Vogt 1997, Jonkers et 
al. 1998a, chapter 2) and it is therefore still unclear whether they contribute 
significantly to the production of DMSP in the sediment. 

In the present study we investigated the seasonal variation of DMSP in 
intertidal sediments in relation to the microphytobenthic biomass, measured as 
pigment concentration. We studied the correlation between the presence of different 
(groups of) oxygenic phototrophic microorganisms and the DMSP content at two 
sampling stations in estuaries with different sediment characteristics and salinity and 
nutrient regimes. Furthermore, we evaluated the effects of temperature, salinity and 
nitrogen concentration on the DMSP and pigment content of the sediment. 
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Materials and methods 

Study area 
Fig. 5.1 shows a map of the Schelde estuary (SW Netherlands). The 

Westerschelde is a macrotidal estuary with a rather stable and gradual salinity 
gradient, comprising meso-, poly- and euhaline zones (from 5 to 33 PSU). Fresh 
water discharge from the river Schelde is subject to seasonal fluctuation, since the 
river Schelde is a 'rain river' depending on precipitation. The river Schelde runs 
through an urbanized and industrialized area of Belgium and is polluted by 
discharges of untreated wastes and toxic substances. Therefore, the estuary receives a 
high load of nutrients and organic material. Average dissolved inorganic nitrogen 
(DIN) concentrations measured in the water column of the Westerschelde in 1991 
ranged between 200 and 300 fxM (Kromkamp et al. 1995). The Oosterschelde is a 
mesotidal, euhaline estuary. Fresh water discharge in the Oosterschelde is very low. 
Salinity is around 30 PSU and fairly constant from the inner estuary to the mouth. 
Nutrient concentrations in the Oosterschelde are much lower than in the 
Westerschelde. DIN concentrations measured in the water column in 1990 ranged 
between 0 and 60 /JLM (Wetsteyn & Kromkamp 1994). 

Sampling 
From May 1997 until June 1998, samples were taken monthly during low tide 

at one station at the Westerschelde (KH) and one station at the Oosterschelde (Z) 
(Fig. 5.1). In a permanent quadrate of 4 m2 random samples were taken in 10-fold, 
using stainless steel cores ( 0 24 mm). For the determination of total DMS(P) and 
pigments, the top 2.5 mm of the sediment, containing most of the microalgal 
biomass, was sliced off the cores, using a 2.5 mm high Perspex ring ( 0 24 mm). 
Preliminary measurements showed that the concentrations of dissolved DMS and 
DMSP in sediment porewaters were below or just around the detection limit and 
that they were negligible compared to the sediment-bound DMSP content. 
Therefore we measured the total amounts of DMS and DMSP in the sediment, 
designated as DMS(P)total. At each sampling point, temperature was measured at the 
sediment surface and salinity was measured in filtered seawater, which was obtained 
by sampling residual water with a beaker at or very close to the sampling site and 
filtration over a G F / F glass fiber filter (Whatmann). Dissolved inorganic nitrogen 
(DIN) was measured in porewater samples, which were collected using Rhizon Soil 
Moisture Samplers (SMS, Eijkelkamp Agrisearch Equipment, The Netherlands; 
length 50 mm, diameter 2 mm) They were inserted just below the sediment surface 
and samples of 3 SMSs were pooled and stored at -20 °C until analysis. 

All sediment samples were processed in the field, directly after sampling. The 
2.5 mm slices were cut in half with a small spatula. One half was put in a glass 
culture tube, covered with parafilm and stored on ice m the dark. The tubes were 
stored at -80 °C until the samples were analyzed for pigments. The other half slice 
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Figure 1. Study area and location of the sampling sites. 

was put in a 6-ml glass vial (Chrompack), after which 2.4 ml of filtered seawater and 
1 ml 8 M N a O H were added. After the addition of N a O H , the vials were 
immediately closed with gas-tight, Teflon-coated butyl rubber septa and aluminium 
crimp seal caps. The vials were stored at room temperature in the dark and the 
samples were analyzed for total DMS(P) within a week after sampling (see below). 

At each sampling point, qualitative macroscopic observations (e.g. brown 
and/or green color of the sediment) and microscopic observations were made. 
Surface scrapings of the sediment, fixed with Lugol's fixative, were oxidized with 
H 2 0 2 . The oxidized samples, consisting of silica valves of the diatom frustules, were 
mounted in Naphrax onto microscope slides (Battarbee 1986). 

Analyses 
Pigments were determined by HPLC. Before pigment extraction, the sediment 

samples were freeze-dried. The sediment was ground with a bullet grinder for 1 min 
at maximum amplitude (ISO 9001 Retch), and subsequently extracted with 96% 
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methanol containing 4% ammoniumacetate. Half a sediment slice was extracted with 
2.5 ml extraction solvent. The samples were vortexed, ultrasonicated for 10 mm in a 
cold water bath and centnfuged. Pigments were determined according to the method 
described by Barranguet et al. (1997). The HPLC system was equipped with a 
photodiode array detector (Waters 996) coupled to a Waters 717 plus autosampler 
and was calibrated using isolated pigment standards (Barranguet et al. 1997). 

DMSP was measured indirectly as DMS, after hydrolysis of DMSP to DMS and 
acrylate with cold alkali (Challenger et al. 1957, White 1982). A final concentration 
of 2 M N a O H was used to hydrolyze the samples and the samples were incubated 
for at least 24 h before analysis. 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 flow of air was 300 ml min"1, the flow 
of H2 was 30 ml min"1 and the flow of the carrier gas, N2, was 8 ml mm"1. The 
retention time of DMS was approximately 2.5 min. The detection limit was 10 nM 
in samples of 3 ml in 6-ml vials and accurate DMS measurements could be made at 
concentrations above 100 nM. 

Salinity was measured using a hand refractometer (Atago). DIN concentrations 
were determined using a Skalar 5100 autoanalyzer. 

Results 
A clear seasonal variation in the abiotic and biotic factors measured was 

observed at stations Z and KH (Fig. 5.2). Temperature ranged between 27 °C in 
summer and 0 °C in winter. At station Z, salinity was also highest in summer and 
lowest in winter, while salinity did not seem to show any seasonal pattern at station 
KH (Fig. 5.2A). NO,-concentration was generally lower than NH4

+-concentration 
and was higher in autumn and winter than in spring and summer (Fig. 5.2B). NH 4

+ -
concentration was much higher in summer than during the rest of the year. At both 
stations, diatoms were the dominant oxygenic phototrophic organisms. The 
sediment at station Z was sandy, with a water content of 19.5-30% and a specific 
gravity of 1.8-2.0 g cm'3 wet sediment, while at station KH it was muddy, with a 
water content of 55-75% and a specific gravity of 1.05-1.35 g cm"' wet sediment. This 
was reflected in the diatom populations that were present at the stations. At station 
Z, small epipsammic diatoms, that are usually present in sandy sediments and live 
attached to sand grains, were observed. In addition, high concentrations of large 
epipelic diatoms occasionally occurred. Epipelic diatoms live loosely attached to the 
sediment and show a vertical migration in the top few mm of sediment, forced by 
the tidal cycle. At station KH, occasionally high concentrations of epipelic diatoms 
were observed, together with tychoplanktonic diatoms, that are usually found in the 
sediment as well as in the water column. Both stations generally contained a high 
number of different species, but species diversity was highest at station Z. Diatoms 
contain the pigments Chi a and fucoxanthin, which showed a concomitant seasonal 
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variation (Fig. 5.2C, D). This variation corresponded with the variation in total 
DMS(P) content (Fig. 5.2E). At both stations, peaks in pigments and DMS(P)total 

were observed in spring and summer (August), while at station KH an additional 
peak occurred in December. The peaks coincided with a relative increase in epipelic 
diatoms in the sediment. In May 1997, station KH was dominated by Navicula 
gregana and Navicula arenana var rostellata and station Z was dominated by 
Navicula arenana var rostellata and Navicula bipustulata. In August 1997, station KH 
was dominated by Navicula phyllepta, but also contained several other species (e.g. 
large Nitzschia spp., Tryblionella apiculata) and station Z was dominated by Amphora 
spp. and Nitzschia spp. In August, both stations also contained conspicuous amounts 
of other algae than diatoms. At station Z many cyanobacteria were observed, while 
at station KH green microalgae were observed. In December 1997, station KH was 
dominated by Navicula arenana var rostellata. In April 1998, station KH was 
dominated by Navicula arenaria var rostellata and station Z was dominated by 
Amphora spp. and Nitzschia spp. 

To see if the observed variation in DMS(P)toul and pigments could be explained 
by the effect of the abiotic factors tested, we performed multiple regression analysis 
(Table 5.1). DMS(P)toIai, Chi a and fucoxanthin all showed a fairly strong positive 
correlation with temperature, followed by a weaker positive correlation with 
salinity and a still weaker negative correlation or no correlation with DIN (Table 
5.1, Fig. 5.3). N o clear effect was observed of the abiotic factors on the pigment-
specific DMS(P)total content. Chi «-specific DMS(P)unai showed a weak negative 
correlation with salinity, while fucoxanthin-specific DMS(P)10tai showed a weak 
negative correlation with DIN and a weak positive correlation with temperature 
(Table 5.1). Our results show that DMS(P)toIal correlated well with 
microphytobenthic biomass, represented by Chi a and fucoxanthin (Fig. 5.4). The 
correlation was better when not all samples from both stations were pooled. Two 
groups of samples were easily distinguished from the rest of the samples. These were 
the samples from August 1997 at station KH, containing green microalgae (probably 
euglenophytes), and the samples from July and August 1997 at station Z, containing 
cyanobacteria. Green algae and cyanobacteria possess Chi a, but no fucoxanthin. 
This was reflected in a low fucoxanthin to Chi a ratio (< 0.3) in these samples, 
compared to a ratio of 0.6-0.8, which is typical for sediments dominated by diatoms 
(Lucas & Holligan 1999). A third group of samples, from September 1997 at KH, 
also had a low fucoxanthin to Chi a ratio. Possibly, some green algae were still 
present at this station, although we do not have observations to support this. 
Omitting the data from July and August at station Z, strongly improved the 
correlation between Chi a and DMS(P)lnlal and increased the slope of the regression 
line (Fig. 5.4A). Omission of these data hardly changed the correlation between 
fucoxanthin and DMS(P)U)la| or the slope of the regression line (Fig. 5.4B). When the 
data from September at station KH were omitted, the correlation between Chi a and 
DMS(P)totai increased, but the slope of the regression line remained almost the same 
(Fig. 5.4C). The slope of the regression line clearly decreased as well as the 
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Table 5.1. Stepwise multiple linear regression analysis of the effects of temperature, salinity and DIN 

on the following dependent variables: DMS(P),„la| (nmol cm"' sediment), Chi a !pg cm'1 sediment), 

fucoxanthin (/jg cm"' sediment), DMS(P)totai (mmol g"1 Chi a) and DMS(P)tolJ (mmol g"1 fucoxanthin). 

Dependent variables were lnlog transformed to increase the homogeneity of variance. (A) Parameter 

estimates derived from the multiple regressions (intercepts and slopes) and t-test for H() that each 

regression parameter differs from 0. (B) ANOVA to test for the overall significance of the multiple 

regressions. 

A) Parameter estimates 

Dependent variable 

DMS(P)„„cl| (nmol cm"1 sediment) 

Chi a (jjg cm"' sediment) 

fucoxanthin (/Jg cm"1 sediment) 

DMS(P),otaJ (mmol g ' Chi a) 

DMS(P)„,M| (mmol g"1 fucoxanthin) 

factor 

intercept 

temperature 

salinity 

DIN 

intercept 

temperature 

salinity 

intercept 

temperature 

salinity 

intercept 

salinity 

intercept 

DIN 

temperature 

parameter 

estimate 

0.3382 

0.0441 

0.0238 

-0.0012 

-1.1277 

0.0381 

0.0456 

-0.5511 

0.0357 

0.0140 

1.5540 

-0.0283 

1.0417 

-0.0009 

0.0096 

t 

2.290 

10.15 

4.132 

-2.879 

-9.319 

11.05 

9.398 

-4.819 

10.97 

3.055 

13.83 

-6.671 

22.67 

-3.126 

3.404 

P 

0.023 

<0.001 

<0.001 

0.004 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

0.003 

<0.001 

<0.001 

<0.001 

0.002 

0.001 

B) Analysis of variance 

dependent variable source df I P R-' 

DMS(P)„,lHl (nmol cm"1 sediment) Model 3 59.95 <0.001 0.49 

Error 189 

Total 192 

Chi a (/jg cm'3 sediment) Model 2 159.9 <0.001 0.63 

Error 190 

Total 192 

fucoxanthin (jjg cm"1 sediment) Model 2 86.68 <0.001 0.48 

Error 189 

Total 191 

DMS(P)1(ltal (mmol g"1 Chi a) Model 1 44.50 <0.001 0.19 

Error 190 

Total 191 

DMS(P)1<lU (mmol g"1 fucoxanthin) Model 2 7.952 <0.001 0.08 

Error 190 

Total 192 
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Figure 5.3. Total DMS(P) content of all samples taken during one year at stations Z and KH, plotted against 

temperature (A), salinity (B), and dissolved inorganic nitrogen (DIN = NO," + NH4
 + ) (Q. Lines: data were fitted 

with a least squares multiple regression equation (P<0.05): 

y = 0.044temperature + 0.023sa/m/ty-0.0012O//V + 0.338; r = 0.49; N = 192; with salinity 26 PSU and DIN 

101 pM (A), with temperature 1 5 'JC and DIN 101 fjM (B) and with temperature 15 C and salinity 26 PSU (C). 
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Figure 5.4. Total DMS(P) content plotted against Chl a and fucoxanthin content of station Z (A, B) and KH (C, D). 

Crosses ( + ): samples taken at station Z, July and August 1997 (containing cyanobacteria): open squares: samples 

taken at station KH, August 1997 (containing green algae); open circles: samples taken at station KH, September 

1997 (probably containing green algae); filled squares: other samples (containing mainly diatoms). Data were 

fitted with least squares regression equations (P<0.05): y = 2.80x + 20.4 ; r = 0.47; N = 101 (A, solid line: all 

data), y = 7.05.Y + 0.12; r = 0.62; N = 83 (A, dotted line: all data except from August and July), 

>• = 13.84A- + 5.39; r = 0.65; N = 101 (B, solid line: all data), y = 16.73.x-0.70 ; r = 0.62; N = 83 (B, dotted 

line: all data except from August and July), y = 6.87x + 6.23; r = 0.82; N = 109 (C, solid line: all data), 

>• = 3.80A-+ 17.0; r = 0.50; N = 99 (C, dotted line: all data except from August), y = 7.69x + 6.12 ; r = 0.92; N 

= 99 (C, dashed line: all data except from September), y = 17.91A - 11.28 ; r = 0.69; N = 109 (D, solid line: all 

data), y = 9 .57A + 6.20; r = 0.74; N = 99 (D, dotted line: all data except from August), y = \9.28x-\ 1.55; r = 

0.75; N = 99 (D, dashed line: all data except from September). 

correlation between Chl a and DMS(P)tota], when the data from August were omitted 
(Fig. 5.4C). In contrast, the correlation between fucoxanthin and DMS(P)lota, 
increased, while the slope of the regression line decreased, when the data from 
August were omitted (Fig. 5.4D). Omission of the data from September hardly 
affected the correlation between fucoxanthin and DMS(P)tota] or the slope of the 
regression line (Fig. 5.4D). These results suggest that the samples with a low 
fucoxanthin to Chl a ratio can be divided in a group with a low DMS(P)totai to Chl a 
ratio, i.e. from July and August 1997 at station Z and from September 1997 at 
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station KH, and a group with an average DMS(P)U,U| to Chi a ratio compared to the 
rest of the samples, i.e. from August 1997 at station KH. 

The average total DMS(P) concentrations were 57.1 ± 54.8 and 49.0 ± 52.7 
nmol cm"1 sediment for stations Z and KH, respectively. The average Chi a- and 
fucoxanthin-specific DMS(P)totai concentrations were 5.8 ± 4 . 1 and 10.3 ± 6.3 mmol 
g1 Chi a and 14.1 + 8.8 and 14.9 + 6.4 mmol g"1 fucoxanthin for stations Z and KH, 
respectively. 

Discussion 
Barranguet et al. (1997) studied microphytobenthic biomass and community 

structure during one year at a tidal flat located in the Westerschelde, by use of 
pigment biomarkers. They observed that during spring and autumn blooms the 
population was dominated by diatoms, while in summer diatoms coexisted with 
cyanobacteria and Euglenophyceae. We observed a similar succession from diatoms 
in spring to diatoms and cyanobacteria in summer at station Z and diatoms and 
green algae in summer at station K H in summer. The seasonal variation was also in 
accordance with the finding of Watermann et al. (1999) that cyanobacteria are 
favored by high temperature and coarser sediment and diatoms dominate at low 
temperatures and on mud. Microphytobenthic biomass, expressed as Chi a and 
fucoxanthin, showed a positive correlation with temperature and salinity, which was 
also found by Santos et al. (1997) in estuarine intertidal sediments. The total DMS(P) 
content showed a comparable correlation with temperature and salinity. 
Accordingly, DMS(P)total correlated well with Chi a and fucoxanthin. From the 
finding that DMS(P)U)lal showed a considerably good correlation with Chi a and 
fucoxanthin in sediments dominated by diatoms we conclude that diatoms were an 
important source of DMSP in these sediments. At station Z we also observed 
cyanobacteria in summer. Since cyanobacteria contain Chi a but no fucoxanthin, 
production of DMSP by cyanobacteria would have resulted in a higher DMS(P)total 

to fucoxanthin ratio compared to sediments containing mainly diatoms. However, 
the correlation between DMS(P)tolLll and fucoxanthin was hardly affected by the 
presence of cyanobacteria, while the correlation between DMS(P)tota] and Chi a 
decreased in the presence of cyanobacteria. This indicates that cyanobacteria did not 
contribute to the production of DMSP at station Z. At station KH we observed 
green algae (probably euglenopytes) in summer, which also possess Chi a but no 
fucoxanthin. Samples from August with a relatively low fucoxanthin to Chi a ratio 
improved the correlation between DMS(P)tolal and Chi a and samples from 
September with a relatively low fucoxanthin to Chi a ratio decreased the correlation 
between DMS(P)U)taj and Chi a. On the other hand, the samples from August clearly 
increased the DMS(P)total to fucoxanthin ratio compared to sediments containing 
mainly diatoms, while the samples from September hardly affected this ratio. These 
results indicate that some green algae also contributed to the production of DMSP at 
station KH, while others did not. To our knowledge only one species of 
Euglenophyte algae, a planktonic species, has been tested for its DMSP content and 
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did not contain DMSP (Keller et al. 1989). DMSP production has been tested in 
cultures of isolated species of microphytobenthos. These studies showed that several 
diatoms produce DMSP (Van Bergeijk & Stal 1996, Jonkers et al. 1998a, chapter 2). 
DMSP production was also reported for the marine benthic cyanobacterium 
Microcoleus chthonoplastes 11 (Visscher & Van Gemerden 1991a), but this result 
could not be reproduced by other authors (Van Bergeijk & Stal 1996, Vogt et al. 
1998, Jonkers et al. 1998a). Our study presents an alternative approach to evaluate 
the contribution of different members of microphytobenthos to the production of 
DMSP in intertidal sediments. 

Although it was possible to distinguish taxonomie groups of oxygenic 
phototrophs on the basis of their pigment and DMSP content, we could not 
correlate high or low DMSP contents to specific diatom species. We did not have 
quantitative data on species abundances, but it was clear that the diatom populations 
were always very diverse. Especially at the sandy station Z a very high abundance of 
one species compared to the other species present was never observed. The mixed 
populations made it impossible to separate out the source(s) of DMSP at the genus 
or species level. 

DMSP has been suggested to play a role as cryo- and osmoprotectant, based on 
observations that the DMSP content of marine micro- and macroalgae increased 
with decreasing temperature and increasing salinity (Dickson & Kirst 1986, Karsten 
et al. 1992, Nothnagel 1995, Sheets & Rhodes 1996). Furthermore, it has been 
hypothesized that nitrogen limitation may stimulate DMSP production, because it 
would lead to replacement of nitrogen-containing osmolytes, such as glycine betaine 
and proline, by DMSP (Andreae 1986, Turner et al. 1988). This was confirmed by 
several studies (Turner et al. 1988, Gröne & Kirst 1992, Keller et al. 1999£). These 
findings prompted us to study the effect of temperature, salinity and nitrogen 
concentration on the DMSP content of the sediment. We could not find correlations 
between the Chi a- or fucoxanthin-specific DMS(P) content and temperature, 
salinity or DIN that were consistent with our expectations based on the theories 
described above. That is, we neither observed a positive correlation with salinity nor 
negative correlations with temperature and DIN. This suggests that in our field 
study the possible effects of these factors, if present, were obscured by large seasonal 
variations in species composition, associated DMSP content and environmental 
conditions. The common occurrence of Navicula phyllepta at our sampling sites may 
have influenced the effect of salinity of pigment-specific DMS(P),otal. When grown in 
batch culture, N. cf. phyllepta showed a decrease in specific DMSP content from 20 
to 33 PSU (chapter 2), which is comparable with the salinity range we encountered 
in the field. Furthermore, nitrogen may not have been limiting to 
microphytobenthos in the sediment during our study. Since the Westerschelde is 
much richer in nutrients than the Oosterschelde, we had expected to find an effect 
of this difference on microphytobenthic biomass and pigment-specific DMSP 
content at the two stations. However, DIN-concentrations in the porewater did not 
differ much between the two stations and average pigment and DMS(P)tntal 
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concentrations, as well as average Chi ^-specific DMS(P)total concentrations, were 
very similar at stations K H and Z. Our results therefore agree with the assumption 
that neither in the Westerschelde nor in the Oosterschelde microphytobenthic 
production is limited by nutrients (De Jong et al. 1994, Kromkamp et al. 1995, 
Barranguet et al. 1998). 

Summarizing, we did not find a strong effect of temperature, salinity or DIN on 
the specific DMSP content of microphytobenthos in estuarine intertidal sediments. 
DMSP correlated quite well with microphytobenthic biomass, although the 
correlation improved when samples with a different species composition were 
separated in the analysis. These results indicated that there was a strong effect of the 
composition of microphytobenthos on DMSP content. Diatoms were an important 
source of DMSP in these sediments, while cyanobacteria were not. Some green algae 
(probably euglenophytes) may also contribute to the DMSP content of the 
sediment. 
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DMSP and DMS in the marine flatworm Convoluta 
roscoffensisand its algal symbiont 

S. A. van Bergeijk and L.J. Stal 

A distinct smell of dimethyisulfide (DMS) was noted at the edge of the intertidal 

mudflat of Marennes-Oléron Bay, at the French Atlantic coast, where dense populations of 

the marine flatworm Convoluta roscoffensis Graff (Platyhelminthes: Turbellaria) were 

present. DMS is the cleavage product of dimethylsulfoniopropionate (DMSP). DMSP was 

shown to be present in high amounts in sediment containing the flatworm as well as in 

axenic cultures of the symbiotic alga Tetraselmis sp. that was isolated from the flatworm. In 

untreated sediment samples containing C. roscoffensis the concentration of DMS was as high 

as ~55 ^mol l"1 sediment and in samples that were fixed with glutaraldehyde the 

concentration of DMS was even three orders of magnitude higher ("66 mmol 1' sediment). 

This rapid cleavage of DMSP to DMS in fixed samples was unexpected. Pure DMSP was 

stable in glutaraldehyde and it was therefore concluded that a DMSP-lyase was responsible 

for cleavage in the field samples. The isolated symbiotic alga, Tetraselmis sp., did not show 

DMSP-lyase activity, indicating that DMSP-lyase may have been present in the flatworm, 

although the role of bacteria could not be excluded. The Chi ««-specific DMSP content of C. 

roscoffensis ("200 mmol g') was much higher than that of Tetraselmis sp. ("30 mmol g"1). 

Possibly, DMSP was not only present in the symbiotic alga, but was also incorporated in the 

body tissue of the flatworm. It remains unclear what the function of DMSP is in C. 

roscoffensis. In Tetraselmis sp., but not in C. roscoffensis, DMSP increased with increasing 

salinity. It was concluded that salinity probably does not play an important role in the 

dynamics of DMSP and DMS in sediment containing C. roscoffensis. 

Accepted for publication in Marine Biology 
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Introduction 
For almost a century the existence of a symbiosis between the marine flatworm 

Convoluta roscoffensis Graff and a potentially free-living unicellular green alga has 
been known (Gamble & Keeble 1903, Keeble & Gamble 1907) . C roscoffensis is 
found on sandy intertidal beaches on the south-east coast of Great-Britain, the 
Channel Islands and the north-west coast of France (Keeble 1910, McFarlane 1982). 
Despite its restricted distribution, this symbiotic relationship has been relatively well 
studied. 

The flatworms are 2 to 4 mm long and contain 2x l0 4 to 7xl04 endosymbiotic 
algal cells (Doonan & Gooday 1982). The symbiosis is established at each host 
generation. Juveniles, newly hatched from the egg, are aposymbiotic (free of algae), 
but they ingest algae of the prasinophycean genus Tetraselmis (Keeble & Gamble 
1907, Douglas 1985). Inside the animal, the algae lose their pectinaceous cell wall 
('theca'), flagella and eyespot and move to a sub-epidermal position in the worm, 
where they proliferate (Douglas 1983). Juveniles that do not succeed in establishing a 
symbiosis with algae do not mature and eventually die, whereas symbiotic adults do 
not ingest food and can live completely autotrophically in the light in seawater 
containing nitrate and phosphate (Holligan & Gooday 1975). 

In the field, Convoluta colonies are easily recognized as deep green spots on the sand 
between the tide marks on the edge of residual seawater. The worms are phototactic 
and strongly gregarious. When the tide goes out the worms emerge from beneath the 
sand, forming dense colonies. 

A feature of C. roscoffensis that has not been reported in the literature is a 
distinct smell coming from dense patches of these organisms. This smell was noticed 
at the Marennes-Oléron Bay (Atlantic coast, France) where the present study was 
carried out. Preliminary measurements revealed that the smell was due to the 
presence of the volatile organic sulfur compound dimethylsulfide (DMS). 

DMS is emitted from the marine environment to the atmosphere and plays a 
role in the global sulfur cycle (Lovelock et al. 1972, Chin & Jacob 1996) and in 
climatic forcing (Charlson et al. 1987, Ayers et al. 1997). The main precursor of 
DMS is dimethylsulfoniopropionate (DMSP), which is produced by a variety of 
marine phototrophic organisms (Keller et al. 1989, Karsten et al. 1996). DMSP can 
be cleaved to DMS and acrylate either chemically at high p H (Challenger et al. 1957, 
Dacey & Blough 1987, Visscher & Van Gemerden 199 la) or enzymatically by 
DMSP-lyases, that are present in many marine macro- and microalgae (Steinke et al. 
1996) and bacteria (Kiene 1990, De Souza & Yoch 1996). 

Tetraselmis subcordiformis, a species closely related to the symbiotic alga in C 
roscoffensis, is known to produce DMSP (Dickson & Kirst 1986). The DMSP content 
of T. subcordiformis has been found to increase with increasing salinity (Dickson & 
Kirst 1986), with decreasing temperature (Sheets & Rhodes 1996) and when the algae 
suffer from nitrogen limitation (Gröne & Kirst 1992). 

In the present study we investigated whether the marine flatworm C 
roscoffensis, collected at the Marennes-Oléron Bay, and the algal symbiont that we 
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isolated from it, contained DMSP. We also tested if the algal symbiont was able to 
cleave DMSP to DMS by DMSP-lyase. During low tide, the populations of C. 
roscoffensis can be exposed to salinity changes due to freshwater run off from land 
and rainfall or evaporation of water. Therefore, we investigated the effect of salinity 
on the production of DMSP and DMS by C. roscoffensis and by the algal symbiont. 
Furthermore, the effects of nitrogen deficiency and temperature on the DMSP 
production of the isolated alga was tested. 

Materials and methods 

Sampling 
Samples were taken at low tide in the first week of November 1997, at the high 

water mark of the tidal mudflat of the Bay of Marennes-Oléron at the Atlantic coast 
(Charente-Maritime, France). The sampling site was characterized by an abrupt 
change from a fine muddy sediment on the mudflat to a very coarse sediment on 
the beach, which consisted of small pieces (~0.3 mm) of broken shells. On the coarse 
sediment, along this clearly visible edge between the tide marks, dense colonies of 
Convoluta roscoffensis were present. A bulk sample of the upper layer of the 
sediment ("0.5 cm) was sampled with a spoon and put in a small bucket. 

To quantify the in situ DMS and DMSP content of the sediment containing the 
flatworm, we originally intended to use the standard method of sediment sampling 
using stainless steel cores, after which the sediment can be cut into horizontal slices. 
In the field, this proved to be impossible due to the coarse, non-cohesive structure of 
the sediment and the constant rapid movement of the worms. Therefore, we decided 
to sample the worms from the thin layer of seawater overlying the sediment (= 
residual seawater). For this purpose we used a pipette to take samples in tenfold of 
0.6 ml of seawater, which were put in 5-ml glass vials (Pierce). We could not control 
the number of worms these samples contained. To fix the samples, in order to 
prevent cleavage of DMSP to DMS, 2.4 ml of 0.5% glutaraldehyde solution (100 mM 
phtalate buffer p H 4 (Jonkers et al. 1998^)) was added, after which the vials were 
sealed gas-tight using Teflon-coated butyl rubber septa and aluminium crimp seal 
caps. These samples, together with the bulk sample which had been collected with a 
spoon, were taken to the laboratory. DMS was measured in the headspace of the 
seawater samples 7 h after sampling. Because the DMS concentration seemed 
exceptionally high, we took some additional samples from the bulk sample of 
sediment containing worms. Duplicate samples of 0.1 g of sediment were fixed in 3 
ml of 0.5% glutaraldehyde solution or were put in 3 ml of seawater, for comparison. 
The sample vials were sealed as described above and DMS was measured 0.5 h after 
sampling. 

The rest of the bulk sample was used for the salinity experiment and for 
isolation of the symbiotic alga. 
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Isolation of the symbiotic alga 

In order to isolate the symbiotic alga, some worms were squashed with a 
coverslip on a microscope slide and transferred to artificial seawater medium (ASN 
III, Rippka et al. 1979). For further cultivation and experiments, Kester medium was 
used (Kester et al. 1967). An axenic culture of the alga was obtained by washing 10 
times in sterile medium. Between the wash steps, the cell suspension was sonicated 
in an ultrasonic waterbath for 1 min. and subsequently centrifuged at 770 g for 10 
min. The washed suspension of algae was plated on medium solidified with 1.5% 
agar. Axenic cultures were obtained by picking single colonies, which were 
inoculated in liquid medium. Axenity was checked by microscopy and by streaking 
on agar enriched with 0.5% glucose and 0.05% casamino acids. The isolated alga was 
identified as Tetraselmis sp. 

Effect of salinity 

Freshly collected worms were incubated at different salinities by putting 2.5 g 
of the sediment containing flatworms in 60-ml vials (Pierce) and adding 2.5 ml of 
aged (1 month), decanted seawater, to give a final volume of 3.5 ml. The seawater 
had a salinity of 32 PSU. A lower salinity (19 PSU) was obtained by the addition of 
demineralized water and a higher salinity (40 PSU) by evaporation. Salinity was 
measured with a hand refractometer (Atago). The vials were sealed and incubated for 
41.5 h in a climate chamber at 12°C and a photon flux density of 20 ^mol m"V . 

A similar experiment was done with Tetraselmis sp. Portions of culture (150 
ml), were centrifuged aseptically at 770 g for 10 min and the pellets were 
resuspended in 50 ml of fresh medium (Kester, 1967) at different salinities. The 
salinity of the medium was adjusted by changing the concentrations of the major 
salts (NaCl, Na 2S0 4 , MgCl2, KCl and CaCl2) proportionally. Portions of the algal 
suspensions (3.5 ml) were put in 60-ml vials (Pierce) which were sealed. The vials 
were incubated in a climate chamber at 25 °C and a photon flux density of 27 /xmol 

-2 -1 

m s . 
During the experiments the formation of DMS was followed by analyzing the 

headspace at regular time intervals. After terminating the experiments, samples were 
taken for DMSP and Chi a analyses. Intracellular or particulate (DMSPp) and 
extracellular or dissolved DMSP (DMSPd) were separated by filtration of the 
samples over Whatmann G F / F filters using a Millipore filtration manifold. The 
filters were rinsed with medium or seawater in order to remove dissolved DMSP and 
put in 5-ml glass vials (Chrompack). Medium or seawater were added to a final 
volume equal to the original volume of the sample. Subsequently, N a O H (final 
cone. 2M) was added and the vials were closed immediately. The filtrate was treated 
similarly. 

DMSP-lyase test 

DMSP-lyase activity of the isolated Tetraselmis sp. was tested in crude cell 
extracts. Tetraselmis sp. was grown in an aerated 1-1 Kluyver flask, at 25 °C and a 
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photon flux density of 30 ^.mol m"2 s\ Wall growth was removed at regular intervals 
using a magnetic stirring bar inside the Kluyver flask. After 2 weeks, cells were 
harvested by aseptic centrifugation (770 g, 10 mm) and resuspended in buffer. Crude 
extracts were prepared in two different buffers, since the optimum conditions for a 
possible DMSP-lyase were unknown. The buffers used, were 50 mM Tris, pH 8.5 
with 5 mM dithiothreitol (Stefels & Dijkhuizen 1996) and 100 mM 2-(N-
morpholino)ethanesulfonic acid (MES), pH 6.2 (Steinke et al. 1996). Crude extracts 
were prepared by disrupting the cells in a French Pressure Cell at 138 MPa, and were 
kept on ice. DMSP-lyase activity was measured as DMS formation in the headspace 
of sealed 10-ml vials (Pierce), after addition of 300 piM (final concentration) of DMSP 
to suspensions of the crude extracts in each of the two buffers. The assay was carried 
out at 20 °C and was stopped after 20 h. Different concentrations of crude extract 
(100 - 200 jug protein ml" assay mixture) were used and controls were run that 
contained only buffer or buffer with heat-killed crude extract (60 mm, 95 °C). The 
protein content of the extracts was measured by the Lowry method as described by 
Herbert et al. (1971) using bovine serum albumin as a standard. 

Effect of temperature and nitrogen limitation 
To test the effect of temperature and nitrogen limitation on the production of 

DMSP in Tetraselmis sp., a culture was grown for 10 days at 26 °C in an aerated 1-1 
Kluyver flask, divided in portions of 150 ml and centrifuged aseptically at 770 g for 
10 min. The pellets were washed and resuspended in fresh medium. Erlenmeyer 
flasks with 20 ml of algal suspension were incubated for 2 days at 6 °C and 26 °C. 
To test the effect of nitrogen limitation the algae at 26 °C were incubated in 
nitrogen-replete and nitrogen-deplete medium. Nitrogen-replete medium contained 6 
mM N a N O , and 20 /xM (NH 4 ) 3Fe(III)QH,Cy5H 20. Nitrogen-deplete medium did 
not contain a nitrogen source. Photon flux density was 30 /uriol m"2 s . 

Analyses of DMS and DMSP 

DMS was measured in the headspace by taking 250 p\ of gas sample with a gas-
tight Hamilton syringe through the Teflon-coated butyl rubber septa. The samples 
were directly injected in a gas chromatograph (Chrompack CP 9000 or Shimadzu 
GC 14A), equipped with a wide bore column (Poraplot U, ID 0.53 mm, 25 m, 
Chrompack, The Netherlands) and a flame ionization detector. 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 coin"1, respectively. The 
retention time of DMS was approximately 2.5 min. The detection limit of this 
method was about 1 pmol per 250 /xl of headspace injected, corresponding to 
concentration of about 0.01 ^iM of DMS in samples of 3 ml in 6-ml vials. 

DMSP was measured as DMS after alkaline hydrolysis. N a O H was added to the 
samples, which were incubated in the dark for at least 24 h. Standards of DMS 
(Merck) and DMSP were treated in exactly the same way as the samples. DMSP was 
synthesized according to Chambers et al. (1987). 
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Analysis of Chi a and cell number 

Chi a was determined by extraction of the samples with N,N-
dimethylformamide (De Winder et al. 1999). Samples of sediment containing C 
roscoffensis, which had been incubated at different salinities, were stored at -20 °C 
and freeze-dned overnight before extraction of Chi a. Samples of cultures of 
Tetraselmis sp. were centrifuged at 2800 g for 10 min and the pellets were stored at -
20 °C until analysis. 

Cells of Tetraselmis sp. were counted with a Coulter counter (Coulter 
electronics, The Netherlands) equipped with a 50 fim aperture tube. Samples for cell 
counts were fixed with Lugol's fixative and stored in the dark at room temperature 
until they were counted. An average cell volume was obtained by measuring the cell 
diameter with an eyepiece micrometer of 30 cells of a batch culture of Tetraselmis sp. 
grown at 33 PSU. Cell volume was calculated using the formula V37ir3. 

Results 
Tetraselmis sp., isolated from Convoluta roscoffensis, contained approximately 45 

fmol DMSP cell"1, equivalent to 174 mM based on cell volume. Also C roscoffensis, 
in symbiosis with Tetraselmis sp., had a high DMSP content. This was shown in 
sediment containing C roscoffensis (Fig. 6.IB and C), but flatworms isolated from the 
sediment, present in the seawater overlying the sediment, had a high DMSP content 
as well. In field samples of residual seawater containing C roscoffensis, which were 
fixed with 0.5% glutaraldehyde (phtalate buffer p H 4), a very high concentration of 
DMS (2.6 (SD 2.1) mM) was measured 7 h after addition of the fixative. Addition of 
N a O H did not increase the DMS concentration in these samples. This suggested that 
DMSP present in the samples was rapidly cleaved to DMS as a result of fixation with 
glutaraldehyde. To confirm this, sediment samples (0.1 g) containing C roscoffensis 
were incubated either in seawater or in 0.5% glutaraldehyde. Indeed, the DMS 
concentration in fixed sediment samples (26.5 (SD 18.0) /xmol g"1 sediment ~ 66.3 
(SD 45.0) mmol l"1 sediment) was 3 orders of magnitude higher than in samples of 
sediment suspended in seawater (21.9 (SD 0.90) nmol g"1 sediment « 54.8 (SD 2.30) 
/xmol l"1 sediment), after 0.5 h of incubation. The worms were immediately killed by 
the fixative, but in seawater they stayed alive and were moving. Synthetic DMSP (2 
mM) dissolved in 0.5% glutaraldehyde did not result in such a rapid formation of 
DMS (only 0.5% of DMSP was converted to DMS in 2 days). No DMSP-lyase 
activity was detected in a crude extract of Tetraselmis sp. 

In cell suspensions of Tetraselmis sp. the particulate DMSP content was affected 
by salinity (Fig. 6.IE). At the start of the experiment, DMSPp in incubations at 21, 
34 and 43 PSU was 121, 110 and 89.4 /xM, respectively (not shown). After 41.5 h of 
incubation DMSPp content was 121 (SD 3.50), 163 (SD 11.5) and 196 (SD 21.0) /xM 
at 21, 34 and 43 PSU respectively (Fig. 6.IE), indicating that net DMSP production 
occurred at 34 and 43 PSU, but not at 21 PSU. The amount of DMSP per cell 
showed the same response (Fig. 6.2A) Cell numbers of Tetraselmis sp. did not change 
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Figure 6.1. Dissolved and particulate DMSP concentrations and DMSP to Chi a ratios in vials with sediment 

containing C. roscoffensis and with suspensions of Tetraselmis sp. after incubation at different salinities for 41.5 

hours. A,B,C: C. roscoffensis, D,E,F,: Tetraselmis sp. A and D: light grey bars: dissolved DMSP (DMSPd); grey 

bars: DMS concentration. B and E: particulate DMSP (DMSPp). C and F: Chi a-specific DMSP content. Error bars: 

SD of mean values of 2 (C. roscoffensis) or 3 (Tetraselmis sp.) replicate incubations. Initial value of DMSPp in vials 

with sediment containing C. roscoffensis was 14668 ± 2283.4 fiM. Initial values of DMSPp in vials with 

suspensions of Tetraselmis sp. were 121, 110 and 89.4 ji/M at 2 1 , 34 and 43 PSU, respectively. Significance of 

differences between means tested with two-way ANOVA, followed by paired comparison (Tukey HSD lest, 

p<0.05); bars with all letters different indicate a significant difference. 

during the experiment (Fig. 6.2B), neither did the protein and Chi a content (not 
shown). The dissolved DMSP and DMS concentrations in cell suspensions of 
Tetraselmis sp. were the same at all salinities (Fig. 6.ID and 6.3B). Since we could not 
detect DMSP-lyase activity in Tetraselmis sp., the DMS that was present in axenic 
cell suspensions of Tetraselmis sp. must have been formed by chemical cleavage of 
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Figure 6.2. DMSP per cell (A) and cell number (B) in suspensions of Tetraselmis sp. after incubation at three 

different salinities for 41.5 hours. Error bars: SD of mean values of 3 replicate incubations. Significance of 

differences between means was tested with two-way ANOVA, followed by paired comparison (Tukey HSD test, 

p<0.05); bars with all letters different indicate a significant difference. 

DMSP. This may have been promoted by the high pH (10.2 (SD 0.1)) that resulted 
during the experiment. At a p H of 10.2 the first-order rate constant for chemical 
DMSP decomposition K is 1.94x10-* sec1 (at 25 °C) (Dacey & Blough 1987). We 
measured an initial dissolved DMSP concentration of about 1.5 jxM in the 
incubations. The calculated DMS concentration at t = 25 h, using this rate constant 

K, is 0.25 /xM (1.5 —(1.5e~ )),which is close to the concentrations we measured 

(Fig. 6.3B). 
In sediment containing C roscoffensis DMSPp was not significantly affected by 

salinity, although it was somewhat lower at 19 PSU than at 32 and 40 PSU (Fig. 
6.IB, C). DMSPp after 41.5 h of incubation was not significantly different from the 
DMSPp at the start of the experiment (not shown). Biomass in the incubations, 
expressed as Chi a, also did not significantly change during the experiment (not 
shown). After 41.5 h of incubation DMSPd was somewhat higher and the DMS 
concentration was much higher at 19 than at 32 and 40 PSU in sediment containing 
C. roscoffensis (Fig. 6.1 A). However, a very high amount of DMS was formed only 
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after 24 h of incubation (Fig. 6.3A). Incubation of Tetraselmis sp. for two days in 
medium without nitrogen or at low temperature did not have an effect on the 
amount of DMSP per cell (not shown). However, it did have an effect on the Chi a 
content of the cells (Fig. 6.4B). The amount of Chi a doubled in incubations in 
nitrogen-replete medium at 26 °C and it was halved in incubations in nitrogen-
deplete medium at 26 °C. N o change was observed in incubations in nitrogen-replete 
medium at 6 °C. These changes in Chi a content explain the changes in Chi a-
specific DMSP content (Fig. 6.4A). It decreased in nitrogen-replete medium at 26 °C, 
while it increased in nitrogen-deplete medium. At 6 °C no changes occurred. 
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Figure 6.3. DMS formation in vials with sediment containing Convoluta roscoffensis (A) and with suspensions of 

Tetraselmis sp. (B), incubated at different salinities. Symbols in A and B, respectively: squares: 19 and 21 PSU; 

circles: 32 and 34 PSU; triangles: 40 and 43 PSU. Error bars: SD of mean values of 4 (C roscoffensis) or 3 

{Tetraselmis sp.) replicate incubations. 
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Figure 6.4. DMSP (A) and Chi a (B) content of Tetraselmis sp. in nitrogen-replete and nitrogen-deplete medium 

and at different temperatures. White bars: 26 °C, nitrogen-replete medium; light grey bars: 26 °C, nitrogen-

deplete medium; grey bars: 6 °C, nitrogen-replete medium. Error bars: SD of mean values of 3 replicate 

incubations. 
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Discussion 
The smell of DMS that was noticed on the beach of the intertidal mudflat of 

Marennes-Oléron Bay could be clearly attributed to a dense population of C 
roscoffensis. We demonstrated that this organism contained high amounts of DMSP 
and that its decomposition resulted in the formation of DMS. To our knowledge, 
the production of DMSP by animals has not been reported, so we assume that 
DMSP present in C. roscoffensis was produced by the algal symbiont. We have not 
been able to identify the factors that cause the cleavage of DMSP to DMS in this 
environment. We suggest that a natural turnover of C. roscoffensis may explain the 
DMS smelled in the field since we observed that DMS was liberated when the 
worms died. Old sediment samples and samples fixed with glutaraldehyde, in which 
the worms were dying, intensely smelled of DMS. When field samples were fixed 
with 0.5% glutaraldehyde, a very high DMSP cleavage activity was observed. 
Formation of DMS in sediment after addition of glutaraldehyde was also observed 
by Kiene (1988) during flux experiments with salt marsh cores. Visscher et al. (1995) 
found that determination of DMS by headspace analysis of slurried sediment 
samples, fixed with 0.5% formaldehyde, yielded a concentration of DMS that was 
two orders of magnitude higher than by extraction of the porewater by 
centrifugation and subsequent purge-trapping of the DMS. Also isolated DMSP-
lyases are not easily inhibited (De Souza & Yoch 1996, Van der Maarel et al. 1996c). 
But the cleavage rate we observed in our field samples still seems very high. The 
samples were fixed with the same buffered glutaraldehyde solution as was used by 
Jonkers et al. (1998^) to inhibit DMSP-cleavage in sediment samples. They found 
that after 4 days only 6 % of the initial DMSP (~900 ^M) was cleaved to DMS, while 
in our samples all of the DMSP (final cone. "500 fiM) was cleaved within 7 h. The 
fixative we used, was prepared in distilled water instead of seawater (Jonkers et al. 
1998^), which might have caused leakage of DMSP out of the cells and mixing of 
DMSP with a DMSP-lyase. This still would not explain why DMSP cleavage was 
not inhibited. The p H of the buffered glutaraldehyde solution was 4. Therefore, the 
observed fast cleavage cannot have been a chemical cleavage, which was confirmed 
by the fact that pure DMSP (2 mM) was not cleaved when it was dissolved in 
glutaraldehyde. Hence, DMSP must have been cleaved enzymatically. The pH of 4 
may not have been inhibitory to the DMSP-lyase, since several DMSP-lyases of 
micro- and macroalgae have been found to have an optimum at pH 5 or 6 and still 
showed substantial activity at p H 4 (Steinke et al. 1998). The isolated symbiotic alga 
(Tetraselmis sp.) did not show DMSP-lyase activity. The detection limit of our 
DMSP-lyase assay was about 0.1 pmol min'1 mg'1 protein, which is much lower than 
lyase activities reported in literature. The Vmax of DMSP-lyase activity in crude 
extracts of Phaeocystis sp. varied between 0.35 and 1.23 /xmol min'1 mg"1 protein 
(Stefels & Dijkhuizen 1996). Steinke et al. (1996) measured activities between 0.01 
and 100 nmol min"1 mg'1 protein in marine macro- and microalgae. Tetraselmis 
subcordiformis, the only other prasinophyte that has been tested, also lacked DMSP-
lyase activity (Steinke et al. 1996). Therefore, it was concluded that the formation of 
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DMS from C. roscoffensis, after addition of glutaraldehyde, was catalyzed by a 
DMSP-lyase associated with the flatworm or with bacteria present in the sediment. 
Next we present some calculations which show that it is unlikely that bacteria were 
responsible for the cleavage of DMSP in our samples. In samples of 0.1 g of 
flatworm containing sediment in 3 ml of glutaraldehyde solution, 884 ixM of DMS 
was formed in 0.5 h. Thus the cleavage rate was 88.4 nmol DMS mm"1 0.1 g"1 

sediment. Jonkers et al. (2000) measured MPN counts of DMSP utilizing bacteria of 
2xl06 cm"" sediment in the top layer of an intertidal sediment. Assuming that 2.5 g of 
sediment equals 1 cm3, 0.1 g of sediment contains 8xl04 cells. Assuming that 6.6xl06 

cells contain 1 /xg of protein (Jonkers et al. 2000), 8xl04 cells contain 12.12 ng of 
protein. This would result in a cleavage rate of 7.3 mmol DMS min ' mg"1 protein, 
which is 3 to 6 orders of magnitude higher than rates reported in literature (Van der 
Maarel et al. 1996^, Jonkers et al. 2000). Only if the sediment or flatworms 
contained extremely high numbers of bacteria such a high bacterial cleavage rate 
could have been reached. DMSP-lyases of animal origin have not been reported until 
now and it would be interesting to investigate whether the flatworm produces 
DMSP-lyase. 

The amount of DMSP that was measured in Tetraselmis sp.(~30 mmol DMSP g"1 

Chi a) was similar to the amount measured in T subcordiformis by Gröne & Kirst 
(1992). The DMSP content of C. roscoffensis was "200 mmol g"1 Chi a, which is about 
6-fold higher than that of the isolated alga. Therefore, we suggest that either the Chi 
«-specific DMSP content of the symbiotic alga inside the host was higher than that 
of the isolated free-living alga or that DMSP accumulated in the body tissue of the 
flatworm. Different incubation conditions may have led to a higher DMSP content 
in the symbiotic alga inside the host compared to the isolated alga. Incubations of 
sediment containing C. roscoffensis at different salinities were done in seawater at 12 
°C, while the incubations of Tetraselmis sp. were done in nutrient rich medium at 24 
°C (Fig. 6.1). The DMSP content of Tetraselmis sp. was not affected by temperature 
and it is therefore unlikely that the difference in temperature between the 
incubations of C roscoffensis and Tetraselmis sp. caused the difference in DMSP 
content. Nitrogen limitation caused an increase in the Chi «-specific DMSP content 
of Tetraselmis sp. from ~30 to -60 mmol g"1. So if the symbiotic alga experienced a 
nitrogen limitation inside the host, this may partly explain a higher Chi «-specific 
DMSP content of C roscoffensis. On the other hand, it is possible that the flatworm 
accumulated DMSP in its body tissue. The amount of DMSP that we measured in 
Tetraselmis sp. was about 50 fmol cell'. Assuming the number of symbiotic algae 
inside an individual of C roscoffensis to be 2xl04 - 7xl04 cells (Doonan & Gooday 
1982), one flatworm would contain 1 - 3.5 nmol DMSP. In field samples of 
Marennes-Oléron Bay (of seawater containing C. roscoffensis) we measured a total 
DMSP content of approximately 2 mM. These samples of 0.6 ml contained about 10 
- 50 flatworms. The estimated DMSP content of these worms would thus be 24 - 120 
nmol worm"1, which is at least one order of magnitude higher than the 1 - 3.5 nmol 
calculated by using the algal DMSP content that we measured. It is very unlikely 
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that the major part of the DMSP we measured in field samples was present 
extracellularly, since DMSPd and DMS are usually rapidly degraded by bacteria in 
seawater and sediment (e.g. Kiene 1988, Kiene & Bates 1990) and DMSPd measured 
in seawater is always lower than DMSPp (e.g. Turner et al. 1988, Dacey et al. 1998). 
Therefore, we suggest that part of the DMSP we measured in C. roscoffensis was 
present in its body tissue. Hill et al. (1995) also measured a higher DMSP content in 
raw samples of polyps from coral reefs, containing DMSP producing endosymbiotic 
dinoflagellates, compared to samples from which part of the polyp tissue had been 
removed. Furthermore, DMSP has been found in fish and other marine organisms 
feeding on DMSP-containing algae (Ackman et al. 1966, Ackman & Hmgley 1968, 
Iida & Tokunaga 1986). Recently, Tang et al. (1999) showed that the copepod 
Temora longicornis incorporated DMSP into its body tissue when fed DMSP-nch 
Tetraselmis impellucida. These authors found that the copepods contained more 
DMSP at higher salinity and they suggested an osmoregulatory function of DMSP in 
the copepod tissue. 

Our experiments do not provide strong evidence for an osmoregulatory 
function of DMSP in C. roscoffensis since DMSPp in sediment containing C. 
roscoffensis did not significantly increase with increasing salinity after incubation at 
different salinities for nearly two days. Possibly, the conditions inside the host were 
unfavourable for DMSP production by the algal symbiont because the intracellular 
DMSP content of the isolated Tetraselmis sp. did increase with increasing salinity. 
DMSP was not excreted by Tetraselmis sp. in response to a decrease in salinity, 
which does not agree with what was found for Tetraselmis subcordiformis by 
Dickson & Kirst (1986). However, the results of the incubations of sediment 
containing C. roscoffensis indicate the release of DMSP and subsequent cleavage to 
DMS as a result of a decrease in salinity. The total amount of dissolved DMSP and 
DMS in sediment containing C. roscoffensis after 41.5 h of incubation at 19 PSU 
(412.5 ptM) was much higher than at 32 (73.4 /xM) and 40 PSU (43.7 /xM). Because 
salinity was the only factor that was varied between the incubations, this must have 
caused the observed difference. However, a significant effect of salinity on DMS 
formation was observed only after more than 24 h of incubation. Although C. 
roscoffensis in the natural environment may be exposed to larger salinity shifts than 
were tested in the present study, we do not expect a strong effect of salinity on the 
dynamics of DMSP and DMS on the time scale of a tidal cycle. Moreover, C. 
roscoffensis may be able to avoid osmotic stress actively. In the field, the worms were 
observed to move rapidly into the sediment when it started to rain. 

Summarizing, intertidal sediments covered with dense colonies of C. roscoffensis 
contained a very high amount of DMSP. These sediments also contained a very high 
potential for DMSP cleavage activity, as was shown by the rapid conversion of 
DMSP to DMS after fixation of field samples with glutaraldehyde. Under natural 
conditions most DMSP was contained inside the flatworms and only a small fraction 
was present as DMS. However, the concentration of DMS (-55 ^imol l"1 sediment) 
was very high compared to concentrations that have been measured in seawater (on 
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the order of 10 nmol l"1 seawater (e.g. Turner et al. 1988, Kiene & Bates 1990) and 
therefore could lead to a high local emission of DMS to the atmosphere which was 
confirmed by the smell of DMS produced by dense populations of C. roscoffensis. In 
the area where C roscoffensis occurs, anthropogenic sources of sulfur in the 
atmosphere are very high compared to biogenic sources (Bates et al. 1992) and 
therefore the emission of DMS from C roscoffensis probably does not have a large 
impact on the local sulfur budget or climatic forcing. Nevertheless, the symbiotic 
association of C. roscoffensis represents an interesting phenomenon and the role of 
DMSP in this deserves further study. 
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DMS emissions from a sedimental microbial ecosystem 
subject to diel variations of oxic and anoxic conditions: 
a simple mathematical model 

Hugo A. van den Berg, Henk M. Jonkers, StefA. van Bergeijk, Sebastiaan A.L.M Kooijman 

This modelling study relates dimethyl sulfide (DMS) emission from a microbial mat to 

the flux of dimethylsulfomopropionate (DMSP) that is exuded into the interstitial space of 

the mat by phototrophs. DMSP may be either cleaved or demethylated. Only cleavage 

results in the production of DMS, which itself is further oxidized or escapes from the mat. 

The fate of DMSP depends on the functional group composition of the mat, the 

physiological characteristics of these groups, and the eco-physiological conditions 

oxic/anoxic and light/dark, which both vary in a diel cycle. These three factors are 

accounted for in a mathematical model of a microbial mat typical of the Wadden Islands of 

The Netherlands and Germany. Model simulations quantify increased DMS production 

under alkaline stress as well as additional DMSP loads. 
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Introduction 

Laminated marine and estuanne sedimental microbial ecosystems -'microbial 
mats'- typically make up the top few millimeters of a sediment (Stal et al. 1985, Stal 
1991, Van Gemerden 1993, Van den Ende & Van Gemerden 1994, De Zwart & 
Kuenen 1995, Stal 1995). They contain carbon dioxide fixing microorganisms, both 
phototrophs and chemotrophs (Van Gemerden 1993). Oxic conditions prevail in the 
top layer of the mat, as a result of oxygenic photosynthesis, carried out by 
cyanobacteria or unicellular eukaryotes (Van den Ende & Van Gemerden 1994). 
Each night these oxic conditions are displaced by anoxic conditions. Photosynthesis 
has then ceased, and diffusion of oxygen from the atmosphere into the mat is too 
slow to keep up with the physiological activity in the mat (Visscher 1992). 
Consequently, anaerobic processes such as fermentation and sulfate reduction 
dominate the mat's biochemistry at night. In the early hours of the morning, the 
situation is once more reversed as oxygenic photosynthesis resumes and the mat 
becomes oxic again, from the top downwards. 

This diel cycle of oxic/anoxic conditions is reflected in the carbon exchange 
with the atmosphere. A net carbon dioxide fixation flux occurs during daylight, 
while there is probably a net loss flux at night. The latter flux, however, is generally 
smaller than the gam. As a result, the amount of organic matter in the sediment 
steadily increases; when the cells die, a portion of their biomass is decomposed, 
while the remainder is buried in the underlying sediment (Van Gemerden 1993). 

The diel oxic/anoxic cycle also affects the breakdown of 
dimethylsulfoniopropionate (DMSP), which is produced by phototrophs, 
presumably as an osmolyte (Vairavamurthy et al. 1985, Dickson & Kirst 1987). 
When the phototrophic cells die or become exposed to an osmotic shock (such as a 
rain shower), DMSP is released into the interstitial space of the mat (Dickson & 
Kirst 1986; Ch. 3, 4). The compound may be broken down through a number of 
biochemical processes, most of which are catalysed by the various groups of 
microorganisms in the mat. These biotransformations are summarized in Figure 7.1. 
An important DMSP derivative is dimethyl sulfide (DMS), a volatile sulfur 
compound, which may be broken down further, but which may also diffuse from 
the mat into the atmosphere. 

Our aim in this study is to quantify the turnover of DMSP in a microbial mat. 
Attention is focussed on two points. The first is the production of DMS (DMSP 
demethylation versus DMSP cleavage); the second point is DMS clearance (microbial 
consumption versus diffusive emission to the atmosphere). We formulate a model 
which is applied to a number of perturbations in environmental regimes. The model 
takes into account the daily oxic/anoxic cycle. It is a two-compartment model with 
autonomously time-varying compartment sizes. 

Conceptual and mathematical model development is presented in Section 
'Model development'. Slurry experiments, carried out to obtain information about 
degradation rates in microbial mats, are presented in Section 'Slurry experiments'. 
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Model simulations, sensitivity analysis and numerical results of ecological 
disturbances are presented in Section 'Simulations', 
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H ,Cs 
s=o 

Figure 7.1. Biotransformations of DMSP in a microbial mat. Each arrow corresponds to a biotransformation. 
DMSO: dimethylsulfoxide; MSH: methanethiol; MMPA: methylmercaptopropionate; MPA: mercaptopropionate. 

Model development 
A full account of the geophysiology of DMSP in a microbial mat might 

accommodate all of the biotransformations depicted in Figure 7.1. Quantitative data 
on the kinetics of most of these processes are all but lacking, however. Therefore, 
the geochemistry accounted for in the model is restricted to just two compounds, 
DMSP and DMS. The processes which play a role in the biotransformations of these 
two substances are listed in Table 7.1. 

Table 7.1. Biotransformations of DMSP and DMS. 

Process Reactants Products 

DMSP exudation 

DMS exudation 

DMSP cleavage 

DMSP demethylation (AHe) 

DMSP demethylation (SRB) 

DMS oxidation (PSB) 

DMS oxidation (AHe) 

DMS oxidation (SRB) 

DMS oxidation (Meth) 

DMSPimra 

DMSP,,,,,, 

DMSP 

A + DMSP 
3A S O / + DMSP 

H 2 0 + DMS 

5 O, + DMS 

11/2 SO/ ' + DMS 

1 Vi H,Q + DMS 

DMSP 

DMS + CH2=CHCOO + H ' 

DMS + C H ^ C H C O O + H' 

MMPA + CHtA 

MMPA + HCO,; + y« HS + 1 % H-

DMSO + 2[H] 

2 HCO, + S O / + 4 H ' 

2 HCO; + 2Vi HS' + V/2 H~ 

Vi HCO, + HS + 11/2 CH4 + 1 ' / ;H ' 

The following abbreviations are used to denote physiological groups: AHe: Aerobic heterotrophs; PSB: Purple 

sulfur bacteria; SRB: Sulfate-reducing bacteria; Meth: Methanogens. 

'A' in DMSP demethylation denotes the methyl acceptor. 

MMPA: methylmercaptopropionate; DMSO: dimethylsulfoxide; DMSPln,r,, indicates DMSP in the intracellular 

space of oxygenic phototrophs. 

DMS emissions: a mathematical model 105 



Sedimental microbial ecosystems feature a rich spatial heterogeneity (Visscher 
1992). A crude way to capture some of this spatial heterogeneity is a two-way split 
into a top and a bottom compartment. These compartments are referred to here as 
'oxic' and 'anoxic' (but the connotation should be to all of the relevant conditions 
that are typical of the top and bottom compartments). A diagram of the model with 
its two compartments is given in Figure 7.2. The two compartments are taken to be 
well-mixed. The depth of the boundary between the oxic and the anoxic 
compartment will be assumed to be time-varying. Thus, the compartments have 
volumes which are not constant in time. 

n 

oxic 

f intracellular 

anoxic 

/ intracellular 

OMS >, 

t 
DMSP / 

DMS — \ -

t J 
DMSP — 7 -

• 

• 

- - * • 

DMS 

t 
DMSP 

DMS 

t 
DMSP 

Figure 7.2. Conceptual structure of the present model. The microbial mat is represented here as a box. It is 

divided into two layers, an 'oxic' top layer and an 'anoxic' bottom layer. The boundary between the two layers 

moves up and down following the diel cycle depicted in Figure 7.3. Thus the volumes of two compartments are 

continually changing. Solid arrows depict transformations which occur in the oxic layer of the mat. Dashed arrows 

depict transformations which occur in the anoxic layer of (he mat. Sources and sinks are represented by asterisks. 

DMS escapes the oxic layer through diffusion (curved arrow). 

Model specification 

The object to be modelled is a microbial mat with area A and depth d. 
Interstitial concentrations of DMSP and DMS are tracked in order to describe DMS 
emission rates from the mat under various conditions. The metabolic activities of 
the following physiological groups are taken into account: oxygenic phototrophs; 
aerobic heterotrophs (including chemolithotrophs); purple sulfur bacteria; sulfate 
reducing bacteria; and methanogens. 

By assumption, A is small enough to discard heterogeneity along the 
'horizontal' axes. The mat is a box of volume Ad, divided into an 'oxic' top layer and 
an 'anoxic' bottom layer. The boundary between these two layers is located at a 
depth z(t). Thus, the oxic layer has a thickness z(t) and a volume Az(t), while the 
anoxic layer beneath the oxic layer has a thickness (d-z(t)) and a volume A(d-z(t)). 

106 Chapter 7 



The following function is employed to describe the movement of the oxic/anoxic 
boundary: 

:(>) = :*+ ~(l + cos{t-<p})2 (1) 

with parameters z*, Az, and (p. A graph of this function is given in Figure 7.3, with 

zVd=0 .01 , Az/d = 0.5. The parameter z* represents the minimal thickness of the 

oxic layer. The parameter Az represents the amplitude of the diel movement of the 

oxic/anoxic boundary. The parameter (p represents a phase shift. At t = (p, the 

boundary is located at a depth (z* + Az); in the present model, this time of day is 
taken to be 1.30 p.m. 

r 

time of day 

Figure 7.3. Diel pattern of oxic and anoxic conditions in a microbial mat. Abscissa is time of day, from midnight to 

midnight. Ordinate represents the depth axis, with the mat surface on top. The heavy line depicts the movement 

of the oxygen null isopleth in a microbial mat on the Frisian island of Texel (adapted from Visscher & Van den 

Ende (1994). The thin line graphs the function used in the present paper to describe this movement. This function 

is given in Equation 1. 

DMSP and DMS levels in the interstitial space of the mat are assumed to be 
replenished at a constant rate by DMSP exudation and DMS exudation carried out 
by oxygenic phototrophs. It is assumed that these exudation processes are 
compensated for by synthesis of intracellular DMSP in these organisms. 

The model comprises four state variables: 

1. P0x(t)'- t n e quantity of DMSP in the oxic layer, divided by A; 
2. P*Jj): the quantity of DMSP in the anoxic layer, divided by A; 
3. Dox(t): the quantity of DMS in the oxic layer, divided by A; 
4. Dm(t): the quantity of DMS in the anoxic layer, divided by A. 

Note that Pox(t)/z(t) represents the concentration of DMSP in the oxic layer. 
Similarly, P.m(t)/(d-z(t)) represents the concentration of DMSP in the anoxic layer. 
DMS concentrations are given by Dox(t)/z(t) and Dm(t)/(d-z(t)). 

Four kinds of fluxes affect these state variables: gain fluxes due to exudations 
from the oxygenic phototrophs; gain and loss fluxes due to biotransformations; 
passive fluxes due to diffusive exchanges with the surrounding of the mat; and 'shift' 
fluxes due to the movement of the oxic/anoxic boundary. The latter two kinds 
require a few words of explanation. 
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Passive fluxes 

Both DMSP and DMS may diffuse through the boundary between the mat and 
atmosphere above the mat. In this model, only diffusion of DMS out of the mat is 
taken into account, in the form of a term 

-'KD
 D'"{,) 

in the kinetics of Dox(t) (recall that Dox(t)/z(t) is a concentration), where KD is an 
effective mass transfer coefficient. DMS concentrations in the surrounding of the 
mat are taken to be nil, so that diffusive imports of DMS do not figure in the model. 
The scope of the present model is restricted to a fully emersed mat, where passive 
exchanges of DMSP between mat and ambient be ignored. 

Boundary 'shift' fluxes 

The continual repartitioning of the space within the mat into an oxic 
compartment and an anoxic compartment is represented by the time-varying depth 
of the boundary z(t). Simply as a result of this repartitioning, exchanges between the 
oxic and anoxic quantities occur. The magnitude of these fluxes clearly depends on 
the rate of change of z(t); as the boundary progresses downwards, particles shift from 
the diminishing anoxic layer into the oxic layer. Then, as the oxic layer once again 
retreats, a reverse shift occurs. 

At this point, it is convenient to introduce a function z'(t) of time, defined as 
follows: 

--(/),"-„) (2) 
dt 

Thus, z'(t) gives the rate of change of z(t). 
The shift flux should be the product of z'(t), A, and the concentration at the 

boundary. A simple and natural choice for this boundary concentration is to take 
the oxic concentration when the oxic layer is decreasing, and to take the anoxic 
concentration when the anoxic layer is decreasing. 

To implement these considerations, consider first the case where z'(t)<0 (the 
oxic layer is decreasing). The boundary flux then amounts to Pm(t)z'(t)/z(t) for 
DMSP, and to Dm(t)z'(t)/z(t) for DMS. Thus, a term Pox(t)z'(t)/z(t) is added to the 
kinetics of Pox(t), while a term -Pox(t)z'(t)/z(t) is added to the kinetics of Pm(t) (note 
that the latter is a gain term, for z'(t) is negative). 

When the anoxic layer is decreasing, z'(t)>0, the boundary flux term in the 

kinetics of Pox(t) is given by 
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while this term appears with a minus sign in the kinetics of Pm(t). At points in time 
where z'(t) = 0, there are no boundary fluxes. The 'shift' DMSP fluxes may be 

denoted ^p(i), defined as Pox(t)z'(t)/z(t) for z'(t)<0 and as Pm(t)z'(t)/(d-z(t)) for 

z'(t)>0. For DMS fluxes, the analogous term <t>c(0 is introduced, defined as 

Dox(t)z'{t)/z(t) for z'(t)<0 and as Din(t)z'(t)/(d-z(t)) for z'(t)>0. 

Metabolic conversions 

The concentrations of DMSP and DMS change continually as a result of the 
active biotransformations. When different conditions (oxic, anoxic, light) are taken 
into account, it is found that the nine biotransformations listed in Table 7.1 need to 
be represented as 12 distinct processes. These are listed in Table 7.2, together with 
representative parameter values for a microbial mat as found on the Wadden Islands 
of The Netherlands and Germany. All DMS accounted for in the present model 
derives from DMSP. It has been found that DMS can also arise from other sources, 
such as methoxylated aromatic compounds (Bak et al. 1992). In the present model it 
is assumed that those additional transformations contribute very small to DMS 
fluxes in comparison to the DMSP-derived flux, and may therefore be ignored. 

By way of example, the derivation of a kinetics term for one such process will 
now be outlined. Consider an oxic process which is rate-limited by the 
concentration of DMSP. Recall that this concentration is given Pox(i)/z(r). 
The process is assumed to depend on this concentration according to the familiar 
Michaehs-Menten type hyperbola, with a saturation constant Kv The rate at which 
the process proceeds at DMSP concentrations very much larger than the saturation 
constant can be conceived as a product of two factors. The first factor is the 

maximum rate per unit biomass, denoted by v, The second factor is the quantity of 
biomass which is 'devoted to ' the process at hand, and which is, moreover, exposed 
to the oxic condition. Denote the quantity of biomass devoted to the process per 
unit mat volume by p ;. On the assumption that this biomass is distributed uniformly 
along the depth axis of the mat, the biomass exposed to the oxic condition is given as 

p/iz^J. Thus the maximum rate, divided by A, is just v;p-,z(t). The rate term in the 

above system of differential equations thus becomes 

K,+Pox(t)l:«) 

Terms for anoxic processes are derived analogously. 
The biomass in natural mats is not uniformly distributed, contrary to the 

assumption underlying the present model. However, it is becoming increasingly 
clear that separation of functional groups into several layers at varying depths is far 
from strict (e.g. Visscher 1992, Van den Ende et al. 1997). A generalization of these 
recent findings for the sake of model clarity seems therefore legitimate. 
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Table 7.2. Parameter values. 

Oxic/anoxic 

boundary kineticss 

DMS loss to ambient 

Metabolic conversions 

i process 

1 DMSP exudation 

2 DMS exudation 

3 DMSP cleavage 

4 DMSP cleavage 

5 DMSP cleavage 

6 DMSP cleavage 

7 DMSP demethylation 

8 DMSP demethylation 

9 DMS oxidation 

10 DMS oxidation 

11 DMS oxidation 

12 DMS oxidation 

t 

OL 

OL 

OA 

O 

OAL 

A 

O 

A 

OAL 

O 

A 

A 

<P 

13.5/24 

KD 

0.1 

• 
V, 

5.04 x 10'' 

1.008 x 1C 

4.32 x 10" 

7.20 x 10' 

7.20 x 10" 

1.44 x 10' 

1.44 

2.88 x 10' 

7.20 x 10' 

1.44 x 10' 

2.88 x 10 

1.44 x 10" 

"111 

|2] 

Til 

[5] 

[7] 

[8] 

HOI 

1111 

d 

1 x 10'"' 

K, 
-

-
1.2 x 1 0-

1 .5x1 0' 

2.5 x 10-

4.0 x 10" 

1 .0x10" 

1 . 0 x 1 0 ' 

4.0 x 10" 

4.5 x 10' 

1 .5x10 ' 

1.0x10" 

[2] 

[4] 

[5] 

[6] 

[7] 

[9] 

z* 

1 x 10"4 

P, 
3.75 

3.75 

3.75 

0.75 

0.15 

0.45 

0.75 

0.90 

0.15 

0.75 

0.015 

0.045 

Az 

5 x 1 0 ' ' 

V' P, / K* 

-

-

14 

36 

0.43 

16.2 

108 

26 

2.7 

2.4 

0.29 

0.065 

11] Dacey & Wakeham (1986); [2] Stefels & Van Boekel (1993); [3] Ledyard & Dacey (1994); [4] De Souza & 
Yoch (1995a); [5] Van der Maarel et al. (1996b); |6] Van der Maarel et al. (1996a); [7] Visscher & Van Gemerden 
(1991Ö; [8] Kanagawa & Mikami (1989); [9] Kanagawa & Kelly (1986); [101 Tanimoto & Bak (1994); [11) Finster 
et al. (1992). 

Processes are carried out by the following physiological groups: Oxygenic phototrophs: /'= 1,2,3; Aerobic 
heterotrophs: /=4,7,10; Purple sulfur bacteria: /=5,9; Sulfate-reducing bacteria: /= 6,8,11; Methanogens: /=12 
' Conditions: O: oxic; A: anoxic; OA: both in the oxic and in the anoxic layers; OL: only in the oxic layer, and 
only between 7 a.m. and 7 p.m. OAL: in both layers, but only between 7 a.m. and 7 p.m. 

• • 
<p in d (day); d, z*, and Azin m; K ö in m d'1 ; V in mol d"1 (gcell protein)"1; K in mol m ' ; p in (gcell protein) m ' 

V2 , V6 , K,, K4, K,„ KH, K,l; K,„ were taken directly from the reference. 
• • • • • • 

V 3 , V 4 , V9 , V i o , V n , V|2 were calculated from data provided by the reference. 
• • • • 
V| , Vs , V7 , V8 , K,„ K7, K „ , K,, are 'guesstimates'. 

KD based on the value given by )0rgensen & Okholm-Hansen (1985), divided by 4 to account for lower activity 

in soil of solutes, Revsbech (1989). 

• • 
Vi and K7 are supported by Taylor & Gilchrist (1991); Vs and K, are supported by Jonkers et al. (1998a). 

p's were based on most-probable-number (MPN) counts and photopigment content (chlorophyll a and 

Bchlorophyll a) in microbial mats (De Wit et al. 1989, Visscher 1992, Van den Ende & Van Gemerden 1994) and 

MPN counts of DMSP and DMS degrading bacteria (Jonkers et al. 2000). 

ps for sulfate-reducing bacteria involved in DMS oxidation and DMSP demethylation and cleavage were based on 

the relative numbers of species known to utilize these degradation pathways (Tanimoto & Bak 1994, Van der 

Maarel et al. 1996a, Van der Maarel et al. 1 996b). 

* Estimates for oxic/anoxic boundary kinetics were based on Visscher & Van den Ende (1994). 

110 Chapter 7 



Differential equations 

Collecting the terms corresponding to passive fluxes, boundary 'shift' fluxes, 
and biotransformations, we find that the kinetics of DMSP and DMS is described in 
our model by the following system: 

dt t-> Kjz(t) + Pox(t) 
(=3,4,5,7 

!/.„,(,)-;,(/)- y '-w*'»«-'to\ 
dl ^ K, (d - - ( / ) ) +Pan(l) 

( = 3.5.6,8 

dt 
/=3.4,5 

;,)(o-;«D«' ,"+^,:(/)+ y S ^ ' J H W . y °«^ '^<" 
/ = 3.4.5 / = 9, I0 

Da„(') = -*D«)+Y ra„U)l P,(d-:«))„ Y Dlw{l)'Vl Pi(d-=(,)) ( 3 ) 

t-J K,(d-z(t)) + P„„(t) i-i KAd -:(!)) + D„„(t) 
/=3,5,6 (=9,11,12 

where the index i ranges over the twelve metabolic conversion processes listed in 
Table 7.2. Representative parameter values for a microbial mat as found on the 
Wadden Islands of The Netherlands and Germany are also given in Table 7.2. A 
number of the parameter values in this table are 'guesstimates'. These values were 
arrived at by comparing kinetic parameters over a range of substances in the 
functional group concerned. To assess how this guesswork affects the results of the 
simulations, a sensitivity analysis was performed. 

The terms for i = 1,2,5,9 are set to zero for t<7/24 d and t>19/24 d (that is, at 
'night'). These terms correspond to the activities of phototrophs, which require light 
to carry out the biotransformations expressed by these terms. 

When the hyperbolic rate dependences are linearized, Equation 3 becomes: 

d ' ' ''' 

j P0At) = *ƒ•(/) + «J, -0) ~ A-ox P0A') 
dt 

d 
PaH(t) = <f>p(t)-AanPa»(t) 

dt 

d D„AI) = <H D(t) - KD D"A,) + fa --0) + 'lax lox P„x0) ~ •*<* Dnx0) 
dt :0) 

d • J' '" 
Da„0) = -®,)0) + TJan *•*> Pan(t)-Xm Dm(t) (4) 

These expressions contain a number of 'lumped' parameters, which are defined in 

Table 7.3: fa and fa_ are production flux parameters; the four X -type parameters are 

pure rate parameters. The partitioning coefficients i]„x and rjm are important. These 
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express the portion of DMSP which ends up, after microbial degradation, as Table 
7.3. Lumped parameters. 

Definition Value 

light dark 

<t>\ = v i P\ 

<2 = V2 Pi 

I' 

'*• OX — Z v,p 

/=3,4,5*,7 

A. at 

1.89 x 10"' 

3.78 x 10 " 

1.58 x 102 

5.60 x 10 

0 

0 

1.58 x 10 

5.56 x 10 

Z Vj p, 

5*.6.8 ' 

^ 'v,„, 5.10 2.40 7' j=9*. 10 

* V"1 vi Pi 

A-an = > — 3.05 0.353 
i=9«, 11.12 ' 

Z,=345« ViP'/K' 0.316 0.314 
lax = 

1 . 3 . 4 , . , V""'K> 

Z , = 3 5-6 'V'P>IK> 

y v,Pi/K, 
^-(/=3,5*,6,8 

0.538 0.534 

(«sin mol d'1 m"' ; X s in d"1 

?i s are mol S in DMS per mol S in DMSP 

Terms marked * are omitted for the 'dark' values 

DMS. In other words, these two parameters compare the importance of DMSP 
cleavage with respect to total microbial DMSP breakdown (cleavage plus 
demethylation). 

Slurry experiments 
To determine degradation rates of DMSP and DMS, slurry experiments were 

done with sediment collected in august 1996 at two different sites in the Bassin 
d'Arcachon (France): He aux Oiseaux (station A) and Pointe de Causseyre (station 
L). The sediment of station A consists of fine sand and clay and is mostly covered 
with seagrass. The sediment of station L is much more sandy and was covered with 
low numbers of diatoms at the moment of sampling. (For a more detailed 
description of the Bassin d'Arcachon, see (Caumette et al. 1996). Samples were taken 
during low tide from the upper layer (ca. 1 cm) of the sediment. The sediment of 
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station A was filtered with a coarse sieve to remove the seagrass. Slurries were 
prepared by mixing the sediment with seawater in a ratio of ca. 1:5 (w:v). Then 40 
ml of slurry was put in 160-ml glass vials which were closed with butyl rubber 
stoppers and crimp seal caps. For light and oxic conditions the vials were incubated 
on a shaking incubator at about 40 umol photons m"2 s"1; for dark and anoxic 
conditions the vials were wrapped with aluminum foil and purged with nitrogen gas 
for about 30 minutes. In the experiments, either DMS ('DMS addition') or DMSP 
('DMSP addition') was added. Both were added through the rubber stoppers in a 
final concentration of 50 umol l"1 slurry. DMS was determined gas 
chromatographically by headspace analysis (Van Bergeijk & Stal 1996). To 
determine DMSP, samples of 1 ml were taken from the slurries with a syringe 
through the rubber stoppers. DMSP was measured indirectly, as DMS, after alkaline 
hydrolysis. 

Equation 4 was simultaneously fitted to the data, using the least-sum-of-squares 
criterion, and with the diffusion, 'shift', and exudation terms set to zero, as these 
terms do not apply in the experimental situation. A background term was added to 
the DMSP concentration in order to account for DMSP that shows up in the 
analysis although it was not biologically available in the slurry. This term was 
estimated as a 'nuisance parameter'. Initial conditions were taken to be the average of 
the experimental values at t = 0. The parameter estimates which were obtained are 
shown in Table 7.4. Curves corresponding to these estimates are shown in Figure 
7.4, together with the experimental data. 

Table 7.4. Parameter estimates for slurry exper iments. 

Experiment 

St. A, light-oxic 

St. A, dark-anoxic 

St. L, light-oxic 

St. L, dark-anoxic 

lp (Ir1) 

0.368 (0.169) 

0.0847(0.0301) 

0.140 (0.0336) 

0.0359 (0.0054) 

ID tfr1) 

0.107 (0.013) 

0.0095 (0.0021) 

0.0326 (0.0044) 

0.0041 (0.0012) 

1 

0.323 (0.107) 

0.865 (0.110) 

0.845 (0.096) 

0.627 (0.066) 

Values in parentheses are estimated standard deviations. 

Simulations 

Procedures 

Equation 4 was solved numerically for the parameter values listed in Tables 2 
and 3, using a Runge-Kutta fourth order scheme (Burden & Faires 1989), with a step 
size of 0.0005 d. A stationary cycle was obtained by simulating diel cycles until the 
relative distance between the values of the four state variables at the beginning and 
the end of a simulated day was smaller than 10'\ This relative distance was computed 
by taking for each state variable its value at the beginning and at the end of a 
simulated day, dividing the difference between these values by the 'beginning' value, 
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60 

A St. A: light, oxic 
DMS addition 

60-, 
B St. A: dark, anoxic 

DMS addition 

DMSP addition 
60-, 

DMSP addition 

0 50 hours 

C St. L: light, oxic 
DMS addition 

60-, 

0 50 hours 

D St. L: dark anoxic 
DMS addition 

50 hours 

Figure 7.4. DMSP and DMS degradation in slurry experiments. Solid lines represent parameter fits. Crosses 

represent DMSP measurements. Dots represent DMS measurements. A: Station A, under light-oxic conditions; B: 

Station A, under dark-anoxic conditions; C: Station L, under light-oxic conditions; D: Station L, under dark-anoxic 

conditions. 

thus obtaining four relative change values (one for every state variable), and, finally, 
taking the square root of the squared relative change values. 

To compute the mean emission rate of DMS from the mat, a fifth state variable 
was added which accumulated the diffusive efflux of DMS. 

Stationary cycle 

A stationary diel cycle in the model mat was computed. Figure 7.5 shows the 
time course of the interstitial DMSP and DMS concentrations during this cycle, in 
the oxic layer as well as in the anoxic layer, for the parameter values listed in Table 

7.3 with Ki) from Table 7.2. The mean DMS emission flux during this cycle 
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Figure 7.5. Diel pattern of DMSP and DMS concentrations in the oxic and anoxic layers of the microbial mat 

model, during a stationary diel cycle. A: DMSP concentration in the oxic layer; B: DMSP concentration in the 

anoxic layer; C: DMS concentration in the oxic layer; D: DMS concentration in the anoxic layer. Concentrations 

in (imol m''. 

amounts to 0.0147 umol m'2 d"1. This cycle serves as the 'benchmark' cycle. The 
solution of the linearized system (Eq. 4) was virtually identical to the solution of the 
orginal non-linear system (Eq. 3) for this benchmark cycle. 

Sensitivity analysis 

To gauge the influence of the parameter values on the mean DMS emission, 
stationary cycles were computed for altered parameter values. The parameters were 
altered one at a time, keeping all others at the benchmark values listed in Table 7.3. 

• •'' 
The oxic DMSP turnover rate Xox was set at various values ranging from zero to 

well over the benchmark value. The mean DMS emission flux did not appear to be 
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sensitive to this parameter in the neighbourhood of the benchmark value of Table 
7.3. Indeed, only at oxic DMSP turnover rate values much below this standard value 
did the emission flux become markedly lower than the benchmark value of 0.0147 
umol m"2 d"1 (Figure 7.6A). 

The anoxic DMSP turnover rate >.im was also set at various values ranging from 
zero to well over the benchmark value. It appeared that the mean DMS emission 
flux is not critically dependent on the anoxic DMSP breakdown rate (Fig. 7.6B; both 

J' 
the 'light' and the 'dark' values of Atm were set at the value plotted on the abscissa in 

this graph). 

The oxic DMS turnover rate l„x was set at various values ranging from zero to 
over ten-fold the 'light' benchmark value (Table 7.3). It turned out the mean DMS 
emission flux decreases with an increasing oxic DMS breakdown rate (Fig. 7.6C; 

.D 
both the 'light' and the 'dark' values of A„X were given the value plotted on the 

J> 
abscissa in this graph). Among the four lumped rate parameters, Xox was found to be 
the most critical as regards the mean DMS emission flux. 

The mean DMS emission flux was also found to decrease with an increasing 
. £ > 

anoxic DMS breakdown rate Ian (Fig. 7.6D; both the 'light' and the 'dark' values of 
,D 

/„„ were given the value plotted on the abscissa in this graph). However, the 
benchmark value is in the region where the mean DMS emission is hardly affected 

•» . . . . . «° . 
by changes of Xan • Therefore, the DMS emission flux is not very sensitive to Xm in 
the neighborhood of the benchmark value (Table 7.3). 

Sensitivity with respect to the partitioning coefficients was also evaluated. Both 

were set at values ranging from zero to one. As one would expect, the mean DMS 

emission flux increases with an increasing oxic partitioning coefficient rjox (Fig. 

7.7A; both the 'light' and the 'dark' values of rjm were given the value plotted on the 

abscissa in this graph). The oxic partitioning coefficient rjox increases as DMSP 

demethylation by aerobic heterotrophs becomes quantitatively less important in the 

DMSP diagenesis of the mat. In this respect, this physiological group plays a key 

role in the mat's behavior as a DMS 'plant'. The anoxic partitioning coefficient rjim 

on the other hand, did not appear to be critical with respect to the mean DMS 

emission flux (Fig. 7.7B; both the 'light' and the 'dark' values of r/a„ were given the 

value plotted on the abscissa in this graph). 
Finally, the DMS mass transfer coefficient KD was set at various values. It was 

found that this parameter affects the mean DMS emission flux markedly (Fig. 7.7C). 
If the present benchmark value is an overestimate, the DMS efflux might be much 
smaller than the benchmark value of 0.0147 umol m"" d" . 
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Figure 7.6. Model sensitivity analysis. Graphs show mean DMS emission over the stationary diel cycle as a 

function of a model parameter, Equation 4. Other parameter values are kept at the benchmark values of Tables 2 

and 3. Both 'light' and 'dark' values are set at the value plotted here on the abscissa. A: oxic DMSP breakdown 

rate; B: anoxic DMSP breakdown rate; C: oxic DMS breakdown rate; D: anoxic DMS breakdown rate. Emission 

rates in u.mol m"2 d ' . 

Altered DMS emission in perturbed mats 

A number of ecological 'what if' questions may be put to the model. Five such 
questions will presently be considered here. 

Increasing exudation rates. Increased irradiation may lead to an increased 
exudation of DMSP and DMS by the oxygenic phototrophs. Dimensional analysis 
of system Equation 4 reveals that the mean DMS efflux will increase by a factor a 

when both exudation rates (^ and </>2) are multiplied by that factor a (this result no 

longer holds when a becomes so large that the linear approximations to the 

hyperbolic responses in Equation 3 are no longer valid). 
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Figure 7.7. Model sensitivity analysis. Graphs show mean DMS emission over the stationary diel cycle as a 

function of a model parameter, Equation 4. Other parameter values are kept at the benchmark values of Tables 2 

and 3. Both 'light' and 'dark' values are set at the value plotted here on the abscissa. A: oxic partitioning 

coefficient; B: anoxic partitioning coefficient; C: mass transfer coefficient. Emission rates in u.mol m"2 d ' . 

Shifts in physiological group compositions. The composition of the mat may alter 
as regards the relative propensities of the various physiological groups. The biomass 
densities, expressed by the p parameters, then change. The effects of such changes 
depend on the contributions made by the various groups to the lumped parameters 
listed in Table 7.3. For the benchmark setting of Table 7.3, the most influential 
groups are found to be the oxygenic phototrophs and the aerobic heterotrophs. The 
former group is responsible for DMSP and DMS exudation. As noted in the 
preceding paragraph, DMS efflux is directly proportional to the exudation fluxes 

carried by the oxygenic phototrophs (provided that the ratio <*, / <t>2 remains the 
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same). The aerobic heterotrophs, too, have already been noted for their key role in 
determining the oxic partitioning coefficient rjox. 

•>' 
Together, the aerobic heterotrophs and the purple sulfur bacteria give A„x its 

large value. However, as long as this value remains above -40 d"1, changes in 

contributing biomass densities do not much affect the mean DMS emission flux. 
The most critical lumped rate parameter in the sensitivity analysis proved to be 

./) 
lox • This parameter is composed of about equal contributions of purple sulfur 
bacteria and aerobic heterotrophs. In sum, it appears that the mat's DMS production 
is most sensitive to changes in the biomass density of the oxygenic phototrophs and 
the aerobic heterotrophs, followed by the purple sulfur bacteria. 
Osmotic stress: continuous DMSP load. Osmotic stress may occur regularly throughout 
the diel cycle, causing the oxygenic phototrophs to release intermittently some of 
their DMSP into the interstitial space. Such osmotic stress may be modelled as a 
continuous extra DMSP flux, proportionally distributed over the oxic and anoxic 
layers. Figure 7.8 shows the stationary cycle results for a number of continuous 
DMSP load fluxes. This graph is nearly linear. Thus, one may infer a partitioning 
coefficient of -0.16 (S in DMS per S in DMSP) for the additional loads; this number 
expresses the fraction of the load that escapes as DMS. 
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Figure 7.8. Mean DMS emission over the stationary diel cycle as a function of DMSP load (Eq. 4). Parameter 

values are kept at the benchmark values of Tables 2 and 3. 

The stationary diel patterns of DMS emission from the model mat, at a number 
of load values in the same range as the abscissa of Figure 7.8, are shown in Figure 
7.9. There appears to be a shift in maximum DMS efflux from 3 p.m. towards noon, 
as the load value increases. 

0 0.04 0.0B 0.12 0 .16 0 .2 0 .24 
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Figure 7.9. Diel pattern of DMS emission at various DMSP loads, plotted as a function of time over the stationary 

cycle (Eq. 4). From bottom to top, the profiles correspond to DMSP loads of: 0, 0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 

0.25 u.mol m"*' d"1. 

Alkaline stress: oxic knockout. Microbial mats tend to be poorly carbonate 
buffered, as a result of carbonate diffusion limitation; intense photosynthetic activity 
(carbon dioxide fixation) in such systems leads to alkaline stress (Visscher & Van 
Gemerden 1991^). Changes in the p H value of the interstitial fluid lead to a 
diminished activity of the microbes which carry out the 'oxic' processes in the 
present model (De Zwart & Kuenen 1995). Such alkaline stress may be modelled by 

multiplying the v, values for 'oxic' processes (Table 7.2) by a 'knock-out' factor, and 
recomputing the lumped parameters defined in Table 7.3. Figure 7.10A shows the 
stationary cycle results for a number of oxic knock-out factors. 

The nearly proportional behaviour exhibited in this graph means that oxic 
knockout is dominated by the dimished exudation rates. However, inasmuch as 
alkaline stress usually arises as a result of intensive photosynthetic acivity, it seems 
plausible that exudation rates remain at the benchmark value (or become even 
higher). Figure 7.1 OB shows what happens when the exudation rates are exempted 

from oxic knock-out. The exudation rates (j)x and (j>2 have been kept at their 

benchmark values in these simulations. Oxic knock-out in this case tends to increase 
DMS emission from the mat (except at 'severe' knock-out factors below ~ 0.1). This 
result is consistent with simulation results reported by (De Zwart & Kuenen 1995). 

Eutrophic stress: continuous DMSP load at anoxic conditions. The mat may become 
covered by rotting algae, which cause the entire mat to become anoxic and which, 
moreover, exude a considerable DMSP load. Such eutrophic stress may be modelled 
by assigning the 'anoxic' values in Table 7.3 to the 'oxic' parameters, 

0.12 
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oxic knock-out factor 

Figure 7.10. Mean DMS emission at various 'knock out factors' for the oxic processes. A: oxic knock-out is also 

applied to exudation of DMSP and DMS by oxygenic phototrophs; B: oxic knock-out is not applied to exudation 

of DMSP and DMS by oxygenic phototrophs. Emission rates in u.mol m"2 d"1. 

adding a continuous extra DMSP flux, proportionally distributed over the oxic and 

anoxic layers, and, finally, setting the exudation rates <*>, and <j>2 to zero. 

Dimensional analysis shows that the mean DMS emission rate is directly 

proportional to the imposed DMSP load. Simulations indicate a partitioning 

coefficient of -0.21 (S in DMS per S in DMSP) for the eutrophic loads; this number 

expresses the fraction of the load that escapes as DMS. 

Discussion 
The present model gives a quantitative description of DMS emission from a 

microbial sedimental ecosystem in response to various ecological influences, such as 
osmotic stress, alkaline stress, and eutrophic stress. The model shows how 
physiological characteristics at the level of individual functional groups can be 
aggregated into a simple model of the microbial mat. The sensitivity analysis 
presented here should be helpful in assessing differences between maps of various 
functional group compositions, as regards their DMSP biotransformation behaviour. 

Atmospheric DMS has been implicated in a climatic feedback mechanism 
(Charlson et al. 1987, De Zwart & Kuenen 1992, Williams 1996). Briefly, through a 
number of intervening processes, DMS is ultimately involved in the formation of 
clouds. An increase of cloudiness is thought to adversely affect the activity of the 
marine and estuanne unicellular organisms. Inasmuch as the production of DMS is 
among those activities, a regulatory feedback cycle is thus thought to arise. The link 
between solar irradiance and biotic DMS production is quite uncertain (Charlson et 
al. 1987; see also Lawrence 1993). Models of the type proposed in this paper can 
quantify the role of microbial mats in this link. 
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The transfer fluxes of DMS and DMSP between the oxic layer and anoxic layer 
are represented in the present model as boundary 'shift' fluxes. Because the two 
compartments are assumed to be well-mixed, the concentration profiles have a step 
shape. They are constant within each of the two layers, with a discontinuous 'jump' 
at the oxic-anoxic transition. In reality, the concentration profiles have a more 
smooth shape, leading to concentrations at the oxic-anoxic boundary that are 
intermediate between the oxic and anoxic values. Consequently, the 'shift' fluxes in 
the present model are either an overestimation or an underestimation of the true 
'shift' transfer between the two layers, depending on whether the boundary shifts in 
the direction of the higher or the lower of the two concentrations. On the other 
hand, exchange by diffusion is unaccounted for in the present model. It is not 
difficult to show that the over/underestimation error in the shift flux and the error 
arising from the neglect of diffusion always act in opposite directions, tending to 
counteract one another. Hence, one might regard the shift flux error as a crude 
model of diffusive exchanges. The error increases as the concentration difference 
between the two layers increases, which ties in with its proposed role as a 
simulacron of intrasedimental diffusion. It may well be the case that true diffusion of 
DMS within the sediment proceeds much slower or much faster than in the present 
crude model. In that case, an additional explicit diffusion term should be added to 
the model. An experimental observation which would prompt the inclusion of such 
a term would be a marked emission of DMS during the night, a phenomenon that is 
not observed in the present model. 

A substantial portion of the parameters in Table 7.2 are 'guesstimates', which is 
rather discouraging given that the Wadden Island microbial mat is a much-studied 
ecosystem and that the present model is comparatively simple. The problem is 
inherent in any effort to describe the behavior of a microbial ecosystem in terms of 
the constituent organisms. All relevant data on these constituents must be available 
in order to obtain a reliable integrated model. As it stands, the present model falls 
short of this requirement. The sensitivity analysis, however, showed mean DMS 

.'> 
emission to be most sensitive to the rate parameter xox , which was computed from 

available data. Thus, so long as the remaining rate parameters are within the correct 
order of magnitude (say), the model's description of DMS emission may be rather 
fair. 

To check this, we compared the lumped parameters of our benchmark with the 
parameters derived from the slurry experiments, Table 7.4. The values were found 

to compare quite well: except for the degradation rates of DMSP {Aox and A,m ), all 
J' J' 

parameters were in the same order of magnitude. The X„x and lan values obtained 
from the data of the slurry experiment of station L were an markedly lower than the 
benchmark values. There are two possible explanations for this. Firstly, the 
microbial biomass of the sediments from station L might have been much lower 
than the biomass in the microbial mats which our model aims to represent. 
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Secondly, the 'guesstimates' for xox and AM, may be well off the mark. Especially the 
value for the oxic demethylation of DMSP (Table 7.2) seems to be very high. This 
value could not be taken directly from the literature, which demonstrates the 

problem we had with collecting the data necessary for our model. But although /,«• 

*'' • and /.im might have been overestimated, this hardly has an effect on the DMS 

emission which is predicted by the model, as was already mentioned above (see also 
Fig. 7.6A, B). 

The present model relates DMS emission from a microbial mat to functional 
group composition (the physiological make-up of the mat), as well as to various 
types of ecological alterations. The model's primary outputs are time courses of 
DMS and DMSP in the interstial fluid of the sediment in the oxic (top) layer and the 
anoxic (bottom) layer, DMS emission rates, and partitioning coefficients for 
additional DMSP loads. It would be instructive to compare the simulated time 
profiles with experimental ones. Unfortunately, in situ tracking of DMSP and DMS 
concentrations in microbial mats is difficult to achieve in practice. Reliable in situ 
measurements of DMS concentrations are presently not available, due to the 
persistent DMSP-lyase activity of microbial mat samples. Sampling causes 
mechanical disturbance which results in release of DMSP from DMSP-producing 
primary producers (Wolfe et al. 1997). The subsequent lysis of the released DMSP 
results in an overestimation of the DMS concentration. Inhibitors which completely 
block the DMSP-lyase activity and leave the DMSP and DMS concentrations 
unchanged are presently not available (Kiene 1988, Visscher et al. 1994). Moreover, 
the patchy distribution of organisms involved in DMSP production and turnover in 
microbial mats contributes to further inaccuracy in the determination of DMS and 
DMSP concentrations. To overcome these problems, the sediment was slurried in 
previous research. Slurries were preincubated for a certain period in order to obtain 
a homogeneous slurry in which any DMSP that is initially present is largely 
consumed (Kiene 1988, Visscher et al. 1994). The obvious drawback of this method 
is that the in situ microbial composition and related processes are disturbed or 
altered. (Visscher et al. 1995) found that slurry-based concentrations were over two 
orders of magnitude larger than pore water-based measurements. The values in the 
benchmark cycle of this paper are again about two orders of magnitude lower, 
meaning that exudation rates in our model may be too low, or that the breakdown 
rates may be too fast; the latter possibility is also suggested by the results of the 
slurry experiments, Table 7.4. 

Physiological properties of the constituent biota and fluctuating abiotic 
conditions combine to produce the eco-metabohsm of a microbial mat. The model 
presented and analyzed here captures the essentials of these interactions in order to 
describe DMSP metabolism at the ecosystem level, and predict increased DMS 
emissions under various ecological disturbances. 
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Concluding remarks 

Production of DMS(P) 
The research presented in this thesis focused on the contribution of oxygenic 

phototrophs to DMSP metabolism in intertidal sediment ecosystems. It was found 
that diatoms are a major source of DMSP in these systems (Chapters 2 and 5). The 
range of specific DMSP contents found in benthic diatoms was similar to the range 
reported in literature for planktonic diatoms (Keller et al. 1989). This confirms the 
general assumption that diatoms are modest producers of DMSP compared to 
prymnesiophytes and dinophytes, which are considered high producers (Keller et al. 
1989). However, since diatoms can reach high biomasses in intertidal sediments, 
high concentrations of DMSP were observed correspondingly (Chapters 4 and 5). 
Apart from diatoms, certain free-living green algae (Chapter 5), as well as green algae 
living in symbiosis with a flatworm (Chapter 6), might also account for considerable 
production of DMSP. 

Another important result from this research is the observation that 
cyanobacteria do not produce significant amounts of DMSP in intertidal sediments 
and perhaps do not produce it at all (Chapters 2 and 5). This is in agreement with 
several published reports (White 1982, Keller et al. 1989, Corn et al. 1996, Vogt et al. 
1998), but it contradicts the publications by Visscher & Van Gemerden (1991^) and 
Vogt (1997) who reported high concentrations of DMSP in a number of 
cyanobacteria. Also, Wilson et al. (1998) found very high concentrations of DMSP 
associated with Synechococcus spp, corresponding to an intracellular concentrations 
of > 1 M. These different results may be partly explained by differences in culture 
conditions or physiological status of the organisms. In chapter 2 it was shown that 
some cyanobacteria obtained from culture collections contained some DMSP, which 
was lost after cultivation in our laboratory, and that a few cyanobacteria contained 
some DMSP after nitrogen starvation. The amounts of DMSP detected in these 
strains were, however, still very small. Up to now it remains uncertain if 
cyanobacteria are actually capable of producing DMSP. Vogt (1997) found that DMS 
continued to increase for days after addition of alkali to cell extracts of 
cyanobacteria, which contradicts the presence of DMSP since this is very rapidly 
cleaved to DMS at high N a O H concentrations. The question whether cyanobacteria 
really produce DMSP should be resolved because cyanobacteria contribute 
significantly to primary production in some environments. Moreover, it would be 
interesting to know if freshwater cyanobacteria produce DMSP. It is usually 
assumed that DMSP production is restricted to marine species. However, 
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production of DMS has been associated with freshwater cyanobacteria (Jenkins et al. 
1967, Bechard & Rayburn 1979), though DMSP was not determined in these studies. 
Thus, a variety of freshwater and marine strains of cyanobacteria should be tested on 
their DMSP content using methods available at present that specifically determine 
DMSP, such as HPLC-FPD (Howard and Russell 1995), GC-MS (Gage & Hanson 
1996) and NMR spectroscopy (Macdonald et al. 1996). 

Many marine algae possess DMSP-lyase (Stefels & Van Boekel 1993, Nishigushi 
& Goff 1995, De Souza et al. 1996, Steinke et al. 1996). It is being recognized that 
DMSP-lyase activity by algae can have a strong impact on DMS production and 
fluxes to the atmosphere. The prymnesiophyte Phaeocystis is a well-know example 
(Stefels et al. 1995, Van den Berg et al. 1996). Van Duyl et al. (1998) suggested that a 
high DMS concentration measured in coastal seawater during the exponential phase 
of a Phaeocystis globosa bloom was the result of DMSP-lyase activity of this alga. 
Simó & Pedrós-Alió (1999£>) pointed to the striking resemblance between the 
dependencies of photosynthetic activity and DMS yield from DMSP on the mixing 
layer depth of oceans, indicating an important role of phytoplankton in DMSP to 
DMS conversion. 

During the study presented in this thesis DMSP-lyase activity was tested in 
crude extracts of a number of benthic diatoms, but DMSP-lyase activity could not be 
detected (Chapter 2). This was the first time that DMSP-lyase activity was directly 
tested in diatoms and the results confirm other studies suggesting that diatoms do 
not possess DMSP-lyase (Stefels et al. 1995, Kwint et al. 1996). The number of 
species that was tested, however, was quite small and the assay was performed in 
buffers without addition of NaCl or other salts. Recently, it was observed that some 
DMSP-lyases have a salt dependency (Steinke et al. 1998). Because of the potential 
impact of DMSP-lyase activity of diatoms on DMS fluxes a larger number of strains 
(benthic as well as planktonic) should be tested for DMSP-lyase activity, taking into 
account the different physiological optima of different DMSP-lyases. 

In chapter 3 it was shown that DMSP had an osmoprotective function in the 
benthic diatom Cylindrotheca closterium. This was concluded from the observation 
that uptake of externally supplied DMSP by C. closterium was stimulated by salinity. 
This is the first report of uptake of DMSP by a eukaryotic alga. In bacteria this 
phenomenon is quite common and the protective effect of DMSP on bacteria under 
high salinity has been well-established (Pichereau et al. 1998, Cosquer et al. 1999, 
Gage and Rathinasabapathi 1999). Although DMSP synthesis was stimulated at high 
salinities in C closterium, DMSP synthesis after a salinity upshock was slow and 
changes in intracellular DMSP concentration could not compensate rapid changes in 
extracellular osmotic pressure (Chapter 3). Moreover, in several benthic diatoms 
DMSP content was found to increase during growth at constant sa 
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Other researchers also drew this conclusion from their results (Colmer et al. 1996, 
Stefelsetal. 1996). 

Considering the fact that it has been known for almost half a century that algae 
synthesize DMSP in high amounts, it is surprising that the regulation of the 
synthesis of this compound is still largely unknown. Already in 1966, Ackman & 
Tocher (1966) suggested that DMSP might be a secondary metabolite in 
phytoplankton. Much later this opinion was repeated by Kirst (1996), who suggested 
that DMSP may be a sink for excess reducing power under photosynthetically 
favorable conditions. Gröne & Kirst (1992) proposed that DMSP production reflects 
the availability of methionine, which may increase under conditions of stress when 
protein degradation exceeds protein production. Stefels (2000) postulated an 
elaborate hypothesis, which explains DMSP production as an overflow mechanism 
for excess reduced sulfur and excess energy and embraces the theories of Kirst (1996) 
and Gröne & Kirst (1992). The hypothesis of Stefels (2000) suggests that the 
regulatory coupling between assimilatory sulfate and nitrate reduction, which is 
common in higher plants, does not occur in DMSP-producing algae. This 
assumption lacks experimental evidence, because the regulation of sulfate reduction 
in marine algae has not been an object of study. The reason for this is that sulfate is 
very abundant in marine systems and would not be a limiting growth factor for 
marine algae. 

It is a challenge for future research to obtain a better insight in the regulation of 
DMSP synthesis. Not only should the pathway of DMSP synthesis from methionine 
be studied, but also the regulation of assimilatory sulfate reduction in algae deserves 
attention since this is a key process in DMSP synthesis. 

Fluxes of DMS from intertidal sediment ecosystems 
It was shown that production of DMSP by marine diatoms in intertidal 

sediment ecosystems can result in high total concentrations of DMSP in the 
sediment surface layer. But do these high concentrations of DMSP also lead to high 
fluxes of DMS and do intertidal sediments in that way contribute significantly to the 
total flux of DMS to the atmosphere? Fluxes of DMS were not measured in this 
study, but a mathematical model was constructed that predicts fluxes of DMS from 
intertidal sediments over a diel cycle (Chapter 7). As is often the case with ecological 
models, several assumptions were made during the process and some of the 
guesstimated parameter values may not have been realistic (Chapter 7). However, 
the degradation rate constants (A ) calculated by the model were similar to the 
constants measured in sediment slurries presented in Chapter 4. (Because the 
sediment was diluted 6-fold in the sediment slurries, the values of A in Table 4.1, 
Chapter 4, were multiplied with a factor 6). For example, the degradation constant 
of DMSP under oxic conditions, Xox, was 158 d"1 in the model and about 117 d"1 in 
sediment slurries. The degradation constant of DMS under oxic conditions, X , was 
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2.4 to 5.1 d"1 in the model and 19 to 27 d"1 in sediment slurries (Chapter 4). Although 
in the model fluxes of DMS were sensitive to Xm , an increase in Xox from 2.5 to 25 
d"1 would cause a less than 50 % decrease in DMS emission (Fig. 7.6, Chapter 7). 
Despite the fairly high similarity between these calculated and measured degradation 
constants, the model predicted a DMS flux of 0.61 nmol m"2 h ' , which is 1 to 2 
orders of magnitude lower than values measured in the field (Table 8.1). In 
retrospect, a protein content of the oxygenic phototrophs of 3.75 îg protein cm" 
sediment as assumed in the model, is probably 1 to 2 orders of magnitude too low. A 
realistic estimate of biomass concentration in intertidal sediment is 5 - 10 /xg 
chlorophyll a cm'3 (Chapters 4 and 5, Visscher & Van Gemerden 199la, Visscher et 
al. 1994). Assuming a proteinxhlorophyll a ratio of 50 in oxygenic phototrophs, this 
would give a more realistic biomass estimate of 250 - 500 ixg protein cm"3. An 
increase in oxygenic phototrophic biomass in the model yields a proportional 
increase in DMSP exudation rate. Linear extrapolation to DMS emission gives a flux 
of DMS between (250/3.75) x 0.61 = 40.6 and (500/3.75) x 0.61 = 81.2 nmol m 2 h' 
1. This falls in the range of the local DMS fluxes measured in intertidal sediments 
(Table 8.1). This calculation only holds if oxygenic phototrophic biomass is kept 
unaltered in the DMS exudation and DMSP cleavage terms for oxygenic 
phototrophs used in the model. This may not be unrealistic because the results in 
this thesis do not support DMS exudation or DMSP cleavage by diatoms or 
cyanobacteria (Chapter 2). 

Table 8.1 shows that, at a global scale, intertidal sediment ecosystems do not 
emit significant quantities of DMS. But not only do intertidal sediments cover a 
relatively small amount of the Earth's surface, also absolute fluxes of DMS from 
intertidal sediments are not high compared to fluxes from marine pelagic systems. A 
conspicuous exception was the extremely high flux of DMS from sediments 
harbouring dense populations of the marine flatworm C. roscoffensis (Chapter 6). 
The value presented in Table 8.1 gives only a very rough estimate of this flux, but it 
shows that despite its restricted distribution this organism might be responsible for 
as much as 10% of the global DMS emission from intertidal sediments. Apart from 
this special case, it seems that intertidal sediment systems, despite their high 
productivity, do not emit large amounts of DMS. What could be the reason for this? 
First, the degradation of dissolved DMSP and DMS under oxic conditions in 
intertidal sediments is faster than in seawater: 105 - 117 d"1 for DMSP and 19 - 27 d'1 

for DMS in sediment (Chapter 4), compared to an average of about 10 d"1 for DMSP 
(Kiene 1996*) and 0.3 - 2 d"1 for DMS (Simó & Pedrós-Alió 1999*) in seawater. 
Second, the release of dissolved DMSP from the pool of particulate DMSP seems 
slow compared to DMSP release in pelagic systems. A porewater concentration of 
DMS(P) of around 100 nM was measured in the surface layer of an estuarine 
intertidal sediment (Chapter 4). With a turnover of dissolved DMSP of about 110 d"1 

the maximal degradation rate of dissolved DMSP (in the case that only DMSP was 
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Table 8 . 1 . Fluxes of DMS f rom oceans and intert idal sediment ecosystems. 

Ecosystem Local f lux Area# Total f lux Reference 

(nmol DMS m'2 h'1) (km2) (mol DMS d'1) 

Seas and oceans 2 0 - 1 2 0 0 ( 3 0 0 ) " 3 .6x10" 2 . 6 x 1 0 ' " 1 

Intertidal mudflats 30 - 1001 ' 1 

Saltmarsh pan and t idal creek 1 5 - 1 50 c 2 

Intertidal sand- and mudflats 3 - 70 d 3 

Intertidal sediment ecosystem 4 0 - 8 0 " 3 .0x10 4 2 .9x10 4 - 5 .8x10 4 this thesis 

C. roscoffensis* 2 0 0 0 0 0 f 1 4 . 8 x 1 0 ' this thesis 

* Intertidal sediment containing colonies of the marine flatworm C. roscoffensis (Chapter 6) 

minimum and maximum values are given with average in parentheses; fluxes were calculated from surface 

water DMS concentrations, using transfer velocities. 
I'"'1 ranges of average values from different seasons are given; fluxes were measured directly, using dynamic 

flux chambers. 

corrected value predicted by mathematical model (see text). 

value calculated by multiplying DMS concentration in field samples (55 /umol 1-1, Chapter 6) with mass 

transfer coefficient K D (0.1 m d -1 , Chapter 7). 
# Areas are taken from Watts (2000). 
5 Calculated using average value. 

1 Cerqueira & Pio (1999) and references therein. 

2 Harrison etal. (1992). 

3 Bodenbender etal. (1999). 

present in the porewater) would be 100 nM x 110 d1 = 11 jttM DMSP d1. The 
concentration of DMS(P) in the porewater was constant over a diel cycle (Chapter 
4), indicating that production and consumption were in balance. Hence, release of 
dissolved DMSP from particulate DMSP would also be about 11/iM d1. Since the 
total DMSP content of the sediment was about 100 /xM, this implies a turnover rate 
of particulate DMSP of about 10% d"1. Using data from pelagic systems (Ledyard & 
Dacey 1996, Kiene 1996^, Van Duyl et al. 1998) turnover rates of particulate DMSP 
of 14 - 200% d1 were calculated. It was shown that the balance of production and 
consumption of DMS(P) in the sediment could be disturbed by the rapid excretion 
of DMSP by diatoms in response to a salinity downshock (Chapters 3 and 4), which 
could lead to a transient increase in DMS emission (Chapter 7). Third, ventilation of 
DMS from intertidal sediments may be much lower than from seas and open oceans. 
Fluxes of DMS from seawater are usually calculated as F = K^C^ (Liss & Slater 1974, 
Putaud & Nguyen 1996), where Kw is the transfer velocity and Cw is the 
concentration of DMS in the water. The transfer velocity ( /Q depends on wind 
speed in a non-linear way, with Kw progressively increasing with wind speed. 
Cerqueira & Pio (1999) summarized some data on DMS concentrations, wind 
speeds, transfer velocities and DMS fluxes from marine pelagic systems. To calculate 
fluxes of DMS from a sheltered estuary these authors used transfer velocities of 0.05 -
0.18 m d"1 and our estimate of the transfer coefficient (KD) of 0.1 m d"1 that was used 
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in the model to calculate fluxes of DMS from intertidal sediments therefore seems a 
realistic value. Cerqueira & Pio (1999) showed that DMS emissions from sheltered 
areas, with low wind speeds, can be substantially lower than from open aquatic 
systems, where wind speeds are usually much higher, even if concentrations of DMS 
are similar. 

In conclusion, intertidal sediments are highly productive ecosystems, which can 
support high total concentrations of DMSP. These high concentrations do not 
necessarily lead to high fluxes of DMS to the atmosphere, which is explained by a 
relatively slow release of particulate DMSP present in diatoms, a relatively high 
degradation of dissolved DMSP and DMS and a relatively low sediment-air exchange 
of DMS. 
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Summary 

Sulfur is an essential element of all living systems. The trace gas dimethylsulfide 
(DMS) is an important component of the global biogeochemical cycle of this 
element because it is a major atmospheric carrier of sulfur from the marine 
environment, where it is abundant, to the land surfaces. Moreover, DMS is proposed 
to play a role in a climatic feedback system: increases in temperature and irradiance 
at the Earth's surface would stimulate the flux of DMS to the atmosphere where it is 
converted into aerosols which enhance the reflectance of clouds and thus decrease 
temperature and irradiance at the Earth's surface. The flux of DMS from marine 
systems is the result of a complex set of production and consumption processes, 
starting from the production of dimethylsulfoniopropionate (DMSP) by algae. 

The research presented in this thesis was carried out as part of a joint Dutch 
research project (Trace Gas Project) in the framework of the National Research 
Program (NOP) Global Change. The general aim of this project was to obtain 
insight in factors controlling fluxes of DMS from intertidal sediment ecosystems to 
the atmosphere, by integrating ecological, physiological and modeling studies. This 
thesis focused on the contribution of oxygenic phototrophic microorganisms to 
production processes of DMSP and DMS in intertidal sediments. 

In chapter 2 it was shown that benthic diatoms were more important producers 
of DMSP than cyanobacteria. This conclusion was based on measurements in 
cultures of a large number of strains that were isolated from the sediment during this 
study or were obtained from culture collections. In most species of diatoms that 
were tested as well as in mixed natural populations of diatoms, the specific DMSP 
content increased with salinity. However, because the DMSP content of diatoms 
was observed to increase during growth in batch culture at constant salinity, it was 
concluded that salinity did not strictly regulate the production of DMSP. Although 
light intensity, temperature and nitrogen deficiency all affected growth and 
chlorophyll a content of the diatoms, an unequivocal effect of these factors on 
DMSP production was not observed. The regulation of DMSP production was not 
elucidated in this study and therefore this remains an important objective to be 
pursued in future research. Activity of DMSP-lyase, the enzyme that catalyzes the 
cleavage of DMSP to DMS, was not detected in crude extracts of a number of 
diatoms, implying that the contribution of diatoms to production processes of DMS 
is restricted to the production of its precursor DMSP. 

Chapter 3 describes long-term and short-term effects of salinity on the DMSP 
content of the benthic diatom Cylindrotheca clostenum. During growth in batch 
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culture at several salinities DMSP increased with increasing salinity, confirming the 
results presented in chapter 2. Salinity downshocks caused excretion of DMSP by C 
closterium with highest amounts of DMSP excreted upon severest downshocks. 
Salinity upshocks caused a very slow production of DMSP, but production was 
higher at relatively higher upshocks. Furthermore, C. closterium was able to take up 
DMSP when supplied in the medium. It was concluded that DMSP production was 
an integral part of osmoacclimation in C. closterium, but did not play an important 

role in short-term recovery of internal osmotic balance. An osmoprotective function 
of DMSP in C closterium was inferred from the observation that uptake of DMSP 
from the medium was higher after a salinity upshock from 11 to 33 PSU, than from 
11 to 22 PSU. Uptake of DMSP by eukaryotic algae has not been described before. 

In chapters 4 and 5 field data are presented. The data reported in chapter 4 were 
collected at low tide from an intertidal sediment site at the Westerschelde, which was 
covered by a fairly dense film of diatoms. This chapter shows the diel variations of 
chlorophyll a and of the total DMS(P) content and concentration of DMS(P) 
dissolved in the porewater. Both pools of DMS(P) (total and dissolved) were 
constant and did not respond to changing conditions of light and oxygen in the 
sediment. DMS(P) luul was about 100 /xM, which was three orders of magnitude 
higher than DMS(P)porewater (about 100 nM). Only after the onset of a heavy rainfall 
DMS(P) porewater suddenly increased up to several itM, which was explained by the 
excretion of DMSP by diatoms in response to the salinity downshock. Potential 
degradation rates of DMSP and DMS were determined in sediment slurries prepared 
from sediment collected at the sampling site. Degradation of both DMSP and DMS 
was fast and closely followed first order kinetics. This was in agreement with the 
degradation of DMSP and DMS as it was modelled in chapter 7. 

In chapter 5 the seasonal variation of DMS(P),ou] and pigment content at a 
sandy sediment site at the Oosterschelde and a muddy sediment site at the 
Westerschelde were measured. The results of these measurements confirmed the 
findings obtained from culture studies of benthic diatoms and cyanobacteria (chapter 
2), namely that diatoms account for the high DMSP content in intertidal sediments 
and that the contribution of cyanobacteria is insignificant. Variations in pigment-
specific DMS(P) total content could not be explained by variations in temperature, 
salinity or dissolved inorganic nitrogen concentration. Therefore, it was concluded 
that biomass and species composition were the main factors determining the 
DMS(P)tOTal content at these sampling sites. 

Chapter 6 introduces a very special intertidal sediment. At the Marennes-
Oléron Bay at the Atlantic coast of France, dense colonies of the marine flatworm 
Convoluta roscoffensis were observed in the surface layer of the sediment. These 
organisms seemed to emit a high amount of DMS, judging from the clear smell of 
DMS that was detected when walking along the green patches on the sediment. The 
results obtained in this study showed that the smell of DMS originated from DMSP 
that was present in C. roscoffensis. It was assumed that DMSP was produced by the 
endosymbiotic alga Tetraselmis sp., but that it may have accumulated in the host 
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tissue. Fixation of samples, containing C. roscoffensis, using glutaraldehyde, resulted 
in a very rapid cleavage of DMSP. The results suggested that this cleavage was 
mediated by DMSP-lyase, which may have been associated with the flatworm. It was 
concluded that salinity was not an important factor controlling DMSP turnover in 
sediments inhabited by C. roscoffensis. 

Chapter 7 presents the mathematical model that was developed in cooperation 
with other participants in the Trace Gas Project. Since most of the research in this 
thesis was performed after the development of this model, the data presented in the 
previous chapters have not been incorporated into the model. The model describes 
the flux of DMS from an intertidal sediment ecosystem, resulting from the 
metabolic activities of the functional groups of microorganisms present in intertidal 
sediments, dictated by the daily varying conditions of light/dark and oxic/anoxic. 
The model predicts that increased DMSP loads, caused by osmotic stress, result in 
increased fluxes of DMS from the sediment. That excretion of DMSP in response to 
osmotic stress may indeed occur in these systems was confirmed experimentally, in 
cultures of C. closterium as well as in the field (Chapters 3 and 4). 

In chapter 8, the average flux of DMS from an intertidal sediment ecosystem 
that was predicted by the model (chapter 7) was compared with flux measurements 
reported in the literature and differences between the model prediction and field 
measurements were discussed. Fluxes from intertidal sediments were also compared 
with fluxes from marine pelagic systems. It was concluded that intertidal sediments, 
despite their high productivity and high total concentrations of DMSP, do not emit 
high amounts of DMS to the atmosphere. This is explained by a relatively slow 
release of particulate DMSP present in diatoms, relatively high degradation rates of 
dissolved DMSP and DMS and a relatively low sediment-air exchange of DMS. 
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Samenvatting 

Het element zwavel vormt een essentieel onderdeel van alle levende 
organismen. In de biogeochemische kringloop van zwavel speelt het sporengas 
dimethylsulfide (DMS) een belangrijke rol. DMS is namelijk verantwoordelijk voor 
een belangrijk deel van het transport van zwavel door de atmosfeer, van de oceanen, 
waar zwavel in grote hoeveelheid aanwezig is in de vorm van sulfaat, naar het 
terrestnsche milieu. Bovendien heeft DMS invloed op het klimaat, doordat de 
vorming van oxidatieproducten van DMS in de atmosfeer, de reflectie van wolken 
verhoogt. Een hypothese gebaseerd op de GAIA theorie van Lovelock, veronderstelt 
dat een toename in temperatuur en zonnestraling aan het aardoppervlak de flux van 
DMS naar de atmosfeer zou kunnen verhogen. De verhoogde weerkaatsing van 
zonnestraling door wolken die hiervan het gevolg is, zou weer leiden tot een afname 
in temperatuur en zonnestraling aan het aardoppervlak. De emissie van DMS van 
mariene systemen naar de atmosfeer wordt bepaald door een complex geheel van 
produktie- en consumptieprocessen, waarvan de produktie van dimethylsulfonio-
propionaat (DMSP) door algen de eerste schakel vormt. 

Het onderzoek dat in dit proefschrift beschreven wordt, werd uitgevoerd als 
onderdeel van een gezamenlijk Nederlands onderzoeksproject (Sporengas Project) in 
het kader van het Nederlands Onderzoeksprogramma Verstoring van Aardsystemen 
(NOP-VvA). Het algemene doel van dit project was inzicht te verkrijgen in de 
factoren die de emissie van DMS vanuit getijdesedimenten naar de atmosfeer 
bepalen, door het integreren van ecologische, fysiologische en modelleerstudies. Het 
onderzoek dat in dit proefschrift is beschreven richtte zich met name op de bijdrage 
van oxygene fototrofe micro-organismen aan produktieprocessen van DMSP en 
DMS in getijdesedimenten. Oxygene fototrofe micro-organismen in getijde
sedimenten zijn voornamelijk benthische diatomeeën en cyanobacteriën en worden 
ook wel het microphytobenthos genoemd. 

In hoofdstuk 2 werd aangetoond dat benthische diatomeeën veel meer DMSP 
produceren dan cyanobacteriën. Deze conclusie was gebaseerd op metingen in 
cultures van een groot aantal soorten, die voor dit onderzoek uit het sediment 
werden geïsoleerd of die werden verkregen van cultuurcollecties. In de meeste van de 
geteste diatomeeënsoorten en in gemengde natuurlijke populaties van diatomeeën, 
nam het specifieke DMSP-gehalte toe met de saliniteit. Omdat echter het DMSP-
gehalte ook toenam gedurende de groei in batchcultures, werd geconcludeerd dat de 
DMSP-produktie niet strikt gereguleerd werd door de saliniteit. Hoewel de factoren 
lichtintensiteit, temperatuur en stikstofbeperking de groei en het chlorofyl-gehalte 
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van de diatomeeën beïnvloedden, werd geen duidelijk effect van deze factoren op de 
DMSP-produktie waargenomen. De regulatie van DMSP-produktie werd niet 
opgehelderd tijdens dit onderzoek en dit blijft een belangrijke vraag van toekomstig 
onderzoek. Er werd geen activiteit gedetecteerd van DMSP-lyase, het enzym dat de 
splitsing van DMSP naar DMS katalyseert, in ruwe celextracten van enkele 
diatomeeën. Dit impliceert dat de bijdrage van diatomeeën aan produktieprocessen 
van DMS in getijdesedimenten zich beperkt tot de produktie van de precursor 
DMSP. 

Hoofdstuk 3 beschrijft de lange en korte-termijn effecten van saliniteit op het 
DMSP-gehalte van de benthische diatomee Cylindrotbeca closterium. Gedurende de 
groei in batchcultures, nam het DMSP-gehalte toe met toenemende saliniteit. Dit 
bevestigde de resultaten gepresenteerd in hoofdstuk 2. Downshocks ' in saliniteit 
veroorzaakten uitscheiding van DMSP door C. closterium, waarbij de grootste 
hoeveelheid DMSP werd uitgescheiden bij de grootste 'downshock'. 'Upshocks' in 
saliniteit hadden slechts een langzame produktie van DMSP tot gevolg, maar de 
produktie was wel hoger bij hogere saliniteit. Bovendien bleek C. closterium in staat 
DMSP op te nemen wanneer dit aan het medium werd toegevoegd. Uit de resultaten 
werd geconcludeerd dat DMSP produktie onderdeel uitmaakt van de osmoacclimatie 
in C. closterium, maar dat het geen belangrijke rol speelt in het herstel van de 
intracellulaire osmotische druk op korte termijn. Uit de waarneming dat C. 
closterium een grotere hoeveelheid DMSP opnam bij een grotere 'upshock' in 
saliniteit, werd afgeleid dat DMSP als osmoprotectant kan functioneren in deze 
diatomee. Opname van DMSP door een eukaryote alg was tot nu toe nog niet 
beschreven. 

In de hoofdstukken 4 en 5 worden veldgegevens gepresenteerd. De gegevens uit 
hoofdstuk 4 werden gedurende laag tij verzameld van een getijdesediment langs de 
Westerschelde, waar een vrij dichte populatie van diatomeeën aanwezig was. Dit 
hoofdstuk beschrijft de variatie in de toplaag van het sediment, van het gehalte aan 
chlorofyl a en totaal DMS(P) en van de concentratie van DMS(P) in het poriewater, 
gedurende een dag. Beide fracties van DMS(P) (totaal en opgelost) vertoonden weinig 
variatie en veranderden niet met de veranderende condities van licht en zuurstof in 
het sediment. Totaal DMS(P) was ongeveer 100 /xM, wat drie grootteordes hoger was 
dan de concentratie van DMS(P) in het poriewater. Na het begin van een hevige 
regenbui nam de concentratie van DMS(P) in het poriewater plotseling toe, wat 
verklaard werd door de uitscheiding van DMSP door de in het sediment aanwezige 
diatomeeën als gevolg van de osmotische 'shock'. Potentiële afbraaksnelheden van 
DMSP en DMS werden bepaald in sedimentslurries, bereid met sediment dat 
afkomstig was van dezelfde monsterplek. Zowel DMSP als DMS werden snel 
afgebroken in het sediment en de afbraak werd goed beschreven volgens eerste-orde-
kinetiek. Dit laatste kwam goed overeen met de modellering van de afbraak van 
DMSP en DMS in het wiskundige model dat wordt gepresenteerd in hoofdstuk 7. 

In hoofdstuk 5 werd de seizoensvariatie in het gehalte aan totaal DMS(P) en 
pigmenten gemeten op een zandige monsterplek aan de Oosterschelde en een 
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slikkige monsterplek aan de Westerschelde. De resultaten van deze metingen 
bevestigden de resultaten verkregen door de metingen aan cultures van diatomeeën 
en cyanobacteriën (hoofdstuk 2), namelijk dat diatomeeën verantwoordelijk zijn 
voor de hoge concentratie van DMSP in getijdesedimenten en dat de bijdrage van 
cyanobacteriën insignificant is. De waargenomen seizoensvariatie in pigment-
specifiek totaal DMS(P) kon niet worden verklaard door gemeten variaties in 
temperatuur, sahmteit of de concentratie opgelost anorganische stikstof in het 
poriewater. Daarom werd geconcludeerd dat de biomassa en de soortensamenstelling 
van het microphytobenthos de belangrijkste factoren waren die het DMS(P)-gehalte 
op deze monsterplekken bepaalden. 

In hoofdstuk 6 wordt een apart geval van een getijdesediment geïntroduceerd. 
Aan de baai van Marennes-Oléron aan de Atlantische kust van Frankrijk, werden 
dichte kolonies waargenomen van de mariene platworm Convoluta roscoffensis. Van 
deze organismen leek een sterke geur van DMS af te komen, wat bevestigd werd 
door de resultaten van deze studie. Het DMS bleek afkomstig van DSMP dat 
aanwezig was in C. roscoffensis. Er werd aangenomen dat DMSP geproduceerd werd 
door de endosymbiontische alg Tetraselmis sp., maar vermoedelijk werd DMSP ook 
geaccumuleerd in het weefsel van de gastheer. Fixatie met glutaaraldehyde van 
monsters die C. roscoffensis bevatten, leidde tot een zeer snelle splitsing van de 
aanwezige DMSP. De resultaten suggereerden dat deze splitsing het gevolg was van 
de activiteit van DMSP-lyase, dat mogelijk geassocieerd was met de platworm. 

In hoofdstuk 7 wordt het wiskundig model gepresenteerd dat werd ontwikkeld 
in samenwerking met andere medewerkers aan het Sporengas Project. Het model 
beschrijft de flux van DMS vanuit een getijdesediment naar de atmosfeer. De flux 
van DMS werd gemodelleerd als resultante van de metabolische activiteiten van de 
verschillende in het sediment aanwezige functionele groepen micro-organismen, die 
afhankelijk waren van de variërende condities licht/oxisch en donker/anoxisch 
gedurende een dag. Het model voorspelt dat een toenemende DMSP- belasting, 
veroorzaakt door osmotische stress, resulteert in een verhoogde flux van DMS 
vanuit het sediment. Resultaten van veldmetingen (hfdst. 4) en van experimenten 
aan C. closterium (hfdst. 3) bevestigden dat uitscheiding van DMSP door diatomeeën 
in getijdesedimenten door osmotische 'shocks' daadwerkelijk optreedt. 

In hoofdstuk 8 werd de gemiddelde flux van DMS van een getijdesediment naar 
de atmosfeer, die werd voorspeld door het model (hfdst. 7), vergeleken met 
fluxmetingen beschreven in de literatuur en werden de verschillen tussen de 
modelvoorspelling en de literatuurgegevens bediscussieerd. Fluxen van DMS vanuit 
getijdesedimenten werden ook vergeleken met fluxen vanuit zeeën en oceanen. Er 
werd geconcludeerd dat, vergeleken met pelagische systemen, getijdesedimenten, 
ondanks hun hoge productiviteit en hun hoge DMSP-gehalte, geen grote 
hoeveelheden DMS naar de atmosfeer uitstoten. Het relatief langzame vrijkomen 
van particulair DMSP uit diatomeeën, de relatief hoge afbraaksnelheden van DMSP 
en DMS in het sediment en een relatief lage uitwisselingssnelheid van DMS tussen 
het sediment en de atmosfeer, zijn verklaringen hiervoor. 
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behorende bij het proefschrift 'Production of dimethylsulfoniopropionate and 

dimethylsulfide in marine intertidal sediment ecosystems'. 

• Fluxen van DMS vanuit microbiële matten in mariene getijdegebieden naar de 
atmosfeer zijn over het algemeen laag vergeleken met fluxen van DMS vanuit 
zeeën en oceanen. Verstoringen, zoals osmotische shocks, kunnen leiden tot een 
tijdelijk verhoogde emissie van DMS naar de atmosfeer. 
Dit proefschrift 

• Tevens zouden microbiële mattenkloppers een grotere uitstoot van DMS naar de 
atmosfeer kunnen veroorzaken. 

• De waargenomen produktie van DMSP door een zoetwateralg in het meer van 
Galilee {Gmzburget al. (1998) Environ Sa Tecbnol 32:2130-2136), suggereert dat het 
selectieve voordeel van DMSP-produktie voor algen niet beperkt is tot de 
beschermende functie van DMSP als osmoprotectant. 

• Het meten van DMS na alkalische hydrolyse van monsters is geen exacte 
bepaling van de hoeveelheid DMSP in die monsters. 

• Stikstoflimitatie heeft niet in alle gevallen een verhoogd DMSP-gehalte tot 
gevolg. 
Dit pmefschnfu Keiler et al. (1999) Mar Biol 135:237-248 en 249-257 

• De produktie van DMSP door mariene algen bepaalt wel de potentiële maximale 
hoeveelheid DMS die gevormd kan worden, maar lijkt vaak geen grote invloed te 
hebben op de daadwerkelijke flux van DMS naar de atmosfeer. 
Dit proefschrift; Dacey et al. (1998) Deep-Sea Res 145:2085-2104; Simó & Pedrós-Alió 
(1999) Nature 402:396-399 

• Het peer-review systeem dat door wetenschappelijke tijdschriften wordt 
gehanteerd voor de beoordeling van artikelen, verhindert niet dat in sommige 
artikelen fouten staan die kunnen leiden tot een verkeerde interpretatie van 
gegevens, wanneer naar deze artikelen wordt gerefereerd. 
Iversonetal. (1989) Lmmd Oceanog-34:53-67; Richards et al. (1994) Limnol Oceanogr 
39:562-572 

• Werken bij de UvA leidt niet tot een gevoel van verbondenheid met deze 
universiteit. 

• De aangekondigde 'hardere aanpak' van fietsers in Amsterdam doet vermoeden 
dat burgemeester Patijn zelf niet de fiets als vervoermiddel gebruikt. 

Stef van Bergeijk, augustus 2000 





The river is within us, the sea is all about us; 
The sea is the land's edge also, the granite 
Into which it reaches, the beaches where it tosses 
Its hints of earlier and other creation: 
The starfish, the horseshoe crab, the whale's backbone; 
The pools where it offers to our curiosity 
The more delicate algae and the sea anemone. 
It tosses up our losses, the torn seine, 
The shattered lobsterpot, the broken oar 
And the gear of foreign dead men. The sea has many voices, 
Many gods and many voices 


