
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Production of dimethylsulfonionpropionate and dimethylsulfide in intertidal
sediment ecosystems.

van Bergeijk, S.A.

Publication date
2000

Link to publication

Citation for published version (APA):
van Bergeijk, S. A. (2000). Production of dimethylsulfonionpropionate and dimethylsulfide in
intertidal sediment ecosystems. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/production-of-dimethylsulfonionpropionate-and-dimethylsulfide-in-intertidal-sediment-ecosystems(586f1ac6-333e-4bf7-bc37-04dd2862fb58).html


C H A T R 1 



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 

General introduction () 



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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