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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 

3 
"5 
u 

£ 

O-
1/5 

Q 

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. 

Chapter 3 



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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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. 

Uptake and excretion of DMSP by Cylindrotheca closterium 59 


