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derivatization-based method for the determination of dimethylsulfoniopropionate
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Dimethylsulfoniopropionate (DMSP) is a metabolite involved in central processes of phytoplankton

physiology and ecology. Due to its high abundance, this molecule plays also a major role in global sulfur

cycling. DMSP concentrations are usually indirectly determined via the base mediated release of

dimethylsulfide (DMS) using gas chromatography (GC). However, because other potential precursors of

DMS have been reported frommacroalgae and phytoplankton, there is a substantial risk for an overestimation

using an indirect method. We improve and validate a protocol for the derivatization and determination of

DMSP in phytoplankton cultures. The improved method includes derivatization with 1-pyrenyldiazomethane

(PDAM) and analysis via ultra performance liquid chromatography coupled with a mass selective detector

(UPLC/MS). The protocol allows simultaneous qualitative and quantitative analysis of DMSP, other putative

DMS precursors and osmolytes like glycine betaine (GBT). Detection limits are around 100 fmol on column

allowing the quantification of DMSP from plankton field samples as well as from phytoplankton cultures. The

DMSP content of several phytoplankton cultures was determined using the method involving derivatization

of DMSP as well as an indirect headspace method determining DMS. For several algae strains, significant

higher concentrations were obtained with the indirect determination. These results underscore the

importance of other potential DMS precursors in phytoplankton samples that are not considered when

using indirect methods for DMSP determination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dimethylsulfoniopropionate (DMSP) is a metabolite produced by

many marine microalgae and macroalgae. DMSP is involved in a wide

variety of physiological and ecological processes. It can serve as an

osmolyte, antioxidant and cryoprotectant (Karsten et al., 1991; Kirst

et al., 1991; Sunda et al., 2002). Other zwitterionic compounds, such

as glycine betaine, are discussed as alternative or additional

metabolites involved in osmoregulation, and thus, a complex picture

of algal osmoregulation arises (Dickson and Kirst, 1986; Keller et al.,

1999a,b; Yoch, 2002).

DMSP is considered to be the most important precursor for the

volatile sulfur compound dimethylsulfide (DMS) (Cantoni and

Anderson, 1956; Turner et al., 1988). The enzyme DMSP lyase, which

is located in different cellular compartments as DMSP, is capable to

cleave DMSP into DMS and acrylic acid (de Souza et al., 1996; Stefels

and Dijkhuizen, 1996; Wolfe and Steinke, 1996). Another pathway

involved in the production of DMS from DMSP without concomitant

formation of acrylic acid has been recently reported by Todd et al.

(2007). DMS emissions contribute 13–37 Tg S per year to the

atmosphere. This corresponds to 90% of the biogenic sulfur emissions

from the ocean and almost 50% of the biogenic sulfur emissions

worldwide (Kettle and Andreae, 2000). In the atmosphere, oxidation

products of DMS serve as cloud condensation nuclei and are therefore

thought to play a relevant role in climate regulation (Bates et al., 1987;

Charlson et al., 1987). But DMS does not only play a role in the global

sulfur cycle, it alsomediates interactions on a small scale. Thus it serves

as an infochemical in plankton interactions (Steinke et al., 2006) and

along with acrylic acid it contributes to algal defense against grazers

(van Alstyne et al., 2001; Steinke et al., 2002;Wiesemeier et al., 2007).

Base mediated cleavage of DMSP also leads to DMS release. This

reaction is generally used for the indirect quantification of DMSP by

determination of the volatile DMS via gas chromatography (GC).

However, because other potential precursors of DMS have been

reported in macroalgae and phytoplankton (Sciuto et al., 1982;

Nakamura et al., 1992; Nakamura et al., 1993; Patti et al., 1993; Gage

et al., 1997), methods relying on DMS quantification might lead to an

overestimation of the DMSP content. Due to its instability and to

chromatographic problems arising from its zwitterionic nature few

methods for the direct determination of DMSP have been reported.

Marine Chemistry 124 (2011) 48–56

⁎ Corresponding author. Tel.: +49 3641 948 170; fax: +49 3641 948 172.

E-mail address: Georg.Pohnert@uni-jena.de (G. Pohnert).

0304-4203/$ – see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.marchem.2010.12.001

Contents lists available at ScienceDirect

Marine Chemistry

j ourna l homepage: www.e lsev ie r.com/ locate /marchem



Zhang et al. (2005) developed a protocol for the DMSP quantification

using capillary electrophoresis. A HPLC method that requires

preliminary purification of the sample and that uses unspecific UV

detection at 194 nmhas also been proposed for plant extracts (Colmer

et al., 2000). Wiesemeier and Pohnert (2007) introduced a method

using liquid chromatography/mass spectrometry for the determina-

tion of DMSP in macroalgae. DMSP is derivatized with 1-pyrenyldia-

zomethane (PDAM) to form an ester that can be analyzed on reversed

phase LC columns (Fig. 1). Analysis of macroalgal samples is easily

carried out with bulk material that can be flash frozen and directly

extracted, but the use of this method for phytoplankton samples was

problematic due to remaining lyase activity (Wiesemeier and Pohnert,

2007). This study demonstrated that the method is in principle

transferable to phytoplankton samples; however, we had to realize

that it requires substantial improvement to obtain validated results.

Here we describe the transfer of the protocol to phytoplankton, its

validation and its application for the investigation of 21 microalgal

cultures. We compared our method for DMSP quantification with a

previously established indirect method measuring base mediated

DMS release. The indirect method for DMSP determination led for

several algal strains to higher DMSP concentrations illustrating the

importance of alternative DMS precursors. The scope of the method

was also extended to other potential DMS precursors and glycine

betaine (GBT) as representative zwitterionic osmolyte.

2. Materials and methods

2.1. Apparatus

LC separationwas performed using an Acquity™Ultraperformance

LC (Waters, Milford, MA, USA) equipped with an Acquity UPLC™ BEH

phenyl column (1.7 μm, 2.1×50 mm). The module was coupled to a

Q-Tof micro-mass spectrometer (Waters Micromass, Manchester,

England). GC separations were conducted with a PE Autosystem XL

coupled to a quadrupole MS PE Turbomass detector (Perkin Elmer,

Rodgau-Jügesheim, Germany). Both systems were calibrated before

each sampling campaign. For NMR measurements Bruker Avance

200 MHz spectrometers were used.

2.2. Reagents

Anhydrous acrylic acid, betaine hydrochloride, dimethylsulfide,

D6-dimethylsulfide and 1-pyrenecarboxaldehyde were purchased

from Sigma-Aldrich (Germany). Bromoacetic acid, methacrylic acid

and S-methyl-methionine iodide were purchased from Alfa

(Germany). All chemicals were of analytical grade. Methanol and

water (ULC/MS grade) were purchased from Biosolve (Netherlands).

Tetrahydrofuran (HPLC grade) was obtained from BDH Prolabo

(France).

2.3. Synthesis of DMS precursors

The hydrochlorides of DMSP, D6-DMSP and 3-dimethylsulfonio-2-

methylpropionate (DMS-2-MP) were synthesized according to

Chambers et al. (1987). Crude products were recrystallized from

methanol/diethylether (1:2 v/v) with yields of 68%, 74% and 75%,

respectively (NMR data for DMSP and D6-DMSP in Wiesemeier and

Pohnert, 2007, DMS-2-MP in Howard and Russell, 1997). Dimethyl-

sulfonioacetate hydrobromide (DMS-Acetate) was synthesized

according to Howard and Russell (1997) with a yield of 25% (1H-

NMR (200 MHz, D4-MeOH): 4.47 (s, 2H), 3.00 (s, 6H)). All compounds

were obtained with purities of 90–95%.

2.4. Pyrenyldiazomethane (PDAM)

PDAM is a commercially available reagent (Sigma-Aldrich, Molec-

ular Probes). For economic reasons large batches were prepared by

chemical synthesis. Therefore 1-pyrenecarboxaldehyde hydrazone

was synthesized according to Nimura et al. (1988). The progress of the

reaction was monitored by thin layer chromatography using a solvent

mixture of petroleum ether and diethylether (1:1 v/v). The retention

factors of the aldehyde and the hydrazone were 0.55 and 0.33,

respectively. The product was used without purification for the

further transformation (yield 94%, purity 95%). 1H-NMR (200 MHz,

D6-DMSO): 8.76 (s, 1H), 8.70 (d, 1H), 8.40–8.01 (m, 8H), 7.16 (s, 2H).

For the oxidation of the hydrazone 170 mg dry silver oxide (Busch

et al., 1936) and 1 g sodium sulfate were added to a solution of 150 mg

hydrazone in 150 mL diethylether (Schroeder and Katz, 1954). The

mixture was stirred for 5 h. The remaining solid was removed by

filtering over glass wool and sodium sulfate. The solution was reduced

to dryness via rotary evaporation. A red solid was obtained, whichwas

stored at −20 °C. Purity was checked by 1H-NMR. The purity was

taken into account, when the PDAM solution for derivatization was

prepared. 1H-NMR (200 MHz, D6-DMSO): 8.59–7.98 (m, 8H), 7.66 (d,

1H), 6.87 (s, 1H).

The purity of synthesized PDAM was 20–90%; best results were

obtained with freshly prepared dry silver oxide. However, PDAM of

low purity could also be used for the derivatization. Most of the

impurities precipitate when samples are dissolved in the water/

methanol/THF mixture and remaining impurities did not interfere

with the detection of sulfonio-compounds.

2.5. DMS, DMSP and GBT determination from phytoplankton cultures

Unialgal but not axenic cultures were obtained from culture

collections and propagated in autoclaved medium. Strains, tempera-

ture and culture media used for method comparison are listed in

Table 1. Cultures for DMSP and GBT determination were cultivated at

13 °C (Table 3, except Prorocentrum minimum which was kept at

21 °C). Stock cultures were grown in a 14:10 light:dark cycle with

light provided by Osram biolux lamps (PAR, 40 μmol m−2 s−1). For

method comparison cultures in exponential growth phase were

diluted 1:5 and grown to mid-exponential phase. Samples were taken

5–7 h after the start of the light period. For analysis of DMSP and GBT

cultures were grown to exponential phase and diluted 1:5. This

process was repeated three times. The respective cultures were then

split into three aliquots of equal volume, grown for additional 4 days

and then used for further analysis.

Fig. 1. Derivatization of DMSP with PDAM.
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Depending on cell density, cells were counted in Fuchs-Rosenthal

or Neubauer haematocytometers using an upright microscope with

phase contrast (DM2000, Leica, Heerbrugg, Switzerland).

2.6. Field and mesocosm sampling

Mesocosm experiments were conducted fromweek 16–18 in 2008

at the marine biological field station at Raunefjorden, Western

Norway. A detailed description of the mesocosm setup and the cell

counts is provided by Barofsky et al. (2010). Sampling was performed

with 5 L plastic canisters that were transported immediately after

sampling to the lab and stored in a cold room adapted to outsidewater

temperatures until filtration. The filtration and derivatization protocol

described below was also applied to field and mesocosm samples.

Additional field samples were taken from the Baltic Sea in Strande

(Lighthouse Bülk, Germany, 54.454°N, 10.199°E). Sampling was

performed with 10 L plastic canisters that were transported in a

cool box to Jena (Germany).

2.7. Sample preparation

Phytoplankton cultures were gravity or vacuum filtered on

Whatman GF/C filters (60–700 mL, depending on cell density and

expected DMSP content (Table 1) and 76–121 mL for simultaneous

DMSP and GBT analysis (Table 3)). Filters were transferred into 15 mL

Falcon® tubes filled with 2 mL methanol and 100 μL of a 200 μM D6-

DMSP aqueous solution as internal standard. Samples were stored for

at least 6 days at −20 °C to ensure quantitative extraction before

further preparation. Extraction could be accelerated by a 30 s

treatment with an ultrasound finger (Bandelin Sonoplus HD 2070,

30% power setting). For method comparison four aliquots of 100 μL of

each sample were derivatized and analyzed according to the protocol

(see below). Four aliquots of 100 μL from the same solutions were

used for the headspace determination of DMS (see below). For

mesocosm experiments and investigations of natural plankton

samples 1000–5000 mL were vacuum filtered on Whatman GF/C

filters. These filters were transferred into 4 mL of methanol, contain-

ing 100 μL of a 100 μM D6-DMSP aqueous solution. Aliquots of 3 mL

were reduced to 100 μL under a stream of nitrogen and derivatized as

described below. For Baltic Sea samples 30 and 100 mL were gravity

filtered, and 1000, 3000 and 5000 mL samples were vacuum filtered.

Filters were transferred into 1.5 mL of methanol, containing 100 μL of

a 200 μMD6-DMSP aqueous solution as internal standard. Storagewas

conducted at−20 °C. Aliquots of 100 μLwere derivatized according to

the protocol (see below).

2.8. Derivatization protocol

For derivatization 80 μL of a PDAM solution (2.5 mg mL−1 in THF)

were added to the 100 μL sample which was then agitated on a

vortexer for 5 min. Due to limited stability (Nimura et al., 1988) fresh

PDAM solutions were prepared daily from a frozen solid stock of

PDAM. The PDAM addition/5 min mixing sequence was repeated four

times to obtain full conversion. Samples were reduced to dryness in a

stream of nitrogen, taken up in 100–350 μL (depending on cell density

and expected DMSP content) of water/methanol/THF (60:20:20 v/v/

v) containing 0.1% formic acid and centrifuged (5 min, 16,000g). The

supernatant was used directly for UPLC/MS measurements. Samples

were measured directly or stored at −20 °C until analysis.

2.9. UPLC/MS method

For UPLC separation 1–7 μL of the sample were injected using a

loop injector. Water/methanol/THF (60:20:20 v/v/v)+0.1% formic

acid (solvent A) and water/methanol/THF (5:47.5:47.5 v/v/v)+0.1%

formic acid (solvent B) were used for gradient separation. Separation

started at 100% A with the flow rate 0.45 mL min−1 for 1.50 min. The

concentration of B was then increased to 100% over 0.50 min. This

ratio was kept for 1.50 min and adjusted back to 100% A over

0.50 min. The column was reequilibrated with 100% A for at least

1 min. The void volume of the system was 0.3 min. Samples were

cooled to 10 °C in the auto sampler and the column temperature was

held at 35 °C during the separation. Mass measurements were

performed in the ESI-positive mode. For DMSP analysis the mass

range from 345 to 360m/z was recorded. For the analysis of other

DMS precursors and GBT the mass range was set from 330 to 385m/z

and 330 to 360m/z, respectively. The MS parameters were as follows:

capillary voltage 3000 V, sample cone 10 V, source temperature

150 °C, collision energy 5 V, ion energy 1.8 V.

2.10. GC sample preparation

Aliquots of 100 μL of the methanol extracts that were also used for

derivatization (see above) were transferred into 4 mL glass vials.

Directly after the addition of 400 μL NaOH (1 M) the vials were sealed

and incubated at room temperature for 10 min. The headspace was

extracted for 10 min using solid phase microextraction (SPME) (fiber:

Table 1

Phytoplankton cultures, filtered volumes and cultivation conditions used for method development and comparison.

Species (strain) Cells/mL (filtered volume) Temperature Culture media

Emiliania huxleyi (RCC1 1216) 245,000 (128 mL) 18 °C HW sea salt professional4 (33.33 g/L)

was dissolved in double distilled

water. For nutrients 400 μL of separately

autoclaved Seramis®5 for

foliage plants were added.

Emiliania huxleyi (RCC 1217) 600,000 (124 mL) 18 °C

Emiliania huxleyi (CCMP2 1516) 425,000 (130 mL) 18 °C

Prorocentrum minimum 15,000 (60 mL) 21 °C Artificial seawater

Maier and Calenberg (1994)Skeletonema costatum (RCC 75) 640,000 (106 mL) 15 °C

Thalassiosira pseudonana (CCMP 1335) 1,200,000 (157 mL) 15 °C

Thalassiosira weissflogii (RCC 76) 89,000 (515 mL) 18 °C

Asterionella formosa (SAG3 8.95) 150,000 (480 mL) 18 °C WC medium

Maier and Calenberg (1994)

Microcystis aeruginosa (SAG 18.85) 545,000 (700 mL) 18 °C Modified BB medium with vitamins

(3N-BBM+V) from CCAP/SAMSScenedesmus obliquus (SAG 276-3a) 4,510,000 (700 mL) 18 °C

1 Roscoff culture collection (France).
2 Center for culture of marine phytoplankton (Maine, USA).
3 Culture collection of algae at Goettingen (Germany).
4 Aquaristic.net, Babenhausen, Germany.
5 MARS GmbH, Mogendorf, Germany.
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divinylbenzene/carboxen/polydimethylsiloxan, Supelco, Germany)

(Niki et al., 2004; Yassaa et al., 2006). DMSP calibration standards (5–

200 μM, containing 20 μMD6-DMSP) were treated in the same way. To

test the potential release of DMS of other DMS precursors, standard

solutions of S-methyl methionine, DMS-acetate and dimethylsulpho-

nio-2-methyl propionate (DMS-2-MP) were treated in the same way.

2.11. GC/MS method

Separation was performed on a CP Volamine column

(15 m×0.32 mm, Varian, Darmstadt, Germany). Helium was used as

carrier gas (30 kPa). The oven temperature was held for 2.5 min at

40 °C and subsequently increased to 180 °C (20 °C min−1). Splitless

injection was used with an injector temperature of 250 °C. Transfer

line and detector were set to a temperature of 200 °C and 250 °C,

respectively. Mass measurements were performed in the EI-positive

mode. A mass range from 34 to 400m/z was recorded. Ionization

energy was 70 eV, and scan duration was 1 s with an interscan delay

of 0.1 s. Deuterated and undeuterated DMS were detected at 1.44 and

1.47 min, respectively.

2.12. Statistics

Statistical analyses were performed with SigmaPlot (11.0).

3. Results

3.1. Derivatization protocol

Based on Wiesemeier and Pohnert (2007) we improved an

existing LC/MS method for the determination of DMSP after

derivatization with pyrenyldiazomethane (PDAM). Instead of cell

concentration by centrifugation as introduced by Wiesemeier and

Pohnert we reverted to filtration on GF/C filters. This resulted not in

concentrated suspensions of the algae in seawater but rather in a

pellet that could be easily extracted by methanol. Wiesemeier and

Pohnert needed to extract the aqueous cell suspension using the Bligh

and Dyermethod and required an additional phase separation step. By

monitoring the signals of the DMSP-PDAM ester (m/z 349) and DMSP

(m/z 135) we found that the original procedure did not result in

quantitative derivatization. We thus optimized the derivatization

protocol by introducing repeated additions of small portions of PDAM

and by adjusting reaction times. The derivatization was considered

complete when no DMSP signal was observed. The repeated addition

of PDAM to a methanolic solution containing DMSP was found to be

more effective than a single addition of excess PDAM with extended

reaction time. This was probably due to decomposition of PDAM. A

five times repeated addition of 80 μL of a 2.5 mgmL−1 PDAM solution

led to the best results. Between each addition step the samples were

agitated on a vortexer for 5 min. This enabled a quantitative

derivatization of up to 1 μmol DMSP in 50 μL of methanol. The

derivatization protocol was transferable from methanolic standard

solutions to samples with a complex matrix as found in phytoplank-

ton samples. We also optimized LC conditions to obtain better peak

shapes. A BEH phenyl column with an optimized gradient of mobile

phases containing water, methanol, THF and formic acid gave better

peak shapes and improved sensitivity. By introducing this protocol we

were able to speed up the analytical process significantly and obtained

six times lower limit of detection (LOD) for the injections of standard

solutions compared to Wiesemeier an Pohnert (2007).

3.2. Method validation

Derivatized DMSP calibration standards were obtained from a

stock solution by dilution in water/methanol/THF (60:20:20 v/v/v)+

0.1% formic acid. Internal standard was added to reach a final

concentration of 20 μMD6-DMSP. For the calibration curve the ratio of

the peak areas of ion traces of undeuterated and deuterated DMSP

was plotted relative to the DMSP concentration. Because of the mass

increase from 349m/z (M+ DMSP) to 355m/z (M+ D6-DMSP) due to

deuteration both compounds can be quantified without interference

despite nearly identical retention times (Fig. 2). Linearity was

confirmed in the range of 0.5–300 μM.

The LOD and limit of quantification (LOQ) were defined as the

amount of DMSP-PDAM required to reach a signal-to-noise ratio of

≥3 and ≥10, respectively, and were determined for standard

solutions. The LOD and LOQ were 100 fmol or 35 pg on column and

500 fmol or 175 pg on column, respectively. These values refer only to

the derivatization of a standard solution and the following analytical

process and do not include sample preparation steps like filtration

that leads to an enrichment of DMSP. Depending on filtration volume

this would equal to a theoretical LOD of 2 nM (filtration volume of

100 mL) or 0.2 nM (1000 mL).

Fig. 2. (A) LC/MS chromatogram of a derivatized cell extract of S. costatum (410000 cells

mL−1, filtration volume 50 mL); UV-spectrum (B) and MS-spectrum (C) of derivatized

calibration standard solution containing 10 μM DMSP and 20 μM D6-DMSP

(not background corrected).
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A methanolic blank sample containing the derivatization reagent

but no DMSP was injected 10 times and no signals were obtained at

349 and 355m/z. For a culture blank 260 mL of medium were filtered

and the filter was transferred into methanol. The sample was stored

for 9 days at−20 °C and then an aliquot of 100 μL was derivatized and

investigated according to the protocol. Measurement revealed no

signals at 349 or 355m/z.

Measurement precision was determined by repeated (6×) injec-

tion of calibration standards. The relative standard deviation (RSD)

was 0.9–2.3% in the range of 5–300 μM. A maximum for the RSD was

reached at the LOQwith 5%. If one culture is split up in three parts and

derivatized, measurement precisions of 5% (n=3) are obtained

(Table 2). If, however biological variability is involved and replicates

of independent cultures are concerned coefficients of variance can be

higher (Table 3). The precision of sample derivatization was

determined using a methanolic cell extract of Emiliania huxleyi

which was spiked with deuterated and undeuterated DMSP. Six

aliquots of 800 μL (final concentration: DMSP 228 μM and D6-DMSP

40 μM) were reduced to 50 μL, derivatized and analyzed according to

the above described protocol. The precision of the method was 5.2%.

To test the influence of thematrix on the derivatization yield, different

volumes of one Skeletonema costatum culture were vacuum filtered

(20–300 mL, 410,000 cells mL−1) and worked up according to the

protocol. DMSP concentrations determined from seven different

culture volumes ranged from 0.29 to 0.32 pg DMSP per cell and no

significant difference was found (ANOVA with Tukey post hoc test,

pN0.05).

As deuterated compounds are more volatile than their non

deuterated analogues, the effect of evaporation was tested. Therefore,

1.5 mL samples of six methanolic standard solutions were reduced to

50 μL in a stream of nitrogen and derivatized as described above. For

the obtained recovery function neither constant nor proportional

systematic errors were detected, indicating that evaporation has no

influence on the accuracy of the method.

Recovery for algal samples was determined using a culture of

Thalassiosira weissflogii (RCC76) that did not contain any natural DMSP.

The culture was split into five aliquots (142 mL, 59200 cells mL−1) and

filtered. To eachmethanol extractDMSP (20, 50, 100 and 200 nmol) and

D6-DMSP (20 nmol) were added. The derivatized samples were

stored 72 h at−20 °C and 24 h at 4 °C. The analysis gave a recovery of

95–105%.

To test for stability, derivatized culture samples and standard

solutions were stored at −20 °C. After 6 months a recovery of N90%

and N80% was found, respectively.

To test whether insufficiently suppressed lyase activitiy before

addition of the deuterated standard has an influence, three different

sample treatments were tested for six marine phytoplankton cultures.

In each case one stock culture was divided into six aliquots that were

filtered. Three treatments were conducted in duplicates. i) Two filters

were transferred into 20 mL headspace vials that contained 4 mL of

1 M NaOH. Internal standard was added (100 μL of 200 μM D6-DMSP)

and the vials were sealed. Samples were incubated for 5 h in the dark

at room temperature and analyzed via SPME GC/MS. Here, remaining

lyase activity would not influence quantification as enzymatically

produced DMS would be analyzed as well. ii) Two filters were

transferred into methanol containing the internal standard (100 μL of

200 μM D6-DMSP). The samples were sonicated (Bandelin Sonoplus

HD 2070, 30% power setting, two continuous pulses for 15 s) and

stored at−20 °C. Methanol extracts were analyzed after 5 h via SPME

GC/MS as described above. By sonication intracellular DMSP and

extracellular D6-DMSP get mixed immediately, so both compounds

would be cleaved by remaining enzymatic activity at the same time.

iii) Two cell methanol extracts were stored without further treatment

at −20 °C and analyzed after 6 days via SPME GC/MS. Here, cells are

lysed slowly by methanol. If methanol treatment did not suppress

lyase activity, extracellular D6-DMSP would be cleaved before the

enzyme gets into contact with the intracellular DMSP. In this case,

higher DMSP cell contents should be observed for treatment iii.

However, no significant differenceswere observed between any of the

treatments (ANOVA, pN0.05). Thus, using deuterated DMSP as

internal standard sample storage in methanol (iii) does not influence

the quantification of DMSP compared to direct sample preparation (i).

3.3. Detection of other potential DMS precursors

Other potential DMS precursors and DMSP can be determined and

quantified simultaneously if the scan range of the mass spectrometer

is increased (Fig. 3A). With a scan range from 330 to 385m/z DMSP,

dimethylsulfonio-2-methylpropionate (DMS-2-MP) and S-methyl-

methionine (SMM) can be detected at concentrations as low as

100 nM. The LOD of DMS-acetate was 1 μM. An unknown compound

with m/z 393, the characteristic isotope pattern of a sulfur containing

metabolite and the characteristic MS/MS and UV data from a

pyrenylester (pyrenyl fragment at m/z=215 and λmax 343.5 nm)

was detected in all samples of E. huxlexi and P. minimum and in the

mesocosm samples. Peak intensity of this signal reached up to 10% of

Table 2

Comparison of DMSP contents in phytoplankton cells using GC/MS and LC/MS.

Species (strain) pg DMSP/cell Difference

GC method UPLC method

Emiliania huxleyi (RCC 1216) 0.63 (0.02) 0.58 (0.01) −9%***

Emiliania huxleyi (RCC 1217) 0.44 (0.01) 0.38 (0.01) −14%***

Emiliania huxleyi (CCMP 1516) 0.43 (0.02) 0.40 (0.01) −7%*

Prorocentrum minimum 10.84 (0.38) 9.84 (0.27) −9%**

Skeletonema costatum (RCC 75) 0.34 (0.02) 0.33 (0.01) −3%

Thalassiosira pseudonana (CCMP 1335) 0.021 (0.001) 0.020 (0.001) −3%

Thalassiosira weissflogii (RCC 76) b0.01 b0.01

Asterionella formosa (SAG 8.95) b0.01 b0.01

Microcystis aeruginosa (SAG 18.85) n.d. n.d.

Scenedesmus obliquus (SAG 276-3a) n.d. n.d.

n.d., not detected.

*pb0.05; **pb0.01; ***pb0.001 (t-test, data sets fulfilled constraints of normal

distribution and homogeneity of variance), mean n=4 (preparation and analysis of

four independent samples of one culture), values in parentheses correspond to

standard deviation.

Table 3

DMSP and GBT contents in phytoplankton cells.

Species1 (strain) Cells/mL

(filtered volume)2
pg DMSP/cell pg GBT/cell

Amphiphrora paludosa 46,000 (98) n.d. n.d.

Chaetoceros gracilis 706,000 (106) n.d. b0.01 (0.00)

Navicula sp. 1,140,000 (97) b0.01 (0.00) n.d.

Pavlova lutheri 986,000 (110) n.d. 0.03 (0.00)

Rhodomonas sp. 119,000 (100) n.d. 0.94 (0.15)

Thalassiosira weissflogii (RCC76) 65,000 (102) n.d. 2.60 (0.53)

Chaetoceros didymus 136,000 (93) 0.07 (0.01) n.d.

Prymnesium parvum 137,000 (93) 2.27 (0.13) b0.01 (0.00)

Skeletonema costatum (RCC75) 1,276,000 (107) 0.27 (0.05) b0.01 (0.00)

Skeletonema marinoi (G4)3 561,000 (114) 0.34 (0.03) b0.01 (0.01)

Cryptochloris sp. 258,000 (103) 0.55 (0.01) 0.03 (0.00)

Isochrysis galbana 732,000 (100) 0.38 (0.02) 0.02 (0.00)

Phaeodactylum tricornutum

(UTEX646)

1307,000 (102) 0.11 (0.03) 0.14 (0.03)

Prorocentrum minimum 2,000 (79) 34.86 (3.17) 6.96 (1.11)

Thalassiosira pseudonana

(CCMP1335)

786,000 (103) 0.13 (0.00) 0.09 (0.01)

n.d. - not detected, mean n=3 (three independent cultures), values in parentheses

correspond to standard deviation.
1 All cultures were grown in artificial seawater (Maier and Calenberg, 1994).
2 Filtration volume given in mL.
3 Isolated in Raunefjord, Norway.
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the DMSP signal. DMS release of SMM, DMS-acetate and DMS-2-MP

after base treatment was quantified to verify the potential contribu-

tion of these compounds to the total DMS detected with the indirect

method. Standard solutions were analyzed after 10 min, 1, 2 and 4 h,

respectively. All compounds were capable to release DMS. However,

in contrast to DMSP no complete conversion of the compounds to

DMS and the respective acids took place. For SMM and DMS-acetate

no time dependence was found. After 10 min as well as after 4 h

incubation at room temperature 2–3.5% were converted to DMS. For

DMS-2-MP 7% of the initial concentration were cleaved to DMS after

10 min, and 71% after 4 h at room temperature.

3.4. GBT and DMSP in phytoplankton cultures

Additionally, this method can be used for analysis of e.g. nitrogen-

containing osmolytes like glycine betaine (GBT) without further

adjustments to the protocol. Using a scan range of 330–360m/z GBT

possessed a LOD of 200 nM. Therefore, this method allows a

simultaneous quantification of DMSP and GBT (Fig. 3B).

Fifteen marine phytoplankton cultures were analyzed concerning

their GBT and DMSP content (Table 3). Cultures can be separated into

four groups. There are species producing neither DMSP nor GBT;

others produce only one of these substances. Both osmolytes are

produced by one prymnesiophyte, the cryptophyte and the dinofla-

gellate investigated. Certain diatoms can also contain both com-

pounds. The ratio is varying between 0.7 and N50 (calculated as ratio

of the molar concentrations of DMSP/GBT per cell). T. weissflogii was

the only tested diatom that contained no DMSP but elevated amounts

of GBT (Table 3).

3.5. Comparison of the derivatization-based and the indirect DMSP

quantification method

Several phytoplankton cultures were analyzed to determine their

intracellular DMSP content both after derivatization via UPLC/MS and

indirectly via base-released DMS using GC/MS (Table 2). In most

samples from marine phytoplankton cultures the determined DMSP

concentrations using the method based on derivatization and the

indirect quantification differ significantly (pb0.01 or pb0.001, data

sets fulfilled constraints of normal distribution and homogeneity of

variance for t-test). In all cases the DMS concentrations from the

NaOH-treated samples exceeded DMSP determined by UPLC/MS. This

cannot be assigned to biological variability since in every comparison

one methanol extract was split into eight aliquots of which four were

used for the derivatization and four for the headspace measurements.

As the UPLC/MS and the GC/MS method possess similar calibration

functions (y=0.0517x and y=0.0483x, respectively, R²N0.995, x

corresponds to DMSP and DMS in μM, y corresponds to area ratio of

analyte and internal standard, relative standard error of the slope

were 1.16% for the UPLC and 0.54% for the GC calibration function,

respectively) and recovery rates, the different detected DMSP/DMS

contents are also not the result of artificial bias due to different

method sensitivities. UPLC and GC measurements were conducted

within 5 days, so the influence of sample storage can be excluded as a

reason for the obtained differences.

3.6. DMSP determination in field and mesocosm samples

We tested this method also during spring 2008 in Norwegian fjord

waters. Filtration of 5 L of a field sample with a chlorophyll a (chl a)

content of 1.56±0.12 μg L−1 under non-bloomconditionswas sufficient

to produce a DMSP signal suitable for quantification (27.0±1.0 nM

DMSP).Nevertheless, independent studies innon-bloomsituations in the

Baltic Sea revealed that filtration volumes could be reduced to 1 L

without loss of signal (data not shown). We also tested this method

during a mesocosm experiment (for details on the mesocosms see

Barofsky et al., 2010). During this experiment S. marinoi blooms of

different intensitieswere inducedby the addition of nutrients alone or by

the addition of nutrients together with inoculation of a dense S. marinoi

culture. The highest DMSP concentration could be detected in the

mesocosm with the most intensive S. marinoi bloom (day 8 after

inoculation, 2 Lfiltered, 228.2±10.8 nMDMSP, chl a 17.58±1.06 μg L−1,

S. marinoi 31600 cells mL−1). Only addition of nutrients, which

moderately increased cell counts compared to the surrounding plankton

sample, gave intermediate results (day 5 after inoculation, 5 L filtered,

44.6±1.7 nM DMSP, chl a 6.15±0.11 μg L−1).

Fig. 3. Ion traces (monitored ions are given in brackets) of UPLC separations of (A) different putative derivatized DMS precursors (injection of 1 μL standard solution containing

DMSP, DMS-acetate, DMS-2-MP and SMM, each 10 μM, with 20 μM D6-DMSP as internal standard) and (B) derivatized methanol extract of Phaeodactylum tricornutum (injection

volume 4 μL); ion traces were used to detect the respective derivatized compounds (R=pyrenylmethyl-group).

Table 4

Comparison of method parameters of the direct quantification of DMSP using LC/MS

introduced in this study (LC) and established indirect headspace methods (GC).

Parameter LC GC

LOD 100 fmol on column

(2 nM with 100 mL

filtration)

0.3 nM (10 mL filtration,

Smith et al., 1999)

Indirect determination via

DMS

No Yes

Repeated injection possible? Yes No

Analysis of other potential

DMS precursors?

Yes No

Storage possible? Yes limited

Sample stability recoveryN90% after 6

months at −20 °C

Required instrumentation LC/MS HS or SPME/GC with FID,1

FPD2 or MS

1 Flame ionization detector.
2 Flame photometric detector.
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4. Discussion

We improved and evaluated a method that allows the detection of

DMSP from phytoplankton cultures without alkaline cleavage. We

developed the new protocol for UPLC/MS measurements, but the

method can be generally transferred to widely available HPLC/MS

equipment as shown previously (Wiesemeier and Pohnert, 2007).

Compared to the original protocol by Wiesemeier and Pohnert (2007)

several parameters have been changed to improve the extraction

procedure and to improve the LOD.Wecoulddemonstrate thatfiltration

is superior to concentration of the cells by centrifugation since the

remaining water in the suspension after centrifugation leads to DMSP

lysis during methanolic work-up. In contrast, methanol efficiently

extractsDMSP fromthe cells onGF/Cfilters and suppresses lyase activity

in the absence of excess water. Using this procedure we could avoid the

Bligh and Dyer extraction described byWiesemeier and Pohnert (2007)

and save one extraction and concentration step. In contrast to the

previous report we could test the stability of the methanol cell extracts

and found that extracts can be stored for prolonged time (N4 weeks)

which makes the method particularly suitable for field sampling

campaigns where no immediate analysis can be performed. The

derivatization protocol has also been optimized to achieve a quantita-

tive transformation of DMSP. Furthermore, we switched to a phenyl

column and developed a new eluent system to improve the peak shape

and sensitivity. If only the detection of the DMSP standard is concerned

we reached a six fold lower LOD compared to Wiesemeier and Pohnert

(2007). Since themethod was not validated for phytoplankton cultures

in the previous report we cannot compare directly the overall

improvement including the effects of the optimized extraction and

derivatization procedure. Due to the low limit of detection (LOD) only

small culture volumes are now required for DMSP quantification. The

amount of detected matrix components is low.

Compared to the LOD of previously reportedmethods using indirect

determination of DMSP after basemediated release of DMS (e.g. 0.3 nM

for 10 mL filtration by Smith et al., 1999) the LOD for the method

introduced here is higher (Table 4). Nevertheless, only 20 mL of algal

cultures were required for a quantitative determination of DMSP. We

evaluated if higher filtration volumes would interfere with the analysis

and found for a S. costatum culture that a scale up of filtration volume to

300 mL can be easily performedwithout loss of sensitivity. The effects of

filtration volume would, however, have to be verified independently if

more fragile algal species are concerned.We also evaluated ourmethod

during non-bloom situations for plankton samples from the Baltic Sea.

Lowfiltration volumes of 100 mLdid not result in detectable signals, but

filtration volumes of 1000 mL (or more) were suitable for DMSP

detection. Filtration of large volumes can however cause artificial DMSP

release by cell disruption that would not be compensated by the use of

our internal standard, which is only added after filtration (Kiene and

Slezak, 2006). We thus recommend the more sensitive indirect

determination methods with lower LOD in cases where no quantitative

information on the contribution of other DMS releasing metabolites is

required. In cases where sensitivity is an issue, our method could be

easilymodified. For example, the sample volumeof 100–350 μL thatwas

selected due to the ease of handling can be reduced and the injection

volume can be increased up to 20 μL. We estimate that this could lower

the LOD by a factor of 10. Furthermore, filters can be transferred in less

than 2 mL methanol. Our method is thus readily applicable to

phytoplankton cultures and with some restrictions also to natural

phytoplankton samples (Table 4).

The recovery rate for DMSP standard solutions using the indirect

SPME GC method with an equilibration time of 10 min is higher than

90% (Niki et al., 2004). Therefore, the method introduced in this study

can be considered at least comparable to the headspace approach.

Validation shows that the derivatization/LC/MS protocol is very robust

and that the risk of systematic errors is very limited. Cell density and

therefore magnitude of matrix components has no influence on

derivatization yield and solvent evaporation also does not affect the

result. Storage of the samples is feasible over a prolonged period of time.

The use of a mass selective detector permits the use of a deuterated

standard which bears major advantages for the determination of labile

and hard to extract analytes, such as DMSP. Using D6-DMSP as internal

standard compensates for eventual losses during storage and sample

preparation. This standard is transformed with identical kinetics as the

undeuterated substance (Smith et al., 1999). Since the C-D- bond is not

involved in the cleavage reaction ofD6-DMSP toD6-DMSand acrylic acid

it can be assumed that D6-DMSP is enzymatically transformed with

similar kinetics as DMSP. Losses due to remaining lyase activity or

chemical degradation are thus compensated aswell. Compared to other

methods available for the detection of DMSP we add specificity since

DMSP can be detected using its characteristic ion trace and robustness

since the standard compensates for overlaying (a)biotic DMSP

degradation reactions (Colmer et al., 2000; Zhang et al., 2005).

Using the newmethod we surveyed 21 phytoplankton cultures for

their DMSP content (Tables 2 and 3). We found on a cellular basis a

high DMSP value for the diatom S. costatum that was comparable with

the coccolithophore E. huxleyi, but referred to cell volume intracellular

DMSP concentrations of S. costatum are usually lower than in E.

huxleyi. Diatoms are often considered to produce low levels of DMSP

relative to dinoflagellates or prymnesiophytes, which was true for the

other tested species like T. weissflogii (Keller et al., 1989). For the fresh

water cultures, DMSP or DMS was not detected or were present in

unquantifiable amounts. We applied our method also to samples from

Norwegian Fjord waters and mesocosms with induced diatom

blooms. This first comparison proves that in principle also DMSP

from rather complex field samples can be detected and the observed

quantitative values correspondwell to the determined cell counts of S.

marinoi in the field and the mesocosm (Barofsky et al., 2010).

Comparison of our analysis of a DMSP derivative and the indirect

quantification via DMS reveals significant differences between DMSP

content and DMS release of several phytoplankton cultures (Table 2).

As the same culture extract was split and used for both analyses it can

be excluded that the observed differences are the result of biological

variability or different sample treatment during preparation. This is

supported by the normal distribution of the determined concentra-

tions. This procedure ensures that a direct comparison of DMSP

content and the overall DMS release after base treatment is possible

for all investigated samples. Standard deviations thus only include the

method precision (RSD for UPLC 1.6–4.1% and for GC 2.1–6.7%).

Discrepancies in results between the twomethods are thus due to the

contribution of other DMS precursors to the DMS release initiated by

base treatment of the crude cellular preparations. It can be concluded

that in most of the tested microalgae DMSP is not the only source for

DMS. Throughout the detected samples the differences are not high,

but often significant. If only an estimation of the DMSP content is

concerned the established indirect method that requires less

sophisticated equipment and no costly derivatization reagent is

clearly sufficient. Errors of up to 15% arising due to additional DMS

sources could be accepted in many cases, where the biological

variability will often cause similar uncertainties. Nevertheless, if e.g.

physiological investigations are concerned, where often minor DMSP

variations or metabolic fluxes are discussed, it should be verified if

also other DMS sources play important roles. This is also true for

ecological investigations where other DMS precursors could have a

significant impact as well. In these cases the use of the novel method

would be clearly advised. If the role of DMSP in sulfur cycling is

concerned it should be taken into account that even variations of 10%

might correspond to several Tg sulfur on global scale and that

currently no quantitative information is available for this non DMSP-

derived sulfur. Also studies on the impact of environmental factors on

the DMSP content should consider additional DMS precursors.

Our method offers the possibility to detect candidate molecules

that could act as additional DMS precursors. A mix of synthetic
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standards of several sulfonio-metabolites could be separated and

detected without interference using the introduced method (Fig. 3A).

Cell extracts were checked for peaks of other potential DMS

precursors by increasing the scan range of the MS detector. All strains

of E. huxleyi and Prorocentrum minimum showed a peak for m/z 393

that exhibited the characteristic isotope pattern of an organic

metabolite containing one sulfur atom. MS/MS and UVmeasurements

confirmed that the compound in question is a pyrenyl ester and is

thus derived from esterification of a free acid (MS/MS: 393 (mol peak)

and 215 amu (pyrenyl fragment), UV: λmax 343.5 nm). The spectro-

scopic data and the retention time are in accordancewith the reported

substances 4-dimethylsulfonio-2-methoxybutyrate (Sciuto et al.,

1982) and gonyol (Nakamura et al., 1993) but for a final verification

which of the isomers corresponds to the detected natural product a

comparison with synthetic standards would be required. Since this

compound reached only peak intensities of ca. 10% of DMSP it is most

likely not exclusively responsible for the increased DMS values.

All the above mentioned molecules released DMS upon base

treatment. The DMS yields were variable from 2 to 71% depending on

the structure of the metabolites. Nevertheless these small osmolytes

might not be the only metabolites releasing DMS. It could be

envisaged that also the higher molecular weight fraction could

contain sulfonio-metabolites that could be converted to DMS.

DMSP concentrations might be connected to the concentrations of

other osmolytes in algae. Of specific interest are other zwitterionic

osmolytes, such as GBT thatmight act as partial replacements of DMSP

if nitrogen is not limited (e.g. Keller et al., 1999a,b). Since the

employed derivatization generally transforms carboxylic acids to

pyrenylesters other osmolytes can be also quantified with our

method. Indeed, the LOD of 200 fmol or 66 pg per μL injection for

GBT is sufficient to simultaneously monitor DMSP and GBT in one run.

As proof of principle we performed this simultaneous analysis for

several phytoplankton cultures. Different culture protocols were used

and the experiments were performed 1 year apart from each other.

The observed differences of the absolute DMSP content for the

cultures of the same strain (Tables 2 and 3) can therefore be attributed

to biological variability. This variability can not only be dependent on

strain and growth conditions, but also on growth rate. Keller et al.

(1999a) reported e.g. for cultures of P. minimum highest DMSP cell

contents during the early exponential phase that decreased by factor 4

with extended growth. Slight variability of the growth phases

between the two campaigns could thus already explain the observed

variability. Several algae belonging to prymnesiophytes, chrypto-

phytes, dinoflagellates and diatoms contained DMSP and GBT. Some

algae like the haptophyte P. parvum predominantly contained DMSP,

while the diatom T. weissflogii exclusively contained GBT. While we

determined ca. 7 pg GBT cell−1 for P. minimum Keller et al. (1999a)

reported for P. minimum (CCMP1329) that it does not produce GBT.

Therefore, GBT production might be not only species but also strain

specific. However, also GBT is a highly variable molecule over the

growth cycle as pointed out by Keller et al. (1999a). Therefore, the

observed differences might be due to different sampling points during

the exponential growth phase. Several studies discuss an increased

DMSP content per cell as a reaction to nitrate limited conditions as

DMSP might replace N-containing osmolytes like GBT. However, in

most studies only DMSP is determined and no information about GBT

is available, so only assumptions could be made (Turner et al., 1988;

Stefels and van Boekel, 1993; Bucciarelli and Sunda, 2003). Keller et al.

(1999a,b) determined both compounds, but used two analysis

techniques (HPLC and GC). The method presented here is able to

quantify both metabolites simultaneously.

5. Conclusion

Here we introduce a validated method for the determination of

particulate DMSP and related metabolites like other potential DMS

precursors or the osmolyte GBT using derivatization with PDAM. It

can be used for a broad range of different phytoplankton species

including coccolithophores, diatoms or dinoflagellates. This method

can thus be applied to answer a wide range of physiological questions.

Differences found by comparing direct and indirect methods for

quantification of DMSP underline the importance of other DMS

sources in phytoplankton. Therefore, care must be taken if previous

results are discussed in a quantitative framework.
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Investigations of the Uptake of Dimethylsulfoniopropionate by

Phytoplankton

Astrid Spielmeyer, Bjçrn Gebser, and Georg Pohnert*[a]

Dimethylsulfoniopropionate (DMSP), a zwitterionic metabolite,

is produced by many marine micro- and macroalgae. Several

physiological functions for this metabolite have been identi-

fied, including antioxidant,[1] cryoprotectant,[2] and osmolyte ac-

tivity.[3] DMSP is also released by algae, and its concentration in

seawater is usually a few nmol per liter (an overview is given

in ref. [4]), but during mass occurrences of microalgae, the con-

centration can reach values above 100 nmolL�1.[5] Given these

relatively high concentrations, DMSP also serves as an impor-

tant carbon and sulfur source for bacteria in the aquatic eco-

system.[6–8] Although sulfate is present in higher concentrations

(ca. 107 times more), the uptake of reduced organic sulfur com-

pounds such as DMSP is energetically favored.[9] DMSP and its

degradation products can contribute up to 100% of the sulfur

demand of certain bacteria.[10] Bacteria are known to produce

volatile compounds from DMSP by demethylation/demethiola-

tion to produce methanethiol or by lysis giving dimethylsulfide

(DMS).[11] The ratio between these pathways has major implica-

tions for the global sulfur cycle. DMS emissions from the

oceans into the atmosphere account for 17–34 Tg sulfur per

year.[12] Sulfate aerosols formed from DMS serve as cloud con-

densation nuclei, thus making the role of DMSP and DMS rele-

vant to the climate.[13,14] The central role of these metabolites

in organismic interactions as well as in climate-relevant pro-

cesses makes it important to gain information about their fate

in seawater. Beside heterotrophic organisms, phytoplankton

also have a relevant role in the uptake of dissolved DMSP, but

only little quantitative information on this is available. Previous

studies conducted with radiolabeled [35S]DMSP showed radio-

activity inside phytoplankton cells after incubation. Based on

further indirect evidence, a direct uptake of DMSP by an

uptake system that is also used for glycine betaine (GBT) was

suggested.[15,16] However, the use of [35S]DMSP did not allow a

conclusion about the uptake mechanism and the intracellular

metabolism to be drawn, as only the signal of the sulfur and

not of DMSP itself is detected. Potential mechanisms for DMSP

uptake and metabolism include transformation to intermediate

demethylated species or lysis to DMS and acrylate. In this

study, we present an approach to investigate the DMSP uptake

mechanism and kinetics as well as its fate in phytoplankton by

using an eightfold isotopically labeled DMSP ([13C2D6]DMSP).

LC/MS analysis allowed the pathways shown in Scheme 1 to

be discriminated.

[13C2D6]DMSP was synthesized according to Scheme 2 (see

the Supporting Information for detailed procedures and spec-

troscopic data). For a first survey, this marker was applied at a

concentration of 125 nm to non-axenic cultures of the three

diatoms Thalassiosira pseudonana, Thalassiosira weissflogii, and

Skeletonema costatum, the dinoflagellate Prorocentrum mini-

mum, and two isolates of the coccolithophore Emiliana huxleyi,

only one of which forms calcified coccoliths. We thereby cov-

ered the dominant oceanic algae that have been the subject

of many studies relating to the production and function of

DMSP. We included algae with high, low, and no DMSP cell

content in order to survey whether a different uptake mecha-

nism is active in these classes. Exponential cultures were

grown over six days; on the first five days an aliquot equiva-

lent to 125 nm [13C2D6]DMSP was added. This procedure was
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Scheme 1. Possible transformation of DMSP before uptake and the respec-

tive ion traces in cell extracts; * indicates 13C.

Scheme 2. Synthesis of [13C2D6]DMSP.
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selected so as to reach an equivalent of high environmental

DMSP concentrations. After filtration and careful washing to

remove surface-bound [13C2D6]DMSP, the cells were extracted

and investigated by ultra-performance liquid chromatography-

MS (UPLC-MS) modified according to a reported procedure

(Supporting Information).[17] In addition, the structure of la-

beled DMSP was confirmed by MS-MS analysis (see Figure 2B

below). In all five investigated species, a [13C2D6]DMSP signal

could be unambiguously detected, but uptake occurred with

different efficiency (Figure 1).

In the diatoms S. costatum and T. pseudonana as well as in

the dinoflagellate P. minimum, the labeled DMSP accounted for

about 10% of the total cellular DMSP (Figure 1). With reported

DMSP cell contents of 0.27 and 0.13 pg per cell for S. costatum

and T. pseudonana and 34.9 pg per cell for P. minimum, the ab-

solute amount taken up is, however, strongly species depen-

dent.[18] In contrast, the two isolates of E. huxleyi took up so

little DMSP as to reach only about 1% of [13C2D6]DMSP com-

pared to the overall cellular concentration (Figure 1). For the

strains of E. huxleyi investigated in this study, DMSP concentra-

tions of 0.46 (RCC1242) and 0.58 (RCC1216[18]) pg per cell were

determined. Apparently those algae that are able to maintain

high DMPS levels by de novo biosynthesis do not rely substan-

tially on external DMSP, even if it is administered at elevated

concentrations for a long time. In a previous study that fol-

lowed the uptake of radioactive DMSP, the dinoflagellate

K. brevis and E. huxleyi did not take up any DMSP.[15] Our results

indicate that dinoflagellates have the ability to take up DMSP

and that minimal DMSP uptake can also be observed in E. hux-

leyi after prolonged incubation. These results have, however,

to be interpreted with care because it cannot be fully excluded

that small amounts of external labeled DMSP are carried over

despite intense washing steps.

The most intense [13C2D6]DMSP signal was observed for the

diatom T. weissflogii, although this strain does not produce

quantifiable amounts of DMSP (Figure 1).[18] This is in accord-

ance with previous findings that non- or low producers of

DMSP exhibit a pronounced uptake.[15] It might be speculated

that T. weissflogii relies entirely on the uptake of DMSP, which

is omnipresent in seawater, to fulfill cellular functions. The

UPLC-MS data obtained with all cell extracts were also sur-

veyed for potential DMSP transformation products, but no sig-

nals of labeled DMSP products other than [13C2D6]DMSP were

detected (data not shown). Thus, the uptake of DMSP occurs

directly without previous transformation as indicated in the

upper lane of Scheme 1. This supports the concept of an

uptake through a zwitterion-selective transporter.[16] Interest-

ingly, no metabolic activity leading to reversible transformation

of DMSP in the cells takes place within the assay period; this

indicates a slow or no turnover of cellular [13C2D6]DMSP.

The uptake kinetics for cultures of E. huxleyi (RCC1242,

793000 cells per mL) and T. weissflogii (RCC76, 81000 cells per

mL) were analyzed to obtain a better picture of transport

processes. Therefore, the cells were treated with 200 nm

[13C2D6]DMSP, and uptake was determined within the first

60 min after this addition. Only [13C2D6]DMSP was detected,

and no isotope scrambling due to rapid metabolic processes

occurred in either strain (Figure 2C and D). In the coccolitho-

phore, the [13C2D6]DMSP content per cell increased for 20 min

and then reached a plateau (Figure 3A). Overall, 30% of the in-

itially added [13C2D6]DMSP was taken up by the cells. Both the

unlabeled DMSP and the GBT content per cell were constant

over the investigated time range of 60 min (Figure 3B and C).

Thus, the [13C2D6]DMSP does not replace the cellular DMSP, but

is taken up in addition. The low proportion of [13C2D6]DMSP

taken up by E. huxleyi compared to the cellular concentration

will not cause major differences in the osmomolarity of the

cells, and thus a regulation to balance cellular processes might

not be required.

Figure 1. [13C2D6]DMSP uptake in different phytoplankton cultures; depicted

are the ion traces of [13C2D6]DMSP (thin solid line, m/z 143) and of unlabeled

DMSP produced by the cell (dotted line, m/z 135, both signals occur at the

retention time 4.3 min). In the control cultures, no signal at m/z 143 was ob-

served at the retention time of DMSP (bold solid line).
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A different kinetic was ob-

served for DMSP uptake in the

diatom T. weissflogii. Here, 60%

of the supplied [13C2D6]DMSP

was already taken up after

2.5 min (Figure 4A). Only a slight

increase was observed for the

other sampling points, and after

20 min approximately 70% of

the externally administered

[13C2D6]DMSP was detected in

the cells. In the steady state,

T. weissflogii had a DMSP content

of 1.73 fmol [13C2D6]DMSP per

cell ; this is comparable to that of

E. huxleyi (2.14 fmol DMSP per

cell). However, T. weissflogii has a

higher cell volume than E. hux-

leyi, so lower intracellular DMSP

concentrations result in the dia-

toms. As observed in E. huxleyi,

the GBT content per cell of

T. weissflogii remained constant

(Figure 4B). It remains an open

question how changes in osmo-

molarity during this process are compensated for by the

diatom.

No DMSP uptake was observed after 20 min for either cul-

ture. This has major implications for the determination of

DMSP uptake rates. In previous studies, incubations of, for ex-

ample, 5 min with the radioactive substrate were used to cal-

culate DMSP uptake rates per hour.[16] According to our results,

the uptake rate might be overestimated by this approach as a

steady state is reached surprisingly quickly. This suggests a

Figure 2. Uptake mechanism of DMSP. A) [13C2D6]DMSP in a cell extract of T. weissflogii ; B) MS-MS of the

[13C2D6]DMSP signal ; C), D) ion traces of two possible transformation products show that DMSP is taken up

directly.

Figure 3. Kinetics of [13C2D6]DMSP uptake in E. huxleyi. Monitoring of the

A) [13C2D6]DMSP, B) DMSP, and C) GBT content of the cells over the indicated

time span after incubation with [13C2D6]DMSP. Measurements were per-

formed in duplicate.

Figure 4. Kinetics of [13C2D6]DMSP uptake in T. weissflogii. Monitoring of the

A) [13C2D6]DMSP and B) GBT content of the cells over the indicated time span

after incubation with [13C2D6]DMSP. Measurements were performed in dupli-

cate.
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highly active DMSP-uptake system that acts almost immediate-

ly after changes in the external DMSP concentrations occur.

Our results shed new light on the impact of phytoplankton

on the fate of oceanic DMSP. It is interesting to note that no

short- or long-term metabolism of the DMSP taken up by the

cells occurred. In particular, the fact that the diatom T. weissflo-

gii, which does not produce this metabolite, showed a fast

uptake of considerable amounts of [13C2D6]DMSP proves that

algae can act as substantial sinks of this metabolite in the

oceans.

Experimental Section

Details of the procedures for the synthesis of labeled DMSP and

spectroscopic data for the intermediates and the end product as

well as incubation and extraction procedures may be found in the

Supporting Information.
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Equipment: For analytical separation an Acquity Ultraperformance LC (Waters, Milford, 

MA, USA) equipped with a Merck ZIC-HILIC column (3.5 μm, 2.1 x 100 mm, purchased 

from di2chrom, Marl, Germany) was used. The module was coupled to a Q-ToF micro mass 

spectrometer (Waters Micromass, Manchester, England). 

 

Reagents: 3,4-Dihydro-2H-pyrane, 37% aq. formaldehyde and 3-(methylthio)propanal were 

purchased from Alfa Aesar (Germany). Triphenylphosphine, D6-dimethylsulfide, iodomethane 

and ethyl bromoacetate were purchased from Sigma Aldrich (Germany). 

 

Synthesis 

Tetrahydro-2H-pyran-2-yl 1,2-13C2-2-bromoacetate (1): 13C2-bromoacetic acid (0.285 g, 

2 mmol) was dissolved in 3,4-dihydro-2H-pyrane (10 mL, previously purified by distillation 

over sodium). After 4 h stirring at room temperature, the solution was washed with NaHCO3 

(10% aq., 10 mL). The aqueous phase was extracted three times with diethyl ether (10 mL), 

dried over sodiumsufate, and the combined organic phases were evaporated under reduced 

pressure to give 1 (445 mg, 98%). 1H NMR (200 MHz, CDCl3):  1.40-1.92 (m, 6H, CH2), 

3.85 (dd, 1J(H,C)=153.32 Hz, 2J(H,C)=4.57 Hz, 2H, CH2), 3.61-3.80 (m, 1H, CH2), 3.82-4.01 

(m, 1H, CH2), 6.04 (q, 3J(H,H)=2.38 Hz, 1H, CH); 13C NMR (50 MHz, CDCl3):  18.05, 

24.67, 25.96 (d, 1J(C,C)=65.18 Hz), 28.83, 63.07, 94.42, 165.99 (d, 1J(C,C)=65.18 Hz); MS 

(EI, 70 eV): m/z 142 (41), 140 (41), 97 (85), 96 (54), 95 (100), 94 (64), 93 (13), 81 (52), 79 

(54). 

 

Tetrahydro-2H-pyran-2-yl 1,2-13C2-acrylate (2): To a vigorously stirred solution of triphe-

nylphosphine (840 mg, 3.2 mmol) in dry dichloromethane (30 mL) 1 (430 mg, 1.9 mmol) was 

added quickly in dry dichloromethane (10 mL). After 50 s stirring at room temperature, a 

solution of formaldehyde (37% aq., 0.8 mL) and NaHCO3 (10% aq., 12 mL) was added rapid-

ly. The resulting mixture was stirred for another 2 h at room temperature. After extraction 

with ethyl acetate the solvent was removed under reduced pressure and the crude product was 

purified by column chromatography over silica gel 60 to give 2 (95 mg, 20%). Rf of 2 (petrol-

eum ether/ethyl acetate 3:1) = 0.61. 1H NMR (400 MHz, CDCl3):  1.45-1.92 (m, 6H, CH2), 

3.63-3.76 (m, 1H, CH2), 3.81-3.98 (m, 1H, CH2), 5.85 (ddd, 3J(H,H)=14.09, 2J(H,C)=9.70, 
2J(H,H)=2.20 Hz, 1H, CHH), 6.13 (dddd, 1J(H,C)=163.20 Hz, 3J(H,H)=16.74 Hz, 2J(H,C)= 

10.34 Hz, 2J(H,H)=4.39 Hz, 1 H, CH=C), 6.00 - 6.07 (m, 1H, CH), 6.40-6.50 (m, 1H, CHH); 
13C NMR (101 MHz, CDCl3):  18.59, 24.92, 29.17, 63.24, 92.85, 128.56 (d,1J(C,C)=73.62 



Hz), 130.85, 164.73 (d, 1J(C,C)=73.61 Hz); MS (EI, 70 eV): m/z 85 (29), 84 (21), 74 (11), 57 

(100), 56 (22), 55 (59). 

 

3-([D6]dimethylsulfonio)-1,2-13C2-propionate (3): Excess HCl(g) was bubbled through a 

well stirred solution of 2 (75 mg, 0.47 mmol) and [D6]dimethylsulfide (0.05 mL, 0.68 mmol) 

in CH2Cl2 (0.5 mL) for 10 min at room temperature. Gaseous HCl was obtained by adding 

concentrated sulfuric acid to sodium chloride. The emerged white precipitate was filtered, 

dissolved in a very small volume of methanol and recrystallized by addition of diethyl ether to 

give 3 (39 mg, 39%) in a purity of >95% (NMR). 1H NMR (400 MHz, CD3OD):  2.96 (dtd, 
1J(H,C)=131.00 Hz, 3J(H,H)=7.00 Hz, 2J(H,C)=6.60 Hz, 2H, CH2), 3.45-3.57 (m, 2H, CH2); 
13C NMR (101 MHz, CD3OD):  27.81 (d, 1J(C,C)=56.74 Hz), 29.75 (d, 1J(C,C)=56.74 Hz), 

173.58 (d, 1J(C,C)=55.21 Hz); MS (EI, 70 eV): m/z 125 (27), 74 (64), 68 (100), 57 (38), 50 

(50), 46 (48), 27 (71). 

 

DMSP analysis: For UPLC separation, an eluent system of water + 2% acetonitrile and 0.1% 

formic acid (solvent A) and 90% acetonitrile +10% water with 5 mmol L-1 ammonium acetate 

(solvent B) was used. Separation started with 100% B and a flow rate of 0.45 mL min-1 for 

1.00 min. Within 5.50 min the proportion of A was increased to 80%. Then the gradient was 

set back to 100% B within 0.60 min. The column was equilibrated for 2.90 min, resulting in a 

total analysis time of 10 min. Injection of the sample solution (1-10 μL) was performed using 

a loop injector. The auto sampler temperature was held at 4 °C, the column temperature was 

set to 35 °C. Mass measurements were performed in the ESI-positive mode, recording the 

mass range from 105 to 200 m/z using a scan rate of 0.6 s and an inter-scan delay of 0.1 s. The 

following MS parameters were applied: capillary voltage 3000 V, sample cone 10.0 V, source 

temperature 120 °C, desolvation gas temperature 300 °C, collision energy 3.0 V, ion energy 

1.8 V. For qualitative MSMS analysis collision energy was set to 10 V with a scan rate of 

0.5 s. 

 

Cultivation: Unialgal cultures of the diatoms Thalassiosira weissflogii (RCC76), Thalassio-

sira pseudonana (CCMP1335), Skeletonema costatum (RCC75), the dinoflagellate Prorocen-

trum minimum and the coccolithophore Emiliania huxleyi (RCC1242 and RCC1216) were 

propagated in autoclaved medium at 14 °C (diatoms) or 18 °C with a 14:10 light:dark cycle. 

Light was provided by Osram biolux lamps with an intensity of 40 μmol photons m-2 s-1. The 

dinoflagellate and diatom cultures were cultivated in artificial seawater.[19] Medium for cul-



tures of E. huxleyi was prepared by dissolving 33.33 g L-1 HW sea salt professional (aquaris 

tic.net, Babenhausen, Germany) in MicroPure water (MicroPure, TKA, Germany). 400 μL of 

separately autoclaved Seramis for foliage plants (MARS GmbH, Mogendorf, Germany) were 

added to this seawater preparation. 

 

Sample preparation: For determination of DMSP uptake, 100 μL of 50 μmol L-1 aqueous 

[13C2D6]DMSP solution was added to 40 mL of the respective phytoplankton culture. The ad-

dition was conducted five times on five consecutive days (day 1 to 5). On day 6, the cultures 

were gravity filtered on Whatman GF/C and the cells on the filter were washed with 20 mL of 

the respective medium. The filter was transferred into methanol. For each strain a control cul-

ture was treated in the same way without addition of [13C2D6]DMSP. 

 

For determination of DMSP uptake kinetics, 100 μL of a 200 μmol L-1 aqueous [13C2D6]-

DMSP solution was added to 100 mL of cultures of E. huxleyi and T. weissflogii, respectively. 

After 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50 or 60 min, 5 mL of the culture was vacuum filtered 

on Whatman GF/C (700 mbar). The filter was rinsed with medium (3 x 2 mL) and transferred 

into 0.7 mL methanol containing 100 μL of a 100 μmol L-1 aqueous gonyol solution as inter-

nal standard (synthesized, unpublished data).  Extracts were stored at -80 °C. 100 μL of these 

extracts were diluted with 100 μL water/acetonitrile (10:90 v/v) and centrifuged (5 min, 

16000 g). The supernatant was directly used for UPLC analysis. Standard solutions of 13C2D6-

DMSP and gonyol were prepared in water/acetonitrile (10:90 v/v). 
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Dimethylsulphopropionate (DMSP) and proline from the surface of the brown alga

Fucus vesiculosus inhibit bacterial attachment
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(Received 27 March 2012; final version received 25 May 2012)

It was demonstrated previously that polar and non-polar surface extracts of the brown alga Fucus vesiculosus
collected during winter from the Kiel Bight (Germany) inhibited bacterial attachment at natural concentrations. The
present study describes the bioassay-guided identification of the active metabolites from the polar fraction.
Chromatographic separation on a size-exclusion liquid chromatography column and bioassays identified an active
fraction that was further investigated using nuclear magnetic resonance spectroscopy and mass spectrometry. This
fraction contained the metabolites dimethylsulphopropionate (DMSP), proline and alanine. DMSP and proline
caused the anti-attachment activity. The metabolites were further quantified on the algal surface together with its
associated boundary layer. DMSP and proline were detected in the range 0.12–1.08 ng cm72 and 0.09–
0.59 ng cm72, respectively. These metabolites were tested in the concentration range from 0.1 to 1000 ng cm72

against the attachment of five bacterial strains isolated from algae and sediment co-occurring with F. vesiculosus.
The surface concentrations for 50% inhibition of attachment of these strains were always 50.38 ng cm72 for
DMSP and in four cases 50.1 ng cm72 for proline, while one strain required 1.66 ng cm72 of proline for 50%
inhibition. Two further bacterial strains that had been directly isolated from F. vesiculosus were also tested, but
proved to be the least sensitive. This study shows that DMSP and proline have an ecologically relevant role as
surface inhibitors against bacterial attachment on F. vesiculosus.

Keywords: chemical defence; Fucus; DMSP; proline; anti-bacterial; antifouling

Introduction

Marine macroalgae produce a diverse range of
chemical compounds that play a significant ecological
role in the marine environment including protection
against natural enemies (eg microbes and herbivores),
settlement cues and competitive interactions (reviewed
in Paul et al. 2011). Chemical compounds from
seaweeds are also known to inhibit fouling organisms,
including bacteria that are primary colonisers (re-
viewed in Qian et al. 2010).

Seaweeds provide a microniche rich in nutrients
that promotes bacterial colonisation, which in turn can
have detrimental effects on the host (Littler and Littler
1995; Sunairi et al. 1995; Sawabe et al. 1998;
Vairappan et al. 2001). Thus, there should be a
demand for defence against bacteria in seaweeds and
chemical antifouling defence has been reported in a
number of studies (eg de Nys et al. 1991; Schmitt et al.
1995; Brock et al. 2007). However, the ecological roles
of specific algal inhibitors against microbes have only
been demonstrated for a few species (eg Kubanek et al.
2003; Paul et al. 2006; Lane et al. 2009; Persson et al.
2011; Saha et al. 2011). Furanones from Delisea

pulchra have been quantified and investigated as
antifoulants (de Nys et al. 1998; Dworjanyn et al.
1999), while less is known about the role of other algal
metabolites in terms of inhibiting colonisation by
microbes (but see Paul et al. 2006; Nylund et al. 2008;
Saha et al. 2011).

In the Western Baltic, the perennial rockweed
F. vesiculosus occurs mainly between mean sea surface
level and 3 m depth. A variety of abiotic stress factors
are common in this habitat and some of these have been
predicted to increase in the course of ongoing climate
change. During the past decades, F. vesiculosus has
retreated from the deeper parts of its former distribu-
tion range in the Baltic Sea (Vogt and Schramm 1991),
which is presumably due to the combined action of
eutrophication and epibiosis (Rohde et al. 2008). The
jeopardised existence of this alga in the course of
climate change makes it important to understand its
interaction with potential fouling organisms in detail.

In spite of high bacterial densities in the Kiel fjord
[0.7–2.246 106 ml71 seawater (mean of monthly sam-
plings between 2005 and 2008), H.J. Hoppe and R.
Koppe, personal communication], F. vesiculosus still
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manages to remain largely free from fouling by bacteria
as well as macrofouling during most times of the year
(Wahl et al. 2010). This observation suggests the
deployment of chemical defence metabolites (Brock
et al. 2007; Saha et al. 2011), which may be produced
either by the alga itself or by its surface associated
biofilm.

Non-polar compounds have mainly been reported
as algal antifoulants (Schmitt et al. 1995; de Nys et al.
1998; Nylund et al. 2008; but see Harder et al. 2004 for
a report on polar compounds). This may be due to the
fact that non-polar compounds have a higher chance
of being accumulated at algal surfaces than polar
compounds (Jennings and Steinberg 1997), which in
turn may have a higher probability of diffusion into the
surrounding water column in absence of strong
interionic interactions or hydrogen bonds.

A previous study on the chemical defence of
F. vesiculosus revealed the presence of surface asso-
ciated non-polar and polar active metabolites against
bacterial attachment (Saha et al. 2011). Both the hexane
fraction (containing mostly dissolved non-polar meta-
bolites) and the methanol fraction (containing rela-
tively polar dissolved metabolites) of the surface extract
of F. vesiculosus inhibited bacterial attachment strongly
and to a similar extent, while the water fraction was less
efficient (Saha et al. 2011). Investigation of the non-
polar extract has led to the identification of the
compound fucoxanthin as inhibitor of bacterial attach-
ment in F. vesiculosus (Saha et al. 2011).

The present study focuses on the identification of
the metabolites responsible for the anti-attachment
activity in the MeOH fraction of the initial surface
extract of F. vesiculosus and the assessment of their
possible ecological role as natural anti-bacterial deter-
rents. Bioassay-guided fractionations of the MeOH
fraction were used, in order to identify extractable
polar metabolites that inhibited bacterial attachment.
Isolated bacteria from F. vesiculosus and also from
seaweeds co-occurring with F. vesiculosus were used as
test organisms, in order to detect ecologically relevant
antimicrobial effects. The concentrations of identified
deterrent metabolites on the surfaces along with surface
boundary layers, and in total tissue extracts of field
collected F. vesiculosus were also determined. In
addition, the contribution of bacteria and microalgae
associated with the algal surface to deterrence was
investigated.

Materials and methods

Algal material

For the purpose of fractionation and chromatography,
7.7 kg of F. vesiculosus (ca 100 individuals) were
collected from the littoral zone of Kiel Fjord, Germany

(54826’N/10811’E) in December 2009 and transported
to the laboratory in a cool box. Prior to extraction, the
plants were held in saturated seawater to avoid
desiccation and damage. For surface quantification,
young algal individuals (n¼ 4) with a maximum length
of 10 cm were collected from Laboe, Germany
(548400N/108210E) in March 2011. For the study of
surface concentrations after elimination of associated
bacteria, the material was collected from the littoral
zone of Kiel fjord (548330N/108160E) in November
2011. The latter two samplings were processed imme-
diately. For the purpose of quantifying active intra-
cellular compounds, F. vesiculosus (n¼ 3) plants were
collected from the littoral zone of Kiel Fjord (548270N/
108110E), Germany in May 2012.

Bacteria

Cytophaga sp. KT0804 (isolated from Halidrys siliquo-

sa and also detected on Saccharina latissima) and
Bacillus aquimaris (isolated fromHalidrys siliquosa and
also detected on Desmarestia aculeata and Ahnfeltia

plicata) were used in all the bioassays in order to screen
the activity of extracts and compounds against these
two representatives of Gram-negative and Gram-
positive microorganisms, respectively. Five additional
strains isolated from F. vesiculosus, neighbouring algal
species and marine sediment were used to test pure
DMSP and proline, viz. Rheinheimera baltica, Shewa-
nella baltica (both isolated from F. vesiculosus), Ulvi-

bacter littoralis (isolated from the brown alga Fucus

serratus), Alteromonadaceae E1 (isolated from the red
alga Polysiphonia stricta), and marine sediment bacter-
ium ISA 7311 (isolated from marine sediment).
(Strains were isolated and identified by F. Symanows-
ki, unpublished data.) The bacterial strains were grown
in nutrient enriched medium (5 g peptoneþ 3 g yeast in
1 l of filtered seawater) at 208C and 16 psu. All strains
were maintained as cryostocks at 7808C (Saha et al.
2011).

Extraction of metabolites

Prior to extraction, the algal fronds (except for the
7.7 kg algal material) were scanned for surface area
quantification using the image analysis software Image
J (National Institute of Health, Bethesda, Maryland,
USA; for details see Saha et al. 2011). Since quantify-
ing the surface area of 7.7 kg of algal material (used for
the purpose of bioassay-guided fractionation) was
impractical, the total surface area was calculated by
multiplying the wet weight of 7.7 kg by 25.57 cm2 g71

(1 g of algal wet weight corresponded to ca 25.57 cm2

(SD+ 1.88) of algal surface area, for details see Saha
et al. 2011). For surface extraction, algal fronds were
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dipped for 10 s into a stirred mixture of methanol
(MeOH): hexane (1:1 v/v). This method has been
previously identified as non-destructive (see Supple-
mentary material in Saha et al. 2011). Larger thalli
were cut prior to extraction and care was taken that the
cut ends had no contact with the solvent in order to
prevent leaching of intracellular compounds (Saha
et al. 2011). The resulting extract was immediately
filtered through GF/A filters (Whatman, Ø¼ 15 mm)
to remove particles and the solvent was evaporated
under reduced pressure at 5208C using a rotary
evaporator. The resulting residue was redissolved in
hexane to remove the non-polar metabolites that
inhibit bacterial attachment, such as fucoxanthin.
The step was repeated until the solvent appeared
colourless, indicating redissolution of fucoxanthin. The
remaining extract after this hexane treatment was
taken up in MeOH to dissolve the more polar
metabolites. The final residue after this MeOH
treatment contained highly polar compounds and
was dissolved in water (HPLC grade, Roth GmbH).

Bioassays

Newly inoculated liquid cultures of bacteria were
incubated for 18–20 h until their optical density (OD)
was in the range 0.5–0.8 (l¼ 600 nm; Beckman Du1

650 spectrophotometer). The bacteria in suspension
were transferred to 96 well plates (flat bottom,
polystyrene, Greiner1) with the compounds, size-
exclusion chromatography (SEC) fractions or solvent
controls. The 96 well plates were incubated for 1 h on a
shaking table (100 rpm) at 208C. The bacterial
suspension was then removed from the wells and
unattached cells were eliminated by gently rinsing twice
with sterile sea water (SSW) (16 psu, collected from the
Kiel fjord). The attached cells were quantified by
staining (10 min) with the fluorescent DNA–binding
dye Syto 9 (0.005 mM) (Invitrogen, GmbH). The
fluorescence was subsequently measured (excitation
477–491 nm, emission 540 nm) in a plate reader (Hidex
Chamaeleon, Turku, Fi) as a proxy for bacterial cell
attachment density.

Bioassay-guided fractionation with a surface volume

based assay

The polar methanolic fraction was fractionated by size
exclusion chromatography (SEC) on Sephadex LH20
(656 2 cm, Sigma-Aldrich, Germany) with isocratic
MeOH elution (UV detector 254 nm, Biorad biologic
chromatography system). The fractions were collected
at time intervals of 5 min (flow rate 2.5 ml min71) and
pooled on the basis of the observed UV peaks
(Figure 1). The SEC fractions were tested at the

natural concentration that was present in the algal
surface volume. This natural concentration was cal-
culated as algal surface area 630 mm (estimated
thickness of the surface boundary layer). Ninety-
seven ml of the bacterial suspension were added to
the wells. Three ml of extract/SEC fractions (dissolved
in DMSO) present at 33.3 times the natural concentra-
tion were added to the suspension so that the tested
fractions in the final mixture were diluted to their
natural concentration. Bacteria were exposed to
DMSO concentrations of 3% and never 45%, in
order to prevent toxic effects (Saha et al. 2011). DMSO
containing the fractionated solvent residue was taken
as a control when the SEC fractions were tested. This
was done to ensure that the presence of the solvent did
not confound the results. To prepare the SEC solvent
residue fractions, an equivalent amount of solvent
containing no extract was fractionated in a similar
manner to the MeOH fraction.

Structural elucidation of attachment inhibiting

compounds

For nuclear magnetic resonance spectroscopy
(NMR) the active SEC fraction was evaporated to
dryness and dissolved in CD3OD. Structural elucida-
tion of DMSP was based on 1D- and 2D-NMR
spectroscopy and comparison with synthetic DMSP
hydrochloride. DMSP hydrochloride was synthesised
by applying general procedures (see Chambers et al.
1987). This metabolite could, however, not explain all
observed signals in the NMR (see Supplementary
information, Figure S1). [Supporting material is
available via a multimedia link on the online article
webpage.]

The active LH20 fraction was further analysed by
gas chromatography with mass spectrometric detection
(GC-MS) after silylation in pyridine. The sample was
evaporated to dryness and redissolved in 1 ml
of pyridine. To this solution 10 ml of N-methyl-N-

Figure 1. Size-exclusion fractionation of theMeOH fraction
of surface extract of F. vesiculosus. Chromatographic
parameters: Sephadex LH20 (26 65 cm); 1 ml injection;
isocratic elution with MeOH at 2.5 ml min71. Vertical
dotted lines indicate the fraction combination.
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trimethylsilyl-trifluoroacetamide (MSTFA) were added
and the sample was heated for 1 h to 408C and injected
directly into the GC-MS system.

A GCT-Premier (Waters Micromass, UK) time-of-
flight mass spectrometer coupled to an Agilent 6890N
gas chromatograph was used for analysing the
derivatised samples. Injection to the GC was done in
split mode (split ratio 1). A Agilent DB5-MS column
(29.5 m6 0.25 mm and 0.25 mm film) was used for
separation at constant flow of 1 ml min71 of helium
5.0, and 1 ml of the sample was injected into the
system. The injector and transfer line were kept at
2808C. The oven temperature was initially held at 408C
for 5 min and then increased by 308C min71 to 3058C,
and this temperature was held for 5 min. Metabolites
were tentatively identified using the NIST library and
the identity of the amino acids proline and alanine was
verified by co-injection with derivatised commercially
available amino acids.

Quantification of DMSP, proline and alanine

Quantification of DMSP in the surface extracts was
done by liquid chromatography with mass spectro-
metric detection (LC-MS) according to Spielmeyer and
Pohnert (2010). Briefly, the samples were diluted with
900 ml of water:acetonitrile (1:9, v/v) and centrifuged
(5 min, 16,000 g). The supernatants were directly used
for UPLC analysis by injection of 20 ml using a loop
injector. For UPLC separation an Aquity UPLCTM

BEH HILIC column (1.7 mm, 2.1 mm6 50 mm) and
an eluent system of water þ2% acetonitrile (solvent A)
and acetonitrile (solvent B) was used. The solvent
gradient (flow 0.25 ml min71) started with 10% A held
for 0.40 min, set to 60% A at 0.41 min and held at this
solvent composition for 1.70 min. At 1.71 min the flow
rate was increased to 0.60 ml min71 within 0.20 min to
accelerate washing for 0.75 min. A Q-ToF Micro time-
of-flight mass spectrometer (Waters Micromass, UK)
was used for detection and quantification in ESI-
positive mode.

Surface and intracellular quantification of DMSP
for samples collected in November 2011 and May
2012, respectively, was done according to Spielmeyer
et al. (2011). Quantification of proline (both surface
and intracellular) and alanine (surface only) was done
using the same LC-MS method after external calibra-
tion with three concentrations of the commercially
available amino acids. The concentrations of the
calibration standards were 0.074 mM, 0.74 mM, and
7.4 mM for alanine, and 0.049 mM, 0.49 mM and
4.9 mM for proline. Alanine was not quantified for
samples treated with antibiotics. Total tissue quan-
tification of DMSP and proline was also determined.
The purpose of this was to investigate whether the

surface and total tissue concentrations were correlated,
and the total tissue concentrations were therefore
expressed as ng cm72 of surface of extracted algal
thallus.

Surface area based test of attachment inhibiting

components

After the identification of the attachment inhibiting
components these were tested as a surface coating
against bacteria. Proline, alanine, and the two control
compounds valine and isoleucine were from Sigma
Aldrich, Germany, while DMSP was prepared follow-
ing Chambers et al. (1987). DMSP or proline
(dissolved in MeOH), as well as alanine, valine or
isoleucine (all dissolved in water) were pipetted into 96
well plates and the solvent was evaporated in vacuo, in
order to coat the bottom and side walls of the wells
with different surface area concentrations. A bacterial
suspension of 108 ml (to the wells coated with DMSP
and proline) or 100 ml (to the wells coated with alanine,
valine and isoleucine) was added. MeOH or SSW were
used as the solvent control, respectively. Replication
was 4-fold for each tested concentration.

Estimating the microbial contribution of surface

associated deterrents

Since epibiotic bacteria may contribute to surface
extracted proline or DMSP, the concentrations of
these compounds on the surface of F. vesiculosus were
compared for individuals with different densities of
associated microorganisms. In order to reduce the
bacterial density, F. vesiculosus was treated with
antibiotics. Three individuals were split into two parts
of comparable wet weight and each part was main-
tained separately in a 3 l conical flask containing 2.5 l
of sterilised filtered seawater. One part was supple-
mented with 100 ppm each of the antibiotics Vanco-
mycin (Ratiopharm) and Cefotaxim (Hexal), while the
second part was used as a control individual without
antibiotics. All individuals were maintained for 4 days
under continuous aeration at 168C, with a 16:8 h
(light/dark) regime at 20 mmol m72 s71. The health
status of the treated thalli was monitored daily. At the
end of the experiment the algae were photographed for
image analysis, surface extracted and DMSP and
proline were subsequently quantified in the MeOH
fraction as described above.

Prior to extraction, 1 cm2 of the algal tips was
swabbed with cotton tips, in order to count the
associated bacteria and diatoms. The cotton tip was
vortexed for 30 s in an Eppendorf vial containing 1 ml
of SSW. The relative abundance of diatoms and any
other possible photoautotrophs in a 100 ml subsample
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was determined by measuring the fluorescence of
chlorophyll a at 485 nm (excitation) and 677 nm
(emission) in 96 well plates (Greiner1), using a plate
reader. Subsequently, the relative density of all
microfoulers (including bacteria and diatoms) was
determined by staining all the particles in the same
100 ml subsample with the fluorescent DNA-binding
dye Syto 9 (Invitrogen GmbH). After addition of Syto
9 at a final concentration of 0.005 mM and incubation
for 10 min in darkness the fluorescence was measured
(excitation 477–491 nm, emission 540 nm), using the
same plate reader. The relative abundance of diatoms
(and other possible photoautotrophs) was subtracted
from this value, in order to determine the relative
bacterial abundance amongst treated and non-treated
individuals.

Statistical analysis

The activity strength of the extracts, SEC fractions
and the individual compounds was expressed as the
log effect ratio. A log effect ratio value of 0 (ie equal
number of bacteria in wells with extract and in wells
without extract) indicates that the tested extract had
no effect on attachment, whereas a negative log effect
ratio value indicates an inhibitory and a positive log
effect ratio value indicates an attractive effect,
respectively. Thus, a log effect ratio of 71 represents
a 10 fold reduction whereas a value of þ1 represents
a 10 fold enhancement of bacterial settlement due to
the extract.

1-way-ANOVA was conducted to compare the log
effect ratio distributions. Homogeneity of variances
was tested using Levene’s test (p5 0.05). Shapiro-
Wilk’s test was used to test for normal distribution
(p5 0.05). Post hoc comparisons were made using
Tukey’s honest significant difference test (HSD,
p5 0.05). The t-test was used to compare bacterial
abundances amongst anti-attachment treated and non-
treated F. vesiculosus individuals. The computer
program Statistica, (StatSoft, Tulsa, OK, USA) was
used to conduct all statistical tests, including correla-
tion analyses of proline and DMSP surface concentra-
tions and the abundances of bacteria and microalgae.
For the analysis of the effects of surface coated
compounds, functions that described best fits of the
data were computed by iterative adaptation, using the
software package Prism 4 (GraphPad, La Jolla, CA)
and the logistic function Y¼Minþ (Max-Min)/
(1þ 10^(log(EC50)-X)). In this function X and Y
represent compound concentration and attachment
response, respectively. Min, Max and EC50 are
constants describing minimal and maximal responses
and the necessary concentration required for 50%
inhibition of attachment, respectively.

Results

Bioassay-guided fractionation of the polar fraction

The SEC of the F. vesiculosus MeOH fraction, yielded
five fractions, SEC1 to SEC5 (Figure 1), out of which
SEC3 produced a significant inhibitory effect on
bacterial attachment (Cytophaga sp. KT0804, n¼ 3,
F¼ 12, p5 0.001; B. aquimaris, n¼ 3, F¼ 5, p5 0.02,
one-way ANOVA, Tukey’s HSD, Figure 2).

Structure elucidation of attachment inhibiting

compounds

The 1H-NMR spectrum of fraction SEC3 (Supplemen-
tary Figure S1) [Supplementary material is available via
multimedia link on the online article webpage] ex-
hibited signals characteristic for DMSP. HSQC, COSY
and HMBC measurements confirmed this structure.
The structure was verified by comparison with an
authentic standard. The structural elements of two
amino acids were also detectable in the 1H-NMR-
spectrum of the active fraction. A comparison of the
chemical shifts of two spin systems suggested the
presence of alanine and proline. The comparison of
the proton and carbon shifts showed good accordance
with literature values. No indication for a peptide bond
of DMSP with an amino acid could be detected in the
HMBC data, suggesting a mixture of these three
dominant metabolites. The mass spectra and retention
times were in perfect consonance with amino acid
standards derivatised according to the same protocol
(Supplementary Figures S2 and S3). [Supplementary
material is available via multimedia link on the online
article webpage.]

Surface quantification and activity of DMSP and free

amino acids

The natural concentrations of DMSP, proline and
alanine were found to be in the range of 0.12–1.08 ng

Figure 2. Anti-attachment activity of the SEC fractions
(mean+SE, n¼ 3). Different capitals and small letters
indicate significantly different treatment responses of
Cytophaga sp. KT0804 ( ) and B. aquimaris ( ) (Tukey’s
test, a¼ 0.05).
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cm72 (mean 0.40 ng+ SD 0.45), 0.09–0.59 ng cm72

(mean 0.45 ng+ SD 0.43) and 0.09–1.25 ng cm72

(mean 0.47 ng+ SD 0.54), respectively. The surface
coated DMSP inhibited the attachment of six out of
seven of the tested strains in the concentration range
0.1–1000 ng cm72 (Figure 3i and ii). Based on best-
fitting logistic functions the maximal attachment
inhibition of five isolates from co-occurring algae and
sediment was in the range 70.08 to 70.59. The
necessary dose of DMSP for 50% attachment inhibi-
tion of three of these isolates was 50.38 ng cm72,
while two isolates responded maximally at the lowest
concentration that was tested (0.1 ng cm72), so that an
EC50 could not be computed (Table 1). The three most
sensitive strains were U. littoralis and Alteromonada-
ceae E1, which were maximally inhibited with respect
to attachment at all DMSP concentrations tested, and
B. aquimaris, which showed the strongest maximal
inhibition. The two least sensitive strains were those
that had been isolated from F. vesiculosus, viz.
Rheinheimera baltica and Shewanella baltica. While
S. baltica was only slightly inhibited at concentrations
51000 ng cm72, DMSP had a weak pro-attachment
effect on R. baltica (Figure 3ii). A relatively weak
inhibition was also observed with strain ISA 7311.

Surface coated proline also inhibited the attach-
ment of most of the tested strains in the concentration
range 0.1–1000 ng cm72 (Figure 4i). The maximal
attachment inhibition of the five isolates from co-
occurring algae and sediment was in the range 70.12
to 70.55. The required dose of proline for 50% inhi-
bition of attachment of the same isolates was
computed to be always 51.66 ng cm72 (Table 2).
U. littoralis, Alteromonadaceae E1 and B. aquimaris

were the three most sensitive strains and responded
nearly maximally over the whole concentration range
(Figure 4i). Also, as with DMSP, R. baltica was not
deterred, but attracted by proline, and the second
bacterial isolate that originated from F. vesiculosus was
only weakly inhibited (Figure 4ii), similar to strain ISA
7311 (Figure 4i). Alanine inhibited the attachment of
Cytophaga sp. KT0804 and Bacillus aquimaris in a
similar manner when tested in the concentration range
0.984–984 ng cm72 (Figure 5). Based on best-fitting
logistic functions the maximal attachment inhibition of
Cytophaga sp. KT0804 and B. aquimaris by alanine
was 70.28 and 70.25, respectively and the required
dose for 50% inhibition of attachment was 18.11 and
9.72 ng cm72, respectively (Table 3).

Valine and isoleucine did not show any significant
anti-attachment activity. Rather, valine had a tendency
to promote bacterial attachment at lower concentra-
tions, particularly in Cytophaga sp. KT0804. Isoleucine
had a strong attachment promoting effect on Cyto-

phaga at higher concentrations and on B. aquimaris at
lower concentrations (Supplementary Figures S4 and
S5). [Supplementary material is available via multi-
media link on the online article webpage.]

Intracellular quantification of DMSP and proline

The total tissue concentrations of DMSP and proline
were found to be in the range 506.2–876.2 ng cm72

(mean 683.53 ng cm72
+ SD 185.49) and 25.03–

52.06 ng cm72 (mean 39.47 ng cm72
+ SD 13.6),

respectively.

Effect of microorganisms on the surface concentrations

of proline and DMSP

Algal fronds that had been treated with antibiotics did
not look unhealthy or morphologically different when
compared to the untreated controls. Although there
was a reduction in the relative bacterial cell abundance
in individuals of F. vesiculosus treated with antibiotics
when compared to the controls (data not shown), there
was no statistically significant difference in the relative
bacterial abundance (t-test, p4 0.05). The abundance
of microorganisms was negatively correlated with the
surface concentration of proline (Figure 6i, r2¼70.97,

Figure 3. Anti-attachment activity of surface coated with
DMSP against (i) Cytophaga sp. KT0804 ( ), B. aquimaris
( ), U. littoralis ( ), Alteromonadaceae E1 ( ), and marine
sediment bacterium ISA 7311 (X) and (ii) R. baltica ( ) and
S. baltica ( ). Mean+ SE, n¼ 4, lines represent best fitting
logistic functions. See Table 1 for details of best fitting
functions shown in (i).
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p5 0.05) and not correlated with the surface concen-
tration of DMSP (Figure 6ii, r2¼ 0.11, p4 0.05).
Additionally, the abundance of microalgae was not
correlated with the surface concentration of proline
(Figure 6iii, r2¼ 0.26, p4 0.05) and also not correlated
with the surface concentration of DMSP (Figure 6iv,
r2¼ 0.25, p4 0.05).

Discussion

Bioassay-guided fractionation of the methanolic frac-
tion of F. vesiculosus resulted in the identification of

three relatively polar metabolites, viz. DMSP, proline
and alanine. DMSP and proline reduced bacterial
attachment when they were tested at their natural
concentrations. Thus, there was no complete inhibition
of bacterial attachment, but the active metabolites
were efficient enough to reduce bacterial attachment in
a selective manner. This corresponds with the fact that
F. vesiculosus is never completely free of associated
epibionts. Even in the least epiphytised specimens,
*5% of the surface is covered by a sparse biofilm
(Wahl et al. 2010).

Despite the fact that the NMR indicated that
proline, alanine and DMSP were present in surface
extracts at nearly identical concentrations, no indica-
tion of a peptide linkage between the metabolites was
detected in the NMR and MS data. That the amino
acids result from the cleavage of a peptide initially
produced by the alga or by epibiotic microorganisms
cannot be completely excluded. Such cleavage would,
however, not be due to the sample handling, since
NMR analysis of the reference peptide captopril that
underwent a similar treatment as the extract, showed
no hydrolysis during the procedure (data not shown).
Proline and several other free amino acids have
previously been detected at the surface of
F. vesiculosus (Lachnit et al. 2010) and the presence
of DMSP in tissue of F. vesiculosus has also been
reported (Howard and Russell 1995; Lyons et al.
2007).

The methionine derived secondary metabolite
DMSP has several different physiological and ecologi-
cal functions in marine algae. DMSP along with its
associated compounds has so far been shown to
function as a cryo-protectant and as an anti-oxidant
(Van Alstyne 1988; Karsten et al. 1996; Sunda et al.
2002). Enzymatic cleavage of DMSP leads to the
production of dimethlysulphide (DMS) and acrylic
acid (Cantoni and Anderson 1956) and may be
catalysed by numerous marine bacterial taxa (Howard
et al. 2008). Furthermore, DMS and acrylic acid play a
role in the anti-grazing defence of marine algae (Van
Alstyne et al. 2001; Lyons et al. 2007). The present

Table 1. Maximal attachment inhibition by DMSP and necessary concentration of DMSP for halfmaximal inhibition (EC50) as
computed from best fitting logistic functions for five different bacterial isolates.

Strain tested
B.

aquimaris
Cytophaga sp.

KT0804 U. littoralis
M.s.b.
ISA7311

Alteromonadaceae
E1

Maximal attachment
inhibition [log (DMSP/
solvent control)]

70.59
(70.64 to 70.54)

70.37
(70.46 to 70.28)

70.40
(70.41 to 70.39)

70.08
(70.10 to 70.07)

70.36
(70.37 to 70.34)

EC50 [ng cm72] 0.05
(0.02 to 0.12)

0.38
(0.06 to 2.15)

50.1 0.08
(0.01 to 0.41)

50.1

r2 of fit 0.45 0.44 0.32 0.21 0.12

Note: 95% CI in brackets; no EC50 could be computed when approximately full inhibition was observed at the lowest tested concentration (0.1 ng
cm71); M.s.b.¼Marine sediment bacterium.

Figure 4. Anti-attachment activity of surface coated with
proline against (i) Cytophaga sp. KT0804 ( ), B. aquimaris
( ), U. littoralis ( ), Alteromonadaceae E1 ( ) and marine
sediment bacterium ISA 7311 (X) and (ii) R. baltica ( ) and
S. baltica ( ). Mean+ SE, n¼ 4, lines represent best fitting
logistic functions. See Table 2 for details of best fitting
functions shown in (i).
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study reports for the first time the surface based role of
DMSP as an inhibitor of bacterial attachment. An
earlier study by Jackson and Stukey (2007) on the cord
grass Spartina alterniflora ruled out an effect of DMSP
as anti-foulant on epiphytic algae. A spatial, temporal
and taxonomic variation in the presence of this
sulphonium compound amongst macroalgae has been
reported (Van Alstyne and Puglisi 2007; Lyons et al.
2010). DMSP has been quantified in studies of
macroalgae and coral reef invertebrates (Howard and
Russell 1995; Van Alstyne et al. 2006; Lyons et al.
2010) and has repeatedly been reported to be present in
green algae. The quantification studies with macro-
algae were based on the total dry weight and to the
authors’ knowledge no concentration determination in
the surface boundary layer has so far been demon-
strated. DMSP concentrations ranging from 0.12 to
1.08 ng cm72 were found for F. vesiculosus in the
present study. The attachment of five tested bacterial
strains not originating from F. vesiculosus was in-
hibited by 50% when DMSP was present at surface
concentrations within or below this range. In contrast,
the compound proved to have at this concentration
range no effect on two bacterial isolates originating

from F. vesiculosus. Rather, DMSP promoted the
attachment of one of these isolates, R. baltica, at
concentrations of 10 ng cm72 or more, which corre-
sponds with the fact that certain bacteria are known to
be attracted to microscale pulses of DMSP (Seymour
et al. 2010), while some use DMSP as a dominant
nutrient and metabolise it very quickly (Dickschat
et al. 2010). Many microalgae and green algae are
known to be DMSP producers (eg Kasamatsu et al.
2004). However, no positive correlation amongst
relative microalgal or bacterial abundance and
DMSP was detected in the present study, suggesting
that associated diatoms or other microorganisms were
not responsible for the presence of DMSP on the
surfaces of F. vesiculosus.

Several studies have demonstrated the anti-micro-
bial activity of proline rich peptides (eg Yang et al.
2009). In the present study an anti-bacterial role of the
free amino acid, surface associated in F. vesiculosus at
concentrations of up to 0.59 ng cm72, has been found.
Four out of the five tested bacterial strains (not
Cytophaga sp.) not originating from F. vesiculosus were
inhibited by at least 50% when proline was present at
0.59 ng cm72, which shows that this amino acid is

Table 2. Maximal attachment inhibition by proline and necessary concentration of proline for halfmaximal inhibition (EC50) as
computed from best fitting logistic functions for five different bacterial isolates.

Strain tested
B.

aquimaris
Cytophaga sp.

KT0804 U. littoralis
M. s. b.
ISA7311

Alteromonadaceae
E1

Maximal attachment
inhibition [log (proline/
solvent control)]

70.55
(70.59 to 70.50)

70.44
(70.48 to 70.40)

70.44
(70.46 to 70.43)

70.12
(70.14 to 70.10)

70.26
(70.29 to 70.23)

EC50 [ng cm72] 50.1 1.661
(0.94 to 2.9)

50.1 0.13
(0.04 to 0.40)

50.1

r2 of fit 0.08 0.87 0.31 0.38 0.47

Note: 95% CI in brackets; no EC50 could be computed when approximately full inhibition was observed at the lowest tested concentration (0.1 ng
cm71); M.s.b.¼Marine sediment bacterium.

Figure 5. Anti-attachment activity of surface coated with
alanine against Cytophaga sp. KT0804 ( ) and B. aquimaris
( ). Mean+SE, n¼ 3, lines represent best fitting logistic
functions. See Table 3 for details of best fitting functions.

Table 3. Maximal attachment inhibition by alanine and
necessary concentration of alanine for halfmaximal inhibi-
tion (EC50) as computed from best fitting logistic functions
for five different bacterial isolates.

Strain tested
B.

aquimaris
Cytophaga
sp. KT0804

Maximal attachment
inhibition
[log (alanine/
solvent control)]

7 0.25
(70.35 to 70.15)

70.28
(70.36 to 70.21)

EC50 [ng cm72] 9.72
(1.18 to 79.93)

18.11
(5.06 to 64.8)

r2 of fit 0.42 0.73

Note: 95% CI in brackets.
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clearly present at a sufficient concentration to deter
bacterial attachment on the algal surface. On the
contrary, the attachment of R. baltica and S. baltica

(isolated from the surfaces of the alga itself) was
promoted and weakly inhibited, respectively, when
proline was present at natural concentration, corre-
sponding to the fact that several bacteria are known to
use free amino acids as a suitable source of carbon (eg
Kim et al. 2009). A significant negative correlation was
observed amongst bacterial abundance and proline
concentration, which indicates that surface associated
bacteria are probably not major contributors of
proline. Likewise, the densities of microalgae were
also not positively correlated with proline concentra-
tions on the F. vesiculosus surfaces.

Lane et al. (2009) investigated the localisation of
anti-fungal compounds, (bromophycolides) from the
red alga Callophycus serratus. Probing of the algal
surface revealed that these compounds were present

only on distinct light coloured surface patches (and not
on other areas of the algal surface) at sufficiently high
concentrations to inhibit fungal growth (Paul et al.
2011). The authors hypothesized that the alga main-
tains these compounds internally and releases them at
distinct surface sites. Both DMSP and proline are
known to function as algal osmolytes (Edwards et al.
1987; Yoshiba et al. 1997). Thus, it might be expected
that these compounds are more concentrated in the
whole algal tissue in comparison with the surface.
Secretion of DMSP and proline by F. vesiculosus or
any other alga has not been reported previously. In the
present study, DMSP and proline were about 1,700
and 90 times more concentrated in the total tissue in
comparison with the surface. The surface presence of
DMSP and proline might result from their secretion by
F. vesiculosus or because of their leakage from cells
that are damaged by natural causes (eg grazing or
microbial attack). In any case, the different ratios of

Figure 6. Relationships between surface proline (i, iii) and DMSP (ii, iv) concentrations and the relative abundance of bacteria
(i, ii) and microalgae (iii, iv) on F. vesiculosus. Individuals treated (A) and non-treated (C) with antibiotics were compared.
Straight lines indicate best fitting linear functions; dotted lines indicate 95% CI.
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tissue and surface concentrations of DMSP and pro-
line indicate that both compounds are released to the
surface by different mechanisms.

Alanine inhibited the attachment of Cytophaga sp.
and B. aquimaris by 50% at concentrations of 18.11 and
9.72 ng cm72, respectively. This amino acid only has a
feeble anti-attachment effect when compared to DMSP
and proline, given that a maximal concentration of
1.25 ng cm72 has been detected on F. vesiculosus. In
contrast to proline and alanine, valine and isoleucine
had an attachment promoting effect, which seems to
suggest that the anti-bacterial activity of the former two
amino acids is specific and not a general feature of
amino acids. However, these attachment promoting
effects were detected at lower rather than higher
concentrations, which suggests interacting attachment
reducing effects at higher concentrations.

The effects of DMSP and proline apparently vary
when different bacterial species or strains are tested.
Bacteria isolated from F. vesiculosus were generally the
least sensitive towards both compounds. Interestingly,
the same strains were also relatively insensitive towards
fucoxanthin, a third attachment inhibiting compound
from F. vesiculosus (Saha et al. 2011). Thus, the
variable sensitivity of bacteria towards DMSP, proline
and fucoxanthin apparently results in a specific
bacterial community on the algal surface, which
corresponds with the observation that bacterial com-
munities associated with F. vesiculosus are indeed
specific (Lachnit et al. 2009). An additional selective
effect on the composition of bacterial communities
associated with F. vesiculosus certainly results from
growth inhibiting components that are also present in
surface extracts of the alga (Wahl et al. 2010), but have
so far not been identified.

It is commonly believed that surface active
compounds should be non-polar in order to be
effective as fouling inhibitors in the aquatic environ-
ment as such metabolites are more likely to persist over
prolonged time periods on surfaces (Jennings and
Steinberg 1997). However, the effectiveness of DMSP
and proline as microbial inhibitors shows that this view
is too simplistic. The compounds were active not only
when tested together (SEC3 fraction) at surface
boundary layer concentrations, but also when tested
singly in terms of surface area concentration, thus
proving their efficacy. The retention time even of polar
compounds may be prolonged by the presence of
interionic interactions and hydrogen bonds within the
surface boundary layer or by mucus at the algal surface
(Jennings and Steinberg 1997), which could increase
the efficiency of polar inhibitors. A mechanism of
controlled release (eg Salgado et al. 2008) may even be
effective with more polar antifoulants. Indeed, com-
pared to less polar algal surface associated attachment

inhibitors DMSP, proline and alanine all reach
relatively low concentrations in the range between
0.09 and 1.25 ng cm72. In contrast, fucoxanthin was
detected at concentrations between 700 and 9,000 ng
cm72 (Saha et al. 2011), furanones from Delisea

pulchra at 100 to 500 ng cm72 (de Nys et al 1998;
Dworjanyn et al. 1999) and 1,1,3,3-tetrabromo-2-
heptanone in B. hamifera at 3600 ng cm72 (Nylund
et al. 2008). This difference between polar and non-
polar compounds may perhaps be due to differential
solubilities in the surrounding water. Nonetheless, the
polar compounds identified here are obviously suffi-
ciently concentrated to affect associated micro-
organisms. The mean concentration of fucoxanthin
on F. vesiculosus surfaces is *8,000 times higher than
that of DMSP, but at the same time the necessary dose
of fucoxanthin for inhibition of bacterial settlement is
19,000 times higher (Saha et al. 2011). Despite its
higher polarity DMSP thus seems to be a relatively
more efficient anti-bacterial compound on
F. vesiculosus surfaces than fucoxanthin. Obviously, a
high bioactivity may compensate for a low concentra-
tion of a compound.

In conclusion, this study shows that DMSP and
proline, along with the non-polar metabolite fucox-
anthin (Saha et al. 2011), have an ecologically relevant
role as natural antibacterial compounds in
F. vesiculosus. This alga thus uses a multiple defence
strategy against microfoulers. Interestingly, all the
deterrents detected so far in this alga are relatively
widespread or even universally present among macro-
algae and it may therefore be expected that they could
be relevant for the antimicrobial defence of other
species. This is particularly the case for DMSP, tissue
concentrations of which reach more than 10 times
higher in green seaweeds than in F. vesiculosus (Lyons
et al. 2010) and could thus potentially be more con-
centrated on green algal surfaces.
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Figure S3. Mass spectrum of proline derivatised to (S)-
trimethylsilyl 1-(trimethylsilyl) pyrrolidine–2-carboxylate.

Supplementary Information

Figure S1. 1H-NMR-spectrum (600MHz, CD3OD) of the
active LH20 fraction: alanine ( ), proline (}), DMSP (D).
One proton of proline falls together with the solvent signal.
Given values of integrals represent intensities within the
compounds, not between different compounds.

DMSP
1H-NMR (600 MHz, CD3OD) d ppm 3.49 (t, J ¼ 6.77 Hz
[2H]), 2.93 (s, [6H]), 2.74 (t, J ¼ 6.79 Hz [2H]).
13C-NMR (150 MHz, CD3OD) d ppm 175.08, 41.88, 30.21,
26.33

Proline
1H-NMR (600 MHz, CD3OD) d ppm 4.05 (dd, J ¼ 8.48,
6.61 Hz [1H]), 3.42–3.34 (m [1H]), 3.22–3.17 (based on
COSY and HSQC), 2.28 (m [1H]), 2.09 (m [1H]), 2.01–1.88
(m [2H]).
13C-NMR (150 MHz, CD3OD) d ppm 176.75, 62.46, 47.38,
30.24, 24.95.

Alanine
1H-NMR (600 MHz, CD3OD) d ppm 3.67 (m [1H]), 1.45 (d,
J ¼ 7.20 Hz [3H]).
13C-NMR (150 MHz, CD3OD) d ppm 176.28, 51.59, 17.00.

Figure S2. Mass spectrum of alanine derivatised to (S)-
trimethylsilyl 2-(trimethylsilylamino) propanoate.

Figure S4. Pro-attachment activity of surface coated valine
against Cytophaga sp. KT0804 ( ) and B. aquimaris ( ).
Mean + SE, n ¼ 4, lines represent best fitting logistic
functions.

Figure S5. Pro-attachment activity of surface coated isoleucine
against Cytophaga sp. KT0804 ( ) and B. aquimaris ( ).
Mean + SE, n ¼ 4, lines represent best fitting logistic functions.





































Supplementary Materials 

S1. Synthesis of Standard Compounds 

S1.1. DMSP and D6-DMSP 

DMSP and D6-DMSP as hydrochloride were synthesized according to Chambers [1] by bubbling 

gaseous hydrogen chloride through a solution of anhydrous acrylic acid (Fluka, Germany) and dimethyl 

sulfide (Sigma Aldrich, Germany) or D6-dimethyl sulfide (Sigma Aldrich, Germany) in 

dichloromethane and subsequent recrystallization of the resulting white solid in MeOH/Et2O. 

S1.2. DMS-Ac and D6-DMS-Ac 

DMS-Ac and D6-DMS-Ac as hydrobromide were synthesized according to Howard [2] by addition of 

commercially available dimethyl sulfide (Sigma Aldrich, Germany) and D6-dimethyl sulfide (Sigma 

Aldrich, Germany), respectively, to a stirred solution of bromoacetic acid (Fluka, Germany) in 

dichloromethane. The resulting white solid was recrystallized in MeOH/Et2O. 

S1.3. Trimethylammonium Propionate 

To a stirred solution of 100 mg of dimethylaminopropionic acid in 2 mL methanol were added 50 mg 

K2CO3 and 200 mg iodomethane (Sigma Aldrich, Germany) at room temperature. After two days, the 

resulting mixture was acidified by addition of aqueous hydroiodic acid (Alfa Aesar, Germany). 

Trimethylammonium propionate as hydroiodide was precipitated by addition of Et2O as white solid, 

which was recrystallized in MeOH/Et2O. 

1H-NMR (400 MHz, D2 J = 7.68 Hz), 3.12 (9H, s), 3.64 (2H, t, J = 7.50 Hz); 
13C-NMR (50 MHz, D2  27.75, 52.75, 61.27, 172.98; ESI-MS m/z 132.12 [M + H]+; 

ESI-MS-MS (parent ion: m/z 132, collision energy: 15 eV) m/z 132.12 [M]+, 73.08 [M  C3H9N]+,  

60.13 [C3H10N]+, 59.12, 58.11. 

S1.4. Homarine (N-Methyl Picolinic Acid Hydroiodide) 

N-methylpicolinic acid hydroiodide was synthezised by addition of 150 mg iodomethane (Sigma 

Aldrich, Germany) to a well stirred suspension of 100 mg picolinic acid (Alfa Aesar, Germany) in 2 mL 

propylene carbonate. After two days, 10 mL Et2O were added, and the resulting yellow solid was 

recrystallized in MeOH/Et2O (for synthesis see also [3]). 

1H-NMR (400 J = 6.26 Hz), 8.44 (1H, d, J = 7.63 Hz), 

8.51 (1H, t, J = 7.78 Hz), 8.85 (1H, d, J = 5.19 Hz); 13C- : 127.97, 

130.51, 145.44, 146.71, 149.69, 163.90 (the signal of the methyl group was overlapped by the signals of 

the solvent and therefore not visible, cf. [4]); ESI-MS (positive) m/z 138.08[M + H]+; ESI-MS-MS 

(positive, parent ion: m/z 138, collision energy: 15 eV) m/z 138.08 [M + H]+, 124.09 [M  CH3 + H]+, 

106.08, 96.09, 94.11 [M  COOH + H]+, 78.08. 
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S1.5. Ethyl-3-hydroxy-5-methylthiopentanoate 

In a three-necked flask (100 mL) with 5 g zinc powder 40 mL dry diethylether and 0.3 mL 

chlorotrimethylsilane were added under argon atmosphere. The resulting suspension was refluxed for  

20 min. After dropwise addition of 3.3 g (19.8 mmol) ethyl-bromoacetate and 2.02 g (19.4 mmol) 

3-(methylthio)propionaldehyde reaction mixture was refluxed over an additional 2.5 h. After cooling to 

room temperature 50 mL 3 M HCl were added and the resulting mixture was stirred for 20 min. The 

solution was then extracted with Et2O and combined organic phases were washed with NaHCO3 solution 

and water. Removal of the solvent gave a yellowish residue which was purified by silica gel column 

chromatography (petroleum ether/AcOEt = 4:1) to give 937 mg (25%) of the desired product as a 

colorless oil. 

1H-NMR (400 MHz, CDCl3 J = 7.14 Hz), 1.64 1.87 (2H, m), 2.10 (3H, s), 

2.36 2.54 (2H, m), 2.55 2.71 (2H, m), 4.06 4.22 (3H, m); 13C-NMR (50 MHz, CDCl3

15.46, 30.33, 35.53, 41.22, 60.69, 66.88, 172.62; EIMS m/z (relative intensity, 70 eV) 192.08 [M]+ (18), 

174.07 [M  H2O]+ (23) , 144.08 (29), 129.03 [M  H2O  C2H5O]+ (46), 107.07 (32), 100.04 (22), 

99.04 (16), 98.03 (39), 87.02 (21), 85.02 (20), 75.03 [M  C5H9O3]
+ (20), 71.02 (28), 70.04 (22), 61.01  

[M  C6H11O3]
+ (100). 

S1.6. 3-Hydroxy-5-methylthiopentanoic Acid 

To 475 mg Ethyl-3-hydroxy-5-methylthiopentanoate in a 4 mL screw cap vial, 2 mL 10% NaOH 

solution was added and shaken for 30 min at room temperature until the mixture became a homogeneous 

solution. After washing with Et2O the yellowish solution was acidified with conc. HCl to pH 1. The 

aqueous phase was extracted five times with 2 mL Et2O. Removal of the solvent gave 275 mg (63%) of 

an orange, viscous liquid. 

1H-NMR (400 MHz, CDCl3 1.91 (2H, m), 2.11 (3H, s), 2.47 2.58 (2H, m), 2.58 2.67 

(2H, m), 4.15 4.25 (1H, m), 5.90 (1H, br. s); 13C-NMR (50 MHz, CDCl3

41.07, 66.99, 176.91; ESI-MS (negative) m/z 163.09 [M  H] . 

S1.7. D3-Gonyol (as Hydroiodide) 

100 mg of 3-hydroxy-5-methylthiopentanoic acid were dissolved in 1 mL acetone. After addition of 

0.05 mL Iodomethane-d3 the reaction mixture was stirred for 12 h at room temperature while an orange 

oily liquid precipitated out of the solution. After removal of the solvent under reduced pressure and 

reprecipitation of the resulting residue in MeOH/Et2O 145 mg (77%) of D3-gonyol hydroiodide  

were obtained. 

1H-NMR (400 2.01 (1H, m), 2.07 2.17 (1H, m), 2.47 2.60 (2H, m) 2.94, 

2.95 (3H, ss), 3.37 3.53 (2H, m), 4.10 4.19 (1H, m); 13C-  25.84, 26.19, 

31.98, 42.40, 42.77, 67.83, 174.78; ESI-MS (positive) m/z 182.02 [M + H]+; ESI-MS-MS (positive, 

parent ion: m/z 182, collision energy: 15 eV) m/z 182.02 [M + H]+, 117.11 [M + H  C2H3D3S]+, 99.10 

[M + H  H2O  C2H3D3S]+, 89.07, 87.10, 75.09, 71.10, 66.09 [C2H4D3S]+, 57.08, 55.10. 
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S2. Identification of Different Osmolytes 

Chemical structures of all previously unknown osmolytes in cell extracts were verified by 

ESI-MS-MS experiments and co-injection with standard compounds. Collision energy for all 

ESI-MS-MS experiments was set to 15 eV. In the following ion traces of investigated osmolytes of cell 

extracts (solid lines), standard compounds (dashed lines) and corresponding mass spectra are shown. 

S2.1. DMS-Acetate 

Figure S1. Ion traces (m/z = 121) of dimethylsulphonioacetate (DMS-Ac) in cell  

--) and ESI-MS-MS spectrum of DMS-Ac 

(parent ion: m/z = 121). 

 

S2.2. TMAP 

Figure S2. Ion traces (m/z = 132) of trimethylammoniumpropionate (TMAP) in cell  

--) and ESI-MS-MS spectrum of TMAP 

(parent ion: m/z = 132). 
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S2.3. TMAB 

Figure S3. Ion traces (m/z = 146) of trimethylammoinimbutyrate (TMAB) in cell  

nd (--) and ESI-MS-MS spectrum of TMAB 

(parent ion: m/z = 146). 

 

S2.4. Trigonelline 

Figure S4. Ion traces (m/z = 

compound (--) and ESI-MS-MS spectrum of trigonelline (parent ion: m/z = 138). 
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S2.5. Homarine 

Figure S5. Ion traces (m/z = 

compound (--) and ESI-MS-MS spectrum of homarine (parent ion: m/z = 138). 

 

S3. Growth Curves (in Vivo Chlorophyll-A Fluorescence Data) 

Figures S6 and S7 show measured in vivo chlorophyll-A fluorescence of E. huxleyi and P. minimum 

over the growth curve. Last data point represents the day of sample collection and extraction of the algae. 

Figure S6. In vivo chlorophyll-A fluorescence during growth curve of E. huxleyi RCC1216 

cultures grown in HW sea salt medium with salinities of ),  

); error bars represent standard deviation between biological 

replicates, last data point is day of sample collection and cell extraction. 
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Figure S7. In vivo chlorophyll-A fluorescence during growth curve of P.minimum cultures 

),  

); error bars represent standard deviation between biological replicates, 

last data point is day of sample collection and cell extraction. 
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Supplemental figure 2: Q-Q plot for proline; the 5 significant QLT are indicated. 
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Supplemental figure 3: Prediction of phenotypic proline results from estimated QLT effects. 
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Supplemental figure 4: Q-Q plot for Loss(T+C); the 8 significant QLT are indicated. 
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Supplemental figure 5: Prediction of phenotypic Loss(T+C) results from estimated QLT effects. 
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