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Dimethylsulfoniopropionate (DMSP) is a natural product of algae and aquatic plants, particularly those from
saline environments. We investigated whether DMSP could serve as a precursor of thiols in anoxic coastal
marine sediments. The addition of 10 or 60 ,uM DMSP to anoxic sediment slurries caused the concentrations
of 3-mercaptopropionate (3-MPA) and methanethiol (MSH) to increase. Antibiotics prevented the appearance
of these thiols, indicating biological formation. Dimethyl sulfide (DMS) and acrylate also accumulated after the
addition of DMSP, but these compounds were rapidly metabolized by microbes and did not reach high levels.
Acrylate and DMS were probably generated by the enzymatic cleavage of DMSP. MSH arose from the
microbial metabolism of DMS, since the direct addition of DMS greatly increased MSH production. Additions
of 3-methiolpropionate gave rise to 3-MPA at rates similar to those with DMSP, suggesting that sequential
demethyla'don of DMSP leads to 3-MPA formation. Only small amounts of MSH were liberated from
3-methiolpropionate, indicating that demethiolation was not a major transformation for 3-methiolpropionate.
We conclude that DMSP was degraded in anoxic sediments by two different pathways. One involved the
well-known enzymatic cleavage to acrylate and DMS, with DMS subsequently serving as a precursor of MSH.
In the other pathway, successive demethylations of the sulfur atom proceeded via 3-methiolpropionate to
3-MPA.

Dimethylsulfoniopropionate [(CH3)2S' CH2CH2COO-
DMSP] is a widespread organosulfur compound present in
many plants and algae, particularly those from marine envi-
ronments (1, 5, 22, 30). DMSP occurs at very high intracel-
lular concentrations in some plants and probably functions
as an osmotic solute (9, 17, 22, 26, 30). DMSP is readily
degraded in a variety of biological systems, including bacte-
rial cultures (6, 28), salt marsh sediments (16), and seawater
samples containing algae and zooplankton (7). The enzy-
matic dissimilation of DMSP yields dimethyl sulfide (DMS)
and acrylate (4, 28). The production ofDMS from DMSP and
the biological and geochemical fates of these compounds
have been studied intensively over the last few years (3, 7,
14, 16, 29). This interest stems from the fact that DMS
emissions from marine-oceanic environments contribute
about 60% to the global biogenic-sulfur flux to the atmo-
sphere (2).

In shallow coastal environments, DMSP occurs in the
sediments because of the settling of algal detritus, produc-
tion by benthic algae, and release by rooted plants. Kiene
(13) recently measured high levels of DMSP (100 to 200
[Lmol/liter of sediment) in surface sediments of a salt marsh
tidal flat. Some of this DMSP undoubtedly decomposes
anaerobically, because coastal sediments are anoxic below
the upper few millimeters or centimeters (11). Because
DMSP is a potentially important organosulfur compound in
coastal marine sediments, we undertook a study of its
anaerobic decomposition in sediments from Biscayne Bay,
Fla. In particular, our study emphasized the role ofDMSP as
a source of organic thiols in these sediments. Our findings
suggest that DMSP in anoxic sediments is degraded by at
least two different pathways. One involves the well-known
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cleavage of DMSP into DMS and acrylate. The other in-
volves a previously suggested (19) but undocumented de-
methylation route leading to the formation of 3-mercapto-
propionate (3-MPA).

MATERIALS AND METHODS
Sediment collection and preparation. Sediment samples

were collected from an intertidal mud flat near Bear Cut,
Key Biscayne, Fla. The sampling area contained organic-
rich sediments (8% weight loss on ignition) and was located
near a small mixed bed of Thalassia testudinum and Syringo-
dium sp. However, no living macrophytes were present
where the sediment samples were taken, and decaying root
material was only occasionally present. Sediment samples
were taken by using aluminum core tubes and were returned
to the laboratory for processing within 30 min.
The upper 15 cm of cores was mixed with an equal volume

of deoxygenated overlying water. Oxygen-free N2 was
passed over the slurry during preparation to minimize expo-
sure of the slurry to oxygen. The slurry was screened
through a 1.5-mm mesh to remove large particles; it was then
dispensed into serum bottles in 50-ml portions. The bottles
(60 ml) were flushed with N2 and then sealed with black butyl
rubber stoppers and an aluminum crimp. Rubber stoppers
were boiled in 0.1 N NaOH before use to minimize the
possibility of organosulfur contamination from the stoppers.
Tests showed that thiols were not released from the stoppers
in measurable amounts.

Physical disturbance of the sediments during preparation
of slurries promoted the release of several thiols into the
dissolved phase. When thiols were expected as products
from experimental additions, slurries were preincubated for
24 to 48 h to allow endogenous removal processes to lower
thiols to background levels. Experimental treatments were
tested either in duplicate bottles or as single samples. When
single samples were used, experiments were repeated at
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least twice, and results were reproducible. Samples were
maintained in the dark on a rotary shaker (125 rpm; 2.5-cm
orbit) at 23 to 26°C.

Experimental additions. DMSP hydrochloride, acrylic
acid, DMS, and 3-methiolpropionate were added to the
sediment slurries as aqueous solutions. Microbial activity in
the sediments was inhibited by adding a mixture of chloram-
phenicol (CAP) and tetracycline (TET) to final concentra-
tions of 125- and 50-,ug/ml slurry, respectively. These broad-
spectrum antibiotics, in combination, effectively inhibited
biological activity and did not interfere with the analysis of
thiols by high-pressure liquid chromatography (HPLC) (see
below). CAP-TET was added 2 to 24 h before other com-
pounds. Preincubation with antibiotics was required to
achieve maximum inhibitory effects. Sterilization by auto-
claving was sometimes used as a control procedure, but this
treatment resulted in the release of large amounts of various
thiols into the pore water, making it difficult to measure the
production of small amounts.

Analytical procedures. Dissolved thiols were determined
as fluorescent isoindole derivatives by the HPLC method of
Mopper and Delmas (18). By means of an all-polyethylene
syringe and a stainless-steel needle, 1 ml of sediment slurry
was removed from bottles. The slurry sample was then
placed in a polypropylene microcentrifuge tube and was
centrifuged at 13,000 x g for 1 min. Next, 0.5 ml of the clear
supernatant was removed with an autopipette into another
microcentrifuge tube and immediately derivatized with 10 ,ul
each of o-phthaladehyde (20 mg/ml of methanol) and 2-
aminoethanol (20 RI/ml of 0.5 M sodium borate buffer, pH
9.2). Derivatization was allowed to proceed in the centrifuge
tube for exactly 1 min before 20 ,ul of the sample was
introduced into the HPLC column via an injection loop.

Fluorescent thiol derivatives were separated on a Waters
Radial-Pak reversed-phase column (C-18; 5-pum-diameter
particles; inner dimensions, 10 cm by 5 mm;). A binary
gradient consisting of 0.05 M sodium acetate buffer at pH 5.7
(solvent A) and 100% methanol (solvent B) was used. The
gradient was as follows: isocratic at 10% B for 1 min, 10 to
25% B in 1 min, isocratic at 25% B for 4 min, 25 to 50% B in
7 min, isocratic at 50% B in 6 min, 50 to 60% B in 2 min, 60
to 67.5% B in 4 min, 67.5 to 100% B in 1 min, isocratic at
100% B in 3 min, 100 to 10% B in 2 min, and isocratic at 10%
B for 3 min. The flow rate was 1.0 mllmin.

Derivatives were detected by using a Hitachi F1000 fluo-
rometer set at an excitation wavelength of 340 nm and an
emission wavelength of 450 nm. Peak areas were recorded
by a Shimadzu CR3A integrator. Run times were typically 35
to 40 min. Since nanomolar levels of thiols were extremely
sensitive to air oxidation, samples were taken and were run
immediately. This procedure greatly limited the number of
samples that could be processed, and experiments were
planned accordingly. The detection limits for 3-MPA and
methanethiol were 0.7 and 1.0 nM, respectively.

Acrylate was measured by ion-exchange chromatography.
Centrifuged pore water (20 p.l) was injected into a Benson
carbohydrate column (inner dimensions, 30 cm by 6 mm;
Chromtec, Fort Worth, Fla.). The mobile phase was 0.15
mM H2SO4 at a flow rate of 0.5 ml/min, and the detector was
a Conductomonitor III (Laboratory Data Control, Riviera
Beach, Fla.) operated at 1-p.S sensitivity. The detection limit
for acrylate was about 5 p.M. DMS was determined by gas
chromatography as described previously (15).

Reagents and chemicals. DMSP hydrochloride was ob-
tained from Research Plus, Inc., Bayonne, N.J. Purity of the
DMSP was >98%, based on ion-exchange chromatography.

3-MPA (>99%) and DMS (>99%) were obtained from Al-
drich Chemical Co., Inc., Milwaukee, Wis. Acrylic acid
(99%) was from Fluka Chemicals, Hauppauge N.Y. 3-Me-
thiolpropionate was obtained by alkaline hydrolysis of its
methyl ester [methyl(3-methylthio)propionate; Aldrich]. Pu-
rity of the 3-methiolpropionate was >99% based on ion-
exchange chromatography. All other chemicals and solvents
were of reagent grade.

RESULTS

The addition of 60 p.M DMSP to anoxic sediment slurries
resulted in the accumulations of 3-MPA and methanethiol
(MSH) as the only detectable thiols (Fig. 1). DMS also
accumulated in similar experiments (data not shown), and
concentrations reached 2 to 3 ,uM, compared with 5 and 10
p.M for 3-MPA and MSH, respectively (Fig. 1). Acrylate was
below our detection limit of 5 p.M in experiments in which
we added 10 or 60 p.M DMSP. When DMSP was added at a
relatively high concentration of 700 ,uM, a small, transient
accumulation of 15 p.M acrylate was observed (Fig. 2).
MSH was the major thiol product from 60 p.M DMSP, with

levels reaching about twice those of 3-MPA (Fig. 1). Antibi-
otics (CAP-TET) prevented the formation of thiols from
DMSP and also prevented the disappearance of thiols when
thiols were added directly (13). CAP-TET sometimes caused
a small accumulation of MSH and 3-MPA in unamended
sediments, but the increases were small compared with
those in DMSP-treated samples. Some 3-MPA (30 nM)
accumulated from acrylate because of the chemical reaction
of sulfide with the double bond of acrylate (27). However,
this reaction was slow in comparison with the biological
conversion of DMSP to 3-MPA (Fig. 1 and 3). When acrylate
was added to the CAP-TET-treated slurries, slightly more
(70 nM) 3-MPA accumulated than from acrylate alone, but
far less than from DMSP. After continued incubation (>48
h), the 3-MPA and MSH which had accumulated after DMSP
additions decreased to background levels of <1 nM for
3-MPA and -10 nM for MSH (data not shown).

Figure 3A shows that at 10 p.M levels, 3-methiolpropio-
nate stimulated 3-MPA accumulation at the same rate as
DMSP. Acrylate (10 ,uM) caused only a small, transient
accumulations (10 nM) of 3-MPA, which was similar to
results found with 60 p.M acrylate (Fig. 1A). DMS had no
effect on 3-MPA levels in the slurries.
The results for MSH showed that DMSP stimulated MSH

production much more than did 3-methiolpropionate (Fig.
3B), but DMS gave the highest MSH accumulation. Al-
though MSH accumulated only slowly from 3-methiolpro-
pionate over the first 15 h of incubation (Fig. 3B), MSH
increased significantly after this time (data not shown). This
increase may have been due to the selection of microbes
capable of demethiolation, or, alternatively, the 3-methiol-
propionate could have been transformed to a better precur-
sor of MSH (e.g., DMSP). In all treatments, both 3-MPA and
MSH decreased to background levels within 24 h of incuba-
tion.

DISCUSSION

Our results indicate that DMSP undergoes degradation by
two different pathways in anoxic marine sediments (Fig. 4).
One pathway is the established enzymatic cleavage of DMSP
to yield DMS and acrylate (4, 28), previously suggested for
the decomposition of DMSP in salt marsh sediments (16).
DMS and acrylate did not accumulate in large amounts after
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FIG. 1. Accumulations of 3-MPA (A) and MSH (B) in anoxic sediment slurries after the addition of 60 ,uM DMSP (0), DMSP plus

CAP-TET (Cl), 60 ,uM acrylate (A), acrylate plus CAP-TET (A), and CAP-TET alone (0). Untreated samples showed no accumulation of
either 3-MPA or MSH. Data are from single bottles of each treatment.

low micromolar additions of DMSP, probably because these
products were removed by microbial metabolism. DMS is
readily metabolized by sulfate-reducing bacteria in anoxic
sediments (13, 14), and acrylate is rapidly metabolized to a
mixture of propionate and acetate (R. P. Kiene and B. F.
Taylor, in E. Saltzman and W. Cooper (ed.), Biogenic Sulfur
in the Environment, in press), most likely by fermentative
organisms similar to the Clostridium species isolated by
Wagner and Stadtman (28).
A second pathway for DMSP degradation probably in-

volves initial demethylation to give 3-methiolpropionate
followed by a second demethylation to give 3-MPA. A
demethylation route for the decomposition of DMSP was
recently proposed by Mopper and Taylor (19). Our results
provide evidence for the existence of this pathway in sedi-
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FIG. 2. Accumulation of acrylate in anoxic sediment slurries

after the addition of 700 p.M DMSP (0) and 700 ,uM DMSP plus
CAP-TET ([1). The detection limit for acrylate was 5 ,uM.

ments. Although we did not measure the formation of
3-methiolpropionate during DMSP decomposition, the fact
that this compound was converted to 3-MPA at a rate similar
to that of DMSP (Fig. 3A) suggests that it is an intermediate
in the demethylation pathway. The fate of the methyl group
of DMSP in these reactions is unknown. The methyl group
could have been metabolized by acetogenic bacteria similar
to Eubacterium limosum, which demethylates glycine be-
taine (20), an analog of DMSP. Alternatively, it is possible
that DMSP was used as a methyl donor by microorganisms
since DMSP has been shown to be a suitable methyl donor
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FIG. 3. Accumulations of 3-MPA (A) and MSH (B) in anoxic

sediments after the addition of 10 ,uM DMSP (0), 10 KM 3-
methiolpropionate (A), 10 p.M acrylate (0), and 10 ,uM DMS (A).
Untreated samples showed no accumulation of either MSH or
3-MPA. Data are from single sample bottles.
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FIG. 4. Predominant ( ) and minor (---) pathways by which DMSP may be converted to 3-MPA and MSH in sediments.

for some enzymatic transmethylations (8, 10). The possible
role of DMSP in methylation reactions in sediments is
worthy of further investigation.

3-Methiolpropionate is an intermediate in the metabolism
of methionine in some plants (21) and in rat liver tissues,
where it is a precursor of MSH (23, 24). The further
demethylation of 3-methiopropionate to give 3-MPA has not
been previously reported. Our results indicate that DMSP
was a better precursor of MSH than was 3-methiolpropio-
nate (Fig. 3B). Therefore, most of the MSH that arose from
DMSP must have come from an immediate precursor other
than 3-methiolpropionate. This precursor was probably the
DMS formed by enzymatic cleavage since (i) DMS was
metabolized rapidly and did not accumulate in large amounts
from micromolar levels of DMSP and (ii) DMS was a much
better precursor ofMSH than was 3-methiolpropionate (Fig.
3B). Several studies have shown that DMS is degraded via
MSH in anaerobic sediments (13, 14). Similarly, aerobic
bacteria metabolize DMS with MSH as an intermediate (12,
25).
3-MPA and MSH are present in nanomolar to low micro-

molar concentrations in the pore waters of anoxic sediments
(15, 19). Even larger amounts are associated with the sedi-
ment particles in an adsorbed or bound form (19; Kiene,
unpublished data). DMSP is likely to be a precursor of these
thiols in marine sediments, although other precursors such
as methionine and homocysteine are also possible (15).

Organic thiols (MSH and 3-MPA) are formed from DMSP
by separate pathways (Fig. 4). MSH is formed primarily
from the DMS released in the cleavage pathway. 3-MPA on
the other hand is formed primarily by a demethylation
pathway in which the sulfur remains in the original carbon
chain. Whether further metabolism of 3-MPA breaks that
C-S bond is unknown. Similar maximal accumulations of
3-MPA and MSH from 10 ,uM DMSP (Fig. 3) suggest that the
two pathways were operating at similar rates. Higher con-
centrations (60 ,uM) of DMSP appeared to favor greater
MSH production (compare Fig. 1 and 3), suggesting greater
importance of the cleavage reaction at high DMSP concen-
trations. However, these estimates are uncertain because
the rate at which 3-MPA or MSH is removed is not known.
These matters require further investigation.
Our studies have shown that DMSP is a potential precur-

sor of volatile organosulfur compounds (DMS), thiols (MSH
and 3-MPA), and low-molecular-weight fatty acids (acrylate,
propionate, and acetate) (Kiene and Taylor, in press; this
study). Each of these degradation products is biologically
labile in sediments and probably also in other systems.
DMSP is widely distributed, and high concentrations are

found in sediments and some organisms. Therefore, in
addition to being a precursor of DMS and thiols, DMSP
should also be considered a potentially significant substrate
for microbial metabolism. In addition, it will be interesting to
determine whether the demethylation of DMSP occurs in
aerobic environments, since this process might lower the
potential of DMSP as a source of DMS to the atmosphere.
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