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ABSTRACT. Dimethylsulfon~opropionate (DMSP) is an organic sulfur compound which is produced by 
many marine phytoplankton and which is ubiquitous in the euphotlc zone of the ocean. DMSP is 
degraded through complex interactions within the food web and studies of its dynamics may lead to 
greater understanding of microbial ecology and food web interactions. In this study we examined the 
degradation of dissolved DMSP [DMSP(d)] in coastal water samples and tested glycine betaine (GBT), 
a structural analog of DMSP, as a potential inhibitor of this important biogeochemical reaction. The 
addition of 1 to 50 pM GBT to water samples from the northern Gulf of Mexico strongly inhibited the 
consumption of 50 nM added DMSP(d). The production of dimethyl sulfide (DMS) from DMSP(d) was 
also inhibited by GBT, but was slightly less sens~tive than overall DMSP degradation. The inhibitory 
effects of GBT were short-lived, lasting only 5 to 6 h, after which time net DMSP(d) consumption 
resumed. Several analogs of GBT were also found to be inhibitory to DMSP(d) degradation but 
unrelated compounds had no effects. Consistent with the inhibitory effects of GBT, we found that 
endogenous DMSP(d) concentrations increased at steady rates in response to GBT additions. These 
GBT-induced accumulation rates ranged from 4 to 28 nM d-' in water samples collected over the course 
of a year and may represent the natural turnover rates of DMSP(d). We found no significant effects of 
GBT on particulate DMSP concentrations in natural water samples or in an axenic culture of the 
prasinophyte Tetraselmis subcordiformis. However, addition of 50 pM GBT to the phytoplankton 
culture caused an accumulation of DMSP(d) (equivalent to 2% of the particulate DMSP in the culture) 
for a period of 1 h with no change thereafter. GBT may be a useful inhibitor of DMSP(d) degradation 
(and DMS production) under some circumstances. However, the short-lived inhibitory effects of GBT 
and the potential for it to cause some direct release from the particulate DMSP pool may limit its appli- 
cation. 
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INTRODUCTION 

Dimethylsulfoniopropionate (DMSP) is an organic 
sulfur compound which is ubiquitous in photic waters 
of the marine environment (Turner et al. 1988, Iverson 
et al. 1989, Burgermeister et al. 1990). DMSP produc- 
tion in the water column is attributed to phytoplankton 
and macroalgae (White 1982, Reed 1983, Keller et al. 
1989), though it may be found in other organisms due 
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to trophic transfer and retention (Ackman & Hingley 
1968, Tokunaga et al. 1977, Iida & Tokunaga 1986, Iida 
et al. 1986, Levasseur et al. 1994). The distribution and 
abundance of certain phytoplankton species strongly 
influences the concentration of DMSP in surface 
waters because only selected species produce large 
amounts of this osmotic solute (White 1982, Keller et al. 
1989, Keller 1991). 

Interest in the marine biogeochemistry of DMSP and 
its degradation product, dimethylsulfide (DMS), has 
grown substantially in recent years because it is now 
recognized that DMS is the principal form of volatile 
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sulfur in the surface ocean (Lovelock et al. 1972, to a variety of biological poisons including chloroform, 
Andreae & Raemdonck 1983, Andreae 1990). DMS azide, and antibiotics (Kiene 1990). Therefore, a 
emissions from the ocean contribute nearly half of the detailed investigation of the effects of GBT and related 
global biogenic sulfur emission to the atmosphere compounds on DMSP degradation was carried out, 
(Andreae 1990) and may also play a role in modulating with the overall aim being to learn more about the 
global climate through a cloud albedo mechanism degradation of DMSP in natural systems. 
(Bates et al. 1987, Charlson et al. 1987, Malin et al. 
1992). Despite recent advances in DMS-related 
research, the mechanisms leading to DMS formation 
and the controls on its sources and sinks are not well 
understood. 

Degradation of DMSP appears to be the main source 
of DMS in seawater, although not all DMSP is 
degraded to DMS (Belviso et al. 1990, Kiene & Service 
1991). DMSP release and degradation, as well as the 
production of DMS, are closely linked with food web 
activities (Dacey & Wakeham 1986, Belviso et al. 1990, 
Gabric et  al. 1993, Kiene 1993, Wolfe et al. 1994). 
Bacterial degradation of the dissolved DMSP pool 
[DMSP(d)] (operationally defined as that which passes 
a GF/F or 0.2 pm filter) is thought to be a major path- 
way leading to DMS formation (Turner et al. 1988, 
Kiene 1990, Kiene & Service 1991). The concentrations 
of DMSP(d) are generally in the low nM range in 
surface waters (Turner et al. 1988) and tend to be lower 
than the particulate pool of DMSP [DMSP(p)]. 

In addition to its role as a precursor of DMS, DMSP 
may represent a potentially important carbon substrate 
for bacterial populations in the marine environment. 
DMSP-carbon may comprise as much as 1 to 10% of 
the carbon in living phytoplankton (Kiene 1993, Bates 
et al. 1994, Matrai & Keller 1994) and it is therefore not 
surprising that the ability to degrade DMSP is wide- 
spread among marine aerobic bacteria (Visscher et al. 
1992, Ledyard & Dacey 1994). At least 2 functional 
groups of bacteria are responsible for degrading 
DMSP in seawater: those which cleave DMSP into 
DMS and acrylic acid and those which demethylate 
DMSP to 3-methiolpropionate (Taylor & Gilchrist 1991, 
Diaz et  al. 1992, Visscher et al. 1992, Ledyard & Dacey 
1994, Visscher & Taylor 1994). 

To date, there have been no studies reporting 
DMSP(d) turnover rates at in situ concentrations in the 
water column. Progress in this area has been ham- 
pered by the limited availability of appropriate radio- 
tracers and lack of effective inhibitors of this process 
for use in biogeochemical studies. Kiene & Service 
(1993) recently presented evidence that DMSP(d) 
degradation in seawater samples was partially inhib- 
ited by the addition of 500 nM glycine betaine (GBT), a 
naturally occurring structural analog of DMSP which is 
widespread in the marine environment (King 1988). 
The possibility that GBT could inhibit DMSP degrada- 
tion was noteworthy since the enzymatic degradation 
of DMSP in water samples has proved to be insensitive 

MATERIALS AND METHODS 

Sample collection and processing. Most water sam- 
ples used during this study were collected from a pier 
on the east end of Dauphin Island. Alabama, USA. This 
site is located in the northern Gulf of Mexico near the 
mouth of Mobile Bay (30" 20' N, 88" 10' W). In several 
cases, water was collected from a boat approximately 
10 km out from the mouth of Mobile Bay at a site 
termed the Sea Buoy. Water from this location was gen- 
erally higher in salinity and lower in suspended solids 
than the Mobile Bay water. Samples were collected by 
bucket or carboy and dispensed immediately into 1 1 or 
250 m1 Teflon bottles. Water samples were stored in the 
dark and returned to the laboratory within 1 h where 
they were used immediately for experimental incuba- 
t i o n ~ .  During the incubations, the bottles were main- 
tained within 1°C of in situ temperature and kept in the 
dark, except during subsampling (<2 min duration) 
when they were exposed to room light. The water sam- 
ples were not shaken during the incubations, but were 
gently inverted several times before subsamples were 
removed for sulfur compound analysis. 

Experimental design. The concentrations of DMSP(d), 
DMSP(p) and DMS were monitored in water samples 
over time courses which lasted from 5 to 30 h. In exper- 
iments designed to test the effects of GBT and related 
compounds on DMSP(d) consumption, spike additions 
of 40 to 50 nM (final concentration) of DMSP were 
made to water samples just after the addition of the 
compound to be tested. The first subsample for mea- 
surement of DMSP(d) was taken within 2 min of the 
addition and this time point was designated as time 
zero. Also included in all experiments of this type were 
samples which received DMSP(d) alone (i.e no in- 
hibitor) and those which received no addition. Because 
the consumption kinetics for DMSP(d) were fast (see 
'Results'), and a rapid sampling schedule needed to be 
maintained, most experiments included single bottles 
for each treatment. Duplicate treatments were occa- 
sionally run and replication for DMS and DMSP(d) 
measurements was usually better than 10%. 

A series of experiments were carried out to test the ef- 
fects of GBT and some structural analogs on DMSP(d) 
degradation in seawater samples. GBT was evaluated 
most extensively and was used at concentrations ranging 
from 0.05 to 50 PM. This represented 1 to lOOOx the 
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concentration of added DMSP in the experiments. 
The analogs tested included P-alanine betaine.HC1, 
choline.HC1, dimethylglycine, carnitine, proline, diethyl- 
sulfoniopropionate~HC1 (DESP), and choline-0-sulfate. 
To complement these expenments, several non-onium 
compounds were also tested, including glucose, 
glycine, glutamic acid and acrylic acid. The rates of net 
DMSP consumption and DMS production in samples 
treated with potential inhibitors were compared to the 
rates in samples without inhibitors. The results are  pre- 
sented a s  percent inhibition and were calculated a s  fol- 
lows: % inhibition = [ l-(rate in inhibitor-treated sam- 
pledrate in DMSP only samples)] X 100. 

In experiments designed to test the effects of GBT on 
endogenous pools of DMSP(d), 50 FM GBT was added 
to natural water samples at  the start of the incubation 
and DMSP(d) was monitored over time. Linear regres- 
sion equations were fit to the DMSP(d) time course 
data and the net accumulation rate was estimated as 
the difference between the slopes in GBT-treated and 
untreated samples. 

Several experiments focused specifically on the effects 
of 50 pM GBT on particulate DMSP pools in natural 
water samples incubated in the dark. GBT was added to 
duplicate or triplicate freshly collected water samples 
and DMSP(p) monitored over a 0 to 6 h time course. A 
similar experiment was carrled out with an axenic cul- 
ture of the DMSP-producing phytoplankter Tetraselmis 
subcordiformis which was grown in 500 m1 of Guillard's 
F/2 medium (Sigma) on a 12/12 h light/dark cycle. The 
culture was used while cells were in log phase growth 
and additions of 50 pM GBT were made to duplicate 100 
m1 cultures. Untreated control cultures were also used 
and samples were taken for DMSP(d) and DMSP(p) 
analysis over a 6 h period after GBT addition. 

Analytical methods. DMS and DMSP(p) were mea- 
sured by gas chromatography as described previously 
(Kiene & Service 1991). The procedure for DMSP(d) 
analysis was modified somewhat from that used 
previously. A 20 m1 subsample was removed from the 
incubation bottle and allowed to drip through a 47 mm 
Gelman AE filter held in a glass filter tower. The filter 
was used for DMSP(p) determinations while the filtrate 
was used for DMSP(d) determinations. After all of the 
sample had passed the filter, approximately 5 m1 of the 
flltrate was placed in a small open sparge tube and 
bubbled with He (100 m1 min-' for 2 min) to remove 
DMS. After the He flow was turned off, 1 m1 of the 
sample was removed by pipette and placed in a 14 m1 
serum vial. One m1 of 5 N NaOH was added to this vial 
and it was sealed quickly with a Teflon-faced butyl 
rubber septum. DMSP in the water sample was decom- 
posed quantitatively to DMS (and acrylic acid) by the 
NaOH. After 30 min, the reaction was complete and 
the sample could be analyzed, although the sample 

was routinely analyzed the next day (<24 h).  The DMS 
in the vials was measured by sweeping the headspaces 
of the serum vials into a cryotrap and subsequently 
into a gas chromatograph as described in Kiene & Ger- 
ard (1994) Standards were prepared using the same 
liquid volumes as the samples. This approach yielded 
excellent precision (typically better than 5 %) and low 
detection limits (0.5 to 1.0 nM) for 1 m1 samples. 

Terminology. We measured the decrease of 
DMSP(d) concentrations over time courses and we re- 
fer to this as net consumption or degradation. We know 
that the added DMSP(d) was degraded (as opposed to 
sequestered into particulate material) because particu- 
late DMSP concentrations always held steady or de- 
clined slightly during the incubations which were car- 
ried out in the dark. We refer to exogenous DMSP(d) as 
that which we added to the water samples, usually 30 
to 50 nM. Endogenous DMSP(d) refers to that which is 
naturally present in the water samples. 

Chemicals. DMSP.HC1 was obtained from Research 
Plus, Inc., and was used from concentrated stocks 
which were kept frozen. GBT was obtained from 
Sigma in either the hydrochloride or anhydrous form. 
No discernible differences in effects on DMSP were 
observed between these 2 chemical forms of GBT 
Choline-0-sulfate and p-alanine betaine.HC1 were 
kind gifts from Dr Andrew Hanson. Diethylsulfonio- 
propionate.HC1 was generously provided by Dr Barrie 
Taylor. All other chemicals were obtained from Sigma 
and were of the highest purity available. 

RESULTS 

GBT inhibition of DMSP degradation 

The consumption of exogenous DMSP(d) in water 
samples from the mouth of Mobile Bay was r a p ~ d  and 
usually displayed apparent first order kinetics 
(Fig. 1A). Net consumption of the added DMSP(d) was 
substantially inhibited (>84 % inhibition) when water 
samples were treated with 1 to 50 pM GBT (Fig. 1A). 
During the first 3 h of the incubation, each of the GBT 
treatment levels appeared to be  equally effective a t  
inhibiting DMSP consumption but by the end of the 
experiment (5.5 h) ,  DMSP(d) had declined to a greater 
extent in the 1 pM treatment. Net DMS production was 
also inhibited by GBT, with a greater inhibition at 
higher GBT concentrations (Fig. 1B). GBT appeared to 
increase the yield of DMS [calculated as a percentage 
from the increase in DMS divided by the decrease in 
DMSP(d) over a given time interval] from 16 to 17 % in 
the sample without GBT to 20-44 O/o in those with GBT 
(Table 1). The increase in yield was most noticeable 
over the early part of the incubation (0 to 3 h) as com- 
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Table 1. Effects of several concentrations of glycine betaine (GBT] on the percentage yield of DMS during degradation of 40 nM 
dissolved DMSP in Mobile Bay water samples. Results for 2 difterent time intervals are presented (0 to 3 h and 0 to 5.5 h).  GBT 
was inhibitory to DMSP degradation over this period (see Fig. 1 for time courses of DMSP and DMS). Percentage yield is defined 
as  [maximum net accumulation of DMS/loss of DMSP(d) during the time interval] X 100. Partlculate DMSP pools did not change 

significantly during the incubation and averaged 100 nM 

Treatment Change in DMSP(d) Change in DMS o/u yield of Change in DMSP(d) Change in DMS % yield of 
over 3 h (nM) over 3 h (nM) DMS (3 h) over 5.5 h (nM) over 5.5 h (nM) DMS (5.5h) 

NT -1.3 -0.04 - -1.2 -0.1 
DMSP (50 nM) -28.5 +4.8 16.9 -39.6 +6.3 15.9 
DMSP + 50 pM GBT -3.1 +0.9 29 -9.6 +2.1 21.9 
DMSP + 10 pM GBT -3.4 +1.3 38 -12.5 +2.8 22.4 
DMSP + 1 pM GBT -5.0 +2.2 44.0 -21.9 +4.4 20.1 

- 

2 -1 
0 1 2 3 4 5 6  
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Fig 1. Time courses of (A) DMSP(d) and (B) DMS concentra- 
tions in water samples from Mobile Bay after the following 
treatments: no addition (e); + DMSP (0);  + DMSP + 1 pM GBT 
( A ) ;  + DMSP + 10 pM GBT (A);  + DMSP + 50 pM GBT (0) .  

Results are from single bottles for each treatment. S a l ~ n ~ t y  of 
the water was 20 psu and temperature was 25°C 

pared to the full incubation period (0 to 5.5 h) .  This dif- 
ference suggests that DMS production was less sensi- 
tive to GBT than overall net  DMSP(d) consumption. In 
separate experiments, we have found that concentra- 
tions of GBT as low as 50 nM were inhibitory to 
DMSP(d) consumption and DMS production, however, 
a t  these low GBT concentrations the effects were very 
short-lived (<l h). Incubations carried out beyond 6 to 
8 h showed that the inhibitory effects of 50 pM GBT 
diminished cons~derably over time, and by 24 to 30 h 
the added DMSP(d) had often declined to the concen- 
trations seen in controls (Fig. 2). 

I 
30 
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10 

.A :* 
0 10 20 30 
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Fig. 2. Effects of 50 ~.IM GBT on DMSP(d) consumption during 
prolonged (30 h) incubations. Results from 2 separate experi- 
ments, July 6 (0 ,  W )  and July 19, 1994, ( A ,  A)  are shown. Solid 
symbols represent samples treated with DMSP only, whereas 
the open symbols represent samples which received both 
DMS and 50 pM GBT. Results are from single bottles for each 
treatment. The July 6 samples were collected from Mobile 
Bay and had a salinity of 16 psu and a temperature of 28°C 
The July 19 samples were collected from Fort Morgan Beach 
located just east of Mobile Bay on the Gulf of Mexico. Salinity 

was 28 psu and temperature was 28°C 

Effects of DMSP analogs other than GBT 

P-Alanine betaine strongly inhibited net DMSP(d) 
consumption and DMS production with a 10 yM addi- 
tion being equally as effective as 50 pM GBT (Fig. 3A). 
There was little net decrease (<l nM) of DMSP(d) in 
the presence of either GBT or p-alanine betaine over 
the first 7 h of the experiment, but about 3 to 4 nM 
DMS accumulated during this period (Fig. 3B). DMS 
production in the absence of a net decrease DMSP(d) 
could have been due to direct production from the 
particulate pool or perhaps to enhanced turnover of 
DMSP(d) due  to some release from the particulate 
pool. 

In experiments sim~lar to those presented in Figs. 1 
& 3, a vanety of other low molecular weight organic 
compounds were tested for effects on net DMSP con- 
sumption in natural water samples (Table 2) Each 
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Fig. 3. Time courses of (A) DMSP(d) and (B) DMS concentra- 
tions in water samples from the Sea Buoy site after the follow- 
ing treatments: no addition (m); + DMSP (0); + DMSP + 10 pM 
p-alanine betaine ( A ) ;  + DMSP + 50 pM GBT (U). Salinity was 
35 psu and temperature was 15.5"C. Results are from single 

bottles for each treatment 

experiment listed within Table 2 used a different 
batch of Mobile Bay water, therefore a GBT treatment 
was included in each experiment as  a positive experi- 
mental control. Results for GBT-treated samples 
showed >75 % inhibition of net DMSP(d) consumption 
activity in all cases. In Expt 1 choline had no effect on 
DMSP(d) consumption while it slightly stimulated 
DMS production (Table 2). By comparison, dimethyl- 
glycine, carnitine and proline were moderately 
inhibitory to both DMSP degradation and DMS pro- 
duction (Table 2, Expt 1). DESP, a synthetic ethylated 
analog of DMSP, was inhibitory to DMSP(d) con- 
sumption at 1, 10 and 50 pM concentrations (Table 2,  
Expt 2). DMS production, however, appeared to be 
stimulated by DESP in Expt 2,  with 50 pM DESP 
yielding the highest DMS production. In apparent 
contrast to these results, DESP was inhibitory to both 
DMSP(d) consumption and DMS production in Expt 3. 
The contrasting results for DMS production may have 
been due to a greater production of ethanethiol from 
DESP in Expt 2 but we were not able to distinguish 
ethanethiol from DMS on our chromatography sys- 
tem. Ethanethiol production from DESP would be 
analogous to the methanethiol production from DMSP 
which has recently been observed (Kiene unpubl.). 

Natural water samples treated with DESP produced 
diethylsulfide (DES) indicating that DESP may be a 
substrate for DMSP lyase. We did not quantify the 
amount of DES formed due to a lack of an appropriate 
standard a t  the time. 

Choline-0-sulfate was not inhibitory to net DMSP(d) 
consumption at either 1 or 50 pM (Table 2). DMS pro- 
duction was unaffected by the 50 pM choline-0-sulfate 
but the 1 pM treatment yielded 50% inhibition of DMS 
production. The anomalous inhibition of DMS produc- 
tion by 1 pM choline-0-sulfate (no effect on DMSP 
degradation) may have been due to an atypically high 
variability in DMS production associated with this 
batch of water. This variability was probably caused by 
a rapid net accumulation of DMS in all the samples 
from this experiment including the non-DMSP treated 
controls (data not shown). 

Non-onium compound effects 

Several low molecular weight organic compounds 
including glucose, glutamic acid, glycine, and acrylic 
acid (each at 50 pM) had little effect on the net con- 
sumption of added DMSP(d) in water samples (Table 2, 
Expt 5). By comparison, treatment with GBT clearly 
inhibited DMSP(d) consumption compared to the con- 
trol with DMSP(d) alone, and actually caused a net 
increase in DMSP(d) over the 4.5 h experiment (trans- 
lating to a 126% inhibition of DMSP degradation). The 
effects on DMS production followed a similar pattern, 
with GBT yielding 81 % inhibition while glucose, glu- 
tamic acid, glycine and acrylic acid had no discernible 
inhibitory effects. The DMS production in the acrylic 
acid treatment was 21 % higher than the DMSP-alone 
treatment. 

GBT causes DMSP to accumulate 

Having established that GBT strongly inhibited the 
consumption of added DMSP(d) in short-term experi- 
ments, we investigated whether GBT amendments had 
any effects on the endogenous pool of DMSP(d). We 
used 50 pM GBT since this appeared to be >80% 
effective over 5 to 6 h in all cases. The concentration of 
DMSP(d) increased significantly in water samples to 
which GBT was added (Fig. 4 ) ,  and the rate of change 
was clearly distinguishable from that in the untreated 
san~ples.  In most cases, GBT had no effects on DMS 
concentrations over 4 to 6 h but there was occasionally 
a slightly higher production of DMS in the later time 
points. This may have resulted from the higher 
DMSP(d) concentrations which had accumulated 
(Kiene & Service 1993). 
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Table 2 .  Effects of vanous low molecular weight organic compounds on degradation of exogenous DMSP(d) and production of 
DMS. Results are expressed as the percentage inhibition of DMSP degradation or DMS production defined as follows: [ l  - (rate in 
experimental samples/rate in DMSP only samples)] X 100. Negative values indcate stimulation of the activity while values 
greater than 100 indicate net accumulation of DMSP(d) rather than degradation. All water samples were collected from Mobile Bay 

Treatment compound % Inhibition 
Concentration of DMSP(d) DMS 

added DMSP degradation product~on 

Various onium compounds 
1 Glycine betaine 

Choline 
Dimethylglycine 
Carnitine 
Proline 

Non-onium compounds 
5 

Glycine betaine 
D i e t h ~ l s u l f o n i o ~ r o ~ i o n a t e  
~ieth;lsulfoniopropionate 
Diethylsulfoniopropionate 
Glycine betaine 
Diethylsulfoniopropionate 
Diethylsulfoniopropionate 
Diethylsulfonlopropionate 
Glycine betaine 
Choline sulfate 
Choline sulfate 

Glycine betaine 
Acrylic acid 
Glucose 
Glycine 
Glutamic acid 

'Apparent excess of DMS in the DESP experiment is probably due to ethanethiol production from DESP. Ethanethiol 
coelutes with DMS on our chromatography system 

We carried out a total of 11 experiments with natural 
water samples in which we added only 50 PM GBT and 
found similar results to those in Fig. 4 in each. GBT 
amendments always caused a linear net increase in 
DMSP(d) relative to an untreated control over a 1 to 4 h 
period; however, the rate of this accumulation differed 
depending on the sampling date. When the initial 
accumulation rates are plotted against the in situ 
temperature a good correlation (r2 = 0.958; n = 9) is 
obtained for most of the data (Fig. 5). Data from 2 
experiments did not follow the trend and these both 
were summer samples from Mobile Bay with relatively 
high temperatures (28°C). The reasons for these low 
accumulations are not presently clear No significant 
correlation was found between GBT-induced DMSP(d) 
accumulation rates and in situ DMSP(p) and DMSP(d) 
concentrations or salinity (data not shown) 

In seawater samples treated with GBT, DMSP(d) 
accumulation slowed beyond 6 h. In order to investi- 
gate this an experiment was carried out in which GBT 
was added at time zero, but also after 8 h (Fig. 6). Sam- 
ples initially treated with GBT had a relatively rapid 

accumulation of DMSP(d) (-4 nM d-l) whereas the 
untreated samples had a fairly steady DMSP(d) con- 
centration for about 7 h. At 8 h into the experiment, 
1 set of GBT-treated samples was retreated with 50 pM 
GBT. At the same time, a previously untreated sample 
was spiked with GBT. The accumulation rate was 
nearly identical in the 2 cases over the 8 to 24 h time 
period (1.73 and 1.68 nM d- ' )  and this rate was slower 
than that observed over the 0 to 8 h time period. We 
observed that in most cases the inhibitory effects of 
GBT diminished over time and the DMSP(d) which had 
accumulated in the presence of GBT started to decline 
after prolonged incubation. This was not evldent in the 
experiment in Fig. 6, most likely due to the low incu- 
bation temperature (8.5"C) and slow DMSP(d) turn- 
over. 

GBT effects on particulate DMSP 

One possible explanation for the accumulation of 
DMSP(d) after the addition of GBT is a direct release of 
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Fig. 4 .  Effects of 50 pp1 GBT on the endogenous concentra- 
tions of DMSP(d) in Mobile Bay water samples. Results from 2 
separate experiments are shown (A, B, respectively). Data 
points represent the mean of duplicate bottles with the error 
bars indicating the range. Lack of visible error bars indicates 
a range smaller than the symbol. Lines are linear fits to the 
data with the equations shown. Incubation temperatures 
were 23 and 22°C and salinities were 26 and 28 psu for (A) 

and (B), respectively 

DMSP by phytoplankton or other organisms caused by 
the 50 pM GBT addition. Several experiments were 
conducted to test whether GBT additions affected par- 
ticulate DMSP concentrations (Fig. ?). Slightly lower 
DMSP(p) concentrations were observed in the GBT- 
treated samples by the end of the experiment, but the 
results were not statistically significant (p > 0.05, 
Student's t-test). When an axenic, DMSP-producing 
algal culture, Tetraselmis subcordiformis, was tested, 
about 20 nM DMSP(d) accumulated in 1 h after GBT 
addition, and no increase occurred afterward (Fig. 8A). 
This represented a small (2%) fraction of the total par- 
ticulate DMSP (965 nM) in the culture. GBT had no sig- 
nificant effect on the particulate DMSP levels in the 
culture over the 6 h incubation (Fig. 8B). 

DISCUSSION 

The turnover of algal-derived DMSP in seawater is of 
interest because it is a labile component of dissolved 
organic matter and because DMSP is a precursor of 
volatile DMS. Relatively little is known about how 

Temperature ("C) 

Flg. 5. Relationship between DMSP(d) accumulation rates 
caused by addition of 50 pM GBT and the incubation temper- 
ature for experiments conducted from September 1993 to 
September 1994. Results from 2 experiments conducted at 
28°C with Mobile Bay water fall off the trend and were not 
included in the regression line. The highest accumulation rate 
sample on the line was also at 28OC, but this was from an incu- 
bation with shelf water collected at the Sea Buoy. Equation for 

the regression line: y = 1 . 3 3 8 ~  - 9.91; r2 = 0.958; n = 9 
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Fig. 6. Time course of DMSP(d) concentration in Moblle Bay 
water samples incubated with various additions as follotvs: no 
addition (0); 50 pM GBT at time zero (0);  50 pM GBT at 8 h 
(0); and 50 pM GBT at time zero and again at 8 h (m). Results 
are from single bottles for each treatment. Experiment was 
conducted in winter and the in situ temperature was 8.5"C; 

salinity was 28 psu 

DMSP is degraded in situ because it has been difficult 
to tease apart the complex interactions within the food 
web which are responsible for producing and consum- 
ing this compound. Specific inhibitors of biogeochemi- 
cal processes are often useful at helping to elucidate 
how compounds are cycled in natural systems (Orem- 
land & Capone 1988), but previous studies have 
observed that the decomposition of DMSP in seawater 
is relatively insensitive to a variety of inhibitors (Kiene 
1990). Here we found that treatment of seawater sam- 
ples with 1 to 50 pM GBT strongly inhibited the degra- 
dation of DMSP(d) during short-term ( c 6  h) incuba- 
tions. The higher concentrations of GBT tended to 
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Fig 7. Effects of 50 pM GBT on particulate DMSP concentra- 
tion in water samples from 2 experiments using Mobile Bay 
water. (A)  Data from October 8, 1994; points represent the 
mean of duplicate bottles (bars indicate range). (B) Data from 
November 2, 1994; po~nts  represent tri.plicates (bars indicat- 
ing standard deviation) Treatments were: no addition (e) and 
+50 p M  GBT (0) .  For the October 8 experiment, the salinity 
was 26 psu and the temperature was 23°C. For the November 
2 experiment, the salinity was 28 and the temperature was 
14.5"C. Samples were incubated in the dark for the duration 

of the experiment 

have a longer lasting effect (Fig l ) ,  although even 
50 pM lost effectiveness beyond 6 h. In the absence of 
an inhibitor, DMSP(d) was degraded rapidly in the 
estuarine and coastal water samples used here and a 
portion of the consumed DMSP(d) was accounted for 
as DMS. The relatively low yield ( ~ 5 0 % )  of DMS from 
DMSP(d) (Table 1) is consistent with previous studies 
(Kiene & Service 1991, Kiene 1992) and is probably 
due to degradation of most of the DMSP by a demethy- 
lation pathway (Taylor & Gilchrist 1991, Gene  1993). 
GBT apparently inhibited both the lyase and demethy- 
lation pathways of DMSP degradation (Fig. IB), but 
the exact mechanism(s) behind this inhibition remains 
to be elucidated. 

Compounds which are chemically similar to GBT 
(and DMSP) including p-alanine betaine, diethylsulfo- 
niopropionate, carnitine, proline, and dimethylglycine 
also inhibited DMSP(d) consumption and DMS pro- 
duction when added at 10 to 50 pM concentrations 
(Fig. 3, Table 2) .  Each of these compounds (with the 
exception of dimethylglycine) has an onium functional 

04 I 
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Fig. 8. Time courses of (A) DMSP(d) and (B) DMSP(p) concen- 
trations in axenic cultures of the phytoplankter Tetraselmis 
subcordiformis. Treatments were: no addition (m) and + 50 PM 
GBT (U). After GBT additions, cultures were incubated in the 
dark at room temperature (21°C). Results are the mean of 

duplicate cultures with the error bars lndicatlng the range 

group (tertiary sulfonium or quaternary ammonium) in 
close proximity to a carboxyl group. In contrast, other 
low molecular weight organic compounds lacking the 
'betaine' structure, including glycine, glucose, glu- 
tamic acid, acrylic acid, choline and choline sulfate had 
no substantial inhibitory effects on DMSP(d) degrada- 
tion. These results suggest that GBT and the other 
related compounds may react with some enzyme sys- 
t e m ( ~ )  involved in DMSP degradation. 

We speculate that the inhibition of DMSP degrada- 
tion caused by GBT and related analogs is due to a 
competitive blockage of the trans-membrane transport 
of DMSP to the site of the lyase or demethylating 
enzymes, rather than direct inhibition of the degrada- 
tion enzymes. Little is known about the enzymology of 
DMSP demethylation; however, de Souza & Yoch 
(1995) recently reported that a purified DMSP(d) lyase 
obtained from an estuarine Alcaligenes-like bacterium 
was not inhibited (nor induced) by GBT, dimethylgly- 
cine, dimethylsulfonioacetate, methionine, S-methyl- 
methionine or several other low molecular weight 
compounds. Peroud & LeRudulier (1985), on the other 
hand, found that GBT transport into Escherichia coli 
cells was inhibited by several betaine analogs, includ- 
ing dimethylglycine, proline and p-alanine betaine, 
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each of which inhibited DMSP degradation in seawa- 
ter (Fig. 3,  Table 2). Given this evidence, it seems likely 
that a DMSP transport system might recognize GBT 
(and vice versa). This is known to be the case in the 
Enterobacteriaceae (Chambers et al. 1987). Such a 
transport mechanism could be useful to marine 
microorganisms since both DMSP and GBT are natural 
compounds and could be used as a sources of carbon 
as well as nitrogen in the case of GBT. 

We observed that GBT slightly enhanced the yield of 
DMS (Table 1) during short-term experiments and  that 
GBT was generally less inhibitory to DMS production 
as compared to net DMSP(d) consumption (Fig. 3, 
Table 2). GBT is a substrate for some DMSP-demethy- 
lating bacteria (Visscher & Taylor 1994); therefore, 
high concentrations of GBT could possibly overwhelm 
the demethylation pathway and allow more DMSP to 
be  degraded by the lyase pathway. This explanation is 
consistent with the fact that GBT additions alone often 
stimulate DMS production (Kiene & Service 1993). 

The degradation of DMSP(d) in Mobile Bay water is 
primarily due to bacteria-sized (<1.0 pm) organisms 
(Kiene in press), therefore GBT probably acts upon the 
bacterial degradation of DMSP. Recently, it has been 
reported that phytoplankton and perhaps microzoo- 
plankton are  able to degrade DMSP(d) (Stefels & van 
Boekel 1993, Wolfe et  a1 1994). Wolfe et al. (1994) 
found that GBT had no effects on DMSP pools in a 
mixed bacteria, phytoplankter and ciliate culture, nor 
on rates of DMSP degradation in a pure bacterial iso- 
late. Further work will be necessary to test whether 
GBT affects some organisms but not others. In the pre- 
sent study, the inhibitory effects of GBT on DMSP(d) 
net consumption and DMS production were observed 
in waters collected from a variety of locales including 
inshore waters from Mobile Bay (Figs. 1 & 2), shelf 
waters 10 km out in the Gulf of Mexico (Fig. 3) and in 
temperate waters from Great Bay, New Hampshire, 
USA (R.  k e n e  unpubl.). In addition, GBT inhibited 
DMSP(d) degradation in estuarine waters from Geor- 
gia, USA (Kiene & Service 1993). These findings sug- 
gest that the phenomenon we observed is characteris- 
tic of many coastal and shelf waters. 

The effectiveness of GBT diminished over time for 
reasons which are not yet clear. This could have been 
caused by degradation of the GBT or by adaptation 
and growth of the microbial populations. It is possible, 
but not likely, that a large proportion of the 50 pM 
added GBT was degraded during the 6 h experiments. 
Unfortunately we are not able to measure these levels 
of GBT in seawater solutions to determine if GBT was 
substantially degraded. Experiments in which we 
respiked 50 pM GBT after 6 to 8 h did not indicate a 
resumption of inhibition (Fig. 6). It therefore seems 
more likely that microbial populations adapt to the 

high levels of GBT, by growing and possibly by syn- 
thesizing a transport system which also may recognize 
DMSP. The increased putative transport of DMSP into 
bacterial cells may allow degradation to resume. 

Since 50 FM GBT was clearly inhibitory to DMSP(d) 
degradation for at least 4 to 6 h, the initial accumula- 
tion rates of DMSP(d) in the presence of GBT (Fig. 4 )  
might represent the natural turnover (production in the 
absence of consumption) of the dissolved DMSP(d) 
pool. For the accumulation rates to be a valid repre- 
sentation of the DMSP(d) turnover, GBT must not 
cause particulate DMSP to be  released into the 
DMSP(d) pool faster than would occur by natural 
release mechanisms (leaching, grazing, etc.). In many 
of the experiments that w e  carried out, GBT-treated 
samples had slightly lower DMSP(p) than controls. 
However, when this was examined more closely with 
replication of the treatments (Fig. ?), no statistically 
significant effects of GBT on the particulate pools were 
observed. We emphasize that these results apply only 
to our short duration, dark incubations (i.e. Figs. 7 & 8). 
In the light and over longer periods, GBT can have 
significant effects on phytoplankton DMSP production 
(Kiene & Service 1993). It should be  noted that a small, 
perhaps insignificant, decrease in DMSP(p) might be 
enough to significantly increase the DMSP(d) pool 
since the particulate DMSP concentrations in natural 
water samples of Mobile Bay are  often z10- to 20-fold 
higher than dissolved DMSP. The results from the 
phytoplankton culture experiment (Fig. 8) suggest that 
only a small fraction ( -2%) of the phytoplankton 
DMSP(p) may be released a s  DMSP(d) as a result of 
the GBT addition. Applying this percentage to natural 
water samples with 30 to 60 nM DMSP(p) would give 
a potential release of 0.6 to 1.2 nM DMSP(d). This 
amount is comparable but somewhat less than the 
accumulations that were typically observed in 4 to 6 h 
experiments (Fig. 4). 

If we conclude that the accumulation of DMSP(d) 
was an  artifact of the GBT addition, then we must con- 
clude that DMSP(d) turnover was very slow. This does 
not appear to be a reasonable conclusion given the 
rapid first order consumption of added DMSP(d) that 
was observed. The DMSP(d) turnover rates, calculated 
from the pseudo-first order rate constants (obtained 
from loss curves) and the in situ concentration, ranged 
from 2 to 122 nM d- '  during the period of the present 
study (Kiene in press). The GBT-determined rates 
ranged from 4 to 27 nM d - '  and tended to be lower 
than the consumption-based rates when direct com- 
parisons were made with the same water samples 
(data not shown). We cannot draw firm conclusions at 
this time as  to which technique yields the correct 
turnover rates. Further work will be  necessary to 
resolve this issue. 
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Our results with GBT and its analogs give us clues 
as to the mechanism(s) of DMSP degradation in sea- 
water, a subject about which little is currently known. 
DMSP degradation appears to depend on an uptake 
and/or degradation system which is not strictly spe- 
cific for DMSP, but rather for betaine-like compounds. 
This rases  the possibility that under natural circum- 
stances, DMSP and GBT might be metabolized simi- 
larly and that degradation of either compound might 
be influenced by high concentrations of the other. 
Based on the limited information in the literature, we 
suggest that the transport system is the most likely 
site of the inhibition by GBT (c.f. Peroud & LeRudulier 
1985, de Souza & Yoch 1995). With the knowledge 
gained here about the specificity of the inhibition for 
betaine-like compounds, we can propose that more 
effective inhibitors than GBT might be found by using 
synthetic analogs or those with substitutions which 
make them more inhibitory than their natural coun- 
terparts. P-Alanine betaine appeared to be an excel- 
lent inhibitor with 10 p M  being equally as effective as 
50 PM GBT. Our supply of p-alanine betaine was 
limited; therefore, we could not test this compound in 
detail. Peroud & LeRudulier (1985) found that of the 
compounds they tested, proline betaine (stachydrine) 
was the most effective inhibitor of GBT transport in 
Escherichia coli. Such compounds could prove useful 
in future studies. 

CONCLUSION 

GBT was an effective inhibitor of DMSP(d) degra- 
dation in short term ( c6  h) experiments with natural 
water samples. A variety of chemically similar onium 
compounds were also found to be inhibitory, whereas 
non-onium compounds were not. GBT may be a use- 
ful inhibitor of DMSP(d) degradation (and DMS pro- 
duction) for biogeochemical studies and might possi- 
bly enable DMSP(d) turnover rates to be determined. 
However, the short-lived inhibitory effects of GBT 
in coastal waters may l~mit its application to very 
short-term experiments. Furthermore, lack of agree- 
ment between DMSP(d) turnover rates calculated 
from GBT inhibition experiments and those from 
kinetically derived rate constants suggests caution 
should be used when applying GBT (or related 
inhibitors). Additional work will be needed to deter- 
mine whether GBT has less or more effectiveness in 
other types of waters, especially oceanic waters. The 
results of this study have shed Light on the mecha- 
nisms responsible for degrading DMSP(d) in coastal 
and estuarine waters and suggest that a multifunc- 
tional trans-membrane transport system might be 
involved. 
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