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ABSTRACT: The content of dimethylsulfoniopropionate (DMSP) in selected marine reef macrophytes was 
examined and related to levels of DMSP and one of its decomposition products, dimethylsulfide (DMS), in 
guts of herbivorous fish. Concentrations of short-chain fatty acids and acrylic acid (ACR), another 
decomposition product of DMSP, were also measured in gut contents. The fatty acid data provide 
evidence for bacterial fermentation within fish intestines. Unlike previous observations of gut microflora, 
the concentrations of ACR in these guts did not support a role for ACR as an inhibitor of the gut microflora. 
DMSP also appears to concentrate in the tissues of certain fish, but not in others. These results illustrate 
the complex trophic interactions which determine the dynamics of DMSP in the marine food web. 
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INTRODUCTION 

The geochemical and geophysical importance of 
atmospheric dimethylsulfide (DMS) has brought a 
wide spectrum of biological processes into focus 
because of their roles in DMS formation. Marine DMS 
constitutes perhaps as much as one quarter of the 
gaseous emission of sulfur (including anthropogenic 
emissions) entering the atmosphere (Andreae 1990). 
There is increasing evidence that the atmospheric oxi- 
dation products of DMS, particularly sulfate and 
methanesulfonic acid, are important in the formation 
of aerosols in the lower atmosphere. It has been pro- 
posed that these aerosols are important as cloud nucle- 
ation sites (Shaw 1983, Charlson et al. 1987). Forma- 
tion of these aerosols may have consequences for the 
earth's albedo, and hence its heat balance. The impor- 
tance of this emission in terms of global atmospheric 
budgets, and its potential importance in aerosol forma- 
tion, has heightened interest in the biogeochemistry of 
DMS in the surface ocean. 

In marine systems dimethylsulfide is primarily the 
decomposition product of a compound, dimethylsulfo- 
niopropionate (DMSP), produced by marine plants. 
Since Challenger & Simpson (1948) first discovered 

DMSP in the filamentous red alga Polysiphonia fasti- 
giata, it has been reported for a large number of 
marine species. Subsequent study has shown that 
DMSP is present in high concentrations in dozens of 
marine macroalgae (White 1982, Reed 1983) and 
phytoplankton (Keller et al. 1989). In contrast, the pres- 
ence of high concentrations of DMSP in higher plants 
is limited to a few species (Spartina altermflora: Dacey 
et al. 1987; S. anglica: Larher et al. 1977, van Diggelen 
et al. 1986; S. foliosa: Dacey unpubl.; Wedelia biflora: 
Pitman & Storey unpubl. data cited in Wyn Jones & 
Storey 1981). Though the physiological role of DMSP 
remains uncertain, there is strong evidence in support 
of an osmotic function. In Ulva lactuca, DMSP levels 
adjust according to changes in salinity (Dickson et al. 
1980, 1982). The concentrations of DMSP in certain 
phytoplankton are also consistent with a role in 
osmotic balance (Vairavamurthy et al. 1985); however 
the dynamics of the compound are very poorly known. 

One important aspect of the biogeochemistry of 
DMSP is the fact that the major mechanisms of DMSP 
degradation do not appear to be directly linked to 
plant physiology. Most marine DMS appears to arise 
from the decomposition of DMSP after release from 
phytoplankton; one potentially key regulatory step in 
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this process is grazing of phytoplankton by zooplank- 
ton (Dacey & Wakeham 1986, Belviso et al. 1990, Leck 
et al. 1990). There is increasing evidence that the 
DMSP decomposition is actually mediated by 2 pro- 
cesses: one in the digestive turnover of DMSP in the 
zooplankton gut, the other being a microbial decom- 
position of DMSP released subsequent to the act of 
grazing (Wakeham & Dacey 1989, Kiene 1990). Algae 
are known to contain enzymes which degrade DMSP 
(Cantoni & Anderson 1956, Kadota & Ishida 1968), and 
perhaps the rupturing of cells may facilitate this con- 
version during mastication and digestion. Free DMSP 
may also be decomposed to DMS by intact phyto- 
plankton (Stefels et al. 1993). 

The importance of food-chain processes in the for- 
mation of DMS raises questions about the potential 
role of herbivorous fish as agents of DMSP decomposi- 
tion. Another important facet of the problem involves 
the incorporation of DMSP into fish tissue. Much of the 
early interest in DMSP arose because it was found to 
be responsible for certain problems in fish flavor. 
DMSP was found to accumulate in fish preying on cer- 
tain food species, and in processing of the fish, the 
decomposition product, DMS, presented a problem in 
fish flavor. The 'Blackberry' problem off the Labrador 
coast and a similar disorder, termed 'gunpowder', 
which occurs off Iceland, are both attributable to the 
presence of a DMSP-containing pteropod, Limacina 
helicina, in fish guts (Sipos & Ackman 1964, Ackman et 
al. 1966, 1967). Motohiro (1962) showed that the Pacific 
chum salmon Oncorhynchus keta contained significant 
levels of DMSP which were decomposed to DMS dur- 
ing the canning process, giving rise to a 'petroleum- 
like' odor. This condition also was associated with 
feeding on L. helicina. The fact that DMSP accumu- 
lated particularly in the muscle of chum salmon, but 
not red salmon, was related to transmethylation activ- 
ity in the fish livers. DMSP entering the blood was 
carried to the liver of fish; incomplete transmethylation 
in chum salmon liver allowed significant quantities to 
accumulate in muscle, where no transmethylation 
activity was measurable. Other studies have demon- 
strated presence of DMSP in fish (Iida et al. 1986, 
Shiorni et al. 1982) and shellfish (Iida & Tokunaga 
1986). 

The major process by which DMSP is decomposed to 
DMS results in the concomitant formation of acrylic 
acid (ACR) (Challenger 1959). Sieburth (1960, 1961) 
found that ACR levels in guts of penguins reached con- 
centrations sufficient to arrest the growth of the gut 
microflora. Sieburth observed that penguins ingested 
krill which fed on the DMSP-containing phytoplanton 
Phaeocystis pouchetii, and concluded that the aerobic 
microflora of the guts of these penguins were much 
reduced due to the 'bioconcentration of DMSP' that led 

to elevated levels of ACR. On the other hand, herbivo- 
rous marine turtles and some fishes are known to have 
a gut in which an active microbial fermentation occurs 
(Bjorndal 1980, Rimmer & Wiebe 1987); in fact, the 
largest known prokaryote has been isolated from the 
intestine of a herbivorous acanthurid (Clements & 
Bullivant 1991). 

Ingestion of DMSP-bearing food can have a broad 
spectrum of consequences. Some DMSP is undoubt- 
edly decomposed to DMS and ACR. The ACR may 
have bacteriostatic effects within the gut. Some of the 
DMSP may also be retained in the animal tissue, 
potentially leading to accumulations which might 
impact palatability. This study investigated these 
aspects of DMSP ingestion by herbivorous reef fishes. 

MATERIALS AND METHODS 

Samples were collected by SCUBA at the West 
Indies Laboratory, Fairleigh Dickinson University, St. 
Croix, U.S. Virgin Islands. We collected samples of 
marine macrophytes (algae and vascular plants) in the 
lagoon and reef area in the vicinity of the laboratory. 
Fish specimens were collected alive by netting and 
rapidly transferred to the laboratory. Fish were then 
anesthetized, killed and dissected. 

Samples were assayed for DMSP and water content 
in the laboratory. Analyses for DMS and DMSP were 
conducted using an HNU photoionization detector. A 
185 cm length of Chromosil 330 (Supelco, Inc., Belle- 
fonte, PA, USA) in PEP tubing was used for chromato- 
graphic separation. DMSP was quantified by digesting 
material, plant or animal, in 2 N KOH. After addition of 
base, samples were allowed to sit for 24 h at room tem- 
perature. DMSP is measured as DMS released on 
treatment with base. The base-catalyzed production of 
DMS is quantitative for DMSP, which decomposes 
stoichiometrically to DMS and ACR by an elimination 
reaction. The kinetics of this reaction are well defined 
(Dacey & Blough 1987). It is also possible, though 
unlikely, that other compounds may be present to 
release DMS since there appear to be very few other 
naturally occurring compounds which will generate 
DMS on treatment with base. The most common sulfo- 
nium compound which also yields DMS on treatment 
with base is S-methylmethionine (SMM), but its con- 
centrations in living tissue are unlikely to reach 
mm01 1" levels and the kinetics of the elimination for 
SMM are much slower, requiring heating to achieve 
comparable reaction rates. Another compound which 
has been measured in low concentrations in a marsh 
species is dimethylsulfoniopentanoate, but there is no 
evidence of its significance among plant species 
(Larher & Hamelin 1979). 
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Base digestions of gut contents are treated as 
DMSP+DMS, since no partitioning between the pools 
was possible. Standards were prepared from a DMS 
solution (14 mm01 1-') in acidic (1 % HC1) methanol 
prepared in Woods Hole and transported to St. Croix. 
DMSP+DMS was quantified by analysis of DMS con- 
centrations in headspace over base-treated samples. 
Experience has shown that these assays are accurate to 
within ~ 1 5 % .  

Concentrations of short-chain fatty acids (SCFA) and 
ACR were determined after extracting weighed fresh 
gut contents with methanol. The gut contents were 
obtained from tissue samples collected as above. The 
foregut and hindgut regions were defined opera- 
tionally as the first and last thirds of the intestine, 
respectively. No physical differentiation was otherwise 
obvious. The gut contents and methanolic extract were 
stored in Balch tubes with butyl stoppers and alu- 
minum crimp seals and transported to the University of 
Maine for analysis. Undiluted extract (1 to 2 pl) was 
injected into a 2 mm (ID) X 2 m glass column contain 
SP-1200 (Supelco). SCFA and ACR were detected by a 
flame ionization detector. 

RESULTS 

DMSP contents of selected plant species possibly 
present in the diet of herbivorous reef fishes were vari- 
able (Table l), but generally lower than concentrations 
found in certain classes of phytoplankton, such as 
coccolithophorids and dinoflagellates (Keller et al. 
1989). These data represent the first measurements of 
DMSP for many of these plant genera. Consistent with 
previous surveys of macroalgae, the data showed vari- 
ability within and between taxa, with phaeophytes 
tending to have lower concentrations. In some 
instances, epiphytes contributed significantly to the 
DMSP content observed for some plant species 
(Table 1). For example, it appeared that the bulk of 
DMSP associated with the seagrass Thalassia tes- 
tudlnum was attributable to epiphytes. Consistent with 
the observations that DMSP is concentrated in epiphy- 
tized lamina, non-epiphytized T. testudinum contained 
no detectable ACR, but epiphytized plants contained 
37.5 nmol g-I fresh wt. 

DMSP concentrations in muscle tissue varied among 
a variety of scarids, pomacentrids, and acanthurids 
(Table 2). The feeding habits and food selectivity of the 
fishes listed in Table 2 are well known (Randall 1967, 
Emery 1973, Clavijo 1974, Lobel 1980, Lobel & Ogden 
1981, Targett et al. 1986, Duarte & Acero 1988). Con- 
sistent with the known preference of Sparisoma radi- 
ans (Scaridae) for the epiphytized Thalassia tes- 
tudinum leaves, DMSP was much higher in tissue of 

Table 1.  Survey of DMSP in plants at St. Croix 

Plant type DMSP 
(pmol g '  fresh wt) 

Spermatophyta (flowering plants) 
Halodule wrightii 
Syringodium filiforme 
Thalassia testudinum 

Non-epiphytized leaf 
Epiphtytized leaf 
Epiphytized, moribund leaf 
Rhizome 

Chlorophyta (green algae) 
Avrainvillea geppi 
Ca ulerpa cupressoides 
Caulerpa sertularoides 
Cladophora sp. 
Dictyospheria ca vernosa 
Halimeda incrassata 
Penicillus pyriformis 
Pocokiella variegata 

Rhodophyta (red algae) 
Galaxura subverticulata 
Hypnea cem'cornis 
Hypnea spinella 
liagora valida 
Pterocladia americana 

Phaeophyta (brown algae) 
Dictyota sp. 
Padina sp. 
Turbinaria turbinata 

Miscellaneous 
Brown filamentous turf 
Sand 

this species than in other species. DMSP+DMS in gut 
contents was also almost an order of magnitude higher 
in the gut contents of this species than its congener, S. 
viride (Fig. 1). The acanthurids Acanthurus bahianus, 
A. chirurgus, and A. coeruleus, and the pomacentrids 

Table 2. Survey of DMSP in muscle tissue of various reef 
fishes 

Fish species 

Scaridae (parrotfish) 
Sparisoma radians 
Sparisoma veride 

Pomacentridae (damselfish) 
Stegastes planifrons 
Stegastes dorsopunicans 

Acanthuridae (surgeonfish) 
Acanthurus coeruleus 
Acanthurus bahianus 
Acanthurus chirurgus 

DMSP content 
(pmol g fresh wt) 
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Stomach 

Intestine 

A. bahianus 

S. radians S. viride 

A. chirurgus 

S. planifrons M. chrysurus 

A. coeruleus 

Fig. 1. DMSP+DMS in gut contents of various herbivorous reef fishes. Each bar or pair of bars represents data from an individual 
fish. Note that the ordinate axis is expanded in (a) for Sparisoma spp. (a) Sparisoma radians and S. viride. (b) Stegastesplanifrons 

and Microspathodon chrysurus. (c, d ,e) Three species of Acanthurus: A. bahianus, A. chirurgus, and A. coeruleus 

Time (h) 

Fig. 2. Sparisoma radians. Timecourse of DMS formation in 
gut contents 

Stegastes planifrons and Microspathadon chrysurus 
had comparable DMSP contents (Fig. 1). In most cases, 
DMSP concentrations were higher in stomachs than in 
hind-guts, except in the case of one sample of A. 
chirurgus. 

The net rate of DMS production from isolated gut 
contents of Sparisoma radians was highest (and con- 
stant) during the first 6 h, and stopped after 24 h 
(Fig. 2). A 0.96 g sample of gut contents was used in a 
28 rnl incubation tube, and with frequent swirling, 
delays in headspace equilibration were not likely a sig- 
nificant component of the observed kinetics. We also 
observed DMS production from feces of S. radians, but 
did not quantify its rate. 

ACR was present among the different fishes and 
tissues sampled in concentrations ranging between 
10 and 300 nmol g '  fresh wt (Fig. 3). The concentra- 
tions of ACR tended to decrease consistently from the 
stomach to the hindgut in all of the fish species sam- 
pled (Fig. 3), with the exception of a single sample of 
Epinephelus mono (Serranidae), in which no ACR was 
detectable in the stomach, but which contained modest 
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400 
Stomach Foregut Hindgut 

1Ã 350 

Fig. 3. Acanthurus spp., Sparisoma radians. Acrylic acid con- 
centrations in gut contents of reef fish 

A. chirurgus 

A. coeruleus F 
H 

A. bahianus F 
H 

H radians F F 
0.0 10.0 20.0 30.0 40.0 50 

SCFA (prnol g-1 fresh wt) 

Fig. 4.  Epinephelus mono, Acanthurus spp., Sparisoma radi- 
ans. Concentrations of short-chain fatty acids (SCFA) in gut 
contents. S: stomach; WG: whole gut; F: foregut; H: hindgut. 
Dark stippling: acetate; light stippling: sum of other SCFA 

concentrations in the gut (about 74 m01 g-' fresh wt). 
ACR concentrations were also lower in the guts of 
Sparisoma radians which were fed non-epiphytized 
Thalassia testudinum, compared with S. radians fed 
epiphytized T. testudinum (61.6 and 13.2 nrnol g-' 
fresh wt in whole guts respectively). 

Each of the various gut samples contained a variety 
of SCFA, with acetate predominating in all cases 
(Fig. 4). SCFA concentrations were variable among 
fishes and gut contents ranging from < 1 up to 41 pm01 
g-I fresh wt in the stomach of Acanthurus chirurgus 
and gut of Epinephelus mono, respectively. Concen- 
trations of other SCFA (e.g. propionate, butyrate, iso- 
valerate) were usually 10-fold lower. The most diverse 
array of SCFA was found in the guts of A. coeruleus 
and E. mono, with acetate, propionate, butyrate, iso- 

butyrate and iso-valerate all present. Fewer SCFA 
were found in the other species. In contrast to patterns 
for ACR and DMSP, SCFA concentrations increased 
significantly from the stomach to the gut; this was 
especially pronounced in A. coeruleus, A. chirurgus 
and E. mono. 

DISCUSSION 

Trophic processes are important in the dynamics of 
DMSP and DMS in marine systems. In reef cornrnuni- 
ties, some plant species contain fairly high levels of 
DMSP. The 2 preferred food species for the scarid 
Sparisoma radians are epiphytized macrophytes Thal- 
assia testudinum and Halodule wrightii (Lobe1 & 
Ogden 1981), which had the highest DMSP contents in 
this study. T. testudinum represents about 70% of the 
diet of this fish. The older, more epiphytized lamina 
contain the higher levels of DMSP (Table l), which 
suggests that the epiphytes contain the abundance of 
DMSP, not the T. testudinum itself. As partial confir- 
mation of this conclusion, root concentrations in T tes- 
tudinum are very low, but that does not preclude 
DMSP accumulation by leaves. For example, the 
marsh grass Spartina alterniflora accumulates >50 
pm01 g'' fresh wt in leaves while root concentrations 
are < 10 pm01 g-' fresh wt (Dacey et al. 1987). Epi- 
phytes are undoubtedly the source of ACR in the plant 
tissue as well, since little DMSP and no ACR were 
detected on non-epiphytized leaves. 

ACR in the epiphytized leaves accounts for only part 
of the concentrations observed in Sparisoma radians 
guts during the feeding experiment, and very little of 
that found in fish collected from the field. Hydrolysis of 
ingested DMSP is the likely source of the bulk of gut 
ACR: the resulting formation of DMS was observed 
during the in vitro incubation of gut contents. The dis- 
tribution of ACR along with the distribution of DMSP 
also demonstrate that the stomach is the major locus of 
DMSP hydrolysis. Hydrolysis might also occur in the 
gut, but this activity would be limited by the residual 
concentrations in material transported from the stom- 
ach. The relationship between ACR and DMSP+DMS 
(Fig. 5) suggests that ACR is higher in fish with higher 
DMSP in their diet, and that ACR derives primarily 
from DMSP. The fact that ACR is generally about 50 % 
of the DMSP concentrations suggests that DMSP is 
approximately equal to DMS (assuming a 1:l stoichio- 
metry for DMS and ACR) and that some of the ingested 
DMSP may be excreted. This conclusion is consistent 
with observations that fish feces emit DMS, probably 
from residual, undegraded DMSP. Pool sizes of DMS in 
the guts are required for further corroboration of this 
point. 



72 Mar. Ecol. Prog. Ser. 112: 67-74, 1994 

0 5 0  100 150 200 250 300 350 
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Fig. 5. Relationship between ACR and DMSP+DMS in gut 
contents of several fish species (r2 = 0.33, p = 0.026) 

The general pattern of decrease in both DMSP and 
ACR concentrations from stomach to hindgut indicate 
that these compounds are readily utilized, either by 
absorption across the gut wall, bacterial degradation, 
or both. The loss of ACR is not surprising since its 
inhibitory effects are usually expressed at much higher 
concentrations than observed in this study (Sieburth 
1961). Thus, it does not appear likely that herbivory by 
reef fishes results in inhibition of gut microflora by the 
model proposed for penguins (Sieburth 1960, 1961). 
The absence of any such inhibition is also consistent 
with previous reports of a diverse gut microflora in var- 
ious herbivorous reef fishes (Horn 1989). 

Although significant decreases occur from the stom- 
ach to the gut, ingested DMSP appears to be incom- 
pletely degraded; a fraction of ingested DMSP appears 
to be incorporated by the fish and a fraction excreted. 
Both DMS emission from fresh feces as well as signifi- 
cant muscle DMSP concentrations were observed in 
this study. Motohiro's (1962) study of salmon also sug- 
gests that DMSP is accumulated. Some uncertainty 
exists over the relative extent of DMSP and DMS incor- 
poration though, since no distinction between the two 
was made in the study described here due to analytical 
ambiguities that might result from the conversion of 
DMSP to DMS during tissue grinding. 

Previous observations suggest that DMSP accumula- 
tion is reversible. Ackrnan et al. (1966) and Iida et al. 
(1986) demonstrated a rapid accumulation of DMSP in 
fish tissues; Iida et al. (1986) also showed that DMSP in 
tissues decreased gradually over about 15 d when the 
ingestion of DMSP was restricted. DMSP accumula- 
tions were found to be seasonal, brought on by inges- 
tion of DMSP-rich invertebrates (Motohiro 1962). In 
the reef fish Sparisoma radians, which feeds almost 
exclusively on relatively DMSP-rich vegetation, any 
seasonality would probably be linked to changes in the 
composition and physiology of their plant food. The 

reversibility of DMSP accumulation and the decompo- 
sition of DMSP to DMS in fish guts raise questions 
about the metabolism of these compounds in fish 
tissue. DMS is oxidized to DMSO and DMSOz in 
mammals (e.g. Williams et al. 1966), and it is reason- 
able to expect similar processes in fish. There is also 
the possibility, as has been described in mammals, 
that DMS is methylated to a trimethylsulfoniurn salt 
(Mozier & Hoffman 1990) that is presumably excreted 
in urine. The significance of these processes in fishes is 
unknown. 

The muscle DMSP concentrations observed in this 
study are certainly well above the apparent taste 
threshold. The human detection limit (smewtaste) for 
DMS is extremely low, in the range of 10 ppb (Toan et 
al. 1965) or about 0.16 pm01 k g 1  in distilled water. 
Apparently the sensation of DMS shifts from neutral 
and positive to undesirable with increasing concentra- 
tion. Concentrations of DMSP in tissues of all speci- 
mens were high enough to expect a flavor effect if the 
DMSP were decomposed to DMS - which happens 
readily in cooking. Concentrations of DMS in oysters 
have been described as a positive flavor component 
(Ronald & Thomson 1964), whereas DMS has been 
identified as a flavor problem in cod (Sipos & Ackman 
1964). 

The presence of SCFA in the gut contents, particu- 
larly the fore- and hind-guts, is indicative of an active 
anaerobic gut microflora, which may play a role in 
ACR degradation and perhaps DMSP decomposition 
as well. Anaerobic microbiota have been previously 
observed in other herbivorous fishes and are common 
for non-piscine marine herbivores (e.g. Wolin 1979, 
Bjorndal 1980, Murray 1981, Rimmer & Wiebe 1987). 
An anaerobic microflora could facilitate digestion of 
complex plant polymers (Anderson 1987), providing 
the host fish with useful metabolic intermediates, 
including SCFA, amino acids, vitamins or other 
required nutrients. However, contrary to the special- 
ized adaptations of other herbivores (e.g. ruminants, 
herbivorous turtles and insects, manatees), most 
marine herbivorous fishes have a simple gut architec- 
ture and short retention times of a few hours or less 
(Lobe1 1981, Horn 1989) that appears to limit the 
importance of the gut microbiota. Of course, it should 
be noted that remarkable prokaryotic symbionts have 
been observed in the guts of several herbivorous 
and detritivorous acanthurids (Clements et al. 1989, 
Clements & Bullivant 1991) and a unique gut architec- 
ture and anaerobic fermentation has been observed in 
2 herbivorous kyphosids (Rimmer & Wiebe 1987). 
Though concentrations of acetate and propionate 
found in this study are comparable to those in other 
herbivores, short gut retention times may preclude a 
significant nutritional role for SCFA. Unlike terrestrial 
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herbivores, many herbivorous reef fishes apparently 
maximize plant throughput, depending on readily 
utilizable organics rather than the digestion of more 
complex structural materials. 

In summary, the exposure of fish to DMSP is related 
to their food preferences. Ingested DMSP, and ACR, 
one of its degradation products, is consumed signifi- 
cantly in the stomach and foregut of reef herbivores by 
the fish and/or by bacteria. The fate of DMS, the other 
end-product, is uncertain; DMSP, DMS or both appear 

- - 

to accumulate in fish muscle and both are apparently 
excreted, perhaps with ACR as well. The role of ACR 
in the physiology and microbiology of the digestive 
system of fishes needs further study, but our data sug- 
gest negligible inhibitory effects. 
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