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ABSTRACT: Almost half the biogenic sulfur emitted globally originates as dimethylsulfide (DMS) in
marine algae. Yet, despite its importance to climate and the global sulfur cycle, the reasons why
many diverse algal taxa produce DMS remain unclear. DMS is produced when dimethylsulfoniopropionate (DMSP) is cleaved by the enzyme DMSP lyase into DMS and acrylic acid. Because acrylic
acid can deter feeding by some herbivores, the production of DMSP has been postulated to be part of
an antiherbivore chemical defense system, with DMS being a by-product of the production of the
defensive compound acrylic acid. However, we found that DMS plays a more direct role in herbivore
deterrence. Using laboratory bioassays, we demonstrated that DMS functions as a potent feeding
deterrent against sea urchins Strongylocentrotus droebachiensis at a wide range of concentrations.
The defensive function of DMSP cleavage is further supported by the results of a multiple-choice
feeding preference assay in which we offered urchins a choice of 8 algal species. In these assays,
algae containing DMSP tended to be consumed at lower rates than species that lacked it. By measuring headspace DMS concentrations during grazing, we showed that DMS is produced when urchins
feed on algae containing DMSP, but not when urchins feed on algae without it. DMS production
occurred while the urchins were feeding on the algae and for 18 h after the algae were removed,
suggesting that post-ingestive processes might be playing a role in activation. These results demonstrate that DMS is produced when urchins feed on algae containing DMSP and that it functions as an
herbivore deterrent, causing species that produce DMSP to be avoided by some herbivores.
KEY WORDS: Activated defense · Chemical defense · DMS · DMSP · Herbivory · Macroalgae ·
Sea urchins
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Dimethylsulfide (DMS) produced by marine algae is
a major source of atmospheric sulfur. Marine organisms generate about half the biogenic sulfur emitted to
the atmosphere annually (Bates et al. 1992), and the
majority of this sulfur is produced as DMS (Andreae
1986). Because reduced sulfur compounds such as
DMS are rapidly oxidized to sulfur dioxides that function as cloud condensation nuclei, the production of
DMS can potentially affect climate on a global scale
(Charlson et al. 1987). DMS and acrylic acid are produced as a result of the cleavage of dimethylsulfoniopropionate (DMSP) by the enzyme DMSP lyase (Cantoni & Anderson 1956). The precursor in this reaction,

DMSP, is produced by many types of marine algae
including planktonic algae, such as prymnesiophytes,
dinophytes, diatoms, chrysophytes, and prasinophytes,
and macroalgae, such as chlorophytes and rhodophytes (Malin & Kirst 1997).
It is not clear why so many disparate taxa of algae
living in different types of environments produce
DMS. DMSP can function as an osmoregulator (Reed
1983a,b, Edwards et al. 1987, 1988) and a cryoprotectant (Karsten et al. 1996), and acrylic acid may have
antibiotic effects (Sieburth 1960, 1961). However, evidence also suggests that DMS may be part of an activated chemical defense against herbivores. Activated
defense systems involve the enzymatic conversion of
stored precursor compounds with no or limited bio-
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logical activity into predator-deterrent defensive
compounds (Paul & Van Alstyne 1992). In phytoplankton, the release of DMS increases during zooplankton grazing (Dacey & Wakeham 1986, Wolfe
& Steinke 1996), suggesting that grazing causes
mechanical damage that activates the DMSP lyase
enzyme. Strains of microalgae with higher concentrations of DMSP lyase are consumed more slowly by
dinoflagellates than strains that produce low concentrations of the enzyme (Wolfe et al. 1997). This is
consistent with the hypothesis that the activity of the
DMSP lyase enzyme is correlated with the production of chemical feeding deterrents. Finally, acrylic
acid has been shown to deter feeding by some
macroinvertebrate herbivores (Van Alstyne et al.
2001). However, there is no definitive evidence that
either acrylic acid or DMS are produced as a result
of grazing by macroinvertebrates.
In this study, we use macroalgae and sea urchins
as a model system to examine the role of DMS as
a feeding deterrent. We provide the first direct
evidence that DMS, which is produced when algae
are physically damaged by grazing, inhibits feeding
by marine herbivores, making species that produce
DMS low-preference foods. Our results also suggest
that the DMS produced by macroinvertebrate
grazing on seaweeds can cross the air–sea boundary
and may contribute to coastal atmospheric sulfur
production.

MATERIALS AND METHODS
Feeding deterrence by DMS. We tested the hypothesis that DMS can function as a feeding deterrent by
offering sea urchins paired pieces of seaweed-based
diets with and without DMS. Artificial diets were made
up as described in Van Alstyne et al. (2001), with
43.5 ml deionized water, 1.5 g agar, and 5 g of freezedried, ground Laminaria saccharina. The agar was dissolved in water in a microwave oven for 35 s. This mixture was then cooled to 40°C and the ground algae and
DMS added. Control diets were the same, except they
lacked DMS. Urchins were not fed for at least 1 wk
prior to the start of the experiments. Starving animals
prior to the start of food preference experiments has
been shown to make some animals less selective
(Cronin & Hay 1996); however, because DMS evaporates rapidly from the diets, it was necessary that the
urchins were hungry enough to consume the diets
rapidly, before all the DMS had evaporated.
All urchins were offered a piece of the diet with DMS
and the control diet simultaneously. When half of all
the diets had been eaten, the remaining pieces were
weighed. Most of the urchins ate half the food within

2 h. If an urchin had not eaten half the food within 4 h,
the replicate was eliminated from later analyses. The
total consumption of diets treated with DMS was subtracted from the total consumption of control diets, and
the data analyzed with a 1-sample Student’s t-test
comparing the difference to a mean of zero. Initial
DMS concentrations in the experimental diets ranged
from 0.04 to 2.0% of the fresh mass (FM), and were
similar to the concentrations of DMS urchins would be
expected to encounter in nature (Van Alstyne et al.
2001).
Because DMS is a volatile compound, it was lost by
evaporation and diffusion as the experiments were set
up and run. We determined that 40% of the DMS
added to the agar was lost before the diets were
added to the containers. To account for this initial loss,
the amount of DMS added to the agar was adjusted so
that the experimental diets would contain the stated
amount of DMS when the urchins were added. DMS
loss also occurred during the experiments, while the
urchins were feeding on the diets. To estimate this
loss we placed containers holding only pieces of diet
at 3 DMS concentrations, 0.1, 0.5, and 2.0% DMS, in
seawater tables. These conditions were similar to
those in which the feeding experiments were run
except for the absence of urchins. Three pieces of diet
at each of the 3 concentrations were removed at regular intervals and placed into 4N NaOH in gas-tight
containers, to determine how much DMS remained in
the diets. DMS was measured using an SRI gas chromatograph with a Chromasil 330 column and a flame
photometric detector, as described in Van Alstyne et
al. (2001).
Food preference experiments. To determine if algae
that produce DMSP are avoided by urchins, we offered
8 species of algae in multiple-choice feeding preference assays. The algae included 3 DMSP-producing
species (Enteromorpha linza, Polysiphonia hendryi,
Ulva fenestrata; Van Alstyne et al. 2001), 3 species that
produce other types of chemical or structural defenses
(Alaria marginata, Agarum fimbriatum, and Mazzaella
splendens; Gaines 1985, Steinberg 1985), and 2 species not known to produce significant quantities of
anti-herbivore defenses (Laminaria saccharina and
Nereocystis luetkeana).
Each urchin was offered eight ~0.5 g pieces of nonreproductive, non-meristematic algal blade tissues in a
single arena (Van Alstyne et al. 1999). Paired arenas
that contained algae, but no urchins, were controls for
autogenic losses. Algae were weighed at the beginning of the experiment and after urchins had consumed half of the algae in the container. Statistical
analyses were conducted with a Yao’s R-test, a multivariate method appropriate for non-independent data
(Manly 1993).
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Release of DMS during grazing. To estimate the
production of gaseous DMS resulting from Strongylocentrotus droebachiensis grazing, we conducted feeding experiments in 10 cm diameter gas-tight chambers
containing rubber septa, which allowed us to sample
DMS in the headspace of the chambers. Small urchins
(~4 cm test diameter) were each placed in 8 replicate
chambers with a piece of algae (0.6 to 0.7 g), and
allowed to feed for 6 h. After 3 h and 6 h, DMS concentrations were measured in the headspace of the containers using solid phase microextraction with 75 µm
carboxen-PDMS fibers (absorption: 10 to 30 s, desorption: 10 s, 250°C) in an SRI gas chromatograph (Chromasil 330 column, flame photometric detector). After
6 h, the algae were removed, and the chambers, still
containing the urchins, were resealed. DMS production was measured again after 18, 42, and 66 h. After
each measurement, the seawater in the container was
replaced to ensure that the urchins had adequate
oxygen. Four additional chambers in each experiment contained seawater and algae but no urchins,
and 4 chambers contained only seawater, with known
amounts of DMS. The experiments were conducted
with 3 species of algae that produce DMSP (Enteromorpha linza, Polysiphonia hendryi, and Ulva fenestrata) and 3 species that do not (Nereocystis luetkeana, Mazzaella splendens, and Laminaria saccharina;
Table 1). Statistical analyses were conducted with
t-tests comparing the total amount of DMS generated
over 72 h. Each replicate was normalized by the mass
of the algal piece in the container.
To confirm that the algae used in these experiments
contained the amounts of DMSP we expected, we conducted DMSP measurements from 8 replicate pieces of
each species. DMSP was measured as DMS by placing
algae (~100 mg) into 4N NaOH in gas-tight vials. After
24 h, DMS concentrations in the headspaces were
measured by direct injection with an SRI gas chromatograph.
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RESULTS
When sea urchins were offered choices of control
diets without DMS and identical diets containing DMS,
they consumed more of the control diets, regardless of
the DMS concentration in the diet (Fig. 1). In many of
the experimental arenas, urchins pushed away the
pieces of diet containing DMS with their tube feet,
while retaining and feeding upon the control diets.
During the feeding experiments, significant amounts
of DMS were lost in the experimental diets. Most of the
diets lost about 50% of the DMS within 1 h and 75%
within 4 h (Fig. 2). Thus, as the experiment progressed,
the urchins were making choices between diets with
relatively smaller differences in DMS concentrations,
making the experiments conservative for the effects
of DMS on food preferences.
In the multiple-choice feeding preference experiments in which urchins were given a choice of 8 algal
species, urchins consumed algae containing DMSP at
the same or lower rates as other chemically or structurally defended algae (Fig. 3). The 2 DMSP-producing
green algae, Enteromorpha linza and Ulva fenestrata,
were among the 3 least-preferred algae. Feeding rates
on another DMSP-producing species, Polysiphonia
hendryi, were intermediate, but were comparable to
feeding rates on Alaria marginata, a brown alga that
contains relatively high concentrations of phlorotannins (Steinberg 1984). Feeding rates were highest on
the 2 species that produce low quantities of phlorotannins, Nereocystis luetkeana and Laminaria saccharina.

Table 1. DMSP concentrations from algae used in food preference and DMS release assays. Data are given as means ± 1 SD
(n = 8)
DMSP concentration
(% of fresh mass)
Species with high DMSP concentrations
Enteromorpha linza (Chlorophyta)
1.22 ± 0.11
Polysiphonia hendryi (Rhodophyta)
0.26 ± 0.01
Ulva fenestrata (Chlorophyta)
1.55 ± 0.11
Species with low DMSP concentrations
Laminaria saccharina (Phaeophyta)
0.00 ± 0.00
Mazzaella splendens (Rhodophyta)
0.00 ± 0.00
Nereocystis luetkeana (Phaeophyta)
0.00 ± 0.00

Fig. 1. Strongylocentrotus droebachiensis. Consumption
rates (means ± 1 SE) of diets. Urchins were offered choices
of control diets (black bars) and diets containing DMS
(white bars). Concentrations of DMS in the diets at the
beginning of each experiment are given below each set of
bars. Asterisks indicate experiments in which consumption
rates differed significantly between control diets and diets
with DMS (p < 0.05, 1-sample t-test)
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When urchins fed upon algae containing DMSP,
DMS was released and accumulated in the headspace
of the containers during the 6 h that the urchins had
access to the algae (Fig. 4). DMS continued to accumulate during the 18 h period after the algae were
removed, suggesting that post-ingestive processes

contribute to DMS production in the herbivores’ guts.
DMS was not detectable in the chambers when urchins
fed upon algae that do not produce DMSP (Fig. 4).
Similarly, little or no DMS was produced by seawater
alone, seawater and algae alone, or seawater and
urchins alone.
There were significant differences in total amounts
of DMS generated in arenas with and without herbivores for the 3 DMSP-producing algae, Enteromorpha
linza (t = 5.394, p = 0.001), Polysiphonia hendryi
(t = 11.526, p < 0.001), and Ulva fenestrata (t = 2.637,
p = 0.034). There was no significant difference in DMS
production between containers with and without herbivores when Nereocystis luetkeana was in the containers (t = 1.487, p = 0.180). No DMS was measurable
in any of the arenas holding Laminaria saccharina or
Mazzaella splendens, regardless of the presence or
absence of herbivores, so statistical analyses could not
be performed on these data.

DISCUSSION

Fig. 2. DMS loss in diets at 3 initial DMS concentrations over
6 h. Data are means ± 1 SD (n = 3). FM: fresh mass

Fig. 3. Strongylocentrotus droebachiensis. Consumption rates
(means ± 1 SE) of macroalgae in multiple-choice feedingpreference experiments. Black bars indicate species that produce DMSP, hatched bars indicate species that produce other
chemical or structural defenses, and white bars indicate species that are not known to produce significant chemical or
structural defenses. Feeding rates among algae are significantly different (Yao’s R = 5.722, p = 0.013). NL: Nereocystis
luetkeana, LS: Laminaria saccharina, AF: Agarum fimbriatum,
PH: Polysiphonia hendryi, AM: Alaria marginata, UF: Ulva
fenestrata, EL: Enteromorpha linza, MS: Mazzaella splendens

The results of this study demonstrate that the DMS
produced during grazing by macroinvertebrates can
function as a feeding inhibitor. Even at very low concentrations (0.04% FM), diets containing DMS were
avoided relative to diets that lacked it (Fig. 1). Because
a significant amount of DMS was lost during the experiments (Fig. 2), urchins may have been making
choices when the diets contained less DMS than they

Fig. 4. Strongylocentrotus droebachiensis. DMS release (means
+ 1 SE) during feeding. Three species of macroalgae contained
DMSP (Enteromorpha linza [M], Polysiphonia hendryi [d], and
Ulva fenestrata [J]), and 3 lacked it (Laminaria saccharina [z],
Mazzaella splendens [c] and Nereocystis luetkeana [F]). Control arenas contained algae but no urchins (E. linza [N], L. saccharina [Y], M. splendens [X], N. luetkeana [e], P. hendryi [s],
U. fenestrata [h])
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did at the beginning of the experiment. Thus, the
ability of DMS to deter feeding may be present at
lower concentrations than the ones we tested.
The concentrations of DMS tested in our experiments were within the range that is expected to be produced during DMSP cleavage. Temperate macroalgae
that produce DMSP can contain 0.1 to ~1.7% FM
DMSP (White 1982, Reed 1983a, Karsten et al. 1990,
Van Alstyne et al. 2001); in the Ulvales, average
concentrations that exceed 1% FM are common. Because cleavage results in the production of 2 similarly
sized molecules, DMS and acrylic acid, the maximum
amount of DMS by weight that can be produced during
cleavage will be about half the initial DMSP concentration. Thus, for many algae, if only part of the DMSP
present is cleaved into DMS and acrylic acid, the
DMS concentrations should still be sufficient to deter
urchins from grazing. Furthermore, acrylic acid is also
a feeding deterrent towards urchins at concentrations
as low as 0.1% FM (Van Alstyne et al. 2001). Although
DMS and acrylic acid have not been tested together as
feeding deterrents, it is likely that the combination of
DMS and acrylic acid will be a more potent feeding
deterrent than DMS alone. This suggests that the
DMSP-activated defense system is highly effective
against herbivores such as urchins.
The evidence for an ecological role for DMS is further supported by the results of the multiple-choice
food-preference experiment (Fig. 3). Seaweeds containing DMSP, such as Polysiphonia hendryi, Enteromorpha linza, and Ulva fenestrata, were low- to intermediate-preference foods, avoided even when urchins
were offered a choice between these species and other
chemically or morphologically defended algae. Preferences were lowest for the ulvoid green algae E. linza
and U. fenestrata, species that produce DMSP, and
Mazzaella splendens, a red alga that does not produce
DMSP. M. splendens produces an outer cuticle that
slows feeding by isopods but not sea urchins (Gaines
1985). Thus, the low preference for M. splendens by urchins likely results from an unknown chemical defense.
Feeding rates on the third DMSP-producing alga,
Polysiphonia hendryi, were intermediate and comparable to those on Alaria marginata. However, we may
have overestimated the tissue loss for P. hendryi.
Because urchins tend to shred this alga when they
handle it, some loss may have occurred when small
pieces of intact algae washed through the screens of
the containers. A. marginata is a phaeophyte that produces phlorotannins (Steinberg 1984) in sufficient concentrations to deter feeding by urchins (Steinberg et al.
1995). It was the only low or intermediate preference
alga used in these experiments that is known to produce significant quantities of chemical defenses other
than DMSP.
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Herbivore deterrence may be a common function of
DMSP and DMS among many diverse groups of algae.
Although DMSP is thought to be involved in osmoregulation and cryoprotection (Reed 1983a,b,c,
Edwards et al. 1987, 1988, Kirst 1989, Karsten et al.
1990, 1996, Kirst et al. 1991), many species that produce it, particularly open-ocean phytoplankton, are
unlikely to experience large fluctuations in salinity or
temperature. Moreover, the use of DMSP in cryoprotection and osmoregulation does not address the
reason for having an additional pathway to convert
DMSP to DMS. However, both macroalgae and microalgae can experience significant grazing pressures
(Hawkins & Hartnoll 1983, Hay 1991, Banse 1996,
Sommer 1996), and thus may benefit from using DMS
as a feeding deterrent.
The use of DMS and DMSP in an activated antiherbivore defense does not rule out other functions for
these compounds, nor does it suggest that these compounds function as defenses against all consumers.
Like many marine secondary metabolites, these compounds probably have multiple functions (Schmitt et
al. 1995, Kubanek et al. 2002) and affect some consumers but not others (Hay et al. 1987, Steinberg & van
Altena 1992). For example, DMS has no effect on feeding by a generalist predatory fish, Thalassoma bifasciatum, even at concentrations that are 10 to 100 times
higher than those found in sponges, a potential prey
of the fish (Pawlik et al. 2002).
Several examples of putative activated defenses
have been described in seaweeds (Paul & Van Alstyne
1992, Cetrulo & Hay 2000). However, none of these
studies have demonstrated that the products of activation are actually generated during the consumption of
the algae. In this study, we have demonstrated that one
of the products of activation, DMS, is produced when
algae are grazed by sea urchins (Fig. 4). Significant
DMS release only occurred after urchins ate algae
containing DMSP and did not occur during grazing on
algae without DMSP. This suggests that the DMS that
was produced during grazing originated from the
algae rather than the urchins.
Previous studies have assumed that the activation of
chemical defenses in marine algae occurs when the
plants are masticated by herbivores (Paul & Van
Alstyne 1992). However, data from our urchin-grazing
experiments suggest that post-ingestive processes also
cause the release of the products. During our grazing
experiments, most of the DMS generation occurred
during the first 6 h of the experiment, when the urchins
had access to the algae, but some DMS was generated
after the algae were removed from the containers.
Since the only likely source of DMS was DMSP from
undigested seaweeds in the guts of the urchins, the
DMS generated after the removal of the algae was
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probably produced by DMSP cleavage during digestion. The DMS produced during the initial 6 h of the
experiment may also have resulted from the digestive
breakdown of DMSP since urchins typically bite off
and ingest large pieces of intact algae with the teeth of
their Aristotle’s lanterns, and lack a mechanism for
masticating their food thoroughly.
Although there are many studies of DMS release by
planktonic microalgae (Bates et al. 1992, Malin et al.
1992, Malin & Kirst 1997), there is relatively little information about the amounts of DMS released by coastal
macroalgae. DMS production in the oceans is generally higher in tropical than temperate regions and
varies seasonally (Bates et al. 1992). Coastal waters
have higher production rates of DMS than oceanic
waters (Turner et al. 1988) but because of their limited
area are responsible for a relatively small proportion of
the global production of DMS (Bates et al. 1990). Estimates of nearshore DMS production rates, which
would include DMS generated by macroalgae, are
rarely made. Our study shows that DMS release as a
result of macroinvertebrate grazing on macroalgae
may be a source of atmospheric DMS that has not
previously been considered. However, like coastal
planktonic DMS production, any contributions to
atmospheric sulfur concentrations are likely to be very
localized and play a limited role in global sulfur
cycling.
Macroinvertebrate-macroalgal interactions involving DMS show many similarities to the microzooplankton-phytoplankton interactions that result in
DMS release in the open oceans. Macroalgae producing DMSP are avoided by sea urchins (Fig. 3). Microherbivores avoid strains of microalgae with high DMSP
lyase activity (Wolfe et al. 1997). The release of DMS
into the atmosphere is enhanced by grazing of both
macroalgae (Fig. 4) and phytoplankton (Dacey &
Wakeham 1986, Wolfe & Steinke 1996). These similarities suggest that the use of DMS as an herbivore
deterrent could span a range of algal sizes, taxa, and
habitats. Having a greater understanding of the role of
DMS in ecological interactions in coastal and open
ocean environments will enable better predictions of
DMS production, and may ultimately lead to a better
understanding of the role of biogenic factors in sulfur
cycling and climate change.
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