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Abstract. The production of dimethylsulfoniopropio-
nate (DMSP) and its cleavage products are well
studied in phytoplankton. However, less is known
about their sources, distributions, functions, and
impacts in other marine organisms. We examined the
distribution of DMSP in benthic macroalgae and
macroinvertebrates geographically and taxonomical-
ly. In macroalgae, concentrations significantly in-
creased from the tropics to the poles in the northern,
but not the southern, hemisphere. The increase in the
northern hemisphere was due to an increase in
concentrations with latitude in the Chlorophyta. This
pattern was generated by a relatively high proportion
of species in the order Ulvales (median [DMSP]: 145
mmol g–1 drymass (DM)) at higher latitudes, and a high
proportion of species in the orders Caulerpales and
Siphonocladales (median [DMSP]: below detection
level for both orders) in the tropics. Low DMSP

concentrations (< 10 mmol g–1 DM) were reported
from all red and brown macroalgae, except Polysi-
phonia and Halopytis. In macroalgae, some of the
reported functions ofDMSP and its cleavage products
included acting as a compatible solute, an anti-
herbivore defense, a reactive oxygen scavenger, and
a cryoprotectant. Among macroinvertebrates, DMSP
occurred in higher concentrations in cnidarians than in
sponges and molluscs. Concentrations in animals
harboring endosymbiotic algae were 6.5 times higher
than animals without symbionts. This and direct
measurements of DMSP from isolated symbionts
suggest that endosymbionts are a major source of
DMSP for some macroinvertebrates. Diet may be a
source of DMSP in animals that lack endosymbionts.
The functions and impacts of DMSP in invertebrates
are not well known.
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Introduction

Early work on the sulphonium compound dimethyl-
sulfoniopropionate (DMSP) focused on its occurrence
in benthic marine macroalgae. DMSP was first

described as a precursor of dimethylsulfide (DMS)
in the red macroalga, Polysiphonia fastigiata (Chal-
lenger and Simpson, 1948). The DMSP cleavage
pathway that generates DMS and acrylic acid was
later described in a greenmacroalga,Ulva (previously
Enteromorpha) intestinalis (Bywood and Challenger,
1953). In 1956, an enzyme that could catalyze this
reaction, termed DMSP lyase, was identified from a
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red macroalga Polysiphonia lanosa (Cantoni and
Anderson, 1956).

In the past three decades, only a small percentage
of studies have focused on benthic or macroscopic
algae and invertebrates. In that period, studies of
DMSP and its cleavage products, DMS, acrylate, and
acrylic acid, have been dominated by work on
planktonic microorganisms, particularly phytoplank-
ton. This is largely due to the discovery of the
importance of these compounds and their oceanic
sources to global sulfur cycling and climate (reviewed
byLiss et al. , 1994;Malin, 1996;Malin andKirst, 1997;
Malin et al. , 1992; Steinke et al. , 2002). However,
recently there has been a renewed interest in the role
of DMSP in shallow-water benthic organisms because
benthic coral reef invertebrates have been found to be
a significant albeit localized source of atmospheric
DMS (e.g., Broadbent and Jones, 2004) and because
the cleavage of DMSP has been found to mediate
interactions between organisms in temperate interti-
dal and shallow subtidal communities (e.g., Van
Alstyne and Houser, 2003; Van Alstyne et al. , 2001).

The purpose of this paper is to provide an overview
of the distribution, functions, and impacts of DMSP
production in marine benthic macroalgae and macro-
invertebrates with a focus on the following ques-
tions. 1) What are the geographic distributions of
DMSP in marine benthic macroalgae? Are geograph-
ic patterns in DMSP concentrations a result of differ-
ent distribution patterns among taxonomic groups of
algae that tend to contain either high or low concen-
trations of DMSP?, 2) What is the function of DMSP
in benthicmacroalgae?, 3)What are the consequences
of the presence of DMSP and its breakdown products,
both to the organisms that contain them and to co-
occurring species?, 4) What is the distribution of
DMSP in benthic macroinvertebrates?, and 5) What
are the sources of the compound in these animals?

To address these questions, we have compiled and
analyzed data from previously published papers as
well as data from recent surveys of DMSP concen-
trations conducted in Australasia, the southeastern
United States, northeastern Canada, and Guam.

Geographic and taxonomic distribution patterns
of DMSP in marine macroalgae

DMSP occurs in diverse taxa of organisms, including
algae, vascular plants, invertebrates, and vertebrates
(e.g., Ackman and Hingley, 1968; Ackman et al.,
1972; Iida andTokunaga, 1986; Kiene et al. , 1996; Van
Alstyne et al. , 2006b). However, despite its wide-
spread distribution, DMSP does not occur uniformly,
even among closely related taxa.

To examine the distribution and abundance of
DMSP across geographic regions and taxa of marine
macroalgae, we compiled data from several surveys of
DMSP concentrations that were conducted through-
out the world in which DMSP concentrations were
reported on a dry mass (DM) basis (Bischoff et al. ,
1994; Erickson et al. , 2006; Karsten et al. , 1994; Lyons
et al. , unpublished data; Van Alstyne, unpublished
data; Van Alstyne et al. , 2001). The data were sorted
into 8 large-scale geographic regions based on delin-
eations of Cox andMoore (1993) and Briggs (1974) to
look at the abundance of DMSPon a global scale. The
regions included four climatologically-based divisions
in the northern and southern hemispheres, the north-
ern tropical region, the northern warm temperate
region, the northern cold temperate region, the
northern polar region, the southern tropical region,
the southern warm temperate region, the southern
cold temperate region, and the southern polar region.
Within each of the eight regions, an average DMSP
concentration was determined for each reported
species. When there were multiple reports within a
region, an average was taken of the average values
fromeach site to obtain a single datum for each species
within each region. It should be noted that the
majority of the DMSP measurements examined here
were obtained indirectly by immersing specimens in
NaOH in sealed containers and measuring DMS with
gas chromatography. It is possible for compounds
other than DMSP to generate DMS under these
conditions (Howard and Russell, 1995) and the
relative contributions of compounds other then
DMSP to DMS production in macroalgae and macro-
invertebrates is not well known. However, DMSP has
been positively identified as a major metabolite in the
green macroalga Ulvaria obscura with a combination
of mass and nuclear magnetic resonance (NMR)
spectroscopy (Van Alstyne et al. , 2006a) and it is
assumed to be the primary source of DMS in other
species.

A total of 106 generawere examined. Except when
the diversity of species examined in a region was low
(1–2 reported species within a region), the number of
species within any one genus never exceeded 30% of
total number of species in a region. Because of the
large number of zero values in the data set, the data
did not meet assumptions of normality and homosce-
dasticity; therefore, PearsonLs correlation coefficients
were used to examine correlations between DMSP
concentrations and coded region values (tropical=1,
warm temperate=2, cold temperate=3, and polar=4)
when examining mean DMSP concentrations at the
phylum level across regions. Analysis of variance was
used to compare DMSP concentrations within the
genusUlva across regions in the northern hemisphere
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as these data did meet the assumptions of normality
and homoscedasticity.

DMSP concentrations increased from the tropics
to the poles in the northern hemisphere (Fig. 1;
r2=0.271, P<0.001, N=176), but not in the southern
hemisphere (Fig. 1; r2=-0.025, P=0.876, N=43). The
trend in the northern hemisphere was driven by
increasing DMSP concentrations with latitude in the
green algae (r2=0.577, P<0.001, N=176). In northern
hemisphere brown algae, DMSP concentrations de-
creased significantly with latitude (r2=-0.378,
P=0.030, N=33) and red algae and latitude were not
significantly correlated (r2=0.173, P=0.153, N=70). In
general, concentrations of DMSP were very low or
below detection in red and brown algal species with
two exceptions. Species in the confamilial red algal
genera Polysiphonia and Halopytis tended to have
relatively high DMSP concentrations (median �
interquartile range (IQR): 23�122 mmol g–1 DM,
N=9), whereas in other red algae, the median
concentration was much lower (median � IQR: 0�0
mmol g–1 DM, N=65) and did not exceed 1.4 mmol g–1

DM. In the brown algae, DMSP concentrations were
uniformly low (median � IQR: 0�0 mmol g–1 DM,
N=32) and never exceeded 3 mmol g–1 DM. Average
concentrations in green macroalgae (� 1SD) were
41�82 mmol g–1 DM (median � IQR: 0�17 mmol g–1

DM, N=94).
The tendency for green algal DMSP concentra-

tions to increase with latitude in the northern hemi-
sphere was a function of the distribution of DMSP at
the ordinal and generic levels (based on the classi-
fication scheme ofGraham andWilcox, 1999) coupled
with latitudinal differences in distributions of green
algae at the ordinal level. DMSP concentrations were
significantly different among green algal orders
(Kruskal-Wallis test: H=35.9, P<0.001). Concentra-
tions were higher in members of the order Ulvales
(median � IQR: 145�150.5 mmol g–1 DM, N=15)
than in members of the orders Caulerpales (median:
below detection level, N=30), Dasycladales (median:
below detection level, N=4), Siphonocladales (me-
dian � IQR: 0�0.2 mmol g–1 DM, N=21) and
Ulotrichales (median � IQR: 16�73 mmol g–1 DM,
N=5). Thus, the overall latitudinal trends in green
algal DMSP concentrations were in large part a result
of the distributional patterns of high- and low-DMSP
containing groups. For example, the median DMSP
concentration was low in the tropics because of the
high species diversity of siphonaceous green algae in
the Caulerpales (Avrainvillea, Caulerpa, Halimeda,
Penicillus, Rhipocephalus, and Udotea spp.), which
tend to contain little or no DMSP (Fig. 2). On the
other hand, members of the Ulvales, which had
relatively high DMSP concentrations, made up a

greater proportion of the sampled cold temperate and
polar floras, causing the median DMSP concentra-
tions to be higher in those regions.

The high variance within the Caulerpales resulted
from significant differences in DMSP concentrations
among genera (Kruskal-Wallis test: H=19.9,
P=0.030). DMSP concentrations in Codium spp.
(median: 126 mmol g–1 DM, N=2) were higher than
concentrations in all other genera in the order
(median � IQR: 0�0 mmol g–1 DM, N=25), which
never exceeded 1 mmol g–1 DM.DMSP concentrations
in the Ulvales were more uniformly high with
concentrations in 14 of the 15 species being at least
48 mmol g–1 DM. The only exception was the tropical
chlorophyte Ulva conglobata (0.3 mmol g–1 DM;
Bischoff et al. , 1994).

The green algal genusUlva (including Enteromor-
pha which was recently synonomized withUlva (Hay-
den et al. , 2003)) was the only genus with a wide

Figure 1. DMSP concentrations in green (black bars), brown (gray
bars) and red (open bars) algae from tropical (TROP), warm
temperate (W TEMP), cold temperate (C TEMP) and polar
regions, as delineated by Cox andWilcox (1993) and Briggs (1974),
for the A) northern and B) southern hemispheres. Vertical bars
represent medians (� interquartile range) of species-level DMSP
concentrations. Numbers of species are given above the bars. Data
were compiled from surveys by Bischoff et al. (1994), Karsten et al.
(1994), VanAlstyne et al. (2001), Erickson et al. (2006), Lyons et al.
(unpublished data), and from surveys of DMSP concentrations in
algae from Florida, Guam, and Australasia (Van Alstyne, unpub-
lished data).
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enough distribution and for which enough informa-
tion existed to test the hypothesis that DMSP con-
centrations within a genus increase with latitude.
Concentrations of DMSP in Ulva spp. differ signifi-
cantly among regions (Fig. 3; one-way ANOVA.
F=12.16, df=3, P<0.001) with concentrations in the
tropics being significantly lower than concentrations
in cold temperate and polar regions (TukeyLs post hoc
test: P<0.05). Similar latitudinal clines also occur
within Ulva lactuca in Washington State, USA. When
DMSP concentrations in U. lactuca were compared
among populations at six sites over a 70 kmdistance in
the Puget Sound/Northwest Straits region, they in-
creased significantly from the southernmost to the
northernmost sites (Van Alstyne et al. , 2007).

The trends in DMSP distributions suggest that
multiple evolutionary and possible ecological factors
are affecting whether or not the compound is pro-
duced by macroalgae and the degree to which it is
produced. The discontinuous distribution of the com-
pound among taxonomic groups suggests that the
ability to produce and store significant amounts of
DMSP has evolved multiple times. Multiple evolu-
tionary origins of DMSP production among all
organisms are supported by the existence of at least
three different synthetic pathways used in the pro-
duction of DMSP in algae and vascular plants
(reviewed by Stefels, 2000). The latitudinal cline in
DMSP production, particularly within the genusUlva,
suggests that either selective pressures have affected
the amounts of DMSP produced at different latitudes
or that the amount of compound produced is under
environmental control by factors that change with
latitude, such as temperature, light availability, or day
length. Similar latitudinal trends exist in phlorotannin

production by brown algae in the Pacific basin
(Steinberg, 1986; Steinberg, 1992; Van Alstyne and
Paul, 1990), although not in theAtlantic basin (Targett
et al. , 1992), but the mechanisms generating these
patterns are also not known.

Environmental factors affecting DMSP
production in marine macroalgae

Variation in concentrations of DMSP can also occur
within species on smaller, more localized scales
ranging from 10Ls to 100 of km (Table 1). Variation
in DMSP concentrations among populations can span
an order of magnitude, but rarely exceed this amount.
Within-species differences in DMSP concentrations
can be genetically determined, environmentally in-
duced, or affected by some combination of the two.
The degree of genetic control of DMSP concentra-
tions is currently unknown. Some environmental
factors have been shown to affect DMSP concentra-
tions, and their effects can be species or context
specific. For example, in the high intertidal green alga
Ulva intestinalis, DMSP concentrations increased in
response to increases in salinity over a 35 d period, but
not over a 48 hr period (Edwards et al. , 1987; Edwards
et al. , 1988). DMSP concentrations have also been
shown to be higher in Polysiphonia lanosa from
Scotland (Reed, 1983b), Acrosiphonia arcta, Ulothrix
implexa, Ulothrix subflaccida, Ulva bulbosa from
Antarctica (Karsten et al. , 1992), Ulva rigida from
Chile (Karsten et al. , 1992), and Blidingia minima
from Germany (Karsten et al. , 1992) when algae are
maintained in higher salinity media than when they

Figure 2. Northern hemisphere green algae. DMSP concentra-
tions of green algal species grouped by algal order and geographic
region (tropical (TROP), warm temperate (W TEMP), cold
temperate (C TEMP) and polar). Bars are medians � the
interquartile range. Numbers of species are given above the bars.

Figure 3. Mean (� 1 SD) DMSP concentrations in northern
hemisphere Ulva spp. among regions (tropical (TROP), warm
temperate (W TEMP), cold temperate (C TEMP) and polar).
Numbers of species are given above the bars. Vertical bars
connected by horizontal lines under the abscissa represent means
that are not significantly different (TukeyLs post hoc test: P<0.05).
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are maintained at lower salinities. In contrast, DMSP
concentrations inUlva lactuca fromWashington,USA
changed little over both short (3 to 24 hr) and long (1
to 4 weeks) periods of time whenmaintained in media
that had a range of salinities that was similar to ReedLs
(1983) study (Van Alstyne et al. , 2003).

Light can also affect DMSP concentrations in
marine macroalgae. DMSP concentrations in Acrosi-
phonia arcta, Ulothrix implexa, Ulothrix subflaccida,
Ulva bulbosa, Ulva rigida and Blidingia minima
increased with increasing light levels when light levels
ranged from 0 to 55 mmol photonsm–2 sec–1 (Karsten et
al. , 1992). However, no changes in DMSP concen-
trations were observed in Ulva lactuca maintained in
outdoor tanks at four different noon light levels that
ranged from ~400 to 2200 mmol photons m–2 sec–1 (Van
Alstyne et al. , 2007). It should be noted that the noon
light levels in this experiment were above the amount
of light needed to saturate photosynthesis in U.
lactuca, which is ~30–50 mmol photons m–2 sec–1.
Screening different wavelengths of light with mylar,
a UV-B filter, and Plexiglas, a UV-A and UV-B filter,
also had no effect on DMSP production in U. lactuca
(Van Alstyne et al. , 2007).

The geographic patterns discussed earlier and
direct experimental manipulations suggest that
DMSP concentrations may increase with decreases
in temperature. When the Antarctic macroalgae
Acrosiphonia arcta, Ulothrix implexa, Ulothrix sub-
flaccida, and Ulva bulbosa were grown at 0 8C and
10 8C in the laboratory, the algae consistently had
higher DMSP concentrations at the lower temper-
atures (Karsten et al. , 1992).

Reactive oxygen species (ROS) are produced by
many algae in response to environmental stresses.
Although DMSP itself is not a strong antioxidant, its
cleavage products DMS and acrylic acid are effective
at consuming ROS (Ross and Van Alstyne, 2007;
Sunda et al. , 2002). High concentrations of ROS (1–5
mmol H2O2) cause decreases in DMSP inUlva lactuca
over relatively short time periods (3 hr) as DMSP is
cleaved and DMS and acrylic acid are released (Ross
and Van Alstyne, 2007).

Functions of DMSP in marine macroalgae and
their ecological implications

Avariety of functions have been proposed for DMSP
and its breakdown products, and different functions
have been attributed to these compounds in macro-
algae from different locations. For example in Ulva
intestinalis (previouslyEnteromorpha intestinalis) and
Polysiphonia lanosa in Scotland, DMSP functions as
an osmolyte (Edwards et al. , 1987; Edwards et al. ,
1988; Reed, 1983a). In Ulva lactuca from the south-
eastern United States, DMSP scavenges ROS (Ross
and Van Alstyne, 2007). In polar species, it may
protect macroalgae from stresses associated with low
or freezing temperatures (Karsten et al. , 1994). In the
northeastern Pacific (Van Alstyne and Houser, 2003;
Van Alstyne et al. , 2001), it can function as a
component of an anti-herbivore defense. The descri-
bed differences in functions in different regions could
be a result of species-specific adaptations to local and
regional environmental conditions. However, they

Table 1. Among-site variation in averageDMSPconcentrations (inmmol g–1 FM) inmarinemacroalgae. The values given are theminimum
and maximum population means for the listed geographic area. FM fresh mass a Reed, 1983a, b Bischoff et al., 1994, c Van Alstyne et al.,
2001, d Van Alstyne et al., 2007.

Species Location Range
(mmol g–1 FM)

Number of
Populations

Phylum Chorophyta
Codium fragile Washington/Oregon, USA 0.04 – 0.2c 2
Ulothrix flacca Scotland 19 – 35a 2
Ulva californica Washington/Oregon, USA 60 – 118c 3
Ulva compressa Scotland 25 – 40a 3
Ulva intestinalis Scotland 7 – 34a 3
Ulva intestinalis Washington/Oregon, USA 13 – 25c 2
Ulva lactuca Scotland 23 – 49a 4
Ulva lactuca Washington, USA 74 – 128d 6
Ulva taeniata Washington, USA 37 – 81c 3

Phylum Heterokontophyta
Colpomenia sinuosa Hainan, China 0.03 – 0.1b 3
Sargassum polycystum Hainan, China 0.17 – 0.18b 2

Phylum Rhodophyta
Hypnea spinella Hainan, China 0.02 – 0.2b 3
Polysiphonia hendryi Washington/Oregon, USA 8 – 30c 3
Polysiphonia lanosa Scotland 45 – 97a 2
Rhodomela confervoides Scotland 4 – 8a 2
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may also be a result of the limited number of locations
where research on each function has been conducted.

Many of the species that produce DMSP such as
ulvoid green algae and Polysiphonia spp., inhabit
estuarine and intertidal environments where they can
experience hypo- and hyperosmotic conditions as well
as extreme fluctuations in salinities on both short-term
(minutes to hours) and long-term (seasonal) time
scales. DMSP may, in part, be responsible for the
ability of these algae to tolerate a large range of
osmotic conditions. Experimental manipulations have
shown that DMSP accumulates in response to salinity
increases in the surrounding seawater (Edwards et al. ,
1988; Karsten et al. , 1992); however, the timing of
these responses can differ. In U. intestinalis, DMSP
accumulated over periods of at least 30 days in
response to increases in salinity (Edwards et al. ,
1988), but increases in DMSP concentrations in
response to increased salinity were observed in
Antarctic chlorophytes within 72 hr (Karsten et al. ,
1992). When these algae were cultivated under light
and dark conditions at different salinities, DMSP
concentrations responded to salinity in the presence of
light but did not respond in the dark (Karsten et al. ,
1992). This is thought to occur because the synthesis of
the protein degradation product methionine, the
biosynthetic precursor of DMSP, requires light-de-
pendent enzymes (Karsten et al. , 1992; Kirst, 1996).

DMSP may also contribute to the persistence of
some algae by making them a lower preference food
for herbivores relative to other sympatric algae. The
DMSP-cleavage reaction is thought to be the basis of
an activated defense, a type of chemical defense that
allows an alga to avoid autotoxicity by limiting the
production of potent defensive compounds to the site
of damage. The DMSP-cleavage reaction was first
described as an activated defense in microalgae
(Wolfe and Steinke, 1996; Wolfe et al. , 1997), where
it was proposed that DMSP would be enzymatically
cleaved into the putative anti-herbivore compounds
DMS and acrylate within seconds of damage by
grazers. Experimental evidence has demonstrated
that DMSP can have a similar function in macroalgae.
DMSP lyase-like activity has been reported for the
green alga U. lactuca (previously Ulva fenestrata) and
the red alga Polysiphonia hendryi (Van Alstyne et al. ,
2001). In feeding studies in which DMSP, DMS, or
acrylic acid were added to artificial foods, the sea
urchins Strongylocentrotus droebachiensis and S. pur-
puratus avoided foods containing acrylic acid and
DMS but preferred foods containing DMSP over
control foods (Van Alstyne and Houser, 2003; Van
Alstyne et al. , 2001).However, the effectiveness of the
DMSP activated defense is herbivore-specific. Similar
assays with the isopod Idotea wosnesenskii have

shown that acrylic acid does not deter feeding but
instead stimulates it (Van Alstyne et al. , 2001). In a
more recent study with the subtropical Atlantic sea
urchin Echinometra lucunter, the presence of DMS
and acrylic acid in artificial foods neither deterred nor
stimulated feeding (Erickson et al. , 2006).

It is clear that DMSP and its byproducts can have a
variety of functions (Kiene et al. , 1996) and that there
is the potential for DMSP to serve multiple functions
within a species. However, it is unlikely that DMSP
will be used for all of these functions in any given
species or in all species that produce it within a given
habitat. Rather, the functions of DMSP and its
byproducts are likely to be species-specific and even
population-specific.

DMSP in benthic macroinvertebrates

DMSP occurs in measurable amounts in several
invertebrate phyla, including members of the Porifera
(Van Alstyne et al. , 2006b), Cnidaria (Broadbent and
Jones, 2002; Broadbent and Jones, 2004; Hill et al. ,
1995; Jones et al. , 1994; Jones and Trevena, 2005; Van
Alstyne et al. , 2006b), Platyhelminthes (Van Bergeijk
and Stal, 2001),Mollusca (Ackman andHingley, 1968;
Brooke et al. , 1968; Hill et al. , 2000; Iida and
Tokunaga, 1986; White et al. , 1995) and Arthropoda
(Ackman and Hingley, 1968). Concentrations (meas-
ured on a fresh mass (FM) basis) are significantly
different among phyla (Fig. 4A; Kruskal-Wallis test:
H=25.44,DF=2, P<0.001), with cnidarians having the
highest concentrations of DMSP and sponges having
the lowest. However, this result is confounded by the
presence or absence of endosymbiotic algae in these
animals. All of the cnidarians, two of themolluscs, and
none of the sponge species contain symbionts. When
DMSP concentrations are compared according to the
presence or absence of symbionts, they are about 6.5
times higher in species with symbionts than in species
lacking them (Fig. 4B; Kruskal-Wallis test: H=25.44,
DF=2, P<0.001).

For many species, symbionts are clearly the
source of some, if not all, of the animalsL DMSP.
DMSP has been directly measured in cell cultures of
zooxanthellae obtained from corals, a clam, a scy-
phozoan, and a zoanthid (Broadbent and Jones,
2002; Hill et al. , 1995) and from cell cultures of the
green alga Tetraselmis sp. , a symbiont of the flat-
wormConvoluta roscoffensis (Van Bergeijk and Stal,
2001). The data from these studies suggest that
symbionts play a major role in DMSP production,
although they may not be the only source. DMSP
concentrations of zooxanthellate cell cultures were
approximately 90% and 41% of the concentrations
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obtained from direct measurements of DMSP from
the corals Montipora verrucosa and Pocillopora
damicornis, respectively (Hill et al. , 1995). Concen-
trations were also closely correlated with zooxan-
thellae densities among 22 cnidarian species from
Guam and among individuals within three of these
species (Van Alstyne et al. , 2006b). In a fourth
species, DMSP and symbiont densities were not
correlated. The zooxanthellate origin of DMSP in
anemones is also supported by DMSP being present
in higher quantities in anemones (Anthopleura
elegantissima) harboring zooxanthellate symbionts
(mean �1 SD: 11�2 mmol g–1 FM, N=5) than in
conspecifics that are aposymbiotic (mean �1 SD:
0.3�0.1 mmol g–1 DM, N=5) or that harbor primarily

green algal symbionts (mean �1 SD: 0.4�0.1 mmol
g–1 DM, N=5) (Van Alstyne and Muller-Parker,
unpublished).

Species that lack symbiotic algae must either
obtain DMSP from their diet or synthesize it de
novo. Many of the bivalve molluscs that contain
DMSP are suspension feeders that consume either
phytoplankton, which might contain DMSP, or zoo-
plankton that eat DMSP-producing phytoplankton,
providing a plausible dietary source. The distribution
of DMSP within the bodies of DMSP-containing
bivalves neither confirms nor refutes a possible diet-
ary origin as some species have higher concentrations
of DMSP in the digestive gland (White et al. , 1995) or
viscera (Ackman and Hingley, 1968; Iida and Toku-
naga, 1986) than the rest of the body, but many do not
(Iida and Tokunaga, 1986). Population level distribu-
tions do provide evidence of a dietary source. Con-
centrations of DMSP are lower in the bivalve Geu-
kensia demissa collected at a marsh site where the
animals fed primarily on salt marsh detritus that was
low in DMSP than from three sites where the animals
fed on phytoplankton that should have high DMSP
concentrations (White et al. , 1995). Snails (Littorina
littorea) collected from the DMSP-producing green
macroalga Ulva lactuca also tended to have high
concentrations of DMSP (Ackman and Hingley,
1968).

Manipulations of the diets of DMSP-containing
animals provide the strongest evidence for dietary
uptake of the compound. Oysters (Crassostrea gigas)
that were held in the lab and not allowed to feed upon
foods containing DMSP showed a decline in tissue
DMSP levels after 4 months (Ackman and Hingley,
1968). Likewise, DMSP was not detectable in snails
(Littorina sitkana) fed the red macroalga Mazzaella
splendens or the brown macroalga Fucus gardneri
which do not produce DMSP, but it did occur in
animals fed the DMSP-producing green alga Ulva
lactuca (Van Alstyne, unpublished).

The reasons for the production and accumulation
of DMSP by invertebrates have not been well studied
and, at this point, are mostly speculative. The fact that
many of the species producing DMSP inhabit tropical
reefs suggests that cryoprotection is not an important
function of the compound in these species. Predator
deterrence may be a function of DMSP in some coral
reef invertebrates as it is in somemacroalgae.Another
likely function of DMSP in coral reef invertebrates is
protecting the host and/or symbionts from oxidative
damage in an environment that experiences high
levels of radiation, especially in the UV range.
Colonies of Acropora formosa that are bleached
contain more DMSP per symbiont than unbleached
colonies (Broadbent et al. , 2002) suggesting that

Figure 4. DMSP concentrations (median concentration � inter-
quartile range) of benthic macroinvertebrates. A) Grouped by
phylum (Kruskal-Wallis test: H=25.44, DF=2, P<0.001) and B)
grouped by the presence or absence of photosynthetic symbionts
(Kruskal-Wallis test: H=30.44, DF=1, P<0.001). Data were
compiled from Ackman and Hingley (1968), Brooke et al. (1968),
White et al. (1995) Iida and Tokunaga (1986), Hill et al. (2000), and
Van Alstyne et al. (2006b). A representative concentration was
determined for each invertebrate species in which the data were
reported on a per gram (fresh mass) basis. When there were
multiple values for a species, an averagewas taken to obtain a single
datum for each species. Numbers of species are given above the
bars.
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DMSP concentrations increase in response to envi-
ronmental stresses associated with bleaching or that
symbionts containing low concentrations of DMSP
either die or leave the coloniesmore quickly than cells
with higher concentrations.
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