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Abstract Although dimethylsulfoniopropionate (DMSP)
has a variety of functions in marine macroalgae includ-
ing that of a cryoprotectant, an osmolyte, a way to
remove excess sulfur and energy, an antioxidant, and
an allelopathic precursor, the latter two functions are
believed to be the most important in Ulva lactuca L.
(=U. fenestrata) in intertidal populations on the coast
of Washington state, USA. The present study found
signiWcant variation in DMSP concentrations among U.
lactuca collected in May 2005 from six sites ranging
from 47°54.45�N (Possession Point, Whidbey Island,
WA, USA) to 48°30.55�N (Shannon Point Beach, Ana-
cortes, WA, USA), and also among individuals within
sites, and among tissues (basal tissues near the hold-
fast, middle of the blades, and tips). Concentrations
ranged from 37 to 224 �mol g¡1 fresh mass (FM). In
several 10-day experiments between July 2001 and
August 2004 with U. lactuca collected from several
places on the coast of Washington, the eVects of nutri-
ent level (DIN), light intensity and wavelength, and

grazing by the herbivorous gastropod Lacuna vincta,
were examined. None of these manipulations resulted
in DMSP concentrations that diVered signiWcantly
from controls, and variance in DMSP concentrations
within each experiment was very low. Although DMSP
concentrations in U. lactuca may be aVected by factors
not tested in these experiments, it is also possible that
the observed spatial diVerences reXect constitutive
genotypic or phenotypic diVerences among geographi-
cally separated U. lactuca populations or among cryptic
Ulva species.

Introduction

Many species of northeastern PaciWc ulvoid algae (Phy-
lum Chlorophyta, Order Ulvales) produce the tertiary
sulphonium compound dimethylsulfoniopropionate
(DMSP) (Van Alstyne et al. 2001), which can be
cleaved by the enzyme DMSP lyase to form dimethyl
sulWde (DMS) and acrylic acid (Cantoni and Anderson
1956). DMSP has been hypothesized to function as a
cryoprotectant (Kirst et al. 1991; Karsten et al. 1992), a
compatible solute (Reed 1983; Edwards et al. 1987,
1988; Kirst 1989; Kirst et al. 1991; Karsten et al. 1992),
an antioxidant (Sunda et al. 2002), an allelopathic
precursor, (Sieburth 1960), and a way to expel excess
sulfur and energy (Stefels 2000). In Washington state
USA, osmoregulation and cryoprotection do not seem
to be important functions of DMSP in the ulvoid
macroalga Ulva lactuca (=U. fenestrata). DMSP con-
centrations in U. lactuca vary little in response to salin-
ity changes (Van Alstyne et al. 2003b) and the alga
rarely experiences freezing conditions. Instead, the
primary function appears to be herbivore deterrence.
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Sea urchins (Strongylocentrotus droebachiensis) avoid
U. lactuca in laboratory preference experiments and
are deterred from feeding by the products of DMSP
cleavage, acrylic acid and DMS (Van Alstyne et al.
2001; Van Alstyne and Houser 2003).

Environmental nutrient concentrations, irradiance,
and grazing rates can aVect resource allocation within
plants, particularly the division of resources between
growth and defense (e.g., Bryant et al. 1983). One
mechanism generating this division is the diVerential
allocation of resources to herbivore-deterrent natural
products, which, in marine algae, can be correlated
with environmental conditions (reviewed by Cronin
2003; Van Alstyne et al. 2003a). DiVerences in the allo-
cation of resources to defensive natural products
within species can arise as a result of genetic diVer-
ences between individuals, phenotypic plasticity, or
some combination of the two.

There are numerous examples of phenotypic plasticity
in marine algal natural products as well as examples of
algal compounds that do not respond to environmental
change. For example, brown algal phlorotannin concen-
trations tend to be lower when seawater nitrogen con-
centrations are high (Ilvessalo and Tuomi 1987; Yates
and Peckol 1993; Arnold et al. 1995), whereas terpenes
show little response to changes in nitrogen concentra-
tions (Cronin and Hay 1996b; Puglisi and Paul 1997).
The brown alga Sargassum Wlipendula contained lower
concentrations of phlorotannins in shaded than better-lit
habitats, but phlorotannin concentrations did not diVer
between shaded and unshaded individuals following Weld
manipulations (Cronin and Hay 1996b). Green algal nat-
ural products also can respond to environmental change.
When grown at higher irradiances, DMSP concentra-
tions increased in the polar chlorophytes Acrosiphonia
arcta, Enteromorpha bulbosa, Ulothrix implexa, and
U. subXaccida, as well as in the temperate alga Blidingia
minima (Karsten et al. 1991, 1992). DMSP concentra-
tions also increased with increasing salinity in several of
these species (Karsten et al. 1992).

One consequence of phenotypic variation in the
production of these compounds is that their concentra-
tions can vary both spatially and temporally. However,
spatial and temporal variability also can result from
genetic control, even when environmental conditions
are correlated with compound concentrations. Spatial
variation that is genetically determined can arise from
localized selection, particularly when gene Xow is lim-
ited. For example, a defensive natural product could
occur at higher concentrations at sites with higher den-
sities of herbivores because the herbivores preferen-
tially consume algae that contain lower concentrations
of the defensive compounds.

In this study, we examined spatial variation in
DMSP in U. lactuca at two scales, among sites and
within individuals. To examine among site diVerences,
we collected U. lactuca from six sites in the Puget
Sound/Northwest Straits region of Washington, USA
(Fig. 1). Although concentrations of DMSP in U. lact-
uca and other northeastern PaciWc algae are known to
diVer among sites and over time (Van Alstyne et al.
2001), this variation has not been systematically evalu-
ated. DMSP was also measured in three areas of each
blade: at the base of the thallus near the holdfast, mid-
way up the blade, and at the distal edges. Growth in
Ulva spp. is diVuse (Bold and Wynne 1985), making it
diYcult to assign a relative age or growth status to a
particular tissue. However, these tissues can experi-
ence diVerent microenvironments in terms of water

Fig. 1 Sites on Fidalgo Island (FI) and Whidbey Island (WI),
Washington, USA where Ulva lactuca was collected for spatial
analyses of variation in DMSP concentrations. SP Shannon Point,
SC Swinomish Channel, PC Penn Cove, HLBL Hastie Lake
Road boat launch, FL Freeland Park, and PP Possession Point.
Sites designated with asterisks are where algae were collected for
laboratory experiments. PB Parks Bay, CP Cattle Point
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Xow, light, and possibly nutrient availability and her-
bivory, which might inXuence DMSP production.

Because our collection sites had noticeably diVerent
levels of water Xow, turbidity, and herbivore abun-
dances, we hypothesized that among-site diVerences in
DMSP concentrations could be aVected by diVerences
in seawater nutrient concentrations, levels of UV and
visible light, and grazing pressures from the gastropod
Lacuna vincta. These hypotheses were tested by con-
ducting laboratory manipulations of nutrients, light
quality and quantity, and L. vincta densities.

Ulva lactuca grows as a distromatic Xat sheet in the
mid intertidal to subtidal zones. It has an isomorphic
alternation of generations (O’Clair and Lindstrom
2000) and the two stages can only be distinguished
visually by examining spores and/or gametes from
reproductive thalli. Concentrations of DMSP in U. lact-
uca are approximately 75 �mol g¡1 fresh mass (FM)
(Van Alstyne et al. 2001). Because U. lactuca is struc-
turally simple and DMSP is enzymatically cleaved into
DMS and acrylic acid before being used for its two
most likely functions in this species, deterring herbi-
vores (Van Alstyne et al. 2001; Van Alstyne and
Houser 2003) and absorbing reactive oxygen species
(ROS) (Ross and Van Alstyne, submitted), this system
is notably diVerent from that in many algae and com-
pounds used in past studies of phenotypic variation in
bioactive algal natural products.

Until recently, U. lactuca was known as U. fenestrata
in the northeastern PaciWc (Hayden and Waaland
2004). This was changed as a result of molecular stud-
ies, which also prompted changes to the classiWcation
of many other species and genera in the Ulvaceae
(Hayden and Waaland 2002, 2004 Hayden et al. 2003).
The authors also recognized that there may be other
cryptic species in this region with morphologies that
are similar to that of U. lactuca; however, it is not cur-
rently known how common these cryptic species are.

Materials and methods

Field collections

Ulva lactuca L. (N = 10 individuals) were collected
from each of six sites (Fig. 1) located on Whidbey
Island or Fidalgo Island, Washington. All collections
were made at low tide on 23rd–24th May 2005. The
sites included (from North to South): the beach in front
of the Shannon Point Marine Center (hereafter
referred to as the Shannon Point beach; 48°31�N,
122°41°W), the Swinomish Channel boat launch
(48°27�N, 122°31°W), the Hastie Lake Road boat

launch (48°16�N, 122°45°W), the Penn Cove Park boat
launch (48°14�N, 122°41°W), the Freeland County
Park (48°02�N, 122°32°W) at the south end of Holmes
Harbor, and Possession Point (47°55�N, 122°23°W) at
the southern end of Whidbey Island. The Shannon
Point, Hastie Lake Boat Launch, and Possession Point
sites are in locations that are strongly inXuenced by the
water Xow through Rosario Strait, the Strait of Juan de
Fuca, and Admiralty Inlet, respectively. These sites are
characterized by having beaches that are generally
composed of cobbles. The other three sites are in more
sheltered areas where the substratum generally con-
sists of small pebbles to mud.

The algae were transported on ice to Shannon Point
Marine Center where analyses of DMSP concentra-
tions were conducted. Six samples of »0.01–0.02 g FM
were taken from each individual: two at the base near
the holdfast, two from the mid-region of the blade, and
two from the distal tips. The samples were weighed,
dried at 60°C in a drying oven overnight, reweighed,
then extracted in 4 ml of 4 N NaOH in gas-tight vials at
4°C in darkness overnight. DMSP was measured as
DMS following alkaline cleavage by injecting 10-�l
headspace samples onto a Chromosil 330 column (oven
temperature 90°C) in an SRI gas chromatograph
equipped with a Xame photometric detector (detector
temperature 125°C). DMSP standard additions using
commercially obtained DMSP (Center for Analysis,
Spectroscopy and Synthesis, University of Groningen;
purity >98%) added to equal volumes of NaOH were
used to generate standard curves. The detection limit
of the analysis was 12.5 �g DMSP.

A repeated measures analysis of variance (SPSS
12.0) was used to assess diVerences in DMSP concen-
trations among sites and among tissues with tissue type
being the repeated factor. The sites were coded by lati-
tude (north-Shannon Point and Swinomish Channel,
mid-Hastie Lake and Penn Cove, and south-Freeland
and Possession Point) and by exposure (high-Shannon
Point, Hastie Lake, and Possession Point, and low-
Swinomish Channel, Penn Cove, and Freeland). Data
were log transformed to ensure normality. Tukey’s
post hoc tests were used to compare means among sites
by latitude.

Nitrogen addition experiments

Ulva lactuca was grown at the Friday Harbor Labora-
tories, Friday Harbor, Washington in two separate
experiments in July and August 2001. In Experiment 1,
U. lactuca was collected from Cattle Point, San Juan
Island, Washington (48°27�N, 122°58°W) and disks
(»6.5 cm diameter) were cut from the middle of the
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thalli (N = 10 per treatment). Cutting the algae does
not cause changes in DMSP concentrations (Fig. S1).
The disks were placed in 200 ml of each of three media:
(1) seawater, (2) seawater supplemented with 10 �M
NH4NO3, and (3) seawater supplemented with 20 �M
NH4NO3 (Table 1) and incubated in an outdoor sea-
table (temperature 14–18°C, noon PAR »2,200 �mol
photons m¡2 s¡1). After 10 days, tissue DMSP, nitro-
gen, and carbon concentrations were measured. To
measure tissue carbon and nitrogen concentrations,
pieces (»0.1 g FM) of each alga were dried at 60°C
overnight, homogenized on a CPEX mixer/mill for
5 min, and analyzed with a CE Elantech 1112 Elemen-
tal Analyzer. Atropine was used as a standard. DMSP
was measured as described above.

In Experiment 2, algae were collected from Parks
Bay, Shaw Island, Washington (48°34�N, 122°59°W),
cut into »6.5-cm diameter disks (N = 10 per treat-
ment), which were placed in each of the following
media: (1) Instant Ocean®, (2) seawater, and (3) sea-
water supplemented with 10 �M NH4NO3 (Table 1).
The algae were maintained as described above except
that the dishes were kept in a lighted incubator (tem-
perature 12°C, PAR: »80 �mol photons m¡2 s¡1, which
is just above the level needed to saturate photosynthe-
sis in U. lactuca (Nelson et al., submitted). After
10 days, thallus DMSP, nitrogen, and carbon concen-
trations were measured as described above.

The eVects of nutrient enrichment on tissue nitro-
gen, carbon, and DMSP concentrations, and carbon
to nitrogen (C:N) ratios were examined separately for
Experiments 1 and 2 with a factorial multivariate
analyses of variance (MANOVA). Tukey’s tests were
then used to examine diVerences in the eVects of the
nutrient treatments. Pearson’s correlation coeYcients
were conducted separately for each experiment to
examine correlations between nitrogen, carbon, and
DMSP concentrations, and C:N ratios (SPSS, version
10.0).

Light experiments

To examine the eVects of ultraviolet radiation (UVR)
on DMSP production by U. lactuca, 12 individual algae
were collected from the low intertidal zone of the
Shannon Point beach. Five disks (1.65 cm2) were
punched from the middle of each alga with a cork
borer. The disks from each alga were assigned to Wve
treatments: (1) open containers, (2) containers covered
by a single sheet of cellulose acetate, which decreased
the intensity, but not the quality, of the light, (3) con-
tainers covered by a single sheet of mylar, which
screened most of the UV-B light, (4) containers cov-
ered by Plexiglas, which screened UV-B and 70% of
the UV-A light, and (5) containers covered by black
Wberglass window screening (1-mm mesh), which
reduced all wavelengths of light (N = 12 for each treat-
ment). The containers consisted of half a tea infuser
with mesh sides that allowed for continuous water Xow.
Each container was then randomly assigned to one of
four cinderblocks that was placed in continuously Xow-
ing seawater in an outdoor sea-table. The containers
were submerged to a depth of 3 cm and were cleaned
regularly to remove diatoms. The algae remained in
the sea-table for 10 days (July 8–July 18, 2003). At the
end of the experiment, the algae were removed and tis-
sue DMSP concentrations were measured as described
above. The data were analyzed with a two-way analysis
of variance (ANOVA) with cinder block number and
the screen type as factors.

Light penetration under each type of Wlter was mea-
sured with a Li-Cor 1800 spectroradiometer. The
intensities of UV-B radiation (300–320 nm), UV-A
radiation (320–400 nm), and photosynthetically active
radiation (PAR 400–700 nm) were determined for
each Wlter type and compared to unWltered light. The
water temperature in each cage was measured at noon
half-way through the experiment to determine if tem-
perature diVered among blocks.

Table 1 Chemical composition of nutrient media used in acclimation experiments

Values for seawater and Instant Ocean were determined by automated nutrient analyses (described by Whitledge et al. 1981) by the
Chemistry Laboratory, School of Oceanography, University of Washington. Values for nutrient addition experiments were estimated
from seawater values. All values given in �M DIN (dissolved inorganic nitrogen)

Phosphate Silicate Nitrate Nitrite Ammonium Total DIN

Experiment 1
Seawater 1.63 44.59 15.80 0.23 1.07 17.10
Seawater + 10 �M NH4NO3 1.63 44.59 25.80 0.23 11.07 37.10
Seawater + 20 �M NH4NO3 1.63 44.59 35.80 0.23 21.07 57.10

Experiment 2
Instant ocean® 4.95 12.13 16.18 0.45 21.60 38.23
Seawater 1.84 46.51 15.33 0.27 0.92 16.52
Seawater + 10 �M NH4NO3 1.84 46.51 25.33 0.27 10.92 36.52
123



Mar Biol (2007) 150:1127–1135 1131
To further examine the eVect of shading, another
experiment was performed in August 2004. Algae were
collected from the Shannon Point beach and cut into
disks as described above. The disks were placed in half
tea infusers that were uncovered or covered with a sin-
gle layer of 1-mm Wberglass mesh, two layers of mesh,
or four layers of mesh. This shading resulted in reduc-
tions of PAR of 34, 58, and 76%, resulting in noon
PAR levels of 411, 719, 1,258, and 2,200 �mol
photons m¡2 s¡1, respectively. The algae were ran-
domly assigned to cinderblocks in the outdoor sea-
table as described above. After 10 days, the algae were
removed and tissue DMSP concentrations were mea-
sured. The data were analyzed with a two-way
ANOVA with block number and number of screen lay-
ers as factors.

Herbivory experiments

To determine whether herbivores aVect DMSP
concentrations, U. lactuca that lacked obvious grazer
damage and 2–3 mm diameter L. vincta snails were
collected from the Shannon Point beach in February
2004. Thirty disks (»1.65 cm2) of U. lactuca were
placed individually in seawater in 8-cm diameter glass
bowls that were set in an outdoor sea-table. The seawa-
ter level in the table was high enough to surround, but
not cover, the bowls in order to maintain a constant
temperature. Five L. vincta were placed in each of
half the bowls. After 10 days, the algae were removed
and tissue DMSP concentrations were measured as
described above. DMSP concentrations were com-
pared between grazed and control algae with a Stu-
dent’s t-test.

Results

Spatial variation

The mean concentration (§1 SD) of DMSP (as
�mol g¡1 FM) across all six sites for all tissues was
104 § 37 �mol g¡1 FM (N = 180). DMSP concentra-
tions diVered signiWcantly among sites along a North–
South gradient, but were not diVerent at sites with
higher levels of exposure (Table 2). Concentrations
were higher in the algae from the two northernmost
sites (Fig. 2; Tukey’s post hoc test P < 0.05) than the
mid-latitude sites which, in turn, were signiWcantly
higher than the southern sites (Fig. 2; Tukey’s post hoc
test P < 0.05). The concentrations were also signiW-
cantly diVerent among tissues (Pillai’s Trace = 0.768,
hypothesis df = 2, error df = 113, F = 1,86.64, P < 0.001)

with the bases of the thalli having the highest concen-
trations and the distal ends of the thalli having the low-
est ones.

EVects of nutrients

Nitrogen addition had no signiWcant eVect on DMSP
concentrations in either Experiment 1 (Fig. 3,
MANOVA: nutrients: Wilks � = 0.201, F10,90 = 1.455,
P = 0.229) or Experiment 2 (MANOVA F = 1.231,
P = 0.310). The nutrient treatments did not have a sig-
niWcant eVect (MANOVA P > 0.05) on carbon concen-
trations in either experiment and did not aVect
nitrogen or C:N in Experiment 1. In Experiment 2,
algal tissue nitrogen signiWcantly increased with
increasing seawater nitrogen concentrations
(MANOVA F = 12.326, P < 0.001) and C:N decreased
(MANOVA F = 37.730, P < 0.001).

Tissue DMSP concentrations in Experiment 1 were
positively correlated with tissue carbon concentrations
(Pearson’s correlation coeYcient = 0.490, P = 0.007)

Table 2 Ulva lactuca. Between-subjects eVects from a repeated
measures analysis of variance table for log-transformed DMSP
concentrations (SPSS 12.0)

Source DF SS MS F P

Exposure 1 0.009 0.009 0.322 0.572
Latitude 2 2.343 1.171 41.997 <0.001
Exposure £ latitude 2 0.395 0.198 7.083 <0.001
Error 114 3.180 0.028

Fig. 2 Ulva lactuca. DMSP concentrations (as �mol g¡1 of fresh
mass) from algae collected from six sites in the Puget Sound/
Northwest Straits region. Sites are given from north to south.
Bars are means (§1 SD) from the bases near the holdfast, middle,
and distal tips of ten individuals from each site. Two samples were
taken from each region of each alga. SP Shannon Point, SC
Swinomish Channel, PC Penn Cove, HLBL Hastie Lake Road
boat launch, FL Freeland Park, and PP Possession Point
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and negatively correlated with C:N (Pearson’s correla-
tion coeYcient = ¡0.917 P = 0.007), but were not cor-
related with nitrogen (Pearson’s correlation
coeYcient = 0.082, P = 0.685). In Experiment 2, DMSP
was not correlated with tissue carbon or nitrogen con-
centrations or C:N (Pearson’s correlation: P > 0.05).

EVects of light

Temperature was not signiWcantly diVerent across
blocks or treatments (two-way ANOVA for block:
F = 0.620, df = 3, P = 0.606; treatment: F = 0.706, df = 4,
P = 0.593) and there was no signiWcant interaction
between block and treatment (two-way ANOVA:
F = 1.507, df = 12, P = 0.162). While these experiments
were being conducted, noon PAR was approximately
2,200 �mol photons m¡2 s¡1. Cellulose acetate
decreased intensity of all wavelengths by 80 to 90%
(Table 3, Fig. S2). Mylar blocked most of the UV-B,
while Plexiglas blocked most of the UV-B and about
70% of the UV-A wavelengths. The Wberglass screen
decreased the intensity of all wavelengths by 43%.

Dimethylsulfoniopropionate concentrations did not
diVer signiWcantly (two-way ANOVA, screen eVect:
F = ¡0.57, P = 0.688) when the algae were uncovered
versus covered with cellulose acetate, Mylar, Plexiglas,
or a single layer of Wberglass mesh (Fig. 4). Likewise,
DMSP concentrations did not diVer signiWcantly when
the algae were covered with Wberglass mesh that
resulted in noon PAR levels of 411, 719, 1,258, or

2,200 �mol photons m¡2 s¡1 (Fig. 5; two-way ANOVA,
screen eVect F = 0.23, P = 0.877).

EVects of herbivores

Lacuna vincta consumed as much as half the algal disks
in the bowls. However, the grazer addition had no
eVect on tissue DMSP concentrations. Mean tissue
DMSP concentrations in algae with L. vincta (§1 SE)
were 46 § 3 �mol g¡1 FM and in algae without L.
vincta were 41 § 1 �mol g¡1 FM (Student’s t-test
t = 1.37, P = 0.18).

Discussion

Dimethylsulfoniopropionate varied in concentration
across both the spatial scales examined, among sites

Fig. 3 Ulva lactuca. Mean (§1 SE) DMSP concentrations (as
�mol g¡1 of fresh mass) in algae from nutrient addition experi-
ments. Experiment 1 (seawater table experiment): open bars sea-
water, shaded bars seawater supplemented with 10 �M l¡1

NH4NO3, Wlled bars seawater supplemented with 20 �M l¡1

NH4NO3. Experiment 2 (incubator experiments): open bars sea-
water, shaded bars seawater supplemented with 10 �M l¡1

NH4NO3, Wlled bars artiWcial seawater. Nutrient addition had no
signiWcant eVect on DMSP concentrations in either experiment
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Table 3 Relative penetration of light through screens

UV-B 300–320 nm; UV-A 320–400 nm; photosynthetically active
radiation (PAR) 400–700 nm

UV-B (%) UV-A (%) PAR (%)

No Wlter 100 100 100
Cellulose acetate 81 90 94
Mylar 15 82 90
Plexiglas 0.2 29 94
Fiberglass 

mesh screening
57 57 57

Fig. 4 Ulva lactuca. Mean (§1 SE) DMSP concentrations (as
�mol g¡1 fresh mass) from algae under Wlters that block certain
wavelengths or reduce light levels (see Table 3; Fig. S2). C unWl-
tered control, CA cellulose acetate (Wltered control), M mylar
(UV-B Wltered), PG Plexiglas (UV-A and UV-B Wltered), and
FM Wberglass mesh screening. DMSP concentrations did not diV-
er signiWcantly among treatments (two-way ANOVA, screen
eVect: F = 0.57, P = 0.688)
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and within thalli. The presence of a North–South gradi-
ent in DMSP concentrations but lack of a diVerence
between more sheltered and exposed sites suggests that
factors associated with water Xow such as turbidity,
which would alter light quantity and quality, are
unlikely to be the cause of the diVerences. Instead,
other factors that follow a North–South gradient in the
region such as salinity, nutrients, or water temperature
may be involved. The Puget Sound basin is an estuary
and temperatures and ammonium concentrations tend
to increase with decreasing latitude, while salinity tends
to decrease from North to South (Newton et al. 2002).

The presence of among-site diVerences in DMSP
concentrations is not surprising, given that concentra-
tions of other bioactive natural products vary over sim-
ilar spatial scales. Although among-site diVerences in
macroalgal DMSP concentrations have not been well
documented, among-site diVerences occur in phloro-
tannins produced by brown algae (reviewed by Van
Alstyne et al. 2003a) and in furanones produced by red
algae (Wright et al. 2000). Some of these diVerences
are reported to be due to herbivore-induced increases
(Van Alstyne 1988) or to long-term selection for
increased amounts of compounds (Steinberg 1992;
Steinberg et al. 1995); however, other studies suggest
that unknown environmental diVerences among sites
and unknown genetic diVerences among populations
may be responsible for these patterns (Van Alstyne
et al. 1999; Wright et al. 2000). Alternatively, these pat-
terns could be caused by gradients in genetic factors.
For example, if our collections from some sites

included cryptic species and they have diVerent DMSP
concentrations, then site-to-site diVerences in DMSP
concentrations could result.

There is also the possibility that spatial patterns in
DMSP concentrations could result from diVerences in
the abundances of U. lactuca gametophytes and sporo-
phytes, which are morphologically identical. The distri-
bution and seasonality of diVerent life-history stages
for U. lactuca in Washington waters is not known and
the algae used in this study were not reproductive so
we could not distinguish between the two phases. It is
also not known whether DMSP concentrations diVer
between the two stages. DiVerences in concentrations
within a life-history stage (e.g., between juveniles and
adults of the same stage) occur in terpenes produced
by tropical green algae (Hay et al. 1988; Paul and Van
Alstyne 1988) and phlorotannins produced by temper-
ate brown algae (Denton et al. 1990; Van Alstyne et al.
2000), but diVerences among life-history stages are not
well described. In one of the few studies that has exam-
ined between-stage diVerences, there were no signiW-
cant diVerences in terpene concentrations in Dictyota
ciliolata gametophytes and sporophytes (Cronin and
Hay 1996a).

This is one of the Wrst studies to document intra-
thallus diVerences in DMSP concentrations; however,
intra-thallus diVerences in concentrations of other bio-
active algal metabolites are common. Within a species
or higher taxonomic group, the distribution of phloro-
tannins and terpenes within individuals can be corre-
lated with tissue age, reproductive status, and whether
the tissue is actively growing (reviewed by Van Alstyne
et al. 2003a). In U. lactuca, growth is diVuse. As a
result, actively growing tissues occur throughout the
thallus and tissue age is not tightly coupled with loca-
tion. Nonetheless, basal tissues that were close to the
holdfast had signiWcantly higher concentrations of
DMSP than more distal tissues. It is possible that the
diVerence could arise from basal tissues experiencing
diVerent microenvironmental conditions than distal
tissues, rather than from diVerences in age or growth
status. It is also notable that basal tissues also appeared
to be tougher and more resistant to tearing than distal
tissues. The combination of a higher DMSP concentra-
tion and a more robust thallus may make basal tissues
less susceptible to damage by grazers than distal tis-
sues, which may ultimately reduce subsequent tissue
loss (Padilla 1983) from water motion.

The absence of treatment eVects on DMSP concen-
trations in our laboratory experiments was surprising
given that so many other studies have found that marine
bioactive compounds, such as terpenes and phlorotan-
nins, respond to changes in a variety of environmental

Fig. 5 Ulva lactuca. Mean (§1 SE) DMSP concentrations (as
�mol g¡1 fresh mass) from algae under diVerent numbers of lay-
ers of Wberglass mesh screening: zero, one, two, and four. DMSP
concentrations did not diVer signiWcantly among treatments (two-
way ANOVA, screen eVect: F = 0.23, P = 0.877)
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factors (Cronin 2003; Van Alstyne et al. 2003a). Because
DMSP has to be cleaved into DMS and acrylic acid for
some of its functions, it is possible that U. lactuca regu-
lates the production of the cleavage products by modify-
ing the activity or amount of DMSP lyase rather than by
modulating the amount of DMSP. Environmentally
induced changes in DMSP lyase may be more important
to the functioning of the DMSP cleavage reaction than
changes in DMSP. Protozoan grazing is highest on cells
of the marine phytoplankter Emiliania huxleyi with low
DMSP lyase activity levels (Wolfe et al. 1997), suggest-
ing that regulating enzyme activity may be as, if not
more, important than regulating the concentration of
DMSP. A similar lack of plasticity in the precursor com-
pound of an activated defense was found in tropical
green algae that produce halimedatetraacetate (Paul
and Van Alstyne 1992).

The absence of treatment eVects on DMSP concentra-
tions in the present study may be species-speciWc, even
within the genus Ulva. DMSP concentrations in U. rigida
(Karsten et al. 1991) and U. bulbosa (Karsten et al. 1992)
increase in response to increases in light. In U. rigida
(Karsten et al. 1992), U. bulbosa (Karsten et al. 1992),
and U. intestinalis (Edwards et al. 1987, 1988), DMSP
concentrations are aVected by changes in salinity
(Edwards et al. 1987, 1988; Karsten et al. 1992). Light has
been suggested to stimulate the activity of the enzymes
involved in DMSP synthesis (Karsten et al. 1992). It also
increases oxidative stresses and may induce the cleavage
of DMSP into DMS and acrylic acid, which are more
eVective ROS scavengers than DMSP (Sunda et al. 2002,
Ross and Van Alstyne, submitted).

It is possible that decreased light levels in our exper-
iments had no eVect because even the lowest levels
(noon PAR of »750 �mol photons m¡2 s¡1 under four
screens) exceeded the amount of light needed to
saturate photosynthesis in U. lactuca, which is »30–50
�mol photons m¡2 s¡1 (Nelson et al., submitted). Previ-
ous studies conducted with U. rigida (Karsten et al.
1991) and U. bulbosa (Karsten et al. 1992), which
showed an eVect of increased radiation on DMSP con-
centrations, were conducted in the laboratory at light
levels of 0–55 �mol photons m¡2 s¡1. It is noteworthy
that the DMSP concentrations in Experiment 2 (at
»80 �mol photons m¡2 s¡1) were substantially lower
than in Experiment 1 (with noon PAR levels of
»2,200 �mol photons m¡2 s¡1) (Fig. 3); however, the
algae used in these two experiments were also
collected from diVerent sites, so without further experi-
mentation, we can not determine whether the diVer-
ence was due to diVerences in the algae at the two
collection sites or to diVerences in the light levels in the
experiments.

In summary, DMSP concentrations in U. lactuca var-
ied at spatial scales ranging from cms to ten’s of kms.
Using laboratory manipulations, we found no evidence
that this variation arose from diVerences in salinity
(Van Alstyne et al. 2003b), environmental nitrogen
concentrations, light quantity and quality, or herbiv-
ory. Although we cannot deWnitively rule out any
eVects of environmental variability on DMSP concen-
trations without further study, the data so far suggest
that there is a strong genetic component to the deter-
mination of tissue DMSP concentrations in this spe-
cies. These diVerences could reside at levels ranging
from life history stages to populations to species, since
cryptic species of Ulva exist within the our study area
(Hayden and Waaland 2004) and have not been fully
explored.

Acknowledgements We are grateful to H. Ribarich, D.
Simunds, and S. GiVord for their help in the Weld and laboratory,
and K. Pelletreau for assisting with the carbon and nitrogen anal-
yses. We also thank Dennis Willows and the staV at the Friday
Harbor Marine Laboratory for providing facilities and useful
advice. This work was supported by a grant from the Murdock
Charitable Trust to T. Nelson (99161:JVX:02/24/00) and National
Science Foundation grants to K. Van Alstyne and Shannon Point
Marine Center (DBI-9877129, DBI-0090825, and DBI-0098409).

References

Arnold T, Tanner C, Hatch W (1995) Phenotypic variation in
polyphenolic content of the tropical brown alga Lobophora
variegata as a function of nitrogen availability. Mar Ecol
Prog Ser 123:177–183

Bold H, Wynne M (1985) Introduction to the algae. Prentice-
Hall, Englewood CliVs

Bryant JP, Chapin FSI, Klein DR (1983) Carbon/nutrient balance
of boreal plants in relation to herbivory. Oikos 40:357–368

Cantoni G, Anderson D (1956) Enzymatic cleavage of dimethyl-
propiothetin by Polysiphonia lanosa. J Biol Chem 222:171–
177

Cronin G (2003) Resource allocation in seaweeds and marine
invertebrates: chemical defense patterns in relation to de-
fense theories. In: McClintock J, Baker BJ (eds) Marine
chemical ecology. CRC Press, Boca Raton, pp 325–354

Cronin G, Hay ME (1996a) Chemical defenses, protein content,
and susceptibility to herbivory of diploid vs. haploid stages of
the isomorphic brown alga Dictyota ciliolata (Phaeophyta).
Botanica Marina 39:395–399

Cronin G, Hay ME (1996b) EVects of light and nutrient availabil-
ity on the growth, secondary chemistry, and resistance to
herbivory of two brown seaweeds. Oikos 77:93–106

Denton A, Chapman ARO, Markham J (1990) Size-speciWc con-
centrations of phlorotannins (anti-herbivore compounds) in
three species of Fucus. Mar Ecol Prog Ser 65:103–104

Edwards DM, Reed RH, Chudek JA, Foster R, Stewart WDP
(1987) Organic solute accumulation in osmotically-stressed
Enteromorpha intestinalis. Mar Biol 95:583–592

Edwards DM, Reed RH, Stewart WDP (1988) Osmoacclimation
in Enteromorpha intestinalis: long-term eVects of osmotic
stress on organic solute accumulation. Mar Biol 88:457–476
123



Mar Biol (2007) 150:1127–1135 1135
Hay M, Paul V, Lewis S, Gustafson K, Tucker J, Trindell R (1988)
Can tropical seaweed to reduce herbivory by growing at
night? Diel patterns of growth, nitrogen content, herbivory,
and chemical versus morphological defenses. Oecologia
75:233–245

Hayden H, Waaland J (2002) Phylogenetic systematics of the
Ulvaceae (Ulvales, Ulvophyceae) using chloroplast and
nuclear DNA sequences. J Phycol 28:1200–1212

Hayden H, Waaland J (2004) A molecular systematic study
of Ulva (Ulvaceae, Ulvales) from the Northeast PaciWc.
Phycologia 43:364–382

Hayden H, Blomster J, Maggs C, Silva P, Stanhope M, Waaland
J (2003) Linnaeus was right all along: Ulva and Enteromor-
pha are not distinct genera. Eur J Phycol 38:277–294

Ilvessalo H, Tuomi J (1987) Nutrient availability and accumula-
tion of phenolic compounds in the brown alga Fucus vesicu-
losus. Mar Biol 101:115–119

Karsten U, Wiencke C, Kirst GO (1991) Growth pattern and
beta-dimethylsulfoniopropionate (DMSP) content of ma-
rine macroalgae at diVerent irradiances. Mar Biol 108:151–
155

Karsten U, Wiencke C, Kirst GO (1992) Dimethylsulphonio-
propionate (DMSP) accumulation in green macroalgae from
polar to temperate regions: interactive eVects of light versus
salinity and light versus temperature. Polar Biol 12:603–607

Kirst G (1989) Salinity tolerance of eukaryotic marine algae.
Annu Rev Plant Physiol Plant Mol Biol 40:21–53

Kirst GO, Thiel C, WolV H, Nothnagel J, Wanzek M, Ulmke R
(1991) Dimethylsulphoniopropionate (DMSP) in ice-algae
and its possible biological role. Mar Chem 35:381–388

Newton J, Albertson S, Van Voorhis K, Siegel E (2002) Washing-
ton State marine water quality, 1998 through 2000. Washing-
ton State Department of Ecology, 02–03–056, Olympia

O’Clair R, Lindstrom S (2000) North PaciWc seaweeds. Plant
Press, Auke Bay

Padilla DK (1983) Rip stop in marine algae: minimizing the con-
sequences of herbivore damage. Evol Ecol 7:634–644

Paul VJ, Van Alstyne KL (1988) Chemical defense and chemical
variation in some tropical PaciWc species of Halimeda (Hali-
mediaceae; Chlorophyta). Coral Reefs 6:263–269

Paul VJ, Van Alstyne KL (1992) Activation of chemical defenses
in the tropical marine algae Halimeda spp. J Exp Mar Biol
Ecol 160:191–203

Puglisi MP, Paul VJ (1997) IntraspeciWc variation in the red alga
Portierria hornemannii: monoterpene concentrations are not
inXuenced by nitrogen or phosphorus enrichment. Mar Biol
128:161–170

Reed RH (1983) The osmotic signiWcance of tertiary sulfonium
and quaternary ammonium compounds in marine macroal-
gae. Br Ecol Soc 18:208

Sieburth JMN (1960) Acrylic acid, and “antibiotic” principle in
Phaeocystis blooms in Antarctic waters. Science 132:676–677

Stefels J (2000) Physiological aspects of the production and con-
version of DMSP in marine algae and higher plants. J Sea
Res 43:183–197

Steinberg PD (1992) Geographical variation in the interaction be-
tween marine herbivores and brown algal secondary metab-
olites. In: Paul V (ed) Ecological roles of marine natural
products. Cornell University Press, Ithaca, pp 245

Steinberg PD, Estes JA, Winter FC (1995) Evolutionary conse-
quences of food chain length in kelp forest communities.
Proc Nat Acad Sci 92:8145–8148

Sunda WG, Kieber D, Kiene R, Huntsman S (2002) An antioxi-
dant function for DMSP and DMS in marine algae. Nature
418:317–320

Van Alstyne KL (1988) Herbivore grazing increases polyphenolic
defenses in the intertidal brown alga Fucus distichus. Ecol-
ogy 69:655–663

Van Alstyne KL, Houser LT (2003) DimethylsulWde release dur-
ing macroinvertebrate grazing and its role as an activated
chemical defense. Mar Ecol Prog Ser 250:175–181

Van Alstyne KL, McCarthy JJ III, Hustead CL, Duggins DO
(1999) Geographic variation in polyphenolic levels of North-
eastern PaciWc kelps and rockweeds. Mar Biol 133:371–379

Van Alstyne KL, Ehlig JM, Whitman SL (2000) Ontogenetic
shifts in phlorotannin production, nutritional quality, and
susceptibility to herbivory in marine brown algae. Mar Biol
180:179–185

Van Alstyne KL, Wolfe GV, Freidenburg TL, Neill A, Hicken C
(2001) Activated defense systems in marine macroalgae: evi-
dence for an ecological role for DMSP cleavage. Mar Ecol
Prog Ser 213:53–65

Van Alstyne KL, Dethier MN, Duggins DO (2003a) Spatial pat-
terns in macroalgal chemical defenses. In: McClintock J,
Baker W (eds) Marine chemical ecology. CRC Press, Boca
Raton, pp 301–324

Van Alstyne KL, Pelletreau KN, Rosario K (2003b) The eVects of
salinity on dimethylsulfoniopropionate production in the
green alga Ulva fenestrata Postels et Ruprecht (Chloro-
phyta). Botanica Marina 46:350–356

Whitledge T, Malloy S, Patton CJ, Wirick C (1981) Automated
nutrient analyses in seawater. Brookhaven National Lab,
Upton

Wolfe GV, Steinke M, Kirst GO (1997) Grazing-activated chem-
ical defence in a unicellular marine alga. Nature 387:894–897

Wright J, de Nys R, Steinberg P (2000) Geographic variation in
halogenated furanones from the red alga Delisea pulchra and
associated herbivores and epiphytes. Mar Ecol Prog Ser
207:227–241

Yates JL, Peckol P (1993) EVects of nutrient availability and her-
bivory on polyphenolics in the seaweed Fucus vesiculosus.
Ecology 74:1757–1766
123


	Spatial variation in dimethylsulfoniopropionate (DMSP) production in Ulva lactuca (Chlorophyta) from the Northeast PaciWc
	Abstract
	Introduction
	Materials and methods
	Field collections
	Nitrogen addition experiments
	Light experiments
	Herbivory experiments

	Results
	Spatial variation
	EVects of nutrients
	EVects of light
	EVects of herbivores

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


