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Abstract Blooms of the marine prymnesiophyte genus
Phaeocystis link the oceanic and atmospheric compart-
ments of the carbon and sulfur cycles. Modeling the
fluxes of dimethylsulfide from the ocean to the atmo-
sphere has been limited due to a lack of information on
functional responses to environmental variables. In this
study, the light-dependence of extracellular carbon pro-
duction and dimethyl sulfide (DMS) production by
non-axenic polar clones of Phaeocystis spp. was exam-
ined at different growth stages. Comparative experi-
ments were run with non-axenic arctic clones of the
diatoms Thalassiossira nordenskioeldii and Skel-
etonema costatum. A large portion of carbon incorpo-
rated by the colonial stage of Phaeocystis spp. is released
extracellularly, in particular in stationary colonies. This
extracellular production can be modeled as a function of
irradiance, as for carbon incorporation. In Phaeocyst-
is spp., cellular and extracellular carbon incorporation
represent different uptake rates, indicating the forma-
tion of two distinct carbon pools. The release of ex-
tracellular carbon by polar Phaeocystis spp. was not
a constant fraction of total production over the irra-
diance range used. We observed little extracellular
carbon production by cells at high irradiance, and
maximal rates were observed at intermediate irra-
diance. Newly incorporated carbon that accumulates
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in the mucilage of the colonial stage of antarctic
Phaeocystis sp. during photosynthesis was not
reutilized for cellular growth during the dark period, as
observed for temperate clones. In contrast, only a mi-
nor fraction of the radiocarbon incorporated by the
diatoms was released extracellularly for all growth
stages, The production of DMS was an order of magni-
tude higher for Phaeocystis spp. than for diatoms. The
chlorophyll-specific production of DMS and DMSP
(dimethylsulphoniopropionate, the precursor to DMS)
by Phaeocystis spp. showed a hyperbolic response to
irradiance, while arctic diatoms (weak or non-
producers of DMS), on the other hand, did not show
any light-dependency of DMS production. An inverse
relationship between DMS and DMSP production in
stationary clones of arctic P. pouchetii was observed,
but not for the exponentially growing antarctic clone.
Stationary colonies also had higher DMS and dis-
solved DMSP production rates than exponentially
growing ones. These relationships can be extrapolated
to the field in areas where Phaeocystis spp. dominates.

Introduction

Blooms of the marine prymnesiophyte genus Phaeocyst-
is link the oceanic and atmospheric compartments of
the carbon and sulfur cycles. This genus is highly pro-
ductive and abundant in all oceans, contributing to
> 80% of the annual phytoplankton biomass in cer-
tain areas (Verity et al. 1988). This marine phytoplank-
ter has a complex heteromorphic life cycle, during
which it alternates between free-living 3 to 9 um cells
and mucilaginous colonies of several millimeters with
imbedded non-motile cells. The colonial palmelloid
stage largely dominates the Phaeocystis population,
but free-living cells are always present in low numbers.
Rapid growth, biomass accumulation, and sinking of P.
pouchetii colonies have been observed during arctic
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blooms (Wassmann et al. 1990; Smith et al. 1991); this is
especially important in North Atlantic and Weddell
Sea waters, where the introduction of carbon-rich or-
ganic matter into deep waters may sequesier atmo-
spheric CO, (Fogelgvist 1991; Smith et al. 1992). The
biological activity of Phaeocystis spp. may affect global
climate through production of dimethyl sulfide (DMS),
especially in polar seas (Berresheim 1987; Gibson et al.
1988). This volatile sulfur compound is known to be
a source of aerosols which can affect the Earth’s albedo
through cloud formation over the oceans (Charlson et
al. 1987; Ayers et al. 1990; Putaud et al. 1992). Several
authors have noted that since the genus Phaeocystis is
a substantial DMSP (dimethylsulfoniopropionate, the
precursor to DMS)- and DMS-producer (Keller et al.
1989), higher levels of these sulfur compounds should
be observed where it dominates (Barnard et al. 1984,
Gibson et al. 1990).

Modeling the fluxes of DMS from the ocean to the
atmosphere has been limited to correlation of DMS
concentrations with phytoplankton biomass (e.g.
Thompson et al. 1990). Erickson et al. (1990) used
a relationship between irradiance and DMS concentra-
tions published by Bates et al. (1987) to produce global,
seasonal maps of DMS fluxes. However, such fluxes of
DMS into the atmosphere lack biological information
as to the processes affecting production rates of DMS.
Our lack of understanding of what controls the phyto-
plankton production of DMS and DMSP has pre-
vented the development of analytical models which can
be used to predict DMS distributions in space and
time. Based on the relationship between DMS and
DMSP production and growth irradiance which has
been observed for macroalgae (Karsten et al. 1990a, b)
and more recently a diatom (Vetter and Sharp 1993),
we hypothesize that DMS concentration is related to
irradiance and that a light-dependent relationship of
DMS and DMSP production exists for Phaeocystis
spp.

In general, diatoms are believed to be the first algae
to bloom in the Arctic, followed by the colonial form of
Phaeocystis pouchetii or P. globosa (Jonsson 1986; Veld-
huis et al. 1986; Cadee and Hegeman 1991). The genus
Phaeocystis is known to form blooms in shelf areas of
the Barents Sea, Bering Sea, and Antarctica as well as
in temperate waters (e.g. Barnard et al. 1984; Davidson
and Marchant 1987; Holligan et al. 1987; Wassmann
et al. 1990). Although photosynthetic rates of polar
Phaeocystis spp. are highly dependent on irradiance,
there is a large discrepancy among their reported rates
of maximal production [P, ng C (ug chlorophyll
a)"*h™Y): from an average of 1 to 2 ug C (ug chloro-
phyll @)~ *h~! (Platt et al. 1982; Verity et al. 1990) to
high values of 8 to 12 pg C (ug chlorophyll ¢)~*h™!
(Palmisano et al. 1986; Cota et al. 1994)]. This apparent
conflict may be due to extracellular carbon incorpora-
tion into the mucilaginous matrix forming each colony
of Phaeocystis spp. rather than into the imbedded cells.

Temperate clones of this genus have been observed to
either reutilize this extracellular carbon for protein
synthesis (Lancelot and Mathot 1985) or excrete it as
dissolved organic carbon (DOC) (Guillard and Hel-
lebust 1971). The proportion of newly incorporated
CO, that goes into cellular carbon, mucilage, or extra-
colonial DOC has very important implications in the
food web and carbon cycle.

In this paper we report experiments with polar
clones of Phaeocystis spp., at different growth stages to
test (1) the light-dependence of DMS and/or DMSP
production by Phaeocystis spp. grown under environ-
mental conditions simulating polar oceans, (2) whether
high P,,., estimates for Phaeocystis are due to extracel-
lular carbon production, and (3) the hypothesis that
newly incorporated carbon in the mucilage of the colo-
nial stage of polar Phaeocystis spp. is reutilized for
cellular growth during the dark period, as observed for
temperate clones. Comparative experiments were run
with arctic clones of the diatoms Thalassiossira nordensk-
ioeldii and Skeletonema costatum, two species of polar
phytoplankton.

Materials and methods
Sampling

Experiments were carried out from 11 to 27 May 1992 at the
Karvika Marine Station, University of Tromse, Norway, with
Phacocystis pouchetii material obtained from a mesocosm main-
tained at the University of Bergen with water from Raunesfjord
(courtesy of J. Egge). Also present were the coccolithophote
Emiliania huxleyii and several diatoms (ie. 85% P. pouchetil by
number). This material was flown from Bergen and kept at 6°C,
10 pmol quanta m~2s™* of irradiance, and in continuous light for
several days at Tromse. A second set of experiments was performed
in December 1992 at the University of Miami with an antarctic
Phaeocystis sp. clone (CCMP # 1374) from the Provasoli-Guillard
Culture Collection of Marine Plankton (no arctic clone was avail-
able at the time), grown in f/2 culture medium, and kept at
5°C + 1C°, 35 pmol quantam™*s~* of irradiance, and a 16 h light:
8 h dark light cycle (according to the effective day length at Karvika
in May). Experiments with a mixture of the arctic diatoms T halas-
siosira nordenskioeldii and Skeletonema costatum (courtesy of H.C.
Eilertsen, University of Tromse) were performed at both localities,
and were kept at the same temperature, irradiance, and light cycle as
the P. pouchetii and Phaeocystis sp. cultures. The cultures were not
axenic.

The arctic species was obscrved with an inverted microscope and
image-analysis system as described in Noji et al. (1990) and the
antarctic clone with an epifluorescent Olympus microscope. Visual
observations provided a qualitative definition of the growth stages
in the Phaeocystis cultures. The nomenclature of Phaeocystis in this
paper follows Baumann et al. (1994), with the arctic clone referred to
as P. pouchetii and the antarctic clone as Phaeocystis sp.

Experiments

The light response of the Phaeocystis spp. and arctic diatoms [rate of
carbon incorporation or production (P) vs irradiance (/) curves] was
measured using two modified, temperature-controlled, incubation
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systems (redesigned from Lewis and Smith 1983). For all the P vs
I experiments 300 to 400 ml samples were inoculated with pre-
cleaned H'*CO3 to give a final activity of either 37 kBqml~! (for
mesocosm experiments) or 18.5 kBqml™* (for culture experiments).
Then, 20 aliquots of either 5 or 10 ml volume were incubated at 4°C
for 1 or 12 h in blue light (tungsten/halogen source filtered through
1 cm glass, 1 cm of water, and attenuated with blue, Ridout Plastics
No. 2069 and 2424, Plexiglas) at intensities between 0 and 3000 pmol
quanta m~2s~ 1. The larger volume and longer incubation period
were used to increase the sensitivity of the rate of DMS or DMSP
production [DMS(P)] versus irradiance (I) experiments,

For our carbon experiments, we define particulate carbon (POC)
as that present in the cells and the mucilage, and dissolved organic
carbon (DOC) as extracolonial. Given the colonial physiology of
Phaeocystis spp., carbon also needs to be operationally separated
into cellular and extracellular fractions. Cellular carbon refers to
that present in the cells and collected onto a glass-fiber Whatman
GF/C filter (see following paragraph). Extracellular carbon refers to
the filtrate passing through the GF/C filter which includes, in the
case of Phaeocystis spp., the carbon in the mucilage and the ex-
tracolonial DOC (Gieskes and van Bennekom 1973; Lancelot et al.
1986; Lancelot personal communication). This extracellular fraction
also includes bacterial carbon.

Two methods were used to determine total, cellular, and extracel-
lular carbon production as a function of irradiance. In some of the
P vys I experiments [for example, those run in parallel with the
DMS(P) vs I experiments] all three rates were measured in each of
the 20 aliquots from one P vs I incubator. After incubation, cach
aliquot was mixed in a vortex and sub-sampled as follows: First,
a 5ml subsample was taken and acidified by adding 0.2 m1 of 5%
HCL The remaining 5 ml were hand-filtered onto a Whatman GF/C
glass-fiber filter through which 5 ml of air were then forced. The filter
was placed in 5 ml of 0.2 um-filtered seawater and acidified, The 5 ml
that passed the filter were caught and acidified also. All three
subsamples were then ventilated for 24 h and counted as a gel in
10ml of Universol (ICN) scintillation cocktail. The activity of the
samples was determined using a liquid scintillation counter, all
corrected by quench curve using the external standard method.

In all other P vs I experiments, only total and cellular production
were determined using two incubators. Filtrations were done in
a filter rack using =~10 mm Hg vacuum pressure. Extracellular
production was calculated as the difference between the fitted curves
for total and particulate carbon incorporation. The accuracy of the
difference method was verified at the beginning of the experiment,
when the three [ractions were measured as described above (data not
shown).

Experiments were done to test the effectiveness of filtration
through GF/C filters at separating mucilage from cells, following
Lancelot et al. (1986). Chlorophyll was used as an indicator of cell
loss through a GF/C filter (with > 5 mm Hg vacuum) but retained
on a Whatman GF/F filter at a lower vacuum pressure. In addition,
we tested the effectiveness of two fixatives, formalin and aqueous
HC], at stopping photosynthesis prior to filtration. These fixatives
were added at the end of the experiment to a final concentration of
2% formalin or 5% HCIL Samples were stored for about 1h and
subsequently filtered through Whatman GF/C filters. These experi-
ments were performed with cultures of Phaeocystis spp. and a
mixture of arctic diatoms. A control was obtained by immediale
filtration of the samples without fixative.

The chlorophyll-specific P vs I curve parameters P, «, and
B were estimated by fitting a hyperbolic function (Platt et al, 1982).
P (g C pg ™! chlorophyll @ h™!) represents the maximum chloro-
phyll-specific photosynthetic rate, a [ug C pg~! chlorophyll ah™?
{pmol quanta m~2s~1)™ 1] represents the slope of the curve at low
light intensities, and B (same units as «) represents the degree of
photoinhibition at high light intensities. All statistical analyses and
curve fittings were performed using Systat software.

A time-series experiment of *C incorporation into the cellular
and extracellular (mucilage plus DOC) fractions was run over 24 h
to test the potential exchange of low molecular weight compounds
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between the mucilage and the cells in the colonial Phaeocystis spp.
(Lancelot and Mathot 1985). A CCMP Phaeocystis sp. culture in
exponential phase was incubated at 5°C £ 1°C, 35 umol quanta
m~2 s~ ! of irradiance, and a 16 h light: 8 h day light cycle (accord-
ing to the effective day length at Karvika). The experiment started at
the beginning of the light period.

DMS analysis was done with a purge and trap system in line, as
described in Matrai and Keller (1993). DMS, particulate DMSP and
dissolved DMSP were determined in separate fractions. DMS was
measured in unfiltered and filtered seawater samples. Ouly DMS
values from filtered samples are presented in the irradiance experi-
ments; no significant difference was observed between filtered and
unfiltered DMS samples (data not shown), Samples were first with-
drawn with a Teflon tube atlached to a glass syringe, then very
gently filtered through a filter unit with a Whatman GF/C filter.
DMS was stripped from the water (2 to 5ml) with helium, and
trapped in Teflon tubing immersed in liquid nitrogen. Next, DMS
was desorbed by immersing the Teflon tubing in warm water.
Chromatographic separation was achieved with a Supelco Chromo-
sil 330 column kept at 85°C, and the carrier gas was He at
40 mimin~}. Particulate DMSP was analyzed in the material col-
lected on the filters (cells and mucilage) and dissolved DMSP was
measured in the filtrate. The filter was placed in a 14 mlserum bottle
filled with artificial seawater, and the bottle was capped with a
Teflon-faced septum,; particulate DMSP was converted to DMS by
addition of 5N NaOH, pH 12, and incubation of the sample for at
least 6 h. A subsample was then sparged for the DMS evolved.
Dissolved DMSP samples (2.5 ml of filtrate) were placed in the
sparger, SN NaOH was added, and the DMS evolved was trapped
and determined as above. Liquid standards for DMS and DMSP
were treated as described above,

DMS(P) vs I experiments were done parallel to the photosyn-
thesis experiments under identical conditions, except that no isotope
was added. Samples were incubated in tightly closed 20 ml scintilla-
tion vials. Experiments in Tromse lasted for 2 to 3 h (Experiments
2 to 9), while in Miami experiments Jasted from 3 to 12 h (Experi-
ments 20 to 23). Incubations were terminated by immediate gentle
filtration. Replicate experimental determinations of DMS and
DMSP in natural samples incubated at one irradiance were within
6and 11% (n = 2 or 3, coefficient of variation), respectively. Analyti-
cal precision is < 5% for most of the working range and < 10% for
the lowest concentration of DMSP {(Matrai and Keller 1993).

Chlorophyll was extracied in 90% acetone over 24 h, centrifuged
prior to reading, and determined according to Holm-Hansen et al.
(1965) with a Turner Designs fluorometer, calibrated with pure
chlorophyll @ (Sigma Biochemicals). Underwater photosynthetically
available radiation (PAR) was measured by a PUV-2000 from Bio-
spherical Instruments Inc. In the laboratory, we used a Biospherical
Instrument Inc. Model QSL-100.

Results

Different growth stages of the colonial phase of
Phaeocystis spp. were observed. The P. pouchetii colo-
nies from the mesocosm had begun to disintegrate, and
the cells in the mucilage were clumped and yellowish;
a few days after our experiments, flagellated cells were
observed leaving the colonies. These properties charac-
terize the colonies as stationary (K. Estep, University of
Amsterdam, personal communication). Samples from
the CCMP Phaeocystis sp. culture were in exponential
phase, with green cells evenly distributed around the
periphery of the colony. DMS/DMSP measurements
were obtained from a senescent culture having colonies
with a more marked clumping of cells, broken colonies







