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Sea-ice microalgae in polar regions grow at temperatures
below 0°C. Despite low temperatures, the rates of certain meta-
bolic processes appear higher than would be expected given the
thermal energy available to catalyze these reactions (McConville
1985; Palmisano and Sullivan 1982; Bunt and Lee 1970), a charac-
teristic also observed in temperate microlagae (Li 1980). Bunt
(1968) demonstrated that Fragilaria sublinearis, a diatom isolated
from antarctic sea ice, had a growth rate maximum of about 7°C

which categorizes it as a true psychrophile (Morita 1975). Photo-
synthetic rate (carbon-14 dioxide fixation) of freshly collected
antarctic sea-ice algal communities shows maxima between 4°C
and 8°C (Kottmeier et at. 1984), supporting Bunt's laboratory
data.

The temperature response of specific metabolic pathways
represents the sum of a number of reactions, each of which may
contribute to the overall growth of the organism. We present
the results of experiments designed to examine the influence of
temperature on nitrate and ammonium uptake, and the activity
of the enzyme nitrate reductase from natural assemblages of
sea-ice microalgae. These results will be compared with tem-
perature response of carbon-14 dioxide uptake (photo-
synthesis). Inorganic nitrogen compounds were examined be-
cause they have been shown to regulate the growth of arctic sea-
ice microalgae (Maestrini et at. 1986) and phytoplankton in
many of the world's oceans (McCarthy and Goldman 1979).

Sea-ice cores were collected during the 1985-1986 and
1986-1987 austral summers in McMurdo Sound in the area
between the tip of the Erebus Ice Tongue and Tent Island. The
dominant species present for all experiments were Nitzschia
stellata and Amphiprora spp. Temperature experiments were con-
ducted on microalgae from the lower 15 centimeters of sea-ice
cores which had been melted slowly in Whatman CF/C filtered
seawater to avoid osmotic stress of the algae. Nitrogen and
carbon dioxide uptake experiments were conducted on 10-milli-
liter cell suspensions incubated in a temperature-controlled
glycol-water bath at a photon flux density of 42 microeinsteins
per square meter per second, a saturating irradiance for photo-
synthesis of sea-ice microalgae (Palmisano and Sullivan 1983a).
Following a 30-minute preincubation at the desired tem-
perature, samples were inoculated with nitrogen-15 (99 atom
percent) nitrate or ammonium to a final enrichment of 28.6
micrograms of atomic nitrogen per liter; carbon-14 was added to
a parallel set of samples to a final activity of about 1 microcurie
per milliliter. Following 4 hours of incubation the reactions were
terminated by filtration through pre-combusted Whatman CF/C
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filters. Nitrogen-15 content of the samples was determined by
optical emission spectrometry (Timperly and Priscu 1986) and
carbon-14 by standard scintillation spectrometry. Nitrate reduc-
tase activity was determined on cell-free extracts using di-
thionite reduced methyl viologen as the electron donor (Priscu
and Downes 1987).

Nitrate, ammonium, and carbon dioxide uptake had tem-
perature maxima ranging from about 0.5°C to 3.8°C (figure,
table). The carbon dioxide maximum corroborates previous
work on the photosynthesis-temperature relationship. Our ni-
trogen results clearly show that the metabolic pathways re-
quired for inorganic nitrogen uptake and reduction also charac-
terize the community as being psychrophilic. Although the
temperature maxima for inorganic nitrogen and carbon dioxide
are similar, their dependence on temperature above the maxima
is not completely coupled. Both nitrate and ammonium uptake
are reduced to about 50 percent of the maximum above 6°C.

TEMPERATURE (°C)
Rate of nitrate uptake (A), ammonium uptake (B), carbon dioxide
uptake (C), and nitrate reductase (NR) activity (D), as a function of
temperature (°C). Rates are expressed as a percentage of the max-
imum value measured. Error bars denote standard deviations; when
not drawn they are smaller than the symbol.

Carbon dioxide uptake is depressed to only about 70 to 75
percent of the maximum above 6°C. These data show that nitro-
gen uptake has a narrower temperature range of maximum
activity compared with photosynthesis. It is important to note,
however, that at typical in situ temperatures (0°C to -2°C),
uptake of nitrogen and carbon dioxide represent a similar pro-
portion of the maximum suggesting that their metabolic path-
ways are thermally coupled at ambient temperature. This latter
point is supported by the similar Q10 values for nitrogen and
carbon uptake (table). (Q,0 represents the increase in metabolic
activity per 10°C increase in temperature.) These Q,0 values are
based only on three to four replicate points and should be
interpreted cautiously.

Nitrate reductase showed a distinctly different activity vs.
temperature relationship from nitrogen and carbon uptake. The
temperature of maximum nitrate reductase activity was higher
(8.0-9.0°C) and the Q1 value significantly (p <0.05) lower than
the uptake pathways. Nitrate uptake is regulated by both trans-
port enzymes associated with the cell membrane as well as the
reduction pathway via nitrate reductase. Our combined data
imply that the transport systems for nitrate can operate more
efficiently at lower temperatures than the reduction enzymes.
The higher temperature maximum for nitrate reduction with
respect to transport, may partially explain the occurrence of
large intracellular nitrate pools we have found in these cells
growing below 0°C (J.C. Priscu unpublished data).

The results of nitrogen studies presented here provide fur-
ther evidence that low environmental temperatures have im-
posed selection pressures on sea-ice microalgae resulting in
physiological characteristics closely fitting habitat conditions.
That the metabolic temperature maximum is higher than the
ambient temperature may be due to high nutrient levels (Mad-
dux and Jones 1964) or may provide protection to the algae from
transient warming when the ice breaks out. Despite an exact
correlation between ambient temperature and physiological
maxima the psychrophilic characteristics shown by sea-ice mi-
croalgae allow them to grow at such a rate that they contribute
significantly to the primary production in McMurdo Sound
(Palmisano and Sullivan 1983b).
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by National Science Foundation grant DPP 84-15215 to A.C.
Palmisano and C.W. Sullivan.
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Microalgal communities living in the lower layers of sea ice in
McMurdo Sound, Antarctica, are dominated by diatoms (Bunt
and Wood 1963). Diatoms contain chlorophylls a and c and the
carotenoid fucoxanthin as their primary light harvesting pig-
ments, as well as lesser amounts of the carotenoids diatox-
anthin, diadinoxanthin, and B-carotene. Light is sharply at-
tenuated as it passes through surface snow and sea ice leaving
typically <1 percent of surface downwelling irradiance avail-
able to diatoms in the lower congelation ice (coarse-grained ice)
and platelet ice (unconsolidated ice crystal layer below con-
gelation ice.) It is critical for sea-ice algae to be efficient in

harvesting available light for photosynthesis. We have charac-
terized light absorption by the total pigment complement using
visible spectrometry, and isolated and quantified individual
photosynthetic pigments using high-performance liquid chro-
matography to assess their relative contributions to light
absorbance.

An acetone extract of total pigments in a sea-ice diatom com-
munity from a site in Wohlschlag Bay is shown in figure 1. This
community was of special interest because it comprised a mono-
specific population of Nitzschia stellata, a common ice alga. We
found a broad peak in spectral absorbance at 436 nanometers
(chlorophylls and carotenoids) and at 668 nanometers (chlo-
rophyll a; this absorbance spectrum is characteristic for di-
atoms.

Using reverse-phase, high-performance liquid chromatogra-
phy (figure 2), we found that acetone extracts of sea-ice diatoms
contained chlorophyll c (peak 1), fucoxanthin (peak 2), and
chlorophyll a (peak 5). Trace amounts of diatoxanthin and di-
adinoxanthin were also present (peaks 3 and 4). B-carotene, a
carotenoid whose primary function is photoprotection, was not
detected in diatoms from this low-light, under-ice habitat. Pha-
eophytin and phaeophorbide, chlorophyll degradation prod-
ucts that have been proposed as indicators of grazing activity,
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Figure 1. Absorbance spectrum of an acetone extract of a sea-ice
diatom community at Wohlschlag Bay dominated by Nitzschia
stellata.
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