
relative to depth of habitation. Preliminary results of this work
are presented here. Five limpets were collected by SCUBA div-
ers at each of three depths (0, 8, and 15 meters) in Hero Inlet.
Animals were dissected into the following components: shell,
gut, gonad, and body. Samples were lyophilized, extracted in
80 percent methanol, and analyzed by high performance liquid
chromotography (HPLC) (see Karentz et al. 1991b for complete
methods).

Two MAAs, shinorine and porphyra-334, were found in the
Nacella samples. The data presented are summations of these two
MAA concentrations normalized on the basis of dry weight (final
data set will be standardized to the protein content of each tissue
type). Shells did not contain detectable amounts of MAAs. Body,
gut, and gonad tissues differed significantly in total MAA content
(figure). Female gonads had the highest concentrations of MAAs
and male gonads had the lowest. Subsequent analyses indicates
that eggs that have high levels of MAAs and sperm have little or
no MAAs present. Gut samples also showed absorption in the
visible range, traces that correspond to the absorption spectrum
of photosynthetic pigments from ingested algal material.

In addition to the differential partitioning of MAAs between
tissues, a trend of decreasing concentrations was evident with
depth. Animals collected higher in the intertidal regions where
they are exposed to higher doses of ultraviolet light, had higher
concentrations of MAAs. Data from ovary tissue did not exhibit
this pattern, possibly because animals at different depths have
different spawning schedules (Shabica 1976). Further analyses
of the data set for the full five months may provide additional
explanations.

The distribution of MAAs in Nacella suggest optimum UV
protection relative to this organism's life style and life history.
Although Nacella shells did not contain detectable amounts of
MAAs, shell material is fairly opaque and most likely provides
excellent protection from UV exposure without the incorpora-
tion of additional UV-absorbing compounds. Since larvae do not
have the physical protection of a shell, it follows that they might
rely on other forms of biochemical protection. The high concen-

tration of MAAs in eggs follows a pattern similar for other
molecules (e.g., RNA and proteins). Sperm are short-lived and d
not make a significant cytoplasmic contribution to the zygote;
therefore, selective increased packaging of MAAs into egg cells
would be a definite advantage since its cytoplasm will provide
for the initial energy requirements and protection required by
the developing embryo.

We thank Dr. W. C. Dunlap for his assistance in the analyses
of MAAs. This research was supported by National Science
Foundation grant DPP 90-17664.
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Detecting UV-induced inhibition of
photosynthesis in antarctic

phytoplankton

PATRICK J . NEALE, MICHAEL P. LESSER, JOHN J . CULLEN,
AND JED GOLDSTONE

Bigelow Laboratory for Ocean Sciences
McKown Pt., West Boothbay Harbor, Maine 04575

The relatively high intensities of middle ultraviolet radiation
(UVB 280 to 320 nanometers) during antarctic springtime ozone
depletion can inhibit photosynthesis by antarctic phytoplank-
ton. This was demonstrated by incubating phytoplankton for
several hours in enclosures which transmit visible light but
exclude different wavelengths of ultraviolet radiation (Smith et
al. 1992; Helbling et al. 1992). Our research focuses on the effect of
UV on phytoplankton under natural conditions (in the ocean)

where vertical mixing can move phytoplankton through large
gradients of damaging radiation over time scales ranging from
minutes to hours. During the 1991-1992 field season we tested
assays of UV-induced inhibition which do not require long
incubations. Measurements of photosynthesis during short-term
(30 minutes to one hour) exposures to different intensities of
UVB, UVA (320 to 400 nanometers), and photosynthetically
active radiation (PAR) (400 to 700 nanometers) were used to
generate environmentally relevant action spectra (wavelength
dependent biological weighting functions) for the inhibition of
photosynthesis by UV. These weighting functions have been
incorporated into a spectrally defined model which is applicable
to UV inhibition in the ocean (Cullen et al., this issue). We also
tested an alternate, no-incubation approach, in which variations
in cellular constituents were used as biological indicators of
previous exposure to inhibiting UV. Here we report preliminary
results on variations in the abundance of a key photosynthetic
enzyme, ribulose 1, 5-bisphosphate carboxylase/oxygenase
(RUBISCO), as a function of exposure to ambient UV.

Tanks for maintaining 10-liter cultures were constructed of
UV-transparent ("UVT," cutoff 296 nanometers) and UV- opaque
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("UVO," cutoff 375 nanometers) acrylic sheets and were de-
ployed on the annual sea ice about 6 kilometers due west of
McMurdo Base. In the UVO tanks, cultures are protected from
exposure to UVB and most UVA radiation. Temperature (-1.5 ±
1.0 C) was regulated by a sea-water bath, and PAR (or photo-
synthetically active radiation) irradiance was reduced to 6 per-
cent of incident with neutral density screens. Cultures were
inoculated with natural phytoplankton. A 1-meter hole was
drilled in the sea ice at the tank site and phytoplankton were
collected from the waters of McMurdo sound by a 20 micrometer
titex net deployed at a depth of about 7 meters relative to the

surface  level in the hole. Phytoplankton were washed from the
et with filtered sea water, the resulting suspension was filtered

:hrough a 200 micrometer net to remove large zooplankton, and
iluted to a final chlorophyll a (chl-a) concentration of around 5

crogram per liter. After inoculation, irradiance was gradually
creased to an intensity (about 40 percent of incident) at which
aximal growth rates of antarctic phytoplankton have been

eported (Wilson et al. 1986). We report results for a culture that
as inoculated into a UVO tank on 11 October 1991 and was
ivided into a UVO tank and a UVT tank on 18 October 1991.

e cultures were diluted approximately once a week to keep
hi levels low (less than 30 micrograms per liter). Daily aver-
ge PAR in the tank during the final week of the culture was
out 170 micromole quanta per square meter per second. The

ultures were retrieved at 1700h on 1 November 1991 and stored
t -2 C for 12h, after which a series of 500 milliliter samples
ere concentrated on 25 millimeter (Whatman type CF/F) glass
ber filters, immediately frozen in liquid nitrogen and stored at
80 C until analysis.

The frozen filters were ground in 90 percent acetone and
proteins were precipitated 12 hours at -20 'C. Total chl-a cont-
ent was measured fluorometrically in the decanted extract. The
filter pellet was dried and electrophoresis sample buffer [62.5
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Irradiance (tmoI m 2 S-1 PAR)

Figure 1. Photosynthesis vs. irradiance relationships for culture
samples taken at 1700 h (LT) on 26 October 1991. Photosynthesis
has been normalized to Chi content and is presented in
nondimensional form to show the relative decrease in photosynthesis
of samples from the UVT cultures ("+UV," circles) compared to
samples from the UVO cultures ("-UV," squares). Solid lines show
photosynthesis/irradiance functions fitted by nonlinear regression.
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Figure 2. isolation and identification of the large subunit (LSU) and
small subunit(SSU)polypeptides for the chloroplast enzyme rlbulose
1 .5-bisphosphate carboxylase/oxygenase (RUBISCO) using sodium-
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
coupled with electrotransfer of proteins to nitrocellulose and
immunostaining with polyclonal antibodies ("Western" blotting).
Replicate samples from the UVT culture are shown; each lane
contains proteins extracted from an algal sample with total biomass
of 1.6 microgram Chl-a Left pane!: SDS-PAGE gel with Coomassie
stain to visualize isolated proteins as a function of molecular weight
(MW, kiloDaltons). Right pane!: Nitrocellulose membrane sheets
with proteins transferred from replicate SDS-PAGE gel lanes and
immunostalned with antibodies for LSU and SSU. Arrows indicate
Inferred position of LSU and SSU on stained gel.

millimolar Tris, 2 percent sodium dodecyl sulfate (SOS), 10
percent glycerol, 5 percent Beta-mercaptoethanol] was added at
the rate of 25 microliter per microgram chl-a and heated to 95 'C
for 2 minutes. Protein extract was decanted by centrifugation and
loaded on to a 12.5 percent SDS-Polyacrylamide slab gel using
standard Laemmli buffers (Neale and Melis 1990). The separat-
ed proteins were either stained with Coomasie brilliant blue or
were electrophoretically transferred to nitrocellulose and
immunostained for the presence of the large subunit (LSU) and
small subunit (SSU) of RUBISCO using the "Western" blotting
technique (Neale and Melis 1990). The immunostained bands
on the blot were used to locate the corresponding bands for LSU
and SSU on stained gels, which were scanned by a laser densito-
meter (LKB) in order to quantitate the relative amount of protein
in each band.

Photosynthesis as a function of PAR was estimated as the
uptake of H14CO3 into organic compounds during 30 minute
incubations as determined by scintillation counting after acidifi-
cation of 2-milliliter aliquots (Lewis and Smith 1983). Uptake was
corrected for time-zero controls.
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Figure 3. Comparison of proteins Isolated from microaigae samples
from UVT ("+" Lanes) and UVO ("-" Lanes) cultures. Each lane was
loaded with proteins from 0.5 microgram chi-a of algal sample. Left
Panel: SDS-PAGE gel stained with Coomassie. Bands at 53 and 15
klioDaitons were identified as the LSU and SSU of RUB1SCO. Right
Panel: Densitometric scan of the gel LSU bands for samples from
UVT ("+UV") and UVO ("-UV") cultures. The integrated area under
the curve Is a reiativç measure of LSU protein per unit chi-a; It is 20
percent less for the UVT sample.

Average total column ozone from 18 October to 1 November
1991 was about 220 Dobson Units (T. Deschler, personal commu-
nication) showing significant though not extreme ozone deple-
tion. Growth rates (based on chl-a) were comparable to max-
imum rates reported for antarctic microalgae (0.3 to 04 d 1 e.g.,
Wilson etal. 1986), but growth rate was slower in the UVT culture
near the end of the exposure period (Neale et al. unpublished
data). Also, the maximum rate of photosynthesis (per unit chl-a)
was about 25 percent lower in the UVT culture sampled after
exposure to midday irradiance (figure 1). These results suggest
that microalgae growing in the UVT tank were being stressed
by exposure to ambient UV. The relative contribution from UVB
and UVA wavelengths to the observed UV effects is not known
but will be determined from concurrently measured biological
weighting functions. Previous results using diatom cultures
suggest that ambient UVB in the UVT tank accounts for 25
percent of the overall inhibition (Cullen et al. this issue).

The RUBISCO proteins of the microalgal assemblage in these
cultures (primarily centric diatoms, similar to Porosira pseudodent-
iculata ) were extracted from samples concentrated on glass fiber
filters. The presence of LSU and SSU in these extracts was
confirmed by positive cross-reaction with polyclonal antibody
probes (figure 2). Each antibody recognized a single protein. The
apparent molecular weight was around 53,000 Daltons for LSU
and 15,000 Daltons for SSU (compare to Plumley etal. 1986). The
immunostained bands on the blot were readily identified with
the protein bands of LSU and SSU on the stained gel (figure 2).

Next we analyzed the variation of RUBISCO content between
cultures growing in ambient or reduced levels of UV. We mea-
sured the relative amount of LSU polypeptide in stained gels
comparing samples with equal amounts of chl-a. Protein extr-

acts from UVT cultures contained visibly less LSU (per unit chi-
a) than extracts from the UVO cultures (figure 3), suggesting that
decreased photosynthetic capacity after UV exposure is corre-
lated with a decrease in carboxylase enzyme. A densitometric
scan of the LSU bands suggested that the total amount of LSU
protein per unit chl-a is 20 percent lower for UVT algae relative
to UVO algae (figure 3).

The general agreement between the lower RUBISCO LS
content per unit of ckl-a and the decrease in maximum rates o
photosynthesis after UV exposure suggests that loss of LSU is
indicator of UV inhibition of phytoplankton photosynthesis
Such an indicator assay could be used during austral spring a
a direct test for increased inhibition in natural phytoplank
ton assemblages exposed to high ambient UVB. However, more
work is needed to test the technique under a wider variety o
conditions. This will reveal whether a defined relationship ex
ists between decreased RUBISCO and increased biologicall
weighted UV dose. It also should be noted that we do not kno
whether decreased abundance of RUBISCO is a primary o
secondary effect of UV exposure, and it is possible that th
abundance or activity of other key photosynthetic proteins ma
also decrease. For example, declines in several photosyntheti
proteins were reported for UV stressed pea plants (Pisu
sativum) (Strid et al. 1990). The results presented here sugges
that SDS-PAGE and "Western" blotting can be used to detec
changes in RUBISCO and other proteins in phytoplankton af
fected by exposure to increased UV.

This work was supported by National Science Foundatio
grant DPP 90-18441, JJC, MPL, PJN, P-Is. We thank Professo
F. G. Plumley for the gift of LSU and SSU antibodies.
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