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The lipid core of a biological membrane requires a
certain degree of structural rigidity, but it must also be
sufficiently fluid to permit lateral movement of the constit-
uent lipids and embedded proteins. Ectotherms can coun-
teract the ordering effects of reduced temperature by chang-
ing the structure of their membranes, a process known as
homeoviscous adaptation (1). Although the content of un-
saturated fatty acids in the membranes of ectothermic ani-
mals is generally known to increase in response to cold (2),
no clear and direct relationship between unsaturated fatty
acids and membrane fluidity has been established in marine
organisms. For example, phospholipid molecular species
containing docosahexaenoic acid (22:6�3) are believed to
be important in controlling finfish membrane fluidity (3–6),
but a direct correlation between 22:6�3 and membrane
fluidity has not been found (4, 5, 7, 8). In contrast, we show
here a simple but very strong relationship between fluidity
and a single polyunsaturated fatty acid, eicosapentaenoic
acid (20:5�3), in gill membranes from a marine bivalve
mollusc, the sea scallopPlacopecten magellanicus.

Phospholipids are the main structural elements of biolog-
ical membranes, and their physical characteristics are key
determinants of membrane structure and function. Many
vital cell activities that depend on the optimal functioning of
membranes are therefore sensitive to the chemistry of the
membrane lipids (9) and to environmental conditions, such
as temperature and pressure, that perturb the phase behavior
and dynamics of lipids in membranes (10). Under extreme
or variable conditions, organisms can exploit the tremen-

dous chemical diversity among membrane lipids to defend
the physical properties of the membrane (10). Thus in
ectotherms, where changes in temperature cause important
membrane perturbations, the usual adaptive response in-
cludes a modification of lipid composition (11).

Sessile animals living in Newfoundland waters must
maintain membrane structure and function in the face of
extreme cold in deep waters (as low as �1.4°C) or season-
ally highly variable conditions in surface waters (as much as
22°C in 6 months) (12). In the present study, we exposed
sea scallops to a 10°C decrease in temperature for up to 3
weeks and then examined the relationship between the fatty
acid composition of branchial phospholipids and membrane
fluidity.

Vesicles were prepared from the gills of scallops accli-
mated to temperatures of 15 and 5°C. After three weeks of
thermal acclimation, the structural order of the phospholip-
ids was measured by electron spin resonance (ESR) spec-
troscopy at five temperatures (0–20°C) that span the phys-
iological range of Placopecten magellanicus(Fig. 1). The
vesicles prepared from gills of 5°C-acclimated scallops
were significantly (ANCOVA, P � 0.03) less ordered than
vesicles from 15°C-acclimated scallops. Temperature accli-
mation had shifted the order parameter curve 1–2°C toward
lower assay temperatures, giving a homeoviscous efficacy
(13) of 14%. Such a partial adjustment towards an ideal or
complete homeoviscous response has also been found in
crabs (14) and crayfish (15). In these invertebrates, the costs
of perfect compensation may be too high, or the benefits too
low. On the other hand, the ESR measurements in this study
were made with the spin probe 5-doxyl stearic acid, reflect-
ing the homeoviscous response in the outer region of the
purified lipid bilayer. It is possible that the response deeper
in the bilayer, in the actual region of alkenyl chain unsat-
uration, would have been greater (16).
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Membrane order in gills of thermally acclimated scallops
was strongly and negatively correlated (r � �0.714, P �
0.001) with the proportion of 20:5�3 in gill phospholipids

(Fig. 2). This finding is consistent with a role for 20:5�3 in
regulating gill phospholipid structure, demonstrating one
important function of this essential metabolite (17, 18),
which is also believed to be an essential nutrient in scallops,
because they are unable to synthesize it from precursors
(19–21). The relationship between 20:5�3 and low accli-
mation temperature explains, at least in part, the high pro-
portions of this polyunsaturated fatty acid found in bivalves
living permanently at sub-zero temperatures in Newfound-
land waters (22).

In contrast to 20:5�3, the proportion of 22:6�3 was not
significantly correlated with membrane gill phospholipid
order. This suggests that 22:6�3 in scallop gills may have a
function other than regulating membrane fluidity, whereas
finfish seem to rely mainly on changes in 22:6�3 levels to
regulate bilayer order (3, 6, 17, 23). Although the melting
point of 20:5�3 is 10°C lower (24) than that of 22:6�3, the
biological importance of 20:5�3 is usually associated with
its role as a precursor of biologically active metabolites,
including prostaglandins (25, 26). The possible dual func-
tion of this fatty acid in scallop gill membranes would
explain the paradoxical increase in membrane order during
the first 6 days of exposure to cold (Fig. 2), since 20:5�3 in
scallops may also serve as a substrate for prostaglandin
biosynthesis as a stress response to the acute drop in tem-
perature. Gill tissues isolated from marine bivalves are
known to synthesize prostaglandins in response to hypos-

Figure 2. Relative changes in membrane fluidity as a function of the
proportion of eicosapentaenoic acid (20:5�3) in gill phospholipids of
scallops during acclimation from 15 to 5°C. Data are mean � SEM for 3–4
individuals. Membrane fluidity is expressed as an order parameter (S) using
5-doxyl stearic acid incorporated into hydrated phospholipid vesicles pre-
pared from excised gills. Order parameter measurements were made in
duplicate at an assay temperature of 20°C, and 50% of the variance in the
measurements was accounted for by 20:5�3. The numbers associated with
the data points represent the time, in days, after the temperature change
from 15 to 5°C.

Figure 1. Temperature dependence of the structural order of phospho-
lipids in vesicles prepared from scallop gills. The order parameter (S) was
measured by electron spin resonance (ESR) using 5-doxyl stearic acid
incorporated into the hydrated phospholipid vesicles. Gills were obtained
from scallops acclimated in the laboratory for three weeks to 5°C (n � 3)
and 15°C (n � 4). Each data point represents a single animal. The solid
regression line represents 15°C acclimation, the broken line 5°C acclima-
tion. Methods: Twenty-eight sea scallops of 8–12 cm shell height were
collected in Placentia Bay, Newfoundland, and held at 14–15°C for 4
weeks. They were fed four times weekly a diet of two microalgae, Iso-
chrysis galbana (T-Iso) and Nanochloropsis sp. In I. galbana, the major
long-chain polyunsaturated fatty acid was 22:6�3, accounting for 8.6% �
0.4% of total fatty acids, while in Nanochloropsis the major fatty acid was
20:5�3, accounting for 34% � 1 %. (Shorthand notation for fatty acids
gives the ratio of carbon atoms to double bonds and the position of the first
double bond relative to the terminal methyl group.) Four scallops were
randomly selected, and their gills were sampled at 15°C; the remaining
animals were then transferred directly to temperature-controlled aquaria
(80 l) and maintained at 5 � 0.5°C for up to 21 days. Four randomly
selected scallops were sampled periodically from day 1 to day 21 of the
experiment. The gills were excised, the phospholipids were extracted and
purified according to Bligh and Dyer (28), and the fatty acid composition
was determined by gas chromatography (22). Phospholipids were separated
from the neutral lipids by silica column chromatography, the neutral
fraction being eluted with chloroform: methanol: formic acid (9.9:0.1:0.1
by vol.) and the polar fraction with methanol (22). The spin label 5-doxyl
stearic acid (29) was incorporated into the phospholipids at �1 mol%, and
vesicles were prepared by sonication in Tris-HCl (6, 30). Labeled vesicles
were drawn into a capillary tube, which was sealed, then centrifuged, and
finally inserted into a quartz tube for ESR spectroscopy in a Bruker
ESP-300 spectrometer. Spectra were obtained from 0 to 20°C at 5°C
intervals, and the samples were maintained in the instrument at each
temperature for 15 min before measurement. The outer and inner hyperfine
splitting values were used to calculate the order parameter (16), which was
interpreted to be inversely proportional to membrane fluidity. Values of the
order parameter obtained for different acclimation groups were compared
statistically by analysis of covariance (ANCOVA).
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motic stress (27), but little is known about the modes of
action of these compounds in marine invertebrates (26).
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