
dissolved (Welborn and Manahan, Antarctic Journal, this issue)
and particulate foods (Rivkin 1991) are relatively scarce. Hence,
larvae could survive months without feeding, in contrast to a
predicted survival time of only 1.7 days for starving larvae of
0. validus (Olson et al. 1987). Lower metabolic rates also mean
that larvae would require relatively small amounts of food once
food becomes abundant later in the season. For instance, given
a metabolic rate of 10 picomoles oxygen per larva per hour
(figure 2, A and B; equivalent to 4.8 microjoules per larva per
hour), we calculate that a bipinnaria larva could supply 100
percent of its routine metabolic requirements (oxygen con-
sumption) with a feeding rate of 4.2 algal cells per larva per
hour (one D. tertiolecta equals 1.15 microjoules). Alternatively,
the same metabolic rate could be fueled by 4,185 bacterial cells
per larva per hour (1 bacterium equals 1.15 nanojoules based
on 17 femtograms of carbon per cell), or a utilization of dis-
solved organic material of 3.3 picomoles of alanine-equivalents
per larva per hour (1 mole of alanine requires 3 moles of oxygen
for full combustion). In contrast, larvae of A. miniata would
require 125.6 algal cells, 125,577 bacteria, or 100 picomoles of
alanine-equivalents per larva per hour (based on a metabolic
rate of 300 picomoles per larva per hour, figure 2C). The re-
duced metabolic requirements measured in this study predict
long-term, rather than short-term, survival of asteroid larvae
in antarctic seawater.

This work was supported by National Science Foundation
grant DPP 88-20130 to D. Manahan. We thank J.S. Pearse and
Antarctic Support Associates (especially Kristin Larson for
maintaining animals during the 1990 winter) for assistance dur-
ing this project.
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Current interest in the naturally occurring adhesives of ma-
rine organisms stems from their ability to be secreted and sub-
sequently harden in an aqueous ionic milieu-important prop-
erties for adhesives in biotechnological and biomedical
applications (e.g., see Waite 1987). Marine organisms that con-

struct tubes or shells by organically binding sediment grains
together are particularly attractive systems for bioadhesive
studies. These animals typically possess appendages for the
selection of sediment particles and specialized tissues or organs
for the secretion of bioadhesives; however, such complex activ-
ities also are displayed by several classes of single-celled ani-
mals, most notably the agglutinated foraminifera. The morpho-
genetic process by which these foraminifera use pseudopodia
to select and transport mineral grains to specific sites, then
bind these particles with secreted adhesives to form an archi-
tecturally elegant shell (test), has long fascinated biologists and
might provide new insights into the mechanism of bioadhesive
secretion and function.

To date, several factors have impeded the study of foramini-
feran adhesive materials. Temperate, shallow-water species are
small and difficult to collect in bulk quantities; thus, the isola-
tion of sufficient material for biochemical analysis is impracti-
cal. Large foraminifera are abundant in deep-sea sediments;
however, available sampling methods severely limit yields, and
the pressure and temperature changes during collection make
it extremely difficult to recover undamaged specimens.

An ideal agglutinated foraminiferal species for test morpho-
genetic and bioadhesive studies, Astrainmina rara, is common
in the shallow waters of McMurdo Sound. A. rara's test is a
large, single-chambered sphere (x = 3.2 ± 0.9 millimeter, n = 48;
maximum diameter equal to 5.0 millimeters) housing a massive
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cell body (x = 1.5 ± 0.6 millimeter, n = 48;  maximum diameter
equal to 2.75 millimeters). The presence of a space containing
seawater and pseudopodia between the cell body and test of
A. rara, as well as a thick, tripartite organic lining enveloping
the cell body, enable us to remove intact cells from fractured
tests. The isolated test is then used for analysis of the adhesive
material holding the mineral grains together, while the cell
body will construct another test when incubated with particu-
lates (e.g., sand grains or glass beads). A. rara is particularly
abundant at Explorers Cove, New Harbor (DeLaca 1986) and is
easily collected using established scuba methods. (Yields av-
eraged 339 ± 204 specimens per square meter of sediment col-
lected during the 1990-1991 austral summer.) In deep-sea sam-
pling adverse physiological effects of pressure and temperature
changes are a factor, but with this method, collection depths
do not exceed 28 meters and the water column is isothermal
(- 1.8 °C). Most importantly, specimens have been maintained
in the laboratory for over 4 years, permitting continuous study
in the United States.

A. rara's test comprises a single layer of large, abutting min-
eral grains whose exterior interstices are filled with smaller
particulates, e.g., sponge spicules and diatom frustules (De-
Laca 1986). A comparison of the grain-size distribution of test
material and Explorers Cove sediments indicates that A. ram
incorporates proportionally more coarse grains than present in
situ (figure 1), in contrast to other foraminiferal species that
incorporate proportionally more fine grains (Buchanan 1960).
The architectural benefit (e.g., high tensile strength) of using
large grains versus small grains presumably overrides the en-
ergetic cost for large-particle collection.
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Figure 1. Cumulative frequency curves of particle-size analyses of
(+) sediment from the collection site and () grains comprising
Astrammina rara tests (n=100). Note that A. rara tests have con-
siderably more coarse grains than the surrounding sediment.

Two bioadhesives, distinguishable by their different solubil-
ities in detergents, are present in the tests of A. rara. Small
particles are bound to the test exterior by one adhesive that is
solubilized with the nonionic detergent Triton X-100 (see figure
2, A and B). A second adhesive, which secures the large grains,
is solubilized only in solutions of strong chaotropes (e.g., 6
molar guanidine) containing sulfhydryl reducing agents (e.g.,
0.1 molar dithiothreitol). Preliminary enzymatic analyses mdi-
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Figure 2. Scanning electron micrographs of Astrammina rara's test. The specimens were fixed with 3 percent glutaraldehyde containing
1.5 milligram per milliliter ruthenium red, post-osmicated, critical point-dried, and coated with gold. A. Fine particulates (*) are seen packed
between large sediment grains (Lg) on the outer aspect of the test. B. This fine material is removed by treatment with the nonionic detergent
Triton X-100.
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Figure 3. Scanning electron micrographs of Astrammina rara's test. The specimens were prepared as described in figure 2. A. Fractured A.
rara test after Triton X-100 treatment, showing adhesive material joining adjacent mineral grains on the inner aspect of the test. B. Closeup
of the boxed area in A, showing the fibrous (arrows) to sheetlike (*) texture of the detergent-resistant adhesive material.

cate that the material cementing large grains in A. rara's test is
a glycoprotein. Ultra structurally, the glycoprotein consists of
thin fibers that occur in branched and anastomosed bundles or
appear fused to form a sheet (figure 3, A and B). Fenestrae
(approximately 100 micrometers diameter) occasionally are
seen to extend through the adhesive layer and, in some in-
stances, contain pseudopodia (not illustrated). These fenestrae
may provide communication with the external environment,
thereby being analogous to pores in calcareous foraminifera, or
they may play a role in test maintenance.

The 1990 field program participants included the authors,
together with Mark S. Cooper, Jeffery L. Travis, Neal W Pol-
lock, and Robert W. Sanders. We are indebted to the Antarctic
Support Associates personnel who helped establish our camp

at Explorers Cove, as well as the pilots and crew of VXE-6. This
work was supported by National Science Foundation grant DPP
89-17375.
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