
maturation rates should provide more reliable data on
the time required for krill to reach reproductive age
than the traditional method of studying length-frequency
histograms.

Juvenile animals were maintained both in population
tanks and in individual containers at approximately 0° and
5°C. Molts were collected daily and analyzed both for exter-
nal sex characteristic changes and for body length. All ani-
mals were fed concentrated phytoplankton collected in the
vicinity of Palmer Station, and they maintained the dark
green digestive tract color typical of animals freshly caught
at sea. As expected, the krill kept at elevated temperature
had a significantly shorter intermolt interval than did those
kept at 0°C. Analysis of maturation rates at the two tem-
peratures may help clarify whether the various estimates of
lifespan which appear in the literature may be attributed to
differences in the thermal regime encountered by animals
collected in different locations and in different years.

The krill collected for these and other studies were located
by observing the sonar recorder aboard the RIv Hero and
fishing in those areas where aggregations were detected.
The mechanism(s) whereby krill maintain their character-
istic aggregations is not known, although it appears possi-

ble that their bioluminescence might play a role in such
behavior. To gain some information as to the likelihood of
such a role, the visual pigment of E. superba was extracted
from eye tissue and studied to determine its wavelength of
peak absorption. In general, there is a close correlation be-
tween this visual pigment characteristic, the maximum sen-
sitivity of an animal's eye, and a peak behavioral response.
The work this season showed that in E. superba, the visual
pigment is indeed most sensitive to wavelengths similar to
those emitted by the krill's photophores. The eye screening
pigments were also characterized to permit study of their
contribution to wavelength-dependent responses to light
which are not directly attributable to visual pigment
characteristics.

We are grateful for the work done by the Palmer Station
winter-over personnel of 1979, under the leadership of John
Konecki, in maintaining and sampling the winter-over
krill, and for constructing a dark laboratory for the visual
pigment work. We are also indebted to Captain Pieter Lenie
for krill-fishing efforts on our behalf.

This research was supported by an extension of grant DPP

76-23437 from the National Science Foundation to our
teacher and friend, Mary Alice McWhinnie.

Temperature effects
on protein metabolism
In cold-adapted fishes

AUDREY E. V. HASCEYER

Hunter College
The City University of New York

New York, New York 10021

Biochemical reactions in living organisms are highly
temperature dependent, with rates declining by a factor of
about 2.5 with each 10°C reduction in temperature. Thus,
a large difference in metabolic rate can be expected between
antarctic fish with body temperature near — 2°C (water
temperature at McMurdo Sound) and other vertebrates,
such as temperate fish in 10°-30°C water or mammals with
a regulated body temperature near 37°C. In spite of these
low rates, antarctic fish must be able to maintain growth
and reproduction and all other essential functions of life.

We are examining the regulation of metabolism in rela-
tion to temperature through studies of protein synthesis,
the last step in the expression of hereditary information as
encoded in the DNA of the species. Our previous results
have indicated that, through evolutionary adaptation, ant-
arctic fishes have achieved a two- to threefold increase of
synthetic capacity relative to levels expected at their habitat
temperature (Haschemeyer, Hudson, Mathews, and Smith

1979; Smith and Haschemeyer 1980). The relative propor-
tions of synthesis of various proteins, including the anti-
freeze glycoprotein, and some properties of the DNA of
these species have also been examined (Haschemeyer and
Mathews 1980; Hudson, Cuny, Cortadas, Haschemeyer,
and Bernardi 1980).

During the second year of this project, field work was
carried out at McMurdo Station from October to December
1979. Our major objective was the experimental deter-
mination of temperature effects on the protein synthetic
system of antarctic fish at three levels of organization: in
vivo, in isolated cells, and in cell-free systems in vitro. Speci-
mens of Trematomus hansoni and T. bernacchii were obtained
with baited traps in 20-100 meters of water through the sea
ice. Tidal cracks near Turtle Rock (77°45'S 166°46'E) and
along the coast toward Cape Bird were particularly pro-
ductive. Protein synthesis in liver in vivo was measured by
a pulse injection technique in anesthetized fish maintained
with circulating seawater at the desired experimental
temperature. The rate of incorporation of radioactive amino
acids into protein showed a normal increase with tem-
perature from 0°C to 5°C, but fell off rapidly above that
temperature. Amino acid accumulation by liver, however,
was not affected. Similar effects are obtained in temperate
fish, but only at temperatures above 30°C.

In contrast to the results for liver in vivo, isolated hepa-
tocytes showed increasing protein synthetic activity up to
20°C, with serious inhibition not occurring until 30°C. Fig-
ure 1 shows cells prepared by collagenase perfusion of liver
at 5°C and incubated at a concentration of .04 gram/
milliliter in a medium containing 25 millimolar imidazole
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Figure 1. Temperature dependency of incorporation of '4C-
leucine into protein by freshly Isolated hepatocytes of T. ber-
nacchli and T. hansoni in suspension culture.

buffer (pH 8.0), .25 milhimolar sodium chloride, 7 milli-
molar potassium chloride, 1 millimolar magnesium chlo-
ride, 6 millimolar glucose, .25 millimolar each of 19 amino
acids (except leucine), and .02 millimolar carbon-14 leucine
(40 millicurie/millimole). Incorporation into protein in
100-microliter samples was analyzed on filter paper discs
by scintillation counting; rates at 0°C ranged as high as
7,500 counts per minute/hour. Data have been normalized
and are shown with standard deviations.

Cell-free systems were even more tolerant to tempera-
ture change. Initial rates increased by a factor of 2.5 for each
10°C rise from 0°C to 37°C; figure 2 illustrates an experi-
ment in the 20°-37°C range. This temperature dependency
is similar to that observed with preparations from a tem-
perate fish, the toadfish. The dialyzed S-20 (20,000 X grav-
ity supernatant) from liver homogenates was incubated in
30 millimolar Tris buffer (pH 7.8), 120 mullimolar ammo-
nium chloride, 5 milhimolar magnesium chloride, 5 milli-
molar dithiothreitol, .5 milhimolar GTP, 1 millimolar ATP, an
energy-generating system, 19 unlabeled amino acids, and
carbon-14 leucine. Samples of 100 microliters were ana-
lyzed on filter paper discs.

Figure 3 summarizes the temperature effects in the three
systems. The data obtained in vivo are in accord with the
very narrow stenothermal adaptation of Trematomus spe-
cies (-2° to + 6°C). The log of protein synthetic rate in
arbitrary units is plotted versus temperature. Absolute rates
at 0°C (expressed as percent of liver protein synthesized per
day) were: 4 percent in vivo; 1 percent for hepatocytes in
suspension; and 0.01 percent in the cell-free system. The
whole cells and the cell-free system show much greater
temperature tolerance. These results are significant when
compared with mammalian systems which function very
poorly at temperatures below 25°C. Although failure of
membrane functions is a likely cause of some observed
effects in whole cells, cell-free systems are also reported to
lose protein-synthetic activity at low temperatures. Devel-
opment of hybrid systems between antarctic fish and other
organisms in vitro may serve to pinpoint the temperature-
sensitive components of the synthetic pathway.

The field party at McMurdo Station comprised A. Hasche-
meyer, R. Mathews, R. C. Williams, Jr., R. Rice, R. Cohen,
and H. Jannasch. Laboratory assistance was provided by
J. D. Williamson. The project was supported by National
Science Foundation grant DPP 77-20461. We gratefully
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leucine into protein In cell-free systems from liver of T.
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acknowledge the cooperation of the vxE-6 and the U.S.
Naval Support Force Antarctica.
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Effect of temperature on freezing
avoidance and levels of

antifreeze In antarctic fishes

A. L. DEVs

University of Illinois
Urbana, Illinois 61801

This season's activities began with the arrival of three
assistants, Scott O'Grady, Jeff Turner, and Martha Wolfe, at
McMurdo in early October. Three fishing stations were
established and tended until mid-December, when the field
activities were terminated due to melting of the sea ice.

In the Northern Hemisphere freezing avoidance capabil-
ities and levels of antifreeze change with season as the
water temperature varies. In one species—the winter
flounder, Pseudopleuronectes americanus—levels of anti-
freeze peptide are highest in January and lowest during the
summer, when water temperatures are +16°C (Petzel,
Reisman, and DeVries 1980). In McMurdo Sound, antarctic
fishes experience seasonal temperature changes of no more
than 0.2°C and therefore need protective antifreeze
throughout the year. To determine whether temperature
can alter freezing avoidance and levels of glycopeptide an-
tifreeze in fishes inhabiting McMurdo Sound, we collected
specimens of several species and divided them into two
groups. Half were maintained at environmental tem-
peratures of +4°C to determine the effect of temperature
on freezing avoidance, levels of antifreeze, and levels of
antifreeze messenger-RNA (ribonucleic acid). After 50 days
of acclimation, lower lethal temperature experiments
showed that warm acclimation had little effect on survival.
Likewise, freezing and melting point analyses of the blood
showed that levels of glycopeptide antifreeze were un-
changed, although the slightly higher freezing points could
be attributed to slightly decreased levels of sodium chlo-
ride. Livers were removed from the same fishes, frozen,
lyophilized, and shipped to the University of Illinois for
extraction of the antifreeze messenger-RNA. Experiments
are being done to determine whether temperature affects
levels of the messenger.

Studies of the mechanism of action of the glycopeptide
antifreeze were continued at the Universities of Illinois and

Indiana. Natural abundance carbon-13 nuclear magnetic
resonance measurements done by A. Allerhand indicate
that the glycopeptides exist in an extended form (Berman,
Allerhand, and DeVries 1980), a conformation consistent
with the proposed mechanism of activity which involves
adsorption inhibition (Raymond and DeVries 1977).

The role of the antifreeze in prevention of ice formation
in vivo was investigated by infusing antifreeze into a fish of
the same family which normally lacks antifreeze. This fish,
Notothenia angustata, the black cod of New Zealand, can be
cold-acclimated to +4°C and after infusion of antifreeze ap-
pears to tolerate freezing temperatures of - 1.8°C without
freezing. However, extended exposure to these tempera-
tures leads to cessation of ventilation, indicating lack of
adaptation in the nervous system. Further experiments us-
ing lower acclimation temperatures are planned for next
season.

During the course of our collecting season, many speci-
mens of the antarctic cod, Dissostichus mawsoni, were caught
which were not suitable for our experiments. Three of the
specimens had been caught previously. Length and weight
measurements of the two fish caught during November
1978 indicated that no significant growth had occurred over
a period of 1 year. The hook wounds, however, were almost
completely healed, indicating that recovery does occur after
capture. The other specimen, tagged and released during
November 1974, increased 8 centimeters in length and 2.27
kilograms in weight. These preliminary observations indi-
cate that the antarctic cod grow very slowly. Specimens
weighing between 68 and 79 kilograms could be older than
100 years. This season 200 specimens unsuitable for experi-
ments were measured, weighed, and tagged. After injection
with tetracycline, a fluorescent marker that is incorporated
into growth rings, the specimens were released in good
condition.

This research was supported by National Science Foun-
dation grant DPP 78-23462.
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