
icicles, and cracks as shelters, defending icicles, and perhaps
using the network of cracks as landmarks for navigation. Ju-
veniles of certain benthic nototheniids associate and cling to
sea ice (Andriashev 1970) suggesting that the evolutionary tran-
sition from benthic to cryopelagic habit is a behavioral and
morphological paedomorphosis. Borchs apparently have ap-
plied aspects of their benthic ancestry to their cryopelagic life.

We thank A. P. Andriashev, Russian Academy of Sciences, St.
Petersburg, for discussion. This work was supported by Na-
tional Science Foundation grant DPP 88-16775.
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Our research represents a new approach to the evaluation of
critical periods in the life histories of antarctic fishes—micro-
structural otolith analyses, a technique that can document past
environmental conditions encountered by individual fishes. We
hope that our investigations will advance the use of this new
approach, as well as the use of elemental composition analyses

of otoliths, to determine past environmental and, possibly, food
conditions encountered by antarctic fishes.

Otolith techniques help researchers determine which events
in the life histories of antarctic fish larvae and juveniles have
the greatest influence on growth and survival in those fish that
do recruit. Our goal is to improve our understanding of the
causes underlying the development of early life-history strate-
gies. It should be possible, with further refinement, to combine
a fish's hydrographic history with otolith microstructural stud-
ies, to model factors affecting early life history.

Although the combination of these techniques is still in the
early stages of refinement (Radtke 1988; Townsend et al. 1989),
research has involved the systematic verification of the rela-
tionship between structural and chemical patterns in otoliths
(Radtke 1984; Radtke and Targett 1984; Townsend et al. 1989;
Radtke et al. 1990). Tentative relationships and assumptions in
otolith chemical and structural patterns have been identified.
Still, the research into relationships between strontium-to-cal-
cium concentration ratios and hydrographic conditions should
be considered preliminary, but promising.

Electron microprobe analyses were carried out using wave-
length-dispersive fixed crystal spectrometers on a Cameca Ca-
mebex Microbeam microprobe (see Radtke 1988). Analyses
were made with a square raster of 5-micrometer probe current;
accelerating voltages were 30 nanoamps and 15 kilovolts, re-
spectively.

Samples bombarded with an electron microprobe beam emit
X rays. The wavelength and dispersion of the X rays is unique
to each element and the amount of that element being ana-
lyzed, in this case strontium and calcium. To reduce diffractions
of X rays and increase conductance of the impinging electrons,
the specimens were carbon coated in a carbon evaporator to a
thickness of 25 micrometers. Strontium-to-calcium concentra-
tion ratios were multiplied by 103 for presentation.

The three specimens analyzed were captured during a winter
cruise on the R'V Polar Duke (June through August 1989) along
the Antarctic Peninsula (north to south) using a 60-centimeter,
double-yolked bongo net with mesh sizes of 300 and 500 mi-
crometers. Many other larval fishes of various species were also
acquired during this cruise. They still require further analysis,
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however, as do the preliminary samples discussed in this pa-
per.

Three otoliths of antarctic icefish were analyzed using the
electron microprobe. The strontium-to-calcium concentration
ratio profiles of two specimens of Chionodraco rastrospinosus
(same total lengths) captured at different stations and one spec-
imen of Chaenodraco wilsoni captured at yet another station are
represented in the figure (blocks A, B, and Q. Blocks A and B
of the figure represent strontium-to-calcium ratio profiles of
juvenile Chionodraco rastrospinosus captured in the Antarctic
Peninsula region in 1989. Both fishes (A and B) exhibit a prom-
inent peak in the strontium-to-calcium concentration ratio at
approximately 50 micrometers from the origin of the probe
transect, but the Y intercepts differ between the two fishes of
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Strontium-to-calcium (Sr/Ca) ratio profiles of juvenile Chionodraco
rastrospinosus and a Chaenodraco wilsoni juvenile captured in the
Antarctic Peninsula region. (TL denotes total length. mm denotes
millimeters. iim denotes micrometers.)

the same total lengths. This could be attributed the inconsistent
origin of the probe track or different hydrographic conditions
at the time of hatch. The probe transect for the otolith, repre-
sented by the plot in block B of the figure, actually extends
beyond both sides of the nuclear region; that is, the transect
was started just outside of the prominent nuclear check, going
through the nucleus and out to the margin of the otolith. Both
fishes of the same total length (471 millimeters) also exhibit
another sharp peak at around 100 micrometers, possibly indic-
ative of cohorts. Both of the probe shots at the margins of each
otolith are similar in concentration ratios (approximately 2.5 to
3.0), perhaps indicative of the temperature in similar water
masses at the time of capture and, again, of cohorts. This con-
clusion, however, remains to be verified and its significance
remains to be tested.

Block C of the figure is a strontium-to-calcium profile of a
Chaenodraco wilsoni juvenile captured during the same cruise as
those fishes represented in blocks A and B, but it was captured
at a different station and is of a different species. The dissimi-
larity of the curve may indicate species specificity or may be
characteristic of the water masses encountered by this partic-
ular fish. This profile is similar in two characteristics to those
of blocks A and B; that is, it exhibits a prominent peak in the
ratio at approximately 50 micrometers from the origin of the
probe transect and the ratio at the margin is approaching sim-
ilar concentrations. The magnitude and temporal (as related to
distance in micrometers from the core) pattern of fluctuations
most likely represents the hydrographic conditions that occur
at the sample site.

Here we discussed the use of otolith microincrements for
aging purposes and the measure of strontium-to-calcium con-
centration ratios to establish water temperatures and migra-
tional history during the calcium carbonate deposition process.
The preliminary chemical analyses of antarctic juvenile fish
otoliths (see blocks A, B, and C of the figure) demonstrate the
utility of these techniques. The tentative assumptions regard-
ing their interpretation and the application of the technique to
these fishes, however, remains to be verified. Nonetheless, evi-
dence presented in our studies (see Radtke 1984; Radtke 1989;
Radtke et al. 1990; Townsend et al. 1989) suggests that otolith
microstructures and chemistry record life-history changes. We
are striving to unite elemental analyses with microstructure
analyses to provide a new level of life-history information.

Calculating individual fishes' hydrographic histories using
the electron microprobe is potentially a very useful and pow-
erful technique. Yet before application of this technique be-
comes more widespread, we hope to scrutinize its precision in
greater detail. The problems associated with strontium-to-cal-
cium ratios are most likely related to ontogeny, salinity differ-
ences, temperature differences, growth, food preferences, and
physiological stresses (Townsend et al. 1989), all of which can
create experimental artifacts and a host of other factors not yet
discovered. Once a definitive correlation can be identified be-
tween environmental regime, however, and strontium-to-cal-
cium incorporation (in the discussed species) as related to crys-
tallography can be identified with further research, we can then
proceed to develop models to outline the physiological mecha-
nisms involved in the growth and development of larval fish
and their otoliths.

Thanks are due to the crew and staff of the R/V Polar Duke
and the staff of Palmer Station for help in collections sample
preparation and data analyses. This research was supported
by National Science Foundation grant DPP 88-16521.
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The domain organization
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The coastal fishes of the Antarctic diverged from temperate
fishes approximately 40 million years ago as the southern
oceans began to cool (DeWitt 1971). Subjected to the selective
pressure of an increasingly severe thermal environment, the
antarctic fishes evolved over time cellular and molecular adap-
tations that maintain appropriate biochemical reaction rates
and equilibria at their now chronically low body temperatures
(- 1.9 to + 2 °C). Our recent studies have been focused on the
molecular adaptations that enable the microtubules of antarctic
fishes to assemble and function efficiently in such an extreme
thermal regime. In this report, we consider evolutionary con-
straints imposed by the domain structure of antarctic fish tu-
bulins.

Microtubules are major components of the eukaryotic cyto-
skeleton, and they are composed of two classes of protein
subunits, tubulin alpha-beta dimers and the heterogeneous
microtubule-associated proteins (MAPs). Polymerization of mi-
crotubule proteins is an entropically driven process mediated
largely by hydrophobic interactions, and, consequently, micro-
tubule formation is favored by high temperatures (Correia and
Williams 1983). The microtubules of mammals, for example,
assemble from their subunits at 30-37 °C and depolymerize at
low temperatures (0-4 °C). Antarctic fish microtubules, by con-
trast, polymerize and function at subzero body temperatures.

We have shown previously that the molecular adaptations
responsible for the efficient low-temperature polymerization of
the cold-stable microtubules of antarctic fishes reside in their
tubulin subunits (Williams and Detrich 1986; Detrich, Johnson,
and Marchese-Ragona 1989; Detrich et al. 1990; see also Wil-
liams, Correia, and DeVries 1985), perhaps largely in their
unique alpha chains (Detrich and Overton 1986; Detrich, Pra-
sad, and Luduefla 1987). Surprisingly, these adaptations in-
clude an increased reliance on entropy-driven molecular inter-

actions at sites of tubulin-tubulin contact in microtubules
(Detrich, Johnson, and Marchese-Ragona 1989). Thus, mitiga-
tion of the destabilizing influence of low temperatures on mi-
crotubule assembly has been achieved through evolution of
tubulin dimers that form increased numbers of, and/or
stronger, hydrophobic interactions (or both). During the past
year (1990-1991), we sought to determine whether the molec-
ular adaptations present in antarctic fish brain tubulins include,
or have been accompanied by, changes in the three-dimensional
organization of their structural domains.

In mammals, each of the monomers of the native brain tubu-
lin alpha-beta dimer appears to be folded to give a bibbed
structure composed of larger amino-terminal (N-terminal) and
smaller carboxy- terminal (C-terminal) globular domains
(roughly two-thirds and one-third of each subunit, respec-
tively) linked by an exposed, protease-sensitive connecting re-
gion (Mandelkow, Herrmann, and Ruhl 1985; Sackett and Wolff
1986). In addition, a short (approximately 40 amino acid), ex-
tended, highly acidic carboxy-terminal tail terminates each
chain (reviewed by Sullivan 1988). To determine whether brain
tubulins from antarctic fishes share this three-dimensional or-
ganization, we subjected native brain tubulins from an antarctic
cod, Notothenia gibberifrons, and from the cow, Bos taurus, to
limited proteolysis at 0 °C followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (for methods, see Sackett
and Wolff 1986). The figure presents domain maps (derived
from the electrophoretic data) for alpha and beta tubulins from
the fish and from the mammal. Clearly, alpha tubulins from
these organisms are organized similarly, as are their beta
chains. Trypsin or pronase cleaved the alpha chains at an in-
ternal site to yield amino-terminal fragments of apparent mo-
lecular weight (M,,)	38,000-39,000 and carboxy-terminal
fragments of M,	18,000-19,000, whereas chymotrypsin
clipped the beta subunits internally to give N-terminal peptides
of M,, 34,000-35,000 and C-terminal fragments of M,,,
22,000. Subtilisin removed small, acidic peptides (M, ,, 4,000)
located at the extreme C terminus of each subunit (the fish
alpha chain was cleaved more slowly than the cow alpha; cf.
Detrich, Prasad, and Luduena 1987), while V8 protease cut the
"tails" of the beta chains only. The near-perfect interspecific
concordance of the cleavage maps for each chain type demon-
strates that the tubulin monomers of antarctic fishes fold in
three dimensions to yield structural domains that resemble
those of the corresponding mammalian subunits. Evidently, the
molecular adaptations present in antarctic fish tubulins evolved
within the context of structural constraints imposed by conser-
vation of the tertiary structure of the dimer.
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