MOLECULAR PHYLOGENETICS AND EVOLUTION
Vol. 5, No. 2, April, pp. 383-390, 1996
ARTICLE No. 0033

Mitochondrial Phylogeny of Trematomid Fishes (Nototheniidae,
Perciformes) and the Evolution of Antarctic Fish

Peter A. RitcHig, T* 12 Luca BARGELLONI,*F AXEL MEYER,*'8 JoHN A. TAYLOR,T JoHN A. MACDONALD, T
AND DAviD M. LAMBERT T2

tSchool of Biological Sciences, University of Auckland, Private Bag 92019, Auckland, New Zealand; *Department of Ecology and
Evolution and §Program in Genetics, State University of New York, Stony Brook, New York 11794-5245;
and tDipartimento di Biologia, Universita di Padova, Via Trieste 75, 35121 Padua, Italy

Received November 22, 1994; revised June 2, 1995

The subfamily of fishes Trematominae is endemic to
the subzero waters of Antarctica and is part of the
larger notothenioid radiation. Partial mitochondrial
sequences from the 12S and 16S ribosomal RNA (rRNA)
genes and a phylogeny for 10 trematomid species are
presented. As has been previously suggested, two taxa,
Trematomus scotti and T. newnesi, do not appear to be
part of the main trematomid radiation. The genus Pa-
gothenia is nested within the genus Trematomus and
has evolved a unique cyropelagic existence, an associ-
ation with pack ice. Using a mitochondrial rRNA mo-
lecular clock rate of 0.14% transversion changes per
million years, the average age of the trematomids is es-
timated at 3.4 million years (MY). If the age of the tre-
matomids is approximately 3.4 MY, this group could
have speciated during a period of deglaciation in Ant-
arctica 2.5-4.8 million years ago. This era was marked
by significant changes on the Antarctic shores, such as
the opening of fjords, which might have provided a
stimulus for speciation. 0 1996 Academic Press, Inc.

INTRODUCTION

Many fishes of the Perciform suborder Nototheni-
oidei are endemic to the waters surrounding Antarctica
(Andriashev, 1965, 1987). The notothenioids have radi-
ated and possess a variety of unique characters distin-
guishing them from most other teleost fishes, such as
antifreeze glycopeptides and the loss of hemoglobin in
some species (Kock, 1992; Eastman, 1993; Miller,
1993). It has long been hypothesized that the Antarctic
fauna evolved in situ as the continent cooled and froze
(Regan, 1914; DeWitt, 1971; Anderson, 1990), and
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there is evidence that this may have occurred about
12-14 million years ago (MYA) (Eastman, 1993;
Bargelloni et al., 1994).

There may have been a suite of factors which allowed
the notothenioids, in particular, to evolve to such domi-
nance in the Southern Oceans. Several authors have
suggested that speciation within the group could have
been the result of large-scale disruptions in the Antarc-
tic ecosystem during the Miocene (Clarke, 1983). The
isostatic pressure from the accumulation of ice during
the early Miocene (25-15 MYA) left the continental
shelf unusually small, deep, and lacking extensive to-
pography (Andersen, 1991). It is likely that the pres-
ence of ice, which destroyed high coastal habitats and
caused the depression of the continental shelf, resulted
in the extinction of many other species. In addition, be-
cause the ice is anchored to the continent, riverine, es-
tuarine, and intertidal zones were completely lost.
Hence, any species that did not live in the deeper wa-
ters may not have survived these periods of extensive
glaciation. The ecological void, freezing water tempera-
tures, a circumpolar current impeding immigration,
and dramatic seasonal oscillation in productivity acting
in concert may have decreased competition by other
fishes and hence have allowed notothenioids to diver-
sify (see Clarke, 1983; Clarke and Crame, 1989; East-
man and Grande, 1989). There is evidence that the
notothenioids, which lack a swim bladder, evolved
from a benthic ancestor (Andersen, 1984; Balushkin,
1984).

In the complete absence of a fossil record this specia-
tion scenario is difficult to test. Harwood (1991) sug-
gested that a partial deglaciation around 2.5-4.8 MYA,
and the resultant opening of shallow water habitats
(including fjords), promoted diversification of various
Antarctic biotas. The trematomids are high Antarctic
fishes and might have radiated during the period of de-
glaciation 2.5-4.8 MYA in the mid-Pliocene. The new
habitats and diverse biota resulting from this climate
warming could have promoted speciation events.
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TABLE 1

The Subfamily Trematominae and the Outgroups
Used in this Study (Following DeWitt et al., 1990)2

Suborder Notothenioidei
Family Nototheniidae
Subfamily Eleginopinae

Dissostichus mawsoni Pelagic
Subfamily Nototheniinae

Notothenia coriiceps Benthic

Gobionotothen gibberifrons Benthic
Subfamily Trematominae

Pagothenia borchgrevinki Cryopelagic

P. brachysoma® Cryopelagic

Trematomus bernacchii Benthic

T. eulepidotus Epibenthic

T. hansoni Benthic

T. lepidorhinus Epibenthic

T. loennbergi Epibenthic

T. newnesi Semipelagic

T. nicolai Benthic

T. pennellii Benthic

T. scotti Benthic

T. tokarevi® —

T. vicarius® —

2 The second column is the habitat type for each species (from East-
man, 1993).
® Taxa not represented in this study.

MATERIALS AND METHODS

The trematomids comprise two genera, Trematomus
(with 11 species) and Pagothenia (with 2 species), based
on the classification in DeWitt et al. (1990) (Table 1).
MtDNA sequences from the 12S and 16S ribosomal
RNA (rRNA) genes were determined for 10 taxa from
the subfamily Trematominae (Table 1). Three trema-
tomid taxa were not represented in this study: Pago-
thenia brachysoma, Trematomus tokarevi, and T. vi-
carius. MtDNA sequences for taxa from the family No-
totheniidae, Notothenia coriiceps, Gobionotothen gib-
berifrons, and Dissostichus mawsoni, have been pub-
lished previously (Bargelloni et al., 1994) and were
included in this study as outgroups. Specimens were
collected from McMurdo Sound, Terra Nova Bay, and
near the Antarctic Peninsula (Fig. 1) and either frozen
in liquid nitrogen at —20°C or preserved in 70% eth-
anol.

DNA Methods

Total genomic DNA was extracted from white muscle
or liver tissue following Sambrook et al. (1989). Each
tissue was dissolved in 500 ul of extraction buffer (0.01
M Tris—HCI, pH 8.0, 0.05 M NacCl, 0.01 M EDTA, 2%
SDS) containing proteinase K and incubated at 55°C
overnight. The digested tissue was purified by standard
methods of phenol—chloroform extraction. Nucleic
acids were then precipitated with 2.5 vol of 100% etha-
nol followed by a 70% ethanol wash. The precipatant
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FIG. 1. Map of Antarctica, also showing the Antarctic Conver-
gence, which delineates the Southern Ocean (redrawn from Macdon-
ald et al., 1987). The gray areas indicate the permanent ice shelves
in the Ross Sea and the Weddell Sea. Samples for this study were
collected in McMurdo Sound and off the coast of the Antarctic Penin-
sula.

was pelleted in a microfuge, dried, and resuspended in
200 pl of distilled H,0. The polymerase chain reaction
(PCR) (Saiki et al., 1988) was used to amplify two seg-
ments from the 12S and 16S rRNA genes using univer-
sal PCR primers: 12SA, 5'-AAAAAGCTTCAAACTGGG
ATTAGATACCCCACTAT-3'"; 12SB, 5'-TGACTGCAGA
GGGTGACGGGGCGGTGTGT-3'; 16SA, 5'-CGCCTGT
TTATCAAAACAT-3'; 16SB, 5'-CCGGTCTGAACTCAG
ATCACGT-3' (Kocher et al., 1989; Palumbi et al., 1991).
Double-stranded amplifications were performed in 50-
pl volumes containing 10 mM Tris (pH 8.3), 100 mM
KCI, 2.5 mM MgCl,, 1 mM of each dNTP, 1 uM of each
primer, 10-1000 ng of genomic DNA, and 1 unit of Taq
polymerase (Cetus Corp.). PCR was carried out in a
Teche thermal cycler at 92°C/40 s, 52°C/40 s,and 72°C/
90 s for 35 cycles. Double-stranded PCR products were
electrophoresed in 2% agarose (in 0.045 M Tris—borate,
0.001 M EDTA buffer), excised, and purified in spin col-
umns (Costar: Spin-X), followed by phenol extraction
and ethanol precipitation. Sequencing reactions were
carried out in 20-pl volumes using a DyeDeoxy termi-
nator sequencing Kit (Applied Biosystems). Cycle se-
quencing reactions were carried out in a Perkin—Elmer
thermal cycler at 96°C/30 s, 50°C/15 s, and 65°C/4 min
for 25 cycles. Removal of excess DyeDeoxy terminators
from the reaction mix was achieved by two phenol—
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chloroform extractions and an ethanol/NaOAc precipi-
tation followed by a 80% ethanol wash. The precipitate
was dried down in a concentrator (Savant Speedivac)
and resuspended in 5 pl of formamide/50 mM EDTA
(pH 8.0). Samples were denatured at 90°C, transferred
to ice, immediately loaded on an Applied Biosystems
373A automated sequencer, and run following the in-
structions of the manufacturer. All templates were se-
guenced completely in both directions; 374 bp of the
12S gene and 544 bp of the 16S gene were determined.
The orthologous DNA sequences were aligned with the
Genetics Computer Group Sequence Analysis Software
Package (version 7.3.1-UNIX, Wisconsin, 1993) on a
Silicon Graphics 4D/30 workstation.

Phylogenetic Analyses

In this study parsimony, maximume-likelihood, and
neighbor-joining methods were employed in the phylo-
genetic analysis; these have all been shown to be simi-
lar in accuracy (Hillis et al., 1994). Phylogenetic analy-
ses were performed using maximum parsimony (MP)
implemented in PAUP (Swofford, 1993), using the heu-
ristic search procedure, with 100 random replicates.
The robustness of the phylogeny was assessed with
bootstrap analyses of 500 replicates (Felsenstein,
1985). Several different character weighting schemes
were introduced since weighted parsimony can perform
better (Hillis et al., 1994). Analyses were done consider-
ing: (1) transitions and transversions equally; (2) a pri-
ori weighting of transversions and transitions (tv:ts)
2:1 according to the observed ratio between the ingroup
and outgroup and within the ingroup (ratio = 1.72, Fig.
3); (3) additional tv:ts ratios of 3:1, 5:1 and 10:1;
(4) transversions only. Also a successive-approximation
approach to weighting of characters was performed ac-
cording to their “cladistic reliability” (Farris, 1969; Wil-
liams and Fitch, 1989). Reweighting was based on both
the mean rescaled and the consistency index of the
most parsimonious tree found in parsimony analyses
and a base weight of 1000. Neighbor-joining analyses
(NJ) (Saitou and Nei, 1987) were performed with
MEGA (Kumar et al., 1993) and 500 bootstrap repli-
cates were used to assess the confidence in the phyloge-
netic estimate. Different methods that accounted for
multiple substitutions were used to estimate evolution-
ary distances: Jukes—Cantor (Jukes and Cantor, 1969),
Kimura's two-parameter model (Kimura, 1980), and
Tamura—Nei's method (Tamura, 1992). In addition, a
maximum-likelihood (ML) analysis was conducted us-
ing PHYLIP: DNAML version 3.4.1. (Felsenstein, 1991)
using default parameters (tv:ts ratio of 2).

RESULTS

Sequence Analysis

DNA sequences from this study are deposited in Gen-
Bank under Accession Nos. U27520-U27529 and those
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of Bargelloni et al. (1994) in GenBank under Accession
Nos. 232702—-232739 and Z232747-232748. Of the total
918 sites included in the analysis, 121 (13.2%) are vari-
able and 47 (5.1%) are phylogenetically informative
(Fig. 2). Across both the 12S and 16S data sets, no nu-
cleotide composition bias was seen. On average (includ-
ing outgroup taxa) the base composition was A, 28.3%;
T, 23.3%; C, 24.4%; and G, 24.1%. More variation was
observed in the 16S data set (76 of the 544 bp were
variable, 13.97%) than in the 12S data set (41 of the
374 bp were variable, 10.96%) and only one indel was
found (position 376—378 in the 16S data set). Overall,
the level of variation was low; in no case do any species
share haplotypes. The matrix of observed differences is
shown in Table 2. The differences among members of
the ingroup, when both transitions and transversions
were considered, ranged from 5 to 36 (0.5%—3.9%).
When only transversions were considered, the substi-
tutional differences ranged from as low as 0 to 18 (0—
2.0%). There is approximately 4.4% sequence diver-
gence from the outgroup taxa N. coriiceps, G. gibberi-
frons, and D. mawsoni to the trematomids. The trema-
tomids differed by as much as 15.2% sequence
divergence from the most basal of the notothenioids,
the bovichtids, Bovichthus variegatus (Bargelloni et al.,
1994). Figure 3 shows the plot of transitions (ts) versus
transversions (tv) for within the ingroup and between
the ingroup and outgroup, with a best-fit line. The over-
all ratio of ts to tv, the slope of the best-fit line, is 1.72
(i.e., 1.72 transitions to every 1 transversion). Transi-
tions have not reached saturation, either within the in-
group or between the ingroup and the outgroup (Fig.
3).

The sequences from this study were aligned with the
complete sequences of the 12S rRNA of the cow (Gutell
etal., 1985) and 16S rRNA of Xenopus (Gutell and Fox,
1988), for which the secondary structure of these genes
is known. These reference sequences were used as mod-
els for the folding structure of the rRNAs and putative
loops and stems were identified for the nototheniids.
More variation, in terms of both substitutions and in-
dels, is often observed in loops. A slight increase in vari-
ation is observed within the putative loops compared
with the stem regions of the nototheniids (including the
only recorded indel, position 376—378 in the 16S data
set).

Phylogenetic Analysis

Both maximum parsimony (Fig. 4) and maximum-
likelihood (Fig. 5) methods recovered trees with similar
topologies, although the MP tree had two polytomies.
Neighbor-joining (Fig. 6) showed agreement with these
topologies apart from the phylogenetic position of T.
newnesi, which was placed not as a sister group to the
other trematomids (as in MP and ML) but as a deep
clade within them. Both T. bernacchii and T. newnesi
have longer branch lengths than any other ingroup
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T. hansoni TCGCAGCGTATCATGAAATAAGTGCAAGTCCAGTAATAAGTTTTGGACTGCGTTGCGAAAGTTTATAAAAAGATTGAA TTAGTTAAACAAGCCGGCAATTAATAGATTCCAGTTACGTTGG
T. eulepiditOuUS ceveeeveessssssscas GeoeCuvoBuCiieoealuonncesaceoonsosacssacseem——caosvsnsoncsns seesssssascansnsns TeoCGuv Buiveveennn G.A...A
T. nicolal = = teeeeereiirecsesenns GueeCotBuriennceaCinainneccnonnencancsonsem—mnscenscesescass  cseccsscscsccsscs TT..CG...A...T..A..G. A
T. pennellii = cieeecsscsscsescass Y o R o . at T o  J AP L CG...AG....CA........ A
T. 1epidorBiNUS  tevesveesoensennses L€ € A it T L7 W o T..CG...A.. A..G.A...A
T. loennbergi GCeveranrennnnnnnn GeoConeBGurneeneeaCuiiiiiiieeainvenaessesse——cusensonssncsss sesssesscesscanses T..CG...A A..G.A..CA
T. bernacchii = ..... Cevenonnans TGeoeerevsosnononnons AGGeeeseeosossnosasassanssonssscsascssonne C
T. newnesi «esGT....GCTGG. ... GeeCoteGuovvenneeaConenaeeCunnn e s A2 0 Tam== L ToTet c dTCT T ttvivntenosacnnaes T..CG...A..C.T.ACicccenn A
T. scotti = ...... Teveennnnnans GeeCuiniGuCuvnneeeCivnveeBieeee e e sGACG s e e=—=titeennnncoese  cesooe Goownw A....TTT.CG.AGA.. .A.C..A...A
P. borchgrevinki «.sieeeeesesess AC...G..CA..GT...C.vueeCrrreeBineeeBerrnereenee==cernnncssecees  assssssscannsanans T..CG...A...v.. A..... c..C
N. coriiceps ceseeseBAieaesBAiallG. Geann ..A...C.AGCRATAATT..CG.A.AG....G..C.T.C..A
G. gibberfrons  ...e... AC..... A....G..A...GAC.T..GC.C...ACCC...ACA.A.A. . A, .. A———.C.eivrnnnnnnn ++.ACC....GCAATAATT.A.GGC.A.A....A.C.T.C..A
D. mawsoni A...... A...... A...CGGAA. .GGACTTGAG.CC.GAGCCAA.GAC. A A, .AG. A-—=GCG.vvvenconee  oee A.eeon GCAATAATT.A.GGA......A.A.C CC.A

233356681111111111222222222222222222222222222233333333333333333334444444555555 5555555555566677777777777 89999

136752950026337778001112223333334444455566667900112234455666677780035798000133
3967252397392381390267894578956912342805693490912357967863405349237467

5666666789900433344456677002223344456890001
0013457291517134813454612016785757891702359

FIG. 2. The variable sites of the 12S and 16S mitochondrial rRNA sequences in this study. Positions in the complete sequences are given

below.
TABLE 2
Distance Matrix for the Two Partial 12S and 16S rRNA Sequences

1 2 3 4 5 6 7 8 9 10 11 12 13
1 T. hansoni — 1.2 1.3 1.5 1.5 1.5 1.2 3.0 2.6 1.9 4.8 5.0 6.1
2 T. eulepidotus 11/1 — 0.5 1.2 0.5 0.5 2.4 2.4 1.6 1.3 4.2 4.6 5.9
3 T. nicolai 12/1 5/0 — 1.1 0.7 0.7 2.5 2.3 1.8 1.2 4.3 45 5.8
4 T. pennellii 14/3 11/4 10/4 — 1.3 1.3 2.7 2.7 2.4 1.6 4.6 5.1 6.2
5 T. lepidorhinus 14/1 5/0 6/0 12/4 — 0.7 2.7 25 2.0 14 4.7 4.9 6.2
6 T. loennbergi 14/4 5/3 6/3 12/7 6/3 — 2.5 25 2.0 1.4 4.7 4.9 6.2
7 T. bernacchii 11/6 2217 2317 25/9 25/7 12/8 — 3.9 3.7 3.1 5.9 6.2 7.3
8 T. newnesi 27/12  22/11 21/11  25/15 23/11 23/14  36/18 — 3.3 2.8 5.9 6.1 7.3
9 T. scotti 24/8 15/7 16/7 22/11  18/7 18/10  34/14  30/15 — 25 4.3 4.7 5.8
10 P. borchgrevinki ~ 17/5 12/4 11/4 15/8 13/4 13/7 28/11  26/15  23/11 — 4.4 4.7 5.7
11 N. coriiceps 44/14 38/13  39/13 42/17 43/13 43/16 54/20 54/22 39/14  40/15 — 2.5 3.7
12 G. gibberifrons 46/11  42/10 41/10 47/14  45/10 45/13  57/17 56/19  43/15 43/14  23/11 — 3.2
13 D. mawsoni 56/14 54/13  53/13 57/17 57/13 57/16 67/20 67/22 53/14  52/17 34/10 29/7 —

Note. Above the diagonal is the uncorrected percentage sequence difference between all pairs of taxa; below the diagonal is the number
of substitutions between all pairs of taxa and the number of substitutions when considering transversions only.
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FIG. 3. A pairwise comparison of transitions versus transver-
sions for the 12S and 16S rRNA sequences, encompassing the 10
trematomids and the 3 outgroup taxa. The open circles represent dif-
ferences between ingroups and outgroup taxa and the closed circles
represent differences within the ingroup taxa. The slope of the line
is 1.72, which was used to weight transversions more than transi-
tions (y = 1.72x + 2.14; r? = 0.558).

taxon. Different weighting schemes employed in the
MP analysis recovered essentially the same topolo-
gies, apart from the analysis using transversions
only, which had many polytomies. Furthermore, the
successive-approximation approach to the weighting of
characters recovered a tree of the same topology as that
of the unweighted MP tree in Fig. 4.

A measure of the phylogenetic signal within these
data can be estimated by the skewness of tree-length
distributions, when generating 1000 random trees
(Hillis and Huelsenbeck, 1992). This data set had a g;
= —1.822 (P < 0.01), a highly significant skew, or devi-
ation, from what would be expected from random phylo-
genetic noise (Fig. 7).

DISCUSSION

A phylogeny of the trematomids is useful for taxo-
nomic purposes as well the investigation of evolu-
tionary patterns and processes in the notothenioid
radiation. Unfortunately, the morphological and karyo-
logical characters of this group have not proved to be
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FIG. 4. The consensus parsimony tree with bootstrap values;
based on unweighted analysis (100 replicates as implemented in
PAUP 3.1.1., Swofford, 1993). A single MP tree has a length of 144
steps (consistency index (Cl) = 0.896, rescaled Cl = 0.754). The num-
bers on the branches indicate the percentage of trees in the bootstrap
analysis that shared that topology. These fishes have been redrawn
from DeWitt et al. (1990).
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FIG. 5. Maximum-likelihood tree (as implemented in PHYLIP
version 3.4.1., Felsenstein, 1991) using the default setting
transversions/transition ratio of 1:2.
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fully reliable in resolving their interspecific relation-
ships (Ekua, 1990; Morescalchi et al., 1992; Ritchie,
1993; Eastman, 1993; Klingenberg and Ekua, 1996). In
addition, there is disagreement among several authors
over the composition and taxonomic arrangement of
the trematomids (Andersen and Hureau, 1979; Balush-
kin, 1982, 1984, 1992; Andersen, 1984; and Dewitt et
al., 1990). MtDNA data can, in most cases, be ex-
tremely powerful for resolving species-level phyloge-
nies (Meyer, 1993; Avise, 1994).

These mtDNA sequence data provide evidence that
the trematomids are a recent radiation; there are low
amounts of variation, particularly in the loops of the
rRNA secondary structure. Bootstrap values varied be-
tween 100 and 41%; the low values can be attributed to
the small number of phylogenetically informative sites.
Consequently, the number of transversions is small in
several species and an analysis based only on transver-
sions did not resolve every clade. The most conservative
phylogeny for the trematomids is that found in Fig. 4,
which is essentially the same as the ML tree (Fig. 5).
The ML and NJ trees differ on the placement of P.
borchgrevinki, whereas the MP tree (Fig. 4) presents
this taxon as an unresolved tricotomy. The following
discussion will focus on Fig. 4, the MP tree.

The Classification of Trematomid Fishes

The genus Pagothenia was originally erected by
Nichols and Lamonte (1936) and contained a single spe-
cies P. brachysoma (a synonym to Notothenia antarc-
tica). DeWitt (1962) suggested that T. borchgrevinki
should also be moved into the genus Pagothenia and
reported that T. bernacchii and T. hansoni showed cer-
tain similarities to Pagothenia. However, it was Andri-
ashev and Jakubowski (1971) who eventually classified
T. borchgrevinki in the genus Pagothenia. The genus
Pagothenia, consisting of the two cyropelagic species
(P. brachysoma and P. borchgrevinki), has been gener-
ally accepted (Andersen and Hureau, 1979; Andersen,
1984; Balushkin, 1984; DeWitt et al., 1990). The move
of T. hansoni, T. bernacchii, and T. tokarevi to Pago-
thenia by Andersen (1984) was controversial. The MP
tree recovered from the two ribosomal genes surveyed
here does not support Andersen’s arrangement of the
trematomids, as mentioned above. On the MP tree T.
bernacchii, T. hansoni, and T. pennellii are closely re-
lated, forming a monophyletic group, and P. borchgre-
vinki is a separate clade. Furthermore, T. hansoni and
T. bernacchii differ by a large amount of sequence di-
vergence, 1.9 and 3.1%, respectively, from P. borchgre-
vinki.

Based on these mtDNA data, P. borchgrevinki is
surely part of the trematomid radiation but has evolved
a unique cyropelagic existence. Many of the differences
between Trematomus species and P. borchgrevinki
have been documented in Eastman and DeVries (1985).
Further evidence for the close relationship of P. borch-
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FIG. 6. Neighbor-joining tree based on distance measures that were corrected for multiple substitutions based on the Kimura two-
parameter model. The scale shown indicates 1% sequence distance. The numbers on the branches indicate the percentage of trees in the

bootstrap analysis (500 replicates) that shared that topology.
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FIG. 7. The distribution of 1000 random trees from the 12S and
16S rRNA sequences (g, = —1.822, P < 0.01).

grevinki to other Trematomus species is the small
genetic distance between these genera (based on 30
protein-coding loci, Roger's D = 0.483), which falls
within the range of the intrageneric distances (D =
0.266—0.508) of the surveyed trematomids (McDonald
et al., 1992). This molecular phylogeny would suggest
discarding the genus Pagothenia; this is beyond the
scope of a single molecular data set especially in view of
the morphological basis of this genus (Andriashev and
Jakubowski, 1971).

T. scotti does not appear as part of the main trema-
tomid radiation (Figs. 4—6). This is a trematomid spe-
cies with unusual opercular bones and a distinctive
sexual dimorphism, which is uniqgue among the noto-
thenioids (DeWitt et al., 1990) and could be given sepa-
rate generic status. Even though T. scotti is most basal
on these phylogenies, in terms of percentage sequence
divergence T. scotti is not as distant as T. new-
nesi from all other trematomids (Table 2).

Balushkin (1982) moved Trematomus taxa into a
new genus, Pseudotrematomus, reserving Trematomus

for newnesi, the type specimen of the genus. This ge-
neric isolation of T. newnesi was based on the degree
of ossification of the primary pectoral girdle, the size
and position of the scapular foramen, the shape of the
lower edge of the coracoid, and the degree of develop-
ment of the postcoracoidial. Further evidence for the
uniqueness of T. newnesi can be found in hemoglobin
components. T. newnesi is the only notothenioid that
possesses a second major hemoglobin type, Hb C (di
Prisco et al., 1991). Based on the position of T. newnesi
in the present phylogeny, Balushkin’'s (1992) generic
isolation of this species seems supported. However, a
phylogenetic analysis of morphological data does not
show T. newnesi as a sister taxon to the other trema-
tomids but rather as a part of the radiation itself
(Klingenberg and Ekua, 1996; Ritchie, 1993).

The Origin and Diversification of the
Trematomid Radiation

Various environmental conditions are supposed to be
responsible for speciation events within lineages. Ma-
jor climatic changes separated by several million years
could account for many speciation events (Vrba, 1993).
Because habitat limitations could have been important
in the evolution of notothenioids, the opening of a
coastal environment due to a period of deglaciation
could have been the appropriate condition for specia-
tion in high Antarctic fishes, such as the trematomids.
Further, evidence of a speciation pulse in the trema-
tomids at approximately the same time as the deglacia-
tion should be expected. This information can be ob-
tained from divergence dates if an accurate calibration
of the notothenioid clock is available.

Since there is no fossil record for notothenioids, an
absolute calibration of divergence times for molecular
data is elusive. Recently studies contend that thermal
habit, generation time, and metobolic rates are among
the different factors influencing mutation rates in the
mitochondrial genome (Martin and Palumbi, 1993;
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Rand, 1994). As noted in Bargelloni et al. (1994), the
rate of the molecular clock may be significantly slower
in the notothenioids than in other vertebrates since the
body temperature of many notothenioids is below the
freezing point. A further complication is that nototheni-
oids may exhibit metabolic cold adaptation (MCA), al-
though evidence for this is controversial (Macdonald
et al., 1987). MCA is the elevation of metabolic rate to
a higher level than predicted when extrapolated from
temperate fish at subzero temperatures. As more phys-
iological and molecular data accumulate for the trema-
tomids a more accurate estimate of the rate of molecu-
lar evolution can be obtained.

The estimated rates of change for transversions
(0.14%/MY) in rRNA genes were found to be identical
in endotherms (Kraus and Miyamoto, 1991) and ecto-
therms (Caconne et al., 1994). Since the average per-
centage sequence divergence (using transversions only)
within the trematomid radiation is 0.482% (excluding
T. newnesi and T. scotti) the average age of the radia-
tion would be approximately 3.4 MY. This estimate cor-
relates with the period of partial deglaciation between
2.5 and 4.8 MYA, postulated by Harwood (1991) as a
stimulus for speciation on the coasts of Antarctica. Al-
though this calibration is putative, further studies of
the rate of molecular change of the trematomid mito-
chondrial genome are necessary.

The trematomids occupy a variety of ecological
niches in Antarctica, supposedly all having originated
from a benthic form. Table 1 shows the ecological type
assigned to each trematomid species (based on East-
man, 1993). The distributions of the benthic forms on
the phylogeny, in particular two outgroup species and
the most basal ingroup T. scotti, provide further evi-
dence that this is the primitive condition. The cyropela-
gic existence of P. borchgrevinki and pelagic habits of T.
newnesi are unique on the phylogeny. More interesting,
the benthic forms, T. bernacchii, T. hansoni, and T.
pennellii, are monophyletic, as are the epibenthic forms
T. loennbergi, T. lepidorhinus, and T. eulepidotus.
There are limited amounts of ecological diversification
among closely related species. During the period of de-
glaciation (2.5-4.8 MYA) there could have been much
more ecological diversity. The fact that these benthic
and epibenthic species are indeed monophyletic and
share many characters means either a recent radiation
or a slow-evolving species rather than sets of conver-
gent taxa.
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