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Abstract--Genetic variation at 30 protein-coding loci was examined in seven forms of notothenioid fishes 
from Antarctica. Multilocus heterozygosity varied from 0.018 to 0.078 across taxa. An analysis of the 
allozyme data revealed the probable existence of an unrecognized cryptic species within Trematomu5 
bemacchii. Pagothenia borchgrevinki is as closely related to some species of Trematomus as are some 
species of Trematomus to each other. Speciation among the species of Trematomus and Pagothenia appears 
to have taken place primarily after the separation of Antarctica from Australia. 

Introduction 
Notothenioid fishes dominate the coastal zone waters of Antarctica and are circum- 
continental in their distribution [1, 2]. These fishes comprise a moderate radiation of 
teleosts into unoccupied niches and are adapted to the extreme, but thermally stable, 
environment of subzero waters [1]. There are few deep oceanic islands around 
Antarctica and no other obvious geographical barriers to gene flow which might 
promote speciation in this group. As a result, these coastal zone fishes offer the 
opportunity for studying speciation in a relatively simple community. 

Notothenioids are characterized by a suite of morphological characters, primarily 
involving soft-body parts [2]. Consequently, their evolution is poorly recorded in the 
fossil record [2]. These fishes have evolved a glycoprotein as an antifreeze mechanism 
that binds ice and prevents crystal expansion within them at subzero temperatures [1, 
3]. Biochemical characterization of antifreeze proteins in notothenioids has been used 
to assess their general systematic relationships [4, 5], although the systematic value of 
these glycoproteins is limited because they are probably encoded by a few closely 
related loci. In contrast, protein electrophoresis samples a larger set of genetic loci. 
Protein electrophoresis can identify closely related vertebrate species [6, 7] and 
provide estimates of genetic distance among taxa [8, 9]. A previous survey of 21-26 
protein-coding loci was conducted to assess levels of genetic variability for three 
species of notothenioids [10], but the resulting data were not used for a systematic 
evaluation. 

Our primary objective ~vas to assess the level of genetic variation and divergence 
among six recognized species of notothenioid fishes from Antarctica. Analysis of the 
genetic information yielded a summary of overall similarity and the phylogenetic 
relationships among the species which was compared to the currently accepted 
taxonomy of the notothenioids. 

tPresent address: Department of Human Oncology, K4-353 Clinical Sciences Center, 600 Highland, 
University of Wisconsin, Madison, Wl 53792, U.S.A. 
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Materials and Methods 
Fishes (n = 148) were collected near McMurdo Station, Antarctica, in the Ross Sea. There were approximately 
20 locations separated by up to 20 km at which holes were drilled in the ice and fish were caught either by 
trapping or by hook and line. Fish were identified by their external morphology as described by Norman [11]. 
They were returned to the laboratory and maintained in running sea water aquaria. Fish were killed from one 
day to several weeks later, and liver, muscle and kidney tissues were removed and placed on dry ice for a few 
hours prior to their placement in an ultracold freezer (--70°C) for up to six weeks. They were transported back 
to the United States on dry ice and then placed in another ultracold freezer. 

Tissues were prepared for horizontal starch gel electrophoresis according to the methods of Selander et al. 
[12] and Place and Powers [13]. Thirty protein-coding loci were analyzed using more than one buffer in most 
cases (Table 1). Staining recipes are in Selander et aL (12), Nichols et al. [14] or Harris and Hopkinson [15]. 
Substrates for esterase and peptidase are beta-napthyl propionate and leucyl-alanine, respectively. Samples of 
Dissostichus mawson i  were included for comparison on each gel. The common allele in this species was 
designated as 100 for each locus. Other alleles in this species and other species were designated on the basis 
of relative mobility of  their products compared to that of the product of  the 100 allele. Reference photographs 
of the gels were archived with the data at the Savannah River Ecology Laboratory. In the few cases where 
pictures were not available, mobilities were estimated based on the named position of an allele relative to other 
alleles scored for the same gel. Side by side comparisons were made for all species pairs and, where 
appropriate, for particular rare alleles. Loci were numbered according to the mobility of the products with the 
most anodal as 1 when one or more isozymes appeared on the same gel or followed traditional nomenclature 
for teleosts. A locus was defined as polymorphic when the frequency of the common allele was 0.95 or less. 

Calculations of allele frequencies, genetic distances and deviations from Castle-Hardy-Weinberg expect- 
ations were calculated using BIOSYS-1 [16]. Divergence times between taxa were estimated from Nei's genetic 
distance [17] using the method of Sarich [18] which takes into account the differentiation caused by fast and 
slow evolving loci. Stability of the relationships among groups was assessed by jack-knifing the data from 
variable loci [19]. Jack-knifing involves removing data for one locus at a time, with replacement, and 
recalculating genetic distances for the remaining 29 loci. Sixteen loci were chosen for perturbation because 
they differed in their allele frequencies among forms 1 and 2 of ]~ bernacch/ iand T. hansoni. The jack-knife 
technique was the basis of  the computation of standard errors for the genetic distances. A Distance Wagner 
tree and UPGMA dendrogram were calculated to summarize the genetic relationships between the forms. 
Statistical significance was indicated by P-<0,05 and a highly significant difference occurred when P<-0.01. 

Results 
Allelic variation was examined for 30 protein-coding loci. Although tissues were 
maintained on ice and handled rapidly during preparations of homogenates, certain 
labile enzymes tended to denature as evidenced by their absence rather than a general 
streaking on the gel. The products of the following loci (abbreviations explained in 
Table 1) were particularly susceptible to denaturation: ADA-I*, CAT-l*, EST-2*, GP-4*, 
GUS-I*, HBDH-I*, ICDP-2*, PEP-l* and IDDH-1*. Thus, sample size within a taxon 
varied across loci (Table 1). The banding patterns of heterozygotes were consistent 
with those expected from the known quaternary structure of these enzymes in 
vertebrates [15, 20]. Multiple bands for PGM activity were suggestive of more than 
three loci in several of the taxa, but these could not be scored in all species, especially 
Dissostichus mawson4 the outgroup taxon. 

While designating alleles for the 30 loci of the six recognized species of fish, a fixed 
allelic difference was noted for MDH-1* within Trematomus bernacchiL The two 
groups recognized on the basis of this difference also had highly significant allele 
frequency differences for GPI-B ~, GUS-I* and MEP-1*. The two forms came from the 
same area but from collections made at different times. Because of the allele 
frequency differences, the two groups were treated as individual taxa (forms 1 and 2) 
for all subsequent analyses. 

Of the 30 loci analyzed, only CK-2* and EST-2* had the same allele for all seven 
taxa. Direct count heterozygosity and percentage polymorphic loci tended to be higher 
for the larger samples. Heterozygosity estimates ranged from 0.044 to 0.078 for 
samples of the same three recognized species (Pagothenia borchgrevink~ T. hanson~ 
and both forms of T. bernacchii) sampled by Somero and Soule [10]. They reported 
percentage polymorphic loci (P) less than 15% (0.05 criterion) and direct count 
heterozygosity measures of 0.005-0.033 for 21-26 loci; these values are within the 
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TABLE 1. ALLELE FREQUENCIES AND DESIGNATIONS, AND SAMPLE SIZES (in parentheses) FOR 30 PROTEIN-CODING LOCI 

FOR SEVEN NOTOTHENIOIDS FROM ANTARCTICA 

Sampler 

Locus/allele$ TL TP DM TB1 TB2 TH PB Buffer/tissue§ 

mAAT* (5) (12) (3) (39) (27) (26) (26) 

*226 0,800 0.0 0.0 0.013 0.0 0.0 0.056 AC/L 
* 164 0.200 1.000 0.0 0.987 0.963 0.962 0.944 LiOH/M 

"100 0.0 0.0 1.000 0.0 0.037 0.038 0.0 THCI/M 

ADA- 1 * (2) (8) (2) (35) (19) (23) (8) 

"107 0.0 1.00O 0.0 0.271 0.211 0.152 0.0 JRP/L 

* 104 0.0 0.0 0.0 0.400 0.342 0.087 0.O UOH/L 
* 100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 THCI/L 

*97 0.0 0.0 0.0 0.014 0.079 0.239 0.063 
*94 0.0 0.0 0.0 0.314 0.368 0.196 0.0 

*89 0.750 0,0 0.0 0.0 0.0 0.239 0.500 

*86 0.250 0.0 0.0 0.0 0.0 0.087 0.063 

*83 0.0 0.0 0.0 0.0 0.0 0.0 0.375 

CA T- 1" (5) (12) (2) (23) (27) (25) (21) 

"100 1.000 1.000 1.000 1.000 0.0963 1.000 0,976 THCI/M 

*85 0.0 0.0 0.0 0.0 0.037 0.0 0.024 

CK- 1" (5) (12) (3) (32) (27) (26) (26) 

"100 1.000 1.000 1.000 1.000 1.000 1.000 0.981 JRP/M 

*94 0.0 0.0 0.0 0.0 0.0 0.0 0.109 TC8/M 

CK-2* (4) (12) (3) (39) (22) (21) (24) JRP/M 

* 100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 TC8/M 

EST-2* (5) (12) (3) (4) (27) (25) (25) 

* 100 1 .O00 1.000 1,000 1.000 1.000 1.000 1 .000 THCI/M 

FH- 1" (4) (12) (3) (39) (27) (26) (26) 

* 107 1.000 0.0 0.O 1.000 1.000 1.000 1.000 JRP/M 

* 100 0.0 0.0 1.000 0.0 0,0 0.0 0.0 

*87 0.0 1.000 0.0 0.O 0.0 0.0 0.O 

GAPDH- 1 * (5) (12) (3) (32) (27) (26) (26) 

* 100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 AC/M 

*86 0.0 0.0 0.0 0.0 0.0 0.019 0.019 
"81 1.000 1.000 0.0 1.000 1.900 0.981 0.981 

GAPDH-2* (5) (12) (3) (39) (27) (26) (25) 

* 119 0.0 0.0 0.0 0,026 0.0 0.0 0.040 AC/M 

"100 1.000 1.000 0.500 0,974 1.000 1.000 0.960 

"41 0.0 • 0.0 0.500 0,0 0.0 0.0 0.0 

G3PDH- I * (5) (12) (3) (39) (27) (26) (26) 

* 100 1.000 1.000 1.000 0.936 0.981 1.000 1 .000 TC6,5/L 

*88 0.0 O.0 0.0 0.064 0.019 0.0 0.0 JRP/L 

GPI-B* (5) (12) (3) (39) (27) (26) (26) 

* 100 0.0 0.0 0.833 0.0 0.0 0.0 0.904 THCI/M 
*75 1.000 1.000 0.0 0.0 0.981 0.981 0,0 TC8/M 

*66 0.0 0.0 0.0 1.000 0.0 0.019 0.096 LiOH/M 
*48 0.0 0.0 0.167 0.0 0.019 0.0 0.0 

GP~i ~ (1) (4) (3) (11 ) (9) (4) (3) 

*270 1.000 1.000 0.0 1.000 1,000 1.000 1.000 LiOH/M 

"100 0.0 0.0 1.000 O.0 0,0 0.0 0.0 THCI/M 

GUS- 1" (5) (12) (3) (34) (21) (23) (26) 

"100 1.000 1.000 1.000 0.0 0.143 0.0 0.981 THCI/L 
*74 O.O O.O 0.0 0.647 0.857 0.109 0.019 

*60 0.0 0.0 O,O 0.353 0.0 0.891 0.0 

HBDH- 1 * (3) (8) (2) (30) (18) (21) (23) 

~12511 0.0 0.0 0.0 O.O O.O 0.0 0.022 JRP/L 
" 119 1,000 1.000 O.O 1.000 1.000 1.000 0.978 TCS/L 
* 100 O.O O,O 1.000 0.0 0.0 0.0 O.O 
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TABLE 1- -CONTINUED 
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Sample1 

Locus/allele¢ TL TP DM TB1 TB2 TH PB Buffer/tissue§ 

ICDP- 1 * (5) (12) (3) (39) (27) (26) (26) 
• 120 0.0 1.000 0.0 0.949 0.944 1.000 0.981 TM/M 

"107 1.000 0.0 0.0 0.051 0.056 0.0 0.019 
"100 0.0 0.0 1,000 0.0 0.0 0.0 0.0 

ICDP-2* (4) (12) (3) (28) (27) (26) (26) 
"152 0.0 0.042 0.0 0.0 0.019 0.019 0.038 TM/M 

• 132 1.000 0.958 0.0 1.000 0.944 0.981 0.962 

"106 0.0 0.0 0.0 0.0 0.037 0.0 0.0 
"100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 

IDDH- 1 * (5) (12) (3) (37) (27) (18) (25) 

"1800 0.0 1.000 0.0 0.0 0.0 0.0 0.0 TC8/L 

• 1300 1.000 0.0 0.0 0.0 0.0 0.0 0.0 LiOH/L 

"1000 0.0 0.0 0.0 0.0 0.0 0.0 1.000 

• 600 0.0 0.0 0.0 1.000 1.000 1.000 0.0 

• 100 0.0 0.0 1.000 0.0 0,0 0.0 0.0 

LDH-A * (5) (10) (3) (39) (27) (26) (26) 

"118 0.0 0.050 0.0 0.0 0.0 0.0 0.0 TM/L 

"100 1.000 0.850 1.000 1.000 1.000 1.000 1.000 
• 82 0.0 0.100 0.0 0.0 0.0 0.0 0.0 

MDH- I * (5) (12) (3) (39) (27) (26) (21) 
"109 0.0 0.0 0.0 0.0 0.0 0.0 0.024 JRP/M 

"100 0.0 0.0 1.000 0.0 0.0 0.038 0.0 TM/M 

• 83 0.0 0.0 0.0 1.000 0.0 0.0 0.0 
• 60 1.000 1.000 0.0 0.0 1.000 0.962 0.976 

MDH-2*  (5) (12) (3) (39) (27) (26) (26) 

"1000 0.0 0.0 1.0O0 0.0 0.0 0.0 0.0 JRP/M 

• 92 0.0 0.0 0.0 0.0 0.0 0.0 1,000 TM/M 

• 80 1.000 1.000 0.0 1.000 1.000 1.000 0,0 

MDH-3*  (5) (12) (3) (39) (27) (26) (26) 
"100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 JRP/M 

• 57 1.000 1.000 0.0 1.000 1.000 1.000 1.000 TM/M 

MEP- 1" (5) (12) (3) (39) (27) (26) (26) 
• 100 0.0 0.0 1.000 0.987 0.0 0.962 0.981 TC8/M 

• 95 1.000 0~917 0.0 0.013 0.685 0.019 0.019 

• 90 0.0 0.083 0.0 0.0 0.315 0.019 0.0 

MPI- I * (5) (12) (3) (36) (27) (26) (26) 
• 113 0.0 0,0 0.0 0.014 0.0 0.0 0.0 TC8/M 

"109 0.0 1.000 0.0 9.986 0.963 1.000 0.981 JRP/M 

=105 0.0 0.0 0.0 0.0 0.019 0.0 0.0 

"100 1.000 0.0 1.000 0.0 0.019 0.0 0.019 

MPI-2* (3) (12) (3) (36) (27) (26) (26) 
• 110 1.000 1.000 0.0 1.00 0.963 1.000 1.000 TC8/M 

"100 0.0 0.0 1.000 0.0 0.037 0.0 0.0 JRP/M 

PEP- 1 * (5) (12) (3) (16) (22) (21) (19) 
"123 1.000 1.000 0.0 1.000 1.000 1.000 1.000 LiOH/L 

"100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 

P G D - I *  (5) (12) (3) (27) (26) (26) (26) 
• 100 0.0 0.0 1.000 0.017 0.019 0.0 0.0 AC/M 

• 92 0.0 0.0 0.0 0,017 0.019 0.077 0.058 

"83 1.000 1.000 0.0 0,966 0.944 0.923 0.942 
• 70 0.0 0.0 0.0 0.0 0.019 0.0 0.0 

PGM- 1 * (5) (12) (3) (39) (26) (26) (26) 
"108 0.0 0.O 0.0 0.013 0.0 0.019 0.0 TM/M 

"100 1.000 1.000 1.000 0.974 1.000 0.981 1.000 
• 90 0.0 0.0 0.0 0.013 0.0 0.0 0.0 
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Sampler 

Locus/allele¢ TL TP DM TB1 TB2 TH PB Buffer/tissue§ 

PGM-2* (5) (12) (3) (32) (27) (26) (26) 
"104 1.000 1.000 0.0 1.000 1.000 1.000 1.000 AC/M 
"100 0.0 0.0 1.000 0.0 0.0 0.0 0.0 JRP/M 

PGM-3* (5) (12) (3) (39) (27) (26) (26) 
• 110 0.0 0.0 0.0 0.0 0.0 0.019 0.962 JRP/M 
• 100 0.0 0.0 1.000 0.013 0.0 0.038 0.038 
• 94 0.0 1.000 0.0 0.0 0.0 0.0 0.0 

"81 1.000 0.0 0.0 0.987 0.981 0.942 0.0 
• 55 0.0 0.0 0.0 0.0 0.019 0.0 0.0 

SOD- 1" (5) (12) (3) (39) (27) (26) (26) 

"231 0.0 0.0 0.0 0.0 0.0 0.038 0.0 JRP/M 
• 206 0.0 0.0 0.0 0.0 0.019 0.077 0.0 
"189 1.000 1.000 0.0 1.000 0.981 0.885 0.0 
• 100 0.0 0.0 1.000 0.0 0.0 0.0 1.000 

H¶ 0.030 0.018 0.022 0.057 0.078 0.050 0.044 

S.E. 0.021 0.011 0.015 0.029 0.031 0.022 0.014 
%P(0.05) 6.7 10.0 6.7 36.7 46.7 40.0 53.3 
A 1.1 1.1 1.1 1.5 1.7 1.6 1.6 

TTL = Trematomus Ioennbergi~ TP = T. pennell~ DM = Dissostichus mawson~ TB1 = T. bernacchii form 1, TB2= T. bernacchii 
form 2, TH = T. hansoni, PB = Pagothenia borchgrevinki. 

~:Locus designations and abbreviations are as recommended [31] and are given with Enzyme Commission numbers as 
follows: mAAT (2.6.1.1)=aspartate aminotransferase, ADA (3,5.4.4)=adenosine deaminase, CAT (1.11.1.6)=catalase, CK 
(2.7.3.2)=creatine kinase, EST (3.1.1.1)=esterase, FH (4.2.1.2)=fumarate hydratase, GAPDH (1.2.1.12)=glyceraldehyde-3 - 

phosphate dehydrogenase, G3PDH (1.1.1.8) = glycerol-3-phosphate dehydrogenase, Gpi (5.3.1.9) = glucose-6-phosphate 
isomerase, GP=general protein, GUS (3.2.1.31)=beta-glucuronidase, HBDH=hydroxybuturate dehydrogenase, ICDP 
(1.1.1.42) = isoeitrate dehydrogenase, LDH (1.1.1.27) = lactate dehydrogenase, MDH (1.1.1.37) = NAD-dependent malate 
dehydrogenase, MEP-1 (1.1.1.40)= NADP-dependent malic enzyme, MP/(5,33.8)= mannose-6-phosphate isomersse, PEP (3.4.11 
or 3.4.13)=peptidase, PGM (2.7.5.1)=phosphoglucomutase, PGD (1.1.1.44)=phosphogluconate dehydrogenase, IDDH 
(1.1.1.14) = L-iditol dehydrogenase, SOD (1.15.1.1)= superoxide dismutase. 

§Buffer, tissue and pH conditions: AC = amine citrate 6.2 [29]; TC6.5 = Tris-citrate 6.5, TM = Tris-maleate 7.4, TC = Tris-citrate 
8.0, LiOH = lithium hydroxide 8.2, THCI = Tris-HCI 8.5 [12}, JRP = Tris-citrate 7.1 [30], L = liver, M = muscle. 

nEstimated mobility (no picture available). 
¶H=di rec t  count heterozygosity; S.E.=standard error, %P(0.05)=percentage polymorphic loci with common allele 

frequency 0.95 or less, and A = average number of alleles per locus. 

confidence intervals calculated from our data. Our analyses indicated 40% or more 
polymorphic loci for these species (Table 1). There were no deviations from Castle- 
Hardy-Weinberg expectations that could not be attributed to a small sample size of 
rare genotypic categories. 

Overall similarity and genealogical relationships among the taxa are summarized 
using phenetic (UPGMA) and phylogenetic (Distance Wagner) methods, respectively 
(Fig. 1). Both methods were employed to assess the phylogenetic relationships among 
these fishes, even though we are aware that UPGMA is traditionally considered a 
phenetic clustering method only. Rohlf and Wooten [21] have demonstrated that 
UPGMA methods may reflect phylogenetic histories more closely than Distance 
Wagner trees if fewer than 50 variable loci are assayed in a study. Genetic relationships 
were consistent with what would be expected from currently accepted relationships 
based on previous taxonomic designations, except for that between the two forms of 
T. bernacchi~ Although the overall phenologies were similar, the relationships of T. 
bernacchiiforms 1 and 2 with T. hanson~ and the connection of T. pennelliiwith the T. 
bernacchii-hansoni group differed between the phenogram and cladogram. When 
data from the various loci were jack-knifed [19], 13/16 and 12/16 perturbations resulted 
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R = 0.99 

Trematomus Ioennbergii 

T. pennelli i 
T. bernacchii- 1 
T. bernacchi i-2 
T. hansoni 
Pagothenia borchgrevinki 
Dissostichus rnawsoni 

0~0 0~o o~o 040 '060 
Rogers' Genetic Distance 

B. Trernatomus Ioennbergii 
T. bernacchii- 1 

T. hansoni 
- -  T. bernacchii-2 

T. Dennellii 
Pagothenia borchgrevinki 

Dissostichus mawsoni 

0.00 0.08 0.16 0.24 0.32 0.40 0.48 

Distance from Root 

FIG. 1. RELATIONSHIPS OF SEVEN FORMS OF NOTOTHENIOID FISHES FROM ANTARCTICA AS MEASURED BY ROGERS' 
GENETIC DISTANCE [9] AND SUMMARIZED IN A PHENOGRAM (A) CALCULATED USING THE UNWEIGHTED PAIR-GROUP 
METHOD OF AVERAGING OR IN A ROOTED DISTANCE WAGNER TREE (B). R is the cophenetic correlation coefficient. 

in the same phenologies for Distance Wagner tree and the UPGMA phenogram, 
respectively, as that observed for all 30 loci (Fig. 1). The closest sister group to the T. 
bernacchii-hansoni group was either T. pennellii or T. Ioennbergil; followed by 
Pagothenia borchgrevink~ depending on the clustering method used. Pagothenia was 
more closely related to the Trematomus group than was Dissostichus. 

The T. hansoni-bernacchii group differed in its phenology from our expectations 
based on morphological similarities. On both the UPGMA and Distance Wagner 
dendrograms, T. hansoniclustered with one of the two forms of T. bernacchi~ but the 
two forms did not cluster together in either case. Because the genetic distances were 
low, this relationship might have been expected to be unstable when perturbed, but 
this was not the case. The mean genetic distance and standard error were 0.303+0.006 
between the two forms of T. bernacchil; 0.276+0.006 between T. bernacchiiform 1 and 
T. hanson~ and 0.222+0.005 between T. bernacchiiform 2 and T. hansonL The latter 
relationship supports the UPGMA phenology over that shown by the Distance Wagner 
tree. 

Intra- and intergeneric genetic distances and estimated divergence times are given 
in Table 2. For the species of Trematomus, the average genetic distance was 0.390; for 
the comparisons of Trematomus-Pagothenia, the mean genetic distance was 0.483, 
which fell within the range of values reported for comparisons within Trematomus. 
Mean genetic distance was large for comparison of Dissostichus to either species of 
either genus. 

D i s c u s s i o n  
Our estimates of heterozygosity for three of the notothenioids tended to be higher 
than those reported by Somero and Soule [10]. However, confidence limits for these 
estimates overlap broadly. These higher estimates are probably due to inclusion of 
different enzymes and buffer conditions in our study. Sampling different loci can affect 
heterozygosity.estimates [22]. Within the confidence intervals for our data, the level of 
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TABLE 2. MATRIX OF GENETIC DISTANCE MEASURES FOR SEVEN FORMS OF NOTOTHENIOIDS 
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SampLe 1 2 3 4 5 6 7 

Trematomus Ioennbergii 5 0.246 1.120 0.309 0.178 0.217 0.342 
(2.0) (19.6) (2.4) (1.4) (1.8) (2.7) 

pennelli 0.465 12 1.254 0.280 0.158 0.197 0.298 
(25.2) {2.2) (1.3) (1.5) (2.3) 

Dissostichus mawsoni 0.812 0,837 3 1.227 1.307 1.206 0.941 
(24.3) (27.5) (23.2) (12.8) 

7~ bernacchiiform 1 0.508 0.486 0.824 39 0.105 0,086 0.275 
(0.9) (0.7) (2.2) 

T, bemacchii form 2 0.398 0,376 0.834 0.308 27 0.055 0.267 
(0.4) (2.1) 

?~ hansoni 0.435 0,416 0.819 0.280 0.226 26 0.224 
(1.9) 

Pagothania borchgrevinki 0.531 0.500 0.766 0.478 0.470 0,437 26 

Above the diagonal is Nei's [17] unbiased genetic distance and estimated divergence times [18] (in parentheses) and below 
the diagonal is the modified Rogers' distances [9]. Sample sizes are italicized for each taxon on the diagonal. 

genetic variation in the notothenioids (P = 28.6% and H = 0.043+0.008) is consistent 
with that for fish in general (P = 20.9% and H = 0.051 ; 25). 

Notothenioids occur within a narrow range of environmental temperatures (-1.4 to 
--2.15°C) in subzero waters [2]. Low levels of genetic variation might be expected 
because of reduced environmental variance under these thermal conditions. Somero 
and Soule [10] rejected the reduced genetic variation prediction of the niche-variation 
hypothesis based on comparisons of the notothenioids with temperate and tropical 
species. Our results are consistent with theirs, but we question the underlying 
assumption of their prediction. The low variability of water temperature was assumed 
to be the critical environmental factor for these fishes in the previous study. The more 
extreme variation in food availability due to lack of sunlight during the austral winter [2] 
may be much more important than variation in water temperature. Because the niche 
is not dependent on one variable, an appropriate test of the niche-variation hypothesis 
requires a better understanding of the environments of a species. Observed 
differences in species-specific heterozygosities between notothenioids (Table 1) are 
probably related to the ecological differences among the species examined. 

Divergence among these species is reflected not only by differences in hetero- 
zygosities but also by the genetic distances between them. The pattern of genetic 
relationships among the notothenioids is consistent with their current taxonomy [1, 11 ]. 
Dissostichus mawsoniis clearly the most distantly related form and represents a good 
outgroup (Table 2, Fig. 1). Although our data suggest that Pagothenia is a distant 
relative of species within Trematomus, average intergeneric distances (Rogers' 
D = 0.483) fall within the range of intrageneric distances for species of Trematomus 
(D = 0.266-0.508). The species which account for the higher intrageneric distances 
between species of Trematomus were T. pennellii and T. IoennbergiL Although 
recognition of taxa should" be based on a series of characteristics and not just genetic 
data [23], the taxonomic status of Pagothenia may warrant reconsideration. Past 
taxonomic treatment included Pagothenia borchgrevinkiwithin the genus Trematomus 
[11]. We conclude that there are other similarities between Pagothenia and species of 
Trematornus, although Pagothenia is not a benthic but a benthopelagic feeder [2]. 
Moreover, Pagothenia remains as a sister group to Trematomus (Fig. 1). We do not 
ascribe to using only genetic distances for the purpose of defining species or genera 
[23]. To evaluate the systematic relationship between Pagothenia and Trernatornus, we 
suggest using several characters, such as those used for foraging ecology, 
morphology and chemical physiology, in addition to the genetic data, to determine 
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whether a taxonomic reconsideration is appropriate for these species of fishes. Our 
data suggest that the generic status of Pagothenia needs further consideration or 7. 
pennellii and T. Ioennbergii be considered for separate generic status. Therefore, the 
higher level taxonomy of the notothenioids needs further study. 

Another taxonomic consideration is the relationship of the two forms of T. 
bernacchiL The genetic differences, particularly the fixed allelic differences in MDH-I*, 
argue for the existence of two cryptic species. Although strong frequency shifts have 
been observed between populations of fishes, these normally occur over much larger 
distances than was the case for the two forms of T. bernacchii[e.g. 24-26]. The large 
allele frequency differences (GUS-1*, GPI-B*, MEP-1*) and the fixed allelic differences 
(MDH-I*) suggest that gene flow is limited or non-existent between the two forms. 
Furthermore, Trematomus bernacchii is characterized by two morphotypes with and 
without a white spot on the top of the head (M. W. S. Smith, personal observation). 
This polymorphism may be concordant with the genetic differences between the two 
forms, but additional sampling will be needed to test this hypothesis and to determine 
the degree of sympatry of the two forms. 

Both forms of T. bernacchiiand T. hansoniare a closely related group, and one of 
the forms (form 2) may be more closely related to T. hanson/than to form 1 of T. 
bernacchii based on average genetic distance (Fig. 1A). The exclusion of different 
amounts of genetic data (i.e. jack-knifing) allows the calculation of confidence intervals 
for that data matrix and does not alter the relationship substantially. Confidence limits 
around the average genetic distances are small and the distance between the three 
forms are significantly different. Our genetic distance data are in support of the 
UPGMA phenology over the Distance Wagner tree, where Trematomus bernachiiform 
2 is more closely allied to T. hansonithan to T. bernachiiform 1. This is in agreement 
with the computer simulation studies of Rohlf and Wooten [21] demonstrating that 
UPGMA methods reflect known phylogenetic histories more accurately than do 
Distance Wagner trees when fewer than 50 variable loci are assayed. Until a taxonomic 
re-evaluation of the forms of T. bernacchiiand T. hansoniis completed, care needs to 
be exercised in studies involving T. bernacchiL Evolutionary change in a number of 
other characteristics may have taken place since the divergence of the two forms. 

Important geological events that may have aided or accelerated speciation include: 
the formation of the circumpolar current ca. 23.5 MYBP [2]; ice-cap melting ca. 30 
MYBP [27] and again around 13 MYBP; and the coastal water temperatures dropping 
to near freezing about 10 MYBP [2]. Barriers to gene flow might include waters of 
higher temperatures or lower salinities, glaciers that extend well beyond the coastline, 
and distance between offshore islands and the mainland. Multiple warming and 
cooling of the continent created riverine and estuarine habitats [2], which could have 
played an important role in the speciation of these forms. Rapid radiation into available 
niches might have occurred but precise information about isolating events is lacking. 
For example, in the more recently diverged forms, changes in sea level during the 
Pliocene and Pleistocene [28] and their effects on the continuity of suitable habitat 
around the continental shelf may have resulted in the isolation necessary for 
speciation in the absence of obvious geographical barriers to gene flow. Divergence 
times need to be estimated for other groups in Antarctica. If there is concordance 
among the divergence events associated with the geological history of Antarctica for 
major taxonomic groups, these patterns might be used to focus on major vicariant 
events that enhanced speciation in the Antarctic fauna. 

Acknowledgements--M.W.S. was supported by a Maryland Sea Grant Traineeship and National Science 
Foundation grants DSR-87-18425 to Dr, Dennis A. Powers and DPP-87-16296 to Dr. Arthur L. DeVries. Mr Richard 
Willis collected the fishes. We thank Drs Joseph T. Eastman and Donald Buth for invaluable information and 
critical review of the manuscript. This manuscript was prepared under contract DE-AC09-76SROO-819 between 
the University of Georgia and the United States Department of Energy. 



NOTOTHENIOID FtSHES FROM ANTARCTICA 241 

References 
1. Eastman, J. 1. and DeVries, A. L. (1986) Sci. Am. 254, 106. 
2. Eastman, J. T. and Grande, L. (1989) Origins andEvo/ut/on of the Antarctic Biota (Crame, J, A., ed.), Special 

Publication, Geological Society, p. 241. London. 
3. Scott, G. K., Fletcher, G. L. and Davies, P. L. (1986) Can. J. Fish. Aquat. Sci. 43, 1028. 
4. Burcham, 1. S., Osuga, D. T., Chino, H. and Feeney, R. E. (1984) Ana/yt. 8iochem. 139, 197. 
5. Haschemeyer, A. E. V. and Jannasch, H. W. (1983) Comp. Biochem. Physiol. 76B, 545. 
6. Avise, J. C. and Aquadro, C. F. (1982) Evo/. Biol. 15, 151. 
7. Wooten, M. C,, Scribner, K. 1. and Smith, M. H. (1988) Copeia 1988, 283. 
8. Nei, M. (1978) Genetics 89, 583. 
9. Wright, S. (1978) Evolution in the Genetics of Popula#bns, Vo/. 4, Variabi//~/ Within and Among Natural 

Populations. University of Chicago Press, Chicago. 
10. Somero, G. N. and Soule, M. (1974) Nature 249, 670. 
11. Norman, J. R. (1938) Discovery Rep. 18, 1. 
12. Selander, R. K., Smith, M. H., Yang, S. ¥., Johnson, W. E. and Gentry, J. B. (1971) Studies in Genetics. V/. 

Univ. Texas Pub/. 7103, 49. 
13. Place, A. R. and Powers, D, A. (1978) Biochem. Genet. 16, 577. 
14. Nichols, E. A., Chapman, V, M. and Ruddle, F. H. (1973) Biochem. Genet. 8, 47. 
15. Harris, H. and Hopkinson, D. A. (1976) Handbook of Enzyme E/ectrophoresis in Human Genetics. North 

Holland, Amsterdam. 
16. Swofford, D. L. and Selander, R. B. (1981) J. Hered. 72, 281. 
17. Nei, M. (1978) Genetics 89, 583, 
18. Sarich, V, M. (1977) Nature 265, 24. 
19. Lanyon, S. M. (1987) Auk 104, 144. 
20. Ward, R. D. (1977) Genetics 15, 123. 
21. Rohlf, R. J. and Wooten, M. C. (1988) Evolution 42, 581. 
22. Simon, C. and Archie, J. W. (1985) Evolution 39, 463. 
23. Hepp, G. R., Novak, J. M., Scribner, K. T. and Stangel, P. W. (1988) Auk 105, 804, 
24. Arise, J. C. and Smith, M. H. (1974) Evolution 28, 42. 
25. Philipp, D. P., Childers, W. F. and Whitt, G. S. (1983) Trans. Am. Fish. Soc. 112, 1. 
26. Powers, D. A., Ropson, I., Brown, D. C., Van Beneden, R., Cashon, R., Gonzalez-Villasenor, L. I. and 

DiMichele, J. A. (1986) Am. Zoo/. 26, 131. 
27. Kerr, R. A. (1984) Science 224, 141. 
28. Pregill, G. K. and Olson, S. L. (1981) A. Rev. Ecol. SysL 12, 75. 
29. Clayton, J. W. and Tretiak, D. M. (1972) J. Fish. Res. Bd. Can. 29, 1169. 
30. Ayala, F. J., Powell, J. R., Tracey, M. L., Mourao, C. A. and Perez-Salas, S. (1972) Genetics 70, 113. 
31. Shaklee, J. B., Allendorf, F. W., Morizot, D. C. and Whirr, G, S. (1989) Trans. Am. Fish. Soc. 118, 218. 


	Eastern Illinois University
	The Keep
	January 1992

	Biochemical Systematics of Notothenioid Fishes from Antarctica
	Mara A. McDonald
	Michael H. Smith
	Michael W. Smith
	James M. Novak
	Paul E. Johns
	See next page for additional authors
	Recommended Citation
	Authors


	PII: 0305-1978(92)90057-K

