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Summary

The fish fauna of the continental shelf of the Southern
Ocean is dominated by a single sub-order of Perciformes,
the Notothenioidei, which have unusually large diameter
skeletal muscle fibres. We tested the hypothesis that in fast
myotomal muscle a high maximum fibre diameter RDmax)
was related to a reduction in the number of muscle fibres
present at the end of the recruitment phase of growth. We
also hypothesized that the maximum fibre number
(FNmax) would be negatively related to body size, and that
both body size and size-corrected=Nmax would show
phylogenetic signal (tendency for related species to
resemble each other). Finally, we estimated ancestral
values for body size and=Nmax. A molecular phylogeny
was constructed using 12S mitochondrial rRNA

nodes of the maximum likelihood phylogenetic tree were
consistent with a progressive reduction in fibre number
during part of the notothenioid radiation, perhaps serving
to reduce basal energy requirements to compensate for the
additional energetic costs of antifreeze production. For
example, FNmax in Chaenocephalus aceratu@l 2 700+300,
mean * sE.M., N=18) was only 7.7% of the value found
in Eleginops maclovinus(164000£4100, N=17), which

reaches a similar maximum length (8%m).
Postembryonic muscle fibre recruitment in teleost fish
normally involves stratified followed by mosaic

hyperplasia. No evidence for this final phase of growth
was found in two of the most derived families
(Channichthyidae and Harpagiferidae). The divergence of

sequences. A total of 16 species were studied from the the notothenioids in Antarctica after the formation of the

Beagle Channel, Tierra del Fuego (5-fC), Shag Rocks,
South Georgia (0.5-4°C), and Adelaide Island, Antarctic

Peninsula (-1.5 to 0.5°C). The absence of muscle fibres of number

less than 1Qum diameter was used as the criterion for the
cessation of fibre recruitment. FDmax increased linearly
with standard length (SL), reaching 500-65@Qm in most
species. Maximum body size was a highly significant
predictor of species variation inFNmax, and both body size
and size-corrected FNmax showed highly significant
phylogenetic signal P<0.001). Estimates of trait values at

Antarctic Polar Front and more recent dispersal north
would explain the high maximum diameter and low fibre
in the derived sub-Antarctic notothenioids.
These characteristics of notothenioids may well restrict
their upper thermal tolerance, particularly for
Champsocephalus esoand similar Channichthyids that
lack respiratory pigments.

Key words: Antarctic teleosts, growth, muscle fibre recruitment,
Notothenioid fishes, phylogeny, skeletal muscle.

Introduction

In teleost fish, postembryonic growth of the myotomalproliferation of myogenic precursor cells that are widely

muscle involves the recruitment and expansion of musclscattered throughout the myotome (Rowlerson et al., 1995;
fibres, a process that continues during juvenile and adult stagéshnston et al., 1999). Myogenic cells withdraw from the cell
(Rowlerson and Veggetti, 2001; Johnston, 2001). Initiallycycle and fuse to form myotubes on the surface of existing
muscle fibres are produced from discrete germinal zones liyuscle fibres (Koumans and Akster, 1995). In each of 10
stratified hyperplasia (Rowlerson and Veggetti, 2001). Thepecies of freshwater fish that have been studied, mosaic
major mechanism for expanding fibre number in most specids/perplasia was shown to cease at around 44% of the
is mosaic hyperplasia, which involves the activation andnaximum body length, and the final stages of growth were
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entirely supported by fibre hypertrophy (Weatherley et al., It has been suggested that the radiation of the Antarctic
1988). The maximum diameter of each muscle fibre type isotothenioids has been associated with a loss of characters or
related to ultimate body size and is probably limited byevolutionary function (disaptation) followed by subsequent
diffusional constraints reflecting metabolic demand anddaptive recovery (Montgomery and Clements, 2000). Within
temperature (Archer and Johnston, 1991). the notothenioids, the family Channichthyidae (icefishes) is
The fish fauna of the continental shelf of the Southern Oceamtable for the loss of haemoglobin, which is thought to have
is dominated by a single sub-order of Perciformes, theesulted from a single mutational event that deleted the entire
Notothenioidei, which comprises at least 125 species divide@-globin gene and the' %end of the linkeda-globin gene
into eight families (Eastman and Eakin, 2000). Several authof€occa et al., 1995). Loss of respiratory pigments is associated
have reported that Antarctic notothenioids have unusuallwith a suite of compensatory adaptations in the heart and
large diameter fibres, which can reach pu@in slow muscle peripheral circulatory system (Tota et al., 1997). These include
and 500um in fast muscle (Smialovska and Kilarski, 1981;a relatively large ventricular muscle mass (Johnston et al.,
Dunn et al., 1989; Battram and Johnston, 1991). Slow musclE93), a high blood volume (Acierno et al., 1995), coupled to
fibres have relatively high densities of mitochondria (Johnstorga high output cardiac pump operating at low frequencies and
1987; Archer and Johnston, 1991; O'Brien et al., 2003)pressures (Tota et al., 1997). Six of the 15 species of icefishes
reaching 50% of fibre volume in some Channichthyidsalso lack myoglobin in their heart muscle (Moylan and Sidell,
(haemoglobin-less icefishes) (Johnston, 1989). HoweveR000), involving at least three independent mechanisms
mitochondria are found in the central zone of even the largesiacluding a 5-nucleotide insertion leading to premature
diameter slow fibres (Johnston, 1987; Archer and Johnstotermination in Champsocephalus gunnarian aberrant
1991), consistent with the maintenance of adequate tissy®lyadenylation signal ifPagetopsis macropteru®ayda et
oxygenation at the low body temperature of these specied., 1997), and a duplicated TATAAAA sequence that
(Egginton et al., 2002). Fast muscle fibres with diameters ahterferes with transcription inChaenocephalus aceratus
400um have also been reported in sub-Antarctic notothenioidéSmall et al., 2003). Some notothenioids have undergone an
from the Beagle Channel, although a relatively restricted sizecological diversification to feed in the water column involving
range of fish was studied (Fernandez et al., 2000). changes in body shape, colour, and the attainment of near
The ancestral form of the notothenioids is generallyneutral buoyancy through decreased mineralisation of the
considered to have been a temperate bottom-living speciskeleton and the accumulation of lipids (Eastman, 1993, 1997;
without a swim bladder (Eastman, 1993). The success of thdingenberg and Ekau, 1996). In some cases secondary
radiation of the Antarctic notothenioids has been attributed tpelagicism is associated with the retention of larval
the evolution of glycopeptide and peptide antifreezes, whickharacteristics into adult stages (Eastman, 1993; Montgomery
enabled them to adjust to the climatic cooling that occurrednd Clements, 2000), The resulting detrimental changes to the
following the opening of the Drake passage andateral line sensory system have been compensated for by
establishment of the Antarctic Polar Front (APF) some 20—2Bhanges in central processing mechanisms and behaviour
million years ago (Cheng and DeVries, 1991; EastmanMontgomery and Clements, 2000).
1993; Clarke and Johnston, 1996). The Bovichtidae, The first aim of the present study was to test the hypothesis
Pseudaphritidae and Eleginopidae are the most bastddat a high maximum fibre diameter in notothenioid fishes
notothenioid families and, except for a single Antarcticwas related to a reduction in the number of muscle fibres at
species of bovichtid, are represented by non-Antarctic specidéise end of the recruitment phase of growENax). We then
with the plesiomorphic condition of lacking antifreezesused phylogenetically based statistical methods to test
(Eastman and Eakin, 2000). whether fibre number was negatively related to body size and
Members of six families of notothenioids are found outsidevhether either body size or size-corrected fibre number
the Antarctic in the Beagle Channel, Patagonian Shelf, alonghowed significant phylogenetic signal. Finally, we estimated
the Pacific Coast of South America and in the sub-Antarctiancestral values for body size and fibre number to explore
waters of New Zealand (Eastman, 1993). One bathypelagighere during the evolutionary radiation reductions in fibre
species, the Patagonian toothfiBlissostichus eleginoides number occurred. A total of 16 species of Notothenioidei
(Nototheniidae), grows to 12 total length and occurs on both from three geographical provinces were studied, including
sides of the Polar Front, from a latitude of 40°S off the coastepresentatives with benthic and secondarily pelagic
of S. America to 60°S south in the Antarctic. The distributionlifestyles, and an independent phylogeny was constructed
of D. eleginoideds circum-Antarctic and its range overlaps using sequence information from mitochondrial 12S rRNA
with a sister specie®. mawsonithat is found around the genes.
Antarctic continental shelf (Fisher and Hureau, 1985).
Evidence from a molecular phylogeny estimated using
mitochondrial 12S and 16S rRNA DNA sequences suggests
that many sub-Antarctic species evolved subsequent to the Fish
main radiation of the group, as recently as 7-9 million years Fish of the suborder Notothenioidei (order Perciformes)
ago (Bargelloni et al., 2000; Stankovic et al., 2001). were caught in three geographical regions; near Ushuaia,

Materials and methods
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Beagle Channel, and Atlantic coast Tit Shag Rocks
— c*ﬂx PN

del Fuego, Argentina (54°49, 68°13W), ) et
Shag Rocks, South Georgia (54°S; : O N~ ) Tl.’
42°02W) and Rothera Research Stat 55°Sfp- ' e
Adelaide Island, Antarctic Peninsi
(67°34S, 68°08W) (Fig.1). All fish were
captured during the austral sumi
(December—February). Fish from the Be:
Channel were obtained in 1999, 2000
2001 using a mixture of baited traps . 60° S|
trammel nets. The following species w
studied: Eleginops maclovinus Cuvier
in Cuvier and Valenciennes 18:
Patagonotothen tessellaRichardson 184!
Patagonotothen longipespecies comple
Steindachner 1876Patagonotothen sin
Richardson 1844; Cottoperca gobir 65°S}
Gunther 1861, Champsocephalus es
Gunther 1861 Harpagifer  bispinit
Schneider in Bloch and Schneider 1801
Paranotothenia magellanicaForster ir
Bloch and Schneider 1801. Specimens \
usually processed immediately or withil 0w 60°W 50° W 40°W
few hours of capture. Most of the lar
specimens ofE. maclovinuswere cauglr
along the northern Atlantic coast of Tie
del Fuego using trammel nets and were
on ice for up to 24 prior to processin
Fish were obtained at Shag Rocks, S
Georgia from the 2000-2001 ‘Groundf
Survey’ conducted for the Government
South Georgia and the South Sandv
Islands and were caught by bottom traw
200m depth. The species studied w
the Patagonian toothfish,Dissostichu
eleginoidesSmitt 1898, Chaeonocephalt
aceratus Lénnberg 1906 ar
Champsocephalus gunndrdnnberg 190%
They were killed with a blow to the hei
sealed in plastic bags, and shipped orvia
the Falkland Islands to the UK, where ti  Fig.1. Sample sites in relation to the Polar Frontal Zone and summer and winter se
were processed on the sixth day ¢ surface temperatures represented by the mean of satellite observations between 1971
capture. The Antarctic species studied y 2001 for February and September.

Notothenia  rossii Richardson 184«

Notothenia coriicepRRichardson 1844Trematomus newnesi a preliminary publication (Johnston et al., 2002). The satellite
Boulenger 1902Harpagifer antarcticusNybelin 1947 and images in Figl for summer and winter show typical mean
Pagothenia borchgrevinlBoulenger 1902. They were caught monthly sea surface temperatures between 1971 and 2001 ¢
using a combination of traps, trammel nets and SCUBA divershe study sites for February and September) (Website:
Antarctic fish were transported to the UK in cold aquariahttp://iridl.Ideo.columbia.edu/SOURCES/.IGOSS/.nmc/.Reyn
aboard the RRS James Clarke Ross and maintained for up_t8mithOlvl/.climatology/.sst/) (see Reynolds and Smith,
3 months in St Andrews at —0.5°C (i4d2h light:dark). They  1994).

were fedad libitum on squid and Antarctic krill. Fish were

killed by a sharp blow to the head followed by pithing of the Histology

central nervous system. The numbers, size range andA 0.5cm transverse steak of the trunk was prepared at 0.7
maximum-recorded length of the fish studied are shown istandard lengthSL) using a sharp knife. The steak was either
Tablel. Data on thédarpagifer species has been reported in photographed using a digital camera and macro lens or tracec

Summer Winter

Tenperature (°C)
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onto an acetate sheet in triplicate. The total area of fastithin the range 0.085-0.25. The occurrence of muscle fibre
muscle was digitised (TCA). The steak was divided into aecruitment was determined on the basis of the presence of
series of up to 12 blocks (2Bm?), depending on the size of fibres less than 10m diameter. The final number of fast
the fish, so as to representatively sample all areas of the fantiscle fibres KNmay was the mean ®.e.m. of the fibre
muscle. The number of blocks was adjusted to sampleumber estimate for all the fish in which fibre recruitment
25-50% of one half of the steak. Blocks were frozerwas complete.

in isopentane (2-methyl butane) cooled to near its freezing

point in liquid nitrogen (-159°C). Frozen sections were Estimation of a molecular phylogeny

cut on a cryostat at [m thickness. Preliminary Sixteen species of notothenioids belonging to five families
immonohistochemical investigations confirmed the identitywere analysed. Partial 12S mitochondrial rRNA sequences of
of muscle fibre types on the sections. Briefly, sections werien notothenioid species were retrieved from GenBdhk (
stained using standard methods (Johnston et al., 1999) withaclovinus AF145426, 34bp; D. eleginoides AF145425,

the S-58 and F-59 antibodies (Crow and Stockdale, 1986340bp; P. borchgrevinki PBU90411, 39®p; T. newnesi,
which have been shown to identify slow and fast muscl@NU27527, 374p; P. tessellata AF145433, 343®p; N.
myosin, respectively, in a wide range of fish species (Devotooriiceps NCMT12SG, 37dp; N. rosii, AF145432, 34Dp;

et al.,, 1996; M. Abercromby, unpublished results) (se&. aceratus,CAMT12SG1, 37dp; C. gunnarj AF145424,
Fig. 2A,B). For the routine quantification of fiore number, 330bp; H. antarcticus U37137, 373p). cDNAs from six
sections were stained with Haematoxylin—Eosin. The crossther species were cloned for this stu@ygobio, P. sima, P.
sectional areas of 1000 muscle fibres were measured per fisbrgipes, P. magellanica, C. esardH. bispinis Two of the
sampled equally between the blocks and the equivalent fibsequences (from.Qyobio, CGU87414, 25bp, andC. esox,
diameter computed. The total number of muscle fibres paZES307046, 30Bp) were already available in GenBank but
trunk cross-section was estimated as previously describelinger sequences were required to improve the quality of the
reproducibility was approximately 3% (Johnston et al., 1999)alignment. The new sequences of 12S mitochondrial rRNA
Smooth distributions were fitted to the measurements of fiboreloned were submitted to GenBank [accession numbers
diameter using a kernel function as previously describedY22775 (C. gobig, AY227776 C. esoy, AY227777 H.
(Johnston et al., 1999). Values for the smoothing coefficientispinig, AY227778 P. simg, AY227779 P. longipe$ and
showed no systematic variation between species and wef&/227780 @. magellanicy.

Table 1.Number, size range and maximum length of the 16 species of notothenioid fish studied

Size range Maximum-recorded
Species Number Standard length (cm) Body mass (g) length (cm)
Tierra del Fuego
Cottoperca gobio 2 13.6, 22.8 47.3,282.9 50
Eleginops maclovinus 57 4.4-64.1 1.05-4183 85
Paranotothenia magellanica 23 9.3-33.9 19.8-928 43
Patagonotothen tessellata 22 3.3-27.6 0.54-446 28
Patagonotothen sima 8 45-12.0 1.4-30.9 $2
Patagonotothen longipesp. 9 17.5-27.8 81.3-347 28
Harpagifer bispinis 21 25-7.1 0.36-7.2 17
Champsocephalus esox 1 28.2 200.1 35
South Georgia
Dissostichus eleginoides 25 25.7-62.4 200-3500 2b0
Chaenocephalus aceratus 17 21.7-72.0 58-4183 84
Champsocephalus gunnari 19 15.6-36.8 28-494 62
Antarctic Peninsula
Notothenia rossii 1 21.5 234.5 9%
Notothenia coriiceps 14 6.2-35.0 4.1-819 38
Pagothenia borchgrevinki 4 18.0-22.5 85.8-112.1 b6
Trematomus newnesi 4 11.1-20.8 26.4-193.8 b1
Harpagifer antarcticus 13 0.84-10.1 0.008-24.8 42

1Gon and Heemstra (1990).
2Fernandez et al. (2000).

3J. Calvo, unpublished results.
4British Antarctic Survey Archives.
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Reverse transcriptase—polymerase chain reaction UK, Southampton, UK). DNA sequencing was performed in

Total muscle RNA was isolated using Qiagen Rneasy Miniriplicate by The Sequencing Service (School of Life Sciences,
and Midi Kits. First-strand cDNA synthesis was carried outUniversity of Dundee, Scotland; http://DNASEQ.biocehm.
using 3 rapid amplification of cDNA ends system (RACE, dundee.ac.uk) using DYEnamic ET terminator chemistry
Gibco BRL, Life Technologies, Gaitheisburg, USA). (Amersham Biosciences, Chalfont St Giles, Bucks, UK) on
Polymerase chain reaction (PCR) was performed usinfpplied Biosystems automated DNA sequencers.
two sets of primers. The first set was Forwartd 5
AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT-3 Alignment
and Reverse 'STGAGTCAGAGGGTGACGGGGCGGTGT- The DNA sequences were put together in a FASTA file
3 (Ritchie et al., 1997). The second set was Forward 5using BioEdit (Hall, 1999) and aligned using ClustalW
GCGTAAAGGGTGGTTAGG-3 and Reverse '5STCTTA- at EMBL (http://www.ebi.ac.uk/clustalw/) with default
CTGCTAAATCCTCC-3 (Stankovik et al., 2001). The PCR parameters. The alignment was checked by eye using BioEdit
cycles used for the first primer set were 94°C foni@ for  in order to be sure the automatic process was correct, anc
denaturation, 35 cycles of 94°C for 8061°C for 3G and finally reduced to the part of the alignment where most of the
72°C for 1min and elongation at 72°C formgin. The PCR  specific sequences were represented. The final alignment of the
cycles used for the second primer set were 94°C foinZor 16 species was 38% long. The alignment was used as the
denaturation, 35 cycles of 94°C for 8049°C for 3G and input for the phylogenetic analysis. The database was
72°C for 1min and elongation at 72°C formgin. In all PCRs  bootstrapped 100 times using SEQBOOT (Phylip package
a proof-reading TAQ polymerase was used (Pfu from Promegaersion 3.6). Maximum likelihood (ML) analysis with
a molecular clock assumption to assess
divergence times was performed using
DNAMLK (Phylip package version 3.6). The
analysis was carried out using the following
parameters previously calculated in PUZZLE
version 5.0: transition/transversion ratio: 2.41,
gamma distribution parameter alpha=0.24. The

Fig. 2. Phases of growth observed in the myotomal
muscle of Antarctic and sub-Antarctic notothenioid
fish. (A—G) Transverse sections through the trunk
stained with Haematoxylin—Eosin (A) Section from
Notothenia coriiceps11.2cm standard lengthS(),
stained with the antibody S58, showing the presence
of a superficial layer of slow muscle fibres (arrows)
dorsal to the major horizontal septum.
(B) Trematomus newnegsil3.3cm SL, section
stained with S58 showing the slow muscle fibres
adjacent to the lateral line nerve (arrows). The fast
muscle  fibres  were  counterstained  with
Haematoxylin—Eosin. (C) Dorsal region of the trunk
in a juvenileNotothenia coriicepsf.0cm SL The
arrowheads indicate zones of stratified hyperplasia
containing fibres of smaller diameter than the
surrounding tissue. (D) The start of mosaic
hyperplasia (arrowheads) in the fast muscle of a
juvenile Notothenia coriiceps6.7cm SL Note that
small diameter satellite fibres are not uniformly
distributed through the field of view. (E) The pattern
of fibre diameters characteristic of mosaic
hyperplasia was still present iB. maclovinusof
37.5cm SL (F) Active mosaic hyperplasia
(arrowheads) in the fast muscle of a juvenile
Eleginops maclovinus}.7cm SL (G) The smallest
specimen ofParanotothenia magellanicaaptured,
9.3cm SL, showed a mosaic pattern of fibre
diameters (arrowheads). s, slow muscle; f, fast
muscle; sk, skin; ms, myosepta. Scale bars, 200
(A-C,E); 100um (D,F,G).
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consensus tree was assembled using CONSENSE (Phylipplies a better fit of the branch lengths to the data. Second,
package version 3.6). The node heights and branch lengths fee calculated the mean squared error (MSE) in a generalized

the final tree used are given in the Appendix. least-squares analysis (equivalent to the variance of the
o standardized contrasts) using PHYSIG.M of Blomberg et al.
Statistical analyses (2003). Again, a smaller MSE implies a better fit. We

We used both conventional and phylogenetically basedonsidered the foregoing two statistics for ipgnaximum
statistical analyses. For the latter, the phylogenetic topologgngth SLmax data reported in Table because it is the
estimated as described above (and shown in8figgas used, primary independent variable in the analysis and because fibre
and two different sets of branch lengths were consideredumber was expected to be strongly correlated ®lifax.

(see next paragraph). We tested whetheno®lgnax and  Finally, we examined the independent contrasts regression
log10FNmax exhibit significant phylogenetic signal (a tendency(through the origin) of logFNmax on logioSLmax. Here, a

for related species to resemble each other; Blomberg armigherr? implies a better fit of the branch lengths to the data
Garland, 2002) using the randomization test and associat¢éassuming that the data appear to fit the line well, e.g. linearity,
MatLab program (PHYSIG.M) described in Blomberg et al.homoscedasticity of residuals, lack of outliers or influential
(2003) and 1000 permutations. Becauseidelymax was  points).

strongly related to logSLmax We also tested for phylogenetic We used PDTREE (Garland et al., 1999) to estimate
signal in a size-corrected valueFNimax. Following Blomberg ancestral values and 95% confidence limits for botioBighax

et al. (2003), we first determined the allometric scalingand logesize-corrected=Nmax. A clear sister group to the
exponent for the log—log relationship using phylogeneticallynotothenioids has not been identified, although characters may
independent contrasts (Felsenstein, 1985), calculated with the polarised relative to the Bovichtidae, and this family has
PDTREE program of Garland et al. (1999). We then divideaften been used as a ‘functional outgroup’ (Eastman, 1993).
the value foFNmax by SLmax raised to the appropriate scaling We therefore compared node 2 in the phylogenetic tree (see
exponent [§=0.722 for real branch length$5=0.964 for Fig.8), which represents the ancestor of the Eleginopinae,
constant branch lengths), and then took the log of this valuélototheniidae, Channichthyidae and Harpagiferidae, with
We used the K statistic of Blomberg et al. (2003) as aode 6, which is the ancestor of the Channichthyidae.
descriptor of the amount of phylogenetic signal present i€omparison of the 95% confidence limits (c.l.) allowed us to
traits. A value of unity indicates that a trait has exactly theest whether either trait showed a significant change between
amount of signal expected under Brownian motion evolutiothe two nodes.

along the specified topology and branch lengths, whereas

values less than unity indicate less signal than expected, and

values of K greater than unity indicate more. Results

As discussed elsewhere, the branch lengths used for Patterns of muscle growth
phylogenetic analyses need to be tested for statistical adequacylhe stratified hyperplasia stage of growth is characterised by
and can have a large effect on the results of analyses (e.g. $&gers of fibres of relatively uniform diameter arising from
Garland et al., 1992, 1999; Diaz-Uriarte and Garland, 1998&jiscrete germinal zones (F2C). This pattern of growth was
Freckleton et al., 2002). The phylogenetic tree estimated dsund in the smallest specimens Nt coriiceps 6—7cm
described above includes estimates of branch lengths. Thestandard lengthSL), in which distinct layers of small diameter
branch lengths may be referred to as ‘real’ because they ar€l10pum) fast fibres were observed adjacent to myosepta at the
derived from data. However, they are derived from data odorsal (Fig2C) and the ventral apices of the trunk (not
DNA sequence divergence, whereas phylogenetically baseitlstrated). Active stratified hyperplasia was not observed in
statistical methods require branch lengths in units proportionalny of the other species for which juvenile stages were
to expected variance of character evolution for the actuavailable E. maclovinus4.4cm SLandP. tessellata3.3cm
characters (e.g. body size, fibre number) under study (e.g. s8&). In the remaining species studied, with the exception of the
Felsenstein, 1985; Garland et al., 1992; Freckleton et al., 200three channichthyids and twidarpagifer spp., new small
Blomberg et al., 2003). Therefore, such ‘real’ branch lengthdiameter fibres were found on the surface of existing fibres
may or may not perform well for statistical analyses. Hencegither in restricted zones (illustrated for a juvehllecoriiceps
as an alternative set of branch lengths, we set all segmentsito Fig.2D) or throughout the myotome (FBE). The
be equal in length (i.e. each segment was set to equal a valmgotomes of juvenil&. maclovinug5—7cm SL) showed fibre
of unity). We then compared the statistical performance o&ddition throughout the myotomal cross-section giving rise to
these two alternate sets of branch lengths by three criteria. pattern of fibre diameters typical of mosaic hyperplasia
First, we used the diagnostic check suggested by Garland et @fig. 2F). Fibre recruitment inE. maclovinusceased at
(1992) (see also Diaz-Uriarte and Garland, 1998), whiclapproximately 2&m SL, equivalent to 31% of the maximum
involves plotting the absolute values of standardizedttainable length Slmay (Tablel). Even in the largest
phylogenetically independent contrasts (Felsenstein, 1985pecimen caught (64cin SL), the characteristic mosaic
versustheir standard deviations and calculating the correlatiopattern of fibre diameters was still discernible (not illustrated).
coefficient (not through the origin). A correlation closer to zero Another species showing a prolonged period of mosaic
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hyperplasia wasD. eleginoides Muscle fibres <1@m
diameter were present in specimens 6SL or less, but
absent from fish over 58n SL It was not possible to establish
the precise length at which fibre recruitment ceased in thi
species. The complete range of juvenile and adult stages w
studied forP. tessellata(3.3—27.6cm SL). Fibres less than
10pm in diameter were only present in the four smalles
specimens 3.3-3&m SL This suggests that fibre recruitment
ceased between 3.5 and @i SL, which is equivalent to
12.6—-27.9% of the maximum-recorded length. The fast musc
of the smallest specimen Bf magellanicastudied (9.5mSL)
showed the characteristic mosaic pattern of fibres 2y,
but there were no fibres less thahuin diameter (not shown),
indicating fibre recruitment had already ceased at 32%x.
Only the smallesN. coriicepsstudied had muscle fibres less
than 10um diameter, suggesting recruitment had ceased
approximately 16.8% dBL

For all the other species, muscle growth was by fibre
hypertrophy alone for the length ranges studied. Fo
ChannichthyidaeGhaenocephalus aceratu@hampsocephalus
esoxandC. gunnar) and the twdHarpagiferspp., the fibres in
particular regions of the myotome were of relatively uniform
diameter (illustrated fdC. aceratusn Fig. 3A). Thus the pattern
of fibre diameter characteristic of mosaic hyperplasia wa
absent, which suggests that postembryonic growth was large
or entirely dependent on stratified hyperplasia.

In the largest individuals oN. coriiceps (Fig. 3B), P.
tessellata(Fig. 3C) andP. longipes(not illustrated) the fibres
appeared to be undergoing splitting. The connective tisst
sheath surrounding each fibre appeared to infiltrate ar
subdivide the fibre into 2-6 smaller daughter fibres
(Fig.3B,C), and in some cases there were aggregations
nuclei (arrowheads in Fi@C). Intermediate stages in this
process were also occasionally observed (not shown). Tt
incidence of ‘split fibres’ in the largest fish remained low
(1-3%) and was not sufficient to make a material difference t
the estimate of fibre number.

Fig.3. Phases of growth observed in the myotomal muscle of
Distribution of muscle fibre diameters Antarctic and sub-Antarctic notothenioid fish that have a relatively

Smooth distributions were fitted to measurements oW final muscle fibre number. (A) Transverse section through the
- . . . trunk stained with Haematoxylin—Eosin from an adult icefish
800-1000 muscle fibres per fish using a kernel functiol

. S . . . Chaenocephalus aceratu27.6cm standard lengthS(). Note the
(Fig. 4A,B). The distributions of fast muscle fibre diameters INelatively uniform distribution of large diameter (approx. 206)

the juvenileE. maclovinustudied were unimodal with a peak ,scle fibres. (B) Transverse section of a region of fast muscle fibres
density that increased from 10-@ diameter over the length  from an adultNotothenia coriiceps35.5cm SL, stained with Scarab
range 4.4 (red line in FigiA) to 18.6cm SL Some evidence Red to visualise collagen fibrils. The arrowheads show the apparent
for a bimodal distribution of fibre size was observed in fish osplitting of a fibre into smaller daughter fibres each surrounded by a
23.4-28cm SL(Fig. 4A). In individuals greater than 28N SL  connective tissue sheath. (C) Transverse section of a region of fas
there were no small diameter fibres, and in the biggemmuscle fibres from an aduRatagonotothen longipesp. (27.&m
specimens there was a broad unimodal distribution of fibrSL showing the apparent splitting of a fibre into smaller daughter
sizes with a peak ranging from 100 to 200 diameter (blue fibres. Arrowheads indicate the position of myonuclei. ms, myosepta.
line in Fig.4A). In contrast, fast fibre diameters in the smallesS¢@€ bars, 20am (A,B); 10Cum (C).

specimens (3.3-84m SL) of P. tessellatavere bimodal (red

line in Fig.4B), with the distribution becoming unimodal and maximum size reported for this species (Tdblethere was a
broader with increasing SL (green and blue lines in4Bj.  broad peak to the distribution from 250 to 500 diameter
Fibres less than 40m diameter were not present in fish of (blue line in Fig4B). There was also a distinct right-hand peak
8.6cm SLor larger. In an individual, 27.@mn SL, close to the of fibres 20-10Qum diameter, which was not present in fish
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20-23cm SL, probably corresponding to fibres produced by Muscle fibre number
the splitting process illustrated in FI3B,C. _ FNmax was estimated for all 16 species. The change in the
An estimate of the maximum fibre diameter per fish wasumber of fast muscle fibre§N) per trunk cross-section in
obtained from the 99th percentile of the distribution and thes@|ati0n to the total cross-sectional area of muscle (TCA) at
values were similar to the average value of the 10 largest7 SL for three of the species is shown in B—C. Among
f_ibres measured. In_ all cases the maximum fibre diameter wapecies, logFNmax was positively and apparently linearly
linearly related to fish standard length (F3@\,B), although  related to logoSLmax (Fig. 7). Fig.7 also indicates that size-
there was significant interspecific variation in the slopes angorrected FNmax was apparently unrelated to geographic

intercepts of the relationships (Tal@lp The highest slopes origin, and inspection of Fig indicates no obvious relation
were found in those species with the lowest number of fasiith locomotory habit.

fibres per trunk cross-section (FI_@A,B) _(TabIeZ). For Log10SLmax 10g10FNmax and logesize-correctedrNmax all
the species that were close to their maximum body lengtishowed highly significant phylogenetic signal (@#0.001),
FDmax was 550um in P. longipessp. and 60@im in P.  jrrespective of whether the real (as in Fy.or arbitrary

tessellata(Table2). For the nine species where it could bepranch lengths (each segment length equal to unity) were used.

determined, there was no relationship evident between thgnus, for all traits examined, closely related species tended to
geographical zone in which the fish were capturedrihghx

(Table2).
700
A N
600+
0.0357 A Eleginopsmadovinus
500+
0.030+
44 cm 4004
0.025 -
300+
0.020 30.0cm
0.015 - £ 29
Q
0.010 2 1001
S 0
0.005- 641 cm ° 70
7 2
é 0 I T T T T 1 % 700
= 0 100 200 300 400 500 S
£ ¥ 6004
E s
< 0.0351 B patagondothen tesselita 500+
0.030- 4001
0.025 - 3001
0.020 - 200
0.015
100+
0.010 -
0 : ; ; ; ; .
0.005+ 0 10 20 30 40 50 60 70
0 Standard length (cm)
I T T T T
0 200 400 600 700 Fig. 5. The relationship between the estimated maximum fast muscle
Muscle fibre diameter (pum) fibre diameter and standard length within nine species of

Notothenioid fishes from the Southern Ocean and Patagonian shelf.

Fig. 4. The distribution of muscle fibre diameters in relation to fish(A) Antarctic PeninsulaNotothenia coriicepgopen squares); Shag
standard length §L, cm) in the fast myotomal muscle of (A) Rocks, Dissosticus eleginoidegopen circles); Tierra del Fuego,
Eleginops maclovinusind (B) Patagonotothen tessellat&smooth  Eleginops maclovinus(filled circles), Patagonotothen tessellata
distributions were fitted to 1000 measurements of muscle fibr(open triangles)P. longipessp. (inverted filled triangles) and.
diameter using a kernel function. Each dotted line represents sima (filled squares). (B) Shag rocks, Icefish€haenocephalus
individual fish. The coloured lines represent the smallest (red), thaceratus(open triangles)Champsocephalus gunngdpen squares);
largest (blue) and an intermediate size (green) fish, of indiGted Tierra del FuegdRaratonothenia magellanic@&losed circles).
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Table2. Regression statistics for the linear regression of muscle fibre diameter on standard length, and the estimated maxi
fibre diameter

Species d.f. residual Intercept a Slope b r2 Significance P) FDmax(1m)
Tierra del Fuego
Eleginops maclovinus 48 67.8+3.1 4.7+0.13 0.96 <0.001 490
Paranotothenia magellanica 20 26.0+15.7 13.4+0.8 0.94 <0.001 500
Patagonotothen tessellata 16 -16.3+19.7 22.1+1.3 0.95 <0.001 600
Patagonotothen sima 6 9.2+23.8 24.3+2.5 0.94 <0.0001 300
Patagonotothen longipesp. 6 -2.8172.3 18.7+3.3 0.84 <0.002 550
South Georgia
Dissosticus eleginoides 17 135.2+11.4 2.90+0.3 0.87 <0.0001 350
Chaenocephalus aceratus 9 -55.2+12.4 12.8+0.4 0.99 <0.0001 600
Champsocephalus gunnari 16 -35.7+35.6 14.4+1.3 0.89 <0.0001 500

Antarctic Peninsula
Notothenia coriiceps 13 20.9+12.7 13.0+0.5 0.98 <0.0001 550

d.f., degrees of freedom.
FD, fibre diameterFDmax maximum fibre diameter, wheF®=a+bFEDmay).
Values of a and b are means.&m.

have phenotypes that were more similar than for speci€khe 95% c.l. of logpSLmaxat node 2 overlapped with that for

chosen at random from the tree. node 6, indicating no significant difference in the estimated
All three criteria suggested that setting all branch segmentwdal values. However, the 95% c.l. at node 2 for size-

equal to unity in length was preferable for statistical analysesorrected logoFNmax do not overlap those for node 6, and so

as compared with use of the real branch lengths. Foralues at the two nodes can be considered significantly

logi10SLlmax, the correlation between the absolute values oflifferent. Thus, there has been a trend for the reduction of

the standardised contrasts and their standard deviatios&ze-correctedNmax but notSLmaxin the lineages leading to

was —-0.478 for the real branch lengthsrsus0.190 for node 6.

constant branch lengths. The corresponding MSE values were

0.162 and 0.109. Finally;2 in the independent contrasts

regression of logFNmax on l0gi0SLmax was 0.763versus Discussion

0.845. Thus, we used constant branch lengths in the following Skeletal muscle fibres are differentiated multicellular

analyses. structures specialised for contraction. It is generally accepted
The independent contrasts linear regression (constant branittat the mechanism for increasing fibre number during the

lengths) was: postembryonic stages involves the activation of myogenic

l0g10FNmax = 3.17 + l0goSLinax x 0.964 precursor cells, which proliferate before leaving the cell cycle

(F1,1435.0,P<0.0001;r2=0.71)

Table3. Estimated ancestral values of lagnaximum
standard lengthLmay and body size-corrected maximum
fibre number ENmay at nodes 2 and 6 of the phylogenetic

tree estimated for notothenioid fishes

With constant branch lengths, the K statistic was 0.76 for
logi0SLmaxand 2.81 for logsize-correcte®Nmax. The former

value is typical for measures of body size of a variety of
organisms as compiled in Blomberg et al. (2003), but the latter

is higher than any of the 35 values for morphological Node Lower 95% c.l.  Value  Upper 95% c.l.
traits (size-corrected when necessary) that they report logioSlmax
(range=0.29-2.22). Thus, lagize-corrected~Nmax shows a 2 1.58 1.90 2.22
relatively strong tendency for related species to resemble each 6 1.27 1.58 1.89
other. . . logiobody size-

Finally, we tested the hypothesis that size-correEtédax correctedNmax
was significantly lower at node 6 (supported by 88 out of 100 2 3.01 3.20* 3.40
bootstraps) than at node 2 (supported by 100 out of 100 6 2.28 2.47 2.66
bootstraps), which would indicate an overall reduction in fibre
number in the lineages leading to node 2. Bec&Migx iS Branch lengths were set equal to unity for these analyses (see

strongly related toSLmax (see above and Fig), we also XD _ o
comparedSLmax at node 6 and node 2. The calculated 95% fsl Cf;_nf'd‘ircg_#m't't hE<0.05 evel
c.l. assuming constant branch lengths are shown in Bable 'gnificantly difterent a oo level
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and fusing to form new myotubes (Koumans and Aksterremains highly controversial, and cells with the
1995; Johnston, 2001). However, some early studies failed tdtrastructural characteristics of myogenic precursors were
find candidate myogenic cells and it was proposed that in fissubsequently reported in the European eel (Romanello et al.,
additional muscle fibres could also be produced by a proce4987) and other species (Stoiber and Sanger, 1996). In the
of splitting or budding in the mulléfugil cephalugCarpené present study, we found that fast muscle fibres became
and Veggetti, 1981) and European ewlguilla anguilla  subdivided in the largest specimens of three species of
(Willemse and Lieuwma-Noordanaus, 1984). This suggestionotothenioid studied, leading to a small increase in fibre
number (Fig3B,C). The appearance of these subdivided
fibres, which were surrounded by a network of collagen

2.0x10° fibrils, was quite distinct from the pattern of fibre diameters
A o0 -" observed following either stratified or mosaic hyperplasia.
1.6x105 | ° e Subdivision was not restricted to fibres that had reached the
T AR maximum diameter and further investigation is required to
1.2%105 | o determine whether ‘fibre splitting’ is a normal growth process
! or related to some pathological phenomenon such as a
parasitic infection.
8.0x10% | ‘ The notothenioid fishes comprise 8 families, 48 genera and
¢ 139 species (Balushkin, 2000) or, more conservatively, 8
4.0x10% | ¢ families, 43 genera and 122 species (Eastman and Eakin,
2000). Cladistic analysis of osteological features has
0= ; ; ; ; contributed to resolving notothenioid familial relationships
0 10 20 30 40 50 (lwami, 1985). There have been several phylogenies based on
nucleotide sequencing of mitochondrial 12S and 16S rRNA
25x10° (Bargelloni et al., 1994; Ritchie et al., 1997) and nuclear 28S
B rRNA (Lecointre et al., 1997). These molecular phylogenies
20x108 | R implied extensive paraphyly, especially in the Bovichtidae and
2. R Nototheniidae. Bovichtid species were placed at the base of the
% 15x103 ,*"A*A”M# ******************** tree in the sub-Antarctic zone whilst the ‘core’ notothenioids
3 A A s N are largely Antarctic (Bargelloni et al., 2000). Based on
L o] 2 mMtDNA sequences, the diversification of this clade is estimated
i at 15—-20 million years (my) ago and after the formation of the
A
5x108 { *
55
O ‘ A
0 2 4 6 8 10 12 14 16
5.0 -
5x10* .
C g 45
4x10% . © . . Eo
ffffffff . o
u - ] o 4.0 |
3x10%{ = .
u 351
2x10% |
u
3.0 T T T T . . . .
1x10% 4 06 08 10 12 14 16 18 20 22 24
0 IOglosl-max
6 2 4 6 8 10 12 14 16 Fig.7. The relationship between lpgmaximum fibre number
Muscle TCA (mnd) (FNmax, data from Fig8) and logo maximum standard length

(SLmax, data from Tabld) among 16 species of notothenioid fishes
Fig. 6. (A—C). The relationship between the number of muscle fibrefrom Tierra del Fuego (filled circles), Shag Rocks, South Georgia
and the total cross-sectional area (TCA) of fast muscle at 0.(open triangles) and the Antarctic Peninsula (open circles). A
standard lengthSl). (A) Eleginops maclovinygB) Patagonotothen  conventional least-squares linear regression was fitted to the data.
tessellataand (C)Notothenia coriicepsThe broken lines represent The equation was: lagFNmax=2.53+l0g0SLmaxx1.12 1,1430.8,
the estimate 0FNmax P<0.0001;r2=0.69).
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Antarctic Polar Front and climatic cooling (Bargelloni et al.,Clements, 2000). It has been argued that the low competitive
2000). The phylogeny reported in F&.was in broad environment under which the notothenioid radiation has

agreement with previous studies and assumedQhafobio occurred has allowed a higher tolerance of disaptation
was the most basal of the species studied. The bootstrégvolutionary loss of function) than in other species flocks

support values from the Phylip analysis are shown in&ig. (Clarke and Johnston, 1996; Montgomery and Clements,
The family Nototheniidae is probably paraphyletic, wherea2000). Examples of disaptation include the loss of respiratory
Hapagiferidae and Channichthyidae are monophyletic. pigments in channichthyids and the incomplete canal

The Antarctic continental shelf waters have been less thaormation in the lateral line associated with secondary

5°C for about 12ny and today approach —1.86°C all the yeampelagicism and paedomorphosis (Montgomery and Clements,
around (Clarke and Crame, 1989). Notothenioids compris2000).

55% of fish species from the continental shelf and upper The present study has shown that the radiation of the group
continental slope of Antarctica and often represent in excess bés also been associated with a progressive loss in the bod
90% of the species collected (Eastman, 1993; Eastman asize-specific maximum number of fast fibres in the myotomal

Eakin, 2000; Clarke and Johnston, 1996; Montgomery anthuscles FNmax) of the more derived species, e.g. node 6

Family Geographical zone

164,000+4,100 (17)
NOTOTHENIIDAE
D. eliginoides

227,500%4,300 (6)
P. borchgrevinki
9,500+900 (4)
10 T. newnesi
(97) 10,400+1,600 (4)
P, tessellata
15,900+600 (13)
P. sima
8,600+500 (8)

P, longiceps
16,800+700 (8)

P. magellanica
37,500+1,200 (22)

N. coriiceps
36,400+1,100 (14)
N. rossii

37,037 (2)

CHANNICHTHYIDAE
C. esox 7,630 (1)

C. aceratus
12,700+400 (18)

C. gunnari
13,400+300 (14)

(100)  ~/3,8004100 (13)

Fig. 8. Maximum likelihood phylogenetic tree estimated from 12S mitochondrial rRNA sequences and the trait values for the finaf numb
fast muscle fibresf\max) for the notothenioid fishes studied using Phylip. Values are mearsu+ (number of individuals). The bootstrap
support values obtained from the Phylip analysis are shown italicised in parentheses by the nodes (see text for detailsh [Ehgths and
node heights for the tree are given in the Appendix. The size of the fish gives some indication of their relative sizesréutahdrawn to
scale. The locomotory habit of each species is also shown: D, demersal; D/P, demerso-pelagic and P, pelagic. The cot@htlanthe
side show the geographical zone of capture for each species: Beagle Channel (green), Shag Rocks, South Georgia (lighhtaltaticand
Peninsula (dark blue). The colours on the left-hand side indicate the current taxonomic families, some of which are ndéticonophy
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versusnode 2 in Fig8. The maximum standard leng®lL{ax) number was found to increase only twofold between the yolk-
was a good predictor dFNmax €explaining about 70% of sac larvae and adult stages, and postembryonic muscle growth
the variation observed among the 16 species studied?fig. was entirely supported by fibre recruitment from localised
Both logioSLmax and the size-corrected values ofdéNmax  germinal zones (stratified hyperplasia) (Johnston et al., 2002).
showed highly significant phylogenetic signBk(0.001), and Several characteristics of notothenioids, including the long
the amount of phylogenetic signal was unusually high for theelagic larval stage of many Antarctic species, the attainment
latter trait. Thus, considering all 16 species in the study, relateaf sexual maturity at a large proportion of maximum size, the
species tended to resemble each other with respect to bd#itk of haemoglobin in channichthyids, the lack of scales
traits. However, the 95% c.l. for the estimated ancestral valua channichyids and many bathydraconids (reviewed in
of logioSLmax at node 2, representing the ancestor at th&lontgomery and Clements, 2000) and the reliance of
base of the notothenioid radiation, overlapped with node G&mbryonic and stratified hyperplasia during for growth in adult
representing the ancestor of the Channichthyidae, one of tlséages, indicate that paedomorphy has been important in
more derived families (Fig). This suggests that there hasnotothenioid evolution.
been no general trend for a reduction in body size during the Basic geometry dictates that an evolutionary increase in
radiation of the group. Indeed, the ancestral condition isnuscle fibre diameter will decrease the surface-to-volume
generally thought to have been a small benthic specieatio of muscle fibres. This can be expected to decrease basal
(Eastman, 1993). In contrast, there was statistical evidence fenergy requirements because of the concomitant reduction in
a reduction in logssize-corrected*Nmax between node 2 and membrane leak pathways, which would mean that fewer
node 6, consistent with a general trend for reduced fibrenergy-utilising pumps were required to maintain ionic
number in the more derived species. Thus, one of the largesuilibria (Hochachka, 1986). It has been estimated that up to
species studiedChaenocephalus aceratusvhich reaches 40% of basal energy requirements are required to maintain
85cm Slkmax had only 12700 fast muscle fibres per trunk ionic gradients (Jobling, 1994). Clarke and Johnston (1999)
cross-section, or 7.7% of the 16@0 fibres inE. maclovinus  summarised literature data on the metabolic rate of different
which reaches a similar size (F&). For comparison, Atlantic fish taxa and found a significant curvilinear relationship
salmon Galmo salarL.) (Salmonidae) of 50-76ém SL have  with temperature. However, there was no evidence that
550000-120M00 fast muscle fibres per trunk cross-sectiomotothenioids departed from the general trend of metabolic
(Johnston et al., 2000). rate with temperature in Perciformes (Johnston et al., 1991;
An important consequence of the reduction in fibre numbeClarke and Johnston, 1999; Steffensen, 2002). Notothenioid
in the more derived lineages of notothenioid fish is an increadsh have additional energy costs compared with other
in their maximum diameter, which can reach @@®in some Perciformes associated with the synthesis of glycopeptide
species depending on their final body size (5)g.Aerobic  antifreezes, which are present at high concentrations in the
muscle fibre types (slow muscles) that depend on oxygeplasma and other body fluids (Cheng and DeVries, 1991). It
delivery to support their contractile activity also haveis possible that reductions in other aspects of basal
correspondingly high maximum diameters in some Antarctienetabolism, e.g. in relation to the loss of fibre number, serve
fish, and can reach 190n (Archer and Johnston, 1991; to compensate for the additional energy costs associated with
Smialovska and Kilarski, 1981). Whether the maximumantifreeze production.
numbers of slow and fast muscle fibres show a parallel Several ‘core’ notothenioid species, including the icefish
reduction across the group remains to be determined. Fesoxand species from the genBstagonotothenare found
Atlantic cod, fibres attain a maximum diameter ofys® in  outside the Antarctic, mainly in Patagonian waters (DeWitt et
slow and 13@m in fast muscle at 88n SL (Greer-Walker, al., 1976). The theory of an Antarctic origin for sub-Antarctic
1970). FDmax is approx. 22um in Atlantic salmon and is notothenioids is supported by the distribution of antifreeze
attained at around 5fin SL and (Johnston et al., 2000). The genes among representative species (Cheng, 2000). It has beer
maximum muscle fibre diameter in the highly active tropicauggested that the presence of closely related species on either
top predator, the Pacific Blue Marlirvi@kaira nigricans side of the APF represents ‘jump dispersal’ associated with
Lacopode 1803), is 50m for slow and 12@um for fast episodes of climatic change rather than passive vicariance
muscle, even in fish exceeding 1P total mass (I. A. (Bargelloni et al., 2000). However, it is noteworthy that
Johnston, unpublished observations). Although theseveral species of notothenioids, includ®ggunnarj which
comparative data are limited, the large maximum diameter afccur in the Antarctic, are also found at some islands
muscle fibres in notothenioid fish does appear to benmediately to the north of the APF (Fisher and Hureau,
exceptional. 1985). The relatively recent origin of the derived sub-
Interestingly, the pattern of fibre diameters observed in thAntarctic notothenioids (Notothenidae and Channichthyidae)
juvenile and adult stages of two recently diversified families ovould then explain why they have a relatively low muscle
notothenioids, the Channichthyidae and the Harpagiferidadéipre number and high maximum diameter, traits that
was not consistent with the involvement of the mosaioriginated in a colder and more stenothermal environnient.
hyperplasia phase of muscle fibre recruitment. This wamaclovinusandC. gobiohave a greater size-correctéNmax
confirmed using laboratory reared. antarcticus. Fibre  than the other notothenioids studied, indicating that they are
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probably the least derived species. TRusnaclovinugandC. Node
gobioprobably diverged from the other notothenioids with the Ancestor Node Height Length
separation of South America from Antarctica around 25-20

million years ago, and did not subsequently invade from i’?m c tlasBOV 0.25660 0.25669
Antarctica. This is probably the general case for Bovichtidae, gob- : :

. . . . 13 2 0.20168 0.20168
Pseudaphritidae and Eleginopidae, since they are all 5 Emac-NOT 0.25669 0.05501
represented by non-Antarctic species that lack antifreezes, 2 12 0.20438 0.'00270
except for a single Antarctic species of bovichtid (Eastman 12 Dele-NOT 0.25669 0.05231
and Eakin, 2000). 12 1 0.20444  0.00006

The rate of oxygen delivery to aerobic muscle fibres is a 1 9 0.22476 0.02032
function of the fibre diameter and factors that affect diffusion 9 10 0.24728 0.02252
rate (Egginton et al., 2002). The latter include temperature, the 10 Pbor-NOT 0.25669 0.00941
distribution of mitochondria and lipid droplets within the fibre, 10 Tnew-NOT 0.25669 0.00941
and overall metabolic demand (Desaulniers et al., 1996; 9 8 0.24873  0.02397
Londraville and Sidell, 1990; Egginton et al., 2002; O’Brien g Ptei'SNOT 00'2255266689 006000379956
et al., 2003). The temperature-dependence of the state 3 _ ' '

T . . . . 15 Psim-NOT 0.25669 0.00401

respiration rate of isolated mitochondria with pyruvate as
. . . . . 15 Plon-NOT 0.25669 0.00401
substrate was described by a single quadratic relationship for 1 4 0.22386 0.01942
all Perciformes studied, with no significant upregulation of the 4 5 0.23644 0.01258
maximum rate of oxygen uptake per mg mitochondrial protein 5 Pmag-NOT 0.25669 0.02025
in Antarctic and sub-Antarctic species (Johnston et al., 1998). 5 14 0.24895 0.01251
Adequate oxygen delivery to large-diameter muscle fibres is 14 Ncor-NOT 0.25669 0.00774
probably only possible because of the very low metabolic 14 Nros-NOT 0.25669 0.00774
demand in polar fishes at low temperature (Johnston et al., 4 3 0.22938 0.00552
1991; Clarke and Johnston, 1997; Steffensen, 2002). 3 6 0.24280  0.01342
Modelling studies indicate that a low fibre number and high g Ces‘l’iCHA (?'2245764?19 (%)0143:3

maximum fibre diameter does not limit adequate oxygen flux X X

o . . 11 Cace-CHA 0.25669 0.00928

at low body temperatures (-2 to +5°C) in notothenioids
. . . . 11 Cgun-CHA 0.25669 0.00928
(Egginton et al., 2002). There is evidence that heat death in 3 7 0.25544 0.02605
Antarctic fish is linked to an oxygen limitation, resulting from 7 Hbis-HAR 0.25669 0.00125
a mis-match in oxygen delivery and consumption at the tissue 7 Hant-HAR 0.25669 0.00125

level (Portner, 2002; Mark et al., 2002). Thus, a Hi@hnax
may well constrain the upper thermal limit of notothenioids,

particularly in the case of the icefigB. esoxand other This work was supported by a grant (GR3/12550) from the
Channichthyids that lack respiratory pigments (Egginton et alNatural Environment Research Council of the UK and by the
2002). Antorchas Foundation, Argentina. D.F. was in receipt of
support from CONICET, Argentina, an Antorchas-British

) Council award for studies in the UK and from the Russell

Appendix Trust Development Fund, University of St Andrews. T.G. was

The phylogenetic tree was constructed using the Maximurdupported by US National Science Foundation grant DEB-
Likelihood method with molecular clock using Phylip version0196384. We thank Dr F. E. Stockdale, Stanford University
3.6a2.1. Empirical base frequencies were: A, 0.27453; Gor kindly providing the S-58 and F-59 antibodies. We are
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Discrete approximation to gamma distributed rates
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FISH FIBRES FOLLOW PHYLOGENY

Since the Antarctic Polar Front developed
more then 20 million years ago,
temperatures in the southern-most
continent have fallen, forcing many of the
species trapped there to adapt as the
climate hardened. Notothenioid fish
comprise more then 50% of the species in
Antarctica’s waters, and one of their
responses to the harsher conditions has
been to increase their muscle fibre size.
Could the fishes’ larger muscle fibres be a
derived feature that emerged as
Notothenioid species diverged? lan
Johnston was intrigued by the enormous
muscle fibres, but to get to the bottom of
the evolutionary question, he says ‘you
can't just look at the fish in the context of
today’s environment’ because not all of the
fish have stayed firmly trapped in
Antarctica’s icy conditions; some have

NLT CONTINVE
Tl EIBRES

T HAVE NO
LebT AT AL

fERSONALLY, (AMERAPE, | THINK
NE'D HAVE BEEN BETTER OFF EVILVINA
A PROTEST MoVEMENT WMTH A BIT

MORE MySCLE ...

muscle structures, without interference
from the fishes’ confusing climatic past,
Johnston would need to build the
Notothenioid’s family tree (p. 2595.

But it took Johnston four years of travel
and help from colleagues at the British
Antarctic Survey before he had collected
16 species of Notothenioid fish from
Antarctica, as well as the warmer waters

Pete Jeffs is an illustrator living in Paris

Johnston suggests that the increase in fibre
diameter could reduce the fishes’ energy
costs. As the fibre’'s diameter increases, its
surface-to-volume ratio decreases, and so
the fibre requires fewer energetically costly
ion-pumping proteins to maintain its ionic
balance. By reducing the number of pumps
in the fibre’s membrane the fish will
potentially conserve energy, which they can
then divert to other metabolic demands

around Tierra del Fuego and in the Beagle such as antifreeze production to protect

Channel. Back in the lab, Johnston and
his coworkers analysed the fishes’ muscle
structure, measuring the fibres’
dimensions and counting the fibre
numbers. Then they constructed a
phylogentic tree for the fish, based on
mitochondrial 12S RNA, and compared
how the muscle fibre size had changed
since the species began diverging. From

themselves from Antarctica’s perishing
conditions.

10.1242/jeb.00491

Johnston, I. A., Fernandez, D. A., Calvo, J.,
Vieira, V. L. A., North, A. W., Abercromby,
M. and Garland, T., Jr (2003). Reduction in
muscle fibre number during the adaptive
radiation of notothenioid fishes: a

returned to the warmer waters near Tierra the tree, Johnston could see that the most phylogenetic perspectivd. Exp. Biol.206,
del Fuego. So the species that passed time recently derived species had the largest

in Antarctica experienced very different
climatic conditions to the Notothenioids

muscle fibres but, more surprisingly, they
had far fewer muscle fibres than their

that stayed put in warmer waters. If he was distant relatives. The loss in fibres also

going to be able to compare the fishes’

followed a phylogentic trend.

2595-2609.
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