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ABSTRACT

Tlte pcr<'ifitrnt.rulxtrdar Nototlu'nioid<'i i.r u highl.v liwrsilitd gnntp ol'./ish itrltuhitittlq

tlrc Soutlrcrn Ocean. In !cnns ol'tturnlvr.r ttl'spt'cit's und bionu:;s. it r<,present.r un

irrrportuttt elunt'tt! in tltt' Attturc!it'trwrittt't'ttrirt,nilil',tL 'l'lt<'prc.s<'trt .tttul.t, it'"c:;tigutcs

thc phylogencti<'rclotionships o.l' lS.spct'ic:; ol'notothanioids Jrom./it'c /hmilics
( Bovkhtiduc, Nototlrcniiduc, Artulidruutnitktc, Iluth),druuurüluc antl

Cltunttichthyictaa). Trvo Antur<'ti<' spcdes tnnn thc.liunilv Zoarci<loe ( Ptrcifbrnrcs)
wcrc inc'lwlcd in lltc unuly,si.s as en outllroup. Plryloucttctit'unulyscs rt'cre ltu.rul on

purtial sequutce.t o.f' the l2S and l65 mitoclnndt'fu| riho.ronul RNA gcncs. A totul of
928 hu:;c puirs ( hp ) n'uc saqtrcncul.fbr auch ol tlrc 20 tu:;u.

Both distancc arul nruxinuun parsimonv-ltu.sed nrctluxls n'cre u.sed to inJcr thc phr
logcnctit' rclutbnships atrumg and within.fumilies o.f' nototltcttioitls. Thc topology of
the tree.s ohtainad Jrom lhc molec'ular duta tlid not sign(iruntly differ lrtm thut pro-
po.tcd on thc ha"^is of norphological luta. Tltc Bovi<,htidue uppcur to bc tlrc .sister

group Io all othcr notothenioidJiunilics. Tha DNA anal),si.r.llgllc.rl.r thut tlrcfomilics
Notollrcniklac and Bath;ulrut'oniduc urc puruphylctit'. Tlrc short hrunch lcngtltr dis-

plul'cd by the neighbour-joining tca night uc&nmr Ji,r u rudiution-like tnoda of awlu-
tion. Tlrc tinrc rl'divcrgencc utnong nototlrcnioil:; wts cstirnutul on tltc basi.y ol' rlrcir
truc I c o I i dc d i vc rge n ce.

Kcy words: Notothenioid evolution, molccular phylogeny, l25 and l65 rRNA.
mitochondrial DNA.

INTRODUCTION and arc distributed nearly exclusively in the Antarctic marinc
waters (Eastman 1993, p. 55). This is a uniquc cnvironnrcnt.

Thc pcrcilbrm suborder Notothenioidci is a highly diversilied clraracterized. espccially in thc high-Antarctic Zone. by tenlpcr-
group ol'fish inhabiting the waters around thc Antarctic conti- aturcs as low as *2 oC. prescncc ol'sea icc. and large scasonal

nent. In terms ol numbers ol species and biomass it represents lluctuations ol' the primary production. The prcsencc ol- a
thc donrinant element ol (he Antarctic fish {iruna (Gon & circunr-Antarctic currcnt, the Antarctic Convergcrrcc, reduces

Hecmstra 1990, Eastman 1991. Miller 1993). Notothcnioids the exchange of surlace water. thus partially isolating the

slrow a remarkable degree ol endemism (97'\t ol the species), Antarctic Ocean. Thesc I'eatures, togcther with a decreased
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availability ol shell habitats. seem to have reduced the opportu-

nity lor the fish launa to diversily and colonize different habitats'

Notothenioids have evolved several, remarkable, adaptations to

the Antarctic conditions, enabling them to occuPy successfully a

large variety ol ecological niches (Kock 1993, Eastman 1993'

p.67). Among the physiological and molecular adaptations dis-

played by notothenioid fish, the most striking is certainly the

presence of antifreeze glycopeptides (AFGPs), which are

responsible lor depressing the freezing point of the blood. thus

ensuring that the fish do not lreeze under Antarctic conditions

(DeVries 1988, Cheng & DeVries 199 l).

Also other relevant physiological leatures, such as blood

viscosity, oxygen transport and the cardiovascular system, diffcr

significantly in these fish from those in temperate species (Wells

1987. Macdonald & Wells 199 l, Tota ct ul. l99l). [n some

Antarctic species haemoglobins have reduced aflinity lor

oxygen; the extreme case is represented by the icefish (lamily

Channichthyidae), which lack haemoglobin (Wells cr rrl 1990' di

Prisco el al. 1990, l99l) and which have therelbre been callcd

'white-blooded fish'. This major change in the blood biochem-

istry of Channichthyidae is allowed by the oxygen saturation of

the Antarctic sea water, but whether it represents an adaptation

or it is simply due to relaxed selection is difficult to say. On the

contrary, neutral buoyancy, which is typical ol some pelagic

nototheniods (i.e. Dissostichr.r.r spp.), evolved from an ancestral

benthic condition characterized by the absence of a swim

bladder; this can probably be considered an adaptation to the

pelagic niche (Eastman 1985).

The suborder Notothenioidei consists of six lamilies

(Bovichtidae Nototheniidae, Artedidraconidae, Harpagiferi-

dae, Bathydraconidae and Channichthyidae) with over 120

species (Eastman 1993, p. 59). The phylogenetic relationships

among and within these lamilies have been established, so lar,

solely on morphological characters (lwami 1985). However, the

complete lack of lossil records lor these fish has made definition

ol their time and mode ol evolution very difficult.

In the present study we report the molecular phylogeny ol
notothenioids based on the partial sequence ol l2S and 165

rRNA mitochondrial genes (Bargell oni et al. 1994). This molec-

ular approach provides an alternative hypothesis lor the evolu-

tion of these Antarctic fish as well allowing comparison with

phylogenies based on other characters. In addition, the DNA

data permit (il the homogeneity ol the nucleotide substitution

rate is proven to hold by specific tests) timing ol the evolutionary

events of notothenioids, therelore providing insights into the

mode of evolution, possibly related to paleoenvironmental

events in Antarctica.

MATERIAI,S AND METHODS

Total genomic DNA was extracted from ethanol-preserved

samples, as described elsewhere (Kocher et ai. 1989). The species

examined were the lollowing: suborder Notothenioidei (lamily

Bovichtidae) Bovichtus vuriegatus (lamily Nototheniidae)

L. Burgclloni cl itl.

Tretnatomus culcpidolu.s, T. hursoni. T. nirclui, T. pour<'llii,

Pugothcniu borchgrcvinki, Nolollrcnia utriict'pt ttcgl((ru.

Gohionolotlrcn gihbcrifntns, Dr'.rrostic/ur.r nrurr'.rotti (lamily

Artedidraconidae) Hi.ttiotltuco vclilcr. Pol4onophrync stttttil.

(lamily Bathydraconidae) Gvmnodrtt<'o atuticcps. Cygnodrattt

tttart'so tt i, Purac' hucnich I 1,s clrurtp I i: ( I umily Channichthyidac )

Chucnoccphalus accralu.t, Chionodrurc lrunrulu.r, Cr.t'olnutt

untar(' t icu:s, Pugat opsi.t ntuc,'(,p t (rus. Trvo Antarctic spccics of
Zoarcidae ( Perci lormes), L1't' od i c h t ht's dc a r lx t n r i an<J Pu c h.r' t u nt

hrachyccplrulu,r, were included in the study as outgroup.

The polymerasechain rcaction (PCR) (Saiki ct a/.. 1988) was

cmployed to amplily two segments of thc mitochondrial l)NA
(mtDNA), from thc l65 and l25 ribosonral I{NA gcncs rcspcc-

tively. Double- and singlc-strand arnpli{ications irnd dircct

sequcncing were perlormcd according to Patarncllo tt ul. (1994\.

The PCR-primcrs used werc l2Sa and l2Sb ( Kochcr t't ul. 19891

and l6Sa and l6Sb (Palumbi ct ul. l99l). Iloth strantls of the

amplilied segments werc scqucnccd: 175 basc pairs (bp) of' thc

l25 gene and 553 bp ol' thc l65 gcnc *'crc cxatnincd lirr each ol'

the l8 taxa plus the two outgroups (GcnBank Accession

nu m be rs 2327 02-2327 39 and 2321 47 -23 27 48). D N A seq ue nces

were aligned using a multiple-sequcncc alignmcnt software

(CLUSTAL: Higgins & Sharp 1988). rvith dclault settings. The

alignment was unambiguous with the exception ol'a highly vari-

able region ol 45 bp in the l65 sequencc (positions 223-267 in

the dataset). The divergence times estimirte among taxa was

carried out both including and excluding this highly variable

region of the l65 rRNA.
Phylogenetic analyses were performed by maximum parsi-

mony (MP) implemented in PAUP (Swofford 1993). Due to the

large number ol taxa, heuristic search procedures were neces-

sary to search l'or the most parsimonious tree(s). The reliability

ol the heuristic searches was improved by using the option

'random addition of taxa' with 100 replications in PAUP.

Several different character-weighting schemes were used

(Bargelloni et al. 1994).

Neighbour-joining analyses (NJ) (Saitou & Nei 1987) were

carried out using the soltware package MEGA (Kumar et a/.

1993). Different methods were used to estimate evolutionary dis-

tances accounting lor multiple substitutions: Jukes-Cantor

(Jukes & Cantor 1969), Kimura's two-parameter model

(Kimura 1980), and Tamura*Nei's method (Tamura 1992).

Statistical confidence of MP and NJ evolutionary trees was

assessed using bootstrapping (Felsenstein 1985), with 400

replications each.

The homogeneity ol the rate was estimated using the relative

rate test (Wilson et al. 1977): this approach tests whether the

nucleotide substitution rates differ in two lineages using a third,
'reference' taxon; the advantage of such a test is that the

knowledge ol the clivergence times between lineages is not

required. The number of transversional substitutions per site

was estimated using Kimura's lormulas (Kimura 1980); the

values calculated lor each pairwise comparisons are reported in

Table 7.1. Variances and covariances were determined according
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to Wu & Li (1985). Using Brrlir'lrtus vric!:utus as rcl'crcncc

taxon. the hornogcncity of thc rate was statistically tcstcd lbr all
possiblc pairs of the remaining notothcnioids; lcvcls of'signili-
cancc were calculated using a stan<iardized norntal tcst (l tcst),

with infinite degrees of lrecdom. Divergence times betwcen taxa

were calculated as the ratio of genetic distancc (or mean gcnetic

distancc. when comparing clades with more than one taxon)and

divcrgence rate.

RESULTS AND DISCUSSION
Phylogenetic evidence

Both parsimony and distance-based phylogenetic analyses yield

an overall topology in good agreement with the phylogenetic

pattcrn derived from cladistic analysis of morphological charac-

tcrs (Eastman 1993); the relationships among families inlerred

l'rom molecular data are consistent with previous evidence. The
larnily Bovichtidae appears to be the sister group to the other
fämilies of notothenioids, being highly divergent lrom them.

The taxonomical status of two lamilies is questionable since

both methods (PAUP and neighbour joining) indicate the lami-
lies Nototheniidae and Bathydraconidae to be paraphyletic
(Table 7.1, Fig. 7. 1). Similarly, the sublamily Nototheniinae is

arr unnatural group because C. gihher(rorr.r is more closely

related to D. mawsoni than to N. coriiccps (Table 7. I, Fig. 7. l).
This is not surprising, since nototheniid systematic relationships
based on morphology were considered unsatislactory, with revi-
sions proposed recently (Balushkin 1990, l99l). Our molecular

data support the splitting of the genus Gymnodraco lrom the rest

ol Bathydraconidae, previously proposed on the basis of

morphological cvidcncc by l-lastings ( 1993. in Millcr 1993). Thc
ncighbour-joirring trce suggcsts tltzrt G)'nundraru is {hc sistcr
group of thc Channichthyidac (Fig. 7. lB). ll this rruc,

G),ttuutdru<tt, thc only telcost with a singlc hacmoglobin lacking
thc Bohr cllect, should bc regardcd as an evolutionarily intcr-
mcdiatc stcp toward the loss of haemoglobins in thc
Channichthyidac ( Eastman I 993).

Thc short branch lengths at thc intcr-familial levcl displayed

by the NJ trec (Fig.7. lB), compared with rhc grcar distancc

separating Bovichtus from all the other notothenioids, suggest

that rapid cladogenesis occurred long alter thc split of
Bovichtidae, thus offering little time lor mutations to accumu-
latc.

Estimating time of divergence from DNA scquence data

Genetic distances bctween species can be used as a measure of
time since their divergence; this is possible when the rate ol
gcnetic divergence is linear with time and homogeneous between

taxa (molecular clock hypothesis). Il the clock is valid, molecu-

lar data provide a valuable tool in timing evolutionary events.

However, even accepting the clock hypothesis, a problem srill
remains: calibrating the clock with absolute timing. This
calibration can be accomplished when geological records lor
cladogenetic events are available; dates are usually provided by

good lbssil records of the taxa under investigation and/or by

specific, well-established, geological events associated with
separation ol taxa (Caccone et al. 1994).

With regard to our data, evolutionary distances were calcu-

lated using transversions only, since transversions seem to evolve

linearly with time (Miyamoto & Boyte 1989, Mindell &

hrr--
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Fig. 7.I (a) 50'Z' rnajority rule c0nsctrsus M[) bo()tstrap trcc bascd 0tt a

priori weigirting sclremc (sce text). A M P analysis bascd on all cltaractcrs
unweightcd, resultcd in l5 shortcst trccs (344 stcps; rvith il c(rnsistcncy

indcx (CI):0.791 (rescaled CI:0.(r35). (b) Ncighbour-.j{)rning trcc

bascd on pairwise distances calculated on all mutations, according to

Kimura ( 1980). The scale bar indicatcs lrZr genctic tlistaucc. thc branch-
lengths are drarwn according to thc calculated distanccs. Nunrbcrs rcl'cr

to bootstrap valucs (Felsenstein 1985) and vcrtical b:rrs indicatc tlrc
current taxonomy ol notothenioid lämilics. as rcviewetl in Eastman
( r 993).

Honeycutt 1990). Few minor differences in the rate were

detected by the relative rate test, which involved the two

Artedidraconidae spp. and Cygnodrucrt rttutt'xtni. Therelore,

rates were considered sufficiently homogeneous to be used in

estirnating time ol divergence.

Two different estimates ol divergence rates were applied to

our data in order to calculate time of divergence between

notothenioid species. A rate of 0.[4'2, transversion (TV) per

million years (My) was proposed lor mountain newts (Caccone

et ul. 1994) and bovids (Allard et ul. 1992): the substitution rate

in newts was estimated using the same dataset (about 910 bp

from l25 and l65 rRNA mitochondrial genes) as ours, whereas

in bovids the complete sequence (2700 bp) ol the l25 and l65

rRNA genes was used. Despite this diUerence in the length ol
the DNA segment considered, it is interesting that the rate pro-

posed lor newts and bovids are identical.

Using our data, we perlormed a transversiotr rate calibra-

tion with the complete separation of Nerv Zealand from

Antarctica (57 million years ago (Ma)) as the estimated time of
divergence betrveen Bovich(u.s t'u'iagutus and the rest of
notothenioid taxa investigatcd. Whcn our complete dataset was

considercd (928 bp), the mean nucleotitle divergence between

Bovitlttu.s and the remaining species rvas 6.2"/,, TV. yielding a
rate ol'0. I l'2, TV/My which is very similar to that proposed lor

newts and bovids. When the reduced dataset (883 bp) was taken

into account (excluding the highly variable sequence), the mean

divergence ol Bovidrlus vuri(gülu.\ rvas 4.85'2, and the substitu-

tion rate was 0.085'Z' TV/My. which represents a more conscrv-

ative estimate. Due to the presence ol a 45 bp unalignable and

possibly hypervariable region. the completc datasct was

regarded as less reliable and therefbre the reduced datasct was

used to calculate divergence times. Using the estimates pro-

posed lor newts and bovids (0. l4"l,TY lMy) as well as our more

conservative estimates of 0.085'2, TV/My, times of' divergencc

were calculated in relation to major events in notothenioid

evolution (Table 7.2).

Tempo and mode of evolution of notothenioids

According to the distance-based phylogeny (NJ tree) Bovit'htus

vericgutlts diverged very early in the notothenioid evolution.
probably after the separation ol New Zealand liom Antarctica
(45-57 Ma).

Our estimate o{' the divergence time between Di:;sttsticluts

and Notothcnra ranges between 6-8 Ma (Table 7.2). It suggests

that the northward expansion and successive regression ol the

Polar Front (6.5-5 Ma) possibly played a role as a vicariant

lactor in the distribution ol species belonging to these two

genera both outside and inside the Southern Ocean.

Diversification ol' the Trematominae and Channichthyidae lälls

in a period (Mid Pliocene.3.5-2.5 Ma)when partial deglaciation

might have lavoured speciation by providing new coastal and

shell- water habitats.

The short branching pattern displayed by the NJ tree lor all

the notothenioid taxa (except lor Bovic'htus vuricgutu:;) suggests

(lt) Nototlntue coilEcps
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rlpicl clivcrsilicirti()n ol'this group ol'fislr. krng alicr thc scp:rr:r-

tion rrl thc llovichticlac. On thc basis ol'our cstinratcs. this ratlil-
tion-likc nlodc ol'cvolution possibly occurrcd I 5 I() Mir. Whcrr a

consistcnt sca-icc li)rnlation. drop in watcr tcnrpcrilturcs ilntl

cxpirnsi()n ol'icc shcct playcd an intportant rolc in nrodilyirrg thc

Antlrctic clinratc (Eastrnan. 1993). Thcsc nrajor changcs in tlrc
Autarctic cnvirorrnrcnt might havc crcatcd cnrpty nichcs to

rvlrich vcry lcw non-notothcnioid fish wcrc ablc to adapt. Il'anti-
licczc glycopcptidcs (AFGPs) cvolvcr.l only oncc in notothc-

nioid cvolution. long alier thc scparation ol llovichtidac and

bcklrc divcrsification ol'all thc othcr notothcnioids. as proposcd

by tlargclloni ct ul, (19()4). AFCPs might havc playcd a kcy rolc.

an.rong otlrcr l'caturcs, in thc adaptive radiatiorl ol'notothcnioicl
fl shcs.
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