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DNA technology and phylogeny of fish

5.1 MOLECULAR PHYLOCENETIC STUDIES OF FISII

Atel Meyer

Abstract

Knowledge of i& cvoldion oJ DNA, pa icrlutl! htitochotld al DNA, of fslt und thc
phylotcnctic tclationslips unnng fish has incrctlrcd repklly sincc tlrc invention of IIrc
polynvra.tc chain rcaction (PCR). Thk cn|yuatic clonirrlg tccllniquc, totcther ivitlt tlitcct
scquencing, htts sinpl$ctl anrl drunaticolly acccl(rolcd Ihc accut ulation oJ DNA seqrrc cc
infontuion, Mcthods of rlata collcctbn anl luta onolysis tor phylotcnctic studics reith
punicular enphasis o Jisll ure ortlinal. Aspects of lhc lrioloty ol itochondrial DNA llut
pctlain to phylotcnetic t?consl clionorc tcvi(wcda .l advanlagts ofDNA scquences over
altcrndtiyc DNA-bdscl Sclctic n,].]rkrts are highlilhtcd. E arr\lct of phylogcnctic vork
batcd on tnitochonltial anl nuclcat DNA seqnenccs are uscl to iLhutlat4 lhe nkthols,
arlvantoges and potenliaL prcblct,ts wilh tcchnkpcr, choicc of tcncs anl anaLyses.

5.1.1 Introduction

Thele are several kinds of hiochemical dat|r thrt c:ln be used to iofer phylogenctic rclation-
ships ilmong species. Allozyme, ilrununoloBicul .rnd DNA-DNA hybridization drta hrve
been widcly used bu( ure now increasingly being rcplaccd by several typcs of DNA-trascd
data. Since the ldvcnt of thc polyrnerüNe chrirr rcaction (PCR) ilt 1985-i98(r (Mullis at ol.,
1986; Saiki et al., 1985, 1988; Wrishnik, Iligr.tchi ancl Stouekin8, 1987), our knowledge
about DNA of {ish has increased drarnuticirliy.'fhc impact of this tcchnological innovation
on (he undcrstandillg of thc cvolution of DNA of Iish nnd phylogclletic relution-ships among

fish is the focus of this section. Froln lny bi:rsed pcrsfective, I will itttcmpt to surnrnarize the
advantages and disadvüntlBes of cuncntly uscd DNA-based nrolcculur dnta to deduce

Senealogic.l relationships.!noog li$h. Datir collcction irnd ünillysis will be brielly touchcd
on and recent publications and rcviews that provide rnore dctailed information will be

recommended.
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5.1.2 Methods and kinds ofDNA data

(a) Restriction endonuclcase Dßtho.ls

Witlr this method, DNA (usuclly mtDN^) is cut with restriclion enzymes (endonuclcäses)
rnd the rcsülting restriction fr grnent length polymorphisms (RFLp) are used as binary
characters in a phylogenetic rnclysis (rcstriction-fragment datu). Oftcn, restriction maps ürc
constructed from the RFLP patterns (after $Lnultaneous digests with two enzymes) and then
an!lysed in a phybgcnctio cnalysis as binrry chuacters, coding for absence or presence of
particular restriction sites (restriction-site dtta). Usurlly enzymes with six-base recognition
sites are us€d for evolutionary studies otnong rnore distanUy related sfr€cies and enzytnes
with four-base,pair (bp) rccognilion sites are used in studies that require more detailcd
infonnation, e.g. in invcstigations among lnorc closcly rclrted species and polulrtio -lcvel
questions within sp€cics.'l'his method ha$ enjoyed widespread application (ieviews: Wilson,
Thomas an<l Beckenbach. 1985; Avise, 1986; 

^vise 
ct al., 1981; Hardson, l99l: hut see

Wilson zl al., 1989) 0od continucs to he applied for a wide rungg 6l lxxonomic questions in
6sh.

Methodologiccl prolrlc,ns with restriction-frilgment drta are thut the ilssutnption of
iadcpcodence (sce helow) is vielrtcd, .d dcrclioos rnd insertions ure froblelDiltic rad ure
potcntisl sources of crmr when Iying to estublish hornology bctween restriction f'grnenLs
(e.9. Swofford ond Olsen. 1990)_ For these reäsous caution should be dpplied when inter-
pretirS RIrLP pdttcrni- li)r nhylogenetic lruulysis. Rcs(riction-site dat&, ll mup derived fronr
RFLP data, also have problctns witb phylogcnetic rcconstructiont due to the asymtnetry with
which restriction sitcs rre gilined rud loss.'lhe loss of u restliction site is lnuch more likely
than ü gain. If a prrticulur restriction site is 6 trp long, rnd n 6_hp stretch of DNA is differenr
by only one nucleotide for th€ rccognition sequcncc. only I out of lg substitutions
(subslitutions of the sänte r)ucl€otklc ut the sütnc site relnilin undctected) is going to crcite
this site, i.e. it is unlikely th.t sites will be güined. I.lowever, losing sites is going to be much
morc frequent, i.e. lny of these lS rnututions llt thi$ rcstriction site is going to result in the
loss of th:rt site (Templeton, 19830,b). A spccial case of pcrsirnony (Dollo parsimony, see
below) takes the asymmeky of g,rins ilnd lo$ses into co sidcration during the phylogenetic
analysis of RFLP datr.

An additional disadvantrge of resrriction däta is that results of RFLP and even r€$triction
sites are not itnmedialely trtnsler.thl€ lretwcen lahorotories. That is bccause thc srtne
endonucleases llre not alwüys used ilDd the sumc kiuds of gelri ürc not run by irll rese0rchcrs.
In this respect, restriction drta suffcr froln the same drawbacks rs allozyme drtxi üey tend to
be laborotory,specific und often eveu project-speci{ic res!lts. 

^lthough 
endonuclease dttt

contributed tremendously lo our incleased understanding of intra- .rnd interspecinc genetic
variltion and phylogcnetic rel,rtionships :rmong lish ancl remain a viable technique, I ,rm
biased in favour of actual DNA sequences (see also Wilson al al., l9g9). For populirtion,
level work, PCR (see below) cnd restriction dn;rlyses äre $olnetilnes cornbine<.l: known DNA
frrgments (usually mtDNA) urc rrnplilicd vir PCR äod then cut with rcstriction enzyrncs
rrther thao sequenccd. The advüntrge of this combined opprorch is thät lorger srmple sizes
can be screened than if every individual is sequenced.

(b) The polynerase choin rcaction arul lirccr vqucncing

PCR is an €nzymatic cloning technique th.rr :lllows the amplilication of any stretch of DNA
(within size limiLs) that is Ilanked hy synthetic oligonucleotide .primers, (Saiki et at., lgg',
1988). The primers arc usuölly uound 20 hp in len8rh an(| deline tbe 5, rnd j, end of the
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double-stranded piece of DNA that is toi[g to be anrpli{icd. 'l'hc specificity of thc
amplification is accornplishcd throuEh the ncud for an ahnost fcricct {it of the prirners to thc
tcmplrte DN^. During euch cyclc of PCR, the nulntrcr of copics of thc DNA fruglnent
delineated by the primers dt either ctld is douhlcd. Usually 25-40 cycles arc completed in a
thermrl cyclcr in about threc hours. PCR is much firstcr rnd cherper than convcntiol]al
cloning tech0iqucs. First, a double-ströuded PCR product is produced (Figurc 5.1.1 (a)) th.rt
is then cither sequenced (double-stranded scquc cing, or, ültemirtivcly 'cyclc-liequenccd') or
subcloncd and thcn sequenccd or cut with rcstriction cnz,ylnes (sec rbovc) or uscd as tcln-
platc DNA for a subsequcnt csymnrctric :nnplincution (Gyllen$lcn and Erlich, 19118) or
digested with an cxonucle:Nc to producc siD8le-slrandcd DNA ([:igurc 5.1.1 (b)) for direct
sequencing of single strunded DNA. Scquencing gels of single-stranded DNA oftcn allows
one to read morc bÄsc pairs thun scque cing gcls of doutrle-stlandcd DNA. Single-strunded
PCR-amplified DNA cao he il.s clean us subcloned DNA and routinely morc than 10o-{00 hp
can hc unlmhiguously dctcnni[cd fmrn a single scqucncing rcrction. Figure 5.1.2 shows
some partial cytochrolnc /r sequcnces liorn lhrec-spined sticklelracks thtt were produced
through double- and siDBlc-str ülded .!npii{ic:rtion arld dircct sequencing.

AllhouSh only :! recc t udditio[ to thc rnolcculü toollrox, I'CR rnd its opplication to
evolutionary biolo8y hns ulterdy bcen rcviewcd (e.9. Whitc, AJnhcim .rnd .Erlich, I989;
Arnheirn, Whitc and R:rincy, 1990; refs ill Erli(h, l9ti9; lnnis (|, d.. 1990). A ncw journal
entitlerl PCR lirst ilpl)eared ilr 1991. Dctails orr ICR lncthodology, technical irnprovernclrls
aod modilication$ irod llew lpplicirtions of PCR technoloSy cüD be found in joulnills like
PCR aw) BioTechniEus.

The detcrminiltion of DNA sequences tuods lo he lnore tinre-consuming, costly .uld
technicolly involved: however, DNA scqucllcos of hornologous ntitochondrirl Änd nuclcnr

['iB rc 5.1.1 (a) Doutrle-rrr ürlerl PCR frorlücr ot tlD 5'en,l ot cyl(rllrrorle b of fiv! sp€cres of Soutlr
Anrcrican characins (livc l€lt länes, aurplilie(l with L1472-l anrl IIl5l4l{, I'rolocols fronr Koc|cr cr.r/.,
l9E9). ODc rnajor rrrplilicruon prülucl of tlle exFcled sizr, at{)ul 450 tlp. is visit c. 'I}e.size rl.Drlard
is Phi-X-174 cut with /1rrc III of 1351. 1078, 8?2, (lo2, 110.281,2?1, 214, 194, llE in laDc 6,
(b) Sinelc-stran(le(l PCR pr(xlucls pro,lucerl hy ü.yl'r e(ric PCR (Gyllc"sl€n and Erlich, 1988). Ll47?5
w:$ rlilulc(l I : ltX).'flrc sarrrc livc lish rr ir' (n) (si?r r-rroilffrl i l:'nc 5). llc trrgct(rl ,[ül,lc-rlrillrilc,l
F(xluct is.ßcen nh'vc ar(l lhe f$rer tru8rarur8 single-stranrlerl p(rluct is Nk)w. Datr fior c. Orri's ur-
poblishcd sturly on the phybSenetic relidorlslipx nIr,ng tlc ürjor lineigcs ofcharacin fish.
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Fig''rt 5.1.2 Exanrple of the qualily of direcr se(tuencing of
PCR'anrplitie(l DNA: 5' end of the cytoclrrohe /., gene of live
intlividurls of the Ilrree-spined $ickleback (Grrrsr',.!rcrr
d.l?/(arl.r) fronr severrl circu' tolar locrtions (fron' lefr 11)

rigl'rr Quebec, New York,Iapan. Rxxle Islanrl, Quetrec) (Orrj,
Dell rnd Mey€r, unpublished resulti). Up to 350 bp can be
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Senes will aliow direct comparisons and study ol DNA frorn differcnt spccics tlrat has heen
obtaincd in different hborrtories. DNA sequcnces can be storcd in dat:rbaoks (e.g. EMBL,
CenBank) and are universally usahle, powerful datr.'Ilc i cr€ased cosLs of DNA sequences
compared lo RFLP dat.l tre für outweighcd liy thcir advanttgc as it universrlly retriev{blc
and opplic0ble type of dirti), since hornologous dah froln indci,cndcnt laboratorics c:rn hc
uscd in Jircct cornparisons lor new stu,jicr.

(c) RAPD.PCR

A lecent PCR-based technique, rrndorn arnplified polyrnorphic DNA (RAPD-PCR) (Wel$h
and McClelland, 1990; Willialns ct al., l99O), has stirred up a lot of interest among
lesearchers intcrested in fopulation-level qucstions (e.g. $tock idcntity, paternity, rnating
systems). This rechniquc utilizes o0ly ore inslead of two different pCR primers,'lhls single
primer is small, usually in thc ranBe of l0 hp, hrs 0 random sequence, and anneals on the
genome at pritning sites close to cach othcr rnd in an invcr(ed orientation. Durirrg the pCR
iuDplilication, ut low rt)nealitlt lctnpcraturcs und with :r rcl.rtivcly l.rrge nulnhcr of cyclcs,
r:rndorn pieccs of DNA ulc arnplitied und then visuülized usuolly on ethidiun-brodidc-
stained NuSieve-agarosc gels (of(e 2-47r Sels). Bässd on thc n!mbcr rnd frosition of bands
on these Selri, gcnctic rclrtedness hetwcou the Null1ples is inicr.rcd. RApD-pCR wus gtectcd
with cnthusiaslrr, becuuse it. scenrs to providc vcry dctrilcd gcnctic iolonnttion quickly u d
relatively inexl€nsively.

Unfortunately, the large initiol i tere$t ir RAPD-PCR h|rs not trcen m.ltched by a llood of
successful studies. Several technical and analytical problcrns huve dilnpcned the initiirl
excitement. Pan of the appeal ol ICR is its techoical sitnplicity. llowcvcr, in RApD-I'CR
many f:rctors (Mg2+, prirner. tctnplate DN^ conccntrütions tnd exilct thenntl cycling
condilions) nced to bc cürsfully conlrollcd to ensurc reproducibility (e.g. IIüdrys, Bolick and
Schierwüter, 1992). An ly(icxlly. the füct thur DNA frngurents of uncertain hornology
between individurls are urnplificd hy RAIID-PCR makcs the anIly$is less tractuhle.
llowever, if these tcchnicül ünd analyticül ohstucllrs are solvcd in the future, this techlrique
miSht very well trecomc lhc punüccä for population-levcl work. 

^ny 
diaSnos(ic RAPD

rnarke! cÄn be used to geoer:rte sl'ecilic piobe$ for SoutherD analysis.

5.1.3 Methods of phylogelctic data analysis

The histo.y of phyloSenetic recons[uction hr$ t)ccn tutbulent and full of rcrirrro y (review:
Ilull, 1988). There is a llrge body of liter!(ure on phylogenetic rcconstruction and sevcrxl
excellent reviews ptovide an entry to this litetature (Felsenstein, l9ti2, 19gg; Swofford lnd
Olsen, 1990; refs in llillis and Morirz, 1990). All rnethods mrke u derlying simplifyilg
ilssumptions about how DNA scquences cvolve. No con$ensus for a single method of
phylogenetic reconstruction hos bccn reached aurong rescarchers f.rvouriDg tivÄllillg lneth-
odologies. Philosophicll us well il$ prücticnl irL8ütnelts urc uscd lty the p.oponetts of
particular methods to nrguc the superiority of one tncthod over urothcr_ Silnulation studies,
intended to detennine whicb lnerhod of phylogc ctic reconsIuction will providc thc besr
eslimate, tend to give preference to the firvourcd nlethod of the reseürcher who collductcd thc
simulation study.

Two types of rnolecular dau con be uscd for phylogeuetic ,rnolysis. Discrete chüactcrs are
collec(ed when DNA is scqucnced or scorcd within rcstriction enzynles. Thcse di$crete dirtü
provide information .tbout the DNA of il ptrticuhr individu.rl, oftcn ts$ulned lo he character-
istic for the species. Furthcr :rssuurptions are thc iDdcpcndence and hotnology of nucleotide
positions. lf specics ruther thrn genc-trces are the purfl)se of the study, only orthologous
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rlthcr thru pru.rlogous Scocs should he cornparcd. Discrctc dttt crn L)c trüürlirlnc(t iitl,.)
simil,rrity or disla0cc dutä. lry p,lilwisc co[rfilrisons of tlvo $cqucnccs.

Distrnco rncthods ol lhylogctlljtic rcconsi.rustio rrc l)ü:ied on thcsc pilirlvrsc Cisrrr;cc:j
(see bclow for dittclenr rv:iys oI crlcul:rtin! rrrd corrccti g for 'inuirillc irits') of scr:r:cn!cs
itlld lttcrnft lo ,.. r !rc0 to r distlncc l|ir(rix.'lhc goodllcss of llt (c.g. lcrsi s(lulrcs ncthodij)
rrl lltc ul,rlctIeil (lirtt!t!cs to lllr (.rl'ectrrl rlistirrrccs lirusccl ou Ill0 (lL.c) rs rncilsurrLl t ü rhc
tcpology that llriuillizcs thc discrclxncy llctwccn cxpi:clcd rDd ol)scrvcd distilltccs is chosco.
Scveral distlncc nlcthods cxisr (rcvic\\ s: Irclscnstcin, l()88; Swolfofd aud Olsen, 1990; Ncl,
r99l).

'I'Lc pusünrrny tncthod, 'the ntcthod of 
'liDirnrtn 

uct cvolution', :tir,rs to lird (ilc cv(.,r.j-
tionüy tlcc thilt rcquircs thc fcßcst ch nlcs of ltuclcoti.lcs to crnlrin the cvoluticu of thc
l)NA scqucnccs undcr corsidcriltiotl. Its phiLrstrphy is thD h]polhctico-d'rduct:. .lnrouch

iu !vhich Ockhün's princille is invokcd, i.c 0vohti(rn is lrclievcd toprocdcd tryrhe slorrcsl,
siml)lcst prth\r,ry. I'arsimony only considcrs so-cirllcd 'phylogcncticirlly iofornrrtivc sircs' ii)
the calculütio[ of thc lon')lo{y of thc tr1jc. Sitcs thrt do not Icquirc dilfci.,,: iiu tlrcrs of
chungcs on ultcfurtivc tlccs ol dillcrctrt t()tol)gy (e.g. sitcs th t urc idelrrjcrl or !itcs thrt
diftcr only ir ollc oi lhs spccics uIdcr coDsidcr.ltion) ilrc igtrorcd- Both distrncs Jnd
pxrsirDony rllctlrods only lo(tk rt l)ut of thc iIloaulltion iu tl]c drtt.

Ooly thc rrrrj(imurn.likclillor)d lllctl,.'j utlcltrpts to usc äll thc ir)founnlion contiliIlcd irl
DNA scqucnccs (Fclscltstcir), l9$l) by using strlisticrl critcriir to distill!ursir l,cr\vcoD
rltcrnrtivc trccs. h üscs I rrltrrlclol likclihrl( s of sÜhstitriil(ru chrngcs rt)d rttcDrlrts tr) lit ihr
datr \r'ith x ttce. l hc likclihood ('l thc t0nology ol r trcc is thc llt.t'hühility of thc dalil. givlo
thc trcc rnd lhc nrodcl. lhc lirtirlurn'likcliltood lncth(,d chooscs,r tr'cc \!ith r trpr)logy xt)d
Irunch lcDgtlt lhrl hrs tltc hiAhcst likclihuod- 'fhis urctirotl !llows li)r unctlual hrsc
cott'rPoJitiotl irnJ urlcvrjrl tl-ilnsitiorr-trirnsvL:tsir!o rrtcs. ünd docs trut requitc u:D0lccul:rr
cloek.'lhc ürir)r prrcticrl .lrclvh!ck of thc rrt rilltulll,likclihood rnctho(l is its iIhclc0r
colrfut.rlion.ll conrDl,.rity Liuc to cxrct |r.r'ulrility nloddls of so(lucncc chrnsc, which ,.1

prlctice linits thc uuruhcr of licquctlccs thilt citn lrc ru lysed in it rcuson lrlc uDount of tiDre
with av lablc cornnulcl lowcr.

Unfolluurl!.Iy, stuclics tLrt tust iirc powcr ol vifious coulnonly uscd llrethods {)f phylo-
Bcnctic rccollstructio0 orr knorvn phylogcrrics ure rrrc (/\tchley und fitch, lggl; Ilillis rl.r/.,
1992).'fhcy hrvc lüilcd to clc ly idc tily x p lLicülill mcth('dohrtsy ll.r thc hcst. Il()wcvcr.
(hc strcngths xrrd wc.lkrrcssqi ol thc :rltc rirtivc rlrctllods of lhtk,Icnctic lccoo-structiolt iu)d
thc kinds of Bclcs to hc uscd lnd to lrc uv(Jidcd hilve lrccn uradc morc rlcilr in thcsc studics
(Fclscnstcin, lt)ti8; Swollind rd Olscr), lrto: Nci. l19l: 

^l(hlcy 
and l:irch, l99l: IIilli\

4 ul.. 19921.
Irr Dructicc, thc dutx should Ic sulrjcctcd to scvcrül n)cthods of pllylogeny r0co0structioD

und diffctcr)crjs in rcsulls rvill usuirlly ninf,oi t arcas Lrf rvcukncss in tho phylogc[clic trce.
Congrucnt i-sults of di[frrcnt llt!logcnctic rnclhods will ir]slire coolidcncc rh:rt I lhy-
logcnctic cstirnrtc hrs hccn fou[d thirt ir closcr to thc truc rclrtionships. 'l hc rohurtt)c$s ol Ä

molcculJr phyhgcrry is rlso oltcn iudicd l)y \vhcllt0r r)r nut it is contrucnl with u'wclL-
cstrt)lishsd' phyk)gully hnscd on ntrrphoIrgic:rl dot:r. Ohr';r'll(ly. sincc thc lnolcculcs ilrc
just ü p:r't of thc wholo olBxDistrt thcy xrc cllcclcd to hrvc cxlcrictccd thc sntnc cvoluti(nl-
lry history, lDd thclcfr)rc rcport the su lc cvolutionury infoflnution, rs othcr purts (e.g.

lrorphology) of the spccics. Ccuclxlly. u Il]olccular fh) !rBcrl : i vicNcd rs suslici{)us il it is
iD conll ict rvith the t(nditiur:rl tihyloleny { rcvicrvs: I'irtlcrson. lt)lt?i Srvol l(t|d, l99l ).

Scvcrirl nrcthods lcstios thc co lidcl)cc itl lhc phylrgcnctic cstirlrütc havc hccn devcl('fud:
thc rnost qorrrnonlv uscd orc is thc 'hootsh'!p'(l:clscnslcin, lL)t{5). Scverll uther rncthods
lhut cvrlurlc lhc stirlisticul conli(lcncc ol Di()leculrr phyi)Bc ics crc :rv.rilrl|ic (rcvicw: Li änd

Couy, l99t).
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5.1.4 Bioklgy of thc nrltochondrial gcnonre

Beciruse of the widespreüd popularity of lnitochondrial DNA (mtDNA) for popul.ltion and
phylogenetic work, I will Iirst revicw sorne of thc basic biology of rntDNA. A more dehilcd
revicw on the evolution of tDtDNA of Iish is availutrle (Meycr. 1993). Fish arc prohahly thc
least well-studicd Broup of vertehrirtcs in tcrn$ of theü lntl)NA, and to date only a handful
oI pdpers with octual mtDNA scquc0ccs troln lish hus lrccu publishcd.

'fhc mitochondrial gcnotne of vcllelrrütos is ir singlc, small, doutrlc-strllnded, circulJr
DNA molecule cootaincd in rnitochondria, ünd up to scvcral lhousand copics of the
üitochondrial Bijnomcs ure found pcr ccll. Typicnlly, thc sizc of ünirnal mitochondriol
gcnomcs is lbout 16500- 500bp (rcvicws: by Brorvn, 1981, 1983, 1985; Clrrk-Walkcr.
1985: lvloritz" Dowliug and Brown, 1987).

'lic complete rnitochondri:rl gcnorne hrs bccn $equcnccd or tle gcnc ordcr detc nincd in
scveral invertelrralcs cnd vcrtehrrtcs.'lle invcrtetrrutes includc two sca urchin$ (Jacob$

ct dl., 1988; Cil[tatore cl al.. 1989), $eu stus (Dot conrplete) (Srnith er al., l9ll9, t990;
Jacobs cI dl., 1989: flirncro (I ol., 198?). the fruit lly, Drosophila yotrr,a (Clary ond
Wol$tenholrne, 1985), L!i,tlurunio tut(,ittola( ll'\\l complcte) (de lu Cruz, NcckcLnann and
Simpson, l9{t4), A u,ria ralü1d (not courplctc) (Brtucclrs er dl.. l98t{), Daplnia (not
compl€tc) (St:rnton, Crcusc aud llcrhrt, l99l), thc bluc lnussel, Mlrilr.r e./di.r (not
completc) (llDffmarrn. Boorc rDd Brcwn, 1992), the IelnItodcs, 

^rcdrir 
.rr rr irlld

Caenoüabditis clcg.rr.r (Okimoto tt dl.,lt)t)U, thc plütyhcllniuth Firsciola (not complctc)
(Garey and Wolslcnholnrc. 1989) uud the ciliÄlc, P tortccita (l)ritch{rd cl al., 1990).

^mooß 
tbe vcrtcbrätcs. courplete scquenccs lb( hutnun (Andcrson.l al., l98l), cow

(Anderson ct al,, t98)), ruor.rsc (Bil'b !r,ll., lgltl), rüt (Cudrletr 
"l ul., 1989;), fin whrlc

(Arnirson, Cullher8 rnd WideSrcn, l99l), hnrt)our scal (^rnrson und Johnnson, 199?),
chickeu (Dcsjardins irrd Mor.ris. 1990) und froB Xzrolrrr (Roc (t dl., 1985) have bcc
publishcd, Additionllly, ulilny othcr prltial lrritochondriül scqucDccs, too null1crutls to b0

listed here, arl, known.
Two complete mitochondriul Senohes for two cyprioid li!ih hrvc treen det€rmincd (TzenB

ct al., 1992\ (Crossost(rrra l.rcxrtr'(: CcnBirlrk acccssioo o. M9l245i thc complete sequcncc
for the carp is ulso uvrilrblc iu CcnBunk lcccssion Do. X6l0l0).'l'hc rcxt bcst known lish
nrtDN^ gcnolno is of thc 

^tluotic 
corl iGdlrrr rro,-/llr.r) (Johrllscu, Cuddul uud Johanscn,

1990; Johansen, fcrsonul conünuuieutioo) (Figulc 5.1.3).Thcse studics and rcstriction il d
partial scquencc studics on crrp (Aroyr .,r al., 1984) r|d srLnonids (nlomiN, Withlcr ünd
Bcckenbach, l9t{6; Duvidson, Bitt.rDd Crccn,lrS9) und unpuhlishcd dütr frorn chou-
drichthyes.rnd a8nrthrus frori Wcs Brow['s lul)oralory (cf. Moritz, Dowling ülld Brown,
1987) indicaic thrt the pisciue lnlDNA Bcnc order conlplics with lhc gencral vcrtehrülc
condition. Thc Initochondrial gerlc ordcr of anitnals is diffcrcrt in every phylum th:rt hls
bcon studied. Evcu within phyl.r (c.9, cchinodcrms) diffcronccs irr gclc order 0xist (Slnith
rI a/., 1989, 1990: llirncno et dl.. t9lt7). Milochondriul Bcnc orders ditfer sli8,htly arnong
vcrtcbrates (Youeyama, 1987; Dcsjlrdins irnd Morüis, 1990, t99l;Pä:ibo cr d-, l99l;
reviewed in M€yer, 1993; Mcyer rt al.. unpuhlished).1'he piscinc nritochondri,rl gcne ordcr
does not differ frcnr verteb!!te'co sc sus' gcllc ordcr (FiBurc 5.1.3)

The mitochondrial gcuorne of vcllcbratcs colltrins lJ gcocs coding fot protcilts, two ßeucs
coding for ribosomrl RNAS (smdll l25 rnd lurgc l65 rRNA), 22 genes coding for trxnsfcr
RNAs (lRNAs) ünd one lnüjor noncodirA rcBio|l (conrol rcgion) thrt contaius the initiütioo
sites for mtDNA rcplic.rtion .rod RNA r.loscr iptien (Figure 5.1.3). lhc protein codillg genos
üe seven suhulits of N^Dll dchydr)Bcnasc (NDl, 2, 1.4.41-. 5,6), cytochromc lr, ttücc
sut)units of cytochrollrc ( oxidnsc lCO t. ll, lll).rrrd two suhunits ol A'll) synrhcr:rsc
(ATPase 6 md 8).

zz5
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Iigur.5.l.3 I'iscire nrit(alxnrhi.rl scncortlcr.'lhco.,Ei'lsofll-andL'strandrepliclrior.rcin(licared
!n dre figure. Tte origin ofrhe !l.strrnrl is in the conr.ol re8ion, rnd rhe origin of t|e L-srJan(t replicrrion
is in tlre YCNAW tRN^ sene cluster. Trrnsfer RNA Eenes are shown in sl'ailed box€s. The codins
sequences (telnplrt€s) ot all proleinx (except ND 6) onrl the nnj(xity of t|e tRNA genes are on rie II-
strand.llre conrplete nnllles for the nbhreviitcrl nnnres of p.oteins are given in the lext. TLe rRNA gene.r
co{led for by tlre L-xtranrl are hlxlletl on the rrutsi(le of the circle, and dte IRNA genes cüied fü by 1Le

l{-strand are latrlletl on th€ insi(le. A courplele rlitochontlrial 6sh genonr hes no( b€€n (let€nrünql, bur
dre ärrlngenrcnt shown here, which is rhe consensus verlehrrte Sene o(l€., hrq b€en connrnled by
sequencing across äll sere junctions for the cül nritochondrial genonre by Johansen, Gudrlal on,l
Johanscn (1990). Tte anows indicate tle rlirection and npproxirmte rehtiv€ pqsirions of'uriversal'
PCR prinrers, rhe sequence of which is listctl in Table 5,l.l.

The two slrands of the lnitochondriill genome iue designated light 'L' lnd heavy 'H'.
These names rcllect marked differences ill their C + T content in vertehrates resulting in
their different behaviolr in circsium chloride density gradients. With few exceptions, rll
genes in tie vertebrate nilochonddäl gcnorne üe elrcoded hy the H-strund; only ND 6 and
eight tRN^s nre encoded hy the L-strcnd (Figure 5. l 3).

The largcst mitochondricl Bcnome (up to 39.3 kh) found so far in aniDrals is from scallops,
which also show ldrge inträspccilic size variution (Snyder et.rl., 1987; Gje(vaj Cook und
Zouros, 1992). Often, large intra-specilic va.iation is due to tandem duplications involviog
the conlrol region (see bclow). [n lish, intruspecific size differences can he as largc r$ differ-
ences between species (c.9. Bentzen, Leggett tnd Bruwn. t988; Berrningham. Lamb and
Avise, 1986; Buroker et al. 1990; rcviewcd in Brorvn, 1983, 1985; Moritz, Dowling and

Brown, 1987).

Animal mtDNA is haploid änd non-recombining (llayashi. Tagashira and Yoshid!, I985;
but llorak, Coon and Duwid, 1974: Olivo /t al., I983; refs in Hurst, l99l),rnd rppears to be

alnost exclusively Inrtcrn!lly inheritcd. Pirternrl mitochond.ir 0ppe:rr to [re .rctivcly de-
graded durinE fertilization (Vrugh!1, DeBonte and Wilson, 1980) or 'outreplicated' shortly
thereÄfter (Mel.lnd ct al., l99L). Rece0t resul(s (Kochler rl al.. l99l) tend to srjpport the
'bottleneck hypothesis'. thrt urüternxl ilrheritance of mtDNA is mediated by the differential
amplificirtion of a srnall numhcr of specilic gcnn-line mtDNA molecules from the

,]
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Table 5.1.1 Prinrers for d)e polymerllse chaio relcüon

Gene and piner mne

Control region
L r59:6

I6.19s
L165l8

l25 IRNA'
ill t09
I- I09 t

Ilt173

l65 rR:iA'
Ll5r0
IIt080

co I.
t-59_50
l-6586
1t7036
tl11.)6

co lt
i,7.ri0

S055

ATI'äse 8

L8l3l

ATI'rs.6
I185 r7
L85t l
t_3580
ll86?l
II3t07
H3969
I l9l I0

Kocher ?r ?r/. (1989)
1\{e)cr er.'/. (1990)
NI.)er (unpublished)

\leyer (unpublished)
K()cher zr d/. (1989)
Koehcr cr.r/. (1939)

lalunrbi ?r.,1. (1991), wilson lab.
Palunrbi et al. ( l99l), Wilson lab.

;.

t:

TCAAACCTTACACAGTCI'TGTAAACC
CCTG AACTAGG AACCAC A'IC
cATC',rGCl-t CT'fTC'I lCACCGCCAl'

CTGGGGTAlCTAATCCCAGl-f
AAA,\AG CfI'Ci\T\AC-TC6CATTAC'\TACCCCÄCTAT,I'GAC'fCCAGAOGG'IGACGCGCCGC'1-G 

IG-T

CGCC-f GTTTATCAA AAACA'I'
CCGGI'C]'GAACI'C/\GATCACCT

ACAA'l'C:\CAA.\G A1'.\-l1 GG
OCl'6CACCÄGGÄCCAGAYCC
CCTCAGAATÄRKC';C1T'ICÄGTG
ACA,\AA'lCT-l{;WC;.,G.\.\RÄ^

AAAGGAAGGAAl CCAACC(]CC
GC'TCATC A6 f GGAGGACGTCTT

,I'AAGCRNY AGCCl]-I'IA;\G

(;ccI{Ac1'T't GA(:',l GGT,\C'I
CCCCYl'CAAAC'I'i; :\CC.\'1 C
A(icccc^C,\TÄCC l t OC |/'.].CCC

^ARtl 
-t-t 

G fl{it IG ill^,1.'tcGItl-t'
CGGG I 'l CCl1 C.\ 6 ( i L..\ r\ I?\,\ A- I
aic6cticG R,\1 RÄ,\),i\c Ircl'
GTAKCCGI C,IGC11{l(i'Iiil GCcAT

N-o.oark. N{cCune and Ilarrison (1991)
PrlurflLli ./.r/. C.lf, (1991)
I't'lurnbi, Cole. ( t 991)
Nonrrrrk. McCune and Ilanison (1991)

Nornrrk. McCurc and Harrisoo (1991)
Nornrark, NlcCune and tlffrisoo (199t)

iücyrr (untrublishcd)

lucy.r (unp'rblisllc(l)
LIcycr {unrJublishcrl)
itlcT.r (un0ublishe,l)
lil.tcr (uDpublished)
iUcycr (unl)ubliJhell)
Nk,.. (u':pu'olishe(i)
lvlcv.. (urpublirIed)
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ATP{Sc 6
H8517
LE53I
L8580
HE6t 4
H890?
HE969
H9210

CO III
L9?25
H9,r07

ND3
L 10028
H10430

ND{L
Ll04?0
H10720

clochromc I
Ll4't?5
L 14841
Ll50?0
H 15149
Ll5l62

Lt5225
Lls424
Hl55?3
Lt51't4
H r5915

CGGRACTTTGACTGGTACT
CCCCYTCAAACTCACCATG
AGCCCCACATACCTAGGTATCCC
AARATTTGTICHCTRAARCCRTT
GGGCTTCCI-TCAGGCAATAAATO
CCCCNCGRATRAANACRCT
CTAKGCGTCTGC'I-|GCTCTCCCAT

CACCAACCACACGCATACCACAT
AAAGTTCCTGTGGTGTCCGGGCG

AGTAYANGTRRCTTCCAA
TTCAGCCGAAATCAA

AAYAARAYCNTTGATTTCGRCTCA
TCYCTGCCRTGYGTYCGNGC

CGAAGCTTGATATCAAAAACCATCOTTG
AAAAACCTTCCATCCAACATCTCACCATGATCAAA
GCYAAYCGCGCATCCTTYTfi TT
AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA
GCAAOCTTCTACCATGAGGACAAATATC

TCCCATACATTGGCACAGACCT
ATCCCATTCCACCCATACTACTC
AATAGGAACTATCATTCGGCTTTC ATG
GTACATGAATTGGAGGACAACCAGT
AACTGCAGTCATCTCCCCT]TACAAGAC

Meyer (unpublilhed)
Meyer (unpublished)
Meyer (unpublished)
Meyer (unpr-tblished)

Meyer (unpublished)
Meyer (unpublished)
Meyer (unpublished)

Meyer (unpubljshed)
Meyer (unpublished)

Meye. (unpublished)
Meyer (unpublished)

M€yer (unpublished)
Meyer (ünpubljshed)

Pääbo (1990)
Kocher er dl. (1989)
Meyer (unpublished)
Kocher e, al. (1989)
Pääbo, 

"rrrl., 
l99l; Irwio er dl. (1991)

Wilson hb
Edwardi, Arctand€r änd Wilson (1991)
Wilson lab, Taberler, Meyer and Bouver (1992)
Wilsoo lab, Irwin, Kocher ÄDd WitsoD (t991)
Wilson lab, Ir*.in, Koch.r and Witson (1991)

#
t:

I
I



Nuclear ribosomal genes:
185
l8A
l8E
ItJ
IEL

285

ITS T

IT2

TCCTTGATCCTGCCAGTAC
TACCATCGAAAGTTGATACCCCACA
TCTAACCCCATCACAGACCTCTTATTG
CACCTACCC AAACCTTCTTACGACTT

GTTTCCGTAGCTGAACCTCC
AATTCTCGCAGCTAG

CTCTTAGCGGTCGAT
GTCTGATCTGAGGTC

Wilson lab (unpllblished)
llamby e, al (1988)
Ilamby er dl. (l9EE)
Hamby e, d/. (1988)
See also several oüer papers, e.g. Slock and

Whi( (199?)

S.e severäl papers, e.g. Hillis and Dixor
(1991), Hillis et a,l. (199?)

Meye. (uopublished)
Meyer (unpublished)

Meyer (unpublished)
Meyer (unpublished)

..:

3

(1991), Sroc! and whitt (1992), and ü.litely ro work in nsh.
rccns for which morc PCR primerscquctrce! haec be.n publishcd.
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mitochondrial DN^ gcnotypc of the previous generation (llauswirth an<.I Laipis, l9g2;
Ashley, Laipis and Il.ruswürh, 1989; Ko€htcr cl d/., lggl).

Usually, only one typ of m(DNA is found in an orgunisrn. I.lowever, r€ports of hetero-
plasmy, the presence of morc thrn one typc of mtDN^ in an individual, are accumulating
rapidly (revicws: Moritz, Dowling and Brown, l9g7; Moritz, l99l). Ileteroplasmy hrs
.ccrsi()"lly llcc0 lirurrtl irr rr'rst rr'rjor gtou|s .f,r'guris'rs, irrcludirtg scvcrll sPccics ol lish
e.8. shad (Bentzen, Lcggett lnd Brown, I988), sturgeon (Buroker cr .r1., 1990; Brown,
Beckenbach and Smith,l992), cod (^rn$son an<i Rancl, 1992) and bowlln (Bermingham,
Lamb and 

^vise, 
1986). Iü rhe reportcd crses of hetcroplusmy in nsh, the proportion of

heteropltrsmic individurls in thc populdtion was 57o in bownns (Bcrmingham, Lcmh cnd
Avise, 1986), 127o in shad (Bentzcl, Leg8ett and Brown, 1988), and up ro 4lZo in srurgeon
(Buroker ct al., 1990).

Simul0tion and nodelling of the 'popul!tion genctic' behcviour of male mirochondrirl
genomes suggesl thüt Inrle mitochondriit should only rarcly he fixed in the population of
oocyte rnitochoodriu (Chrpmun rt aI., 1982; Birky. Muruy:ur.r ancl Fucrst, l9g3; Neigel und

^vise, 
198(r). Ilowuver, putcrnrl lerkrge rnay occur är thc low r:rre of I in a 1000 molecules.

The univers.rlity und lrre of prr.cntal lcak.rSc ir- srill unknown (Gyllcnstcrr cr al., l99l).
IlorizoDtal lrunsfcr of llltl)NA l)ctwccu spccics ol a inuls hus hcen ohscrved iu rurc cusc _
mice (Feds ?l dl, 19143), volc$ ('l'egclsrrour. 1987) - but uppcir$ to be 0 rurc phcnomcnoo.

The milochondrial gel]etic codc is lnolc degcuerilte:rnd thus lcss constrained thao thc
'universal' cukaryotic nuclcnr gcnetic codc (tevicw: Attürdi, 19g5). The piscine mito_
chondrial code dppclrs to be like the vcrtehrrte mitochondriol code in thtt TGÄ ond ATA
align with tryptophan, :rnd lüethionine respectively (Kocher rl al.. l9g9; Johonsen, Guddrl
and Johanseo, 1990; Meycr üIld Wilsou, 1990; Mcyer ct al., lgr)O:'lze|ll ct ul., lr)92:
Meyer, I993).

In contrirst to the nuclcär ge[olne. the mitochondritl gcnotne of änimals (hut not that of
funSi rnd plants) is highly cflicienr (revicws: 

^tr:[di, 
198.5; Canhtore and Srccone, 1987;

Gray, t989), i.e. it rarcly contains duplicrte or lloncoding sequeoces. Mitochondrial prorcin
coding Benes do oot contüin introns, ilnd genes ate usually sepürüted by less than l0 bp.
Two genes may uhut directly without intcrgenic spacers, :rnd in sotne cases these genes €ven
overlirp by sevcral lrases. Trirusfer RNA ge[e$ and protein coding gencs tnily overlap
considerutrly (Chry,rDd Wolstenholnle, lg85). Sonle genes that rre codcd for by differcnt
strands overlap Äs well.'llte rcrding frätnes of the 

^TPase 
6 and the 

^Tplse 
g gencs overlap

never by less th.ln 6-7 l)p iu vcr.tchrätcs.'l'he two reudiug franres of the ATpose 6 rnd g

genes differ hy onc nuclcotide. A single trdnscript hus lrecn found for erch of these reoding
frame pairs (Andcrson el a/.. l98l; Ojul.r, Montoya and Attardi, l98l); the overlapfing
reading f$mes in each pair of genes rppeor to he trrnsl0ted from i! singlc nrRNÄ.

In lish, several rclutivcly largc noncoding rcgioDs have heen desclibed. Johansen dt.rl..
(1990) found .r 74-hp i sertion ir the Atlantic cod (Galtts norhua) botween lhe Thr-rRNA
and tie Pro,tRNA. In .krop .r this stictch of noncoding DNA is only 2(r bp long (Roe zt dl.,
1985) and in s(urgcon only 3 bfr long (Cilhcrt at al., 1988). lo scverirl dozcn $lecics of lish
from several f.rmilies ther€ irrc Do or lcss thrlt.5 hp bctwcerr the Thr-tRN^ rnd pro-(RNA
(Meyet et aI.,1990; Sturllrbaucr and Mcyer, 1992; Meyer. unpuhlished drra). In üe l5-$pinc
stickleback (Spin.tchia xpinachio) we (Mcyer, Orti and Bell, unpublished) found 0 109-tlp
insertion between the Clu-tRNA ,lnd the cytochrolne l, gcne.

5.1.5 Rate of evolu(ion

Severll studies of mtDNA using restriction eüzymes and ilctuul sequences (Brown ct al.,
1982) iodicste thüt lntDNA generully evolves !t elevüted rates (5-10 tirnes frster) compäred
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to single copy nuclcat geues (Brown, George and Wilson, 1979: pcrler er al., 19g0). The
faster mtDNA evolution is due to a higher frcqucncy of point and lcngü mutttions (Brown {rl
rr.l., 1982; CÄnn, B.own and Wilson, 1984; Wilson 4 al, 198-5).1'hc tlivergence at silcnt sites
of protein coding genes üay he ahout l07o pcr 106 ycnrs (generalizecl from resulls fronl
primates), tcn times the rate found in nuclcar protci[ coding geoes. Thc overall rate of
substitution for the complcte Dritocho0dlial gcnomc ofprirnütcs tnüy trc 0.5_lolo per 106 ycars.
The ralc of silcnt suhstitutious (sulrstitutions thut do not resuit ill alnino .rcid chrnges), muinly
t-lxnsitions, is ilbout 4-6 tlnes th:it of rcplitcelnent substitutions (Brown, George ünd Wilson,
1979; Brcwn ct.rl., 1982). I Irrwever, .rrnollg closc]y relarcd specics, ifü sitions are ignorcd
and only l-ransversiolrs countcd,(he dilference in rntcs hetwcc lnitochondriill ancl nuclcar
gcnes would be tnuch l€ss pronounccd. Severirl reasons for the highe, rate of mtDNA
evolu(on häve bccn sutgcsted; for refctcnccs sec Mcycr ( 1993). Thc olrserved diffljrcnccs in
rates of evolution betwccn nuclear ond m(DNA ca|not be exploined exclusivcly hy fhc
incrc&.ied variation irt third Jx)sitions. Substitu(ion rätcs at first aod sccond positions and rRN^
and IRNA gcnes are ulso incLeused. Ilowever. sul)stitution rttes at thes-e sites rnay not bc s
diff€rent be(wecn mitochondrirl and nucleur genes as rutes nt third positions.

(a) Tcnpo anrlnole oJ suhslitßtion

Of the thrce kinds of scrluence ch:rnges, suh$titutious are lnoLe frequetrt (hun indel$
(additions or deletiotls), tnd rc.I.rangctncnls olu the least colnmoD fonn of DNA change.
Additions aod deletious ulc lnost frcquently ohscrv€d in the coutrol region and in(ergenic
spaceru. At a lower flequency, they oc]-ur io thc tRNAs.rnd rRNAs. Rarcly huve they hecn
found in protcio coding gencs, hut they do exist. A singlc-codon dcletion was found amonß
sahnonids in thc A'fPasc 6 gene ('l'hornrs and Bcckeuhuch, l9ll9). A thrce-coclon ad<iitiou
i]nd a olle-codon ldditioo in thc 

^'fPrsc 
6 gcne of percoid lish cornpued ro slhnonid lish

(Thomas and Beckenl)rch, l9U9) wrs rlso discovcrcd (Moycr rnd Ti(us, unpublishcd dxt|r).
As frr .!:i is known, $lowly cvolving protcitr coding genes like CO I, II. III ancl cyrochro[re /.r

do not seem to contüin äny IeIgth vrriatioll atnoüg ucopterygian lish (Nonüirrk, McCune and
llarrlson, l99l; Mey€r, unpulrlished dirtii),.rnd o lengrh vilriutiou hos becn dctccted dmong
ray-linncd or lotre,lioned Iish tbr cyrocluornc b and CO III (Mcycr and Wilson, I990; Mcyer,
unpuhlished drtu).

As scquencing techDiqucs dcvclopcd it bccame clcar thilt the hißher rute of lntDNA
cvolution is due milit)ly to ftnsitiooll diflercnces (chirnges from one purioe to äoothcr of
onc pyrirnidinc to lothl:r) (Browtl und Sirnpsolr, l98Z; Brown zr r.rl., l9g2: Aquaclro anr.l
GrcenberS, 1983;Greenberg, Ncwlrold ü0d Sugi|o, l98l; Wolstcnholme and Clary, lgti-5).
Transitions often outnunrh€r trtnsveNions (changes flotn il putinc to c J,yrilnidiue or vice
versa by a füctor of l0 or 20 in within-spccies compurisons. Tlrc pronouncecl preclorninJnce
of transilions over tran$vcrsions was found in ull positions of codons and all rnitochondriul
gcnes. This supporls thc ider thut il lnUtütio0al hias lbr trlrnsitions ovcr tränsversions lüthcr
than selcction nnd consküitts mly l)e lärgely responsiblc for the tclrpo irnd lnodc of evolu-
(on of the mitochoodrial genolnc. flriN transiti(D hiäs aplears to dectcirsc wilh iucrcäsing
scquence divergence rnd thercfore tirnc sllrcc cotnmon anccsüJ,

Suhstitutions rt third positionN quickly acculnulate und they bccome silturated wilh
transitions. Mutution$ tt Iirs( itnd second positions will coutinue to itccutnulrte despitc
saturated third positions. For phylogenctic Iccoostructioo purposes (sce lrelow) transitions ar
üiad g)sition!i will thcrcfoac oot be rcliable indicrtors of evolutionllry rclütionships beyoud
about 30-407o sequencc divcrgcncc üt tbesc poriitioos (Figure 5.1.4).

'l]tc incr'cusc ill ut)scrvcd rturrlrcr oI tirnsvclsir)0ri (c.g. lrigurc -5.1.-5) is duc to sevc(ül
factors (Brown cr ul., 1982: IloLnquist, l9tt3; DcSalle ct aL., lgtj: Jukcs, l9g7; Mcyer,

23r
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Dynamics ol Sequence Evolution in

10 20 30 40

7" Sequence dllference at 3rd posltlons

E Neotropics I Atrica alndia O Madaqascar

Figur€ 5.1.{ Modc of sequence cvolutio'r for the 5'€nd (0tx)ut 360 bp) of lhc cytoi:lrrorrrc /' gene for
cichlnl 6sh (Meyer, unpublisherl {hta). Cicl'li,l lish are a fanrily of lish fcunrl in Sourl Anrerica, Afrjca
anrl Mcdagascar rnrl Inrlia. All species were conrnrre(l lo lhe neotropioal species Ctullrr.w,lr
ctrn;'r"/il1,r'. ll'irrl position substitutions quickly nccünrul e rrkl lrccon€ saruralcd widr subsuru(n)ns ar I
mixitnull level of diverSence of aftrunll 4.5%. Hence, for phylogenetic analyses, tiinsitioil\ in the lhird
positiors will be relilhle inrlicalors of evolutiomry r.hdordriFs for the whole f.rrily, .lthough drey are
inf<rnrative anrong closely relaterl groups of species. Mutalions nt tirst anrl sccond fxrsitions continue ro
accuorulrte up to a level of aboul l0{U, wilIir llte frnlily Cichlirlae.

1993). 
^symmetry 

in thc persistence of lransversions cnd kanritions erists (DeSälle ct al.,
1987) alld will produce an obscrvcd occumulation of scored transversions with time.

^lthou8h 
trdnsitions rernilin Ä lnore comtnoll typc of lnutillion eveDt hetween distantly

related species, the perceotilge of ull differences which are scored as tränsitions will
decrease. The obscrved nurnlrer of trunsversioos will increilse because tt0nsversions will
become fixed al sites thrt had ulrcädy lixed trinsitions lnd also at new sites th0t htd not been

substituted before.
Transversions, howevet, lrccumulrte more slowly (Brown and Simpson, 1982; Brown

et al., 1982', Aquadro and Greerrberg, 1983; Grcenberg, Ncwbold and Sugino, 1983;
Wolstenholme alrd Clary, 1985), evenluolly outnurnherinB tr0nsition$, i.e. the percentäge

transversions of the total number oi suhstitutions observed bctpeen two species increascs
with increasinB sequeDce divergence (FiBure 5.1.5). The mode of change frotn transitions
predominating to transvcrsions lrecolrring rnore prevalcnt differs b€tween genes and may be

related to functional consuitinls and bn$e comlositional biases (Holmquist, 1976, 1983; see

below).

cytochrome b
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Iigurc 5.15 Dyranlics of scquence evolution arrong cichlirl 6sl' for r conservälivc (aboul 300 bp)
portioo of dre l2S rRNA tere (Meye.. unpoblisherl dato); for nrcth<xls scc Kocher c, df. (19E9) rn{l
Meyer et ol. (1990). Griphell is thc Dro(le ol seque ce (livergcnce rnrl (lyna'rrics of i}e rnnsvcrsion
rrrlljidon raLio f[(nr lhe Deotropical spccies Ct.hld.u,t,u dtinlllMt. 

^rrx 
rg slü!ely rclated sFcies of

the genu.s Cicrldr,rr.r, lra0svcrsions wcre only rirely observ€d, bu( thc pcrcertage of obscrverl
tranrversions quickly iDcr€ es ro an rsynrprotic lcvcl of.bout 50%.

These dynamics will hrve to be acoouoted for in phylogenetic ullillysis. Trilnsversions will
trace phyloBenetic events more rcliatrly bccouse hack-tnutrtions will acculnulate at a much
lower rate. Often, they will bc wcightcd hiBher in a I)llrsinony Bnillysis or io the calculation
of thc matrix of Eenetic diverger)ces for a distance phylogcnctic nethod (e.g. Mi|dell
lloncycutt, 1990; Meycr lnd Dolvcn, 1992: Stuflnbauer ond Mcycr, 1992).

Transitions also occur lnorc frequently arnong clossly reloted spccics of lish, ,rnd

l-ransversions bccome apparent amo0E rnore distuntly rclntcd specics (Kocher ct al., I989:
Meyer ct ctL.,1990: Stuünbauer a d Meycr, 1992; Fajcn and Brcden, 1992). Among con-
specific cichlid fish, trlnsilions oflen out ulnlrcr trcnsvcrsions l0 lo l: lmong distantly
rclatcd specics lhis ratio chan8es to ubout oI]0. Figurc 5.1.5 shows this t-rend quitc cleurly in
a conscrved portion of the l25 rihosouul RNÄ geuc for so[rc cichlid fish. With iuclcrsing
:;equcDce divetgcnce fronl ir ucohofical spccics, C'iclrlarr)rr.r citntrcIhu\,lJrc proF)rtioD of
lranvc$ion substitutions ircreases rapidly to an uppcr lünit of rbout 507o. Thc level !t which
saturation is reached will depeud on sevcral fücbrs, c.g. the base compositional bias (sec

below). The absolute tirnc required to reach thc plateaü is depcndent on the absolutc ratc
with which transversion$ bccone lixcd (sce bclow). 

^mong 
congeners, total scquence

divergence tellds not to cxcccd rbout 5%r, rnd scored trunsversions are usually less than 257r,

of the lotal number of suhstitutions. whercas closcly rcluted species cxhibit transition
differences almost exclusively. Witbin thc frrnily Cichlidae tbe sequence divcrgencc
(unclllected for multiple suhstilutions) in tlris portion of thc l25 rRN^ g€nc does not exceed
about 1570. This is nol tlrc c:rse for specics of {ish ill thc frrnily Casterosteidae (Orti, Bell
and Meyer, unpublished data). Patten)s like th€ onc sceD for the l2S IRNA gene in cichlid
llsh are typical (Figure 5.1.5). The observcd rrlio of tranliversions to the total Iulrber of
substitulions between spccies increüscs rclirdvcly rapidly (bcyond thc lcvcl of the speclcs?);
it usually quickly reächcs a pl tea! (omonB contelcrs?) with sotne lluct!atio (Hollnquist,
1983). Even quite distantly relalcd spccics of fish do not excced ahout 207' of tollrl
(uncorrccted) sequencc divcrgence for this coIscrvrtivc P.rrt of thc I25 (RNA gcnc (Mcycr
and Wilson, 1990; Mindcll und Iloneycutt, 1990: Meyer and Dolven, 1992).

t7)

10
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(b) Prclein co.lint Ee cs

Subslitution p!ttems in protein coding genes follow sornc relatively well-understood rulcs.
This reguluity in the wry in which rnutrtions cccumulcte lnakcs protein coding genes
atlnctive candidates for phylogenetic studics of fish- Mutations in thid (aod rarely in lirst)

fositions of codr)ns lhxl (lo nol rds|lll in rmir(' ncid (AA) $uh$tiluli(rns (silcot ('r synony totls
substitutions) 0ccurnulrtc much more r pidly th0n A^ repl:rcement substitutions (non-
synonylnous sultstitutions). The most frequeItly observed substitutions are transitions in
third positions of codoos; second lnost frcquent iue transvcrsions in third positions and silent
lransitions in sornc li$t codon positions (l:igure 5.1.6). In some codons (lcucine), thc lirst
position is degenerate (troth T'IA/G ond CTN codon fiunilies code for leucine). Furthcrmore,
since trlnsitions in lirst positions of codorß will usuolly result in conseavativc A^
substitütions will tend to mainluin ir functiorral gene product, mutetions will accurnulcte
more quickly in first thnn in the rno$t constraincd sccond positions of codons (Figwe 5,1.6).
Knowledge of these rules lllows one to wci8ht (or etrcludc, as :rn extreme folN of
weighting) kinds of substitutions (tritnsition$ lnd trilllsversions) and positions (lirst, $econd

and third) diffcrently b.Ncd on the phylogerletic question that is being addrcssed. Ohviously,
among distantly rclrtcd snccics trlrsitiors ill third positions ilre Eoing to be unreliuhle
tracers of evolutioncry dcscent ünd rcpre:ient lxrgely 'phyloBenetic noise'. Trirnsversions are

r:üer and have a higber chuncc of being leliohle indicrtors of descent. The most consetved
positions (second positions io codoos) rre toillg to he tho lnost similar xmong closely rclxtcd
sfrecies but contrin phyloEenctic information among distantly related species.

Millions of y€ars

Figurc 5.1.6 HypolLetical cxallrple oftlrc tlynanrics of sequcncc evolution in a mjlocllon{lrjrl prolein
codinE gen€. TIl. nrultiple hi( alne is 

'lepict€il 
lo.ignify the ohicrvrlion thol the likelih(X'd of a nrolliple

substiNtion at r panidrlrr nucleotirlc incrcases witl xc.tucncc divergcnce. Tllc probability of a ntultiple
hit will nol inc.ea\€ lincarly bul rälher ctponenli.lly wilft incrcnsing scquencc divcrgcnc€. Due to
nNhiplc substitutions (he '(*serv€rl' sequence divergence at ttrird psitions (nlso, of course, al {irsl and

seco[d Frsitions. but Irorc slowly) will '(lecelerale' quickly cornlared lo second an(l first psitions in
codons. Tlrc 'obsc(vc{l'ratc ofsequence diver8enc. will incrcnsc in r rclälivcly liDc.r fl{lüon for ihout
drc 6rs( l0-15% seqoence divergence. Thc 'renl'rir. ofevolution cln h€ cstinbled fron I tnngeot dlrt
is llid on thc obscrve(l lü(xl€ of divergence. The r.'tual slopes will vary bctwcen Plrticular
mitochon.l.iol prot€in co(ling g€nes.

I
.Eo.9o=

9->Y-
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Each mitochondrial protein coding gene hrs its own particulrr rirle of evolution thirt will
depend on factoas $uch as functionrl constrrinLs on the Scnc product lnd hase compositional

biises (Johansen r I .r1., 1990; Meyer, 1993, Tuble I ). Dcs0itc thc fcst rirte of IntDN A evolu-
tion. somc gcnes moy he hi8hly conscrvcd; thcre nray he a low ccilin8 for totül divergcnce,
which is partly due to nucleotide basc compositional birscs (c.8. DcSalle ?l ,r1.. 1987) and

strong functional coostlainLs. 'lllc 
Beoes codinE for the suhunits of cytochromc oxidase and

cytochrome lt arc thc rnost conservcd gcncs, and thc most variahlc oocs are sorne of the ND
and thc ATPase genes. Thcse slowly cvolvir)g protcill codin8 Ecncs hirvc bccn used to test

!clationships amonS dist.rntly rcliltcd neoplcrygiun Iish (Nonnark. McCunc and Ilarrison,
l99l), yet thcse gcr)cs tufllcd oul to hrve a ratc of AA substitutioo th:rr is too slow this
phylogenetic que$tion.'lhc carly puhlicütion rnd avcihbility of'uuivcrsal' PCR primcrs,
particulally for l2S and cytochrornc /, (Kochcr rt ./.. 1989), bad the cffect that cytochrolne ,
is being seqüenced in mrny diffcrcnt organisllls for many diffcren! questions. Oftcn,
howevcr, particulrrly for distalltly rclatcd spccies. other Scnes rlliEht havc hcen bcttcr
choices (scc bclow).

(c) Tranrfer RNA gcncs

AII verteb(ate mit(rihondrirl geDonres cootuiD the usuill set of 22 (RN^s. They arc sln0ller
than their cytophsmic courrterpurts. usnllly 59-75 bp ilr lco8th. Sccondirry slruclurcs of
mitochondrial tRNAs 0re los$ conservcd but Ntill fold iuto thc clovcrlelf secondary structure
(reviewr Sprinzl cl i/1., I99l). Mitochondriül tRNAs ure surprisingly viriiühle itl theiJ prirnary

scquencc (substitu(iorls rod. lcss frcqu€ntly, srnrll l-2 bp inscrtion$ lnd deletions ure

observed) and secondrry structure. Lcrlgths of slclns ürrd loops of rnitocholldriirl tRNAs urc

exceedingly vrri ble cornpür'cd with Duclcür tRN^ Bcncs. Mitochorldri.rl tRNA Scnes evolve

irt least 100 tirnes frstcr Lhrll nuclcar tRNA Beues (Browu ct .ri., 1982). Despite the observcd

elevated rrtes of vi|riutioll corDparcd to thc nucleü tRNAs, the IRNA gene$ lrc among thc

more slowly evolving gcues of the rnitochoudrial gcnolne, but vuriiltion cxists in thcir
relalive rates. Because of their sln.lll sizc thcy lnry uot lre the bcst choicc for Senes for
pbyloßenetic inquüies (illthouSh thcy hrve lrcen uscd succcssfully); howcver, thcy üe oftcn
good sites for the design r)f PCR prirncrs (e.g. Kocher cl al., l9ll9), t)ccause of the conscrvcd

fcatures of tRNA Ecucs.

(tl) Ribosonal RNA gents

Two ribosomal RNA (rRNA) genes ue found io anirnal lnitochondriäl Senornes: the small
l25 (About 819-975 bp in vcrtetrr:rtcs) rRNA Senc and the large l(lS (about I 571-l (r40 bp

in vertebrates) rRNA gene. Nucle.rr rRNA (l85 and 28S) and tRN^ genes (sce b€low)
cvolve rbout 100 timcs rnore s|)wly thun thcir ruitochondrial coullte(0arts (Dawid, 1972)

when thc lnore vrriable cxpirlsion sc8l\c ts of thc nuclcar rRNA gcnes rre excludcd from
the analysis (Mindcll and I{oDeycutt. 1990).

The same basic rules of subs(itutio|s (sce rl)ovc) upply to rRNÄ gencs (Brown el al.,
I982). Transitions are rnorc frequent lh:rn tränsvcrsions; lhis is nt)st appurcnt alnon8 cloicly
related species where the rccord of transitions hirs nol bccn ovcrlÄid by trore slowly
accumulatinB and more pcrsislenl trä[svcrsioos (Figure 5.I.5, scc ülrove). Insertions i]nd

deletions are usually small, in the ril08e of l-5 bp. l}le 165 gcne lends to conhin tnorc

length variation lhaD the I25 gene. Ilence, DNA sequcnces of the l65 rRNA for distanlly
rciated specics arc rnore diflicull to .rlign thrn for thc l25 rRNA gcne, l,cn8th llrul:tlioll$ 0rc

urore frc{]ucot in iRNA than iu protci codi 8 gcnes. llrcsc lcn8th vüriatioos rn.rke ulign-
ment irn issue for phylotscnctic studics: diffcrcnt ali8nrnents. and thereforc diffcrctlt
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hypothe$es of homology, ciln result in drrsticully differcnt phylogenetic in[crences. 
^Jei].s 

of
questionably nliBned scqucnce (critcrir for wh.lt is well aiigned Jre not always obvious: see

Swofford and Olscn (1190) and Mindcll (1991)) are best removed from the phylogenetic
analysis. Alignment rnd delineation of which porlion of the sequence should be excluded
from the analysis and which should he used Ie,nain prohlernatic issues.

Sccolldlrry s(r'ucturc lnodcls uc ilvililülrlo li)r hoth Scrlcs, r0d gcncral itgrcctncnt ithout tllc
secondary structurc exists (Clotz zl .r1., l98l: Dunon-Blutcru rnd Brun, 1986; llixon and

Brown, 1986).1tcse secondcry stuctures irte conscrvcd across luge evolutionary distances.

Among tctrapods, lun!,lish, the coehcänth and ray-finned Rsh, substitutions occur about iour
times more frequently irt proposed loops lhdn in stems; tlrnsversions ale cbout ninc timcs

more frequent in loops than in slcms (Meyer and Wilson, 1990; Meyei and Dolven, 1992:

Meyer, unpublishcd drtc). Transversions oppear to bc indic,rtors of phylogenetic relNlion-
ships in a slowly evolvin8 portion of the I2S tRNA gene for ao evolutiouafy distance of
more than 400 000 000 years (Meyer and wilson, 1990: Mindell and Honeycutt, 1990:

Meycr and Dolven,t992; Meyer, 1993). tuDon8 clo$cly relüted species of prilnatcs, sternr-

are less likely to contain suhstitutions thrn loop regions (tlixson :)nd Brown, 1986). Siclns

sometirncs show '!,ornpcnsatoty r utiltions': I suhstilution in ollc strind of a stetn regiun is

compensctcd for lry a chrnBc ir the othel strand of the steln, in ordcr to maintuin intrNtrand
base pairing rnd ü s(lble secondrry structure. The rate of sequelrce divergence :rPPcrrs

higher arnong closely r0lrtcd spccics thun ulnonS dista tly relüted sPccies due to $irturltion
effects (Figure 5.1.5). At äround l(X)-150 x t06 years of sequeuce divergence, the r:rtc of
substitution appc:rl.s to decrcose (Mitldell cnd lloneycutt, 19901 Meyer:rnd Dolven, I992)

'l'he over.rll rRN^ rnd (RNÄ sul)rlilution ru(es ure choul holf lhos€ of the Protein coding

genes (Brown rl al.. l9tl2; llixson and Brown, 1986; Jacobs sl.tl, 1988: Meyer and Wilson'

1990; Hillis and Dixou, l99l; Mindell and Ilor)eycutt, I990), m.rking thcrn atlruc(ive Senes

for phylogenetic que$tions ürnong distäntly rellted species of lish.

(e) Conttol rction

The control re8,ion is p.irti.rlly constrlil)ed in primarl scquence or secondary structurc to

rcgulate replication und rü0sc.iption (Claytorr, l99l). The conllol reBion is charlcterized by

the displacernent loop (D-loop), ,r strctch of DNA th|rt is complenentary to the liSht L-

stland: lhe D-loop strat displrccd the II-strilnd. Thc initiltion site of D-loop synthesis utld

the origin of H-strirnd replicutioo rre idcnticitl, but, the termirrntion site(s) for the D-loop

strand and thc Il-strdr)d ue scPdrilte (see ahove)

Of all mitochoodri.ll Bcn€s lhe coolrol region has thc hiShest suh:ititution rate. The rate of
evolution of control region is two to live tilnes higher than that of mitochondrial Protein
coding genes (Aqurdro rnd Greenherg, l98l). Nucleotide substitutions occur 6ve limes

more frequently than additions.rnd dcletions in thc humun control region; among closely

related species ofcichlid tish, substitulions outtturnber dcletions ultd additions (Meyer ?r al.,

1990; Sturmbauer ood Meyer, 1992).'lhe contrcl region varics tremendously in lenEth, often

because of lündem duplicutions of 200-4 100 hp (Brown, 1985), and is primurily resfxlnsihle

for the observed vltiation in tlre tot0l length of the vertehrute mik)chondri0l genomes. It ul$o

contains the highest frequency of lenBth rnulrtions,rt the PoPulütion level (Densrnore,

Wright and Brown, 1985; Ilarrison, Rund and Wheeler, 1985). In fish (Dcrmiogham' Lamb

and Avise, I986; Bentzeu, LeSSctt und Brown, l9tlll; Buroker 1t ar., 1990)' tirndem duPlica-

tions and vitious rlullrlrclN of repcirts irrc usulr1ly found hcrc when hcteroplilslny is ol'served.

The chrrlctetisticrlly hiSh ulnoulrt of sequence divcrSence in the conlrol region is not

evenly distrihuted; thcLc rfc scveral reBions thLrt exhibit hiSh levels of sequence

conservatioll. Usually A-T-rich regions urc louud ät both ends of the Dloop, with un
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cvolritio0arily consc{vcd ccltuirl dontxin in lhc rrtidLllc. Although hiShly vuriühlc iD srquclcc
and structurrljy vari,rhlc in vcrlchrr{cs. tllc ccntrul donl in i\ .'..r."1\ly functiorrlliy su|ilur,
sincc conscrvcd s!(lucocc hlockj (CSBs) c.ln usurlly l)c i,,. .,.-,i in all .rl)iMill cojlriol
rcgions (B.own cr dl.. lrS6; SuccL'nc. AtlürroDclli rod Sl,i2t.r, l()8?r

Bccausc rnutirtior)s rccultlulrlc f.Nlcst hcrc. thc coutrol rcgi(-rtr is thc tnolccul!: of cl!()icc
for thc study of pofulrtioD lcvcl phcnolncut rlld thc study of fhyl(Jscllctic rclilliot]sltifs
uuoog closclt' relrtcd rpccics und hrs lJccu uscd lbr borh of thcsc l]urloscs ill lish (c.S
itlcyer ?r al., l99i): Stürtl!l'rucr ilDd i\lcycr. 199:: llcirrthirl rird Nlclcr. un|ubli::hrd).

U) Shrtcr ru!. of cr'()htirt in cck'tht 
^?

Nluch variation wüs cxlcctcd in tcrurs of xmino acid differenccs irl lnitochondrisl protcilr
codirg Ucncs ul llsh, sirlcc up to H.59, scqrjencc divcrgcncc lrrd bccn fouod rvithin spccics of
runlish (Avisc 1l .r1., 1984d) td rlso soll'rc cishlid lish hrvc hiSh lcvcls of irrtr.rspcci{ic
v!iiatrun (Stu l]l,ilucr lld I\lc]er. 1992). IIowc!cr. thir ls 0ot irlwirys thc citsc.'l-hclc is littlc
vuirtion witlrin or hctwccr spccics of sallrorids (lln)rD;rs illrd Bcckc|l)rch. l9ttr) irnr.l

cichlids (Kocl)cr zr .r/., l9S9; I'lcycr (r (//.. lg{)oi N,lc)'cr, BicrD.1llü irrd Püllson. unfuhlishcd
J"rJ, lI tbc lllolc cJD:clvcJ flutcllr ljrrdiIg !c cs.

EclothcrDric irrinr;rli nl:ry hc up to Iivc tinlc$ slo\rcr thilu eldothcrnlic:rninrals in ir,c
cvolutio olcylochr(rrrtc/ranrinoacidrcpl.lccmcutsuhstituti()nsiKochcr...,l.,lr89),uId
pcrhals cvcn l0 ti[rcs sl)rvcf (Nlä{ir). Nryl(r'ulld I'ulumbi, 1992). lhis rnry rlso he tluc
lor lluclcotidc suhstitutions. Givc thrt syrionyulOus chroscs in ltotcin codin-q Bc|cs rppctr
to accurrluhtc so rirpi(lly. il !v!s surnrisilg k) li[(l thrt ulninu rcid subslituti(]0s in thc lllost
consorvttivc rnit(icholldrill tcllcs (cyk'chrolltc ()xid sc rod cykrchronrc, tcncs) necurnu-
late rathcr slowiy ill lish (Kocllcr cr dl-. t939; lvlcycr and Wilson. lgr)0; Nororrrk.
lvlcCunc and II.rrriso . l19L).'l'his slowc( rnlo üllolvcd DTIDNA ro hc uscd t{) iilvcsti8xtc

Jrhllogcnctic rclrLiooships aDIrn; vcry distrDtly rcl:rtcd spcsics (i\lcycr und Wilson. 1990:
Nonlurk. it'lcCunc ünd llirl'riso0. l99l; N'leycL u0d Dolvc 1992) 'lllc lrlo ol-illuino cid
sul)stitution in tilc cytochrorno, gcnc t]l1)vcd to hc conscLvirti(e crrr,u3il te tcst rcir!Lo shil)s
Jtnong BrLrur,r of lrrhc-litrrrcLl lirh Jnd r i-lillltcd lish tllilt hryc not shJrcd ü colrllllo
lncestor for lnorc th l] 4000{X)0(}0 ycilrs (lvlcycr arrcl \\'ilsorr. 1990). lhc rrtc ol Jntilo
ijciJ sulrstitutio in CO rId cyt)cht'('nlc h gc es i]ctu!rlly rvus trro rI'rv to clcrrly cluci(l tc
ihc cvolutiorlirty rjlrliorrstlips Jruorr" rlcr\l)turyBiirn Iirh (....rrrrurk, i\lcCutlc r.^i llar'risorr.
r99l ).

^lthouth 
lnlDNA uvolution ill cclothcrns rfpcurs to lic sluwcr conl0irrcd to l)ilds ond

tnxrunals (Kochcr r../1., 1989; lvlrrtin. Nnylor iind l)rluruhi, 1992), thcir nucluirr rrlc is still
llolvcr tilJn thc lntDN^ r tc. (lortprrisons r'l DNÄ (cytochronlc /r) urrd nuclcar gcncs
(X'nr*. X'srr) bct\Äccn ekrscly rclJtcd lnccics of prrcciliid lish of tlrc Sc Us Xiltlnphon:t
sho*cd that lnll)N^ cvolvcs al lc:rsl ?.j tinlcs flstcr thJ0 th,.jsc nuclcar Sci)cs (Nlcicr.
laul)crtson. L)dcrrd rn{.1 Sclrutl. uolul)lislrcd dutr). lhis crL rrrtc lbr thc rric of Lhcsc

nuclcar gcnes iücludcs [oDcoding rcgio[s (iruo s) rnd is lhcrcforc undclcstitnrtin! thc
rclirtivc rnilorhondriirl rulc. Bilsc(l on cirrlicr li0dinUs r0 frilllatcs (c.g. B[owlt, (;corgc i )J
Wil$oD, 1979) it wrs cxpc!tud thrt tlrc r itr)choIdriul rltc g,.:Dc|ully should l)c rt ;-..,t li!c
tirncs thc nucloar rJtc.

Whcthca nritochondrirl a0d nuclcu ..,:.ilitutioo lJtc\ ll'c l)1orc sitnilill ilt lish hccuusc of
slolvcr rntDN^ rnolcculur suhstilrltion rülcs or frstcr nuclcrl suhstitution rrtcs is not clci:r
rnd rvill rcquirc rlluch rrore düta thrü Jlc cu cutly rvrihhlc.'fhis is intnollrl)t ibr our
undcrs(ü,rdiog of lhe nlrs()lule rrtcs ol sc(lLrcrrcc divclgoncc ol !\)tll !0 ontcs. irs \!cll its

rolu|J!iso|:, lrct\rccll tltu t$o. ll Lhu lllit()uhuldt titl l Lo ls ScllcrJr,y rlrrrvcr rü lish;rnd/r;r tlii:
rrtc of üuclcrr l)NA i.volutiLrD iIclcrscd. wr \\ilL rcquitc a knorvlcd,:c ol dive|Scncc ü]tcs.
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llowever, too few studies have calihration points frotn the fossil record to allow us to test
these hypotheses.

5-1.6 Mltochond.ial DN^ and population-ll}vcl qüestlons

Until recently, rntDNA has bcen used rnainly in populätion-lcvel work rnd in studies of
lnolecular relotionships lmong closcly rel:rtcd spccies (rcviews: Wilson cr .r1., lgg5i 

^vise,1986; Avise ct u\.,1987., Moritz, Dowling and Brown, 1987). The fast rate of evolution of
mtDNA (Brown. Ceorgc rnd Wilson, 1979) compcrcd to nuclear DNA makes rntDNA
useful for bigh-resolution c00lyses of recent evolutionory events. This fast rate of lntDNA
evolution, coupled with matcrnal inheritance (bur sce Zouros ct a!., (Igg2) and above), hi$
made mtDN^ an cxtretncly populur Bcnetic systern with which to study gene flow. hyhrid
zones, populotion structure ilnd othcr population-level {lues(ions (reviews: Wilson et.ll.,
1985: Avise, t986; Moritz. Dowling and Bruwn. 1987; llarrison, l99l). Mitochondriat DNA
lends ilself to thc study of foundcr cvcnts aDd femrle-tnedirtcd gene llow, i.e. diffeactlcc$ in
dispcrsül bctwecn sexe$ will bc afpitl.cDt through cornpnrisons of the Bcogrlphic distribution
of nucleur DNA alld rntDN 

^ 
(revicw: I I r risoll, 199 I ). M itochondrial DNA illso lends ilself

to the study of thc origiI of clonrlly rcpl.oduciDg spccies (c.8. Densrnore, Wright cnd Brown,
1985; Quattro, Avisc and Vrijcnhtrek, 1992; revicwed in Moritz, Dowling:rnd Brown, l9g?.
Mitochondrial DNA.,rs well as ullozynrc urarkers, hus lrcen used to identify trybridization
cvcnls (c.9. Avisc rod Sxurr(lcrs, lg84; 

^viNc 
Nnd V n Dcn Avyle, 1984: Ilerkc ct al., lrg}).

'fhe special mode of inhclitrnce of rntDN^ has consequences for its populatior genetic
behaviour (Büky, Muruyarno und Fucrst, 1983; 

^vise 
?t.rl, 1984b: Avise, Brll and Arnold,

1988; Neigel and 
^vise, 

198(r: Pamilo and Nci, 1988; see rcviews in Avi$e, l9lt6, j9lt9:
Avise zt al.. 1987; llrnisoD, l99l).

Until accently lnost of thc work on fopulati{rI structure :lnd phylogeni:tic rclationships of
fish based on mtDNA drt,.l wus lr.rscd on the üoillysis of restriction frilgment length
polymorphisrns (RFt-Ps) (e.9. Grrves, IreüiN und Dizon, I984; Wilson er al., 1985: Wilson.
Thomas and Beckenbuch, 1987; BcflninShurn, L.ltnb rnd 

^vise, 
1986; Gyllensten und

Wilson, 1987: Avise rl al.. 1986; Ovendcn, White und Srnger, 1988i Wügin, proencr an<t

Crossfield, 1989; Ievicws in 
^visc. 

l9lt6: Avise rt al., 198?; Moritz, Dowling rnd Brown.
1987). lligh lcvels of polymorphisrn und gcographic diffcrenliorion within species Jre
sometimes found (sce rbovc). Extrclnely low levcls of sequence variution within .rnd
between $pecies hcve bccn found äs well (o.g. Maycr ct ol.,1990). Rcstriction iln.lly$es ure
usurlly unublc to provide inforrnution lhout thc putterns of suhstitutions that cause observcd
diflerences in RFLPS. Actu:ll DNA sequences do provide this infonnation. The cstim0tes of
sequenc€ divergencc bused on nIDNA RFLPs are not irlw0ys the stme as DNA sequence
analyses (e.9. Wilson It al., 1985: Thomrs und Beckenbach. 1989). In the case of intra-
specilic varialion io salmonids, the divergence cstimüte frorn cctual DNA sequences is tbout
hrlf that estirnated fn:rn RFLP unolyses- The opposite trend wos observed for inrerspeci6c
variation, in which sequerce dat.r tendcd to be l:rrger thin estlnates lrased on RFLP data
(Thomas and Bcckenbach, 1989; Beckeubuch. 1.})omrs llnd Sohrrhi, 1990).

Differences in the estimütes of sequence divergence hiiscd on aestriction enzyrncs ln<l
DNA sequences can bc duc lo severul filctors. For exlmple, thc selection of restriction
enzymes might have been hiüsed to cut prcfcreDti.lly tt particulff nucleotide$. If cqual
r€preseitrtion of illl foür nucleotides w:rs expected, but strong hlse compositionol biüs
existed, the estilnltes of sequcuce divergence ba$cd on restriction tn,llysis would hc
inaccurate. Furtherfrore, restriolion cnzytnes cut indiscrirninttely throuBhout thc whole
mtDNA molecule (including the r.rpidly evolving control region, as well as more slowly
evolving rRNA rnd IRNA gencs), wherels most often only portions of mitochondriäl
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genome ate sequeoced, and estimates of sequence differcnce are inlluenced by the choice of
Bene(s) sequenced. Obviously, this has to hc rakcn into consideration. In intraspecific
compalisons the rapidly evolving conlrol rcgion might contribute disproportionatcly ro the
cstünate of sequence divergencc based oll RFLp i.tnalysis of thc colnplete mtDNA gcnolne:
in interspecillc studies. tnultiple hits (see helow) in the cont(ol region mi8ht lead ro an
underestimate of sequencc divcrgcncc colnpured to colnpurisons of actual DN^ scquencc$.

Mcthods ill populution gcl1ctics und {isheries rnanaßemellt ch.rngc rrpidly and mtDNA h.]s
foünd wide applic.rtion (rcviews: Ilallcrmünn.Itd Bcckln.rnn, IgllS: Ovendcn, 1990; Ryrnan
and Utter, 1987; Dizon cr u\.,1992:). RFLP rnllysis had bccn thc predorninanr rncrhod i
population studics (e.g. Wirgin, Proenca and Crosslield, 1989) hut pCR has experienced
increased application for these questions. Even conscrvative protcin coding genes like those
for cytochrome /, tcnd to show int-raspccilic variation, lnüinly in third positions of codons
that can be used to identify lish stocks (Bartlett rnd Davidson, 1991, 1992: Carr and
Marshall, l99l: McVeigh, Bärtlctl ond Duvidsotl, l99l; Fionerty irud Block, 1992; Orti, Bell
and Meyer, unpublishcd drr,r) or l)c uscd for phylogcocric studie$ umong clossly rcloted
species (Kocher er al., l98t): Mcyer ct al., 1990: Mcyer, Kocher antl Wilson, l99l;
Sturrnlrauer and Mcycr, 1992; Rcinthul ünd Meyer, unpublishcd d.rtü).

When usilr8 mtDN^ to study [X)fulütioli differentiation irnd sysremrtics of closcly relrtcd
spccies, i.e. rcceDt divcr'gcncc cvcuts, ooc Decds lo lle uwirc of solllc poteotial diflicultics. If
the anccstml spccics conlrilrs ntorc th u ollc lntl)NA hxplotypc, litlcirgc sortiltg ilt speciution
and suhscqucnt rnndotn lincagc cxti[ctions n]Jy crusc (wLr spcr:rcs to cotrrairr solnc of thc
s:!nc mtDNA hapiotypcs, whicil mry uot cxnctly follow spccics l)oundütics (e.g. Avise,
1989; Avi$e ct al., lt)84l]'t 

^visc. 
Ankney and Nelsou, 1990). This iri due to randorn

sumpling of tntDNA hüllotypcs ,tt spociltion nnd rnuy introducc errors in phylogenctic
rcconstruc(ion (sec below). I'hc dä gcr of this h.rppening is purticüllrly I.lrge if the
sp€ciation event is rcceut rnd rhe ilncc$kai spccics highly polymorphic. If thc tneilsurcd
divergence between thc lntDN^ huplotypes of two yourlg spccie$ is used to e$tirnirle the
tilne since the origin of these sfecics, this dute lnny l)c ovclcstitnrted, silce the divergcncc
of brplotypes might have prcdüted thc splittinB of the specie$, i.e. the ulnount of $cqucuce
divergence was not zclo at tbc tirne of sftjciätio ünd needs to be corrccted. This corrcction
can be bascd on the currrntly ollsc.vcd lcvcl of intr|spccilic vuiation (cf. llxtrison, Iggl).
However, cunen! lcvels of iDtrirNpccilic vrtirtir)n tnüy Dot bc :rn irccurate rellcction of the
prcspcciation lcvcls, and Iurthcrnrurc ussonrcs th.rt thc rrtcs of mtDN^ cvolution arc thc
sarne in all lincäBes.

5.1,7 Mitochondrial DNA and phylogrnetic questlors

The study of li$h mtDNA experienced a tloost through thc devcloprnent of so-c:rlled
'uüiversal' primers (see abovc) (Kochcr ct dl, 1989). These priners were dcsigncd, hdsed on
comparisons of publishcd mtDNA scquences, to rnneül to $tletches of DNA thüt üc
conservcd across a wide tüxonolnic rillrge. Despite thc gclcr.rlly fast suhstituüon rüte of
ntDNA, conserved rrells cru hc identilicd r0d frirners designcd thrt have upplicability for I
wide taxonomic raoge (c.g. ir phylutn or even bcyond) (Kochcr dl al., 1989). With thcsc
'univcrsal' prirners nrtDNA frotn tnosl organislns can lrc arnplilic<l and the DNA scqucnce
deteflnined without prior scquence knowlt:dgc llotn thc J,irrticulür organistn studied, 'lte
lirst'universal' primers (Kochcr cr.r1.. lglig) itnd in fnrticulür thc prirncrs thur llnplify
portions of thc ll1itochondriLll l25 rihosomrl rnd cytochro re /r gcnr:s currcotly cnjoy
widcspr€ad äppliciltioD ill m.1 y evolutioo ry änd phylogcnctic studics from r widc rilnge of
trxonomic groups (rcviews: Mcyer, 1993; Esposti, DcBli 

"t 
dl., lggl).
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Universal PCR frirners for mtDNA (Kocher /r .r1., l9g9) led to an even further increase in

the use of mtDNA for phylogenetic questions. Ilowever. the avrildbility of universal pCR
primers has lcd to iheir uncritical use for tnlny groups of organisms for mary differenr
qucstions. Cytochrome l, is ü Scne that hrs hceD trrBetted for many differcllt inquiries. but it
may not he the bcst gcnc for thc study of {:volutionary split"- that are tncicnt enough so thüt
third F)sitions iue sltuliltcd. 'll){j 5' e0d o[ cytochronrc /, tcnds to ho vcry conservcd in nino
acid substitutions .rnd it mry not contirin enough vtriution in first cnd second positions of
codons once third positions üe saturutcd.'fhe 3, end of this gcne appears to he somewhät
lcss constrained in tenns of atnino acid sulrstitutions ([rwin, Kocher and Wilson, l99l:
reviewed in Esfosti Dcgli, cr al., 1992, 1993).

Bdsc coDlpositionrl biases. stturrtion cffects and thc low v:rri:rtion in lirst Änd sccond
positions of codons äll contritrutc to probletns in phyloBenetic reconstruction. Similar
difllculties in the usc of cytochronre /' wcrc cncountered in the reconstluctlon of the
evolutionary telntionships among groups of cichlid fish, believed to have divergcd more thän
80 000 000 yerrs aBo (Mcycr. unnuhlished d.rr.r). Allhough this gene hus heen very useful for
studies involving populutioüs (scc xhove) uod the phylogetreric study of very diffcrent
groups of lish, it lDuy uot hc thc most .lpp!)oria(c genc for ull purnoscs (ruview: Esposti
Degli zt al., 1993). It would nplcrr that for sorne phylogcnetic problerns faster cvolving
prolein coding getrcs likc ND2 rnd A'fl'use 6 a d I or the ril)osouul gencs rnighr providc
more rppropriütc dxtt. l)drrrer scclucnccs ft)l lll!ny othcr genes have ilhcudy been pül)lished
or 0re irvailntrlc (Toble 5. l.l, FiSure 5.1.3).

More 'univctstll' tnitochondriul, but tlso rruclear, DNA pCR frilners ure constantly bcing
publi$hcd. Tablc 5.1-l represcnts il comfil tion of sevcrul puhlished (c.8. Kochcr ct ?1.,
1989; Mcyer ct ul., I9t)Oi Normrrk, Mccune and llarrison. l99l; p lutnhi et al., l99I:
Cmchev cl al., 1992) and unpublishcd PCR prirners for several rnitochondriul rnd nuclcrr
genes thüt ilrc known lo work lor rnost specic$ of lish. With these ptitner$, mtDNA c.ro hc
amplified d d sequenccd without prior scquence knowlcdge und they iuc expected to work
for most groüps of teleosL\.

Mitochondriill DNA hirs found widesprcad trse as lr tool for phylogcnetic irnalyses
(reviews: Kon)field, l9li4, l99l: Avisc. 198('; Avise cl al., 198?l Moritz, Dowling rDd
Brcwn, 1987; Wilson ct al.. I9tt5). RFLP unalyses were rnirinly conducted on closely relirtcd
species since the holnology aoloog frugrncnts was not 0lwüys clerr bctwecn dist:lltly relirted
spccies (rnolc thxu ähout l0-157, sequence divergencc).'l'hrough the advent of pCR ir häs
bccome apparer)t (hilt lrtDNA $cquenccs tnxy rtso he I uscful tool for the study of cvolu-
tionary relalionships ünon8 rnorc distuntly relilted spccie$ (c.g. Mcyer and Wilson, 1990;
Nonnark, McCune und llrnisol], l99lt Meyer.rnd Dolvcn, 1992).

Multiple rnutations irt the sätne nuclcotide position (tnultillc hits) becorne increirsingly
more likely,rnd therelore tccutllul0tc with inorersillg sequence divergence (Figure -5.1.6).
'Multiple hits' are prolrlctndric phylogclle{ic stüdies. Thcy tend to obscure evolutionury
relationships, and they also result in dn observed upper limit of sequence divergencc, a
ceiliog thirt is rppfo.rcbcd rsynproricrlly (Figut€ 5.1.4 uud 5.1.5). Esrirnalcs of sequence
divergence (irnportuut for (he cJlcul,ttiotl of distcnce matriccs for distxnce rnethods, see
above) hetwecll two specics, pürticulärly in the .Dlultifle hit zonc,, ctn severoly ullder-
estünate 'real' divelge0ce und nced t{) hc corlected. The tnore distillltly reliltcd two species
0re, the more the siurple cstilnrtc of seqlencc divergence (e.g. uncorrectcd percentrge
sequence divergencc) will differ frotn:rn estimäte thtt is derivcd frorn solne correctio!t thirt
attempls to account for lnuLtiplc substitutions_

Distance lnethods cre hilsed on a distilnce mrtrix, c.g. neighbour-joining (see rhove.
Saitou änd Nei, 1987). These distunce tnatriccs need to be coüected for multiple hits.
lvlultiple hit corrections c:rn lre doue in a rutnhcr of wxy(. Jukcl ünd Ctntor,s method (Jukes
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and Cantor, 1969) is the sihplest hut tcuds {o uudcrcstirnate the cvolutionüy divcrgencc.
More elaborate modcls üe svailuhle und providc nlo.c rcliüble estirncte$ of'rcal' evolution-
üy diverSence (FiBulc 5.1.6t Kirnur.r. 1980, l98l: Tak,rhata and Kimur.r, l98l; Cojobori.
Ishii and Nei, I9tl2;Trjinc and Nci. 1984). Multiple hiLs arc illso problernatic for prrsirn('Dy
analysis and thcir dctrirncntul cffcct on phylogcuelic rnulyses nccds to bc couuterrctcd i)y
downweightinE of trrnsitious.

Sincc the dynalnics rnd rules of suhstitution crc somcwhat clcilrcr in protein coding gencs

than in tRNA and rRN^ Bcucs (c.t. thc sccondüy structurc ilDd alignments of iRNA are nol
always clerr), they iue oftcn a morr stJuightforwur'd choice for a gcne uscd for the study of
cvolutionary relitionships. Ik)wcvcr. the applical'ility irlld uscfulness of tnitochondriäl as

wcll as uclcar rRNA gcncs is llot crllcd iDto question (Mcycr aod Dolvcn, 1992; Meycr und
Wilson, 1990; reviewed irr Mindcll and lloncycutt, 1990t llillis rnd Dixon, l99l).

Other mitochondrial or ruclear gcncs mry hilvc substitution rrtcs more rpprolrriatc for
particülar questions. On a pcr hase pair hasis thc conlrol regioo will providc morc infonna-
tion about populirtion-levcl qucstiorlri änd corrt.rirl morc (up to lhrec tilncs more) fhylo-
genetic infonnation (hall cytochrourc , (e.9. Mcyer (t ol., l9\)0, Stuünhrucr änd Mcyer,
1992). In a compariso[ l)ctween two closely rclrtcd specics of leotropical cichlid fish
(Ciclla^rona citrincllünt r,jd Nctltolrlrs rntalolus) lllc vilriation iu a portion of thc co trol
rction was compurirble (ltl.67o) to thc virriation iI third posilioos for cy(ochrorne, (22.970)

and cytochromc oxidilse sul)unit Ill (14.17.) (Mcycr. uupublishcd ddtu)- The variation in lirst
and second positions for (hese conselvütivc Bcncs wrs low (O.1qo rnd Z.\th respectivcly).
'lhc Pro-tRNA wrs found to valy coosidcrubly (8.97o) and a consc.vative portion of thc l25
rRNA Benc containcd fcw sutrstitutiorts (2.47,) (Meyer, unpublishcd drtü).

'l-he usefulness of lntDNA scqucnccs is dctclrnilled rt onc extrerne hy the stochnsticity of
the distribution of hrplotype polyurolphisurs within spccics ünd at the olher exrcme hy

saturation effects due to trrNc colnpositio al hiuscs, lnu(rtiollul hi.i:i urd selcctivc construints
on thc Bene product. 

^nothcr 
cornplicntion is the F)tc tinl for rütc hcterotcneity io the

moieculü clock cvcn rrnong closely relatcd spccics, which lniBht colnplicrtc fhylotcnctic
roalyses. V:rrious phylo8clrctic lrethods irre lnore or lcss sensitivc to the effccls of rrte
hctcro8eneity and the corrplicltinB effccts they have or thc recoustruction of cvolution$y
relationships (Nci, l99l ).

5.1.8 Nuclear genls ln nrole.cular systcnrati(5 of lish

(u) Ribosonrul gcncs

The llrge existing dat base and the case of direct sequcncinE tcchniques of nucleur
ribosomal gene$ has lcd to thcir widesprcad, succcssful usc ilr rnolccular systern0tics
(reviews: Ilärnby dr./1., l9ttti; Mindcll ünd lloncycutl, 1990; Hillis and Dixon, l99t). Both
small ( l8S) and large (2tiS) ril'osomxl Ecncs (Figure 5.1.7) hrvc hecn used for phylogenctic
work. Because of the extrclnely slow rlrte of cvolution of thcse gcflcs tbcy hilve mainly bcen

l8s 28S
NTS ETS

Irig rr 5.1.7 A.rn0ßi:rrnls ol tlr. rl,:rrr,rrts r'I tlre Nrrl(r( ril)orrur l 11,'rcs. I\irrrrr :rirlrl{'lrr$ rl lw{)
prirrrcr prir! (l3ble 5.1.1) rl'at a'r'plity rlre ITS I arul ITS 2 r€8rcff or lxrth regrons plus dr€ 5.8S
ribasonlal RNA Aene.

5.8S
rTs I rTs 2
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used for phyloBenetic work on distantly relrted species, e.g_ the origin of tefapods (lJijlis
and Dixon, 1989: Ilillis, Dixon and funlncr, 1989; Stock ct a!.. l9gl., Meyer, unpublished
data) and the lnonophyly of rgnäthan {ish (Stock and Whitt, 1992; Mcyer, unpublishccl <.lata).
Many PCR prinets arc avcilable (refs in Tchle 5.l.l ) that will ensure the continued use of
these genes for phylogenctic work. Some particular problerns, e.g. aliBnment (see above),
lrl,rguc thc usc ol thcsc gcrrcs lor phylogenctic work.

(b) Growth Inntnnc and p,'okrctin

Growth hormone (GII), prohctin (PRL) und chorionic somatomammoprropin (CS) are
members of a gene frntily of polypcptide honnoues, believed to hrve evolved from Ä single
anceslral gene. The wiclespread u$e of CII in trirnsgenic lish work has led to Lhe accumu-
lstion of severäl (rbout l9 so far) GII sequences froln a voriety of groups of tish (e.g.
Schneider ar al., 1992t Wrtrn!be rr rrl, 1992). Thc potential for phylogenetic information in
GH is lar8ely uncxplored.

(c) Protcin kinu,tcs

A large lrody of litcroturc exists on severirl protein (pu icularly tyrosine) kinase genes io
fish.'Ihis i$ lurgcly due to the gencrrl interest in these g€nes as proto-oncogenes, ilnd lish as
model systctns in cancer rcscurch. Sevcr.rl of thcse gencs (e.g. X-rr?) p.ovide useful
phylogenetic infonnrtion at thc gcuus and farnily level. PCR-based projccts lre ongoing
(Meyer et al., unputrlishcd dutu) th.rt highliBht the universal applicobility of nuclcrr prorein
coding genes for mrny phylogenctic queslioni- in lish. These sequences citn bc used for
phylogenetic qucstions arnong closely rclatcd spcci€s (introns cootuin cnough variation) and
distantly related species, for which the phyloBcnetic infonnation containcd in exon$ is
utilized.
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