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testudirlids were f8S1llved. 

althc>ugh it Drovkled resc,lutic:ln 
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African endlemlic, Sj~igmoch,e/ys Darcia/is (Gaoche/orre Pi:Jrdll"is), was 

Testudinidcieischsl~m~~~ 

is SUI>port 

in 

area, it, are in 

area. 

or 

is 

in 

ona 

a 

was cross-

was in a case on 

aSSl:tSSEK.1. Pll1y1ogel'll8tically informa,tive Chal'8ctEtrs were 

in 
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ate .......... .,. .. ate lyu,""IIn",n/J:l11"A ODJ8C1fS wete 
a tetJfBllM 

a 

on 

one or 

1 'Turtle' in this context is used to define all 
members 

members of the Order restuc:lJJnes. mc.ludmg terrestrial and 
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Ch~pter 1: Overview 

dialPsicls can 

• 

• 

as 

in 

as 

more 

in 

in as more 

some 

Is 

as in 

suggesting an ana!psid brarlchh"lg 

pal1tem In is representativ'e 

hypoth~sis is SUJ;lported 

analysis. SauropteMlla are seoond,ilrily rnarilne ralptilEIS 

as plelsiosaurs) 

an common anc::es'tor. altlhc)llQh 

9X1U!tllv in crown 

are sutKtj\fldeld 
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bra.lch4:ts is COIIlfliciting del=~ncling on 

Morphollogic:al e"ldence sUPJ)()rts a 

""""V"~' 1: Overview 

SUP~)()rts a placemelnt 

ammgEimeints, hOVlI8VElr. statisiticel SUPlport is 

a 

a de{,111'8e 

tJ'i:IIILUUIIIII:I'~ in DialPsid crown (modtntiKt 

Tes:tudiines are grouPEid on 

are 

'-'CIl"'Y. prcldulcln,g a 5-s,hal)ed curve 

Pislun::ldir'es, more 

connmc)nly kno,m as sld4:t-nEilCk4iKt '"'' ........ 

is thoool,t 

Cl'Ylptodllres are con,sldEired mOllOptly1el~c a~~sennblalges 
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Chc'lDtE1r 1: Overview 

a1t1'110U'lh re,lathfely con,sen/athfe in oVEIlral1 stru!ctUI'8, inhAl'lit a 

trofl1ical regi~ons. as 

Cl)ptodira ar'8 r'8laltively 

fresihWc!lter or marine. 

Wll'1lAlv dis'tnb!utetd across tropical 

more tennPEtra1te zones in 

sullOn:ler can 

is 

Plelurocjiralns ar'8 r'eP11'8S4,ntEId 
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ChclptE~r 1: Overview 

are a monQlllhyiletic are thOUgllt 

or 

phsllanQes in 

auxiliary or ingLlinal glancjs, e)~pan,sion a 
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De1[WEISn narrow 

can 
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.... ,. .. v .. :;, 1: Overview 

Mnrlnt~k 1 Ms!lacocl1ensus r ........... "", ... is an 

1 

a SDElCilliC vt~lcItlfPe. 

it was 

an 

Is 

nrlrnl:lll'V causes 

Is a 
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Sennl-<1lesEtn s1:epJ;1G hllbibat in 

in 

occurs 

case 

pos:lulaltlorls as it effElcti'telV 

occur In 

Cha,r;ter 1: Overview 

once contlnulOus populatlions becc:me sep,aratliKi one 

par1:icul;ar slgnificarlce. as popula~ions are 

geograiphical bllrrlers largelly as a 

in 

some 

A fmt'hAr' th'D!Clt tortloise pop1ulatiions is 

natUiral PC)PUlliltiOI1IS. A nurrlber species are kOOllVll 

Intnoduced SpeiCieS are anolther 

cases is on 

a detlimelntal 

impact on on 

an ext49n&:ive 

tnrtnktAlt were once more diverse more wit1IAlv dlstr1~IUtEtd 

warmer cllrnates. 

In are 
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1~~Mluaval!laDllaislnCam!Dle~ 

11 

ware 

!'u'nlAr.RlI more Sulbg4itnEn 
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""'"llItt:r 1: Overview 

on 

.... Ol'y'""..., was 
Mt'I.nt'IIIM'lltAtiil" I'I,At'II:>1"l!:II ware 

as 

SPEICIEIS ware Pla:ecl 

ware 
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Cha.vter 1: Overview 

geniera rep!I'8S4!ntEKi in valluesin 

vanous !!lI11f'hnll'C!: as some 

4 
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Cho."ter 1: Overview 

are: 

I) 

in 

on mOlrph<)loglical Chalr8cters 

explore a nurraber 

assess a 

ml:lli'kAN o'iglnially de\l'elolP8d In Gec'Kh9/0"e 

assess 

African el'1ldemic. P~ram,7JObates geoJrnetJlcus • a con!lervcltion 

a covers 

on 

Is a on 

on 

are 

Is a 

a in it 

were in 

dss.cnt»e SE~Quelnce evollutioin, on 

InfelrenC8. A revls,ed taxOr1C)my on 

is addlressed In 

tax:on4)m'Y, are in 

TEHJtudlinidlae, conlcent:ratillQ on enclemism obseMiK1 on 

con1tinerlt P2lrtlcular1y in southern 

10 
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'-''''''''''''~T 1: Overview 

miclrossltellite mlark1ers, origlinally dE~Velc)ped in 

torltois,e, was in 

intnJduced in Chc:lpt~!r SA\lj:lln 

malrkelrs in 

on 

mic:rosatellite m~ritA~ were 

on 

is a 

;;)UI~qU':"'uy, a molleClJlar aenetic case 

was 
assess PDIJuhiiticln s1tru(::tu,"e in 

is 

:::iUIJ:::i..:quIl:nll de(:reliise in PUI~Ulii:illll.'ll 

course 

11 
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). 

C'hj:lDtj~2 Current Taxonomic Status Testudinidae Batsch 1788 

2 

a 

are characterised 

are nr~loQ.Alnt on 

constant tem:per:atures tt1;rougbout the year (BrattstroID. 

12 
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bIogoography from morphological phylogenies are nol slrongly ,uppofled by the fOSSIl ",-cord 

(Auffonbcrg 1974, Crumly 1984, Gerlach 2001). lverson·s taxonomic revisoon (1997) wll be 

reforreclto for dlscUlisiof1 on current dlslr1butlon, whilo II detailed dO!lCriplion of tho conill.;tJng 

taxonomies will bo Inlroducod In the overview 01 recent ph)1ogcochc studIOS oonductej on 

the Family TMludlnlooo. 

Following l~orsO!1 'S rcYls!oos (1997). lhe famll~ CUlTootly eornpnsos 11 geno<a and 

approXlmlllOIy 40 species and 40 sub4peclOS (Table 2.1 ). The dostgoatiOfl of a number of 

sub-species. se~eral of which ore ,11_ ulldGr considefabOO, remain OOOIEIfItJOu$. FOf eQnple 

Tastvdo gmOCIi lbora (GmIICl, 1993) and Kinixys btMllana noguey' arc two such elllllll:)les 

UJlder review (Swingland and Clemen., 1989). 

FIgUre 2.1: Map showing !he et.nent l1opiea1 and sub-troptCal d$trlbutioll of the teneslr1a1 

lO<toise"s, Family TesludirWlae (modffied from Ernst and BartJot. 1989). 

" 
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Current Taxonomic Status Testudinidae Batsch 1788 

Testudlnldae based on mOlrphC)iogllcal Table 2.1: Collfllcting taxonomic clalssifl,cations 
analysis (gerleric desigmltiorls are In bold sUIG..gen4!.1ra are underlined 
desigmltiolls in 

Tesludo 

G. 
G. travanc:ot:ica 

1l!!:!~~IF~~, 1835 

Cher:l/na 

14 

K belliamlf fl{ 
KelOSB 
K hameane 
K natalensla 

AIlII,I .... I~ 1827 
aracIInoIdes 

T. 
T. 
T. 

ClNIlIDmltldla Fltzlinger. 1835 
C. cartlM8111e 
C. chIIensis 
C. denIIcuIafa 
C. 

Chenlni;ll'" (Jiray, 1831 

=~.1832 

Xlliliwlr:m8l1_us 
Inclotesfudo'" lindholm. 

I. eD'I!lHIhI 
I, 

PHmIffl~.1835 P. 
P. 
P.ocuMer 

Hewitt, 

1966 
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- Current Taxonomic Status Testudinidae Batsch 1788 

SUQi~est a histc)rically di'vel1le fepresentatiClln in 

gret:ltest divelrsitv in sub-5alhan:ln ru. '\.<ClI. Ethliopilan repre~sentatiVEtS 

nu 11'-'ClI. are ret)fel5efltat:iv6IS 

inclulCie T. araeca 

Aloleria is a S81)8r.ate ycnlUlit. 

are encllemic 

is reDlrBIMtntEtd 

some 

Kinltx:vs was sanrlplEtd across 

obbilned. A deflnith,e tAlIttmt\mil'! 

in Tal1Zalnia nVIIYC:I. is more colnmlonlly kl'lOYlm as 

is chslnac:ieriSfitd is thoiuglrtt an 

Pss,mlT.ob.!ttes spp .• Kinjtxys Chersina spp., none 

more 

are conSidEtred mOlrlot)fPlC 

M~~~m~~lsconsidEtred 

PSSlmnJobt:ltes spp. 

are repres4;w'1tEtd are endlemic 

IS 
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Current Ta::conomic Status Testudinidae Batsch 1788 

in DarticLllar 

CISiCUl!liSSIC in more 

Indcltestudo. GeGlchelone ele{,rans occurs 

is conlfinEld speCies are sm;:lller 

area (HSlrlelSs 

gen:era replr9SlintEld are Ma"ouI1a Ma/1OO/1a is cunrently 

as 

Is 

more 

Mano'ina is replrestil"ltEId 

16 
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... ",.u .. " 2 - Current Taxonomic Status Testudinidae Batsch 1788 

are Ani'1Al"ni 

SPEtClEIS are 

Inc'otEtstllOO tor.!tt9l,1I Is t'lictilrlhi 

l ... hahi1hll! fc)resteld areas 

are wen-s,me 

t'lla,tlnlr'!'t Slpec:les are t'n1~I"'Ai"I 

an ad,BPtatlC)n 

::SUltell, seems 

17 
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Current Taxonomic Status Testudinidae Batsch 1188 

Ge.:')C/J19/ol,e are endlemic 

chilens;s is tholJght 

Gec)c/J,S/OI,e ali/el,ms is lim iited 

OYelriaplPing ranges across diSltribiuticln in nnrthliillm 

spelcles are adilptEtd 

call00n,alfa is ore~sent on sevisral po~)ulaltiorls are 

an introducEKt PClpUliltion (Hartess 

tonolSEtS are re~'re!senited as fnctctilct or spalcles In several Oce,an Isilanels. 

disl)8niie across maline baniers 

posiSiblyas a COI'1ISEKiU9lnca 

torloi&Jes were once wtdles,)l'8lld on 

Armilrtlca. as evic::lenced occurrence 

can ctlllrvi\j'A 

tortc,ises on 

pensistEld on I'8mlote Oceanic Islalnds. 

i. 

r8CEtntly on 

Galslpaglos IsI;ands Is a volcanic Arcllipellago 

Gal;apagos Islalnds are famous are 

as distinct populaltiions In 

are apl)l'O)dmateJly 

an adejitic,nal 

18 
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Current Taxonomic Status Testudinidae Batsch 1788 

ii. 

as Aldabnich491ys 

were once 

man se\l'erelv inlpa4:::ted on 

GecDCne/Ol'le gi'gall,tea occurs as an isolated J)4lpulaticm on 

are several InctivldlJals maint8iined as captive po~KJlatior's In lm"';N '''' 

a 

or 

is rA!ll~trir!tArl 

G91DChe/ol'le Yjrlipf:lOfS is an 

renlalrllng in 

in monot'lfPlc g&r18ra I r"'1<flU:S orin 

as thl'Elatelned. 

arar:::hnoid~tS is syrnlpatJic 

19 
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- Current Taxonomic Status Testudinidae Batsch 1788 

Farnllv Testudinid~le is considEtred a mOlnop,hyl4!)tic 

fs a 

proPOE. a or pol~vphyle1:ic 

A mOlnol'lthyllstic YIY!YU. 

or 

.......... _t common anlces~tor 

common anc:esltor'" 

as sub'fam;ilies 

or a 

sutl-falmlill. were 

a conribirlatic)I1 

is Rtn"lnn SUl)I)Ort 

are 

20 
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Chj~Dtl~r 2 Current Taxonomic Status and rn}'I01l!.eny Testudinldae Batsch 1188 

seven 

OllJ!UIIClIU are l"nimr,nClAl't 

hornOE)laEIY even bel!weEtn CI,oselY a~sSC1lCia:ted 

a 

were 

name 

J:lict'~inll"lmAnltct in (:iEloonSJ,one 

a t:iElocnSJron's J:Ii'IIl!IU:IImlhIJ:li,nA enool1np~ISSlng 

as PS!JmmOIl>B;tes 

PDl!lSibly on bIOQ8C,gn:lph,ic A1>Jiri':!In ... 'C 

a consensus on 

). 

21 
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Current Taxonomic Status 

FArnilv Testudinidcle is chSlracterilsed 

no indaPEtndan~ly mnvir\n 

tnrtnic~aQ as a chSlracter 

in some cases cornplete 

StruldUI-a1 vlilia1tlon in 

was !iIIttrihlut~1Ii a redlJctlc)n 

tiU '.II;UUtll nAttAn\Q were ldentilied 

was limited SUPlport 

on 

MSlilOunfs. as 

was 

Testudinidae Batsch 1788 

exslmple in T. honrflelc11i 

even 

variBtlcm displslyad in 

was 

on 

re-elvaILlstlo,n. hOiwevlar. was limitled 

22 
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- Current Taxonomic Status Testudinidae Batsch 1788 

on 

altl'lOllt'lh Wll'tl.:alv dlstributElId In 

record, are cunrently IirnitEICI to GOlnd'\lllan,alar'ld d.tl1Va:ltiv8IS. SPElCiElIS are 

as as MoI;co,,,, 

in a Wliiety 

was a nurntH:lr 

sub-ger18r& allocatEtd to 

sut)-gEmelra were 

or absent. 

23 
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- CUlTent Taxonomic Statu.! Testudinidae BatsOO 1788 

tnrtnicUllCt (stJlrHl8raUS As:te/'OCIf'leJ'vs) were 

was no evi,derlGe 

more conlclwsive evlclenc:e was presented. 

A sub:seqlJent 

are cio!sely affilliatE~d on a cornbination 

a new cla~sslfilcalion 

was rep,orteKi was suc,ported 

II mental glilnds, are prelsent In BatagulrinEtS 

24 
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Current Taxonomic Status 

a 

a seconc:Jlary is aSl!mciiateld 

deflrlitive evioanC8 is reqllired 

was 

no rell:rtiol,shllp ~9tween 

su/(~ata was plal::ed In an unn9SOlved triclhotc)my 

A 

a tJOttM 

25 

Testudinidae Batscb 1788 

Indc..testuoo. It 

on deriived 
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Chd:JDt~~r 2 Current Taxonomic Status Testudinidae Batsch 1788 

was 
M8f,'OUnfa. ii) parclph)1y 

Ino'otE'stLldo were includEId in 

). 

indrvidulal or ontc:.gerletic:::ally varil!lble charac1ters 

It 

placets Manout1a as 

interest Is 

rankin,JS are 

in some insltanlC8S 

on 

several new mono~lh)1etJc 

is 

addlition. "TIssteJdo hot'SfiEtldli is in 

GOIPhe,rus, two sub-gerlera are recc:.gnilsed: Goplhen'Js sensu :SUII .. ZU UlrJltil'1lg 

funcrtioMlal CCHlvEtrgelnce in 

3 "Geochelone" includes all within Geochelone as defined with the 
ex(:epl:ion of Manollria and lndotestudo. which have been raised to rank: (Crumllv 

26 
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Current Taxonomic Status Testudinidae Batsch 1788 

A phylogel1Y on 

on it ;,vas 
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over 

1. 
2. 

3. 

some 

a 

- Current Taxonomic Status Testudinidae Batsch 1788 

if anythe<)l1es reg~1rt1irlQ 

some consensus rellililirig 

as as Te~rtu(to 

in Is DrElSelnt 

in 

8. 

It Is eviclent are infc)rmatl"e 

are available 

mOlrphc)ioglical limiltatic)n is Is beoomillQ 

as a gell18ral 

altetmative Ch;elnlc:ter sources 

"U1./UI. A source honlopl1asy is par.allel evolutiCltn, W'lI"IArA slml11ar aclaDti've 
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Testudi"idae Batsch 1788 

tnl'tnl!ItACI: are 

scores 

hOl110plSIsy are a nl'lt',hLl:llrn 
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- Current Taxonomic Status Testudinidae Batseh 1788 

record is an important a!spe,ct a 

pro,nae a practical 

a gralter aeclree 

or Dro"ide a more reli~lble mOlphc)loglcal starting 

a siglraific:ant 

can i) or 

character cI1langlBS in complex morpoollogt8S (f'lloVllcek 

is 

record Is 

t~iroUl~hly it Is sarnpl_:td is exarn pie, it 

thelrefore some org:anlsims. or pre1fen!tntlally Dreservea over 

even siglraific:ant IinelSg_" 
a """""''I0I''l\1 reS40lvEKI plraYlCl~er1y {E~nton 

8Xalmple is 

one 

mollEtcular e',ide,nce suggests an As:aniIAr C:ret~!lceous 

is a 

SUPiPOrt an atiElmatlve hvr;K)ti'lesls. 
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- Current Taxonomic Status Testudinidae Batsch 1788 

a diVEtrse \Y8re more 

widles"recld in OCCUnilOO in northelm EILJrOJ)8 as SOllJth,em r.~ln~t<ll:II 

tnrtni~~ are 

as 

an acc:urate rEtprEtS8lntaltion 

in 

are clmsely affiliated, 

fll:li~mEmts are 8qLllally l'VV'Irru defilned (Geu1a(:h ). 

In or 

reason 

America, allthough itis anticipated, ~lrtic:ulaI1y in on 

MelOCO det:IOSilS is cun'8ntly 

Eocene repl'8SElnta'Uve is Tu'UdO 

in 

in IntJfOIE.81tffJO in 

MSI'lOUI1s is recc>gnilsed as 
distribution Is cumtntly res1:r1cttSKI 

are a in 

AmE~r1ca makiBS it difficult det,ermline a defiiniU"e CElntre 

Telstucliniclae as a 

\Y8re several IIneiaQEts difftitrenltist.:td In laurasia 

itis 
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- Cu"ent Taxonomic Status Testudinidae Batsch 1788 

tt:.Vl./V J. It Is 

on infonna,tlon praSl8ntl!Kt in wera Sutlse(~uent 

as as 

seems 

wera chalracteri~sed 

occurrences, 

nortlhem lattitlJdes in particul~lr, ara 

Sm~llIer species ara 

lanclfolrnls in mora tennPEtralte araas, exslmple on 

man In 

hypothEISltM9d a phylleUc mora 

exslmple MalJOlut1s, ara rapll'eS4,ntEKt 

mora derived genera. incl1udirag ara rapresl:tntE:td 

sm,alle1r, mora reasons 

nO\\f8VElr. some evk:lenc::e presellted 

chalngE~in 

mora derilved members 

grslZing in sernH!ma sub-·troE)ical graisslands {ravlewE9d in Aut1fent)8rg 

tnrtnlcUiloC!: on 

par1~cular1y In southelm 1'\1I1~i:II. 
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Figuro 2.~. A n ... " ¥l~ng Uou IMstQl"icaI and cun"nl dr.Illibutiofl of U ... 9'-'""" G8uc:htt1tx!6 

(aonsu Auffonbcrg 1914) and the reduel:1Ofl 01 ils fango With lune. Diamonds represenlihe 

northern and soulhern limil$ In lhe OIigoceoo-Miocene, circlos repro$eflI lhe PIioceno­

PIois\()(:ono Wrnils, wtlilsllhe sold black atld arrows represe<lllhe recent distribution (modfied 

from Autfonborg 1914). 
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Ch42ptj~r 2 - Current Taxonomic Status Testudinidae Batsch 1788 

a sub,stal'ltial inCI-ealle in 

corlCel,tralted on 

no mollectJlar stuejies 

nAlnAI'A in Telstucllniclae, in an attempt 

evotutkm in 

limi!ted as are on inacleq'Jatelly n!tSOl'ved 

Ch'9ISfna are parlicu~ar ln1terad. as as 

YaJllILlI:j Geoctle/,onB Is assessed, 

African reg!IOn, par1ticular1y in 

). 

recclgnised genera were reprSS41:)ntEKi in 

were sellaCiEKt Cytc>Chnome b 

Nlcc)tlrn!lmicie At'IAnil'A DI!nucleoti~:te Dahyclroglanal18 sLlburlit 4 

recoivenlr1Q a robuist ptlylosaeny 
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Current Taxonomic Status Testudinidae Busch 1788 

is chslracterised 

Soolthelm H1emisphere. is assE~sed. 
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CW,6P1I"FR 3 

cunrent literatUire on tortllise sys'temlati(::8 is 

on mOlrphc)loglcal stuclies. AlttlOUl:lh 

Tetstudlinidlae. a mom mS40lWtd pl!lylogerlY is reQUlrEtd 

sequences are maaily ac:ceslsibie 

eVCl~.ruonary re,laticmstllDs !:IIm''IInncd lir'ea,ges or aroluDs Ofglllnisims. It is importa.nt 

a mol19cular Is 

anllllyslS are 

occumK1 over a particlJllar 

infElmnlC8s or assumlniol1s 

one or mom or estlimaltes amlongsta 

an 

or 

in 

can assess 

r.rih~ris:a am incrreaiSingly on mo<tels 

as 

meltho<fs am on a 

mm:imum Ii~:elihood am 

diff49mnlC8s in 

on or exp,licit aUlumlptlc)ns rreg,ardllng 

am 

or scom acc:ornllng 

on dlscmte chamdlar 

as as estiima'ting 

36 
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on 

or dlfferenCEls 

are 

if 

in 

mm:lmum li~:elihiood applroac:hes are considE,red moo ISI-

it 

or In 

is a a 

are In 

can a 

in a or 

or a 

a 

dlftarelncEtS arose, 

a common ::IInl~:tnr 

HOVV'eVEtr. as dlvEN'genca 

a a 
unc,bs4iVVEtd slJbstitutiorls or are 

(:h,:mQIGS. can bec::omle so numerous 

can omK:Ulr8 

an or mlsleaeting phl/1oglsny 

dA!!I:crit)A or explain 

are Incorporalted 

37 
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In or 

are 

Is or unseen 

). are 

means 

are 

or 

can or 

a or 

on 

assume ona 

a 

one 

one 

over 

or 

a 

i. 

T over It was 

talc:on4omiical hielran:hv as as across difflsrelnt 

pressu!res as a mhsin(::Ollporatlc)n errors tillr;nl'\l 

can 

par1~culal1y a if int'!t"IITAr.t al~surnptllons 

38 

one 

an 

as 

or are on a 

occurrence 

a 

was 

a 

can 

selEtCtIcm or dlrElcticmal multaticm 

conl1posltk)n are 

in 

is 
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The 

evolluti(lln. In in 

in 

in a gralm;:lOsilUve spec:ies. Micl'OC()ccLIS 

dlffierencelS in nuc~eoltides. at 

one nuc:leo'tide so sholiid 

considElratilr.m in stuclies 

a sequences can 

F 

is If are DretS8l,t in 

dlffiarelncels in 

VAI'+nrF 
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ii. 

are 

occur de~sa1l3es 

de(.lencJlent on 

a hinlhAr frec~uelncy 

one 

Cha.vter 3 - The 

rate at 

nu(~eotidEtS In 

usually occur 

transversion sub,stitt..morls (purinlelp~,"mldlne) In 

evollutio!n. mansitiorls are AlUlinn,:tt1 a wel!ght. k. relaUVe 

k is usually slgllific:antJy CI_tar tlhan one 

a nuc~eo~tide sub:stitution is 

Is a nuc:leolt1de A I"..hAlnn4i:W'I nucleotlc::le C 

Intelrval. t 

as replresc;,ntEld 
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3-The 

two is 

was one 

in are 

are the 

more 

more 

in 

occur a 

occur 

in 

more 

in 

can 

or cases assume 

anA T in one 

same as it is 

or if 

a 

a. 

a 

on an 

in a k 

more 

In in 

overcome 

is assume across 
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'"''''.u .. " 3 - The 

a 

ohli/iOClerlV. as more is 1 

is 

some are 
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Cha.lJter 3 - The 

Optjlma/lffy CITter/c'Jn I: 

mQ(~els des:critHng ;:)II::I\.IIUll::lm.;ll::l e',olution can estirnate a phyllogerletic 

estilma!te d49pends on 

an 

ba~resian} is 

i. 

ni~'~S1Inl"A mlethods use similar moc:iels ~Y\.IIII.n,lul' as im"lenllenlted in a maximlum 

are tMillnlht to apIPro1xinnate a 

a nAill'whtA distalnce is conlStnJctelCl. Oomtcl:i()n fSlctOlrs can aC<lOUlnt 

or can a 

evolutl()n can 

variable Is riAtArnlinll:wi parameters in a 

set 
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ii. 

+h",,~ ... ,. "if IikEllihc)Od is creditEKI 

in 

Cha,vter 3 The 

d(HiCril)8d it 

a phylogEtnet:ic CC)nt49xt, was 

is 

IikellihOcld is deslcribEKi 

selE:tCted. In a phyloQEtnetJc m:smslWork, maxinllum 

Paraml9te.sj is 

a specifiEld 

a a spelcific 

panlmeters (Hulel~9nbeck 2oo0a). It is imnnrtAnt 

probablility funciiClln is corlsidlereld 

is typiicailly I"lIlllmrrM 

a a 
de~,en(ts on a spedfiEKI 

is 

Ilkellih04xt score it 

Is one 

exslmple atJtapomlorptlies, are igoolrEKi. 

infil:~n:.I'r.A is it incorporates 

evolutiOinary hypcltheses. It pennits 

Ma>I:lmum lilc:AUI'I1I'VVi estilmat49s are phylogl~nelticailly cc)nsiistant 

a reallistic evollutiolnary hypc)th(H;is conve"~e on 

it is 
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see Buc:klety 

in 

adclre!1S some 

Ba'll9Sllm arlalYtliis is a statistlcalinferelnce methOd 

branct111ng pattenls in hlln~l:Iln pop1ulaition,s, 

Cha,Dter 3 - The 

an optilmum inference 

so hetJlristic s~earchEts 

is 

IJICIIUii:IllUIO to 

melthoc:ts is 

on mocjels origlinally dlsvelotMKI 

to Incclrporate discrete chalractlsr 

Is 

a StMtClfiEtd mOdel 

prolbabillty is 

estilmalte Is 
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Cha,rJter 3 The 

providtits some esti!mate 

pla4::ed in phylogEme1:ic e!~timate. or 

Ba)r8su:1n arlalYSiis can 

is 

or ph~~ogleny 

ansllysi,s. a 

on 

is 

a 

likellihocxl fundic)n or 

is ob!:r.al'\ired. 

is ob!;anoled (NelWtc»n 

a uniform distribult1on. 

methOd is robust 

is thollght is 181l:Iely as 8 

on 

47 

Ba~resi;!ln arlalYSils is 

or 

or more 

on a 

Is knOll!l/l'1 

It 

infC»rmaticln is 

a 
Is 
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CJu~DtE~r 3 The 

on new post1erior protmbilities calc:ulalled 

revised parameters are inC()rpclrabtd 

ShoLlld e,'enilJally conver~Je on a 

or can standard nurrleriCal folrTnult:ile. It 

taxa are ansllysEild a more colnpllicated me1thoc:ls are 

bralnch len,Jths over 

available is 

a 

more effic:lent eVSllua1tlon 

are a ensure 

are run 

are are 

is 

as it on an 

ba~(8slan estiimate DI"Ovlldes a consensus 

some indlca1jon 

some Indica1tion 

MCMCIn 

a parijcul,Elr 

reconlstruiCti()n in 

can 
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or 
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The 

is a as 

or one is 

one a 

in Is in 

are are 

to are or in 

Is across on 

a score. across 

or score, is If 

across is 

in 

as 

it is 

more on 

is 

It is 

a in more 

if 

or is 

are sets 

see 

selEtctirag a weh,~htir,g mlsthod, it is unllll<ely a 
on pre!~umI5ld diffenmCEtS, 

options are availlable 

met:hoclls, as 
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Chavter 3 - The 

a ~~~IU~lrIVU (Schol'i~~r von 
col,di1tiorls • " ... A ..... ... mi,..h it can occur. 

is one 

in 

is as 

are 

are 

It 

more or 

more 

an in 

can in 

in an ev()lutlonarv fralmewolrk 
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Cha,pter 3 - The 

It is beQOmillgly incl'ea!linglly ol)viOIUS 

seem 

al'8 to 

a revEtrsitl,le 

can 

In addiltion rate het.erD1;J8nelty param,etelrs in 

parameters can 

in cornplexilty 

most cornpliica1:ed. 

a garrlma distribution 

selEm,n on phYlogElnet.lc etstimlates. itis important 

optimal mOC:iels al'8 selected (Golldmliln 

to detarmline 

i. 

a, Is as 

an ~th;m:~th.'A a 

Is 

a nurrlber qls 

app1roxilma1te a chi-ISQUlilred 

diffiel'8lnoe in 

4 The likelihoods are calculated as the values of the likelihoods are getllerally extJrem:ely small 

52 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Cha,f)ter:l - The 

) is a special case 

or altelmative 

hypotht:tsis are esUlmat4rK.i same starting 

MOlcJels are 

more 

In 

are rel~ltlVelV robust 

sta'tistiic. a IIUIlIUUI evo,lutic)n can 

COl'1npalred are 

Innnt:lll" a~)proxim~ates a chi-lSqu;ared distlribul~on. 

estimalte can Slrrlulation or panamE.tric boo'tstrclppilng 

a molsclJlar in 

more or evo,lutilonary tiime can 

IlneagEtS as 

use 

prElferablle over 
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........ " .. ," 3 The 

across 

aware 

error aSflKlCllatEIO 

a moleclulal 

is n- n 

is 

a moleClulal is 

a 

same se<:lue'nCElS 
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corlsec~uently is 

more 

is imtlOrtBlnt. If 

ii. 

is an01ther can 
use in p~~ogleruatic InfEtrerice. It is 

-The 

an indiaPEtndiant measure. 

I'OCI.UIIY a penalty 

no rnr't'!llnDll\t irlcn:ms;e in likellihc:.od score. 

melntioned Pr8,i1oulsly. nonl-pa.ralTletric bclOtsitralJpirlg is a common method 

signilficalnce or confide,nce can plal::ed in a phylogEtMtlc 

an 

so 

more 

a elallmlple, SUbitreEtS or dacies. or even sPEilCifilc 

Wtlelslnet 

are on 

in COlnP4,tinIQ 

Is on 

score 

is 

a 

Is 

was 

a 

is are on 
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tODDlot:Jles is sup.ported 

is 

one 

is srM!IIclfled 

is B l)D.!:ttel1;nrt 

is "'1 .... ""'1'11" a mJ:intlml 

is B 

PU:::i5lDIe tCIDDIOfllles is a mlllll"imi 
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to 

a 

or 

1 

on 

access to more 

can 

In 

to 

nhl"'n.'1Ar'Ati~ e:stinraatIB. are an area 

Cha.pter 3 - The 

it is common 

or more or 

amount 

to 

measures 

par1itlc)ns (re11fle\lveCl in 

coolsec~uelntly on 
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Chj;rDtE~r 3 - The 

an indiicalion 

siglrlfficant diff49renlC8s in 

chSll"acters or 

are genierailly rElprelserded SU~)port in 

are masons 

sanlplirlg errors hetEtrogleneity bEttwet!m lir'l88SJes, or behlf88n 

causes isa an 

or 

In an 

one 

on 

as 

is a 

in one or 

In 

in 

a 

In is some 

as it Is in a 

an or 

are 

it is 

ensure 

Is no 
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analysirlg a comlbin~ltion 

f8Slultirlg In,COflgrulenc:e is inhlsrent diifferenc:e In 

difterent t"J'lAr.:::I1'!t4:l!1r sources 

evcllu1jon are common as delrYlolnstlratEKf 

proltein codlina ut:nR:Rt. can 

can 

as a are reftlectEKi at 

Incc)rlQrue,nc:e is 

gig2lntlsm In Iizar'lcJs (C:amJlnza or 

Mo~phologic:al ct1larac:iers are partlcuialrty 

if 

par1titi011S are sub:S8QIJen1tly cclmbilnoo 

incc)ngruenc:e Is diff4!trel"llC8S In 

phylogEtnetlc ~5timlate was was 

more reaills~ic et model:s, one asslumllng a 

a unHOrm11y 

was adclftl,'e 

sets ansllYSEKi SEtpal'8telly. 

= 
Cytc»Chnlme b == 

Is obslcurlr1g 
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Cha,pter 3 - The 

two parameters are hOl'lnoglenised 

in case CIIIJII.IYCI, 

same tax:om::>miic are 

are 

can analysed: a comlbintKt al)pooeCh (Klu~ilG 

a consensus apJ)rollch (Mllyalll01to a conc:litiorlal cclmbinati~::>n aJ)POOl8Ch 

In 

is aOClleid. 

or 

Infonnsltion Is thelrefore one 

hO\IV8,rer. assume 

are 

method Is more 

60 

more col,sil~telnt as more 

IY'I'\VAITIIA on 

combination. It 

nArtitit'ln or et 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Is a conllblr'latic)n 

Incc'ngfluen~ce (determin~9d a 

some 

or is refl49Ctillg 

in dlftiarelnt blran4::hlrlg hiRtniriAR 
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consensus aDI>ralcn 

more realistl!caillye)(plain 

1 

are 
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areas 

InniSClllveld or 

can 

are 

is 

remove 

is 

assessilng ootlantial areas 
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Cha;Dter 3 The 

It Is Imp,ortant 

in conrlbirlatic)n 

phylogEmet:ic infereince is a raDiidlv exp,ancling disc:iplilrle 

pal'SlnnorlY over mS}:imum lik~elihlood. remains a 

difterelnt methcldollogi49s on 

diff4!rel1lces In bea)me protllematic. was 

versus monpholo:giaill. Inlcna,ase confidence tOJ)lO~lies ana 
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Chlll1t~!r 4 - Materials Metholris Jell P,bylj')genetlrc Reconstruction 

were coUectEKI 

sanlplirlg stirate«~Y was deelmed necessary, as it 

insUifficiEllnt sampliing schemes on estilmat4. pn~~O!;)er'y can 

P~~0Q4,ne1~c ac:curacy can incn.se 

intnXiw:::8 new 
.oI:;U1I.IV I. Salmples were obtainEKI a 

IndtvidtJlal ~im~lles were InCillded once a posiitive iderltlfh::aticm 

cases a mi"imlum 

coillected. Slam~'les were 

iderltiflEKI s~leci4itS CElteglOry were 

T. 

sanlplEts were as out~~f'OljIP 
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1B 
1C 
10 
1E 
1F 
2A 
2B 
2C 
20 
2E 
2F 
3A 
3B 
3C 
30 
3E 
4A 
4B 
5A 
5B 
5C 
50 
5E 
5F 
7A 
7B 
7C 
8 
9A 
9B 
9C 
9D 
9E 
9F 
9G 
9H 
10A 
10B 
10C 
100 
10E 
11A 
11C 
110 
11E 
11F 
11G 
12A 
12B 
13A 
13B 
14A 
14B 
14C 
140 
14E 
14F 

ChilDtE1r 4 - Materials 

Geochelone giga,ntea 
Geochelone giga,ntea 

Chersina a""u/ata 
Chersina a""ulata 
Chersina a""u/ata 
Chersina a""u/ata 
Chersina a""u/ata 
GeE)Cffl':)1ot:1EI carbonaria 
Geocheione carbonarla 
Geochelone carbonaria 
Geocheione carbonaria 
Geochelone carbonaria 
Geocheione chilensis 
Geocheione chiJensis 
Geochelone denticu/ata 
GeocheIone denticu/ata 
Geochelone denticu/ata 
Geocheione denticulata 
Geocheione denticulata 
Geochelone denticulata 
Geocheione 
Geocheione ~rans 
G&ocheIone ~,ans 
Geochelone 
Geochelooe 
Geocheione panta/is 
Geochelone panta/Is 

Geochelone panta/is 

GoolChefone pantalis babcockJ 

Geochelone plat)Tlota 
Geochelone plat)nota 
Geocheione. p/&t)Tlota 
Geochelone plat)oota 
Geocheione 
Geocheione radlata 
G~1ot:IEI radlata 
Geochelone radlata 
Geochelone radlata 
Geochelone radlata 
Geochelone sulcata 
Geochelone sulcata 
Geocheione 
Geochelone ynip.hora 
Indotestudo e/a'lgsta 
Indotestudo elCN'Igsta 
/ndotestudo elCN'Igata 
/ndotestudo elCN'Igsta 
/ndotestudo elCN'Igata 
/ndotestudo e/a'lgsta 

#386029 
#980320 

#372004 

#13A 
#13B 
#13C 

#2 
#3 
#2 
#930791 
#387023 
#387021 
#387002 
#8137 
#8138 
#372001 
#376002 
#961121 
#3nOO2 
#382004 
#961120 
#1A 
#1B 
#1 

#20A 
#20B 
#1 
#3 
#4 
#5 
#L7 
#L1 
#985380 
#3 
#1 
#2 
#4 
#RT4 
#950203 
#49VO 
#55MAT 
#183BOA 
#123SAT 
#990130 
#990131 
#75 
#89 
#921023 
#921022 
#78 
#60 
#81 
#83 
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St Louis ~=:: Park, USA 
St Louis ZI Park, USA 
Omaha USA 
St Louis USA 
Omaha USA 

Africa 
T~lerbl8l'Q Zoo, South Africa 
T~lerbl8l'Q Zoo, South Africa 

Omaha 
Omaha 
Rotterdam 

USA 
Zoo. USA 
Zoo, USA 

St Louis Zoclloglcal Park, USA 
St Louis Park, USA 
St Louis Park, USA 
St Louis Park, USA 
SedlgellirickColJnty Zoo, USA 

USA 
USA 
USA 
USA 

Zoclloglcal Park, USA 
USA 
USA 

Africa 
TyglMberg Zoo, South Africa 

Private Collection 
Private Collection 
Private Collection 

Zoo, USA 
Zoo, USA 
Zoo, USA 
Africa 

South Africa 
South Africa 

Porter Zoo, Brownsville, Texas 
Porter Zoo. Brownsville. Texas 
Porter Zoo. Brownsville, Texas 
Porter Zoo. Brownsville, Texas 
Porter Zoo, Brownsville, Texas 
Porter Brownsville, Texas 

HoI~ln Te~ 
Houston Te~ 
Wildlife Conservation 
Wildlife Conservation ~j .. tv 

St Louis 
St Louis Zocllogical 
Thailand 
Thailand 
Thailand 
Thailand 
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168 
16C 
17 
178 
1M 
188 
198 
19C 
19F 
19G 
19H 
191 
20A 
208 
21A 
22A 
228 
23A 
238 
23C 
24A 
248 
24C 
25A 
25C 
250 
26A 
268 
26C 
260 
26E 
278 
27C 
270 
29A 
30A 
31A 
318 
32A 
328 
33A 
34A 
348 
34C 
340 
36A 
368 
36C 
360 
36E 
36F 
38G 
37A 
378 
37C 
370 
37E 
37F 
37G 
37H 
38A 

Gq::JherI!JS berlandieri 

aredatus 
Hom.opus 8t8OIatus 
HoiI!JOpC/S 8I8OIatus 
HOI1!JOpCIS 8I8OIatus 
HOI1!JOpC/S 8I8OIatus 

. . 
Indotestudo tlavancote 
Indotestudo tI8vancote 
Indotestudo foresienI 
Indotestudo forestenl 
Indotestudo foresteni 
Indotestudo foresteni 
Indotestudo foresteni 

beIIiana 
beIIIana 
belliana 
beIIiana 

homeana 
natalensls 

MaJacocfJejrsus tomied 
Ma/acochersus tomied 
M~ustomied 
Malac:ochersus tomied 
ManouI1a emys emys 
ManouI1a emys emys 
ManouI1a emys emys 
ManouI1a emys emys 
ManouI1a emys emys 
ManouI1a emys emys 
ManouI1a &mys 

geanrtetric:us 
Psammobates gGQmetltcus ===: Pssmmobates gGQmetltcus 
Psammobates g8ClITIGttictlS 
Psammobates geametltcus 
Psamrnobates ger.lITIGttictlS 
Psammobates oculiferus 

Materials 

#11 
#387024 
#940866 
#Elands1 
##W0es2 
#H3 
#H7 
#H11 
#H5 
#6692 
#6693 
#15 
#14 
Omaha 
#16 
#3 
#2 
#17 
#5 
#6 
#800276 
#6673 
#6674 
1 
2 
#NP2 
#NP3 
#NM3 
#RMH 
#RMH2 
#UWEC2 
#1..3 
#1..6 
#1542 
#2649 
#8048 
R31287 
#1..4 
#SA 
#68 
#1 
#1..5 
#930169 
#930168 
#850100 
#870297 
#930187 
#930178 
#930177 
#G4 
#G7 
#G73 
#G36 
#G32 
#G76 
#eensamm 

#5 

66 
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St Louis Zoologic:al 
ReslfM'V8. 

ZOO. USA 
Collection 

Private Collection 
Private CoUection 
Private Collection 
Private Collection 
Private Collection 

Private Collection 
Het.lbi"QeI", Private Collection 

Ugsinda Educatic)n Center 
.............. , ... UNO, South Africa 
lambiris, UNO, Sooth Africa 

Ca~nen:)On, SW Province 
Caml8rOClin, SW Province 

Ceres 
Ceres 

Nebr.aska, USA 
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398 
39C 
390 
39E 
40A 
40B 
40C 
41 
42 
42A 
42B 
42C 
420 
42E 
42F 
42G 
42H 
421 
42J 
42K 
43 
43A 
43B 
43C 
430 
43E 
44A 
46A 
47A 
47B 
47C 
470 
48A 
48B 
48C 
49A 
498 
49C 
50A 
50B 
50C 
51A 
52A 
53A 
54A 
55A 
60A 
60B 

ChlJlItf.lr 4 - Materials 

Psammobates tentorlus 
Psammobates tentorlus 
Psammobates tentorlus 
Psammobates tentorlus 
Psammobates tentorlus verroxil 
Psammobates tentorius verroxli 
Psammobates tentorius ttimenii 
Psammobates tentorlus trimenii 

arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 
arachnoides 

Testudo hermanni 
Tesludo hermanni 
Testudo hetmann/ 
Testudo hotsfIeIdo 
Tesludo horsfieldi 
Testudo horsfieIdI 
Testudo IdeInmanIi 
Testudo kJelnmanil 
Testudo kJelnmenli 

#69 
#74 
##MOR4 
#3 
##M0R21 
#1 
#1 
#3A 
#3B 
#1 
#3C 
IIRMH' 
IIRMH2 
#PET2 
#TK1 
#TK2 
#6626 
114A 
114B 
#1 
#1515 
#300809 
tlNNK779 
#1 
IITOO230 
#954302 
t#994308 
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Metho,ds j'Ol Pj~yl(l'gell'etic Reconstruction 

Chliffee ZC:ao Gardens of USA 
Chaffee zc:ao Gardens of Fresno, USA 
Chaffee zc:ao Gardens of USA 
Chaffee zc:ao Gardens of Fresno, USA 

South Africa 
South Africa 

Tyglerberg zc:ao, South Africa 
Tyglerberg zc:ao, South Africa 

Private Collection 
Private CoIedion 
Private CoIedion 
Private CollecUon 
Private CoIedion 
Private CollecUon 
Private CoIedion 
Private CoIedion 
Private CoIedion 
Private CoIedion 
Private CoIedion 
Private CoIedion 
Private Collection 
Private CoIedion 

Private CoIactk)n 

:'==~,USA 
NetJ,ras.:a, USA 
South Africa 
South Africa 

~_.~.7__ USA 

Tyglerberg Africa 
Hetlblnger, Private Collection 
H8'lJlbintiJef. Private Collection 
Hil'lJlbintiJef, Private Collection 

Sruj~)k N~s 

~~=:~S Breeding Pre ~s 
Tygerberg 
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nmi~AinA!:tA K dig4;,stic)n 

ensum 

course 

extractioflS 'lNem 

was no 
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'-',., .. v ... " 4 - Materials anti M'eth,odsfol PhJllo8;enE~tic Reconstruction 

were optimi:sed 

reac:tiorls were perfomned 

one 

exle.lsion (1 minute) 

Bla,nks were incc,rpoiratEtd 

rea!;)8nts or pnrner'S. success 

aml)lifiE:td DrOduct on a 1 

aml)liflEld prOduct was visulallsad in agalrose 

was no oofltarninatic)n 

reactiorls were assasslad 

was 

ProceSIS removes excess pnrner'S, 

prodUlct was run on a 

were an 

Rel:.ctilons were 

perfomned in 

a 

S8C1U8looirlg pr1mers were a oonrlbirlatic)n 

b a 

Hellbln!;)8r) or obtalnEitd 

reverse SlEtCiU8nCEitS were obltairled 

SIEtq,usnicing prodUCts were punfied 

a 

69 



Univ
ers

ity
 of

  C
ap

e T
ow

n

'-.~"u,,"" 4 - Materials PhJ)lo1.~en,~tic Reconstruction 

in a S.,.:ted-Va 

V\,I'Y,,",'.;;:I were run on a 

as 

b 

Lau-tRNA CAT TAC TIT TAC TTG GAT TTG CAC C 50 50 Arevalo at aI. 1994 

GeoFor eM CAC TM CAe AM evc MT G 50 #R. 

GeoEnd ACA eM TGA GGA GAA ACC CC 50 #R. 

GeoRev TRT GAT CAT TGR GTT TGT GTT AGT G 50 #R. 

ND4-Rev TAT TAG GAG AGT TTC TCG 50 Arevalo at aI. 1994 

TUft-Rev TM TM TAG TGT TCG GeT ATG 50 Davis etal. 

Tuft-For TTA TCC ACAACA eM TGA GG 50 Davlsetal. 

ND4#2 TAC GAC AM CAG ACC TM MT C 50 SItes et aI. 1996 

MR#2 AGT GAG Gee GTG GGC RAT TAT TAG 50 Arevalo at aI. 1994 

bH15149 AM CTG CAG CCC CTC AGA ATG ATA TIT GTC CTC A 50 50 Kocher et aI. 1989 

50 50 Pubo 1990 

"""5= and associated In 

#= 

SeQul;mc:es were goyll,goy, 

were 

10 
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Materials Meitholu fi'>r })hyjiogEmetic Reconstruction 

were no Drsisel,t in 

were se"er.al 

delettlon events, par1ticular1y in 

across 

regions were remlovEtd were excisecl). 

was importEKt 

im~,lenlenltati()n in 

is reportEtd in is ava,ilable on requesd:. 

were tra.lslsltEKt 

S8qluenC::8 in MaccCbKle 

SEKIUenCEtS were chetCkEKt 

tralnsl.aticlI1 PI'OCEtdUlie ensures 

assignEKt inserition or de.etio,n e"errts are 

b tragrnent conltainEtd 
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Me,tho,r/s )01 P,"yleJ1gellletic Reconstruction 

A coITlbin4ad was creclted 

seqluenc~ in Mac:Clac:le 

proclucirlg a new seQlmelnt CC)flsisiting a 1 

pre~sent in diffierelnt 

b were col'lnbilned in 

S9{;lmEitnts Utilised in were cal4:::ulllted 

It or nuc;leo1tide frequenc:y 

be~weEm sa::»eci~:ts or lineta~ts can indluce sySltematic error. 

is 

siglnmc:an(::e if a 

is inVIDked (~Jrs(:h 

sequeniCBs was eVcllualted 

was canied 

was re(,1ealted more 

). BaaIUse 

it as an irdSPE,rdent 

were in 

In a it is Important 

Is in 

Irtht,rrnlore, it Is Imr ...... rt;Clint CIIVlI.flUUIUII. or 

is Clo~sely 

72 
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Ch''lpt~~r 4 Materials Me,tho,r/s JOI Phyl,t)ge'netic Reconstruction 

is signlificclntly diffeirent 

was eV211uated im~'len!lenlted in 

distnbutic)nswere genlernlted 

tree 

dls1:nblJtiollS as me;asuired test statistic 

is corlsiclen!id a it 

reslults in variiatic)n 

as dlVlarganC:8 

line!lges inCntase so to 

occurrenc:e 

in some cases 

cor'WlrairlO on an is a 

satulratiC)n, if b 

were COllStlrudted 

tranlsvEllrsiClns) is plOttled as;J8inst a 

...... 1'1I"AI"t--' i1i!=l:tAr't!A measure 

InCfi9SS4itS so is 

pla'teaus, even as ev()llJtion,al)j' di~starK:e is theorEltiClllly 

A i'llrth.c.1' measuna a can 

or ch.ln,;eS nhtrtAnlM 11'''''' A!!l ..... n 

dis1:nblJtlollS were gerl8ralted 

most 
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Method.s: /01 Phylogj~netic Reconstruction 

were 

conlstnJcield in Mt:l:iA 

dis1:anc:e elstinlatE's were 

MaitriCEIS were ".I\II'I.o.t" b 

InalVlClua,ls in a 

SGqluenc::e diven.;,ent::e were excludE,d 

spelcies mor1Opllyly was thelrefore alssurned (Dalnforth Ji 

OutgrolJp SE.IaC1tion can pro1Fourld InftuenCEt on 

reason a were sel4iilcitKi 

inferenc::e miiilthocts were implemenbKl 

inftlJen4::e on topoilOgiElS. 7: coa/',tuila. 

kellrlpil were sel4iilciEKi as O~JrolIP 

are members are aOllely relalled 

kenrltJ//ls en 

b amp,lIftccltlon pllXllUcts sPElciets were 

an 

b kellrlpii as 

an out!t:JroIJD It was thelrmore e,ccluded b 

Telir&DiEH7e sannplEtS were as outtgrolJp 

b 
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Chl'lptE~r 4 - Materials 

a is 

nal'llar.::al consensus in CUlrrel,t phyllog~!IlnEttlc 

some exc::eptlorls wna."rIa 

nec::eS!:sarily It'~Ulil!I;IU in a mona stn::mglly SIJpportEld pilylogenetlc estlima'te 

exslrnplEls. it 

is a ph~logE.netic Plrof)liitrty knclWn as 

an altslmative 

ph)~0SlIenI9tic esl~m~!ltes. even mona so 

adcliticm n1f fllrth'~r h::aVA or mona ch~lra4:rtelrs 

reason sequences wena comlbinEKi create a 

In 

ana theirefiona inhcEtr1tEKi as a 

assess 

corrlblrM:Ki in see C8"ea'ts In Sullliv~ln 

were initi,ally ansllysEKi S4,pslrate,ly was 

partiticll1s. Ait~IO~lh it is a statistical 

measure an 

was 
b is 

on In 

i) Indi1ifidualIY. ii) ranc:Jomlly rAnarititinl,inn 
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4 - Materials Reconstruction 

are so as a 

or 

in are in If 

are 

more 

or see 

sigllificant het4a~Jelleity exiE~ted in 

b 

was "p&lrlitiion4ed" 

was 
pansimony uninfolml81tive cnalrac1tens were excludEtd bEitore ansllySi,s. as 

were anSIIys4iilO 
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Mal'eria'l'l QI'uH>fetliodr f01 PhJ'lo~~em~tic Reconstruction 

phylogEtnetlc inferelnce were utili~sed: ParsimonY 

con1'ounding artif,acts In more SUSlCeiPtibie 

were rep9atEKi effelcts. if 

out!;Jrol'P SEJlection on nuc:leoltide was treelted as an unclrdeired 

in 

ansllysfiits were implementEKi 

was im~,lenl1eniled in 

i. 

a. A 
were initially anailySEK:! 

stnlteclY was 

zero bralnch lenclths 

indi'vidulal clcildes was aSSlBSS4i:ld 

pseIJdol'leplic:ate. Random addiition repl!lc:at,i1S were Incll.dad 

S9CluenCEIS on 

panslmlony anallYBEts were conc:luctted 

ex(:luc:lled, as are knCIWn 

stalistic::s were recc:rtlEK1 

scores. staHstllc:a1 measures pro'"de an Ind!lc:attion 

vallues Dro"ide an Indice1Jon 

hornq)laSiY pr'ElSent in vallJes measure 

are sevleral me1thoejs a'lailclble 

11 
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ChjJpt~~r 4 - Materials 

ms:l,thlviQ. are on 

intE~re~.t. E:stin,atE~s are 

codons or occur relative 

zone in simiUlaltion stuciies 

trar'lSiti,ons are knc,wn occur more trequElntlly thelrefore more 

affOlrded a higtl8nveight 

for (:ladI9S as shO'.I¥I1 b~, non-J);:.rannetric bc)()ts1traplPing "''''110,11.1 

Trarlsitkln bic:'S8S were calculatEKt 

diffi91'911tial a is 

arbitralry VI:1IUE.S or on panl!lllel stuciles 

cl~lely related gl'OU,'S or orgalnisnns 

poslltion were cal(~ulalted 

or 

sev'eral dlfflBretllt weigl'1lt1ng schemE. were implementtKt In 

assess 

a transvension: trarlsiticln 

ma1triCEtS were gerlelCllted 

posiition wes assignEKi a codOn-llpec~ific seal'lCh stlrat8i~y wes identical 

pansimlonyaMliysls is §~9ciallly relconnmEmdtK.t 

as ~!siti(ms are itlV"YII"I acc:umula1te tr.ansitiorls more rapildly 

Furthennc)re, it is recclml'1nended 

are horrlopl:aSy. HO'llvevl9r a 

as 
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CIuJDtE~r 4 - Materials Metho,ds JiOl Pj~ylogenetic Reconstruction 

a narti,....dar 

thelrafore re:prelsent an unjlusti1ned 

poslition cedons was thelrefore Sf9lec:tad as OPa:lOSEK1 

a method adv4lC8tleK1 

as 

chalrac1ters are itellltiv8ily weigtlted 

an is wei!ghttKJ 

honlopllasy it exhibits, 

hon'lOpl!asy are 

are 

c. 

NOI,-p~lral'1netJic bclOo,tralJpirlg was 

platcad in 

B04)tstrap nmnnrtinr'!IiI. are extEtnsl'vely In 

is det.ate as 

cla!lsifheK1 as follc)'WS 

or Brelmer SU~'POlrt, on extra 

In quelstion coll,aps •• (Biremer a 

vallues are partlCt.llarily dlmCl.JIt Inteirpnlt. even on 

sarna in 

infllJenc::e or a par1:icul,ar relaticinsh:ip ([)gBIN 

reason, bootstn:ap Plro~Jrti4Jns were in 

79 
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Chj'1Dt'~r 4 Materials 

it 

Mmtimum lik:elihlood was 

addition, m8)~mUim lik:elihlood was 

is likelliho<>d scores Dro1i1lde a common 

score deJ1l8ncls on is thelrefore diffiClllt 

COIDPlilre across ma)lcimum liktelihlood infe,renlC8s were 

Crar'ldall 1 implemenb9d In 

uses a hielran::hical 

A 

mociels can potElntially explain are comlpaniKi sElqu81ntiailly 

a nest4E1d hieral"chy IikEllihc)ocJ score (reloorted as a 

par.am.!lter no InnnAr sign~licanUy IncneaS4!1s 

score, as me:asuniKi 

OCClIr a spEK:ifiic 

was accommOlrJattiKi Including one or 
panlrneters In 

discrete ganlma distlribu1~on. r or 
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parameters were estima'ted, were obtainEKi a 

am.lys.is or 

panllmeters are thOlJght 

1 

1 

ensure 

parametelrs were est'imslted a a par.simlony topology 

were a maKimlum 1i1c~llihtvvl amllYSls 

rancjom addition repliicatEls, zero branch lerlgths colla!psed 

If an attelma'te 

mm:imum Ii~:elihood Inferenc::e was rep498tEKi 

on 

panllmeters were r&-Etstil1nauKt 

ensure mmtimUlm li~;elihood score 

conlV8l1ged on 

mB):imulm li~:elihood infelrences was estllrnatt:td 

one 

more divEtl1!',Jent SlitqU4911a:ts on par.am49ter estiimation 

pro1ilde a statistical measure 

a mB):imulm 1I~:elihood frannewrork. 

is 

prolglllmirne uses a V::Ilrla."it 
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statiONlI'ity or 

Iiksllihc:JOd scores. 

scores 

was ShclWll 

clac:tes reDlr8S4itntetd in 

Chl.'1pt~'g' 4 - Materials Me,tho,'is j01 P,hyic'Jgenet,ic Reconstruction 

were corlvelrgll'1lg on 

was no IndilcatJon 

were dislcsn:ted 

a slgn,lflcalnt Inc:;realse 

phylogEtnetlc elstimlate were detEtl'1miNitd 

consensus In 

run was re~l9ated ensure COlweirgeKl on 

same topologies. 
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Met'hoas JOI Yhy'logl!mel'ic Reconstruction 

were 

imp"e~S8 sj:tlec~ed as outs~roLIP 

L T. 

T. as OUt!::JrolID 

b 

PSStmnilObfilieS were conlstru::ted 

I. elan-asts 

T. as OU~::Jrol'D 

a ReclluCEtd 

a cladllstlc anal~is 

In was 

Invs1stigl!ried In 

in 3 It Is 

oartitiC:lns. shcluid in so ss possible, cx)ntain 

individlJals was nn IIFlAtt were replresl8nted in 

1 was 
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Cha,,,ter 4 - Materials 

proiduI:::ed a new 

ansllysis. Morpholc>gical ctlan!lcters were 

T. omstts 
cases. 

H.8I'fiOIatus19C 
K.BItIS831A 

G.aulcata12B 

T.k/eInmannI49A 

T. cos/lui Is cralnlal chalraclters were 

partiition was anal:ysecl 

ImplementEKt In 

was 

converCle on a prolbabUity estilma'te was 
was 

000001201100000001101000111000000000000000100000100000011110010100 
000001201100000001101110111000000000000100100000000000001010010101 
110111100000001100100011001000000000000001110101100000010000010000 
000000201200000000100011000000000000001000100000100010000111010000 
110111100100001100100010011100000000011001110100000101010010010000 
000000200100001111000011001000000000000000100100000100000111010001 
010111100000011110100011001000000001102010110100111011010010010000 
010101100100000110000010001000000000000101110100100100010110000000 
010111100001011110100011001000000101000011110100010011010010010000 
000001201100000001101110111100000001000100100010000000001010010101 
000001201100000001101010001000000001000000100110000000000010010000 
001000211210100011100011001000111100101000100000021100100110000000 
001000211210100011100011001000111100101000100000021100100110000000 
000001201100000001001011011100000001001001001000000000010110010100 
000000100100000100100010001010000100010001100100000001001010101011 
000001201100000001101000011000000000000000100000100000010110010100 
010111100100001111111011001000000010000000100000010010001010011000 
010111100100001111111011001000000010000000100000010010001010011000 
000001200100000001101011111000000001001000001000130000000110010100 
000001200100000001100011111000000001000000001000130000010100010100 
000001200100000001101011111000000001001000001000130000000110010100 
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Ch'r1rJtl~r 4 - Materials PhJvloJren,etic Reconstnlction 

are aV~:lilable a 

\.oCIIIIOn",,,.lI' selleclted as 

as 

was 

B 

violatilons are 

8S 
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a 

reason. 

to "-,, """- significarlce 

case 

nis 

It is asslumEKI are 

were conldu(:tEKI 

a 

were 

likellihoc:xt arlalysds was canriEKI 

more ger18l'2lUSEId 

diffierelnce in resulttlng likellihoc:xt scores 

a 

confonrned to a mOlleClJlar 

a mOleClJlar 

Is considE,red 

was eVI!llu81tEKI 

n-2~lreE'S 

or 

statistic applroxllrnat~is a chi-iSQWlred dlstlr1bu1~on. 
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ChczDtE~r5: Results 

b seqluen(::e consisted a 

were oansimlonv informaltive 

a 

shaiNed a sign:ificalnt 

were cahculillted 

as eX~)8Cted 

some deglree 

= 

a 

a 

was m:::lmiln:::tlliv hlnlMI" 

were rep,reslented a 

= 
positiorls were YUi:lllllltJ dl9ficiient = 

ethnWAti a horrlogElOisl9d plittelm bEltwEM9n 

were 1 

were pansim10ny infclrml:ltiv,e. frecluelnciEtS were similar 
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Chl'lDtE~r5: Results 

ou~mirle content 

). 

s8piaralely sho!wed a strOllO 

was col'1lsis1l9nt 

mitc:>chondlrial as op~IOSEKI 

no nonsense coc::lorls or were tra'1sl2lted 

fra,~mElnts were func:tionial DfoteillS 
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Results 

b 

(Kulmaret 

DATASET Total Variable 'Ite, %AT Nucleotide Gamma 
sites sites Bias'" 

T C A G 

143 26.4 21.9 32.3 19.5 58.7 0.123 0.441 
143 37.9 23.0 21.8 17.4 59.7 0.172 0.125 
143 17.2 3.1 59.8 0.39 2.43 

All 429 27.2 27.3 32.2 13.3 1.13 

246 19.3 35.7 18.2 55.0 0.17 0.591 
246 29.5 17.1 14.3 56.3 0.24 0.241 
246 17.8 24.9 53.9 3.5 71.7 0.38 2.167 

All 738 25.4 27.0 35.6 12.0 61.0 1.12 

21.8 25.0 34.5 18.7 56.3 0.509 
38.7 27.1 18.8 15.4 57.5 0.163 

389 17.6 29.2 49.8 3.4 67.4 2.32 
All sites 1167 27.1 34.4 12.5 60.4 1.11 

bias Is calculated as Cb ::::: ? I CI- 0.25 I where :::: bias and CI::::: of the Ith base 
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Results 

b across 

were across 

same 

was In 

in 

across 

b 

was 
was 

as 

b 

:::: so 

in 

were 

In b on an answer 

run was 
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Cha,,,ter 5: Results 

b 

DATASET SkewT •• t T •• t Partition T.st 

d.f. P 

..0.29* 45.1 147 1 

..0.46* 60.1 147 1 

..0.264* 12.39 147 1 
AlI.lt •• 37.4 147 1 

con.tant .It •• ..0.34* 81.18 147 0.99 Not 

ND4 
..0.46* 71.03 162 1 

1 162 0.99 
27.82 162 1 

AlI.lte. 80.60 162 0.99 
constant sit •• 175.06 162 0.22 0.73 

96.46 162 0.99 
..0.60* 157.98 162 0.57 
..0.40* 28.47 162 1 

AlI.ltas 101.36 162 0.99 
constant .It •• ..0.46* 216.15 162 0.2 0.24 

d.f. == of freedom 
at p < 0.01 and H.ulsenbeck 

was unabl. to converge on an answer 
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Cha,rJter5: Results 

as 

It Is IrnrV"llI"l!'J::lln'l are 

a 

92 



Univ
ers

ity
 of

  C
ap

e T
ow

n
• 
J 
• 

• 
! 
• 

, ....... 

•• 

... 
•• 

•• 
• 

< • • w 
" )t _ ....... >O< ~ • - -~ , ..,., . • >< . ~ • 

• ,-
• • * 
~ M 

;.0.; ; " < • • .: - •• • ~X_ • d'~' 

" -""' )< ~ .' • ~ 

J' 

.n. 
fk __ 

• 
J 
• 

.~ 

• • .- - ~ ~ .. ~-. . .,-
'A A """"" :xx .. 

",,*0 ... 
*' .. W • 

X • ~ • ",.,-
•• • X~ ~ , X ~ • = .- .- ._- • '''J . ,," ... .-. tmo 

9) 

--

FIgure ~ 1 Sah.ll'ruiOO1 pIaIs lor the cytoehfom. /:l \1Ilne fragment . 

Observed 11tlmbe< 01 tmnsltions Ill'll lrMSVersions (5 lind v) Ilre 

~ed egElllSI II OOITecTecI sequenoe diveroenoe estim.e (F84) 

lor the ' -, -r and r codon pIlSIlIOnS .espectivllly Triangles 

reptMlltll I_~ whilst tran5l1ionII .... reprGef!nllld by blue 

001$85. ElICh ctlla POOm reoreseru I pelrMM 00tn1*l'Ol'l 

bet ..... I Indivoduals Ifllhe data sm. IncIldng 0UI1JIOUPI5 



Univ
ers

ity
 of

  C
ap

e T
ow

n

•• 

•• 
> •• • , 

I 
•• 

• 

, 
I 
• 

00, 

... ,,~ 

~ 
~ ~ ., '-----... ...... ..... ..... .- ... ,. 

, 
I 
• 

.- --

.... 
•• 

. ~ • 
-< 
~, ...' ­xx :: 

.. ." « ... 
'" .. xx X><~_ 

• 

. , 
<' ~<~<~" ~~~~~~ x. flI< ' 

.. 

F~,(I 5 2, SIlIU';,IIOQrl plQls IQllne N04 gene lragmen! Obsctvecl 

number (J 1.,msi\lOflS and lriinsvel'SlOl-. (. and vI arc piooOd 

against a COtIOClOl'l SCQUeIlCC <illCO'gencc 8$1l1l'i0\10 (f84 ) for the 

1". t'" and 3" codon POSIb0n5 'especloVeIy. Tnangles repre5llfl1 

lmnsvCtSooRS ..triIsI trllnSlllOf1S are repreleMe<l by bII..- cr_ 

Each dara peont represents a paorwise ~_ bet ee , 

11dv0JalS Inthe <!ala seI, lIlduding OUIQfOUPS 



Univ
ers

ity
 of

  C
ap

e T
ow

n

An addi"onal method to determine potentlat homoptasy Is to plot tho numbol' of changos 

associated with each site 0( character In the sequonco data sot. These oslllTlatos are based 

on tho mappmg of the number of changes associated With oach SIIe. for oach codon positioo, 

on tho most parsimonious troo (Voelkor and Edwards 1998) (see Materials and Methods) 

(Figure 5.3 and 54). Second codon positions for both gene fragments appeared relawely 

lnvariartt With only a few characters requiring more than thmc steps on Iho most 

parsimonious Iroe. First codon positions showed Imiled saturation ..wh somo characlCfS 

requiring up to 51)( changes (N04). The third codon poSitionS lor both genes showed an 

Increas.o In the number of changes associated with these siles (sec gamma shape 

parametors in Table 5. 1). and there wore as many as thirteen changes lor third codon 

position siloS, Indicating polon!Jal homoplasy In tho data sets. Tho overaltlevels, howovor, 

were higher for tho C)'t b soquenco. Nudeolldes that exhibit these multiple changes are 

more likely 10 be aaluralod and 1M potentially uninfOlTl1atlVe ph)4ogeneticaUy (Mardulyn and 

Whitfield 1999). 
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FlQure 5.3 and 5.4: Bar charts showi"lg tho number 01 steps or changes associated with the 
characters al each of the , ", r ~ 3" codon positlOl"lS In both the Cyt b (top) and ND4 (below) 
gene IragfTl8f1t. The plot gives an i'ldiCallon 01 oodon·specWiC rate variation in the sequence 
dota. 
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Corrected Sequence Divergence Estimates 

The Malysis of saturauon plots and rate heterogonEIIlY lImong codon positions for both the 

Cyt b and lhe N04 sequence fragments Indicated that both genes QOuld be susceptible to the 

effects of multiple h,ts that coold obscure the phylogonetic "gMlln the data sots. To account 

lor this, COff&ded seqliElnCO di\lefgcn.oo estimates using the Kimura·2·parametar model, that 

a.ows tor differences in the transition and lrans~ersion ratio, as well as the more comple~ 

maximllfTl likelIhood model were calculated. These osthnates were calculated for Intra· 

specific and Intra-generic comparisons for tho combined data set only. The majority of the 

intra,speClfic pairwiso oomparisons were found to oorrespond to len than 0.5% SBqlJ800e 

dIvergence However, a few appeared to be higher for example. within PSBmmObaI&s 

lentorius spp. the uppar range of the pairwise divllf98llC8 eslJmat&s was 5.2% (K·2P). lor 

Homopus arBQIDlus spp. II was 3% (K·2P) and 2.6% (K·2P) for Manouri8 amys spp In the 

Inlra,spGClfic comparisons, the maximum likelihood and K·2P estimates were within 0 1% 

sequence di~ergencc of eactl other. Sister spocIes sequence divergence estlmatM were 

less than 10% using both tho maximum likelihood and K-2P ashmates (and the 1AJB topology 

III Figure 5. 14). Exceptions included the M. lomt«i + T. hors/ieIdI7 pall' (15%). the P. 

geomerricus + P oculif&rpair (16%) and the G. "'fl"J + G. cht/en:;ls mmbination (12%). 

FOI' the Inlra-genenc comparisons. howeVElf. the differences between the two corrected 

&sllmalM was substantially hogI1er. particularly al !he upper range of oach genorlc 

oompartson. whilst the lower ranges showed similar '/aloes (Figll"e 5.5). For both the 

ma~lmum likelihood and the K-2P measures, the aver.tg8 dIvergence estimates were Slm~ar 

Wlthm each genus AI !he upper range, the maximum likelihood estimates were alway!> 

higher suggesting thallhe K·2P model has nor adequately accounted lor potential multiple 

hl~. oMIoch are expected gN&n lhe ana&nl divergence dates for some of lt1e taxa (e$limaled 

at Il1OI"e than 30 miMion ~ars) The genef3 "Geochelone", Homopus. Psammoba/es and 

Testudo dlspla)o'8d parllClllarty high krvel$ of Intra-geoeric variablmy and substantial 

dilforenoos In the values of their I4'PBf flIngB estImates as calculated b~ K-2P and maximum 

likelihood The ma~imurn Hkelihood divergence estimate$ for betwOOJl specIes compariSQn$ 

within a genus ranged from 0.65% (betwoon H. bergeri and H. /JoUlengen) to 28.5% 

(belW9llll G platynora aod G. parda/Is). Using the K-2P estimates. the upper fango of 

sequence divergence In the HomoplJs genus was only 16% whilst the maximum likel ihood 

estimate was 26% between H. femora/Is and H. signa/us. Cherslna and Malacochersus were 

the least variable gBrlera within the family with low aVBfagB divergence estimates (2.4% and 

o 1% respectively) and limited f3llgBs WIth both the K·2f' and maximum likelihood eshmates. 

'" 
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This is 1'101 unexpected as both are defined as monotypic geJlE!ra. Below appro~imatffly 12% 

sequence divergence. both the maxmo..m tik,etihood and K-2P estimates showed similar 

patlems WtIh regard to the upper and IoY.9r ra.ngo estlll1ales. for examp~ with Indotesll.Jdo 

end Gopheros. Above this 12% esl>male. however. the K-2P model consistently 

undereslJmatad the upper range values. The matOnty of the speaes within a genus did nOl 

show more lhan 12% pallWlS8 sequooce divergoooo al the inlra'9008llC leVel. Wllh the 

o~ception of the ·GeochtHcne"(maJUllll.lm 28.5%}. Psammobates(maiOmum 24%). Homopus 

(ma~mum 26%) and the Tesludo (maximum 16%) (Figure 5_5) 

ThiS lrend was also eWlent .n the intef-geowic comparisons. For the K-2P divergence 

estimates, exduding outgroups. the hi~s\ pailWiso dllfamoce was 217% between G. 

beriandifJri and P QCuller. MaXImum likelihood estimatos IM2!re higher and showed a highest 

div&fgElr\CEl esllfllate of 50 1% between G agassJlii and P. cx;uIifer when outgroups were 

exduded and 67% belween L kemp" and P. aclidlN when OUIgmop taKa \WIre included All 

maximum likelit>ood pairwise estimates involving outgroup taxa were greater \han 28%. 

whilslllle highest estimate lor the K·2P model was 23.2% sequence dIVergence between L 

kempH and P. tenlorius. 
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F9\lre S.S; Graph etoowlng mean inlra-ganeric seqUOIlO9 dlwrge008 esllmates based on !he C()Ili)ined I'I'dec:uIaf 091a set.. Red 

data potnIl repretent maKlmum hkelhxld dlSlBnce est/me,es, whilst blue cIala potrU represl8fll K-2P dislenoe estimates. Ba13 

repr8S8flllhlll4lP8r and o-r range oIlhe dfllorgeoce estlfT'a!e between epecies WIthIn the gaous. 
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Phylogenet ic Inference Methodology 

Parsimony' 
The C~ b, N04 and CQ'rlblOed data !leIs were initially analysed using unwelghted parsimony, 

In each case, the restIIlng in'eranees Wftfe highly unresolved, althOlJ9'1 each gene olfered 

resoIullOO al particular levels d phyk>genellC Iivl!fgellC8 

The Cyl b gene Iree showed low CI and RI soores (0.277 and 0.520 respectl~ely) and was 

unable 10 rHoIve any of the deep level relationships (Figura 5.6), There was strong wppofl 

lOt" speclGS level relationships at the terminal nodes 01 the tree, 'or example the African 

Kmhcys clade (bootstrap. 95) and the North American Gopherus dade consisting of G 

egeMizii, G. berlandlerl, G fllJlIOmBrgina/us and G. polyphemus (bootstrap" 96) The 

Indo/eS/udo clade was also strongly wpported (bootstrnp = 98), as was the Sisler 

relallonshlp between the Indian and Soutl'.easl Asian representallVes of GEIOCheIane. G. 

elegans and G pIa/ynote (bootstrap. 99). An Inllial unweighted parsImony analysis of !he 

Cyt b dale sel could noI place L. kempil es an outgroup taxon and il was removed Irom 

subsequent analysis (see Materials and Methods) leaving T. coahuila and T. OfflIIle as 

outgroup taxa for the Cyl b data set The C~ b gene provided slrong support lor Ihe 

monophylyof the Testudnidae uSIIlg T6IT8(JfInlI as outgroup lexa (bootstrap" 100). 

I Par .. moo~ H';m ..... h:o,'" "'" been d;.plo~"" a. phyl"IfUU ~ '0 'he kno ..... ,Ct>denoy of d,," 'ftf ....... 
m"'hod '0 urni«ea;mo,elnnch lenphs\S",ofTonI .. al 1_). 
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H ... {1' ..... 2 ..... 
KbctAengali21A 
H.berger120,o. 
HJo!TlCll'''~ 

P",.:hnQldeS42A 
Ppllnc:a.QlI'I3C 

C..-.g..ol~ 

Oa~lZIl5A 
G~~I6U 

0)1_.""* ..... ,,1> 
GpOlw;> ........ '1IA 
I'goeomeI'Q,lt370 
P(Q.IIllr38A 
P_us39A 
P_udB 
MlOrne<i34A 
M,e 1!my1360 
M ,e pl\arye<36A 

M 'rrprUla6OA 
f(. __ 32A 

f(._,a'\827D , ....... ~ 
,-""" 1<_3, ... 
1 ..... 1nDIIIka25A 
I elon!Jll.ll.'" 
I.kQW'Q6E 

T.m.II''''''~ 
T n ... so/W:Il!fi.t8A 
T,g !lMC;I~« 
T.g .... es".46A 
T.hermemi47'" 
T I<leIn""""4!IA 
G.cr.le ..... 
C!.nlg .. .a 
O_<lenw; ... ...­
G.c_.:l"I 
Gg~I .. , ... 
G~._110 

O.s..c_'20 .. -... 
Gpp .. lHIo_ 
G eleglnl7.0, 
G.pla!'1n '-aIOA 
Gy,.,.., .... ,3A 
T.eo"'..,"a"", 
T,o"'''.~ 

F,gur. 5 6; Aro U(h""'ghted parSImony estlffi8lt (SO"!. majority rule) based on the Cyloc;h'ome b gerI$ lor 
the Fam jy Tutoo 'ntdae. V,'uIIS on Ih. braOCM1 r~ ,.s.nt boolS!rap P'OPOIIiont. tr .. ~","969, 
CI.O.241 and RI.O.52!) 

101 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The ND4 gene aod the combined data set provided more resolved trees than the Cyt b 

inference In the unweighted pars-mony aroalysis, particularly for !he deeper divergeoce levals. 

BoIh data sets produced simnar topologies (Figure 5.7 and Figure 5.8) and prov;ded 

stlong support for the monop.'1y1y of the Testlidlnldae (bootstrap" 9t lor !he ND4 gene and 

99 lor the combined data set). The combined Inlereroca anal)'Sls showed support lor a 

monophyletiC assemolage, which included a monophyletic Manouria and a mooophyletic 

Gopherus dade (bootstrap" 73). The N04 gene tree resolved the genera as two highly 

supported monophyletic \Toups. Maoouria with bootstrap sopPOrt of 85 and Gopherus with 

bootstrap $UppOrI of tOO. aHhough the placement of the GoPherus dade was not resolved. 

Within the Gopherus dade, both trees resolved two assemblages. The first 01 these 

conlaulIld G. navomargma/IJS and G polyphemus, and the semod contained G. agasSizii 

and G. berlandiorf. The Tes/Ildo spp., Indofestudo spp. and Malacochersus genus formed a 

welt·supported dade (bootstrap. 98) Ma/a(;O(;hEKUS lornhJri and T. hors(l8kIii were resolved 

as well·supported sister taxa In both inferences. FUfthermore. both trees disptayed a large 

derived dade lhat contained the remaining spades ~ the famh, Inclooing the genera 

Gooc/mirNlfl, PsammobiJfes, Homopus. PyJ/is. Chorsina and Kinbrys. The above mentioned 

dade was not particularly well supported In ellher the oombined data sel (bootslrap" 54) or 

Ule N04 tree (bootstrap" 60). However, It was found to contain some welt resol'led groupll. 

including a dade consisting 01 H. s. signa/us, H. s. ClJfar. H. boo/engfln and H. bergarf 

(bootstrap = tOO). The Homopus dade was shown to be affiliated with Cherslna angulala 

(combined bootstrap" 89, ND4 bootstrap" 68). In an the analyses, the mooophyly 01 the 

genus Homopus was not supported aod the relationship between H. areola/us and H 

femoraIis remained unresoNed 

GeocheIooo eJegans and G. plalyllOl8 were shown to be sister taxa (bootstrap'" tOO) In lhe 

combined topology and QIX:\.n'6d within 8 well·supported trichotomy, which indude<! the 

African G. w.tata (combined bootstrap K 78. ND4 bootstrap " 60). The monophyly 01 the 

Kinixys dade was well supponed in both trees. Within the KlnlJeys dade. the sister 

relationship between K natalCt'lsis and K. beHiana was sllOI"f:.IIy supported {combined 

bootstrap" 95. ND4 bootslrap. 94) 

Geochekx!e pardalls end the Psammobates dade were found to group together in both the 

ND4 topologyaod In the combined tree (bootstrap" 73 and 71 respedively). 
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Fl\iJu" 5,7. An unWl!lltrteg pa/$Imony "male (50% ma,ority rille) baSSO 0I11he N04 gene lor lhe 
F.",lIy Testudlrooae. Values on 11'4 blaoches represeol bOOts1rap proporllOl1S. " .. 1el9h.-2066. 
0=0.398 and R1:O.678 
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FlgI.II.5.8 An un'Ml'ighted paJ"$Imony eShmate (50". maJO"lY rul.) based on the comblOed oat. lei 
(Cyl b. N(4) 'or the Family Tesludonidae Values on the branches represent bootS1IIP proponlOna, 
lree ~hz309 ' , Cb.O 279 and At",O 551 
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UIlW1:IIg!1ted parsimony was also earned out for the reduced data sets. Indudil'lg the Africao 

clade, the Mar»uria-Gopherus clade ami the Psammobates clade (see Materials and 

Methods). These trees (001 reported) showed a similar treod 10 thaI reported for the complete 

dala sels above. The Cyt b ger.e was uoable 10 resolve deep level divergences for the 

Afocao and Manoun"a-Gopherus data sets, b\ll produced a fuJly resolved and weI~supported 

Iree lor Ihe Psammobotes clade. The ND4 gene and lhe combined gene trees showed more 

resolution allhe deeper nodes io aU sub-trees aoalysed, but remaJrled iosufficiertHy resolved 

for detailed aoalYSls and ioterpretaliO!1 of the relaliorlships betweeo tile Q8flIIra. 

All uoweighted parslmooy lofereoces were dlaracterised by low CI and RI scores (Table 

5.3) This, in comblMtiO!1 with the poor resolution of oodes, Justified the diffllfeobal weighting 

of Ille data sets. 10 aU cases the applicaliOrt of weighting schemes improved both the tree 

scores (Table 5.3) and the resotvtlon d the oodes in the trees. particularly for the N04 and 

oombjned Gata sets. 10 a(lr;litloo to aiding In the resotutioo of previoUsly ulliderttilied r1Odes. 

Ihere was also an Improvemelllln the booIstrap proportions assodated With tile bl'anches. 

This aspect of tree robustness and the effed of differential weighting schemes on dade 

suppo.1 Will be discussed in more detail further In the Chapter. Optimal rtf Ty ratios ware 

determined empirically aod IN8fe calculated as 9 ' 1 lot the complete data sels for the Cyt b, 

ND4 and combined geoes, 5:1 for the African data sel (for all genes) 3:1 lor the Manocxia­

Gophews dala set (for alt geoes) and 1:1 and 3: 1 for the PsamrnobBtes group. 
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Tabla 5.3: Parsimony tree scores and tree stat istics for the dffcrentiat weighting schemes ( ..... Tv) applied to the total data scI (55 

Individuals). the MallOurfa-Gopharus clade (20 indlvi<:!l,Ials) aoo the A frican clade (25 irKhw:tuals). forthe Cy! b. ND4 imd combined 

!;Ienes respectively. 

OATA SET Tv:TI· ' : ' Tv:Tt·3:1 Ty:Tt·5:1 Tv:Tt .. 7:1 Tv:n . 9 :1 

" C. R' " e, R' " e, R, " CI R' n. c, R' 
TOTAL s-h 
e", '" 0.277 0.520 1711 0.423 0.631 1812 0 . .(3.( O.li50 
NO. 2088 0.398 0,878 . , 29 0.38.5 0.670 .. " o .(0 1 ."" Combined JOll 0.27P 0.561 "" 0.393 O.~I "" 0410 0.li67 

M.noll,I,·Goph,rus e", '" O . .(p I 0 576 '" "" 0.590 on Oli" "" NO. m 0.513 "'" '''' 0.'" o d75 " .. 0'" 0710 
Comblnt-d 1161 0.'" 0.51H 1511 0.'" .. " '''' 0'" 0.'" • • 

AfT~.n CI.d, e", '" "" "" '" "" 0.5C7 "" Ue. 0'" Oli5 t 
Combln,d , .. , 0 ,538 0.'" 1833 0 . .(915 0610 2865 0.557 0.li56 3361 0 . .574 0_669 

CI - Con.bleru::V index 
RJ - Re(en~an O"ldex 
Tl - Tlee L..-.glh (runbef of staps) 
- noc .... Ioulalod 
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Ma)(Jf1Wm Vkeldlood AI18Iysi3 

Optimal modoIs 01 evoluhon and rate pamrne1ers lor each 01 the data sets were selected 

~Ing ModelTest In the lritisl diseusslorl 0I1he results for ma~lm\llTl ~kelihood analysis the 

effed 01 fItcI<n. sUCh as the inclusion 01 outgroup taxa. 011 parameter estImates and on the 

seledlorl 01 models 01 evolution was assessed. In addltlOfl, the effect of alternate model 

selection on tree topology and subsequcnt I jke~hood scores was assessed These 

comparisons oItroe topology were based en the "best-fir ~kelihood estImate obtained after a 

heuristIC search 01 the eyallable tree space USing the optimal models designated by the 

ModeITest programme. The speCIfic topolo(jes and the relallonshlps WIthIn the Tastudlnldae 

that 'MIre obtained from we.ghted parsimony Elnaiysls, ma)!lmum likelihood inference and 

ba~sian aMlysis, for each data set and including the sub-clade analysis. will be discussed 

under the framework of "Topology Estimation And Clade Support-. All topologies llere Similar 

within each data sot analysed, IlTespectiye of the Inference meth::.>d and model 01 e~oIution 

used. 

"8$51-nt" Model Selec!lon 

Parameter estimates and modol selection were found 10 be robJst to differences in the 

starting tree topology Identical mooels wore selected when both a neighbour joining tree and 

a "best" estlmale parsimony tree were used as starting topologies lor estimation in 

ModeITe3t ~3.06. Using the IlLRT. the most appropriate model 01 evoIutioo to best explain 

the Cye. b. ND4 and combillGd data I58IS was lhe GTR+r+p,nv model The AIC index. 

however. selected a dIfferent modoIlot the combillGd data set. the HKY85+r+pinv model. 

The !aller model dIffers from the former in thai the GTR has six subslillltlon types. wherea3 

the HKY85 model only has two, In the foml 01 a nt T~ ratio. The tog ~kelihood scores for 

these lwo models were almosl identical (GTR+r+Pmv = 14479.95 and HKY85+r+Pinv = 

14483.04) and the addition of parametertl roqUlred for \tie lTIOI"e complex GTR m<XIeI did not 

significantly improve the Ijkaijhood score. For tin reason, Ih8 sImple< HKY85 ... r+Pin~ model 

was selected lor the aNllysi3 of the combined data sot. 

Natwal log tike~hood Scoral (-lr"IL) were pIotIed against all the 8Ya~abIe models tested (~­

a~is) and the trend of the Improvement of likelihood scorel with increasing model complexity 

was sholMJ to be similar for al! three data sets (Figurel 5.9 arid 5.10). The only dIfference 

being the actual values of the scores, whIch were higher for the combined and N04 data selS 

as these both haye more characters and more taxa than tne Cye. b data sat. 
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In each of 1M daHl sets tile model thai displayed \he pooresl fillO the data was found to b& 

the JC model, tho sim>llost 01 aU tho modals tasted. For \he C}t b gone, the · Inl score for Iho­

JC topology was 5675.8115, for tho ND4 gene was 11335.8 and lor Ina combined data set 

was 17113.8700. Tho log likelihood scores were signmo;anUy improved with Increasing 

model COffl>l lexlty and ~rticular1ywilh tho addilion 01 tho gamma dislribtitloo (n (Figures 5.9 

and 5,10). Tho addiUoo 01 the Pmv slles ~ramotOf did not allow lor any signiflCBnt 

im>lfovomont In any 01 tile log tikelihood scores (data not indudod). The addition of the 

P/nv+r paramctOf combination, I!owevllf, Pl'O'I'Ided the "best !i1" \0 tlle di!la In all cases I.e. 

the lowesl log likelihood score. 

The C~ b log likelihood sooras ranged from 56758115 (JC moool of ovolution) to the "be$t­

Iii" GTR+f+Pinvof 4779.3564. In the ND4 gono the sOOl"es ranged from 113358 (JC model) 

to 9624.366 (GTR+f+PIfIII) and lot the combined data satlhe range was from 17113.81 (JC 

IT\Qdel) to 14479.95 (GTR+f+Psnv) (Figures 5.9 and 5.10). 
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F9w'e 5.9, Grapll ltIo'Mng the relationship belween nailed ITIOCIIII d DNA evoI~1on and ~ 
likelihood scores as calr;:uia:ed by ModeIT.II v3.06b (Poudl .rod C .. roda~ 1998) ulOng 1"'­
hlel'archic:al LAT lor the Cy\ band N04 sequenc.t. StII'\ll1g , ......... 1. ~Iat..:l u .. ~. ~ghbour­
joirwIg algc:ril'm . "Best.lit" model. were &eleele<! based on the .nl .cor .. and ",sed in • ma.UTII"m 
likelihood ir1erence. 
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F~Ufe 5. 10; Graph lho'Mog 11'le relaUol\Ihlp between r.e,led 1llOOB1. I:J ONA evolutioo and log 
likelihood !iCOI'" as CIIlculaled by ModeITall v3.06b (Polladl and Crandall 1998) using the 
hlerarchleal urr lor th, camblned data 981 S!anlng treH were genarll.l!1d USIng. neighbour-joining 
aloor~l'm. "BeSl-th" model. were IlleItc1ed belied on the-lnL lICOIlIa and ulllld In I maxmlXl1 likelihood 
inlerence. 
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Cha.r:;terS: Results 

wlthclut oUtgroUiPS (- 1lI\iII'UUUU. If a dlfflsrelnt mloalSI was sellsctEtd were corlstnuctEKi 

4424.348 9388.856 13499.995 
0.35 0.34 0.40 0.38 0.38 
0.30 0.30 0.30 0.29 0.28 
0.11 0.11 0.08 0.065 0.07 
0.24 0.25 0.24 0.24 0.25 0.27 
2.41 2.30 0.34 0.33 0.62 0.63 

• TI 22.43 21.64 7.91 7.70 12.43 12.64 
1.37 1.35 0.61 0.54 
0.72 0.61 0.34 0.34 0.50 0.46 

• TI 42.33 43.18 11.60 13.5 
1.00 1.00 1.00 1.00 1.00 1.00 

Gamma value 1.13 1.16 1.12 1.11 1.11 1.16 
P/nv 0.45 0.44 0.42 0.43 0.43 0.44 

Modal Selected 
models 

-RnL 
No difference No difference 

TI = transitions 
P/nv= invariant sites 
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paramete'f astinlattts were 

evoluticm were sel4ectEK1 

par:am~aters. one 

prolbably as a 

Results 

as dislpla~ling an inClrea:sad Prolpor1tion 

was sehaciEId 

more connplEtx in 

tr:anlsver:siolns are calculatEId. 

scores r:B11!Q8(i 

.,VUIUu\11I was sehootEKI 

Par:ameater estilmat4as were 

:::::: 

sho1wed diff4arerlC8S In 

ware sulosianiialliy hi, ... h",~ .. 

G 

In 

I ............... " J was sel,ect,ad. 

implemenbKlln a mm:imulm lik:elih,ood inference, 

run was tel'1mirlatEId 

a 

b 
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5: Results 

on 

were a 

were a on 

in was 

were more in 

b 

In scores 

topo~~ies were worse 

was 

zero. in were in 

limitled bnanch swslpplrlg e'lident In 

occumKi in unr'es()lveld cladEts in 

were 

chSlngt!S in 

were slglrlificant dmerences in 

differerlCEtS were in bralncn 

b 

deflault paramleter'S, even 
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Data set 

Whole data set: 
b 

ND4 

1f •• rJOu!rI ... Go~.rus clade: 
b 

ND4 

African clade: 
b 

ND4 
COMBINED 

likEitlihclOd scores 

Max -InL score 
from but tree 

4601.494 

9599.444 

14445.487 

2091.856 

6660.701 

4366.256 

Saved> 200 trees 

5106.773 
7695.980 

score 
Gamma II1II 0 

12815.121-

Chl.'lpt~~r 5: Results 

Max .. lnL score 
Gamma II1II 0.5 

Ves 

Ves 

Ves 

Ves 

Ves 

Ves 

> 200 trees Saved> 200 trees .. 

Ves 
Ves 

from the best estimate were ;rE;ntiUsiiiiitthheesS-1=iHi'iEte;SsFt (Siiiiiru)ds~;mCi'H;;;gaiwa 
IIkelllhc)()d score Is slglrllftc:ardiy worse under the default param,etelrs 

dlftereal'lce In the number between the 
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Cha1}ter 5: Results 

was 

were simiilar 

Iiketlih<>Od scores were calculated 

were 

set over 

l'C'o;)'l.Illlll!:J miaximUlm IUtelilhocld scores 

-InL 4596.68796 9600.39304 14472.89146 
0.32 0.41 0.35 
0.31 0.30 0.31 
0.11 0.05 0.07 
0.26 0.24 0.24 
1.62 0.47 1.05 
15.14 11.57 21.17 
1.33 0.48 0.91 
0.82 0.87 1.22 
35.14 16.8 22.15 
1 1 1 

Gamma value 1.16 1.03 1.1 
P/nv 0.41 0.42 0.4 

= 

dlsc::tJSlSioflS on 

ease 
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.... ,,'IA,.,.,'" 5: Results 
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a was 
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was 

were as :::: no 

species fonned a morlOptly1etic 

was :::: one 

as a 

is 

were 

were as :::: a 

I. I. :::: T. 
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ChC'llJtE~r 5: Results 
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100 

100 

70 

51 

99 

100 

100 

100 

""",[,IPII~' 5: Results 

H.aerola.tus19C 
H .aerolatus 19E 

100 H.s.cafer23A 

94 ....----- H.femoralis22A 
1---...::...;:....----4 P.arachnoldes42A 

1-__ --..Jl.Q.Q. __ -t---------P.ocullfer38A 

100 

1------- G.radlata11 D 

60 

...--- P.tentorlus39A 
P.tentorlus39B 

1------- T.horsefieldl48A 
T.hermannl47A 

,...---- K.homeana32A 
.-1Q.lL-r--- K.belllana27B 

1--__ 1!.l:0:.l!0 ___ ---l J'!~~J K.nataiensls33A 

1...------ K.erosa31A 
1-------- G.chllensls4 

LJ8!!17:....--{===~G~.d~entlculata5A 
I G.carbonarla3A 

1------ G.sulcata12B 
100 

T.coahulla55A 
T.omata54A 

--- 1 0 chalngE~S 
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ChjlptE~r 5: Results 
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MSi'ac<)Ch19fSl:JS was reSlolVE.d as a mOlnolJ,hyll9tic 
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= 
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Figure 5.12: A bayesian estImate (GTR+r +Pinv) tree topology for the Cyt b gene fOf the 
African clade (23 individuals). Values above the branches represent clade Probabilrty 
estimates. Values In red arB bootstrap propoftlons for a differentially we.ghled m,uumum 
parsimony estimate (Tit Tv" 7:1). NA "not resoi'Yed 
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Figure 5.13: A bayesian estimate (GTR+r+p II'l\Ij tree topology lor the Cyt b gene lor the 
Manouna·Gopherus clade (1 9 II'IdlVlduals). Values above the branches represent clade 
Probability est mates The topology was the same as that obtalOed usng ma;dmum liI<elhood 
inference (GTR .. r +Pinv, wdh P.on v ,,0 55. r = 1 47 aod -IflL = 2091 .855). Red values below 
Ihe branches represert bootstrap proportions obtained from II dlfferentoally weighted 
maximum parsimony analysis (TV Tv = 5:1). I~J 
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were Rimliil:lf 

L 

Results 

were weigh'ted a 

prdbablility vaUJotr.) at 

were CNlIralctelrisetd 

di\lArtIAnr.A~ as as 

cases, 

resJ)ed to 

were simlilar IrrespelCth,e 

2 in r.u ...... 
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Figure 5.14 A bayesl8l'l 8atmate (GTR ... r"PIfII1 InKI topology lor the comboned data set 
(55 indIVIduals and 1167bp). Value, above the branches represent clade PrObability 
estmates The topology was (he same 8' that obtaned using maximum likelihood mlelertte 
(HKYBs .. r .Plflv. WIth Pmv " 0.43. I • I 11 and -Inl " 14445481)_ Red values below the 
brard'lIS correspond to node labels (refer to text iWld Table 5.8) 
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Ch~ple, j. R~Jwlll OJIM Phl"gc"ellc 1"'~rtRCe 

Table 5_8: Non-parametric bootstrap support values for parsimony (differential weighting and 

100 replicates). maxImum likelIhood (60 replicates) and protlabilily values from bayesian 

analysiS for the complete dala set (ND4 gene and the combined data set respeclively) (refer 

10 Figure 5.14). 

NODE '" COr.lBINEO 
M' " M' MC " , '" '00 '00 '00 '00 , 

'"' '00 '00 '00 '00 , " " " M "' , 
"' '00 " '00 '00 , 
"" '00 "" '00 '00 • '00 '00 '00 '00 '00 , 
" '00 00 '00 '00 • " '00 "" '00 '00 , 
" '00 " '00 '00 

'" 00 '00 '00 '00 '00 

" " '00 ~ '00 '00 

" '00 '00 00 '00 '00 

" " " " " 00 

" " " " " " " " " " " " " " '" " '" '" " " " " " '" " " '" " " '" " " '" 00 '" '00 

" "' " " " " " " " " " " " " '" '" '00 '" " "' "' " .. " " " '00 " " " ~ .. '00 '00 '" '" ~ " '" 00 " '" " " " "' '" " " " '" " '00 '00 

" '00 '00 '00 '00 '00 

" " " ~ " ~ 

" "' .. " " " " " '00 '00 '00 '" " "' " " "' " " '00 '00 '00 '00 '00 

" '" "" "' "" '" " " " "' n " " " " " 00 " " " '00 '00 '00 '"' " '00 '00 '00 '00 '00 .. 00 '00 '" '00 '" " " " " " " " " '00 n '" ' 00 ., " "' " " " " '00 '00 '00 '00 '00 ., '00 '00 '00 '00 '00 .. '" "" "" '" '00 

" '" '" '00 '" '" ~ '" '00 '00 '00 '" NR . not resolved 
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F~llre 5.15: A bayesian estllTlilte (GTA .. r .. Pin\lj tree topology lor the combIned dala sal 
tor the Maoouflll'Gop/'lelUs clacle (20 Individuals). Values above the branches represent 
clade Probab~rty estimates. The topology was the same 115 thai obtaIned USIng mallimum 
likelihood ,nference lor both the oomb'ned and N04 data sets (K8Luf ... r .. Pmv. w~h Piny • 
0,54, r = 1.74 and ·lnL = 4366.2SSlor the combined sell Red values below the brandies 
correspond to node Labels (refef 10 teKl and Table 5.9). 
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CUp'er 5; Re",l" Qf th<: PAJIQg'MtI~ 1"'<IV.ct 

Table 5.9: Non-parametric boolstrap support va lues lor parsimony (differential weighting and 

100 rep licates), maximum like li hood (100 replicales) and probabllily values Irom bayesian 

analysis (Pr) for the Manoun".,..Gopherl.Js clade (ND4 gene and the comblfled data sel 

respectively) (refer 10 Figure 5.15). 

'00' ". COlllelNEO 
M' M' " M' M' M' " 3:1 5:1 3:1 5: 1 

AA '" "" .'" .'" . ., . ., . ., 
" . ., . ., .'" . ., . ., . ., '" " .'" . ., . ., . ., . ., . ., . ., 
" '" 00 ., 00 ~ "' .. 
" . ., . ., . ., . ., . ., . ., . ., 
" % " .'" . ., . ., . ., . ., 
" " " " 

. ., . ., . ., . ., 
"" .. '" .., " " " . ., 
" . ., . ., .'" . ., . ., " . ., 
" . ., ... .'" ... ... " .., 
" " ~ .'" . ., ... ... . .. 
" " '" 

., ... " " ~ 
MM " " '" "' M "' " "" " " .'" . ., • 00 ... . 00 
00 " % .00 ... ... ... .00 

" % " . ., '00 ... ... '00 
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Figure 5.16: A bayesian est imate IGTR·r +Pml1 tree topology l or the COmblflOO data set tOI 
the AfrICan clade (25 individuals) Values above the branches represent dade Probab~dy 
estimates The topology was the same as that oblalooo using maximum loI(ehhood inference 
(GTR .. r .. PrlV, with Piny = 0.48. I = 1.67 and ·InL. 7695980). Red values below (he 
branches represent node labels (refer to text and Table 5.10). 
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",nU:UleT 5: Results 

NODE MP MP Pr MP MP ML Pr 

B 51 88 100 95 95 89 100 
C 82 91 99 81 88 76 99 
D 87 85 100 69 69 95 100 
E 100 97 100 100 100 100 100 
F 70 70 76 50 58 52 69 
G 99 98 100 100 100 100 100 
H 76 86 100 69 69 95 100 
I 67 12 15 NR NR 16 93 
J 100 100 100 100 100 100 100 
K 68 68 88 NR NR 62 88 
L 87 84 91 88 88 63 93 
M 100 100 100 100 100 100 100 
N 100 100 100 100 100 100 100 
0 63 85 78 n 79 62 90 
P 97 100 100 100 100 100 100 
Q 100 100 100 100 100 100 100 
R 100 100 100 100 100 100 100 
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Results 

set con1tall1tiKI 

a Sigllificant imfl1act on topIOI~JY whether th.au .... An:. inciudEKJ or exc:ludied. was 
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Tastuclinil:iae was 

(boc)tstnilP ::::: 
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FJgure 5.17: A patSltTlOfly eSlimale lor the combined data se t contair1rng 1167bp of 
mitochondria! DNA sequence .. 66 morphologIcal characte~ (from Gerlach 2001). 
Molecular eharaClers were wel!Jhted Til Tv ,,91 Values above the branches represent 
bootSlrap proportlOl'lS lor the morphoiogieal+moIecuiar charaelers Vd'liist values below the 
brancnes represent the bootstrap proporuons foIlhe molecular cnaraders only. NR " not 
resolved. 
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The Psammobates Clade 

In ailinilial maltimum ~kelihood and bayesian tree estlmales, the genus Psammobates had 

long branches associated With P. rx:;1J1if0l" A detailed analysis was conducted on thiS genus, 

both 10 alucidate the potential causes of these long brilll(;hes and k;J determin-e the el<tent of 

the proposad species complex withlll P. 1(!fI/OIlu.r (Boycott and Bourquin 1989). Furthennore, 

several representatives of the species P geom6l~lJs were Included In Ihis analysis to 

determine the alfeds of habitat fragmentation on the populallon genellC structure In this 

endangered South African endemic (see Chapter 7). 

All phylogenetic topologies with all methods of Inferen.r;:e were identical. The only differences 

were III the leval of nodal support achieved. particular1y between the model-based 

approaches as compared to the parsimony infenmces (Figure 5.18). The -best-fir model 01 

el'Olution under the maximum likehhood optimahty criterion was the TRN+t- model With no 

Invariant sites (Pinv) assumed. The value of the gamma shape parameter was low (a '" 

0.359) Indlcallng Ihal most sites were Invariable With a ~mlled numbef of sites evolving very 

fast. Rate parameter estimates \Wre high lor Irar"lSltions (rjC - TJ '" 17 97 and rjA - Gj '" 

11 .2) whilst aU transversion rates __ e sal to one. Parsimony aoolysls was implemenled with 

two ~tlng SChemes. The first was an unweightad analysis and the second was a 

dlHereo~1I1 weighting of Til Tv " 3:1. For most of the nodes resolved within the ganus 

Psammobales, parslmooy analyses Q3ve the highest support as measured by non­

parametric bootstrap proportions. wtulst the maltllllum likelihood and bayesian estimates of 

support were more COI"ISefVatiVe (Figure 5. 18). This suggests Ihat there are a sufficient 

number of synapomorphies to elucidate the liller-relationships amongst Ihe species with in 

Ih tS complex 

The monophyletic status of the genus PSlImmobates was robuslly supported (node A) 

Psammobales oculifor and P. geometricw> are sister species (node C). There was little to Il() 

d,ffefentlation discernible In Ihe P. goomelri<:us grouping « 0.1% sequence diVergence). TM 

P rx:; lJlifer • P goomotricus clade was resolved as a sislef group to a slrOf\gly suppOf1ed 

clade containing all the P. tentOlius represantatlves (node 8). Psammoba$"s ocuIifer was 

characlens&d by particularly long branch lengths (Figure 518). 

W ithin 1M monophyletic PlllmmObalos tootorius complex. two assembLages were evident 

both of which were well IOpponed with the parsimony aoolysls (nodes G and Fl· The fll"St 

clade (supj)Ol1&d by node F) consisted of ttree Ifl(!ividl./als of P. tentOtfu.r (P. tentorfus39A. 
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390 and 39E) Illal _re obtained from Chafee Zoo Gar(lens and were nolldcnlltlcd 10 sub· 

$pea" Ievol This dade fom>ed a SISler ITOOP to a diphyletlc clade containing the remaining 

"~9resonlallves from the samplu $eI (node G). Thi$ diph)felic clada consisted 01 two 

a$semblage$. both of which ~ro well-resolved (nodes I and J). The first group (node I) 

coNained P. tOnlorius40C which be~ to the P I. IfIITtfN1jj suD-species. PsammobaloS 

lenlorius39B and P. lanlorius39C are Individupls obtained from tnc Chafoe Zoo GardcI'ls arid 

were not Iden1iliod to sub-spoclos Iovel Tho remaining two individuals (supported by nodo J) 

belong to tho P. I. vofrOxli suD-species (P. I. VOfItlOfil'lOA and P I. VOfrOOfil'lOB). 
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FIgure 5.18. A bayesian estmate lor the PsammolJ<1I9s clade (GTR .. r .Pmv). Topologl4:ls 
were SlI'Tlllar irrespective 01 the ... Ierenca method used (maximum likelihood model" TrN ... r 
where r ... 0.359 and -Inl = 3775_868), Values above the branches are dade Probabil ity 
eshmiuesI and maJumum likelihood bootstrap proportions wtlilst values below the branches 
represent bootstrap proPOl'hOflS from I>.elQhted !TIaXlfTlum parslfl'lOfly analys~ WIlh TIl Tv " 
1:1 and 3.1 
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The Relationship between Probability Values and Non.,f>ar3metric Bootstrap Support 

Values 

H,'los and BuU (1993) conducted a study us'ng known phylogenies of badenophages and 

found that appro~lmalely 70% bootstrap support corresponded to a 95% confidence ,nlewa! 

To oompare the twQ measures 0( dade robustness wilhln this study I.e. non-paramelnc 

bootstrappong and bayesian branch support. the twQ m8aSIJres were plotted against one 

another \ISIng data from Table 58. Tabla 59 and Table 5.10 (Figure 5.19) The points 

correspooded 10 each of the nodes represeoled In the respective tabies. A Pearson's produd 

momeol correlation (two taited Wlth n .. 16) was ()O(1ducted uslng SPSS v9 0 (SPSS tn.;. 

1998) to determine wt1ether a linear relationship e~ists between the two variables. Thos test 

measures the degree to wh,dl the two variables are proportlOOal to one aooIher The 

r~alionshlp was found to be s'9n.ficantly pos,hve at the n • 0.01 ~vel . r '"' 0.92. indicating a 

strong correlation between the two estimates. 

All bootstrap proportions of 100% oorresponded to tOO'll. ba~sian support. Bayesian 

est,ma'" were generally ~S5 conservallve and ~10% boolstrap corresponded to 90% -

100% bayesian support. wilh few excep~ons. As a resull of 'his and in keeping with CUffent 

meralure. branches that displayed probab,lity estimates of more than 94% were laken as an 

approxlmatlon of robust branch support. Similar trends were displayed for the parsimony 

non-par.lmelric boolstrap results (Tables 5.8. 5.9 and 5.10). 

There was some variation around Ihese points. however. which made a general retaUonship 

between !he two difficult to Interpret. For boIh the mal<lmum likelihood and parsimony 

anaIyse1I. nodes supported by booIstrap proport,ons of less Ihan 10% showed bayesian 

estimates lower than 85%. wt1ilst bootstrap proportions of less than 55% generally resulted in 

pl'Qbabililles lower than 60%. Thill could be because of the more conservative nature of the 

non-parametric bootstrap (Feisenstelfl 1985)_ The opposite relationsh,p was observed with 

the a!'IBtysis of Ihe Psammobales dade (Figure 5.18) where ba)"tSlan support for the nodes 

was more Cons8fVative than the booIstrap valves obtained 
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Figure 5.19: Comparison 01 bayesian and Bootstrap support. Each dol represents paffwise 

values as shown in Table 5.8, 5.9 and 5.10. The vertical 111'18 represents non-pammetrie 

bootstrap estimates over 70% and the venlcallhe r8pfe&ellts bayesian probabjrties 01 90%. 
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Cha,rJter 5: Results 
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new species line'agEts 

Tea'udo honUle/c:lii Is 

a 

Mac:iagascar was at appll'lOxilmately 

Is 

estllmat.:td as ha'li~na OCCUrrE~ 

same 1J'tIIIIUU, 
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Results 

2 65 18 
3 25.3 7.59 
4 18.3 5.49 
5 2.3 0.69 
6 18.8 4.98 
7 10 3 
8 5.3 1.59 
9 
10 16 4.8 
11 11.6 3.48 
12 6.2 1.88 
13 
14 
15 25.8 7.74 
18 8.3 2.49 
17 5.8 1.74 
18 48.3 14.59 
19 34.1 10.2 
20 
21 24.7 7,41 
22 18.8 4.98 
23 
24 15 4.5 
25 
28 31.4 9.42 
27 24.3 7.29 
21 14.3 4.29 
29 4.1 1.23 
30 
31 20 8 
32 28.1 8.43 
33 14.5 4.35 
34 11.8 3.41 
35 23 8.9 
36 
37 
38 
39 2 0.8 
40 
41 
42 
43 23 8.9 
44 5 1.5 
45 18.3 5.49 
48 12,4 3.72 
47 1.3 0.39 
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Cha.lJter 6: Discussion ()f J'hyl'oge!nettc Ji~ecG'nstruc,tion 

6 

II"IIAD"'II'" I: 

I. Cytachronle b 

in 

is genierailly cxmsildenitd 

althc)ugh it 

is becausl8 V~:lrialtion mitlochondlrial PFOltein occurs 

more 

...... ,,.......... it is difftcuit 

isa 

intelrest in Telstu(iinil::tae 

suitabili,ty a as 

over deeiper divlBrgIBnc:es, 

m.n-.ilu· th,=ot occurs on 

Bufonil::tae are an ancient lineage {SalvaSle 

on b S8Cluell1C8 is 

a 

a 

satluralUon or near satlLiraltlon more deElPIY 

appiarelnt in phytogl9niEPS 

more ap~)FO~)rialte 

were apl;>Bl1ent 

lSI 
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cases, 

r8SlolvEKi or 

It 

trarlsVlnilons obseMoo In 

'-""'V"" 6: Discussion oj J'hyJoge~netic Reconstruction 

estludil,idEle were 

are diffl9re11tial selElctlc)n pl'8s!mn:ts OI>er8lting on 

a grellter COl'1lstnlint on 

moael··oa:sea ap~lroalchElS was almlost 

Dailrwh!ls diistalnc8S, even betweEm IngrolJP 

Is satlJlratil:m 

repclrted (1 vallJes) ImplYing sev'Srai 

in Dro1iflOIrla n:lsoIutic)n 

Tesb.ldinidlCls was 
L as an oul!~fOLlP 

analysis. L kemjpfl plal:::ed as an oul:grclup nl II, .... I. a 

was 

over no synl8p!)ITI()rptlles 

was parUCl.lliU1lY 

par1~cular1y so 
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Chanter 6: Discussion Phylogj~netic Reconstruction 

Nicoltinarnide Adenine Dim.ciec)tide Del1lydR)gerlase subunit 4 to 

inter-aEtnerlc reilaticlnsl,ips in repltiles examplie, in Inll~~nirl 

a common palttern 

in anilmal mitltlChonrlri::lll 

fragrnent offel1ed areat49r resolution, particulalrly at 

was affi:udEKJ was particlilarly e'vldant in 

on 

was corroborated 

were ShCIWIl 

b S8qlJeooes 

func:tion,al cc)nstraints OI)6f'alting on 

some 

detlate as diveral8n4::es in 

In 

In 

assumE~d a "";"",ri """'.rn pclrallel stludle:s. 
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Chj'lptj~r 6: Discussion of }'hyl'ogemeticReconstruction 

no or can a 

or b 

were a 

as 

more 

was in 

as 

was as 

was in 

was 

in 

more 

a 

or 

on a 

) was in 

) was 

as rArV\ritM in 

riA<=:r.rihAti in Chiapt49r 

mOlrphc:)logical cha:racllers were unavaihible 
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Chj~lJtE~r 6: Discussion PhJ'lo~~enlr!tic Reconstnlction 

Altlhollgh no was nhtailnalnlA t>nr ·tho 

were cornbilned 

esitimiEite was I'nI"nrlllClllr'llt 

as 

on mOI"phc)logical cha.raclters 

is particLllarly A'vil1Ant in 

mo,rpl'1lological ctlalClclters were in 

more deinVEId mlemlbelrs is 

in 

in isollati()n 

ormor. 

some as it is more 

in 

even a 

in 

see 

in were 

as 

was 

was In 

was 

ISS 
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ChjlDt~~r 6: Discussion of })hyJ'ogE!nel'ic Reconstruction 

PS~im'Tlot)atEtS was chslrac:terised 

a 

Insluffi,cielnt or incc)ITe'ct taxon sarnpling can malnifest as Inn.rt-hl~nt~ a1ttra'cticm 

1 

res 1ultirlg in mislea(jing infe'rences 

t-arnllv Teistu1diniidai9. van 

rell:ltiollShip was 

an incc)rrect al;so,cia1tion 
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Ch",pter 6: Discussion 

corlstraints on amino connpositl()n ctlan'le were additionlal 

in 

relEltiolnshlips in estirnatEIS. even In unVilreigl,ted anallysils. It apI)I9ars 

chalraclters in 

in adclition. inlCl'8,ase 

in b 

on scores was as 

is 

was 

were 

were as 

topolO!:~les were more In 

b topolog IEH5. ViIreI'8 

ueJif.llUIl param1etelrs were b were 

were 

In 

even 

was 

hornoJ)lal!~Y or a radllatlem In 

was a slgl1if1e:ant Im~~ro\lrement 

Pinv 
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Chj7pt/~r 6: Discussion of }'hyl'ogfmei'ic Reconstruction 

connml!mtE:td on phenonlen(ln in a taxclnomic on 

eXlplicUly assume is extlrerTle 

hetel'ClIQelnei1ty AVIt'lll=Iinr as shclwn in 

are in\!'~ri::::IIhIA 

were low'est UnElxpI!!ctEKi as 

polSitk)ns are icnt'llwn runctiolnal l"'..nnll:tn:1lint!l: on sutliSEK1ueint 

were hin,hA,~t are AVlrllVinn 

is mi:lntl'eslted as 

POllSitic)ns in Droltein 1"'..nt1linn asa 

on sutlsec~uent tClpol,OQY 

IIkEllihlOd scores sus~gelsts 

at shclUld not nor as~sunled on an 

stuejies on am;ely relatled gfllUCIS. 

a sigl,ific:ant imJllact on 

altemalte a!ssurnptions on 

su~,poI1. In so 

Dro"iCe a frarnEMfOrk 

moael·-oalsea ap~'roalch:ls in particlillar, are 

boc)tstrap nm,nnrtinr'lI: was 

boc)tstlrap vallLies were gelner:ally more 

is occurs 
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are 

can potlenti.ally 

sUQ!~est a DOsiitive coIT4elath)n bEltwe4!1n bc)OtS1trap 

conr.pairing hNlincJ,~ or 

Y. 

par-simony is 

tAnnin.AI rEtlatiiONshiJ)s in 

somemeasum 

Iimi1tatkl,n, h(lWever. is 

a 

it is unslble 

b 

in 

measure 

was an adElquate 

DI'O'vidEKI acldit_:mal ImprovEHTlent in 

a VArilAtv 

ca~,acity tlhan is 

ma)l:lmum li~~elfhlood dePE!lnds largEtly on a II syStematic error 

a 
was accomltJlislhed 

a sigllific:ant:ly -I:I8S1:-II{· 

was selEtcted. 

Is In 

consensus 
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CJu'lDt~~r 6: Discussion of JPh)'lo~renl~tic Reconstroction 

bayesicln alriall/'SiS, offstring some corlfldlsnc:e in 

can 

160 



Univ
ers

ity
 of

  C
ap

e T
ow

n

.... ,,,,, .. ,.,,,, 6: Discussion 

are eXI[')()!~eo 

+ m(l;mtlOltOOI,cal 

is 

one reason 

eSIOOllnlCllae were 

no means 

an Indlica1t1on 

). 

6 All sequence values are based on maximum likelihood estimates calculated in PAUp· and 
based on the combined molecular data set 1~"~,,,fl ....... tI 
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.... ,. .. v."', 6: Discussion of })hyJ'ogErnetid~ec()nstruction 

GoJohe,rus were reslDlvEKI as or OloeSI 

mOlrphc)loglical Charac1ters as 

rem,ainirlg s')eci'~s In 

auociation Is SUPlport4!K1 

exarnple a nonr-enlargtKt 

II menllal gl~lnds. 

e. Dht;IIYElI MilS sllpponed a seqluenc::e dlvers~en<::e e!1ltimslte 

Gopihenls are a mOlloptly1e1Hc a!lS8rnbIEIg8. 

CUrrEtnt ptllyiog!8ne1Hc eSitimslte sugge!;ts a 

tree 

MaOOlJria as 

Identified as an 

as Sfjl'lenlUS 

WClS stn:)ngly SIUP&:llOrted. as was 

GO~'JhEl!rus oolVDI,enlUS + 

were 

cla!;sifilcatlions In 

sensu stnfctc)) 

). Auffent)erg 11Q711\ 
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Chl7Dtc~r 6: Discussion Reconstruction 

were as 

nArlAr:::I are uSlJlall~ associc:lted 

more deriived members 

rel~:ltionstlips are ). 

estll/ao was re~IOI\,eCl as a mClnoph,"etic 

relation~ship was con:obctratEtd 

ren1airling African taxa. relc:ltiolrlship was initially th" .. anll-lt 

partictJlarty as 

relc:ltiolrlship was 

T. henrnan,ni tonJieri were divEngelnt 

was corrobora:ted 

T e~~tU(l'O is 

Agl'1onemJ"-s is sU~'POI1ed 

T. ho.rsflie/cfii is UIII\.IUIa: in hl:ll",inn 

Daif1lNise genletic distanC4!)S bEltwean T. 

T. hennan!ni tot:nieri are paru\;;UIi:lnY 
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Cha.Dter 6: Discussio1l 

relatiionstlip bEltwe~~n T. hon.~fie/(1ii 

T. 

seem P18U51D18 

is 

T. gra~9Cs, T. klelinm~tnnl 

T. hon.~fie/(1ii 

T. mSI'!r1inaJts) 

was evi,derlce a Strol1Q a~ssoc;iati(m bE~:m T. kleilnm6rnnl. T. 

T. gra49CS. reSl'Udo gra9CB, 

It was Inh=lirA!!iltirln T. mSI'!r1lnBlrS, 

a~lOCIatl()n was 

partiClllar was 

T. 

suglge~ded a new 

T. 

DalnNlse seqIU8r1l:::8 dI1i181'g18009S 8Ediml:tted beMf88n T. mSf,ains!ts 

T. T. 

maintained as mernbe,FS 
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estimalte otltainled In 

"'Gsocl:re/one" are 

as 

on i) biOSJeo.~raJ)hlc affinities 

panilieliism,in~rtlculiar~tlaMd 

is advocated. AIth<)ugh G60lchabne gig~lnts!a, 

SPEtCiEts are morphlologically rih:dinf"!t 

a spetCialoon 

OI'U1..'Vtlrvat'ion as sepamte elntltiies, as indicated hu ,tha,;r place1melnt in 

on 

a con1birlati(>n 

trlCi1OtC)my was shclWll 

a reialUomship 

is Che/onc)idis (Geoch,91ooi8) cllile/lsis Is 

Stlgmoc:/Je/J,s (,eoc-:llelone DBfidalls) is 

or 

{Chelonoidis}. AI1thOU!~h it 

a nuc:hal a 
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it is 

was 

some 

is 

the 

ChlllJtE~r 6: Discussion 

as 

was smmglly SIJpportEld in 

as a 

is on 

as 

are a 

was 

mOleClJlar in 

selected chalraclters or alte1matively 

in 

was on 

a 

• were 

was the of in 

Gec:)Chetloninae was subseq1uenlUy SlJlpported a comlbimKi artalyslls 

de\l'elolped sec::one:iarily in on 

Kin;;xvs spec:ies. in connbirlatiC)n 

eross are ancestral mlerrlbelrs 

are more 

rlAlriVi!=1rI Sl;>ec:ies are more in 

were estiimslted betweEm b. belllans individlJals sannplE~d in 

CorlS8(~UeI1t1y. it is sU9lge!ited b. 
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Cha.Dter 6: Discussion of J)hyjFog~!netid~ec(mstruction 

enclerrlics is strc)nally SIJpportEKI k,,, +k.i"" 

Shclwn a 

shclwn in pre'ViOlJS mlorpholclglcal .nU\.llI~;;:I 

or 

observti:Kt SEIqUEllnce dlvEtrgence SUPIDOrt a 

a common ar1l::8s:tor a common ev()lutlonlsry hls:torv_ 

is reBlctlly acceptl:able a 

a 

it is 

indicatEKi a 

association Is are 

on smellier as redluaKi OIssiflcat:ion near 

African endlemllC, Si~lgmochlelys (Geochj9lone) pctrdBlis, in 

it Is a redllJctlcln 

on diflfen:mc:es in 

on similarities In 
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Ch/3DtE!T 6: Discussion 

i) 
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""""p,,,,, 6: Discussion PhJ~/o~re1Jj~tic Reconstruction 

i. 

on 

IY\IUICiU in a mn.nnlnl:uIIAfl .... 

wasaosslY 

nAlrlAI"llII is 

It 

is a it a in 

is 

areas 

it is is 

as 
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C:hl'JDtj~r 6: Discussion PhJllo~~enl'!ticReconstruction 

were in a 

in 

farnora/ifs occur in areas 

some areas it nVj~rts;n!CI. 

SDEitClEIS are 

areOla'lus+ 

as 8Sl5enlDUIgEIS 

HOJmo.t:)us ". .... _ ... ,.. rEilleC1tecl. it is 
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Cha.1Jter 6: Discussion of }'hyl'ogEmet'ic Reconstruction 

maintained as a synonym 

bOt/leI1gs,,; as 

s. sign,atus restrict~~d 

is restricted 

a zone 

occurs in 

are rAh~inj:!I'I tC)gsithEtr 

Homelpus. SeVE1Jral reasons Antin"~A 

spEtciEtS are 

SPEtciEIS are 

are sevisral differenCE~S in 

Dreisel,t in 

two 

phylogEtnetlc ee.tJmlates obta.ined in 

are gel,enally two 

two genElra 

is an 

PSl.lmlnot)8tEIs is 

ci~i8st releltivE:ts as is conr'lpn:tSSEKJ pc>stelriorly 

two was CittllY\nnllu SIUPI)orted 

St;"mc.ahEt/ys is 

inhabilts a val"iietv 

It is a nlll">hAI 

gvllJll\4UIII 1 

PSl.lmr;notl8tEl~S is a mOlnoClhvllstic 

tenibl1t1's. P~sarr,'mo,bat~ts gctorr"etrlcus is endlemic to 

it is conlfinEKJ a spelcific veglutilon 
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Chi'Jutj~r 6: Discussion oJJ'hyloge~netic Reconstruction 

PSSIfflfr,'OOErtes ocu,'ifer is 

is tii!lltrii"!u rh:W"I ttlrotJgnlout 

sotJthem nllll\.iCII. never occ:un1na 

two spe1cies are allopatric on nuc:hal 

is 

can 

PSI,ImlTlOlJatEtS is 

po!.sible races or SUE)-lYIDeS (HlFllWitt 

PSlJlmnl0b4:ltes tenlroricls is 

is 

in 

a are t. t. 

t. 

over 

in 

ntli1'An1tiRlllv rEIPrEtSelrit one 

were 

no specific 

sua:)-sJ)8Ciles. as 

t ~a 

was as 

t. trlmenll sub--speCies indlVidlual was associallted 

two 

forrned a morloptlyleltic t. V9I1oxll 

garclens forrned a 

t. tem.,,;us SUD-spt:JCles. Fllnn.~r investigations regludirlg 

across 
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Ch(2DtE~r 6: Discussion of jPhy'los~en~~tic Re(~on.:~trulctilm 

dis'tributic,n zones 

a 

two spe1cies 
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I 

l 

Places 6.1 _ 6.6. DIstribution ranges of species from soutt>ern African representaUves of \he 
family Tesludinidae modified from Boycott and Bourquin HISS). 
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B7·Homopts~(~.I906) 6 8. 11omopu1~lu.ca"',(GrmoIin. 1189) 

, 

L 
V ~ 

\ r.: / 

'l ./ 
6.9: Homopuu{grlOluacaferjDludn. 18(1) .. 0: ""~'_, PIOiI"lwoo ( -

B.ll _ tiClINtllljK"". 1820) 6 12; ~feC .... ~ ,..,""'''' (001, 11128, 

Plates 6 7 - 6.14 Ol!llribulion ranges of species from southern AfriCan representallves of the 
Famlly Tesludimdae (modified from Boycott and Bourquin (988). 

on 
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on a 

It Dro'vk1E~s inl~inlr,t 

diSllersal e',enlts as ODt",SEKi 

vicalriant bIOlJ8O!r;aral>hical pslltenls can adequately exp,lain 

Is pal1~cularly 

hO'Ne"er. are more UlIl'lljlolU intetrpl1st as a post-Gc::md1wanlalalnd e'/olution 

FAl1nilv Tes,tudlnidcle is chalractleriS4iKt 

I"'''''I''IAI'' tenninal tv'f.llnl'!hA~ suggesting a 

is corroboralted 

are 

Is subistarltial 

phylogEmelic fMstlmate, sug![Jest an 

176 

support a 
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poll(tonlies or 

are defined 

apl:teared over a 

Cha.oter 1. Shaf1fer 

is 

geniera In 
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Ch(IDtE~r 6: Discussion of J~hylrogE~netic li~ecc;mstrucltion anti' Bil(jgeogr'ap~ry 

was calil)rabKl estiimates, one 

a standard mik)chc)ndrial 

Tesitudiln idcie are slCl'Ner a uni'18rsal mlOleCUIElr 

sm,allest kl'ln\Am TiBStlJdinlid Hfomoptls si,gnatus, were 

ex(:epl~on was 

an inClrea:sed 
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Chavter 6: Discussion of l)hyjogE~netic Reconstl'1lct'ion 

was clilTlate charlges in 

Terres'trial tortoiSEtS are ProlJOSliKt onSlinalted in 

in 

clirnlate was troclical 

an ancestral T4etstl.idinoimle Chapter 1). 

tortlJise specimens on 

as EIiEtsmiore 1.,liI:IIIIIU. 

fOSlSils, In addiition 

were wanner 

was unl.lsu,ally wann 

ltis tnotJght 

It an optimal enviror1lmelnt 

areas 

dMt~UncaIUonissu~~lt~ 
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Ch4'llJtl~r 6: Discussion ofJ"hyjrogEmeticReconstruction 

wave N"II'Itil'1iAnlt!ll in 

In are 

It was a concun'ent disJ:>ers,al 

Amleric::a was 

ware associillted 111\,111.11 !!1iI'" gla!Cielr5 on 

~'.IU 111::111 colrltlnlen'ts was no evictenc::e a 
eviclenc::e In VlI:JllLl AI Americ::a 

:::IIU~IIJ'U'H a po~lsible ancestor record in 

con'mE~naKJ In it is dOllbtf1ul 

colTtbincKi miorptlOlOS~lcal + mOI~aculiar arlalysils presarlted 1.1I'I1:II1:::111:::11, IndlcatE:ts a 

a sublstalUlal radliatlc,n in SOLlthem Hemisphere. conlme1nclrlg in 

coc)lin!Q, 1,);!If(lll.iuli:my in 

recover tenlJ)8lratLIr8S beC:amie wanner dur1ng a concunrent 

ina_Ese!n 

a cammon 

179 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chaoter 6: Discussion of }'hyJrogEme1'ic R.eC01IS/nlctilJII al'ld l~io~~eoJ:,-alrJhy 

were SuIlS8iQuient rli!:l'.nAl"!UIIl 

OC4:Janlc or 

In 

a similar pattern 

an 

was corltinlusd dlY,ersificatkm in 

were 

as as 

T. T. 

in 

were 

a a 

a more a are 

to 

was 

in a 

across are no 

in 

is a strcmg 

in Fa","m de~)Oslts in 
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Atliantiic was 

water cormectil'1lg 

obtalnEK1 in 

approxirnatElly 5 

America, dElspite an 

.......... uu:;, 6: Discussion of l»hyJ'oglJ~netic Rec(J'natructioIJ al:ld B.iogl~ogl"apj'y 

to incrt:.asilng diistanlC8 bEttwet:.n 

to 

were in 

dis1:anc:e across 

SNlllo'w areas 

America, in 

lowerirlg sea most 

occ:unred in 

currents fa¥onKi an 

never 

...... N:l\iU torltoisoe is 

Cac:corle et 

species is estllnatEKi 

prolbable in 

in 

cunrent Galapagos Islalnds as signlifiCl:!lntly yourlger, 

SUQi~est a 

a Galapagos "Hotspc)r in exilst8l'lC:8 

more et 

AmlArij~n enelemics, as in 

on 

an now 

Famillvon 

Gal,apagos Islaloos, sug!~est a simlilar hvnnthl:lllililil CCsI"SOn 
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6: Discussion PhJ'lo~~e1l4~tic Reconstruction 
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ChafJter 6: Discussion 'Jf P.hyIG'gen>etic Keco1lSitruction and' Bi£/ge£/gn:lphy 

a common 

SfifJ,mochsilys. a pos~~ible 

De/rla/,rS. was 

T~stU(linic:lae in a gral:lual pros~ression 

cullminlatir1g in a 

spelcia1tion in Pliclcsrle in particuliar 

v:::llri:::llhilitv are eVidellt 

resultetd in 

) resultEtd in a 

t1l:MrICS in 

gla(~ati4Jn 8'fents. a 
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sutlfsclion can aeflned as 

It IncllKl_ Nanlibia 

in 
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11 recognised gelnera (Bralnch 

gel1lera are rePlr8SEtnted. 
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PIT)viru'!8 is 

CIuJDtE~r 6: Discussion of J)hylrogE~ne"ic Reconstruction 

occur in species are erKJlemlc 

one is erl4:iernic to 

are erKJlemic 

Bra:nch et 

endlemism of tE_rre5ltrial tortolst:' in 

1 

cunent. or Bel'llgUElla ClJrrelnt (F'roUlero 

wann an equatOrilal Mozamb'que current, floVlling 

Ins'trurne'1tal in 

peric:xl is comsistelnt 

areas dlversilfyllng even more 

it stan~rls 

habitats In Prnvin,_ in particLllar. 

hypoth:.is can smillier more derived 

was 

more are 

a 
more soutnelm dllstrilbutlon meant Increa5llng adslpta'Uon to more areas 

FArnllv to overcome barTielrs a:SSCllClated 

anCln:y.-8Sl!K>ClatEllOlil'lnitation Is one 

western 

are Ylm~Ytll as it 
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ChlIDtElF' 6: Discussion PhJvlo~~eni~tic Reconstruction 

resulted in were overcome 
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• ~liIl rooul area 

~ LotM;Jnd 1oIes! 

• lobI! NVa"NIo !yPes 

~-!a.J D<y U\'lIIINih 'Y-

O o-VIeI'lIId-.t -'--

o "",,"ill "'1 
D Kan»Nil'nib shru_ 
m Karoo .~rrt 1.Ieppe 

~ CiJ)& Ihrubl;;nd 

~ E...,II',"" 1I\Id<eI bulhve<l 

~F .. est _Fo<u! rrooaoc 

mr_ ... or-LincfHo,tMkS 

• ~ OlII1fIU\I1Ies 

FIgure 6.15: A map showing vegetation typl)'S IIssoclatlld wilh!he African conhocnl. 
south of the Sahara. Tho insert shows habilat lypesln southern Africa and In particular 
On tho Western Cape region (modified from Kngdon 1989) 
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svc)lutjon in 
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Ch4rlDtj~r 6: Discussion r;if }'hy/.ogenetlfc RecO'1J9t1rucition 
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FArnilv InVlllVEKI an 
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Ch4rl"li~r 6: Discussion of f'hyloge'neti!c Reconstlruc,rion 

on in 

Is on 

are 

are reserves. 

or 

in in or 
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growil'1lQ concern clirrlate l'halnl'll.:oo on 

in it Is essentilal 

unl4:,wue cerltre are Dre:sen/ed. 
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ClulllU!r 7 - Microsatellite DNA and Psammobates geoimel!'riClrlS 

CI-I,AP1rER7 

in 

Chislol1iarlS in 

species are endlemlc 

are 

Itls considEtred one tortoi!~s in nllllll.lCll. 

Spt!CiEIS is a cor'lS8lrvmion nritllf'itv is proltected 

P'l.1II11I.ICII •• uh, ....... it is conlfillEKJ an enc:lanlQ8lred 

Fvnhn~ BiOlme. a V8gleta'tion zone chalractenlsed a Mec:fit8lTanean 

drallnelCl areas ........ , ....... 

renostlsrv~Bld. once ublc~uitlous thrclUgtlOut 

tomlise nunnbers over 
Drottlem Is conlpotJnd4Ki 

Itls estilmatEKi more 

de!ltro'\I'ed or irre,versibly altellKJ (E_lrQ 1 ... ...-"""1:1 .... '1""'"" ......... " .. 
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Cht.ll'JU!r 7 - Microsatellite DNA and Psammobates geo'meJrriClI9 

was 

in were in 

areas in 

occur in 

areas are one 

areas 
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a in over 
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across as 
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South Africa 
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" .\ 

.& Psammobaies geomelflcus 
>'OOOma.st 
>300mast 

FIgUfO 7.1: Map of tho south-Westem Cape Province showing tho romamlng P88tnmoba168 

georrtelrkus populattons 
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patlsmity or detlsrm!ine 

is conl1posed 

Ch43l)U~r 7 - Microsatellire DNA and Psammobates getJI1IJeitriClIIS 

in 

assess 

ma1tina sys,terT1S in natural or 

seI4:tcti"e or mlEK~harlical constralints limtting 

In 

In baleln wlhalers, indlC8ltlng COnl:l8rvl!ltlon over 
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........ :u."" 7 - Microsatelllte DNA and Psammobates geolmeitriCius 

are "'. 1L11 ..... were sel4sctEKi 

were rep,resentati\ire 

one anc)thE!lf 

a In 

infc)nnatlcln on 

suitable hat.itat or 

more areas. 

origlinallyd4sWIIOPEKiinG~Xh~W~ were 

di~oos~in 1,a 

is 

is case despite a 

new sPE'ciEtS nlF tnrtnl<::tA Sl:Udled. 

can a guideline 

Invalluat~e In 

tenrealtrial tortoiSEIS as as 
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Na.ture reserve, 

ChllDt~!l' 7 - Microsatellite DNA and Psammobates geO!meltriClf4S 

was 

areas 

one anc)thEtr 
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populatiions dis~'laY'iJd no signiificslnt struclturiflg or diff~arer'tialtion. 
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1 

paillets were 
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GenotYPE's were VIOlOI,.IClII,.,gy 

S8l1nplEts as outilined 
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one rnilr'ud'A 
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"''''''1'''''' 7 - MicrtJaatellite DNA and Psammobatea geolmeltricl!lS 

reactiClln on a 

set1luellcirtg was punnea 

Dro·C8Ii~ removes 

ex~ 

prodU4::t was run on a 

a 

SEKluellcirlQ ntactiorls were an 

a 

follcMirlQ C'\fClirlo pl!lI'Blrnet:ers were in 

prcXlUlctS were UUIIIIOCPU 

SarnplE:.s were in a ::io.iMKJ-VElIC 

Se4~uenCEId pt'OdlJctS were run on a 
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were aliglneiC.I 
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GeclmEstriC tnrtl'\i~ was qUl:mtl1fied 

were call::tJlsltea 
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ChllDt~~r 7 - Microsatellite DNA and Psammobates ge,'meitriClIIS 

aVEtraiJed over 

Halrdy.·WElinberg ex~:l8cltati()IlS were detemlinetd 

was call:u12lted 
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Chl'lptl~r 7 - Microsatellite DNA. and Psammobates ge(J'meltrlCius 

reduCEldln are in mutaUon-

equilibrilum. It aChieVE'S cornpcirlng an nkl~AnJArl 

a SlmlJlatlc)n on a SI)8ClflEKI mlUtaltlon 1I1V11.101. is 

es!senltially a measure 

as 

a 

~i~~wilthinasanlpleconnpa.nK1 

a 

redluctic)n in PDJ1;ula'iion 

metlhod. hO'illfeve,r, is parl:lcularly senlsith/e 

new alleles. In nArm::llnA.,tlv reduCEId or 

I'ullrti!:llliv recover 

measure can 

undlerg10ne a _",nt redluctic)n 

were ass~sed 

Probab.illty values were calclUlalted 

). 

a 

poplulatilon dtffen,"tieltlon were calculatt:td 

estilrnat4:ts were calculatc:td GocKirnan's Rst(::alc 11 QCli7\ In addition, 

Is Im~»Iennenlted in 

as It was sPElClflcallly d~:tveIIOPEId 

Is to differenCEls 

was DelformeKt on 

Is a mulltlvaliate statistlc:al methc)d 

If 
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COlnpc)nelnt scores are obtalnEKI 

variiatic)n in a 
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Chi"ptl~r 7 - Microsatellite DNA and Psammobates ge(J'melrriCl!lS 

a rel;!ltiolnsllip. in a con·elal~on. ShOllld 

ther'eby sup,ports a 

plotted on a disl)8n:~ion .. "'; .... 'A, 

is a knciwn measure is acl'le"ed 

prirlCipal cc)mponent axes 

demlons1trate a conlsiste!nt relaticlflSh!ip bE.twe.,n 

v. 
were im~)lenrlenlted 

fre4~uelnCi.~s in individlJals across 

were on in 

is a corr.puter slmullatlc)n DI'OQlllm 

pot~9ntial source po~,ula.tiorls 

em,)I0~~ are inckJper1derlt. an indi'vidual sclmple 

source po')Ulsltiorls Is presunrled 

Indl'vidulal are 

sannplEJS nlriniln!!lltil"ll'll one 

an indilca1t1on 

source polPUliatiC)nS 

can 
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v,,,,,,.,o',,,, 7 - Microsatellite DNA and Psammobates ge()I'III~~lrilt:US 
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Gallacl4 occurs as a 

Chj'lDtl~r 7 - Microsatellite DNA and Psammobates geom.eI'riClI!J 

indl1i1k1UiSls). Gall!lpS. a 
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ChjZDt~!r 7 - Microsatellite DNA and Psammobates geOimeltriClIS 

was as a 

a in in T. It 
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Cha.lJter 7 - Microsatellite DNA and Psammobates ge(J'melrriCliJS 

Gallapl9 were COllse,rvEId across were 

more ch~ualcteristic in 

1 

T. 

were Otl!:;An/ec1 

were 

exalmple in I. e/OIr'lgata 

Gal,ap9was 

to more conlserved 

~h~'nt11A in 

was 

were mutatil)Os in 

exslmpile in 

were nh~~/M in a limited 

n.!!!III!!!II ... 11 aaoss 11 genl8ra 

was spe~:::Ific 

some cases 

is available on reqlU8St). SlubsltltutJlons 

c~:mgle was nh~lAn/AIi a species conlp1e:x. 

or 

was ~tIt'DD 

tomil9n S~lOWtKt a trarlsitic)n aG 

a C 1 T occurrEKt 

Geo'Chejrone pan1a1ls was defined a 1A 
T trarlsvE~rsi()O 

were IderltlfiEKt a trall"lc:ilrinn a C? T at posiition 

an A 1 G at poslltJon 

GopheR/S, T. kleijnmctnni, T. manglnata Tellr8P491Je showed a T 1 C trar1lsltic)n at 

Tefir8P49ne shalred an A 1 G substitution A 
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Chal)ter 7 - Microsatellite DNA and Psammobates geo'melrricllIS 

phv1og4:,tne'ticallly in'forn1ath/e ctlaracter was 

a C? T was shalred 

was apl;H'OJidmately I C'LI..II~. A trarlsitic:Kl 

a C? T defined 

were ider1tifiE~d aT? C substitution 

shaired a G? A tranlsltl()n 

T enapSjrJEil shared a G? A 

were were 

one Ind'MCJlual 

Q9(l'me;tricLls !ild'1rn.w:Ni a trarlSVEtrsk)n an 
A? C 
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Ch~lDtE~r 7 - Microsatellite DNA and Psammobates geolmeltriCl~ 

i. 

A goolmetriC(/S indMdualls were genotypecJ supiporting a 

rll\I'An:UIv measures 

Psammc)batl9S gE'Dml,triel:/S pc)pul:atiolns were comlpan:Ki 

in 

= 11 7 
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ella,pler 7 - Microsalellile DNA and Psammobates geo'1I'I!31~riClt:!J 

alle~es dl:tte(~ across poJ)Ulaitioris 

::::: 

Galapagos Islalnds are 

P. In G. a 118.88 In G. 

P. 

168 -176 5 171 - 173 4 

156 -176 4 142 -154 5 

178 -186 6 162 -192 39 

218 254 16 195 - 201 5 

180 -238 14 9 

142 -180 19 140-222 39 

101 -121 8 122 -154 15 
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Cha'Dter 7 - Microsatellite DNA and Psammobales J!'eoimehiCU3 

mean 

mic:rosate,lUte source sPElCies, G:eoc:heJone 
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Ch~mtf!r 7 - Microsatellite DNA. and Psammobates geo'melrriCl'lS 

po~lulatiorls was variable, 

d81::re;!)S8 in 

WClrCElStetr. A rare 

Ela,nd!lbelrg was 

allliles were Identifi!ed, 

in 

rare allEiles PrEtSel,t in 

is as an 

in 
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FiglM'e 72: Hislograms s/'IowIog allele froqu&rM;y dlllnbIJtlonl at all loci 'Of Elandsberg (grey bat), Cares 
(black bar) and lhe Worcesler (whole bar) p!)P\llll1lonl 01 P. 'JfIOmelriCus AI~Mc OeIIgroatlon on tho x-axis 
with allele frequoncy on the y-aJds. 
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Ii. 

A across 

< 

de\liatllons were 

ChlUJtE~r 7 - Microsatellite DNA and Psammobates geomel~rlCl'13 

prolbab~litkas were 

a slg"ific:ant excess 

Elarldsberg, was represelnted a sigl,ific:antly 

poPlulatilons, r-"' ....... 11 sho1wed strolngly positive 

poP'ulatlions was signlificslntly 

was excludE~d was no I ... n,,..,,,, .. signific:al1t 

..0.0245 ..0.275 ..0.04 ..0.184 

..0.071 ..0.031 ..0.133 ..0.079 

+0.006 ..0.105 ..0.126 ..0.046 

+0.068 +0.070" +0.112 +0.108 .... 

+0.101 +0.021 +0.185 +0.133" 

+0.181 +0.482"" +0.206" +0.306""" 

..0.073 ..0.022 ..0.128 ..0.035 

Over aliloel ..0.030 +0.022"" +0.019" +0.0225 ...... 
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ChlllJt~!r 7 - Microsatellite DNA and Psammobates geO!melrriClU 

in 

in 

in 

excess in no 

can 

WC)rcE~stli~r were 

diffElrenlces were signiftcs.nt 

va 

Elllndlsblrg va Worcester 

Ceres va Worcester 

0.039" 

0.018-

was no 

212 

0.042 

0.030 

in 

a 

1.29 

0.81 

in 

an 

in a 

a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

v. 

• 

-0.6 -0.4 

ChllDtE17 7 - Microsatellite DNA and Psammobates gel)mE1tricus 

acc:orcling to 

pop1ula:tioniS, inidicatinlg some deClree 

a 

PeA tortoise 

0.4 

0.3 

1 
0.2 

0.1 

-0.2 
-0.1 

-0.2 

-0.3 

3 • -0.4 

-0.5 

axes 

Elandsbeirg (1). 
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exc::luejed as pot:;sible sources 

Chl'llJtE~r 7 - Mic1"Osateilite DNA. and Psammobates !le()mE~Iri,cw 

indMcluals in 

rerrlainder were assigm:td 

Elandt:~belrg pclpullaTJ()n were 

pol~ul;atic'ns were 

Elandt:tbel'o ~lmJ)les were 
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corlfid,en(:e is pob:)nti:ally a 
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ChllDtf~r 7 - Microsatellite DNA and Psammobates geo'mel~Clits 

I: Cross--=ipelcles Microsaltellite Almpillficaltion 

In 

was extEtnsh,e In species replfesEmtaltive 

Inn,r"IAr allEtles pre!5ent In non-source spEtcies. d.:.prle oloservatlorls 

source spelCies (EII!erglren 

is intnoduced durlna 

is an inhl9re1nt PI'O~msity 

a source SPEtCIEIS 

ampilified in CloSEtly rellated linellages (FitJ~Sirrlmolns see Cralwford 

were in 

source spetCies, G:oolr::hetlon,e in 

an obVilous reIa,tior1Shllp 

hetI9ro:z:ygOSnty in 

temlStrlalt<lrioises was 

source Sl)EleiEtS 

is a 

success 

some mechs,nlsm 

or no variabilitv preserlt. 

Galao11. indicatEKt 

was COr1lserved across 
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Chlmti~r 7 - Microsatellite DNA and Psammobates geomeltricl'lS 
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Chllpt~~r 7 - Microsatellite DNA and Psammobates geo'meirrtCiIlS 

MutatllOl1s in 

phylogl:meiticailly lnfomlathlre. pcuticular1y in 

more derived cerlena. 

sp8l:ies, T8nr'8J)EJn8, Incillded in 

Intra-spec:ll1C v:::Ilriimitm was 

mutatlloos in 

a second Sllbstirtutic)n acljace1nt 

poirlted to some diffl9rerltialtion bettNeEm 

honl0plasy In 

on a 

is on 

is to an 

in 

in an 

as as on 

217 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ChjlPt~!r 7 - Microsatellite DNA and Psammobates geo'mel!ricllS 

rerliosttHVEtld rElmrlan'ts are furthAr 

i. 

In 

genetic v;:ari;:ahlilitv is In a popililatiion urldergoirlQ a popililati!on 

hnt1tIAn~k is connpl.~x a nurrlbar 
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ChcIDt~~r 7 - Microsatellite DNA and Psammobates geo'melrricl'lS 

a in 

in can 

an a a 

are in 

can 

a 

as 

are excess 

it 

are in in 

ii. 

alt4,mate measures I-'VIJ1U"i:UI\,II t dilffeirenltia1tion were utiliseci: a 

hetl91'O!Jeneity were sigl,mcantly dl1lfere,nt 

stueJled suggesting some diffl9realtiattion. 

assume 

in a more 

measure over a new 

more in 

as new 

In 

were in 

was VAlf*le~ measure, was no 

was 

poPIJlatilln as iooicattKt 
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some indiicat:ion 1JUi-'UICII&lUII spatial reilaticlrlSllips inherent in 

as rec~reEiented 

a 

differenCEls in variabiility across 

het4elqJen,sity in frac~uelncy dist:riblltiOllS 

extrenr'lss in 

SubseqlLlsnt spat:ial alrrangenlent in 

as indicabEICI a t~lnRi1rinn sut)stit:uti()n in 

se~)al1lted areas was oblserlfed 

GeomE~tric torioiSE~S are knOiNn 

are thclUgltlt as a natural barrier 

oaiirwise diffeI'i9n1~atlon measures, as as 

a COl'llseclU8li1C8 a historically 

on 

are impUed betweEtn 

is indlicated 

asa 

as a hArrier 

220 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Ch4JPt4~r 7 - Microsatellite DNA and Psammobates geo'm~7iCl'lS 

) repclrted 

elSErwhlere. In 

rer,os.tArvAlld in 

oh~Ui)n"Ad in a recent IntrDaLIClI()n is 

pO~lulatiorlS are 

a 

common alleles. su,age:st undierg10ne a 

ObsANfKl pc)pulatic)n diiffeluntiatic)n is 

redluctilJi1 in hab~tat 

ftndiings are conlsisltent a 
once corltlnUOlJS as 

reniostElrveld was once ubil~uitous thro;ugtlout 

over 
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is 

a 

as sep'aralte ccmsEMValtion 

al'9as or resEM'V8S 

infc)rmaticln on 

or 

populatlions or sanlple grolJps. 

on genetic strIJlctull'9 present in po~)ulaltiorlS can 

individlJals al'9 or alternatively excess 
imp,ad on pop1ulatiions 

in 
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ChaDter 7 - Microaatellite DNA 

I: 

were are in 

were as 

source 

ID 

1A G. 1791179 1981198 1 72 181/181 1 39 
18 G. 1751175 1731173 1981200 160/172 97197 181/181 1391149 
2A C. 183/183 1981206 1781178 97197 
28 C. 173/173 1981200 1621170 103/113 
2E C. 2281228 1961200 1961214 1781204 107/107 
2F C. 2081208 1821192 2001202 174/202 107/107 
3A G. C8Ibonada 2051221 155/155 165/165 2201234 1861186 1031107 181/181 157/171 
38 G. C8Ibonada 2211221 1451153 1651165 1981200 1681168 181/181 145/157 
4A G. ch/lensls 181/191 1521152 169/173 2041210 164/182 164/168 95/109 
48 G. ch/lensls 1831197 150/152 1711175 2081206 1721172 154/162 105/107 
5A G. dentlculata 1851193 157/157 167/167 2031219 1681174 1481158 95195 181/181 139/145 
58 G. dentlculata 2031213 149/151 165/165 2031225 1621174 1521154 1191119 181/181 143/143 
7A G. 1891189 159/159 171/171 2001200 1641172 133/139 113/113 181/181 149/153 
7C G. 1851191 157/159 169/171 2201226 1661174 1351137 181/181 147/147 
8 G. 193/193 151/155 181/181 2031203 164/176 154/164 137/137 181/181 145/145 
9A G. 1851203 151/153 1851199 2101210 1561178 99199 181/181 145/145 
98 G. 1831205 1531155 2111265 2021212 1561172 99/99 1811181 1451145 
9C G. 1751209 1531153 181/199 2021204 1641186 97/97 181/181 1451145 
90 G. 171/175 1531155 179/223 2041206 1621164 97199 181/181 145/145 
9G G.p.babcockI 177/165 1531153 2021202 1621168 991119 
9H G.p. 1831183 151/153 181/185 2001202 1541170 174/180 99199 
10A G. 1801186 161/167 181/193 2061208 1681170 1351135 99199 181/181 -
108 G. 1841168 161/163 1831183 2061208 1661170 137/139 81187 
11A G. radIate 1751175 171/173 209/221 1741176 160/168 111/111 181/181 145/145 
11C G. radiate 171/173 1731173 2071215 1681178 164/166 105/111 
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110 G.l8dlata 1761176 1791187 1751175 204/222 174/176 164/166 
11E G.l8dlata 1761176 1751187 173/175 2041224 180/206 154/166 105/105 
11F G.radIata 1161176 175/191 1731173 2081222 188/222 150/150 105/111 
11G G.l8dlata 1761176 175/181 1731173 194/210 1681166 150/150 
12A G. sulcata 187/191 147/149 191/195 2181230 1621166 144/144 1091109 181/181 1351135 
12B G. sulcata 191/191 149/149 1931193 2301230 1681166 144/144 107/109 181/181 135/135 
13A G. 201/201 1531157 169/171 2101210 1721174 154/156 1051105 181/181 1451145 
13B G. 1951199 1531157 167/161 2081208 1701172 154/158 1051105 
14A G. 1851223 1451151 167/167 204/204 1681170 1321156 107/107 181/181 145/149 
15A G. 1811211 1851165 111/111 2041204 170/178 1801164 185/185 1331145 
15B G. 177/179 1851165 111/111 2041204 170/178 1581164 185/185 139/145 
16 G. barlandefi 239/253 1291129 171/171 2021202 1941194 144/144 89189 1851185 139/145 
168 G. betlanderl 249/251 1291129 171/171 2121214 1821198 1461146 89/89 1851185 1391145 
16C G. barIandefi 1631163 1291129 171/171 2081210 1821198 1381146 89/89 1851185 133/133 
17A G. 151/171 171/171 208/208 1651181 139/143 89189 
17B G. 1951195 1891179 171/171 2041204 1651165 141/141 89189 
18A G. 1491169 171/171 2021210 164/164 144/144 89189 1851185 1391145 
188 G. 1491169 171/171 2201224 1761176 144/144 89189 1851185 1391145 
19B H. tII80Iatus 2071213 1551155 1731173 2151225 1721112 1311131 89/109 181/181 1491149 
19C H. IIRilOIlatus 1911213 181/165 1131113 2341256 180/180 1311131 1091109 181/181 1391145 
19E H. al80latus 2011201 1851165 1131113 2151225 1801180 1311131 1091111 181/181 1431143 
19F H. tII80Iatus 1931201 1531185 1731173 2141214 137/137 1091119 
19G H. aooatus 1931205 1531165 1731173 2201224 1131181 137/137 109/119 
19H H. III8O#atus 1931203 1191165 1731113 2151225 181/181 1311131 109/119 
191 H. a180Iatus 1931205 1831165 1731113 2141220 1721180 137/131 1091111 
19K H. IIRilOIlatus 1131111 1531153 1731173 2141224 167/167 137/137 1191119 
20A H. 111/111 1531153 1611189 206f224 1621162 1501112 111/111 181/181 1111111 
21A H. 1931213 1531155 111/113 234/238 1801180 1681170 109/109 181/181 1431143 
22A H.famotalls 1151115 1551163 111/183 2041218 1581162 137/201 121/121 1811181 1491149 
228 H. i8moraJIs 1151115 1551159 111/111 1941194 1721180 1391211 1131113 181/181 1491149 
23A H. cal'll 177/181 151/151 195/195 2081208 1581162 1451147 121/121 181/181 1411149 
23B H. cafa 1791183 151/153 1191185 1581162 109/109 181/181 1451153 
24A H. 1791189 151/155 1851185 2001200 1621166 121/121 181/181 1431143 
248 H. 1791119 151/153 1851185 238/244 1621118 154/154 119/119 1811181 139/151 
25A I. TI8V111JCOf1ca 1811201 1431153 1851167 2001200 1661166 1541180 181/181 149/153 
26A I. Forestanl 2191229 151/151 1651161 2021202 1641184 1391139 951109 1811181 1581155 
288 I. Forestanl 2181238 1391155 
218 K. belllatllJ 1991199 1251125 181/181 1621162 1541156 187/181 147/149 
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27C K belilana 191/191 125/125 181/181 2061228 1621162 1561168 123/123 187/187 139/147 
270 K belilana 191/199 1251125 181/181 2061206 1621162 1561168 1231123 187/187 147/147 
29A K beHiana 151/189 1551155 2021202 170/170 154/154 119/119 187/187 -
30A Kb. 1971205 2021218 164/170 187/187 119/119 187/187 -
31A K erosa 179/195 157/157 2491253 1621162 150/150 1091109 187/187 1171117 
32A K homeana 1951235 1231127 177/177 2001216 164/164 150/156 121/121 187/187 145/145 
32B K homeana 2071227 1771177 2001200 164/164 140/182 89/121 187/187 -
33A K natalensls 191/195 127/127 1751175 2001200 1681168 1321160 187/187 149/149 
34A M. tomieri 1791181 155/183 1641164 1681168 131/139 1641164 181/181 145/145 
34B M. tomieri 1751179 165/185 164/164 1621162 133/133 1621162 181/181 143/145 
340 M. tomieri 1791179 1591163 164/164 1331133 
36A M. emysemys 197/197 1031107 181/181 2041217 164/166 1581170 89/99 159/159 1551179 
36C M. emysemys 1791179 1031107 1691169 2161230 1661166 154/172 99/99 159/159 147/147 
37A P. 1831197 1551169 1691169 170/174 154/164 99/99 161/161 
37B P. 197/197 1551155 169/169 2241236 1681168 170/182 145/145 
37C P. 1751187 161/165 169/169 2261226 204/222 164/182 99/117 155/161 
370 P. 2331233 169/169 2261240 2041220 170/172 991121 
37E P. 1791233 167/169 169/169 2141244 2181218 1821182 115/119 
37F P. 1851235 157/171 1691169 2161216 194/218 150/150 991119 
37G P. 1791183 159/169 169/169 2321234 200/222 1621164 109/119 
37H P. 1791185 1551155 169/169 2001224 1981202 164/182 99/115 
38A P. oculiferos 181/233 157/157 169/169 2241224 2041204 140/148 97197 153/153 
38B P. oculiferus 1831183 169/169 169/169 1981226 184/186 146/146 97197 187/187 153/153 
39A P. tentorious spp. 1731173 1691169 1691169 1981198 184/184 1481148 101/103 187/187 155/155 
39B P. tentorioos spp. 171/171 151/173 1691169 2021202 1781200 154/168 103/109 187/187 157/157 
39C P. tentorioos spp. 1891199 1651183 169/169 196/196 170/170 1581164 103/109 187/187 143/157 
390 P. tentorious spp. 1931201 1651175 1691169 192/200 160/162 1441156 103/103 187/187 157/157 
39E P. tentorious spp. 167/183 1691169 1881192 1661166 1521164 1031103 
40A P. t. venoxil 181/195 1831189 169/169 1881188 1681188 150/172 95/95 187/187 157/157 
40B P. t. verroxil 1931193 1831189 169/169 2021202 1661166 1581164 95195 187/187 157/157 
40C P. t. verroxiV 2431243 169/169 190/190 170/170 150/150 119/119 
42A P. al1JChnokJes 181/195 1561158 1721172 1901214 160/184 1461148 181/181 155/155 
42B P. aI1JChnokJes 2011201 1721172 1661190 1721192 154/176 
43A P. 197/197 1531153 179/179 1981198 160/170 1481148 111/111 181/181 131/155 
43B P. 179/179 1981198 197/197 1481148 111/111 
44A T. g. graeca 1891193 151/151 167/167 2101210 1801196 145/147 181/181 151/173 
46A T.g.terr1stt1s 183/163 151/151 167/167 2041204 1641164 1591171 181/181 169/173 
47A T. hetm8nnl 1971203 147/151 167/167 2041204 1641164 137/137 109/111 181/181 171/171 
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478 T. hermann/ 1851185 151/155 167/167 2021220 170/178 1351137 109/111 181/181 ~ 

48A 1. horsfield/ 1781198 147/147 167/167 164/164 1581166 1351137 1091111 181/181 137/145 
49A 1. ldelnmannl 191/191 1531157 167/167 1641166 156/156 181/181 137/137 
498 T. ldelnrnannl 201/201 1631163 167/167 1921192 164/164 154/160 181/181 137/137 
49C 1. ldelnmanni 1691179 167/167 181/181 155/155 
50A 1. 191/191 1591159 167/167 1861192 162/162 154/160 181/181 141/145 
50B 1. 1931193 157/157 
50C T. 191/191 151/151 167/167 1561160 1621162 181/181 159/173 
51A C. 2511251 181/187 2051205 165/165 161/161 
52A D.rnarMJ 1891191 145/145 181/187 159/163 1781178 139/139 101/101 1031103 163/163 
53A L. 1771177 141/149 98198 157/159 1041104 139/139 97197 2011201 1331133 
54A 1. ornata 181/181 1261136 150/152 97197 2091209 141/155 
55A 1. coahuila 1891189 151/151 181/181 1481152 95197 2091209 149/149 
55C 1. coahuila 1891193 131/153 1261142 1241166 97197 2091209 129/143 
56A T. 1231127 173/173 1061110 1521152 120/120 2091209 1331141 
568 T. 1741174 2081206 1481148 120/120 
60A M. 2191221 145/145 1891189 2051205 145/167 154/160 98198 2431243 133/133 
60B M. 215/237 1451145 189/189 1851185 161/167 98198 2431243 
61A C. CBl8tta 1791179 141/157 1691193 1981200 97/97 165/165 165/169 

not scored 
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ChC'lDtE!r 7 - Microsatellite DNA and Psammobates getJ~melrriCl'U 

II: across re~lrel5erltativeis 

Emydiclae. Gal;ap9 was isolcated 

as a conn pound repeat r.t!:lII"' .... 11 was isollatetd as a 

was COI1SE,rvEKi across lnalVicluals same 

spe1cies is repc:>rted. 

SPltelEtS Name unit 

2A C. anglilata 
3A G. cadlOO8Jrla 
4A G.chie~ 
5A Q~wata 
7 A G. aIeG,ans 
8 G. 
98 G. pan.falis 
10A G. ~)mota 
11A G. 
12A G. sulcata 
14A I. eJon:gata 
15A G. 8gssslzl 
16B G. berlililtldl'Hi 

17B G. tIa~:::~r::"1S 
18A G. P. 
198 H. at84'J1atI/S 

21A H. boti''''let1 
22B H. femt.nIIs 
23A H. cafer 
24B H. sGli18Wl!t s/flrnafl/s 
25A I. tnltI'8flG:0t'8 
26C I. ForstelJl7 
278 K bellialil8 
32A K homeana 
34A M. tomierl 
3M M. 
37E P. g8OlrnetJ:iIcus 
37H P. g8OIrnetJ:iIcus 
38B P. OCUIJfenIS 

39B P. tentorlus 
42A P. anJChnoIdes 

43B P. ~=~:!stris 46A T. {II 
47 A T. hennanni 
48C T. horsflekJi 
49A T.ldelnmanil 
50A T. marlJ/na!ta 
54A T. 
55A T. coehuRa 
60A M./mpIiNU 
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A hypc,the::iis e):plaiining 
geclmeltric tnrtt"lli_ PSl.imlnol)8fE~S g~:K)metrllr;us. in 

(19!:Joa) A prelimir,ary anallySis 

An::!llin~t consensus. 

MolJlrchilroud 0 '''0£''7~ con1positic)nal trar.sitilons ill 

J. 

A B 
sequenlC8S in col'1lS8rved mlcrosldellites in PrlnHlItA sPE~es. 

YClII'UUB rep,tlles, new or 

chOilC8 In Ph)~og~r:meltics. 
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Cha,pter 8 - ReteTenC'e3 

,., uu-'( \ A moJleClJlar phytog~eny' for malrine h Irtllll:llCl' 

on relalted spelcies 

gene!tic species COIl(::ept: Cyt(>Chnome b 

on 

Brelmer K ,., UNN' 

estudlnic!ae). J, 
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Cha.vter 8 - Relierellces 

were. NRI'ul'A 

Mar'kov Mo<:lels on eVClllutic)nalry 

con:'l blrling chalrac1ters in 

museums: latitludinlal gli8C1ient in 

COClper A across 

RichardsclI1 0 11QQI:;;\ FVl1btliS 

mass extiinct:ion 

11Gil1?\ A cladisltlc ar18lyeils 
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G 

A sUCC:essi'V8 S(llprolC:imstions 

F 11Q7n\ A 

course 

234 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Cha."ter 8 Reu!rencoes 

Frarlkhalm R 

redlJctic)n In pop1ula1tion 

mm:lmum lilc:elihood in case. 

Ger1lachJ 

Goldlman N 

Goldlman N 11QQ"t\ Sltatis!tlcal 

seq1uenc::e UlrUIUUUII in ph~_etne1t1cs. 
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sean:h. Cl1adi!liics 9: 

• ''''',""GI''''. a coll~ectic)n 

a corrlputlsr proglllmrrle I.iCII\iUICllt:l F~statiistics. J. 

or to a difficult phy!ogEtnetic plroblleml? 

Hariless M Morllock H 

a mOlleCIJlar 
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110(110\ A moliBCUlar pl,yleJiger,y 

on J. 

MolleaJlar versus mOlrphc)loglical apJ:lrosIChEtS. 

boc,tstrap~)ing as a mAt'hnt't 

relli:lbility in moli9Cul;ar ptlyiogenetic 

Jiminez·,Fuentes E 

ph~~oglane1tlc mlethods in 
case. 
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A nrnmiCl,lnn IUYIICICII 
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genietic div49rsi'ty in fragmer,ted 

8. 

a 

Molecular EYOIIJtion: A Phylogelrl8tic apPIr08ch. BI.ackwell 

Gerlach J 
tnrtlniA4luq£)ipsochely~,).ln 

Cacc::one A (2OO!2) 
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Gha,pter8 

on mic:rosateillite 

sys,tenlatl4CS in a mOleclJlar 'WInlriti? 

1 

Sullivan J, H~~;ln9ar 
anallysls in SigimOtjon'tine rodEtmS. 
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Sullivan J, Swofford 

Panllimolny (* 

Tajirna F 11QQI':t\ Siimplle methods forteslting mollecular 
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(1Q,QRl ESltimiiltiJ1lg the rate the rate 

divers.ificati()n in 

WSllker 0 
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MiCirossllellite instat)illty in 

249 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ChEillonl,an m~!mtal alarlds. J. MOI'J,hol. 

AnlllYS,iS in MOIleClJlar Biology Evoluti(ln. J. 

Z (195Ma) Esthnatil)n nuclleoti.c.te sLJlbstituticln. J. 
1. 

Goldlman N 110.0'" Maximlum liitlll,lIhlvvi tree sequences: a 

250 



Univ
ers

ity
 of

  C
ap

e T
ow

n

t;na,pter8 

impadonpnYI~Em~ical,al~~ls. 11: 

likelilhood anal~IS. J. 

seq1uenfces: A 

&.114:111'-1 J 11000\ Perfonrnalooe 

sequen,ces I. II=n •• , .. m'It.:o 
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