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ABSTRAKT

Disertacni prace, jejimz zakladem jsou tfi jiz publikované prace a jeden rukopis, je
zamétena na fylogenezi vybranych rodi gekoni z oblasti Mediteranu a oblasti
ptilehlych. Cilovou skupinu taxonli spojuje z morfologického hlediska absence
ptisavnych lamel na prstech a z hlediska historie vyzkumu skupiny také jejich
predpokladana blizkd fylogenetickd piibuznost. Na problematiku studovanou v této
praci byly aplikovany predev§im metody molekuldrni fylogenetiky s vyuzitim
sekvencnich dat ziskanych z mitochondrialnich genti. Morfologické znaky, u jeStéra
tradicné pouzivané, byly zkoumany zejména v souvislosti s ekologii studovanych
forem. Prace umoznila prvni podrobnéjsi ndhled na fylogenezi zkoumanych taxonti. Ze
zjisténych vysledkd vyplyva, Ze rod Cyrtopodion, diive povazovany za monofyleticky,
monofylem neni, nebot’ rody Bunopus a Agamura tvoii jeho vnitini skupiny. Jeho
podrod Mediodactylus tvoii monofylum, nikoli vSak blizce pifibuzné ostatnim
zastupcim rodu a byl povySen na samostatny rod Mediodactylus. Enigmaticky a
doposud pomérné malo prozkoumany rod Carinatogecko tvofi se vSemi svymi zastupci
vnitini skupinu rodu Mediodactylus. Na zaklad¢ vnéjsi morfologie a ekologickych
charakteristik bylo téZ doporuCeno piefadit recentné popsany druh Cyrtopodion
dehakroense z Pakistanu do rodu Mediodactylus. Fylogenetickou analyzou sekven¢nich
dat, doplnénou modelovanim ekologickych nik, byl podpofen druhovy status obou

znamych poddruht druhu Bunopus spatalurus.



ABSTRACT

This Ph.D. thesis is composed of three published articles and one manuscript, and is
focused on the phylogenetic relationships of selected species of geckos from the
Mediterranean and surrounding areas. The group of geckos of interest shares the
common characteristic of an absence of adhesive lamellas on their toes. Historically, it
was assumed that these species were closely related. Molecular-phylogenetic
approaches were used in order to reveal the phylogenetic relationships within this
group, especially using the sequential data from mitochondrial genes. Morphological
characteristics commonly used in lizards were studied in connection with the ecology of
the group. This thesis provides the first more detailed view of the phylogeny of the
studied species. The results show that the genus Cyrtopodion, previously considered as
monophyletic, in fact is not monophyletic as the genera Bunopus and Agamura
represent its inner groups. Mediodactylus, the subgenus of Cyrtopodion, forms
monophylum but is not closely related to the other members of the genus and so was
reclassified as the independent genus. The enigmatic and yet so far very poorly studied
genus Carinatogecko was discovered to be the inner group of the genus Mediodactylus.
The recently described species Cyrtopodion dehakroense was therefore transferred to
the genus Mediodactylus based on ecological and morphological data. Phylogenetic
analysis of sequence data enhanced by ecological niche modelling supported the

specific status of the two recognized subspecies of Bunopus spatalurus.



UVvOD

Gekoni (Gekkota) tvoifi zna¢né¢ morfologicky i ekologicky diverzifikovanou
skupinu zahrnujici pfes jednu Sestinu z celkového poétu vice nez 9000 druhti Supinatych
plazii (Squamata). Recentné se déli na sedm celedi (Gamble et al. 2008), z nichz se
zastupci Ctyt téchto Celedi vyskytuji v Mediteranu a okolnich oblastech. Stfedomoti je
dnes chapano jako vyznamny ,hot spot” palearktické druhové diverzity, napiiklad
i sohledem na piedpokladana glacialni refugia mnoha evropskych taxoni (napi.
Blondel a Aronson 1999). Objasnéni fylogeneze taxond vyskytujicich se v soucasnosti
V Mediteranni oblasti je jednim z nezbytnych vychozich krokii pro pochopeni
a interpretaci fady fylogeografickych scénait, a také pro poznavani biodiverzity daného
uzemi. Disertacni prace se soustiedi na rekonstrukci fylogeneze vybranych rodi
takzvanych palearktickych ,,nahoprstych® gekonti (gekonl bez piisavnych lamel na
prstech) z Mediteranu a piilehlych oblasti.

Gekoni postradajici na prstech adhezivni lamely tvofi vyznamnou slozku no¢ni
herpetofauny na vétsing lokalit svého vyskytu, ¢asto velmi aridnich (Leviton et al.
1992). Svym vyskytem zasahuji od Severni Afriky ptes Blizky Vychod a jihozapadni
Asii az po severni Indii a Gpati Himalaje, na severu se vyskytuji az ve Stfedni Asii.
Z hlediska své ekologie obyvaji tito gekoni jako skupina Sirokou Skéalu biotoptl. Je
mozno je nalézt na skalach, pis€itych, spraSovych ¢i kamenitych povrSich, ale také na
stromech, nékteré druhy ziji i synantropné (Anderson 1999).

Oznaceni ,,nahoprsti*“ gekoni zahrnuje v tradi¢nim pojeti spiSe sbérnou skupinu
rodt na zakladé podobné morfologie prsti. Jejich fylogenetickéa pfibuznost vsak byla
aje 1 vsoucasnosti stale pfedmétem vyzkumu a dosud neni zcela vyjasnéna. Gamble
etal. (2012) naptiklad ve své praci ukazuji, Ze vradmci gekonli doSlo nejméné
jedenactkrat k vyvinuti pfisavnych lamel a devétkrat k jejich ztrat€. Usuzovat proto na
fylogenetickou piibuznost na zakladé pouze tohoto jednoho znaku tak miiZze byt
zavadgjici. Do skupiny ,,nahoprstych® gekont byly fazeny predevsim rody: Agamura
Blanford, 1874; Alsophylax Fitzinger, 1943; Bunopus Blanford, 1874; Carinatogecko
Golubev & Szczerbak, 1981; Crossobamon Boettger, 1888; Cyrtodactylus Gray, 1827;
Cyrtopodion Fitzinger, 1843; Stenodactylus Fitzinger, 1826; Tropiocolotes Peters, 1880;
uplny vycet rodi vcetné dnes jiZz synonymizovanych shrnuji napiiklad Bauer et al.

(2013). Predkladana disertacni prace je zaméfena na rody Agamura, Bunopus,



Carinatogecko a ptedev§im druhové bohaty rod Cyrtopodion, tj. rody tradi¢né
povazované za fylogeneticky blizce piibuzné (napi. Szczerbak a Golubev 1986).

Taxonomie samotného rodu Cyrtopodion prosla v minulosti pravé vzhledem
k vysokému poctu zahrnutych druht (pivodné vice nez 40 druhti) pomérné slozitym
vyvojem. Tehdy znamé druhy rodu byly pivodné fazeny do kosmopolitniho rodu
Gymnodactylus Spix, 1825 (napt. Annandale 1906; Smith 1935). Underwood (1954)
vyclenil na zaklad¢ odlisného uspotadani prekloakalnich port starosvétské druhy z rodu
Gymnodactylus, do kterého zafadil nadale jen druhy novosvétské. Rozdéleni rodu vSak
nebylo obecné akceptovano a Szczerbak a Golubev (1977) naptiklad nasledné vymezili
v ramci pavodniho rodu Gymnodactylus podrody Cyrtodactylus a Mediodactylus
Szczerbak & Golubev, 1977, kam zahrnuli euroasijské zastupce. Do podrodu
Cyrtodactylus zafadili druhy ze stfedni a jizni Asie, do podrodu Mediodactylus pak
druhy z oblasti Stfedomofii, odliSujici se absenci femoralnich port samctu a dalSich
znakd na folidoze. Kluge (1983) shledal rod Cyrtodactylus, tak jak jej definoval
Underwood (1954), polyfyletickym a vy¢lenil zn&j tropické zastupce s pfitomnym
druhym ceratobranchialnim obloukem, které ptefadil do nov€ jim ustanoveného rodu
Nactus Kluge, 1983.

Szczerbak a Golubev (1984) pak jiz ptejali rod Cyrtodactylus jak jej redefinoval
Kluge (1983). Na zakladé odlisného tvaru prstii a dalSich znakd na folidoze z n&j vSak
byly do nového rodu Tenuidactylus Szczerbak & Golubev, 1984 oddéleny palearktické
druhy s podrody Mediodactylus, Mesodactylus a Tenuidactylus, ¢ast druht z Tibeto-
Himalajské oblasti nicmén¢ nebyla zatazena do zadného podrodu (Szczerbak a Golubev
1984). Bohme (1985) a Kluge (1985) shodné poukazali, ze pro takto vymezeny rod
Tenuidactylus ma prioritu nazev Cyrtopodion a oznaceni rodu Tenuidactylus a podrodu
Mesodactylus je nutno povazovat za mlad$i synonyma jména Cyrtopodion. Tato
nomenklatorickd tprava pak byla jiz v néaslednych pracich akceptovana a napiiklad
Szczerbak a Golubev (1986) dale uvazuji rod Cyrtopodion s podrody Cyrtopodion
(=Mesodactylus), Mediodactylus a Tenuidactylus.

Ve stejné shrnujici praci predlozili také Szczerbak a Golubev (1986) jeden
z nahledli na moznou fylogenezi v ramci rodu Cyrtopodion (viz Obr. 1). Pfedkladany
pohled na fylogenezi dané skupiny vSak byl zalozen pouze na morfologickém
a arealovém srovnani zkoumanych druht a nebyl podpofen zadnou fylogenetickou
analyzou. Pfesto i tento srovnavaci piistup muze, a jak se ukéazalo dale, také poskytl,

pomérn¢ dobry nahled na fylogenezi uvnitf rodu.
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Obr. 1 Predpokladané pfibuzenské vztahy uvnitf rodu Cyrtopodion (pfevzato
ze Szczerbak a Golubev 1986).

Anderson (1999) rozdélil jemu dostupné druhy rodu Cyrtopodion na zakladé¢
vnéjsi morfologie a znakli na folidoze na Ctyfi potencidln€, avSak ne nutné
monofyletické skupiny, vice ¢i mén¢ odpovidajici jednotlivym podrodim dle Szczerbak
a Golubev (1984, 1986). Podrod Cyrtopodion tak zhruba koresponduje se skupinou
scabrum a agamuroides, podrod Tenuidactylus se skupinou caspium a podrod
Mediodactylus se skupinou kotschyi. Pro jednotlivé skupiny také identifikoval uréité
zjevné synapomorfie, které je charakterizuji. Skupina scabrum nebyla ur¢ena zadnou
synapomorfii, jeji zastupci sdili spiSe primitivn&j§i znaky celého rodu. Skupina
agamuroides sdili tmavé pigmentované peritoneum a pro skupinu caspium by méla byt
typickd pfitomnost prekloakélnich a femordlnich pord u samct a také pfitomnost
jednoho az Sesti subpostfemoralnich tuberkult. Skupina kotschyi by se pak méla
vyznacovat charakterem ocasnich tuberkuli (Sest na kazdém ocasnim krouzku), které
netvoii terminalni fadu, ale jsou rozmistény podél stiedu kazdého ocasniho segmentu
(Anderson 1999).

Z rodu Cyrtopodion se nejvyraznéji vyclenuje pravé podrod Mediodactylus

sdruzujici druhy prevazné z oblasti Mediteranu (Szczerbak a Golubev 1977). Vylu¢nost



forem tazenych do tohoto podrodu naznacuje i kladistickda analyza alozymovych dat
(Macey et al. 2000), kdy zkoumané druhy z podrodu Mediodactylus tvotily samostatnou
skupinu, oddélenou od ostatnich zastupcu rodu Cyrtopodion. Autory bylo proto
navrzeno vyélenéni podrodu Mediodactylus jako samostatného rodu. Z celého rodu je
nejpodrobnéji prozkoumanym druhem nyni jiz Mediodactylus kotschyi (Steindachner,
1870) s vice nez tiiceti poddruhy (viz napt. Uetz a HoSek 2014), které jsou dale ¢lenény
do né&kolika skupin (napi. Baran a Gruber 1981, 1982). Piibuznost jednotlivych
poddruhi M. kotschyi byla ur¢ena na zakladé morfologickych znakt, molekularni data
byla pouzita az pomérné nedavno (Kasapidis et al. 2005). Tato studie vsak zlstala
omezena na studium fylogeneze uvnitit druhu a napiiklad vztah jednotlivych poddruht
k populacim Mediodactylus heterocercus (Blanford, 1874) na styku arealti obou druhti
zustal nejasny.

Ptiblizn¢ ve dvou dekadach po roce 1980 bylo popséano asi deset novych druht
rodu Cyrtopodion (Cyrtodactylus) z Pakistanu a Afghanistanu (viz naptiklad recentni
seznam druhi Khan 2004). Jejich pfibuznost s druhy z Blizkého Vychodu a Mediteranu
vSak neni uspokojivé objasnéna. Popisy nékterych druhti naznacuji ptibuznost s druhy
podrodi Cyrtopodion, piipadné Tenuidactylus, vétsina téchto novych druhi je ale spise
Cleny blize nespecifikované Tibeto-Himalajské skupiny. Khan (2003) se pokusil tuto
komplikovanou situaci vyfesit ustanovenim novych rodi Altigekko, Indogekko
a Siwaligekko, vzhledem k absenci fylogenetické analyzy byl vSak piinos k objasnéni
komplexni situace v rdmci diverzity rodu v této oblasti jen ¢astecny.

Gekony rodu Bunopus uvazuji Szczerbak a Golubev (1977, 1986) jako blizce
ptibuzné rodu Cyrtopodion. Recentné jsou do rodu Bunopus fazeny ¢tyfi druhy:
Bunopus blanfordii Strauch, 1887; Bunopus crassicauda Nikolsky, 1907; Bunopus
spatalurus Anderson, 1901; Bunopus tuberculatus Blanford, 1874. Pouze u druhu B.
spatalurus byly dosud rozlisovany dva morfologicky odlisitelné poddruhy, a to sice
Bunopus spatalurus spatalurus Anderson, 1901 a Bunopus spatalurus hajarensis
Arnold, 1980.

Rod Agamura byl ptvodné povazovan za dobie definovany a monotypicky
s jedinym druhem Agamura persica (Duméril, 1856). Do rodu byl vSak pozdéji zafazen
druh Agamura femoralis (Smith, 1933), ktery byl ale posléze piesunut do nového rodu
Rhinogecko de Witte, 1973 zastoupeného druhem Rhinogecko missonei (de Witte,
1980). Szczerbak a Golubev (1986) nasledn¢ synonymizovali rod Rhinogecko s rodem

Agamura spolu se zafazenim druhu Cyrtopodion gastrophole (Werner, 1917) do rodu
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Agamura. Anderson (1999) vsak vzhledem k predpokladané blizké ptibuznosti druhi
C. gastrophole a Cyrtopodion agamuroides (Nikolsky, 1900) tomuto fazeni oponuje,
piestoze také usuzuje na relativné blizkou piibuznost téchto dvou druht k rodu
Agamura. Synonymizace rodu Rhinogecko s rodem Agamura tak dosud nebyla,
predevsim z diivodu nedostatku podpory ve fylogenetickych datech vSeobecné piijata
(recentné napt. Bauer et al. 2013).

Dosavadni zna¢né nedostatecné znalosti fylogeneze a ztoho také casteéné
vyplyvajici neustalenost v taxonomii vySe jmenovanych rodi (Agamura, Bunopus
a Cyrtopodion sensu lato) spolu s moznosti pfistupu K unikatni kolekci zastupct téchto
rodi ve sbirkdch Pfirodovédecké fakulty Univerzity Karlovy Vv Praze, vyustily
k vypracovani studie, ktera tvofi prvni kapitolu této prace. Cilem bylo ptfedev$im na
zaklad¢é fylogenetické kladistické analyzy sekvenénich dat prozkoumat monofylii
jednotlivych podrodd rodu Cyrtopodion, pfipadné jeho potencidlné monofyletickych
skupin druha dle Andersona (1999). Pro analyzu byly pouzity ¢aste¢né sekvence dvou
mitochondrialnich genti (pro 12S rRNA a cytochrom b), které jsou ve fylogenetice
jestértt tradicn€ pouzivané jako molekuldrni markery. Mitochondridlni DNA byla
pouzita také vzhledem k jiz vySSimu stafi dostupného materialu. Do studie bylo
zahrnuto celkem 13 druhti (forem) studovanych gekont.

Vysledky analyzy upozornily primarné na skute¢nost, ze rod Cyrtopodion sensu
lato se svymi tfemi podrody neni monofyleticky (viz Obr. 2). Rody Agamura a Bunopus
se ukazaly byt pfibuznéjsi zkoumanym zastupcum ze skupin agamuroides, caspium
a scabrum vice nez skupiné kotschyi, odpovidajici podrodu Mediodactylus. Odlisnost
druhti podrodu Mediodactylus byla jiz dfive podpofena analyzou alozymovych dat
(Macey et al. 2000) a nékteré nasledné publikace jej také jako rod piijaly (napft.
Szczerbak 2003). Nase prace tak potvrdila rodovy status podrodu Mediodactylus.

V ramci rodu Cyrtopodion sensu stricto se podafilo podpofit monofylii
jednotlivych skupin dle Andersona (1999) a s vyjimkou podrodu Cyrtopodion také
monofylii jednotlivych podrodi rozliSenych v praci Szczerbak a Golubev (1984).
naznacily, Ze se zde jedna patrné€ o druhovy komplex. Tento pfedpoklad se ukézal jako
opravnény vzhledem k recentnim popisim nékolika novych druht, pravé z okruhu
C. agamuroides a C. gastrophole (napt. Nazarov et al. 2009 a Ahmadzadeh et al. 2011).

Na zaklad¢ pouzitych sekvenci se nicméné nepodatilo osvétlit fylogenetickou

pozici jednotlivych linii vii¢i sobé navzdjem. V recentni revidujici, a co se druhového
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zabéru tyce, rozsitujici studii pouzili Bauer et al. (2013) pro svou analyzu jiz nuklearni
geny a podpoftili rodovy status vSech tii diivéjSich podrodt rodu Cyrtopodion spolu
S patiicnymi nomenklatorickymi upravami. Ve stejné praci bylo také odhadnuto staii
celé skupiny zhruba na 55 miliont let, coZz posouva jeji evolu¢ni puvod dale do
minulosti neZ K &asto diive uvazované souvislosti s vyzdvizenim Iranského plata pied
5az 10 miliony let (napf. Macey et al. 1998). Pouziti nukledrnich genii tak mohlo
vzhledem k mozné saturaci mitochondrialnich gent vést k presnéjsi fylogenetické

hypotéze.

Cyrtopodion agamuroides (SW Iran, Kargushki)
Cyrtopodion gastrophole (SW Iran)

Cyrtopodion gastrophole (SW Iran, Persian Gulf)
062 Cyrtopodion agamuroides (SW Iran)

mﬂﬂ[ Cyrtopodion caspium (NW Iran)

100/1.00 Cyrtopodion caspium (NE Iran)

—— Cyrtopodion longipes (NE Iran)

5zfﬂi————jw Cyrtopodion sp. (SW Iran)

0.97 72/{1.00 Cyrtopodion scabrum (SW Iran, Persian Gulf)
100/ 1.00{ Cyrtopodion sistanensis (E Iran)
Cyrtopodion sistanensis (SE Iran)
Agamura persica (central lran)
0.45 | 100/ i{ﬁBunOpus tuberculatus (Syria, Kabajeb)

0.69

98/1.001 ' Bunopus fuberculatus (Syria)
94/1.00

100/ 1.00

Bunopus tuberculatus (SW Iran, Persian Gulf)
Bunopus tuberculatus (Kuwait)
Bunopus tuberculatus (SE Iran)
Bunopus crassicaudus (central Iran)
68/0.79 Bunopus tuberculatus (central Iran)

MI:Cydopodion kotschyi (Greece, Thassos)
50/0.74

Cyrtopodion kotschyi (Cyprus)
4/ Oﬁr —— Cyrtopodion sagittifer (S central Iran)
088 Cyrtopodion heterocercum (SW Iran)
Hemidactylus turcicus

Hemitheconyx caudicinctus
82/0.50

80/10.97

Tarentola mauritanica
0.1

Obr. 2 Fylogeneticky strom zalozeny na CasteCnych sekvencich gent pro 12S rRNA
a cytochrom b, vytvofeny pomoci Bayesovské analyzy. Hodnoty u jednotlivych nodu predstavuiji
hodnoty bootstrapingu z analyzy metodou maximalni parsimonie / posteriorni pravdépodobnosti

z Bayesovské analyzy (pfevzato z Cervenka et al. 2008).
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Diive predpokladanou bliz§i fylogenetickou piibuznost, a také teoreticky
oc¢ekavatelnou z diivodu podobné vnéjsi morfologie, rodu Agamura s druhy ze skupiny
agamuroides, se potvrdit nepodafilo. Nicméné ani pouziti nuklearnich geni nebylo
Agamura je tak stale chapana jako nejasna, je vSak ziejmé blizce ptibuzna studované
skupin¢ gekont s vyjimkou rodu Mediodactylus.

Fylogenetické tazeni dosud dobie podpofeného rodu Bunopus do piibuzenstva
gekoni rodu Cyrtopodion sensu stricto se na zaklad¢ mitochondridlnich sekvenci
nepodafilo ovéfit. Stejné tak analyza nuklearniho C-mos genu (Han et al. 2004), tuto
skute¢nost nepotvrdila. Bauer et al. (2013) vSak pfi pouziti vétsiho poctu genti umistili
rod Bunopus do blizkosti rodu Agamura. Nase analyza nicméné naznacila, Ze Siroce
roz§ifeny druh B. tuberculatus mize byt parafyleticky vzhledem k druhu
B. crassicauda. N&které populace prvniho jmenovaného z centralniho Iranu se zdaji byt
ptibuzngjsi druhu B. crassicauda, coz dokladaji odlisnosti v sekvencich dosahujici

mezidruhovych rozdil.

Odlisnost fylogenetické linie, nyni jiz rodu Mediodactylus, vié¢i ostatnim
zastupcum rodu Cyrtopodion sensu stricto nas dovedla k iivaze nad fylogenetickym
postavenim malo znamého endemického rodu Carinatogecko z tipati Zagrosu Iraku
a franu, jehoz n&kolik jedincii se shodou okolnosti podafilo ve sbirkach P¥irodovédecké
fakulty nalézt. V dobé naseho vyzkumu bylo o gekonech rodu Carinatogecko znamo
velmi malo informaci. Ackoliv od doby popisu rodu uplynulo jiz témét 30 let, byly
druhy znamy prakticky jen z typovych lokalit. Jen ojedinéle se vyskytly publikace
roz$ifujici znalosti o zéastupcich rodu a doplitujici pfipadné dalsi lokality vyskytu (napf.
Nazari-Serenjeh a Torki 2008). Vysledky naSeho vyzkumu shrnuje druha kapitola
piedkladané disertacni prace.

Golubev a Szczerbak (1981) ustanovili rod Carinatogecko jako novy rod
a zahrnuli do n¢j dva druhy, Carinatogecko aspratilis (popsan piivodné jako Bunopus
aspratilis, Anderson 1973) a Carinatogecko heteropholis (popsan diive jako
Tropiocolotes heteropholis, Minton et al. 1970). Historie poznani tohoto rodu je tak
dobrym dokladem komplikovanych pfedstav o fylogenetickych vztazich v ramci
studované skupiny ,,nahoprstych gekonti Blizkého Vychodu a pro celou skupinu velmi
typicka. Autofi ve stejné praci totiz navic na zakladé morfologickych znakt zaradili rod

Carinatogecko do sesterské pozice k druhu Mediodactylus heterocercus, dfive
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Cyrtopodion heterocercum, jako vnitini skupinu podrodu Mediodactylus (jak jej chape
Szczerbak a Golubev 1986). Nyné&jsi rod Mediodactylus se tak stal vlastné
parafyletickym.

Za pouziti sekvenci stejnych genii jako v pfedchozi praci zabyvajici se predev§im
rodem Cyrtopodion (viz prvni kapitola disertacni prace), se nam podafilo
fylogenetickou analyzou jasné prokazat zatazeni gekond rodu Carinatogecko dovnitf
rodu Mediodactylus a rod Carinatogecko tak synonymizovat s rodem Mediodactylus.
Vysledky analyzy sekvenci byly v souladu i s vnéjsi morfologii a charakterem folidozy
téchto gekond. Rod Mediodactylus mize byt charakterizovan ziejmou Synapomorfii
prevzatou z prace Anderson (1999) upozornujici na charakter ocasnich tuberkuld, které
V poctu Sesti na kazdém segmentu netvoii jejich termindlni linii, ale jsou umistény
uprostied téchto segmentt. Tento znak vystihuje také zastupce rodu Carinatogecko. Pro
druhy z rodu Carinatogecko je typicka vyrazna kylnatost prakticky vSech Supin téla
a rod byl také ptivodné na zaklad¢ tohoto znaku definovan (Golubev a Szczerbak 1981).
Tento konkrétni znak se vSak jevi jako pouhé rozsifeni urCité evolu¢ni tendence patrné
pro rod Mediodactylus jako celek. Kylnaté Supiny urcitych okrsku téla jsou totiz bézné
pro mnohé druhy rodu, ptikladem muze byt M. heterocercus nebo Mediodactylus
sagittifer (Nikolsky, 1900).

Pfi nasem studiu sbirkového materialu z rodu Carinatogecko nastaly urcité
komplikace s ptesnou druhovou identifikaci. Na zékladé¢ analyzy klicovych znaku
folidozy definujicich jednotlivé druhy rodu nebylo moZzné identifikovat ndm dostupné
jedince, a vpraci byli proto oznaCeni jako Carinatogecko cf. heteropholis.
Morfologickd odliSeni obou druhil totiz mohla byt vzhledem k malému poctu dosud
prozkoumanych jedinct zaloZena pouze na drobnych rozdilech v charakteru folidozy
s netplnym nahledem na celkovou morfologickou plasticitu druhu. Ve skutec¢nosti by se
tak mohlo jednat o druh jeden. Nedlouho po publikaci naSich vysledki ohledné
ptefazeni zastupcu/zastupce rodu Carinatogecko do rodu Mediodactylus byly popsany
dva nové druhy, Mediodactylus stevenandersoni (Torki, 2011) a Mediodactylus
ilamensis (Fathinia, Karamiani, Darvishnia, Heidari & Rastegar-Pouyani, 2011), v dobé&
svého popisu fazené do rodu Carinatogecko (Torki 2011 a Fathinia et al. 2011a). Prvni
jmenovany druh se zda byt velmi podobny jiz diive popsanym druhtim M. aspratilis
a M. heteropholis. Nicméné¢, ani popis nového druhu neumoznil jasn¢ identifikovat nami
zkoumané jedince a Torki (2011) se domnivé, ze se v nasem piipad¢ jedna o blize

neidentifikovanou formu z okruhu M. heterocercus. Celkovy charakter folidozy nami
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prozkoumanych jedinc vSak tuto moznost vylucuje. Klicové znaky definujici novy
druh M. stevenandersoni jsou nanes$tésti pomérné nejednoznacné, protoze urcujici
mezidruhové rozdily jsou ¢asto na urovni sousedicich intervali v kontinuu konkrétniho
morfologického znaku. MozZny mezidruhovy piekryv kliGovych znakt pak spiSe
nechténé naznacily i dalsi publikované prace (napi. Fathinia et al. 2011b, Karamiani
a Rastegar-Pouyani 2011, Sadeghi a Torki 2011). Nelze proto s urcitosti vyloudit, ze se
v piipadé druhu M. aspratilis, M. heteropholis a M. stevenandersoni nejedna o jeden
druh. Objasnéni této situace by mohla poskytnout analyza sekvencnich dat, ktera vSak
nejsou pro vsechny tyto druhy k dispozici. Podobné by u druhého nové popsaného
druhu (M. ilamensis), vzhledem k jeho podobnosti se zastupci rodu Bunopus, mohla byt
analyza sekvenci napomocna s jeho taxonomickym zatazenim. V tomto piipadé je vSak
dle znakl vnéjs$i morfologie zjevné, ze M. ilamensis skute¢né platnym novym druhem

je.

Pii popisu novych druhi pouze na zakladé morfologickych znakl je obvyklé
doplnéni popisné studie o komparativni analyzu klicovych morfologickych znakt
nového druhu s potencialné zaménitelnymi druhy vyskytujicimi se s novym druhem
V sympatrii, pfipadn¢ s moznym arealovym piekryvem. V kazdém piipad¢ je vSak
dilezit¢ do srovnani duasledné zahrnout také druhy potencidln€é, nebo 1 redlné
fylogeneticky piibuzné. V publikaci tvofici tfeti kapitolu poukazujeme pravé na
opomenuti tohoto typu, které pak miize pfinést nemalé¢ taxonomické komplikace
V poznavani druhové diverzity.

Masroor (2009) popsal v rod¢ Cyrtopodion na zakladé morfologickych znaki
novy arboredlni druh zjizniho Péakistdnu. Popis nového druhu vSak plné odpovidal
rozsitené definici rodu Mediodactylus pievzaté z prace Anderson (1999), predevsim pak
sdilel moZnou synapomorfii rodu, charakterizovanou poctem a umisténim ocasnich
tuberkulli na jednotlivych segmentech ocasu. Ackoli Masroor (2009) ve své praci odlisil
novy druh od rodu Mediodactylus pomoci nékolika znakl, podrobné&jsi prozkoumani
deklarovanych rozdilt ukazalo v plivodnim srovnani urcitd pochybeni. Popisovany novy
druh, Cyrtopodion dehakroense Masroor, 2009, je tak jednoznac¢né ptislusnikem rodu
Mediodactylus a spada do n¢j mimo jiné i ekologicky. Arborealita neni pro zastupce
rodu Cyrtopodion typicka, u druhi rodu Mediodactylus je vSak pomémné cCasta (napf.
Anderson 1999, Werner 1993). Vné&jsi podobnost s na stromy siln¢ asociovanym

druhem M. sagittifer z iranské ¢asti BalucCistanu se ukazala byt az zarazejici. Popis
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a prilozené fotografie druhu, nyni jiz Mediodactylus dehakroense (Masroor, 2009),
udaje z literatury (Szczerbak a Golubev 1986) a ndm dostupna data sbirkovych jedincii
M. sagittifer byla nasledn¢ podrobena peclivému srovnani. Na zakladé zjisténych fakti
se ukazalo, ze nelze vyloucit piislusnost obou forem k jedinému druhu M. sagittifer.
Nicméné, vzhledem ke skutecnosti, ze typové lokality obou druhil jsou vzdaleny zhruba
800 km, vyzaduje definitivni rozhodnuti o druhové ptislusnosti podrobnéjsi studii,

nejlépe doplnénou analyzou molekularnich znakd.

Zaznamenana morfologicka odlisnost forem, doposud chapanych jako poddruhy,
se pii bliz§im zkoumani s vyuzitim fylogenetické analyzy sekvencnich dat, mtize ukazat
jako vyznamnéjsi, nez se diive pfedpokladalo. Ptikladem muze byt gekon druhu
Bunopus spatalurus z jihu Arabského poloostrova, jehoz taxonomii a biogeografii se
zabyva studie, ktera je ve form¢ rozpracovaného rukopisu obsahem ¢étvrté kapitoly.

Poddruh tohoto druhu, B. s. hajarensis, byl popsan z oblasti severovychodniho
Omanu, respektive z pohoti Hadzar a ostrova Masira, na zdklad¢ zfetelnych
morfologickych odlisnosti od poddruhu nominatniho (Arnold 1980). Areal rozsifeni
poddruhu B. s. spatalurus byl pak ohrani¢en pohoiim Dafaru a pokrac¢oval dale na
uzemi Jemenu. Celkové disjunktniho rozsifeni druhu B. spatalurus si v§iml, vzhledem
k absenci nalezll z nizinnych oblasti mezi dvéma vyse zminénymi horskymi celky, jiz
Arnold (1980). Fylogenetickou analyzou ¢aste¢nych sekvenci mitochondrialniho genu
pro 12S rRNA se nam podafilo odhalit zna¢nou odlisnost obou poddruhii s genetickymi
vzdalenostmi plné odpovidajicimi rozdilim mezi dobie oddélenymi druhy. Analyza
haplotypti jaderného C-mos genu pak ukézala, Ze oba poddruhy nesdili zddny haplotyp
tohoto genu. V praci proto navrhujeme povysit poddruh B. s. hajarensis na troven
druhu Bunopus hajarensis. V ramci druhu B. hajarensis byly dale analyzou
mitochondridlnich sekvenci odhaleny tfi monofyletické linie, které vSak navzijem sdili
nekteré haplotypy jaderného C-mos genu. Piesnéjsi taxonomické zafazeni téchto linii
tak bude vyzadovat zevrubngjsi studii, zahrnujici vétsi pocet prozkoumanych jedinct
I lokalit.

Rozsitujici analyza modelovani distribuce vhodnych klimatickych podminek pro
vyskyt druhit B. hajarensis a B. spatalurus, zahrnujici recentni klimatické podminky,
ale 1 podminky z posledniho glacialniho maxima, ukazala také zajimavy vysledek.
Ackoli je mezi klimatickymi nikami obou druht signifikantni rozdil, podobnost jejich

nik je zna¢na. Oba druhy vyzaduji relativné chladnéjsi a vlh¢i klima. Jejich recentni
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vyskyt je zfejm¢ proto vazan na horska pasma (Hadzar, Dafar) a ve vysoce aridnich
poustnich nizinnych oblastech se nevyskytuji. Modely distribuce druhii sice naznacily
Vv dobé posledniho maximalniho zalednéni moznost vétSiho rozsifeni nez je recentni,
ovSem 1 v té dob¢ patrn¢ existovalo uzemi s nevyhovujicimi klimatickymi podminkami
v oblasti nyné¢jsiho centralntho Omanu, které tak pravdépodobné pfispélo
K prostorovému oddéleni obou druht.

Disertacni prace tedy nejen Ze prispiva k poznani o fylogenetické ptislusnosti
nékolika rodu ,,nahoprstych® gekont, ale snazi se i upozornit na druhovou komplexitu
této velmi diverzifikované skupiny Supinatych plaz. Zaroven poukazuje na to, jak
nesnadna je v urCitych pfipadech identifikace a spravné taxonomické zarazeni druhii
pouze na zékladé¢ morfologickych znaki a jak jsou v této problematice molekularni

analyzy klicové.
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Abstract

Representatives of the gekkonid genus Cyrtopodion and related genera form a highly diversified group of Palearctic gec-
kos, whose taxonomy is still unstable and phylogeny little known. This study tries to improve this situation by attempting
to reconstruct the phylogeny based on two molecular markers (partial sequences of mitochondrial cytochrome b and 12S
rRNA genes) in the Middle Eastern species of the genus Cyrtopodion and members of the genera Agamura and Bunopus.
The results support the monophyly of the species groups within the genus Cyrtopodion as defined by Anderson (1999),
but relationships between these groups remain largely unresolved. The kotschyi group (= subgenus Mediodactylus) is not
closely related to the rest of the genus Cyrtopodion and should be treated as an autonomous genus. Agamura persica
forms a monophyletic group with agamuroides + caspium + scabrum species groups. The genus Bunopus does not seem
to be closely related to this clade. We briefly discuss the implications of our findings and stress the importance of further
molecular studies in Palearctic geckos.

Key words: Agamura, angular-toed, Bunopus, lizards, mtDNA

Introduction

The representatives of the gekkonid genus Cyrtopodion form one of the most diversified groups of Palearctic
geckos (Szczerbak & Golubev 1986). The majority of the species inhabits arid regions from the eastern
Mediterranean, through the Middle East and south-west Asia to northern India and the slopes of the Himala-
yas. Their northern range reaches Central Asia. Geckos of the genus Cyrtopodion are found on a variety of
substrates in diverse environments including rocks, trees and sandy, loess or stone biotopes, with some species
living even in synantropy. Individual species differ not only in ecology, but also in external morphology, espe-
cially in body size and shape. Ecological and morphological diversity of Palearctic geckos, together with their
high abundance in many regions makes this group an interesting model for research in such fields as ecomor-
phology or evolutionary ecology. However, progress in these fields and the interpretations of evolutionary
scenarios are prevented by unknown phylogeny and taxonomy of the group.

The history of the delimitation of the genus Cyrtopodion and its unstable systematics includes many com-
peting views and mirrors complex relationships among taxa involved. Briefly, the species of the genus were
assigned to the cosmopolitan genus Gymnodactylus (e.g. Annandale 1906; Smith 1935) in the past. Under-
wood (1954) split the genus Gymnodactylus, and incorporated most of its Old World species into the genus
Cyrtodactylus. His classification was not universally accepted and some European researchers still understood
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the genus Gymnodactylus in the original cosmopolitan concept (e.g. Szczerbak & Golubev 1977). Szczerbak
and Golubev (1977) moved the Eurasian species of the original genus Gymnodactylus into the subgenera Cyr-
todactylus and Mediodactylus differing in the presence of femoral pores in males, the number of subdigital
lamellae and other characters of pholidosis. Kluge (1983) considered the genus Cyrtodactylus as defined by
Underwood (1954) to be polyphyletic and separated the tropical species possessing the second ceratobranchial
arch into the genus Nactus. Szczerbak and Golubev (1984) accepted the genus Cyrtodactylus as redefined by
Kluge (1983). They separated the Palearctic species into the genus Tenuidactylus based on the differences in
toe shape and other characters of pholidosis. Bohme (1985) and Kluge (1985) pointed out the priority of the
name Cyrtopodion Fitzinger (1843) over its younger synonym, Tenuidactylus. Subsequent studies (e.g.
Szczerbak & Golubev 1986; Anderson 1999) thus used the generic name Cyrtopodion.

A variety of attempts to classify the more than 40 species of Cyrtopodion as so understood were under-
taken. Szczerbak and Golubev (1984) divided the species of Tenuidactylus (now Cyrtopodion) into three sub-
genera (Mediodactylus, Mesodactylus and Tenuidactylus). Certain species from the so-called Tibeto-
Himalayan group were not classified into any subgenus. After the work of Béhme (1985) and Kluge (1985),
they started to use the subgeneric names Cyrtopodion (= Mesodactylus), Mediodactylus and Tenuidactylus
(Szczerbak & Golubev 1986). Szczerbak (1988) elevated the individual subgenera to generic level. This taxo-
nomical modification is generally not followed and all species are still assigned to the single genus Cyrtopo-
dion (Anderson 1999; Uetz & Hallermann 2007). Nevertheless, cladistic analysis of allozymic data revealed
high divergence of the subgenus Mediodactylus, and thus supported its generic status (Macey et al. 2000).

Anderson (1999) sorted the geckos of the genus Cyrtopodion based on external morphology and pholido-
sis not into subgenera, but into four species groups of unverified monophyly. He attempted to identify
apparent synapomorphies of each species group. However, the material of some known species was not avail-
able to him. According to Anderson (1999), the scabrum group possesses primitive characters of the genus
Cyrtopodion. The identified synapomorphies of the remaining groups are: darkly pigmented peritoneum (aga-
muroides group); presence of both femoral and precloacal pores in males, presence of one to six subfemoral
tubercles (caspium group); caudal tubercles do not form a terminal row (there are six of them on each annu-
lus), but are spread around the middle of each caudal segment (kotschyi group). The species groups defined by
Anderson more-or-less correspond to the subgenera of Szczerbak and Golubev (1984, 1986), i.e. subgenus
Cyrtopodion = scabrum + agamuroides group, subgenus Tenuidactylus = caspium group, subgenus Medio-
dactylus = kotschyi group.

During the last two decades, several new species of the genus Cyrtopodion (sensu lato) were described
from the circum-Himalayan region, mostly from Pakistan (e.g. Khan 1980, 1991, 1993a, 1993b, 2001; Khan
& Tasnim 1990; Khan & Baig 1992; Baig 1998; Krysko et al. 2007), which illustrates the high diversity of the
gekkonid fauna in this region. Generic designation of these species and their relationship to the species from
the Middle East mentioned above is not clear. Some descriptions suggest a relationship to the subgenera Cyr-
topodion and Tenuidactylus, but more frequently they are members of the unclassified Tibeto-Himalayan
group. Some attempt to bring order to the complex situation in this region was made by Khan (2003b), who
established new genera Altigekko, Indogekko and Siwaligekko (reviewed in Khan 2004).

Two other gekkonid genera, Agamura and Bunopus, are traditionally supposed to be closely related to the
genus Cyrtopodion. As was shown by Kluge (1983), all three genera share the absence of the second cerato-
branchial arch together with some other Palearctic geckos. The geographical distribution of these genera is
partially overlapping (e.g. Anderson 1999). According to Szczerbak and Golubev (1977, 1986), the genus
Bunopus is closely related to the genus Cyrtopodion. Only three species are recently assigned into genus
Bunopus (Bunopus crassicaudus Nikolsky, Bunopus spatalurus Anderson, and Bunopus tuberculatus Blan-
ford; Leviton ef al. 1992). The genus Agamura is considered to be monotypic, the only representative being
Agamura persica (Duméril). Another species, Agamura femoralis Smith, was later reclassified to the genus
Rhinogecko represented by Rhinogecko missonei de Witte (de Witte 1980). The genus Rhinogecko was then
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synonymized with the genus Agamura by Szczerbak and Golubev (1986), and Cyrtopodion gastrophole
(Werner) was included in the genus Agamura in the same study. Synonymization of the genus Rhinogecko
with Agamura has not been generally accepted (e.g. Khan 2003a; cf. to the recent checklists: Rosler 2000,
Kluge 2001). Anderson (1999) maintained the genus Rhinogecko, but kept C. gastrophole in the genus Cyrto-
podion because of its expected close relationship to Cyrtopodion agamuroides (Nikolsky). Nevertheless,
Anderson (1999) did not reject the idea of the close affinity between these two species and the genus Aga-
murd.

Here, we present the molecular analysis of the relationship among members of Agamura, Bunopus and
particularly the Middle-Eastern group of the genus Cyrtopodion. Our specific aim was to test the phylogenetic
coherence (monophyly) of the subgenera/groups and their mutual relationships.

Material and methods

Material

In total, 23 samples of 13 species (forms) from the collections of the Faculty of Science, Charles Univer-
sity in Prague were included in the analysis (Tab 1). The forms were determined according to the keys and
descriptions in Blanford (1874); Anderson (1973); Minton et al. (1970); Szczerbak & Golubev (1977, 1986);
Anderson (1999); Baig (1998); Szczerbak (1978); Duda & Sahi (1978a, 1978b); Golubev & Szczerbak
(1981a, 1981b, 1983); Leviton & Anderson (1984); Khan (1988, 1989, 1991, 1993a, 1993b, 1997, 2001,
2003a); Khan & Tasnim (1990); Nazarov & Rajabizadeh (2007). One form, here assigned to Cyrtopodion sp.,
did not concur morphologically with any described form. It was found close to the type locality of Cyrtopo-
dion brevipes (Blanford), but it does not correspond to the original description of either this or other species.

The classification of the analyzed species was adopted from Anderson (1999) as it is the latest available
summarizing publication. The studied species of the genus Cyrtopodion were divided into species groups as
follows: agamuroides group (C. agamuroides and C. gastrophole), caspium group (C. caspium and C. lon-
gipes), kotschyi group (C. kotschyi, C. heterocercum and C. sagittifer), scabrum group (C. scabrum, C.
sistanensis and Cyrtopodion sp.). Two species of the genus Bunopus (B. crassicaudus and B. tuberculatus)
and Agamura persica were also included, while Hemidactylus turcicus (Linnaeus), Tarentola mauritanica
(Linnaeus) and Hemitheconyx caudicinctus (Duméril) were used as outgroups for the analyses of DNA
sequences. Partial sequences of the outgroup species for 12S rRNA and cytochrome b genes were obtained
from GenBank, NCBI, for details see Table 1.

DNA extraction, amplification and sequencing

The total DNA from alcohol preserved samples (tongue or regenerated tail-tips) was isolated using
DNeasy® Tissue Kit (Qiagen) based on the manufacturer’s instructions. Taking into consideration the rela-
tively old material and the aim of our work, mtDNA genes were selected for the analyses. Two segments, the
partial sequences of the genes for cytochrome b and 12S rRNA, were amplified via PCR using following
primers: 12S rRNA - L1091 (5' - AAA CTG GGA TTA GAT ACC CCA CTA T - 3') and H1478 (5' - GAG
GGT GAC GGG CGG TGT GT - 3") (Kocher et al. 1989, as modified by Honda et al. 1999), cytochrome b -
L14841 (5'- AAA AAG CTT CCA TCC AAC ATC TCA GCA TGA TGA AA - 3') and HI15149 (5' - AAA
CTG CAG CCC CTC AGA ATG ATA TTT GTC CTC A - 3") (Kocher et al. 1989). PCR reaction for the 12S
rRNA gene was carried out in 50 pl and contained 10 pl of DNA, 5 mM MgCl,, 0.6 mM dNTP mix, 8 pmol of
primer L1091, 6.75 pmol of primer H1478, 1x PCR buffer (Fermentas) and 5U of 7ug DNA Polymerase (Fer-
mentas). Reaction conditions were: 93°C for 120s, then 41 cycles of 93°C for 60s, 52°C for 60s and 72°C for
60s, final extension 72°C for 10 min. Cytochrome b reaction was also carried out in 50 ul and contained 10 pl
of DNA, 5 mM MgCl,, 0.6 mM dNTP mix, 30 pmol of each primer, 1x PCR buffer (Fermentas) and 5U of Tag
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DNA Polymerase (Fermentas). Reaction conditions were: 93°C for 120s, than 41 cycles of 93°C for 60s, 46°C
for 60s and 72°C for 60s, final extension 72°C for 10 min. Amplification products of an expected size of about
400bp for the 12S rRNA gene fragment and 300bp for the cytochrome b fragment were gel purified using
QIAquick® Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.

Both segments were sequenced directly using ABI PRISM® BigDye™ Terminator v3.1 Ready Reaction
Cycle Sequencing Kit (Applied Biosystems) and the original primers. Where necessary, a set of internal prim-
ers for 12S rRNA gene designed for this purpose was used: 12SINTF1 (5' - AGA GAT GGG CTA CAT TTT
CTA - 3'), 12SINTRI1 (5' - TAG AAA ATG TAG CCC ATC TCT - 3"), 12SINTF2 (5' - CCT AGA GGA GCC
TGT CCT A - 3"), 12SINTR2 (5' - TAG GAC AGG CTC CTC TAG G - 3"). Sequencing was performed on an
ABI PRISM 3100-Avant Genetic Analyzer at the Laboratory of DNA sequencing, Faculty of Science, Charles
University in Prague. All obtained sequences were deposited in GenBank (for Accession numbers see Table

1).

Phylogenetic analysis

Sequences of cytochrome b were aligned manually. Translation to protein (using MEGA 2.1, Kumar et al.
2001) did not reveal any stop codons or gaps. Sequence of 307bp was shortened by the initial nucleotide to
reach the first codon position. Partial sequences of 12S rRNA gene were aligned based on the secondary struc-
ture of 12S rRNA (Kjer 1995; Titus & Frost 1996; Hickson et al. 1996). Before alignment, identical decamers
(GATCATCTAG) were inserted before and after each homologous stem, which enforced aligning of conserva-
tive motifs (Wiens & Hollingsworth 2000). The alignment was performed using ClustalX 1.81 (Thompson ef
al. 1997; Chenna et al. 2003). Three alignments differing in gap opening penalty values (GOP =5, 10 and 15)
were constructed. Other alignment parameters were set as follows: gap extension penalty (GEP) 0.1, delay
divergent sequences 40%, DNA transition weight 0.5. Inserted decamers were removed from the sequences
after the completion of the alignment. Small manual corrections reflecting secondary structure of 12S rRNA
were carried out (Wiens & Hollingsworth 2000). Final alignment out of the three mentioned alternatives was
processed by the “culling” method (Gatesy et al. 1993; Leaché & Reeder 2002), i.e. only the non-ambiguous
positions were taken into account.

The incongruence length difference test (Farris et al. 1994, 1995) performed in PAUP* 4.0b10 (Swofford
2002) with 1000 heuristic searches did not reject congruence between the data from both genes (P = 0.125,
gap coded as fifth base). Therefore, the sequences of both genes were combined in further phylogenetic
analyses. Parsimony-uninformative characters were excluded from the incongruence length difference test
following Wiens and Hollingsworth (2000), although e.g. Cunningham (1997a, 1997b) recommended exclu-
sion of only the invariant characters.

Phylogenetic relationship among studied forms were estimated by maximum parsimony (MP) and Baye-
sian analysis (BA), using PAUP* 4.0b10 (Swofford 2002) for MP and MrBayes 3.1 (Huelsenbeck & Ronquist
2001; Ronquist & Huelsenbeck 2003) for BA. Gaps was coded as a fifth base and heuristic search was con-
ducted using 100 random sequence addition replicates and TBR branch-swapping in MP. The robustness of
trees was assessed by nonparametric bootstrap analysis (Felsenstein 1985) with 1000 heuristic pseudorepli-
cates. For Bayesian analysis, the best fit model of nucleotide substitution was determined for both genes via
the hierarchical likelihood ratio test implemented in Modeltest 3.6 (Posada & Crandall 1998). General time
reversible model (Tavaré 1986) with gamma distributed rates of variable sites (GTR + I') was selected as the
best fit model for the 12S rRNA gene. A transversional model with a proportion of invariant sites and gamma
distributed rates of variable sites (TVM + I + I') was selected for cytochrome b. This is a submodel of GTR +
I +I" and was input into the program as such. The Bayesian analysis was initiated using a separate model for
each partition (12S rRNA and cytochrome b fragments) and used one heated and three cold Markov chains
estimated for 10° generations, with every 100" tree being sampled. The number of sampled trees prior to sta-
tionarity of log-likelihood scores (burn-in value) was determined graphically. A majority consensus tree was
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generated from the remaining trees after discarding the burn-in trees. The frequency of individual clades in the
consensus tree was represented by their posterior probabilities (Huelsenbeck & Ronquist 2001).

Results

Genetic distances (p distances) among individuals of the studied species together with three species of the out-
group for each gene (12S rRNA and cytochrome b) are shown in Table 2. Average genetic divergences of both
genes between studied species are above 16% for 12S rRNA and 22% for cytochrome b, with maxima of 21%
and 33%, respectively. Average distances between ingroup taxa and the outgroup species are comparable, i.e.
20% for 12S rRNA and 26% for cytochrome b.

The main result of the analyses was the well-supported monophyly of most of the species groups defined
by Anderson (1999), i.e. agamuroides, caspium, scabrum and kotschyi groups, as well as of the genus Buno-
pus (Fig. 1). The agamuroides group (two species, two representatives of each were used) seems to be mono-
phyletic, even if the specimens identified as C. agamuroides and C. gastrophole were not reciprocally
monophyletic. The scabrum group (three species, two representatives of one of them) is also well-supported.
BA revealed a close relationship between Cyrtopodion sp. and C. scabrum. Both specimens of C. sistanensis
were placed in a single clade, sister to Cyrtopodion sp. + C. scabrum. The support of the kotschyi group (three
species, two forms of one of them) was weak in both MP and BA; only the monophyly of C. kotschyi from
Cyprus and Greece was clearly supported. All seven studied individuals from two species of Bunopus form a
clade with very high support. The position of internal branches inside the genus Bunopus is the same in both
MP and BA. B. crassicaudus and B. tuberculatus from the central Iran form a clade with weak support in both
BA and MP.

In contrast to the good resolution of the species groups, the phylogenetic relationship among them
remains unresolved. The position of Agamura persica in BA indicated that the genus Cyrtopodion (sensu
stricto) is not monophyletic. This species was placed as the sister to the clade consisting of agamuroides,
caspium and scabrum group, albeit without significant support. The kotschyi group (i.e. subgenus Mediodac-
tylus) did not form part of the same clade with the remaining species groups of the genus Cyrtopodion.

Discussion

Mitochondrial cytochrome b and 12S rRNA genes are the traditional markers for phylogenetic studies of
lizards (e.g. Vicario ef al. 2003; Whiting et al. 2003; Brandley & de Queiroz 2004; Austin et al. 2004). In our
study, we used partial sequences of both genes but failed to obtain a fully resolved phylogeny of the studied
group of geckos. 12S rRNA gene is characterized by the presence of highly conservative motifs of secondary
structure as well as regions with high substitution rate and the occurrence of indels precluding indisputable
alignment of sequences (Simon et al. 1994). On the other hand, the alignment of sequences of cytochrome b is
obvious, but in our case, this gene shown relatively high saturation level, following p distances of ingroup
forms vs. outgroups (see Tab. 2) and saturation tests (not shown). Another limiting factor for the current
analysis might be the insufficient length of used sequences. However, partial sequence of only the cytochrome
b gene was successfully used in the resolution of even deep phylogenetic divergences in other squamate rep-
tiles (e.g. relationships among snake families; Lawson et al. 2004). It is possible that the age of particular lin-
eages within the groups of geckos studied herein is considerably higher than in other groups, or that the
examined geckos possess much higher rate of molecular changes. Relatively high genetic distances can be
found in both genes even within a single species. For example, Kasapidis et al. (2005) revealed very high
genetic distances

30 - Zootaxa 1931 © 2008 Magnolia Press CERVENKA ET AL.

27



0v0T0 | PEIT0 | €80T°0 | P6IT0 | €681°0 | SO1T0 | 9L0T0 | 691T0 | LOLT0 | SOLI'0 | L¥OT'0 | LPOT0 | 08610 | 0361°0 | SSST0 | SOLI'0 | LOLI'0 | €561°0 | 1961°0 | PILI'0 | 0E81°0 | 19810 | 0S81°0 | TOST0 | 86L1°0 | 9
<5200 061T0 | TLLT'0 | 091T0 | 8STTO | SL6T'0 | SL6T0 | L90T0 | 0861°0 | 80020 | 0E0T'0 | 0£020 | 0STT'0 | 02ZT0 | ¥61°0 | THOTO | SL6T0 | €8CC0 | T6TT0 | 60120 | €61T0 | €S20 | €61T0 | BLOTO | 19070 | ST
YL6TO | SLLTO SETT0 | €61T0 | 8610 | 92CT0 | 891T0 | 1€CT0 | L6910 | 09L1°0 | LTSI | LT8I0 | 191T0 | 19120 | €L61°0 | 810 | SOLI'0 | ¥FOTO | TPIT0 | 1€S1°0 | 1861°0 | ZI0T0 | 18610 | P11 0 | 98810 | ¥T
V80 | PRPTO | 6vSTO 0891°0 | 1S91°0 | 80V1°0 | 00ST0 | S6V1°0 | LLELO | 90PT°0 | 9610 | 96E1°0 | TPLI'0 | TILI0 | L8910 | 65510 | SOPT'0 | 81910 | €CLI0 | OIFI0 | 9SS0 | 9SSI°0 | 9SST0 | LTST0 | bSPI0 | €€
T8ST0 | 06170 | 0180 | 882C0 TH91°0 | 10120 | 60020 | LI6I0 | SSIT'0 | 9STI'0 | T9P1°0 | ZO¥I°0 | 9TTI0 | SSTI'0 | 0880°0 | 98T1°0 | STII'0 | 12510 | 8SSI°0 | SEPT0 | 6EE1°0 | 66510 | 6EE1°0 | 8SST0 | 9TI0 | 2
91ST0 | €661°0 | 9L8TO | 8T¥TO | 65070 SLLT'0 | 6810 | 1681°0 | 0901°0 | 0001°0 | £1S0°0 | €1S0°0 | 00KT°0 | OLET0 | L6ET'0 | T0S1°0 | 0601°0 | PLZI'0 | L9ET0 | 9TIT'0 | S6ET0 | STPI'0 | S6E1°0 | LLTI0 | PEET0 | 1T
T8ST0 | TTCT0 | 9L8TO | T60TO | LSITO | SSTTO 9PTI0 | 6SP1°0 [ SELTO | €6L10 | L9910 | L9910 | 10120 | 0L0T0 | 1681°0 | 1Z61°0 | SOLT0 | T#0T0 | 0SIT'0 | 91070 | TLOTO | TLOTO | TLOTO | SIOTO | 16£1°0 | 0T
TILTO | LSITO [ LVOTO | 1961°0 | £SET0 | 88TTO | 10910 €9LT°0 | €CST°0 | 6VST0 | 98F1°0 | 98I0 | SOLI'O | SELI'0 | LELT'0 | 90L1°0 | 16V1°0 | LOLT'0 | €L81°0 | SILI'0 | 6S81°0 | 8Z81'0 | 6S81°0 | 8681°0 | 0L9T°0 | 61
YOVE0 | 9L8T0 | 9L8T0 | T8STO | LEIE0 | LOOEO | 0180 | 018TO SOLT'0 | TOLT0 | TS81°0 | <SSI0 | 65020 | 600T°0 | 6161°0 | SSSI°0 | PELL0 | ¥9IT0 | LVITO | 066170 | €01T0 | €510 | €01T0 | SOTO | SP610 | ST
01ST0 | €661°0 | 08970 | T60T0 | L991°0 | TELLO | LSIT0 | 061T0 | 0180 Z810°0 | 6V80°0 | 6v80°0 | 1760°0 | 1160°0 | CRIT0 | S8P0°0 | Z8T0°0 | LIST0 | €8S1°0 | 91T10 | 9SPT°0 | 92rI°0 | 9SPT0 | 9LZI'0 | 01600 | LT
YI9T0 | L6LU0 | SPLTO | LSITO | 0E81°0 | 1961°0 | 1961°0 | S681°0 | #1920 | 60210 0160°0 | 01600 | €760°0 | TI60°0 | TITI'0 | SISO | TITO0 | 96E1°0 | COVI0 | S601°0 | SEEI'0 | SOET0 | SEEL0 | SLTTO | 17600 | 91
0Z€C0 | 26020 | 089T0 | #8PTO | PTIT0 | 69510 | 98ET0 | ¥TITO | LEIE0 | PTITO | LSITO 0000°0 | 88110 | 8STI°0 | €121°0 | 2901°0 | 0160°0 | PITI0 | €9¥1°0 | SO0T0 | ¥1Z1°0 | ¥PTI0 | ¥ITI0 | STITO | €501°0 | ST
0T€C0 | $TIT0 | 089T0 | P8PTO | LSITO | 10910 | 8IFTO | ¥TITO | SOIE0 | LSITO | 06120 | £600°0 SST1°0 | 8SI10 | £121°0 | 9010 | 01600 | PITI0 | €970 | S001°0 | PITL0 | PPCI0 | PITIO | STITO | €€01°0 | ¥1
T8ST0 | 0E81°0 | PL6T0 | T60T0 | €0ST0 | T60T0 | PTITO | PTIT0 | 806T0 | 69ST0 | L6LI'0 | SSTTO | S8TCO 0€00°0 | €811°0 | S601°0 | €£160°0 | £5S1°0 | 89%1°0 | 90F1°0 | COVI'0 | CEPI0 | COPI'0 | EPET0 | STI0 | €1
T8STO | L6L10 | 8060 | €661°0 | €0ST'0 | LSITO | 92020 | €661°0 | SPLTO | 109170 | 66910 | 0TET0 | 882T0 | LZEOD €ST10 | S901°0 [ T880°0 | ¥8ST°0 | 66V1°0 | SLEL'0 | €6v1°0 | 2OPI0 | €6¥1°0 | PLELO | #TIT0 | T
¥192°0 | 92020 | 01820 | 88¢C0 | L6LI'0 | 92020 | 92020 | 83TT0 | 03920 | 826170 | 6691°0 | SSTT0 | 88TC0 | L6L1°0 | SILI0 POEI'0 | TITI0 | 8LST0 | €6v1°0 | 1LEL'0 | SISI'0 | 8ZST'0 | SIST'0 | OFEL0 | PLTI0 | 11
T8ST0 | 650C0 | 9L8TO | 650C0 | OE810 | S681°0 | L9910 | ST61°0 | 91ST0 | €0ST0 | OPEI0 | L6LI'0 | OESI°0 | 92020 | 8T61°0 | S6810 S8P0°0 | 9¥ST0 | PLOT'0 | 6EE10 | 98P1°0 | SS¥I0 | 98710 | SIZI'0 | 0010 | 01
¥8YT0 | 8T61°0 | 018T0 | 06120 | PE9T°0 | S681°0 | 0810 | 1961°0 | SLLTO | ELET0 | 9EST°0 | 920T0 | 6S0T0 | L6L1°0 | L9910 | PE9T0 | 69510 98710 | €5S1°0 | 98110 | 92v1°0 | S6€1°0 | 92P10 | SLTI0 | T#600 | 6
99E€°0 | €¥8C0 | CLOT0 | LOOE0 | 91ST0 | P19T0 | SIFTO | €FSTO | CEE€0 | 0TEC0 | €5€C0 | OIST0 | €8C0 | 6PST0 | PI9T0 | 1SKTO | 1SKT0 | 98620 STRO'0 | 92110 | C0£0°0 | TLTO'0 | COE0°0 | 60E1°0 | 6E€10 | 8
¥L6T0 | 91ST0 | €¥8T0 | 9L8T0 | SSTTO | 81FT0 | 81FT0 | 6vSTO | T0SE0 | T60T0 | 88TC0 | 089T0 | TILTO | S8TC0 | 061T0 | ¥TITO | C2CT0 | €661°0 | 0810 0210 | STr00 | STHO'0 | STHO0 | S8TI0 | 8TST0 | L
TP6T°0 | TZCT0 | 80620 | SSTT0 | ¥TIT0 | 02EC0 | 92020 | 920T0 | PL6T0 | £661°0 | 65020 | 06120 | CZCT0 | 26020 | 920T0 | LSITO | €981°0 | 92020 | 6PST0 | 06120 9€01°0 | 9601°0 | 9€01°0 | #0010 | 0611°0 | 9
OLTE0 | 08920 | 6E0€°0 | 80620 | FI9T0 | SLLTO | T8ST0 | $19T0 | 89TE0 | SIFT0 | €5€C0 | €P8T0 | 9LSTO | #1920 | 91ST0 | 88TT0 | 91ST0 | #8¥TO | THTI0 | L9910 | ¥8KTO 0900°0 | 00000 | LFZI'0 | 69€1°0 | §
000 | SFLT0 | SOIE0 | 80620 | ¥8FT0 | PI9T0 | STFTO | LFOTO | ELE€0 | ¥8FT0 | 6VSTO | SLLTO | 01STO | TILTO | 0890 | €S€C0 | 1SKT0 | 98E€T0 | SEPT0 | PEOT0 | STFTO | £250°0 0900°0 | 8¥T1°0 | SE€T0 | ¥
€02€°0 | TILTO | TLOS0 | 1K6C0 | L¥OTO | OISTO | 1920 | LbOTO | 10SE0 | 1SKTO | 98ET0 | 9L8TO | S06T0 | LFITO | 6VSTO | 0TECO | 6VSTO | 91STO | SLTI0 | L99T0 | 91ST0 | £600°0 | 95500 LVCI0 | 69510 | €
80670 | SSTT0 | 1V6T0 | €SEC0 | €981°0 | 6S0T°0 | #TITO | 0TET0 | LOOEO | TELI0 | 061T0 | LSITO | 061T°0 | 92020 | LSIT0 | 061T0 | L6LI0 | 920T0 | ¥TO | 98ET0 | S9LTO | 1SKTO | 98ET0 | ¥8KTO 90v1°0 |
6VST0 | €661°0 | 6VST0 | 8T61°0 | TELI'0 | ST610 | OL81°0 | 650T°0 | 03920 | L9910 | 66910 | 1961°0 | €661°0 | S681°0 | £981°0 | 0£81°0 | 6951°0 | 6691°0 | 98ET0 | T60T0 | SOLT'0 | ESETO | €SEC0 | 98ET0 | TELTO ]
92 T v 39 @ 1T oz |6l 81 I 91 <1 [ €1 1 o1 6 3 L 9 S v € z [
“DINUDILANDUL DJOJUDAD] - 9T ‘SHI1DN]

SnODPIUAE] - ST ‘SNIdUIIPNDI XAU0dYIUE] - T ‘(URI] [e1UD §) 42/11113DS uo1podori) - €7 ‘(JIND URISId] ‘URI] MS) wWnignos uoipodopif) - 7z ‘(uel] gN) sadi3uo]

uoipodoiA) - 17 ‘(snadK)) 1dyos10y uoipodoyid) - (g ‘(sossey ], 909010 14yas10y uoipodoi) - 61 ‘(Uel] A\S) UNI1220.12)2Y uo1podorid) - g1 ‘(uel] M\S) 27oydo.sns

uopodopid) - 1 ‘(JInD UBISIdJ ‘UBI] M\ S) 270Ydo.11sD3 u01podopif) - 91 ‘(uel] gN) wnidsvd uoipodorid) - g1 ‘(uel] \N) wnidsvd uoipodorif) - 1 ‘(uel] gS) SISuauUvISIS

uopodoyif?) - ¢1 ‘(uel] q) sisuauisis uoipodorid) - 71 ‘(uery \S) ds uowpodopif) - 11 ‘(uei] \S) sapronun3p uopodopid?) - (1 ‘(DysnsIey] ‘uel] \S) sopro.mun3p

uopodoyif?) - ¢ ‘(Gremny|) smpnoioqn; sndoung - § ‘(uel] gS) smpno.agny sndoung - | “(uel] [enuad) smppyn.aqny sndoung - 9 (eLIKS) smpyno.agny sndoung - ¢ “(Jino

UBISIOJ ‘UBI] MS) smppnouaqny sndoung - 4 ‘(qaleqey] ‘@LIAS) snipjno.iagn sndoung - ¢ ‘(Uel] [e1UD) Snpnvoissp.Lo sndoung - 7 ‘(U] [eNudd) voisiad panwn3y - | :puada]|

(xwyewr renSuern soddn) ¢ swomyp03£o pue (xLjewr remnSuern 19Mol) VNI SZT JO (Seourisip d) saoue)sIp a1oudd pajoatiodu) g ATdV.L

Zootaxa 1931 © 2008 Magnolia Press - 31

PHYLOGENY OF THE GENUS CYRTOPODION

28



o.ssf Cyrtopodion agamuroides (SW Iran, Kargushki)
Cyrtopodion gastrophole (SW Iran)
Cyrtopodion gastrophole (SW Iran, Persian Gulf)
——— Cyrtopodion agamuroides (SW Iran)
100/ 1.001 Cyrtopodion caspium (NW Iran)
Cyrtopodion caspium (NE Iran)
Cyrtopodion longipes (NE Iran)
Cyrtopodion sp. (SW Iran)
0.97 d Cyrtopodion scabrum (SW Iran, Persian Gulf)
100/ 1.00[ Cyrtopodion sistanensis (E Iran)
Cyrtopodion sistanensis (SE Iran)
Agamura persica (central Iran)
0.45 | 100/ 1.00 [ Bunopus tuberculatus (Syria, Kabajeb)
98/1.00] ' Bunopus tuberculatus (Syria)
947300 Bunopus tuberculatus (SW Iran, Persian Gulf)
A0 Bunopus tuberculatus (Kuwait)
Bunopus tuberculatus (SE Iran)
Bunopus crassicaudus (central Iran)
Bunopus tuberculatus (central Iran)
95 L@:Cydopodion kotschyi (Greece, Thassos)
5010.74 Cyrtopodion kotschyi (Cyprus)
Cyrtopodion sagittifer (S central ran)
Cyrtopodion heterocercum (SW lran)
Hemidactylus turcicus
H Hemitheconyx caudicinctus
82/0.50 Tarentola mauritanica

85/1.00

0.69

FIGURE 1. Phylogenetic tree based on partial sequences of 12S rRNA and cytochrome b genes constructed by Bayesian
inference. Scores at nodes represent bootstrap values (for MP) if higher than 50% / posterior probability of BA.

among populations of Cyrtopodion kotschyi (Steindachner) and concluded that its intraspecific differentiation
started during Miocene (about 10 Mya). Old divergences, consistent with those found here, were suggested by
Gamble et al. (2008) across the whole clade Gekkota. On the other hand, the genetic distances for 12S rRNA
gene between C. longipes and C. caspium, members of caspium group (= subgenus Tenuidactylus) are rela-
tively small in comparison with other species analyzed in this study (Tab. 2) and more recent speciation within
some lineages can be thus anticipated as well.

Although it is now clear that further molecular data, preferably sequences of conservative nuclear genes
will be needed to better resolve deep splits, the present study brings several insights into the phylogeny and
taxonomy of the group. Our study supports the non-monophyly of the genus Cyrtopodion (sensu lato) as
recently used (e.g. Anderson 1999; Uetz & Hallermann 2007). The genus Agamura seems to be more closely
related to the remaining Cyrtopodion species than the members of the subgenus Mediodactylus (= kotschyi
group). The distinction of the Mediodactylus clade was also supported by the cladistic analysis of allozyme
data (Macey et al. 2000). Thus, the subgenus Mediodactylus should be excluded from the genus Cyrtopodion
and elevated to the generic status. The name Mediodactylus has been already used in generic position in some
recent publications (e.g. Szczerbak 2003; Ananjeva ef al. 2006).

Within the genus Cyrtopodion (sensu stricto), our results clearly supported monophyly of the species
groups defined by Anderson (1999) and principally also the monophyly of the subgenera recognized by
Szczerbak and Golubev (1984), except for their subgenus Cyrtopodion. Nevertheless, the relationship
between scabrum group and agamuroides group forming it remains unresolved. The position of the subgenus
Tenuidactylus (= caspium group) within the genus Cyrtopodion remains unclear as well. It should be noted,
that the morphological characters of the species examined in this study do not always match Anderson’s
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(1999) synapomorphies of species groups. Cyrtopodion sp., probably a new, currently undescribed species
nested within the scabrum group possesses femoral pores, which should be a synapomorphy of the caspium
group. Recently described Cyrtopodion sistanensis, syntopic with Cyrtopodion scabrum, resembles Cyrtopo-
dion watsoni (Murray), but its localities are distant from the known distribution of this species (Szczerbak &
Golubev 1986). This species clustered with scabrum group, but exhibited subpostfemoral tubercles suggested
by Anderson (1999) as another synapomorphy of the caspium group. Therefore, the status of femoral pores
and subpostfemoral tubercles as synapomorphic characters of caspium group is questionable.

The situation within the agamuroides group seems to be more complicated, as the species C. agamuroides
itself might be a complex of species, most probably paraphyletic with respect to C. gastrophole. According to
genetic divergences, the close relationship of C. gastrophole and Agamura (supposed by Szczerbak &
Golubev 1986) was not supported. This could be caused by rapid molecular evolution within the hypothetical
Agamura-agamuroides-gastrophole clade. The long limbs that are a putative synapomorphy of this clade
could be also explained as convergence of the individual species. Because of the unresolved position of the
enigmatic genus Agamura, we are inclined to believe that 4gamura is a discrete genus closely related to the
genus Cyrtopodion (sensu stricto, represented by agamuroides, caspium and scabrum species groups).

The phylogenetic hypothesis of a close relationship between Cyrtopodion and Bunopus has not been sup-
ported by our study. Neither did the phylogenetic analysis of the gekkotan lizards based on sequences of the
nuclear C-mos gene (Han et al. 2004) support the close relationship of Cyrtopodion, represented by Cyrtopo-
dion elongatus (Blanford), and Bunopus, represented by Bunopus tuberculatus Blanford. Consequently, the
genus Bunopus is probably not closely related to the Agamura-Cyrtopodion clade. Our analysis revealed that
the widely distributed B. tuberculatus might be paraphyletic with respect to B. crassicaudus. Genetic diver-
gences between B. tuberculatus from central Iran and other populations of this species were similar to those
between populations of B. tuberculatus and B. crassicaudus.

In summary, the present study provides basic insight into the phylogeny and taxonomy of important, but
somewhat neglected taxa of Palearctic geckos. We hope that it will stimulate further research leading to
deeper understanding of this speciose and ecologically and phenotypically highly diversified group.
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Abstract

The gecko genus Carinatogecko comprises two species endemic to the foothills of the Zagros Mountains, in Iran and
Iraq. Both species are poorly known and to date they are known only from very few records. The phylogenetic affiliation
of the genus has been only hypothesized. The aim of this study was to clarify the phylogenetic relationships of the genus
by analyzing partial sequences of the mitochondrial 12S rRNA and cytochrome b genes. All phylogenetic analyses
performed support placing the genus Carinatogecko within the genus Mediodactylus. Taxonomic relevance of both
species of the genus Carinatogecko based on morphological characters is discussed along with nomenclatural
implications of our findings.

Key words: Cyrtopodion, lizards, Mediodactylus, mtDNA, phylogeny

Introduction

The geckos of the genus Carinatogecko Golubev et Szczerbak, 1981, endemics of the foothills of the Zagros
Mountains of Iran and Iraq, remain enigmatic and poorly known lizards despite being described nearly 40
years ago. The history of their discovery and classification is rather complicated and quite typical for geckos
of the Middle East. The genus Carinatogecko currently includes two species. The Carinatogecko geckos have
long been known only from the type localities with additional localities discovered only recently (e.g., Nazari-
Serenjeh & Torki 2008). The earliest known specimen of Carinatogecko heteropholis (Minton, Anderson et
Anderson, 1970), an immature female from scrub oak firewood forest of northeastern Iraq, was first
erroneously determined by Reed and Marx (1959) as Alsophylax persicus Nikolsky, 1903. Minton et al.
(1970) described the same individual as the holotype of the new species Tropiocolotes heteropholis. The
second representative of the genus, Carinatogecko aspratilis (Anderson, 1973), was originally placed in
Bunopus as B. aspratilis. The description was based on two tentatively immature female specimens from the
southwestern Zagros foothills of Iran. Golubev and Szczerbak (1981) erected the genus Carinatogecko with
the two above mentioned species. The diagnosis of the genus provided by Anderson (1999) is: all scales with
the exception of intermaxillaries, nasals, chin shield and upper and lower labials strongly keeled; three nasal
scales contact nostrils; digits weakly angularly bent, clawed, not dilated, not webbed nor ornamented, with
keeled transverse subdigital lamellae; dorsal pholidosis heterogeneous, small juxtaposed scales intermixed
with tubercles; pupil vertical; tail segmented, caudal tubercles with bases in middle of each segment, not in
contact with one another, separated from posterior margin of segment by ring of scales. A diagnosis was also
provided by Szczerbak and Golubev (1986).

Surprisingly, Golubev and Szczerbak (1981), the authors of the genus Carinatogecko, themselves
hypothesized that a possible phylogenetic position of the genus Carinatogecko was inside their subgenus
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Mediodactylus of the genus Cyrtopodion (as understood in Szczerbak & Golubev 1986). They hypothesised
that the genus Carinatogecko could be closely related to Cyrtopodion heterocercum (Blanford, 1874).
Szczerbak (1988) elevated the subgenus Mediodactylus to generic level, which was later confirmed by the
phylogenetic analysis of allozyme data (Macey ef al. 2000) and mitochondrial markers (Cervenka et al. 2008).
The genus Mediodactylus is characterized by the apparent synapomorphy used by Anderson (1999) to
describe the kotschyi group of the genus Cyrtopodion: caudal tubercles do not form a terminal row (there are
six of them on each annulus), but they are spread around the middle of each caudal segment. The hypothesis
regarding the phylogenetic position of Carinatogecko inside Mediodactylus was based on morphological
characters without any cladistic analysis. This suggested phylogenetic position would mean that the genus
Mediodactylus is paraphyletic with respect to Carinatogecko, as mentioned by Anderson (1999). Due to the
absence of further studies, the nomenclature of Golubev and Szczerbak (1981) has been adopted in all
subsequent publications involving Middle Eastern geckos (e.g., Szczerbak & Golubev 1986; Leviton et al.
1992; Anderson 1999; Uetz et al. 2010).

Recently, while investigating phylogenetic relationships of Cyrtopodion geckos based on molecular
markers (Cervenka ef al. 2008), we discovered several specimens in our university collections that possessed
the keeled pholidosis characteristic of the genus Carinatogecko. Using the key to the genus Carinatogecko,
we were unable to determine the species. The specimens display characteristics of both species in the genus,
but based on pholidosis of the forelimbs, they appear closer to Carinatogecko heteropholis. In order to clarify
the phylogenetic position of the genus Carinatogecko, we expanded the DNA sequence data compiled in our
previous study and conducted a phylogenetic analysis to resolve the position of this enigmatic genus.

Material and methods

The studied material included five specimens of Carinatogecko cf. heteropholis (one male, one female, three
juveniles) preserved in alcohol and stored in the collections of the Faculty of Science, Charles University in
Prague. The locality of the animals was designated as the road near Khorramabad, Lorestan Province, Iran,
with coordinates 33°25°N, 48°12’E. Voucher specimens numbers are R\IRA\1123-25 and R\IRA\1139-40.
R\IRA\1140 was used for molecular analyses. Partial sequences of the 12S rRNA and cytochrome b genes
were obtained using the same protocol as described in Cervenka ez al. (2008) and deposited in GenBank,
NCBI. Further phylogenetic analyses were performed using sequences previously published in Cervenka et al.
(2008), GenBank Accession Nos. EU589153—-EU589175 (12S rRNA), EU589176-EU589198 (cytochrome
b). Sequences of cytochrome b (307 bp) were aligned manually and translation to protein (using MEGA
version 4, Tamura et al. 2007) did not reveal any stop codons or insertion or deletions. All sequences of 12S
rRNA gene were aligned using ClustalX 2.0.12 (Larkin ef al. 2007) with default parameters and also using
progressive multiple alignment as implemented in the Probabilistic Alignment Kit, PRANK (Loytynoja &
Goldman 2005). The sequences of both genes were combined for subsequent phylogenetic analyses in two
alignments (cytochrome b + 12S rRNA-ClustalX and cytochrome b + 12S rRNA-PRANK). The probabilistic
alignment can perform better in the case of sequences with more indels. Phylogenetic relationships were
inferred by Bayesian inference (BI) using MrBayes 3.1.2 (Huelsenbeck & Ronquist 2001; Ronquist &
Huelsenbeck 2003). The best fit model of nucleotide substitution for BI was chosen to be GTR + 1 + I for
both the alignments of 12S rRNA gene sequences as per the Akaike information criterion (AIC) in Modeltest
3.7 (Posada & Crandall 1998). The TVM + I+ I" model, which is a specific case of GTR + I + I, was selected
for cytochrome b, therefore, the latter was used in the BI analysis. The Bayesian analysis was initiated using a
separate model for each partition (12S rRNA and cytochrome b fragments) and used one heated and three cold
Markov chains. The analysis was conducted for 4x10° generations, with every 100th tree being sampled.
Stationarity of log-likelihood scores was determined graphically and a majority consensus tree was generated
from the remaining trees after discarding the burn-in trees. The frequency of individual clades in the
consensus tree was represented by posterior probabilities (Huelsenbeck & Ronquist 2001).

Both combined alignments were also analyzed using maximum parsimony (MP) method as implemented
in PAUP* 4.0b10 (Swofford 2002). The gaps were coded as a fifth base. A heuristic search was conducted
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using 100 random sequence addition replicates and tree bisection-reconnection branch swapping. Clade
support was assessed by nonparametric bootstrap analysis (Felsenstein 1985) with 1000 pseudoreplicates.
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FIGURE 1. Phylogenetic tree based on partial sequences of the cytochrome b and 12S rRNA (PRANK alignment) genes
constructed by Bayesian inference (topology only, see Cervenka ez al. 2008 for further information). In the box, detailed
view of Mediodactylus clade, scores at nodes represent: MP bootstrap values — ClustalX alignment / MP bootstrap values
— PRANK alignment / BI posterior probability — ClustalX alignment / BI posterior probability — PRANK alignment; nd
indicates branch which is not present in respective tree.

Results

The partial sequences of Carinatogecko cf. heteropholis totaled 387 bp for the 12S rRNA gene (submitted to
GenBank, GQ354886) and 307 bp for the cytochrome b gene (GenBank, HM140839). All phylogenetic
analyses inferred Carinatogecko cf. heteropholis having a congruent position as a sister taxon to
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Mediodactylus heterocercus nested within the Mediodactylus clade (see Fig. 1). Genetic distances for 12S
rRNA gene (p distances, shown in Table 1) among species of this clade indicate even closer relationships
between Carinatogecko cf. heteropholis and Mediodactylus heterocercus than between two representatives of
Mediodactylus kotschyi (Steindachner, 1870).

TABLE 1. Uncorrected genetic distances (p distances) of 12S rRNA gene alignments — ClustalX (below diagonal),
PRANK (above diagonal).

C. cf. heteropholis M. heterocercus M. kotschyi M. kotschyi M. sagittifer
(Greece, Thassos)  (Cyprus)
C. cf. heteropholis — 0.1212 0.1826 0.1944 0.1675
M. heterocercus 0.1212 — 0.2129 0.1826 0.1876
M. kotschyi (Greece, Thassos)  0.1852 0.2129 — 0.1452 0.1716
M. kotschyi (Cyprus) 0.1996 0.1826 0.1452 —_ 0.1808
M. sagittifer 0.1753 0.1949 0.1810 0.1861 —

Discussion

The phylogenetic analyses of mitochondrial genes (12S rRNA and cytochrome b) clearly placed the genus
Carinatogecko inside the genus Mediodactylus. This finding corresponds with the phylogenetic hypothesis of
Golubev and Szczerbak (1981) in the original description of the genus Carinatogecko. This relationship is
also supported by the morphology of these geckos. The primary synapomorphy of the genus Mediodactylus
adopted from Anderson (1999), i.e., caudal tubercles not forming a terminal row (six of them on each
annulus) but spread around the middle of each caudal segment, unambiguously characterizes the genus
Carinatogecko too. The typical cryptic color pattern on dorsum and tail of the Mediodactylus species,
resembling several undulating, M- or V-shaped dark transverse bars, accompanied by light or white venter, is
also shared by Carinatogecko species (see Fig. 2). Several species of the genus Mediodactylus possess keeled
scales on some body parts: e.g., Mediodactylus sagittifer (Nikolsky, 1900) or M. heterocercus (Szczerbak &
Golubev 1986; Anderson 1999; pers. obs.). The strongly keeled pholidosis of Carinatogecko, which was
formerly considered a synapomorphy of this genus thus seems to represent completion of a trend shared with
its close relatives. The distribution of the geckos of the genus Carinatogecko—endemics of the Zagros
foothills—further confirms the phylogenetic relationships suggested herein as all their known localities fall
within geographic range of the genus Mediodactylus (e.g., Szczerbak & Golubev 1986; Anderson 1999;
Cervenka & Kratochvil 2010).

We had problems with species determination for the Carinatogecko specimens examined because they
display a mixture of characteristics of both described species of the genus. Four key morphological characters
discriminate between the species Carinatogecko heteropholis and Carinatogecko aspratilis (Golubev &
Szczerbak 1981; Szczerbak & Golubev 1986; Anderson 1999). The first character is the size of the scales in
the middle of the back, which should be smaller than the abdominals in C. aspratilis and more or less equal to
the abdominals in C. heteropholis. Unfortunately, there seems to be a typographic error in Anderson (1999),
where the stated relative size of the scales is reversed relative to the publications of Szczerbak and Golubev
(Golubev & Szczerbak 1981; Szczerbak & Golubev 1986). Abdominals of the specimens we examined are
more or less equal in size to the scales on the back. Due to the heterogeneous nature of dorsal pholidosis (cf.
Fig. 2), however, it is difficult to decide which scales around tubercles should be compared. Also, it should be
noted that small dorsal scales of juvenile individuals are quite homogeneous and relatively smaller in
comparison with those of adults. The second key character is the shape of caudal tubercles, which should be
pointed with enlarged posterior facet in C. aspratilis, but flattened in C. heteropholis. In our material, caudal
tubercles are rather sharp with an enlarged posterior facet. Nevertheless, the holotype of C. heteropholis is not
optimally preserved (cf. the photo in Minton et al. 1970), and, in such conditions, the nature of scales could be
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easily misinterpreted. The third key character is the presence (in C. aspratilis) or absence (in C. heteropholis)
of identical tubercles on forelimbs as on dorsum. We consider that our individuals lack those tubercles on the
forelimbs. We observed only a single large scale, but not an actual tubercle on a leg in one out of five
specimens. The last key character (the number of subdigital lamellae on the fourth toe), does not contribute to
unambiguous species identification. C. aspratilis is reported to have 17—-18 lamellae and C. heteropholis 15
lamellae, but our specimens have 16—17. In the original description of C. aspratilis, 17-19 lamellae are
mentioned (Anderson 1973). We can conclude, moreover, that separation of the two species of the genus
Carinatogecko was based on subtle differences in pholidosis found during inspection of only a few available
specimens (Anderson 1999). Therefore, we question the validity of the two species within the genus. C.
aspratilis could be a junior synonym of C. heteropholis, but due to the low number of known specimens and
hence poorly understood morphological variability, the final resolution requires further study.

In summary, phylogenetic analyses confirm the suggestion of Golubev and Szczerbak (1981) and place
Carinatogecko cf. heteropholis inside the genus Mediodactylus. Regardless of the number of species in the
genus Carinatogecko, the generic name Mediodactylus should be used for these geckos to avoid rendering the
latter genus paraphyletic.

FIGURE 2. Carinatogecko cf. heteropholis (REPT/IRA/1139); head in detail: a—dorsal view, b—ventral view.
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Generic reassignment and validity of the recently described species
Cyrtopodion dehakroense

Jan Cervenka and Lukas Kratochvil*

Abstract. The new arboreal gecko species from Pakistan, Cyrtopodion dehakroense Masroor, 2009, was recently described. Here
we document that based on external morphology (meristic and measurable morphological characters), this form is a member of the
genus Mediodactylus. Moreover, the newly described species is morphologically and ecologically very similar to Mediodactylus

sagittifer, which suggests that both forms could be conspecific.

Keywords. Gecko, Middle East, Pakistan, taxonomy.

The taxonomy of the genus Cyrtopodion sensu lato
Fitzinger, 1843 has been substantially revised in recent
years (for a brief history of understanding of the species
content ofthe genus see e.g., Kryskoetal. 2007; Cervenka
et al. 2008). For example, Khan (2003) attempted to
resolve the complex situation in circum-Indus species of
the genus Cyrtopodion using morphological characters
and separated some species into three newly established
genera (Altigekko, Indogekko, Siwaligekko). Possible
phylogenetic relationships of these genera were
suggested by Khan (2009). The analyses of allozymic
data (Macey et al. 2000) and of the sequences of
mitochondrial markers (Cervenka et al. 2008) supported
monophyly and the full generic status of Mediodactylus
Szczerbak et Golubev, 1977, which was previously
treated as a subgenus of Cyrtopodion (e.g., Szczerbak
and Golubev 1986). Inclusion of Mediodactylus into the
genus Cyrtopodion would make the genus Cyrtopodion
paraphyletic. Several new species of the genus
Cyrtopodion sensu lato have been recently discovered
(e.g., Krysko et al. 2007; Nazarov and Rajabizadeh
2007; Masroor 2008).

Masroor (2009) described the new arboreal species
Cyrtopodion dehakroense from southern Pakistan based
on several morphological characters. The description
contains comparison of this form with species of the
genus Cyrtopodion sensu lato known in Pakistan.
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*Corresponding author.

Nevertheless, morphology of the new species perfectly
fits in Anderson’s (1999) definition of the genus
Mediodactylus (assigned by him as “the kotschyi group”
of'the genus Cyrtopodion): “caudal tubercles, six to each
annulus, do not form terminal row, but are distributed
around middle of each caudal segment; no subfemoral
tubercles; dorsal tubercles strongly keeled, trihedral,
larger than interspaces; peritoneum unpigmented;
13-23 lamellae under fourth toe; preanal pores only;
adults usually less than 55 mm snout-vent length.”
The number and position of tubercles on each caudal
segment could be taken as the main synapomorphy of
the genus Mediodactylus. According to the photos in
Masroor (2009), C. dehakroense also possesses this
character.

The author differentiates the new species from geckos
of the genus Mediodactylus by few characters: “dorsal
tubercles (strongly keeled versus smooth), transverse
rows of enlarged subcaudals (2 versus 1), precloacal
pore counts (4 versus 4-6) and TL/SVL ratio (0.73-0.75
versus 0.69-0.80)” (Masroor 2009). However, keeled
dorsal tubercles are typical for the genus Mediodactylus
(e.g., Anderson 1999; Szczerbak and Golubev 1986).
The nature of transverse rows of enlarged subcaudals
is variable in the genus Mediodactylus. For example,
Mediodactylus kotschyi (Steindachner, 1870) has only
one row, Mediodactylus sagittifer (Nikolsky, 1900)
has two rows, and there is no clear continual row of
subcaudals in Mediodactylus heterocercus (Blanford,
1874). Neither of the other two mentioned characters
have specific discriminative value, because the states
given for C. dehakroense form subsets of those reported
for the genus Mediodactylus. We can specify that
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Figure 1. Mediodactylus sagittifer from Iranian Baluchestan. Photo by Milan Kaftan.

Table 1. The comparison of the measurable and meristic characters of Cyrtopodion dehakroense and Mediodactylus sagittifer.
All measurements are given in mm.

C. dehakroense M. sagittifer
Source Masroor 2009  Szczerbak & Golubev 1986 own data
Number of examined males 7 3 2
Number of examined females 1 2 2
Head width 5.9-6.6 - 5.7-6.8
Snout-eye distance 3.8-43 - 2.7-3.0
Orbital diameter 2022 - 2632
Trunk length 13.9-15.1 - 12.7-14.1
Snout-vent length 32.6-36.0 24.1-31.9 30.2-32.8
Supralabials 10-13 9-10 10-11
Infralabials 7-9 7-8 7-8
Postmentals 3 - 3
Interorbital scales 16-18 14-15 15-19
Longitudinal rows of tubercles 10-12 - 11-12
Scales around dorsal tubercles 10-12 12-13 11-14
Paravertebral tubercle rows 22-24 - 23-25
Midventrals 92-102 83-88 89-100
Scales across belly 21-25 16-19 18-20
Precloacal pores 4 4 4
Lamellae under digit IV Manus 12-16 - 15-18

Lamellae under digit IV Pes 18-23 18-19 17-20




Generic reassignment of Cyrtopodion dehakroense

the counts of precloacal pores vary within the genus
Mediodactylus from two to six (e.g., Szczerbak and
Golubev 1986; Anderson 1999).

The new form fits well into the genus Mediodactylus
also ecologically. Arboreality is not typical for members
of the genus Cyrtopodion; however, it is not unusual
for some members of the genus Mediodactylus. For
example, Werner (1993) documented arboreality
in Israeli populations of Mediodactylus kotschyi
orientalis (Stépanek, 1937) and M. sagittifer is a typical
arboreal species (Anderson 1999; pers. obs.; Figure
1). The species M. sagittifer, known only from Iranian
Baluchestan, inhabits an environment very similar to
that described for C. dehakroense. Although the type
localities of these two forms are about 800 km apart,
the morphological similarity between them is striking.
Anderson (1999) compiled the detailed diagnosis of
M. sagittifer: “Dorsal tubercles oval, keeled; diameter
of ear opening smaller than half longitudinal diameter
of eye; anterior pair of enlarged postmentals in contact;
no subfemoral tubercles; males with 2—4 preanal pores;
subcaudal scales one head-width behind vent small,
keeled, not forming large plates; 14—16 abdominal scales
across middle of belly (9—12 scales in a distance across
belly equal to length of snout).” This diagnosis seems to
be consistent with the description of C. dehakroense. We
find broad overlap in values of the majority of meristic
and measureable morphological characters reported for
C. dehakroense and M. sagittifer in published literature
and in our own data (summarized in the Table 1). Out
of the only three characters which do not overlap, two
(snout-eye distance and orbital diameter) are plastic
characters varying with age. Moreover, character
variability is further enhanced by very small size and
thus small measurement repeatability and accuracy,
especially when taken by different persons. The third
character, number of scales across belly, depends on
personal choice from where to start counting ventrals,
distinguishing them from laterals, and the differences
observed between C. dehakroense and M. sagittifer are
minimal.

Based on morphological and ecological similarities, we
thus cannot exclude the possibility that C. dehakroense
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is conspecific with M. sagittifer. The data accumulated
to date do not support the validity of the newly described
species. Nevertheless, more detailed studies preferably
with molecular markers will be needed to make a final
decision.
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ABSTRACT

The southern Arabian Peninsula provides and interesting area to study historical
biogeography due to high reptile species richness and endemism, and interesting
geological history of this region; however, studies on biodiversity patterns of this area
are still rare. A notable pattern, yet not fully understood, is the divergence in reptile
fauna between north (Hajar Mountains) and south (Dhofar Mountains) Oman. In this
study, we use a molecular phylogenetic analysis using partial sequences of the
12S mtDNA, a haplotype network of the nuclear cmos gene, and species distribution
modelling (SDM) for the present and past (Last Glacial Maximum) climatic conditions,
to uncover the taxonomy and biogeography of the gecko Bunopus spatalurus. This
species contains two subspecies (B. spatalurus spatalurus and B. s. hajarensis)
distributed in southern Arabia. The results of the phylogenetic and networks analyses
show that the two subspecies form two well-supported reciprocally monophyletic
groups that do not share any alleles in the cmos nuclear gene. The level of genetic
divergence in the 12S between B. s. spatalurus and B. s. hajarensis is very high
(13 £ 2%). The level of genetic variability within B. s. hajarensis is also very high and
contains three clades with geographical structure across the Hajar Mountains. Due to
morphological differences, high level of genetic differentiation in the 12S mitochondrial
gene, and the results of the phylogenetic and cmos haplotype network analysis, we
elevate Bunopus spatalurus hajarensis to the species level, Bunopus hajarensis stat.
nov. Arnold, 1980. The niche overlap analysis reveals significant differences between
niches of the species, but at the same time it shows their higher than random similarity.
The SDM indicates a large potential distribution for B. hajarensis extending well
beyond the current distribution range and shows that the range of B. spatalurus has
climatic conditions suitable for B. hajarensis as well. However, at the same time, the
SDMs indicate a gap with unsuitable climatic conditions between ranges of both species
and suggest that this gap was already present during the Last Glacial Maximum. This
longer-lasting gap between areas with suitable climatic conditions could be the cause of

separation ranges of B. spatalurus and B. hajarensis.
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INTRODUCTION

Deserts encompass a large portion (12%) of the Earth's land surface and are
important for understanding global biodiversity patterns. While deserts are thought to
have relative low species richness compared to other biomes, they are often inhabited by
many specialized species and clades possessing a wide array of unique adaptations to
arid conditions. For example, lizard communities in deserts might be richer compared to
warm temperate and tropical regions and they can contain as many as 70 different
species co-occurring at single localities (Pianka 1973; Rabosky et al. 2011). In the past,
extensive work on desert reptiles has mainly focused on Australian, South African and
North American deserts (e.g. Pianka 1986), while fewer studies exist for the Arabian
deserts (e.g. Anderson 1896; Haas 1957; Arnold 1972; Arnold 1980; Arnold 1986;
Gasperetti 1988; Schitti & Gasperetti 1994; Schatti & Desvoignes 1999; Carranza
& Arnold 2012; Gardner 2013). Recently, however, an increasing number of taxonomic,
biogeographic and phylogenetic studies have focused on lizards inhabiting these deserts
(e.g. Carranza & Arnold 2012; Metallinou et al. 2012; Smid et al. 2013a). In the last
decade, taxonomic studies have drastically increased the number of species inhabiting
the Arabian desert, while ongoing phylogenetic studies continue to identify new species,
especially in the southern Arabian Peninsula (Babocsay 2004; Busais & Joger 2011;
Carranza & Arnold 2012; Smid et al. 2013b; Metallinou & Carranza 2013; Vasconcelos
& Carranza in press) as predicted by Ficetola et al. (2013). Likewise, several studies
have revealed high levels of intraspecific genetic structure of Arabian lizards, mostly in
species inhabiting mountainous areas such as the Hajar Mountains in northern Oman
and the UAE and the mountains in southern Oman and Yemen (e.g. Carranza & Arnold
2012; Smid et al. 2013a), but also in species occurring in lowlands (Metallinou et al.
2012). As reported previously (Carranza & Arnold 2012), within Oman, two
biodiversity rich areas with high levels of endemicity are recognized: the Hajar
Mountains in northern Oman and the Dhofar Mountains in southern Oman and eastern
Yemen. These two mountainous regions have their own unique and complex geological
histories (reviewed in Carranza & Arnold 2012 and Gardner 2013; see also Arnold
1977, 1980 and other articles in the same volumes) but share distinct climatic conditions
and vegetation that differentiate them from the much more arid surrounding lowland
desert. Although the Hajar and the Dhofar Mountains are inhabited by somewhat

distinct reptile communities with unique endemic species (e.g. Hemidactylus, Asaccus
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geckos) and even genera (Omanosaura) (see Arnold 1986; Arnold & Gardner 1994,
Carranza & Arnold 2012), several species occur in both regions while being absent from
the lowland areas between them (Bunopus spatalurus, Chalcides ocellatus and
Trachylepis tessellata; see Gardner 2013). The existence of this North-South pattern
with a gap in between was previously highlighted by Arnold (1980), who stated that
"The present Survey also underlines the importance of the poorly known dry lowland
country that lies between Dhofar and the mountains of northern Oman. Investigation of
this may throw light on how the faunal differentiation between the two regions it
separates has evolved and been maintained. It might also clarify some specific
systematic problems such as the relationship of the two subspecies of Bunopus
spatalurus and the status of the two kinds of Echis carinatus found in Arabia”. Years
later, Babocsay (2004) showed that this gap was probably responsible for the speciation
event separated Echis omanensis (restricted to the Hajar Mountains) and Echis
coloratus (from Dhofar in south Oman across the south and southwestern Arabian
Peninsula and up to northern Egypt (see Arnold et al. 2009).

At the time when Arnold wrote this note (1980), it was difficult to analyze such
observed biogeographic patterns and uncover their causes. Nowadays, the rise of new
powerful statistical techniques and Geographic Information Systems (GIS) together
with the availability of high resolution environmental data, provide ideal tools to revisit
this still rather neglected but interesting biodiversity pattern in southeast Arabia. As an
example, the development and application of correlative species distribution models
(SDM; Guisan & Zimmermann 2000; Guisan & Thuiller 2005) such as Maxent (Phillips
et al. 2006) has received much attention in conservation biology (e.g. Peterson et al.
2011) and evolutionary biology (Kozak et al. 2008; Chan et al. 2011) and it is
increasingly being used to solve taxonomic questions (Koch et al. 2013; Ahmadzadeh
et al. 2013). Among the species exhibiting this notable North-South distribution pattern,
Bunopus spatalurus provides an interesting example, as previously mentioned by
Arnold (1980). This species is widely distributed in the southern Arabian Peninsula,
ranging from western Yemen to the mountains of northern Oman and the UAE, but with
some areas of absence (Sindaco & Jeremcenko 2008; Gardner 2013). Arnold (1980)
described the subspecies Bunopus spatalurus hajarensis from the Hajar Mountain range
and Masirah Island based on clear morphological differences. However, despite some
recent phylogentic studies on Palearctic naked-toed geckos (Cervenka et al. 2008; Bauer

et al. 2013), no molecular studies have yet addressed the status of Bunopus spatalurus.
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This is possibly the result of the difficulty in finding specimens compared with the
relatively abundant B. s. hajarensis (Haas & Battersby 1959; Arnold 1980; Gardner
2013) as well as the current political instability in Yemen that obstructs fieldwork.
Clarifying the phylogenetic position of B. s. spatalurus and B. s. hajarenis should
provide important insights into Arabian reptile biogeography in general, while in the
future, it would also contribute to clarifying the taxonomy of the potentially non-
monophyletic genus Bunopus (Pyron et al. 2013).

In this study, we used a combination of species distribution modelling and
a molecular phylogeny of Bunopus spatalurus to explore its taxonomy and
biogeography. Specifically, we aimed to explore the role of past climatic conditions and
the potential existence of biogeographic barriers in central Oman on contemporary

genetic structuring.

MATERIALS AND METHODS
Molecular samples, DNA extraction and amplification

A total of 32 specimens of Bunopus spatalurus including four B. s. spatalurus and 28
B. s. hajarensis from 30 localities across its entire distribution range in Arabia were
included in the phylogenetic analyses (Fig. 1). A list of all the specimens with their
taxonomic identification, sample code, voucher code, country, and corresponding
geographical distribution data and GenBank accession numbers for the two sequenced
genes is presented in Supplementary Table S1. Preliminary analyses (data not shown)
indicated that the two subspecies form a highly supported monophyletic group within
the Palearctic naked-toed geckos but as a result of the uncertainty of its sister taxa
relationship and especially of the high level of genetic divergence between all the
species of naked-toed geckos, which interfered with the intraspecific analysis, we
decided not to include any outgroups in our analyses and use Bayesian methods for
inferring the root of the phylogenetic tree (Huelsenbeck et al. 2002; see below). The
apparent polyphyletic status of the genus Bunopus (Pyron et al. 2013) and the
phylogenetic position of B. spatalurus within the Palearctic naked-toed geckos will be
assessed elsewhere.

Genomic DNA was extracted from ethanol-preserved tissue samples using the
standard high salt method (Sambrook et al. 1989). Two genetic markers were PCR-

amplified and sequenced: one mitochondrial fragment of the gene encoding the
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ribosomal 12S rRNA (12s; primers 12SaGekko — 5
CAAACTAGGATTAGATACCCTACTATGC 3° and  12SbGekko - 5’
GAGGGTGACGGGCGGTGTGTAC 3’) and one nuclear fragment of the gene
encoding the oocyte maturation factor Mos (cmos; primers FUF and FUR — Gamble
etal. 2008). PCR conditions used for the amplification of the 12S mitochondrial

fragment and the nuclear gene cmos were the same as in Smid et al. (2013a).

Sequence analysis

Geneious v. R6.1.6 (Biomatters Ltd.) was used for assembling and editing the
chromatographs. Heterozygous positions for the nuclear coding gene fragment were
identified based on the presence of two peaks of approximately equal height at a single
nucleotide site in both strands. The nuclear coding fragment was translated into amino
acids and no stop codons were observed. DNA sequences were aligned using MAFFT
v.6 (Katoh & Toh 2008) with the options maxiterate 1000 and localpair. Phased
sequences of the cmos gene were used for the network analysis. SEQPHASE (Flot
2010) was used to convert the input files, and the software PHASE v. 2.1.1 to resolve
phased haplotypes (Stephens et al. 2001). Default settings of PHASE were used except
for phase probabilities that were set as > 0.7 (see Harrigan et al. 2008). Uncorrected
mean genetic distances between and within groups for the mitochondrial gene fragment

were calculated using MEGA 5 (Tamura et al. 2011), using the p-distance model.

Phylogenetic and network analyses

Best-fitting models were inferred for 12S using jModeltest v.0.1.1 (Posada 2008) under
the Akaike information criterion (AIC) (Akaike 1973). Phylogenetic analyses of the
12S mitochondrial gene were performed using Bayesian (Bl) analysis in BEAST v.1.6.1
(Drummond & Rambaut 2007). Analyses were run three times for 5x10” generations
with a sampling frequency of 10 000. Models and prior specifications applied were as
follows (otherwise by default): model of sequence evolution for the 12S HKY+G+I (see
above); coalescent constant size process of speciation; random starting tree; alpha
Uniform (0, 10); fix mean rate of molecular clock model to 1. Convergence was
assessed by examining the posterior trace plots and by confirming sufficient effective
sample sizes for all parameters in Tracer v1.5 (Rambaut & Drummond 2007). The

results of the individual runs were combined in LogCombiner discarding 10% of the
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samples and the ultrametric tree was produced with TreeAnnotator (both provided with
the BEAST package). Nodes in the phylogenies were considered strongly supported if
they received a posterior probability (pp) support values > 0.95 (Huelsenbeck
& Rannala 2004). Genealogical relationships in the cmos nuclear gene were assessed
with a haplotype network inferred using statistical parsimony as implemented in the
program TCS v.1.21 (Clement et al. 2000). Phased sequences were used (See above)

and a connection limit of 95% was applied.

Species distribution modelling

A total of 82 distribution records of Bunopus spatalurus (B. s. spatalurus, n = 16;
B. s. hajarensis, n = 66) were assembled from literature and fieldwork (Supplementary
Figure S1 and Table S2). Bioclimatic variables were downloaded from the WorldClim
database version 1.4 (Hijmans et al. 2005) at a resolution of 2.5 arc minutes (nearly
5x5 km). Past climate data for the Last Glacial Maximum (LGM) were obtained from
the WorldClim database as well at a similar resolution. Two general atmospheric
circulation models (GCM) were used to generate the LGM scenarios: the Community
Climate System Model (CCSM) and the Model for Interdisciplinary Research on
Climate (MIROC). Collinearity of the initial variables was measured by Pearson’s
correlation coefficient in ENMtools 1.3 (Warren et al. 2010). A total of ten bioclimatic
variables, all of which had a correlation degree lower than 0.75 (Pearson’s coefficient),
were retained. Selection of predictor variables was based on ecological understanding of
the species and represented mean temperature values as well as temperature variation
and precipitation regimes considered relevant for Squamata (Clusella-Trullas et al.
2011).

In a preliminary session, we generated species distribution models (SDM) for
each taxon using the presence/background algorithm Maxent, version 3.3.3k (Phillips
et al. 2006). It has been shown that Maxent produces high quality predictions that are
more often corroborated than those of other predictive models (e.g. Hernandez et al.
2006; Giovanelli et al. 2010). We subsequently used null-models to test for significance
of the SDM (Raes & ter Steege 2007) by generating 100 null distributions of random
points in the study area using ENMtools (Warren et al. 2010) with the number of
random points equal to the actual number of distribution records used for SDM. The
null-models were created and assessed following Raes & ter Steege (2007). Based on

these results, only the SDMs of B. s. hajarensis performed statistically significantly
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better than random and B. s. spatalurus was therefore excluded from further analysis.
To tune the SDMs for B. s. hajarensis, the jackknife procedure was implemented in
Maxent with the remaining ten bioclimatic variables to find the best set of predictor
variables following a parsimony approach (de Pous et al. 2011) based on the average
(AUC) test of ten replicates. The final set of variables used for the B. s. hajarensis
SDMs consisted of seven bioclimatic variables: Annual Mean Temperature (BIO1),
Max Temperature of Warmest Month (BIO5), Temperature Annual Range (BI1O7),
Mean Temperature of Wettest Quarter (B108), Annual Precipitation (BI1012),
Precipitation of Warmest Quarter (BIO18) and Precipitation of Coldest Quarter
(B1019). For the final SDMs we varied the level of regularization in Maxent by using
ten different fixed values of the # parameter (1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and
10) in a criterion-based model selection framework (Warren & Seifert 2011) as
implemented in ENMtools 1.3 (Warren et al. 2010). We compared competing models
using the AICc as suggested by Warren & Seifert (2011) and found S = 3.0 as the
appropriate level of regularization. Maxent was subsequently used with the following
settings (convergence threshold = 0.00001, maximum number of iterations = 500 and
Bi =3.0), while partitioning the geographical records between training and test samples.

Several studies have recently addressed the importance of selecting pseudo-
absence or background locations in SDM (Phillips et al. 2009; VanDerWal et al. 2009;
Anderson & Raza 2010; Giovanelli et al. 2010). Moreover, some of these studies
reported that using very large areas for model calibration, especially if the species is
absent from these areas, can result in serious ramifications for predictions and
performance of SDMs (VanDerWal et al. 2009; Anderson & Raza 2010; Giovanelli
etal. 2010; Elith et al. 2011; Barve et al. 2011; Saupe et al. 2012). Therefore, we
followed the suggestion of VanDerWal et al. (2009) and used an exploratory analysis to
define the most appropriate calibration region. Final models were calibrated in
a background region that encompassed all known localities and included areas that have
been accessible to the species via dispersal over relevant time periods (Supplementary
Figure S2). Subsequently, models were projected onto a larger area. The average of ten
pseudo-replicated models with randomly selected test samples was used to produce
SDMs, which were plotted in logistic format. The final models were reclassified in
ArcGIS 10 (ESRI) into binary presence-absence maps using the maximum training
sensitivity plus specificity threshold (MTSPS), which maximizes the sum of sensitivity

(proportion of actual positives that are correctly identified) and specificity (proportion
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of negatives that are correctly identified) and has been shown to produce highly
accurate predictions (Liu et al. 2005; Jiménez-Valverde & Lobo 2007). All models were
tested with receiver operating characteristics (ROC) curve plots, which plot the true-
positive rate against the false-positive rate. The average area under the curve (AUC) of
the ROC plot of ten models was taken as a measure of the overall fit of each model.
Comparisons of the environmental variables used for projection to those used for
training the model were made using visual interpretation of multivariate similarity
surface (MESS) pictures and the most dissimilar variable (MoD) (Elith et al. 2010).

Quantifying niche overlap

In order to quantify the degree of ecological differentiation between B. s. spatalurus and
B. s. hajarensis, we employed a multivariate analysis framework proposed by
Broennimann et al. (2012) implemented in R (R Development Core Team 2008), using
the same climate variables, distribution records and background as for SDM. Following
this framework we computed multivariate environmental niche overlaps between
B. s. spatalurus and B. s. hajarensis employing the two best performing ordination
techniques (Broennimann et al. 2012): (1) Principal Component Analysis (PCA)
calibrated on the entire environmental space of the study area (termed PCA-env;
Broennimann et al. 2012), and (2) Ecological Niche Factor Analysis (ENFA) (Hirzel
et al. 2002). The framework by Broennimann et al. (2012) implements a modified niche
similarity and niche equivalency tests sensu Warren et al. (2008) and calculates niche

overlap for pairs of species using Schoener’s D (Schoener 1970).

RESULTS

Molecular analyses

The dataset used for the phylogenetic analysis of the 12S mitochondrial gene consisted
of an alignment of 396 base pairs (bp) (87 variable sites) for four Bunopus s. spatalurus
and 28 B. s. hajarensis (Supplementary Table S1). The results of the BI analysis are
presented in Fig. 2 and show that the two subspecies form two well-supported
reciprocally monophyletic groups. Within Bunopus s. spatalurus, the two samples from
loc. 30 in Yemen are sister to the two samples from locs. 28-29 in Dhofar, Oman.
Within B. s. hajarensis, three geographically structured clades can be recognized: clade

1, sister to the other two clades and restricted to the northeastern tip of Oman, in the
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isolated massifs of the Jebel Khamis and Jebel Qahwan and surrounding areas and in
Masirah Island (locs. 23-27 in Fig. 1); clade 2, distributed across the Eastern Hajars and
the Jebel Akhdar (locs. 15-22 in Fig. 1); and clade 3, distributed from the western
foothills of the Jebel Akhdar, across the Western Hajars and up to the northernmost tip
of the Hajar mountain range (Musandam Peninsula, Oman) (locs. 1-14 in Fig. 1).
Although monophyly of each of these three clades is well supported, the resolution of
the phylogenetic relationship among these clades is not supported (Fig. 2). The
uncorrected genetic distances (p-distance) for the 12S mitochondrial gene among the 32
samples included in the phylogenetic analysis are presented in Supplementary Table S3.
The level of genetic divergence in the 12S between the two subspecies of B. spatalurus
is 13 + 2%. The genetic divergence within B. s. spatalurus is only 2 + 0.6%, while it is
4.5 £ 0.7% for B. s. hajarensis. The genetic divergence for the three clades of
B. s. hajarensis is 6.9 = 1.2% between clades 1 and 2; 6.6 + 1.2% between clades 1 and
3; and 6.2 = 1.1% between clades 2 and 3. The level of genetic variability within each
one of the three clades is 0.5 + 0.3% for clade 1, 1.7 = 0.4% for clade 2, and 1.1 + 0.3%
for clade 3.

The nuclear cmos haplotype network analysis clearly shows that the two
subspecies of B. spatalurus do not share a single haplotype (Fig. 3). The three
haplotypes revealed in Bunopus s. spatalurus are separated by a maximum of two
mutations. The high level of genetic variability within B. s. hajarensis in the
12S mitochondrial gene, with clades 1-3 diverging by a p-distance above 6% in all three
comparisons (see above), is also apparent in the cmos nuclear gene, for which 12
haplotypes separated by 1-4 mutational steps were recovered (see Fig. 3). Despite the
high level of genetic variability at both mitochondrial and nuclear levels and the
geographic coherence of the three clades of B. s. hajarensis across its distribution range
(Fig. 3), all three clades share cmos nuclear haplotypes. Clade 1 includes two private
haplotypes, clade 2 is represented by two private haplotypes, clade 3, which is
represented in total by six haplotypes, has five private haplotypes (see Fig. 3).

Species distribution modelling and niche overlap

Maxent produced SDMs of moderate predictive accuracy (following Swets 1988),
according to the average test AUC for the present B. s. hajarensis models
(0.858 + 0.063). The SDMs also performed statistically significantly better than random
(p < 0.05). The present (Fig. 4) and past (Fig. 5) SDMs for B. s. hajarensis reveal large
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suitable areas in southern Arabia that have remained stable and extend well beyond the
current distribution range in northern Oman and Masirah Island. The SDMs also predict
suitable climatic conditions in large parts of the range of B. s. spatalurus, indicating
relative similar environmental conditions in these areas. This is reflected by the SDMs
of B. s. hajarensis, which correctly predict 53.3% of the B. s. spatalurus distribution
records in the present (Fig. 4) and up to 80% (MIROC) for the past models (Fig. 5).
Although the SDMs predict overall stability in most areas in the southern Arabian
Peninsula, a remarkable gap in areas with suitable condition is evident between the
distribution ranges of the two subspecies. This gap remains present despite the increased
area with suitable conditions in the LGM.

Both MESS and MoD pictures indicate conditions in several areas outside the
training range. For example, most areas in the north (outside the present distribution
range of B. spatalurus) as well as parts of the mountains in western Yemen have areas
with no-analog climatic conditions. The gap between northern and southern Oman has
remained relative stable with most areas having similar climatic conditions, while some
areas have no-analog values for Annual Precipitation (BIO12) and Precipitation of
Coldest Quarter (B1019) (see Supplementary Figures S3 and S4).

The environmental space occupied by B. s. hajarensis and B. s. spatalurus as
determined by PCA-env and ENFA is shown in Fig. 6A,B (Supplementary Figures S5
and S6). Niche overlap between the subspecies is low (D = 0.328) for PCA-env to very
limited for ENFA (D = 0.087) (Rodder & Engler 2011). The niche equivalency
hypothesis was rejected (p = 0.02) for both PCA-env and ENFA, revealing significant
differences between niches of the subspecies. The randomization test of background
similarity, however, shows that niches of these two subspecies are significantly different
than would be expected given the underlying environmental differences between the
regions they inhabit (p = 0.02 in both directions) only for PCA-env (Fig. 6A). The niche
overlap for ENFA, however, falls within the 95% confidence interval of the null
distributions, leading to non-rejection of the null hypothesis of retained niche similarity
(Fig. 6B). This result of relative similar niches is consistent with the large overlap
predicted by the SDMs.

Taxonomic account
As already stated by Arnold (1980) in the original description of B. s. hajarensis, the

two subspecies of B. spatalurus present some differences at the morphological level.
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Bunopus s. hajarensis is differentiated from B. s. spatalurus by its smaller size (up to
50 mm of SVL compared with up to 67 mm in B. s. spatalurus); by the presence in the
dorsum of neck and body of about eight (at mid-body) and six (between the hind legs)
longitudinal rows of irregular, enlarged scales with a strong medial keel that increases in
height to the posterior border, compared with unkeeled or feebly keeled dorsal scales in
B. s. spatalurus (Fig. 7A,B,C,D); strongly keeled scales also on the dorsal part of the
hind limbs, compared with unkeeled or feebly keeled dorsal scales in B. s. spatalurus
(Fig. 7G,J); presence of protruding (convex) scales on top of the head, compared with
flattened scales in B. s. spatalurus (Fig. 7E,H); presence of a pair of enlarged scales,
each situated laterally to the posterior section of the mental, compared with no clearly
differentiated chin shields in B. s. spatalurus (Fig. 7K-N). As a result of the
morphological differences, the high level of genetic differentiation in the
12S mitochondrial gene (13 + 2%), and the results of the phylogenetic and cmos
haplotype network analysis (Figs. 2 and 3; Supplementary Table S3), we elevate
Bunopus spatalurus hajarensis to the species level, Bunopus hajarensis stat. nov.
Arnold, 1980.

DISCUSSION

By upgrading Bunopus hajarensis to the specific status, we add a new species to
the already long and varied list of endemic reptiles of the Hajar Mountains, which
include one snake (Echis omanensis), one endemic genus of lacertid lizards with two
endemic species (Omanosaura jayakari and O. cyanura), four species of the genus
Asaccus (A. montanus, A. platyrhynchus, A. gallagheri and A. caudivolvulus), two
species of Pristurus (P. gallagheri and P. celerrimus) and three Hemidactylus
(H. lugueorum, H. hajarensis, and H. endophis, although the latter is known only form
asingle museum preserved specimen and therefore might be extinct) (see Gardner
2013). Moreover, ongoing phylogeographic research in this mountain range suggests
that the level of genetic variability in some other taxa, like for instance the diurnal
gecko Pristurus rupestris and the nocturnal geckos of the genera Ptyodactylus and
Asaccus is much higher; including several undescribed species. The old age and specific
situation of the Hajar Mountains, surrounded by the sea in the northwest, north and east
and by a very large arid desert in the south and west (Edgell 2006), have probably
played a crucial role in the origin and maintenance of its unique reptile fauna (Arnold
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& Gallagher 1977). The Hajar mountain range, being generally strongly arid with poor
vegetation, contains some rather isolated highland areas like the Jebel Akhdar and much
lower areas like the Western Hajars with very different climatic conditions, which
probably played and still plays a very important role in the speciation dynamics of most
of the lineages. One of the best examples are the geckos of the genus Asaccus, with
A. platyrhynchus being restricted to the Jebel Akhdar massif, A. caudivolvulus
distributed across the Western Hajars, and A. gallagheri distributed across the whole
mountain range and found in sympatry with the other two species (Arnold & Gardner
1994; Papenfuss et al. 2010). Another Asaccus endemic species, A. montanus, is
restricted to the highlands of the Jebel Akhdar, but, as suggested by phylogenetic
analyses using morphological and molecular data, it is most probably the result of an
independent colonization from Iran (Arnold & Gardner 1994; Papenfuss et al. 2010).
Similar patterns are found in the genus Pristurus, with P. gallagheri being restricted to
the Jebel Akhdar and P. celerrimus being found in the Jebel Akhdar but also across the
Western Hajars and up to the Musandam Peninsula (Arnold 2009), although these two
species are not sister (Papenfuss et al. 2009). The two extant Hemidactylus present
almost non-overlapping distribution ranges within the massif. While Hemidactylus
luqueorum is restricted to the highlands of the Jebel Akhdar, its sister species,
H. hajarensis, is only found in the lowland areas of the Jebel Akhdar and across the
Eastern Hajars (Carranza & Arnold 2012). The present work on Bunopus hajarensis
reveals a high level of genetic diversity in both mtDNA (12S) and nDNA (cmos) genes.
As a result of the apparent similar ecology and morphology of all specimens of
B. hajarensis across its distribution range (Arnold 1980; pers. observ.), the different
clades are most probably the result of allopatric isolation caused by a combination of
past geographic and climatic events (see above). At the moment, a case analogous to
Bunopus hajarensis with the presence of three highly divergent clades across the Hajar
Mountain range has not been reported yet, but preliminary data on some other groups
(Papenfuss et al. 2010), and especially ongoing studies using molecular phylogenies for
all the reptile endemics of this massif indicate that this could be a common pattern.
Additional studies in other taxa will help to understand processes that have shaped the
distribution patterns of the taxa of the Hajar Mountains.

Although the mitochondrial and nuclear results presented in Figs. 2 and 3 and in
Supplementary Table 2 seem to suggest that B. hajarensis in the Hajar Mountains can

represent a species complex, more detailed phylogenetic and morphological analyses

58



will be necessary to solve this issue. The most divergent clade (clade 1) includes
specimens from the extreme northeast of Oman and a population in Masirah Island.
These populations seem to be isolated by the extremely arid Shargiyah Sands, a sand
dune desert with no records of B. hajarensis (Arnold 1980; Gallagher & Arnold 1988;
Gardner 2013; pers. observ.) and with no predicted suitable areas for this species either
at present (Fig. 4) or in the recent past (LGM) (Fig. 5A,B). According to our
phylogenetic analyses (Fig. 3) and p-distance values (Supplementary Table 3), the two
specimens from Masirah Island (both genetically identical) are differentiated from the
specimens from locs. 23-24 (Fig. 1) by a genetic divergence of 0.9%. These results,
together with the widespread distribution range of B. hajarensis in Masirah Island (pers.
observ.), suggest that the population from Masirah Island may be established by natural
colonization instead of a human-mediated introduction (cf. to lizards of the genus
Chamaeleo; Gardner 2013). Nevertheless, more sampling in extreme northeast Oman
will be necessary in order to assess the real level of genetic differentiation between
B. hajarensis from this area and from Masirah Island. Other taxa, like for instance the
amphibian Duttaphrynus dhufarensis, and the reptiles Telescopus dhara dhara,
Spalerosophis diadema cliffordii, Platyceps rhodorachis rhodorachis, and
Pseudotrapelus sinaitus seem to present a similar disjunct distribution to B. hajarensis
concerning Masirah Island (Gardner 2013). Geomorphological studies and dating
estimates of the presence of endemic sand dune specialist taxa like Stenodactylus
shargiyahensis suggest that the Shargiyah Sands have been in place for a relatively long
period, which could date back to the Middle Miocene to Plio-Pleistocene (Radies et al.
2004; Metallinou & Carranza 2013). If the connection between the populations of
B. hajarensis from the Hajar Mountains and Masirah Island had been cut off at that
time, we would expect that the level of genetic variability would be maintained despite
increasing sampling in extreme northeastern Oman.

The present and LGM SDMs of B. hajarensis show a large potential distribution
in southern Arabia extending well beyond the current known distribution range and into
most of the range of B. spatalurus. Interestingly, the models indicate a large gap
between the species’ distributions ranges in the middle of Oman, as well as in the
Shargiya Sands region between Masirah Island and the Hajar Mountains in northern
Oman. The existence of this gap was highlighted by Arnold (1980) (see Introduction).
As the SDMs of B. spatalurus were excluded from the present study due to extremely

low performance, we are unable to verify if the gap is important for this species as well.
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However, as the results indicate that the niches of both species are similar, it is likely
that this area is also unsuitable for B. spatalurus. The potential distribution of
B. hajarensis during the LGM (Fig. 5A,B) is larger compared to the present (Fig. 4).
Although, to our knowledge, no studies have used paleodistribution models in Arabian
biogeography research yet, this pattern is in agreement with studies from North Africa,
where wetter and cooler annual climatic conditions during the LGM increased the
potential distributions of several species (e.g. de Pous et al. 2011, 2013). Several studies
on terrestrial habitats indicate that LGM climatic conditions in Arabia were typified by
lower temperatures compared to present. For example, Weyhenmeyer et al. (2000) used
concentrations of atmospheric noble gases dissolved in groundwaters from northern
Oman to study changes in temperature and moisture during the Late Pleistocene (15 000
to 24 000 years before present). These authors showed that average ground temperature
was 6.5 °C lower than today. At present, B. hajarensis is mainly distributed in
mountainous areas that have lower temperatures in comparison to surrounding lowland
areas. According to extensive fieldwork, B. hajarensis is largely absent from these
lowlands despite some records in the foothills of the Hajar Mountains and on Masirah
Island. It is therefore assumed that a combination of rocky microhabitat and cooler and
wetter climatic conditions confine the species to mountainous areas. During the LGM,
preferred climatic conditions were more widespread resulting in a larger potential
distribution area in southern Arabia.

As indicated in the results, most areas within the distribution have remained stable
and relatively few areas have no-analog climatic conditions. The areas with variables
outside the training range are mainly located in the northern Arabia outside the present
distribution range of B. hajarensis and B. spatalurus. However, the MESS and MoD
pictures also show some areas with no-analog climate conditions within the distribution
range (Supplementary Figures S3 and S4) and predictions in these areas should be
treated with caution (Elith et al. 2010). The consistent gap between northern and
southern Oman has few areas with no-analog conditions for the CCSM, whereas they
occurrence increases for the MIROC. The most dissimilar variables in the gap area are
Annual Precipitation (BIO12) and Precipitation of Coldest Quarter (BIO19). As the
Maxent response curves (not shown) indicate a higher probability of presence with
increased precipitation, it is more likely that these areas were more suitable for
B. hajarensis during the LGM. Altogether, we believe that no-analog conditions have

played a minor role in the present study.
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The present study indicates that the combination of molecular and species
distribution modelling, including analyses of niche overlap, are very powerful tools for
systematic studies, providing multiple lines of evidence, which increase the robustness
of the taxonomic conclusions (Ahmadzadeh et al. 2013; Koch et al. 2013). Future
studies comparing the patterns of the several endemic reptiles of the Hajar Mountains
using multiple lines of evidence will be very valuable in order to have a better
understanding of the patterns and processes that have shaped their unique diversity and

distribution.
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Figure captions

Figure 1. Map of localities of examined material in this study. Circles indicate samples
used in the genetic analyses (red = Bunopus spatalurus, blue = B. hajarensis), with
different blue colors of B. hajarensis representing the distinct clades as shown in Fig. 2.
A list of all the specimens with their taxonomic identification, sample code, voucher
code, country, and corresponding geographical distribution data and GenBank accession

numbers for the two sequenced genes is presented in Supplementary Table S1.

Figure 2. Bayesian tree of Bunopus spatalurus and B. hajarensis inferred using the
12S mtDNA gene. A list of all the specimens, sample code, voucher code, country, and
corresponding geographical distribution data and GenBank accession numbers for the
two sequenced genes is presented in Supplementary Table S1.

Figure 3. Haplotype network of the phased sequences of the nuclear marker cmos.
Phase probabilities were set as > 0.7. A list of all the specimens, sample code, voucher
code, country, and corresponding geographical distribution data and GenBank accession

numbers for the two sequenced genes is presented in Supplementary Table S1.

Figure 4. Potential species distribution model of Bunopus hajarensis for the present
based on the MTSPS threshold. The available distribution data for both species are

indicated (white dots = B. hajarensis; white triangles = B. spatalurus).

Figure 5. Potential species distribution model of Bunopus hajarensis for the Last
Glacial Maximum based on the MTSPS threshold. (A) MIROC and (B) CCSM. The
available distribution records for both species are indicated (white dots = B. hajarensis;

white triangles = B. spatalurus).

Figure 6. Niches of Bunopus hajarensis and B. spatalurus based on PCA-env (A) and
ENFA (B). (A) The niches of both species are displayed on a multi-dimensional scale
represented by the first two axes of a principal component analyses (PCA) summarizing
the entire study area. (B) The x-axis shows marginality and the y-axis specialization. In
both figures the grey shadings reflect the density of the occurrences of each species by
cell. The dashed and solid contour lines indicate 50% and 100% of the available
background environment. The significance of the equivalency (1) and similarity tests is
shown (2 with a and b indicating directions) (ns, non-significant, *p < 0.05).
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Figure 7. Pictures of (A) Bunopus spatalurus (TMHC 2013.10.404) and (B) Bunopus
hajarensis (TMHC 2013.10.407). Close up detail of the dorsal scales of (C) Bunopus
spatalurus (TMHC 2013.10.404) and (D) Bunopus hajarensis (TMHC 2013.10.408).
Details of the dorsal side of head (E), lateral side of head (F), and dorsal side of the right
hind limb (G) of Bunopus spatalurus (TMHC 2013.10.404); of the dorsal side of head
(H), lateral side of head (I) of Bunopus hajarensis (TMHC 2013.10.407), and of the
dorsal side of the right hind limb (J) of Bunopus hajarensis (TMHC 2013.10.407).
Underside of head (gular region showing the arrangement of mental scale and chin
shields) of (K) Bunopus spatalurus (TMHC 2013.10.405), (L) Bunopus spatalurus
(TMHC 2013.10.404), (M) Bunopus hajarensis (TMHC 2013.10.407), (N) and Bunopus
hajarensis (TMHC 2013.10.409).

Data for Bunopus spatalurus specimens TMHC 2013.10.404 and TMHC 2013.10.405
are presented in Supplementary Table 1. Bunopus hajarensis TMHC 2013.10.407, 3 km
S. of Al-Hamra, Nizwa, Oman (23.057444 57.287778, 671 m as.l.); TMHC
2013.10.408, same data as TMHC 2013.10.407; TMHC 2013.10.409, Surrounding of
Jebel Shams Resort, Oman, 23.207861 57.199833, 1983 m a.s.l.

Fig. 1
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Supplementary files

Table S1. Specimens included in the molecular analyses, with respective taxonomic
identification, sample code, voucher reference, corresponding geographical distribution
data (latitude, longitude and country), locality code as shown in the map from Fig. 1 and

GenBank accession numbers.

Table S2. Distribution database of Bunopus spatalurus and Bunopus hajarensis with
latitude, longitude, indication of precision and the source.

Table S3. 12S uncorrected genetic distances (p-distances; complete deletion) between
all the specimens of Bunopus spatalurus and Bunopus hajarensis included in the present
study. Genetic distances are given in % and are shown below the diagonal. The

Standard Errors are shown above the diagonal.
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Table S2. Distribution database of Bunopus spatalurus and Bunopus hajarensis with latitude, longitude,
indication of precision and the source.

Species Latitude Longitude Precision Source

Bunopus hajarensis 22.54 59.64 GPS Personal database
Bunopus hajarensis 22.11 59.36 GPS Personal database
Bunopus hajarensis 20.50 58.93 GPS Personal database
Bunopus hajarensis 20.30 58.75 GPS Personal database
Bunopus hajarensis 20.31 58.74 GPS Personal database
Bunopus hajarensis 2291 57.53 GPS Personal database
Bunopus hajarensis 23.09 57.68 GPS Personal database
Bunopus hajarensis 22.95 59.20 GPS Personal database
Bunopus hajarensis 23.25 57.93 GPS Personal database
Bunopus hajarensis 23.05 57.80 GPS Personal database
Bunopus hajarensis 2325 57.93 GPS Personal database
Bunopus hajarensis 23.13 58.62 GPS Personal database
Bunopus hajarensis 22.62 59.09 GPS Personal database
Bunopus hajarensis 23.10 57:35 GPS Personal database
Bunopus hajarensis 23:71 56.44 GPS Personal database
Bunopus hajarensis 24.99 56.22 GPS Personal database
Bunopus hajarensis 2451 56.46 GPS Personal database
Bunopus hajarensis 24.62 56.34 GPS Personal database
Bunopus hajarensis 26.04 56.37 GPS Personal database
Bunopus hajarensis 25.46 56.18 GPS Personal database
Bunopus hajarensis 23.38 57.66 GPS Personal database
Bunopus hajarensis 23.15 56.89 GPS Personal database
Bunopus hajarensis 2322 56.97 GPS Personal database
Bunopus hajarensis 25.30 56.05 GPS Personal database
Bunopus hajarensis 25.88 56.21 GPS Personal database
Bunopus hajarensis 25.18 56.23 GPS Personal database
Bunopus hajarensis 25.79 56.22 GPS Personal database
Bunopus hajarensis 2598 56.15 GPS Personal database
Bunopus hajarensis 23.10 57.38 GPS Personal database
Bunopus hajarensis 23:19 57.20 GPS Personal database
Bunopus hajarensis 25.96 56.20 GPS Personal database
Bunopus hajarensis 20.30 58.74 GPS Personal database
Bunopus hajarensis 23.48 58.50 GPS Personal database
Bunopus hajarensis 20.33 58.79 GPS Personal database
Bunopus hajarensis 22.54 59.64 GPS Personal database
Bunopus hajarensis 23.19 57.20 GPS Personal database
Bunopus hajarensis 22:11 59.36 GPS Personal database
Bunopus hajarensis 22.54 59.64 GPS Personal database
Bunopus hajarensis 22.95 59.20 GPS Personal database
Bunopus hajarensis 2451 56.46 GPS Personal database
Bunopus hajarensis 25.98 56.20 GPS Personal database
Bunopus hajarensis 25.66 56.23 GPS Personal database

Bunopus hajarensis 20.33 58.79 GPS Personal database



Bunopus hajarensis 2451 56.46 GPS Personal database

Bunopus hajarensis 20.31 58.74 GPS Personal database

Bunopus hajarensis 20.30 58.75 GPS Personal database

Bunopus hajarensis 22.62 59.09 GPS Personal database

Bunopus hajarensis 23.10 57.35 GPS Personal database

Bunopus hajarensis 22.11 59.36 GPS Personal database

Bunopus hajarensis 23.05 57.47 GPS Personal database

Bunopus hajarensis 23.08 57.61 GPS Personal database

Bunopus hajarensis 23:23 57.90 GPS Personal database

Bunopus hajarensis 25.86 56.27 GPS Personal database

Bunopus hajarensis 23.11 57.21 GPS Personal database

Bunopus hajarensis 20.24 58.73 GPS Personal database

Bunopus hajarensis 20.25 58.74 GPS Personal database

Bunopus hajarensis 20.26 58.70 GPS Personal database

Bunopus hajarensis 22.83 59.02 GPS Personal database

Bunopus hajarensis 23.08 57.50 GPS Personal database

Bunopus hajarensis 23.08 57.63 GPS Personal database

Bunopus spatalurus 13.87 45.80 GPS Personal database

Bunopus spatalurus 13.87 45.80 GPS Personal database

Bunopus spatalurus 17.03 54.67 GPS Personal database

Bunopus spatalurus 16.88 5377 GPS Personal database

Bunopus spatalurus 17.01 54.18 GPS Personal database

Bunopus spatalurus 13.50 44.85 Reference Schitti and Desvoignes 1999
Bunopus spatalurus 16.50 47.62 Reference Schitti and Desvoignes 1999
Bunopus spatalurus 14.32 46.88 Reference Schitti and Desvoignes 1999
Bunopus spatalurus 16.13 48.97 Reference Schiitti and Desvoignes 1999
Bunopus spatalurus 13.43 44.28 Reference Schitti and Desvoignes 1999
Bunopus spatalurus 16.13 48.65 Reference Schitti and Desvoignes 1999
Bunopus spatalurus 17.01 54.70 GPS CAS

Bunopus spatalurus 17.50 54.07 GPS Personal database

Bunopus spatalurus 17.28 43.46 Google Earth Schitti and Gasperetti 1994
Bunopus spatalurus 16.05 49.00 Google Earth Rosler and Wranik 1998
Bunopus spatalurus 14.04 43.68 Google Earth Schiitti 1989

Wranik, H. & Rosler, W. (1998) Beitrage zur Herpetologie der Republik Jemen. 3. Geckos des siidlichen Jemen
und der Insel Sokotra (Reptilia: Sauria: Gekkonidae). Zoologische Abhandlungen Staatliches Museum fur
Tierkunde Dresden, 21, 113-132.

Schitti, B. (1989) Amphibien und reptilien aus der Arabischen Republik Jemen und Djibouti. Revue suisse de
Zoologie, 96(4), 905-937.

Schitti, B. & Gasperetti, J. (1994) A contribution to the herpetofauna of Southwest Arabia. Fauna of Saudi
Arabia, 14, 348-423.

Schitti, B. & Desvoignes, A. (1999) The herpetofauna of southern Yemen and the Sokotra Archipelago. Genéve,
Gilbert-E. Huguet, 179 pp.
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Figure S1. Distribution map of Bunopus hajarensis and B. spatalurus in the southern
Arabian Peninsula. The color gradient depicts altitude (green is low and white is high

altitude). The source for each record is listed in Supplementary Table S2.

Figure S2. The backgrounds used for calibrating the species distribution models in

Maxent as well as the niche overlap analysis (PCA-env and ENFA).

Figure S3. Clamping (A), MESS (B) and MoD (C) pictures of the projected SDMs for
the Last Glacial Maximum (CCSM). The clamping picture shows where the prediction
is most affected by variables being outside their training range. In the MESS picture
areas in red have one or more environmental variables outside the range present in the
training data. The MoD picture shows the most dissimilar variable, i.e., the one that is

furthest outside its training range.

Figure S4. Clamping (A), MESS (B) and MoD (C) pictures of the projected SDMs for
the Last Glacial Maximum (MIROC). The clamping picture shows where the prediction
is most affected by variables being outside their training range. In the MESS picture
areas in red have one or more environmental variables outside the range present in the
training data. The MoD picture shows the most dissimilar variable, i.e., the one that is

furthest outside its training range.

Figure S5. Niches of Bunopus hajarensis and B. spatalurus based on PCA-env. The
niches of both species are displayed on a multi-dimensional scale represented by the
first two axes of a principal component analyses (PCA) summarizing the entire study
area, with the grey shadings reflecting the density of the occurrences of each species by
cell. The dashed and solid contour lines indicate 50% and 100% of the available
background environment. The correlation circle (bottom left) shows climatic variables
contribution on the two axes of the PCA as well as the percentage of inertia explained

by the two axes.

Figure S6. Niches of Bunopus hajarensis and B. spatalurus based on ENFA. The x-axis
shows marginality and the y-axis specialization. The grey shadings reflect the density of
the occurrences of each species by cell. The dashed and solid contour lines indicate 50%
and 100% of the available background environment. The correlation circle (bottom left)

shows the contribution of the climatic variables contribution to the two axes.
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ZAVER

Poznani fylogeneze skupiny ,,nahoprstych® gekonu piedstavuje jeden z mnoha
dil¢ich cili studia evoluce fauny Mediteranu a Palearktu vibec. Tato disertacni préace
ukazala, ze diverzifikovany a druhové velmi bohaty rod Cyrtopodion sensu lato neni
monofyleticky, protoze rody Bunopus a Agamura tvoii jeho vnitini skupiny. Byla
byl povySen na rodovou uroven. Malo znamy a enigmaticky rod Carinatogecko byl
synonymizovan s rodem Mediodactylus a byla diskutovana validita druhit dfive do
tohoto rodu tfazenych. Dulezitost disledné komparativni analyzy pii popisu novych
druhd pouze na zakladé morfologickych znakt byla demonstrovana na piipadu popisu
nového druhu z Pékistdnu. Fylogeneticka analyza sekvenci spolu s doplilujicim
modelovanim ekologickych nik prokézala, Ze morfologicky odlisné poddruhy druhu
Bunopus spatalurus jsou ve skute¢nosti dobfe vymezenymi druhy. Taxonomické zmény
vyplyvajici z naSeho vyzkumu byly jiz povétSinou obecné akceptovany (viz napiiklad
aktualni druhové seznamy Uetz a Hosek 2014 nebo Speybroeck et al. 2012).

Aktivngjsi terénni vyzkum v poslednich letech vedl nejen k dokumentaci novych
lokalit vyskytu jiz znamych druhtl, pfedeviim z oblasti franu (napt. Mahroo et al. 2013,
Rastegar-Pouyani et al. 2009 a 2010, Yousefkhani et al. 2012), ale i k popisu fady
novych druht (napf. Nazarov et al. 2011 a 2012, Nazarov a Poykarov 2013, Shi a Zhao
2011). Celkovy pocet v soucasnosti znamych druhti studované skupiny gekont tak jisté
neptedstavuje Cislo konecné. Nartist v poctu druhti 1ze ocekavat také diky stale snazsi
dostupnosti metod molekularni fylogenetiky, které umoznuji rozlisit i druhy
morfologicky malo rozriiznéné. Vyznam molekularnich znaki, predev§im pak sekvenci
pfi studiu fylogeneze nelze precenovat, jejich piinos je ovSem podstatny. S rozvijejicimi
se sekvenacnimi metodami, s jejich lepsi dostupnosti a zvysujici se rychlosti navic bude
mozné analyzovat fylogenetické vztahy do daleko vétsi hloubky na mnoha lokusech,
ptipadné i porovnavat sekvence celych genomi. Znalost fylogeneze pak umozni
nasledné analyzy evoluce rtiznych ekologickych charakteristik ¢i rekonstrukce jejich
ancestralnich stavli nejen této velmi diverzifikované skupiny gekoni.

Kli¢ovym prvkem poznéani celkového obrazu evoluce dané skupiny pak zlstava
a Vv budoucnu i nadale zistavat bude piedevsim dostupnost materialu. Prestoze muzea
po celém svété shromazd’uji obrovské a stidle neprobadané mnozstvi materidlu pro
studium druhové diverzity, nemusi byt material jiZ VvV odpovidajici kvalité¢ pro
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molekularni studie. Je tedy nezbytné provadét i nadale terénni vyzkum, sbér materidlu
a monitoring rozsifeni jednotlivych druhii pfimo na lokalitach jejich vyskytu. To vSak
do zna¢né miry komplikuje i nestala politicka situace v oblastech, kam zasahuji znamé
arealy studovanych druhi. V obsahlé a shrnujici praci (Bauer et al. 2013) se autorim
podatilo podpofit rodovy status vSech tii diiveéjsich podrodt rodu Cyrtopodion, material
nékterych potencialné zasadnich zastupct skupiny vSak nebyl z vyse uvedenych divodi

dostupny ani jim.
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