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Abstrakt

V této dizertacni praci jsem se vénovala prevainé tématu ochrany vzacnych druht a
to ve tfech projektech realizovanych ve spolupréci se ZOO Praha. Dalsi dva dil¢i projekty,
které jsou soucasti této dizertacni prace, se vénuji tématu analyzy genetické diverzity
v pfirodé a vznikly ve spolupraci s institucemi v Indonésii a Arménii. VSechny tyto projekty
jsem Fesila pomoci obdobné laboratorni a vypocetni metodiky, ackoliv kazdy projekt fesil
odlisné problémy. Ve stéZejnim, a asi i nejduleZitéjsim projektu jsem zabyvala scinky rodu
Tiliqua Zijicimi na Molukach, Nové Guinei (Irian Jaya) a pfilehlych ostrovech. Analyzou
mitochondridlnich a jadernych znak( jsem fesila jejich vzajemné fylogenetické a populacni
vztahy. Druha prace byla zamérena na studium ex situ populace Mauremys annamensis
v Evropskych chovech, urcéovala jsem haplotypovou diverzitu a detekovala F1 hybridy
v populaci. Ve treti praci jsem zkoumala genetickou variabilitu pro potfeby organizace ex situ
chovil Orlitia borneensis u jedinc chovanych v Evropskych zoologickych zahradéch. Ctvrta
prace se zabyvala vyzkumem genetické variability populace Chilabothrus angulifer
v Evropskych chovech, zabyvala se otazkou dlouhodobého preziti této populace. V posledni
paté praci jsem za pouziti genetickych metod identifikovala druhy, sekvencni a haplotypou

diverzitu sympatrickych druhtd z rodu Apodemus (Sylvaemus) v Arménii.

Ve vSech pracich pouZivdm hlavné mtDNA, ktera byla jeSté v minulém tisicileti
pouZivana jako univerzdlni marker. Na pouzitych pfikladech ukazuji, Ze mtDNA je stale
vyuzitelnd zpravidla v kombinaci s dalSimi znaky (v mém pfipadé sekvencemi vybranych
jadernych gen(). Ackoliv jsem pouzila podobné molekuldrni a analytické postupy, kazda
z dil¢ich studii si vzhledem k odlisné povaze problému a zjisténé genetické variability,
vyzadala vyrazné odlisnou interpretaci vysledk(. Proto je tato prace i prikladem vyuZiti

rozdilnych interpretacnich schémat.



Abstract

In this dissertation thesis, | focused mainly on the topic of endangered species
conservation in three projects, which were realized in cooperation with Prague ZOO. The
other two subprojects, which are part of this dissertation, deal with the topic of genetic
diversity analysis in nature and were realized in cooperation with institutions in Indonesia
and Armenia. In all these projects | used a similar laboratory and computational
methodology, although each project addressed different problems. In the main and probably
the most important project, | studied the skinks of genus Tiliqua living in the Moluccas, New
Guinea (Irian Jaya) and adjacent islands. | analyzed mitochondrial and nuclear markers to
reveal the phylogenetic and population relationships. In the second project, | focused on the
study of ex situ population of Mauremys annamensis in European captive breeding. The goal
was to determine the haplotype diversity and detect the F1 hybrids in population. In the
third project, | examined the genetic variability of Orlitia borneensis in European zoological
gardens for the purposes of ex situ breeding program organization. The fourth project is
focused on examination of genetic variability of Chilabothrus angulifer population, which is
kept in European breeding. | studied possible long-term survival of this population. In the
last fifth project, | used the genetic methods to identify the species, examine the sequence

and haplotype diversity of sympatric species from genus Apodemus (Sylvaemus) in Armenia.

In all projects, | mainly use the mtDNA, which was considered as a universal marker
in the last millennium. In the projects was confirmed, that using of mtDNA is still useful,
especially in the combination with other markers (in my works with nuclear genes
sequences). Although | used similar molecular and analytical approaches, each of the sub-
studies interprets the results in a significantly different way, considering the diversity of
studied problems and genetic variability. Therefore, this thesis is an example of the use of

different interpretation schemes.
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1. Uvod do problematiky a cile prace

V této dizertacni praci se vénuji prevazné genetickym aspektim tématu ochrany
vzacnych druh(. Je to vyzkumny program, ktery se poprvé prosadil v roce 1982 (Schonewald-
Cox et al. 1982, pro prehled viz Avise 2014). Od té doby jeho vyznam progresivné rostl a fada
jeho vysledkd je rutinné uplatriovana v druhové ochrané (Frankham et al. 2002, 2010). Dle
Frankhama (2010) je ochrandrska genetika uZitou védou, ktera nardzi na postatny rozpor
mezi tim, co je technologicky mozné a tim, co je v redlné situaci z financnich a praktickych
dlvodu skutecné proveditelné. Pro ex situ projekty se alesponn omezené zapojeni

genetickych pristup( stalo nezbytnosti (Witzenberger & Hochkirch 2011).

Tri z péti dilCich projektl této disertace jsou zaloZeny na projektech, které vznikly ve
spolupraci se ZOO Praha. Vyzkumné cile vznikly na zdkladé poZadavkd a mozZnosti této
instituce. Pro potiebu ex situ projektli mezinarodné koordinovanych pracovniky zoo, které
zaroven zajistily potfebny genetické vzorky z evropskych zoologickych zahrad. Tyto projekty
se tykaly dvou kriticky ohrozenych druh, Zelv annamskych (Mauremys annamensis), orlicii
bornejskych (Orlitia borneensis), jako i ohroZzeného druhu hroznySovce kubanského
(Chilabothrus angulifer). Zbylé dva projekty, tykajici se scinkd rodu Tiliqua a mysic rodu
Apodemus, vyplynuly ze spoluprace s institucemi v Indonésii a Arménii. Jsou zaméreny spise
na analyzu genetické diversity v pfirodé. V prvnim ptipadé mohou vysledky poslouzit
zejména vymezeni ochranaiskych jednotek (conservation units) druh, které byly v minulosti
do Evropy casto ve velkych poctech importovany, ale ex situ programy i z divodu nejasné

taxonomie a populaéni struktury zatim nevznikly.

1.1. Ex situ versus in situ pristupy

Soucasny koncept doporucuje koordinované vyuzivat, jak ex situ, tak i in situ pFistupy.
Jsou totiz komplementarni. Doporucuje se je kombinovat dle konkrétnich potieb ochrany
jednotlivych druh( (IUCN/SSC, 2014). Pojmem ex situ mame na mysli zachranné chovy nebo
zvitata chovana v zoologickych zahradach ¢i jinych chovech. Za timto Ucelem jsou vedené
plemenné knihy, pomoci kterych je pravidelné sledovan vyvoj populaci chovanych v lidské
péci. Kazda plemenna kniha obsahuje kromé aktualizovaného pfehledu jednotlivych chovi i

radu genetickych ¢i populaénich analyz daného druhu (i alespon podkladd pro takové



analyzy), diky kterym mlzZeme snaze vyhodnocovat Zivotaschopnost populace a Iépe
naplanovat i pfipadné zmény ve slozeni chovl. OhroZené druhy jsou v lidské péci chovany
tak, aby byla zachovana co nejvétsi geneticka diverzita a minimalizovano pribuzenské ktizeni
(Ralls & Balou, 1986; Pelletier et al. 2009; Frankham et al. 2010). Ex situ zachranné chovy
mohou byt uzitecné zejména v pripadech, kdy je populace daného druhu v pfirodé oslabena,
at uz nahlou udalosti (infekéni onemocnéni, prirodni katastrofy, ¢i jiné) nebo setrvalym
poklesem poctu jedincl, a neni schopna preZiti ve svém pfirozeném prostredi (Bowling &
Ryder 1987, Boyd et al. 1988, Wakefield et al. 2002). Pokud pocet jedincd v populaci vyrazné
poklesne, klesne i geneticka diverzita v rdmci populace a mize se zalit projevovat inbredni
deprese. V takovém pfipadé mohou jedinci drzeni ex situ pomoci obohatit genofond
populace v prirodé (Johnson et al. 2010). Tok genli mezi ptirodnimi a ex situ populacemi je
ovsem zapotrebi regulovat. Zname totiz radu pfikladd, kdy kromé benefitu mize introgrese
z chovl vytvofrit i problém v podobé Sifeni nezadoucich alel. Takova situace byla popsana

naptiklad u populace divokych kachen Anas platyrhynchos (S6derquist et al. 2017).
1.2. Proc jsem pouzila hlavné mitochondrialni geny?

Ptikladové studie, obsazené v této dizertacni praci byly publikovany v Sirokém rozpéti
mezi lety 2012 a 2021 (disertacni projekt zacal v roce 2011), podstatna ¢ast laboratornich
vysledk( vznikla jeSté v dobé pred rozvojem genomickych metod, presnéji feceno pred tim,
nez se tyto techniky staly bézné dostupnymi v nasem prostiredi (minim tim i dostupnost
cenovou v relaci k objemu prostredku grant(, ze kterych byl vyzkum financovan). Mimo jiné i
z toho dlivodu nejsou genomické metody zahrnuty do reseni stanovenych cil{l. Ve svétovém
méritku se ovSsem hlasy po zavedeni genomickych pristupl zacaly ozyvat opakované v roce
2010 (Allendorf et al. 2010, Ouborg et al. 2010) a v podobé spiSe teoretickych deklaraci

dokonce i o néco dfive (Kohn et al. 2006, Primmer 2009).

Pokusim se vSak ukazat, Ze analyza mtDNA je pro nékteré tfidy pripadt doposud
vhodnym praktickym ndastrojem pro studium genetické variability ex situ a in situ populaci i
pro dalsi ochranarska doporuceni. Analyza mtDNA nabizi nékteré vyrazné vyhody. U
obratlovcl se mtDNA primarné dédi po materské linii, potomci obou pohlavi dédi
mitochondrie od matky (Giles et al. 1980, Birky 2001, Rokas et al. 2003, Stewart & Chinnery
2015). Béhem embryogeneze je mitochondrie obsazend ve spermii bud' znicena nebo

inaktivovdna (Cummins et al. 1997, Cummins et al. 1998). OvSem i pfes popsany



mechanismus dédi¢nosti mtDNA po materské linii, byly popsany pfipady, kdy doslo

k ¢astecné dédicnosti mtDNA z otcovy strany u slepic (Alexander et al. 2015), u mysi a ovci
(Shitara et al. 1998), nebo dokonce i u lidi (Schwartz & Vissing 2002, Bromham et al. 2003,
Luo et al. 2018). Ovsem tyto pfipady jsou extrémné vzacné. Ve vétsiné pripadi mtDNA
predavana bez rekombinace (Barr et al. 2005). Dalsi prednost byla popsana jiz v praci od
Brown et al. 1979, ktera pfiSla s objevem prekvapivé vysoké evoluéni rychlosti mtDNA —

zhruba 2% sekvencni divergence za milion let u vyssich primat(.

1.3. Cile prace

Tato dizertacni prace zahrnuje pét prikladovych studii, které pouzivaji obdobnou
laboratorni i vypocetni metodiku k feseni odlisSnych problému. Na jedné strané tak
pripominaji univerzalni pouzitelnost analyzy sekvenci mitochondrialnich gend. Na druhou
stranu, poukazuji na tfidy pripadu, kdy se sekvence mitochondridlnich genl i v soucasnosti
mohou uplatnit, bud samostatné nebo v kombinaci s jinymi daty (v mém ptipadé sekvencemi
vybranych jadernych gen( ¢i morfometrii). Kazda z téchto tfid pfipad( vsak vyzaduje Uplné
jinou interpretaci ziskanych vysledkd. OdliSnost téchto interpretacnich schémat pak doklada,
Ze zdanlivé rutinni analytické postupy jsou jen prvnim krokem pro vhodné vyreseni
konkrétnich otdzek, na které mély vyzkumné projekty zahrnuté v této v disertacni praci

odpovédét.

Navic k vyse uvedenym ciliim spis koncepéni povahy, md tato préce i celou fadu dilcich
cilG vyplyvajicich z toho, Ze podnétem k jednotlivym projektim byly také potieby praktické

ochrany zkoumanych druh(. Hlavni z nich jsou:

1) Vymezeni druhd, populaci (ochranarskych jednotek) a jejich vzajemnych
fylogenetickych a populacnich vztah( mezi scinky z rodu Tiliqua Zijicimi na Molukach,
Nové Guinei (Irian Jaya) a pfilehlych ostrovech.

2) Detekovani F1 hybrid( a uréeni haplotypové diverzity ex situ populace Mauremys
annamensis v Evropskych chovech.

3) Je ex situ populace Orlitia borneensis v Evropskych chovech geneticky homogenni?

4) Je geneticka variabilita ex situ populace Chilabothrus angulifer v Evropskych chovech

dostatecna pro dlouhodobé preZiti populace? A neni az pfilis velka?



5) Identifikace druh(, sekvencni a haplotypové diverzity sympatrickych druh( z rodu

Apodemus (Sylvaemus) v Arménii.



2. Soucasny stav poznani

2.1. Vlastnosti mtDNA

Mitochondriadlni genom je prstencovita molekula DNA (deoxyribonukleova kyselina),
ktera se nachazi v matrix semiautonomni organely — mitochondrie. Je tvofena dvéma retézci
oznacovan tézky (H, heavy strand), protoZe obsahuje vice guaninu, diky kterému ma vyssi
molarni hmotnost (Yan et al. 2019). Toto oznaceni se promitad do oznaceni existujicich
primerd pro amplifikaci mtDNA markerd. Mitochondridlni DNA mizZeme najit i mimo
mitochondrii — jako jaderno-mitochondridlni sekvence (NUMTSs) v jaderném genomu. NUMTSs
vznikly zabudovanim casti genetické informace mitochondrii do jaderného genomu (Stewart
a Chinnery 2021). Obvykle se z nich v dalsi evoluci stavaji nukledrni pseudogeny. Mohou
ovliviiovat spolehlivé uréeni mitochondrialnich haplotypl (Sturk-Andreaggi et al. 2022).
Napftiklad v lidském genomu, podle Dayama et al. 2014, jsou NUMTs celkem recentniho
plvodu, vétsina z nich vznikla v uplynulych 100 000 letech. Také vznikaji s vys$si Cetnosti na
konktrétnich pozicich mitochondridlniho genomu — v oblasti 12,612-13,105 a 16,390-16,527
(Sturk-Andreaggi et al. 2022). Navic vétSina NUMTSs byla zastoupena s nizkou ¢etnosti, coz
naznacuje, Zze proces vzniku stale probind (Hazkani-Covo et al. 2010, Dayama et al. 2014).
KaZzdopadné je nutné s touto moznosti béhem analyzy mtDNA pocitat. Alespon ¢astecné jsou

odhalitelné pomoci porovnanim forward a reverse sekvence.

Mitochondrialni DNA ma vyssi mutacni rychlost nez jaderna. NejspiSe je to zplisobeno
absenci histond kolem mtDNA, které by ji chranili (Bogenhagen 2012). Kromé toho mtDNA
nema vyvinuté opravné procesy, které jsou v bunééném jadre (Kennedy et al. 2013). U
vyssich primatud byla pozorovana evolucni rychlosti mtDNA zhruba 2% sekvencni divergence
za milion let (Brown et al. 1979). Vzniklé mutace rozliSujeme podle frekvence jejich
zastoupeni v mitochondrii na heteroplazmické, které se vyskytuji pouze v nékterych
molekuldch mtDNA v mitochondrii nebo homoplazmické, které jsou zastoupeny ve vsech

molekuldch mtDNA v dané mitochondrii (Van Den Amaele et al. 2020).

Dalsi nespornou prednosti mtDNA je, Ze u vétsiny Zivocichl se mtDNA dédi vyhradné po
matefrské linii, potomci obou pohlavi dédi mitochondrie od matky (Dawid & Blackler 1972;

Hutchinson et al. 1974; Hayashi et al. 1978; Avise et al. 1979; Francisco et al. 1979; Giles et



al. 1980). Navic je ve vétsiné pripadd predavana bez rekombinace (Barr et al. 2005). Tyto
vlastnosti na jednu stranu umoznuji ziskat informaci o predcich z materské linie, coz je
vyhodou pfi studii v zajeti chovanych potomkad, jejichZ rodi¢ pochazel z pfirody. Na druhou
stranu nam ovSsem analyza mtDNA nesdéluje zadné informace o druhém rodici, tedy neni

mozZné pouze na zakladé analyzy mtDNA odhalit hybridizaci ¢i introgresi.

2.2. Obecné problémy ex situ ochrany

Dnesni vedeni ex situ chovll nardzi i na nékteré obecné problémy, se kterymi se

muUzZeme setkat. Nejcastéjsim z nich se budu vénovat v této kapitole.

1) Optimalizovani po¢tu ochranarskych jednotek (angl. conservation units) je
vyznamné jak pro ex situ, tak in situ pfistupy. Zejména v pripadé ex situ projektl je stézejni
vyresit, zda populace chovanad v zajeti je dostatec¢né geneticky variabilni, aby byla
dlouhodobé udrzitelnd bez dramatického vlivu driftu a inbreedingu. Ukazuje se, Ze pocet
nepfribuznych zakladatelskych jedinc musi byt pfinejmensim vétsi nez 15 a velikost
populace vétsi nez 100 rozmnozujicich se jedincl (Witzenberger & Hochkirch 2011). Na
druhé strané je tfeba z ochranarskych jednotek vyloucit jedince hybridniho pavodu

(mezidruhové a mezi conservation units).

2) Potizeni novych jedincl z pfirody je s ohledem na soudasné pravni prostredi i
vysoky formalni stuperi ochrany v domovskych zemich ¢asto zhola nemoiné. Rada zemi
exportni povoleni jednoduse nevydava vibec, jindy byrokratické bariéry i respektované
instituce typu zoologickych zahrad od dovozu odradi. Jediné populace, s kterymi lze redlné
pracovat jsou jedinci ze zoologickych zahrad a soukromych chovi. Tato zvifata byla bud’
legdlné dovezena v minulosti (v souladu s tehdy platnou legislativou) nebo pochazeji
z konfiskat(l. Jejich presny plivod je zpravidla nejasny, v prvnim pfipadé protoZe reprezentuji
jiz nékolikatou generaci potomkU zakladatelskych jedincl a rodokmen neni vidy presné

znam, ve druhém pripadé diky nespolupraci plivodnich importéra.

3) Velikosti populaci drZzenych v zoologickych zahradach jsou extrémné malé

(Maresova & Frynta 2008, Frynta et al. 2010a, Frynta et al. 2013), priimérné je



v zoologickych zahraddach celého svéta se¢teno dohromady chovano jen nékolik jedincl (v
pripadé plazl je median 12 jedincl od jednoho druhu — vypocteno jen z druhd skutec¢né
chovanych alespon v jedné zoo, Frynta et al. 2010b). Jen zanedbatelny pocet druhd je tedy
chovén v poctech, které predstavuji alespon kratkodobou perspektivu z hlediska rizika
vymreni z divodd demografickych nebo negativnich efektl genetického driftu a inbreedingu

(O’Grady et al. 2006, Boakes et al. 2007, Hoeck et al. 2015).

4) Ex situ populace vznikly ¢asto z velmi malého poctu jedincli, mnohdy navic
pfibuznych nebo Spatné zvoleného slozeni (Brockman 1989). Simulace vyvoje genetické
variability ukazuji, Ze pokud bylo na pocatku vice neZ cca 20 nepfibuznych genomt a
nasledné doslo k prudké populacni expanzi, nevede efekt hrdla lahve k fatalnim dlsledkim.
Skutecéné se podafilo zalozZit prirodni populace jen z nékolika malo jedinct (kan prevalského -
Bowling a Ryder 1987, Boyd et al. 1988, Wakefield et al. 2002). Populace byly ale mnohdy po
generace drzeny v malém poctu a tak doslo k vyznamnému ochuzeni poctu alel a snizeni
heterozygotnosti. Tyto procesy jsou nevratné, nedojde-li k novym importlim. OhroZeni ex
situ populaci vlivem inbredni deprese je tedy ve vétsiné pripadl naprosto zasadni (Hedrick et

al. 1997).

s

5) Ne vZdy je dostatecné vyreSena taxonomicka pfislusnost jedinct Zijicich v lidské
pédi. S tim souvisi potfeba vymezeni taxonl a ochranarskych jednotek. Zde se potkava
nedostatecna znalost genetické variability v pfirodé i lidské péci s koncepcnimi nejasnostmi
(napf. koncept druhu, definice conservation unit) a lidsky pochopitelnou snahou o vymezeni
a pojmenovani co nejvétsiho poctu taxonl a populacnich jednotek (Emerson & Wallis 1994,
Hebert et al. 2004). Vysoky pocet ochranarskych jednotek sice Gcinné brani moznému
outbreedingu, ale vede do opacné pasti fragmentace populaci a inbreedingu. Naklady na
oddélené drzeni a ochranu vétsiho poctu jednotek tim nelnosné rostou. Tim spise je tfeba

najit optimalni kompromis podlozeny o relevantni analyzy

6) Mezidruhova hybridizace a introgrese mohou predstavovat nebezpeci genetické
eroze pro populace v pfirodé i lidské péci (Avise 2004). Detekce hybridd je tedy vyznamnym
prinosem pro ochranu nékterych ohroZzenych druhi. Z opacného pohledu, obc¢as miZou byt

hybridi chybné prohldseni za vzacny druh, ktery je tfeba chranit (Stuart & Parham 2007).



7) Genetickd adaptace na podminky v lidské péci. V lidské péci plisobi odlisné selekéni
tlaky a genetickd adaptace a domestikace je tedy nevyhnutelnd. Pocéet generaci, po které by
mély byt populace drzeny v lidské péci, by mél byt co nejmensi (Williams & Hoffman 2009).

To vSe smérfuje k potfebé integrovat ex situ a in situ ptistupy do jednotné strategie.

8) Z veterinarnich dlvoduU je potfeba jen opatrné pristupovat k Zaddostem o
reintrodukce do ptirody. Bez rizika rozsifeni nezadoucich patogen( z chov( v lidské péci jsou
introdukce tam, kde divoka populace v daném Gzemi jiz neexistuje (Equus przewalskii -
Riegg et al. 2006) nebo neni bez takového zdsahu Zivotaschopna (Puma concolor - Johnson
et al. 2010). Naopak v rdmci pfirodni populace mohou byt rozsifeny urcité patogeny, se
kterymi se jedinci z ex situ chov( nesetkavali a potom je potieba pristupovat ke slouceni ex

situ a in situ populaci velmi opatrné (Bison bonasus - Cabaj et al. 2021).

2.3. Co je tfeba vyresit pfi formulaci otazek a interpretaci vysledkui?

V nasledujicim prfehledu se zamérim na problémy, se kterymi jsem se pfi prdaci na

disertaci pfimo setkala a které jsem v jednotlivych studiich fesila:

1) Hlavnim problémem pro studie zaloZzené primarné na mtDNA je moZny nesoulad
mezi vysledky zaloZzenymi na mitochondridlnich a jadernych genech. Obecnéji feceno to, ze
evoluce jednotlivych genl nejsou vzajemné kongruentni a proto evoluce Zzadného z nich
presné nekopiruje evoluci druhu (gene tree nerovna se species tree). Musime brat v ivahu
procesy jako lineage sorting (Reich et al. 2010; Huerta-Sanchez et al. 2014; Mailund et al.
2014; Guerzoni & MclLysaght 2016; Peyrégne et al. 2017; Skov et al. 2020; Schaefer et al.
2021; Teixeira et al. 2021). Cast z téchto problém( odpada pfi evoluci probihajici, jako sled
vzacnych koloniza¢nich udalosti na nevelkych, ale dobfe a dlouhodobé isolovanych
ostrovech. Tam lze oéekdvat, Ze kolonizacni historii popiSe fylogeneze mtDNA vérné. Lze tedy
snadno ohlidat, aby byly Conservation units disledné monofyletické (holofyletické). Na
druhou stranu i zde je obtizné odhadnout kolik ochranaiskych jednotek vymezit. mtDNA
divergence je sice mozno poutzit jako proxi pro divergenci genomu a predikci mozné
pritomnosti postzygoickych RIM, vyrazna outbredni deprese se vSak nemusi vytvofit ani po
nékolika milidnech let isolace (Jancuchova-Laskova et al. 2015). V praxi byvaji proto

ochranafské jednotky i taxony na drovni druhu ¢i poddruhu vymezovany pragmaticky tak,



aby kazdy ostrov s vyhledem na dlouhodobou isolaci byl povazovan za samostatnou
jednotku i kdyz je sekvencni divergence zanedbatelna. Mozny teoreticky argument
opraviujici k tomuto postupu predstavuje model zrychlené geografické speciace vedouci
prostrednictvim driftu, efektu hrdla lahve (bottle necking), efektu zakladatele (founder
effect) a intensivniho vybéru (selekce) k zavaznym zménam morfologie, fyziologie a chovani
v nékterych pripadech velmi rychle (napf. u ostrovnich hroznysi u pobrezi stfedoamerického

kontinentu: Boback & Siefferman 2010; Card et al. 2016).

Vhodnych, dlouhodobé isolovanych ostrovnich systéma vsak na zemi neni
nekonecné. Velmi dobrym ptikladem jsou Velké Antily, které se skladaji z kontinentalnich
fragment( navzajem od sebe isolovanych jiZ po desitky milidna let (i kdyZz pravé nejvétsi
z téchto ostrovd, tj. Kuba a Hispaniola, vznikly nedavnou kolizi ¢tyr respektive dvou takovych
fragment(). Prace studujici fylogenezi charizmatickych antilskych leguant z rodu Cyclura
naznacuji, Ze kolonizace jednotlivych ostrovi byla skuteéné jednosmérna v prevladajicim
sméru morskych proud( (Malone et al 2000, Frynta et al. 2010c). Témér stejny vzorec
najdeme i v pfipadé hroznysovcl z rodu Chilabothrus (Reynolds et al. 2013), kam patfii C.
angulifer, ktery je hlavnim tématem jedné z praci zafazenych do této disertace (Rehdk et al.
2021). Na téméF opaéném konci zemékoule najdeme Wallaceu. Uzemi mezi Weberovou a
Lydekkerovou linii, odkud pochazel nas material scinkl z rodu Tiliqua. Jsou to ostrovy
zaroven dlouhodobé existujici a nikdy nespojené s oblasti Sahulu a Velkych Sund (Voris
2000). V této oblasti byl aZz dosud prokazan jen omezeny pocet kolonizaci pozemnimi
obratlovci. Mohli jsme proto dlivodné predpokladat, Ze fylogeneticky vzor ziskany

z mitochondrialnich gend bude nejspise souladny se zbytkem genomu (Frynta et al. 2021).

2) Dalsi situace, kterda mlze nastat, je, pokud empiricky zjistime, Ze sekvencni
divergence mtDNA je velmi nizka. V takovém pfipadeé lze pfedbéziné dovodit, Ze by
zkoumané OTU (angl. Operational taxonomic unit) , populace ¢i jedinci mohly tvofit jedinou
ochranarskou jednotku. Samoziejmé predbéziné, protoze je tfeba vyloudit pfipady zasadniho
nesouladu mezi vzory variability jaderného a mitochondrialniho genomu (Toews & Brelsford
2012). Varuijici jsou v tomto smyslu pripady introgrese mitochondridlniho genomu (Peters et
al. 2007; Macholan et al. 2011; Dureje et al. 2012). K fixaci mtDNA mdze dojit i pod vlivem

silné selekce (Elson et al. 2004). Proto je doporucenihodné vysledky mitochondridlnich



markerd potvrdit i jadernymi markery. V nasem pfipadé jsme ve studii Orlitia borneensis
(Palupcikova et al. 2012) analyzovali kromé mtDNA marker( i jaderny marker R35.

S podobnym pristupem kombinujicim analyzu mtDNA a jaderné DNA se setkdvdme v mnoha
publikovanych pracich z nedavnych let, které studuji jiné druhy plazd (Kornilios et al. 2020,
Zhao et al. 2020, Campillo-Garcia et al. 2021). V nasi préci o Orlitia borneensis jsme
identifikovali tfi haploskupiny, které se od sebe geneticky odliSovaly jen velmi mdlo a nebyly
podporeny rozdily v jaderném genu. Neméli jsme tedy Zadny dostatec¢ny dlvod opraviujici

navrhnout rozdéleni populace na diléi jednotky.

Existuje ovSem celd fada praci, kdy autofi doporucuji rozdélit zkoumany druh na
nékolik ochranarskych jednotek, i kdyZz pozorovana sekvencni divergence je zcela minimalni.
Prikladem mohou byt populace Theropithecus gelada v Etiopii, kde pomoci mtDNA markerf(
bylo identifikovano pét haploskupin (Zinner et al. 2018), které se ale od sebe pfilis geneticky
neliSily (k jejich rozdéleni doslo pred 0.67 az 0.43 miliony let). Vzhledem k nepfilis
objasnénym fylogenetickym vztahlim mezi témito skupinami bylo doporuceno dalsi
zkoumani k tomu, které by potvrdilo vhodnost chovat tento druh ve tfech ochranarskych
jednotkach (severni, centralni a jizni populace zvlast) (Shotake et al. 2016). Dlvodem pro
takové rozhodnuti je, Ze haploskupiny byly jasné geograficky vymezené. Ovsem i tak je
takové rozhodnuti problematické, protoze hlavnim ohroZzenim ohroZenych druhd je spise

inbreeding nez outbreeding (Frankham 2010).

3) Tretim pripadem, se kterym jsem se béhem vypracovavani dizerta¢ni prace setkala,
je vysoka sekvencni divergence pritomna v populacich evidentné dlouhodobé oddélenych
geograficky ¢i postzygotickymi RIM. A tedy tvoficich dobré druhy dle vétsiny konceptl
druhu, ovsem urcitelné podle jinych nez molekularnich znak( jen obtizné. V takovém pfipadé
je mtDNA idedlnim nastrojem a levnym pro druhovou identifikaci. Z praci zahrnutych v této

disertaci je to pfipad rozliSeni mezi ¢tyfmi pribuznymi druhy rodu Apodemus Zijicimi

v Zakavkazi (Balasanyan et al. 2018).

Pro feSeni téchto cil( se nejcastéji pouzival barcoding, tj. kratké (600 — 800 bp)
sekvence obvykle COI (Moritz 1994). PGvodné byl uréen pro ziskani prvniho vhledu do poctu
druhd u dosud nepfilis prozkoumanych skupin. Dnes se pouziva spiSe na doplnéni informaci
u naopak dobte prozkoumanych druhd, kde zndme cely kontext z jinych tfeba genomickych

pfistupl (Krishnamurthy a Francis 2012, Ahmed 2022). Misto aby se pouZzivala na druhy,
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které potrebuji vice prozkoumat. Pres pocatecni nadéje, které doufaly v jednoduchou a
univerzalni metodu pro identifikaci druhf, se rozsifila povédomost o znacnych limitacich
tohoto pfistupu. Pfi pouZiti pouze DNA barcodes dat bez dalsiho kontextu, ziskdme pouze
zlomek informace nezbytné pro spravné vyhodnoceni conservation units (Rubinoff 2006).
Resenim problém je vyuzivat i jiné mitochondridlni geny, jaderné markery, multilokusové a

dnes také genomické pfistupy.

4) Dalsim pripadem byla situace, kdy jsme se setkali s velmi hlubokou sekvencni
divergenci mezi haploskupinami v rdmci jednoho druhu s nepferusenym aredlem a
zachovanou schopnosti plodného kfiZeni. Tato divergence byla natolik hluboka, Ze
odpovidala divergenci bézné mezi druhy v daném taxonu. V takovém ptipadé bychom méli
zpozornét. Pokud by slo o dlouhodobé propojené a pfitom ne extrémné pocetné populace,
mélo by jiz davno dojit ke koalescenci. Ta probiha za pocet generaci fadové odpovidajici
efektivni velikosti populace (Kimura a Crow 1963). V populaci se budou nachazet pouze
jedinci, které maji stejného matrilinearniho predchidce (Avise 2000). Pokud v pfirodni
populaci nedoslo ke splynuti plivodné izolovanych populaci, ale dlouhodobé v ni pretrvava
vice mitochondrialnich linii, mGze to byt zplsobeno nékolika divody. Napriklad mohla byt
populace dlouhodobé extrémné pocetnd nebo dojit nedavno k vyznamnému poklesu jeji
velikosti. Kolisani pocetnosti totiz vyznamné ovliviiuje pocet generaci, za které dojde ke

koalescenci.

Pokud tedy v dlouhodobé izolované populaci doposud nedoslo ke koalescenci,
vésinou se jedna o pripady, které jsou obvykle dlsledkem hybridizace resp. splynuti populaci
v minulosti dlouhodobé ¢i alespon periodicky oddélenych napf. geografickou bariérou. Viz
komplexni historie chrestyst (Schield et al. 2015, 2017, 2018, 2019). V nasem pfipadé jsem
se setkali s podobnou situaci v ptipadé C.angulifer (Rehdk et al. in print) ale také u

vietnamskych Zelv druhu Mauremys annamensis (Somerova et al. 2015).

5) Pomoci analyzy mtDNA mlzeme identifikovat vhodné jedince pro koordinaci chovi
i mezi potomky plvodnich zakladatell. V pfipadé, Ze zakladatelé jiz neZiji a ¢ast rodokmenu

prvnich generaci jiz chybi, maternalné dédéna nerekombinujici mtDNA nam poskytuje mozny
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zdroj informaci. Pocet haplotypl (haplotype diversity) mitochondridlni DNA je relevantnim
odhadem minimalniho poctu maternalnich zakladatelt. Prikladem takova prace je tieba
studie ex situ populace Chelonoidis elephantopus (Russello et al. 2010), u jejichZ jedinct byl
plvod nezndmy. Potvrzeni, Ze je geneticka variabilita zakladatell ex situ populace
dostatecna je primarnim motivem pro vznik prace Rehdk et al. in print. Navic, v pfipadé
matrilokalnich druhd, jako jsou hadi, kde dispergujicim pohlavim jsou zpravidla samci,
poskytuje materndlné dédény marker dokonce lepsi predikci pro budouci hledani

geografického plvodu zakladatelskych jedincl nez jiné markery (Avise 1995).

6) Analyzou mtDNA je také moZna rychld detekce prvnich generaci mezidruhovych
hybridd mezi zakladateli ex situ populace a vyjasnéni mozného komplexniho plvodu druhu,

ktery byl v pfirodé témér uplné vyhuben.

Obecné je hybridizace v ex situ populacich nezaddouci. Ovsem soucasna tendence
k taxonomickému déleni (splitting), za kterym nasleduje i nékdy nadmérné vytvareni dalSich
ochranarskych jednotek, vede k zdvaznym problém(m. Tato tendence je pfedevsim
disledkem odklonu od konceptu biologického druhu (Mayr 1942) a pfiklonu k jinym
definicim druhu, predevsim genetickému (genetic species concept, Baker a Bradley 2006).
Geneticky variabilni a zjevné Zivotaschopna populace zahrnujici vice jednotek je posléze
prohlasena za hybridni a jeji podstatna ¢ast vyfazena ze zachrannych programd. Prikladem
mohou byt i extrémné vzacna a v pfirodé témér vyhubena zvifata jako orangutani. Vsichni
jedinci orangutan(i Pongo pygmaeus z Bornea a Pongo abelii ze Sumatry byly plvodné v ex
situ chovech drzeni jako jedna populace dohromady. Ale pozdéji se analyzou DNA zjistilo, Ze

se jedna o dva odlisné druhy (Zhi et al. 1996).

Nékdy je ale outbreeding spojen s vyraznymi postzygotickymi reprodukéné isolacnimi
mechanismy a vyrazeni hybrid( z chovu je velmi dllezZité. Prikladem je pozorovana
neplodnost u samcl z rodu Madoqua chovanych v zajeti, ktera byla disledkem nevhodného
kfizeni kryptickych chromozomalnich linii (Ryder 1989). Hybridizace se tak stava postrachem
zachovnych programi (Witzenberger a Hochkirch 2011). Ne vZdy je ovSem jisté, Ze je zcela
neprirozenym jevem. Naopak v poslednich desetiletich mame k disposici mnozstvi prikladd

dokladajicich, Ze je hybridizace a introgrese jsou vyznamnou soucdsti evolucni historie
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mnoha druhd, véetné ¢lovéka (Huerta-Sanchez et al. 2014, Racimo et al. 2015, Dannemann

et al. 2016, Mondal et al. 2019).

Nékteré taxony jsou nesmirné nachylné na hybridizaci morfologicky nepodobnych a
geneticky vzdélenych forem. Zelvy z ¢eledi Geoemydidae jsou v tomto ohledu extrémnim
prikladem (Galgon a Fritz 2002, Fritz a Mendau 2002, Fritz et al. 2004, Schilde et al. 2004,
Spinks et al. 2004, Stuart a Parham 2004, Buskirk et al. 2005, Shi et al. 2008). Zndme i cetné
piiklady zdmérného ktizeni téchto druhl na asijskych komerénich farmach (Parham et al.
2001, Stuart a Parham 2004). U vietnamskych Zelv z rodu Mauremys je hybrididni historie
dosti pravdépodobna, ex situ populace totiz pochazi pravée z farem, protoze byla v pfirodé
témér zcela vyhubena (Fong et al. 2019). Nase prace (Somerova et al. 2015) méla za cil
prispét k vytipovani moznych hybridd i rozfadit zakladatelské jedince do jiz dfive

identifikovanych haploskupin (Fong et al. 2007).
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3. Prehled pouzitych laboratornich postupti

3.1. Zpusoby odbéru a zpracovani vzorka

K izolaci DNA lze pouZit rozmanity geneticky materidl, ktery musi obsahovat bunécna
jadra nebo mitochondrie s nedegradovanou DNA. Tento materidl mUZeme ziskat nékolika
zpUsoby. Destrukéni zpUsob ziskdva DNA odbérem tkani potfebnych na genetické analyzy,
kvli kterym je Zivocich usmrcen. Nedestrukénim zplsobem (invazivnim) se odebira vzorek
tkané (idedlné takové, pfi jejimz odbéru nedojde ke zranéni zvitete, napfiklad drapy), stéry
bukalni sliznice nebo vzorek krve z odchyceného Zivocicha. Posledni zplsob ziskani DNA je
neinvazivni, kdy jako geneticky material vyuzijeme zdroj DNA, ktery Zivocich po sobé
zanechal, napfiklad trus, chlupy nebo svlecky. Diky tomuto zplsobu neni potifeba Zivocicha

odchytdvat ani s nim manipulovat.

V prikladovych studiich jsme se snazili o co nejSetrnéjsi zplsob odbéru DNA u vsech
Zijicich jedinc(. Ve vétsiné pripadl jsme se snazili ziskat DNA odbérem stéru bukalni sliznice
(Chilabothrus angulifer, komplex druhl Tiliqua scincoides-gigas). Tento zplUsob odbéru je
vSak zcela nemozné pouiit u Zelv, vzhledem k tomu, Ze Zelva v pfipadé, kdy se citi ohroZena,
schova svoji hlavu do krunyfe. Proto jsme u Zelv (Mauremys annamensis, Orlitia borneensis)
pristoupili k jinému zplsobu odbéru vzorkd DNA. A sice se nam jako vhodny zdroj DNA
osvédcily drapy, u kterych sice byla nutna delsi doba rozpousténi v proteinaze, ale vytéznost
izolace DNA byla prekvapivé velka. Ve studiich jsme analyzovali i uhynulé jedince, kde jsme
pouZili jako zdroj DNA kousek prstu nebo Spi¢ku ocasu (Apodemus). Vsechny odebrané
vzorky DNA jsme uchovavali v ¢istém ethanolu. DNA jsme izolovali ve vétsiné pfipadu
pomoci komeréné dodavanych kit DNAeasy Tissue Kit (Qiagej, Hilden, Germany) nebo dfive
izolované vzorky jsme zpracovavali pomoci NucleoSpin Tissue kit (Macherey-Nagel). Pokud
bychom chtéli snizit naklady, miZeme izolaci provést napriklad metodu vyuZivajici enzym
proteinazu K a organicka rozpoustédla (fenol a chloroform). Uspé&snost izolace DNA jsme

ovérovali pomoci méreni koncentrace na spektrometru.

3.2. Polymerazova fetézova reakce
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Polymerdazova retézova reakce (polymerase chain reaction, PCR) umoZiiuje in vitro
amplifikovat pozadovany specificky isek DNA v neomezeném mnozstvi (Mullis et al. 1986,
Mullis & Faloona 1987). K amplifikaci staci velmi malé mnozstvi DNA (teoreticky staci jedna
molekula). PCR probiha ve tfech krocich — denaturace, nasedani primeru a extenze. Roztok
pro PCR obsahuje DNA templat, smés vSech ¢tyr nukleotidd dNTP, dvojici primer(, Taq

polymerazu, komeréné dodavany pufr, MgCl2 a kvalitni redestilovanou vodu.

Princip PCR je velmi jednoduchy, ale bohuzel praxe tolik jednoducha nebyva. Vzhledem k
tomu, Ze v praxi vzdjemné plsobi velké mnozstvi faktor(, které mohou ovlivnit finalni
vysledek. Zpravidla je nutné empiricky si ovéfit nastaveni hodnot jednotlivych parametrt
(koncentrace iontq, teplotni fezim a dalsi). Klicovym pro Uspésnost PCR je spravné vybrani
primerd. Pfed samotnou PCR jsem si udélala prizkum literatury a DNA databazi, jaké geny se
zkoumaly u nejblizsich ptibuznych druhl a jaké primery se v danych studiich pouzivaly.
Zpravidla jsem se snaZzila najit blizce pfibuzny druh, u kterého se zkoumaly mtDNA markery,
které by se hodily pro nami pldnované analyzy u jednotlivych pfikladovych studii. Poté jsem
vyzkousela gradientovou PCR s rozpétim teplot nasedani s vybranymi primery dostupnymi v
literature na nékolika vzorcich. V Zadné z prikladovych studii se mi nestalo, Ze by PCR
nefungovala kompletné u vSech vzork(. Stavalo se, Ze byla v rdmci jedné prace rlizna teplota
nasedani pro stejné primery (Apodemus, Orlitia borneensis, Tiliqua scincoides-gigas
komplex). V jednom pripadé jsme pristoupili k navrzeni vnitfnich primerd, protoZe se nam
nepodafilo podminky PCR optimalizovat pro vSechny studované vzorky (Apodemus). Primery

jsem navrhli podle sekvenci vzork(, u kterych byla PCR Uspésna.
3.3. Sangerova metoda sekvenace

Frederick Sanger a kolektiv publikovali v roce 1977 metodu, pomoci které je mozna
analyza delSiho Useku DNA. Sangerova (enzymaticka) metoda (,,chain termination method”,
,dideoxy method”) je zaloZena na pfidani dideoxynukleozidtriforsfat (ddNTP) do PCR
reakéni smésy. ddNTP jsou analogy normalnich deoxynukleozidtriforsfatd, ale chybi jim OH-
skupina na 3‘-uhliku deoxyribézy. Pokud se tyto ddNTP navazi na matrici zkoumané DNA, je
diky chybéjici OH-skupiné nemoZné navdzat dalsi nukleotid a dojde k terminaci PCR. Touto

metodou je mozné sekvenovat pouze ssDNA.
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Znacné zjednoduseni a zrychleni pfinaseji automatické sekvenatory, které jsou v dnesni
dobé diky jejich rychlosti pro sekvenaci vyuzivany vyhradné. Vétsina téchto sekvenator je
zaloZena na metodé termalniho cyklického sekvencovani. Syntéza DNA probihd v normalnim
termocykleru a principialné je shodna s asymetrickou PRC s jednim primerem. Pouziva se
fluorescenéni znac¢eni ddNTP misto radioaktivniho. Kazdy ddNTP ma odliSnou barvu
fluorescenéniho znaceni a tim padem jiZ neni nutné provadét sekvenaci za pouZiti ctyr
vzorkd, ale reakce mizZe probihat pouze v jediném. Produkty jsou rozdéleny béhem kapilarni
elektroforézy, béhem které zaroven probihd detekce pomoci staciondrniho laserového

detektoru.

Ve vsech prikladovych studiich obsaZenych v této praci jsme vyuzZili Sangerovu metodu
sekvenovani pomoci automatickych sekvenatord. Vzhledem k tomu, Ze touto metodou je
mozné sekvenovat pouze ssDNA, vzorky jsme sekvenovali dvakrat pomoci kazdého z

primerd, abychom méli spolehlivéjsi sekvenacni data.
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4. Pouzité metody analyzy sekvenacnich dat

Dle soucasnych znalosti mizeme sekvenacni data vyhodnocovat velkym poctem zpUsobl

s ohledem na cile analyzy.

Do souboru nami ziskanych sekvenacnich dat pouZitych k vyhodnoceni, mizeme pfidat i
data volné dostupna na nékterém ze svétovych ulozist. Existuji tfi nukleotidové databaze,
které jsou verejné dostuné a paralelné udrzované v ramci International Nucleotide Sequence

Database Collaboration ve Spojenych statech, Evropé a Japonsku.

Nejznaméjsi a nejpouzivanéjsi databazi je GenBank (Sayers et al. 2021), které je
provozovana v NCBI (National Center for Biotechnology Information, Bethesdam Maryland,
USA), jeji webova adresa je: https://www.ncbi.nlm.nih.gov/genbank/. Tuto databazi jsem
hojné vyuzivala jak pfi pripravé metodiky nasich studii, kdy jsme si délala review dostupnych
sekvenci. Ale vyuZivala jsme ji také i poté ke stazeni sekvenci, které jsem pridavala do analyz
spole¢né s nami osekvenovanymi vzorky. At uz jako outgroups nebo k doplnéni nasich

vzorkdQ.

Velikost databaze se zvétsuje kazdym rokem. K srpnu 2020 obsahovala databaze
GenBank vice nez 9.89 trilion nahranych parl bazi z vice jak 2.1 bilién( sekvenci od 478 000
formalné popsanych druhi (Sayers et al. 2021). Kromé databaze samotné jsem vyuZivala i
nastroj BLAST, ktery NCBI spravuje. BLAST je jeden z velmi uZite¢nych nastrojd. Pomoci
tohoto nastroje jsme schopni si u ziskané sekvence ovéfit, kterému organismu patfi.

V prikladovych studiich jsme méli celkem konkrétni predstavu o tom, jaky
organismuszkoumame. Ale i tak jsem ziskané sekvence ovérovala pomoci BLAST. Abychom
se ujistila, Ze béhem odebirani nebo zpracovani vzorku nedoslo k jeho kontaminaci a
nedopatfenim jsem neosekvenovala jiny organismus, nez bylo zamysleno. Program nasel

sekvence s nejvétsi shodou, které byly v databazi dostupné, a pomohl mi s identifikaci druh(.

K setazeni sekvenci se asi nejvice pouziva néktery z rodiny program Clustal, naptiklad
ClustaX nebo ClustaW (Thompson et al. 1997, Chenna et al. 2003), ktery ma rozsifené
grafické rozhrani a jako vstupni soubory dokaze zpracovat fadu formatl — Clustal, NEXUS,
PHYLIP, FASTA a jiné. ClustalX vyuziva progresivni sefazovani. Tyto programy jsem vyuZzivala i
ja pro sefrazeni sekvenci ve vsech prikladovych studiich at uz samostatné nebo jako soucéast

jinych programu, naptiklad BioEdit (Hall 1999).
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4.1. Fylogenetické stromy

Rekonstrukce fylogeneze je v podstaté odhad skutecné evolucni historie na zakladé
informace, ktera je obsazend v ziskanych datech. Nase Udaje jsou vétSinou omezené a
jednotlivé znaky mohou poskytovat protichtiidné informace, snazime se o ziskani co
nejlepsiho odhadu. Tedy snaZime se najit fylogeneticky strom, ktery se co nejvice blizi
skuteéné fylogenezi. Vysledny strom je pouze hypotéza, kterou miZzeme porovnavat s jinymi

hypotézami. Mame dvé mozZnosti, jak konstruovat fylogenetické stromy.

Prvni moznosti rekonstrukce fylogeneze jsou metody zaloZené na stanoveni kritéria
optimalnosti. Tyto metody maji dva kroky. V prvnim kroku se definuje kritérium, podle
kterého je ke kazdému stromu pfifazena urcitd hodnota (skore). Toto skore se poté pouziva
k vzajemnému porovnavani stromu. V druhém kroku se pomoci specifického algoritmu
vypocita hodnota funkce znazornujici kritérium optimalnosti a hleda se strom s nejlepsi
hodnotou této funkce. Evoluéni pfedpoklady jsou tedy v prvnim kroku a matematické reseni
je v kroku druhém. Metody optimalnosti mizeme vyuZit pro analyzu dat ve formé
jednotlivych znak(, napfiklad pro metody maximalni Uspornosti (MP), maximalni
vérohodnosti (ML) nebo bayesovska analyza (BA). Ale miZzeme pomoci metod optimalnosti
hodnotit i data distancni, napfiklad metodou minimalni evoluce. Vzhledem k tomu, Ze
metody posuzuji ¢asto velké mnoiZstvi alternativnich strom(, mize dosazeni kone¢ného
vysledku trvat nékdy i vyrazné déle. Fylogeneticky strom je vysledkem fylogenetické analyzy.
V pfiloZenych pracich jsem pouZila pouze zakorfenéné stromy (rooted tree). K jejich vypoctu
jsem pouzivala vyse zminéné metody - maximalni Uspornosti (Maximum parsimony, MP),
maximalni vérohodnosti (Maximum likelihood, ML) nebo bayesovskou analyzu (BA). Vypocty
jsem provadéla v programech PAUP* 4.0b10 (Swofford 2002), MrBayes v3.2.6 (Huelsenbeck
et al. 2001; Ronquist et al 2012).

Dal$i moznosti jsou algoritmické metody viz nize.
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4.2, Haplotypové sité

Haplotypové sité jsou jiné grafické zndzornéni nezakorenénych strom. K jejich vypoctu
jsem pouzivala algoritmické metody, které kombinuji konstrukci stromu a definici ,,nejlepsi”

fylogenie do jediného algoritmu. Jejich vypocet neni diky své jednoduchosti naroény na ¢as.

Haplotypové sité jsou dobrymi ukazateli genetické vzdalenosti. Diky tvaru a topologii
mUzeme ohadnout minulé udalosti v populaci jako bottle neck nebo recentni expanze (tzv.
star pattern). K vypoctu haplotypovych siti v této dizertacni praci jsem pouZivala programy
NETWORK (verze 4.6.0.0, 4.6.1.2, 4.6.1.4) a PopART (Leigh & Bryant 2015). Ve vsech

pripadech jsem poutZila k vypoctu Median-joining algoritmus.

4.3. Divergence p-distance

Pozorovanou distanci neboli p-distanci Ize vypocitat pomoci vydéleni poctu pozic, ve
kterych se dvé sekvence od sebe lisi, celkovym poctem nukleotidd. BohuZel tento vypocet
muiZe podhodnocovat skutecnou miru divergence mezi sekvencemi. Nezohlednuje totiz
opakované substituce na stejné pozici. | pfes toto omezeni jsme p-distance pouzili u vSech

prikladovych studii k porovnani s distancemi v rdmci pfibuznych taxond.

Zaroven nam divergence mitochondrialnich gend mize poukazat na schopnost
hybridizace mezi analyzovanymi jedinci. Napfiklad mezi druhy v fadu Supinatych je
pozorovana hybridizace az do 18-21% divergence mezi sekvencemi cyt b (Jan¢uchova-
Laskova et al. 2015a), vysledkem hybridizace byli alespori ¢aste¢né plodni potomci
(Jan€uchova-Laskova et al. 2015b). Stejné tak v ¢eledi Geoemydidae byly dokumentovany
hybridizace i mezi velmi vzdalenymi druhy patticim do rznym rod( (Parham et al. 2001;
Stuart and Parham 2007; Fong a Chen 2010). Diky p-distanci jsme tedy mohli zohlednit i
uskutecnitelnost hybridizace v ramci zkoumanych skupin ve vzorovych studiich a tim padem

dat relevantnéjsi doporuceni ohledné chovatelského zaméru.

4.4, Demografické charakterisky a Bayesssian skyline plot

Pomoci programu DnaSP v5 5.10.01 (Librado & Rozas 2009) jsem u studii pocitala

nasledujici parametry: haplotypovou diverzitu (h), pocet segregacnich mist (S),
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nukleotidovou diverzitu (m), Tajima’s D, Fu & Li’s F*, Fu & Li’'s D* a Fu’s FS testy. Podle Russell
et al. 2005 Ize pomoci téchto udaji odhadnout, zda populace je konstantni velikosti (vysoka
hodnota h a soucasné nizka hodnota i) nebo zda populace prosla nedavnou expanzi (nizka
hodnota 1 a naopak vysoka hodnota h). K odhadu populacni dynamiky jsme take pouzivali
Bayesian skyline plot, ktery jsme pocitali pomoci program Beast (Drummond & Rambaut

2007).

4.5. Metody vymezovani poctu druhti

Pti vymezovani poctu druhi obecné plati, Ze méné skody napachd, pokud je vymezeno
méné druhl neZli vice (Carstens et al. 2013). Respektive vymezeni jednotek, které
nereprezentuji spravné evolucni linie, mdZe napachat nevratné skody v péci o in situ i ex situ
populace. Je tedy vhodné vymezovat druhy pomoci Sirsi skaly analyz a dlvérovat takovym
vymezenim druhd, ktera jsou shodna napfi¢ vSemi pouzitymi analyzami. Pokud nam rizné
analyzy davaji riznd druhova vymezeni, obvykle to znaci nesoulad schopnosti detekovat
kryptické druhy v rdmci jednoho nebo vice zvolenych pfistupi a mohlo by ndm to naznacit,
Ze predpoklady takovych pftistupd byly poruseny a tudiz se pro analyzu daného souboru dat
nehodi. Ve studiich, které jsou soucasti této dizertacni prace, jsme se spoléhali prevazne na
vymezeni druhl pomoci pristupu Bayesianské statistiky a Markov Chain Monte Carlo
vypocta, které jsou vhodné pro mensi data sety (Zhang et al. 2013). KaZzdopadné pfistupy pro
vymezeni druh(l jsou obecné dost problematické, jak jiz bylo shrnuto v dostupné literature

(Carstens et al. 2013, De Queiroz 2007, Leliaert et al. 2014, Lim et al. 2012).
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5. Prehled vysledkl jednotlivych praci a jejich interpretace
5.1. Vymezeni druhti, populaci (ochranarskych jednotek) a jejich vzajemnych

fylogenetickych a populacnich vztahd mezi scinky z rodu Tiliqua Zijicimi na

Molukach, Nové Guinei (Irian Jaya) a pfilehlych ostrovech.

Oblast Nové Guiney a prilehlych ostrovi Wallacey je na rozhrani Pacifické a Australské
tektonické desky. Soucasna podoba Nové Guiney vznikla pomérné nedavno z nékolika
samostatnych ostrovl zhruba pred péti milidny let (Toussaint et al. 2014). Svoji rozlohou je
Nova Guinea druhym nejvétsim ostrovem na svété, je rozdélena centralnim pohotim. Toto
pohofi plsobi jako pfirozena bariéra, ktera zplsobilo rozdéluje populace mnoha druht
obratlovcl na severni a jizni linie (Pigram 1987; Dumbacher a Fleischer 2001; Rawlings a
Donnellan 2003) a soucasné zastavilo to gend mezi témito liniemi (Hall 2002). BEhem
glacidlnich maxim v Pleitocénu doslo k opakovanému poklesu hladiny mofi a vznikly
pevninské mosty, které spojily i v soucasné dobé oddélené ostrovy (Voris 2000). Nova
Guinea byla pfipojena k Sahulskému selfu a nékteré z prilehlych ostrovili s ni (Biak, Aru).
Oproti tomu ostrovy mezi Wallaceovou linii a Lydekkerovou linii zGstaly trvale izolované i
v dobé glacidlnich maxim (Molucké ostrovy). | pfes toto oddéleni doslo k osidleni nékterych
ostrovl jak uz s Australského regionu tak i z Asijského (Koch 2012). Oblast mezi Weberovou

a Lydekkerovou linii osidlila prevazné herpetofauna z Nové Guiney (De Lang 2011).

Obr. 1: Tiliqua gigas z lokality Merauke, Nova Guinea (foto Andran Abramjan)
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ees

Druhy z rodu Tiliqua (Scincomorpha: Lygosomoidea Mittleman, 1952), které Ziji
v Austrdlii, jsou pomérné dobre prostudované. Ale druhy tohoto rodu na Nové Guinee a
ostrovech Wallacey byly popsany pouze na zakladé morfologickych znak (Shea 1992, 2000;
Hitz and Hauschild 2000; Noel 2014), ale doposud nebyly publikovany Zadné prace studujici
genetické znaky u téchto populaci. Ndmi studovanou oblast obyvaji podle informaci
z dostupné literatury dva druhy — T. scincoides a T. gigas. V ramci kazdého z obou druhi byly
popsany tfi poddruhy. T. gigas gigas (Schneider, 1801) ktery byl nalezen na centralnich
Moluckych ostrovech (Morotai, Ternate, Halmahera, Ambon, Seram), Irian Jaya (v€etné
ostrovl Biak, Japen a Doom). Poddruh T. gigas evanescens Shea 2000 byl popsan na
jihovychodé Nové Guiney, ale podle Hitz a Hauschild (2000) se tento poddruh nachazi i
v blizkosti Merauke a na ostrovech u vychodniho a severovychodniho pobfezi Nové Guiney.
Vyskyt T. gigas keyensis Oudemans, 1894 byl popsan na ostrovech Kai a Aru (Shea 2000; Hitz
a Hauschild 2000). Na ostrové Tanimbar a Babarskych ostrovech byl popsan poddruh T.
scincoides chimaerea Shea, 2000. Zbyvajici dva poddruhy T. scincoides - T. s. scincoides
(White, 1790) a T. s. intermedia Shea, 2000 jsou rozsiteny na jihovychodé, vychodé a severu

Autralie (Unverzagt 2004; Cogger 2000).

Vzhledem k historii studované geografické oblasti by Slo predpokladat, Ze kolonizace ostrovi
probihala pouze ojedinélymi nahodnymi udalostmi a zpétny tok gent v populaci byl
minimalni, pokud vibec néjaky byl. Z toho divodu by méla byt analyza mtDNA prihodné
zvolenym zpUsobem feseni otazky fylogeneze studovanych druhi z rodu Tiliqua. Ale protoze
Melanézie je lidmi dlouhodobé silné osidlena oblast s pomérné intenzivnim tradi¢nim

obchodem mezi ostrovy, nelze Uplné vyloucit, moznost introdukce lidmi.

V ¢lanku, ktery je soucasti této dizertacni prace, jsme zkoumali 128 jedinc( z rodu
Tiliqua. Sekvenovali jsme mitochondridlni ND4, 12rRNA a jaderny gen cmos. Diky
fylogenetické analyze jsme objevili dvé skupiny v ramci zkoumanych jedinc(. Tyto dvé
skupiny koresponduiji s druhy Tiliqua scincoides a Tiliqua gigas. Jako prvni jsme
dokumentovali pfitomnost Tiliqua scincoides na ostrové Aru, popsali jeji blizky geneticky
vztah k populaci Tiliqua scincoides chimaerea z ostrova Tanimbar. Ostatni zkoumani jedinci
patfili do druhu Tiliqua gigas. Avsak i v rdmci jedincl patficich do druhu T. gigas jsme obijevili
distinktni phylogenetickou strukturu, ktera je v souladu s geografickym plivodem jedinca. V

populaci T. gigas jsme identifikovali dva klady, které podporuji rozdéleni populaci na severni
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a jizni, jez bylo popsdno i u jinych druh( obyvajici danou oblast (Donnellan a Aplin 1989;
Harvey et al. 2000; Rawlings a Donnellan 2003; Austin et al. 2010). Do jizniho kladu byli
rozdéleni jedinci z jizni Nové Guinee, Bird’s Head poloostrova a ostrova Halmahera. Jedinci

z Halmahery tvofili oddélenou vétev uvnitf tohoto kladu. V severnim kladu se nachazeli

jedinci ze severu Nové Guiney a prekvapivé také jedinci z ostrov(l Kai a Seram, které priléhaji

k jihu. Rozdéleni severniho kladu podporovalo dfive popsany vyskyt T. gigas keyensis
poddruhu na ostrovech Kai (Shea 2000; Hitz a Hauschild 2000). Pomoci kontrukce
haplotypové sité mitochondridlniho ND4 genu jsme zndzornili vyrazné odliseni jednotlivych

skupin populaci.
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Obr. 2: BA fylogeneticky strom kontruovany za pouziti kombinovaného alignmentu
ND4, 12S rRNA a cmos o celkové délce 1644 bp, jsou zobrazeny pouze posteriorni

pravdépodobnosti alespori 0.95 a vyssi (Frynta et al. 2021)
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Obr. 3: Haplotypova sit vypocitana z alignmentu ND4 o délce 825 bp pomoci Median-
Joining algoritmu. Sedd barva oznacuje vzorky s nejistou lokalitou ptivodu, odstiny éervené

jizni kldd, odstiny zelené severni klad.

Poznamka: Tato studie je nejdilezitéjsi praci moji dizertace — podilela jsem se na sbéru
genetického materidlu, veskerou experimentalni praci jsem navrhla a vypracovala zcela
samostatné, provadéla jsem vSechny vypocty a analyzy, podilelala jsem se vyznamnou
mérou na sepisovani odborného ¢lanku. Jsem uvedena jako korespondencni autor,

zajistovala jsem predloZeni ¢lanku a nezbytné revize.

5.2. Detekovani F1 hybrid( a uréeni haplotypové diverzity ex situ populace

Mauremys annamensis v Evropskych chovech.

Zelvi populace v Asii €eli v souc¢asné dobé vyhynuti v disledku ni¢enti jejich pFirozeného

prostiedi vyskytu a vysoké poptavky po Zelvim mase na ¢inském trhu (Van Dijk et al. 2000, Le
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et al. 2004, Cheung & Dudgeon 2006, Stanford et al. 2019). Populace druhu Mauremys
annamensis (Annam leaf turtle) z ¢eledi Geoemydidae byla pomérné dlouhou dobu
povazovana za vyhynulou v pfirodé, ale v tomto tisicileti bylo popsano nékolik
fragmentovanych populaci v pfirodé stfedniho Vietnamu (Le et al. 2004, Parham et al. 2006,
Fong et al. 2019). Dnes patfi M. annamensis mezi 25 nejohrozenéjsich druht Zelv (Fong et al.
2019, Standford et al. 2019), je vedena jako kriticky ohroZena dle IUCN (McCormack et al.
2020). Z toho ddvodu jsou jedinci chovani v zajeti nesmirné duleZiti. Ex situ populace jsou
chované v Evropskych zoologickych zahraddch, USA a Vietnamu. Tyto populace jsou
nesmirné dulezité pro reintrodukéni programy. Spravné vedeni chovu je tedy naprosto
nezbytné. Moznost odchovu v ex situ populacich byla zdokumentovana ptipady Uspésného

rozmnozeni tohoto druhu v lidské péci (Velensky 2006, Raffel & Meier 2013).

Vzhledem k tomu, Ze v ¢eledi Geoemydidae je pozorovana celkem béZzna hybridizace
a to i mezi vzdadlenymi druhy (Galgon & Fritz 2002, Fritz & Mendau 2002, Fritz et al. 2004,
Schilde et al. 2004, Spinks et al. 2004, Stuart & Parham 2004, Buskirk et al. 2005, Shi et al.
2008), muze to ohrozit spravné vedeni ex situ chovl. NejblizSim pfibuznym druhem je M.
mutica (Barth et al. 2004, Feldman & Parham 2004, Spinks et al. 2004), s kterou M.
annamensis béiné hybridizuje (Fong et al. 2007). Proto je nezbytné nutné pomoci
genetickych analyz jedince hybridniho plvodu v ex situ chovech odhalit a z dalSich chovd je

vyloucit.

Ve studii jsme zkoumali 39 jedincll M. annamensis a 4 jedince Mauremys mutica
z Evropskych zoologickych zahrad a dalSich Evropskych chov(. Jedince M. mutica jsme
priradili z ddvodu mozného srovnani s M. annamensis. U vSech jedincl jsme sekvenovali
mitochondridlni ND4 gen a jaderny R35 intron. Tyto markery byly pouzity k fylogenetickym
analyzam v jiz publikovanych pracich (Stuart & Parham 2004; Fujita et al. 2004, Fong et al.
2007). Pomoci analyzy jaderného markeru R35 bylo mozné jednoznacné odlisit M.
annamensis od M. mutica. Data ziskand analyzou mitochondridlniho markeru ND4 potvrdila
vyskyt dvou linii v rdmci druhu M. annamensis, které byly popsany v dfive publikovanych
pracich (Fong et al. 2007; Fong 2008). Analyzou obou marker( jsme potvrdili, Ze v rdmci nami
zkoumanych jedinct identifikovanych jako M. annamensis neni zadny hybridni jedinec prvni
filidlni generace. Pomoci pouzitych metod bylo nemozné vyloucit pfitomnost hybridnich

jedincl vyssich generaci, ale vzhledem ke generacéni dobé zkoumaného druhu, véku jedincl a
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jejich ptvodu, jsme dospéli k zavéru, zZe pfitomnost takovych hybrid( je znacné

nepravdépodobna.
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Obr. 4: BA fylogeneticky strom konstruovany z 817 bp dlouhého alignmentu ND4,
tuénym pismem jsou oznaceny vzorky sekvenovany v Somerova et a 2015. Pokud byla zndma
lokalita pGvodu, je napsana pfimo u oznaceni vétvi. (Mm = Mauremys mutica, Ma =

Mauremys annamensis)

Poznamka: Prace o M. annamensis je druha nejdalezitéjsi, k tématu jsem se

v teoretické rovinné dostala jiz v drivéjsim pribéhu studia. Podilela jsem se jak na odbéru

genetického materidlu, nadvrhu a provedeni laboratorni prace, vypocetnim vyhodnoceni
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vysledk, tak i na sepsani publikace. Tento ¢lanek jsem jako prvni autor predkladala

k posouzeni do oborného ¢asopisu a zajistila nezbytné opravy v priibéhu recenzniho fizeni.

5.3. Je ex situ populace Orlitia borneensis v Evropskych chovech geneticky

homogenni?

Orlitia borneensis (Malayan Giant Turtle) je malo prozkoumany druh Zelvy také z celedi
Geoemydidae Zijici na ostrovech Borneu, Sumatie a Malajském poloostrové (lverson 1992).
Velké Sundy a Malajsky poloostrov jsou od sebe oddéleny pouze mélkym morem. BEhem
glacidlnich maxim pfed 250, 150 a 17 tisici lety klesla hladina mofe natolik, Ze toto mélké
more ustoupilo a vytvofily se pevninské Selfy, které ostrovy a poloostrov spojily (Voris 2000).

Tyto Selfy umoznily migraci druhd mezi ostrovy a vzhledem k pfitomnosti fek na nich, mohla

i 0. borneensis vyuzit tuto prilezitost.

Obr. 5: Orlitia borneensis (foto Daniel Frynta)

Orlitia borneensis stejné jako vySe zminéna M. annamensis patfi k ohrozenym
druhGm diky Zelvi krizi v Asii (Cheung & Dudgeon 2006, Zhou & Jiang 2008, Chen et al. 2009).
Tato sladkovodni Zelva je také vedena jako kriticky ohrozeny druh, dle hodnoceni IUCN
udélaném v roce 2018 (Horne et al. 2020) — v dobé, kdy vznikala nase publikace, byl tento
druh vedeny jesté jako ohroZeny (Palupcikova et al. 2012). Export téchto Zelv je dnes
zakazany, ale i pfes to byla v roce 2002 v Hong Kongu zkonfiskovana zasilka obsahujici mimo
jiné i tato zvirata. Zvirata byla rozdélena do Evropskych a Americkych zoologickych zahrad. A

diky témto zvifatlm bylo mozné rozebéhnout projekty na planovani ex situ zachrannych
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chovl. Vzhledem k tomu, Ze jsou zakladatelé nejistého geografického plvodu a k ¢asté a
dokumentované hybridizaci v ¢eledi Geoemydidae (Parham et al. 2001, Stuart & Parham
2007, Fong & Chen 2010), byl geneticky a morfologicky prizkum vsech jedincl v zachrannych

chovech nezbytny.

Cilem nasi prace byl prvotni pohled na genetickou a fenotypovou variabilitu jedinct
O. borneensis chovanych v Evropskych chovech. U vsech 61 zkoumanych jedincl jsme
sekvenovali mitochondrialni cyt b a jaderny R35 gen. Analyzou sekvenci cyt b jsme
identifikovali 23 haplotyp(, v ramci téchto haplotypu byla divergence mensi nez 1.5 %,
fylogeneticka struktura téchto haplotypl byla malo podporena. Nizkou genetickou
divergenci podpofila i analyza jaderného R35 genu. Vzhledem k relativné nizké
mitochondridlni divergenci jsme doporucili zkoumanou populaci O. borneensis chovat jako

jednu konzervacni jednotku.

8a9C B5

Obr. 6: Hyplotypova sit konstruovanad z alignmentu cyt b o délce 1119 bp (¢iselné jsou

u vétvi znazornény pouze mutacni kroky vyssi nez 1) pomoci Median-Joining algoritmu.

Pozndmka: Tématu vyzkumu genetické variability O. borneensis jsem se vénovala jiz
v drivéjsi fazi studia. BEhem mého doktorského studia se ndm podafilo ziskat geneticky

material od vSech dostupnych jedincl v Evropskych chovech. Jako druhy autor jsem podilela
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na navrhu a provedeni laboratorni prace, vyslednych vypoctech a sepisovani samotného

¢lanku.

5.4. Je geneticka variabilita ex situ populace Chilabothrus angulifer v Evropskych

chovech dostatecna pro dlouhodobé preziti populace?

s

Chilabothrus angulifer je druh hroznysovce Zijici vylu¢né na ostrové Kuba a pfilehlych
ostrovech. Obecné je terestrickd fauna na Velkych Antilach charakteristicka vysokou
diverzitou a endemismem. To je zplsobeno biogeografickou historii Karibské oblasti (Hedges
et al. 2019). | pres trvalé oddéleni ostrovl od Amerického kontinentu Karibskym morem,
byly tyto ostrovy opakované osidlovany druhy z pevniny (Ali 2012). Kazdopadné osidlovani
pfes mofre probihalo pomoci ojedinélych udalosti které byly extrémné vzacné. Tim padem
dnesni druhova rozmanitost je vysledek nasledné speciace nékolika malo linii, kterym se na

Velké Antily podafilo dostat.

Obr. 7: Chilabothrus angulifer (foto Daniel Frynta)

Zatimco rozmanitost druhl savcid byla opakované ovlivnéna nedavnymi vymiranimi
v dlsledku lidské ¢innosti a zna¢né se zredukovala. Populace plazi z fadu Supinatych
(Squamata) byly ovlivnény v mnohem mensi mite a jsou tedy lepsim modelem pro
fylogenetické a populacni studie endemismu v Karibské oblasti. Studie endemickych vétvi

anolist (Anolis sensu lato, Losos 2009, Cadiz et al. 2018) a leguant z rodu Cyclura (Malone et
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al. 2000) jednoznacné ukazuji korelaci mezi geografickou izolaci a divergenci. Na Kubé je
velmi dobte zdokumentovany oblasati vyskytu jednotlivych druhd plazl (Glor et al. 2004,
Rodriguez Schettino et al. 2010, Rodriguez Schettino et al. 2013). Ostrov lze rozlisit na ¢tyfi
hlavni zoogeografické oblasti — zapad, stfed, Camagliey-Maniabodn a vychod (Estrada &
Ruibal 1999). Obzvlast vychodni a zapadni oblast ma velmi slozity pattern a dokonce i v rdmci

téchto endemickych oblastni byly identifikovany dalsi (Murray & Clother 2019).

Rod Angulifer patii mezi prvni kolonizujici druhy na Antilach, oblast osidlil z Jizni
Ameriky (Tolson 1987, Reynolds et al. 2014) a dnes je identifikovano 14 druhl v ramci
tohoto rodu (Pyrron et al. 2014, Reynolds & Henderson 2018, Landestoy et al. 2021).
Fylogenetické vztahy uvnitf rodu byly opakované studovany (Burbrink 2004, Reynolds et al.
2013, Reynolds et al. 2014), C. angulifer je sestersky druh ke vSem ostatnim druhdm uvnitf
rodu Angulifer. Odhad ¢asu oddéleni C. angulifer od vSech ostatnich druh(l z rodu
Chilabothrus je 21.7 (16.9 — 26.0) Mye (Reynolds et al. 2013), tedy se jednd o velmi

vzdalenou linii.

V této studii jsme zkoumali genetickou variabilitu populace kubanského hroznysovce
Chilabothrus angulifer v Evropskych chovech. Analyzovali jsme 96 jedinct C. angulifer a
jednoho jedince Chilabothrus inornatus. K analyze jsme pouzili sekvence mitochondridlnich
cyt b a ND4 gen(. V populaci C. angulifer jsme analyzou cyt b identifikovali 25 distinktnich
haplotypl s vyjimecnou diverzitou. V ramci druhu C. angulifer jsme objevili tfi vyrazné
vymezené haploskupiny. Diky zndmému ¢asovému odhadu oddéleni C. angulifer od vsech
ostatnich druhl z rodu Chilabothrus, jsme mohli spocitat i ¢as oddéleni téchto tfi
haploskupin. Nami odhadovany ¢as oddéleni byl 3.57 a 2.26 Mye, coz naznacuje, Ze mezi
jednim popsanym druhem C. angulifer jsou tfi evoluéni linie, jejichZ distance jsou vétsi nez u
nékterych jinych druhi v rodu Chilabothrus. Tento fakt naznacuje, Ze hroznysovec kubansky

by mohl predstavovat ve skutecnosti minimalné dva kryptické druhy nebo poddruhy.

Kazdopadné po zvazeni soucasného stavu ex situ chov(i, nami ziskanych
fylogeografickych Uudaju a velikosti lokality vyskytu jsme doporucili chovat celou ex situ

populaci C. angulifer jako jednu jednotku. V pfirodé
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Obr. 8: Hapotypova sit konstruovana z 1059 bp dlouhého cyt b alignmentu, ktery

obsahoval vsech 96 vzorka. K vypoctu byl pouzit algoritmus Median-joining.

Poznamka: K tomuto projektu jsem se dostala az ve findlni fazi, poté co byl
rozpracovany projekt dlouhodobé odloZzeny. Samotnd laboratorni prace se provadéla zhruba
pred dvaceti aZz deseti lety, byly udélany i pfedbézné analyzy, ale samotna publikace jiz
nebyla sepsana. Diky potfebé data co nejdfive publikovat, hrozilo, Ze toto téma bude
publikovat jiny tym a tak jsem byla k tomuto projektu pfizvdna. ProtozZe jsem se nepodilela
na sbéru materialu ani laboratorni praci, jsem opravnéné v poradi aZ tfetim z autor(l. Re-
analyzovala jsem dfive ziskana data a vyhodnotila vysledky (s vyjimkou ¢asové kalibrace),

také jsem se podilela na sepsani ¢asti textu, predevsim metodiky a vysledka.

5.5. Identifikace druh(, sekvenéni a haplotypové diverzity sympatrickych druht z

rodu Apodemus (Sylvaemus) v Arménii.

Mysice rodu Apodemus Kaup, 1929 patii k nejbéznéjsich hlodavclim v Eurasii (Musser
1996, Orlov et al. 1996), maji schopnosti obyvat Siroké spektrum habitat(l. V publikovanych
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Iy

studiich bylo popsano, ze druhy Apodemus Zijici v regionu Stfedniho vychodu jsou si
morfologicky velmi podobné (Musser 1996; Frynta et al. 2001; Macholan et al. 2001;
Michaux et al. 2002; Frynta et al. 2006), coz znemoznuje jejich spravné uréeni bez vyuziti
molekuldrnich dat. V nasi praci jsme zkoumali genetickou variabilitu populace mysic dvou
druhl — Apodemus uralensis a A. witherbyi Zijici na Gzemi Arménské republiky. Ackoliv je
toto Uzemi relativné malé rozlohy, mlzZeme zde najit rizné druhy habitatd — od aridnich
subtropickych polopousti po horské oblasti s nadmorskou vyskou vice jak 4000 m nebo
smiSené lesy. Oblast ma bohatou geologickou historii a biodiverzita je ovlivnéna mnoha
procesy véetné klimatickych zmén béhem dob ledovych (Hewitt 1999, Ort et al. 2002,
Seddon et al. 2002, Haynes et al. 2003).

Obr. 9: Apodemus witherbyi (foto Daniel Frynta)

Vzhledem k vysoké morfologické a ekologické podobnosti napfi¢ druhy rodu
Apodemus, je identifikovani druhl opravdu obtizné. V oblasti stfredniho vychodu je situace
jesté vice zkomplikovana diky chybéjicimu taxonomickému uréeni druh( z této oblasti.

V oblastech sousedicich s Armenii byl zaznamenan vyskyt péti druhl z rodu Apodemus

(Macholdn et al. 2001, Bellinvia 2004, Frynta et al. 2006, Suzuki et al. 2008) — A. uralensis
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(Pallas, 1811), A. witherbyi (Thomas, 1902), A. flavicolis (Michaux et al. 2004), A. hyrcanicus

(Vorontsov et al. 1992) and A. mystacinus (Michaux et al. 2005, Darvish et al. 2015).
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Obr. 10: Haplotypové sité konstruované metodou Median-joining z alignment( D-

Loop, vlevo je sit obsahujici vSechny vzorky A. uralensis, vpravo je Sit obsahujici vzorky A.

witherbyi. Lokality plvodu jsou oznacené barevné.

Abychom mohli uréit druhovou pftislusnost zkoumanych 58 jedincl patficich do druht

Apodemus uralensis a Apodemus witherbyi, sekvenovali jsme fragment mitochondrialni DNA

obsahujici kontrolni region ,,d-loop“ a ptilehlé tRNA geny. Zkoumani jedinci pochazeli ze Sesti

oblasti v Arménii. Pomoci fylogenetickych analyz jsme potvrdili pfitomnost dvou distinktnich

linii, které koresponduji s popsanymi druhy A. uralensis a A. witherbyi. Ve vétsiné

zkoumanych lokalit se vyskytovaly oba druhy, coz naznacuje jejich sympatricky vyskyt. Mezi

studovanymi jedinci jsme objevili velkou genetickou variabilitu. V rdémci populace 38 jedinc(

A. uralensis bylo identifikovano 32 haplotypl a nejvyssi p-distance 4.91 %. V rdmci populace

19 jedincl A. witherbyi bylo identifikovano unikatnich 14 haplotypl s nejvyssi p-distanci

2.37%.
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Obr. 11: Bayesiansky fylogeneticky strom kontruovany z alignmentu D-Loop, u vétvi

jsou doplnény posteriorni pravdépodobnosti z maximum parsimony stromu.

Pozndmka: Tato prace nebyla plvodné planovanou soucasti mého doktorského
studia. Ale diky pfilezitosti zahranic¢ni spoluprace s instituci v Arménii jsem byla povérena
vedenim laboratorni praxe Valentiny Balasanyan b&hem jejiho studijniho pobytu v Ceské

republice. V pribéhu jejiho vedeni jsme ziskaly dostatek laboratornich vysledkd, tato data

jsem zanalyzovala a poté jsem se podilela na sepsani publikace i na predkladani k posouzeni.
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Tato prace je zaloZend na péti studiich. V prvni praci z jsme pomoci kombinace
mitochondridlniho a jaderného znaku dokazali vymezit druhy, populace a jejich vzajemné
fylogenetické a populacnich vztahy mezi scinky z rodu Tiliqua Zijicimi na Molukdch, Nové
Guinei (Irian Jaya) a prilehlych ostrovech. Studie byla limitovana poctem jedincd, které jsme
ziskali pfimo z Moluckych ostrovi a Nove Guinei, resp. dostupnosti materialu. Vysledky
poukazuji na jasny vzor variability, i kdyz nékteré zvlastnosti nemaji zadnou paralelu u jinych
skupin. Zatimco rozdéleni severu a jihu Nové Guinee je zietelné a zcela v souladu
s fylogeografickou historii jinych taxonu. Tak afinita populaci ze Ceramu a souostrovi Key

k populacim na severu Nové Guinee neodpovida soucasné vzdjemné geografické poloze

téchto oblasti.

Ve druhé priloZzené praci jsme za poutziti kombinace mitochondialniho a jaderného
znaku detekovali F1 hybridy, urcili jsme haplotypovou diverzitu ex situ populace Mauremys
annamensis v Evropskych chovech. Kazdopadné pouziti pouze téchto dvou znakl nedokaze
zcela odhalit starsi ¢astecné introgrese v genomu studované populace, napriklad pfitomnost
starSich hybridnich udalosti. Navic jsme béhem analyzovani jaderného znaku zjistili moznou
heterozygotnost u R35 intronu M. annamensis. Abychom heterozygotnost potvrdili nebo
vyvratili, museli bychom poutZit klonovaci techniky. Potvrdili jsme vyskyt dvou vzdalenych

mitochondridlnich linii v ramci druhu M. annamensis. ProtoZe tento druh jiz v ptirodé

.....

Ve treti studii jsem zkoumali genetickou variabilitu populace Orlitia borneensis
chované v Evropskych chovech. PouZili jsme kombinaci mitochondrialniho a jaderného
znaku. V populaci jsme odhalili pomérné vysokou haplotypovou diverzitu a soucasné
relativné nizkou nukleotidovou diverzitu (méné nez 1.5 % u cytochromu b). Z ¢ehoz mizeme
soudit, Ze populace je dostatecné geneticky variabilni a dlouhodoby chov je u ni mozny.
Zaroven jsme doporucili chovat celou populaci jako jednu ochranaiskou jednotku, i kdyz
nemulzeme vzhledem k absenci plivodu studovanych jedincd vyloucit mozny geograficky vzor
této variability. Je potfeba ovsem mit na paméti, Ze generacéni doba u takto velkych Zelv je

velice dlouhd a pozorovana divergence muze byt starsi, nez by tomu bylo u jinych taxond.
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Ve Ctvrté praci jsme zkoumali genetickou variabilitu ex situ populace Chilabothrus
angulifer v Evropskych chovech, pouzili jsme mitochondrialni znaky cyt b a ND4. Podafilo se
nam zjistit, Ze geneticka variabilita je velmi vyrazna, dostatecna pro dlouhodobé udrzeni této
populace v lidské péci. Hlavnim problémem bylo, Ze uvnitf jediného ostrova se udrzely tfi
hluboce odélené linie. To naznacuje, Ze populace musely byt bud extrémné pocetné nebo
¢astecné izolované. Na zakladé pouZitych metod nejde zjistit, zda mame pred sebou druhy ve

stavu zrodu a nebo jediny druh s komplexni historii izolaci a introgresi.

V posledni paté studii jsme identifikovali druhy, sekvencni a haplotypovou diverzitu
sympatrickych druh( z rodu Apodemus (Sylvaemus) v Arménii. Ze ¢tyf podobnych druhi se
nam molekularné podafilo prokazat jenom dva — A. uralensis a A. wiitherbyi. Sekvencni i
haplotypova variabilita byla v rdémci obou druhl vysoka, coz je v souladu s komplexitou

prostredi a biogeografickym vyznamem Zakavkazského prostoru.
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Abstract

Populations of blue-tongue skinks inhabiting eastern Wallacea and New Guinea are traditionally assigned to either Tiliqua gigas,
which is endemic to this area, or to Tiliqua scincoides that extends its range from the Australian continent. Despite a wide
morphological variation among local populations, genetic data from non-Australian populations were almost absent. We exam-
ined 128 specimens and sequenced mitochondrial ND4, 12rRNA and nuclear cmos genes. A phylogenetic analysis revealed the
presence of two main clades corresponding to species Tiliqua scincoides and Tiliqua gigas. We provide the first report of Tiligua
scincoides from the Aru Island and confirm that it is genetically related to the Tanimbar populations reported as Tiligua
scincoides chimaerea. The other samples belonged to Tiliqua gigas, which also shows a distinct phylogenetic structure congruent
with the geographic origin of the samples. The main split conforms to the north-south pattern of genetic variation, which was also
reported in other animal species in New Guinea. (1) Samples from the northern coast of Irian Jaya, Seram, and Kai Islands belong
to a distinct clade, which further splits supporting the recognition of the Tiligua gigas keyensis subspecies. (2) Samples from the
Bird’s Head and southern coast of the Irian Jaya and Halmahera Island form the other clade within Tiligua gigas, in which the
Halmahera samples formed a shallow, but clearly distinct branch. The haplotype network analysis of mitochondrial ND4 gene in
Tiliqua gigas samples suggests a strong differentiation among major population groups.

Keywords Wallacea - New Guinea - Australia - Scincidae - mtDNA - Cmos

Introduction

The fauna inhabiting New Guinea and adjacent islands of the
Sahul shelf and eastern Wallacea has been extensively studied
since pioneering studies of Wallace (1869). In recent years,
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our understanding of biogeography and history of animal pop-
ulations in this area has been considerably improved by mo-
lecular phylogenetics (Rawlings et al. 2004). In this paper, we
focus on blue-tongue skinks of the genus 7iliqgua Gray, 1825.

Geological history and formation of the second largest is-
land in the world, New Guinea, is surprisingly complex. New
Guinea is situated at the boundary of the Pacific and
Australian plates, its present shape is relatively young and
contains a landmass of heterogeneous origin. Considerable
sea transgressions and regressions were associated with rapid
tectonic processes in this area during the past 30 Ma (Hall and
Holloway 1998). Prior to the late Miocene, New Guinea was
divided into several solitary islands. Formation of the New
Guinea Highlands was dated to about five million years before
present (Toussaint et al. 2014). On New Guinea, we can find
both lowlands and a 1300 km long and up to 150 km wide
central highland chain with peaks as high as 4700 m above the
sea level. This chain caused an isolation of southern and north-
ern populations of lowland vertebrate taxa (Pigram and
Davies 1987; Dumbacher and Fleischer 2001; Rawlings and
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Donnellan 2003) and stopped the genetic drift between them
(Hall 2002).

During the late Pleistocene glaciations and deglaciations
resulted in the rise and drop of the sea level. These processes
have considerably affected the landmass configuration.
During glacial maxims, particularly the periods of 17,000,
150,000, and 250,000 years before present, the sea level was
lower than nowadays and large areas of exposed land were
created (Voris 2000). The areas temporarily connected with
the Asian and Australian continent by land bridges during the
glacial maxims are further referred to as the Sunda and Sahul
shelfs, respectively.

In contrast to the islands on the Sahul shelf (including New
Guinea), where immigration of animal species from Australia
was enabled thanks to the land bridges, the islands of
Wallacea were not connected to the Sahul nor Sunda shelf
and their highly endemic fauna relies almost exclusively on
overseas migration. Wallacea is delimited from the Oriental
zoogeographic region by the Wallace’s Line and from the
Australian zoogeographic region by the Lydekker’s Line
which corresponds to the margins of the Sahul shelf
(Whitten et al. 1987). The third biogeographic line, the
Weber’s Line, delimits the eastern part of Wallacea consisting
namely of Morotai, Halmahera, Ternate, Buru, Seram,
Ambon, Kai, Tanimbar and Babar islands (Fig. 1). These lines

Fig. 1 Map of Sunda and Sahul 1 y
containing the locality of

T. scincoides and T. gigas
subspecies as described in Shea '
(1992, 2000), Hitz and Hauschild

delineate the limited options of species migration from
Australia to New Guinea and adjacent islands of eastern
Wallacea (Wilson and Heinsohn 2007).

Despite the marine barrier some reptile species managed to
cross this area and migrated in both directions, from the Oriental
to Australian region and vice versa (Koch 2012). Migrations
from the Asian region are very well documented — agamas of
the genus Physignathus (Hugall et al. 2008), species of the
genus Varanus (Ziegler et al. 2007), pythons (Rawlings and
Donnellan 2003), or even some skinks (Reeder 2003, Skinner
2007; Honda et al. 2000). Herpetofauna at the eastern side of the
Weber’s Line includes mainly species from New Guinea, which
succeeded to cross the Lydekker’s Line (De Lang 2011). But
generally, animals have crossed these lines only exceptionally,
which leads to extreme endemism in this area.

In this study, we focused on genetic variation of selected
blue-tongue skinks of the genus 7Tiligua (Scincomorpha:
Lygosomoidea Mittleman, 1952) inhabiting Irian Jaya and
adjacent islands of the eastern Wallacea and Sahul shelf.
The genus belongs to the subfamily Egerniinae of the
Scincidae family sensu lato (Uetz et al. 2019). The subfamily
contains nine extant genera and 62 species (Uetz et al. 2019).
Egerniinae are endemics of the Australian zoogeographic
province. The genus Tiligua has radiated in Australia and five
of seven currently recognized Tiliqua species are still confined

Tg.gigas

(2000) and Noel (2014)

T.g.keyensis —» ¢/ "

- A
&

T.s.chimaerea
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to this continent. Only 7. gigas (Schneider, 1801) is distribut-
ed exclusively in the areas north of the Torres Strait, but
T. scincoides (White, 1790) also extends its range from con-
tinental Australia northwards (Fig. 1). According to available
molecular phylogeny, these two are sister species (Pyron et al.
2013). No molecular data, except the barcode (Chambers
et al. 2016), are available for Tiliqua multifasciata
(Sternfeld, 1919) distributed in the northern, north-western,
and central parts of Australia (Cogger 2000). Previous phylo-
geographic studies include 7. nigrolutea (Quoy and Gaimard,
1824), T. occipitalis (Peters, 1863), and T. adelaidensis
(Peters, 1863) inhabiting the southern parts of Australia and
T. rugosa (Gray, 1825) with a wider distribution range than
T. adelaidensis, but without any habitat in the extreme north
of Australia close to New Guinea (Cogger 2000). 7. gigas -
T. scincoides clade is more related to 7. nigrolutea and
T. occipitalis than to T. rugosa and T. adelaidensis (Gardner
et al. 2008a, b; Pyron et al. 2013).

Systematics of Tiliqua populations in New Guinea and
adjacent islands was thoroughly elaborated based on morpho-
logical characters (Shea 1992, 2000; Hitz and Hauschild
2000; Noel 2014) (see Fig. 1). Populations inhabiting the
northern and central parts of Maluku Islands (i.e., Morotai,
Ternate, Halmahera, Ambon and Seram), Irian Jaya (includ-
ing Biak, Japen, Doom islands) were assigned to 7. g. gigas
(Schneider, 1801). Shea (2000) described a subspecies 7. g.
evanescens from the south-western part of Papua New Guinea
(terra typica: lowlands and adjacent foothills of eastern and
southern New Guinea). According to Hitz and Hauschild
(2000), specimens fitting this subspecies are also known from
the vicinity of Merauke town and islands on the eastern and
north-eastern coast of New Guinea, while the populations
from the north coast of Papua New Guinea have been assigned
to 7. g. gigas. Populations from Kai Islands and Aru Islands in
the eastern margin of the Maluku archipelago are reported as a
distinct subspecies 7. g. keyensis Oudemans, 1894 (Shea
2000; Hitz and Hauschild 2000). The Tanimbar and Babar
Islands on the southern margin of the Maluku archipelago
are inhabited by T. scincoides. Shea (2000) described this
form as T s. chimaerea Shea, 2000. The remaining subspecies
T. s. scincoides (White, 1790) and T. s. intermedia Mitchell,
1955 are distributed in southeastern/eastern and northern
Australia, respectively (Unverzagt 2004; Cogger 2000).

In this paper, we examined genetic relationships among
blue-tongue skinks of the genus Tiligua from the Maluku
Islands, Biak Island, and Irian Jaya “mainland”. To date, mo-
lecular markers have in these populations have been unex-
plored, although they may improve our understanding of the
systematics and population history. Thus, we sequenced two
mitochondrial and one nuclear gene to (1) explore phyloge-
netic relationships among examined populations, (2) calculate
and draw haplotype networks, and (3) discuss colonization
scenarios.

Material and methods
Species selection and specimens used

We examined DNA samples from 128 individuals belonging
to the Tiliqua scinciodes-gigas complex from this project (29
individuals), European zoos, and private collections. All these
individuals or their maternal ancestors had been legally
imported from Indonesia and with recorded geographic origin
as the Indonesian co-author (DG) has personally verified all
the available locality information in the most cases. The spec-
imens came from the following regions: Aru, Biak,
Halmahera, Kai Islands, Seram, Tanimbar Islands, and three
regions of Irian Jaya “mainland”: Manokwari, Jayapura, and
Merauke (Fig. 2). We sequenced their mitochondrial ND4,
12rRNA, and nuclear cmos genes. In addition, two captive
specimens of 7. scincoides intermedia with presumably
Australian ancestors as well as two skinks of Egernia group
- Cyclodomorphus gerrardii (Gray, 1845) and Bellatorias
frerei (Glinther, 1897) were sequenced as well. These species,
together with Corucia zebrata Gray, 1855 and Egernia whitii
(Lacépéde, 1804) (sequences from GenBank: C. zebrata —
JQ898450, AB028793, HQ655201; E. whitii — AY 169640,
AF280119, AY818774) were included as outgroups in the
phylogenetic analyses.

DNA extraction, PCR amplification, and nucleotide
sequencing

The buccal swabs were taken from each sampled live animal,
the fingertips were taken from the dead ones and both stored
prior to DNA extraction in Eppendorf tubes with 96% ethanol.
Total genomic DNA was isolated with DNAeasy Tissue Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
guidelines.

Using standard conditions and primers (see Online resource
1), we amplified the mitochondrial protein-encoding ND4 gene
and parts of tRNAMS, tRNAS for all 128 sampled individuals.
In each ND4 haplotype, we sequenced ribosomal gene 12S
rRNA and nuclear protein-encoding gene cmos for one
individual (see Table 1 for details).

Sequence alignment and phylogenetic analyses

Sequences of ND4, 12S rRNA, and c-mos were initially
aligned with ClustalX (Thompson et al. 1997) and adjusted
manually where necessary using Chromas Lite 2.01
(Technelysium Pty Ltd), BioEdit (Hall 1999) and Clustal X
1.81 (Thompson et al. 1997). Additional steps of alignments’
preparation were done using the online fasta sequence toolbox
FaBox 1.41 (Villesen 2007). Three alignments were analysed
in this study. The first alignment containing all sampled indi-
viduals was prepared using the mitochondrial ND4 gene only.
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Fig. 2 Map of Sunda and Sahul,
containing the present-day main-
land and mainland extensions by
the lower sea levels during glacial
maxima. All sampled localities
are highlighted 1: Aru, 2: Biak, 3:
Halmahera, 4: Jayapura, 5: Kai
Islands, 6: Manokwari, 7:
Merauke, 8: Seram, 9: Tanimbar

This alignment performed by FaBox 1.41 was used for hap-
lotype analyses. The second and third alignments containing
one individual from each haplotype were prepared using a
combination of the following genes: mitochondrial ND4 +
12S rRNA and all genes ND4 + 12S rRNA + c-mos. We used
one individual of E. whitii and C. zebrata as outgroups, se-
quences were downloaded from GenBank (E. whitii:
AY169640, AY649109, AY818774; C. zebrata: JQ898412,
AY308334, HQ655201). We also sequenced C. gerrardii and
E. frerei as a part of this study.

Alignment data were reviewed in MEGAG6 (Tamura et al.
2013) and PAUP* version 4.0b10 (Swoford 2002). The
pairwise distances were calculated and the information about
aligned length, included sites, Pi sites, and variable sites of all
alignments was obtained.

Bayesian trees (BA) were calculated using MrBayes 3.2.4
(Huelsenbeck et al. 2001; Ronquist 2003) by two independent
runs with a random starting tree for 10 x 10° generations, with
trees sampled every 100 generations. The burn-in command
was used to discard the first 25% of trees (2,500,000 genera-
tions), which was generated before the chain reached equilib-
rium in the trees’ distribution.

A haplotype network was calculated from ND4 sequences
of T. gigas samples. For this purpose, we adopted Median-
Joining (MJ) algorithm (Bandelt et al. 1999) as implemented
in Network 4.6.1.4 (http://www.fluxus-engineering.com/). MJ
algorithm identifies groups of closely related types and
introduces hypothesised ancestral types in order to unite the
types into a parsimonious network.

@ Springer
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Polymorphisms within each sampled population were
worked out by the statistic software DnaSP v5 5.10.01
(Librado and Rozas 2009) which estimated the following:
haplotype diversity (%), segregating sites (S), nucleotide diver-
sity (71), and Tajima’s D, Fu & Li’s F*, Fu & Li’s D*, and Fu’s
FS tests. According to Russell et al. (2005), high values of &
and 7t indicate a constant large population size. However, a
low value of 7t and high value of /4 signifies a recent
expansion.

Results

We detected 54 haplotypes of the mitochondrial ND4 gene in
128 sampled individuals belonging to the genus Tiligua (for
haplotypes, localities, and further details see Table 1).
Representatives of each haplotype were included in further
phylogenetic analyses.

We calculated BA trees for each of the following three
alignments: ND4; ND4 + 12S rRNA and ND4 + 12S rRNA
+ c-mos sequences. Each of these alignments contained 58
sequences, i.e. 54 corresponding to haplotypes and four
representing the outgroups (Table 2).

The topologies of all three resulting trees were al-
most identical. Slight differences not concerning major
branches are visible just in the tree resulting from the
shortest alignment (ND4, see Online resource 2). Thus,
below we focus on the topology of the BA tree based
on all three sequenced genes (Fig. 3). The examined


http://www.fluxusngineering.com/

Biologia

Table1 Information about haplotypes contribution, localities of examined speciemens and GenBank numbers of sequenced DNA fragments. Samples
from Irian Jaya don’t have known more specific locality of origin

Sequences belonging to the haplotype GenBank numbers (ND4, cmos, 12S rRNA) Locality
101, 105, 107, 127, 137, 138 MK462034, MK461980, MK448013 Irian Jaya
102, 114, 136, 230, 233, 427 MK462035, MK461981, MK448014 Merauke
103 MK462036, MK461982, MK448015 Irian Jaya
104, 429 MK462037, MK461983, MK448016 Merauke
106, 111, 113, 116, 120, 124, 125, 126, 129, 131, 132, MK462038, MK461984, MK448017 Merauke
133, 134, 139, 142, 144, 145, 146, 148, 150, 224, 226
108, 135, 140 MK462039, MK461985, MK448018 Irian Jaya
109, 110, 112, 115, 117, 123, 141, 149, 227 MK462040, MK461986, MK448019 Merauke
118, 143 MK462041, MK461987, MK448020 Irian Jaya
119 MK462042, MK461988, MK448021 Irian Jaya
122, 210, 225, 430 MK462043, MK461989, MK448022 Merauke
128 MK462044, MK461990, MK448023 Irian Jaya
147 MK462045, MK461991, MK448024 Irian Jaya
201, 205 MK462046, MK461992, MK448025 Kai Island
202, 204, 207, 208, 219, 220 MK462047, MK461993, MK448027 Kai Island
203,213,215 MK462048, MK461994, MK448026 Seram
206, 418 MK462049, MK461995, MK448028 Halmahera
209, 216,237, 412 MK462050, MK461996, MK448029 Halmahera
211 MK462051, MK461997, MK448030 Irian Jaya
212 MK462052, MK461998, MK44803 1 Seram
214,221,416 MK462053, MK461999, MK448032 Halmahera
217, 407 MK462054, MK462000, MK448033 Jayapura
218 MK462055, MK462001, MK448034 Tanimbar
222,223, 229,232 MK462056, MK462002, MK448035 Merauke
228 MK462057, MK462003, MK448036 Irian Jaya
231 MK462058, MK462004, MK448037 Irian Jaya
234 MK462059, MK462005, MK448038 Irian Jaya
235 MK462060, MK462006, MK448039 Irian Jaya
236 MK462061, MK462007, MK448040 Irian Jaya
401 MK462062, MK462008, MK44804 1 Aru Island
402 MK462063, MK462009, MK448042 Tanimbar
403 MK462064, MK462010, MK448043 Jayapura
404, 406 MK462065, MK462011, MK448044 Jayapura
405 MK462066, MK462012, MK448045 Jayapura
408 MK462067, MK462013, MK448046 Jayapura
409, 411 MK462068, MK462014, MK448047 Biak Island
410 MK462069, MK462015, MK448048 Biak Island
413,414 MK462070, MK462016, MK448049 Halmahera
415 MK462071, MK462017, MK448050 Halmahera
417 MK462072, MK462018, MK448051 Halmahera
419 MK462073, MK462019, MK448052 Halmahera
420 MK462074, MK462020, MK448053 Halmahera
421, 422,423,424 MK462075, MK462021, MK448054 Manokwari
425 MK462076, MK462022, MK448055 Merauke
426, 428 MK462077, MK462023, MK448056 Merauke
501, 502 MK462078, MK462024, MK448057 T. s. chimereae
503 MK462079, MK462025, MK448058 T. s. intermedia
504 MK462080, MK462026, MK448059 unknown
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Table 1 (continued)

Sequences belonging to the haplotype GenBank numbers (ND4, cmos, 12S rRNA) Locality

507 MK462081, MK462027, MK448060 Seram

508 MK462082, MK462028, MK448061 Seram

510 MK462083, MK462029, MK448062 unknown

511 MK462084, MK462030, MK448063 unknown

512 MK462085, MK462031, MK448064 unknown

516 MK462086, MK462032, MK448065 T. s. intermedia
517,518,519 MK462087, MK462033, MK448066 T. g. evanescens

sequences of the genus Tiliqua formed a monophyletic
group (posterior probability = 1.00) which split into ma-
jor clades corresponding to 7. scincoides (1.00) and
T. gigas (1.00).

Within the 7. scincoides clade, T. s. chimaerea from
Tanimbar Islands (0.98) formed a sister branch to the Aru
sample, while two T. s. intermedia samples represented basal
offshoots.

Within the 7. gigas clade, there was a well-supported
clade (1.00) including T. g. keyensis as well as samples
from the Seram Island, Biak Island and Jayapura. We
further refer to this as the “northern” clade. The latter
two localities formed exclusive (1.00 and 1.00, respec-
tively) but closely related branches (1.00 for Biak-
Jayapura clade). 7. g. keyensis samples also appeared
clearly distinct (1.00).

The remaining 7. gigas samples from Merauke,
Manokwari and the Halmahera Island (including sam-
ples of uncertain origin, presumably from S and W
parts of Irian Jaya) formed another branch which also
received a statistical support (1.00). We further refer to
this as the “southern” clade. Samples from the
Halmahera Island represented a strongly supported clade
(1.00) within this group. This Halmahera clade was
placed close to Manokwari, the locality on the Irian
Jaya mainland which is geographically close to the
Halmahera Islands.

Uncorrected p-distances in ND4 gene between T. s.
intermedia of a presumably Australian origin and

Table 2

T. scincoides samples coming from Indonesia were
small: the mean for the Tanimbar Islands (7. s.
chimaerea) was 1.97% (range: 1.72-2.24%) and 1.52—
1.93% for the Aru Island. The distances between the
Aru sample and those of T. s. chimaerea ranged from
0.60 to 0.90%. In contrast, the distances between non-
Australian T. scincoides and T. gigas ranged from 6.99
to 9.20% (mean=8.03%). The divergences among
T. gigas belonging to different populations ranged from
0.25 to 6.51%; especially T. gigas keyensis is well dif-
ferentiated from the others (see Table 3 for details).

We computed a haplotype network of the mitochondrial
ND4 gene for all 122 T. gigas samples (Fig. 4). The network
pattern was clear with distinct clusters. The haplotypes com-
ing from the same geographic region tended to cluster
together.

The neutrality tests of the ,,northern” population and all
samples population resulted in positive values. The neutrality
tests resulted in negative, but non-significant values of the
,southern® population only. Also, the ,,southern” population
shows a low value of 7t and high value of / (see Table 4).

Discussion

The phylogenetic trees estimated from our sequence data re-
veal a clear branching pattern (see Results). The deepest node
of our trees corresponds to the split of 7. gigas and
T. scincoides. As the samples coming from the same island

Information about alignments used in this study for calculating the phylogenetic analyses

Gene region Aligned length Included sites Pi sites Variable sites
ND4 824 818 212 330

12S rRNA 423 423 107 139

c-mos 397 393 5 22

Total 1644 1634 324 491
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Substitution per site
Fig. 3 BA tree constructed using a combined alignment of all three

sequenced genes - ND4, 12S rRNA, cmos, total length - 1644 bp, popu-
lations generated - 10,000,000. Posterior probability values 0.95 and

and/or region tend to form monophyletic (e.g., the Halmahera
Island, Kai Islands, Biak Island, and Jayapura) or paraphyletic
groups (e.g., “Merauke” group with respect to the Halmahera
Island and Manokwari on the Bird’s Head), these trees are
highly congruent with the geographic origin of the sampled
individuals. This also provides indirect verification for proper
localization of the sampled animals (Table 1).

Tiliqua scincoides The sampled specimens from the Tanimbar
Islands, assigned to 7. s. chimaerea, are closely related to a
specimen from the Aru Island and two captive individuals,

209.216.237.412

214.221.416
421.422.423.424
211 uncertain origin from Irian Jaya

122.210.225.430
109.110.112.115.117.123.141.149.227

102.114.136.230.233.427
222.223.229.232
101.105.107.127.137.138

224.226 and 21 samples
217.407

404.406

203.213.215

202.204.207.208.219.220 I

3: Halmahera

6: Manokwari

D —————

»Southern“
clade

7: Merauke and
samples of uncertain
origin from Irian Jaya

4: Jayapura

»Northern

| 2:Biak
“ clade

8: Seram

5: Kai Island

1: Aru, 9:Tanimbar Islands,
T.s. intermedia

Cyclodomorphus gerrardii

higher are displayed only. The tree contains labels of locality, numeric
code of locality and split to the “northern” and “southern” clades

assigned to 7. s. intermedia, which presumably have ancestors
from continental Australia. Thus, the examined specimen
from Aru unequivocally belongs to 7. scincoides and repre-
sents the first record of this species on the Aru Island.
Placement of the Aru Island on the Sahul shelf makes likely
a scenario suggesting colonization of this island from the
Australian continent during the periods of glacial transgres-
sion. Previous authors (Shea 1992, 2000) assigned all blue-
tongues from this island to 7. gigas, specifically to 7. g.
keyensis. Thus, the populations of bluetongues inhabiting the
Aru Island require further verification.
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Table 3  Estimates of evolutionary divergence over sequence pairs between haplotypes of 7. gigas population

Halmahera Manokwari Merauke Jayapura Biak Seram Kai
Islands
Halmahera 0.13-0.50%
(0.24%)
Manokwari 1.01-1.27% -
(1.16%)
Merauke  0.63-2.18% 0.89-1.66% 0.13-1.27%
(1.61%) (1.25%) (0.47%)
Jayapura  5.68-6.23% 4.98-5.11% 4.70-5.81% 0.13-0.38%
(5.96%) (5.03%) (5.15%) (0.22%)
Biak 5.40-6.10% 4.70-4.98% 4.70-5.68% 0.25-0.76% 0.25%
(5.76%) (4.84%) (5.17%) (0.48%)
Seram 4.16-6.10% 3.48-4.98% 3.22-5.40% 0.88-2.82% 0.63-2.56% 0.13-2.17% (0.89%)
(5.53%) (4.61%) (4.63%) (1.37%) (1.14%)
Kai Islands  6.09-6.51% 5.66% 5.38-6.08% 4.29-4.56% 4.02-4.29% 2.04-3.89% (3.42%) —
(6.31%) (5.58%) (4.40%) (4.16%)

The mean number, minimum, and maximum of base substitutions per site overall sequence pairs within each group is shown. Analyses were conducted
using the maximum composite likelihood model implemented in MEGAG6 (Tamura et al. 2013)

Tiliqua gigas splits into two well-differentiated clades. The
,,horthern” clade come from areas of the Kai Islands and
Seram, as well as localities along the northern coast of Irian

7: Merauke

Fig. 4 Haplotype network calculated from 825-bp ND4 gene sequences
of T. gigas samples. Median Joining algorithm was used for calculation
(samples from each locality are marked with different colour, grey colour

@ Springer

3: Halmahera

6: Manokwari

Jaya (Jayapura, Biak Island). Shea (2000) designated the spec-
imen collected on Ambon as a neotype of 7. gigas. Thus, the
“northern” clade involves a nominotypic subspecies 7. g.

14

5: Kai Islands

13

8: Seram

4: Jayapura

marks samples with the unknown locality of origin). “northern” clade is
highlighted in green, “southern” clade in red
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Table 4 Demographic characteristics for the 7. gigas based on the 825-bp mitochondrial ND4 gene alignment

Clades Ns S H h U Fu & Li's F* Fu & Li's D* Fu’s Fs Tajima’s D Exp
All samples 120 82 32 0.92 0.022 4 0.730 46 0.781 5 2.075 0.380 75 4.57
,»horthern” 26 46 2 0.88 0.021 56 1.022 65 0.529 1 3.847 1.599 57 2.630 6
,.southern 94 34 23 0.88 0.007 5 -1.013 14 —-1.103 55 —2.617 —0.447 47 5.640 3

Sequences: number of individuals sequenced (Ns), number of segregating sites (S), number of haplotypes (H), haplotype diversity (h), nucleotide
diversity (1), Fu & Li’s F*, Fu & Li’s D*, Fu’s FS, Tajima’s D and expansion coefficient (exp)

gigas. Ambon is an island close to Seram, thus we can rea-
sonably expect that the Seram samples we examined represent
T. g. gigas. Nevertheless, we detected two distinct branches
within the “northern” clade, (1) a cluster of haplotypes from
the northern part of Irian Jaya (Jayapura) and the Biak Island
and (2) a deeply divergent one from the Kai Islands (cf. Shea
2000; Hitz and Hauschild 2000), which have never been con-
nected to Sahul by a land bridge (Voris 2000). The latter
cluster corresponds to the 7. g. keyensis subspecies.

The other main clade within 7. gigas is the “southern” one,
which inhabits S and extreme NW of Irian Jaya as well as the
Halmahera Islands. A distinct cluster of mutually related hap-
lotypes from the Halmahera Islands may be explained by a
recent colonization event and/or subsequent lineage sorting.
According to our phylogenetic trees, the likely source of this
Halmahera colonization is the Bird’s Head region of Irian
Jaya. The sequence divergence between the “northern” and”
southern” clades was surprisingly large, which might signify
that these clades represent distinct species. However, with no
samples from the southwestern part of Papua New Guinea, a
possible relationship of the latter clade to 7. g. evanescens,
described by Shea (2000) from that area, remains uncertain.

The studied area is full of natural barriers (sea, moun-
tains) preventing the gene flow between the populations.
This explains the emergence of clear distinctness of re-
gional reptile populations. As a result, multiple species
and/or subspecies of varanids (Koch et al. 2009; Ziegler
et al. 1999, 2007) and pythons (Harvey et al. 2000;
Natusch et al. 2020) were described from this relatively
small area. In these groups, as well as in the case of blue-
tongues, such taxonomic decisions based initially on mor-
phological characters have received an increasing support
by molecular data. Nevertheless, a surprising ability of
highly divergent reptilian lineages to hybridize once the
barriers disappear (for a review see Janctuchova-Laskova
et al. 2015a, b) should also be considered.

Genetic differentiation among populations inhabiting
various parts of New Guinea and adjacent islands have
been studied in multiple taxa of animals. These studies
typically reported a sharp contrast between the north
and south of the island (Donellan and Aplin 1989;
Harvey et al. 2000; Rawlings and Donnellan 2003;

Austin et al. 2010). We also found a strong genetic
difference between T. gigas populations inhabiting the
northern coast and those from the Bird’s Head and the
southern coast of Irian Jaya. Nevertheless, the pattern of
affinities of Irian Jaya populations to those inhabiting
the islands of Wallacea is less intuitive. Specifically,
populations of 7. gigas from the Kai and Seram Island
(situated in the south and east of Irian Jaya) clustered
unequivocally with those from the northern part of the
Irian Jaya “mainland” (Jayapura and Biak populations).
As these islands remained separated from the Sahul
mainland even during glacial maxims, this unexpected
pattern can be explained by stochasticity of colonization
events. Passing through the sea barrier may depend not
only on the geographic proximity, but also on the di-
rection of winds and sea currents. Nevertheless, to re-
solve phylogeographic scenarios, additional information
is still needed, especially precise and congruent timing
of both phylogenetic and geological events.
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Abstract. The critically endangered Annam leaf turtle Mauremys annamensis faces extinction in nature. Because of that,
the conservation value of the population kept in European zoos becomes substantial for reintroduction programmes.
We sampled 39 specimens of M. annamensis from European zoos and other collections (mainly founders, imports and
putatively unrelated individuals), and also four specimens of Mauremys mutica for comparison. In each animal, we
sequenced 817 bp of the mitochondrial ND4 gene and 940 bp of the nuclear R35 intron that were used as phylogenetic
markers for Mauremys mutica-annamensis group by previous authors. The sequences of the R35 intron, which are char-
acteristic for M. annamensis and which clearly differ from those characteristic for M. mutica and/or other Mauremys
species, were mutually shared by all of the examined M. annamensis. They also possessed mitochondrial haplotypes
belonging to the annamensis subclades I and II, distinctness of which was clearly confirmed by phylogenetic analyses.
Thus, both nuclear and mitochondrial markers agreed in the unequivocal assignment of the examined individuals to M.
annamensis. Although no obvious hybrids were detected within the founders of the captive population, further careful

genetic evaluation using genom-wide markers is required to unequivocally confirm this result.

Keywords. Mauremys, Geoemydidae, conservation, mt gene ND4, nuclear intron R35, Vietnam, hybridization.

INTRODUCTION

Asian turtles face an extinction crisis due to habitat
destruction and high demands from the Chinese markets
(van Dijk et al.,, 2000; Le et al., 2004; Cheung and Dudg-
eon, 2006; Turtle Conservation Coalition, 2011). One of
the heavily exploited species is Mauremys annamensis,
the Annam leaf turtle. (Siebenrock, 1903). This species of
the family Geoemydidae has a very limited and fragment-
ed distribution and is restricted only to central Vietnam
(Le et al., 2004; Parham et al. 2006). Mauremys annamen-
sis is almost extinct in the wild, with limited numbers in
ex-situ populations in Vietnam, Europe and the USA. It
is listed in the Appendix IT of CITES and is globally red-
listed as critically endangered by the IUCN (2013). Cap-
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tive breeding seems to be one of the long-term solutions
for the survival of Asian turtles (Hudson and Buhlmann,
2002; Turtle Conservation Coalition, 2011). Mauremys
annamensis has been repeatedly bred in some European
z00s, including Prague Zoo (Velensky, 2006; Raffel and
Meier, 2013). Currently, these zoos have started co-ordi-
nated ex situ conservation breeding of the species associ-
ated with a repatriation project. Among the programmes’
top priorities at present is the repatriation of the best cap-
tive-bred specimens.

The situation of conservation breeding is compli-
cated by hybridization among distinct species and even
genera of the geoemydids (Galgon and Fritz, 2002; Fritz
and Mendau, 2002; Fritz et al., 2004; Schilde et al., 2004;
Spinks et al., 2004; Buskirk et al., 2005; Stuart and Par-
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ham, 2006; Shi et al., 2008). Hybridization among Mau-
remys annamensis, M. mutica, M. sinensis, M. nigricans,
Cuora amboinensis and C. trifasciata was reported both
in captivity and in the wild (Parham et al., 2001; Shi and
Parham, 2001; Fong and Chen, 2010). The current events
of natural hybridization between M. mutica and M. sinen-
sis on Taiwan Island (Fong and Chen, 2010) represent an
especially interesting case.

The phylogenetically closest species of M. annamen-
sis is M. mutica (Barth et al., 2004; Feldman and Parham,
2004; Spinks et al., 2004) and these species may inter-
breed (Fong et al., 2007). This represents a serious prob-
lem for the efforts to build sustainable ex-situ breeding
programs enabling the reintroduction and establishment
of sustainable populations of M. annamensis in the wild.
Hybridization events in the annamensis-mutica complex
were demonstrated by striking incongruence among phy-
logenies of the individual genes, i.e., the mitochondrial
and nuclear markers. Some of these incongruences may
result from recent translocation and consequent hybridi-
zation; however, hybridization events that took place in
the past are even more likely. Fong et al. (2007) clearly
demonstrated such incongruence in the Hainan popula-
tion of M. mutica, which differs from the “true mutica”
of the Eastern continental China by the presence of mito-
chondrial haplotypes forming a clade branching with-
in those belonging to the M. annamensis. In contrast,
sequences of R35 intron of Hainan M. mutica are even
less related to the corresponding sequences of the M.
annamensis than those of the “true mutica”. Moreover, it
was clearly demonstrated that mitochondrial haplotypes
of the M. annamensis was split into two deeply diver-
gent haplogroups, which are referred to as the annamen-
sis subclade I and II (Fong et al., 2007; Fong, 2008). The
phylogeographic pattern of these subclades is, however,
unclear due to the extinction of most of the original pop-
ulations in the nature.

To organize proper ex-situ captive breeding and to
remove potential hybrids from the rescue population, it is
necessary to examine the genetic variation of the found-
ers of the M. annamensis population. In this study, we
focused on the founders, imported and putatively unre-
lated individuals of the M. annamensis kept in European
zoos and other collections. We sequenced mitochondrial
(ND4 gene) and nuclear (R35 intron) parts of DNA to
(1) verity the species determination of the founders, (2)
assess sequence variation of the captive population, (3)
assign captive specimens into the main haplogroups (sub-
clades I and II) and to (4) exclude the discovered inter-
specific species hybrids from the breeding pool. For com-
parison, we also included a few specimens of M. mutica
into the analyses.

B. Somerova et alii

MATERIAL AND METHODS

In this paper, we examined 39 specimens of Mauremys
annamensis from European zoos and other collections (found-
ers, imported and putatively unrelated individuals, i.e., captive
born specimens having no shared maternal ancestors in their
pedigree), and also four specimens of M. mutica were includ-
ed for comparison (Table 1). For all individuals, we sequenced
a combination of mitochondrial (mtDNA) and nuclear DNA
(nuDNA).

For sampling of individuals, we used a non-invasive
method: we took the tip of the claw from each sampled ani-
mal and stored in Eppendorf tubes with 96% ethanol at -20°C
prior DNA extraction. We isolated the total genomic DNA with
DNAeasy Tissue Kit (Qiagen, Hilden, Germany), following the
manufacturer’s recommendations.

Using standard conditions and the primers L-ND4 and
H-Leu, we amplified an 892 bp fragment of mtDNA containing
the NADH dehydrogenase subunit 4 (ND4) gene and parts of
tRNA (Stuart and Parham, 2004). Following the conditions in
Fujita et al. (2004), and using the primers R35Ex1 and R35Ex2,
we amplified the fragment of nuDNA containing 1133 bp of the
RNA fingerprint protein 35 (R35) gene intron 1.

Patterns from the sequencing chromatograms indicated
that at the R35 locus, some individuals were heterozygous for
a length polymorphism, which usually corrupts the sequence
reads downstream of the indel site (see Bhangale et al., 2005,
Fig. 1B). For sequencing the R35 intron, we used internal for-
ward and reverse primers (Spinks and Shaffer, 2007) in combi-
nation with external primers (Fujita et al., 2004) for the putative
length-polymorphic individuals (Spinks and Shaffer, 2007).

Sequences of both mtDNA and nuDNA fragments were
aligned and manually checked using Chromas Lite 2.01 (Tech-
nelysium Pty Ltd), BioEdit (Hall, 1999) and Clustal X 1.81
(Thompson et al., 1997).

Analyses of the estimates of evolutionary divergence
between the sequences of ND4 gene and R35 intron were
conducted using the Maximum Composite Likelihood mod-
el (Tamura et al.,, 2004). The included codon positions were
Ist+2nd+3rd+Noncoding. All positions containing gaps and
missing data were eliminated. Evolutionary analyses were con-
ducted in MEGAG6 (Tamura et al., 2013).

Bayesian analysis (BA) was conducted with MrBayes 3.1
(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003). The best-fit model (HKY+G) was selected by hLRT in
Modeltest 3.7 (Posada and Crandall, 1998). Two independ-
ent runs of Bayesian analyses were conducted with a random
starting tree and run for 30x10° generations, with trees sampled
every 100 generations. The burn-in command was used to dis-
card the first 10% of trees (3,000,000 generations), which were
generated before the chain reached equilibrium in the distribu-
tion of trees.

For these phylogenetic analyses, we also included some
mtDNA and nuDNA sequence data used in intrageneric studies
about the Mauremys mutica-annamensis complex (Fong et al.,
2007; Fong and Chen, 2010) and some species from the family
Geoemydidae, which were used as outgroups (GenBank num-
bers are listed in Appendix 1).



Haplotype variation in Mauremys annamensis

RESULTS

In an alignment of the mitochondrial ND4 gene (817
bp), we detected 16 haplotypes, 25 variable sites and 17
parsimony-informative sites. All individuals of M. anna-
mensis examined in this study possessed the mitochon-
drial ND4 gene (p-distaces ranging from 0.127% to
1.826%) typical for this species (Fong et al., 2007).

Phylogenetic analyses containing our sequences in
the context of those available in the GenBank confirmed
haplogroups and the general topology of previously pub-
lished trees (Fong et al., 2007). The BA tree (Fig. 1) sug-
gests a principal split between the “true mutica clade”
(BA posterior probability = 1.00) and a clade (BA = 1.00)
containing both the M. annamensis and Hainan M. muti-
ca. The latter clade further splits into three distinct clades
(all BA probabilities = 1.00). These are an “annamensis
subclade I, “annamensis subclade II” and the “Hainan
mutica clade”. Average uncorrected p-distance between
the “annamensis subclade I” and “annamensis subclade II
was 1.968%”. The sister relationship between the “anna-
mensis subclade I” and the “Hainan mutica clade” is
moderately supported (BA = 0.82).

ND4 sequences of our M. annamensis samples belong
to the haplogroups previously described as the “anna-
mensis subclade I” and “annamensis subclade 1I” (13 and
26 cases, respectively). Out of four examined samples of
the putative M. mutica, ND4 sequences branch within the
“true mutica clade” and one within the “annamensis sub-
clade I”. P-distances among these four clades computed
from all available sequences (including GenBank sources)
suggest low mutual divergence among both the “anna-
mensis” and “Hainan mutica” clades (Table 1).

In an alignment of nuclear R35 intron (918 bp),
we detected 25 haplotypes, 20 variable sites and 7 par-
simony-informative sites. All 39 specimens putatively
belonging to the M. annamensis shared mutually simi-
lar sequences of R35 intron (p-distaces from 0.132% to
0.932%). The R35 sequences in three of four M. mutica
samples clearly differed from those of the M. annamensis.

Phylogenetic analysis of these sequences and those
available in the GenBank (alignment of 940 bp, see

Fig. 2) confirmed the presence of the three previously
described clades (Fong et al., 2007) within the annamen-
sis-mutica complex: the “Hainan mutica clade” (BA pos-
terior probability = 0.98) is the sister group of the true
mutica-annamensis clade (BA = 1.00), which contains
a group of mutica sequences corresponding to the “true
mutica clade” (BA = 0.53) and a well-supported “anna-
mensis clade” (BA = 1.00). In BA tree, the “true mutica” is
paraphyletic with respect to the “annamensis clade”, how-
ever, most of the sequences of this group form a single
branch with low support (BA = 0.53).

The BA analysis placed all 39 examined sequences
of the M. annamensis into the “annamensis clade”. Out
of four of the M. mutica sequences, one belongs to the
“Hainan mutica clade”, one into the “annamensis clade”
and the remaining two into the “true mutica” (Table 2).

DISCUSSION

We have no evidence suggesting the presence of the
interspecific hybrids among the examined founders of the
M. annamensis kept in European collections. Of course,
without an application of expensive genome-wide mark-
ers (like SNPs, extensive number of microsatellites), it is
impossible to entirely rule out partial introgression of the
genomes of other related geoemydids into some found-
ers of the European population of the M. annamensis
(i.e., presence of hybrids of a higher order - F, and higher
generations and backcrosses). Also, without cloning, we
are unable to evaluate the affinity of potential heterozy-
gots of the R35 intron to individual mitochondrial sub-
clades. Nevertheless, when considering other supportive
evidence (age, origin), the presence of hybrids seems to
be fairly unlikely.

The original geographic distribution of the Maure-
mys annamensis is unknown, only few records document
it. That is why it is hard to understand the significance of
the two distinct mitochondrial clades, which we, as well
as previous authors, detected in the M. annamensis. It is
unclear whether these clades occur or occurred in the
wild in syntopy or allopatrically. The sequence divergence

Table 1. Average values of estimates of evolutionary divergence between sequences (the p-values are expressed in per cents).

annamensis annamensis Hainan mutica clade true
subclade II subclade I mutica clade
annamensis subclade II 0.083-0.167
annamensis subclade I 0.844-1.193 0.167-0.420
Hainan mutica clade 1.020-1.281 0.589-0.934 0.083-0.167
true mutica clade 3.952-4.895 3.549-4.782 3.952-4.782 0.083-1.554
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Fig. 1. Bayesian tree of mitochondrial DNA (ND4) of the genus Mauremys. Numbers at branches are support values, only values > 0.95
are shown. Samples sequenced in this study, which correspond to Table 1, in bold, remaining samples were sequenced by previous authors
(Fong et al., 2007; Fong and Chen, 2010), Mm = Mauremys mutica, Ma = Mauremys annamensis. Countries of the origins of samples are

shown at individuals with reliable locality.

between the two clades is only about 0.84-1.19 %. Thus,
we cannot reject the possibility that retention of ancestral
polymorphism is a cause of a simultaneous occurrence of
these related, but still distinct clades, in the sampled pop-
ulation of the M. annamensis. Ancestral polymorphism
may be irrelevant to an original population structure
of the species prior to its recent decline leading to near
extinction in the wild.

The distinction between the mitochondrial haplo-
type groups I and II has been recognized only recently
and thus, the species has been treated as a single con-
servation unit in most zoos and collections. However, it
is possible to keep the animals of the two groups apart.
This would be recommended especially in the case of
animals producing offspring suitable for repatriation
projects. Nevertheless, such a precaution cannot sub-
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Table 2. List of samples used in this study containing information about species, breeder, nuclear and mitochondrial haplotype subclades.

Nr. Species Breeder ND4 R35
Mauremys annamensis mtDNA subclade II
1 Mauremys annamensis H. Becker annamensis subclade II annamensis clade
2 Mauremys annamensis H. Becker annamensis subclade II annamensis clade
3 Mauremys annamensis H. Becker annamensis subclade II annamensis clade
3D Mauremys annamensis D. Frynta annamensis subclade II annamensis clade
5D Mauremys annamensis D. Frynta annamensis subclade II annamensis clade
6 704774 Mauremys annamensis Rotterdam annamensis subclade II annamensis clade
8 704525 Mauremys annamensis Rotterdam annamensis subclade II annamensis clade
10 704524 Mauremys annamensis Rotterdam annamensis subclade II annamensis clade
11 705067 Mauremys annamensis Rotterdam annamensis subclade II annamensis clade
12 3 Mauremys annamensis Miinster annamensis subclade II annamensis clade
13 4 Mauremys annamensis Miinster annamensis subclade II annamensis clade
15 9 Mauremys annamensis Miinster annamensis subclade II annamensis clade
16 1 Mauremys annamensis Miinster annamensis subclade II annamensis clade
17 2 Mauremys annamensis Miinster annamensis subclade II annamensis clade
19 6 Mauremys annamensis Miinster annamensis subclade II annamensis clade
20 Mauremys annamensis M. Schilde annamensis subclade II annamensis clade
23 M53 Mauremys annamensis Praha annamensis subclade II annamensis clade
25 F21 Mauremys annamensis Praha annamensis subclade II annamensis clade
26 F9 Mauremys annamensis Praha annamensis subclade II annamensis clade
32 ROO718 Mauremys annamensis Leipzig annamensis subclade II annamensis clade
35 32 Mauremys annamensis Panuska annamensis subclade II annamensis clade
36 33 Mauremys annamensis Panuska annamensis subclade II annamensis clade
37 34 Mauremys annamensis Panuska annamensis subclade II annamensis clade
126  COS679 Mauremys annamensis Chester annamensis subclade II annamensis clade
127 COS678 Mauremys annamensis Chester annamensis subclade II annamensis clade
130  COS349 Mauremys annamensis Chester annamensis subclade II annamensis clade
Mauremys annamensis mtDNA subclade I
1D Mauremys annamensis D. Frynta annamensis subclade I annamensis clade
2D Mauremys annamensis D. Frynta annamensis subclade I annamensis clade
4D Mauremys annamensis D. Frynta annamensis subclade I annamensis clade
7 704212 Mauremys annamensis Rotterdam annamensis subclade I annamensis clade
9 704523 Mauremys annamensis Rotterdam annamensis subclade I annamensis clade
18 8 Mauremys annamensis Miinster annamensis subclade I annamensis clade
21 Mauremys annamensis M. Schilde annamensis subclade I annamensis clade
22 Mauremys annamensis M. Schilde annamensis subclade I annamensis clade
24 M7 Mauremys annamensis Praha annamensis subclade I annamensis clade
33 RO0O720 Mauremys annamensis Leipzig annamensis subclade I annamensis clade
34 ROO719 Mauremys annamensis Leipzig annamensis subclade I annamensis clade
128 Cz/921 Mauremys annamensis Chester annamensis subclade I annamensis clade
129 CZ/922 Mauremys annamensis Chester annamensis subclade I annamensis clade
Mauremys mutica
4 Mauremys mutica H. Becker true mutica clade true mutica clade
5 Mauremys mutica H. Becker true mutica clade true mutica clade
Animals of hybrid origin
28 3 Mauremys mutica Praha true mutica clade annamensis clade
27 2 Mauremys mutica Praha annamensis subclade I Hainan mutica clade
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Fig. 2. Bayesian tree of nuclear DNA (R35) of the genus Mauremys. For further explanation, see Fig. 1

stantiate the elimination of the descendants of parents
belonging to different clades from the studbook popu-
lation. There is an urge call for further research of the
genetic variation in the M. annamensis using multiple
nuclear markers and/or advanced genomic methods,
especially to enable a better understanding of the diver-
gence of the two distinct subclades.
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Name of sequence Species ND4 R35
1Ma M. annamensis EF034098 EF587934
10Ma M. annamensis AF348280 DQ386668
11Mm.Hainan M. annamensis EF034096 EF87929
12Ma M. annamensis EF034105 —
13Ma.Hainan M. annamensis EF034104 EF587915
14Mm.Hainan M. mutica EF034097 EF587925
15.Mm.Hainan M. mutica EF034101 EF587917
16.Mm.Hainan M. mutica EF034095 EF587930
17Mm.Vietnam M. mutica AF348278 DQ386664
18Ma M. annamensis EF034104 EF587923
19Ma M. annamensis EF034106 EF587928
20Ma M. annamensis EF034107 EF587924
21Ma M. annamensis EF034112 DQ386656
22Ma M. annamensis EF587914 EF587921
23Ma M. annamensis EF034099 EF587919
24Ma M. annamensis EF034100 —
25Ma M. annamensis EF034108 —
26Mm M. mutica EF034092 —
27Mm M. mutica EF034093 EF587931
28Mm M. mutica EF034089 EF587932
29Mm M. mutica AF348278 DQ386666
2Ma M. annamensis AY337338 EF587933
30Mm M. mutica EF034090 —
31Mm M. mutica EF034092 EF587916
32Mm M. mutica EF034094 EF587927
3Ma M. annamensis EF034103 —
4Ma M. annamensis EF034105 EF587922
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Name of sequence Species ND4 R35
6Ma M. annamensis EF034102 EF587929
7Ma M. annamensis EF034109 EF587926
8Ma M. annamensis EF034113 DQ386655
9Mm.Vietnam M. mutica AF348279 ——
Cuora amboinensis Cuora amboinensis EF011357 HQ442382
Cuora galbinifrons Cuora galbinifrons AY364617 ——
Cuora pani Cuora pani — EF011442
Cuora trifasciata Cuora trifasciata — JQ596437
Cyclemys dentata Cyclemys dentata — AM931697
Leucocephalon yuwonoi Leucocephalon yuwonoi — AM931708
M. nigricans M. nigricans EF034111 -—
M. reevesii M. reevesii EF034110 ——
M. reevesii.Taiwan4 M. reevesii GQ259438 GQ259459
M. reevesii.Taiwan7 M. reevesii GQ259441 GQ259464
M. sinensis.Hainan13 M. sinensis AY337345 DQ386678
M. sinensis. Taiwan9 M. sinensis GQ259443 GQ259465
M. caspica M. caspica AY337340 -—
Mauremys japonica Mauremys japonica — HQ442386
Mm.Taiwan19 M. mutica GQ259452 GQ259471
Mm.Taiwan20 M. mutica GQ259453 GQ259472
Mm.Taiwan21 M. mutica GQ259454 GQ259473
Mm.Taiwan25 M. mutica GQ259457 GQ259474
Mm.Taiwan26 M. mutica GQ259458 GQ259475
Ocadia glyphistoma Ocadia glyphistoma — DQ386663
Sacalia quadriocellata Sacalia quadriocellata — HQ442384
Siebenrockiella Siebenrockiella leytensis — AM931708
Siebenrockiella crassicollis Siebenrockiella crassicollis — AY954913
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Abstract

The Malaysian Giant Turtle (Orlitia borneensis) is a poorly known turtle with rapidly decreasing numbers in nature in
spite of its strong protection on paper. Most individuals of this species kept in European zoos and included in captive
breeding programs are confiscates from the illegal trade for food consumption and their geographic provenance is un-
known. This study was aimed to assess genetic and phenotypic variation of the founders of this captive population. We
sequenced the mitochondrial cytochrome b gene and found 23 haplotypes. We constructed a haplotype network and ex-
amined demographic changes by Bayesian skyline plots of the effective population size. The maximum sequence diver-
gence was less than 1.5% and the phylogenetic structure of the haplotypes was supported poorly. A close genetic similarity
among sampled turtles was further confirmed by sequencing the nuclear R35 gene, while the geometric morphometrics of
the shell-shape were likewise similar. Thus, the examined captive population of O. borneensis may be further treated as a
single conservation unit.

Key words: Ex situ breeding, genetic variability, cytochrome b, nuclear gene R35, phylogeography, population expansion

Introduction

With the ongoing Asian Turtle Crisis (Cheung & Dudgeon 2006) we are now facing the reality of decreasing num-
bers of many species of turtles, especially in the family Geoemydidae. This situation is a result of a combination of
habitat destruction and targeted exploitation of turtles to meet the demand from Chinese markets for use in tradi-
tional medicine and especially for meat (Zhou & Jiang 2008; Chen et al. 2009). Proper taxonomy is an important
prerequisite to efficient conservation. It is especially important to detect hidden, but possibly deep genetic variation
in rare species without recognized subspecies that originally inhabited extensive geographic ranges and that are
now restricted to scattered refugees, as it is the case for one of the most charismatic South Asian freshwater turtle
species, Orlitia borneensis (Gray 1873). The local Indonesian name of this species is Kura Tuntong or Biuku.
According to IUCN, O. borneensis is listed as Endangered A1d+2d range-wide, and was specifically considered
Endangered (Alcd) in Indonesia and Vulnerable (2cd) in West Malaysia. Because it can reach up to 80 cm cara-
pace length (Ernst & Barbour 1989), it is a preferred target of collectors and thus the numbers of individuals of this
species in nature are drastically decreasing in spite of its strong legal protection on paper (e.g., Indonesian Law PP
No. 7 1999).

It was attempted to develop individual countermeasures to solve this problem. In Indonesia, commercial har-
vesting of turtle species for food consumption is strictly regulated by a system of quota. Such harvesting is permit-
ted exclusively to licensed foods traders and concerns a few turtle species that are believed to be still abundant
(Amyda cartilaginea, Dogania subplana, Cuora amboinensis, Cyclemys spp.). Harvesting of the protected species
like O. borneensis is strictly prohibited. Thus, all O. borneensis found outside the country (except those legally
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exported from Malaysia until the year 2009) come from illegal trade. On the data base of the Indonesian CITES
Authority Department of Forestry PHKA (Ministry of Forestry Republic of Indonesia, Directorate General of For-
est Protection and Nature Conservation), there is no indication for any recently issued CITES permit for O. born-
eenis. Interviews of local people performed by Danny Gunalen in November 2009 revealed an illegal harvest of O.
borneensis to supply illegal foods traders in Riau, Pekan Baru (Central Sumatra), i.e., in the localities of the princi-
pal populations of O. borneensis (Samedi & Iskandar 2000). The turtles caught there are transported to Medan,
capital city of North Sumatra, which is the base of most established licensed consumption turtle exporters and the
biggest sea port to the neighbouring countries. This finding led to the introduction of additional countermeasures.
Recently, the wildlife officers (BKSDA Conservation Agency) in Medan were trained to identify turtle species to
be able to find if O. borneensis are mixed in with the legal shipments of the turtles under quota, or illegally trans-
ported by Sea Cargo to Malaysia or directly to Hong Kong and China.

Ex situ breeding programs organized by zoos and private breeders may contribute to the survival of heavily
exploited species. Ten years ago, Asian turtles confiscated in Hong Kong were distributed among European and
American zoos. This confiscation enabled the establishment of European captive breeding projects for several spe-
cies, including O. borneensis.

Because the taxonomy of the family Geoemydidae continues to change (cf. Fritz et al. 2008a; Praschag et al.
2008, 2009a, b) and the relationships in this group are further complicated by frequent cases of natural and/or arti-
ficial hybridization between distinct species and even genera (Parham et al. 2001; Stuart & Parham 2007; Fong &
Chen 2010), there is an urgent need for the genetic and morphological examination of all individuals included in
breeding programs to confirm the genetic purity and compatibility of the population founders. This is especially
important when the founders of rescue programs are confiscated specimens with uncertain geographic provenance.

The distribution range of O. borneensis covers Borneo, Sumatra and the southern part of the Malay Peninsula
(Iverson 1992). From a topographical point of view, the Great Sundas are mainland fragments separated by only a
shallow sea. As a result of Pleistocene glacial cycles, the islands were repeatedly connected with each other as well
as to the contemporary Malay Peninsula by land bridges, especially during glacial maxima 250, 150 and 17 kya
(Voris 2000). These periods allowed free faunal exchange that was facilitated by strong volcanic activities affecting
the evolution of local fauna (Nater ez a/. 2011). The most important local catastrophe of this kind was the eruption
of the Toba volcano 73 kya (Rampino & Ambrose 2000) that represents one of the most destructive volcanic erup-
tions in recent geological history of the planet (Williams et al. 2009). Therefore, the region has a complex biogeo-
graphic history leading to contrasting phylogeographic patterns of individual animal taxa. The Tertiary isolation of
the islands caused deep genetic divergences between the populations inhabiting Borneo, Sumatra and the mainland
(e.g., gibbons: Thinh et al. 2010; orang-utans: Nater et al. 2011). The Python curtus group provides an example of
a more complex phylogeographic pattern with a deep divergence between P. brongersmai from the Malay Penin-
sula and NE Sumatra and mutually related species P. curtus and P. breitensteini, distributed in W Sumatra and Bor-
neo, respectively (Keogh et al. 2001). In contrast, there are some species with surprisingly homogenous population
structure across the Great Sunda Archipelago and the adjacent mainland (e.g., reticulated pythons: Auliya et al.
2002; tiger: Luo et al. 2004). Such pattern suggests a recent population expansion possibly following extinction
events. Each of the above-described contrasting phylogeographic patterns recorded in different animal species of
the Great Sunda Archipelago and adjacent mainland calls for specific taxonomic and conservation decisions. In the
case of O. borneensis, it is unclear whether the species represents a single, more or less homogenous unit, or
whether it should be split into distinct subspecies for taxonomic and/or conservation purposes.

The aim of this paper was to assess the genetic variation in founders of the studbook population of O. borneen-
sis of all European zoos. For this purpose, (1) we sampled specimens kept in European zoos and (2) sequenced
their mitochondrial cytochrome b gene. This gene is frequently used as a marker in taxonomic investigations of tur-
tles and tortoises (e.g., Spinks et al. 2004; Fritz et al. 2008a, b; Praschag et al. 2007, 2011). As mitochondrial and
nuclear gene pools may undergo different evolutionary pathways, we also (3) sequenced a nuclear marker (R35
intron) to provide comparative data for mtDNA results and (4) examined the phenotypic variation of carapace and
plastron using geometric morphometrics. More specifically, we asked (5) whether the studied captive population of
O. borneensis may be viewed as genetically homogenous and thus treated as a single unit and (6) whether the
genetic data are consistent with putative origin of these animals in Indonesia. The R35 intron was chosen because it
is a relatively rapidly evolving nuclear marker (Fujita et al. 2004).
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Material and methods

Specimens. We sampled 61 individuals of Orlitia borneensis (Table 1). A tip of claw was taken from each sampled
animal and stored in Eppendorf tubes with 96% ethanol before DNA extraction. Whenever possible, standardized
photographs from dorsal and ventral view were taken. Sex was determined according to the size of the animal,
plastron concavity, the size of the tail and the relative size of the back sole. The size of the back sole was measured
from the first toe (at the base of the claw) to the heel. We found that males have relatively bigger legs than females
(compared to the carapace length) and that the back sole can be measured more easily than any other measurements
on legs. Two of the examined individuals were live-trapped in Borneo (vicinity of the towns Pemangkat and Sing-
kawang, W Kalimantan; 2 samples), and one turtle was of Sumatran origin (without precise locality). The remain-
ing DNA samples (and photographs of additional 4 specimens) obtained from the following European zoological
gardens have no locality data (most of these animals come from the Hong Kong confiscation of 2001; see Rehak
2004): Prague (4 samples), Dresden (2), Brno (6), Tiergarten Schonbrunn, Vienna (8), Haus des Meeres, Vienna
(5), Budapest (2), Gdansk (6), Leipzig (1) Poznan (5) Warsaw (2), Woburn (3), Wroclaw (3), Randers (7) and Dvlr
Kralové nad Labem (3).

Total genomic DNA was isolated with DNAeasy Tissue Kit (Qiagen, Hilden, Germany), following the manu-
facturer’s guidelines.

TABLE 1. List of DNA and geometric morphometrics (GM) samples ordered according to haplotypes and haplotype group.
Photographs and thus GM data for animals from Randers are not assigned to DNA samples of exact specimens.

Haplo- Label num- Number Place of origin From DNA GM GM
type ber of hap-  of speci- plas-  cara-
group lotype man tron  pace
1 30 30 Zo0 Praha confiscated 2001 ° . °
90 Gdansk confiscated 2001 °
62 62 Zo0 Dresden juveniles bought in Berlin o . .
68 Brno confiscated 2001 ° . °
66 66 Brno confiscated 2001 ° . .
79 79 Tiergarten Schonbrunn, Vienna confiscated 2001 ° ° °
85 Gdansk confiscated 2001 °
93 Poznan confiscated 2001 °
106 Randers confiscated 2001 ° ° °
109 109 Randers confiscated 2001 ° °
2 47 47 Zoo Praha confiscated 2001 ° . °
63 Zo0 Dresden juveniles bought in Berlin e . .
64 Bro confiscated 2001 ° ° °
67 Brno confiscated 2001 ° . °
84 Budapest confiscated 2001 °
65 65 Brno confiscated 2001 ° o
73 Haus des Meeres confiscated 2001 ° . °
89 89 Gdansk confiscated 2001 °
110 Randers confiscated 2001 ° . °
33 29 29 Zoo Praha confiscated 2001 ° . .
31 Zoo Praha confiscated 2001 ° . .
60 Borneo (Singkawang) ° . °
70 Tiergarten Schonbrunn, Vienna confiscated 2001 ° . .
72 Tiergarten Schonbrunn, Vienna confiscated 2001 ° ° °

continued next page
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TABLE 1. (continued)

Haplo- Label num- Number Place of origin From DNA GM GM
type ber of hap-  of speci- plas-  cara-
group lotype man tron pace
76 Haus des Meeres, Vienna confiscated 2001 ° o °
95 Poznan confiscated 2001 °
97 Warsaw confiscated 2001 ° . .
98 Warsaw confiscated 2001 °
107 Randers confiscated 2001 ° o .
58 58 Sumatra ° ° .
59 59 Borneo (Pemangkat) ° . °
69 69 Bro confiscated 2001 ° . °
71 71 Tiergarten Schonbrunn, Vienna confiscated 2001 ° . °
81 Tiergarten Schonbrunn, Vienna confiscated 2001 ° o .
96 Poznan confiscated 2001 °
74 74 Haus des Meeres, Vienna confiscated 2001 ° ° °
78 Tiergarten Schonbrunn, Vienna confiscated 2001 ° o .
77 77 Haus des Meeres, Vienna confiscated 2001 ° .
80 Tiergarten Schonbrunn, Vienna confiscated 2001 ° o .
82 Tiergarten Schonbrunn, Vienna confiscated 2001 ° . °
86 Gdansk confiscated 2001 °
87 Gdansk confiscated 2001 °
91 Leipzig confiscated 2009 °
94 Poznan confiscated 2001 °
100 Wroclaw confiscated 2001 °
101 Wroclaw confiscated 2001 °
102 Wroclaw confiscated 2001 °
123 Zoo Dvtir Kralové nad Labem  confiscated 2001 ° . °
92 92 Poznan confiscated 2001 °
111 111 Randers confiscated 2001 ° . .
112 112 Randers confiscated 2001 ° o .
121 121 Zoo Dvtr Kralové nad Labem  confiscated 2001 ° °
125 125 Zoo Dvur Kralové nad Labem  confiscated 2001 ° ° °
61 61 Zoo Dé&Cin confiscated 2001 ° . °
75 Haus des Meeres confiscated 2001 ° . °
88 Gdansk confiscated 2001 °
99 Wroclaw confiscated 2001 °
103 Wroclaw confiscated 2001 °
104 Wroclaw confiscated 2001 °
108 Randers confiscated 2001 ° . °
83 83 Budapest confiscated 2001 °
without M14 Zoo Praha confiscated 2001 ° °
DNA sam- 95 Wroclaw confiscated 2001 .
ple 122 Zoo Dvtir Kralové nad Labem  confiscated 2001 ° °
124 Zoo Dvur Kralové nad Labem  confiscated 2001 ° °
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Sequencing of the cytochrome b gene. DNA amplification was performed with the primers suggested by
Spinks et al. (2004) for a total length of about 1119 bp. PCR reactions were carried out in 50 pl including 2.5 pl of
each 10 uM primer, 5 pl of 10x PCR buffer (Fermentas), 5 pl of 10 mM dNTP, 2.5 ul of 50 mM MgCl,, 0.5 pl of 5
U/ml Fermentas Taq DNA polymerase, 100 ng of DNA and 27 pl of ddH,O. The PCR amplification protocol con-
sisted of 35 cycles of denaturation at 94°C for 45 s, annealing at 46°C for 45 s, and extension at 72°C for 1 min and
20 s; a further 7 min elongation step at 72°C followed the last cycle. For some of the samples, the temperature of
annealing had to be decreased to 50°C to obtain usable PCR products.

Sequencing of the R35 gene. The RNA fingerprint protein 35 (R35) was amplified with the primers suggested
by Fujita et al. (2004) for a total length of about 1084 bp. PCR reactions were the same as for the cytochrome b
gene. The PCR amplification protocol consisted of 35 cycles of denaturation at 94°C for 45 s, annealing at 50-60°C
for 45 s, and extension at 72°C for 1 min and 20 s; a further 7 min elongation step at 72°C followed the last cycle.

All PCR products were purified with the Qiaquick® purification kit (Qiagen, Hilden, Germany) and directly
sequenced using the same primers as for the amplification.

Phylogeographic analyses. Chromatograms were manually checked using Chromas Lite 2.01 (http:/
www.technelysium.com.au/chromas_lite.html), BioEdit (Hall 1999) and sequences were aligned in Clustal X 1.81
(Thompson et al. 1997).

Neighbour-joining (NJ), maximum parsimony (MP) and maximum likelihood (ML) analyses were performed
using PAUP* version 4.0b10 (Swofford 2002), and Bayesian analysis (BA) was conducted with MrBayes 3.1
(Huelsenbeck & Ronquist 2001). For MP, we conducted heuristic search analyses with 1,000 random replicates of
taxa additions using tree-bisection and reconnection (TBR) branch swapping. The branch support was evaluated
using 10,000 bootstrap pseudoreplicates (Felsenstein 1985). All characters were equally weighted and unordered.
Tree search with the NJ algorithm was done with Jukes—Cantor distance and support within the final topology was
assessed through 10,000 bootstrap pseudoreplicates.

The optimal model of DNA sequence evolution was selected using the AIC criterion in Modeltest 3.7 (Posada
& Crandall 1998). For ML analysis we used heuristic search with 1,000 random replicates of taxa additions and
TBR branch swapping. Support for the ML tree topology was assessed by bootstrap analysis with 1,000 pseudore-
plicates. Two independent runs of Bayesian analyses were conducted with a random starting tree and run for
15x10° generations, with trees sampled every 100 generations. The burn-in command was used to discard the first
15,000 trees (1,500,000 generations).

Two individuals of Malayemys subtrijuga (GenBank accession number AY434591.1; AJ519502.1) and one
each of Geoemyda spengleri (GenBank accession number AY434586.1) and G japonica (GenBank accession
number AY434602.1) were included as an outgroup.

Relationships between haplotypes were also represented by a median-joining method (Bandelt et al. 1999)
with the software Network 4.6.0.0 (http://www.fluxus-engineering.com).

Demographic inferences. Polymorphism for population was worked out by the statistic software DnaSP v5
5.10.01 (Librado & Rozas 2009) which estimated the following: haplotype diversity (%), segregating sites (S),
nucleotide diversity () and Tajima’s D, Fu & Li’s F*, Fu & Li’s D*, and Fu’s FS tests.

According to Russell ef al. (2005), high values of 4 and m indicate a constant large size of population. How-
ever, a low value of m and high value of /4 signify recent expansion.

To estimate population dynamics through time, we have used Bayesian skyline plot approach implemented in
Beast v1.6.1 (Drummond & Rambaut 2007). We have run three Markov chain Monte Carlo simulations with 30
million iterations and 10 million burn-ins using the GTR model and a strict molecular clock. We have summarized
the results of particular runs in LogCombiner v1.6.1 and displayed them as Bayesian skyline plots in Tracer v1.5.

Geometric morphometrics. We analysed shell shape in 24 males and 20 females of Orlitia borneensis. Five
belong to haplotype group 1, seven to haplotype group 2, seventeen to haplotype group 3 and fourteen specimens
are not assigned to any haplotype group and specimen 61 is between groups 3 and 2. The carapace length and rear
sole length (from first toe to heel) were measured in each turtle with callipers (0.1 mm precision). Digital images of
the carapace and plastron of each specimen were obtained using a digital camera (Canon 30D with 50/1.8 lens).
Following the classification of Bookstein (1997), we recorded a total of twenty-one anatomical landmarks of type 1
(cross-sections of the scutes sutures) on the plastron, and twenty-five landmarks of type 1 and one of type 3 (land-
mark number 1, placed in the middle of the posterior suture of nuchal scute) on the carapace (Fig. 1) using tpsDig
(Rohlf 2005). Each set was then symmetrized and one half was removed using BigFix6 (Sheets 2003). The coordi-
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nates Y for the landmarks 2, 3, 4, 5 and 6 on the plastra were then manually set to 0. To remove the effects of posi-
tion, orientation and scale, we conducted the Procrustes superimposition method (Zelditch et al. 2004), performed
in the CoordGen6 (Sheets 2003), using a set of the x and y coordinates of the landmarks. To remove size-related
shell shape differences, we used standardization of size which was applied in the program Standard6 (Sheets 2003).
Visualization was performed in the program PCAGen6 (Sheets 2003).

The differences in the shell shape between sexes and between haplotype groups were tested in Statistica 6
(StatSoft 2001).

ez

FIGURE 1. Ventral and dorsal view of a shell of Orlitia borneensis showing the landmarks used in this study.

Results

Mitochondrial DNA. We sequenced the mitochondrial cytochrome b gene in 61 individuals (specimens) and
found 23 distinct haplotypes. We obtained a nucleotide alignment of 1119 bp, of which 33 were variable and 21
were parsimony-informative. The uncorrected p-distances among the haplotypes ranged from 0.089% to 1.504%.
The haplotype network revealed three main haplotype groups (Fig. 2). The phylogenetic structures of the haplo-
types revealed by MP, ML and BA were congruent but only poorly supported. Using Modeltest, the GTR+G model
of sequence evolution was selected. Monophyly of the haplotype group 1 was clearly supported by BA (posterior
probability = 1.0), MP (bootstrap = 90) and ML (95). The group 2 was supported by MP (80) and ML (81). The
third group was not supported by any method; however, its terminal part (consisting of the haplotypes 29, 77. 92,
111, 112 and 125) was weakly supported by ML (59).

Neutrality tests resulted in negative, but non-significant values (Table 2). Coalescent Bayesian approach
revealed a historically stationary period in population dynamics followed by a recent expansion event (Fig. 3).

TABLE 2. Demographic characteristics for the Orlitia borneensis based on mitochondrial cytochrome . Sequences: number
of individuals sequenced (Ns), number of segregating sites (S), haplotype diversity (h), nucleotide diversity (x), Fu & Li’s F*,
Fu & Li’s D*, Fu’s F, Tajima’s D and expansion coefficient (exp).

N S h T Fu & Li's F* Fu & Li's D* Fu's Fs Tajima's D Exp

s

61 28 0,908 0,004 -1,16637 -1,185 -3,378 -0,616 5,7911

Nuclear marker. We found 4 distinct sequences for the R35 gene; besides a standard sequence found in 11
individuals there were single transitions at positions 581 (samples 59 Kalimantan and 29 Prague), 652 (sample 78
Tiergarten Schonbrunn, Vienna) and 925 (samples 60 Kalimantan and 77 Haus des Meeres, Vienna).

Geometric morphometrics. We found no effects of sex on the shape of the carapace (Wilks' Lambda =
0.8855, F 5, = 0.5722, P <0.7727) and plastron (Wilks' Lambda = 0.8774, F , ;¢ = 0.7185, P < 0.6569). Therefore,
we pooled the sexes in further analyses. We found no tendency to morphological similarity among individuals
bearing haplotypes of the same group either in carapace or in plastron data sets. This is illustrated in a morphospace
defined by the first two PCA axes of the plastron shape in figure 4.
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FIGURE 2. Median-joining network indicating relationships among haplotypes of Orlitia borneensis based on cytochrome b
sequences. Haplotypes are denoted as circles, their size is proportional to number of individuals carrying respective haplotype.
Numbers at branches represent numbers of mutational steps (displayed for n > 1). Three main haplogroups are marked by ovals.
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FIGURE 3. Bayesian skyline plot demonstrating changes in effective population size in Orlitia borneensis based on mitochon-
drial data. Thick solid line represents median of the estimate, borders of grey area delineate the highest 95% posterior density

interval.
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FIGURE 4. PCA for plastron shape. Specimens are marked according to haplotype group. A—haplotype group 1, B—group 2,
C—group 3, D—haplotype 61, U—unknown. The first axis PC1 explains 29.79% and second axis PC2 explains 14.14% of the
total variance in the shapes.

Discussion

The mitochondrial cytochrome b sequences revealed relatively high haplotype diversity in the examined Orlitia
borneensis. This suggests that the European zoo population covers considerable genetic variation. We may specu-
late that the confiscated specimens were sampled from multiple localities and represent genetically heterogeneous
populations.

In contrast to haplotype diversity, the observed nucleotide diversity was surprisingly low. The maximum
uncorrected p-distance was less than 1.5% for cytochrome b sequences; i.e., clearly below the values among most
congeneric chelonian species. These typically exceed 2.8% (Vargas-Ramirez et al. 2010; Praschag et al. 2011;
Stuckas & Fritz 2011; but see Fritz et al. 2011 for lower values in Trachemys spp.), supporting the hypothesis that
the O. borneensis haplotypes represent evolution within one and the same species. The weak sequence divergence
and poorly supported phylogenetic structure suggest that all examined O. borneensis are similar enough to be
treated as a single conservation unit. This conclusion was further supported by the sequences of the nuclear R35
gene as well as by morphological similarity demonstrated by geometric morphometrics. It may be argued that the
divergence rates of mitochondrial genes differ substantially among turtle clades (Martin & Palumbi 1993) and there
are well-documented examples of an exceptional reduction of these rates in some North American emydids (e.g.,
Graptemys and Pseudemys; Wiens et al. 2010 but see Fritz et al. 2011 for the possible involvement of numts in the
data set of Wiens et al. 2010). Nevertheless, the observed sequence divergences of the mitochondrial genes
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reported in geoemydid species related to O. borneensis do not reveal substantial retardations of the divergence rates
(Stuart & Fritz 2008; Fritz et al. 2008b; Gong at al. 2009; Jiang at al. 2011; Praschag et al. 2007).

Negative values of summary statistics suggest the recent expansion of the examined Orl/itia population. Non-
significant values may be caused by two phase population history, as revealed by the Bayesian skyline plots. It is,
however, still premature to speculate about the identification of these phases with important events that affected the
environment of SE Asia (e.g., climate change associated with the glacial maximum and Toba volcano eruption).

The three O. borneensis haplotypes from W Borneo and Sumatra cluster with the remaining haplotypes that
are of unknown origin; one of these haplotypes (Singkawang, Kalimantan) was even found in another nine exam-
ined specimens. This does not contradict the putative origin of the Hong Kong confiscate including the Great
Sunda islands. The geographic range of some confiscated species covers both continental and insular part of SE
Asia (e.g., Siebenrockiella crassicollis and Cuora amboinensis) (Iverson 1992). Nevertheless, the confiscation also
included Heosemys grandis and H. annandalii, two species distributed exclusively in the Malay Peninsula and
adjacent territories located further northward (Iverson 1992). This clearly suggests that at least part of the confis-
cated animals were poached in continental SE Asia and that the presence of O. borneensis individuals collected in
the Malay Peninsula is also likely. Nevertheless, having no known-locality samples from the Malay Peninsula, we
cannot confirm any territories of origin.

The reconstruction of the geomorphologic conditions during the glacial periods suggests that the contemporary
Malay Peninsula, Sumatra and Borneo were then joined by an interconnected system of rivers, the Siam and West
Sunda River drainages (Voris 2000). Thus, an exchange of genes between nowadays isolated populations was prob-
ably enabled in this period.

Although the 1.5% divergence of the sequences for the cytochrome b gene is relatively small, it most probably
preceded the Toba volcano explosion on Sumatra 73,000 years ago. Considering the global chelonian divergence
rate of about 0.25% per million years (Avise et al. 1992), the onset of the divergence can be roughly dated to the
Late Miocene. Obviously, the bearers of multiple haplotypes survived the Toba event. This is in agreement with the
paleontological data suggesting that this catastrophe affected territories further west and north of Sumatra and sur-
prisingly none of the Sumatran mammalian species became extinct in the period of the Toba explosion (Louys
2007). This is further supported by the demographic analyses of our sequence data suggesting a fairly stable popu-
lation size of the O. borneeensis population in the past.
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Abstract. For the needs of proper management, we analysed the mitochondrial haplotype structure of
the European ex situ population of Cuban boas. The results showed its extraordinary diversity, we
sequenced 96 specimens and detected 25 distinct haplotypes. Besides this haplotype diversity, the
results revealed a deep divergence among three principal haplogroups. Bayesian estimates of the
divergence time (3.57 and 2.26 Mye) suggest that within the currently only recognized species
Chilabothrus angulifer (Bibron, 1843) there are evolutionary lines whose distance corresponds to or is
greater than among some other - taxonomically recognized - species of the genus. This indicates that
the Cuban boas represent in fact at least two cryptic subspecies or species. Nevertheless, after
considering the current state of the ex situ population, given the current knowledge of the
phylogeography of Cuban boas and the fact that they inhabit a single large island (and its nearby
coastal islands and islets) at present, we recommend to manage the current ex sifu population as a

whole.

Key words. Conservation genetics, population management, ex situ population, evolution,
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INTRODUCTION

Terrestrial fauna of the Great Antilles is characterised by an extraordinary high endemism and species
diversity. It is due to unique biogeographical history of the Caribbean (cf Hedges et al. 2019). A local
Cretaceous biota was originally exterminated by Chicxulub impact at the Cretaceous-Tertiary
boundary (Lyons et al. 2020). In spite of a strong permanent isolation by the Caribbean Sea, this
region has been repeatedly colonized from mainland. It was proposed that the immigrant lineages
dispersed through “Gaarlandia”, the putative incomplete temporary land bridge connecting NE of the
South American Continent with precursors of the Great Antilles during Oligocene and Early Miocene
periods. Currently, geological data rejected “Gaarlandia” hypothesis and molecular clock suggest that
immigration events were not confined to this period (Ali & Hedges 2021 and references herein, but
see Philippon et al. 2020). Thus colonization of the Great Antilles should be attributed to events of
overwater dispersal (Ali 2012). The earliest vertebrate fossil record is a frog of the genus
Eleutherodactylus coming from Puerto Rico Oligocene, 29 Mye (Blackburn et al. 2020).
Nevertheless, the colonization events were extremely rare and thus current species richness of the
Great Antillean region is mainly a result of subsequent speciation within a few immigrant lineages.
While the diversity of native mammalian fauna of the Great Antilles has been substantially reduced by
recent extinctions, squamate reptiles representing another clade of terrestrial non-volatile vertebrates
have remained less affected and may serve as a model for phylogenetic and population studies of
Caribbean endemism. Studies performed in principal endemic clades of squamates as anoles (4nolis
sensu lato; Losos 2009 and references herein, Cadiz et al. 2018) and iguanas of the genus Cyclura
(Malone et al. 2000) clearly demonstrated that geographic isolation among large Antillean Islands
typically corresponds to the deepest divergences. However, both adaptive radiation and geographic
speciation contributed to further speciation. The geographic ranges of individual species of squamates
are typically restricted to a certain part of the island as it is well documented in the largest island of
Great Antilles - Cuba (Glor et al. 2004, Rodriguez Schettino, Gonzalez & Rodriguez 2010, Rodriguez
Schettino, Mancina & Gonzalez 2013). Traditionally, four main Zoogeographical regions were
recognized: Western, Central, Camagiiey-Maniabon and Eastern (Estrada & Ruibal 1999). Species
richness tend to be associated with higher elevations. Cladistic analysis of endemism revealed a
complex pattern with nested areas of endemism concentrated in the Western and Eastern parts of the
island (Murray & Crother 2019).

Great Antillean boas of the genus Chilabothrus Duméril et Bibron, 1844 belong to the earliest
reptilian colonists of the Great Antillean region. Its relatives inhabit the South American continent
which was unequivocally revealed as the source area (Tolson 1987, Reynolds et al. 2014a). According
to recent molecular phylogenies, a common ancestor of anacondas of the genus Eunectes Wagler,
1830 and rainbow boas of the genus Epicrates Wagler, 1830 represents a sister clade of Chilabothrus

(Reynolds et al. 2013, 2014a). Divergence between Chilabothrus and Eunectes + Epicrates was
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estimated to 30.2 [CI 24.5, 35.8] Mye (Reynolds et al. 2013). A fossil Chilabothrus stanolseni
(Vanzolini, 1952) from Florida 18.5 Mye supports the view that ancestors of current Chilabothrus
reached Great Antilles as early as in lower Miocene period (Onary & Hsiou 2018). Nevertheless, at
that time boids successfully dispersed from South America also to continental Central America as
documented by a fossil record of a snake of the genus Boa Linnaeus, 1758 from Panama 19.3 Mye,
i.e., prior the Great American Faunal Interchange (Head et al. 2012).

Currently, 14 extant species of the genus Chilabothrus are recognized (Pyrron et al. 2014,
Reynolds & Henderson 2018, Landestoy et al. 2021). Phylogenetic relationships within the genus
were studied repeatedly (Sheplan & Schwartz 1974, Tolson 1987, Kluge 1989, Burbrink 2004,
Reynolds et al. 2013, Reynolds et al. 2014a). Molecular studies (Reynolds et al. 2013, Rodriguez-
Robles et al. 2015, Landestoy et al. 2021) confirmed five principal clades that diverged in Lower
Miocene: (1) Cuban - Chilabothrus angulifer (Bibron, 1843), (2) Puerto Rican — C. inornatus
(Reinhardt, 1843), C. monensis (Zenneck, 1898) and C. granti (Stull, 1933), (3) Jamaican - C.
subflavus (Stejneger, 1901), (4) Hispaniolan - C. ampelophis Landestoy, Reynolds et Henderson,
2021, C. fordii (Glnther, 1861), C. gracilis Fischer, 1888, and (5) Hispaniola-Bahamian one - C.
argentum Reynolds, Puente-Rolon, Geneva, Aviles-Rodriguez & Herrmann, 2016, C. exsul (Netting
& Goin, 1944), C. chrysogaster (Cope, 1871), C. schwartzi (Buden, 1975), C. striatus (Fischer, 1856)
and C. strigillatus (Cope, 1862).

Molecular phylogenies placed C. angulifer as a sister taxon of either the other Chilabothrus
species with divergence time estimated to 21.7 [16.9, 26.0] Mye (Reynolds et al. 2013) or the Puerto
Rican clade with divergence time estimated to 15.3 Mye (Pyron et al. 2013, Reynolds et al. 2015,
2016a, Landestoy, Reynolds & Henderson 2021). In any case, C. angulifer represents a
phylogenetically deep and distinct lineage of boids. Besides, its evolutionary history, there are
multiple phenotypic characters distinguishing this species from its relatives (see also Reynolds et al.
2016a). Chilabothrus angulifer is (1) the largest form of the genus Chilabothrus (Tolson 1987,
Rodriguez-Robles & Greene 1996), (2) with small litter size, (3) extremely large newborns and (4)
heavy maternal investment per offspring (e.g., Tolson 1987, Frynta et al. 2016). A deep divergence of
C. angulifer from other Chilabothrus species and other boids as well as presence of numerous unique
morphological, physiological and behavioural characters, makes this island species a good candidate
for conservation concern.

Conservation genetics of both wild and ex situ populations was thoroughly studied in multiple
species of the genus Chilabothrus, especially in C. subflavus (Tzika et al. 2008, 2009, Newman et al.
2020), C. inornatus (Aungst et al. 2020, Puente-Rolon et al. 2013, Reynolds et al. 2014b), C.
monensis (Rodriguez-Robles et al. 2015, Reynolds et al. 2015), C. argentum (Reynolds 2016b) and C.
chrysogaster (Reynolds et al. 2011). The within-species genetic variation reported by these studies
was rather small, well-corresponding to limited population numbers and fragmented distribution range

of these endangered species (Harvey & Platenberg 2009, Newman et al. 2016, Tucker et al. 2020). In
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contrast to a considerable efforts devoted to genetics of these Chilabothrus species, C. angulifer has
remained nearly neglected in this respect. There are just papers concerning chromosomal evolution
(Augstenova et al. 2019) and parthenogenesis (Seixas et al. 2020).

The Cuban Boa remains the only one of the three largest Cuban reptiles for which a more
detailed population and habitat viability assessment (PHVA) has not yet been performed, while the
PHVA is available for the Cuban crocodile, Crocodylus rhombifer (Soberon et al. 2000) and for the
Cuban iguana, Cyclura nubila (Rodriguez et al. 2003). The species is listed as Near Threatened in the
Cuban national Red List assessment (Gonzélez et al. 2012), as Least Concern according to the [UCN
Red List (Fong et al. 2021). However, the real conservation status of Chilabothrus angulifer is not
well known (although a number of recent studies have significantly expanded our knowledge of this
species - e.g. Dinets 2017, Rodriguez-Cabrera et al. 2015, 2016, 2020). The species is also granted
international protection under the Convention on International Trade in Endangered Species of Wild
Fauna and Flora (Appendix II). An important element of species protection is - in accordance with
the modern concept of the conservation strategy (the One Plan Approach to Conservation) - adequate
perspective management of the ex sifu population in human care. The conservation breeding is listed
among the recommended elements for the protection of Cuban boas in the Cuban National Red List
assessment (Rodriguez Schettino 2012).

The effort to keep Cuban boas in human care is old (Rehak, studbook data). The Philadelphia Zoo,
USA, imported twenty Cuban boas already in the 19th century (from 1876 to 1893) and another ten
between 1900 and 1901, and by 1956 another fifteen specimens. At that time, their survival was
usually very poor and they did not reproduce (or the reproduction was unsuccessful as in the Berlin
Zoo, Germany, where the Cuban boa was also kept at the beginning of the last century). At that time,
the ex situ population consisted exclusively of specimens imported from the wild. The birth of live
young in captivity was achieved in the late 1950s (1958 in the Smithsonian National Zoological Park,
USA).

In 60s, 70s and 80s, owing to close political and economic relationships with Cuba, Cuban
boas were repeatedly imported to Zoos and private holders in the former Czechoslovakia (e.g. Prague
Zoo imported the first Cuban boas directly from Cuba in 1963 and 1965 - Rehak, studbook data),
German Democratic Republic, Soviet Union, Hungary and Poland. An independent source of imports
represented the U.S. Naval Base, Guantanamo Bay, Cuba. From the end of the 1970s, in addition to
imports from the wild, the successful captive breeding began to make a significant contribution to the
formation of the ex situ Cuban boa population in human care (e.g. Huff 1976, Nowinski 1977,
Murphy et al. 1978, Vergner 1978, Tolson 1983, Bloxam & Tonge 1981, Vergner 1989, Rehak 1992).
Captive propagation of C. angulifer (although originally regarded as a difficult species to breed)
began to be very successfull despite its small litter size and extremely slow life-history. Cuban boas

have become common in Zoos, public and also some private collections (Maresova & Frynta 2008).
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With the political changes at the turn of the eighties and nineties of the last century, imports
from nature came to an almost complete end. The future of the ex situ population in human care began
to depend almost exclusively on captive breeding. It became clear that Zoos must focus on the long-
term perspective management of the ex situ population. At the initiative of the Prague Zoo and the
Amphibian and Reptile Taxon Advisory Group of the European Association of Zoos and Aquaria
(chaired by I. Rehak), the Studbook for Cuban boa has started (the first issue - Rehak 1994, the
European Studbook for Cuban boa is maintained and continuously updated in an electronic form - 1.
Rehak, studbook keeper) and the European Endangered Species Programme (newly the EAZA Ex situ
Programme) for Cuban boa was proposed. Consequently, the Cuban boa EEP - coordinated by Ivan
Rehak/Prague Zoo - was approved by the EAZA and launched in 1993.

The contemporary European Zoo population may represent descendants of many founders
originated in multiple localities across Cuba and its neighbouring small islands. Consequently,
mitochondrial lineages from European Zoos may be viewed as more or less representative population
sampling of Cuban population. Now, more than thirty years after the end of imports from the wild
(after 1989, only one import from the wild is registered in the European studbook - Rehak, studbook
data) to Europe and several generations of captive breeding, however, founding individuals already
died (at present, only the last two specimens collected from the wild are still alive - Rehak, studbook
data) and records about their geographic origin are available only in handful exceptional cases.

The aim of this paper was to provide a first insight to conservation genetics of C. angulifer.
For this purpose, we described and analysed mitochondrial genetic variation within a population of C.
angulifer kept in European Zoos and associated private holders. The sampling was performed two
decades ago during the first years of this millennium. We addressed two main questions. (1) What can
the variability estimated within ex sifu population tell us about variability and historical demography
of wild populations? (2) Is there molecular evidence that founders of this ex situ Zoo population were

variable enough to provide a good prospect for further maintenance of this population?

MATERIAL AND METHODS

Sampling
We analysed 96 new samples of C. angulifer (Figs 1-3) and one new sample of C. inornatus (see
Table 1). The geographic origin of the sampled specimens or their maternal ancestors was certain in
just few cases representing localities across the Cuba island (Fig. 4).

The sampling, sequencing and preliminary analyses were carried out during the years 2002-
2009. We decided to rely on non-invasive sampling causing no harm and minimizing stress in
sampled specimens. Thus, we selected buccal swabs as a source of DNA. We sampled specimens kept

by European Zoological gardens and collaborating private breeders. We aimed to include putative
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founders or their maternal descendants (daughter, granddaughter etc.). In order to avoid multiple

sampling of the same maternal lineage, we inspected pedigree data if available.

DNA Extractions and Sequencing

We sequenced two mitochondrial genes, combined the new sequences with previously published data
(Campbell 1997, Reynolds et al. 2013, Rivera et al. 2011), and supplemented them with additional
sequences from GenBank (Phylogenetic analyses).

The two genes included 1133 base pairs (bp) of cytochrome b (CYTB) and 814 bp of NADH
dehydrogenase subunit 4 (ND4) gene, partial cds; tRNA-His and tRNA-Ser genes. These genes were
chosen according to their phylogenetic information content in previous studies with the same
taxonomic scope and availability of sequences. Genomic DNA was extracted from 96% ethanol-
preserved buccal swab with NucleoSpin Tissue kit (Macherey-Nagel) according to manufacturer’s
protocol for buccal swab isolation. Extracted DNA was stored at — 18 °C until used as a template for
Polymerase Chain Reaction (PCR, Sambrook, Fritsch & Maniatis 1989). Individual markers were
amplifed by PCR using the same combination of primers like in previous studies. The entire CYTB
gene 1113 bp long was amplified using primers L14910 (5’-GAC CTG TGA TMT GAA AAC CAY
CGT TGT-3") and H16064 (5’-CTT TGG TTT ACA AGA ACA ATG CTT TA-3’) and conditions
from Burbrink, Lawson & Slowinski (2000). For ND4 gene we used a modified primer pair (L) ND4
(5°-TGA CTA CCA AAA GCT CAT GTA GAA GC-3) and (H) Leu (5°'-TRC TTT TAC TTG GAT
TTG CAC CA-3°) (Keogh et al. 2008) and conditions from Arevalo, Davis & Sites (1994).
Phylogenetic and demographic analyses

We prepared four data sets for phylogenetic analyses performation — CYTB alignment 1059 bp long,
ND4 alignment 814 bp long and two alignments combining CYTB and ND4 sequences of total lenght
1874 bp containing sequences downloaded from GenBank used as outgroup (C. fordii — KP746467,
KP746549; C. striatus — KP746472, KP746555; C. monensis — KP746425, KP746430, KP746507,
KP746512; C. inornatus — KC819501, KC819502, KP746552, 746553; C. exsul —KC329926,
KC329959; C. chrysogaster —KC329925, KC329958; C. subflavus —KC329948, KC329973;
Epicrates cenchria —KC329950, KC329974; Epicrates maurus — KC329951, KC329976; Eunectes
murinus — KC329952, KC329977; Eunectes nataeus — KC329953, IN967256).

The estimates of evolutionary divergence over sequence pairs between haplotypes of C.
angulifer population were conducted using the maximum composite likelihood model implemented in
MEGAG6 (Kumar et al. 2018; Tamura et al. 2013). The relationship within population of C. angulifer
was represented by using the Median-Joining network approach (Bandeltet al. 1999) in the program
Population Analysis with Reticulate Trees (PopART; Leigh and Bryant 2015). Two haplotype
networks were worked out — for alignment containing all 96 CYTB sequences of C. angulifer and for

alignment ND4 containing one sequence of each CYTB haplotype.
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Phylogenetic reconstructions were conducted using Bayesian analysis (BA), maximum
likelihood (ML) and Bayesian interference (BI) for alignments combining the CYTB and ND4
sequences. Bayesian analyses (BA) of both multilocus alignments (CYTB, ND4) were performed
using MrBayes v3.2.6 (Huelsenbeck et al. 2001; Ronquist et al 2012). The best-fit models of sequence
evolution were selected under MrModeltest 2.3 (Nylander 2004). The six partitions were set following
way: three for CYTB and three for ND4 gene (CYTB: GTR+I+G posl, GTR+I+G pos2, GTR+I+G
pos3; ND4: GTR +I+G posl, GTR+I+G pos2, GTR+I+G pos3). Two independent runs of BA were
conducted with a random starting tree and run for 20,000,000 generations, with trees sampled every
1000 generations and with 25% burn-in. The ML analysis of multilocus alignment (CYTB, ND4) was
performed in IQ-TREE (Nguyen et al. 2015) using the online web interface W-IQ-TREE
(Trifinopoulos et al. 2016). The best substitution model for both genes was selected automatically by
ModelFinder (Kalyaanamoorthy et al. 2017) implemented in IQ-TREE. The best model of nucleotide
substitution for the partition by gene scheme was identified as follows (CYTB: TIM2e+G4 posl,
TN+F+I pos2, TIM2+F+G4 pos3; TIM2+F+G4 posl, HKY+F+I pos2, HKY+F+G4 pos3).

BEAST v.2.6.6. (Bouckaert et al. 2014) was used for the BI analysis, the two partitions were
set. The GTR model was selected as the best model of nucleotide substitution by jModelTest v.2.1.6.
(Darriba et al. 2012) for both partitions, the CYTB and ND4. Site and clock models were unlinked
across partitions. Strict clock model was used for all partitions. According to Reynolds et al. (2013),
we set the prior of Chilabothrus root node to 21.7 Mye (SD = 1.8).

Polymorphisms within C. angulifer population were worked out by the statistic software
DnaSP v6 6.12.03 (Rozas et al. 2017) which estimated the following: haplotype diversity (h),
segregating sites (S), nucleotide diversity (x), and Tajima’s D, Fu & Li’s F*, Fu & Li’s D*, and Fu’s
FS tests. According to Russell, Medellin & McCracken (2005), high values of h and 7 indicate a
constant large population size. However, a low value of © and high value of h signifies a recent
expansion. To estimate population dynamics through time we have constructed a model in BEA Ui,
we have run Markov chain Monte Carlo simulations with 30 million iterations and 10 million burn-ins
using the GTR model and molecular clock with setting a rate 0.02 per 3 million years in BEAST
(Rodriguez-Robles et al. 2015). We have analysed the outputs in TRACER v1.7.1 and displayed them

as Bayesian skyline plot drawing the effective population sizes over time.

RESULTS

We sequenced cyt b in 96 specimens of C. angulifer. We identified 25 distinct haplotypes (Table 1).
While 13 of them were detected exclusively in a single specimen, the remaining ones were found in
multiple individuals (2, 2, 3,4, 4,5, 5, 5, 7, 8, 9 and even 28 times).

Median-Joining Network (MJN) revealed a presence of three clearly distinct main groups,

further referred to as Haplogroup I, Haplogroup II and Haplogroup III (Fig. 5). Maximum uncorrected
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p-distances among cyt b haplotypes belonging to different groups were 0.0220 (mean = 0.0183),
0.0340 (0.0228) and 0.0293 (0.0277), for I vs II, I vs III and II vs III, respectively. Corresponding
values for within group comparisons were 0.0121 (0.0076), 0.0083 (0.0033) and 0.0293 (0.0101), for
groups I, II and I1I, respectively (Table 2).

Bayesian spline-plot of this dataset revealed a long-term stability of effective population size
during the last three millions of years followed by a recent decline (Fig. 6). Population parameters
estimated separately for each haplogroup, as well as for pooled ones, are provided (Table 3). These
parameters are congruent with relative stability of the population numbers in the past. The only
exception represents Haplogroup II exhibiting negative values of parameters indicating recent
population expansion (significant at P < 0.05).

In addition, we sequenced ND4 gene in representatives of each cyt b haplotype. This proved
presence of 19 ND4 haplotypes. The resulting network pattern of ND4 sequences (Fig. 7) clearly
resembled that of cyt b one (Fig. 5).

In order to recover phylogenetic relationships among C. angulifer haplotypes, we run
Bayesian analysis. The analysed alignment contained both examined mitochondrial genes for all 25 C.
angulifer haplotypes and outgroups. The results corroborated that the groups II and III form well-
supported monophyletic clades (posterior probability = 1). In contrast to this, the group I splits into
two lineages. One of them has a sister relationship to a clade including both remaining groups (II+I1I),
while the other represents a basal most offshoot of C. angulifer tree (Fig. 8).

Next, we examined an alignment (cyt b and ND4) including two representatives of each C.
angulifer haplogroup, other Chilabothrus species and outgroups (Eunectes and Epicrates). We
employed Bayesian and Maximum Likelihood approaches. The results of both computation methods
were virtually the same and confirmed the above described topology (Fig. 9).

Finally, we run BEAST and constructed time-calibrated tree to estimate timing of divergence
among C. angulifer haplogroups (Fig. 10). In contrast to the previous analyses, it placed group III as a
sister of groups I + II. The last common ancestor of all C. angulifer haplogroups was estimated to
3.57 (95% CI: 2.37-4.82) Mye, while the split between the group I and II to 2.26 (95% CI: 1.43-3.09)
Mye.

DISCUSSION

Haplotype diversity

We sampled 96 individuals and detected presence of 25 mitochondrial haplotypes in examined captive
population of C. angulifer. Although, we tried to avoid sampling of close maternal relatives, we
repeatedly found multiple occurrence of the same haplotype coming from the same institution (cf.
Table 1). It is likely, that we sampled multiple maternal descendants of the same founder in some

cases. Thus, we even underestimated haplotype diversity among the founders of the examined captive
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population. This clearly supports the view that haplotype diversity in the source natural populations of
this endangered snake was extremely high.

Divergence among haplogroups

The deepest divergence among principal haplogroups of C. angulifer, we report here (3.57 Mye, 2.37-
4.82), suggest that they split already in the Pliocene period. This estimate is of comparable magnitude
as those previously reported between clearly distinct species of the genus Chilabothrus belonging to
the same major clade of this genus (for these clades see under Introduction). Specifically, divergences
within ampelophis-fordii, exsul-schwarzi-argentum-striatus-strigillatus and monensis-granti clades
are possibly even more recent (cf. Landestoy et al. 2021). Of course, it can be assumed that in widely
distributed Cuban boas inhabiting a relatively very large island (and its nearby coastal archipelagos)
with a complicated geological history, the genetic structure and phylogeography will be much more
complicated, making the interpretation of detected divergences much more difficult and complex than
in the case of isolated congeneric species from small islands or islets. Current advanced genomic
studies performed in continental rattlesnakes of the genus Crotalus showed complex evolutionary
history of these snakes. Episodes of temporal allopatry accompanied by genetic drift and divergent
selection were repeatedly followed by secondary contacts with pervasive gene flow even between
anciently diverged lineages (Schield et al. 2015, 2017, 2018, 2019).

Sequence divergence of mitochondrial genes among mainland species of boas tend to be
higher than among the haplogroups of C. angulifer, e.g., Epicrates (Passos & Fernandes 2008, Rivera
et al. 2011), Boa (Hynkova et al. 2009), Corallus (Colston et al. 2013), Eryx (Eskandarzadeh et al.
2020a,b), Acrantophis (Vences & Glaw 2003) and Candoia (Austin 2000). There are, however,
multiple exceptions, e.g., sequence divergence between the South American Epicrates cenchria and
its sister species E. maurus with predominantly Central American range is very close to that between
Chilobothris angulifer haplogroups III and I+II (Rivera et al. 2011). Similarly, geographically
localized haplogroups within Boa imperator exhibiting distinct parapatric geographic ranges may be
viewed as cryptic species or at least subspecies (Suarez-Atilano et al. 2014, Card et al. 2016). Island
populations of B. imperator are challenging. The discordance between very small sequence
divergence and parallel change in morphological and developmental traits reminds us that magnitude
of the adaptive evolution is not necessarily proportional to expired time (Boback 2006, Boback &
Siefferman 2010, Green 2010, Bushar et al. 2015, Card et al. 2019). In pythons, the snakes bearing
adaptive strategies comparable to that of boas (Esquerré & Keogh 2016), we can found multiple
examples demonstrating above discussed phenomena (Rawlings et al. 2008, Esquerré et al. 2020).
Hybridization between snakes belonging to different mitochondrial clades
Sequence divergence in mitochondrial genes can be used as a predictor of ability to hybridize
(Jancuchova Laskova et al. 2015a). Although, the 3% genetic divergence among haplogroups of C.
angulifer is comparable with that among distinct species of boids and pythons (see above), it is still

much smaller than that between the most distant species of squamates that are still able to interbreed
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and produce fertile hybrids (Janc¢ichova Laskova et al. 2015b, for a review see Jancuchova Laskova et
al. 2015a). In captive C. angulifer, we already proved fertility of hybrids between individuals
belonging to different haplogroups (unpublished data).

Why are the haplogroups so divergent within a single island

We report here a surprisingly deep divergence among mitochondrial haplogroups of C. angulifer. This
requires persistence of maternal lineages within this species for a long period of last few millions of
years. According to the phylogeographic and coalescent theory (cf. Avise 2000), this may be
explained either by (1) an extremely large and stable population size, or by (2) spatial subdivision of
the species into multiple isolated populations, each locally maintaining a certain haplogroup.

The first hypothesis, requiring an extremely large population size, is compatible with the view
that prior colonization of the island by humans, C. angulifer belonged to principal top terrestrial
predators of Cuba. Compared to “warm blooded” predators, the ratio between biomass of predators
and their prey is much higher in the case of “cold-blooded” predators like snakes. Thus, we cannot
exclude that C. angulifer was present in high densities and distributed throughout the territory of this
large island. Although recent records of C. angulifer are absent in some zones of the island
(Rodriguez Schettino et al. 2013), the historical distribution range could be fairly continuous.
Although, C. angulifer was repeatedly reported from several Pleistocene localities (cf.
Syromyatnikova et al. 2021 and reference herein), we may only speculate about real population size
of C. angulifer in the Pleistocene or Pre-Colombian periods. Our Bayesian-spline estimating
demography for a quasi-unstructured population revealed that except very recent decline the
population was stable during the last three millions of years.

Although, slow life history of C. angulifer may also contribute to extension of coalescence
time (but see Rodriguez-Cabrera et al. 2016 reporting early sexual maturation in natural population),
the first hypothesis is not in accord with a strong phylogeographic structure and/or endemism reported
in other Cuban reptiles (see below for rock-iguanas).

The second hypothesis might be supported by the fact that Cuba consists from multiple
continental fragments, originally representing separate islands. During the Lower Middle Miocene
(14-16 Mye), there were at least four main islands, i.e., Western, West Central, East Central and
Eastern islands that have been joined only recently. The Western island was the most distant from the
others. Formation of Cuba in its current form has been completed in Pliocene, roughly 4 Mye ago (see
Iturralde-Vinent 2006). Therefore, estimated divergence time among C. angulifer haplogroups (3.57
Mye) is not old enough to be compatible with the scenario suggesting a secondary contact of
haplogroups initially evolved in isolation on precursor islands. Nevertheless, as the confidence
interval of our estimate is too wide (2.37-4.82 Mye), this scenario cannot be ruled out entirely.

Putative subdivision of C. angulifer populations after final formation of the island during
Pliocene is more consistent with our estimates of divergence time among three principal haplogroups.

We have no evidence about permanent geographic barrier dividing the island during the Pliocene-
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Quaternary period, however, lowland parts of the island were periodically inundated during the
interglacial maxima. This process temporarily separated the area into three or even more pieces. On
the contrary, the Isla de la Juventud would merge with mainland Cuba when the sea level would drop
by about 18 m, while during the last glacial maximum (cca 20,000 years ago) the sea level was about
125 meters lower than it is today (Fairbanks 1989, Tolson & Henderson 1993, Poore et al. 2000,
Steadman & Franklin 2017).

A strong male-biased dispersal was reported in many snake species (e.g., Rivera, Gardenal &
Chiaraviglio 2006, Keogh et al.2007, Dubey et al. 2008, Pernetta et al. 2011, Folt et al. 2019). This
mechanism may contribute to a limited flow of maternally inherited mitochondrial genes and
consequent geographically limited distribution of haplotypes. Therefore, an isolation by distance
should be also considered, besides a true geographic barrier. A study performed in continental
coralsnakes recently demonstrated that spatial sorting of their mitochondrial haplotypes can be
attributed to genetic surfing caused by stochastic and demographic processes rather than to allopatric
divergence (Streicher et al. 2016).

In general, all scenarios involving the second hypothesis predict presence of a clear
geographic distribution pattern of the haplogroups. Below we discuss evidence supporting this
prediction.

Geographic distribution of the haplogroups
We sampled captive population, decades after last imports from wild. Thus, we rely on only anecdotic
records about the precise geographic origin of examined haplotypes.

The sample belonging to the maternal descendant of the founder coming from Vinales in the
Western part of Cuba is the only clearly localized sample of the Haplogroup I comprising 7
haplotypes (23 individuals). The most common origin of imported specimens of C. angulifer were
probably provinces surrounding the capital Havana. Multiple founders possessing haplotypes
belonging to a haplogroup II, which is the most represented in our sampling (8 haplotypes, 48
individuals), probably come from this part of the island, nevertheless we can be sure about it in just
one case (locality Matanzas). Among 10 haplotypes (24 individuals) belonging to a haplogroup III,
only four are of known geographic origin. All of them come from Central (Trinidad) and Eastern
Cuba (Nicaro and Sierra Maestra). Another record of Haplogroup III from Eastern part of Cuba
represents cyt b sequence (accession No. KC329922) belonging to our haplotype AA1 which was
reported from Guantanamo by Reynolds et al. (2013). This may suggest, that Haplogroup III is
distributed predominantly in the Central-Eastern parts of the Island, while Haplogroups I and II in the
Western areas (see below for a comparison with Cuban rock iguanas).

Although, it is likely that C. angulifer haplogroups follow the above suggested geographic
pattern, we have no sufficient data to finally prove this hypothesis and further research in the wild is
needed to solve this problem.

A comparison with phylogeography of other species
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Cuban rock-iguana (Cyclura nubila) belongs to the most charismatic species of squamates inhabiting
Cuba. Because its large body size and similar history on the Great Antilles, this species provides a
reliable comparison with Chilabothrus angulifer. Similarly, as in C. angulifer, there is a deep
divergence among mitochondrial haplotypes of this iguana (Frynta et al. 2010). Recently, Shaney et
al. (2020) sampled multiple populations of Cyclura nubila and demonstrated that each geographically
defined population of C. nubila is characterized by an exclusive group of closely related haplotypes.
Moreover, the haplotypes coming from the western and eastern parts of Cuba form mutually clearly
distinct clades exhibiting parapatric distribution. Each of these clades further splits into several local
haplogroups. The split between these principal clades is deep, they estimated their divergence to 6.8
Mye (Shaney et al. 2020). Nevertheless, confidence interval of their estimate (4.2-9.7 Mye) partly
overlaps that we computed for a split between major mitochondrial clades (I+1I versus IIT) of
Chilobothris. angulifer (2.37-4.82 Mye). Thus, the divergence patterns recovered in these two
charismatic reptilian species may reflect the same underlying process.

A deep split between Western and Eastern clades of cyt b (5.2%) was also reported in
endemic rodents of the genus Capromys. Nevertheless, as a result of more rapid substitution rate in
rodents, a divergence time between these clades was estimated just to 1.1 Mye (Upham & Borroto-
Paez 2017). Interestingly enough, geographic distribution of these Capromys clades follows almost

precisely the pattern reported in Cyclura nubila (Shaney et al. 2020).
Phylogenetic relationships among the haplogroups I, II and I1I

The topologies recovered by MrBayes and maximum likelihood proved that haplogroups II and III are
monophyletic and mutually exclusive. These methods, however, failed to support monophyly of
Haplogroup I and placed lineages belonging to this group as sister clades of the remaining haplotypes
belonging to groups II and III (Figs 8 and 9). In contrast to this topology, a time-calibrated tree
produced by BEAST reveal basal split between Haplogroup III and the clade including mutually sister
clades formed by haplogroups I and II. We prefer the topology of the time-calibrated tree (Fig. 10)
because of following reasons: (1) The divergence between C. angulifer and its closest relatives of the
the Puerto Rican clade (15.3 Mye) is much longer compared to the deepest split between C. angulifer
haplogroups (3.57 Mye). Thus, finding a proper root of the haplotype tree is really difficult and
uncertain. (2) The split between groups III and I+11 is in accord with the haplotype networks, (3) In
the analyses placing haplogroup IIT with II, the branch leading from their common ancestor to the

Haplogroup III is long.

Conservation genetics of European ex situ population
On one hand, we reported the deep splits among principal mitochondrial haplogroups and thus we
have to expect that natural populations of Chilabothrus angulifer, similarly like those of the Cuban

rock-iguanas (Cyclura. nubila), are divided into multiple conservation units according to coalescence
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of their genes (cf. Shaney et al. 2020). After several generations of captive breeding (the generation
time for C. angulifer is about 11.0 years, the oldest captive born Cuban boa, who contributed to the
current European population with offsprings, is a female born in 1973 - Rehak, studbook data) and
interbreeding among C. angulifer originated from multiple populations, pure-bred lineages are rare
and thus not sufficient for establishing viable population. Such an attempt, reflecting our finding, that
Cuban boas represent at least two different subspecies or species (depending on the criteria and
applied species concept). would require derivation of new ex sifu populations from the wild (as
pointed out already by Rehak 2006, 2008).

On the other hand, Zoo populations of the reptiles are typically extremely small (Frynta et al.
2010, MareSova & Frynta 2008) and thus suffer from inbreeding rather than outbreeding depression.
The number of maternally unrelated founders of the European Zoo population reflected by haplotype
diversity reported in this study is large. It clearly confirms the view that the number of founders and
their genetic variability at the beginning of this millennium were large enough to create a viable ex
situ population of this endangered snake species. Nevertheless, an initial expansion, outbreeding,
maintenance at a sufficient population size and regular breeding are required to prevent loss of genetic
variation and viability of the population.

Recent population of Cuban boas in zoos (as well as in private collections) consists mostly of
captive born animals originated of founders imported from wild — especially in 1970" and 1980°
(Rehak, studbook data). The species is currently mainly found in European institutions, with just a
few others in Asia and North America, so the management at the European level (European ex situ
population) is a convenient option. The current population is descended from at least of fifteen
founders, but any more accurate number is not possible to calculate because about 80% of specimens
have unknown pedigree. For the same reason, a more detailed population assessment cannot be
performed, population projections cannot be accurately created and thus important sources for the
well based establishing of the Long-term Management Plan for Cuban boas in human care are
missing. Currently, 233 living Cuban boas (68 males, 80 females and 85 of undetermined sex - held in
63 cooperating institutions) are registered in the European studbook for Cuban boas (Rehak, ed.),
which is a sufficient and adequate number for management (the current population size may be able to
minimize random demographic and catastrophic events for the long-term) and at the same time a
number requiring adequate management. We do not have any data to suggest reduced fitness, survival
or reproductive problems in connection with crossbreeding.

At the same time, we consider that although the divergence among some populations of
Cuban boas is greater than that of some other, taxonomically recognized, species (see above), it is
important to note that most of these species are isolated island species "doomed" to evolve
independently, whereas in the case of Cuban boas, the individual evolutionary lines previously formed

during Cuba's complex geological history, currently inhabit a single island (with the surrounding
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nearby coastal archipelagos), and it can be assumed that their future evolution is likely to be
associated with the unavoidable hybridization.

In conclusion, we therefore recommend the management of the existing ex situ population of
Cuban boas in human care as a whole, as a single unit. At least until a more accurate picture of the
phylogeography of Cuban boas, the geographical distribution of their individual evolutionary lines,

their natural hybridization and the possible existence of hybrid zones is available.

Limitations of the study.

Our study is based on genetic samples from captive animals. Thus, we relied solely on maternally
inherited mitochondrial genes. As the examined individuals were mostly descendants of individuals
coming from different regions of the Island, the utility of biparentally inherited nuclear genes was
greatly limited. Moreover, sex chromosomes of C. angulifer are not clearly differentiated
(Augstenova et al. 2019), which prevented us to employ Y-chomosome. Therefore, further genetic
examination of wild populations of C. angulifer including genomic approach is urgently needed to

complete the picture.
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Table captions:

Table 1. List of samples collapsed to 25 haplotypes according 1059 bp long allignment of cyt b with
description of three haplogroups (red highlighted haplotypes were not identified by analyse of 553 bp
long alignment of cyt b, these sequenced were included in haplotype 23). The samples names were
created by using unique code helping to identify the Zoological garden or breeder, where the samples
were collected (AA — Aalborg Zoo, Denmark; B —Budapest Zoo, Hungary; BAR — Barcelona Zoo,
Spain; BOJ — Bojnice Zoo, Slovakia; BRF —Burford Zoo, UK; BRS — Bristol Zoo, UK; C —
Colchester Zoo, UK; CH — Kharkov Zoo, Ukraine; CHS — Chester Zoo, UK; KAL — Kaliningrad Zoo,
Russia; L — Lisbon Zoo, Portugal; PL —Plock Zoo, Poland; R — Rotterdam Zoo, Netherlands; RG —
Riga Zoo, Latvia; RO — Rostock Zoo, Germany; TOR —Torun Zoo, Poland; rest of samples came from
Prague Zoo, CZE and collaborating private holders). If available, the geographic origin of the sampled

specimen or its matriline is indicated in parentheses (in bold)

Table 2. Estimates of evolutionary divergence over sequence pairs between haplotypes of C. angulifer
population. The mean number, minimum, and maximum of base substitutions per site overall
sequence pairs within each group is shown. Analyses were conducted using the maximum composite

likelihood model implemented in MEGAG6 (Tamura et al. 2013). alignment 1059 bp of CYTB

Table 3. Demographic characteristics for the C. angulifer based on the 1059 bp mitochondrial CYTB
alignment. Sequences: number of individuals sequenced (Ns), number of segregating sites (S),
number of haplotypes (H), haplotype diversity (h), nucleotide diversity (n), Fu & Li’s F*, Fu & Li’s
D*, Fu’s FS, Tajima’s D
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Figure captions:

Fig. 1. Adult female of Chilabothrus angulifer bearing haplotype UD4 (Haplogroup I).

Fig. 2. Subadult female of Chilabothrus angulifer bearing haplotype F8 (Haplogroup II).

Fig. 3. Adult male of Chilabothrus angulifer bearing haplotype 93 (Haplogroup III).

Fig. 4. Map of Cuba island with locality specification (1: Sierra Maestra, 2: Nicaro, 3: Trinidad, 4:

Matanzas, 5: Vifales).

Fig. 5. Median-joining haplotype network computed using CYTB 1059 bp alignment containing all 96
samples of C. angulifer (Bibron), the size of the circle is proportional to the frequency of haplotypes

and the mutational steps are indicated on the branches.

Fig. 6. The Bayesian skyline plot (BSP) of sequence variability in CYTB 1059 bp long for the C.

angulifer population, visualizing the effective population sizes over time.

Fig. 7. Median-joining haplotype network computed using ND4 814 bp alignment containing all 96
samples of C. angulifer (Bibron), the size of the circle is proportional to the frequency of haplotypes

and the mutational steps are indicated on the branches.

Fig. 8. Bayesian tree computed from multilocus alignment (CYTB and ND4 genes). Statistical

support of the nodes is expressed as a posterior probability (posterior probabilities > 0.95 are shown)

Fig. 9. Bayesian MCMC consensus tree from the concatenated and partitioned 2-gene dataset. Nodes
with posterior probabilities >0.95 are shown, while numbers indicate posterior probabilities at nodes

with lower support are without number marking. Refer to Table 1 for more information on tip labels.

Fig. 10. Time-calibrated species tree for the clade Chilabothrus, Epicrates and Eunectes. Nodes are
labelled with letters and 95% HPD intervals are shown. Estimated divergence times in million years,
[95% HPD] are following: A —20.0, [14.4, 26.6]; B—17.7,[12.4, 24.0]; C-9.9, [6.9, 13.6]; D - 2.1,
[1.3,3.2]; E-184;F-14.6[10.3,19.3]; G-11.7 [8.2,15.7; H-5.3[3.6,7.2]; 1-3.6 [2.4,5.0]; J -
14.2[10.2,18.8]; K—8.9[6.2,12.0]; L-5.4[3.7,74]; M-3.5[24,48]; N-19[1.2,2.8];0-2.2
[1.4,3.1];P-1.210.7, 1.8]; Q- 1.3 [0.8, 2.0]. Except nodes B (0.99), E (0.95) and L (0.93) all

posterior probabilities are 1.00.
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Table 1. List of samples collapsed to 25 haplotypes according 1059 bp long allignment of cyt

b with description of three haplogroups. The samples names were created by using unique

code helping to identify the Zoological garden or breeder, where the samples were collected

(AA — Aalborg Zoo, Denmark; B — Budapest Zoo, Hungary; BAR — Barcelona Zoo, Spain;
BOJ — Bojnice Zoo, Slovakia; BRF — Burford Zoo, UK; BRS — Bristol Zoo, UK; C —
Colchester Zoo, UK; CH —Kharkov Zoo, Ukraine; CHS — Chester Zoo, UK; KAL —
Kaliningrad Zoo, Russia; L — Lisbon Zoo, Portugal; PL. —Plock Zoo, Poland; R —Rotterdam
Z00, Netherlands; RG —Riga Zoo, Latvia; RO —Rostock Zoo, Germany; TOR —Torun Zoo,

Poland; U - Zoo Usti nad Labem, Czech Republic; rest of samples came from Prague Zoo

and collaborating private holders, Czech Republic). If available, the geographic origin of the

sampled specimen or its matriline is indicated in parentheses (in bold)

Haplogroup Nr of
number Name |sequences | Samples (Locality) Cytb ND4
I UD4 2 K1, UD4 OL158846 | OM648935
I UHO |4 F9, S101, UD3, UHO OL158848 | OM648937
I MLI 1 ML1 OL 158847 | OM648936
I R703 1 R703 OL158849 | OM648938
17 9 17,18, 77, BN1, E42, EX1, F3 | OL158850 | OM648939
I (Vinales), U1, U4
I P1 5 P1, PS5, PR1, PR2, PR6 OL158851 | OM648940
I E43 1 E43 OL158852 | OM648941
14 7 14, 15, EA, KHNO, M14, M18, | OL158855 | OM648944
II ST1
II u3 29 16, AA3,B333, BAR2, BLL, |OL158854 | OM648943
BOJ3, BR4, BRS, BR7, BR6,
BRF156, BRS1, BRS2, BRS3,
Cl1, C2,Fle, F17, DR115,
DR117,DR118, KALIL,
KALO, L6504, M19, MD114,
RG4, U2, U3
KP1 8 P2, P3, P4, PR3, PR4, PRS, OL158858 | OM648947
II KP1, KTO
I F8 1 F8 OL158856 | OM648945
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II 78 78 OL 158860 | OM648949
I MATI1 MATI (Matanzas) OL 158853 | OM648942
II BRF157 BRF157 OL158857 | OM648946
II BRF158 BRF158 OL158859 | OM648948
I M2 M2 OL158867 | OM648956
11 TRI TRI (Trinidad) OL 158865 | OM648954
KSC CH1, KSC (Sierra Maestra), |OL158866|0OM648955
1 RG3
I 93 93 (Nicaro), TOO, TO1, UH1 |OL158862|0OM648951
PLB PLB, PLA, PLC, TOROL, OL 158863 | OM648952
1 TORIL
11 ROl ROl OL158861| OM648950
111 KN1 KN1 (Nicaro) OL158864 | OM648953
I H DR116, H OL158868 | OM648957
AA1 AA1, AA2, BAR3, BARI, OL158869 | OM648958
1 CHS1
I BRF155 BRF155 OL158870 | OM648959
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Table 2. Estimates of evolutionary divergence over sequence pairs between haplotypes of C.

angulifer (Bibron) population. The mean number, minimum, and maximum of base

substitutions per site overall sequence pairs within each group is shown. Analyses were

conducted using the maximum composite likelihood model implemented in MEGA6 (Tamura

et al. 2013); alignment 1059 bp of CYTB

Haplogroup I Haplogroup II Haplogroup III

Min Max Average |Min Max Average | Min Max Average
Haplogroup I | 0.000628| 0.012102 | 0.007595
Haplogroup IT | 0.016076 |0.022047 |0.018310 | 0.000627 | 0.008270 | 0.003298
Haplogroup III | 0.024066 |0.034391 |0.028801 |0.023397 |0.329260 |0.027666 | 0.000627 | 0.029300 | 0.010094
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Table 3. Demographic characteristics for the C. angulifer (Bibron) based on the 1059 bp

mitochondrial CYTB alignment. Sequences: number of individuals sequenced (Ns), number

of segregating sites (S), number of haplotypes (H), haplotype diversity (h), nucleotide
diversity (n), Fu & Li’s F*, Fu & Li’s D*, Fu’s FS, Tajima’s D.

Clades Ns S H h IT Fu& Li's Fu&Li's Fu'sFs Tajima's
F* D* D

All samples 96 62 24 0.876 0.02698 1.05000 1.09863  2.075 0.58061

Haplogroupl 23 25 7 0.791 0.00825 1.98528 0.67390 5.368 1.34480

Haplogroup I 49 19 8 0.613 0.0075 -3.24849 -3.31041 -0.373 -1.65269

Haplogroup III 24 57 10  0.891 0.01261 -0.24742 -0.23195 4.380 -0.16467




Fig. 1. Adult female of Chilabothrus angulifer bearing haplotype UD4 (Haplogroup I).
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1059  Fig. 2. Subadult female of Chilabothrus angulifer bearing haplotype F8 (Haplogroup II).
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1062
1063  Fig. 3. Adult male of Chilabothrus angulifer bearing haplotype 93 (Haplogroup III).
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Fig. 4. Map of Cuba island with locality specification (1: Sierra Maestra, 2: Nicaro, 3: Trinidad, 4:

Matanzas, 5: Vinales).
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Cyt b, all samples, 1159 bp

Fig. 5. Median-joining haplotype network computed using CYTB 1059 bp alignment containing all 96
samples of C. angulifer (Bibron), the size of the circle is proportional to the frequency of haplotypes

and the mutational steps are indicated on the branches.
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Fig. 6. The Bayesian skyline plot (BSP) of sequence variability in CYTB 1059 bp long for the C.

angulifer population, visualizing the effective population sizes over time.
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ND4, pouze cyt b haplotypy, 814 bp

Fig. 7. Median-joining haplotype network computed using ND4 814 bp alignment containing all 96
samples of C. angulifer (Bibron), the size of the circle is proportional to the frequency of haplotypes

and the mutational steps are indicated on the branches.
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Fig. 8. Bayesian tree computed from multilocus alignment (CYTB and ND4 genes). Statistical

support of the nodes is expressed as a posterior probability (posterior probabilities > 0.95 are shown)
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Fig. 9. Bayesian MCMC consensus tree from the concatenated and partitioned 2-gene dataset. Nodes
with posterior probabilities >0.95 are shown, while numbers indicate posterior probabilities at nodes

with lower support are without number marking. Refer to Table 1 for more information on tip labels.
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High Diversity of mtDNA Haplotypes Confirms Syntopic Occurrence

of Two Field Mouse Species Apodemus uralensis
and A. witherbyi (Muridae: Apodemus) in Armenia'
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Abstract—Wood mice of the genus Apodemus belong to the most frequent and epidemiologically important
rodents of Europe and adjacent regions. Previous studies showed that in the Middle East region species of this
genus exhibit extraordinary morphological similarity precluding their proper determination without applica-
tion of molecular characters. In order to determine the species of the studied populations and to obtain an
insight into their phylogeographic history, we analyzed their genetic variation. We sequenced 1139 bp frag-
ment of the mitochondrial DNA control region and flanking tRNA genes in samples collected from six local-
ities. Phylogenetic analyses revealed presence of distinct clades corresponding to species A. uralensis and
A. witherbyi. In most localities we confirmed presence of both species which suggests their large sympatric
and syntopic occurrence. We recognized an extensive genetic variability, 38 specimens of A. uralensis belong
to 32 distinct haplotypes, while 19 specimens of A. witherbyi to 14 haplotypes. We confirmed presence of sev-
eral distinct haplotypes that may originate from multiple wood mouse colonization waves from distinct geo-

graphic regions.

Keywords: Apodemus, Transcaucasus, phylogeography, mitochondrial DNA, D-loop
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INTRODUCTION

The Republic of Armenia is a biogeographically
distinctive territory with significantly diverse habitats
despite of its small area. It lies between Anatolian and
Iranian plateaus and nearly half of its territory is con-
sisted by the Lesser Caucasus. Within a relatively lim-
ited region, we can find arid subtropical semi-deserts
at the very south, alpine landscapes at altitudes of
4000 meters above the sea level, or humid mixed for-
ests at the north. The local biodiversity has been sub-
stantially influenced by geological processes, ice ages
and related climatic changes in the past, therefore var-
ious species from Europe, Middle East and Central
Asia meet in this region, as well as many others are
endemic to local mountains. Numerous mountain
ridges and valleys may have played role in dispersal
and speciation of fauna by functioning as barriers,
migration routes or refugia [1—8]. However, relatively
little research has been done on this topic. Due to
complexity of the local biodiversity, not only genetic
affinities and variation of the Armenian populations of
particular species, but also species identity of some

! The article is published in the original.

populations, has remained obscure up to these days
and often much of accessible information on the local
fauna is decades old and very obsolete.

This applies also to the complex of murid species
which we aimed on in our study. Wood mice of the
genus Apodemus Kaup, 1929 sensu lato belong to the
most widespread rodents of Eurasia [9, 10]. Their abil-
ity to inhabit wide spectrum of habitats from semi-
deserts and steppes to woodlands allows these animals
to be present in relatively high densities across the
landscapes. This predetermines these mice to become
valuable component of mammalian communities and
food webs and consequently also agricultural and for-
estry pests and transmitters of diseases (zoonoses). In
the Western Palearctics, the wood-mouse species of
the genus Apodemus (except for A. agrarius, A. epimelas
and A. mystacinus) form a monophyletic group of spe-
cies which are closely related and morphologically
similar to each other [9, 11—17]. Over the past few
decades there has been significant number of research
on the evaluation of genetic and morphological crite-
ria enabling identification of traditionally recognized
European species, i.e., A. sylvaticus (Linnaeus, 1758),
A. flavicollis (Melchior, 1834), and A. microps (Krato-
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chvil and Rosicky, 1952) which was currently syn-
onymized with A. wuralensis (Pallas, 1811) [18—30].
Within the main European clade of the genus Apode-
mus there is a low level of interspecific morphological
variation, which can be a result from a bush-like pat-
tern of radiation [31] leading to nearly simultaneous
emergence of many species. However, because of this
pattern it is also difficult to infer mutual relations of
the species, although they are well defined mono-
phylla themselves [12, 30, 32]. Using molecular data
along with morphological assessment is especially
important in the case of research on wood mice in the
Middle East, where there is no accurate taxonomy
within the genus Apodemus. The latter is a conse-
quence of the difficulty in identifying the species
because of the high morphological and ecological
similarities of representatives of various species. Stud-
ies concerning Apodemus phylogeny published over
10—15 years until today used such molecular methods
like allozyme analysis (which was one of the first bio-
molecular methods used by many authors for species
determination) [11, 33], restriction fragment length
polymorphism (RFLP) [32], random amplified poly-
morphic DNA (RAPD) [34], nuclear and mitochon-
drial DNA sequencing [12, 15, 16, 31, 32, 35—39]. Dif-
ferent studies often gave contradictory results about
the relationships among Apodemus species, but all
agree on the distinctness of examined species. Phylo-
geographic analyses were performed in A. sylvaticus
and A. flavicollis [ 12, 40—42].

Information on the taxonomy and distribution of
Apodemus species in the territory of Middle East and
Transcaucasus is still incomplete, because published
data are based mainly on morphology patterns and
molecular methods were used at a limited number of
localities across the country [12, 25, 43].

In the neighbourhood of Armenia, five valid species
of the genus Apodemus have been reported until now [cf.
11, 14, 16, 38, 44—47]: A. uralensis (Pallas, 1811),
A. witherbyi (Thomas, 1902), A. flavicollis [42], A. hyr-
canicus [44] and A. mystacinus [43, 48]. Based on a large
scale phylogenetic comparison of mitochondrial cyt b
gene sequences of A. uralensis across the Europe and
Central Asia, the eastern populations have been
recently recognized as a separate species A. fokmak
(Severtsov, 1873). The range of this new species is, how-
ever, restricted to the Central Asia and separated from
the Transcaucasus region by the Caspian Sea.

In this paper, we present new genetic data for wood
mice of the genus Apodemus from Armenia. We
sequenced a fragment of mitochondrial DNA includ-
ing highly variable control region, performed phyloge-
netic analysis and visualized haplotype networks. The
aim of this study was to (1) verify putative species iden-
tity of the collected mice using molecular characters;
(2) analyze sequence variation on population level and
(3) discuss phylogeographic and demographic inter-
pretations of the results.
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MATERIALS AND METHODS

A total of 58 mouse specimens belonging to Apode-
mus species were examined, including pygmy wood
mice A. uralensis and steppe field mice A. witherbyi
[49] (Table 1). The geographic origin of samples is
presented in Fig. 1. Aghavnadzor (40°35’03” N
44°41’29” E; number of specimens n = 30), Hankavan
(40°37°09” N, 44°34’29” E; n = 11) Kotayk province,
central Armenia, 1900 m a.s.l. Biotope: the localities
Hankavan and Aghavnadzor include a valley of the
river Marmarik and the several altitudinal zonation
such as foothill, mountain, subalpine and alpine zones
of the Pambak and Tsaghkunyats ridges. River valley is
surrounded by mountain meadows and mixed forests
at higher elevations, mainly on the northern slopes.
Aygut (40°41°03” N, 45°10"23” E; n = 1), Gegharkunik
province, NE Armenia, 1400 m a.s.l. Biotope: Lesser
Caucasus, river valley surrounded by semi-arid moun-
tain steppe with dispersed mixed forests at higher alti-
tudes. Dilijan (40°4427” N, 44°51’47” E; n = 6), Tav-
ush province, NE Armenia, 1300 m a.s.l. Biotope:
Lesser Caucasus, humid mixed forests. Animals were
captured in the Dilijan town and the territory along the
Agstev River. Khosrov State Reserve (39°56'42.1” N,
44°51’35.5” E; n = 9), Ararat province, central-south
Armenia, 1300 m a.s.l. Biotope: slopes descending to
the Ararat valley, arid foothills, slopes covered with
dispersed woodlands. It is a noted area in the Cauca-
sus region for unique European and Asian flora and
fauna. Yerevan (40°11” N, 44°31” E; n = 1), Capital
district, south-central Armenia, 1000 m a.s.l. Biotope:
Ararat valley, predominantly arid with dry steppe veg-
etation. One individual was caught in the south-west-
ern suburbs of the capital Yerevan. In addition, one
specimen of Mus macedonicus from Yerevan was also
included.

Total genomic DNA was isolated from finger or tail
tip preserved in absolute ethanol at —20°C. The DNA
was extracted using a DNeasy Blood and Tissue kit
(Qiagen) following the manufacturer’s protocol.

The DNA amplification was performed with poly-
merase chain reaction (PCR) using primers suggested
by Bellinvia (2004) for the mitochondrial DNA con-
trol region (D-loop) and flanking tRNA genes (about
1000 bp). Selected part of mtDNA was amplified in
two overlapping segments. PCR reactions were carried
out in 25 UL volume including 1 pL of each 10 uM
primer, 12.5 uL of PPP Master Mix (TopBio), 9.5 uL
of PCR H,0 and 1 pL of template DNA following
manufacturer’s protocol. The PCR amplification pro-
tocol consisted of 31 cycles of denaturation at 95°C for
30 s, annealing at 50°C (using primers 1 + 2bis) or
55°C (using primers 3 + 4) for 1 min, and extension at
72°C for 1 min; a further 15 min elongation step at
72°C followed the last cycle. For some samples the
temperature of annealing had to be decreased to 46°C
in case of using combination of primers 1 + 2bis to
Vol. 54
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Table 1. List of localities of genetically determined specimens of Apodemus uralensis and A. witherbyi

A. uralensis A. witherbyi
number number number number
of individuals (N) of haplotypes (N,) of individuals (N) of haplotypes (V,))
Hankavan 11 11 — —
Dilidjan 3 3 3 3
Aygut 1 1 1
Aghavnadzor 23 18 5 5
Khosrov Reserve - - 9 6
Yerevan, SW — — 1 1

obtain usable PCR products. All the PCR products
were purified using the ethanol precipitation.

The entire D-loop and flanking region sequences
were aligned and manually checked using Chromas
Pro 1.7.5 (Technelysium Pty Ltd), BioEdit [50] and
Clustal X 2.0.11 [51]. An online toolbox FaBox 1.41
(http://users-birc.au.dk/biopv/php/fabox/index.php)
was also used for work with the sequences. We pre-
pared three alignments, the first one in length of 1139 bp
for phylogenetic analyses where we included sequences
of all 59 samples—and also sequences of Apodemus spe-
cies from GenBank (numbers AY588254, AY588250,
AY588251, AY623063, AY623064, AY623065, AY623066,

AY623067, AY588263, AY588260, AY588252,
.
(“\/
s

) 3

1. Aygut

2. Dilijan

3. Aghavnadzor
4. Hankavan

5. Yerevan

6. Khosrov

80 km<'
L 1

AY588255, AY588256, AY588257, AY588259, AY588264,
AY588253, AY588262, AYS588258, AY588261). We
added two sequences of Mus macedonicus macedonicus
as outgroup to this alignment (collected specimen and
a GenBank sequence EU106248.1).

The second and third alignment was prepared for
construction of haplotype networks. The second
alignment included only 19 of our samples marked as
A. witherbyi, its total length was 1041 bp. The third
alignment included 38 of our samples marked as
A. uralensis and its total length was 1024 bp.

Neighbour-joining (NJ) and maximum parsimony
(MP) analyses were performed under PAUP* ver-
sion 4.0b10 [52], and Bayesian analysis (BA) was con-

Fig. 1. Map of collection localities. ] —Aygut, 2—Dilijan, 3—Aghavnadzor, 4—Hankavan, 5—Yerevan, 6—Khosrov Reserve.
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ducted with MrBayes 3.1 [53, 54]. Tree search with NJ
algorithm was done with Kimura two-parameter dis-
tance and support within the final topology was
assessed through 10000 bootstrap pseudoreplicates.
For MP, we conducted heuristic search analyses using
tree-bisection and reconnection (TBR) branch swap-
ping and 1000 random replicates of taxa additions. The
branch support was evaluated using 10000 bootstrap
pseudoreplicates [55]. All characters were equally
weighted and unordered. Bayesian analysis was con-
ducted with a random starting tree and run for 15 x 10°
generations, with trees sampled every 100 generations.
The burn-in command was used to discard the first
15000 trees (1500000 generations). As the best-fit
model, TVM+I1+G by hLRT was selected in Modelt-
est 3.7 [56]. In addition, we applied the median-join-
ing method available in NETWORK, version 4.6.1.2
[57] to construct haplotype networks for each exam-
ined Apodemus species.

Polymorphism for each of populations A. witherbyi
and A. uralensis was detected by the statistic software
DnaSP v5 5.10.01 [58] which quantified the following:
haplotype diversity (%), segregating sites (S), nucleo-
tide diversity () and performed neutrality tests [59]:
Tajima’s D, Fu and Li’s F*, Fu and Li’s D*, and Fu’s
Fs tests [59—61]. According to Russell et al. (2005)
[62], high values of # and T indicate a constant large
size of population. However, a low value of T and high
value of 4 signify recent expansion. To detect signals of
population expansion, we also used simple expansion
coefficients [60], defined as S/I1, where I1 is the aver-
age number of pairwise nucleotide differences (also
quantified in DnaSP v5 5.10.01).

RESULTS

In this study we sequenced a fragment of the mito-
chondrial DNA containing the entire D-loop region
and flanking tRNA genes: part of the tRNAT' and the
entire tRNAP© at 5', as well as part of the tRNAP"® at
3'. For 59 specimens this part of DNA varied from
1019 to 1076 bp.

The phylogenetic analyses were based on the align-
ment of 1139 bp including our samples and 22 sequences
from GenBank (including 12 of the genus Apodemus).
We performed Bayesisan, maximum parsimony and
neighbour joining analyses; these methods mutually
agreed in main topology of the resulting trees (see Fig. 2
for Bayesian tree and node supports). Monophyly of
two distinct branches including 38 and 19 Apodemus
samples from the territory of Armenia was strongly
supported (Bayesian posterior probabilities >0.98,
MP and NJ bootstraps >99 and 91, respectively).
Inclusion of the GenBank sequences of known species
identity into the phylogenetic analyses allowed us to
unequivocally assign 57 of 58 sequenced Apodemus
specimens (except the sample no. 1421, see below)
into A. wuralensis (38 specimens) or A. witherbyi

RUSSIAN JOURNAL OF GENETICS
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(19 specimens). A sequence of the additional sample
belonging to the genus Mus (no. 1386; locality Yere-
van) fits M. m. macedonicus; this conclusion was fur-
ther confirmed by a separate phylogenetic analysis of
this sequence in the context of Mus macedonicus sam-
ples previously studied by Macholén et al. (2007) [63],
in which no. 1386 fell within the clade of M. m. mace-
donicus samples closely to the sequences from Iran
(data not shown).

The detailed phylogenetic placement of the
sequence of the specimen no. 1421 has remained
unstable, although it obviously belongs to the Apode-
mus clade. The sequence has no clear affinities to
those of any previously sequenced Apodemus species.
Uncorrected p-distances of this sequence to those of
other Apodemus species range from 4.04 to 21.00% (for
A. uralensis and A. agrarius, respectively). The sup-
ports of the detailed branching patterns within A4. ura-
lensis and A. witherbyi clades were rather low, although
the Armenian samples tend to cluster together and/or
with samples from geographically close areas of the
Middle East (Fig. 2).

Next we separately analyzed the sequences from
Armenian populations of A. uralensis and A. witherbyi.
For A. uralensis we constructed a nucleotide align-
ment consisting of 1025 bp, of which 106 were variable
and 64 were parsimony-informative. The uncorrected
p-distance among haplotypes within this dataset
ranged from 0.10 to 4.91%. Similarly, we obtained an
alignment for A. witherbyi consisting of 1041 bp, of
which 50 were variable and 20 were parsimony-infor-
mative. Within this dataset the uncorrected p-distance
among haplotypes ranged from 0.20 to 2.37%.

These alignments were further used for construc-
tion of haplotype networks (Fig. 3 and Fig. 4) and
computation of indices characterizing haplotype
diversity. In both clades, the results revealed presence
of some very distinct haplotypes, as well as the possi-
bility of recent expansion. The latter suggestion was
supported by high haplotype diversities, low nucleo-
tide diversities and high values of simple expansion
coefficients, also the neutrality tests resulted in nega-
tive, although non-significant values (Table 2).

External characters of speciemens possessing hap-
lotypes belonging to A. uralensis and A. witherbyi
clades overlapped considerably. The mean body length
was 90.7 (range 82—96) and 94.6 mm (90—101); the
ear length 15.0 (14.0—16.1) and 14.9 mm (14.2—16.1);
and hind-foot lengths 20.61 (19.9—21.9) and 21.17 mm
(20.3-22.5), for A. uralensis and A. witherbyi, respec-
tively. The only examined measurement with signifi-
cant between-species difference was the tail length
(t-test: t = —6.00, P < 0.0001, A. uralensis: mean =
85.7 mm, range 7795, A. witherbyi: mean = 99.9 mm,
range 93—110). The individuals identified as A. with-
erbyi, were characterized by a bit paler and more yel-
lowish dorsal surface than in A. uralensis. They tend to
possess a bit larger and smoother yellow pectoral
Vol. 54
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Fig. 2. Phylogenetic tree constructed using Bayesian analysis with Maximum parsimony posterior probability (posterior proba-
bility >0.90/bootstrap values >50 shown only, * posterior probability <50).

RUSSIAN JOURNAL OF GENETICS Vol. 54 No. 6

2018



692

BALASANYAN et al

6A.U.T Aygut
B Dilijan
.Aghavnadzor
190 18 ‘ . Hankavan
x"“
1431 }?
22.\
14200 202 1458'\2 5 2N -
° - 4= ‘3\./ T
295].4 145
1412072

Fig. 3. Median-joining network obtained for the D-loop sequences of A. uralensis. Circle sizes are proportional to the number of
the same haplotypes observed in the data set. Values at branches represent numbers of mutational steps (displayed for n > 1)
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the same haplotypes observed in the data set. Values at branches represent numbers of mutational steps (displayed for n > 1)

RUSSIAN JOURNAL OF GENETICS

Vol. 54 No. 6 2018



HIGH DIVERSITY OF mtDNA HAPLOTYPES CONFIRMS SYNTOPIC OCCURRENCE

693

Table 2. Sequence polymorphism and demographic characteristics for A. uralensis and A. witherbyi based on mitochondrial

D-loop
Fu Fu R s,
N S M, H T |and Li's P and Li's D* Fu’s Fs |Tajima’s D| Exp
A. witherbyi 19 45 14 0.95 0.01 —1.7612 —1.6579 —2.352 —1.1711 4.70354
A. uralensis 38 96 29 0.98 0.015 | —1.6442 —1.2774 —8.009 | —1.5749 | 6.69876

Samples are defined as species in phylogenetic tree. Sequences: number of individuals sequenced (Ng), number of segregating sites (S),
number of haplotypes (), haplotype diversity (/), nucleotide diversity (7), Fu and Li’s /*, Fu and Li’s D*, Fu’s Fs, Tajima’s D and

expansion coefficient (exp).

spots. Nevertheless, these differences in colouration
were not distinct enough to reliably predict species
identity as revealed by sequence data.

DISCUSSION

Five Apodemus species are currently recognized to
inhabit the regions neighbouring Armenia. (1) A. ura-
lensis (Pallas, 1811) a widespread species ranging from
the Central Europe [19, 64] usually referred to as
A. microps to the Central Asia [65]. The geographic
variation of this taxon was examined by Orlov (1996).
(2) A. witherbyi (Thomas, 1902). This species was
described from Israel [66, 67] as A. hermonensis [66],
but it was later found to be widespread throughout the
non-desert areas of the Middle East (including Rho-
dos Island [68]). Later on Filippucci et al. (1996) [69]
suggested that A. hermonensis probably can be conspe-
cific with the species reported as A. falzfeini
(Mezhzherin & Zagorodnyuk, 1989) or A. fulvipectus
(Ognev, 1924) from Turkmenistan, the Transcauca-
sus, the Caucasus, and neighboring steppes up to
Crimea [70]. The presence of A. hermonensis in Arme-
nia was reported by Suzuki et al. (2008) [26]. Cur-
rently, A. hermonensis is treated as a junior synonym of
A. witherbyi [43, 45, 48, 71]. (3) A. flavicollis. The phy-
logeographic analyses of the entire distribution range
of this species suggest that Middle East populations
represent a distinct clade [42]. Wood mice populations
from the Transcaucasus referred to as A. ponticus (Svir-
idenko, 1936) may probably represent a sister lineage
to A. flavicollis and therefore are often treated as con-
specific [43, 72]. (4) A. hyrcanicus (Vorontsov et al.,
1992), a recently described species, probably restricted
to the area of Hyrcanian forests on the Southern shore
of the Caspian Sea [14, 43, 44]. Its occurrence in
Armenia is thus improbable. (5) A. mystacinus (Dan-
ford and Alston, 1877) inhabiting rocky habitats in
urban or woodland areas throughout Anatolia,
Levant, Georgia and Crete, sometimes attributed
together with its sister species A. epimelas to the subge-
nus Karstomys [43, 48, 49].

The phylogenetic analyses performed by Bayesian
and maximum parsimony methods mutually agreed
and both revealed presence of two distinct Apodemus
clades corresponding to species A. wuralensis and
A. witherbyi. Thus, the species determination using the

RUSSIAN JOURNAL OF GENETICS
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sequenced fragment of mitochondrial DNA including
the control region is unequivocal. The sequence
obtained from the specimen 1421, however, does not
fit to any of the previously sequenced species. This
may be caused by a possible presence of nuclear
pseudogenes [73], though we cannot rule out it may
represent a new mitochondrial lineage. On the other
hand, topology of both species within the phylogeny of
Apodemus species remains unclear, when compared
with the data in literature. In our results, A. uralensis
and A. witherbyi grouped together into a clade, while
A. hyrcanicus, A. flavicollis and A. sylvaticus formed
ancestral groups. According to other authors, whose
studies were based on cytochrome b, 12S rRNA or
nuclear genes, A. uralensis usually groups together
with A. sylvaticus, A. flavicollis and A. hyrcanicus,
though their exact positions may vary, leaving 4. with-
erbyi (or A. hermonensis, respectively) as a sister spe-
cies to the whole group [12, 38, 43].

In both examined species, the patterns revealed by
haplotype network analyses may suggest recent demo-
graphic expansion of the populations. The presence of
some very distinct haplotypes in both examined spe-
cies requires further examination. Geography and cli-
matic history of Armenia (glacial history of the Cauca-
sus [4]) allows us to speculate that this pattern may be
a result of successive colonization waves.

In most localities we confirmed the presence of
both A. uralensis and A. witherbyi which suggests their
considerable sympatric and syntopic occurrence. This
further supports previous results from Eastern Turkey
[11, 13] where these two species, and sometimes also
A. flavicollis were frequently found on the same local-
ities. We found no obvious microhabitat separation in
sympatric populations. Nevertheless, the predomi-
nance of A. witherbyi in Khosrov Reserve and A. ural-
ensis in Hankavan, conforms to a general tendency of
the former species to prefer steppe while the latter spe-
cies rather forest and/or mountainous habitats.

The genetic distinctness of sympatric Apodemus
species sometimes sharply contrasts with their mor-
phological uniformity, the phenomenon that was pre-
viously demonstrated, e.g., in the Balkans (cf. [74]).
Also in Armenia and adjacent regions, high degree of
genetic differentiation of sympatric Apodemus species
[11, this paper] contrasts with their apparent mutual

2018
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similarity in appearance (colouration, body dimen-
sion) and craniodental morphometry (cf. [13, 14]).
The external dimensions and colouration of our genet-
ically determined specimens of A. wralensis and
A. witherbyi fit the variation reported by Krystufek and
Vohralik (2009) [71]. The only little overlapping trait
was the tail length, however, its reliability for field
determination requires further verification in larger
sample of genetically determined specimens.

There may be three possible explanations for this
kind of variation: (1) gene introgression among sym-
patric species in the Middle East [75—77] and/or
(2) convergent morphological evolution of multiple
clades in the Middle East [78, 79] and/or (3) divergent
morphological evolution in European taxa combined
with persistence of ancestral phenotypes in the Middle
East [14]. These let us to discuss some possible ecolog-
ical causes of small interspecific variation in the Mid-
dle East when compared to that in Europe. Habitats
suitable for the survival of Apodemus species can be
more differentiated in European landscapes (like field
and forest) than in the Middle East.

Our results based on maternally inherited mito-
chondrial genes are unable to detect genetic introgres-
sion. Although, Macholan et al. (2001) [11] failed to
detect interbreeding among sympatric Apodemus spe-
cies in the Middle East, nuclear genes have to be
examined to prove their findings. In conclusion, our
study confirmed that the two syntopic species belong
to the species A. uralensis and A. witherbyi, each char-
acterized by a distinct cluster of haplotypes.
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9. Prilohy

Nasledujici prace vyslovné nejsou soucasti souboru publikaci zafazenych to této disertacni prace. Byly
soucasti jinych disertacnich praci a podil Barbory Opelka Somerové na nich neni dominantni. Jsou
priloZzeny vyhradné pro dokresleni publikaéniho profilu uchazecky.
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Abramjan, A., Bauerova, A., Somerova, B., & Frynta, D. (2015). Why is the tongue of blue-tongued
skinks blue? Reflectance of lingual surface and its consequences for visual perception by conspecifics
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Abstract Blue-tongued skinks of the genus Tiliqua
(Scincidae) are characterized by their large blue melanin-
pigmented tongues, often displayed during open-mouth
threats, when the animal feels endangered. It is not clear
whether this unusual coloration is a direct anti-predation ad-
aptation or it may rather serve intraspecific communication, as
ultraviolet-blue color is a frequent visual signal in a number of
lizard species. We used spectrophotometry and visual model-
ing to compare blue tongues of Tiligua gigas with tongues and
skin coloration of other lizard species, and to examine their
appearance through the eyes of both the conspecifics and avi-
an predators. Our results show that (1) the tongue coloration is
probably not substantially influenced by the amount of mela-
nin in the skin, (2) lingual and oral tissues are UV-reflective in
general, with blue colored tongues having chromatic qualities
similar to UV-blue skin patches of other lizard species, (3)
UV-blue tongues are more conspicuous than pink tongues,
especially in the visual model of conspecifics. We hypothesize
that blue tongues may possibly serve as a semantic (honest)
signal analogous to UV-blue skin patches of other lizard spe-
cies due to greater UV-bias in the vision of diurnal lizards.
Regarding the social behavior and high aggressiveness in
Tiliqua and their relatives, such signal might serve, e.g., in
intraspecific long-distance communication between conspe-
cifics in order to avoid aggression, and its anti-predation effect
may only be a secondary function (exaptation).
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Introduction

Color signals play an important role in both intra- and inter-
specific communication in a number of animal species. Apart
from serving as cues for individual or species recognition,
they cover a variety of semantic meanings (Williams and
Rand 1977; Losos 1985; Couldridge and Alexander 2002;
Creel and Creel 2002). The size or intensity of particular col-
oration can correlate with the hierarchic status of its bearer
and/or indicate his health or aggressiveness. This is common
in males of many fish, bird, or reptile species which indicate in
this way their fighting ability to their competitors. This influ-
ences their mating success and therefore, the corresponding
traits are often subject to sexual selection (Fernald and Hirata
1977; Andersson et al. 1998; Sinervo et al. 2000; Senar 2006;
Hamilton et al. 2013). Conspicuous colors and patterns can
also serve to deter potential predators. Aposematic patterns are
usually present on the animal’s body surface, being exposed
either permanently (e.g., in coral snakes), or only at the mo-
ment of threat, which is typical for otherwise cryptic species
(e.g., in fire-bellied toads). Some species rely on a strategy of
startling the predator for a moment, flashing suddenly a hid-
den warning sign and thus gaining some time to escape (e.g.,
sunbitterns, frilled lizards or some species of butterflies;
Ruxton et al. 2004; Hill and McGraw 2006; Hamilton et al.
2013).

Within the wide variety of color signals, blue coloration
deserves special attention, as it is relatively uncommon among
vertebrates, but mostly has a semantic function (Bagnara et al.
2007; Perez i de Lanuza and Font 2010; Umbers 2013). In this
case, vision and coloration are related in a sense that many
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animals having blue patches on their surfaces are also capable
of seeing ultraviolet light. Patches that we perceive as blue are
in fact often UV-blue, as their peak reflectance is mostly in the
UV range. Such signs are therefore conspicuous to these spe-
cies, allowing them to communicate through this channel
without being detected by UV insensitive predators (Endler
1992; Hastad et al. 2005; Lind et al. 2013; Marshall and
Stevens 2014). UV-blue crowns in blue tits or throats, lateral
eyespots, and outer ventral scales in many lacertids (e.g.,
Timon, Gallotia, Lacerta, Podarcis etc.) represent not only
intraspecific recognition traits (they can be sexually dichro-
matic in the UV spectrum in many species), but also serve as
honest signals of male quality (Andersson et al. 1998; Font
et al. 2009; Bajer et al. 2011; Molina-Borja et al. 2006). In
African flat lizards of the genus Platysaurus (Cordylidae) as
well as in the lacertids, the intensity of UV-blue coloration
positively correlates with the aggressiveness and the ability
of males to mate successfully (Whiting et al. 2006; Font
et al. 2009; Fleishman et al. 2011; Perez i de Lanuza et al.
Page: 5 2014a). On the other hand, a blue color is very rarely
involved in warning signals and its potential aposematic func-
tion remains questionable (Bagnara et al. 2007; Umbers
2013).

Unlike most lizards, blue-tongued skinks of the genus
Tiligua (Gray 1825) are special by their non-dermal warning
blue sign. Current taxonomy recognizes seven species of these
mostly robust diurnal omnivorous skinks (7iliqua scincoides,
Tiliqua gigas, Tiligua multifasciata, Tiliqua nigrolutea,
Tiliqua occipitalis, Tiliqua rugosa, Tiliqua adelaidensis) dis-
tributed throughout Australia, eastern Indonesia, and Papua
New Guinea (Shea 2006; Gardner et al. 2008; Cogger
2014). As their name suggests, they are characterized by their
large blue fleshy tongues, which are often exposed when the
animal feels endangered or irritated. The skink widely opens
its mouth and startles a rival or predator by exposing its tongue
either inside the mouth by raising its base while keeping the
tip down or by sticking the entire tongue out. This can be
accompanied by body inflating, hissing, or lunging against
the enemy (Carpenter and Murphy 1978; Murray and Bull
2004; Brown 2012; Cogger 2014). Tiliqua skinks are fre-
quently hunted by the birds of prey (Aumann 2001;
McDonald et al. 2003; Olsen et al. 2010); other avian preda-
tors may include kookaburras or corvids, while reptilian pred-
ators are mostly elapid snakes and monitor lizards (Hauschild
et al. 2000; Koenig et al. 2002; Fitzsimons 2011).

Regardless of lingual coloration, an open-mouth threat is a
common reaction among animals (Vitt and Lacher 1981;
Sherbrooke 1991; Langkilde and Shine 2005; Godftrey et al.
2012). Herrel (2000) notes that although the tongue’s defen-
sive use is quite obvious, it does not really explain the function
or presence of the blue coloration. Bright blue tongues are
found, e.g., in T scincoides or T. gigas, while T rugosa has
almost a black tongue and juveniles of a closely related skink
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Cyclodomorphus gerrardii have blue tongues, whereas adults
have them pink. Thus, the situation is more complicated than
it may seem. Herrel (2000) proposes also alternative hypoth-
eses that the blue coloration can be more crucial as a warning
sign in young animals, or it can represent an honest signal in
competing males during the mating season.

The latter hypothesis may be plausible as aggressiveness is
common among individuals of the genus 7Tiligua and they are
capable of wounding each other fatally (Graves and Halpern
1991; Shea et al. 2005; Godfrey et al. 2012). Males of
T. scincoides occupy core areas which they defend against
other males, while females tolerate each other and their home
ranges considerably overlap (Price-Rees et al. 2012). Similar
social patterns were also observed in 7. rugosa, where solitary
males were more aggressive than males having bonds with
females (Kerr and Bull 2006). For these reasons one would
naturally expect the need for advanced communication be-
tween blue-tongued skinks in order to avoid aggression.
Abbate et al. (2009) have confirmed a presence of melanin
in the tongue of T scincoides. Since melanin pigmentation is
sometimes positively correlated with dominance or aggres-
siveness in various species of birds or reptiles (McGraw
et al. 2003; Jawor and Breitwisch 2003; Senar 2006; Mafli
etal. 2011; Plasman et al. 2015), the honest signal hypothesis
does not seem unlikely in this case, as the tongue tinges also
vary among individuals of the same species. . scincoides or
T. gigas may have pale gray, cobalt blue or dark (nearly black)
blue tongues, so their tongues’ intensity or darkness may re-
flect their status or health.

In fact, pigmented tongues can be found in most species
closely related to the genus Tiliqgua with the exception of
T’ adelaidensis and Corucia zebrata, the former being a con-
siderably derived species and the latter being basal to the
whole group consisting of the remaining genera: (Egernia
(Liopholis (Cyclodomorphus, Tiliqua))) (Hutchinson et al.
1994; Shea 1995; Shea and Miller 1995; Pyron et al. 2013).
Skinks of the genus Cyclodomorphus may have not only their
tongues pigmented, but also their oral mucosa, reaching blue,
blue-gray, or blue-black tinges (Shea 1995; Shea and Miller
1995). Egernia skinks have pigmented tongues as well,
though not to such an extent or intensity, having for instance
dark tips or an overall pale bluish tint. Variously tinged lingual
and/or oral mucosa have also been observed in unrelated spe-
cies of scincid, agamid, iguanid, gekkonid and other lizards
(Gerrhosaurus flavigularis, Gonocephalus chamaeleontinus,
Amphibolurus muricatus, Rankinia diemensis, Chamaeleolis
sp., Strophurus sp. etc.) which had blue, black, yellow, or
orange tongues or mouth interiors (Melville et al. 2004;
Ayala-Varela and Omar 2010; Holanova et al. 2012). The
reason for such unusual coloration of lizard tongue is yet
obscure.

The aim of our study was to explore qualities of the blue
lingual coloration from the perspective of both the honest
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signal and the specific communication channel. Is the tongue
color related to the overall body pigmentation, or is it an in-
dependent trait? Is there a hidden UV signal like in other
lizards with blue coloration? Which recipient (reptile/bird,
predator/conspecific) is this visual signal best adjusted to?
To shed more light on these questions, we examined (1) pos-
sible correlations between tongue coloration and somatic traits
(body length, melanin skin pigmentation), (2) the conspicu-
ousness of blue tongues as it is perceived by two groups of
animals with different visual systems: avian predators (mostly
raptors; violet-sensitive vision) and conspecifics (diurnal liz-
ards; UV-sensitive vision), and (3) color similarities between
blue tongues of Tiligua and (un) pigmented tongues and se-
mantic UV-blue skin patches of other lizard species. For this
purpose, we carried out spectrophotometric measurements of
lingual, oral, and dermal surfaces and analyzed them using
visual modeling.

Materials and methods
Spectrophotometric measurements

We measured 14 captive adult individuals of 7" gigas imported
legally into Europe from Indonesia. The stocks originated
from surroundings of Merauke town, Irian Jaya province,
Indonesia (SW of New Guinea Island). We assumed that in
case of an adaptive function, the blue color of the tongue
would be more advantageous than a pink one. Therefore, be-
sides the blue tongue, we also measured the pink color of oral
mucosa as an approximation of a pink tongue. We decided to
take the skinks’ back coloration as an example of background,
against which the tongue color contrasts were to be calculated.
As their dorsal side is considerably cryptic and no reliable and
representative sample of substrates from the skinks’ natural
habitats was available, we chose their skin as a proxy of their
natural environment color. It may reflect the palette of colors
typical for their habitats, ranging from forest floors to dry
semi-deserts (fallen wood, bark and leaves, dry vegetation,
sandy soil, etc.) (Price-Rees et al. 2013; Cogger 2014). From
the observed variation of the skinks’ backs, four notably dis-
tinct shades were chosen as substitutes for their natural back-
ground colors: light brown (stripes), dark brown (stripes),
orange-reddish (spots/stripes), and grayish (side of the head
and neck) (Fig. 1).

Color reflectance between 300 and 700 nm was measured
with an OceanOptics USB4000 spectrophotometer and an
UV-VIS Pulsed Xenon lamp source PX-2. The spectra were
taken in a shaded room with a probe held in a constant 5 mm
distance under a 45° angle to avoid possible specular effects
caused by the glossy scales or moist surface of the tongue. The
device was re-calibrated after every third measurement against
an Ocean Optics WS-1 white standard and the probe was
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Fig. 1 Reflectance of lingual, oral and skin surfaces. a T gigas (n=14).
Mean reflectance of blue tongues (solid black line), mean reflectance of
pink oral mucosa (solid dark gray line), manipulated part of spectra in the
UV-negative set (dashed black line), + SE (light gray lines). b Reflectance
of background colors taken from skin samples of 7 gigas: dark brown
(solid black line), light brown (dashed black line), orange-reddish (solid
gray line), grayish (dashed gray line). ¢ Mean reflectance of blue tongues
of T gigas (solid black line), mean reflectance of blue shoulder spot of a
single captive G. galloti galloti (dashed black line), mean reflectance of
blue outer ventral scales (OVS) of a single D. caucasica (dotted line)

always sterilized with ethanol before measuring a new indi-
vidual. Each color patch was measured three times and its
mean reflectance was calculated. Skinks mostly opened their
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mouths spontaneously in a response to the irritation caused by
our manipulation. Most of them kept their mouths open long
enough for us to take measurements of the tongue and pink
interior. Only when the skinks did not open their mouth them-
selves, we gently opened it. This seemed to be a sufficient
impulse for the individual to keep its mouth open for a while.

As a comparison, we also measured tongues of Egernia
frerei, C. gerrardii and C. zebrata (which are closely related
to the genus Tiliqua; Pyron et al. 2013) and of an unrelated
African skink Trachylepis perrotetii. With the exception of
C. zebrata, whose tongue was wholly pink, all of them had
their tongues at least partially pigmented: a dark gray tongue
in E. frerei, a dark gray tip of the tongue in 7. perrotetii, and an
overall faintly bluish tint in C. gerrardii (Fig. 2). Each of these
species was represented by a single individual.

To compare the blue tongue to UV-blue semantic colora-
tion of other lizard species, we also acquired reflectance spec-
tra from a captive Gallotia galloti galloti (shoulder spots) and
Darevskia caucasica (outer ventral scales—OVS); single
specimens in both cases (Fig. 1). Mean reflectance for other
species was obtained from literature: G. galloti galloti (shoul-
der spots, n=26, Molina-Borja et al. 2000), Gallotia galloti
eisentrauti (shoulder spots, n=34, Molina-Borja et al. 2000),
Timon lepidus (lateral eyespot, n=14, Font et al. 2009),
Podarcis pityusensis (OVS, n=40, Perez i de Lanuza and
Font 2010), Podarcis lilfordii kuligae (both OVS and
ventrum, n=47, Perez i de Lanuza and Font 2010) and
Platysaurus broadleyi (throat, n=1, Whiting et al. 2000).
The data were extracted with the WebPlotDigitizer (available
on arohatgi.info/WebPlotDigitizer/app/ in December 2014).
Curves for conspecific males and females were averaged
into a single one to approach a general signal of the species.
Unfortunately, morphology-based sexing of Tiligua is known
to be very unreliable (Brown 2012), and it was impossible to
determine sex in most cases even with the ultrasound screen-
ing. Therefore, we could not look for the hypothetical sexual
dichromatism in the coloration of their tongues.

Color processing

To compare whether the overall skink’s body pigmentation
correlates with its tongue color, we carried out the following
procedure. We scanned each individual from its ventral and
dorsal sides with a CanoScan 4400 F scanner at 600 dpi res-
olution, together with BST1 Color and Gray Control Chart as
a reference of standardized colors. Both the skink’s back and
belly (including the top of the head and throat, respectively)
were outlined and cut out from the scans in Photoshop CS6
(Fig. 2).

We measured the average brightness of selected areas as an
approximation of the amount of melanin-based skin pigmen-
tation presuming that the lighter the skin, the less melanin
there would be (Shriver and Parra 2000; McGraw et al.
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2005). We did not use spectrophotometric data in this case
because the spectrophotometer probe focuses only a very
small spot. The color patterns are more complex and we need-
ed to quantify the pigmentation from the overall area.
However, we used the spectrophotometer to check the skin
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for potential reflectance in UV spectra. No significant reflec-
tance (>5 %) in the UV was detected, therefore we considered
the scans to adequately represent the skin lightness as it is
perceived.

Selected backs and bellies were converted into grayscale
mode, to extract only the brightness information. The area’s
average brightness was measured with the ImageJ software
and displayed as a RGB value. Brightness values were
recalculated into percentage by dividing them by 256, which
is the total number of steps in the 8-bit RGB brightness scale.
Skin melanin pigmentation was represented by two separate
values (a) brightness of the back only and (b) averaged bright-
ness of the back and belly, standing for the individual’s overall
melanin-based body pigmentation.

To evaluate whether the presence of inherent UV reflec-
tance of lingual tissue may be relevant to intra- or interspecific
perception, we made an alternative set of spectra with manip-
ulated values. We used sinus function, creating smooth decline
in the reflectance curve from the maximum in the human-
visible blue range, to the minimal value of the spectrum at
300 nm, therefore depriving the original spectra of the peak
in the UV range (Fig. 1).

Visual modeling

We worked with two visual models representing conspecifics
and predators. For the representation of conspecifics, we used
photoreceptor data for P. broadleyi, as those for Tiligua are not
known. Diurnal lizards were shown to have a conservative
visual system with the retina containing four types of cones,
sensitive to UV, short, medium, and long wavelengths
(Fleishman et al. 1993; Loew et al. 2002; Whiting et al.
2006; Macedonia et al. 2009), which should apply also to
Tiliqua (New et al. 2012). P. broadleyi belongs to the
Scincomorpha clade and hence is the closest relative to
Tiligua with available information (Fleishman et al. 2011;
Pyron et al. 2013; Perez i de Lanuza et al. 2014b).

Photoreceptor data of Pavo cristatus were used for model-
ing the vision of avian predators (Hart 2002; Odeen and
Hastad 2003). Two types of retina are known in birds, differ-
ing in photoreceptors for the shortest wavelengths: an UVS
type—with ultraviolet-sensitive cones (peak absorbance un-
der 380 nm), and a VS type, with violet-sensitive cones (peak
absorbance above 400 nm) (Endler and Mielke 2005). Birds
of prey, but also kookaburras and corvids, have the VS type
retina as does the peafowl which is being widely used as a
substitute for raptors in visual modeling (Hart 2002;
Macedonia et al. 2009; Lind et al. 2013; Odeen and Hastad
2013; Perez i de Lanuza et al. 2014a).

For calculating chromatic contrasts, we used the
TetraColorSpace software (Stoddard and Prum 2008).
TetraColorSpace transforms the visual system into a virtual
tetrahedral space, following the model of Endler and Mielke

(2005), where each vertex represents one of the four photore-
ceptor types. The perceived color is then projected into the
tetrahedron as a point, whose position is calculated from the
response of individual photoreceptors to the spectrum and
particular illuminant. In our modeling, we have chosen the
default illumination set by TetraColorSpace, which represents
the standard daylight. The color (chromatic) contrast is then
calculated as a Euclidean distance between two points in the
color space. Chroma (purity or saturation) of a particular color
is expressed as the point’s distance from the achromatic origin
in the center of the tetrahedron. However, as the maximum
distances from the center to the margins are not constant, we
counted with the achieved chroma, which is the relative dis-
tance value. Color contrasts and achieved chroma were calcu-
lated for each blue and pink tongue (the latter simulated by the
oral mucosa) against each of the four background types, for
both visual models.

To assess how similar the shades of (1) blue tongues of
T. gigas and tongues of other skink species and (2) blue
tongues of 7. gigas and UV-blue skin patches of other lizard
species look in the eyes of their conspecifics, we calculated
color distances, i.c., a chromatic contrast measured in just
noticeable differences (JND). The calculations for this type
of analysis were executed in Avicol v6 (Gomez 2006). The
JND measure expresses the discriminability of two colors in a
particular visual system, taking into account the receptor noise
(Vorobyev and Osorio 1998). A JND value below 1 means
that two colors are indistinguishable, a value between 1 and 3
is believed to indicate colors distinguishable only under ideal
light conditions, and a value above 3 expresses increasingly
distinguishable stimuli (Vorobyev et al. 1998; Siddiqi et al.
2004; Cassey et al. 2009).

First, we calculated color distances for each of the 14 blue-
colored tongues to the mean spectrum of 7. gigas, in order to
estimate the individual tongues’ intraspecific distances from
their overall average. Then we repeated the calculation, this
time replacing the average spectrum of blue tongues by a
spectrum representing a tongue or a blue skin patch of the
selected lizard species. This way we could statistically com-
pare the interspecific distances with the intraspecific ones and
thus estimate the proximity of different spectra. We also com-
pared the color distances between UV-positive and UV-
negative tongues in both visual models. Input parameters were
taken from Marshall and Stevens (2014).

Statistical analyses

The data were tested for normality. The majority of variables
had fairly unimodal and symmetric distributions, however, w
tests revealed multiple cases in which normality was violated
at alpha=0.05. Therefore, we selected non-parametric tests
instead of parametric ones. We used Spearman’s correlation
test to detect whether a tinge of the tongue (achieved chroma
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and/or mean reflectance) is related to other traits. First, we
analyzed the individual body size as an approximation of
age, expressed as snout-vent length. For the second trait we
chose the amount of skin pigmentation, separately for the back
and the whole body.

A Mann-Whitney U test was used to compare (a) differ-
ences in chromatic contrasts of blue and pink fongues for each
of the four backgrounds and (b) chromatic contrasts of the
same color between the two visual models. To assess whether
a transition from pink to blue results in greater boost in both
chromatic contrast and achieved chroma in one visual model
than in the other, we created the following set of data. For each
visual model and background, we calculated chromatic con-
trast differences (dCC) and achieved chroma differences
(dAC). dCCs were achieved by subtracting chromatic contrast
values of blue tongues from chromatic contrast values of pink
tongues in all pair-wise combinations and were expressed in
absolute values. Similarly, we calculated dACs as differences
between blue and pink achieved chromas. Then, we compared
the dCCs (or dACs) between the two visual models using the
Mann-Whitney U test.

We used a Kruskal-Wallis test to detect significant differ-
ences within the set of intra- and interspecific color distances.
When the results proved to be significant, a Mann-Whitney U
test was applied to compare the individual pairs of data; intra-
specific color distances for blue tongues were each time put
against color distances between tongues of 7. gigas and
tongues (or UV-blue skin samples, respectively) of other liz-
ard species.

We performed a Wilcoxon matched pair test to compare the
color distances between UV-positive and UV-negative tongue
spectra within both visual models. All analyses were executed
in Statistica 8 (StatSoft, Inc. 2007).

Results

Our spectrophotometric measurements showed that both blue
tongues and pink oral mucosa share very similar spectral
shape, differing notably in longer wavelengths. Both spectra
have primary maximum peak in the UV range at 320 nm and
secondary, a slightly lower one, in the blue range, around
460 nm (Fig. 1).

The Spearman’s test did not reveal any significant correla-
tions between color qualities of the tongue and selected traits;
compared against snout-vent length: for tongue lightness
Fspearman=—0.036 (P=0.901); for achieved chroma of the
tongue 7spearman=—0.493 (P=0.073); compared against pig-
mentation of the back: for tongue lightness 7gpcarman=0.461
(P=0.083); for achieved chroma of the tongue rspcarman=
0.438 (P=0.102); compared against the overall body pigmen-
tation: for tongue lightness 7spearman=0.354 (P=0.196); for
achieved chroma of the tongue 7gpearman=0.232 (P=0.405).
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The Mann-Whitney test indicated higher chromatic con-
trasts of blue tongues compared to the pink tongues; for the
conspecifics visual model, it was significant against light
brown (Z=-2.80, P=0.005), dark brown (Z=-2.85, P=
0.004), orange-reddish (Z=-2.80, P=0.005) and grayish
backgrounds (Z=-2.85, P=0.004); for the avian predator vi-
sual model, it was significant against light brown (Z=-3.86,
P<0.001), dark brown (Z=—3.72, P<0.001), orange-reddish
(Z=-3.86, P<0.001) and grayish backgrounds (Z=-3.86,
P<0.001) as well. At the same time, blue tongues were more
contrasting against light brown (Z=2.71, P=0.006), dark
brown (2.94, P=0.003) and grayish backgrounds (Z=3.54,
P<0.001) in the visual model of conspecifics than in the pred-
ator one. Pink rongues were significantly more contrasting
against light brown (Z=2.34, P=0.019) and grayish back-
grounds (Z=2.71, P=0.007) in the conspecifics visual model
(Fig. 3).

Blue tongues had also higher values of achieved chroma
compared to pink fongues in both the conspecifics visual mod-
el (blue=0.290+SE 0.014, pink=0.192+SE 0.021; Z=
—3.492, P<0.001) and the avian predator visual model
(blue=0.271+SE 0.015, pink=0.173+SE 0.010; Z=-3.583,
P<0.001). The difference between pink and blue chromatic
contrasts (dCC), and pink and blue achieved chromas (dAC)
respectively, was statistically insignificant when the two visu-
al models were compared (P>0.05).

The mean intraspecific color distance of 7. gigas’ tongues
from their average was 1.57 JND+SE 0.42 (minimum=0.12
IND, maximum=4.96 JND). Overall interspecific differences
were significant: for tongues, Kruskal-Wallis test: H=38.9,
P<0.001, and for blue tongues versus UV-blue skin,
Kruskal-Wallis test: H=84.1, P<0.001. The tongue of
C. gerrardii (2.13 IND=SE 0.34; Z=1.42, P=0.154) and the
shoulder spot of our captive G. galloti galloti (1.68 IND+SE
0.34; Z=0.50, P=0.613) had the closest shades to the tongue
of T. gigas, with color distances statistically corresponding
with its intraspecific span of shades. The second closest hue
was measured for the ventrum of P. lilfordii kuligae, (2.89
JND=SE 0.34; Z=-2.39, P=0.017) which fell also into the
transitional 1-3 JND range (Fig. 4).

The comparison of UV-positive and UV-negative tongue
spectra revealed that they are perceived as substantially dis-
tinct colors in the eyes of conspecifics (10.45 IND+SE 0.25),
while being hardly distinguishable by avian predators (1.79
IND+SE 0.09; Z=5.16, P<0.001).

Discussion

We explored the visual qualities of blue lingual surface in the
blue-tongued skink 7. gigas to compare it with similar seman-
tic signals of other lizard species. We have demonstrated that
the blue tongue expresses a significant reflectance in the UV
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spectrum and a higher color contrast against various back-
grounds (especially for the vision of conspecifics). The UV-
blue lingual color as well as UV-blue patches of other lizard
species fit into the same UV-sensitive visual communication
channel of diurnal lizards. This leads us to the assumption that
the blue tongue coloration might play an intraspecific signal-
ing role.

The reflectance curve of pink oral mucosa, including the
primary peak in the UV range, is obviously a general character
of bare tissue, as it corresponds with the spectral reflectance of
an open mouth and unfeathered skin of birds’ nestlings (Hunt

etal. 2003; Jourdie et al. 2004). Pink is not a spectral color and
arises from combining two reflectance peaks instead of having
just one (Burkhardt 1989; Endler 1990). As reflectance curves
of blue tongues match the same shape with the exception of
the longer wavelengths part, it is likely that a certain degree of
lingual pigmentation suppresses the red peak, while retaining
the blue peak, which leads to the blue coloration.

The shift from unpigmented to pigmented blue tongues
notably leads to their higher conspicuousness, especially in
their chroma and chromatic contrasts. Although the degree
of change between pink and blue is virtually the same, blue
was generally more contrasting in the conspecifics model than
in the avian predator model. Taking also into account the
results of UV-positive and UV-negative spectra comparison,
we may assume that blue tongues are more likely to be adjust-
ed to the sight of skinks, rather than to avian predators, which
also corresponds to their photoreceptors sensitivity (UVS ver-
sus VS cones). This is in accordance with several studies
suggesting that UV signs hardly cause any specific response
in raptors, which gives their prey the advantage of using the
ultraviolet communication channel (Endler 1992; Hastad et al.
2005; Lind et al. 2013; Marshall and Stevens 2014). Neither
would be UV likely to work as an aposematic signal to birds
with a UVS vision (Lyytinen et al. 2001). Apart from birds,
Tiliqua are preyed upon by a range of terrestrial predators, but
there is even more ambiguity regarding whether some of those
can be directly associated with the evolution of lingual
coloration.

Elapids and monitor lizards are possible candidates for
predators putting 7iliqua skinks under evolutionary pressure
(Shine and Keogh 1996; Fitzsimons 2011, Fleay 1950 ex
Mayes et al. 2005), but little is known about their visual

12 20
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Fig. 4 Color distances of 14 blue tongues of 7. gigas from mean values
of tongues (a) and UV-blue skin patches (b) of selected species. a / T.
gigas, 2 C. gerrardii, 3 E. frerei, 4 C. zebrata, 5 T. perrotetii. b 1 T. gigas
(tongue), 2 G. galloti galloti, captive individual (shoulder spots), 3 G.
galloti galloti (shoulder spots), 4 G. galloti eisentrauti (shoulder spots), 5
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T. lepidus (lateral eyespots), 6 D. caucasica (OVS), 7 P. pityusensis
(OVS), 8 P, lilfordi kuligae (ventrum), 9 P. lilfordi kuligae (OVS), 10 P.
broadleyi (throat). Mid-line median, box 25-75 %, whiskers minimum-
maximum, dark gray area less than 1 JND, light gray area 1-3 JNDs,
*P>0.05 (Mann—Whitney U test)
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systems. A study on hydrophiid sea snakes (Hart et al. 2012)
shows they are trichromatic and lack UV-sensitive cones,
which can be however associated with their transition into
the sea, while terrestrial elapids may still have UVS cones
preserved as in other snakes (Sillman et al. 1997, 1999,
2001; Macedonia et al. 2009). Monitor lizards have not been
examined in this respect so far, but being diurnal, it is likely
they are tetrachromatic and UV sensitive like other lizard
groups (Perez i de Lanuza et al. 2014b). It is also worth men-
tioning that marsupials have UV-sensitive cones as well (Deeb
2010), so the UV-reflective tongues could be an appropriate
stimulus for their vision too. Recent carnivorous marsupials
(belonging to the Dasyuromorphia group) are, however, most-
ly nocturnal (Miller and Herbert 2010) and therefore these
potential predators are unlikely to interact with diurnal
Tiliqua and to present a serious selective pressure.

If the lingual coloration presents an anti-predation signal,
UV-sensitive reptilian predators would be the target recipients
more likely than birds. Bustard (1964) gives an account on
such defensive gaping reaction of a gecko Strophurus
williamsi towards a larger gecko of the genus Oedura (geckos
can be also UV sensitive; Loew 1994; Loew et al. 1996). Like
Tiliqua, geckos of the genus Strophurus (tribe Diplodactylini)
have conspicuously colored blue/black or less frequently
orange/yellow tongues and mouth interiors, which are ex-
posed during defensive displays (Bustard 1964; Melville
et al. 2004). Based on phylogenetic data, Melville et al.
(2004) conclude that while pink mouth is ancestral, striking
mouth colors may have evolved with a transition of
Strophurus geckos to diurnal activity. The pattern in Tiliqua
and its relatives is not so unambiguous. Although both large
skinks with pink tongues, C. gerrardii and C. zebrata are
reported to be crepuscular to nocturnal (Mann and Meek
2004; Cogger 2014), there is a number of other crepuscular
and/or nocturnal species which do have bluish or dark tongues
and mouths; Liopholis kintorei, Cyclodomorphus branchialis,
Cyclodomorphus casuarinae, etc. (Shea and Miller 1995;
Chapple 2003). Thus, even though blue tongues and/or
mouths are a visual signal in both Tiligua and Strophurus,
diurnal activity is a precondition rather than a trigger for evo-
lution of such trait. Based on the phylogeny by Pyron et al.
(2013), the distribution of pigmented tongues rather suggests
that they were already present in the common ancestor of the
Egernia-Liopholis-Cyclodomorphus-Tiliqua group.

The lingual pigmentation itself forms rather a black—blue
continuum, which can be noticed on the spectral curves (the
lower the shape, the darker the tongue; Fig. 2), but also on
their projection into the tetrahedral color space (Fig. 5). Dark
pigmented tongues of E. frerei and T. perrotetii and even a
pink tongue of C. zebrata lay at the lower end of a color space
occupied by the blue tongues (closer to the achromatic center
of the tetrahedron), which indicates similar hue, but different
lightness and saturation. Their relative proximity is caused
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mostly by the common dominant reflectance in short wave-
lengths. Minimum color distance between tongues of 7. gigas
and E. frerei (or T. perrotetii) was only around 1.4 JND, so
there is a certain overlap in the span of chromatic distances—
some 7. gigas have their tongues more similar in color to other
species than to some of their conspecifics. The tongue closest
in color belonged to C. gerrardii, which represents a peculiar
case among blue-tongued skinks. Juveniles have blue tongues,
but the pigmentation disappears with age and adults have their
tongues mostly pink, though—as in our case—some remnants
of pigmentation may still remain (Brown 2012).

Similar situation results from the comparison of tongues
with UV-blue skin patches. The shade being the worst distin-
guishable from the blue tongues was the shoulder spot of our
single captive individual of G. galloti galloti. Data on a much
larger sample of wild G. galloti from literature resulted how-
ever in significantly greater color distances. As our experience
with captive and wild animals shows, lizards may partially
lose the intensity of their coloration in captivity, but intraspe-
cific variation can be taken into account as well. In addition,
the second closest hue was the blue ventrum of P. lilfordi
kuligae, with the color distance also within the transitional
range between indistinguishable and clearly distinguishable
colors (1-3 JNDs).

Although we found only two occasions when a tongue or a
skin patch had a color statistically interchangeable with the
tongue of 7. gigas, one should keep in mind that the spectra
of other species were represented mostly by mean values
which would be otherwise surrounded by clouds of raw data
points. So at least some partial interspecific overlaps in color
spaces can be expected. Since the color space occupied by the
blue tongues is surrounded by spectra of UV-blue skin
patches, tongues of 7. gigas may possibly have qualities of a
semantic signal, analogous to that of other lizards.

Co-evolution of visual signals with visual systems and be-
havior has been demonstrated in lizards (Fleishman et al.
2011; Landova et al. 2013; Martin et al. 2015), therefore it is
likely that tongue pigmentation may represent such a case and
serve in intraspecific communication. Although the skinks of
the genus Tiliqua are closely related to the Egernia group of
skinks, characterized by their social behavior and long-term
relationships between individuals (Chapple 2003; Main and
Bull 1996; Gardner et al. 2008; Fenner et al. 2012), little is
known about the social organization of typical blue-tongued
skinks of the scincoides-gigas group (Price-Rees et al. 2012,
2014; Pyron et al. 2013). Price-Rees et al. (2012) reported that
there was no mutual influence of one lizard’s location to an-
other, which would suggest low importance of direct behav-
ioral interactions in these high-density core areas. However,
their study was based on radiotelemetric analyses, which does
not allow detection of any visual communication between the
lizards. So the putative lack of direct interactions may just as
well have been caused by a specific visual signal. Due to
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Fig. 5 Visual model of conspecifics with the distribution of analyzed
spectra in the tetrahedral color space. Blue tongues of 7. gigas (shaded
circles; n=14), mean values for tongues (black circles), mean values for
UV-blue skin patches (triangles). Cross mark indicates the achromatic

considerable aggressiveness of 7iliqua, there might be a need
to avoid a potential conflict. Murray and Bull (2004), for in-
stance, report higher aggressiveness of 7. rugosa males to-
wards conspecifics than non-conspecifics and Langkilde and
Shine (2005) observed that open-mouth threat often preceded
biting in Egernia. The tongue coloration therefore may possi-
bly improve the signaling effect.

Our results have not confirmed that the darker the individ-
ual, the darker or bluer its tongue. Unless this was caused by a
low sample size, we can assume that the intensity of lingual
coloration is not much associated with the amount of skin
melanin pigmentation, but can still represent an honest signal
correlated with other factors like health, endurance, hormone
levels, or age. According to our calculations the correlation
coefficient suggests possible negative correlation between the
body size and tongue saturation, although the result has not
proved to be significant. Several other factors, like a growth
rate, population, and larger sample size including also juve-
niles and subadults would give a more accurate picture of this
relationship. In any case, even if lingual coloration was inde-
pendent on the above-mentioned factors, this still would not
exclude its possible signaling or recognition function.

Blue-colored tongues may enhance the open-mouth threat
during interspecific interactions, and can be also secondarily
used as an anti-predatory response which would probably be
the most effective towards reptilian antagonists. Yet the
tongue coloration need not be involved in close encounters
only, but can also boost inter-individual recognition at longer
distance interactions. Effective recognition of potential ag-
gressors at distance, where the risk of threat is not immediate,
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center of the color space. Vertices of the tetrahedron stand for maximum
stimulation values of photoreceptors sensitive to long (L), middle (M),
short (S), and ultraviolet (UV) wavelengths

may be of certain importance in avoiding conflicts. We sug-
gest further behavioral tests to be made to clarify interspecific
interactions of the blue-tongued skinks, the impact of tongue
display on their aggression and predation and to examine pos-
sible correlations between tongue coloration and physiologi-
cal aspects like endurance or hormone levels.
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Abstract

Distinguishing between species is an essential aspect of animal research and conservation. For turtles, morphology and genetic analysis
are potentially valuable tools for identification. Shell shape is an important component of phenotypic variation in turtles and can be easily
described and quantified by geometric morphometrics (GM). Here, we focus on carapace and plastron shape discrimination of immature
Southeast Asian box turtles (Cuora amboinensis) from two of the Greater Sunda Islands with partially distinct faunas. GM analysis identi-
fied significant differences in carapace and plastron shape between turtles from Borneo and Sumatra. The discrimination success amounted
to 90% and 83.7% for carapace and plastron, respectively. The correlations of carapace and plastron shapes were high for Sumatra (0.846),
and less pronounced for Borneo (0.560). We detected no differences in the ontogenetic trajectories of the shell shape between the two
islands. We conclude that shell shape can be used for reliable geographic assignment of C. amboinensis of unknown origin. In addition to
the comparison of shell shapes, turtles from Borneo, Sumatra, Seram, and turtles of unknown origin from two Czech zoos were studied
genetically. Analysis of the complete mitochondrial cytochrome b gene confirmed the distinctness of turtles from Borneo and Sumatra,
with p-distance 2.68 —4.09% sequence difference. Moreover, we discovered considerable genetic difference in Seram turtles of previously
unknown haplogroup (p-distance 6.00 — 8.68%) revealing the need for the revision of the whole species complex of Cuora amboinensis.

Key words

Geometric morphometrics, Geoemydidae, Cytochrome b, Cuora amboinensis, Conservation biology.

Introduction

The Southeast Asian box turtle Cuora amboinensis
(Riche in Daudin, 1801), belongs to the most diversi-
fied and widespread taxon of the genus Cuora with a
distribution range including a major part of Southeast
Asia (Iverson 1992). Unfortunately, it is also the most
abundant hard-shelled turtle in Chinese markets and fre-
quently used in traditional Chinese medicine (CHEUNG
& DupGeoN 2006; CHEN et al. 2009). Thus, it is ex-

ploited in huge numbers, especially from Indonesia and
Malaysia, despite export quotas and even a total export
ban in some regions. As a result, its numbers are rapidly
declining and some populations are already extinct (IVEs
et al. 2008; ScHoppe 2008, 2009). Cuora amboinensis is
listed in Appendix II of CITES and globally red-listed
as “Vulnerable’ (IUCN 2013). In the face of the current
Asian Turtle Crisis (CHEUNG & DubpGeoN 2006) and the
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Fig. 1. Carapace and plastron of Cuora amboinensis showing the landmarks used in this study.

unsuccessful protection of the species in the wild, ex situ
captive breeding programs inside and outside its distribu-
tion range are gaining increasing importance. For such
captive breeding efforts, the correct identification of
subspecies and the geographic provenance of turtles is
of paramount importance. Although adults of currently
recognized subspecies can be distinguished by standard
morphometrics and coloration (RUMMLER & Fritz 1991;
McCorp & PHiLIPPEN 1998), the accurate determination
of juveniles still poses serious problems.

Currently, there are four subspecies classified accord-
ing to morphology and coloration (RHopIN ef al. 2010).
Turtles from Sumatra and Java are considered to belong
to C. a. couro (Schweigger, 1812). The subspecies C. a.
kamaroma (Rummler and Fritz 1991) occurs in Borneo,
the Malay Peninsula, Cambodia, Laos, Thailand, and
Vietnam. Turtles from Myanmar are identified as C. a.
lineata (McCord and Philippen, 1998) and specimens
from the Philippines, Celebes, the Mollucas and Timor are
regarded as C. a. amboinensis (Riche in Daudin, 1801)
(RumMLER & Fritz 1991; ScHoppE & Das 2011). Some
authors consider the turtles from Borneo as a distinct
form (Schorpe 2009). Taxonomy of the Geoemydidae
family is still in flux, especially in light of recent mo-
lecular genetic studies (e.g. SpiNks et al. 2004; STUART
& ParHAM 2004; Diesmos et al. 2005; SPINKS & SHAFFER
2006; LE et al. 2007; PRASCHAG et al. 2006, 2007; FriTz
et al. 2008; TIEDEMANN ef al. 2014), and several species
and subspecies have been described as new to science
or resurrected from synonymy (e.g. BLaNCk ef al. 2006,
PRASCHAG et al. 2007, 2009; SpiNks et al. 2012; IHLOw et
al. 2016). A comprehensive genetic study is still lacking
for the wide-ranging and polytypic C. amboinensis. The
situation is further complicated by the frequent hybridi-
zation of geoemydid turtles (WiNk ef al. 2001; BUSKIRK et
al. 2005; Stuart & PArRHAM 2006; FONG et al. 2007; SHi
et al. 2008; Fong & CHeN 2010) often involving members
of the genus Cuora (WINK et al. 2001; STUART & PARHAM
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2004), including C. amboinensis (Fritz & MExDAU 2002;
GAaLGON & FriTz 2002).

Measuring external morphology using geometric mor-
phometrics (GM) is a practical tool for assessing pheno-
typic variation of shell shape. This approach is easily ap-
plied and yields immediate results, independent from any
laboratory work, thus making it highly suitable for taxo-
nomic determination in the field (ZELpiTcH ef al. 2004).

We therefore used GM to analyse the shell shapes
of immature C. amboinensis box turtles from Borneo
and Sumatra. In addition, we used the mitochondrial
cytochrome b gene to genetically investigate the turtles
from these islands, and specimens from other locations,
in order to gather more information about these species
and to compare the morphological results with the ge-
netic findings.

Materials and Methods

Geometric morphometrics

A total of 195 photographs of C. amboinensis were ex-
amined (69 turtles from Borneo and 126 from Sumatra)
and 132 (69 Borneo, 63 Sumatra) were chosen for further
study. These included only immature individuals of un-
known sex, with carapace lengths between 70 and 120
mm. Photographs of carapaces or plastra with abnormali-
ties were discarded as well as photos of closed plastra to
avoid perspective bias leaving 130 carapaces (68 Borneo,
62 Sumatra) and 98 plastra (69 Borneo, 29 Sumatra) for
analysis.

For each turtle, standard dimensions of the shell (cara-
pace length, carapace width, plastron length, plastron
width) were measured using a calliper (0.1 mm preci-
sion). The digital images of carapace and plastron of each
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Table 1. Genetic samples of Cuora amboinensis species complex and its closely related species used in this study.

Number of sample Accession number Provenance Taxonomic identification Source

40 Borneo Cuora amboinensis this study

M Borneo Cuora amboinensis this study

43 Borneo Cuora amboinensis this study

38 Sumatra Cuora amboinensis this study

39 Sumatra Cuora amboinensis this study

55 Sumatra Cuora amboinensis this study

57 Sumatra Cuora amboinensis this study

134 Seram Cuora amboinensis this study

135 Seram Cuora amboinensis this study

49 unknown Cuora amboinensis Zoo Prague

50 unknown Cuora amboinensis Zoo Prague

51 unknown Cuora amboinensis Zoo Prague

52 unknown Cuora amboinensis Zoo Prague

53 unknown Cuora amboinensis Zoo Prague

54 unknown Cuora amboinensis Zoo Prague

131 unknown Cuora amboinensis Zoo Usti nad Labem

132 unknown Cuora amboinensis Zoo Usti nad Labem

133 unknown Cuora amboinensis Zoo Usti nad Labem
AY434575 pet trade Cuora amboinensis kamaroma Spinks et al. 2004
AY434581 pet trade Cuora amboinensis couro Spinks et al. 2004
AY434580 pet trade Cuora amboinensis amboinensis Spinks et al. 2004
AY434620 pet trade Cuora amboinensis lineata Spinks et al. 2004
JIN232524 India, Assam Cuora amboinensis Baruah et al!
AY434570 pet trade Cuora flavomarginata sinensis Spinks et al. 2004
AY434604 pet trade Cuora mouhotii Spinks et al. 2004
AY434574 pet trade Cuora pani Spinks et al. 2004
AY434627 pet trade Cuora trifasciata Spinks et al. 2004

individual were obtained using a digital camera (Canon
EOS 30D with Canon 50/1.8 lens) mounted on a tripod.
Twenty-one anatomical landmarks of type 1 on plastron
and twenty-five landmarks of type 1 and one of type 3 on
carapace following the classification of BOoksTEIN (1997)
were recorded (Fig. 1.) using TPSdig software (ROHLF
2008). Each set was then symmetrised and one half was
removed using the BigFix6 program (SHeers 2003).
Statistical examination was performed on half of the
landmark sets. We employed the Procrustes superimposi-
tion method (ZeLpiTcH et al. 2004) using the CoordGen6
program (SHEETS 2003) to remove the effects of position,
orientation and scale, employing sets of x, y coordinates
of landmarks from each specimen. We used the standardi-
zation on mean carapace length (for each population sepa-
rately) to remove the size related shell shape differences in
the program Standard6 (SHEeTs 2003). Visualization was
performed using CVAGen6 software (SHEETs 2003). The
vectors of the shell shape ontogeny between turtles from
Borneo and Sumatra were compared to the variability of
the ontogeny vector inside these two samples using the
VecCompare6 program (SHEeTs 2003) and 400 permuta-
tions. When the vector between the samples is bigger than
the 95" percentile of the ranges of within-sample angles,
we can assume that it is not expected that the samples sig-
nificantly differ in the shell shape vector of the ontogeny
randomly. The correlation between carapace and plastron
shape was examined using PLSMaker6 software (SHEETS
2003). The partial warp scores for the further statistical
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analysis were generated using PCAGen6 software (SHEETS
2003). The differences in shell shape between turtles from
Borneo and Sumatra were tested in the program Statistica
6 (WEiss 2007) using Discriminant Analysis.

DNA samples and mitochondrial
DNA sequencing

Nine turtles of known geographical provenance (three
from Borneo, four from Sumatra, and two from Seram)
were studied genetically. Additionally, nine individuals
of unknown geographical provenance from zoological
gardens (six samples from Zoological Garden Prague,
Czech Republic, three samples from Zoological Garden
Usti nad Labem, Czech Republic) were included in this
analysis (Table 1).

For each turtle a claw tip was removed and stored in
an Eppendorf tube with 96% ethanol prior to DNA ex-
traction. Total genomic DNA was then isolated using the
DNAeasy Tissue Kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s guidelines.

The DNA amplification was performed with the prim-
ers suggested by SpiNks et al. (2004) for a total length of

! BarUAH, C., SHANKER, K., & SHARMA, D.K. (2011): Phylogenetic
relationships of Indian freshwater turtles and tortoises based on
mitochondrial cytochrome b sequences. - unpublished.
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1140 bp of cytochrome b. The PCR reactions were car-
ried out in 25 pl including 1 pl of each 10 uM primer,
12.5 pl Combi PPP Master Mix (Top-Bio), 1 ul of DNA
and 9,5 ul of ddH,0. The PCR protocol started with a
denaturation step at 94 °C for 180 s, followed by 35 cy-
cles composed of denaturation at 94 °C for 45 s, anneal-
ing at 46 °C for 45 s, and extension at 72 °C for 1 min
and 20 s; and finishing with a further 7 min elongation
step at 72 °C after the last cycle. For some of the sam-
ples, the temperature of annealing had to be increased to
50 °C to obtain usable PCR products. PCR products were
purified using a Qiaquick Gel Extraction kit (Qiagen,
Hilden, Germany) and directly sequenced in both di-
rections with substantial overlap with the same prim-
ers that were used in the PCR reaction. Newly obtained
haplotypes of C. amboinensis were merged with previ-
ously published ones and sequences of additional Cuora
species and four outgroup species: Cuora amboinensis
(GenBank accession number: IN232524), Cuora amboi-
nensis amboinensis (AY434580), Cuora amboinensis
couro (AY434581), Cuora amboinensis kamaroma
(AY434575), Cuora amboinensis lineata (AY434620),
Cuora mouhotii (AY434604), Cuora flavomarginata si-
nensis (AY434570), Cuora pani (AY434574) and Cuora
trifasciata (AY434627).

Chromatograms of newly generated sequence data
were manually checked using Chromas Lite 2.01 software
(http://www.technelysium.com.au/chromas_lite.html),
BioEdit (HALL 1999) and sequences were aligned in the
Clustal X 1.81 program (THompsoN et al. 1997).

Phylogenetic analyses

We used our sequence data to construct a bootstrapped
maximum likelihood (ML) tree using RAXML software
(version 7.2.8-alpha) (Stamartakis 2006). The relationship
between the subspecies was examined using 1,000 boot-
strap replicates and the GTRGAMMA model. The aver-
age distances between haplotypes from particular groups
were calculated in the mega 7.0.18 program (KumaR et
al. 2016) using uncorrected p-distances model.

Results

Geometric morphometrics

We found significant differences in the shape of the car-
apace (Wilks’ Lambda = 0.3764, F s,y = 6.8916, p <
0.0001) and plastron (Wilks’ Lambda = 0.5815, F ;5 =
3.3867, p <0.0001) between the samples from Borneo
and Sumatra. In total, 90% of the turtles could be discrim-
inated (97.1% for Borneo, 82.3% Sumatra) by carapacial
shape and 83.7% (91.3% for Borneo, 65.5% Sumatra) by
plastral shape. The differences are presented in a canoni-
cal plot (Fig. 2A) and in a thin plate spline diagram (Fig.
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2B) for carapacial shape and in Fig. 3A and B for plastral
shape, respectively.

The correlation for carapace length and centroid
size (geometric size) differed between the samples from
Sumatra and Borneo (Fig. 4). However, we did not find
any significant differences with respect to the growth
vectors of carapacial (angle between populations 40,
angle within Borneo 43.3, angle within Sumatra 26.6)
and plastral shape (angle between populations 32, angle
within Borneo 45.3, angle within Sumatra 35.3) between
the samples from these two islands.

The analysis revealed a weak correlation (0.5597)
between carapacial and plastral shape for turtles from
Borneo, and a much stronger correlation (0.8458) for tur-
tles from Sumatra.

DNA analysis

We sequenced the mitochondrial cytochrome b gene
(1140 bp) in 18 individuals and found 14 distinct haplo-
types. ML revealed two clearly distinct groups. The first
group contained C. amboinensis haplotypes from Seram
which were deeply divergent from all other haplotypes of
C. amboinensis (uncorrected p distances 6.00—8.68%).
Among the remaining haplotypes, uncorrected p dis-
tances ranging from 0.00% to 5.36% were observed.
The phylogenetic analyses placed the Seram haplotypes
as a sister group of a monophyletic group including
the remaining C. amboinensis sequences (Fig. 5). The
latter group exhibits a clear structure, with sequences
from Borneo and Sumatra in distinct parts of the tree.
Uncorrected p-distances between haplotypes belong-
ing to the Borneo and Sumatra groups varied within the
range of 2.68—4.09% (Table 2.). The haplotypes from the
same island were similar (uncorrected p distances: 0.51—
1.53% for Borneo and 0.13—0.26% for Sumatra) and
formed monophyletic groups (Borneo: bootstrap sup-
port 87) and, for the sequences from Sumatra (bootstrap
support 98), contained additional sequences of unknown
geographic origin. The sister relationship between the
“Sumatra clade” and the “132 Zoo Usti nad Labem and
51 Zoo Prague clade” is moderately supported (boot-
strap support 70) with uncorrected p-distances varying
within the range of 0.64—1.15%. The relative position of
additional sequences from GenBank of C. amboinensis,
C. kamaroma, C. cuoro and C. lineata in the tree was not
resolved because the phylogenetic relationships within
this clade were poorly supported.

Discussion

Shell shape variation shows a clear distinctiveness be-
tween Borneo and Sumatra populations of C. amboin-
ensis, which corresponds with our DNA analyses.
Geometric morphometrics therefore provides sufficient
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Table 2. Uncorrected p distances (percentages) based on the mitochondrial cytochrome b gene (1140 bp).
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geographical specific population recognition according
to shell shape. Thus, it is a useful method for accurate
turtle classification even in early ontogenetic stages.
Similar studies of the other subspecies, populations and
ontogenetic stages are needed to map all phenotypic vari-
ability in this species. GM can then serve as a simple
yet effective practical tool for the determination of speci-
mens of unknown geographical origin, with particular
application in fieldwork.

From our genetic analyses, we discovered that the mi-
tochondrial cytochrome b sequences of Cuora amboin-
ensis turtles from Borneo and Sumatra are clearly dis-
tinct, which corresponds with the currently accepted tax-
onomy of this species (RUMMLER & Fritz 1991; RHODIN
et al. 2010), with Bornean turtles being identified with
another subspecies (C. a. kamaroma) rather than with
Sumatran turtles (C. a. couro). Yet, in our phylogenetic
analyses, previously published sequences identified with
these subspecies (Spinks 2004) were distinct from ours,
perhaps due to misidentification or geographic variation
of these taxa.

A notable finding of our study was that the haplotypes
from Seram, geographically corresponding to the subspe-
cies of C. a. amboinensis, are highly divergent. However,
it was not possible to prove the congruence between mor-
phology and genetic divergences due to the low number
of individuals (n=2) for morphometric analysis. We are
therefore not yet able to draw taxonomic conclusions for
turtles from the Seram provenience. More detailed DNA
analyses, including the use of nuclear markers, are need-
ed to clarify the affinities of this population. Moreover,
Cuora amboinensis could in fact be a species complex
with similar patterns as in other turtle species with vast
geographical distribution which have been studied re-
cently (Fritz et al. 2012; KINDLER et al. 2012; KINDLER et
al. 2016; VARGAS-RAMIREZ et al. 2010; VARGAS-RAMIREZ
et al. 2013; PETzoLD et al. 2014; EDWARDS et al. 2016).

The shell-shape and genetic differences between
Borneo and Sumatra samples are in compliance with
the general differences and separation of the majority of
these island faunas. The isolation of the Greater Sunda
Islands in the Tertiary caused deep genetic divergences
between the reptilian fauna (KeogH et al. 2001) and even
in mammals (THINH ef al. 2010; NATER ef al. 2011) inhab-
iting Borneo, Sumatra and the mainland. The similar pat-
tern of distribution in C. amboinensis could be the result
of a low dispersion ability due to the semiaquatic lifestyle
in marshes, ponds and small streams, as seen in the eco-
logically close genus Cyclemys (Fritz et al. 2008) and
the other Cuora species (SpiNnks & SHAFFER 2006) with
limited distribution ranges. In contrast, a big river species
like the Malaysian giant turtle (Orlitia borneensis) with a
similar distribution range as C. amboinensis could have
benefited from geomorphologic conditions during the
glacial periods when the Malay Peninsula, Sumatra and
Borneo were connected by a system of rivers i.e.the Siam
and West Sunda River drainages (Voris 2000). It allowed
continuous gene flow between the now isolated areas
(Parupcikova et al. 2012). The central location of moun-
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tains in Borneo may act as an effective natural barrier
between the suitable lowland habitats of C. amboinensis.
Alow correlation of the carapace and plastron shape in
the Borneo turtles could be a consequence of geographi-
cally isolated populations. A similar pattern was observed
in the genetic variation found in the Mediterranean turtle
(Mauremys leprosa) (Fritz et al. 2006).

Our results revealing distinct morphological and ge-
netic differences between Sumatra and Borneo box tur-
tles are congruent with the recent findings of ErRNsT ef
al. (2016), who performed classical morphometric analy-
sis on C. amboinensis throughout its distribution range.
Their research supported the validity of only two subspe-
cies, amboinensis and kamaroma. According to these au-
thors, amboinensis occupy a range that includes Sumatra,
while kamaroma turtles inhabit Borneo. Placement of
Borneo populations into continental subspecies C. a.
kamaroma sensu lato is confirmed by the clustering of
the examined continental haplotype into the Bornean
cluster. Nevertheless, the positions of the additional hap-
lotypes from Genbank in our phylogenetic tree suggest
that preliminary taxonomic conclusions made by ERNsT
et al. (2016) need to be confirmed by genetic analyses
covering the whole range of the species. In light of our
results, the use of the name C. a. amboinensis also for
Sumatra populations, formerly classified as C. a. couro,
is especially problematic. Although we analysed just two
samples from the Molucca archipelago, where the typi-
cal habitat of C. amboinensis is found, these haplotypes
are strongly different not only from those collected in
Sumatra, but also from all other examined ones.

In conclusion, the high identification success of im-
mature C. amboinensis specimens based on the pheno-
typic variation of shell shape using GM clearly demon-
strates the usefulness of this method. It could be used on
other forms of this species as a practical and effective
tool for the determination of C. amboinensis of unknown
origin thus contributing to the conservation strategies
for this taxon as well as benefitting general scientific re-
search.

From our genetic analyses we have discovered not
only that the congruence between morphology and genet-
ic distinctness for Borneo and Sumatra box turtles sup-
port deep divergent lineages, but moreover, we uncov-
ered previously unknown haplotypes from Seram sug-
gesting that the species status of this population should
be reconsidered.
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