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1 Abstrakt

Geografické rozsiteni a fylogeneze bodlinatych mysi rodu Acomys Geoffroy 1., 1838 zlstava
stale kontroverznim a otevienym tématem. Tato prace se zabyva vnitrodruhovou strukturou a
geografickym rozsSitenim rodu Acomys ze severni, vychodni, stfedni a jizni Casti Afriky,
ostrovii Stfedozemniho moie Kypr a Kréta, Tureckého pobiezi, Arabského a Sinajského
poloostrova a z Iranu, pfi vyuziti molekularnich analyz. Molekularni analyzy byly zaloZeny,
jak na mitochondrialnich genovych sekvencich genti D-loop (publikace I) a cytochromu b, tak
i na jadernych sekvencich genu intraretinalniho vazebného proteinu (IRBP) (publikace III, IV)
a rekombinantniho aktiva¢niho genu 1 (RAG1) (publikace II.). Dale byla data podrobena
fylogenetickym analyzam za pouziti analyz Maximélni pravdépodobnosti (Maximum
likelihood, ML), Bayesovské anylyzy (BA), Maximalni uspornosti (Maximum parsimony,
MP) a metoda nejblizsiho souseda (Neighbor-joining, NJ).

Vysledky téchto analyz potvrdily, ze afro-sttedomoiské Acomys cahirinus a asijské klady
Acomys dimidiatus jsou jasn¢ oddélené. Velkd podobnost mezi haplotypy z kontinentalni
Afriky a severniho Sttedomoti (klad 4. cahirinus sensu stricto) podporuje hypotézu, Ze predci
A. nesiotes, A. cilicicus a A. minous se velmi pravdépodobné rozsitili jako komenzalni
populace, ¢imz je zpochybnén jejich status jako platnych druhii. Byla nalezena znacna
geneticka variabilita v Asii (publikace I), avSak nejvétsi geneticka variabilita byla nalezena ve
vychodni Africe (publikace II, III, IV). Multilokusové fylogeneze zaloZena na Ctyfech
genetickych markrech ukazuje pfitomnost péti hlavnich skupin bodlinatych mysi rodu Acomys:
A. subspinosus, A. spinosissimus, A. russatus, A. wilsoni a A. cahirinus. Skupiny A.
spinosissimus, A. wilsoni a A. cahirinus jsou dale strukturovany do fylogenetickych
subpopulaci s pfevazné parapatrickym rozsifenim.

Tato disertacni prace pfinasi informace o existenci nejméné 27 vyluénych genetickych liniich

bodlinatych mysi rodu Acomys z nichz ne€které byly poprvé popsany az v této praci.



2 Abstract

The geographical distribution and phylogeny of the spiny mice of the genus Acomys Geoffroy
I., 1838 remains a controversial and open topic. This doctoral thesis deals with the intraspecific
structure and geographical distribution of the genus Acomys from the northern, eastern, central
and southern parts of Africa, the Mediterranean islands of Cyprus and Crete, the Turkish coast,
the Arabian and Sinai Peninsula and Iran, using molecular analyzes. Molecular analyzes were
based on both the mitochondrial gene sequences of the D-loop genes (publication 1.) and
cytochrome b, as well as the nuclear sequences of the Intraretinal Binding Protein gene (IRBP)
(publication IV) and recombinant activation gene 1 (RAGI) (publication II.). Furthermore, the
data were subjected to phylogenetic analyzes using the Maximum Probability, Bayesian,
Maximum Parsimony, and Minimum Evolution analysis.

The results of mentioned analyses confirmed that the Afro-Mediterranean Acomys cahirinus
and Asian Acomys dimidiatus are clearly separated. The large similarity between the haplotypes
of continental Africa and the northern Mediterranean (4. cahirinus sensu stricto) supports the
hypothesis that the ancestors of 4. nesiotes, A. cilicicus and A. minous are very likely to spread
as commensal populations, thereby challenging their status as valid species. Considerable
genetic variability was found in Asia (publication I), but the greatest genetic variability was
found in East Africa (publications II, III, IV). Multi-locus phylogeny based on four genetic
markers shows the presence of five major groups of spiny mice of the genus Acomys: A.
subspinosus, A. spinosissimus, A. russatus, A. wilsoni and A. cahirinus. The groups A.
spinosissimus, A. wilsoni and A. cahirinus are further structured into phylogenetic sub-
populations with predominantly parapatric distributions.

This doctoral thesis provides information on the existence of at least 27 lineages of spiny mice

of the genus Acomys, some of which were first described in this thesis.
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3 Uvod

3.1 Jedine¢nost bodlinatych mysi rodu Acomys

Bodlinaté mysi rodu Acomys jsou zvlastni mysSoviti hlodavci, u kterych se vyvinulo nékolik
jedine¢nych znakt, z nichz nékteré nejsou znamy u jinych mySovitych hlodavct ¢i dokonce
savcl. Napiiklad Bellofiore et al. (2017) zaznamenal menstruaci u Acomys cahirinus. Jde o
prvni zdznam menstruacniho cyklu u hlodavct, coz naznac¢uje moznost vyuziti bodlinaté mysi
jako modelovy organismus v ramci vyzkumu nemoci spojenych s menstruaci a souvisejicich
poruch (napt. endometrioza ¢i premenstruac¢ni syndrom). Nebo je to extrémni schopnost
regenerace klize (Seifert et al. 2012), ktera v posledni dobé pftitahuje pozornost velkého
mnozstvi laboratornich védct (Jiang et al. 2019, Mescher 2017, Simkin et al. 2017, Haughton
et al. 2016, Matias et al. 2016, Seifert et al. 2014). Poptipad¢ nutri¢n¢ indukovany diabetes
studovany u A. cahirinus (Shafrir 2000, Shafrir et al. 2006), ktery ukazuje, ze bodlinaté mysi
rodu Acomys jsou vhodnym modelovym organismem v ramci biomedicinského vyzkumu.

V systematicko-ekologickém vyzkumu slouzi jako model v n¢kolika oblastech, napf.
ke studiu sympatrické speciace. Ta byla zdokumentovana u A. cahirinus (Hadid et al. 2014) v
»Evoluénim katonu® v Izraeli, ktery sam o sobé piedstavuje evolucni laboratof v pfimém
ptenosu. V ,Evolu¢nim kationu* dochazi k situaci, kde se na malém tzemi nachézi velmi
divergentni mikroklimata. Na jednom svahu kopce se setkavdme se suchym tropickym
klimatem Afriky a na opacné strané¢ svahu s evropskym mirnym klimatem. A pravé tyto
piirozené ostie rozdélené mikro oblasti (vzdalené od sebe pouze 200 m) na hote Carmel
al. 2014).

Struéné se zminim 1 o dalSich oblatech vyzkumu bodlinatych mysi — od reprodukéni
biologie a fyziologie aZ po chovani. Bodlinat¢ mySi maji primdrn€ noc¢ni aktivitu, avSak
v piipad¢ sympatrického vyskytu 4. cahirinus a A. russatus, dochdzi u A. russatus k posunuti
aktivni doby do Casného rana ¢i pozdniho odpoledne, a tim nedochdzi k mezidruhové
kompetici (Gutman & Dayan 2005, Haim et al. 1994, Kronfeld-Schor et al. 2001). A. russatus
je schopen obyvat extrémné suché oblasti, kde A. cahirinus jiz ¢asto chybi. Obyvani velmi
teplych stanovist' vyzaduje fyziologické adaptace pro preziti v takto extrémnich Zivotnich

podminkach. Jednou z nich je snizeni klidového metabolismu (Ehrhardt et al. 2005, Merkt &



Taylor 1994, Perrin & Downs 1994, Weissenberg & Shkolnik 1994), ktery je u 4. russatus

Nedostatek vody v prostfedi dokazi preklenout zvySenym piijmem zivocCisné stravy,
hlavné pojidanim plza (Degen 1994, Kronfeld-Schor & Dayan 1999, Broza & Nevo 1994, Kam
& Degen 1993, Neal 1984). Jejich jedinecné hospodateni s vodou v nehostinném pousStnim
prostiedi je také podporeno schopnosti vyluCovat koncentrovanéjsi mo¢ (Weissenberg &
Shkolnik 1994) a udrzeni si plazmatické vody i pies celkovou dehydrataci organismu
(Horowitz & Borut 1994).

Bodlinaté mysi rodu 4comys maji na svém dorzalnim povrchu ndpadné bodliny, které
jsou také ¢astecné ptizplisobeny pro potieby pieziti v horkém prostiedi. Bodliny maji na svém
povrchu hluboké ryhy, kde se béhem no¢niho ochlazeni srazend vlhkost shromdzdi a jemna
rosa nasledné poslouzi pro ochlazeni organismu pfi jejim odpatrovani (Chernova & Kuznetsov
2001).

Bodlinaté mysi rodu Acomys si neshromazd'uji potravu, ale dokdzi si ukladat zna¢né
mnozstvi télesného tuku a snizit rychlost metabolismu v ptipadé, ze dojde k omezeni pfisunu
potravy (Ehrhardt et al. 2005). Béhem dne se stfidaji dvé behavioralni strategie. Prvni, v dob¢
odpocinku, se projevuje jako strnulost / torpor u které dochdzi ke snizeni télesné teploty za
soucasného sniZeni rychlosti metabolismu a ukladani energie v podobé télesného tuku. U druhé
dochazi ke zvyseni aktivity béhem doby jejich €innosti pro nalezeni potravy (Ehrhardt et al.
2005).

Zastupci rodu Acomys podléhaji predaci, jak ze strany vzdusnych (Edut & Eilam 2003,
Eilam et al. 1999, Mandelik et al. 2000, Hendrie et al. 1998), tak i pozemnich predatori (Jones
& Dayan 2000). Béhem svého Zivota se uci rozpoznavat a nasledné se 1 vyhybat podnétim
signalizujicim ptitomnost predatora (Jones & Dayan 2000, Carere et al. 1999). Rychly unik
mezi kameny se jevi jako nejlepsi strategie pii Utoku predatora, tudiZ autotomie ocasu je
schopnost, kterd se povazuje za fyziologickou adaptaci vzniklou jako antipredacni obranny
mechanismus (Shargal et al. 1999).

Bodlinaté mysi rodu Acomys maji 1 pozoruhodnou regulaci rozmnoZovani (Wube et al.
2008a, 2008b, 2009, 2016, Medger et al. 2012, Sarli et al. 2016). Tropické i subtropické oblasti
maji vyrazné zmény srazek behem roku s jednim ¢i dvéma obdobim dest’d, které nasleduji po
obdobi sucha (Nicholson 1993). Ve svém disledku srazky vedou k vy$§imu mnozstvi kvalitni
potravy ve srovnani s potravni nabidkou béhem obdobi sucha. A. spinosissimus a A. dimidiatus

vyuzivaji obdobi dest’d, jako piirodni faktor k aktivaci své reprodukce (Sarli et al. 2016,
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Medger et al. 2012), avSak schopnost reprodukce A. dimidiatus neztraci béhem celého roku
v ptipad¢ vyskytu ptiznivych podminek (Sarli et al. 2016).

Mnoho savcl vyuziva pro aktivaci reprodukce sezoné se ménici denni a no¢ni cyklus,
coz je zvlasté ucinné ve vysoce predvidatelném prostiedi (Bradshaw & Holzapfel 2007), avsak
v ptipad¢ 4. cahirinus jsou ob¢ pohlavi schopna si udrzet rozmnozovaci aktivitu, jak v kratkeé,
tak 1 v dlouhé fotoperiod¢. Zatimco u A4. russatus si dokdze udrzet schopnost reprodukce
nezavisle na fotoperiodé¢ pouze samice, ale jejich samc¢i protéjSek neni schopen udrzet
testikularni aktivitu béhem kratké fotoperiody (Wube et al. 2008a). Okolni teplota prostredi
spolecné s deStovymi srazkami je také dulezitym faktorem, ktery je vysoce korelovan s
reprodukéni aktivitou u bodlinatych mysi A. spinosissimus z jizni Afriky, ale koncentrace
testosteronu se zvysuje jiz asi dva mésice pred zacatkem obdobi desti (Medger et al. 2012).
V prubéhu suchého obdobi dochazi ve volné prirod¢ k vyraznému odpateni vody obsazené ve
vegetaci a tim dochazi ke koncentraci rostlinné tkané, kterd je soucésti potravni slozky
bodlinatych mys$i. Konzumaci takovéto rostlinné stravy jsou myS$i vystaveny stravé se
zvySenym obsahem soli. Wube et al. (2009) zaznamenal, ze zvySeny ptijem soli v potravé vede
u samcu xerické populace A. russatus k regulaci reprodukce s pravdépodobnym signdlem o
postupujicim obdobi sucha. AvSak v pfipadé¢ mezické populace 4. cahirinus, zadna regulace
reprodukce nebyla pozorovéna.

Velmi zajimavym znakem v rdmci reprodukéni strategie u bodlinatych mysi rodu
Acomys je, ze rodi prekocialni mlad’ata (Dieterlen 1963, Dewsbury & Hodges 1987, Dempster
et al. 1992). Samice maji maly pocet mlad’at v jednom vrhu, po asi 2x tak del$i dobé gravidity
(36-42 dnti) (Brunjes 1990, Novakova et al. 2010), nez u bézné mysi domadci, coz umoznuje
mlad’atim se velmi dobie vyvinout jesté v prenatdlnim vyvoji. Byl zaznamenan pohlavni
dimorfismus ve velikosti téla pfi narozeni mlad’at. Sam¢i mlad’ata jsou signifikantné veétsi,
tento rozdil se jiz béhem Zivota nezvétSuje. Samice tedy v prib&hu gravidity vice investuji do
samciho pohlavi svych potomki, pfestoze sekundarni pomér pohlavi se nelisi od poméru 1:1
(Novékova et al. 2010). Po porodu dochdzi u samic k estru postpartum (Dieterlen 1961, Peitz
1981).

Samci rodicovska péce (Dieterlen 1962, Makin & Porter 1984) pozitivné ovlivituje rlst
a fyziologicky vyvoj mlad’at (Elwood & Broom 1978). Samci bodlinatych mysi se ti€astni péce
1962). V rozvoji paternalniho chovani je dilezitd ptfedchozi zkuSenost. Doba strdvena

s mlad’aty se postupem casu prodluzuje, jde o dobu, kdy samice opousti mlad’ata a samec
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mezitim zajiStuje termoregulaci a ochranu mlad’at (Szjiarto et al. 1985, Makin & Porter 1984,
Porter et al. 1980).

Schopnost samic individudlniho rozpoznani vlastnich mladd’at od cizich je zajiSténo
prenesenim ¢ichové znacky na sva mlad’ata béhem matetské péce, jako je olizovani, spolecné
chouleni ¢i kojeni (Porter 1986). Samci také dokazi rozeznat vlastni mlad’ata od cizich (Makin
& Porter 1984). Feromon, ktery samice bodlinatych mysi produkuji pifi kojeni, mlad’ata
nasleduji od prvniho dne Zzivota (Porter & Ruttle 1975), avSak tato preference se snizuje
s vékem mlad’at az je kolem 25. dne zivota ignorovan (Janus 1988, Porter & Doane 1979).

Socialni stres, u samct a samic rizného staii i socidlniho postaveni v ramci rodinné
skupiny, byl testovan na zdklad¢ stanoveni hladin glukokortikoidi (Novéakova et al. 2008).
Testovany byly komenzalni a nekomenzalni populace A. cahirinus, které se 1i$i jak vzhledem,
tak chovanim. Bazalni hladiny glukokortikoidu se neliSily ani v jednom socialnim postaveni.
At uz se jednalo o samce ¢i samice, €i riizné stafi zvifat, pfestoze jsou mladi samci, kteti maji
snahu se zapojit do reprodukce, ter¢em agrese dospélym samcem-otcem (Novakova et al.
2008). Avsak pii porovnani dvou rozdilnych populaci se rozdily ukazaly a bylo zjisténo, ze
komenzaln¢ zijici mysi maji vyssi hladiny glukokortikoidi, coz je pfi¢itano jejich zvySenému
predacnimu tlaku, kterému je kazdd komenzalni populace vystavena v lidskych obydlich
(Novakova et al. 2008).

Bodlinaté mysi rodi nejcastéji dvé mlad’ata (shrnuti viz Frynta et al. 2011). Velikost
vrhu z&visi na hmotnosti samice a po¢tu juvenilnich samic ve skupin€. To miize byt vysvétleno,
jako vysledek pozitivniho socialniho nastaveni ve skupiné. Mezipopulacni srovnani naznacuje
pozitivni korelaci mezi délkou chovani zvifat v laboratornich podminkdch a primérnou
velikosti vrhu (Frynta et al. 2011 a nepublikované vysledky). U laboratorné chovanych zvitat
po desetileti patrn€ dochazi k adaptaci na odlisné selekéni tlaky, které jsou nasledné& spojeny
se zménami plodnosti.

Bodlinaté mysi rodu Acomys patii k taxonim hlodavct, které byly rozséhle studovany
po cela desetileti a staly se tak vzorem v mnoha oborech ekologie, fyziologie a evoluce.
Nicméné velka vétSina vySe uvedenych studii byla provedena na druzich A. cahirinus, A.
dimidiatus €1 A. russatus, coz je na téch druzich, které obyvaji Izrael a sousedni oblasti
Blizkého vychodu a pfedstavuji pouze terminalni odnoz fylogenetického stromu rodu Acomys.
Pro spravnou interpretaci vSech vysSe uvedenych vysledkli je velmi dilezitd fylogeneze

jednotlivych druhi a stejné tak 1 poznani celého fylogeogratického vyvojového scénaie.
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3.2 Biogeografie rodu Acomys

Soucasné fylogenetické hypotézy tadi rod Acomys do jasné odd€lené podceledi
Deomyinae, ktera zahrnuje tii dalsi rody: Uranomys, Deomys a Lophuromys, pticemz dvé
posledni jmenované ptedstavuji sestersky klad k Acomys (Chevret et al. 2001, Jansa &
Wechsler 2004, Alhajeri et al. 2015). Protoze tyto tfi rody maji vyhradné africké rozsiteni, je
predpoklad, Ze i pivod rodu Acomys je na Africkém kontinentu (Alhajeri et al. 2015).

Africky kontinent miizeme rozdélit na sedm dobfe definovanych a konzistentnich
biogeografickych regiont: Jihoafricky, Zambijsky, Kongsky, Somalsky, Etiopsky, Sidansky a
Saharsky (Linder et al., 2012). Jednotlivé zdznamy o vyskytu rodu Acomys jsou obecné spojeny
s (polo)suchym prostiedim (Kingdon 2013) az do vysky 2 500 m nad mofem (Monadjem et al.
2015). Vétsina druhi Acomys se vyskytuje v savanovém, somalsko-masaiském, zambijském a
castecné také sudanském regionu. Rozsiteni A. subspinosus v jizni ¢asti Afriky je vazéna na
vegetaci fynbos. Nékolik druht ¢i populaci Acomys je petrikolni, jejich Zivot je tak tésné€ spjat
s kamenitym stanovistém. To je obzvlast’ patrné u druhii obyvajicich suché savany, polopousté
a pousté. Tyto naroky, na své zivotni prostredi, vysvétluji, pro¢ druhy 4comys typicky chybi v
tropické zapadni a stfedni Africe (= konzskd oblast), ackoli né€kolik druht se vyskytuje na
severu v oblastech Sahelu a Sahary. Ve srovnani s Jizni Afrikou je druhova bohatost Acomys
ve vychodni Africe vyssi, coz Ize vysvétlit historickym vyvojem prostiedi. Lorenzen et al.
(2012) zjistil prekvapiveé malou fylogenetickou strukturu u pleistocennich taxonii kopytniki s
roz$ifenim v jizni Africe ve srovnani s populacemi z vychodni Afriky, coZ naznacuje, Ze savany

v jizni Africe uchovaly populace / druhy diky stabilnimu Zivotnimu prostiedi.
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Obrazek 1: Analyzované vzorky a geografické rozsifeni bodlinatych mysi rodu Acomys.

Obrazek byl ptevzat a doplnén z Aghova et al. (2019).

Kromeé velké ¢asti Afrického kontinentu se rod Acomys rozsifil do Sttedomofti (zahrnuje

maly pruh podél jizniho pobtezi Turecka mezi mésty Mersin a Silifke a ostrovy Kypr, Kréta),
Asii (od Sinajského poloostrova pies Izrael, Syrie, Jordansko, Arabsky poloostrov vcetné
Jemenu) a na piilehla Gizemi v franu a Pakistanu podél Perského a Omanského zalivu (Barome
et al. 1998; 2000, Krystufek et al. 2009, Frynta et al. 2010) viz obrazek 1.
Z hlediska biogeografie, kterd je izce spjata s ekologii 1 fylogenetickou biologii (Brown a
Lomolino 1998), lze geografické rozSiteni rodu Acomys rozdé€lit na Afrotropni a
saharskoarabsky region (Holt 2012). Afrotropni region je region subsaharské Afriky, toto
prostiedi se vyznacuje tropickym travnim porostem, savany a kefi (Sayre et al. 2013).

Biogeografické vztahy mezi témito bioregiony, zejména mezi Afrikou a Arabii, Ize
studovat pomoci vyieSené fylogeneze taxonl s velkym rozsifenim, zaloZenou na konceptu
fylogenetického konzervatismu. Rozsifeni nékterych skupin mezi kontinenty vyzZaduje nejen

pevninskd spojeni, ale také vhodné klima v oblasti tohoto spojeni v cCasovém obdobi
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piredpokladané disperzni udalosti. Soucasnd biologickd rozmanitost v Afro-Arabii je
vysledkem, jak geomorfologické historie (rift africkych a arabskych desek) tak i intenzivni

zmény klimatu od raného miocénu (napft. Steckler et al. 1988).

3.3 Bariéry

Soucasné rozsiteni jednotlivych druhti z rodu Acomys jasné naznacuje, zZe geografické bariéry
hraji vyznamnou roli pii tvorbé aredlti rozsifeni a nejspiSe i vzniku novych druhti. Ackoli jsem
vySe zminila dobfe prostudovany piipad sympatrické speciace v Evolu¢nim kafionu,
geografické scénafe speciace ziistdvaji hlavnim vychodiskem pro interpretaci speciace
bodlinatych mysi rodu Acomys. Pti nejjednodussim z nich, alopatrickém, je areal ptivodniho
druhu rozdé€len a na obou stranach bariéry se populace vyvijeji oddélené a s postupem casu a
pfibyvajicimi zménami vznikaji dva druhy (Mayr 2009). V nésledujicim ptehledu se proto

struéné zabyvam vybranymi bariérami v historii afrického kontinentu.

3.3.1 Pevninské mosty a vyména hlodavci mezi Afrikou a ostatnimi kontinenty

Béhem raného miocény (23,0-16,0 Ma), kdy Arabska deska jiz byla oddélena od Afriky Rudym
motem a rotaci proti sméru hodinovych rucicek doslo nakonec ke srazce s Eurasii, se vytvofil
prvni, avSak doCasny pevninsky most mezi Afrikou a Eurasii tzv. Gomphotherium (Rogl,
1999). Behem tohoto ¢asového obdobi zac¢inaji rani mySoviti kolonizovat, jak Afriku, tak 1
Arabii (Mein et al., 2000, Winkler 1994). Ve stiednim Miocénu (16,0 - 11,6 Ma) dochazi
k preruSeni pevninského mostu mezi Afrikou a Eurasii diky opétovnému propojeni Stiedo-
Indo-Tichomotské cesty (Rogl 1999), ktera oddélila Afriku od Eurasie, ¢imz se vytvorily
hlavni linie afrotropnich a indomalajskych hlodavcti. Nicméné vymény mezi Afrikou a Arabii
ptetrvavaly az do stfedniho pliocénu (Denys 1985).

Béhem stfedniho Miocénu a na za¢atku messinské salinitni krize cca 13,8 Ma se Stfedo-
Indo-Tichomotskéd cesta opét uzaviela (Rogl 1999) a souCasné s globdlnim ochlazenim
zapftiCinila celkovou aridifikaci prostiedi a s tim 1 spojenou zménu vegetace (Prista et al. 2014).
Nové vytvoreny pevninsky most (Rogl, 1999) umoznil vyménu mySovitych hlodavcl mezi

Asii, Afrikou a Eurasii (Winkler 1994, Winkler 2002).
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Posledni vyména fauny mysSovitych taxoni mezi Afrikou, Asii a zapadni Palearktidou
(Benammi et al. 1996, Winkler 2002) je shodna s messinskou salinitni krizi (cca 6 Ma), ktera
probihala béhem pozdniho miocénu (Hsii a kol. 1973, 1978) a s glacidlnimi intervaly
(Cosentino et al. 2013). Béhem tohoto obdobi dochazi ke globalnimu snizovani hladin mofti
(Haq et al. 1987) a Afrika s Arabii byly znovu propojeny pozemnim mostem Negev-Sinaj tzv.
Levantskym koridorem (Fernandes et al. 2006) a prostfednictvim uzaviené uziny Bab-el-
Mandab 10- 5,3 Ma (Bosworth et al. 2005). Uzina Bab-el-Mandeb, jeZ vytvofila pozemni most,
spojila Afriku a Arabii pfes Danakilsky blok az do raného stfedniho pliocénu (Redfield et al.
2003). Po znovuotevieni prulivu Bab-el-Mandab 5,3 Ma se Arabie definitivné a trvale odd¢lila
od Afriky. Tato vyména fauny je zachycena v rdmci afrického podrodu Nannomys, ktery
kolonizoval Afriku cca 5,2 Ma (Bryja et al. 2014). Pfedpoklada se, ze po miocénu jiz nikdy
nedoslo k vzniku dal§iho pozemniho mostu mezi Afrikou a Arabii (Fernandes et al. 2006). Ale
na druhé strané¢ Arabského poloostrova bylo opakované navazovano spojeni s Asijskou
pevninou, kdyz byl Persky zaliv vysuSen, nebo nanejvys tvotfen fadou sladkovodnich jezer

(Lambeck 1996; Uchupi et al. 1999).

3.3.2 Biogeografické bariéry uvniti Afriky

Geomorfologickym rysem Afrického kontinentu je pfevazné maléd vertikalni €lenitost
reliéfu, ktera je patrna, jak v niZSich, stfednich, ale 1 vysSich polohach. Na rozdil od vétSiny
ostatnich kontinentt je Africky reliéf charakterizovan spiSe povodim, tabulovych forem reliéfi
(nachazejici se vesmé&s uvniti kontinentu) a piikopovymi propadlinami (Goudie 2005).
Ptikopové propadliny spoleéné s fekami patii k vyznamnym biogeografickym bariérdm
v Africe. Goudie (2005) potvrdil ptedchozi studie a dospél k zavéru, ze mnoho soucasnych
ficnich tokil je prekvapivé velmi mladych. Tyké4 se to také fek oddé€lujicich geografické
roz§iteni existujicich druhti Acomys. Je pravdépodobné, ze Niger pivodné pokracoval
severovychodné¢ smérem do Sahary a teprve nedavno se otocil jihovychodné n€kam pobliz
Tosaye, aby zde vytvofil soutok s fekou Benue. Nil se sklad4 z n€kolika riznych ek, které
byly propojeny teprve nedavno (Van Damme & Van Bocxlaer 2009). Jeji predchiidce Eonile
byl zaloZen z reverzné tekouci feky Qena v dob& messinské salinitni krize. V ¢asném pliocénu,
dochazi k transgresi (zvySeni motské hladiny, zaplaveni pevniny) a roz$ifeni Usti Eonile az do
Asuanu. Reka Zambezi vznikla aZ teprve v neddvné dobé pliocénu aZ ve stiednim pleistocénu,

spojenim dvou fi¢nich tokt. Jeji horni a stfedni ¢ast toku se vyvinuly jako dva samostatné
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systémy. Horni tok spolu s fekou Kafue se praptivodné spojoval s fekou Limpopo, zatimco
stiedni Cast feky Zambezi se spojovala s fekou Shire (Goudie 2005). Relativné nahlé zmény
sméru a charakteristika jejiho souc¢asného kurzu naznacuje, ze Zambezi (o rozloze cca 1,33 mil
km?) se teprve relativné nedavno stala spojenym jednotnym ¥i¢nim systémem.

Eosahabi a Gabes byly velké feky severni Sahary, jez byly zaloZené v miocénu a
pietrvaly az do obdobi sucha v pliocénu a pleistocénu (Goudie 2005). Pravdépodobné vytvarely
ptirodni piekazku pro $ifeni z vychodu na zapad v ramci severni Afriky. Cadské jezero,
brani Sifeni v tomto sméru (Ghienne et al. 2002, Schuster et al. 2009).

Vychodoafricky riftovy systém piedstavuje hlavni geografickou bariéru. Prvni faze jeho
vzniku zacala jiz v raném miocénu (17,0 Ma). Nejvyznamnéjsi vSak byla jeho druhd faze v
obdobi pozdniho miocénu a pliocénu (6,2 - 2,7 Ma; Simon et al. 2017). Krajina vychodni
Afriky se v tomto ¢asovém obdobi dramaticky zménila. Z relativné homogenni oblasti pokryté
tropickym smiSenym lesem na heterogenni oblast, kde n¢které hory dosahuji vysky nad 4 000
m a s vegetaci od poustni po vlhkomilnou. K izolaci pfispivala nejen odli$na vegetace rostouci
ve vysSich nadmotskych vyskach riftového systému (Tieszen et al. 1979), ale i pfitomnost
efemernich jezer, coz spole¢né s Castenym zaplavenim udoli riftu, mohlo pfedstavovat
ptirodni vodni bariéru a zamezit tak moznost volného Siteni (Trauth et al. 2010, Junginger &
Trauth 2013, Maslin et al. 2014). Velmi proménlivé prostiedi, vzniklé ve vychodni Africe pod
vlivem slozité geologie a podnebi ve vychodoafrickém riftu, mohlo vést ke speciaci a také
k naslednym disperznim udalostem (geologickd separace, environmentalni stres, zrychleny

Vyvoj, roz§ifovani specialistli, konkurence mezi druhy) (Maslin et al. 2014).

3.3.3 Klimatické zmény od dob miocénu spojené se zménami vegetace (23-5,32

Ma)

Charakteristickym rysem klimatu na pocatku miocénu bylo oteplovani, s kterym bylo
spojené i tani ledovci. Tato tepla taze dosahla svého klimatického optima v pozdnim sttednim
miocénu (17-15 Ma) (Zachos et al. 2001). Pocasi se vyznacovalo sezénnim rozlozenim srazek
s vyraznym rozdilem mezi obdobim destd a sucha (Bonnefille 2010). V pozdnim miocénu
dochazi diky vyse uvedenym klimatickym podminkam, ke globalnimu Sifeni rostlin, typu C4
(zejména tropickych trav). Rostliny typu C4 pozaduji pro svou expanzi vlhko, teplo a nizky

CO:z (Huang et al. 2001). Bonnefille (2010) popsal vyraznou variabilitu sloZeni lest, kdy v
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Etiopii byl zdokumentovéan listnaty les, zatimco v zdpadni Keni rostly vlh¢i stalezelené lesy.
Po tomto klimatickém optimu doslo k postupnému ochlazovani a obnové hlavni ledové
pokryvky (Holbourn et al. 2005, Zachos et al., 2001). Od stfedniho miocénu bylo ve vychodni
Africe vytvoreno mnoho ekosystému (Cerling et al. 1997). Ve vychodni Africe se zacaly Sifit
pastviny / savany zhruba pied 10 Ma (Cerling, 1992; Cerling et al., 1993), ale v zapadni Africe
dochazi k sifeni az o 3 Ma pozdéji (Bonnefille 2010), kdy nejvyssSich hodnot bylo dosazeno
mezi 8,5 - 6,5 Ma (Cerling et al. 1997). Ochlazovani pokracovalo az do poc¢atku pliocénu (6
Ma) (Zachos et al. 2001), avsak na zacatku pliocénu dochazi k mirnému otepleni a sice az do
3,2 Ma (Poore & Sloan 1996, Maslin a kol. 1998).

S vyraznym orogenickym vzestupem Himalajského padsma 8 Ma dochazi k vyvoji
monzunu a tim i k vyrazné zmén¢ klimatu (Partridge et al. 1995). Saharska poust’ vznika mezi
7 Ma a 2,5 Ma (Schuster et al. 2006, Swezey 2009). V prubéhu obdobi mio-pliocénu doslo v
ramci tfech epizod (10,5 Ma, 7 Ma a 5,5 Ma) k narQstu vegetace a to, jak trav, tak i lest, coz
naznacuje vSeobecné vlh¢i kontinentalni klima (Bonnefille 2010). Rozsiteni vlhkomilného lesa
bylo zdokumentovano v Cadu cca 7 Ma (Brunet et al. 2005), v povodi feky Niger (Morley
2000) a ve vychodni Africe 6,8 Ma (Bonnefille 2010). Nékdy tésn¢ kolem pocatku messinské
salinitni krize doslo k vyrazné zméné vegetace. V celé tropické oblasti panovalo velmi aridni
klima, které se projevovalo vyznamnym poklesem stromového porostu soucasné v zapadni i
vychodni Africe (6,5 az 5,5 Ma; Duggen et al. 2003, Schuster et al. 2006). V celé tropické
Africe dochazi soucasné s prudkym poklesem lesniho pokryvu k masivnimu roz$ifeni stepi a
pousté (Bonnefille 2010). V severni a jizni Keni existovala zalesnénd uzemi az do 3,7 Ma
(Sepulcher et al. 2006), kterd naznacuji vyskyt vlhkého klimatu v severovychodni Africe (Hill
et al. 2002). Tektonicka ¢innost a probihajici vrasnéni ve vychodoafrickém riftu 3,2 Ma v Keni
(Veldkamp et al. 2007), zvySovala celkovou ariditu prostiedi, ale tyto déje umoznily vytvofit

vhodné stanovisté pro horské lesy ve vychodni Africe pfi okrajich vychodoafrického riftu.

3.4 Fylogenetické vztahy mezi druhy / populacemi Acomys

Pro rozséhlou studovanost bodlinatych mys$i mnoha obory, se zvySuje dulezitost poznani
fylogenetickych vztahii jednotlivych druhii. Znalost téchto vztahii je nutnym podkladem pro

rekonstrukci ancestralnich stavli znaka, jinak feceno pro urceni toho, kdy a ve kterém kladu
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prislusné znaky, ptesnéji jejich stavy vznikly resp. zanikly. Vérohodna fylogeneticka hypotéza
(strom) se tak stava nepostradatelnou pro vsechny studie provedené na bodlinatych mysich,
jako na modelovém organismu. Bez ni neni sprdvna interpretace jednotlivych vysledka
v evolu¢nim pohledu (napt. zda jde skute¢né¢ o adaptaci) vilbec mozna (cf. Harvey a Pagel

1991).

Rod Acomys (Geoftfroy, 1838) byl popsan na zacatku devatenactého stoleti. Existuje
mnoho popsanych druhti, nicméné nékteré z nich nelze podle morfologickych znakii snadno
rozli$it. Je to zejména diky jejich velké vnitrodruhové variabilit¢ a shodné generalizované
morfologii. Opakované snahy o revizi fylogenetick¢ systematiky byly zaloZzeny na
morfologickych znacich (Ellerman 1941), chromozomech (Matthey 1968, Macholan 1995) a
molarnim vzoru zubl (Chevret 1993). Kromé& 4. dimidiatus, ktery ma svou oblast vyskytu v
Asii, je v soucasné dob¢ velmi slozité urcit, které z africkych druhii rodu Acomys jsou prave
uznavané. Kingdon (2013) a Monadjem et al. (2015) uvadéji 16 africkych druhti: 4. cahirinus,
A chudeaui, A. muzei, A. cineraceus, A. ngurui, A. ignitus, A. johannis, A. kempi, A. louisae, A.
mullah, A. percivali, A. russatus, A selousi, A. spinosissimus, A. subspinosus a A. wilsoni.
Avsak Denys et al. (2017) uvadi celkem jiz 21 druhd bodlinatych mysi rodu Acomys s 12
podruhy. Tento historicky velmi nejednotny pohled na celkovy pocet a vymezeni exitujicich
druhti bodlinatych mysi rodu Acomys vyustil ve velmi rozsédhlou préci, kterd rekonstruuje
fylogenetické vztahy v rdmci rodu Acomys na zaklad€ nejvétsiho dostupného multilokusového
datového souboru obsahujici ¢tyfi genetické markery ze 700 genotypizovanych jedincii z 282
lokalit (Aghova et al. 2019). Vysledky ukazaly pfitomnost péti hlavnich skupin v ramci
Acomys, které byly oznaceny jako subspinosus, spinosissimus, russatus, wilsoni a cahirinus.
Kdy tfi z téchto skupin (spinosissimus, wilsoni a cahirinus) jsou dale strukturovany do dalSich
fylogenetickych linii s uvedenim celkového poctu 26 existujicich kryptickych druhtt Acomys
viz obrazek 2 (Aghova et al. 2019) respektive 27 druhti (Frydlova et al. in prep.) az 28 druhii
Acomys (Frynta et al. in prep.). Teprve v pracich Frynta et al. (in prep.) a a Frydlova et al. (in
prep.) byla popsana oblast Somalindu. 4. louisae, jakozto endemit Somalilandu, je jasné
oddélenou skupinou od ostatnich linii 4comys a samotnd populace je rozdélena do dvou
podskupin (Frynta et al. in prep.). Od stiedniho Somalilandu na vychod se nachazi jedna
»Somalilandska*™ podskupina, kterd se v nedavné dobé rozsifila na své nyné¢jsi uzemi a jeji
velikost populace se rychle zvétsila. Severozapadni Somaliland spole¢né s DZibuti a vychodni
Etiopii obyva ,,DZibutskd* podskupina a ma extrémné vysokou sekvenc¢ni diverzitu (Frynta et

al. in prep.), kterd bude spojend s tamni sloZitou geologickou historii uzemi. Vyskyt 4. louisae
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v Somalilandu béhem posledniho interglacidlu (120-140 ka) byla pravdépodobné velmi
fragmentovana, jak napovidaji vysledky z bioklimatického modelovani (Aghova et al. 2019).
Model neukazal §irsi oblast mozného vyskytu bodlinatych mysi (Aghova et al. 2019), coz je
v souladu s nalezenym genetickym vzorcem (Frynta et al. in prep.). Velmi pravdépodobné
doslo béhem posledniho interglaciadlu k zalesnéni v centrdlni a vychodni ¢asti Somalilandu,
nastoleni nevhodnych ekologickych podminek pro A. louisae, a tim i k ¢astecnému nebo
uplnému vymieni bodlinatych mysi s naslednou rekolonizaci z mistniho refugia, ¢i oblasti
vychodoafrické ptikopové propadliny po interglacidlnim obdobi (Frynta et al. in prep.).
Frydlova et al. (in prep.) nalezli v jiznim Somalilandu bodlinatou mys, kterd obyva Cervené
pisky bez skal (coZ je neobvyklé u vétSiny mysi rodu Acomys). Molekularni znaky ukézaly, Ze
jde o novou samostatnou linii sesterskou ke kladu zahrnujicimu ptedpokladané druhy Ign2 a

Ign3 (=A4. ignitus).
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Obrazek 2: Rekonstrukce historické biogeografie a divergencnich udalosti v ramci rodu

Acomys (ptevzato z Aghova et al. 2019).
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Avsak 1 nadale zGistava nutnost taxonomické revize hlavné u vychodoafrickych taxont,
kde se nachazi nejvétsi variabilita celého rodu Acomys. VétSina soucasnych molekularnich
praci trpi zejména malym poctem vzorkli ziskanych pro vlastni analyzu
a / nebo nedostatecnym geografickym pokrytim odebranych vzorkt. Starsi prace jsou zalozené
na mitochondridlnich sekvencich genu cytochromu b nebo D-loop. Barome et al. (1998, 2000,
2001a), ktery zkoumal vztahy mezi hlavnimi druhy mysi rodu 4comys a navrhl nasledujici
fylogenetickou hypotézu (subspinosus, (spinosissimus, (russatus, wilsoni, (ignitus, ((cahirinus,
chudeaui), (dimidiatus, johannis))))))). Nasledn¢ Barome et al. (2000) navrhl odpovidajici
fylogeograficky scénat (obrazek 3), kde predpokladané misto Sifeni je vychodni Afrika. BEhem
sttedniho miocénu doslo k bazalnimu rozd¢leni 9,7—-13,7 Ma a prvni migracni udalosti do jizni
Afriky, kde vznika A. subspinosus a A. spinosissimus, respektive 8,69 Ma (Aghova et al. 2019).
Nésledné migracni viny ve svrchnim miocénu 5,9 — 8,3 Ma byly smérem na Blizky Vychod
(A. russatus), respektive 7,55 Ma (Aghova et al. 2019) a do vychodni Afriky (4. wilsoni),
respektive 6,97 Ma (Aghova et al. 2019). Na stejném Uzemi jako diive 4. wilosni speciuje 1 A4.
ignitus v rozmezi mio-pliocenu 4,7 — 6,6 Ma (Barome et al. 2000). Skupina cahirinus-
dimidiatus vznika n¢kdy na konci pliocénu 07-2,8 Ma (Barome et al. 2000) respektive 2,8 Ma
uspofadani. Do severni Afriky se rozsifil 4. cahirinus, do zapadni Afriky A. johannis
zanedlouho nasledovana A. airensis a ptes uzinu Bab Al-Mandab na Arabsky poloostrov A.
dimidiatus (Barome et al. 2000). Pravdépodobné ¢lovékem doslo k rozsiteni bodlinatych mysi
z Egypta na ptilehlé ostrovy Kypr, Kréta (Kunze et al. 1999) i jizni pobiezi Turecka a jejich

pozd¢jSimu popsani jako A. nesiotes, A. minous a A. cilicicus (Barome et al. 2000).
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Obrazek 3: Fylogeograficky scénat disperze rodu Acomys (ptevzato z Barome et al. 2000).

Barome et al. (2001b) zkoumal varianty mitochondridlnich haplotypti u ostrovni
populace 4. minous z Kréty a odhalil nedavny piivod vSech sttedomotskych populaci rodu
Acomys. Tyto populace, plivodné uznavané jako odlisné druhy A. minous, A. nesiotes a A.
cilicicus, jsou pravdépodobné konspecifické s A.cahirinus a predstavuji potomky mysi, které
se rozsitily z Afriky prostfednictvim staroegyptského obchodu. To bylo pozdé€ji podpoteno
uspéSnym kiizenim A. cahirinus (nikoli vSak A. dimidiatus) s A. cilicicus a A. nesiotes
chovanych v zajeti (Frynta & Séadlova 1998 a nepublikovand data). Frynta et al. (2010)
potvrdili, pomoci rychle se vyvijejictho mitochondrialniho kontrolniho regionu D-loop, Ze
sttedomoiské haplotypy A4. nesiotes a A. cilicicus se shlukuji s pevninskym A. cahirinus (Egypt,
Libie, Cad). Kromé toho byla také zdokumentovana mitochondrialni divergence mezi A.

dimidiatus ze Sinaje, Jemenu, Spojenych arabskych emirati a franu. Tato data potvrdila, Ze A.
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dimidiatus mé své rozsifeni pouze v asijské Casti celkové distribuce Acomys s jasnou
genetickou odliSnosti od vyhradné afrického (+ sttedomoiského) 4. cahirinus o kterém diive
psal Volobouyeyv et al. (2007).

Jizni ¢ast rozsiteni Acomys byla dikladné¢ zkouména Verheyenem et al. (2011).
Demonstroval  skrytou mitochondridlni a morfologickou divergenci v  ramci
A. spinosissimus sensu lato, skladajici se z péti odlisSnych kladi, u kterych nedochézi
k ptekryvani vramci jejich jednotlivych geografickych oblasti vyskytu. Kromé& znovu
uznaného druhu A. selousi a dal§iho nepopsaného taxonu z oblasti severné od feky Zambezi
popsal A. ngurui a A. muzei.

Nedavno doslo k pfezkoumani fylogenetickych vztahti v rdmci celého kladu
Gerbilinae-Deomyinae, vcetné¢ 16 druhti Acomys (Alhajerim et al. 2015). Jejich ¢asova
kalibrace naznacuje mirn¢ krat$i chronologii 15,9—17,6 Ma nez ptedchozi studii Chevret &
Dobigny (2005), ktera uvedla roz§tépeni Gerbilinae od Deomyinae nékdy kolem 17 Ma. AvSak
obecny kladogeneticky vzor vysledného fylogenetického stromu potvrdil pfedchozi prace
molekularnich studii (viz vyse), i v pfipadé analyzy zahrnujici 900 druhti hlodavct (Steppan &

Schenk 2017).
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4 Cile prace

Tato prace je zaméfena na fylogenezi a molekularni charakteristiku nové ziskanych vzorkt

bodlinatych mysi rodu Acomys, ptedevsim ze Siroké druhové skupiny cahirinus. Za pomoci

molekularné genetickych metod jsem se snazila vyiesit fylogenetické vztahy uvnitt sledované

skupiny a v navaznosti i fylogeografické vztahy a populac¢ni parametry populaci z oblasti

Afrického rohu.

Konkrétni cile prace byly:

1. Vytvofit relevantni fylogenetickou hypotézu o evoluci bodlinatych mysi rodu Acomys

2. molekuldrné charakterizovat vzorky pochézejici z nasledujicich oblasti:

a)

b)

neafrického rozsifeni rodu Acomys. Cilem bylo pfedev§im ovéfit, a jak doSlo ke
kolonizaci Stfedomotiskych ostrovii Kypr, Kréta a pobiezi Turecka druhy A.
nesiotes A. minous a A. cilicicus. a Arabského poloostrova s Iranem druhem A.
dimidiatus.

Afrického rohu. Somaliland je velmi neprobadanou zemi, kterd ma za sebou velmi
sloZitou historii, jak geologickou, tak klimatickou. Molekularni data o bodlinatych
mysich ztéto oblasti dosud zcela chybéla. Zameéfila jsem se na druh Acomys
louisae, ktery je endemitem této oblasti.

Afrického rozsifeni — kde byla snaha shromézdit vSechna dostupnd data i1
z ptedchozich studii o fylogenezi bodlinatych mysi rodu Acomys a spojit je do jedné
datové sady. Tato data byla doplnéna materidlem z mnoha nezéavislych expedic
uskutecnénych nékolika védeckymi tymy. V mnoha ptipadech se jednalo o oblasti

dosud neprovzorkované.
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5 Komentar k jednotlivym rukopistim

1)

2)

3)

Phylogenetic relationships within the cahirinus-dimidiatus group of the genus
Acomys (Rodentia: Muridae): new mitochondrial lineages from Sahara, Iran and

the Arabian Peninsula. (Frynta et al. 2010).

Afro-sttedomotska linie Acomys cahirinus a asijskd Acomys dimidiatus jsou jasné
odd¢lené. Velka podobnost mezi mitochondridlnimi haplotypy z kontinentalni Afriky
a severniho Sttedomofti (linie A. cahirinus sensu stricto) podporuje hypotézu, ze predci
A. nesiotes, A. cilicicus a A. minous se velmi pravdépodobné rozsitily jako komenzalni
populace. Byla nalezena zna¢na genetickd variabilita v Asii. Krom¢ haploskupiny ze
Sinaje a Jordanska (odpovidajici 4. dimidiatus sensu stricto) jsme objevili dvé diive
neznamé haploskupiny, jednu z Jemenu a druhou z frdnu a Spojenych arabskych

emiratu.

Multiple radiations of spiny mice (Rodentia: Acomys) in dry open habitats of

Afro- Arabia: evidence from a multi-locus phylogeny. (Aghova et al. 2019).

Bodlinaté mysi rodu Acomys jsou rozsitené v suchych a polosuchych arealech Afriky,
Ardbie a Stfedniho vychodu. Na zdkladé¢ dosud nejvétsiho multilokusového
genetického datového souboru z vice nez 200 lokalit, ktery v zasadé kopiruje cely areal
rozSiteni rodu Acomys, doslo k revizi fylogenetickych vztahlt Acomys. Fylogeneticka
analyza odhalila pét hlavnich kladt: subspinosus, spinosissimus, russatus, wilsoni a
cahirinus v ramci nichz se ukazalo celkem 26 geneticky odliSnych linii, kdy nejvétsi

rozmanitost byla nalezena ve vychodni Africe.

The first report of spiny mouse belonging to Acomys ignitus group in Somaliland:

Phylogenetic affinities of a new distinct mitochondrial lineage. (Frydlova et al. in

prep.).

Africky roh je velmi nepfistupnou oblasti, hned z nékolika pohled a brani tak vyzkumu
mistni fauny. VeSkery material zde ziskany je pro védu velmi cenny. Mysi rodu Acomys

ze Somalska jsou velmi malo zndmé. V tomto ¢lanku uvadime prvni nalez Acomys
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4)

ignitus — Ignitus 5, ktery obyva rozdilné prostiedi nez vétSina ostatnich druhtt Acomys.

Novy zdznam znacné rozsiiuje distribuci celé skupiny na vychod.

Molecular characterization of Acomys louisae from Somaliland: A deep

divergence and contrasting genetic patterns in a rift zone. (Frynta et al. in prep.)

V tomto ¢lanku jsme se zaméfili na bodlinatou mys Acomys louisae, ktera je endemitem
Somalilandu. Fylogeneticka analyza ukézala jasnou genetickou odlisnost 4. louisae od
ostatnich linii Acomys, ale také ukdzala vyrazné rozdé€leni do dvou podskupin v ramci
skupiny 4. louisae. Vzorky ze stfedniho a vychodniho Somalilandu, v¢etné vzorki z
typové lokality, tvofi prvni jasné odlisSnou ,,Somalilandskou* podskupinu. Druhou
,Dzibutskou“ podskupinu tvoii zbyvajici vzorky ze severozapadniho Somalska s 5
diive publikovanymi sekvencemi z Dzibuti a vychodni Etiopie. Populaéni vypocty i
haplotypova sit’ naznacuji, ze populace ,,Somaliland* se v nedavné dobé rozsitila na
podskupina vykazuje extrémné vysokou sekvenéni diverzitu, vysvétlitelnou
dlouhodobé¢ stabilni a pocetnou populaci. Tato prace byla sepsana na zéklad€é nové

dovezenych vzorki z celkem tif expedic do Somalilandu véetné z 1éta roku 2019.
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6.1 Phylogenetic relationships within the cahirinus-dimidiatus group of the genus
Acomys (Rodentia: Muridae): new mitochondrial lineages from Sahara, Iran

and the Arabian Peninsula.

Frynta D., Palupéikové K., Bellinvia E., Benda P., Skarlantova H., Schwarzova L., Modry D.

Zootaxa (2010) 2660: 46-56.
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Abstract

Spiny mice belonging to the cahirinus-dimidiatus group of the genus Acomys have become a widely used model in
physiology and behaviour. To improve current knowledge concerning the phylogeny of this taxon, we analysed 24
samples from Libya, Chad, Egypt, Jordan, Cyprus, Crete, Turkey, Yemen and Iran. We sequenced the whole
mitochondrial control region and part of the flanking tRNA genes for a total length of 986 to 996 bp and described 22
haplotypes. Our results confirmed that the Afro-Mediterranean and Asian clades are clearly distinct (p-distance = 6-
8.1%). The former clade corresponds to A. cahirinus sensu lato (i.e. including also the Cretan A. minous, Cypriot A.
nesiotes and Turkish A. cilicicus). Haplotypes of A. cahirinus from the E Sahara (S Egypt, SW Libya, N Chad) grouped
with those of A. cilicicus and A. minous (p-distance < 2.2%), while haplotypes of A. nesiotes grouped with one haplotype
representing the commensal A. cahirinus from Cairo (p-distance = 1.2%). Close similarity among haplotypes from
mainland Africa and NE Mediterranean (clade A. cahirinus sensu stricto) support the hypothesis that ancestors of A.
nesfotes, A. cilicicus and A. minous dispersed most probably as commensal populations, thus questioning their status of
valid species. The most surprising finding was the considerable genetic variation in Asia. In addition to a haplogroup
from Sinai and Jordan (corresponding to A. dimidiatus sensu stricto), we detected two previously unknown haplogroups,
from Yemen and Iran + United Arab Emirates. These clades are fairly distinct and separate species/subspecies status of
these animals might be further considered.

Key words: spiny mice, mitochondrial DNA, mitochondrial control region, D-loop, phylogeography, commensalist,
Yemen, Libya, Cyprus, Persian Gulf

Relazioni filogenetiche all’interno del gruppo cahirinus-dimidiaius nel genere Acomys (Rodentia:
Muridae): nuove linee mitocondriali identificate nella regione del Sahara, in Iran e nella penisola araba

Sommario

I topi spinosi appartenenti al gruppo cahirinus-dimidiatus nel genere Acomys sono diventati animali modello
ampiamente usati in studi fisiologici e comportamentali. Per migliorare le conoscenze attuali riguardanti la filogenesi di
questo taxon, abbiamo analizzato 24 esemplari di topo spinoso provenienti da Libia, Chad, Egitto, Giordania, Cipro,
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Creta, Turchia, Yemen e Iran. Abbiamo sequenziato I'intera regione di controllo del mitocondrio e parte degli adiacenti
geni per la sintesi di tRNA, per una lunghezza totale tra i 986 e i 996 bp, descrivendo 22 diversi aplotipi.

[ nostri risultati hanno confermato la presenza di considerevoli differenze tra il clade afro-meditterraneo e il clade
asiatico (distanza p = 6-8,1%). Il primo clade corrisponde ad A. cahirinus sensu lato (compresi A. minoas, presente in
Creta, e A. nesiotes, presente a Cipro). Gli aplotipi di esemplari di A. cahirinus provenienti dal Sahara orientale (Egitto
meridionale, Libia sud-occidentale, Chad settentrionale) risultano simili a quelli di individui di A. cilicicus e A. minoas
(distanza p < 2,29). Mentre gli aplotipi di animali identificati come a A. nesiotes sono simili a quelli di topi commensali
originari dal Cairo (A. cahirinus propriamente detto). La stretta somiglianza tra gli aplotipi proveneinti dall’ Africa
continentale e la regione meditterranea orientale (A. cahirinus sensu strictu) conferma 1’ipotesi che gli antenati di A.
nesiotes, A. cilicicus e A. minous si dispersero come popolazioni commensali, mettendo quindi in discussione la validita
di questi taxa come specie.

Sorprendente & stata la scoperta di una notevole variabilita genetica presente in Asia, Olire ad un chiaro
raggruppamento di aplotipi, corrispondente ad esemplari della penisola del Sinai e della Giordania (appartenenti ad A.
dimidiatus sensu stricto), abbiamo identificato due gruppi finara sconosciuti: un primo gruppo in Yemen e un secondo in
Iran e negli Emirati Arabi. Questi due cladi sono chiaramente distinti, per essi drovra essere preso in considerazione un
possibile status di specie o subspecie.

Parole chiave: topo spinoso, DNA micondriale, regione mitocondriale di controllo, D-loop, filogeografia,
commensalismo, Yemen, Libia, Cipro, Golfo persico

Introduction

Spiny mice belonging to the cahirinus-dimidiatus group of the genus Aconys have become a widely used
model for physiological (e.g., Frynta et al. 2009), behavioural {Novékova et al. 2010 and references herein)
and evolutionary (e.g., Krasnov et al 2005) studies (also see Van der Straeten 1994}, Although this complex is
morphologically distinct from other Aconys species groups (Denys et al. 1994), there is no agreement among
traditional taxonomists concerning the relationships among populations or species (Wilson & Reeder 2005).
Consequently, nearly all experimental animals that come from somewhere within the region of the Fertile
Crescent or the Levant were reported as A. cahirinus (Desmarest, 1819), irrespective of their precise
taxonomic status (e.g., Carere et al. 1999; Hefner et al. 2001; Weber & Hohn 2005).

Barome et al (1998; 2000; 2001), analysing variation in the cytochrome b (mtDNA) in 14 Acomys
species, revealed the existence of two distinct subclades within the cahirinus-dimidiatus clade. One comprises
A. dimidiatus (Cretzschmar, 1826) from Sinai, Israel, Jordan and Saudi Arabia, its sister branch including
unnamed forms from Cameroon and Burkina Faso. The other one includes A. cahirinus (Desmarest, 1819)
from Egypt and A. airensis Thomas et Hinton, 1921 from Niger and Mali. Currently, a thorough study
examining samples from SW Sahara revealed that the populations from Mauretania, Mali and Niger form a
distinct clade clearly separated from both the cahirinus and dimidiatus groups {(Nicolas et al. 2009). This
subclade includes not only A. airensis but alsc Mauretanian populations of 4. chudeaui (Kollman, 1911),
therefore the former species should be further considered as a junior synonym of the latter (Nicolas et al.
2009).

Surprisingly, two Mediterranean species, A. nesiotes Bate, 1903 from Cyprus, and A. minous Bate, 1906
from Crete, had cyt b sequences almost identical with those of A. cahirinus from the type locality (Cairo,
Egypt). The remaining species of the Mediterranean area, A. cilicicus Spitzenberger, 1978 from Cilicia (SE
coast of Anatolia, Turkey) in addition to some A. minous, shared a somewhat different haplotype lineage
(labeled B} of unknown origin, but were still unequivocally closely related to those of Egyptian A. cahirinus
(Barome et al. 2000; 2001). The above findings may suggest that these Mediterranean species are not endemic
survivors from the Tertiary period, but rather are descendants from recent, most probably commensal
colonists transferred to these areas by humans.

Recently, Volobouev et al. (2007) formally elevated dimidiatus to the rank of species and reviewed
karyological (cf. Nevo 1985; Sokolov et al. 1993; Macholén ef al. 1995; Volchouev ef al. 1996a; b; 2002;
Kivanc et al. 1997; Kunze et al. 1999; Zima et al. 1999), morphological and biogeographical evidence
suggesting clear differences between A. cahirinus from Africa (including Egypt) and A. dimidiatus from the
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Asian part of the range including Sinai. They also hypothesized a phylogeographic scenario including
immigration of dimidiatus from Africa to south of the Arabian Peninsula through the Red Sea. Nevertheless,
in spite of the extensive distribution of A. dimidiatus in Asia (Bates 1994), ranging from Sinai, throughout the
Arabian Peninsula, the Iranian coast of the Persian Gulf region and the Gulf of Oman to W Pakistan (Bobrov
& Neronov 1998}, only the populations from Sinai, Israel and Jordan have been examined by molecular
methods, so far.

Species rank of A. dimidiatus may be supported also by the fact that fertile hybrids between A. dimidiatus
and A. cahirinus, neither natural nor artificial, have been described. Jordan (2000), however, reported sterile
hybrids between the dark commensal population of A. cahirinus from Cairo and a large pale form from Giza
(suburb of Cairo) referred to as A. dimidiatus megalodus Setzer, 1959. As the type locality of the latter taxon
is the Suez region (Wadi Sayal), species identity of the latter population was not assessed via molecular
methods, and according to Volobouev et al. (2007}, not A. dimidiatus but rather A. cahirinus has to be
expected at the locality situated in the African part of Egypt.

The aim of this paper is to sequence fragments of rapidly evolving mitochondrial genes providing high
resolution for recent evolutionary history, to reconstruct the phylogeny of the cahirinus-dimidiatus group with
a special focus on understudied regions including eastern Sahara, Cyprus, Yemen and the Persian Gulf. We
then discuss our results in terms taxonomic and phylogeographic implications.

Material and methods

Specimens. For the present study, 24 individuals belonging to the cahirinus-dimidiatus group of the genus
Acomys were analysed. Our specimens or their maternal ancestors were live-trapped from natural populations
in Egypt (2 samples}, Libya (1), Cyprus (2), Crete (1), Turkey (1), Sinai Peninsula (4), Jordan (3}, Yemen (2},
United Arab Emirates (1), and Iran (3}). Other samples came from laboratory populations in Egypt (1), Chad
(1), and zoological parks (2; original localities unknown). The tip of the tail or a finger were taken from
sampled animals and stored in Eppendorf tubes with 96% ethanol. Alternatively, as concerned deceased
animals, kidney or muscle tissues were used. Origins of the specimens are detailed in Table 1.

DNA extraction and sequencing. Total genomic DNA was isolated with DNAeasy Tissue Kit (Qiagen,
Hilden, Germany), following the manufacturer’s guidelines.

The entire mitochondrial Control Region (CR) and the flanking tRNA genes were PCR-amplified in two
overlapping segments for a total length of about 1000 bp, using primer pairs 5’
ATAAACATTACTCTGGTCTTGTAAAC 3" - 5° CACAGTTATGTTGRTCATGG 37 and 5°
CGTTCCCCTAAATAAGACA 3" - 5° TAATTATAAGGCCAGGACCA 3’ (Bellinvia, 2004).

PCR reactions were carried out in 50 pl volume including 2.5 pl of each 10 pM 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 Tag DNA
polymerase, 5 pul of DNA and 27 pl of ddH,0. The PCR amplification protocol consisted of 31 cycles of
denaturation at 95°C for 30 s, annealing at 50°C for 1 min, and extension at 72°C for 1 min; a further 15 min
elongation step at 72°C followed the last cycle. Concentration and composition of the reaction mix were
similar for both pairs of primers. The protocol used followed Bellinvia (2004). For some of the samples the
temperature of annealing had to be decreased to 47°C to obtain usable PCR products. All PCR products were
purified with the Qiaquick® purification kit (Qiagen, Hilden, Germany) and directly sequenced using the
same primers used for amplification.

Sequence and phylogenetic analyses. Sequences were aligned and manually checked using BioEdit (Hall
1999), Clustal X 1.81 (Thompson et al. 1997) and GENEDOC version 2.6.003 (Nicholas & Nicholas 1997).
Three individuals of A. russatus were included as outgroup.

Neighbour-joining (N]J), maximum parsimony (MP) and maximum likelihood (ML) analyses were
performed under PAUP* version 4.0b10 (Swofford 2002), and Bayesian analysis (BA) was conducted with
MrBayes 3.1 (Huesenbeck & Rongquist 2001, Ronquist & Huelsenbeck 2003). For MP we conducted heuristic
search analyses with 100,000 random taxon addition replicates using tree-bisection and reconnection (TBR)
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branch swapping. The branch support was evaluated using 1000 bootstrap pseudoreplicates (Felsenstein
1985). All characters were equally weighted and unordered. Tree search with N]J algorithm was done with
Jukes — Cantor distance and node support within the final topology was assessed through 1000 bootstrap
pseudoreplicates.

TABLE 1. Sample set considered in the present study, with geographic origin of samples.

No. Num. Species Locality Geographic
map origin
NES1 1 A. nesiotes Agirdag, Cyprus (leg. M. Macholan) 35°18" N, 33° 15" E
NESZ 2 A .nesiotes Cinarli 4km SE, NE Cyprus (leg. D. Frynta) 35°19°06 N, 33° 47" 26 E
CAIR 3 A. cahirinus Cairo, Egypt, laboratory colony at Charles University, Praha 30°04' N, 31°14'E
(founders provided by P.-O. Barome)
SIMI, 4 A. cahirinus Abu Simbel archaeological site, Egypt, (founders captured by J. 22°22°N, 3138 E
SIM2 Borek)
LIB 5 A. cahirinus Mits Akakus, Libya (colony founders captured by D. Frynta and L. 25° 44" 562 N, 12° 08"
Schwarzova) 211 E
CHAD 6 A.cahirinus Tibesti, Chad, laboratory colony in ZOO Plzen =
CIL 7 A. cilicicus E of Silifke, Turkey, 2 samples laboratory colony at Charles 36°26° N, 34°06" E
University, Praha (colony founders captured by J. Sadlovéa)
MIN 8 A. minous Crete, laboratory colony in ZOO Plze -
EMIR 9 A cf. Jabal Hafit, United Arah Emirates, laboratory colony in ZOO 24°04° N, 55°47 E
dimidiatus. Plzefi (colony provided through Breeding centre for endangered
Arabian wildlife, Sharjah, UAE, founders captured by Peter Arras,
Al Ain)
IRAL 10 A cf Khos Hangan, N of Bandar Abbas, Iran; 500 m a.s.l. (colony 27°38 362N, 956° 13
dimidiatus founders captured by D. Frynta, L. Schwarzovéa and P. Kunzovd) 226 E
IRAZ 11 A cf. Zagros, Iran (colony founders captured by D. Frynta, L. 28° 55" 892 N, 52° 317
dimidiatus Schwarzova and P. Kunzova) 770E
IRA3 12 A cf Dehbarez, Iran (leg. P. Benda and P. Nov) 27027 745N, 57°19°
dimidiatus 197 E
YEM1,YE 13 A f. Hawf, Yemen (leg. P. Benda) 16°39° N, 53°03"E
M2 dimidiatus
SIN1,SINZ 14 A. dimidiatus Wadi Gharandal, Sinai, Egypt (leg. R. Lucan) 29°08° N, 31°51' E
JOR3 15 A.dimidiatus Wadi Ramm, Jordan (colony founders captured by D. Modry) 29°36'N, 35° 24" E
JOR4 15 A.dimidiatus Wadi Ramm, Jordan, ZOO Plzen (founders captured by D. Modry -
a T. Pe3)
JOR1 15 A.dimidiatus Wadi Ramm, Harab Antar, Jordan (leg. D. Modry) 29°36'N, 35°24' E
JOR2 15 A.dimidiatus Wadi Ramm, Lawrence spring, Jordan (leg. D. Modry) 29°36" N, 35° 24" E
BRONX A. dimidiatus Lab. strains, 2 samples, ZOO Bronx and ZOO Prague =
RUSI1 A. russatus Labh. strain, Charles University, Prague =
RUS2 A. russatus Wadi Ramm, Harab Antar, Jordan (leg. D. Modry) 29°36" N, 35° 24" E
LEW A.russafus laboratory colony, Al Wisad-Heber, Jordan (leg. D. Modry) 31°50" N, 38° 08 N
Jlewisi”

Optimal model of studied mtDNA sequence evolution was selected using the AIC criterion in Modeltest
3.7 (Posada & Crandall 1998). For ML analysis we used heuristic search with 300 random taxon addition
replicates and TBR branch swapping. Node support within the ML tree topology was assessed by bootstrap
analysis with 750 pseudoreplicates (in each 10 random addition replicates only).

For the Bayesian analysis, we partitioned our alignment into tree domains: (i} the Central domain (CD),
which is the most conserved region of CR; (ii) the Extended terminal-associated sequence (ETAS) domain;
and (iii} the Conserved sequence block (CSB} domain, adjacent to CD (see Larizza et al. 2002). Two
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independent runs of analyses were conducted with a random starting tree and for 6x10° generations, with trees
sampled every 100 generations. The burn-in command was used to discard the first 15000 trees (1,500,000
generations).

FIGURE 1. Map of sampled localities in North Africa, the Mediterranean, the Arabian Peninsula and Iran within the
cahirinus-dimidiatus group of the genus Acomys. Black circles and squares show cahirinus lineages from Cairo-Cyprus
and eastern Sahara-Turkey-Crete, respectively; white circles show dimidiatus lineages from Iran-Emirates; white triangle
shows Yemen; white squares show the Sinai-Jordan lineage. Numbers refer to Tahle 1.

Results

We analyzed 24 ingroup samples representing 22 haplotypes. We abtained a nucleotide alignement of 1006
nucleotide positions, of which 219 were variable and 195 were parsimony-informative. The CR itself ranged
in length from 837 to 839 bp.

Most of the recovered topologies agreed substantially (MP, NJ and BA}, although ML somewhat differed
by placing haplotypes from Iran and Emirates as basal offshoots of the cahirunus-dimidiatus group. MFP, N]
and BA revealed revealed two clearly distinct clades. The first clade, further referred to as “Afro-
Mediterranean”, contained haplotypes from North Africa, Crete, Cyprus and Turkey. The second clade,
further referred to as “Asian”, contained haplotypes from Sinai, Jordan, the Arabian Peninsula as well as those
from Iran (dimidiatus). Uncorrected p-distances between haplotypes belonging to the Afro-Mediterranean and
Asian clades varied within the range of 6.0-8.1% (Table 2).

Haplotypes belonging to the Afro-Mediterranean clade were very similar to each other (uncorrected p-
distances varied within the range of 0.2-2.2 %). Phylogenetic relationships within this clade were poorly
supported. However, haplotypes from eastern Sahara (S Egypt, S Libya, N Chad), Turkey and Crete formed a
distinct, monophyletic group.

The Asian clade was less homogenous than the Afro-Mediterranean one (within-group uncorrected p-
distances = 0.3-5.6 %). It split into three distinct and geographically localised, well-supported lineages: (1)
Sinai-Jordan, (2} Yemen, (3) Iran-Emirates. The relative position of these lineages in the tree was not
resolved,
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FIGURE 2. Strict consensus parsimony tree of the A. cahirinus-dimidiatas group (22 maximum parsimony trees). Tree
length = 326, CI =0.7761, RI = 0.9189, RC = 0.7131. Bootstrap values (in percentage) are indicated at nodes. Bootsirap
supports of the main clusters obtained after Neighbour Joining and Maximum Likelihood analyses are provided in
parentheses. Codes of samples refer to Tahle 1.

Discussion

Surprisingly, in spite of there being 2200 km distance between the Akakus Mts (Libya) and Abu Simbel
(Egypt}, the haplotypes that we found in these two sites and at Tibesti Mts (Chad) were nearly identical (p-
distance = 0.3%). This may suggest that the range of the species A. cahirinus also encompasses most of the
central Sahara region. Because the type locality of A. airensis in Air, another south Saharan mountain region
that shares with our localities almost the same ecological conditions, is situated just 700 km from the Akakus
Mits and 800 km from the Tibesti Mts, the validity of A. airensis as a species may be questioned (but see
Denys et al. 1994; Sicard & Tranier 1996). The populations of A. airensis sequenced to date and that were
sharply distinct from A. cahirinus, came from the lowlands of Mali and Niger (e.g., Barome et al. 1998; 2000;
2001, Nicolas et al. 2009).
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As expected, our results also clearly supported previous studies’ that suggested the paraphyly of the North
African A. cahirinus with respect to other species of Acomys coming from the Mediterranean islands and
northern coast (A. nesiotes, A. cilicicus and A. minous). Our data provide further evidence supporting the
recent dispersal of spiny mice to the NE Mediterranean region (see Barome et al. 1998; 2000). As CR is non-
coding sequence evolving even faster than cyt b, it provides a somewhat more sensitive test to examine the
hypothesis supporting the anthropogenous origin of the Mediterranean species of spiny-mice. Close similarity
among particular haplotypes from mainland Africa and those from the NE Mediterranean suggests that
ancestors of A. nesiotes, A. cilicicus and A. minous dispersed most probably as commensal populations
following ancient trade routes. Their status as valid species may thus be considered questionable.

Barome et al. (2001} identified two clearly distinct mitochondrial groups (A and B) within Cretan
populations of A. minous. The authors reported that haplotypes of A. nesiotes from Cyprus and A. cahirinus
from type locality (Cairo) belonged to group A, while those of A. cilicicus from Cilicia coast grouped with B.
Given that we recovered the same haplotype attributions, we may tentatively conclude that our lineages from
Cyprus and Cairo correspond to group A, while those from Crete and Cilicia belong to group B. We also
found haplotypes belonging apparently to group B in the ahove-mentioned three localities from the eastern
Sahara. We can speculate that bearers of group B haplotypes that colonized Crete and Cilicia in antiquity were
transferred by Egyptian and/or Phoenician trade ships from southern Egypt. Nevertheless, sampling in North
Africa is still too low to allow the exclusion of other mainland regions as potential geographical sources for
the group B haplotypes found in NE Mediterranean.

Bearers of both A and B haplotype group contributed to contemporary A. minous (Barome et al. 2001),
and hoth the A. cilicicus from S Turkish coast and A. cahirinus populations from Abu Simbel (belonging to B
group) hybridised in our laboratory with A. nesiotes and A. cahirinus from Cairo (belonging to A group;
Frynta & Sadlova 1998 and Frynta et al., in prep.}. Therefore we warn against premature taxonomic splitting
of mainland populations of A. cahirinus according to haplotype group.

We found a close similarity between A. dinidiatus haplotypes from Sinai and Jordan, i.e., regions known
to be inhabited by different chromosomal forms of this species {Neve 1985), supporting the current view that
36 and 38 chromosome forms interbreed freely and thus obviously belong to a single species (Volobouev et al.
2007).

The similarity between Persian haplotypes and a haplotype from the Emirates on the opposite side of
Persian Gulf and the Gulf of Oman may be explained by the presence of a land bridge that allowed free faunal
dispersal across the Persian Gulf during the last glacial period, between the south of the Arabian Peninsula
and Iran (Anderson 1999).

Considerable sequence divergence within the Asian clade is probably our most surprising finding.
Obviously, the southern part of the Arabian Peninsula is a territory with high haplotype diversity and not just
a peripheral area of the Asian clade expansion. Thus, it is unlikely that the Arabian Peninsula was colonized
by A. dimidiatus from north-eastern Africa via Sinai and Jordan. More likely is that the colonisation event
could result from prehistoric marine transgression through land bridge across the Red Sea, as suggested by
Barome et al. (2000) and Volobouev et al. (2007). This southern route scenario was previously suggested for
other mammals (Bailey 2009) including carnivores, hyrax, oryx (Harrison & Bates 1991), Hamadryas
baboons (Wildman et 2l. 2004, Winney et al. 2004) and even humans (White ef al. 2003). Nevertheless, recent
geological surveys in the Bab al-Mandab revealed that the Red Sea never completely disappeared in this area
during the Quaternary period {Fernandes et al. 2006). Thus, the occurrence of a land bridge between Africa
and the Arabian Peninsula should be considered impossible since at least 2 millions years (Bailey 2009) or
even the end of the Miocene (Fernandes et al. 2006).

Our results suggest that haplotypes from Iran and Emirates as well as those from Yemen are only distantly
related to those from Sinai and Jordan. As A. dimidiatus was described from Sinai, the Sinaitic-Jordan lineage
might correspond to the nominotypic subspecies A. d. dimidiatus. Scientific names for bearers of the Yemeni
and Persian haplotype lineages (if their taxonomic distinctness is proven) should be searched among older
geagraphically congruous descriptions, including A. whitef Harrison, 1980 from Oman—supposedly
matching our Iran-Emirates lineage, A. d. homericus Thomas, 1923 from Yemen (type locality El Khaur,
Aden Protectorate [= SW Yemen]), and A. flavidus Thomas, 1917 described from southern Pakistan. In
addition, there are two older descriptions from an unspecified part of Arabia: A. hispidus (Brants, 1827) and
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A. megalotis (Lichtenstein, 1829). Nevertheless, additional morphological, hybridization and behavioural data
are necessary to clarify taxonomic statuses these populations. In addition, the consideration of CR sequences
from their African relatives is needed to evaluate genetic variability and possibilities of additional spreading
routes (from Africa to Asia, around Africa, etc).
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Abstract

Background: Spiny mice of the genus Acomys are distributed mainly in dry open habitats in Africa and the Middle
East, and they are widely used as model taxa for various biological disciplines (e.g. ecology, physiology and
evolutionary biology). Despite their importance, large distribution and abundance in local communities, the
phylogeny and the species limits in the genus are poorly resolved, and this is especially true for sub-Saharan
taxa. The main aims of this study are (1) to reconstruct phylogenetic relationships of Acomys based on the
largest available multilocus dataset (700 genotyped individuals from 282 localities), (2) to identify the main
biogeographical divides in the distribution of Acomys diversity in dry open habitats in Afro-Arabia, (3) to
reconstruct the historical biogeography of the genus, and finally (4) to estimate the species richness of the
genus by application of the phylogenetic species concept.

Results: The multilocus phylogeny based on four genetic markers shows presence of five major groups of
Acomys called here subspinosus, spinosissimus, russatus, wilsoni and cahirinus groups. Three of these major
groups (spinosissimus, wilsoni and cahirinus) are further sub-structured to phylogenetic lineages with predominantly
parapatric distributions. Combination of alternative species delimitation methods suggests the existence of 26
molecular operational taxonomic units (MOTUs), potentially corresponding to separate species. The highest genetic
diversity was found in Eastern Africa. The origin of the genus Acomys is dated to late Miocene (ca. 8.7 Ma), when the
first split occurred between spiny mice of eastern (Somali-Masai) and south-eastern (Zambezian) savannas.
Further diversification, mostly in Plic-Pleistocene, and the current distribution of Acomys were influenced by the
interplay of global climatic factors (e.g, Messinian salinity crisis, intensification of Northern Hemisphere glaciation) with
local geomorphology (mountain chains, aridity belts, water bodies). Combination of divergence dating, species
distribution modelling and historical biogeography analysis suggests repeated "out-of-East-Africa” dispersal events into
western Africa, the Mediterranean region and Arabia.
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Conclusions: The genus Acomys is very suitable model for historical phylogeographic and biogeographic reconstructions
of dry non-forested environments in Afro-Arabia. We provide the mast tharough phylogenetic reconstruction of the
genus and identify rmajor factors that influenced its evolutionary history since the late Miocene. We also highlight the
urgent need of integrative taxonomic revision of east African taxa.

Keywoards: Acomys, Savanna, Biogeography, Africa, Arabia, Sahara, Somali-Masai, Zambezian savanna, Plio-Pleistocene

Background

The Old-World savanna biome spans the tropical grass-
lands, scrublands and wooded savannas of sub-Saharan
Africa [1]. These open non-forested habitats represent
the most widespread terrestrial environment in Africa
[2] and they harbour one of the most abundant and di-
verse mammalian communities on Earth [3]. In Africa,
four major biogeographic regions can be distinguished,
which are defined by the geographical distribution of
vascular plants vertebrates,
savanna-like ecosystems predominate (Zambezian, So-
mali, Sudanian and South African [3]).

Numerous geclogical and climatic events have affected
the biological diversity of contemporary savanna-like
ecosystems in Africa. In Eastern Africa, the East African
Rift System (EARS) started to develop ¢a. 45-33 Ma [4],
which led to a change in the region’s topography and the
consequent aridification of East Africa, most intensively
since late Miocene [5-8]. These climatic changes are
best documented by the shift from C3 (moisture-adapted
plants) to C4 (tropical arid-adapted grasses) plants [9—
11]. The climatically turbulent Pliocene and especially
Pleistocene periods, when arid and humid conditions al-
ternated, resulted in a series of expansions and contrac-
tions of climatic zones [12, 13] that influenced the
distribution and diversification of biodiversity in this
region (14, 15].

Small mammals, especially rodents, are very good
model organisms for phylogeographic reconstructions.
Most of them are usually habitat specialists, exhibit low
dispersal ability and have relatively high substitution
rates, at least at mitochondrial DNA (mtDNA). Spiny
mice of the genus Acomys 1. Geoffroy Saint-Hilaire, 1838
inhabit seasonally dry open habitats in large regions of
sub-Saharan Africa, the Eastern Mediterranean and the
Arabian Peninsula [16]. Because they usually constitute
abundant parts of local small mammal communities and
their samples are easy to collect, they potentially repre-
sent a suitable group for testing hypotheses pertaining to
the biogecgraphy of dry open habitats in Africa and Ara-
bia. Acontys belongs to a handful of rodent taxa that
have been extensively studied for decades, and they have
been used in several fields of study (e.g. ecology [17-22],
physiology [23-26] and evelutionary biclogy [27-29]).

and terrestrial where

Nevertheless, the vast majority of these studies was per-
formed on taxa from Israel and neighbouring areas of
the Middle East, representing only small fragment of the
phylogenetic diversity of the genus [30-33].

The genus Acomys was described as a separate taxon
at the beginning of the nineteenth century, but there is
still no synthesis of diversity across the genus, even
though species names and descriptions abound [16, 34—
38] (see Additional file 1). There were repeated attempts
for systematic classification of Acomys using morpho-
logical characters [34, 39] and chromosomes [38, 40]
(see Additional file 1). However, many currently recog-
nized species cannot be easily distinguished using mor-
phological characters due to significant intraspecific
variability and generalized morphology. Available mo-
lecular studies [30-33, 41-46], are all based on limited
taxon sampling and/or geographic coverage. Further-
more, earlier studies largely relied only on sequences of
mitochondrial genes, which can be misleading in species
delimitations (e.g., [47, 48]). To conclude, the estimation
of the total number and delimitation of extant Acernys
species and their biogeographical history would benefit
from a more extensive study based on multiple molecu-
lar markers.

Aims

In this study, we focus on phylogeography and biogeog-
raphy of the genus Acomys by phylogenetic analysis of
the largest available dataset and substantially improved
geographic and taxon sampling. The aims of this study
are (1) to reconstruct the phylogeny of the genus using
multilocus dataset; (2) to identify the main biogeograph-
ical divides in the distribution of Acomys diversity in sea-
sonally dry open habitats in Afro-Arabia; (3) to test
proposed hypotheses of historical biogeography of the
genus Acomys (i.e. to disentangle the role of geomorph-
ology and climate changes on their diversification), with
particular focus on dispersal events among major dry re-
gions in Africa and between Africa, the Arabian Penin-
sula and the Eastern Mediterranean; (4) to estimate the
species richness of the genus by applying of the phylo-
genetic species concept to identify the genetic groups
and geographical regions that are worth further integra-
tive taxonomic studies.

43



Aghova et al. BMC Evolutionary Biology (2019) 19:69

Results

Phylogeny, species delimitation, and distribution of
genetic variability of Acomys

Both Bayesian inference (BI) and Maximum Likelihood
(ML) analyses of concatenated multilocus data provided
very similar phylogenetic reconstructions and revealed
five major groups that we will hereafter call subspinosus,
spinosissimus, russatus, wilsoni and cahirinus (Fig. la). If
the number of nodes that are supported by PP =0.95 or
BP =70 are considered, BI analyses yielded a slightly
more robust topology (79 supported nodes; topology
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shown at Fig. 1a) compared to the ML tree (64 sup-
ported nodes; tepology not shown). Five major groups
are also supported in separate mitochondrial (not
shown) and nuclear (Additional files 2 and 3) gene trees.

Three of these major groups (spinosissimus, wilsoni,
and cahirinus groups) are further sub-structured to
phylogenetic lineages (Fig. 1, Additional files 2 and 3)
with predominantly parapatric distributions (Fig. 2).
Based on the topology and the shape of the phylogenetic
trees and the geographical distribution of genetic vari-
ability, we identified 26 distinct genetic lineages as our

L

S5pINOSISsiMus

wilsoni

®PP > 0.95
@BP >70
@®PP>0.95,BP>70

b

L
cahirinus |

5u55pmcsub J

[ussatus

Fig. 1 Multilocus phylegeny of the genus Acomys. a Bayesian phylogeny of the concatenated multi-locus matrix calculated in MrBayes. The

hel

a
o> e [} (]
oOFOp8 8 8¢ T
tTe@pgx g §FE @®
o Ex<h S £2 0O

Sub A. subspinosus

Ngu

A. ngurui

Sel A selousi
Spl A. spinosissimus

Muz A muzei

Rus A russatus

Will A. percivali

Wil2 A. sp. 'Magadi
Wil3A. aff. percivali

A. wilsoni

wil4

“Diibuti*
%.l A louisae

N2 A sp. lgn2=_ A.sp.lgn2=
Ign3 A, ignitus 2
Ignl  A.sp.C

S

.'gnit

lgnd A kempi
%an A cmeracsus

3 A so 1
Cah4 A. johannis=

Cah5a. dimidiatuss

Cah6 4 muliah
Cah7 A sp.B
Cah8 A sp.a

Cah9 A. cahirinus
Cah10a. sp. cahlo

hirinus—dimad‘atus

Cahl11 A.chudeaui

E

support from Bayesian analysis in MrBayes (postericr probability, PP) and maximum likelihcod analysis in RAXML (bootstrap probability, BP) is
indicated by different colours on the nodes (black PP > 0.95, BP < 70; violet PP < 0.95, BP > 70; blue PP >0.95, BP > 70}, Five main Acomys groups
(subspinosus, spinosissimus, russatus, wilsoni and cahirinus) are shown by different colours. The results of four different species delimitation
approaches {"by-eye” prior; two delimitation approaches based on mtDNA: mPTP, ABGD; and a multilocus species delimitation in STACEY - see more
details in the text} are shown in columns on the right, where individual “species” are separated by black lines. Additional information for 26 delimited
taxa are provided, abbreviation of the lineages, and previously used taxonomic assignments. b DensiTree cloudogram of coalescent species
trees from STACEY (for MCC species tree with PP see Additional file 4)

44



Aghova et al. BMC Evolutionary Biology (2019) 19:69

Page 4 of 22

. Legend
X distribution of Acomys - IUCN
. Sequences
@ This study

® Genbank

Legend

and wilsoni groups; d distribution of genetic lineages in the cahirinus group

Fig. 2 Analysed samples and the distribution of genetic variability in the genus Acomys. a Geographical distribution of the genus Acomys according
IUCN (orange background}; the origin of newly genotyped individuals is shown by red circles, while georeferenced sequences from GenBank are
shown by black circles; b distribution of genetic lineages in the subspinosus and spinosissimus groups; € distribution of genetic lineages in the russatus

Legend

e - QO subspinasus group
e spinosissimus group

@ Muz

B Ngu

& sel

A spi

Legend
~A cahirinus group Q) Cah3
ey X 0O cam
@ ignt & cans
" @z O cas

A canr
¥ Cans
P cans
@ canto '
@ Cannt

prior candidate species for next steps of genetic species
delimitation (Fig. la). Their mutual relationships are
relatively well resolved (with three well-defined clades:
“Djibuti”, “ignitus” and “cahirinus-dimidiatus”, in the
cahirinus group), with the important exception of line-
ages Cahl-Cahll representing probably a rapid radi-
ation of the “cahirinus-dimidiatus” clade (Fig. la). The
multispecies coalescent species tree from Species Tree
And Classification Estimation, Yarely (STACEY) also re-
vealed very similar topology to that reconstructed from
the concatenated super-matrix (Fig. 1b, Additional file 4).
The main differences are in unresolved positions of the
russatus group and the “Djibuti” clade and a weakly re-
solved topology within the three major groups (spinosis-
simus, wilsoni, cahirinus; Additional file 4).

Species discovery approaches based on mitochon-
drial cytochrome b gene (CYTB) variability split the
genus Acomys into 57 putative species in multi-rate
Poisson Tree Process (mPTP) and 32 putative species

in Automatic Barcode Gap Discovery (ABGD; Fig. 1),
but ABGD did not find any clear gap between intra-
and interspecific distances (“barcoding gap”; not
shown). On the other hand, results from multispecies
coalescent analysis in STACEY supported all 26 a
priori defined species as separate gene pools (Fig. 2a).
Taking into account the fact that multispecies coales-
cent does not statistically distinguish structure associ-
ated with population isolation vs. species boundaries
[49], we will therefore use the term “species” for gen-
etically distinct lineages or molecular operational
taxonomic units (MOTUs).

The subspinosus group with only one lineage (Sub) is
limited to South Africa (Fig. 2b). The separate species
status was confirmed by all species delimitation analyses,
and mPTP even suggested two different mitochondrial
sublineages as two separate species (Fig. 1a). Mean intra-
specific genetic distance is 1.5%, the distance to the
nearest lineage is 21.3% (Table 1).
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Table 1 Genetic distances calculated from Bl phylogenetic tree
by the Species Delimitaticn algorithm in Geneious. Intraspecific
distances and interspecific distances from the nearest lineage in
percents (%)

Group Lineage Mearest lineage Intra Dist Inter Dist - Closest
subspinosus Sub Ngu 15 213
spinosissimus  Ngu Muz 29 10.7
Sef Spi 00 7.1
Spi Sef 32 7.1
Muz Spi 1.1 8.0
FUsSatUs Rus gnt 05 144
wilsoni WilT wilz e 12d
wilz Wilz 4.7 105
Wilz wilz 10 105
Wikt wilz 31 96
cahirinus Dji lgnt1 2 96
lgnz gn3 29 6.4
gn3 lgnz 29 6.4
lgn gn4 0.7 59
Ign4 lgnt 16 59
Caht Cah2 06 75
Cah2 Cahé 08 6.5
Cah3 Cah4 08 6.1
Cah4 Cahs 21 60
Cahs Cah4 S 6.0
Cahs Cah9 08 55
Cah? Cah9 13 55
Cah8 Cah9 1.2 40
Cohld Cah9 06 30
Cah9 Cahld 06 30
Cohll  Cah9 it 48

The spinosissimus group inhabits the eastern part of
the Zambezian bioregion (Fig. 2b). The STACEY ap-
proach confirmed four distinct species (Muz, Ngu, Spi,
Sel), while mPTP and ABGD suggested 10 and six spe-
cies, respectively (Fig. la). The intraspecific CYTB dis-
tances in four species range from 1.1 to 3.2% (excluding
Sel, where only a single sequence was available). Inter-
specific distances to the nearest neighbour are 7.1-27.0%
{Table 1).

The distribution of sequenced samples from the russa-
tus group is restricted to arid regions of the Levant
(Jordan, Israel; Fig. 2c). A single species (Ris) was sup-
ported by all species delimitation analyses. The mean in-
traspecific distance is low (0.5%), while interspecific
distance to the nearest neighbour is 14.4% (Table 1).

The wilsoni group is divided inte four well supported
lineages, suggested as separate species by STACEY, and
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they are predominately distributed in the Somali-Masai
savanna (Fig. 2¢): Will lives on both sides of the Great
Rift Valley (GRV) in Kenya and Ethiopia, W2 and W3
are two lineages with parapatric distribution in southern
Kenya and northern Tanzania, and, finally, Wild was
found east of GRV from north-eastern Tanzania to
southern Ethiopia, where it overlaps with Will. The
mPTP split the wilsoni group into 13 putative species,
and ABGD into eight species. The intraspecific distances
of four STACEY species ranged from 1.0 to 4.7%, inter-
specific distances among them are from 10.5 to 12.3%
(Table 1).

The highest genetic diversity was found within the
cahirinus group (16 lineages delimited as species by
STACEY). The group is composed of three significantly
supported clades (with unresolved relationships among
them), distributed parapatrically, with only small overlap
(Fig. 2d): (i) the clade “Djibuti” with a single species
(Dji) recorded from Djibuti and Dera National Park in
Ethiopia, geographically neighbouring the Ethiopian Afar
province; (i) the clade “ignifus” distributed south-east of
GRYV with four lineages (Igni-fgnd); (iii) the clade “cahir-
inus-dimidiatus” widespread north-west of GRY, includ-
ing Sahel and Sudanian savanna, eastern Mediterranean,
Middle East and Arabian peninsula, with 11 species
(Cahl-Cahil) delimited by STACEY (Fig. 1). Intraspe-
cific distances within the cahirinus group range from 0.6
to 2.9%, interspecific from 3.0 to 9.6% (Table 1).

Historical biogeography and divergence dating

Based on the Dispersal-Extinction Cladogenesis model
and the time-calibrated tree, the TMRCA of the genus
Acomys is dated to 8.69 Ma (95% HPD = 8.51-9.29 Ma).
The ancestral area is predicted to be in Eastern Africa,
but it is not resolved whether in the Zambezian or the
Somali region (Fig. 3). The first split in the Late Miocene
separated southern groups (subspinosus + spinosissimus)
from northern groups (russatus + wilsoni + cahirinus).
Around 7.04 Ma (95% HPD = 5.25-8.67 Ma) the ancestor
of the subspinosus group in South Africa diverged from
the ancestor of the spinosissimus group in the Zambe-
zian region, where the latter group started to diverge
around 4.24 Ma (95% HPD = 3.02—-5.48 Ma). The ancestor
of the russafus group in Arabian region separated from
Acomys in Somali region around 7.55Ma (95% HPD =
6.27-8.64 Ma). The split between cahirinus and wilsoni
groups occurred in Somali region around 6.97 Ma (HPD
=6.10-8.08 Ma). The wilsoni group started to diversify
around 4.54 Ma (95% HPD = 3.48—5.61 Ma), while the first
split in the cahirinus group is dated to 547 Ma (95% HPD
=4.55-6.46 Ma), in both cases the beginning of radiation
is predicted in the Somali-Masai savanna. Subsequent
splits in the eakhirinus group occurred around 5 Ma, when
the ancestors of clades “Djibuti”, “igmifus” and
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molecular clock (see Table 3 for more details). Different colours on the nodes represent reconstructed ancestral regions for each clade, according to
the map In the frame: South Africa region (5), Zambezian regicn (Z), Semali region (B), Sudanian region (W}, Sahara region (N}, Arabian region (A}

“cahirinus-dimidiatus” diverged most likely in Eastern
Africa. The biogeographic history of the “cahirinus-di-
midiatus” clade was more complex. While Cahl stayed
in Somali region, the ancestor of lineages Cah2-Cahll
likely dispersed to the north-west (especially Sudanian
savanna), where most genetic lineages currently occur.
The results suggest one Pleistocene migration back to
the Somali region (Cahé in Afar region, ~ 1.31 Ma) and
two independent dispersals to the north, either to the
Arabian region (Cah5 dated at 2.80 Ma) and to the Sa-
hara region (Cah9 dated at 1.59 Ma).

Species distribution modelling

The bioclimatic MaxEnt model for the present shows
that the sampling in this study covers almost the
complete range of suitable climatic conditions for genus
Acomys (Fig. 4a). The most important variables predict-
ing the modelled geographic distribution of spiny mice
were the annual range of temperature and annual pre-
cipitation. The predicted distribution is relatively con-
tinuous in eastern Africa, mainly in the Somali-Masai
and eastern Zambezian savanna. On the contrary, cli-
matically unsuitable are moist mountains in Ethiopia,
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{21 ka); € prediction for the last interglacial period {120-140 ka)

Fig. 4 The probability of Acomys occurrence based en the MaxEnt modelling of bioclimatic niches. More intensive colour indicates higher probability
of suitable conditions. a The madel for the present; white dots indicate the sampled localities; b prediction for the last glacial maximum

N

Kenya and Albertine Rift, as well as very arid regions of
Horn of Africa and Masai xeric scrublands in
north-eastern Kenya. The belt of suitable climatic condi-
tions occurs in West Africa, on the boundary between
Sudanian savanna and Sahel, as well as along Mediterra-
nean sea and Arabian Peninsula and southern Iran. Iso-
lated suitable areas are predicted in western Angola and
northern Namibia, despite the absence of present-day
occurrence of Acomys species. The model for LGM pre-
dicts very similar distribution of spiny mice, with more
continuous belt of suitable conditions in Sudanian re-
gion (Fig. 4b). The predicted distribution during LIG
was more fragmented, with highly suitable conditions in
southern Ethiopia, Kenya and Tanzania, and isolated
patches in the Horn of Africa, southern part of the Sa-
hara desert, and Mozambique (Fig. 4c). Altogether, it
seems very likely that the climatic conditions in the core
of the present day distribution, in open seasonally dry
habitats in East Africa, were apparently favourable at
least during the last glacial cycle.

Discussion

Spiny mice of the genus Acomiys represent a speciose
group of rodents, widely distributed in seasonally dry sa-
vanna of Africa, Arabia and Middle East. They often are
a dominant component of small mammal assemblages
and in some habitats, e.g. in rocky outcrops, they can be
even the only rodents captured (our unpubl. data). They
were able to colonize wide spectrum of non-forested
habitats, from miombo woodlands to rocks in the mid-
dle of Sahara, from the sea coast up to 2500 m above sea
level (as.l.) [e.g., 36]. Despite Acomys abundance and
practical importance (e.g., as model taxa in behavioural
or biomedical research; [50]), the knowledge of their
evolutionary history, taxonomy and biogeography has
been very limited and biased to particular regions or

intrageneric clades [28, 30, 31, 33, 41, 43, 45]. Here we
compiled the largest multilocus genetic dataset to date
for the genus Acomys (genotypes of 699 individuals from
more than 280 localities covering a majority of the
distribution of this genus), reconstructed phylogenetic
relationships, described biogeographical patterns and
evolutionary history, and estimated the spiny mice spe-
cies diversity.

Phylogeny and biogeographical patterns in the genus
Acomys

Phylogenetic analysis revealed clear evidence for the ex-
istence of five major groups, subspinosus, spinosissimus,
russatus, wilsoni and cahirinus (Figs. 1 and 2, Additional
files 2 and 3), which diverged in the late Miocene (Fig.
3). For the first time we provide nuclear genetic data for
the subspinosus group and we refer its sister position
with the spinosissimus group, which has never been con-
firmed [31, 41, 45). This sister relationship is supported
also by the fact that subspinosus and spinosissimus
groups share the same triplicate-type X chromosome
that is very rare among mammals [51]. For the first time
we also sequenced the nuclear markers of the russatus
group, but its phylogenetic relationships with the wilsoni
and eahirinus groups remained unresolved (Fig. 1),
which suggests fast divergence in the late Miocene (see
similar results in [45]). Using multilocus genetic data, we
unequivocally identified that the first split within the
genus occurred between south-eastern and eastern Af-
rica, i.e. (subspinosus + spinosissinius) vs. (russatus + wil-
soni + eahirinus) (Fig. 3). Further diversification of the
five major groups is dated to Plio-Pleistocene and, inter-
estingly, the diversification rate within them is very un-
equal. While subspinosus and russatus remained
monotypic at the margins of Acomys distribution (in the
Cape Region and Middle East, respectively), spinosissinus
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and wilsoni clades diversified by a comparable rate in East-
em Africa, either in Zambezian or Somali-Masai savannas.
The most intensive spatial and cladogenetic expansicn oc-
curred in the eahirinus group that colonized large areas of
Africa, Arabia and eastern Mediterranean region, even if
the most genetic variation is still observed in eastern
Africa.

QOur phylogenetic analysis revealed at least three inde-
pendent “out-of-Africa” events, differing significantly by
the date of divergence from their African counterparts.
The oldest disperser was the ancestor of the russatus
group, currently distributed only in the Sinai Peninsula
and the Middle East, which split from the ancestors of
the wilsoni and cahirinus groups already in late Miocene
(Fig. 3, see also [30]). Much more recently, at the begin-
ning of Pleistocene, the ancestors of Cah5 colonized the
Arabian Peninsula (and South Iran). It is unclear
whether it was through the Bab al-Mandab connec-
tion between Africa and Yemen [33, 52] or through
Sinai and around the Red Sea cecastline [53]. Lastly,
the western Mediterranean islands and south coast of
Turkey were colonized during Antiquity by possibly
commensal populations from the lineage Cah$, likely
from Egypt [31, 33, 54].

Spiny mice of the eahirinus group (specifically “caliri-
nus-dimidiatus” clade) are widely distributed also in the
Sudanian savanna. Results of our biogeographical ana-
lysis suggest multiple colonization and diversification
waves, directed usually from eastern to western Africa.
The first split between Calil (which stayed restricted in
Semali region along the Lake Turkana) and remaining
lineages occurred in the late Pliccene/early Pleistocene.
The ancestors of lineages Cah2, Cah 3, and Cah4 di-
verged in southern (more humid) part of Sudanian sa-
vanna probably simultaneously with the colonization of
Arabian Peninsula by Cak5. Much later (ea. 1-1.5 Mya),
the split between northern (Ca/#9) and southern (Cahi0
and Cahll) resulted in current diversity in large arid
areas in northern part of the Sudanian region, Sahel and
Sahara desert. At the same time the Ethiopian highlands
caused the diversification of Cah8 (living in easternmost
Sudanian region) and Cahé (currently limited to Afar
triangle). Faunal exchange between Somali-Masai and
Sudanian savanna in the Plio-Pleistocene have been de-
scribed also in other rodents and very often the oldest
lineages of Sudanian taxa are found in Eastern Africa
[55-57], which well corresponds with the pattern found
in spiny mice.

The current distribution of genetic diversity of Aconzys
is affected by major biogeographic divides, represented
by (1) extremely dry open habitats, (2) mountain blocks
and (3) large water bodies, e.g. Rift Valley lakes or rivers.
Even if the spiny mice are considered as typical inhabi-
tants of (semi-)arid environments [58], they avoid
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extremely dry habitats. Distribution modelling based on
bioclimatic data (Fig. 4) suggests low suitability of habi-
tats in most of Saharan and Arabian deserts, as well as
in Masai xeric bushland and shrublands in northernmost
Kenya and Horn of Africa. However, even in such habi-
tats the spiny mice can occur, but they have very patchy
distribution with isolated populations in rocky areas,
considered as remains of more continuous distribution
in past humid periods, when savanna-like habitats pre-
vailed [43, 59—63]. Sahara desert seems to work as a bar-
rier between clades Cak9 and Cakll (albeit the data are
missing e.g. from southern Algeria).

The expansion of forests during interglacials [64, 65],
known as Pleistocene breathing model [66], repeatedly
fragmented savanna biome, especially in eastern Africa.
The forested mountain blocks thus formed an important
biogeographical divide for savanna-dwelling organisms
and supported allopatric diversification in this nowadays
relatively continuous ecosystem [67]. In agreement with
this hypothesis, we can see the coincidence of genetic
structure in the spinosissimus group with Eastern Arc
Mountains (EAM) and Southern Rift Mountains (SRM).
These mountain ranges, even if permeable today for taxa
living in open habitats, clearly separate Ngu and Muz
lineages (Fig. Zb; see more details in [44]). Similar struc-
ture was recently observed in numercus other taxa of
sympatric murid and bathyergid rodents living in open
habitats of Zambezian region [67-70]. Similarly, the
mountains in north-eastern Tanzania (Kilimanjaro, Pare,
Usambara) currently delimit distribution for some
Acomys lineages (Wil2 vs. Wil3 or cahirinus vs. spinosis-
simus groups), and, again, this pattern was found in
other savanna rodents (e.g. Saccostomus [71], Gerbillis-
cus [72]). Further to the north, Kenyan highlands could
have worked in similar way as they seem to limit distri-
bution of several Acomys lineages (Will vs. Wil2 + Wii3,
Ign3 vs. Ignd). Lastly, Ethiopian Highlands, delimit distri-
butions of lineages especially in the cahirinus group. For
example lineages Dji and Cahé are restricted to the Afar
province in north-eastern Ethiopia (see also very similar
pattern in gerbils of the genus Gerbilliscus, often sym-
patric with spiny mice; [72]).

Rivers and other more or less linear water bodies (e.g.
contemporary rift lakes, or palaeolakes; [73]) are known
to play an important role in shaping genetic structure
and diversification patterns in organisms living in open
habitats. For example the Zambezi-Kafue river system
delimits southern border of distribution of Ngu and Muz
lineages (Fig. 2b; [44]) and have been implicated in
forming genetic diversity in savanna-dwelling organisms
as diverse as killifishes [74], gerbils [75], African
peuched mouse [71], babeons [76] and several species of
antelopes [77]. The largest river in Sudanian savanna is
the Niger River, which makes a border between Calil
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and other West African Acomys lineages, is also domin-
ant biogeographical divide in many other rodents (e.g.
[43, 55, 67, 78]). On the other hand, the Nile Valley
seems to serve rather as a suitable migration cerridor
for northward spreading of savanna taxa from eastern
Africa (see [56] for grass rats, or [79] for shrews). In
Acomys, it very likely allowed the lineages Cahs, Cah$9
and Rus to colonize the northern Africa and Arabian
Peninsula. Trauth et al. [73] suggested that during the
humid periods of Pleistocene, the bottom of GRY was
filled by water (much more than today), and the
so-called palaeolakes formed an important biegeographic
barrier causing allopatric diversification or even speci-
ation. The phylogeographic pattern concordant with this
hypothesis was recently described in Eastern African
gerbils [72] and the role of GRV on genetic structure is
visible alsc in Acomys. For example, Cahl is separated
from “ignitus” clade by GRV and, similarly, more records
of Will occur west of GRY, while other lineages of the
wilsoni group were found predominantly east of GRV.

Evolutionary scenario of the genus Acomys — interplay of

geomorphology and climatic changes

The origin of Acomys is dated in late Miocene, which is
in concordance with the first occurrence of savannas
that appeared as a result of rifting activity in eastern Af-
rica and climatic changes [4]. Spiny mice belong to the
subfamily Deomyinae, whose other members occur
mostly in forest or forest margins (ie. genera Deowiys
and Lophuromys) or moist savanna (Uranomys) [16].
The phylogenetic relationships among genera of Deo-
myinae are not sufficiently resclved [46, 80, 81], but it
seems likely that the ancestor of Acomys colonized dry
open habitats early after their late Miocene appearance
profiting from empty niches in this ecosystem. Barome
et al. [31] proposed the origin of Acomys ca. 13.7 Ma in
East Africa or in South Africa, while Alhajeri et al. [46]
placed it more generally to sub-Saharan Africa at 10 Ma.
Other authors [40, 82] suggested the origin for the genus
in Eastern Africa, mainly in the Ethiopian region [82].
QOur historical bicgeography reconstruction is in partial
agreement with previous studies as the origin of the
genus is placed either in Somali and/or Zambezian re-
gions (Fig. 3), i.e. the regions with the highest contem-
porary genetic diversity of spiny mice. Even if the oldest
fossil records of Acomys ancestors are found in Zambe-
zian savanna (tPreacomys griffini and tPreacomys karsti-
cis ca. 9Ma from Namibia; [83]), they occurred in the
late Miocene also in East Africa (tPreacomys kikiae 8.5
Ma from Chorora, Ethiopia; [84]).

Periods of warm humid climate in Late Miocene
caused the last occurrence of coast-to-coast belt of trop-
ical forest, which is evidenced by phylegenetic analyses
of plants and animals living in nowadays fragmented
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forests of Congo basin and eastern African montane and
coastal forests [85, 86]. This continuous forest was likely
one of the most important factors in early evolution of
savanna inhabitants, because it separated northern (=
Somali-Masai) and southern (= Zambezian) savannas. In
Acompys, this resulted in allepatric divergence between
the ancestor of subspinosus + spinosissimus group in the
Zambezian savanna and the ancestor of wilsoni + russa-
tus + cahirinus in the Somali-Masai savanna (estimated
in this study at 8.7 Ma). The same geographical and tem-
peral pattern, ie. late Miocene split of northern and
southern taxa, was observed also in other savanna mam-
mals, e.g. gerbils [57], pouched mice [71], several genera
of antellopes [87], warthogs [88] and giraffes [89, 90] .

Later on, but still in Late Miocene, the evolution of sa-
vanna’s fauna was significantly influenced mainly by the
Messinian salinity crisis (MSC, [91]), dated to 6.0-5.3
Ma. Very little is knewn about the effect of the MSC on
eastern African climate [6], but it is generally held that
overall aridification at the Miocene/Pliocene boundary
promoted the expansion of very dry habitats [92]. Inhes-
pitable very arid (desert) areas in north-eastern Africa
expected at MSC pericd thus likely interrupted the con-
nection of Acomys populations between Somali-Masai
and eastern Mediterranean area. This period corre-
sponds to the split of the russafus group, which
remained effectively isolated in the north.

Plio-Pleistocene period (starting 5.3 Ma) is character-
ized by intensive climatic oscillations. There are several
well-known climatic transitiens, like the intensification
of Northern Hemisphere glaciation (iNHG; 3.2-2.5 Ma,
[93, 94]), the development of the Walker circulation
(2.0-1.7 Ma; [95]) and the early-middle Pleistocene tran-
sition (1.2-0.8 Ma; [96]). These periods of prenounced
climate variability significantly affected the distribution
of forests, palaeclakes and savannas [97]. For example
during more humid periods the currently fragmented
montane forests in Eastern Arc Mountains and Kenyan
highlands probably expanded into lower altitudes, became
more centinucus and formed significant barriers to gene
flow for taxa living in open dry habitats [67, 71, 72, 98].
The bottom of GRV was filled by the palaeolakes, which
prevented gene flow of savanna-dwelling species, leading
to diversification, or even speciation [73]. Because of wide
confidence intervals of our estimates of divergence times,
it is not possible to link particular splits to specific climatic
events. However, it is highly probable that a majority of
current genetic diversity in spinosissinius, wilsoni and
cahirinys groups is a result of repeated fragmentation of
savannas in Plio-Pleistocene, caused by climatic changes.
This is further supported by parapatric distribution of lin-
eages within major clades, where the distribution borders
often correspond to predicted barriers of the gene flow
(i.e. too arid or forested areas, and palaeolakes).
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Species richness of Acomys — the need of further
integrative taxonomic studies

The number of species crucially depends on adopted
species concept. Rapidly increasing amount of genetic
data now allows to apply the so-called integrative taxo-
nomic approach, which usually complements the widely
used typological or biological species concepts by genetic
[99] and/or phylogenetic [100] species delimitations.
The taxonomy of Acomys has been unresolved since the
second half of the twentieth century. In Additional file 1
we listed several taxonomic alternatives, based mostly
on morpholegical traits, used recently for the genus
Acomys. The most comprehensive list was provided by
Ellerman [34] with 25 species and 17 subspecies. On the
other extreme, Setzer [38] recognized only five species
that partly correspond to major genetic clades recovered
in our study: A. cahirinus (7 subspecies), A. dimidiatus
(12 subspecies), A. rissatus (one subspecies), A. spinosis-
simus (one subspecies) and A. subspinosus (9 subspecies,
including A. wilsoni). Widely accepted list of Musser and
Carleton [37] contained 18 species. Monadjem et al. [36]
lists 15 species in sub-Saharan Africa, including three
newly delimited species in the spinosissimus group [45].
The most recent and comprehensive Handbook of the
Mammals of the World [16] listed 21 species and 12
subspecies.

We used several genetic species delimitation methods
and their estimates of spiny mice species richness differ
significantly from 57 species (mPTP) to 26 species (STA-
CEY as well as our prior delimitation based on geo-
graphical distribution of genetic diversity). The species
delimitation based only on mitochondrial markers
(ABGD and mPTP) have the tendency to overestimate
the number of revealed species and they often identify as
separate species also genetic lineages that are tradition-
ally considered as intraspecific phlyogeographic struc-
ture. For example ABGD revealed four species within
Ngu lineage, while Petruzela et al. [44] recently showed
on multi-locus dataset that they represent only phyle-
geographic structure of A. mgurui. Below we use the
most conservative estimate (26 MQTUs, here considered
as “genetic lineages” and named according Fig. 1a) and
compare these species delimitations with previous taxo-
nomic work. Multi-species coalescent approaches to spe-
cies delimitation (like STACEY) in fact diagnose the
genetic structure, with no distinction between structure
due to pepulations or due to species [49]. Therefore, the
aim of the following part is not to perform a formal
taxonomic revision, but to show the genetic clades
and geographic regions where further integrative taxo-
nomic analyses (employing combination of genetic,
morphological, ecological and other data) could lead
either to new descriptions or synenymization of
Acomys taxa.
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The subspinosus group

This group is monotypic and contains a single lineage Sub.
(1) Sub

Distribution: South Africa (Cape Province).

Available name: Acomys suhspinosis (Waterhouse, 1838).
Type locality: Western Cape Province, Cape of Good
Hope, South Africa.

Karyotype: 2n = 64, NF =70 [101, 102].

Additional information: Based on its unique dental and
skull merphology, A. subspinosus has been placed in its
own subgenus Subacontys with an “ancestral” karyotype
(2n =64, NF=70; [51, 101-104]). Its separation from
other Acomys was alse indicated by phylegenetic ana-
lyses of CYTB [31, 32, 45]. Using for the first time the
combination of mitochondrial and nuclear markers, we
unequivocally showed its sister relationship with spirno-
sissimus group, ie. it does not represent the first clado-
genetic split of Acomys. As a consequence, the validity of
the subgenus Subacorys (mentioned erroneously as Pre-
dcomys in Denys et al. [16]) is questionable.

The spinosissimus group

This strongly supported meonophyletic group has been re-
vised repeatedly [41, 44, 45] and four genetic lineages were
distinguished and named. However, the genetic data from
the southern part of its distribution are still very limited
and especially the taxonomy and distribution of A. selousi
and A. spinosissimus should be further explored.

2) Ngu

Distribution: Lineage Ngu is distributed in three well sup-
ported parapatric sublineages from Tanzania (East of EAM)
to central Mozambique (north of the Zambezi River; [44]).
Available name: Aconys ngurui Verheyen et al,, 2011.
Type locality: Nguru Ya Ndege, Tanzania.

Karyotype: 2n = 60, NFa = 68 [45].

Additional information: This species is very similar to A.
muzei from which it differs by relatively shorter tail and
non-overlapping distribution [44, 45]. Barome et al. [41]
reported it as A. cf. selousi from Berega. Three genetic-
ally distinct sublineages probably represent intraspecific
variation [44].

(3) Sel

Distribution: Northern part of Scuth Africa, only one gen-
etically confirmed locality from the Kruger Naticnal Park
[45]. Northern limits of its distribution are not fully resolved.
Available namie: Acomys selousi De Winton, 1896.

Type locality: Essex Farm, Zimbabwe.

Karyotype: 2n = 58-62, NFa = 68 [101, 102] .

Additional information: According some authors [35,
37, 38]; A. transvaalensis and A. selousi are synonyms of
A. spinosissimus. Here we follow the view of Verheyen et
al. [45] and Monadjem et al. [36] and consider this
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lineage as a separate species, but further taxonomic in-
vestigation of the spinosissimus group in South African
region is required.

(4) Spi

Distribution: Mozambique, Zimbabwe, southern Malawi.
Available name: Acowmys spinosissimus Peters, 1852,

Type locality: Tette and Buio, Mozambique.

Karyotype: 2n = 60, NFa = 68 [101].

Additional information: We follow the view of Verheyen
et al. [45] and Mcnadjem et al. [36] and include only pop-
ulations from central Mozambique and southern Malawi
into this species. PetruZela et al. [44] recently showed that
its distribution north of the Zambezi River is much more
restricted compared to maps in Menadjem et al. [36] and
the two well distinct genetic sublineages of this species
seem to be separated by the Zambezi river.

(5) Muz

Distribution: Central and western Tanzania, Malawi
(west of the Lake Malawi), Zambia.

Available name: Acomys muzei Verheyen et al,, 2011.
Type locality: Muze, Tanzania.

Karyotype: 2n = 58—62, NFa = 68 [45].

Additional information: Recent analyses showed that the
populations in Malawi and Zambia (reported as A. spi-
nosissimus in Monadjem et al. [36]) belong to this spe-
cies [44]. Further, the highest genetic diversity of the
species was recorded west of the Lake Malawi, while
Tanzanian populations represent only relatively recent
colonization event [44].

The russatus group

The russatus group is monotypic with only one lineage
Rus. The phylogenetic relationships with its sister groups
cahirinus and wilsoni are not fully resolved (Fig. 1).

(6) Rus

Distribution: Egypt (separate subspecies aegyptiacus was
described in Eastern Desert), Sinai, Jordan, Israel, Saudi
Arabia, Yemen and Oman. Genotyped material in this
study originates only from Jordan and Israel.

Available name: Acomys russatus (Wagner, 1840).

Type locality: Sinai, Egypt.

Karyotype: 2n = 66, NF = 66 [40].

Additional information: Denys et al. [51] referred that A.
russattus is very distinctive in its molar morphology and
chromosomal traits and previous CYTB [31, 41, 45] as
well as our multilecus genetic analyses showed that it
is not closely associated with any other Acomys taxon.
Acomys russatus and A. dimidiatus (= Cah5 in this study)
can live in sympatry, and their differences in ecology,
physiology, and activity patterns (especially in Israel) have
been extensively documented (see references in [105]).
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The wilsoni group

This group is well supported in all phylogenetic analyses
(Fig. 1 in this study, [31, 41]), but its relationships with
russaiys and cahirinys groups are not completely re-
solved. Distribution of the wilseni group is limited to the
Somali region [sensu 3|. Based on multilecus species de-
limitation we recognize four genetic lineages, but the
species limits must be further investigated.

(7) Will

Distribution: South Ethiopia, Kenya (along GRV).
Available name: Acornys percivali Dollman, 1911.

Type locality: Chanler Fall, Nyiro, Kenya.

Karyotype: 2n = 36 and NF = 68 [40].

Additional information: Phylogenetically the most dis-
tinct MOTU within the wilsoni group (Fig. 1). It was not
included in previous phylogenetic studies. Distribution of
A. percivali reported by Monadjem et al. [36] and Denys
et al. [16] is very similar to that of Will. Janecek et al
[103] regarded A. percivali as the species genetically most
closely related to A. wilsoni (= Wild). Both clades were
found sympatric at several localities in southern Ethiopia,
where they can be distinguished by external morphology
(our unpublished data) and karyotypes [16].

(8) Wil2

Distribuytion: Southern Kenya.

Available name: None. Based on Bareme et al. [31], we
use in Fig. 1 the name A. sp. ‘Magadi’.

Type locality: Not relevant.

Karyotype: Not known.

Additional information: Known only from three local-
ities from southern Kenya, all of them reported by Bar-
ome et al. [31]. They mentioned this MOTU as twe
different species, A. sp. ‘Magadi’ and A. wilsoni, and this
structure was reflected also by mPTP and ABGD ana-
lyses in our study. The conspecificity with Wil3 and/or
Wil4 are plausible hypotheses and should be tested.

(9) Wil3

Distribution: NW Tanzania, southern Kenya, most local-
ities in the bottom of GRV.

Available name: None. Based on Mgode [42], we use in
Fig. 1 the name Acomys aff. percivali.

Type locality: Not relevant.

Karyotype: 2n = 58 [42].

Additional information: Mgode [42] named 13 spiny
mice from northern Tanzania (localities Tingatinga,
Longido, Mt. Gelai-Olikisima and Kilimamoja-Karatu)
belonging to this lineage as Acomys cf. percivali. They
differ from Wild (= A. wilsoni) in skull morphology and
karyotype. Because the type locality of A. percivali (Mt.
Nyiro, Kenya) is very far from the distribution of Wil3,
the name A. percivali more probably belongs to WilJ,
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while Wil3 likely deserves a formal descripticn as a new
species.

(10) Wikt

Distribution: Southern Ethiopia (Somali region), Kenya
(east of GRV), north-eastern Tanzania.

Available name: A. wilsoni Thomas, 1892.

Type locality: Mombasa, Kenya.

Karyotype: 2n = 62 and NF =76 [42, 106].

Additional information: Verheyen et al. [45] suggested
that A. wilsoni (meaning Wil2 and Wil4 included in their
study of mitochondrial variation) is probably a species
complex, which is confirmed by our data. The conspecifi-
city of Wild with Wil2 and/or Wil3 should be further
investigated as they might represent intraspecific phylo-
geographic structure (see similar patterns in savanna-
dwelling rodent species in southern part of Somali region,
e.g. in Gerbilliscus vicinus; [72] or Saccostomus wmbriven-
tery [71]). If Wil2 and Wild are different species, the ana-
lysis of the type material of A. wilsoni will be required to
decide, which of them is true A. wilsoni (both are distrib-
uted around the type locality of wilsoni).

The cahirinus group

This is the most diversified Acomys group comprising of
three main clades, “Djibuti” (one MOTU Dji), “ignitus”
(four MOTUs Ignl —Ignd) and “cahirinus-dimidiatus”
(11 MOTUs Cahl - Cahil), with unresolved mutual
relationships.

(11) Dji

Distribution: Djibuti, Afar province in Ethiopia, probably
also Somalia (from where no genetic data are available).
Available name: Acorys louisae Thomas, 1896.

Type locality: 65km S of Berbera, Somalia.

Karyotype: 2n = 68 and NF = 68 ([107]; our unpubl. data).
Additional information: Acomys louisae was placed in a
separate subgenus Peracomys based on dental characters
[51]. We have not checked the skull morphology of our
material from Dji, but the recently collected animals
from eastern Ethiopia (Dire Dawa region) likely assigned
to A. lousiae by morphological characters (by C. Denys,
unpubl. data} clustered with Dji at CYTB (not included
in this study). According to Petter [108], A. louisae can-
not be distinguished from the “cahirinus-dimidiatus
complex” (sensu [109, 110]) on the basis of skull or ex-
ternal characteristics. This species may co-occur with A.
mullah (= Cah6) in the Afar triangle (larger, HB > 100
mm with grey or greyish-brown dorsal pelage). A. loui-
sae should have a bright rufous or brown dorsal pelage
and relatively very long tail (> 100% of HB; [36]). In our
pilot analysis we were not able to find significant exter-
nal size differences between individuals from lineages
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Dji and Cah6 (considered as A. mullah, see below), but
more detailed morphological investigation is needed.

(12) Ignl

Distribution: Eastern part of Ethiopia (Babile).

Available name: None. Based on Lavrenchenko et al
[111], we use the name Acomys sp. C in Fig. 1.

Type locality: Not relevant.

Karyotype: 2n =44, NF =68 [111, 112].

Additional information: This presumably new species was
mentioned for the first ime as genetically and cytogeneti-
cally very divergent lineage (Acomys sp. C) by Lavrenchenko
et al [111] from the Babile Elephant Sanctuary in Eastern
Ethicpia. This lineage is only known from the Babile Ele-
phant Sanctuary, where it is very common and abundant
species. It can have wider distribution in poorly sampled re-
gions of southeastern Ethiopia and Somalia (see similar pat-
tern in gerbils, [72]). The conspecificity with other lineages
of the ignitus clade should be further tested. The compari-
son with the type material of A mullah, described from
nearby town Harar, is necessary (see also below).

(13) Iign2

Distribution: South-eastern Ethiopia.

Available name: None.

Type locality: Not relevant.

Karyotype: Not known.

Additional information: This lineage is reported here for
the first time. It is known only from two localities in the
south-eastern slope of Ethiopian Highlands (Sof Omar
caves and Imi; each locality has very distinct mitochon-
drial haplotypes). It might be more widespread in poorly
sampled Somali region of Ethiopia, and in Somalia. Its sis-
ter lineage fgn3 (= A. ignitus) is geographically distant, but
the conspecificity with other lineages of the ignifus clade
are worth of further taxonomic work.

(14) Ign3

Distribution: Southern Kenya, northernmost Tanzania.
Available name: Acomys ignifus Dollman, 1919. In Alha-
jeri et al. [46] was this species incorrectly mentioned as
A. percivali.

Type locality: Voi, Kenya.

Karyotype: 2n = 50, NF = 66-68 [102].

Additional information: A. ignifus has been recorded in
and around Tsavo National Park [36], which corresponds
to the distribution of this MOTU. Whether or not other
lineages of the ignitus clade (especially Ign2) are conspe-
cific with A. igmitus must be investigated by integrative
taxonomy approach.

(15) Ignd

Distribution: Kenya and southernmost Ethiopia (east of

GRYV).
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Available name: Acomys kempi Dollman, 1911.

Type locality: Chanler Falls, N Guaso Nyiro, Kenya.
Karyotype: Not known.

Additional information: This species was previously listed
as subspecies of A. igumitis (Hollister, 1919) [113] or A.
cahirinus (Setzer, 1975) [38], but rehabilitated as clearly
distinct species by Janecek [103]. Acowys kewnpi was found
sympatric with A. percivali (= Will) at several localities in
Kenya and southern Ethiopia and these two taxa can
be easily distinguished, e.g. by coat coloration (the
latter being usually greyish and darker). There is no
evidence of distributional overlap with Ign3 (A. ignmi-
tis), but further sampling in southern Kenya would
be desirable.

(16) Cahl

Distribution: North-west Kenya (the only region from
where the genetic data is available), Sudan, South Sudan.
Very probably also in Uganda.

Available name: Acomys cineraceus Heuglin, 1877.

Type locality: Doka, Sudan.

Karyotype: 2n =48-50 [114].

Additional information: Formerly included in A. eahirinus
[38, 108], but Dieterlen (in litt.) noted that A. cineraceus is
a distinct species [37]. Separation of A. cineraceuss from A.
cahivinns is supported by chromosomal data (2n =48 or 50
for A. cineracens, 2n = 36 for A. cahirinus; [37, 114]). Limits
of the geographic range of A. cineraceus are unresolved, es-
pecially its western part [37] . Compared to the distribution
maps in Denys et al. [16] and Happold [115], we were not
able to confirm its occurrence in western Ethiopia.

(17) Cah2

Distribution: Burkina Faso, Mali.

Available name: None. Based on Barome et al. [30], we
call this MOTU as Acomys sp. 2 in Fig. 1.

Type locality: Not relevant.

Karyotype: 2n = 66—68, NF = 66-72 [116].

Additional information: Barome et al. [30] called this
MOTU as Acomys sp. 2, Granjon and Duplantier [116]
included it in A. johannis species complex. The distribu-
tion of Cah2 in West Africa is overlapping with Cah3
and Cah4, and its specific status should be investigated
by integrative taxonomy approach using larger material
and multi-locus genetic analysis.

(18) Cah3

Distribution: Burkina Faso.

Available name: None. Based on Barome et al. [30], we
call this MOTU as Acomys sp. 1 in Fig. 1.

Type locality: Not relevant.

Karyotype: 2n = 66—68, NF = 66-72 [116].

Additional information: Barome et al. [30] called this
MOTU as Acomys sp. 1, Granjon and Duplantier [116]
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included it in A. johannis species complex. The distribu-
tion of Cah3 in West Africa is overapping with Cah2,
Cah4 and Cahll. The West African A. johannis species
complex (paraphyletic in our study, grouping Cal2, Cah3
and Cah4; see also [116]) requires taxonomic revision.

(19) Cah4

Distribution: Chad, Cameroon, Niger, Nigeria, Benin.
Available name: A. johannis Thomas, 1912.

Type locality: Bauchi Plateau Kabwir, North Nigeria.
Karyotype: 2n = 66—68, NF = 66—72 [116].

Additional information: This MOTU was included in pre-
vious phylogenetic studies as A. johanmnis [30, 31, 37, 43, 46].
Formerly it was included in A cahirinus [38] or A. cinera-
ceus [104]. Sicard and Tranier [63] provided a detailed re-
port on the geographic distribution of three pelage colour
phenotypes of Acomys occurring in Burkina Faso [117],
assigned them to A. johanmis, and contrasted their external,
cranial, and dental morphology with A. chudeani (= Cahll).
Using CYTB sequences, Barome et al. [31] reported the
specimens from Burkina Faso and Mali as Acomys sp. 1 (=
Cah3) and Acomys sp. 2 (= Cah2) and specimens from
Niger, Benin, Cameroon, and Niger as A. johannis (= Cahd),
but their conspecificity has never been tested by the com-
bination of multi-locus genetic and phenotypic data.

(20) Cahs

Distribution: Egypt (Sinai only), Arabian Peninsula,
South Iran.

Available name: Acomys dimidiatus Cretzschmar, 1826.
Type locality: Sinai, Egypt.

Karyotype: 2n = 36-38, NF = 68-70 [110].

Additional information: Acomys dimidiatus is nearly in-
distinguishable from A. cahirinus with regard to external
morphology, which resulted in great confusicns relative
to its classification [16]. With few exceptions (e.g. [34,
37, 38, 46, 118, 119]) A. dimidiatus usually has been
listed in the synonymy of A. cahirinus [36, 37, 82, 120].
A morphological and cytogenetical review of Acomys
species made by Denys et al. [51], who provided the ex-
ternal, skull and dental characteristics of all the type
specimens available, validated A. cahirinus as distinct
from A. dimidiatus. Frynta et al. [33] referred two major
lineages in northern Africa and Middle East, which
should represent A. cahirinus and A. dimidiatus, re-
spectively. The type localities of these two species are
very close each other (Cairo and Sinai) but their distri-
butions seem to be separated by the Isthmus of Suez.

(21) Caho

Distribution: Horn of Africa (S Eritrea, Djibouti, E
Ethiopia and N Somalia).

Available name: Acomys mullah Thomas, 1904.

Type locality: Harar, Ethiopia.
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Karyotype: Not known.

Additional information: Awaiting more detailed taxo-
nomic revision, we assigned the name A. mullah to the
lineage Cahé distributed in the margins of the Afar tri-
angle in Ethiopia. This species is considered a member
of the “cahirinus-dimidiatus” complex [16, 121], which
is confirmed by our phylogenetic study. This species
may co-occur with A. louisae (= Dji). It should be also
taken in consideration that the type locality of A. mullah
(Harar) is very close to the only known locality of fgi!
and is separated from the Afar lowland by the Chercher
Mts. Comparison of Igii and Cah6 with the type mater-
ial of A. mullah (and A. brockmani considered as its
synonymy) is necessary.

(22) Cahy7

Distribution: North-west Ethiopia (Mai Temen and Alat-
ish NP).

Available name: None. Based on Lavrenchenko et al
[112], we use the name Acormys sp. B in Fig. 1.

Type locality: Not relevant.

Karyotype: 2n =40, NF =68 [112].

Additional information: Ivlev et al. [25] and Lavrench-
enko et al. [112] called this lineage Acormys sp. B. It is sym-
patric with Cah8, but the two lineages significantly differ by
karyotypes, physiological and behavioural traits [112] and
thus might represent different biological species.

(23) Cah8

Distribution: Alatish NP, Ethiopia.

Available name: None. Based on Lavrenchenko et al
[112], we use the name Acomys sp. A in Fig. 1.

Type locality: Not relevant.

Karyotype: 2n =52, NF =68 [112].

Additional information: Ivlev et al. [25] and Lavrench-
enko et al. [112] called this lineage Acomys sp. A. It is
also very abundant in the neighbouring Dinder NP in
Sudan (J. Bryja et al., unpublished data). The taxenomic
revision of Cah?, Cah8, Cah9 and Cahl0 is necessary
and more intensive sampling in Sudan and northern

Ethiopia would be very helpful.

(24) Cah9

Distribution: Egypt, Greece (Crete), Cyprus, Turkey,
Libya, northern Chad.
Available name: Acomys
Saint-Hilaire, 1803).

Type locality: Cairo, Egypt.
Karyotype: 2n = 36—42, NF = 68 [54, 110].

Additional information: The species was described from
Cairo (Egypt). It seems very likely that it colonized east-
ern Mediterranean area during Antiquity. Weak genetic
differences revealed also by our multilocus analysis sup-
port the view that A. cahirinus should be synonymized

cahirinus  (F.  Geoffroy
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with A. minous Bate, 1906 from Crete, A. cilicicus Spit-
zenberg, 1978 from Turkey and A. nesiotes Bate, 1903
from Cyprus (see [16, 54] and references there). The re-
lationships with A. seurati (a distinct taxon from rocky
areas in southern Algeria, differing by karyotype and
dental morphology; [51]) should be investigated by using
genetic data from the Algerian material.

(25) Cahi0

Distribution: Sheraro, Ethiopia.

Available name: None.

Type locality: Not relevant.

Karyotype: Not known.

Additional information: Cahl0 is known only from one
locality in North Ethiopia. It is a sister MOTU either to
Cah$ or Cahll and its conspecificity with A. cahirinus
and/or A. chudeani should be tested.

(26) Cahll

Distribution: Niger, Mauritania, Mali, Chad.

Available name: Acomys chudeaui Kollman, 1911.

Type locality: Atar, SW of Biskra, Mauritania.

Karyotype: 2n = 40-46, NFa = 66 [116].

Additional information: This taxon has been previcusly
listed as a synonym of A. cahirinis, but most recent works
consider it as a distinct species [36, 46, 116]. Nicolas et al.
[43] synonymized A. airensis and A. chudeaui and pro-
vided a detailed phylogeographic analysis of this taxon.

Conclusions

Using multilocus genetic data, comprehensive geo-
graphic sampling and multiple phylogenetic approaches,
we revealed that the spiny mice (4comys) are composed
of five main species groups: subspinosus, spinosissimius,
russatis, wilsont and cahirinys. Three of them (spinosis-
simuys, wilsoni and cahirinus) clearly represent species
complexes. We delimited 26 genetic lineages as potential
Acomys species, and their taxonomic status should now
be assessed by multidisciplinary investigations. The ori-
gin of the genus is dated to the late Miocene in savannas
of eastern Africa, when the first vicariance between
“southern” and “northern” groups was probably caused
by the development of the coast-to-coast forest belt. The
evolutionary history of the genus in Plio-Pleistocene was
influenced by global climatic transitions as well as by
local geomorphological features (e.g. deserts, mountain
blocks and/or large water bodies) and is characterized by
repeated cycles of diversifications, especially in eastern
Africa, and repeated dispersal events mainly to the
North and West. The spiny mice can be thus used as
very suitable model for testing specific hypotheses of the
role of historical factors on the formation of current bio-
diversity of seasonally dry environments of Afro-Arabia.
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Methods

Sampling

The genetic dataset is based on 700 individuals of spiny
mice. We produced original genetic data from 421 indi-
viduals collected at more than cone hundred localities,
and complemented them by 279 georeferenced mito-
chondrial sequences from GenBank. This material covers
large part of the distribution of the genus as predicted
by the IUCN [122] (see Fig. 2a). All individuals were
DNA-barcoded at mitochondrial markers to get as pre-
cise distributional maps of genetic clades as possible, but
part of sequences was removed as redundant from sub-
sequent phylogenetic analyses (see Additional file 5). All
fieldwork performed in the frame of this study complied
with legal regulations in particular countries and sam-
pling was in accordance with local legislation (see more
details in Ethics approval section). Rodents were trapped
in Sherman live traps (H.B. Sherman Traps Inc., Talla-
hassee, USA) and snap traps baited with a mixture of
peanut butter, maize flour and dried fish. Mice caught in
live traps were euthanized by cervical dislocation or an
overdose of Isoflurane prior to dissection (Directive
2010/63/EU). When present, the spiny mice are gener-
ally the most abundant component of the small mammal
communities and are not listed as endangered. Each in-
dividual was identified to the genus by the external fea-
tures and the tissue sample (tail, toe, spleen, etc.) was
stared in 96% ethanol until DNA extraction. GPS coor-
dinates of each locality were recorded. For more details
on particular specimens, localities and collectors, see
Additional file 5.

DNA extraction, amplification and sequencing

DNA from 96% ethanol-preserved tissue samples was
extracted using a DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany) following the manufacturer’s instruc-
tions. For phylogenetic analysis we selected four genetic
markers; two mitochondrial fragments, cytochrome b
(CYTB) and control region (D-loop) and two nuclear
exons, Interphotoreceptor Binding Protein gen (IRBP)
and Recombination activating gene 1 (RAGI). Individual
markers were amplified by the polymerase chain reac-
tion (PCR) using following combination of primers:
L14723 and H15915 [123] for CYTB; ‘primers 1-4" [124]
for D-loop; IRBP217 and IRBP1531 [125] for IRBP and
RAGIF1705 and RAGIR2951 [126] for RAGI. Each
locus was amplified using a final concentration of 3 mM
of MgCl, (for IRBP only 2 mM), 0.2mM of each dNTP,
0.4uM of each primer, 1 x Taq buffer (Thermo Fisher
Scientific, Waltham, USA), 0.2 pl of Taq polymerase (5
U/pl, Thermo Fisher Scientific), 30ng/ul of genomic
DNA, and ddH»O to a total volume of 15 pl. PCR prod-
ucts were purified with Calf Intestine Alkaline Phosphat-
ase and Exonuclease I (New England Biolabs, Ipswich,
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USA), and Sanger-sequenced in both directions using
the BigDye® Terminator chemistry (Thermo Fisher Sci-
entific) either at the Institute of Vertebrate Biology CAS
on an ‘Applied Biosystems® 3130xl Genetic Analyzer’ or
commercially through the GATC Bictech company
(Konstanz, Germany). All corresponding sequences were
deposited in GenBank under accession numbers
MHO044731-MH045045 (see Additional file 5.

Phylogenetic analysis

The final dataset for phylogenetic analyses consisted of
373 unique sequences of CYTBH, 71 sequences of IRBP, 59
sequences of RAGI and 96 sequences of D-loop. The
remaining mitochondrial sequences (usually identical and/
or shorter sequences and/or from the same or neighbour-
ing localities) were unambiguously assigned to particular
mtDNA lineages by preliminary phylogenetic analysis and
they were removed as redundant (see Additional file 5).
These data were used only to increase the precision by
which we mapped the geographical distributicn of phylo-
genetic clades. Nuclear exons were sequenced only in the
representative subset of 102 individuals, covering the geo-
graphic distribution and mitochondrial diversity as much
as possible (see Additional files 5 and 6). As outgroups we
used four taxa from subfamily Deomyinae, to which
Acomys belong (Deomys ferrugineus, Lophuromys flavo-
punctatus, Lophuronys sikapusi and Uranomys ruddi; see
Additional file 5). Sequences were aligned in MUSCLE
[127] and the concatenated dataset with total length 4005
bp was created in Mesquite. For all three protein-coding
genes (CYTB, IRBE RAGI), we used Mesquite 3.03 [128]
to check the coding frame for possible errors or stop
codons.

Phylogenetic reconstructions were conducted using
maximum likelihood (ML) and Bayesian inference (BI).
For both phylogenetic approaches were carried out
partitioned analyses to improve phylogenetic accuracy
[129]. The molecular dataset was divided into ten
partitions: we used three partitions for each of the
protein-coeding genes, and one partition for the control
region (D-loop). The best partitioning scheme and sub-
stitution models were determined with PartitionFinder
vl [130] using a greedy heuristic algorithm with ‘linked
branch lengths’ option. The Bayesian information criter-
ion (BIC) was used to compare partitioning schemes and
substitution moedels following the recommendation of
Ripplinger and Sullivan ([131]; Table 2).

Maximum likelihood analyses were performed using
RAXML v8.2.8 [132] for separate gene trees (CY7TB and
D-loop not shown same topology as Fig. 1, IRBP
Additional file 2, RAGI Additional file 3) as well as for
concatenate matrix. Based on the BIC results in Parti-
tionFinder we used seven partitions for concatenate
matrix, five partitions with GTR +1+ G model and two
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Table 2 The substitution macdels used in particular phylogenetic
analyses. They were selected by PartitionFinder using BIC model
selection, greedy search, linked branch length

Partitions RAXML MrBayes BEAST
1 CYTB_posl GIR+1+G  GIR+I1+G  GIR+1+G
2 CYIB_pos2 GIR+1+G  HKY +1+G  HKY+1+G
3 CYTB_pos3 GIR+1+G  GIR+I1+G  GIR+1+G
4 RBF_posl, RAGT_pos2  GTR+G HKY +1 TN+ 1
5 IRBP pos2, RAG]_pos3  GIR+G HKY + G TN+ G
6 IRBP_pos3, RAGI_posl  GIR+1+G  HKY+14+4G  HKY+1+G
7 D-loop GTR+1+G  GIR+I1+G  GIR+1+G

with GTR + G substitution model (Table 2). The ML tree
was obtained using heuristic searches with 100 random
addition replicates and the clade support was then
assessed using a non-parametric bootstrap procedure
with 1000 replicates. Following Hillis and Bull [133],
nodes supported by bootstrap values (BP) > 70 were con-
sidered strongly supported.

Bayesian inference analyses were carried out using
MrBayes v3.2.6 [134] with seven partitions (Table 2).
Two independent runs with four MCMC (one cold and
three incrementally heated) were conducted: they ran for
50 millien generations, with trees sampled every 1000
generations. A conservative 25% burn-in was applied
after checking for stability on the log-likelihood curves
and the split-frequencies of the runs. Support of nodes
for MrBayes analyses was provided by clade posterior
probabilities (PP) as directly estimated from the
majority-rule consensus topology. Following Erixon et
al. [135], nodes supported by PP > 0.95 were considered
strongly supported.

Estimates of species richness

For estimation of Acomys species richness we applied
multiple species delimitation methods (as suggested by
Carstens et al. [136]): (1) “by-eye” analysis of genetic
structure (based primarily on C¥7TB barcodes) and geo-
graphical distribution of genetic lineages; (2) species dis-
covery approach to assign individuals to putative groups
based on the variability of CYTB sequences [137, 138];
(3) species delimitation based on multi-locus data and
multispecies coalescent methods [139].

In the first simplest approach, we produced ML tree
based only on CYTB sequences. We then compared the
revealed clades with the species names used in previous
studies (e.g. [31, 32, 41, 43, 45]), and the distribution of
particular clades with positions of type localities of nom-
inal species. By using this approach we newly identified
several highly supported phylogenetic clades with para-
patric distribution to previously analysed and named
species, which might represent new species and are
worth of further taxonomic studies. Genetic distances
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(within species and to the genetically nearest lineage)
from BI tree were additionally also computed using the
species delimitation package [140] implemented in Gen-
eious v9.1.8 [141].

Second, we performed two analyses of species discov-
ery based on diversity of CYTB marker. The Automatic
Barcode Gap Discovery approach (ABGD; [137]) was
used to identify barcode gap between intraspecific and
interspecific genetic distances. An alternative Poisson
Tree process (PTP) approach models intra- and inter-
species processes by directly using the number of substi-
tutions [138]. We used a recently improved algorithm
based on PTP, the so-called multi-rate PTP (mPTP;
[142]), which works better for phylogenies that have dif-
ferent rates of speciation-coalescence and allows to ac-
count for the different rates of branching events within
each delimited species [142]. Both analyses (ABGD and
mPTP) were performed using the ultrametric CYTB
phylogeny preduced by Bayesian method with strict
clock in BEAST v2.4.7 [143].

The last used species delimitation approach, Species
Tree And Classification Estimation, Yarely (STACEY;
[139]), is a Bayesian method based on the multispecies
coalescent model and estimates the probability of dis-
tinct species delimitation hypotheses given multilocus
data. By utilizing multi-species coalescent thecry and
phylogenetic inference under a full probability Bayesian
network, STACEY simultaneously estimates gene trees,
the species tree and species delimitations under the as-
sumption that all individuals that are affected by the
same coalescent process, also belong to the same spe-
cies/clade. We assumed conspecificity of individuals
bearing mtDNA of the same lineage, identified by the first
arbitrary approach described above. All but one lineages
were represented at least by two individuals genotyped
minimally at 3—4 markers (see Additional file 5). To relax
the prier assumptions about species delimitation, we esti-
mated a species tree using the birth-death-collapse model
[144] as implemented in STACEY for BEAST 2 [145].
STACEY does not require guide tree, therefore errors
resulting from a priori phylogenetic assumptions are
avoided. Parameters and priors for the analysis were set
according to the recommendations of STACEY manual
[139]. Sequence alignments were imported intc BEAUTI
where they were assigned separate and unlinked substitu-
tion, clock and tree models. For mitochondrial markers
(CYTB + D-loop) the ploidy was set of 0.5, for nuclear
genes (IRBP, RAG1) 2.0. For the species tree prior the col-
lapse height was set to 10™°. Three independent MCMC
chains were run for 10”7 generations and log every 5000
generations. The burn-in was 25%, and the outputs from
three runs were combined in LogCombiner 2.4.7 [146].
The similarity matrix was created using SpeciesDelimatio-
nAnalyser version 1.8.9 [147] with 25% burn-in and
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collapse height of 1073 Species tree was visualised as a
cloudogram using DensiTree [148].

Divergence dating

To calibrate a molecular clock, we compiled the set of
usable fossils for the genus Acomiys and its ancestors: (1)
an extinct genus tPreacomys with three described spe-
cies: 1P. griffini Mein et al,, 2004 and tP. karsticus Mein
et al,, 2004 from Harasib, Namibia (9 Ma; [83, 149]) and
tP. kikiae Geraads, 2001 from Chorora, Ethiopia (8.5
Ma; [150, 151]). Because the position of these three fos-
sils on phylegenetic tree is not unequivocally clear, we
used a minimum age 8.5Ma as a root for the genus
Acomys. (2) Acomys from Lemudong’o locality in Kenya
(6.08—6.12 Ma; [152, 153]) is the oldest Acorrys and we
considered it as the most recent common ancestor
(MRCA) for taxa living currently in the northern part of
eastern Africa (with the centre of their distribution in
Somali-Masai savanna) and in Arabia, ie. the clade
encompassing cahirinus + wilsont + russatus groups. (3)
The oldest fossil of the spinosissimus group (sensu Ver-
heyen et al. [45]) was discovered in Transvaal, South Af-
rica (3 Ma; [154]), and we used it as MRCA for this
group. Bayesian analyses of divergence dating were con-
ducted on a species tree in *BEAST v2.4.7 [143]. The
species were defined based on STACEY results. The
mitochondrial (CYTB + D-loop) and nuclear genes (IRBE,
RAGI) were imported in BEAUTI where they were
assigned separate and unlinked substitution, clock and
tree models. Bayesian analysis run with uncorrelated log-
normal relaxed clocks [155], birth-death tree prior [156]
and selected fossil constraints were defined by using log-
normal statistical distributions (see Table 3 for more de-
tails). Two independent runs were carried out for 107
generations with sampling every 1000 generations in
BEAST. We discarded first 25% as burn-in and the
resulting parameter and tree files were examined for
convergence and effective sample sizes (> 200) in Tracer
1.6 [157]. The two runs were combined in LogCombiner
and the species tree was visualized in TreeAnotator.

Biogeographical reconstructions

The BioGeoBEARS approach [158] was used to recon-
struct the ancestral distributions and diversification pat-
terns. Six major biogecgraphic regions with Aconiys
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occurrence were defined on the basis of Holt et al. [159]
and Linder et al. [3]: South Africa region (S — South Af-
rica), Zambezian region (Z — Zambezian region), Somali
region (E — East Africa), Sudanian region (W — West Af-
rica), Sahara region (N — North Africa) and the Arabian
region (A — Arabian region). Dispersal rate between ad-
jacent areas (S-Z, Z-E, E-W, E-N, N-A) was fixed to 1,
whereas the dispersal of 0.5 (S-E, Z-W, Z-N, E-A) was
defined for long distance dispersal (i.e. biogeographical
areas separated by another region) or whenever a geo-
graphical barrier had to be crossed (e.g. multiple water
bodies). Dispersal was disallowed between geographical
areas separated by two or more areas (5-W, S-A, $-N,
Z-N, Z-A, W-A). Bicgeographic recenstruction relied on
the Dispersal-Extinction Cladogenesis model (DEC) of
range evolution [160]. DEC model estimates geograph-
ical range evolution using a phylogenetic tree with
branch lengths scaled to time, geographical (habitat)
areas for all tips, and an adjacent matrix of plausibly
connected areas [85]. Because of concerns with its statis-
tical validity [161] we did not use the +] model of
Matzke [158] in our analyses.

Species distribution modelling

Assuming phylogenetic niche conservatism [162] and
generally similar ecological requirements for all taxa of
spiny mice, we modelled the present and past distribu-
tion of suitable climatic conditions for the genus Acomys
by the maximum entropy approach [163]. We used 282
presence records (unique localities, Additional file 5, Fig. 2)
as the input data to train the model. We modelled the suit-
able conditions in the recent, but we also produced
paleoclimatic projections for the last glacial maximum (21
ka; MIROC resolution 2.5 min [164]) and for the last inter-
glacial (120-140 ka; resolution 30s [165]) using 19
bioclimatic wvariables from the WorldClim database
[166]. The background was restricted to whole Africa
and Arabia (Figs. 2 and 3). The species distribution
modelling (SDM) analysis was performed using
MaxEnt v3.3.3k [167]. We used 10 replicates and the
importance of environmental variables was tested
using jackknife option, and for the regularization
multiplier we used the default value of 1. The SDM
results were converted in a map using QGIS with a
maximized sum threshold [168, 169].

Table 3 List of fossils associated with the genus Acomys used in the divergence dating. The offset and mean represent the
specification of lognarmal priars used for the calibration of molecular clock. All fossil constrains were used as a crown

Fossil MRCA Locality Author Age (Ma)  Offset  Mean

tPreacamys kikiae Acomys Chorora, Ethiopia Geraads (2001, 2002): Suwa et al, {2015) 8.5 85 10

tAcomys | Geoffroy cahitinus + wilsoni + Lemudong'o, Kenya Manthi {2007); Manthi and Ambrose (2007)  608-6.12 608 10
FUSSATLIS

tAcomys spinosissimus — spinosissimus Transvaal, South Africa Denys (1999) 3 3 10

Peters

58



Aghova et al. BMC Evolutionary Biology (2019) 19:69

Additional files

Additional file 1: Taxanomic classifications of the genus Acomys. Bold
italic names represent species reported in particular lists, standard italics
represent subspecies {in Ellerman [34]; Setzer [38]; Denys et al. [16]).
{XLSX 41 kb

Additional file 2: ML phylogenetic tree based on IRBP sequences {nexus
file). {NEXUS 6 kb)

Additional file 3: ML phylogenetic tree based on RAG! sequences
{nexus file). (NEXUS 5 kb)

Additional file 4: Maximum clade credibility tree from STACEY with PP
support {nexus file). {NEXUS 24 kbj

Additional file 5: Complete list of individuals used in this study, with
detalls on localities and geretic data. (XLSX 97 kb)

Additional file 6: Alignmenit of 369 ingroup and 4 outgroup concatenated
sequences of CYT8, IRBE RAGT and D-loop. (NEXUS 1470 kb

Abbreviations

2n: Diploid number of chromosomes; asl: Above sea level; ABGD: Automatic
Barcode Gap Discovery; Bl Bayesian Inference; BIC: Bayesian information
criterion; bp: Base pairs; BP: Bootstrap value; CYTB: Gytochrome b gene;

DEC Dispersal-Extinction Cladogenesis madel; D-loon: Cantrol regior;

EAM: Eastern Arc Mountains; EARS: The East African Rift System; GRV: The
Great Rift Valley; HPD: Highest posterior density; iNHG: The intensification of
Northern Hemisphere glaciation; /RBP: Interphotoreceptor Binding Protein
gen; ka: Thousand years; LGM: Last Glacial Maximumy; LIG: Last Interglacial;
Ma: Million of years ago; MaxEnt: Maximum entropy; MCMC: Markowv chain
Maonte Carlo; ML Maximum likelihood; MOTU{s): Malecular operational
taxonomic unit{s); mPTP: Multi-rate Poisson Tree process; MRCA: The most
recent commen ancestor; MSC: Messinian salinity crisis; Mt {s): Mountainds);
mtONA: Mitochondrial DNA; NF: Fundamental number of chromosome arms;
NFa: Fundamenital number of autosomal chromosome arms; NP: National
park; PCR: The polymerase chain reaction; PP: Posterior probability;

PTP: Poisson Tree process; RAGT: Recombination activating gene 1;

SDM: Species distribution medelling; SRM: Southern Rift Mountains;

STACEY: Species Tree And Classification Estimation, Yarely

Acknowledgements

Far help during the field work we acknowledge J. Komarkova-vrbova, S.
Gryssels, J. Skitba, T. Vlasats, £ Hrouzkovd, S. Safaréfkovd, H. Konvigkovd, M.
Lwy, V. Mazach, . Zima, P. Kafuch, F. Sedldcek, O. Mikula, A. Konedny, A
Hénova, L. Cuypers, A Ribas, J. Krasova, M. Kamler, J. Kope&nd, P. S;‘\roky, T
Mazuch, A Kassahun, C. Sabuni, A. Katakweba, A Massawe, K. Welegerima,
AA Warshavsky, Yu. F. IVlev, D. Yu. Alexandrov, D. S. Kostin, A. A. Martynov, A.
R. Gromov, Z. Tomass and all local colaborators. We would like to thank also
M. M. McDonough (Field Museum of Natural History, Chicaga), S. C. Peurach
(Smithsonian Institution, National Museum of Natural History, Washington), V.
Nicolas (Muséum National d'Histoire Naturelle, Paris) and P. Benda {National
Museum, Prague) for providing additional samples. For help with genotyping
we acknowledge A. Bryjovd, H. Konvickova, D. Mizerovskd and A Hanova.
Mast phylogeretic analyses were run on the Czech-grid infrastructure META-
CENTRUM, minor part then on CIPRES Gateway or CBGP cluster.

Funding

This study was supported by the Czech Science Foundation, projects no. 15202295
and 18-173985, the Ministry of Culture of the Czech Republic {DKRVO 2018/14,
National Museurn, 00023272) and the Russian Foundation for Basic Research
{project no. 18-04-00563-3). This funding bodies had no role in the design of the
study and collection, analysis, and interpretation of data and in writing
the manuscript.

Availability of data and materials

All corresponding sequences were deposited in GenBank under accession
numbers MHO44731-MHD45045 {see Additional file 5). The final alignment of
concatenated sequences used in phylogenetic analyses is in Additional file 6.

Page 18 of 22

Authors’ contributions

DF, RS and JB conceived and designed the studly; TA, DF, RS, LL, YM, JS, Jv,
M, DM, JB collected important part of samples; TA and KP perfarmed
laboratary analysis; TA analysed data; TA, JB, KP drafted the first version of
the manuscript. All authors made substantial contribution on acquisition of
data, revised the draft, gave final approval of the version to be published
and agreed to be accountable for all aspects of the work

Ethics approval and consent to participate

We are indebted to many local autharities for providing permits to carry out
the research {including the ethics approval, when applicable), especially the
Zambia Wildlffe Autharity (ZAWA), the National Directorate for Protected
Areas {DINAC — Mozambique), the National Research Council and Forestry
Department in Malawi, Sokoine University of Agricutture in Morogaro
(Tanzania), the Kenyan Forest Service and the Kenyan Wildlife Service (Kenya),
the Ethiopian Wildlife Conservation Authority {EWCA), Governmenit of Ethiopia
and the Oromia Forest and Wildlife Erterprise (OFWE) in Ethiopia. Furthermaore,
Josef Bryja is holder of the certificate of competency on Protection of Animals
against Cruelty {reg. no. V/1/2005/05) and all manipulations with arimals, ie.
when captured in life traps, followed the spedific rules for working with alive
animals as specified by the Central Commission for Animal Welfare of Ministry
of Agriculture of the Czech Republic, and the general protocols were approved
by the Committee for Animal Welfare of the Czech Academy of Sciences.
Newly analysed material from other countries has been collected in last
decades within other research projects and we are indebted to museum
curators for allowing us to study the tissue samples in their care.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’'s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and irstitutional affiliations.

Author details

"Institute of Vertebrate Biology of the Czech Academy of Sciences, 603 65
Brno, Czech Republic. “Department of Zoology, National Museum, 115 79
Prague, Czech Republic. *Department of Zoclogy, Faculty of Science, Charles
University, 128 44 Prague, Czech Republic. “Department of Zoology, Faculty
of Science, University of South Bohemia, 370 05 Ceské Budgjovice, Czech
Republic. A N. Severtsov Institute of Ecology and Evolution RAS, 119071
Mascow, Russia. ®Department of Biology and Institute of Mountain Research
and Development, Mekelle University, P.O. Bax 3102, Mekelle, Tigray, Ethiopia.
‘Departmert of Parasitology, Faculty of Science, Charles University, 128 44
Prague, Czech Republic. SInstitute of Parasitology, Biology Centre of the
(zech Academy of Sciences, 370 05 Ceské Budejovice, Czech Republic.
®*Department of Land Resource Management and Agricuttural Technology,
College of Agriculture and Veterinary Sciences, University of Nairobi, Nairobi,
Kerya. "“Department of Pathology and Parasitology, Faculty of Veterinary
Medlicine, Untversity of Veterinary and Pharmaceutical Sciences, 612 42 Brno,
Czech Republic. "Department of Botany and Zoology, Faculty of Science,
Masaryk University, 602 00 Brno, Czech Republic.

Received: 16 May 2018 Accepted: 1 February 2019
Published online: 04 March 2019

References

1. Mayaux P, Barthclomé E, Fritz S, Belward A A new land-cover map of Africa
for the year 2000. J Biogeogr. 2004,31:861-77.

2. Sayre R, Comer P, Hak J, Josse C, Bow J, Warner H, Larwanou M, Kelbessa E,
Bekele T, Kehl H, Amena R, Andriarmasimanana R, Ba T, Benson L, Boucher T,
Brown M, Cress J, Dassering G, Friesen B, Gachathi F, Houcine S, Kefta M,
Kharnala E, Marangu D, Mokua F, Morou B, Mucina L, Mugisha S, Mwavu E,
Rutherford M, Sanou P, Syampungani &, Torner B, Vall A Weghe JV, Wangui
E, Waruingi L. A new map of standardized terrestrial ecosysterns of Africa.
Washington DC Association of American Geographers; 2013,

59



Aghova et al. BMC Evolutionary Biology

20

24l

22

23.

24

25.

(2019) 19:69

Linder HP, de Klerk HM, Born J, Burgess NO, Fieldsa J, Rahbek C. The
partitioning of Africa: statistically defined biogecgraphical regicns in sub-
Saharan Africa. ) Biogeogr. 2012,39:1189-205.

Maslin MA, Trauth MH. Plio-Pleistocene east African pulsed climate
wariability and its influence on early hurnan evelution. In: Grine FE, Leakey
RE, Fleagle 1G, editars. The first humans - origins of the genus homo. New
York: Spiinger Verlag; 2009. p. 151-8.

Kingston JD, Deine AL, Edgar RK, Hill A Astronomically forced climate
change in the Kenyan Rift Valley 27-255 Ma: implications for the evelution
of early hominin ecosysterns. J Hurn Eval. 2007,53487-503.

Maslin MA, Christensen B. Tectonics, orbital forcing, glabal climate change,
and hurnan evelution i Africa introduction to the African palecclimate
spedial volume. ] Hum Bval. 200753:443-64.

Pickford M. Uplift of the raof of Africa and its bearing an the evalution of
mankind, Hum Eval. 1990,5:1-20.

Prormrmel K, Cubasch U, Kaspar F. A regional clirate model study of the
impact of tectonic and orhital forcing on African precipition and
vegetation. Palasogeogr Palaeaclimatal Palaececol. 2013,369:154-62.
Cerling TE, Hamis IM, Macfadden Bl, Leakey MG, Quadek J, Eisenmann V,
Ehleringer JR. Global vegetation change through the Miocene/Pliccene
boundary. Nature, 1997,389:153-8.

Cerling TE, Ehleringer JR, Harris M. Carhon diexide starvation, the
development of C4 ecosysterns, and marnmalian evolution. Philos Trans R
Sac B Biol Sci. 1998;353:159-71.

Huang W, Takebayashi N, Qi ¥, Hickerson WU. MTML-msBayes: approximate
Bayesian comparative phylogeogmphic inference from multiple taxa and
multiple loci with rate heterogeneity. BMC Bicinf. 2011;12:1.

Le Houérou HN. Cutline of the biological history of the Sahara. J Arid
Environ. 1992;22:3-30.

Swezey C5, Cenozoic stratigraphy of the Sahara. Northem Africa J African
Earth Sci. 2005389121,

Brito JC, Godinho B, Martinez-Freira F, Plequezuelos IM, Rebelo H, Santos X,
Vale CG, Velo-Antén G, Boratyniski 7, Carvalho SB, Ferreira 5, Gongalves DV,
Silva TL, Tarraso P, Campos IC, Leite W, Nogueira J, Alvares F, Sillero N, Sow
AS, Fahd 5, Crochet P-A, Garranza S. Unravelling bicdiversity, evolution and
threats to conservation in the Sahara-Sahel. Biol Rev Camb Philos Soc. 2014;
83:215-31.

Gongalves OV, Martinez-Freirfa F, Crochet PA, Geniez P, Carranza S, Brito JC.
The role of climatic cycles and trans-Saharan migration corridars in species
diversification: bicgecgraphy of Psammophls schokari group in North Africa.
Mol Phylogenet Evel. 2018,118:64-74.

Denys C, Taylor PJ, Aplin KP. Farnily Muridae. In: Wilsen DE, Lacher Jr TE,
Mitterrneier RA, editors. Hadbeok of the mammals of the world, valume 7:
rodents |l. Barcelona: Lynx Edicions; 2017,

Carere C, Casetti R, De Acetis L, Perretta G, Cirulli F, Alleva E. Behavioural
and nociceptive respense in male and female spiny mice tAcomys cahirinus)
upan exposure to snake odour. Behawv Process, 1999:47:1-10.

Frynta D, Frankova M, Cizkova B, Skarlandtova H, Galettokova K, Prigova K
Srflauer P, Sumbera R. Social and life histary comelates of litter size in
captive colonies of precocial spiny mice (Acomys). Acta Theriol (Wars2),
2011,56:289-95,

Gutman R, Dayan T. Ternporal partitioning: an experiment with two species
of spiny mice. Ecol. 200586:164-73.

Hairn A, Yedidia I, Hairn D, Zisapel N. Photopericadicity in daily rhythms of
body temperature, food and energy intake of the golden spiny mouse
tAcomys russatus). Isr J Zoal. 1994;40:145-50.

Kronfeld-Schor N, Shargal E, Haim A, Dayan T, Zisapel N, Heldmaier G.
Ternporal partitioning among diumnally and nocturnally active desert spiny
mice: energy and water turnover costs. J Therm Biol. 2001,26:139-42.
Seifert AW, Kiamna SG, Seffert MG, Gaheen IR, Palmer TM, Maden M. Skin
shedding and tissue regeneration in African spiny mice (Acomys). Mature,
20124895615,

Ehrhardt N, Heldraier G, Exner C. Adaptive mechanisms during food
restriction in Acomys russatus: the use of torper for desert survival. J Comp
Physial B. 2005;175:193-200.

Horowitz M, Borut A, The spiny mous (Acomys cahirinus) - a rodent
prototype for studying plasma volume regulation during thermal
dehydration. lsrJ Zool. 199440117-25.

Ivlew YF, Lavrenchenke LA, OF Chernova, Bekele A, Respanse to overheating
in spiny mice (the genus Acomys) from arid regions in northwestem
Ethiopia. Dokl Biol Sci. 2011440:335-%

26,

2.

28
29.
30.
3,

32

33

34,

35
36.
37
38

39.

40

41

42

43.

45.

46,

60

Page 19 of 22

Weissenberg S, Shkelnik A, Metabolic rate and water econamy in the desert
and Mediterranean populations of the commen spiny mouse (Acomys
cahirinus) in Israel. st J Zool 1994:40:135-43,

Dieterlen F. Vergleichende Untersuchungen zur Gntogenese von
Stachelmaus (Acomys) und Wanderratte (Rattus norvegicus). Beitrge
zum Nesthocker-Mestflichter-Prolem bei Negetieren. 7 Saugetierkd.
1963;28:163-227.

Hadlid Y, Pavlicek T, Belles A, lanovici R, Raz 5, Mevo E. Syrmpatric inciplent
speciation of spiny mice Acomys at “Evclution Canyen,” lsrael. Proc Natl
Acad Sci. 201411110438

Tutkov Y, Sumbera R, Cizkova B. Allaparental behaviour in Sinai spiny mice
Acornys dimidiatus: a case of rnisdirected parental care? Behav Ecol
Sociohiol. 2016,70:437-47.

Barome PO, Monnerot M, Gautun JC. Intrageneric phylogeny of Acomys
{Rodentia, Muridae) using mitochendrial gene cytachrome b. Mol
Phylogenet Bvol 1998,9:560-6.

Barome PG, Monnerot M, Gautun JC. Phylegeny of the genus Acomys
{Rodentia, Muridae) based on the cytachrome b mitochondrial gene:
implications on taxcnomy and phylogecgraphy. Mammalia. 2000;64:423-38.
Barome PO, Lymberakis P, Monnerot M, Gautun JC. Cytachrome b
sequences revesl Acomys minous (Rodentla, Muridae) paraphyly and answer
the question about the ancestral karvotype of Acomys dimidiatus. Mol
Phylogenet Evol 20013,1837-46.

Frynta D, Palupcikova K, Bellinvia E, Benda P, Skarlantova H, Schwarzova L,
Madry D. Phylogenetic relationships within the cahirinus-dimidiatus group
of the genus Acormys (Rodentia : Muridae): new mitochondrial Ineages from
Saharg, Ien and the Arablan Peninsula. Zootaxa. 20102660.46-56.

Ellerman JR. The Farnilies and Genera of Living Rodents. In: Family muridae,
volume Il London: British Museurn (Natural History); 1941.

Honacki H, Kinmnan KE, Koeppl JW. Marnmal species of the world: a
taxonomic and geographic reference. Kansas: Allen Press Inc. and The
Association of Systematics Collections; 1982.

Maonadjern A, Taylor P, Denys C, Cotterill FPD. Rodents of sub-Saharan
Africa. A biogesgraphic and taxonomic synthesis. Berlin, Boston: De
Gruyter; 2015,

Musser GG, Carleton MD. Superfamily Muraidea. In: Wilson DE, DAM R,
editars. Mammal Spedies of the World. A Taxonomic and Geographic
Reference. Baltimore: The Johns Hopkins University Press; 2005, p. 894-1531.
Setzer HW. Genus Acomys. In: Meester J, Setzer HW, editors. The mammals
of Africa: an identification manual. Washington: Smithsenian Institution
Press; 1975 p. 1-2

Chevret P, Denys C, Jaeger JJ, Michaux J, Catzeflis FM. Molecular evidence
that the spiny mouse (Acomys) s more closely related to gerbils
{Gerhillinae) than 1o trae rrice (Murinae). Proc Matl Acad Sci U'S AL 199390
3433-6.

Matthey R. Cytegenetique et taxonamie du genre Acomys A. percivali Dollman
et A wilsoni Thornas, especes D'Abyssinie. Mamrnalia. 196832:621-7.

Barcmne PO, Velohouey W, Mannerot M, Miune JK Chitaukali W, Gautun JC,
Denys C. Phylogeny of Acormys spinosissimus (Rodentia, Muridae) from Morth
Malawi and Tanzania: evidence from marphological and molecu lar analysis.
Bial 1 Linn Sac. 2001k;73321-40.

Mgode GF. Application of a rultidisciplinary approach to the systematics of
Acornys (Rodentia: Muridae) fromn northern Tanzania. PhD thesis: University
of Preteria, Zoolegy and Entomnalogy; 2006, httpd/mwwwsuairesuaactz
8080/rmlui/bitstrearn/handle/123456789/1433/Mgode 8 pdffsequence=
18isAllowed=y. Accessed 8 Feb 2015,

Nicolas V, Granjon L, Duplantier M, Cruaud G, Dobigny G. Phylogeography
of spiny mice (genus Acomys, Rodentia: Muridae) from the south-westem
margin of the sahara with taxenomic implications. Biol J Linn Sac. 2009,98:
20-46,

Petrugela J, Surnbera R, Aghova T, Bryjovd A, Katakweba AS, Sabuni CA,
Chitaukali WN, Bryja J. Spiny mice of the Zarbezlan bioregion-phylogeny,
hicgeography and ecological differentiation within the Acormys
spinosissirmus complex. Mamm Bicl. 2018,9179-90.

Werheyen W, Hulselmans J, Wendelen W, Leirs H, Corti M, Backelau T, Verheyen
E. Contribution to the systernatics and zoogeography of the east-African
Acorays spinosissimus Peters 1852 species complex and the description of two
new species (Rodentia: Muridae). Zootaxa, 2011,305%1-35.

Alhgleri BH, Hunt &, Steppan 5). Molecular systematics of gerhils and
deomyines (Rodentfa: Gerbillinae, Deomyinae) and a test of desert
adaptation in the tympanic bulla. J Zocl Syst Eval Res. 2015,53:312-30.



Aghova et al. BMC Evolutionary Biology

47,

48,

49,

50,

51

52

53:

54

55.

56.

57.

58

5.

£0.

51N
62,

3.

£b.

6.

7.

68,

9.

(2019) 19:69

Bryja J, Kostin D, Meheretu Y, Surnbera R, Brylova A, Kasso M, Mikula G,
Lavrenchenks LA, Reticulate Pleistocene evolution of Ethiopian rodent
genus along remarkable altitudinal gradient. Mol Phylogenet Evol. 2018;118:
75-87.

Correa C, Vasquez D, Castro-Carrasca C, Zddiga-Reinoso A, Citiz 1C, Palma
RE. Species delimitation in frogs from south Arnerican ternperate forests:
the case of Eupsophus, a taxanomically complex genus with high
phenatypic variation. PLeS Cne, 2017120181026,

Sukumaran J, Knowles LL. Multispecies coalescent delimits structure, not
species. Proc Matl Acad Sci U S A 2017,11416807-12.

Haughton CL, Gawrilak TR, Seifert AW, The biclogy and husbandry of the
African spiny mouse (Acomys cahirinus) and the research uses of a
laboratory Colony. ] Am Assoc Lab Anirn Sci. 2016,55:9-17.

Denys C, Gautun J-C Tranier M, Volobouey V. Evolution of the genus
Acormys (Rodentia, Muridae) from dental and chromosemal patterns. lsr J
Z0al. 1994:40:215-46.

Bray TC, Bennett NC, Mohammed OB, Alagaili AN. Gn the genetic diversity
of spiny rnice (genus Acormys) and gerbils (genus Gerbillus) in the Arhian
peninsula. 7ol Middle East. 201359283-8.

Fernandes CA, Rehling BJ, Siddall M. Absence of post-Miocene Red Sea land
bridges: biegeographic implications. 1 Biogeogr. 2006,33:961-6.
Giagia-Athanasopoulou EB, Rovatsos MTH, Mitsainas GP, Martimianakis S,
Lyrmberakis P, Angelou LXD, Marchal J&, Sanchez A New data on the
evolution of the Cretan spiny mouse, Acomys minous (Rodentia: Murinae),
shed light on the phylogenetic relationships in the cahirinus group. Biol J
Linn Soc. 2011;102:498-509.

Brouat C, Tatard C, Ba K, Cosson J-F, Dobigny G, Fichet-Calvet E, Granjon L,
Lecompte E, Loiseau A, Mouline K, Piry S, Duplantier J-M. Phylogecgraphy
of the Guinea multimarmmate mouse (Mastomys erythroleucus): a case study
for Sahelian species in West Africa. | Biogeogr, 200936:2237-50.

Dabigny G, Tatard C, Gauthier P, Ba K, Duplantier J, Granjon L, Kergoat GJ.
Mitochondrial and Nuclear Genes-Based Phylogeography of Arvicanthis
nilaticus (Murinae) and Sub-Saharan Cpen Habitats Pleistocene History. PLoS
One. 2013; doiorg/10.1371/journal.pene.0077815.

Granjon L, Colangelo P, Tatard G, Colyn M, Dobigny G, Nicolas V.
Intrageneric relationships within Gerbilliscus (Redentia, Muridae, Gerbillinae),
with characterization of an additional west African species. Zootaxa. 2012
25:1-25.

Kingden J. The Kingdon field guide to African rmammals. 2nd ed. Londen:
Bloomsbury Publishing Plc; 2015.

Douady CJ, Catzeflis F, Rarnan J, Springer M3, Stanhope MJ. The Sahara as a
wvicariant agent, and the role of Miccene climatic events, in the
diversification of the marmmalian order Macroscelidea (elephant shrews).
Proc Natl Acad Sci U S A, 2003;100:8325-30.

Franck P, Garnery L, Laiseau A, Cldroyd BP, Hepbumn HR, Solignac M,
Cormnuet JM. Genetic diversity of the honeybee in Africa: microsatellite and
mitochendrial data. Heredty. 2001,86:420-30.

Guillaurnet A, Crochet PA, Pons IM. Climate-driven diversification in twa
widespread Galerida larks. BMC Evol Biol. 2008;8:32.

Rosevear D. The redents of West Africa. Lendon: Trustees of the British
Museurn Matural History; 1969.

Sicard B, Tranier M. Caractéres et répartition de trois phénotypes dAcomys
(Redentiz, Muridae) au Burkina Faso. Mammalia. 1996,60:53-68.

Diamond W, Hamilton AC The distribution of forest passerine birds and
quatemary climatic change in tropical Africa. J Zool. 1980;191:379-402.
Kingdan J. Where have the colanists come fram? A zoogeographical
exarnination of sorme marnmalian isolates in eastern Africa Afr J Ecol. 1981;
19:115-24.

Jesus FF, Wilkins JF, Solferini VN, Wakeley 1. Expected coalescence times and
segregating sftes in a model of glacial cycles. Genet Mol Res. 2006,5466-74.
Colangelo P, Vetheyen E, Leirs H, Tatard C, Denys C, Dobigny G, Duplantier
M, Brouat C, Granjon L, Lecompte E. A mitochondrial phylogeographic
scenario for the most widespread African rodent, Mastamys natalensis. Bicl J
Linnean Soc. 20713;108:901-16.

Bryja J, Mikula O, Surnbera R, Mehetetu Y, Aghové T, Lavrenchenko LA,
Mazoch V, Oguge N, Mbau 15, Welegerima K Amundala N, Colyn M, Leirs H,
Verheyen E. Pan-African phylogeny of Mus (subgenus Nannomys) reveals
ane of the rnost successful marnmal radiations in Africa. BMC Evol Bial.
2014:14:256-76.

Bryla J, Konvickova H, Bryjova A, Mikdla G, Makundi R, Chitaukali WHN,
Sumbera R Differentiation underground: mnge-wide multilocus genetic

70.

71

72

73.

74,

75,

76.
77

78.

79.

a0.

al.
a2,
3.

5.

26.

ar.

ae.
a9,

50.

61

Page 20 of 22

structure of the silvery mole-rat does not support current taxonomy based
on mitochendrial sequences. Mamm Biol. 201893:82-92.

Mazoch W, Mikula G, Bryja J, Konvickova H, Russo IR, Vetheyen E Surmnbera R.
Phylogeography of a widespread sub-Saharan rurid rodent Aethormys
chiysophilus: the role of geographic barriers and paleoclimate in the
Zamnbezian hioregion. Mammalia. 2018,82373-87.

Wikula G, Sumbera R, Aghova T, Mbau 15, Katakweba AS, Sabuni CA, Bryja J.
Evelutionary history and species diversity of African pouched mice
{Rodentia: Nesommyidae: Saccostomus). Zool Scr. 2016:45595-617.

Aghové T, Sumbera R, Pidlek L, Mikula G, Mcdonough MM, Lavrenchenko
LA, Meheretu Y, Mbau 15, Bryja J. Multilocus phylogeny of east African
gerbils (Redentia, Gerbilliscus) illuminates the history of the Somali-Masai
savanna. J Blogeogr. 201744:2295-307.

Trauth MH, Maslin MA, Deino AL, Junginger A, Lesoloyia M, Cdada EQ,
Glage 0O, Glaka LA, Strecker MR, Tiedemann R Human evalution in a
variahle environment: the amplifier lakes of eastern Africa. Quat Sci Rev.
2010,29:2981-8.

Bartdkovd V, Reichard M, Blazek R, Polatik M, Bryja 1. Terrestrial fishes: rivers
are bariers to gene flow in annual fishes from the African savanna. J
Biogeogr. 201542:1832-44.

WcDonough MM, Sumber R, Mazoch V, Ferguson AW, Phillips CD, Bryja J.
Multilocus phylegeography of a widespread savanna-woodland-adapted
rodent reveals the influence of Pleistocene geomarphology and climate
change in Africa’s Zambezi region. Mol Ecol. 201524524866,

Keller C, Roos C, Groenewveld LF, Fischer J, Zinner D. Introgressive
hyhridization in southern African baboons shapes patterns of mtDNA
wvariation. Arn J Phys Anthropel. 2010,142:125-36,

Cotterill FPD. A hiogeographic review of tsessebe antelopes Damaliscus
funatus (Bovidae: Alcelaphini) in south-Central Africa. Durban Mus Nowit,
2003;28:45-55.

Bryja J, Granjon L, Dobigny G, Patzenhauerova H, Konecny &, Duplantier J-
M, Gauthier P, Colyn M, Dumez L, Lalis A, Nicalas V. Plio-Pleistocene history
of west African Sudanian savanna and the phylogeography of the Praomys
daltoni camplex (Rodentia): the environment/gecgraphy/genetic interplay.
Mol Ecol. 2010;19:4783-99.

Jacquet F, Denys C Verheyen E Bryja J, Hutterer R, Peterhans JCK, Stanley
WT, Goodman SM, Couloux A, Calyn M, Nicalas V. Phylogeography and
evolutionary history of the Crocidura ofivieri cornplex (Marmmalia,
Saricomerpha): from a farest origin to broad ecological expansion across
Africa. BMC Evol Biol. 201515:1-15.

Aghova T, Kirmura Y, Bryja J, Dobigny G, Granjon L, Kergoat GJ. Fossils know
it hest: using a new set of fossil calibrations to improve the temporal
phylogenetic frarnework of murid rodents (Rodentia: Muridae). Mol
Phylogenet Evol 2018;128:58-111.

Steppan 5, Schenk JJ. Mureid rodent phylogenetics: $00-species tree
reveals increasing diversification rates. PLoS One. 2017;12:20183070. hitps://
doierg/10.1371/joumalpene0183070.

Ellerrnan 1R, TCS M-5. A Checklist of Palaeartic and Indian Marmrmals, 1758-
1946, London: Trustees of the British museurn (natural history); 1951,
Pickford M. Age of supergene are bodies at berg Aukas and Harasib 3a,
Narnibia. Cornrnun Geel Sury Namibia, 1992,8:147-50.

Geraads D. Rongeurs du Miocene superieur de Cherora (Ethicpie):
Dendromuridae, Muridae et conclusions. Palaeovertebrata, 20013089109
Bryja J, Sumbera R, Peterhans K, Julian C, Aghové T, Bryjova A, Mikula C,
Nicolas v, Denys C, Werheyen E. Evaluticnary history of the thicket rats
{genus Grammormys) rnirrors the evolution of African forests since late
Miccene. | Biogeogr. 2017,44:182-94.

Caouvreur TL, Chatrou LW, Sosef MS, Richardson JE. Molecular phylogenetics
reveal multiple tertiary vicariance origins of the African rain forest trees.
BMC Biol. 2008;6:54.

Lorenzen ED, Heller R, Slegisrnund HR. Cornparative phylogecgraphy of
African savannah ungulates. Mol Eccl. 20122 1:3656-70.

Randi E, D'Huart IP, Lucchini ¥, Aman R. Evidence of two genetically deeply
divergent species of warhthog, Phacochoerus africanus and P, aethiopicus
{Artiodactyla: Suiformes) in eastern Africa. Marnm Biol. 2002,67.91-6.
Brown DM, Brenneman RA, Koepfli K-P, Pollinger JP, Mila B, Georgiadis NJ,
Louis EE, Grether GF, Jacobs DK, Wayne RK. Extensive population genetic
structure in the giraffe. BMC Biol. 2007557,

Fennessy J, Bidon T, Reuss F, Kumar ¥, Elkan P, Nilsson MA, Varmberger M,
Fritz U, Janke A. Multi-locus analyses reveal four giraffe species instead of
ane. Curr Biol. 201626:1-7.



Aghova et gl. BMC Evolutionary Biology

91.

92

93.

95.

96.

97.

98.

99

1o

101,

102,

103.

g

104,

105,

106.

107,

108.

108,

110.

"

12

il

o)

114,

il

o

"

=

o

(2019) 19:69

Hst KJ, Giovanali F. Messinian event in the black sea. Palasogeogr
Palaeaclimatal Palaececol. 1979,29.75-93,

Hodell DA, Curtis JH, Sierro FJ, Raymo ME. Correlation of Late Miocene to
early Pliocene sequences between the Mediterranean and North Atlantic.
Paleoceancgraphy. 2001,16:1684-78,

Maslin MA, Haug GH, Sarnthein M, Tiedemann R, Erlenkeuser H, Stax R. 21.
Northwest pacific site 882: The inftiation of Northerm Hernisphere Glaciation.
In: Rea DI, Basov 1A, Scholl DW, Allan JF, editors. Proceedings of the Ocean
Drilling Pregram Yol 145, Scientific Results; 1995, p. 179-04.

Maslin MA, Li XS, Loutre MF, Berger A The contribution of orbital forcing to
the progressive intensification of northern hemisphere glaciation. Quat Sci
Rev. 1998,17411-26.

Ravelo AC, Andreasen DH, Lyle M, Lyle AC, Wara MW. Regional climate
shifts caused by gradual global cooling in the Pliocene epoch. Nature. 2004;
429:263-70.

Berger WH, Jansen E. Mid-Pleistocene dimate shift: the Nansen connection.
Geophys Monogr Ser. 1994;85:295-311.

Potts R. Horninin evalution in setings of strong environmental variability.
Quat Sci Rewv. 2013;73:1-13.

Kebede F, Rosenbam S, Khalatbari L, Moehlman PD, Beja-Pereira A, Bekele A
Genetic diversity of the Ethiopian Grewy's zebra (Fquus grewi) populations
that includes a unique population of the Alledeghi plain. Mitochondrial
DNA A DNA Mapp Seq Anal. 2016,27:397-400.

Baker RJ, Bradley RD. Speciation in mammals and the genetic species
concept. ] Marnmal. 2006,87:643-62.

Groves CP. The nature of species: a rejoinder to Zachos et al. Mamm Bicl.
20137&7-9.

Dippenaar NJ, Rautenbach IL Morpharmetrics and karyology of the southem
African species of the genus Acomys | Geoffroy saint-Hilzire, 1838 (Rodentia:
Muridae). Ann Transvaal Museurn. 1986,34:129-83.

Matthey R. Etudes de cytogenetique Sur des Murinae Africains appartenant
ax genres Andcanthis, Acomys et Mastornys (Rodentia). Marnmalia. 196529
228-49,

Janecek LL, Schlitter DA, Rautenbach IL. A genetic comparison of spiny
rmice, genus Acomys. A Soc Marnmal. 1991,72:542-52,

Musser G, Carleton M. Family Muridae. In: Wilson DE, Reeder DM, editors.
Marnmal species of the warld. Washington DC Gmithsonian Institution
Press; 1993,

Nevo E Matural selection of body size differentiation in spiny mice, Acormys.
7 Saugetierkd. 1989,54:81-99.

Corti M, Castiglia R, Colangelo P, Capanna E, Beolchini F, Bekele A, Oguge N,
Makundi RH, Sichilima AM, Leirs H, Verheyen W, Vergagen R. Cytotaxonomy
of rodent species from Ethiopia, Kenya, Tanzania and Zambia. Belgian J
Zool. 2005;135:197-216.

Sokolov VE, Crlov WN, Baskevich M, Bekele A, Mebrate A A karyclogical
stucly of the spiny mouse Acomys Geoffroy 1838 (Rodentia, Muridae) along
the Ethicpian Rift Valley. Trop Zool. 1993,6:227-35.

Petter F. Eléments d'une révision des Acomys africains. Un sous-genre
noveay, Peracomys Petter and Roche, 19871 (Rongeurs, Muridés). Ann Mus
R Afr Cent 5ci Zool. 1983,237:109-19.

Volobouey VT, Gautun JG, Tranier M. Chramesome evolution in the genus
Arormys (Rodentia, Muridae): chromosare banding analysis of Acomys
cahirinus. Marnrmalia, 1996,60.217-22.

Volohouev ¥, Auffray JC, Debat V, Denys C, Gautun JC. Species delimitation
in the Acomys cahirinus — dimidiatus cornplex (Rodentia, Muridae) inferred
fram chrornosomal. Biol J Linn Soc. 2007,91:203-14.

. Lavrenchenka LA, Kruskop 5Y, Bekele A, Belay G, Marozav PN, ey YF,

Warshavsky AA Marmmals of the Babille elephant sanctuary (eastern
Ethiopia). Russ J Theriol. 2010;9:47-60.

Lavrenchenko LA, Nadjafova RS, Bulatova NS, Three new karyotypes extend
a Robertsonian fan in Ethiopian spiny mice of the genus Acomys | Geoffroy,
1838 (Marnmalia, Rodentia). Comp Cytogenet. 2011,5:423-31.

. Hollister N. East African mammals in the United States Mational

Museurn. Il Rodentia, Lagomorpha and Tubulidentata. Bull U S Natn
Mus. 1919;99:1-184.

Kunze B, Dieterlen F, Traut W, Winking H. Karyotype relationship among
four species of spiny mice (Acomys, Rodentia). Z Sdugetierkd. 1999,64220-9.

. Happeld DCD, editor. Volume 3: Radents, Hares and Rabhits. Mammals of

Africa. London: Bloomshury Publishing; 2013, p. 785,
Granjon L, Duplantier JM. Les Rongeurs de ['Afrique sahélo-scudanienne.
Marseille: Editions de 'RD (Collection Faune et Flore tropicales); 2009.

7.

e

il

12

121;

122

123,

124,

125

12

127,

128

128

=

13

131

132

133.

13

135.

13

13

138.

139

140,

141

142,

143,

14

o

=

=}

=

-

o

o

R

Page 21 of 22

Gautun G, Sankhan |, Tranier M. Neuvelle contribution a la connalissance
des rongeurs du massif guinéen des monts Nimba (Afrique occidentale).
Systématique et apercu quantitatif, Marnmalia. 1986;,50205-17.
Morrison-Scott TCS. The identity of the Acormys megalotis (Lichtenstein),
described from Arabia. Ann Mag Nat Hist. 1939,11238-40.

Setzer HW. The spiny mice {Acomys) of Egypt. J Egypt Public Health Assoc.
195934:93-101.

Ellerman JR, Morrison-5cott TCS, Hayman RW. Southem African mammals.
Londan: British Museurn; 1953,

Yalden DW, Largen MJ, Kock D. Catalogue of the mammals of Ethicpia. tal J
Zool 1976,1:1-118.

IUCN The IUCN red list of threatened spedies. Version 2017-3. 2017, http#/
www.ucnredlistorg. Accessed 17 Dec 2017,

Ducroz JF, Volohouey V, Granjon L. A molecular perspective on the
systernatics and evolution of the genus Arvicanthis (Rodentia, Muridae):
inferences from cornplete cytochrome b gene sequences. Mol Phylogenet
Evol. 1998,10:104-17.

Bellinvia E. A phylogenetic study of the genus Apodemus by sequencing the
rnitochandrial DNA control region. J Zoal Syst Evol Res. 2004;42:285-97.
Stanhope MJ, Czelusniak 1, Si JS, Nickersan J, Goadman M. A molecular
perspective on mmammalian evolution from the gene encoding
interphotoreceptor retincid binding protein, with convincing evidence for
bat manaphyly. Mol Phylegenet Evol. 1992,1:148-60.

Teeling EC, Scally M, Kao DJ, Rernagnali ML, Springer MS, Stanhope M.
Molecular evidence regarding the origin of echalocation and flight Tn bats.
Mature. 2000403:188-92.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nuclelc Acids Res. 2004,32:1792-7.

Maddison WP, Maddison DR. Mesquite: a modular systern for evolutionary
analysis. Version 331. 2017, httpy//mesquiteproject.org.

Mylancler JAA, Ronquist F, Huelsenbeck JP, Nieves-Aldrey JL. Bayesian
phylogenetic analysis of combined data. Syst Biol. 2004,53:47-67.

Lanfear R, Calcott B, Ho 5Y, Guindon &. PartitionFinder: cambined selection
of partitioning schemes and substitution rodels for phylogenetic analyses.
Mol Bicl Evol. 2012,29:1695-701.

Ripplinger J, Sullivan ). Dees cheice in madel selection affect maximum
likelihood analysis? Syst Bial. 2008;5776-85.

Stmatakis A RAXML version & a tool for phylogenetic analysis and post-
analysis of large phylegenies. Bioinformatics. 2014;30:1312-3,

Hillis DM, Bull J1. An empirical test of bootstrapping as a methed for
assessing confidence in phylogenetic analysis. Syst Biol. 1993;42:182-92.
Ronguist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hdhna S,
Larget B, Liu L, Suchard MA, Huelsenbeck IP. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst
Bial. 2012:61:539-42.

Erixon P, Svennblad B, Britton T, Oxelman B. Reliability of Bayesian posterior
probabilities and bootstrap frequencies in phylogenetics. Syst Bial. 200352
665-73.

Carstens BC, Pelletier TA, Reld NM, Satler 1D. How to fall at species
delimitation. Mol Ecol. 2013,22:4365-83.

Puillandre M, Lambert &, Brouillet S, Achaz G. ABGD, automatic barcode gap
discovery for primary species delimitation. Mol Ecol. 2012,21:1864-77.
Zhang , Kapli B, Pavlidis P, Starnatakis A A general species delimitation method
with applications to phylegenetic placements. Bioinformatics. 2013;25:2859-76.
Jones G. Algorithmic improvements to species delimitation and phylogeny
estimation under the multispecies coalescent. | Mat Biol. 2017,74447-67.
Masters BC, Fan W, Ross HA. Species delimitation - a geneious plugin far the
exploration of species boundaries. Mol Ecol Resoursces. 2011;11:154-7.
Kearse M, Moir R, Wilson A, Stones-Havas 5, Cheung M, Stumrack S, Buxton S,
Cooper A, Markowitz 5, Duran C, Thierer T, Ashtan B, Meintjes P,
Drumrnond A. Genelous basic: an integrated and extendable desktop
saftware platforrn for the organization and analysis of sequence data.
Bicinformatics. 2012:28:1647-9.

Kapli P, Lutteropp &, Zhang 1, Kabert K, Paviidis F, Stamatalkis A, Flouri T. Multi-rate
Poisson tree processes for single-locus species delirnitation under maximum
likelihaod and Markow chain Monte Carlo. Bioinformatics. 20173316308,
Drumrmond Al, Bouckaert RR. Bayesian evalutionary analysis with BEAST.
Carnbridge: Cambridge University Press; 2015.

Jones G, Aydin Z, Oxelman B. DISSECT: an assignment-free Bayesian
discovery method for species delimitation under the muftispecies
coalescent. Bioinformatics. 2015;31:991-8.

62



Aghové et al. BMC Evolutionary Biology

145,

hal

146,
147.

48.

149.

15

154

152

153,

vt}

154.

155,

o

156.

157.
158.

159.

180.

187,

162.

183,

jut}

64,

185,

6

87,

16

1S

=

o

o

e

(2019) 19:69

Bouckaert B, Heled J, Kdhnert D, Vaughan T, Wu C-H, Xie D, Suchard MA,
Rambaut A Drummond Al BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Cornput Biol. 2014101003537,

Rarnbaut A, Drurnrmond Al LegCornbiner v24.7; 2017,

Jones G. Algerithmic improvements to species delimitation and phylogeny
estimation under the multispecies coalescent. J Math Bial. 2017,74:447-67.
Bouckaert RR. DensiTree: making sense of sets of phylogenetic trees.
Bioinformatics. 2010:26:1372-3.

Senut B, Pickford M, Mein P, Conicy G, Yan Couvering J. Discovery of 12
new Late Cainozoic fossiliferous sites in palaeckarsts of the Otavi Mountains,
Narnibla. Comptes rendus de ['Académie des sciences. Série 2, Mécanigue,
Physigue, Chirnie, Sciences de ['univers. Sci Terre. 1992,314:727-33.

Geraads D. Plic-pleistocene marmmalian biostratigraphy of Atlantic Morocco.
Quaternaire. 2002;1343-53.

Suwa G, Beyene Y, Nakaya H, Bemor RL, Boisserie JR, Bibi F, Ambrose SH,
Sano K, Katoh 5, Asfaw B. Mewly discovered cercopithecid, equid and other
mammmalian fossils fram the Charora formation, Ethiopia. Anthropol Scic
2015123:19-39.

Manthi FK. A preliminary review of the redent fauna from Lernudong'o,
southwestern Kenya, and its implication to the late Miccene
palecenviranrments. Kirtlandia. 2007,56:92-105.

Deino AL, Arnbrose SH. 4041/39Ar dating of the Lemudong'o late Miocene
fossil assemnblages, southem Kenya rift. Kirtlandia. 2007;5655-71.

Denys C Of mice and men. Evolution in East and South Africa during Plio-
Pleistocene times. In: Brormage GT, Schrenk F, editors. African Biogecgraphy,
Climate Change and Human Evolution. New York: Cxdord University Press;
1999. p. 226-52.

Drummend A, Ho SYW, Phillips M), Rambaut A. Relaxed phylagenetics and
dating with confidence. PLoS Biol. 2006,4:288.

Gemnhard T. The conditioned reconstructed process. | Theor Biol. 2008253
769-78.

Rambaut A, Suchard M4, Xie D, Drummond Al Tracer v16; 2014,

Matzke NJ. Model selection in historical hicgecgraphy reveals that founder-
event speciation is a crucial process in island clades. Syst Bial. 2014,63:951-70.
Holt: BG, Lessard JP, Borregaard MK, Fritz SA, Aradjo MB, Dimitrov O, Fabre
PH, Graham CH, Graves GR, Jensson KA, Nogués-Bravo D, Wang Z, Whittaker
R, Fieldsa J, Rehbek C An update of Wallace's zoogeographic regions of
the world. Science. 2013;33974-8.

Ree RH, Srrith SA. Maxirmiurn likelihood inference of gecgraphic range evalation
by dispersal, local extinction, and cladogenesis. Syst Biol. 200857414

Ree RH, Sanmartin | Conceptual and statistical prablems with the DEC+)
model of founder-event speciation and its cernparison with DEC via model
selection. J Biogeogr. 201845:741-9.

Wiens 1), Donoghue MJ. Historical biogeography, ecology, and species
richness. Trends Ecal Bvol. 2004;19:639-44.

Phillips 5J, Anderson RP, Schapire RE. Maximum entropy modeling of
species gecgraphic distributions. Ecol Model. 2006;130:231-59.

Braconnot P, Gtto-Bliesner B, Hariison S, Joussaume S, Peterchmitt JY, Abe-
Ouchi A, Crucifix M, Driesschaert E, Fichefet T, Hewitt CD, Kageyama M,
Kitoh &, Laing A, Loutre MF, Marti G, Merkel U, Ramstein G, Yaldes P, Weber
SL YUY, Zhao Y. Results of PMIP2 coupled simulations of the mid-Holocene
and last glacial maximum - part 1: experiments and large-scale features.
Climn Past. 2007,3261-77.

Otto-Bliesner BL. Simulating arctic climate warmth and icefield retreat in the
last interglaciation. Science. 2006;311:1751-3.

Hijrnans R, Cameron SE, Parra JL, Jones PG, Jarvis A Very high resolution
interpolated climate surfaces for global land areas. Int J Clirmatol. 2005;25:
1965-78.

Phillips J, Dudik M, Schapire RE. A maximum entropy approach 1o species
distribution medeling, Praceedings of the 21st Intemational Conference an
Machine Leaming. Canada: Banff; 2004. p. 655-62.

Jiménez-Valverde &, Lobo JM. Threshold criteria for conversion of
probability of species presence to efther-or presence-absence. Acta Oecal.
200731:361-9.

Manel 5, Williams HC, Crmered 51 Bvaluating presence absence models in
ecology; the need to count for prevalence. J Appied Ecol. 20013892131,

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

« fast, convenlent online submission

« thorough peer review by experienced researchers in your field

s rapld publication on acceptance

» support for research data, including large and complex data types

« gold Open Access which fosters wider collaboration and increased citations
= maximum vislbility for your research: over 100M website views per year

K BMC

At BMC, research is atlways in progress.

Learn more biomedcentral.com/submissions

63




6.3 The first report of spiny mouse belonging to Acomys ignitus group in

Somaliland: Phylogenetic affinities of a new distinct mitochondrial lineage

Frydlova P., Palupc¢ikova K., Awale A.I., Frynta D.

Manuscript sumbitted for publication

64



Frydlova P., Palupcikova K., Awale A.l., Frynta D. (2019) The first report of spiny mouse

belonging to Acomys ignitus group in Somaliland: Phylogenetic affinities of a new distinct

mitochondrial lineage. Manuscript submitted for publication.

Prispévek autora:
Prohlasuji, ze Klara Palupcikova piispé€la k publikaci:
- KP provedla laboratorni prace nasledné se podilela na analyze dat, interpretaci vysledkil a

sepisovani rukopisu.

V Praze dne

prof. RNDr. Daniel Frynta, Ph.D.

(korespondenc¢ni autor a Skolitel)

RNDr. Petra Frydlova, Ph.D.

(prvni autor)

65



The first report of spiny mouse belonging to Acomys ignitus group in Somaliland:

Phylogenetic affinities of a new distinct mitochondrial lineage

Petra Frydlova %, Klara Palupéikova !, Ahmed Ibrahim Awale®, Daniel Frynta'”

' Department of Zoology, Faculty of Science, Charles University, Vini¢na 7, 128
44 Prague 2, Czech Republic

2 Department of Anatomy, Third Faculty of Medicine, Charles University, Ruska
87, Prague 10, Czech Republic

3 Hargeisa University, Hargeisa, Republic of Somaliland and Candlelight for

Environment, Education & Health (CEEH), Hargeisa, Republic of Somaliland
* Corresponding author: Daniel Frynta, Department of Zoology, Faculty of

Science, Charles University, Vini¢éna 7, 12844 Prague 2, Czech Republic. E-mail:
frynta@centrum.cz, Phone: +420-221951846, +420-737772867

66



Abstract

We report here a first record of spiny mouse of the genus Acomys belonging to ignitus clade
from Somaliland. This clade is distributed in Southern Kenya, Northernmost Tanzania and
Southernmost Ethiopia. Our finding extends the distribution of this clade considerably to the
East. The locality is situated in a dry savanna with red sand semi-desert elements, which is

quite different from the typical rocky habitats of the other Acomys species in the Horn of Africa.

Molecular phylogenetic analyses placed our specimen to the cahirinus group of the genus
Acomys. It represents a well-supported new lineage within ignitus clade that we called Ign5.
Although the inner relationships have remained resolved only partially, it is clearly more
related to A. ignitus than to A. kempi. Besides phylogenetic affinities, we briefly discuss basic

morphology and habitat requirements.

Keywords: Acomys; ignitus; Horn of Africa, phylogeny, Somaliland, Somalia-Masai bushland
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Introduction

Taxonomy of spiny mice (Acomys Geoffroy Saint-Hilaire, 1838) within the ignitus clade has
been the subject of many contradictory revisions during the last century (Dollman 1914;
Hollister 1919; Ellerman 1941; Matthey 1965). Fiery spiny mouse (4. ignitus Dollman, 1910)
was recognized as a valid species by Hollister (1919) and lately confirmed by Ellerman (1941).
Chromosomal (Matthey 1965), electrophoretic (Janecek et al. 1991) and cytochrome ¢ (Barome
et al. 2000) studies revealed similar results. Janecek et al. (1991) regard A. ignitus as closely
related to 4. cahirinus. Kemp’s spiny mouse (4. kempi Dollman, 1911) was traditionally
considered as a subspecies of 4. ignitus (Dollman 1914; Hollister 1919; Ellerman 1941) but
was later proved as a valid species according to the analyses of electrophoretic data by Janecek
et al. (1991). Later, Lavrenchenko et al. (2010) described genetically and cytogenetically
divergent lineage of Acomys sp. C in Babile Elephant Sanctuary in Eastern Ethiopia. This
possibly new species was later identified as Ign/ (Aghova et al. 2019) and placed as a sister
taxon of A. kempi (Ign4 in Aghova et al. 2019). Moreover, in South-Eastern Ethiopia was firstly
described new lineage called /gn2, which cluster with 4. ignitus (Ign3 in Aghova et al. 2019).
To conclude, the most recent multi-locus phylogeny of spiny mice based on three genetic
markers suggest delimitation of ignitus clade to four molecular operational taxonomic units
(Ignl, Ign2, Ign3 and Ign4), which potentially corresponds to separate species and support the

inclusion of this clade inside the cahirinus group (Aghova et al. 2019).

The distribution of A4. ignitus is in Southern Kenya and Northernmost Tanzania, while
A. kempi is common in Kenya and Southernmost Ethiopia. The published molecular samples
of ignitus were from Ethiopia and Kenya (Aghova et al. 2019) but are completely missing from
the rest of the Horn of Africa (HOA). Ign/ with the northernmost known locality of ignitus
forms the northern boundary of its distribution. Lavrenchenko et al. (2010) mentioned that this
spiny mouse was very common and abundant in Babile. A. kempi and A. ignitus were
mentioned to be distributed in South Somalia (Petter 1983; Happold 2013) but the proper
localities remained unknown. These findings suggest that the distribution of ignifus clade can
be larger than originally expected. Nevertheless, the region of HOA (especially Ogaden,
Somalia and Somaliland) are not well studied due to the political instability. The new samples

from this biodiversity hotspot (Brook et al. 2001; Burges et al. 2004) will be worth of interest.

In this work, we report the first record of ignifus from South of Somaliland - an

independent state internationally recognized as an autonomous region of Somalia. We describe
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morphology and ecology of this specimen and the phylogenetic affinity of this specimen to the

rest of the ignitus clade.

Material and Methods

Sampling

The survey was carried out in Somaliland. The reported specimen was caught near the
watering-place close to Shanshacade village (Fig. 1). The mouse was trapped in snap trap
baited with peanut butter. The specimen was identified to the genus by the external characters,
measured with digital calliper to the nearest 0.01 mm, weighed by digital balance to the nearest
0.01 g, photographed and a small piece of tissue sample (spleen) was collected and stored in
96% ethanol until DNA extraction. The specimen is deposited at zoological collection of
Charles University (CUP/MAMM/SOMALILAND/170). GPS coordinates of the locality were
recorded. We measured five standard characters including head and body length (HB), tail
length (T), hindfoot from the ‘ankle bone’ to the tip of the longest digit without including the
claw (HF), length of external (outer) ear measured from tip of ear to the posterior point of the
ear conch (E) and body weight (W). Skulls were purified and magnified under an Olympus
SZX 12 stereomicroscope and the detailed photos of the skull, lower jaw, upper and lower
molars were taken with an Olympus DP70 camera. Moreover, we visualised lower jaw by pCT
(Bruker SkyScan 1275 micro-CT) and processed videos in CT Vox software (version 3.1.1
r1191 Brucker). We employed QGIS to prepare a map of localities (QGIS Development Team
2019).

All fieldwork in this study complied with legal Somaliland regulations and sampling
was in accordance with local legislation (export permit Ref. MOERD/M/1/251/2017).

DNA extraction, amplification and sequencing

Genomic DNA was extracted from ethanol-preserved tissue samples using a DNeasy Blood
and Tissue kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. We
amplified and sequenced two mitochondrial fragments, cytochrome b (CYTB) and control
region (D-loop) and one nuclear exon Interphotoreceptor Binding Protein (IRBP). For
amplification and sequencing methods see Methods in Aghova et al. (2019). New sequences
were deposited in GenBank under accession numbers MN547495 (CYTB), MN547497 (D-
loop), and MN547496 (IRBP).
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Phylogenetic analysis

Sequences were aligned and manually checked wusing Chromas Lite 2.01
(http://www .technelysium.com.au/chromas_lite.html), BioEdit (Hall 1999) and Clustal X 1.81
(Thompson et al. 1997). The final dataset for phylogenetic analyses contains sequences of
CYTB, D-loop and IRBP with total length 2665 bp (for the list of specimens see Table 1). As
outgroups were used clades (KE734, K4 210, SIN1, IRA2, ABC-006, CAIR, CHAD, E12-
S37, VV1998-087, ETH0548, ETH0610, ET168, ETH0033, 601476, 602643, LAV2211,
LAV2229, ABC-008, RUS2, ETH0323, KE697, KE030, KE042, ETH1057, KE628) from
Aghova et al. (2019). Bayesian inference analysis was performed using MrBayes v3.2.6
(Ronquist et al. 2012) and the multiple alignment was selected into seven partitions (see
Aghova et al. 2019). Two independent runs with four MCMC were conducted. It ran for 40
million generations, with trees sampled every 1000 generations. A conservative 25% burn-in
was applied after checking for stability on the log-likelihood curves and the split-frequencies
of the runs. Support of nodes for MrBayes analysis was provided by clade posterior

probabilities as directly estimated from the majority-rule consensus topology.

Maximum likelihood (ML) analysis was performed using RAXML v8.2.8 (Stamatakis 2014)
with the GTR + G model substitution model. The ML tree was obtained using heuristic searches
with 100 random addition replicates and the clade support was then assessed using a non-

parametric bootstrap procedure with 1000 replicates.

Maximum parsimony (MP) analysis was performed using Mega X (Kumar et al. 2018). We
conducted heuristic search analyses with 1000 random replicates of taxa additions using tree-
bisection and reconnection (TBR) branch swapping. The branch support was evaluated using
1000 bootstrap pseudo replicates (Felsenstein 1985). All characters were equally weighted and

unordered.

Results

The specimen of spiny-mouse of the genus Acomys was caught during the field survey in
Somaliland near the watering-place close to Shanshacade village (8.658 latitude and 45.956
longitude, Fig. 1). The habitat was dry savanna with red sand semi-desert elements (Fig. 2a).
It became the easternmost specimen belonging to ignitus clade (see below) ever reported. Thus,

this finding extends the distribution range of ignitus clade further East.
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The specimen was an adult female with HB = 99.27 mm, T = 97.40 mm, HF = 15.74 mm, E =
15.71 mm and W = 25.92 g. The dorsal pelage was spiny from shoulders to base of the tail.
The colour of dorsal pelage was greyish brown with darker spines towards the tail. Ventral
pelage was pure white and soft (Fig. 2b). Uterus duplex contained one placental scar on the left
and one embryo on the right horn of the uterus. We cannot conclude any species-specific
morphological characters due to low sample size. Nevertheless, we include detailed photos of

lower jaw and molars for further examination (Fig. 3, SI1,2).

Both Bayesian inference (BI) and Maximum Likelihood (ML) analyses of concatenated
multi-locus data provided similar phylogenetic relationships and supports (see Fig. 4 for BA
tree). The molecular characterization of the specimen from Shanshacade revealed that it is a
member of ignitus clade (BApp = 1, MLyootstrap =100) belonging to the cahirinus group of the
genus Acomys. The specimen represents a new lineage within ignitus clade that we hereafter
call Ign5. Thus, the ignitus clade is currently composed of five deep branches. It further splits
into two well-supported sister clades (BApp = 1, MLyootstrap =100). There is a distinct clade
consisting of Ign3, Ign2 and Ign3 (= A. ignitus s.str.) with unresolved inner relationships. The
second clade includes both remaining MOTU’s, Ignl and Ign4 (= A. kempi). Divergences
among MOTU’s of the ignitus clade are deep, P-distances range from 6.1 to 7.8% (Table 2).

Discussion

Spiny mice of the genus Acomys belonging to the ignitus clade of cahirinus group are rodents
distributed in Somalia-Masai Bushland biotic zone of east Africa. Nevertheless, the area of
Somalia located in the Horn of Africa is not well studied. In basic monographs devoted to the
systematics of rodents in Africa (Happold 2013; Monadjem et al. 2015), there is just scarce
information (lacking specific coordinates) about the distribution of A. ignitus and A. kempi in
Somalia. In this paper, we report the first record of ignitus in Somaliland with proper GPS
locality, morphological and molecular characterization. Our finding extends the expected

boundary of ignitus clade and is the easternmost locality ever reported.

Our results revealed that the ignitus clade occurs not only in eastern part of Ethiopia,
northernmost Tanzania and southern Kenya, but the distribution covers also Somaliland (Fig.
1). It is possible that the ignifus clade is more specious and cover the whole Horn of Africa,
which is famous for its high level of endemism (Agnelli et al. 1990; Gippoliti 2006; Varshavsky
et al. 2007; Lewin et al. 2016).
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Phylogenetic analysis revealed clear evidence for the existence of new ignitus linecage
(Ign5), which belongs close to the A. ignitus (Ign3) and MOTU Ign2. The cluster of these three
lineages (Ign2, Ign3 and Ign5) is well supported, nevertheless, the inner relationships remained
unresolved. Our analysis supported 4. kempi (Ign4) and Ignl as sister taxa representing a sister
clade to the group of Ign2, Ign3 and Ign5. Genetic distances calculated from BI phylogenetic
tree by the species delimitation algorithm is rather high, which suggest that our five MOTU’s
are potentially separate species. Nevertheless, more samples are needed for final consideration

of these lineages as distinct species.

Generalized morphology of the genus Acomys encourages to use molecular methods for
taxonomic identification (Barome et al. 1998, 2000, 2001a, 2001b; Nicolas et al. 2009;
Verheyen et al. 2011; Alhajeri et al. 2015; PetruZela et al. 2018), even though morphological
characters (Ellerman 1941; Chevret et al. 1993) and chromosomes (Matthey 1968; Setzer 1975)
are also employed. Utilization of morphological characters can distinguish across consecutive
groups of spiny mice (Petter and Roche 1981; Petter 1983; Denys et al. 1994), nevertheless,
the discrimination inside the lineages is much less reliable. First morphological characters
delimitating A. ignitus from other spiny mice are from Petter (1983), who studied teeth and
skull morphology. The teeth morphology of this species is characterized by: “the existence of
a crest between t4 and t8, by very longitudinal t1 and t4, as well as by differentiated t3 and t6.
The t8 is well separated from t9 and is more anterior.” (Denys et al. 1994). Later Janecek et al.
(1994) confirmed that this species has a long and narrow skull with rounded rather than V-
shaped fronto-parietal suture. Unfortunately, the skull of our specimen was slightly damaged
during trapping and several upper molars were missing. We can confirm rounded shaped
fronto-parietal suture (Fig. 3a). Nevertheless, the comparison of molars is problematic due to
low sample size. Moreover, the detailed molar description of separate ignifus lineages is
missing. The tail of our specimen is slightly shorter than head and body length, which is
consistent with Denys et al. 1994. More specimens of /gn5 are needed for proper morphological
characterization. Thus, we only report the body size measurements and the photos of whole

body and skull elements.

The habitat of cahirinus group is reported to be rocky dry savanna and semi-desert. Our
specimen was caught near the watering-place close to Shanshacade village. The habitat was
more desert-like with predominant red sand and shrubs (Fig. 2a). This type of habitat is
completely different from other Somaliland localities where spiny mice (Acomys louisae and

Acomys mullah, Frynta et al. in prep.) were common.
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In conclusion, we report the first record of Acomys belonging to ignitus clade from the territory
of Somaliland. This finding extends the east border of ignitus distribution considerably. We
refer this specimen as MOTU Ign5. The multi-locus phylogeny classifies this new lineage into
a group including also Ign2 and Ign3. Thus, it is more related to 4. ignitus (= Ign3) rather than
to A. kempi (= Ign4) and Ignl.
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Table 1 List of specimens included in the molecular analysis.

ID Species Lineage Country Locality Latitude Longitude Publication
ETHO0054 sp. C Ign1 Ethiopia Babile Elephant Sanctuary 9.12 42.257 Aghova et al. (2019)
ETHO0055 sp. C Ign1 Ethiopia Babile Elephant Sanctuary 9.12 42.257 Aghova et al. (2019)
ETH1020 sp. Ign2 Ign2 Ethiopia Sof Omar caves 6.906 40.849 Aghova et al. (2019)
ETH1058 sp. Ign2 Ign2 Ethiopia Imi 6.431 42.132 Aghova et al. (2019)

KE519 ignitus Ign3 Kenya Tsavo West NP -2.747 38.133 Aghova et al. (2019)

KE625 ignitus Ign3 Kenya Gede -3.309 40.018 Aghova et al. (2019)

ETHO0332 kempi Ign4 Ethiopia Turmi 4.933 36.569 Aghova et al. (2019)
Marigat, Egerton University Field

KE824 kempi Ign4 Kenya Station 0.489 35.921 Aghova et al. (2019)

170 Ign5 Somaliland Shanshacade 8.658 45.956 this study

Table 2 Genetic distances calculated from multiple alignments in Geneious. Interspecific distances from the nearest lineage in percents (%).

Nearest Inter

Lineage lineage Dist
170 Ign3 6.1

170 Ign2 6.9

170 Ign4 7.4

170 Ign1 7.8
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Figure 1. Map of Somaliland and adjoining parts of Ethiopia and Somalia forming the Horn of
Africa with the locality of Ign5 (star) extending the border of ignitus clade considerably to the

East. This specimen was caught in close proximity of Shanshacade village. Remaining symbols

represent previously published localities of spiny mice belonging to ignitus clade.
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Figure 2. Semi-desert habitat in Shanshacade (Somaliland), where the specimen Ign5 was

caught (a); general body habitus (b).
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Figure 3. Skull morphology with the detail of the dorsal (a) and ventral (b) part of the

skull; lower jaw from the lateral (c) and medial (d) view; detail of lower molars (e) and upper

M2 (f).
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Figure 4. Multi-locus phylogeny of the ignitus clade. Bayesian phylogeny of concatenated

multi-locus matrix calculated in MrBayes with posterior probabilities.
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Abstract

Phylogeographic patterns in the Horn of Africa have recently attracted researchers
searching for hidden diversity and explaining the evolutionary history of this region. In this
paper, we focus on an endemic spiny mouse Acomys louisae. We examined 88 samples from
13 localities across Somaliland and sequenced CYTB, control region and IRBP genes.
Phylogenetic analysis confirmed clear distinctness of A. louisae from the other clades of
Acomys, but it also revealed deep splits within A. louisae clade. Samples from Central and
Eastern Somaliland, including those from the type locality, form a clearly distinct Somaliland
clade while remaining ones from the very NW of Somaliland and 5 previously published
sequences from Djibouti and E Ethiopia form a Djibouti group. At two localities in the contact
zone, we detected sympatric occurrence of both. The clades exhibit sharply contrasting patterns
of variability, the Somaliland clade is characterized by a sufficient mitochondrial haplotype
diversity, but low sequence divergence. The population parameters and haplotype networks
suggest that the populations belonging to the Somaliland clade probably underwent a recent
expansion of its range and population size. It may be explained by a repopulation after the
interglacial period providing poor environmental conditions for spiny mice in E and C
Somaliland. In contrast, the Djibouti group shows extremely high nucleotide diversity besides
that of haplotype one. This suggests a long-term persistence of large and/or structured
populations. It may be attributed to a specific history of the Ethiopian Rift and Afar. The results

emphasize importance of this area for generating species diversity in the Horn of Africa.

Keywords: Spiny mice; Somalia; Genetic diversity; Population expansion
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Introduction

Spiny mice of the genus Acomys evolved several unique characters as menstrual cycles
(Bellofiore et al., 2017) and extreme ability of tissue regeneration (Seifert et al., 2012) which
recently attracted the attention of laboratory researchers (Haughton et al., 2016). Spiny mice
also exhibit sympatric speciation (Hadid et al., 2014), giving birth to precocial neonates
(Dieterlen, 1963, Dewsbury and Hodges, 1987, Dempster et al., 1992), nutritionally induced
diabetes (Shafrir, 2000, Shafrir et al., 2006), individual recognition (Porter and Wyrick, 1979,
Porter, 1988), social stress (Novakova et al., 2008, Frynta et al., 2010a), male parental
investment (Dieterlen, 1962, Makin and Porter, 1984), physiological adaptations to arid
environment (Horowitz and Borut, 1994, Weissenberg and Shkolnik, 1994, Ehrhardt et al.,
2005), shifts from nocturnal to diurnal way of life (Haim et al., 1994, Kronfeld-Schor et al.,
2001, Gutman and Dayan, 2005), specific antipredator (Carere et al., 1999) and reproductive
strategies (Novéakova et al., 2010, Frynta et al. 2011). Moreover, they are epidemiologically
important as a reservoir species for Leishmania infection (Kassahun et al. 2015). Therefore,
they belong to handful rodent taxa that have been extensively studied for decades and become
a model in multiple fields of ecology, physiology, and evolution. Nevertheless, vast majority
of the above studies were performed in A.cahirinus, A.dimidiatus and A.russatus, i.e., those
species inhabiting Egypt, Israel, Jordan, Mediterranean Islands and neighbouring areas of the
Near East and representing just terminal offshoots of the phylogenetic tree of the genus. For
proper evolutionary interpretation of the results of the above-mentioned studies, distribution of
the respective characters on species tree is urgently needed. Nevertheless, many Sub-Saharan
species of this genus have remained nearly neglected. This is especially applicable to species

inhabiting the area of the Horn of Africa.

Recently, Aghova et al. (2019) published a comprehensive multilocus phylogenetic tree
of the genus Acomys. A representative sampling of taxa and zoogeographic regions enabled
them to uncover 26 molecular operational taxonomic units (MOTUs), putatively corresponding
to distinct species. Aghova et al. (2019) supported phylogenetic hypotheses revealed by
previous molecular studies (Barome et al., 1998, 2000, Frynta et al., 2010b, Alhajeri et al.,
2015, Steppan and Schenk, 2017; PetruZela et al. 2018). There are five major phylogenetic
groups referred to as cahirinus, wilsoni, russatus, subspinosus and spinosissimus (Aghova et
al., 2019). The cahirinus superclade, which originally diversified in E Africa is the most
speciose and, moreover, contains principal model species as A.cahirinus, A.dimidiatus and

A.ignitus. It further splits into three major clades, cahirinus-dimidiatus, ignitus and Djibuti,
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consisting of 11, 4 and 1 MOTU s, respectively (Aghova et al., 2019). We can reasonably expect
that this list of potential species is still incomplete due to limited sampling in some areas. The
principal role of E Africa in generating genetic and species diversity was repeatedly
demonstrated in other taxa including ungulates (Lorenzen et al., 2012), baboons (Zinner et al.,
2011), ostriches (Miller et al., 2011), warthogs (D'Huart and Grubb 2001, Randi et al., 2002)
and rodents (Bryja et al., 2014, 2017, 2019, Mazoch et al., 2018, Krasova et al., 2019). A
thorough phylogenetic study of the genus Gerbilliscus, rodents with partially similar
requirements as those of spiny mice, revealed extensive speciation in the region of Somali-
Masai savanna (Aghova et al., 2017). Importance of this region, in particular the territory of
Somaliland, as a biodiversity hotspot was currently demonstrated in other animal taxa like
lizards (gmid et al.,, 2013, Wagner et al., 2013a,b), snakes (Mazuch et al., 2018) and
invertebrates (Kovatik et al., 2013, 2016a,b, 2017, 2018, 2019, Kral et al., 2019).

Timing of the first splits of the cahirinus superclade estimated to 5.47 and 4.74 mye (for
cahirinus-dimidiatus from ignitus-Djibuti and ignitus from Djibuti, respectively; see Aghové et
al., 2018, 2019) clearly corresponds to a climate aridification period following Messinian
salinity crisis at the end of the Miocene. This resulted in a reduction of originally forested areas
in W and E Africa (Duggen et al., 2003, Schuster et al., 2006, Jacobs et al., 2010) and its
replacement by savannas and deserts (Bonnefille, 2010) including emerging Sahara desert (7 -
2.5 Mye; Schuster et al., 2006, Swezey, 2009). This was accompanied by slight warming of the
climate during the first half of the Pliocene (Poore & Sloan, 1996, Maslin et al., 1998). Thus
the preferred habitats of spiny mice (Aghova et al., 2019 and references herein) expanded at
this time. Simultaneously, Himalaya uplift resulted in regular monsoons providing seasonal
rains in E Africa (Partridge et al., 1995). This supported persistence of forested areas
representing dispersal barriers for savanna species in NE Africa (e.g., in Kenya until 3.7 Mye;
Hill et al., 2002, Sepulcher et al., 2006). In the following period, tectonic processes associated
with formation of the Rift Valley (in Kenya from ca 3.2 mye, Veldkamp et al., 2007) became a
key factor determining the climate, vegetation and barriers for dispersal and gene flow. In the

Pleistocene, these were furthermore affected by glacial cycles (Cowling et al., 2008).

In this paper, we focus on 4. louisae Thomas, 1896. This species was originally
described from former British Somalia, Henweina Plain, 65 km S of Berbera (at present this
area belongs to Somaliland Republic). According to its unique dental characters, Petter and
Roché, (1981) placed this species into a separate subgenus Peracomys (see also Petter, 1983,

Denys et al., 1994). Its karyotype (2n = 68, NF = 68) was described by Sokolov et al. (1993).
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Nevertheless, molecular data were limited, to just five specimens from Djibouti and Ethiopia
that were examined by Aghova et al. (2019) and unpublished record from Dire Dawa mentioned
therein. These samples form a clearly distinct Djibouti clade within the cahirinus superclade. It

is deeply separated from the nearest ignitus clade by 9.6% sequence divergence (Aghova et al.,

2019).

The aim of this paper was a molecular characterization and searching for a hidden
phylogeographic diversity within 4. louisae sensu lato. For these purposes we (1) collected
samples across the territory of Somaliland including vicinity of the type locality of A. louisae;
(2) performed a phylogenetic analysis of concatenated fragments of CYTB, D-loop and IRBP
genes; (3) analyzed phylogenetic relationships among haplotypes of mitochondrial cytochrome
b (CYTB) gene; (4) analysed a genetic variability and constructed a haplotype network; (5)
inferred a demographic history of studied populations; (6) interpreted the results in the context

of climatic history of the Horn of Africa during the Pleistocene.

Material and methods
Sampling
We analyzed 88 new samples of spiny mice from 13 localities across the territory of

Somaliland (see Table 1, Fig. 1).

DNA Extractions and Sequencing

We sequenced up to two mitochondrial genes and one nuclear exon, combined the new
sequences with our previously published data (Aghova et al., 2019), and supplemented them
with sequences from GenBank. The three genes included 864 base pairs (bp) of cytochrome b
(CYTB), 949 bp of the control region (D-loop) and 823 bp of exon 1 of the Interphotoreceptor
Retinoid Binding Protein (IRBP) gene. These genes were chosen on the basis of their
phylogenetic information content in previous studies with the same taxonomic scope,
appropriate rates of evolution in muroids, and availability of sequences. Nuclear exon IRBP
and D-loop were sequenced only in the representative subset (see Table 1). Genomic DNA was
extracted from 96% ethanol-preserved tissue samples by a DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany). Individual markers were amplified by the polymerase chain reaction (PCR)
using the same combination of primers like in previous study (Aghova et al., 2019) for chosen

genes as well as subsequent steps to obtain clear sequences.
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Phylogenetic analysis

The final dataset for phylogenetic analyses consisted of 134 unique sequences of CYTB,
44 sequences of D-loop and IRBP (for additional Acomys sequences and outgroups included
into the final alignments see Appendix 1 and 2). As outgroups, we used three taxa from

subfamily Deomyinae like Aghova et al. (2019).

Phylogenetic reconstructions were conducted using Bayesian analysis (BA), maximum
likelihood (ML) and maximum parsimony (MP) for separate gene trees (CYTB, D-loop, IRBP
and CYTB). Bayesian analysis (BA) of multiple alignment (CYTB, D-loop, IRBP) was
performed using MrBayes v3.2.6 (Huelsenbeck and Ronquist, 2001, Ronquist et al., 2012) with
seven partitions (three partitions for each of the protein-coding genes and one partition for the
D-loop see Aghova et al., 2019). Two independent runs of BA were conducted with a random
starting tree and run for 40,000,000 generations, with trees sampled every 1,000 generations
and with 25% burn-in. BA of the CYTB data were performed under the GTR+I+G for posl,
HKY+I+G for pos2, GTR+I+G for pos3 for 50,000,000 generations, with 25% burn-in.

Maximum likelihood analyses were performed using RAXML v8.2.8. (Stamatakis,
2014). For ML analysis was used the heuristic search with 100 random replicates of taxa
additions. Support for the ML tree topology was assessed by bootstrap analysis with 1,000

replicates.

Maximum parsimony analyses were performed using Mega7 (Kumar et al., 2016). 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.

These methods produced phylogenetic trees with very similar topologies and thus we
present only BA trees. Besides BA posterior probabilities, we provide bootstrap supports for

principal nodes as revealed by ML and MP.

Relationships between haplotypes of A. louisae sensu lato were also represented by
using the TCS statistical parsimony network approach (Clement et al., 2000) in the program
Population Analysis with Reticulate Trees (PopART; Leigh and Bryant, 2015).

To test the hypothesis that the observed pattern of geographic variation can be explained by
isolation by distance, we employed Mantel tests (Mantel, 1967). We compared the matrix of
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geographic distances (based on decimal degree coordinates) with standard genetic distances
using Mantel matrix correlations implemented in GENALEX (Peakall and Smouse, 2012).

Significance was evaluated based on 9,999 permutations.

Demographic inferences

Polymorphism for populations was worked out by the statistic software DnaSP v5 5.10.01
(Librado and Rozas, 2009) which estimated the following: haplotype diversity (%), segregating
site (S), nucleotide diversity (n) 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 4 and & indicate a constant large size of a
population. However, a low value of © and high value of h signify a recent expansion. To
estimate population dynamics through time, 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 0.05 per million years. We have summarized the results and

displayed them as Bayesian skyline plots in Tracer v1.7.1.

Results

Phylogenetic analyses

Analyses of multiple alignment (CYTB, D-loop and IRBP genes; for BA tree see Fig. 2)
support a clear genetic distinctness of samples belonging to A. louisae sensu lato. These form a
deep clade within the cahirinus superclade of Acomys species (BAposterior probavility = 1.0,
MLiootstrap = 100, MPpootstrap = 100). We further referred to this clade as Djibouti-Somaliland. It
further splits into two sister clades that we further referred to as Somaliland and Djibouti

(BAposterior probability = 1.0, MLbootstrap =100, MPbootstrap =100 for bOth)-

Phylogenetic analyses of mitochondrial CYTB alignment (for BA tree see Fig. 3) revealed
that all examined haplotypes of A. louisae sensu lato belong to a deep and clearly distinct
Djibouti-Somaliland clade (BAposterior probability = 1.0, MLbootstrap = 98, MPbootstrap = 97). Within
this clade, there was a well-supported Somaliland clade (BA posterior probability = 1.0, MLbootstrap =
100, MPuootstrap = 99) containing 58 previously unknown haplotypes from the Central and
Eastern Somaliland. The remaining 21 haplotypes of the Djibouti-Somaliland clade form a
“Djibouti” group. It includes 16 new haplotypes from the very NW of Somaliland and 5 already
published sequences from Djibouti and Ethiopia (Dero Park; Aghova et al., 2019). In this
separate analysis of CYTB alignment, the Djibouti group is paraphyletic with respect to the
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Somaliland clade. This contrasts to the above analyses of multiple alignment supporting its

monophyly.

Although, BA of CYTB alignment supported a sister relationship between the cahirinus-
dimidiatus and ignitus clades (BAposterior probability = 1.0), neither of the other above-mentioned
phylogenetic analyses resolved relationships among the Djibouti-Somaliland, cahirinus-

dimidiatus and ignitus clades.

Genetic diversity and its phylogeographic structure

Median-joining haplotype network based on cytochrome b data showed a clearly distinct
Somaliland haplogroup (Fig. 4). It includes 71 sequences (58 haplotypes) coming from ten
localities of the Central and Eastern Somaliland. Its sequence divergence was low but still
followed a geographic pattern. A test for isolation by distance was significant (r = 0.216, R? =

0.0466, P << 0.0001).

The rest of the network we call Djibouti group. It contains 22 sequences (21 haplotypes)
from eight localities from NW Somaliland (Quljeet, Dacar Budhugq, Jidha, Ruqi and Cavi Haid),

Djibouti and Ethiopia (Fig. 4). It is characterized by an extraordinarily high sequence
divergence with a chain structure resulting in an unclear delimitation of partial haplogroups. At
the locality Quljeet, we detected the simultaneous occurrence of extremely distant haplotypes
of the Djibouti group (Fig. 4). In spite of this, there was a significant congruence of geographic
and genetic distances (r = 0.165, R?> = 0.0272, P < 0.0001) supporting isolation by distance

within Djibouti group.

At two localities situated in a contact zone, i.e., Ruqi and Cavi Haid, we detected co-

occurrence of haplotypes belonging to Somaliland and Djibouti groups.

Demographic history

Population parameters clearly demonstrated a sharp difference between a demographic
history of the Djibouti and Somaliland haplogroups (Table 2). Haplotype diversity was high in
both examined haplogroups (h = 0.996 and 0.949, respectively), while nucleotide diversity was
seven times higher in the former (r = 0.0622) than in the latter one (r = 0.00879). Fu's Fs was
high and significant, especially in the case of Somaliland haplogroup (Fs =-16.61, P <0.001).
Taken together with non-significant D and F it supports a population expansion of this

population.
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The Bayesian skyline plot (BSP) analyses of sequence variability (CYTB) showed that
within both examined haplogroups, population size was fairly stable during the time covered
by the plot. Nevertheless, an effective population size of Djibouti group was higher and
consequently the coalescent time was many times longer than in the case of the Somaliland

clade (Figs 5 and 6).

Discussion

In a recent extensive phylogenetic analysis of the genus Acomys performed by Aghova et
al. (2019), A. louisae sensu lato was represented by only a handful of samples from Djibouti
and Ethiopia. Moreover, these samples contained mutually closely similar haplotypes
belonging to a single terminal offshoot of the Djibouti group (Fig. 4). Our extensive sampling
across the territory of the Somaliland Republic uncovered a surprisingly high sequence
divergence within this taxon. In spite of this, our phylogenetic analyses revealed that all these
mice form a clearly distinct Djibouti-Somaliland clade. They also clearly confirmed that this
clade belongs to cahirinus group of the genus Acomys, but as with previous analysis (Aghova
et al., 2019), failed to resolve phylogenetic relationships within this group, i.e., among the
Djibouti-Somaliland, cahirinus-dimidiatus and ignitus clades. These clades were separated at
the Miocene/Pliocene boundary (Aghova et al., 2018, 2019). Thus, the Pliocene is the period
of further splits within the Djibouti-Somaliland clade.

Pliocene climate was more humid and slightly cooler than nowadays (WoldeGabriel,
2009). Findings of fossil hominids like Ardipithecus and Australopithecus (3.5 — 2.2 mye),
enhanced paleoecological research in ERV and Afar area, in particular in Hadar (Campisano
and Feibel, 2007, King and Bailey, 2006). The analyses of vegetation types suggest that this
area was covered by fairly heterogeneous habitats (mainly consisting of steppe, tropical
xerophytic woods/scrub and temperate xerophytic woods/scrub) providing opportunities for a
wide range of animal species (Bonnefille et al., 2004). Taken together, these findings made the

hypothesis that ancestors of 4. louisae evolved somewhere in this part of ERV plausible.

We confirmed that 4. louisae sensu lato is a dominant species of the genus Acomys in the
territory of Somaliland. We found this species at almost all examined localities providing
suitable rocks and stones. This makes 4. louisae sensu lato a proper model for evaluation of
phylogeographic, climatic and evolutionary scenarios in a neglected biodiversity hotspot in the

Horn of Africa.
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We report here that the geographic range of 4. louisae sensu lato splits into two parts
following highly contrasting patterns of a genetic variation. Haplotypes from the Central and
Eastern part of Somaliland forming Somaliland clade were poorly diversified but exhibited a
tendency to form localized clusters on the haplotype network (Fig. 4). In contrast, the remaining
haplotypes exhibited an extremely high sequence diversity which considerably exceeds those
previously reported in the other MOTUs of spiny mice (Aghova et al., 2019). These haplotypes
here referred to as Djibouti group come exclusively from the very NW of Somaliland and
adjacent parts of the Ethiopian Rift Valley (ERV) in Djibouti and Ethiopia. Although isolation
by distance was significant, the sequence diversity cannot be fully explained by the current
geographic structure and barriers. Long-term persistence of highly diversified haplotypes of the
Djibouti group can be explained by extremely large population numbers and/or complex
speciation/metapopulation dynamics during the Pleistocene. In contrast, the estimated
population size was one order lower in the case of the Somaliland group. Moreover, our
sequence data for the Somaliland group support a recent population expansion prior the

resolution of the Bayesian skyline plots.

The geographic ranges of the Somaliland and Djibouti groups are parapatric with no clear
ecological boundary. This suggests that these seemingly similar landscapes underwent sharply
different evolutionary past. MaxEnt modelling of the bioclimatic niches performed by Aghova
et al. (2019) provides a possible explanation for this observed phylogeographic pattern. The
models for both present and last glacial maximum predict an occurrence of Acomys in C and E
Somaliland. Nevertheless, a model for the last interglacial (120-140 mye) predicts a low
probability of suitable conditions in areas corresponding to a current range of the Somaliland
haplotype group. This is consistent with a scenario suggesting a partial or complete extinction
of spiny mice in C and E Somaliland during the last interglacial and a subsequent recolonization
from a local refugium or the ERV area. Rapid population expansion of the Somaliland clade
inferred from genetic variation may be explained as an inevitable consequence of such a
colonization/recolonization event. The above-mentioned models also supported the view that
the ERV provided large areas of suitable habitats throughout the glacial cycles of the
Pleistocene (Aghova et al., 2019). It is consistent with our estimates of effective population size
and its dynamics inferred from sequence data of the Djibouti group. These results suggest
maintenance of extremely large population numbers for at least the second half of the

Pleistocene period.
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Our findings in NE Somaliland suggest that the geographic range of the Djibouti group
corresponds well to Afar Depression. This extension of the ERV separated from the Red Sea
by Ali-Sabieh and Danakil Blocks, had a fairly complex geological history (Keir et al., 2013).
The Danakil block was originally a part of the landbridge between the Nubian plate and Arabian
Peninsula which shifted and rotated to its present-day position (Redfield et al., 2003, Beyene
and Abdelsalam, 2005). Afar Depression is well-bounded by marginal escarpments and
seashore (Beyene and Abdelsalam, 2005). These provided barriers promote speciation
processes (Redfield et al., 2003). The shape of Afar Depression is triangular, covering an area
of 200,000 km?. Nowadays, Afar Depression is covered mostly by Pliocene—Pleistocene
volcanic rocks (Redfield et al., 2003) providing suitable shelters for spiny mice. Thus, the
territory is probably large enough to support large populations. This is consistent with our

estimates of effective population sizes.

Taxonomic implications

A.louisae was originally described from Henweina Plain, 65 km S of Berbera (Thomas
1896). Our locality Sheikh is ruins of a summer palace of the British Governor of Somalia. It
is placed 50 km S of Berbera (strait distance), i.e., it should be close to the type locality. Both
specimens captured there belong to the Somaliland clade. As this clade exhibits little divergence
and its monophyly was supported by all phylogenetic analyses, it is reasonable to conclude that
the Somaliland clade corresponds to A.louisae sensu stricto. The taxonomic status of the
Djibouti clade is less obvious. On the one hand, its great genetic divergence from the
Somaliland clade and almost parapatric range of these clades suggest that Djibuti group may
represent at least one distinct unnamed species. On the other hand, a major contribution of
mitochondrial genes to our results, a sympatric occurrence of the Somaliland and Djibuti clades
at two localities in the contact zone, an extremely high genetic variability and a weaker support
for monophyly of the Djibouti clade (it may be paraphyletic in regard to Somaliland clade)
support the view that it would be premature to split A.louisae. Until a taxonomic decision can
be issued, we have to await additional information regarding, e.g., morphology, karyotypes and

ability to hybridize.
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Table 1. List of specimens sampled in this study with localities, geographic coordinates and altitudes. Genes are scored as yes if sequenced.

ID Genus Species Locality Latitude Longitude Altitude Collector CYTB D-LOOP IRBP
3 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
4 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
5 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes yes yes
6 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
7 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
9 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes yes yes
10 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
11 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
12 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
13 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
14 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
15 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
16 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
17 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
18 Acomys louisae  Somaliland: Las Geel 9.781 44.443 1075 Frynta D., Frydlova P. yes
31 Acomys louisae  Somaliland: Sheikh 9.944 45.183 1427 Frynta D., Frydlova P. yes yes yes
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louisae  Somaliland:
Dji Somaliland:
Dji Somaliland:

louisae  Somaliland:
Dji Somaliland:

louisae  Somaliland:

Jidha
Jidha
Jidha
Quljeet
Quljeet
Quljeet
Quljeet
Quljeet
Quljeet
Quljeet
Ruqi
Ruqi
Ruqi
Ruqi
Ruqi
Ruqi
Cavi Haid

Cavi Haid

10.621

10.621

10.621

10.089

10.089

10.089

10.089

10.089

10.089

10.089

9.967

9.967

9.967

9.967

9.967

9.967

10.047

10.047

43.069

43.069

43.069

43.012

43.012

43.012

43.012

43.012

43.012

43.012

43.427

43.427

43.427

43.427

43.427

43.427

43.786

43.786
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462

462

462

1575

1575

1575

1575

1575

1575

1575

1130

1130

1130

1130

1130

1130

1056

1056

Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.

Frynta D.

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes



245

246

247

248

249

601474

601476

602643

LAV2211

LAV2229

Acomys
Acomys
Acomys
Acomys
Acomys
Acomys
Acomys
Acomys
Acomys

Acomys

louisae
louisae
louisae
louisae
louisae
Dji
Dji
Dji
Dji

Dji

Somaliland: Agabar
Somaliland: Agabar
Somaliland: Agabar
Somaliland: Agabar
Somaliland: Agabar
Djibuti: SW Balbala
Djibuti: SW Balbala
Djibuti: Camp Lemonnier
Ethiopia: Dera Park

Ethiopia: Dera Park

9.885

9.885

9.885

9.885

9.885

11.519

11.519

11.541

8.339

8.339

43.961

43.961

43.961

43.961

43.961

43.098

43.098

43.181

39.328

39.328
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982

982

982

982

982

Frynta D.
Frynta D.
Frynta D.
Frynta D.
Frynta D.
Peurach S. C.
Peurach S. C.

McDonough M.

Lavrenchenko L.

Lavrenchenko L.

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes



Table 2. Genetic diversity indices and demographic expansion in Djibouti, Somaliland and pooled groups of Acomys louisae sensu lato. The

number of sequences (Ns), segregating sites (S), haplotype diversity (%), nucleotide diversity (),Fu & Li’s F*, Fu & Li’s D* and Fu’s FS, Tajima’s

D tests and expansion coefficients (Exp) are provided.

Group Ns S h s Fu & Li's F* P Fu & Li's D* P FusFs P Tajima's D P Exp

Djibouti 2297 099  0.0622 0.24144 >0.10 0.03669 >0.10 -3.82 0.019 0.58423 >0.10 2.998825
Somaliland 70 40 0.949 0.00879 -2.30098 > 0.05 -2.18121  >0.05 -16.61  <0.001 -1.5061 >0.10 8.731718
Djibouti-Somaliland 92 118 097 0.03749 -1.0937 >0.10 -1.04327  >0.10 -10.124 <0.000 -0.7299  >0.10 6.053766
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Figure 1. A map of Somaliland and adjacent parts of the Horn of Africa with localities where
samples of 4. louisae were collected. Open circles denote presence of haplotypes belonging to

the Djibouti group while opened triangles those belonging to the Somaliland haplogroup.
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Figure 2. Bayesian tree computed from multiple alignment (CYTB, D-loop and IRBP genes).

Statistical support of the nodes is expressed as a posterior probability.
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Figure 3. Bayesian tree computed from CYTB alignment. Statistical support of the nodes is

expressed as a posterior probability.
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Figure 4. Median-joining haplotype network based on cytochrome b data in Acomys louisae
sensu lato. The size of the circle is proportional to the frequency of haplotypes and the colours

correspond to localities. The mutational steps are indicated on the branches.
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Figure 5. The Bayesian skyline plot (BSP) of sequence variability in CYTB for the Somaliland
haplogroup.
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Figure 6. The Bayesian skyline plot (BSP) of sequence variability in CYTB for the Djibouti

haplogroup.
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Appendix 1. Additional Acomys sequences and outgroups included in the multiple alignments (CYTB, D-loop, IRBP).

ID Genus Species  Lineage Group Country Locality Latitude Longitude Publication
KE734 Acomys cineraceus  Cahl cahirinus Kenya  Kosipirr 2.895 34.990 Aghova et al. 2019
K4_210 Acomys cineraceus  Cahl cahirinus Kenya  North Horr 3.317 37.050 Aghova et al. 2019
SIN1 Acomys dimidiatus  Cah5 cahirinus Egypt Wadi Gharandal, Sinai 29.262 32.938 Frynta et al. (2010)
IRA2 Acomys dimidiatus  Cah5 cahirinus Iran Zagros 28.917 52.517 Frynta et al. (2010)
ABC-006 Acomys johannis Cah4 cahirinus Chad Zakouma National Park 10.838 19.656 Nicolas et al. (2009)
CAIR Acomys cahirinus Cah9 cahirinus Egypt Cairo 30.067 31.233 Frynta et al. (2010)
CHAD Acomys cahirinus Cah9 cahirinus Chad NE Chad, Tibesti Plateau, near Bardei-Zouar ~ 20.935 16.845 Frynta et al. (2010)
E12-S37 Acomys sp.Cah10 Cahl10 cahirinus Ethiopia Geza Adura 14.194 37.463 Aghova et al. 2019
VV1998-

087 Acomys chudeaui Cahl1l cahirinus Niger Mont Baguezan 17.670 8.798 Aghova et al. 2019
ETHO548  Acomys sp.B Cah7 cahirinus Ethiopia Mai-Temen 14.102 37.457 Aghova et al. 2019
ETHO610  Acomys sp.B Cah7 cahirinus Ethiopia Alatish NP 12.267 35.726 Aghova et al. 2019
ET168 Acomys mullah Cah6 cahirinus Ethiopia Tuti, 15 km W of Metahara 8.883 39.800 Aghova et al. 2019
ETHOO033 Acomys mullah Cah6 cahirinus Ethiopia Awash NP 8.877 40.076 Aghova et al. 2019
ABC-008 Acomys russatus Rus russatus Israel NA NA Nicolas et al. (2009)
RUS2 Acomys russatus Rus russatus Jordan  Wadi Ramm 29.600 35.400 Frynta et al. (2010)
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ETHO323

KE697

KEO30

KEO42

ETH1057

KE628

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

percivali

percivali

aff. percivali

aff. percivali

wilsoni

wilsoni

Wil1

Wil1

Wil3

Wil3

Wil4

Wil4

wilsoni

wilsoni

wilsoni

wilsoni

wilsoni

wilsoni

Ethiopia Turmi

Kenya  Nassalot National Reserve

Kenya Namanga

Kenya Namanga

Ethiopia Gode

Kenya  Shimoni
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4.933

1.831

-2.530

-2.530

5.919

-4.642

36.569

35.402

36.785

36.785

43.554

39.380

Aghova et al.

Aghova et al.

Aghova et al.

Aghova et al.

Aghova et al.

Aghova et al.

2019

2019

2019

2019

2019

2019



Appendix 2. Additional Acomys sequences and outgroups included in the final alignments of CYTB.

Lineag Longitu

ID Genus Species e Country Locality Latitude de Publication

KE734 Acomys cineraceus Cahl Kenya Kosipirr 2.895 34,990 Aghovaetal. 2019
K4 210 Acomys cineraceus Cahl Kenya North Horr 3.317 37.050 Aghova et al. 2019
KE738 Acomys cineraceus Cahl Kenya Kosipirr 2.895 34,990 Aghovaetal. 2019
AJ012022 Acomys sp. 2 Cah2  Burkina Faso Oursi-BelDiaka 14.600 -0.483 Barome et al. (1998)
JX292880.1 Acomys sp. 2 Cah2 Mali Doucombo 14.355 -3.565 Schwan et al. (2012)
AJ010566 Acomys sp. 1 Cah3  Burkina Faso Toukabayal 14.183 -0.250 Barome et al. (2000)

United Arab

EMIR Acomys dimidiatus Cah5 Emirates Jabal Hafit 24.067 55.783  Frynta et al. (2010)
JOR1 Acomys dimidiatus Cah5 Jordan Wadi Ramm 29.600 35.400 Frynta et al. (2010)
YEM2 Acomys dimidiatus Cah5 Yemen Hawf 16.650 53.050 Aghovaetal. 2019
SIN1 Acomys dimidiatus Cah5 Egypt Wadi Gharandal, Sinai 29.262 32.938 Frynta et al. (2010)
IRA2 Acomys dimidiatus Cah5 Iran Zagros 28.917 52.517  Frynta et al. (2010)
AJ010565 Acomys johannis Cah4 Cameroon Mokolo 10.817 13.900 Barome et al. (2000)
ABC-006 Acomys johannis Cah4 Chad Zakouma National Park 10.838 19.656  Nicolas et al. (2009)

121



CAIR

CHAD

CIL

LIB

NES1

MIN

E12-549

E12-S58

E12-S37

ABC-012

VV1998-087

ETHO548

ETHO610

ET168

ET169

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys
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Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

cahirinus

cahirinus
cahirinus
cahirinus
cahirinus
cahirinus
sp. Cah10
sp. Cah10
sp. Cah10
chudeaui
chudeaui
sp. B
sp. B
mullah

mullah

Cah9

Cah9

Cah9

Cah9

Cah9

Cah9

Cah10

Cah10

Cah10

Cahl1

Cahl1

Cah7

Cah7

Cah6

Cah6

Egypt

Chad
Turkey
Libya
Cyprus
Crete
Ethiopia
Ethiopia
Ethiopia
Niger
Niger
Ethiopia
Ethiopia
Ethiopia

Ethiopia

Cairo

NE Chad, Tibesti Plateau,
near Bardei-Zouar

Silifke
Mts. Akakus

Agirdag

Mentaptap

Geza Adura

Geza Adura

Agadez, Indoudou

Mont Baguezan
Mai-Temen

Alatish NP

Tuti, 15 km W of Metahara

Tuti, 15 km W of Metahara

122

30.067

20.935

36.433

25.889

35.300

14.260

14.194

14.194

17.150

17.670

14.102

12.267

8.883

8.883

31.233

16.845

34.100

12.192

33.250

37.442

37.463

37.463

9.150

8.798

37.457

35.726

39.800

39.800

Frynta et al. (2010)

Frynta et al. (2010)
Frynta et al. (2010)
Frynta et al. (2010)
Frynta et al. (2010)
Frynta et al. (2010)
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Nicolas et al. (2009)
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019

Aghova et al. 2019
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Acomys
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Acomys

sp.

sp.

sp.

sp.

sp.

sp.

sp.

sp.

sp.

Ign2

Ign2

Ign2

ignitus

ignitus

ignitus

Cah6

Cah8

Cah8

Cah8

Cah8

Ignl

Ignl

Ignl

Ign2

Ign2

Ign2

Ign3

Ign3

Ign3

Ethiopia
Ethiopia
Ethiopia
Ethiopia

Ethiopia

Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia
Kenya

Kenya

Kenya

Awash NP

Alatish NP

Alatish NP, Amjale
Alatish NP, Megenagne

Alatish NP, Megenagne

Babile Elephant Sanctuary
Babile Elephant Sanctuary
Babile Elephant Sanctuary
Sof Omar caves

Sof Omar caves

Imi

Namanga

Tsavo West NP

Gede
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8.877

12.267

12.109

12.109

12.109

9.120

9.120

9.114

6.906

6.906

6.464

-2.509

-2.747

-3.309

40.076

35.726

34.993

34.993

34.993

42.257

42.257

42.260

40.849

40.849

42.129

36.842

38.133

40.018

Aghova et al.
Aghova et al.
Aghova et al.
Aghova et al.

Aghova et al.

Aghovd et al.
Aghovd et al.
Aghova et al.
Aghova et al.
Aghova et al.
Aghova et al.
Aghova et al.
Aghova et al.

Aghova et al.

2019

2019

2019

2019

2019

2019

2019

2019

2019

2019

2019
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ET104

K4_139

K4_255

KE824

M8x0220

TA447

TZ30606

M8x0035

MOZ326

TZ27680

MO0z017

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

Acomys

kempi
kempi

kempi
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muzei
muzei

muzei

ngurui
ngurui
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Muz

Muz
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Ngu

Ngu

Ngu
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Ethiopia

Kenya

Kenya

Kenya

Malawi

Tanzania

Tanzania

Malawi

Mozambique

Tanzania

Mozambique

Abaroba, 7 km SE of Konso
Forole

South Horr

Marigat, Egerton University
Field Station

Ntchisi

Chala (Ufipa Plateau)

Ikokoto

Mulanje Mts FR

Gurue

Amboni caves

Chimanimani
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5.283

3.700

2.083

0.489

-13.381

-7.589

-7.651

-15.849

-15.737

-5.071

-19.699

37.466

37.967

36.900

35.921

34.003

31.277

36.135

35.705

37.206

39.050

33.022

Aghova et al. 2019
Aghova et al. 2019

Aghova et al. 2019

Aghova et al. 2019

Petruzela et al. (in press)
Petruzela et al. (in press)

Petruzela et al. (in press)

Petruzela et al. (in press)

Petruzela et al. (in press)

Petruzela et al. (in press)

Petruzela et al. (in press)



ABC-009
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RUS2

ETHO323
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ET106

AJ010561

AJ012015

TZ27881
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Acomys
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Rus

Wil1
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Wil1
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wilz

Wil3

Wil3

Wil3

South Africa

Jordan

Jordan

Ethiopia
Kenya
Ethiopia
Ethiopia
Kenya

Kenya

Tanzania
Kenya

Kenya

Cape Peninsula National
Park
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Wadi Ramm

Turmi

Nassalot National Reserve
Weyt'o

Gato, 22 km N of Konso
Machakos district
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Ikona WMA
Namanga

Namanga
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-34.350
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29.600
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1.831

5.131

5.533

-2.317
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-2.112

-2.530

-2.530

18.485
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35.400
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37.021

37.417

38.117

36.300

34.638
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Nicolas et al. (2009)

Frynta et al. (2010)

Frynta et al. (2010)

Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Barome et al. (2000)

Barome et al. (2000)

Aghova et al. 2019
Aghova et al. 2019
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ruddi
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S
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Kenya
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5.919

-4.642

4.802

0.231

-3.327

-5.460

NA

NA

NA

43.554

39.380

36.054

38.165

37.639

37.784

NA

NA

NA

Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019
Aghova et al. 2019

Aghova et al. 2019

Rowe et al. (2008)

Barome et al. (1998)
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Ptedlozena disertacni prace pifinasi nové poznatky o distribuci a fylogenezi vzajemnych
vztahii bodlinatych mysi rodu Acomys. Bodlinaté mysi rodu Acomys jsou rozsifeny hlavné
na suchych otevienych stanovistich v Africe a na Stfednim vychod¢€. V posledni dob¢
jsou Siroce vyuzivany jako modelova zvifata pro riizné biologické vyzkumy. Je tedy
dilezité znat vzajemné fylogenetické vztahy jednotlivych druht.

Z dosazenych vysledka vyplyva, ze bodlinaté mysi rodu Acomys maji své koteny
v ramci Afriky, ale 1 na blizky vychod a stfedomoti. K t€émto Sificim se udédlostem mohlo
dojit za soucasného vzniku vhodnych klimatickych a vegetacnich podminek a nékdy i za
vzniku pevninského mostu, nebo rozvojem nadmoini dopravy a tim k Sifeni spole¢né
s lidmi. Pravdépodobné doslo celkem ke tfem nezavislym koloniza¢nim udélostem mimo
Afriku. NejstarSim kolonizatorem mimo Afriku byl 4. russatus, v soucastnosti se
vyskytujici na Sinajském poloostrové a na Stfednim vychod¢. Mnohem pozdéji
kolonizoval Arabsky poloostrov 4. dimidiatus pravdépodobné pies uzinu Bab al-Mandab,
lezici mezi Afrikou a Jemenem. Posledni vlna kolonizitord byla pravdépodobné
z Egypta, kdy komenzalni populace A. cahirinus zamifila na sttedomotiské ostrovy a

pobiezi Turecka. Velmi slozité a proménlivé prostiedi, jez bylo ve vychodni Africe,

Mrwe

Slozitost tohoto tUzemi se odrazi i na sekven¢ni variabilité ,,Dzibutské®
podskupiny druhu A.louisae sensu lato. v severozapadnim Somalilandu a pftilehlych
oblastech Dzibuti a Etiopie. Ta kontrastuje s piekvapivou uniformitou tohoto druhu na
uzemi sttedniho a vychodniho Somalilandu.

Z celkového, dnes dostupného souboru molekularnich znakli byla stanovena
existence celkem péti hlavnich linii bodlinatych mysi rodu Acomys: cahirinus, wilsoni,
russatus, spinosissimus, subspinosus, z nichz jsme rozlisili 27-28 vylu¢nych genetickych

linii pravdépodobné odpovidajicim jednotlivym druhiim rodu Acomys.
Bodlinaté mysi rodu Acomys ve vét§iné piipadi sdili velmi podobnou morfologii

a jejich rozpoznani pfimo v terénu je podle dostupnych kli¢i téméf nemozné. Jejich

spravné druhové ur€eni se zatim neobejde bez predchozi molekularni analyzy.
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Slozitost geologické historie nékterych africkych uzemi velmi znesnadiluje
pochopeni historie aredlti jednotlivych druhti / linii mysi. Obzvlasté slozita je situace
v oblasti Vychodoafrické ptikopové propadliny a ji ptilehlych uzemi, jako je Africky roh

Somalska nebo spojeni Arabského poloostrova s Afrikou pies blok Danakilu.

Béhem svého studia jsem participovala na vyzkumu sekundérniho poméru vrhu pohlavi
a velikosti vrhu u bodlinatych mysi rodu Acomys. Zaroven jsem také délala podobné
molekularni prace na dalSich zvitatech: Anolis, Cuora, Mauremys, Orlitia, coz dokresluje

muj odborny profil viz publikace v ptiloze 1.
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9 Priloha ¢. 1: Publikace dokreslujici odborny profil

Nasledujici publikace nejsou soucasti této disertacni prace zpravidla proto, ze tematicky
nezapadaji do vymezeni disertacniho projektu. Jsou zde pftilozeny vyhradné pro

dokresleni odborného profilu uchazecky.

Préce jsou sefazeny chronologicky od nejmladsi po nejstarsi. Posledni dvé publikace se
tykaji bodlinatych mysi rodu Acomys, kde jsem pomdhala sbirat data pro statistiku
v ramci vyzkumu pomeéru pohlavi a velikosti vrhu. Zbylé Ctyti prace jsou z vétsi ¢i mensi
¢asti molekularniho charakteru a praveé tuto ¢ast jsem zajistila v celé tisi spolecné s jinou
toho casu studentkou, bakalarského studia, pozdé¢ji magisterského studia Barborou

Somerovou.
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9.1 Holanova Zahradni¢kova V., Abramjan A., Palupdikova K., Rehik I.,
Frynta D. (2017) Discovering an Antillean Anolis (Squamata:
Polychrotidae) with contrasting sexual dichromatism in otherwise
sexually monomorphic “chamaeleolis” group. Acta Societatis Zoogicae

Bohemicae. 81: 31-47.

The anole (genus Anolis Daudin, 1802) dewlap is a rapidly evolving trait. Sexually
dichromatic anole species usually occur in the mainland, while the island species display
only little dichromatism in particular. The so-called “chamaeleolis” group of anoles
endemic to Cuba Island, traditionally classified as the ‘twig giant’ ecomorph, consists of
large, slow and very cryptic species with very similar sexes. Our study describes a new
population of “chamaeleolis” anoles which, unlike other related species, display a
surprising sexual dichromatis in dewlaps. Males have conspicuously red dewlaps, while
the dewlaps of females are whitish. We compared the specimens from the newly
discovered populations with related Anolis barbatus Garrido, 1982, A. chamaeleonides
Duméril et Bibron, 1837, A. guamuhaya Garrido, Pérez-Beato et Moreno, 1991 and A.
porcus Cope, 1864 through the means of spectrophotometry, visual modelling,
morphology and mtDNA analysis. The results show that the red coloration substantially
increases both chromatic and achromatic contrasts, while the dichromatism in the
remaining species is only in the achromatic channel, if any. Both genetic and
morphometric comparisons suggest distinctness of the dichromatic populations which
may represent a separate species. The reason for the unusual dewlap coloration remains

unclear, though an ecological explanation is discussed.
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Abstract. The anole (genus Arelis Daudin, 1802) dewlap is a rapidly evolving trait. Sexually dichromatic anole
species usually occur in the mainland, while the island species display only little dichromatism in particular.
The so-called “chamaeleolis” group of anoles endemic to Cuba Island, traditionally classified as the ‘twig giant’
ecomorph, consists of large, slow and very cryptic species with very similar sexes. Our study describes a new
population of “chamaeleolis” anoles which, unlike other related species, display a surprising sexual dichromatis
in dewlaps. Males have conspicuously red dewlaps, while the dewlaps of females are whitish. We compared the
specimens from the newly discovered populations with related Anoli s barbatus Garrido, 1982, A. chamaeleonides
Duméril et Bibron, 1837, 4. guamuhaya Garrido, Pérez-Beato et Moreno, 1991 and A. porcus Cope, 1864 through
the means of spectrophotometry, visual modelling, morphology and mtDNA analysis. The results show that the
red coloration substantially increases both chromatic and achromatic contrasts, while the dichromatism in the
remaining species is only in the achromatic channel, if any. Both genetic and morphometric comparisons suggest
distinctness of the dichromatic populations which may represent a separate species. The reason for the unusual
dewlap coloration remains unclear, though an ecological explanation is discussed.

Key words. Sexual size dimorphism, body shape, mtDNA, reflectance, Anolis, Chamaeleolis, Cuba, Neotropical
Region.

INTRODUCTION

Coloration of males and females differs considerably in many animal species. This sexual di-
chromatism is a specific form of sexual dimorphism. Sexual dichromatism has attracted attention
of researchers and theoreticians for centuries (e.g., Darwin 1871), but the phylogenetic studies
analysing macroevolutionary patterns of sexual dichromatism within major clades of terrestrial
vertebrates appeared only recently (frogs: Bell & Zamudio 2012; lizards: Stuart—Fox & Ord 2004;
snakes: Shine & Madsen 1994; turtles: Liu et al. 2013; birds: Badayev & Hill 2003, Stoddard
& Prum 2011).

The evolution of sexual dichromatism is usually explained by the two following opposing sele-
ctive forces: (1) sexual selection favouring conspicuous coloration of the sex with higher variance
in its reproductive output, typically males; (2) predation pressure favouring cryptic coloration
in both sexes, but more strongly in females which are vulnerable to predation during gravidity
and/or maternal care (Darwin 1871, for a review see also Stutchbury & Morton 2001). Risks for
females associated with mating and male harassment were currently proposed as a driving force
leading to the reduction of conspicuous ornamentation in females (Hosken et al. 2016).
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Anoles are one of the best model systems for the evolutionary, ecological and phylogenetic
studies of morphological traits including sexual dimorphism and dichromatism (for a review see
Losos 2009). The most important part of anole body for the study of dichromatism is the dewlap.
Dewlap is a flap of skin under the throat of the lizard that is extended and retracted rapidly during
signalling and has an important species recognition functions (Ord & Martins 2006, Ng & Glor
2011, Ng et al. 2013). In many anole species females have smaller and/or less conspicuously co-
loured dewlaps than males (Harrison & Poe 2012). Nevertheless, fundamental sexual differences
in dewlap coloration and pattern are rare and such cases are mostly reported from mainland anoles
(Kaohler 2003, Ugueto et al. 2007, 2009, Kahler et al. 2014).

Intersexual differences in dewlaps could be understood as a result of different pressures on
males and females. While the reproductive success of males 1s determined mostly by success in
mate acquisition which is positively associated with signalling, female success depends mainly
on egg production and survival. This results in different design of dewlaps between sexes (Van-
hooydonck et al. 2009). Females generally use their dewlaps much less than males and rarely
in reproductive context (Nunez et al. 1997, Losos 2009, Johnson & Wade 2010). Females also
exhibit no relationship between display behaviour and dewlap morphology.

Thus, the use of the dewlap is not associated with the size of the cartilaginous structures that
support its movement (Johnson et al. 2011). Harrison & Poe {2012) focused on females dewlap
size variation in huge comparative study and found evidence that females have large dewlaps
in species with little sexual size dimorphism, while having small or no dewlaps in species with
wider sexual size dimorphism. From all Antillean ecomorphs, the largest dewlaps are found in
crown-giants and twig anoles. One hypothesis for this phenomenon is that large dewlaps are
essential in dense habitats as they would be seen better, and second hypothesis is based on low
densities of these two ecomorphs — larger dewlaps facilitate long distance communication (Har-
rison & Poe 2012).

In this study we focus on the “chamaeleolis™ group endemic to Cuba Island (Schettino 2003,
Losos 2009). They used to have their own ecomorph class named “twig giants™ (Haas etal 1993)
referring to their unique body shape and lifestyle but they were moved to wide-size ecomorph
class “twig anoles” (Beuttell & [L.osos 1999, Mahler et al. 2016). Nevertheless these striking lizards
show list of unusual characteristics among other anoles- large body size, short limbs, huge bony
casques on heads, lack of tail autotomy (Garrido & Schwartz 1968), independent eye movement,
cryptic coloration and extraordinary scalation, molariform teeth in adults (Hstes & Williams
1984, Schwartz & Henderson 1991) specialized for crushing snails (Schettino 1999, 2003, Herrel
& Holanova 2008) and cryptic and slow motion lifestyle (Leal & Losos 2000). Consequently,
these anoles have been traditionally recognized as a distinct genus Chamaeleolis Cocteau, 1838,
Because this group forms a derived internal clade of the genus Arelis Daudin, 1802 sensu lato, it
is usually treated as a junior synonym of 4nofis. The studies discovering the cladogenesis of the
anoles have placed the genus Chamaelealis within the main body of the tree of Antillean anoles.
These form a sister group of a clade consisting of the Puerto Rican species Anolis cuvieri Merrem,
1820 and Hispaniolan A. barahonae Williams, 1962 and 4. christophei Williams, 1960 (e.g., Haas
et al. 1993, Poe 2004, Nicholson et al. 2005, 2012). In this study we discovered a population
exhibiting fundamental sexual dichromatism, males possessing red dewlap strongly contrasting
with white dewlaps of conspecific females.

The aim of this paper was (1) to describe dewlap coloration and reflectance spectra in the
discovered dichromatic population and other four species/populations of anoles belonging to
the “chamaeleolis™ group; (2) to assess sexual dichromatism and sexual size dimorphism in the
studied “chamaeleolis™ species; (3) to analyse morphometric and genetic variation in this group
and related anoles in order to discuss evolution of the dimorphic traits.
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MATERIAL AND METHODS

Species determination

The examined material (see below) was assigned to species according to morphological criteria (Holanova et al. 2012).
We provisionally determined the specimens of dichromatic population from vicinmity of San German (Holguin province,
Cuba) and Gran Piedra (Santiago de Cuba province, Cuba; Figs. 1-3) as dAnolis porcus. Considering multiple distinct
morphometric and genetic characters of these animals (see under the results), we further refer to this population as 4rolis
sp. In original description of 4. porcus Cope, 1864 there is no information about dewlap coloration nor about type locality.
We avoid taxonomic discussions concerning species identity of these specimens until a thorough revision of 4. porciis
sensu lato including properly localized materials will be performed. Clarification of the geographic origin of the holotype
1s needed prior to any nomenclatural suggestion.

Spectrophotometry

We measured 3 males and 2 females of 4nolis sp. from San German population together with 4nolis barbatus Garrido,
1982 (Soroa), 4. chamaeleonides Dumeéril et Bibron, 1837 (Vifiales), 4. guamuhaya Garrido, Pérez-Beato et Moreno,
1991 (Topes de Collantes) and 4. porcus (Baracoa), each represented by a single male and a single female. All specimens
were obtained from collections of private European and Russian breeders. All were captive bred after parental animals
with known original localities.

The dewlap colour reflectance was determined between 300 and 700 nm with an OceanOptics USB4000 spectropho-
tometer, using a PX-2 Pulsed Xenon lamp source. We used the Ocean Optics WS-1 white standard for calibration, which
was performed after every three measurements. The probe was held in a constant perpendicular 5Smm distance from the
gently stretched dewlap skin and the measurements were performed in a darkened room. Each colour patch was measured
3 times and then calculated its mean reflectance value. For visual modelling, we used the photoreceptor sensitivity data for
Anolis lineatopus Gray, 1840 (Loew et al. 2002, Marshall & Stevens 2014). We calculated both chromatic and achromatic

Figs. 1-3. 1 — Original locality of 4nolis sp. at Gran Piedra, Santiago de Cuba province, Cuba (photo by VHZ). 2 and 3
— Wild adult male of Anolis sp. at locality Gran Piedra, Santiago de Cuba province, Cuba (both photos by VHZ).
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Table 1. Genetic samples and their GenBank accession numbers

samples origin GenBank Accession Numbers
Anolis barbatus AB 1 Soroa MF157534
Anolis barbatus AB 2 Soroa MF157535
Anolis porcus AP 1 El Yunque MF157536
Anolis porcus AP 2 Duaba MF157537
Anolis porcus AP 3 Duaba MF157538
Anolis guamuhaya AG 1 Topes de Collantes MF157539
Anolissp. APS 6 Gran Piedra MF157540
Anolissp. APS 4 Gran Piedra MF157541
Anolissp. APS 5 Gran Piedra MF157542
Anolis sierramaestrae AS La Mula MF157543
Anolis chamaeleonides AC 3 Vifiales MF157544
Anolis chamaeleonides AC 2 Vifiales MF157545
Anolis chamaeleonides AC 1 Vifiales MF157546
Anolissp. APS 1 San German MF157547
Anolis sp. APS 2 San German MF157548
Anolis sp. APS 3 San German MF157549
Anolis guamuhaya AG 2 Topes de Collantes MF157550

contrasts between (1) “males and females” dewlaps (the pale colour), and (2) the pale and red colour within the dewlap
of the males of A. sp. from San German. The chromatic contrast expressed in “just noticeable differences” (JND) was
calculated according to Vorobyev & Osorio (1998); values below 1 indicate that two colours are unrecognizable within
the particular visual system, values between 1-3 are considered to be distinguishable under ideal lighting conditions and
with the increasing value the colours gradually become more distinct. Data for relative photoreceptor densities and the
Weber fraction value 0.05 were taken from Marshall & Stevens (2014). The calculation of the achromatic contrast was
performed after the model of Siddiqi et al. (2004) and Lovyeau et al. (2007). All calculations were performed in Avicol
v.6 (Gomez 2006).

Morphometric traits

We examined 128 adult anoles of the “chamacleolis” group of which 83 were live animals or preserved specimens pro-
vided by European private breeders (18 4. barbatus from Soroa, Cuba; 23 A. chamaeleonides from Vifiales, Cuba; 19 4.
guamuhaya from Topes de Collantes, Cuba; 17 A. porcus Baracoa, Cuba and 6 Anolis sp. from San German, Cuba) and 44
were museum specimens from the herpetological collection of the National Museum in Prague (NMP), Czech Republic
(list of museum specimens in Appendix 1).

The following measurements were made with digital callipers to the nearest 0.1 mm: snout-to-vent length (SVL:
measured from the tip of the snout to the vent); body length (LIE: longitudo interextremitatis — the distance between front
and hind legs); jaw out-lever distance (JOL: the distance between the jaw articulation and the tip of the jaw); head length
(HL.: measured from the edge of the head casque to tip of the snout); head width (HW: measured at the intersection with
the angle of the jaws); head height (HH: measured just posterior to the orbits); snout-orbit distance (SO: the distance
between the tip of the snout to the nearest point of the orbit ); snout-nostril distance (SN: the distance between the tip of
the snout to the edge of the left nostril); snout-mouth end (SME: the distance from the tip of the snout to the corner of
the mouth); lower jaw length (LJL: the distance from the back of the retroarticular process to the tip of the lower jaw);
snout length (SL: the length of the snout measured from the back of the jugal bone to the tip of the upper jaw); closing
in-lever (CL: the distance between the jaw articulation and the back of the jugal bone; this distance was calculated by
substracting the snout length from the distance measured from the jaw articulation to the tip of the jaw = QT); opening
in-lever (OL: the distance from the jaw articulation to the back of the retroarticular proces; this distance was calculated by
substracting QT from lower jaw length); internasal distance (IN: the distance betw een the nostrils); orbit-casque distance
(OC: the distance between the posterior-most point of the orbit and the highest point of the casque); interorbital distance
(10: the shortest distance between the orbits); ear opening (EO: the maximum vertical length of an ear opening); tibia
(TB: the length of the left tibia); femur (FEM: the lenght of the left femur); hind metatarsus (HM: the lenght of the left
hind metatarsus); hind finger (HF: the lenght of the longest —the fourth- hind finger excluding the claw); humerus (HU:
the lenght of the left humerus); radius (R A: the lenght of the left radius); front metatarsus (FM: the lenght of the left front
metatarsus); barb scales (BS: the maximum length of the barb-like scales on a dewlap).
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Statistical analysis of morphometric data

Size component of morphometric variation may mask differences in body shape (e.g., Frydlova ef al. 2011). Thus, we
performed size adjustment of morphometric traits prior further analyses comparing the sexes and/or populations. For this
purpose, we adopted a method published by Somers (1986, 1989) as implemented in the Size analysis v02 (Thompson
& Withers 20053, b, c). This software computes from original untransformed measurements not only generalised (mul-
tivariate) isometric size, but also partial isometric size-adjusted measurements. The latter ones were further treated by
univariate and/or multivariate statistical procedures. We used STATISTICA, version 6.0, StatSoft Inc., 2001, for these
calculations.

Genetic characteristics

We sampled 17 individuals of genus Anofis (see Table 1 for GenBank accession numbers of samples). Total genomic DNA
was isolated from tissue samples with DNAeasy Tissue Kit (Qiagen, Hilden, Germany), following the manufacturer’s
guidelines. DNA amplification was performed with two previously published primers: L4437 (Macey et al. 1997) and
H5730 (Glor et al. 2004). These primers were used to sequence the entire 1033 bp fragment, which includes complete
sequence for the gene encoding ND2.

Polymerase chain reactions (PCR) were carried out in 50 pl including 2.5 pl of each 10 pM primer, 5 pl of 10x PCR
buffer (Fermentas), 5 pl of 10 mM dNTP, 2.5 pl of 50 mM MgClz, 0.5 pl of 5 U/ml Fermentas Taqg DNA polymerase,
100 ng of DNA and 27 pl of ddH:0. The PCR amplification protocol consisted of 30 cycles of denaturation at 95 °C for
35 s, annealing at 4851 °C for 35 s, and extension at 72 °C for 150 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.

Bayesian analysis (BA) was conducted with MrBayes 3.2.2 (Ronquist & Huelsenbeck 2003). The optimal model of
DNA sequence evolution was selected using the ATC criterion in Modeltest 3.7 (Posada & Crandall 1998). Two inde-
pendent runs of Bayesian analyses were conducted with a random starting tree and run for 6x10°% generations, with trees
sampled every 100 generations. The burn-in command was used to discard the first 6,000 trees (600,000 generations).
Posterior-probability values were used to indicate support for nodes of the Bayesian topology.

The outgroup is composed of ND2 sequences of Anolis argenteolus Cope, 1861 (GenBank Accession Number
AY296154.1), A {ucius Duméril et Bibron, 1837 (GenBank Accession Number AF055962.2), A. etheridgei Williams,
1962 (GenBank Accession Number AF055934.2), A. insolitus Willians et Rand, 1969 (GenBank Accession Number
AF055933.2), A. cuvieri (GenBank Accession Number AF055973.2), A. christophei (GenBank Accession Number
AF 055957 .2), A. ricordii Duméril ¢t Bibron, 1837 (GenBank Accession Number AY367138.1), A. barahonae (GenBank
Accession Number AF055972.2) and A. baleatus Cope, 1864 (GenBank Accession Number AY296155.1).

RESULTS

Sexual dichromatism

Pictorial comparison of heads and dewlaps of males and females in each of five examined
species/populations of anoles belonging to “chamaeleolis” group is provided in Fig. 4. Our
spectrophotometric measurements confirmed the white/gray/brown character of the dewlaps in
Anolis barbatus (Soroa), 4. chamaeleonides (Vifiales), A. guamuhava (Topes de Collantes) and
A. porcus (Baracoa), without any significant peak in the UV (see Table 2). Certain UV reflectance
(320400 nm) was detected in both males and females in these four “non-red” species, but was
absent in red-throated 4nolis sp. from San German (Fig. 5). Chromatic contrast suggested little
intersexual differences in the pale colour: 2.09-4.28 JND in “non-red” species; 4.02-6.70 IND
in Anolis sp. from San German (JND values <1, 1-3 and >3 indicate indistinguishable, barely
distinguishable and clearly distinguishable stimuli respectively; see Methods). The only sexual
difference in “non-red” species, if present, was manifested mainly through the overall brightness
of the pale colour, which was brighter in male dewlaps. In 4. porcus, the reflectance curve differed
at longer wavelengths between males and females, suggesting a possible chromatic difference. It
is however hard to evaluate this difference with only a single pair of individuals. The achromatic
contrasts between male and female dewlaps spanned from nearly non-dimorphic (3.5 IND in 4.
chamaeleonides) to strongly distinct (22 IND in 4. barbatus) and the same range was present
among the individuals of 4nolis sp. from San German. The red spot in the males from this popu-
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species female

A. barbatus

A. guamuhaya

A. chamaeleonides

A. porcus

Fig. 4. Lateral view of heads and dewlaps in males and females of five examined 4nolis species/populations of the
“chamaeleolis” group.

lation strongly contrasted with its white background in both chromatic (mean=12.35+0.05 JND)
and achromatic (mean=21.40+0.07 IND) visual channels (Table 1).
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Table 2. Chromatic and achromatic contrasts between (1) males” and females” dewlaps (the pale color), and (2) the pale
and red color within the dewlap of the males of Anolis sp. from San German

chromatic contrast (JND) achromatic contrast (JND)
Anolis barbatus white M-F 4.193 22.013
Anolis chamaeleonides white M-F 2.094 3.490
Anolis gnamuhava white M-F 4.286 6.759
Anolis porens white M-F 2.107 20.087
Anolis sp. white M1-F1 6.698 19956
Anolis sp. white M1-F2 4496 9174
Anolis sp. white M2-F1 6.397 9.907
Anolis sp. white M2-F2 4.085 3467
Anolis sp. white M3-F1 6.071 15350
Anolis sp. white M3-F2 4.017 4.569
Anolis sp. red-white M1 12.149 20.742
Anolis sp. red-white M2 12.849 21.921
Anolis sp. red-white M3 12.063 21.539

Sexual dimorphism in body size and shape

Multivariate analysis of variance (MANOVA) showed strong effect of species (Fioo327=6.70,
P<0.0001) on 25 size-adjusted morphometric variables, but revealed neither the effect of sex
(F2s82=1.14, P=0.3221) nor sex®species interaction (Fioo327=1.26, P=0.0704). This result was
confirmed by Analysis of variance examining the effects of species/populations, sex and its
interaction on isometric multivariate body size (PC1 produced by the Size analysis v02 soft-
ware, Thompson & Withers 2005a). Body size differed among specws/populatlons (Fa,06=8.20,
P<0.0001), but not between the sexes (sex: Fi,106=1.01, P=0.3174; sex™species interaction:
F4106=1.39, P=0.2415). Almost the same results were obtained for PC2 and PC3 reflecting body
shape (Species: both P<0.0001, for sex and interaction all P=0.20). This allowed us to pool sexes
for further analyses.

Morphometric differentiation among populations/species

We performed discriminant function analysis (DFA) to visualize differences among examined
spemes/populatlons (except A. sierramaestrae Holafova, Frynta et Rehak, 2012 for which only
the holotype specimen was available) in size-free morphometric traits. We applied stepwise
forward selection method which resulted in inclusion of 21 of variables (four variables were ex-
cluded) and high classification success (Wilks” Lambda=0.0161, Fsa35=7.94, P<0.0001). 108 of
116 specimens (93%) were assigned to proper species/population. All 4. chamaeleonides (25)
and 4. porcus (17) were reclassified correctly. Two of 40 specimens of 4. barbatus were misc-
lassified as 4. guamuhaya while five of 28 A. guamuhaya as A. barbatus. One of six Anolis sp.
was misclassified as 4. porcus. The type specimen of 4. sierramaestrae was closest to 4. porcus
according to the classification equations derived from DFA.

Cluster analysis (CA) performed by Ward method from the matrix of squared Mahalanobis
distances visualized similanties between 4. barbatus and 4. guamuhayva as well as between A.
porcus and Anolis sp., 4. chamaeleonides was morphometrically least similar to remaining exa-
mined species (Fig. 6, Appendix 2).

Canonical analysis revealed four significant (P<0.0005) multivariate axes (Appendix 3). The
position of examined specimens in the morphospace of the first two canonical axes is plotted
onFig. 7.
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Genetic differentiation among populations/species

The phylogenetic analysis was based on sequences of mitochondrial ND2 gene (alignment consi-
sting of 1035 bp). The sequence divergences between haplotypes of “red dewlap™ (here referred
to Anolis sp.) and “whitish-vellowish dewlap” (4. porcus) populations belonging to A. porcus
sensu lato (p-distances ranging from 5.25% to 6.11%, mean=35.62%), is comparable to those
among haplotypes of currently recognized species of the “chamaeleolis™ group of anoles (i.e.,

reflectance (%)
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Fig. 5. The dewlap color reflectance between 300 and 700 nm in males and females of five species/populations of anoles

of “chamacleolis” group.
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Fig. 6. Phenetic tree of five dnolis species based on morphometric data. It is constructed from matrix of Mahalanobis
distances clustered by Ward’s method.

A. barbatus, A. chamaeleonides, A. guamuhava, A. porcus and A. sierramaestrae). The uncor-
rected P-distances of these between species compansons vary within the range of 4.44-10.20%,
mean—6.58%, while within species distances are much smaller; maximum values were 0.59, 0.59,
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Fig. 7. Position of 4nolis species/populations of the “chamaeleclis™ group in the morphospace of the first two canomical
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1.19,0.39, and 2.21 for A. barbatus, A. chamaeleonides, A. guamuhaya, A. porcus and Anolis sp.,
respectively. The Bayessian analysis revealed that examined haplotypes belonging to A. barbatus,
A. chamaeleonides and A. guamuhaya {all posterior probabilities = 1) form monophyletic groups,
but this is not true for A. porcus sensu lato including populations of both colour forms. In contrast
to this the haplotypes from A. sp. (= “red dewlap™) and “whitish-yellowish dewlap” (= A. porcus)
populations formed mutually exclusive monophyletic groups (posterior probabilities were 0.99
and 1.00 respectively). As expected, monophyletic status of entire “chamaeleolis” group of anoles

was strongly supported (Fig. 8).
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Fig. 8. Bayesian tree of mitochondrial ND2 gene including six species/populations of Cuban anoles belonging to the
“chamaeleolis” group as well as nine related anoles introduced as outgroups.
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DISCUSSION

Dewlap dichromatism

Our study showed that in comparison to other species/populations of the “chamaeleolis™ group,
dewlaps of Anolis sp. are clearly sexually dichromatic. Taking into account the tetrachromatic vision
of the ancles, spectrophotometry and visual modelling revealed no such intersexual difference
which would be perceived only by the anoles, but not by humans. While the “dichromatism™ in the
“non-red” anoles, if present, can be manifested mainly through the lightness of the dewlap, there
1s both chromatic and achromatic contrast in the red-throated 4nolis sp., making their dewlaps
more conspicuous. Males of the “chamaeleolis™ anoles perform the courtship behaviour style as
other anoles do, including dewlap displays and head bobs (pers. obs.). The red coloration may
therefore represent an honest signal, possibly mediated by carotencid pigments, which are often
volved as indicators of males’ quality (Steffen & McGraw 2009, Steftfen et al. 2010). The other
frequent honest signal in lizards 1s the ultraviolet colouration (Font et al. 2009, Fleishman et al.
2011), but although our measurements detected some UV reflectance in the “non-red” species (and
none in 4nolis sp.), this did not seem to be the case. Firstly, the UV reflectance was the lowest
within the whole spectrum and secondly, when the sexes differed, they did by the overall shape
of the reflectance curve, not just by the UV reflectance itself. However, larger samples are needed
to determine reliable statistics of possible trends in this or other traits.

Dewlap function and evolution

There are multiple hypotheses about the function and evolution of the dewlap (Losos 2009, Steffen
& Guyer 2014, Hagman & Ord 2016). It may play a role in species recognition, territorial signalling
(intrasexual selection), honest signalling of male quality, or in predator deterrence.

Huge dewlap evolution in lizards with clearly allopatric distribution, like in the “chamaeleolis”
anoles, does not suggest that it should have function in species recognition as it has in sympa-
trically living anoles of the same ecomorph. Lizards of the “chamaeleolis” group are classified
as the “twig anoles” ecomorph which displays active foraging mode. Species belonging to this
ecomorph have slow locomotion but can search for usually cryptic prey for greater distances
(Irschick & Losos 1996). These authors suppose that it 1s possible for this reason that twig anoles
have wide size habitats and so it 1s difficult to defend such a large space. That could be the reason
why mntrasexual selection usually does not impact twig anoles and dimorphism is not noticeable.
But this assumption could be applicable in case of low density of the species. In the species
Anlis sp., there can be higher local population density which leads to stronger male competition
and therefore to stronger intrasexual component of sexual selection. Unfortunately population
density has not been measured for this population. The dichromatism subsequently makes the
courtship and aggressive communication more unambiguous, unlike in monochromatic species
(Regalado 2015).

The habitat type has also considerable influence on the use of the dewlap. Species inhabiting
habitats with higher visibility display more frequently. Anole species extend their dewlaps in
sunny habitats more often than in shady ones (Ord & Martins 2006), but light conditions appear
to be unrelated to the evolution of dewlap colour and signal detectability (Fleishman et al. 2009).
Moreover, all “chamaeleolis” anoles live in more or less the same type of habitat (personal ob-
servation of the first author), it is therefore unlikely that the dewlap colour 1s directly associated
with their environment.

Different pressures on sexes can also lead to different use and size of dewlaps in some ano-
le species. Johnson & Wade (2010) showed in their comparative study that males have larger
dewlaps (and cartilage and muscular components controlling dewlap movement) and use them
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more frequently than females. Dewlap size is a significant predictor of the winner in male fights
in species with low but not high SSD. Neither the dewlap display rate 1s associated with SSD
(Lailvaux & Irschick 2007). But as we detected no significant SSD in Anolis sp., this explanation
15 unlikely as well.

According to the pursuit-deterrence hypothesis, when the prey 1s detected by the predator, it
gives him an “T am aware of you™ signal (shows the dewlap), which might deter the predator from
pursuing its prey (Caro 1995). This hypothesis predicts that mainland species living under higher
predationrisk would display more often. Mainland 4. carolinensis Voigt, 1832 exhibit elevated rate
of dewlap use compared to its island relatives ( Vanhooydonck et al. 2009, Johnson & Wade 2010).
However, this explanation would be doubtful in the case of “chamaeleclis” anoles, as they are not
presumably predated much, being considerably eryptic. Moreover, if the conspicuous dewlap was
to deter potential predators, it should be present in both sexes and not just the males.

In conclusion, because of lack of data on the population density of 4nolis sp. and its related
species, it 1s difficult to determine the evolutionary causes of the dewlap dichromatism.

Sexual size monomorphism/dimorphism

The differences between the sexes in morphometric traits have been thoroughly and repeatedly
analysed in anoles (see Losos 2009). Sexual differences in body size are positively correlated
with those in body shape (Losos et al. 2003). Sexual size dimorphism is traditionally explained
by three causes: (1) sexual selection or competition for reproductive success, (2) intersexual
resource differences and (3) different reproductive roles (Losos et al. 2003). Nevertheless, the
relative clutch size in anoles is considerably reduced compared to the other clades of squamates
(Kratochvil & Kubicka 2007). This limits a peak load of maternal investment and thus, the ef-
fect of sex differences in reproductive reles have in this particular group of lizards. Contribution
of the strength of sexual selection was repeatedly confirmed even by intraspecific comparisons,
e.g., sexual size dimorphism increases with population density (Stamps et al. 1997). Empirical
studies revealed that habitat use of a particular species belongs to key predictors the sexual size
dimorphism in anoles (Butler et al. 2000, Losos et al. 2003). Size of defended habitat, foraging
style, food source dispersion — these habitat characteristics influence sexual dimorphism.

In examined material of the “chamaeleolis” anoles, we failed to detect sexual size dimorphism
neither in the multivariate body size nor in the body shape. Although, the available sample of the
dichromatic Anolis sp. was too small to allow a separate analysis, the sexes were of comparable
size and shape even in this population/species. The entire absence of the sexual size and shape
dimorphism in this group is not surprising. Lizards of group are arranged to the “twig anoles”
ecomorph which displays active foraging mode. Species belonging to this ecomorph have slow
locomotion but can search for usually cryptic prey for greater distances (Irschick & Losos 1996).
These authors suppose that it is possible for this reason that twig anoles have wide size habitats
and so it is difficult to defend such a large space. That could be the reason why intrasexual selec-
tion usually does not impact twig anoles and dimorphism is typically not noticeable.

Morphometric and genetic divergence of “chamaeleolis” species

Anoles of the “chamaeleolis” group are slowly moving lizards with limited home ranges. Thus,
they are most likely poor dispersers. This suggestion is supported by distribution patterns of these
species in Cuba (Garrido et al. 1991, Diaz etal. 1998, Schettino 1999, Holanovaetal 2012). Each
species is typically restricted to a local mountainous area and its surroundings. The isolation of
local populations may explain a considerable degree of morphological divergence we observed.
Considering the reports of morphologically suspect individuals from other localities (e.g., Rancho
Velaz, Villa Clara province, Sierra de Banao, Sancti Spiritus province) (Garrido 1982, Garrido
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etal 1991), discoveries of additional species of the chamaeleolis group can be expected in the
near future.

Our multivariate analysis of morphometric traits showed that the most distinct species is 4.
chamaeleonides, while 4.barbatus resembles A. guamuhaya and non-dichromatic 4. porcus is
similar to dichromatic 4nolis sp. In this context it is 1ntfarestmg that a morphotype resembling

“chamaeleolis group” evolved entirely independently in Hispaniola in a group of related anole
species (Mahler et al. 2016).

Genetically, all studied species/populations seem to differ in mitochondrial DNA. But except
of finding that 4. barbaius 1s the most distinct species of all we cannot determine their phylo-
genetic relationship. Tt seems that in view of the fact that they have low dispersion ability there
will be separated species/population on every mountainous locality. It only confirms that there
1s extensive genetical diversity in Cuba, which is known also in other species (Starostova et al.
2010). The sequence divergence of a mitochondrial gene we found among species/populations
of “chamaeleclis” anoles 1s considerable and this supports the view that each of examined {orm,
including dichromatic 4. sp., represents distinct species. Nevertheless, recent studies suggest
that reproductive isolation and thus speciation process are sometimes not fully completed even
between lizards with roughly two times higher genetic distances calculated from the sequence
divergence of mitochondrial genes (Janduchova-Laskova et al. 20152, b).

CONCLUSIONS

In conclusion, local populations of the “chamaeleclis” groups are distinct genetically as well
as morphologically. They are non-dimorphic in size but one population is sexually dichromatic
(Anolis sp.). Such conspicuous dichromatism 1s unusual among the island anoles.
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APPENDIX 1

List of museum specimens from the herpetological collection of the National Museum in Prague (NMP), Czech Republic
used for morphometric examination.

Anolis barbatus, 29 specimens: NMP6j 25/1992, NMP6V 34520/1-11, NMP6V 71872/1-3, NMP6V 71873, NMP6V
73148/1-4, NMP6ed 279/03, NMP6V 34504;

Anolis guamuhaya, 10 specimens: NMP6V 71871, NMP6V 71870/1-8, NMP6V 34517;

Anolis chamaeleonides, 3 specimens: NMP6d 81/06, NMP6V 34505, NMP6V 34518;

Anolis porcus, 1 specimen: NMP6V 34519,

Anolis sierramaestrae, 1 specimen: NMP6V 74453,

APPENDIX 2

Matrix of squared Mahalanobis distances between examined species/populations of “chamaeleolis” group revealed by DFA.

1 2 3 4 5
1 A chamaeleonides | A. chamaeleonides 0.000 34.394 23.326 38.285 34384
2 A barbatus : A barbatus 34394 0.000 9.163 19.005 24287
3 A guamnhaya : A. guamuhaya 233206 9.163 0.000 20.939 27466
4 A porcus : A. porcus 38285 19.005 20.939 0.000 17.099
5 A sierramaestrae : Anolis p. 34384 24287 27.466 17.099 0.000
APPENDIX 3

Loadings of roots revealed by canonical analysis subroutine of DFA.

root 1 2 3 4
SVL -0.136 -0.623 -0.164 -0.185
OL 0.370 -0.132 0.039 0232
FM -0.301 -0.085 0.192 0468
HM 0.026 -0.181 0.053 0481
IN 0.204 -0.204 0.034 -0.347
HL 0.228 0.071 0.228 -0.183
oc 0.062 0.086 -0.400 -0.129
SN 0.119 0.261 -0.089 0.141
RA -0.002 0.173 -0.035 -0.197
SL -0.107 0.002 0273 -0.267
HF -0.086 0.107 0.087 0.072
10 0.207 -0.014 0.187 0.109
HH 0.147 0.220 0.121 0.139
LIE 0.042 0.313 -0.078 —0.065
HW -0.090 0.122 0.343 —0.385
SO -0.075 -0.100 -0.139 0.024
JOL 0.077 -0.008 0.080 -0.213
B -0.037 -0.060 —0.245 -0.171
LIL 0.102 0239 -0.065 0.080
HU -0.064 -0.036 -0.013 -0.020
SME 0.053 0.245 0.096 0.052
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Frydlova P., Jan¢ichova-Laskova J., Simkova 0., Frynta D., Rehak L.

(2016) Shell shape and genetic variability of Southeast Asian Box Turtles
(Cuora amboinensis) from Borneo and Sumatra. Vertebrate Zoology.

66(3): 387-396.

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 identified 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.
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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 (Criora amboinensis) from two of the Greater Sunda Islands with partially distinet faunas. GM analysis identi-
fled significant differences in carapace and plastron shape between turtles fiom Borneo and Sumatra. The diserimination success amouinted
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 Bomeo (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, turfles from Bormeo, Sumatra, Seram, and turtles of unknown origin from two Czech zoos were studied
genetically. Analysis of the complete mitochondrial eytochrome b gene confirmed the distinctness of turtles from Borneo and Sumatra,
with p-distance 2.68 — 4.09% gequence difference. Moreover, we dizcovered considerable genetic difference in Seram turtles of previously
unknowr 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 biclogy.

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 1s also the most
abundant hard-shelled turtle in Chinese markets and fre-
quently used in traditional Chinese medicine (Crrung
& Dupgron 2006; Cuen et @l 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, Scuorre 2008, 2009). Cuora amboinensis 1s
listed in Appendix II of CITES and globally red-listed
as “Vulnerable” (IUCN 2013). In the face of the current
Asian Turtle Crisis (Curung & Dupeeon 2006) and the
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Fig. 1. Carapace and plastron of Cuore 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 (RummMLER & Fritz 1991;
McCorp & PaiLieren 1998), the accurate determination
of juveniles still poses serious problems.

Currently, there are four subspecies classified accord-
ing to morphology and coloration (Ruoom et af 2010).
Turtles from Sumatra and Java are considered to belong
to C. & cowro (Schweigger, 1812). The subspecies C. &
kamaromea (Rummler and Fritz 1991) occurs in Borneo,
the Malay Peninsula, Cambodia, Laos, Thailand, and
Vietnam. Turtles from Myanmar are identified as C. @
fineeter (McCord and Philippen, 1998) and specimens
fromthe Philippines, Celebes, the Mollucas and Timor are
regarded as C. a ammboinensis (Riche in Daudin, 1801)
(RummLER & Fritz 1991; ScHorre & Das 2011). Some
authors consider the turtles from Borneo as a distinct
form (Schoepe 2009). Taxonomy of the Gecemydidae
family is still in flux, especially in light of recent mo-
lecular genetic studies (e.g. Sevks ef al. 2004; STUART
& ParHaM 2004; Diesmos ef ¢, 2005; Semiks & SHAFFER
20006; LE et . 2007; PrascHas ef af. 2006, 2007, FriTz
et ail. 2008; TiEDEMANN et af. 2014), and several species
and subspecies have been described as new to science
or resurrected from synonymy (e.g. Bravnck ef al. 2006,
Prascuac et af. 2007, 2009; Seivks ef af. 2012; InLow et
ai. 2016). A comprehensive genetic study is still lacking
for the wide-ranging and polytypic C. ambeoinensis. The
situation is further complicated by the frequent hybridi-
zation of geoemy did turtles (Wink et ai. 2001; BUskirx et
al. 2005; STusrT & Parnam 2006, Fong et al. 2007, Su1
et ad. 2008, Fong & CHen 2010) often involving members
of the genus Cuora (Wink ef ai. 2001; STusRT & PARHAM
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2004), including C. amboinensis (Frutz & Menpau 2002;
Gavrcow & Fritz 2002).

Measuring external morphology using geometric mor-
phometrics (GM) 1s a practical tool for assessing pheno-
typic variation of shell shape. This approach is easily ap-
plied and vields immediate results, independent from any
laboratory work, thus making it highly suitable for taxo-
nomic determination in the field (ZeLpiTcH et al. 2004).

We therefore used GM to analyse the shell shapes
of immature C. amboinensis box turtles from Bomeo
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 inclided only immature individuals of un-
known sex, with carapace lengths between 70 and 120
min. 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 Bormeo,
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 ambaipensis this study

1 Bomeo Cuiora amboinensis this study

43 Bomeo Cuiara ambainensis this study

38 Sumatra Cuiora amboinensis this study

39 Sumatra Cuiara ambainensis this study

55 Sumatra Cuiora amboinensis this study

57 Sumatra Cuiara ambainensis this study

134 Seram Cuara ambaipensis this study

135 Seram Cuiara ambainensis this study

49 unknown Cuora ambaipensis Zoo Prague

50 unknown Cuara ambainensis /oo Prague

51 unknown Cuora ambainensis Zoo Prague

52 unknown Cuiora amboinensis /00 Prague

53 unknown Cuora ambaipensis Zoo Prague

54 unknown Cuiora amboinensis 700 Prague

131 unknown Cliora amboinensis Zoo Usti nad Labem

132 unknown Cuora ambainansis Zoo Ustf nad Labem

133 unknown Cuiora amboinensis Zoo Usti nad Labem
AY434575 pet trace Cuara amboinensis kamaroma Spinks er af 2004
Av434581 pet trade Cuara ambainensis coure Spinkser @l 2004
AY434580 pet trace Lirara amboinensis ambanensis Spinks er af 2004
AY434620 pet trade Cifara amboinensis fineala Spinkser @ 2004
JNZ32524 India, Assam Cuora ambainensis Baruah et al!
AY434570 pet trade Cuara flavomargnaia sinensis Spinkser @l 2004
Av434604 pet trade Cuora mouhati Spinks er af 2004
Av434574 pet trade Cuara pani Spinkser @ 2004
AY434637 pet trade Cleara trifasciata Spinks er af 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 Bookstem (1997)
were recorded (Fig. 1.) using TPSdig software (Ronur
2008). Each set was then symmetrised and one half was
removed using the BigFix6 program (Smeers 2003).
Statistical examination was performed on half of the
landmark sets. We employed the Procrustes superimposi-
tion method (Zewnrren et @l 2004) using the CoordGent
program {Sueers 2003) to remove the effects of position,
orientation and scale, employing sets of %, v 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 (Smeets 2003). Visualization was
performed using CVAGen6 software (Suerts 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 (Sueers 2003) and 400 permuta-
tions. When the vector between the samples 1s bigger than
the 95™ percentile of the ranges of within-sample angles,
we can assume that it 1s 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 (Sueers
2003). The partial warp scores for the further statistical

SENCKENBERG

analysis were generated using PCAGen6 software (SaeeTs
2003). The differences in shell shape between turtles from
Borneo and Sumatra were tested in the program Statistica
6 (Werss 2007) using Discriminant Analysis.

DNA samples and mitochondrial
DNA sequencing

Nine turtles of known geographical provenance (three
from Bormeo, 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 Seivks ef al (2004) for a total length of

! Barvan, C., Suawker, K., & SHarma, D.K. (2011): Phylogenetic
relationships of Indian freshwater turtles and tortoises based on
mitochondrial eytochrome b sequences. - unpublished.
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1140 bp of cytochrome 6. 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 pl of ddH,0O. 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 ambaoinensis
(GenBank accession number: IN232524), Cuora amboi-
nensis amboinensis (AY434580), Cuora amboinensis
couro (AY 434581), Cuora amboinensis kamaroma
(AY 434575), Cuora amboinensis lineata (AY 434620),
Cuora mouhotii (AY 434604), Cuora flavomarginata si-
nensis (AY434570), Cuora pani (AY434574) and Cuora
trifasciata (AY 434627).

Chromatograms of newly generated sequence data
were manually checked using Chromas Lite 2.01 software
(http://www.technelysium.com.au/chromas_lite html),
BioEdit (Havt 1999) and sequences were aligned in the
Clustal X 1.81 program (Taompson 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 ;5,0 = 6.8916, p <
0.0001) and plastron (Wilks” Lambda = 0.5815, F 3,5, =
3.3867, p <0.0001) between the samples from Borneo
and Sumatra. In total, 90% of the turtles could be discrim-
mated (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. 3Aand 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 distinet 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 remaiming 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 Bomeo 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. cuore and C. lineata n 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 Bormeo and Sumatra populations of C. amboin-
ensis, which corresponds with our DNA analyses.
Geometric morphometrics therefore provides sufficient
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Fig, 2. Canonical plot for carapacial shape. Each carapaceis represented by a symbol: x — Sumatra, ® — Borneo (A). The first axis accounts

for 79.05% of the total between group variation. The thin plate spline diagram shows a change in carapacial shape along the first axis (in

direction of arrows) (B).
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Figure 5. Phylogenetic tree by maximum likelihood (ML) method based on alignment of the complete eytochrome b gene (1140 bp).
Numbers at branches are bootstrap values = 50. Samples sequenced in this study are labelled with sample numbers and are in bold, re-

53

maining samples were sequenced by previous authors and are shown with full taxonomic names or with GenBank accession numbers. For
sequences with reliable geographic provenance, the countries are given. Subspecies names in apostrophes are from SFEs et al. (2004).
Root length shortened by 75%.
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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 eytochrome 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 (Rummrer & Frrrz 1991; Ruopmw
et al. 2010), with Bornean turtles being identified with
another subspecies (C. a. kamaroma) rather than with
Sumatran turtles (C. a. comro). Yet, in our phylogenetic
analyses, previously published sequences identified with
these subspecies (Seivks 2004) were distinct from ours,
perhaps due to misidentification or geographic variation
of these taxa.

Anotable 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-
ad 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 (Frrrz et al. 2012; Kivorer ef al. 2012, Kinprer et
al. 2016, Varcas-Ramirez ef al. 2010, Varcgas-Ramirez
et al. 2013; Perzorp ef al. 2014, Epwaros 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 (Kroeu et al. 2001) and even
in mammals (Tavg et 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 (Frrrz et al. 2008) and
the other Cuora species (Spmks & Suarrer 2006) with
limited distribution ranges. In contrast, a big river species
like the Malaysian giant turtle (Orfitia 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
Bomeo were connected by a system of rivers 1.e.the Siam
and West Sunda River drainages (Voris 2000). [t allowed
continuous gene flow between the now isolated areas
(Pavupcikova ef 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) (Frrrz 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 Ernst 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 1s 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 1m-
mature C. amboinensis specimens based on the pheno-
typic variation of shell shape using GM clearly demon-
strates the usefulness of this method. Tt 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 distinetness 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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D. (2015) Haplotype variation in founders of the Mauremys annamensis

population kept in European Zoos. Acta Herpetologica. 10(1): 7-15.

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 characteristic 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 1 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.
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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. mufica and/or other Manremys
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 II 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
zoos, including Prague Zoo (Velensky, 2006; Raffel and
Meier, 2013). Currently, these zoos have started co-ordi-
nated ex sifu 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-sifu 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, ie., 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) verify the species determination of the founders, (2)
assess sequence variation of the captive population, (3)
assign captive specimens into the main haplogroups (sub-
clades T and 11) 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. mulica
into the analyses.
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MATERIAL AND METHODS

In this paper, we examined 39 specimens of Mauremys
annamensis from Buropean zoos and other collections (found-
ers, imported and putatively unrelated individuals, ie., captive
born specimens having no shared maternal ancestors in their
pedigree), and also four specimens of M. mutica were incud-
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 R35Ex] 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-
nelysinm 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 MEGA6 (Tamura et al., 2013).

Bayesian analysis (BA) was conducted with MrBayes 3.1
(Huelsenbeck and Ronquist, 2001; Ronguist 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).
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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. gnnamensis and Hainan M. mufi-
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 [” and “annamensis subclade I1
was 1.968%". The sister relationship between the “anna-
mensis subclade 1”7 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 17 and “annamensis subclade 117 (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 e — true
subclade 1T subclade I mutica clade
annamensis subclade 11 0.083-0.167
annamensis subclade T 0.844-1.193 0.167-0.420
Hainan mutica clade 1.020-1.281 0.589-0.934 0.083-0.167
true muitica 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 (IND4) of the genus Mawuremys. 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 annamensés. 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. armamensis. 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.
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The distinction between the mitochondrial haplo-
type groups I and IT 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.

11

Nr. Species Breeder ND4 R35
Mauremys annamensis mtDNA subclade 11
1 Mauremys annamensis H. Becker annamensis subclade TI annamensis clade
2 Mauremys annamensis H. Becker annamensis subclade II annamensis clade
3 Mauremys annamensis H. Becker annamensis subclade I1 annamensis clade
3D Mauremys annamensis D. Frynta annamensis subclade 11 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 11 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 11 annamensis clade
13 4 Mauremys annamensis Miinster annamensis subclade 11 annamensis clade
15 9 Mauremys annamensis Miinster annamensis subclade 11 annamensis clade
16 1 Mauremys annamensis Miinster annamensis subclade I1 annamensis clade
17 2 Mauremys annamensis Miinster annamensis subclade 11 annamensis clade
19 6 Mauremys annamensis Miinster annamensis subclade 11 annamensis clade
20 Mauremys annamensis M. Schilde annamensis subclade TI annamensis clade
23 M53 Muauremys annamensis Praha annamensis subclade 11 annamensis clade
25 F21 Mauremys annamensis Praha annamensis subclade 11 annamensis clade
26 F9 Maurentys annamensis Praha annamensis subclade II annamensis clade
32 ROO7IS Mauremys annamensis Leipzig anramensis subclade 11 annamensis clade
35 32 Mauremys annamensis Panuska annamensis subclade 11 annamensis clade
36 33 Mauremys annamensis Panuska annamensis subclade 11 annamensis clade
37 34 Mauremys annamensis Panuska annamensis subclade 11 annamensis clade
126 COS679 Mauremys annamensis Chester annamensis subclade I1 annamensis clade
127 COS678 Mauremys annamensis Chester annamensis subclade 11 annamensis clade
130 COS8349 Mauremys annamensis Chester annamensis subclade TI annamensis clade
Mauremys annamensis mtDNA subclade 1
1D Mauremys annamensis D. Frynta annamensis subclade | 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 | annamensis clade
9 704523 Mauremys annamensis Rotterdam annamensis subclade I annamensis clade
18 8 Mauremys annamensis Miinster annamensis subclade T annamensis clade
21 Mauremys annamensis M. Schilde annamensis subclade I annamensis clade
22 Mauremys annamensis M. Schilde annamensis subclade [ annamensis clade
24 M7 Mauremys annamensis Praha annamensis subclade [ annamensis clade
33  ROO720 Mauremys annamensis Leipzig annamensis subclade I annamensis clade
34  ROO719 Mauremys annamensis Leipzig annamensis subclade T annamensis clade
128 CZ/921 Mauremys annamensis Chester annamensis subclade T annamensis clade
129 CZ/922 Mauremys annantensis Chester annamensis subclade T annamensis clade
Mauremys mufica
4 Mauremys mutica H. Becker true putica clade true mutica clade
h Mauremys mutica H. Becker true muitica clade true mutica clade
Anitnals of hybrid origin
28 3 Mauremys mutica Praha true mufica clade annamensis clade
27 2 Mauremys mutica Praha annamensis subclade [ Hainan mutfica clade
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Fig. 2. Bayesian tree of nuclear DINA (R35) of the genus Mawuremys. 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 AF3438278 DQ3866064
18Ma M. annamensis EF034104 EF587923
19Ma M. annamensis EF034108 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. mufica EF034092 —
27Mm M. mutica EF034093 EF587931
28Mm M. mutica EF034089 EF587932
29Mm M. mutica AF348278 DQ385666
2Ma M. annamensis AY337338 EF587933
30Mm M. mutica EF034090 —
31Mm M. mufica EF034092 EF587916
32Mm M. mutica EF034094 EF587927
3Ma M. annamensis EF034103 —
AMa 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 e
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 s
M. reevesii. Taiwan4 M. reevesii GQ259438 GQ259459
M. reevesii. Taiwan7 M. reevesii GQ259441 GQ259464
M. sinensis.Hainan13 M. sinensis AY 337345 DQ386678
M. sinensis.Taiwan9 M. sinensis GQ259443 GQ259465
M. caspica M. caspica AY 337340 -—
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 quadrioceilata — HQ442384
Siebenrockiella Siebenrockiella leytensis — AM931708
Siebenrockiella crassicollis Siebenrockiella crassicoilis — AY954913
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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 unknown. 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 examined
demographic changes by Bayesian skyline plots of the effective population size. The
maximum sequence divergence 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.
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Abstract

The Malaysian Giant Turtle (Orfitia 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 Indenesian name of this species is Kura Tuntong or Biuku.
According to IUCN, O. borneensis is listed as Endangered Ald+2d range-wide, and was specifically considered
Endangered (Alcd) in Indonesia and Vulnerable (Zed) 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 . 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 hase 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 et al. 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 geclogical history of the planet (Williams ef 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. Hach 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 studhaok population of . 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
0. borneensis may be viewed as genetically homogenous and thus treated as a single unit and (8) whether the
genetic data are consistent with putative origin of these animals in Indonesia. The R33 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 Rehdk
2004): Prague (4 samples), Dresden (2), Brno (6), Tiergarten Schanbrunn, Vienna (8), Haus des Meeres, Vienna
{5), Budapest (2), Gdansk (6), Leipzig {1) Poznan (5) Warsaw (2), Woburn (3), Wroclaw (3), Randers (7) and Dvar
Krélové 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 Zoo Praha confiscated 2001 ] . °
90 Gdansk confiscated 2001 °
62 62 Zoo Dresden juveniles bought in Berlin @ ° e
08 Brno confiscated 2001 ° . °
66 66 Brno confiscated 2001 ) . .
79 79 Tiergarten Schénbrunn, 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 Zoao Dresden juveniles bought in Berlin ° °
o4 Brno confiscated 2001 . °
67 Brno confiscated 2001 . °
84 Budapest confiscated 2001
65 65 Brno confiscated 2001 .
73 Haus des Meeres confiscated 2001 . °
89 89 Gdansk confiscated 2001
110 Randers confiscated 2001 . @
3 29 29 Zoo Praha confiscated 2001 ° °
3 Zoo Praha confiscated 2001 . °
60 Borneo (Singkawang) ° e
70 Tiergarten Schénbrunn, Vienna confiscated 2001 . °
72 Tiergarten Schénbrunn, 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 . ° .
95 Poznan confiscated 2001 ®
a7 Warsaw confiscated 2001 . . ®
98 Warsaw confiscated 2001 .
107 Randers confiscated 2001 . . .
58 58 Sumatra ) . )
59 59 Borneo (Pemangkat) ° . ®
69 69 Brno confiscated 2001 ) . e
71 71 Tiergarten Schénbrunn, Vienna confiscated 2001 ° . °
81 Tiergarten Schénbrunn, Vienna confiscated 2001 . . °
96 Poznan confiscated 2001 °
74 74 Haus des Meeres, Vienna confiscated 2001 . ° .
78 Tiergarten Schénbrunn, Vienna confiscated 2001 ° . °
77 71 Haus des Meeres, Vienna confiscated 2001 ° .
&0 Tiergarten Schénbrunn, Vienna confiscated 2001 . ° .
82 Tiergarten Schénbrunn, 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 Dvir Kralové nad Labem  confiscated 2001 ° . °
92 92 Poznan confiscated 2001 L]
111 111 Randers confiscated 2001 ) . )
112 112 Randers confiscated 2001 ® . °
121 121 Zoo Dvir Kralové nad Labem  confiscated 2001 ® .
125 125 Zoo Dviir Kralové nad Labem  confiscated 2001 ° . ©
61 61 Zoo D&&in 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 . )
EleNA sam- 105 Wroclaw confiscated 2001 .
122 Zoo Dvir Kralové nad Labem  confiscated 2001 . )
124 Zoo Dvir 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 pM primer, 5 pl of 10x PCR buffer (Fermentas), 5 pl of 10 mM dNTP, 2.5 l of 50 mM MgCl,, 0.5 pl of 5
U/ml Fermentas Tag DNA polymerase, 100 ng of DNA and 27 ul of ddH,0. 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 ef al. 1997).

Neighbour-joining (NJ), maximum parsimony (MF) 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). Faor 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 hootstrap 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),
nucleatide diversity (n) 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 7 indicate a constant large size of population. How-
ever, a low value of 7 and high value of Asignify 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
sale 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 ohtained 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-

60 . Zootaxa 3280 © 2012 Magnolia Press PALUPCIROVA ETAL.

187



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 ef 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 Standard8 (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 8
(StatSoft 2001).

i

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 b. Sequences: number
of individuals sequenced (Ns), number of segregating sites (S), haplotype diversity (h), nucleotide diversity (r), Fu & Li’s F*,
Fu & Li’s D¥, Fu's F;, Tajima’s D and expansion coefficient (exp).

N S h bis Fu & Li's F* Fu & Li's D* Fu's Fs Tajima's D Exp

3

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 Schanbrunn, 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 =
0.8853, Iy, = 0.5722, P < 0.7727) and plastron (Wilks' Lambda = 0.8774, F ., = 0.7185, P < 0.6369). 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 Orfitia 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-
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Discussion

The mitochondrial cytochrome A sequences revealed relatively high haplotype diversity in the examined Orlitia
horneensis. 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 ef al. 2011 for lower values in Trachemys spp.), supporting the hypothesis that
the O. horneensis 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 ef 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 Orfitia 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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Prisova K., Smiauer P., Sumbera R. (2011) Social and life history
correlates of litter size in captive colonies of precocial spiny mice

(Acomys). Acta Theriologica. 56: 289-295.

Litter size is an important component of life history contributing to reproductive success
in many animals. Among muroid rodents, spiny mice of the genus Acomys are exceptional
because they produce large precocial offspring after a long gestation. We analyzed data
on 1,809 litters from laboratory colonies of spiny mice from the cahirinus-dimidiatus
group: Acomys cahirinus, Acomys cilicicus, Acomys sp. (Iran), and Acomys dimidiatus.
Generalized mixed-effect models revealed that litter size increased with maternal body
weight and/or number of immature females present in the family group. Thus, both
maternal body reserves and presence of immature descendants demonstrating previous

reproductive success enhance further reproduction in this social rodent.
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Generalized mixed-effect models revealed that litter size
increased with materal body weight and/or number of
immature females present in the family group. Thus, both
maternal body reserves and presence of immature descend-
ants demonstrating previous reproductive success enhance
further reproduction in this social rodent.

Keywords Acomys - Rodents - Litter size - Maternal
investment - Precocial life history

Introduction

Within-population vatiance in litter size is typically large
and may be viewed either as an unavoidable consequence
of stochastic processes (i.e., combination probabilities of
fertilization and/or implantation success and/or embryonic
survival) or as a manifestation of individual strategies of
females adjusting their reproductive investment according
to actual body condition and/or extetnal circumstances (cf.
discussion concerning clutch size in birds; Both et al. 1998;
Tinbergen and Both 1999; Tinbergen and Sanz 2004).

Taxa producing small litters tend to evolve invariant or
nearly invariant litter size (e.g., ungulates, primates, bats;
cf. invariant clutch size in some bird and reptile groups;
Bennett and Owens 2002; Kratochvil and Frynta 2006).
Otherwise, an increment of even a single newbortn affects
maternal investment dramatically. It may have considerable
fithess consequences for both the mother and offspring,
especially in taxa with a precocial developmental strategy
and high maternal investment per newborn. This is the case
of some rodent species, e.g., guinea pigs (Kasparian et al.
2005) and spiny mice (Kam et al. 2006).

The distribution patterns of developmental time (from
conhception to eye opening) scaled to maternal body size
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among rodent families suggest a high level of evolutionary
conservatism. A long ontogenetic development associated
with precociality is typical for Hystricomorpha and possibly
represents the plesiomorphic character state in rodents
(Burda 1989).

Spiny mice of the genus Acomys may serve as an
example of putatively derived precociality in rodents. This
group possesses an exceptional life history among the
family Muridae. In contrast to many other muroid rodents,
spiny mice produce after an extended gestation period (36—
42 days) only small litters consisting of relatively large (the
mean litter weight at birth represents 20-25% of maternal
weight; Dietetlen 1961) and well-developed precocial
newborns (Brunjes 1990). Maternal investment is therefore
extremely biased in favor of the prenatal period and
consequently is largely determined by litter size itself.

Spiny mice are small, rock-dwelling rodents inhabiting
deserts, semideserts, and savannas (i.e., areas with high
spatiotemporal variation in resource availability) in Africa
and the Middle East. In spite of their earlier systematic
placement, they are more related to gerbils than fo true
murids belonging to the subfamily Murinae, which are
represented by rats and house mice (Michaux et al. 2001;
Steppan et al. 2004). Spiny mice, even those recently
captuted in the field, exhibit no behavioral signs of stress
under standard laboratory conditions and breed well.
Therefore, A dimidiatus or A. cahivinus are widely used
as an experimental model in both physiological and
behavioral studies (e.g., Shafrir 2000; Haim et al. 2006;
Pinter-Wollman et al. 2006; Novédkova et al. 2008).

Spiny mice are social animals that should be kept in
families consisting of an adult male, multiple females, and
their descendants (Young 1976), which mimics their wild
social system. Their sociefies are not anonymous, and
individual recognition was demonstrated unequivocally
(Porter et al. 1986). In groups consisting of related
individuals, communal care for the young comprising
allosuckling is frequent; however, mothers are able to
tecognize their own offspring (Potter et al. 1980). Interest-
ingly, male sires participate in parental care and clearly
discriminate between own and alien young (Makin and
Porter 1984). Our data from laboratory colonies suggest that
adolescent males are driven away by the territorial male,
while females are tolerated. Occasionally such conflicts may
result in apparent social tension within the whole group and
immediate suspension of reproduction. In affected groups,
mice start to bite each other. As the tails are most vulnerable,
this aggression results in frequent tail losses, a phenomenon
also reported from natural populations (Shargal et al. 1999).

We analyzed the data on litter size collected in captive
colonies of spiny mice belonging to four closely related
species/populations of the cahivinus-dimidiatus clade (Barome
et al. 1998, 2000; Volobouev et al. 2007; Frynta et al. 2010) to
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determine the effects of maternal life history variables and
social composition of the breeding groups on litter size. We
tested the hypothesis that litter size is strongly dependent on
maternal body size because maternal size and amount of body
reserves strongly limit litter size in these rodents with large
size of newborns and heavy prenatal maternal investment. We
also hypothesized that in this social rodent possessing
biparental and communal parental care, presence of additional
group members enhances rather than precludes production of
larger littets.

Materials and methods
Studied animals

Our laboratory colonies of spiny mice were of the following
origin: A. cahirinus, founder animals were caught in 1995
in the Abu Simbel archeological site, southern Egypt (22°
22" N, 31° 38" E); 4. cilicicus, east of Silifke, southern
Tutkey (36° 26' N, 34° 06' E), obtained in 1993; 4. sp.,
Zagros, SW Iran (28° 56' N, 52° 32' E), caught in 2002;
and 4. dimidiatus, laboratory strain, Prague Zoo, Czech
Republic (the stock imported in the early 1970s from the
Bronx Zoo, NY; probably originated from Israel or Sinai).
Molecular phylogenetic analysis based on mitochondrial
control region sequences in these colonies revealed that all
the studied populations/species belong to the cahirinus-
dimidiatus group of the genus 4comys. The former two
populations/species belong to the clade of 4. cahirinus
sensu lato inhabiting North Africa and the Eastern
Mediterranean (Crete, Cyprus, and the Kilikian coast in
Anatolia), while the latter two belong to the 4. dimidiatus
sensu lato clade ranging from Sinai, throughout the Arabian
Peninsula, and along the coast of the Gulf of Oman from
Iran to Pakistan. The specific/subspecific status of the
Iranian population, referred to here as 4. sp., tequires
further clarification (Frynta et al. 2010).

The animals were kept in terrariums (60> 50%40 cm or
70x60=40 em) or in rodent plastic cages (VELAZ T4,
Czech Republic; 55%32x 18 cm) under standard laboratory
conditions. Wood shavings were used as bedding material;
a clay flowerpot with a lateral opening served as a shelter;
and tree branches for climbing and gnawing were provided
as environmental enrichment. The light schedule in the
animal housing room corresponded to the outdoor light
cycle. Food (standard diet for rats and mice, ST1, VELAZ,
Czech Republic, occasionally supplemented with a mixture
of grains, dry bread, apples, and hetb leaves) and water
were available ad libitum.

Spiny mice were kept in family groups consisting of two
closely related females (full or half siblings), one non-
relative male, and their descendants. The groups were
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established from founding animals about 3 months of age
(maturing age) and then allowed to breed freely for several
months. Manipulation of group structure only oceurred in
the case of male-to-male aggression between the male
founder and his mature male offspring (if so, young males
were removed). The experimental groups were regularly
checked (either daily or every other day); each litter was
recorded and sexed inmmediately after its detection; and the
putative mother was identified.

The following life history and social variables were
measured: maternal parity (range, 1-11), maternal age in
days (range, 52-990 days), postpartum conception (the
litter was considered as conceived postpartum when
delivered before day 41 after the previous one; categorical
variable), number of adult males actually present in the
group (aged 90 days or older; range, 1-22), number of adult
females (aged 90 days or older; range, 1-20), number of
breeding females in the group (i.e., those that already gave
birth; range, 1-11), maternal status (first breeding founder,
second breeding founder, their daughters; categorical
variable), number of immature males (aged under 90 days;
range, 0-13), and of immature females (aged under 90 days;
range, 0-17). In addition, maternal body weight in grams
(range, 25-79.7 g; mean values were 43, 57, 50, and 56 g
for A. cahirinus, A. cilicicus, 4. dimidiatus, and 4. sp.,
respectively) after parturition was included in the particular
analyses of individual species. Matemal age and body
weight were log-transformed. Litter sex ratio was not
included, as the analyses had revealed no consistent
relationship of this variable with litter size (Novakova et
al. 2010).

Only the records containing a complete set of required
explanatory variables were further analyzed. In total, these
were 1,809 (1,569 when maternal body weight was also
included) litter size records, i.e., 1,037 (968) for A.
cahivinus, 186 (49) for A. cilicicus, 414 (414) for A.
dimidiatus, and 172 (138) for 4. sp.

Statistical analysis

Statistical models were estimated, tested, and visualized
using the R statistical package (version 2.11.1). The
significance and size of the effects of explanatory variables
were estimated using generalized mixed-effect models
(GLMM) using package /me4, with a quasi-likelihood
approach based on the Poisson distribution, and using
maternal identity as a random factor. The size of the litter as
a response variable excludes, however, zero values, so
estimates based on the Poisson distribution could be biased.
We have therefore validated the estimates of regression
coefficients obtained in GLMM using a generalized linear
model (GLM) using zero-truncated (“positive™) Poisson
distribution, fitted using the package VGAM. Regression
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coefficients from GLMM that fall into 95% confidence
interval of the coefficients estimated using the GLM model
were deemed unbiased. This indirect approach was chosen
because random matetnal effect cannot be fitted in
combination with the zero-truncated Poisson distribution,
and thus, the inferred type-I errors would underestimate the
true ones.

Because the information about maternal body weight
was available only for a subset of observations (see above),
model selection was performed in parallel on the full
dataset, but excluding maternal weight variable, and on the
subset of observations with maternal weight values. In
either case, the full model was fitted first and then refitted
as final only with explanatory variables suggested as
significant in the full model. The significance of explana-
tory variables was estimated separately for both the full and
final models using the likelihood-ratio test (LRT), compar-
ing such models with alternative ones, where the tested
variable was dropped. Effects of explanatory variables
selected into individual models were visualized using the
effects package.

Ethical note The experiments were petformed in accor-
dance with Czech law implementing all the corresponding
EU regulations and were approved by the Institutional
Animal Care and Use Committee.

Results

We analyzed the effects of ten fixed factors on litter size
using GLMM procedures. Initially, we performed separate
analyses for each species/population; except for A. dimi-
diatus, we proceeded with both models, including and
excluding maternal body weight as a factor. We further
provide only significant results of the final reduced models
(Table 1). The numbers of immature females and males had
significant positive effect on litter size in A. dimidiatus (P=
0.0275, P=0.019, respectively), the former factor appeared
marginally significant also i 4. cilicicus (P=0.0619).
Postpartum conception had positive significant effect in
the case of 4. cahirinus (P=0.0391); however, this effect
disappeared when matemal body weight was included in
the model. Maternal body weight had significant positive
effect on litter size both in A. cahirinus and 4. sp. (P=
0.0016, P=0.0102, respectively).

When the data for individual populations were pooled
into a single GLMM model, postpartum conception (P=
0.0124; Fig. 1), number of immature females (£=0.0003;
Fig. 2), and species (P<0.0001; Fig. 3) significantly
contributed to litter size. When maternal body weight was
included into the model, the effect of this variable appeared
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Table 1 Explanatory wvariables
selected as affecting the litter

size in four species/populations
of Acomys

Coefficient estimates affect the
log-transformed litter size, so
exponential function must be
applied to them to see multipli-
cative effects of the variable.
The last three columns (x>, DF,
and P value) summarize the results
of variable-wise LRT, displaying
respectively the value of the test
statistic, degrees of freedom, and
estimated probability of type-I
error

significant (P=0.0005; Fig. 4), while that of postpartum
conception disappeared. The effects of number of immature
females (P=0.0076) and species (F£<0.0001) remained
neatly unchanged. Further testing revealed no need for
inclusion of the interaction between species and any of the
explanatory variables.

Discussion

The positive association between litter size and maternal
body weight found in the entire dataset as well as in two
particular sets (4. sp. and 4. cahirinus) of the breeding
records is not surprising in animals exhibiting such a heavy
maternal investment in the progeny (Kam et al. 2006). In
many other mammals, a positive association between litter
size and maternal body size has also been repeatedly
reported (e.g., Zejda 1966; Tuomi 1980; Myers and Master
1983 and the references herein). As thoroughly documented
in laboratory mice, this close association typical for

Estimate Std. error > DF P value
Models not including maternal body weight
A. cahirinus
Postpartum conception 0.0982 0.0413 4.26 1 0.0391
A. cificicus
Number of immature females 0.0308 0.0174 349 1 0.0619
A. sp.
Not significant
Pooled dataset
Postpartum conception 0.0859 0.0322 6.25 1 0.0124
Number of immature females 0.0256 0.0066 13.06 1 0.0003
Species 0.0778 0.0497 81.73 3 <0.0001
Models including maternal body weight
A. cahirinus
Maternal body weight 0.4508 0.1357 5.96 1 0.0016
A. cificicus
Not significant
A. dimidiatus
Number of immature females 0.0354 0.0178 4.86 1 0.0275
Number of immature males 0.0412 0.0194 5.50 1 0.019
A. sp.
Maternal body weight 14382 0.4552 6.60 1 0.0102
Pooled dataset
Maternal body weight 0.4457 0.1196 1225 1 0.0005
Number of immature females 0.0200 0.0070 7.13 1 0.0076
Species 0.0941 0.0930 64.44 3 <0.0001
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unselected populations is caused by high correlation
between body size and ovulation rate. Nevertheless, this
does not restrict a relative independent change in these
traits above the population level, as both of the traits are
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Postpartum conception

Fig. 1 The effect of postpartum conception on litter size in laboratory
colonies of four species/populations of the genus Acomys. Data are
given as means and 95% confidence intervals
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Litter Size

10
Immature Females

Fig. 2 The effect of the number of inmature females on litter size in
four species/populations of the genus Acomys. Data are given as
means and 95% confidence intervals

determined by specific genes (alleles, QTLs) and thus
easily respond to selective forces (for review, see Bilinger et
al. 2005).

Among other factors we examined, only the number of
immature females has consistent effects on litter size both
in two particular analyses and the analysis of pooled
species/populations. We interpret this finding as the effect
of continuous reproduction reflecting positive social set-
tings within the breeding group in social spiny mice. It fits
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Fig. 3 Means and 95% confidence intervals for litter size in studied

species/populations of the genus Acomys: A. cahirinus, A. cilicicus, A.
dimidiatus, and 4. sp. (Iran)
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Fig. 4 The effect of maternal body weight on litter size in four
species/populations of the genus Acomys. Data are given as means and
95% confidence intervals

our finding that the levels of stress hormones (fecal
glucocorticoid metabolites) differ between the breeding
groups in 4. cahirinus (Novakova et al. 2008). In contrast,
Scheibler et al. (2005) reported a negative effect of family
size on litter size in Mongolian gerbils (Meriones unguicu-
latus). Therefore, our results do not confirm the intuitive
expectation that large size of the family group interferes
with reproduction. Regular occurrence of such social
phenomena as paternal care (Dieterlen 1962; Makin and
Porter 1984), communal nursing (Porter and Doane 1978),
and social thermoregulation (note that spiny mice do not
build their own burrows and nests) makes large family size
advantageous in spiny mice.

The other factors that appeared significant in at least one
of our particular analyses of litter size, i.e., postpartum
conception and number of immature males, reflect the
continuous reproductive activity of the female. Postpattum
conception had fairly positive effects on litter size (espe-
cially in 4. cahirinus) when maternal body weight was not
controlled; thus, concurrent lactation did not reduce litter
size. This may be attributed to the higher body weight of
females with postpartum conception that reflects their
specific physiological seftings and/or presence of body
reserves required for continuous reproduction.

The absence of the effect of parity on litter size is
somewhat surprising as such a relationship has been
frequently reported in rodents (e.g., Myodes glareolus,
Clarke 1985; Innes and Millar 1990; M. unguiculatus, Kai
et al. 1993; Microtus arvalis, Tkadlec and Krejcova 2001).
One may argue that we included parity as a continuous
predictor, and the effects may be bimodal. Nevertheless,
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detailed inspection of our data did not uncover any markedly
shaped relationship. The same is true for maternal age which
usually belongs to the most successful predictors of rodent
litter size (e.g., in Apodemus sylvaticus, Zizkové and Frynta
1996; Peromyscus leucopus, Havelka and Millar 2004).

In cenclusion, variation in lifter size within populations
of spiny mice kept under laboratory conditions may be
partially explained by maternal weight and factors reflect-
ing hospitable social environment of the breeding unit.
Nevertheless, manipulative experiments are needed to
prove our results based on the correlative approach.
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Abstract Spiny mice of the genus Acomys (Muridae) represent a very suitable mammalian
model for studying factors influencing the secondary sex ratio (SSR). The maternal effort
in these rodents is extremely biased in favour of the prenatal period and, therefore,
maternal manipulation of the SSR is potentially more advantageous. We studied the SSR
in four populations/species of spiny mice kept in family groups consisting of two closely
related females, one non-relative male and their descendants. The groups were established
from founding animals aged about 3 months (maturing age) and were allowed to breed
freely for several months. Each litter was sexed after birth, and relevant data were
thoroughly recorded. Altogether, data were collected on 1684 litters: 189 of Acomys sp.
from Iran, 203 of A. cilicicus, 875 of A. cahirinus, and 417 of A. dimidiatus. We recorded
the sex of 4048 newborns of which 1995 were males and 2053 were females. The overal
sex ratio was close to 1:1 (49.2%). Generalized linear mixed models and/or generalized
linear models were constructed to evaluate the effect of four life history and eight social
variables on the sex ratio. No consistent effects of these variables on the sex ratio were
found and, interestingly, none of the variables associated with maternal life history had
any effect on the sex ratio. Three factors associated with group composition (i.e. the
number of immature males, the number of immature females and the number of breeding
females) did have significant effects on the sex ratio, but these effects were not consistent
across the studied species. In conclusion, our evaluation of this large dataset revealed that

the sex ratio in spiny mice is surprisingly stable.
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Abstract Spiny mice of the genus Acomys (Muridae)
represent a very suitable mammalian model for studying
factors influencing the secondary sex ratio (SSR). The
maternal effort in these rodents is extremely biased in
favour of the prenatal period and, therefore, maternal
manipulation of the SSR is potentially more advantageous.
We studied the SSR in four populations/species of spiny
mice kept in family groups consisting of two closely related
females, one non-relative male and their descendants. The
groups were established from founding animals aged about
3 months (maturing age) and were allowed to breed freely
for several months. Each litter was sexed after birth, and
relevant data were thoroughly recorded. Altogether, data
were collected on 1684 litters: 189 of Acomys sp. from Iran,
203 of A. cilicicus, 875 of A. cahirinus, and 417 of A
dimidiatus. We recorded the sex of 4048 newborns of
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which 1995 were males and 2053 were females. The overall
sex ratio was close to 1:1 (49.2%). Generalized linear
mixed models and/or generalized linear models were
constructed to evaluate the effect of four life history and
eight social variables on the sex ratio. No consistent effects
of these wvariables on the sex ratio were found and,
interestingly, none of the variables associated with maternal
life history had any effect on the sex ratio. Three factors
associated with group composition (i.e. the number of
immature males, the number of immature females and the
number of breeding females) did have significant effects on
the sex ratio, but these effects were not consistent across the
studied species. In conclusion, our evaluation of this large
dataset revealed that the sex ratio in spiny mice is
surprisingly stable.

Keywords Parental effort - Rodents - Sex allocation - Sex
ratio - Social behaviour

Introduction

The secondary sex ratios (SSRs) of newborn mamimals
have attracted enormous research effort since Darwin
(1871). There are several theoretical backgrounds for
maternal manipulation that would result in a biased sex
ratio of the progeny. These include the Fisherian theoty,
which assumes the allocation of equal investment to male
and female progeny (Fisher 1930), the model of local
resource competition, which expects SSRs to be biased in
favour of the dispersing sex (Clark 1978) and the maternal
condition hypothesis, which predicts a higher proportion of
males under favourable conditions and, conversely, a higher
proportion of females under unfavourable conditions
(Trivers and Willard 1973; Carranza 2002; Cameron and
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Linklater 2002; for a review, see Cameron 2004). Current
theoretical studies combine the above models as well as
other selective forces into complex mathematical models
for predicting the sex ratios (e.g. Wade et al. 2003; Wild
and West 2007).

Empirical results support the view that SSR is usually
close to equality; nevertheless, significant deviations from
the 1:1 ratio have been repeatedly reported (Austad and
Sunquist 1986; Gosling 1986; Labov et al. 1986; Huck et
al. 1990; Perret and Colas 1997; Creel et al. 1998; Coté and
Festa-Bianchet 2001; Cameron 2004; Sheldon and West
2004; Kankové et al. 2006). These deviations have been
attributed either to the above-mentioned ultimate causes ot
to proximate mechanisms that are by definition not
mufually exclusive. Of the proximate mechanisms, the
most promising are (1) the level of circulating steroid
hormones (James 1996, 1998, 2004, 2006; Grant 2007), (2)
developmental asynchrony of sexes in blastocyst growth
(Krackow 1995, 1997; Krackow and Burgoyne 1998;
Krackow et al. 2003) and (3) circulating glucose level
(Gutiérrez-Adan et al. 2001; Cameron 2004; Kimura et al.
2005; Cameron et al. 2008; Helle et al. 2008).

In recent years, the evidence for the adaptive maternal SSR
adjustment model has been questioned both on empirical (see
below) and theoretical grounds (Krackow 2002). Festa-
Bianchet (1996) accentuated the high frequency of contra-
dictory results and also the selective publication success of
papers presenting positive results. In this respect, he shared
the scepticism of an earlier paper of Clutton-Brock and Iason
(1986). A similar conclusion is also supported by a thorough
review by Cockburn et al. (2002). Interestingly, an empirical
study analysing extensive datasets from wild savannah
baboons (Papio cynocephalus) has clearly demonstrated that
significant results are a product of stochastic biases that arise
in small samples (Silk et al. 2005). The only effects on
mammalian SSR clearly supported by recent reviews are
those of maternal nutritional status around the time of
conception (Cameron 2004; Rosenfeld and Roberts 2004;
Sheldon and West 2004).

Among mammals, rodents are a suitable model for
studying sex ratios and influencing factors, since they may
be easily kept under laboratory conditions, thereby provid-
ing an oppottunity to gather sufficient sample sizes required
for relevant statistical analysis (for review, see Sikes 2007).
Classical laboratory rodents, such as mice (Mus musculus;
Krackow and Hoeck 1989; Krackow and Gruber 1990;
Kanikova et al. 2007), rats (Rattus norvegicus; Bird and
Contreras 1986), golden hamsters (Mesocricetus auratus;
Labov etal. 1986, Huck et al. 1990) and guinea pigs (Cavia
porcellus; Peaker and Taylor 1996) are traditional models
for empitical studies. Nevertheless, SSRs have been studied
in many other species as well, such as coypus (Myocastor
coypus; Gosling 1986), Mongolian gerbils (Meriones
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unguiculatus; Clark et al. 1991), wood rats (Neotoma
floridana; McClure 1981), wood mice (dpodemus sylvati-
cus; Frynta and Zirkovd 1994) and voles (Microtus
agrestis, M. oeconomus; Hansson 1987; lms 1994).
Unfortunately, most of the published studies rely solely on
correlations between sex ratio and parameters of maternal
life history. Experimental studies have mostly focussed on
the manipulation of food intake and food quality (e.g. Huck
et al. 1986; Wright et al. 1988; Koskela et al. 2004;
Rosenfeld et al. 2003; Cameron et al. 2008; Fountain et al.
2008). The effects of frue social factors, such as dominance
(golden hamsters: Pratt and Lisk 1989), population density
(voles: Microtus fownsendii, Lambin 1994; M. oeconomus,
Aars et al. 1995), group size (house mice: Wright et al.
1988) and/or group composition (marmots (Marmota
flaviventrisy. Armitage 1987, Mongolian getbils: Scheibler
et al. 2005), on sex ratios have been addressed less
frequently (but see Cameron 2004 for review in other
marmimals). Although social factors have complex conse-
quences that are usually difficult to interpret on a proximate
level, they cannot be ignored. The considerable variation in
densities and social circumstances that affects breeding
females of most rodent species even under natural conditions
has to be taken into account.

In the study reported here, we focussed on the sex ratio in
spiny mice of the genus Acomys and its relationships to social
and life history variables. Spiny mice are social animals, and
under laboratory conditions they should be kept in families
consisting of an adult male, multiple females and their
descendants (Young 1976), which mimics their wild social
system. Their societies are not anonymous, and individual
recoghition has been demonstrated unequivocally (Porter et
al. 1986). In groups consisting of related individuals,
communal care for the young comprising allosuckling is
frequent; however, mothers are able fo recognize their own
offspring (Porter et al. 1980). In addition to the ease of
keeping and breeding spiny mice under laboratory con-
ditions, their newhorns, unlike those of many other rodents,
can be easily and reliably sexed according to external
characters. Moreover, spiny mice are likely to be predisposed
to maternal manipulation of the sex ratio for the following
three reasons.

(1) In confrast to many other muroid rodents, after an
extended gestation period (36—42 days, which is
neatly twice as long as that for laboratory mice),
spiny mice produce only small litters (most frequently
consisting of two or three newborns, rangel-7; Frynta
et al. unpublished results) consisting of relatively large
and well-developed newborns (Brunjes 1990). Maternal
effort is therefore high in the prenatal period compared
with that in many other muroid rodents. Thus, we
consider that maternal manipulation of the sex ratio
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prior to parturition is more advantageous than sex-
selective parental infanticide of newborns.

The large body size of newborns relative fo
maternal body size (the mean litter weight at birth
represents 20-25% of matermal weight; Dieterlen
1961) facilitates the potential effect of litter size on
offspring quality. Resources available per individual
offspring are considerably reduced even by the incre-
ment of a single newborn. Small litters thus may be
predisposed for the production of the sex exhibiting a
more closer relationship between consumed maternal
resources and fithess prospects (Trivers and Willard
1973). Nevertheless, the assumptions of the Trivers—
Willard hypothesis (Hewison and Gaillard 1999;
Carranza 2002; Cameron and Linklater 2002;
Blanchard et al. 2005) predicting an association
between parameters related to maternal condition and
allocation of maternal investment to the sexes have not
been empirically tested in spiny mice yet. Two of these
three principal assumptions (mothers in better condition
can produce weanlings in better condition; adult males
benefit more from a good condition than adult females)
are most probably satisfied in spiny mice due to
high maternal investment and strong male-male
competition, while the validity of the third one
(correlation between weanling and adult condition)
is likely, but remains unproved. Spiny mice live in
environments with high spatiotemporal variation in
resource availability (semideserts, seasonal savannas
and woodlands). Under natural conditions, the
reproductive value of the offspring produced in
good and bad conditions may differ considerably,
and thus alternative reproductive strategies that
switch according to actual ecological and nutritional
conditions may evolve.

Spiny mice are social rodents in which social
circumstances may also contribute fo fitness. The
reproductive fate of rodent female may be deter-
mined by the presence or absence of maternal kin in
the neighbourhood (e.g. Lambin and Yoccoz 1998).
Both sexes, but especially males, may be limited by
the presence of older cohott of the same sex. Our data
from laboratory colonies suggest that adolescent
males are driven away by the territorial male while
females are tolerated. Local resource competition
between the mother and female offspring can,
therefore, be a reasonable expectation. The number
of females within a family may indicate the expected
cost of bearing additional daughters. Consequently,
we hypothesized positive association between the
number of females in the family group and the sex
ratio. Conversely, an excess of juvenile and/or
adolescent males in the environment may reduce the

reproductive prospect of additional male offspring.
Thus, a negative association between the number of
immature males and sex ratio should be expected.

Spiny mice are, therefore, a suitable model for critically
testing the predictions of the sex ratio theory. We have
analysed the data on SSR collected in captive colonies of
spiny mice belonging to four closely related species. The
aim of our study was to assess (1) deviations from the one
to one and/or Fisherian ratios, (2) effects of life history
variables and (3) social composition of the breeding groups
on SSR.

Material and methods

Spiny mice of the genus Acomys are small rock-dwelling
rodents inhabiting Africa and Middle East. Despite their
earlier systematic placement, spiny mice are more related to
getbils than to frue murids belonging to the subfamily
Murinae, which are represented by rats and house mice
(Steppan et al. 2004).

Our laboratory colonies of spiny mice were of the
following origin: Acomys cahirinus, Abu Simbel archae-
ological site, southern Egypt (22° 22' N, 31° 38' E); 4.
cilicicus, east of Silitke, southern Turkey (36° 26" N,
34° 06" E); Acomys. sp., Zagros, southwestern Iran (28° 56
N, 52° 32" E); A. dimidiatus, laboratory strain, Prague zoo,
probably from Israel or Sinai. Phylogenetic analysis of
mitochondrial control region sequences in these colonies
revealed that all of the studied populations/species belong
to the cahirinus/dimidiatus group. The former two
populations/species belong to the clade of 4. cahirinus
sensu lato inhabiting North Africa and the eastern
Mediterranean region (Crete, Cyprus, Kilikian coast in
Anatolia), while the latter two belong to the A. dimidiatus
sensu lato clade ranging from Sinai, throughout the
Arabian Peninsula and along the coast of the Gulf of
Oman from Iran to Pakistan. The specific/subspecific
status of the Iranian population, referred to here as dcomys
sp., needs further clarification (Frynta and PraSova
unpublished results).

The animals were kept in terrariums (60x50x40 cm or
70 %6040 cm) or in rodent standard plastic cages (VELAZ
T4 , 55%x32 %18 cm) under standard laboratory conditions.
Wood shavings were used as bedding material, a clay
flowerpot with a lateral opening served as a shelter and tree
branches for climbing and gnawing were provided as
environmental enrichment. Food (standard diet for rats
and mice ST1; VELAZ, Czech Republic, supplemented
with a mixture of grains, dry bread, apples and herb leaves)
and water were available ad libitum.
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The spiny mice were kept in family groups consisting of
two closely related females (full sisters or uferine sisters),
one non-relative male and their descendants. The groups
were established from founding animals about 3 months of
age (maturing age) and then allowed to breed freely for
several months. Manipulation of group structure only
occurred in the case of male-to-male aggression between
the male founder and his mature male offspring (if so,
young males were removed). The experimental groups were
regularly checked (either daily or every other day), and
each litter was sexed immediately after its detection.
Compared fo many other rodents, sexing in the spiny mice
does not rely solely on ambiguous anogenital distances, as
female nipples are clearly visible, even in newbomns. Thus,
the sexing ertor approaches zero in these animals. The
putative mother was identified, and other circumstances
(see below) were thoroughly recorded.

The recorded data included the sex ratio itself (expressed
as the proportion of males in the litter), maternal life history
variables, such as (1) parity, (2) age in days, (3) postpartum
estrus (the litter was considered as conceived postpartum
when delivered before day 41 after the previous one) and
(4) litter size, and social variables, such as (5) time from the
founding of the group (in months), (6) litter order (from the
group perspective), (7) number of adult males actually
present in the group (aged >90 days), (8) number of adult
females (see 7), (9) number of breeding females (i.e. those
that already gave birth) in the group—coded as the
presence of either one or more than one breeding female
in the group and firther referred to as breeding females,
(10) maternal status (first breeding founder, second breed-
ing founder, their daughters), (11) number of immature
males and (12) number of immature females (aged <90 days
for both sexes). It should be noted that maternal body
weight was assessed but not included because it was
missing in an additional 342 cases. Nevertheless, the
statistical models referred below were not substantially
affected by the inclusion of maternal body weight, and this
factor remained non-significant.

Statistical analysis

We estimated generalized linear mixed models (GLMM)
and/or generalized linear models (GLM) in which litter sex
ratio was treated as a dependent variable with a binomial
distribution and the logit link function was adopted. As the
models require complete sets of explanatory variables, all
litters with at least one missing value were excluded
(n=212). Therefore, the numbers of lifters and newborns
used for the computation of the overall sex ratios exceed
those included in GLMM analyses.

We first computed GLMMs in which maternal identity was
included as a random factor to avoid pseudoreplications
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(Krackow and Tkadlec 2001). The significance of this
random effect was tested using the log-likelihood ratio test
based on ¥* distribution, and the effect was found to be non-
significant. This allowed us to further use the simpler GLMs
instead of GLMMs.

As no effect of any factor associated with maternal
identity (i.e. maternal parity, age, postpartum estrus and
status) was found to be significant in either the complete
GLMM analysis or in any separate GLMM analysis of
data concerning individual species, we removed these
variables from subsequent GLMs. We then incorporated
all remaining explanatory variables into main effects
GLMs computed separately for each species and pooled
the data. Finally, we computed GLM allowing interac-
tions between species and explanatory variables. The
above full models were then reduced to variables with
P<0.1 (see Results).

The size of the effects is presented either graphically
and/or as the percentage point difference in sex ratio from
the nominal value of 50% due to a unit change of the
predictor (CPU). The calculations were performed using the
R statistical package ® development core team 2003).
Traditional chi-square tests were also conducted to test
deviations of the observed sex ratios from the expected
equality. Although this approach is theoretically less
appropriate than the above-mentioned one and may inflate
the significance, it is more intuitive and allows for the
inclusion of all records.

Results

We recorded the sex of 4048 newborns of which 1995 were
males and 2053 were females. Thus, the overall sex ratio
was very close to 1:1 (49.2%, x*=0.831, P=0.36). Among
the studied species, only dcomys sp. from Iran exhibited a
significant deviation from the balanced sex ratio (42.5%
males; Table 1).

Generalized linear mixed models The initial full GLMM
evaluating the effect of all examined factors—i.e. four
maternal life history (maternal parity, age, postpartum
estrus and litter size) and eight social variables (time
from the founding of the group, litter order, number of
adult males, number of adult females, number of
breeding females, maternal status, number of immature
males, number of immature females)—revealed signifi-
cant effects of species (4. cilicicus CPU=9.02, 4.
cahirinus CPU=7.89, 4. dimidiatus CPU=9.55) and litter
size (CPU=-1.89) on the sex ratio. Table 2 presents details
on the statistics. The effect of the number of immature
males approached the chosen « level of 0.05 (CPU=0.75;
F(1,963):3-21: P:00734)
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Table 1 Secondary sex ratio in

study population categorized Species Number of litters ~ Males ~ Females  Total number of newborns  Sex ratio (%)
according to species

A. cahirinus 875 988 979 1967 502

A. cilicicus 203 241 241 482 50.0

A. dimidiatus 417 612 625 1237 49.5

Acomys sp. 189 154 208 362 42.5%

Total 1684 1995 2053 4048 492

#P<0.05

Table 2 Results of analyses using the GLMM and GLM models for testing the secondary sex ratio in four species/populations of the genus

Acomys
Model CPU LCI ucCI F daf Residual df P
GLMM
Species 3.18 3 487 0.0238
A. cilicicus 9.02 1.41 16.22
A. cahirinus 7.8% 1.63 13.92
A. dimidiatus 9.55 295 15.81
Litter size -1.89 «5.53 —0.24 519 1 963 0.0229
Main effect GL.M
Immature males 0.81 0.13 1.4¢9 6.49 1 1679 0.0109
Litter size -1.61 -3.15 —0.06 4.15 1 1675 0.0415
GLM with interactions
Inmature females % species 9.34 4 1646 <0.0001
Immatwre females X A cilicicus -4.64 —6.67 —2.60
Immatwre females X A cahirinus 0.95 —0.16 2.05
Immature females % A. dimidiatus -2.02 —3.63 —0.41
Immature females X Acomys sp. 3.95 0.84 7.03
Immature males > species 6.73 3 1654 0.0002
Immature males X 4. cificicus 8.88 443 13.20
Tmmature males % 4. cahirinus 1.08 =275 4.90
Immature males X A. dimidiatus 222 —1.86 6.26
Breeding females x species 2.96 4 1650 0.0184
Breeding females x A. cilicicus 1.08 —11.09 13.13
Breeding females x A. cahirinus -9.73 —16.40 —2.69
Breeding females % A. dimidiatus 11.22 3.05 18.80
Breeding females X Acomys sp. -6.73 —18.83 6.23
Immature males -1.19 —4.85 2.49 6.55 1 1661 0.0105
Separate GLMs
A. cilicicus
Immature males 7.46 a0y 9.82 20.57 1 201 <0.0001
Tmmature females -4.93 —6.90 —2.94 26.62 1 200 <0.0001
A. cahirinus
Breeding females =02k -16.73 =332 581 i 867 0.0159
A. dimidiatus
Immature females —-1.89 -3.39 —0.38 6.05 { 414 0.0139
Breeding fermales 12.19 431 19.47 592 1 415 0.0150
Acomys sp.
Immature females 2.70 0.06 533 4.04 1 187 0.0444

Only significant effects for reduced models are shown

CPU, percentage point difference in sex ratio from the nominal value of 50%, due to a unit change of the predictor; LCI, lower bound of 95%
confidence interval (CL); UCL upper bound of 95% CI; GLMM, generalized linear mixed models; GLM, generalized linear models

207

@ Springer



376

Behav Ecol Seciobiol (2010) 64:371-379

Muin-effects GLM We then excluded the factors associated
with maternal identity and performed the GLM analysis. The
effect of the number of immatare males reached significance
(F1,1661y=6.55, P=0.0105), while the significance of effects
of the species (F{31658)=2.56, P=0.0530) and litter size
(Fi1655=3.23, P=0.0722) decreased. When the model was
further reduced to include only these three factors, the
analysis revealed significant effects of the number of
immature males (CPU=0.81) and litter size (CPU=-1.61),
but not of the species.

Generalized linear model allowing interactions with
species When the interactions between the factors included
in the original GLM and the species identity were allowed,
three of the factors appeared to be significant. The final model
(including effects with P<0.1; see Table 2) revealed
significant effects of the number of immature females *
species interaction (Fig. 1), the number of immature males %
species interaction (Fig. 2), the number of immature males
(CPU=—1.19) and the number of breeding females % species
interaction. The effects of the species (F(31658y=2.56, P=
0.0530) and litter size (Fiy 1657=3.27, P=0.0707) dropped
below the significance level.

Separate GLMs for each species We also performed
separate analyses for each species. Only the results of the
final reduced models that revealed the following significant
factors are provided: in A. cahirinus the number of breeding
females (CPU=—10.21); in 4. cilicicus, the number of

2 4 6 8
L

1 1 1 1
A. cahirinus A. dimidiatus

A. cilicicus

Sex ratio

Number of immature females

Fig. 1 The predictions of the generalized linear model (GLM) for the
number of immature females and species interaction
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Fig. 2 The predictions of the GLM for the number of immature males
and species interaction

immature males (CPU=7.46) and the number of immature
females (CPU=-4-93); in 4. dimidintus, the number of
breeding females (CPU=12.19) and the number of imma-
ture females (CPU= —1.89); in Acomys sp., the number of
immature females (CPU=2.70). For detailed statistics sce
Table 2.

In A. cahirinus, the species represented by the largest
dataset, we also calculated partial GLMs, including those
for only litters consisting of two and three newborns (i.e.
most common litter sizes), respectively. This analysis was
performed to avoid the possible interaction of the effects of
differential cost by sex and by litter size. No significant
effect was revealed by these partial analyses.

Discussion

The SSRs found in our dataset were very close to parity in
three of the four populations/species studied. Interestingly,
the only population exhibiting a slightly female-biased sex
ratio was represented by the smallest sample size. Overall,
these results were unsurprising, as balanced ratios at birth in
other mammals have been frequently reported (Clutton-
Brock and lason 1986). Nevertheless, this phenotmenon
cannot be viewed as an unavoidable consequence of chromo-
somal sex determination. Although manymalian sex ratios are
primarily determined by the sperm carrying the sex chromo-
somes and, consequently, are not biased to any large extent at
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the time of conception, episodes of sex-specific selective
mortality of zygotes and embryos could lead to considerable
deviations from parity, especially during early ontogeny
(Kirby et al. 1967; Milki et al. 2003). These processes
provide a good chance for maternal manipulation of the SSR
(compare Grant and Irvin 2009). Therefore, the evolutionary
maintenance of unbiased sex ratios requires the presence of a
specific stabilizing mechanism, as assumed, for example, by
Fisher (1930) who expected natural selection to favour an
equal allocation of investment in male and female progeny.
In any case, the demonstration of unbiased sex ratios does
not mean a falsification of the hypothesis of maternal sex
ratio adjustment (Wild and West 2007).

Despite our extensive datasets, we detected only a few
significant and consistent effects on sex ratios in spiny
mice. Surprisingly, the final models included only three
variables, all of which were associated with the composi-
tion of the group: the number of breeding females, the
number of immature males and the number of immature
females. Thus, if any factor plays a role in sex ratio
adjustment in these species, it hag probably something to do
with the actuval social environment. This hypothesis
corresponds quite well with the recent finding that
individual families of spiny mice differ in levels of faecal
cortisol metabolites (Novakova et al. 2008). Conversely, a
significant interaction with species is revealed in all of the
three variables included in our final models. The same
factors (e.g. number of immature females; Fig. 1) showed
even opposite effects in separate analyses of particular
species/populations of spiny mice. In other words, the
detected effects are not consistent across the studied
species. Although information on the ecology of spiny
mice under natural conditions is scarce, these species have
fairly comparable requirements, and we can provide no
straightforward explanation for the observed inconsistency.
Therefore, these results need to be interpreted with caution.

None of the remaining nine explanatory variables
appeared to be significant. Our results provide some
support for the assumption that the effects of most factors
of mammalian SSRs tend to be only small and biologically
unimportant, while significant effects are mostly associated
with small sample sizes and publication bias (e.g. Festa-
Bianchet 1996; Cockburn et al. 2002; Silk et al. 2005, but
see Cameron 2004).

Factors such as glucose level in the circulating blood
around the time of conception (Cameron et al. 2008) and its
correlates (such as fat content in diet; Rosenfeld et al. 2003;
Rosenfeld and Roberts 2004) are currently considered to be
promising proximate mechanisms of maternal SR manipu-
lation. Not one of our variables provides a ditect measure of
maternal condition or metabolic status. It can be reasonably
expected that some of the examined factors, such as
postpartum conception, age and, possibly, social status,

are related to maternal condition; however, we have no data
on maternal glucose or fat levels, which are difficult to
collect in large samples. Thus, covert effects of these
variables cannot be excluded.

Ags there are both good theoretical reasons for maternal
manipulation of the offspring sex ratios and data from
reliable studies demonstrating the influence of various
factors on sex ratios (see Introduction), we avoid drawing
over-generalized conclusions from our particular study and
instead focus on the peculiarities of the biology of the
studied species.

True laboratory animals were selected in order to maximize
the reproductive efforts for many generations. However, spiny
mice are originally savanna and/or desert dwellers living in
unpredictable or seasonal environments. They are therefore
likely to be able to regulate their reproduction in
response to actual resource availability (e.g. rainfall:
Sicard and Fuminier 1996) and the corresponding pros-
pect of the reproductive event. We may only speculate that
since spiny mice as wild and more K-selected species
(remember their large-sized precocial newborns) strictly
avoid breeding whenever they perceive the environmental
or social conditions as not fully favourable, there may be
reduced variance in body condition and, consequently, no
reason for maternal manipulation and/or any other maternal
effect on the sex ratio of the progeny.

In conclusion, we found no consistent effects of the
studied factors on the sex ratio in spiny mice. Although our
correlation approach to the sex ratios has many inherent
limitations, it still represents the only easy approach to
obtain sufficient datasets from non-domestic mammals. Our
results are not interpretable in terms of the most popular sex
ratio theories (e.g. the Trivers—Willard hypothesis and/or
local resource competition hypothesis). We found fairly
balanced SSRs, and suspect that only some factors
associated with group composition affect this trait in spiny
mice.
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