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Abstrakt

Geografické rozsifeni a fylogeneze bodlinatych mysi rodu Acomys Geoffroy 1., 1838
zustava stale kontroverznim a otevienym tématem. Tato priace se zabyva
vnitrodruhovou strukturou a geografickym rozsifenim rodu Acomys ze severni,
vychodni, stfedni a jizni ¢asti Afriky, ostrovii Stfedozemniho mote Kypr a Kréta,
Tureckého pobiezi, Arabského a Sinajského poloostrova a zlrdnu, pii vyuziti
molekularnich analyz. Molekularni analyzy byly zaloZeny, jak na mitochondrialnich
genovych sekvencich geni D-loop (publikace I) a cytochromu b, tak i na jadernych
sekvencich genu intraretindlniho vazebného proteinu (IRBP) (publikace III, IV) a
rekombinantniho aktivacniho genu 1 (RAG1) (publikace II). Déle byla data podrobena
fylogenetickym analyzdm za pouziti analyz Maximalni 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-sttedomotské 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
roz§ifili jako komenzalni populace, ¢imz je zpochybnén jejich status jako platnych
druht. Byla nalezena znacna geneticka variabilita v Asii (publikace I), avSak nejvétsi
genetickd wvariabilita byla nalezena ve vychodni Africe (publikace II, III, IV).
Multilokusovd fylogeneze zalozend na Ctyfech genetickych markrech ukazuje
pfitomnost péti hlavnich skupin bodlinatych mys$i 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 prevazné parapatrickym rozsitenim.

Tato disertacni prace piinasi informace o existenci nejméné 27 vyluénych genetickych
liniich bodlinatych mysi rodu Acomys z nichz nékteré byly poprvé popsany az v této
praci.



Abstract

The geographical distribution and phylogeny of the spiny mice of the genus Acomys
Geoffroy 1., 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 I) and cytochrome b, as well as the nuclear
sequences of the Intraretinal Binding Protein gene (IRBP) (publication III, IV) and
recombinant activation gene 1 (RAGI) (publication II). Furthermore, the data were
subjected to phylogenetic analyzes using the Maximum likelihood, Bayesian analyses,
Maximum Parsimony, and Neighbor-joining analyses.

The results of mentioned analyzes 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 A. 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 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 subpopulations 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.



Uvod

Bodlinaté¢ mysi rodu Acomys jsou zvlastni mySoviti hlodavci, u kterych se vyvinulo
nekolik jedinecnych znakt, z nichz nékteré nejsou zndmy u jinych mysovitych hlodavca
¢i dokonce savcl. Jedna se napiiklad o menstruaci (Bellofiore et al. 2017), extrémni
schopnost regenerace kuze (Seifert et al. 2012, Jiang et al. 2019) popiipadé nutricné
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 dalSich oblastech vyzkumu jsou bodlinaté mysi
studovany od reproduk¢ni biologie a fyziologie az po chovani. Naptiklad byl studovan
nizky klidovy metabolismus (Ehrhardt et al. 2005, Merkt & Taylor 1994), hospodateni
s vodou v aridnich podminkach (Weissenberg & Shkolnik 1994, Horowitz & Borut
1994), antipredacni obranny mechanismus (Shargal et al. 1999), regulace rozmnozovani
(Wube et al. 2008, Medger et al. 2012, Sarli et al. 2016), rozeni prekocidlnich mlad’at
(Dieterlen 1963, Dempster et al. 1992), estrus postpartum u samic (Dieterlen 1961, Peitz
1981), sam¢i rodicovska péce (Dieterlen 1962, Makin & Porter 1984), socidlni stres
(Novakova et al. 2008), individualniho rozpoznavani (Porter 1986, Makin & Porter
1984) a reprodukéni strategie (Novakova et al. 2010, Frynta et al. 2011).

Bodlinaté mys$i rodu Acomys patii k taxonim hlodavci, které byly rozsihle
studovany po cela desetileti a staly se tak vzorem v mnoha oborech ekologie, fyziologie
a evoluce. Nicméné velkd vétSina vySe uvedenych studii byla provedena na druzich A4.
cahirinus, A. dimidiatus ¢i A. russatus, coz je na téch druzich, které obyvaji Izrael a
sousedni oblasti Blizkého vychodu a piredstavuji pouze termindlni odnoz
fylogenetického stromu rodu Acomys. Pro spravnou interpretaci vSech vyse uvedenych
vysledki je velmi dulezita fylogeneze jednotlivych druht a stejné tak 1 poznani celého
fylogeografického vyvojového scénare.

Soucasné fylogenetické hypotézy tadi rod Acomys do jasné oddélené podceledi
Deomyinae, kterd zahrnuje tfi dalsi rody: Uranomys, Deomys a Lophuromys, pticemz
dve posledni yjmenované piedstavuji sestersky klad k Acomys (Chevret et al. 2001, Jansa
& Wechsler 2004, Alhajeri et al. 2015). Protoze tyto tfi rody maji vyhradné africké
rozsifeni, je predpoklad, Ze 1 plivod rodu Acomys je na Africkém kontinentu (Alhajeri et
al. 2015).

Jednotlivé zaznamy o vyskytu rodu Acomys jsou obecné spojeny s (polo)suchym
prostfedim (Kingdon 2013) az do vysky 2 500 m nad motfem (Monadjem et al. 2015).
Nekolik druhti ¢i populaci Acomys je petrikolni, jejich zivot je tak tésné spjat s
kamenitym stanovi§tém. To je obzvlast' patrné u druhli obyvajicich suché savany,
polopousté a pousté. Tyto naroky, na své zivotni prostiedi, vysvétluji, pro¢ druhy
Acomys typicky chybi v tropické zapadni a stfedni Africe (= konzské oblast), ackoli
nekolik druhii se vyskytuje na severu v oblastech Sahelu a Sahary. Ve srovnani s Jizni
Afrikou je druhové bohatost Acomys ve vychodni Africe vyssi, coz lze vysvétlit
historickym vyvojem prostiedi.

Kromé velké ¢asti Afrického kontinentu se rod Acomys rozsitil do Stfedomoti
(zahrnuje maly pruh podél jizniho pobiezi Turecka mezi mésty Mersin a Silifke a
ostrovy Kypr, Kréta), Asii (od Sinajského poloostrova pies Izrael, Syrie, Jordansko,
Arabsky poloostrov véetné Jemenu) a na piilehla Gizemi v Iranu a Pakistanu podél
Perského a Omanského zalivu (Barome et al. 1998; 2000, Krystufek et al. 2009, Frynta
et al. 2010). Z hlediska biogeografie, ktera je izce spjata s ekologii 1 fylogenetickou
biologii (Brown a Lomolino 1998), Ize geografické rozsiteni rodu Acomys rozd¢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).

Pro rozsahlou studovanost bodlinatych mysi mnoha obory, se zvySuje dulezitost
poznani fylogenetickych vztahti jednotlivych druhli. Znalost téchto vztahii je nutnym
podkladem pro rekonstrukci ancestralnich stavli znakd, jinak feceno pro urceni toho,
kdy a ve kterém kladu pfisluSné znaky, presnéji jejich stavy vznikly, resp. zanikly.
Vérohodna fylogenetickd hypotéza (strom) se tak stdva nepostradatelnou pro vSechny
studie provedené na bodlinatych mysich, jako na modelovém organismu. Bez ni neni
spravna interpretace jednotlivych vysledka v evolu¢nim pohledu (napi. zda jde skutecné
o adaptaci) viibec mozna (cf. Harvey a Pagel 1991).

Rod Acomys (Geoffroy, 1838) byl popsan na zacatku devatenactého stoleti. Existuje
mnoho popsanych druhti, nicméné nekteré z nich nelze podle morfologickych znakt
snadno rozlisit. Je to zejména diky jejich velké vnitrodruhové variabilit¢ a shodné
generalizované morfologii. Opakované snahy o revizi fylogenetické systematiky byly
zalozeny na morfologickych znacich (Ellerman 1941), chromozomech (Matthey 1968,
Macholan 1995) a molarnim vzoru zubti (Chevret 1993). Kromé A. dimidiatus, ktery ma
svou oblast vyskytu v Asii, je v souasné dobé velmi slozité urcit, které z africkych
druhti rodu Acomys jsou pravé uznavané. Kingdon (2013) a Monadjem et al. (2015)
uvadeji 16 africkych druhl: 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 druhti bodlinatych mysi rodu Acomys s 12 podruhy. Tento
historicky velmi nejednotny pohled na celkovy pocet a vymezeni exitujicich druht
bodlinatych mysi rodu Acomys vyustil ve velmi rozsahlou préci, kterd rekonstruuje
fylogenetické vztahy vramci rodu Acomys na zakladé nejvétSiho dostupného
multilokusového datového souboru obsahujici ¢tyfi genetické markery ze 700
genotypizovanych jedinct z 282 lokalit (Aghova et al. 2019). Vysledky ukézaly
pritomnost péti hlavnich skupin v rdmci Acomys, které byly oznaceny jako subspinosus,
spinosissimus, russatus, wilsoni a cahirinus. Kdy tf1 z t€chto skupin (spinosissimus,
wilsoni a cahirinus) jsou dale strukturovany do dalSich fylogenetickych linii s uvedenim
celkového poctu 26 existujicich kryptickych druhtt Acomys (Aghova et al. 2019)
respektive 27 druht (Frydlova et al. in prep.) az 28 druhd 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 Acomys a samotna populace je rozdélena do dvou podskupin
(Frynta et al. in prep.). Od stfedniho Somalilandu na vychod se nachazi jedna
»Somalilandska* podskupina, ktera se v nedavné dob¢ rozsifila na své nynéjsi uzemi a
jeji velikost populace se rychle zvétsila. Severozapadni Somaliland spole¢né s DZibuti a
vychodni Etiopii obyva ,,Dzibutska™ podskupina a ma extrémné vysokou sekvencni
diverzitu (Frynta et al. in prep.), ktera bude spojena s tamni slozitou geologickou historii
uzemi. Vyskyt 4. louisae v Somalilandu béhem posledniho interglacidlu (120-140 ka)
byla pravdépodobné velmi fragmentovand, jak napovidaji vysledky z bioklimatického
modelovani (Aghova et al. 2019). Model neukazal S§ir§i 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
interglacialu  k zalesnéni v centrdlni a vychodni ¢asti Somalilandu, nastoleni
nevhodnych ekologickych podminek pro A. louisae, a tim i k ¢aste¢nému nebo uplnému
vymieni bodlinatych mySi s néslednou rekolonizaci z mistniho refugia ¢i oblasti
vychodoafrické piikopové propadliny po interglacidlnim obdobi (Frynta et al. in prep.).



Frydlova et al. (in prep.) nalezli v jiznim Somalilandu bodlinatou mys, ktera 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
piedpokladané druhy Ign2 a Ign3 (=A. ignitus).

Avsak i nadale zistdva nutnost taxonomické revize hlavné u vychodoafrickych
taxontl, kde se nachdzi nejvetsi variabilita celého rodu Acomys. VétSina soucasnych
molekularnich praci trpi zejména malym poctem vzorki ziskanych pro vlastni analyzu
a / nebo nedostatecnym geografickym pokrytim odebranych vzorkl. StarSi prace jsou
zalozené na mitochondrialnich sekvencich genu cytochromu » nebo D-loop. Barome et
al. (1998, 2000, 2001a), ktery zkoumal vztahy mezi hlavnimi druhy mysi rodu Acomys a
navrhl nasledujici fylogenetickou hypotézu (subspinosus, (spinosissimus, (russatus,
wilsoni, (ignitus, ((cahirinus, chudeaui), (dimidiatus, johannis))))))). Nasledn¢ Barome
et al. (2000) navrhl odpovidajici fylogeograficky scénar, kde predpokladané misto Sifeni
je vychodni Afrika. Béhem stfedniho miocénu doslo k bazalnimu rozdéleni 9,7-13,7 Ma
a prvni migra¢ni udalosti do jizni Afriky, kde vznikd 4. subspinosus a A. spinosissimus,
respektive 8,69 Ma (Aghova et al. 2019). Nasledné migracni viny ve svrchnim miocénu
5,9 — 8,3 Ma byly smérem na Blizky Vychod (4. 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 tzemi jako diive 4. wilosni speciuje i 4. 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 (Aghova et al. 2019) a
severni Afriky se rozsitil 4. cahirinus, do zépadni Afriky A. johannis zanedlouho
nasledovand A. airensis a ptres Uzinu Bab Al-Mandab na Arabsky poloostrov A.
dimidiatus (Barome et al. 2000). Pravdépodobné¢ clovékem doslo k rozsiteni
bodlinatych mysi z Egypta na pfilehlé ostrovy Kypr, Kréta (Kunze et al. 1999) 1 jiZni
pobtezi Turecka a jejich pozd€jSimu popsani jako A. nesiotes, A. minous a A. cilicicus
(Barome et al. 2000). Barome et al. (2001b) zkoumal varianty mitochondrialnich
haplotypti u ostrovni populace A. minous z Kréty a odhalil nedavny piivod vsech
sttedomoftskych populaci rodu Acomys. Tyto populace, plivodné uznavané jako odlisné
druhy A. minous, A. nesiotes a A. cilicicus, jsou pravdépodobné konspecifické s
A.cahirinus a ptedstavuji potomky mysi, které se rozsitily z Afriky prostfednictvim
staroegyptského obchodu. Frynta et al. (2010) potvrdili, pomoci rychle se vyvijejiciho
mitochondrialniho kontrolniho regionu D-loop, Ze sttedomotské haplotypy A. nesiotes a
A. cilicicus se shlukuji s pevninskym A. cahirinus (Egypt, Libie, Cad). Kromé toho byla
také zdokumentovdna mitochondridlni divergence mezi A. dimidiatus ze Sinaje,
Jemenu, Spojenych arabskych emiratd a {ranu. Tato data potvrdila, Zze 4. dimidiatus ma
své rozSifeni pouze v asijské Casti celkové distribuce Acomys s jasnou genetickou
odliS$nosti od vyhradné afrického (+ sttedomoiského) A. cahirinus o kterém diive psal
Volobouyev et al. (2007).

Nedéavno doslo k pfezkouméni fylogenetickych vztahi v ramci celého kladu
Gerbilinae-Deomyinae, véetné 16 druht Acomys (Alhajerim et al. 2015). Jejich ¢asova
kalibrace naznacuje mirn¢ kratSi chronologii 15,9—-17,6 Ma neZ ptedchozi studii Chevret
& Dobigny (2005), kterd uvedla rozstépeni Gerbilinae od Deomyinae n¢kdy kolem 17
Ma. Avsak obecny kladogeneticky vzor vysledného fylogenetického stromu potvrdil
predchozi prace molekularnich studii (viz vyse), 1 v pfipad¢ analyzy zahrnujici 900
druhti hlodavct (Steppan & Schenk 2017).



Cile prace

Tato prace je zaméfend na fylogenezi a molekuldrni charakteristiku nové ziskanych
vzorkl bodlinatych mysi rodu Acomys, ptedevsim ze Siroké druhové skupiny cahirinus.
Za pomoci molekularné genetickych metod jsem se snazila vytesit fylogenetické vztahy
uvnitt sledované skupiny a v ndvaznosti i fylogeografické vztahy a populacni parametry
populaci z oblasti Afrického rohu.

Konkrétni cile prace byly:

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

2. molekularné charakterizovat vzorky pochazejici z nasledujicich oblasti:

a) neafrického rozsifeni rodu Acomys. Cilem bylo pfedevsim ovéfit, a jak doslo ke
kolonizaci Stfedomotskych ostrovit Kypr, Kréta a pobiezi Turecka druhy A.
nesiotes A. minous a A. cilicicus. a Arabského poloostrova s Iranem druhem A.
dimidiatus.

b) Afrického rohu. Somaliland je velmi neprobadanou zemi, kterd ma za sebou velmi
slozitou historii, jak geologickou, tak klimatickou. Molekuldrni data o bodlinatych
mySich z této oblasti dosud zcela chybéla. Zaméiila jsem se na druh Acomys
louisae, ktery je endemitem této oblasti.

c) Afrického rozsifeni — zde byla snaha shromazdit vSechna dostupna data i
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 uskuteénénych nékolika védeckymi tymy. V mnoha ptipadech se jednalo o
oblasti dosud neprovzorkované.

Zavéry

Z dosazenych vysledki vyplyva, Ze bodlinaté mysi rodu Acomys maji své koteny ve
vychodni Africe, odkud se postupné Sifily (v pozdnim miocénu) a speciovaly nejen
v ramci Afriky, ale 1 na blizky vychod a stredomofi. K t€émto Sificim se udalostem
mohlo dojit za soucasného vzniku vhodnych klimatickych a vegetacnich podminek a
nékdy 1 za vzniku pevninského mostu, nebo rozvojem namoini dopravy a tim k Sifeni
spole¢né s lidmi. Pravdépodobné doSlo celkem ke tfem nezavislym koloniza¢nim
udalostem mimo Afriku. NejstarSim kolonizatorem mimo Afriku byl 4. russatus
v soucastnosti se vyskytujici na Sinajském poloostrové a na Stfednim vychodé.
Mnohem pozdé&ji kolonizoval Arabsky poloostrov A. dimidiatus pravdépodobné ptes
uzinu Bab al-Mandab, leZici mezi Afrikou a Jemenem. Posledni vina kolonizatorti byla
pravdépodobné z Egypta, kdy komenzalni populace A. cahirinus zamifila na
sttedomofiské ostrovy a pobiezi Turecka. Velmi slozité a proménlivé prostiedi, jez bylo
uzemi.

Slozitost tohoto tUzemi se odrazi 1 na sekvencni 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 stfedniho a vychodniho Somalilandu.

Z celkového, dnes dostupného souboru molekularnich znakll byla stanovena
existence celkem 5 hlavnich linii bodlinatych mysi rodu Acomys: cahirinus, wilsoni,
russatus, spinosissimus, subspinosus, znichz jsme rozli§ili 27-28 vylu¢nych
genetickych linii pravdépodobné odpovidajicim jednotlivym druhiim rodu Acomys.



Bodlinaté mysi rodu Acomys ve vétsiné ptipada sdili velmi podobnou morfologii
a jejich rozpoznani pfimo v terénu je podle dostupnych kli¢h témét nemozné. Jejich
spravné druhové urceni se zatim neobejde bez piedchozi molekuldrni analyzy.

Slozitost geologické historie nékterych africkych uzemi velmi znesnadiiuje pochopeni
historie aredlli jednotlivych druht / linii mysi. Obzvlasté slozita je situace v oblasti
Vychodoafrické ptikopové propadliny a ji ptilehlych Gzemi, jako je africky roh
Somalska nebo spojeni arabského ploostrova s Afrikou pies blok Danakilu.
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Afro-sttedomoiska linie Acomys cahirinus a asijskd Acomys dimidiatus jsou jasné
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severniho Sttedomofi (linie 4. cahirinus sensu stricto) podporuje hypotézu, ze predci A.
nesiotes, A. cilicicus a A. minous se velmi pravdépodobné rozsifily jako komenzalni
populace. Byla nalezena zna¢nd genetickd variabilita v Asii. Kromé haploskupiny ze
Sinaje a Jordanska (odpovidajici A. dimidiatus sensu stricto) jsme objevili dvé diive
neznamé haploskupiny, jednu z Jemenu a druhou z franu a Spojenych arabskych
emiratd.

2) Aghovéa T., Palupéikova K., Sumbera R., Frynta D., Lavrenchenko L. A.,
Meheretu Y., Sadlova J., Votypka J., Mbau J. S., Modry D., Bryja J. (2019). Multiple
radiations of spiny mice (Rodentia: Acomys) in dry open habitats of Afro- Arabia:
evidence from a multi-locus phylogeny. BMC Evolutionary Biology. 19: 69.

Bodlinaté mysi rodu Acomys jsou rozsitené v suchych a polosuchych aredlech Afriky,
Arabie a Stfedniho vychodu. Na zéklad€¢ dosud nejvetsiho multilokusového genetického
datového souboru z vice nez 200 lokalit, ktery v zasad€ kopiruje cely aredl rozsiteni
rodu Acomys, doslo k revizi fylogenetickych vztaht Acomys. Fylogenetickd 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.

3) Frydlova P., Palupéikova 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. Manuscript submitted for publication.

Africky roh je velmi nepfistupnou oblasti, hned z n€kolika pohled a brani tak vyzkumu
mistni fauny. Veskery material zde ziskany je pro védu velmi cenny. Mysi rodu Acomys
ze Somalska jsou velmi malo znamé. V tomto ¢lanku uvadime prvni nalez Acomys
ignitus — Ignitus 5, ktery obyva rozdilné prostfedi nez vétSina ostatnich druhtt Acomys.
Novy zdznam znacné rozsifuje distribuci celé skupiny na vychod.



4) Frynta D., Palupdikova K., Elmi H. S. A., Awale A. L., Frydlova P. (2019)
Molecular characterization of Acomys louisae from Somaliland: A deep divergence
and contrasting genetic patterns in a rift zone. Manuscript submitted for publication.

V tomto ¢lanku jsme se zaméfili na bodlinatou mys Acomys louisae, ktera je endemitem
Somalilandu. Fylogeneticka analyza ukazala jasnou genetickou odliSnost A. louisae od
ostatnich linii Acomys, ale také ukazala vyrazné rozdéleni do dvou podskupin v rdmci
skupiny A. louisae. Vzorky ze stfedniho a vychodniho Somalilandu, véetné vzorki z
typové lokality, tvoii prvni jasné odliSnou ,,Somalilandskou” podskupinu. Druhou
,Dzibutskou* podskupinu tvoii zbyvajici vzorky ze severozapadniho Somalska s 5 diive
publikovanymi sekvencemi z Dzibuti a vychodni Etiopie. Populacni vypocty i
haplotypova sit’ naznacuji, Ze populace ,,Somaliland* se v nedavné dob¢ rozsitila na své
nyné¢jsi uzemi a jeji velikost populace se rychle zvétsila. Naproti tomu ,,Dzibutska®
podskupina vykazuje extrémné vysokou sekvencéni diverzitu, vysvétlitelnou dlouhodobé
stabilni a pocetnou populaci. Tato prace byla sepsdna na zékladé nové dovezenych
vzorki z celkem tii expedic do Somalilandu vcetné z 1éta roku 2019.
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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,
Jiang et al. 2019). Spiny mice also exhibit giving birth to precocial neonates (Dieterlen
1963, Dempster et al. 1992), nutritionally induced diabetes (Shafrir 2000, Shafrir et al.
2006), individual recognition (Porter 1986, Makin & Porter 1984), social stress
(Novakova et al. 2008), male parental investment (Dieterlen 1962, Makin and Porter
1984), physiological adaptations to arid environment (Weissenberg & Shkolnik 1994,
Horowitz & Borut 1994) and reproductive strategies (Novakova et al. 2010, Frynta et al.
2011). 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 was performed in
A.cahirinus/A.dimidiatus and A.russatus, i.e., those species inhabiting Israel and
neighboring areas of the Near East and representing just terminal offshoots of the
phylogenetic tree of the genus. Thus, relevant species tree, as well as phylogeographic
and evolutionary scenarios, are urgently needed for proper interpretation of the results
of above mentioned studies.

Current phylogenetic hypotheses place the genus Acomys into a distinct subfamily
Deomyinae containing three other genera., Uranomys, Deomys and Lophuromys, latter
two representing a sister clade of Acomys) (Chevret et al. 2001, Jansa & Wechsler 2004,
Alhajeri et al. 2015). As these three genera have exclusively African distribution ranges,
the putative roots of Acomys are in this continent.

The records of the genus Acomys are generally associated with (semi-)arid
environments (Kingdon, 2013) up to 2500m above sea level (Monadjem et al., 2015).
Several Acomys species/populations, are petricolous (rock-dwelling) and thus tight to
rocky outcrops. This is especially apparent in species inhabiting dry savannas, semi-
deserts and deserts. The habitat requirements explain why the Acomys species are
typically absent from tropical Western and Central Africa (= Congolian region),
although several species occur to the North in the Sahel and Sahara regions. Higher
species richness of Acomys in Eastern Africa compared to South Africa may be
explained by historical reasons.

Besides a large fraction of African continent, the distribution range of Acomys
extends to the Mediterranean (it includes a small stripe along southern coast of Turkey
between the towns Mersin and Silifke and the islands of Crete and Cyprus) and Asia
(from Sinai Peninsula through Israel, S Syria, Jordan, Arabian Peninsula (including
Yemen) and adjacent territories in Iran and Pakistan along the Persian Gulf and the Gulf
of Oman (Barome et al. 1998; 2000, Krystufek et al. 2009, Frynta et al. 2010).

In terms of Biogeography which is closely tied to both ecology and phylogenetic
biology (Brown & Lomolino 1998) the geographic range of the genus Acomys can be
split into Afrotropical and Saharo-Arabian regions (Holt 2012). Synonym for
Afrotropical region is sub-Sahara Africa region where the most widespread terrestrial
habitats are tropical grasslands, savannas and shrublands (Sayre et al., 2013).

The genus Acomys (Geoffroy, 1838) was described at the beginning of the
nineteenth century. There are numerous descriptions and available names, nevertheless,
some of these species cannot be easily distinguished according to morphological
characters. It is especially due to a great within species variation and generalized
morphology. There were repeated attempts at systematic revision using morphological
characters (Ellerman 1941), chromosomes (Matthey 1968, Macholan 1995) and pattern



of molar teeth (Chevret 1993). Besides 4. dimidiatus which is confined to Asian part of
the range, 16 African species of this genus are currently recognized (Kingdon 2013 and
Monadjem et al. 2015). These are A. 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 and A. wilsoni.

However, Denys et al. (2017) presents 21 species of spiny mice of the genus
Acomys with 12 subspecies. This historically inconsistent view of the total number and
delimitation of Acomys species has resulted in very extensive work that reconstructs
Acomys phylogenetic relationships based on the largest available multilocus dataset
containing four genetic markers from 700 genotyped individuals from 282 localities
(Aghova) et al. 2019). The results showed the presence of five major groups of Acomys,
which were designated as subspinosus, spinosissimus, russatus, wilsoni and cahirinus.
When three of these major groups (spinosissimus, wilsoni and cahirinus) are further
sub-structured to phylogenetic lineages with predominantly parapatric distributions,
indicating the total of 26 existing cryptic Acomys species (Aghova et al. 2019)
respective 27 species (Frydlova et al. In prep.) up to 28 Acomys species (Frynta et al. in
prep.). Until in Frynta et al. (in prep.) and Frydlova et al. (in prep.) the Somalind region
has been described. 4. louisae, as the endemic of Somaliland, is clearly separated from
the other Acomys lineages and the population itself is divided into two subgroups
(Frynta et al. In prep.). From the middle of Somaliland to the east, there is one
“Somaliland” subgroup that has recently expanded to its present territory and its
population size has increased rapidly. Northwest Somaliland, together with Djibouti and
eastern Ethiopia, is inhabited by the “Djibouti” subgroup and has an extremely high
sequence diversity (Frynta et al. In prep.), which will be associated with its complex
geological history. Frydlova et al. (in prep.) found in southern Somaliland a spiny
mouse of the genus Acomys that inhabits red sands without rocks (which is unusual in
most Acomys mice). Molecular features have shown that this is a new separate line to
the clade comprising the putative species Ign2 and Ign3 (= 4. ignitus).

The total number and delimitation of extant Acomys species, nevertheless, require
further verification. Available molecular studies suffer especially from limited taxon
sampling and/or geographic coverage. This is especially problem of nuclear markers.
Earlier studies relied on sequences of mitochondrial genes (cyt b or control region).
Barome et al. (1998, 2000, 2001a) examined relationships among principal clades of
Acomys.and suggested following phylogenetic hypothesis (subspinosus, (spinosissimus,
(russatus, wilsoni, (ignitus, ((cahirinus, chudeaui), (dimidiatus, johannis)))))). They
also suggested corresponding phylogeographic scenario involving the central role of
East Africa, basal split 9.7-13.7 Ma and repeated colonization events to the Southern
Africa (A. subspinosus and A. spinosissimus) respective 8,69 Ma (Aghova et al. 2019),
Northern Africa (A. russatus, A.cahirinus) 7,55 Ma (Aghova et al. 2019), Western
Africa (4. johannis), and through Bab Al-Mandab to the Arabian Peninsula
(A.dimidiatus).

Barome et al. 2001b examined variation of mitochondrial haplotypes in A. minous
from the Island of Crete and revealed recent origin of the Mediterranean populations of
Acomys. These populations, originally recognized as distinct species 4. minous, A.
nesiotes and A. cilicicus are probably conspecific with 4. cahirinus and represent
descendants of animals that dispersed from Africa via ancient Egyptian trade. Frynta et
al. 2010 confirmed that control region haplotypes of A. nesiotes and A. cilicicus cluster
within those of mainland A4. cahirinus (Egypt, Libya, Chad). Moreover, they examined
mitochondrial divergence among A. dimidiatus from Sinai, Yemen, UAE and Iran. This
further confirmed that A. dimidiatus is confined to Asian part of the range as well as its



clear genetic distinctness from exclusively African (+Mediterranean) 4. cahirinus which
was previously reported by Volobouyev et al. (2007).

Recently, phylogenetic relationships within a clade Gerbilinae-Deomyinae,
including 16 Acomys species were reexamined by Alhajeri et al. (2015). Their time-
calibrated ultrametric chronogram suggests a slightly shorter chronology, but the
cladogenetic pattern of resulting phylogenetic tree generally confirmed findings of the
previous molecular studies (see above). It remained unchainged even when included
into a wide phylogenetic analysis containing 900 rodent species (Steppan and Schenk
2017).

Aims of the study

This work is focused on phylogeny and molecular characterization of newly obtained
specimens of spiny mice of the genus Acomys, mainly from the broad species group
cahirinus. With the help of molecular genetic methods, I tried to solve phylogenetic
relations within the studied group and in connection with the phylogeographic relations
and population parameters of populations from the Horn of Africa.

The specific aims of the work were:

1. to develop a relevant phylogenetic hypothesis about the evolution of spiny mice of
the genus Acomys

2. molecular characterization of samples coming from the following areas:

(a) non-African expansion of the genus Acomys. The main aim was to verify, and
how the Mediterranean islands Cyprus, Crete and the coast of Turkey were
colonized by A. nesiotes A. minous and A. cilicicus. and the Arabian Peninsula
with Iran by A. dimidiatus.

(b) the Horn of Africa. Somaliland is a very unexplored area that has a very complex
history, both geological and climatic. Molecular data on spiny mice from this
area have been completely missing. I focused on the species Acomys louisae,
which is the endemic of this area.

(c) African expansion - there was an effort to collect all available data from previous
studies on phylogeny of spiny mice of the genus Acomys and combine them into
one data set. These data were supplemented by material from many independent
expeditions carried out by several scientific teams. In many cases, these were not
yet sampled.

Papers included to the Ph.D. thesis

1) Frynta D., Palupfikova K., Bellinvia E., Benda P., Skarlantova H., Schwarzova L.,
Modry D. (2010). Phylogenetic relationships within the cahirinus-dimidiatus
group of the genus Acomys (Rodentia: Muridae): new mitochondrial lineages
from Sahara, Iran and the Arabian Peninsula. Zooraxa, 2660: 46-56.

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%)).



2)

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 4.
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. nesiotes, 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.

Aghova T., Palupéikova K., Sumbera R., Frynta D., Lavrenchenko L. A., Meheretu
Y., Sadlova J., Votypka J., Mbau J. S., Modry D., Bryja J. (2019). Multiple
radiations of spiny mice (Rodentia: Acomys) in dry open habitats of Afro-
Arabia: evidence from a multi-locus phylogeny. BMC Evolutionary Biology. 19:
69.

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.

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
Plio-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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4)

Frydlova P., Palup¢ikova 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.
Manuscript submitted for publication.

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.

Frynta D., Palupfikova K., Elmi H. S. A., Awale A. L., Frydlova P. (2019)
Molecular characterization of Acomys louisae from Somaliland: A deep
divergence and contrasting genetic patterns in a rift zone. Manuscript submitted
for publication.

Phylogeographic patterns in the Horn of Africa have recently attracted researchers
searching for hidden diversity and explaining 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 the Somaliland and sequenced cyt b, control region
and IRBP genes. Phylogenetic analysis confirmed clear distinctness of A. louisae
from the other clades of Acomys, but it also revealed a deep split within 4. louisae
clade. Samples from Central and Eastern Somaliland, including those from the type
locality, form a clearly distinct Somaliland clade while remaining ones from extreme
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 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 clade 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 generation of species diversity in the Horn of
Africa.



Conclusions

The results show that spiny mice of the genus Acomys have roots in East Africa, where
they gradually radiated (in the late Miocene) and specialized not only within Africa, but
also in the Middle East and the Mediterranean. These radiating events could have
occurred at the same time as the formation of suitable climatic and vegetative
conditions, and sometimes the formation of a land bridge, or by the development of
nautical transport and thus spreading with people. There were probably three
independent colonization events out of Africa. The oldest colonizer outside Africa was
A. russatus present in the Sinai Peninsula and the Middle East. Much later, the Arabian
Peninsula 4. dimidiatus (CahS5) colonized probably across the Straits of Bab al-Mandab,
situated between Africa and Yemen. The last wave of colonizers was probably from
Egypt, when the commensal population of 4. cahirinus headed for the Mediterranean
islands and the coast of Turkey. The very complex and changeable environment found
in East Africa caused the emergence of several species of spiny mice in a small area.

The complexity of this area is also reflected in the sequence variability of the
“Djibouti” group of A. louisae sensu lato. in northwestern Somaliland and the adjoining
regions of Djibouti and Ethiopia. This contrasts with the surprising uniformity of this
species in central and eastern Somaliland.

The total molecular dataset, today available, shows the existence of a total of 5
major groups of spiny mice of the genus Acomys: cahirinus, wilsoni, russatus,
spinosissimus, subspinosus.

The spiny mice of the genus Acomys in most cases share a very similar
morphology and their recognition in the field is almost impossible according to the
available keys. Their correct species determination has not yet been possible without
previous molecular analysis.

The complexity of the geological history of some African territories makes it very
difficult to understand the history of the sites of individual species / lines of mice. The
situation in the East African Rift Valley and its adjacent territories, such as the Horn of
African in Somalia or the connection of the Arabian Peninsula with Africa through the
Danakil Block, is particularly difficult.
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