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Uvod

Mikrosatelity, nékdy téZ oznacované jako kratké tandemové repetice (angl. short tandem repeats),
jsou Useky genomu slozené z nékolika, obvykle 5-50ti, opakujicich se repeti¢nich motivd, pricemz tyto
repeticni motivy sestavaji nejcastéji ze dvou, tfi, ¢i ¢tyf nukleotidli (napt. CACACA, GTCGTCGTC,
GATAGATAGATA apod.). Tyto lokusy se vyskytuji v eukaryotnich genomech v hojnych poctech, ackoliv
jejich abundance se napfi¢ rGznymi taxony lisi (Toth et al. 2000).

Ackoliv mikrosatelity nekdduji zadné funkéni proteiny, vyskyt pravidelné se opakujicich repetic je
z pravdépodobnostniho hlediska jednoznacné nenahodny, zvlasté uvazime-li cetnost jejich vyskytu
v genomech. Proto je na misté otazka, jaké evolucni mechanismy vedly ke vzniku mikrosatelit( a jaka
je jejich funkce. Mikrosatelity jsou jednim z nejvariabilnéjsich typl DNA sekvenci (Weber 1990). Na
rozdil od kdédujicich sekvenci, kde nej¢astéjsSim typem mutace je zdména nukleotidu v sekvenci DNA,
polymorfismus mikrosatelitnich alel je odvozen predevsim od variability v délce sekvence, ktera je
dana poctem repeticnich motivl. Dals$i vyznamnou vlastnosti mikrosatelitl je wvysoka mira
heterozygotnosti a pfitomnost mnoha rGznych alel v ramci populace. Tyto vlastnosti, spolu s klasickou
Mendelovskou dédicnosti a selekéni neutralitou ¢ini z mikrosatelitd idedlni nastroj pfi hledani
odpovédi na celou fadu otazek v oblastech molekularni ekologie a populacni genetiky (Beebee &
Rowe 2007, Allendorf & Luikart 2007). Za vysokou variabilitou mikrosatelitd stoji vedle selekéni
neutrality vysoka mutacni rychlost, pficemz zakladni mutacni mechanismy jsou dva. Prvnim je tzv.
replication slippage neboli sklouzavdni DNA polymerazy, kdy pfi replikaci useku DNA sestavajiciho
z mnoha kratkych repeti¢nich motiv dojde k pridani ¢i naopak ubrani jednoho repeti¢niho motivu
(Tachida & lizuka 1992). Druhym béZznym mutacnim mechanismem mikrosatelitl je rekombinace, kdy
pfi crossing-overu muZe dojit ke zméné délky repetitivni sekvence (Harding et al. 1992). Méné casto
se vyskytuji i inzerce nebo delece (souhrnné anglicky indels) jednoho nukleotidu (Dieringer &
Schlotterer 2016), coZz ma pak za nasledek naruseni pravidelného sledu repeti¢nich motiva, které je
potfeba zohlednit pfi urcovani genotypu, resp. skérovani alel. Souhrnny prehled mutacnich
mechanismU mikrosatelit, véetné neobvyklych typ(l, zasazeny do kontextu evolu¢ni genomiky lze
najit v nékolika prehlednych a vycerpdvajicich literarnich prehledech (Ellegren 2000, Li et al. 2002,
Ellegren 2004).

Jak jiz bylo feceno, pozorovana abundance kratkych repetitivnich Useki DNA v genomech nemze byt
dilem ndhody. Mezi dolozené funkce mikrosatelitl patfi podil na organizaci chromatinu potazmo
chromozoml, predevsim v oblastech centromer a telomer (Areshchenkova & Ganal 1999, Eichler
1999). Mikrosatelity se rovnéZz podileji na regulaci metabolickych procesd DNA, predevsim
rekombinace (Jeffreys et al. 1998, Templeton et al. 2000). Bylo zjisténo, ze k rekombinaci dochazi
preferencné v oblastech dinukleotidovych repetitivnich sekvenci, diky jejich wvysoké afinité
k rekombinacnim enzymdm (Biet et al. 1999). Strukturni a podp(irnou Glohu hraji mikrosatelity rovnéz
pfi replikaci DNA (Field & Wills 1996), regulaci bunécéného cyklu (Codegoni et al. 1999) a korekci
replikacnich chyb (Kolodner & Marsischky 1999). Dalsi oblasti funkéni pUsobnosti mikrosatelitl je
regulace genové aktivity. Rada studii dokumentuje vliv pfitomnosti repetitivni sekvence v oblasti
promotoru na intenzitu a pribéh transkripce (Sandaltzopoulos et al. 1995, Chen & Roxby 1997). Casty
je rovnéz vliv pfitomnosti Ci poctu kratkych tandemovych repetic na genovou expresi. Nékteré geny
mohou byt exprimovany pouze pfi specifickém poctu repetic v promotoru (Liu et al. 2000), nebo
naopak za urcitych okolnosti je exprese genl pfi zméné poctu repetic vypinana (Miret et al. 1998).
Tyto mechanismy mohou mit vyznamny vliv na prezivani organisml v ménicich se podminkach.
Kromé toho slouzi nékteré mikrosatelity jako vazebnd mista pro regulacni proteiny (Csink & Henikoff
1998) a mohou ovliviiovat téZ intenzitu a pribéh translace mRNA (Martin-Farmer & Janssen 1999).



Otdzka , K ¢emu jsou mikrosatelity dobré?”“ mda samoziejmé dvé zasadné odlisné roviny vyznamu.
K ¢emu jsou dobré organismim v ramci fungovani genomu bylo stru¢né naznaceno v predchozim
odstavci. K ¢emu jsou dobré biologlim jakoZzto nastroj vyzkumu bude popsano v odstavci nasledujicim.
Jiz zminéné vlastnosti mikrosatelitll (selekéni neutralita, kodominance, mendelovska dédi¢nost,
vysoka variabilita) umoznuji pfi dostatecném poctu analyzovanych lokusl jednoznacné detekovat
jednotlivce ze vzorku DNA, cozZ je i nebiologické verejnosti zndmo pod terminem ,,DNA fingerprinting”
neboli genetickda daktyloskopie — metoda stdle vice pouzivana predevsim v kriminalistice (Roewer
2013). Z moznosti jednoznacné identifikovat konkrétniho jednotlivce v kombinaci s mendelovskou
dédicnosti a kodominanci logicky vyplyva dalsi z nejbéznéjsich praktickych aplikaci mikrosatelitové
analyzy — urceni rodicovstvi a jinych typ( pribuznosti (Blouin et al. 1996, Jones & Ardren 2003).
Stanovenim genotypu vétsiho poctu jedincli v rdmci populaci Ize z frekvence vyskytu jednotlivych alel
kvantifikovat populacné-genetické fenomény jako genovy tok (Bossart & Prowell 1998, Gaggiotti et al.
1999) populacni diferenciace (Balloux & Lugon-Moulin 2002), inbreeding (Coltman & Slate 2003),
bottleneck (Williamson-Natesan 2005), nebo hybridizace (Randi 2007). Oblibena je rovnéz kombinace
genetickych a geografickych dat uZivana k vysvétleni pozorovanych populacnich jevli na pozadi vlivu
geografické vzdalenosti a krajinnych parametr(. Tento interdisciplinarni pristup se vzil pod nazvem
krajinna genetika (angl. landscape genetics) (Manel et al. 2003, Holderegger & Wagner 2008). Vyzkum
vyse uvedenych populacné-genetickych parametrll ma zvySeny vyznam v ochranaiské biologii
(Frankham et al. 2002), ptipadné biologii invaznich druh( (Lee 2002), prenasecld chorob (McCoy
2008), hospodarsky vyznamnych Zivocichl a rostlin apod. V neposledni fadé nachazi analyza
mikrosatelitd uplatnéni v humanni mediciné, konkrétné v diagnostice nékterych nadorovych
onemocnéni (Ribic et al. 2003, Boland & Goel 2010), pfipadné jinych typld onemocnéni, obecné
zpUsobenych mutacemi, s nimiZ jsou konzistentné asociovany urcité mikrosatelitové genotypy (Smolik
et al. 2010, Korytko & Laczmanska 2016).

Obecna metodika |

K analyze mikrosatelitd potfebujeme vzorky DNA zkoumaného organismu, obvykle dostatecné
mnozstvi jedincl zvice rdznych subpopulaci, abychom byli schopni ziskat statisticky relevantni
dataset alelickych frekvenci (Hale et al. 2012). Lokusy amplifikujeme pomoci polymerazové retézové
reakce (PCR), nejlépe v tzv. multiplexu, coZz znamena Ze do jedné PCR reakce dame vice parl primerd
a ziskame tak produkty vice lokusl v jediné reakci. Abychom byli schopni alely jednotlivych lokusl
v ramci multiplexu od sebe odlisit, jsou forward primery znacené rlznymi typy fluorescence, coz ma
primarni vyznam pfi fragmentacni analyze na automatickém sekvenatoru (Thermo Fisher Scientific
2014), coz? je dnes standardni metoda kvantifikace poctu nukleotidovych bazi mikrosatelitnich lokust
(dfive se vyuzivala rovnéz gelova elektroforéza, modifikovand za ucelem extrémni citlivosti s moznosti
rozliSit PCR produkty liSici se ve velikosti vradu jednotek bazi). Ziskané elektroforetogramy
analyzujeme (stanovujeme genotypy) pomoci pfislusnych softwarl (Pompanon et al. 2005, Guichoux
et al. 2011) a konecné genotypické datasety statisticky zpracovdvame celou fadou metod a program(
(Excoffier & Heckel 2006) v zavislosti na otazkach a hypotézach dané studie.

Obligatni komplikaci pfi vyuziti mikrosatelitll vzdy bylo a dosud je potfeba specifickych primer(, a to
v poctu nejlépe nékolika desitek. Obvyklym postupem pfi zahdjeni prace, jejimz cilem je ziskat
genotypy populaci studovaného druhu, je hledani v literature, zda pro dany druh specifické primery
existuji. Pokud ano, vyzkumnik si usetfi mnoho prace a financnich prostfedkd, na druhou stranu to
znamena zvySenou pravdépodobnost, Ze dany druh byl jiz z hlediska populacni genetiky zkouman, coz
ovsem muZe byt vyhoda i nevyhoda — na jednu stranu je mozné na existujici studii navazat, zaméfit se
na jiny aspekt apod., na druhou stranu se vytrdaci atraktivita prvenstvi a neotrelosti.



Druhou variantou je situace, Ze nalezneme v literature primery navrzené pro vice ¢i méné pribuzny
druh a rozhodneme se vyzkouset zda budou pouzitelné i pro nami studovany druh. Tomuto pfistupu
se anglicky fikd cross-species amplification, ¢esky mezidruhova amplifikace. Obecné plati, Zze ¢im
pfibuznéjsi je druh, pro ktery byly primery navrieny, tim lépe, ackoliv vtomto ohledu panuje
nezanedbatelnd mira ndhodnosti — nékdy jsou pouzitelné primery navrzené pro odlisny fad, jindy zase
nebudou fungovat primery navrzené pro blizce pfibuzny druh (Barbara et al. 2007).

Prikladové studie |

Prikladem vyuziti metody mezidruhové amplifikace jsou dvé publikace, které jsou soucasti
predkladané dizertacni prace. Relativné neddvno byl v rdmci rodu netopyrl Myotis popsan novy, do
té doby tzv. krypticky druh — Myotis alcathoe (von Helversen et al. 2001). Na Gzemi Ceské Republiky
byl predtim zaménovan za jeden ze dvou sesterskych druhQ — Myotis mystacinus a Myotis brandtti
(Lucan et al. 2009). V nasi studii jsme se zabyvali spolehlivosti rozliSeni a sprdvného urceni téchto t¥i
druh( v terénnich podminkdch pouze na zakladé morfologie. Jako kontrolni Udaj ndm poslouzZilo
srovnani s dodate¢né provedenym uréenim pomoci setu mikrosatelitd. Bylo testovano celkem 33
lokusli, navrzenych pro jiné druhy netopyrl (Pipistrellus pipistrellus, Nyctalus noctula, Plecotus
auritus, Eptesicus fuscus, Myotis myotis). Vysledkem bylo nalezeni dvanacti lokust, které byly
polymorfni a spolehlivé se amplifikovaly u vSech tfi zkoumanych druhl. Tyto lokusy byly
amplifikovany ve dvou multiplexech. V souladu s vyse uvedenym postulatem, bylo devét z téchto
dvanacti lokusi pdvodné navrieno pro nejpfibuznéjsi druh — Myotis myotis. Bylo zgenotypovano
celkem 359 jedincl druhd M.alcathoe, M.mystacinus a M.brandtti. Data byla analyzovana pomoci
faktorialni korespondencni analyzy v programu GENETIX (Belkhir et al. 2004). Assignment test,
pfifazujici kazdému jedinci hodnotu pravdépodobnosti genetické prislusnosti byl proveden
v programu GeneClass (Cornuet et al. 1999). Vysledky obou analyz jednoznac¢né rozdélily jedince do
druhd, mj. diky radé druhové specifickych alel. Tato data pak byla pouZita pro potvrzeni spravného
uréeni zvirat v terénu pomoci morfometrie (Luéan et al. 2011). Ziskand data pozdéji pfinesla dalsi
zajimavy poznatek v kontextu studie Bogdanovicze et al. (2012), kterd dokumentovala vyskyt
mezidruhovych hybridd vramci M.alcathoe, M.mystacinus a M.brandtti na podzimnich
shromazdistich netopyr( v jiznim Polsku. Nase data, analyzovana totoznym zpUsobem (software
STRUCTURE (Pritchard et al. 2000)), vyskyt hybrid{i na zemi CR nepotvrdila.

Druhym ptikladem vyuziti metody mezidruhové amplifikace je studie zkoumajici populacni genetiku
kamzika horského na Slovensku. Ve Vysokych Tatrach se v poctu cca sedmi set jedincl vyskytuje
endemicky autochtonni poddruh Rupicapra rupicapra tatrica. Do Nizkych Tater bylo v sedmdesatych
letech dvacatého stoleti nékolik jedincl tohoto poddruhu pfemisténo a vznikla zde relativné stabilni
populace Citajici cca sto jedinc(. V sousedicich pohofich Vysoké Fatry a Slovenského Raje Ziji populace
kamzik(l pochazejici z Némeckych a Rakouskych Alp (Martinkova et al. 2012). Tatransky poddruh je na
seznamu kriticky ohrozenych druht. V pribéhu minulych sto let dochdzelo k pomérné dramatickym
poklestim pocetnosti, napt. béhem druhé svétové valky vlivem lovu. Cilem vyzkumu bylo zjistit Uroven
genetické variability jednotlivych populaci a predevsim detekovat pfipadnou hybridizaci mezi
tatranskym a alpskym poddruhem, kterou bylo mozno ocekavat predevsim v Nizkych Tatrach. Za
timto Gcelem bylo testovano celkem 65 mikrosatelitovych lokusd, plvodné navrZenych pro skot, ovce,
kozy a goraly. Bylo nalezeno dvacet lokust polymorfnich a konzistentné se amplifikujicich v ramci
vsech zkoumanych populaci, pficemz vyraznym trendem byl vysoky podil (68%) monomorfnich lokus(
u tatranského podruhu, zatimco u alpskych kamzikd byla vétSina (63%) testovanych lokusu
polymorfnich. Vybrané lokusy byly amplifikovany pomoci tfi multiplexovych setl a vyuzity k ziskani
odpovédi na vySe uvedené otazky. Ve vSech zkoumanych populacich byla zjisténa nizkd geneticka
variabilita a vysokd mira inbreedingu. Nejnizsi Uroven variability byla pozorovana u tatranského



poddruhu, pravdépodobné jako disledek opakovanych bottleneckl. Vsechny ¢tyfi populace byly od
sebe zietelné geneticky odlisSné. Introdukované populace alpského poddruhu vykazovaly vyssi
genetickou variabilitu, prestoZe byly zaloZzeny nizsim poctem jedincl. V nizkotatranské populaci byla
prokdzana hybridizace s alpskym poddruhem z obou sousedicich lokalit (Zemanova et al. 2011,
Zemanova et al. 2015).

Obecna metodika Il

Pokud chceme studovat populacni genetiku druhu, pro ktery mikrosatelitové primery zatim neexistuji
a ani metoda cross-species amplifikace nepfinese funkéni markery, je potreba specifické primery
identifikovat a charakterizovat. Prvni protokol pro izolaci mikrosatelitl de novo byl publikovan v roce
1991 (Rassmann et al.). Tento postup zahrnoval vytvofeni parcidlnich genomovych knihoven, t;.
fragmentl DNA o vhodné velikosti (v fadu stovek bazi), ziskanych pomoci restrikénich enzymd,
pfipadné sonikace. Tyto fragmenty byly nasledné zaklonovany do bakteridlnich bunék pomoci
plasmidovych vektortl. Uspééné zaklonované knihovny obsahujici repetiéni motivy byly poté vybrany
pomoci Southernovy hybridizace (Southern 1975) za poufZiti sond obsahujicich repeti¢ni motivy.
Zejména v pripadé genom( bohatych na mikrosatelity, byl tento postup relativné jednoduchy a
efektivni. Na druhou stranu se ukazalo, Ze v pfipadé nizkych frekvenci vyskytu mikrosatelitl v cilovém
genomu, je klonovani a hybridizace extrémné pracné a malo vynosné. Z téchto dlivoda byly vyvinuty
rzné alternativni strategie za ucelem sniZeni ¢asové narocnosti a zvySeni poctu identifikovanych
mikrosatelit(, napf. vyuZiti RAPD (Wu et al. 1994, Ciffarelli et al. 1995), extenze primeru (Ostrander et
al. 1992, Paetkau 1999), nebo selektivni hybridizace (Karagyozov et al. 1993, Armour et al. 1994, Kijas
et al. 1994). Postupem casu zacalo byt béiné, Ze tyto casové narocné laboratorni procedury jsou
zajistovany komercnimi poskytovateli. Zejména pro vyzkumné tymy, které vyuZivaji mikrosatelity
pouze pfileZitostné, pripadné se zabyvaji jednim, ¢i nékolika malo druhy organismui, se jednad o
vitanou moznost (Zane et al. 2002).

Nastup next-generation sekvenovani (NGS) otevrel v oblasti izolace mikrosatelitd nové moznosti.
Mnozstvi sekvenénich dat ziskanych béhem jediné analyzy se pohybuje v fadu milion( bazi. V rdmci
ziskanych sekvenci pak staci najit pravidelné repetic¢ni motivy o vhodné délce (mikrosatelity) a kratké
sekvence, které je ohranicuji (primery) (Abdelkrim et al. 2009, Allentoft et al. 2009, Castoe et al.
2010). ZvySeni poctu nalezenych mikrosatelitl lze dosdhnout vyuZitim 454 GS-FLX (Roche Aplied
Science) technologie k sekvenovani obohacenych DNA knihoven (Santana et al. 2009). Optimalizovany
protokol kombinujici klasickou metodu obohaceni DNA knihoven pomoci biotinu a streptavidinu (Kijas
et al. 1994) s modifikaci Titanium 454 GS-FLX technologie (Malausa et al. 2011), byl vytvoren ve
spolecnosti GenoScreen (Francie), ktera tuto metodu komercné poskytuje pod nazvem Geno Sat.
Vyhodou této metody je Ze s vyuzitim dostupnych genomovych dat vyhledava v cilovém genomu
preferencné repeti¢ni motivy, které jsou v ném nejhojnéji zastoupeny. Praktické vyuziti servisu Geno
Sat vyzaduje poskytnuti smésného vzorku (cca 12 jedinci) DNA cilového organismu a po obdrieni
ziskanych sekvenci primert, ohranicujicich mikrosatelity, je vhodné provést bioinformatickou analyzu
za UcCelem vybéru nejvhodnéjsich primerl a jejich nasledné testovani zda poskytuji polymorfni a
konzistentné se amplifikujici mikrosatelity. Tento postup byl aplikovan pti vyvoji mikrosatelitl ctyr
raznych druhd hmyzu — ohrozeného motyla perletovce maceskového (Argynnis niobe), ohrozeného
brouka tesafika alpského (Rosalia alpina), endemického motyla Kamerunské vulkanické linie
(Mylothris jacksoni knutsoni) a vysoce invazniho mravence (Tapinoma melanocephalum). Vysledky
téchto analyz byly publikovany a jsou soucasti predkladané dizertacni prace.



Prikladové studie Il

Vétsina hojné studovanych ohroZenych motyll tvofi kolonie o vysokych lokdlnich densitach a nizkém
genovém toku. Druhy s opacnou strategii (nizké density, velka mobilita) nebyvaji ohroZeny. Vibec
nejohrozenéjsi vsak byvaji druhy spadajici mezi tyto dva extrémy, tj. stfednimi densitami i genovym
tokem. Takové druhy vyuzivaji pfirozené vzdcné zdroje, proto vyzaduji velké rozlohy biotopt (Thomas
2000). Prikladem jsou dva sesterské druhy perletovc(, p. prostfedni (Argynnis adippe) a p. maceskovy
(Argynnis niobe). Byvali vieobecné rozsiteni v tradicné obhospodafované krajiné stfedni Evropy,
v poslednim pdlstoleti drasticky ustoupili. A. niobe, vyZadujici extenzivné pasend stanovisté, v CR
preziva hlavné v moravskych Karpatech, zatimco A. adippe, preferujici opusténé louky az kfoviny, se
v poslednim desetileti vraci (Benes et al. 2002). Za ucelem studia genetické struktury téchto motyl
jsme vyvinuli mikrosatelitni markery pro A. niobe a metodou cross-species amplifikace byly tyto
lokusy aplikovany i u sesterského druhu A. adippe. Spolecnosti GenoScreen jsme zaslali smésny vzorek
DNA ¢ty jedincd Perletovce maceskového. Bylo provedeno pyrosekvenovani a nasledné analyza
GenoSat, které poskytla bezmala 70 tisic sekvenci, z nichZ vice nez osm tisic obsahovalo repeti¢ni
motivy. Bioinformatickd analyza vyustila v 388 potencidlné vhodnych parl primerd, ohranicujicich
mikrosatelitové lokusy. Poté, co jsme tyto potencidlné vhodné primery podrobili dikladnéjsi analyze
ohledné jejich biochemickych vlastnosti, dllezitych pro Uspésnou amplifikaci, s vyuzitim on-line
aplikace NetPrimer jsme vybrali tficet nejvhodnéjsich. Tyto lokusy jsme testovali na polymorfismus u
obou druhl simultanné, ¢imz jsme docilili nebyvale vysoké Uspésnosti pfi aplikaci lokusl u A. adippe.
Vybrali jsme celkem deset lokus(, z nichZz vSechny byly polymorfni u A. niobe a devét u A. adippe.
Pomoci téchto marker(l jsme zgenotypovali 32 jedinci od kazdého druhu z ddoli Vsetinské Becvy
v CHKO Beskydy. U obou druh( jsme zaznamenali relativné nizkou genetickou variabilitu (priimérny
nez ocekdvané. Tyto parametry naznacuji mozny vyskyt inbreedingu, bottlenecku nebo genetického
driftu — fenomény ocekavatelné u ohroZzenych druhd, které nedavno zaznamenaly vyrazny Gbytek
pocetnosti.

Tesarik alpsky (Rosalia alpina) je ikonickym druhem ochrany Evropské pfirody. Atraktivni zvife vazané
svymi potfebami na staré vzrostlé listnaté stromy, predevsim buky, ale téZ napf. javory, jilmy a jasany.
Drive rozsSifeny na vétSiné uzemi Evropy, béhem poslednich desetileti vyhynul v severni ¢asti svého
aredlu a v Ceské Republice nyni nalézdme okraj jeho roziiteni. Nejvice ohroZené jsou malé izolované
populace, jelikoz dospély brouk, ktery béhem nékolika malo dni nenalezne sexualniho partnera se jiz
nerozmnozi (Drag et al. 2011). Navzdory velkému vyznamu v ochranarské biologii, nebyla geneticka
struktura populaci tesarika alpského doneddvna vibec zkoumana. Analyza GenoSat poskytla 59 parf
primerd, z nichZ bylo vybrano 40 nejvhodnéjsich, z nichz 28 poskytovalo konzistentni PCR produkty
vrozmezi 100 — 300 bazi. Z téchto lokust bylo 15 monomorfnich, 4 tvofily nespecifické produkty
tézko odlisitelné od skutecnych alel a 9 lokust bylo polymorfnich se spolehlivé urcitelnymi alelami,
které jsme amplifikovali pomoci dvou multiplexovych setl. Pro potieby kratkého ¢lanku, popisujiciho
vyvoj a zakladni parametry téchto mikrosatelitli, bylo zgenotypovdno 45 jedinci ze zapadniho
Slovenska. V rdmci této jedné subpopulace jsme detekovali nizkou alelickou variabilitu (2-4 alely na
lokus) a Uroven heterozygotnosti dosahla v priiméru hodnoty 0,34. Lokusy byly v Hardy-Weinbergové,
jakoz i ve vazebné rovnovaze. Nové vyvinuté mikrosatelity byly ndsledné pouzity k analyze populacné
genetické struktury tesatika alpského ve stfedni a jihovychodni Evropé. Byly stanoveny genotypy
celkem sedmi set jedincl ze tficeti dvou riznych lokalit. Byla zjiSténa negativni korelace genetické
diverzity a zemépisné itky. Nejvyssi alelicka diverzita byla detekovana v Recku, co? naznacuje funkci



tamnich pohofi jako glacidlnich refugii. Klastrova analyza poukdzala na existenci dvou geneticky
diferencovanych linii — jihovychodni a severozdpadni, oddélenych hranici mezi vychodnimi a
zdpadnimi Karpatami (Drag et al. 2015).

Mylothris jacksoni knutsoni je endemicky motyl Kamerunskych hor, zndmych téz jako Kamerunska
vulkanicka linie. Toto pohofi je jedinym rozsdhlym dzemnim celkem afromontdnniho habitatu na
zdpad od Konzské panve a je vyznamnym centrem endemismu a biodiverzity. Soucasné je zde vysoka
(lidskd) populacni hustota s prislusnymi tlaky na Zivotni prostfedi, coz z této oblasti Cini jedno
z nejohroZenéjSich mist tropické Afriky (Tropek & Konvicka 2010). Pfesto byl vliv lidské ¢innosti na
genetickou strukturu ZivocisSnych populaci v této oblasti dosud studovan minimalné. Mylothris
jacksoni knutsoni je zavisly na afromontannich habitatech v nadmorské vySce nad 1500 m n.m., kde
obyvd okraje horskych lesi a kfovinaté submontanni porosty, pficemz se vyhybd zdegradovanym
pastvinam i lesnim pasekam po tézbé dreva. Populacné genetickd struktura tohoto druhu, jakoz ani
zadného jiného motyla ztéto oblasti dosud nebyla studovana. Analyza GenoSat spolecnosti
GenoScreen nam poskytla 263 parQ primerd lokus(, obsahujicich repetitivni motiv. Bioinformatickou
analyzou pomoci on-line aplikace NetPrimer bylo vybrano 24 nejvhodnéjsich par( primerd, které byly
testovany na osmi jedincich. Ve vysledku bylo popsano osm polymorfnich lokus(, které jsme sdruzili
do dvou multiplexovych panelli, pomoci nichZ jsme stanovili genotypy tficeti jedincd z jedné z lokalit
(Nkogam Masiv, Zapadni Kamerun). Podrobnosti ohledné parametr( jednotlivych lokus( Ize dohledat
v pfislusné publikaci (Zima Jr. et al. 2014), zde uvedu pouze Ze vSechny lokusy byly v Hardy-
Weinbergové rovnovaze a nebyly mezi sebou ve vazebné nerovnovdaze. Pomoci téchto lokusl jsme
nasledné analyzovali 350 jedincl z patnacti lokalit pokryvajicich celkovy aredl vyskytu zkoumaného
druhu. Vysledky téchto analyz jsou aktualné pripravovany k publikaci, proto zde pouze naznacim, Ze
jsme zaznamenali pozitivni korelaci mezi genetickou a geografickou vzdalenosti a genetickou
diferenciaci a sniZzenou variabilitu v okrajovych a izolovanych populacich (Tropek et al. in prep.).

Tapinoma melanocephalum je celosvétové rozSifeny, vysoce invazni, synantropni druh mravence,
jehoz sifeni a distribuce jsou do zna¢né miry zprostfedkovany a ovlivnény lidskou cinnosti. PGvodni
areal tohoto druhu neni zndm, nicméné v Uvahu pfipada oblast Indo-Pacifiku, kde se vyskytuje
nejvétsi pocet rGznych druhd rodu Tapinoma (Wetterer 2009). Z hlediska vyznamu muZe tento druh
predstavovat ohroZeni nékterych sloZek plvodni bioty, Skodit v zemédélstvi a také bylo zjisténo, Ze je
potencidlnim prenasecem patogenu (Moreira et al. 2005). Vzhledem k vysoké mitfe synantropie muze
detailni znalost fylogeografie a populacni struktury téchto mravenc mimo jiné poskytnout zajimavé
srovnani s migracni historii druhu Homo sapiens (Lebrasseur 2014). Za timto ucelem jsme vyvinuli
dvanact mikrosatelitovych lokus(, stejnou metodou jako v predchozich studiich — tj. pyrosekvenovani
genomovych knihoven obohacenych o repetitivni motivy s naslednou bioinformatickou analyzou,
vybér nejvhodnéjsich primer( a testovani polymorfismu ziskanych PCR produktli. Kromé nové
popsanych lokusl, jsme testovali neddvno popsané primery, které jsou univerzalni pro vsechny
mravence (Butler et al. 2014). Z tfiadvaceti testovanych jsme zaznamenali dvanact polymorfnich.
Celkem dvacet Ctyfi mikrosatelitd tak bylo pouZito ke stanoveni populacné genetickych parametrt
zkoumaného druhu. Primarné byly uréeny genotypy dvaceti jedincl z jedné populace na Papui-Nové
Guinei (PNG). V ramci této jedné populace byla detekovana extrémné nizka geneticka variabilita, jak
ve smyslu poctu alel na lokus (primér = 1,66), tak ve smyslu proporce heterozygott (priimér = 0,008).
Abychom se podivali na alelickou diverzitu v rdmci (mnohem) Sirsiho Uzemi a vétsiho poctu rliznych
populaci, genotypovali jsme dalSich tficet jedincl z deseti lokalit (PNG, Mikronésie). Zjisténa alelicka
variabilita u nové vyvinutych lokusd dosahla primérné hodnoty 6,6 alel na lokus, nicméné
pozorovana proporce heterozygot( (0,144) byla vyrazné nizsi nez ocCekavana (0,645). Obdobné
hodnoty jsme zaznamenali i pfi uZiti univerzalnich mikrosatelitd (Na=6,4; Ho=0,142; He=0,545).
Abychom ukazali, Ze tento trend vyrazného nadbytku homozygotl je charakteristicky pro T



melanocephalum, analyzovali jsme s vyuZitim totoznych univerzalnich mikrosatelitt vzorky populaci
Sesti jinych druhl resp. rodd Indo-Pacifickych mravencd, u nichZ jsme detekovali obvyklou Groven
alelické diverzity a viceméné vyrovnané hodnoty pozorované a ocekdvané heterozygotnosti. Kromé
srovnani s jinymi druhy jsme metodicky vyloucili mozné artefakty, které by mohly Uroven pozorované
heterozygotnosti zkreslit. Vyrazny nadbytek homozygotli u T.melanocephalum tak interpretujeme
jako pravodni jev efektu zakladatele (angl.. founder effect), efektu hrdla lahve (angl.. bottleneck) a
inbridingu. VSechny tyto jevy jsou u tohoto druhu ocekdvatelné, vzhledem k jeho tendenci Sitit se na
velké vzdalenosti, zakladat kolonie z minimalniho poctu jedincl a dalSim reprodukéné-ekologickym
vlastnostem, které vyustuji ve vysokou ptibuznost jedincd v ramci kolonie.

Zaveér

Navzdory rozvoji a vzrlstajici dostupnosti tzv. next-generation sekvenovani (NGS) (Ekblom & Galindo
2011), klasické genetické markery jako mitochondridlni DNA a mikrosatelity zGstavaji
nenahraditelnym nastrojem pro vétSinu molekularnich ekologli, zejména vzhledem ke snadné a
dlouhodobé zavedené metodologii zpracovani a vyhodnocovani vysledkd, cenové dostupnosti a
v neposledni fadé kontinualné vzrlstajicimu poctu organismui, které s pomoci téchto klasickych
marker( byly analyzovany a je tak mozné ¢im dal vice organism( v rliznych typech analyz vzajemné
porovnavat.

Mikrosatelity maji oproti NGS nékolik duleZitych vyhod. S vyuZitim genomovych dat byly napfiklad
popsdny primery mikrosatelit(i, konzervativnich (Cili pouzitelnych pro amplifikaci pfislusnych lokus()
vramci veSkerych mravencli, pricemZz vétSina téchto lokusi je zaroven polymorfni v ramci
jednotlivych druhd (Butler et al. 2014). Tato studie ukazuje moZny trend v budoucim vyuZiti
mikrosatelitl a predstavuje inspirativni vyzvu pro badatele zabyvajici se ostatnimi taxonomickymi
skupinami. Mesak et al. (2014) provedli srovnavaci studii, charakterizujici pfibuzenské vztahy
v populacich ryb Kryptolebias marmoratus. Za pouziti mikrosatelitd a RAD-seq SNP technologie
zpracovali stejné vzorky a dospéli k zavéru, Ze NGS RAD-seq technologie mlzZe mit pfi detekci
skuteénych populaéné-genetickych parametrd vyznamné nedostatky ve srovnani s klasickymi
mikrosatelity.

Predkladana dizertacni prace je kompilaci Sesti publikaci, popisujicich mikrosatelitové markery ctyr
druh( savct a péti druh( hmyzu. Vétsinou se jedna o druhy ohroZené a cilem vyvoje mikrosatelit(l pro
tyto druhy bylo jejich nasledné vyuZiti v ochrandisko-genetickych studiich. Prace tak predstavuje
obohaceni dostupnych metodickych nastroji k vyzkumu ohroZenych Zivocich(. K vyvoji lokust bylo
vyuzito rliznych postupl, véetné moderniho pyrosekvenovani, které predstavuje trend v analyzach
DNA s celou fadou praktickych aplikaci. Tento text mimo jiné dokumentuje vzrlstajici dostupnost
nejmodernéjsich metod molekuldrni biologie a jejich vyuziti v klasickych biologickych oborech jako je
zoologie, botanika a ekologie.
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Abstract. The Alcathoe bat (Myotis alcathoe), the whiskered bat (Myotis mystacinus) and the Brandt's
bat (Myotis brandtii) represent three cryptic species living in sympatry across much of Europe. Although
their determination based solely on external characters has been widely used in field research, there is no
study addressing the reliability of such determination. Based on material of bats identified with the help
of genetic methods, we aimed (1) to analyse the reliability of field determination, (2) to compare basic
quantitative measurements (forearm length, length of tibia, body mass) and (3) to provide information on
the reliability of using these measurements for field identification of these three species based on mate-
rial from the Czech Republic. Fourteen of 359 individuals (3.9%) were originally erroneously determined
based on external characters. Eight per cent of bats originally determined as M. alcathoe were in fact
different species. In all M. mystacinus bats, the original species determination was confirmed using the
molecular analysis (i.e. 0% determination error). Four per cent of bats (5 inds.) originally determined as
M. brandtii were assigned to M. mystacinus using molecular methods. The three species significantly
differed in forearm length, the length of tibia and body mass. Although a considerable overlap of mar-
ginal values always existed, the lowest one was recorded between M. alcathoe and M. brandtii. The
best model for discrimination among the three species included sex, forearm length and body mass.
However, ca. 69-94% correctness of assignment based solely on these three variables stresses the
importance of using a combination of both metric and qualitative characters (i.e. colouration, ear and
dental morphology) to further improve the reliability of determination.

Myotis alcathoe, Myotis mystacinus, Myotis brandtii, determination, external morphology

Introduction

The Alcathoe bat (Myotis alcathoe), the whiskered bat (Myotis mystacinus) and the Brandt’s bat
(Myotis brandtii) represent three distinct species from the Myotis mystacinus morpho-group liv-
ing in sympatry across most of Europe (Dietz et al. 2007). Although they are not closely related
species (see Ruedi & Mayer 2001), their morphology is so similar that until the 1960s they were
treated as a single species. Gauckler & Kraus (1970) and Hanak (1970) showed M. brandtii
(Eversmann, 1845) to represent a species separate from M. mystacinus (Kuhl, 1817), based on
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body size and dental and penial morphology. Since that time, M. mystacinus and M. brandtii were
easily distinguished in the field based on the presence of prominent cingular cusp on the upper
large premolar (P*) and the widened distal part of penis in the latter species (Gauckler & Kraus
1970, Hanak 1970, 1971). However, the influx of molecular methods into bat taxonomy at the
beginning of the 21st century revealed another species within the morpho-group, whose exist-
ence had been predicted based on the results of karyologic studies by Volleth (1987) and field
observations by von Helversen (1989). This new species was described as Myotis alcathoe von
Helversen et Heller, 2001 (von Helversen et al. 2001) and the growing literature has confirmed
its sympatric (and even syntopic) occurrence over much of the European continent (Niermann et
al. 2007, Spitzenberger et al. 2008, Luc¢an et al. 2009, Jan et al. 2010, Bashta et al. 2011).

External characters used for field identification of these three bats (summarised by Dietz et al.
2007) are as follows:

Myotis alcathoe — smallest European Myotis; at first sight it resembles Myotis daubentonii but
is clearly smaller; dorsal pelage is uniformly brown or reddish brown; face and ears are pale-co-
loured; feet are smaller than in M. mystacinus and M. brandtii; tragus is short, it does not reach
the notch on the posterior edge of the ear or only scarcely; the large upper premolar (P*) bears
adistinct cingular cusp that is, however, not so prominent as in M. brandtii; penis is evenly narrow
or slightly thickened at the end; forearm length <32.8 mm, fifth finger length <44 mm, third finger
length <56 mm, thumb length <4.7 mm, tibia length <14.8 mm, foot length <5.8 mm.

Myotis mystacinus — slightly larger than M. alcathoe; dorsal pelage is very dark, frequently
with yellowish tips giving bi-coloured (“frosty”) appearance; face and ears are dark brown to
black; tragus extends beyond the notch on the posterior edge of the ear; penis is evenly narrow
for its whole length; tragus, tibia, foot and thumb lengths larger than in M. alcathoe (see above);
cingular cusp on the large upper premolar as well as prominent protoconuli on upper molars are
mostly missing or are very minute; the second small premolars in both jaws (P2 and P;) are mar-
kedly smaller than the first ones (P? and P,).

Myotis brandtii — similar or same in size to M. mystacinus; dorsal pelage has light-golden hair
tips; skinny parts on the face and the base and inner part of ears are pale (pinkish); tragus extends
behind notch on the posterior edge of the ear; high cingular cusp on the large upper premolar (P*)
which is equal in height or even higher than the second small premolar (P?); the two small upper
premolars (P? and P®) are almost equal in size; penis is club-shaped at its end.

Although basic external qualitative and quantitative characters discriminating M. alcathoe, M.
mystacinus and M. brandtii were well defined (see above) and have been frequently used (see
e.g. Niermann et al. 2007, Lucan et al. 2009, Danko et al. 2010), there is little information on
the reliability of discrimination based on these characters particularly in M. alcathoe. This bat
is a rare species and field workers do not often have an opportunity to train their identification
skills on a large number of individuals. Moreover, the size characters given in the literature were
taken from material originating from different parts of Europe, thereby they can include possible
geographic variation, while there may be lower variation within a smaller geographic region
(e.g. within Central Europe) which could be useful-to-know for local researchers to improve the
reliability of their identification.

The aim of this study was (1) to analyse the reliability of field identification of M. alcathoe,
M. mystacinus and M. brandtii, (2) to compare basic field measurements (forearm length, tibia
length, body mass) in genetically identified individuals, and (3) to provide information on the
reliability of discrimination based on these measurements for field identification of the respective
three species based on relatively extensive data from the Czech Republic.
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Material and methods

During various fieldworks focused on bats, Myotis alcathoe, M. mystacinus and M. brandtii were captured using mist-
netting in suitable habitats (foraging sites, swarming sites) or by hand nets at roosting sites. Upon their identification
based on external qualitative and quantitative characters summarized above, wing membrane samples were taken from
each individual using the sterile biopsy punch (Worthington Wilmer & Barratt 1996) and stored in 96% ethanol. Sex,
age, forearm length and body mass were recorded in most of the sampled bats (n=310), while the length of tibia was only
measured in a subsample of each species (n=77) only. Forearm length was taken including wrist. Only measurements of
full-grown bats were used for analyses while juveniles measured before 15 July were excluded because of the possibility
they did not reach adult size at that time.

Genomic DNA was extracted from the wing punch, with the DNeasy Blood & Tissue kit (QIAGEN). All individuals
were genotyped for 12 microsatellite loci, which were selected for their ability to distinguish among the three species
(Zimaetal. 2011). Methodology of the PCR amplification, fragment analysis, genotyping and details of the microsatellites
will be described elsewhere (Zima et al., in prep.). All individual genotypes were analysed as a single dataset, with three
distinct “populations”, which were represented by individuals of one of the three species. The most probable “population”
of origin for each individual was determined using the Bayesian assignment test implemented in the GeneClass software
(Cornuet et al. 1999). Original field determination was then compared with true species identity based on the molecular
genetic analysis.

Given the normal distribution of the data we used factorial analysis of variance (ANOVA) to test the effect of species
and sex on the forearm and tibia lengths and the body mass. We used Tukey test for post-hoc comparisons. The discriminant
function analysis (DFA) was used to find best discriminating variables. In the first run we used the dataset including
species, sex, forearm length, tibia length and body mass. Given the missing data on tibia length, this dataset was ca.
four-times smaller (n=77) than the dataset used for final model that included sex, forearm length and body mass only
(n=310). All analyses were performed using the Statistica 8.0 (Statsoft Inc.) software. If not specified, the values are
presented as mean+S.D.

Results

Reliability of Field Determination

Altogether 359 individuals of M. alcathoe, M. mystacinus and M. brandtii were sampled at 18 lo-
calities (6 of them hosting M. alcathoe, 13 M. mystacinus, 9 M. brandtii) and identified to species
using molecular genetic methods. Of these, 14 individuals (3.9%) were erroneously identified in
the field based on external characters. Of 113 bats originally identified as M. alcathoe six were
genetically identified as M. mystacinus (4 males, 2 females) and three as M. brandtii (2 males,
1 female), which means that 8% of the bats originally determined as M. alcathoe were in fact
different species. In all 121 individuals of M. mystacinus, the original species determination was
confirmed using the molecular genetic analysis (i.e. 0% determination error). Of 125 bats origi-
nally determined as M. brandtii, five (5 females) were assigned to M. mystacinus using molecular
methods (4% determination error). While 9 of 14 erroneously determined bats were captured at
a swarming site, where high numbers of bats (usually >100 in a netting event) of up to 16 species
are usually captured, the remaining five misidentified bats were sampled at much less “busy”’ sites.
Thirteen of these bats were adults and one was a juvenile.

External Characters

The average forearm length [in millimetres] was 31.9+0.82 (n=90) in M. alcathoe, 34.7+1.2
(n=118) in M. mystacinus, and 35.8+1.1 (n=102) in M. brandtii. It significantly differed between
the three species (F,3,,=297.5; p<0.0001) but also varied with sex within each species sample
(F130,=30.3; p<0.0001). While males and females did not differ in forearm length in M. alcathoe
(p=0.56), males were significantly smaller than females in the two remaining species, M. mystaci-
nus (p<0.001) and M. brandtii (p<0.05). Both sexes of M. alcathoe had a smaller forearm length
than all M. mystacinus and M. brandtii (p<0.001 in all cases). While males of M. mystacinus
had a smaller forearm length than both sexes of M. brandtii (p<0.001 in both cases), females of
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Table 1. Biometric data given separately for each species and sex of Myotis alcathoe, M. mystacinus and M.
brandtii. Cl — confidence intervals, min — minimum, max — maximum

Tab. 1. Biometrické Udaje v zavislosti na druhu a pohlavi u Myotis alcathoe, M. mystacinus a M. brandtii.
Cl — konfiden¢ni interval, min — minimum, max — maximum

sex / pohlavi n mean/pramér S.D. -95 ClI +95 ClI min max
forearm length / délka predlokti [mm]
Myotis alcathoe 348 47 31.8 0.7 31.6 32.0 30.3 33.5
QQ 43 32.1 0.9 31.8 324 30.0 33.6
Myotis mystacinus 348 26 33.9 0.9 33.5 34.2 31.7 35.6
R 92 35.0 1.2 34.7 35.2 31.8 38.2
Myotis brandtii 348 31 35.3 1.1 34.9 35.7 32.6 374
QQ 71 36.0 1.1 35.7 36.2 32.9 38.2
tibia length / délka tibie [mm]
Myotis alcathoe 33+9Q 46 14.7 0.7 14.5 14.9 12.8 16.0
Myotis mystacinus ~ JJ3+99 23 15.9 0.6 15.6 16.1 14.7 16.9
Myotis brandtii 33+29 8 16.2 1.1 15.3 171 14.5 17.4
body mass / hmotnost [g]
Myotis alcathoe 34 46 4.4 0.5 4.3 4.6 3.6 5.5
Q9 42 4.8 0.7 4.6 5.1 3.5 6.8
Myotis mystacinus 34 26 4.9 0.5 4.7 5.1 4.0 5.8
o) 91 5.7 0.6 5.6 5.9 4.5 7.8
Myotis brandtii a8 31 5.9 0.9 5.6 6.2 4.8 9.0
o) 68 6.4 0.7 6.2 6.5 4.7 8.5

M. mystacinus had a smaller forearm length than females of M. brandtii (p<0.001) but did not
differ from males of M. brandtii (p=0.59). Detailed data on forearm length for each species and
sex are given in Table 1. Despite statistically significant differences in forearm length among the

Males / Samci Females / Samice
30

25

20

No of observations / Poget pozorovani
©

2 5 Iﬂ\
0 0 alcathoe

™.
Il M. mystacinus
30 31 32 33 34 35 36 37 38 30 31 32 33 34 35 36 37 38 L1 M. brandtii
Forearm length / Délka predlokti (mm) Forearm length / Délka predlokti (mm)

Fig. 1. Distribution of forearm length in males (left) and females (right) of Myotis alcathoe, M. mystacinus
and M. brandtii.
Obr. 1. RozloZeni délek predlokti u samet (vlevo) a samic (vpravo) Myotis alcathoe, M. mystacinus a M. brandtii.
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species, there was a considerable overlap (Fig. 1). In males, the overlap of forearm lengths was
43.8% between M. alcathoe and M. mystacinus, 73.7% between M. mystacinus and M. brandtii
and 7.7% between M. alcathoe and M. brandtii. In females, the overlap of forearm lengths was
29.6% between M. alcathoe and M. mystacinus, 96.9% between M. mystacinus and M. brandtii
and 9.6% between M. alcathoe and M. brandtii.

The average length of tibia [in millimetres] was 14.7+0.7 (n=46) in M. alcathoe, 15.9+0.6
(n=23) in M. mystacinus, and 16.2+1.1 (n=8) in M. brandtii. While species identity had a significant
effect on the length of tibia (F,;,=12.6; p<0.0001), sex did not (F,,;=0.98; p=0.16). M. alcathoe
had a smaller tibia length than either of the remaining two species (p<0.001 in both cases) but M.
mystacinus did not significantly differ from M. brandtii (p=0.44). Data on tibia length are given in
Table 1. The overlap in tibia lengths was 55.1% between M. alcathoe and M. mystacinus, 80.6%
between M. mystacinus and M. brandtii and 51.9% between M. alcathoe and M. brandtii.

The average body mass [in grams] was 4.6+0.6 in M. alcathoe (n=88), 5.6+0.7 in M. mystacinus
(n=117) and 6.2+0.8 in M. brandtii (n=99). Species identity (F,, ,,s=108.4; p<0.0001) and sex (F,,
205=44.8; p<0.0001) had a significant effect on body mass. Males of M. alcathoe had a slightly
(p=0.06) lower body mass than females and both sexes had a lower body mass than all M. mys-
tacinus and M. brandtii, except for males of M. mystacinus which did not differ from females of
M. alcathoe (p=0.9). Males of M. mystacinus had a lower (p<0.001) body mass than females and
also had a lower body mass than both sexes of M. brandtii (p<0.001 in both cases). Females of
M. mystacinus (p<0.001) had a lower body mass than females of M. brandtii, but did not differ
(p=0.9) from males of M. brandtii. Detailed data on body mass are given in Table 1. In males,
the overlap in body mass was 72.2% between M. alcathoe and M. mystacinus, 57.9% between M.
mystacinus and M. brandtii, and 24.7% between M. alcathoe and M. brandtii. In females, it was
84.2% between M. alcathoe and M. mystacinus, 98.1% between M. mystacinus and M. brandtii,
and 63.6% between M. alcathoe and M. brandtii.

External Quantitative Characters and Their Discrimination Power

The best model in DFA in the restricted dataset included sex (F, =4.93; p<0.01), forearm length
(F,, 6s=14.55; p<0.0001), and body mass (F,, =9.10; p<0.001), while the effect of tibia length
was not significant (F, ¢=2.20; p=0.12). Therefore, we built a new model including sex, forearm
length and body mass only, which enabled us to considerably enlarge the analysed dataset (see
Methods). All variables in a new model were also highly significant (sex: Fy, ,00=11.10; p<0.0001,
forearm length: F, ,4,=130.58; p<0.0001; body mass: F, ,,,=14.30; p<0.0001). Based on these
three variables, the model correctly classified 94.3% of M. alcathoe, 70.9% of M. mystacinus
and 68.7% of M. brandtii.

Forearm Length in Erroneously Determined Individuals

Forearm length of all M. mystacinus (n=6) and M. brandtii (n=3) misidentified as M. alcathoe was
well bellow the mean values and confidence limits for the respective species. It ranged between
31.7-33.1 mm and 32.6-33.2 mm in misidentified M. mystacinus and M. brandtii, respectively. Fo-
rearm length of all M. mystacinus (n=5) misidentified as M. brandtii ranged between 34.8-36.1 mm,
which is well within or slightly above the mean values and confidence limits of M. mystacinus.

Discussion

Our results showed that despite high precision in field identification, there were some misidentifi-
cations in our material and these were unevenly distributed among the three species of bats under
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study. While no M. alcathoe was confused with the other two species, 11/132 individuals (8.3%)
of M. mystacinus were confused with either M. alcathoe (4.5%) or M. brandtii (3.8%), and 3/128
individuals (2.3%) of M. brandtii were confused with M. alcathoe. This fact generally reflects
the enormous phenotypic variation in the morpho-group, as well as the higher degree of overlap
in external morphological characters between M. mystacinus and M. brandtii than between one
of the latter species and M. alcathoe.

It is worth mentioning, however, that most of the erroneously identified bats (9/14) were captu-
red and determined under busy circumstances, i.e. bat researchers were forced to quickly process
a high number of individuals and, consequently, the error in determination could be higher than
under usual conditions when a researcher can carefully inspect a captured bat. Furthermore, all
individuals of M. mystacinus or M. brandtii that were confused with M. alcathoe were unusually
small individuals and their size fell within the range of the latter species, which most probably
affected the evaluation of the individual more than the other discrimination characters (e.g. ear
colouration or dentition traits).

Spitzenberger et al. (2008) pointed out that as the fur and membrane colour of subadult indivi-
duals of M. alcathoe and M. mystacinus are similar, reliable records based on field identification
should be restricted to adult individuals. However, despite our material consisted of a mixture
of both adults and juveniles (the latter made up ca. 25% of all inds.), most of the misidentified
bats in our analysis were adults. Hence we assume that the determination bias was mostly due to
abnormal size (quantitative character) rather than to colouration (qualitative character).

Our analysis revealed that the three species significantly differ in forearm length, tibia length
as well as body mass and that there is no overlap of forearm length values lying within 95%
confidence limits when sex is taken into account. Application of these values as determination
criteria may further improve the reliability of field determination for populations from Central
Europe. Although the combination of sex, forearm length and body mass alone is not sufficient
for areliable discrimination among the three species (cf. ca. 69-94% correctness in determination
by the results of DFA), inclusion of further discrimination characters (particularly the qualitative
ones, see Introduction) may obviously largely improve precision as demonstrated by ca. 92-100%
correct field determination in our study.

It is virtually useless to compare our measurements with those published for M. mystacinus
prior to the end of 20th century (e.g. Handk 1965, 1970, 1971, Benda & Tsytsulina 2000) as they
most probably contain mixed data for M. mystacinus and M. alcathoe (see also Benda et al. 2003).
However, it is possible to carry out such comparison for the other two species. The forearm and
tibia lengths of M. alcathoe in our material are in accordance with the values reported from other
European countries, e.g. Slovakia (Benda et al. 2003, Danko et al. 2010), Spain (Agirre-Mendi et
al. 2004), Poland (Niermann et al. 2007, Bashta et al. 2011), Czech Republic (Rehak et al. 2008),
Austria (Spitzenberger et al. 2008), Germany (Schorcht et al. 2009) and Ukraine (Bashta et al.
2011). The overall variation in forearm length was somewhat larger than reported in the original
species diagnosis by von Helversen et al. (2001) but smaller than reported by Dietz et al. (2007).
The upper limits of body mass in our material (6.8 g for females) exceeded the values given by
von Helversen et al. (2001) as well as those by Dietz et al. (2007). However, the values at the
upper limit of the range were obtained from pregnant females.

Also in M. brandtii our data on forearm and tibia lengths and body mass well correspond
with the published information (e.g. Hanak 1965, 1970, 1971, Benda & Tsytsulina 2000, Dietz
et al. 2007). Only the lower limit in forearm length in our material was somewhat smaller than
in majority of the above cited studies.
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Souhrn

Spolehlivost uréeni tfi kryptickych druhii netopyra (Myotis alcathoe, M. mystacinus, M. brandtii) podle
vnéjiich znakii a jejich zakladni biometrické udaje: zkuSenosti z Ceské republiky. Netopyr alkathoe,
netopyr vousaty a netopyr Brandtiv jsou nepiibuzné, ale morfologicky velmi podobné druhy zijici sympa-
tricky na vét$iné evropského uzemi. Piestoze v ramci terénni praxe jsou tyto druhy dnes viceméné rutinné
odliSovany na zakladé vnéjsi morfologie, doposud nebyla provedena zadna analyza, kterd by spolehlivost
takovéhoto uréovani ovéfila. Cilem nasi studie bylo (1) pomoci molekularné genetickych metod ovéfit sprav-
nost terénniho uréeni druhu, (2) porovnat proménlivost zakladnich a v terénu standardné zaznamenavanych
vnéjsich rozmért (délka predlokti a holené, télesna hmotnost) a (3) ovéfit spolehlivost jejich pouziti pro
spravné druhové uréeni na zakladé materialu z izemi Ceské republiky.

Ctrnéct z celkem 359 jedincii (3,9 %) téchto tf druhi bylo v terénu ureno nespravng. Osm procent z po&tu
113 jedinct ptivodné uréenych jako M. alcathoe nalezelo ve skuteénosti k jednomu ze dvou ostatnich druht
(6 M. mystacinus, 3 M. brandtii). U vSech jedinct (celkem 121) ur¢enych jako M. mystacinus byla spravnost
tohoto ur¢eni potvrzena. U péti ze 125 jedinct (4 %) ptivodné uréenych jako M. brandtii byla pomoci mole-
kularné genetickych metod piifazena druhova piislusnost k M. mystacinus. Vétsina chybné uréenych zvifat
byla tvofena dospélci, aviak v ptipadé zamén s M. alcathoe velikostné vyrazné podprimérnymi jedinci.
Dal$im moznym faktorem nespravného urceni (kromé samotné matouci velikosti) mohla byt skutecnost,
ze veétsina nespravng identifikovanych jedinctl byla ur€ovana béhem odchyti, pti nichz bylo zpracovavano
velké mnozstvi netopyri, ¢imz mohla byt mira pozornosti vyzkumnikt ovlivnéna.

Vsechny tii studované druhy se vzajemné vyznamné liSily v délkach piedlokti a holené i v télesné hmot-
nosti, pfiemz vzajemny piekryv byl vzdy nejmensi mezi M. alcathoe a M. brandtii. Nejlepsi model pro
mezidruhovou diskriminaci zahrnoval pohlavi, délku ptedlokti a vahu jedince. Na zaklad¢ diskriminaéni
analysy byla s vyuzitim téchto tff proménnych spravnost druhové determinace 69—94 %. Tato skutecnost
zdiraznuje nutnost zohlednéni nemetrickych znakd (zbarveni srsti, ¢enichu, ucha, tvar a velikost tragu
(kozliku), penisu, a jednohrotych zubt), pro dosazeni co mozna nejvyssi miry spolehlivosti druhového
urceni téchto tii druhd.
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Abstract. The only autochthonous population of Tatra chamois (Rupicapra rupicapra tatrica) occurs in the
Tatra Mountains (northern Slovakia and southern Poland). Another population has been introduced to the Low
Tatra Mts., while Alpine chamois (R. . rupicapra) has been introduced to the neighbouring mountain ranges,
Velka Fatra and Slovensky raj. All these populations have undergone intensive bottlenecks. Any resulting low
genetic variability would mean that only few genetic markers could be used for population genetic studies due
to prevailing monomorphism. We tested 65 markers previously used in chamois or other Caprinae species,
from which 20 most suitable loci for noninvasive genetic study of the Tatra chamois were selected. These
polymorphic loci were used for optimisation of three multiplex sets and revealed a mean number of alleles
of 2.1 and mean expected heterozygosity of 0.331 for the Tatra population. Low genetic diversity was also
observed in the Low Tatra population while slightly higher values were obtained for Alpine chamois population
in Slovensky raj. We subsequently assessed the amplification success rate for noninvasively obtained samples
(faeces), which ranged from 85.1% to 92.7% for particular loci. The developed polymorphic microsatellite
sets provide a unique tool for population genetic study of the endangered Tatra chamois, even when using
noninvasive sampling, and is also suitable for Alpine chamois.

Key words: noninvasive genetic sampling, amplification success rate, ungulates

Introduction

Chamois (Rupicapra spp.) are mountain ungulates
distributed over Southern and Central Europe, the
Balkans, Turkey and the Caucasus (Shackleton 1997).
As they inhabit only higher altitudes, their distribution
is markedly fragmented and thus gene flow between
populations is restricted. Under such conditions,
populations within particular mountain regions may

* Corresponding Author

differentiate through mutation, selection and genetic
drift (Slatkin 1987, Frankham et al. 2002). Chamois
occurring in the Tatra Mountains (northern Slovakia
and southern Poland) have been recognized as a
separate subspecies, Rupicapra rupicapra tatrica,
based on their morphological characteristics (Blahout
1972). Only one autochthonous population of Tatra
chamois now exists, and this has been evolving
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separately from other chamois populations for at
least 10000 years (Pérez et al. 2002, Jamrozy 2006).
The population, therefore, can be regarded as an
evolutionary significant unit (Crandall et al. 2000).
During the first half of the 20" century, this population
underwent two significant bottlenecks, each time
declining from around 1000-1500 to 200-300
individuals. Relatively low numbers were found
over most of the second half of the century, with
a further drop to ca. 200 individuals at the end of
the century (Jurdikova 2000, Janiga & Zamecnikova
2002, Jamrozy 2006). Consequently, in 2001,
a conservation action plan was begun with the aim
of saving the Tatra chamois from extinction (Koren
et al. 2001). Strong protection has led to an increase
in the Tatra population, with recent estimate of ca.
700 individuals. Tatra chamois nevertheless remain
classified as critically endangered in the [UCN Red
List of Threatened Species (Aulagnier et al. 2008),
even if the species as a whole is not considered
endangered in Europe (Temple & Terry 2009).

As a consequence of the dramatic decrease in Tatra
chamois abundance in the second half of 1960s,
a ‘reserve’ population of this endangered subspecies
was established in the Low Tatra Mts. of Slovakia in
the 1970s (Raduch & Karc 1983). At present, the Low
Tatra population has ca. 100 individuals (P. Backor,
S. Ondrus pers. comm.). Nevertheless, in the early
1960s, i.e. prior to recognition of the Tatra chamois as
a separate subspecies, Alpine chamois (R. 7. rupicapra)
were introduced into the Velka Fatra and Slovensky
raj Mts. of Slovakia. As these mountain ranges are
geographically close to the Low Tatra Mts., hybridisation
between the two subspecies may have occurred.

The disturbance of vulnerable Tatra chamois
populations is highly undesirable, making it almost
impossible to obtain a sufficient number of tissue
samples. In such cases, noninvasive genetic sampling
(e.g. Kohn & Wayne 1997, Taberlet et al. 1999)
remains the only feasible method for studying genetic
composition of populations. However, as PCR
amplification of DNA extracted from noninvasively
obtained material is still rather problematic (e.g.
Pompanon etal. 2005, Waits & Paetkau 2005, Hajkova
et al. 2006, Beja-Pereira et al. 2009), the selection of
markers with appropriate parameters is one of the most
important factors affecting the success of analysis.
Although a higher number of analysed loci reveals
a more accurate description of genetic variability and
structure, with noninvasive samples, a higher number
of genotyped loci has the disadvantage of an increased
risk of genotyping errors and higher costs (Waits &
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Leberg 2000). It is essential, therefore, that the most
informative markers are identified. Furthermore, the
length of amplified loci may also be important as
shorter loci tend to be amplified with a higher success
rate (Sefc et al. 2003, Buchan et al. 2005, Broquet et
al. 2007). Lastly, DNA quantity is often very limited in
noninvasive samples. If multiplex sets are developed,
the study requires less DNA and time- and financial
costs decrease (Skrbinsek et al. 2010).

In this study, we attempt to ascertain appropriate
microsatellite markers in order to produce multiplex
sets for the population genetic study of the Tatra
chamois using noninvasive samples. Due to the risk
of hybridisation with introduced Alpine chamois, the
markers were also tested on this subspecies.

Material and Methods

Sixty-five microsatellite loci (Table 1 and 2) that had
previously been used in other studies of chamois or
other Caprinae species (e.g. Pérez et al. 2002, Maudet et
al. 2004a, An et al. 2005, Cassar et al. 2007, Glowatzki-
Mullis et al. 2008) were tested for amplification. Tissue
samples were used in the tests, Tatra chamois samples
being obtained from natural deaths and those of Alpine
chamois from legal hunting. Singleplex PCRs were
performed on a Mastercycler ep gradient S (Eppendorf)
using a mixture of 1 pL of PCR buffer with 25 mM
Mg?*, 200 uM of each ANTP, 3.2 pug of BSA, 0.2 U of
HotMaster Taqg DNA Polymerase (Eppendorf), 0.25 uM
of each primer (forward ones fluorescently labelled), 1
uL of extracted DNA and ddH,O to a volume of 10
pL in each reaction. Cycling conditions consisted of an
initial denaturation at 94°C for 2 min, followed by 38
cycles of denaturation at 94°C for 30 s, annealing at
52°C for 30 s and extension at 65°C for 60 s, and a final
extension at 65°C for 10 min. The gradient of annealing
temperatures was tested when necessary. PCR products
were checked on 1.5% agarose gel by electrophoresis
and, when a clear band was present, the products were
electrophoresed on an ABI 3130 Genetic Analyzer with
GeneScan 500 LIZ Size Standard and analysed using
GENEMAPPER 3.7 (Applied Biosystems).

First, the microsatellite markers were tested using three
Tatra and four Alpine chamois tissue samples. Loci that
proved polymorphic in initial testing were subsequently
genotyped using a more extensive set of 11, 5 and 22
samples from the Tatra, Low Tatra and Slovensky
raj populations, respectively. Number of alleles (A),
allelic richness (AR) and expected (H,) and observed
(H,) heterozygosity were then calculated in order to
characterise the polymorphism of the markers. The
allelic richness for particular loci and populations was



computed using the rarefaction procedure implemented
in FSTAT 2.9.3 (Goudet 2001), expected (unbiased
estimate according to Nei 1978) and observed
heterozygosity was calculated using GENETIX
4.05.2 (Belkhir et al. 1996-2004). Hardy-Weinberg
equilibrium for particular loci in populations was tested
using GENEPOP 3.4 (Raymond & Rousset 1995). We
corrected for multiple testing with QVALUE software
(Storey 2002) using the false discovery rate (FDR)
approach (Benjamini & Hochberg 1995). Frequency
of null alleles was computed using FREENA software
(Chapuis & Estoup 2007).

Based on (i) the polymorphism rate of the locus,
especially in the Tatra chamois populations, (ii) length
of the amplified fragment, (iii) frequency of null alleles,
and (iv) previous use of the marker in other studies of
European chamois populations, the most suitable loci
for noninvasive genotyping were selected. For all the
populations studied, genotypic linkage disequilibrium
between the selected microsatellites was tested
using exact tests based on the Markov chain method
implemented in GENEPOP 3.4. The FDR correction
for multiple testing was done using QVALUE software.
Unbiased probability of identity (PI . .. corrected
for small sample size) and probability of identity for
siblings (PL, ) were calculated for selected loci using
software GIMLET 1.3.3 (Valiére 2002).

Three multiplex sets were designed from the selected
loci and in addition, an ungulate species based SRY
marker was included into the second multiplex set
to enable sex identification (Wilson & White 1998);
the microsatellite loci serving as a positive control
of successful amplification. For all three sets, PCR
was performed using the Qiagen Multiplex PCR
Kit (Qiagen). Each reaction contained 5 plL of
Multiplex PCR Master Mix, 1 pL of Q-Solution,
primers at various concentrations (Table 2), 1 pL of
extracted DNA and ddH,O to a volume of 10 pL.
Cycling conditions for the first set were as follows:
an initial activation step at 95°C for 15 min, followed
by 10 cycles of touch down PCR at 94°C for 30 s,
59°C—0.2°C per cycle for 90 s and 72°C for 60 s,
followed by 28 cycles at 94°C for 30 s, 57°C for 90 s
and 72°C for 60 s, with a final extension at 60°C for
30 min. The cycling conditions were the same for each
set except annealing temperatures, i.e. 59°C—0.4°C
per cycle for 90 s (10 x) and 55°C for 90 s (28 %)
for the second set and 63°C—0.8°C per cycle for 90 s
(10 x) and 55°C for 90 s (28 x) for the third set. The
PCR products were electrophoresed on the ABI 3130
Genetic Analyzer and analysed as described above.
Polymorphism of the multiplex sets was assessed

based on 17, 5 and 22 tissue samples from the Tatra,
Low Tatra and Slovensky raj Mts., respectively.
Subsequently, 347 samples of faeces obtained from
specimens from all the Slovak chamois populations
were analysed in order to assess the amplification
success rate using the three multiplex sets. Very fresh
faeces were collected in cold weather, usually from
snow. These were either stored in 96% ethanol and
put into a cool-box in the field and then into a freezer
as soon as possible, or placed straight into silica gel
and stored at room temperature. DNA was extracted
using the QIAamp DNA Stool Mini Kit (Qiagen)
with washing of the pellet surface in the ASL buffer
(Qiagen) for ca. 50 min as the first step. The PCR
protocols, cycling conditions and fragment analysis
were the same as those described for multiplex PCR of
tissue samples, with 2 pL of extracted DNA used in the
reaction instead of 1 pL.. Two PCRs per sample and per
multiplex set were performed, representing 670—-694
PCR reactions for each multiplexed microsatellite
locus. Subsequently the amplification success rate
was assessed as a proportion of positive PCRs from
all the PCRs performed. In this study, we did not aim
at construction of consensus genotypes (based on
multiple tubes approach, Taberlet et al. 1996), thus we
were not able to assess the frequency of genotyping
errors (i.e. allelic dropout and false alleles). Instead,
we implemented comparison of two PCRs for every
particular sample and locus as another indicator of
reliability of the faecal DNA amplification using our
protocols. Only the samples with both PCRs positive
were taken into account, i.e. 276-321 PCR (552-642
allele) pairs were compared for particular loci and
proportion of matching alleles was subsequently
assessed. Furthermore, ‘homozygotes’ (i.e. samples
that were genotyped as a homozygote for the identical
allele in both PCR repetitions) were excluded and the
proportion of matching alleles was computed from
only the remaining (‘heterozygote’) PCRs, which
represented 90-410 allele pairs for particular loci.
When using faecal DNA, we were not able to clearly
amplify two of the loci, NRAMP1 and SRCRSPO06,
with any of the sets. For this reason, we excluded
SRCRSPO06 from faecal DNA analysis and NRAMP1
(the more informative locus) was amplified separately
using the same PCR protocol and cycling conditions
as for the initial testing of microsatellites (Eppendorf
HotMaster Taqg DNA Polymerase, annealing temperature
52°C), with only the amount of DNA extract used
differing, i.e. 2 or 3 pL of faecal DNA in a reaction.
Nevertheless, due to considerably lower success rate
achieved using this protocol when compared to the
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Table 1. List of 45 microsatellite markers tested in this study but not selected for multiplex sets. n = number of
tissue samples; A = number of alleles; AR = allelic richness (based on n = 5); H_ = expected heterozygosity —
unbiased estimate according to Nei (1978); H, = observed heterozygosity; Ref = reference. After the reference,
the species/domesticated form for which the locus was developed is noted. All polymorphic loci were in Hardy-
Weinberg equilibrium in all populations when p-values were corrected for multiple testing (FDR correction in

QVALUE software).

Tatra chamois
Tatra Mts. (n=11)

Low Tatra Mts. (n =5)

Alpine chamois
Slovensky raj Mts. (n = 22)

Locus A/AR HE H() A/AR HE HO A/AR HE HO Size (bp) Ref
BM203 Monomorphic Monomorphic 2/2.00 0474  0.546 215-230 1)
BMS848 2/2.00 0.524  0.636 3/3.00 0.511  0.600  Monomorphic 232-238 1)
BM1329 Monomorphic Monomorphic 2/1.95 0359  0.273 165-174 1)
BM1818 Monomorphic Monomorphic 2/2.00  0.507  0.546 258-269 1)
BM4505 2/2.00 0.507  0.455 2/2.00 0.467 0200  2/2.00 0.507  0.546 245-264 1)
HSC Monomorphic 2/2.00 0200 0200  2/2.00 0.485  0.409 268-272 2)
ILSTS005 Monomorphic Monomorphic 2/1.74 0206  0.136 166-172 3)
ILSTSO019 2/1.86 0247  0.273 Monomorphic 2/2.00 0474  0.364 168-191 4)
INFG = OarKP6  Monomorphic Monomorphic 2/1.98 0426  0.500 199-205 5)
INRAO003 Monomorphic Monomorphic 2/2.00  0.511  0.500 185-187 6)
INRAO0OS Monomorphic Monomorphic 2/1.23  0.046  0.046 156-160 7)
INRA023 2/2.00 0.525 0375 2/2.00 0.467  0.600  Monomorphic 198-202 8)
INRA049 Monomorphic Monomorphic 2/1.99  0.444 0455 164-166 7)
McM218 2/2.00 0.520  0.546 3/3.00 0.600  0.600 3/292  0.639  0.773 278-298 9)
OarFCBI11 Monomorphic 3/3.00 0.378  0.400 Monomorphic 156-160 10)
SRCRSPO1 Monomorphic Monomorphic 2/2.00 0485  0.409 126-128 11)
SRCRSPO8 2/1.99 0.416  0.364 2/2.00 0.533  0.400 31294  0.661  0.546 225-243 12)
SY3A 2/1.99 0.416 0364 2/2.00 0.533 0400  Monomorphic 296-298 13)
SY12A Monomorphic 2/2.00 0.200  0.200 2/1.55  0.130  0.136 189-193 13)
SY84B Monomorphic Monomorphic 2/1.93  0.333  0.318 215-223 13)
SY93 2/1.86 0.247 0273 Monomorphic 2/1.98 0426  0.409 86-90 13)
BM757 Monomorphic 1)
BMC1009 No PCR product 1)
HEL1 Non-specific PCR products 14)
ILSTSO011 Monomorphic 15)
INRAO036 No PCR product 7)
INRA040 Monomorphic 7)
INRA063" Monomorphic on gel 7)
MAF65 No PCR product 16)
MAEF70 Non-specific PCR products 17)
MBO026 Monomorphic 18)
McM527 Monomorphic 19)
OarAE119 Monomorphic 20)
OarCP20 No PCR product 21)
OarCP34 Monomorphic 22)
SRCRSP12 No PCR product 23)
SRCRSP14 No PCR product 23)
SRCRSP15 No PCR product 23)
SRCRSP23 Non-specific PCR products 24)
SY3B Non-specific PCR products 13)
SY12B Monomorphic 13)
SY17 Monomorphic 13)
SY48 Non-specific PCR products 13)
SY50 Monomorphic 13)
SY242 Monomorphic 13)

*INRAO023: corrected sequence of reverse primer as referred on http://projects.roslin.ac.uk/cdiv/markers.html (CaDBase, Roslin Institute,
Edinburgh). ** INRA063: analysed for polymorphism only on 4% agarose gel.

1) Bishop et al. 1994, cattle; 2) Blattman & Beh 1992, domestic sheep; 3) Brezinsky et al. 1993a, cattle; 4) Kemp et al. 1993, cattle; 5)
Paterson & Crawford 2000, domestic sheep; 6) Vaiman et al. 1992, cattle; 7) Vaiman et al. 1994a, cattle; 8) Vaiman et al. 1994b, cattle; 9)
Hulme et al. 1996, domestic sheep,; 10) Buchanan & Crawford 1993, domestic sheep; 11) Arevalo et al. 1994, domestic goat; 12) Bhebhe
et al. 1994, domestic goat; 13) An et al. 2005, Korean goral; 14) Kaukinen & Varvio 1993, cattle; 15) Brezinsky et al. 1993b, cattle; 16)
Buchanan et al. 1992, domestic sheep; 17) Buchanan & Crawford 1992a, domestic sheep; 18) Cassar et al. 2007, cattle; 19) Hulme et al.
1994, domestic sheep; 20) Penty et al. 1993, domestic sheep, 21) Ede et al. 1995a, domestic sheep; 22) Ede et al. 1995b, domestic sheep;
23) Kogi et al. 1995, domestic goat; 24) Yeh et al. 1997, domestic goat.

73

25



multiplexed loci, the Qiagen Multiplex PCR Kit was
later used also for the singleplex PCR of NRAMP1.
The PCR protocol was the same as that described
for multiplex sets, using 0.25 uM of each primer
and 2 pL of faecal DNA extract. Cycling conditions
differed from those described for the first multiplex
set only during the annealing steps, i.e. touch down
at 59°C—0.5°C per cycle for 90 s (10 x) and 54°C for
90 s (28 x). In total, 346 and 342 PCRs were analysed
using the first (‘Eppendorf HotMaster Taqg DNA
Polymerase’) and the second (‘Qiagen Multiplex PCR
Kit”) protocol, respectively. The amplification success
rate was calculated for each protocol.

Results

From the 65 tested microsatellites, 41 loci proved
polymorphic in at least one of studied populations
(Table 1 and 2). Twenty-one loci (32.3%) were
polymorphic in both Tatra chamois populations and
16 (24.6%) in all three populations. None of the loci
deviated from Hardy-Weinberg equilibrium in any
of the populations after FDR correction for multiple
testing. Following the above described criteria, 20
loci deemed most suitable for noninvasive genetic
analyses of population structure of Slovak chamois
were selected (Table 2). No evidence of linkage
disequilibrium was observed between any of the loci
analysed, i.e. no pair of loci remained significant after
FDR correction. Multi-loci PI_ . for all 20 loci was
3.101 x 107, 1.696 x 10'° and 4.335 x 107" in Tatra,
Low Tatra and Slovensky raj population, respectively,
while multi-loci PI - was 1.088 x 107, 1.669 x 107
and 5.645 x 107 in the particular populations. Based
on these calculations, nine, ten and seven most
informative loci should be sufficient to find less than
1% of individuals with identical genotype in the Tatra,
Low Tatra and Slovensky raj population, respectively,
even if the individuals are closely related (siblings).
Analysis of tissue samples using three multiplex sets
of selected loci revealed low genetic diversity in all the
Slovak chamois populations studied (Table 2). Mean
number of alleles and mean allelic richness calculated
for the lowest sample size (n = 5) were 2.1 and 1.88
in the Tatra population, 2.0 and 1.95 in the Low Tatra
population, and 2.4 and 2.25 in the Slovensky raj
population, respectively. Expected heterozygosity
was also lower in endemic Tatra chamois (0.331 in
the Tatra Mts. and 0.341 in the Low Tatra Mts.) as
compared to Alpine chamois in the Slovensky raj
Mts. (0.460). Genetic identification of sex (using
SRY marker) was consistent with morphological
assessments, which were undertaken after legal

hunting or, if possible, after finding of carcasses.
Success rate of faccal DNA amplification was 90.7%,
ranging from 85.1% to 92.7% for particular loci, and
was 91.5%, 91.5% and 88.4% for the first, second,
and third set, respectively. The first and second PCR
of individual faecal samples matched in 98.8% of the
total number of alleles and the proportion of matching
alleles ranged from 97.1% to 99.8% for particular loci.
When ‘homozygotes’ were excluded, the proportion
of matching alleles remained very high. The first
and second PCR of ‘heterozygous loci’ matched in
97.1% of alleles and the values for the particular loci
ranged from 94.5% to 99.7%, with the exception of
locus SY 58 which reached only 88.8%. Amplification
success rate of 36.7% was detected in singleplex PCR
of NRAMPI locus using the ‘Eppendorf HotMaster
Taq DNA Polymerase’ protocol. Application of the
Qiagen Multiplex PCR Kit increased the proportion
of positive PCRs to 91.5%.

Discussion

Low genetic variability was found in all the studied
Slovak chamois populations, with lower values in
both autochthonous and introduced population of
Tatra chamois when compared to the Slovensky raj
population of Alpine chamois. This result was obtained
despite the fact that polymorphism in the Tatra chamois
was one of the criteria for microsatellite selection,
and that the Slovensky raj population was established
through the introduction of a very low number of
individuals. Slightly higher values for Tatra chamois,
especially for the Low Tatra population, were found
in the study of Crestanello et al. (2009), ascertaining
H, =0.33 and 0.41 and A = 2.18 and 2.82 in the Tatra
and Low Tatra population, respectively, when six and
nine samples from the populations were analysed. This
probably resulted from the different microsatellite
markers used as well as different, and rather small,
number of individuals analysed in those two studies.
Low genetic diversity is obviously not unusual
in populations of highly endangered mountain
ungulates that have suffered dramatic declines in
their demographic history. Lorenzini (2005) observed
a similarly low level of polymorphism (only 10
polymorphic microsatellites from 60 tested, all but
one with only two alleles, although with slightly
higher heterozygosity values) in Apennine chamois
(R. pyrenaica ornata), which became nearly extinct in
the late 1940s (less than 100 animals). Very low genetic
variability was also recorded for alpine populations of
ibex (Capra ibex) by Maudet et al. (2002), who rank
their results (mean H, = 0.29-0.45, but only 0.13

74

26



‘190] o1ydiowouow Buipnjoul paje|najed aiem senjea uesyy ,

9¢r’'0  09Y'0  STTT 0S€0  I¥E0  S6'1/C TEE0  I€€0  881/T xuBaW
081 Ldd S1°0 4 - - - - - - - - - ANS
S[NED ‘b6 [E 19 dspualeq €PI-6€1 DJIA 00 4 7890  T0S0 00T/ 0090  L9Y'0 00°T/T LLT'O  L8Y'0 00°T/T €SVIDL
[e103 ‘600T '[8 10 UY 0018 aaN 0€°0 4 7890  L¥90 68T/ 0090  L9%Y'0 00°T/T LY90 8790 T6'TUE PEVAS
[8103 ‘5007 Te 30 Uy €91-LST VA 01°0 4 00S0 090 66'1/C 000 00C0 00T/T 6500 6500 6T1/C 6STAS
[e103 ‘G00T ‘Te IR Uy 9L1-CLY aaN 0L0 I 950  S6v'0  00°T/T 000 0020 00T/T 0 0  001/1 ¥8AS
[103 ‘500T Te 30 Uy €0T661 Ldd S1°0 I 00S'0  TT90 18°T/E 00’0 9S€0  00°T/T 0 0 001/1 8GAS
1803 ‘G661 ‘T8 19 1303 0TI—I1 Ldd 060 4 ¥9€°0  vLFO  00°T/T 000  9S€0  00°T/T ILv'0  ILY'0 00T/ 11dSYDUS
1803 ‘p661 e 30 dyqayyg E1-vel aaN 0€°0 € 9¢1'0  0€1'0  SS1/C 0090 9SS0  00°T/T 6750 10Y0 86'1/C 60dSYDIS
1803 ‘P61 T8 30 9Yqayyg (adieiidl 1dd 09°0 € 0 0 001/1 000 00C0 00T/T S€T0  vITO  LLIT 90dSYDIS
1803 ‘p66[ T 19 O[eAdTY 691-€91 DIA SI0 I 00S'0  20S0 00T/ 0 0 001/1 LLTO 9910  99°1/C S0dSYDUS
doays 8YI-LTI VA 01°0 I SSP0  S6S0 LTS 0 0 001/1 ¥6T0  ILTO0  STTY 0cdD 410

‘€661 pIojmer) 2y ueueyong
daays ‘p66[ ‘e 30 ueuRyONyg 101-18 1dd 080 I 9€9°0  €IS0 69T/ 000 0020 0072/ 8I1°0  #I1'0 IS1/¢C 079410
doays €156l DIA 0£0 € 60v'0  L8Y0  6£T/E 00’0 9S€0  00°T/T 0 0 001/1 IdNVIN

‘8661 PIOJMEBID 29 SMAYNEIN
deoys STt 1dd 08°0 ¢ SSP0 1790  88°TE 000  L9Y'0 00°T/T 90L'0  66¥'0 00T/ YITAVIN

‘QZ661 piojmer)) 29 ueueyong
9[NEd ‘BHEE[ ‘[ 10 UBWIBA I11-601 VA 01°0 4 0 0 0071/1 0090  L9%Y'0 00°T/T TIY0  80S0  00T/T IZIVINI
3[Med GH61 TR dwayy 691091 14d 050 € 9vS'0 €950  €LT/E 0080  €£S0 00T/C ILV0  LEVO  T9TUE 0€0SLSTI
9N “¢661 TE 10 URJJAIS 0SI-¢rl VA 01°0 € 7890  S€90 98T/ 000  €£€S0  00°T/T ILF'0  €IS0  00T/T GTTHI1A
9[NEI ‘CH61 T8 IR Op[oL 807-90T  UAN 00 I €LT0  Y0E0 06°1/C 00T0 0020 00T/T 6750 L8Y'0 00°T/T 0THLA
9N ‘b6 B 10 dspualeq LTT€61 VA 070 I SSF'0  S6v0 00T/ 0090 0090 00°€/€ S9L°0 9590 t6'TUE 99INSSD
3[Med ‘9661 T 30 dweyng YLI-T91 DJIA ST0 4 SSF0  0€9°0  68°T/E 000  L9Y0 00°T/T ILY0 660 00T/T yrraod
3[Med ‘b6 e 39 doysig YTI-111 DIA 80°0 ¢ SSP'0  LISO  vLTUE 000 0020 00T/ 8I1°0  ¥ITO LL1/C 8STING
90UIJY (dq) az18 Aha (WM DL wS oy H av/v °H H VvV oH H 3av/v SO0

(¢z =) [ex £sudnolg ($ =u) 'syN enel MO (L1 =u) 'syN ene]
stoweyd aurd|y SIOWEYD BNe ],

‘(a1eM)J0S JNTVAD Ul UOID8.100 H(J) Bulyse) ajdiynw 1o) pajos.iod aiom sanjes-d usym suonendod jje ur wnuqijinbs bisquisp-ApieH ul eiem
100] | "P8sn Jou sem 90dSHDYS pue yDd xojdejbuls ul payijdwe sem LJNVEN ‘So20e) Jo sesAjeue 1oy ‘pashjeue aiem sojdwes anssiy usym jes xajdinw
pd1yy 8y ui payiduwe Ajuo a1em 190 904SHIOHS pue LdNVEN ‘1eiob uesioy| = [eiob ‘Jeob onsawop = jeob ‘desys ansswop = desys — pajou SI padojorsp sem
SN20| 8y} YoIym J10J WO pajedljsauiop/saloads oy} ‘@ouslsjel ay) Joyy Jewld piemio) Jo aAp jusasaion) = oAqg ‘4Dd xejdiyinw ui siewlid JO UOBIIUSIUOD
[eul = D ‘papnjour Sem Snaoj 8y Yoiym ul Jos xajdiynuw = oS ‘AusobAzoieay peniasqo = °H {(8/61) 18N 0} Buipiodoe sjewijse paseiqun — AjsobAzoisjey
pajoadxa = 7 (G = u uo paeseq) ssauyoL dljaje = MY ‘S8jajje J0 Jaquinu = \ ‘sejdwes 8nssi) Jo Jaquinu = U “(Iayew AMS peseq sainads apenbun +)
suoneindod sioweyo 3eaols jo Apnjs buidwes oijpusb aAISBAUIUOU J0) 8|Qe)NS PUNO) Sia)Jewl djljja)esosoiw paxajdynw oZ Jo SonsLejoeleyd 'z ajqel

75

27



when monomorphic loci were included) amongst
the lowest reported from microsatellites in mammal
species. These results all highlight the significance of
demographic history (especially population bottlenecks
and prolonged periods at low numbers) in affecting
genetic variability within a population.

We reached a very high amplification success rate
(90.7%) when faecal DNA was analysed, which,
in general, is not typical for noninvasive genetic
sampling. However, also other noninvasive studies of
ungulates report very high success rate. Flagstad et
al. (1999) analysed reindeer (Rangifer tarandus) and
domestic sheep (Ovis aries) faecal samples with 95%
and 96.5% PCR success rate, respectively. Further,
99% and 95% of Corsican mouflon (Ovis musimon)
and Alpine ibex (Capra ibex) genotyping repetitions,
respectively, provided correct genotype when winter
samples were examined (Maudet et al. 2004b). Even
in Central Africa (Gabon), where climate enhances
quick DNA degradation, forest ungulate faeces of
> 50 pg/uL. DNA concentration were analysed with
83% amplification success or greater (Soto-Calderon
et al. 2009). Although in some other mammals, e.g.
in Asian elephant (Elephas maximus), very high PCR
success was achieved (99.6%, Fernando et al. 2003),
usually in the non-ungulate species the success is
lower (for overview of amplification success rate in
extensive set of mammal species see Broquet et al.
(2007) and Hajkova et al. (2009).

Many factors influence quality and quantity of target
DNA in a sample as well as our ability to utilise this
DNA during the analyses (e.g. Waits & Paetkau 2005,
Broquet et al. 2007). In ungulates, that produce pellet-
like faeces, this can be an important factor for high
success of the analyses, as it is possible to wash surface
of the pellet and thus utilise only outer part of the
sample, which seems to be very efficient (Flagstad et
al. 1999, Wehausen et al. 2004, Stenglein et al. 2010).
Also in the study of Fernando et al. (2003) the outer
parts of elephants’ dungs were collected by scraping
of the surface and used for analysis. Together with the
other factors that have strong impact on PCR success,
we found that also chemicals, not only those used
for sample storage or DNA extraction (e.g. Piggott
& Taylor 2003), but also PCR chemicals may affect
the success rate significantly. In our study, the use of
Qiagen Multiplex PCR Kit increased PCR success in
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Abstract. The Niobe Fritillary, Argynnis niobe, is a habitat specialist and as a consequence is highly endangered in contemporary
Europe. To investigate its genetic diversity and population structure, 10 polymorphic microsatellite loci were developed and charac-
terized, using a recently developed pyrosequencing method. The number of alleles per locus ranged from 2 to 21, and the observed
and expected heterozygosities varied from 0.17 to 0.53 and from 0.24 to 0.92, respectively. These loci were also successfully used to
study the genetic diversity of a closely related species, the High Brown Fritillary, Argynnis adippe, and will be used in future popu-

lation structure studies of both these species.

INTRODUCTION

Molecular markers are increasingly used in insect conserva-
tion biology as they are a cheaper and more reliable way of esti-
mating critical population parameters important for population
management, such as intra-population genetic diversity, gene
flow, spatial population differentiation and effective population
size (Amos & Balmford, 2001; Palsboll et al., 2007). By using
these techniques, researchers can consider scales that are much
larger than the local scales of pre-molecular population ecology
(Sigaard et al., 2008; Brattstrom et al., 2010) and make it pos-
sible to compare the genetic makeup over large regions (Finger
et al., 2009; Habel et al., 2010), even up to continent-wide com-
parisons in order to unravel the colonization-extinction history
within the current ranges of species (Todisco et al., 2010;
Zachos & Hartl, 2011; Runquist et al., 2012). Microsatellite
markers are particularly widely used because they are co-
dominant, hyper variable, mostly neutral and reproducible
(Jarne & Lagoda, 1996). Despite these advantages microsatellite
markers have not been widely used in studies on some well
studied model groups, notably butterflies and other Lepidoptera,
because the sequences flanking microsatellites in this group are
very similar for different loci. These similarities are generated
by recombination mediated events, such as unequal crossing-
over or gene conversion and through transposition of mobile
elements (Van’t Hof et al., 2007). These problems have now
been resolved thanks to next-generation sequencing methodol-
ogy, which allow the rapid identification of large numbers of
bioinformatically variable loci, without the necessity of labo-
rious and costly cloning (Vandewoestijne et al., 2012).

Perhaps due to the difficulties stated above and associated
high costs, population genetic studies using microsatellites have
so far targeted species with only a subset of potentially diverse
lepidopteran population structures. The majority of the species
so far studied are sedentary, forming high-density populations in
discrete patches of habitat, which are interconnected, to varying
extents, by gene flow (e.g., Keyghobadi et al., 1999; Harper et
al., 2000; Cassel, 2002; Zeisset et al., 2005; Sarhan, 2006; Habel
et al., 2008). As a consequence of habitat loss and population

isolation, such species frequently suffer declines of within-
population genetic diversity caused by inbreeding and/or genetic
drift (Habel et al., 2011), making it important in the context of
the conservation of these species to consider their population
genetic structure. The population structures of these mainly sed-
entary species, however, were rather well rendered by pre-
molecular approaches, such as mark-recapture, and the
molecular genetics results often tended to elaborate what was
already expected. There are studies on species at the opposite
extreme of possible butterfly population structures, i.e. migra-
tory species that occur as panmictic populations spread over
huge geographic distances (Vandewoestijne & Van Dyck,
2010), but such species are seldom of concern to conservation-
ists because they easily replace population losses through immi-
gration.

Species with intermediate dispersal ability fall between these
two extremes and have been studied much less, although their
fates in modern landscapes should be of great concern to conser-
vationists. More than a decade ago, Thomas (2000) observed
that in Western Europe butterflies of intermediate mobility were
declining more than their sedentary and mobile counterparts and
rapid declines were subsequently reported for several intermedi-
ately mobile species (e.g., Konvicka et al., 2008; Kadlec et al.,
2010). This is due to the inverse relationship between dispersal
and population density (Cowley et al., 2001a, b; Konvicka et al.,
2012), which predicts that species that are too mobile to be
restricted to patches of a few hectares (cf. Ehrlich & Hanski,
2004), but not as mobile as true migrants (cf. Vandewoestijne et
al., 1999), will require relatively large areas of habitat in order
to sustain viable populations. As many European species depend
on habitats maintained for centuries by preindustrial land use
patterns (Settele et al., 2009), conserving such species requires
maintaining or mimicking traditional land use over scales that
are too large for a single-site approach. A better understanding
of the genetic makeup of populations of intermediately mobile
species’ is a necessary first step in delimiting the boundaries of
conservation management units from the point of view of the
species concerned. Until now, very few of the species that are
declining in abundance and have an intermediate gene flow
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have been subjected to genetic analyses, a notable exception
being the North American fritillary Speyeria idalia (Drury,
1773) (Williams et al., 2003).

We developed microsatellite markers for two intermediately
mobile, low-density species of high conservation concern in
Europe, the Niobe Fritillary Argynnis niobe (Linnaeus, 1758)
and High Brown Fritillary Argynnis adippe (Denis &
Schiffermiiller, 1775) (Nymphalidae: Heliconinae). These two
closely related species belong to the subgenus Fabriciana of the
genus Argynnis (Simonsen, 2006; Simonsen et al., 2006) and
both have broad ranges in the Palaearctic, were historically
widespread across Central Europe and inhabit a diverse range of
landscapes with grassland, pastures, orchards and woodlots
(Tolman & Levington, 1997; Kudrna et al., 2011). As a likely
result of land use changes, they became less widespread in
many countries and retreated to remote regions that still practice
small-scale farming (cf. Spitzer et al., 2009), thus indicating
their dependency on large areas consisting of a mosaic of
habitats as existed before the intensification of agriculture.
Examples of such regions include the offshore islands of
Germany (Salz & Fartmann, 2009) and Estonia (Sang et al.,
2010) or mountainous regions (Spitzer et al., 2009b; Verovnik et
al., 2012). The declines in the abundance of 4. adippe are less
severe and of little concern on a continental basis (Van Swaay et
al., 2010), but this species is severely threatened in Britain, for
example (Fox et al., 2011). The situation appears much worse
for A. niobe, which has disappeared from most of Germany
(Salz & Fartmann, 2009), and is now near-threatened
continentally (Van Swaay et al., 2010). In the Czech Republic,
where the material for this study was collected, the extent of the
distribution of 4. adippe was at its lowest a decade ago and is
now recovering, whereas the current distribution of A. niobe is
40 per-cent of what it was in the 1950s and this species is now
critically endangered (Benes et al., 2002).

MATERIAL AND METHODS

Samples were collected during summer 2011 in the Vsetinska
Becva valley, a sub-mountainous area extending for approxi-
mately 200 km? (centroid coordinates: 49°19'N, 18°9'E) close
to the Czech-Slovakian border, which is still traditionally
farmed and where both species reach their highest densities
within the Czech Republic.

Genomic DNA was extracted from a little piece of wing using
the DNeasy Blood&Tissue kit (QIAGEN), which is a way of
obtaining tissue samples from butterflies without damaging
them (Hamm et al., 2010) and especially important in the case
of endangered species. Initially, we reviewed the literature for
microsatellites already developed for related species in order to
try cross-species amplification. The only existing primers
potentially suitable for cross-species amplification were those
designed by Williams et al. (2002) for a related fritillary,
Speyeria idalia. Forward primers were fluorescently labelled
and PCR products were analyzed using fragment analysis on an
automated sequencer. A variety of PCR conditions were tested,
but none of the primer pairs provided microsatellite PCR
products.

For the next step, primers were developed de novo using the
recent and highly efficient pyrosequencing method (Ronaghi,
2001). DNA from four Argynnis niobe individuals was pooled
and sent to GenoScreen (France) for the GenoSat service, com-
bining DNA enrichment procedures with the use of multiplexed
microsatellite probes and the update Titanium of the 454
GS-FLX technology (Malausa et al., 2011) (see Vandewoestijne
et al., 2012 for more details). Obtained primers were analyzed
for all primer secondary structures including hairpins, self-
dimers and cross-dimers in primer pairs, using the on-line appli-
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cation NetPrimer, available at http://www.premierbiosoft.com/
netprimer/.

These secondary structures should be avoided if possible,
because they could reduce amplification success. Primers were
also checked for the presence of G or C bases within the last
five bases from the 3' end of primers (GC clamp), which helps
to promote specific binding at the 3' end due to the stronger
bonding of G and C bases. In general, we followed the PCR
primer design  guidelines reviewed at  http:/www.
premierbiosoft.com/tech_notes/PCR_Primer Design.html.

Initially, we tried PCR amplification with unlabelled primers,
followed by 1% agarose gel electrophoresis, on eight indi-
viduals (four 4. addipe and four A. niobe), to determine which
primer pairs provided suitable PCR products. Subsequently, we
ordered fluorescently labelled primers (only forward: 6-FAM,
NED, PET, or VIC, Applied Biosystems). We performed mono-
plex PCR on the same eight individuals for each of the fluores-
cently labelled primers using Combi PPP-MasterMix (Top-Bio).
The total reaction volume was 12 pl, containing 4 pl of Master-
Mix, 1 pul of each primer (final ¢ = 0.08 nmol), 4 ul of PCR H,O
and 20 ng of DNA. Cycling parameters were: 4 min of initial
denaturation at 94°C, followed by 35 cycles of 94°C (30 s),
54°C (60 s), 72°C (60 s), with final elongation at 72°C for 5
min. We also tested different annealing temperatures (50°, 52°,
56°, 58°), but 54°C provided the best results. The PCR products
were then analysed by fragment analysis on automated
sequencer ABI 3130 and allelic patterns were scored with soft-
ware GeneMapper (Applied Biosystems) to determine which
loci were polymorphic and can be reliably scored.

For the selected loci, we genotyped another 24 individuals of
each species and thus had a total of 32 genotyped individuals
per species (24 males and 8 females). Basic parameters of loci,
such as number of alleles (Na), observed (/,) and expected ()
heterozygosities, were calculated using the software GenAlEx
(Peakall & Smouse, 2006). All loci in both species were also
tested for Hardy-Weinberg equilibrium (HWE). The occurrence
of null alleles was tested using the software FreeNA (Chapuis &
Estoup, 2007) and linkage disequilibrium tests were computed
in Genepop 4.0 (Rousset, 2008). Because butterflies have het-
erogametic females and there is always the possibility that
genetic markers are sex-linked, we checked for at least one het-
erozygotic female genotype at every locus.

RESULTS

From the GenoSat service we obtained 67671 sequences, of
which 8144 contained microsatellite motifs and the software
analysis (provided by GenoScreen) resulted in 388 bioinformati-
cally validated pairs of primers. Based on the NetPrimer analy-
ses, we selected the thirty most suitable primer pairs. Out of
these thirty primer pairs, eighteen provided consistent products
of between 100 and 300 bp. Of these eighteen loci, analysed
with fluorescent labels on the forward primer, two were mono-
morphic, six exhibited an unclear pattern with unspecific prod-
ucts indistinguishable from real alleles, and ten were polymor-
phic with reliably scorable alleles.

The basic parameters of the ten loci selected, based on 32
genotyped individuals of each species, are given in Table 1. The
mean number of alleles per locus was 8.2 for 4. niobe and 4.8
for A. adippe. The average observed proportion of heterozygotes
over all loci (H,) was 0.33 in 4. niobe and 0.30 in A. adippe,
while the level of expected heterozygosity () reached 0.62 in
the former and 0.44 in the latter species. Seven loci in 4. niobe
and four in 4. adippe were not in HWE. These loci exhibited
null alleles with frequencies 0.09-0.34. The exact test for
linkage disequilibrium resulted in non-significant P-values,
allowing us to consider the analysed loci independent. We found
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TaBLE 1. Characterization of 10 polymorphic microsatellite loci in Argynnis niobe and A. adippe. Locus name, forward (F) and
reverse (R) primer sequences, repeat motif, size range of alleles, number of alleles (Na), observed (/,) and expected () heterozy-
gosities, and statistical significance of the HWE test (ns = not significant, *** P <0.001) for 32 individuals of each species.

A. niobe A. adippe
Locus Primer sequences (5 — 3°) Motif PP
name Range Na Ho He HWE Range Na Ho He HWE
An 5 F:CGATTGCATATACATCGTGC CTAT 118-148 11 0.25 0.80 ***  118-140 3 0.00 0.23 ***

R:CCTGTTCAAAAGATTCCGTCA

An_20 F:-TAGATCCAGTGGTCGCCTTT TGTA 186-428 21 0.33 092 *** 186206 4 0.50 0.54 ns
R:ATATGACAGTCGGGAGACGG

An_21 F:CATCGTGACGAAATCTGCAT ATAC 213-228 8 0.28 0.68 ***  213-229 4 0.10 0.62 ***
R:AGGCTACATTTTGCCCTGTG

An_22 F:-TCCGTTCGCTACCAAACTTC TA 168-254 14 027 082 *** 176226 11 0.28 0.64 ***
R:AGTTATCATCGCTTCGCTCG

An_24 F:GTGCAGGGAAGGAAGAGAAG AG 74-122 7 053 0.66 ***  100-106 4 0.19 0.60 ***
R:ATGAATGGAGTTTCGCCAAG

An_25 F:-TTAAAAGAGCTTGCTGCGGT TG 186-194 4 0.50 0.57 ns 188-200 4 0.40 035 ns
R:TGCATCAAATGTGTTACGTGC

An_26 F-TGTCGAATCAAGAAATTAGAATGC ATCT 86-102 5 0.22 0.30 *** 90 1 0.00 000 -
R:CAAGAATTGCTCGTTTAAAAGTATT

An_27 F:ACCAAGTTCCACCCATCTGA CTT 175-181 2 0.28 024 ns 175-190 5 0.44 036 ns
R:CACAGAAGCCACTGCCACTA

An_28 F:-TTACAACATGATTACCATTAGCCA  GT 126-146 6 0.17 0.75 *** 134-148 8 0.84 0.83 ns
R:GGTACGAACCTTCTACCTGGTC

An 30 F:GCCATTATTGTATCCTCCTTGG TTG 240-249 4 0.50 043 ns 237246 4 025 023 ns

R:CGTCAAAAGAGCAATCAGTGG

at least one heterozygotic female at each of the loci, indicating
that none of the loci were sex-linked (i.e. localised on the
W-chromosome).

DISCUSSION AND CONCLUSIONS

The development of microsatellite markers using the pyrose-
quencing method has greatly facilitated their use in molecular
ecology by reducing the cost and the time required to analyze
samples (Santana et al., 2009). Now almost anyone can easily
access a useful tool for investigating natural populations of non-
model organisms. In this report, we describe ten polymorphic
microsatellites for two closely related butterfly species of high
conservation importance. We see this paper as a pilot study,
taking advantage of only a small part of the raw data set, the rest
of which can be used to isolate more microsatellite loci in the
future. However, the population genetic parameters based on
our ten loci are already informative and non-trivial, hinting at

the occurrence of interesting evolutionary phenomena within the
populations studied.

Primers were designed for Argynnis niobe, but the testing of
polymorphism was performed for both species simultaneously,
which led to relatively high cross-species amplification success,
which is uncommon in Lepidoptera. Although some loci
exhibited null alleles, the homozygote excess was more likely
caused by the strong prevalence of only one type of allele at
most loci. We did not detect any locus for which some
individuals would fail to amplify at least one allele, which
suggests that the homozygote excess was not due to null alleles,
but represented genuine homozygosity (Dakin & Avise, 2004).
Homozygote excess is usually interpreted as evidence for
inbreeding and/or genetic drift (Frankham et al., 2008), but this
needs to be confirmed by an analysis of more individuals.

In Table 2, we provide a brief comparison of the microsatel-
lite loci parameters obtained in several other studies on Lepi-

TaBLE 2. Comparison of microsatellite loci parameters obtained in other studies on Lepidoptera that used similar sized samples.
Mean number of alleles per locus (Na), expected (H.) and observed (H,) heterozygosities.

Source study Species Sample size Number of loci Na H.J/H,

Vila et al., 2009 Erebia palarica 35 10 14.3 0.82/0.75
Petenian et al., 2005 Parnassius apollo 40 6 7.5 0.45/0.33
Petenian et al., 2005 Euphydryas aurinia 40 5 14 0.86/0.42
Rousselet et al., 2004 Thaumetopoea pityocampa 30 5 6.6 0.70/0.62
This study Argynnis adippe 32 10 4.8 0.44/0.30
This study Argynnis niobe 32 10 8.2 0.62/0.33
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doptera that used similar sized samples. Genetic variability,
expressed in terms of the number of alleles per locus and
observed heterozygosity, was very low in our focal species,
which indicates a strong influence of genetic drift and
inbreeding on their population genetic structures. Surprisingly,
the number of alleles per locus was two times lower in the
locally more abundant and less threatened 4. adippe. The long-
term dataset (Benes et al, 2002; and Czech Butterfly
Recording) available for this species suggests that this could
have been caused by a bottleneck event that happened several
decades ago, when there was a more drastic decline in numbers
in A. adippe than A. niobe, but for a more accurate interpretation
a more robust dataset is needed.
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Abstract Nine polymorphic microsatellite loci were
developed and characterized for the Rosalia longicorn, an
endangered icon of European saproxylic biodiversity. The
detected number of alleles per locus ranged from 2 to 4,
and the observed and expected heterozygosities varied
from 0.044 to 0.622, and from 0.086 to 0.613, respectively.
All loci were in Hardy—Weinberg equilibrium as well, as
no evidence of linkage disequilibrium was found. Despite
the low level of polymorphism, all loci described in this
study will provide a useful tool in future genetic studies of
the Rosalia alpina species.

Keywords SSR markers - Population genetics - Dead
wood - Xylophagous

The Rosalia longicorn (Rosalia alpina) (Linnaeus, 1758) is
among the most attractive and widely known beetles
associated with old trees and dead wood. It is classified in
the JTUCN Red List of Threatened Species as vulnerable
(IUCN 2012) and listed in the EU Habitats Directive as a
priority species of community interest. Its range covers
most of Europe, reaching to the Urals (Sama 2002) and
Turkey (Sama et al. 2012). In Europe, this species was
distributed from Sicily in the south to Sweden in the north
(Sama 2002; Lindhe et al. 2010). During recent centuries,
however, it has disappeared from the northern part of its
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range (e.g. Bense 2002; Starzyk 2004) and now only a
single population survives north of the Alps and west of the
Carpathians (Drag et al. 2011). Although usually consid-
ered as a montane species associated with beech forests
(Duelli and Wermelinger 2005; Bosso et al. 2013; Lachat
et al. 2013), the Rosalia longicorn also inhabits lowlands
and develops in a number of other broadleaved trees,
including e.g. maples, elms, and ashes (Ciach et al. 2007;
Cizek et al. 2009). The beetle prefers mature, often pol-
larded or shredded trees growing outside closed canopy
conditions (Russo et al. 2011).

Although this beetle is a priority of conservation con-
cern in Europe, nothing is known about its genetic structure
and diversity. Here we describe 9 microsatellite loci which
will provide a valuable tool for studying the genetic vari-
ability of this threatened species.

Genomic DNA was extracted from the tissue of 45
individuals from a population located in western Slovakia
using the Genomic DNA Mini Kit Tissue (Geneaid). The
DNA of eight individuals was pooled together and sent to
Genoscreen (Lille, France) for the Geno Sat service. It
includes microsatellite-enriched library preparation and
sequencing by 454 Genome Sequencer FLX Titanium
(454, Roche Applied Science). For more details see
Malausa et al. (2011). The following eight probes were
used: (TC)yo, (TG)10, (AAC)s, (AGG)s, (ACG)s, (AAG)s,
(ACAT)g and (ATCT)g. This technique allowed the iden-
tification of 31,864 reads (average length = 220 bp), of
which 2,249 contained microsatellite motives. It appeared
that the microsatellite motives were frequently at the
beginning or at the end of the sequences, so the number of
validated primers that could be designed was rather low,
resulting in 59 pairs of primers.

Using the on-line application NetPrimer (http://www.
premierbiosoft.com) we selected the 40 most suitable
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Table 1 Characterization of 9 microsatellite loci for Rosalia alpina from 45 individuals

Locus Primer sequences (5" — 3') Repeat motif Size range (bp) Na Ho Hg GenBank
accession no.

RA_08 F: ACGACCACGTGTTGCCTTAT (CT)g 124-132 2 0.289 0.420 KF114384
R: CAGAGCGAGTAGAGTAGGGAGA

RA_15 F: TGTGCATTTGTCTGGGTCTT (TG) 1o 96-100 3 0.044 0.086 KF114387
R: GACAAATACAGAGGGGAAAACG

RA_11 F: CTGGACTACGACGGAACGA (AC)g 85-91 4 0.578 0.613 KF114385
R: ACGCGTTCATCAGGTATTCA

RA_13 F: TGCTACTGGATTTTCCGGTACT (GA)g 215-219 3 0.133 0.126 KF114386
R: GCAGGCCCACGTATGAATAG

RA_23 F: AAGCATAAGAATTATTCAAACAGATTT (TG)g 134-140 4 0.422 0.583 KF114388
R: TCACAATCAGGCAAAACCCT

RA_29 F: CCAATGGATTGCGTCAATAA (TC)y0 150-156 4 0.356 0.368 KF114390
R: CATCCTAAAAAGACAGACGCA

RA_40 F: TTTGTTTCGTCGAATTCCATT (CT)g 219-227 4 0.622 0.537 KF114392
R: CGAGGTACTGACCGTGATTG

RA_37 F: AAAATCCTAAAATCTAGTGCGAATAA (TTC), 250-271 3 0.422 0.567 KF114391
R: AGTACTAAAGAGTTAGGGATGTTCTGA

RA_28 F: ATGTTACCCTAGAATAATTGAATGGA (GT)s 139-147 3 0.511 0.531 KF114389

R: CCATCTCACAGGACTCACGA

N4 number of alleles, Hy observed heterozygosity, Hg expected heterozygosity

primer pairs. Out of these, 28 provided consistent PCR
products of between 100 and 300 bp. We performed
monoplex PCR with eight individuals for each of these 28
primers (forward primers were fluorescently labeled with
6-FAM, NED, PET, or VIC dyes, Applied Biosystems).
The total reaction volume was 10 pl, and contained 5 pl of
Combi PPP-MasterMix (Top-Bio), 0.8 uM of each primer,
3.2 ul of PCR H20, and 20-50 ng of template DNA.
Conditions for the PCR reaction were: 4 min of initial
denaturation at 94 °C, followed by 35 cycles of 94 °C
(30 ), 54 °C (60 s), 72 °C (60 s), with final elongation at
72 °C for 5 min. Labeled PCR products were analysed on
automated sequencer ABI 3730XL (Applied Biosystems)
and allelic patterns were scored using the software
GeneMapper 3.7 (Applied Biosystems).

Out of the 28 primer pairs, 15 were monomorphic, 4
exhibited an unclear pattern with unspecific products
indistinguishable from real alleles, and 9 were polymorphic
with reliably scorable alleles. Subsequently we created two
multiplex sets, first with loci RA_11, RA_08, RA_13,
RA_28, RA_29, RA_37, second with loci RA_15, RA_23,
RA_40 and analysed the rest of the individuals under
the conditions as described above. Microchecker (Van
Oosterhout et al. 2004) was used to investigate the occur-
rence of null alleles. Genetic diversity measures were
estimated using GenAlEx 6 (Peakall and Smouse 2006).
Levels of heterozygosity and the linkage disequilibrium
were calculated in GenePop 4.1.3 (Rousset 2008).
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The level of polymorphism in all loci was rather low,
with the number of alleles per locus ranging from 2 to 4
(Table 1). These low values can be attributed to the sam-
pling site, rather than to the low variability of chosen loci,
since in other populations a higher level of polymorphism
was found (unpublished data). The average observed pro-
portion of heterozygotes over all loci (Hp) and the level of
expected heterozygosity (Hg) were 0.34 and 0.43, respec-
tively. After Bonferroni correction, all nine loci were in
HWE. Results of Microchecker suggested the presence of
null alleles in two loci (RA_23, RA_37); however, all
analysed samples amplified (i.e., showed one or two
bands), which suggests that the homozygote excess was
probably not due to null alleles, but more likely represented
genuine homozygosity (Dakin and Avise 2004). Homozy-
gote excess is usually interpreted as evidence for inbreed-
ing and/or genetic drift (Frankham 2008)—expectable in
threatened species, but this needs to be confirmed by an
analysis of more individuals. The exact test for linkage
disequilibrium resulted in non-significant P-values after
correction for multiple tests.

These newly described microsatellite loci are potentially
valuable in future population and conservation genetic
studies and may contribute to more efficient protection of
this threatened species.
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Abstract Eight polymorphic microsatellite loci were
developed and characterized for the Mylothris jacksoni
knutsoni, an endemic butterfly of endangered montane
habitats of the Gulf of Guinea Highlands, West/Central
Africa. The loci were tested for polymorphism in 30
individuals from the Nkogam Massif, western Cameroon.
The detected numbers of alleles per locus ranged from 2 to
5, and the observed and expected heterozygosities varied
from 0.200 to 0.867, and from 0.186 to 0.739, respectively.
All loci were in Hardy—Weinberg equilibrium, and no
evidence of linkage disequilibrium was found. Despite its
uniqueness, the biota of this area is still understudied and
this is the first study describing microsatellite loci for any
African species of the Pieridae family, as well as of any
butterfly of the study area.

Keywords Microsatellites - Lepidoptera - Endemism -
Afromontane habitats
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Due to its strong isolation the Gulf of Guinea Highlands
(alternatively known as the Cameroon Volcanic Line), the
only large Afromontane area west of the Congo Basin, is a
highly important centre of biodiversity and endemism.
Simultaneously, it is an area with a very high population
density and its unique montane habitats thus rank highly
among the most threatened parts of tropical Africa (Tropek
and Konvicka 2010). On the other hand, its unique biota
still remains considerably understudied, especially in terms
of effect of the habitat alteration on genetic structure of its
species. Mylothris jacksoni knutsoni is an endemic butterfly
with the clearly disjunctive relatives in mountains of
eastern Democratic Republic of Congo and South Sudan
(Larsen 2005). This species is dependent on the Afro-
montane habitats above 1,500 m a.s.l. where it inhabits
montane forest edges and shrubby submontane habitats,
and avoids strongly degraded pastures and large forest
clearings (Larsen 2005; Tropek and Konvicka 2010). So
far, population genetic structure of this species has not
been studied, as well as of any other butterfly of the area.

Genomic DNA was extracted from tissue of 30 individ-
uals sampled in December 2011 at edges of a degraded
montane forest remnant on an eastern ridge of the Nkogam
Massif, West Cameroon (N 05.72133°, E 10.70523°,
1,800 m a.s.l.), using the DNeasy Blood&Tissue kit (QIA-
GEN). The DNA of eight individuals was pooled together
and sent to Genoscreen (Lille, France) for the Geno Sat®
service. It includes microsatellite-enriched library prepara-
tion and sequencing by 454 Genome Sequencer FLX Tita-
nium (454, Roche Applied Science; for more details see
Malausa et al. 2011). We obtained 43,470 sequences, of
which 3,326 contained microsatellite motifs, resulting in 263
bioinformativelly validated pairs of primers. Using the on-
line application NetPrimer (http://www.premierbiosoft.
com) we selected the 24 most suitable primer pairs. Initially,
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Table 1 Characterization of 8
polymorphic microsatellite loci
for Mylothris jacksoni knutsoni

Locus name

Primer sequences (5 — 3')

Repeat  Size Ny Hp Hg
motif range (bp)

based on genotypes of 30 MIK_4 F: TTCATCACTGTTCAACAATCCC AT 232-270 5 0.800  0.651
individuals R: TGCTACCAGTTCTCCACTCG
MIK_5 F: TGTATTTCAGCTCTGGATCGC GA 151-157 4 0867 0.739
R: TTGAAAACTGGACGGGAGAC
MIK_7 F: CGTGTCCTAATCCATTACATCC  CT 126-134 5 0300 0.298
R: ATCGTTGCTTTGGGATAAGG
MIK_11 F: TTTCACAGACGTGCGAGTTC AG 90-98 4 0200 0.186
R: TCAGGGATTAAACGTAACGGA
MIJK_12 F: CATTGACCACTAGAGTGATGCC  TTG 250262 2 0267 0231
R: AGAAGACGAGGCTGTATGG
MIK_14 F: ACCACGATCCTCAAGAGCTG AG 82-90 5 0567 0676
R: GAACGCCGAATTTGTTTCTG
MJK_18 F: GGCAAATATGAGGCAACTCTG  AAC 392454 4 0467  0.560
R: TGCTGTCGTATTCGTTCTGC
N, number of alleles, Ho MJK_23 F: CTGAGAAATCAGGACGTAGGC ~ CA 92-94 2 0333 0391
observed heterozygosity, H R: GCTCAAGGAATCGAAAGGGT

expected heterozygosity

we performed monoplex PCR on eight individuals with
fluorescently labeled primers, followed by fragment analysis
on automated sequencer ABI 3730XL (Applied Biosys-
tems). One PCR reaction consisted of 4 pl of Multiplex PCR
MasterMix (QIAGEN), 0.2 uM of each primer, 20-50 ng of
template DNA and 3.6 pl of PCR H,O. Conditions for the
PCR reaction were: 15 min of 94 °C, followed by 35 cycles
of 94 °C (30 s), 55 °C (90 s), 72 °C (60 s), with final elon-
gation at 60 °C for 30 min. Allelic patterns were scored
using the software Genemapper 3.7 (Applied Biosystems).
Out of 24 loci, 8 were monomorphic, 8 exhibited unclear
allelic pattern and/or unspecific products, and 8 were poly-
morphic with reliably scorable alleles. We combined these 8
primer pairs into 2 multiplex sets (MJK_4, MJK_5, MJK_7,
MIJK_14 and MJK_11, MJK_12, MJK_18, MJK_23) and
analysed the rest of the samples under the same conditions.
The GenAlEx 6.5 software (Peakall and Smouse 2006) was
used to calculate observed and expected heterozygosity and
to test for Hardy—Weinberg equilibrium. Linkage disequi-
librium tests were computed using the software Genepop 4.0
(Rousset 2008). The number of alleles per locus ranged from
2 to 5 and the average expected and observed heterozygos-
ities were 0.467 and 0.475 respectively (Table 1). All loci
were in Hardy—Weinberg equilibrium and the tests for
linkage disequlibrium resulted in non-significant P values.
The newly described microsatellite loci will be used for
genetic analyses of distinct populations across the Gulf of
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Guinea Highlands, and to reveal how the strong human-
made degradation of the unique habitats affects the ende-
mic Afromontane butterfly. They are also the first micro-
satellites developed and tested for any African species of
the Pieridae family, as well as of any butterfly of the study
area.
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Abstract. Tapinoma melanocephalum is a worldwide distributed, highly invasive ant species. It lives in close association with
human societies and its distribution is human-mediated in large measure. The geographical origin of this ant species is unknown,
but its introduction in areas previously devoided of its presence can represent a threat to the native biota, act as an agricultural
pest or as a pathogen vector. To investigate the genetic structure and phylogeography of this species we identified 12 new poly-
morphic microsatellite markers, and in addition, we tested and selected 12 ant-universal microsatellites polymorphic in 7. melano-
cephalum. We genotyped 30 individuals from several islands of Micronesia and Papua-New Guinea. All 24 loci exhibited strong
homozygosity excess (45—100%, mean = 86%), while the number of alleles per locus reached usual values (2—-18, mean = 6.5),
resulting in levels of expected heterozygosity much higher than observed. Based on several robust tests, we were able to exclude
artefacts such as null alleles and allelic dropout as a possible cause of the observed pattern. Homozygosity excess might be a
consequence of founder effect, bottleneck and/or inbreeding. As our sample population was composed of individuals from several
distinct localities, the Wahlund effect might have contributed to the increased homozygosity as well. Despite the provisionally ob-
served deviation from the Hardy-Weinberg equilibrium, the newly developed microsatellites will provide an effective tool for future

genetic investigations of population structure as well as for the phylogeographic study of 7. melanocephalum.

INTRODUCTION

Tapinoma melanocephalum (Fabricius, 1793), also known as
the “ghost ant”, is one of the most widely distributed ant spe-
cies on Earth. It is ubiquitous throughout tropical and subtropi-
cal areas and is also present in temperate zones, where it is con-
fined to indoor environments. It has been documented at more
than 1500 sites across the globe with the highest latitude records
from Finland, Scotland, Manitoba, and Quebec in the northern
hemisphere and from New Zealand in the southern hemisphere
(Wetterer, 2009). This species is one of the most common ants as-
sociated with humans and is often restricted to disturbed habitats
and human-made environments. Indoor nests are usually found
within the structures of buildings such as cracks and wall voids,
and outdoor nests in flowerpots or under objects on the ground
(Choe et al., 2009).

T. melanocephalum has been so widely distributed by com-
merce that it is difficult to determine its exact geographical origin
(Wen, 2007). Although it has been debated, the current hypothesis
is that its natural range is located in tropical Asia or in the Indo-
Pacific (Wetterer, 2009) where it is also most abundant. Clearly,

Final formatted article © Institute of Entomology, Biology Centre, Czech Academy of Sciences, Ceské Bud&jovice.
An Open Access article distributed under the Creative Commons (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

a comprehensive phylogeographic study is needed to identify the
region where the species originated.

Morphologically, 7. melanocephalum can be characterized
by a length of 1.5-2 mm, a laterally compressed mesonotum
broadening anteriorly (Collingwood, 1979) and by a distinctly
bicoloured body, with the head and thorax brown to dark brown
while the abdomen, legs, and antennae are yellow or whitish.
However, variability in the coloration pattern and other charac-
ters has been documented and several regional forms are rec-
ognized (e.g. Tapinoma melanocephalum malesianum), most of
them comprehensively summarized by Wetterer (2009). In Asia
and the Indo-Pacific, . melanocephalum can also be confused
with several similar species, in particular Tapinoma minutum or
Tapinoma indicum. Furthermore, there are reports of species with
intermediate characters between these taxa (Clouse, 2007) and
their exact species status remains to be determined by a phyloge-
netic analysis. Consequently, positive identification of Tapinoma
melanocephalum in the Indo-Pacific can be difficult.

Surprisingly, the social structure of 7. melanocephalum has not
been studied in close detail. The species was reported to be po-
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lygynous with individual nests containing hundreds to thousands
of workers (Harada, 1990), but more specific information about
the numbers of queens in a colony is absent. The species is also
considered unicolonial and polydomous. It reproduces by colony
budding and does not exhibit aggressiveness among colonies co-
existing in the same area (Smith, 1965; Bustos & Cherix, 1998).
However, detailed information about occurrence and population-
level variability of these traits is not available. These features
of colony organization are typical of many invasive ant species
(Tsutsui & Suarez, 2003) and are most likely the underlying rea-
sons behind the unprecedented biological success of this species.
The combination of polygyny and polydomy allows for fast and
frequent relocations of the colonies and allows the species to oc-
cupy temporary habitats (Passera, 1994; Appel et al., 2004).

Despite being virtually omnipresent, 7. melanocephalum has
not received as much attention as other invasive ants, e.g. So-
lenopsis invicta or Linemiptema humile. This is likely due to its
rather non-aggressive nature, lack of sting and because it does not
cause as obvious disturbances to affected environment as some of
the other introduced ants.

On the other hand, several studies show that it can be a se-
rious pest. The species is known to dominate some subtropical
and tropical agricultural systems where it tends phloem feeding
Hemiptera. This leads to plant damage and to an increase of plant
pathogens, including viral and fungal infections (Venkataramaiah
& Rehman, 1989). In Papua New Guinea, 7. melanocephalum
was one of the only ant species whose number increased greatly
in the canopy and understory of primary and secondary forests
following a focused eradication of ant assemblages (Klimes et
al., 2012).

In indoor habitats, this species has been found abundantly in
hospitals in Brazil, where it has the high potential of acting as
an agent in the spread of pathogens. Moreira et al. (2005) found
multiple types of bacteria associated with 7. melanocephalum
workers, some of them with antibiotic resistance. This suggests
that its presence may have, in some cases, serious medical and
epidemiological consequences.

Considering how common 7. melanocephalum is, our lack of
knowledge on its social structure and life history is surprising.
While most of the literature has focused on practical tasks related
to its eradication, studies on its genetic structure and population
history are missing. Here, we present the first study investigating
and identifying microsatellite markers for this species in order to
provide an insight into the genetic structure of 7. melanocephalum
populations. This will establish a baseline which will facilitate
future genetic studies on the social structure and phylogeography
of T melanocephalum. Indeed, a better knowledge of the genetic
relationships between and among the colonies and populations of
T. melanocephalum will contribute to a more efficient manage-
ment of this pest. Furthermore, the species-specific markers will
allow detailed studies of the species’ population genetic and phy-
logeographic history. This can allow us to determine the region of
origin of 7. melanocephalum and to compare its dispersal routes
with the patterns of human movement and/or with trajectories of
trade and commerce.

Despite the development and increasing availability of next-
generation sequencing (NGS) (Ekblom & Galindo, 2011), clas-
sical genetic markers such as mitochondrial DNA and microsat-
ellites remain irreplaceable tools for most molecular ecologists.
Their sequencing and assessment are user friendly, easy to per-
form, cheap, and comparable with constantly growing number of
analysed organisms. Microsatellites also have several important
advantages in comparison to NGS. For example, with the use
of genomic data, Butler et al. (2014) developed microsatellite
markers that are both conserved and applicable among such large
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taxonomic group as ants, yet polymorphic within species. Their
study highlights possible trend in future utilization of micros-
atellites for researchers investigating other taxonomic groups.
Mesak et al. (2014) compared the performance of microsatellites
with RAD-seq SNP methods to characterize clonal patterns in a
killifish (Kryptolebias marmoratus). They concluded that next-
generation RAD-seq technology may have significant constraints
in revealing the true genetic pattern compared to classical micro-
satellites (i.e. phylogenetic noise, issues when lacking a reference
genome). Finally, a study by Schlick-Steiner et al. (2014) com-
pared the characteristics of microsatellites to two NGS approach-
es and found microsatellite-based population genetics to require a
smaller amount of DNA, exhibited fewer issues caused by DNA
contaminants and were time-efficient (among other advantages).
Furthermore, they pointed out that non-model organisms do not
benefit as much from NGS as model organisms do due to a lack
of background information and financial resources.

MATERIALS AND METHODS

Samples (exclusively female workers) were collected between
2008 and 2014 at several locations in Papua New Guinea (PNG)
and the Federate States of Micronesia (Table 1). Specimens were
determined preliminarily in the field and their identification later
confirmed under stereoscope by comparisons with specimens de-
posited at Harvard Museum of Comparative Zoology (MCZ) and
using online identification resources at www.antkeys.org. To con-
firm correct species identification and the species limits, a 601 bp
fragment of cytochrome c oxidase 1 (COI) subunit was sequenced
from each individual and the haplotypes were compared with 41
additional COI sequences of four other Tapinoma species using
Neighbour-Joining and Bayesian phylogenetic reconstruction
(Lebrasseur, 2014).

Genomic DNA was extracted from specimens using Genomic
DNA Mini Kit Tissue (Geneaid Biotech Ltd., New Taipei City,
Taiwan). The concentration of isolated DNA was measured
using NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Waltham, Massachusetts, USA). The DNA of 12 individuals
was pooled together and sent to Genoscreen (Lille, France) for
the Geno Sat ® service, which includes microsatellite-enriched
library preparation and sequencing by 454 Genome Sequencer
FLX Titanium (454, Roche Applied Science; for more details
see Malausa et al., 2011). The following eight probes were used
to enrich the total DNA in these motifs: (TG),,, (TC),,, (AAC),,
(AAG),, (AGQ),, (ACQ),, (ACAT),, (ACTC),. GsFLX libraries
were performed on PCR products. The company processed our
samples with three others on an eighteen-sample run, with each
sample individualized by the use of a Tag sequence. Concentra-
tion of each library was determined by fluorometry in order to get
a minimum quantity of 1.46E + 8 mol/ul.

Table 1. Information about localities where the samples were col-
lected.

Area Locality GPS N
Micronesia Chuuk 7°27°N, 151°53'E 1
Micronesia Yap 9°31'N, 138°07'E 2
Micronesia Pohnpei 6°58°N, 158°12°E 9
PNG Wanang 5°13’S, 145°05°E 3
PNG Port Moresby 9°14°S, 147°16°'E 1
PNG Weam 8°39'S, 141°08'E 2
PNG Daru 9°562°S, 143°13'E 2
PNG Baitabag 5°09°S, 145°47'E 4
PNG Nagada 5°15°S, 145°79°E 4
PNG Lepa Island 5°11°S, 145°50°E 1
PNG Sinu Island 5°08°S, 145°49'E 1
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The obtained primers were analysed for all primer second-
ary structures including hairpins, self-dimers and cross-dimers
in primer pairs, using the on-line application NetPrimer (http://
www.premierbiosoft.com/netprimer/). These secondary struc-
tures should be avoided if possible, because they could reduce
amplification success. Primers were also checked for the presence
of G or C bases within the last five bases from the 3"end of primer
(GC clamp), which helps to promote specific binding at the 3"end
due to the stronger bonding of G and C bases. In general, we
followed the PCR primer design guidelines reviewed at http:/
www.premierbiosoft.com/tech_notes/PCR_Primer Design.html.
Based on the NetPrimer analysis, we selected the 20 most suit-
able primer pairs for further testing. Initially, we performed mon-
oplex PCR on 16 individuals with fluorescently labelled primers,
followed by fragment analysis on the automated sequencer ABI
3730XL (Applied Biosystems, Foster City, California, USA).
One PCR reaction consisted of 4 pl of Multiplex PCR Master-
Mix (Qiagen, Hilden, Germany), 0.2 uM of each primer, 20 ng
of template DNA and 3.6 pl of PCR water. For PCR conditions,
we followed the manufacturer’s protocol, with the annealing tem-
perature of 54°C. Allelic patterns were scored using the software
Genemapper 3.7 (Applied Biosystems).

Out of the tested loci, we selected those which were constantly
amplified successfully and which provided clearly scorable and
polymorphic PCR products. In the next step we pooled these loci
into multiplex panels and used them to genotype all 30 individu-
als under the same PCR conditions as for the monoplex PCR.
Basic parameters of loci, such as number of alleles, observed
and expected heterozygosities, and Hardy-Weinberg equilibrium
were calculated using the software GenAlEx (Peakall & Smouse,
2006). Exact tests for linkage disequilibrium were performed
using the software Genepop 4.0 (Rousset, 2008). In order to ob-
tain detailed information on population-genetic patterns and also
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for possible comparisons, we analysed the same 30 individuals
using recently developed microsatellite markers, which should be
universal among ants (Butler et al., 2014). We tested 23 of these
loci for polymorphism in 7. melanocephalum and calculated the
same population-genetic parameters using polymorphic loci. To
get the comparison of population-genetic patterns, we analysed
six other ant species using the set of universal microsatellites
which were found polymorphic in T melanocephalum. Finally, to
get the information about genetic variability within a single popu-
lation, we genotyped 20 individuals of T melanocephalum sam-
pled at Wanang village, Papua-New Guinea, using the 12 newly
developed loci. In T melanocephalum, PCR, fragment analysis
and genotyping were performed twice independently for all 30
individuals and all loci to assess the possible occurrence of allelic
dropout (Gagneux et al., 1997).

RESULTS

The concentration of isolated DNA ranged from 0.5 to 15 ng/
pl. The library quantification resulted in 5.24E + 09 mol/pl, a
sufficient amount for performing emulsion PCR. Emulsion PCR
results of the pool which contained our samples showed 88%
beads recovery and 10% enrichment. In total, we obtained 31584
sequences (average length = 316 bp), of which 8090 contained
microsatellite motifs and the software analysis (provided by
GenoScreen) resulted in 450 bioinformatically validated pairs of
primers. Out of the 20 loci tested, 12 were amplified consistently,
were clearly scorable and polymorphic. We pooled these loci into
3 multiplex panels and the obtained genotypes were used to cal-
culate the basic parameters of the loci (Table 2). The number of
alleles per locus ranged from 2 to 18 (mean = 6.6) and the average
expected and observed heterozygosities were 0.645 and 0.144, re-
spectively. None of the loci were in Hardy-Weinberg equilibrium
(HWE). The tests for linkage disequilibrium resulted in signifi-

Table 2. Characterization of 12 newly developed microsatellite markers in Tapinoma melanocephalum. Locus code, GenBank accession
number, forward (F) and reverse (R) primer sequences, repeat motif, size range of alleles, number of alleles (Na), observed (Ho) and

expected (He) heterozygosities based on analysis of 30 individuals.

Locus Primer sequences (5- 3°) Repeat motif ~ Size range (bp) Na Ho He Multiplex
T™_2 F: GAAGGATGTCGAAATCGCAG 88-136 18 0,367 0,916 1
KX197932 R: ACAATGTCCGAGAAGCAAGC
™ 3 F: TGCAATGTAACAGTTTGAGGC 141-150 5 0,033 0,626 1
KX197933 R: GGGAATAATTACCGTGGTTGG
T™M_6 F: GAGCAAGTGGAAGAAAGGAGG AGG 87-90 2 0,033 0,206 1
KX197934 R: GTAGTGCGAAGACAATGGCA
T™_9 F: ATACTTCCCATGCACCAAGG ACA 197-221 5 0,467 0,600 1
KX197935 R: GCGTCGTTGTCTTCTTCCTC
TM_10 F: TCATCCGTTTGATGAAGTGC 87-97 5 0,067 0,663 1
KX197936 R: CTAGGAGGAAGCAGTGGAGC
™ _5 F: AGAGCGTCACCCGATGTC 184-216 12 0,300 0,772 2
KX197937 R: TGTCATTTTCTTGCACTTGTGA
TM_13 F: CTTCTGATGCAGCTAGGGGA 160-166 4 0,133 0,610 2
KX197938 R: ATTTCTTCGCGTCTGATTCG
T™M_16 F: AGCCAAGAGTTTCGTTCTCG TCG 217-238 7 0,067 0,642 2
KX197939 R: TCTCTTTACGACGGTTCGCT
T™_17 F: AATCCTTCCTATTCCCACCG 150-154 3 0,033 0,485 3
KX197940 R: TCACCTTACTCAAGTCCAGGG
T™_18 F: ATTCTCCGTAATCACGCTCG 105-109 3 0,000 0,631 3
KX197941 R: CGTGGTGGAAAGGATATACG
T™M_19 F: AATGTGATCGTGATGAGCCA 217-238 9 0,200 0,806 3
KX197942 R: GGTTCCTAGAACTTTGCGACG
TM_20 F: TTAGCTGAATTTTCATTGAACG 287-301 6 0,033 0,777 3
KX197943 R: CTCGCTGGCCTGTTCCTC
Mean 6,6 0,144 0,645
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Table 3. Parameters of universal microsatellite loci polymorphic
in Tapinoma melanocephalum. Locus code, size range of alleles,
number of alleles (Na), observed (Ho) and expected (He) heterozy-
gosities based on analysis of 30 individuals.

doi: 10.14411/eje.2016.053

Table 5. Genetic variability among 20 individuals of T. melano-
cephalum within a single population (Wanang, PNG) and the 12
newly developed microsatellite loci. Number of alleles (Na), ob-
served (Ho) and expected (He) heterozygosity.

Locus Size range (bp) Na Ho He Locus Na Ho He

Ant859 190-203 5 0,037 0,629 T™_2 2 0,000 0,375
Ant7680 274-278 2 0,037 0,036 T™_3 1 0,000 0,000
Ant5035 325-358 9 0,222 0,621 T™M_5 1 0,000 0,000
Ant10878 300-399 4 0,032 0,232 TM_6 1 0,000 0,000
Ant7249 339-347 3 0,074 0,201 T™_9 1 0,000 0,000
Ant1343 187-205 3 0,000 0,271 T™M_10 2 0,000 0,255
Ant4155 192-219 10 0,556 0,822 TM_13 2 0,050 0,289
Ant2794 256-323 8 0,074 0,527 TM_16 2 0,000 0,095
Ant1368 326-330 5 0,074 0,722 T™M_17 1 0,000 0,000
Ant9218 341-379 7 0,370 0,783 T™M_18 3 0,050 0,096
Ant3648 332-372 1 0,037 0,864 T™M_19 1 0,000 0,000
Ant8424 200-248 10 0,185 0,835 T™M_20 3 0,000 0,654
Mean 6,4 0,142 0,545 Mean 1,66 0,008 0,147

cant values in 166 out of 276 pairs of loci. Out of the 23 universal
microsatellites, 12 were polymorphic in 7. melanocephalum and
were analysed under the same conditions as the de novo devel-
oped loci. The number of alleles per locus ranged from 2 to 11
(mean = 6.4) and the average expected and observed heterozy-
gosities were 0.545 and 0.142 respectively. None of the loci were
in HWE (Table 3). Population genetic parameters of six other ant
species obtained with the use of the same 12 universal microsat-
ellites are summarized in Table 4. Values of observed (Ho) and
expected (He) heterozygosities within these six species ranged
from 0.23 to 0.63 (mean = 0.46) and from 0.24 to 0.68 (mean
= 0.53), respectively, and the mean number of alleles ranged
from 2.1 to 4.9 (mean = 3.8). Genetic variability parameters of
the single population of 7. melanocephalum from Wanang vil-
lage (PNG) are given in Table 5. The number of alleles per locus
ranged from 1 to 3 (mean = 1.66) and the average expected and
observed heterozygosities were 0.147 and 0.008, respectively. No
differences in genotypes were observed comparing the two inde-
pendent PCRs and fragment analyses.

DISCUSSION

We detected enormously high level of homozygosity in the
newly developed microsatellite loci, ranging between 53 and
100% among individual loci and with a mean over all loci of

85.6%. Simultaneously, we detected average levels of genetic
diversity, with the number of alleles per locus ranging from 2 to
18 and a mean over all loci of 6.6. Several biological processes
might lead to such pattern, in particular founder effect, bottleneck
and/or inbreeding (Frankham et al., 2008). These phenomena are
expected in 7. melanocephalum based on what has been described
about its life history with the strong ability to disperse over large
distances and establishing new colonies with only a few individu-
als (Wetterer, 2009). The genetic variability detected within the
single population from Wanang village (PNG) was extremely
low, both in terms of number of alleles per locus and observed
heterozygosity. This finding strongly supports the conclusion
about the presence of population-genetic phenomena mentioned
above in T melanocephalum.

The presence of colony budding, polydomy and lack of aggres-
siveness among physically separate colonies are suggestive of a
decreased genetic variability or high levels of relatedness among
individuals. These are often a consequence of within-nest mat-
ing, limited dispersal of males and/or females or parthenogenetic
reproduction (Pearcy et al., 2006) and have been documented in
multiple ant species (Trontti et al., 2005; Thurin & Aron, 2009;
Kureck et al., 2012).

To support this interpretation, we performed a comparative
analysis of microsatellite genotypic patterns using universal mi-

Table 4. Parameters of 12 universal microsatellite loci, which were polymorphic in Tapinoma melanocephalum used for analyses of six
other ant species (4 individuals per species). Number of alleles (Na), observed (Ho) and expected (He) heterozygosities. *Mean values

were calculated based on polymorphic loci only.

L Anonychomyrma Camponotus Odontomachus Pseudolasius Nylanderia Philidris
oous Na Ho He Na Ho He Na Ho Na Ho He Na Ho He Na Ho He
Ant859 4 0,500 0,688 2 0,000 0,375 2 0,000 0375 3 1,000 0625 2 0,000 0500 1 0,000 0,000
Ant7680 7 1,000 0,844 1 0,000 0,000 3 0,500 0,594 1 0,000 0,000 2 0,000 0,375 7 1,000 0,844
Ant5035 6 0,500 0,813 5 0,750 0,688 5 1,000 0,750 2 0,000 0,500 6 1,000 0,781 1 0,000 0,000
Ant10878 3 0,250 0,406 6 0,750 0,781 5 0,750 0,750 6 0,500 0,813 1 0,000 0,000 3 0,250 0,531
Ant7249 2 0,250 0,219 2 0,000 0,375 3 0,500 0,406 2 0,500 0,375 2 0,250 0,469 2 0,250 0,219
Ant1343 7 1,000 0,844 1 0,000 0,000 1 0,000 0,000 5 1,000 0,750 2 0,250 0,219 7 0,750 0,844
Ant4155 3 0,000 0,625 4 05500 0,719 1 0,000 0,000 5 1,000 0,781 7 1,000 0,844 7 0,750 0,844
Ant2794 6 1,000 0,813 4 0,500 0,563 1 0,000 0,000 5 1,000 0,781 6 0,500 0,813 8 1,000 0,875
Ant1368 7 1,000 0,844 4 0,750 0,656 1 0,000 0,000 6 0,750 0,813 4 0,500 0,688 6 0,750 0,813
Ant9218 6 0,750 0,813 5 0,750 0,750 1 0,000 0,000 2 0,000 0500 4 0,250 0,656 5 0,500 0,750
Ant3648 3 0,500 0,531 5 0,750 0,688 1 0,000 0,000 3 0,667 0667 4 0,250 0,656 7 0,750 0,844
Ant8424 5 0,750 0,688 5 0,250 0,781 1 0,000 0,000 3 0,250 0,594 5 0,500 0,750 4 0,500 0,688
Mean* 4,9 0,625 0,677 4,2 0,500 0,638 4,6 0550 0,575 3,82 0,606 0,650 4 0,410 0,610 5,6 6,500 0,730
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crosatellite loci developed by Butler et al. (2014). We tested 23
universal microsatellites for polymorphism in 7. melanocepha-
lum and found 12 polymorphic loci (Table 3). The same 30 indi-
viduals were genotyped using these universal loci. We detected
similar patterns to those of our newly developed loci — high levels
of homozygosity (mean over all loci = 86%) and common levels
of allelic variability (mean number of alleles per locus = 6.4). To
show that such parameters are specific for 7. melanocephalum,
we used the same 12 universal microsatellites to assess genetic
diversity in six other Indo-Pacific ant species/genera (4nonycho-
myrma scrutator, Camponotus maculatus, Odontomachus simil-
limus, Pseudolasius australis, Nylanderia vaga, Philidris corda-
ta), analysing four individuals per species. In all six species the
levels of observed and expected heterozygosities were balanced
and no homozygosity excess was observed (Table 4).

The populations of 7. melanocephalum from PNG and Micro-
nesia exhibited deviations from Hardy-Weinberg equilibrium in
all analysed loci. We performed several tests to prove that this
observation was not an artefact but represented genuine popula-
tion-genetic pattern. As we aimed to detect the allelic diversity
within the region, we composed the dataset of individuals from
three different islands of Micronesia and eight different (and geo-
graphically distinct) areas of PNG. Such combination may and
obviously did result in the Wahlund effect, e.g. homozygosity
excess caused by several genetically distinct units grouped and
considered as a single sampling unit (Selkoe & Toonen, 2006).
Tests for linkage disequilibrium resulted in significant values in
60% of loci pairs, however this is clearly an artefact caused by the
homozygosity excess and Hardy-Weinberg disequilibrium (Sab-
atti & Risch, 2002; Slatkin, 2008).

Genotypes based on two independent PCRs were identical in
all 30 individuals and 24 loci, so the occurrence of allelic dropout
can be considered absent or negligible. This conclusion is also
supported by the sufficient concentration of isolated DNA and by
our success in amplifying 601 bp fragment of mtDNA.

The last possible artefact responsible for these observed pat-
terns would be null alleles, but we can also reject this option as
we did not detect any individual that would fail to amplify any
allele at just one or several loci, while the rest of the loci would
amplify normally (Selkoe & Toonen, 2006) — in this study, we
observed homozygote excess in all 24 analysed loci and at least
one allele was amplified in all individuals and all loci.

CONCLUSION

In this paper, we described 12 newly developed polymorphic
microsatellite markers for Tapinoma melanocephalum, a wide-
spread invasive ant species. Recognition of whole-area popula-
tion structure of this ant species might contribute to reveal the
most important colonization pathways of this ubiquitous pest spe-
cies and means of dispersal. Moreover, reconstructions of its pop-
ulation genetic structure would provide an interesting comparison
to the migration patterns and dispersal history of Homo sapiens,
a worldwide distributed primate species, being reasonably sus-
pected of playing an important role in the ghost ant’s dispersal.
Besides the newly developed loci, we have tested recently pub-
lished ant-universal microsatellite markers. In total, we reported
24 microsatellite markers useful for population-genetic investiga-
tions of the target species. Within a sample of T melanocephalum
populations from Papua-New Guinea and Micronesia, we have
detected high levels of homozygosity. This finding was confirmed
by a comparison of genetic diversity parameters within six other
Indo-Pacific ant species using the same universal loci. Despite
the deviation from the Hardy-Weinberg equilibrium in the sam-
pled populations composed of individuals from numerous distinct
localities, the newly developed microsatellites provide an effec-

doi: 10.14411/eje.2016.053

tive tool for future investigations of genetic population structure
as well as for phylogeographic analyses of 7. melanocephalum.
Moreover, microsatellite analysis can also help clarify the taxon-
omy and species delimitation within genus 7apinoma, which re-
mains until today partially unclear, especially in the Indo-Pacific
region where several sister species co-occur sympatrically.
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