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SOUHRN DISERTACNI PRACE

Asexualni zplsoby reprodukce jsou obvykle zaloZeny na principu kopirovéani (klonovani)
sami¢i DNA do potomstva. U vétSiny asexudlné se mnozicich obratlovcil se potomstvo vyviji
z neredukovaného a ¢asto neoplozeného vajicka. Umoziuje to mechanismus partenogenetické
a gynogenetické reprodukce. Zatimco v prvnim ptipad¢ se klonalni pohlavni bunka vyviji
spontanné a samostatné, v druhém piipad¢ je zapotiebi pohlavni partner, ktery aktivuje
ryhovani vajicka. Ani Vv jednom ptipadé vSak nedochazi k oplodnéni (splynuti spermie s
vajickem). Klonalni potomstvo proto tvoii vyhradné dcery a dosavadni vyzkum probihal jen na
asexudlnich liniich samic¢iho pohlavi. Vzacné mohou vznikat pfi pravém oplodnéni klondlniho
vajicka asexualni samci, ti v8ak byvaji ¢asto neplodni. Na svété jsou znami diploidni zastupci
pouze tii rodl obratlovct hybridniho plivodu, ktefi disponuji plodnymi asexualnimi sameci.
Jednim z nich jsou evropsti zeleni vodni skokani rodu Pelophylax, Zijici také na uzemi Ceské
republiky.

V oblastech kolem horniho toku feky Odry byly neddvno objeveny populace hybridnich samci,
ktefi po vzoru asexudlnich samic vytvaii stabilni v§e-sam¢i linie. Vysledky této studie ukazaly,
ze samci tvoii klonalni spermie procesem hybridogeneze, béhem niZ je z pohlavnich bunék
vymazan genom matky. Pravou fertilizaci dochazi k oplodnéni rekombinovaného vajicka od
sexualniho druhu klonalni spermii, ktera nese polovinu otcovské genetické informace ve formé
hemiklonu. Ten je pfedavan z generace na generaci. Navic, hybridni jedinci tento hemiklon
sdileji, coz poukazuje na jejich spole¢ného piedka. V populacich jsou dale pfitomni samci

schopni vytvaiet soucasné dva typy klonalnich spermii, z nichz jedny nesou matefsky a druhé



otcovsky genom. Po spafeni se sexualni samici vznika po boku potomstva hybridnich
hemiklonalnich synt také potomstvo sexualnich dcer. Jejich potencialni evolu¢ni role prace
rovnéz diskutuje.

Studium asexudlni linie formujici hybridni samce vodnich skokanti je prvnim krokem
k obecnému poznani samci asexuality, jejiho vzniku a evolu¢niho vyvoje. PiedloZena prace
diskutuje spole¢né a odlisné rysy samici a sam¢i asexuality, studuje princip persistence vse-
samCich populaci rodu Pelophylax a rozsifuje obecné poznani o ptivodu a reprodukénich

strategiich obratlovct.
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VYZKUMNE CILE PRACE A JEDNOTLIVYCH STUDI{

V predkladané préci jsme se zaméfili na studium populacné-genetické variability populaci
vodnich skokanti s pfitomnosti samcich asexualnich linii v povodi feky Odry, porovnani s
jinymi liniemi P. esculentus a s uméle vytvofenymi laboratornimi liniemi hybridi a porovnali
geneticky profil hemiklonti L s genomem L sexualniho druhu P. lessonae z okolnich populaci.
Dale jsme studovali pribéh tvorby klondlnich gamet a samotnou podstatu pienosu

hemiklonalniho genomu L do potomstva.

Hlavni otazky:

1. Jaky je pribéh hybridogeneze v P. ridibundus-P. esculentus-saméich populacich povodi
Odry? Kdy je matetsky genom eliminovén ze zdrodecnych bunck?

2. Jaky je ptfedpokladany piivod klonalné pfenaSenych genomii u hybridnich samci P.
esculentus? Je mezi jedinci néjaka geneticka variabilita klonalné pienasenych genomu? Jaky je
rozdil mezi L genomy diploidnich samci P. esculentus z povodi Odry a sexualnich druht P.
lessonae z okolnich populaci?

3. Jak se hybridni samci rozmnoZzuji, jaky typ gamet vytvafi? Existuje vazba mezi klonalné
dédénym genomem a pohlavim? Jaky potencionalni evolu¢ni dopad muize mit vznikajici

potomstvo na stabilitu R-E populaci?

Rukopis | se zabyva studiem tvorby gamet u hybridnich samcti P. esculentus. S vyuzitim
cytogenetickych metod sleduje strukturu a chovani rodi¢ovskych genomu v riiznych fazich
gametogeneze. Spolecné s vysledky laboratornich kiiZeni rukopisu III ptedklada hypotézu o
alternativnim zptisobu tvorby gamet, nez jaké byly dosud popsany u jinych hybridogenetickych
organismdl.

Rukopis Il zkouma pivod pozorované samci unisexuality. S vyuzitim multilokusovych
genotypi mikrosatelitovych markeri je identifikovana genetickd wvariabilita klonalné¢
pfenasenych genomd, studovan typ sam¢éi reprodukce a dale jsou definovany genealogické
vztahy mezi klonalné a sexudln¢ dédénymi genomy.

Rukopis 11 tematicky navazuje na vysledky Rukopisu II, ktery odhaluje monofyleticky piivod
populaci hybridnich samct. V této praci je experimentalné kiizeno 16 hybridnih samct
puvodem z dvou pfirodnich populaci s P. ridibundus samicemi pro experimentalni studium
vzoru dédicnosti hybridnich samct, v€etné vazby prendsenych klonalnich genomi na pohlavi

potomstva.



POUZITE NASTROJE, METODIKY A MATERIAL

Nastroje pouzité v rukopisech zatazenych do disertace:

1. zpétné kiiZeni s rodi¢ovskym druhem P. ridibundus (genotyp potomstva, pohlavi potomstva,
mira prezivani)

2. komparativni genomova in-situ hybridizace (CGH) (detekce rodi¢ovskych genomi v
premeiotickych (mitotickych) a meiotickych fazich gametogeneze hybrida)

3. mikrosatelitové lokusy hybridnich samct a jejich potomki

Pouzité metodiky:

Zakladni metody: Izolace DNA, amplifikace mikrosatelitovych lokusi a fragmentacni analyza
mikrosatelitovych repetic

Pokro¢ilejsi metody: Celogenomova komparativni in-situ hybridizace - CGH

Optimalizované metody pro dany taxon: Ziskani suspenze meiotickych chromozémi z gonad
juvenilnich i adultnich zastupcti, multiplexy mikrosatelitovych lokusti a zavedeni metodiky pro

statistické analyzy hemiklonalni dédi¢nosti

K rukopistim zatazenym do disertacni prace byl vyuzit material:

svalova tkan skokana ze sbirky diive odchycenych jedinci (ulozenych v etanolu pfi teploté -20
°C az -80 °C) z oblasti Bulharska z roku 2005 (genotypu RR)

svalové tkané, jaterni tkang, kostni dfen¢ a pohlavnich 714z odlovenych subadultnich a adultnich
skokanti z pfirodnich populaci z CR a Slovenska v letech 2010 - 2014 v po&tu 226 jedincti (110
LL,55RRa61RL)

material ziskany od zahrani¢nich kolegu (Polsko, Prof. M. Ogielska, University of Wroclaw,
Némecko Dr. J. Plotner, Humboldt-Universitét zu Berlin),

svalové a jaterni tkdn¢ laboratorné¢ odchovanych juvenilnich skokanti z ktizicich experimentt
z roku 2013 v poctu 274 jedinct (mikrosatelitové lokusy - 60 genotypovanych RR jedinct, 88

genotypovanych RL jedincl + alozymové genotypovanych 260 jedincti z jaterni tkan€)

PRUBEH VYZKUMU A ZAHRANICNI SPOLUPRACE

Laboratorni prace a experimenty probihaly v molekularné-genetickych laboratofich Ustavu

zivogisné fyziologie a genetiky AV CR, v.v.i. v Libéchové, spole¢ném pracovisti Katedry



zoologie Piirodovédecké fakulty Univerzity Karlovy v Praze a v soukromé vyzkumné

laboratofi spolupracujici skupiny prof. D-G Guexe (Datwil, Svycarsko).

Na vyzkumu jsme spolupracovali se zahrani¢nimi kolegy:

1. Laboratoi profesora Dr. Heinz-Ulrich Reyera, Institute of Evolutionary Biology and
Environmental Studies, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich,
Svycarsko. Vyzkumna skupina profesora Reyera se intenzivné vénuje fadu let evoluci, ekologii
a experimentalnimu kiiZeni forem v synkleptonu P. esculentus.

2. Laboratot Dr. Jorg Plotnera, Museum fiir Naturkunde, Leibniz-Institut fiir Evolutions-
und Biodiversititsforschung, an der Humboldt-Universitit zu Berlin, Invalidenstra3e 43, 10115
Berlin, Némecko. Vyzkumna skupina Dr. Jorg Plotnera se vénuje skokantim synkleptonu P.
esculentus na molekularni a genové urovni.

3. Laboratoi profesora Prof. G-D Guex, Zoologisches Museum, Winterthurerstrasse 190,
CH-8057 Zurich, Svycarsko. Profesor Guex se vénuje fadu let kifZicicm experimentiim
skokant synkleptonu P. esculentus.

Béhem spoluprace se skupinou prof. H.-U. Reyera (Ecology Group, IEBES, University of
Ziirich) jsme Uspésné vytvoftili a analyzovali rozsahly soubor mikrosatelitovych dat vodnich
skokanti riznych populacnich typi. Béhem spoluprace s Prof.D-G Guexem (Zoologisches
Museum, Zurich) a Dr. J. Plotnerem jsme ziskali potomstvo zpétného kiizeni hybridnich samcii

s rodi¢ovskymi samicemi P. ridibundus.

SHRNUTI A ZAVER

PredloZena prace piindsi nové poznatky o dosud neprozkoumané problematice ,,samci
asexuality”. Dil¢i vystupy se zaméiuji na detailnéjsi studium reprodukce, gametogeneze a
dédi¢nosti hybridnich hemiklondlnich samct skokana zelen¢ho v populacich v povodi horniho
toku feky Odry.

Hybridni samci klondlné¢ dédi polovinu genomu (jako hemiklon), zatimco druhd polovina
genomu je kazdou generaci pfijimana ,,de novo”. Prvni rukopis se detailngji zabyva studiem
procesu tvorby gamet u hybridnich samct. S vyuzitim techniky CGH jsme sledovali chovani
chromozoml v riznych fazich gametogeneze (Obr. 7c¢, d). Na zakladé pozorovéani obou
genomil v prib&hu meiotického déleni jsme vyvodili dvé hlavni hypotézy. Prvni z nich pocita

s moznosti naruSeného prubéhu gametogeneze bez premeiotické eliminace, kdy vznikaji



nefunkéni spermie. Druha hypotéza ptipousti existenci nové strategie tvorby gamet, kde
nedochazi k eliminaci, ale pouze k separaci genomu, a to v druhém meiotickém déleni (viz.
Obr. 8).

V druhém rukopise jsme pouzili jaderné markery a definovali jsme druhové specificky
hemiklon lessonae nazvany ,,Oder L1 pfitomny u vSech studovanych hybridnich samci.
Potvrdili jsme monofyleticky ptvod linie a ukazujeme, ze klonalni lessonae genom hybridnich
samcu nepochazi z recentni hybridizace P. lessonae jedinci z okolnich populaci, coz naznacuje
star$i in situ nebo ex-situ ptivod a pietrvavani hemiklonu po mnoho generaci v ramci
sobéstacnych hybridnich samct.

Treti rukopis se zaméfil na otazku dédi¢nosti hemiklonu ,,Oder L1“. Experimentalnim
ktizenim 12 hybridnich samct jsme zjistili, Ze se V linii vyskytuji dva typy samct S rozdilnou
dédicnosti. Jedni produkuji pouze gamety nesouci hemiklon L vdzany na sam¢i pohlavi a druzi
mohou vytvafet soucasné¢ gamety s hemiklonem L a gamety s hemiklonem R vazanym na
samici pohlavi (Obr. 6), tzv. ,,amfispermni* samci. V kontextu stability a udrzeni vSe-sam¢i
linie to znamenad, ze hybridni samci jsou schopni po jednu generaci ,,zmrazeny* R genom vratit
do genofondu populace skrze své samic¢i potomky a tim zajistit potencialni partnerky pro své

vlastni hybridni syny.
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SUMMARY OF THE DISSERTATION THESIS|

PREFACE

The summary briefly describes the contents of the Thesis, the main objectives and outcomes of
manuscripts, including summary conclusions. Particular graphs and tables, to which summary
refers to, are located in the text of the dissertation Thesis and its appendixes.

The research was financially supported by a grant from the Charles University, Prague, GAUK
no. 383911, the grants from the Czech Grant Agency GACR 15-19947Y and GACR no. 13-
37277S.

SUMMARY OF THE THESIS

Asexual modes of reproduction are usually based on the principle of copying (cloning) DNA
from the female and passing it on to the offspring. For most asexually reproducing vertebrates
the progeny develop from an unreduced and often unfertilised egg. This is driven by the
mechanisms of parthenogenetic and gynogenetic reproduction. While in the former the clonal
germ cell develops spontaneously and separately, in the latter a sexual partner is needed to
activate the cleavage of the ovum, although without the fusion of the sperm and egg. Therefore
in both cases there is no fertilization and the clonal progeny consist solely of daughters, hence
the majority of previous studies have only focused on asexual female lineages. However, on
rare occasions asexual clonal males can arise when the right fertilization occurs. Whilst these
offspring are usually infertile, fertile diploid asexual males have been discovered in just three
genera of hybrid origin in vertebrates. One of these unique cases is the European water frog
complex of the genus Pelophylax, whose distribution includes the Czech Republic.

In areas around the upper Odra River populations of hybrid males were recently discovered
who form stable all-male lineages, similar to those formed by asexual females. The results of
this study show that males produce clonal sperm by hybridogenesis when the maternal genome
is eliminated from the germ cells. By true fertilization, the recombinant egg from a sexual
female is fertilized by a clonal sperm bearing half of the paternal genetic material in the form
of'a “hemiclone”. The hemiclone is passed from generation to generation, and is shared by these

hybrid individuals, suggesting that they also share a common ancestor. In the all-male



populations males also exist who can simultaneously generate two types of clonal sperm, one
carrying the maternal genome and the other the paternal. After mating with the sexual female,
the offspring of sexual females arise alongside the hybrid offspring of hemiclonal male
descendants. Their potential evolutionary role is also discussed here.

The study of the asexual lineages of hybrid male water frogs is the first step to general
understanding of male asexuality, its origin and evolutionary development. The presented work
highlights the common and differing features of male and female asexuality, studies the
principal of persistence of all-male populations of the genus Pelophylax and expands the overall

knowledge about the origin and reproductive strategies of vertebrates.

LIST OF MANUSCRIPTS

Manuscript |

Is premeiotic genome elimination an exclusive mechanism for hemiclonal reproduction in
hybrid males of the genus Pelophylax?

Marie Dolezalkova, Alexandr Sember, FrantiSek Marec, Petr Réb, Jorg Plotner & Lukas
Choleva

Publication (Dolezalkova, M., Sember, A., Marec, F., Rab, P., Plotner, J., & Choleva, L. (2016).
Is premeiotic genome elimination an exclusive mechanism for hemiclonal reproduction in
hybrid males of the genus Pelophylax?. BMC genetics, 17(1), 100.)

Manuscript |1

Evolution of unisexuality in reverse order: molecular insights into the origin and
persistence of an all-male water frog lineage Pelophylax esculentus

Marie Dolezalkové, Nicolas B. M. Pruvost, Jorg Plotner, Heinz Ulrich-Reyer & Luk4as§ Choleva
Manuscript (submitted in Evolution)

Manuscript I11

When a sexual genome becomes clonal for a single generation: Evidence from Pelophylax
water frogs

Marie Dolezalkova, Marcela Dolezalova, Jorg Plotner, Gaston-Denis Guex & Lukas Choleva

Manuscript (submitted in eLife)



RESEARCH GOALS AND OBJECTIVES INCLUDED IN THE MANUSCRIPTS

In the presented work, we focused on the study of population-genetic variability within
populations of water frogs with the presence of male asexual lineages in the Odra River Basin,
compared with other lineages of P. esculentus and with laboratory crossed hybrids and
compared the genetic profile of hemiclones L with the genome L of the sexual species P.
lessonae from the surrounding populations. Furthermore, we studied the process of forming

clonal gametes and the inherittance pattern of the hemiclone L to the progeny.

Main questions:

1. What is the process of hybridogenesis in P. ridibundus-P. esculentus-male population from
the Upper Oder River? When is the maternal genome eliminated from the germ cells?

2. What is the putative origin of clonally inherited genomes in hybrid males of P. esculentus?
Is there any genetic variability of clonally transmitted genomes between individuals? What is
the difference between genomes L in diploid males of P. esculentus from Odra River Basin and
sexual species P. lessonae from populations in the surrounding area?

3. What is the reproductive pattern of hybrid males, which type of gametes they produce? Is
there any connection between inherited clonal genome and sex? What potential evolutionary

impact can have the progeny on a stability of the R-E populations?

Manuscript | deals with the study of gamete production in hybrid males P. esculentus. Using
cytogenetic methods, we monitored the structure and behavior of parental genomes in different
stages of gametogenesis. Together with the results of laboratory crosses in Manuscripts 11, we
presented the hypothesis of an alternative method of gametes production than it is known in
other hybridogenetic organisms.

The manuscript Il examines the origin of the observed male unisexuality. Using multilocus
genotypes of microsatellite markers we identified the genetic variability of clonally transmitted
genomes, we studied a type of male reproduction and we defined the genealogical relationships
between clonally and sexually inherrited genomes.

Manuscript 111 is thematically linked to the results of the Manuscript I, which confirmed the
monophyletic origin of hybrid male populations. In this work, 16 hybrid males originating from

two natural populations are crossed with P. ridibundus females for experimental study of the



inheritance pattern of hybrid males, including linkage of clonally transmitted genomes to the

sex of the offspring.

USED TOOLS, METHODS AND MATERIALS

Tools of the manuscripts included in the dissertation thesis:

1. backcrossing with parental species P. ridibundus (genotype of progeny, sex determination,
survival rate)

2. genomic in situ hybridization (CGH) (detection of parental genomes in premeiotic (mitotic)
and meiotic stages of hybrid gametogenesis)

3. microsatellite loci of hybrid males and their offspring

Used methodology:

Basic methods: DNA isolation, amplification of microsatellite loci and fragment analysis of
microsatellite repeats

Advanced methods: Comparative genomic in-situ hybridization - CGH

Optimized methods for a given taxon: Making suspensions of meiotic chromosomes from the
gonads of juvenile and adult individuals, multiplexes of microsatellite loci and implementing

a methodology for statistical analysis of hemiclonal inheritance

Material used in the projects included in the dissertation thesis:

1. muscle tissue of one water frog from the collection of previously trapped individuals
(stored in ethanol at -20 °C to -80 °C) in the area of Bulgaria from 2005 (genotype RR)

2. muscle tissue, liver tissue, bone marrow and gonads from subadult and adult frogs from
natural populations from the Czech Republic and Slovakia in 2010 - 2014 in the number
of 226 individuals (110 LL, 55 RR and 61 RL)

3. The material from foreign colleagues (Poland, Prof. M. Ogielska, University of Wroclaw,
Germany Dr. J. Plotner, Humboldt-Universitdt zu Berlin)

4. muscle and liver tissues of laboratory-reared juvenile frogs from interbreeding experiments
from 2013 in the number of 274 individuals (microsatellite loci - RR genotyped 60
individuals, 88 individuals genotyped RL + 260 alozyme-genotyped individuals of liver

tissue)



REALIZATION OF RESEARCH AND INTERNATIONAL COOPERATION

Lab work and experiments were conducted in molecular genetic laboratories of the Institute of
Animal Physiology and Genetics, v.v.i. Libéchov, in collaborate workplace Department of
Zoology, Faculty of Charles University in Prague and in private research laboratories

cooperating group of prof. D-G Guexe (Datwil, Switzerland).

On research, we cooperated with foreign colleagues:

1. Laboratory of Professor Dr. Heinz-Ulrich Reyer, Institute of Evolutionary Biology and
Environmental Studies, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich,
Switzerland. The research group of Prof. Reyer is strongly committed to a series of years
of evolution, ecology and experimental crossings of hybrid P. esculentus.

2. Laboratories Dr. Jorg Plotnera, Museum fiir Naturkunde Leibniz-Institut fiir Evolutions-
und Biodiversititsforschung, an der Humboldt-Universitdt zu Berlin, Invalidenstral3e 43,
10115 Berlin, Germany. The research group of Dr. Jorg Plétner dedicated to water frogs at
the molecular and genetic level.

3. The laboratory of Professor Prof. G-D Guex, Zoologisches Museum, Winterthurerstrasse
190, CH-8057 Zurich, Switzerland. Professor Guex dedicated many years to crossings
experiments of hybrid P. esculentus.

During the cooperation with the group of prof. H.-U. Reyer (Ecology Group, IEBES, University

of Zurich) we have successfully created and analyzed extensive data set of microsatellite water

frogs of different population types. During the collaboration with Prof.D-G Guex (Zoologisches

Museum, Zurich) and Dr. J. Plotner we got backcross progeny of hybrid males with parental

females P. ridibundus.

SUMMARY AND CONCLUSIONS

Submitted work provides new insights about the unexplored issue of "male asexuality."
Individual outputs focus on a detailed study of reproduction, gametogenesis and heredity of
hybrid hemiclonal males of P. esculentus in populations around the Odra River basin.

Hybrid males clonally inherit half of the genome (as a hemiclone), while the other half of the
genome is restored each generation "de novo". The first manuscript studied the process of

gamete formation in hybrid males in more detail. Using CGH, we monitored the behavior of



chromosomes in different stages of gametogenesis (Fig. 7c, d). Based on observations of both
genomes during late meiotic divisions we have deduced two major hypotheses. The first
hypothesis allows the possibility of disturbed process of gametogenesis without premeiotic
elimination when nonfunctional sperms are formed. The second hypothesis acknowledges the
existence of the new strategy of gamete formation, when instead of the elimination genomes
are only separated in the second meiotic division (see. Fig. 8).

In the second manuscript we used nuclear markers to define a species-specific lessonae
hemiclone called "Oder L1" present in all studied hybrid males. We confirmed a monophyletic
origin of the lineage and showed that clonal lessonae genome did not recently originate from
the adjacent P. lessonae, suggesting an older in situ or ex-situ origin and perpetuation over
many generations within self-persisting all-male animals.

The third manuscript focused on the question of inheritance of hemiclone "Oder L1". By
experimental crosses of 12 hybrid males we found that in the lineage there exist two types of
males with different inheritance pattern. Some males produce only gametes carrying hemiclone
L link to the male sex and others can form at once gametes with hemiclone L and hemiclone R
link to the female sex (Fig. 6), so-called. "amphisperm" males. In the context of stability and
maintainance of the all-male lineage, this means that hybrid males are able to return for one
generation "frozen™ R genome into the gene pool of the population through their female
offspring thus providing potential partners for its own hybrid sons.
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