Fakulta ryba¥stvi Jihoceska univerzita

a ochrany vod v Ceskych Budé&jovicich
Faculty of Fisheries  University of South Bohemia
and Protection in Ceské Budéjovice

of Waters

Molecular aspects of interspecific
hybridization of sturgeons related
to polyploidy and in situ conservation
Molekularni aspekty mezidruhové hybridizace

jeseterovitych ryb ve vztahu k polyploidii
a in situ konzervaci

Milos Havelka

Vodnany, Czech Republic, 2013






Fakulta rybafstvi Jihoceska univerzita

a ochrany vod v Ceskych Budé&jovicich
Faculty of Fisheries  University of South Bohemia
and Protection in Ceské Budé&jovice

of Waters

Molecular aspects of interspecific
hybridization of sturgeons related
to polyploidy and in situ conservation

Molekularni aspekty mezidruhové hybridizace
jeseterovitych ryb ve vztahu k polyploidii
a in situ konzervaci

Milos Havelka

Vodnany, Czech Republic, 2013






I, Milos Havelka, thereby declare that | wrote the Ph.D. thesis myself using results
of my own work or collaborative work of me and colleagues and with help of other
publication resources which are properly cited.

I hereby declare that, in accordance with the § 47b Act No. 111/1998 Coll., as
amended, | agree with publicizing of my Ph.D thesis in full version electronically in
a publicly accessible part of the STAG database operated by the University of South
Bohemia in Ceské Budé&jovice on its web sites, with keeping my copyright to the
submitted text of this Ph.D. thesis. | also agree so that the same electronic way, in
accordance with above mentioned provision of the Act No. 111/1998 Coll., was used
for publicizing reviews of supervisor and reviewers of the thesis as well as record
about the progress and result of the thesis defence. | also agree with compering the
text of my Ph.D. thesis with a database of theses “Theses.cz” operated by National
Register of university theses and system for detecting of plagiarisms.

In Vodnany 27th April, 2013






Supervisor:

Assoc. Prof. Dipl.-Ing. Martin Flajshans, Dr.rer.agr.

University of South Bohemia in Ceské Budé&jovice (USB)

Faculty of Fisheries and Protection of Waters (FFPW)

Research Institute of Fish Culture and Hydrobiology (RIFCH)

South Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses
(CENAKVA)

Zatisi 728/1

389 25 Vodnany

Czech Republic

Consultant:

Dipl.-Ing. Martin Hulak", Ph.D.

University of South Bohemia in Ceské Budé&jovice (USB)

Faculty of Fisheries and Protection of Waters (FFPW)

Research Institute of Fish Culture and Hydrobiology (RIFCH)

South Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses
(CENAKVA)

Z4tisi 728/1

389 25 Vodnany

Czech Republic

Head of Laboratory of Molecular, Cellular and Quantitative Genetics:
Assoc. Prof. Dipl.-Ing. Martin FlajShans, Dr.rer.agr.

Dean of Faculty of Fisheries and Protection of Waters:
Prof. Dipl.-Ing. Otomar Linhart, DSc.

Board of doctorate study defense with referees:

Assoc. Prof. M.Sc. Zdenék Adamek, CSc. - head of the board
Assoc. Prof. Dipl.-Ing. Lukas Kalous, Ph.D. - board member
Assoc. Prof. Dipl.-Ing. Pavel Kozak, Ph.D. - board member
Assoc. Prof. M.Sc. Jana Péknicovd, CSc. - board member
Assoc. Prof. M.Sc. Josef Maténa, CSc. - board member
Assoc. Prof. Tomas Randak, Ph.D. - board member

Assoc. Prof. Stanislav Navratil, DVM, CSc. - board member
Assoc. Prof. Dipl.-Ing. Lukas Kalous, Ph.D. - national referee
Prof. Katsutoshi Arai, Ph.D. - international referee

Date, hour and place of Ph.D. defense:
11th September 2013 at 14:00 in USB, FFPW, RIFCH, Vodhany

Name: Milo$ Havelka
Title of thesis: Molecular aspects of interspecific hybridization of sturgeons
related to polyploidy and in situ conservation

Ph.D. thesis, USB, FFPW, RIFCH, Vodnany, 2013, 102 pages, with the summary in English and Czech.



CONTENT

CHAPTER 1 9
1.1. Introduction 11
1.2. Evolution of sturgeon genome 14
1.3. Karyology and ploidy levels of Acipenseriformes 15
1.4. Interspecific hybridization of Acipenseriformes 19
1.5. Aims of the thesis 22
References 23
CHAPTER 2 31

Extensive genome duplication in sturgeons: new evidence from microsatellite
data

CHAPTER 3 39
First evidence of autotriploidization in sterlet (Acipenser ruthenus)

CHAPTER 4 49
Fertility of a spontaneous triploid male Siberian sturgeon (Acipenser baerii)
CHAPTER 5 71

Investigation of the segregation pattern of microsatellite alleles during
experimental hybridization of polyploid sturgeon species

CHAPTER 6 81
General Discussion 83
English Summary 92
Czech Summary 94
Acknowledgements 96
List of Publications 97
Training and Supervision Plan during Study 99
Curriculum Vitae 101



CHAPTER 1

GENERAL INTRODUCTION







General Introduction

1.1. INTRODUCTION

Sturgeons are of interest genetically and evolutionarily for a variety of reasons.
Firstly, sturgeon fishes are supposed to have evolved about 200 million years ago
during the Jurassic period (Bemis et al., 1997) and they have not undergone much
morphological changes since that time (Gardiner, 1984). Furthermore, the “living
fossil” status makes them important for understanding vertebrate evolution in
general. These “living fossils” displayed wide range distribution in the northern
hemisphere (Fig. 1). From altogether twenty seven acipenseriform species on the
Earth, seventeen are supposed to be critically endangered (Acipenser dabryanus,
A. gueldenstaedtii, A. mikadoi, A. naccarii, A. nudiventris, A. persicus, A. schrenckii,
A. sinensis, A. stellatus, A. sturio, Huso dauricus, H. huso, Psephurus gladius,
Pseudoscaphirhynchus fedtschenkoi, P hermanni, P. kaufmanni, Scaphirhynchus
suttkusi), two species are classified as endangered (A. baerii, S. albus), four species
are vulnerable (A. brevirostrum, A. ruthenus, P. spathula, S. platorynchus) and other
species are near threatened (A. medirostris, A. oxyrinchus) or least concern (A.
fulvescens, A. transmontanus, [IUCN Red list 2012). Moreover, almost all populations
of critically endangered sturgeon species are continuously decreasing and extinction
of some species seems highly probable (e.g. P gladius or all Pseudoscaphirhynchus
species).

Several reasons for sturgeon population decline could be identified as follows:

i) The overexploitation of sturgeon population for black caviar

Sturgeon eggs, which are sold as the black caviar, are the most valuable animal
product worldwide. Significant increase in international caviar trade during the
last centuries led to the dramatic reduction of wild sturgeon populations mainly in
Eurasian water bodies (Ludwig, 2008). The situation has been the most critical for H.
huso in Volga river basin (De Meuleaer and Raymakers, 1996). Although restocking
efforts were employed, the harvests of H. huso in Caspian Sea were constantly
decreasing (Pikitch et al., 2005). Similarly, population abundance of three other main
caviar producers in Caspian Sea, i.e. A. gueldenstaedetii, A. persicus and A. stellatus
also declined. Situation became more critical after the brake up of former Soviet
Union when illegal harvest and trade rapidly increased with no respect to critical
status of sturgeon populations (De Meuleaer and Raymakers, 1996, Pikitch et al.,
2005). Concerns about survival of many sturgeon species resulted in listing of all
27 extant acipenseriform species in the Appendices of Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES) in 1998. Since that
time international trade in all specimens of Acipenseriformes has been regulated
under the provision of CITES. Moreover declines in catches led to the development
of sturgeon aquaculture farms originally for reintroduction but more recently for
caviar production. Saturation of international market with caviar from aquaculture
will probably lead to decreasing of prices of black caviar and in combination with
releasing programmes, it might help to preserve remaining wild sturgeon populations
as was demonstrated in Northern America (Pikitch et al., 2005).
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ii) Habitat destruction and dam construction

Degradation of natural environment of acipenseriform species by anthropogenic
interventions like river damming, modification or rivers’ navigations and water pollution
significantly contributed on the decline of abundance of different sturgeon populations
(Billard and Lecointre, 2001). Especially, river damming played a major role in this issue.

Acipenseriform species are known for their long migrations. They migrate mostly for
reproduction and feeding. Almost all sturgeon species migrate between freshwater
and saltwater and only some of them spend their whole lives in freshwater (e.g.
A. baerii or A. ruthenus). Generally, juveniles migrate downstream in order to find
enough food while adults undertake a long upstream migration to reach their
natural spawning grounds. If the migration routs are blocked by dams, sturgeons are
not able to migrate and find enough food or reach their natural spawning grounds
which may seriously effected survival of their populations (Billard and Lecointre,
2001). Clear example of this could be found on each continent originally inhabited
by sturgeons. In the past, sturgeons from Black Sea used to migrate upstream in the
Danube River. Nevertheless, these migrations were interrupted by the Iron Gate Dams
completed in 1984 (Kynard et al., 2002) and it considerably contributed on complete
disappearance of H. huso in the Danube River upstream from the Iron Gate Dams.
Similarly, almost all natural spawning ground of three endemic Chinese sturgeon
species (A. dabryanus, A. sinensis, P. gladius) were lost due to the construction of
the Three Gorges Dam on the Yangtze River in China (Wu et al., 2004). Also in the
Northern America, sturgeon populations were influenced by dams’ construction as
was reported by Wirgin et al. (1997). These authors observed smaller population
size and lower mitochondrial DNA (mtDNA) diversity of A. transmontanus in the
Columbia River compared to populations of this species in the Frazer River and they
concluded that this fact was caused by presence of dams on the Columbia River.

Pollutions at present play a less important role, but there are some facts that could
not be forgotten. Pollution alters fish physiology, especially breeding, it can seriously
affect ovarian structure (Moiseeva et al., 1997) and oogenesis (Ruban, 1997) and even
results in muscle atrophy (Khodorevskaya et al., 1997) and hepatotoxicity (Geraskin,
1995) in commercially bred sturgeons. High concentrations of PCB in the flesh of
A. oxyrinchus could cause serious risk for human consumption as was reported by
Smith and Clugston, (1997). This might be also the case of high concentrations of
DDT and PCB in beluga (H. huso) caviar from Black Sea (Wirth et al., 2000).

iii) Losing of genetic integrity of sturgeon species and populations
via interspecific hybridization

Natural genetic diversity, which plays important role for surviving of pure species,
might be seriously affected by inbreeding and outbreeding depression (Ludwig et al.,
2006). Especially outbreeding is a major risk for threatened species due to the small
effective population size and its negative impact can be significantly exacerbated by
interspecific hybridization (Ludwig et al., 2009). Interspecific hybridization is very
common in sturgeon species mainly due to their polyploidy ancestry (Birstein et al.,
1997). Moreover, there is no doubt about their threat status and a combination of
these facts makes survival of pure sturgeon species very sensitive for interspecific
hybridization. Problems of acipenseriform species inferred from interspecific
hybridization will be reviewed in detail in the following text.
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1.2. EVOLUTION OF STURGEON GENOME

Sturgeons are very well known for their polyploidy origin. At least three independent
polyploidization events have taken place in their evolution, but in fact there seem to
have been many more. Generally, polyploids have been described in many plants and
even in some animal species. Polyploidization is now believed to have been the major
driving force of plant evolution (Chen, 2007; Soltis and Soltis, 2009), but might be
also significant phenomenon in the evolution of fishes (Le Comber and Smith, 2004).
The evolutionary implications of polyploidization remain still unresolved (Madlung,
2013) whereas many conflicting options vary from statement that polyploidy being
an evolutionary dead end (Arrigo and Barker, 2012) to view that polyploidy have a
significant role in speciation and that polyploids being mayor players during evolution
(Chen, 2010; Mayfield etal., 2011). Apart from that, origin of polyploids (autopolyploids
or allopolyploids) must be seriously considered because differences between them
can have significant consequence on their evolutionary success (Madlung, 2013).
While autopolyploids arose by genome duplication within same species, allopolyploids
by contrast, arose via hybridization of different species and contain two or more
distinct genomes. Modern interpretation supposes that hybridization, not genome
duplication might be driving force of evolutionary success of some allopolyploids
compare to autopolyploids (Wang et al., 2006; Chan, 2007). In contrast Madlung
(2013) concluded that it is still impossible to generally infer from available studies
if there is any difference in polyploid advantage or disadvantage for autopolyploids
compare with allopolyploids. Nevertheless, three major advantages of polyploids
that should give them an edge over diploids can be expected. Increasing number
of alleles in polyploids could prevent loss of fithess via covering up of deleterious
recessive mutations (Gu et al., 2003). Furthermore, heterosis in allopolyploids allows
offspring to display transgressive performance compared with its progenitor species
(Birchler et al.,, 2010). Finally, duplicated gene copies can provide slightly varied
functions that might potentially increase flexibility and help organisms to cope with
the environmental changes (Moore and Purugganan, 2005).

Fishes are the most numerous group of vertebrates, with more then 24 000
species in 57 orders. Nine orders (Acipenseriformes, Atheriniformes, Cypriniformes,
Cyprinodontiformes, Lepidosireniformes, Lepisosteiformes, Perciformes,
Salmoniformes and Siluriformes) which include majority of fish species (63%)
then contain polyploids (Le Comber and Smith, 2004). In addition to that,
allopolyploidization does seem to have played important role in speciation of some
fish species (Vasilev, 2009). Clear example of this was given by order Acipenseriformes
where several lineage specific genome duplication events, followed by hybridization,
occurred (Ludwig et al., 2001; Peng et al., 2007) and sturgeon species with various
ploidy levels are still present in most geographic areas of their distribution (Krieger
et al.,, 2008).

Nowadays, several well divided groups of acipenseriform species can be recognized
depending on DNA content and the number of chromosomes in their cell nuclei: (i)
species with ~ 120 chromosomes and 3.2-4.6 picograms of DNA per nucleus (pgDNA.
nucleus™), (ii) species with number of chromosomes from 240 to 270 and with DNA
content 6.1-9.6 pgDNA.nucleus™ (iii) consisting of a single species, A. brevirostrum,
with 13.1 pgDNA.nucleus™ of DNA (Birstein et al., 1993, Blacklidge and Bidwell, 1993)
and a chromosome number of around 360 (Kim et al., 2005). Despite this widely
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respected division, ploidy status of Acipenseriformes often remains unresolved with
conflicting opinions. Recent investigations suggest two scales of ploidy levels in
Acipenseriformes: the ‘evolutionary scale’, which presumes tetraploid - octaploid -
dodecaploid relationships among species, and the ‘recent scale’, which presumes
diploid-tetraploid-hexaploid relationships. In any cases, the common diploid
ancestor of all acipenserifom species is generally supposed to have a karyotype of 60
chromosomes (Birstein et al., 1997). Several genome duplication events must have
occurred to produce present acipenseriform lineages differing in ploidy levels and
chromosome numbers. Timing of these linage specific duplication evens was unclear
for a long time since Pang et al. (2007) investigated this topic in detail and brought
new insight on this complicated problem. Using Bayesian relaxed molecular clock
method of cytochrome b sequences these authors estimated split time between
sturgeons and paddlefishes at 184.4 Mya and divergence time between sturgeon
Atlantic and Pacific clades about 1271 Mya. They also suggested that the genome
duplication event in the sturgeon Atlantic linage had occurred 53 Mya while in the
Pacificlinage 70 Mya. Moreover several recent specific genome duplication events had
taken place independently in some sturgeon species, for example in A. brevirostrum
(ca. within 35.4 Myr) and in A. mikadoi (ca. within 9.6 Myr, Pang et al., 2007).

1.3. KARYOLOGY AND PLOIDY LEVELS OF ACIPENSERIFORMES

Order Acipenseriformes displays wide range of chromosome numbers. Especially
in family Acipenseridae number of chromosomes varies from ~ 120 to ~ 360
chromosomes (Fontana, 2002). Increasing number of chromosomes is then closely
connectedwithincreasing of DNA contentin cellnuclei (Zhouetal., 2011; Bytyutskyy et
al., 2012). This extensive diversity of chromosome number is also highly supported by
common inter-hybridization between pure sturgeon species differing in chromosome
numbers which usually resulted in hybrids with intermediate karyotype to those of
parental species (Gorshkova et al., 1996). This fact in connection with high number
of chromosomes in sturgeon cell nuclei and high number of microchromosomes
among these chromosomes can be considered the main reason of complicated
interpretation of results of different karyological studies and controversial opinion
about ploidy levels of sturgeon species.

The earliest results on sturgeon karyotypes obtained at the beginning of 1960s
were affected by technique limitation which did not allow identification of small
microchromosomes. For example, first karyotypes of A. ruthenus and H. huso
concerned chromosome number 2n =60 (Serebryakova, 1972). Nevertheless, already
Ohno et al. (1969) indentified 48 michrochromosomes among 112 chromosomes
in karyotype of S. platorynchus. These authors supposed this species as tetraploid
(4n) but they also stated that only observation of diploid (2n) sturgeon species
with 60 chromosomes could confirm their hypothesis. Chromosome number 2n =
120 included 48 microchromosomes and gathered in groups of four was assumed
by Dingerkus and Howell (1976) for P. spathula. Also this species was considered
as tetraploid (4n). Almost all authors then encouraged tetraploid status for
acipenseriform species with ~120 chormosomes and octaploid status for species with
~ 240-270 chromosomes since Arefjev (1983) expressed debuts about tetraploid
condition of ~ 120 chromosome species. This was later supported by findings of
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Fontana (1994), Kuzmin (1996), Fontana et al. (1998) and others. These authors
considered all sturgeons with ~120 chromosomes to be recent diploids and species
with ~ 240-270 chromosomes to be recent tetraploids. Number of chromosomes
for different acipenseriform species is summarized in Table 1.

Because chromosome number correlate directly with genome size (Mank and
Avise, 2006), the amount of nuclear DNA has been also used for investigation
of ploidy relationships among Acipenseriformes. Vialli (1957) detected amount
of DNA 3.6 pgDNA.nucleus™ in A. sturio and Ohno et al. (1969) found 3.2 pgDNA.
nucleus™in S. platorynchus. Twice higher DNA content 6.26 pgDNA.nucleus™ was
observed in A. naccari by Fontana (1976). More complex studies investigating
DNA content of Acipenseriformes were provided by Blacklidge and Bidwell (1993)
on seven species from North America and similarly by Birstein et al. (1993) on
eight species from Eurasia. Both authors separated sturgeons and paddlefishes
into three ploidy groups. The first group was represented by species having DNA
content 2.5-4.9 pgDNA.nucleus' and identified as tetraploids (4n), second group
included species with DNA contant 7.8-8.9 pgDNA.nucleus' and were classified
as octaploids (8n). Blacklidge and Bidwell (1993) supposed A. brevirostrum as
a single member of third group with DNA content 13.08 pgDNA.nucleus”, in
contrast to Birstein et al. (1993) who assigned A. mikadoi as an only member of
third group with DNA content 13.93 pgDNA.nucleus™. Moreover, A. brevirostrum
was considered as evolutionary dodecaploid (12n, Blacklidge and Bidwell, 1993)
whereas A. mikadoi was expected to have ~ 500 chromosomes referring to
evolutionary hexadecaploid (16n, Birstein et al., 1993).

Ploidy status and DNA content of A. brevirostrum have reminded constant in
literature until now. Kim et al. (2005) identify 372 chromosomes in karyotype of
A. brevirostrum and Fontana et al. (2008a) determined by means of fluorescent
in situ hybridization (FISH) six fluorescent signals in analyzed karyotypes and they
subsequently concluded a recent hexaploidy (6n) for this species which exactly
corresponded to evolutionary dodecaploid (12n) status suggested by Blacklidge
and Bidwell (1993). On the other hand, ploidy level and chromosome number of
A. mikadoi were discussed many times. In contrast to Birstein et al. (1993) recent
studies of A. mikadoi karyoptypes revealed about 260-280 chromosomes (Vaslilev
et al.,, 2009, 2010; Vishnyakova et al., 2009; Zhou et al., 2013) and DNA content
8.1-8.3 pgDNA.nucleus™ (Zhou et al., 2011, 2013). Based on recent studies, A.
mikadoi was classified as evolutionary octaploid (8n) or recent tetraploid (4n).
Zhou et al. (2011) also detected high frequencies (45%) of spontaneous triploid
individuals among artificially propagated A. mikadoi progeny and later on Zhou et
al. (2013) confirmed that these specimens had karyotype of 402 chromosomes
and DNA content 12.6-13.0 pgDNA.nucleus™. In addition to that, Zhou et al. (2011)
observed few individuals of A. mikadoi with DNA content 16 pgDNA.nucleus™. It is
highly probable that four specimens of A. mikadoi investigated by Birstein et al.
(1993) were these as was later described by Zhou et al. (2011) and it could led to
misunderstanding of its ploidy level for a long time.

Some misunderstandings were also found in ploidy levels of H. dauricus. First results
showed the karyotype of ~ 120 chromosomes (Serebryakova, 1972) and DNA content
3.7-3.8 pgDNA.nucleus™ (Birstein et al., 1993). It referred to evolutionary tetraploid
(4n) or recent diploid (2n) status of H. dauricus. However, these results were clearly
different from recent investigations which revealed ~ 270 chromosomes (Vasilev et
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al., 2009) and DNA content 8.1-8.5 pgDNA.nucleus™ (Zhou et al., 2011) referring to
evolutionary octaploid (8n) or recent tetraploid (4n) genome conformation of this
species.

The ploidy relationships among extant Acipenseriform groups have been also
determined by applying banding patterns in microsatellite markers and investigating
of a pattern of microsatellite alleles’ inheritance. Microsatellite markers have been
developed form several sturgeon species. For example May et al. (1997) developed
microsatellite markers for A. fulvescens, similarly McQuown et al. (2000) provided
large panel of these markers for S. platorynchus, King et al. (2001) designed primers
for six microsatellite markers in A. oxyrinchus and Rodzen and May (2002) developed
nine microsatellite markers for A. transmontanus. It is evident, that almost all
microsatellite markers have been originally developed for North American sturgeon
species but later on they were widely used for investigation of ploidy levels and
patterns of alleles’ inheritance across order Acipenseriformes (e.g. May et al., 1997;
McQuown et al., 2000; King et al., 2001; Ludwig et al., 2001; Jenneckens et al., 2001;
Welsh et al., 2003 and others).

McQouwn et al. (2000) observed simple diploid allelic bending patterns typical
for Scaphirynchus species while A. fulvescens, A. transmontanus and A. medirostris
displayed allelic bending patterns referring to tetraploid of higher ploidy level.
Pyatskowit et al. (2001) examined eleven microsatellite loci in A. fulvescens and
they observed disomic or tetrasomic allelic bend patterns. All species with ~ 120
chromosomes (A. stellatus, A. nudiventris, A. ruthenus, A. oxyrinchus, A. sturio and
H. huso) investigated by Jenneckens et al. (2001) showed maximally disomic allelic
bend pattern at locus Afu 39, while species with ~ 240-270 chromosomes had
tetrasomic allelic pattern at that locus. Ludwig et al. (2001) provided complex study
investigating ploidy levels of 962 fish from 20 acipenseriform species using six
microsatellite markers originally developed for recent tetraploid A. fulvescens by May
et al. (1997). Ludwig et al. (2001) also included analyses of cytochrom b sequences
into their study in order to investigate the evolution of sturgeon genome formation
in phylogenetic context. Based on their results, they concluded that species with
~ 120 chromosomes should be classified as functional (recent) diploids, species
with ~240-270 chromosomes should be classified as functional (recent) tetraploids
and with ~ 500 chromosomes as functional (recent) octaploids (A. mikadoi was
considered to have 500 chromosomes and to be recent octaploid (8n) or evolutionary
hexadecaploid (16n) at this time). This could probably cause misinterpretation of
data obtained by these authors. Moreover Ludwig et al. (2001) pointed out that
not only polyploidization but also genome functional reduction played important
role in sturgeon evolution and that those process was nearly finished in species
with ~ 120 chromosomes. Finally, they concluded that sturgeon species with ~ 120
chromosomes arose earlier then the others.
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Table 1. Chromosome numbers of different acipenseriform species (according to

Havelka et al., 2011).

Species
Scaphirhynchus
platorynchus

A. nudiventris
Huso huso

A. sturio

A. ruthenus

A. stellatus
Polyodon spathula

A. oxyrinchus
A. baerii

A. naccarii

A. transmontanus

A. mikadoi

A. gueldenstaedetii

. medirostris
. persicus

. fulvescens
. sinensis

>>>>

Huso dauricus
A. brevirostrum

Chromosome number

112

116 £4
118+ 2
116+ 4
118+ 2
116+ 4
121+3
118+ 2
118+ 4
118+ 2
118+ 2
146 £ 6
120
1213
229 - 240
246 £ 8
246 £ 10
2495
239+%7
246 =8
248 £ 4
246 £ 10
248+ 8
256 £ 6
2712
247 + 33
262+ 4
268
249+ 2
2508
258 £ 4
2498
258+ 4
262+6
264

264
268 £ 4
372
3726

Reference

Ohno et al. (1969)

Nowruzfashkhami et al. (2006)
Sokolov and Vasilev (1989)
Fontana and Colombo (1974)
Fontana et al. (1998)
Fontana and Colombo (1974)
Tagliavini et al. (1999)
Fontana et al. (1975)

Rab (1986)

Birstein and Vasilev (1987)
Birstein and Vasilev (1987)
Chicca et al. (2002)
Dingerkus and Howell (1976)
Fontana et al. (2008b)
Fopp-Bayat et al. (2006)
Fontana (1994)

Fontana et al. (1997)

Vasilev et al. (1980)

Fontana and Colombo (1974)
Fontana (1994)

Fontana et al. (1999)
Fontana et al. (1997)
Fontana (1994)

Wang et al. (2003)

Van Eenennaam et al. (1998)
Vishnyakova et al. (2009)
Vasilev et al. (2009)

Zhou et al. (2013)

Arefjev and Nikolaev (1991)
Birstein and Vasilev (1987)
Fontana et al. (1996)

Van Eenennaam et al. (1999)
Nowruzfashkhami et al. (2000)
Fontana et al. (2004)

Yu et al. (1987)

Zhou et al. (2008)

Vasilev et al. (2009)

Kim et al. (2005)

Fontana et al. (2008a)
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1.4. INTERSPECIFIC HYBRIDIZATION OF ACIPENSERIFORMES

As it was already mentioned in previous text, interspecific hybridization might cause
serious risk for endangered species. Hybridization was identified as the most rapid
genetic threat for endangered species with extinction often occurring in less then
five generations (Wolf et al., 2001). | addition to that, better growth performance of
hybrids might cause replacing of native species and contribute on their extinction
(Ludwig et al., 2009). Generally, interspecific hybridization between taxonomically
distant vertebrate species differing in chromosome number is rare event due to the
incompatibility of their genomes (Arnold, 1997). However, interspecific hybridization
was found as not so rare in case of Actinopterygian fish species compare to other
vertebrates (Lagler et al., 1962). Already Schwartz (1972, 1981) provided 3 759
references relating to hybridization of fish species wherewith nicely illustrated this
feature of fish species. This relative ease with which fishes are able to hybridize
is accounted for many factors like external fertilization in water, competition for
limited spawning habitats, weak isolating mechanisms, occurrence of parental
species in unequal abundances and man-made factors which enhance hybridization.
Interesting example of the man-made factor was given by Crego - Prieto et al.
(2012). The 70 000 tons of fuel released from sank tanker Prestige on the Spanish
northwest coast in November 2002. These authors described significant increasing
of interspecific hybridization between Lepidorhombus boscii and L. whiffiagonis
after this Prestige accident likely due to forced spawning overlap caused by oil
spill. Anthropogenic interactions can be also seen as important factors which can
enhance sturgeon interspecific hybridization. As was already described in part 1.1,
sturgeons undertake long anadromous spawning migrations. If the migration roads
are blocked by dams, sturgeons are not able to migrate upstream and reach their
natural spawning grounds. Such situation leads to the accumulation of different
sturgeon species under the dams and to their spawning in the limited area usually
at the same time (Billard and Lecointre, 2001). The probability of interspecific
hybridization is then highly increased.

Sturgeons are notoriously known that they hybridize more easily than other fishes
(Birstein et al.,, 1997) and this concern species with the same and/or different
ploidy levels. The latter hybridize both in nature (Birstein et al., 1997; Ludwig et
al., 2003, 2009; Dudu et al., 2011) and in captivity as well (Arefjev, 1997; FlajShans
and Vajcova, 2000; Zhou et al., 2011 and other). While interspecific hybridization
between sturgeons species with the same ploidy level usually result in hybrids
owning ploidy same to their parental species, interspecific hybridization between
species with different ploidy levels produced hybrids with ploidy level intermediate
to those of the parents.

Identification of sturgeon hybrids is still very complicated and only morphological
description is not enough to prove that the particular individual is hybrid or not
(Ludwig, 2008). Moreover, correct identification of pure acipenseriform species
is necessary prerequisite for later identification of hybrids. Only suitable genetic
markers and their combination could sufficiently solve these problems (Fontana
et al.,, 2001). Species - specific PCR (Polymerase Chain Reaction) provided useful
method for identification of H. huso and A. stellatus (DeSalle and Birstein, 1996;
Birstein et al., 1998), but did not allow differentiation of A. gueldenstaedtii from A.
baerii, A. naccarii and A. persicus due to the frequent overlapping of their mtDNA
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profiles (Birstein et al., 2000; Ludwig et al., 2002). Interspecific nucleotide variation
of the mtDNA sequences from nine sturgeon species was investigated by Mugue
et al. (2008). These authors provided reliable molecular system for identification
of A. gueldenstaedtii, A. baerii, A. nudiventris, A. stellatus, A. schrenkii, A. ruthenus,
H. huso and H. dauricus but similarly to DeSalle and Birstein (1996) and Birstein
et al. (1998) their technique displayed limitation for identification of A. persicus.
Jenneckens et al. (2001) suggested microsatellite locus Afu - 39 (May et al., 1997) as
a suitable nuclear marker for A. stellatus identification. Restriction Fragment Length
Polymorphism (PCR - RFLP) was investigated by Ludwig et al. (2000) as a possible
discrimination technique among twenty two acipenseriform species. While seventeen
species displayed species - specific differences suitable for their discrimination,
no diagnostic substitution were found for the species pair A. gueldenstaedetii / A.
persicus and for all species from genus Scaphirynchus (Ludwig et al., 2000). Also
Random Amplified Polymorphic DNA (RAPD) technique was discussed as a suitable
method for sturgeon species identification (Comincini et al., 1998; Bermintsev et
al.,, 2001; Gharaei et al., 2005) but this procedure showed some limitation (mainly
low reproducibility) for this purpose. All methods, suitable for sturgeons’ species
identification were summarized by Ludwig (2008). This author recommended
sequencing, nested - PCR and PCR - RFLP of mtDNA as the most suitable tool for
species identification. Nevertheless, analyses of mtDNA have limitation for hybrids
identification due to maternal inheritance.

Number of sturgeon hybrids was constantly increasing in sturgeon aquaculture
during last 60 years (Bronzi, 1999), mainly because they were considered to perform
better compared to pure species. It led to rapid utilization of hybrids in sturgeon
aquaculture and many different sturgeon hybrids were artificially produced (Krylova,
1999). On the other hand, Billard and Lecointre (2001) concluded that sturgeon
hybrids usually did not perform better then the best parents and because there has
not been given clear demonstration of superiority of sturgeon hybrids, their using
in aquaculture is questionable. Moreover escapes of farmed sturgeon hybrids into
open waters could cause serious risk of genetic contamination of wild sturgeon
population.

Although Ludwig (2008) claimed that natural sturgeon hybrids were rare, several
interspecific hybrids, observed in natural conditions, have been already described.
Using analyses of mtDNA cytochorm b gene, Jenneckens et al. (2000) reported
contamination of A. gueldenstaedtii with A. baerii in Volga River. Similarly Ludwig
et al. (2009) observed genotypes and morphotypes of A. baerii in Upper Danube.
This species has originally inhabited Asian rivers but it became widely preferred
in sturgeon aquaculture due to easy handling, fast growing and non-complicated
reproduction (Bronzi et al., 1999). Furthermore escapes of this non-native species
from aquaculture might have frequently occurred (e.g. Maury-Brachet et al., 2008).
This resulted in increasing catches of A. baerii in European rivers which strongly
correlated with their increasing numbers in European aquaculture (Gesner et al.,
1999; Arndt et al., 2002; Hol¢ik et al., 2006; Masar et al., 2006). Ludwig et al., (2009)
firstly documented natural reproduction of Siberian sturgeon A. baerii outside their
natural range in Europe and using combination of mtDNA control region and seven
microsatellite loci, they described several interspecific hybrids between exotic A.
baerii and native A. ruthenus. The interspecific hybridization was also observed
among species which originally inhabited same area. The clear example was given by

-20 -



General Introduction

Duduetal. (2011) from the Black Sea and Lower Danube. These authors used analyses
of eight microsatellite markers in combination with three successive statistical
analyses (Factorial Correspondence Analysis - FCA, STRUCTURE assignation test and
NEWHYBRIDS status determination) and they observed interspecific hybrids and
frequent back crosses among four native acipenseriform species in The Danube River
and Black Sea (A. ruthenus, A. gueldenstaedetii, A. stellatus H. huso). Similar situation
occurred in the Mississippi River where the interspecific hybridization between two
native species S. albus and S. platorynchus was detected by Tranah et al. (2004).
Congiu et al. (2001) used Amplified Fragment Length Polymorphism (AFLP) profiles
to separate hybrids between A. naccarii and A. transmontanus from their parental
species. Ludwig (2008) suggested this technique as very useful for discrimination
of species with a low level of genetic divergence and also for backcrosses screening,
but he also strongly recommended inclusion of reference specimens of parental
species.

Another important question related to sturgeon interspecific hybrids is their
fertility or sterility. Generally in fish interspecific hybrids of distantly related parental
species are usually sterile because their chromosomes cannot correctly pair during
zygotene stage of meiosis prophase | and such impairment interferes with gonadal
development and gametogenesis (Pifferer et al., 2009). Hybrids between sturgeon
species with same ploidy levels are generally considered to be fertile while hybrids
between sturgeon species differing in their ploidy level are usually supposed to be
infertile. Nevertheless, FlajShans and Vajcova (2000) discussed possible fertility
of sturgeon hybrids having intermediate DNA content referring to recent triploids
(3n) or evolutionary hexaploids (6n). Using flow cytometry, these authors detected
evolutionary pentaploids (5n) and evolutionary heptaploids (7n) individuals
among sturgeon aquaculture stocks and they suggested that these individuals
might originated from hybridization of evolutionary hexaploid specimen (6n) with
evolutionary tetraploid specimen (4n) and evolutionary hexaploid specimen (6n)
with evolutionary octaploid specimen (8n) respectively.

A study of sturgeon genetics can show us to what extent the polyploidization
events played an important role during the evolution of vertebrates and new results
indicate that these events still continue among different sturgeon species. Thereiis still
no clear view on the status of sturgeon polyploidy (e.g. paleotetraploidy vs. modern
diploidy) even inside the scientific community dealing with this question till now. In
addition to that, polyploid status of sturgeon species is significant prerequisite for
frequent interspecific hybridization among them. All these facts make studying of
sturgeon genetics very complicated on the one hand, but also very interesting on the
other. It is also evident that it will require further studies in the future to understand
better to genetic background of these pretty polyploids, however, threatened or
endangered status of many of acipenseriform species indicates that there may be a
limited time left to study these organisms.
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1.5. AIMS OF THE THESIS

The main aims of this work were to:

i)

Investigate the ploidy levels of different sturgeon species using highly
polymorphic microsatellite markers and clarify the ploidy relationships among
sturgeon species from different ploidy groups in respect to their evolution via
polyploidization events.

Clarify the origin of abnormal ploidy levels and assess if these are autopolyploids
or allopolyploids, incurred by reproductive contact of two or more species.
Observe segregation pattern of microsatellite alleles in the course of hybridization
of polyploid sturgeon species.

Evaluate the impact of inter-specific hybridization of surgeon species on viability
of resulting progeny and possible fertility of sturgeon species with abnormal
ploidy levels.
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Summary

Genome duplications and polyploidization events are thought
to have played relevant roles in the early stages of vertebrate
evolution, in particular near the time of divergence of the
lamprey lineage. Additional genome duplications, specifically
in ray-finned fish, may have occurred before the divergence of
the teleosts. The role of polyploidization in vertebrate genome
evolution is a thriving area of research. Sturgeons (order Aci-
penseriformes) provide a unique model for the investigation
of genome duplication, with existing species possessing 120,
250 or 360 chromosomes. In the present study, data from 240
sturgeon specimens representing 11 species were used for
analysis of ploidy levels. Allele numbers were assessed at ele-
ven microsatellite loci. The results provide further evidence
for functional diploidy, tetraploidy and hexaploidy in species
possessing 120, 250 and 360 chromosomes, respectively. The
analysis also uncovered novel evidence for functional hexa-
ploidy in the shortnose sturgeon (Acipenser brevirostrum). In
conclusion, the process of functional genome reduction is
demonstrated to be an on-going process in this fish lineage.

Introduction

Polyploidization is a highly dynamic process that plays a
major role in the evolution and speciation of fish species.
After some hundred million years of speciation the well-
established polyploid species, including sturgeons and padd-
lefishes (Acipenseriformes), are notable. Acipenseriformes
evolved at least 200 million years ago; since this time several
lineage-specific genome duplication events have occurred
(Peng et al., 2007) and species with various ploidy levels are
still present in most geographic areas of their distribution
(Krieger et al., 2008). Modern interpretation of polyploidy
evolution of Acipenseriformes using DNA content (C-value)
has contradicted karyological data, according to which the
Acipenseriform species can be divided into three groups:
group A with approximately 120 chromosomes and 3.2-4.6
picograms (pg) of DNA: group B with approx. 250-270
chromosomes and 6.1-9.6 pg of DNA; and group C consist-
ing of a single species, the shortnose sturgeon, Acipenser
brevirostrum, with 13.1 pg of DNA (Blacklidge and Bidwell,
1993) and a chromosome number of around 360 (Fontana
et al., 2008a).

Whilst karyotype data distinguishes three discrete groups,
the DNA contents indicate a continuum over a wide range
of values. However, any change in DNA content may reflect
both polyploidization events and/or other well-described
genetic mechanisms. It is also assumed that evolution of
polyploidy in Acipenseriform fishes can be better understood

by studying the mechanisms or modes of polyploidization.
So far, the ploidy relationships among extant Acipenseriform
groups have been determined by applying a variety of tech-
niques such as chromosome counts (Fontana, 2002), banding
patterns in microsatellite markers (Ludwig et al., 2001), cell
size comparisons and genome size estimations (Birstein et al.,
1993).

Despite this array of methods, they are contested in the
literature; the polyploidy status of Acipenseriformes therefore
often remains unresolved, with conflicting opinions. Recent
investigations suggest two scales of ploidy levels in Acipens-
eriformes: the ‘evolutionary scale’, which presumes tetra-
ploid—octaploid-dodecaploid relationships among species,
and the ‘recent scale’, which presumes diploid—tetraploid—
hexaploid relationships. In any case, the dominant view is
that the Acipenseriformes arose by a polyploidization event
from a diploid ancestor (2n = 60 chromosomes), with the
reestablishment of functional diploidy occurring before the
major radiation of the order (Birstein et al., 1997). Addi-
tional duplication restricted to members of the genus Aci-
penser have since occurred, and indeed it is believed that
higher ploidy levels have evolved several times independently
(Ludwig et al., 2001). This process may still be on-going,
because triploid individuals can occasionally be found within
otherwise diploid species (Blacklidge and Bidwell, 1993). In
light of publications to date, sturgeons still offer an ideal
opportunity to study the process of polyploidization and
secondary diploidization after tetraploidy as an on-going
process.

In this paper we used eleven highly polymorphic microsat-
ellite markers to investigate the ploidy relationships of eleven
sturgeon species. More specifically, we examined the exis-
tence and extent of duplications that have occurred in these
species.

Materials and methods
Fish samples and DNA extraction

Sturgeon species investigated in the present study are listed
in Table 1. Whole genomic DNA was extracted from fin
clips stored in 96% molecular grade ethanol using the
NucleoSpin® Tissue DNA extraction kit (Macherey-Nagel,
Germany) following recommendations of the manufacturer.

Microsatellite analyses
Following initial testing involving 13 microsatellite markers

developed for sturgeon species, 11 markers: Afu 34, Afu 54,
Afu 68 (May et al., 1997), Spl 101, Spl 105, Spl 163, Spl 173

U.S. Copyright Clearance Centre Code Statement: 0175-8659/2013/2904-704$15.00/0
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Table 1

Origins of samples from 11 extant Acipenseriform species used in this study and three ploidy groups (A, B and C) in the order Acipenseriformes
based on chromosome number and/or DNA content reported in previous studies

DNA
No. of content Sample Geographic origin of
Species Common name Groupb chromosomes  (pg) size sampled species References
Acipenser nudiventris Ship sturgeon A 118 + 2 39 32 Caspian Sea/ Birstein et al. (1993)
Iranian coast
Acipenser stellatus Stellate A 118 +2 44 22 Aquaculture/Russia Zhou et al. (2011)
sturgeon/sevruga®
Acipenser ruthenus Sterlet A 121 + 3 4.1 30 Aquaculture/ Zhou et al. (2011)
Danube River
Acipenser oxyrinchus ~ Atlantic sturgeon A 118 + 2 4.55 9 Saint John River/Canada Fontana et al.
(2008b)
Huso huso Great sturgeon/beluga® A 118 +2 3.6 26 Danube River Fontana (1976)
Acipenser baerii Siberian sturgeon B 246 £ 8 8.0 40 Aquaculture/Siberia, Zhou et al. (2011)
Russia
Acipenser Russian B 258 + 4 8.4 35 Aquaculture/Russia Zhou et al. (2011)
gueldenstaedtii sturgeon/osetra®
Acipenser persicus Persian sturgeon B 258 + 4 - 21 Caspian Sea/ Nowruzfashkhami
Iranian coast et al. (2000)
Acipenser naccarii Adriatic sturgeon B 248 £ 4 6.26 1 Po River, Italy Fontana (1976)
Acipenser mikadoi Sakhalin sturgeon B 247 £ 33 8.2 2 Tumnin River, Russia Zhou et al. (2013)
Acipenser brevirostrum  Shortnose sturgeon C 372+ 6 13.08 22 Saint John River/Canada Kim et al. (2005)

Group A, evolutionary tetraploid/functional diploid species with ca. 120 chromosomes; Group B, evolutionary octaploid/functional tetraploid

species with ca. 250-270 chromosomes; Group C, evolutionary dodecaploid/functional hexaploid species.

“Trade name of caviar.
*According to Fontana et al. (2008a).

(McQuown et al., 2000), Aox 45 (King et al., 2001), AfuG
54, AfuG 135 (Welsh et al., 2003) and Atr 114 (Rodzen and
May, 2002) that consistently amplified PCR products of
appropriate size were selected for subsequent analyses. PCR
were carried out using the Poor Man’s PCR protocol (Schu-
elke, 2000). Amplifications were performed under the reac-
tion profile: one cycle at 94°C for 3 min, 25 cycles at 94°C,
followed by locus-specific annealing conditions (Table 2),
and a final extension at 72°C for 10 min. One of the primers
within each of the 11 primer sets possessed a 5" prime end tail
(M13, CAG, GODDE, or HILL). During standard PCR, a
fluorescently (VIC, PET, FAM, or NED) labelled primer
(M13, CAG, GODDE, or HILL) was added to the amplifica-
tion reaction. The resulting PCR products were run into the
ABI 3730XL DNA analyser, and genotypes were scored using
GeneMapper v4.1 (Applied Biosystems, TM). Given the poly-
ploid nature of Acipenseriformes the number of alleles
detected per individual varied locus by locus. The ploidy level
and the degree of genome duplication in each of the species
considered in this study were evaluated by examining the
maximum number of alleles per individual found at each
locus, which should reflect the minimal ploidy level. Maxi-
mally two alleles differing in size (diploid allelic band pat-
tern) were expected for diploid locus, four alleles differing in
size (tetraploid allelic bend pattern) for tetraploid locus, etc.
Low level polymorphism at some loci may theoretically influ-
ence the possibility to find the maximal number of alleles
within samples; to eliminate this we used large sets of micro-
satellite markers.

Results

A summary of the ploidy levels inferred from the analysis of
the microsatellite data is displayed in Table 3. With few
exceptions, seven of the microsatellite loci examined in this
study (Afu 34, Afu 54, Spl 101, Spl 105, Spl 163, Spl 173,

Aox45) exhibited typical diploid and tetraploid allelic band
patterns in species with approximately 120 and approxi-
mately 250 chromosomes, respectively. The remaining four
microsatellite loci (Afu 68, AfuG 54, AfuG 135, Atr 114) dis-
played a tetraploid allelic band pattern in species with
approximately 120 chromosomes and, in most instances, an
octaploid allelic band pattern in species with approximately
250 chromosomes.

An exception to this general band pattern was observed in
A. brevirostrum for which five loci showed a hexaploid allelic
bend pattern (Spl 101, Spl 105, Spl 163, Spl 173, Aox 45),
three loci (Afu 68, AfuG 54, AfuG 135) showed evidence of
a possible octaploid allelic bend pattern, and twelve distinct
alleles were observed at a single locus (Atr 114).

All additional data including allele size ranges and the
number of alleles observed at each locus within each analy-
sed individual per species are listed in Table 2.

Discussion

In the present study a set of eleven highly polymorphic
microsatellite markers have been used to examine ploidy levels
to determine the incidence and extent of duplications in stur-
geon genomes. Eleven sturgeon species representing the three
ploidy scales suggested by Fontana (2002) were investigated. To
best of our knowledge this report provides the most complex
study of ploidy levels and genome duplications in sturgeon spe-
cies examined by microsatellite markers. Our results indicate
that, based on the strictly diploid allelic band pattern found at
seven microsatellite loci, the species characterized by approxi-
mately 120-chromosomes (Group A) could be classified as func-
tional diploid species. Most species with approximately 250-270
chromosomes (Group B), displayed a tetraploid allelic band
pattern at seven loci and, as such, could be classified as func-
tional tetraploids. These findings support the work of Fontana
(1994) and Ludwig et al. (2001), which were based on nucleoar
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Table 3
Ploidy level as inferred from microsatellite analysis for 11 extant Acipenseriform species examined in this study

Microsatellite loci examined in this study

Afu Afu Spl Spl Spl Spl Aox Afu AfuG AfuG Atr Inferred
Species 34 54 101 105 163 173 45 68 54 135 114 ploidy level
Acipenser nudiventris 2n 2n 2n 2n 2n 2n 2n 2n 4n 4n - 2n
Acipenser stellatus 2n 2n 2n 2n 2n 2n 2n 4n 4n 2n - 2n
Acipenser ruthenus 2n 2n 2n 2n 2n 2n 2n 4n 4n 4n 4n 2n
Acipenser oxyrinchus 2n 2n 2n - - - 2n 4n 4n 2n 2n 2n
Huso huso 2n 2n 2n 2n 2n 2n 2n 2n 4n 4n 4n 2n
Acipenser baerii 4n 4n 4n 4n 4n 4n 4n 4n 8n 8n 8n 4n
Acipenser gueldenstaedtii 4n 4n 4n 4n 4n 4n 4n 8n 8n 8n 8n 4n
Acipenser persicus 2n 4n 4n 2n 4n 4n 4n 4n 8n 8n 8n 4n
Acipenser mikadoi 2n 2n 4n - 4n 2n 4n 8n 8n 4n 4n 4n-8n*
Acipenser naccarii 2n 4n 4n 4n 3n 4n 4n 4n 8n 8n 8n 4n*
Acipenser brevirostrum 4n 4n 6n 6n 6n 6n 6n 8n 8n 8n 12n 6n

Numbers beneath microsatellite loci indicate allelic band patterns observed for each species at each locus, 2n = diploid allelic band patterns,
4n = tetraploid allelic band patterns, etc, — = no amplification at the locus indicated for that species.
“Due to low number of samples used, true ploidy levels could not be detected.

organizing regions (NORs) and microsatellite markers, respec-
tively. Thus, both studies suggested that the species in Group A
should be considered as recent diploids while species from
Group B should be classified as recent tetraploids.

The results presented here also show evidence for the
coexistence of diploid and tetraploid and/or tetraploid and
octaploid allelic band patterns in the same genomes of inves-
tigated species, as was assumed by Ludwig et al. (2001) who
used six microsatellite markers originally developed for
A. fulvescens (May et al., 1997) and also observed two dupli-
cated loci (Afu 57 and Afu 68) in species with approximately
250 chromosomes. Results of the present study provide a
more detailed view of this complicated problem. Compared
to the study of Ludwig et al. (2001), we observed four dupli-
cated loci (Afu 68, AfuG54, AfuGl135, Atr 114) within
eleven of those investigated and show evidence of loci dupli-
cation in species with approximately 120 chromosomes as
well as in A. brevirostrum that was not described by those
authors.

Observations of the coexistence of diploid and tetraploid
and/or tetraploid and octaploid allelic band patterns in the
same sturgeon genome may be ascribed to a secondary func-
tional diploidization event (Tagliavini et al., 1999; Fontana
et al., 2008b). In allotetraploids, for example, when the origi-
nal hybridization event involves very similar genomes, differ-
ent chromosomes are likely to display different degrees of
homology, with some being totally homologue and others
different enough to cause the distinction of the parental spe-
cies (Stift et al., 2008). Alternatively, completely homolog
chromosome tetrads arising from an autotetraploidization
event may experience a secondary differentiation in two
homolog pairs (Stift et al., 2008). This transition toward
ploidy or diploidization is expected in polyploid species until
a species may be considered to be functionally diploid. Even
in fully diploidized species, residual evidence of polyploid
ancestry (e.g. residual tetrasomy) is occasionally observed
because of gene homology products (Allendorf and Thorg-
aard, 1984).

This is also evident in sturgeons where at least three poly-
ploidization events occurred during their genome evolution
(reviewed by Vasil’ev, 2009). On the other hand, Ludwig
et al. (2001) proposed that not only genome polyploidization
but also genome functional reduction took place in the evo-

lution of sturgeon species. The functional genome reductions
probably went through the differentiation of duplicated chro-
mosome sets into distinct duplex, tetraplex and hexaplex of
homeologs. Therefore a fraction of the sturgeon genome is
still present in the tetraploid, octaploid and dodekaploid
scale. This hypothesis is corroborated with the results of our
study and is supported by different types of inheritance of
different microsatellite alleles across sturgeon species, where
disomic, tetrasomic and even octasomic inheritance have
been observed by many authors (e.g. Ludwig et al., 2001;
Rodzen and May, 2002; Rodzen et al., 2004; Fopp-Bayat,
2008 and others).

Another interesting and novel finding from this study was the
occurrence of functional hexaploidy in A. brevirostrum. Black-
lidge and Bidwell (1993) proposed that A. brevirostrum is an
allopolyploid species, a descendant of ancestral spontaneous
triploids (12n = 360 chromosomes). Fontana et al. (2008a)
determined by means of fluorescent in situ hybridization (FISH)
six fluorescent signals in analysed karyotypes, and they subse-
quently concluded a functional hexaploidy for this species.
Therefore, given the evidence discussed, we conclude that
A. brevirostrum should be classified as a functional hexaploid.
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Abstract Polyploidization has played an important role in
vertebrate evolution. Acipenseridae bring clear examples of
polyploidy ancestry and, also, polyploidization seems to be an
ongoing process in these fishes. In the present study, the
genetic origin of six triploid specimens morphologically de-
termined as Acipenser ruthenus from commercial aquaculture
was analyzed using a combination of mitochondrial and nu-
clear markers. A further five successive statistical analyses
including median joining of mitochondrial DNA control re-
gion sequences, principal coordinate analysis (PCA), factorial
correspondence analysis (FCA), STRUCTURE assignation,
and NewHybrids status determination for microsatellite data
were applied for the clarification of the origin of one extra
chromosome set added in these triploids genomes. Although
interspecific hybridization had been suggested as a source of
these triploids, the statistical analyses showed that the inves-
tigated triploids originate from autotriploidization rather than
from interspecific hybridization. Therefore, we conclude that
a combination of molecular markers with suitable statistical
analyses should be used to verify the origin of unusual ploidy
level. Evidently, such an approach is critically essential in
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aquaculture, where interspecific hybridization is very com-
mon and usually detected by changes in ploidy levels only.

Keywords Acipenseriformes - Interspecific hybridization -
Molecular markers - polyploidization - Triploids

Introduction

Sturgeons are thought to be one of the oldest group of fishes,
which have evolved more than 250 million years ago (Bemis et
al. 1997). Their evolution is inherently connected with
polyploidization events, which resulted in different ploidy
levels of the present sturgeon species. Acipenseriformes spe-
cies can be divided into three groups according to their number
of chromosomes in cell nuclei: group A, with~120 chromo-
somes; group B, with~250-270 chromosomes (Blacklidge and
Bidwell 1993); and group C, consisting of a single species, the
shortnose sturgeon, Acipenser brevirostrum, with a chromo-
some number of around 360 (Fontana et al. 2008). Although
the chromosome numbers of Acipenseriformes are more or
less clear, their polyploidy status often remains unresolved,
with conflicting opinions. Recent investigations suggest a re-
cent or evolutionary scale of Acipenseriformes ploidy levels
(reviewed by Vasil'ev 2009).

Nowadays, sturgeon and paddlefish populations are at a
historically low level and their survival density depends
heavily on stocking (Pikitch et al. 2005). Several reasons for
sturgeon population decline could be found, including
overharvesting, poaching, river damming (Birstein et al.
1997), and loss of genetic integrity through the interspecific
hybridization (e.g., Ludwig et al. 2002, 2009). Nevertheless,
sensible management, together with restocking, can
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significantly support wild sturgeon populations, as was
demonstrated in North America (Pikitch et al. 2005), but the
origin of hatchery juveniles and maintaining the genetic
integrity and purity of farmed stocks should be seriously
considered.

Sturgeon aquaculture has been rapidly developing during
the last 30 years, and the tetraploid Siberian sturgeon
(A. baerii) became the most preferred species in European
aquaculture (Bronzi et al. 1999). Furthermore, interspecific
hybridization between diploid and tetraploid sturgeon spe-
cies is very common in sturgeon aquaculture (Nikolyukin
1964; Birstein et al. 1997; Ludwig et al. 2009; Flajshans and
Vajcova 2000; and others) and usually results in hybrids
with intermediate ~180 chromosome number (Gorshkova et
al. 1996), which, in terms of the recent scale of ploidy
levels, exhibit triploidy.

In the present study, we used a combination of nuclear
and mitochondrial markers in conjunction with several sta-
tistical techniques to discriminate the origin of six sturgeon
triploids observed in aquaculture and morphologically de-
termined as A. ruthenus.

Materials and methods
Samples collection

Fin clips were collected from 96 specimens, including 24
samples of each sturgeon species commonly bred in
European aquaculture (4. ruthenus, H. huso, A. baerii, and
A. gueldenstaedtii). Simultaneously, six samples were taken
from expected triploid specimens that were previously
detected by means of flow cytometry during the routine
screening of 110 A. ruthenus individuals. All samples orig-
inated from aquaculture farms in the Czech Republic
(Rybnikafstvi Pohotelice a.s., the hatchery in Pohotelice;
Rybatstvi Tiebon a.s., the hatchery in Mydlovary; and the
hatchery of the Faculty of Fisheries and Protection of
Waters, University of South Bohemia, Ceské Budgjovice,
situated in Vodnany).

Flow cytometry

Peripheral blood was collected from the caudal vessel into a
heparinized syringe according to Pravda and Svobodova
(2003), kept at 4 °C, and samples were processed immedi-
ately by means of flow cytometry. With flow cytometry
(Partec CCA I; Partec GmbH, Miinster, Germany), a ploidy
level of each specimen was verified as the relative DNA
content in blood cells using 4’,6-diamidino-2-phenylindole
(DAPI) according to Linhart et al. (2006). Erythrocytes of
functionally diploid A. ruthenus gave the relative DNA
content as the diploid standards.

@ Springer

DNA extraction, PCR amplification, sequencing,
and fragmentation analysis

Genomic DNA was extracted from fin clips using the
NucleoSpin® Tissue Kit (MACHEREY-NAGEL).
Amplification followed a standard polymerase chain reac-
tion (PCR) protocol to amplify a 505-bp mtDNA control
region (Mugue et al. 2008). The PCR reaction was carried
out in 30 pl under the following conditions: 95 °C for 120s,
5 cycles at 95 °C for 60 s, 53 °C for 60 s, 72 °C for 60 s,
followed by 30 cycles at 95 °C for 30 s, 53 °C for 45's, 72 °C
for 60 s, and a final extension at 72 °C for 12 min. The PCR
products were purified using the NucleoSpin® Extract IT Kit
(MACHEREY-NAGEL) and sequenced in both directions
using the professional sequencing service of Macrogen
(Seoul, Korea).

Microsatellite DNA fingerprinting of seven microsatellite
loci, Afu34, Afu39, Afu68 (May et al. 1997), Spll01,
Spl163 Spl173 (McQuown et al. 2000), and Aox45 (King
et al. 2001) were used. The PCR reaction was carried out in
10 pl according to a reaction profile described by Ludwig et
al. (2009). The resulting fragment sizes were determined by
the use of a Beckman Coulter CEQ 2000 automatic
sequencer.

Statistical analysis

Mitochondrial DNA (mtDNA) control region sequences
were aligned using MAFFT version 6.814b (Katoh et al.
2002), implemented in Geneious Pro 5.6.3. (Drummond
et al. 2011; Biomatters Ltd., Auckland, New Zealand).
The haplotype network was constructed using the median
joining algorithm in Network version 4.6.1.0 (Bandelt et
al. 1999). A principal coordinate analysis (PCA) was
carried out by the use of GenAlEx version 6.4 (Peakall
and Smouse 2006) to visualize the genetic relationship
from the genetic distances matrix. A factorial correspon-
dence analysis (FCA) was done with GENETIX software
version 4.05 (Belkhir et al. 2004) in order to investigate
the relationships among individuals. Assignment tests
were performed with STRUCTURE software version
2.1 (Pritchard et al. 2000) and, finally, NewHybrids
software (Anderson and Thompson 2002) was used for
multidimensional analysis and the assignment test of
assumed 3n specimens together with the analyzed spe-
cies. The determination of the exact genotype is difficult
for polyploid species and, furthermore, there is no statis-
tical method that permits the analysis of polyploid data
together with the diploid data. Because the aim of this
study is hybrid identification, there was no determination
of the “true” genotypes for polyploid patterns and no
quantifications were achieved in this way.
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Results

The data obtained from flow cytometry, mtDNA and micro-
satellite markers were analyzed to determine the origin of
triploid specimens from aquaculture farms with respect to
common interspecific hybridization in farmed sturgeon stocks
on the one hand or possible spontaneous triploidization of
pure sturgeon species on the other.

Ploidy level analysis

Flow cytometry revealed the erythrocyte DNA content of
five A. ruthenus standards to be diploid. All the analyzed A4.
ruthenus and H. huso specimens were diploid, except for six
A. ruthenus specimens, which were suggested to be trip-
loids. All differences were found to be significant. Similarly,
the erythrocyte DNA content of 4. gueldenstaedtii and A.
baerii specimens under study was found to be tetraploid.
The coefficient of variation (Cy) in the erythrocyte DNA
content was below or equal to 2.5 % for all specimens.

Structure of mtDNA haplotypes of the analyzed specimens

All triploid specimens shared haplotypes with diploid 4.
ruthenus (Fig. 1). All A. ruthenus haplotypes were signifi-
cantly separated from A. baerii and gueldenstaedtii haplo-
types (more than 100 polymorphic sites). As well as mtDNA
haplotypes, differentiation between A. ruthenus and H. huso
were supported by more than 60 polymorphic sites.

Genetic distances and PCA

In the first step, genetic distances were calculated and visu-
alized by PCA (Fig. 2). The PCA displayed significant

Fig. 1 Haplotype network
constructed from the mtDNA
control region partial sequence
(505 bp) of the analyzed species:
(@) 3n individuals; (Q) 4.
ruthenus; (O) H. huso; (@) A.
baerii; (@) A. gueldenstaedtii

-43-

differences between the analyzed species. Axis 1 explained
35.5 % of the total genetic variation, while axis 2 explained
22.7 % of the total genetic variation. Four main clusters
representing each sturgeon species were identified. Triploid
specimens clustered with A. ruthenus, except for triploid
specimen R185A placed between A. ruthenus and tetraploid
species A. baerii and A. gueldenstaedtii. This might be
considered as an indication that this individual could possi-
bly be of hybrid origin.

Multidimensional analysis (FCA)

Subsequently, multidimensional analysis (FCA) was used to
considered triploid specimens to be of hybrid origin or not
(Fig. 3). The most informative was axis 1, which explained
38.7 % of the total genetic variation, while axes 2 and 3
represented 33.5 % and 27.8 % of the total genetic variation,
respectively. Similarly to PCA, four main clusters were
determined, corresponding to one of the analyzed sturgeon
species. In contrast with PCA, all triploid specimens clus-
tered together with 4. ruthenus, where none of them were
suggested to be of hybrid origin.

Assignment test

Four specific clusters were assigned by STRUCTURE for K
from 2 to 5. Each cluster corresponded to one of the ana-
lyzed sturgeon species (Fig. 4). The pure specimens were
strongly assigned in their corresponding species and all
triploid specimens were associated with the 4. ruthenus
cluster. The Q values for the pure specimens in the ten
independent runs were similar and the mean Q value for
the pure species cluster was greater than 0.95 (Fig. 4)
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Fig. 2 Principal component
analysis (PCA) based on seven
microsatellite loci in four
different sturgeon species and
triploid individuals: (diamonds)
3n individuals; (squares) A.
ruthenus; (triangles) H. huso;
(rectangles) A. baerii;
(asterisks) A. gueldenstaedtii
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Discussion

The NewHybrids software was used to distinguish possible ~ The purpose of this study was to investigate the origin of
hybrid categories and hybrid origin of triploid specimens.  six triploid specimens morphologically determined as A.
All triploid specimens showed a probability higher than  ruthenus from aquaculture farms. Our results, based on
0.99 to be composed of A. ruthenus only. None of them  the combination of nuclear and mitochondrial markers
were assigned to be a hybrid with H. huso, A. baerii, or A. in conjunction with the analysis of several statistics,
gueldenstaedtii. Backcross origin of these specimens was  revealed that the investigated triploids originated by
significantly excluded (probability lower than 0.005). The  autotriploidization. These results give the first evidence
posterior probabilities for each individual are shown in  of autotriploidization in Acipenseriformes given by mo-

Supplementary Table 1.

Fig. 3 Factorial
correspondence analysis (FCA)
based on seven microsatellite
loci in four sturgeon species and
triploid individuals: (diamonds)
3n individuals; (squares) A.
ruthenus; (triangles) H. huso;
(rectangles) A. baerii;
(asterisks) A. gueldenstaedtii
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Fig. 4 Assignation of 99
sturgeons by STRUCTURE
analysis based on seven
microsatellite loci

A. ruthenus

H. huso A. baerii A. gueldenstaedtii

A. ruthenus

0.40
0.20

0.00

A. baerii

Sturgeon triploids have been observed in wild populations
(e.g., Ludwig et al. 2009; Dudu et al. 2011) and in aquaculture
farms (e.g., Flajshans and Vajcova 2000) several times, but
interspecific hybridization between diploid and tetraploid stur-
geon species has been considered to be the most probable
origin of these triploids.

In addition, triploids can arise not only by interspecific
hybridization but also by autotriploidization or dispermic fer-
tilization (Vasil'ev 2009). Autopolyploidization played a major
role in the evolution of salmonids (Allendorf and Thorgaard
1984) and catostomids (Ferris and Whitt 1980). Further spon-
taneous diploidization of the maternal chromosome set is a
well-known event in fish and natural autotriploids, and has
been described several times, e.g., in Characiformes (Morelli
et al. 1983; Venere and Galetti 1985; Giuliano-Caetano and
Bertollo 1990; Fauaz et al. 1994; Centofante et al. 2001;
Malacrida 2002), Gymnotiformes (De Almeida Toledo et al.
1985), and Siluriformes (Borin et al. 2002). In these fish taxa,
the fertilization of a non-reduced egg (2n) by a haploid sperm
(In) has been considered to be the most probable origin of
triploidy. In the case of sturgeons, Fopp-Bayat (2007) described
the occurrence of spontaneous normal diploid among gynoge-
netic haploids in A. baerii and, similarly, Fopp-Bayat and
Woznicki (2007) observed spontaneous diploids among gyno-
genetic haploids in A. ruthenus. The presence of triploid in-
dividuals was also detected by Omoto et al. (2005) in normally
fertilized eggs of the bester (hybrid between H. huso and A.
ruthenus). Finally, Zhou et al. (2011) described the occurrence
of triploid individuals among progeny obtained from the artifi-
cial propagation of A. mikadoi. These recent findings con-
firmed that spontaneous egg diploidization (usually by the
junction of pronuclei in haploid egg as a result of suppressing
the second meiotic division) might also be possible for
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A. gueldenstaedtii

Acipenseriformes species. In contrast, Vasil'ev (2009), in agree-
ment with Van Eenennaam et al. (1996), concluded that the
frequencies of spontaneous egg diploidization were close to
zero in Acipenseridae.

Polyspermic fertilization is theoretically more probable in
the case of sturgeons compared to other fish taxa, due to the
presence of multiple micropyles in the eggs (Dettlaff et al.
1993). Nevertheless, PSenicka et al. (2010) concluded that
the creation of a cytoplasmic projection in the sturgeon egg
after fusion with the spermatozoon blocks polyspermy in all
other micropyles. This fact makes dispermic fertilization as
a formation mechanism of sturgeon triploids improbable.

It is evident that autotriploids are not affected by an
introgressive gene flow from “alien species” because they
have added one extra chromosome set from the genome of
the same species; however, their effect on the genetic integ-
rity and purity of the diploid population remains unresolved.

The identification of sturgeon triploid origin without
knowledge of their parental genotypes is still very compli-
cated. Flow cytometry is able to detect triploids very quickly
in large populations, but without any evidence about their
origin. Similarly, karyotypes did not provide clear evidence
on this issue because species-specific chromosome probes
have not yet been published. Nuclear markers such as
microsatellites are a useful tool for triploids identification,
especially in combination with mtDNA analyses (e.g.,
Ludwig et al. 2009). However, using microsatellites, the
origin of one extra chromosome set in the triploid genome
cannot be discriminated due to the absence of diagnostic
alleles or diagnostic loci among closely related sturgeon
species (Ludwig 2008). On the other hand, Dudu et al.
(2011) demonstrated that microsatellites in combination
with suitable statistic analyses could be useful for hybrid
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origin identification. Based on these findings, we supposed
that similar procedures could be used for the discrimination
of triploids origin of the sturgeons under study.

Analyses of mtDNA reflect only hybridization on the mater-
nal lineage and, moreover, its analyses showed a limitation for
the discrimination of closely related sturgeon species complex
(e.g., A. gueldenstaedtii, A. baerii, A. persicus, and A. naccarii),
due to the overlapping of mtDNA profiles (Birstein et al. 2000).
A close relationship among analyzed A. gueldenstaedtii and A.
baerii individuals was also evident from the results given in our
study. Furthermore, higher intraspecific divergence within A.
gueldenstaedtii under study was observed when compared with
the other analyzed species (see Fig. 1). This finding was based
on the very essence of the historic dispersal of 4. gueldenstaedtii
and isolation of its local populations as a result of geological and
hydrological rearrangements of Eurasian water bodies, which
had an effect on its genetic structure (Timoshkina et al. 2009).
These changes have been actively introduced into the aquacul-
ture population of A. gueldenstaedtii via artificial reproduction
and intense fisheries (Bronzi et al. 1999).

Conclusion

The analysis of the mitochondrial DNA (mtDNA) control
region did not reveal any evidence regarding the possible
interspecific hybridization between diploid and tetraploid stur-
geon species on maternal position because any tetraploid stur-
geon haplotype has not been observed in the genomes of the
investigated triploid specimens. Although principal compo-
nent analysis (PCA) indicated the presence of one possible
hybrid individual, multidimensional analyses (factorial corre-
spondence analysis, FCA) and assignment tests have not con-
firmed this observation. Finally, the determination of possible
hybrids using the NewHybrids software assigned all triploid
specimens to be pure Acipenser ruthenus species, and none of
them was assigned to be of hybrid or backcross origin.

Based on these findings, we concluded that the investi-
gated triploids originated by autotriploidization. On the
other hand, we were not able to clarify the mechanism of
this autotriploidization due to the absence of parental in-
dividuals of these triploids.
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ABSTRACT

Evolution of sturgeons and paddlefishes (order Acipenseriformes) is inherently
connected with polyploidization events which resulted in differentiation of ploidy
levels and chromosome numbers of present acipenseriform species. Moreover,
allopolypoidization as well as autopolyploidization seems to be an ongoing process
in these fishes and individuals with abnormal ploidy levels were occasionally
observed within sturgeon populations. Here, we reported occurrence of Siberian
sturgeon (Acipenser baerii) male with abnormal ploidy level for these species,
accessed its ploidy level and chromosome number and investigate its potential
sterility or fertility. The ploidy level of this specimen as well as hatchery stock of
sterlet (A. ruthenus) Russian sturgeon (A. gueldenstaedtii) and Siberian sturgeon (A.
baerii) was determined using flow cytometry, image cytometry of erythrocyte nuclei,
karyotyping, and analysis of seven diagnostic microsatellite loci. Later on fish were
stimulated with hormone injections and mutually cross-bred.

Acipenser ruthenus possessed 120 chromosomes, exhibiting recent diploidy (2n), A.
gueldenstaedtii and A. baerii had ~ 245 chromosomes representing recent tetraploidy
(4n), and A. baerii male with abnormal ploidy level had ~ 368 chromosomes, indicating
recent hexaploidy (6n) which referred to its triploid origin. Genealogy assessed from
the mtDNA control region did not reveal genome markers of other sturgeon species
and this individual was supposed to be spontaneous triploid. Following hormone
stimulation, the spontaneous triploid male produced the normal volume of sperm
for A. baerii males, but spermatozoa concentration was significantly lower (0.10 x
10° mlvs. 0.63 £ 0.69 x 10° ml"). Fertilization of A. baerii and A. gueldenstaedetii ova
from normal 4n level females with sperm of the spontaneous triploid male produced
viable, non-malformed pentaploid (5n) progeny with a ploidy level intermediate to
those of the parents.

This study firstly describes occurrence of triploid individual of A. baerii and
confirmed its autopolyploid origin. In addition to that, the first detailed evidence
about fertility of triploid sturgeon was provided in contrast to the general belief in
sterility or subfertility of triploid fishes due to interference of gametogenesis.
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INTRODUCTION

Evolution of vertebrate genomes was possibly associated with three episodes
of whole-genome duplication. The first occurred at the origin of vertebrates and
another at the origin of gnathostomes, the 2R hypothesis (McLysaght et al., 2002;
Panapoulou and Poustka, 2005). The third, 3R, is suggested to have occurred in
fin-rayed teleostean fishes after their divergence from the earliest lineage of
actinopterygians, sturgeon and paddlefish of the extant order Acipenseriformes
(Ventakhesh, 2003; Hoegg et al., 2004; Volff, 2005; Froschauer et al., 2006).

Sturgeon,paddlefish,thefishesofthegeneraPsephurus,Polyodon (Acipenseriformes:
Polyodontidae), Acipenser, Huso, Scaphirhynchus, and Pseudoscaphirhynchus
(Acipenseriformes: Acipenseridae) provide the most remarkable examples of
evolution of ploidy levels among vertebrates (Nelson, 2006). Independent of the
two ancient genome duplication rounds, several lineage-specific duplication events
occurred in sturgeons and paddlefishes (Ludwig et al., 2001; Fontana et al, 2007).

Within the most recent vertebrates, sturgeon is among the species with a large
number of chromosomes. Nowadays, several well divided groups of acipenseriform
species can be recognized depending on DNA content and the number of
chromosomes in their cell nuclei. They include species with ~ 120, ~ 240 and ~ 360
chromosomes, corresponding to elevated DNA content (Birstein et al.,, 1993).
Despite this widely respected division, ploidy status of Acipenseriformes often
remains unresolved with conflicting opinions. Recent investigations suggest two
scales of ploidy levels in Acipenseriformes: the ‘evolutionary scale’, which presumes
tetraploid - octaploid - dodecaploid relationships among species, and the ‘recent
scale’, which presumes diploid - tetraploid - hexaploid relationships.

Probably due to the polyploid nature of their genomes, sturgeon of differing ploidy
levels hybridize both in nature (e.g. Birstein et al., 1997; Ludwig et al., 2002, 2009) and
in captivity (Nikolyukin, 1964; Flajshans and Vajcova, 2000 and others), suggesting
mutual fertility of various sturgeon species irrespective of ploidy level. Some authors
(Arefjev, 1997; Birstein, 2002 and Vasil’ev, 2009) assume hybrids of parent species
having different ploidy levels to be sterile. The same generally applies to fertility of fishes
with an odd number of chromosomes, such as autotriploids (Piferrer et al., 2009) in
which meiosis is seriously affected because three homologous chromosomes cannot
pair during the zygotene stage of prophase I, interfering with gonad development
and gametogenesis. However, this phenomenon was considered species- and case-
specific, since i) in some fish species autotriploids have been found to produce small
amounts of aneuploid spermatozoa incapable of generating viable offspring if used
for fertilization; ii) in several other species, spermatozoa of autotriploid males can
induce egg activation leading to non-viable aneuploid embryos; and iii) in rare cases
viable larvae have developed from normal or aneuploid eggs from a triploid female
fertilized with sperm from triploid males (Piferrer et al., 2009).

In the present study, we report the occurrence of a spontaneous triploid male
among hatchery stock of Siberian sturgeon, Acipenser baerii, a species of recent
tetraploid level 4n with ~ 240 chromosomes; its experimental hybridization with
normal females of A. baerii and A. gueldenstaedtii; and analysis of resulting viable
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progeny. The main aims of this study were to accessed chromosome number and
ploidy level of analyzed individuals and investigate potential sterility or fertility of
observed spontaneous triploid male of A. baerii.

MATERIAL AND METHODS

This study was carried outin strict accordance with the Czech Lawn.246/1992 about
“Animal welfare”. Authors possess a testimony according to §17 of Law 246/1992
about “Animal welfare”. Protocols have undergone the ethical review process by the
University of South Bohemia animal care committee (PP3/FROV/2012; in Czech).
Moreover, this was specifically approved by University of South Bohemia animal care
committee. All surgery was performed under the clove oil anesthesia, and all efforts
were made to minimize suffering.

Fish and breeding details

Parental fish originated from the hatchery of the Faculty of Fisheries and Protection
of Waters, University of South Bohemia, one 15-year-old A. baerii male (1.19 m total
length (L;) 9.30 kg body mass (M,)), suspected of being triploid after cytometric
examination; one 14-year-old female A. baerii (1.15 m L, 9.50 kg M,); and one
14-year-old A. gueldenstaedtii (1.40 m L, 13.60 kg M,) were used for the experiment.
Fifteen-year-old male A. baerii and A. gueldenstaedtii (1.05 m L and 8.25 kg M,;
0.90m L and 7.00 kg M,, respectively) were used for controlled breeding with both
females. Five male sterlet, Acipenser ruthenus, (0.51£0.15m L; 0.65 + 0.10 kg M,)
were used as the diploid standard for flow cytometry and karyotyping. Fish were
kept in 5 m® indoor tanks supplied with re-circulating water at 14 °C for 7 days prior
to hormone stimulation. Before handling, fish were anesthetized by immersion in
0.07 mlL.I" clove oil (Kolafova et al., 2007).

Males were stimulated with an intramuscular injection of 4 mg.kg™ M, carp pituitary
suspension in physiological saline 36 h before expected sperm sampling (Gela et al.,
2008). Females were stimulated with an intramuscular injection of 0.5 mg.kg’ M,
carp pituitary suspension in physiological saline 42 h before expected ovulation,
and again 12 h later with 4.5 mg.kg" M, of the same suspension (Gela et al., 2008).
Ovulated eggs for the cross-breeding experiments were collected after microsurgical
incision of oviducts as described by Stéch et al. (1999). Fin clips were collected from
all parent fish and stored in 96% ethanol.

Sperm quantity and quality

Sperm was collected from the seminal duct, using a 5 mm diameter plastic cannula,
into a 100 ml tissue culture flask following the protocol of Gela et al. (2008). Samples
were maintained on crushed ice at 0 to 4 °C. Sperm volume and spermatozoa
concentration, motility, and velocity were assessed according to Linhart et al. (2000).
Spermatozoa viability (% live) was determined by epifluorescence microscopy of
dual-stained sperm DNA (FlajShans et al., 2004). Wherever applicable, samples were
processed in triplicate.
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Fertilization trials

Eggs of A. baerii and A. gueldenstaedtii were inseminated with sperm from the
supposed triploid A. baerii. Pure-breeding of A. baerii and A. gueldenstaedtii males
and females was conducted as control. Eggs were put into plastic beakers in 50 g
aliquots, which were placed on a shaking table with constant 200 rpm and 10 mm
deflection. Each aliquot was inseminated with 1.5 ml of sperm and activated
with 200 ml dechlorinated tap water at 15.0 °C. After 2 min, fertilized eggs from
each aliquot were separately distributed into 200 cm? incubator cages, supplied
with UV sterilized re-circulating tap water at 15.0 °C, 9 mg I" O, in triplicate.
During incubation, eggs and hatched larvae were counted, and dead eggs were
counted and removed. Hatching rate was computed as described by Linhart et
al. (2006). Embryos, swimming-up larvae, and/or early juveniles were sampled
for analysis.

Ploidy level analyses

Peripheral blood was collected from the caudal vessel into a heparinized syringe
(Pravda and Svobodova, 2003), kept at 4 °C, and processed immediately with
flow cytometry (Partec CCA I; Partec GmbH, Munster, Germany) for karyotyping
of leucocyte cultures. The ploidy of each adult fish was measured as relative DNA
content in blood cells, using 4’,6-diamidino-2-phenylindole (DAPI) first separately
for erythrocytes and spermatozoa, and then pooled (Linhart et al.,, 2006).
Erythrocytes and spermatozoa of a functionally diploid A. ruthenus gave relative
DNA content of 2n as the diploid and 1n as the haploid standard. Thirty samples of
swimming-up larvae from each fertilization trial were processed for flow cytometry
(Lecommandeur et al., 1994).

Forimage cytometry, slides were conventionally stained with Giemsa and inspected
microscopically (Olympus BHS microscope NCSPlanApo 60x dry objective coupled to
a 3CCD Sony DXC-9100P color camera). At least 100 erythrocyte nuclei per specimen
were recorded and analyzed by Olympus Microlmage v. 4.0 software. Erythrocyte
nuclear area (NA, pm?) was assessed following the protocol in Flajshans (1997). The
NA of functionally diploid A. ruthenus provided the diploid standard.

For karyotyping, metaphase chromosomes were prepared from leucocytes of
peripheral blood (Fujiwara et al., 2001). Blood was collected in a heparinized syringe
(Zentiva) from the caudal vein and the syringe left in an upright position at 4 °C
overnight. The sedimented leucocytes and erythrocytes were cultured separately
in complete medium (T 199 - Sigma, FBS Superior - Baria, Antibiotic Antimycotic
Solution - Sigma, Kanamycin monosulfate - Sigma, LPS - Sigma, PHAH15 - Biomedica,
Mercaptoethanol - Sigma) for 6 days at 20 °C. The cell suspension was prepared
routinely by harvesting cells after colchicine treatment, hypotonization, and fixation.
A drop of the cell suspension was placed on a microscope slide, dried, and stained
with 5% Giemsa stain buffered to pH 7.0. The chromosomes from embryos and
early juveniles were prepared according to Volker and Kulmann (2006).Metaphase
chromosome plates were examined microscopically (Olympus AX 70) and recorded
with an Olympus DP30VW digital camera. Karyotypes were arranged using lkaros
MetaSystems (Metasystems, Germany) software.
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Molecular analyses of mitochondrial DNA

The genomic DNA was extracted from fin-clips using the NucleoSpin‘tissue kit
(MACHEREY-NAGEL). Amplification followed a standard PCR protocol to amplify a 620
bp mtDNA fragment of the control region (Mugue et al., 2008). The PCR reaction was
carried out under the following conditions: 95 °C for 120 s, 5 cycles of 95 °C for 60 s,
53 °Cfor60s,and 72 °Cfor 60 s; 30 cycles of 95 °Cfor 30 s, 53 °Cfor45s,and 72 °C
for 60 s; and a final extension at 72 °C for 12 min. The PCR products were purified
using NucleoSpin® Extract Il (MACHEREY-NAGEL) and sequenced in both directions
by Macrogen (Seoul, Korea). Sequences were aligned using Geneious 5.4 software
(Drummond et al., 2011) and BLASTed against the NCBI nucleotide collection using
Mega-BLAST. This database contains previously published sequences of the control
region for most sturgeon species (http://www.ncbi.nim.nih.gov/).

Paternity analysis

The genomic DNA from 24 swimming-up larvae fixed in 96% ethanol from each trial,
as well as from fin-clips of all parent fish was extracted using the NucleoSpin°tissue
kit (MACHEREY-NAGEL). Microsatellite DNA fingerprinting of seven microsatellite
loci, Afu19, Afu34, Afu39, Afu68 (May et al., 1997), Spl101, Spl173 (McQuown et al.,
2000), and Aox45 (King et al., 2001), was used. PCR were performed on a volume of
25 pl, containing 1 U Taq DNA polymerase, 10 pmol of each primer, 10-50 ng DNA,
100 uM of each dNTP, 2.5 mm MgCl,, and 2.5 pl 10 x incubation buffer. Amplifications
were performed under the following conditions: one cycle at 94 °C for 3min and 25
cycles at 94 °C followed by locus-specific annealing conditions: 53 °C for loci Aox
45, AfuG 54, and AfuG 135; 55 °C for locus Afu 54; 57 °C for loci Afu 34, Afu 68, Spl
101, Spl 163, Spl 173, and Atr 114; and 59 °C for locus Spl 105; followed by 72 °C
for 30s and a final extension at 72 °C for 10min. The PCR products were inspected
on agarose gel, then run in the ABI 3110 DNA analyzer. Genotypes were scored using
GeneMapper v4.1 (Applied Biosystems, TM).

Statistics

The association of ploidy with the studied variables was assessed by ANOVA
followed by Tukey multiple-range test in Statistica 9.1 software (StatSoft, Inc., 2010).
Values of P < 0.05 were considered significant.

RESULTS AND DISCUSSION

Confirmation of ploidy levels of analyzed individuals

Flow cytometry revealed the erythrocyte DNA content of the 5 males of A. ruthenus
standard to be diploid (2n; Fig. 1, peak 1), 1 male and 1 female A. baerii to be tetraploid
(Fig 1, peak 2) and one specimen of A. baerii to be 1.38-fold that of the tetraploids
(Fig. 1, peak 3). Sperm of analyzed males had average DNA content equivalent to
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haploidy (1.0n; Fig. 2, peak 1), diploidy (2.0n; Fig. 2, peak 2), and triploidy (3.0n; Fig.
2, peak 3), respectively. The erythrocyte DNA content of the A. gueldenstaedtii male
and female under study was also tetraploid. The coefficient of variation (C)) in both
erythrocyte and sperm DNA content was below or equal to 2.5% for all specimens.
The relative DNA content in swimming-up larvae from the normal x spontaneous
triploid A. baerii and normal A. gueldenstaedtii x spontaneous triploid A. baerii
hybridizations (Fig. 3a) and from pure-breeding A. baerii and A gueldenstaedtii (Fig.
3b) revealed 100% intermediate ploidy level of the F, hybrid larvae compared to
100% normal ploidy in the purebred larvae.

Image cytometry analysis revealed mean erythrocyte nuclear area for A. ruthenus
(19.39 * 1.432 ym?) confirming diploidy, A. baerii (29.95 * 1.30> pym?) and A.
gueldenstaedtii (30.1 + 1.05" ym?) confirming tetraploidy and one specimen of
A. baerii (39.59 * 3.56°um?) to be 1.32-fold that of the tetraploids. These results
correspond to already published data (Bytyutskyy et al., 2012).

Chromosome analysis of individuals under study revealed A. ruthenus specimens
with chromosome number 2n = 120, A. baerii and A. gueldenstadtii with modal
chromosome number 2n ~ 245, while the A. baerii specimen with higher ploidy
level exhibited chromosome number 2n ~ 368. Except for microchromosomes, all
chromosomes of A. ruthenus could be paired (Fig. 4a). Those of A. baerii grouped in
quadruplets (Fig. 4b), and those of the A. baerii specimens with higher ploidy level
grouped into hexaplets (Fig. 4d), indicating spontaneous triploidization.

Karyotype analysis of specimens of the normal x spontaneous triploid A. baerii
hybrid revealed modal number 2n ~ 300 chromosomes, with macrochromosomes
that grouped into apparent pentaplets (Fig. 4c). The same ploidy level of progeny
and karyotype structure resulted from crossing of normal A. gueldenstadtii female x
spontaneous triploid A. baerii male.

Ploidy levels of A. baerii and A. gueldenstadtii females used for cross-breeding
corresponded to ~ 245 chromosomes as previously reported for these species
(Fontana et al.,, 2001). Chromosome number 2n = 120 of A. ruthenus used as
ploidy standard also corresponded to findings of a number of other cytogenetic
studies (Rab et al., 1996; Fontana et al., 1999). Ploidy level of progeny resulting
from crossing A. baerii and A. gueldenstaedetii with the spontaneous triploid A. baerii
male was intermediate between the ploidy levels of parents at ~ 300 chromosomes.
This observation was in accordance with findings of Gorshkova et al. (1996) and in
contrast to the report of Arefjev et al. (1991) who demonstrated non-intermediate
karyotypes in progeny of hybridization of beluga, Huso huso, and A. gueldenstaedetii.
The control mating of normal ploidy level A. baerii and A. gueldenstaedetii yielded
progeny of the same ploidy level as the parents. Our results clearly demonstrated
that sturgeon with different ploidy levels readily interbreed, as assumed for various
combinations of sturgeon species (Birstein et al., 1997).

Confirmation of origin of the triploid male A. baerii

The nucleotide sequence of the A. baerii spontaneous triploid male was closely
similar (99%, E = 0.0) to A. baerii haplotype F843094.1 (Wang et al., 2009). A
maximum of three variable sites were detected in common with A. baerii sequences
(Ludwig et al., 2009). Similar results were obtained for the A. baerii female. The A.
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gueldenstaedtii female had mtDNA haplotype closely similar (97%, E = 0.0) to A.
gueldenstaedtii haplotype F/843096 (Wang et al., 2009).

Sturgeon triploids have been observed in wild populations (Ludwig et al., 2009;
Dudu et al., 2011) and in aquaculture (FlajShans and Vajcova, 2000), and interspecific
hybridization has been considered the most probable origin of these triploids.
Triploids can also arise through autotriploidization mechanisms such as spontaneous
diploidization of the maternal chromosome set (SDM) (Cherfas et al., 1995; Aegerter
and Jalabert, 2004; Ezaz et al., 2004) or by dispermic fertilization (Vasilev, 2009).
The SDM is a well-known event in fish, and natural autotriploids resulting from fusion
of a haploid sperm pronucleus with an SDM oocyte have been described (Cherfas
et al., 1995; Centofante et al., 2001; Borin et al., 2002; Aegerter and Jalabert, 2004;
Ezaz et al., 2004).

Because there is no sturgeon species with a higher ploidy level and chromosome
number than A. brevirostrum (6n ~ 372 chromosomes; Fontana et al., 2008), the
hybrid origin of the A. baerii triploid might seem improbable. Bearing in mind that a
triploid of an evolutionary tetraploid species is a hexaploid, the origin of the extra
two chromosome sets in the genome of the observed specimen might be derived
from autotriploidization, specifically by the junction of pronuclei in a haploid egg, as
a result of suppressing the second meiotic division, i.e. by the SDM mechanism. This
statement is supported by findings of triploid individuals among progeny obtained
from artificial propagation of A. mikadoi (Zhou et al.,, 2011). Furthermore, these
triploids showed a model chromosome number of 360-402 in somatic cells (Zhou
et al., 2013), similarly to triploid described in our study. The occurrence of triploid
individuals has also been detected in normal fertilized eggs of the bester (hybrid of
H. huso and A. ruthenus) and SDM caused by egg over-ripening was suggested as
the most probable cause (Omoto et al., 2005). Finally, spontaneous autopolyploids
of A. transmontanus have also been recently reported (Drauch Schreier et al., 2011).
These findings are contradictory to conclusions of Vasilev [18] who stated that
occurrence of spontaneous egg diploidization is close to zero in acipenserids.

Confirmation of fertility of the triploid male A. baerii via sperm
characteristics

Data on sperm volume per 1kg M, numbers of spermatozoain 1 ml sperm, viability
of spermatozoa and their motility and velocity are given in Table 1. The mean velocity
of spermatozoa 15 s after activation was the only variable significantly associated
with ploidy level in A. baerii (169.66 * 8.69 vs. 152.04 £ 15.53 pm.s™' for the normal
and spontaneous triploid individual, respectively). Velocity of spermatozoa of A.
ruthenus was 159 * 19.25 ym.s', similar to the spontaneous triploid A. baerii. Mean
percent of motile spermatozoa did not differ between these males. Sperm viability
assay revealed similar rates of live spermatozoa (98.76 + 0.36%, 95.93 + 2.58%, and
93.47 * 8.51% for the A. ruthenus, normal A. baerii, and spontaneous triploid A.
baerii males, respectively).

Triploids are commonly supposed to be infertile or subfertile; nevertheless triploid
fish occasionally produce a small amount of sperm (Piferrer et al., 2009). The observed
A. baerii triploid produced the same volume of sperm as the diploid specimens. All
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sperm parameters observed in this experiment were within the range reported by
other authors. Spermatozoa concentration in sturgeon is generally reported in the
range of 1-4 x 10° ml" (Dettlaff and Ginzburg, 1993; Hochleitner, 1996). Reported
sperm concentration of A. ruthenus from aquaculture is 0.25-1.5 x 10° ml"" (Dzyuba
et al,, 2012) and is 1.68-2.42 x 10° ml" for A. baerii (Piros et al., 2002). High rates
of spermatozoa motility indicated high quality of sperm and corresponded with high
viability. Spermatozoa velocity of the triploid A. baerii was lower than reported for
males of normal ploidy level, as also observed by PSenicka et al. (2011) in studies
of the same species. These authors considered the higher relative DNA content in
spermatozoa of the triploid A. baerii to be the cause of the diference.

Confirmation of fertility of the triploid male A. baerii via analyses of
its progeny

Experimental fertilization of ova of the normal A. baerii and A. gueldenstaedtii
female with sperm of the spontaneous triploid A. baerii resulted in hatching rates
of 64.16 £ 2.60% and 36.64 + 2.06%, respectively, similar to that of A. baerii and
A. gueldenstaedtii pure-breeding (50.56 + 8.19% and 39.82 * 3.64%). No apparent
increase in the percent of malformed non-viable larvae was observed in either cross-
breeding experiment.

Parental genotypes and observed genotypes of progeny at informative loci (Aox45)
from experimental crossbreeding (Table 2) confirmed Mendelian segregation patterns
in all specimens analyzed. The inheritance of maternal alleles from the normal female
A. gueldenstaedtii and spontaneous triploid male A. baerii were clearly evident
at two highly informative loci, Aox45 and Afu68. The observed genotypes were
predominately composed of two maternal and three paternal alleles. The genotypes
observed are listed in electronic supplementary material.

Fertilization of ova of A. baerii and A. gueldenstaedtii with normal ploidy with
sperm of the spontaneous triploid A. baerii produced fully viable progeny with ploidy
level intermediate to those of the parents. This demonstrated full fertility of the
spontaneous triploid male, contrary to the general belief in sterility or subfertility of
triploid fish due to interference with gametogenesis. In order to better understand
fertility in triploid fish, it is necessary to distinguish between allo- and auto-triploidy,
as well as between the effects of triploidy in females and males (Piferrer et al.,
2009). Allotriploid fish can arise through multiplication of chromosome sets resulting
from natural intergeneric or interspecific hybridization, which sometimes give rise to
altered gametogenetic mechanisms and reproductive modes resulting in polyploidy
and clonal or hemiclonal inheritance (Rab et al., 2006). Such natural diploid-polyploid
hybrid complexes and cryptic species complexes have been described, especially
in Eurasian cyprinid genera Cobitis and Carassius, in the Iberian minnow Squalius
alburnoides, Oriental weatherfish Misgurnus anguillicaudatus, and in stone loach
Barbatula barbatula exhibiting fertile allotriploid females and/or males (Piferrer et
al.,, 2009). These authors point out that autotriploids arise through multiplication
of chromosome sets within a species, which can occur due to disruption of
gametogenesis caused by cytogenetic alterations of meiosis, to suppression of the
second meiotic division due to cytoskeletal alterations in post-ovulatory age oocytes,
or to disruption of gamete fertilization, e.g. by polyspermy. Meiosis in autotriploids is
seriously affected, as three homologous chromosomes cannot correctly pair during
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the zygotene stage of prophase | (Carrasco et al.,, 1998; Cunado et al.,, 2002). In
females, these meiotic disruptions affect follicular assemblage and oocyte growth
(Benfey, 1999), and, as a result, autotriploid females compared to the diploid exhibit
rudimentary ovaries or ovarian tissue with fewer, immature, oocytes (Benfey, 1999;
Felip et al., 2001; Flajshans et al., 2010). On the other hand, meiosis in males takes
place with the onset of puberty after spermatogonia have been through many cycles
of cell division by mitosis, and testes of triploid males can develop similar to diploids,
with functional steroidogenic cells (Benfey et al., 1986; Felip et al., 2001; Linhart et al.,
2006; Piferrer et al., 2009). In some marine and freshwater fish species, autotriploid
males produce viable aneuploid spermatozoa incapable of egg fertilization (Benfey
and Sutterlin, 1984; Benfey et al., 1986; Piferrer et al., 1994; Linhart et al., 2006),
while in case of autotriploid tench, Tinca tinca, the fertilization potential of its sperm
has been described (Huldk et al., 2010).

Meiosis in the triploid male A. baerii under study may not have been affected by these
factors, because triploidy in evolutionary tetraploid A. baerii resulted in hexaploidy.
The homologous chromosomes could correctly group in triplets during the zygotene
stage of prophase | during spermatogenesis. The findings of this study contradict
the statement that autohexaploid specimens originating from autotriploidization
will be sterile, as are artificially produced autotriploid fishes (Vasilev, 2009).

CONCLUSION

We confirmed the spontaneous triploid status of the examined A. baerii male, i.e.
corresponding to ~ 368 chromosomes of the somatic cells and haploid sperm, a
characteristic which has not been reported in other sturgeon species so far.

This study demonstrated that a triploid sturgeon male may be fertile owing to its
polyploid ancestry and release viable and motile spermatozoa, and that these might
have full fertilization potential resulting in a hatching rate similar to that of purebred
sturgeon and produce viable progeny with ploidy levels intermediate between those
of the parents. Based on these findings, it might be assumed that (auto)triploids of
other sturgeon species could be fertile as well.
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Figure 1. Flow cytometric histogram showing relative DNA content in blood
cells of sterlet (A. ruthenus; peak 1), Siberian sturgeon (A. baerii; peak 2) and
spontaneous triploid Siberian sturgeon (A. baerii) (peak 3).
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Figure 2. Flow cytometric histogram showingrelative DNA contentinsperm of sterlet
(A. ruthenus; peak 1), Siberian sturgeon (A. baerii; peak 2) and spontaneous
triploid Siberian sturgeon (A. baerii) (peak 3).
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Figure 3. Flow cytometric histogram showing relative DNA content in tissue
suspension of swimming-up larvae from A. baerii and A gueldenstaedtii purebreeding
(a) and hybridizations of the normal x spontaneous triploid A. baerii and the normal
A. gueldenstaedtii x spontaneous triploid A. baerii (b).
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Figure 4. Metaphase cell and corresponding karyotype arranged from Giemsa-stained
chromosomesof(a)sterletAcipenserruthenus(2n=120), (b)SiberiansturgeonA. baerii
(2n ~ 240), (c) Siberian sturgeon A. baerii (hybrid of 2n ~ 240, x spontaneous triploid
2n ~ 360 resulting in 2n ~ 300) and (d) spontaneous triploid 2n ~ 360; asterisks
denotes ,acipenserine” cytotaxonomic marker. Bars equal 10 um.
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CHAPTER 5

INVESTIGATION OF THE SEGREGATION PATTERN OF
MICROSATELLITE ALLELES DURING EXPERIMENTAL
HYBRIDIZATION OF POLYPLOID STURGEON SPECIES

Unpublished data
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Investigation of the segregation pattern of microsatellite alleles
during experimental hybridization of polyploid sturgeon species

INVESTIGATION OF THE SEGREGATION PATTERN OF MICROSATELLITE
ALLELES DURING EXPERIMENTAL HYBRIDIZATION OF POLYPLOID

STURGEON SPECIES

The main aim of this study was to observe segregation pattern of microsatellite
alleles in the course of hybridization of polyploid sturgeon species and also ploidy
levels of obtained hybrid progeny.

MATERIAL AND METHODS

All parental fishes originated from the hatchery of the Faculty of Fisheries and
Protection of Waters, University of South Bohemia and their ploidy levels were firstly
investigated by flow cytometry (see following text). One functional tetraploid female
of A. gueldenstaedetii, two functional tetraploid females of A. baerii, one diploid
male of A. ruthenus, one functional tetraploid male of A. baerii and one functional
hexaploid male of A. baerii were used for the following experimental crossbreeding.
All fishes were hormonally stimulated and artificially reproduced according to
procedure described in Chapter 4.

Eggs were inseminated according to the following matrix:

Expected ploidy

Type of Female fsle levels of obtained
crossbreeding (ploidy levels) (ploidy levels) Brageny
et A. baerii (4n) x A.ruthenus (2n) = 3n
2nd A. baerii (4n) x A. baerii (4n) = 4n
3 A. baerii (4n) x A. baerii (6n) = 5n
st A. gueldenstaedtii (4n) x A. ruthenus (2n) = 3n
2nd A. gueldenstaedtii (4n) x A. baerii (4n) = 4n
3 A. gueldenstaedetii (4n) x A. baerii (6n) = 5n

Eggs were put into plastic beakers in 50 g aliquots, which were placed on a shaking
table with constant 200 rpm and 10 mm deflection. Each aliquot was inseminated
with 1.5 ml of sperm and activated with 200 ml dechlorinated tap water at 15.0 °C.
After 2 min, fertilized eggs from each aliquot were separately distributed into 200 cm?
incubator cages, supplied with UV sterilized re-circulating tap water at 15.0 °C,
9 mg.I" O, in triplicate. Embryos, swimming-up larvae, and/or early juveniles were
sampled for analyses.

Ploidy levels of all parental fishes were investigated by means of flow cytometry
from peripheral blood collected from the caudal vessel (Linhart et al., 2006) while
ploidy levels of swimming-up larvae from each fertilization trait were investigated
also by flow cytometry but from tissue suspension (Lecommandeur et al., 1994).
All ploidy levels were measured as relative DNA content using 4',6-diamidino-2-
phenylindole (DAPI) and erythrocytes of a functionally diploid A. ruthenus gave
relative DNA content of 2n as the diploid standard.
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For molecular analyses, genomic DNA from 22 swimming-up larvae fixed in 96%
ethanol from each trial, as well as from fin-clips of all parent fish was extracted using
the NucleoSpin‘tissue kit (MACHEREY-NAGEL). Microsatellite DNA fingerprinting of
seven microsatellite loci, Afu19, Afu34, Afu39, Afu68 (May et al., 1997), Spl101,
Spl173 (McQuown et al., 2000), and Aox45 (King et al., 2001), was used. PCR were
performed in same conditions as described in Chapter 4. The PCR products were
inspected on agarose gel, then run in the ABI 3110 DNA analyzer. Genotypes were
scored using GeneMapper v4.1 (Applied Biosystems, TM).

RESULTS

Flow cytometry revealed the erythrocyte DNA content of all pure parental species
referred to their natural status with the expectation of one male specimen of A.
baerii to had 1.38-fold of DNA content if compared to tetraploids of the same pure
species. The relative DNA content of swimming-up larvae obtained from hybridization
of parental species having different ploidy levels revealed 100% intermediate ploidy
to those of parental species, while pure crossbreeding of A. baerii and hybridization
between A. baerii female and A. gueldenstaedtii male provided progeny with the
same ploidy as was borne by their parents.

The observed genotypes at informative loci confirmed Mendelian segregation
patterns in all analyzed specimens. The observed genotypes of progeny were
predominately composed of one allele from diploid specimen and two alleles from
tetraploid specimen in case of the first type of crossbreeding, while the genotypes
obtained from the second type of crossbreeding were composed of four alleles (two
alleles inherited from each of the parental species. Finally, progeny resulting from the
third type of crossbreeding had two alleles from tetraploid specimen and three from
hexaploid one. The fragmentation results and genotypes at informative loci for each
type of crossbreeding were displayed in the following tables (Tab. 1 through 6).
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Table 1. Fragmentation analyses results at locus Spl 101 for hybridization of A.
baerii tetraploid female with A. ruthenus diploid male (Q - maternal alleles; 3 -
paternal alleles; Q3 - alleles inherited from both parents).

Sample Marker Allele1 Allele2 Allele3 Allele4 Allele5
A.baerii female Spl101 | 2209 2409 2489 2569
A.ruthenus male Spl101 | 22048 2364

progeny 1 Spl101 2364 2409 2569
progeny 2 Spl101 | 2209 2364 2409

progeny 3 Spl101 2364 2409 2489

progeny 4 Spl101 | 2209 2364 2489

progeny 5 Spl101 | 23648 2409 2489

progeny 6 Spl101 2364 2489 2569
progeny 7 Spl101 | 2209 2364 2480

progeny 8 Spl101 | 2209 2364 2409

progeny 9 Spl101 | 2209 2364 2489

progeny 10 Spl101 | 2209 2364 2569
progeny 11 Spl101 | 220948 2409

progeny 12 Spl101 | 2209 2364 2489

progeny 13 Spl101 | 2209 2364 2409

progeny 14 Spl101 | 220243 2409

progeny 15 Spl101 | 2209 2364 2409

progeny 16 Spl101 | 220948 2409

progeny 17 Spl101 | 2209 2364 2489

progeny 18 Spl101 | 2209 2364 2409

progeny 19 Spl101 | 220948 2569
progeny 20 Spl101 | 220948 2409

progeny 21 Spl101 2364 2409 2569
progeny 22 Spl101 | 2208 2409 2569
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Table 2. Fragmentation analyses results at locus Spl 173 for hybridization of A.
gueldenstaedtii tetraploid female with A. ruthenus diploid male (? - maternal
alleles; & - paternal alleles).

Sample Marker Allele 1 Allele 2 Allele 3 Allele 4 Allele 5 Allele 6
Agueldenstaedtil| spii73 2280 2329 2409 2487
A.ruthenus male | Spl173 | 2204 2364

progeny 1 Spl173 | 2208 2289 2409

progeny 2 Spl173 | 2208 2289 2489
progeny 3 Spl173 | 2208 2409 2489
progeny 4 Spl173 2289 2364 2409

progeny 5 Spl173 2289 2329 23648

progeny 6 Spl173 | 2208 2329 2489
progeny 7 Spl173 2289 2329

progeny 8 Spl173 2329 2409

progeny 9 Spl173 2289 2364 2409

progeny 10 Spl173 | 2208 2289 2329

progeny 11 Spl173 | 22048 2329 2489
progeny 12 Spl173 | 22048 2409 2489
progeny 13 Spl173

progeny 14 Spl173 2329 2364 2409

progeny 15 Spl173 2289 2364 2409
progeny 16 Spl173 2289 2364 2409

progeny 17 Spl173 2289 2364 2409
progeny 18 Spl173 2289 2329 2364

progeny 19 Spl173 2289 2364 2489
progeny 20 Spl173 | 2208 2289 2409

progeny 21 Spl173 2280 2329 2368

progeny 22 Spl173 | 2208 2289 2409
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Table 3. Fragmentation analyses results at locus Spl 173 for purebreeding of
tetraploid A. baerii (? - maternal alleles; 3 - paternal alleles; 33 - if two same
alleles were inherited from paternal specimen).

Sample Marker Allele 1 Allele 2 Allele 3 Allele 4 Allele 5 Allele 6
A.baeriifemale | Spl173 | 2209 2409 2489 2569
A.baerii male Spl173 2443 2523

progeny 1 Spl173 2489 25243 2569
progeny 2 Spl173 2443 2489 2524 2569
progeny 3 Spl173 | 2209 2489 252343
progeny 4 Spl173 2409 2444 2524 2569
progeny 5 Spl173 2443 2489 2524 2569
progeny 6 Spl173 2443 2489 2524 2569
progeny 7 Spl173 2409 252434 2569
progeny 8 Spl173 2409 2443 2524 2569
progeny 9 Spl173 | 2209 2443 2528 2569
progeny 10 Spl173 | 220Q 24092 24443 2523

progeny 11 Spl173 2409 2482 25243
progeny 12 Spl173 | 2209 25283 2569
progeny 13 Spl173 | 2209 2409 252443
progeny 14 Spl173 | 2209 2443 2524 2569
progeny 15 Spl173 2409 2443 2482 2524

progeny 16 Spl173 2489 252438 2569
progeny 17 Spl173 2409 2443 25248 2569
progeny 18 Spl173 2409 25243 2569
progeny 19 Spl173 | 2209 2409 24443 2524

progeny 20 Spl173 | 2209 25243 2569
progeny 21 Spl173 | 2209 2409 2443 2524

progeny 22 Spl173 | 2209 252843 2569
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Table 4. Fragmentation analyses results at locus Aox 45 for hybridization of A.
gueldenstaedetii tetraploid female with A. baerii tetraploid male (9 — maternal alleles;
d - paternal alleles).

Sample Marker  Allele 1 Allele2 Allele 3 Allele4 Allele5 Allele6 Allele 7 Allele 8
Argueldenstaedtil| poxas | 1219 1420 1456 1579
A.baerii male Aox45 1244 1308 1394 1518
progeny 1 Aox45 12473 1459 1513 1579
progeny 2 Aox45 1304 1394 1429 1459

progeny 3 Aox45 1304 1394 1429 1459

progeny 4 Aox45 (1219 12473 1429 1513
progeny 5 Aox45 (1219 12473 1459 1513
progeny 6 Aox45 | 1219 1394 1459 1514
progeny 7 Aox45 1243 1429 1514 1579
progeny 8 Aox45 12473 1429 1513 1579
progeny 9 Aox45 (1219 12473 1429 1513
progeny 10 Aox45 1394 1429 1518 1579
progeny 11 Aox45 (1219 12473 15148 1579
progeny 12 Aox45 1304 1394 1459 1579
progeny 13 Aox45 1308 1429 1518 1579
progeny 14 Aox45 (1219 12473 1518 1579
progeny 15 Aox45 1304 13948 1429 1459

progeny 16 Aox45 (1219 12473 1459 1518
progeny 17 Aox45 1219 1304 1394 1459

progeny 18 Aox45 1219 1394 1459 1513
progeny 19 Aox45 | 1219 1304 1398 1459

progeny 20 Aox45 (1219 1248 1308 1579
progeny 21 Aox45 | 1219 1308 1459 1513
progeny 22 Aox45 1219 12473 1459 1513
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Table 5. Fragmentation analyses results at locus Aox 45 for hybridization of A. baerii
tetraploid female with A. baerii hexaploid male (¢ - maternal alleles; 3 - paternal
alleles; Q& - alleles inherited from both parents; * origin of alleles was not possible
to estimated).

Sample Marker Allele1 Allele2 Allele3 Allele4 Allele5 Allele6 Allele 7
Argueldenstaedti] poxas 1279 1300 1480

A.baerii male Aox45 (1248 12748 1364 1424 1488 15148
progeny 1 Aox45 |1243 1309 1424 1489 15148
progeny 2 Aox45 1279 1364 1428 1489 1513
progeny 3 Aox45 1243 1309 1428 1489 15148
progeny 4 Aox45 (1243 1279 1309 1364 14278

progeny 5 Aox45 127* 1309 1423 148*

progeny 6 Aox45 127* 1364 1423 148*

progeny 7 Aox45 [1248 127* 1309 13648 148*

progeny 8 Aox45 (1248 127* 148* 15148
progeny 9 Aox45 127* 1364 1428 148*

progeny 10 Aox45 12793 1428 14894
progeny 11 Aox45 127* 1309 1428 148*

progeny 12 Aox45 1244 130@ 13648 148*

progeny 13 Aox45 127923 1364 1489243
progeny 14 Aox45

progeny 15 Aox45 1309 1364 1428 14824
progeny 16 Aox45 12723 1364 1489043
progeny 17 Aox45 127* 130@ 13648 148*

progeny 18 Aox45 127+ 130@ 1364 148*

progeny 19 Aox45 127* 130Q 13648 148*

progeny 20 Aox45 127* 1428 148 1514
progeny 21 Aox45 (1243 127* 1309 13648 148*

progeny 22 Aox45 (12443 1309 148* 15143
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GENERAL DISCUSSION

Sturgeon ploidy levels

Large number of chromosomes and microchromosomes makes evaluation of ploidy
level of acipenseriform species very complicated. This is moreover enhanced by long
evolution of sturgeon genome where genome duplication and functional reductions
events played very important role (Birstein et al., 1997; Ludwig et al., 2001, Peng et
al., 2007). Ploidy relationships among extant groups of Acipenseriformes have been
determined by applying a variety of techniques such as chromosome counts (e.g.
Fontana, 2002), cell comparison and genome size estimation (e.g. Birstein et al.,
1993; Blacklidge and Bidwell, 1993; Zhou et al., 2011; Bytyutskyy et al., 2012) and
also by banding pattern of microsatellite markers (Ludwig et al., 2001). Despite of this
wide range of techniques and increasing availability of modern molecular methods,
ploidy levels of recent acipenseriform species remain unresolved in literature with
many conflicting opinions.

Generally, results obtained from investigation of whole genome of sturgeon
species usually supported evolutionary scale of their ploidy levels while results
obtained from investigation of banding pattern of different molecular markers
rather supported recent ploidy scale of sturgeon species. This might be caused by
complicated evolutionary history of sturgeon species via genome duplication and
functional reduction events.

In the first study (Havelka et al.,, 2013a; Chapter 2) ploidy levels of eleven
sturgeon species from three ploidy groups were investigated using set of eleven
highly polymorphic microsatellite markers. Microsatellite markers could permit
direct although partial view into the sturgeon genome (Ludwig et al., 2001) and
might be also useful tool for estimation of ploidy levels of almost all members
of Acipenseriformes even though these markers were originally developed only
for several sturgeon species as was reviewed in Chapter 1. This is allowed by the
conservation of microsatellite flanking region among related species which suggest
that developed markers for one species would be useful for family - wide scale as
was already demonstrated also in sturgeons (e.g. May et al., 1997; McQuown et al.,
2000, King et al., 2001, Ludwig et al., 2001, Jenneckens et al., 2001, Welsh et al.,
2003 and others).

Maximum number of alleles observed at given locus provides evidence of ploidy
level at that locus. Maximally two alleles, differing in size (diploid allelic band
pattern) are expected for diploid locus, four different alleles (tetraploid allelic band
pattern) for tetraploid locus and so on. However, estimation of true ploidy levels
of acipenseriform species using microsatellites is more complicated due to their
polyploid ancestry. The presence of two alleles at given locus may indicate diploidy,
but cannot exclude tetraploidy and frequent genome duplication and functional
reduction during sturgeon evolution might also misrepresent true ploidy levels
of investigated species. Furthermore finding of maximal number of alleles within
investigated individuals may be negatively influenced by low level of polymorphism
whichis typical problemin species with small population size such as in sturgeons and
paddlefishes (Ludwig et al., 2001). It means that large panel of microsatellite markers
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and sufficient numbers of analyzed individuals are necessary to use for accurate
investigation of sturgeon ploidy levels, in order to avoid some misunderstandings.

Inagreementwith Ludwigetal. (2001) weclassified specieswith~120 chromosomes
as functional (recent) diploids and species with ~240-270 chromosomes as functional
(recent) tetraploids. This suggestion was based on observation of strict diploid
allelic band pattern at seven investigated loci and tetraploid allelic band pattern
at the same loci respectively. This classification of sturgeon ploidy levels was also
supported by observation of Fontana (1994). This author observed localization of
nucleolar organizer regions (NORs) on two morphologically different chromosomes
in A. ruthenus, while in A. baerii, A. transmontanus and A. naccarii NORs were
localized on eight chromosomes arranged in quadruplets. Moreover, observation of
four duplicated loci in genomes of investigated species in our study (Havelka et al.,
2013a; Chapter 2) referred to coexistence of diploid/tetraploid and/or tetraploid/
octaploid allelic band patterns which might be ascribed to a secondary functional
genome reduction as was assumed by Ludwig et al. (2001). While these authors
observed only two duplicated loci and only in species with ~240-270 chromosomes
we provided more detailed evidence by observation of four duplicated loci in all
investigated species.

We generally agreed with common consideration that diploid ancestor of all
Acipenseriformes had 60 chromosomes. Several linage specific duplication events
must have occurred which resulted in present chromosome and ploidy diversity of
sturgeon species (Birstein et al., 1997).

On the other hand, secondary functional genome reduction took also place in
sturgeon evolution undoubtedly. These reductions went probably through the
differentiation of duplicated chromosomes into the distinct duplex, tetraplex and
hexaplex of homeologs. Because species with ~ 120 chromosomes are considered
to be basal group of Acipenseriformes (Krieger et al., 2008), they had longer time
for these reduction events which resulted in fact that functional genome reduction
was nearly finished in this group (Ludwig et al., 2001). Nevertheless, presence of
tetraploid allelic band patters in species with ~ 120 chromosomes and octaploid
allelic band pattern in species with ~240-270 chromosomes at four loci investigated
in our study (Havelka et al., 2013a; Chapter 2) showed that functional reduction of
sturgeon genome is still an ongoing process and that some fractions of sturgeon
genome still exhibit the tetraploid, octaploid and dodecaploid conformation. This
situation has been already described even in fully diploidized species, in which
residual evidence of polyploid ancestry (e.g. residual tetrasomy) were occasionally
observed (Allendorf and Thorgaard, 1984).

Based of our results we would dare to offer solution of long problem of sturgeon
ploidy scale classification. We considered that many conflicting opinions were caused
by interpretation of data obtained by different methods without any respect to
sturgeon genome evolution. As a result of genome duplication events, number of
chromosomes, number of alleles at given locus, genome size and nuclear size have
been multiplied (Birstein et al., 1993; Blacklidge and Bidwell, 1993; Ludwig et al.,,
2001; Fontana 2002; Zhou et al., 2011; Bytyutskyy et al., 2012 and many others).
Nevertheless, functional genome reductions were carried out only at the molecular
level but did not concern whole genomes. Later on, studies which investigated
sturgeons’ ploidy levels using analyses of molecular markers or chromosome probes
usually referred to recent ploidy scale mainly because they affected just only molecular
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nature of sturgeons’ genome conformation. This was evident from data obtained in
our study (Havelka et al., 2013a; Chapter 2) and also from other studies (e.g. Fontana,
1994; Ludwig et al., 2001; Fontana, 2002; Fontana et al., 2008). However, some of
these studies also pointed to the evolutionary background of sturgeon ploidy levels.
As an example of it could be seen observation of duplicated microsatellite loci Afu 57
and Afu 68 (May et al., 1997) in species with ~ 240-270 chromosomes by Ludwig et
al. (2001) as well as four duplicated microsatellite loci observed across all analyzed
species in our study (Havelka et al., 2013a; Chapter 2).

In contrast to the molecular markers, chromosome numbers and content of DNA in
cell nuclei had not been reduced by functional reduction events and they still reflect
evolutionary ploidy scale without any respect to recent sturgeon genome evolution
via functional reductions. It might be the reason way almost all authors who used
these techniques (e.g. Ohno et al., 1969; Birstein and Vasilev, 1987; Birstein et al.,
1993; Blacklidge and Bidwell, 1993; Birstein and DeSalle, 1998; FlajShans and Vajcova,
2000) supported evolutionary ploidy scales of sturgeon species. Based on these
considerations we concluded that there should not be any conflict in sturgeon ploidy
levels but its interpretation must be strictly connected with detailed description of
technique used for ploidy level estimation. Due to the fact that sturgeon species
of the same ploidy level exhibit different nuclear DNA contents (Zhou et al., 2017,
Bytyutskyy et al., 2012), we also highly recommend to discriminate terminologically
between chromosomal ploidy and DNA ploidy of sturgeon species, similarly it has
been suggested by Suda et al. (2006) for plants.

Some misunderstanding also occurred in discrimination of ploidy levels of some
sturgeon species. In our study (Havelka et al., 2013a; Chapter 2) we brought
novel evidence about hexaploid genome conformation of A. brevirostrum given by
microsatellite data. Using the genome size estimation, Blacklidge and Bidwell (1993)
supposed this species to be evolutionary dodecaploid (12n) and they suggested
that A. brevirostrum originated from spontaneous triploidization of hybrids between
evolutionary tetraploid and evolutionary octaploid sturgeons’ species. In respect to
observation of twelve alleles differing in size at locus Atr 114 (Rodzen and May
2002) in our study (Havelka et al., 2013a, Chapter 2) we generally approved that
A. brevirostrum was correctly classified as evolutionary dodecaploid by Blacklidge
and Bidwell (1993). On the other hand, based on finding of six alleles differing in
size at seven investigated loci, we also agreed with Fontana et al. (2008), that this
A. brevirostrum could be also classified as a functional (recent) hexaploid. Our
observation was in contrast to Ludwig et al. (2001) who classified this species as
functional (recent) octaploid based on observation of eight alleles differing in size at
locus Afu 54 (May et al. 1997). Nevertheless, these authors correctly mentioned that
low sample size (they were able to obtained only six samples due to the endangered
status of A. brevirosturm) could cause misinterpretation of analyzed data.

Origin of abnormal ploidy levels of sturgeon species

As abnormal ploidy levels are usually called these, which are out of typical ploidy of
pure sturgeon species. Nevertheless, expression “abnormal” sounds questionable in
respect to the sturgeon evolution via genome duplication and functional reduction
which is probably still an ongoing process. Nobody knows if exactly these individuals
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with “abnormal” ploidy levels are not another step in complicated sturgeon evolution.
Both way, these individuals were commonly observed in wild populations as well as
in sturgeon aquaculture stocks and their origin might be explained by several ways.

Interspecific hybridization between species with different chromosome numbers
and ploidy levels is widely accepted mechanism of formation of “abnormal” ploidy
levelsin sturgeons. Hybrids resulted from hybridization between species with different
chromosome numbers and ploidy levels were considered to have chromosome
number and ploidy level intermediated to those parental species (Gorshkova et
al.,, 1996) while hybrids resulted from hybridization between different sturgeon
species with the same chromosome number and ploidy level displayed ploidy and
chromosome number as had been borne by their parents (Ene et al., 2001; Birstein,
2002). The changes in ploidy levels and chromosomes numbers had to be necessarily
tied to the molecular level and their observation by microsatellite markers was
possible as we demonstrated in our results (Chapter 5). By experimental crossing
of recent diploid A. ruthenus with recent tetraploid A. baerii or A. gueldenstaedtii
we obtained individuals with mainly triploid allelic band patters at analyzed loci in
which two alleles were inherited from recent tetraploid specimen and one allele from
recent diploid specimen. These exactly reflected basic principles of chromosome
segregation during the meiosis of polyploid species (recently reviewed by Cifuentes
et al., 2010). Similarly Ludwig et al. (2009) observed eight individuals with more
then two alleles in one or more analyzed microsatellite loci in Upper Danube and
based on observation of mtDNA haplotypes of A. ruthenus they identified five of
these individuals as hybrids.

Another proof of formation of “abnormal” ploidy levels via interspecific hybridization
of sturgeons was provided in Chapter 4. Experimental hybridization of fertile triploid
A. baerii male with “normal” females of A. baerii and A. gueldenstaedtii were done
and resulted progeny as well as parental species were analyzed using a wide scale
of methods. Obtained results showed that analyzed progeny had intermediate
DNA content, allelic band patters at analyzed microsatellite loci, cell nuclear area
and chromosome number to those of the parents referring to recent pentaploidy.
Bearing in mind that spontaneous triploid of recent tetraploid A. baerii was hexaploid
(see Results in Chapter 4.) microsatellite locus Aox 45 (King et al., 2001) allowed
estimation of pattern of gene segregation during described crossbreeding of this
specimen. Obtained recent pentaploid progeny had three microsatellite alleles
inherited from spontaneous triploid A. baerii male and two alleles inherited from
“normal” recent tetraploid females.

In addition to that, the first detailed evidence about fertility of triploid sturgeon
was provided by these results in contrast to the general belief in sterility or
subfertility of triploid fishes due to interference of gametogenesis (Piferrer et al.,
2009). In respect to these results, fertility of sturgeons with “abnormal” ploidy levels
(possibly hybrids) must be seriously considered. If these hybrids with “abnormal”
ploidy level were fertile, it could result in genetic contamination of genepools
of pure sturgeon species which could cause irreparable loss of species genetic
integrity. Fertility and later hybridization of specimens with “abnormal” ploidy levels
might directly affect ploidy of resulted individuals as was described by Symonova
et al. (2010) in detail. Using flow cytometry, image cytometry of erythrocyte
nuclear dimensions and direct karyotyping, these authors described sturgeon
individuals with evolutionary ploidy levels and chromosome numbers varied from
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paleopentaploid 5n (~ 150 chromosomes), through paleohexaploid 6n (~ 180
chromosomes) and paleoheptaploid 7n (~ 210 chromosomes), to paleonanoploid
9n (~ 270 chromosomes) and paleodecaploid 10n (~ 300 chromosomes). These
ploidy plasticity described by these authors originated from systematic experimental
crossing of individuals with “abnormal” ploidy levels with pure A. ruthenus, A. baerii
and A. gueldenstaedtii (Symonova et al., 2010). While even ploidy levels observed by
Symonova et al. (2010) could be explained from molecular point of view without any
problems, odd ploidy levels observed by these authors upon cytogenetic methods
could not be expalained by molecular results due to the functional reduction events
as mentioned in the previous text.

Differences in ploidy levels and chromosome numbers can be theoretically used
for determination of sturgeon species. In adition to that, “abnormal” ploidy levels
were considered as a marker for sturgeon hybrid detection (Arefjev, 1999; Ene et al.,
2001), however in light of our recent findings (Havelka et al., 2013b; Chapter 3) is
evident that this procedure could not be accepted as an only method for the hybrid
detection.

Observed autotriploids of A. ruthenus in study Havelka et al. (2013b, Chapter 3) and
also confirmation of non hybrid origin of spontaneous triploid of A. baerii described
in Chapter 4. showed that autopolyploidization could be seen as another explanation
for formation of “abnormal” ploidy levels in order Acipenseriformes. Generally,
autopolyploidization is the process where chromosome sets are multiplied within
one species (Piferrer et al., 2009). This process might occur by several mechanisms:
i) dearrangement of gametogenesis caused by cytogenetic alternations on meiosis
(Cherfas et al., 1995); ii) suppression of second mitotic division due to cytoskeletal
changes in oocytes (Aegerter and Jalabert, 2004; Aegerter et al., 2005; Ezaz et al.,
2004; Flajshans et al., 2007); iii) disruption of the process of gamete fertilization
(e.g. polyspermy; Grunina et al., 1995; Recoubratsky et al., 1996; Kirankumar and
Pandian, 2004; Grunina et al., 2006).

In fish, autopolyploidization is not a rare event and it played important role in
evolution of salmonids (Allendorf and Thorgaad, 1984) and castostomids (Ferris and
Whitt, 1980). In sturgeon fishes, autopolyploidization is theoretically more probable
compared to other fish taxa, due to the presence of multiple micropyles in the
eggs which might be important prerequisite for possible polyspermic fertilization
(Dettlaff et al., 1993). In such case, sturgeon egg would have to be fertilized by two
or more spermatozoa as was described by Grunina et al. (2006). They produced
dispermic androgenetic progeny of A. stellatus by dispermic fertilization of eggs by
concentrated sperm. Similarly Grunina et al. (2011) produced androgenetic progeny
of A. baerii with same protocol as in previous case, but using cryopreserved sperm.
Nevertheless, PSenicka et al. (2010) suggested polyspermic fertilization highly
improbable in sturgeons. These authors described fertilization process in sturgeons
in detail and concluded that creation of cytoplasmatic projection in the sturgeon egg
after fusion with the spermatozoon blocked polyspermic fertilization. This fact makes
polyspermic fertilization as a formation mechanism of sturgeon autopolyploids with
“abnormal” ploidy level at least questionable.

In contrast to polyspermic fertilization, suppression of the second mitotic division
seems more plausible mechanism of formation of “abnormal” ploidy levels in sturgeon.
Spontaneous diploidization of the maternal chromosome set followed by fertilization
of this diploidized egg by haploid sperm is well known event in fish (Cherfas et al.,

-87 -



Chapter 6

1995; Borin et al., 2001; Centofante et al., 20071; Aegerter and Jalabert, 2004; Ezaz et
al., 2004). Autopolyploids (mainly triploids) were also observed in different sturgeon
species. Autopolyploids of A. transmontanus were reported by Drauch Schreier et al.
(2011). Presence of triploid individuals was detected by Omoto et al. (2005) among
progeny obtained from normally fertilized eggs of bester. In artificially produced
progeny of A. mikadoi Zhou et al., 2011 described the occurrence of individuals with
unusual ploidy for this species. By investigating of genome size Zhou et al. (2011)
suggested these individuals to be triploids and some of them even tetraploids. Later
on, Zhou et al. (2013) carried out the karyotype of previously observed triploids with
402 chromosomes. Hybrid origin of these individuals of A. mikadoi with “abnormal”
ploidy levels seems improbable even though these authors did not provide any
evidence for their autopolyploid origin.

In regard to the facts mentioned in previous paragraph and based on the results
of our study (Havelka et al., 2013b; Chapter 3) where we confirmed autopolyploid
origin of observed triploids of A. ruthenus and also based on confirmation of
autopolyploid origin of triploid A. baerii male in Chapter 4, we assumed that
spontaneous egg diploidization (usually by the junction of pronuclei in haploid egg
as a result of suppressing the second meiotic division) might be possible way for
formation of sturgeon autopolyploids. This general consideration was in contrast
to Van Eenennaam et al. (1996) and Vasilev (2009) who stated that frequencies of
spontaneous egg diploidization were close to zero in sturgeon.

Sturgeons still provide many unresolved questions and challenges for future
research. First of all, their endangered status shows that protection and restoration
interests must be conclusively placed above economical interests. Identification
and evaluation of suitable nuclear markers for species and hybrids identification
is necessary prerequisite for effective reintroduction of critically endangered
acipenseriform species, nevertheless, to best of our knowledge, these markers have
not been sufficiently identified. New techniques such “Next generation sequencing”
probably provide new insight into the complicated sturgeon genome and allow
identification not only of discriminative markers for species and hybrids identification
but also sex related genes, quantitative trait loci and so on.

Also sturgeon aquaculture might play very important role in saving of wild sturgeon
populations. Production of sturgeon juveniles for releasing programmes with
respecting of all conservation principles and recommendations formulated at the
6" International Symposium on Sturgeons in Wuhan 2009 (Rosenthal et al., 2011)
might help to preserve remaining wild sturgeon populations as was demonstrated
in Northern America (Pikitch et al., 2005). Moreover, increasing production of
caviar from aquaculture might ideally lead to the rapid decreasing of its prices on
international market which could result in decreasing of profitability of poaching. It
means that also in sturgeon aquaculture it is necessary to introduce new procedures
like genetic screening of intraspecific and interspecific integrity of stocks, production
of all female populations for more effective caviar production and many others.
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ENGLISH SUMMARY

Molecular aspects of interspecific hybridization of sturgeons
related to polyploidy and in situ conservation

Milos Havelka

Sturgeons (Chondrostei: Acipenseriformes) display markedly disjunct distributions
with awide occurrencein the northern hemisphere. Their unique benthic specialization,
conserved morphology, evolutionary age, the variation in their basic diadromous
life history, and the large public interest due to their near extinction or critically
endangered status make sturgeons and paddlefishes one of the most interesting
group of vertebrates. In addition to that, ploidy diversity of Acipenseriformes
possessing three ploidy groups having ~ 120 chromosomes, ~ 240-270 chromosomes
and ~ 360 chromosomes provides unique model for investigation of evolutionary
processes which were going through the genome duplication events. Sturgeons are
also notoriously known for their strong propensity to interspecific and intergeneric
hybridization which can result in hybrids with various ploidy levels. All these facts
make sturgeon genetics and cytogenetics a thriving but also complicated area for
research.

In the present work, the role of genome duplication and functional reduction
evens in evolution of sturgeon species as well as sturgeons’ ploidy levels and ploidy
relationships among Acipenseriformes were investigated using molecular markers.
In addition to that, clarification of origin of abnormal ploidy levels and observation
of segregation pattern of microsatellite alleles in the course of hybridization of
polyploid sturgeon species were included into this study.

Using allele number evaluation at eleven microsatellite loci, evidence for
functional diploidy, tetraploidy and hexaploidy in species possessing 120, 250 and
360 chromosomes, was provided. Moreover, observation of coexistence of diploid
and tetraploid and/or tetraploid and octaploid allelic band patters in the same
sturgeon genome confirmed that functional genome reduction played important
role in recent sturgeon evolution and that this might be still an ongoing process.
Based on observation of twelve alleles differing in size at microsatellite locus Atr
114, the remnant of the evolutionary dodecaploid genome conformation of A.
brevirostrum was firstly observed by molecular data. However, with the respect to
the determination of six functionally reduced microsatellite loci we confirmed that
due to the recent functional genome reduction events, current functional ploidy
status of A. brevirostum correspond to the hexaploidy.

Experimental crossbreeding of sturgeon species bearing different ploidy levels and
chromosome numbers, followed by molecular investigation of obtained progeny,
supported wildly accepted consideration about intermediate genome conformation
of hybrids in respect to their parental species. Nevertheless, clarification of the
origin of abnormal ploidy levels provided in this study showed that hybridization
events did not have to be the only possible formation mechanism of abnormal
ploidy levels of sturgeon species. Molecular investigation of six triploid specimens
morphologically identified as A. ruthenus, in combination with five successive
statistical analyses proved that one extra chromosome set added in genomes of
these triploids originated from autotriploidization rather then from interspecific
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hybridization. Similarly, confirmation of non hybrid origin of investigated triploid A.
baerii male supported autopolyploidization as another mechanism of formation of
sturgeons’ abnormal ploidy levels.

Finally, detailed analyses of progeny obtained from experimental crossbreeding of
spontaneous triploid of A. baerii male with A. baerii and A. gueldenstaedtii females
provided clear evidence about fertility of this triploid in contrast to general belief in
sterility or subfertility of triploid fishes due to interference of gametogenesis.

With regard to the all considerations and observations provided by this study
we concluded that evolution of sturgeon species is still widely dynamic and
ongoing process which might goes through the allopolyplodization as well as
autopolyplidization events.
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CZECH SUMMARY

Molekularni aspekty mezidruhové hybridizace jeseterovitych ryb
ve vztahu k polyploidii a in situ konzervaci

Milos Havelka

Jednotlivé druhy jeseterll (nadfdd: chrupavciti, rad: jeseteri) vykazuji vyraznou
disjunkci aredlu svého rozsifeni na severni polokouli. Jejich potravni specializace,
morfologie, evolu¢ni historie a také status kriticky ohrozenych druhd, v nékterych
pfipadech dokonce druhd na pokraji vyhynuti, déld z jeseterl a veslonosl jednu
z nejzajimavéjsich skupin obratlovch na nasi planeté. Mimoto, ploidni diverzita
jeseterovitych ryb, reprezentovana druhy s ~ 120 chromozémy, 240-270 chromozomy
a jednim druhem s ~ 360 chromozémy v jadrech svych bunék, poskytuje unikatni
model pro studium evolucnich procest jdoucich skrze celogenomové duplikacni
udalosti. Jeseterovité ryby jsou také notoricky znamé pro svoji vyraznou nachylnost
k mezidruhové hybridizaci, kterd mize mit za nasledek tvorbu hybrid( s rdznymi
urovnémi ploidie. Vsechny tyto skutecnosti délaji ze studia genetiky a cytogenetiky
jeseterovitych ryb prosperuijici, ale také obtiznou oblast védeckého poznani.

V této praci byl za pomoci zvolenych molekuldarnich markrd studovan vyznam
celogenomovych duplikacnich a funkéné redukénich udalosti v evoluci jeseterd, jejich
ploidni irovné a ploidni vztahy uvnitf tohoto fadu chrupavcitych ryb. Dale byl studovan
plvod abnormadlnich ploidnich Urovni jeseterovitych ryb a také vzor segregace
mikrosatelitnich alel pfi mezidruhové hybridizaci polyploidnich druhl jeseterd.

Pomoci vyhodnocovani poctu alel na jedenacti mikrosatelitnich lokusech bylo
prokdzano funkéné diploidni, respektive tetraploidni a hexaploidni uspofadani
genomu jeseterovitych ryb se ~ 120 chromozémy, 240-270 chromozémy a ~ 360
chromozoémy. Navic, koexistence diploidniho a tetraploidniho nebo tetraploidniho
a oktaploidniho alelového vzoru vzdy u jednoho ze studovanych druh( potvrdila, Ze
funkéni genomové redukce hraly vyznamnou roli v nedavné evoluéni historii jeseter(
a Ze tento proces nemusi byt zcela ukonc¢en. Na zakladé nalezeni az dvanacti riznych
alel na lokusu Atr 114 byl poprvé pozorovan pozlstatek evoluc¢ni dodekaploidie
jesetera kratkorypého na molekularni drovni. Nicméné, s ohledem k soubé&znému
nalezeni Sesti funkéné redukovanych mikrosatelitnich lokustG bylo v této studii
potvrzeno soucastné funkéné hexaploidni usporadani genomu tohoto druhu.

Experimentalni kfizeni druhd jeseter( s rlznymi drovnémi ploidie a s rozdilnym
poc¢tem chromozémd, nasledované molekularni analyzou ziskaného potomstva,
potvrdilo Siroce akceptovany predpoklad o intermedidlnim usporadani genomu
hybridnich jedincl s ohledem na plvodni rodi¢ovské druhy. Nicméné, ovéreni
plvodu abnormalnich ploidii také realizované v této studii ukazalo, Ze hybridizace
nemusi byt nutné jedinym mechanizmem formovani abnormalnich plodnich
urovni u jeseterovitych ryb. Molekuldrni analyza Sesti funkéné triploidnich jedincd,
morfologicky urcenych jako jeseter maly, v kombinaci s péti statistickymi metodami
dokazala, Ze jedna prfidana sadka chromozom( v genomu téchto triploidd pochazi
spiSe z autopolyploidizace nez z mezidruhové hybridizace. Obdobné, potvrzeni
nehybridniho plvodu triploidniho samce jesetera sibifského podpofilo predpoklad
o autopolyploidizaci jako dals$im mozném mechanizmu formovani abnormalnich
ploidnich drovni jeseterovitych ryb.
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Konecné, podrobna analyza potomstva ziskaného z experimentalniho kfiZzeni
spontanné triploidniho samce jesetera sibifského se samicemi jesetera sibifského
a ruského poskytla jasny dlkaz o plodnosti tohoto triploidniho jedince, a to i
navzdory obecnému predpokladu sterility triploidnich ryb v dlsledku naruseni
gametogeneze.

S ohledem na vsechny predpoklady a pozorovani popsané v této studii jsme
dopéli k zavéru, zZe evoluce jeseterovitych ryb je stale dynamicky probihajici proces,
ktery mlGze probihat skrze allopolyploidizacni stejné tak jako autopolyploidiza¢ni
udalosti.
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