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Abstract  

Xenopus frogs are interesting models for different kinds of studies, due to their particular 

characteristics. The different levels of polyploidy in different frogs make them also valuable models 

for cytogenetic and evolutionary analysis. This project investigates the evolutionary dynamics of 

chromosomal rearrangements within the family Pipidae, focusing on members from the genera 

Xenopus, Silurana, and Hymenochirus. We examined the chromosome morphology and 

rearrangements in the allotetraploid frog, Xenopus calcaratus, revealing distinct characteristics 

between its subgenomes. The a-subgenome is more conserved, while the b-subgenome has evolved 

more rapidly. A specific chromosomal translocation observed in X. mellotropicalis but not in X. 

calcaratus highlights differences in chromosomal rearrangements between these species. We 

suggested that a single allotetraploidization event led to the emergence of X. mellotropicalis, X. 

epitropicalis, and X. calcaratus, with the translocation occurring post-divergence of X. calcaratus but 

pre-speciation of X. mellotropicalis and X. epitropicalis. Another scenario involves two independent 

allotetraploidization events. 

We also explored the roles of polyploidization and divergence in the evolution of repetitive elements 

in six species of African clawed frogs. Combining cytogenetic and genomic data analysis, we mapped 

U1 and U2 small nuclear RNAs and histone H3 in both diploid and allotetraploid species. The results 

showed conservation of these elements in diploid and tetraploid species from the subgenus Silurana, 

while variation was observed among allotetraploid species from the subgenus Xenopus. These 

findings suggest that polyploidization initially duplicates tandem repeats, but their copy number can 

vary over time due to reduction and expansion. 

Preliminary analysis of the genome of X. borealis revealed around 4-6% differences between its two 

subgenomes, providing initial insights for future research. Additionally, we discovered that the 

Hymenochirus boettgeri from the Congo is tetraploid, with significant differences from captive diploid 

populations. This suggests the need for further research to clarify the taxonomy and evolutionary 

history of Hymenochirus. We propose distinguishing the captive population as Hymenochirus sp. from 

the wild population, which retains the name H. boettgeri. 
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Evolutionary dynamics of chromosomal 

rearrangements within the family Pipidae 

 

1 Introduction 

 

 

1.1 African clawed frogs (Xenopus) as model organism  

 

African clawed frogs, genus Xenopus, (family Pipidae), are a population of frogs living in the area of 

central Africa. They are divided into subgenera Xenopus and Silurana, Silurana includes diploid and 

tetraploid species, while Xenopus includes tetraploid, octoploid, and dodecaploid species in 

(Tymowska, 1991; Evans et al., 2015; Furman et al., 2018). 

Xenopus tropicalis (from subgenus Silurana) and Xenopus laevis (from subgenus Xenopus) are model 

organisms widely used in medicine and biology, for different purposes. Xenopus laevis and X. 

tropicalis are both aquatic animals, and it’s easy to store them in an aquarium or in a tank, since they 

don’t need any complicated care or particular environments. The size of the eggs (~1.2mm diameter) 

makes them easy to manipulate, helped by the large quantities they are laid. Usually Xenopus frogs 

deposit multiple eggs at once, X. laevis can produce around 1000 eggs with every single brood, while 

X. tropicalis can lay up to 3000 eggs. Under the right conditions, Xenopus females can be mated every 

two months, while males only once a month. For this reason they have always been considered a 

valuable tool for studying early embryonic development. Eggs production can be easily stimulated, 

using hormones like chorionic gonadotropin. Back in the 1930s Xenopus frogs were used as a 

pregnancy test for women, for the presence of a hormone in the urine of pregnant women, that 

stimulated the laying of the eggs by the frog (Shapiro and Zwarenstein, 1934). Same method is utilized 

as well in the laboratory, for the production of eggs. After some months of rest, frogs can be induced 

again. The facilitated control of egg production makes Xenopus a valuable model for many studies. 

Xenopus is widely used for studying embryonic development (Figure 1), the changes during the ages 

and stress response as well as diseases and malformations. 

There are many features which make Xenopus a unique model organism, such as the possibility to 

manipulate the embryos easily, they can be injected with different chemicals into the total embryo or 

into selected cells. Moreover the cell destiny of each early embryonic cell is well known in literature, 

making it an easy target for gene knock-out, knockdown and overexpression studies. Xenopus 

oocytes are a useful tool for research on ion movement and channel function and in environmental 

toxicology, extensive genetic screenings that have revealed genes that play roles in various 

developmental and physiological processes. 

Xenopus models are very useful, besides the already mentioned oocyte and embryo characteristics 

also for the high reproductive capacity, swift external development, and straightforward genomic 

modification. Xenopus are used also as models for human diseases, since they share around 79% 

genes associated with a disease, in humans (Hellsten et al., 2010; Khokha, 2012; Tandon et al., 2017). 

https://www.zotero.org/google-docs/?5K7Xg3
https://www.zotero.org/google-docs/?5K7Xg3
https://www.zotero.org/google-docs/?5K7Xg3
https://www.zotero.org/google-docs/?JWx6sN
https://www.zotero.org/google-docs/?2Sjjea
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Moreover they are rapid to breed, cheap, easy to manipulate with and have a high successful ratio of 

gene mutation using CRISPR/Cas, compared to mammalian models. It has been reported in many 

studies that CRISPR/Cas modifications can be used for phenotype analysis in the F1 generations of 

both animals, X. laevis and X. tropicalis (Bhattacharya et al., 2015; Blitz et al., 2013; Wang et al., 

2015).  

 
 

Figure 1. Life cycle of Xenopus laevis (Gerhart and Kirschner, 2020). 

 

Lately Xenopus frogs were successfully used as a model Investigating spinal cord morphogenesis, 

functionality, and recovery (Borodinsky, 2017), as demonstration of their great adaptability and wide 

use for various biological fields. Xenopus laevis is also an excellent model for analysis on the 

development of the heart (Warkman and Krieg, 2007). The large size of the embryo allows the use of 

microinjections for gene manipulation, an approach used to study the gene function overexpressing 

or silencing a specific gene of interest. 

https://www.zotero.org/google-docs/?gY4oNV
https://www.zotero.org/google-docs/?gY4oNV
https://www.zotero.org/google-docs/?JO15j5
https://www.zotero.org/google-docs/?6xHrOo
https://www.zotero.org/google-docs/?c10UkF
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Figure 2. The examination of external features between the subgenera Xenopus (right, specimen of 

X. victorianus CAS 250836 [DCB-202]) and Silurana (left, X. calcaratus CAS 207759) highlights 

several distinctions. Silurana has a smaller portion of the eye covered by the lower eyelid (top), shorter 

feet (middle), and cloacal lobes that are fused ventrally, compared to Xenopus. It also possesses a 

claw on the prehallux and lacks a skin ridge on the first toe from the prehallux (bottom).  

In Silurana, the skin texture is coarser, the eyes are comparatively smaller, and the subocular tentacle 

is shorter relative to coexisting Xenopus species (Evans et al., 2015). 

 

Both X. tropicalis and X. laevis genome have been fully sequenced (Hellsten et al., 2010; Roe et al., 

1985; Session et al., 2016). Researchers discovered the genome of X. tropicalis contains more than 

20,000 protein-coding genes, which include orthologs of at least 1,700 genes associated with human 

diseases. This makes X. tropicalis a viable human diseases model. The size of the X. laevis genome 

is 2.7 billion base pairs spread across 18 chromosomes (Session et al., 2016). It also has a longer 

maturation time, taking 1-2 years to reach the adult form, able to lay eggs. Xenopus tropicalis is a 

simpler alternative. This diploid species has a genome size of about 1.7 billion base pairs on only 10 

chromosomes (n=10) (Hellsten et al., 2010), and matures much faster than X. laevis (Tymowska, 

1991). 

https://www.zotero.org/google-docs/?qYXTQu
https://www.zotero.org/google-docs/?15510N
https://www.zotero.org/google-docs/?15510N
https://www.zotero.org/google-docs/?J8iYpL
https://www.zotero.org/google-docs/?HKwKlx
https://www.zotero.org/google-docs/?pPtqnV
https://www.zotero.org/google-docs/?pPtqnV
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The availability of the complete genome of X. tropicalis and X. laevis make them valuable tools for 

studying human diseases (Nenni et al., 2019) as well as their relatively phylogenetic close distance to 

humans (Figure 3). 

 

 
Figure  3. Phylogenetic tree illustrates the evolutionary relationships among the primary animal models 

frequently utilized in biomedical research. Periods of separation, expressed millions of years ago 

(Mya), are taken from studies using multi proteins and genes (Hedges, 2002; Hedges and Kumar, 

2002; Wheeler and Brändli, 2009). Note that the branch lengths are not proportional to time (Wheeler 

and Brändli, 2009). 

 

 

 

 

 

1.2 Hymenochirus boettgeri relevance in research  

An interesting pipid species for our research is the dwarf clawed frog (Hymenochirus boettgeri). 

https://www.zotero.org/google-docs/?GHBfzh
https://www.zotero.org/google-docs/?bIB5jK
https://www.zotero.org/google-docs/?bIB5jK
https://www.zotero.org/google-docs/?C4mb6B
https://www.zotero.org/google-docs/?C4mb6B
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Dwarf clawed frogs, found in captivity, are not commonly used as animals for the research but they 

are widely used as pets, kept in aquariums. However, the name ‘H. boettgeri’ was usually used in 

laboratory studies and in publications, even when the frogs were taken from captive populations 

(Cauret et al., 2020; Mezzasalma et al., 2015; Miller et al., 2019; Höbel and Fellows). Nowadays this 

dwarf clawed frog is considered a valuable model species (Bredeson et al., 2024). 

 

Xenopus and Hymenochirus are phylogenetic close, as can be seen in Figure 4. 

 

 
Figure 4. Phylogenetic tree illustrating the various frog species divergence. Adapted from (Irisarri et 

al., 2011). 

 

Dwarf clawed frogs (Hymenochirus sp.) that we have nowadays in aquariums, kept as domestic pets, 

likely began in the 1950s, when pet fish companies imported these frogs from the wild to Europe and 

the USA (Olsson and Österdahl, 1960; Sokol, 1962). We don’t have precise geographic information 

about the origin of this speciesIn addition to documents stating that dwarf clawed frogs were shipped 

from Leopoldville, which is now known as Kinshasa in the Democratic Republic of the Congo (Rabb 

and Rabb, 1963) or ‘from Stanley Pool’ (Sokol, 1962), an area north-east of Kinshasa (Sokol, 1962). 

However, Leopoldville might have just been the shipping point, and Stanley Pool the arrival point 

(since collectors could have landed there due to its ports), meaning they may not be the actual areas 

of origin.There was two species, at least for what it's known, traditionally known with the names H. 

boettgeri and Hymenochirus curtipes, that were likely imported in the 1950s and even several years 

after (Sokol, 1962, 1959), through time H. boettgeri became more popular than the frog H. curtipes 

(Rabb and Rabb, 1963; Sokol, 1969). Hymenochirus curtipes is known to thrive in open areas and 

requires higher temperatures in captivity, especially for breeding. Additionally, its tadpoles require big 

tanks and much more space (Sokol; 1962,1969b). For that reason, H. curtipes might have gradually 

disappeared from captivity due to its higher breeding specialization and its demanding taking care 

(Kunz, 2002). Despite both species being mentioned in aquarium and herpetoculture literature, only 

one species seems to have been observed in aquaria in recent years (Kunz, 2003, 2002). It is usually 

referred to as H. boettgeri, even though it has been registered that the genus needs a taxonomic 

revision (Kunz, 2004). 

https://www.zotero.org/google-docs/?OZAIsn
https://www.zotero.org/google-docs/?OZAIsn
https://www.zotero.org/google-docs/?OZAIsn
https://www.zotero.org/google-docs/?TnPWeb
https://www.zotero.org/google-docs/?wdExcN
https://www.zotero.org/google-docs/?wdExcN
https://www.zotero.org/google-docs/?9WRwXP
https://www.zotero.org/google-docs/?jgospf
https://www.zotero.org/google-docs/?jgospf
https://www.zotero.org/google-docs/?cOs4Bc
https://www.zotero.org/google-docs/?jDTTtm
https://www.zotero.org/google-docs/?wdnjjm
https://www.zotero.org/google-docs/?MCwxPi
https://www.zotero.org/google-docs/?MCwxPi
https://www.zotero.org/google-docs/?EbKf7t
https://www.zotero.org/google-docs/?ZAo6Zn
https://www.zotero.org/google-docs/?yiA3H7
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The question if the two species analyzed were belonging to the same one of the captive population 

with H. boettgeri. There has been some discussion about certain morphological differences, leading 

to the hypothesis that the captive population might be a ‘domesticated’ hybrid between H. boettgeri 

and H. curtipes (Cecere, 1998). For example, typical morphological features of H. boettgeri include 

an oval body, broad head, monochromatic dorsum, and sides covered with enlarged tubercles (de 

Witte; 1930, Arnoult and Lamotte, 1968; Perret, 1966). Aquarium population, showed different 

morphology, the body sides have homogeneous tubercles without differentiated verrucous, the body 

is oval to pear-shaped, the head is not distinctly broad, and the dorsum is often mottled (Kunz, 2004) 

(Figure 5).  

 

 

 

https://www.zotero.org/google-docs/?SZaDFM
https://www.zotero.org/google-docs/?z78QZD
https://www.zotero.org/google-docs/?W48Z6S
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Figure 5. Dwarf clawed frogs, Hymenochirus sp. (captive population) and H. boettgeri, are shown in 

various views. In A, a female Hymenochirus sp. (IVB-H-Hsp06) and a male (IVB-H-Hsp02) are 

depicted mating. B shows a female Hymenochirus sp. in a dorsolateral view (IVB-H-Hsp04). C 

features a male Hymenochirus boettgeri from the north-western Republic of the Congo (IVB-H-CG17-

356). D presents the holotype of H. boettgeri, a female (ZMB 11521), with the area marked by the red 

rectangle detailed in E. Finally, F displays a male H. boettgeri from the same locality as the karyotyped 

individual (IVB-H-CG17-112) (Gvoždík et al., 2024). 

 

 

1.3 Polyploidization and its role in evolution 

 

Polyploidization is the process of multiplying a complete chromosome set within a species, potentially 

leading to the creation of a new species. This occurs due to rare mitotic or meiotic events, such as 

nondisjunction, which result in gametes with a full set of duplicate chromosomes. When a diploid 

gamete fuses with a haploid gamete, it leads to a formation of a triploid zygote, but these triploids are 

typically unstable and can cause sterility. Conversely, the fusion of two diploid gametes produces a 

tetraploid zygote, which is generally stable. In nature, polyploidy can occur at various levels, including 

tetraploids (four chromosome sets), hexaploids (six chromosome sets), and other multiples of 

chromosome pairs. 

These events allow multiple sets of chromosomes to coexist within a single nucleus, and these sets 

can be stably inherited by offspring (Comai, 2005). Widespread and multiple polyploidization events 

produce polyploid species with higher resistance to diseases and environmental stress (Zhang et al., 

2019). Polyploidization has a very important role in diversification and evolution, mainly in plants 

(Falistocco et al., 2024) but it has an important role also in some animal species, like some 

amphibians, fishes, insects and even in some mammals (Acharya and Ghosh, 2016; Li et al., 2018; 

Schmid et al., 2015; Zhou and Gui, 2017), anyway, the level of susceptibility for polyploidy it’s different 

according to the species. Polyploids have a relatively high frequency in flowering plants, this can be 

also found in some species of frogs and fishes. However, in higher vertebrates, as amphibians, 

reptiles, birds, and mammals, animals that are characterized by having a well-developed brain, a 

backbone and a more complex structure compared to lower vertebrates like fish, they don’t seem to 

have an high tolerance to polyploidy very well. It is estimated that around 10% of spontaneous 

abortions in humans are attributed to the presence of polyploid zygotes (Yildirim et al., 2023). 

Polyploids can be categorized into two groups: paleo-polyploids and neo-polyploids, based on the 

status of the parental chromosomes after polyploidization. Paleo-polyploid species evolved from 

ancestors that experienced polyploidization events in the distant past. Over time, these paleo-

polyploid species reverted to having two sets of chromosomes (diploid state) through a process known 

as diploidization. This involves reshuffling and rearranging the multiple sets of chromosomes inherited 

from their polyploid ancestors (Figure 6). Contrary, neo-polyploids are species that have multiple sets 

of chromosomes right from the time of polyploidization. These sets of chromosomes come from 

merging the chromosomes of their parent species, but they remain independent of each other (Figure 

6). The recent improvement of sequencing technologies, made much more complete genomes 

available, making comparative polyploid analysis easier. Polyploidization events are used also to date 

the speciation of various species. 

https://www.zotero.org/google-docs/?HsNxEN
https://www.zotero.org/google-docs/?yE86UT
https://www.zotero.org/google-docs/?Nkgp5h
https://www.zotero.org/google-docs/?Nkgp5h
https://www.zotero.org/google-docs/?sUUyBZ
https://www.zotero.org/google-docs/?k47isJ
https://www.zotero.org/google-docs/?k47isJ
https://www.zotero.org/google-docs/?SEF0iN
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Figure 6. Life cycles of plants experiencing recurrent polyploidization and re-diploidization events 

(Zhang et al., 2019). 

 

Polyploidy is common in plants, fish, and frogs, indicating clear fitness advantages. In plants, hybrid 

vigor, or heterosis, is observed, where the polyploid offspring of two diploid progenitors are more 

vigorous and more resistant to diseases and environmental stress than either diploid parent (Comai, 

2005). There are several possible explanations for this phenomenon. One theory suggests that the 

enforced pairing of homologous chromosomes in an allotetraploid prevents recombination between 

the genomes of the original progenitors, thereby preserving heterozygosity across generations. This 

heterozygosity, characterized by multiple gene copies, leads to a reduced accumulation of recessive 

mutations in the genomes of future generations. Gene redundancy plays a crucial role in the 

advantages of polyploidization. Offsprings are protected against side effects of recessive mutations, 

because they multiple copies, according to the ploidy level, of any gene as in diploids, as mentioned 

before. This protective aftermath of polyploidy could have a crucial role in small, isolated populations 

that have as their only mating option inbreeding. Evolution might have selected polyploid individuals, 

because of their higher resistance to mutations. Gene redundancy offers the potential to diversify gene 

function over time. Extra copies of non-functional genes can be repurposed in entirely new ways, 

creating new opportunities for evolutionary selection (Adams and Wendel, 2005). Polyploidy can also 

influence sexuality by providing selective advantages. For instance, it can break certain self-

incompatibility systems, promoting self-fertilization. This could come from interactions between 

parental genomes in allopolyploids (Comai et al., 2000), asexual reproduction can be promoted as 

well, which in both plants and animal, is often associated with polyploidy (Heslop-Harrison et al., 2023; 

Knytl et al., 2022). Allopolyploids are organisms that have more than two sets of chromosomes that 

originate from at least two different species. 

https://www.zotero.org/google-docs/?7tI7QA
https://www.zotero.org/google-docs/?7tI7QA
https://www.zotero.org/google-docs/?ZSVJe3
https://www.zotero.org/google-docs/?2hjRar
https://www.zotero.org/google-docs/?ntLhhB
https://www.zotero.org/google-docs/?ntLhhB
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As well with already known advantages, polyploidism comes also with some disadvantages, some of 

them are confirmed while others are just hypothesized (Comai, 2005). Since cell volume is 

proportional to the DNA amount in the nucleus, doubling the genome should theoretically double the 

volume occupied by chromosomes. However, only a 1.6-fold increase in the surface area of the 

nuclear envelope is observed (Melaragno et al., 1993). This can potentially obstruct the normal 

balance of elements that are part of the mediation between chromosomes and nuclear components, 

that includes proteins bound to envelope. The reduced space on the nuclear envelope can also affect 

the peripheral positioning of centromeric and telomeric heterochromatin (Fransz et al., 2002). 

Polyploidy can increase the rate of spindle irregularities, leading to disordered segregation of 

chromatids and the formation of aneuploid cells. 

These aneuploid cells, characterized by an irregular number of chromosomes, are more likely to be 

produced in meiosis involving multiple sets of chromosomes compared to diploid cells. Consequently, 

polyploidy can also be an obstacle for the normal cycle of mitosis and meiosis.  

Autopolyploids are organisms that have more than two sets of chromosomes, all derived from a single 

ancestral species. They possess the capacity to generate various configurations of homologous 

chromosomes during meiotic metaphase I, leading to irregular segregation patterns, such as a 3:1 or 

2:1 ratio with an additional laggard (laggard chromosomes fail to properly attach to the spindle 

apparatus, resulting in their random distribution to daughter cells). The resolution of these irregular 

segregation patterns into balanced products is unattainable, leading to the production of 

predominantly aneuploid gametes through the random segregation of multiple chromosome types. 

Allopolyploids exhibit a higher level of constraint in chromosome pairing during meiosis I compared to 

autopolyploids, yet the stable preservation of both parental chromosomal complements necessitates 

the production of balanced gametes. 

Another drawback of polyploidy involves potential variations in gene expression. The increase in 

chromosome copy number should affect all genes uniformly, resulting in a consistent increase in gene 

expression. However, this might change for genes involved in regulatory pathways that don’t scale 

proportionally with ploidy. Experimental evidence for such exceptions exists in several models. For 

instance, researchers compared mRNA levels per genome for 18 genes across different polyploid 

levels. As expected, most gene expression patterns increased with ploidy, but some genes exhibited 

a different expression pattern, not proportional to the level of ploidy. Approximately 10% of these 

genes were shown to be related to ploidy levels (Guo et al., 1996). 

 

 

1.4 Polyploidization in Xenopus frogs 

 

Amphibians is a vertebrate group composed of over 8,700 species (Frost, 1999), in which around 100 

species across 19 families have been found to be polyploid (Mezzasalma et al., 2023). Unlike, for 

example, teleost fishes where whole genome duplication became an established evolutionary process 

for the entire group, polyploidy in amphibians has arisen independently on multiple occasions within 

different families (Schmid et al., 2015). Amphibians stand out among vertebrate lineages because 

they can form populations and even entire species with both diploid and polyploid individuals capable 

of sexual reproduction (Bogart, 1980; Mezzasalma et al., 2015). 

A notable hallmark setting African clawed frogs different from many other amphibian species is their 

remarkably elevated frequency of polyploid species (Evans, 2008; Evans et al., 2015; Tymowska, 

1991).  

So Xenopus diploids can be used as system models for evolutionary and cytogenetic research related 

to polyploidy (Bogart and Bi, 2013; Fornaini et al., 2023; Knytl et al., 2018). Polyploidy can develop 

through two distinct mechanisms. One is autopolyploidy, which is relatively rare in amphibians and 

https://www.zotero.org/google-docs/?SO1kqr
https://www.zotero.org/google-docs/?PH37bZ
https://www.zotero.org/google-docs/?UUYqWC
https://www.zotero.org/google-docs/?C176dS
https://www.zotero.org/google-docs/?zciKgg
https://www.zotero.org/google-docs/?r0MaBa
https://www.zotero.org/google-docs/?0HAfiw
https://www.zotero.org/google-docs/?SZ7Pkj
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occurs within a single ancestor due to meiotic incompatibilities triggered by environmental factors. The 

other mechanism is allopolyploidization, which begins with the hybridization of two or more divergent 

ancestors, leading to meiotic incompatibilities and subsequently preventing cytokinesis. 

Pipid frogs (family Pipidae) represent an ancient evolutionary line of fully aquatic frogs, unlike those 

that need both aquatic and terrestrial environments to survive. They diverged from their sister lineage, 

Rhinophrynidae, over 150 Mya. The currently living pipid frogs are divided into two subfamilies, the 

American Pipinae (Pipa Laurenti) and the African Dactylethrinae (split ~110 Mya) containing two 

deeply divergent tribes (split ~100 Mya), Dactylethrini (Xenopus Wagler) and Hymenochirini 

(Hymenochirus boulengeri and Pseudhymenochirus merlini) (Dubois et al., 2021; Feng et al., 2017; 

Hime et al., 2021). 

For almost thirty years, Xenopus frogs have been classified into two genera, Xenopus and Silurana 

(Cannatella and De Sa, 1993). These two distinct clades are defined by variations in morphology and 

the chromosome number of their diploid ancestors (20 for Silurana and 18 for Xenopus) (Cannatella 

and Trueb, 1988; Tinsley et al., 1996). However, the previously proposed paraphyletic relationship 

between Silurana and Xenopus, in relation to other pipid genera, was defined on morphological 

evidence (Cannatella and Trueb, 1988), and found no evidence nor confirmation by lately molecular 

phylogenetic analyses that confronted the predominance of Xenopodinae in relation to other pipid 

genera (Bewick et al., 2013; Hedtke et al., 2013; Irisarri et al., 2011).  

The Pipidae family exhibits a high degree of variability in karyotypes, especially in chromosome 

numbers and sizes, largely due to the influence of polyploidization throughout their evolutionary history 

(Schmid et al., 2015; Tymowska, 1991). It has been hypothesized that the ancestral karyotype of 

Pipidae was 2n = 20. (Bredeson et al., 2024; Mezzasalma et al., 2015), as is seen in Xenopus 

(subgenus Silurana), Hymenochirus, Pseudhymenochirus, and Pipa (Pipa carvalhoi (Miranda-Ribeiro, 

1937). Mezzasalma et al. (2015) also suggested three mechanisms for the chromosome number 

increasing in pipid frogs: fission, allopolyploidy and the addition of a B chromosome. In pipids, 

polyploidy, especially allopolyploidy, was thought to have only been found in Xenopus species, 

including Silurana subfamily (Schmid et al., 2015) however our recent studies found that other species 

outside Xenopus are polyploid. I will discuss this topic in the discussion.  

In Silurana the haploid number is n = 10, while in the subgenus Xenopus, where the fusion of two 

chromosomes, 9 and 10, was registered (Session et al., 2016), the haploid number is n = 9. Recently, 

in Hymenochirus, was discovered a fusion of chromosomes 8 and 10 (Bredeson et al., 2024). Pipa 

has been hypothesized to occur chromosome fission (Mezzasalma et al., 2015). 

Usually, the scientific community that uses African clawed frogs as model in their studies, refers to all 

the species simply as “Xenopus” (Hellsten et al., 2010), but a previous studies on Xenopus 

systematics refer them as two different subgenera, Silurana and Xenopus (Tinsley et al., 1996), 

Silurana is considered a subgenus within the genus Xenopus (Evans et al., 2015). The subgenus 

Silurana encompasses the diploid X. tropicalis and the tetraploids Xenopus epitropicalis, Xenopus 

mellotropicalis and Xenopus calcaratus (Evans, 2008; Evans et al., 2015). Based on a recent 

taxonomic reassessment of X. laevis, the subgenus Xenopus comprises 25 described species, 

including 14 tetraploids (Xenopus borealis, Xenopus clivii, Xenopus fraseri, Xenopus gilli, Xenopus 

laevis, Xenopus largeni, Xenopus muelleri, Xenopus petersii, Xenopus poweri, Xenopus pygmaeus, 

Xenopus victorianus, Xenopus allofraseri, Xenopus parafraseri and Xenopus fischbergi), seven 

octoploids (Xenopus amieti, Xenopus andrei, Xenopus boumbaensis, Xenopus itombwensis, 

Xenopus lenduensis, Xenopus wittei, and Xenopus vestitus), and four dodecaploids (Xenopus 

longipes, Xenopus eysoole, Xenopus kobeli and Xenopus ruwenzoriensis) (Evans et al., 2015).  

The molecular evolutionary history of Xenopus frogs is typically analyzed using segments of 

mitochondrial DNA. This analysis includes most of the mitochondrial 12S and 16S rDNA genes, the 

intervening tRNA val (tRNA which binds L-valine), cloned homeologs of the autosomal genes RAG1 
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and DMRT1, and a portion of the mitochondrial cytochrome oxidase I gene (Evans, 2007; Evans et 

al., 2004).  

Thanks to this approach, a research that also used genetic data from four of the new species shown 

in Evans et al. (2015), it is suggested that tetraploidization occurred at least once in both Silurana and 

Xenopus. In contrast, octoploidization and dodecaploidization are believed to have occurred at least 

three times within the subgenus Xenopus (Evans et al; 2015). Phylogenetic analyses prove that these 

genome duplication events were driven by allopolyploidization rather than autopolyploidization. There 

is/are an ancestral (2n = 18) diploid(s) that is/are not available for studying, that is/are probably 

extinct(s) (Figure 7). 

  
 

Figure 7. A summary phylogeny was inferred through a comparative analysis of mitochondrial and 

autosomal gene trees. Newly identified and resurrected species are highlighted in red. The letters S, 

https://www.zotero.org/google-docs/?POp9e7
https://www.zotero.org/google-docs/?POp9e7
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A, L, and M represent the subgenus Silurana and the amieti, laevis, and muelleri species groups within 

the subgenus Xenopus, respectively. Dotted lines indicate paternal ancestral lineages, while circles 

at internal nodes denote allopolyploidization events. Shapes at branch tips indicate the ploidy of 

existing species, with colors next to these shapes reflecting vocalization. Daggers mark lost ancestors, 

including up to three diploid species (assuming allotetraploidization in the subgenus Xenopus) and at 

least three tetraploid ancestors (A, B, and C).Taken from (Evans et al., 2015). 

 

Hybridization in African clawed frogs does not always lead to genome duplication. Some hybrids retain 

the same ploidy level as their parental species, such as those between X. laevis and X. muelleri, X. 

laevis and X. gilli, and X. victorianus and X. borealis (Evans et al., 1998; Yager, 1996). 

The high diversity of Xenopus species (in total 29 species), makes them a perfect group for studying 

chromosomal rearrangements and polyploidization. The research on Xenopus taxa has also the 

potential to give some clues if chromosomal rearrangement and polyploidization are linked to 

speciation (Knytl et al., 2017).  

Researchers have investigated the subgenus Xenopus and identified significant large-scale 

rearrangements. Notably, one of the most important findings is the fusion of chromosomes 9 and 10 

in a diploid ancestor of allopolyploids, now extinct. 

In the subgenus Xenopus, a comparison with the well-assembled genome of the diploid species X. 

tropicalis reveals many additional rearrangements in the X. laevis S-subgenome. This comparison 

underscores the relative genomic conservation of the X. laevis L-subgenome (Session et al., 2016). 

Regarding Silurana tetraploids, the difference between the a- and b- subgenomes is greater than the 

divergence between the more conserved a- subgenome and the diploid X. tropicalis genome (Evans, 

2008; Evans et al., 2015). Also in Silurana it has been identified a large-scale rearrangement: in the 

tetraploid species X. mellotropicalis, a nonreciprocal translocation has occurred between the 

pericentromeric regions of chromosomes 9b and 2b (Knytl et al., 2018, 2017). The rearrangement 

was identified using fluorescence in situ hybridization (FISH) hybridizing the whole chromosome 

painting (WCP) probes from X. tropicalis to X. mellotropicalis chromosomes (Zoo-FISH). It was 

unknown if the rearrangement occurred also in the progenitor of the three allotetraploid species in 

Silurana or after the divergence, from the other species, of the ancestor of X. mellotropicalis, this topic 

will be explained in section 3.2.  

This is due to the unresolved evolutionary relationships among species in the subgenus Silurana, 

mainly because of the limited genomic data available from X. calcaratus and X. epitropicalis when the 

study was published. Such data could significantly aid in phylogenetic estimation when combined with 

genomic data from other Silurana species (Cauret et al., 2020; Hellsten et al., 2010). 

Regarding polyploidy in H. boettgeri, in a striking discovery, B chromosomes have been identified in 

the captive population of Hymenochirus sp. (2n = 20A + 1B). Astonishingly, these B chromosomes 

appeared in nearly half of the karyotypes analyzed from two male specimens (30 out of 66 metaphase 

spreads from the intestine, spleen, gonads, and lung tips), while the rest exhibited the standard 2n = 

20 configuration (Mezzasalma et al., 2015). However, older studies of ‘H. boettgeri’ registered the 

chromosomal number being 2n = 24 (Morescalchi, 1981, 1968; Tymowska, 1991), also the karyotype 

2n = 22 was stated (Scheel, 1973). Unfortunately this study only reported the chromosome number 

and no more information was given. Finally, a recent study recorded 2n = 18 chromosomes in H. 

boettgeri, with no B chromosomes detected (Bredeson et al., 2024). It remains uncertain whether the 

variations in chromosome number are due to differences in B chromosome count (except for the 2n = 

18 case, where chromosome fusion occurred), as proposed by Mezzasalma et al. (2015), 

alternatively, it is possible that earlier researchers examined one or more different species where 

chromosome fissions had taken place (Morescalchi, 1981, 1968; Scheel, 1973). 
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Figure 8. Geographic range of some Xenopus species in Africa and maximum-likelihood phylogenetic tree 

(Ducret et al.; 2021). 
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2 Materials and Methods 

 

All materials and methods are presented in papers in the supplements part. 

 

2.1 Cytogenetic analysis 

All materials and methods used for publications are included in the papers in the section 

“Supplements”. 

 

2.2 Genomic analysis 

We extracted DNA from one X. epitropicalis individual using E.Z.N.A HP Total RNA Isolation Kit 

(Omega-Biotek Inc, Norcross, Georgia 30071, USA). RNA was extracted from three X. epitropicalis 

and six X. borealis individuals using E.Z.N.A HP Total RNA Isolation Kit (Omega-Biotek Inc, Norcross, 

Georgia 30071, USA). RNA was extracted from liver and intestine from all individuals, while heart, 

muscle (from hind limb) and lungs were extracted from individual 2 and 3. Xenopus epitropicalis and 

X. borealis were bred in the Faculty of Science in the Department of Cell Biology, at Charles University 

in Prague.  

RNA-seq and WGS were provided by Novogene Co., Ltd. (Beijing City, China), through the form of 

raw data. 

Adapters, from sequences, were removed by trimming, using the software Trimmomatic (Bolger; 

2014). 

Two sequences, liver and lungs, of X. borealis were taken from Genbank (BioProject PRJNA616217). 

From X. borealis sequences we downloaded the two subgenome S and L and we tried to annotate 

them with different approaches: we tried to use the software Augustus (Stanke and Waack, 2003) for 

gene prediction, a tool that predicts genes in eukaryotic genomic sequences but, due to its predictive 

nature, the results we got were not precise enough so we tried a different approach. 

We used BUSCO (Seppey et al., 2019) to annotate only the single copy genes, then we mapped the 

exons from X. laevis genome (GCF_017654675.1) due the high quality of their annotation. From this 

annotation we selected X. borealis exons and we mapped X. borealis mRNAseq data from liver and 

lungs and we found out that both subgenomes were expressed. For mapping of the sequences we 

used bowtie2 (Langmead and Salzberg, 2012) and Geneious 2024.0 (https://www.geneious.com/) 

mapper. For read counts we used RSEM (Li and Dewey, 2011), a RNA-seq expression quantification 

tool. 
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3 Discussion 

 

3.1 Divergent subgenome evolution in the allotetraploid frog Xenopus calcaratus 

 

In the first Paper, we investigated the subgenome of a species from the Silurana subgenus, X. 

calcaratus, to prove the existence of two subgenomes using a different combination of cytogenetic 

techniques. Similarly, in the Xenopus subfamily, like X. laevis, two subgenomes have been identified, 

called S and L (Session et al., 2016).  

The first studies analyzed chromosome differences confronting the karyotype of different Xenopus 

species (Tymowska, 1973; Tymowska and Kobel, 1972). They were able to identify that X. muelleri 

and X. laevis karyotypes were more similar and more distantly related to X. tropicalis. Through modern 

cytogenetic techniques, like FISH, it was possible to identify the chromosome quartets in a Silurana 

species, X. mellotropicalis, (Knytl et al., 2017) however they were not able to distinguish the 

subgenomes for most of the chromosomes. We wanted to push over this study and we tried to identify 

the quartets in another Silurana, X. calcaratus. 

We prepared the WCP from X. tropicalis chromosomes, in order to hybridize probes with X. calcaratus 

chromosomes and identified two subgenomes, as seen in X. mellotropicalis (Knytl et al., 2017). The 

two subgenomes were easily distinguishable, since we identified two chromosomes with brighter 

signals as the subgenome “a'' and we called “b” the pair that bore the lower intensity signals (Knytl et 

al., 2017; Tymowska, 1991; Tymowska and Fischberg, 1973). The brighter intensity of the signal in 

subgenome “a'' indicates that this subgenome is more similar to the progenitor X. tropicalis, while the 

lower intensity in the signal for the subgenome “b” indicates that this subgenome is more different 

than the orthologous pair. This discovery let us understand how polyploidization affected the evolution 

of the genre Silurana. We can easily assume that the two subgenomes evolved independently, while 

subgenome “a'' is more stable, and subgenome “b” underwent through modifications. However with 

just cytogenetic techniques we are not able to quantify the differences between the two subgenomes, 

so far we are only able to determine that subgenomes are different in gene expressions, but we can’t 

quantify the differences in expression patterns, since FISH is a qualitative techniques but gives no 

information about quantity. Thanks to our cytogenetic approach we confirmed that the genome of X. 

calcaratus consists of two different subgenomes, as proved in X. mellotropicalis (Knytl et al., 2017). 

Knytl at al. (2017) were just able to find the quartets in X. mellotropicalis using X. tropicalis probes. In 

X. calcaratus, we were able to take a step further and find the chromosome quartets, and we also 

succeeded in identifying the two subgenomes. 

Differences between our results and the previous study can be easily seen in Figure 9. 
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Figure 9. Results from (Knytl et al., 2017) compared with results from (Knytl et al., 2023). In the second 

picture the two subgenomes are clearly evident, while in the first one it is almost impossible to see 

any differences between them. 
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Actually we didn’t expect the two subgenomes to be visible after the FISH, this can be given by the 

fact that one X. calcaratus subgenome underwent more mutations while the other was more 

conserved and remained more similar to X. tropicalis. The two subgenomes of X. mellotropicalis look 

very similar, according to FISH results, while our results on X. calcaratus showed more difference 

between the subgenomes. This could have different explanations: first of all that subgenomes of X. 

mellotropicalis are more similar to each other, compared to X. calcaratus subgenomes, or that the 

probes that we used were more efficient, since we dissected more copies of every chromosome, that 

could have led to clearer results. In the case that the two subgenomes are really that different, this 

means that in X. mellotropicalis occurred different polyploidization events and in a different timing, 

compared to X. calcaratus. 

With X. calcaratus we were more confident, since the two genomes are clearly visible with cytogenetic 

approach, that through RNA-seq we could have been able to identify the differences in gene 

expression between them. We actually started to analyze the last Silurana, X. epitropicalis, but I will 

discuss that in section 3.5. 

 

3.2 Finding chromosomal rearrangement within Xenopus calcaratus 

 

In X. mellotropicalis was found a translocation between chromosome 2 and 9 (Knytl et al., 2018, 2017). 

In order to find if the same translocation occurred also in X. calcaratus, we mapped the alpha and 

beta homeologs of gyg2, cept1, sf3b1, ndufs1, and fn1 in X. calcaratus using FISH with tyramide 

signal amplification (FISH-TSA). The ndufs1α and β, and fn1α and β are located on chromosomes 9a 

and 9b, respectively, while the sf3b1α and β genes are found in X. mellotropicalis chromosomes 2bp 

and 9bq, respectively (Knytl et al., 2018). We selected these genes for X. calcaratus because they 

were located near the above mentioned translocation (Knytl et al., 2018). To confirm the translocation 

we would have expected to find the identical gene positions in X. calcaratus and X. mellotropicalis, 

but our results didn’t show any proof of translocation that involved chromosomes 9b and 2b, as seen 

in X. mellotropicalis (Knytl et al., 2018, 2017). Gene positions can be seen in figure 10, compared to 

the positions they found in the previous studies (Knytl et al., 2018, 2017). 
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Figure 10. Comparison of XME and XCA FISH-TSA labeling of gyg2, cept1, sf3b1, ndufs1 and fn1 

genes. The centromere position is indicated by purple lines on XME and is marked by a white line in 

XCA (Knytl et al., 2023, 2018). 

 

With our results we were able to confirm that the translocation occurred in X. mellotropicalis but not in 

X calcaratus, however we are not able to define if it happened before or after the polyploidization. 

Based on Zoo-FISH (Figure 10), this translocation was not found in X. calcaratus, nor was it present 

in X. tropicalis (Knytl et al., 2018). Moreover, we discovered that genes involved with rearrangements 

in X. mellotropicalis did not share the chromosomal position with X. calcaratus. In Knytl et al. (2018), 

sf3b1α was found in X. mellotropicalis chromosome 2b but, differently, in X. calcaratus, this gene was 

localized in X. calcaratus chromosome 9a, while in X. tropicalis, sf3b1 is mapped on chromosome 9 

(Knytl et al., 2018). 

The differences observed in the chromosome mapping between these species can be most 

straightforwardly explained by the translocation (9b;2b) occurring in an ancestor of X. mellotropicalis 

after it diverged from X. calcaratus. (Figure 11). Whether the translocation (9b;2b) occurred in the 

most recent common ancestor of X. epitropicalis and X. mellotropicalis remains unknown (Figure 11, 

black and blue spots), or if this translocation involved only X. mellotropicalis lineage after diverging 

from the common ancestor with X. epitropicalis (Figure 11 , red spot). The translocation might have 

taken places between ancestral chromosomes in a shared diploid ancestor of X. epitropicalis and X. 

mellotropicalis, that would be another possible scenario (Figure 11, black spot). 

 

 
Figure 11. Evolutionary scenarios have been proposed in the subgenus Silurana to explain the origin 

of a translocation found in X. mellotropicalis but absent in X. calcaratus, with no data available for X. 

epitropicalis. The first scenario suggests that if a single allotetraploidization generated all three 

tetraploid species, the translocation might have occurred after X. calcaratus diverged but before the 

speciation of X. mellotropicalis and X. epitropicalis (blue). Alternatively, it could have happened after 

this speciation in the progenitor of X. mellotropicalis (red). Another scenario proposes that if two 

separate allotetraploidization events took place, this translocation might have happened in both diploid 

ancestors of the most recent common ancestor of X. mellotropicalis and X. epitropicalis (both black, 

but only one is possible) (Knytl et al., 2023). 
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This interpretation is limited due to the lack of any cytogenetic information about the diploid 

descendant of the other Silurana ancestor.  

This lack of data means we cannot exclude the possibility that some rearrangements in the b-

subgenome, happened in that ancestor before allotetraploidization, except for the loss of the nucleolus 

organizer region. Further solutions of this translocation’s evolutionary history mystery could be 

formulated through Zoo-FISH analysis of X. epitropicalis chromosomes, which are currently being 

processed, but no data is available yet. 

Using a cytogenetics approach we are able to look for a translocation or a deletion, with WCP probes 

it’s possible to see if chromosomes went through deletion or translocation during evolution. However, 

small rearrangements such as small translocation, deletion or inversion are hard to identify with FISH, 

unless we already have a candidate gene, if the mutation is too small, it cannot be detected by this 

technique. For a wider approach next generation sequence techniques are required, to go through the 

whole genome and identify some gene alterations or chromosomal abnormalities. 

This application is expensive and time consuming, so we keeped as the last step of our research, 

which will be discussed in section 3.5. 

Nucleolus organizer regions (NORs) are specific chromosomal areas essential for nucleolus 

formation. In the genome of eukaryotes, the nucleolus organizer regions (NORs) include tandem 

arrays of three ribosomal genes: 18S, 5.8S, and 28S. The ribosome is composed of small and large 

subunits. The 18S rRNA gene is found in the small subunit, while the 5.8S, 28S, and 5S rRNAs are 

located in the large subunit. Interestingly, the 5S rRNA gene is not part of the NOR (Vierna et al., 

2013). In diploid genomes, NORs typically appear as a single pair (Schmid et al., 1987). The 

allotetraploid species X. laevis shows one NOR mapped on chromosome 3L short arm (p) (Roco et 

al., 2021; Schmid et al., 1987; Tymowska and Kobel, 1972). During speciation, particularly after 

allotetraploidization in the subgenus Xenopus, it is believed that the homologous NOR on 

chromosome 3S was lost (Session et al., 2016). In diploid X. tropicalis, the NOR is located on 

chromosome 7 long arm (q) (Roco et al., 2021; Tymowska, 1973; Tymowska and Fischberg, 1973; 

Uehara et al., 2002). One NOR on chromosome 7aq was also found in the allotetraploid X. 

epitropicalis and X. mellotropicalis (Tymowska, 1991; Tymowska and Fischberg, 1973). After 

allotetraploidization, the homologous NOR on chromosome 7b might have been lost (Knytl et al., 

2017). 

Using 28S rDNA probes in the FISH experiment, we identified a single pair of NORs on the nucleolar 

secondary constriction of XCA 7aq (red in Figure 12a). Additionally, FISH analysis with 5S probes 

revealed approximately 8–10 positive signals located on the telomeric regions of XCA 2b, 4a, 5a, 6a, 

and 8b (green in Figure 12b). 

Given the close relationship between X. calcaratus and X. mellotropicalis, it was expected that these 

species would show similar patterns and localization of heterochromatic blocks. To test this, C- and 

CMA3-banding techniques were used, which highlight GC-rich chromosomal loci and constitutive 

heterochromatin. The results showed positive signals on XCA 1bp (Figure 12b and 12c) and faint 

signals in specific stained regions of XCA 2b, 6b, 7b, and 8b (not indicated by arrows) using C-

banding. Furthermore, CMA3-banding confirmed the presence of a nucleolar secondary constriction 

on XCA 7aq (Figure 12c). Interestingly, all X. calcaratus chromosomes exhibited weak CMA3-bands 

on their telomeres, likely due to repetitive sequences. 

We proposed at least two plausible explanations for the preserved position and quantity of NORs in 

X. mellotropicalis and X. calcaratus. One possibility is that if these frogs originated from separate 

allotetraploidization events, the loss of one pair of NORs from the same ancestral progenitor could 

have occurred two times, each time following an event of allotetraploidization. Alternatively, if there 

was only a single allotetraploidization event in Silurana, it is conceivable that, after allopolyploidization 

within the Silurana subgenus, was lost just one pair of NORs. 
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Figure 12. Metaphase spreads of X. calcaratus, sequential fluorescent chromosome mapping results 

(ribosomal DNA ISH/C-banding/Chromomycin A3, CMA3). Scale bars represent 10 μm (Fornaini et 

al., 2023). 

 

 

3.3 Cytogenetic Mapping in Xenopus 

 

In our second paper we decided to undergo the study of repetitive elements. Short read sequences, 

due to their repetitive nature, typically present challenges for mapping and repeat quantification, even 

with whole genome data. However, using a cytogenetic approach like FISH, allowed us to localize 

repetitive DNA sequences on chromosomes. This approach has been successfully employed to study 

the distribution of repetitive sequences in the chromosomes of various animal groups, including teleost 

fish (Bishani et al., 2021; Knytl and Fornaini, 2021), reptiles (Altmanová et al., 2023; Oliveira et al., 

2021), birds (De Oliveira Furo et al., 2017; Kretschmer et al., 2021), and mammals (Gerbault-Seureau 

et al., 2017; Milioto et al., 2019). Cytogenetic mapping of repetitive DNA in amphibians has been 

crucial for identifying both interspecific and intraspecific rearrangements, as well as other aspects of 

karyotype evolution (Da Silva et al., 2021; Guzmán et al., 2022; Phimphan et al., 2021). In the 

Xenopus subgenus at least eight independent episodes of allopolyploidization occurred, with each 

subgenera experiencing at least one allotetraploidization event. The presence of subgenera with 

different ploidy levels, a result of independent evolutionary events, provides a unique opportunity to 

investigate how tandem repeats evolve after genome duplications. 

Quantifying and localizing repetitive sequences through high-quality genome sequencing is a costly 

and complex process, especially when compared to employing multiple cytogenetic approaches for 

gene mapping (Knytl et al., 2018; Symonová et al., 2017). Alternatively, we performed cytogenetic 

mapping of non-rDNA tandem repeats (U1 and U2 snRNA and H3 histone) in one diploid and five 

allotetraploid Xenopus species to explore the effects of genome duplication and divergence on 

repetitive elements. 

We proceeded with U1, U2 double color FISH, and H3 single color FISH. We picked six species X. 

tropicalis, X. calcaratus, X pygmaeus, X. allofraseri, X. laevis and X. muelleri. We chose these species 

for the availability of the biological samples and to have at least one representative for every species 

group. As far as U1 and U2, we were expecting to find X. calcaratus, the double amount of signals, 

compared to X. tropicalis. Results from FISH confirmed our expectation since we registered one signal 

for U1 and one for U2 in X. tropicalis and, respectively, two signals for each gene, in X. calcaratus. All 
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the signals found in X. calcaratus, were homologous to the orthologous U1 and U2 regions of X. 

tropicalis, being consistent with the expected doubling of repeat copy numbers due to 

allopolyploidization. Contrary to our expectations, the number of repeats was different among the 

other allotetraploid species. In X. muelleri, as in X. calcaratus, U1 and U2 snDNA probes mapped to 

the position expected in homoeologous chromosomes (Figure 13). However, in the allotetraploid 

species X. pygmaeus, X. allofraseri, and X. laevis, only one signal was detected for U1 and U2 

snDNAs. Specifically, in the phylogenetically close species X. pygmaeus and X. allofraseri, the U1 

snDNA probe mapped mostly to the q arms of chromosome 1L, while the U2 snDNA probe targeted 

the q arms of chromosome 8S (Figure 13c, d). In X. laevis, the U1 and U2 snDNA signals were most 

prominent on the q arms of chromosomes 1S and 8L, each (Figure 13e). Notably, these chromosome 

regions in X. laevis corresponded to the homoeologous chromosomes bearing U1 and U2 snRNA 

signals in X. pygmaeus and X. allofraseri (1L and 8S). Instead, a nBLAST (Camacho et al.; 2009) 

search using the U1 snDNA sequence against X. laevis genome revealed 11 copies on chromosome 

1L and approximately 35 copies on chromosome 1S. Similarly, the U2 sequence search showed 

around 40 copies on X. laevis chromosome 8L and 12 copies on chromosome 8S. These results prove 

that a copy number reduction or loss could have occurred. 
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Figure 13. Double-color FISH using U1 and U2 snDNA probes results. Green and red arrows indicate 

the U2 and U1 repeat loci. Chromosomes were counterstained with DAPI in blue/gray. Scale bars 

represent 10 μm (Fornaini et al., 2023). 

 

 

For the mapping of H3, we used the same species and found multiple signals in all of them, located 

in telomeric and pericentromeric regions (Figure 14). BLAST searches (Camacho et al., 2009) 

revealed the H3 sequence on X. tropicalis chromosomes 3 (11 hits), 6 (11 hits), and 9 (27 hits). On 

chromosomes 5, 8, and 10, the matches were inferior to 50% of the whole query length. In X. laevis, 

the H3 sequence was found on chromosomes 3S (12 hits), 5L (6 hits), 5S (3 hits), 6L (2 hits), 6S (1 

hit), 9_10L (15 hits), and 9_10S (5 hits). Additionally, some hits on X. laevis chromosomes 1L and 8L 

were less than 50% of the query sequence. 
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Figure 14. FISH with histone H3 probe. The probe (green) shows multiple signals in all the species. 

Chromosomes were counterstained with DAPI in blue/gray. Scale bars represent 10 μM (Fornaini et 

al., 2023). 

 

We would have expected allotetraploid species to have twice the number of signals compared to the 

diploid X. tropicalis, and also we didn’t expect the location on chromosomes to be different. While X. 

calcaratus and X. muelleri matched our hypothesis, but the other three allotetraploid species showed 

the same number of signals as in X. tropicalis, that’s diploid. Additionally, the snRNA signals in X. 

pygmaeus and X. allofraseri were located on a distinct subgenome (U1 on L, U2 on S) compared to 
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X. laevis (U1 on S, U2 on L). This pattern aligns with an elevated difference in copy number over time 

after allopolyploidization. Using BLASTn tool (Camacho et al., 2009) on X. leavis genome we revealed 

that these two loci are present in both subgenomes, while, with cytogenetic approach, we revealed 

the presence in only one subgenome. This could be given by differences in copy number in the two 

subgenomes and due to FISH sensitivity, that makes this technique incapable to detect small copy 

number variations. So far we are able to hypothesize this only in one species, X. laevis, since genome 

data are not available for other frogs. 

All Xenopus species exhibit a NOR on one homologous pair, as described by Tymowska in 1991. 

Tetraploids from the subgenus Xenopus carry NOR on chromosome 3L, while those from the 

subgenus Silurana have it on 7a. Specifically, X. tropicalis possesses NOR on chromosome 7 (Knytl 

et al., 2023; Roco et al., 2021; Session et al., 2016; Tymowska, 1991). We have not detected any 

small nuclear RNA (snRNA) loci on chromosomes 7, 7a, or 3L, suggesting no genomic features 

shared between distinct NOR and snRNA repeats. Specifically, U2 snRNA tandem repeats have been 

mapped in some amphibians, such as in the cycloramphid genus Thoropa (Cholak et al., 2020) and 

the leptodactylid genus Leptodactylus (Gazoni et al., 2021), the U2 snRNA repeats were identified. 

Additionally, in the pipid genus Pipa the H3 gene has been mapped as well (Zattera et al., 2020). 

Notably, there are no other cytogenetic studies that have pinpointed the U1, U2 snRNA, or H3 gene 

loci within X. pygmaeus and X. allofraseri group. 

In some species of the frog genus Thoropa, U2 snRNA was cytogenetically registered on both 

chromosomes 6 and 7. While, the U2 locus was found exclusively on chromosome 6 or chromosome 

7, in other species (Cholak et al., 2020). The observed differences in U2 loci distribution might be 

attributed to varying copy numbers across these chromosomes. Cytogenetic detection of U1 and U2 

snRNA FISH signals was noted on X. laevis chromosomes harboring approximately 15 or more copies 

of U1 and U2 repeats. In the genus Leptodactylus, U2 loci were found on chromosome 6 in eight 

species, with one species showing signals on chromosomes 4, 6, 9, and 10 (Gazoni et al., 2021). 

They suggested that the additional signals found on chromosomes 4, 9, and 10 could be due to gene 

transposition by transposable elements (TEs) followed by gene amplification. However, since we did 

not map TEs on Xenopus chromosomes, we are not able to confirm the possibility of TE transposition 

in this genus. 

Regarding the H3 gene, we examined the impact of allotetraploidization and divergence on its 

evolution. As expected, due to allotetraploidization, both X. calcaratus and X. muelleri, which are 

allotetraploids, showed H3 repeats on twice the number of chromosomes compared to the diploid X. 

tropicalis. We observed signals on eight homologous pairs in the allotetraploids X. pygmaeus, X. 

allofraseri, and X. laevis, which is fewer than expected from allotetraploidization. This may be due to 

a reduced copy number or deletion of H3 repeats on several chromosomes, possibly in an ancestor 

of these species, based on their phylogenetic relationships. Despite the variability paired with 

allopolyploidization followed by evolution of tandem repeats divergence, the relative number of U1, 

U2, and H3 signals compared to X. tropicalis are similar in each allotetraploid species we examined. 

Prior to our study, only one research had mapped the H3 gene on chromosomes of amphibians 

(Zattera et al., 2020). In Pipa carvalhoi, that’s a member of the same family as Xenopus but with a 

phylogenetic distance of about 115–120 million years (Feng et al., 2017; Hime et al., 2021), H3 signals 

were found on chromosomes 1, 5, 6, 8, and 9, with signals less bright on other chromosomes. Insect 

species of the family Acrididae (Bueno et al., 2013; Oliveira et al., 2011) have shown multiple 

distributions of the H3 locus across all chromosomes, potentially linked to the transposition of 5S 

ribosomal RNA (rRNA). 5S rRNA is located on the telomeres of several chromosomes, in Xenopus 

(Knytl et al., 2023, 2017), that might be an insight that the distribution of the H3 locus on different 

Xenopus chromosomes might also be related to the distribution of 5S rRNA. Our research uncovered 

a fascinating genomic connection between different repetitive elements and rRNA, potentially 
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providing insights into genome organization and evolution. We observed synteny between As51 

satellite DNA, which originates from TEs, and NORs (Vicari et al., 2008), as well as between U1 

snRNA and 5S rRNA in the characid fish genus Astyanax (Silva et al., 2015). One possible purpose 

of this co-localization is the TEs silencing of ribosomal genes (Vicari et al., 2008). The 5S ribosomal 

genes were found at the distal regions of chromosomes 8bq in X. mellotropicalis and X. calcaratus, 

which are Silurana tetraploids. We did not identify any snRNA loci on chromosomes 7, 7a, or 3L, 

indicating a lack of genomic relation between distinct NOR and snRNA repeats (Knytl et al., 2023, 

2017). In X. calcaratus, we mapped U2 snRNA locus, in the same position, giving an evidence of 

genomic link between 5S rRNA and U2 snRNA. We did not identify any snRNA loci on chromosomes 

7, 7a, or 3L, indicating a lack of genomic association between distinct NOR and snRNA repeats. In 

chromosome 7b in tetraploids frogs belonging to Silurana subgenre and on chromosome 3S in 

tetraploids of the subgenus Xenopus it was assumed that the NOR locus was probably deleted (Knytl 

et al., 2023; Session et al., 2016). In some tetraploids, U1 and U2 loci are mapped to both homoeologs, 

indicating that the deletion of snRNA in a progenitor of Xenopus tetraploids did not occur. This 

suggests that all the Xenopus tetraploids we studied might have the double number of snRNA repeat 

signals compared to X. tropicalis, that’s diploid, but with unequal copy numbers in every different 

subgenome. For example, in one subgenome, the copy number of snRNA repeats was reduced (11 

copies of U1 snRNA on X. laevis chromosome 1L, compared to 20 copies on X. tropicalis chromosome 

1) but in the other one we experienced an expansion (35 copies of U1 snRNA on X. laevis 

chromosome 1S versus 20 copies in X. tropicalis). 

Additionally, a stable number of copies is maintained in some tandem repeats, such as the 40 copies 

of U2 snRNA on X. tropicalis chromosome 8 and X. laevis chromosomes 8L. These conserved copy 

numbers within the U2 gene align with researches that noticed higher conservation of the X. laevis 

subgenome L compared to subgenome S, relative to the X. tropicalis genome (Session et al., 2016). 

Following polyploidization, several events can occur, including the reduction, expansion, and 

stabilization of non-rDNA tandem repeat copy numbers, as well as the complete loss of the rRNA 

locus (Knytl et al., 2023; Session et al., 2016). Genes that are preserved as duplicates can follow 

various evolutionary trajectories. These paths may result in subfunctionalization, where each duplicate 

retains a portion of the original function, loss of function, or neofunctionalization, where one duplicate 

acquires a new function. These processes are often subject to strong purifying selection (Force et al., 

1999; Lynch et al., 2001). These evolutionary processes are frequently accompanied by chromosomal 

rearrangements, such as intra- and interchromosomal translocations, inversions, deletions, or 

degenerations (Evans, 2007; Knytl et al., 2017; Sémon and Wolfe, 2007; Session et al., 2016). Our 

study highlighted that, in addition to translocation, inversion, deletion, and degeneration, the reduction 

and expansion of tandem repeat copy numbers play a crucial role in the evolutionary processes 

following allopolyploidization. 

 

 

 

3.4 Genetic Divergence in wild Hymenochirus boettgeri and captive Hymenochirus sp. 

 

Hymenochirus sp. (previously referred to as H. boettgeri) is not part of the Xenopus genus, but it 

shares with X. tropicalis a similar karyotype pattern, same chromosome number (2n = 20), plus a B 

chromosome, similar morphology, and similar G-banding patterns (Mezzasalma et al., 2015), this is 

not surprising, since they are both included in Pipidae family. In a previous study, another 

chromosome number increasing mechanism was found in this species, besides Xenopus/Silurana 

polyploidization, the addition of an accessory B chromosome (Mezzasalma et al., 2015). Our principal 

aim was to study cytogenetic differences between the captive population of Hymenochirus that can 
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be easily found in any pet shop, and the wild population from the north-western Congo. We used the 

classic cytogenetic approach to analyze chromosomes of both populations and we were able to 

compare the karyotypes of wild and captive Hymenochirus. The results confirmed that the common 

aquarium Hymenochirus and the wild one have deep differences in the chromosome asset, since the 

one who was caught is a tetraploid with 18 chromosomes pairs, while the captive one, is a diploid with 

ten chromosomes pairs, plus a B chromosome (Figure 15). After this discovery, we decided to identify 

the captive population as Hymenochirus sp. and the wild population as Hymenochirus boettgeri. 

Before our study, there was no evidence of FISH experiments conducted to investigate chromosome 

evolution in Hymenochirini. Our objective was to investigate the presence of polymorphism in 

chromosome number, morphology, and size. Additionally, we aimed to examine the localization of 

rDNA and small snDNA multigene families, including tandem repeats, and to identify any potential B 

chromosomes. To achieve this, we employed various cytogenetic techniques and compared the 

results with phylogenetic analysis to construct a phylogenetic tree. 
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Figure 15. Karyotypes of Hymenochirus Species: 

(A) Hymenochirus boettgeri (IVB-H-CG17-356, male): This karyotype displays 18 homologous 

chromosome pairs. Short vertical and horizontal lines correspond to the scale, which is 10 μm. 

(B) Hymenochirus sp. (IVB-H-Hsp06, female): This karyotype shows 10 pairs of A chromosomes and 

one B chromosome. The long lines indicate the centromere positions, and the short lines represent 

the scale of 10 μm (Gvoždík et al., 2024) 

 

 

We did the same cytogenetic analysis on both species. As we mentioned before, we tried to localize 

U1 and U2 genes with different results: while U2 loci positions are the same H. boettgeri and 

Hymenochirus sp. but U1 loci positions are not homologous. Unfortunately we were not able to localize 

5S on H. boettgeri because the first attempts didn’t show us any result and, unfortunately, the 

continuous cycle of staining and destaining on the slides, led to chromosomal structure damaging, 

making the detection of any signal impossible, fortunately on Hymenochirus sp. we didn't register this 

problem.  

The combination of our new molecular data with the analysis of morphological differences between 

the two frogs, allowed us to confirm that the species caught in Congo is H. boettgeri. The comparison 

with other molecular data (Deichmann et al.; 2017; Feng et al.; 2017) let us hypothesize that a species 

https://www.zotero.org/google-docs/?sqs6ZC
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from Central Cameroon was very closely related to our specimen, if not even conspecific. The captive 

population, which is genetically very different from H. boettgeri, couldn't be clearly identified as any 

known species, based on key characteristics from previous literature (Arnoult and Lamotte, 1968; De 

Witte, 1930; Perret, 1966) and our data. It was most accurately referred to as Hymenochirus sp. 

However, in both literature and in the aquarium, captive dwarf clawed frogs are often incorrectly 

labeled as ‘H. boettgeri’ (Bredeson et al., 2024; Cauret et al., 2020; Kunz, 2004, 2003; Miller et al., 

2019; Sam R. Fellows, 2016) or ‘Hymenochirus curtipes’ (Bewick et al., 2013; Kunz, 2002). The 

molecular phylogenetic analysis we performed suggested that H. curtipes, a species once popular in 

European and American aquariums, probably extinct in captivity (Kunz, 2002; Rabb and Rabb, 1963; 

Sokol, 1962, 1959). It was a sister lineage to H. boettgeri but there is no available data for this species.  

A thorough revision of the taxonomy of the genus Hymenochirus is crucial to understand and describe 

the relationships within the genus and to correctly identify the Hymenochirus frogs from captive 

populations. As previously noted, our cytogenetic analysis identified 36 chromosomes in H. boettgeri 

from Congo, and 20 A chromosomes along with 1 B chromosome in Hymenochirus sp. bred in 

captivity. These findings are consistent with recent studies (Mezzasalma et al., 2015), but are not 

consistent with an earlier study (Morescalchi, 1981, 1968; Tymowska, 1991), which reported 24 

chromosomes. However the source of Morescalchi’s specimen is still unidentified, and another study 

who registered a ‘H. boettgeri’ with 22 chromosomes, provided no details.(Scheel, 1973). To account 

for this discrepancy, we thought that Morescalchi (1968) and/or Scheel (1973) might have karyotyped 

one or more different species and misled them. It is possible that they analyzed H. curtipes, which 

was present in captivity during their studies (Kunz, 2002). A possible explanation could be a different 

chromosome number, that's more evident in counting B chromosomes number, as is found in 

previously researches (Mezzasalma et al., 2015). Our finding was exceptional, since no study had 

ever revealed 36 chromosomes before. The chromosome number found in our H. boettgeri from the 

Congo was almost two times that of Hymenochirus sp. from the aquarium species, which is believed 

to have the primordial number of A chromosomes in pipid frogs, 2n = 20 (Mezzasalma et al., 2015), 

and exactly double of chromosome number reported by Bredeson et al. (2024). The number, 

composition and morphology of chromosomes in our H. boettgeri indicate that it was either tetraploid 

or allotetraploid. This discovery represents the first known tetraploidism in frogs that are not part of 

the genus Xenopus (Mezzasalma et al., 2015; Schmid et al., 2015). Size of chromosomes it’s another 

proof of polyploidism, since H. boettgeri are smaller than Hymenochirus sp. ones. It's known that cells 

and embryos of polyploid species are smaller than diploid ones (Miller et al., 2023). We used GISH to 

have another proof of polyploidy, using this technique we hybridized Hymenochirus sp. and H. 

boettgeri probe on H. boettgeri and Hymenochirus sp. chromosomes, and while Hymenochirus sp. 

chromosomes were fully coloured, in H. boettgeri some chromosomes were more painted than others 

(Figure 16F), resembling what we found in X. calcaratus (see chapter 3.1), a clear evidence of 

polyploidy. This might mean that one subgenome of H. boettgeri is more similar to Hymenochirus sp. 

while the other went through more modification during evolution, like previously seen in X. calcaratus 

(see chapter 3.1). Our hypothesis was based on a single male individual, so to confirm this, more wild 

animals need to be tested. Anyway, the genome size of H. boettgeri from the northern Democratic 

Republic of the Congo (DRC) is nearly double (3.77- 4.29 pg) (Liedtke et al., 2018) that reported from 

previous studies with captive species (2.45 pg) (King, 1990). 
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Figure 16. Hymenochirus sp. (IVB-H-Hsp06, female sequential fluorescent chromosome mapping 

using DAPI, CMA3, C-banding, and rDNA FISH, as well as non-sequential snDNA FISH and whole-

genome painting on metaphase spreads. Scale bars represent 10 μm (Gvoždík et al., 2024).  

 

We tried to give a possible explanation of the origin of polyploidy in H. boettgeri. Hymenochirus sp. is 

believed to have the ancestral pipid karyotype with 2n = 20 chromosomes, plus one unique B 

chromosome. In contrast, the tetraploid H. boettgeri has 36 chromosomes, likely organized 

secondarily as diploid (2n = 4x = 36). Both species have karyotypes consisting of biarmed 

chromosomes, with no telocentric chromosomes. However, the evolutionary events behind the 

chromosome number variations in these two Hymenochiri species is unlikely to involve centric fusion 

of telocentric chromosomes or fission of a metacentric chromosome. A similar difference in 

chromosome numbers was observed between diploid and allotetraploid pipids in the genus Xenopus. 

We hypothesized that a similar differentiation mechanism, like the fusion between chromosome 9 and 

10 that we described in Xenopus and Silurana (see chapter 1.4), may have occurred in H. boettgeri 

as well. 
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Unfortunately, their molecular phylogenetic data are poorly available and not enough to support the 

idea that the primordial karyotype of the family Hymenochirini is 2n = 20. This is because 

Hymenochirus sp., with a karyotype with 20 A chromosomes, is for sure the basal lineage of the genus, 

while the close related genus Pseudhymenochirus has 2n = 20 as well (Mezzasalma et al., 2015). 

Tetraploidization in Hymenochirus is likely a condition that emerged later in the differentiation of this 

group. However, due to insufficient information and biological samples of karyotypes of other 

Hymenochirus species, we couldn’t define a more comprehensive statement about the 

tetraploidization and its role in the evolutionary scenario of this group. We speculated that H. curtipes 

might be a sister lineage to H. boettgeri, but without additional karyotype data, we cannot confirm this 

hypothesis. We initially thought that the karyotype of ‘H. boettgeri’ with 2n = 24, as presented by 

Morescalchi, might provide insights, but more information is needed (Morescalchi, 1981, 1968; 

Tymowska, 1991), could be a misidentified H. curtipes, which was available in pet aquaria in 1960s 

(Rabb and Rabb, 1963; Sokol, 1959; von Filek, 1967). The increased chromosome number could be 

resulted by fissions, as is seen in Pipa parva (Mezzasalma et al., 2015). In any case, this it’s just an 

hypothesis and is unlikely to be confirmed or denied until we won’t know the karyotype of H. curtipes. 

In order to understand the functional diploidy of evolutionary tetraploid H. boettgeri, we analyzed the 

number of FISH signals.  

The 28S rDNA (NOR), U1, and U2 snDNA loci are located on a single chromosome, that’s an evidence 

of rediploidization of a tetraploid ancestor. Consequently, we would expect a diploid-haploid cycle and 

crossing-over in tetraploid H. boettgeri. This phenomenon has been observed in all Xenopus 

polyploids (Knytl et al., 2023, 2017; Session et al., 2016; Tymowska, 1991). Conversely, in Xenopus 

tetraploids, the number and location of U1 and U2 snDNAs presented more variability with one or two 

U1 and U2 loci identified by FISH, depending on the copy number of these tandemly repeated 

elements on the specific chromosome (see chapter 3.2). We didn’t find this variability in 

Hymenochirus.  

The U1 snDNAs maintained a stable number but exhibited polymorphism in their chromosomal 

positions in H. boettgeri and Hymenochirus sp. In H. boettgeri, the U1 locus was located on the q arm 

of chromosome 1, whereas in Hymenochirus sp., it was found on the p arm of chromosome 1, differing 

from our description in chapter 3.2. This rearrangement in Hymenochirus could be due to a 

pericentromeric inversion of a large region or a positional change similar to transposon transposition. 

Another possibility is that the U1 locus might be present on both chromosome arms but with different 

copy numbers, which was not revealed by FISH. 

The dynamic nature of the U1 locus contrasted with the stable positions of the U2 and NOR loci, which 

were consistently found on the telomeric part of the q arm of chromosome 8 and the pericentromeric 

region of the p arm of chromosome 4, respectively. We conducted karyological analysis of both male 

and female individuals of Hymenochirus sp. and male H. boettgeri. No differences were found in the 

karyotypes of the two sexes, indicating that the sex chromosomes are homomorphic. This finding 

aligns with previous research within the family Pipidae (Tymowska, 1991). We schematize the position 

of all cytogenetic analyses we did, on the figure 17, to make them more clear. 
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Figure 17. Schematic summarize of the shown results. Created with BioRender (“Scientific Image and 

Illustration Software | BioRender,” n.d.) (Gvoždík et al., 2024). 

 

 

3.5 Genomic analysis of Silurana and Xenopus subgenomes  

 

Working with African Frogs is complicated because of the difficulty of collecting living animals that 

must be acquired through expeditions in Africa. The animals need to survive the transport and be 

bred, in order to get living offspring. Moreover, the surviving rate of tadpoles is relatively low. For 

cytogenetic analysis we needed to cultivate cell cultures, that’s time consuming and with a high chance 

of failure, due to contaminants or cells death. We first tried to start the cell line using organs but this 

attempt failed, resulting in very frequent contamination or a low growth rate, so we started to use the 

hand limbs from tadpoles, with a higher success rate, but the procedure is long and needs high 

precision and often the final concentration of cell suspension is low, so we had to make sure we had 

a high initial amount of cells, but it took even more time, leading to potentially new contaminations. 

Working with X. epitropicalis was time consuming since we needed to wait for frogs to being brought 

from Africa, after that they were injected and, after a couple of days, they laid eggs. In order to have 

organs ready to be sequenced, when needed adult individuals, unfortunately the death ratio was very 

high and even the cell cultures were not successful. 

https://www.zotero.org/google-docs/?w8IIh7
https://www.zotero.org/google-docs/?w8IIh7
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At the moment while I’m writing this thesis, we got X. epitropicalis sequences, they have been already 

trimmed but data analysis hasn't been processed yet. Xenopus borealis sequences have been sent 

for sequencing but they are not available yet, at the moment. 

After the annotation of the X. borealis genome was already available for studying, we noticed that both 

subgenomes were expressed, this means that no subgenome is silenced. Some genes were 

expressed mainly from only one subgenome, while some of them were expressed only in the second, 

however in many cases, we found expression in both genomes for the same genes. 

We managed to analyze the difference between the two subgenomes gene expressions and we 

registered a 6-7% discrepancy. 

The next steps of the research will be: check if pattern is the same among tissues or if we will found 

some issue-specific pattern of subgenome expression, study the the function of the genes using GO 

term annotation tool (Ashburner et al., 2000; Tinsley et al., 1996) and, finally, checking the alternative 

splicing between subgenomes. 

All these steps will be replicated for X. borealis and X. epitropicalis. 

These first result gave us a preliminary insight and let us confirm our hypothesis that both subgenomes 

were expressed, as seen with ZOO-FISH (section 3.1), but now it’s too early to formulate any 

hypothesis but the fact we were also able to confirm the differences between the subgenomes and 

the evidence that we are able to distinguish them, are important steps on what we can work on outside 

this thesis frame. 
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4. Conclusions 

The primary focus of this project was to investigate the evolutionary dynamics of chromosomal 

rearrangements within the family Pipidae. To achieve this, we analyzed members from the genera 

Xenopus, Silurana, and Hymenochirus. 

Initially, we examined the dynamics of rearrangements and chromosomal morphology in the 

allotetraploid frog, X. calcaratus and how they affected the evolution of these frogs. Our findings 

revealed distinct characteristics in the subgenomes of X. calcaratus. The a-subgenome is more 

conserved and resembles the genome of the diploid species X. tropicalis, whereas the b-subgenome 

has differentiated more from the original progenitor and went through more modifications, showing 

significant differences in the structure of the chromosomes, including different repetitive sequences 

and heterochromatic blocks. We also discussed a specific chromosomal translocation observed in X. 

mellotropicalis but not found in X. calcaratus. This translocation is significant because it highlights the 

differences in chromosomal rearrangements between these two species. Our study proposed that a 

single allotetraploidization event led to the emergence of X. mellotropicalis, X. epitropicalis, and X. 

calcaratus. The translocation happened after the divergence of X. calcaratus but before the speciation 

of X. mellotropicalis and X. epitropicalis. Alternatively, if two independent allotetraploidization events 

occurred, probably the translocation occurred either diploid ancestor of the common one of X. 

mellotropicalis and X. epitropicalis, the most recent probably. This finding underscores the slow nature 

of genome evolution in these species and the role of chromosomal rearrangements in their 

divergence. 

We investigated how polyploidization and divergence have influenced the evolution of repetitive 

elements in six species of African clawed frogs. Combining FISH and genomic data, we were able to 

map U1 and U2 small nuclear RNAs and histone H3 in both diploid and allotetraploid species. The 

results showed that the number and position of these repetitive elements were conserved in the diploid 

and tetraploid species X. tropicalis and X. calcaratus, both from subgenus Silurana, while variation 

was observed among the allotetraploid species from the subgenus Xenopus. We realized that 

allotetraploid species could have originated from two different independent polyploidization events 

that exhibited different patterns of repetitive element distribution. Younger allotetraploids, like X. 

calcaratus, have twice as many signals as their diploid relatives, whereas older allotetraploids showed 

more variation. These findings suggest that polyploidization initially duplicates tandem repeats, but 

their copy number can vary over time due to reduction and expansion, highlighting the complex 

evolutionary dynamics of repetitive elements in these frogs. 

We began an in-depth analysis of the genome of X. epitropicalis. However, due to logistical constraints 

(waiting for the delivery of the frogs, breeding, sequencing, and analysis time), we were only able to 

compare our existing X. borealis sequence to analyze the factual expression of both subgenomes and 

to compare the homology between the two subgenomes, which revealed a similarity of around 93-

94%. Although this preliminary data does not allow us to make definitive statements, it provides a 

good initial insight for the continuation of these experiments beyond this thesis frame. 

Finally, we turned our attention to another frog, H. boettgeri. We discovered that the Boettgeri dwarf 

clawed frog from the Congo is tetraploid, possessing four sets of chromosomes (2n = 36). This finding 

suggests that the wild population is not conspecific with the captive populations, which are diploid (2n 

= 20A + 1B chromosomes). We indicated that the karyotype of tetraploid frogs could have been 

evolved through the fusion of two chromosomes followed by allotetraploidization, making it functionally 

diploid, as seen in the polyploid frogs of Xenopus subgenome. These findings highlight significant 

differences between wild and captive populations, suggesting the need for further research to clarify 

the taxonomy and evolutionary history of the genus Hymenochirus. Furthermore, we proposed 
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separating the captive population, previously known as H. boettgeri, from the wild population, which 

retained the name H. boettgeri. We decided to refer to the captive population as Hymenochirus sp. 
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5. Accompanying sections 

 

5.1 Comments on contributions to co-authored publications 

 

Knytl M.; Fornaini N.R. Measurement of Chromosomal Arms and FISH Reveal Complex Genome 
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and Standardized Karyotype of Model Fish, Genus Carassius. Cells, 10, 2343, (2021). 

https://doi.org/10.3390/cells10092343. IF2021=6.60. Q2 category. 
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Knytl M, Fornaini N.R. , Bergelová B, Gvoždík V, Černohorská H, Kubíčková S, Fokam EB, Evans 

BJ, Krylov V. 

Divergent subgenome evolution in the allotetraploid frog Xenopus calcaratus, Gene, 2023, Volume 
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conducted the painting FISH experiments as well as banding experiments. I prepared the ribosomal 
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I conducted the cytogenetic experiments and analysis and I designed and prepared the probes. I also 

analyzed FISH results and prepared the publication pictures and I participated in manuscript 

preparation. 
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I prepared ribosomal and small nuclear probes and conducted subsequent FISH experiments. I also 

analyzed FISH results. 
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I prepared the probes for repetitive DNA FISH and I conducted the experiments. I also prepared 

probes for microchromosome painting FISH and I conducted the experiments. I analyzed the data and 

edited the pictures, I prepared the phylogenetic tree and I participated in manuscript preparation. 

 

 

5.2 List of abbreviations 

 

BLAST     Basic local alignment search tool 

cept1     Choline/ethanolamine phosphotransferase 1 

CMA3     Chromomycin A3 

CRISPR    Clustered regularly interspaced short palindromic repeats 

DAPI     4′,6-diamidino-2-phenylindole 

DMRT1    Doublesex and mab-3 related transcription factor 1 

DNA     Deoxyribonucleic acid 

F1     First filial generation 

FISH     Fluorescence in situ hybridization 

FISH-TSA    FISH with tyramide signal amplification 

fn1     Fibronectin 1 

G-banding    Giemsa banding 

GISH     Genomic in situ hybridization 

GO     Gene Ontology 

gyg2     Glycogenin 2 

H.     Hymenochirus 

H3     Histone H3 

mRNA     Messenger ribonucleic acid 

Mya     Millions year ago 

n     Number of chromosomes in a haploid cell 

ndufs1     NADH:ubiquinone oxidoreductase core subunit S1 

NOR     Nucleolus organizer region 

p arm     Short chromosomal arm 

q arm     Long chromosomal arm 

RAG1     Recombination activating gene 1 

RNA     Ribonucleic acid 

RNA-seq    RNA sequencing 

rRNA     Ribosomal ribonucleic acid 

sf3b1     Splicing factor 3b subunit 1 

snRNA     Small nuclear ribonucleic acid 

Te     Transposable element 

U1     Small nuclear 1 

U2     Small nuclear 2 

WCP     Whole chromosome painting probe 

WGS     Whole genome sequence 

X.     Xenopus 

XCA     Xenopus calcaratus 

XME     Xenopus mellotropicalis 

XTR     Xenopus tropicalis 

ZOO-FISH    Cross-species chromosome painting 



43 

5.3 Reference list 

 

https://doi.org/10.3389/fphys.2019.00154 

Noble, GK. Contributions to the herpetology of the Belgian Congo based on the collection of the 

American Museum Congo Expedition, 1909- 1915. Part III. Amphibia. Bulletin of the American 

Museum of Natural History 1924;49:147–347. 

https://doi.org/10.1016/j.aaf.2017.04.003 

Acharya, D., Ghosh, T.C., 2016. Global analysis of human duplicated genes reveals the relative 
importance of whole-genome duplicates originated in the early vertebrate evolution. BMC 
Genomics 17, 71. https://doi.org/10.1186/s12864-016-2392-0 

Adams, K., Wendel, J., 2005. Novel patterns of gene expression in polyploid plants. Trends in 
Genetics 21, 539–543. https://doi.org/10.1016/j.tig.2005.07.009 

Altmanová, M., Doležálková-Kaštánková, M., Jablonski, D., Strachinis, I., Vergilov, V., Vacheva, E., 
Iannucci, A., Choleva, L., Ráb, P., Moravec, J., Gvoždík, V., 2023. Karyotype stasis but 
species-specific repetitive DNA patterns in Anguis lizards (Squamata: Anguidae), in the 
evolutionary framework of Anguiformes. Zoological Journal of the Linnean Society zlad153. 
https://doi.org/10.1093/zoolinnean/zlad153 

Arnoult, J., Lamotte, M., 1968. Les Pipidae de 1‘Ouest africain et du Cameroun. ull. Inst. fr. Afr. 
noire. 

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., Dolinski, K., 
Dwight, S.S., Eppig, J.T., Harris, M.A., Hill, D.P., Issel-Tarver, L., Kasarskis, A., Lewis, S., 
Matese, J.C., Richardson, J.E., Ringwald, M., Rubin, G.M., Sherlock, G., 2000. Gene 
Ontology: tool for the unification of biology. Nat Genet 25, 25–29. 
https://doi.org/10.1038/75556 

Bewick, A.J., Chain, F.J.J., Zimmerman, L.B., Sesay, A., Gilchrist, M.J., Owens, N.D.L., Seifertova, 
E., Krylov, V., Macha, J., Tlapakova, T., Kubickova, S., Cernohorska, H., Zarsky, V., Evans, 
B.J., 2013. A Large Pseudoautosomal Region on the Sex Chromosomes of the Frog 
Silurana tropicalis. Genome Biology and Evolution 5, 1087–1098. 
https://doi.org/10.1093/gbe/evt073 

Bhattacharya, D., Marfo, C.A., Li, D., Lane, M., Khokha, M.K., 2015. CRISPR/Cas9: An inexpensive, 
efficient loss of function tool to screen human disease genes in Xenopus. Developmental 
Biology 408, 196–204. https://doi.org/10.1016/j.ydbio.2015.11.003 

Bishani, A., Prokopov, D.Y., Romanenko, S.A., Molodtseva, A.S., Perelman, P.L., Interesova, E.A., 
Beklemisheva, V.R., Graphodatsky, A.S., Trifonov, V.A., 2021. Evolution of Tandemly 
Arranged Repetitive DNAs in Three Species of Cyprinoidei with Different Ploidy Levels. 
Cytogenet Genome Res 161, 32–42. https://doi.org/10.1159/000513274 

Blitz, I.L., Biesinger, J., Xie, X., Cho, K.W.Y., 2013. Biallelic genome modification in F 0 Xenopus 
tropicalis embryos using the CRISPR/Cas system. Genesis 51, 827–834. 
https://doi.org/10.1002/dvg.22719 

Bogart, J.P., 1980. Evolutionary Implications of Polyploidy in Amphibians and Reptiles, in: Lewis, 
W.H. (Ed.), Polyploidy. Springer US, Boston, MA, pp. 341–378. https://doi.org/10.1007/978-
1-4613-3069-1_18 

Bogart, J.P., Bi, K., 2013. Genetic and Genomic Interactions of Animals with Different Ploidy Levels. 
Cytogenet Genome Res 140, 117–136. https://doi.org/10.1159/000351593 

Borodinsky, L.N., 2017. Xenopus laevis as a Model Organism for the Study of Spinal Cord 
Formation, Development, Function and Regeneration. Front. Neural Circuits 11, 90. 
https://doi.org/10.3389/fncir.2017.00090 

Bredeson, J.V., Mudd, A.B., Medina-Ruiz, S., Mitros, T., Smith, O.K., Miller, K.E., Lyons, J.B., Batra, 
S.S., Park, J., Berkoff, K.C., Plott, C., Grimwood, J., Schmutz, J., Aguirre-Figueroa, G., 
Khokha, M.K., Lane, M., Philipp, I., Laslo, M., Hanken, J., Kerdivel, G., Buisine, N., Sachs, 
L.M., Buchholz, D.R., Kwon, T., Smith-Parker, H., Gridi-Papp, M., Ryan, M.J., Denton, R.D., 
Malone, J.H., Wallingford, J.B., Straight, A.F., Heald, R., Hockemeyer, D., Harland, R.M., 
Rokhsar, D.S., 2024a. Conserved chromatin and repetitive patterns reveal slow genome 
evolution in frogs. Nat Commun 15, 579. https://doi.org/10.1038/s41467-023-43012-9 

https://doi.org/10.3389/fphys.2019.00154
https://doi.org/10.1016/j.aaf.2017.04.003
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


44 

Bredeson, J.V., Mudd, A.B., Medina-Ruiz, S., Mitros, T., Smith, O.K., Miller, K.E., Lyons, J.B., Batra, 
S.S., Park, J., Berkoff, K.C., Plott, C., Grimwood, J., Schmutz, J., Aguirre-Figueroa, G., 
Khokha, M.K., Lane, M., Philipp, I., Laslo, M., Hanken, J., Kerdivel, G., Buisine, N., Sachs, 
L.M., Buchholz, D.R., Kwon, T., Smith-Parker, H., Gridi-Papp, M., Ryan, M.J., Denton, R.D., 
Malone, J.H., Wallingford, J.B., Straight, A.F., Heald, R., Hockemeyer, D., Harland, R.M., 
Rokhsar, D.S., 2024b. Conserved chromatin and repetitive patterns reveal slow genome 
evolution in frogs. Nat Commun 15, 579. https://doi.org/10.1038/s41467-023-43012-9 

Bredeson, J.V., Mudd, A.B., Medina-Ruiz, S., Mitros, T., Smith, O.K., Miller, K.E., Lyons, J.B., Batra, 
S.S., Park, J., Berkoff, K.C., Plott, C., Grimwood, J., Schmutz, J., Aguirre-Figueroa, G., 
Khokha, M.K., Lane, M., Philipp, I., Laslo, M., Hanken, J., Kerdivel, G., Buisine, N., Sachs, 
L.M., Buchholz, D.R., Kwon, T., Smith-Parker, H., Gridi-Papp, M., Ryan, M.J., Denton, R.D., 
Malone, J.H., Wallingford, J.B., Straight, A.F., Heald, R., Hockemeyer, D., Harland, R.M., 
Rokhsar, D.S., 2024c. Conserved chromatin and repetitive patterns reveal slow genome 
evolution in frogs. Nat Commun 15, 579. https://doi.org/10.1038/s41467-023-43012-9 

Bueno, D., Palacios-Gimenez, O.M., Cabral-de-Mello, D.C., 2013. Chromosomal Mapping of 
Repetitive DNAs in the Grasshopper Abracris flavolineata Reveal Possible Ancestry of the B 
Chromosome and H3 Histone Spreading. PLoS ONE 8, e66532. 
https://doi.org/10.1371/journal.pone.0066532 

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., Madden, T.L., 2009. 
BLAST+: architecture and applications. BMC Bioinformatics 10, 421. 
https://doi.org/10.1186/1471-2105-10-421 

Cannatella, D.C., De Sa, R.O., 1993. Xenopus Laevis as a Model Organism. Systematic Biology 42, 
476–507. https://doi.org/10.1093/sysbio/42.4.476 

Cannatella, D.C., Trueb, L., 1988. Evolution of pipoid frogs: intergeneric relationships of the aquatic 
frog family Pipidae (Anura). Zoological Journal of the Linnean Society 94, 1–38. 
https://doi.org/10.1111/j.1096-3642.1988.tb00880.x 

Cauret, C.M.S., Gansauge, M.-T., Tupper, A.S., Furman, B.L.S., Knytl, M., Song, X.-Y., Greenbaum, 
E., Meyer, M., Evans, B.J., 2020. Developmental Systems Drift and the Drivers of Sex 
Chromosome Evolution. Molecular Biology and Evolution 37, 799–810. 
https://doi.org/10.1093/molbev/msz268 

Cecere, D.D., 1998. Discrepancies in Observations of Hymenochirus boettgeri, Rabb vs. Sokol. 
Cholak, L.R., Haddad, C.F.B., Parise-Maltempi, P.P., 2020. Cytogenetic analysis of the genus 

Thoropa Cope, 1865 (Anura-Cycloramphidae) with evolutionary inferences based on 
repetitive sequences. Genet. Mol. Biol. 43, e20190364. https://doi.org/10.1590/1678-4685-
gmb-2019-0364 

Comai, L., 2005. The advantages and disadvantages of being polyploid. Nat Rev Genet 6, 836–846. 
https://doi.org/10.1038/nrg1711 

Comai, L., Tyagi, A.P., Winter, K., Holmes-Davis, R., Reynolds, S.H., Stevens, Y., Byers, B., 2000. 
Phenotypic Instability and Rapid Gene Silencing in Newly Formed Arabidopsis 
Allotetraploids. Plant Cell 12, 1551–1567. https://doi.org/10.1105/tpc.12.9.1551 

Da Silva, D.S., Da Silva Filho, H.F., Cioffi, M.B., De Oliveira, E.H.C., Gomes, A.J.B., 2021. 
Comparative Cytogenetics in Four Leptodactylus Species (Amphibia, Anura, 
Leptodactylidae): Evidence of Inner Chromosomal Diversification in Highly Conserved 
Karyotypes. Cytogenet Genome Res 161, 52–62. https://doi.org/10.1159/000515831 

De Oliveira Furo, I., Kretschmer, R., Dos Santos, M.S., De Lima Carvalho, C.A., Gunski, R.J., 
O’Brien, P.C.M., Ferguson-Smith, M.A., Cioffi, M.B., De Oliveira, E.H.C., 2017. 
Chromosomal Mapping of Repetitive DNAs in Myiopsitta monachus and Amazona aestiva 
(Psittaciformes, Psittacidae) with Emphasis on the Sex Chromosomes. Cytogenetic and 
Genome Research 151, 151–160. https://doi.org/10.1159/000464458 

De Witte, G., 1930. Liste des reptiles et batraciens récoltés au Brésil par la Mission Massart (1922–
23) et description de sept nouvelles espèces. 

Dubois, A., Ohler, A., Pyron, R.A., 2021. New concepts and methods for phylogenetic taxonomy and 
nomenclature in zoology, exemplified by a new ranked cladonomy of recent amphibians 
(Lissamphibia). MT 5. https://doi.org/10.11646/megataxa.5.1.1 

Evans, B., J., 2008. Genome evolution and speciation genetics of clawed frogs (Xenopus and 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


45 

Silurana). Front Biosci Volume, 4687. https://doi.org/10.2741/3033 
Evans, B.J., 2007. Ancestry Influences the Fate of Duplicated Genes Millions of Years After 

Polyploidization of Clawed Frogs (Xenopus). Genetics 176, 1119–1130. 
https://doi.org/10.1534/genetics.106.069690 

Evans, B.J., Carter, T.F., Greenbaum, E., Gvoždík, V., Kelley, D.B., McLaughlin, P.J., Pauwels, 
O.S.G., Portik, D.M., Stanley, E.L., Tinsley, R.C., Tobias, M.L., Blackburn, D.C., 2015. 
Genetics, Morphology, Advertisement Calls, and Historical Records Distinguish Six New 
Polyploid Species of African Clawed Frog (Xenopus, Pipidae) from West and Central Africa. 
PLoS ONE 10, e0142823. https://doi.org/10.1371/journal.pone.0142823 

Evans, B.J., Kelley, D.B., Tinsley, R.C., Melnick, D.J., Cannatella, D.C., 2004. A mitochondrial DNA 
phylogeny of African clawed frogs: phylogeography and implications for polyploid evolution. 
Molecular Phylogenetics and Evolution 33, 197–213. 
https://doi.org/10.1016/j.ympev.2004.04.018 

Evans, B.J., Morales, J.C., Picker, M.D., Melnick, D.J., Kelley, D.B., 1998. Absence of Extensive 
Introgression between Xenopus gilli and Xenopus laevis laevis (Anura: Pipidae) in 
Southwestern Cape Province, South Africa. Copeia 1998, 504. 
https://doi.org/10.2307/1447452 

Falistocco, E., Prieto, P., Ceccarelli, M., Farooq, M.A., 2024. Editorial: Advances in the study of 
polyploid evolution in wild populations. Front. Plant Sci. 14, 1335981. 
https://doi.org/10.3389/fpls.2023.1335981 

Feng, Y.-J., Blackburn, D.C., Liang, D., Hillis, D.M., Wake, D.B., Cannatella, D.C., Zhang, P., 2017. 
Phylogenomics reveals rapid, simultaneous diversification of three major clades of 
Gondwanan frogs at the Cretaceous–Paleogene boundary. Proc. Natl. Acad. Sci. U.S.A. 
114. https://doi.org/10.1073/pnas.1704632114 

Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y., Postlethwait, J., 1999. Preservation of 
Duplicate Genes by Complementary, Degenerative Mutations. Genetics 151, 1531–1545. 
https://doi.org/10.1093/genetics/151.4.1531 

Fornaini, N.R., Bergelová, B., Gvoždík, V., Černohorská, H., Krylov, V., Kubíčková, S., Fokam, E.B., 
Badjedjea, G., Evans, B.J., Knytl, M., 2023. Consequences of polyploidy and divergence as 
revealed by cytogenetic mapping of repetitive elements in African clawed frogs (Xenopus, 
Pipidae). https://doi.org/10.21203/rs.3.rs-2487507/v1 

Fransz, P., De Jong, J.H., Lysak, M., Castiglione, M.R., Schubert, I., 2002. Interphase 
chromosomes in Arabidopsis are organized as well defined chromocenters from which 
euchromatin loops emanate. Proc. Natl. Acad. Sci. U.S.A. 99, 14584–14589. 
https://doi.org/10.1073/pnas.212325299 

Frost, D.R., 1999. Amphibian Species of the World: an Online Reference. 
Furman, B.L.S., Dang, U.J., Evans, B.J., Golding, G.B., 2018. Divergent subgenome evolution after 

allopolyploidization in African clawed frogs ( Xenopus ). J of Evolutionary Biology 31, 1945–
1958. https://doi.org/10.1111/jeb.13391 

Gazoni, T., Dorigon, N.S., Da Silva, M.J., Cholak, L.R., Haddad, C.F.B., Parise-Maltempi, P.P., 
2021. Chromosome Mapping of U2 snDNA in Species of Leptodactylus (Anura, 
Leptodactylidae). Cytogenet Genome Res 161, 63–69. https://doi.org/10.1159/000515047 

Geneious Prime | Molecular Biology and Sequence Analysis Tools [WWW Document], n.d. . 
Geneious. URL https://www.geneious.com/series/prime (accessed 10.11.24). 

Gerbault-Seureau, M., Cacheux, L., Dutrillaux, B., 2017. The Relationship between the (In-)Stability 
of NORs and Their Chromosomal Location: The Example of Cercopithecidae and a Short 
Review of Other Primates. Cytogenet Genome Res 153, 138–146. 
https://doi.org/10.1159/000486441 

Gerhart, J., Kirschner, M., 2020. Normal Table of Xenopus Laevis (Daudin): A Systematical and 
Chronological Survey of the Development from the Fertilized Egg Till the End of 
Metamorphosis, 1st ed. Garland Science. https://doi.org/10.1201/9781003064565 

Guo, M., Davis, D., Birchler, J.A., 1996. Dosage Effects on Gene Expression in a Maize Ploidy 
Series. Genetics 142, 1349–1355. https://doi.org/10.1093/genetics/142.4.1349 

Guzmán, K., Roco, Á.S., Stöck, M., Ruiz-García, A., García-Muñoz, E., Bullejos, M., 2022. 
Identification and characterization of a new family of long satellite DNA, specific of true toads 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


46 

(Anura, Amphibia, Bufonidae). Sci Rep 12, 13960. https://doi.org/10.1038/s41598-022-
18051-9 

Gvoždík, V., Knytl, M., Zassi-Boulou, A.-G., Fornaini, N.R., Bergelová, B., 2024. Tetraploidy in the 
Boettger’s dwarf clawed frog (Pipidae: Hymenochirus boettgeri ) from the Congo indicates 
non-conspecificity with the captive population. Zoological Journal of the Linnean Society 200, 
1034–1047. https://doi.org/10.1093/zoolinnean/zlad119 

Hedges, S.B., 2002. The origin and evolution of model organisms. Nat Rev Genet 3, 838–849. 
https://doi.org/10.1038/nrg929 

Hedges, S.B., Kumar, S., 2002. Vertebrate Genomes Compared. Science 297, 1283–1285. 
https://doi.org/10.1126/science.1076231 

Hedtke, S.M., Morgan, M.J., Cannatella, D.C., Hillis, D.M., 2013. Targeted Enrichment: Maximizing 
Orthologous Gene Comparisons across Deep Evolutionary Time. PLoS ONE 8, e67908. 
https://doi.org/10.1371/journal.pone.0067908 

Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V., Ovcharenko, I., 
Putnam, N.H., Shu, S., Taher, L., Blitz, I.L., Blumberg, B., Dichmann, D.S., Dubchak, I., 
Amaya, E., Detter, J.C., Fletcher, R., Gerhard, D.S., Goodstein, D., Graves, T., Grigoriev, 
I.V., Grimwood, J., Kawashima, T., Lindquist, E., Lucas, S.M., Mead, P.E., Mitros, T., Ogino, 
H., Ohta, Y., Poliakov, A.V., Pollet, N., Robert, J., Salamov, A., Sater, A.K., Schmutz, J., 
Terry, A., Vize, P.D., Warren, W.C., Wells, D., Wills, A., Wilson, R.K., Zimmerman, L.B., 
Zorn, A.M., Grainger, R., Grammer, T., Khokha, M.K., Richardson, P.M., Rokhsar, D.S., 
2010a. The Genome of the Western Clawed Frog Xenopus tropicalis. Science 328, 633–636. 
https://doi.org/10.1126/science.1183670 

Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V., Ovcharenko, I., 
Putnam, N.H., Shu, S., Taher, L., Blitz, I.L., Blumberg, B., Dichmann, D.S., Dubchak, I., 
Amaya, E., Detter, J.C., Fletcher, R., Gerhard, D.S., Goodstein, D., Graves, T., Grigoriev, 
I.V., Grimwood, J., Kawashima, T., Lindquist, E., Lucas, S.M., Mead, P.E., Mitros, T., Ogino, 
H., Ohta, Y., Poliakov, A.V., Pollet, N., Robert, J., Salamov, A., Sater, A.K., Schmutz, J., 
Terry, A., Vize, P.D., Warren, W.C., Wells, D., Wills, A., Wilson, R.K., Zimmerman, L.B., 
Zorn, A.M., Grainger, R., Grammer, T., Khokha, M.K., Richardson, P.M., Rokhsar, D.S., 
2010b. The Genome of the Western Clawed Frog Xenopus tropicalis. Science 328, 633–636. 
https://doi.org/10.1126/science.1183670 

Heslop-Harrison, J.S. (Pat), Schwarzacher, T., Liu, Q., 2023. Polyploidy: its consequences and 
enabling role in plant diversification and evolution. Annals of Botany 131, 1–10. 
https://doi.org/10.1093/aob/mcac132 

Hime, P.M., Lemmon, A.R., Lemmon, E.C.M., Prendini, E., Brown, J.M., Thomson, R.C., Kratovil, 
J.D., Noonan, B.P., Pyron, R.A., Peloso, P.L.V., Kortyna, M.L., Keogh, J.S., Donnellan, S.C., 
Mueller, R.L., Raxworthy, C.J., Kunte, K., Ron, S.R., Das, S., Gaitonde, N., Green, D.M., 
Labisko, J., Che, J., Weisrock, D.W., 2021. Phylogenomics Reveals Ancient Gene Tree 
Discordance in the Amphibian Tree of Life. Systematic Biology 70, 49–66. 
https://doi.org/10.1093/sysbio/syaa034 

Irisarri, I., Vences, M., San Mauro, D., Glaw, F., Zardoya, R., 2011a. Reversal to air-driven sound 
production revealed by a molecular phylogeny of tongueless frogs, family Pipidae. BMC 
Evolutionary Biology 11, 114. https://doi.org/10.1186/1471-2148-11-114 

Irisarri, I., Vences, M., San Mauro, D., Glaw, F., Zardoya, R., 2011b. Reversal to air-driven sound 
production revealed by a molecular phylogeny of tongueless frogs, family Pipidae. BMC Evol 
Biol 11, 114. https://doi.org/10.1186/1471-2148-11-114 

Khokha, M.K., 2012. Xenopus white papers and resources: Folding functional genomics and 
genetics into the frog. Genesis 50, 133–142. https://doi.org/10.1002/dvg.22015 

King, M. (Ed.), 1990. Animal cytogenetics. 2: Vol. 4. Chordata Amphibia / by Max King. Borntraeger, 
Berlin Stuttgart. 

Knytl, M., Fornaini, N., 2021. Measurement of Chromosomal Arms and FISH Reveal Complex 
Genome Architecture and Standardized Karyotype of Model Fish, Genus Carassius. Cells 
10, 2343. https://doi.org/10.3390/cells10092343 

Knytl, M., Fornaini, N.R., Bergelová, B., Gvoždík, V., Černohorská, H., Kubíčková, S., Fokam, E.B., 
Evans, B.J., Krylov, V., 2023. Divergent subgenome evolution in the allotetraploid frog 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


47 

Xenopus calcaratus. Gene 851, 146974. https://doi.org/10.1016/j.gene.2022.146974 
Knytl, M., Forsythe, A., Kalous, L., 2022. A Fish of Multiple Faces, Which Show Us Enigmatic and 

Incredible Phenomena in Nature: Biology and Cytogenetics of the Genus Carassius. IJMS 
23, 8095. https://doi.org/10.3390/ijms23158095 

Knytl, M., Smolík, O., Kubíčková, S., Tlapáková, T., Evans, B.J., Krylov, V., 2017. Chromosome 
divergence during evolution of the tetraploid clawed frogs, Xenopus mellotropicalis and 
Xenopus epitropicalis as revealed by Zoo-FISH. PLoS ONE 12, e0177087. 
https://doi.org/10.1371/journal.pone.0177087 

Knytl, M., Tlapakova, T., Vankova, T., Krylov, V., 2018. Silurana Chromosomal Evolution: A New 
Piece to the Puzzle. Cytogenet Genome Res 156, 223–228. 
https://doi.org/10.1159/000494708 

Kretschmer, R., Rodrigues, B.S., Barcellos, S.A., Costa, A.L., Cioffi, M. de B., Garnero, A.D.V., 
Gunski, R.J., de Oliveira, E.H.C., Griffin, D.K., 2021. Karyotype evolution and genomic 
organization of repetitive dnas in the saffron finch, sicalis flaveola (Passeriformes, aves). 
Animals. https://doi.org/10.3390/ani11051456 

Kunz, 2004. Der Zwergkrallenfrosch Hymenochirus boettgeri. 
Kunz, 2003. Krallenfrösche, Zwergkrallenfrösche, Wabenkröten—Pipidae in Natur und 

Menschenhand. 
Kunz, 2002. Über einige Fehlbestimmungen von Zwergkrallenfröschen der Gattung Hymenochirus 

in der Literatur. 
Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat Methods 9, 

357–359. https://doi.org/10.1038/nmeth.1923 
Li, B., Dewey, C.N., 2011. RSEM: accurate transcript quantification from RNA-Seq data with or 

without a reference genome. BMC Bioinformatics 12, 323. https://doi.org/10.1186/1471-
2105-12-323 

Li, Z., Tiley, G.P., Galuska, S.R., Reardon, C.R., Kidder, T.I., Rundell, R.J., Barker, M.S., 2018. 
Multiple large-scale gene and genome duplications during the evolution of hexapods. Proc. 
Natl. Acad. Sci. U.S.A. 115, 4713–4718. https://doi.org/10.1073/pnas.1710791115 

Liedtke, H.C., Gower, D.J., Wilkinson, M., Gomez-Mestre, I., 2018. Macroevolutionary shift in the 
size of amphibian genomes and the role of life history and climate. Nat Ecol Evol 2, 1792–
1799. https://doi.org/10.1038/s41559-018-0674-4 

Lynch, M., O’Hely, M., Walsh, B., Force, A., 2001. The Probability of Preservation of a Newly Arisen 
Gene Duplicate. Genetics 159, 1789–1804. https://doi.org/10.1093/genetics/159.4.1789 

Melaragno, J.E., Mehrotra, B., Coleman, A.W., 1993. Relationship between Endopolyploidy and Cell 
Size in Epidermal Tissue of Arabidopsis. Plant Cell 1661–1668. 
https://doi.org/10.1105/tpc.5.11.1661 

Mezzasalma, M., Capriglione, T., Kupriyanova, L., Odierna, G., Pallotta, M.M., Petraccioli, A., 
Picariello, O., Guarino, F.M., 2023. Characterization of Two Transposable Elements and an 
Ultra-Conserved Element Isolated in the Genome of Zootoca vivipara (Squamata, 
Lacertidae). Life 13, 637. https://doi.org/10.3390/life13030637 

Mezzasalma, M., Glaw, F., Odierna, G., Petraccioli, A., Guarino, F.M., 2015. Karyological analyses 
of Pseudhymenochirus merlini and Hymenochirus boettgeri provide new insights into the 
chromosome evolution in the anuran family Pipidae. Zoologischer Anzeiger - A Journal of 
Comparative Zoology 258, 47–53. https://doi.org/10.1016/j.jcz.2015.07.001 

Milioto, V., Vlah, S., Mazzoleni, S., Rovatsos, M., Dumas, F., 2019. Chromosomal Localization of 
18S-28S rDNA and (TTAGGG)n Sequences in Two South African Dormice of the Genus 
Graphiurus (Rodentia: Gliridae). Cytogenetic and Genome Research 158, 145–151. 
https://doi.org/10.1159/000500985 

Miller, K.E., Cadart, C., Heald, R., 2023. Dodecaploid Xenopus longipes provides insight into the 
emergence of size scaling relationships during development. Current Biology 33, 1327-
1336.e4. https://doi.org/10.1016/j.cub.2023.02.021 

Miller, K.E., Session, A.M., Heald, R., 2019. Kif2a Scales Meiotic Spindle Size in Hymenochirus 
boettgeri. Current Biology 29, 3720-3727.e5. https://doi.org/10.1016/j.cub.2019.08.073 

Morescalchi, A., 1981. KARYOLOGY OF THE MAIN GROUPS OF AFRICAN FROGS: 
PUBBLICAZIONI DEL CENTRO DI STUDIO PER LA FAUNISTICA ED ECOLOGIA 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


48 

TROPICALI DEL C.N.R.: CCVII. Monitore Zoologico Italiano. Supplemento 15, 41–53. 
https://doi.org/10.1080/03749444.1981.10736628 

Morescalchi, A., 1968. I cromosomi di alcuniPipidae (Amphibia Salientia). Experientia 24, 81–82. 
https://doi.org/10.1007/BF02136809 

Nenni, M.J., Fisher, M.E., James-Zorn, C., Pells, T.J., Ponferrada, V., Chu, S., Fortriede, J.D., 
Burns, K.A., Wang, Y., Lotay, V.S., Wang, D.Z., Segerdell, E., Chaturvedi, P., Karimi, K., 
Vize, P.D., Zorn, A.M., 2019. Xenbase: Facilitating the Use of Xenopus to Model Human 
Disease. Front. Physiol. 10, 154. https://doi.org/10.3389/fphys.2019.00154 

Oliveira, N.L., Cabral-de-Mello, D.C., Rocha, M.F., Loreto, V., Martins, C., Moura, R.C., 2011. 
Chromosomal mapping of rDNAs and H3 histone sequences in the grasshopper 
rhammatocerus brasiliensis (acrididae, gomphocerinae): extensive chromosomal dispersion 
and co-localization of 5S rDNA/H3 histone clusters in the A complement and B chromosome. 
Mol Cytogenet 4, 24. https://doi.org/10.1186/1755-8166-4-24 

Oliveira, V.C.S., Altmanová, M., Viana, P.F., Ezaz, T., Bertollo, L.A.C., Ráb, P., Liehr, T., Al-Rikabi, 
A., Feldberg, E., Hatanaka, T., Scholz, S., Meurer, A., De Bello Cioffi, M., 2021. Revisiting 
the Karyotypes of Alligators and Caimans (Crocodylia, Alligatoridae) after a Half-Century 
Delay: Bridging the Gap in the Chromosomal Evolution of Reptiles. Cells 10, 1397. 
https://doi.org/10.3390/cells10061397 

Olsson, R., Österdahl, L., 1960. Aquarium Behaviour and Breeding of Hymenochirus. Nature 188, 
869–869. https://doi.org/10.1038/188869a0 

Perret, J., 1966. Les amphibiens du Cameroun. Zoologische Jahrbücher. Abteilung für Systematik. 
Ökologie und Geographie. 

Phimphan, S., Aiumsumang, S., Tanomtong, A., 2021. Characterization of Chromosomal and 
Repetitive Elements in the Genome of “Rana nigrovittata” (Anura, Ranidae): Revealed by 
Classical and Molecular Techniques. Cytol. Genet. 55, 583–589. 
https://doi.org/10.3103/S0095452721060104 

Rabb, G.B., Rabb, M.S., 1963. On the behavior and breeding biology of the African pipid frog: 
Hymenochirus boettgeri. Zeitschrift für Tierpsychologie 20, 215–241. 
https://doi.org/10.1111/j.1439-0310.1963.tb01151.x 

Roco, Á.S., Liehr, T., Ruiz-García, A., Guzmán, K., Bullejos, M., 2021. Comparative Distribution of 
Repetitive Sequences in the Karyotypes of Xenopus tropicalis and Xenopus laevis (Anura, 
Pipidae). Genes 12, 617. https://doi.org/10.3390/genes12050617 

Roe, B.A., Ma, D.P., Wilson, R.K., Wong, J.F., 1985. The complete nucleotide sequence of the 
Xenopus laevis mitochondrial genome. Journal of Biological Chemistry 260, 9759–9774. 
https://doi.org/10.1016/S0021-9258(17)39303-1 

Sam R. Fellows, G.H., 2016. Vocal repertoire and calling activity of a dward clawed frog 
(Hymenochirus boettgeri. 

Scheel, J.J., 1973. The Chromosomes of Some African Anuran Species, in: Schröder, J.H. (Ed.), 
Genetics and Mutagenesis of Fish. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 113–
116. https://doi.org/10.1007/978-3-642-65700-9_11 

Schmid, M., Evans, B.J., Bogart, J.P., 2015. Polyploidy in Amphibia. Cytogenet Genome Res 145, 
315–330. https://doi.org/10.1159/000431388 

Schmid, M., Vitelli, L., Batistoni, R., 1987. Chromosome banding in Amphibia: XI. Constitutive 
heterochromatin, nucleolus organizers, 18S + 28S and 5S ribosomal RNA genes in 
Ascaphidae, Pipidae, Discoglossidae and Pelobatidae. Chromosoma 95, 271–284. 
https://doi.org/10.1007/BF00294784 

Scientific Image and Illustration Software | BioRender [WWW Document], n.d. URL 
https://www.biorender.com/ (accessed 10.14.24). 

Sémon, M., Wolfe, K.H., 2007. Consequences of genome duplication. Current Opinion in Genetics & 
Development 17, 505–512. https://doi.org/10.1016/j.gde.2007.09.007 

Seppey, M., Manni, M., Zdobnov, E.M., 2019. BUSCO: Assessing Genome Assembly and 
Annotation Completeness, in: Kollmar, M. (Ed.), Gene Prediction, Methods in Molecular 
Biology. Springer New York, New York, NY, pp. 227–245. https://doi.org/10.1007/978-1-
4939-9173-0_14 

Session, A.M., Uno, Y., Kwon, T., Chapman, J.A., Toyoda, A., Takahashi, S., Fukui, A., Hikosaka, 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


49 

A., Suzuki, A., Kondo, M., van Heeringen, S.J., Quigley, I., Heinz, S., Ogino, H., Ochi, H., 
Hellsten, U., Lyons, J.B., Simakov, O., Putnam, N., Stites, J., Kuroki, Y., Tanaka, T., Michiue, 
T., Watanabe, M., Bogdanovic, O., Lister, R., Georgiou, G., Paranjpe, S.S., van 
Kruijsbergen, I., Shu, S., Carlson, J., Kinoshita, T., Ohta, Y., Mawaribuchi, S., Jenkins, J., 
Grimwood, J., Schmutz, J., Mitros, T., Mozaffari, S.V., Suzuki, Y., Haramoto, Y., Yamamoto, 
T.S., Takagi, C., Heald, R., Miller, K., Haudenschild, C., Kitzman, J., Nakayama, T., Izutsu, 
Y., Robert, J., Fortriede, J., Burns, K., Lotay, V., Karimi, K., Yasuoka, Y., Dichmann, D.S., 
Flajnik, M.F., Houston, D.W., Shendure, J., DuPasquier, L., Vize, P.D., Zorn, A.M., Ito, M., 
Marcotte, E.M., Wallingford, J.B., Ito, Y., Asashima, M., Ueno, N., Matsuda, Y., Veenstra, 
G.J.C., Fujiyama, A., Harland, R.M., Taira, M., Rokhsar, D.S., 2016. Genome evolution in the 
allotetraploid frog Xenopus laevis. Nature 538, 336–343. https://doi.org/10.1038/nature19840 

Shapiro, H.A., Zwarenstein, H., 1934. A Rapid Test for Pregnancy on Xenopus lævis. Nature 133, 
762–762. https://doi.org/10.1038/133762a0 

Silva, D.M.Z.A., Utsunomia, R., Pansonato-Alves, J.C., Oliveira, C., Foresti, F., 2015. Chromosomal 
Mapping of Repetitive DNA Sequences in Five Species of Astyanax (Characiformes, 
Characidae) Reveals Independent Location of U1 and U2 snRNA Sites and Association of 
U1 snRNA and 5S rDNA. Cytogenet Genome Res 146, 144–152. 
https://doi.org/10.1159/000438813 

Sokol, O.M., 1969. Feeding in the Pipid Frog Hymenochirus boettgeri (Tornier). 1969. 
Sokol, O.M., 1962. The Tadpole of Hymenochirus boettgeri. Copeia 1962, 272. 

https://doi.org/10.2307/1440890 
Sokol, O.M., 1959. Studien an pipiden Fröschen. I. Die Kaulquappe von Hymenochirus curtipes 

Noble. 1959. 
Stanke, M., Waack, S., 2003. Gene prediction with a hidden Markov model and a new intron 

submodel. Bioinformatics 19, ii215–ii225. https://doi.org/10.1093/bioinformatics/btg1080 
Symonová, R., Havelka, M., Amemiya, C.T., Howell, W.M., Kořínková, T., Flajšhans, M., Gela, D., 

Ráb, P., 2017. Molecular cytogenetic differentiation of paralogs of Hox paralogs in duplicated 
and re-diploidized genome of the North American paddlefish (Polyodon spathula). BMC 
Genet 18, 19. https://doi.org/10.1186/s12863-017-0484-8 

Tandon, P., Conlon, F., Furlow, J.D., Horb, M.E., 2017. Expanding the genetic toolkit in Xenopus: 
Approaches and opportunities for human disease modeling. Developmental Biology 426, 
325–335. https://doi.org/10.1016/j.ydbio.2016.04.009 

Tinsley, R.C., Kobel, H.R., Zoological Society of London (Eds.), 1996. The biology of Xenopus: 
symposium held at the Zoological Society of London on 10th and 11th September 1992, 
Symposia of the Zoological Society of London. Clarendon Press, Oxford. 

Tymowska, J., 1991. Polyploidy and Cytogenetic Variation in Frogs of the Genus Xenopus, in: 
Amphibian Cytogenetics and Evolution. Elsevier, pp. 259–297. https://doi.org/10.1016/B978-
0-12-297880-7.50016-0 

Tymowska, J., 1973. Karyotype analysis of Xenopus tropicalis Gray, Pipidae. Cytogenet Genome 
Res 12, 297–304. https://doi.org/10.1159/000130468 

Tymowska, J., Fischberg, M., 1973. Chromosome complements of the genus Xenopus. 
Chromosoma 44, 335–342. https://doi.org/10.1007/BF00291027 

Tymowska, J., Kobel, H.R., 1972. Karyotype analysis of Xenopus muelleri (Peters) and Xenopus 
laevis(Daudin), Pipidae. Cytogenet Genome Res 11, 270–278. 
https://doi.org/10.1159/000130197 

Uehara, M., Haramoto, Y., Sekizaki, H., Takahashi, S., Asashima, M., 2002. Chromosome mapping 
of Xenopus tropicalis using the G‐ and Ag‐bands: Tandem duplication and polyploidization of 
larvae heads. Dev Growth Differ 44, 427–436. https://doi.org/10.1046/j.1440-
169X.2002.00656.x 

Vicari, M.R., Artoni, R.F., Moreira-Filho, O., Bertollo, L.A.C., 2008. Colocalization of repetitive DNAs 
and silencing of major rRNA genes. A case report of the fish Astyanax janeiroensis. 
Cytogenet Genome Res 122, 67–72. https://doi.org/10.1159/000151318 

Vierna, J., Wehner, S., Höner Zu Siederdissen, C., Martínez-Lage, A., Marz, M., 2013. Systematic 
analysis and evolution of 5S ribosomal DNA in metazoans. Heredity 111, 410–421. 
https://doi.org/10.1038/hdy.2013.63 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


50 

von Filek, W., 1967. Frösche im Aquarium. 
Wang, F., Shi, Z., Cui, Y., Guo, X., Shi, Y.-B., Chen, Y., 2015. Targeted gene disruption in Xenopus 

laevis using CRISPR/Cas9. Cell Biosci 5, 15. https://doi.org/10.1186/s13578-015-0006-1 
Warkman, A.S., Krieg, P.A., 2007. Xenopus as a model system for vertebrate heart development. 

Seminars in Cell & Developmental Biology 18, 46–53. 
https://doi.org/10.1016/j.semcdb.2006.11.010 

Wheeler, G.N., Brändli, A.W., 2009. Simple vertebrate models for chemical genetics and drug 
discovery screens: Lessons from zebrafish and Xenopus. Developmental Dynamics 238, 
1287–1308. https://doi.org/10.1002/dvdy.21967 

Yager, D.D., 1996. Sound production and acoustic communication in Xenopus borealis, in: Tinsley, 
R.C., Kobel, H.R. (Eds.), The Biology of               Xenopus. Oxford University PressOxford, 
pp. 120–142. https://doi.org/10.1093/oso/9780198549741.003.0008 

Yildirim, M., Karakus, S., Kurtulgan, H., Ozer, L., Celik, S., 2023. Polyploidy Phenomenon as a 
Cause of Early Miscarriages in Abortion Materials. Balkan Journal of Medical Genetics 26, 
5–10. https://doi.org/10.2478/bjmg-2023-0002 

Zattera, M.L., Gazolla, C.B., Soares, A.D.A., Gazoni, T., Pollet, N., Recco-Pimentel, S.M., Bruschi, 
D.P., 2020. Evolutionary Dynamics of the Repetitive DNA in the Karyotypes of Pipa carvalhoi 
and Xenopus tropicalis (Anura, Pipidae). Front. Genet. 11, 637. 
https://doi.org/10.3389/fgene.2020.00637 

Zhang, K., Wang, X., Cheng, F., 2019. Plant Polyploidy: Origin, Evolution, and Its Influence on Crop 
Domestication. Horticultural Plant Journal 5, 231–239. 
https://doi.org/10.1016/j.hpj.2019.11.003 

Zhou, L., Gui, J., 2017. Natural and artificial polyploids in aquaculture. Aquaculture and Fisheries 2, 
103–111. https://doi.org/10.1016/j.aaf.2017.04.003 

 

 

 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0
https://www.zotero.org/google-docs/?L3tTc0


51 

6. Publications 

Paper 1: Measurement of Chromosomal Arms and FISH Reveal Complex Genome Architecture 

and Standardized Karyotype of Model Fish, Genus Carassius

 



52 



53 



54 



55 



56 



57 



58 



59 



60 



61 



62 



63 



64 



65 



66 



67 

 



68 

Paper 2: Divergent subgenome evolution in the allotetraploid frog Xenopus calcaratus 
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Paper 3: Consequences of polyploidy and divergence as revealed by cytogenetic mapping of 

tandem repeats in African clawed frogs (Xenopus, Pipidae)
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Paper 4: Tetraploidy in the Boettger’s dwarf clawed frog (Pipidae: Hymenochirus boettgeri) from the 

Congo indicates non-conspecificity with the captive population
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Paper 5: Cytogenetic Analysis of the Fish Genus Carassius Indicates Divergence, Fission, and 

Segmental Duplication as Drivers of Tandem Repeat and Microchromosome Evolution 
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