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Abstract
Polyploidization is a fundamental evolutionary process leading to a speciation in the genus Xenopus, largely
followed by chromosomal rearrangements. In the subgenus Silurana only one allotetraploidization event is
supposed to form all so far known extant species, X. epitropicalis, X. mellotropicalis and X. calcaratus. To test
this hypothesis, we performed a karyotype analysis of X. mellotropicalis including the cytogenetics of nucleolar
organizer, chromosomal banding and morphometrics such as the measurement of percentage of 4n set based on
the length and p/q arm ratio. Subsequently, we compared these data with the karyotype of well described X.
epitropicalis. We found differences in both morphometric values regarding chromosome 2b (3,46% and 0,81 for
X. mellotropicalis 2b and 3,07 % and 0,68 for X. epitropicalis 2b). On the other hand, chromosomes 2a revealed
no substantial difference between both species. Zoo-FISH employing whole chromosomal painting probes
(WCPs) derived from diploid relative X. tropicalis confirmed the supposed arrangement of X. mellotropicalis
chromosomes into 10 quartets. In addition, WCP derived from chromosome 9 labelled also pericentric area of
both X. mellotropicalis 2b but not in 2a chromosomal pair. We suggest the translocation of the distal part of the
ancestral chromosome 9 to a short arm of chromosome 2 followed by the pericentric inversion in one of the
allotetraploid predecessor. Our results shed a new light on the origin of X. epitropicalis and X. mellotropicalis
where chromosomal rearrangements in the diploid ancestor led to the independent allotetraploidization events
and subsequent forming of both species.
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Introduction
Polyploidization is an extensively known phenomena in both animals and plants, very often associated with
interspecies hybridization, asexuality and chromosomal rearrangements (Madlung et al., 2005; Choleva et al.,
2012; Majtánová et al., 2016). In general, evolutionary route encompasses interspecies hybridization followed by
the polyploidization event and chromosomal changes leading to the functional diploidization of the genome (Fan
and Shen, 1990; Pontes et al., 2004; Buggs et al., 2009). There are two basic ways of the whole genome
duplication (WGD): allopolyploidization as a consequence of interspecies or intergeneric hybridization and less
frequent autopolyploidization, where a WGD product is derived from a single ancestral species (Spring, 1997).
African genus Xenopus Wagler, 1827 including subgenera Silurana Gray, 1864 and Xenopus is
considered as a diploid-polyploid complex (Tymowska and Fischberg, 1982) extremely variable in terms of
ploidy level and chromosome numbers but uniform in sexual reproduction characterized by formation of
bivalents, crossing-over and production of reduced gametes in meiosis, typical for biologically diploid organisms
(Tymowska, 1991). Diploid-polyploid Xenopus complex consists of 28 described species with different ploidy
level due to the bifurcating and reticulating speciation of evolutionary lineages by polyploidization (Evans,
2008). The subgenus Silurana comprises Xenopus tropicalis Gray, 1864, the only one extant diploid Xenopus
species (2n = 20) with plesiomorphic character state in the family Pipidae Gray, 1825 (Nevo, 1968) and
polyploid species with 40 chromosomes such as X. epitropicalis Fischberg, Colombelli & Picard, 1982 and
recently described X. mellotropicalis and X. calcaratus Evans et al., 2015. Phylogenetic studies indicate that
WGD in Silurana took place by allopolyploidization rather than autopolyploidization process (Tymowska, 1991;
Bewick et al., 2012; Evans et al., 2015). The subgenus Xenopus is represented by 24 described species,
evolutionary tetraploids, octoploids and dodecaploids bearing 36, 72 and 108 chromosomes respectively.
Hypothetical ancestral and probably extinct diploid Xenopus karyotype was determined as 2n = 18 (Schmid and
Steinlein, 1991) regarding the well described extant pseudoallotetraploid X. laevis Daudin, 1802 with 36
chromosomes. Higher ploidy levels in Xenopus subgenus have arisen via at least six independent
polyploidization events with three leading to the formation of octopolyploid and further three for the
dodecapolyploid species (Evans et al. 2015).
X. tropicalis and X. epitropicalis were previously karyologically analyzed. Two types of secondary
constrictions were observed: 1) nucleolar organizer regions (NORs) localized on X. tropicalis chromosomal pair
7 (XTR 7) and X. epitropicalis 7a (XEP 7a) both detected by silver nitrate staining and 2) nonspecific secondary
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constrictions revealed by C-banding found only on XTR 9 and lacking in X. epitropicalis (Tymowska and
Fischberg, 1982). Regardless ploidy level in the genus Xenopus, Tymowska (1991) observed the localization of
always two NORs on one homologous chromosomal pair. In one X. borealis Parker, 1936 couple from lake
Samburu area (Northern Kenya) Jotterand and Fischberg (1974) detected balanced reciprocal translocation event
between p arm of 7a and p arm of 4b (bearing NOR) affecting the nucleolar organizer numbers in offspring
karyotypes (one or three).
Chromosomal evolution in Xenopus was recently disentangled using fluorescence in situ hybridization
(FISH) employing chromosomal painting probes (Krylov et al., 2010) and construction of comparative
cytogenetic map comprising 60 physically localized genes (Uno et al., 2013). Laser microdissected X. tropicalis
chromosomes used as a probe labelled appropriate chromosomal quartets (the homoeologous chromosome
group) in X. laevis, except for painting probe derived from the smallest XTR 10, which revealed dispersed signal
indicating nonreciprocal interchromosomal rearrangements between XTR 10, XTR 9 and XTR 10, XTR 8
respectively in X. tropicalis ancestors. Results supported allotetraploid origin of X. laevis and the existence of
already extinct individuals with 18 chromosomes (Krylov et al. 2010). The first fusion between XTR 9 and XTR
10 was further evidenced by Uno et al. (2013). However, the second one (XTR 10 and XTR 8) was disproved
leaving the question concerning allo or autotetrapolyploid origin of X. laevis still opened. In addition,
allo/autopolyploidization origin within subgenus Silurana, consisting of X. tropicalis, X. epitropicalis, X.
mellotropicalis and X. calcaratus, have never been directly proven but only hypothesized.
Here we report cytogenetic analysis of newly described X. mellotropicalis employing chromosome
banding, FISH analysis with ribosomal 5S and 28S probes and cross-species fluorescence in situ hybridization
(Zoo-FISH) experiments using whole chromosome painting (WCP) probes derived from X. tropicalis
chromosomes. Based on our results, we reconstructed the karyotype of the ancestors of polyploid Silurana
species, closely related with X. tropicalis, which shed a new light on the chromosomal evolution of diploidpolyploid Silurana complex.
Materials and Methods
Primary cell culture
The Xenopus tropicalis (Ivory Coast strain) and the X. mellotropicalis primary cell cultures were established
from 10 tadpoles´ hind limbs of each species in stage NF55 (±1) as previously described by Sinzelle et al. (2012)
with following modifications. Cells were cultivated in a medium consisting of 33.3% L-15 medium and 33.3%
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RPMI 1640 HEPES modification medium (both Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (Life Technologies, Carlsbad, CA, USA), 1.33 mg/ml sodium bicarbonate, 2 mM Lglutamine, 1 mM sodium pyruvate and 64 μg/ml gentamycin (all Sigma-Aldrich) at 29.5°C with 5.5% CO2.
Prepared cell cultures displayed a homogenous epithelioid morphology.
Preparation of X. tropicalis WCPs
X. tropicalis metaphase spreads were prepared from cell cultures as previously described by Krylov et al. (2007).
Chromosomes were identified by means of their relative length and short/long (p/q) arm ratio according to
Tymowska (1973). Chromosomes were harvested by laser microdissection as previously described in Kubickova
et al. (2002); Seifertova et al. (2013). The preparation of WCPs was conducted in accordance with Krylov et al.
(2010).
Painting FISH on X. tropicalis chromosomes
Hybridization of painting probes, stringency washing and signal visualization were carried out as described by
Krylov et al. (2010) with minor changes and with supplementation of painting probe XTR 2 and XTR 4. We
used autoclaved X. tropicalis genomic DNA as a competitor (blocking DNA) according to Bi and Bogart (2006)
instead of commercially supplied X. tropicalis competitor DNA (Applied Genetics Laboratories, Melbourne, FL,
USA) used in Krylov et al. (2010), which is not available on the market now. After denaturation, probe was
reannealed for 90 min at 37 °C. The hybridization mixture was incubated with chromosomes for 48 h at 37 °C in
a wet chamber.
Zoo-FISH on a X. mellotropicalis chromosomes
The protocol for Zoo-FISH experiments was similar as for painting FISH with minor changes including higher
amount of probe (750 ng), longer hybridization time (72 h) and lower temperature during posthybridization
washing in 50% formamide (38°C). The renaturation step was done for 120 instead of 90 min.
Preparation of 5S and 28S ribosomal DNA (rDNA) probes and FISH
The visualization of 5S and 28S rDNA loci on X. tropicalis and X. mellotropicalis chromosomes was done by
double colour FISH. Genomic DNA was amplified using either 5S or 28S primers (Integrated DNA
Technologies, Coralville, IA, USA). Sequence of 5S primers: 5’-CAGGCTGGTATGGCCGTAAGC-3’ and 5’TACGCTGGTATGGCCGTAAGC-3’;

28S

primers:

5’-AAACTCTGGTGGAGGTCCGT-3’

and

5’-

CTTACCAAAAGTGGCCCACTA-3’. The temperature profile for the amplification of 5S locus was following:
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initial denaturation step for 5 min at 95 °C, followed by 34 cycles (95 °C for 15 sec, 55 °C for 30 sec and 72 °C
for 30 sec) with final extension step at 72 °C for 5 min. Conditions for PCR of 28S locus were following: initial
denaturation step for 3 min at 94 °C, followed by 33 cycles (94 °C for 30 sec, 53 °C for 30 sec and 72 °C for 45
sec) with final extension step at 72 °C for 10 min. The 5S PCR product labelled by the Bio-16-dUTP (Roche,
Mannheim, Germany) was detected by CYtm3-Streptavidin (Invitrogen, Camarillo, CA, USA) with 10%
GNS/PBS. The 28S PCR product labelled by the Dig-11-dUTP was detected by Anti-digoxigenin-Fluorescein
(Roche) with 0,5% BSA/PBS. Both PCR amplicons were purified using a GeneJETTM Gel Extraction Kit
(Thermo Fisher Scientific, Waltham, MA, USA). In total 44 µl of the hybridization mixture containing 250 ng of
either 5S or 28S PCR products, 50% deionized formamide, 2x SSC, 10% dextran sulphate and water was placed
on a slide and covered with a 24 x 50 mm coverslip. Hybridization, posthybridization washing and visualization
of 5S and 28S rDNA signals were carried out identically as for painting FISH.
Chromosome banding
Sequential chromosome banding (Giemsa, Chromomycin A3 (CMA3) (Sigma-Aldrich) - 4’, 6-diamidino-2phenylindole (DAPI), C-banding) with destaining and cleaning steps was performed on X. tropicalis and X.
mellotropicalis chromosomes. The order of banding protocols was following: 1) conventional Giemsa-staining
with 5% Giemsa-Romanowski solution, 2) fluorescent CMA3/ DAPI banding including destaining procedures
according to Rábová et al. (2015) with minor modifications. Slides were stained by CMA3 solution for 60 instead
of 15 min at RT with subsequent dehydration through ethanol series (70, 80 and 96% for 2 min each). 3) Final Cbanding protocol included slide aging for 60 min at 60 °C. Chromosomes were denatured in 5,3 % Ba(OH)2
solution for 3 min at 45 °C and incubated in 1xSSC for 90 min at 65 °C. DAPI combined with Vectashield
(Cytocell, Cambridge, United Kingdom) was used for chromosome counterstaining.
Results
Identification of X. mellotropicalis chromosomes
All analyzed specimens had tetraploid chromosome number (2n = 40). Comparison of chromosome
morphometric characteristics between X. mellotropicalis and previously described karyotype of X. epitropicalis
(Tymowska and Fischberg, 1982) revealed differences in the length and p/q arm ratio of chromosome 2b (Table
1), where percentage of 4n set based on the length and p/q arm ratio was 3,46 % and 0,81 for X. mellotropicalis
and 3,07 % and 0,68 for X. epitropicalis.
Painting FISH on X. tropicalis chromosomes
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Ten WCP probes derived from XTR 1-10 were prepared from microdissected chromosomes by amplification
using WGA4 kit and following reamplification using WGA3 kit with Dig-11-dUTP. As a result, each probe
hybridized specifically and stained whole chromosome pair (Fig 1).
Zoo-FISH on X. mellotropicalis chromosomes (XME)
After the confirmation of probe specificity by painting FISH, we carried out Zoo-FISH experiments on X.
mellotropicalis metaphase spreads using X. tropicalis painting probes. The WCPs derived from XTR 1 – 10
labelled the whole chromosomal quartets: XTR 1 (XME 1a + 1b) (Fig. 2a), XTR 2 (XME 2a + 2b) (Fig. 2b),
XTR 3 (XME 3a + 3b) (Fig. 2c), XTR 4 (XME 4a + 4b) (Fig. 2d), XTR 5 (XME 5a + 5b) (Fig. 2e), XTR 6
(XME 6a + 6b) (Fig. 2f), XTR 7 (XME 7a + 7b) (Fig. 2g), XTR 8 (XME 8a + 8b) (Fig. 2h), XTR 10 (XME 10a
+ 10b) (Fig. 2j). The XTR 9 probe revealed the whole chromosomal quartet XME 9a + 9b and secondary
constriction on XME 2b (Fig. 2i). The presence of XTR 9 signal on X. mellotropicalis 2b homoeologous pair
(Fig. 2i) and its absence on the XME 2a counterpart suggested chromosomal translocation in a diploid ancestor.
5S and 28S rDNA FISH
The first double colour FISH was performed on Xenopus chromosomes with digoxigenin and biotin labelled
probes. Number of NORs detected by 28S rDNA FISH was the same in both, diploid X. tropicalis and
allotetraploid X. mellotropicalis. 28S probe detected two NORs situated on nucleolar secondary constriction of
XTR 7 q arms (Fig. 3b) and XME 7a (Fig. 3e). 5S and 28S rDNA signals on telomeres were located on XTR 6 +
7 + 9 (Fig. 3b, c) and on XME 4a + 5b telomeres (Fig. 3e, f). All 5S rDNA sites co-localized with 28 rDNA sites
except for NORs.
Chromosome banding
Sequential Giemsa/ fluorescent chromosome banding (1. Giemsa, 2. CMA3-DAPI, 3. C-banding) showed the
signals detecting homologous chromosome pairs. ad 1) Giemsa provided consistently bright signals on all
chromosomes with well visible morphology. ad 2) CMA3-positive heterochromatic bands were situated on the q
arms of XTR 9, p arms of XTR 3 (Fig. 4b) and on the p + q arms of XME 2b (Fig. 4e). All X. tropicalis and X.
mellotropicalis chromosomes bore weak bands on telomeres caused by the representation of high number of
repetitive sequences. ad 3) C-banded regions showed blocks of constitutive heterochromatin co-localized with
CMA3-positive bands (Fig. 4c, f). Moreover, pericentric regions of XTR 4 + 10 and p arms of XTR 8 were also
stained (Fig. 4c). Beside the strongly stained heterochromatic block on XME 2b, C-banding in X. mellotropicalis
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showed a high number of weakly stained ones on 1b + 2a + 6a + 7b + 8a + 10a. C-positive heterochromatic
blocks did not form quartets but homologous pairs.
Discussion
In this study, we have focused on the elucidation of chromosomal evolution between diploid X. tropicalis and the
newly described tetraploid relative – X. mellotropicalis. Employing Zoo-FISH analysis with XTR WCPs we
observed characteristic chromosomal arrangement of X. mellotropicalis chromosomes into quartets. Beside the
minor translocation events, hybridization of X. tropicalis WCPs derived from XTR 2 and XTR 9 revealed an
extensive balanced nonreciprocal translocation between chromosomes 2 and 9, indicated as t(2;9), in a diploid
ancestor. Hybridization of XTR 9 WCP resulted in the staining of XME 9a and XME 9b chromosomal quartet.
In addition, the same probe labelled also the p arm pericentric area of XME 2b but not 2a (Fig. 2i). Translocation
was supported by XTR 2 WCP which labelled XME 2a and XME 2b chromosomal pairs with non-stained small
pericentric area of 2b p arms, visible in Fig. 2b. This pattern, where only one homologous chromosomal pair
carries the translocated area, is feasible provided that translocation event has occurred in one predecessor of
allotetraploid species, thus before the polyploidization event.
In general, new species arise via two evolutionary scenarios; the first one where one species give rise to
two daughter descendants or contrary two species hybridize forming one daughter species (Betto-Colliard et al.
2015). The hybridization outcome relies on the DNA divergence of former individuals (Chapman and Burke,
2007). In the case of nearly identical genomes they often merge without the need of subsequent polyploidization
(Buerkle et al., 2000; Coyne and Orr, 2004; Mallet, 2007). On the other hand, greater variability between
homoeologous chromosomes may result in allopolyploidization due to problems with formation of bivalents in
meiosis (Chapman and Burke 2007). We suppose that translocation event between ancestral chromosomes 9 and
2 and subsequent hybridization with species with untranslocated chromosomes were sufficient triggers of
allopolyploidization leading to a formation of tetraploid X. mellotropicalis. Our results shed a new light on the
origin of Silurana polyploid species with 40 chromosomes. Evans et al. (2015) suggested one polyploidization
event forming a common predecessor of all so far described allotetraploid Silurana species. However, presence
of translocated area of ancestral chromosome 9 on only XME 2b homoeologs evidenced the origin of X.
mellotropicalis from independent allopolyploidization event.
Chromosome banding as well as CG- and AT-specific fluorochromes (CMA3, DAPI), Giemsa and Cbanding were conducted for the identification of chromosome pairs and the homoeologous chromosome groups.
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C-banding signals were present in doubles therefore it showed homogeneity within homologs and heterogeneity
within quartets. C-banding of X. tropicalis and X. mellotropicalis was compared with C-banding of X. tropicalis,
X. epitropicalis (Tymowska and Fischberg 1982) and X. laevis (Schmid and Steinlein 1991). Similar pattern was
found between X. mellotropicalis and X. epitropicalis suggesting their evolutionary close relationship.
Substantial difference relied on a strong C-banded heterochromatic blocks on the pericentric segment of XME 2b
and XME 7b q arms and their absence in X. epitropicalis karyotype (Tymowska and Fischberg, 1982).
Altogether with Zoo-FISH data this observation further supports the origin of X. epitropicalis and X.
mellotropicalis species via two independent polyploidization events (Fig. 5).
Concerning secondary constriction loci, nonspecific secondary constrictions were detected on XME 2b
(Fig. 4e, f) and XTR 9 (Fig. 4b, c) by CMA3 and C-banding. Using FISH with 28S rDNA probe, nucleolar
constrictions, with NORs were found on XTR 7 (Fig. 3b) and XME 7a (Fig. 3e). In general, NORs represent
chromosomal regions with higher mutation rate (Jotterand and Fischberg 1974; Pontes et al. 2004). The
mutability of NORs (e.g. chromosomal deletion) is associated with the reduction of nucleoli number after
polyploidization event (Kahn, 1962), which may be the reason, why the only one NOR pair is present in
polyploid Xenopus species. Number, position, morphology and function of two basic constriction types (nonspecific and nucleolar) could be used for species determination in Xenopus/Silurana with same chromosome
numbers (Tymowska, 1991).
In this study, employing cytogenetic technics we contributed to elucidation of chromosomal evolution
of the subgenus Silurana. We suggest that translocation has occurred within diploid predecessor of X.
mellotropicalis with 20 chromosomes before polyploidization event, which is designed in the reconstructed
ancestor’s karyotype of polyploid Silurana species. Our results open new perspectives and help us to better
understand the mechanism of the genome evolution by allopolyploidization.
Acknowledgments
We thank Ben J. Evans, Ph.D. (McMaster University, Canada) for X. mellotropicalis specimens and species
identification. The research was funded by Charles University grant UNCE 204013, SVV 260083 and
acknowledges support from Ministry of Education, Youth and Sports of the Czech Republic under the project
CEITEC 2020 (LQ1601).
Conflict of interest
The

authors

declare

no

9

conflict

of

interests.

Tables:
Table 1 Averaged morphometric characteristics of X. mellotropicalis (33 metaphases) and X. epitropicalis
chromosomes. Different values of the chromosome 2b were highlighted by blue colour
X. mellotropicalis (this study)
chromosome

X. epitropicalis (Tymowska and
Fischberg, 1982)

Percentage of 4n
Percentage of 4n
Arm ratio (short /
Arm ratio (short /
set based on the
set based on the
long)
long)
length
length

1a

3,80%

0,70

3,87%

0,71

1b

3,56%

0,67

3,53%

0,70

2a

3,17%

0,62

3,21%

0,67

2b

3,46%

0,81

3,07%

0,68

3a

2,82%

0,20

2,75%

0,21

3b

2,64%

0,20

2,66%

0,18

4a

2,94%

0,60

2,90%

0,64

4b

2,74%

0,62

2,77%

0,67

5a

2,76%

0,42

2,70%

0,49

5b

2,57%

0,41

2,57%

0,44

6a

2,70%

0,88

2,59%

0,89

6b

2,59%

0,88

2,31%

0,88

7a

2,42%

0,66

2,50%

0,72

7b

2,26%

0,79

2,41%

0,78

8a

2,41%

0,21

2,47%

0,28

8b

2,22%

0,21

2,38%

0,23

9a

1,44%

0,80

1,69%

0,80

9b

1,54%

0,81

1,54%

0,80

10a

1,04%

0,70

1,06%

0,76

10b

0,95%

0,72

1,02%

0,75
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Titles and legends to figures:
Fig. 1 Painting FISH with X. tropicalis WCP probes prepared by the GenomePlex WGA4 amplification and
WGA3 reamplification. White arrows indicate staining of appropriate chromosomal pair using WCPs derived
from XTR 1 (a), XTR 2 (b), XTR 3 (c), XTR 4 (d), XTR 5 (e), XTR 6 (f), XTR 7 (g), XTR 8 (h), XTR 9 (i),
XTR 10 (j). Besides red-stained homologous chromosomal pairs, some WCP probes revealed minor signals
situated on telomeres and centromeres caused by high abundance of repetitive sequences. Scale bar represents 10
µm
Fig. 2 Zoo-FISH on Xenopus mellotropicalis chromosomes using X. tropicalis WCPs prepared by the
GenomePlex WGA4/ WGA3 protocol. XTR WCP probes stained the appropriate chromosomal quartets. XTR 1
– XME 1a and 1b (a), XTR 2 – XME 2a and 2b (b), XTR 3 – XME 3a and 3b (c), XTR 4 – XME 4a and 4b (d),
XTR 5 – XME 5a and 5b (e), XTR 6 – XME 6a and 6b (f), XTR 7 – XME 7a and 7b (g), XTR 8 – XME 8a and
8b (h), XTR 9 – XME 9a and 9b (i) and XTR 10 – XME 10a and 10b (j). White arrows show labelled
chromosomal quartets. Yellow arrows in (i) highlight the additional signals on XME 2b chromosomal pair after
hybridization with XTR 9 WCP indicating an extensive balanced nonreciprocal translocation between
chromosomes 2 and 9 in a diploid ancestor. Minor non-specific signals are probably caused by high abundance
of repetitive sequences occurring in telomeric segments and pericentric ones. Scale bar represents 10 µm

Fig. 3 Double colour 5S and 28S rDNA FISH on X. tropicalis (a, b, c) and X. mellotropicalis (d, e, f)
chromosomes. DAPI counter-stained metaphase spreads showed all 20 chromosomes (B&W) in X. tropicalis (a)
and/or 40 chromosomes in X. mellotropicalis (d). 28S rDNA amplicon labelled by Digoxigenin-11-dUTP
(green) stained XTR 7 secondary constriction and XTR 6 + 7 + 9 telomeres (b) and/or XME 7a secondary
constriction and XME 4a + 5b telomeres (e). 5S rDNA amplicon labelled by Biotin-16-dUTP (red) revealed
positive signals on telomeric segments of XTR 6 + 7 + 9 (c) and/or on telomeric regions of XME 4a + 5b (f).
White arrows show NORs situated on secondary constrictions of appropriate chromosomes. Scale bar represents
10 µm

Fig. 4 Sequential fluorescent chromosome banding on metaphase spread of X. tropicalis (a, b, c) and X.
mellotropicalis (d, e, f). DAPI (B&W) counter-stained metaphase spreads showed all 20 X. tropicalis (a) and/or
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40 X. mellotropicalis (d) chromosomes. CMA3 (green) and C-banding (B&W) in X. tropicalis stained the part of
q arms of XTR 9 and p arms of XTR 3 (b, c). Moreover, pericentric region of XTR 4 + 10 and p arms of XTR 8
were weakly stained by C-banding (c). X. mellotropicalis chromosomes stained by CMA3 (green) and C-banding
(B&W) revealed positive bands located on secondary constriction of XME 2b (e, f). In addition, C-banding
detected further minor heterochromatic blocks on X. mellotropicalis chromosomes (f). White arrows show
heterochromatic bands. Scale bar represents 10 µm

Fig. 5 Chromosomal evolution scenario of the subgenus Silurana showed on X. epitropicalis, X. mellotropicalis
(both n = 20) and two hypothetical ancestors of both polyploid species (n = 10) with karyotypes similar to extant
X. tropicalis (n = 10). Idiograms are composed of haploid chromosomal sets and colours showed the
homoeologous chromosome groups. Ancestor of polyploid Silurana species with t(2;9) represents the karyotype
with chromosomal rearrangement triggering WGD and forming evolutionary allotetraploid X. mellotropicalis.
Black circles depicted two independent allopolyploidization events, one leading to X. epitropicalis and the
second to X. mellotropicalis.
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