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Abstract: The widely distributed ray-finned fish genus Carassius is very well known due to its
unique biological characteristics such as polypleidy, clonality, and/or interspecies hybridization.
These biological characteristics have enabled Carassius species to be successfully widespread over
relatively short period of evolutionary time. Therefore, this fish model deserves to be the center of
attention in the research field. Some studies have already described the Carassius karyotype, but
results are inconsistent in the number of morphological categories for individual chromosomes. We
investigated three focal species: Carassius auratus, C. carassius and C. gibelio with the aim to describe
their standardized diploid karyotypes, and to study their evolutionary relationships using cytogenetic
tools. We measured length (g -+ p length) of each chromosome and calculated centromeric index (i
value). We found: (i) The relationship between ¢ + p length and i value showed higher similarity
of C. auratus and C. carassius. (ii) The variability of i value within each chromosome expressed by
means of the first quartile (Q1) up to the third quartile (Q3) showed higher similarity of C. carassius
and C. gibelio. (iii) The fluorescent in situ hybridization (FISH) analysis revealed higher similarity
of C. auratus and C. gibelio. (iv) Standardized karyotype formula described using median value
(Q2) showed differentiation among all investigated species: C. auratus had 24 metacentric (i), 40
submetacentric (sm), 2 subtelocentric (st), 2 acrocentric (2) and 32 telocentric (T) chromosomes (24m +
40sm + 2st + 2a + 32T) ; C. carassius: 16m + 3dsm + 8st + 42T; and C. gibelio: 16m + 22snt + 10st +
2a + 50T. (v) We developed R scripts applicable for the description of standardized karyotype for
any other species. The diverse results indicated unprecedented complex genomic and chromosomal
architecture in the genus Carassius probably influenced by its unique biological characteristics which
make the study of evolutionary relationships more difficult than it has been originally postulated.

Keywords: chromosome; karyogram; in situ hybridization; i value; 4/ p arm ratio; Carassius auratus;
Carassius carassius; Carassius gibelio

1. Introduction

Karyotype analysis is a fundamental approach by which chromosomes are arranged
into homologous pairs with a respect to certain morphological categories. In the broader
sense, the term karyotype is also referred to as a complete number of chromosomes
describing typical taxon, species, biotype or individual [1]. Homologous chromosome pairs
and morphological categories are determined based on the ratio of the long (7) and short
(p) arm and the position of the centromere (centromeric index, i value). If the centromere
is situated in median, submedian, subterminal or terminal region of the chromosome,
the morphological category might be designated as metacentric (M, 1), submetacentric
(sm), subtelocentric (st) or acrocentric (#)/telocentric (t, T), respectively [2]. Two edge
points that are located on median and terminal position sensu stricto have centromeric
index 50 (assigned as M) and 0 (assigned as T chromosomes), respectively [2]. In order
to maximize the diagnostic information obtainable from a chromosome preparation, the
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precise arrangement of individual chromosomes within a single image might be used as a
standardized format. The term karyogram can be also used for a graphical depiction of
chromosome complements [3,4].

Knowledge of the karyotype is necessary in (cyto)genetics, or related fields, in order to
study chromosomal rearrangements and abnormalities [5,6], the identification of sex chro-
mosomes [7,8], and/or chromosome-specific genes [9]. Although chromosomal changes,
(i.e., chromosomal losses, duplications, rearrangements), are strictly linked to a certain
locus, without the knowledge of detailed karyotype, it is not possible to precisely identify
chromosomal aberration, mutation or syndrome [10,11]. Heteromorphic sex chromosomes
(morphologically distinct in male or female individuals) can be distinguished by classic
cytogenetic procedures based on Giemsa-staining karyogram of both sexes and/or by
chromosome painting and fluorescent in situ hybridization (FISH) [12,13]. Cytogenetic
mapping and localization of single-copy gene regions in the genome generally reveal
both intra- and interchromosomal rearrangements (i.e., inversions, insertions, deletions
or duplications) determined using karyograms [9]. Moreover, gene loci, which have not
yet been mapped within a genome, can be assigned to a specific chromosome within a
standardized karyogram [14].

In some model vertebrate species, a low/moderate number of chromosomes, meaning
up to approximately 50 chromosomes, of relatively large-size allows for easy identification
of each chromosome according to q/p arm ratio and centromeric index [15]. Each chro-
mosome is usually assigned a numeric code, necessary in evolutionary studies pertaining
to patterns of orthologous chromosomes between species. Orthologous chromosomes
are inferred to be descended from the same ancestral chromosome separated by a specia-
tion event. This concept is also referred to as shared synteny. In a non-model organism
with a high number of relatively small chromosomes, identification of chromosomes into
categories are inconsistent (e.g., Knytl et al. [16] vs. Kobayasi et al. [17] vs. Ojima and
Takai [18]), as is that case with cyprinid fish from the genus Carassius. Although a large
number of studies describing Carassius karyotype, there is no study proposing a stan-
dardized karyogram based on exact measurements of the difference between 4 and p
chromosome arm, arm ratio and centromeric index in any Carassius species.

The genus Carassius belongs to the monophyletic paleotetraploid tribe, Cyprinini sensu
stricto [19], within the family Cyprinidae (ray-finned fishes, Teleostei). Several species have
been described within the genus Carassius and three of them are widely used in cytoge-
netic research: (i) Carassius carassius (Crucian carp), native and threaten in many European
countries [20,21], is diploid with chromosome number 2n = 4x = 100 [17], where n refers to
the number of chromosomes in each gamete of extant species, and x refers to the number
of chromosomes in a gamete of the most recent diploid ancestor of the extant species. Most
members of the family Cyprinidae contain 25 chromosomes in each gamete, considered as the
most recent diploid ancestral state of extant Carassius [22]. (ii) Carassius auratus (goldfish),
well known for its colourful varieties, bizarre shapes of body and formation of domesticated
and feral populations [23]. (iii) Carassius gibelio (Silver Prussian carp) has recently spread
throughout most continental waters, as a result of relocation from native habitats most likely
by humans [24-27]. In addition, Carassius auratus and C. gibelio form diploid (2n = 4x = 100),
triploid (3n = 6x ~ 150), and tetraploid biotypes (4n = 8x ~ 200) [28-30].

Here we described standardized karyotype of diploid Carassius species with 100
chromosomes (C. auratus, C. carassius and C. gibelio) based on measuring of chromosomal
q + p arm length, q/p arm ratio, and i value. We performed FISH experiments with
ribosomal probes, and analysed values of g + p length and i in order to characterize the
inter-species differences between three Carassius species, which commonly co-occur in
European waters (C. carassius and C. gibelio), and bred/distributed worldwide as part of
the pet trade (C. auratus).



Cells 2021, 10, 2343

3of17

2. Materials and Methods
2.1. Fish Sampling and Origin

Carassius auratus were obtained via the aquarium trade (transported to Czech Republic
from Israel). Carassius carassius was captured in the Elbe River basin closed to the city Lysd
nad Labem, Czech Republic [16,31] and in small pond in Helsinki, Finland [32]. Carassius
gibelio originated from the Dyje Rive basin, South Moravia, Czech Republic [28].

2.2. Chromosome Analysis

Both males and females of each species ( C. auratus, C. carassius, C. gibelio) were used
for karyotype analysis. In C. auratus, mitotic activity was stimulated by intraperitoneal
injection of 0.1% CoCl; [32]. Somatic chromosomal complements were synchronized
in metaphase of cell mitotic division using 0.1% colchicine (Sigma, St. Louis, MO, USA).
Chromosome suspension was generated from the cephalic kidney [33] and stored in fixative
solution (methanol: acetic acid, 3:1) at —20 °C, before being observed on a glass slide and
stained with 5% Giemsa solution in 1x PBS. The chromosome suspensions used in this
study have been used in prior analyses of C. carassius and C. gibelio [16,28,31,32] meaning
that chromosomal suspensions were stored 3-7 years in —20 °C. Chromosomal suspensions
were spun in a centrifuge, and fresh methanol and acetic acid were added every three
months to maintain the constant ratio of methanol and acetic acid in fixative solution.

2.3. Measurements of q + p Chromosomal Arm Length

Photos of mitotic metaphase were taken using a Leica DFC 7000T camera and Leica
DM6 microscope equipped with a EL6000 (metal halide) fluorescence illumination. A
total of ten high-quality photos were taken for each species, five male and five female
metaphases, from which measurements of the length of g and p chromosomal arms were
taken. The centromere of each chromosome was identified as the narrowest part of a
chromosome (Figure 52). Both arms of each chromatid (i.e., long arm 1 (1), long arm 2 (42),
short arm 1 (p1), short arm 2 (p2)) were measured using ImageJ (V 1.53i) [34]. Chromosomal
length (length), difference between g and p arm (d), 4/ p arm ratio (r) and centromeric index
(i) were calculated according following formulas adopted from Levan et al. [2]:

_pl+p2 _ql+q2
length=p+q d=q-p r=1 s S0 2)

p T+l

Measurements of p, g, len gth, d, r, and i were calculated as values in pixels from each
image/metaphase and were further analyzed using R software for statistical computing
(V 4.1.0) [35] and RStudic environment (V 1.4.1717) [36]. The i value was selected as a
crucial characteristics for karyotypic analysis because it generally ranges from 0 to 50 [2].
The r value generally ranges from 1 to co and thus this value is not suitable for graphical
expression of results. The length and i value were used for calculation of an arithmetic
mean of length (mean_length) and an arithmetic mean of i (mean_i) separately for each
Carassius species. The mean_length and mean _i of each species were plotted (plot function
in R).

2.4. Standardized Carassius Karyotype

Two highest i values (one chromosomal pair) were dissected from each of the
metaphases (ten metaphases in total) and put into additional data frame as a numeric
vector. This group of i values were identified as chromosome 1 (hereafter chrl). The
third and fourth highest i values were dissected from each metaphase and identified as
chr2 and so on up to two chromosomes with the lowest i values identified as chr50. This
function(){} is named Select_chrome and shown in the supplemental results. All i
values of each identified chromosome were plotted (boxplot function in R) separately in
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each species. The default interquartile range 1.5 was used for elimination of extreme values
(errors). OQutput value ($stats) was called in R. The i values within the the minimum (Qp),
first quartile ((21), median ((J;), third quartile (Q3) and maximum ((Q,) were investigated
in detail, especially if some i values of each individual chromosome were shared among
focal Carassius species. Chromosomal categories (M, m, sm, st, a and T) were determined
according () of i values in each Carassius species. A morphological category of each
chromosome was determined according chromosomal nomenclature Levan et al [2]. The
following Table 1 shows boundaries between each morphological category:

Table 1. Chromosomal nomenclature used for determination of chromosomal categories according
to Levan et al. [2].

Centromeric Position Arm Ratio Centromeric Index Chromosome Category

median sensu stricto 1.00 50 M (metacentric sensu stricto)
median 1.01-1.70 49.9-37.51 m (metacentric)

submedian 1.71-3.00 37.50-25.01 sm (submetacentric)
subterminal 3.01-7.00 25.00-12.51 st (subtelocentric)

terminal >7.01 12.50-0.01 a/t (acro-/telocentric)
terminal sensu stricto ©o 0 T (telocentric sensu stricto)

2.5. Preparation of 55 and 28S Ribosomal Probes

New 55 PCR primers b55_F (5'-CAGGGTGGTATGGCCGTAGG-3") and 5S_R
(5" -AGCGCCCGATCTCGTCTGAT-3") were designed according to the 55 gene of the western
clawed frog, Xenopus tropicalis. The X. tropicalis genomic sequence is available on Xenbase,
accessed on 11 June 2020 (http:/ / www.xenbase.org). The 285 primers 285_A (5'-AAACTCTG
GTGGAGGTCCGT-3') and 285_B (5'-CTTACCAAAAGTGGCCCACTA-3') used in this study were de-
signed by Naito et al. [37]. Total genomic DNA (gDNA) was extracted from pectoral fin
tissue using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to man-
ufacturer’s instructions. Carassius gibelio and X. tropicalis gDNA were used as a template
for 55 and 285 PCR amplification, respectively. Primers were made by Integrated DNA
Technologies (Coralville, IA, USA). The PPP Master Mix (Top-Bio, Prague, Czech Republic)
was used for efficient amplification of ribosomal gene fragments. The temperature profile
for the non-labelling amplification of the 55 and 285 loci followed Top-Bio instructions:
initial denaturation step for 1 min at 94 °C, followed by 35 cycles (94 °C for 15 s, 53 °C for
15 s and 72 °C for 40 s) and a final extension step at 72 °C for 7 min. The obtained PCR
products were separated on a 1.25% agarose gel with TA buffer and extracted from the
gel using MicroElute Gel Extraction Kit (Omega Bio-tek, Norcross, GA, USA) according
to manufacturer’s instructions. The PCR amplicons were sequenced and mapped using
blastn algorithm for finding out of the locus- and species-specificity of amplification.
Subsequently, the 5S and 28S ribosomal DNA (tDNA) loci were indirectly labelled by
Digoxigenin-11-dUTP (Roche, Mannheim, Germany) and Biotin-16-dUTP (Jena Bioscience,
Jena, Germany), respectively, by PCR reaction again. Taq DNA polymerase (Top-Bio)
was used for labelling instead of The PPP Master Mix which was used for non-labelling
amplification. Conditions for labelling PCR of the 55 and 28S loci were adopted from
Sember et al. [38] and slightly modified as follows: initial denaturation step for 3 min at
94 °C, followed by 30 cycles (94 °C for 30s, 53 °C for 30 s and 72 °C for 40 s) with final
extension step at 72 °C for 10 min. The PCR product was separated on an 1% agarose gel
with TBE buffer and purified using E.Z.N.A. Cycle Pure Kit (Omega Bio-tek) according to
manufacturer’s instructions.

2.6. Fluorescent In Situ Hybridization

Cell suspensions prepared from each Carassius species were spread onto clean mi-
croscopic slides, which were subsequently used for FISH on the same day. The 55 probe
from C. gibelio was used for chromosomal spreads of C. auratus, C. earassius and C. gibelio.
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The 28S probe from X. tropicalis was used for C. auratus, C. carassius and C. gibelio chro-
mosomal spreads. In total 44 yl of the hybridization mixture containing 100 ng of either
55 or 285 rDNA probe, 50% deionized formamide, 2x S5C, 10% dextran sulphate and
water was placed on a slide and covered with a 24 x 50 mm coverslip. Both probe and
chromosomal DNA were denatured in a PCR machine with special block for slides at 70 °C
for 5 min [9]. Hybridization, post-hybridization washing, blocking reaction and visual-
ization of 55 and 285 rDNA signals were carried out as described in Knytl et al. [39]. The
Digoxigenin-11-dUTP/Biotin-16-dUTP labelled probe was detected by Anti-Digoxigenin-
Fluorescein (Roche)/ CYT™3-Streptavidin (Invitrogen, Camarillo, CA, USA), respectively,
diluted according to manufacturer’s instructions. Chromosomes were counterstained
with ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen by Thermo Fisher
Scientific, Waltham, MA, USA). At least 20 metaphase spreads in total were analysed
per individual.

3. Results
3.1. Karyotype Analysis

Number of chomosomes in all studied species (C. auratus, C. carassius and C. gibelio)
was uniform (2n = 4x = 100). We did not find any differences in chromosomal mor-
phology between male and female individuals. This finding confirmed homomorphic sex
chromosomes at least in diploid biotypes of the genus Carassius.

3.2. Interspecies Variability Based on Chromosomal Length

Detailed description of R analysis including R scripts are given in Supplementary
Results. All steps outlining how the measured values were calculated and processed into
tables and plots are shown on the C. auratus dataset. The mean_i and mean_length of
each individual chromosome were plotted onto x axis and y axis, respectively, (Figure 1).
Morphological chromosomal categories m, sn, st, a and T are present in each species.
Extreme category, such as T, is represented by 19, 26, and 25 chromosomes of C. auratus,
C. carassius and C. gibelio, respectively (i.e., 19, 26, and 25 points lie on gray dashed vertical
lines of interval 0). The T chromosomes have small mean_length, approaching 0. Other
chromosomal categories, such as M, are not represented in any species—no i value reached
50, with the highest i of 48.778 found in chromosome 1 of C. gibelio. Chromosomal length of
C. auratus, C. carassius, and C. gibelio range from 23.340-40.614, 26.799-44.092, and 15.205-
29.496, respectively. It is evident that chromosomes of C. gibelio are generally smaller
(mean of g + p length was 21.36) than those of both C. auratus (31.53) and C. carassius
(35.05). For the minimum of errors we calculated mean_length and mean_i from a group
of ten measured g + p values, i.e., each dot on Figure 1 is arithmetic mean resulted from
ten measured g + p values. Potential influences on chromosomal length are discussed
(Section 4).

3.3. Interspecies Variability Based on Centromeric Index Linked to Individual Chromosomes of the
Whole Chromosomal Complement, and Standardized Carassius Karyotype

The i values were assigned to each individual chromosome by dissection of chr1-50
from each metaphase (also Section 2.4, R protocol is described in the section of R analysis of
Supplementary Results) and plotted onto x and y axis (Figure 2). Each box depicts a group
of chromosomes dependent on i values ordered from most metacentric chromosomes on
the left side of plots (chrl) to most telocentric chromosomes on the right side of plots
(chr50). In general, each species has six to seven chromosomes that were highly variable in
i, i.e., chr31-37 in C. auratus, chr27-33 in C. carassius and chr23-29 in C. gibelio. The Q; and
Q3 cover i values from 0 to 29.342 in C. auratus, from 0 to 23.9 in C. carassius and from 0 to
25.747 in C. gibelio. Carassius auratus has the highest variability of i value.
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If some i values are shared among C. auratus, C. carassius and C. gibelio, the range of i
values of each individual chromosome (chr1-50) from ten metaphases were compared with
the range of i values of other two orthologs of each of other two species (ten metaphases
from each species). The Q1-Q3 range of i value within chrl of C. auratus was compared with
the Q1-Q3 range of i value within chrl of C. carassius and C. gibelio, similarly the Q1-Q3
range of i value within chr2 of C. auratus was compared with the (;-Q3 range of i value of
C. carassius and C. gibelio etc. up to the Q1-Qs3 range of { value within chr50 of C. auratus,
C. carassius and C. gibelio. As an additional analysis, multi-plot with 50 separate box plots
(chr1-50) was generated, each box plot was composed of orthologous chromosomes of all
three species (Figure 3).

Based on i value (Figure 1 and 3), we concluded that:

1. Each orthologous chromosome of C. carassius and C. gibelio shared i values within
(1—-Q3 range and therefore we consider that karyotypes of C. carassius and C. gibelio
to be more similar based on i value.

2. Chromosomes 12-30 of C. auratus were represented by different i values within Q1-Q3
range those of C. carassius and C. gibelio. Therefore, we consider the karyotypes of
C. auratus to be most variable for this parameter.

3. Chromosomes 8, 11 and 31 of C. auratus were represented by different i values within
(1—Q3 range those of C. gibelio but C. carassius shared i values in these chromosomes
with both C. auratus and C. gibelio.

The Q7 range (median) of i value was used for determination of a standardized
karyotype formula. Chromosomel of C. auratus, C. carassius and C. gibelio with median
of i value 47.87 (CAU_median_i column of Table 2), 48.28 (CCA_median_i) and 48.55
(CGI_median_i), respectively, were identified as m chromosomes in all three Carassius
species (CAU_category, CCA_category, CGI_category columns of Table 2). Karyotypes
all three Carassius species were different in the number of chromosomal categories sensu
Levan et al. [2]. The number of chromosomes in categories found out by arithmetic mean
(Figure 1) slightly differed from the number of chromosomes in categories determined by
(2 range (Figure 2). The (J; range eliminated errors and thus we inferred standardized
karyotype formula according to the Q2 range.

Carassius auratus : 24m + 40sm + 2st 4 2a + 32T (3)
Carassius carassius : 16m + 34sm + 8st + 42T 4)
Carassius gibelio : 16m + 22sm + 10st 4+ 22+ 50T (5)

3.4. Fluorescent In Situ Hybridization with 55 and 285 Ribosomal Probes

The PCR amplification of 285 and 55 rDNA locus resulted consistently in approxi-
mately 300 bp long fragments. Searches, using the blastn algorithm, confirmed the locus-
and species-specificity of each amplicon: 100% identity with 285 rRNA of X. tropicalis
(accession numbers XR_004223792-XR _004223798), 95% identity with sequence of 55 rRNA
of C. gibelio (accession number DQ659261). The amplified 55 rDNA sequence was deposited
to the NCBI/GenBank database (accession number BanklIt2492026 5s, MZ927820). Map-
ping of the 55 and 285 loci showed different patterns in the number and position within
each investigated Carassius species (Figure 4). No differences between males and females
were detected. The g + p arms of the FISH images were measured on chromosomes that
bear positive rDNA loci because the FISH protocol involves denaturation step after which
chromosomal structure is disrupted due to high temperature. The rDNA positive loci are
mostly accumulated at the pericentromeric chromosomal region in Carassius and another
cyprinid fishes [32,40,41] and thus the identification of the centromere and measurement of
the g + p arms are precise on rDNA positive chromosomes. The i value of rDNA positive
chromosomes (arrows on Figure 4) were assigned to the closest i value of the standardized
karyotype from Table 2.
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Figure 3. Box plots composed of orthologous chromosomes of each species. Chromosomes are ordered decreasingly
according to the i value. Chromosomes on the top left of the figure are the most metacentric, chromosome 1 (chrl),
chromosomes on the bottom right of the figure are the most telocentric (chr50). Yellow, red and blue boxes represents
C. auratus, C. carassius and C. gibelio, respectively. Each chromosome is linked to i value (y axis). Upper (Qp) and lower (Qy)
whiskers show extreme values, boxes involve Q; and Q3 group of values. The black line within boxes indicates median
value of the dataset (Q2). Outliers (errors) are drawn as black points. The grid in some box plots represents significantly
different i values within the Q;-Q3 range. Box plots without the grid share some i values within the Q;-Q3 range.
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Table 2. Table of values used for determination of standardized karyotype. Each median (QQ2) of i values corresponds to certain chro-
mosomal category of chrl-50. The medians of i value are sorted decreasingly. CAU = C. auratus, CCA = C. carassius, CGI = C. gibelio,
m = metacentric, sm = submetacentric, st = subtelocentric, a = acrocentric, T = telocentric sensu stricto.

CAU_median_i CCA_median_i CGI_median_i CAU_category CCA_category CGI_category

chromosomel 47 .87 48.28 48.55 m m m
chromosome2 47.07 45.68 46.12 m m m
chromosome3 45.74 44.74 44,99 m m m
chromosome4 4481 43.52 43.47 m m m
chromosome5 43.46 4211 42.53 m m m
chromosome6 42.43 41.08 40.89 m m m
chromosome?7 41.63 39.58 39.89 m m m
chromosome8 40.84 37.90 38.42 m m m
chromosome9 40.13 36.81 36.91 m sm sm
chromosomel10 39.67 36.17 35.84 m sm sm
chromosomell 38.75 35.79 35.41 m sm sm
chromosome12 37.65 35.19 34.73 m sm sm
chromosomel3 36.77 34.86 34.25 sm sm sm
chromosomel4 36.19 34.36 33.36 sm sm sm
chromosomel5 35.88 33.66 32.61 sm sIm sm
chromosomel6 35.71 32.70 31.90 sm sm sm
chromosomel7 35.48 32:22 28.62 sm sm sm
chromosomel8 35.21 31.23 26.86 sm sm sm
chromosome19 3487 30.54 26.07 sm sm sm
chromosome20 34.33 29.11 2442 sm sm st
chromosome?21 3345 28.54 23.45 sm sm st
chromosome22 33.03 2741 22.83 sm sm st
chromosome23 32.78 26.86 2137 sm sm st
chromosome24 2195 26.25 16.52 sm sm st
chromosome25 31.41 2522 9.19 sm sm a
chromosome26 31.08 24.00 0.00 sm st T
chromosome27 30.70 2257 0.00 sm st g
chromosome28 30.11 20.62 0.00 sm st T
chromosome29 2975 18.13 0.00 sm st T
chromosome30 28.96 0.00 0.00 sm i 15
chromosome31 28.17 0.00 0.00 sm T T
chromosome32 26.87 0.00 0.00 sm T T
chromosome33 2441 0.00 0.00 st i i T
chromosome34 1119 0.00 0.00 a il i
chromosome35 0.00 0.00 0.00 T T T
chromosome36 0.00 0.00 0.00 T I P
chromosome37 0.00 0.00 0.00 T T IR
chromosome38 0.00 0.00 0.00 T T i
chromosome39 0.00 0.00 0.00 T iy T
chromosome40 0.00 0.00 0.00 I o T
chromosome41 0.00 0.00 0.00 T T T
chromosome42 0.00 0.00 0.00 T i T
chromosome43 0.00 0.00 0.00 T T T
chromosomed4 0.00 0.00 0.00 T T T
chromosome45 0.00 0.00 0.00 T i T
chromosome46 0.00 0.00 0.00 T T T
chromosome47 0.00 0.00 0.00 T T T
chromosome48 0.00 0.00 0.00 T ik T
chromosome49 0.00 0.00 0.00 T T T
chromosome5( 0.00 0.00 0.00 T T T
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mm

Figure 4. Double-colour fluorescent in sifu hybridization with 55 and 285 ribosomal probes. DAPI-counterstained metaphase
spreads show 100 chromosomes (B&W) in (a) C. auratus (CAU), (b) C. carassius (CCA) and (c) C. gibelio (CGI). The 55 (green)
probe shows two more intensive (strong) signals and eight, six and eight less intensive (weak) signals in (d) C. auratus, (e)
C. carassius and (f) C. gibelio, respectively. The 285 rDNA probe (red) reveals two strong signals and two, four and two

weak signals in (d) C. auratus, (e) C. carassius and (f) C. gibelio, respectively. Green and red arrows correspond to 55 and 285

ribosomal loci, respectively.

Summary of 55 rDNA (corresponding to non-nucleolar region). We found:

Two more intensive (strong) 5S rDNA signals at the p arm of sm chromosomes (chr28,
i value = 30.06) and eight weak signals in C. auratus.

Two strong 55 rDNA signals at the p arm of sm chromosomes (chr19, i value = 30.60)
and six weak signals in C. carassius.

Two strong 55 rDNA signals at the p arm of sm chromosomes (chr17, i value = 30.00)
and eight weak signals in C. gibelio.

Summary of 285 rDNA (corresponding to nucleolar organizer region). We found:

two strong 285 rDNA signals at the p arm of two sm chromosomes (chr16, i value
= 35.69) and two weak signals in C. auratus.

two strong 285 rDNA signals at the p arm of two sm chromosomes (chrl3, i value
= 34.72) and four weak signals in C. carassius.

two strong 285 rDNA signals at the pericentromeric region of two T chromosomes (in
the range of chr26-50, i value = 0) and two weak 285 rDNA signals in C. gibelio.

4, Discussion

Diploid vs. polyploid biotypes—sexual vs. asexual reproduction—genetic vs. en-

vironmental sex determination: All these natural phenomena make Carassius a valuable
experimental model for evolutionary studies. The study of these aforementioned unique
characteristics of Carassius require basic cytogenetic techniques such as chromosome prepa-
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rations and/or karyotype. Diploid biotypes of the genus Carassius have a karyotype
consisting of 100 chromosomes (e.g., [28], this study), with some exceptions, i.e., 50, 94, 98,
102 or 104 chromosomes [22,42-46] . Karyotype formula of diploid Carassius is inconsis-
tently defined by several authors (Table 3) and g + p arms have not been measured. An
application of a technique of measurement, and the following determination of standard-
ized karyotype is needed in order to clear up genome architecture and its evolution.

Table 3. Previously published karyotypes of diploid C. auratus, C. carassius and C. gibelio including information about sex
and locality of the investigated individuals. NA = information not available, F = female, M = male.

Karyotype Sex Locality References
C. auratus
2 =94 NA Japan [42,47]
2n = 96-104 EM NA [48]
20 = 100(12m + 36sm + 52st-a) EM Japan [49,50]
2n = 104(46m + 16sm + 42a) EM NA [22]
2n = 104(20m + 72sm-st + 12a) NA NA [44]
2n = 100(20m + 40sm + 40a) EM NA [17]
2n = 100(16m + 84sm-a) NA NA [51]
2n = 100(12m + 36sm + 52st-a) EM China [18,52,53]
2n = 100(22m + 30sm + 48st-a) EM China [54-56]
C. carassius
2n = 104(20m + 72sm—st + 12a) NA NA [44]
21 = 100(20m + 40sm + 40a) EM Netherlands [17,57-59]
2n = 100(20m + 44sm + 36a) NA France [60]
2n =100 EM Bosnia [61]
2n = 50(20m + 12sm + 18st—a) NA Romania [45]
2n =100 EM Czech Republic [62]
21 = 100(20m + 3651 + 44st-a) EM Czech Republic [16,31]
2n = 100(20m + 36sm + 44st-a) EM Poland [40]
2n = 100(20m + 36sm + 44st-a) M Finland [32]
C. gibelio
2n =94 EM Belarus [43]
21 = 100(20m + 40smt + 40a) NA River Amur [63]
2n = 98(48m-—st + 50a) NA Romania [45]
2n = 102(24m + 36sm-st + 42a) F Yugoslavia [46]
2n = 104(24m + 36sm-st + 44a) M Yugoslavia [46]
2n = 100(14m + 24sm + 62st-a) EM Poland [64]
21 = 100(26m + 38sm + 365t-a) EM Poland [65]

We generated a revised karyotype as a result of novel measurement and using sta-
tistical programming we described standardized karyotype of three species (C. auratus,
C. carassius and C. gibelio). We measured the length of each individual chromosome of each
species and identified each chromosome using i value. Groups of i values were divided
into quartiles Qp—Q4. Our results based on median (Q) of i value for each chromosome
revealed three different karyotypes; not one of these three karyotypes corresponded to any
of the previously published karyotypes from Table 3. The karyotype of C. auratus had
24m, 40sm, 2st, 2a and 32T chromosomes (shortened formula 24m + 40swm + 36st-T). The
karyotype of C. carassius had 16m, 34sm, 8st and 42T chromosomes (shortened formula
16m + 34sm + 50st-T). The karyotype of C. gibelio possessed 16m, 22sim, 10st, 2a and 50T
chromosomes (shortened formula 16m + 22sm + 625t-T). These standardized karyotypes
are likely highly reproducible and could be applied to the reconstruction of cytogenetic
maps, comparative cytogenetics and genomics, or cytotaxonomy and karyosystematics.
The designed R scripts (Supplementary Results) could be applied to the description of
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standardized karyotype for another species with relatively high number of chromosomes
similar to that of Carassius.

In the wider range of i values (Q1—(J3) for each chromosome, we found karyotypes of
C. carassius and C. gibelio more similar, as both C. carassius and C. gibelio shared some i val-
ues within Q1-(Q3 range of corresponding orthologous counterparts. The i values in Q1-Q5
of chr8 and chr11-31 in C. auratus were significantly different those of i values in Q1-Q3 of
C. carassius and C. gibelio (Figures 2 and 3). This finding indicates higher divergence of C. au-
ratus Karyotype based on i value. The i value divergence might be supported by distinct
origin of the samples used in this investigation—C. auratus used in this study was imported
from Israel and was domesticated in ancient China [23]. Both C. carassius and C. gibelio used
in this study originated from Europe and mostly from the Czech Republic (only four indi-
viduals of C. carassius were caught in Finland). A phylogenetic study of Asian-European
Carassius suggests a closer evolutionary relationship exists between diploid C. auratus and
diploid C. gibelio compared to C. carassius and diploid C. auratus/gibelio [66]. Thus, phylo-
genetic distance does not reflect i value divergence in C. carassius, as demonstrated in this
study. The higher similarity between C. carassius and C. gibelio i values could be caused
by hybridization, as previously confirmed by molecular genetic and cytogenetic tools in
several European Carassius populations [16,67,68]. Although, we can not exclude a hybrid
origin for diploid Carassius individuals.

In addition, female meiotic drive might also affect i values [69]. Chromosomes of
particular morphology might be preferentially transmitted to the egg during meiosis and
the chromosomal complement of new offspring can be rapidly changed. Interestingly,
polyploid Carassius biotypes have variable numbers of microchromosomes [16] which
results in odd or variable chromosome numbers within polyploid Carassius [28]. The
uniform chromosome numbers, we have described in diploid Carassius, are in accordance
with expectations that female meiotic drive has never been shown in diploid Carassius.

We also showed a relationship between the mean of i value and the mean of g + p
chromosomal length. Chromosomes of C. gibelio had smaller size (mean of chromosomal
length was 21.36) those of C. auratus (31.53) and C. carassius (35.05, Figure 1). This difference
in chromosomal length in Carassius might be promoted by altered chromatin spiralisation
and condensation during cell cycle, especially during interphase and mitosis [70-72]. In this
study, chromosomes were synchronized in metaphase by colchicine but some chromosomes
can be fixed in prometaphase, early metaphase or late metaphase and we assume that
slight differences in chromosomal length can be present in different Carassius species.
The length of chromosomes might theoretically be influenced by storage time if the ratio
or concentration of acetic acid and methanol is slightly changed [72]. To avoid these
inaccuracies and preserving the chromosome suspension, we used a fixative solution with
an acetic acid : methanol ratio of 1:3. This ratio was restored through the addition of fresh
acetic acid and methanol. In addition, we statistically processed metaphases with different
storage times, for which we found no difference in chromosome length. For the case of
standardized karyotype, all previous negative effects that influence 4 + p arm length can
be discounted because even if the length of chromosome had changed, the position of the
centromere remains identical, thus i values never change [2]. In addition, the i value errors
were eliminated through analysis of the median Q; range.

The correct order of chromosomes in Carassitis karyograms remains difficult to deter-
mine. For our purposes, we arranged chromosomes according to decreasing i values. As
such, chrl has the highest i value and chr50 has the lowest i value. Using this approach
describes a shared synteny of i value among C. auratus, C. carassius and C. gibelio (Figure
3). This method of numbering of chromosomes according i value in Carassius can be mod-
ified in future studies such as the numbering in human decreasingly according to q + p
chromosomal length [73].

FISH analysis revealed two large non-nucleolar 55 loci and two large nucleolar 285
ribosomal loci in each of the Carassius species that were investigated; this indicates func-
tional diploidy in evolutionary tetraploid biotype. Two strong rDNA signals were found
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in other studies which described Carassius karyotype [32,40,74]. The number of 55 rDNA
loci (strong and weak signals in total) ranged from eight to ten, and 285 rDNA loci ranged
from four to six, with a single chromosome-bearing rDNA locus differing in each Carassius
species. We found higher similarity in a number of rDNA loci in C. auratis and C. gibelio,
ie., ten 55 and four 285 rDNA signals in these two species. Carassius carassius possessed
eight 5s and six 285 rDNA signals. Knytl et al. [32] identified 18 55 and four 285 rDNA
loci in diploid C. carassius originating from Finland waters. Spoz et al. [40] pointed out
ten 55 and four 285 rDNA loci in C. carassius from Poland. Chinese C. auratus has 2-8 55
rDNA signals [74]. This study brought the first report of the FISH analysis used on diploid
European C. gibelio, which belongs to phylogentically very diverse taxonomic group [66].
Our results showed variability in the number and position of ribosomal tandem repeats
in Carassius which is in accordance with other rDNA studies [32,40,74]. This variability
in rDNA loci has been shown between species of the same genus [38] and even between
individuals of the same species for 185 and 28S loci [75,76]. The present variability of rDNA
loci can be attributed to degree in heterochromatin condensation and nucleolar activity
during mitosis [77].

Overall, we have described a standardized karyotype of three species of Carassius
genus: C. auratus, C. carassius and C. gibelio. We compared these three species using cytoge-
netic tools: The arithmetic mean of the length of g + p chromosomal arm showed higher
similarity of C. auratus and C. carassius, and a difference of C. gibelio (Figure 1). Analysis
of median of the i value showed higher similarity of C. carassius and C. gibelio, and higher
difference of C. auratus (Figures 2 and 3). FISH confirmed a higher similarity of C. auratus
to C. gibelio, compared to C. carassius (Figure 4). Thus, we can conclude that the genus
Carassius has a very complex cytogenetic background, which can be distinguished using
cytogenetic tools, with some inconsistencies in measuring propinquity and congeniality.
The findings presented here are consistent with the presence of great genome variability
and plasticity. Such geneome variability could be attributed to the occurance of rare natural
phenomena such as interspecies hybridization, polyploidization, and/or alternation of
reproduction modes within the genus Carassius [16,43,78,79].

Supplementary Materials: The following are available online at https://www.mdpi.com /article/10
3390 /cells10092343 /51, Figure S1: Giemsa-stained chromosome metaphases (B&W) used for long (g)
and short (p) chromosome arms measurement. The Figure shows one representative metaphase for
each sex of each species. Each chromosome has a working numeric code 1-100, Metaphases show 100
chromosomes in (a) Carassius auratus (CAU) male, (b) C. auratus female, (c) C. carassius (CCA) male,
(d) C. carassius female, (e) C. gibelio (CGI) male and (f) C. gibelio female, white circles in (f) indicate
centromeric regions assigned as the narrowest part of chromosome. Figure S2: Giemsa-stained
chromosome dissected from metaphase. Graphical example of the measurement of metacentric
chromosome with four chromosomal arms (two chromatids). Two thin lines which lead through
all four arms cross in the centromeric region—the narrowest part of chromosome. Long arm 1 (g1),
long arm 2 (42), short arm 1 (p1), short arm 2 (p2) have 14.8, 13.6, 12.6 and 12.4 pixels, respectively.
Calculation of the g + p arm length is shown at the top right of the figure, Table S1: Carassius auratus
g+ p lengths were dissected from each metaphase and added into separate table. The last column
(mean_length) shows arithmetic mean of length used for dot plot (Figure 1). Table S2: Carassius
auratus i values were dissected from each metaphase and added into separate table. The last column
(mean_i) shows arithmetic mean of the i value used for dot plot (Figure 1).
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ARTICLE INTFO ABSTRACT

Edited by Andre van Wijnen Allopolyploid genomes are divided into compartments called subgenomes that are derived from lower ploidy

ancestors. In African clawed frogs of the subgenus Xenopus (genus Xenopus), allotetraploid species have two

Keywords: subgenomes (L and §) with morphologically distinet homoeologous chromosomes. In allotetraploid species of the
C:ennme sister subgenus Silurana, independently evolved subgenomes also exist, bul their cytogenetics has not been
S;;’::r’::i:: investigated in detail. We used a diverse suite of cytogenetic and molecular FISH techniques on an allotetraploid
FISH species in Silurana—Xenopus calcaratus—to explore evolutionary dynamics of chromosome morphology and

rearrangements. We find that the subgenomes of X. calcaratus have distinctive characteristics, with a more
conserved a-subgenome resembling the closely related genome of the diploid species X. tropicalis, and a more
rapidly evolving b-subgenome having more pronounced changes in chromosome structure, including diverged
heterochromatic blocks, repetitive sequences, and deletion of a nucleolar secondary constriction. Based on these
cytogenetic differences, we propose a chromosome nomenclature for X. calcaratus that may apply to other al-
lotetraploids in subgenus Silurana, depending on as yet unresolved details of their evolutionary origins. These
findings highlight the potential for large-scale asymmetry in subgenome evolution following
allopolyploidization.

Chromosome length
Allopolyploidization

1. Introduction compartments called "subgenomes”; in allopolyploid genomes, each

subgenome is derived mostly or entirely from a different ancestral spe-

Whole genome duplication (polyploidization) and large-scale chro-
mosomal rearrangements are important evolutionary driving forces that
contribute to genome variability, for example by creating duplicate
genes and affecting patterns of recombination (Wolfe, 2001). Poly-
ploidization is a potential mode of sympatric speciation wherein
reproductive isolation from progenitor species is achieved via inviability
or sterility of offspring of a cross between parents of differing ploidy
levels (Janko et al., 2018). Polyploidization occurs via genome dupli-
cation within a single species (autopolyploidization) or in association
with hybridization between two or more distinct species (allopoly-
ploidization). Divergence between homoeologous chromosomes could
expedite rediploidization of a polyploid genome, wherein chromosomes
acquire disomic inheritance, with each having only one homologous
partner during meiosis. This has the effect of creating separate genomic
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cies (Schiavinato et al., 2021).

Chromosomal changes such as translocations, inversions, insertions,
and deletions are divided into small- and large-scale rearrangements.
Small-scale rearrangements involve regions smaller than one megabase.
Large-scale rearrangements affect regions larger than one megabase,
may include fusions and fissions of different chromosomes, and may
alter karyotype organization and gene expression. In any genome, the
frequency of chromosomal rearrangements is governed by several fac-
tors including presence of retrotransposons in genome (Bi¢mont and
Vieira, 2006), spatial variation in DNA stability and fragility, and
external factors such as radiation or environmental conditions (Feder
et al,, 2011). Within a polyploid genome, the frequency of rearrange-
ments may differ between subgenomes (Brunet et al., 2006; Session
et al., 2016; Li et al., 2021).
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Fig. 1. Phylogenetic scenarios of the subgenus Silurana. A sister clade, subgenus Xenopus, is depicted as an outgroup. (a) A scenario involving one allotetraploid-
ization via the fusion of two diploid ancestors, one of which was closely related to X. tropicalis and the other of which went extinct (dagger), to give rise to the most
recent common ancestor of all three allotetraploid species in subgenus Silurana. (b) An alternative scenario involving two independent allotetraploidization events;
one gave rise to the ancestor of X. calcaratus and the other to the most recent common ancestor of X. epiiropicalis and X. mellotropicalis.

1.1. Allopolyploid genomes of African clawed frogs (Xenopus)

African clawed frogs, genus Xenopus (family Pipidae), are divided
into subgenera Xenopus and Silurana, that include diploid and tetraploid
species in Silurana, and tetraploid, octoploid, and dodecaploid species in
Xenopus (Tymowska, 1991; Evans, 2008; Evans et al., 2015). This high
species diversity (29 species in total) with a range of ploidy levels makes
Xenopus a compelling focal group for studying cytogenetics and chro-
mosomal rearrangements in the wake of polyploidization, with the po-
tential to provide insights into whether and how genomic
rearrangements are linked to speciation and adaptation.

Available information from extant tetraploids, octoploids, and
dodecaploids indicates that they are allopolyploids rather than auto-
polyploids (Evans et al., 2005; Evans et al., 2015; Session et al., 2016).
For example, in X. laevis (subgenus Xenopus), each subgenome contains
different transposable element complements that originate from distinct
ancestors (Session et al., 2016).

In subgenus Xenopus, several large-scale rearrangements have been
identified. The largest involves a fusion between chromosomes 9 and 10
in a diploid ancestor of allopolyploids in subgenus Xenopus (Session
et al., 2016). Comparison to a high-quality genome assembly of the
diploid species X. tropicalis evidences several other rearrangements
within the X. laevis S-subgenome and comparative genomic stability of
the X. laevis L-subgenome (Session et al., 2016).

In Silurana tetraploids, divergence between the homoeologous a- and
b-subgenomes is higher than between the a-subgenome and the genome
of diploid X. tropicalis (Evans, 2008; Evans et al., 2015), as expected by
allotetraploidy. In Silurana, one large-scale rearrangement has been
identified—a nonreciprocal interchromosomal translocation of peri-
centromeric region between chromosomes 9b and 2a of the tetraploid
species X. mellotropicalis (sensu Knytl et al., 2017; Knytl et al., 2018b).
This rearrangement was identified using fluorescent in situ hybridiza-
tion (FISH) in which whole chromosome painting (WCP) probes from
X. tropicalis were hybridized to chromosomes of X. mellotropicalis (Zoo-
FISH).

It remains unknown whether this rearrangement occurred in the
ancestor of all three allotetraploid species in Silurana (X. mellotropicalis,
X. epitropicalis, X. calcaratus) or more recently after the ancestor of
X. mellotropicalis diverged from the ancestor(s) of the other species
(Fig. 1). This is because evolutionary relationships among species in
subgenus Silurana remain poorly resolved; very little genomic data has
been collected from X. calcaratus and X. epitropicalis that could be
leveraged for phylogenetic estimation along with genomic data from
other Silurana species (Hellsten et al., 2010; Cauret et al., 2020).
Available information from two tightly linked genes (RAGI and RAG2)
suggest that two separate allotetraploidization events occurred in
Silurana: one generated X. calcaratus and the other resulted in the
ancestor of X. mellotropicalis and X. epitropicalis (Evans et al., 2005;
Evans, 2007) (Fig. 1b). However, a simplier scenario is also possible

where allotetraploidization occurred only once in Silurana (Fig. 1a). Also
lacking are cytogenetic characters that can clearly distinguish homoe-
ologous chromosomes of the Silurana subgenomes.

Large-scale genomic rearrangements occurred multiple times in
genus Xenopus and may have been influential in the evolution of Xen-
opus. In this study, we examined cytogenetic evolution of X. calaratus
with an aim of better understanding genome evolution in this species
and also to further contextualize evolution of the interchromosomal
translocation in X. mellotropicalis (Knytl et al., 2017). We used a suite of
chromosome banding and FISH techniques and statistically processed
chromosomal measurement information to provide unprecedented res-
olution of the karyotype of the allotetraploid Biafran clawed frog,
X. calcaratus.

2. Methods
2.1. Establishment of primary cell cultures

Primary cell cultures were derived from the hind limb of tadpoles at
stage NF55(+1) (Sinzelle et al., 2012) of X. calcaratus originated from
Bakingili, Cameroon, and X. tropicalis, derived from an Ivory Coast
laboratory strain. Both species were bred at Charles University, Faculty
of Science, Prague, Czech Republic. Briefly, tadpoles were anesthetized
by 0.4% MS-222 (Sigma-Aldrich, St. Louis, MO, USA) and then washed
with sterile MilliQ water following euthanasia. The hind limbs were
removed and homogenized in cultivation medium which was prepared
from components as described in Knytl et al. (2017) and modified by
addition of Gibco™ Antibiotic-Antimycotic (100X) and 0.1 mM Gib-
co™ 2-mercaptoethanol (both Thermo Fisher Scientific, Waltham, MA,
USA). The explants were then cultivated at 29.5°C with 5.5% CO; for
five days without disturbance. The medium was then changed every
second day. The first and next passages were performed with trypsin-
ethylenediaminetetraacetic acid according to Knytl et al. (2017). For
cryopreservation, cell aliquots were stored at —80°C in the cultivation
medium with the addition of 10% Dimethyl sulfoxid (Sigma-Aldrich).

2.2. Preparation of chromosomal suspension and metaphase spreads

Both X. tropicalis and X. calearatus chromosomal suspensions were
prepared according to Krylov et al. (2010) and stored in fixative solution
(methanol:acetic acid, 3:1, v/v) at —20°C. For laser microdissection, a
fresh metaphase suspension was dropped onto a polyethylene-
naphthalene membrane. For cytogenetic analysis, a chromosome sus-
pension was dropped onto a microscope slide according to Courtet et al.
(2001). Chromosome preparations were aged at —20°C for at least one
week with the exception of that for FISH with tyramide signal amplifi-
cation, FISH-TSA, in which the chromosome suspension was dropped
and directly followed by further experimental procedures.

For each experiment, mitotic metaphase spreads were
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counterstained with ProLong™ Diamond Antifade Mountant with the
fluorescent 4’,6-diamidino-2-phenylindole, DAPI stain (Invitrogen by
Thermo Fisher Scientific). Ten to 20 metaphase spreads were analyzed
per each banding technique and probe. Microscopy and processing of
metaphase images using Leica Microsystem (Wetzlar, Germany) were
conducted as detailed in Seroussi et al. (2019).

2.3. Laser microdissection and whole chromosome painting

All ten individual chromosomes from X. tropicalis (20 copies of each
chromosome) were separately isolated by laser microdissection as pre-
viously described in Kubickova et al. (2002) using a PALM Microlaser
system (Carl Zeiss Microlmaging GmbH, Munich, Germany). The WCP
probes were prepared according to Krylov et al. (2010) with the
following modifications in labeling. During whole genome amplifica-
tion, digoxigenin-11-dUTP and biotin-16-dUTP (both Jena Bioscience,
Jena, Germany) were incorporated into the probes (the nucleotide ratio
for digoxigenated probes: 10 mM dATP, dGTP, dCTP: 6.5 mM dTTP,
biotinylated probes: 10 mM dATP, dGTP, dCTP: 5 mM dTTP). Control
double-colour intraspecies painting FISH on X. tropicalis and single-
colour cross-species Zoo-FISH on X. calcaratus chromosomes were car-
ried out as described by Krylov et al. (2010) with minor modifications as
detailed in Knytl et al. (2017), Autoclaved X, tropicalis genomic DNA was
used as a competitor (blocking DNA) according to Bi and Bogart (2006).
In the control double-colour painting FISH, the digoxigenin and biotin
labeled probe was detected by anti-digoxigenin-fluorescein (Roche,
Basel, Switzerland) and CYTMS—streptavidin (Invitrogen, Camarillo, CA,
USA), respectively, diluted with blocking reagents as used in double-
colour FISH with ribosomal probes in Knytl et al. (2017). In single-
colour Zoo-FISH, fluorescent signal of digoxigenin labeled probes was
visualized by anti-digoxigenin-rhodamine (Roche).

2.4. Whole genome painting

Xenopus tropicalis genomic DNA (gDNA) was used as a probe for
genomic in situ hybridization (GISH) experiments. Whole genome
painting (WGP) probes were prepared using the GenomePlex Single Cell
Whole Genome Amplification Kit (WGA4), Sigma-Aldrich, according to
the manufacturer’s whole genome amplification protocol with extracted
gDNA. GenomePlex WGA Reamplification Kit (WGA3), Sigma-Aldrich,
and labeling with digoxigenin-11-dUTP (Jena Bioscience) was carried
out as described in Kiylov et al. (2010). A combination of salmon sperm
(Knytl et al., 2013b) and autoclaved X. tropicalis gDNA (Bi and Bogart,
2006) was used as a competitor DNA. Control GISH was performed on
X. tropicalis chromosomes as detailed in painting FISH in Krylov et al.
(2010), and cross-species GISH was carried out on X. calearatus chro-
mosomes as detailed in Zoo-FISH in Kiylov et al. (2010) with minor
changes described in Knytl et al. (2017).

2.5. Ribosomal gene mapping and chromosome banding

Double-colour FISH was performed with 55 and 28S ribosomal DNA
probes (rDNA FISH), followed by two chromosome banding techniques
that were conducted sequentially on the same metaphase spread: C-
banding, and then Chromomycin A3, CMAj; (Sigma-Aldrich).

Xenopus calcaratus gDNA was used as a template for amplification of
both 55 and 28S loci. Total gDNA was extracted from the tail tissue of a
tadpole using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. 55 and 28S primer sequences
(Integrated DNA Technologies, Coralville, 1A, USA) are listed in
Table S1. Preparation of 55 and 28S probes including modified PCR
conditions (Sember et al., 2015) and labelling with digoxigenin-11-
dUTP and biotin-16-dUTP (both Jena Bioscience) is detailed in Knytl
and Fornaini (2021). The 55 and 28S probes were hybridized with
chromosomal spreads of X. calcaratus. In total 22 yL of the hybridization
mixture containing 100 ng of either 55 or 285 rDNA probe, and 14 pL
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master mix (10% dextran sulfate) was placed on a slide and covered with
a 22 x 22 mm coverslip. Both probe and chromosomal DNA were de-
natured at 72°C for 5 min with subsequent overnight hybridization in a
dark wet chamber. Post-hybridization washing and blocking reactions
were performed as described for painting FISH in Krylov et al. (2010).
Probe signal was visualized as described in Knytl et al. (2017).

The sequential chromosome banding protocol (C-banding, CMA3)
followed Rabova et al. (2015), with the modifications described in Knytl
et al. (2017).

2.6. Single-copy gene mapping

We set out to assess whether the X. mellotropicalis translocation be-
tween chromosomes 9b and 2a (sensu Knytl et al., 2017), with the
nomenclature of 2a revised to be chromosome 2b as detailed below in
Section 4.2, also was present in X. calcaratus. To accomplish this, map-
ping analysis was performed in X. calcaratus for five single-copy genes
that flank the translocated region (rearrangement-associated genes) in
X. mellotropicalis as revealed by Zoo-FISH and FISH-TSA (Knytl et al.,
2017; Knytl et al., 2018b). Two of these genes are situated on the short
(p) arm of the X. tropicalis chromosome 2 (XTR 2) (glycogenin 2, gyg2
and choline/ethanolamine phosphotransferasel, cept1) and three are on
the long (q) arm of XTR 9 (splicing factor 3b subunit 1, sf3b1, NADH:
ubiquinone oxidoreductase core subunit 51, ndufs1, and fibronectin 1,
fnl1) (Uno et al., 2012; Seifertova et al., 2013; Knytl et al., 2018b). The
same probes from Knytl et al. (2018b) (gyg2, ceptl, sf3b1, ndufs1, and fnl
genes prepared from X. mellotropicalis RNA) were used and labelled with
digoxigenin-11-dUTP (Roche). The FISH-TSA protocol was adapted
from Krylov et al. (2007) with minor modifications described in Knytl
et al. (2018b). Sequences for alpha and beta single-copy gene loci (gyg2,
ceptl, sf3b1, ndufsl, and fnl) that were used as probes for FISH-TSA are
deposited in the NCBI GenBank database (Inytl et al., 2018b). Primer
sequences are listed in Table S1.

2.7. Measurement and identification of X. calcaratus chromosomes

A total of 35 X. calcaratus individual metaphase figures were
analyzed. Half of the metaphases selected for the identification of in-
dividual chromosomes was stained with 5% Giemsa/PBS solution (v/v).
The rest were stained with DAPI during FISH experiments. Both arms of
each chromatid were measured in pixels using ImageJ, V 1.53i
(Schneider et al., 2012). The p and q arm lengths were quantified as
described in Knytl and Fornaini (2021). To identify each chromosome,
we analyzed chromosomal length (1), p/q arm ratio (ry) (Tymowska,
1973), centromeric index (i), and g/p arm ratio () (Levan et al., 1964).

p q . 100

r;:‘—I r):; l:r;+1

[=p+qg )

Chromosomal numbering was adopted from Knytl et al. (2017) with
proposed revisions detailed below. Data were analyzed in R software for
statistical computing, V 4.1.0 (R Core Team, 2020). One-way analysis of
variance (one-way ANOVA) was performed to compare [ and i values
between each homoeologous pair of chromosomes using R scripts
modified from Knytl and Fornaini (2021). All steps outlining how the
measured values were calculated and processed into tables and plots are
available on https://github.com/martinknytl/R.

3. Results
3.1. Species identification

Species of Xenopus frogs are notoriously difficult to diagnose based
on external anatomy. We therefore used Sanger sequencing of our

experimental individual for species diagnosis. PCR amplifications of
portions of the 58 and 28S nuclear rRNA genes, and the 168
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Fig. 2. Double-colour painting fluorescent in situ hybridization on 20 X. tropicalis chromosomes (XTR) with X. tropicalis whole chromosome painting (WCP) probes
(intraspecies painting FISH). White arrowheads indicate painting of whole chromosome pairs using WCP probes derived from (a) XTR 1 (green) and XTR 2 (red), (b)
XTR 3 (green) and XTR 4 (red), (¢) XTR 5 (green) and XTR 6 (red), (d) XTR 7 (green) and XTR 8 (red), and (e) XTR 9 (green) and XTR 10 (red). Chromosomes were
counterstained with 4°,6-diamidino-2-phenylindole, DAPI (blue). In addition to stained homologous chromosome pairs, (b) some WCP probes had an additional
signal on pericentromeric and telomeric regions, which presumably is caused by repetitive sequences (red arrowheads). Each scale bar represents 10 gm.
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10 pm

Fig. 3. Cross-species painting FISH (Zoo-FISH) on 40 X. calcaratus chromo-
somes (XCA) using X. tropicalis WCP probes. The WCP probes stain the appro-
priate chromosomal quartets in red. (a) XTR 1-XCA 1a and 1b, (b) XTR 2-XCA
2a and 2b, (¢) XTR 3-XCA 3a and 3b, (d) XTR 4-XCA 4a and 4b, (e) XTR 5-XCA
5a and 5D, (f) XTR 6-XCA 6a and 6D, (g) XTR 7-XCA 7a and 7b, (h) XTR 8-XCA
8a and 8b, (i) XTR 9-XCA 9a and 9b and (j) XTR 10-XCA 10a and 10b. White
arrowheads show labeled chromosomal quartets. Chromosomes were counter-
stained with DAPI (blue-green). In addition to red-stained homoeologous
chromosomes, some WCP probes also had an additional signal on pericentro-
meric and telomeric regions, which presumably is caused by repetitive se-
quences (red arrowheads). Each scale bar represents 10 gm.

mitochondrial tRNA gene resulted in approximately 200 and 300, and
900 bp long amplicons.

Based on blastn results, the 55 amplicon had 96% identity with the
sequence of 55 IDNA of X. tropicalis (accession number X12624.1), and
28S amplicon had 100% identity with 28S rRNA of X. tropicalis (acces-
sion number XR_004223802.1), which is consistent with membership in
subgenus Silurana (at the time of this study, sequences of these genes for
X. calcaratus are not present in the GenBank database). The 16S

)
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amplicon showed 100% identity with 165 rRNA of X. calcaratus
(accession number KT728037.1) from the same locality in Cameroon but
2.8-3.0% divergence from X. tropicalis (accession numbers KT728027.1
and KT728029.1), which is not known to occur in this locality. Together
these results confirmed the species identity of the X. calcaratus cells. As
detailed below, this species diagnosis is also consistent with chromo-
some counts that also distinguish these two species. Sequences are
deposited to the NCBI GenBank database (5S accession number
ON908197, 28S accession number OM910742, 168 accession number
OM912675).

3.2. Fluorescent in situ hybridization with whole chromosome painting
probes

Ten WCP probes were prepared from each separately microdissected
chromosome of X. tropicalis. As expected, each probe hybridized spe-
cifically and stained a whole X. tropicalis homologous chromosome pair
1-10 (Fig. 2a-e, with pairs of probes labeled in green and red). This
control in X. tropicalis demonstrates high specificity of the WCP probes
derived from this diploid species.

Having confirmed specificity of the X. tropicalis WCP probes, we went
on to perform Zoo-FISH experiments on X. calcaratus metaphase spreads
using each X. tropicalis WCP probe. The WCP probes derived from XTR
1-10 hybridized to whole chromosomal quartets (the homoeologous
chromosome groups) without evidence of large-scale translocations as
follows: XTR 1 to X. calcaratus chromosome 1a (XCA 1a) + 1b (Fig. 3a);
XTR 2 to XCA 2a + 2b (Fig. 3b); XTR 3 to XCA 3a + 3b (Fig. 3¢); XTR 4 to
XCA 4a + 4b (Fig. 3d); XTR 5 to XCA 5a + 5b (Fig. 3e); XTR 6 to XCA6a
+ 6b (Fig. 3f); XTR 7 to XCA 7a + 7b (Fig. 3g); XTR 8 to XCA 8a + 8b
(Fig. 3h); XTR 9 to XCA 9a + 9b (Fig. 3i); and XTR 10 to XCA 10a + 10b
(Fig. 3j).

A key finding that emerged from the X. calcaratus Zoo-FISH experi-
ments is that one homologous chromosome pair had consistently higher
fluorescent intensity than the other. Based on this, we defined
X. calcaratus "a” homoeologs (or a, sensu Evans et al. (2005)) to be the
more intensely painted chromosomes and ”b” homoeologs (or f, sensu
Evans et al. (2005)) to be the less intensely painted ones. The observa-
tion of differential painting intensity is consistent with an allotetraploid
origin of X. calcaratus from a diploid common ancestor of X. tropicalis
and another divergent diploid ancestor whose diploid descendants are
either extinct or have not yet been discovered (Fig. 1). That these ex-
periments found no evidence of a chromosomal translocation between
chromosomes homologous to XTR 9 and 2 in X. calcaratus suggests this
translocation occurred in an ancestor of X. mellotropicalis after diver-
gence from an ancestor of X. calcaratus.

Using the WCP probe from X. tropicalis chromosome 4, we found an
additional signal on XTR 5 (Fig. 2b, red arrowheads) and XCA 5a
(Fig. 3d, red arrowheads) which is possibly caused by accumulation of
repetitive sequences on a portion of the p arm.

3.3. Genomic in situ hybridization with whole genome painting probes

Two GISH experiments were performed with X. tropicalis WGP probe.
The first one was a control to evaluate the efficacy of the WGP probe
against X. tropicalis chromosomes (Fig. 4a). All 20 chromosomes were
consistently painted, indicating high efficacy. The second GISH experi-
ment hybridized the WGP probe to X. calcaratus chromosomes with an
aim of providing verification of a distinctive cytogenetic signature of
each subgenome. Similar to the WCP experiments shown in Section 3.2,
this technique recovered differences in the intensity of fluorescence
between several homoeologous pairs (Fig. 4b). In particular, chromo-
somes XCA 7a, 9a, and 10a were notably more intensely painted than
XCA 7b, 9b, and 10b (labeled with arrowheads). These results are
consistent with the analysis of p/q arm ratio and Zoo-FISH data dis-
cussed below, and with a closer evolutionary relationship between the
XCA homoeologs "a" and XTR orthologs than between the XCA
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Fig. 4. Genomic in situ hybridization (GISH) using
X. tropicalis whole genome painting (WGP) probes (in
red) against (a) X. tropicalis and (b) X. calcaratus
chromosomes. In (a), the X. tropicalis WGP probes
hybridized to all 20 X. tropicalis chromosomes
(XTR—XTR) with a consistent fluorescent signal. In
(b), the X. tropicalis WGP probes hybridized to all 40
X. calcaratus chromosomes but with different in-
tensities between homoeologs—especially between
homoeologs XCA 7, 9, and 10 (white arrowheads).
Each scale bar represents 10 gm.

Fig. 5. Sequential fluorescent chromosome mapping (ribosomal DNA FISH/C-banding/Chromomycin Az, CMAz) on metaphase spread of X. calearatus. DAPI (blue-
green) counter-stained metaphase spreads show all 40 chromosomes. (a) FISH with 58 (green) and 288 (red) ribosomal probes identifics XCA 2b, 4a, 5a, 6a, and 8b
(green arrows) and the nucleolar secondary constriction on the g arm of XCA 7a (red arrowheads), respectively. (b) C-banding (brighter staining) highlights het-
erochromatic blocks on the p arm of XCA 1b (blue arrows). (¢) CMA; banding in green (green arrows) shows heterochromatic blocks on the p arm of XCA 1b that co-
localize with C-bands, and additional CMA; positive band on the g arm of XCA 7a (nucleolar secondary constriction) that co-localize with 285 rDNA loci. Scale bars

represent 10 gm.

homeeologs b and XTR orthologs. Other homoeologous chromosomes
within the X. calcaratus karyotype apart from XCA 7, 9, and 10 also were
painted with slightly different but less distinguishable intensities.

3.4. Ribosomal gene mapping and chromosome banding

Nucleolar organizer regions (NORs) are regions in eukaryotic ge-
nomes that contain tandem arrays of three ribosomal genes (183, 5.8S,
285). In eukaryotes the ribosome includes small and large subunits; the
185 rRNA gene is part of the small subunit and the 5.85, 285 and 5§
rRNAs are part of the large subunit, though the 55 rRNA gene is not
contained within the NOR (Vierna et al., 2013). In diploid genomes
there is generally only one pair of NORs (Schmid et al., 1987). Building
on the findings from Zoo-FISH (Section 3.2), we expected a NOR pair to
have been inherited from each of the diploid ancestral species of
X. calcaratus. However, the FISH experiment with 285 rDNA probes
identified only one pair of NORs situated on the nucleolar secondary
constriction of XCA 7aq (Fig. 5a, in red). The FISH with 538 probes
revealed 8-10 positive loci located on telomeric regions of the XCA 2b,

6

4a, 5a, 6a, and 8b as evidenced in Fig. 5a in green.

Xenopus calearatus is closely related to X. mellotropicalis and for this
reason we expected similar patterns and localization of the hetero-
chromatic blocks in these two species. To test this expectation, we used
C- and CMA3-banding, which are staining techniques that highlight GC
rich chromosomal loci and blocks of constitutive heterochromatin.
These staining methods can be helpful for distinguishing and assigning
chromosomes based on banding patterns. C- and CMAj3-banding showed
positive signals on XCA 1bp (Figs. 5b and 5¢). C-banding also exhibited a
faint signal in portions of stained regions on XCA 2b, 6b, 7b, and 8b (not
shown by arrows). CMAs-banding also identified nucleolar secondary
constriction of XCA 7aq (Fig. 5¢). All X. calcaratus chromosomes bore
weak CMAg-bands on telomeres that presumably are caused by repeti-
tive sequences.

3.5. Single-copy gene mapping

To test whether X. calcaratus shared a large scale translocation with
X. mellotropicalis, we mapped the alpha and beta homoeologs of gyg2,
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XCA2a+2b

XCA9a + 9b
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XCA9a+9b XCA9a+9b

Fig. 6. FISH coupled with tyramide signal amplification (FISH-TSA) with positive red signals on X. calcaratus chromosomes. The gyg2f and a, cept1f and « loci were
localized on the p arm of XCA 2a and 2b, respectively. The sf3bla and fi, ndufsla and #, and fnla and ff loci were mapped on the g arm of XCA 9a and 9b, respectively.

A white line indicates the centromere position.
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Fig. 7. Analysis of X. calcaratus short and long arm chromosome length measurements. The a-subgenome is shown in red and the b-subgenome is in blue. (a) the
relationship between centromerice index (i), x-axis, and chromosomal length (1), y-axis. Gray dashed vertical lines define intervals 0-12.5, 12.5-25, 25-37.5, and
37.5-50 that correspond to acrocentric, subtelocentric, submetacentric, and metacentric chromosomes, respectively. Plotted values of i and [ are medians for each
chromosome. (b) shows intrachromosomal variability of I value (y axis) for the haploid complement of 20 X. calearanus chromosomes (x axis). (e) intrachromosomal
variability of i value (y axis) on the haploid complement of 20 X. calcaratus chromosomes (x axis). b and ¢: gray dashed vertical lines delimit homoeologous pairs. The
upper and lower whiskers show the minimum and maximum values, respectively, the boxes involve the lower (Q;) and upper (Q3) quartiles, the black lines inside the

boxes indicate the median values (Q2); outliers are indicated by black points.

ceptl, sf3b1, ndufs1, and fnl in X. calcaratus. In X. mellotropicalis gyg2a
and f, and ceptla and i map to chromosomes 2ap and 2bp, respectively.
The ndufsia and f, and fnla and § map to chromosomes 9a and 9b,
respectively. The sf3bla and /f genes map to X. mellotropicalis chromo-
somes 2bp and 9ag, respectively (I<nytl et al., 2018b).

In X. calcaratus the gyg2a and ceptia mapped to 2bp, and gyg2f and
cept1fi mapped to 2ap. fnla, ndufsla, and sf3b1a mapped to XCA 9aq,
and fn1f, ndufs1p, and sf3b1p mapped to XCA 9bg, respectively (Fig. 6).
The metaphases with 40 chromosomes and FISH-TSA signals are shown
in Supplementary material (Figs. S1-S5). Thus, similar to the findings
from the WCP probes discussed above, mapping of single-copy genes in
X. calcaratus recovered no evidence of the translocation involving
chromosomes 9b and 2b that was observed in X. mellotropicalis (Knytl
et al., 2017; Knytl et al., 2018b).

3.6. Mensural analysis of X. calcaratus chromosomes

As expected, across all X. calcaratus spreads (n = 35) we consistently
counted 40 chromosomes, indicating that 2n = 4x = 40, where n refers
to the haploid number of chromosomes of the extant species, and x refers
to the haploid number of chromosomes in the most recent diploid
ancestor of the extant species.

Each chromosome was measured from 35 metaphases spreads, with
each chromosome identified based on comparison to the FISH results,
and the median values of l.r, and i were calculated. [ was quantified asa
percentage of the sum of ! across all chromosomes in order to account for
variation in resolution and pixel size of our images. Each individual
chromosome was also assigned a chromosomal category based on the i
value. If the i value was equal to or greater than 37.5, the chromosome
was categorized to be metacentric. If the i value was equal to or higher
than 25 and lower than 37.5, the chromosome was categorized to be
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Table 1

Measurements of X. calcaratus chromosomes formulated in medians of [ (%), p/q
arm ratio (r), and i. Chromosomal categories correspond to m = metacentric, sm
= submetacentric, and st = subtelocentric chromosomes. Significance codes
following I and i values define whether pairs of homoeologous chromosomes are
significantly different based on ANOVA test. Significantly different homoeologs
are depicted by significance codes "***”, "**” and "e” showing the p-value p <
0.001,p < 0.01, and p < 0.1, respectively.

Chromosome 1 (%) r i Category
la 3.78 0.73 42.10 m
ity 3.79 0.76 43.15 * m
2a 3.11 . 0.59 37.04 . s
2b 3.20 0.63 38.67 m
3a 2.98 - 0.20 1658 st
3b 2.80 0.20 16.74 st
Aa 2.65 o 0.60 37.48 sm
b 2.80 0.62 38.42 n
5a 2.73 @ 0.49 33.11 - sm
5b 2.63 0.38 27.33 s
6a 2.69 e 0.88 16.91 m
6b 2.54 0.87 46.63 m
7a 2.48 fre 0.77 43.38 mn
7b 2.16 0.78 43.78 nm
8a 2.47 . 017 14.73 st
8b 2.28 0.18 1547 st
9a 1.47 0.80 44.31 m
9b 1.8 0.80 44.54 n

10a 0.98 " 075 1278 m
10b 0.93 0.75 42.90 m

submetacentric, and if the i value was equal to or greater than 12.5 and
lower than 25, the chromosome was categorized as subtelocentric. The
karyotype of X. calcaratus consists of 12 pairs of metacentric, four pairs
of submetacentric, and four pairs of subtelocentric chromosomes.

We found that pairs of homoeologs tend to have similar chromo-
somal morphology in terms of ! and i values (Fig. 7a). For example,
chromosomes 3a, 3b, 8a, and 8b had low centromeric indexes (between
12.5-25) and were therefore both subtelocentric. Chromosomes 5a and
5b had centromeric indexes between 25-37.5 and were therefore both
submetacentric. However, chromosomes 2a and 4a were in the sub-
metacentric category whereas their homoeologous chromosomes 2b and
4b were in the metacentric category. The rest of chromosomes fell into
the category of metacentric chromosomes (centromeric indexes of
37.5-50). Acrocentric chromosomes (centromeric indexes interval
0-12.5) and telocentric chromosomes withouta p arm (centromeric in-
dexes = 0) were not present in the X. calcaratus karyotype.

The [ and i values were assigned to each individual chromosome
la-10b from each metaphase and plotted (Figs. 7b and 7c). A measure of
statistical dispersion, the interquartile range (Q;—Q3), was used to
evaluate the extent of morphological divergence of each homoeologous
chromosomal pair. The highest divergence in [ between homoeologous
chromosomes was found between XCA 7a and 7b. The Q;-Q; of XCA 7a
and 7b [ ranged from 2.37% to 2.61% and from 2.06% to 2.27%,
respectively (Supplementary material, Box plot statistics of I, matrix
$stats in R output, columns [,13] and [,14], rows [2,]1-[4,]).
The second highest divergence in [ was measured within homoeoclogous
pairs XCA 6a (2.62% to 2.77%) and 6b (2.38% to 2.59%) (Supplemen-
tary material, Box plot statistics of I, matrix §stats in R output, col-
umns [,11] and [,12], rows [2,]1-[4,1). The largest difference in i
of homoeologous chromosomes was between XCA 5a and 5b, which
differed within Q;—-Q3 by 29.98-35.08 and 25.39-29.31, respectively
(Supplementary material, Box plot statistics of i, $stats in R output,
columns [,9] and [,10], rows [2,]-[4,]). The second largest dif-
ference based on the @Q;-Qs interval of i was between XCA 2a
(34.69-38.39) and 2b (37.07-41.53, Supplementary material, Box plot
statistics of i, $stats in R output, columns [, 3] and [,4],rows [2, ]—
[4,]). Based on ! or i, the four most differentiated homoeologous pairs
(2a and 2b, 5a and 5b, 6a and 6b, 7a and 7b) are identifiable based on
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arms lengths.

The median values of [ (%), r; and i are shown in Table 1, where these
values are assigned to each chromosome.

Chromosome 7a and 7b of X. calcaratus can be distinguished because
7a has a secondary nucleolar constriction in the same position as XTR 7,
whereas this feature is absent from XCA 7b. This inference is further
supported by a higher intensity of Zoo-FISH and GISH signals with
X. tropicalis probes on XCA 7a compared to 7b. The [ values of some
chromosomes were substantially different between “a” and ”b”
homoeologs (Table 1, significance codes). Based on the cytogenetic in-
formation presented here that was obtained from multiple methods, we
defined a chromosome nomenclature for X. calcaratus that could extend
to other tetraploid Silurana species depending on their phylogenetic
relationships discussed below.

4. Discussion

We used a combination of conventional (C- and CMA;-banding) and
more advanced molecular cytogenetic techniques (rDNA FISH, intra-
and cross-species painting FISH, FISH-TSA, and GISH) to study the
allotetraploid karyotype architecture of X. calcaratus. Our results,
together with previous cytogenetic findings (Tymowska and Fischberg,
1982; Schmid and Steinlein, 2015; Knytl et al., 2017), enabled us to
distinguish and define the a- and b-subgenomes of X. calcaratus. We
identified several cytogenetic changes discussed below in the b-sub-
genome that were not present in the a-subgenome of X. calcaratus or in
X. tropicalis, which indicate that the b-subgenome has undergone more
rapid (and asymmetric) evolution compared to the a-subgenome.

4.1. Localization of the heterochromatin, NOR, and other components of
the ribosomes

The allotetraploid species X. laevis has one NOR on chromosome 3Lp
(Tymowska and Kobel, 1972; Schmid et al., 1987; Roco et al., 2021),
with a homologous NOR on chromosome 3S thought to have been lost
after allotetraploidization in subgenus Xenopus (Session et al., 2016). In
the diploid X. tropicalis the NOR is on chromosome 7q (Tymowska, 1973;
Tymowska and Fischberg, 1982; Uehara et al., 2002; Roco et al., 2021),
the allotetraploid X. epitropicalis and X. mellotropicalis also have one NOR
on chromosome 7aq (Tymowska and Fischberg, 1982; Tymowska,
1991), with the other on chromosome 7b hypothesized to have been lost
after allotetraploidization (Knytl et al., 2017). In X. calcaratus, 28S tDNA
FISH identified nucleolar (secondary) constriction on XCA 7aq (Fig. 5a).
There are at least two possible explanations for the conserved location
and number of NORs in X. mellotropicalis and X. calcaratus. If these two
species each evolved via independent allotetraploidization events
(Fig. 1b), loss of one pair of NORs from the same ancestral species could
have occurred twice independently after each allotetraploidization
event. Under a scenario of one allotetraploidization in Silurana (Fig. 1a)
it is also possible that one pair of NORs was lost only once after allo-
polyploidization in subgenus Silurana.

The 55 ribosomal genes were localized to telomeric regions of most
or perhaps all of the chromosomes of X. laevis (Pardue et al., 1973).
Somatic and oocyte-specific types of 55 ribosomal genes have been
identified in X. laevis (Peterson et al., 1980). The somatic type of 58
genes was localized to X. laevis chromosome 6L and the oocyte-specific
type of 58 genes was localized to subtelomeric regions of most chro-
mosomes (Harper et al., 1983). Because somatic and oocyte-specific
sequences have 95% sequence similarity (Ford and Brown, 1976),
probes to both types of 558 genes co-localize to somatic metaphase
spreads (Harper et al., 1983). In X. tropicalis the 58 is on subtelomeric
regions of most of chromosomes (XTR 2, 3, 4, 5, 6, 7, 8, and 9) with the
most intense fluorescent signal on XTR 6 (Knytl et al., 2017). In
X. mellotropicalis 5S genes were mapped to chromosomes 4a, 5b, and 8b
(Knytl et al., 2017) but X. calcaratus bears 5S loci on chromosomes 2b,
4a, 5a, 6a, and 8b (Fig. 5a). These findings indicate independent
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evolution of the 5S genes in allotetraploid X. mellotropicalis and
X. calcaratus with more frequent deletions in X. mellotropicalis.

C- and CMAs3- banding identified a prominent heterochromatic block
in the form of a non-nucleolar secondary constriction, but some of these
signals may co-localize with NORs (e.g. 28S- and CMAj3-positive signals
on XCA 7a, Figs. 5a and 5c). Several Silurana tetraploids have one
intensely labeled non-nucleolar secondary constriction: for X. tropicalis it
is on chromosome 9q (Tymowska and Fischberg, 1982; Knytl et al.,
2017), for X. mellotropicalis it is on 2ap (re-designated below to be 2bp)
(Knytl et al., 2017), for X. epitropicalis it is on the pericentromeric region
of 2a (re-designated below to be 2b) involving both p and q arms
(Tymowska and Fischberg, 1982), and for X. calcaratus it is on 1bp.
Different sizes and positions of non-nucleolar secondary constrictions
within Silurana species indicate that these constrictions are dynamic
structures with independent evolution; the most similar positions are in
X. epitropicalis and X. mellotropicalis (chromosome 2b), which is consis-
tent with their close evolutionary relationship (Evans et al., 2005).

The number and position of NORs have been extensively explored in
both diploid and polyploid animals. Amphibians and fish are good
groups with which to explore the effect of whole genome duplication on
the evolution of NOR and other ribosomal structures, such as 55 and 455
RNA genes (Knytl et al., 2017; Knytl et al., 2018a), because both
include a diversity of diploid and polyploid species (Evans et al., 2015;
Knytl et al., 2022). The number and position of NORs and other ribo-
somal structures together with cytogenetic mapping of single-copy
genes in polyploids may reflect the extent of rediploidization
(Symonova et al., 2017). In most diploid and polyploid amphibians, only
one homologous chromosome pair bears a NOR (Schmid, 1982; Schmid
etal,, 1987; Alves et al., 2012). However, in fish there is more extensive
variation in the number of NORs, including observations ranging from
one (Alves et al.,, 2012) to seven pairs (Gromicho et al., 2006). For
instance, some tetraploid fish possess two pairs of NORs located on one
homoeologous set of chromosomes, which is consistent with ancient
tetraploidy (Diniz et al., 2009; Knytl et al., 2013a; Symonova et al,,
2017). One NOR pair may therefore reflect functional diploidization,
wherein bivalents rather than multivalents form during meiosis, which
appears to be the case for all Xenopus (Tymowska, 1991).

Another possible explanation for among species variation in the
number of nucleolar loci is that some have been transeriptionally inac-
tive in the preceding interphase. Therefore, these loci have not been
transcribed, and might not be detected by ribosomal probes (Schmid,
1982). The number of nucleolar loci could be also changed via trans-
location of individual rDNA copies from clusters via viruses or trans-
posons (Gromicho et al., 2006).

4.2. Silurana subgenomes with different cytogenetic characteristics

Previous chromosome nomenclature of X. mellotropicalis and
X. epitropicalis designated the larger of the homoeologous pairs as "a”
and the smaller pair as ”b” (Tymowska and Fischberg, 1982; Tymowska,
1991; Knytl et al., 2017). Although the relative size of homoeologous
pairs corresponds to subgenomes in X. laevis (Session et al., 2016), this is
not necessarily the case in other groups. Because the relative intensities
of fluorescence signal in FISH correspond with phylogenetic distance
between the probe and the genome being interrogated, evolutionary
affinities of chromosomes within each subgenome can be inferred based
on the intensity of the probe fluorescence (Markova et al., 2007; Liu
etal.,, 2015). Here, we distinguished homoeologous chromosomes in the
X. calcaratus a- and b-subgenomes based on measurements of chromo-
somal p and q arm length, and comparative cytogenetic findings from
Zoo-FISH and GISH using probes from the diploid species X. tropicalis.
This approach allowed for an evolutionary-based classification system
based on divergence from X. tropicalis orthologous chromosomes.
Chromoscmes from the X. calcaratus a-subgenome are more similar and
closely related to X. tropicalis orthologs than chromosomes from the
X. calcaratus b-subgenome. With this approach, we identified one
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Table 2

ry values (p/q arm ratio) for each chromosome in X. tropicalis (Tymowska, 1973),
X. calcaratus (this study), and X. mellotropicalis (Knyll et al., 2017). Xenopus
tropicalis chromosome nomenclature according Khokha et al. (2009) was used.
Each X. tropicalis ortholog is divided into the "a” and "b” homoeologous chro-
mosomes in tetraploid Silurana karyotypes (“homoeolog” column). Asterisks
highlight changes in chromosome nomenclature.

Chromosome X. tropicalis Homoeolog X. calcaratus X. mellotropicalis
n n n
1 0.72 a 0.73 0.70
b 0.76 0.67
2 0.61 a 0.59 0.62%
b 0.63 0.81*%
3 0.31 a 0.20 0.20
b 0.20 0.20
4 0.57 a 0.60 0.60
b 0.62 0.62
S 0.58 a 0.49 0.42
b 0.38 0.11
6 0.88 a 0.88 0.88
b 0.87 0.88
7 0.71 a 0.77 0.66
b 0.78 0.79
8 0.22 a 0.17 0.21
b 0.18 0.21
9 0.68 a 0.80 0.88
b 0.80 0.72
10 0.68 a 0.75 0.70
b 0.75 0.72

homoeologous pair — chromosome 2 — where the larger chromosome was
actually from the b-subgenome, warranting revision of this aspect of the
chromosomal nomenclature (Table 2). Consistent with this reappraisal,
the intensity of the Zoo-FISH signal on the longer X. mellotropicalis
chromosome 2 (2a sensu Knytl et al. (2017)) is lower than intensity of
the smaller X. mellotropicalis chromosome 2 (2b sensu Knytl et al. (2017);
see Fig. 4B in Knytl et al. (2017)). Based on results presented here for
X. calearatus, X. mellotropicalis 2a (XME 2a) and 2b should thus be re-
classified as XME 2b and 2a, respectively.

Additionally, our findings indicate that chromosomes XCA 1b and 2b
had higher p/q arm ratio, centromeric index and chromosomal length
than XCA 1a and 2a, respectively. This is also inconsistent with previous
designations based on conventional staining such as Giemsa, C-banding,
or replication banding (Tymowska, 1991; Schmid and Steinlein, 2015).

Thus far, X. calcaratus and X. mellotropicalis a-subgenomes have no
reported translocations, although the b-subgenome of X. mellotropicalis
contains large-scale rearrangements between XME 2b and 9b (Knytl
etal., 2017). Heterochromatin is evident on XCA 1b (Figs. 5b and 5¢) but
not on XTR 1 or XME 1b. Kuytl et al. (2017) hypothesized that the
heterochromatin transpositions occurred within b-subgenome. That the
nucleolar 285 rRNA loci (a part of 455 rRNA) were detected only on XCA
7aq but not on 7bq indicates gene loss within X. calcaratus b-subgenome.
Overall, these results suggest asymmetric subgenome evolution in
Silurana, with the a-subgenome being more stable and resembling the
X. tropicalis diploid genome, and the b-subgenome having experienced
more chromosomal rearrangements. As discussed above, asymmetric
subgenome evolution has also been reported in allotetraploid X. laevis
which is in subgenus Xenopus (Session et al., 2016).

The p/q arm ratio of XTR 5 is more similar to the p/q arm ratio of
XCA 4a, 4b, XME 4a, and 4b than to the p/q arm ratio of XCA 5a, 5b,
XME 5a, and 5b (Table 2). It is not clear whether X. tropicalis chromo-
somes were identified correctly by Tymowska (1973) and Khokha et al.
(2009), or whether both X. calcaratus and X. mellotropicalis homoeologs
5a and 5b have undergone changes that were undetectable by our
experimental approaches. It is also possible that intraspecies variability
in chromosome structure exists among geographically separated African
populations of Xenopus. These possibilities might be distinguished by
additional FISH mapping of loci on XTR 5, XCA 5a, 5b, XME 5a, and 5b
or by new measurements of the XTR 5 arm length. Using chromosomal
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subgenus - subgenus
Siluran X. tropicalis Silurana X. tropicalis
X. calcaratus X. calcaratus
X. epitrt op.'ca.!ls _ X. epitropicalis Odiploid
X. mellotropicalis X. mellotropicalis B tetraploid
1ntranslocation
subgenus subgenus
a Xenopus b Xenopus

Fig. 8. Evolutionary scenarios in subgenus Silrana for the origin of a translocation that is observed in X. mellotropicalis, not observed in X. calcaratus, and for which
no data exists for X. epitropicalis. (a) if one allotetraploidization event gave rise to all three tetraploid species then the translocation could have occurred after
diverged of X. calcaratus but before speciation of X. mellotropicalis and X. epitropicalis (blue) or after this speciation in the ancestor of X. mellotropicalis (red). (b) if
instead two independent allotetraploidizations occurred, the translocation could additionally have occurred in either diploid ancestor of the most recent common
ancestor of X. mellotropicalis and X. epitropicalis (both are shown in black, but only one would have occurred).

length, arm ratio, and centromeric indexes alone, it was not possible to
conclusively distinguish all homoeologous chromosomes from the a- and
b-subgenomes of X. calcaratus, although these differences were readily
distinguishable by FISH.

The sex chromosomes of X. tropicalis and X. mellotropicalis are ho-
mologous (XTR 7 and probably XME 7a, respectively (Olmstead et al
2010; Roco et al., 2015; Mitros et al., 2019; Furman et al., 2020; Cauret
et al., 2020)). On XTR 7, XME 7a, and XCA 7a the position of the
nucleolar secondary constriction on the ¢ arm and the p/q arm ratio
(ranged from 0.66-0.77) are conserved. Because a master sex deter-
mining gene has not yet been identified in any Silurana species, we were
not able to probe this gene and the sex chromosomes of X. calcararus
remain unidentified.

4.3. Timing of chromosomal translocation between chromosomes 9 and 2

Zoo-FISH with X. tropicalis WCP probes on X. mellotropicalis chro-
mosomes and gene mapping using FISH-TSA revealed a large-scale inter-
chromosomal translocation of heterochromatic block from chromosome
9b to 2b, abbreviated t(9b;2b) (Knytl et al., 2017; Knytl et al., 2018b).
This translocation was not identified in X. calcaratus based on Zoo-FISH
(Fig. 3) and also was not present in X. tropicalis (Knytl et al., 2018b).
More specifically, we found that rearrangement-associated genes in
X. mellotropicalis did not all map to the corresponding chromosomes of
X. calcaratus. In Knytl et al. (2018b), sf3b1a mapped to XME 2a (which
with the proposed revised nomenclature is XME 2b) but in X. calcaratus
this gene mapped to XCA 9a. In X. tropicalis, sf3b1 is localized on XTR 9
(Knytl et al., 2018b). The most parsimonious explanation for these ob-
servations is that the t(9b;2b) occurred in an ancestor of
X. mellotropicalis after the divergence of X. calcaratus (Fig. 8). It is not
clear whether t(9b;2b) occurred in the most recent common ancestor of
X. epitropicalis and X. mellotropicalis (Fig. 8, black and blue spots), or if
the translocation occurred solely in the X. mellotropicalis lineage after the
divergence from the common ancestor with X. epitropicalis (Fig. 8, red
spots). Another possible scenario is that the translocation occurred be-
tween ancestral chromosomes in a diploid ancestor of X. epitropicalis and
X. mellotropicalis (Fig. 8b, black spots). A caveat to this interpretation is
that we lack cytogenetic information from a diploid descendant of the
other ancestor of Silurana allotetraploids, and we are therefore unable to
rule out the possibility that some of these changes in the b-subgenome
(all except the loss of the NOR) occurred in that ancestor before allo-
tetraploidization. Further resolution of the evolutionary history of this
translocation could be achieved via Zoo-FISH analysis of X. epitropicalis
chromosomes. So far, cytogenetic studies of X. epitropicalis are limited to
conventional banding (Tymowska, 1991; Schmid and Steinlein, 2015).
Heterochromatic blocks identified by chromosome banding suggest that
the t(9b;2b) of X. mellotropicalis is associated with repetitive sequences
(Knytl et al., 2017). Extensive rearrangements and GC-rich secondary
constrictions were not identified on the XCA 2b (CMAj; or C-banding
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positive, Figs. 5b and 5¢) which suggests the repetitive regions associ-
ated with the t(9b;2b) of X. mellotropicalis also accumulated after
divergence from the ancestor of X. calcaratus. The effects on recombi-
nation of a rearrangement may not be bounded by the breakpoints of the
rearrangement (Xia et al., 2020). It is thus conceivable that this trans-
location influenced speciation through the suppression of chromosomal
pairing and recombination (Fishman et al., 2013).

5. Conclusions

Allopolyploid genomes are interesting subjects for cytogenetic
investigation because evolutionary phenomena in each subgenome can
be distinguished and compared. In this study, we identified two sub-
genomes in the allotetraploid frog X. calcaratus, and found them to be
distinguished by cytogenetic characteristics that are consistent with
asymmetric evolution. Results are consistent with the proposed allo-
polyploid origin of X. calcaratus (X. new tetraploid 2 in (Evans et al.,
2005)), with one progenitor species also being an ancestor of X. tropicalis
and another ancestral species either extinct or undiscovered. To better
understand genome evolution in subgenus Silurana it is necessary to
perform further cytogenetic analyses of X. epitropicalis, the remaining
member of a group of allotetraploid species.

Ethics approval

Charles University has registered experimental breeding facilities for
pipid frogs (160Z12891/2018-17214, 37428/2019-MZE-18134). All
experimental procedures involving frogs were approved by the Institu-
tional Animal Care and Use Committee of Charles University, according
to the directives from the State Veterinary Administration of the Czech
Republic. MK is a holder of the Certificate of professional competence to
design experiments according to §15d(3) of the Czech Republic Act No.
246/1992 coll. on the Protection of Animals against Cruelty (Registra-
tion number CZ 03973), provided by the Ministry of Agriculture of the
Czech Republic.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The research was funded by the institutional support from the IVB
CAS, RVO: 68081766 (VG), institutional support from the Ministry of
Agriculture of the Czech Republic, MZE-RO0518 (HC, SK), the Natural
Science and Engineering Research Council of Canada, RGPIN-
2017-05770 (BJE), and Charles University, Faculty of Science,

27



M. Kiytl et al.

Cooperatio (VK). We thank two anonymous reviewers for their helpful
comments on this manuscript.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.gene.2022.146974.

References

Alves, A.L., de Borba, R.S., Pozzobon, A.P.B., Oliveira, C., Nirchio, M., Granado, A.,
Foresti, F., 2012. Localization of 18S ribosomal genes in suckermouth armoured
catfishes Loricariidae (Teleostei, Siluriformes) with discussion on the Ag-NOR
evolution. Compar. Cytogenet. 6, 315-321. https://doi.org/10.3897 /CompCytogen.
v6i3.2667.

Bi, K., Bogart, J.P., 2006. Identification of intergenomic recombinations in unisexual
salamanders of the genus Ambystorma by genomic in situ hybridization (GISH).
Cytogenet. Genome Res. 112, 307-312. https://doi.org/10.1159/000089885,

Biémont, C., Vieira, C., 2006. Genetics: junk DNA as an evolutionary force. Nature 443,
521-524. https://doi.org/10.1038/443521a.

Brunet, F.G., Crollius, HR., Paris, M., Aury, .M., Gibert, P., Jaillon, O., Laudet, V.,
Robinson-Rechavi, M., 2006. Gene loss and evolutionary rates following whole-
genome duplication in teleost fishes. Mol. Biol. Evol. 23, 1808-1816. hitps://dai.
org/10.1093/molbev/mslo49,

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. Mol. Biol. Evol. 37, 799-810. huips://doi.org/
10.1093/molbev /msz268.

Courtet, M., Flajnik, M., Du Pasquier, L., 2001. Major histocompatibility complex and
i lobulin loci lized by in situ hybridization on Xenopus chromosomes.
Dev. Conip. Imnmol. 25, 149-157. hittps://doi.org/10.1016/50145-
00045-8.

Diniz, D., Laudicina, A., Bertollo, L.A.C., 2009. Chromosomal location of 185 and 55
rDNA sites in Triportheus fish species (Characiformes, Characidae). Genet. Mol. Biol.
32, 37-41. https://doi.org/10.1590/51415-47572009005000017.

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., 2008. Genome evolution and speciation genetics of clawed frogs (Xenopus
and Silurana). Frontiers in Bioscience 13, 4687-4706. https://doi.org/10.2741/
3033.

Evans, B.J., Carter, T.F., Greenbaum, L., Gvozdik, V., Kelley, D.B., McLaughlin, P.J.,
Pauwels, 0.5.G., Portik, D.M., Stanley, E.L., Tinsley, R.C.., Tabias, M.L., Blackburn, D.
C., 2015. Geneties, morphology, advertisement calls, and historical records
distinguish six new polyploid species of African clawed [rog (Xenopus, Pipidae) from
West and Central Africa. PloS ONE 10, e0142823.

Evans, B.J., Kelley, D.B., Melnick, D.J., Cannatella, D.C., 2005. Evolution of RAG-1 in
polyploid clawed frogs. Mol. Biol. Evol. 22, 1193-1207. https://dol.org/10.1093/
molbev/msi104.

Feder, J.L., Geiji, R., Powell, T.H., Nosil, P., 2011. Adaptive chromesomal divergence
driven by mixed geographic mode of evolution. Evolution 65, 2157-2170. litlps://
doi.org/10.1111/j.1558 5646.2011.01321.x.

Fislunau, L., Stathos, A., Beardsley, P.M., Williams, C.F., Hill, J.P., 2013. Chromosomal
rearrangements and the genetics of reproductive barriers in Mimulus (monkey
flowers). Evolution 67, 2547-2560. hitps://doi.org/10.1111/evo.12154.

Ford, P.J., Brown, R.D., 1976. Sequences of 58 ribosomal RNA from Xenopus mulleri and
the evolution of 58 gene-coding sequences, Cell 8, 485-493, hitips://doi.org/
10.1016/0092-8674(76)90216-6.

Furman, B.L.S., Cauret, C.M.S., Knytl, M., Song, X.Y., Premachandra, T., Ofori-
Boateng, C., Jordan, D.C., Horb, M.E., Evans, B.J., 2020. A frog with three sex
chromosomes that co mingle together in nature: Xenopus tropicalis has a degenerate
W and a Y that evolved from a Z chromosome. PLOS Genet. 16, €1009121 hitips://
doi.org/10.1371/journal pgen.1009121.

Gromicho, M., Coutanceau, JI.P., Ozouf Costaz, C., Collares Pereira, M.J., 2006. Contrast
between extensive variation of 285 rDNA and stability of 58 rDNA and telomerie
repeats in the diploid-polyploid Squalius alburnoides complex and in its maternal
ancestor Squalius pyrenaicus (Teleostei, Cyprinidae). Chromosome Res. 14, 297-306.
https: //dof.org/10.1007 /510577 -006-1047 -4,

Harper, M.E., Price, J., Korn, L.J., 1983. Chromosomal mapping of Xenopus 5§ genes:
somatic-type versus oocyte-type. Nucleic Acids Res. 11, 2313-2323. hups://doi.org/
10.1093/nar/11.8.2313.

Hellsten, U., Harland, R.M., Gilchrist, M.J., Hendrix, D., Jurka, J., Kapitonov, V.,
Ovcharenko, 1., Putnam, N.H., Shu, S., Taher, L., Blitz, L.L., Blumberg, B.,
Dichmann, D.S., Dubchak, L, Amaya, E., Detter, J.C., Fletcher, R., Gerhard, D.S.,
Goodstein, D., Graves, T., Grigoriev, LV., Grimwood, .J., Kawashima, T.,

Lindquist, F., Lucas, $.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., 2010.
The genome of the Western clawed frog Xenopus tropicalis. Science 328, 633-636.
https: //doi.org/10.1126/science.1183670.

Janko, K., Paces, J., Wilkinson-Herbots, H., Costa, R.J., Roslein, J., Drozd, P.,
lakovenko, N., Ridl, J., Hroudova, M., Koéi, J., Reifova, R., Slechtovd, V.,

5X(00)

11

Gene 851 (2023) 146974

Choleva, L., 2018. Hybrid asexuality as a primary postzygotic barrier between
nascent species: On the interconnection between asexuality, hybridization and
speciation. Mol. Ecol. 27, 248-263, https://doi.org/10.1111/mec.11377.

Khokha, M.K., Krylov, V., Reilly, M.J., Gall, J.G., Bhattacharya, D., Cheung, C.Y.J.,
Kaufman, S., Lam, D.K., Macha, J., Ngo, C., Prakash, N., Schmidt, P., Tlapakova, T.,
Trivedi, T., Tumova, L., Abu-Daya, A., Geach, T., Vendrell, L., Ironfield, I1.,
Sinzelle, L., Sater, A.K., Wells, D.E., Harland, R.M., Zimmerman, L.B., 2009. Rapid
gynogenetic mapping of Xenopits tropicalis mutations to chromosomes. Dev. Dyn.
238, 1398-1406. hittps://doi.org/10.1002/dvdy. 21965,

Knytl, M., Fornaini, N.R., 2021. Measurement of chromosomal arms and FISH reveal
complex genome architecture and standardized karyotype of model fish, genus
Carassius. Cells 10, 2343. hups://doi.org/10.3390/cells10092343,

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
s://doi.org/10.3390/1jms23158095.
3a. Karyotype and chromosome banding of endangered
crucian carp, Carassius carassius (Linnaeus, 1758) (Teleostei, Cyprinidae). Comp.

Cytogenet. 7, 205-213.

Knytl, M., Kalous, 1., Rylkova, K., Choleva, 1., Meril, J., Rab, P., 2018a.
Morphologically indistinguishable hybrid Carassius female with 156 chromosomes:
A threat for the threatened erucian carp, €. carassins, L. PLOS ONE 13, e0190924.

Knytl, M., Kalous, L., Symonova, R., Rylkova, K., Rab, P., 2013b. Chromosome studies of
European cyprinid fishes: Cross-species painting reveals natural allotetraploid origin
of a Carassius female with 206 chromosones. Cytogenet. Genome Res. 139,
276-283,

Knytl, M., Smolik, O., Kubickovd, S., Tlapakova, T., Evans, B.J., Krylov, V., 2017.
Chromosome divergence during evelution of the tetraploid clawed frogs, Xenopits
mellotropicalis and Xenopus epitropicalis as revealed by Zoo FISH. PLOS ONE 12,
e0177087. hitps://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. ome Res. 156, 223-228

Krylov, V., Kubickova, S., Rubes, J., Macha, J., Tlapakova, 1., Seifertova, E., Sebkova, N.,
2010. Preparation of Xenopus tropicalis whole chromosome painting probes using
laser microdissection and reconstruetion of X. laevis tetraploid karyotype by Zoo-
FISH. Chromosome Res. 18, 431-439. https://doi.org/10.1007/s10577-010-9127-x.

Krylov, V., Tlapakova, T., Macha, J., 2007. Localization of the single copy gene Mdh2 on
Xenopus tropicalis chromosomes by FISH-TSA. Cytogenet. Genome Res. 116,
110-112. https://doi.org/10.1159/000097127.

Kubickova, S., Cernohorska, H., Musilova, P., Rubes, J., 2002. The use of laser
microdissection for the preparation of chromosome-specific painting probes in farm
animals. Chromosome Res. 10, 571-577. hit /doi.org/10.1023/A:
1020914702767.

Levan, A., Fredga, K., Sandberg, A.A., 1964. Nomenclature for centromeric position on
chromosomes. Hereditas 52, 201-220. https://doi.org/10.1111/j.1601-5223.1964.

H., Zhao, Y.I., Yang, C.R., Wang, Y.X., Sun, X.Q., Zhang, Y., Zhao, R., Jia, Z.Y.,
Wang, X.Y., 2021. Parallel subgenome structure and divergent expression evolution
of allo-tetraploid common carp and goldfish. Nat. Genet. 53, 1493-1503. ht(ps://
ﬂl’ri.nrg_/ 10.1038/511588-021-00933-9.

Liu, B., Poulsen, E.G., Davis, T.M., 2015. Insight into octoploid strawberry (Fragaria)
subgenome composition revealed by GISII analysis of pentaploid hybrids. Genome
59, 79-86. htips://doi.org/10.1139/gen 2015 0116.

Markova, M., Michu, E., Vyskot, B., Janousek, B., Zluvova, J., 2007. An interspecific
hybrid as a tool to study phylogenetic relationships in plants using the GISH
technique. Chromosome Res. 15, 1051-1059. https://doi.org/10.1007/510577-007
1180-8.

Mitros, T., Lyons, J.B., Session, A.M., Jenkins, J., Shu, S., Kwon, T., Lane, M., Ng, C.,
Grammer, T.C., Khokha, M.K., Grimwood, J., Schmutz, J., Harland, R.M.,

Rokhsar, D.S., 2019. A chromosome-scale genome assembly and dense genetic map
for Xenopus tropicalis. Dev. Bio. 452, 8-20. hitps://doi.org/10.1016/]).
ydbio.2019.03.015.

Olmstead, A.W., Lindberg-Livingston, A., Degitz, S.J., 2010. Genotyping sex in the
amphibian, Xenopus (Silurana) tropicalis, for endocrine disruptor bioassays. Aquat.
Toxicol. 98, 60-66. https://doi.org/10.1016/j.aquatox.2010.01.012.

Pardue, M.L., Brown, D.D., Birnstiel, M.L., 1973. Location of the genes for 58 ribosomal
RNA in Xenopus laevis. Chromosoma 42, 191-203, Litps://dol.org/10.1007/
BF00320940.

Peterson, R.C., Doering, J.L., Brown, D.D., 1980. Characterization of two Xenopus
somatic 55 DNAs and one minor oocyte-specific 55 DNA. Cell 20, 131-141. htips://
doi.org/10.1016/0092-8674(80)90241 X.

R Core Team, 2020. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.r project.org/.

Rébova, M., Vilker, M., Pelikdnov, S., Réb, P., 2015. Sequential chromosome banding
in fishes. In: Ozouf-Costaz, C., Pisano, E., Foresti, F., Foresti, L.d.A.T. (Eds.), Fish
cytogenetic techniques. CRC Press, Boca Raton, pp. 102-112. hitps://doi.org/
10.1201/B18534 17.

Roco, A.S., Liehr, T., Ruiz-Garcfa, A., Guzman, K., Bullejos, M., 2021, Comparative
distribution of repetitive sequences in the karyotypes of Xenopus tropicalis and
Xenopus laevis (Anura, Pipidae). Genes 12, 617. huips://doi.org/10.3390/
genes120506017,

Roco, A.S., Olmstead, AW, Degitz, §.J., Amano, T., Zimmerman, L.B., Bullejos, M.,
2015. Coexistence of Y, W, and Z sex chromosomes in Xenopus tropicalis. Proc. Natl.
Acad. Sci. U.S.A. 112, E4752-E4761. hitps://doi.org/10.1073/pnas.1505291112.

28



M. Kiytl et al.

Gene 851 (2023) 146974

Schiavinato, M., Bodrug-Schepers, A., Dohm, J.C., Hi; 1b , H., 2021. Sub
evolution in allotetraploid plants. Plant J. 106, 672-688. hitips://doi.org/10.1111/
tpj.15190.

Schmid, M., 1982. Chr banding in A ibia. Chr
hrtps://doi.org/10.1007 /BF00327634.

Schmid, M., Steinlein, C., 2015. Chr banding in hibia. XXXII. The genus
Xenopus (Anura, Plpldaf-) Cytogenet. Genome Res. 14') 201-217. https://doi.org/
10.1159/000433481.

Schmid, M., Vitelli, L., Batistoni, R., 1987. Chromosome banding in Amphibia.
Chromosoma 95, 271-284. https://doi.org/10.1007/BF00294784.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012, NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675. hittps://doi.org/10.1038/nmeth. 2089,

Seifertova, E., Zimmerman, L.B., Gilchrist, M.J., Macha, .J., Kubickova, S.,
Cernohorska, H., Zarsky, V., Owens, N.D.L., Sesay, A.K., Tlapakova, T., Krylov, V.,
2013. Efficient high-throughput sequencing of a laser microdissected chromosome
arm. BMC Genom 14, 357. https://doi.org/10.1186/1471 2164 14 357,

Sember, A., Bollen, J., Slechtov4, V., Alunanovd, M., Symonovd, R., Réb, P., 2015.
Karyotype differentiation in 19 species of river loach fishes (Nemacheilidae,
Teleostei): extensive variability associated with rDNA and heterochromatin
distribution and its phylogenetic and ecological interpretation. BMC Evol. Biol. 15,
1-22. hrtps://doi.org/10.1186/512862-015-0532.9.

Seroussi, E., Knytl, M., Pitel, F., Elleder, D., Krylov, V., Leroux, S., Morisson, M.,
Yosefi, 8., Miyara, S., Ganesan, S., Ruzal, M., Andersson, L., Friedman-Einat, M.,
2019. Avian expression patterns and genomic mapping implicate leptin in digestion
and TNF in immunity, suggesting that their interacting adipokine role has been
acquired only in mammals. Int. J. Mol. Sci. 20, 4489. https://doi.org/10.3390/
ijms20184489.

Session, A.M., Uno, Y., Kwon, T., Chapman, J.A., Toyoda, A., Takahashi, S., Fukui, A.,
Hikosaka, A., Suzuki, A., Kondo, M., van Heeringen, S.J., Quigley, 1., Heinz, 8.,
Ogino, H., Ochi, H., Hellsten, U., Lyons, J1.B., Simakov, 0., Putnam, N., Srites, .J.,
Kuroki, Y., Tanaka, T., Michiue, T., Watanabe, M., Bogdanovic, 0., Lister, R.,
Georgiou, G, Paranjpe, $.8., van Kruijsbergen, L, Shu, S., Carlson, J., Kinoshita, T.,
Ohta, Y., Mawaribuchi, S., Jenkins, .I., Grimwood, J., Schmutz, J., Mitros, T.,
Mozalfari, $.V., Suzuki, Y., Haramoto, Y., Yamamoto, T.S., Takagi, C., Heald, R.,
Miller, K., Haudenschild, C., Kitzman, J., Nakayama, T., Izutsu, Y., Robert, I.,
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/nature1 9840.

87, 327-341.

12

Sinzelle, L., Thuret, R., Hwang, H.Y., Herszberg, B., Paillard, E., Bronchain, O.1.,
Stemple, D.L., Dhorne-Pollet, S., Pollet, N., 2012. Characterization of a novel
Xenopus ropicalis cell line as a model for in vitro studies. Genesis (New York, N.Y.:
2000) 50, 316-324. https://doi.org/10.1002/dvg.20822.

Symonovd, R., Havelka, M., Amemiya, C.T., Howell, W.M., Korinkové, T., Flajshans, M.,
Gela, D., Réb, P., 2017. Molecular cytogenetic differentiation of paralogs of Hox
paralogs in duplicated and re diploidized genome of the North American paddlefish
(Polyndon spathula). BMC Genet. 18, 19. https://doi.org/10.1186/s12863 017 0484

Tymnkaa J., 1973. Karyotype analysis of Xenopus tropicalis Gray, Pipidae. Cytogenet.
cell genet 12, 297-304. https://doi.org/10.1159/000130468,

I'ymowska, J., 1991. Polyploidy and cytogenetic variation in frogs of the genus Xenopus.
In: Green, D.M., Sessions, S.K. (Eds.), Amphibian cytogenetics and evolution.
Academic Press, San Diego, pp. 259-297.

Tymowska, J., Fischberg, M., 1982. A comparison of the karyotype, constitutive
heterochromatin, and nucleolar organizer regions of the new tetraploid species
Xenopus epitropicalis Fischberg and Picard with those of Xenopus tropicalis Gray
(Anura, Pipidae). Cytogenet. cell genet. 34, 149-157. hittps://doi.org/10.1159,
000131803,

Tymowska, J., Kobel, H.R., 1972. Karyotype analysis of Xenopus muelleri (Peters) and
Xenopus Im'vn (Daudin), Pipidae. Cytogenetics 11, 270-278. hitps:
10.1159/000130197.

Uehara, M., Haramoto, Y., Sekizaki, H., Takahashi, §., Asashima, M., 2002. Chronosome
mapping of Xenopus tropicalis using the G- and Ag-bands: Tandem duplication and
polyploidization of larvae heads. Dev. Growth Differ. 44, 427-436. htips://doi.org/
10.1046/7.1440-169X.2002.00656.X.

Uno, Y., Nishida, C., Tarui, H., Ishishita, S., Takagi, C., Nishimura, O., Ishijima, J.,
Ota, H., Kosaka, A., Matsubara, K., Murakami, Y., Kuratani, S., Ueno, N., Agata, K.,
Matsuda, Y., 2012. Inference of the protokaryotypes of ammiotes and tetrapods and
the evolutionary processes of microchromosomes from comparative gene mapping.
PLoS ONE 7, 2-13. https://doi.org/10.1371/journal.pone.0053027.

Viemna, J., Wehner, 8., Honer Zu Siederdissen, C., Martinez-Lage, A, Marz, M., 2013,
Systematic analysis and evolution of 58 ribosomal DNA in metazoans. Heredity 111,
410-421. hups://doi.org/10.1038/hdy.2013.63.

Wolfe, K.H., 2001. Yesterday's polyploids and the mystery of diploidization. Nat. Rev.
Genet. 2, 333-341. https://doi.org/10.1038/35072009.

Xia, Y., Yuan, X., Luo, W., Yuan, S., Zeng, X., 2020. The origin and evolution of
chromosomal reciprocal translocation in Quasipaa boulengeri (Anura,
Dicroglossidae). Front. Genet. 10, 1-13. hitps://doi.org/10.3389/
fgene.2019.01364.

doi.org/

29



Paper 3: Consequences of polyploidy and divergence as revealed by cytogenetic mapping of

tandem

repeats in African clawed frogs (Xenopus,

European Journal of Wildlife Research (2023) 69:81
https://doi.org/10.1007/510344-023-01709-8

RESEARCH %

Check for
updates

Consequences of polyploidy and divergence as revealed
by cytogenetic mapping of tandem repeats in African clawed frogs
(Xenopus, Pipidae)

Nicola R. Fornaini' - Barbora Bergelova' - Vaclav Gvozdik?*® . Halina Cernohorsk&* - Vladimir Krylov'

Svatava Kubi¢kova* - Eric B. Fokam®>® - Gabriel Badjedjea® - Ben J. Evans’® . Martin Knyt|"’

Received: 1 February 2023 / Revised: 13 May 2023 / Accepted: 27 June 2023 / Published online: 21 July 2023
©The Author(s) 2023

Abstract

Repetitive elements have been identified in several amphibian genomes using whole genome sequencing, but few studies
have used cytogenetic mapping to visualize these elements in this vertebrate group. Here, we used fluorescence in situ
hybridization and genomic data to map the Ul and U2 small nuclear RNAs and histone H3 in six species of African clawed
frog (genus Xenopus), including, from subgenus Silurana, the diploid Xenopus tropicalis and its close allotetraploid rela-
tive X. calcaratus and, from subgenus Xenopus, the allotetraploid species X. pygmaeus, X. allofraseri, X. laevis, and X.
muelleri. Results allowed us to qualitatively evaluate the relative roles of polyploidization and divergence in the evolution
of repetitive elements because our focal species include allotetraploid species derived from two independent polyploidiza-
tion events — one that is relatively young that gave rise to X. calcaratus and another that is older that gave rise to the other
(older) allotetraploids. Our results demonstrated conserved loci number and position of signals in the species from subgenus
Silurana; allotetraploid X. calcaratus has twice as many signals as diploid X. rropicalis. However, the content of repeats
varied among the other allotetraploid species. We detected almost same number of signals in X. muelleri as in X. calcaratus
and same number of signals in X. pygmaeus, X. allofraseri, X. laevis as in the diploid X. tropicalis. Overall, these results
are consistent with the proposal that allopolyploidization duplicated these tandem repeats and that variation in their copy
number was accumulated over time through reduction and expansion in a subset of the older allopolyploids.

Keywords Amphibians - Anura - snRNA - Histone H3 - Allopolyploidization - In situ hybridization
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retrotransposons, the LINEs (Long Interspersed Nuclear Ele-
ments) are classified into many subcategories (Valente et al.
2011; Chalopin et al. 2015; Gama et al. 2022). In contrast,
tandem repeats are found as tandem arrays or head-to-tail
motifs from several to more than a hundred copies (Myers
2007). Tandem repeats are present in clusters within the
genome on single chromosomal locus or multiple loci and
include microsatellite, minisatellite, satellite DNA, riboso-
mal genes (minor 5S and major 455), histone genes, and
small nuclear RNA (snRNA) (Symonova et al. 2017b; Knytl
et al. 2018a; Sember et al. 2020; Gazoni et al. 2021; Schott
et al. 2022). These loci often undergo concerted evolution
(Elder and Turner 1995; Liao 1999), causing intraspecific
paralogous repetitive elements to be more similar to each
other than to their orthologs, even when the origin of repeti-
tive elements precedes speciation (Liao 1999). Repetitive
loci on chromosomes show dynamic evolution in terms of
where in the genome and how frequently they are found, and
they often have a high rate of rearrangement (Bruschi et al.
2014; Liu et al. 2019).

Due to their repetitive nature, short read sequences typi-
cally pose challenges to mapping and repeat quantification,
including using genomic data. However, localization of
repetitive DNA can be achieved using fluorescent in situ
hybridization (FISH) cytogenetic techniques. Cytogenetic
mapping of repetitive sequences has been studied in tel-
eost fishes (Bishani et al. 2021; Knytl et al. 2022), reptiles
(Oliveira et al. 2021; Altmanova et al. 2022), birds (De
Oliveira et al. 2017; Kretschmer et al. 2021), and mam-
mals (Milioto et al. 2019; Gerbault-Seureau et al. 2018).
In amphibians, cytogenetic mapping of repetitive sequences
has identified inter- and intraspecific rearrangements and
other features of karyotype evolution (da Silva et al. 2021;
Phimphan et al. 2021; Guzmdn et al. 2022).

African clawed frogs of the genus Xenopus (Pipidae)
include almost 30 species and are divided into two subgen-
era (Xenopus and Silurana) (Evans et al. 2015) that each
is sometimes considered to be a genus (e.g., Dubois et al.
2021). Subgenus Silurana includes four described species,
the diploid Xeropus (Silurana) tropicalis and three allotetra-
ploids X. calcaratus, X. epitropicalis, and X. mellotropicalis.
For practical reasons, we use the name Silurana throughout
this article, but present it at the subgenus level in accord-
ance with Evans et al. (2015). Subgenus Xenopus includes
25 tetraploid, octoploid, or dodecaploid species (Tymowska
1991) that are divided into three species groups: amieti, lae-
vis, and muelleri (Evans et al. 2015). In genus Xenopus, at
least eight independent allopolyploidization events occurred,
including at least one allotetraploidization event in each sub-
genus (Fig. 1; for an alternative scenario in Silurana, see
Knytl et al. 2023). This variation in independently evolved
ploidy levels offers a compelling opportunity to explore how
tandem repeats evolve in the context of genome duplications,

@ Springer
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Fig. 1 Inferred phylogenetic relationships and approximate diver-
gence times among our focal taxa based on Evans et al. (2015),
Session et al. (2016), and Feng et al. (2017). Allotetraploidization
(depicted as reticulating lineages) occurred independently in each
subgenus; inferred diploid lineages with no known extant diploid
descendants are indicated with daggers. Time scale is in millions of
years ago; chromosome numbers are shown in parentheses

About 34.5% and 40% of the X. rropicalis and X. laevis
genomes are repetitive (Hellsten et al. 2010; Session et al.
2016). Ribosomal DNAs (rDNAs) have been cytogenetically
mapped on Xenopus chromosomes (Schmid and Steinlein
2015; Knytl et al. 2017, 2023; Roco et al. 2021). In allotetra-
ploid species of subgenus Silurana, rDNA FISH analysis
identified nucleolar organizer region (NOR) on chromo-
some 7a where the letter “a” refers to the “a subgenome”
within the allotetraploid genome (Knytl et al. 2017, 2023),
That only one pair of homologous chromosomes contains
the NOR locus in Xenopus allotetraploids suggests deletion
of NOR on chromosome 7b (of the b subgenome) after allo-
tetraploidization (Knytl et al. 2023) because a NOR would
have been required in each diploid ancestral species. There
is limited cytogenetic information from other repetitive
sequences in Xenopus, and thus, it is also not known whether
non-rDNA repeats vary among Xenopus species.

Small nuclear RNAs are components of the spliceosome
that perform pre-mRNA splicing. The spliceosome is com-
posed of five RNA tandem-repeat units (U1, U2, U4, U5, and
U6 snRNAs) (Valadkhan 2005). Histones are components of
the nucleosome that are present in tandem repeat families of
five major genes: H1/HS5, H2A, H2B, H3, and H4. Here, we
used FISH for mapping Ul and U2 snRNA and histone H3
loci on chromosomes from six species of Xenopus, including
members of both subgenera which diverged from one another
approximately 45-50 Mya (Session et al. 2016; Feng et al.
2017). The allotetraploidization event in subgenus Xenopus is
estimated to have occurred earlier (17-18 Mya) than the one
in subgenus Silurana and the onset of the polyploid radiation
in subgenus Xernopus at approximately 17 Mya (Session et al.
2016). Specifically, we examined the diploid X. tropicalis
and its tetraploid close relative X. calcaratus, which are from
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subgenus Silurana, and the allotetraploids X. pygmaeus, X.
allofraseri (both from the amieti species group), X. laevis
(laevis species group), and X. muelleri (muelleri species
group) which belong to subgenus Xenopus and arose from
the older allotetraploidization. In the subgenus Xenopus,
the L and S subgenomes diverged from one another about
30-35 Mya, whereas the subgenomes a and b in the tetraploid
Silurana diverged from one another about 10 Mya (Evans
et al. 2015; Session et al. 2016). With an overarching goal of
exploring the effect of polyploidization and divergence on
the evolution of tandem repeats, we used cytogenetic meth-
ods and a genome database to test the hypotheses that (i) the
number of the repeat loci in diploid X. tropicalis is half that
in the allotetraploid species, and (ii) the locations of repeat
loci in the studied species are homologous.

Materials and methods

Primary cell cultures and metaphase spread
preparations

Primary cell cultures were derived from laboratory strains
of X. tropicalis (strain ‘Ivory Coast’), X. laevis, and X.
muelleri, and wild-derived stains of X. calcaratus and X.
allofraseri from Cameroon (Bakingili, where they occur in
syntopy, 4.0684°N, 9.0682°E) and X. pygmaeus from the
Democratic Republic of the Congo (Kokolopori, Yalokole,
near Luo River, 0.2056°N, 22.8884°E). Xenopus muelleri
animals were originally obtained from the Institute of Zool-
ogy at the University of Geneva (Switzerland). All species
were bred at Charles University, Faculty of Science, Prague,
Czech Republic. Briefly, tadpoles were anesthetized, hind
limbs removed and homogenized (Sinzelle et al. 2012) in a
cultivation medium (Knytl et al. 2017) modified according
to Knytl et al. (2023). The explants were then cultivated at
29.5 °C with 5.5% CO, for five days without disturbance.
The media was then changed every day for one week. Pas-
sages were performed with trypsin-ethylenediaminetet-
raacetic acid (Knytl et al. 2017).

Chromosomal suspensions were prepared following
Krylov et al. (2010) and stored in fixative solution (metha-
nol/acetic acid, 3:1, v/v) at—20 °C. For cytogenetic anal-
ysis, a chromosome suspension was dropped onto a slide
(Courtet et al. 2001). Chromosome preparations were aged
at—20 °C for at least one week. For each experiment,
mitotic metaphase spreads were counterstained with Pro-
Long™ Diamond Antifade Mountant with the fluorescent
4'.6-diamidino-2-phenylindole, DAPI stain (Invitrogen by
Thermo Fisher Scientific, Waltham, MA, USA). From ten
to 20 metaphase spreads were analyzed per probe. Micros-
copy and processing of metaphase images were conducted
using a Leica Microsystem (Wetzlar, Germany) as detailed
in Seroussi et al. (2019).

Fluorescent in situ hybridization with repetitive
DNA probes

In order to generate probes for FISH, genomic DNA from
X. tropicalis was used as a template for amplification of the
repetitive small nuclear DNA regions (snDNA) Ul and U2,
and histone H3. DNA was extracted from tadpole tail tissue
using the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany) according to manufacturer’s instructions. Primers
used for amplification are listed in Table 1. The annealing
temperature was 54 °C and the elongation step 30 s for all
PCR reactions; other conditions for PCR amplification with
PPP Master Mix (Top-Bio, Prague, Czech Republic) fol-
lowed the manufacturer’s recommendations. Labeling PCR
was performed as described in Knytl and Fornaini (2021).
Digoxigenin-11-dUTP (Jena Bioscience, Jena, Germany)
was used for U2 and H3 labeling, and biotin-16-dUTP (Jena
Bioscience) was used for Ul labeling. Xenopus tropicalis Ul
and U2 snDNA and H3 probes were then hybridized to chro-
mosome spreads of X. tropicalis, X. calcaratus, X. pygmaeus,
X. allofraseri, X. laevis, and X. muelleri. The procedures for
hybridization mixture preparation, denaturation, and the
subsequent overnight hybridization were described previ-
ously for IDNA FISH (Knytl et al. 2023). Post-hybridization

Table 1 Genes used for FISH analysis, their GenBank accession numbers, lengths, sequences of primers, and studies in which primers were

designed

Gene Symbol  Gene Name

Accession No Length (bp) Primer Sequence

Citation

Ul Small nuclear RNA Ul 0Q714817 119

U2 Small nuclear RNA U2 0OQ714818 177

H3 Histone H3 0Q714819 364

UIF: 5-GCAGTCGAGATTCCCACATT-3'

UIR: 5'-CTTACCTGGCAGGGGAGATA-3'

U2F: 5"-ATCGCTTCTCGGCCTTATG-3'

U2R: 5" TCCCGGCGGTACTGCAATA-3'

H3F: 5~ATGGCTCGTACCAAGCAGAC(ACG)
GC-3'

H3R: 5-ATATCCTT(AG)GGCAT(AG)AT(AG)
GTGAC-3'

Silva et al. (2015)

Bueno et al. (2013)

Colgan et al. (1998)
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washing and blocking reactions were performed as described
for painting FISH in Krylov et al. (2010). Probe visualization
was performed following Knytl et al. (2017). Slides were
then de-stained according to the following protocol: nail pol-
ish was removed using xylene (2 min) and benzoin (2 min).
Slides with cover slip were incubated in 4 x SSC/0.1% Tween
for 10 min with agitation, and then cover slips were manu-
ally removed. Slides without cover slip were then incubated
in 4 x SSC/0.1% Tween for 30 min with agitation followed
by dehydration with methanol series (70, 90, 100% for 3 min
each) and then air dried. After slide incubation in fixative
solution for 30 min, slides were rinsed with distilled water,
air dried, and then aged for 90 min at 60 °C.

Painting FISH

‘We used whole chromosome painting probes generated by
laser microdissection of X. tropicalis chromosomes from
previous study by Knytl et al. (2023). Whole chromosome
painting probes from X. rropicalis chromosomes 1 and §
were newly labeled with digoxigenin-11-dUTP (Krylov et al.
2010) and biotin-16-dUTP (both Jena Bioscience) (Knytl
et al. 2023), respectively. De-stained slides (after FISH with
the Ul and U2 probes) of X. tropicalis, X. calcaratus, and
X. laevis were used for cross-species painting FISH (Zoo-
FISH) with a digoxigenin-labeled probe according to the
protocols described in Krylov et al. (2010) and modified
in Knytl et al. (2017). Subsequently, slides were de-stained
again and used for Zoo-FISH with biotin-labeled probe.
Detection of signal was carried as detailed for double-color
painting in Knytl et al. (2023). The X. rropicalis FISH exper-
iments were performed in the reverse order from the other
species (i.e., painting FISH first followed by de-staining
and snDNA FISH).

Results
Sanger sequencing and BLAST searching

Amplification of the Ul and U2 snDNA and H3 nuclear
genes yielded 119 and 177 and 364 bp long amplicons,
respectively. Based on BLASTn searches of the X. tropi-
calis “Nigeria” strain genome, the Ul amplicon had
98.3% identity (query cover 100%) with the sequence of
Ul spliceosomal RNA, LOC116408489 (accession num-
ber XR_004220992.1); U2 amplicon had 98.3% iden-
tity (query cover 100%) with U2 spliceosomal RNA,
LOC116407440 (accession number XR_004220346.1);
and the H3 amplicon had 97.2% identity (query cover 98%)
with histone H3, LOC100497127, mRNA (accession num-
ber XM_012953339.3). Our sequences were deposited to

@ Springer

Fig.2 Double-color FISH with Ul and U2 snDNA probes. The Ul »
probe (red) reveals one clear signal (= a pair of homologous chro-
mosomes) in a X. tropicalis, ¢ X. pyemaeus, d X. allofraseri, and e X.
laevis, while the same FISH shows two signals, each within homoe-
ologous chromosomes in b X. calcararus and £ X, muelleri. The U2
(green) probe shows one signal in a X. tropicalis, ¢ X. pygmaeus, d X.
allofraseri, and e X. laevis, while the U2 probe shows two signals,
each of them within homoeologous chromosomes in b X. calcaratus
and f X. muelleri. Green and red arrows correspond to the U2 and
U1 repeat loci, respectively. Painting probes were used for identifica-
tion of chromosomes 1 (green) and 8 (red) in a X. tropicalis. Chromo-
somes were counterstained with DAPI in blue/gray. Scale bars repre-
sent 10 pM

the NCBI GenBank database: Ul snDNA accession number
0Q714817, U2 snDNA accession number OQ714818, H3
accession number OQ714819.

FISH with U1 and U2 snDNA probes and their genomic
locations in available Xenopus genome assemblies

‘When hybridized on the diploid species X. tropicalis, the
Ul and U2 snDNA probes had intense signals on the dis-
tal region of the long (q) arm of chromosomes 1 and §
(Fig. 2(a)), respectively. The number of copies was deter-
mined based on matches at least 50% of the query sequence
length and 85% of the query sequence identity. BLAST
results using the U1 sequence as a query to the X. rropicalis
genome identified ~ 20 copies of Ul snDNA on chromo-
some 1. Using the U2 sequence as a query, we identified ~40
copies on X. rropicalis chromosome 8. In the allotetra-
ploid species X. calcaratus, the Ul and U2 snDNA probes
hybridized to the q arms of the chromosomes la, 1b and 8a,
8b (Fig. 2(b)), respectively. Chromosomes la and 1b are
homoeologous to each other, and they are orthologous to X.
tropicalis chromosome 1, and the mapped Ul region in X.
calcaratus is thus homologous to the orthologous Ul region
of X. tropicalis (both species have U1 gene on the distal part
of the same chromosome). The U2 snRNA locus also was
detected on both homoeologous chromosomes of X. calcara-
tus (chromosomes 8a and 8b) and in a homologous location
to the orthologous U2 gene of X. rropicalis. For detailed
definitions of homologous, homoeologous, and orthologous
genes and chromosomes in Xenopus, see Song et al. (2021).

These Ul and U2 snDNA probes thus each hybridized
to both homoeologous chromosomes in X. calcaratus as
expected it copy number of each repeat was doubled by
allopolyploidization. Similarly, in X. muelleri, Ul and U2
snDNA probes mapped to the expected homoeologous
chromosomes (U1 on 1Lq and 1Sg; U2 on 8Lq and 8Sq;
Fig. 2(f)).

In the allotetraploid species X. pygmaeus, X. allofraseri,
and X. laevis only one signal was detected for Ul and U2
snDNAs. For the more closely related pair — X. pygmaeus
and X. allofraseri — the Ul snDNA probe hybridized
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most conspicuously to the q arms of chromosome 1L and
the U2 snDNA probe hybridized to the q arms of chromo-
some 8S (Fig. 2(c, d)). In X. laevis, the signal of the U1 and
U2 snDNA probes was most conspicuous on the q arms of

qu//?

{enopus calcaratus

10 pm
Xenopus allofraseri

Xenopus muelleri

chromosomes 1S and 8L, respectively (Fig. 2(e)). Both Ul
and U2 snRNA signals in X. laevis were located on chromo-
somes (1S and 8L) that are homoeologous to the chromo-
somes that bear Ul and U2 snRNA signals in X. pygmaeus

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

34



81 Page60of12

European Journal of Wildlife Research (2023) 69:81

Fig.3 Sequential FISH in X. calcararus chromosomes. Cross-
species painting FISH experiments with the whole chromosome
painting probes from X. tropicalis a chromosome 1 (XTR 1) and
b XTR 8 highlight chromosome-bearing Ul and U2 snRNA loci,
respectively. ¢ snDNA FISH illustrates that the Ul locus (in red)

and X. allofraseri (1L and 8S) and vice versa. The number
of loci did not support the expectation that all tetraploid spe-
cies should have twice as many snRNA loci as the diploid X.
tropicalis, a result that could indicate copy number reduc-
tion or loss. Consistent with a scenario of reduction in copy
number as opposed to complete loss, a BLAST search using
Ul snDNA sequence as a query to the X. laevis genome
recovered 11 copies on chromosome 1L and ~35 copies on
chromosome 1S. Using the U2 sequence as a query against
the X. laevis genome sequence, we identified ~ 40 copies on
X. laevis chromosome 8L and 12 copies on chromosome 8S.

Painting FISH

To identify chromosomes bearing Ul and U2 loci, we
employed FISH with the whole chromosome painting probes
from X. tropicalis chromosomes 1 and 8. We successfully
identified chromosomes 1 and 8 in X. tropicalis (Fig. 2(a));
chromosomes la, 1b, 8a, and 8b in X. calcaratus (Fig. 3);
and chromosomes 1L, 1S, 8L, and 8S in X. laevis (Fig. 4).

Fig.4 Sequential FISH in X.
laevis chromosomes. Cross-
species painting FISH experi-
ments with whole chromosome
painting probes from a XTR 1
(in red) and XTR 8 (in green)
illustrate that b the U1 locus
(in red) is localized on X. laevis
chromosomes 1S (XLA 18S).
and the U2 locus (in green)

on XLA 8L. Botha and b are
merged in the RGB channels.
Chromosomes were counter-
stained with DAPI in blue.
Scale bars represent 10 uM

@ Springer

is localized on X. calcaratus chromosomes | (XCA la and lb) and
the U2 locus (in green) on XCA 8a and 8b. a and b are shown in
the red channel, ¢ is merged in the red-green-blue (RGB) channels.
¢ chromosomes were counterstained with DAPI in gray. Scale bars
represent 10 pM

Homoeologous chromosomes of X. calcaratus and X. laevis
were identified based on the intensity of the fluorescence
signal (Knytl et al. 2023) and in the other studied species in
subgenus Xenopus in which the painting FISH approach was
not conducted; instead, homoeologous chromosomes were
distinguished based on chromosome length (the L homoe-
ologous chromosomes are longer than the S chromosomes;
Matsuda et al. 2015; Session et al. 2016).

FISH with histone H3 probe and its genomic
locations in available Xenopus genome assemblies

We then hybridized H3 probe to chromosome spreads of
X. tropicalis, X. calcaratus, X. pygmaeus, X. allofraseri, X.
laevis, and X. muelleri. In all species, signals were present in
small patches on multiple chromosomes (Fig. 5). We found
signals in all chromosomes in X. tropicalis, X. calcaratus,
and X. muelleri. However, X. pygmaeus, X. allofraseri, and
X. laevis had signals on about half of chromosomes. The H3
probes mapped to telomeric and pericentromeric regions.

Jopm
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Based on BLAST searches, the H3 sequence occurs on
X. tropicalis chromosomes 3 (11 hits), 6 (11 hits), and 9
(27 hits), and on chromosomes 5, 8, and 10, the matches
were less than 50% of the query length. In Xenopus laevis,
the H3 sequence occurs on chromosomes 3S (12 hits), SL
(6 hits), 5S (3 hits), 6L (2 hits), 6S (1 hit), 9_10L (15 hits),
and 9_10S (5 hits). Xenopus laevis chromosomes 1L and 8L
show some hits being less than 50% of the query sequence.
All Ul and Ul snRNA and H3 loci mapped by FISH and
BLAST are shown in Table 2.

Discussion

Quantification and localization of repetitive sequences using
high-quality genome sequencing and assembly is an expensive
and challenging undertaking as compared to using multiple
cytogenetic approaches for gene mapping (Knytl et al. 2018b;
Symonovd et al. 2017a). As an alternative, we cytogenetically
mapped non-rDNA tandem repeats (Ul and U2 snRNA and
H3 histone) to one diploid and five allotetraploid Xenopus
species with the aim of testing how repetitive elements were
affected by genome duplication and divergence. At least two
allotetraploidization events occurred in genus Xenopus with
respect to our focal species and both — including studied
species and their diploid extinct or yet undescribed predeces-
sors — are depicted in Fig. 1.

Barring loss or movement of tandem repeats, we expected
allotetraploid species to have twice as many tandem repeats
as the diploid X. tropicalis, and that the locations of these
elements would be unchanged (i.e., on the same region of
both homoeologous chromosomes). In general, the cytoge-
netic results recovered no evidence for long-range move-
ment of the U1, U2 snRNA or H3 loci. In the allotetraploids
X. calcaratus and X. muelleri, the observed number of sig-
nals for each of the Ul and U2 snRNA loci matched our
expectation based on allopolyploidization. However, for
the three other allotetraploids (X. pygmaeus, X. allofraseri,
and X. laevis), this expectation was not supported because,
although in homologous locations, we found the same num-
ber of these tandem repeats as in the diploid X. tropicalis
(Table 2). Furthermore, the snRNA signals in X. pygmaeus
and X. allofraseri were on a different subgenome (Ul on L,
U2 on S) than in X. laevis (U1 on S, U2 on L). Overall, this
is consistent with an increased variation in copy number
over time following allopolyploidization. BLAST searches
of the X. laevis genome recovered each of these loci in both
subgenomes, and it appears that the lower-than-expected
number of cytogenetic signals is thus a consequence of dif-
ferences in copy number, at least in this species. That the
signals in X. pygmaeus and X. allofraseri are on different
subgenomes than in X. laevis suggests that changes in copy
number have been an ongoing phenomenon during Xenopus

diversification. During diversification of African clawed
frogs, the ancestor of X. muelleri diverged from the common
ancestor of X. pygmaeus, X. allofraseri, and X. laevis soon
after allotetraploidization in subgenus Xenopus, around 17
Mya (Fig. 1; Evans et al. 2015; Session et al. 2016). Thus,
a parsimonious interpretation of these results posits that
changes in copy number arose independently in an ancestor
of X. laevis and again in the most recent common ancestor
of X. pygmaeus and X. allofraseri.

In amphibians, U2 snRNA tandem repeats have also been
localized in the cycloramphid genus Thoropa (Cholak et al.
2020) and the leptodactylid genus Leptodactylus (Gazoni
etal. 2021), and the H3 gene has been localized in the pipid
genus Pipa (Zattera et al. 2020). To our knowledge, there are
no other cytogenetic studies that localize the U1, U2 snRNA,
or H3 gene loci in this vertebrate group.

In frog genus Thoropa, U2 snRNA was detected cytoge-
netically on chromosomes 6 and 7 in some species, but oth-
ers had U2 locus only on chromosome 6 or only on chro-
mosome 7 (Cholak et al. 2020). The explanation for this
variation might be that U2 loci are universally situated on
both chromosomes 6 and 7 in all investigated Thoropa spe-
cies but with different copy numbers on each of these chro-
mosomes. We found similar variability in the location and
number of FISH signals. Using BLAST, we identified loca-
tions where the sequence of our probe matched the X. laevis
genome sequence and found that the number of Ul and U2
snRNAs detected by BLAST did not match the number of
snRNAs detected by FISH. This inconsistency may be due
to variation in the copy number of tandem repeats in each
X. laevis subgenome and the lack of sensitivity of FISH to
detect the locus with a low copy number of repeats. The U1
and U2 snRNA FISH signals were cytogenetically detected
on those X. laevis chromosomes that contain~ 15 and more
copies of Ul and U2 repeats. In Leptodactylus, the U2 loci
were identified on chromosome 6 in eight species, but one
of them had signals on chromosomes 4, 6, 9, and 10 (Gazoni
et al. 2021). These authors proposed that the additional sig-
nals on chromosomes 4, 9, and 10 can be the result of trans-
position by TEs followed amplification of the gene. We did
not map TEs on Xenopus chromosomes and are thus unable
to evaluate the possibility of TE transposition in this genus.

We also evaluated the effects of allotetraploidization and
divergence on the evolution of H3 repeats. As expected, due
to allotetraploidization, the allotetraploids X. calcaratus and
X. muelleri possessed H3 repeats on twice as many chromo-
somes as the diploid X. rropicalis. However, in the allotetra-
ploid X. pyvgmaeus, X. allofraseri, and X. laevis, we found
signals on eight homologous pairs, which are fewer than
expected based on allotetraploidization. This presumably is
due to a decreased copy number or deletion of H3 repeats
on several chromosomes, possibly in an ancestor of X. pyg-
maeus, X. allofraseri, and X. laevis based on phylogenetic
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Xenopus calcaratus

pus laevis ] Xenopus muelleri

Fig. 5 FISH with histone H3 probe. The probe (green) shows multiple signals in a X. tropicalis, b X. calcaratus, ¢ X. pygmaeus, d X. allofraseri,

e X. laevis, and f X. muelleri. Chromosomes were counterstained with DAPI in blue/gray. Scale bars represent 10 uM
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Table 2 Numbers and chromosomal positions of Ul and U2 snRNA
and H3 loci per haploid genome in diploid X. rropicalis (subgenus
Silurana) and reduced genome (half of the somatic set) in allotetra-
ploid X. calearatus (subgenus Silurana), X. pygmaeus, X. allofraseri
(both in the amieri species group), X. laevis (laevis species group),
and X. muelleri (muelleri species group). The numbers of loci are

given according to the FISH results and the genomic database. The
XTR, XCA, XPY, XAL, XLA, and XMU abbreviations correspond to
chromosome of X. tropicalis, X. calcaraius, X. pygmaeus, X. allofra-
seri, X. laevis, and X. muelleri, respectively. NA means that informa-
tion is not available in the genome database

Species Number of Ul snRNA by FISH U1 snRNA genomic U2 snRNA revealed U2 snRNA genomic H3 by FISH H3
chromo- database by FISH database genomic
somes database

X. tropicalis  n=10 I (XTR 1) 1 (XTR 1) 1 (XTR 8) 1 (XTR 8) 10 6

X. calcaratus n=20 2(XCA laand 1b) NA 2 (XCA 8aand 8b) NA 20 NA

X. pygmaeus n=18 1 (XPY 1L) NA 1 (XPY 8S) NA 8 NA

X. allofraseri n=18 1 (XAL 1L) NA 1 (XAL 8S) NA 8 NA

X. laevis n=18 1 (XLA 1S) 2 (XLA 1L, XLA 1 (XLA 8L) 2 (XLA BL, XLA 8 9

1S) 8S)
X. muelleri  n=18 2 (XMU IL and 1S) NA 2 (XMU 8L and 8S) NA 18 NA

relationships among these species. Despite the variability
associated with allopolyploidization followed by divergence
in evolution of tandem repeats, the relative dosages of sig-
nals of Ul, U2, and H3 with respect to X. fropicalis are
similar in each allotetraploid species we examined.

Until recently, there was only one study in which the H3
gene was mapped on amphibian chromosomes (Zattera et al.
2020). In Pipa carvalhoi, a representative of the same fam-
ily as Xenopus but deeply phylogenetically divergent by about
115-120 My (Feng et al. 2017; Hime et al. 2021), H3 sig-
nals were detected on chromosomes 1, 5, 6, 8, and 9, and less
intense signals were visible on other chromosomes. Multi-
ple distributions of H3 locus on all chromosomes have been
observed, for example, in insect species of the family Acridi-
dae (Oliveira et al. 201 1; Bueno et al. 2013) where the distribu-
tion of the H3 locus may be related to the transposition of 55
ribosomal RNA (rRNA). In Xenopus, 5S rRNA is situated on
telomeres of multiple chromosomes (Knytl et al. 2017, 2023),
and therefore, the observed distribution of the H3 locus on
multiple Xenopus chromosomes may also be associated to the
distribution of 5S rRNA.

Co-localization of repetitive elements

An interesting finding that emerged from this study is a
genomic association of various repetitive elements with
rRNA; this can potentially provide evolutionary insights into
genome organization. Synteny exists between As51 satellite
DNA (originating from TEs) and NORs (Vicari et al. 2008)
or between Ul snRNA and 5S rRNA in the characid fish
genus Astyanax (Silva et al. 2015). One of possible roles of
a co-localization can be a silencing of ribosomal genes by
TEs (Vicari et al. 2008). All Xenopus species have NOR on
a single homologous pair (Tymowska 1991). Xenopus tropi-
calis has NOR on chromosome 7, tetraploids from subgenus
Silurana on 7a, and tetraploids from subgenus Xenopus on

3L (Tymowska 1991; Session et al. 2016; Roco et al. 2021;
Knytl et al. 2023). We have not identified any snRNA loci
on chromosomes 7, 7a, or 3L, and this finding argues against
a genomic association between distinct NOR and snRNA
repeats. The 5S ribosomal genes have been detected at the
distal regions of the X. mellotropicalis and X. calcaratus
(Silurana tetraploids) chromosomes 8bq (Knytl et al. 2017,
2023) which is the same position as the U2 snRNA locus
in X. calcaratus (this study), supporting a genomic asso-
ciation between 55 rRNA and U2 snRNA. The NOR locus
presumably was deleted on chromosome 7b in tetraploids of
subgenus Silurana and on chromosome 3S in tetraploids of
subgenus Xenopus (Session et al. 2016; Knytl et al. 2023).
However, Ul and U2 loci map to both homoeologs in some
tetraploids, and thus, deletion of snRNA in an ancestor
of Xenopus tetraploids did not take place. There is the possi-
bility that all our investigated Xenopus tetraploids have twice
as many snRNA repeat loci as the diploid X. tropicalis but
that these loci have unequal copy number within individual
subgenomes, meaning that copy number of snRNA repeats
was reduced in one subgenome (11 copies of Ul snRNA on
X. laevis chromosome 1L is less than 20 copies on X. tropi-
calis chromosome 1; thus, the copy number of Ul snRNA
on X. laevis chromosome 1L was reduced) but expanded in
the other subgenome (35 copies of Ul snRNA on X. laevis
chromosome 18§ versus 20 copies in X. rropicalis). Moreover,
some tandem repeat loci maintain a stable number of cop-
ies, for example, 40 copies of U2 snRNA on X. rropicalis
chromosome 8 and X. laevis chromosomes 8L). These stable
copy numbers within the U2 gene are consistent with stud-
ics that observed a higher evolutionary conservation of the
X. laevis subgenome L than subgenome S, compared to X.
tropicalis genome (Session et al. 2016). Reduction, expan-
sion, and stability in the copy number of non-rDNA tandem
repeats and complete loss of rRNA locus are the possible
events that occur after polyploidization (Session et al. 2016;
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Knytl et al. 2023). Genes retained as duplicates have distinct
evolution leading to loss of function, subfunctionalization,
or neofunctionalization and are under strong purifying selec-
tion (Force et al. 1999; Lynch et al. 2001), often followed by
intra- and/or interchromosomal translocations, inversions,
deletions, or degenerations (Evans 2007; Sémon and Wolfe
2007, Session et al. 2016; Knytl et al. 2017). Our study high-
lighted that copy number reduction and expansion of tandem
repeats can be an important driver of evolution following
allopolyploidization such as translocation, inversion, dele-
tion, and degeneration.

Conclusion

Repetitive elements are integral components of a genome,
and their evolution can be affected by mechanism of poly-
ploidization or divergence among species. We used cytoge-
netic approaches to study repetitive elements in six species
of Xenopus frogs (one diploid, five allotetraploids) with an
aim of localizing and quantifying tandem repeats in their
genomes. For Ul and U2 snRNA, and H3 tandem repeats,
the locations were generally homologous, but we detected
variation in copy numbers that resulted from reduction and
expansion after allotetraploidization. The dynamic evolu-
tion of tandem repeats was most apparent in allotetraploid
species that arose from the older allotetraploidization event.
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ABSTRACT

Cytogenetics can be used as a tool to study the evolution of polyploidy and taxonomy. Here we focus on aquatic African pipids, dwarf clawed
frogs (Hymenochirus). Our study reveals that dwarf clawed frogs, present for decades in captivity, are best referred to as Hymenochirus sp. instead
of the commonly used name ‘H. boettgeri’ or sometimes ‘H. curtipes. We present the first karyotype from a morphologically identified specimen
of H. boettgeri with a known locality in the north-western Congo, which is tetraploid with 2n = 36. The captive Hymenochirus species has been
found diploid in previous studies with different reported chromosome numbers; here we reveal 2n = 20A + 1B chromosomes. Our findings
suggest that the tetraploid H. boetfgeri karyotype evolved through fusion of two biarmed chromosomes and subsequent allotetraploidization,
and is functionally diploid, similar to the origin of tetraploid clawed frogs in the subgenus Xenopus. We observed the stable presence of a single
B chromosome in both sexes of our individuals from the captive population of Hymenochirus sp. However, additional investigation is necessary
to clarify whether there is variation in the number of A and B chromosomes among populations, individuals, and/or tissues. Further research is
also needed to understand the evolution and taxonomy of the genus Hymenochirus.

Keywords: amphibia; Anura; chromosome; cytogenetics; FISH; karyotype; polyploidy; taxonomy

INTRODUCTION that diploids can serve as reference material for evolutionary

Amphibians represent a vertebrate clade that contains >8600 and cytogenetic studies of rela..teld polyploids (Bogart.and Bi
species (AmphibigWeh-202%; Erost 2023) and spproximately 2913,‘hytl ei.ul. 2018, Fornaini et al. 2923). Polyploidy can
100 species from 19 families have been identified as polyploid ~ F1s€ 1n two dx.ﬂerent_ ways. Autop oly‘plo:dy,. less common-an
(Mezzasalma et al. 2023). Polyploidy in amphibians has evolved ~ #™P hibians, arises within a single ancestor in which meiotic
independently several times in multiple families, unlike, for ex- ~ O™P anl’fﬂ}“eis are caused by en‘{lrogrrlxeAntal factors. A s.ecolnd
ample, teleost fishes, where whole genome duplication arose in possible origin is allopolyplf)ldlzatxon, initiated by hybrldlza.thn
the whole group as an ancestral evolutionary process (Schmid ef .oftwo ormaore ancestors divergent e_?nough to, prolmote melotic
al. 2015). Amphibians form both diploid and polyploid popula- incompatibilities that prevent following cytolur'lesm. )

tions/species with sexual reproduction, making them a unique " Pipid frogs (family I_)lpldae) [epresenitan ariclent e.volut%onary
group compared to other vertebrate lineages (Bogart 1980, lm(?age of ﬁ..xlly aquatic frogs that split from its 31st‘erl-lmeage
Mezzasalma ef al. 2023). There is, therefore, a great advantage Rhinophrynidae more than 150 Mya. The extant pipid frogs
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are divided into two subfamilies, the American Pipinae (Pipa
Laurenti, 1768) and the African Dactylethrinae (split ~110
Mya) containing two deeply divergent tribes (split ~100 Mya),
Dactylethrini (Xenopus Wagler, 1827) and Hymenochirini
(Hymenochirus  Boulenger, 1896 and Pseudhymenochirus
Chabanaud, 1920); for evolutionary relationships, see Feng et al.
(2017), Dubois et al. (2021), and Hime et al. (2021). The genus
Xenopus is divided into two subgenera, Xenopus and Silurana
Gray, 1864, which are sometimes considered valid genera (e.g.
Dubois ef al. 2021). Pipids are known as a group with highly
variable karyotypes, particularly chromosome numbers, pri-
marily due to the role of polyploidization in their evolutionary
history (Tymowska 1991, Schmid et al. 2015). Mezzasalma et
al. (2015) suggested that the ancestral karyotype of pipids was
2n = 20, which can be observed in Xenopus (subgenus Silurana),
Hymenochirus, Pseudhymenochirus, and Pipa (P. carvalhoi
(Miranda-Ribeiro, 1937)). These authors also proposed three
mechanisms for the increase in chromosome number in pipid
frogs: allopolyploidy, fission, and addition of B chromosomes. In
pipids, polyploidy, especially allopolyploidy, has so far only been
found in Xenopus, including Silurana (Schmid ef al. 2015). The
haploid number n = 10 is present in Silurana and n = 9 in the
subgenus Xenopus in which fusion of chromosome 9 and 10 oc-
curred (Session et al. 2016). Recently, a fusion of chromosome 8
and 10 was documented in Hymenochirus (Bredeson et al. 2021).
It has been hypothesized that chromosome fissions occurred in
Pipa (Mezzasalma et al. 2015), and potentially also occurred in
Central African Hymenochirus (see results in: Morescalchi 1968,
1981, Scheel 1973).

The addition of B chromosomes was found in the captive (pet
trade) population of ‘Hymenochirus boetigeri’ (2n = 20A + 1B),
with B chromosomes detected in approximately half of the
karyotypes scored in the two males studied (30/66 metaphase
spreads obtained from the intestine, spleen, gonads, and lung
tips; the remainder had 2n = 20; Mezzasalma et al. 2015). On
the other hand, previous, relatively old studies of ‘H. baertgeri’ re-
ported 2n = 24 chromosomes (Morescalchi 1968; republished
by: Morescalchi 1981, Tymowska 1991), or Scheel (1973)
stated karyotype 2n = 22. The latter only stated the chromo-
some number and provided no further details. Finally, a recent
study found 2n = 18 chromosomes and no B chromosomes in
‘H. boettgeri’ (Bredeson et al. 2021). It is unclear whether the
differences in chromosome number represent variation in B
chromosome number (with the exception of 2n = 18, where
chromosome fusion occurred), as hypothesized by Mezzasalma
et al. (2015), or whether earlier researchers (Morescalchi 1968,
1981, Scheel 1973) studied one or more different species in
which chromosome fissions occurred.

The captive stock of dwarf clawed frogs (Hymenochirus spp.)
probably originated in the 1950s, when dwarf clawed frogs
were imported from the wild by pet fish companies to Europe
and the USA (Sokol 1959, Olsson and Osterdahl 1960). The
only available geographic information states that dwarf clawed
frogs ‘were shipped from Leopoldville—present-day Kinshasa
in the Democratic Republic of the Congo (Rabb and Rabb
1963)—or ‘from Stanley Pool’ (Sokol 1962), an area north-east
of Kinshasa. However, Leopoldville could only have been the
place of shipment or Stanley Pool the place of arrival (collectors
could have landed here, as it is an area with ports), not the actual
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area of origin. At least two species, traditionally referred to as H.
boettgeri (Tornier, 1896) and H. curtipes Noble, 1924, were prob-
ably imported in the 1950s and possibly later (e.g. Sokol 1959,
1962), the latter species being less common (Rabb and Rabb
1963, Sokol 1969). Hymenochirus curtipes has been reported to
be an open area species (Noble 1924), requiring higher tem-
perature in captivity and especially for breeding, and its tad-
poles require more space (Sokol 1962). Therefore, it has been
hypothesized that H. curtipes gradually disappeared from cap-
tivity due to its more specialised breeding requirements (Kunz
2002). However, names of both species can still be found in the
aquarium/herpetoculture literature, although only one species
seems to have been found in aquaria in recent decades (Kunz
2002, 2003). It is usually called H. boetigeri, although it has been
noted that a taxonomic revision of the genus is needed (Kunz
2004).

The conspecificity of the aquarium population with H.
boettgeri has sometimes been questioned based on certain mor-
phological differences, and it has even been hypothesized that
the aquarium population may represent a ‘domesticated” hybrid
between H. boettgeri and H. curtipes (Cecere 1998). Typical mor-
phological features of H. boetigeri are, for example, the sides of
the body covered with enlarged tubercles, the body rather oval,
the head broad, and the dorsum monochromatic (de Witte 1930,
Perret 1966, Arnoult and Lamotte 1968). This does not corres-
pond much to the aquarium population, which is characterized
by the body sides with homogeneous tubercles, without differ-
entiated verrucosity, the body oval to pear-shaped, the head not
distinctly broad, and the dorsum often mottled (Kunz 2004).
Dwarf clawed frogs from the aquarium population are usually
kept as a hobby animal and usually not as a laboratory animal.
Nevertheless, it has been used in several laboratory studies where
frogs were typically obtained from the pet trade and the name
‘H. boetigeri’ is usually used in publications (e.g. Mezzasalma et
al. 2015, Hobel and Fellows 2016, Miller et al. 2019, Cauret ef al.
2020). Bredeson et al. (2021) referred to this dwarf clawed frog
as an emerging model species. However, given the confusion
with the species identification of the captive population since its
establishment in aquaria (Rabb and Rabb 1963, von Filek 1967,
Cecere 1998, Kunz 2002), we recommend naming the captive
population of dwarf clawed frogs as Hymenochirus sp. We will use
this name hereafter,

To date, all cytogenetic findings in the tribe Hymenochirini
have been based on conventional and Giemsa staining, and
banding techniques (Morescalchi 1968, Mezzasalma et al.
2015). No fluorescent in sifu hybridization (FISH) experi-
ments have been performed to study chromosome evolution in
Hymenochirini. Furthermore, sex chromosomes were unknown
in the genus Hymenochirus until Cauret ef al. (2020) identi-
fied the male heterogametic system on chromosome 4 of ‘H.
boettgeri’ (= Hymenochirus sp.) using whole-genome sequencing,
However, no study has focused on the cytogenetic delineation of
sex chromosomes in the tribe Hymenochirini. Pipid frogs have
homomorphic sex chromosomes, meaning that the sex chromo-
somes look identical and are morphologically indistinguishable
from each other, e.g. the Z chromosome from the W chromo-
some in Xenopus laevis (Daudin, 1802) (see: Tymowska 1991).
Despite the homomorphic nature of the sex chromosomes, there
is great diversity in sex determination systems/mechanisms and
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genetic differentiation of sex chromosomes in pipids (Roco et al.
2015, Cauret et al. 2020, Furman et al. 2020, Song et al. 2021).

Here, for the first time, we cytogenetically investigated the
Boettger’s dwarf clawed frog (H. boetigeri) from the wild with
a known locality in comparison to Hymenochirus sp. from the
captive population, including the first information on karyo-
type in females. We aimed to test whether polymorphism exists
in the chromosome number, morphology and size, localization
of ribosomal DNA (rDNA) and small nuclear DNA (snDNA)
multigene families, ie. tandem repeats, and occurrence of B
chromosome(s) within our material. Our findings reveal the
presence of allopolyploidization in the genus Hymenochirus, and
also point to previously discussed uncertainties in the species’
identification of the captive population. The unclear taxonomy
is discussed in the context of new karyotype data, available mo-
lecular data, and comparison with type material.

MATERIAL AND METHODS

Karyotype sampling

One male of the Boettger's dwarf clawed frog (H. boetigeri) from
the north-western part of the Republic of the Congo (Mindjong,
Mbemba Forest; 1.4701°N 14.3556°E, 520 m) was compared
with three males and three females from the aquarium popula-
tion of Hymenochirus sp. obtained from a private breeder in the
Czech Republic (Fig. 1; Supporting Information, Table S1).
Voucher specimens are deposited in the herpetological collec-
tion of the Institute of Vertebrate Biology of the Czech Academy
of Sciences (IVB-H), Research Facility Studenec, Brno, Czech
Republic ~ (IVB-H-CG17-356,  IVB-H-Hsp01—Hsp06).
Dwarf clawed frogs were identified following available keys
(de Witte 1930, Perret 1966, Arnoult and Lamotte 1968) and
by comparison with type material of all Hymenochirus species.
Chromosomes were prepared according to Vélker et al. (2006).
Apiece of foot interdigital webbing between the second and third
toes was cut from each hind limb of an adult using fine laboratory
scissors. After 2 weeks, a section of regenerated webbing tissue,
about 2 mm wide, was cut off and incubated in Ringer’s solu-
tion with colchicine, as described in detail, including subsequent
hypotonization, in Volker et al. (2006). Tissue fixation was per-
formed and metaphases were spread on glass slides in the same
manneras described in the embryo preparation protocol (Volker
and Kullmann 2006). Microscopy and processing of metaphase
images were conducted using Leica Microsystem (Wetzlar,
Germany) as detailed in Seroussi ef al. (2019). Short (p) and
long (q) arms were measured in pixels using Image], v.1.53i
(Schneider ef al. 2012) and chromosome length was quantified
as proposed by Knytl and Fornaini (2021). Chromosome size in
um was estimated using a scale bar generated by chromosome
photography software. Chromosomes were identified according
to a nomenclature based on the ratio of the p and q arms (Levan
etal 1964).

DNA barcoding
The seven karyotyped individuals were DNA barcoded targeting
one mitochondrial DNA (mtDNA) and one nuclear DNA
(nDNA) marker. A fragment of the mitochondrial 16S rRNA
gene (16S) wasamplified using a primer pair (16SL1and 16SH1;

adapted from: Palumbi et al. 1991; for details see: Gvozdik et al.
2010) commonly used in amphibian DNA barcoding (Vences
et al. 2005, 2012). Consensus sequences were obtained from
sequencing in both directions, resulting in a 579-bp long frag-
ment. Qur new sequences were combined with all available
homologous 16S fragments of Hymenochirus from GenBank,
adding 11 specimens, and two outgroups—representatives
of two other African pipid genera [Pseudhymenochirus merlini
Chabanaud, 1920 and Xenopus tropicalis (Gray, 1864)] (see
Supporting Information, Table $1). The sequences were aligned
using the MAFFT algorithm (Katoh and Standley 2013), re-
sulting in an alignment length of 583 bp. A best-fit model of nu-
cleotide evolution (TIM2+F+G) was inferred in parallel with
the maximum-likelihood phylogenetic tree, and branch support
was obtained using 1000 standard bootstrap pseudoreplicates,
all using IQ-TREE 2 (Kalyaanamoorthy ef al. 2017, Minh et al.
2020).

A similar methodology was also applied to collect nuclear
DNA data, a fragment of the recombination activating protein
1 (ragl) gene, using a pair of primers RAG-1_MartFll and
RAG-1_AmpR1 (Pramuk 2006). All seven karyotyped indi-
viduals were sequenced from both sides, resulting in consensus
sequences 933-bp long, but low-quality ends were trimmed
in the Congo specimen of H. boettgeri, resulting in a fragment
879-bp long. No stop codons were present. Six additional
Hymenochirus sequences and the same outgroups as defined
above were added from GenBank (for details see Supporting
Information, Table S1). The IQ-TREE 2 maximum likelihood
tree was inferred using partitioned models (Chernomor et al.
2016) based on codon positions (best-fit models: F81 for codon
positions 1 and 2, TPM2 for codon position 3). Branch support
was obtained using 1000 bootstrap pseudoreplicates.

Since all six individuals from the aquarium population
(Hymenochirus sp.) had the same haplotype, in both 168 and
ragl, only one representative sequence per each marker was de-
posited in the GenBank database along with data on H. boettgeri
from the Congo (for Acc. Nos. see Supporting Information,
Table S1).

Chromosome banding, and repetitive FISH with snDNA
and rDNA probes
Five cytogenetic techniques were conducted sequentially on the
same metaphase spread in the following order: (i) 5% Giemsa/
PBSsolution (v/v), (ii) chromomycinA,, CMA, (Sigma-Aldrich,
St. Louis, MO, USA), (iii) C-banding, (iv) double-colour FISH
with the 5S and 288 rDNA probes, and (v) double-colour FISH
with the Ul and U2 snDNA probes. The CMA,/C-banding
protocol followed Rabova ef al. (2015) with the modifications
described in Knytl ef al, (2017). In order to generate probes for
repetitive FISH, X. tropicalis and H. boettgeri were used as tem-
plates for amplification of Ul and U2 snDNAs, respectively,
while X. fropicalis and Hymenochirus sp. were used for the 58
and 28S rDNA regions, respectively. The same X. tropicalis UL
amplicon from Fornaini ef al. (2023 ) was used and labelled. Total
genomic DNA (gDNA) was extracted from the webbing tissue
of adult frogs using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions.
Conditions for polymerase chain reaction (PCR) amplification
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Figure 1. Dwarf clawed frogs, Hymenochirus sp. (captive population) and H. boetigeri. A, Hymenochirus sp., female (IVB-H-Hsp06) and male
(IVB-H-Hsp02) in amplexus. B, Hymenochirus sp., female in dorsolateral view (IVB-H-Hsp04). In (A) and (B), note the relatively smooth
flanks and hindlegs with homogeneous, unenlarged tubercles. C, Hymenochirus boettgeri from the north-western part of the Republic of the
Congo (male, IVB-H-CG17-356). D, holotype of H. boettgeri, female (ZMB 11521). The area marked by the red rectangle is detailed in (E).

E, Hymenochirus boetigeri from the same locality as the karyotyped individual (IVB-H-CG17-112, male). In (C—F), note the enlarged and spiny
tubercles on the flanks and hindlegs typical for H. boettgeri.
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were used according to PPP Master Mix (‘Top-Bio, Prague, Czech
Republic) supplier recommendations. Primers used for amplifi-
cation are listed in the Supporting Information, Table S2. The
PCR conditions for the Ul and U2 snDNA amplifications were
taken from Fornaini ef al. (2023). Amplifications of the 5§ and
28S rDNA loci and PCR labelling (58S, 28S, U1, and U2 probes)
with digoxigenin-11-dUTP (Roche, Mannheim, Germany) and
biotin-16-dUTP (Jena Bioscience, Jena, Germany), including
purification steps, are detailed in Knytl and Fornaini (2021).
Digoxigenin-11-dUTP was used for 55 and U2 labelling. Biotin-
16-dUTP was used for 28S and Ul labelling, The $S, 288, U1,
and U2 probes were hybridized with chromosome spreads of
H. boettgeri and Hymenochirus sp. The contents of the hybrid-
ization mixture, denaturation, and the subsequent overnight
hybridization were conducted as it was described in the rDNA
FISH protocol (Knytl ef al. 2023). Post-hybridization washing
and blocking reactions were performed as described for painting
FISH in Krylov et al. (2010). Biotin and digoxigenin probe
signals were detected using CY3™.-streptavidin (Invitrogen,
Camarillo, CA, USA) and anti-digoxigenin-fluorescein (Roche),
respectively (Knytl et al. 2017). After Giemsa staining, slides
were de-stained in methanol and acetic acid solution (Ribov4 ef
al. 2015). Between techniques (ii)—(v), slides were de-stained as
given in the protocol in Fornaini ef al. (2023) and counterstained
with ProLong™ Diamond Antifade Mountant with the fluores-
cent 4,6-diamidino-2-phenylindole, DAPI stain (Invitrogen by
Thermo Fisher Scientific, Waltham, MA, USA).

Genomic i situ hybridization

Hymenochirus boettgeri and Hymenochirus sp. gDNAs were used
as probes for genomic in situ hybridization (GISH) experiments.
Whole-genome painting (WGP) probes were prepared using
the GenomePlex Single Cell Whole Genome Amplification
Kit (WGA4), Sigma-Aldrich, according to the manufacturer’s
whole genome amplification protocol with extracted gDNA.
GenomePlex WGA Reamplification Kit (WGA3), Sigma-
Aldrich, was used for labelling with digoxigenin-11-dUTP (Jena
Bioscience), as described in Krylov ef al. (2010). A combin-
ation of salmon sperm (Knytl et al. 2013) and autoclaved H.
boettgeri and Hymenochirus sp. gDNAs (Bi and Bogart 2006)
were used as a competitor DNA conspecifically to a probe. The
highly concentrated competitor gDNAs were extracted using
the DNeasy Blood and Tissue Kit (Qiagen) from liver and used
S ug per ~500 ng of a probe. A total of ~500 ng of probe was
used per hybridization mixture. A control GISH was performed
with the Hymenochirus sp. probe hybridized on Hymenochirus sp.
chromosomes, as detailed in the painting FISH method (Krylov
et al. 2010), and cross-species GISH experiments were carried
out with Hymenochirus sp. and H. boetigeri on H. boettgeri and
Hymenochirus sp. chromosomes, respectively, as technically de-
tailed in the Zoo-FISH methodology (Krylov et al. 2010), with
minor changes (Knytl et al. 2017).

RESULTS

Species identification
InmtDNA (168), the specimen obtained from the north-western
Congo (IVB-H-CG17-356) closely matches with 99.5% iden-
tity the specimen from the south-western Congo retrieved from

GenBank and originally identified as ‘Hymenachirus sp” and de-
posited under the museum catalogue number USNM 584175
(Deichmann et al. 2017). Here, based on comparisons with type
material (Fig. 1), we identify this lineage as H. boetfgeri, as op-
posed to Hymenochirus sp., the naming we apply to the captive
population (our new specimens IVB-H-Hsp0l to IVB-H-
Hsp06; Fig. 2). Hymenochirus boettgeri forms a well-supported
(bootstrap 82%) common clade with H. curtipes (from the wild,
north-eastern Rep. Congo; Jackson and Beier 2006, Jackson et
al. 2007, Deichmann et al. 2017) and this clade is sister to the
captive population of Hymenochirus sp. Uncorrected p-distance
in 16S between H. boettgeri and Hymenochirus sp. is 8.6%.

For nDNA (ragl), less comparative data were available, and
only two lineages (species) are identified (Fig. 2). Our speci-
mens from the captive population (Hymenochirus sp.) share a
clade with other specimens originating, or probably originating,
from the pet trade, while our Congo H. boetigeri specimen shares
a clade with a specimen originating from Cameroon (museum
number CAS 249965), originally identified as ‘Hymenochirus
sp. (GenBank, online museum catalogue) or ‘H. boetigeri’ (Feng
et al. 2017). Interestingly, the ragl sequence of our H. boetigeri
from the Congo has an unusually high proportion of hetero-
zygous positions (3.4%), indicating—in agreement with the
karyotype results—the allotetraploid nature of this specimen.

Morphologically, our specimen from the Congo corresponds
closely with the type of H. boettgeri (e.g. enlarged and spiny
tubercles on the flanks and hindlegs), while the specimens from
the captive population do not correspond to any of the described
species (Fig, 1).

Cytogenetic characterization of Hymenochirus boetigeri
from the Congo

For both species of the genus Hymenochirus, we carried out
the same methods. Giemsa staining shows better results than
DAPI, thus we present Giemsa-stained karyotypes with consist-
ently stained chromosomes. Hymenochirus boetigeri possesses
36 chromosomes with eight pairs of metacentric, two pairs of
submetacentric, and seven pairs of subtelocentric chromosomes
(Fig. 3A). All chromosomes are biarmed, the fundamental arm
number (FN) is 72. The size of chromosome 1 is shown as the
vertical scale bar and is estimated to be less than 10 ym.

DAPI (negative black band) and CMA, (positive green band)
highlight the NOR locus on a single homologous pair, which
is morphologically similar to Hymenochirus sp. chromosome 4
(Fig. 4A, B). C-banding identifies 14 heterochromatic blocks
(on seven homologous pairs) (Fig. 4C). The rtDNA FISH ana-
lysis shows the 28S NOR locus on the same chromosome on
which the CMA is displayed. The 58 probe does not highlight
any locus (Fig. 4D), probably because of low efficacy of the used
5S probe. Unfortunately, we could not have repeated FISH with
the 5S probe because chromosome structure on slide is broken
after several attempts of staining and de-staining. The U1 locus
is identified in the pericentromeric region of the q arm of the
largest chromosome 1 (Fig. 4E), which is not homologous to
the U1 locus of Hymenochirus sp. (the pericentromeric region of
the p arm of chromosome 1). The U2 locus is found in the telo-
meric region of the q arm of chromosome 8 (Fig. 4E), which
is homologous to the U2 locus of Hymenochirus sp. GISH ana-
lysis with the Hymenochirus sp. WGP probe and competitor
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Figure 2, Phylogenetic trees of dwarf clawed frogs. Maximum likelihood mtDNA (168, left) and nDNA (ragl, right) trees showing the
positions of karyotyped individuals (in bold) in the context of available molecular sampling retrieved from GenBank (acc. nos. listed). For

sampling details, see Supporting Information, Table S1.

Hymenochirus sp. DNA paint all 36 chromosomes of H. boettgeri,
with some chromosomes having less intense signals (arrows in
Fig. 4F). The difference in signal intensity is one of the other
clues to determine the level of ploidy and homoeologous
chromosomes. We find no heterochromatic B chromosomes in
the karyotype of H. boettgeri.

Cytogenetic characterization of the captive Hymenochirus sp.

The number of chromosomes in Hymenochirus sp. is 21
(20A + 1B) with seven pairs of metacentric, one pair of
submetacentric, and two pairs of subtelocentric chromosomes,
and one extra B chromosome (Fig. 3B). All chromosomes are
biarmed, FN = 42. The size of chromosome 1 is estimated to
be 12-13 ym. Both males and females have the same number
and general morphology of chromosomes. Sequential DAPI
and CMA, analyses (Fig. SA, B) show a single NOR on the p
arm of submetacentric chromosome 4. DAPI consistently
stains all 21 chromosomes but without staining of the NOR
locus, which is CMA -positive. C-banding highlights telomeric
and pericentromeric bands on most chromosomes, which
helps to identify homologous chromosome pairs (Fig. 5C).
Interestingly, the NOR locus is not stained using C-banding.
The B chromosome is entirely painted and shows a high degree
of heterochromatization (Fig. SC, D, F; Supporting Information,
Fig. S1A, B, D, E). FISH with rDNA probes identifies the 5§
locus on the telomere and interstitial region of the q arm of

chromosome 6. The 285 (NOR) locus is mapped to chromo-
some 4 (Fig. SD) and is identical with CMA, bands. FISH with
snDNA probes identifies the Ul locus on chromoseme 1 and the
U2 locus on chromosome 8 (Fig, SE). GISH with the H. boetigeri
WGP probe paints 20 chromosomes. Accessory B chromosome
is stained with DAPI (DAPI-positive) but is not painted with
the H. boettgeri WGP probe (Fig. SF; Supporting Information,
Fig. S1A). We performed two control GISH experiments with
the Hymenochirus sp. WGP probe: the first with (Supporting
Information, Fig. S1B) and the second without (Supporting
Information, Fig. S1C) Hymenochirus sp. competitor DNA.
Surprisingly, the WGP probe does not paint the B chromosome
of Hymenochirus sp. in either control experiment (no red signal
on the B chromosome). DAPI staining shows no signal on the B
chromosome in the GISH experiment without the competitor
(Supporting Information, Fig. S1C, F) compared to GISH with
the competitor DNA where DAPI stains the entire B chromo-
some (Supporting Information, Fig. S1A, B, D, E).

DISCUSSION
Taxonomy
Our new molecular data, combined with the morphological
characteristics of the specimen, such as enlarged tubercles on

its body sides and hindlegs, confirms that our specimen from
the northern Republic of the Congo is H. boettgeri (Fig. 1).
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Figure 3, Karyotypes of (A) Hymenochirus boettgeri (IVB-H-CG17-356, male) with 18 homologous chromosome pairs, and

(B) Hymenochirus sp. (IVB-H-Hsp06, female) with 10 pairs of A chromosomes and one B chromosome, arranged from Giemsa-stained
chromosomes. Chromosomes were cut from metaphase spreads on the left. Long lines in karyotype arrangements indicate the position of
chromosome centromere. Short vertical and horizontal lines correspond to the scale = 10 pm.

Two other specimens from the southern part of the Republic of
the Congo and central Cameroon are very closely related with
our specimen, and thus most probably conspecific, according
to available molecular data (Deichmann et al. 2017, Feng et al.
2017; Fig. 2; Supporting Information, Table $1). The captive
population, genetically deeply divergent from H. boetigeri, is
not clearly identifiable as any described species (following
identification keys in: de Witte 1930, Perret 1966, Arnoult and
Lamotte 1968; and our unpublished data) and is most appro-
priately named as Hymenochirus sp. However, in literature and
practice, captive dwarf clawed frogs are usually mistakenly re-
ferred to as ‘H. boetigeri’ (e.g. Kunz 2003, 2004, Mezzasalma ef
al. 2015, Hobel and Fellows 2016, Miller ef al. 2019, Cauret ef
al. 2020, Bredeson et al. 2021) or ‘H. curtipes’ (e.g. Bewick ef al.

2012; but see: Kunz 2002). Our molecular phylogenetic analysis
suggests that H. curtipes, which used to occur in European and
American aquaria in the past but probably became extinct in
captivity (Sokol 1959, 1962, Rabb and Rabb 1963, Kunz 2002),
is a sister-lineage of H. boettgeri (Fig. 2). However, data for other
species are currently missing. A taxonomic revision is needed to
properly understand the diversity and relationships within the
genus Hymenochirus and to name the dwarf clawed frogs from
the captive population.

Tetraploidy in Hymenochirus boettgeri
Our cytogenetic analysis detected 36 chromosomes in H.
boetigeri from the Congo and confirmed 20 A chromosomes
and one B chromosome in Hymenochirus sp. from the captive
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Figure 4. Hymenochirus boetigeri (IVB-H-CG17-356, male), sequential fluorescent chromosome mapping—DAPI, CMA,, C-banding,
ribosomal DNA (rDNA) FISH, small nuclear DNA (snDNA) FISH; and non-sequential whole-genome painting on metaphase spread.

A, DAPI (black and white, B&W) consistently stains all 36 chromosomes. B, CMA, banding in green shows nucleolar secondary constriction
(NOR locus) on the p arm of chromosome 4 that co-localizes with 28S. C, C—band{ng (B&W, brighter staining) highlights heterochromatic
blocks on telomeric and pericentromeric regions of seven homologous chromosomes (14 arrows). D, FISH with 28S (red) ribosomal probes
shows the p arm of chromosome 4. E, FISH with U1 (red) and U2 (green) snDNA probes shows very weak signals. The U1 probe maps to
the q arm of chromosome 1, the U2 probe maps to the q arm of chromosome 8. F, genomic i situ hybridization (GISH) with Hymenochirus
sp. whole-genome painting DNA probe that hybridizes to all 36 chromosomes with different intensity. Arrows show the less intensely painted

chromosome pair. Scale bars represent 10 pm.

population (Fig. 3). The latter finding is consistent with that
of Mezzasalma ef al. (2015), but in contrast to an earlier study
by Morescalchi (1968; republished by: Morescalchi 1981,
Tymowska 1991), which found 24 chromosomes. However, the
origin of Morescalchi’s specimen is unknown and no details at
allwere given by Scheel (1973), who reported 22 chromosomes
in “H. boetigeri. As a possible explanation of this discrepancy,
we hypothesize that Morescalchi (1968) and/or Scheel (1973)
may have karyotyped one or eventually more different species,
possibly H. curtipes that was present in captivity at the time of
Morescalchi’s and Scheel’s analyses (Kunz 2002). Another ex-
planation could be variation in chromosome number, especially
in the number of B chromosomes, as suggested by Mezzasalma
et al. (2015). See further discussion below, in the section about
the B chromosomes.

Compared to all previous studies, our finding of 36 chromo-
somes is exceptional. The chromosome number of our H.
boettgeri from the Congo is almost twice that of Hymenochirus
sp. from the captive population, which has the putative

ancestral number of A chromosomes in pipid frogs of 2n = 20
(Mezzasalma ef al. 2015), and exactly twice the number of
chromosomes found by Bredeson et al. (2021). The number,
morphology, and composition of chromosomes of our H.
boettgeri provide evidence that our specimen is tetraploid or
allotetraploid, respectively, which is the first case of tetraploidy
in pipids outside the genus Xenapus (Mezzasalma ef al. 2015,
Schmid et al. 2015). The size of the chromosomes also indir-
ectly demonstrates the tetraploid nature of H. boetigeri, as its
chromosomes are smaller than those of Hymenochirus sp. (Fig.
3). Polymorphism in chromosome size is also visible in the
karyotypes of diploid X. tropicalis compared to allotetraploid X.
laevis, X. mellotropicalis Evans, Carter, Greenbaum, ef al,, 2015,
or X. calcaratus Peters, 1875 (see: Session ef al. 2016, Knytl et al.
2017,2023). In X. laevis, the chromosomes of the S-subgenome
(shorter homoeologues) have undergone losses and deletions,
and, therefore, the size of these chromosomes has decreased
(Session et al. 2016). In cyprinid fishes, for example, poly-
ploids have chromosomes that are smaller than those of their
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CMA3

Figure 5. Hymenochirus sp. (IVB-H-Hsp06, female), sequential fluorescent chromosome mapping (DAPL CMA,, C-banding, rTDNA FISH),
non-sequential snDNA FISH, and whole-genome painting on metaphase spread. A, DAPI (B&W) counter-stained metaphase spread shows all 21
chromosomes. B, CMA, banding in green shows NOR locus on the p arm of chromosome 4. CMA, signal co-localizes with 285 locus.

C, C-banding (B&W, brighter staining) highlights heterochromatic blocks on telomeric and pericentromeric regions of almost all chromosomes.
In addition, the whole B chromosome is intensely banded (arrow). D, 5SS (green) and 28S (red) rDNA loci are located on the g arm of
chromosome 6 and p arm of chromosome 4, respectively. The SS rDNA is situated on two different chromosomal loci within the single g arm.

E, the snDNA loci Ul (red) and U2 (green) are located on the p arm of chromosome 1 and the q arm of chromosome 8, respectively.

F, the GISH experiment of the H. boettgeri whole-genome painting probe, which hybridizes on Hymenochirus sp. chromosomes. All chromosomes
are painted (red) except one, B chromosome, which shows no GISH signal and is DAPI-positive (arrow). Scale bars represent 10 um.

diploid relatives (e.g. visible on karyotypes of diploid and trip-
loid/tetraploid Carassius Nilsson, 1832; see: Kalous and Knytl
2011, Knytl ef al. 2013, 2022). Further support for tetraploidy
comes from GISH, where the tetraploid H. boeftgeri probe
consistently painted all 20 A chromosomes of Hymenochirus

sp., while the diploid Hymenochirus sp. probe painted some H.
boetigeri chromosomes more intensely than others, similar to
what was observed in diploid and allotetraploid Xenopus (Knytl
et al. 2023). This suggests that one subgenome of H. boetigeri
may be evolutionarily closer to Hymenochirus sp. than the other
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subgenome, indicating an allotetraploid origin. Further indirect
evidence of allotetraploidy is the high frequency of heterozygous
positions in the ragl nucleotide sequence, where a potential di-
vergence of 3.4% between two paralogues is indicative of an
allotetraploid origin.

The discovery of tetraploidy is based on a single male indi-
vidual, which may open the question of whether tetraploidy is
an autapomorphy of H. boettgeri, or whether there is geographic
variation at the ploidy level within this supposedly widespread
Central African species (Channing and Rédel 2019). To an-
swer this question, multiple populations of H. boettgeri need to
be cytogenetically examined. However, the genome size of H.
boettgeri from the northern Democratic Republic of the Congo
(DRC) is almost twice as large (3.77-4.29 pg; Liedtke et al.
2018) as that reported by King (1990; 2.45 pg). The latter most
probably originated from the captive population, as virtually all
dwarf clawed frogs used in research in recent decades have come
from the captive population. Given that the locality of the DRC
samples is approximately 800 km east of our karyotyped indi-
vidual [one of us (V.G.) provided material for the Liedtke ef al.
(2018) study from a locality at 2.1228°N 21.3891°E], this is in-
dicative of H. boettgeri being tetraploid throughout its range, or
atleast in a substantial portion of its populations.

Potential evolutionary origin of tetraploidy
in Hymenochirus boetigeri

Hymenaochirus sp. has the presumed pipid ancestral karyotype
2n = 20 (plus one B chromosome unique in this species), while
tetraploid H. boefigeri has 36 chromosomes, which are probably
secondarily organized as diploid (2n = 4x = 36; see below). Both
karyotypes consist of biarmed chromosomes (no telocentrics),
and, therefore, neither centric fusion of two telocentric chromo-
somes nor fission of a metacentric chromosome may be the
evolutionary mechanism underlying the different chromosome
numbers of the two Hymenochirus species. The same difference in
chromosome number between diploid and allotetraploid pipids
is known between two subgenera of the genus Xenopus: diploid
X. (Silurana) tropicalis (2n = 20) and tetraploid species of the
subgenus Xenopus (2n = 36), e.g. X. laevis (Tymowska 1991;
Evans ef al. 2004). The 36-chromosome karyotype of the sub-
genus Xenopus arose after the fusion of two metacentric chromo-
somes 9 and 10 in a common ancestor of both subgenomes
(2n=18) and subsequent allotetraploidization (Evans ef al.
2005; Session et al. 2016). We assume that a similar mechanism
may have occurred in H. boettgeri. Interesting, and still poorly
understood, is a recent finding pointing to a polymorphism in
the number of chromosomes in the captive population, where
karyotype 2n = 18 was found in Hymenochirus sp. (see Fig. 2 and
Supporting Information, Table S1 for molecular identification)
after the fusion of chromosomes 8 and 10 (Bredeson et al. 2021).

The limited molecular phylogenetic data available sup-
port the hypothesis that the ancestral karyotype of the tribe
Hymenochirini is 2n =20, because Hymenochirus sp. with
20 A chromosomes represents the first diverging branch of
the genus and the sister-genus Pseudhymenochirus also has
2n =20 (Mezzasalma et al. 2015). Thus, tetraploidization in
Hymenochirusis probably a derived state that occurred later in the
evolution of the genus. However, because we lack information on
karyotypes of other Hymenochirus species, we cannot formulate
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a more precise hypothesis about the evolutionary scenario of
tetraploidization in this genus. For example, H. curtipes appears
to be a sister-lineage to H. boetfgeri (Fig. 2), but we lack informa-
tion on its karyotype. We can only speculate that the karyotype
of ‘H. boettgeri’ with 2n = 24 presented by Morescalchi (1968;
republished by: Morescalchi 1981, Tymowska 1991) could be
misidentified H. curtipes, which was available in hobby aquaria in
the 1960s (Sokol 1959, Rabb and Rabb 1963, von Filek 1967),
and the increased chromosome number could have arisen by
fissions (e.g. as in Pipa parva Ruthven and Gaige, 1923; see:
Mezzasalma et al. 2015). However, this is only a speculation that
is unlikely to be confirmed or refuted unless we know the karyo-
type of H. curtipes.

FISH in tetraploid Hymenochirus boettgeri

and diploid Hymenochirus sp.
The numbers of FISH signals of multigene families are helpful
to understand the functional diploidy of evolutionarily
tetraploid H. boetigeri. The 28S rDNA (NOR), Ul and U2
snDNA loci are situated on a single chromosome, indicating
rediploidization of a tetraploid ancestor, probably associated
with a sexual mode of reproduction, and, therefore, the pres-
ence of a diploid-haploid cycle and crossing-over are expected
in tetraploid H. boetigeri. This phenomenon has been described
in all Xenopus polyploids (Tymowska 1991, Session et al. 2016,
Knytl et al. 2017, 2023). On the other hand, the number
and localization of Ul and U2 snDNAs are more diverse in
Xenopus tetraploids, with one or two Ul and U2 loci detected
by FISH, depending on the copy number of these tandemly
repeated elements on the exact chromosome (Fornaini ef al.
2023), which is not the case for the tetraploid Hymenochirus
in this study.

The U1l snDNAs show the stable number but polymorphism
in their position on H. boetigeri and Hymenochirus sp. chromo-
somes. Hymenochirus boettgeri has the U1 locus on the q arm of
chromosome 1 and Hymenochirus sp. has this locus on the p arm
of chromosome 1. Xenopus has the Ul locus close to the telo-
mere on the q arm of chromosome 1 (Fornaini ef al. 2023). A
responsible mechanism for the rearrangement of the Ul locus
in Hymenochirus can be pericentromeric inversion of a massive
region, or a change of the position by a mechanism similar to
transposition of transposons. An alternative explanation of this
polymorphism is that the U1 locus is present on both chromo-
some arms but with a different number of copies—reduced copy
number on the p arm and expanded copy number on the g arm
of chromosome 1 in H. boettgeri. The diversity of the Ul locus
localization points to its dynamic character, which is not the case
of the U2 and NOR loci found constantly on the telomere of
the q arm of chromosome 8 and pericentromeric region of the p
arm of chromosome 4, respectively. All mapped loci are shown
in Figure 6.

We analysed karyologically male and female individuals of
Hymenochirus sp. (females for the first time) and male H. boetigeri.
No sex-specific differences in karyotype and/or chromosome
morphology have been found, suggesting that the sex chromo-
somes [most likely chromosome 4 as identified in Hymenochirus
sp. by Cauret et al. (2020)] are homomorphic. This is consistent
with previous findings within the family Pipidae (Tymowska
1991).
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Hymenochirus boettgeri (Congo)

Hymenochirus sp. (captive population)

1 2 3 4 5 6 7 8 9

11 12 13 14 15 16 17 18

C-banding

5S rDNA

28S rDNA, CMA;

U1 snDNA
U2 snDNA

10 B

Figure 6. Schematic representation of the chromosomal location of the U1 (red) and U2 (green) snDNAs, 58 (dark blue) and 28S (yellow)
rDNAs, and C-bands (dark grey) in H. boettgeri (Congo) and Hymenochirus sp. (captive population). The haploid A chromosome set of

each species, 18 chromosomes in H. boettgeri and 10 chromosomes in Hymenochirus sp., is arranged in descending order of size. The B
chromosome of Hyrmenochirus sp. is depicted separately from the A chromosomes and is entirely covered in grey, as revealed by C-banding.
The 58 rDNA locus was not detected in H. boetigeri and is only depicted in the Hymenochirus sp. karyotype. Mapping of the Ul snDNA locus
identified a pericentric inversion or copy number reduction/expansion visible on non-homologous regions of chromosome 1. Created with

BioRender.com.

B chromosomes
B chromosomes, also known as accessory, supernumerary, or they
may sometimes be referred to as microchromosomes, are often
considered selfish or parasitic in nature. They are maintained
in a cell through meiotic or mitotic drive, have a low gene con-
tent, and tend to have a high degree of heterochromatization and
repetitive elements. In contrast to redundant traits, B chromo-
somes may be important for sex determination or protecting
against parasites (reviewed in: Camacho et al. 2000, Johnson
Pokornd and Reifovd 2021). We were able to identify B chromo-
somes using C-banding, as the B chromosomes in Hymenochirus
sp. are highly heterochromatized, as noted by Mezzasalma et al.
(2015). An intensely highlighted B chromosome is visible in
each nucleus, including nuclei where chromosomes are not fully
condensed (data not shown). In amphibians, the number of B
chromosomes can be stable (e.g. Uracotyphlus Peters, 1880; see:

Venu et al. 2021), or variable between different populations (e.g.
Leiopelma Fitzinger, 1861;, see: Green 1991), or even variable
between tissues within the same individual (e.g. Dicamptodon
Strauch, 1870; see: Green 1991). In their study, Mezzasalma
et al. (2015) found either the presence of a B chromosome or
no B chromosome in various tissues of Hymenochirus sp. (pre-
viously referred to as ‘H. boetigeri’). We consistently found one
B chromosome in all six individuals of both sexes (three males,
three females) of Hymenochirus sp. However, we used only one
source of somatic tissue—foot webbing. The variability in the
presence/absence of B chromosomes in different tissues found
by Mezzasalma et al. (2015) may be caused by uneven cell div-
ision of B chromosomes in some cells/tissues (Johnson Pokornd
and Reifovd 2021). During meiotic division, B chromosomes
can be preferentially transferred to the germline (Camacho et al.
2000), but irregular chromosome pairing and nondisjunctions
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can lead to polymorphisms, as found by Mezzasalma et al
(2015). The latter authors also discussed whether four of the
24 chromosomes found by Morescalchi (1968) in ‘H. boettgeri’
could possibly represent B chromosomes. If this were true, then
Hymenochirus sp. may contain a variable number of B chromo-
somes from zero to at least four, as can also be inferred from the
uncommented brief report by Scheel (1973) on 2n = 22, where
two chromosomes could potentially be B chromosomes. This
hypothesis assumes that the material processed in the previous
studies was conspecific with our Hymenochirus sp. However, an-
other explanation may be that earlier studies (Morescalchi 1968,
Scheel 1973) karyotyped (an)other species, as discussed above,
and supernumerary chromosomes above the presumed ancestral
number of 2n = 20 may or may not represent B chromosomes.

The preferred hypothesis for the evolutionary origin of B
chromosomes is that they were derived from A chromosomes by
rearrangements (Camacho et al. 2000). It is unclear whether B
chromosomes are also presentin other Hymenochirus species, but
we have not detected them in tetraploid H. boettgeri. B chromo-
somes have not yet been identified in other genera of the family
Pipidae. We attempted to reveal the origin of the B chromosome
in Hymenochirus sp. using GISH analysis with a whole-genome
painting probe from H. boettgeri hybridized on a chromosome
spread of Hymenochirus sp. and vice versa. Neither B chromo-
some was painted by probe in any of the GISH experiments,
including the control experiment with a conspecific whole-
genome painting probe, which indicates that the Hymenochirus
B chromosome may be highly stable during the denaturation
process due to the high heterochromatin (shown by C-banding,
Fig. SC) and AT-specific (shown by DAPI in GISH, Fig. SF)
content and the low permeability of the B chromosome to the
painting probe during hybridization. These characteristics make
the Hymenochirus B chromosome unsuitable for painting in situ
hybridization techniques. Other methodological approaches,
such as high-throughput sequencing, may help to better study
their evolution,

CONCLUSION

In this study, we demonstrate that the captive population of
dwarf clawed frogs is best taxonomically named Hymenochirus
sp. and not H. boettgeri, as is usually the case. We present for the
first time the karyotype from a specimen with a known locality
(NW Congo) that we identified as H. boettgeri. This species is
tetraploid with 2n = 36, in contrast to diploid Hymenochirus sp.
with2n = 20 A chromosomes and one B chromosome according
to our results. Based on several cytogenetic and molecular tools
used, we hypothesize that the H. boeftgeri karyotype evolved
from a diploid ancestor with the original chromosome number
2n = 20 through fusion of two biarmed chromosomes and sub-
sequent allotetraploidization resulting from hybridization of
two diploid ancestors with 2n = 18. The scenario is similar to
that proposed for the origin of tetraploid clawed frogs from the
subgenus Xenopus (Evans et al. 2005, Session et al. 2016), and its
probable relevance is supported by the recent finding of a karyo-
type with 2n = 18 with anidentified fusion of two chromosomes
in Hymenochirus sp. (Bredeson ef al. 2021). Based on a com-
parison of the two Hymenochirus species and mapping of the Ul
snDNA locus, we revealed that either pericentromeric inversion

Tetraploidy in Hymenochirusfrogs « 1045

or reduction/expansion of Ul copies occurred on chromo-
some 1. In the captive population of Hymenochirus sp. we found
the stable presence of a single B chromosome in both sexes,
in contrast to the presence (one B chromosome) or absence
found by Mezzasalma ef al. (2015). Results of previous studies
also indicate a possible higher number of B chromosomes in
Hymenochirus (four or two; Morescalchi 1968, Scheel 1973).
Further research is needed to assess patterns of variation in the
number of A and B chromosomes among populations, individ-
uals and/or tissues, as well as to better understand the (karyo-
type) evolution and taxonomy of the genus Hymenochirus.

SUPPLEMENTARY DATA

Supplementary data are available at Zoological Journal of the
Linnean Society online.
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Table S1. Material used in cytogenetic and molecular analyses.

Species (updated 168 ragl Specimen Origin Reference Original Remark
identification) GenBank GenBank identification
Hymenochirus OR360735 OR352008 IVB-H-CG17-356 Congo, Mindjong This study - Male, karyotyped
boetigeri (Mbemba)
I1. boettgeri KY080144 USNM 584175 Congo, Simombondo Deichmann ef al. (2017) Hymenochirus sp.
1. boettgeri KX208746 CAS 249965 Cameroon, Ndombam Feng et al (2017) Hymenochirus sp.
[ If. boettgeri
H. curtipes KY080139 USNM 576617 Congo, Impongui Deichmann ef al. (2017) H. curtipes
H. curtipes KYO0R0140 USNM 576620 Congo, Impongui Deichmann ef al. (2017) H. curtipes
I1. curtipes KY080141 USNM 576618 Congo, Impongui Deichmann ef al. (2017) I1. curtipes
H. curtipes KY080142 USNM 563881 Congo, Ganganya Deichmann ef al. (2017) H. curtipes Jackson & Beier (2006)
Brousse

H. curtipes KY080143 USNM 576619 Congo, Impongui Deichmann e/ al. (2017) H. curtipes
Hymenochirus sp. OR360736*  OR352009*  IVB-H-Hsp01 Laboratory/Pet trade This study - Male, karyotyped
Hymenochirus sp. OR360736*  OR352009*  IVB-H-Hsp02 Laboratory/Pet trade This study - Male, karyotyped
FHymenochirus sp. OR360736*  OR352009*  1VB-H-Hsp03 Laboratory/Pet trade This study - Male, karyotyped
Hymenochivus sp. OR360736*  OR352009*  IVB-H-Hsp04 Laboratory/Pel trade This study - Female, karyotyped
HHymenochirus sp. OR360736*  OR352009*  IVB-H-Hsp03 Laboratory/Pet trade This study - Female, karyotyped
Hymenochirus sp. OR360736*  OR352009*  TVB-H-Hsp06/DNA Laboratory/Pet trade This study = Female, karyotyped
Hymenachirus sp. AY341726 2 Laboratory/Pet trade Vences ef al. (2003) H. boetigeri
IHymenochirus sp. AY523756 AY523735 VUB 0092 Laboratory/Pet trade Roclants & Bossuyt (2005)  I1. boetigeri
Hymenochirus sp. AY583340 ? Laboratory/Pet trade San Mauro ef al. (2005) H. boertgeri
IHymenochirus sp. AY581623 Isolate BJE-2004 Laboratory/Pet trade Evans et al. (2004) Hymenochirus sp.
Hymenochirus sp. AY874305 Isolate BJE-2004+ Laboratory/Pet trade Evans et al. (2005) Hymenochirus sp.

/ Bewick er al. (2012) ! H. curtipes
Hymenochirus sp. HM991331 MNCN/ADN 28465 Laboratory/Pet trade Irisarri ef al. (2011) H. boetigeri
IHymenachirus sp. MK907573 Isolate BJE3814 Laboratory/Pet trade Cauret et al. (2020) 1. boettgeri
Hymenochirus sp. JQ073272 ZCMV 12658 Laboratory/Pet trade Crottini ef al. (2012) H. boetigeri
Iymenochirus sp. CM033476"  Isolate Female2 Laboratory/Pet trade Bredeson et al. (2021) 1. boettgeri
Pseudhymenochirus  HM991333  HM998975 ~ MNCN/ADN 28467 Guinca Bissau Irisarri ef al. (2011) - Outgroup
merlini
Xenopus (Silurana) ~ MN259067 Isolate Sierra Leone Evans et al. (2019) - Outgroup
tropicalis R7931 AMNH17274
X (8) tropicalis AYBT4306 MHNG 2644.55 Sierra Leone Evans et al. (2005) - Ouigroup

* The same haplotype in all individuals within a genetic marker (165, ragl).
1 The voucher specimen is erroncously identified as KU 205801 in GenBank, but this represents a specimen of Pipa pipa (B.J. Evans, pers. comm., 7 August 2023).
1 ragl extracted from the assembly of chromosome 8_10 (Bredeson et af., 2021), genome UCB_Hboe_1.0 (University of California, Berkeley, 2021, GenBank: GCA_019447015.1)

Table S2. Markers used in FISH analysis, amplified gDNA templates, GenBank accession numbers, lengths, PCR primer sequences, and references to studies in

which the primers were designed. The {7/ snDNA amplicon was used from Fornaini er al. (2023).

Gene Symbol  Gene Name gDNA Template Accession No.  Length Primer Sequence Reference
bp
58 rRNA 5S ribosomal RNA Xenopus (Silurana) OR360596 ZLSII) XTR 58 F: 3-CAGGGTGGTATGGCCGTAGG-3" Knytl & Fornaini (2021)
tropicalis XTR 58 R: $~AGCGCCCGATCTCGTCTGAT-3'
285 rRNA 288 ribosomal RNA  Hymenochirus sp. OR389490 290 28SA: 5-AAACTGTGGTGGAGGTCCGT-3' Naito er al, (1992)
28SB: 5-CTTACCAAAAGTGGCCCACTA-3'
1 snRNA U1 small nuclear RNA X (5)) tropicalis 0Q714817 119 UIF: 5-GCAGTCGAGATTCCCACATT-3" Silva et al, (2015)
UIR: 5-CTTACCTGGCAGGGGAGATA-3"
U2 snRNA U2 small nuclear RNA  Iymenochirus OR359290 177 U2F: 5'-ATCGCTTCTCGGCCTTATG-3" Bueno ef al. (2013)

hoettgeri

U2R: 5-TCCCGGCGGTACTGCAATA-3'
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Figure S1. Genomic in situ hybridization (GISH) on Hymenochirus sp. (IVB-H-Hsp06) metaphase
spreads. (A) The H. boettgeri whole genome painting (WGP) probe and H. boettgeri competitor DNA
hybridize on all Hymenochirus sp. chromosomes (red) except one — the B chromosome shows no GISH
signal (arrow). This is an 1dentical figure as Fig. 5F. (B) Control GISH with the Hymenochirus sp. WGP
probe and Hymenochirus sp. competitor DNA hybridized on all Hymenochirus sp. chromosomes (red)
except onc — the B chromosome shows no GISH signal (arrow). (C) Control GISH with the
Hymenochirus sp. WGP probe without competitor DNA hybridized on all Hymenochirus sp.
chromosomes (red) except one — the B chromosome shows no GISH signal (arrow). (D-F) DAPI
channel (B&W) shows intensely painted B chromosomes (D, E, arrows) but no DAPI signal was found
in the GISH experiment in which no competitor DNA was used (F, arrow). Scale bars represent 10 um.
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Abstract

Fishes of the genus Carassius are useful experimental vertebrate models for the study of evolutionary biology and cytogen-
etics. Carassius demonstrates diverse biological characteristics, such as variation in ploidy levels and chromosome numbers,
and presence of microchromosomes. Those Carassius polyploids with >150 chromosomes have microchromosomes, but the
origin of microchromosomes, especially in European populations, is unknown. We used cytogenetics to study evolution of
tandem repeats (U1 and U2 small nuclear DNAs and H3 histone) and microchromosomes in Carassius from the Czech
Republic. We tested the hypotheses whether the number of tandem repeats was affected by polyploidization or divergence
between species and what mechanism drives evolution of microchromosomes. Tandem repeats were found in tetraploid and
hexaploid Carassius gibelio, and tetraploid Carassius auratus and Carassius carassius in conserved numbers, with the excep-
tion of U1 small nuclear DNA in C. auratus. This conservation indicates reduction and/or loss in the number of copies per locus
in hexaploids and may have occurred by divergence rather than polyploidization. To study the evolution of microchromo-
somes, we used the whole microchromosome painting probe from hexaploid C. gibelio and hybridized it to tetraploid
and hexaploid C. gibelio, and tetraploid C. auratus and C. carassius. Our results revealed variation in the number of micro-
chromosomes in hexaploids and indicated that the evolution of the Carassius karyotype is governed by macrochromosome
fissions followed by segmental duplication in pericentromeric areas. These are potential mechanisms responsible for the pres-
ence of microchromosomes in Carassius hexaploids. Differential efficacy of one or both of these mechanisms in different tet-
raploids could ensure variability in chromosome number in polyploids in general.

Key words: teleost fish, polyploidy, U1 and U2 snDNAs, histone H3, chromosome painting, FISH.

Significance

Fish of the genus Carassius (Teleostei: Cyprinidae) are very popular models for studying genome and karyotype evolution,
but there is a large gap in knowledge of microchromosome evolution and non-nucleolar tandemly repeated sequences at
the level of experimental multispecies comparative studies. Based on cytogenetic investigation of closely related species
with different ploidies, we propose three major processes that drive the evolution of microchromosomes and tandem
arrays—divergence, fission, and post-polyploidization segmental duplication. All three drivers have a crucial impact on
the evolution of Carassius and may trigger diversification into a plethora of individual extant species in the world.

© The Author(s) 2024. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (hitps://creativecommons. org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Introduction

In the fish family Cyprinidae (Cypriniformes, Teleostei), sev-
eral independent polyploidization events (multiplications of
haploid set of chromosomes) have occurred, giving rise to
species with a large diversity of ploidy levels (Cherfas
1966). Ancestral number of chromosomes for the entire
group of cyprinids (cyprinids, cyprinid group = the whole
family Cyprinidae) is estimated to be 50 (Winfield and
Nelson 2012).

Within Cyprinidae, the paleotetraploid clade Cyprinini
(sensu Yang et al. 2010) includes the GCarassius and
Cyprinus genera, both of which have 100 chromosomes
and solely Carassius has ~150 and ~200 chromosomes. It
is clear that at least three polyploidization events occurred
in this genus (since the independent evolution of the clade
Cyprinini). The first polyploidization occurred in the common
ancestor of Cyprinini and resulted in a chromosome number
equal to 100 (Yang et al. 2010). The second polypolyploidi-
zation gave rise to the chromosome number ~150 and the
third to ~200. Species from the clade Cyprinini that have
100 chromosomes are considered evolutionary tetraploids
because of the most recent diploid ancestor did have 50
chromosomes (Ohno et al. 1967). In terms of biological de-
velopment, these evolutionary tetraploids produce reduced
gametes with 50 chromosomes that fuse during fertilization
and the offspring continues to develop with recombinant
and restored unreduced genetic information. The karyotype
formula of a diploid member of Cyprinini shows biological
and evolutionary ploidy by means of 2n = 4x, where n de-
fines the number of chromosomes in a gamete of the extant
species (biological ploidy), and x refers to the number of
chromosomes in a gamete of the most recent diploid ances-
tor of the extant species (evolutionary ploidy) (Knytl et al.
2017). In the following text, ploidy levels will be referred to
the evolutionary term of ploidy, i.e. tetraploid, hexaploid,
and octoploid Carassius are those with 100, ~150, and
~200 chromosomes, respectively.

Carassius is the most commonly used Cyprinini model for
biological research (e.g. Pang et al. 2017; Agdamar et al.
2020; Khosravi et al. 2022; Pavlov 2022a, 2022b; Tapkir
et al. 2022; Wang et al. 2022a; Fedorték et al. 2023; Jan
et al. 2023; Tapkir et al. 2023). Its exceptional diversity of
skills represents possible biological phenomena such as
the presence of three ploidy levels—tetraploid, hexaploid,
and octoploid (Kalous and Knytl 2011; Xiao et al. 2011;
Knytl et al. 2022). The alternation of sexual and asexual
(gynogenetic) mode of reproduction (Cherfas 1966;
Przybyt et al. 2020; Fuad et al. 202 1) gives Carassius a com-
petitive advantage in the rate of spatial expansion of asex-
uals. In addition, sexual reproduction should ensure higher
resistance to parasites than gynogenesis due to recombin-
ation processes (Hakoyama et al. 2001). Another biological
phenomena is sex determination, which in Carassius is

governed by sex determining genes (Wen et al. 2020) and
environmental temperature (Li et al. 2018). Variation in
the number of chromosomes in Carassius polyploids (bio-
logically speaking, individuals who possess >150 chromo-
somes) was revealed as another exceptional trait and may
be caused by male genetic contribution into the egg/em-
bryo (i.e. paternal leakage) during gynogenesis, leading to
the presence of different numbers of microchromosomes
in karyotypes (Yi et al. 2003; Ding et al. 2021).
Macrochromosomes are larger than microchromosomes
and possess clearly visible centromere, chromatids, and tel-
omeres at both ends (Nanda and Schmid 1994).

Microchromosomes were originally thought to be redun-
dant components of genomes, but have been found to be
gene-rich and low in the content of the repetitive fraction
(International Chicken Genome Sequencing Consortium
2004). In birds they occur in relatively high numbers (30-40
pairs) and their numbers are extremely conserved across vari-
ous species (Waters et al. 2021; de Souza et al. 2023).
However, this is not the case for Carassius. In Carassius, the
number of microchromosomes ranges between 6 (Zhou
and Gui 2002; Knytl et al. 2013b, 2018) and 18 (Zhao
et al. 2021). There are only a few studies focusing on micro-
chromosome painting, which usually crossed two strains of
Carassius and analyzed their artificial offspring (Li et al.
2016, 2018; Zhao et al. 2021). The effect of paternal leakage
in artificial Carassius progeny was evidenced by inseminating
the Carassius egg with heterologous (i.e. from a species other
than maternal one) sperm. The newly arisen offspring con-
tained microchromosomes in karyotypes unlike the maternal
karyotype, which did not contain them (Yi et al. 2003).

In the Czech Republic, Carassius is represented by four
species. Commonly occurring invasive Carassius gibelio
consists of tetraploid, hexaploid, and octoploid ploidy levels
(Lusk et al. 2010; Knytl et al. 2013b). Carassius auratus, very
well-known due to its colorful varieties as goldfish. This spe-
cies also forms tetraploids, hexaploids, and octoploids (Xiao
etal 2011; Rylkova et al. 2013). The third species, Carassius
carassius, native to the Czech Republic, has been consid-
ered critically endangered since 2017 (Chobot and Némec
2017) and is strictly tetraploid (Knytl et al. 2013a). The
fourth, Carassius langsdorfii, was discovered in the Czech
Republicin 2007 by Kalous et al. (2007). The discovered fe-
male was hexaploid, but no cytogenetic examination other
than conventional Giemsa staining has been conducted.
Additionally, several Carassius hybrids were identified in
natural Czech waters (Papousek et al. 2008; Knytl et al.
2013b, 2018).

Due to the very complex characteristics and possible
cryptic hybridization between Carassius spedcies, it is diffi-
cult to reveal the origin of polyploids in the sense of allopo-
lyploidy (more ancestors) or autopolyploidy (single ancestral
species). Nevertheless, mixed allo- and autopolyploid origin
was revealed and subgenomes were identified in hexaploid

2 Genome Biol. Evol. 16(3)
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C. gibelio by whole genome sequencing (Kuhl et al. 2022).
Subgenomes are genomic units that originate from lower
ploidy ancestors. Genome of hexaploid C. gibelio consists
of three subgenomes (Kuhl et al. 2022; Wang et al.
2022Db). It is clear that hybridization and an allopolyploid
event caused changes in the number of chromosomes and
microchromosomes, but the origin and function of the micro-
chromosomes in Carassius remain obscure, as well as the
number and localization of the U1 and U2 loci of small nuclear
DNA (snDNA) and/or histone H3, which represent the repeti-
tive fraction of a genome by tandemly repeated arrays and are
not associated with nucleolus (Huang and Spector 1992),
hereafter referred to as (non-nucleolar) tandem repeats.

We used Carassius from natural waters of the Czech
Republic to study inter-ploidy relationships within a species
and between multiple species, specifically tetraploid and
hexaploid C. gibelio, and tetraploid C. auratus and C. caras-
sius. We used fluorescent in situ hybridization (FISH) to map
U1 and U2 snDNAs and H3 histone in tetraploids and hexa-
ploids. Moreover, we used painting FISH to map microchro-
mosomes in hexaploids and genomic regions associated
with microchromosomes in tetraploids. WWe addressed to an-
swer the following questions: (i) Do interspecific Carassius
tetraploids share the same number of non-nucleolar tandem
repeats examined? (i) Do hexaploid females have one and a
half times higher proportion of these tandem repeat loci than
tetraploids? (iii) Are there any differences in the number and
position of FISH signals for microchromosomes in hexaploids?
(iv) What are the possible origins of microchromosomes and
the evolutionary forces behind their evolution? Here, we con-
sider the distribution of tandem repeats and microchromo-
somes in Carassfus tetraploid and hexaploid karyotypes in
an evolutionary context.

Results

FISH with Repetitive DNA Probes

We hybridized C gibelio U1, U2, and H3 probes in
four different groups: tetraploid (2n=4x=100) and
hexaploid (3n = 6n = 157) C. gibelio, tetraploid C. auratus
(2n = 4x = 100), and tetraploid C. carassius (2n = 4x = 100)
(Fig. 1). Evolutionary relationships among the Carassius
species examined are shown in the phylogenetic tree
with Cyprinus carpio as an outgroup. Carassius gibelio
and C. auratus form a single mitochondrial clade, while
C. carassius is more distant to the others. FISH using U1
and U2 probes showed two signals (on one homologous
pair) for each gene, except for the U1 gene in C auratus,
which showed four clear signals, while two signals for the
U2 gene are consistent with the other species. FISH using
H3 probe showed four signals in each species. The same
number of loci did not support the expectation that hexa-
ploid C. gibelio should have one and a half as many
snDNA loci as tetraploid C. gibelio. These results indicate a

copy number reduction or loss of the entire U1, U2, and H3
loci in a subgenome (after polyploidization). The variation in
the number of FISH signals in individuals with the same ploidy
level and the chromosome number may be explained by a
variation in the copy numbers of tandem repeats per locus,
which is explained in detail in section “snDNA Tandem
Repeats”.

Intra-ploidy Painting FISH with Whole
Microchromosome Painting Probe

Microchromosomes selected for microdissection and sub-
sequent FISH procedure were identified based on the fol-
lowing criteria: they are tiny, have an unclear centromere
position and indistinguishable chromatids, and may be un-
paired in a karyotype.

The first painting FISH experiment was conspecific
(C. gibelio probe against C. gibelio metaphases) and within
individuals with the same ploidy level (hexaploid probe
against hexaploid metaphases), referred to as intra-ploidy
conspecific painting FISH. We conducted these experiments
as a control to see if the whole microchromosome painting
probe worked well, and also to see if the number of micro-
chromosomes differed among Carassius populations. We
used Carassius chromosomes from three different river ba-
sins in the Czech Republic. Conspecific painting FISH re-
vealed variation in the number of microchromosomes,
which ranged from six to nine (Fig. 2).

Five investigated females possessed 150 (Odra River
basin, Fig. 2A), 149, 150 (both Elbe River basin, Fig. 2B,
C), 150 (Mrlina River basin, Fig. 2D), and 153 (Elbe River ba-
sin, Fig. 2E) chromosomes with 6, 6, 7, 8, and 9 microchro-
mosomes, respectively. Carassius used to generate the
whole chromosome painting probe originated from the
Qdra River basin. The variation in the number of microchro-
mosomes was consistent with previous studies (Zhou and
Gui 2002; Knytl et al. 2013b; Li et al. 2016; Knytl et al.
2018; Li et al. 2018). The FISH signal was consistently
spread over the entire surface of the microchromosomes,
indicating the high efficacy of the FISH technique con-
ducted. The presence of clearly highlighted chromosomes
indicates that the probe and competitor DNA collaborated
properly and that nonspecific hybridization of the probe to
repetitive regions was inhibited. The Carassius microchro-
mosomes did not show a high degree of heterochromatiza-
tion, as is typical for B chromosomes, which are sometimes
considered to be microchromosomes (Bishani et al. 2021;
Gvozdik et al. 2023). Our finding is consistent with a high
gene content and a low proportion of a repetitive fraction
within the microchromosomes.

Inter-ploidy Painting FISH with Whale
Microchromosome Painting Probe

The other aim of the study was to trace the origin of
microchromosomes using tetraploid Carassius relatives and to
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100 chr _

157 chr -

Carassius 100 chr|

C. carassius C. carassius

Cyprinus carpio

Fic. 1.—Double-color FISH with U1 and U2 snDNA probes (A, B, C, D). The U1 probe reveals one dlear signal (= a pair of homologous chromosomes) in
tetraploid (A) and hexaploid (B) C. gibelio, tetraploid C. carassius (D), while the same FISH shows two signals in tetraploid C. auratus (C). The U2 probe shows
one signal in all species. The green and red arrows correspond to the U2 and U1 repeat lodi, respectively. The U1 and U2 signals are located in the telomeric part
of chromosomes as well as the H3 signals. Single-color FISH with the H3 snDNA probe (E, F, G, H). The probe shows twao dear signals for all species: C. gibelio
(E, F), C auratus (G), and C. carassius (H). Chromosomes were counterstained with 4, 6-diamidino-2-phenylindole (DAPI) in blue/gray. Some DAPI-intensive
spots are also visible at centromere positions or cover entire chromosomes (B, D, E, no arrows). Scale bars represent 10 gm. Each Carassius metaphase is an-
chored in the phylogenetic tree to visualize the phylogenetic distance between specimens. Each branch depicts the number of chromosomes that corresponds
to the appropriate individual. Cyprinus carpio is used as outgroup at the bottom of the figure.

determine whether some of the genome sequences in painting probe (the same one as we used for intra-ploidy
tetraploids are similar to those sequences in microchromosomes painting FISH) to metaphase spreads of tetraploid male
in hexaploids. We hybridized the whole microchromosome and female C. gibefio (inter-ploidy conspecific painting
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Fie. 2.—Intra-ploidy canspecific painting FISH with the C gibelio whole microchromosome painting probe hybridized to the hexaploid C. gibelio females.
Each metaphase represents a different individual. The microchromosome probe (red signal, arrows) shows different numbers of microchromosomes in each
individual, respectively, six (A, B), seven (C), eight (D), and nine (E). Chromosomes were counterstained with DAPI in blue/gray. Nuclei with unfragmented

chromatin are visible (top left, A, E). Scale bars represent 10 zm.

FISH), C. auratus, C. carassius, and C. carpio (inter-ploidy
interspecific painting FISH). Inter-ploidy painting FISH
showed the similarity of microchromosomes to some gen-
omic regions in tetraploids (microchromosome-associated
regions). Fluorescent signals do not cover the entire
chromosome lengths and are usually located in pericentro-
meric regions of mapped chromosomes. The highlighted
pericentromeric region indicates that this portion gave
rise to the microchromosomes by fission of macrochromo-
somes, followed by segmental duplication of specific peri-
centromeric regions (see in “Mechanism of Origin of
Carassius Microchromosomes”). The number and intensity
of the FISH signals decrease with increasing phylogenetic
distance (Fig. 3). As expected, C. gibelio (Fig. 3A) showed
the highest intensity and the highest number of the FISH
signals. On the other hand, C carpio (Fig. 3D), the most dis-
tant relative, showed very low intensity of the FISH signals.
The number of signals ranges from 8 to 10 in C. gibelio,
from 6 to 8 in C. auratus, and from 4 to 6 in C. carassius.
The number of signals in C. carpio was stable and showed
four loci related to the microchromosome-associated
regions. No differences between males and females were
found.

Considering the mapping of tandem repeats and micro-
chromosomes together, we can exclude co-localization of
the investigated tandem repeats with microchromosome-
associated regions, and thus we can exclude mutual inter-
actions of U1 or U2 snDNAs or H3 histones with
microchromosome-associated regions within a single
chromosome. The FISH signals of tandem repeats are situ-
ated in pericentromeric regions of telocentric and/or subte-
locentric chromosomes with measured centromeric index
0-25. Microchromosome-associated fragments are also lo-
cated in pericentromeric regions but on submetacentric
and metacentric chromosomes (centromeric index 25-50).
In each Carassius species, a pair of chromosomes carrying
the microchromosome-associated locus is one of the largest
chromosomes in the karyotype.

Discussion
snDNA Tandem Repeats

Carassius is a widely used experimental model for its extraor-
dinary characteristics, but is rarely used for tandem repeat
mapping or microchromosome painting. The consequences
of genome duplication and divergence can be studied if we
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C. carassius

Cyprinus carpio

Fie. 3.—Inter-ploidy painting FISH with the C. gibelio whole microchromosome painting probe mapped to chromosomes of four tetraploid species,
C. gibelio, C. auratus, C. carassius, and C. carpio. The microchromasome probe (red) shows signals on portions of the pericentromeric chromosomal regions,
indicated by arrows. The number of FISH signals varies by species: eight in C. gibelio (A), six in C. auratus (B), four in C. carassius (C), and four in C. carpio
(D). Chromaosomes were counterstained with DAPI in blue/gray. Scale bars represent 10 um.

can compare the number of tandem repeat loci between dif-
ferent ploidy levels of closely related species (Fornaini et al.
2023), and this is precisely what can be examined in
Carassfus.

One way to find out these evolutionary consequences is
to map tandem repeats on chromosomes using FISH. We
compared the number of FISH signals of non-nucleolar tan-
dem repeats (U1 and U2 snDNA and H3 histone) in tetra-
ploid C. gibelio with hexaploid C. gibelio. Our hypothesis
was that hexaploid C. gibefio would have one and a half
as many signals as tetraploid C. gibelio. However, we found
equal numbers of all tandem repeat loci in both tetraploids
and hexaploids (Fig. 1). The expectations were not met, and
we found out that divergence affected the number of tan-
dem repeats more effectively than polyploidization. Since
we found the same number of tandem repeats in C. gibelio
tetraploids and hexaploids, hexaploids may experience a re-
duction in the number of tandem repeat copies per locus
or a complete loss of a tandem repeat locus, likely due to
an ongoing evolutionary process of re-diploidization with
no need to duplicate and produce more snRNA or H3

histones than in tetraploids (Fornaini et al. 2023). In the other
investigated tetraploids, C. auratus and C. carassius, we
found the same number of tandem repeats as in hexaploid
C. gibelio, except for the U1 locus in C. auratus localized on
two chromosome pairs. The number of mapped loci is sum-
marized in Table 1.

Mapping of snDNAs is rare throughout Cyprinidae. To
our knowledge, this is the first cytogenetic localization of
U1 snDNA within the clade Cyprinini. For instance, in the
cyprinid genus Hypophthalmichthys, which is not paleote-
traploid as Cyprinini, a single chromosome pair carries the
U1 snDNA locus (Sember et al. 2020). Why the U1 locus
was retained duplicated in C. auratus and why this locus
was reduced in other Carassius species is not yet clear,
but few other known U1 mapping studies carried out
on species other than cyprinids show that the U1 locus
is present in a karyotype on single chromosome pair
(Cabral-De-Mello et al. 2012; Carvalho et al. 2017;
Malimpensa et al. 2020) as well as on six chromosome pairs
(Silva et al. 2015). The U2 snDNA locus was previously
mapped to C. carassius and C gibelio (Bishani et al.
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2021). The number of the U2 snDNA signals in C. carassius
agrees with our results, however, Bishani et al. (202 1) iden-
tified six U2 signals (two triplets) in the hexaploid C. gibelio
versus two signals we found in this study. This inconsistency
may be due to genetic variation in the copy number of U2
tandem repeats per locus between different C. gibelio po-
pulations because C. gibelio is a complex of individuals
with diverse biological skills and different origins (Knytl
etal 2022; Lu et al. 2023).

Another type of tandem repeats is ribosomal RNA which
underpins and organizes the nucleolar organizer structure
(NOR) and contains 18S, 5.8S, and 28S dusters of riboso-
mal DNA, rDNA (nucleolar tandem repeats) (Symonova
and Howell 2018). The number of nucleolar tandem re-
peats in tetraploid Carassius appears to be more complex.
Tetraploid Carassius has NORs on two chromosome pairs
(Spoz et al. 2014; Knytl et al. 2018; Knytl and Fornaini
2021) which indicates the multiplication of the NOR num-
ber due to whole genome duplication and is consistent
with paleotetraploid origin (Yang et al. 2010). Cytogenetic
mapping of nucleolar tandem repeats in Carassius hexa-
ploids indicates a complete/incomplete loss of this locus in
one subgenome because their number in hexaploid is equal
to the number of NORs in tetraploids (Knytl et al. 2018).

Both nucleolar and non-nucleolar tandem repeats
have similar evolutionary destinies leading to loss and/or
deletion of redundant copies or reduced copy number
per locus—one pair of U1, one pair of U2 snDNAs, and
two pairs of H3 histones in tetraploid and hexaploid
C. gibelio (this study); two pairs of NORs in tetraploid and
hexaploid Carassius (Knytl et al. 2018).

Table 1
Numbers of U1 and U2 SnDNA, histone H3, and
microchromosome-associated (Mchr.) loci in Carassius found in this study

Specimen Ploidy u1 u2 H3 Mchr.
C. gibelio 2n=4x 2 2 4 8-10
C. gibelio 3n="6x 2 2 4 6-9
C. auratus 2n=4x 4 2 4 6-8
C. carassius 2n=4x 2 2 4 4-6
C. carpio 2n=4x NA NA NA 4

Note. Signals are counted per whole genome (one locus = signal on one
chromosome regardless of h logous or non-homologous). NA = information
not available from this study.

Evolution of Carassius Microchromosomes

The complex of the genus Carassius is a group of represen-
tatives with different characteristics and in some cases they
do not meet the definition of a species (Kalous et al. 2012;
Knytl et al. 2022). Therefore, it is important to comprehend
the phylogeny of this group. For this reason, we generated
a phylogenetic tree from the known mitochondrial se-
quences of the cytochrome b gene. This analysis confirmed
the closest relationship between C. gibelio and C. auratus
and a greater evolutionary distance between the latter
two species and C. carassius (phylogenetic tree in Fig. 1).
Chromosome painting with the whole microchromosome
painting probe coincides with the phylogenetic distance
and shows the highest intensity and number of signals in
the most closely related tetraploid C. gibelio and C. auratus
(Fig. 3A, B and Table 1). Tetraploid and hexaploid C. gibelio
can form polyphyletic lineage (Kalous et al. 2012), and since
there is a diversity of abilities between these ploidy levels,
such as origin and modes of reproduction, definition of spe-
cies is somewhat of controversial (Kalous et al. 2012).
When we used the whole microchromosome painting
probe on C. carassius chromosomes, the intensity and num-
ber of fluorescent signals are obviously lower than on
C. gibelio and C. auratus chromosomes, but spatially the
signal in C. carassius covers at least the same-size or even
larger chromosomal region than in C. gibelio/C. auratus
(Fig. 3A-C). In the most distant C. carpio, intensity of the
signal is the lowest from all specimens tested, and the
number of signals is equal to the number of signals in
C. carassius.

High intensity and strength of the FISH signal may be in-
dicative of repetitive elements, as is the case of tandem re-
peats in this study or a different type of repetitions in other
studies (e.g. Knytl et al. 2018). We tried to avoid a repetitive
signal by using autoclaved competitor DNA. This DNA
blocking approach inhibits binding of a probe to repeti-
tions. We successfully used the same DNA blocking tech-
nique for painting FISH to map unique genomic
sequences (Knytl et al. 2013b, 2017, 2023). We also in-
creased stringency washing because signals were not de-
tected using the previously verified FISH protocol. Using
the described DNA blocking and protocol modifications,
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Table 2

Tandem repeats used for FISH analysis, their GenBank accession numbers, lengths, sequences of primers, and studies in which primers were designed

Gene name Accession no. Length (bp) Primer sequence Reference

Small nuclear RNA U1 OR366029 112 U1F 5’ --GCAGTCGAGATTCCCACATT--3' Silva et al. (2015)
U1R 5'--CTTACCTGGCAGGGGAGATA--3

Small nuclear RNA U2 OR366030 140 U2F 5'--ATCGCTTCTCGGCCTTAT--3" Bueno et al. (2013)
U2R 5'--TCCCGGCGGTACTGCAATA-=3"

Histone H3 OR596332 375 H3F 5'--ATGGCTCGTACCAAGCAGAC (ACG) GC—-3' Colgan et al. (1998)

H3R 5'-=ATATCCTT (AG) GGCAT (AG) AT (AG) GTGAC--3'
Genome Biol. Evol. 16(3) https:/doi.org/10.1093/gbe/evae028 Advance Access publication 10 February 2024 7
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we exclude random nonspecific binding of the probe to
chromosomes.

It has been proposed that the number of microchromo-
somes varies within Carassius species (Yi et al. 2003; Liet al.
2016, 2018) and microchromosomes are one of the
sources associated with variation in chromosome number
in Carassius. Yiet al. (2003) carried out a crossbreeding ex-
perimentin which C. gibelfio eggs were fertilized with heter-
ologous sperm of Megalobrama amblycephala. The newly
produced artificial progeny possessed from 5 to 15 micro-
chromosomes. The microchromosomes were microdissected
and used for whole microchromosome painting probe. The
probe was hybridized with chromosomes of both parental
species. The maternal karyotype did not show any FISH sig-
nals, indicating absence of microchromosomes. The paternal
karyotype of M. amblycephala contained microchromo-
some-associated regions on four chromosome pairs and
the signal was spread over parts of the chromosomes.
Two signals were situated on telomeres and the remaining
two signals in pericentromeric regions. The study brought
evidence of paternal leakage into the allogynogenetic off-
spring. Similarly, we observed signals in the pericentromeric
regions of two to four pairs of chromosomes in Carassius
tetraploids and C. carpio.

Mechanism of Origin of Carassius Microchromosomes

If the microchromosomes in the hexaploid females we ex-
amined were derived from the paternal leakage, all six to
nine microchromosomes would have originated from the
father, as suggested by the artificial crosses conducted by
Yi et al. (2003). There is no evidence as to what species
was the donor of the microchromosomal genome comple-
ment in our study. Both maternal genome complement and
paternal leakage could have led to the synergistic collabor-
ation and microchromosome formation in hexaploids. The
number of microchromosemes can shape/change inde-
pendently multiple times due to paternal leakage through
gynogenesis (Yi et al. 2003; Lamatsch and Stock 2009;
Knytl et al. 2013b). It was found that microchromosomes
are building blocks in birds, reptiles, and mammals that
undergo the mechanism of macrochromosome fission
and/or fusion of two micro- or micro- and macrochromo-
somes (Kretschmer et al. 2020; Waters et al. 2021). For
instance, mammals do not have microchromosomes
(Srikulnath et al. 2021) and therefore fusions involving mi-
crochromosomes occurred in their common progenitor(s),
but after divergence with birds and reptiles that do have mi-
crochromosomes (Waters et al. 2021). In Carassius, the
most likely mechanism for the origin of microchromosome
is fission of macrochromosomes. Our results indicate that
microchromosomes arose by fission from the pericentro-
meric regions of the submeta- and metacentric chromo-
somes of tetraploid Carassius species.

The number of microchromosomes in hexaploid females
(6-9) corresponds to the number of microchromosome-
associatedregionsintetraploids(4—10), butthe paintingsignal
in tetraploids covers only a portion of the chromosomal area
compared to the signal on entire chromosomes in hexaploids,
so there should be an additional mechanism besides fission
that amplifies microchromosome-like regions. Duplication
of anentire block of gene(s) translocated from the macrochro-
mosome to the microchromosome after genome duplication,
i.e. segmental duplication (Leister 2004), might be an accom-
panying mechanism that played an important role in the evo-
lution of Carassits microchromosomes. Presumably, tandem
duplication, a process in which gene(s) is/are replicated at
the original chromosomal locus without subsequent reloca-
tion (Blanc et al. 2000), might collaborate with fission after
whole genome duplication in Carassius. Segmental or tandem
duplications can be followed by gene loss at the original locus
(Leister 2004) due todivergence (see less widespread FISH sig-
nals in tetraploids than in hexaploids; Figs. 2 and 3).
Segmental/tandem duplications were evidenced, for ex-
ample, in plants of the genus Arabidopsis (Blanc et al. 2000;
Cannon et al. 2004; Leister 2004).

Direct proof of our proposed mechanisms can be pro-
vided by sequencing of Carassius microchromosomes. This
analysis requires microdissection, library preparation, and
sequencing of every single microchromosome. While this
analysis is time consuming and costly, future evidence is
desirable for a better mechanistic understanding of the evo-
lution of Carassius microchromosomes. Since Carassius gen-
omes have already been sequenced(Lietal. 2021; Kuhl et al.
2022; Wang et al. 2022b), it is possible to map sequences
from microdissected microchromosomes and compare
them with microchromosome sequences from Chinese
Carassius populations (Ding et al. 2021).

Back in Time: Microchromosomes in the Most Recent
Common Ancestor of Bony Vertebrates

Bony vertebrates (Euteleostomi, sensu lato Osteichthyes)
are a clade of vertebrates that formed after divergence
from agnathans and chondrichthyians. It is estimated that
the ancestral karyotype of bony vertebrates is similar to
that of spotted gar (Lepisosteus oculatus). The present-day
karyotype of this species contains 58 chromosomes, involv-
ing macrochromosomes and from 18 to 20 microchromo-
somes (Braasch et al. 2016; Symonova et al. 2017).
Lepisosteus oculatus represents a strong conservation of
microchromosome structure and synteny over 450 million
years, for example, compared to the chicken genome
(Braasch et al. 2016). It is assumed that the ancestral karyo-
type of bony vertebrates contained 12 microchromosomes
(Sacerdot et al. 2018), a number similar to that of Carassius.
It is questionable whether Carassius microchromosomes ar-
ose independently from macrochromosomes of Carassius
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tetraploids, or whether these microchromosomes are high-
ly conserved and homologous to the microchromosomes of
ancestor of bony vertebrates, eventually to those of chicken
and gar. Our results suggest an independent origin of the
Carassius microchromosomes, as neither Carassius tetra-
ploids nor C. carpio have any microchromosomes, but this
does not exclude the hypothesis that Carassius microchro-
mosomes are homologous to microchromosomes of chick-
en and/or gar. Microchromosomes can arise and disappear
spontaneously during evolution due to the fusion—fission
model of macro- and microchromosomes (reviewed in
Srikulnath et al. 2021). Mapping Carassius microchromo-
somes to genomes that are not only closely related to
Carassius genomes, but also to genomes related to
the most recent common ancestor of bony vertebrates,
i.e. the basal lineages of gars, is a challenge for further
Carassius research.

Conclusion

Both repetitive elements and microchromosomes are inte-
gral components of the Carassius genome and their evolu-
tion can be affected by polyploidization or divergence
between species. Analysis of tandem repeat mapping
showed evolutionary conservation in the number of these
mapped repeats between Carassius species with different
ploidy levels, except for the U1 snDNA locus in C. auratus.
This conservation suggests a reduction and loss of copy
number per locus (particularly in hexaploids) that may
have occurred by divergence after polyploidization. For
further examples of reduction, loss, and/or expansion
of copy number of tandem repeats per locus, see,
e.g. Fornaini et al. (2023). Analysis of the whole micro-
chromosome painting revealed evolution by fission fol-
lowed by post-polyploidization segmental duplication of
pericentromeric macrochromosomal regions as a potential
mechanism responsible for the presence of microchromo-
somes in Carassius hexaploids. Other examples of these lat-
ter evolutionary mechanisms are Cannon et al. (2004) and
Kretschmer et al. (2020). We did not find co-localization
of tandem repeats with microchromosome-associated
regions, so we ruled out their cooperation within the
same chromosome locus. Both structures evolved inde-
pendently in Carassius. All of our findings are consistent
with structural genomic changes that follow genome
duplication.

Materials and Methods
Fish Sampling and Origin

Carassius auratus was obtained via the aquarium trade
(transported to the Czech Republic from Israel). Carassius
carassius was collected in alluvial ponds and old oxbows of
the Elbe River basin close to the city Lysé nad Labem, the
Bohemia region. Carassius gibelio was captured in the Elbe

River basin close to the city Lysa nad Labem, the Bohemia re-
gion (hexaploids);, in the Mrlina River basin, Global
Positioning System: 50 ©15/35.8 N, 15 °08 '43.4 ""E, the
village Zabrdovice, the Bohemia region (hexaploids); in the
Qdra River basin, the Moravian-Silesian region (tetraploids,
hexaploids). All three river basin districts are located in the
Czech Republic. Field surveys of ichthyofauna were per-
formed in 2010-2012 and then in the River Mrlina in
2021. More detailed information on morphological analysis,
voucher specimens, and location coordinates are given in
Knytl et al. (2013b). Sex of individuals was identified based
on dissection of gonads. Males and females of Carassius tet-
raploids and females of Carassius hexaploids were used in
this study. Cyprinus carpio gonads were not inspected by dis-
section and sex of this individual was not identified. Because
C. carpio was used as an outgroup for our analyses, knowl-
edge of sex and origin is not crucial to our investigation.

Chromosome Preparations

Chromosome spreads were prepared from tetraploid males
and females (C. gibelio, C. auratus, and C. carassius) and
hexaploid C. gibelio females. For all Carassius species, we
used a method in which chromosome suspension was pre-
pared directly from the cephalic kidney (Bertollo and Cioffi
2015). Mitotic activity was stimulated by intraperitoneal in-
jection of 0.1% CoCl ; per 100 g of weight 24 h before col-
chicine (Sigma, St. Louis, MO, USA) application (Knytl et al.
2018). Ready-to-use chromosome suspension was stored in
fixative solution (methanol:acetic acid, 3: 1, v/v) at =20°C
as described in Knytl and Fornaini (2021). Cyprinus carpio
chromosomes were obtained from regenerating fin tissues
according to Kalous et al. (2010). The methods of colchicine
treatment and hypotonization were originally adopted
from Chromaphyosemion killifishes (Cyprinodontiformes,
Nothobranchiidae) (Vélker et al. 2006). Tissue fixation
was performed and metaphases were spread on slides in
the same manner as described in the embryo preparation
protocol in Vélker and Kullmann (2006). Microscopy and
processing of metaphase images were conducted using
Leica Microsystem (Wetzlar, Germany) as detailed in
Seroussi et al. (2019). At least 20 metaphases were ana-
lyzed per each individual and five individuals were investi-
gated per each analysis.

FISH with Repetitive DNA Probes

In order to generate probes for FISH, genomic DNA (gDNA)
from hexaploid C. gibelio was used as a template for amp-
lification of the U1 and U2 snDNA regions, and H3 histone.
DNA was extracted from adult fish tissues using the DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Primers used for ampli-
fication are listed in Table 2. The annealing temperature
was 54°C and the elongation step 30 s for all polymerase
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chain reactions (PCR); other conditions for PCR amplifica-
tion with PPP Master Mix (Top-Bio, Prague, Czech
Republic) followed the manufacturer's recommendations.
PCR amplification of the U1, U2, and H3 genes consistently
resulted in 112, 140, and 375 bp long fragments, respect-
ively. The search using the blastn algorithm confirmed
the locus- and species-specificity of each amplicon:
98.98% identity with the U1 DNA sequence of C. gibelio
(accession number XR_008182931.1), 97.10% identity
with the U2 DNA sequence of C. gibelio (accession number
XR_008154662.1), and 97.53% identity with H3 DNA of
C. gibelio (accession number XM_052561945.1). Labeling
PCR was performed as described in Knytl and Fornaini
(2021). Digoxigenin-11-deoxyuridine triphosphate (dUTP)
(Jena Bioscience, Jena, Germany) was used for U2 and H3
labeling, and biotin-16-dUTP (Jena Bioscience) was used
for U1 labeling. Carassius gibelio U1 and U2 snDNA and
H3 probes were then hybridized to chromosome spreads
of C. carassius and C. auratus and tetraploid and hexaploid
C. gibelio. The procedures for hybridization mixture prepar-
ation, denaturation, and subsequent overnight hybridiza-
tion were previously described for rDNA FISH (Knytl et al.
2023). Post-hybridization stringency washing and blocking
reactions were performed as described for painting FISH in
Krylov et al. (2010). Probe signal was visualized following
Knytl et al. (2017).

Phylogenetic Tree

We used mitochondrial cytochrome b of C. carassius (acces-
sion number KR131839), C. auratus (accession number
KX688781), diploid (tetraploid) C. gibelio (accession num-
ber KX688784), and triploid (hexaploid) C. gibelio (acces-
sion number KX601125.1) to construct the phylogenetic
tree. The C. carpio mitochondrial genome (accession num-
ber NC_001606) was used as an outgroup. Sequences
were aligned using the multiple sequence comparison by
log-expectation (MUSCLE) algorithm (Edgar 2004) through
MEGA11 software (Tamura et al. 2021). After alignment,
Ig-tree2 software (Minh et al. 2020) was used to predict
the nucleotide substitution model using ModelFinder
(Kalyaanamoorthy et al. 2017) and to create the tree. The
best fitting model was found to be Hasegawa-Kishino-
Yano (HKY+F) (Hasegawa et al. 1985). The tree was dis-
played using FigTree http:/tree.bio.ed.ac.uk/software/
figtree/.

Painting FISH with Whole Microchromosome Painting
Probe

Microchromosomes from a single C. gibelio female were
isolated individually by laser microdissection as previously
described in Kubickova et al. (2002) using a PALM
Microlaser system (Carl Zeiss Microlmaging GmbH,
Munich, Germany). A total of 10 single microchromosomes

were dissected from multiple metaphases (approximately
two microchromosomes from each metaphase). These mi-
crochromosomes were then pooled and used to paint a
whole microchromosome FISH probe, subsequently com-
pleted using the GenomePlex Single Cell whole genome
amplification Kit (WGAd4), Sigma-Aldrich, according to the
manufacturer’s protocol for whole genome amplification
with extracted gDNA. GenomePlex WGA Reamplification
(WGA3), Sigma-Aldrich, and labeling with digoxigenin-
11-dUTP (Jena Bioscience) were carried out as described in
Krylov et al. (2010). Autodaved C. gibelio gDNA (Bi and
Bogart 2006) was used as a competitor (blocking DNA).
The digoxigenin-labeled probe was detected by
anti-digoxigenin-fluorescein (Roche, Basel, Switzerland).
Conspecific painting FISH C. gibelio-C. gibelio was con-
ducted as detailed in painting FISH in Krylov et al. (2010).
Inter-ploidy painting FISH was carried out as described in
Zoo-FISH in Krylov et al. (2010), with minor changes (Knytl
et al. 2017). In addition, the current protocol was modified
by increasing the total salt concentration from 2xSCC
to 4xSCC (8xSCC with 50% formamide, 1:1, vA) for less
effective stringency washing. Chromosomes were counter-
stained with ProLong™ Diamond Antifade Mountant
with the fluorescent 4ifinmath,6-diamidino-2-phenylindole
(DAPI) stain (Invitrogen by Thermo Fisher Scientific,
Waltham, MA, USA).
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