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Abstract: The genus Trifolium L. is characterized by basic chromosome numbers 8, 7, 6, and 5. We
conducted a genus-wide study of ribosomal DNA (rDNA) structure variability in diploids and pol-
yploids to gain insight into evolutionary history. We used fluorescent in situ hybridization to newly
investigate rDNA variation by number and position in 30 Trifolium species. Evolutionary history
among species was examined using 85 available sequences of internal transcribed spacer 1 (ITS1) of
355 rDNA. In diploid species with ancestral basic chromosome number (x = 8), one pair of 55 and
265 rDNA in separate or adjacent positions on a pair of chromosomes was prevalent. Genomes of
species with reduced basic chromosome numbers were characterized by increased number of sig-
nals determined on one pair of chromosomes or all chromosomes. Increased number of signals was
observed also in diploids Trifolium alpestre and Trifolium microcephalum and in polyploids. Sequence
alignment revealed ITS1 sequences with mostly single nucleotide polymorphisms, and ITS1 diver-
sity was greater in diploids with reduced basic chromosome numbers compared to diploids with
ancestral basic chromosome number (x = 8) and polyploids. Our results suggest the presence of one
55 rDNA site and one 26S rDNA site as an ancestral state.

Keywords: 55 rDNA; 265 rDNA; clover; fluorescent in situ hybridization; nucleotide polymor-
phism; genome structure

1. Introduction

A part of the third-largest plant family, Fabaceae, the genus Trifolium (clovers) in-
cludes ca. 255 species [1-4] with cosmopolitan distribution throughout a large range of
biotopes characterized by different temperature and climate conditions. Many Trifolium
species are extensively cultivated as fodder plants or, due to their symbiotic relationship
with the nitrogen-fixing bacterium Rhizobium lequminosarum, as green manure crops to
enhance soil fertility and sustainability [5].

The genus Trifolium is distributed across both the Northern and Southern hemi-
spheres, except for Southeast Asia and Australia. More than half of its species originated
in the Mediterranean region [6,7], which still has the largest number of endemic species
[8,9]. The genus’ origin was estimated by Ellison et al. [3] to be in the Early Miocene (Ter-
tiary Period), 16-23 million years ago.

Changes in chromosome number played a role in the evolution of the genus Trifolium
[10]. While 80% of species have a basic chromosome number of x = 8, species showing
reduced basic chromosome number (x =7, 6, 5) are known [3,11]. Polyploidy has been
observed in 24 species and includes tetraploidy, hexaploidy, octoploidy, dodecaploidy,
and hexadecaploidy [3]. Chromosome evolution in Trifolium has been studied since the
1980s [1,12,13]. The first phylogenetic study in the genus was published by Ellison et al.
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[3]. This study is consistent with previous studies supporting x = 8 as the ancestral basic
chromosome number. To date, 31 species with reduced basic chromosome numbers have
been identified (x =7, 6, 5), 11 of which exhibit both reduced and ancestral diploid or
polyploid counts, while two of these species exhibit two different reduced counts [3].

Trifolium species have smaller to medium-sized genomes, ranging from 337.1 Mb in
Trifolium ligusticum to 5669.3 Mb in Trifolium pannonicum per 1C value [14]. The full ge-
nome sequences of six Trifolium species are available, including of the cultured clovers
Trifolium pratense [15,16] and Trifolium repens [17] and of the wild clovers Trifolium medium
[18], Trifolium subterraneum [19,20], Trifolium occidentale [17], and Trifolium pallescens [17].

More detailed analyses from a phylogenetic perspective have been published based
upon nuclear ribosomal DNA (rDNA) internal transcribed spacer (ITS) and chloroplast
trnL intron sequences [3] or highly unusual Trifolium plastomes [21]. On the basis of chlo-
roplast trnL intron sequences, phylogenetic categorization of 218 species from the Trifo-
lium genus resulted in division into two subgenera: Chronosemium (20 species) and Trifo-
lium (198 species). The latter has been further divided into eight sections: Glycyrrhizum (2
species), Involucrarium (72 species), Lupinaster (3 species), Paramesus (2 species), Trichoceph-
alum (9 species), Trifoliastrum (20 species), Trifolium (73 species), and Vesicastrum (54 spe-
cies) [3].

Ribosomal genes are among the best-known regions of genomes in eukaryotic organ-
isms. Polycistronic gene 35S constituting the nucleolus organizer region (NOR) contains
three coding genes (18S, 5.85, and 26S) which are separated by internal transcribed spacers
(ITS1 and ITS2) and an external transcribed spacer (ETS). The 5S rRNA repeat unit consists
only of the coding conserved sequence 5S gene and non-transcribed intergenic spacer that
separates another coding gene, 55 rRNA. Both 55 and 185-5.85-26S loci are located inde-
pendently as tandem repeats numbering from hundreds to thousands of copies in ge-
nomes of higher vascular plants [22]. The numbers of 55 rRNA gene copies are higher
than those for 355 rRNA genes, ranging from 2000 to 75,000 [23].

Due to their universal presence in eukaryotic genomes, the number, position, and
structure of the 5S and 355 rDNA loci are considered important characteristics of a given
species, genus, or group [24]. In angiosperms, the location of rDNA sites does not vary
randomly and the distribution of sites on the chromosome arms is not the same in differ-
ent taxa [25,26]. Variations in number and location of these multigene families have been
used as cytogenetic markers and genomic landmarks to construct molecular cytogenetic
maps [27,28], to study genome evolution [29-32], and to assess genomic relationships be-
tween closely related species [33]. Simultaneously, sequencing of internal transcribed
spacers ITS1 and ITS2 and patterns of intra- and interspecific diversity have been exten-
sively characterized and used for phylogenetic reconstruction [3,34,35].

Four nuclear rRNA genes (5S, 18S, 5.85, and 26S) have been proven as excellent cyto-
genetic markers for karyotype analysis using the fluorescence in situ hybridization (FISH)
technique [36]. In the genus Trifolium, the number and position of rDNA sites on chromo-
somes have been reported in seven related species (Trifolium ambiguum, Trifolium hy-
bridum, Trifolium isthmocarpum, Trifolium nigrescens, T. occidentale, T. repens, and Trifolium
uniflorum) belonging to the section Trifoliastrum [37], for two species (Trifolium israeliticum,
T. subterraneum subsp. brachycalycinum, subsp. subterraneum and subsp. yanninicum) be-
longing to the section Trichocephalum [10], for only two species (T. medium, T. pratense)
from the largest section Trifolium [18,27,38], and for three species (Trifolium campestre, Tri-
folium dubium, and Trifolium micranthum) from the subgenus Chronosemium [34]. In this
study, we aim to (i) provide a comprehensive cytogenetic study of the rDNA variation
with regards to the number and position of rDNA sites on chromosomes in the genus
Trifolium as represented by 30 species (diploids and polyploids) from two subgenera and
eight different sections, (ii) reconstruct the ancestral karyotype regarding number of
rDNA sites, and (iii) correlate the rDNA variation with the genus-wide phylogenetic re-
lationship using available sequences of 26S.
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2. Results
2.1. rDNA Localization on Chromosomes and Range of Variation in Trifolium

Twenty-seven clover species were newly described regarding number and position
of the 5S and 26S rDNA sites on chromosomes. In three additional species published pre-
viously (T. microcephalum, T. occidentale, and T. subterraneum subsp. subterraneum), differ-
ent sites number or positions were observed. Hybridization patterns of 55 and 26S rDNA
probes in individually analysed clover species are summarized in Figure 1, and complete
DAPI karyotypes with 55 and 265 rDNA probes of all analysed species sorted according
to subgenera and sections can be found in the supplementary materials (Figures 51-56).
The numbers of both 55 and 265 rDNA sites ranged from 1 to 8 per haploid genome. 55
rDNA sites were localized on 1, 2, 5, or 8 chromosomes per haploid genome (Figure 1A-
D). Three species showed variability in 5S rDNA sites regarding number and localization
(T. alpestre, Trifolium glanduliferum, Trifolium spumosum) and two species had odd chromo-
somes carrying signals (T. alpestre had 11 55 rDNA sites per diploid genome; T. glandu-
liferum had 3 55 rDNA loci per diploid genome). Similarly, 26S rDNA sites were localized
on 1,2, 5, or 8 chromosomes per haploid genome (Figure 1A-D). Variability in 26S rDNA
sites number was observed in two species (Trifolium badium, T. microcephalumy), and no odd
chromosomes carrying signals were found.
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Figure 1. Hybridization patterns of 55 (red) and 26S (green) rDNA FISH probes in 30 Trifolium species. Distribution of all
rDNA loci on 1 chromosome (A), 2 chromosomes (B), 3 chromosomes (C), and 5 and 8 chromosomes (D) per haploid
genome was observed. A star (columns 2 and 3) indicates an odd chromosome carrying signal. A coloured circle next to a
species name indicates variability in rDNA sites number and localization. Fluorescent probes were labelled with digoxig-
enin visualized by anti-DIG-FITC antibodies (green) or biotin visualized by streptavidin-Cy3 antibodies (red). Note that
ideograms only schematically illustrate numbers of 5S and 265 rDNA loci and their mutual localization and do not pre-
cisely capture specific chromosomal localization of each locus.

The most common chromosomal arrangement in the analysed species was one 55
and one 265 rDNA site per haploid genome separately on two different chromosomes
(Figure 1B). This constitution was observed in 12 species across subgenera Chronosemium
(T. badium) and Trifolium, with sections Trifolium (T. ligusticum, T. pannonicum, Trifolium
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bocconei, Trifolium diffusum, Trifolium purpureum, and Trifolium arvense), Trifoliastrum (Tri-
folium glomeratum, Trifolium montanum, and Trifolium thalii), Paramesus (Trifolium strictum),
and Vesicastrum (T. spumosum). Co-localization of one 5S and one 265 rDNA site on one
chromosome was found in 12 species in total. In eight of these species another one or more
chromosomes with 55 rDNA signal were described, four of which showed overlapping
signals of both rDNA sites (Trifolium chilense, Trifolium lupinaster, T. glanduliferum, and T.
spumosum; (Figure 1B)). In addition, for species with overlapping 5S and 265 rDNA sites,
an additional one chromosome bearing 5S rDNA loci per haploid genome was observed
in Trifolium pallidum, T. occidentale (Figure 1B), and T. glanduliferum and with one odd chro-
mosome carrying 5S loci (Figure 1C). Further expansion of 55 rDNA loci on more chro-
mosomes was found in T. alpestre (five or five with one extra odd chromosome in haploid
genome) and in T. microcephalum (all eight chromosomes in haploid genome) (Figure 1D).
Co-localization of two or three 55 rDNA signals on one chromosome was observed in
Trifolium aureum and Trifolium cherleri (two 5S signals; Figure 1A,D) and Trifolium hirtum
(three 5S signals; Figure 1A).

Expansion of 26S rDNA sites was observed more rarely. An additional one chromo-
some carrying 265 rDNA loci alone was observed in two species (T. badium and T. subter-
raneum; Figure 1C), and further expansion was found in T. cherleri (additional four chro-
mosomes carrying 26S rDNA loci in haploid genome) and T. microcephalum (all eight chro-
mosomes in haploid genome carrying both 55 and 26S rDNA loci) (Figure 1D).

Intraspecific variability in 5S and 265 rDNA site numbers and arrangements were
described in five species. One 55 and one or two 265 rDNA sites separately on two or three
chromosomes, respectively, were observed in T. badium (Figure 1B,C). Three arrange-
ments were found in T. glanduliferum: (i) two 5S and one 265 rDNA sites separately on
three chromosomes, (ii) co-localization of overlapping 5S and 265 rDNA sites on one chro-
mosome with another chromosome carrying a 5S rDNA site, and (iii) co-localization of
non-overlapping 55 and 265 rDNA sites with another one and one extra odd chromosome
carrying 5S rDNA sites (Figure 1B,C). In addition to T. glanduliferum, an extra odd chro-
mosome carrying 5S rDNA loci was also described in T. alpestre (Figure 1D). T. microceph-
alum had two variants of rDNA loci arrangement: one chromosome carrying both 55 and
26S rDNA sites with all other chromosomes carrying 5S rDNA sites or all chromosomes
carrying both 55 and 26S rDNA sites (Figure 1D). Finally, in T. spumosum, one chromo-
some carrying a single 55 rDNA site was accompanied either by a chromosome carrying
one 265 rDNA signal or by a chromosome having overlapping signals of both 55 and 265
rDNA loci (Figure 1B).

Arrangements of chromosomes bearing either 5S, 265 rDNA, or both, loci and their
distributions in the analysed species are summarized in Figure 2.

Numbers and mutual localizations of rDNA sites in all species described in the pre-
sent and earlier studies are summarized in Table S1. Moreover, numbers of 55 and 26S
rDNA sites were further examined in species with known ITS1 sequences.
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Figure 2. Distribution of described chromosomes bearing 5S (red) and 26S (green) rDNA sites and
their arrangement in analysed species. Note that ideograms illustrate numbers of 55 and 265 rDNA

loci and their mutual localizations only schematically and do not precisely capture specific chromo-
somal localization of each locus.

2.2. Reconstruction of the Ancestral Karyotype in Trifolium

Based upon ITS1 sequences, a phylogenetic tree was constructed and ancestral state
reconstruction was made of 55 and 265 rDNA site numbers per haploid genome (Figure
3).

Parsimoniously estimated ancestral numbers of 5S and 265 rDNA sites suggest that
one 55 and one 265 rDNA is the most likely character state for the common ancestor. Di-
versification of 5S rDNA numbers occurred in all analysed sections independently. The
earliest event occurred in the section Trifolium (T. purpureum, T. pannonicum, Trifolium
squamosum, T. pallidum, T. pratense, T. cherleri, T. alpestre, Trifolium rubens, T. medium, T.
diffusum, T. arvense, T. bocconei, T. ligusticum, Trifolium stellatum, and T. hirtum). Diversifi-
cation had the character of expansion from ancestral 1 to 2 or rarely to 3, 5 or 8 55 rDNA
sites per haploid genome. Non-integer numbers of 55 rDNA sites per haploid genome
were found in three species (in octoploid T. medium and in diploids T. alpestre and T. glan-
duliferum, both with an extra odd chromosome carrying 5S rDNA loci).

On the other hand, diversification of 26S rDNA sites was observed rarely, occurring
only in subgenus Chronosemium and in subgenus Trifolium in sections Trifolium, Trifoli-
astrum, Trichocephalum, and Involucrarium. Most commonly, expansion from one to two
26S rDNA sites was observed. The only species with reduction in number of 265 rDNA
sites per haploid genome was tetraploid T. repens (0.5 site/1 n).



Plants 2021, 10, 1771

6 of 17

O T. aureum
5 S T. micranthum 265
i T.badium — © (o0 @
100 T. campestre 100
T dubiuma
T. montanum
vis—Q T occidentale 035
T repensyp O
b KT uniflorum =
T isthmocarpum @
T nigrescens
T thalii
T glomeratum
= O T hirtum
T. resupinatum
10 T.ambiguum 100
T. pallescens
08 O Tisraeliticum QO— o=

09

S T subterraneum © 065
T. purpureum
100 i T. pannonicum; Y 100
ey O T squamosum 10
) O T pallidum .
O T pratensedy O
g O T. cherleri O
s @) O T alpestre i
& O T. rubens
w < KT medium s 1.0g
e T diffusum
e T. arvense i
T. bocconei
N T. ligusticum
O T stellatum
tetraploid T. strictum
im""""“ & @ T glanduliferum
e O K T. lupinastery
E; . T. fragiferum i
=k i T spumostum -
s b P
% e T herJdum
15 T. chilense
0T Eig T. microdon oo

T. microcephalum®

Figure 3. Ancestral state reconstruction of 55 (left) and 26S (right) rDNA sites numbers. ITS1 spacer
of dicotyledon A. thaliana was chosen as the root of the tree and then omitted from the final visual-
ization. Stars mark polyploids. Colour charts represent numbers of 55 and 26S rDNA sites per hap-
loid genome.

2.3. ITS1 Sequence Variability

Multiple alignment of 85 nucleotide sequences of Trifolium species (Table S2) resulted
in identification of 56 specific polymorphisms within eight Trifolium sections (Table S3).
These were mostly single nucleotide polymorphisms (SNPs), and only in four cases did
we find indels. In accordance with this data, we created a graph showing substitutions
(transitions and transversions), deletions, or insertions in each section of the two subgen-
era (Figure 4, Table S3). Furthermore, we show a rough correlation between polymor-
phisms in ITS1 sequences and mean 26S rDNA sites per chromosome in all analysed spe-
cies in each section (Figure 4). The largest mean proportion of 26S rDNA sites per chro-
mosome was observed in the section Involucrarium. The sections Vesicastrum, Trifoliastrum,
Paramesus, and Lupinaster presented the smallest numbers of variable sites, containing just
1,2, 3, and 4 base substitutions, respectively, and the lowest mean 265 rDNA loci propor-
tions. These results are influenced by the amounts of input data, as not all species in the
genus were analysed.
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Figure 4. Number of substitutions, deletions, and insertions in ITS1 sequences for each Trifolium
section (see also Table S3). Grey curve represents mean proportion of polymorphic loci per chromo-
some of the analysed species in individual sections.

The highest number of polymorphisms (21) was identified in the section Chronose-
mium, the only section of the subgenus Chronosemium. These included both transitions and
transversions R-Y and one species-specific indel. In subgenus Trifolium, the sections Trifo-
lium (mainly transversions Y-R) and Involucrarium (mainly transitions R-R) contained the
highest numbers of specific polymorphisms, at 11 and 10, respectively. Two specific dele-
tions (one of them 43 bp long) were identified in the section Trichocephalum. The genetic
diversity of ITS1 sequence in genus Trifolium is demonstrated in Table 1. To check whether
the detected ITS1 sequence diversity is influenced by the presence of pseudogenes in the
analysed sequences, we evaluated their presence as demonstrated by Xu et al. [35] (Table
S4). GC content was analysed in three regions (ITS1, 5.8S, and ITS2), and we observed no
significantly lower GC content in any region. For 5.85 rDNA sequences, all of them con-
tained three angiosperm-conserved motifs, and each sequence was able to fold into a con-
served secondary structure (Table S4). Overall, we concluded that the analysed sequences
did not contain pseudogenes, and this could increase variability among analysed ITS1
regions in the Trifolium genus.

Table 1. ITS1 sequence diversity based upon 85 sequences of Trifolium species.

SNP Polymorphism Indel Polymorphism
Diploid (ancestral basic k 11.811 k(@) 1.570
chromosome number) Pi 0.0642 Pi(i) 0.0063
Diploid (reduced basic k 17.464 k(@) 4.307
chromosome numbers) Pi 0.0939 Pi(i) 0.0176
) k 19.864 k(i) 1.303
Polyploid Pi 0.0867 Pi(i) 0.0055

k—mean number of nucleotide differences, Pi—nucleotide diversity, k(i) —indel diversity, Pi(i)—
indel diversity per site, indel —insertion/deletion.
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Estimated either by the mean number of nucleotide differences (k) or by nucleotide
diversity (Pi), genetic diversity of ITS1 sequences was assessed in Trifolium species as di-
vided into three groups by their ploidy and basic chromosome numbers (Table 1). The
sequence diversity with respect to SNP polymorphism was lowest for diploids with an-
cestral basic chromosome number (ABCN) for both k and Pi, while genetic variability for
diploids with reduced basic chromosome numbers (RBCN) and polyploids was compara-
ble and higher for both values compared to diploids ABCN. Indel diversity, k(i), and indel
diversity per site, Pi(i), were highest for diploids RBCN, while k(i) and Pi(i) for polyploids
were lower and comparable with those for diploids ABCN. This could be a result from
there being half the number of indel events (7) in polyploids compared to those in diploids
RBCN and diploids ABCN, at 16 and 18, respectively.

3. Discussion
3.1. rDNA Localization on Chromosomes and Range of Variation in Trifolium

Localization of rDNA loci is highly variable. The loci occur separately on different
chromosomes but also on a single chromosome pair together with varied co-localization.
Analyses of rDNA loci in 100 species belonging to the family Fabaceae have been demon-
strated [25]. Observations in our study showed separated positions of 55 and 265 loci on
different chromosome pairs in 17 Trifolium species, mostly one pair of each locus or two
pairs of either locus, which is very common in plants [25]. In total, co-localization of the
loci 26S and 55 on a chromosome pair was observed in 16 Trifolium species and co-locali-
zation of 55-55 was described in 3 species. In the plant kingdom, the most frequent co-
localizations of 355-5S (27.8%), 55-5S (13.5%), and 355-355 (3.4%) on a single chromosome
pair was described by Roa and Guerra [26]. RNA polymerase I is used for transcription of
355 rDNA polycistronic loci, and the 5S rRNA gene is transcribed separately by RNA pol-
ymerase III [39].

Description of sectional specificities in 55 and 265 rDNA site numbers and positions
could be beneficial for deducing ancestral state reconstruction in clovers. In T. badium
(subgenus Chronosemium), we evaluated rDNA signals located on separated chromo-
somes with one or two 26S signals. A similar distribution pattern of the two types of IDNA
signals was described by Ansari et al. [34] in the diploid species T. campestre and T. mi-
cranthum. In that case, a pair of 55 rDNA and a second pair of 265 rDNA signals were
located on different pairs of chromosomes in both species. Separate positions of 55 and
265 rDNA sites were established to be prevalent in this section. On the other hand, a spe-
cies-specific adjacent position of the 55 and 265 rDNA loci in the pericentromeric region
of a pair of larger chromosomes was observed in T. aureum. This ordering of signals could
indicate an evolutionary originally adjacent 55 and 26S rDNA position in the subgenus
with possible translocation of the chromosomal material to a distal position on the chro-
mosome arm or chromosome fusion.

The section Trifolium comprises species with the most diverse chromosome numbers,
including both the ancestral number 2n = 16 and reduced numbers 14, 12, and 10. This
diversity also relates to the manner of rDNA signal positioning (separate and adjacent)
and signal numbers. Separate 5S and 265 rDNA positions were observed to prevail (in T.
arvense, T. bocconei, T. diffusum, T. ligusticum, T. purpureum, T. rubens, T. squamosum, T. stel-
latum, and T. pannonicum), with 5S sites often positioned in the subterminal or terminal
chromosome regions. The location of rDNA sites in the terminal chromosome region may
be the result of homologous recombination constraints and chromosomal rearrangements
[25], such as DNA translocations or loss.

Ancestral state reconstruction suggested one 55 and one 26S as an ancestral condition
and distribution of the described chromosomes bearing 5S and 265 rDNA sites showed
separate arrangements to be prevalent. T. diffusum, with x = 8 and a single pair of 5S and
26S separately, could represent an ancestral karyotype in the Trifolium section but also in
the genus as a whole. Co-localization and further expansions of 55 and 26S rDNA sites
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could occur independently in both subgenera as a result of chromosomal rearrangements
including the ancestor of subgenus Chronosemium.

Distinct arrangements of rDNA sites in the section Trifolium resembled increased
number of signals of both 55 (6 in T. hirtum, 10 or 11 in T. alpestre) and 26S (10 in T. cherleri).
While T. cherleri and T. hirtum are species with reduced basic chromosome number and
2n = 10, genomes of T. alpestre are characterized by the basic chromosome number x = 8.
T. cherleri and T. hirtum are two examples of speciation based upon chromosomal rear-
rangements and reduction of chromosome number. Expansion of 55 rDNA sites in T. al-
pestre, including an odd number, shows its genome instability. Increase in 355 rDNA sites
could be linked to the activation of mobile elements that can produce a transposition of
rDNA copies to new genomic locations [40]. Intragenomic mobility of rRNA genes as a
consequence of transposon activity has been widely reported in angiosperms, and it has
been hypothesized as one of the major forces driving rDNA locus evolution [41].

Separate position of 55 and 26S rDNA sites was observed to be prevalent in the sec-
tion Trichocephalum. One exception, as reported by Falistocco et al., was T. israeliticum (2n
=12) [10], which constitutes another example of speciation based upon chromosome num-
ber reduction. Those authors observed increased number of 55 rDNA signals and their
expansion on nearly all chromosomes except for the smallest chromosome pair. Increased
number of signals (to as many as 16 on each of 8 chromosomal pairs) was also observed
in T. microcephalum from the section Involucrarium. Joining the positions of 55 and 26S
rDNA was characteristic for the species analysed from this section.

Existence of increased number of rDNA signals and their expansion on nearly all
chromosomes has been described in Canavalia gladiata, belonging to the family Fabaceae
and with 20 55 rDNA loci dispersed on 20 of its 22 chromosomes [42], as well as in Cucumis
sativus, where 10 signals of 265 rDNA loci were dispersed on 10 of its 14 chromosomes
[43]. Physical mapping of the rDNA sequences in these species revealed a significant re-
modelling of the 355 and 55 rDNA sites that contributed greatly to differentiation of the
2n =16 and 2n = 12 karyotypes.

Ansari et al. reported that species of the section Trifoliastrum showed a unique x =8,
and they observed two rDNA hybridization patterns [37]. This coincided with our obser-
vation, as the analysed species T. glomeratum, T. montanum, and T. thalii showed hybridi-
zation identical (two pairs of rDNA signals on separated chromosomes) with that of T.
nigrescens ssp. petrisavii, and T. ambiguum. T. pallescens exhibited the second pattern (co-
localized 26S and 5S signals on one chromosome pair), and it was identical to that of six
other species within this section.

Reduction of rDNA loci was observed in some species whereby one pair of signals
was usually weaker than the second one. Reduction of 55 rDNA loci was observed in T.
stellatum and T. occidentale. The same phenomenon was described in gymnosperms Pinus
nigra and P. taeda for both rDNA loci [44,45]. The reduction of 5S rDNA loci is more com-
mon in monocots [46—48], but it is also observed in dicots, including the genus Trifolium.
Odd numbers of 55 rDNA loci were observed in T. glanduliferum (Figures S6B and 1C) and
T. alpestre (Figures S2B and 1D), with 5 and 11 loci, respectively. Odd numbers of 55 rDNA
loci have been observed also in Byblis, Tanacetum, and Rosa species [49-51], as have odd
numbers of 355 rDNA loci in Fragaria [52].

Polyploid T. lupinaster (2n = 4x = 28, 32) from the section Lupinaster (Figures S6E,F
and 1B) and T. repens (2n = 4x = 32) from the section Trifoliastrum had a similar pattern of
rDNA distribution on chromosomes. In T. repens, Ansari et al. [37] described one 26S and
two 5S sites per monoploid genome, one 55 site being in adjacent position with 26S and
the other on a separate chromosome in a pericentromeric region. We, however, observed
the separate 5S signal in the subterminal region. T. repens is a verified allopolyploid, and
therefore the described similarity could justify hypothesizing an allopolyploid origin of
T. lupinaster. The different number of 55 rDNA signals possibly points to a decreasing loci
number (rDNA inactivation and loss), quite common in natural allopolyploids and which
had arisen after hybridization. The same phenomenon was described by Dluhosova et al.
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[18] in octoploid and presumed allopolyploid T. medium (2n = 8x = 64), where 8 clusters of
355 rDNA and 12 clusters of 5S rDNA were described on separate chromosomes. The ef-
fect of polyploidy on the number and position of rDNA sites on intra- and interspecific
levels has also been evaluated [25,53]. In polyploids, there is a trend towards reduction in
the number of sites per monoploid complement [25,54] caused by epigenetically regulated
inactivation, asymmetrical reduction of loci via unequal recombination, and loss [55]. In
another allotetraploid species from the subgenus Chronosemium, FISH analysis of T. du-
bium, having T. campestre and T. micranthum as ancestors, revealed two pairs of each rDNA
signal on different chromosomes. Ansari et al. [34] concluded that one pair of NOR in
tetraploid T. dubium was inactivated after speciation.

DluhoSova et al. [38] described great variability by FISH using rDNA probes within
the artificial interspecific hybrid T. pratense x T. medium. Individual plants had a pattern
of 55 and 355 rDNA loci rather more similar to that of T. pratense than of T. medium. Num-
bers of chromosomes with clusters of 55 rDNA ranged from 6 to 14 while those with clus-
ters of 355 rDNA varied between 4 and 13. Individual arrangements were almost unique,
and some plants also possessed novel formations not present in either of the parental spe-
cies. This suggests complex rearrangements connected with post-hybridization stabiliza-
tion of hybrid genomes.

Sato et al. [27] and DluhoSova et al. [38] described the same rDNA pattern in diploid
(2n = 14) and artificial autotetraploid (2n = 4x = 28) genotypes of T. pratense, but with ex-
actly twice as many signals in autotetraploids. An additive pattern of sixteen 26S and six-
teen 5S signals located separately on different chromosomes and detected in T. pannoni-
cum (2n = 16x = 128) from the section Trifolium (Figure S2P) suggests that this genome is
rather a natural autopolyploid than an allopolyploid.

3.2. Cytological and Sequence Diversity

Some of those species analysed showed population or subpopulation dispersion and
diversification. In T. subterraneum, Falistocco et al. [10] described one pair of each 26S and
55 rDNA signal on different chromosome pairs. One additional pair of 26S signal was
observed in our study (Figure 52Q). Dissimilarities were also observed by Ansari et al.
[36]. They described separated 5S rDNA signal rather proximally in T. occidentale and one
additional 55 rDNA signal in T. repens. In another five species across the whole genus—
T. badium (subgenus Chronosemium), T. glanduliferum (section Paramesus), T. microcephalum
(section Involucrarium), T. spumosum (section Vesicastrum), and T. alpestre (section Trifo-
lium)— different numbers and localizations of 5S and 26S rDNA were observed. The most
prominent distinction was observed in T. microcephalum (Figures S5C,D and 1D), where
265 and 5S signals co-localized on all chromosomes or 26S and 5S signals co-localized on
one pair of chromosomes with 5S signals on all remaining chromosomes. A range of var-
iants occurring within a single species can be the main force driving diversity not only in
chromosome numbers but also in rDNA loci count and localization within that species
across fields and countries. These intraspecies and interpopulation differences exist also
elsewhere within the plant kingdom [56], specifically in the genus Anacyclus belonging to
the Asteraceae family. Similarly, Medicago truncatula lines Jemalong J5 and R-108-1 exhib-
ited differences in location of the 55 rDNA [29].

Sequence alignment of the 85 analysed Trifolium sequences revealed correlation be-
tween mean 265 rDNA number per chromosome and polymorphism content in ITS1 se-
quence. Three kinds of sequence variation (single nucleotide variation, indel, and larger
deletion) were quantified and reduced diversity was observed in ITS1 sequences in Trifo-
lium species with no significantly lower GC content in three regions (ITS1, 5.8S, ITS2). This
suggests an absence of pseudogenes. Higher ITS sequence diversity in polyploids has of-
ten been described and then attributed to frequent interspecies hybridization events [57-
59]. In our study, ITS1 diversity with respect to single nucleotide variations was higher
both in polyploids and diploids with reduced basic chromosome numbers than in diploids
with ancestral basic chromosome number, and indel diversity was greatest in diploids
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with reduced basic chromosome numbers. Diversity in diploids with reduced basic chro-
mosome numbers could have arisen from differential accumulation of repetitive se-
quences [59].

Our results contribute to improved understanding of the Trifolium genome structure
and evolutionary history. Further studies addressing the mechanism of chromosome
number reduction, comparative analyses with evolutionarily close legumes, or the identi-
fication of parental origin for many allopolyploid species have yet to be conducted. Ex-
panding cytogenetic and cytogenomic research in Fabaceae and the Trifolium genus using
such advanced methods as oligonucleotide libraries or bacterial artificial chromosome li-
braries (oligo-FISH/-painting, BAC-FISH/-painting) will expand our understanding of ge-
nome organization [60-63], structural rearrangements [64], and the genome dynamics in
allopolyploids [65,66].

4. Materials and Methods
4.1. Plant Material and Chromosome Preparation

Table 2 lists the 30 Trifolium species investigated here and their seed origins. Seeds
were germinated on Petri dishes at 8—10 °C for 2448 h, then transferred at 23 °C. Seedlings
were placed in pots with perlite supplemented with Murashige and Skoog medium [67].
Actively growing root tips were collected either from germinated seeds or from growing
plants.

Table 2. Origin and accession numbers of analysed Trifolium species.

A - A -
Subgenus/ Trifolium “CS" " Gene Subgenus/  Trifolium e Gene
Section Species ston Bank Section Species ston Bank
P Number P Number
T. subterra-
Chronosemium Trichocepha- neun subsp. TRIF259 G-DE
lum subterraneum
L.
T. aureum L. 13T;)iooo PR-CZ T.fr ”ilfer”m TRIF1140 G-DE
T. badium  AZA518, T. resupina-
Schreb. AZ159 AR-NZ Vesicastrum tum L. TRIF1134 G-DE
T. spumosum AZ198,  AR-
Trifolium P 13T05000 NZ,
86 PR-CZ

T. glomera- TRIF136,

T. alpestre L. TRIF210 G-DE tum L. TRIF142 G-DE
T. arvense L. 13T§§OOO PR-CZ L mozm”um TRIF152 G-DE
TRIE81

T. bocconei TRIFg?; G-DE T. occidentale OCD1210 AR-

Trifolium Savi. TRIF40 Trifoliastrum Coombe ,OCD50 NZ

T. cherleri L. TRIF135 G-DE T pall AR

) . pallescens -

AZ6429

T. diffusum 1 1r950  G-DE Schreb. NZ
Ehrh.

T. hirtum AZ6762, AR-NZ, AR-

Al TRIF213 G-DE T. thalii Vill. AZ6833 NZ
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T. ligusticum T. chilense AR
Balb. Ex TRIF137 G-DE Hook. & AZ1759
. Nz
Loisel Arn.
T. pallidum Involucrar L. microdon AR
) TRIF2 -DE " Hook. AZ62 3
Waldst&Kit S jum ook. & 6256 \z
Arn.
T. pur-

T. microceph-

pureum TRIF143 G-DE TRIF244 G-DE
Loisel alum Pursh.
T. glandu-
TRIE AR-
T. rubens L. TRIE ;fi G-DE liferum  AZ6880 NZ
Paramesus Boiss.

T. -

STZT " TRIF68 G-DE T. strictum L. TRIF109 G-DE

T. stellatum TRIF252 G-DE '
L. T. lupinaster

Lupinaster L TRIF272 G-DE

T. pannoni-
cum Jacq.
PR-CZ (Prague Ruzyné, Czech Republic), AR-NZ (AgResearch New Zealand), G-DE (Gatersleben,
Germany).

TRIF8  G-DE

The entire protocol of preparing root tips and the slides for FISH followed protocols
by Lysak and Mandakova [68] and Kirov et al. [69] with little modification. Root tips were
pretreated in cold water overnight and fixed in freshly prepared 100% ethanol and 99%
acetic acid in a 3:1 ratio. Root tips were washed in a 0.1 M citrate buffer (0.08 M sodium
citrate dihydrate, 0.01 M citric acid) and digested in 30 uL of enzymatic mixture contain-
ing 0.3% cellulase, 0.3% pectolyase, and 0.3% cytohelicase (Merck, Prague, Czech Repub-
lic) in a citrate buffer for 80-100 min at 37 °C. The cell suspension was vortexed and 470
uL of water was added. It was then centrifuged at 10,000 rpm (Eppendorf 5415C centri-
fuge) for 2 min. Supernatant was removed, 470 pL of 100% ethanol was added, and the
mixture was again centrifuged at 11,000 rpm for 2 min. The pellet was resuspended in
ethanol (10 pL per slide). Ten microlitres of suspension was dropped onto a slide and 20
UL of the first fixation (3:1 ethanol and acetic acid) was applied. This slide was held upside
down over the steam from a water bath at 55-60 °C for 15-20 s, then 5 pL of the second
fixation (2:1 ethanol and acetic acid) was added and the previous step repeated. The slide
was then dried at room temperature and stored in a refrigerator at 810 °C. The slides
with chromosome spreads were treated with 100 pig mL-* RNase A (Sigma, St. Louis, MO,
USA) in saline-sodium citrate buffer (2x SSC; 0.3 M sodium chloride, 30 mM trisodium
citrate, pH 7.0) for 1 h at 37 °C, then with 0.1 ug mL- pepsin in 10 mM HCI for 5 min at
37 °C, and finally washed two times in 2x SSC and a 70-90-100% ethanol series.

4.2. Probe DNA Isolation and Labelling

To localize the clusters of 265 rDNA and 55 rDNA, sequence lengths of 899 bp from
Arabidopsis thaliana (L.) Heynh. (X52320.1, GenBank) and 117 bp from T. repens
(AF072692.1, GenBank), respectively, were used for primers design. Selected rDNA se-
quences were amplified using specific primers (265_F: TTCCCACTGTCCCTGTC-
TACTAT, 265_R: GAACGGACTTAGCCAACGACA; 55_F: GGTGCGATCATACCAG-
CACTAA, 55_R: GAGGTGCAACACAAGGACTTC) by polymerase chain reaction (PCR).
The PCR mixture contained: 1x GoTaq Reaction Buffer (Promega, Madison, WI, USA), 0.2
mM dNTPs, 1 uL primers, 0.5 U Taq Polymerase (Promega, Prague, Czech Republic), and
20 ng of gDNA (T. pratense var. Tatra). PCR products were separated by electrophoresis
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in 3% agarose gel, excised from the gel, purified using a PCR extraction kit (Qiagen, Hil-
den, Germany), then quantified using a NanoDrop 2000c spectrophotometer (Thermo Sci-
entific). Probes were labelled by nick translation using biotin and digoxigenin Nick Trans-
lation Mix (Roche, Mannheim, Germany).

4.3. Fluorescence In Situ Hybridization

A denaturation mixture in volume 25 pL containing 12.5 uL 100% formamide, 5 pL
50% dextran sulphate, 2.5 uL 20x SSC, 3 uL water, and with 1 pL of each probe (26S, 55)
in a final concentration of 100 ng per used volume was denatured at 96 °C for 10 min, then
rapidly cooled for 2 min. The mixture was applied onto a chosen slide and co-denatured
on a hot plate at 80 °C for 2 min, then incubated overnight at 37 °C in a humid chamber
box. Post-hybridization washing was carried out at 42 °C with the following steps: 2x SSC
twice for 5 min, 10% formamide in 0.1x SSC twice for 5 min, 2x SSC for 5 min, and 4x SSC
with 0.05% Tween-20 for 5 min. Biotin and digoxigenin-labelled probes were immunode-
tected using streptavidin-Cy3 (GE Healthcare, Buckinghamshire, United Kingdom; 1:750
dilution) and anti-DIG-FITC (Roche; 1:250 dilution) antibodies, respectively. Chromo-
somes were counterstained with 4',6-diamidino-2-phenylindole (DAPI) in Vectashield
(Vector Laboratories, Burlingame, CA, USA).

Images were captured using an Olympus BX 51, Olympus, Tokyo, Japan fluorescence
microscope equipped with an Olympus DP72 CCD camera. Three greyscale images of
each mitosis event were taken, and images were pseudocoloured using Adobe Photoshop
CS6 software (chromosomes —blue, 265 rDNA signals—green, 55 rDNA signals—red).

4.4. Phylogenetic Tree Construction

ITS1 Trifolium sequences of 42 species with known rDNA loci numbers were used for
tree construction with A. thaliana ITS1 sequence taken as outgroup. These sequences were
obtained from the National Center for Biotechnology Information (NCBI) GenBank (Table
S1). Sequences in FASTA format were aligned by Clustal W type in MEGA-X and saved
in NEXUS format. The data set was converted to xml format in BEAUT] version 1.10.4.
Bayesian analysis of sequences was done in BEAST version 1.10.4, the final file was
cleaned according to conventional protocol procedure in Tree Annotator 1.10.4, and pos-
terior probability was fixed at >95. The phylogeny tree was visualized in Mesquite (v.3.04)
and A. thaliana was omitted from the final visualization. The model for reconstructing an-
cestral state was implemented in Mesquite (v.3.04) while using that software’s “parsi-
mony” method. Coloured elements and labels were added in Adobe Photoshop CS6.

4.5. Identification of Specific Polymorphisms

To identify polymorphisms specific for individual sections of the Trifolium genus, 85
nucleotide sequences were obtained from NCBI GenBank (Table 52). Sequences were
aligned using the MUSCLE algorithm implemented in MegAlign Pro of the DNASTAR
software package (DNASTAR, Madison, WI, USA), and polymorphisms were identified
by grouping the aligned sequences under the sections. Specificity of the polymorphisms
was assessed using Fisher’s exact test in R (ver. 3.6.1), and polymorphisms with p-value <
0.05 were considered as significant. Genetic diversity of the ITS1 sequence was deter-
mined using DnaSP [70]. Control for the presence of pseudogenes was performed in the
accessions from Table S2, which, together with ITS1 sequence, contained 5.8S region and
ITS2 sequence. GC content was calculated using MEGA-X [71], and 5.85 regions were in-
spected for presence of the three angiosperm-conserved motifs M1 (5'-CGATGAAGAAC-
GTAGC), M2 (5-GAATTGCAGAATCC-3'), and M3 (5-TTTGAACGCA-3’) while follow-
ing Harpke and Peterson [72]. Secondary structures of 5.85 region were predicted using
Mfold version 2.3 on a web server [73,74] under specific settings for a base pairing follow-
ing Hfibova et al. [75] for helix B4, F 36 99 3; helix B5, F 42 55 3; helix B6, F65 90 3; helix
B7, F 104 112 3; and helix B8, F 113 136 4 and F120 129 3.
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Trifolium species were divided into three groups according to their ploidy and basic
chromosome numbers (polyploid, diploid with ancestral basic chromosome number, and
diploid with reduced basic chromosome numbers). For species with variable number of
chromosomes, both alternative chromosome number (polyploidy, diploidy with reduced
basic chromosome numbers) were taken into account. Genetic diversity of the ITS1 se-
quences was calculated using DnaSP [70]. The variability of ITS1 sequences was evaluated
for SNP polymorphism and short insertion/deletion events (indels) (option: Multiallelic)
in each group separately.

5. Conclusions

The Trifolium ancestral karyotype contains a single pair of 5S and 265 rDNA sites.
Diversification of 5S rDNA numbers in the genus Trifolium occurred independently in all
eight analysed sections, the earliest event having occurred in the section Trifolium. Diver-
sification had the character of expanding from ancestral 1 to 2 or rarely to 3, 5, or 8 55
rDNA sites per haploid genome. Diversification of 265 rDNA sites was rarely observed.
Most commonly, expansion from one to two 26S rDNA sites was observed. Increased
number of rDNA signals was characteristic for diploid species with reduced basic chro-
mosome numbers. SNP and indel polymorphisms were greater in these species in com-
parison with diploids with x = 8 and polyploids, which could be attributed to the evolu-
tionary benefit.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/plants10091771/s1. Figure S1: Hybridization patterns of 55 and 265 rDNA FISH probes
in subgenus Chronosemium. Figure S2: Hybridization patterns of 5S and 265 rDNA FISH probes in
subgenus Trifolium, sections Trifolium (A-P) and Trichocephalum (Q). Figure S3: Hybridization pat-
terns of 55 and 26S rDNA FISH probes in section Vesicastrum. Figure S4: Hybridization patterns of
55 and 265 rDNA FISH probes in section Trifoliastrum. Figure S5: Hybridization patterns of 5S and
265 rDNA FISH probes in section Involucrarium. Figure S6: Hybridization patterns of 55 and 265
rDNA FISH probes in sections Paramesus (A-D) and Lupinaster (E,F). Table S1: 55 and 26S rDNA loci
numbers and chromosomal positions in 42 Trifolium species belonging to subgenus Chronosemium
and subgenus Trifolium (7 Sections). Table S2: Trifolium accessions for analysis of ITS1 sequences.
Table S3: Trifolium section-specific polymorphisms in ITS1 sequence. Table S4: Presence of
pseudogenes in the Trifolium accessions from Table S2.

Author Contributions: J.R. designed the study and supervised analyses; R.V. prepared plant mate-
rial, designed and performed most of the FISH experiments; E.M. collaborated on FISH experiments,
validated data, and reconstructed the ancestral karyotype; D.V. processed sequencing data; J.R.,
R.V., and E.M. wrote the manuscript. All authors approved the final manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Youth and Sports of the Czech
Republic (project no. MUNI/A/1522/2020).

Data Availability Statement: All data generated or analyzed during this study are included in this
published article. Further inquiries can be addressed to the corresponding author.

Acknowledgments: We thank the Margot Forde Forage Germplasm Centre, AgResearch New Zea-
land for providing seeds for this study at no cost. Seeds also were procured from the GeneBank of
Crop Research Institute Ltd., Prague-Ruzyné, Czech Republic and IKT Gatersleben, Germany.

Conflicts of Interest: The authors declare no conflict of interests. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results.

1. Zohary, M.; Heller, D. The Genus Trifolium; Publications of the Israel Academy of Sciences and Humanities. Section of Sciences;
The Israel Academy of Sciences and Humanities: Jerusalem, Israel, 1984.
2. Gillett, ].2M.; Taylor, N.L.; Collins, M. The World of Clovers, 1st ed.; lowa State University Press: Ames, IA, USA, 2001.



Plants 2021, 10, 1771 15 of 17

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ellison, N.W.; Liston, A.; Steiner, J.J.; Williams, W.M.; Taylor, N.L. Molecular phylogenetics of the clover genus (Trifolium-
Leguminosae). Mol. Phylogenet. Evol. 2006, 39, 688-705, doi:10.1016/j.ympev.2006.01.004.

Nosrati, H.; Feizi, M.H.; Razban-Haghighi, A.; Seyet-Tarrah, S. Impact of life history on genetic variation in Trifolium (Fabaceae)
estimated by ISSR. Environ. Exp. Biol. 2015, 13, 83-88.

Sprent, J.I. Nodulation in Legumes; Royal Botanic Gardens: Kew, UK, 2001.

Taylor, N.L.; Quesenberry, K.H.; Anderson, M.K. Genetic system relationships in Trifolium. Econ. Bot. 1979, 33, 431441,
doi:10.1007/BF02858339.

Smykal, P.; Coyne, C.J.; Ambrose, M.]J.; Maxted, N.; Schaefer, H.; Blair, M.W.; Berger, J.; Greene, S.L.; Nelson, M.N.; Besharat,
N.; et al. Legume crops phylogeny and genetic diversity for science and breeding. Crit. Rev. Plant Sci. 2015, 34, 43-104,
doi:10.1080/07352689.2014.897904.

Panitsa, M.; Trigas, P.; Iatrou, G.; Sfenthourakis, S. Factors effecting plant species richness and endemism on land-bridge
islands— An example from the East Aegean archipelago. Acta Oecol. 2010, 36, 431-437, doi:10.1016/j.actao.2010.04.004.
Scoppola, A,; Tirado, J.L.; Gutiérrez, F.M.; Magrini, S. The genus Trifolium (Fabaceae) in south Europe: A critical review on
species richness and distribution. Nord. ]. Bot. 2018, 36, njb-01723, doi:10.1111/njb.01723.

Falistocco, E.; Marconi, G.; Falcinelli, M. Comparative cytogenetic study on Trifolium subterraneum (2n = 16) and Trifolium
israeliticum (2n = 12). Genome 2013, 56, 307-313, doi:10.1139/gen-2013-0055.

Vizintin, L.; Javornik, B.; Bohanec, B. Genetic characterization of selected Trifolium species as revealed by nuclear DNA content
and ITS rDNA region analysis. Plant Sci. 2006, 170, 859-866, doi:10.1016/j.plantsci.2005.12.007.

Goldblatt, P. Cytology and Phylogeny of Leguminosae. In Advances in Legume Systematics, Part 2; Polhill, R M., Raven, P.H.,
Eds.; Royal Botanic Gardens: Kew, UK, 1981; pp. 427-463.

Cleveland, R.W. Reproductive Cycle and Cytogenetics. In Agronomy Monographs; Taylor, N.L., Ed.; American Society of
Agronomy, Crop Science Society of America, Soil Science Society of America: Madison, WI, USA, 1985; pp. 71-110.

Plant DNA C-Value Database. Available online: https://cvalues.science.kew.org/search/angiosperm (accessed on 10 May 2021).
Istvanek, J.; Jaros, M.; Kienek, A.; Repkové, J. Genome assembly and annotation for red clover (Trifolium pratense; Fabaceae).
Am. J. Bot. 2014, 101, 327-337, d0i:10.3732/ajb.1300340.

De Vega, ].].; Ayling, S.; Hegarty, M.; Kudrna, D.; Goicoechea, J.L.; Ergon, A Rognli, O.A; Jones, C.; Swain, M.; Geurts, R.; et
al. Red clover (Trifolium pratense L.) draft genome provides a platform for trait improvement. Sci. Rep. 2015, 5, 17394,
doi:10.1038/srep17394.

Griffiths, A.G.; Moraga, R.; Tausen, M.; Gupta, V.; Bilton, T.P.; Campbell, M.A.; Ashby, R.; Nagy, I.; Khan, A ; Larking, A.; et al.
Breaking Free: The genomics of allopolyploidy-facilitated niche expansion in white clover. Plant Cell 2019, 31, 1466-1487,
doi:10.1105/tpc.18.00606.

Dluhos$ovs, J.; Istvanek, J.; Nedélnik, J.; Repkové, J. Red clover (Trifolium pratense) and zigzag clover (T. medium)— A picture of
genomic similarities and differences. Front. Plant. Sci. 2018, 9, 724, doi:10.3389/fpls.2018.00724.

Hirakawa, H.; Kaur, P.; Shirasawa, K.; Nichols, P.; Nagano, S.; Appels, R.; Erskine, W.; Isobe, S.N. Draft genome sequence of
subterranean clover, a reference for genus Trifolium. Sci. Rep. 2016, 6, 30358, doi:10.1038/srep30358.

Kaur, P.; Bayer, P.E.; Milec, Z.; Vrana, J.; Yuan, Y.; Appels, R.; Edwards, D.; Batley, J.; Nichols, P.; Erskine, W_; et al. An advanced
reference genome of Trifolium subterraneum L. reveals genes related to agronomic performance. Plant Biotechnol. ]. 2017, 15, 1034-
1046, doi:10.1111/pbi.12697.

Sveinsson, S.; Cronk, Q. Evolutionary origin of highly repetitive plastid genomes within the clover genus (Trifolium). BMC Evol.
Biol. 2014, 14, 228, doi:10.1186/s12862-014-0228-6.

Biscotti, M.A.; Olmo, E.; Heslop-Harrison, ].S. Repetitive DNA in eukaryotic genomes. Chromosome Res. 2015, 23, 415-420,
d0i:10.1007/510577-015-9499-z.

Sastri, D.C.; Hilu, K.; Appels, R.; Lagudah, E.S.; Playford, J.; Baum, B.R. An overview of evolution in plant 55 DNA. Plant Syst.
Ewol. 1992, 183, 169-181, d0i:10.1007/BF00940801.

Garcia, S.; Garnatje, T.; Kovafik, A. Plant rDNA database: Ribosomal DNA loci information goes online. Chromosoma 2012, 121,
389-394, doi:10.1007/s00412-012-0368-7.

Roa, F.; Guerra, M. Distribution of 45S rDNA sites in chromosomes of plants: Structural and evolutionary implications. BMC
Evol. Biol. 2012, 12, 225, d0i:10.1186/1471-2148-12-225.

Roa, F.; Guerra, M. Non-Random Distribution of 55 rDNA sites and its association with 45S rDNA in plant chromosomes.
Cytogenet. Genome Res. 2015, 146, 243-249, doi:10.1159/000440930.

Sato, S.; Isobe, S.; Asamizu, E.; Ohmido, N.; Kataoka, R.; Nakamura, Y.; Kaneko, T.; Sakurai, N.; Okumura, K.; Klimenko, L; et
al. Comprehensive structural analysis of the genome of red clover (Trifolium pratense L.). DNA Res. 2005, 12, 301-364,
doi:10.1093/dnares/dsi018.

Kulikova, O.; Gualtieri, G.; Geurts, R.; Kim, D.]J.; Cook, D.; Huguet, T.; de Jong, ].H.; Fransz, P.F.; Bisseling, T. Integration of the
FISH pachytene and genetic maps of Medicago truncatula. Plant ]. 2001, 27, 49-58, doi:10.1046/j.1365-313x.2001.01057.x.

Cerbah, M.; Kevei, Z.; Siljak-Yakovlev, S.; Kondorosi, E.; Kondorosi, A.; Trinh, T.H. FISH chromosome mapping allowing
karyotype analysis in Medicago truncatula lines Jemalong J5 and R-108-1. Mol. Plant Microbe. Interact. 1999, 12, 947-950,
d0i:10.1094/MPMI.1999.12.11.947.

Falistocco, E.; Falcinelli, M. Genomic organization of rDNA loci in natural populations of Medicago truncatula Gaertn. Hereditas
2003, 138, 1-5, doi:10.1034/j.1601-5223.2003.01540.x.



Plants 2021, 10, 1771 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Weiss-Schneeweiss, H.; Schneeweiss, G.M.; Stuessy, T.F.; Mabuchi, T.; Park, J.; Jang, C.; Sun, B. Chromosomal stasis in diploids
contrasts with genome restructuring in auto- and allopolyploid taxa of Hepatica (Ranunculaceae). New Phytol. 2007, 174, 669—
682, doi:10.1111/j.1469-8137.2007.02019.x.

Jang, T.S.; McCann, J.; Parker, ].S.; Takayama, K.; Hong, S.P.; Schneeweiss, G.M.; Weiss-Schneeweiss, H. rDNA loci evolution
in the genus Glechoma (Lamiaceae). PLoS ONE 2016, 11, e0167177, doi:10.1371/journal.pone.0167177.

Falistocco, E.; Torricelli, R.; Falcinelli, M. Genomic relationships between Medicago murex Willd. and Medicago lesinsii E. Small.
investigated by in situ hybridization. Theor. Appl. Genet. 2002, 105, 829-833, d0i:10.1007/s00122-002-1055-5.

Ansari, H.A; Ellison, N.-W.; Williams, W.M. Molecular and cytogenetic evidence for an allotetraploid origin of Trifolium dubium
(Leguminosae). Chromosoma 2008, 117, 159-167, doi:10.1007/s00412-007-0134-4.

Xu, B.; Zeng, X.M.; Gao, X.F.; Jin, D.P.; Zhang, L.B. ITS Non-concerted evolution and rampant hybridization in the legume genus
Lespedeza (Fabaceae). Sci. Rep. 2017, 7, 40057, doi:10.1038/srep40057.

Liu, L.; Yang, Q.-F.; Dong, W.-S; Bi, Y.-H.; Zhou, Z.-G. Characterization and physical mapping of nuclear ribosomal RNA
(rRNA) genes in the haploid gametophytes of Saccharina japonica (Phaeophyta). J. Appl. Phycol. 2017, 29, 2695-2706,
doi:10.1007/s10811-017-1206-3.

Ansari, H. Molecular cytogenetic organization of 5S and 185-26S rDNA loci in white clover (Trifolium repens L.) and related
species. Ann. Bot. 1999, 83, 199-206, d0i:10.1006/anbo.1998.0806.

Dluhosova, J.; Repkové, J.; JakeSova, H.; Nedélnik, J. Impact of interspecific hybridization of T. pratense x T. medium and
backcrossing on genetic variability of progeny. Czech |. Genet. Plant. 2016, 52, 125-131, doi:10.17221/115/2016-CJGPB.

Garcia, S.; Kovatik, A. Dancing together and separate again: Ribosomal RNA multigene loci: Nomads of the Triticeae genomes.
Heredity 2013, 111, 23-33, d0i:10.1038/hdy.2013.11.

Dubcovsky, J.; Dvorak, J. Ribosomal RNA multigene loci: Nomads of the Triticeae genomes. Genetics 1995, 140, 1367-1377.
Rosato, M.; Kovarik, A.; Garilleti, R.; Rossello, J.A. Conserved organisation of 455 rDNA sites and rDNA gene copy number
among major clades of early land plants. PLoS ONE 2016, 11, 0162544, d0i:10.1371/journal.pone.0162544.

She, C.W.; Wei, L.; Jiang, X.H. Molecular cytogenetic characterization and comparison of the two cultivated Canavalia species
(Fabaceae). Comp. Cytogenet. 2017, 11, 579-600, doi:10.3897/compcytogen.v11i4.13604.

Li, K.P.; Wu, Y.X,; Zhao, H.; Wang, Y.; Lii, X M.; Wang, ] M.; Xu, Y.; Li, Z.Y.; Han, Y.H. Cytogenetic relationships among Citrullus
species in comparison with some genera of the tribe Benincaseae (Cucurbitaceae) as inferred from rDNA distribution patterns.
BMC Evol. Biol. 2016, 16, 85, d0i:10.1186/512862-016-0656-6.

Jacobs, M.D.; Gardner, R.C.; Murray, B.G. Cytological characterization of heterochromatin and rDNA in Pinus tadiata and P.
taeda. Plant Syst. Evol. 2000, 223, 71-79, d0i:10.1007/BF00985327.

Hizume, M.; Shibata, F.; Matsusaki, Y.; Garajova, Z. Chromosome identification and comparative karyotypic analyses of four
Pinus species. Theor. Appl. Genet. 2002, 105, 491-497, doi:10.1007/s00122-002-0975-4.

Martinez, J.; Vargas, P.; Lucefio, M.; Cuadrado, A. Evolution of Iris subgenus Xiphium based on chromosome numbers, FISH of
nrDNA (55, 455) and trnL—-trnF sequence analysis. Plant Syst. Evol. 2010, 289, 223-235, doi:10.1007/s00606-010-0345-7.
Mizuochi, H.; Marasek, A.; Okazaki, K. Molecular cloning of Tulipa fosteriana tDNA and subsequent FISH analysis yields
cytogenetic organization of 55 rDNA and 45S rDNA in T. gesneriana and T. fosteriana. Euphytica 2007, 155, 235-248,
doi:10.1007/s10681-006-9325-y.

Winterfeld, G.; Becher, H.; Voshell, S.; Hilu, K.; Réser, M. Karyotype evolution in Phalaris (Poaceae): The role of reductional
dysploidy, polyploidy and chromosome alteration in a wide-spread and diverse genus. PLoS ONE 2018, 13, 0192869,
doi:10.1371/journal.pone.0192869.

Fukushima, K.; Imamura, K.; Nagano, K.; Hoshi, Y. Contrasting patterns of the 55 and 455 rDNA evolutions in the Byblis liniflora
complex (Byblidaceae). ]. Plant Res. 2011, 124, 231-244, d0i:10.1007/s10265-010-0366-x.

Olanj, N.; Garnatje, T.; Sonboli, A.; Valles, J.; Garcia, S. The striking and unexpected cytogenetic diversity of genus Tanacetum
L. (Asteraceae): A cytometric and fluorescent in situ hybridisation study of Iranian taxa. BMC Plant Biol. 2015, 15, 174,
doi:10.1186/s12870-015-0564-8.

Vozarova, R.; Herklotz, V.; Kovarik, A.; Tynkevich, Y.O.; Volkov, R.A.; Ritz, C.M.; Lunerova, J. Ancient origin of two 55 rDNA
families dominating in the genus Rosa and their behavior in the canina-type meiosis. Front. Plant Sci. 2021, 12, 643548,
doi:10.3389/fpls.2021.643548.

Liu, B.; Davis, T.M. Conservation and loss of ribosomal RNA gene sites in diploid and polyploid Fragaria (Rosaceae). BMC Plant
Biol. 2011, 11, 157.

Garcia, S.; Kovarik, A.; Leitch, A.R.; Garnatje, T. Cytogenetic features of rRNA genes across land plants: Analysis of the plant
rDNA database. Plant J. 2017, 89, 1020-1030, doi:10.1111/tpj.13442.

Weiss-Schneeweiss, H.; Tremetsberger, K.; Schneeweiss, G.M.; Parker, ].S.; Stuessy, T.F. Karyotype diversification and evolution
in diploid and polyploid South American Hypochaeris (Asteraceae) inferred from rDNA localization and genetic fingerprint
data. Ann. Bot. 2008, 101, 909-918, d0i:10.1093/aob/mcn023.

Dadejova, M.; Lim, K.Y.; Souckova-Skalicka, K.; Matyasek, R.; Grandbastien, M.; Leitch, A.; Kovafik, A. Transcription activity
of rRNA genes correlates with a tendency towards intergenomic homogenization in Nicotiana allotetraploids. New Phytol. 2007,
174, 658-668, doi:10.1111/.1469-8137.2007.02034.x.

Rosato, M.; Alvarez, L; Nieto Feliner, G.; Rossello, J.A. High and uneven levels of 455 rDNA site-number variation across wild
populations of a diploid plant genus (Anacyclus, Asteraceae). PLoS ONE 2017, 12, 0187131, doi:10.1371/journal.pone.0187131.



Plants 2021, 10, 1771 17 of 17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

Matyasek, R.; Renny-Byfield, S.; Fulnecek, J.; Macas, J.; Grandbastien, M.-A.; Nichols, R.; Leitch, A.; Kovafik, A. Next generation
sequencing analysis reveals a relationship between rDNA unit diversity and locus number in Nicotiana diploids. BMC Genom.
2012, 13, 722, doi:10.1186/1471-2164-13-722.

Lunerov4, J.; Renny-Byfield, S.; Matyasek, R.; Leitch, A.; Kovarik, A. Concerted evolution rapidly eliminates sequence variation
in rDNA coding regions but not in intergenic spacers in Nicotiana tabacum allotetraploid. Plant Syst. Evol. 2017, 303, 1043-1060,
doi:10.1007/s00606-017-1442-7.

Marques, A.; Moraes, L.; Aparecida dos Santos, M.; Costa, I.; Costa, L.; Nunes, T.; Melo, N.; Simon, M.F.; Leitch, A.R.; Almeida,
C.; et al. Origin and parental genome characterization of the allotetraploid Stylosanthes scabra Vogel (Papilionoideae,
Leguminosae), an important legume pasture crop. Ann. Bot. 2018, 122, 1143-1159, doi:10.1093/aob/mcy113.

Yan, H.H.; Mudge, J.; Kim, D.-J.; Shoemaker, R.C.; Cook, D.R.; Young, N.D. Comparative physical mapping reveals features of
microsynteny between Glycine max, Medicago truncatula, and Arabidopsis thaliana. Genome 2004, 47, 141-155, doi:10.1139/g03-106.
Fonséca, A.; Ferreira, J.; dos Santos, T.R.B.; Mosiolek, M.; Bellucci, E.; Kami, ].; Gepts, P.; Geffroy, V.; Schweizer, D.; dos Santos,
K.G.B,; et al. Cytogenetic map of common bean (Phaseolus vulgaris L.). Chromosome Res. 2010, 18, 487-502, d0i:10.1007/s10577-
010-9129-8.

Susek, K.; Bielski, W.K.; Hasterok, R.; Naganowska, B.; Wolko, B. A first glimpse of wild lupin karyotype variation as revealed
by comparative cytogenetic mapping. Front. Plant Sci. 2016, 7, 1152, d0i:10.3389/fpls.2016.01152.

Wyrwa, K.; Ksigzkiewicz, M.; Szczepaniak, A.; Susek, K.; Podkowinski, J.; Naganowska, B. Integration of Lupinus angustifolius
L. (narrow-leafed lupin) genome maps and comparative mapping within legumes. Chromosome Res. 2016, 24, 355-378,
doi:10.1007/s10577-016-9526-8.

Du, P,; Li, L,; Liu, H; Fu, L.; Qin, L.; Zhang, Z.; Cui, C; Sun, Z.; Han, S.; Xu, J.; et al. High-resolution chromosome painting with
repetitive and single-copy oligonucleotides in Arachis species identifies structural rearrangements and genome differentiation.
BMC Plant Biol. 2018, 18, 240, doi:10.1186/s12870-018-1468-1.

Devi, J.; Ko, ].M.; Seo, B.B. FISH and GISH: Modern cytogenetic techniques. Indian ]. Biotechnol. 2005, 4, 307-315.

Pellerin, R.J.; Waminal, N.E.; Kim, H.H. FISH mapping of rDNA and telomeric repeats in 10 Senna species. Hortic. Environ.
Biotechnol. 2019, 60, 253-260, doi:10.1007/s13580-018-0115-y.

Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant 1962, 15,
473-497, doi:10.1111/j.1399-3054.1962.tb08052.x.

Lysak, M.A.; Mandakova, T. Analysis of plant meiotic chromosomes by chromosome painting. Methods Mol. Biol. 2013, 990, 13—
24, doi:10.1007/978-1-62703-333-6_2.

Kirov, I.; Divashuk, M.; Van Laere, K.; Soloviev, A.; Khrustaleva, L. An easy “SteamDrop” method for high quality plant
chromosome preparation. Mol. Cytogenet. 2014, 7, 21, doi:10.1186/1755-8166-7-21.

Librado, P.; Rozas, ]. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bioinformatics 2009, 25,
1451-1452, doi:10.1093/bioinformatics/btp187.

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549, d0i:10.1093/molbev/msy096.

Harpke, D.; Peterson, A. 5.8S motifs for the identification of pseudogenic ITS regions. Botany 2008, 86, 300-305, doi:10.1139/B07-
134.

Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003, 31, 3406-3415,
doi:10.1093/nar/gkg595.

UNAFold. Available online: http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form?2.3 (accessed on 12 November 2020).
Hfibova, E.; Cizkova, J.; Christelova, P.; Taudien, S.; de Langhe, E.; Dolezel, J. The ITS1-5.85-ITS2 sequence region in the
Musaceae: Structure, diversity and use in molecular phylogeny. PLoS ONE 2011, 6, e17863, doi:10.1371/journal.pone.0017863.



