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Abstract: A comparative karyotype analysis of four species of yellow-flowered Eranthis sect. Eranthis,
i.e., E. bulgarica, E. cilicica, E. hyemalis, and E. longistipitata from different areas, has been carried out
for the first time. All the studied specimens had somatic chromosome number 21 = 16 with basic
chromosome number x = 8. Karyotypes of the investigated plants included five pairs of metacentric
chromosomes and three pairs of submetacentric/subtelocentric chromosomes. The chromosome sets
of the investigated species differ mainly in the ratio of submetacentric/subtelocentric chromosomes,
their relative lengths, and arm ratios. A new oligonucleotide probe was developed and tested to detect
455 rDNA clusters. Using this probe and an oligonucleotide probe to 5S rDNA, 455 and 55 rDNA
clusters were localized for the first time on chromosomes of E. cilicica, E. hyemalis, and E. longistipitata.
Major 45S rDNA clusters were identified on satellite chromosomes in all the species; in E. cilicica,
minor clusters were also identified in the terminal regions of one metacentric chromosome pair. The
number and distribution of 55 rDNA clusters is more specific. In E. cilicica, two major clusters were
identified in the pericentromeric region of a pair of metacentric chromosomes. Two major clusters in
the pericentromeric region of a pair of submetacentric chromosomes and two major clusters in the
interstitial region of a pair of metacentric chromosomes were observed in E. longistipitata. E. hyemalis
has many clusters of different sizes, localized mainly in the pericentromeric regions. Summarizing
new data on the karyotype structure of E. sect. Eranthis and previously obtained data on E. sect.
Shibateranthis allowed conclusions to be formed about the clear interspecific karyological differences
of the genus Eranthis.
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1. Introduction

The genus Eranthis Salisb. (winter aconite) belongs to Ranunculaceae Juss., tribe Cimi-
cifugeae Torr. & A. Grey [1]. This genus consists of 10 to 14 early flowering herbaceous
perennial species that are distributed across Southern Europe and Western, Central, and
temperate Asia [2,3]. Most species of the genus have a limited distribution [4,5]. According
to morphological data, the genus has been divided into two sections: E. sect. Eranthis
and E. sect. Shibateranthis (Nakai) Tamura [6]. The type section Eranthis is characterized by
plants with tubers, yellow sepals, and emarginate or slightly bilobate upper petal margins
without pseudonectaries [7]. Eranthis sect. Eranthis in Europe includes E. bulgarica (Stef.)
Stef. and E. hyemalis (L.) Salisb., whereas in Southwest and West Asia, it includes E. cilicica
Schott & Kotschy, E. iranica Ruksans & Zetterl., E. kurdica Ruksans, and E. longistipitata
Regel [8-10]. Eranthis hyemalis is often associated with estate woodlands. However, though
present in many European countries, it is probably only truly native to the south, France,
and Italy. In the wild, E. cilicica and E. hyemalis can be readily separated [11]. However,
Stace’s comments would certainly be true for some plants in cultivation and some natu-
ralized populations in Britain and Ireland [12]. Plants with intermediate characters can
be found, and these can perhaps be referred to the hybrid Eranthis x tubergenii Bowles.
Eranthis longistipitata is a plant of mountain woodlands and part-shaded rocky habitats,
occasionally venturing onto grassy slopes and screes, found in Afghanistan, Kazakhstan,
Tajikistan, Turkmenistan, and Uzbekistan. Its distribution does not overlap with any other
species of Eranthis [11]. Eranthis longistipitata and E. cilicica grow in places that are rea-
sonably humid during the growing season. After the plants die down, their growing
places become very dry, and that is exactly what this magnificent plant appreciates in the
garden [13]. The more orange-colored plants described as E. iranica are common in Iran
and at the border of Turkmenistan [9]. Eranthis kurdica was described recently [10]. This
species was initially classified as E. cilicica or E. hyemalis, yet it differs in the presence of
daughter tubers on a mother tuber, similar to E. iranica and E. longistipitata. This species is
common in eastern Turkey, Iran, and Iraq [14].

Eranthis sect. Shibateranthis has long-lived tubers, white sepals, and bilobate or forked
petal margins with pseudonectaries [7,15]. Species of this section have a natural geographic
range in temperate North and East Asia, i.e., Eranthis albiflora Franch., E. byunsanensis B.Y.
Sun, E. lobulata W.T. Wang, E. pinnatifida Maxim., E. pungdoensis B.U. Oh, E. sibirica DC.,
E. stellata Maxim., and E. tanhoensis Erst [2,4,5].

Chromosomal analysis is extensively used to study the systematics and evolution of plants
from different taxonomic groups [5,16-18]. In Ranunculaceae, the karyotype structure has been
studied for representatives of numerous genera, particularly those with large chromosomes,
such as Adonis L. [19], Anemone L. [20], Caltha L. [21,22], Cimicifuga Wernisch. [21,22], Halerpestes
Greene [23], Helleborus L. [22], Ranunculus L. [24], Trollius L. [21], etc. However, molecular
cytogenetic studies, an integral part of chromosomal analysis, were conducted only for
some taxa of this family. Similar studies on the localization of conserved ribosomal DNA
sequences are known for Anemone [19], Hepatica Mill. [25], Pulsatilla Mill. [26,27], and
Ranunculus [28].

In our previous study, we described the chromosome sets of six species of Eranthis
sect. Shibateranthis and revealed clear karyotypical differences in E. byunsanensis, E. lobulata,
E. pinnatifida, E. sibirica, E. stellata, and E. tanhoensis associated with their evolution. The
studied species differ in the number and morphology of chromosomes [29]. For the species
of E. sect. Eranthis, only the karyotype of E. hyemalis was described [30-32]. The purpose of
our current study was to perform comparative analysis of karyotype structure and physical
mapping of 455 and 5S ribosomal DNA (rDNA) sequences on chromosomes by fluorescence
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in situ hybridization (FISH) in four species Eranthis sect. Eranthis, i.e., E. bulgarica, E. cilicica,
E. hyemalis, and E. longistipitata (Figure 1). Highly conserved rDNA sequences are widely
used for comparative molecular cytogenetic analysis of different taxa to study the evolution
of chromosome sets [33,34].

Figure 1. The studied species of yellow-flowered Eranthis sect. Eranthis (A) E. bulgarica, (B) E. cilicica,
(C) E. hyemalis, (D) E. longistipitata.

2. Results
2.1. Karyotypes of Eranthis sect. Eranthis

Comparative karyological analysis was performed for Eranthis bulgarica, E. cilicica,
E. hyemalis, and E. longistipitata from 18 populations from different areas (Table 1). The
investigated accessions showed predominantly large and medium-sized chromosomes that
belong to the Ranunculus-type according to Langlet [35]. The basic and somatic chromosome
numbers were x = 8 and 2n = 16, respectively (Figure 2). Their karyotypes included five
pairs of large metacentric chromosomes and three pairs of smaller submetacentric and
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subtelocentric chromosomes in different ratios. Karyotype formulas for accessions from
13 populations are summarized in Table 2. The results of a detailed karyomorphometric
analysis and haploid idiograms for accessions from four populations (one for each species)
are presented in Table 3 and Figure 3, respectively.

Table 1. Chromosome number in yellow-flowered Eranthis sect. Eranthis from different localities.

Pop.

Species

Voucher Information CN, 2n

Bulgaria, Vidin District, Vrashka Chuka Peak, xerothermal

E. bulgarica belt of oak forests, 632 m, 43°50'14.2” N 22°22/30.3" E, 16

12.03.2019, A.N. Tashev, BU2019-2

Bulgaria, Vidin District, Vrashka Chuka Peak, xerothermal

E. bulgarica belt of oak forests, 678 m, 43°49'54.8" N 22°17'0.2" E, 16

16.03.2021, A.N. Tashev, S. Bancheva, BU2021-5.3

E. cilicica

Turkey, Kahramanmarag Province, Goksun District,
Delihgbek Dagi, mountain steppe, 2115 m, 37°53' N 36°41’ 16
E, 29.04.2019, T. Ertugrul, TU2019-1

E. cilicica

Turkey, Konya Province, between Taskent-Basyayla, after

Feslikan Plateau, high mountain steppe with Ornithoghalum

lanceolatum, Anemone blanda, Tulipa armena, Ranunculus sp., 16
1726 m, 36°50'45" N 32°33/36"" E, 2021, A.S. Erst, T.V. Erst,

O. Cegen, Z. Aytac, TU2021-4

E. cilicica

Turkey, Karaman Province, between Taskent-Basyayla, 10
km from Basuala, high mountain steppe with Ornithoghalum
lanceolatum, Tulipa cinnaborina, Acantholimon venestum,
Corydalis erdelii, Fritillaria pinardii, Anemone blanda, 1807 m,
36°47'20" N 32°37'54" E, 2021, A.S. Erst, T.V. Erst, O. Cecen,
Z. Aytac, TU2021-5

16

E. cilicica

Turkey, Mersin Province, Anamur District, Tamtir Plateau,

high mountain stony steppe with Corydalis sp., Anemone

blanda, Fritillaria pinardi, Ornithogalum platyphyllum, 1889 m, 16
36°19/36"” N 32°43'16" E, 2021, A.S. Erst, T.V. Erst, O. Cegen,

Z. Aytac, TU2021-11

Italy, Impruneta, Villa Le Rose (Firenze), olive grove, 107 m,

E. hyemalis 43°43'15.5" N 11°13/36.2"" E, 15.02.2020, A.S. Erst, T.V. Erst, 16

L. Pinzani, IT2020-1

Italy, Pontassieve, Villa di Grignano (Firenze), olive grove

E. hyemalis along the street, 300 m, 43°48/23.7" N 11°27'32.1" E, 16

15.02.2020, A.S. Erst, T.V. Erst, L. Pinzani, IT2020-4

Italy, Via di Roncrio, Bologna, mixed deciduous wood near

E. hyemalis road, 123 m, 44°27'42.1" N 11°20'12.9"” E, 16.02.2020, A.S. 16

Erst, T.V. Erst, L. Pinzani, IT2020-5

10

Italy, Franzone La Ponte, Lombardia, Goldferenzo (Pavia),

E. hyemalis along the road, 238 m, 44°58'11.4” N 9°17'31.1" E, 16

17.02.2020, A.S. Erst, T.V. Erst, L. Pinzani, IT2020-8

11

Germany, Rheinland-Pfalz, Dérrmoschel, cemetery along

E. hyemalis the street, 362 m, 49°37'07.9"” N 7°45'07.1" E, 12.02.2020, 1. 16

Vogler, C. Rosche, GE2020-3

12

Hungary, Nagykapornak, park with remain

E. hyemalis Quercus—Carpinus forest, 163 m, 46°49'13" N 16°59'33" E, 16

15.02.2020, A. Mesterhazy, HU2020-1
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Table 1. Cont.

Pop. Species Voucher Information CN, 2n

Hungary, Asz6f6, Quercus—Carpinus forest in the valley,
13 E. hyemalis 150 m, 46°56'18"” N 17°49'31" E, 18.02.2020, A. 16
Mesterhdzy, HU2020-2

Kazakhstan, western part of the Kirghizsky Ridge,
Botamoynak Mountains, near Taraz City, 900 m,
42°54/26/ N 71°32/09" E, 24.03.2017,

V. Kolbinzev, KAZ2017-1

Tajikistan, Khatlon Oblast, Muminobod district,
Hazrati-Shoh pass, Childukhtaron mountain, blackwood,
38°18/11.5"” N 70°09'57.7" E, 10.04.2020, M.T. Boboev, S.B.
Yoqubov, TJ2020-1

14 E. longistipitata 16

15 E. longistipitata 16

Uzbekistan, Andijan region, Khojaabad region,
east-southeastern part of the Fergana Valley, Kyrtashtau
mountains, near Imamat village, mossy stony slope, 910 m,
40°32'27" N, 72°36'28" E, 12.03.2020, T.Kh. Makhkamov,
D.A. Krivenko, O.T. Turginov, O.A.

Chernysheva, UZB2020-1

16 E. longistipitata 16

Uzbekistan, Tashkent region, Bostanlyk district, Western
Tan-Shan, north-western part of the Chatkal ridge, foot of
the Big Chimgan mountain, between Galvasay and
17 E. longistipitata Mramornaya rivers, on the road from Uchterek tract to 16
Chimgan tract, bushy slope, 1690 m, 41°31'05” N
69°59'15" E, 16.03.2020, D.A. Krivenko, O.A. Chernysheva,
T.Kh. Makhkamov, UZB2020-9

Uzbekistan, Jizzakh region, Zaamin district, Western
Pamiro-Alai, Gissar-Alai, northern macroslope of the
18 E. longistipitata Turkestan ridge, Zaamin forestry enterprise, Usman tract, 16
mountain slope, 1450 m, 39°43/26.1" N 68°27'54.0" E,
20.03.2020, T.Kh. Makhkamov, UZB2020-10

Notes: Pop.—population number; CN—chromosome number.

Table 2. Karyotype formulas in yellow-flowered Eranthis sect. Eranthis.

. Population
Species Number/Voucher Karyotype Formula
. Pop. 1, BU2019-2 10m + 3sm + 1st + 2stsat
E. bulgarica
Pop. 2, BU2021-5.3 10m + 3sm + 1st + 2st%at
. Pop. 3, TU2019-1 10m + 4sm + 2stsat
E. cilicica
Pop. 4, TU2021-4 10m + 4sm + 2stsat
Pop. 7,1T2020-1 10m + 2sm + 2st + 2stsat
Pop. 8, 1T2020-4 10m + 2sm + 2st + 2stSat
E. hyemalis Pop. 9, IT2020-5 10m + 2sm + 2t + 25t
Pop. 10, IT2020-8 10m + 2sm + 2st + 2stsat
Pop. 11, GE2020-3 10m + 2sm + 2st + 2stSat
Pop. 12, HU2020-1 10m + 2sm + 2st + 2stsat
Pop. 14, KAZ2017-1 10m + 2sm + 2st + 2stsat
E. longistipitata Pop. 15, TAJ 2020-1 10m + 2sm + 2t + 2stsat
Pop. 17, UZB2020-9 10m + 2sm + 2st + 2stsat

Notes: m—metacentric chromosome; sm—submetacentric chromosome; st—subtelocentric chromosome;
sat__satellite chromosome.
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Figure 2. Mitotic metaphase chromosome plates of yellow-flowered Eranthis sect. Eranthis.
(A)—E. bulgarica (pop. 1), 2n = 16; (B)—E. bulgarica (pop. 2), 2n = 16; (C)—E. cilicica (pop. 3), 2n = 16;
(D)—E. hyemalis (pop. 9), 2n = 16; (E)—E. hyemalis (pop. 11), 2n = 16; (F)—E. hyemalis (pop. 12), 2n = 16;
(G)—E. longistipitata (pop. 14), 2n = 16, (H)—E. longistipitata (pop. 15), 2n = 16; (I)—E. longistipitata
(pop. 17), 2n = 16. Arrows point at heteromorphic chromosome pair. Scale bars = 10 um.

Table 3. Karyomorphological parameters in yellow-flowered Eranthis sect. Eranthis.

Species Pair CL, um r CI, % RL, % Type THL Mca CVc CV¢r
1 6.99 +0.23 1.14 £ 0.06 46.67 7.75 m
2 6.71 +0.29 1.07 £ 0.05 48.49 744 m
3 6.27 £0.17 1.07 £ 0.04 48.26 6.95 m
. 4 6.14 £0.21 1.12 £ 0.06 47.29 6.80 m
E. bulgarica
(Pop. 1) 5 5.59 + 0.27 113 + 0.05 46.93 6.20 m 45.12 £+ 0.96 21.13 £ 0.67 18.57 + 0.63 27.76 £ 0.83
6 4.88 +£0.23 248 +0.13 28.76 541 sm
7 442 +0.04 240 +0.18 29.44 490 sm
459 +0.11 3.58 £ 0.31 21.97 5.10 st
8 4.02 +£0.15 3.28 £0.13 23.42 4.45 stsat
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Table 3. Cont.
Species Pair CL, um r CI, % RL, % Type THL Mca CVcL CV¢r
1 8354042  1.06+003 48.48 7.60 m
2 8264028 123+007 4496 7.52 m
3 7864023 1134006 47.09 7.16 m
E. cilicica 4 769£026 136009 4253 700 m 5490+£191  2286+098  2211+1.05 2419+ 1.69
(Pop. 3) 5 6974045 136+007 4242 635 m
6 6024036 2394032 29.82 5.49 sm
7 6024038 3514043 22.37 548 sesat
8  373+016 225+024 30.97 3.40 sm
1 9754044 107+ 0.03 4834 7.90 m
2 9244047 1194008 45.82 7.48 m
3 9134040  1.08 +0.05 48.08 7.39 m
E(gg;mgl;s 4 849£039 1242010 4480 688 m 6171+£272 24104155  2240+164  31.87+231
5  798+058 113+ 0.09 146.97 6.46 m
6  597+033 248+0.16 28.72 4.84 sm
7 5594028 458 +0.83 18.28 453 stsat
8  557+044 3594045 21.83 451 st
1 768+054 1234007 4496 8.27 m
2 7354030 1.08+0.04 4816 7.91 m
3 6954031 116+007 4628 7.48 m
E l?;fstilpg“m 4 6784041 130£008 43.58 730 m 4644 +224 22314114  2793+£121  2445+093
5 6144043 1184008 46.04 6.61 m
6 4454036 316+0.19 24.41 479 st
7 3824022 314+0.14 24.40 412 stsat
8 3274031 205+0.19 33.00 352 sm

Notes: Pair—chromosome pair; CL—chromosome length (M £ SD); r—arm ratio (M £ SD); Cl—centromeric
index; RL—relative chromosome length; m—metacentric chromosome; sm—submetacentric chromosome;
st—subtelocentric chromosome; $**—satellite chromosome; Type—morphological chromosome type; THL—total
length of haploid chromosome set; Mca—mean centromeric asymmetry (M % SD); CVcp—coefficient of variation
in chromosome length (M =+ SD); CV—coefficient of variation in centromeric index (M £ SD).

E. bulgarica E. cilicica

m m m m m sm st sm
m Ssm sm st st

m m m I
1 2 3 i i i
1 2 3 4 5 6 17

8

E. hyemalis E. longistipitata

m m m m m sm st st m m m m m st sm

1 2 3 4 5 6 7 8 78

Figure 3. Haploid idiograms of yellow-flowered Eranthis sect. Eranthis species.

m—metacentric chromosome; sm-—submetacentric chromosome; st—subtelocentric chromo-
some; 1-8—chromosome pairs.
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2.1.1. Eranthis bulgarica

Metacentric chromosomes in this species formed a homogeneous group that gradually
decreased in length and had similar arm ratios (Figures 2A,B and 3; Table 3). The relative
lengths of individual metacentric chromosomes in this species varied within a range
from 6.20 to 7.75%. The other chromosomes included three submetacentric and three
subtelocentric ones. The longest chromosome pair was submetacentric (mean relative
length of 5.41%) and the shortest chromosome pair was subtelocentric (mean relative length
of 4.45%) with small satellites in the terminal region of the short arm. Typically, one satellite
chromosome and less often two satellite chromosomes could be identified on metaphase
plates. The third pair of non-metacentric chromosomes in accessions from pop. 1 was
of intermediate size; it was heteromorphic and was represented by submetacentric and
subtelocentric chromosomes of a similar length. In accessions from pop. 2, this chromosome
pair differed not only in the arm ratio, but also in length, i.e., the mean relative length of the
submetacentric chromosome was 2.92%, and the mean relative length of the subtelocentric
chromosome was 5.19% (Figure 2B). The karyotype formula of E. bulgarica was 2n = 2x = 16
=10m + 3sm + 1st + 2st5at,

2.1.2. Eranthis cilicica

We studied the karyotype structure of accessions from two populations growing in
Turkey (Figure 2C). The karyotype formulas were similar for both populations—2n = 2x
=16 = 10m + 4sm + 2st¥!. A more detailed karyomorphometric analysis was carried out
for pop. 3 from Kahramanmaras Province (Figure 3; Table 3). Five pairs of metacentric
chromosomes differed slightly in the arm ratios and lengths (mean relative length of
6.35 to 7.60%). Two other pairs were submetacentric chromosomes and one pair was
subtelocentric chromosomes with small satellites in short arms. The length of one pair of
submetacentric chromosomes was very close to the length of subtelocentric chromosomes,
whereas the second pair of submetacentric chromosomes was significantly shorter (mean
relative lengths of the two pairs of submetacentric chromosomes were 5.49 and 3.40%).

2.1.3. Eranthis hyemalis

We studied chromosome sets of accessions from six populations growing in Italy, Ger-
many, and Hungary (Figure 2D-F; Table 2). The karyotype formulas were similar for all the
studied plants, i.e., 2n = 2x = 16 = 10m + 2sm + 2st + 2st>. A detailed karyomorphological
analysis was carried out for the population from Via di Roncrio, Bologna, Italy (Figure 3;
Table 3). Similar to other species, five pairs of metacentric chromosomes were the largest
in the set; the arm ratios and chromosome lengths varied (mean relative length of 6.46 to
7.90%). The other pairs of chromosomes had similar lengths (mean relative length of 4.51
to 4.84%), but differed in the arm ratios. A more asymmetrical subtelocentric pair carried
small satellites in the terminal regions of the short arms.

2.1.4. Evanthis longistipitata

We studied the karyotype structure of accession from three populations growing in
Kazakhstan, Tajikistan, and Uzbekistan (Figure 2G-I; Table 2). The karyotype formula for
E. longistipitata was 2n = 2x = 16 = 10m + 2sm + 2st + 2st>®. A detailed karyomorphological
analysis was carried out for the accession from Kazakhstan (Table 3). The arm ratios and
lengths varied in five pairs of metacentric chromosomes (mean relative lengths of 6.61 to
8.27%). The shortest heterobrachial chromosome pair was submetacentric, and its average
relative length attained 3.52%. Two pairs of subtelocentric chromosomes differed in lengths
(mean relative lengths of 4.79 and 4.12%), but their arm ratios were similar (Table 3). A pair
of shorter subtelocentric chromosomes had small satellites in the terminal regions of the
short arms.
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2.1.5. Comparative Karyomorphometric Analysis

The exploratory PCA (cumulative variance explained by the first two axes: 90.34%)
highlighted four non-overlapping groups (Figure 4). This was further confirmed by uni-
variate analyses: THL values (ANOVA, F = 71.66, df = 3, p << 0.01) differed among all
species pairs with p << 0.01 (Tukey HSD test), with the exception of the pair E. bulgarica
vs. E. longistipitata, which did not show significant differences (p = 0.71). CV¢L values
(F=61.13, df = 3, p << 0.01) differed among all species pairs with p << 0.01, with the
exception of the pair E. cilicica vs. E. hyemalis (p = 0.98). Mca values (F = 4.96, df = 3,
p << 0.01) differed only between E. bulgarica and E. hyemalis with p << 0.01. Finally, CV¢;
values (F = 27.59, df = 3, p << 0.01) differed among all species pairs with p << 0.01, with
the exception of the pair E. cilicica vs. E. longistipitata (p = 0.99). Consequently, the high-
est values of THL and CV ¢ were shown by E. hyemalis, the highest values of CV¢y, by
E. longistipitata (and the lowest by E. bulgarica), while E. cilicica showed intermediate values
concerning all features (Table 3). The overall results were fully supported by LDA, that
correctly attributed object (accessions) to the four species in 100% of cases (jackknifed).

\CVCL 8

Component 2

Eranthis bulgarica

e
T~

o 2

\’
<

Component 1

Figure 4. PCA biplot based on the four karyological parameters (THL, CVcp, Mca, CV(y) of yellow-
flowered Eranthis sect. Eranthis species. The accessions (metaphasic plates) of each species are
represented with different colors. Green lines length is proportional to the relative contribution of
each of the four karyological parameters in displacing the accessions in the bidimensional space.

2.2. Distribution of rDNA Sites along the Chromosomes of Eranthis cilicica, E. hyemalis, and
E. longistipitata

FISH mapping of 45S and 55 rDNA clusters on chromosomes of the Eranthis species
was performed for the first time. We studied E. cilicica (pop. 3), E. hyemalis (pop. 10),
and E. longistipitata (pop. 17) (Figure 5) and revealed that all the species had two major
clusters of 455 rDNA (NORs) at the terminal regions of short arms of subtelocentric satellite
chromosomes. In E. cilicica, 1-2 pairs of minor clusters of 455 rDNA were identified in the
terminal regions of metacentric chromosomes.

The studied species showed differences in the number of 55 rDNA clusters. In
E. cilicica, only two major clusters of 5S rDNA were identified in subcentromeric regions of
the shortest metacentric chromosomes (Figure 5A). Eranthis longistipitata had four major
clusters of 55 rDNA—in the interstitial regions of a pair of metacentric chromosomes and
in the pericentromeric regions of a pair of small submetacentric chromosomes (Figure 5C).
Eranthis hyemalis had up to 16 55 rDNA clusters of various sizes in 14 chromosomes
(Figure 5B). They were mainly localized in the pericentromeric regions, but a pair of sub-
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A

metacentric chromosomes without satellites had two clusters each—in the pericentromeric
and interstitial regions.

Figure 5. The 45S (red, TAMRA) and 5S (green, FAM) ribosomal DNA distribution on metaphase chro-
mosomes of Eranthis cilicica, pop. 3, 2n = 16 (A), E. hyemalis, pop. 10, 2n = 16 (B), and E. longistipitata,
pop. 17, 2n = 16 (C). DAPI chromosome staining—Dblue. Scale bars = 10 um.

3. Discussion
Karyotype Structure in Eranthis sect. Eranthis

Our current and previous karyological studies on Eranthis showed that the genus was
predominantly characterized by a basic chromosome number x = 8 and diploid cytotypes
with 2n = 16. The exceptions included records of triploid E. hyemalis with 2n = 24 [36],
and two species from Siberia that belonged to E. sect. Shibateranthis, namely E. tanhoensis
with 2n = 14 and E. sibirica with 2n = 42 [5,29]. The karyotype structure of the studied
species—E. bulgarica, E. cilicica, E. hyemalis, and E. longistipitata—showed common features
within this group and shared with some species of E. sect. Shibateranthis, namely E. byunsa-
nensis, E. lobulata, and E. stellata. The chromosome sets of these species included five pairs
of large metacentric chromosomes and three pairs of smaller chromosomes with unequal
arms of different morphology. The chromosome set of each of the species included a pair
of satellite submetacentric or subtelocentric chromosomes with a secondary constriction
on the short arm. This type of localization of the nucleolar organizer (in the subterminal
region of the short arm) is characteristic of karyotypes of most plants [37]. We identified
a different localization of the secondary constriction for E. sibirica and E. tanhoensis—in
the interstitial region of one of the arms of metacentric chromosomes [29]. It is known
that the secondary constrictions represent only the expression of rRNA genes, which were
active during the preceding interphase, and other functional sites may not form secondary
constrictions, especially if located too close to the terminal region of the chromosomes. The
455 rDNA clusters, which do not form secondary constrictions, can be identified using the
FISH technique [33]. Despite similarities in karyotype, each of the studied Eranthis species
showed its own species-specific features. For example, unlike E. hyemalis and E. bulgarica,
the karyotype of E. cilicica and E. longistipitata included a pair of very short submetacentric
chromosomes (pair 8). In turn, the karyotypes of E. cilicica and E. longistipitata differed
in the morphology of chromosomes with unequal arms. Compared to the three studied
species, a distinctive feature of E. hyemalis was the presence of the largest chromosomes.
Despite the fact that lengths of chromosomes were affected by the method of plant material
pretreating and the degree of chromosome condensation [38], it was obvious that E. hyemalis
and E. longistipitata, having similar karyotype formulas, showed apparent differences in
the total length of haploid chromosome set.

Confusion surrounds the circumscription of Eranthis hyemalis and E. cilicica—should
they be considered as a single species or two? Checking regional flora and other accounts,
these two taxa were treated in different ways by different authors, but close study revealed
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the prime elements involved were very different, not only in their morphology but also
in their geography and preferred habitats [11]. The flowers of E. cilicica are more golden
and the leaves are more finely pinnate. When they start to grow, the leaves also acquire a
more bronze color, which fades during leaf unfolding. The tuber of E. cilicica is round and
smooth, whereas the tuber of E. hyemalis is knobby and uneven. In most cases, it flowers
later than E. hyemalis [13]. The hybrid between the two species (Eranthis x tubergenii) bears
intermediate characteristics but is generally more vigorous and substantial, possessing
a high degree of sterility, which is a further indication that E. cilicica and E. hyemalis are
specifically distinct [11].

However, the population of winter aconite at peak Vraska Cuka (on the border between
Bulgaria and Serbia) was subsequently identified as E. bulgarica Stef. [39,40], which grows on
karst and lithosol, in the xerothermal belt of oak forests [41]. This enigmatic species shows
minor morphological differences from populations growing in Italy (the locus classicus
for E. hyemalis) and requires further studies using an integrative taxonomical approach,
including cytogenetic methods. In this study, we clearly showed that E. bulgarica and
E. hyemalis differed in the karyotype structure. Eranthis bulgarica showed a heteromorphic
chromosome pair, which consisted of submetacentric and subtelocentric chromosomes. We
previously observed a similar feature in the karyotype of E. byunsanensis [29]. However,
we could not assert that such karyotype structures were characteristic of this species
throughout its entire range since we examined the karyotype from a single locality. A
similar length of the heteromorphic chromosomes in E. bulgarica (pop. 1) suggests the
presence of a pericentric inversion that changed the morphology of one of the chromosome
pairs. However, a difference in their lengths in one of the accessions (pop. 2) suggests a more
complex chromosomal rearrangement, presumably translocation. A similar translocation
was observed in Adonis apennina L. (indicated as A. sibirica (Patrin ex DC.) Spach) from one
of the Siberian populations [42] and in Adonis vernalis from one of the populations in the
Altai Territory (Russia) [43].

We studied the karyotypes of E. bulgarica, E. cilicica, and E. longistipitata for the first
time, whereas data on the karyotype of E. hyemalis were previously reported by Tak and
Wafai [30], Gomiirgen [31], and Caparelli, Aquaro, and Peruzzi [32]. According to [30],
the chromosome set of this species was 2n = 16 = 10m + 6st and the karyotype structure,
namely the ratio of metacentric/non-metacentric chromosomes, was close to that reported
in our study. According to [31], the karyotype formula for E. hyemalis is 2n = 16 = 12m
+ 4sm, which differs from our data. Differences in karyotype formulas were not due to
differences in chromosome nomenclature, since the author followed the same classification
coined by Levan et al. [44].

We examined karyotypes of E. hyemalis from six localities, including four localities in
Italy, which was the locus classicus for this species [45]. All the investigated plants shared a
similar karyotype with clearly identifiable three pairs of submetacentric and subtelocentric
chromosomes. The karyotype formula of the Eranthis accession from Turkey (Afyon region)
studied by Gomdtirgen [31] differed from the karyotype formula of E. cilicica from Turkey
included in the current study. Apparently, the material investigated by Gomdtirgen belonged
to taxon other than E. hyemalis or E. cilicica since new taxa are still being reported [9,10], in-
cluding those from this region (Turkey) [14]. In another study [32] conducted for E. hyemalis
from Italy, the karyotype formula was determined as 211 = 16 = 8m + 4sm + 2st + 252t

The karyotype structures of E. bulgarica, E. cilicica, E. hyemalis, and E. longistipitata
were also similar in the intrachromosomal asymmetry calculated by mean centromeric
asymmetry (Mca) [46]. However, the values of the coefficient of variation in chromosome
length (CV¢y) [47], which indicated the levels of interchromosomal asymmetry, varied
in a greater degree within the group (Table 3). The differences between E. bulgarica and
E. longistipitata were noticeable; the latter species showed a more asymmetric karyotype.

The results obtained in the current and our previous study [29] showed that E. sect.
Eranthis was karyologically more homogeneous than E. sect. Shibateranthis. The latter
clearly showed two subgroups of species according to the basic number of chromosomes,
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and structure and asymmetry of karyotypes. The karyotype structure and asymmetry are
the features that change during evolution. The metacentric and submetacentric chromo-
somes of the symmetrical karyotype are approximately equal in size. Changes towards
an asymmetric karyotype can arise by shifts in centromere position (intrachromosomal
asymmetry) and/or by the addition or deletion of chromatin from some but not all chro-
mosomes, leading to differences in size between the largest and smallest chromosomes
(interchromosomal asymmetry) [17]. Most genera of herbaceous angiosperms displayed
interspecific differences in chromosome size and symmetry, if not number [48]. The kary-
otypes in Ranunculaceae are generally considered to have evolved towards increasing
asymmetry, as was reported by Lewitsky [49] based on his cytological study of the tribe
Helleboreae s.1. He believed that, in this and other groups, chromosomes became more asym-
metrical as evolution progressed. Evolution can demonstrate the opposite process, namely,
an increase in the karyotype symmetry due to Robertsonian chromosome fusions and other
rearrangements [50]. Thus, classical karyotyping methods are not sufficient to establish the
direction of changes; it requires an integrative approach to the study of karyotype evolution,
including molecular phylogenetic and molecular cytogenetic analyses [24,33,34,51-54].

For a more detailed comparison of the Eranthis karyotypes, we conducted a classical
molecular cytogenetic study on the localization of conserved ribosomal gene sequences.
We tested a new oligonucleotide probe to identify tandem repeats of 455 rDNA, which
obviously can be used for further studies on other taxa. We reported the location of 45S and
55 rDNA on the chromosomes of E. cilicica, E. hyemalis, and E. longistipitata, which confirm
our results on the species-specific chromosomal organization of their genomes. The number
of ribosomal DNA clusters and their distribution along chromosomes varied in related
species such as E. cilicica and E. hyemalis. The genomes of E. cilicica and E. longistipitata
contain one and two pairs of 5S rDNA clusters, respectively; the repeats in E. hyemalis were
dispersed throughout the genome and could be found in almost all chromosomes of the set,
except for a satellite pair of chromosomes. This shows that the genomes have undergone
relevant changes in their evolution.

4. Materials and Methods
4.1. Plant Samples

Plant materials (seeds and tubers) of Eranthis bulgarica, E. cilicica, E. hyemalis, and
E. longistipitata were collected during field investigations in Bulgaria, Turkey, Italy, Ger-
many, Hungary, Kazakhstan, Uzbekistan, and Tajikistan during 2017-2021. The list of the
samples examined is presented in Table 1. Herbarium specimens were deposited in the TK
and NS herbaria (herbarium acronyms according to Thiers 2023, continuously updated).

4.2. Karyotype Analysis

Chromosome counts were conducted for 18 populations, while the karyotype analysis
was conducted for 12 populations of E. bulgarica, E. cilicica, E. hyemalis, and E. longistipitata
(Tables 1 and 2). Somatic chromosomes of Eranthis were prepared from root meristems.
Tubers and seeds were germinated at ~5 °C for 1-3 months. Newly formed 1-2 cm long
roots were excised and pretreated in 0.5% colchicine solution for 3—4 h. Roots were fixed
in a mixture of 96% ethanol and glacial acetic acid (3:1). Chromosomes stained with 1%
aceto-hematoxylin were used for morphometric analyses. Staining and karyotyping were
performed according to standard protocols [29,55]. Mitotic metaphase chromosome plates
were studied using an Axio Star microscope (Carl Zeiss, Munich, Germany) and pho-
tographed using an Axio Imager A.1 microscope (Carl Zeiss, Munich, Germany) equipped
with AxioCam MRc5 CCD-camera (Carl Zeiss, Munich, Germany) at 1000 x magnification
using AxioVision 4.7 software (Carl Zeiss, Munich, Germany) in the Laboratory for Ecology,
Genetics and Environmental Protection (National Research Tomsk State University, Tomsk,
Russia). KaryoType 2.0 software [56] was used for karyotyping, and Adobe Photoshop CS5
(Adobe Systems, San Jose, CA, USA) and Inkscape 0.92 (Boston, MA, USA) were used for
image editing.
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The measurements were performed on 5-9 metaphase plates per population. The
symbols used to describe the karyotypes corresponded to those coined by Levan et al.
(1964): m = median centromeric chromosome with arm ratio (r) of 1.0-1.7 (metacentric
chromosome); sm = submedian centromeric chromosome with arm ratio of 1.7-3.0 (sub-
metacentric chromosome); st = subterminal centromeric chromosome with arm ratio of
3.0-7.0 (subtelocentric chromosome); t = terminal centromeric chromosome with arm ratio
of 7.0 and more (acrocentric chromosome); T = chromosome without obvious short arm
(telocentric chromosome). Mean values of arm ratio (r), centromeric indices (CI), and
relative chromosome length (RL) for each chromosome pair and total haploid length (THL)
were determined. In addition, we calculated the coefficient of variation in chromosome
length (CV¢y) [47], coefficient of variation in centromeric index (CVy) [47], and mean
centromeric asymmetry (Mca) [46].

Given that the chromosome number (271) and the basic chromosome number (x) were
constant in the studied species, we slightly modified the approach proposed by Peruzzi and
Altmordu [57] by directly considering only THL, CVcy, Mca, and CV¢y as variables in an
exploratory principal component analysis (PCA). A linear discriminant analysis (LDA) was
carried out to test the karyomorphometric diagnosability of the four species, considering
them as a priori groups. Each variable was also subjected to univariate analysis (ANOVA
followed by Tukey HSD test for multiple comparisons). All the analyses were carried out
with the software PAST 4.14. [58,59], freely available online.

4.3. Oligonucleotide Probes

For the 55 rDNA localization we used the oligonucleotide DNA probe Oligo-55 rDNA
(5’-TCA GAA CTC CGA AGT TAA GCG TGC TTG GGC GAG AGT AC-3') based on the
sequence of pTa794 probe of wheat (Triticum aestivum L.) [60]. The oligo-probe was labeled
with the fluorescein amidite (FAM) from the 5’ end. For the 455 rDNA localization in Ranun-
culaceae, we developed and tested a new oligo-probe. To obtain a universal DNA sequence
appropriate for the development of an oligonucleotide DNA probe, rDNA sequences of
several plants were analyzed. Sequences of Adonis amurensis Regel & Radde (LC540384.1),
A. shikokuensis Nishikawa & Koji Ito (LC540399.1), Anemone cernua var. koreana Y. Yabe ex
Nakai (GU732647.1), Coptis chinensis Franch. (KC815158.1), Pulsatilla turczaninovii Krylov
& Serg. (GU732649.1), and Trollius chinensis Bunge (AH006943.2), were chosen and down-
loaded from GenBank. Sequence alignment was performed using UGENE v38.1 (Unipro,
Novosibirsk, Russia) with the ClustalW tool. A 121-nucleotide long consensus sequence
corresponding to the 5.85 rRNA gene was identified, and its universality among flowering
plants was confirmed with the NCBI BLAST analysis (https:/ /blast.ncbi.nlm.nih.gov, ac-
cessed on 20 April 2021). The uniqueness of the identified sequence was verified by BLAST
alignment against the Arabidopsis thaliana (L.) Heynh. genome. The analysis showed homol-
ogy with the beta-glucosidase gene for the fragment from 63 to 82 nucleotides; therefore, a
specific fragment from 13 to 62 nucleotides with a total length of 50 nucleotides was chosen
for the DNA probe (designated as Oligo-5.85 rDNA-Ran). Probe nucleotide sequence: 5'-
ACGGATATCTCGGCTCTTGCATCGATGAAGAACGTAGCGAAATGCGATAC-3'. This
probe was labeled with tetramethylrhodamine (TAMRA) from the 5" end. The oligonu-
cleotide probes used in the study were synthesized in the “Evrogen” (Russia, Moscow).

4.4. Chromosome Preparation and Fluorescence In Situ Hybridization (FISH)

Newly formed 1-2 cm long roots were excised and pretreated in 0.5% colchicine
solution for 3—4 h. Roots were fixed in a mixture of 96% ethanol and glacial acetic acid (3:1).
Before squashing, the roots were transferred into 1% acetocarmine in 45% acetic acid for
15-30 min. The cover slips were removed after freezing in liquid nitrogen. The slides were
dehydrated in 96% ethanol and then air dried.

Fluorescence in situ hybridization with oligo-probes was carried out according to the
protocol published by Badaeva et al. [61]. Prior to hybridization, slides were treated with
RNAse A (Sigma, Livonia, MI, USA) solution in moist chamber at 37 °C for 1 h. Chro-
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mosomes were stained with 2 ng/uL DAPI (4,6-diamidino-2-2phenylindole) in antifade
medium Vectashield (Vector Laboratories, Burlingame, CA, USA).

Chromosomal preparations were examined and the selected mitotic metaphase plates
were photographed using an Axiolmager Z.1 (Carl Zeiss, Germany) epifluorescent micro-
scope with AxioVision 4.8 software (Carl Zeiss, Germany) and AxioCam MRm CCD-camera
(Carl Zeiss, Germany) at 1000 x magnification in the Laboratory for Ecology, Genetics and
Environmental Protection (National Research Tomsk State University, Tomsk, Russia).
Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA) and Inkscape 0.92 (Boston,
MA, USA) software were used for image editing.

5. Conclusions

Comparative karyotype analysis of four species of yellow-flowered Eranthis sect.
Eranthis, i.e., E. bulgarica, E. cilicica, E. hyemalis, and E. longistipitata from different areas, was
carried out. Despite the fact that some authors consider that E. bulgarica is a synonym of
E. hyemalis, cytogenetic analysis showed clear differences between these taxa suggesting
that they are two distinct species. Not all the species in the type section were included in
the analysis. For further studies, it is planned to investigate the karyotypes of E. iranica,
E. kurdica, and E. x tubergenii and compare them with E. bulgarica, E. cilicica, E. hyemalis, and
E. longistipitata. In addition, the taxonomy and phylogenetic relationships of the recently
described species (E. bulgarica, E. iranica, and E. kurdica) need to be verified by integrating
morphological, molecular phylogenetic, and cytogenetic approaches.

Author Contributions: Conceptualization, E.YM., A.S.E. and L.P. (Lorenzo Peruzzi); formal analysis,
E.YM,, SS.A. and L.P. (Lorenzo Peruzzi); investigation, E.YM. and A.S.E.; methodology, E.Y.M.,
E.D.B., G.N.A,, L.P. (Lorenzo Pinzani) and S.S.A_; resources, A.S.E., D.A K., L.P. (Lorenzo Pinzani),
Z.A., O.C., AM,, S.B. (Shukherdorj Baasanmunkh), A.N.T. and S.B. (Svetlana Bancheva); supervision,
E.D.B., L.P. (Lorenzo Peruzzi), WW. and L.P. (Lorenzo Peruzzi); visualization, E.Y.M. and S.S.A.;
funding acquisition, A.S.E., WW. and H.J.C.; verification, L.L. and K.X,; software, L.L. and K.X.;
project administration, A.S.E.; writing—original draft, A.S.E., E.YM. and L.P. (Lorenzo Peruzzi);
writing—review and editing, all coauthors; All authors have read and agreed to the published version
of the manuscript.

Funding: Most of the co-authors, who are not co-researchers on the RSF project No. 23-14-00230,
carried out work on data analysis and revision of the text (5% of the effort in this study) within
the framework of the state task for NSF 32011530072 and Korea Basic Science Institute (National
Research Facilities and Equipment Center) grant funded by the Ministry of Education (Grant
No. 2023R1A6C101B022). Collection materials, all work on the data and writing the manuscript
(95% of the effort in this study) were funded by the Russian Science Foundation project Scientific
Foundation No. 23-14-00230, https:/ /rscf.ru/project/23-14-00230/ (accessed on 20 April 2021) (for
its participants who are co-authors of this study).

Data Availability Statement: All data generated or analysed during this study are included in
this article.

Acknowledgments: The authors are grateful to Roman V. Annenkov for compiling Figures 2, 3 and 5.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Wang, W,; Lu, AM,; Ren, Y.; Endress, M.E.; Chen, Z.D. Phylogeny and classification of Ranunculales: Evidence from four
molecular loci and morphological data. Perspect. Plant Ecol. Evol. Syst. 2009, 11, 81-110. [CrossRef]

2. Park,S.Y;Jeon, M.].; Ma, S.H.; Wahlsteen, E.; Amundsen, K.; Kim, ].H.; Suh, ] K.; Chang, ].S.; Joung, Y.H. Phylogeny and genetic
variation in the genus Eranthis using nrITS and cplS single nucleotide polymorphisms. Hortic. Environ. Biotechnol. 2019, 60,

239-252. [CrossRef]

3. Oh, A; Oh, B.U. The speciation history of northern- and southern-sourced Eranthis (Ranunculaceae) species on the Korean
peninsula and surrounding areas. Ecol. Evol. 2019, 9, 2907-2919. [CrossRef] [PubMed]
4. Sun, B.Y,; Kim, C.H.; Kim, T.J. A new species of Eranthis (Ranunculaceae). Korean |. Plant Tax. 1993, 2, 321-326.


https://rscf.ru/project/23-14-00230/
https://doi.org/10.1016/j.ppees.2009.01.001
https://doi.org/10.1007/s13580-018-0113-0
https://doi.org/10.1002/ece3.4969
https://www.ncbi.nlm.nih.gov/pubmed/30891225

Plants 2024, 13, 47 15 of 16

O X N

11.
12.
13.
14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.

37.

Erst, A.S.; Sukhorukov, A.P,; Mitrenina, E.Y.; Skaptsov, M.V.; Kostikova, V.A.; Chernisheva, O.A.; Troshkina, V.; Kushunina, M.;
Krivenko, D.A; Ikeda, H.; et al. An integrative taxonomic approach reveals a new species of Eranthis (Ranunculaceae) in North
Asia. PhytoKeys 2020, 140, 75-100. [CrossRef] [PubMed]

Tamura, M. Eranthis and Shibateranthis. Acta Phytotax. Geobot. 1987, 38, 96-97.

Tamura, M. Eranthis. In Die Natiirlichen Pflanzenfamilien; Duncker und Humblot: Berlin, Germany, 1995; Volume 17, pp. 253-255.
Stefanoff, B. Dopolnitelni materiali varhu florata na Blgaria. Izv. Bot. Inst. [Mitteilungen Bot. Inst.] 1943, 11, 155.

Ruksans, J.; Zetterlund, H. Eranthis iranica (Ranunculaceae) Ruksans & Zetterlund new species of winter aconite from Iran. Intern.
Rock Gard. 2018, 108, 2-19.

Ruksans, J. Eranthis kurdica (Ranunculaceae) Ruk§ans—A new species of winter aconite (Eranthis, Ranunculaceae) from Iran.
Intern. Rock Gard. 2022, 151, 2-18.

Grey-Wilson, C. The winter aconite, a taxonomic dilemma. Plant Rev. 2019, 1, 53-56.

Stace, C.A. New Flora of the British Isles, 4th ed.; C&M Floristics: Cambridge, UK, 2019; 1300p.

Boens, W. The genus Eranthis, heralds of the end of winter. Int. Rock Gard. 2014, 49, 1-24.

Firat, M. An addition to flora of Turkey: Eranthis kurdica (Ranunculaceae), with contributions to its taxonomy. Acta Biol. Turc.
2023, 36, 1-11.

Huang, Z.; Zhang, X. Floral nectaries and pseudonectaries in Eranthis (Ranunculaceae): Petal development, micromorphology,
structure and ultrastructure. Protoplasma 2022, 259, 1283-1300. [CrossRef] [PubMed]

IInicki, T. Plant biosystematics with the help of cytology and cytogenetics. Caryologia 2014, 67, 199-208. [CrossRef]

Peruzzi, L.; Carta, A.; Altinordu, F. Chromosome diversity and evolution in Allium (Allioideae, Amaryllidaceae). Plant Biosyst.
2017, 151, 212-220. [CrossRef]

Mraéz, P; Filipas, L.; Barbos, M.1,; Kadlecova, J.; Pastova, L.; Belyayev, A.; Fehrer, J. An unexpected new diploid Hieracium from
Europe: Integrative taxonomic approach with a phylogeny of diploid Hieracium taxa. Taxon 2019, 68, 1258-1277. [CrossRef]
Volkova, S.A.; Gorovoy, P.G.; Pshennikova, L.M. Karyotypes of Adonis amurensis (Ranunculaceae) in the Primorsky Territory and
in Sakhalin. Turczaninowia 2020, 23, 39-48.

Mlinarec, J.; Satovié, Z.; Mihelj, D.; Malenica, N.; Besendorfer, V. Cytogenetic and phylogenetic studies of diploid and polyploid
members of tribe Anemoninae (Ranunculaceae). Plant Biol. 2012, 14, 525-536. [CrossRef]

Yang, Q.-E. Cytology of the tribe Trollieae and of the tribe Cimicifugeae in the Ranunculaceae: A comparative study. Acta
Phytotaxon. Sin. 2002, 40, 52-65.

Yuan, Q.; Yang, Q.-E. Tribal relationships of Beesia, Eranthis and seven other genera of Ranunculaceae: Evidence from cytological
characters. Bot. J. Linn. Soc. 2006, 150, 267-289. [CrossRef]

Paez, V.; Andrada, A. Analisis cariotipicos en dos especies de Halerpestes (Ranunculaceae) del Noroeste Argentino. Lilloa 2019, 56,
59-66. [CrossRef]

Baltisberger, M.; Horandl, E. Karyotype evolution supports the molecular phylogeny in the genus Ranunculus (Ranunculaceae).
Perspect. Plant Ecol. Evol. Syst. 2016, 18, 1-14. [CrossRef]

Weiss-Schneeweiss, H.; Schneeweiss, G.M.; Stuessy, T.F.; Mabuchi, T.; Park, ] M.; Jang, C.G.; Sun, B.Y. Chromosomal stasis in
diploids contrasts with genome restructuring in auto-and allopolyploid taxa of Hepatica (Ranunculaceae). New Phytol. 2007, 174,
669-682. [CrossRef] [PubMed]

Lee, W.K,; Choi, HW.; Kim, S.Y.; Bang, ].W. Molecular cytogenetics of five Pulsatilla species to the 5S, 45S rDNA genes by
fluorescence in situ hybridization. Genes Genom. 2005, 27, 179-185.

Sramké, G.; Laczkoé, L.; Volkova, P.A.; Bateman, R.M.; Mlinarec, J. Evolutionary history of the Pasque-flowers (Pulsatilla,
Ranunculaceae): Molecular phylogenetics, systematics and rDNA evolution. Mol. Phylogenet. Evol. 2019, 135, 45-61. [CrossRef]
[PubMed]

Takahashi, C. Physical mapping of rDNA sequences in four karyotypes of Ranunculus silerifolius (Ranunculaceae). |. Plant Res.
2003, 116, 331-336. [CrossRef] [PubMed]

Mitrenina, E.Y.; Erst, A.S.; Peruzzi, L.; Skaptsov, M.V.; Ikeda, H.; Nikulin, V.Y,; Wang, W. Karyotype and genome size variation in
white-flowered Eranthis sect. Shibateranthis (Ranunculaceae). PhytoKeys 2021, 187, 207-227. [CrossRef]

Tak, M.A.; Wafai, B.A. Somatic chromosome structure and nucleolar organization in Anemone coronaria L., Ranunculus asiaticus L.
and Eranthis hyemalis Salisb. (Ranunculaceae). Phytomorphology 1996, 46, 377-385.

Gomiirgen, A.N. Chromosome Numbers and Karyotype Analysis of Eranthis hyemalis (L.) Salisb. In Progress in Botanical Research:
Proceedings of the 1st Balkan Botanical Congress; Springer: Dordrecht, The Netherlands, 1997; pp. 489-492.

Caparelli, K.F; Aquaro, G.; Peruzzi, L. Numeri cromosomici per la flora Italiana: 1460-1463. Inform. Bot. Ital. 2007, 39, 233-235.
Roa, F; Guerra, M. Distribution of 45S rDNA sites in chromosomes of plants: Structural and evolutionary implications. BMC Evol.
Biol. 2012, 12, 225. [CrossRef]

Rosselld, J.A.; Maravilla, A.J.; Rosato, M. The nuclear 355 rDNA world in plant systematics and evolution: A primer of cautions
and common misconceptions in cytogenetic studies. Front. Plant Sci. 2022, 13, 788911. [CrossRef]

Langlet, O. Uber Chromosomenverhiltnisse und Systematik der Ranunculaceae. Sven. Bot. Tidskr. 1932, 26, 381-400.

Colasante, M.; Ricci, S. Forme diploidi e triploidi di Eranthis hyemalis Salisb.: Omologie e differenze nel corredo cromosomico.
Ann. Bot. 1974, 33, 139-150.

Lima-de-Faria, A. The chromosome field I. Prediction of the location of ribosomal cistrons. Hereditas 1976, 83, 1-22. [CrossRef]


https://doi.org/10.3897/phytokeys.140.49048
https://www.ncbi.nlm.nih.gov/pubmed/32194315
https://doi.org/10.1007/s00709-022-01738-1
https://www.ncbi.nlm.nih.gov/pubmed/35066725
https://doi.org/10.1080/00087114.2014.931642
https://doi.org/10.1080/11263504.2016.1149123
https://doi.org/10.1002/tax.12149
https://doi.org/10.1111/j.1438-8677.2011.00519.x
https://doi.org/10.1111/j.1095-8339.2006.00477.x
https://doi.org/10.30550/j.lil/2019.56.2/5
https://doi.org/10.1016/j.ppees.2015.11.001
https://doi.org/10.1111/j.1469-8137.2007.02019.x
https://www.ncbi.nlm.nih.gov/pubmed/17447921
https://doi.org/10.1016/j.ympev.2019.02.015
https://www.ncbi.nlm.nih.gov/pubmed/30831271
https://doi.org/10.1007/s10265-003-0104-8
https://www.ncbi.nlm.nih.gov/pubmed/12820019
https://doi.org/10.3897/phytokeys.187.75715
https://doi.org/10.1186/1471-2148-12-225
https://doi.org/10.3389/fpls.2022.788911
https://doi.org/10.1111/j.1601-5223.1976.tb01565.x

Plants 2024, 13, 47 16 of 16

38.
39.
40.
41.

42.
43.

44.

45.

46.
47.
48.
49.

50.
51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

Martonfiova, L. A method of standardization of chromosome length measurement. Caryologia 2013, 66, 304-312. [CrossRef]
Petrova, A.; Vladimirov, V. Red List of Bulgarian vascular plants. Phytol. Balc. 2009, 15, 63-94.

Vladimirov, V. Eranthis bulgaricus. In Red Data Book of the Republic of Bulgaria: Vol. 1. Plants and Fungi; Peev, D., Petrova, A.S., Anchev, M.,
Temniskova, D., Denchev, C.M., Ganeva, A., Gussev, C., Vladimirov, V., Eds.; BAS & MoEW: Sofia, Bulgaria, 2015; p. 237.

Traki¢, S.; Celebici¢, M.; Baki¢, V.; Sarac-Mehié¢, E.; Dug, S. Predictive distribution modeling for Eranthis hyemalis (Ranunculaceae)—
A species of special conservation interest in Bosnia and Herzegovina. Phytol. Balc. 2023, 29, 45-52. [CrossRef]

Shrager, L.N.; Malakhova, L.A. Karyotypical studies of Adonis sibirica Patr. in Tomsk region. Cytologia 1978, 20, 592-596.
Mitrenina, E.Y.; Erst, A.S.; Skaptsov, M.V.; Smirnov, S.V.; Zolotov, D.V.; Leonova, T.V,; Tashev, A.N.; Bancheva, S.T.; Wang, W.
Karyotype and genome size in Adonis vernalis and Adonis volgensis. Turczaninowia 2022, 25, 5-15. [CrossRef]

Levan, A.; Fredga, K.; Sandberg, A. Nomenclature for centrometric position of chromosomes. Hereditas 1964, 52, 201-220.
[CrossRef]

Peruzzi, L.; Galasso, G.; Domina, G.; Bartolucci, F; Santangelo, A.; Alessandrini, A.; Astuti, G.; D’ Antraccoli, M.; Roma-Marzio, E;
Ardenghi, N.M.G.; et al. An inventory of the names of native, non-endemic vascular plants described from Italy, their loci classici
and types. Phytotaxa 2019, 410, 1-215. [CrossRef]

Peruzzi, L.; Eroglu, H.E. Karyotype asymmetry: Again, how to measure and what to measure? Comp. Cytogenet. 2013, 7, 1-9.
[CrossRef] [PubMed]

Paszko, A. A critical review and a new proposal of karyotype asymmetry indices. Plant Syst. Evol. 2006, 258, 39-48. [CrossRef]
Levin, D.A. The Role of Chromosomal Change in Plant Evolution; Oxford University Press: New York, NY, USA, 2002; 240p.
Lewitsky, G.A. The ‘karyotype’ in systematics, on the base of karyology of the subfamily Helleboreae. Bull. Appl. Bot. Genet.
Plant-Breed. 1931, 27, 187-240.

Jones, K. Robertsonian fusion and centric fission in karyotype evolution of higher plants. Bot. Rev. 1998, 64, 273-289. [CrossRef]
Wang, M.Z.; Fan, XK.; Zhang, Y.H.; Wu, ].; Mao, L.M.; Zhang, S.L.; Cai, M.Q.; Li, M.H.; Zhu, Z.; Zhao, M.S ; et al. Phylogenomics
and integrative taxonomy reveal two new species of Amana (Liliaceae). Plant Divers. 2023, 45, 54-68. [CrossRef] [PubMed]
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, €0167177. [CrossRef]

Jiang, C.; Liu, X,; Yang, Z.; Li, G. Chromosome rearrangement in Elymus dahuricus revealed by ND-FISH and oligo-FISH painting.
Plants 2023, 12, 3268. [CrossRef]

Yurkevich, O.Y.; Samatadze, T.E.; Selyutina, I.Y.; Romashkina, S.I.; Zoshchuk, S.A.; Amosova, A.V.; Muravenko, O.V. Molecular
cytogenetics of Eurasian species of the genus Hedysarum L.(Fabaceae). Plants 2021, 10, 89. [CrossRef]

Smirnov, Y.A. Uskorennyi metod issledovaniya somaticheskykh khromosom plodovykh [Accelerated method for studying
somatic chromosomes in fruit trees]. Tsitologia 1968, 10, 1601-1602.

Altmordu, F; Peruzzi, L.; Yu, Y.; He, X. A tool for the analysis of chromosomes: KaryoType. Taxon 2016, 65, 586-592. [CrossRef]
Peruzzi, L.; Altinordu, F. A proposal for a multivariate quantitative approach to infer karyological relationships among taxa.
Comp. Cytogenet. 2014, 8, 337-349. [CrossRef] [PubMed]

Hammer, O.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological Statistics software package for education and data analysis.
Palaeontol. Electron. 2001, 4, 1-9.

Hammer, O. PAST 4.14. 2023. Available online: https://www.nhm.uio.no/english/research/resources/past/ (accessed on
31 October 2023).

Yu, Z; Wang, H.; Xu, Y,; Li, Y;; Lang, T,; Yang, Z; Li, G. Characterization of chromosomal rearrangement in new
wheat—Thinopyrum intermedium addition lines carrying Thinopyrum—Specific grain hardness genes. Agronomy 2019, 9, 18. [CrossRef]
Badaeva, E.D.; Ruban, A.S.; Aliyeva-Schnorr, L.; Municio, C.; Hesse, S.; Houben, A. In situ hybridization to plant chromosomes.
In Fluorescence In Situ Hybridization (FISH) Application Guide; Liehr, T., Ed.; Springer: Berlin, Germany, 2017; pp. 477-494.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/00087114.2013.854565
https://doi.org/10.7546/PhB.29.1.2023.4
https://doi.org/10.14258/turczaninowia.25.1.1
https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
https://doi.org/10.11646/phytotaxa.410.1.1
https://doi.org/10.3897/compcytogen.v7i1.4431
https://www.ncbi.nlm.nih.gov/pubmed/24260685
https://doi.org/10.1007/s00606-005-0389-2
https://doi.org/10.1007/BF02856567
https://doi.org/10.1016/j.pld.2022.03.001
https://www.ncbi.nlm.nih.gov/pubmed/36876315
https://doi.org/10.1371/journal.pone.0167177
https://doi.org/10.3390/plants12183268
https://doi.org/10.3390/plants10010089
https://doi.org/10.12705/653.9
https://doi.org/10.3897/CompCytogen.v8i4.8564
https://www.ncbi.nlm.nih.gov/pubmed/25610547
https://www.nhm.uio.no/english/research/resources/past/
https://doi.org/10.3390/agronomy9010018

	Introduction 
	Results 
	Karyotypes of Eranthis sect. Eranthis 
	Eranthis bulgarica 
	Eranthis cilicica 
	Eranthis hyemalis 
	Eranthis longistipitata 
	Comparative Karyomorphometric Analysis 

	Distribution of rDNA Sites along the Chromosomes of Eranthis cilicica, E. hyemalis, and E. longistipitata 

	Discussion 
	Materials and Methods 
	Plant Samples 
	Karyotype Analysis 
	Oligonucleotide Probes 
	Chromosome Preparation and Fluorescence In Situ Hybridization (FISH) 

	Conclusions 
	References

