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e Background and Aims Cardamine occulta (Brassicaceae) is an octoploid weedy species (2n = 8x = 64) origi-
nated in Eastern Asia. It has been introduced to other continents including Europe and considered to be an invasive
species. Despite its wide distribution, the polyploid origin of C. occulta remained unexplored. The feasibility of
comparative chromosome painting (CCP) in crucifers allowed us to elucidate the origin and genome evolution in
Cardamine species. We aimed to investigate the genome structure of C. occulta in comparison with its tetraploid
(2n =4x =32, C. kokaiensis and C. scutata) and octoploid (2n = 8x = 64, C. dentipetala) relatives.

e Methods Genomic in situ hybridization (GISH) and large-scale CCP were applied to uncover the parental
genomes and chromosome composition of the investigated Cardamine species.

* Key Results All investigated species descended from a common ancestral Cardamine genome (n = 8), struc-
turally resembling the Ancestral Crucifer Karyotype (n = 8), but differentiated by a translocation between chro-
mosomes AK6 and AKS8. Allotetraploid C. scutata originated by hybridization between two diploid species,
C. parviflora and C. amara (2n = 2x = 16). By contrast, C. kokaiensis has an autotetraploid origin from a parental
genome related to C. parviflora. Interestingly, octoploid C. occulta probably originated through hybridization
between the tetraploids C. scutata and C. kokaiensis. The octoploid genome of C. dentipetala probably origi-
nated from C. scutata via autopolyploidization. Except for five species-specific centromere repositionings and
one pericentric inversion post-dating the polyploidization events, the parental subgenomes remained stable in the
tetra- and octoploids.

* Conclusions Comparative genome structure, origin and evolutionary history was reconstructed in C. occulta
and related species. For the first time, whole-genome cytogenomic maps were established for octoploid plants.
Post-polyploid evolution in Asian Cardamine polyploids has not been associated with descending dysploidy and
intergenomic rearrangements. The combination of different parental (sub)genomes adapted to distinct habitats
provides an evolutionary advantage to newly formed polyploids by occupying new ecological niches.

Keywords: Allopolyploidy, autopolyploidy, Asian Cardamine, Brassicaceae, centromere repositioning, chromo-
some rearrangements, comparative chromosome painting, diploidization, genome collinearity, GISH (genomic in
situ hybridization), hybridization, invasive species.

INTRODUCTION

The genus Cardamine L. (bittercress) is one of the largest
genera of the family Brassicaceae, distributed on all contin-
ents except Antarctica. It is treated as a member of the tribe
Cardamineae Dumort., which is presumably a monophyletic
group comprising 12 genera and ~340 species (Al-Shehbaz,
2012). Cardamine is the largest genus of the tribe, comprising
more than 200 species, although the number of recognized spe-
cies partially depends on the taxonomic treatment of several
complicated groups (Lihovd and Marhold, 2006). The genus

shows a high incidence of polyploidy: 58 % of analysed taxa
(species and subspecies) are entirely neopolyploid (tetraploids
being slightly more abundant than other ploidy levels), 10 % are
both diploid and neopolyploid, and 32 % are diploid (Kucera
et al., 2005). The genus also comprises species with the highest
known chromosome number in the family, C. diphylla (Michx.)
Alph.Wood and C. concatenata (Michx.) O.Schwarz (both
2n = 256). Spontaneous interspecific hybridization has been
reported to occur quite frequently between several Cardamine
species (reviewed by Lihova and Marhold, 2006; Marhold et al.,
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2018). Hence, hybridization and polyploidy are crucial driving
forces of speciation in Cardamine (Marhold and Lihov4, 2006).

Eastern Asian Cardamine populations, currently classified as
C. occulta Hornem. (Marhold et al., 2016), were for most of the
last century treated as part of the widely circumscribed species
C. flexuosa With. or as C. hirsuta subsp. flexuosa (With.) Forbes
& Hemsl. (Matsumura, 1912; Ohwi, 1953; Ohwi and Kitagawa,
1992; Zhou et al., 2001; Al-Shehbaz et al., 2006). These popu-
lations were found to be distinct from the European species
C. flexuosa only recently, based on phylogenetic analyses using
the internal transcribed spacer (ITS) region of rDNA and the
trnL—trnF region of cpDNA (Lihova et al., 2006a). Differences
were found also in the ploidy level. While C. flexuosa, as origin-
ally described from Europe, is tetraploid (2n = 4x = 32; KucCera
et al., 2005; Mandékova et al., 2014) with identified parental
diploid species C. amara L. and C. hirsuta L., C. occulta is
uniformly octoploid (2n = 8x = 64) throughout its distribution
area (Lihovd et al., 2006a; Slenker et al., 2018). It is primarily
a weed of rice paddies, orchards, flower beds and various other
kinds of anthropogenic vegetation (Kudoh et al., 1993; Yatsu
et al., 2003; these studies reported the species as C. flexuosa).
From our field experience, we are not aware of any localities
in truly natural vegetation. Therefore, it was hypothesized by
Lihova et al. (2006a) that the origin and successful expansion
of C. occulta have been associated with the establishment of
irrigated man-made habitats. Cardamine occulta probably
originated in Eastern Asia and was subsequently introduced
to other continents almost certainly due to the human activ-
ities. Apart from Eastern Asia, C. occulta currently occurs in
North (Post et al., 2009; Al-Shehbaz et al., 2010) and Central
America (Rankin Rodriguez and Greuter, 2009, as C. flexuosa
subsp. debilis O. E. Schulz), Australia (Thompson, 1996, as C.
aff. flexuosa), New Zealand (Heenan, 2017), and Hawaii (K.
Marhold, unpubl. data). Most recently, C. occulta was intro-
duced also to Europe (first two occurrences recorded in 1977
in Italy and in 1993 in Spain), where it is now spreading and
the reports are increasing from many countries (Marhold et al.,
2016; Maiorov, 2018). Consequently, C. occulta has become
the most widespread Cardamine species.

According to Lihova et al. (2006a), the closest relatives of
C. occulta include the Eastern Asian C. scutata Thunb., C. fal-
lax (O.E. Schulz) Nakai and the Japanese endemics C. den-
tipetala Matsum., C. longifructus Ohwi, and C. niigatensis
H. Hara. All of them occur in natural habitats, mostly moist
locations at edges of rivulets or in forests. Cardamine scutata is
sometimes found also in paddy fields, when they are ill-drained
after the rice-cultivation periods. It is a tetraploid species, and
based on cpDNA and ITS sequences published by Lihova
et al. (2006a) and Carlsen et al. (2009), Shimizu-Inatsugi et al.
(2017) suggested diploid C. amara and C. parviflora L. as
the parental species of C. scutata. There is almost continuous
morphological variation between C. scutata and C. niigatensis
(also tetraploid; Lihova and Kucera, 2007) when they co-occur,
indicating their close relationships or even conspecificity. The
other two endemics, C. dentipetala and C. longifructus, were of
unknown ploidy level and they have been either synonymized
with C. scutata (Zhou et al., 2001; Al-Shehbaz et al., 2006)
or considered to be conspecific (C. longifructus being a vari-
ety of C. dentipetala; Ohwi, 1965; Ohwi and Kitagawa, 1992).
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Cardamine fallax was inferred to be hexaploid, and based on
DNA sequence data, it was hypothesized that this species or
its diploid progenitors may have contributed to the origin of
C. occulta (Lihova et al., 2006a). Most recently, a new tetra-
ploid species, closely related to C. occulta, was described from
Japan and easternmost China, namely C. kokaiensis Yahara
et al. (Slenker et al., 2018). Diploid species are very scarce in
Eastern Asia (KuCera et al., 2005), and apart from the above-
mentioned C. amara and C. parviflora, the only diploid rela-
tives that grow in the area of these Eastern Asian polyploids are
C. impatiens L. and C. hirsuta.

In the present study, using up-to-date molecular cytogenetic
approaches, we analysed the genome origin and stucture in
Cardamine polyploid species that have been poorly explored
so far: the invasive octoploid species C. occulta and its Asian
relatives.

MATERIAL AND METHODS

Plant material

Multiple populations of C. occulta, and those of relevant dip-
loids (C. amara, C. hirsuta, C. impatiens, C. parviflora) and
related polyploids (C. dentipetala, C. kokaiensis, C. scutata)
were sampled for this study in Eastern Asia and Europe (Table
1). Voucher specimens are deposited in SAV. The plants were
either collected in the wild (C. amara and C. impatiens) or
grown in a growth chamber from seeds from plants collected
in the wild. Young inflorescences of the analysed plants were
collected and fixed in freshly prepared fixative (ethanol/acetic
acid, 3: 1) overnight, transferred to 70 % ethanol and stored at
—20 °C until used. For genomic in situ hybridization (GISH)
in polyploids, leaves of C. amara, C. hirsuta, C. impatiens,
C. kokaiensis, C. parviflora and C. scutata were dried in
silica gel.

Chromosome preparations

Chromosome spreads from fixed young flower buds contain-
ing immature anthers were prepared according to published
protocols (Lysak and Manddkova, 2013; Mandédkové and Lysak,
2016a). Suitable slides were post-fixed in freshly prepared 4 %
formaldehyde in distilled water for 10 min and put into a rack
to air-dry. Preparations were kept in a dust-free box at room
temperature until used.

DNA probes

The Arabidopsis-type telomere repeat (TTTAGGG), was pre-
pared according to Ijdo et al. (1991). The C. amara-specific 290-
bp Carcen tandem repeat was prepared based on details given by
Mandékova et al. (2013) and used as a (peri)centromeric probe.
For comparative chromosome painting (CCP), 674 chromosome-
specific BAC clones of Arabidopsis thaliana grouped into contigs
according to eight chromosomes and 22 genomic blocks (GBs) of
the Ancestral Crucifer Karyotype (ACK; Lysak et al., 2016) were
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TABLE 1. List of population samples analysed in the study.

Locality code

Locality and collection details

Cardamine dentipetala

JP168

Cardamine kokaiensis

CH15/2014
119.466°E, coll. KM & YZ, 11 Apr 2014

JP149

Cardamine occulta

CHO02/2014
Apr 2014

CH17/2014
121.304°E, coll. KM & YZ, 17 Apr 2014

CH18/2014
FE8, 18 Apr 2014

JP146
2011

JP157

JP170

JP173

JP174

JP175

JP177
May 2011

JP178

JP181

JP191

SvC

Cardamine scutata

JP169

Cardamine amara

URN

Cardamine hirsuta

OXF

Cardamine impatiens

KRE

Cardamine parviflora

7ZBR

UK, Oxford (Hay and Tsiantis, 2006)

Japan, Honshu, Kyoto Pref., Uji City, Shirakawa, 100 m, 34.881°N, 135.819°E, coll. KM, 6 Apr 2011

China, Zhejiang Province, Linan County, Xitianmu Town, Renshanling Village (f 2P X B £ {ZILIRH), 169 m, 30.239°N,
Japan, Honshu, Ibaraki Pref., Jyoso-shi, Araigimachi, 10 m, 36.019°N, 140.002°E, coll. HK & KM, 18 Apr 2011

China, Zhejiang Province, Anji County, Bamboo Museum Garden (Z & T8 E), 33 m, 30.592°N, 119.656°E, coll. KM & YZ, 15
China, Zhejiang Province, Ninghai County, Chalu Town, Qianhoulou Village (T8 2 BB HI /52 H), 43 m, 29.195°N,

China, Zhejiang Province, Linhai County, Kuocang Mountains (35 I11), 79 m, 28.839°N, 120.981°E, coll. KM, YZ & Ming Jiang
Japan, Honshu, Mie Pref., Kitamuro-gun, Kihoku-cho, Kiinagashima-ku, Shikooku, 10 m, 34.222°N, 136.326°E, coll. HK, 16 Apr
Japan, Kyushu, Fukuoka Pref., Akama, Taku, 11 m, 33.807°N, 130.573°E, coll. KM & J. Sugisaka, 24 Apr 2011

Japan, Honshu, Kyoto Pref., Kyoto City, Inari, 60 m, 34.967°N, 135.775°E, coll. KM, 7 Apr 2011

Japan, Honshu, Gifu Pref., Nakatsugawa-shi, Sakamoto, 300 m, 35.481°N, 137.481°E, coll. HK & KM, 10 May 2011

Japan, Honshu, Nagano Pref., Ueda-shi, Sanada-cho, Ohata, 620 m, 36.428°N, 138.298°E, coll. HK & KM, 16 May 2011

Japan, Honshu, Gunma Pref., Agatsuma-gun, Nakanojyo-cho, Nagaishi, 360 m, 36.598°N, 138.863°E, coll. HK & KM, 16 May 2011
Japan, Honshu, Gunma Pref., between Shirasawa-mura and Katashina-Mura, Tone, 610 m, 36.683°N, 139.2°E, coll. HK & KM, 17
Japan, Honshu, Niigata Pref., Minamiuonnma-shi, Osawa, 197 m, 37.015°N, 138.829°E, coll. HK & KM, 17 May 2011

Japan, Honshu, Nagano Pref., Minamiazumi-gun, Hotaka-cho, Ariake, 570 m, 36.382°N, 137.857°E, coll. HK & KM, 17 May 2011
Japan, Honshu, Niigata Pref., Ohno, Itoigawa city, 52 m, 37.008°N, 137.872°E, coll. KM, T. Kawagoe & J. Sugisaka, 1 Jun 2011
Spain, Cantabria, San Vicente de la Barquera, 4 m, 43.383°N, 4.398°W, coll. M. Lysék, 9 Jun 2011

Japan, Honshu, Kyoto Pref., Uji City, Shirakawa, 100 m, 34.881°N, 135.819°E, coll. KM, 6 Apr 2011

Switzerland, Canton Uri, Urnerboden, 46.887°N, 8.901°E, coll. T. Mandédkova et al., May 2010

Slovakia, District Ziar nad Hronom, Kremnica, 720 m, 48.707°N, 18.939°E, coll. KM, 15 Aug 2013

Czech Republic, Hodonin, Zbrod, forest Doubrava, 168 m, 48.888°N, 17.065°E, coll. J. Kucera, May 2013

Name abbreviations: HK, Hiroshi Kudoh; KM, Karol Marhold; YZ, Yunpeng Zhao #X Z=/f§.

used. To determine and characterize species-specific chromosome
rearrangements, after initial CCP experiments, some BAC con-
tigs were split into smaller subcontigs. Genomic DNA (gDNA)
of C. amara, C. hirsuta, C. impatiens, C. kokaiensis, C. parviflora
and C. scutata were extracted from the silica gel-dried leaves using
a Qiagen DNA isolation kit and used as GISH probes. All DNA
probes were labelled with biotin-dUTP, digoxigenin-dUTP or Cy3-
dUTP by nick translation as described by Mandakova and Lysak
(2016b). Probes were pooled to follow the design of a given experi-
ment, ethanol precipitated, dried and dissolved in 20 pL of 50 %
formamide and 10 % dextran sulphate in 2x SSC per slide.

In situ hybridization and microscopy

For fluorescence in situ hybridization (FISH) and CCP, 20 pL
of the probe was pipetted on a chromosome-containing slide and
immediately denatured on a hot plate at 80 °C for 2 min. For
GISH, 20 pL of the probe was denatured in an Eppendorf tube
at 90 °C for 10 min, placed on ice for 10 min, pipetted on a slide
and denatured on a hot plate at 80 °C for 2 min. Hybridization
was carried out in a moist chamber at 37 °C overnight. Post-
hybridization washing was performed in 20 % formamide in 2x

SSC at 42 °C. The immunodetection of hapten-labelled probes
was performed as described by Manddkova and Lysak (2016b)
as follows: biotin-dUTP was detected by avidin—Texas Red
(Vector Laboratories) and amplified by goat anti-avidin—biotin
(Vector Laboratories) and avidin-Texas Red; digoxigenin-dUTP
was detected by mouse anti-digoxigenin (Jackson Immuno
Research) and goat anti-mouse—Alexa Fluor 488 (Invitrogen).
Chromosomes were counterstained with 2 pg mL™' DAPI in
Vectashield. The preparations were photographed using a Zeiss
Axioimager Z2 epifluorescence microscope with a CoolCube
camera (MetaSystems). Images were acquired separately for all
four fluorochromes using appropriate excitation and emission fil-
ters (AHF Analysentechnik). The four monochromatic images
were pseudocoloured, merged and cropped using Photoshop CS
(Adobe Systems) and ImageJ (National Institutes of Health).

RESULTS

Parental diploid genomes — Cardamine amara and C. parviflora

Four Cardamine species were tested as potential diploid paren-
tal genomes of the studied Asian polyploids: C. amara, C. hir-
suta, C. impatiens and C. parviflora. Labelled gDNA of the four
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diploids was used in different combinations for GISH experi-
ments. Only gDNA of C. amara and C. parviflora hybridized
to chromosomes of the investigated polyploids (C. dentipetala,
C. kokaiensis, C. occulta and C. scutata; more details provided
below). Therefore, C. amara and C. parviflora, as potential
parental diploid genomes of the Asian Cardamine polyploids,
were analysed cytogenetically in detail.

Both analysed accessions of C. amara and C. parviflora were
diploid with eight chromosome pairs (2n = 2x = 16). Interstitial
telomeric repeats (ITRs) were observed at all pericentromere
regions in C. parviflora, but not in C. amara. As expected, the
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C. amara-specific tandem repeat Carcen localized to all centro-
meres in C. amara, but not to chromosomes of C. parviflora
(Supplementary Data Figure S1). To analyse the genome struc-
ture of the species we used CCP with chromosome-specific
A. thaliana BAC contigs, representing 22 conserved GBs of the
ACK (n =8; Lysak et al., 2016), on mitotic and meiotic (pachy-
tene) chromosomes.

In C. parviflora, six out of eight chromosome pairs (AK1-
AKS5 and AK7) retained the ancestral structure as in the ACK.
The two remaining chromosomes originated by a reciprocal
translocation involving the bottom arm of AK6 and the major
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part (~6 Mb in the A. thaliana genome) of the bottom arm
of chromosome AK8 (~6.6 Mb). The resulting translocation
chromosomes AK6/8 and AKS8/6 consist of genomic blocks
V+Wa+Q+X and O+P+Wb+X, respectively (Fig. 1). The
chromosome size expressed as length of A. thaliana BAC con-
tigs in megabases is as follows: AKI — 17, AK2 — 8.5, AK3 —
13.7, AK4 - 9.6, AKS — 10.4, AK6/8 — 12.4, AK7 — 12.2, and
AK8/6 —10.6.

A comparative cytogenomic map of C. amara was recon-
structed by us previously (Manddkova et al., 2013) and further
specified in the present study. Whereas the genome of C. amara
almost completely resembles that of C. parviflora, including
the translocation chromosomes AK6/8 and AK8/6, it differs by
a ~13-Mb pericentric inversion on chromosome AK1 (AKI4).
The breakpoints occurred between GBs A and B (between BAC
clones T29M8 and F6F9), and within block C (between BAC
clones F9I5 and F6DS). The resulting chromosome AK1# con-
sists of GBs A+Ca+B+Cb (Fig. 1). The absence of AK1# in
other Cardamine species (Mandédkova et al., 2013, 2014, 2016)
suggests that the inversion is probably specific for C. amara.

The allotetraploid origin and conserved subgenome structure in
Cardamine scutata

Cardamine scutata was confirmed to be a tetraploid species
(2n = 4x = 32). To determine the origin of C. scutata, we car-
ried out GISH with gDNA of four diploid species (see above)
in different combinations, and FISH of a telomeric repeat and
Carcen probed to mitotic chromosomes of C. scutata. Only
gDNA of C. parviflora and C. amara hybridized to C. scutata
chromosomes, each to one half of its chromosome complement
(Fig. 2A). FISH signals revealed 16 chromosomes bearing
ITRs and the other 16 chromosomes containing the C. amara-
specific Carcen repeat (Supplementary Data Figure S1). Thus,
GISH and FISH of tandem repeats strongly suggested an allo-
tetraploid origin of C. scutata from parental genomes closely
related to C. amara and C. parviflora.

Knowing the structure of C. amara and C. parviflora
chromosomes, corresponding painting probes were hybridized
to chromosomes of C. scutata. The unambiguous identifica-
tion of all 22 genomic blocks in four and two genomic copies
on mitotic and pachytene chromosomes, respectively, con-
firmed the tetraploid origin of the species. All 16 chromosome
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pairs were structurally identical to chromosomes of C. amara
and C. parviflora, including the diagnostic C. amara-specific
chromosome AK1# (Fig. 3A). The parental chromosome signa-
tures further supported the origin of C. scutata by hybridization
between genomes closely related to those of diploid C. amara
and C. parviflora (Fig. 1).

The autotetraploid origin of Cardamine kokaiensis followed by
three centromere repositionings

Both investigated populations of C. kokaiensis were found to
be tetraploid (2n = 4x = 32). The uniform GISH labelling of all
32 chromosomes of C. kokaiensis only by gDNA of C. parvi-
flora (Fig. 2B), and ITRs identified in all pericentromeres
strongly suggested an autotetraploid origin of C. kokaiensis
from a genome related to C. parviflora.

CCP revealed that the genome of C. kokaiensis is com-
posed of eight C. parviflora-like chromosomes present in
four copies. However, although three chromosomes have
retained the ancestral organization/colinearity of genomic
blocks, their centromeres have relocated. Centromere repo-
sitionings were identified in one chromosome pair of AKl1
(AK1¥), AK3 (AK3¥) and AK8/6 (AK8/6%). The AK1 cen-
tromere originally located between GBs B and C (between
BAC clones F12K21 and F2J6) shifted ~2.8 Mb within block
B (between F26F24 and T1K7). The AK3 centromere moved
by ~2.3 Mb from the border of GBs G and F (between MWL2
and F16J10) into block F (between MRCS8 and K26M9). The
AKS8/6 centromere originally located between GBs P and Wb
(between T3HI3 and K26M13) repositioned ~1.1 Mb into
block Wb (between MTI20 and K18B18). Both Chinese and
Japanese populations of C. kokaiensis exhibited the identical
genome structure (Fig. 1).

The allooctoploid origin and complex genome structure of
Cardamine occulta

All analysed plants of C. occulta had 64 chromosomes
(2n = 8x = 64). The definite identification of all 22 genomic
blocks in 16 and eight copies on mitotic and meiotic chromo-
somes, respectively, confirmed the expected octoploid status of
C. occulta (Fig. 1).

0 (B) -
f

P
. 4| #1 L
J' '5/"

-»Sg, ¥

C «"'.:M-‘ Qﬂar/"
..* o n
ﬁ leu f ‘.“%’?n
siara’e | N
o R 42 1‘ ¢
g * N J -~
O TIN5
« ==

FiG. 2. Genomic in situ hybridization (GISH) in Asian Cardamine polyploids. (A) GISH revealed 16 chromosomes of C. amara (green fluorescence) and 16
chromosomes of C. parviflora (red fluorescence) within a mitotic chromosome complement of the allotetraploid C. scutata (2n = 32). (B) Mitotic chromosomes
of the autotetraploid C. kokaiensis (2n = 32) entirelly labelled by gDNA of C. parviflora (red). (C) GISH with gDNA of C. kokaiensis (red) and C. scutata (green)
revealed two 32-chromosomal subgenomes in the allooctoploid C. occulta (2n = 64). (D) Mitotic chromosomes of the autooctoploid C. dentipetala (2n = 64)
hybridized with gDNA of C. scutata (green). Chromosomes were counterstained by DAPI and inverted in Adobe Photoshop. Scale bars = 10 pm.
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C. amara (2n = 2x = 16)
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FiG. 3. Comparative chromosome painting (CCP) with probes for AK1. (A) CCP revealed the structure of AK1 homeologues within mitotic chromosome comple-

ments of Cardamine parviflora, C. amara, C. scutata, C. kokaiensis, C. occulta and C. dentipetala. (B) An example of fine-scale CCP on pachytene chromosomes

of C. occulta. Arrowheads point to centromeres. Red, green and yellow colours correspond to fluorescent signals of Texas Red, Alexa 488 and Cy3, respectively.
Chromosomes were counterstained by DAPI and cut out using Adobe Photoshop. Scale bars = 10 pm.

Each of the labelled gDNA of C. kokaiensis and C. scutata
hybridized to one half of C. occulta chromosomes (Fig. 2C).
Telomeric probe and Carcen localized to ~48 and 16 centro-
meres, respectively. Interstitial telomeric signals thus marked
32 chromosomes originating from C. kokaiensis (i.e. 16 + 16
C. parviflora-like chromosomes forming the complement
of C. kokaiensis) and 16 chromosomes of C. scutata (i.e. 16
C. parviflora-like chromosomes). By contrast, Carcen de-
limited 16 chromosomes originating from C. scutata (i.e. 16
C. amara-like chromosomes from the allotetraploid comple-
ment of C. scutata) (Supplementary Data Figure S1). Thus,
GISH and tandem repeats suggested an allopolyploid origin of
C. occulta from parental genomes closely related to C. kokaien-
sis and C. scutata.

CCP with a painting probe designed according to the
structure of AK1 on pachytene chromosomes in C. occulta
revealed two homeologous chromosomes resembling
those of C. parviflora, one C. amara-specific AK1* and
one homeologue of C. kokaiensis-specific AK1¥ (Fig. 3).
Accordingly, the AKI and AKI1#* homeologues corres-
pond to the C. scutata subgenome, whereas homeologues

AK1 and AKI1¥X are indicative of the C. kokaiensis subge-
nome. Cardamine kokaiensis-specific chromosomes AK3X
and AKS8/6X, characterized by repositioned centromeres,
were identified within one subgenome of C. occulta too.
Therefore, the CCP data strongly suggest an allooctoploid
origin of C. occulta through a merger of unreduced gam-
etes of C. scutata and C. kokaiensis (Fig. 1). The C. occulta
genome almost completely matches those of C. scutata and
C. kokaiensis, differing only by a centromere repositioning
on one out of four AK7 homeologues (AK7°). The centro-
mere moved by ~1.4 Mb from its original position between
GBs T and U (between BAC clones F18AS5 and T6K21) into
block U (between F1C12 and F13K14) (Fig. 1).

To detect whether the genome structure and particularly the
C. occulta-specific centromere repositioning on AK7° are sta-
ble throughout the distribution area, we analysed three Chinese,
three Japanese and one Spanish population of C. occulta.
Detailed inspection using CCP, GISH and FISH of tandem
repeats did not reveal any population-specific chromosome
repatterning and proved the structural stability of the C. occulta
genome.


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz019#supplementary-data
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The autooctoploid Cardamine dentipetala structurally resembling
C. scutata which experienced two chromosome rearrangements

Similarly to C. occulta, C. dentipetala was found to be
octoploid (2n = 8x = 64). We observed uniform labelling of all
64 chromosomes by gDNA of C. scutata (Fig. 2D), and hybrid-
ization signals of the telomeric probe and Carcen mirroring the
pattern of C. scutata.

The evidence of an autopolyploid origin of C. dentipetala
from a genome related to C. scutata (Fig. 1) was further sup-
ported by CCP. Structurally, the C. dentipetala genome resem-
bles that of C. scutata including two homeologues of AKI1~.
The genomes of C. dentipetala and C. scutata differ by a
C. dentipetala-specific centromere repositioning on one chro-
mosome pair of AK1 (AK1P) and a ~3.2-Mb pericentric inver-
sion on one homeologue of AK2 (AK2P). The AK1 centromere
originally located between GBs B and C (between BAC clones
F12K21 and F2J6) was shifted by ~2.4 Mb into block B
(between F21K23 and F1K23; Fig. 3A). The pericentric inver-
sion occurred within blocks D (between BAC clones F19C14
and F20B16) and E (between F1707 and F14023). The result-
ing chromosome AK2P consists of GBs Da+Ea+Db+Eb.

Rearrangements shuffled chromosomes from acro- to (sub)
metacentric

‘We identified cross-species collinearity of numerous Cardamine
chromosomes differentiated by centromere position (centromere
repositioning). Three C. kokaiensis-specific centromere reposi-
tionings were revealed, and observed also in its polyploid descend-
ant — in the allooctoploid genome of C. occulta. Furthermore, one
C. occulta-specific centromere repositioning and one C. dentipe-
tala-specific centromere repositioning were identified. In addition
to the centromere repositionings, a C. amara-specific pericentric
inversion was transfered in the allotetraploid C. scutata, allooc-
toploid C. occulta and autooctoploid C. dentipetala. Furthermore,
a C. dentipetala-specific pericentric inversion was found.
Interestingly, the inferred intrachromosomal rearrangements
shaped the Cardamine chromosomes from acro- to (sub)metacen-
tric as shown by the increased mean centromeric index (CI, length
of the short arm to the total chromosome length x 100). CI values
of the ancestral chromosomes AK1, AK2, AK3, AK7 and AK8/6
were 27, 27, 23.3, 19.7 and 35.8 %, respectively, vs. 34.9 % of
AK1%,78.9 % of AK1X, 84.8 % of AK1P, 60.4 % of AK2P, 98.6 %
of AK3K, 67.1 % of AK7° and 89 % of AK8/6X. These events also
made the karyotypes more symmetric: the average CI of the ances-
tral Cardamine genome and the karyotype of C. parviflora was
27.2 %, vs. 34.9, 31, 38.4, 36.2 and 34 % in C. amara, C. scutata,
C. kokaiensis, C. occulta and C. dentipetala, respectively.

DISCUSSION

The power of GISH and CCP approaches to elucidate the origin
and structure of polyploid genomes

Discerning the origin of hybrid and polyploid plant species
as well as cytogenetic analysis of introgressed chromosomes
and chromosome segments, and intergenomic translocations
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is feasible using GISH (Schwarzacher et al., 1989). The use
of GISH in plant cytogenetic studies has been extensively re-
viewed (Raina and Rani, 2001; D’Hont, 2005; Chester et al.,
2010; Silva and Souza, 2013; Younis et al., 2015; Ramzan et al.,
2017). GISH represents an effective and low-cost analytical
method based on differential hybridization of genome-specific
dispersed repeats, providing that parental species are not ex-
tinct and their genomes are sufficiently divergent. GISH is not
only useful in identifying parental chromosome complements,
but at the same time has the capacity to reveal intergenomic
translocations. Cruciferous plants, like some other plant groups
with small genomes, show a particular chromosome organiza-
tion characterized by most repetitive DNA sequences forming
pericentromeric heterochromatin. Consequently, GISH probes
preferentially hybridize to the pericentromeric regions, leaving
euchromatic chromosome arms practically unlabelled (Raina
and Rani, 2001). Despite these technical impediments, GISH in
crucifer cytogenetics is growing in popularity and is largely con-
fined to Brassica crop species (reviewed by Lysak and Lexer,
2006; Snowdon, 2007). Ali et al. (2004) modified the GISH
protocol and were able to detect homogenously labelled par-
ental chromosomes in the allotetraploid genome of Arabidopsis
suecica. GISH was used to reveal the origin of allopolyploid
Boechera (Kantama et al., 2007) and Australian Lepidium spe-
cies (Dierschke et al., 2009) as well as Cardamine allopolyploid
taxa (Mandakova et al., 2013, 2014). Alternatively, genome-
specific centromeric repeats and (retro)transposons can be used
as GISH-like probes to distinguish parental genomes, as shown
in A. suecica (Comai et al., 2003) or Brassica allotetraploids
(Lim et al., 2007; Alix et al., 2008).

Although the GISH technique enables easy identification
of parental chromosome complements, it is not able to dis-
tinguish between individual chromosomes within a hybrid/
polyploid genome. Apart from chromosome-specific repeats
(e.g. rDNA and other tandem repeats), labelling of large chro-
mosome segments or whole chromosomes in repeat-rich plant
genomes using chromosome-specific painting probes has
been a long-standing problem (reviewed by Schubert et al.,
2001). The first large-scale painting of a plant chromosome
was achieved by Lysak ef al. (2001) in A. thaliana. Like most
Brassicaceae species, A. thaliana is favoured for chromo-
some painting (CP) due to its small genome size, low amount
of repetitive DNA (~15 %) clustered mainly in the pericen-
tromeric regions, and the public availability of assembled
chromosome-specific BAC libraries (Arabidopsis Genome
Initiative, 2000). In the last decade, CP has been successfully
applied to other Brassicaceae species (CCP), and allowed
unprecedented analyses of the cruciferous genome evolution at
the chromosomal level (Lysak et al., 2005, 2006; Manddkova
and Lysak, 2008; Mandédkova et al., 2010a, 2010b, 2012,
2013, 20154, 2015b, 2016, 2017a, 2017b, 2017c; Hay et al.,
2014; Geiser et al., 2016). Besides Brassicaceae, CP has been
successfully applied in the grass genus Brachypodium (1dziak
et al., 2011; Betekhtin et al., 2014). Nevertheless, the B. dis-
tachyon-specific BAC pools could not be used as probes for
CCP outside the genus, and Brassicaceae remains to date the
only plant family with established family-wide CCP. CCP in
crucifers thus provides a unique type of data about genome
evolution in plants.
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An alternative chromosome panting method is based on col-
lections of short oligo probes (about 45 nt in length) designed
from any known sequence (oligopainting). A highly specific
collection of short oligo probes enables detection of intended
targets in (large) repeat-rich plant genomes. Oligopainting was
developed by Beliveau et al. (2012) and successfully applied
in Aquilegia (Filiault et al., 2018), Cucumis (Lou et al., 2014,
Han et al., 2015), rice (Hou et al., 2018), Solanum (Braz et al.,
2018) strawberry (Qu et al., 2017) and wheat (Du et al., 2017).

Independent auto- and allopolyploid origins of the Asian
Cardamine species

Chromosome numbers and ploidy levels of C. kokaien-
sis 2n = 4x = 32), C. occulta (2n = 8x = 64) and C. scutata
(2n = 4x = 32) were previously reported by Lihovd er al.
(2006a) and Slenker et al. (2018), and confirmed in the present
study. Chromosome number was newly determined in C. den-
tipetala (2n = 64). As x = 8 is the most common base chromo-
some number in the genus Cardamine (KuCera et al., 2005, and
references therein; Kiefer er al., 2014), the tetraploid status of
C. scutata and C. kokaiensis, and octoploid nature of C. occulta
and C. dentipetala are self-evident. Our CCP data demonstrated
that genomes of C. scutata and C. kokaiensis consist of 22
duplicated genomic blocks, whereas a two-fold number of GBs
was identified in C. occulta and C. dentipetala. This unequivo-
cally supports their tetra- and octoploid origins, respectively.

Despite the previous thorough phylogenetic effort of Lihova
et al. (2006a), the origin and parental genomes of the Asian
Cardamine polyploids remained uncertain. In the present study,
GISH was used as a primary tool for the identification of the
parental (sub)genomes contributing to the origin of Cardamine
polyploids. GISH data were further supported by the hybridiza-
tion patterns of Carcen and telomeric repeats, and most impor-
tantly by parental-specific chromosome alterations revealed by
CCP. Chromosomal rearrangements show only a low tendency
towards convergent evolution and are generally considered to
be phylogenetically informative rare genomic changes (Rokas
and Holand, 2000). Therefore, CCP in the mustard family has
the power to uncover parental genomes, resolve conflicting
phylogenetic signals or elucidate poorly supported tree topolo-
gies (Manddkovd and Lysak, 2008; Manddkova et al., 2010aq,
2010b, 2013, 2014, 2017c¢).

Contrasting patterns of genome origin among different
polyploid Cardamine species have been revealed in our
study. The tetraploid genome of C. scutata probably origi-
nated by hybridization between two differentiated diploid
genomes closely related to two Eurasian species, C. parvi-
flora and C. amara. By contrast, an autotetraploid origin of
C. kokaiensis from a parental genome related to C. parvi-
flora was suggested. The octoploid C. occulta probably
arose through hybridization between the two tetraploids.
The octoploid genome of C. dentipetala structurally mir-
rors C. scutata and probably originated from C. scutata
via autopolyploidization. The cytogenetic evidence for
the parental (sub)genomes of C. kokaiensis, C. occulta
and C. scutata also explain differences in relative genome
size values recently reported for these polyploids (Slenker
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et al., 2018). Significant differences in monoploid genome
sizes, even between species of the same ploidy level,
were observed for C. flexuosa, C. occulta, C. scutata and
C. kokaiensis (C. dentipetala was not included in that study)
and attributed to their assumed different polyploid origins.
Indeed, taking into account different genome sizes of the
diploid progenitors and assuming additivity of genome sizes
in the polyploids, the observed genome size data perfectly fit
the scenarios of auto- and allopolyploid origins as revealed
here by GISH and CCP. Because the taxonomic evaluation of
the assumed narrow endemics C. niigatensis (tetraploid) and
C. longifructus (ploidy level unknown) remains uncertain
(see Introduction), whether they are distinct from C. scutata
and C. dentipetala, respectively, or not, we can speculate
only on if and how they were involved in the polyploid ori-
gins inferred here. Additionally, the hexaploid C. fallax (not
available for the present study) might have a similar parent-
age as C. occulta as deduced from the shared ITS ribotypes
and cpDNA haplotypes (Lihova et al., 2006a), or even par-
ticipated as an intermediary in the origin of this octoploid.
Some pieces in the complex mosaic of the polyploid evolu-
tion in Asian Cardamine species could thus be still missing.
If this is the case, we might also consider that some of the
post-polyploid intrachromosomal rearrangements inferred in
C. dentipetala, C. kokaiensis and C. occulta (see also below)
may have occurred already in some of these unsampled (or
even extinct) taxa, representing potential middle steps in the
reconstructed polyploid pathways.

The identical genome structure, including C. occulta-specific
repositioning of AK79, revealed in nine different populations of
C. occulta from Asia (China and Japan) and Europe (Spain),
suggests a single origin of the allooctoploid. Similarly, identical
centromere repositionings of AK1X, AK3¥ and AK8/6¥ iden-
tified in both Chinese and Japanese populations argues for a
single origin of C. kokaiensis. Considering the ease of GISH
and the strength of hybridization signals (Fig. 2), as well as the
structural stasis of the parental subgenomes (Fig. 1), C. dentipe-
tala, C. kokaiensis, C. occulta and C. scutata may be regarded
as relatively young polyploids.

Multiple and independent auto- and allopolyploidization
events are not rare in the genus Cardamine (Marhold and
Lihova, 2006; Carlsen et al., 2009), with 68 % of taxa being
entirely neopolyploid or having both diploid and polyploid
cytotypes (KuCera et al., 2005). Spontaneous interspecific
hybridization has been frequently reported to occur between
several Cardamine species (Marhold et al., 2002, 2018; Lihova
et al., 2006a, b; Carlsen et al., 2009). For example, the wide-
spread species C. flexuosa was recently shown to be an allo-
tetraploid (2n = 4x = 32) originating from two diploid species,
C. amara and C. hirsuta (2n = 2x = 16; Mandakova et al.,
2014). Furthermore, recent cytogenetic and molecular stud-
ies (Mandakova et al., 2013; Zozomova-Lihova et al., 2014a,
b) provided several lines of evidence that C. schulzii is a trig-
enomic hybrid species comprising two cytotypes (2n = 5x = 38
and 2x = 6x = 46), both containing subgenomes derived from
C. amara, C. rivularis (both 2n = 2x = 16) and C. pratensis
(2n = 4x = 30). Accordingly, hybridization and polyploidy have
been significant driving forces of diversification and speciation
in the genus Cardamine.
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Post-polyploid genome stasis in Cardamine

Evolution of the post-polyploid genome in the investigated
polyploid Cardamine species has not been associated with
descending dysploidy. However, a growing body of data sug-
gests that descending dysploidy is not rare in Cardamine.
Lawrence (1931) was the first to suspect that the hypotetra-
ploid chromosome number (2n = 30) in C. pratensis might
have resulted from chromosome fusion in otherwise tetraploid
species (2n = 4x = 32). The origin of the fusion chromosome
was recently confirmed by Manddkova et al. (2013) as a nested
chromosome insertion between two non-homeologous chro-
mosomes accompanied by centromere elimination. Recently,
Mandakova et al. (2016) demonstrated that the North American
species C. cordifolia bearing a triploid-like chromosome num-
ber (2n =24) is not a triploid hybrid but a diploidized tetraploid.
In C. cordifolia, the ancestral tetraploid chromosome number
was reduced (from 2n = 32 to 24) through four terminal chro-
mosome translocations between non-homeologous chromo-
somes coupled with elimination of four centromeres.

Given the largely conserved chromosome collinearity shared
among the parental diploid Cardamine species and the poly-
ploids, individual subgenomes exhibit considerable stasis
within the polyploid genomes. No interchromosomal rearrange-
ments, such as reciprocal translocations, were observed. This is
surprising, considering the possibility of intergenomic repat-
terning via homeologous recombination as a result of almost
complete interspecies genome collinearity between the parental
species (Fig. 1). Similarly, the overall stability of parental sub-
genomes was observed in tetraploid C. flexuosa (2n = 4x = 32).
In C. flexuosa, only single intergenomic translocation between
two homeologues has occured since its allopolyploid origin
from structurally highly collinear diploid genomes of C. amara
and C. hirsuta (Manddkova et al., 2014). Reciprocal translo-
cation between two homeologous chromosomes in C. flexuosa
may indicate the start of diploidization of the allopolyploid
genome. The absence of intergenomic rearrangements in the
Asian Cardamine polyploids suggests their more recent origin
or slower tempo of post-polyploid diploidization compared to
C. flexuosa. A robust phylogenetic analysis of Cardamine with
estimation of divergence times will be essential to resolve this
question.

Whereas the genome of C. scutata completely mirrors
the parental genomes of C. amara and C. parviflora, and the
remaining Cardamine polyploid genomes are largely collinear,
two essential post-polyploid intrachromosomal rearrangements
were identified as mechanisms shaping the chromosome struc-
ture in C. kokaiensis, C. occulta and C. dentipetala: pericen-
tric inversion and centromere repositioning. In particular, the
origins of the AKI1¥X, AK1P, AK3¥, AK7° and AK8/6X chro-
mosomes are unique in the context of genome evolution in
Brassicaceae. Whereas these chromosomes have retained the
ancestral organization/collinearity of genomic blocks, their cen-
tromeres have relocated. Interestingly, in all cases, centromere
repositioning shaped the chromosomes from acro- to (sub)
metacentric. The only other examples where centromere repo-
sitioning in crucifers are inferred are in the telocentric homeo-
logues of AK3 and AKS in Cardamine rivularis (Mandakova
et al., 2013) and Neslia paniculata (Camelineae; Lysak et al.,
2006), respectively.
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Cardamineae-specific reciprocal translocation

CCP with A. thaliana painting probes arranged ac-
cording to the structure of ACK revealed that the analysed
Cardamine species share six ancestral chromosomes with
ACK (AKI1-AKS5 and AK7), whereas two chromosomes
(AK6 and AKS) participated in a reciprocal translocation
event. As the two translocation chromosomes AK6/8 and
AKS8/6 were also found in complements of other Cardamine
species (Manddkova et al., 2013, 2014, 2016; Hay et al.,
2014), Armoracia rusticana (Mandédkova and Lysak, 2019),
Leavenworthia alabamica (Haudry et al., 2013), Nasturtium
officinale and N. microphyllum (Manddkovd and Lysak,
2019), but not in other Brassicaceae species outside the
tribe Cardamineae, the AK6—-AKS translocation probably
occured prior to the diversification of Cardamineae. The
Cardamineae-specific AK6—AKS translocation thus corrob-
orates the monophyly of the tribe and represents a unique
taxonomic marker delimiting the tribe. Cardamineae gen-
omes descended from the ancestral Cardamineae genome
(n = 8) containing chromosomes AK1-AKS, AK6/8, AK7
and AKS8/6 (Supplementary Data Figure S2) and exhibit re-
markable genome stasis over millions of years of their in-
dependent evolution. The data suggest that the infratribal
diversification in the Cardamineae was not caused by or as-
sociated with gross chromosome alternations. We hypothe-
size that the AK6—AKS translocation may confer a selective
adaptive advantage to their carriers. As the tribe comprises
some important vegetable, weedy and model species, the
established ancestral Cardamineae genome provides useful
genomic resource for this crucifer group.

Speciation through polyploidization in Cardamine has been
associated with ecological niche separation between the parental
species and the newly formed polyploid

Hybrid/polyploid establishment and persistence imply that
the population has become isolated from both of its parental
taxa. This can be achieved either by chromosomal rearrange-
ments and subsequent postzygotic genetic isolation, which
have been observed in newly formed hybrids. Alternatively,
ecological divergence, e.g. spread into new ecological niches
not occupied by the parents, results in spatial isolation and
gene flow restriction. Other ecological barriers, such as tem-
poral or pollinator divergence, can contribute to reproductive
isolation as well (Gross and Rieseberg, 2005; Hegarty and
Hiscock, 2005).

The role of human-induced environmental disturbance for
creating new habitats available for hybrids/polyploids is also
widely recognized, and apparently was crucial also for the ori-
gin of several Brassicaceae hybrids and allopolyploids, such as
Cardamine x insueta and C. schulzii (Manddkova et al., 2013)
or Rorippa x armoracioides (Bleeker, 2003). The absence of
gross chromosome alterations in the studied Asian Cardamine
tetra- and octoploids compared to their parental species implies
that postzygotic genetic isolation did not play a major role in
the speciation events. More probably, the origin and successful
spreading of C. occulta have been associated with the establish-
ment of suitable irrigated human-made habitats.


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz019#supplementary-data
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Fi1G. 4. Schematic diagram representing niche separation among the six studied
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rated by vertical broken lines) in natural and human-made habitats (vertically

arranged and separated by a horizontal broken line). Black, blue and red rec-

tangles represent habitat ranges of the parental diploids, autopolyploids and
allopolyploids, respectively.

From an ecological point of view, the diversification of
the genus Cardamine is characterized by niche separation
along the hydrological gradients, ranging from dry habitats
to constantly waterlogged habitats, including moist but non-
submerged or periodically submerged habitats as intermedi-
ates (Lihova and Marhold, 2006). The habitats of the four
polyploids examined in this study are characterized by the
mode of water fluctuation (Fig. 4). Cardamine scutata grows
in habitats where below-ground parts are waterlogged for
most of the year, and its ecological distribution extends from
natural habitats to human-made habitats surrounding rice
paddy fields (Kudoh, 2017). Cardamine dentipetala occurs
in similar habitats to those for C. scutata, but less submerged
and its distribution is restricted to natural habitats. Cardamine
kokaiensis inhabits seasonally flooded habitats, such as river
floodplains and paddy fields, and grows ephemerally as an-
nuals by utilizing non-flooded periods (Slenker er al., 2018).
Interestingly, C. occulta primarily occurs in paddy fields
and surrounding human-made habitats (Kudoh et al., 1993;
Kudoh, 2017). The recurrent speciation through polyploidi-
zation in Cardamine has been reported to be associated with
ecological niche separation between the parental species and
the newly formed polyploids (Shimizu-Inatsugi et al., 2017).
In fact, growth experiments in which hydrological conditions
were manipulated (i.e. water-logged, un-submerged, and fluc-
tuating conditions) showed that C. scutata grew well across
all conditions, but parental diploids, C. amara and C. parvi-
flora, were specialized to waterlogged and non-submerged
conditions, respectively (Shimizu-Inatsugi et al., 2017).
Although future evaluation is required, the new combinations
originating from allo- and autopolyploidization between the
parental genomes may have enhanced the establishment of
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the studied polyploids by exploring novel niches along the
hydrological gradient.

From the biogeographical perspective, it is worth mention-
ing that from the revealed diploid parental species, C. parvi-
flora is almost cosmopolitan, occurring throughout Eurasia
(Lihova et al., 2006a, and references therein), while C. amara
is currently absent from Eastern Asia (it occurs throughout
Europe and its easternmost occurrence is reported from West
Siberia; Malyschev and Peschkova, 1994). Nevertheless, there
are several other polyploid Cardamine perennial species that
morphologically closely resemble C. amara, strongly suggest-
ing it as at least one of the parental species [most prominent
examples being C. torrentis Nakai, C. amariformis Nakai and
C. valida (Takeda) Nakai; Lihova et al., 2010]. Therefore, it
seems reasonable to expect that diploid C. amara had a much
wider distribution area in the past, also reaching easternmost
Asia, and participated in multiple polyploidization events
there. Furthermore, the tetraploids C. scutata and C. kokaiensis
grow sympatrically in Eastern Asia, although the area of the
latter species is at least currently fragmented and much more
restricted (Slenker ez al., 2018). Hybridization between them
resulted in the widespread and invasive C. occulta colonizing
all continents. Finally, the occurrence of the octoploid C. den-
tipetala seems to be tightly connected with that of its parent,
C. scutata, as it grows sympatrically with or in close proximity
to the latter species, in line with its inferred autopolyploid ori-
gin. They also share similar habitat preferences, but C. dentipe-
tala exhibits a shifted and narrower ecological niche (Fig. 4).

CONCLUSIONS

The present cytogenetic study provides unequivocal evidence
of the auto- and allopolyploid origins of Asian Cardamine
polyploid species, identifies their parental genomes and pre-
sents their genome structures. The comparative cytogenetic
maps demonstrate that post-polyploid genome evolution in the
Cardamine polyploids was not associated with descending dys-
ploidy or gross chromosome rearrangements. The data serve
as a basis for future detailed genomic studies, which should
address the invasive allooctoploid C. occulta, the most wide-
spread Cardamine species in the world.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: In situ
localization of Arabidopsis-type telomere repeat (TTTAGGG),
and C. amara-specific 290-bp Carcen tandem repeat on chromo-
somes of C. amara, C. parviflora, C. scutata and C. occulta.
Interstitial telomeric repeats (ITRs) were observed at all peri-
centromere regions in C. parviflora, but not in C. amara. As
expected, the C. amara-specific tandem repeat Carcen local-
ized to all centromeres in C. amara, but not to chromosomes
of C. parviflora. In allotetraploid C. scutata, FISH signals
revealed 16 chromosomes bearing ITRs and the other 16
chromosomes containing the Carcen repeat. In allo-octoploid
C. occulta, the telomeric probe and Carcen localized to ~48
and 16 centromeres, respectively. Interstitial telomeric signals
thus marked 32 chromosomes originating from C. kokaiensis
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(i.e. 16 + 16 C. parviflora-like chromosomes forming the com-
plement of C. kokaiensis) and 16 chromosomes of C. scutata
(i.e. 16 C. parviflora-like chromosomes). By contrast, Carcen
delimited 16 chromosomes originating from C. scutata (i.e.
16 C. amara-like chromosomes from the allotetraploid com-
plement of C. scutata). Figure S2: Structure of the ancestral
Cardamine genome.
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