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Abstract The very recent allopolyploid speciation of
Cardamine insueta and Cardamine schulzii is well
documented. We used this system for a further under-
standing of the evolution of the internal transcribed
spacers (ITS) of nuclear ribosomal DNA in recently
formed hybrids. The ITS sequencing of the two parent
species and the alloploid o!spring suggests a synopsis
of the types of ITS evolution, reported so far in the
literature. We detected homogenization to one parental
ITS type with a very strong bias to the maternal se-
quence. Nevertheless, maintainance of both parental
ITS sequences in the alloploids was also recorded. Our
data suggest: (1) rapid genomic change in newly formed
alloploids, and (2) a multiple origin of C. insueta and
C. schulzii.
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Introduction

ITS (internal transcribed spacer) sequences of nuclear
ribosomal DNA have become a widely used molecular
marker for reconstructing angiosperm phylogenies at
lower taxonomic levels (Baldwin et al. 1995; Mummen-
ho! et al. 1997 a). Despite the high copy numbers of the
spacer regions, the ITS paralogues are generally uni-
form due to concerted evolution via gene conversion
or unequal crossing over (Baldwin et al. 1995). Parti-

cularly at the generic level and below, speciation via
alloploidization is an important evolutionary mecha-
nism (Grant 1981; Soltis and Kuzo! 1995). However,
by using ITS sequences to study alloploid taxa, strik-
ingly contrasting results have been reported: (1) in
Krigia (Kim and Jansen 1994) and in Arabidopsis
suecica (O'Kane et al. 1996) it was shown that both
parental ITS sequences have been maintained in the
alloploid species; (2) in Gossypium the sequences of al-
loploids have been homogenized to that of either di-
ploid parental species due to concerted evolution
(Wendel et al. 1995 a); and (3) chimeric (mosaic like)
ITS repeat types that combine distinct parental motifs
have been documented in Gossypium gossypioides
(Wendel et al. 1995 b), Microseris (van Houten et al.
1993) and Microthlaspi (Mummenho! et al. 1997 b).
Therefore, further studies are needed to understand ITS
evolution after hybridization and polyploidization, es-
pecially in alloploid species that are of recent origin.
The most recent alloploid species studied so far for ITS
variation, i.e. Arabidopsis suecica, originated approxim-
ately 10 000 years ago (Mummenho! and Hurka 1995;
O'Kane et al. 1996). Cardamine insueta Urbanska and
Cardamine schulzii Urbanska represent alloploids that
appear to have arisen in this century at Urnerboden in
Central Switzerland, a plateau of 5.5 km in length at
1310}1430 m above sea level (reviewed in Urbanska
et al. 1997). C. insueta is a natural triploid hybrid
(2n"3x"24) between Cardamine rivularis auct. non
Schur (2n"2x"16) (for taxonomy see Marhold 1994,
1995) and Cardamine amara L. (2n"2x"16), that
arose by fertilization of an unreduced diploid C. rivu-
laris auct. gamete with a reduced haploid C. amara
gamete. The establishment of C. insueta coincided with
the installation of man-made hay meadows and, there-
fore, the origin of C. insueta may thus date back to
approximately 1901, but de"nitely not earlier
(Urbanska et al. 1997). From this alloploid triploid
species C. schulzii Urbanska (2n"6x"48) arose by
autopolyploidization. This species has also occupied



Table 1 Composition of the ITS sequences of C. amara, C. rivularis auct., C. insueta and C. schulzii

Taxon Ploidy Position in the ITS alignment (ITS1)
level

55 56 57 63 122 125 138 214 217 221 225 244 247

Paternal parent
C. amara 1, 2, 3 2x G A G T C T A C C T C G G

C. insueta 1, 2 3x A G A C A } G A C A T A A
C. insueta 3 A G A C A } G A C/T A T A A

C. schulzii 1 6x A G A C A } G A C A T A A
C. schulzii 2, 3 A G A C A } G A T A T A A

C. rivularis auct. 1, 2, 3 2x A G A C A } G A T A T A A
Maternal parent

Taxon Ploidy Position in the ITS alignment (ITS2)
level

291 309 340 341 374 391 420 421 436 437

Paternal parent
C. amara 1, 2, 3 2x T C G C C C T T } }

C. insueta 1, 2 3x C/T T G T T T C A T T
C. insueta 3 C/T T A T T T C A T T

C. schulzii 1 6x C T A T T T C A T T
C. schulzii 2, 3 C/T T G T T T C A T T

C. rivularis auct. 1, 2, 3 2x C T A T T T C A T T
Maternal parent

Note: This data matrix contains those positions of the complete ITS alignment (not shown) that distinguish the paternal parent C. amara
from the maternal parent C. rivularis auct. Numbers refer to the nucleotide position in the complete alignment. Identical sequences of taxa
were merged

man-made habitats that have been available for 50}70
years (Neu!er and Jahncke 1997; Urbanska et al. 1997).

This model example of man-in#uenced hybrid speci-
ation in a small and well-de"ned area has been
documented by both biosystematic and molecular ap-
proaches (reviewed in Urbanska et al. 1997). From
these analysis it is clear that the maternal parent was
C. rivularis auct. In the present study we analyze the
ITS sequence variation of C. amara, C. rivularis auct.,
C. insueta, and C. schulzii to obtain insights into the
dynamics of ITS evolution in a very recent natural
hybrid species which has arisen during the present
century.

Materials and methods

Plant material

In 1993 living plants of C. amara L., C. rivularis auct. non Schur, C.
insueta Urbanska and C. schulzii Urbanska were collected at Urner-
boden, Central Switzerland. The two hybrid species are restricted to
this locality and the total area occupied by C. insueta and C. schulzii
is estimated at 25 ha and 0.5 ha, respectively (Urbanska et al. 1997).
We analyzed the ITS regions from three individuals of each taxon.
Voucher specimens are deposited at OSBU.

Molecular methods

Fresh leaves were taken from individual plants. Total DNA was
isolated following the procedure of Doyle and Doyle (1987). Double-
stranded DNA of the ITS1 and ITS2 regions was ampli"ed using the
polymerase chain reaction (PCR) protocol given in Mummenho!
et al. (1997 b). Primer 18 F was modi"ed as described in Mummen-
ho! et al. (1997 b). Ampli"cation products were puri"ed using the
Quiaquick PCR Puri"cation Kit (Quiagen, Hilden, Germany). Puri-
"ed DNAs were sequenced by the dideoxy chain-termination
method using the fmol kit (Serva, Heidelberg, Germany), following
the protocol of Mummenho! et al. (1997 b). The four primers em-
ployed for sequencing both strands of the ITS1 and ITS2 regions
were 18 F, 5.8 R, 5.8 F, 25 R (for details see Mummenho! et al. 1997b).
Boundaries of the coding and spacer regions were determined by
a comparison of our sequences with that of Sinapis alba L. (Rath-
geber and Capesius 1990). DNA sequences were aligned by hand.

Results and discussion

The alignment of ITS1 and ITS2 sequences resulted in
a matrix of 457 positions (data not shown) and required
the introduction of two gaps (1 bp in length for ITS1
and 2 bp in length for ITS2). The ITS sequence matrix
in Table 1 contains those nucleotides (23 positions)
that distinguish the maternal parent C. rivularis auct.
from the paternal parent C. amara. There was no se-
quence variation among the three individuals of the
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parental sequences, respectively. In 20 out of the 23
positions (87%) the sequences of the polyploids have
been converted to the ITS sequence information of the
maternal parent (C. rivularis auct.).

Our results correspond in some degree to the "nd-
ings in Gossypium; however, in that study the ITS
sequences of the alloploids have been nearly completely
homogenized to that of either parental species, due
to concerted evolution (Wendel et al. 1995 a). Our
example shows that such a homogenization may be
a rapid process (less than 100 generations) given the
fact that the hybrid species C. insueta was not estab-
lished before approximately 1900. The studies of Song
et al. (1995) on synthetic polyploids of Brassica also
demonstrated that extensive genome changes can occur
during each of just "ve generations. Song et al. (1988,
1995) further suggested that the nuclear DNA composi-
tion of each natural and one out of three synthetic
Brassica alloploids are more closely related to the di-
ploid maternal parent that contributed the cytoplasm
to that polyploid. This is in agreement with our results.
This would mean that the cytoplasmatic donor plays
an important role in the formation of a new polyploid.
In Cardamine, concerted evolution is apparently oper-
ating, given the high homogeneity of ITS sequences
within the polyploids. However, this conclusion may
not generally be valid for the Brassicaceae. In tetra- and
hexa-ploid individuals of Microthlaspi perfoliatum
(Brassicaceae) Mummenho! et al. (1997 b) found a
chimeric ITS type that combines motifs from both
parental lineages, a scenario also reported for Gos-
sypium (Wendel et al. 1995 b) and Microseris (van
Houten et al. 1993).

Our evidence for rapid rDNA conversion in Carda-
mine hybrids may be explained by a PCR artefact, due
to an asymmetric genome constitution. C. insueta
(genome constitution RRA) and C. schulzii (RRRRAA)
have two/four copies of C. rivularis (R) chromosomes
and only one/two copies of C. amara (A) chromosomes,
respectively. Thus, the copy number of one rDNA
variant (C. rivularis auct.) is double the number of the
other variant (C. amara) in both hybrids. It may be, that
the PCR products obtained from the hybrid species are
strongly biased to that of the predominant parental
(C. rivularis auct.) ITS type. In order to exclude such
a PCR artefact we mixed the DNAs isolated from the
parent species in a ratio of 2 : 1. This corresponds to the
expected ratio of the parental rDNA types in the hybrid
species due to the genome constitution of RRA and
RRRRAA in C. insueta and C. schulzii, respectively. In
this control experiment we detected both parental ITS
sequences, suggesting that the ITS sequences we ob-
tained from the hybrid species do not su!er from PCR
artefacts.

In positions 217 and 340 the paternal nucleotide is
found in some of the polyploid accessions. This would
mean that homogenization to the paternal ITS type is
also possible. Homogenization to both parental se-

quences, however with a strong bias to the maternal
parent, would indicate a somewhat mosaic-like struc-
ture. The detection of either parental nucleotide
at a certain position in di!erent individuals of the
polyploid hybrids (Table 1) points to a multiple origin
of C. insueta and C. schulzii. A multiple origin of C.
insueta was previously suggested by Neu!er and
Jahncke (1997) whereas C. schulzii appears to have
originated only once, in contrast to our results.

At two positions (217: C. insueta 3; and 291: C. insueta
1, 2, 3 and C. schulzii 2, 3) we detected additivity/
polymorphisms of both parental ITS types within
individual plants. The maintainance of both parental
sequences indicates that the hybridization event was
recent (O'Kane et al. 1996). Our analysis in Cardamine
seems to represent a study of ITS evolution in statu
nascendi. In less than 100 years the homogenization of
87% of the variable nucleotide positions to the ma-
ternal parent (cytoplasmic donor) was completed, sug-
gesting that &&the native cell cytoplasm may provide
a selection pressure on portions of the foreign nuclear
genome stabilizing the newly produced polyploid by
establishing a harmonious relationship between cyto-
plasmic and nuclear genomes'' (Soltis and Soltis 1995).
It may be speculated that the remaining two nucleotide
positions, that show additivity of the parental ITS
types, may be homogenized in the near future.
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