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New Zealand, and these are predominantly tetraploid.
Obligate sexual H. praealtum have not been recorded.
Both species produce abundant viable pollen, although
obligate sexual H. pilosella is self-incompatible (Gadella,
1991). Despite recent introduction and low levels of
sexual reproduction, high levels of genetic variation
have been detected using intersimple sequence repeat
primers (ISSRs) in New Zealand populations of H.
pilosella (Chapman et al, 2000). The hypothesis that part
of this genetic diversity might have resulted from
interspecific hybridization is the focus of the present
study.

Although the gross karyotype of all Hieracium species
is the same (n¼ 9 chromosomes), a previous study
using flow cytometry detected significant variation in
haploid (1� ) DNA content among several species of
subgenus Pilosella (Bräutigam and Bräutigam, 1996;
Bennett et al, 2000). Similar studies in other plant
groups have shown DNA content to vary up to 200%
without alterations of the basic karyotype (Brandham
and Doherty, 1998), and this sort of variation in DNA
content is difficult to assess or even identify using a
microscope. Preliminary ploidy analysis of New Zealand
populations of H. pilosella using flow cytometry detec-
ted some plants with DNA content intermediate in
amount between that observed from tetraploid and
pentaploid individuals. Such DNA content estimates
might result from aneuploidy, indeed some aneuploid
H. pilosella have previously been reported in New
Zealand (Chapman and Lambie, 2000). However, the
condition is regarded as uncommon in natural Euro-
pean populations (Bräutigam and Bräutigam, 1996),
and was not detected in a cytogenetic study of 231 H.
pilosella samples from New Zealand (Jenkins and Jong,
1997). An alternative explanation for the unusual
genome size results is interspecific hybridization.
Breeding experiments have shown that a variety of
combinations of interspecific hybridization between
H. pilosella, H. praealtum, H. aurantiacum L. and H.
caespitosum Dumort. is possible in the glasshouse
(Mendel, 1869; Chapman and Bicknell, 2000). Putative
interspecific hybrids are observed in the wild in Europe
(Krahulcova et al, 2001), and a number of hybrid taxa
have been named (see for example Sell and West, 1976).
Excluding the distinctive taxon H. � stoloniflorum which
was almost certainly introduced as a hybrid (unpub-
lished data), novel hybrids have not previously been
reported in New Zealand. Based on flower colour and
occurrence in New Zealand, the only species that might
be the other parents of yellow flowered hybrids are H.
praealtum, which is the most common and widespread,
and H. caespitosum, which is much rarer (Webb et al,
1988; Duncan et al, 1997).

Flow cytometry has successfully been applied to the
study of hybridization in a number of plant taxa
including allotetraploid Glycine (Hammatt et al, 1991)
and willow (Thibault, 1998), and homoploid hybrids of
Limonium (Morgan et al, 1995). In Hieracium, the hybrid
origin of two species (H. brachiatum and H. leptophyton)
has been inferred from intermediate DNA content
measures (Bräutigam and Bräutigam, 1996). Therefore,
we undertook a study of genome size of H. pilosella, H.
praealtum and putative hybrids from New Zealand using
flow cytometry, complemented by direct chromosome
counts of a subset of plants.

Materials and methods

Rationale
We propose that Hieracium plants with apparent inter-
ploid DNA content are interspecific hybrids, and that
backcrossing with parental-taxa could explain the un-
expectedly high degree of observed genetic variation
within putative H. pilosella. Pentaploids can produce 5� ,
3� and 2� pollen and ovules, and rare aneuploid
gametes (Krahulcova and Krahulec, 2000), while tetra-
ploid plants produce 2� and rarely 4� gametes
(Gadella, 1988). Therefore, hybridization arising from
the fertilization of two reduced gametes (BII hybridiza-
tion) between H. pilosella and H. praealtum could
theoretically result in predominantly tetraploid and
pentaploid offspring. Subsequent progeny from out-
crossing BII hybrids could potentially result in plants
with a range of permutations of the two parental
genomes. Given that pentaploid H. praealtum is rare in
New Zealand, and the most likely maternal parents of
hybrids are obligate sexual, tetraploid H. pilosella, F1
hybrids are expected to be tetraploid (Figure 1). A
tetraploid hybrid, could theoretically contain either two
chromosome sets from each parental taxon (2pil,2pra,
where pil¼H. pilosella and pra¼H. praealtum) or one
plus three chromosome sets from the parental taxa
(1pil,3pra; 3pil,1pra). A pentaploid hybrid could be one
of four possible combinations of parental haploid
genomes: 4pil,1pra; 3pil,2pra; 2pil,3pra; 1pil,4pra
(Figure 1). Hybridization involving the fusion of one
reduced and one unreduced gamete (BIII hybridization)
may result in 6�



Plant collection and locations
We examined 156 plants collected from 19 locations in
New Zealand (Figure 2). This set comprised 53 H.
pilosella, 67 hybrids (referred to as field hybrids) and 36
H. praealtum (Table 1). Most of the plants we identified as
interspecies field hybrids came from two intensively
studied locations, Drac Flat and Lyndon. These two
populations have been used to investigate genetic
structure and the origin of tetraploid plants in New
Zealand using molecular markers (Chapman et al, 2000;
Chapman et al, 2003). All plants were potted up in the
glasshouse and grown under the same conditions of
light, temperature and nutrition, where flowering and
leaf morphology was noted.

Glasshouse cross pollination
Pollen from a single tetraploid H. praealtum plant was
used to fertilize flowers from a tetraploid H. pilosella
(DF1.1) and a tetraploid putative F1 hybrid (DF1.10). In
each case, two capitula on two ramets of the maternal
plants were pollinated at full flower opening and
without emasculation. Both maternal ramets originated
from Drac Flat and were cultivated in the glasshouse.
The seeds produced were cultivated, and a random
sample of the resultant seedlings were grown on for
further study.

Flow cytometry
Isolation of nuclei from leaf tissue followed the method
of Galbraith et al (1983) with some modifications. A
fragment of fresh leaf tissue (B6 mm2) was placed

together with a similar amount of leaf from the reference
species used as an internal standard, in a plastic Petri
dish. Leaf tissue was chopped in the presence of one
drop of commercial nuclei isolation buffer, UV CyStain
Precise T solution A (100 ml deionized water, 2.1 g citric
acid, 0.5 g Tween 20) (PARTEC GmbH, Münster, Federal
Republic of Germany) using a fresh stainless-steel razor
blade. When well chopped an additional 0.5 ml of
solution A was added. After approximately 3 min the
sample was filtered through a 30-mm filter, and 2.0 ml of
Partec Cystain Precise T solution B (100 ml deionised







Table 2Ploidy inferred from direct chromosomes counts and 1�DNA content relative to two internal controlsPlant code SamplelocalityMorphotype ChromosomecountPloidy Peak ratio Relative 1�DNA contentPeak ratio Relative 1�DNA contentw/Bellis perennisw/H. peleterianumDF 2-1 Drac FlatPilosella36 4�1.99 2.03DF 3-1 Drac FlatPilosella36 4�2.00 2.06DF 3-7 Drac FlatPilosella36 4�2.01
DF 3-3 Drac FlatPilosella36 4�2.03DF 3-5 Drac FlatPilosella36 4�1.99 2.03Lyn 3-6 LyndonPilosella36 4�2.02 2.06Rak 42 RaikaiaPilosella36 4�2.03 2.04

Mean peak ratio¼2.01 0.503 2.050.512Lyn 1-4a LyndonPilosella45 5�2.50 2.55DF 3-22b Drac FlatPilosella45 5�2.52 2.56Lyn 1-10 LyndonPilosella45 5�2.54 2.58

Mean peak ratio¼2.52 0.504 2.560.513DF 1-10 Drac Flat Hybrid 36 4�2.22 2.22DF 1-7 Drac Flat Hybrid 36 4�2.24 2.29DF 2 c Drac Flat Hybrid 36 4�2.23DF 5-8 Drac Flat Hybrid 36 4�2.16Lyn 4-8 Lyndon Hybrid 36 4�2.11Lyn pr.6-14 Lyndon Hybrid 36 4�2.18 2.26
Tek 1 Cowans Hill Hybrid 36 4�2.25Tek4 Cowans Hill Hybrid 36 4�2.27Lyn 4-11 Lyndon Hybrid 36a4�2.18 2.22DF 1-9 Drac Flat Hybrid 36b4�2.25Lyn pr.1 Lyndon Hybrid 36b,c4�2.26Lyn hyb-4 Lyndon Hybrid 36b,c4�2.20Mean peak ratio¼2.21 0.553 2.250.562

DF 3-2 Drac Flat Hybrid 45 5�2.55Lyn 2-12 Lyndon Hybrid 45 5�2.57Lyn 4-1 Lyndon Hybrid 45 5�2.57
DF 2-23 Drac Flat Hybrid 45 5�2.57 2.61Lyn 2-13 Lyndon Hybrid 45 5�2.57Lyn 4-15 Lyndon Hybrid 45 5�2.58Lyn 4-2 Lyndon Hybrid 45 5�2.58Lyn 4-14a Lyndon Hybrid 45 5�2.58DF 4-32 Drac Flat Hybrid 45 5�2.58DF 1-8a Drac Flat Hybrid 45 5�2.59

DF 3-20 Drac Flat Hybrid 45 5�2.60DF 3-17 Drac Flat Hybrid 45 5�2.60

Mean peak ratio¼2.58 0.516 2.610.523Burk pr.1 Burke PassPraealtum45b5�2.97
DF pr.2 Drac FlatPraealtum45b5�2.92 3.00HP pr.1 Hope SaddlePraealtum45b5�3.02Saw pr.1 SawdonPraealtum45b5�2.95 3.01

Mean peak ratio¼2.97 0.593 3.000.601DF 6-9 Drac FlatPraealtum36b4�2.42
DF pr.4 Drac FlatPraealtum36b4�2.46HP pr.2 Hope SaddlePraealtum36b4�2.48 2.42Lyn pr.5-2 LyndonPraealtum36b4�2.46 2.47

Mean peak ratio¼2.45 0.614 2.450.612DF xst.4 Drac Flat�Stoloniflorum54 6�3.19 0.531 3.280.547DF ca.1 Drac FlatCaespitosum36b4�2.37 0.593 2.430.607PP aur.1 Porters PassAurantiacumd36 4�2.27 0.568 2.290.573aFragment.bLarge marker chromosome.cOne chromosome split in two.dDifferent plants from same population measured for DNA content (this paper) and chromosome number (Jenkins and Jong, 1997).
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range than the 18 seedlings from DF 1.10� H. praealtum.
This probably results from different permutations of
ancestral genomes in gametes from DF 1.10 (the putative
F1 hybrid). In particular, two individuals at either end of
the range had DNA contents consistent with the genome
permutations 3pil,1pra and 3pra,1pil (Figure 5).

Discussion

DNA content of Hieracium taxa
While the karyotypes of H. pilosella and H. praealtum are
not sufficiently different in size to be distinguishable
using standard microscopic studies of mitotic cells, using
flow cytometry, we have confirmed that H. praealtum
haploid genomes have approximately 22% more DNA
than H. pilosella. In addition, a single large marker
chromosome is diagnostic for H. praealtum and H.
caespitosum (see Jenkins and Jong 1997; Krahulcova and
Krahulec, 1999).

Our single estimate of 1� DNA content from a
tetraploid H. caespitosum was the same as the mean 1�
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