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e Background and Aims Hypericum perforatum (St. John’s wort) is a widespread Eurasian perennial plant species
with remarkable variation in its morphology, ploidy and breeding system, which ranges from sex to apomixis.
Here, hypotheses on the evolutionary origin of St. John’s wort are tested and contrasted with the subsequent
history of interspecific gene flow.

e Methods Extensive field collections were analysed for quantitative morphological variation, ploidy, chromo-
some numbers and genetic diversity using nuclear (amplified fragment length polymorphism) and plastid
(trnL-trnF) markers. The mode of reproduction was analysed by FCSS (flow cytometric seed screen).

e Key Results 1t is demonstrated that H. perforatum is not of hybrid origin, and for the first time wild diploid
populations are documented. Pseudogamous facultative apomictic reproduction is prevalent in the polyploids,
whereas diploids are predominantly sexual, a phenomenon which also characterizes its sister species
H. maculatum. Both molecular markers characterize identical major gene pools, distinguishing H. perforatum
from H. maculatum and two genetic groups in H. perforatum. All three gene pools are in close geographical
contact. Extensive gene flow and hybridization throughout Europe within and between gene pools and species
is exemplified by the molecular data and confirmed by morphometric analyses.

e Conclusions Hypericum perforatum is of a single evolutionary origin and later split into two major gene pools.
Subsequently, independent and recurrent polyploidization occurred in all lineages and was accompanied by sub-
stantial gene flow within and between H. perforatum and H. maculatum. These processes are highly influenced by
the reproductive system in both species, with a switch to predominantly apomictic reproduction in polyploids,
irrespective of their origin.
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INTRODUCTION

Over the past 2 million years, climatic fluctuations have dra-
matically influenced Eurasian biota, with significant and
repeated changes to environmental conditions occurring
during Pleistocene glaciation and deglaciation cycles.
Environmental changes may have been most dramatic in and
around the glaciated regions, but the climatic fluctuations
during the Pleistocene also had strong impacts on adjacent
environments, causing drastic sea level variation to open or
close migration routes (Randi, 2007), altitudinal shifts of vege-
tation belts (Parolly e al., 2010) and aridification processes
(Rebernik et al., 2010). These have led to range shifts
through contractions into refugia and subsequent survival
and (re)colonization (Taberlet et al., 1998; Hewitt, 1999) for
all species that escaped and migrated, survived and eventually
re-colonized (Petit er al., 2001, 2003; Huck et al., 2009,
Schmitt, 2009). These processes were often linked to local
adaptation (e.g. Manel et al., 2010) and sometimes were fol-
lowed by allopatric speciation or rapid and extensive radiation
(Jordon-Thaden et al., 2010; Valente et al., 2010) and

secondary contact of related species and subsequent hybridiza-
tion (Schmickl and Koch, 2011; Kiefer and Koch, 2012).
Hypericum (Hypericaceae; Stevens, 2007; APG III, 2009) is
a species-rich genus centred around the temperate regions of
the Northern Hemisphere that underwent rapid radiation
during the Pleistocene (Niirk er al., 2013). The genus consists
of about 500 species of shrubs, herbs and a few trees (Niirk and
Blattner, 2010), which have been grouped into 36 sections
(Robson, 1977, 1981, 1987, 1990, 2001, 2010), although the
relationships between sections remains speculative. Cladistic
analysis of morphological characters (Niirk and Blattner,
2010) largely confirmed Robson’s concepts, but found signifi-
cant differences in the relationships between sections. However,
a Palaearctic crown clade (core Hypericum) (sections 9, 9b, 9d,
9e, 10-19, 23, 24, 26 and 27 according to the nomenclature of
Robson and summarized in Niirk et al., 2013) has been charac-
terized based on phylogenetic analysis (Niirk ef al., 2013), and
this largely corresponds to the morphologically defined
‘Euhypericum’ group, including >45 % of the diversity of
Hypericum and 207 species, most of which are native to the
Old World. They are characterized by the possession of dark
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glands, the dominance of a herbaceous habit, and stamen ar-
rangement in a 2 4+ 2 + 1 configuration.

Hypericum perforatum and H. maculatum are representa-
tives of these widespread Eurasian herbaceous perennials in
the Hypericum ‘core group’. In the large and phylogenetically
unresolved Hypericum ‘core group’, these species form a well-
defined clade of four species with European H. undulatum and
H. tetrapterum. Hypericum perforatum is distributed across
Europe and consists of four subspecies (Robson, 2002,
2003): the widespread and worldwide invasive subsp. perfora-
tum, subsp. songaricum (predominantly Asian), subsp. vero-
nense (from Asia to the Mediterranean and Macaronesia
with records from central France and southern Germany) and
subsp. chinenese (China) (Robson, 2003). In general the
species occur in open habitats, with a strong preference for
dry and warm sites in various types of grasslands, ruderal
sites and disturbed habitats (e.g. along roads and railways).
Wild populations of H. perforatum are composed of polyploid
pseudogamous facultative apomicts (e.g. Matzk et al., 2001),
and only speculative evidence suggests that putative diploid
populations from natural stands are secondarily evolved diha-
ploids or amphihaploids derived from polyploid apomicts
(Matzk et al.,, 2001; Robson, 2002). Consequently,
H. perforatum is assumed to have had a hybrid origin.
Morphologically the closest species to H. perforatum are
H. maculatum and H. attenuatum. Hypericum maculatum and
H. attenuatum have overlapping distributions in western
Siberia, and, in contrast to H. perforatum, diploid populations
of both species have been recorded from the wild (Robson,
2002). Hypericum maculatum is thought to comprise two
diploid subspecies (subsp. maculatum and subsp. immaculatum)
and a tetraploid subspecies (subsp. obtusiusculum), which is
hypothesized to be autotetraploid as evidenced by chromosome
morphology and synthesis by colchicine doubling of subsp.
maculatum (Robson, 1958). Hypericum maculatum subsp.
immaculatum, which was assumed to be morphologically
closest to H. perforatum, is only found in the Balkans.
Presently H. maculatum subsp. maculatum and tetraploid facul-
tative apomictic H. perforatum populations are distributed
across Europe (Matzk et al., 2003). Hypericum attenuatum
has an Asian distribution and occurs only in Russia (eastern
Siberia and the Far East), China and Mongolia (Robson,
2002). Based on morphology, H. attenuatum is most closely
related to H. maculatum, only differing from that species by
the acute sepals. The latter species has been considered as the
most likely parental source of H. perforatum (together with
H. maculatum), but this is not supported by nuclear-encoded
DNA sequence variation (Niirk er al., 2013) demonstrating
that there is no close relationship between H. maculatum and
H. attenuatum. This species is a diploid perennial herb distrib-
uted in fields, pastures, steppes, and grassy and dry stony
slopes up to an elevation of 2000 m a.s.l. (China).

Although extensive morphological, anatomical and cytogen-
etic data have enabled phylogenetic inference at the genus
level, little is known about the evolutionary history of individ-
ual species or species groups. The evolutionary scenarios of
some species, including H. perforatum, are highly complicated
due to ongoing hybridization between taxa. For example, mor-
phologically defined hybrids between H. perforatum and
H. maculatum have been described and can be broadly
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summarized under the taxon Hypericum X desetangsii
(Robson, 2002). However, their putative hybrid status has
never been tested using multivariate, morphometric analyses
or molecular markers.

Although there is a broad interest in H. perforatum and
its closest relatives, little is known regarding systematic
relationships and evolutionary history, the distribution of
genetic variation and intra- and interspecific introgression.
The aims of this work were thus to shed light upon these
aspects of Hypericum evolution. Quantitative and qualitative
morphological variation was used to identify taxonomic
units independently from nuclear [amplified fragment length
polymorphism (AFLPs)] and plastid (DNA sequencing) mo-
lecular genetic markers. As hybridization and phylogenetic re-
ticulation have led to the establishment of various polyploids,
we contrasted these data with ploidy estimates and detailed
analyses of the reproductive mode.

Using these different approaches and considering also
its closest relative H. maculatum, we have investigated:
(1) the identity and origin of H. perforatum with regard to
putative hybrid origination scenarios; (2) the distribution of
genetic variation within and between H. perforatum and
H. maculatum; and (3) the distribution and ancestral state of
sexual and apomictic reproduction within and among geno-
types. These insights are used here to present an evolutionary
and phylogeographic scenario for the origin of H. perforatum.
Finally, we discuss the impact of gene flow within and between
species with respect to reproductive variability (e.g. sex vs.
apomixis) and identify the importance of this flexible breeding
system for the stability of asexual lineages over time.

MATERIALS AND METHODS

Considering the difficulty in distinguishing Hypericum perfor-
atum, H. maculatum and their putative hybrids, and the lack of
any comprehensive morphometric study, a morphological ana-
lysis was performed on 150 populations from both species.
This data set was established to (1) test for the influence of
ploidy on morphological variation; (2) analyse the influence
of differing growing conditions on diagnostic characters; and
(3) identify a set of individuals and populations for
H. perforatum and H. maculatum for subsequent molecular
and cytogenetic analyses.

Current taxonomic concepts not only describe different sub-
species for both taxa, but also provide names for hybrids
between H. maculatum and H. perforatum (e.g. broadly sum-
marized in past literature as H. X desetangsii). However,
here we do not aim to provide taxonomic names for the differ-
ent morphologically defined groups of accessions at the sub-
species level (or hybrid level) we analysed. Rather, based on
the results of the 150 population data set, a sub-set of popula-
tions and individuals was subsequently chosen for detailed
molecular genetic and cytogenetic analyses (195 individuals
in total) to cover the distribution ranges of both species and
all ploidies in Europe.

Plant material and morphometric analysis

For H. perforatum and H. maculatum, a total of 150 popula-
tions were analysed (476 individuals in total, Supplementary
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Data Table S1, Supplementary Data Fig. S1). An additional
eight accessions (H. attenuatum, H. erectum, H. gracillimum,
H. kamtschaticum, H. oliganthum, H. pibairense, H. tetrap-
terum and H. undulatum) were added for plastid DNA outgroup
analysis. The outgroup selection followed an extensive phylo-
genetic survey which demonstrated that H. perforatum,
H. maculatum, H. tetrapterum and H. undulatum are combined
in a single clade (Niirk et al., 2013). The remaining four out-
group species are from different and more distinct clades, all
within the monophyletic ‘core Hypericum’ (Nirk et al., 2013).

Furthermore, for all individuals collected in the wild and
for which seed material was available from the original
mother plants, offspring grown in a common garden experi-
ment at the Botanical Gardens in Heidelberg (257 individuals
in total) were analysed. This material was used to test the pri-
ncipal discriminatory power of the selected morphological
characters, in addition to character variability (or lack of)
under different environmental conditions (original habitat vs.
common garden experiment) thus to confirm the general reli-
ability of the original morphomatrix. A sub-set of 195 indivi-
duals of this plant material was used for the molecular (AFLPs
and plastid DNA) and cytogenetic analyses (Supplementary
Data Tables S1 and S5).

All morphological analyses were performed with dried
herbarium vouchers deposited at the herbarium at Heidelberg
Botanic Garden (HEID) and at the Munich Staatssammlung
(M). Measurements were made using a high-power binocular
microscope to measure dimensions on digital live images at
high resolution. The removal of some plant organs (e.g.
flowers and flower buds) from the original voucher was neces-
sary for appropriate analysis. Here, 100 wL of a pre-washing
solution (washing-up liquid, 0-1 %) was added to the
removed plant organ, and further covered with boiling water
(total volume 10 mL) for 2 min. The organs were then dis-
sected on a glass slide and, after removal of the water, the
samples were fixed and mounted on blotting paper and
finally dried for 2 d at 40 °C. In total, 28 characters (continu-
ous, discrete and multistate) were scored (Supplementary Data
Table S2) from leaves, stem, flowers and capsules, which have
been used in various determination keys to discriminate
species and subspecies of H. perforatum and H. maculatum.
The coding of character states did not imply or reflect any evo-
lutionary progression (Moller er al., 2007). From these 28
characters, four characters were removed, because of a lack
of variation, and from the remaining 24 characters some
were combined and translated into a new single character. A
final matrix of 18 variables was extracted (Supplementary
Data Table S3).

A principal co-ordinate analysis (PCoA) was run to analyse
the multivariate data using single individuals as OTUs (oper-
ational taxonomic units) with SPSS (version 16-0-1 for
Windows). SPSS was also used to compare other variables,
such as ploidy, growing conditions (wild origin vs. common
garden experiment), genetic differentiation and taxon designa-
tion, with the morphometric data. PCoA requires that continu-
ous character states are normally distributed, and, as our tests
demonstrated that no character showed significant skewness,
data transformation was not necessary.

In order to derive morphology-based indices of intermedi-
acy between H. maculatum and H. perforatum for single
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individuals with genetic and cytogenetic data available, we
conducted multiple discriminate analyses [MDA; also called
canonical discriminant analysis (CDA)]. Diploid and genetic-
ally ‘pure’ (see AFLP and plastid DNA data) individuals from
H. perforatum and H. maculatum served as reference groups of
individuals indicative for the most divergent and putatively
parental morphotypes. The intermediacy index for each
individual analysed genetically was calculated from the
two-dimensional MDA bar plot and in comparison with the
putatively parental diploid morphotypes, placing the value of
the individual to be tested on a re-scaled distance (0 to 1)
between the mean values of diploid H. perforatum (left
border) and H. maculatum (right border) reference individuals.
Consequently, the intermediacy index varies between 0 (pure
H. perforatum) and 1 (pure H. maculatum).

AFLP analysis

Amplified fragment length polymorphism determinations
were conducted with 195 individuals, a representative
sub-set of populations and individuals screened for morpho-
logical variation (Supplementary Data Table S5; Fig. 3).
Total genomic DNA was extracted from 50—75 mg of dried
leaf tissue following the procedure of Doyle and Doyle
(1987) with minor modifications (Gong et al., 2008). Leaf
tissue was ground in a Precellys 24 (Bertin Technologies)
homogenizer. The DNA pellet was washed twice with 70 %
ethanol and dissolved in 50 pL of TE buffer. Per reaction, 2
U of RNase A were added and incubated at 37 °C for 1 h.
The concentrations of the samples were measured using a
NanoDrop ND-1000 spectrophotometer, and each sample
was diluted with ddH,O to a final DNA concentration of
100 ng wL™".

The AFLP analysis was performed according to Vos et al.
(1995) and modified by Gong et al. (2008). The analysis
was carried out using EcoRI-A and Msel-C as pre-selective
primers, followed by three selective primer combinations
(Percifield et al., 2007): EcoRI-AAC (FAM)/Msel-CAC,
EcoRI-ACG (TET)/Msel-CAC and EcoRI-AGC (HEX)/
Msel-CAA. The three differentially fluorescence-labelled
primer pairs were multiplexed (2 pL of TET, 2 uL of FAM
and 6 pL of HEX) and diluted 30 times with ddH,O, of
which 1 pL was taken and mixed with 0-2 pL of ET-ROX
550 size standard and 5-8 pwL of ddH,O. After 2 min denatur-
ation at 95 °C, samples were run on a 48-capillary MegaBase
500 automated sequencer (Amersham Biosciences). Raw data
were scored and exported as a presence/absence matrix using
Genemarker v1-6 (SoftGenetics LLC). In order to maximize
the reliability of the data set, scored fragment size was
restricted from 60 to 350 nucleotides. In each sequencer run,
one standard sample was placed in two plate positions (to
check for consistency within and among different runs) and
a negative control was run in a single position.

Plastid DNA sequence variation

All individuals used for the AFLP analysis were assessed for
plastid haplotype variation. A potential complicating factor in
Hypericum is occasional biparental plastid inheritance
(reviewed in Harris and Ingram, 1991), and hence plastid
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DNA variation is not indicative of maternal gene flow only.
After an initial screening of various plastid regions (trnL
intron, trnL-trnF intergenic spacer, trnF, trnH, trnH-psbA
intergenic spacer, psbA, trnC, trnC-ycf6 intergenic spacer,
vcfb, psbA, psbA-matK intergenic spacer, matK, rpsl6 intron,
trnT, trnT-trnL intergenic spacer, trnL, trnS, trnS-psbZ inter-
genic spacer, psbZ, psbZ-trnG intergenic spacer, (rnG,
rpoCl), three DNA regions were chosen which provided mea-
sureable levels of DNA sequence variation: psbB-psbH ( psbB,
psbT, psbT-psbN intergenic spacer, psbN, psbN-psbH inter-
genic spacer), the trnL intron and trnS-ycf9 (trnS, trnS-psbZ
intergenic spacer, psbZ, ycf9).

For DNA amplification, the following primer pairs were
used, each of which containined a 5'-M13 sequencing primer
sequence (indicated in lower case letters): psbB-psbH,
5'-geatgttttcccagtcacgacTCCAAAAANKKGGAGATCCAAC-
3’ (forward psbB)-5'-acttcaggaaacagctatgacTCAAYRGTYTG
TGTAGCCAT-3' (reverse psbH); trnL intron, 5'-gcatgttttcce
agtcacgacCGAAATCGGTAGACGCTACG-3" (forward frnL-
L)-5-acttcaggaaacagctatgacGGGGATAGAGGGACTTGAA-
C-3’ (reverse trnl-L), 5'-gcatgttttcccagtcacgacGAGAGA
GAGGGATTCGAACC-3"; trnS; (forward trnS uga)-5'-
acttcaggaaacagctatgacCAAAMACAGCCAATTGGAAAGC-3'
(reverse ycfOP) (Taberlet er al., 1991; Shaw et al., 2005;
Heinze, 2007, with only minor modifications). The amplifica-
tions were performed on a PTC 200 Peltier Thermal Cycler
(M1J Research) using the following conditions: 2 min initial de-
naturation at 95 °C, 30 cycles of amplification with 20 s at
95°C,45 s at61 °C and 1 min at 72 °C, and 10 s of final elong-
ation at 72 °C. PCR success was checked with electrophoresis
in a 1 % agarose gel in TAE buffer and stained with GelRed
(Biotium Inc., Hayward, CA, USA). PCR product clean-up
was carried out with a NucleoFast Kit (Macherey-Nagel,
Germany). Sequencing was performed by GATC GmbH
(Konstanz, Germany) using an MI13 sequencing primer
(forward, 5'-GCATGTTTTCCCAGTCACGAC-3'; reverse,
5'-ACTTCAGGAAACAGCTATGAC-3). Sequences were
checked and trimmed using DNASTAR Lasergene (GATC
Biotech, Konstanz, Germany).

Cytological and cytogenetic analysis

Ploidy estimates were based on either flow cytometric
genome size measurements or direct counts of chromosome
numbers from root tips. For karyotyping, root tips were
collected from plants cultivated in the Botanical Garden and
immediately put in 2 mMm 8-hydroxychinolin for 2-3h at
room temperature, followed by fixation in ethanol-glacial
acetic acid (3:1) (Carnoy fixative). For long-term storage at
-20°C, fixed root tips were finally transferred to 70 %
ethanol. Before cell spread preparation, root tips were
washed in water followed by enzymatic digestion (0-1 % cyto-
helicase and 0-1 % pectohelicase in 0-1 % cellulase-citrate
buffer) for 90 min at 37 °C. The cell suspension was mixed
on a microscope slide with one drop of 45 % acetic acid for
1-2min at 45°C on a hot plate. For fixation, a ring of
Carnoy fixative was dropped on the slide and left to dry on
the hot plate. Objects were finally stained with Vectashield
(DAPI solution, Axxora, Germany) and sealed with clear
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nail varnish for permanent use. Chromosome counts were
determined and documented as digital images.

For all cultivated accessions, genome size estimates were
performed using fresh leaf material to determine ploidy inde-
pendently. Small amounts of leaf tissue of a sample and intern-
al standards were chopped together in 0-5 mL of extraction
buffer (Partec CyStain PI kit, Partec, Miinster) and filtered.
The samples were then stained by adding 2 mL of Partec
CyStain PI solution containing DNase-free RNase following
the manufacturer’s instructions (Partec) and incubated for 4 h
at 4 °C in the dark. Analyses were performed with a CyFlow
Space (Partec) flow cytometer (green laser with 532 nm),
and data evaluation was carried out using the FloMax analysis
program (Partec). Solanum lycopersicum ‘Stupicke’ (1-48 pg/1C;
Dolezel et al., 1992) and Zea mays ‘CE-777 (2-71 pg/1C;
Lysak and Dolezel, 1998) were used as primary standards,
and the following Hypericum accessions were chosen as exter-
nal standards: diploid Hypl410 and tetraploid Hypl517
(chromosome numbers were counted). Based upon published
data, the expected value for H. perforatum was 0-325 pg/
1Cx (Bennett and Leitch, 2010).

The reproductive mode for 68 accessions with sufficient
seed material available was analysed using the flow cytometric
seed screen (FCSS; Matzk et al., 2000, 2001, 2003), in which
embryo and endosperm ploidy are compared with the known
ploidy of the mother plant. In a normally reproducing sexual
plant the ploidy ratio of embryo to endosperm is 2:3 and any
deviation from 2:3 can be interpreted as non-sexual (e.g. apo-
mictic) reproduction. These 68 analysed samples represent
diploid and polyploid accessions of all identified genetic clus-
ters and hybrid combinations identified by molecular analyses.
The analyses followed the protocol as described by Matzk
et al. (2003) and used the diploid accession Hyp1410 as exter-
nal standard and reference to calculate relative C-values. For
any of the analysed accessions, 24 randomly selected seeds
per individual were chosen, cut and incubated individually
with 0-5 mL of extraction buffer, and prepared as described
above.

Analysis of AFLP and plastid DNA sequence data

The error rate of AFLP genotyping was calculated following
the procedure described by Bonin et al. (2004), whereby frag-
ments occurring with a frequency <1-5 % were excluded from
the data set. Ten individuals were selected randomly for repli-
cation and calculation of the error rate. The AFLP data were
analysed using a PCoA running SYN-TAX 2000 (Exeter soft-
ware, Setauket, NY, USA) and visualized with SPSS 16-0-1.

The genetic structure of the data set was additionally exam-
ined by genetic admixture analysis using the program
STRUCTURE vers. 2-3-3 (Pritchard et al., 2000; Falush
et al., 2007). The data were analysed with STRUCTURE,
with K ranging from 2 to 10, with ten replicate runs for each
K, and a burn-in period of 1 x 10° and 1 x 10° iterations.
The ‘admixture model’ was chosen combined with uncorre-
lated and with correlated allele frequencies. The likelihood
of Ks ranging from 1 to 10 was calculated using the R-script
Structure-sum (Ehrich, 2006), which compares the likelihood
of the runs (Rosenberg et al., 2002), the similarity coefficient
between the runs, and delta K as defined by Evanno et al.
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(2005). The optimal K was chosen from the model with the
highest probability. In the visualization of Evanno’s delta K,
a peak has to appear in the optimal fitting model and the
results over multiple runs had to be consistent (Evanno
et al., 2005; Ehrich et al., 2007).

For plastid data and network analysis, several outgroup
taxa composed of a representative set of the closest relatives
of H. perforatum and H. maculatum were included for
the DNA sequence analysis (H. tetrapterum, H. attenuatum,
H. pibairense, H. erectum, H. kamtschaticum, H. graci-
Himum, H. undulatum and H. oliganthum). The alignment of
the plastid DNA sequences was made manually, with subse-
quent adjustment in PhyDE version 0-9971 (Miiller et al.,
2005). Maximum parsimony analysis was performed running
PAUP 4.0b10 (Swofford, 2002). The parsimony heuristic
search was performed with the following settings: gaps were
treated as missing data and, using the gap-based coded 0/
I-matrix, multistate taxa were interpreted as uncertainty,
tree construction was via stepwise addition, and with tree-
bisection-reconnection (TBR) as the branch-swapping algo-
rithm, MaxTrees limit was set to 10 000, and the MulTrees
option was selected (saving all minimal trees found during
branch swapping). For bootstrapping, 1000 replicates with a
tree maximum of 500 retained trees were run.

A network analysis was performed using TCS v.1-21, with
an acceptance limit set to 95 % and a connection limit of 17
steps (Clement et al., 2000). Gaps were coded separately and
added to the final data matrix, and length variation in
poly(A) or poly(T) regions was excluded from the analysis.

RESULTS

Morphology can distinguish H. maculatum and H. perforatum but
not cytotypes

In the PCoA of the morphological data set of 150 populations/
accessions (476 individuals), two major groups representing
H. maculatum and H. perforatum could be distinguished
with 48-4 % of the total variance (Fig. IA-C). We found no
significant difference when specimens cultivated in the
Botanical Garden were compared with the corresponding
data set of individuals collected directly in the wild
(Fig. 1A). Based on the PCoA, we also observed no obvious
and significant morphological differentiation associated with
ploidy and cytotype (diploid vs. polyploid) for H. perforatum
and for H. maculatum (Fig. 1B). Consequently morphology is
a weak predictor for ploidy, and vice versa. This indicates
that, on average, the characters measured are stable under envir-
onmentally different conditions.

Plastid DNA sequence variation is taxon specific

The plastid DNA data for the data set of 195 individuals
with three accessions (for additional haplotypes) and outgroup
individuals representing eight additional taxa were joined into
an alignment of 1602 bp representing 21 haplotypes (align-
ment, Supplementary Data Fig. S2; GenBank accession
codes, Supplementary Data Table S4). Parsimony analysis
running PAUP revealed the 12 shortest trees each 85 steps in
length, with consistency (CI) and retention (RI) indices of
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0-66 and 0-87, respectively. In summary, 63 variable characters
were identified, with 39 potentially parsimony informative
characters (ten gaps, 29 nucleotide polymorphisms), and 24
parsimony uninformative characters (eight gaps, 16 nucleotide
polymorphisms). In H. perforatum, 16 polymorphic characters
were found which separated the species into ten haplotypes
(HPO1-HP10), whereas in H. maculatum 20 polymorphic
characters were screened which separated the species into
four haplotypes (HM01-HMO04).

The parsimony network analysis running TCS was charac-
terized by 90 mutational steps and clearly separated
H. maculatum from H. perforatum plastid haplotypes (Fig. 2).

Hypericum undulatum and H. tetrapterum, which are know
to be phylogenetically closely related (Niirk ef al., 2013), are
indeed closely related to H. maculatum, and H. undulatum
shares its haplotype with H. fetrapterum. All other outgroup
taxa and their plastid DNA haplotypes are placed much
more distantly to these four species (Fig. 2) in accordance
with phylogenetic inference (Niirk ef al., 2013).

Among H. perforatum haplotypes, two separate groups can
be distinguished (Fig. 2): one ‘green cluster’ consists of six
haplotypes (HP04-HP09) (with corresponding haplotypes
listed in Supplementary Data Table S5). The second ‘red
cluster’ consists of four haplotypes (HPO1, HPO2, HPO3 and
HP10). Haplotype HP10 is placed in an intermediate position,
but is genetically closer to HPO1 than to any other haplotype.
Hypericum maculatum was characterized by four haplotypes
(HMO1-HMO04) with a similar level of genetic variation to
those of the single H. perforatum clusters. All remaining
species, including the closely related H. tetrapterum,
H. undulatum and H. attenuatum, are well separated.

AFLP and plastid DNA analysis detects three major gene pools

After deleting invariable fragments and those occurring in
fewer than three individuals, 408 fragments were scored
(Table 1), with an error rate of 3-1 % (Bonin et al., 2004,
16 differences were observed in 604 total phenotype com-
parisons). The mean number of bands differed significantly
(P < 0-01) between compared sets of individuals; in summary,
polyploids carried slightly more fragments than diploids,
and in total H. perforatum displayed more fragments than
H. maculatum (Table 1).

For the structure analysis, K =3 was more optimal than
K = 4 considering the highest mean delta K in the run with
correlated allele frequencies, similarity coefficient and
InP(D), whereas the highest mean delta K in the independent
(uncorrelated) allele model was K =4 (Supplementary Data
Fig. S3). K =3 was chosen because it showed the most con-
sistent data over all runs with both models, and results from
the structure analysis are shown in Fig. 3. A comparable
result was obtained after a PCoA of the same data (data
not shown).

The structure analysis distinguished three major genetic
clusters, with the blue cluster typically characterizing
H. maculatum, and the red and green clusters characterizing
different gene pools of H. perforatum (Fig. 3; Supple-
mentary Data Table S5). The geographical distribution of the
different gene pools of H. perforatum demonstrates that
Central Europe is divided, with a red gene pool primarily
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FiG. 1. Principal co-oordinate analysis (PCA) of the whole data set including 476 individuals (Supplementary Data Table S3) and comparing H. maculatum with
H. perforatum. (A) Phenotypic constancy of morphological characters: evaluation of discriminating power of morphological characters comparing morphology-
based characters obtained from individuals directly collected in the wild with the respective material cultivated in a common garden experiment at Heidelberg
Botanical Garden. (B) Combination of the morphological differentiation with ploidy. Unknown cytotypes are also indicated. (C) Combination of the morpho-
logical differentiation and affiliation with one out of the three genetic clusters as revealed by AFLP analysis. A colour signature (blue = H. maculatum;
green/red = H. perforatum) follows the results as summarized in Supplementary Data Table S5. A colour is assigned only if the respective proportion of the
genetic variation (blue, red or green) contributes >80 %. The remaining individuals scored for AFLPs but with no contribution of any genetic cluster >80
% are shown by open circles.

TaBLE 1. Summary table of the number of AFLP fragments

scored when dividing the total sample (195 individuals,

Supplementary Data Table S5) into different subgroups

(according to taxonomy, considering ploidy or AFLP/plastid
DNA gene pool designation)

No. of bands (s.d.)

Species comparisons (no. of individuals)

H. perforatum (156) vs. H. maculatum (39)
Within-species comparisons

H. maculatum diploids (13) vs. polyploids (21)

H. perforatum diploids (20) vs. polyploids (63)
Genepool comparisons

Polyploids: ‘red cluster’ (45) vs. ‘green cluster’ (11)
Diploids: ‘red cluster’ (3) vs. ‘green cluster’ (15)

124 (23) vs. 94 (18)

82 (12) vs. 105 (11)
112 (15) vs. 132 (23)

140 (18) vs. 120 (24)
122 (4) vs. 110 (16)

found in the north and a green gene pool found primarily in the
south (Fig. 3).

Further correlations between morphological identity and
genetic variation provided more insights into the genetic archi-
tecture of these gene pools, as follows.

(1) In general there is significant morphological differenti-
ation at the species level correlated with these three gene
pools, and in Fig. 2C all individuals with >80 % genetic vari-
ation attributable to one of the three gene pools are indicated.

(2) If we assume that definitely all individuals characterized
by a ‘H. maculatum’ AFLP gene pool, but carrying a
H. perforatum plastid haplotype (and vice versa), are hybrids
and introgressed individuals, we could also expect some
intermediate phenotype for these individuals (CDA;
Supplementary Data Table S5). Of the 20 putative hybrids

or introgressed individuals between H. maculatum and
H. perforatum (based on AFLP gene pools compared with
species-specific plastid DNA haplotypes), only one individual
from population 099 showed an intermediacy index of
0-5, which one might expect from a recent hybrid origin
between both species. Conversely, a significant number of
H. perforatum individuals (nine individuals) with no genetic
signature of hybridization or introgression exhibited an inter-
mediacy index of around 0-5. Consequently, we further
tested if there was a correlation between the green and red
AFLP gene pools of genetically pure H. perforatum and the
CDA intermediacy value using all remaining H. perforatum
(with H. maculatum and its hybrids also excluded). Since the
ratio of green and red gene pools within a single individual
varied, we tested two different data selections of >90 and
>75 % (representation of the respective gene pool in a
single individual), respectively. Comparing all individuals
with >90 % of the genetic diversity assigned to one of the
two gene pools (52 individuals) revealed significant differenti-
ation according to CDA and morphology, a result which was
also found at the 75 % level for 69 individuals (P < 0-005 in
both cases; comparing the CDA values with the respective
gene pool association using a t-test after confirmation of nor-
mality of the sample means using a Kolmogorov—Smirnov
test using SPSS). This clearly demonstrates that the two gene
pools of H. perforatum are also correlated with morphotypes
if obvious hybrids between H. maculatum and H. perforatum
are excluded. This result is in accordance with the finding
shown in Fig. 2C.

(3) The above-described data also indicate high levels of
gene flow between the two H. perforatum gene pools, since
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Fic. 2. Plastid DNA parsimony network of Hypericum perforatum and
H. maculatum, and including various outgroup taxa. Hypericum tetrapterum
and H. undulatum accessions shared an identical plastid DNA haplotype.
The different colour codes correspond to those used for AFLP gene pool rec-
ognition (blue = H. maculatum; red and green = H. perforatum). Haplotype
coding (HPO1-HP10, HM01-HMO04; and outgroup taxa) and respective se-
quence accession data are provided in Supplementary Data Table S4.

59 and 42 H. perforatum individuals (54 and 38 %) could not
be assigned to one of the two gene pools at the 90 and 75 %
levels, respectively.

Considering the north—south distribution of the H. perforatum
AFLP gene pool (Fig. 3), we propose that the genetic and morpho-
logical distinctness is reflective of two taxa within a broadly
defined H. perforatum.

Cytogenetic analysis identifies ancestral diploids with sexual
reproduction

Ploidy estimations were primarily based on flow cytometry,
although in some cases these were independently confirmed by
chromosome counts (Supplementary Data Tables S1 and S5).
Importantly, we identified eight diploid H. perforatum acces-
sions and, with one exception, all diploids were found in
southern populations in the ‘green AFLP gene pool’ and had
plastid DNA haplotypes from the ‘green haplotype cluster’.
These are the first reports of diploid H. perforatum from
wild populations. The only exception is population 227 from
Bulgaria, which is from the ‘red AFLP gene pool’ and has
plastid DNA haplotype HP02 from the ‘red haplotype
cluster’. These observations lead to the conclusion that for
both identified H. perforatum gene pools and morphotypes,
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there is also an ancestral diploid cytotype. Similarly, in
H. maculatum, 32 diploid accessions were detected, in addition
to 15 polyploid accessions with a contribution from all three
main genetic clusters. Hybrids of any combination were
always identified as polyploids, with the exception of two
diploid H. maculatum x H. perforatum individuals (found in
populations 334 and 220).

A representative subset of 68 individuals (diploid
H. perforatum and H. maculatum from all three major AFLP
gene pools, polyploid H. perforatum and H. maculatum and
combinations of mixed AFLP gene pools containing
H. maculatum x H. perforatum, H. perforatum x
H. perforatum) were analysed for their reproductive behaviour
using the flow cytometric seed screen, and show a complex
and highly polymorphic pattern. The original measurements
and the interpretation of the endosperm:embryo C-value
ratios are provided in Supplementary Data Table S6. A
detailed interpretation, indicating a complex mix of apomeiosis,
apomixis, parthenogenesis and pseudogamy, is shown in Fig. 4.
From the initial 1632 measurements (68 accessions x 24
seeds), 532 measurements provided no C-value ratio, an
expected result considering that Hypericum often produces
seeds without endosperm (Robson, 2002). In summary, it is
shown that the reproductive mode in H. maculatum is similar
to that in H. perforatum. For the purpose of this study, the
results (Supplementary Data Table S6) were scored to differen-
tiate between fully sexual and asexual reproduction only; they
indicate a clear dichotomy between almost exclusively sexual
diploids and asexual polyploids, irrespective of hybrid origin
(Fig. 5).

DISCUSSION
Evolutionary origin of Hypericum perforatum

In recent decades several hypotheses concerning the evolution-
ary origin and history of H. perforatum have been put forward,
including either an allopolyploid origin involving
H. attenuatum and H. maculatum (Robson, 2002) or autopoly-
ploidization from an ancestor closely related to diploid
H. maculatum (Brutovska er al., 2000). Evidence for these
contrasting hypotheses originates from (1) morphological
data indicating similarities between H. perforatum,
H. attenuatum and H. maculatum; and (2) cytogenetic, cross-
ing and segregation analyses (Brutovska et al., 2000). Before
our study, there had been no comprehensive survey of the dis-
tribution of diploids and polyploids in any of these almost ex-
clusively morphologically defined species and subspecies (e.g.
three H. maculatum and four H. perforatum subspecies;
Robson, 2001). Furthermore, genetic and phylogenetic—sys-
tematic data are largely lacking or fragmental (e.g. Barcaccia
et al., 2006), and karyological data are also largely missing
for any hybrid combination (summarized in Robson, 2002).
Finally, no systematic and broad-ranging quantitative morpho-
logical studies exist which have the power to discriminate
between hybridization, introgression and reticulate evolution.
In contrast, taxonomic work has established a series of taxa
and hybrids within and between almost all subspecies of
H. perforatum and H. maculatum; these have been broadly
treated as H. x desetangsii or as distinct taxa (e.g. Robson,
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F1G. 3. (A) Structure analysis of the AFLP data of single individuals (optimal K = 3; n = 195). The population code is given above the bars. The colour code

corresponds to the plastid DNA data and distinguishes between Hypericum maculatum and two groups within H. perforatum (blue = H. maculatum; red and

green = H. perforatum; Fig. 1). (B) Distribution map of populations. Pie charts combine the data from the individuals on the populational level. Asterisks

(*) indicate diploid populations. Colour code follows (A) and Fig. 1 (blue = H. maculatum; red and green = H. perforatum). Additional populations analysed
for morphometrics are shown in Supplementary Data Fig. S1.

2002). The molecular data presented here and in a recent study
(Niirk et al., 2013) shed light on the hypothetical origins of
H. perforatum. Nuclear-encoded internal transcribed spacer
(ITS) sequence data showed that it is unlikely that
H. attenuatum is involved in the evolution of H. perforatum,
and this taxon is grouped into a distinct group of taxa
outside the H. perforatum/maculatum/undulatum/tetrapterum
clade (Niirk er al., 2013). Our corresponding plastid DNA

haplotype network is in full agreement with this finding and
also does not indicate any close relationship of
H. attenuatum with any of these four taxa (Fig. 1), but it
favours a sister relationship between H. perforatum and
H. maculatum. Consequently, we could exclude an allopoly-
ploid origin involving only distantly related taxa from Asia
as supposed by Robson (2002). The autopolyploidization hy-
potheses (e.g. Brutovska er al., 2000) can also be rejected
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Fi1G. 4. Diagram summarizing the various modes of sexual and non-sexual reproduction in Hypericum maculatum and H. perforatum, and expected ratios in

DNA content (embryo:endosperm) as measured here with FCSS (flow cytometric seed screen). The diagram uses a tetraploid (4n) mother plant as an

example. The male gamete is indicated in red if contributing to endosperm fertilization and/or egg cell fertilization. The colour code corresponds to the categor-
ization of our FCSS data summarized in Supplementary Data Table S6.

for various reasons: diploid wild populations have been char-
acterized not only for H. maculatum but also for
H. perforatum, and all can be attributed to separate gene
pools revealed by AFLP analysis (Fig. 3). This correlates
with plastid DNA variation, which is mostly maternally inher-
ited, and provides clear evidence for ancestral and cladogenet-
ic evolution of diploid H. perforatum, with H. maculatum as a
sister group. Furthermore, polyploid H. perforatum accessions
showed different signatures of origin, either autopolyploidiza-
tion or secondary hybridization and introgression between all
three detected gene pools.

Following its cladogenetic origin and sister relationship to
H. maculatum, H. perforatum subsequently differentiated
into at least two ‘cryptic’ ancestral diploid taxa, as is congru-
ently shown by all data (AFLPs, plastid DNA, morphology)
collected here (‘red’ vs. ‘green’ gene pools). Regardless of po-
tential gene flow between these two H. perforatum taxa (or
with H. maculatum), the two are similar to the description of
the previously described subsp. perforatum (more northerly
distributed) and subsp. veronense (more southerly distributed
and extending to the Eastern Mediterranean and Asia). In
general, subsp. veronense can be distinguished from subsp.
perforatum by its sessile leaves (at least on the main stem)
and the petal laminar glands usually being all pale. The taxa
are in close contact and apparently hybridize frequently, as
our AFLP and plastid DNA data indicate. Consequently, we
suggest that an assessment encompassing genetics, cytology
and morphology is required to assign H. perforatum accessions
accurately to either of the H. perforatum subspecies. However,
future studies are needed to study the relationships of these two
European subspecies to the other two subspecies (subsp. son-
garicum concentrated in Asia, and subsp. chinenese from
China; Robson, 2003).

The scenario is further complicated by the fact that addition-
al hybridization and introgression with H. maculatum is easily
possible, and the data here imply that this may not always be

detectable at the morphological level. Taken together, these
data suggest that past observations implying an allopolyploid
origin of H. perforatum could alternatively be best explained
by multiple secondary independent hybridization and intro-
gression events within and between already existing taxa and
gene pools.

Hybridization and polyploidization

The phylogenetic relationships among Central European
Hypericum spp. have long been the subject of speculation.
Recently, significantly more insight into these relationships
has been provided by a comprehensive classification scheme
(Robson, 2002) which has been largely confirmed by inde-
pendent morphometric and molecular phylogenetic analyses
(Niirk and Blattner, 2010; Niirk er al, 2013). According
to morphological studies, various European species can
be grouped into section Hypericum sub-section Hypericum,
including H. maculatum and H. perforatum, European
species (H. elegans, H. tetrapterum, H. triquetrifolium,
H. undulatum) and non-European species (H. scouleri,
H. yezoense, H. momoseanum, H. iwatelittorale, H. tosaense)
(Robson, 2002). As H. perforatum and H. maculatum share a
diploid chromosome number of 27 = 16 in addition to an
equal genome size (H. perforatum 1C = 0-36 pg, SD 0-46 %;
H. maculatum 1C = 0-36 pg, SD 1-8 %), we hypothesize that
hybridization between the species is easily possible.

Other taxa, for example H. attenuatum, are placed in different
sub-sections and series in section Hypericum (Robson, 2002).
However, molecular phylogenetic analyses do not support
these sub-sectional and series classifications and show rela-
tively closer genetic relationships between H. perforatum,
H. maculatum, H. tetrapterum and H. undulatum (Niirk
et al., 2013). This is also well reflected by the various
hybrids described which involve H. perforatum, as interspecific
hybridization between Central European Hypericum spp. is
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Fi1G. 5. The reproductive system of diploid and polyploid Hypericum perforatum, H. maculatum and hybrids. White, proportion of sexual reproduction; grey,

proportion of any kind of asexual and apomictic seed production (see also Fig. 4). Diploids and polyploids are separated and further differentiated according to

their genotypic designation (gene pool as indicated with AFLP and plastid DNA data, Figs 1 and 3; Supplementary Data Table S5). The numbers indicate the
number of individuals investigated with seed screen analysis and providing endosperm:embryo DNA ratios.

frequently observed (Robson, 2002). Many putative hybrids
have been described mostly based on morphology. For
example, among the relatives of H. perforatum, putative parental
hybridization partner species include H. maculatum,
H. tetrapterum and H. undulatum, and hybrids between
them have been described in various combinations (Robson,
2002). Among these described hybrids in the Central European
flora, H. x desetangsii (H. perforatum x H. maculatum) is of
special interest (Robson, 2002). Additional hybrids between
H. perforatum and H. maculatum have been described in par-
allel as separate species, e.g. H. carpaticum (Martonfi, 2001),
following an apomictic species concept (Horandl, 1998). It
may be possible that indeed such apomictic ‘species’ can be
identified as morphologically stable units, since our data
obtained from the cultivation experiment showed that diagnos-
tic morphological characters are not significantly influenced by
environmental factors (Fig. 2A). Further natural hybridization
with related H. tetrapterum (diploids only) has been described
rarely [H. maculatum x H. tetrapterum = H. x laschii; Frohlich
(1911) and H. perforatum x H. tetrapterum = H. X medium;
Robson (2002)]. For H. undulatum (diploids and tetraploids)
hybrids are also known involving H. tetrapterum (Robson). The
low frequency of these hybrids is also reflected in our study,
since we were not able, for example, to detect any
H. undulatum/H. tetrapterum plastid haplotype in our sampling
of H. perforatum and H. maculatum and their various hybrids.

The presented data do not provide any detailed insights into
past Pleistocene refuge areas, or where the three gene pools
(H. maculatum and the two subspecies of H. perforatum)
might have originated. However, diploid populations are
found consistently with phylogeographic literature in three
major European refuge areas, namely the Iberian Peninsula,
Italy and the Balkans (Comes and Kadereit, 1998; Taberlet
et. al., 1998).

Post-glacial range expansion, in combination with the inva-
sive potential of H. perforatum (in particular the ‘red gene

pool’), greatly increased the possibility of hybridization and
introgression not only in evolutionarily but also in historical
time scales spanning the last few hundred years.

Breeding system evolution and apomixis

The switch from sexual to asexual (i.e. apomictic) reproduc-
tion has been associated with hybridization and/or polyploidy
in both plants and animals (Suomolainen, 1950; Richards,
2003). Here, we have identified that H. maculatum is com-
posed mostly of diploids and a single gene pool, whereas
H. perforatum is mostly composed of polyploids from two dis-
tinct gene pools. Gene flow is possible between all three gene
pools, and hence both interspecific (i.e. between H. maculatum
and H. perforatum) and intraspecific hybridization (i.e.
between red and green H. perforatum) is evident (Fig. 3;
Supplementary Data Fig. S5). Taken together, the data here
show a stronger association between polyploidy and expression
of apomixis than between hybridization (i.e. introgression) and
apomixis. More recently identification and characterization of
the APOSPORY locus in H. perforatum unravelled the genetic
basis of apospory as part of the complex trait apomixes and
highlighted a dosage dependency (and high correlation with
ploidy) of the respective gene products (Schallau et al.,
2010). This finding has also been confirmed independently
by studying expression of apomixis in tetraploid compared
with hexaploid H. perforatum and testing for differences
in its colonization ability and invasiveness (A. P. Molins,
J. M. Corral, O. M. Aliya, M. A. Koch, A. Landau, J. L.
Maron and T. F. Sharbel, unpubl. res.).

On a broader phylogenetic scale, it would appear that apo-
mixis is an ancestral trait which is older than the
H. perforatum—maculatum dichotomy, as the trait is also
found in many other species. The other two species of the
clade, H. undulatum and H. tetrapterum, have been shown to
comprise sexual diploids (Matzk et al., 2003), but various
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other polyploid members of ‘core Hypericum’ such as
H. kamschaticum or H. yezoense, are also facultative apomicts
(Matzk et al., 2003), whereas other diploids (e.g. H. elegans
and H. erectum) turned out to be obligate sexual.

Aposporous apomixis is variable in Hypericum, on both the
individual and embryological levels (Galla et al., 2011), and
the level of developmental and molecular genetic (or epigenet-
ic) homology for this trait across Hypericum is unclear.
Assuming a single ancestral origin of an apomixis factor in
Hypericum, it is furthermore unknown why the trait is
manifested in some species and not in others. Hence, the
data presented here support gene dosage as the factor asso-
ciated with apomixis expression, whereas the distribution of
apomixis on a broader scale is consistent with a genetic back-
ground effect (A. P. Molins, J. M. Corral, O. M. Aliya, M. A.
Koch, A. Landau, J. L. Maron and T. F. Sharbel, unpubl. res.).
A similar evolutionary scenario on a continental scale has been
demonstrated for North American Boechera (Brassicaceae)
(Kiefer and Koch, 2012), although the type and genetic basis
of agamospermy are different (Schranz et al., 2005; Dobes
et al., 2007; Kiefer et al., 2009).

The biogeographical data presented here are inconclusive
with respect to the advantages of polyploidy, hybridization
and reproductive mode for the post-glacial recolonization pat-
terns exhibited by H. perforatum and H. maculatum across
Europe. Although asexuality and/or polyploidy could have
resulted in more efficient recolonization properties (Horandl,
2009) in ancestral Hypericum from southern glacial refugia
into northern Europe, the tight correlation between apomixis
and polyploidy confounds our ability to differentiate between
their relative advantages based upon the data presented here.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: accession
data, distribution and geographical co-ordinates. Table S2:
summary of the scored continuous and discrete morphological
characters and the corresponding targeted organs. Table S3:
summary of 18 characters used in principle co-ordinate ana-
lysis and canonical discriminant analysis. Table S4: DNA se-
quence and GenBank accession codes. Table S5: summary of
results from plastid DNA, AFLPs, ploidy estimates and mor-
phological canonical discriminant analysis. Table S6: flow
cytometric seed screen data. Figure S1: map of geographic dis-
tribution. Figure S2: plastid DNA haplotype alignment. Figure
S3: searching for the optimal K using Structure-Sum for the
subsequent analysis of the AFLP data.
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