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Origanum (Lamiaceae) comprises a number of essential oil-rich species that have been used by humans for
centuries. Today, the four species of section Majorana (O. onites, O. dubium, O. majorana and O. syriacum) are
amongst the most widely used. Despite the importance of this section, phylogenetic relationships and species
boundaries amongst its four taxa are unclear. In the present investigation, we used DNA sequence data from two
nuclear regions [internal transcribed spacer (ITS) and 1-deoxy-D-xylulose 5-phosphate synthase (DXS)] as well as
five microsatellite loci to test the taxonomic status of the four species of section Majorana. The combined DNA data
revealed O. onites and O. syriacum as the older species in the section. Origanum majorana descends directly from
O. syriacum. Origanum dubium was found to be of hybridogenous origin showing attributes of O. onites, O. syri-
acum and a third, unknown, Origanum species. Both sequence and microsatellite analyses provided evidence for
recent hybridization between O. onites and O. dubium in Turkey. © 2013 The Linnean Society of London,
Botanical Journal of the Linnean Society, 2013, 171, 667—686.

ADDITIONAL KEYWORDS: DXS — hybridization — ITS — marjoram — oregano.

INTRODUCTION and widely used all over the world. Apart from the
traditional use as kitchen herbs and folk remedies,
preparations of Origanum plant material are applied

1984; Danin, 1990; Duman et al., 1995; Danin & 1n.the .fOOd’ fee.d i pharmaceutlcal and cosmetic 11"1vdu's:
tries in a wide variety of ways (e.g. Baricevié

Kiinne, 1996; Duman, Baser & Aytec, 1998), most of T )

them distributed in the eastern Mediterranean. As a 55011;)61 rtol, 2002; Singletary, 2010; Kuorwel et al,
result of their essential oils, Origanum spp. have been )
collected locally for centuries to flavour traditional

The genus Origanum L. (Lamiaceae) comprises 43
species and 18 hybrids (Ietswaart, 1980; Carlstrom,

Origanum 1is in the tribe Mentheae, with Thymus
dish d f in traditional L., Thymbra L. and Micromeria Benth. as its closest
15hes and 1or numerous purposes in traditiona relatives (Brduchler, Meimberg & Heubl, 2010). As for

medicine (e.g. Fleisher & Fleisher, 1988; Della, s .
. . .. . many other genera of Menthinae, Origanum has a
Paraskeva-Hadjichambi & Hadjichambis, 2006). . .
complex taxonomy, complicated by a considerable

Today, two sensorial types of Origanum, marjoram . . .
. . . amount of morphological variation. Species, subspe-
(from O. majorana L.) and oregano (mainly O. onites . . . . .
. cies and varieties can be discerned in the typical
L. but also O. vulgare L.), are commercially traded .
form, but nearly all gradually merge into at least one
other form. Hybridization, even between distantly
related species, is a frequent phenomenon (Ietswaart,
*Corresponding author: Brigitte.Lukas@vetmeduni.ac.at 1980). Among the different taxonomic concepts for
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Table 1. Morphological characteristics for the differentiation of Origanum onites, O. syriacum, O. dubium and O. majo-

rana (Ietswaart, 1980, 1982, 1985)

O. onites 0. syriacum 0. dubium 0. majorana
Inflorescence Corymbiform Paniculate Paniculate Paniculate
Compact Elongated
Leaves Serrate Entire Entire Entire
Acute Obtuse Obtuse
Raised veins (abaxial) No raised veins No raised veins
(abaxial) (abaxial)
Indumentum Hirsute Hirsute, Tomentellous Tomentellous
hirsute-tomentose or
tomentose
Essential oil chemotype ‘Cymyl’ type ‘Cymyl’ type ‘Cymyl’ type ‘Sabinyl’ type

(Linalool type)

Arbutin Not present or trace

Not present

(Linalool-type)

High amounts High amounts

Origanum (e.g. Bentham, 1834, 1848; Boissier, 1879;
Briquet, 1895), the taxonomic revision of Ietswaart
(1980) is the most widely accepted. However, for the
reasons mentioned above, details of the taxonomic
concept of Ietswaart (1980) are still debated. This is
particularly true for section Majorana Benth. in
which four essential oil-rich taxa, O. onites L., O. syri-
acum L., O. dubium Boiss. and O. majorana L., are
among the most widely used Origanum species.
Within Origanum, the four taxa of section Majo-
rana are united by a unique morphological feature: a
bract-like calyx with a highly reduced lower lip. In
section Majorana, however, morphological characters
failed to explain species boundaries and evolutionary
relationships. Origanum onites appears to be the best
defined entity which can be characterized by corymbi-
form inflorescences and serrate leaves. Morphologi-
cally, O. syriacum, O. dubium and O. majorana differ
in having paniculate inflorescences and usually entire
leaves. The species boundaries of the last three
species are not entirely clear and their differentiation
relies mainly on subtle differences in indumentum
and leaves (summarized in Table 1), morphological
characters that are variable in natural populations.
High morphological variation observed in O. syriacum
led to the recognition of three varieties (var. syriacum,
var. bevanii (Holmes) Ietsw. and var. sinaicum (Bois-
sier) Ietsw. (Ietswaart, 1985). The taxonomic status of
O. dubium and O. majorana has long been discussed.
They were treated as distinct species (e.g. Boissier,
1879) before Ietswaart united them under O. majo-
rana in his taxonomic revision (Ietswaart, 1980) and
in the Flora of Turkey (Ietswaart, 1982). In the Flora
of Cyprus (Ietswaart, 1985), Ietswaart again treated
them as separate species after observing many
specimens and using the length and shape of the
inflorescence to differentiate them. Nowadays,

both the ‘one-species concept’ and the ‘two-species
concept’ are applied.

Phytochemical aspects are often considered when
discussing phylogenetic relationships (Grayer, Chase
& Simmonds, 1999; Wink, 2003; Larsson, 2007). In
the case of the four taxa of section Majorana, the
composition of the essential oil compounds and the
accumulation/absence of arbutin, a hydroquinone
derivative, have been investigated sufficiently to
allow chemosystematic considerations. With respect
to the essential oils, three main chemotypes were
found in natural populations of O. onites, O. syri-
acum, O. dubium and O. majorana (Table 1). The
most abundant is the ‘cymyl’ chemotype (Skoula &
Harborne, 2002), accumulating large amounts of
v-terpinene, p-cymene, carvacrol and/or thymol and
other related compounds. Essential oils rich in these
compounds possess the pungent oregano flavour and
are wusually accumulated by O. syriacum (e.g.
Fleisher & Fleisher, 1991; Lukas etal., 2009),
O. dubium (Arnold, Bellomaria & Valentini, 1993;
Baser, Kirimer & Tumen, 1993a) and O. onites (e.g.
Vokou, Kokkini & Bessiere, 1988; Skoula et al.,
1999). The second chemotype, an almost pure lina-
lool chemotype uncommon in Origanum, somehow
associates O. dubium with O. onites. This rare lina-
lool chemotype had, until now, only been detected in
sympatric populations of both taxa (Baser etal.,
1993b; Lukas, Samuel & Novak, 2010a). The third
chemotype, the ‘sabinyl’ chemotype, is a special
feature of O. majorana, the volatiles of which are
rich in ‘sabinyl’ compounds (cis-/trans-sabinene
hydrate and cis-sabinene hydrate acetate; e.g.
Fischer, Nitz & Drawert, 1987; Novak, Lukas &
Franz, 2008b), which are responsible for the specific
marjoram flavour. The extraordinary chemotype of
O. majorana would support a ‘two-species concept’
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(Ietswaart, 1985), treating O.majorana and
O. dubium as separate species. Arbutin, however,
combined O. dubium with O. majorana. Both taxa
accumulate large amounts of this compound, but
arbutin was not detected (or was present in trace
amounts only) in natural populations of O. syriacum
and O. onites (Lukas et al., 2010Db).

DNA-based investigations of Origanum are limited,
either containing few species (Kaufmann & Wink,
1994; Paton et al., 2004; Walker et al., 2004; Azizi
et al., 2009; Katsiotis et al., 2009; Brauchler et al.,
2010) or focusing on technical aspects (Azizi et al.,
2009). To learn more about the taxonomic status of
O. onites, O. syriacum, O. dubium and O. majorana
and their evolutionary relationships, we performed
sequence analyses of the nuclear regions of nrDNA
internal transcribed spacers (ITS) and low-copy
1-deoxy-D-xylulose 5-phosphate synthase (DXS) and
analyses of five polymorphic microsatellite loci. ITS1
and ITS2 are among the most commonly used molecu-
lar markers for evolutionary studies at the species
level (e.g. Baldwin et al., 1995; Alvarez & Wendel,
2003). Despite the high level of variation, ITS can be
a powerful tool for recognizing ancient and recent
hybridization in flowering plants. In recent years,
high intraspecific and intra-individual ITS variability
has been reported in a number of taxa, providing
valuable insights into the evolutionary history of
complex groups (e.g. Mayol & Rosello, 2001; Koch,
Dobes & Mitchell-Olds, 2003; Denk, Grimm &
Hemleben, 2005; Zheng et al., 2008). Single- or low-
copy genes of plant nuclear DNA, encompassing
intron sequences with potentially high levels of poly-
morphism, are a promising tool to complement phy-
logenetic considerations based on ITS and plastid
DNA loci (e.g. Schulte, Barfuss & Zizka, 2009; Vaezi &
Brouillet, 2009). However, they are rarely used
because of the lack of universal primers and the
efforts associated with the establishment of primers
for a new nuclear region for a taxon of interest. With
DXS, a putative single-copy gene region in Origanum
is introduced that may also be of interest for the
study of phylogenetic relationships in Origanum and
closely related genera of Lamiaceae. Microsatellites
have developed into one of the most powerful genetic
markers for the analysis of interspecific hybridization
(e.g. Schwarzbach & Rieseberg, 2002; Muir &
Schlétterer, 2005; Edwards, Soltis & Soltis, 2008).

The aim of this investigation was to provide a new
basis for the ongoing discussion about the taxonomic
uncertainties concerning section Majorana, and more
specifically: (1) to assess the species limits and taxo-
nomic status of O. onites, O. syriacum, O. dubium and
0. majorana; and (2) to discuss evolutionary relation-
ships in section Majorana by considering molecular,
morphological and phytochemical evidence.

MATERIAL AND METHODS
PLANT MATERIAL

Individual plants of O. dubium, O. majorana, O. onites
and O. syriacum were collected during excursions to
Italy, Greece, Turkey, Cyprus and Syria, covering a
wide range of their natural distribution areas (Fig. 1).
Additional plant material was taken from herbarium
specimens and from plants grown in the glasshouse of
the University of Veterinary Medicine, Vienna,
Austria. Details about the geographical origin and
accession number of the samples investigated for
sequence and microsatellite analyses are given in
Table 1. Species were identified by following the key of
the taxonomic revision of Ietswaart (1980). In the case
of Origanum majorana s.l., the Flora of Cyprus
(Ietswaart, 1985) was used as a second reference to
distinguish O. dubium and O. majorana s.s. Voucher
specimens are kept at the herbarium of the Institute
for Animal Nutrition and Functional Plant Com-
pounds, University of Veterinary Medicine, Vienna,
Austria.

DNA EXTRACTION, AMPLIFICATION, CLONING
AND SEQUENCING

Genomic DNA was extracted from young, silica gel-
dried leaves wusing a cetyltrimethylammonium
bromide (CTAB) extraction protocol based on Doyle &
Doyle (1990). The nuclear ITS region was amplified
using universal primers (ITS5 and ITS4; White et al.,
1990; modified by Downie & Katz-Downie, 1996).
The amplification reactions were performed on a
GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA, USA) in 20-uL volumes with the
following reaction components: 0.5 uL template DNA
(1-50 ng), 18 uLL 1.1 x ReddyMix PCR Master Mix
(2.5 mM MgCl,) (ABGene, Epsom, Surrey, UK), 0.5 uL
dimethylsulfoxide (DMSO), 0.2 uL. double-distilled
H;0 and 0.4 uL (400 nM) of each primer (Invitrogen,
Carlsbad, CA, USA). Thirty-five cycles of amplifica-
tion with 1 min at 95 °C, 1 min at 55 °C and 1 min at
72 °C were preceded by a 3-min denaturation step
at 95 °C and followed by an additional 7-min step at
72 °C. All polymerase chain reaction (PCR) products
were checked on 1.4% agarose gels before purification
with exonuclease 1 (EXO1) and shrimp alkaline
phosphatase (SAP) (Fermentas, Burlington, ON,
Canada) according to the manufacturer’s instructions.
Sequencing of both strands was performed using
BigDye Terminators (Applied Biosystems) and using
primers from the original amplifications. The
sequences were generated with an ABI 3130x auto-
mated sequencer (Applied Biosystems) and edited
using Chromas Vers. 2.24 (Technelyseum, Tewantin,
QId, Australia). Nearly all the directly sequenced
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Figure 1. Natural distribution of Origanum onites (blue), O. majorana s.s. (yellow), O. dubium (violet) and O. syriacum
(red) (Ietswaart, 1980; modified). The geographical location of the populations sampled for microsatellites is indicated. In
Cyprus, the distribution of O. majorana, O. dubium and O. syriacum appears not to overlap; O. majorana is distributed
in the south, whereas O. dubium seems to be restricted to the north (Troodos massif). Origanum syriacum occurs solely

in the Turkish north-east of Cyprus. dub, Origanum dubium; maj, O. majorana; oni, O. onites; syr, O. syriacum.

accessions resulted in ambiguous sequence chromato-
grams characterized by the appearance of few to
many polymorphic sites and/or noise or divergence of
the sequences after/to a specific point. Therefore, PCR
products of selected accessions were cloned into the
pGEM-T easy-cloning vector system (Promega,
Madison, WI, USA). Plasmid DNAs were re-amplified
from 10-16 clones for each individual using the origi-
nal ITS primers and the PCR conditions described
above. After checking on 1.4% agarose gels, the PCR
products were cleaned with EXO1 and SAP. Purified
plasmid DNAs were sequenced in one direction
according to the methods described for the direct
sequencing of PCR products.

A part of the nuclear DXS gene was amplified using
expressed sequence tag (EST)-derived primers
(DXS24F1 and DXS390R1; Miiller et al., 2008) with
the same amplification protocol as described for ITS.
The thermal conditions were as follows: 35 cycles of
amplification with 1 min at 95 °C, 1 min at 60 °C and
1 min at 72 °C were preceded by a 3-min denaturation
step at 95 °C and followed by an additional 7-min step
at 72 °C. The PCR products were sequenced directly

in both directions according to the procedure
described for the direct sequencing of ITS. Primers for
the original amplification were used as sequencing
primers. In heterozygote individuals (for a single or
few substitutions), the alleles were determined
through haplotype subtraction (Clark, 1990). In most
cases, this method was successful in unambiguously
separating different alleles from heterozygous plant
individuals. PCR products corresponding to strongly
divergent alleles of heterozygote individuals were
cloned using the procedure described above.

SEQUENCE ANALYSES AND PHYLOGENETIC
RECONSTRUCTION

ITS and DXS sequences were aligned using MEGA4
(Tamura et al., 2007), with subsequent manual cor-
rection. Variable positions in the data matrices were
checked against the original sequence chromatogram
files.

In ITS, different degrees of intraspecific and intra-
individual sequence divergence were detected. In
order to gain information from ITS diversity, clones of
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each accession and subsequently of each taxon were
classified and grouped on the basis of alignment posi-
tions at which an overall variation of 5% or higher
was observed (31 sites, Table 3). For all clones of each
taxon, the presence/absence of mutations at these
variable nucleotide positions was recorded and the
frequencies of mutations were calculated (Table 3). To
demonstrate the large amount of intra-individual ITS
variability in O. dubium, O. syriacum and cultivated
0. majorana, frequent ITS ribotypes (ITS variants
that were isolated from more than one accession)
were characterized (Table 3). The potential occur-
rence of pseudogenes among ITS repeats was
assessed by checking for the presence of conserved
angiosperm motifs in ITS1 (Liu & Schardl, 1994) and
in the 5.8S rDNA (Jobes & Thien, 1997). Secondary
structure predictions and minimum free energy (AG
at 37 °C) estimates were conducted using mFold 3.1
(Zuker, 2003).

For the phylogenetic analyses of the ITS clones, the
software programs G2CEF and EUKDIS (Goker &
Grimm, 2008) were used, treating all ITS clones of a
plant individual as ‘associates’ of a ‘host’. In a first
step, the sequence data of the ‘associates’ were trans-
formed into a character matrix of the ‘hosts’ (program
G2CEF, FRQ character transformation, gaps were
treated as fifth character). The transformed charac-
ters represent the frequency of a nucleotide at a
certain sequence position in all the clones of a ‘host’.
In a second step, from this character matrix, ‘host’-
‘host’ distances were computed (program EUKDIS;
distance method, Euclidean distances). The distance
matrix was visualized with SplitsTree 4.8 (Huson &
Bryant, 2006) using the Neighbor-Net algorithm.

For DXS, a Neighbor-Net split graph was computed
on the basis of uncorrected p distances using Splits-
Tree 4.8.

All sequences have been deposited in GenBank
(accession numbers are provided in Table 2). For
accessions with intra-individual ITS and/or DXS vari-
ability, multiple accession numbers were assigned.

MICROSATELLITE ANALYSES

The analysis of the five microsatellite loci (OR10,
OR14, OR40, OR44, OR 64; Novak et al., 2008a) was
performed via high-resolution-melt-analysis (HRM)
according to the method of Mader, Lukas & Novak
(2008). The 10-uL PCR contained 5.6 puL distilled H:O
0.4 wunits Taqg HOT FIREPol polymerase (Solis
BioDyne, Tartu, Estonia), 1uL Buffer B (Solis
BioDyne), 1.4 uL. MgCl, (25 mm), 0.2 uL. DMSO,
0.1 uL. deoxynucleoside triphosphate (dNTP)-mix
(10 mM), 0.1 uL. of each primer (10 pM) and 0.6 pL
36 uMm  BEBO (TATAA Biocenter, Gothenburg,
Sweden); 1 uL of DNA solution was added to each

reaction, containing between 0.25 and 0.8 ng uL™
DNA. All reactions were performed in duplicate. The
PCR cycling started with an initial phase of 15 min at
95 °C, followed by 40 cycles of 10 s at 95 °C, 20 s at
60 °C and a 20-s elongation step at 72 °C. High-
resolution melting was carried out immediately fol-
lowing PCR from 70 to 90 °C in steps of 0.05 °C, each
step with a 1-s hold. PCR and subsequent HRM were
performed on a RotorGene 6500 (Corbett Research
Pty Ltd, Sydney, Australia) equipped with an HRM
module. The resulting melting curves were analysed
using the RotorGene 6000 series software, Version
1.7.65. To obtain inter-run comparability, reference
samples were included in every run.

MICROSATELLITE STATISTICS

Alleles were scored according to allele identity and
were named in order of appearance. Diversity indices
(observed and expected heterozygosities, number of
alleles) were calculated with GENALEX 6 (Peakall &
Smouse, 2006). To study population subdivision, pair-
wise Fgsr values between all pairs of populations
included in this study were calculated with FSTAT
version 2.9.3 (Goudet, 1995). The levels of significance
were adjusted for multiple tests according to the
Bonferroni criterion. Principal components analysis
(PCA) (genetic distances were based on the ‘co-
dominant genotypic’ distance option) was performed
with GENALEX 6 and visualized with SPSS Version
16.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
ITS

A total of 277 ITS clones from 23 accessions of
O. dubium (seven), wild O. majorana (three), culti-
vated O. majorana (four), O. onites (five) and O. syri-
acum (four) was generated for the ITS analyses. The
number of clones per individual plant ranged from
two to 16. Four accessions of O. onites (SR810,
SR1387, SR1434 and SR1440) and one of O. syriacum
(SP3) could be sequenced directly and were included
in the alignment. The length of the aligned sequences
varied from 642 to 644 base pairs (bp); the alignment
of all ITS sequences resulted in a matrix of 647
characters, 275 of which were variable.

Diversity of cloned ITS sequences and intraspecific
ITS variability

High intra-individual ITS variability was observed
and, in nearly all accessions analysed, the number of
ITS clones isolated corresponded to the number of
divergent clones. By comparing the aligned
sequences, different degrees of intraspecific ITS vari-
ability became obvious.
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In O. onites and wild O. majorana, clones differed
only by the presence or absence of point mutations at
some of the 31 informative nucleotide positions
defined (summarized in Table 3). ITS of O. onites was
characterized by mutations at ten of these informa-
tive nucleotide positions (Table 3). Five mutations
were present in all of the clones, five nucleotide
positions were polymorphic and mutations occurred
in 7-93% of the clones (Table 3). ITS of O. majorana
was characterized by 14 informative nucleotide posi-
tions. Nine mutations were constantly present, five
informative nucleotide positions were polymorphic
and mutations occurred in 2-98% of the clones iso-
lated from this species.

ITS of O. syriacum, cultivated O. majorana and
O. dubium appeared to be much more complex, and
exhibited variable nucleotide positions that were
shared with more than one other taxon and puta-
tively recombinant clones and a large number of
clones with individual sequence composition. ITS of
O. syriacum could be distinguished by 13 point muta-
tions. Among all the different clones isolated, three
ITS ribotypes (syrl to syr3; Table 3; occurrence and
frequencies of ITS ribotypes are summarized in
Table 4) were present in more than one accession of
O. syriacum. Ribotypes syrl and syr2 differed only by
the presence/absence of one mutation in ITS1,
whereas ribotype syr3 was clearly distinct (Table 3).
In ITS clones of cultivated O. majorana, 18 informa-
tive nucleotide positions were present and four fre-
quent ITS ribotypes (cmajl to cmaj4, Table 3) were
observed. Ribotype cmajl was identical to ribotype
syr3 of O. syriacum. The sequence composition of
ribotype cmaj2 matched that of ITS clones frequently
present in accessions of wild O. majorana. Ribotypes
cmaj3 and cmaj4 seemed to recombine features of
ribotypes cmajl and cmaj2 in different ways. For ITS
of O. dubium, 23 informative nucleotide positions
were diagnostic. More than half were shared with
either O. syriacum/O. majorana (in ITS1) or O. onites
(mostly in ITS2). Five ITS ribotypes (dubl to dubb,
Table 3) were isolated from more than one accession
of O. dubium. Ribotype dubl was characterized by
seven mutations, five of which were specific for
O. dubium. Ribotype dub2 exhibited mutations that
were shared with O. syriacum and/or O. majorana
(ITS1) and O. onites (ITS2), whereas two further
mutations were specific for O. dubium. Ribotype dub3
was characterized by four mutations that were con-
stant in O. onites and two mutations specific for
O. dubium. Ribotypes dub4 and dub5 combined fea-
tures of dubl and dub2 in different ways.

An ITS pattern similar to that of O. dubium was
found in three Turkish accessions of O. onites (SR530,
SR777, SR786). On closer examination of these acces-
sions, complete ITS ribotypes of O. dubium (dubl in

SR777) and O. onites (in SR530, SR777, SR786) and
putative recombinants (dub2 in SR786), and a high
percentage of individual ribotypes of different
sequence composition, were observed (Table 4). As
point mutations specific for O. dubium were signifi-
cantly involved in their intra-individual ITS polymor-
phisms, these accessions were treated as recent
hybrids between O. onites and O. dubium (oni x dub,
Table 3). In one accession of O. syriacum (H104), in
addition to ribotype syr2, ITS clones identical to
ribotypes of wild O. majorana and cmaj4 of cultivated
O. majorana were observed, indicating recent hybridi-
zation between O. syriacum and (cultivated) O. majo-
rana (syi X maj, Table 3).

All ITS sequences were checked for the presence of
conserved angiosperm motifs in ITS1 (Liu & Schardl,
1994) and 5.8S (Jobes & Thien, 1997). These motifs
were present in all of the clones, with the exception of
one clone of cultivated O. majorana that lacked that
in ITS1. In two clones of O. dubium (similar to the
putative recombinants dub2 and dub4, respectively),
a deletion (bp 493-510) in ITS2 was present. From
these two clones, no valid secondary structures were
obtained, indicating that the recombinant ITS
ribotypes of O. dubium represent pseudogenes. Some
of the clones of O. dubium with individual sequences
resulted in chaotic secondary structures. In
O. dubium, the overall highest free energies of the
ITS2 region were observed for sequences of ribotype
dubl. As this ribotype was also frequently isolated
from all accessions analysed (Table 4), we assume
that clones exhibiting ribotype dubl represent func-
tional ITS arrays of O. dubium.

Phylogenetic analyses of ITS

The high intra-individual and intraspecific ITS vari-
ability in O. syriacum, cultivated O. majorana and
O. dubium, and the random combinations of shared
and specific mutations in those ribotypes that exhib-
ited an individual sequence composition, accounted
for weakly resolved and confusing phylogenetic trees
(data not shown). In order to use the high ITS vari-
ability as a tool, an alternative, distance-based
approach (Goker & Grimm, 2008) was chosen to
group the studied accessions according to their pat-
terns of ITS variability. This alternative methodology
has been shown to have a high potential to reflect
evolutionary relationships (Goker & Grimm, 2008). In
the resulting ITS network, three major groups could
be clearly distinguished (Fig.2). The first group is
composed of O. onites from Italy (SR1434, SR1440),
Greece (SR1372, SR1387) and Turkey (H106, SR810).
These accessions exhibited solely ITS clones of the oni
type (Table 4) and seem to represent the ‘pure’
O. onites. The second group comprises the accessions
of O. syriacum, O. majorana and cultivated O. majo-
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Table 4. Percentages of internal transcribed spacer (ITS) ribotypes (sequence characteristics of the ribotypes are
indicated in Table 3) in the cloned accessions of Origanum onites (H106, SR1372), putative recent hybrids between
O. onites and O. dubium (SR530, SR777 SR786), O. dubium (H67, H137, SR558, SR725, SR1028, SR1054, SR1200),
O. syriacum (H50, LC7, SR438), a putative recent hybrid between O. syriacum and O. majorana (H104), O. majorana
(SR849, SR998, SR1087) and cultivated O. majorana (Malta, Mira 2/3, OBI) (ind, number of clones with individual
sequence characteristics that were isolated only once; cmaj, cultivated marjoram; dub, Origanum dubium; maj, O. ma-

Jorana; oni, O. onites; syr, O. syriacum)

syrl syr3 maj
ind. oni dubl dub2 dub3 dub4 dubb syr2 cmajl cmaj2 cmaj3 cmaj4
H106 - 100 - - - - - _ - - — _
SR1372 - 100 - - - - - — — - — _
SR530 82 18 - - - - - - — - — _
SR786 54 13 - 33 - - — - — _
SR1054 50 - 14 21 7 7 - - - - — _
SR777 75 17 8 - - - - - — - — _
H137 53 - 33 - 13 - - - - - — _
H67 20 - 73 - - - 7 — - - — _
SR558 56 - 38 - - 6 - - - - — _
SR1028 47 - 33 7 7 - 7 - - — — _
SR1200 54 - 31 - - 8 - - — - _
SR725 25 - 42 25 - 8 - - - - - _
H50 69 - - - - - - - 31 — — _
OBI 20 - - - - - - - 50 20 10 -
Malta 78 - - - - - - - 22 - - _
Mira2/3 44 - - - - - - - 11 22 - 29
LC10 60 - - - - - - - - 20 - 20
SR1087 - - - - - - - - - 100 - —
SR998 - - - - - - - — - 100 - -
SR849 - - - - - - - - - 100 - -
H104 43 - - - - - - 29 - 14 - 14
SR438 - - - - - - - 100 - - - _
LC7 - - - - - - - 86 14 - - -

rana. These three taxa are united by the presence of
either the ITS ribotypes syrl, syr2 and syr3 or of ITS
clones of the maj type (Table 4), which seem to be a
descendant of syrl and syr2. In O. syriacum from
Israel (SP3, LC7) and Syria (SR438), syrl and syr2
were the predominant ITS ribotypes. These acces-
sions appear as sister to O. majorana from Cyprus
(SR849, SR998, SR1087), which possessed solely ITS
of the closely related maj type. Clones of H104 (origi-
nally designated to O. syriacum var. sinaicum, but
probably of hybrid origin) exhibited mostly syr2 and
maj characteristics, and therefore this accession is
placed in an intermediate position. In Lebanese
O. syriacum (H50) and cultivated O. majorana
(Malta, OBI, Mira2/3, LC10), the ribotypes syr2, maj
and syr3 were frequent. In addition, a large percent-
age of different recombinants was isolated, reflected
by the formation of a conspicuous subnetwork. The
third group comprises the accessions of Turkish and
Cypriot O. dubium (H67, H137, SR558, SR725,

SR1028, SR1054, SR1200) and putative hybrids
between O. onites and O. dubium (SR530, SR777,
SR786). The high intra- and inter-individual variabil-
ity observed in O. dubium is reflected by the wide
subnetwork. In clones of accession SR1054, a large
proportion of oni-specific mutations was present,
resulting in an ITS pattern related to that observed in
the accessions of Turkish O. onites that are of puta-
tive hybrid origin.

DXS

With DXS, a new nuclear gene region was established
to trace species relationships in Origanum. DXS is
involved in the formation of isopentenylphosphate
(IPP), a basic structure for molecules of primary and
secondary metabolism (Cordoba, Salmi & Leon, 2009).
The DXS gene seems to be part of a small gene family
with two distinct gene subfamilies (DXS1 and DXS2).
In Medicago truncatulata Gaertn., genes of the two
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SR1087 maj
] SR998 maj
malta cmaj SR849 maj
AT mira2/3 cmaj -C10 °mal
obi cmaj H104 syr
SR438 syr bev
SP3 syr
LC7 syr
SR725 dub
SR1200 dub
SR1028 dub
SR558 dub
HB67 dub!
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SR777 oni
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SR1387 oni GHL 2]
SR1372 oni SR1434 oni
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0.01 distance

Figure 2. Neighbour-Net splits graph showing interindividual distances based on internal transcribed spacer (ITS) data.
The sequence data of the ITS clones of each individual plant were transformed into a character matrix, with the
transformed characters representing the frequency of a nucleotide at a certain sequence position (FRQ character
transformation; Géker & Grimm, 2008). In a second step, from this character matrix, interindividual distances (Euclidean
distances; Goker & Grimm, 2008) were computed (cmaj, cultivated marjoram; dub, Origanum dubium; maj, O. majorana;

oni, O. onites; syr, O. syriacum).

subfamilies share about 70% identity in their amino
acid sequences (Walter, Hans & Strack, 2002). In
Origanum, sequencing and cloning of DXS did not
reveal more than two different, not strongly diverging
alleles from a single plant. Therefore, we are confi-
dent that all DXS fragments amplified correspond to
a single locus (DXS2).

A total of 86 DXS sequences from 66 accessions of
O. dubium (20), wild O. majorana (six), cultivated
O. majorana (four), O. onites (16) and O. syriacum
(20) were included in the analyses. Twenty of the 66
individuals examined showed heterozygosity at the
DXS locus. The length of the aligned sequences varied
from 413 to 421 bp. The total length of the alignment
was 422 bp, including three gaps, accommodating

relatively small indels (5/6, 1 and 2 bp long). An
intron of 109 bp was localized accounting for bp 216 to
324 of the alignment. Forty variable characters were
observed.

Phylogenetic analyses of DXS

Seventeen DXS alleles were isolated from the four
species investigated. In the DXS network, three dis-
tinct major groups can clearly be distinguished
(Fig. 3, DXS allele identity of all accessions analysed
is listed in Table 2). The first group comprises DXS
alleles 1-3, which were only isolated from O. onites.
Allele 3 was the most frequent and was present
throughout the distribution area of O. onites. The
second group is the most diverse, comprising 12
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O. onites

I o. qubium
I o Syriacum

O. majorana

—
0.001 distance

Figure 3. Neighbour-Net splits graph based on uncorrected p distances of 1-deoxy-D-xylulose 5-phosphate synthase
(DXS) data. Numerals refer to the different DXS alleles (alleles 1-17) isolated. The sizes of the circles roughly correspond
to the frequencies of the DXS alleles across the plant individuals analysed. The colours of the circles refer to O. onites,
0. syriacum, O. dubium and O. majorana. In O. majorana, alleles 7, 8 and 9 were isolated from wild accessions and alleles
5, 6 and 10 were derived from different cultivars. The identity of DXS alleles of all plants analysed is listed in Table 2.

closely related DXS alleles (alleles 4-15), which were
isolated from O. dubium, wild and cultivated O. ma-
jorana and O. syriacum. With the exception of allele
10, which seemed to be more closely related to DXS of
O. syriacum, the DXS alleles of wild and cultivated
0. majorana clustered closely together. In accessions
of O. syriacum, allele 12 was the most frequent. Those
two accessions of O. syriacum that did not originate
from Syria (H50 and SP3; Table 2) exhibited two of
the rare DXS alleles. Accession H104, which was
classified as O. syriacum var. sinaicum, possessed a
DXS allele (allele 5) similar or closely related to that
isolated from cultivated O. majorana, supporting the
hypothesis of a hybridogenous origin. Origanum
dubium was exceptional as it exhibited rather distinct
alleles (4 and 16/17). The rare allele 4 shares a
common ancestor with the DXS alleles isolated from
0. majorana, whereas the most frequent DXS allele
17 and the rarer allele 16 appeared to be clearly
separated in the network. Alleles 16 and 17 were also
isolated from some Turkish accessions of O. onites
(Table 2), which exhibited DXS allele 3 in combina-
tion with allele 16 or 17, respectively. The
co-occurrence of an O. onites-specific and an
O. dubium-specific DXS allele in these accessions
directly indicated hybridization. Another putative
Turkish hybrid accession (SR530) exhibited both of
the O. dubium-specific DXS alleles, indicating intro-

gression of genetic material from O. dubium into the
genetic background of O. onites.

MICROSATELLITES

Five polymorphic microsatellites were screened for
three populations of ‘pure’ O. onites (onitesl, onites2
and onites3), sympatrically occurring O. onites and
O. dubium (onites4, dubiuml), two populations of
‘pure’ O. dubium (dubium2 and dubium3), two popu-
lations of O. syriacum (syriacuml and syriacum2),
two populations of O. majorana (majoranal and majo-
rana2) and one population of an inbreeding line of
cultivated O. majorana (cmajorana) (Fig.1). The
mean expected heterozygosity of the populations ana-
lysed ranged from 0 to 0.44, the mean observed het-
erozygositiy ranged from O to 0.47 and the mean
number of alleles per locus ranged from 1.0 to 3.6
(Table 5). Cultivated O. majorana was monomorphic
at each locus. The population onites4 possessed the
highest number of alleles per locus (Table 5).
Pairwise Fsr values varied widely between popula-
tion pairs (Table 6). Significant Fgsr values yielding
from interspecific comparisons (0.23-0.74) were com-
monly higher than those resulting from intraspecific
comparisons (0.17-0.44). In O. onites, high intraspe-
cific pairwise Fsr values (0.30-0.44) were observed
between the Sicilian and Greek populations (onitesl,
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Table 5. Mean diversity indices for the five investigated
microsatellite loci (n, number of plants analysed; a, mean
number of alleles/locus; H., expected heterozygosity; H.,,
observed heterozygosity; cmaj, cultivated marjoram; dub,
Origanum dubium; maj, O. majorana; oni, O. onites; syr,
O. syriacum

Species Population n a H, H,
O. onites onil 10 2.0 0.22 0.16
oni2 24 2.4 0.31 0.23
oni3 15 2.0 0.30 0.28
oni4 33 3.6 0.35 0.30
O. dubium dubl 27 2.8 0.42 0.47
dub2 12 3.4 0.44 0.40
dub3 12 3.0 0.42 0.42
O. majorana majl 12 2.2 0.20 0.10
maj2 12 1.6 0.13 0.08
cmaj 10 1.0 0.00 0.00
O. syriacum syrl 15 2.4 0.26 0.20
syr2 8 2.2 0.27 0.20

onites2, onites3), on the one hand, and the Turkish
‘mixed’ population (onites4) on the other, indicating
high population differentiation. Although there seems
to be a geographical gradient (higher pairwise Fsr
values between Sicilian and Turkish O. onites than
between Greek and Turkish O. onites), the high diver-
sity in O. onites could also be partly the result of gene
flow between O. dubium and O. onites in Turkey. The
pairwise Fsr values between Turkish O. onites and
populations of O. dubium (0.28-0.33) were conspicu-
ously lower than those between Sicilian and Greek
populations of O. onites and O. dubium (0.47-0.56). In
O. dubium, no significant pairwise Fsr value was
observed between the two Cypriot populations,
whereas significant genetic divergence existed
between the Turkish ‘mixed’ population and the
Cypriot populations (0.17-0.18). As only one (not
‘pure’) population of Turkish O. dubium was included
in the microsatellite study, it is not clear whether the
genetic divergence is a result of gene flow from
O. onites to O. dubium or to the geographical isolation
of continental and island populations. Within the
species O. syriacum and O. majorana, no significant
pairwise Fgr values were found between populations.
The pairwise Fsr values between populations of
O. syriacum and O. majorana were among the lowest
interspecific pairwise Fgsr values (0.23-0.35). All Fgr
values correlated to cultivated O. majorana were
noticeably high (0.52—-0.82), indicating high genetic
differentiation between the marjoram cultivars and
wild Origanum populations. However, these high
values may reflect the strikingly different levels of
genetic variation when comparing completely mono-

morphic cultivated O. majorana with heterozygous
wild populations. In the PCA, cultivated O. majorana
appeared to be close to the cluster composed of inter-
mixed individuals of O. syriacum and O. majorana
(Fig. 4). Origanum onites was clearly separating into
two groups. Individuals of onitesl, onites2 and
onites3 clustered closely together, whereas plant indi-
viduals of population onites4 clustered in a second
group that tended clearly towards O. dubium. No
such apparent differentiation was visible between
dubiuml and individuals of dubium2 or dubiums3.

DISCUSSION
EVALUATION OF SPECIES AND SPECIES BOUNDARIES

Origanum section Majorana has been regarded as a
difficult group, and species boundaries and the taxo-
nomic status of some taxa have remained unresolved
(Ietswaart, 1980, 1982, 1985). Morphologically,
O. onites appears to be the best defined and most
homogeneous species, which can clearly be distin-
guished by its corymbiform inflorescences and usually
serrate leaves. When considering O. onites from
Greece and Sicily to represent a ‘pure’ O. onites (i.e.
geographically isolated from the other members of
section Majorana), our results confirmed the stable
and independent character of this species. However,
Turkish O. onites, originating from an area in which
the distributions of O. onites and O. dubium overlap
(Fig. 1), was clearly genetically distinct (Fig. 4). The
sequence characteristics that were observed in some
Turkish accessions of O. onites strongly suggest that
gene flow from O. dubium to O. onites is significant
and contributes to the genetic differentiation. The
presence of O. dubium-specific DXS alleles in several
Turkish accessions of O. onites directly indicated
recent hybridization (Fig. 3). Some of these putative
hybrids exhibited a complex mixture of the ITS pat-
terns typical for both O. onites and O. dubium
(Table 3). This local hybridization is probably also
reflected in the secondary metabolites of O. onites and
O. dubium. Earlier studies have shown that hybrids
may express all or only some of the secondary com-
pounds of the parental taxa, and novel compounds
may arise. Concentrations of parental compounds
may vary (Orians, 2000; Pichersky & Gang, 2000;
Schwab, 2003). The essential oils of O. onites and
O. dubium usually contain large amounts of ‘cymyl’
compounds but, in Turkish populations of both
species, in addition, an almost pure linalool chemo-
type was detected (Baser, Kirimer & Tumen, 1993a;
Baser et al., 1993b; Lukas et al., 2010a). The occur-
rence of such an exceptional chemotype in a putative
hybrid zone could indicate that this chemotype is a
result of the genetic consequences of hybridization.
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Table 6. Pairwise Fsr values between all populations of Origanum onites (oni), O. dubium (dub), O. syriacum (syr),
O. majorana (maj) and cultivated O. majorana (cmaj). Numerals in bold indicate nonsignificant Fsr values

onil oni2 oni3 oni4 dubl dub2 dub3 majl maj2 cmaj syrl syr2
onil
oni2 0.091
oni3 0.146  -0.023
oni4 0.439 0.306 0.300
dubl 0.563 0.522 0.513  0.295
dub2 0.513 0.479 0.473  0.283  0.169
dub3 0.549 0.509 0.499 0.329 0.181 -0.008
majl 0.683 0.553 0.537  0.451  0.357 0.419 0.366
maj2 0.740 0.604 0.602  0.450  0.389 0.454 0.383  -0.002
cmayj 0.806 0.658 0.700 0.582  0.521 0.613 0.616 0.740 0.819
syrl 0.595 0.510 0.510 0.383  0.289 0.350 0.305 0.336 0.347  0.503
syr2 0.605 0.505 0.497 0.376  0.259 0.309 0.248 0.233 0.246  0.615 -0.016
&
=
-

Figure 4. Principal components analysis (PCA) of the microsatellite data. Centroids of groups are indicated [‘pure

Varl

oni1, oni2, oni3
oni4

dub1

dub2, dub3

maj1, ma;j2

t

Origanum onites (onil, oni2 and oni3), sympatric occurring O. onites and O. dubium (oni4 and dubl), ‘pure’ O. dubium
(dub2 and dub3), O. majorana (majl and maj2), cultivated O. majorana (cmaj) and O. syriacum (syrl and syr2)].
Coordinates of the centroids are the weighted means for each axis.
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Considering arbutin, Turkish populations of O. onites
were also exceptional, containing small amounts of
this compound, whereas populations of ‘pure’ O. onites
were free of arbutin (Lukas et al., 2010b). The occur-
rence of arbutin in Turkish O. onites could therefore
be a result of gene flow from arbutin-rich O. dubium
into arbutin-free O. onites.

In contrast to O. onites, O. syriacum, O. majorana
and O. dubium possess paniculate inflorescences and
usually entire leaves. Morphologically, these three
species are a complex of closely related taxa among
which boundaries appear to be partly blurred. Char-
acters that are used for their differentiation (Table 1)
were found to be variable in natural populations. In
O. syriacum, the striking morphological variability
led to the description of three varieties (Ietswaart,
1980). This morphological heterogeneity parallels the
high genetic diversity observed in O. syriacum. Three
different ITS ribotypes were frequent, two of which
were closely related and one was clearly distinct
(Table 3). The simultaneous occurrence of such diver-
gent ITS types could indicate ancient hybridization of
O. syriacum with a sympatric (so far unknown) Ori-
ganum species. Local variations of morphological
characters in O. syriacum could therefore be a
consequence of introgression of dissimilar genetic
material. With respect to DXS, five different alleles
were isolated from 20 accessions (Fig. 3), again dem-
onstrating the high genetic diversity. However, as
plant individuals of O. syriacum from outside Syria
were underrepresented in this investigation, no clear
correlation between the geographical distribution of
ITS ribotypes, DXS alleles and the distribution of the
three morphological variants could be established. To
achieve a clearer concept of the genetic identity and
diversity of O. syriacum, a more comprehensive
analysis of correctly designated plant material from
the whole distribution area would be needed.

The largely unclear degree of genetic heterogeneity
in O. syriacum also makes the taxonomic treatment of
O. majorana difficult. From the simple sequence
repeat (SSR) analysis, a close genetic relationship
between populations of Syrian O. syriacum and
O. majorana s.s. was observed. The close relationship
was also obvious in ITS and DXS, but the position of
O. majorana s.s. as a separate species seems to be
better supported than with SSR data. When consid-
ering phytochemical characters, O.majorana is
clearly distinct from O. syriacum. Origanum majo-
rana possesses an exceptional essential oil chemotype
accumulating large amounts of ‘sabinyl’ compounds
(Fischer et al., 1987; Novak et al., 2008b), but lacking
the oregano-typical ‘cymyl’ compounds that character-
ize the essential oils of O. syriacum (Fleisher &
Fleisher, 1991; Lukas et al., 2009). Such exceptional
‘sabinyl’ chemotypes have not been described for wild

populations of O. syriacum to date. Similar patterns
were found for arbutin, a compound that is present in
large amounts in wild and cultivated O. majorana
and O. dubium, but not in O. syriacum (Lukas et al.,
2010Db).

The relationship between O. syriacum and O. ma-
Jorana appears to be even more complex when con-
sidering the genetic characteristics of cultivated
marjoram. Cultivated and wild marjoram showed
closely related DXS alleles, but ITS revealed signifi-
cant differences, relating the marjoram cultivars to
accessions of O. syriacum from Lebanon and Israel.
The sharing of ITS ribotype syr3 between cultivated
O. majorana and O. syriacum (Table 4) is difficult to
interpret, as the current knowledge about genetic
diversity in O. syriacum and the historical origin of
cultivated marjoram is limited. Probably, crossings
with O. syriacum took place in its early cultivation
history that could, to some degree, explain the mor-
phological tendencies of cultivated O. majorana (e.g.
larger and more greenish leaves; Novak et al., 2008b)
towards O. syriacum. Accession H104 appears to be
such a connecting link between O. majorana and
O. syriacum. This Egyptian accession of O. syriacum
was intermediate in ITS (Table 4) and possessed a
DXS allele also present in cultivated O. majorana
(Fig. 3). The hybrid origin of this specimen was also
suggested by its intermediate essential oil composi-
tion, exhibiting both oregano-typical ‘cymyl’ com-
pounds and marjoram-typical ‘sabinyl compounds’
(Baser et al., 2003).

Origanum dubium, which is morphologically close
to O. majorana, was found to be a complex species.
Sequence characteristics of the ITS ribotypes dub2,
dub3, dub4 and dub5 (Table 3) indicated a hybridog-
enous origin from O. onites and O. syriacum. As the
putative donor of the distinct ITS ribotype dubl, a
third, unidentified Origanum species is assumed to
have been involved in the speciation history of
O. dubium. An interesting phenomenon is also the
occurrence of distinct DXS alleles (Fig.3). One is
closely related to DXS of wild and cultivated O. ma-
Jjorana, indicating a common ancestor, probably an
ancient O. syriacum. Two other alleles were clearly
distinct and could be remnants of the third, uniden-
tified ancestor. From the results of this investigation,
it became clear that, although O.majorana and
O. dubium are morphologically similar, they have dis-
tinct speciation histories. The close morphological
relationship that has complicated their taxonomic
classification (Ietswaart, 1980, 1982, 1985) most
probably originates from their common ancestor
O. syriacum.

As demonstrated previously, O. dubium hybridizes
in the westernmost range of its distribution with its
supposed ancestor O. onites. Although our data
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provided evidence for gene flow from O. dubium to
O. onites, gene flow from O. onites to O. dubium could
not be detected. It remains unclear whether pre-
or postzygotic mechanisms impede introgression of
genetic material from O. onites into the genetic back-
ground of O. dubium.

EVOLUTIONARY RELATIONSHIPS IN
SECTION MAJORANA

Origanum onites and O. syriacum have been shown to
be putative ancestors of O. dubium, and O. majorana
is assumed to have its origin in O. syriacum. There-
fore, we consider O. onites and O. syriacum to be
ancient species in section Majorana. Probably, both
derived from the same ancestor, O. onites, spread
across Turkey and Greece, whereas O. syriacum devel-
oped in the eastern Mediterranean. In southern popu-
lations of O. syriacum, gene flow between O. syriacum
and an unknown species may have occurred. At the
north-western border of its distribution, hybridization
with sympatric O. onites took place, presumably
laying the basis for the formation of a ‘proto-
O. dubium’. Recurrent, independent hybridization
and backcrossing with the two parental species may
have occurred. Origanum syriacum var. bevanii, dis-
tributed in Turkey and the northern parts of Syria, is
described as somewhat intermediate between
O. onites and O. syriacum var. syriacum, differing
from the latter by, for example, hirsute stems and
larger, green leaves (Ietswaart, 1982). The morpho-
logical tendencies characteristic for O. syriacum var.
bevanii could be a result of introgression of genetic
material from O. onites during this period. More than
one-third of the variable ITS nucleotide positions of
modern O. onites and O. syriacum are not shared by
O. dubium, and therefore, for some reason, genetic
exchange with the parental species must have stopped
after some time. The ‘proto-O. dubium’ was possibly
able to undergo undisturbed speciation before a
second hybridization event, involving a third,
unknown species, led to the final formation of
O. dubium. Origanum onites is not present in Cyprus
and therefore O. dubium is assumed to have its origin
in the Turkish Taurus Mountains, the diversity hot
spot of Origanum. Fourteen species of different sec-
tions are exclusively distributed along the Turkish
coast. Their formation is likely to be associated with
range alternations and secondary contact of previ-
ously isolated species induced by Quaternary climatic
oscillations (Ietswaart, 1982). Probably, hybridization
between the ‘proto-O. dubium’ and the third parental
species took place during this geo-historical period.
Origanum majorana seems to have its origin in Syrian
O. syriacum and seems to have developed by isolation
and differentiation on the island of Cyprus.

SPECIES DISTRIBUTION AND RECENT HYBRIDIZATION

Recent hybridization has often been correlated with
migration and range expansions following the last
cold period of the Pleistocene. In the case of Origa-
num spp., the human factor must also be considered
because species of the genus have been used exten-
sively since ancient times. The popularity of oregano
and marjoram in the ancient world is well docu-
mented (Bostock & Riley, 1855; Berendes, 1902;
Edmondson & Bierkowski, 1993). Recently, Origanum
DNA was amplified from clay material of a 2400-year-
old Greek amphora (Hansson & Foley, 2008; Foley
et al., 2012). As oregano and marjoram played a role
in the daily life for centuries, it can be assumed that
the current distribution of Origanum spp. is not only
a result of natural migration, but also of distribution
by humans along trade routes. This could be an
explanation of the nonsignificant or low intraspecific
Fsr values, as they were especially obvious between
the distant populations of the ‘pure’ O. onites (onitesl
to onites3). The small population of O. onites in Sicily
(onites1) is located in and around the ancient city of
Syracuse which was founded by the Greeks in 733 BC.
The isolated occurrence of this population, together
with its narrow distribution on historical grounds,
and its close genetic relationship to the two Greek
populations, leads to the conclusion that O. onites was
actively brought to Sicily by the Greeks.

CONCLUDING REMARKS

The four species of section Majorana are widely used
and are traded and processed in large quantities (e.g.
Fleisher & Fleisher, 1988; Baser, 2002). Whenever
Origanum plant material is commercially used, taxo-
nomic ambiguities constitute not only a scientific
challenge and also concern industry and consumers,
as the unambiguous identification and classification
of the original plant material is a prerequisite for
high-quality products. Confusion arises especially
from the unclear taxonomic status of O. dubium and
O. majorana, when carvacrol-rich, oregano-flavoured
plant material of O. dubium is designated as O. ma-
Jjorana, the species that has traditionally been linked
to sweet marjoram. One of the primary goals of this
investigation was to evaluate the species complex
comprising O. dubium, O. majorana s.s. and O. syri-
acum to provide a broader basis for the ongoing
taxonomic discussions. The results presented here
revealed an astonishingly complex species history of
O. dubium that is reflected in a unique pattern of ITS
and DXS sequence characteristics allowing its reli-
able identification. As the genotypic discontinuity
between O. dubium and the other two taxa of the
complex is obvious, a classification system treating
O. dubium as a separate species seems to be appro-
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priate. This would be in accordance with the latest
taxonomic treatment of O. dubium in the Flora of
Cyprus (Ietswaart, 1985), where inflorescence charac-
teristics (length and shape of the inflorescence) were
used for its characterization and differentiation from
the morphologically similar O. majorana.

In the case of O. majorana and O. syriacum, the
close morphological relationship is in conformity with
the low interspecific genetic differentiation. This does
not necessarily mean that O. majorana would be
better treated as a subspecies or a fourth variety of
O. syriacum, because phenotypic (Ietswaart, 1980,
1982) and chemotypic (e.g. Fischer etal., 1987,
Fleisher & Fleisher, 1991; Novak et al., 2008b; Lukas
et al., 2009) incoherencies between O. syriacum and
O. majorana are present. Therefore, we favour the
taxonomic concept established by Ietswaart (1980,
1985), treating them as separate species.
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