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. INTRODUCTION

1.1. Origanum vulgare L. (oregano) as a medicinal and spice plant

Oregano is the common name for a general aromdlavalr primarily derived from more than 60
plant species used all over the world as a spioer Fhain groups of plants commonly used for
culinary purposes can be distinguished, i.e., Gmaegano Qriganum vulgare ssp. hirtum (Link)
letswaart); Spanish oregan@ofidohymus capitatus (L.) Hoffmanns & Link); Turkish oregano
(Origanum onites L.); and Mexican oregand.ifopia graveolens HBK) (Lawrence, 1984).

In Europe and, in general, all over the world, ittest commonly found oregano species belong to the
botanical genu®riganum so the commercial products ©f vulgare L. andO. majorana L. leaves are
known as oregano and marjoram on the market (@|ii@97). Because of special compositions of
essential oil, the leaves d@riganum plants are widely used as a very popular spicefdod
production. European oregan®. (vulgare) is used as flavour in meat and sausage prodseisds,
stews, sauces, and soups. Prior to the introducfidrops, oregano was used to flavour ale and beer
(Kintzios 2002a).

Recently, this spice plant has drawn more atterdforonsumers due to the antimicrobial, antifungal,
insecticidal and antioxidative effects of this herbhuman healthy (Kokkini 1997, Kulisic et al. 200
Bakkali et al. 2008). As a medicinal plant, Eurapearegano has traditionally been used as a
carminative, diaphoretic, expectorant, emmenagogtiulant, stomachic, and tonic. In addition, it
has been used as a folk remedy against colic, spugiadaches, nervousness, toothaches, and

irregular menstrual cycles (Kintzios 2002a).

1.2. Botany

The genusOriganum belongs to the familj.amiaceae and comprises 43 species and 18 hybrids
widely distributed in Eurasia and North Africa @efart 1980, Duman et al. 1998). The species
Origanum vulgare L. is predominate in occurrence and the most kéiapecies of the genus and the
only one commonly known as “oregano' in the mosbpean countries (Vokou et al. 1993, Tucker
and Maciarello 1994).

Origanumvulgare L. is a beautiful plant, flowering in heady corysnlwith reddish bracts and purple
corollas. The plant flowers in late summer, growspikes, and is purplish white. The plant height i
30-60 cm with comparable width (Kokkini 1997). Omé the considerable morphological
characteristics of th©riganum plants is the presence of glandular and nonglanchairs (peltate
hairs or glandular scales) covering the aerial msg8oth types of hairs originate from epidermdlisce
(Netolitzky 1932). The glandular hairs are humeronsthe vegetative organs such as stems, leaves
and bracts, while their density becomes reducedhenreproductive organs such as calyces and

corollas (Bosabalidis and Tsekos 1984). The glarchairs produce and secrete an essential oilavith



characteristic odour, mainly due to the monoterpdraing the major components of the oil (Scheffer
et al. 1986).

The plants 0. vulgare have dense spikes, and tubular 5-toothed calyes®&r becoming turbinate
in fruit (Kokkini 1997). letswaart (1980) has recoged six subspecies withiD. vulgare based on
differences in indumentums, number of sessile glayd leaves, bracts and calyces, and in size and
colour of bracts and flowers. These subspeciesidgieclsubsphirtum (Link) letswaart, subspulgare

L., subsp.virens (Hoffmannsegg et Link) letswaart, subsiride (Boissier) Hayek, subsmracile
(Kock) letswaart and subsglandulosum (Desfontaines) letswaart. Kokkini (1997) confirrisgs
distribution, but identifies subspiride of letswaart as subsgridulum (Martin-Donos).

In Greece, three geographically distinct subspduiéee been recognized, namhiytum, vulgare and
viridulum (Kokkini et al. 1991)Origanum vulgare subsphirtum is mainly distributed on the islands
and southern mainland and is characterized byivelgtthick leaves with dense glandular hairs and
numerous stomata (Bosabalidis and Kokkini1997). dimer two subspeciesulgare andviridulum)

are localized in the northern parts of Greece iiciwlower temperatures predominate. The leaves of
subsp.vulgare and subspviridulum are much thinner than those of sublsiptum and bear fewer
glandular hairs and stomata (Bosabalidis and Kokl987).

Based on these figures, the taxonomic difficultdth subspecies oD. vulgare seem to remain a
considerable problem for breeding programmes aptberg its potential for utilization. DNA based
molecular markers, which are not affected by emvitental conditions; could be employed for the
resolving the problem. Recently, Katsiotis et 20q9) have carried out a study to clarify phylogene
relationships and variations of Gre€k vulgare subsp.hirtum by RAPD markers and rDNA
sequences. We have investigated the relationslafveekn different subspecies Of vulgare using
two PCR-based marker approaches, Amplified Fragmesgth Polymorphism (AFLP) and
Selectively Amplified Microsatellite Polymorphic tb(SAMPL), and we have also compared the

relative efficiencies of these two marker systeAwZ| et al. 2009a).

1.3. Oregano essential ail

Oregano is the commercial name of tha®eiganum species that are rich in the phenolic
monoterpenoids, mainly carvacrol and occasionddiymiol (D’antuono et al. 2000). A number of
chemically related compounds i.p-cymene;y-terpinene, carvacrol methyl ethers, thymol methyl
ethers, carvacrol acetates and thymol acetatesehsas p-cymenenep-cymen-8-ol,p-cymen-7-ol,
thymogquinone, and thymohydroquinone are presetiteroil. The other chemical compounds, usually
of less significance quantitatively, are presenOitiganum are the acyclic monoterpenoids such as,
geraniol, geranyl acetate, linalool, linalyl acetands-myrcene. Some sesquiterpenoids suclf-as
caryophyllene, p-bisabolene, f-bourbonene, germacrene-D, bicyclogermacreadiumulene, a-
muurolene, y-muurolene, y-cadinene, allo-aromadendreneg-cubebene,a-copaene,a-cadinol, -
caryophyllene oxide and germacrene-D-4-ol could ds present. In some @riganum plants

sabinyl compounds such ass- and/ortrans-sabinene hydratey-thujene, sabinenejs- andtrans-
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sabinene hydrate acetatess- andtrans-sabinol and sabina ketone can also be found (Skand
Harborne 2002).
The essential oil compositions reported in the pabes ofO. vulgare are very variable:

1- Subspeciesirtumis most commonly carvacrol-rich and less commahnfymol-rich (Kokkini
and Vokou 1989, Baser et al. 1994, Skoula et &919

2- Subspecieglandulosum letswaart is rich in cymyl compounds, mainly thyraad carvacrol
and their methylethers (Houmani et al., 2002).

3- Subspeciegracile letswaart (synO. tyttanthum Gontsch.) and subspecigside Hayek have
been found either rich in acyclic compounds andjsiésrpenoids or carvacrol/- thymol rich
(Sezik et al 1993, Baser et al 1997, Arnold et0l®.

4- Subspeciesvulgare and subspeciesirens letswaart are rich in acyclic compounds and
sesquiterpenoids (Alves-Pereira and FernandesefF&rtio98, Sezik et al. 1993, Figuerdo et
al. 2006b).

5- With the exception of subspeciefride, sabinene compounds are either absent or their
presence is uncertain in other subspecies (Skadlddarborne 2002, Azizi et al Manuscript).

6- Afsharypuor et al. (1997) report on essentiakoinposition ofO. vulgare subspyviride, that
grows wild in northern parts of Iran (with linalgketate, sabineng;caryophyllene as main
components) and differs substantially from the cosition of essential oil of the same
species, growing wild in the Balkan area (BulgaA#hania, Turkey, Greece, Yugoslavia)
(carvacrol chemotypes) or cultivated in Israel oy chemotype).

7- Some authors reported linalool chemotype®iwulgare (D’antuono et al. 2000, Figuerdo et
al. 2006a)

1.4. Phar macology

Many of the studies confirmed the medicinal effeztsoregano for human health. Ti@¥iganum
species, which are rich in essential oils, havenhesd for thousands of years as spices and ds loca
medicines in traditional medicine (Fleisher andigHer, 1988). Aerial flowering parts @. vulgare
subsp.iride are used in Iranian traditional medicine as diarettomachic, antineuralgic, antitussive
and expectorant (Afsharypuor et al. 1997). Thenaintobial test results showed that the essential oi
of O. wulgare subsp.hirtum and also subspuwlgare have great potential of antimicrobial activity
against bacteria, fungi and yeast species andftinerean be used as a natural preservative ingredie
in food and/or pharmaceutical industry (Biondi let293,Sahin et al 2004).

Adam et al. (1998) report a valuable therapeutiteipoy of essential oil of subspirtum against
dermatophytosis (infection with fungirichophyton rubrum). It was found that the phenolic
components in the essential oil, such as carvacrdlthymol have a strong antifungal potency (Farag
et al 1989, Curtis et al 1996). According to thedings of Adam et al. (1998), carvacrol and thymol
showed much higher antifungal activities againghan pathogens than their biosynthetic precursor’s

p-cymene andy-terpinene. Furthermore). vulgare has an antioxidant property and is applied in
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human health. Cervato et al. (2000) prove thaatit@xidant activities of extracts of oregano’svies
(both aqueous and methanolic extracts) can inaibthases of lipid peroxidative process.

The bioactivity of commercial essential oils 6f wulgare L. was studied In vitro for their
antibacterial, antifungal, antioxidative and spalytio activities. Oregano was found to be strong
antimicrobial agent and had a significant spasnwlgffect on smooth muscle (Lis-Balchin et al.
1996). The fumigant toxicity and insecticidal effe¢ oregano essential oils for storeroom inseats h

also been proved (Shaaya et al 1991, Baricevic26C4).

1.5. Cultivation of Origanum wulgarelL.

Wild oregano Q. vulgare) is a herbaceous perennial, native in Asia, EussgkeNorth Africa and it is
quite tolerant to cold and dryness. During the ®iiteriod the aerial parts are destroyed, butdbtsr
maintain their vitality for the revegetation in sy (Makri 2002). The possibility of the cultivaticof
Origanum wvulgare in the Mediterranean region has been studied sixtely in many years ago
(Putievsky and Basker 1977). The yield and thergsdeil content were examined during different
seasons and stages of growth (Putievsky et al.)1988/ertheless the most of commercial oregano
from the Mediterranean areas is collected from widgulations in the natural habitats for example in
Greece and Turkey (Olivier 1997).

The climatic life zone foOriganum vulgare reported to be 5-28°C with an annual precipitatbn
0.4-2.7 m and a range of 4.5-8.7 for soil pH israppate for its growth (Marzi, 1997). Oregano is
good treated as an annual plant in cold climatesravh will not over winter well. When it is grovas

a perennial, the roots should be divided every&@s/éor best growth and flavour (Marzi, 1997). The
transplants can be established on fields with dvgll-drained soils that are somewhat alkaline
(Kintzios 2002a). Cuttings (transplants) of newatsgabout 30 cm long) are removed in late spring
once the leaves are firm enough to prevent wiliitgn placed in sand. Well-rooted plants are placed
in the ground with a plant to plant distance al#ucm or they planted outside in pots. If seeds are
used, they should be sown in a seed box in spridgpganted outside when seedlings are 7.5 cm tall
(Makri 2002). Beside the soil preparation (plougfjjroregano cultivation demands fertilisation with
ammonium phosphate and pest control. However, tbst of savoury herbs like oregano are not
especially subject to serious damage by diseasesett pests. This may be due to inhibitory action
of their essential oils (Makri 2002).

Harvesting the leaves and stem tips should stdaheabeginning of flowering stage. The flavour will
start to improve after the formation of buds, jostore flowering (Putievsky et al. 1988). To hatves
cutting height of the stems approximately at 10fim the ground should be used. After cutting, new
tillers and shoots will grow and produce next cr@darzi, 1997).

In central European countries, especially in Hupgdne cultivation ofO. majorana has a long
tradition, while oregano plant®©( vulgare) are partially collected from wild habitats evemday. To
avoid the disadvantages of exploiting oregano tirdom the nature, efforts have been startechn t

area for domestication and cultivation of oregaBerfath, 1997).
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1.6. Morphological, phytochemical and genetic diversity

Origanum vulgare L. is the species with the highest variabilitytire genugriganum. Nevertheless,
diversity, genetic resources and potential foiz#tlon of O. vulgare have not yet been fully explored
so that extended research on oregano germplasnedsssary (Mastro 1997). Most of genetic
resources and diversity of the gemdsganum exists in collections of individual growers, which
contain about 600 accessions (Kintzios 2002a). r@aéwand different approaches (for example the
Oregano Genetic Resources Network) have been wahedertfor the conservation of oregano
germplasm, and the activity of international orgations (such as IPGRI International Workshop on
Oregano) could be mentioned (Padulosi 1997, Kist2i@02a).

Taxonomic studies on the basis of morphologicalattars have shown a high level of diversity and
presence of several subspecies @rvulgare (letswaart 1980). Nevertheless, orly vulgare L.
subspeciekirtum has the leaf anatomy which corresponds to thabwfmercially marketed European
oregano (Skoula and Harborne 2002). The large-iatet intraspecific diversities @. vulgare could

be observed for leaf and flower colour, trichomesity, yield, leaf/stem ratio, or in general forye
many morphological characters (Franz and Novak 2002

The high variability ofO. vulgare is not only true for morphology but also valid fdremical quality
characters (the essential oil and its compoundsjerarkable phytochemical polymorphism with
several chemotypes is also reported by severalestush this species that shows marked spatial
segregation in nature (Fleisher and Sneer 1982ckdtaand Pasquier 1998, D’antuono et al. 2000,
Radusiene et al. 2005). Broad chemical variaticasgehnot only been observed between but also
within populations and accessions. Investigatiansiogle plants from a group 6f. vulgare and their
offspring resulted in an unexpected differentiatioto different chemotypes including one with a
marjoram-like profile (Marn et al 1999). The clgadiscriminated chemical groups have also reported
in a detailed assessment of sev&alulgare subsphirtum clones (Pasquier, 1997).

This wide heterogeneity could represent the indialdyenetic diversity, the morpho- and ontogenetic
variability or modifications due to environment.éfrbfore it is important to separate genetic from an
other sources of variation before conclusions gnghytochemical breeding values (Franz and Novak
2002).

DNA based molecular markers, which are not affedigdenvironment, have rarely employed for
fingerprinting ofO. vulgare. Katsiotis et al. (2009) have used RAPD markesr@NA sequences to
survey variations of GreeR. vulgare subsphirtum. An attempt on SSR (Simple Sequence Repeats)
development on this commercial subspecies wasrajsorted (Novak et al. 2008). A relative high
level of genetic polymorphisms i@. vulgare which was analysed by Amplified Fragment Length
Polymorphism (AFLP) and Selectively Amplified Migatellite Polymorphic Loci (SAMPL) on

intraspecific level were found in our own investigas (Azizi et al. 2009a).



1.7. Breeding of oregano: conventional and biotechnological approaches

Conventional and biotechnological plant-breedinchtéques can be applied at the genetic level to
improve yield and uniformity of medicinal herbs liang them into cultivation, and also to modify
pharmaceutical potency or toxicity (Canter et &0%). Exploitation of the genetic potential of thes
plants is still in its initial stage, and classitekeding approaches prevail due to the availgholit
high natural diversity. Nevertheless, the uses iofelbhnological tools for example identify and
localize genes that control secondary metabolitsd&tion and their transformation are currently in
progress (Pank 2007).

The chromosome numbers and the ploidy leveD.ofulgare are previously reported to be 2n = 2x =
32 (Scheerer 1940). Male sterile (nucleo-cytoplagrand male fertile plants have been identified in
several natural populations (Kheyr-Pour 1981). Braecumulated diversity of carvacrol contenOin
vulgare is one of the most important goals of previouslgeding programs, resulting in numbers of
cultivars of practical importance (Fleisher and 8982, Sezik et al. 1993, Skoula et al. 1999).
Genetic improvement is most necessary for oregdaotp because of their high chemical and
morphological heterogeneity. Taking into consideraboth producers’ and consumers’ needs, efforts
of any oregano breeding programme should be datdctéhe improvement of the following targets:
1% yield-related parameters, e.g. growth habit,/&am ratio, stress (salt, cold) tolerance affd 2
quality-related parameters, e.g. high essentiataitent and modified oil composition, (Makri 2002,
Franz and Novak 2002). To achieve these goals,ettional breeding programs such as selection and
hybridisation methods, combined with analyticaltcols on the variability in the material, can be th
most appropriate tools for oregano crop improveniBatnath 2002).

Oregano, the world’s commercially most valued spioeld also be one of the novel targets for
medicinal plant biotechnology (Kintzios 2002b). f8w, several studies have been reported on the
establishment of tissue cultures and the regewoeraif plantlets from oregano plants. Different
explants used for oregano callus cultures inclugebotyls and cotyledons (Matsubara et al. 1996),
shoot apexes (Curtis and Shetty 1996, Shetty €t1986), nodal segments (Baricevic 1997), roots
(Kumari and Pardha Saradhi 1992) and leaves (AReygeira and Fernandes-Ferreira, 1998).
However, the explants derived frdmvitro grown seedlings, such as established clonal inesften
used by most researchers (Yang and Shetty, 1998).

Somatic embryogesis from cultured oregano tissassnever been reported in the literature. A big
problem for oregano thissue culture is vitrificati@r hyperhydricity, which is a physiological
malformation affecting plants regenerated via tsstulture. Some researchers could prevent
vitrification in oregano shoot cultures by inocigt them with some soil bacteria, such as
Pseudomonas mucidolens and Beijerinkia indica (Shetty et al. 1996, Bela et al. 1998, Perry et al
1999).

However, cell, tissue and organ culture offer thpastunity to clonally micropropagate oregano lines
with improved some important traits and these taghes can also be used for sustaining elite oregano

clones and for conversation of its germplasm tdoibkthe rapid genetic erosion of this species.
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1.8. Marker Assisted Selection (MAYS)

Developed genomics techniques have provided nelg foo discovering and tagging novel genes.
These tools can enhance the efficiency of classiceding programs through their use in marker-
assisted selection (MAS). In this way, the selectid target traits can be achieved indirectly using
molecular markers that are concerned with the imaguestion or that are closely linked to suchagen
(Xu and Crouch 2008). Justifications for the depetent and use of MAS in plant breeding are
relevant to target traits that are difficult to rage through conventional phenotypic selection beezau
they are expensive or time-consuming to measurbaee complex inheritance and also traits whose
selection depends on specific environments or dpwmeéntal stages that influence the expression of
the target phenotype (Canter et al. 2005, Xu arau€r 2008). Such traits, for example content of
pharmaceutically important compounds, play an irtgdrrole in improvement of medicinal and
aromatic plants.

Nevertheless, there have been relatively few repoft molecular marker-based approaches to
medicinal plant breeding, and not even the mosetileof genetic maps is available for any of the
important medicinal species (Canter et al. 2008gntifying functional genes and useful DNA
markers that can correlate DNA fingerprinting datith selected phytochemical compounds would
have extensive applications in breeding of medIgitents based on marker assisted selection (MAS).
Such DNA markers can also be used for quality obrtf raw materials of medicinal herbs (Joshi et
al. 2004).

An attempt has been made to study variations imate components and intraspecific variations
using AFLP technique and the results proved thatFARnalysis has been found to be useful in
predicting phytochemical markers in cultivatechinacea purpurea germplasm and some related wild

speciegBaum et al. 2001)

1.9. Objectives

Knowledge of genetic diversity of wild and cultiedt populations ofOriganum vulgare is very
important to clarify relationships between differesubspecies of oregano. The knowledge of
morphology, agronomic traits and phytochemical absars of these populations has an important
impact on the improvement of oregano crop proditgtias well as the conservation of genetic
resources. In the perspective of the next breegiogects, more attention should be given to the
genetic analysis of diverse genotype sets, whiehparticularly attractive for association analysiis
qualitative traits such as essential oil compos#ior special quality characteristics. Such geretyp
sets encompass a wide genetic and phenotypic diveasd association studies can potentially
identify useful genes for use in breeding.

The objectives of the present study were:



. To investigate genetic diversity in tk¥iganum vulgare germplasm using AFLP and SAMPL

markers.

2. To estimate the phytochemical variability and teritify the chemotypes in germplasm.

3. To verify the capacity of the agro-morphologicakits for discriminating between

populations.
. To elucidate any trait—trait correlation and mateait association using these molecular
markers, quantitative phenotypic and chemotypitstra

. To clarify the response to soil moisture regime antdogen supply of thre®. vulgare

populations.
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Abstract The genus Origanum is often referred to as an
under-utilized taxon because of its complex taxonomy.
Origanum vulgare L., the most variable species of the genus,
is a spice and medicinal herb that is characterized by high
morphological diversity (six subspecies). In this study, the
relative efficiencies of two PCR-based marker approaches,
amplified fragment length polymorphism (AFLP) and
selectively amplified microsatellite polymorphic loci
(SAMPL), were used for comparable genetic diversity sur-
veys and subspecies discrimination among 42 oregano
accessions. Seven assays each of AFLP and SAMPL markers
were utilized. Effective multiplex ratio (EMR), average
heterozygosity (H,y.p), marker index (MI), and resolving
power (RP) of the primer combinations were calculated for
the two marker systems. UPGMA and Structure analysis
along with PCoA plots derived from the binary data matrices
of the two markers depicted the genetic distinction of
accessions. Our results indicate that both marker systems are
suitable but SAMPL markers are slightly more efficient in
differentiating accessions and subspecies than AFLPs.

Keywords Genetic diversity - AFLP - SAMPL -
Medicinal herb - Origanum vulgare - Subspecies
Introduction

The genus Origanum is a member of the Lamiaceae family
which is widely distributed in Mediterranean areas and
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Northern Africa (Ietswaart 1980; Kokkini 1997). This genus
includes numerous species, subspecies, varieties, and
hybrids that can be distinguished individually, but extensive
variation still exists. Within the genus, Origanum vulgare L.
(oregano) is an important commercial herb in the spice
industry (Olivier 1997). Ietswaart (1980) distinguished six
subspecies of O. vulgare on the basis of morphological
characteristics: ssp. hirtum (Link) Ietswaart, ssp. vulgare L.,
ssp. virens (Hoffmannsegg et Link) Ietswaart, ssp. viride
(Boissier) Hayek, ssp. gracile (Kock) letswaart and ssp.
glandulosum (Desfontaines) letswaart. At present, most of
the commercial oregano from the Mediterranean areas is
collected from wild populations in Turkey and Greece
(Olivier 1997) without focusing on specific subspecies.
Recently, the antimicrobial, antifungal, insecticidal, and
antioxidative effects of essential oil and extracts have cre-
ated great pharmaceutical and industrial interest in oregano
(Kulisic et al. 2004; Bakkali et al. 2008). The essential oil of
oregano is composed of carvacrol and/or thymol as domi-
nant components, followed by jy-terpinene, p-cymene,
linalool, terpinen-4-ol, and sabinene hydrate (D’Antuono
et al. 2000; Skoula and Harborne 2002). Genetic resources,
variability and potential for utilization of O. vulgare have
not yet been fully explored so that extended research on
germplasm conservation is urgently needed (Putievsky et al.
1997; Mastro 1997). A number of studies have shown that
variation among the populations of O. vulgare may occur
with regard to morphological and phytochemical features
(Chalchat and Pasquier 1998; D’ Antuono et al. 2000). To
optimally manage genetic resources for improvement of the
cultivars, and to maintain and restore biodiversity, knowl-
edge of genetic diversity within species is indispensable
(Karp et al. 1997). DNA-based molecular markers, which
are not affected by environmental conditions, have become
increasingly important for surveying genetic diversity and
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genotype identification of medicinal plants (Nybom and
Weising 2007). These markers can also be taxonomically
useful, i.e. for phylogenetic studies to distinguish plant
species and subspecies (Wollf and Morgan-Richards 1998;
Khan et al. 2000; Raina et al. 2001; Monteleone et al. 2006).

Reports on DNA-based fingerprinting of Origanum
species are rare (Kaufmann and Wink 1994; Klocke et al.
2002; Ayanoglu et al. 2006). Recently, Novak et al. (2007)
carried out a study to identify SSRs (simple sequence
repeats) derived from ESTs (expressed sequence tags) of
epidermal glands of O. vulgare ssp. hirtum. Alternatively,
amplified fragment length polymorphisms (AFLPs) have
proven to be a powerful approach in plant genetics to
analyze the relationships between natural and cultivated
populations and are also suitable for molecular systematics,
gene mapping and marker-assisted plant breeding (Mueller
and Wolfenbarger 1999).

The selectively amplified microsatellite polymorphic
loci (SAMPL) technique is a modification of the AFLP
method (Vos et al. 1995), but it differs from AFLP in the
selective amplification step by using one of the AFLP
primers in combination with a SAMPL primer which is
anchored to compound microsatellite motifs (Vogel and
Scolnik 1998). Therefore, the SAMPL approach enables
the amplification of microsatellite regions without prior
cloning and characterization of specific microsatellite loci.
SAMPL markers have been used with other molecular
markers for studying DNA polymorphism and genetic
diversity, and for analysis of relationships among and
within populations of different plant species (Singh et al.
2002; Roy et al. 2004; Negi et al. 2006; Altintas et al. 2008;
Sarwat et al. 2008). Until now, subspecies of O. vulgare
could only be distinguished on the basis of morphological
characteristics. Because of the pharmaceutical and eco-
nomic importance of some subspecies, for example ssp.
hirtum, it would, however, be highly useful to discriminate
them precisely by use of DNA markers. Therefore, the
purpose of this study was to compare the relative effi-
ciencies of AFLP and SAMPL markers with regard to their
applicability in genetic diversity surveys of oregano
accessions and subspecies.

Materials and methods
Plant materials and DNA extraction

A total of 42 accessions of O. vulgare were investigated,
39 from the Gatersleben Genebank (IPK, Gatersleben,
Germany) along with three cultivated types: “Heracleoticum”
from the seed company Pharmasaat (Artern, Germany), and
“Creticum” and “Samothrake” from the company Syringa
(Hilzingen-Binningen, Germany) (Table 1).
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Oregano plants were grown in a greenhouse (Institute of
Crop Science and Plant Breeding I, Research Station
Rauischholzhausen, Germany). Total genomic DNA was
extracted from young leaves (100 mg per plant) of five-
week-old plants following the CTAB procedure according
to Doyle and Doyle (1990). After RNAse treatment, the
DNA content was quantified by use of a NanoDrop
ND-1000 UV-visible Spectrophotometer (Labtech Inter-
national, Ringmer, UK). Genomic DNA of ten plants per
accession was bulked and diluted to 25 ng/ul working
solution.

AFLP and SAMPL analysis

The AFLP procedure used here is based on that developed
by Vos et al. (1995) by using the Invitrogen AFLP Core
Reagent Kit and following the manufacturer’s instructions.
Here, 125 ng genomic DNA (i.e., 5 pl working solution)
were digested using EcoRI and Msel restriction enzymes,
and generated fragments were ligated with double-stranded
site-specific adapters using T4-DNA ligase. Ligation was
followed by two pre-amplifications using the following
cycling conditions: 30 s at 94°C, 60 s at 56°C, and 60 s
at 72°C (25 cycles) in a thermocycler (Perkin—Elmer,
Waltham, MA, USA). The selective amplification mixture
(total volume of 25 pl) consisted of 7.5-12.5 ng fluores-
cent dye-labeled EcoRI primer, 30 ng Msel primer,
0.2 mM of each dNTPs, 2 pl PCR buffer, 0.5 U Tag-
polymerase (Qiagen, Hilden, Germany), and 5 pl pre-
amplified PCR-product in deionized distilled water. Details
of the PCR reactions were described by Vos et al. (1995).

The SAMPL analysis was performed according to Vogel
and Scolnik (1998). Pre-amplified AFLP library was used
as template for selective amplification using fluorescent
dye-labeled SAMPL and Msel + three primers. Sequences
of the two SAMPL primers were: 5' C(AC)4(AG)4A 3’
(primer S2) and 5" G(TG)4(AG)4A 3’ (primer S3). The
conditions used for PCR reactions were as described by
Singh et al. (2002). Twenty-four primer combinations were
tested for both AFLP and SAMPL analysis. Seven of these
were selected for each marker on the basis of their ability
to generate informative data (Table 2). Selective amplifi-
cation products were separated on 8% denaturing poly-
acrylamide gels using an LiCor 4,200 DNA analyzer.
Fragment’s size was estimated by comparison with a
50-750-bp labeled DNA ladder.

Scoring and analysis of data

AFLP and SAMPL fragments were detected using the
RFLPscan 2.1 software package (Scan analytics, Fairfax,
USA). The bands were scored for their presence (1) or
absence (0) across 42 accessions for all the primer
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Table 1 Sources, taxonomic identification and origin of the oregano accessions investigated

Accession no/name Subspecies Seed source Country of origin
ORI 2 ssp. vulgare Gatersleben Genebank Germany
ORI 7 ssp. vulgare Gatersleben Genebank -2

ORI 8 ssp. vulgare Gatersleben Genebank e

ORI 14 ssp. vulgare Gatersleben Genebank Georgia
ORI 15 ssp. vulgare Gatersleben Genebank Georgia
ORI 16 ssp. vulgare Gatersleben Genebank Italy
ORI 17 ssp. vulgare Gatersleben Genebank Italy
ORI 18 ssp. vulgare Gatersleben Genebank -2

ORI 19 ssp. vulgare Gatersleben Genebank -2

ORI 20 ssp. vulgare Gatersleben Genebank Georgia
ORI 21 ssp. vulgare Gatersleben Genebank -2

ORI 23 ssp. vulgare Gatersleben Genebank -2

ORI 24 ssp. vulgare Gatersleben Genebank Albania
ORI 26 ssp. vulgare Gatersleben Genebank -2

ORI 27 ssp. vulgare Gatersleben Genebank Italy
ORI 30 ssp. vulgare Gatersleben Genebank Italy
ORI 36 ssp. vulgare Gatersleben Genebank -2

ORI 39 ssp. vulgare Gatersleben Genebank e

ORI 49 ssp. vulgare Gatersleben Genebank Germany
ORI 10 ssp. viride Gatersleben Genebank Italy
ORI 11 ssp. viride Gatersleben Genebank Italy
ORI 29 ssp. viride Gatersleben Genebank Italy
ORI 31 ssp. viride Gatersleben Genebank Albania
ORI 35 ssp. viride Gatersleben Genebank Italy
ORI 43 ssp. viride Gatersleben Genebank Albania
ORI 25 ssp. virens Gatersleben Genebank Albania
ORI 33 Ssp. virens Gatersleben Genebank Spain
ORI 28 ssp. hirtum Gatersleben Genebank Albania
ORI 34 SSp. hirtum Gatersleben Genebank USA
ORI 42 ssp. gracile Gatersleben Genebank CSFR
ORI 6 b Gatersleben Genebank Hungary
ORI 12 b Gatersleben Genebank Italy
ORI 13 b Gatersleben Genebank -2

ORI 37 b Gatersleben Genebank Italy
ORI 40 b Gatersleben Genebank Italy
ORI 41 b Gatersleben Genebank Italy
ORI 45 b Gatersleben Genebank =

ORI 47 b Gatersleben Genebank Germany
ORI 50 b Gatersleben Genebank Germany
Heracleoticum ssp. hirtum Pharmasaat, Artern Germany
Creticum _° Syringa, Hilzingen-Binningen Germany
Samothrake -° Syringa, Hilzingen-Binningen Germany

# Not determined
® Unknown

combinations employed to generate a binary data matrix. ~ polymorphic fragments were used for further data analysis.
The total number of fragments scored, the number of  Genetic similarity based on the Dice coefficient (Dice
polymorphic fragments, and the percentage of polymorphic 1945) was calculated by making a pairwise comparison
fragments were determined for each primer pair used. Only ~ between all oregano accessions using the Simqual module
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Table 2 Total number () and number of polymorphic bands (np),
percentage of polymorphism per assay (%P), main values of pro-
portion of accessions containing band (mp), main values of band
informativeness (ml;,) and resolving power (Rp) of primer combina-
tions detected by SAMPL and AFLP markers among 42 accessions of
O. vulgare

Primer combination n np %P mp mlg Rp
AFLP

E-AAC x M-CAA 65 38 58 0.25 049 188
E-CAT x M-CAT 103 77 75 0.19 039 299
E-CGA x M-CAT 55 26 49 020 041 10.6
E-ATG x M-CCC 69 55 80 0.22 0.44 244
E-ATG x M-CCG 76 65 8 0.22 0.44 283
E-AGT x M-CCC 122 98 79 0.14 028 27.1
E-CAG x M-CTC 106 72 68 024 047 341
Total 596 431

Average g5MR  g2EMR 7] 24.7
SAMPL

G(TG)4(AG)4A x M-ACG 99 92 93  0.17 033 30.6
G(TG)4(AG)4A x M-GTG 92 89 97 0.14 0.27 243
G(TG)4(AG)4A x M-CTC 58 55 95 0.16 032 17.8
C(AC)4(AG)4A x M-CAA 63 59 94 0.13 0.26 15.6
C(AC)4(AG)4A x M-CAT 170 64 91 0.11 022 14.1
C(AC)4(AG)4A x M-CAC 80 71 89 0.09 0.17 109
C(AC)4(AG)4A x M-CAG 96 82 85 0.15 030 24.8
Total 558 512

Average goMR  73EMR g9 19.7

MR multiplex ratio, EMR effective multiplex ratio

of NTSYS-pc software version 2.20e (Rohlf 2000). These
similarity coefficients were used to construct dendrograms
using the unweighted pair group method with arithmetic
averages (UPGMA) employing the SAHN algorithm
(sequential, agglomerative, hierarchical, and nested clus-
tering) from this software package. The goodness of fit of
the clustering compared with the basic data matrix was also
tested by computing the co-phenetic correlation coefficient
using the normalized Mantel statistics Z test (Mantel 1967)
via the COPH and MXCOMP procedures of NTSYS-pc
version 2.20e (Rohlf 2000).

Principal coordinate analysis (PCoA) was carried out on
the basis of the pairwise genetic similarity matrix using the
Dcenter and Eigen procedures of the NTSYS-pc software
package (Rohlf 2000). All the statistical analyses were
performed for the results of both marker systems.

In order to closely investigate the relationship between
subspecies, the AFLP and SAMPL data were also analyzed
by the computer program Structure, which clusters popula-
tions using a Markov chain Monte Carlo (MCMC) algorithm
(Pritchard et al. 2000; Falush et al. 2007). This recent algo-
rithm enables identification of discrete groups on the basis of
the genotypes at multiple loci using a Bayesian approach.
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Structure version 2.3.1 (Hubisz et al. 2009) was used to obtain
posterior probabilities of K for K = 1 through K = 9 clusters
for each data set (AFLP and SAMPL) using the Admixture
model, which allows for potential recombination between
inferred clusters. We would expect the K clusters identified
by Structure to correspond to subspecies. Each value of K was
evaluated using ten independent MCMC replicates consist-
ing of a burn-in of 10,000 iterations followed by a run of
50,000 iterations. We inferred the number of clusters
according to Pritchard et al. (2000) with posterior probabil-
ities of K calculated assuming uniform priors on K and using
for each K the maximum value of the probability of the data
given K, In Pr(X | K), obtained over MCMC replicates.

Calculation of effective multiplex ratio (EMR)
and marker index (MI)

To obtain a measure of the usefulness of the marker sys-
tems, effective multiplex ratio (EMR) and marker index
(MI) were calculated for both AFLP and SAMPL markers
according to Powell et al. (1996). The multiplex ratio (MR)
is calculated as the total number of loci detected per assay,
while the effective multiplex ratio (EMR) is the number of
polymorphic loci detected per assay. Polymorphic infor-
mation content (PIC) or heterozygosity (H) for each marker
is calculated using the formula of Roldan-Ruiz et al.
(2000): PIC = 2fi (1 — fi), where fi is the frequency of the
amplified allele for a locus. Average heterozygosity for
polymorphic bands (H,,,) was estimated by taking the
average of PIC values obtained for all markers.

Finally, marker index (MI) was calculated by multi-
plying the EMR by H,,., (Powell et al. 1996).

Calculation of resolving power (Rp)

The ability of the primer combinations to differentiate
between accessions was assessed by calculating their
resolving power (Rp) according to Prevost and Wilkinson
(1999) using

RP:ZIb

where I, is the band informativeness with [, = 1 —
[2 x (0.5 — p)], where p is the proportion of accessions
containing the band. The resolving power is based on the
distribution of detected bands within the sampled accessions.

Results
Polymorphisms detected by AFLP and SAMPL

The seven selected AFLP primer combinations yielded a
total of 596 scorable fragments, of which 431 (71%) were
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found to be polymorphic. The number of polymorphic
bands generated by each AFLP primer combination
(Table 2) varied from 26 (E-CGA x M-CAT) to 98 (E-
AGT x M-CCC). The level of polymorphism ranged from
49% (E-CGA x M-CAT) to 86% (E-ATG x M-CCG). In
the case of SAMPL, as many as 558 scorable bands were
visualized including 512 (92%) polymorphic bands. The
percentage polymorphism across the 42 oregano accessions
ranged from 85% for primer combination C(AC)4
(AG)4A x M-CAG to 97% for G(TG)4(AG)4A x M-GTG.
The average polymorphism was 92%. A typical represen-
tative SAMPL profile generated by employing the primer
combination G(TG)4(AG)4A x M-CTC with a total of 58
amplification products is shown as an example in Fig. 1.
Table 2 gives the total number of fragments amplified and
the percentage polymorphism per assay (calculated as
polymorphic fragments divided by the total number of
fragments) detected across all the oregano accessions.

Genetic relationships and cluster analysis

Genetic similarity (GS) matrices were calculated for both
AFLP and SAMPL products. GS based on AFLP data
across the 42 accessions investigated varied from 0.22
(ORI 28 vs. ORI 49) to 0.71 (ORI 28 vs. ORI 34), and
based on SAMPL data from 0.02 (ORI 34 vs. ORI 23 and
ORI 34 vs. ORI 41) to 0.67 (ORI 47 vs. ORI 49). The
average values of GS shared by the 42 accessions were
found to be 0.54 and 0.42 for AFLP and SAMPL,
respectively. UPGMA cluster analysis based on genetic
similarities obtained for AFLP and SAMPL revealed the
genetic relatedness among the oregano accessions (phe-
netic dendrograms, Fig. 2). The phenograms generated
from AFLP and SAMPL data revealed a consistent pat-
tern of grouping. Basically, all oregano accessions of the
same defined subspecies (based on Genebank catalog and
characterized information) clustered in identical groups by
AFLP and SAMPL analysis, except the accessions from
ssp. virens and some members of ssp. hirfum, which are
split into different subgroups (Fig. 2). The major differ-
ence between the two phenograms is represented by the
difference in the first and second clusters and subclusters.
The results of principal-coordinate analysis (PCoA) are
shown in Fig. 3. The plots of PCoA obtained from AFLP
and SAMPL data support the results of UPGMA cluster
analysis. The PCoA using AFLP and SAMPL markers
revealed that the first two axes explain 74 and 76% of the
total variation, respectively. The cultivated accessions
along with members of subspecies hirfum were clearly
separated from other accessions by the first axes (PCoA I:
45.47%) for AFLP data (Fig. 3a), while in case of
SAMPL analysis these accessions were separated by the
second axes (PCoA II: 30.91%) (Fig. 3b). The Mantel test

revealed that the Dice similarity matrices obtained with
AFLP and SAMPL markers were always significantly
correlated with the respective phenograms (goodness of
fitt Z=0.87, P=0.001 and Z = 0.85, P = 0.001 for
AFLP and SAMPL, respectively). In contrast, the corre-
lations between the AFLP and SAMPL matrices were
relatively low (Z = 0.43, P = 0.001) (Rohlf and Fisher
1968).

Structure analysis identified five clusters of accessions
for each AFLP and SAMPL data set (K = 5 having a
posterior probability of one relative to other evaluated
values of K). The results of Structure analysis, log-likeli-
hood estimation of cluster number, and assignments of
cluster membership for each subspecies estimated for
AFLP and SAMPL profiles are summarized in Table 3.
The accessions belonging to the subspecies hirtum have a
relatively high proportion of membership in related clusters
inferred from the two marker systems, suggesting good
genetic differentiation of this mostly cultivated subspecies
from other, wild, subspecies. Based on the AFLP data set,
accessions belonging to the subspecies viride and virens
have higher membership in cluster five than other acces-
sions, while these accessions have the highest membership
in cluster one based on the SAMPL data set (Table 3).
These relationships between subspecies resulting from
Structure analysis are in agreement with the UPGMA
clusters based on Dice similarity (Fig. 2). However, the
Structure analysis also shows that both AFLP and SAMPL
methods give different clustering patterns in separating
some groups of accessions or subspecies.

Marker index and primer resolving power

Marker index (MI) and resolving power (RP) were calcu-
lated to measure the ability of techniques and primer
combinations to differentiate accessions and distinguish
between subspecies. Effective multiplex ratios (EMR) were
estimated at 62 and 73 for AFLP and SAMPL analysis,
respectively, and average heterozygosity for polymorphic
bands (H,,.,) was calculated at 0.22 and 0.20. Therefore,
MI was slightly higher for SAMPL than AFLP (14.25 vs.
13.53) in the investigated populations.

For each primer combination, the main value of pro-
portion of accessions containing band (mp), main value of
band informativeness (ml,) and resolving power (Rp) are
presented in Table 2. The resolving power (RP) of the
different primer combinations ranged between 10.6
(E-CGA x M-CAT) and 34.1 (E-CAG x M-CTC) for
AFLP and from 10.9 (C(AC)4(AG)}4A x M-CAC) to
30.6 (G(TG)4(AG)4A x M-ACG) for SAMPL primers
(Table 2). Average resolving power values of 24.7 and
19.7 were obtained for AFLP and SAMPL primer combi-
nations, respectively.
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Discussion
DNA polymorphisms

This is the first study using AFLP and SAMPL markers to
investigate the genetic diversity and subspecies differenti-
ation in O. vulgare. In several earlier studies of other
species it has been reported that SAMPL is an efficient
marker system compared with AFLP. Negi et al. (2006)
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analyzed the efficiency of SAMPL and AFLP techniques in
assessing the levels of genetic diversity among accessions
of Withania somnifera and W. coagulans. In another study,
AFLP and SAMPL were used to measure the intra-popu-
lation genetic variation of Azadirachta indica (Singh et al.
2002). Both of these comparative studies confirmed higher
effectiveness of SAMPL compared with AFLP.

It is of interest to note that SAMPL is a technique similar
to ISSR (inter-simple sequence repeats) but it uses the AFLP
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Fig. 2 UPGMA dendrogram ( a) AFLP (b) SAMPL
showing relationships between ORI-2-vulgare ORI-2-vulgare
i ORI-21-vulgare ORI-14-vulgare
42 O. vulgare accessions based ORI-24-vuloare ORI-21-vulgare
on 431AFLP markers (a) and ORI-14-vulgare ORI-
512 SAMPL markers (b) ORI-27-vulgare ORI-13
ORI-19-vulgare ORI-15-vulgare
ORI-30-vulgare ORI-36-vulgare
ORI-50 ORI-6
ORI-6 ORI-7-vulgare
ORI-7-vulgare ORI-20-vulgare
ORI-16-vulgare ORI-8-vulgare
ORI-15-vulgare ORI-17-vulgare
B ORI-37 ORI-16-vulgare
ORI-8-vulgare ORI-19-vulgare
ORI-12 ORI-37
ORI-10-viride ORI-30-vulgare
ORI-11-viride ORI-24-vulgare
ORI-31-viride ORI-27-vulgare
ORI-33-virens ORI-40
ORI-29-viride ORI-47
ORI-35-viride ORI-49-vulgare
ORI-43-viride ORI-50
I ORI-17-vulgare ORI-18-vulgare
ORI-36-vulgare _E ORI-23-vulgare
_|:ORI-25-virens ORI-26-vulgare
ORI-39-vulgare ORI-10-viride
ORI-41 ORI-11-viride
ORI-42-gracile ORI-29-viride
ORI-18-vulgare ORI-31-viride
I ORI-20-vulgare ORI-33-virens
ORI-26-vulgare ORI-35-viride
ORI-13 ORI-43-viride
ORI-23-vulgare ORI-28-hirtum
ORI-40 _E Creticum
ORI-47 Heracl.-hirtum
ORI-49-vulgare ORI-34-hirtum
| ORI-28-hirtum —LE ORI-45
TORI-34-hirtum Samothrake
ORI-45 — ORI-41
Creticum L——— ORI-42-gracile
Heracl.-hirtum — ORI-25-virens
Samothrake L—— ORI-39-vulgare
0.36 0.45 0.53 0.62 0.71 0.17 0.30 0.42 0.55 0.67

Dice Similarity Coefficient

procedure as a starting point to find SSR loci within AFLP-
generated fragments. The ISSR technology is based on the
amplification of regions (100-3,000 bp) between inversely
oriented closely spaced microsatellites. Indeed, ISSR
regions can be targeted within the AFLP-generated frag-
ments by the SAMPL procedure (Rakoczy-Trojanowska and
Bolibok 2004).

Although SAMPL is technically more demanding than

ISSR, findings of some studies were shown to be more
suitable for revealing genomic differences than ISSR
markers (Bolibok et al. 2005; Sarwat et al. 2008).

In this study, comparison of AFLP and SAMPL marker

efficiency in terms of multiplex ratio (MR) or the average
number of fragments amplified per assay revealed that MR
generated by AFLP was higher than those by SAMPL
(Table 1). However, a key observation made on comparing
effective multiplex ratios (EMR) of the two marker sys-
tems is that SAMPL detected more polymorphic fragments
per assay (Table 1), and the data analysis of the 42

vulgare accessions studied revealed that SAMPL

enabled the detection of a higher degree of polymorphism
than AFLP analysis.

The marker index (MI) is a convenient estimate for

marker efficiency (Milbourne et al. 1997). SAMPL analysis
yielded a slightly higher MI than AFLP within oregano
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Dice Similarity Coefficient

accessions (14.25 for SAMPL vs. 13.53 for AFLP). This is
because of the EMR component, which was shown to be
higher for the SAMPL assay. This result is also attributed
to the lower proportion of polymorphic bands obtained by
AFLP markers, even though the AFLP system generated a
higher number of loci per assay. This result corroborates
those from other studies of Vigna (Tosti and Negri 2002),
Secale (Bolibok et al. 2005), and Tribulus (Sarwat et al.
2008) in which the MI value for the SAMPL markers was
shown to be higher than that for the AFLP markers.
According to Negi et al. (2006), among different species of
Withania, the MI detected by AFLP markers was higher
than that obtained by SAMPL. However, if a single species
is considered the MI detected by SAMPL markers may be
higher than that obtained by AFLP. In a study of genetic
variation among FEurasian Isatis tinctoria populations
Spataro et al. (2007) found that AFLP estimated a slightly
higher genetic diversity than SAMPL. In contrast, the
results of this study of oregano indicate that SAMPL
markers were slightly more efficient at detecting DNA
polymorphism among accessions. This is considered to be
because of targeting of hyper-variable microsatellite loci in
the genome by SAMPL analysis.

However, the number of scorable bands for AFLP is
quite high in comparison to SAMPL which may be an
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Fig. 3 Principal coordinate analysis (PCoA) plots obtained from
AFLP (a) and SAMPL (b) markers showing the relationships among
42 accessions of Origanum vulgare L. The numbers represent the
accession number and C, H and S represent “Creticum”, “Heracle-
oticum”, and “Samothrake”, respectively

additional advantage of AFLP, thus increasing its power to
detect polymorphisms (Roy et al. 2004). In our study we
used seven informative primer combinations to compare
the two techniques and detected unequal numbers of
scorable polymorphic bands for the techniques. In case of a
higher number of scorable bands (maybe by a higher
number of primer combination sets), the effect observed
could be reduced.

For the resolving power, p (proportion of accessions
containing band) is a considerable factor; p factors are
calculated for each locus containing polymorphic bands.
Nevertheless, the number of polymorphic bands is also an
important property. For example the main values of p and
I,, for primer combination E-AGT x M-CCC were rela-
tively low (0.14 and 0.28, respectively) but the resolving
power of this primer combination was calculated to be
relatively high (27.1; Table 2). This effect is because of
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the large number of scorable bands (98 polymorphic
bands).

Discrimination of subspecies

According to the Genebank catalogue (IPK-Gatersleben,
http://gbis.ipk-gatersleben.de/gbis_i/) the 42 accessions
evaluated in this study belong to different subspecies
including 19 from ssp. vulgare, six from ssp. viride, three
from ssp. hirtum, two from ssp. virens, one from ssp.
gracile, and 11 from undefined subspecies (Table 1).
Earlier studies of oregano plants in Greece showed that the
pharmaceutical properties of subspecies can be different
(Kokkini and Vokou 1989). For example, the subspecies
hirtum contained a large amount of essential oil (8%) with
carvacrol as dominant component (95%).

In recent years, molecular and phytochemical markers
have been used for authentication and interpretation of
medicinal plant phylogeny at different taxonomic levels.
For example, RFLP and RAPD markers were successfully
used to distinguish subspecies of Plantago (Wollf and
Morgan-Richards 1998), and AFLP markers have been
used to discriminate species of Erothroxylum (Johnson
et al. 2005) and Plectranthus (Passinho-Soares et al. 2006).
In our study, two clustering patterns, UPGMA and Struc-
ture analysis, with PCoA based on AFLP and SAMPL data
revealed clear separation of the subspecies, demonstrating
their high genetic differentiation at the DNA level. How-
ever, the relationship between subspecies as observed in
this study by AFLP and SAMPL markers was somewhat
different. According to the RP values of all primer com-
binations, the AFLP primers discriminated the O. vulgare
accessions better than the SAMPL primers.

In general, our results of AFLP and SAMPL analysis
confirm the morphological classification.

In conclusion, the SAMPL approach seems to be a
suitable tool to strengthen the resolution of the AFLP
technique. It has been shown here to be powerful for tax-
onomic investigation of O. vulgare and identification of
subspecies of oregano. This may also be true for other plant
taxa. The lack of correlations between similarity and
cophenetic matrices obtained with the data from the two
marker systems suggests, however, that different marker
systems should be used simultaneously for a genetic
diversity study to best estimate the level of genetic diver-
sity and delineate the genetic relatedness. Obviously, dif-
ferent molecular markers survey different regions of the
genome and detect different kinds of polymorphism,
leading to higher genetic resolution in combination com-
pared to single analyses alone.

On the basis of this combined AFLP and SAMPL
analysis it can be concluded that substantial genetic
diversity exists among oregano populations. This finding is
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Table 3 Results of Structure analysis: log-likelihood estimation of cluster number, and assignments of cluster membership for each subspecies

for AFLP and SAMPL profiles

Estimate for AFLP data K (no. clusters)

1 2 3 4 5 6

Highest In Pr(X | K) —8686.1 —8275.1 —8246.3 —8148.7 —8071.7 —8196.3
A In-likelihood —614.4 —203.4 —174.6 —77 0 —124.6
Posterior Pr(K) 2 x 10727 6 x 107% 2 x 10770 3 x 1073 1 1 x 1074

Proportion of membership of subspecies in inferred clusters

Cluster membership

Subspecies No. accessions 1 2 3 4 5
Vulgare 19 0.023 0.429 0.308 0.133 0.107
Viride 6 0.005 0.022 0.115 0.055 0.803
Virens 0.01 0.256 0.183 0.075 0.476
Hirtum 3 0.761 0.009 0.009 0.215 0.005
Gracile 0.005 0.584 0.04 0.29 0.08
Unknown 11 0.091 0.212 0.23 0.401 0.066
Estimate for SAMPL data K (no. clusters)

1 2 3 4 5 6
Highest In Pr(X | K) —8915.6 —8545.4 —8494.3 —8311.2 —8258.6 —8283.8
A In-likelihood —657 —286.8 —235.7 —52.6 0 —25.2
Posterior Pr(K) 4 x 107286 2 x 1071 3 x 10719 9 x 107 1 1 x 107"

Proportion of membership of subspecies in inferred clusters

Cluster membership

Subspecies No. accessions 1 2 3 4 5

Vulgare 19 0.059 0.259 0.029 0.021 0.633
Viride 6 0.715 0.140 0.004 0.100 0.041
Virens 0.672 0.195 0.005 0.036 0.092
Hirtum 3 0.030 0.040 0.003 0911 0.015
Gracile 0.115 0.367 0.003 0.417 0.098
Unknown 11 0.030 0.177 0.092 0.308 0.393

K = 5 clusters is favored for AFLP and SAMPL data sets

very important for management of its genetic resources
and for domestication and breeding programs in oregano.
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ARTICLE INTFO ABSTRACT

Article history: To compare the response of oregano (Origanum vulgare L.) populations to soil moisture
Received 30 May 2008 regimes and nitrogen fertilization, a greenhouse experiment with three populations of
Received in revised form oregano cultivated in Germany (O. vulgare var. creticum, O. vulgare ssp. hirtum, O. vulgare var.
3 November 2008 samothrake) was conducted during 2006-2007 at the research station Rauischholzhausen of
Accepted 3 November 2008 Justus Liebig University in Germany. A completely randomized experimental design with

three soil moisture regimes (optimal, consistent water deficiency and water deficiency from
the beginning of flowering) and two nitrogen fertilization levels with six replications was

Keywords: realized. Dry matter production of population O. vulgare var. samothrake was stable for two
Origanum vulgare experiment years, whereas those of the populations O. vulgare var. creticum and O. vulgare ssp.
Essential oil hirtum were higher in 2007 than in 2006. Among tested populations O. vulgare var. samoth-
Nitrogen application rake showed the highest essential oil content in both experiment years. Consistent water
Soil moisture regime deficiency caused reduction of dry matter, but not essential oil content. Water deficiency in
Carvacrol flowering stage reduced also dry matter production, but increased essential oil content,

resulting in the highest essential oil yield in 2006 and a comparable essential oil yield
as control in 2007. Higher nitrogen levels caused an increase in dry matter production of
oregano for both experiment years and a decrease in essential oil content in 2007, which
can be explained in terms of dilution effect. Totally, 42 compounds were identified in essen-
tial oils of three populations by means of GC-MS. Carvacrol was the dominant compound
(70.0-77.4%) for all essential oil samples, followed by y-terpinene (8.1-9.5%) and p-cymene
(4.5-5.3%). The composition of essential oil of oregano populations was independent of cul-
tivation conditions. In conclusion, the population of O. vulgare var. samothrake showed a
stable dry matter yield with higher essential oil content than the populations of O. vulgare
var. creticum and O. vulgare ssp. hirtum. Water deficiency after beginning of blooming (folded
flowers) can induce an increase in essential oil content and thus result in higher quality of
oregano herbage and higher water use efficiency of oregano plants.
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1. Introduction plants in the Mediterranean areas (Skoula and Harborne,

2002). Because of special compositions of essential oil the
The genus Origanum belongs to the family of Labiatae and leaves of Origanum plants are widely used as a very popular
includes many species that are commonly found as wild spice for food production. Recently, this spice plant has drawn
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more attention of consumers due to the antimicrobial, anti-
fungal, insecticidal and antioxidative effects of this herb on
human healthy (Kokkini, 1997; Kulisic et al., 2004; Bakkali et al.,
2008). The commercial products of Origanum leaves are known
as oregano or marjoram on the market (Olivier, 1997).

The essential oil of oregano is composed of carvacrol and/or
thymol as dominant components, followed by y-terpinene, p-
cymene, linalool, terpinen-4-ol and sabinene hydrate (Kokkini
et al., 1997; D’antuono et al.,, 2000; Skoula and Harborne,
2002). Results of various studies indicated that the antioxidant
effects of oregano might be related to the dominant compo-
nents, carvacrol and thymol, of the essential oil (Lagouri et al.,
1993; Aeschbach et al., 1994; Yanishlieva et al., 1999).

The quality of oregano is determined mainly by the essen-
tial oil content and the composition of the essential oil.
Both parameters may vary considerably depending on geno-
types, climate conditions and nutrient supply during the
cultivation (D’antuono et al.,, 2000; Novak et al.,, 2003). In
addition, the components of oregano essential oil seem to
be determined to a greater extent by genotype, while envi-
ronment conditions account only for smaller variation in
the components of the essential oil (Novak et al.,, 2003).
Studies on oregano plants in Greece showed that the sub-
species hirtum (O. vulgare ssp. hirtum (Link) letswaart, syn.:
Origanum heracleoticum) contained a high amount of essen-
tial oil. The content of essential oil as high as 8% with
carvacrol as dominant component (95%) was reported for
this subspecies (Kokkini and Vokou, 1989). Because of its
high essential oil content with high percentage of carvacrol,
this subspecies was systematically and widely cultivated in
Greece and known as “Greek oregano” (Chatzopoulou et al.,
2004).

In Mediterranean countries, O. vulgare var. creticum (syn:
Origanum creticum) was found to contain essential oil with a
wide range of carvacrol percentage from 3% to 68% (Bernath,
1997). In Germany, O. vulgare var. samothrake (syn.: Origanum
samothrake) was widely cultivated and the products of leaves
are known as pepper oregano. So far, there is no report on the
yield and composition of the essential oil of this cultivated
population in literature.

Besides genotype, cultivation conditions may also influ-
ence the essential oil content of oregano leaves and the
composition of the essential oil. For example, nitrogen fer-
tilization affected the composition of the essential oils by
increasing the percentage of thymol and carvacrol with a
simultaneous decrease of y-terpinene and p-cymene in Ori-
ganum syriacum (Omer, 1999). Furthermore, in the flower head
of Chrysanthemum coronarium, the composition of essential
oil was affected by fertilization. In comparison with con-
trol (no fertilization), NPK fertilization caused an increase
in camphor with a simultaneous decrease of germacrene
D (Alvarez-Castellanos and Pascual-Villalobos, 2003). In the
similar way, fertilization significantly changed geranial and
citronellal in essential oil of Leptospermum petersonii (Diatloff,
1990).

In addition, the water supply is one of the most deter-
minative cultivation conditions which significantly affect the
yield and essential oil content of various spices and herb crops
(Singh et al., 2000, 2002; Zehtabi-Salmasi et al., 2001; Delfine
et al., 2005). In most cases Origanum plants must be irrigated
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Fig. 1 - Weekly average temperature of greenhouse for the
two growing seasons of oregano in 2006 and 2007.

during the cultivation period to obtain a good yield. For exam-
ple during cultivation of Origanum dictamnus in Crete (Greece),
irrigation was necessary for two harvests in 1 year (Skoula
and Kamenopoulos, 1997). Practically, the time at which the
plants are irrigated is important for the efficiency of irriga-
tion. For example, appropriate irrigation strategies showed
a great potential for improvement of the yield of monoter-
penes in field-grown spearmint and rosemary (Delfine et al.,
2005).

According to Putievsky et al. (1988) essential oil con-
tent of oregano was higher in full bloom stage than in the
stage of start flowering. Therefore irrigation schedule for
oregano plants based on developmental stages may provide an
approach for optimizing irrigation efficiency in the cultivation
regions where water resources are limited.

The objective of this study was to evaluate the responses
of three cultivated populations of oregano to different water
supply regimes during developmental stages and to nitrogen
fertilization.

2. Materials and methods
2.1.  Experiment design
2.1.1. Plant and soil materials

The experiment was conducted in the greenhouse of the
research station Rauischholzhausen of Justus Liebig Uni-
versity, Germany from 2006 to 2007. The weekly mean
temperatures of greenhouse during the experiment period are
shown in Fig. 1. Three populations of oregano were used in this
study. The seeds of O. vulgare ssp. hirtum (syn.: O. heracleoticum)
were provided by the company Pharmasaat (Artern, Germany)
and the seeds of O. vulgare var. creticum (syn.: O. creticum)
and O. vulgare var. samothrake (syn.. O. samothrake) were
obtained from the company Syringa (Hilzingen-Binningen,
Germany).

The soil used in this experiment was a loess soil from the
research station Rauischholzhausen. The soil material was
taken from the layer of 0-20cm. The soil contained 7.8 mg
P/100g, 14.9mg K/100g and 1.42mg N/100g. The sieved soil
(<2mm) was homogenized, air-dried and mixed with sand
(soil: sand=1:2w/w) and fertilized with P, K, Mg and CaCOs
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(P: 0.3g as Ca(HPO4)2H,0, K: 1.5g as KS04, Mg: 0.1g as
MgS04-7H,0 and CaCOs: 3.0 g per pot) to warrant optimal nutri-
ent supply (except for nitrogen) for plant growth. The mixed
soil showed pH 6.7 (in H,0).

In March 2006, 12-day-old plant seedlings with four leaves
were transplanted from seedling bed into Mitscherlich pots
with a volume of 61 (5 plants per pots). Two harvests were
carried out at the full flowering stage in 2006 and 2007. The
date of harvests for the populations O. vulgare ssp. hirtum and
0. vulgare var. creticum were 27th June 2006 and 22nd June 2007,
and for O. vulgare var. samothrake 3rd July 2006 and 29th June
2007, respectively. For harvesting the plant material was cut
5cm above soil surface. After determination of fresh matter,
plant samples were dried in an air-circulating oven at 40 °C for
4 days and then the dry matter was determined. Between two
growing seasons the plant growth was minimal. To warrant
a good comparison, plants were uniformly cut shortly before
the beginning of the second growing season.

2.1.2.  Water supply regimes

Three water supply regimes were scheduled based on develop-
mental stages and were applied to the oregano plants 2 weeks
after transplanting:

1. Control (W1): In this treatment soil water content was
maintained at 60% of maximal water-holding capacity
during the seedling development stage. During the stem
elongation and flowering (at the beginning of flowering)
development stages soil water content was maintained at
70% of maximal water-holding capacity. Soil water con-
tent was controlled by daily weighing. To prevent nutrient
leaching, a dish was placed under each pot and the leachet
collected in the dish was given back to soil before watering.

2. Water deficiency (W2): In this treatment the soil water con-
tent was constantly maintained at 50% of the maximal
water-holding capacity throughout the whole cultivation
period.

3. Late water deficiency (W3): In this treatment the soil water
content was maintained at 60% and 70% of the maxi-
mal water-holding capacity during the seedling and stem
elongation development stages, respectively. During the
flowering stage the water content was then reduced to 50%
of maximal water-holding capacity.

2.1.3. Nitrogen fertilization

Two nitrogen fertilization levels were applied. In the exper-
iment 2006, 0.5g (N1) and 1g N (N2) per pot were applied.
In the following year (2007), the amount of nitrogen supply
was changed to 0.5 and 1.5 g per pot for the treatment N1 and
N2, respectively. Nitrogen fertilizer (NH4NO3) was thoroughly
mixed with soil before transplanting in 2006. For the second
year (2007) fertilization was carried out in March of 2007. The
fertilizer was dissolved with water and top-dressed to the soil.

2.2. Essential oil extraction
Samples of at least 20g of dried leaves and inflores-

cences were hydro-distilled for 3h using a Clevenger-type
apparatus (Europdische Arzneibuch, 1997). The essential

was analyzed two times and the average content of
essential oil was used for further statistic evaluation.
The essential oil obtained was kept at 4°C until further
analysis.

2.3. GC and GC-MS analyses

For determination of the composition, essential oil samples
were diluted by 100 times with hexane. The identification
of the components of the essential oil was realized by gas
chromatography-mass spectrometry (GC-MS). A Varian 3900
GC coupled with a Varian Saturn 2100T ion trap mass detector
was employed for the identification. A capillary column VF-
S5ms (30m x 0.25mm i.d. and 0.25 pm coating thickness) was
used for separation of the components. Helium was used as
carrier gas with a flow rate of 1.1 ml/min. Temperature pro-
gram for oven and injector was the same as for the GC (see
below). The samples were injected through an autosampler
(Varian CP-8400). Ionization was realized by electron impact at
70 eV, electron multiplier 2200V, ion source temperature 230°C
and transfer line temperature 240 °C. Mass spectral data were
acquired in the scan mode in the m/z range 35-450.

The identification of components of the essential oil
was based on comparison of Kovat’s retention indices and
mass spectra in corresponding data libraries (Adams, 1995;
Figuérédo et al., 2006) and mass spectra libraries (Weily 90
and NIST 98). Kovat’s retention indices were calculated from
the gas chromatogram by linear interpolation between brack-
eting n-alkanes. The n-alkanes (Cg—Cy4; Alfa Aesar Karlsruhe,
Germany) were used as standards. The main components
carvacrol, y-terpinene and p-cymene were further identified
by co-injection of authentic standards (Roth, Karlsruhe, Ger-
many).

For quantification of individual components, the essential
oil was analyzed using a Varian CP-3800 gas chromatograph
equipped with flame ionization detector (GC-FID). A capillary
column DB-5 (30m x 0.25mm i.d. and 0.25 pm coating thick-
ness) was used for the separation of individual components
of the essential oil. Helium was employed as the carrier gas
with a flow rate of 1.1 ml/min. Temperature was programmed
from 60 (5min), to 250°C with a ramp rate of 5°C/min, with
a final hold time of 10 min. The injector and detector were
maintained at 260 and 280 °C, respectively. The sample (1 pl)
was injected with 1:50 split ratio by an autosampler (Varian
8200CX).

The percentage of individual components was computed
from peak areas. Response factors of detector and FID nor-
malization were considered for the data processing.

2.4.  Statistical analyses

A completely randomized experimental design was conducted
as a three-factorial pot experiment with six replications.
The tested factors were oregano populations, water supply
and nitrogen fertilization. Variance analysis for three-factorial
experiment design was carried out using the SPSS program for
windows version 15. LSD values were calculated and used for
the comparison of means of different treatments within one

oil content was gravimetrically quantified. Each sample oy factor.
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3. Results

3.1.  Differences in dry matter production, the content
and yield of essential oil among oregano populations

Variance analysis showed there was significant difference for
each factor, but no significant interactions between them.
Within factor of population, significant differences in dry mat-
ter production and essential oil content were observed during
an experiment period of 2 years with two harvests. During the
experiment period of 2006, an average dry matter of 36 g/pot
was determined for O. vulgare var. creticum and O. vulgare var.
samothrake, while O. vulgare ssp. hirtum showed a significantly
higher dry matter of 40g/pot (Fig. 2a). During the experi-
ment period of 2007 (second year), a comparable dry matter
of 45 g/pot was determined for both O. vulgare var. creticum
and O. vulgare ssp. hirtum, while a significantly lower dry mat-
ter of 35g/pot was determined for O. vulgare var. samothrake
(Fig. 2a). It was also evident that in comparison with the exper-
iment period 2006, the dry matter of oregano in 2007 was
higher for O. vulgare var. creticum and O. vulgare ssp. hirtum,
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Fig. 2 - Differences in dry matter (a), essential oil content
based on dry matter (b) and essential oil yield (c) of oregano
populations. Values represent means =+ S.E. Significant
differences among populations were measured by the least
significant difference (LSD) at P<0.05 and indicated by
different letters.

but not for O. vulgare var. samothrake. It seems that the yield
potential of O. vulgare var. samothrake is significantly stable but
lower than that of O. vulgare var. creticum and O. vulgare ssp.
hirtum. However, for both harvests this population showed a
significantly higher essential oil content than the other two
populations (Fig. 2b). In addition, the essential oil content of
oregano harvested in 2007 was higher than that of oregano
harvested in 2006 for O. vulgare var. creticum and O. vulgare
var. samothrake, but not for O. vulgare ssp. hirtum. The essen-
tial oil yield of oregano was calculated by multiplying dry
matter with essential oil content and expressed as g/pot. In
general, the essential oil yield was higher for 2007 than for
2006 (Fig. 2c). The essential oil yield was same for all three
tested oregano populations in 2006. However, in 2007, the pop-
ulation O. vulgare var. creticum and O. vulgare var. samothrake
showed significantly higher essential oil yield than O. vulgare
ssp. hirtum (Fig. 2c).

3.2 Effects of water supply regimes on the dry matter
production, the content and yield of essential oil

Water deficiency significantly decreased dry matter produc-
tion for two harvests in 2006 and 2007 (Fig. 3a). In comparison
with control, a dry matter decrease of 17% and 11% was
recorded for consistent and later water deficiency, respec-
tively, during the experiment period of 2006. In the following
year, an additional differentiation of the effect of water defi-
cient treatments on dry matter was observed. In comparison
with control (W1), dry matter of consistent water deficiency
(W2) was reduced by 30%, while later water deficiency (W3)
caused only 10% loss of dry matter production (Fig. 3a). Com-
pared to the experiment period of 2006, the dry matter of
oregano was higher in the experiment period of 2007 for con-
trol (W1) and later water deficiency (W3). However, the oregano
dry matter from the treatment of consistent water deficiency
(W2) was comparable between two harvests. In addition, later
water deficiency significantly increased essential oil content
of oregano for both harvests (Fig. 3b). Conversely, consistent
water deficiency (W2) showed no effect on essential oil con-
tent. Compared to the experiment period of 2006, the essential
oil content of oregano in 2007 was higher for control (W1) and
for consistent water deficiency (W2), but not for later water
deficiency (W3).In 2006, essential oil yield of oregano was com-
parable for control (W1) and consistent water deficiency (W2),
while a significantly higher essential oil yield was measured
for later water deficiency (W3) (Fig. 3c). In 2007, both control
(W1) and later water deficiency (W3) showed a comparable
essential oil yield, which was significantly higher than that
of consistent water deficiency (W2) (Fig. 3c).

3.3. Effects of nitrogen supply on the dry matter
production, the content and yield of essential oil

In comparison with low nitrogen level (N1: 0.5 g N/pot), higher
nitrogen levels (N2: 1 g N/pot for 2006 and 1.5 g N/pot for 2007,
respectively) significantly increased the dry matter production
of oregano (Fig. 4a). In addition, the increment was 9% and 26%
for the harvest in 2006 and 2007, respectively. Since the dry
matter of low nitrogen level (N1) was comparable between two

23 harvests, the result indicates a nitrogen dose dependency of
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Fig. 3 - Effects of water supply regimes on the dry matter
(a), essential oil content based on dry matter (b) and
essential oil yield (c) of oregano. W1: 60% for seedling stage
and 70% water-holding capacity for stem elongation and
flowering stages; W2: 50% water-holding capacity
throughout whole growth period; W3: 60% water-holding
capacity for seedling stage, 70% water-holding capacity for
stem elongation stage and 50% water-holding capacity for
the stage after flowering. Values represent means +S.E.
Significant differences among different water supply
regimes were measured by the least significant difference
(LSD) at P<0.05 and indicated by different letters.

dry weight of oregano. The essential oil content of oregano was
not affected by the nitrogen levels in the experiment period
of 2006. However, significantly lower essential oil content was
caused by the higher nitrogen level in 2007 (Fig. 4b). Compared
to the harvest in 2006, the essential oil of oregano in 2007 was
higher for both nitrogen levels. The essential oil yield was
not affected by different nitrogen fertilization levels in 2006
(Fig. 4c). On the contrary, a significantly higher essential oil
yield was recorded for the higher nitrogen fertilization level
(N2) in 2007 (Fig. 4c).

3.4.  Essential oil composition of oregano

Totally, 42 constituents were identified for the oregano
essential oil: 36 constituents for O. vulgare ssp. hirtum, 30 con-
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Fig. 4 - Effects of nitrogen supply levels on the dry matter
(a), essential oil content based on dry matter (b) and
essential oil yield (c) of oregano. N1: 0.5 g N/pot; N2: 1.0 and
1.5 g N/pot for the experiment 2006 and 2007, respectively.
Values are means =+ S.E. Significant differences between
nitrogen supply levels were measured by the least
significant difference (LSD) at P<0.05 and indicated by
different letters.

stituents for O. vulgare var. creticum and 27 constituents for
O. vulgare var. samothrake (Table 1). Carvacrol content was the
dominant constituent of the essential oil for all three popula-
tions tested, ranging from 70.0% to 77.4%. The second major
constituent was y-terpinene (ranging from 8.1% to 9.5%) and
the third one was p-cymene (ranging from 4.5% to 5.3%). The
other main constituents were trans-sabinene hydrate (2.8%)
for O. vulgare ssp. hirtum, thymol (3.7%) for O. vulgare var.
creticum, and B-caryophyllen (2.8-3.1%) for all three popula-
tions.

The differences in three major constituents of essential
oil of oregano were studied further. Among three populations
tested, the carvacrol percentage of essential oil was signifi-
cantly lower for O. vulgare var. samothrake as compared with O.
vulgare var. creticum or O. vulgare ssp. hirtum during two succes-
sive growing seasons (Fig. 5a). Correspondingly, the percentage
of y-terpinene was significantly higher for O. vulgare var.
samothrake as compared to O. vulgare var. creticum or O. vulgare
ssp. hirtum (Fig. 5b). This relationship between carvacrol and
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Table 1 - Essential oil composition? (%) of three populations of Origanum vulgare L. The plants were grown with optimal

soil moisture regime (W1) and 0.5 g N/pot in 2007.

Compounds RIP O. vulgare ssp. hirtum O. vulgare var. creticum O. vulgare var. samothrake
a-Thujene 924 0.6 0.4 0.3
a-Pinene 931 0.3 0.2 0.2
Camphene 948 0.1 0.1 -
Sabinene 971 0.2 - -
B-Pinene 976 0.1 - -
1-Octen-3-ol 978 0.1 0.2 0.2
3-Octanone 984 0.1 - -
Myrcene 988 1.3 0.8 0.7
a-Phellandrene 1006 0.2 0.1 =
8-3-Carene 1008 0.1 = =
a-Terpinen 1016 1.3 1.1 0.9
p-Cymene 1024 5.3 4.5 4.8
Limonene 1029 0.2 0.1 =
B-Phellandrene 1030 0.2 0.2 -
(Z)-B-Ocimene 1035 0.1 - -
(E)-B-Ocimene 1046 0.1 - -
y-Terpinen 1058 8.1 8.2 9.5
cis-Sabinene hydrate 1070 0.8 0.6 0.5
Terpinolen 1085 0.1 - -
trans-Sabinene hydrate 1101 2.8 0.3 0.3
Borneol 1173 0.2 0.6 0.4
Terpinene-4-ol 1181 0.5 0.4 0.3
a-Terpineol 1196 0.2 0.1 -
trans-para-mentha-2-one 1199 0.1 - -
trans-Dihydrocarvone 1205 0.1 - -
Carvacrol methylether 1239 0.1 0.1 0.7
Thymoquinon 1252 0.1 0.6 0.8
Thymol 1292 0.3 3.7 0.3
Carvacrol 1303 77.4 74.9 70.0
Carvacrylacetate 1365 0.3 0.2 0.2
B-Caryophyllen 1420 3.0 3.1 2.8
a-Humulene 1456 0.3 0.5 0.4
Allo-Aromadendrene 1461 - 0.2 0.2
a-Muurolol 1496 - - 0.1
B-Bisabolene 1508 0.5 0.8 0.7
v-Cadinene 1514 0.1 0.4 0.3
3-Cadinene 1519 0.1 0.7 0.6
3-Methoxy-2,4,5-trimethyl-Phenol 1557 - 0.6 0.5
Spathulenol 1578 - - 0.2
Caryophyllene oxide 1584 0.1 - 0.1
epi-a-Muurolol 1645 - 0.2 0.3
a-Eudesmol 1659 - 0.3 -

@ Percentages obtained by FID peak-area normalization.
b Linear retention indices (DB-5 column).

vy-terpinene was not found for p-cymene. During two succes-
sive growing seasons, neither different water supply regimes
nor different nitrogen fertilization levels caused significant
change in the composition of the essential oil of oregano.

4, Discussion

The focus of the present study was to investigate the effects
of nitrogen application levels and water deficiency on the dry
matter production and the essential oil content of oregano.
Nitrogen fertilization at high level (N2: 1.5g N/pot in 2007)
increased dry matter production, but decreased essential oil
content (Fig. 4a and b). An early study showed that nitrogen

fertilization with more than 2 g N/pot significantly decreased2

5

essential oil content of wild Egyptian oregano (Origanum syr-
iacum L.) (Omer, 1999). A similar effect was also reported
for other genera of the family Labiatae, Rosmarinus officinalis
(Boyle et al., 1991) and Thymus vulgaris L. (Baranauskiene et
al., 2003). According to Muzika (1993) nitrogen fertilization
at high level reduced the content of phenolic compounds
in Abies grandis seedlings and the carbon/nutrient balance
hypothesis could not adequately explain this effect. In fact,
nitrogen fertilization with higher level significantly increased
the dry matter production and significantly higher essential
oil yield in 2007 (Fig. 4a and c). These results indicate that the
decreased essential oil content by high level nitrogen fertiliza-
tion was attributed to a dilution effect (Fig. 4b). According to
Bosabalidis and Tsekos (1984), the leaves of Origanum plants
bear numerous glandular and non-glandular hairs on both
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Fig. 5 - Differences in the major components of essential
oil of oregano populations: carvacrol (a) and y-terpinene (b).
Values represent means + S.E. Significant differences
among populations were measured by the least significant
difference (LSD) at P <0.05 and indicated by different letters.

sides, in which essential oilis accumulated. The number of the
glandular hairs seemed to be constant for mint and sweet basil
leaves whose area changed under different environmental
conditions (Sangwan et al., 2001). This may hold also true for
oregano. In addition, in our study, essential oil composition of
oregano was not affected by nitrogen fertilization levels, which
is not in agreement with the results reported by Omer (1999).

In comparison with optimal water supply (W1), both water
deficient treatments showed a significantly lower dry mat-
ter production of oregano (Fig. 3a). In addition, the consistent
water deficiency caused higher degree of reduction of dry
matter production than the water deficiency after flowering
(Fig. 3a). It is interesting to note that in comparison with con-
trol, later water deficiency caused a significantly increase in
essential oil content, whereas the consistent water deficiency
failed to do it (Fig. 3b). These results confirm the conclusion
that the amounts of essential oils produced under drought
conditions were either maintained or enhanced, depending
on the species and magnitude of the stress (Singh et al., 2000,
2002; Sangwan et al., 2001; Zehtabi-Salmasi et al., 2001; Delfine
et al,, 2005). In mints and sweet basil, it was found that higher
essential oil content due to drought stress was related to
higher density of oil glandular hairs (Sangwan et al., 2001).
This may also be true for oregano. Later water deficiency sig-
nificantly improved essential oil content and thus the quality
of oregano herbage. In addition, this treatment reduces the
water amount used for production and thus increases the effi-
ciency of irrigation. This can significantly benefit the farm
performance. Nevertheless, the effect of this treatment needs
to be tested under field conditions in the future.

The composition of essential oil was not significantly

affected by nitrogen fertilization levels or by water deficiency 26

(data not shown). Also, the difference in the composition of
essential oil was rather limited among tested oregano pop-
ulations (Fig. 5a and b). Our findings are in good agreement
with those of others (Novak et al., 2003). All tested popula-
tions show high carvacrol percentage and can be referred to
carvacrol-rich chemotype (Skoula et al., 1999; Chatzopoulou
et al.,, 2004).

5. Conclusions

Our study showed that dry matter production and essential
oil content of Origanum vulgare L. can be significantly affected
by environmental and agronomical conditions including nitro-
gen fertilization and soil moisture regime, whereas percentage
of main compounds of essential oil such as carvacrol,
y-terpinene and p-cymene remained unaffected. Higher nitro-
gen level increases dry matter yield, but reduces essential oil
content of oregano herbage. An optimal water supply dur-
ing seedling development and stem elongation stages and a
restriction of water supply after beginning of flowering may
increase the content of essential oil and thus improve the
quality of oregano herbage. These effects need to be tested
under field conditions. The population O. vulgare var. samoth-
rake showed a stable dry matter yield and higher essential oil
content and may serve as good material for case studies with
focus on breeding programs and farm performance in oregano
production.
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Abstract

Forty-two accessions @riganum vulgare L. mostly originating from Europe were evaluatedletect
molecular, quantitative agro-morphological and cbgmic polymorphisms and to discover possible
associations between them. Twelve traits relatejtonomic and morphological characteristics were
measured. Components in the essential oils wergifiéel by GC-MS and 18 major compounds were
investigated. A total of 477 molecular polymorphssimcluding 214 AFLP and 263 SAMPL
(Selectively Amplified Microsatellite Polymorphic oci) were used for genotyping. Euclidean
distances of phenotypic and chemotypic data, anétgedistances (1-Dicesmilarity) of molecular
markers were compared by applying Mantel testssterain the congruencies between them. A
relatively highcorrelation between chemotypic patterns and gemetitkkers was identified while a
lower correlation was found between the phenotgpid genetic matrices. Cluster analysis, population
inference and principal component analysis (PCAg¢ated a broad variation among accessions. Pair-
wise analyses of correlation among all traits shbtiat stem diameter was correlated to essential oi
yield and carvacrol content. Therefore, this motpgical trait can be used for indirect selection
regarding quality. Associations between traitsraéliest and genetic markers were tested using five
methods including three general linear model (Glaviy two unified mixed linear model (MLM)
approaches. Significant associations were founddfgkFLP and 24 SAMPL with four key traits
including drug fraction, essential oil yield, cacwal and thymol content. These associations can
constitute a useful starting point for marker-assiselection. Therefore, the results provide s

for molecular breeding ddriganumvulgare L for pharmaceutical purposes.
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I ntroduction

Origanum wvulgare L. is a perennial aromatic herb belonging to thenify Lamiaceae used as
medicinal plant because of the essential oils predun the aerial parts (Skoula and Harborne 2002).
The species is naturally distributed all over Egrodorth Africa and western Asia (Kokkini 1997).
Aromatic leaves and inflorescences of plants adelyiused as a very popular spice in food industry
(Olivier 1997). The biological activity of esserta@ls and herb extracts cause a high pharmacéutica
and industrial interest i®. vulgare, since antimicrobial, antifungal, insecticidal aadtioxidative
effects have been reported (Kulisic et al. 2004&kR4 et al. 2008).

O. vulgare is the most variable species of the ge@uiganum and the only one commonly known as
‘oregano’ in most European countries (Bernath 1998xonomic studies on the basis of
morphological characters have led to the discritionaof several subspecies. letswaart (1980)
distinguished six subspecies @. vulgare, i.e. hirtum, vulgare, virens, viride, gracile and
glandulosum. Only O. vulgare L. subspeciekirtum has the leaf anatomy which corresponds to that of
commercially marketed European oregano (SkoulaHamtorne 2002).

This species has also a high phytochemical polyhienp with several chemotypes which shows
marked spatial segregation in nature (Fleisher Snéer 1982; Chalchat and Pasquier 1998;
D’antuono et al. 2000; RaduSiene et al. 2005). d$sential oil of oregano is composed of carvacrol
and/or thymol as dominant components, followed-bgrpinenep-cymene, linalool and terpinen-4-ol
(Skoula and Harborne 2002). The broad accumulatesisity of carvacrol content in oregano on the
species level is one of the most important goaldreleding, which has resulted in a number of
cultivars of practical importance (Fleisher and &n&982; Sezik et al. 1993; Skoula et al. 1999).
Nevertheless, genetic resources, diversity andnpatdor utilization ofO. vulgare have not yet been
fully explored so that extended research on gersnplégs urgently needed (Novak et al. 2007).
Characters most targeted in breeding of oregariadacthose related to spice productivity, i.e. leaf
and flower-fraction: drug fraction, and pharmacealtiproperties such as essential oil yield and the
content of two strong antimicrobial monoterpenesyacrol and thymol (Franz and Novak 2002;
Makri 2002 ).

The chromosome number 6f vulgare was previously reported to be 2n = 2x = 32 (Salre£840).
Male sterile (nucleo-cytoplasmic) and male ferfilants have been identified in several natural
populations (Kheyr-Pour 1981). Recently, Katsietigl. (2009) have carried out a study to clatify t
phylogenetic relationships and variations of Gré&gkvulgare subsp.hirtum by RAPD (random
amplified polymorphic DNA) markers and rDNA sequesc Efforts to identify SSRs (Simple
Sequence Repeats) derived from ESTs (Expressedesagurags) of epidermal glands on this
commercial subspecies were also reported (Novakl.e2007). In a previous work, we have
investigated the relationships between differebspecies o0. vulgare using two PCR-based marker
approaches, Amplified Fragment Length PolymorphigmFLP) and Selectively Amplified
Microsatellite Polymorphic Loci (SAMPL), and we lealso compared the relative efficiencies of

these two marker systems for surveying intraspegenetic diversity (Azizi et al. 2009a).
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In Europe, approximately 90% of the medicinal anon@atic plant species used commercially are
collected from the wild (Vines 2004). Domesticatiera viable alternative and offers the opportunity
to solve the problem. By bringing medicinal henb®icultivation, conventional and biotechnological
plant breeding techniques can be applied to imprgiedd and uniformity, and to modify
pharmaceutical properties (Canter et al. 2005)ec®ien assisted by genetic markers, hybridization,
polyploidization and mutation are some effectivatsigies to improve medicinal and aromatic plants
(Bernath 2002). A very useful tool for improvingetlefficiency of breeding programmes is the
identification of polymorphic markers associatedthwphenotypic variation for important traits
(Moose and Mumm 2008).

The methodology of association and linkage disdauiim analyses, perfectly suitable for bi-allelic
codominant marker types, mainly SSRs and singléentide polymorphisms (SNPs), has been well
developed and used in a number of plant speciegtéGa al. 2005).

The potential of dominant markers, such as AFLBspadorly explored for association studies.
However, many underrepresented plant species suchoat of the medicinal plants or other crops
with limited genomic information largely rely on mhinant marker types such as AFLPs (Li et al.
2007). The last authors have recently investigiteduse of dominant markers for estimating linkage
disequilibrium in diploid species and developedapgpropriate algorithm. Now, there are a number of
reports on the use of AFLP markers for genome-widege disequilibrium analyses and association
studies in plants (e.g. Hansen et al. 2001; Kraaketaal. 2004; Skgt et al. 2005; Achleitner et al.
2008; Saidou et al. 2009).

Studies on dominant markers suggested that theyoeauccessfully applied to quantify population
structure and assigning individuals to subpoputeti@Q matrix) using a Bayesian approach when a
large number of loci are genotyped (Pritchard e2@D0; Hollingsworth and Ennos 2004; Falush et al.
2007). Dominant markers can also be a useful tooédtimate the kinship coefficients between
individuals within populations (Hardy 2003). Yuadt (2006) incorporated the outcome of population
structure (Q matrix) with the estimation of relateds between individuals obtained through the
marker-based kinship matrix (K) into a unified mixiénear model (MLM) approach. This approach
effectively decreases Type | error rates (falsetipes) and increases the power of the marker-trait
association tests (Yu et al. 2006).

The goals of the present study were: (1) to usebooed AFLP and SAMPL analyses for surveying
genome-wide diversity i©. vulgare, (2) to verify the capacity of the phenotypic artftemotypic
traits for discriminating between accessions, aBg t6 elucidate any trait-trait correlation and
marker—trait association using these molecular erarkogether with quantitative phenotypic and

chemotypic traits.
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M aterials and Methods

Plant Material

A total of 42 accessions d@. vulgare L. were investigated, 39 accessions from the Gatezs
Genebank (IPK Gatersleben, Germany) along withetlodtivated types: ‘Heracleoticum’ from the
seed company Pharmasaat (Artern, Germany), ‘Cratiand ‘Samothrake’ from the company
Syringa (Hilzingen-Binningen, Germany) (Table 1).

All accessions were grown during 2007 and 2008eaté¢search station Rauischholzhausen of Justus-
Liebig-University, Germany. In March, 10 individuplants of each accession (12-day-old, 4-leaves
stage) were transplanted from the seedling bedNntscherlich pots (6L). The soil mixture used in
this experiment was based on a loess soil fromabearch station Rauischholzhausen/Ebsdorfergrund
(Germany). The soil contained 7.8mg P/100 g, 14.8/M@0 g and 1.42mg N/100 g. The sieved soil
was mixed with sand (soil: sand = 1:2 w/w) andilfieed with N, P, K, Mg and CaCO3 to warrant
optimal nutrient supply for plant growth. The mixeail showed pH 6.7 (in #D). Plants were watered
approximately twice a week by a controlled dripgation system. Finally, plants were harvested

individually at the full flowering stage in July.

Phenotypic evaluation

Phenotypic data were recorded on 12 quantitatastrelated to the agronomic and morphological
characters and averaged across ten individual planeéach accession. These evaluations comprised
plant height (PH, cm), the number of branches (NBanch length (BL, cm), stem diameter (SD,
mm), the number of nodes per stem (NN), distancatefnodes (DI, cm), the number of leaves per
node (NL), leaf length (LL, cm), leaf width (LW, ¢ndry mass (DM, g/plant, air dried mass at 40°C),
drug fraction (DF, g/plant, leaf- and flower-framii as determined by separating it from the stem
manually) and essential oil yield (EQY, %). To m@asessential oil content of each accession, hydro-
distillation method (see belowssential oil extraction) was performed.

To access trait variability and significant diffaoes between accessions, analysis of variance
(ANOVA) was performed using the SPSS version 165&PChicago, lllinois, USA). The character
means were compared using the least significafdrdiices (LSD) test at the 5% probability level.

Furthermore, Pearson correlation coefficients wateulated using all investigated traits by SPSS.

Phytochemical Assessment

Essential oil extraction. Samples of at least 20 g of dried leaves an@nesicences were hydro-
distilled for 3h using a Clevenger-type apparatbsrgpaische Arzneibuch 1997). The essential oil
yields were gravimetrically (w/w) quantified. Eashmple was analyzed three times and the average
yield of essential oil was used for statistic eadilon. The essential oil obtained was kept at 4@l

further analysis.
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The identification of individual components of teesential oils was realized by gas chromatography—
mass spectrometry (GC-MS). For quantification pseso percent values of peak areas were
determined by gas chromatography—flame ionizateteator (GC—FID). A Varian 3900 GC coupled
with a Varian Saturn 2100T ion trap mass deteatar @ Varian CP-3800 GC-FID were employed.
The chromatographic procedures have been previodescribed by Azizi et al. (2009b). The
identification of components of the essential adswachieved on the basis of comparison of Kovat's
retention indices (KI) with those of literature datAdams 1995; Figuérédo et al. 2006) and mass
spectrometry by the comparing mass spectra of tkeawn peaks with those stored in the Wiley 90
and NIST 98 mass libraries. Kovat's retention iedievere calculated from the gas chromatogram by
linear interpolation between bracketing n-alkankegbéck and Sutton 1983). The contents of all
constituents identified and quantified in the efiskmwils was subjected to an ANOVA, applying a

least significant differences (LSD) test, using 8RSS, to test differences between accessions.

Genotyping by AFLP and SAMPL analyses

Total genomic DNA was extracted from young leav30(mg per plant) of 5-week-old plants using a
modified CTAB (cetyltrimethyl ammonium bromide) pexlure according to Doyle and Doyle (1990).
After RNAse treatment, DNA content was quantifieging NanoDrop ND-1000 UV-Vis
Spectrophotometer (Labtech International, Ringraarited Kingdom). Genomic DNA of 10 plants
per accession was bulked and diluted to 25 ng/pkwwg solution.

The AFLP analysis (Vos et al. 1995) was conductedescribed by Azizi et al. (2009a). The SAMPL
procedure used here is according to Vogel and #&c(1898). Pre-amplified AFLP library was used
as template for selective amplification using fleswent dye-labelled SAMPL and Msel+3 primers.
The parameters for PCR reactions have been prdyidascribed by Singh et al. (2002). Twenty four
primer combinations were tested for both AFLP adMBL analysis. Out of them, three were
selected (Table 2) for each marker on the basikeaf ability to generate informative data and eslu
of resolving power (see Azizi et al. 2009a). Sélecamplification products were separated on 8%
denaturing polyacrylamide gels using a LiCor 4200/DAnalyzer. Fragment's size was estimated in
comparison to a 50-750bp labelled DNA-ladder. ARl SAMPL fragments were detected using
the RFLPscan 2.1 software package (Scan analfgagax, USA). The bands were scored for their

presence (1) or absence (0) across 42 accessions.

Cluster analysisand principal components analysis

All polymorphic AFLP and SAMPL markers were comiinand employed to calculate genetic
similarities using the DICE coefficient (Dice 1948)software NTSYS pc 2.20e (Rohlf 2000). From
the similarity data, genetic distance were caledator each pair of accessions (distance = 1 —
similarity) and used for UPGMA clustering in NTSY#: Cluster reliability was measured by

bootstrap analysis with 1,000 random re-samplinggushe Winboot software (Yap and Nelson
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1996). The goodness of fit of the clustering corepato the basic data matrix was also tested by
computing the co-phenetic correlation coefficiesing normalized Mantel statistics Z test (Mantel
1967) via the COPH and MXCOMP procedures of NTS¥S-p

In order to provide an overall distance measurevdéen the accessions based on 12 phenotypic traits
and 18 major chemical components, principal compbramalysis (PCA) was conducted on the
accession means for each observed character usemgNTSYS-pc. The selected variables
corresponded to the major chemical components septimg more than 10% of the total composition
of the essential oil in at least one accessiontrAits were standardised by subtracting the maarev

and dividing by the standard deviation; this alloeducing the effects of different scales.

Comparison of distance matrixes

Euclidean distances were computed between accedsi@ed on the quantitative phenotypic traits and
major chemotypic characters (major components isergfal oils). In order to investigate the
congruencies between phenotypic, chemotypic andrgendistances, the genetic distance matrix
based on combined dataset of AFLP and SAMPL, thelid®an phenotypic distance matrix and
Euclidean phytochemical distance matrix were comgbarsing Mantel tests (Mantel 1967) by the
MAXCOMP routine of NTSYS-pc. The normalized Mansghtistic Z was used to determine the level
of association between the three matrices. Sigmifie of Z was determined by comparing the
observed Z values with a critical Z value obtaibgdcalculating Z for one matrix with 1000 permuted

variants of the second matrix.

Population inference

In order to infer population structure among acioess the AFLP and SAMPL polymorphic markers
were analyzed by dominant-marker model of the cderpprogram STRUCTURE (Pritchard et al.
2000; Falush et al. 2007). STRUCTURE version 2.8/4s used to assign accessions into
subpopulations (K). Posterior probabilities of Rr{(X | K)) were obtained for K=1 through K=10
clusters using the Admixture model, which allows fmwtential recombination between inferred
clusters. Five runs were completed for each K, #iB,000 iterations, following a burn-in period of
50,000 iterations to find the optimal number of goulations and membership of each accession. We
inferred the number of subpopulations accordinBritchard et al. (2000) with posterior probabiktie

of K calculated assuming uniform priors on K andngsfor each K the maximum value of the

probability of the data given K obtained over reales.

Association analyses

Association tests between quantitative traits antymporphic AFLP and SAMPL markers were
carried out across all accessions using the sa#tWakSSEL, version 3.0 (released April 2009,

Bradbury et al. 2007). This software determine®eason between genomic sites and phenotypes,
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while accounting for population structure and figiatkinship. The mean values of 12 phenotypic
traits and 6 major components of essential oilg fsgure 1) were included in the analyses. Five
different approaches were used to control for falsstive results in association tests (Table 8stF

a general linear model (GLM) was tested to detexdles marker effects on quantitative traits. This
model does not account for population structureagsotential cause of the genotype—phenotype
relationship. In the second GLM model, Principatnponents (PC) 1 through 3 (P were used as
quantitative covariates. For third GLM model estiesaof the population structure obtained from the
program STRUCTURE were incorporated into the mdadelusing covariates that indicate percent
contribution to each accession by a specific subjadipn (Q-matrix).

A fourth and fifth model were tested using a umifimixed linear model (MLM) following Yu et al.
(2006). One contained the relative kinship matskineated from molecular marker data among all
accessions, and the second contained the kinshijxri®) plus the population structure (Q). P vadue
for association tests were obtained from the Fevalueffects of each marker locus on trait values.
Significance of F values was confirmed by 1000 pdations for each marker. The trait was
considered to be significantly associated with akewalocus when both the P value from the F test
and the experiment wise P value from the permutaist were <0.01. Phenotypic variance values

(partial R ) were computed for the fixed marker effects.

Results

Polymor phisms and Cluster analysis

The six selected AFLP and SAMPL primer combinatigiedded a total of 572 scorable fragments
across 42 accessions, of which 477 were found fmbenorphic (Table 2) ranging in size from 50 to
470 bp. Dice genetic similarity (GSD) for all aceesis under investigation varied from 0.17
(accessions ORI23 vs. Samothrake) to 0.68 (ORI4O®RI49 both from Germany) with an overall
mean of 0.39 (data not presented).

The mean values of all investigated accessionedoh of the 12 measured quantitative traits related
to agronomic and morphological characters are pteden Table S1. The results from the analysis of
variance (ANOVA) revealed that the examined acoesspfO. vulgare were highly variable in all
evaluated phenotypic characters (P<0.05). A tdtéPovolatile compounds were detected in essential
oils by GC and GC/MS analyses. The mean value®lative percentage amounts of the 18 main
compounds are shown in Table S2.

The chromatographic fingerprints showed the preseasfchigh intraspecific diversity of chemical
constituents in the essential oils from the acoessofO. vulgare. Dominant components in essential
oils, that determine different chemotypes, werer fmonoterpenes including carvacrol, thympd,
cymene andy-terpinene and two sesquiterpenes includhgaryophyllene and germacrene-D. In

comparison to other reports @ vulgare (e.g., Sezik et al. 1993; Skoula et al. 1999; Riano et al.
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2000; Skoula and Harborne 2002), relatively hightent of germacrene-D was found in essential oils
investigated in our study.

The UPGMA cluster tree based of genetic distandes- (Dice’s similarity) estimated for 477
polymorphic markers is shown in Fig. 1. In genethé main clusters of oregano genotypes were
supported by high bootstrap values, indicatingrédebility and stability of the relationships agiv

as the robustness of the molecular marker datddet. high co-phenetic correlation coefficient
obtained (r = 0.89) confirmed also this trend. @eadrogram revealed two main clusters (Fig. 1). The
first node separated the cultivated types of ators along ORI28, ORI34 and ORI45 from another
ones that split afterwards into three subclusters.

The relative expression of the oregano accessimngivelve phenotypic traits and six chemotypic
characters is shown as a heat map in greyscakg.ii. Dark colours indicate high-numerical values
for the trait, and light colours indicate low vatue-or example, cultivated types of accessions,
‘Heracleoticum’, ‘Creticum’ and ‘Samothrake’ can laentified by their high values for CAC,
carvacrol content (dark in the first column of [af)d EQY essential oil yield (dark in the secorsl la
column of [d]). The accessions ORI25, ORI29 and @QRkhows a high expression of THC, thymol

content (dark in the second column of [c]).

Inferred population structure

Analysis of 42 accessions with 477 AFLP and SAMP4rkers identified six distinct subpopulations.
The value ofPr(X|K) was optimized at K = 6 for most numerical solusioifhe membership of
accessions in K = 6 subpopulations (Table S2) wgishjnconsistent across multiple solutions. The
resulting subpopulation numbers based on maximwpgstion of membership of accessions in the
subpopulations are shown in Fig. 1b. These infestdgpopulations are in close agreement with the

major clusters in Fig. 1a.

Principal components analysis and correlation tests

In order to define phenotypic and chemotypic relahips among the accessions, main values of
phenotypic traits (Table S1) and essential oiadaiable S2) were elaborated to conduct a principal
components analysis (Fig. 2). The subpopulation beus (k 1 through 6) based on maximum
proportion of membership estimated by STRUCTURBE\aig of genetic markers (Table S3) were
also presented in Fig. 2 to gain further insight@figruencies among DNA, chemical and phenotypic
variations. The first two principal components (H@3tified 19.5 and 14% of the total variation
among 18 main chemical characters and 25.9 and4dl %5 the total variation among 12 phenotypic
traits (Fig. 2b), respectively. PCA revealed théstece of a high morphological, agronomic and
phytochemical variations amon@. vulgare accessions so that along the first two principal
components, all the accessions are clearly diffextenl from each other on the scatter diagrams (Fig

2a,b). The PC-ll based on chemical compounds weleta separate the accessions containing the
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desirable monoterpenes, carvacrol, thymol and freicursorp-cymene y-terpinene from the other
accessions containing the undesirable sesquiterpacte asf-caryophyllene and germacrene-D and
etc. (Fig. 2a).

The distribution of the 42 accessions on the chgpmotplot (Fig. 2a) was notably different from that
on the phenotypic plot (Fig. 2b). The plots aldosirate that the grouping patterns based on 477
AFLP and SAMPL markers (accessions with the samesulpopulation numbers) have more
congruency with chemotypic characters than withgjtetive agronomic and morphological traits.

The Mantel tests also showed that there was aiv@hathigh, significant correlation between two
distance matrices based on the genetic markersHARd SAMPL) and the chemical compounds of
essential oils (r = 0.65), confirming the congruemé interaccession relationships in Bevulgare
revealed by the chemical and molecular markers. Tiarices obtained by phenotypic data
(quantitative morphological and agronomic traitedd anolecular marker data analyses revealed a
moderate but significant correlation (r = 0.27)eT¢hemical variability found between the analysed
accessions was also significant but weakly comedlatith the phenotypic attributes (r = 0.14).

Pearson correlations (Pearson coefficients: r) éetaphenotypic and chemotypic traits among 42
accessions oD. vulgare (Table S4) showed that there is significant pesittorrelation (P<0.05)
between some agromorphological characters withntiegs and drug fraction. These traits included
plant height (r = 0.350 and 0.291), number of bhasdr = 0.494 and 0.403), branch length (r = 0.269
and 0.215) and number of nodes per stem (r = GBAD.295). For two economically important traits
for oregano, essential oil yield and carvacrol eahtonly one morphological trait, the stem diamet

found to be positively correlated to these traits 0.585 and 0.553).

Marker-trait associations

A test of associations between 477 AFLP and SAMRItkers, 12 quantitative phenotypic traits and 6
chemotypic characters detected significant manket-associations for all traits using at least ohe
the simple or population structure controlling migdeéA total of 8,586 (477 markers x 18 traits)
association tests were performed by each of tree fiedels. Of these, 91, 42, 32, 74 and 68 were
significant (results not shown) at the nominal sfn@d of P = 0.01 based on models 1, 2, 3, 4 and 5,
respectively (table 3). The number of detectedii@mt associations decreased in almost all traits
when population structure was accounted for eacM ®L MLM model. The number of significant
associations varied also across traits, ranging #iao 19 for number of branches (NB) and GF¥C
terpinene content, respectively (results not shown)

Associations between 28 markers and four major@oarally important traits are presented in Table
4. These traits include drug fraction (DF), esséril yield (EQY), carvacrol content (CAC) and
thymol content (THC). The table also shows the prtipn of phenotypic variance {Rof the traits
explained by markers detected by significance basdtie five models. The effects of AFLP-2_31 on

two traits, EQY and CAC, were significant by allditested models. Eleven markers were found to be
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associated to THC, and association with the higRésalue for a trait was obtained for SAMPL-3_60
influencing THC (Table 4).

Discussion

Polymor phisms

This study represents a multidimensional appro&ett tcomprehensively investigates the genetic
diversity within a collection ofO. vulgare and assesses its structure based on two PCR-based
molecular marker systems (AFLP and SAMPL), quatn#aagronomic and morphological traits and
chemical compounds of essential oils. Despite tlasvidack of being dominant markers, the major
advantage of combined AFLP and SAMPL analysis gscépacity to cover the whole genome, as
specified by restriction sites and microsatelliei| to detect polymorphisms comparative to single
analysis alone, making this strategy a very poweofal for population studies. In the absence oRSS
markers, as is still the case @ vulgare, these two marker systems appear to be highlaldeitfor
genetic diversity studies of oregano (Azizi et20009a) and other medicinal plants (Sing et al. 2002
Sarwat et al. 2008).

In the present study, the UPGMA clustering, infdrpopulation structure and principal component
analysis based on genetic markers, quantitativenagiphological traits and chemotypic characters
revealed a high level of polymorphisms. This firgdiis in good agreement with earlier reports by
Chalchat and Pasquier (1998), D’antuono et al. 0Radusiene et al. (2005) and Katsiotis et al.
(2009). However, commercial accessions investighted showed a relatively low variance for their
phenotypic and chemotypic characters.

In this study, the grouping patterns betwé&nvulgare accessions provided by three methods of
diversity analysis, were rather different. For epganby AFLP and SAMPL markers accessions such
as ORI47 and ORI49 with the highest similarity swoged together (Fig. 1a,b) while phenotypic
analysis detected a high variation between theng. (Ed). This difference may be related to
phenotypic plasticity of the plants in response&ltanges in the habitat environment (West-Eberhard
1989). This phenotypic plasticity could also beuwidy inspected in the heat map of the traits (Fig.
1d). As another example, the accessions ORI31 &REBDwith a high similarity, as grouped by
molecular markers in the same subpopulation, werg variable in many of phenotypic traits (Fig. 1).
Population genetic structure is determined by jeiifiécts of many factors including mating system,
natural and artificial selection, mutation, migoatiand dispersal mechanism, drift, etc. (Hamrict an
Godt 1989). The reproductive system is one of thygortant life-history characteristics that strongly
influences genetic variability (Clegg et al. 199R).0. vulgare, the mating system is mostly cross
pollination (Kheyr-Pour1981) which can cause a high level of genetic polphism and this
variation may eventually led to differences in thenetic control of accumulation of monoterpenes

such as carvacrol, thymgb:cymene and-terpinene in the essential oils (Gershenzon Anote2wu
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1990). This wide variation in essential oil compiosi presumably has ecological advantages in
protecting plants against different pests (Houghs@m and Hahn 1992).

In applied breeding for medicinal plants’ improverhechemotypic and genetic distances between
genotypes are expected to provide predictors fyin hieterosis effects on pharmaceutical qualities an
yield performance of their hybrids. In the presstudy, a high expression of germacrene-D (an
undesirable compound) was observed in many wilésstons (Fig. 1c). Nonetheless, among these
accessions, based on thymol content, essentigliedd and drug fraction, ORI8, ORI25, ORI27,

ORI29, and ORI37 showed promising performancecthatbe exploited in breeding programmes.

Distance matrix congruencies and trait-trait correlations

The mantel test showed that there was a relatiliglly significant correlation between the distance
matrix based on the chemical compounds of essaitia{terpenes) and the distance matrix based on
the combined data set of AFLP and SAMPL markersfiguing the congruence of interaccession
relationships irD. vulgare revealed by the chemical and molecular markeris ddngruence supports
the RAPD - terpenes correlation in a previous stoiglyuniperus spp.(Adams 2000) and the ISSR -
terpenes correlation reported fBrimula ovalifolia (Nan et al. 2003). High correlation between
genetic and terpenoid distance matrices was alsainalal in other aromatic and medicinal plants
belonging to thed_amiaceae family such asOcimum gratissmum (Vieira et al. 2001) andhymus
vulgaris (Echeverrigaray et al. 2001).

Hannover (1992) has provided evidence that terpheenotypes are strongly controlled by genetic
factors but this author also reported instancesnefronmental variation in terpene expression under
extreme habitat conditions. In this case, genetaptation to the specific environment of the grayin
site is a factor to be taken into account (Curatiale 2006). Genetic control of the chemical
characteristics of thyme plants belonging to Liaeniaceae has been proven, so the monoterpenes
accumulated by the plant are controlled by a serfdsci with epistatic relationships (Vernet et al
1986). It is therefore necessary to analyse botanfative Trait Loci (QTL) and genetic markers to
better explain the relationship between the twe sétvariations.

The correlation between genetic variability and phenotypic (agro-morphological) attributes of the
analysed accessions was found to be only mediuisiclear that such correlation estimates would be
more when there is an association between thedowirolling the targeted morphological traits
(QTLs) and the scored bands and when a large nuaflmeorphological traits are evaluated (Schut et
al. 1997; Lefebvre et al. 2001). However, the matercorrelation (r = 0.27) between AFLP and
SAMPL markers and 12 agro-morphological traits cketed in the present study is considerably higher
than that between RAPD markers and 12 morphologicatacters (r = 0.12) estimated in wheat by
Méric et al. (2004).

The trait-to-traitcorrelations between the major chemical componants morphological characters
should be considered when selecting the pareneahchand phenotypes from oregano populations

for breeding of pharmaceutical qualities. Morphatag traits as indicators of chemotypes to be
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selected would be most useful. For example, mogaicdl traits with a high correlation to essential
oil yield and content of phenolic monoterpenes lisas carvacrol and thymol) could provide a useful
tool for indirect selection in breeding of pharmatieal value ofO. vulgare, if the expression of
essential oil-related traits cannot reliably be suead during a breeding programme.

It is interesting that in the present study theeremmany strong correlations between chemical, and
agro-morphological traits (Table S4). Stem diametarid be considered as an indicator for indirect
selection and breeding for two economically impotrtiaits in oregano, i.e. essential oil yield and
carvacrol content. Stem diameter is also negativadyrelated to the undesirable compound
germacrene-D in essential oil (r = -0.424). Oudiimgs underline the results of previous studies on

otherLamiaceae plants such allentha spp. (Mirzaie-Nodoushan et al. 2001).

Mar ker-trait associations

The aim of marker-traiassociation analyses in the present work was tetitote a starting point for
marker-assisted selection i®©. wulgare using AFLP, SAMPL, chemical and phenotypic
polymorphisms. The whole-genome association anslyse AFLP, SAMPL markers dispersed
throughout the genome could lead to the identificatof a number of markers with significant
associations to some economically and pharmacdutitaportant traits. We have identified four
AFLP and 24 SAMPL markers associated to traits tikeg fraction, essential oil yield, carvacrol
content and thymol content (Table 3). SAMPL markeeem to be more effective for association
analyses as in our previous study, this markeresysivas found to be useful for studies on
intraspecific diversity and relationships amdngvulgare subspecies (Azizi et al. 2009a)

Considering that mapping data for the AFLP and SAMRarkers were not available, we were not
able to examine the extent of disequilibrium amasgociated markers, so that it is not possible to
speculate on the degree of disequilibrium betweentified markers. However, the identified novel
allelic variation for these important traits shoudd of considerable interest for breeding purposes,
since the gene-linked SSRs and locus-specific S still not developed fd. vulgare.

The significant associations resulting from an gogmized population structure are considered to be
false positives. Therefore, we have used five dbfie approaches for marker-trait association
analysing to correct the effect of population simee. In the five models performed in the present
study, using inferred population structure ‘Q’ (pootion of membership of accessions to sub-
populations) or kinship matrix ‘K’ (general simitgr based on shared kinship) for GLM or MLM
models, decreased the number of detected signifiaasociations and also reduced Wilues
(proportion of phenotypic variance explained) foognof the traits. In agreement with Achleitner et
al. (2008), who have analysed associations of Alwdtkers with quantitative traits among oat
varieties, the lowest Ralues were obtained when the combination of QRtrand ‘K’ was used in
MLM (Yu et al. 2006) model (Table 4, fifth numeral)

Marker-trait associations found in the present wtuere supported by 1,000-times permutated P-

values of the GLM and MLM models. However, it isllgbossible that some of the marker-trait
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associations identified in our study are false s, therefore further validation is requiredrthar
mapping studies in segregating populations wilphel confirm whether the associated markers are
linked to QTLs influencing the traits and to confiwhether any of these QTL effects are caused by
orthologs of known genetic factors. The validat@nQTLs for the traits of interest can also be
assisted by functional genomic studies.

Studies on QTLs linked to synthesis pathways dedéht monoterpenes in aromatic plants of the
Lamiaceae family are very rare. Although there is no infotroa on the mode of inheritance of
carvacrol and thymol contents 0. vulgare, it has been reported that biosynthesis of these t
phenolic monoterpene ifhymus wulgaris is governed by an epistatic series of severalybibetic
loci (Vernet et al. 1986). However, with regardotoad variation in the essential o0il ©f vulgare, the
biosynthetic pathway of carvacrol and thymol seérse different and more complicated. This makes
it difficult to detect QTLs for this pathway andsalto identify individual genes because specific
pathway branches control the synthesis of diffenemoterpenes.

However, the markers showing strongest effectooan économically and pharmaceutically important
traits investigated in this study, could be startpoints for further studies, marker assisted sielec
and practical breeding. Among the markers listethbie 3, based on the size of Wlues, and the
coassociation with more than one trait, there lareet markers that are most interesting candidates f
further work: 1) Marker AFLP-2_31 may be used iredding for pharmaceutical quality because it
was co-associated with two key traits, essentiayield and carvacrol content; however the marker
effects (R values) were relatively lo@Table 3). Il) Marker SAMPL-1_18 which is relateslthe drug
fraction would be another considerable candidatdotmw. Ill) The relatively strong effect of
SAMPL-3_60 on thymol content EF\’/alues: 0.23, 0.19, 0.19, 0.17 and 0.09) couldantkseful for
marker assisted selection of this very importanina@orobial compound (Table 3). The markers we
identified can potentially help to improve the pgiyic, complex quantitative traits related to

pharmaceutical quality @. vulgare.

Conclusions

A broad variation was found among oregano accessigmAFLP, SAMPL, chemical and phenotypic
analyses. Significant correlation between two distamatrices based on the genetic marker systems
AFLP and SAMPL and the chemical compounds of egslenits indicated the congruence of inter-
accession relationships @. vulgare revealed by the chemical and molecular markerdewttie
phenotypic data and molecular markers revealed derate correlation. Analyses of trait-trait
correlations and marker-trait associations showbdt tstem diameter, an easily measurable
morphological trait, could be considered for indireselection. Finally, three molecular markers,
AFLP-2_31, SAMPL-1_18 and SAMPL-3_60 may be incldilde marker-assisted programmes to

improve breeding efficiency of pharmaceutical prtips.
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Fig. 1 (a): UPGMA dendrogram showing genetic relatedrestsveen 42 oregano accessions based on 477
AFLP and SAMPL markers. Bootstrap values obtainesni,000 re-samplings higher than 50% are

indicated at the branch nodes. (b): The subpopuatiumbers based on

maximum proportion of

membership of accessions estimated by STRUCTURHEysisa(see Table S3). (c) and (d) are the
greyscale panels of six major chemotypic charackad twelve phenotypic traits, respectively. Dark
colours indicate high numerical values for the tfraind light colours indicate low values. Trait
abbreviations: PH plant height, NB number of bras;BL branch length, SD stem diameter, NN number
of nodes per stem, DI distance of internodes, Nimlmer of leaves per node, LL leaf length, LW leaf
width, DM dry mass, DF drug fraction, EOY essentdl yield, CAC carvacrol content, THC thymol
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content, PCCp-cymene content, GTC-terpinene content, BC(3-caryophylene content, GDC
Germacrene-D content
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Fig. 2 Diagram showing the relationships among 42 aceessfOriganum vulgare based on Principal
Component Analysis (PCA) using chemotypic (a) anerotypic (b) data. K1-6 represent the
subpopulations estimated by STRUCTURE analysisragf 4FLP and SAMPL markers. The numbers
represent the accession number and C, H and Siltirated types ‘Creticum’, ‘Heracleoticum’, and
‘Samothrake’, respectively.
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Tables

Table 1. Sources and origin of the oregano accessionstigaésd

Accession no/name Seed source Country of origin
ORI 2 Gatersleben Genebank Germany
ORI 6 Gatersleben Genebank Hungary
ORI 7 Gatersleben Genebank *

ORI 8 Gatersleben Genebank *

ORI 10 Gatersleben Genebank Italy

ORI 11 Gatersleben Genebank Italy

ORI 12 Gatersleben Genebank Italy

ORI 13 Gatersleben Genebank *

ORI 14 Gatersleben Genebank Georgia
ORI 15 Gatersleben Genebank Georgia
ORI 16 Gatersleben Genebank Italy

ORI 17 Gatersleben Genebank Italy

ORI 18 Gatersleben Genebank *

ORI 19 Gatersleben Genebank *

ORI 20 Gatersleben Genebank Georgia
ORI 21 Gatersleben Genebank *

ORI 23 Gatersleben Genebank *

ORI 24 Gatersleben Genebank Albania
ORI 25 Gatersleben Genebank Albania
ORI 26 Gatersleben Genebank *

ORI 27 Gatersleben Genebank Italy

ORI 28 Gatersleben Genebank Albania
ORI 29 Gatersleben Genebank Italy

ORI 30 Gatersleben Genebank Italy

ORI 31 Gatersleben Genebank Albania
ORI 33 Gatersleben Genebank Spain
ORI 34 Gatersleben Genebank USA
ORI 35 Gatersleben Genebank Italy

ORI 36 Gatersleben Genebank *

ORI 37 Gatersleben Genebank Italy

ORI 39 Gatersleben Genebank *

ORI 40 Gatersleben Genebank Italy

ORI 41 Gatersleben Genebank Italy

ORI 42 Gatersleben Genebank CSFR
ORI 43 Gatersleben Genebank Albania
ORI 45 Gatersleben Genebank *

ORI 47 Gatersleben Genebank Germany
ORI 49 Gatersleben Genebank Germany
ORI 50 Gatersleben Genebank Germany
Heracleoticum Pharmasaat, Artern Germany
Creticum SyringaHilzingen-Binningen Germany
Samothrake Syring&lilzingen-Binningen Germany

*) unknown



Table2 SAMPL and AFLP primer combinations used for gepotg42 accessions @. vulgare and total
number (n), number of polymorphic bands (np) aadolving power (Rp) of primer combinations

Primer combination

Rp n np
AFLP-1 E-CAT x M-CAT 299 103 77
AFLP-2 E-ATG x M-CCG 283 76 65
AFLP-3 E-CAG x M-CTC 341 106 72
SAMPL-1 G(TG)4(AG)4A x M-ACG 306 99 92
SAMPL-2 G(TG)4(AG)4A x M-GTG 243 92 89
SAMPL-3 C(AC)4(AG)4A x M-CAG 248 96 82
Total 572 477

Table 3 Methods performed for association analyses betwasacular markers and quantitative

traits (phenotypic and chemotypic) ©figanumvulgare L.

M odel

Data setsused in the Analyses

1- GLM
2-GLM
3- GLM
4- MLM
5- MLM

(Phenotype, Chemotype) + (AFLP, SAMPL)

(Phenotype, Chemotype) + (AFLP, SAMPL) + (CovariaRS;.3)
(Phenotype, Chemotype) + (AFLP, SAMPL) + y@oates: Q.

(Phenotype, Chemotype) + (AFLP, SAMPL) + (K)

(Phenotype, Chemotype) + (AFLP, SAMPL) + (KYCovariates: Qs)

Abbreviations: GLM general linear model, MLM mixédear model, PC principal components,

‘Q’ (population structure that results from théstence of subpopulations)

‘K’, Kinship matrix (general similarity in genettwtackground arising from shared kinship).
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Table 4 Proportion of phenotypic variance3Rf four key traits explained by AFLP and SAMPL nkers detected by significance of
five models of association analysis: First num#meugh fifth are Rbased Model 1 through 5 (see Table 3)

L ocus

DF

EQY

CAC

THC

AFLP-2 31
AFLP-2 44
AFLP-3 6
AFLP-3 44
SAMPL-1_3
SAMPL-1_18
SAMPL-1 25
SAMPL-1_54
SAMPL-1 56
SAMPL-1_65
SAMPL-1_68
SAMPL-1 81
SAMPL-2 2
SAMPL-2_14
SAMPL-2 21
SAMPL-2_29
SAMPL-2_82
SAMPL-3 9
SAMPL-3 43
SAMPL-3 49
SAMPL-3 54
SAMPL-3 55
SAMPL-3_60
SAMPL-3 66
SAMPL-3 71
SAMPL-3 73
SAMPL-3 78
SAMPL-3 79

0,16 0,13 0,16 0,16 0,04

0,18 0,15 0,15 0,18 0,09

0,12 - 0,20 0,09 0,01

0,12 — 0,20 0,09 0,01

0,14 0,12 0,13 0,14 —

0,10 0,08 0,05 0,06 0,02

- 026 011 —

0,23 0,13 —
0,28 — —

0,03 -—
0,02 -—
0,05 -—
0,08 -—

043 — 0,04

0,24 0,09 — 0,08 0,04

0,32 — -
- 007 -—

0,04 -—
0,04 —

034 009 — 004 -—

018 — — - -
- 009 — 004 -
017 — — - -
004 —

0,13 0,10 0,08 0,093
0,15 0,10 0,09 0,02

0,10 —

020 — — - -

032 — - -
0,16 —

0,06 —
0,05 -—

011 -—
0,08 —
0,09
0,07 0,06 0,02

022 — - - -

0,20 -— -

0,10 — 009 -

0,01 —

0,20 0,07 — 0,06

020 — — - -

0,08 —

- 017 0,17 0,13
0,19 0,12 — 0,10

0,03
0,10

0,14 -— - 004 -—

0,18 — -

015 — — - -

0,15 0,16 0,14 0,10
0,10 0,16 0,12 0,08
019 — - 007 -—
0,18 0,14 0,13 0,08
0,23 019 0,19 0,17
- 0,13 0,13 0,05

0,07
0,05

0,07
0,09
0,10

0,24 012 0,09 0,05 0,02

The R values shown correspond to the significance okaraat P < 0.01and) indicates that the model represented by the nalmethis position did
not meet the P < 0.01 criterion. Trait abbreviaidF drug fraction EQY essential oil yieldCAC carvacrol contenfHC thymol content.
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Supplementary Materials:

Table S1. Mean values for 42 accessions of Origanum vulgare L. for 12 quantitative agronomic and
morphologic traits

AcCCS. PH NB BL SD NN DI NL LL LW DM DF EOY
ORI-2 59,7 329 51,4 32 26,4 21 6,9 231 20,1 70,0 42,2 0,06
ORI-6 56,0 22,0 51,6 3,6 14,2 4,0 13,6 37,6 254 36,2 22,6 0,04
ORI-7 50,3 7,7 46,2 2,5 22,7 21 58 21,2 16,1 33,0 234 0,34
ORI-8 71,0 46,7 55,3 2,6 23,6 25 7,6 21,7 17,8 77,2 45,2 0,22
ORI-10 44,2 29,2 39,2 2,8 19,6 24 6,4 27,8 19,8 41,7 28,6 0,13
ORI-11 51,1 8,1 47,6 32 131 39 11,5 31,8 23,0 44,5 29,3 0,44
ORI-12 63,5 15,4 56,6 2,6 17,8 41 7,0 27,1 17,5 45,7 289 0,14
ORI-13 61,4 6,8 56,5 2,8 15,8 3,7 4,6 315 19,8 26,6 191 0,08
ORI-14 65,8 17,5 56,3 29 15,8 39 7,1 238 17,1 52,6 34,6 0,07
ORI-15 71,3 18,4 53,5 2,7 17,0 4,1 8,7 259 16,3 48,6 28,8 0,11
ORI-16 75,9 26,4 66,4 2,5 21,2 35 6,8 251 18,9 59,6 40,1 0,23
ORI-17 62,2 31,4 49,8 24 154 4,0 8,2 30,5 19,0 67,6 35,9 0,20
ORI-18 64,0 24,2 61,1 2,6 134 53 7,0 30,7 20,4 47,9 28,6 0,23
ORI-19 46,4 34,8 36,6 2,2 15,9 31 6,0 28,3 20,1 40,1 24,3 0,26
ORI 20 38,0 24,2 32,5 23 18,7 23 7,0 315 19,9 27,5 18,0 0,35
ORI 21 69,6 22,1 57,9 29 17,9 31 6,6 28,1 21,4 351 21,3 0,14
ORI 23 46,5 22,3 38,6 33 16,5 25 6,2 28,6 20,2 40,6 28,6 0,06
ORI 24 46,4 17,8 38,5 2,7 13,5 31 55 36,1 231 39,8 27,0 1,04
ORI 25 68,0 20,0 52,2 39 16,6 3.2 6,5 36,7 24,3 36,7 26,6 1,18
ORI 26 51,6 27,2 45,1 3,0 14,4 4,5 6,2 27,9 20,3 55,6 33,6 0,19
ORI 27 71,7 34,5 61,3 2,7 22,8 31 79 234 19,5 74,5 48,9 0,22
ORI 28 59,8 17,7 47,4 45 26,8 2,0 15,3 389 243 50,2 335 241
ORI 29 49,8 15,8 42,5 2,7 12,2 41 8,0 232 21,6 39,6 257 0,15
ORI 30 51,1 251 46,5 32 14,0 4,0 20,2 29,3 21,9 53,1 34,9 041
ORI 31 65,9 46,8 56,0 3,0 257 23 5,6 27,6 21,5 65,4 36,5 0,38
ORI 33 39,2 254 35,8 3,7 13,7 3,6 16,1 234 17,1 32,8 224 112
ORI 34 70,1 18,6 60,7 4,2 20,2 44 83 20,8 18,3 44,0 244 2,86
ORI 35 45,6 19,7 40,0 33 10,2 44 6,4 241 18,5 51,3 324 0,13
ORI 36 49,3 43,9 44,5 35 19,6 2,6 8,1 219 17,4 56,0 30,7 0,06
ORI 37 49,3 20,0 39,5 35 11,8 39 81 257 234 46,0 285 0,77
ORI 39 51,9 16,6 47,1 34 14,6 44 73 25,6 224 332 21,8 0,08
ORI 40 48,9 31,6 36,8 45 15,6 2,3 10,3 238 17,2 61,2 394 0,10
ORI 41 63,0 244 50,3 3,6 22,5 29 55 33,7 22,8 55,6 35,0 0,31
ORI 42 54,0 15,7 40,8 3,7 20,7 2,7 9,3 238 16,2 357 22,9 0,67
ORI 43 61,2 37,0 48,0 43 21,7 21 9,3 22,3 20,6 54,6 36,1 241
ORI 45 44,0 48,0 34,9 4,2 20,2 23 12,7 231 17,1 32,2 23,0 0,49
ORI 47 51,2 134 42,8 34 19,5 2,4 8,7 20,8 16,0 40,1 26,9 0,19
ORI 49 453 23,0 29,3 34 17,6 19 21,2 21,3 16,3 31,0 22,2 0,07
ORI 50 56,3 32,5 47,1 29 19,7 2,6 16,4 233 17,2 64,1 37,9 0,16
ORI-H 63,4 20,0 57,3 47 16,6 38 7,6 238 18,9 49,6 33,7 2,90
ORI-C 57,8 22,7 40,8 51 17,4 29 9,5 30,5 231 69,9 42,7 3,24
ORI-S 59,8 22,6 48,4 41 15,8 3,6 7,7 241 18,5 55,2 36,1 3,85
SE 0,61 0,64 0,56 0,05 0,26 0,06 0,23 0,29 0,18 0,83 0,49 0,06
LSD (0.05) 49 52 4.8 04 2,2 0,6 17 25 21 6,3 4,6 0,16

PH: plant height (cm), NB: number of branchs, BL: branch length; SD: stem diameter (mm), NN: number of nodes per stem,
DI: distance of Internodes (cm), NL: number of Leaves per Node, LL: leaf length (mm), LW: leaf width (mm),DM: dry mass (g plant-1),
DF: drug fraction (g plant-1), EOY: essential oil yield (w/w)
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Table S2. Mean values for 42 accessions of Origanum vulgare L. for 18 main compounds (10 % of total content of
essential oil in at least one accession).

o z = ke
© S e S ¥ g e = e e 5 B

¢ ¢ _ s & & . 8B § E B3 § 5 3z % & Z %
’ S g ET o8 g PE g 0f g 8 g OB OE o2 B g
g 9+ £ 5 3 8 £ % F 2§ ¢ = 3 5 & §F ¢
ORI-2 0,0 0,0 11,3 0,0 226 299 00 0,0 0,0 0,0 0,0 0,0 3,6 58 0,0 9,9 131 0,0
ORI-6 0,0 0,0 43 0,0 251 36,2 00 0,0 0,0 31 0,0 47 2,0 55 24 0,0 11,3 26
ORI-7 0,0 39 2,3 0,0 251 372 00 29 6,7 0,0 0,0 29 2,0 1,3 0,0 44 2,6 29
ORI-8 15 94 122 0,0 6,3 246 0,0 9,1 94 1,3 14 0,7 33 3,6 0,0 1,1 0,1 0,0
ORI-10 0,9 71 354 08 57 125 46 0,0 15 44 4,6 1,0 39 3,6 0,0 1,7 0,0 12
ORI-11 2,0 11,1 21,2 0,0 1,9 216 3,6 0,0 0,6 53 23 0,0 34 0,0 29 0,0 0,0 1,9
ORI-12 0,0 0,0 7.8 3,6 255 119 0,0 0,0 0,0 0,0 4,0 4,1 0,0 4,3 0,0 4,6 326 00
ORI-13 0,0 0,0 0,0 2,8 156 256 0,0 0,0 0,0 0,0 0,0 2,8 55 35 0,0 8,3 12,4 5,0
ORI-14 0,0 0,0 12,2 0,0 155 9,7 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 16,2 46,3 0,0
ORI-15 0,0 0,0 0,0 0,0 228 237 00 0,0 0,0 0,0 0,0 0,0 8,0 36 0,0 101 98 4,0
ORI-16 0,6 30 242 0,0 94 159 0,0 74 126 34 31 1,3 32 49 0,0 1,1 1,0 0,0
ORI-17 0,0 0,0 34 18 246 198 7.8 0,0 0,0 0,0 0,0 14 48 38 91 0,0 8,2 45
ORI-18 0,0 0,0 6,9 50 158 349 00 0,0 0,0 0,0 0,0 0,0 4,6 0,0 136 0,0 6,8 50
ORI-19 1,0 6,1 42 146 99 21,3 0,0 132 10,2 0,6 2,7 14 2,2 1,3 0,0 0,9 14 0,0
ORI 20 3,6 75 74 6,4 129 148 27 38 5,2 13 3,0 2,1 24 3,0 0,0 4,0 9,7 0,0
ORI 21 0,0 0,0 19,3 157 577 215 0,0 0,0 0,0 0,0 0,0 0,0 54 4,1 0,0 38 1,6 4,0
ORI 23 0,0 0,0 11,1 9,7 152 245 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 8,1 315 00
ORI 24 35 103 472 205 24 1,1 0,0 0,1 0,6 0,8 04 04 0,5 1,3 0,2 0,0 0,0 0,3
ORI 25 38 6,4 674 33 2,6 0,9 0,1 0,2 04 23 0,2 04 0,3 2,6 0,0 0,0 0,0 0,0
ORI 26 0,0 36 6,2 7,6 152 283 0,0 37 54 15 33 2,0 42 31 0,0 51 58 15
ORI 27 0,0 24 138 0,0 148 347 00 0,0 0,0 43 0,0 2,0 44 35 0,0 6,0 6,7 0,0
ORI 28 4.4 9,8 195 551 13 0,2 0,0 0,2 0,3 0,0 0,4 0,2 0,0 14 0,0 0,0 0,0 0,0
ORI 29 0,0 0,0 625 09 49 14 0,0 0,0 1,2 4,1 3,7 0,8 0,5 35 0,0 0,7 0,0 0,8
ORI 30 24 85 281 0,0 8,7 11,3 38 0,0 2,6 1,7 24 0,9 2,6 2,7 0,0 2,8 0,9 2,4
ORI 31 0,5 0,7 128 655 33 1,0 1,6 0,0 0,0 0,4 2,0 0,4 0,7 2,6 0,0 0,7 0,3 0,0
ORI 33 33 8,8 0,8 61,7 24 1,0 0,0 04 04 0,0 95 04 04 31 0,0 0,2 0,0 0,0
ORI 34 3,6 8,2 36,1 357 30 15 0,0 04 0,5 0,1 0,7 0,3 04 2,0 0,0 0,1 0,1 0,0
ORI 35 0,0 0,0 15 225 98 248 18 0,0 4,0 0,0 9,7 1,7 18 39 0,0 2,7 33 1,7
ORI 36 0,0 0,0 130 0,0 129 251 0,0 0,0 0,0 0,0 0,0 0,0 6,3 6,9 0,0 164 193 0,0
ORI 37 2,6 54 66,6 0,8 2,7 0,9 0,5 0,2 0,5 33 45 0,3 0,3 15 0,0 0,3 0,1 0,0
ORI 39 0,0 0,0 330 76 8,6 19,7 0,0 0,0 0,0 0,0 0,0 0,0 4,3 6,1 0,0 4,8 74 0,0
ORI 40 0,0 0,0 21,2 124 124 20,7 00 0,0 0,0 0,0 0,0 2,4 0,0 4,6 0,0 54 6,8 2,0
ORI 41 2,2 33 224 45 11,1 130 34 0,0 0,0 45 3,0 1,6 14 38 0,0 31 57 0,0
ORI 42 33 35 522 300 11 0,0 0,0 0,2 0,5 04 2,0 0,1 0,0 2,0 0,0 0,0 0,0 0,0
ORI 43 4,6 10,7 38,7 285 42 0,3 0,6 0,0 0,3 0,2 0,0 04 0,2 16 0,0 0,2 0,3 0,0
ORI 45 39 29 15 694 27 2,7 0,2 0,2 0,8 0,0 41 1,0 0,3 31 0,0 0,0 0,3 0,0
ORI 47 0,0 0,0 0,0 21,0 188 135 00 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 21,2 6,6 9,7
ORI 49 0,0 0,0 0,0 40,1 120 171 00 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 205 6,3 4,0
ORI 50 0,0 0,0 71 11,7 16,7 321 0,0 0,0 0,0 0,0 0,0 18 4.4 25 0,0 70 8,9 2,3
ORI-H 3,3 57 14 743 26 0,5 0,0 15 0,5 0,0 0,2 0,3 0,4 15 0,0 0,0 0,1 0,0
ORI-C 57 55 2,7 722 25 0,6 0,0 0,3 0,4 0,0 0,1 0,5 0,3 18 0,0 0,0 0,1 0,0
ORI-S 45 8,5 14 71,0 27 0,9 0,0 0,3 0,3 0,0 0,7 04 04 1,7 0,0 0,2 0,1 0,0
SE 010 021 101 13 043 066 010 017 018 009 013 006 012 010 014 029 05 0,11
L SD (0.05) 012 016 031 030 030 030 0,07 008 00 009 011 0216 017 017 006 016 027 0,12




Table S3. Proportion of membership of 42 accessions of Origanumvulgare in 6 inferred
subpopulations (K=6) formed with 477 AFLP and SAMPL markers

K
1 2 3 4 5 6
ORI-2 0,002 0,003 0,158 0,102 0,004 0,731
ORI-6 0,007 0,005 0,968 0,005 0,002 0,013
ORI-7 0,002 0,001 0,99 0,002 0,001 0,004
ORI-8 0,005 0,002 0,969 0,006 0,008 0,01
ORI-10 0,006 0,003 0,003 0,982 0,002 0,004
ORI-11 0,004 0,007 0,012 0,967 0,002 0,008
ORI-12 0,003 0,004 0,931 0,043 0,002 0,017
ORI-13 0,002 0,004 0,88 0,005 0,007 0,102
ORI-14 0,002 0,005 0,697 0,167 0,004 0,125
ORI-15 0,017 0,003 0,968 0,002 0,006 0,004
ORI-16 0,018 0,069 0,852 0,007 0,013 0,041
ORI-17 0,006 0,004 0,767 0,021 0,126 0,076
ORI-18 0,01 0,012 0,821 0,002 0,137 0,018
ORI-19 0,004 0,008 0,131 0,003 0,002 0,852
ORI 20 0,005 0,004 0,931 0,006 0,015 0,039
ORI 21 0,003 0,005 0,902 0,004 0,015 0,071
ORI 23 0,005 0,007 0,753 0,052 0,053 0,13
ORI 24 0,011 0,005 0,976 0,003 0,003 0,002
ORI 25 0,01 0,004 0,012 0,019 0,004 0,951
ORI 26 0,177 0,007 0,754 0,003 0,006 0,053
ORI 27 0,004 0,015 0,832 0,007 0,005 0,137
ORI 28 0,98 0,003 0,003 0,002 0,002 0,01
ORI 29 0,008 0,029 0,004 0,94 0,003 0,016
ORI 30 0,005 0,034 0,754 0,006 0,167 0,034
ORI 31 0,004 0,006 0,004 0,977 0,003 0,006
ORI 33 0,007 0,005 0,01 0,955 0,01 0,013
ORI 34 0,989 0,001 0,003 0,001 0,002 0,004
ORI 35 0,004 0,005 0,008 0,956 0,003 0,024
ORI 36 0,012 0,007 0,88 0,021 0,067 0,013
ORI 37 0,017 0,004 0,909 0,031 0,008 0,031
ORI 39 0,014 0,006 0,035 0,035 0,007 0,903
ORI 40 0,021 0,095 0,024 0,054 0,712 0,094
ORI 41 0,01 0,675 0,188 0,004 0,006 0,117
ORI 42 0,003 0,976 0,003 0,011 0,002 0,005
ORI 43 0,161 0,005 0,11 0,715 0,004 0,005
ORI 45 0,947 0,031 0,002 0,003 0,015 0,002
ORI 47 0,003 0,003 0,005 0,002 0,984 0,003
ORI 49 0,052 0,002 0,036 0,006 0,896 0,008
ORI 50 0,048 0,005 0,742 0,037 0,147 0,021
ORI-H 0,784 0,13 0,004 0,012 0,03 0,04
ORI-C 0,921 0,002 0,013 0,004 0,055 0,005
ORI-S 0,872 0,077 0,006 0,004 0,031 0,01
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Table $4. Pearson correlations between phenotypic and chemotypic traits among 42 accessions of O. vulgare

PH NB BL SD NN DI NL LL LW DM DF EQY CAC THC pPCC GTC BCC GDC
PH 1
NB 0,075 1
BL 0,855**  -0,012 1
SD 0,014 -0,048 -0,082 1
NN 0,390**  0,354** 0,323** 0,023 1
DI 0,168**  -0,327** 0,298** -0,072 -0,553** 1
NL -0,193** 0,037 -0,198** 0,161** -0,081 -0,051 1
LL -0,010 -0,172** -0,003 -0,016 -0,135*  0,136* -0,036 1
Lw -0,031 -0,093 -0,009 0,080 -0,093 0,143* -0,015 0,640** 1
DM 0,350**  0,494** 0,269** 0,038 0,327**  -0,101 -0,001 -0,119*  -0,001 1
DF 0,291**  0,403** 0,215** 0,077 0,295**  -0,142* 0,023 -0,102 0,025 0,913** 1
EQOY 0,139* -0,107 0,065 0,585** 0,031 0,040 0,042 -0,012 0,110 0,086 0,118* 1
CAC -0,021 0,100 -0,099 0,553** 0,090 -0,1200 0,023 -0,071 -0,005 0,025 0,042 0,736** 1
THC -0,035 -0,133*  -0,052 0,060 -0,105 0,060 -0,051 0,064 0,108* -0,158** -0,125* 0,013 -0,238** 1
PCC -0,029 -0,041 -0,039 0,527** 0,050 -0,089 0,028 0,067 0,020 -0,017 0,032 0,806** 0,612** 0,233** 1
GTC -0,080 -0,009 -0,096 0,193** 0,025 -0,054 0,037 0,143* 0,095 -0,005 0,050 0,539**  0,255** 0,237** 0O,751** 1
BCC 0,072 -0,061 0,022 -0,139* 0,069 0,037 -0,065 -0,026 -0,063 0,073 0,024 -0,518** -0,539** -0,472** -0,673** -0,608** 1
GDC 0,001 0,078 0,096 -0,424** 0,036 -0,006 -0,033 -0,036 -0,045 0,109 0,071 -0,610** -0,607** -0,447** -0,717** -0,420** 0,681** 1

** * Significant at 0,01 and 0,05 respectively.
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1. DISCUSSION

3.1. Usefulness of AFL P and SAMPL markersfor genetic studiesof O. vulgareL.

In recent decades, a variety of molecular techmiqaled genetic markers have been extensively
developed to estimate genetic diversity, but nglsiechnique is universally ideal; each available
technique exhibits both strengths and weaknessestefore, the choice of technique is often a
compromise that depends on the research questisogiiand the genetic resolution needed (Avise
1994). The precise assessment of genetic divetsibyigh molecular markers depends on the type of
DNA polymorphism (length vs. sequence variationjedeed, and the proportion of the genome
covered by the marker system used (Avise 1994). ridtare of marker system (dominancy or co-
dominancy) is also a very important factor for genstudies. Many underrepresented plant species
such as most of medicinal plants, or other croph Viimited genomic information largely rely on
dominant type of markers like RAPDs and AFLPs (Lak 2007).

One of the main aims in the study followed in tigsis was to investigate the efficiency of AFLE an
SAMPL marker systems in surveying DNA polymorphisared in detecting genetic relationships
among 42 populations dD. vulgare. AFLP (amplified fragment length polymorphism) isPE€R-
based technique that approaches an ideal toolrelatavely cheap, easy, fast and reliable method to
generate hundreds of informative genetic markerss (&t al. 1995). The main disadvantage of AFLP
is the difficulty in identifying homologous marke(alleles), rendering this method less useful for
studies that require precise assignment of alfhites, such as heterozygosity analyses (Muellér an
Wolfenbarger 1999). In recent years, AFLP has lmedansively used as a molecular marker system
for detecting DNA polymorphisms and genetic mappimgeveral crops (Bensch and Akesson 2005,
Meudt and Clarke 2007).

SAMPL (Selectively Amplified Microsatellite Polymphic Loci) is another molecular marker
technique which utilizes the same template DNAhas$ 6f AFLP (Morgante and Vogel, 1994). In the
SAMPL analysis, one of the AFLP primers in combim@twith an SAMPL primer is employed for
the selective amplification step. The SAMPL primessentially comprises of a compound
microsatellite sequence, which is anchored. SucBAMPL primer design ensures preferential
amplification of microsatellite-like sequences (Beky-Trojanowska and Bolibok 2004Hence,
SAMPL methodology was developed as an SSR-basedficadidn of AFLP to combine the
multiplex approach of AFLP with the hyper-variablature of SSRs (Vogel and Scolnik 1998).
Despite its many advantages, i.e., a high multipletio, SAMPL has not been widely used for
analysis of plant genomes.

Comparison between RAPD, AFLP and SSR markers fierdint plant species has revealed that
codominant SSRs detect the highest level of polpitiem per locus as it surveys the hyper-variable
microsatellite regions of the genome. Hence, thayetigher information content (Powell et al. 1996,

Russell et al. 1997). Nevertheless, molecular nrarkéth higher multiplex ratio, such as RAPD,
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AFLP and SAMPL may be more useful than SSRs dedipiie dominant nature (Powell et al. 1996,
Russell et al. 1997, Raina et al. 2001). Their hoglis approach allows them to screen a wider regio
of the genome and estimate relationships with b-hégolution approach (Teulat et al. 2000).

As a part of the present thesis, a comparativeysisabf AFLP and SAMPL in assessing the genetic
diversity among the 42 oregano accessions wasedaatit and the results are (Azizi et al. 2009a,
shown in table 2 of article 1). Five different asseof the performance of both marker systems were
considered. These included all informative bandpléied per assay (MR: multiplex ratio), the
average number of polymorphic bands detected mayadEMR: effective multiplex ratio), overall
efficiency of detecting polymorphism in the gerngstapool and between any two accessions taken at
random from that pool (%P: per cent polymorphism,Haverage heterozygosity), overall utility of
marker for detecting genetic variation (MIl: markedex) and resolving power (RP) of the primer
combinations (Azizi et al. 2009a : Table 2).

Seven primer combinations for both AFLP and SAMRtrevutilized that generated a total of 596 and
558 fragments, respectively. Higher MR was deteatadng oregano accessions with the AFLP assay
(MR = 85), compared to the SAMPL assay (MR = 80blé&2). However, SAMPL assay detected
higher polymorphism (%P = 92) compared to AFLP (80PL). Similar observations have been made
in other medicinal plants such Agadirachta indica (Singh et al. 2002) andfithania somnifera (Negi

et al. 2006). Due to the high information contéhg SAMPL analysis has previously been shown to
be more suitable for studies where low geneticatiam is expected (Witsenboer et al. 1998). This ca
be explained by the high levels of polymorphisnatedl to the Microsatellite region, by which this
variation is generated. The marker index (M), vhis calculated as the product of EMR ang.H
(Milbourne et al. 1997), marker utility was slighttigher for SAMPL than AFLP (14.25 vs. 13.53) in
the 42 accessions evaluated in this stiithys is because of the EMR component, which wasvalo

be higher for the SAMPL assay (Azizi et al. 2009able 2). This result is in corroboration with the
studies in other plant species suchvaga unguiculata (Tosti and Negri 2002)\Mthania somnifera
(Negi et al. 2006) andribulus terrestris (Sarwat et al. 2008). According to the valuesesoiving
power (RP) estimated for all primer combinatioriee AFLP primers discriminated th®. vulgare
accessions better than the SAMPL primers (Azizle2009a: Table 2). This observation agrees with
the results in a study of wheat by Altintas et(a0D08) where the higher average values of resolving
power (RP) obtained for SAMPL primer combinatioather than those for AFLP.

In our study, an interesting feature of SAMPL fimgént was the ladder-like banding pattern (stutter
bands), a typical characteristic of SSR loci. Thizsller-like sequences may have arisen due to
replication slippage (Azizi et al 2009a: Figure Replication slippage responsible for SSR diversity
occurs more frequently than single-nucleotide nimtat and deletions/insertion events that generate
polymorphism detectable by AFLP analysis.

Considering association analysis, SAMPL markersnsté® be more suitable than AFLP. We have
identified 28 markers associated to economicallgg pharmaceutically important traits such drug

fraction, essential oil yield, carvacrol contentdeghymol content (Azizi et al. Manuscript: Table 3)
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Out of them 24 loci were SAMPL type markers. Thessults lead us to conclude that in comparison
of these two multilocus marker systems, the SAMRIpraach seems to be a powerful tool to
strengthen the resolution of the AFLP techniqueis Tinding is very important for taxonomic
investigation ofO. vulgare and also for germplasm management, genetic ccatsamvand breeding
programs in oregano. AFLP and SAMPL techniquesatsm be very useful tools for authentication of

oregano populations and any other medicinally irtgpdrherbs.

3.2. Genetic, chemical and agro-morphological variationsin O. vulgareL.

Experimental studies in ecology, evolution and Bieg often depend on accurate assessment of
genetic diversity to address questions regardinetie relatedness among individuals, population
structure and phylogenetic relationships (Hillisaet1996). It can generally be achieved through th
use of genetic polymorphism indicators such as maggy, cytogenetic, biochemical attributes
including Isozyme patterns, chemical compounds t#genes or PCR-based molecular markers
(Brown et al. 1989). Terpenes are not much usedssnthe terpene chemicals themselves are of
interest, for example in aromatic and spice plastszyme analysis is relatively easy to perfornt, bu
the other techniques for investigating genetic i indicators require a high level of techniskill,

with good laboratory facilities (McKinnell 2002).

Identification of diverse germplasm that has hidfarces of detecting potentially useful genes for
plant breeding is an essential prerequisite towkmasulating conservation strategies for plant diene
resources. The present thesis offers a multidimeasiapproach to investigate diversities within a
collection of Origanum vulgare based on molecular markers (AFLP and SAMPL), dtative
agronomic and morphological traits and chemical mommds of essential oils. Combined AFLP and
SAMPL analysis offers the possibility to screeramyé number of anonymous loci and to cover the
whole genome, as specified by restriction sitesraindosatelite loci, to detect polymorphisms.

In the present study, the UPGMA clustering, infdrpopulation structure and principal component
analysis based on genetic markers, guantitative-agrphological traits and chemotypic characters
revealed a high level of polymorphisms (Azizi et Manuscript). This finding is in good agreement
with earlier reports by Chalchat and Pasquier (J,.99&ntuono et al. (2000), RaduSiene et al. (2005)
and Katsiotis et al. (2009). However, the grougatierns betwee®. vulgare accessions provided by
three methods of diversity analysis were rathefeddht (Azizi et al. Manuscript: Fig. 1). This
difference may be related to phenotypic plastioityhe plants in response to changes in the habitat
environment (West-Eberhard 1989). This relevaneeispf this study shows that genomic similarity
does not necessarily reflect similarity or diffecenin output traits, such as oil composition,
morphological characters or agronomic traits. Bangple, accessions ORI47 and ORI49 are quite
different in their agro-morphological traits butngically very similar (Azizi et al. Manuscript: dri

1). However in our study, a higher correlation walstained between genetic and chemical

polymorphism rather than between genetic and agnphological variations.
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Based on the findings of the present thesis, AFh&®/@a SAMPL dendrograms may be used for
universal taxonomic studies, while dendrograms dba@sequantitative agro-morphological traits and
chemical characteristics, may be of practical egerbut do not necessarily correlate with taxonomy
DNA genotyping offers the unique capacity to clissccessions regardless of environmental
condition and plant growth stage. Morphologicalreleters, which are the easiest to determine, may
only provide a primary classification.

Population genetic structure is determined by jeiifiects of many factors including mating system,
natural and artificial selection, mutation, migoatiand dispersal mechanism, drift, etc. (Brownlet a
1989). Natural populations of a large number of igiedl species, propagating through seeds,
implicitly have a high level of genetic variatioBghippmann et al. 2002). The medicinal and spice
herbOriganum vulgare investigated in the current study is a perennith wropagation through seeds.
The reproductive system is also one of the impotifmhistory characteristic that strongly influzss
genetic variability (Clegg et al. 1992). . vulgare, the mating system is mostly cross pollination
(Kheyr-Pour 1981) which can cause a high level efiegic polymorphism and this variation may
eventually led to differences in the genetic cdrmifaccumulation of monoterpenes such as carvacrol
thymol, p-cymene and-terpinene in the essential oils (Gershenzon arae@u 1990). This wide
variation in essential oil composition presumabhs hecological advantages in protecting plants
against different pests (Hough-Golstein and Hat821.9

Finally, the results obtained in the present thelsmwved differences among the accessions of oregano
in respect to morphological and agronomic traitd eimemical constituents of essential oils, indraati
the existence of intraspecific variation and chepolymorphism. These natural biodiversity can be
exploited for breeding programs 6f vulgare such as the identification and selection of agoass
(chemotypes) with active compounds (carvacrol dnyinbl) and also with absence of undesirable
compounds (germacrene D). The divers'natural pajuls of O. vulgare can also serve as starting
material for intraspecific crossing programs inahgd simple crosses (such as selfing, crossing,
polycrossing, and backcrossing) and complex hypatibn (Bernath 2002).

In applied breeding for medicinal plants’ improverhechemotypic and genetic distances between
genotypes are expected to provide predictors fgin heterosis effects on pharmaceutical qualities an
yield performance of their hybrids. In the presetidy, a high expression of germacrene-D (an
undesirable compound) was observed in many wilcesgions (Azizi et al. Manuscript: Fig. 1).
Nonetheless, among these accessions, based onltbgntent, essential oil yield and drug fraction,
ORI8, ORI25, ORI27, ORI29, and ORI37 showed prongsperformance that can be exploited in
breeding programmes. The knowledge of genetic, @@mnd agro-morphological diversity @f.
vulgare, germplasm, displayed through this study, wilbdkt an improvement of homogeneous plant
material of different types of essential oil depgegdon the demands of pharmaceutical and food

industries for a specific use.
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3.3. Enabling mor phology- and marker-assisted selection of O. vulgareL.

The first step in the domestication process of giadl and aromatic plants involves selection ohpla
material in nature, but the advent of modern plargeding has accelerated their domestication
considerably (Canter et al. 2005). The majoritynedicinal plants under cultivation have been cikate
using conventional selection methods. Even in thentries involved in the large scale production of
medicinal and spice herbs, such as Hungary, 60efBept of cultivars are developed by simple
selection methods from local, or introduced popoiet (Bernath 2002).

Owing to the extremely large genetic, morphologiaatl chemical variability encountered @
vulgare (RaduSiene et al. 2005, Azizi et al. 2009a, Aarial. Manuscript), selection programs
represent an important part of the quality breedaatjvities. Breeding practices in oregano rely
mostly on phenotypic selection on germplasm avhglat seed companies and botanical gardens so
that the selection of new cultivars is underwaye Ttegano material which is already selected is
characterized by 0.5-1.5% essential oil containdagvacrol and thymol as the main compounds
(Bernath 1997, Franz and Novak 2002). In the pretbexsis, we have studied trait-to-trait correlasio
(between all morphological, chemical and agronomi@aracters) and marker-trait associations
(between AFLP and SAMPL markers, chemical and agroao traits) to found an approach that could
provide the indirect selection strategies usingphology and molecular markers.

In the selection process, it would be most usefulhaive morphological traits as indicators of
chemotypes. For example, morphological traits vattnigh correlation to essential oil yield and
content of phenolic monoterpenes (such as carvardl thymol) could provide a useful tool for
indirect selection in breeding of pharmaceuticdugaof O. vulgare. These traits could be important
because the essential oil-related traits like é&deml content and oil composition cannot relialbe
measured during a breeding programme becausefiolittif of oil distillation from the small amounts
of plant material for single plants (Franz and Not@97). The trait-to-traitorrelations between the
major chemical components and morphological characthould also be considered during selecting
the parental chemo- and phenotypes from oreganalgigns for breeding of pharmaceutical
qualities.

In our study, for two pharmaceutically importardits for oregano, essential oil yield and carvacrol
content, only one morphological trait, the stermdbter was found to be positively correlated to ¢hes
traits (Azizi et al. Manuscript). Stem diameter Icbde considered as an indicator for indirect
selection and breeding for these two economicallydrtant traits in oregano and may also be in other
species of the genu®riganum. According to these results of our study, stemmeier is also
negatively correlated to the undesirable compowerchgcrene-D in essential oil composition (Azizi et
al. Manuscript). Our findings confirm the resulfspoevious studies on othé&lamiaceae plants such

as mint,where stem diameter reported to be positively tated to essential oil yield (Mirzaie-
Nodoushan et al. 2001).

Marker-assisted selection (MAS) is another strategyncreasing the probability of selecting superi

genotypes in indirect selection programs (Knapp 8199 ousef and Juvik (2001) compared
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phenotypic and marker-assisted selection (MAS) daantitative traits in sweet corn and they
concluded that incorporating DNA markers to trautitil breeding programs could not only expedite
selection progress but also be cost-effective. Kn@®98) proposed that MAS would increase the
efficiency of artificial selection and substanyatlecrease the resources required in breedingtfaita
with low to moderate heritability.

The main purpose of marker-trassociation analyses in the present thesis wasutadfa starting
point for marker-assisted selection (MAS) @ wulgare using AFLP, SAMPL, chemical and
phenotypic polymorphisms. We have identified folkL& and 24 SAMPL markers associated to the
economically important traits including drug fraetj essential oil yield, carvacrol content and thiym
content (Azizi et al. Manuscript: Table 3). SAMPlarker system seems to be more effective for
association analyses and also for studies on pacifsc diversity and relationships amo@gvulgare
subspecies (Azizi et al. 2009a, Azizi et al. Mamipgl: Because of the lack of mapping information
for the AFLP and SAMPL markers, we were not ableesxamine the structure of disequilibrium
among associated markers. However, consideringhbajene-linked SSRs (simple sequence repeats)
and locus-specific SNPs (single nucleotide polyrhimms) are still not developed fox. vulgare, the
identified novel allelic polymorphisms for the phaaceutically important traits should be of
considerable interest for breeding purposes.

Marker-trait associations found in the present wtuwere supported by 1,000-times permutated P-
values of five different statistical models. Howew is still possible that some of the markeiittra
associations identified in our study are false fpees, therefore further validation is requiredrtRer
mapping studies in segregating populations wilphel confirm whether the associated markers are
linked to QTLs influencing the traits. Studies oL@ linked to synthesis pathways of different
monoterpenes in aromatic plants of tiaeniaceae family are very rare. However, with regard to ltoa
variation in the essential oil profiles Gf vulgare populations, the biosynthetic pathway of carvacrol
and thymol seems to be different and more comgdtathis makes it difficult to detect QTLs for this
pathway and also to identify individual genes beeaspecific pathway branches control the synthesis
of different monoterpend¥ernet et al. 1986).

Among the identified markers showing strongestaffeon four economically important traits (Azizi
et al. Manuscript: Table 3), there are three markieat could be starting points for further studas

marker assisted selection (MAS):

) AFLP-2_31 may be used in breeding for pharmacdugigality because it was co-associated
with two key traits, essential oil yield and cama@aontent; however the marker effects (R
values) were relatively low.

) SAMPL-1_18 which is related to the drug fractionuibbe another considerable candidate
to follow.

) SAMPL-3_60 with a relatively strong effect {Ralues) on thymol content could make it

useful for marker-assisted selection (MAS) of tresy important antimicrobial compound.
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This study provides the first reported investigatid association analysis in the diverse populatiain
O. wulgare, and thus, it will provide a useful benchmark é@mparison with future results and with

results from other aromatic and medicinal species.

3.4. Effect of drought stress on oregano essential oil during the flowering phase

In order to assess the performance of oregandferelit soil moisture regimes and nitrogen supplies
we have tested three cultivated types of accessidn®. vulgare under controlled greenhouse
conditions (Azizi et al. 2009b). The results of atudy showed that dry matter production and
essential oil content oD. vulgare can be significantly affected by soil moisture mgj whereas
percentage of main compounds of essential oil dioly monoterpenes such as carvacrol, thymol,
terpinene ang-cymene remained unaffected.

Several previous studies on aromatic and medigiagts have proved that the water supply is one of
the most determinative cultivation conditions wh&nificantly affect the herbage yield and essgnti
oil content of various spices and herb crops (Sieighl. 2000, Zehtabi-Salmasi et al. 2001, Del&he
al. 2005). The results of other studies indicatest trought stress during the vegetative period can
reduce yield of medicinal and aromatic plants aptintal use of irrigation water improves the
herbage yield of these plants (Ram et al. 1995, siral. 1997).

The effect of consistent drought stress on esdesitiavas studied in some medicinal and aromatic
plants such as palmarosay(nbopogon martinii), citronella java Cymbopogon winterianus), sweet
basil Ocimum basilicum) and American basil Gcimum americanum). Essential oil content
(percentage) was increased under drought stresedmgintial oil yield was reduced under these
drought stress conditions (Fatima et al. 2006, KhaD06). This observation could be due to the
interaction between essential oil content and hgrbgield that are considered as two main
components of the essential oil yield so that bgrixg stress, increases the essential oil cortgint
herbage yield (biomass yield) decreases by thegtitostress, therefore essential oil yield reduces.
However, most of the studies on drought stressramatic and medicinal plants were basically
designed to find the response of the plants toistam drought stress during the vegetative and
reproductive period. Practically, the time at whibtle aromatic plants dfamiaceae are irrigated is
important for the efficiency of irrigation. For axgle, appropriate irrigation strategies showedeagr
potential for improvement of the yield of monotemps in field-grown of othdramiaceae plants such

as spearmint and rosemary (Delfine et al. 2005).

In our study, it could be observed that in commaris/ith optimal water supply, significantly lower
dry matter production of oregano was caused by heatter deficient treatments, consistent and later
water deficiency (Azizi et al. 2009b: Fig.3a). Adainally, the consistent water deficiency caused
higher degree of reduction of dry matter productiman the water deficiency after flowering (Aziti e

al. 2009b: Fig.3a). It is interesting to note tilatomparison with control (optimal water supphgter
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water deficiency (during the flowering phase) cauaesignificantly increase in essential oil content
whereas the consistent water deficiency failed doitd(Azizi et al. 2009b: Fig.3b). Our findings
underline the conclusion that the amounts of e&denits produced under drought conditions were
either maintained or enhanced, depending on theilesp@nd magnitude of the stress (Singh et al.
2000, Sangwan et al. 2001, Zehtabi-Salmasi et08l1 2Delfine et al. 2005). In mints and sweet basil
it was found that higher essential oil content tlwelrought stress was related to higher density of
essential oil glandular hairs (Sangwan et al., 200his may also be true for oregano. Later water
deficiency significantly improved essential oil ¢emt and thus the quality of oregano herbage. In
addition, this treatment reduces the water amosedl tior production and thus increases the effigienc
of irrigation. However, this effect needs to baddaunder field conditions.

It can be concluded therefore, the restriction afew supply after beginning of flowering may in@ea
the content of essential oil and thus improvesaiality of oregano herbage. This can significantly
benefit the farm performance of oregano. This figdmay give applicable advice to commercial
farmers and researches for better management apeérpallocation of water resources in medicinal
and aromatic plants farming under drought cond#tiomaking into account these results could

improve the quantity and quality characteristicshaefse herb crops in arid and semi-arid areas.
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V. SUMMARY

Most of commercially used medicinal and aromatanplspecies are collected from the wild flora. By
bringing medicinal herbs into cultivation, convemal and biotechnological plant breeding techniques
can be applied to improve herbage yield and plaformity as well as pharmaceutical properties.
Origanum vulgare L. (oregano) is a perennial aromatic herb belonginthe familyLamiaceae used

as medicinal plant because of the essential odywed in the aerial parts.

The present study was basically designed to askesgenetic diversity of the oregano germplasm
based on molecular markers, chemical compoundssaeingial oils and agro-morphological traits. The
ultimate goal of our research was to use traitait-torrelation and marker-trait association asialy

to identify morphologic characters and potentiallenalar markers for future use for indirect
screening and marker-assisted selection, respbctiMee other objective of this thesis was to idfgnt
the most appropriate soil moisture regime and gétrofertilization for the plant growth to obtain a
high level of the essential oil content.

Twelve traits related to agronomic and morpholdgiteracteristics were measured. Components in
the essential oils were identified by GC-MS andni&jor compounds of 60 identified constituents,
were investigated. A total of 477 molecular polyptisms including 214 AFLP (Amplified Fragment
Length Polymorphisms) and 263 SAMPL (Selectively glifired Microsatellite Polymorphic Loci)
were used for genotyping. Associations betweenstradi interest and genetic markers were tested
using five methods including three general lineadeis (GLM) and two unified mixed linear model
(MLM). In this study, the relative efficiencies ofvo PCR-based marker approaches, AFLP and
SAMPL, were also compared for surveying genetiediity and subspecies discrimination among 42
oregano accessions.

The results of the greenhouse experiment with thogeilations of oregano cultivated in Germa@y (
vulgare var. creticum, O. vulgare ssp hirtum and O. vulgare var. samothrake) indicated that water
deficiency after beginning of blooming can induceirgcrease in essential oil content and thus result
in higher quality of oregano herbage and higherewase efficiency of oregano plants. This finding
may give applicable advice to commercial farmerd wesearches for better management and proper
allocate of water resources for cultivation of @meg in arid and semi-arid areas.

According to the results of diversity surveying dregano germplasm, cluster analysis, population
inference and principal component analysis (PCAgaéed a broad variation among accessions. A
relatively high correlation between chemotypic @ats and genetic markers was identified while a
lower correlation was found between the agro-mdajical and genetic matrices. The results also
showed that SAMPL marker system seems to be mégetioke than AFLP for studies on intraspecific
diversity and relationships amo@y vulgare subspecies and also for marker-trait associatiafyaes.
Considering the results of analyses of trait-ti-tcarrelations and marker-trait associations, \&a ¢
conclude that stem diameter, an easily measuraloighualogical trait, could be considered for
indirect selection and three identified moleculaarkers, AFLP-2_31, SAMPL-1 18 and SAMPL-

3_60 may be included in marker-assisted programi@esimprove breeding efficiency of
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pharmaceutical properties. These findings can bg waeplicable for domestication and breeding

strategies iOriganum vulgare and also for management of its genetic resources.
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V. ZUSAMMENFASSUNG

Die Produktion von Arznei- und Gewdurzpflanzen agfdteute zunehmend durch einen kontrollierten
Anbau, mit dem hohe Drogenertrage und spezifischali@ten angestrebt werden. Voraussetzung
dafir ist, dass mit Hilfe konventioneller und bataologischer Ziichtungsmethoden leistungsfahige
Zuchtsorten geschaffen werden, die sich durch wsdyée Ertrage, eine gute Homogenitat und
spezielle pharmazeutische Eigenschaften auszeicBraengilt auch fur den DosD(iganum vulgare

L.), der wegen seines &therischen Oles als melggitKrautdrogenpflanze genutzt wird und als
Gewirz- und Arzneipflanze eine grof3e Bedeutung#iesi

Das Ziel der durchgefuhrten Untersuchungen bedtanid, die Diversitat von Oregano-Akzessionen
aus einer Genbank-Kollektion beziglich molekulaviarker, der chemischen Zusammensetzung der
atherischen Ole und agro-morphologischer Merkmaileevaluieren. Dabei sollten mit Hilfe von
Merkmal-zu-Merkmal-Korrelationen und Marker-Traisgoziationsanalysen potenzielle
morphologische Merkmale sowie molekulare Markegntifiziert werden, die zukinftig in der
Selektion von Oregano verwendet werden kénnen.wsiteres Ziel der Arbeit bestand darin, den
Einfluss unterschiedlicher Bodenfeuchteregime utitk&off-Dingung auf den Krautertrag sowie auf
den Gehalt und die Zusammensetzung des atheri§deru klaren.

Zur phanotypischen Charakterisierung der untersmct@®enbankkollektion wurden an den Oregano-
Pflanzen insgesamt zwolf agronomische bzw. moqgisthe Merkmale erfasst. Daneben wurde das
mit Hilfe der Wasserdampfdestillation gewonneneetitithe Ol mittels GC-MS analysiert, wonach
insgesamt 18 Hauptkomponenten von 60 identifiaeN@rbindungen detektiert wurden. Fir die
Genotypisierung von Oregano wurden insgesamt 471ékulare Polymorphismen einschlief3lich 214
AFLP (Amplified Fragment Length Polymorphisms) u2$3 SAMPL (Selectively Amplified
Microsatellite Polymorphic Loci) verwendet. Assdimaen zwischen den interessierenden
Merkmalen und den genetischen Markern wurden reitaligemeinen linearen Modellen (GLM) und
zwei gemischten linearen Modellen (MLM) getesteanBben wurde auch die relative Effizienz von
zwei PCR-basierten Markermethoden (AFLP und SAMRL) die Bestimmung der genetischen
Diversitat sowie die Unterartendiskriminierung desgesamt 42 Oregano-Akzessionen verglichen.
Die Untersuchungen zur Stickstoff- und Wasservegrsag von Oregano wurden als GefalR3versuche
unter Freilandbedingungen durchgefihrt. Einbezogemrden drei in Deutschland kultivierte
Populationen von Oregan@. vulgare var. creticum, O. vulgare ssp hirtum und O. vulgare var.
samothrake. Die Ergebnisse dieser Versuche zeigten, dasSMdasermangel erst nach Beginn der
Blilhphase eine Erhéhung der Gehalte an atheris€iamd eine bessere Qualitat der Oreganokrauter
und somit eine hohere Effizienz der Wassernutzaodgdieren kann.

Aus den Ergebnissen der Cluster-Analysen, der Besting der Populations-Inferenz und der
Komponentenanalysen (Principal Component Analyisis)n abgeleitet werden, dass zwischen den
Oregano-Akzessionen eine grofRe Variation bestehtvilitde eine relativ enge Korrelation zwischen
Chemotyp-Mustern und den genetischen Markern ifigetit. Eine geringere Korrelation wurde

dagegen zwischen den genetischen und den agrontogoihen Merkmalen gefunden. Die
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Ergebnisse zeigten auch, dass das SAMPL-MarkeeBysteffektiver fir Studien zur
intraspezifischen Diversitat und zur ErkennungBleziehungen zwischen Oregano-Unterarten zu sein
scheint.

Aus den Ergebnissen der Analysen der Merkmal-zukMat-Korrelationen und der Marker-Trait-
Assoziationen kann geschlussfolgert werden, dass St#&ngeldurchmesser als leicht messbares
morphologisches Merkmal fir die indirekte Auslesewendet werden kann. Die drei identifiezierten
molekularen Marker, AFLP-2_31, SAMPL-1_18 und SAM®L60 kénnen fur die Marker-gestiitzte
Selektion genutzt werden, um die Zichtungseffizieimn pharmazeutischen Eigenschaften zu
verbessern. Die gewonnenen Erkenntnisse kénnenngetiich fur die weitere Domestikation und
Zichtung vonOriganum vulgare und auch fir die weitere Evaluierung der geneéiacRessourcen

dieser Gewirzpflanzenart sein.
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