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Resumo

Resumo

Diversidade Genética e Fitoquimica em Mentas: Qanaacao,
Valorizacao e Conservacao

Mentha cervinalL.) Opiz eMentha pulegiunlL. sdo plantas aromaticas e medicinais
tradicionalmente usadas em Portugal para fins afomsa condimentares e medicinais,
nomeadamente no tratamento de problemas gastrioespgatorios. O indumento de
ambas as espécies, analisado por microscopia Ogtida varrimento, evidenciou
tricomas glandulares e ndo glandulares, idénticssemcontrados em Lamiaceae. A
composicdo quimica dos Oleos essenciais de ambasspécies, analisada por
cromatografia gasosa e cromatografia gasosa aeoplaspectrofotometria de massa,
revelou uma grande uniformidade, para populacbesdiferentes proveniéncias,
cultivadas ou silvestres e nos diferentes estatéatesenvolvimento, pertencendo todos
ao quimiotipo pulegona. Os 6leos essenciaiMdeervinamostraram maior actividade
antibacteriana do que os componentes principdesdamente, suportando a hipétese do
efeito sinérgico entre eles. A actividade antib@atea foi superior contr&scherichia h
coli e Acinetobacter baumannvalidando o seu uso tradicional. O baixo nivel de
diversidade genética e a grande estruturacdo aepulacdes dd. cerving revelada

pelo uso de marcadores moleculares ISSRs, parsctareda combinacdo da sua
historia evolutiva e das suas caracteristicas @icdgd, nomeadamente, modo
reprodutivo, propagacao clonal, baixa capacidaddisigersao e fragmentacdo do seu
habitat. Os resultados indicam a necessidade deec@r 0 maximo numero de

populacdes e as populagdes para consenecaiu

Palavras chave: Mentha cervina Mentha pulegium Tricomas, Oleos Essenciais,

Pulegona, GC-MS, Diversidade Genética, ISSRs, Biodade, Conservacdo Genética.






Abstract

Abstract

Mentha cervinalL.) Opiz andMentha pulegiuni. are medicinal and aromatic plants
traditionally used in Portugal for aromatic andsseang purposes and in folk medicine,
for treatment of gastric and respiratory problemigght and scanning electron
microscopy of both species indumentum revealed gilandular and glandular
trichomes, corresponding to the common arrangemant Lamiaceae. Gas
Chromatography and Gas Chromatography—Mass Speatipnof both species
essential oils (EOs) showed no chemical polymomhis populations with different
provenances, in cultivated or in wild growing cdrahs and at different developmental
stages. All populations EOs belonged to the pulegomemotypeM. cervina EOs
antibacterial activity was higher than the main poments alone, supporting the
hypothesis of a synergistic effect of their differecomponents. The antibacterial
activity was more effective againgischerichia coliand Acinetobacter baumanni
validating their traditional use. The low levels génetic diversity and the high
structuring of M. cervina populations, assessed with Inter-simple sequenpeats
markers, were assumed to result from a combinatfoavolutionary history and its
unique biological traits, such as breeding systgdanal growth, low dispersion capacity
and habitat fragmentation. The results point theessity of conserving the maximum

possible number of populations and sitesefosituconservation.

Keywords: Mentha cervina Mentha pulegium Trichomes, Essential oils, GC-MS,
Pulegone, Genetic diversity, ISSRs, Bioactivityn&@ Conservation.
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INTRODUCTION







Introduction

Perfumes are the feelings of flowers

Heinrich Heine

Popular knowledge of plants used by humans in feerigc sense is based on thousands
years of experience. Byial and error, people learned how to recognize and use plants
for their consumption as well as for their healdrec This popular knowledge was
widespread in ancient civilizations and until thieldhe of the 19 century plants were the
main therapeutic agents used by humans, and eday tbeir role in medicine is still
relevant. According to the World Health Organizati(2008), more than 80% of the
world’s population in developing countries depenuignarily on herbal medicine for
basic healthcare needs. Moreover, in many develmoemhtries, 70% to 80% of the
population has used some form of alternative orgdementary medicine (WHO, 2008).

In the last decades, the consumption of herbal cmegl has increased and there has been
a growing interest in the investigation of natysebducts, in particular the essential 0i|§
extracted from plants, for the discovery of acteeenpounds that can be applied to the——
food industry. The fact that they can ally theioraatizing capacity with other functional
uses, such as antimicrobial, antifungal, antioxidand insecticide properties, have
contributed to this (Ormancest al, 2001; Figueiredet al., 2008). As consumers are
avoiding the consumption of products with syntheddditives or preservatives, the
natural products constitute an alternative, maibgcause they are considered safe,
natural and biodegradable, with low toxicity to nmaals. Adding to this, there is also a
trend interest oriented to the analysis of metéb®lirom food (vegetables and spices)
with bioactivities, recently namedutraceuticalsandphytochemicalsThese metabolites
have a great potential in the food industry becahsgy can combine nutritional and
medicinal benefits, to produce the so-calfethctional FoodsThe antimicrobial activity

in particular has formed the basis of many appbea, including raw and processed food
preservation, pharmaceuticals, alternative medi@nd natural therapies. This aspect
assumes a particular relevance due to an increasesfance of some bacterial strains to
the most common antibiotics and antimicrobial agédot food preservation (Sivropoulou
et al., 1995). Furthermore, essential oils can be usguewent, control, or eradicate pest
and disease in agriculture and forest, with theaathge of not accumulating in the



environment and having a broad range of activitebjch diminishes the risk of
developing resistant pathogenic strains (Figueiretdal., 2008). The search for organic
compounds responsible for those activities haseasad scientific studies on aromatic
and medicinal plants used in different regionshef world, which is the case of plants
from the Lamiaceae Martinov (= Labiatae Juss.) kgntecause they have a very
characteristic set of chemical compounds which gisinctive odours and flavours to
the foliage of many well-known species, such astiftenthg, savory Gaturejg, thyme
(Thymu$, oregano@Qriganum) or bergamotNlonardg (Harley & Reynolds, 1992).

Lamiaceae Family

With about 240 genera and 7200 spectearley et al, 2004), the Lamiaceae family is
regarded as being one of the most highly evolvexhtpfamilies (at least from the
viewpoint of floral structure) (Hedge, 1992). Itsha cosmopolitan distribution and is
often associated with the Mediterranean regionedag according to Zeven & Zhukovsky
(1975), this is the primary centre of diversity gmbably the place of origin for the
cultivation of several species and hybrids of mher smaller centres in the Old World
are Ethiopia, Madagascar, southern areas of Afiwa India, Sri Lanka, and oceanic
regions eastward. Centres of distribution in thevNEorld, range from the mountains in
central Mexico into Argentina and Chile with secandcentres radiating northward and
eastward (Hedge, 1992).

The taxonomy of this family, has been controversaald according to the most recent
study (Harleyet al., 2004), the family is divided into seven subfangilief which
subfamily Nepetoideae has the most genera. Therwasber of genera and species are
placed in tribe Mentheae which itself is subdivided three subtribes: Salviinae,
Nepetinae and Menthinae. The latter includes 43066 genera in Mentheae, among
them many spices and medicinal herbs, such as.mints

This family is of outstanding importance in its usandigenous medical systems, being
ranked third in ethnobotanical importance in stadd aromatic and medicinal plants
used by North American Indian cultures, and propaté same picture would be found
in rural and primitive societies elsewhere in therld (Heinrich, 1992). Species of this
family are long know as important sources of esakmils used in food, perfume,
cosmetic and pharmaceutical industries because heir tculinary, fragrance and



antimicrobial properties (Lis-Balchin & Deans, 199hloff, 1994). They are used for
treatment of different disorders of gastrointedtinact, migraine, and diseases of upper
respiratory tract and those related to the cardiowiar system (Bisset & Wichtl, 2001).
Indeed, several of these plants are official drdescribed in numerous pharmacopoeias
and important raw material for pharmaceutical, oetstn perfume and food industry
(Council of Europe, 2002).

MenthaGenus

MenthaL. is the most important genus in the Lamiaceamilfabecause it contains a
number of essential oil producing taxa that haveea®d a high economic value, indeed
it is the second most important essential oil pobuiy genus, afteCitrus L. (Mucciarelli

et al, 2001). Most of theMenthaspecies are characterized by a great morphological
variation reflected in the high number of differaakonomic rank names attributed by
taxonomists during the past 200 years. In fact,uhderstanding of thenthagenus
taxonomy has been extremely challenging and itsentirstatus remains uncertain.
Taxonomic difficulty may be attributed to diverseomphology, variation in baseg
chromosome number, phenotypic plasticity, highdeoce of polyploidy and frequent
interspecific hybridization, both in wild populat® and in cultivation (Harley &
Brighton, 1977; Kokkini, 1992), stabilized by vegtte propagation, leading to the
complex variation pattern characterizing most @&sthspecies. Taxonomic treatments of
Menthal. have recognized 13-25 species (Briquet, 1897; @drley & Brighton 1977,
Tucker & Naczi, 2007), with more than 3000 epithketading to missidentification of
some taxa. As an example, according to Lawrenc@7(2@he correct taxonomic source
of cornmint oil, one of the most popular mint proohg oil species, iMentha canadensis
L. not the synonymB. arvensid.. or M. arvensid. piperascendMalinv.ex Holmes, used
by some authors.

Most of these taxa have been naturalized and hpread in temperate zones of the
northern hemisphere from four domestication centkdsditerranean, North America,
China-Japan, and Europe/Siberia (Zeven & ZhukovRy5).Menthaspecies are found
in Europe and Asia (Briquet, 1897; Harley 1972}, si& species are found in Australia
and TasmaniaM. cunninghamiiBenth is a New Zealand endemic, and the North
AmericanM. canadensis.. is the only species native to the New World¢Rer & Naczi,
2007).



The diverse morphology in this genus implies the o$ several diagnostic traits to
characterize each section dfenthg and thus the circumscription and infrageneric
classification ofMenthahas been problematidlenthahas been divided in four to six
groups and some species have been in and out sf génus according to the
classifications (Harley, 1972; Harley & Brighton 718 Rdschet al, 2002; Tucker &
Naczi, 2007).M. cervina(L.) Opiz was placed in the gen®seslia Opiz by Briquet
(1897) and Tucker & Naczi (2007) based on morphobdgkaryological, and chemical
characters replaced it in thelentha genus but, on the other hand, excluddd
cunninghamii The latter study of Bunsawadt al. (2004), used chloroplast DNA
sequences and demonstrates that Mdintha species sampled belong to a single
well-supported clade, includingl. cunninghamiiand M. cerving but also suggests that
none of the previously recognized sections is mbglgpic, which imply a revision of the
infrageneric classification of thidenthagenus (Bunsawadt al.,2004). This means that
the phylogenetic relationships within the gendgntha remain unresolved, despite
intensive morphological, molecular and cytologisidies.

Many members of this genus are cultivated for omatiad purposes, but above all for
their essential oils, which are secreted by thadjiéar trichomes distributed across the
vegetative and reproductive organs. Indeed, lediegers and stems d¥flenthaspecies
are frequently used in herbal teas or as additive®mmercial spice mixtures for many
foods to offer aroma and flavour (Kothari & SingtQ95; Morenoet al., 2002). In
addition, Menthaspecies have been used as a folk remedy andiciabffnedicine for
treatment of nausea, bronchitis, flatulence, anarexicerative colitis, and liver
complaints due to its antinflammatory, carminativentiemetic, diaphoretic,
antispasmodic, analgesic, stimulant, emmenagoguepatbprotective, antiviral,
anticarcinogenic and anticatharrhal activities (Maiet al., 1996; Bruneton, 1999;
Flamini et al., 1999; kcan et al., 2002; Morenoet al., 2002, Mimica-Dukic, 2003;
Mimica-Dukic & Bozin, 2008 ). As such, mints areluable crops with a substantial
importance in the botanical economy and to the rphaeutical industry. In this genus,
cornmint (M. canadensid..), along with peppermint\. piperital.) and spearmintd\.
spicata L. and M. cardiaca Baker), are widely cultivated species, becausehefr
essential oil compositions rich in the cyclic marpenes menthol, menthone and
carvone (Kokkini, 1991)Globally, mint species are responsible for more tBa% of the
111000 tons of essential oils produced and comiéered in 2008 (Schmidt, 2010).



Mint oils are produced in different parts of therldo For example, peppermint, Native
spearmint, and Scotch spearmint oil is producddarth America, whereas almost all the
cornmint oil and natural menthol are produced inn@hand India (Lawrence, 2007).
India is the major global producer and suppliemift oil and its derivatives, accounting
for more than 75 % of total current menthol minbgarction in the world (Varshaney,
2000), with 0.15 million ha under cultivation and annual production of 20,000 tons of
essential oil (Chauhaet al, 2012). In Portugal, despite of suitable climatt oil is not
produced commercially, but the recently renewedredt in these aromatic species has
induced local farmers to cultivate them for sellieigher as a living plant or as dried
material (aerial parts) (Poligt al, 2008). Besides these well known taxa, thereodrer
mints that can be potential sources of chemicalpmmants. In Portugal, there are at least
nine Menthaspecies and several hybrids, theyMreequieniiBenthamM. pulegiumL.,

M. cervina(L.) Opiz, M. arvensisL., M. aquaticaL., M. piperita L., M. spicataL., M.
suaveolensEhrh., andM. longifolia (L.) Hudson (Franco, 1984). Two of therl.
pulegiumand M. cerving are of particular interest because they are aionmdants
traditionally used in Portugal to flavour food deshand for its medicinal properties,
preventing different gastric disorders and inflartiores of the respiratory tract (Pévea
al., 2006; Monteircet al,, 2007a,b).

Concerned with the sustainable utilization of urdexed Portuguese aromatic flora and
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aiming to explore new sources of aromatic plamis, PhD project intends to characterize
the glandular structures, address the phytocherdiearlsity of the essential oils and the
genetic diversity ofM. pulegiumand M. cervina species in Portugal. The following
paragraphs of the Introduction provide an overvigout these two species and the
current knowledge about their phytochemical andeterdiversity. In the subsequent
parts of the thesis, the results, major conclusansfuture perspectives are addressed.

Mentha cervingL.) Opiz

Mentha cervina(L.) Opiz commonly known as hart's pennyroy&b(tela-da-ribeira,
erva-peixeiraor poejo-finoin Portuguese) and previously namireslia cervina(L.)
Fresn., is a spreading herbaceous perennial (hgmaghyte) with slender, lance-shaped,
mid-green leaves and whorls of white or lilac flesvdrom midsummer into autumn
(Fig. 1.1). In mainland Portugal this species blesofrom June to September, and
completes its vegetative life cycle in 7 monthsfitho, 1974; Rossell6-Graell, 2003).



Chapter I- General Introduction

Figure 1.1 Mentha cervindL.) Opiz. A. Botanical illustration adapted fronaMéset al
(1987). B. Whole plant. C. Detail of the Infloreace.

M. cervinahas a western steno-Mediterranean distributiothobigh it has a restricted
area of occupancy (approximately 600°%kmthe extent of occurrence is large
(800.000 km?) and it is found in Portugal, Spaimari€e, Morocco, Algeria and is
presumed extinct in Italy (Valdést al, 1987; Rhazi & Grillas, 2010M. cervinais a
heliophilous species, sensitive to the shade artleganodification of water regimes. It
occurs, mainly in river banks and other wetlanddgl ammporarily flooded habitats.
According to the Natura 2000 Network Initiative, Rortugal mainlandy. cervinais a
bioindicator of the priority habitat NATURA 3170 @diterranean temporary ponds) and
NATURA 3130pt5 (deep seasonal ponds) (Siktaal, 2009). Contrary to other mint
species, this plant is not so competitive and icusrently difficult to find it growing
spontaneously in the natural habitat.

Mentha pulegiunt..

Mentha pulegiumL., known as European, or Old World, pennyroyabdjo in
Portuguese), is an aromatic perennial herbacecast peaching up to 40 cm height
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(Stengele & Stahl-Biskup, 1993). This species gramd in humid and damp areas and
water banks of Central, Southern and Western Eurbloeth Africa and Asia Minor
(Tutin et al., 1972; Chalchaget al, 2000). Morphologically the plant is a low grogijn
prostrate spreading herb with leaves that ranghape from ovate to orbicular. It shows
lilac-coloured flowers, from June to August in Rgal (Coutinho, 1974; Franco, 1984).
Although the flowers seem to set seed well, andsatecompatible the plant tends to
spread by rooting from the stems. It is cultivate&urope and grows particularly well in
fertile, moist soils in Mediterranean coastal regi¢Fig. 1.2).

This species was thought of as something aluee-all, it was a common feature of
cottage gardens and was used as a treatment for alarents including colds, and as a
flea repellent. Indeed, the Latin nampelegiumwas given to the plant by the Romans
who knew that the leaves kept the fleas awayex being the Latin for flea (Grieve,
1931).

Figure 1.2Mentha pulegiunk... A. Botanical illustration adapted from Valdésal (1987). B. Whole plant.

C. Detail of the Inflorescence.

In folk medicineM. pulegiumis used as an infusion, preventing different gaskisorders
and inflammations of the respiratory tract (Mkaddetral, 2007; Camejo-Rodriguext
al., 2003; Povoeet al., 2006). Nevertheless, there are no approved medicises for
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pennyroyal essential oil (Barceloux, 2008). Becaoké¢he strong aromatic, mint-like
pungent smell, pennyroyal oil is a constituent labholic beverages and a frequently
used raw material in flavourings, confectionery andmetics (Barceloux, 2008; Hayats
al., 2007 Monteircet al, 2007a; Mkadderat al.,2007).

Essential oils

Plants are the source of an enormous structurarglty of metabolites, generally
classified as primary or secondary according tar theolvement in basic life functions
such as cell division and growth, respiration, ag@r, and reproduction and their universal
distribution in plants. The ternsecondary metabolitehyad for a long time an
unprestigious meaning, sincgecondaryassumes that th@rimary ones are more
important. This meaning is no longer acceptable sexkral examples show that the
opposite may also be the case (Figueiretical, 2008).In nature, many secondary
metabolites play an important role in the protettiof the plants, functioning as
antibacterial, antiviral, antifungal, insecticidahd also against herbivores by reducing
their appetite for such plants. They also may eittsame insects to favour the dispersion
of pollen and seeds, or repel undesirable predaodsalso serve as signal in plant to
plant communication (Pichersky & Gershenzon, 20DRdareva & Pichersky, 2008;
reviewed in Bakkalet al., 2008 and in Maffei, 2010). They are often synthedifrom
primary metabolites by all plant organs, such agsbtiowers, leaves, stems, twigs, seeds,
fruits, roots, wood or bark, and since many of¢bestitutive defence compounds may be
toxic at high concentrations to the plant itséig plant must be able to generate and store
such substances without poisoning itself. The alwistrategy to overcome this problem
is to store this substances as inactive precursarsnstance as glycosides (Jerkovic &
Mastelic, 2001), or in extracellular compartmenss, cavities, canals or glandular
trichomes (Bakkalet al.,2008). Glandular trichomes are present in seysdagit families
and their morphology, distribution and frequencye aconsidered distinctive
characteristics among species (Werker, 2000). Alegrto Fahn (1979), glandular
trichomes secreting essential oils are the basehfreconomic importance of several
plant families, including the Lamiaceae. In peppatnthe site of terpene biosynthesis
has been localized to the secretory cells of thadyllar trichomes, mainly located on the
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leaf and stem surfaces. In Lamiaceae species ugfthine morphology of these glandular
trichomes may vary, two morphological types aredently present, peltate glandular
trichomes, with a broad head of several secret@lis,cusually arranged in circles,
subtended by a short stalk and a basal cell, engoetddtween the ordinary epidermal
cells (Fig. 1.3) and capitate glandular trichonveish a basal cell, a 1-2 stalk cells and a
round to elongated secretory head cell (Fig. Fzdh(, 1979; Maffeet al, 2010, Werker,
2000).

11

\f r:f/j ' ...6% - “
S NG

Figure 1.3. Peltate trichome consisting in a bapaermal cell, a short stalk cell and a secreb@ad with

several secretory cells. A: M. cervina(L.) leaf. B: lllustration adapted from Turnet al. (1999). Scale

bar =10 um.
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Figure 1.4. Capitate trichome consisting in a ba&sdl, one stalk cell and one secretory cell. AMn

cervina(L.) Opiz. B. lllustration adapted from Fahn (19.79¢ale bar =10 um.

Secondary metabolites are accumulated in concemtsathat differ between plants and
have a distribution which is sometimes confinedatgenus or species (Croteatual,
2000; Bourgaudet al, 2001; Figueiredeet al, 2008). This narrower distribution of
secondary compounds constitutes the basis for dasmmomy. Among the different
type of secondary metabolites, volatiles preset phant consist of a complex mixture of
chemical compounds, each of which has certain atedrand physical properties that in
combination with their different proportions repgats the aroma of the aromatic plants
(Figueiredoet al, 2008). Today more than 1700 volatile compouraghbeen isolated
from more than 90 plant families, constituting apgmately 1% of all plant secondary
metabolites (Pichersky & Gershenzon, 2002).

Essential oils are volatile, natural, complex coomts characterized by a strong odour
and are formed by aromatic plants as secondary boldgs. Obtained by
hydrodistillation, steam distillation or dry diséition, or by a suitable mechanical process
without heating (forCitrus fruits), of a plant or of some parts of it (Counzi Europe,
2008), meaning that they are include in the vadtihction responsible for thessencef
the aromatic species. Usually they are liquid amraemperature (and hence the term
oil), slightly soluble in water and highly solubleorganic solvents (Bakkadit al, 2008;
Rubiolo et al.,2010). There are approximately 3000 essentialkwitsvn, 300 of which
are commercially important especially for the phaceutical, agronomic, food, sanitary,
cosmetic and perfume industries (Baklatlal, 2008).



Analysis of an essential oil usually involves tleparation, identification and quantitative
determination of its components. The volatility gmmlarity of essential oil components
make capillary gas chromatography (GC) the techaigtielection for their analysis,
because essential oils are in general, formed cyngplex mixtures of components with
similar physicochemical characteristics at quiteffedent concentrations. The
identification of these components is generallyriedr out either by chromatographic
data, measurable with a universal detector sucklas(Flame ionization detector) or
TCD (thermo-conductivity detector), or by spectdalta, mainly by mass spectrometry
(GC-MS) or, better, by their combination, as reediby the International Organization
of the Flavour Industry (IOFI) (Rubiolet al., 2010). The essential oils are usually
characterized by two or three major componentsiatyfhigh concentrations (20-70%)
compared to other components present in trace asothough the essential oils are a
complex mixture of compounds, the terpenes (mamiyo-, sesqui- and di-terpenes) are
the most representative molecules and are amongdkevaluable compounds produced
by plants, side by side with alkaloids and phenglibstances (Bakkabt al., 2008;
Figueiredoet al.,2008; Kirby & Keasling, 2009). In addition to terges, other classes of
compounds found in essential oils include phenyprmids, polyacetylenes and even
some fatty acids (Figueireax al.,2007). 13
Terpenes form structurally and functionally diffierelasses. They are synthesized via the
two universal @ building blocks: isopentenyl diphosphate (IPP) aitsl isomer
dimethylallyl diphosphate (DMAPP). These univergagcursors can be produced by
either of two routes: the mevalonate pathway or lhdeoxy-d-xylulose-5-phosphate
(DXP) pathway. These pathways are distributed tjinout nature, and as a rule of thumb
the mevalonate pathway is prevalent in eukaryoted archaea, whereas the DXP
pathway is widespread in eubacteria. The biosyrgha&fsterpenes consists of repetitive
addition of IPPs, modification by terpene specifignthetases to form the terpene
skeleton and finally, secondary enzymatic modifara(redox reaction) of the skeleton to
attribute functional properties to the differentpenes (Kirby & Keasling, 2009). The
main terpenes are the monoterpeneg)(@nd sesquiterpenes i), but hemiterpenes
(Cs), diterpenes (&), triterpenes (&) and tetraterpenes {§ also exist. The
monoterpenes (fg) are the most representative molecules constufio% of the
essential oils and allow a great variety of streesu(Bakkaliet al., 2008; Figueiredeet
al., 2008; Kirby & Keasling, 2009). Generally, thesejonacomponents determine the
biological properties of the essential oils.
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Chemical diversity of essential oils Mentha

Plants belonging to the genuslentha have evolved in nature through natural
hybridization and selection, showing substantiafiateon in terms of their natural
habitats, growth characteristics, and aromas (TA@72; Franco, 1984). In most of the
wild growing mint species, and hybrids, a greattpblgemical diversitys observed, with
respect to their essential oil constituents (Kokki®91, 1992; Mimica-Dukic & Bozin,
2008). Based on the monoterpene compound prevaitingpe essential oil, which is
reflected by the specific metabolic pathway (McGCenkt al., 2000), mints have been
classified: the production of linalool and linalg&ate is typical for the linalool pathway;
menthol, menthone and menthofuran are constitutéseomenthol pathway (Fig. 1.5);
and carvone, dihydrocarvone and carveol, finallyaracterize the carvone pathway
(Schalk & Croteau, 2000; Lawrence, 2007). Theshways are as examples represented
by M. aquaticavar. citrata; M. piperitag andM. spicata respectively. According to this
classificationM. pulegiumandM. cervinabelonged to the Menthol pathway (Lawrence,
2007). Although the composition of the essentiblkcan be regarded as characteristic of
each mint and relationships among them can be é@edfrom the similarity of the
essential oil pattern (Résat al, 2002), a taxonomic study by Sakundali et al,
(2009), showed that the anatomically and morphackity defined species exhibited a
high level of phytochemical polymorphism which wksgely inconsistent with the
hierarchical classification. This means that dusttion of secondary metabolites
apparently has some value for taxonomy but haveetanalysed carefully and critically,
as any other adaptive trait (Wink, 2003). Moreovtke, same taxon growing in different
areas may have widely differing chemical componeaetsulting in the existence of
intraspecific chemical differences (chemotypes)jcWwhs very common in th&lentha
genus (Kokkini, 1991). Indeed, the occurrence anebtypes has been important in the
selection ofMenthaclones for agricultural purposes, as well as intitwiture, where
different clones have been selected for their atarstic scent (lemon mint, orange mint,
lavender mint) (Richardson, 1992). Several laboiesoare already pursuing desirable
clones with improved monoterpene combinations,eased accumulation of essential oil
and with superior agronomic traits to be used eeldmg programs to produce desired
recombinant hybrid genotypes with both oil quasibd yield (Khanujat al,, 2000).
Essential oil constituents and production can dieo modulated substantially by
physiological variations - organ type and developtnpollinator activity cycle, type of



secretory structure, seasonal variation, mechawoicahemical injuries -, environmental
conditions - climate, pollution, diseases and pesiaphic factors -, geographic variation
and genetic factors, resulting in highly variablemenercial yields and compositions
(Voirin et al, 1990; Masottet al 2003; Angioniet al 2006; Figueiredet al, 2008 ).
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Figure 1.5. The Menthol biosynthetic pathway of pemint M. piperita), adapted from Croteaet al
(2005).

So, in order to obtain essential oils of constannhgosition, they have to be extracted
under the same conditions from the same organeoplént which has been growing on
the same soil, under the same climate and hasgieleed in the same season (Bakleli
al., 2008). Most of the studies performed so faMompulegiumessential oils were carried
out in different regions of the world, including fkey (Muller-Riebauet al, 1997),
Yugoslavia (Chalchagt al, 2000), Urugay (Lorenzet al, 2002), Bulgaria (Stoyano
al., 2005), India (Agnihotret al. 2005), Egypt (EI-Ghorab, 2006), Greece (Koklahal,
2004; Cooket al, 2007), Iran (Aghelet al, 2004; Mahboubi & Haghi, 2008;
Hassanpouraghdaet al, 2011), Spain (Maroto-Diaet al, 2007), Tunisia (Mkaddermst
al., 2007), and Portugal (Monteiat al, 2007b; Lopegt al, 2010; Teixeiraet al, 2012),
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and were focused mainly on its chemical composition

The literature suggests thisk pulegiumis a chemical polymorphic species, both in the
gualitative and/or quantitative oil composition, thvi four chemotypes reported:
(1) pulegone, (2) piperitenone/piperitone, (3) ieathone/neocisomenthone types and
(4) menthone with appreciable amounts of menthdlrs@omenthol from Northwest Iran,
being pulegone the most common chemotype. Deshiset reports from different
regions of the world, and from three studies irticated populations (Monteiret al,
2007b; Lopeset al, 2010; Teixeiraet al., 2012), there is no previous report on the
chemical composition of wild growing populations M pulegiumvolatile oils from
mainland Portugal. One should not forget that,ultivated mint plants the qualitative oil
composition is relatively stable, but in most widgdowing mints a great diversity in
essential oil constituents is observed (Kokkin@29Mimica-Dukic & Bozin, 2008).

M. cervinais a less-known species, and to date, not countitiy the studies here in
reported, previous studies have been mainly focuped its morphology (Povoet al,
2006), reproductive biology (Monteiro, 2006), amtifjal activity of the essential oils
(Gongalveset al.,2007) and habitat characterization (Sietaal., 2009). Concerning the
essential oils characterization, only two studiescbemical composition were published
(Vidaurretaet al., 1992; Gongalvest al., 2007). In both cases, few samples were used,
(only one concerned the Portuguese flora) and pukegwas the main component.
Pulegone is a toxic compound with potentially Iéthgpatotoxic effects (Andersat al.,
1996), it is metabolized by hepatic microsomal morRggenases to a series of
hepatotoxins that cause liver cancer (Nelson, 129%) is involved in many reported
cases of intoxication in humans and animals (Bakeet al, 1996). The UE directive
88/388/EEC has stipulated a maximum concentration this oxygen-containing
monoterpene of 100 mg/kg in beverages and 25 mig/kgpdstuff, with the exception of
250 mg/kg in peppermint or mint-flavoured beveragasd 350 mg/kg in mint
confectionery (EEC, 1988; European commission, 20P@legone may not be added as
such to foodstuffs (EEC, 1988). Conversely, pulego listed among the authorized
synthetic flavouring substances in the USA (Siahal., 2005). Recommended limits of
pulegone in cosmetic formulations are <1% (BarceloB008). Because of these
restrictions, several publications, reports anéddlives of the UE emphasize the need for
a better characterization of botanicals and bognpreparations and for scientific
assessment of risks from exposure of consumersesetproducts.



Essential Oil Bioactivity irMentha

It is well-known that plant-derived natural prodsictre extensively used as biologically
active compounds. Among them, essential oils weeefitst preservatives used by man,
originally in their natural state within plant tisss and then as oils obtained by
distillation. They are noteworthy for exhibitingrade range of biological activities, such
as antifungal, antimicrobial, antiviral and inseital activities that haveplayed a critical
role in the development of our current pharmaceautend agrochemical industries.
Because of the great number of constituents, aakanls seem to have no specific
cellular targets (Carsost al, 2002). As their mode of action affects seveagyéts at the
same time, generally, no particular resistance daptation to essential oils has been
described (Bakkalet al, 2008). Indeed, essential oils or some of thensttuents are
effective against a large variety of organisms udaolg virus, fungi, bacteria, mites,
larvae, worms, insects and molluscs (reviewed biykBlaet al, 2008). This property is
of great importance in the applications of essépila not only against certain human or
animal pathogens or parasites but also for theeprason of food and food products.

The essential oils and extracts frivienthaspecies have been in use since ancient tinﬁs
for the treatment of many digestive tract diseas&sin cuisines §tan et al., 2002), and—
are therefor potential candidates for exhibitingtimitrobial, antioxidant, radical-
scavenging and cytotoxic activities (Yadegarigial, 2006;Gulluceet al, 2007). These
activities are due to the presence of active ctugsits, mainly attributable to isoprenes
such as monoterpenes, sesquiterpenes and relatedolal other hydrocarbons and
phenols (Griffinet al, 1999; Dorman & Deans, 2000).

There is some difficulty in comparing the differaesults obtained by research groups
across the world since so many variables existidBeghe experimental variations, the
biological activity is dependent of the essentiacomposition, and thussimilarly subject
to variation (Oumzilet al, 2002), which explains the different results fdwoncerning
the biological properties oMentha essential oils. However, there is some thread of
similarity in the microorganisms against which trerious members of the genus have
been evaluated can be grouped together as impalisgdse-causing bacteria, including
E. coli, with strain O157:H7 Salmonella and Shigella sp., Listeria monocytogenes
Pseudomonas aerugingsersinia enterocoliticaand Staphylococcus aureudt is
significant that MRSA and VRE organisms are susbiptto mint oils since no
development of resistance appears to occur (D2a0s3).
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The bioactivity of several mint essential oils haleen studied, in particular the
antimicrobial activity ofM. piperita L. (peppermint) dcanet al, 2002; Yadegarinigt
al., 2006), the antibacterial and antifungic activit@sM. suaveolengOumzil et al,
2002), the antibacterial activity dfl. rotundifolia (Derwich et al., 2010) and the
antimicrobial and antioxidant activities M. aquaticaandM. longifolia (Gulluceet al,
2007; Mimica-Dukicet al, 2003).

Most studies performed so far M. pulegiumessential oil were focused mainly on its
chemical composition. Nevertheless, the antimiabactivity was studied by Mahboubi
& Haghi (2008) and the antiradical activity, the tiaridant activity and the
acetylcholinesterase inhibitory capacity of esse¢miils was studied by Mat al. (2007).
More recently, Teixeiraet al. (2012) studied thén vitro antioxidant and antimicrobial
activities of M. pulegiumessential oil and extracts, showing that the d&derils have
strong antibacterial properties. In this w4, pulegiumextracts and essential oil have a
huge potential as alternatives to synthetic pregams in food industry.

In M. cerving there is a lack of information concerning the miwl composition and
bioactive properties of the essential oils. Theseone study reporting the chemical
composition and antifungal activity again®andidg Aspergillus and dermatophyte
strains (Gongalvest al, 2007). These authors suggest tHatcervinaessential oils can
be used as alternative antifungal agents in tlarrent of dermatophytosis.
Nevertheless, further studies should evaluate difetys and toxicity oM. pulegiumand
M. cervinaessential oils to human consumption before consigeheir use for food
preservation or medicinal purposes.



Genetic Diversity and Implications for Conservation

Biological and bio-technological research for exliion of aromatic compounds in
pharmaceutical, agronomic, food, cosmetic and pesfuindustries relies on two
conditions for their ultimate success: a rich seuw€ biodiversity, and the knowledge of
the natural relationships between species. Biodityewill depend on a wise international
conservation policy, while the second falls in tligcipline of taxonomy.

Aromatic and medicinal plants represent, in nundbespecies used, widespread nature of
their use and their contribution to human healdrthpps one of the most significant ways
in which humans directly reap the benefits provided biodiversity (Farnsworth &
Soejarto, 1991; Hamilton, 2004). Contrary to plapécies used for food and agriculture,
aromatic and medicinal plant species are a mofesdifcategory. The most important
crops are cultivated and efforts exist towardsdbeservation of their genetic diversity
(Fowler & Hodgkin, 2004), on the other hand, mdsthe aromatic and medicinal plants
are found wild (40.5%) or naturalized (33.9%) wiolely 3.3% are cultivated (Aguilar-1g

Stgen & Moe, 2007). According to Vines (2004), apgmately two thirds of the 50.000

different aromatic and medicinal plant speciesse are collected from the wild and in
Europe only 10% of medicinal species used commigr@ee cultivated. Currently, these
plant populations face an incomparably growing sues in the wild due to increasing
commercial collection, largely unmonitored tradel drabitat loss, which is causing loss
of genetic diversity, local extinctions and habdastruction (Cantest al.,2005).

Globally, the populations d¥l. cervinaare suffering severe and rapid declines throughout
its range, and are therefore classified as Neaedlbned in the IUCN Red List of
Threatened Species (Rhazi & Grillas, 2010). Theutamns once known in Italy
(Abruzzi) are presumed extinct. In France, it isolkn in six departments and is
considered as vulnerable (one level upward of tlearNrhreatened, according to the
IUCN nomenclature). In North Africa, it is considdrrare in Morocco with only one
locality known in the Rif (Tanger) and very rareAfgeria where it is found in the Haut
Plateaux of the Regions of Algiers and Oran (RR&azGrillas, 2010). In Spain and
Portugal, it is known in the western half of therlan Peninsula with some additional
localities in the east. It is not very common ahd populations are possibly declining
because of the destruction of their habitat. Thanrtraeat is the destruction of the habitat



20

by anthropogenic activities such as changes ofhifdrology (drainage or permanent
flooding, agriculture and dams) and in habitat ngemaent such as overgrazing and over
exploitation. The small number of populations, thesciprocal remoteness and their
reduced strengths essentially expose them to ois&stinction. In Portugal the remaining
populations are under imminent threat from the tranion of dams and in one case, it
has already disappeared due to the Algueva hyadrtoielelam construction (Pévaa al,
2006). According to a field survey, in areas thad lpreviously been reported in herbaria
as species habitat, it was confirmed that the atsbltave been severely deteriorated or
fragmented largely due to anthropogenic activi(eeg., deforestation, over-exploitation,
over-grazing). Also, with the growth of commercidémands in recent years, the
excessive harvesting from the wild and the unfaabler conservation status of these
habitats has shrunk the natural resourcMotervinato a narrow distribution (Povasat
al., 2006).

In terms of conservation measures, this specipsoigcted at national and regional level
in France, and it is classed as Vulnerable in thd Rata Book (Olivieet al., 1995). In
North Africa, there are no conservation measurds legal protection of the species,
surveillance of the existing sites, search for rs&s, monitoring of population size and
dynamics, maintenance of a favourable hydrologiegime and raising public awareness
are actions that are recommended. In Spain andud&drthere are no records of
conservations measures or actions for the spedidgke M. cerving M. pulegiumhas
been widely recorded throughout much of Europe,revheis not threatened, but is
known to be in decline in some countries, such sesat3Britain where it is classified as
vulnerable (Rhazi & Grillas, 2010).

The development and use of molecular markers hesoe an important tool for a broad
range of plant population genetic, conservationegerand evolutionary studies such as
investigating patterns of gene flow, mating systemepulation genetic structure,
hybridization and effective population size. SeVgenetic approaches have been used to
determine the genetic relationships and patterrdivarsity. Fenwick and Ward (2001)
studied RAPDs (Randomly amplified polymorphic DNability to accurately identify
peppermint and spearmint varieties. Despite tesktingdreds of primers, they were
unable to distinguish among six of the eight conuaépeppermint and native spearmint
types. Shasangt al (2002) evaluated RAPD to assess the geneticae$htip among 15
native spearmint accessions from India and condubat the results of RAPD analysis
were better for this purpose than the traditionppraach of comparing plant



morphologies and chemistries. Althought, this teghe benefits from simplicity and low
cost because prior knowledge of a plant's geneéiqusnce is not required, few
researchers currently use RAPD analysis becausdtsese not as consistent as with
other genetically based methods. Amplified fragmiemigth polymorphism (AFLP) is
another method used to characterize genetic rekitips among plants, and has been
used successfully to group different mint plants imajor taxonomic clusters (Gobett
al., 2002). Like RAPD, AFLP requires no knowledgegehetic sequences, however, it is
difficult to use and may not be sensitive enougtdigiinguish among closely related
individuals. Among various molecular tools, genorfiltgerprinting with inter-simple
sequence repeats (ISSR) markers has gained indriedseest. This markers use arbitrary
primers that anneal to microsatellites (or SSRap# sequence repeats), and amplify the
regions between adjacent, inversely orientated SSRe method reveals inversions,
insertions, deletions, and mutational events, céfle the length variation between the
adjacent microsatellites (Zietkiewiezt al, 1994; Culley & Wolfe, 2001). Because they
have higher annealing temperature and longer priseguences, they yield greater
reliability and reproducibility of bands when compa to RAPD (random amplified
polymorphic DNA) primers (Culley & Wolfe, 2001). Ahe same time, the cost of the
analyses is relatively lower than that of some otharkers such as AFLPs (Fang &1
Roose 1997). Therefore, the use of ISSRs has be@wmsevely used in population
genetics studies with wide applications in genetigersity studies of species of
conservation concern (Esselmetral.,1999; McGlaughliret al.,2002; Smith & Bateman
2002; Geet al., 2005; Xiaet al.,2007), including Lamiaceae species (leual., 2006,
Mendeset al.,2009), and are especially useful in cultivars idemtion (Charterset al.,
1996) and in detecting diversity in closely relatear even clonal, individuals
(Zietkiewiczet al.,1994; Esselmaat al.,1999; Cheret al.,2006; Haret al.,2007).
Analysis of single sequence repeats (SSRs), aldedamicrosatellite DNA markers, is
another approach to distinguish different mint pdaMicrosatellites are very reliable and
easy to use, but their application requires genstguencing information that can be
difficult and expensive to obtain. Liu and Blouin preparation) have developed 22 SSR
markers capable of differentiating among severacis and varieties in the genus
Mentha However, additional SSR markers are needed tmgissh among other closely
related mint plants (Morris, 2007).

The assessment of patterns of genetic variatioplant populations has made critical
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contributions to many studies in evolutionary bglp conservation genetics, plant
breeding and ecological genetics. The value in sasdessments not only relates to the
guantification and distribution of genetic variatidn populations but also to the
investigation of the processes that influence thpzdterns, in plants in particular because
they have a huge diversity in breeding systems aamdrasting life-histories. Although
this knowledge is important to the formulation dfeetive conservation strategies for
threatened species (Holsinger & Gottlieb, 1991ulscoet al.,2003; Shalet al, 2008),

no study has targeted the genetic diversity andacttre of M. cervinapopulations in
Portugal.

Nevertheless, the search for natural products maistnake immoderate use of the local
flora. Moreover, the use of natural products afaplies investing in quality, agricultural
innovation and a combined effort of agriculturejustry and science for the control of
diseases and pests, in the selection of the b#station sites, improved plant varieties,
determination of the right time for collection asustainable use of biodiversity.



Aims and Goals

The aim of this PhD project was to develop an irggge study to CHARACTERIZE
the aromatic specieb). cervinaandM. pulegium in several aspects related with their
essential oils (secretory structures and chemmalposition and evolution) and genetic
biodiversity to understand the processes drivingupetion dynamics when subjected to
pressure, in order to develop strategies for tBEINSERVATION. It was also a goal
to promote the VALORISATION of these species byleating the yield, quality and
bioactivity of the essential oil against differemicroorganisms, such as human and
food-borne pathogens.

The specific objectives of this work were:

1) Characterization of the morphology and distitnutof glandular trichomes, the
structures responsible for producing the esseatisy in M. cervina(Chapter I) and\.
pulegium(Chapter II).

2) Quantification and chemical characterizatiorthef essential oils, with identification
of chemotypes and desirable traitsMncervina(Chapter 1) and. pulegium(Chapter 23
[I) populations.

3) Determination of the influence of growing comalis and developmental stages in
the yield and composition of the essential oilsMn pulegium(Chapter IllI) andM.
cervina(Chapter VI).

4) Evaluation of the antibacterial activity Bf. cervinaessential oils and corresponding
pure main components, in order to validate thetpiaalitional uses in Portuguese folk
medicine (Chapter V).

5) Assessment of the genetic diversity and strugjuof M. cervina populations and
individuals in order to provide guidelines for thenservation and sustainable use of
this threatened aromatic and medicinal speciesgteh® and VI).

These approaches bring together the genetic andssential oil diversity, geographic
distribution, ecological features and agronomicahits that will allow better

conservation and management strategies of natigdiversity and also contribute for
economical production of mint related commoditieghwmedicinal and industrial

importance.
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Abstract

Mentha cervindl.. is an aromatic plant that is traditionally usedhe Alentejo region 39
of Portugal to flavour food dishes and for the nogdil properties of the essential oil
produced in its glandular trichomes. The morpholagg distribution of the secretory
structures of twenty populations was studied bigtland scanning electron microscopy
and revealed a great similarity in the type andritistion of glandular and non-
glandular trichomes. In addition, 2 populationseveurveyed at different stages of their
lifecycle. This showed that both maximum trichomensity and maximum filling
capacity of the glandular trichomes are attainety@m. The GC and GC-MS chemical
analyses showed that pulegone (62-80%), isoment(®18%) and limonene (3-7%)
are the main components M. cervinaessential oils. Cluster analysis of the identified
essential oil components revealed a major chenuoakistency between the twenty

populations evaluated.

Key Words: Mentha cervinaLamiaceae, essential oils, GC, GC-MS, histochewist

trichomes, pulegone.



40

Introduction

Mints (Menthaspp.) are one of the most popular essential oprparticularly in the
Mediterranean area, where they are widely disteitbuMany members of this genus are
cultivated for ornamental purposes, but above @il their essential oils, which are
secreted by glandular trichomes distributed acihes vegetative and reproductive
organs. Their oils are valued commercially as agkebt for food products, cosmetics
and pharmaceuticdlsPeppermintNl. piperital.) and spearmintd\{. spicataL. andM.
cardiaca Baker) are the most widely cultivated species, beegpeppermint oils are
valued for the accumulation of the cyclic monotegs menthol and menthone, while
spearmint oil is sought for its high carvone cotfteAs such, mints are valuable crops
with a substantial importance to the botanical econ

Mentha cervinaL. (commonly know as hart’s pennyroyal) is an aatimplant that is
traditionally used in Portugal to flavour food déshand for its medicinal properties
Native of the Iberian Peninsula and North Africa,Hortugal it can be found in river
banks, damp and wet places (Natural habitat N&ULB®), being representative of the
priority habitat Natura 3170 “temporary Mediterraneponds®. Due to excessive
harvesting, overgrazing and habitat destructioa,sjpecies has been disappearing from
natural settings’.

The composition of essential oils and the studyhef structures responsible for their
secretion have been the subject of a great numbetudies on Mints, which have
looked not only at chemical compositiGhand seasonal variatibh'’, but also at the
effect of different factors on the composition ajield of essential 0if$™*° However,
only two studies concerning the oil compositiorMEntha cervinavere found. In both,
one population oM. cervinawas analysed and pulegone was reported as the oibjo
componen!’. Due to the presence of this toxic compound, e&geails rich in
pulegone should not be used in aromatherapy owt fodustries®. Thus, studies to
identify other possible chemotypes are needed,ngthat the existence of different
chemotypes is a common feature in mdenthaspecies and hybridfs

These are the first results of a research promaterning the utilization of unexploited
Portuguese aromatic flora with a view to expandiew sources of aromatic oils. Here
we report the chemical composition of the esserdil of several populations of
PortugueseM. cerving as well as the morphology of glandular trichomeghe



structures that are responsible for producing the o

Experimental

Plant material

This study was based on 20 populationgvbfcervinarepresentative of central and

southern Portugal. To characterize the chemical position and identify possible

chemotypes, 17 populations wa@lected from natural habitats and kept underucalt

in the essay field of Escola Superior Agraria deakl(Alentejo). During the flowering

phase, samples from aerial parts of the cultivateemplars were collected. In order to

understand the influence of different ecologicalndibons on the essential oil

composition, samples from 3 populations growingarnaild conditions were collected

at the same time. Voucher specimens from the 2@lpbpns have been deposited in
the LISI herbarium (Table 1).

Table 1.Location and details of the populationsMéntha cervinastudied.

Accessions Collection place Geo-reference  Type of sample Voucher
number
MC1 Redondo W7.5678 N38.7128 Cultivated 103/2007-MC
MC2 Mértola W7.4996 N37.6773 Cultivated 104/2007-MC
MC3 Aljustrel W8.1040 N37.9373 Cultivated 105/2007-MC
MC7 Santiago do Cacém W8.6813 N37.8072 Cultivated 106/2007-MC
MC10 Campo Maior W7.0007 N39.0819 Cultivated 107/2007-MC
MC12 Nise W7.6811 N39.6017 Cultivated 108/2007-MC
MC13 Ponte de Sor W7.9813 N39.3361 Cultivated 109/2007-MC
MC14 Montargil W7.9901 N39.3329 Cultivated 110/2007-MC
MC15 Redondo W7.9680 N38.7928 Cultivated 111/2007-MC
MC16 Reguengos de Monsaraz W7.4973 N38.4602 Cultivated 112/2007-MC
MC17 Amareleja W7.2128 N38.1058 Cultivated 113/2007-MC
MC18 Serpa W7.6001 N37.9466 Cultivated 114/2007-MC
MC19 Portel W7.7986 N38.2683 Cultivated 115/2007-MC
MC21 Evora W7.8919 N38.5766 Cultivated 116/2007-MC
MC22 Monforte W7.4354 N39.0543 Cultivated 117/2007-MC
MC24 Grandola W8.4880  N38.1336  Cultivated  118/2007-MC
MC29 Elvas W7.1715 N38.7767 Cultivated 119/2007-MC
MC35 Figueira de Castelo Rodrigo W6.5335 N40.5203 ildw 527/2005-MC
MC38 Termas de Monfortinho W6.5416 N39.5812 wild 6&2D05-MC
MC39 Idanha-a-Nova W7.2113 N39.9245 wild 556/2006-M
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Morphological studies

Light microscopy (LM)Stems, leaves and flowers at different developaiestages, of
10 individuals for each population, were fixed wi8% glutaraldehyde (Merck,
Germany) solution in a 0.1 M phosphate buffer, pB| @nd post-fixed with 1% osmium
tetroxide in the same buff8r After dehydration in a graded series of ethanalitimhs
hand-cut cross-sections were made and clarified sodium hypochlorite and washed
in distilled watef. Observations were carried out under a Nikon EelifE400
microscope equipped with a Nikon Coolpix MDC lemapter. Images were obtained
with a Nikon Coolpix 995 digital camera. Quantiaticharacters are the average of, at
least, 30 different observations for each popufatio

Scanning electron microscopy (SENPJant material was fixed as above, critical-point
dried, and coated with gold in a Jeol JFC-1200 yboklapan). Observations were
carried out at 15KV, on a Jeol JSM-5220 LV scannalgctron (Tokyo, Japan)
microscope equipped with a direct image acquisiggstem. Measures and counting

were obtained by computer-assisted image analysis.

Histochemical studies

General staining procedures for detecting the nwiemical groups secreted were
carried out using fresh leaves and flowers fronoBypations: MC10, MC21 and MC29
(with more contrasting agronomic behaviour). Thetdghemical tests included: (1)
Sudan IlI for total lipid&* (2) Nile Blue for neutral and acid lipitfs (3) Nadi reagent
for essential oils and resin acijsand (4) Ruthenium Red for polysaccharides with

acidic group&’. Control procedures were carried out at the same t

Essential oil analysis

Isolation procedureFull flowering aerial parts of 10 individuals feach population

were collected for chemical composition analysesie Tsamples were grossly
pulverized, and 20g were subjected to hydrodistifafor one hour in a Clevenger-
type according to the European Pharmacopoei@he oils were kept at a low

temperature until further analysis.



GC and GC-MS Analysi§&sC analysis were performed using a Perkin Elmei08yds
chromatograph (Perkin Elmer, Shelton, Connectid®A) equipped with two FIDs, a
data-handling system, and a vaporizing injectot powhich two columns of different
polarities were installed: a DB-1 fused-silica ¢olu (30mx0.25mm i.d., film
thickness 0.25um; J & W Scientific Inc., Agilentchamologies, Santa Clara, California,
USA); and a DB-17HT fused-silica column (30mx0.25mm., film thickness
0.15um; J & W Scientific Inc.). Oven temperatureswaogrammed, 45-175°C, at
3°C.min*, subsequently at 15°C.minup to 300°C, and then held isothermal for
10min; injector and detector temperatures were 28&id 290°C, respectively; carrier
gas, hydrogen, adjusted to a linear velocity ofr80&*. Samples were injected using
the split sampling technique, ratio 1:50, with duwee of injection of O.ful of a
pentane-oil solution. The percentage compositiorthef oils was computed by the
normalization method from the GC peak areas, whiete calculated as mean values of
two injections of each oil sample, without usingpense factors. The GC-MS unit
consisted of a Perkin Elmer Autosystem XL gas clatmgraph (Perkin Elmer, Shelton,
Connecticut USA), equipped with DB-1 fused-silica column (3025 mm i.d., film
thickness 0.25um; J & W Scientific, Inc., Agilentedhnologies, Santa Clara,
California, USA), and interfaced with a Perkin-ElmEurbomass mass spectrometer 43
(software version 4.1, Perkin Elmer, Shelton, Catinat, USA). Injector and oven
temperatures were as above; transfer line tempera®80°C; ion trap temperature,
220°C; carrier gas, helium, adjusted to a linedoaity of 30cm & split ratio, 1:40;
ionization energy, 70eV; ionization current, 60s&8an range, 40-300u; scan time, 1s.
The identity of the components was assigned by eoisgn of their retention indices,
relative to a @-Cyg hydrocarbon standard mixture, and with GC-MS gpefrom a
home-made library, constructed based on the armmalgéaeference oils, laboratory-
synthesised components and commercial availabhelstds.

Data analysis

Quantitative results of the morphological characteid not distinguish between

populations growing either in the same or differettions. Therefore results are the
mean value of the data.

The percentage composition of the essential oilpdesnwas used to determine the
relationship between the different sampledvbfcervinaby cluster analysis with the
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NTSYS-pc software (version 2.02, Exeter Softwaetagket, New YorKf. Correlation
coefficient was selected as a measure of similamiypng the twenty populations, and
the unweighted pair-group method with arithmetierage (UPGMA) was used for
cluster definition. The degree of correlation wasaleated in: very high if correlation
ranged between 0.9 and 1; high, between 0.7 argd h8derate, between 0.4 and 0.69;
low, between 0.2 and 0.39; and very low, if €0.2

Results

Morphological studies

Mentha cervinaleaves are linear-oblanceolate, attenuate at #se,band entirely or
obscurely toothed. Bracts are like the leaves bhdéwEpidermal cells are polygonal in
shape, more or less isodiametric, with sinuouschmdil walls and dotted cell walls. On
both surfaces epidermal cells are similar, althoaghxial cells are smaller and more
variable in shape. Diacytic stomata are presertbaih surfaces, albeit more abundant
on the lower surface, and are evenly distributeth wio particular orientation. The
leaves are dorsiventral with the midrib abaxiallgminent. Leaf cross sections revealed
a mesophyll composed of 1-2 layers of palisadenudwgma cells and 4-5 layers of
spongy parenchyma cells. Midribs showed a vaschlardle surrounded by 3-6
collenchyma layers. Calcium oxalate crystals — ydghand sphere crystals — are
observed in both mesophyll and epidermal cells. §ieen cross section is circular and
maintains its form throughout the lifecycle.

M. cervinaindumentums include non-glandular and glanduiahémes scattered over
the vegetative and reproductive organs. The nonmegiar trichomes are of three
different typesi) unicellular, with a warty surface, a swollen basgpidermal cell and
acute apices (Fig. 1-A, E), which is seen on stantssepals and on both leaf surfaces,
but is more abundant on the adaxial surfage;small multicellular, 2 to 4 cells,
uniseriate, warty surface, with a swollen basdlaedl acute apices (Fig. 1-B), sparse on
adaxial leaf surface but common on sepals inneramer facesiji) largemulticellular,
long up to 8 cells, thin, uniseriate, acute apieemty surface, leaned toward the apex
and supported by a cellular pedestal formed by tovéive epidermal cells arranged
around the base, only seen on the petal outerafaee (Fig. 1-C).
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Figure 1 A-H. SEM micrographs showing distribution and typestridhomes ofMentha
cervina A. Abaxial leaf surface with glandular (G) andnaglandular trichomes (nG). B.
Adaxial leaf surface exhibiting small multicellulapn-glandular trichomes, with 2 to 4 cells,
with a regular distribution. C. Petal outer faceowimg large multicellular non-glandular
trichomes, up to 8 cells long, leaned toward thexaand supported by a cellular pedestal
formed by two to five epidermal cells arranged abthe base. D. Stamens showing peltate
trichomes between the two anther lobes. E. Unilggllnon-glandular trichome, showing a
warty surface, a swollen basal epidermal cell aadtea apex. F. Capitate type | glandular
trichome with one stalk cell and an oval secretwegd cell, with a smooth surface. G. Peltate
glandular trichomes with thirteen secretory cedlsanged in two circles. H. Capitate type Il

glandular trichome with a lower conical stalk cekhibiting 1 to 2 elongated neck cells.

The glandular trichomes are of two different typesltate and capitate. Peltate are seen
all over both leaf surfaces, being predominanttenabaxial leaf surface, on the stem,
on the inner and outer surfaces of sepals, ancherotiter face apex of petals. They
comprise a short stalk and a large, smooth heati, avvariable number of secretory
cells (between 8 and 12 in the leaves and up tim #0e petals) arranged in one or two
circles (Fig. 1-G). Upon maturation they are sunkerepidermal depressions and the
cuticle of the cells of the secretory head liftnfiing a subcuticular space to enclose
secretions. The head dimensions of peltate haies variable, but bigger on the
reproductive structures: diameter up to B2 (x6um) on the corolla, compared to
89um (F8um) on the adaxial leaf surface andp®8 (x8um) on the abaxial leaf
surface.

The two capitate trichomes found differ from eateo in the shape of the head and the
length of the stalk head): capitate type I, with one stalk cell G (x0.1um) in length,
and a round/oval secretory head cell, with a smeotface (Fig. 1-F), 32m (£4um) in
length and 2Am (£2um) in diameter at the head, uniformly distributed lwoth leaf
surfaces, calyx and stems), capitate type II, with a lower conical stalk c&bum
(x6um) in length and 1 to 2 elongated neck cellsurb3(*0.7um) and a round
secretory head cell, with a smooth surface (Fi¢d),133um (x2um) in length and
23um (x0.1um) in diameter at the head, only on the adaxialzirface

The only trichomes on the stamens or carpel welatpetrichomes, which occurred
along the lower side of the connective tissue betwie two anther lobes (Fig. 1-D),

and small multicellular non-glandular trichomesttivare found in the style.



Morphologically well developed glandular trichomegere already observed on
cotyledons. The peltate trichome densities in fuidkpanded mature leaves, at full
flowering were about 2 peltate glands thion the adaxial leaf surface and 5.25 glands
mmZon the abaxial leaf surface, with twice as manydgaproduced as on the adaxial
leaf surface. The same could not be seen for ¢apiti@homes, which were about 10

trichomes mrnif on each leaf surface.

Histochemical studies

Data from histochemical tests revealed that theesed material composition was

similar in both leaves and flowers and had a compbgure, containing hydrophilic and

lipophilic components. The presence of these comg®wvas independent of the organ
and of the developmental stage, but dependenteotritthome type (Table 2).

Table 2. Histochemistry of glandular trichomes on vege&atnd reproductive organs

of Mentha cervina

Peltate , .
: : : tate trichom I
Histochemical test Tyrée |Of Comp(;unds/ trichomes—=apitate trichomes cells 47
olour reaction secretion  Type | Type Il
Sudan Il Total lipids / Red ++ + +
Nile Blue Neutral lipids / Pin - - -
Acid lipids / Blue + - -
Nadi Essential oils / Blue +++ + ++
Acidic Resins / Red - - -
Ruthenium Re Acidic polysaccharides / R ++ ++ ++

-, hegative; +, slightly positive; ++, positive; +#strongly positive.

The secretion of capitate hair cells was more hghiitw, while secretion accumulated
under the cuticle of peltate hairs displayed bothydrophilic and a lipophilic nature

(Fig. 2A-B), with a predominance of lipophilic cemnt. The secreted material of both
types of trichomes also stains positively to noldtesic polysaccharides, as shown by
the Ruthenium Red test.
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Figs. A-B. Bright-field micrographs oMentha cervinaleaf trichomes. A. Peltate trichome

stained with Ruthenium Red. Beltate hair stained with Sudan III.

Essential oil composition and quantification

In the 20 populations surveyed, at full flowerimg il yield ranged from 2.4% to 4.0%
(w/w). Twenty-nine components were identified i M. cervinapopulations studied,
with an identification range between 87% and 99%b(& 3). Both cultivated and wild-
collected populations were dominated by oxygendioirig monoterpenes (78-88%
and 89-91%, respectively). Pulegone was the maimpoment of this fraction, as well
as the dominant component of all oils. It rangeamfr62 to 78% in the oils that were
isolated from the cultivated plants, and from 738@% in those from the wild
populations. Isomenthone was the second main coemparf M. cervinaoils (ranging
from 3% to 18%). The monoterpene hydrocarbon limeneried between 3% and 7%
and was the third main component of the oils igoldtom the twenty populations.

Only two sesquiterpenes were detected in all Bi€aryophyllene oxide was the most
representative component of the oxygen-containimgquiterpenes, attaining a
maximum of 2%.

A third fraction of non-terpenic compounds, destgdd'others” (Table 3), also attained
a maximum relative amount of 2% in all the popwlas studied.

The cluster analysis of the percentage composiioessential oils clearly showed a
major chemical homogeneity supported by the vegh laorrelation between all oils
(Scor,0.98), despite the fact that some were obtainem frultivated plants and others
from plants grown in the wild.



Table 3.Composition of the essential oils, isolated by lydistillation, from the aerial parts bfentha cervinaollected in the flowering stage.

Cultivated Wild
Components RI Mcl Mc2 Mc3 Mc7 Mcl0 Mcl2 Mcl3 Mcl4 Mcl5 Mcl6 Mcl7 Mcl8 Mcl9 Mc2l Mc22 Mc24 Mc29 Mc35 Mc38 Mc39
3-Methylcyclohexanone 914 t t t t t t t t t t t t t t t t t t t t
a-Thujene 924 t t t t t t t t t t t t t t t t 0.1 t t t
a-Pinene 930 08 13 08 10 0.6 1.0 0.7 0.8 0.9 0.8 0.7 0.70.8 11 0.8 0.9 0.9 0.9 0.9 0.6
Camphene 938 0.1 t t t t t t t t t t t t t 0.1 0.1 0.1 0.1 0.1 t
Sabinene 958 0.1 t t 0.1 t 0.1 t t t t t t t 01 20. 01 0.2 0.1 t t
-Pinene 963 08 11 07 10 0.6 0.9 0.7 0.7 0.8 0.7 0.7 0.60.7 1.0 0.7 0.7 0.7 1.0 1.0 0.6
2,5-Dimethyl-1-hexene 970 02 01 t 0.1 0.2 t 01 30 t t 0.2 0.1 0.7 0.1 0.3 0.3 0.3 t t t
3-Octanol 974 17 01 01 17 0.6 21 21 12 18 81 12 11 0.8 1.8 0.2 1.2 0.7 0.4 t 0.2
Myrcene 975 t t 01 02 0.4 0.2 t 0.1 0.1 t t 0.1 t 0.3 0.4 0.2 1.0 t t t
p-Cymene 1003 t t t t 0.1 0.1 t t t t t t t t 0.2 t t t 01 t
1,8-Cineole 1005 t t t t t t t t t t t t t t 0.1 t t t t t
Limonene 1009 41 67 56 51 5.2 4.6 34 5.2 52 1 4 59 5.0 5.7 6.2 7.4 6.6 6.7 5.0 4.5 5.2
cis-p-Ocimene 1017 t t 0.2 t 0.1 t t t t t t t t 0.2 04 t t t t t
transB-Ocimene 1027 0.3 t t t t t t t t t t t t t t t 0.1 t t 0.1
y-Terpinene 1035 0.1 t t t t t t t t t t t t 0.1 t 0.1 0.1 t t t
n-Octanol 1045 t t t t t t t t t t t t t t t t t t t
cis-Linalol oxide 1045 t 0.1 t t t t t t t t t t t t t 0.1 t 0.1 t t
trans-Limonene oxide 1112 t t t 0.3 0.2 0.3 t t t 0.2 0.2 0.2 0.3 01 10 02 0.2 t t t
Menthone 1120 14 13 16 11 3.2 1.2 15 17 08 4 1 17 18 15 11 12 17 17 2.2 t 0.2
Isomenthone 1126 63 61 54 31 150 5.3 8.3 733 4 78 8.5 57 5.0 3.2 4.0 8.9 9.1 6.1 182 103
Isopulegone 1134 16 20 21 14 14 15 15 14 5 1. 14 15 15 15 15 14 14 15 t t 0.6
Verbenone 1164 t t t 0.1 0.1 0.1 0.1 0.2 0.2 01 3 0. 02 0.2 0.2 0.1 0.2 0.2 t t t
Myrtenol 1168 t t t 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.3 0.2 0.2 0.2 0.1 0.2 0.2 t t t
Pulegone 1210 754 764 779 765 615 734 718 971729 699 654 71.i19 703 741 718 678 67.0 180.725 77.1
Piperitone 1211 t t t 0.1 0.4 0.1 0.1 0.2 0.1 01 10 01 0.1 0.1 0.1 0.1 0.1 t t t
Carvotanacetone 1222 10 08 07 07 11 0.7 0.7 3 0.04 0.7 0.3 0.4 0.4 0.6 0.3 0.3 0.3 t 0.1 0.6
Piperitenone 1289 t t t 0.7 t t 0.8 t t 0.7 t t t t ot 0.1 t t 0.2 t
[-Caryophyllene oxide 1561 07 11 05 05 0.5 0.5 0.7 0.6 0.7 0.7 04 4 0. 04 0.5 0.6 12 0.8 0.5 12 23
Humulene epoxide 1579 t t t t t t t t t t t t t t .10 t t t t t
% Identification 946 971 957 938 913 922 926 921 899 905748 89.2 886 925 90.6 924 920 965 988 9738
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Cultivated Wild

Components RI Mcl Mc2 Mc3 Mc7 Mcl0 Mcl2 Mcl3 Mcl4 Mcl5 Mcl6 Mcl7 Mcl8 Mcl9 Mc2l Mc22 Mc24 Mc29 Mc35 Mc38 Mc39

Grouped Components

Monoterpene hydrocarbons 6.3 9.1 7.4 7.4 7.0 69 8 4.68 7.0 5.6 7.3 6.4 7.2 9.0 10.2 8.7 9.9 7.1 6.66.5
Oxygen containing monoterpenes 85.7 86.7 87.7 848B.0 82.7 84.9 832 804 824 783 81.2 79.5 81.19.27 81.0 80.3 88.5 91.0 88.8
Oxygen containing sesquiterpenes 0.7 1.1 0.5 055 0.05 0.7 0.6 0.7 0.7 0.4 0.4 0.4 0.5 0.7 1.2 0.8 50 12 2.3
Others* 19 02 01 18 0.8 21 2.2 15 1.8 1.8 141.2 15 1.9 0.5 15 1.0 0.4 t 0.2
Oil Yield (w/w) 3.36 395 351 281 270 2.99 3.04 3.33 2.82 3.58.37 3.62 3.52 2.87 3.16 3.36 351 253 2.45 2.85

For abbreviations, see Table I. Rl = Retention xnagative to ©-C16 n-alkanes on the DB-1 column; t = trace (<0.05 %}omponents that do not fit on
the classification of terpenes or phenylpropanaitt$ which are mainly non-aromatic alcohols, ket@rebalkenes.



Discussion

The glandular trichomes dfl. cervinaare similar to the two main types occurring in
otherLamiaceaethe peltate and capitate types-or manyLamiaceaespecies, the head

of the peltate trichomes consists of two more-ggldistinct circles of cells, four in the
middle, and a variable number of cells surroundiregr?®>3 In M. cervina two circles

of cells was the most common arrangement, althquejtate trichomes with eight-
celled heads could also be seen, as reported.fpiperita®.

Unlike peltate trichomes, which possess a rathefonm morphology, the capitate
trichomes found differ in terms of stalk length amehd shape and correspond to the
capitate types | and Il described by Wer&eal 3.

The presence of peltate trichomes in the petalsanthe stamens, between the two
anther lobes, is a noteworthy finding, although ghesence in reproductive organs was
already reported for other specied afniacea?”.

As in otherLamiaceagesuch ad\. piperita Salvia officinalisL. andOcimum basilicum 51
L.%%38 well developed glandular trichomes could be olebron cotyledons. IM.
cervinathe measurements of the glandular secretory eels fillings show that the
maximum diameter of the secretory cells is achiededing an earlier stage of
development, and that the increase in total diamaftehe glandular head is due to
further secretion during leaf growth. The preseatdrichomes was interpreted as a
functional chemical defence against predators,eisas a reward for pollinatd?s™
Estimates of overall peltate gland densities showlisdribution, with the greatest
abundance on the abaxial, of about twice the nurobbeglands of the adaxial leaf
surface, pattern reported for severahmiaceae specie®*°*> Nevertheless, the
densities were the lowest compared to other regultsints™*’, even though this is a
very strong aromatic species. This may be explalmedhe rather unusual yield and
pulegone richness of the essential oil.

In spite of the low specificity of the histochenli¢asts, they contribute to a better
understanding of the ecological significance ohdldar trichomes and are widely used
to locate metabolites in glandular trichomes ofeottamiacead"**3¢3%48 Most of the
essential oil is believed to be synthesized withia peltate trichomé&% The material

secreted by the glandular cells passes throughpival walls and accumulates within a
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large space formed by the detachment of the cutictde cells of the secretory head,
lifting and forming a subcuticular space to enclgseretions. The secretory product
remains in this space, lending a spherical shapsath mature peltate trichome. The
rupture of the cuticle occurs horizontally when thébcuticular space is filled — a
process known as decapping, which leads to theps®l of the peltate trichomesin

M. cervinathe secreted product has a lipophilic nature,hasvae by positive reactions
to Sudan lll, Nile Blue and Nadi reagents, with ipes staining for total and acidic
lipids and essential oils. In capitate glandulahibmes much less oil is accumulated in
the cell lumen and no rupture of the cuticle waseobed. The lipophilic nature of the
secretion is less perceptible, and only staind8ligoositive to total lipids and essential
oils.

At the flowering stage the essential oil yield raddgrom 2.4% to 4.0% (w/w) — almost
twice the yield reported in an earlier stiitiyCompared to other results in mifitsind
other Lamiaceaé&’, this seems to be a rather high yield. Of noteufations under
cultivation showed an oil yield, in general, higlilean the wild ones. The oils studied
were characterized by very high pulegone contewticating that they belong to the
same, unique chemotype that has been reportedté®ta Our results showed no
chemical polymorphism in the essential oils obtdifiem populations with different
provenances, collected at the same developmerdge satnd grown in the same
ecological and edaphologic conditions. The samepabf chemical composition was
obtained for the populations that grew in wild cbieds, witch suggests that there is
also not much variation in populations from difi@reecological conditions. The
uniformity found in the essential oil contentsnscontradiction to almost all the studies
involving mints, since the existence of differemiemotypes is a common feature in
most Mentha species and hybri§s The low chemical variation suggests a lack of
variability that may be explained by the reproductiprocess, since this species is
generally propagated vegetatively. Further stuthegssess genetic diversity should be
undertaken to clarify the reasons for this unifdymiin a species of a rather
polymorphic genus, and also to develop strategiebibdiversity conservation.
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Abstract

The indumentum oMentha pulegiuni., studied by light and scanning electron micopsg
was characterized by non-glandular and glanduiahdmes, which corresponded to the
common arrangement described for the LamiaceaelyfaHistochemistry revealed the
presence of pectins, total lipids, acidic lipiddagssential oils in the glandular trichomes
secretions. The essential oil yield ranged from¥®©(8/d.w.) in the vegetative phase to 1.6%
at full flowering. Gas Chromatography and Gas Clatmgraphy—Mass Spectrometry
essential oils composition analysis at full flowegyirevealed mostly quantitative rather than
qualitative variations, with pulegone as the magmmpound (52-82%), followed by
isomenthone (2-36%), menthone (0.1-17%), and pgene (1-15%). Comparative
evaluation of cultivated and wild growing populaisoshowed differences in the relative
amounts of the main components of the essential isdlated from plants harvested at
different developmental stages.

Key words: Mentha pulegiuni., Lamiaceae, Trichomes, Essential oil, Histoctstry, GC,
GC-MS

Introduction

The genusMentha L. (Lamiaceae), comprising more than 25 speciesesponsible for

approximately 2000 t of world essential oil, makihthe second most important essential oil
producing genus, afteCitrus (Mucciarelli et al.,, 2001)Mentha pulegiuni., a member of

this genus, commonly known as pennyroyad€join Portuguese), is an aromatic perennial
herbaceous plant reaching up to 40 cm height (8terand Stahl-Biskup 1993). This species
grows wild in humid and damp areas and water bafkeentral, southern and Western
Europe, north Africa and Asia Minor (Chalchat et &000; Tutin et al., 1972). The aerial
parts are pubescent bearing glandular trichomeshwaire responsible for the essential olil
secretion. The morphology, distribution and frequemf these glandular trichomes are

distinctive characteristics among the Lamiaceaeispe(Werker, 2000). In Portugal, the



aerial parts ofM. pulegiumand the preparations from ltave been traditionally used in
Alentejo Region to flavour recipes, as well asitermedicinal properties (Povoa et al., 2006).
In folk medicine it is used as an infusion, preusntdifferent gastric disorders and
inflammations of the respiratory tract (Mkaddem adt, 2007; Pdévoa et al., 2006).
Nevertheless, there are no approved medicinal fasgsennyroyal essential oil (Barceloux,
2008). This plant has also been used as a spiceflavmuring agent in different foods
(Mkaddem et al., 2007; Monteiro et al., 2007a),pitesde fact that the essential oils \f
pulegiumare generally considered to be rich in pulegonexa compound with potentially
lethalhepatotoxic effects (Anderson et al., 1996). Sdvyauhlications, reports and directives
of the UE emphasize the need for a better charaatem of botanicals and botanical
preparations and for scientific assessment of risém exposure of consumers to these
products. The UE directive 88/388/EEC has stipdlademaximum concentration for this
oxygen-containing monoterpene of 100 mg/kg in bages and 25 mg/kg in foodstuff, with
the exception of 250 mg/kg in flavoured beveraged 350 mg/kg in mint confectionery
(EEC, 1988).

It is known that the chemical composition of plaigtsnfluenced by several external factors
including growing conditions and climate (Figueiegt al., 2008). The essential oils frdm 1
pulegiumhave been characterized in different regions efwlorld, Table 1 (and references———
therein). Despite these reports, and studies ituBoese cultivated populations (Lopes et al.,
2010; Monteiro et al., 2007b; Teixeira et al., 2Q1there is no previous report on the
chemical composition of wild growing populations bf. pulegium volatile oils from
mainland Portugal. One should not forget that, aftivated mint plants the qualitative oil
composition is relatively stable, but in most wigtbwing mints a great diversity in essential
oil constituents has been observed (Mimica-Dukit Bazin, 2008).

In view of the potential pharmacological, commédreiad food industry value of this species,
the work described in this paper was carried oufljoccharacterize, by light and scanning
electron microscopy, the morphology and structuréhe indumentum, in particular of the
glandular trichomes, which are the main respondini¢he essential oils secretion, (2) typify
the chemical composition of the essential oil frBortuguesé. pulegiumwild populations,
(3) compare the essential oil composition betwadtivated and wild growing populations
and (4) evaluate the evolution of the essential ammponents throughout the plant

developmental stages.
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Table 1

Data from previous studies on the essential oilmasition ofMentha pulegiunt..

Collection Plant Part Extraction Main component(s) Identification Reference
country procedure (%) Method
Bulgaria Aerial parts Water and steam Pulegone 43-45 GC. GC/MS Stoyanota et al..
distillation 2005
European Different plant Hydrodistillation ~ Pulegone 7-85 GC. GC/MS Stengeid Stahl-
countries parts Biskup. 1993
Greece Aerial parts Hydrodistillation ~ Pulegone 911- GC. GC/MS Kokkini et al.. 2004
India Aerial parts Hydrodistillation ~ Pulegone 65-83 GC. GC/IMS!H- Agnihotri et al..
NMR. “C-NMR 2005
Iran Aerial parts Hydrodistillation ~ Pulegone 38 (&) Aghel et al.. 2004
Iran Aerial parts Hydrodistillation ~ Piperitone 38 GC. GC/MS Mahboubi and
piperitenone 33 Haghi. 2008
Iran Aerial parts Hydrodistillation ~ Menthone 39 GEC/MS Hassanpouraghda
etal.. 2011
Portugal Aerial parts Hydrodistillation ~ Pulegor® 6 GC, GC/MS Monteiro et al.,
2007
Portugal Aerial parts Hydrodistillation  Pulegone &b GC, GC/MS Lopes et al., 2010
Portugal Aerial parts Hydrodistillation ~ Menthone 36 GC, GC/MS Teixeira et al., 2012
Pulegone 23
Spain Aerial parts Hydrodistillation ~ Pulegone GCIMS Maroto-Diaz et al..
GC/Olfactometry 2007
Tunisia Aerial parts Hexane extract Pulegone 42 . GC/IMS Mkaddem et al..
2007
Uruguay Leaves Hydrodistillation ~ Pulegone 73 GC-RHET/MS Lorenzo et al.. 2002
Yugoslavia  Aerial parts Steam Distillation Menth@te GC. GC/MS Chalchat. 2000




Material and Methods

Plant Material

In 2009, several field trips were conducted actbgsgeographic range ®f. pulegium A
total of 14 populations with different geographrigms, representative of the distribution of
the species in mainland Portugal, were includedhm analysis (Table 2, Figure 1). To
characterize the essential oil (EO) composition mlahtify possible chemotypes, these 14
populations werecollected, during the flowering phase, from natunabitats. Voucher
specimens have been deposited in the LISI herba(Tadle 2).

In order to understand the evolution in EO compasiand yield along the plant life cycle,
and compare cultivated with wild growing conditipastime-course study was undertaken. In
this study, six populations (15 plants per popalgtiwhere collected from the wild,
transported in containers and transplanted to theaye field at Instituto Superior de
Agronomia, Lisbon, Portugal. Plants were plantedcBOapart, in 2 f plots, and drip
irrigated periodically (each 7-10 days). Plots wieept weed free by hand hoeing. Samplées
from the six populations, in the wild and in thdtimated essay field, were harvested at the

vegetative, pre-flowering and full flowering phases

Morphological Studies

Light Microscopy (LM)

Stems, leaves and flowers at the different devetypal stages, of 10 individuals for each
population, were fixed with 3% glutaraldehyde (MerdGermany) in a 0.1M sodium

phosphate buffer, pH 7.3, for 4 h at 4°C, and wdshethe same buffer (Ascenséao et al.,
1999). After dehydration in a graded series of mbhaolutions hand-cut cross-sections were
made and clarified with sodium hypochlorite and ek in distilled water (Evans, 1996).
Observations were carried out under a Nikon Ecligd®0 microscope equipped with a
Nikon Coolpix MDC lens adapter. Images were obtingth a Nikon Coolpix 995 digital

camera. Quantitative characters are the averags td#ast, 30 different observations for each
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Fig. 1. Map of Portugal with collection sites dflentha pulegiumpopulations analyzed.
Symbols, according to the essential oil clustelyais (Fig. 3). For abbreviations, see Table
2.



Table 2

Data on collection site and sample typévientha pulegiumwvild populations studied.

Specific sample collection sites

. Sample
Populations type o _ _ _ _ . _

Localization Altitude (m) Latitude Longitude Hidrafic basin Voucher
Mp2 WI/C/DS Ouguela, Campo Maior 207 39° 4'54.96"N 7° 0'4.33"W Guadiana 1059/2010
Mp32 W/C/DS Valéncia de Alcantara 313 39°28'1.17"N 7°12'24.16"W  Tejo 1060/2010
Mp33 W/C/DS Alburquerque 234 39°11'0.69"N 7°9108"W Guadiana 1061/2010
Mp34 w Montalvao, Nisa 116 39°39'50.86"N 7°32I/W  Tejo 1062/2010
Mp36 W Bagaduste, Peso da Régua 50 41° 9'0.41"N °45'Z.24"W Douro 1063/2010
Mp40 w Gomes Aires, Almodévar 200 37°30'58.11"N 8°11'5.17"W - 1064/2010
Mp41l W/C/DS La Codosera 298 39°16'48.08"N 6°B382'W  Guadiana 1065/2010
Mp54 W/C/DS Segura, Idanha-a-Nova 235 39°49'1N06" 6°58'52.99"W  Tejo 1066/2010
Mp55 W/C/DS Salvaterra do Extremo, Idanha-a-Nova 325 39°53'37.50"N 6°54'18.38"W  Tejo 1067/2010
Mp59 w Monfortinho, Idanha-a-Nova 255 39°59'9.96"N 6°52'50.23"W  Tejo 069/2010
Mp60 w Entradas, Castro Verde 154 37°44'36.51"N7°58'44.60"W  Guadiana 1070/2010
Mp62 w P6voa, Miranda do Douro 750 41°34'22.71"N 6°19'17.53"W  Douro 1071/2010
Mp63 w Escarigo, Figueira de Castelo Rodrigo 560 0°50'34.73"N 6°49'33.62"W  Douro 1072/2010
Mp64 w Vilar seco, Miranda do Douro 725 41°31'25.48"N  °245.56"W Douro 1073/2010

*Sample type: W - wild, C - cultivated, DS - Devpioental stage.
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Scanning Electron Microscopy (SEM)

Plant material was fixed as above, critical-poinedin a Polaron BioRad E3500, and
coated with gold in a Jeol JFC-1200 (Tokyo, Jap@fMservations were carried out at
15KV, on a Jeol JSM-5220 LV scanning electron nscaope (Tokyo, Japan) equipped
with an image acquisition system. Measures and touyimvere obtained by computer-

assisted image analysis.

Histochemical Studies

General staining procedures for detecting somén@fnbain chemical groups secreted
were carried out using fresh leaves and flowersnfid populations (Table 1). The
histochemical tests included: (1) Sudan Il foratdipids (Johansen, 1940); (2) Nile
Blue for neutral and acidic lipids (Jensen, 1962);Nadi reagent for essential oils and
resin acids (David & Carde, 1964); and (4) RutheniRed for pectins (Johansen,

1940). Standard control procedures were carriegioutltaneously.

Essential Oil Analysis

Isolation Procedure

For each sample, aerial parts of 10 individuals gmgyulation were collected, grossly
pulverized, and 20 g were subjected to hydrodaidh for 1 h in a Clevenger-type
apparatus according to the European PharmacopGeian€il of Europe, 2007). The

oils were kept at 4°C until further analysis.

Gas Chromatography (GC)

GC analysis were performed using a Perkin ElImer08F8s chromatograph (Perkin

Elmer, Shelton, ConnecticuSA) equipped with two FIDs, a data-handling syste



and a vaporizing injector port in which two columos$ different polarities were
installed: a DB-1 fused-silica column (30 m x Or@B i.d., film thickness 0.25 um; J &
W Scientific Inc., Agilent Technologies, Santa @lacCalifornia, USA); and a DB-
17HT fused-silica column (30 m x 0.25 mm i.d., filthickness 0.15um; J & W
Scientific Inc.). Oven temperature was programmd&;175°C, at 3°C mih
subsequently at 15°C mirup to 300°C, and then held isothermal for 10 riijector
and detector temperatures were 280°C and 290°@ectsgely; carrier gas, hydrogen,
adjusted to a linear velocity of 30 ci.Samples were injected using the split sampling
technique, ratio 1:50, with a volume of injectidnOol pl of a pentane-oil solution. The
percentage composition of the oils was computethbyhormalization method from the
GC peak areas, which were calculated as mean valueso injections of each oll

sample, without using response factors.

Gas Chromatography — Mass Spectrometry (GC-MS)

The GC-MS unit consisted of on Perkin Elmer Autésys XL gas chromatograph
(Perkin Elmer, Shelton, ConnecticldSA), equipped with DB-1 fused-silica column 67
(B30 mx 0.25 mm i.d., film thickness 0.25um; J & Wcientific, Inc., Agilent
Technologies, Santa Clara, California, USA), anterfiaced with a Perkin-Elmer
Turbomass mass spectrometer (software version PRdrkin Elmer, Shelton,
Connecticut, USA). Injector and oven temperaturesrewas above; transfer line
temperature, 280°C; ion trap temperature, 220°@jeragas, helium, adjusted to a
linear velocity of 30 cmi§ split ratio, 1:40; ionization energy, 70 eV; ipation current,
60 HA; scan range, 40-300 u; scan time, 1s. Teatiy of the components was
assigned by comparison of their retention indigetative to a G-C;7 hydrocarbon
standard mixture, and with GC-MS spectra from a é&onade library, constructed
based on the analyses of reference oils, laboratrthesised components and

commercial available standards.

Data Analysis

The percentage composition of the isolated esdewitea was used to determine the

relationship between the different samples by elusanalysis using Numerical
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Taxonomy Multivariate Analysis System (NTSYS-pc taafre, version 2.2, Exeter

Software, Setauket, New York) (Rohlf, 2000). Fowstér analysis, correlation

coefficient was selected as a measure of similaityong all accessions, and the
Unweighted Pair Group Method with Arithmetical Aages (UPGMA) was used for

cluster definition. The degree of correlation wasleated according to Pestana and
Gageiro (2000) and classified as very high (0.91iDh (0.7-0.89), moderate (0.4-0.69),
low (0.2-0.39) and very low (<0.2).

Results and Discussion

Morphological Studies

The indumentum ofM. pulegiumincludes non-glandular and glandular trichomes
scattered all over the vegetative and reproduaigans. The non-glandular trichomes
are of three different types: i) unicellular, with warty surface, a swollen basal
epidermal cell and acute apices (Fig. 2-A), whiglséen on stems and sepals and on
both leaf surfaces, but more abundant on the aldsuitace; ii) short multicellular, 2 to

4 cells, uniseriate, warty surface, supported bglhular pedestal formed by two to five
epidermal cells arranged around the base and apides, sparse on adaxial leaf surface
but common on sepals inner and outer faces (FA); ) long multicellular, up to 8
cells, with bigger cell dimensions, thin, unisegiaacute apices, warty surface, always
leaned toward the apex and supported by a celpddestal formed by two to five
epidermal cells, only seen on the petal apex otdee (Fig.2-B). The glandular
trichomes belong to two morphologically differeppés, peltate and capitate, which are
considered as the common glandular trichome arraagein the Lamiaceae family
(Werker et al., 1993) and were as well describedMantha spicataM. spicata x
suaveolengMartins, 2002) M. cervina(Rodrigues et al., 2008) and other Lamiaceae
species (Ascensdao et al., 1999; Corsi and BottEg20; Rodrigues et al., 2006). M.
pulegiumpeltate trichomes are seen all over both leaf sagfadominant on the abaxial
surface, on the stem, on the inner and outer sesfa€ sepals, and on the outer face
apex of petals. They have a short stalk and a dmaaje head, with a variable number

of secretory cells arranged in one or two circl@ar results show that iN. pulegium



12 cells are probably the most common number iel&age trichome of mature leaves,
usually 4 in the inner circle and 4-8 in the oytég.2-G). That number can reach up to
16 cells in the petals peltate trichomes, usualiy 4he inner circle and 8-12 in the
outer. According to Turner et al. (2000) and Maxti(2002), the number of cells
forming the head disc in peltate trichomes depamdthe development stage as well as
of the plant species, a mature leaf peltate trichamhibited 10 disc cells M.
pulegium 8 in M. piperita (Turner et al., 2000), 12 iM. spicataand M. spicata x
suaveolengMartins, 2002), and 16 iRrostanthera ovalifolia(Gerbach, 2002). Upon
maturation, these glandular trichomes are sunkeepidermal depressions and the
cuticle of the cells of the secretory head liftenfiing a subcuticular space that encloses
secretions. The head dimensions of peltate triclsoare variable, but bigger on the
reproductive structures: diameter up to 1@9 (x9 um) on the corolla, compared to
88um (x10um) on the adaxial leaf surface and |88 (9 um) on the abaxial leaf
surface. Morphologically well developed peltate nglalar trichomes, were also
observed on cotyledons (Fig. 2-C), as in other laaeme, such &alvia officinalisand
Ocimum basilicun{Croteauet aJ.1981; Werker et al., 1993). The peltate trichoes
the only kind of glandular trichomes seen on repobtide structures, occurring along 69
the lower side of the connective tissue, betweentwo anther lobes (Fig. 2-D). This
report on the presence of peltate trichomes betweeitwo anther lobes is noteworthy
but was also reported for other Lamiaceae speéissefisao et al., 1995; Rodrigues et
al., 2008).

It is within the peltate trichomes that most of tessential oil is believed to be
synthesized (Turner et al.,, 2000). The materiateted by the glandular head cells
passes through the apical cell walls and accunsulaithin a large space formed by the
detachment of the cuticle together with the pelatyer of the secretory cell walls. The
secretory products remain in this space, givinglescal shape to each mature peltate
trichome. A similar pattern of subcuticular spacenfation was described in oil glands
of other Lamiaceae species (Turner et al., 2000k&/eet al., 1993). Measurements of
the glandular secretory head cells and of the didudar fillings show that the
maximum diameter of the secretory head cells iseaeld during an earlier stage of
development, and that the increase in total dianwdtthe peltate glandular trichome is
due to further secretion during leaf growth andesejent of the organ in which it is

present. Because the accumulation of the secrederial continues during the growth
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of the organs that bear them, they are consideneg-term trichomes (Werker et ,al.
1993; Werker2000 and references there in).

Capitate trichomes are also widespread in LamiacEae types of capitate trichomes
found differ in stalk length and head shape antude i) capitate type |, with one stalk
cell 10pum (*0.1um) in length, and a round/oval secretory head eglh a smooth
surface (Fig. 2-E), 2dm (x2.2um) in length and 2im (1.7 um) in diameter at the
head, uniformly distributed on both leaf surfacesyx and stems; ii) capitate type II,
with a lower conical stalk cell, 28n (6 um) in length and 1 to 2 elongated neck cells,
12 um (0.7 um) and a round secretory head cell, with a smoatfase (Fig. 2-F), and
13um (x0.1um) in diameter at the head, only on the adaxiadlpirface. The capitate
trichomes found correspond to the capitate typasd Il described by Werker et al.
(1985). In capitate glandular trichomes much lesdenml is accumulated in the cell
lumen and no rupture of the cuticle was observed.

On fully expanded mature leavesMf pulegium the capitate glandular trichomes were
densely distributed while the peltate were scattenmong them. Similar results were
found also inM. pulegiumby Karray-Bouraoui et al. (2009) and in béih spicataand

M. spicatax suaveolendy Martins (2002). The densities observed wer@:1)and 3.9
peltate trichomes / mhon the adaxial and abaxial leaf surface respdgtivi¢ 10 and
13 capitate trichomes / nfnon the adaxial and abaxial leaf surface respdgtildese
results showed a larger distribution on the abasualace, a common feature for several
other Lamiaceaspecies (Ascensao et al., 1995; Rodrigues et@06,2008; Turner et
al., 2000; Werker et al., 1993). Nevertheless,démesities found iM. pulegiumwere
the lowest values compared to other studieMinpulegium(Karray-Bouraoui et al.,
2009) and other mints (Turner et al., 2000).



Figs. 2A-F.SEM micrographs showing distribution and typeslehtha pulegiuntrichomes A. Abaxial leaf surface
exhibiting unicellular (1) and short multicelluléZ) non-glandular trichomes with a regular disttibn. Also visible
are the peltate (3) and the capitate type | (4hdyidar trichomes sunken in epidermal depressidBsPetal apex
outer face showing largeulticellular non-glandular trichomes, leaned totvéine apex. C. Cotyledons exhibiting
morphologically well developed peltate and capitgkendular trichomes. D. Stamens showing peltdatdhames
between the two anther lobes. E. Capitate typerdylar trichome with one stalk cell and an ovalreery head
cell. F. Capitate type Il glandular trichome wittioaver conical stalk cell, exhibiting 1 to 2 elongdtneck cells. G.

Peltate glandular trichomes with twelve secret@fjscarranged in two circles. (bar = 2t).
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Histochemical Studies

Data from histochemical tests revealed that theesed material composition was
similar in both leaves and flowers and had a complgture, containing lipophilic as
well as hydrophilic components. The presence ofséheompounds, although
independent of the organ and of its developmetrdgles was dependent on the trichome
type (Table 3). The chemical composition of tricleemsecretions seems to be
dependent on the type of trichome and be indepe¢rmdd¢he organ and its development.
Secretions from peltate trichomes stained poswwi Sudan Il (total lipids), Nile
Blue (acidic lipids) and Nadi reagent (essentid)ofFig.3A), while secretions from
capitate trichomes only stained positive with Sudikn(Fig.3B) and Nadi reagent.
Pectins were also found in the cell walls and aumstef both peltate and capitate hairs
(Fig.3C).

Figs. 3A-C. Bright-field micrographs of the histochemical cheterization of the secretions of
Mentha pulegiunteaf trichomes. A. Peltate trichome stained wité Nadi reagent. B. Capitate

type Il trichome stained with Sudan Ill. C. Capétagpe Il trichome stained with ruthenium red.

The presence of total lipids in secretions of thie types of trichomes and acidic lipids
only on peltate trichomes had also been mentionepreévious studies witfymbra
capitata (Rodrigues et al., 2006). The secretions from lintdhomes types showed a
blue colour with the Nadi reagent, assuming a predance of essential oils. Similar
results also have been verified by Huang et al0&§20n Lavandula pinnata The
presence of pectins in both the cell walls and eatst of the trichome head cells by
Ruthenium Red is referenced ectranthus ornatusAscensao et al.,, 1999) and in
Satureja subspicatéMarin et al., 2010).



Table 3
Histochemistry of the secretions of the glandutathbmes present on the vegetative

and reproductive organs bfentha pulegium

Capitate trichomes

Histochemical test Type of compounds / Reaction colouPeltate trichomes

Type | Type Il
Sudan IlI Total lipids / Red + + +
Nile Blue Neutral lipids / Pin
Acidic lipids / Blue +
Nadi Essential oils / Blue + + +
Acidic resins / Red
Ruthenium Red Pectins / Red + + +

- negative; + positive

Essential Oil Composition

The essential oil yield, in the 14 wild populatiook M. pulegium,collected at full
flowering ranged from 0.7% to 1.6% (w/d.w.) (TaBle The average essential oil yield -3
(1.1%) achieved at the flowering phase is in acaocd with some reported oil yields at
full flowering for wild M. pulegiumplants (1.2%, Hassanpouraghdam et al., 20%1),
arvensis M. piperitag M. spicata and M. longifolia (1.7%, 1.2%, 1.2%, 1.0%,
respectively, Hussain et al., 2010) but there Haeen studies reporting twice the yield
in M. pulegium(3.8%, Kokkini et al., 2004; 3.9%, Cook et al.0Z). Several studies
suggest that oil yield is associated with climd#ctors; higher temperatures, summer
water deficit and higher summer sunshine are fadtwat seem to favour the overall oll
yield (Kokkini et al., 2004; Voirin et al., 1990Although Portugal has higher
temperatures and higher summer sunshine, the typataitat of this species is not
characterized by summer water deficit, which magyl@n the low yields found.

Thirty nine components were identified in the EGslated from theM. pulegium
populations studied, ranging from 92-99% of theltail composition. The identified
oil components are listed in Table 4 in order ddithelution on the DB-1 column,
arranged according to the four types of essentiglabtained by agglomerative cluster
analysis, with the lowest and the highest percastdgund for each component in each

volatile oil type.
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Table 4

Minimum and maximum percentage range of componeetgified in the essential oil, isolated
from the aerial parts of 1Mlentha pulegiunwild populations collected at full-flowering phase
For samples grouped on each of the clusters |-disaibclusters a—c, see Fig. 3.

RI Cluster | Cluster Il

Components a b c
Min Max Min  Max Min  Max Min  Max

3-Methyl cyclohexanone 914 t t t t t t t t
a-Thujene 924 t t t t t t t t
a-Pinene 930 t 0.3 05 0.7 0.3 038 04 07
Camphene 938 t t t t t t t t
Sabinene 958 t 0.1 02 02 t 0.3 01 02
1-Octen-3-ol 961 t t t t t t t t
B-Pinene 963 0.3 04 04 05 02 06 03 05
3-Octanol 974 10 14 15 18 1.1 18 1.2 21
B-Myrcene 975 t t t t t t t t
p-Cymene 1003 t t t t t t t t
1,8-Cineole 1005 t t 03 03 t 0.4 t 0.2
Limonene 1009 t t 03 04 02 05 03 1.2
y-Terpinene 1035 t t t t t t t 0.2
Linalool 1074 t t t t t 0.1 t 0.1
3-Octanol acetate 1086 0.10.2 t 0.1 t 0.1 t t
trans-Verbenol 1114 t t t t t t t t
Menthone 1120 15 42 09 11 01 4.0 6.5 17.0
Isomenthone 1126 28.6 36.0 17.7 227 8.1 227 19 108
Menthofuran 1134 t t t t t t t t
cis-Isopulegone 1134 0.7 0.7 0.7 0.8 08 1.2 0.8 0.9
Menthol 1148 t t t t t t t t
Terpinen-4-ol 1148 t t t t t 0.1 t t
a-Terpineol 1159 t 0.2 t 0.2 t 0.2 t 0.2
Myrtenol 1168 t t t t t 0.1 t 0.1
Pulegone 1210 52.0 555 60.3 61.4 61.4 81.8 57.0 69.8
Piperitone epoxide 1210 t t t t t t t t
Piperitone 1211 1.0 3.1 11 22 t 1.1 05 22
Menthyl acetate 1278 t t t t t t t t
Isomenthyl acetate 1288 t t t t t t t t

Piperitenone 1289 3.0 6.6 6.8 13.1 06 6.8 50 149




RI Cluster | Cluster Il

Components a b c

Min Max Min  Max Min  Max Min Max

Nepetalactor 1291 t t t t t t t t
Piperitenone oxide 1315 t t t t t t t 0.3
B-Bourbonene 1379 t t t 1.1 t 5.7 t 1.1
B-Caryophyllene 1414 t t t t t 0.1 t 0.1
a-Humulene 1447 t t t t t t t t
2-Methoxy-6-methylacetophenchd 447 t t t t t t t t
B-Caryophyllene oxide 1561 t t t t t t t t
Humulene epoxide 1580 t t t t t t t t
2-Methyl jasmonate 1634 t t t t t t t t
% Identification 97.4 99.5 98.0 99.3 92.1 98.9 95.0 99.0

Grouped components

Monoterpene hydrocarbons 0.50.6 15 17 0.7 22 1.1 26
Oxygen-containing monoterpenes 9547.7 94.4 95.2 82.5 96.9 90.4 95.7
Sesquiterpene hydrocarbons t t t 1.1 t 5.7 t 1.2
Oxygen-containing sesquiterpenes t t t t t t t t
Others 1.2 15 1.5 1.9 1.1 1.9 1.2 21
Oil Yield (w/d.w.) 07 1.2 1.1 1.1 09 16 07 1.1

RI: Retention index relatite to,&,7 n-alkanes on the DB-1 column; t: traces (<0.05%lentification
based on mass spectra onfyComponents that do not fit on the classification tefpenes or

phenylpropanoids and which are mainly non aronatohols, ketones and alkenes.

Mostly quantitative rather than qualitative vamatiwas observed in all the essential
oils analyzed. Oxygen-containing monoterpenes @4)©Qwere dominant in all oils,
Table 4. Pulegone was the major compound in athefpopulations (52-82%) at full
flowering, followed by isomenthone (2-36%), mentbd.1-17%), and piperitone (1-
15%). Despite some variability among the evalugieplulations, cluster analysis (Fig.
3), confirmed a high chemical correlation among adcessions §=>0.9%) even
though defining two clusters, and 3 sub-clusterstatal. Although some clusters
overlapped, others were clearly separated and gbpppulations according to their
geographical collection site (Fig. 1). The mainfetiénces between the two clusters
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were the pulegone<(55%) and isomenthone (> 28%) relative amountsluster |.
Menthone relative amount (> 6%) separated subalust, and isomenthone relative

amount (> 17%) sub-cluster lla, from the other BQub-cluster llb.

A literature assessment (Table 1) showed that my@yal pulegone-type essential
oils, pulegone usually ranges from 60-90%. In Ryatua recent study on orid.
pulegium population described menthone (36%) and puleg@880) as the main
essential oil components (Teixeira et al., 201@)the present study, all the essential
oils belong to the pulegone chemotype, supportiegesults of Monteiro et al. (2007b)
and Lopes et al. (2010), on nineteen cultivatedugaese populations collected during
the flowering phase; Reis-Vasco et al. (1999) ie population collected in Sintra, and
Mata et al. (2007), in one sample bought in a lonakket in Alentejo RegionM.
pulegiumstudied oils showed a different behaviour from ¢fle of most of the other
mints, since the existence of different chemotyges common feature iMentha
species and hybrids (Kokkini and Vokou, 1989).

Mp2
Cluster |

Mp34

Mp32

Mpd1

Mp33

Mpd0

Mp55

Mp59
Cluster |l

Mp&0

Mp54

Mp36

Mp63

Mp6d

Mp62

r T T T T T T T T T 1
0.90 0.95 1.00
Correlation Coefficient

Fig. 3. Dendrogram obtained by cluster analysis of thegrage composition of essential oils from the
Mentha pulegiunsamples examined, based on correlation and usmgweighted pair-group method

with arithmetic average (UPGMA). For abbreviatiogse Table 2.



In plant developmental terms, the essential oidyfead a different behaviour according
to the growing conditions. For wild growing popudets, the essential oil yield
increased from the vegetative stage (mean val@é Q:&l.w.) until full flowering, June
and July (mean value 1.1% w/d.w). Opposite behavieas observed in the cultivated
ones (1.9 % w/d.w at the vegetative stage for 1wlfbw at the flowering stage). In
general, wild growing populations showed a lowel yield compared with the
cultivated ones. The analysis of the main EO ctretis revealed that pulegone
remained the major constituent, along the life eyof the plant, for both growing

conditions, although the behaviour of the main congmts was slightly different (Fig.
4).
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Fig. 4. Time-course study of the main components of\lemtha pulegiunessential oils isolated in wild
(open symbols) and cultivated (closed symbols) gmgweconditions at different developmental stages.
Given the extended period of flowering, two samplpoints, one month apart, were considered at this
developmental stage. Flowering corresponding to ®%bhe plants blooming and Full-flowering when

100% of the plants where blooming. The values lagentean values from 6 populations.
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In the EO isolated from cultivated populations, ggdne relative amount increased
from the vegetative until the full-flowering phased then it started to decrease towards
the end of the cycle. In the EO isolated from wgldwing populations, the relative
amount in pulegone increased until the vegetathase and then decreased anticipating
the pre-flowering phase. Towards the full floweritige pulegone relative amount
suffered a new increase. These changes were fal@yechanges in the isomenthone
and menthone relative amounts, whenever the puéedeareased, the isomenthone and
menthone tended to increase. In the EO isolated ftraltivated populations, menthone
and isomenthone reached their maximum at the visgetahase and decreased towards
the end of the cycle (Fig. 4). These variations rbaydue to the influence of the
developmental stage and environmental conditionthemegulation of the biosynthesis
of essential oil, since it is known that the biassis of the essential oils is affected by
physiological variations (i.e. organ and leaf posif, environmental conditions (i.e.
harvest date and planting time), geographic vamatiand genetic factors and evolution
(Figueiredo et al., 2008}t can be hypothesized that wild growing plants subject to
more stress variables (overgrazing, human dismptieater deficit), and that under
these conditions they prioritize the metabolism,iclvhresults in the reduction of
pulegone, favouring isomenthone and menthbmMentha piperitaleaves, pulegone is
reduced by a NADPH-pulegone reductase to yieldifeithone and (+)-isomenthone,
in an approximately 10:1 ratio (Davis et al., 200/) this study menthone was also
clearly dominant, but in a higher ratio, except tioe wild growing populations in the
pre-flowering phase. The change observed in theeptestudy, between the relative
amounts of menthone and isomenthone trough theyidte may reflect some degree of

substrate specificity or other environmental and physiological condition.



Conclusions

M. pulegium aerial parts showed different types of glandulad anon glandular
trichomes similar to those previously described lfamiaceae. Histochemistry studies
revealed the presence of pectins in the cell watld total lipids, acidic lipids and
essential oils in the secretions of the peltate eapitate glandular trichomes. The
attained essential oil yield for this species wasaccordance with those reported in
previous studiesM. pulegium populations studied showed a pulegone chemotype
essential oil, although the menthone and isomethretative amounts could further
differentiate these oils. The evaluation of theeefffof the developmental stage and
growing conditions on essential oil compositionwhd mostly quantitative rather than
gualitative variations, supporting the view thattbéactors together can influence the
regulation of the biosynthesis of essential oilar @sults also showed that cultivation
only seems to affect the essential oil yield, iasieg its content, not affecting the
essential oil composition that seems to be motgestand uniform. These are features 7q

that turn this species into interesting productsctdtivation and commercialization.
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Abstract

Mentha cervinas a medicinal plant traditionally used in Portuigafolk medicine, in
different gastric disorders and inflammations & thspiratory tract. In order to validate
those traditional used. cervinaessential oils (EOs) were characterized by GC and
GC-MS and their antimicrobial activity was testegiast 23 bacterial strains (including
multiresistant strains). The EOs were dominatedhg monoterpenes pulegone (52—
75%), isomenthone (8-24%), limonene (4-6%) and hwere (1-2%). The antibacterial
activity of these EOs was compared to that of teénnsomponents standards. The most
effective antibacterial activity was expressed bg EOs against the Gram-negative
bacteria,Escherichia coliand Acinetobacter baumannwith MIC values of 1 mg/mL.
The EOs complex mixtures were more active thanrtlividual aromatic components
supporting the hypothesis that the EOs antibatterdivity is a function of the
synergistic effect of their different aromatic comments. These results show the
potential role ofM. cervinaEOs as antibacterial agents and validate thetiwadi use

of this plant.

Keywords Lamiaceae, GC, GC-MS, essential oils, monoterpeaesimicrobial
activity, MIC.

Introduction

Essential oils (EOs) and their components are g@imcreasing interest in the food,
cosmetic and pharmaceutical industries, becaustedf relatively safe status, their
wide acceptance by consumers, and their exploitafar potential multi-purpose

functional use (Ormancest al, 2001). In this view, there is an ongoing eftorscreen

plants medicinally used in different regions of therld, which is the case of plants
from the Lamiaceae family that are long know asargmt sources of EOs bearing
plants used in food, perfume, cosmetic and pharot@ed industries because of their
culinary, fragrance and antimicrobial propertiess{Balchin and Deans, 1997; Ohloff,

1994;). The EOs fronMentha species have been in use since ancient timeshéor t



treatment of many digestive tract diseases andillinary (Iscanet al, 2002), and they
are known to have antimicrobial properties (Flanehgal, 1999; Naigreet al, 1996).
As such, mints are valuable crops with a substaimtigortance in the botanical
economy and to the pharmaceutical industry. Comegitihe antimicrobial properties of
mint EOs, several species Menthahave been studied, in particuldentha piperita..
(peppermint) (Iscaet al, 2002; Yadegariniat al.,2006),M. suaveoleng&hrh. (Oumzil
et al, 2002), M. rotundifolia (L.) Hudson (Derwichet al., 2010), M. pulegiumL.
(Mahboubi and Haghi, 2008 and citations thereMh)aquaticalL. andM. longifolia (L.)
Hudson (Gulluceet al,, 2007; Mimica-Dukicet al, 2003). These studies yielded results
that are difficult to compare, mainly due to theagrvariation found in the chemical
composition of mint EOs and to a lesser extent ifterences in the experimental
techniques applied. Differemlenthaspecies show differences in their pattern of oil
composition, which are the result of their specifietabolic pathways (McConkest
al., 2000). Also, the same taxon growing in differardas may have widely differing
chemical components resulting in the existencentfspecific chemical differences
(chemotypes), which is very common in tdenthagenus (Kokkini, 1991). Biological
activity, which is dependent on the chemical contpos is similarly subject to
variation, explaining the conflicting results conmteg their biological properties 89
(Oumzilet al, 2002).

Mentha cervinaL., commonly known as hart's pennyroyal, is annaatc plant
traditionally used in Portugal to flavor recipegian folk medicine, where it is used as
an infusion, preventing different gastric disordargl inflammations of the respiratory
tract (Monteiroet al, 2007; Povoat al, 2006; Rodriguegt al, 2008). This plant is
native of the Iberian Peninsula and North Africadan Portugal it can be found in
streams, bogs and humid places, that are repréisentd the priority habitat Natura
3170 “temporary Mediterranean ponds” (Sihet al, 2009). The unfavorable
conservation status of this habitat, the excessige/esting for consumption and
overgrazing are leading to the disappearance sfgecies from natural settings (P6voa
et al, 2006).

In a previous study, th®l. cervinaEOs extracted from cultivated populations, were
characterized as belonging to the same chemotypthe— pulegone chemotype
(Rodrigueset al, 2008). Considering the bioactivity M. cervinaEOs, there is only
one study reporting the antifungal activity againSandida Aspergillus and
dermatophyte strains (Goncgalvesal, 2007). These authors suggest thlatcervina
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EOs can be used as alternative antifungal agentiseirtreatment of dermatophytosis.
Nevertheless, studies on the antibacterial actwitif these EOs are missing.

Given the lack of knowledge on the antibacteridivaty of the EOs fromM. cervina
grown in Portugal, the antibacterial capacity o#M. cervinaEOs was tested against
23 bacterial strains, some of them responsibledigestive and respiratory human
diseases and including multiresistant strains. ritdacterial activity of standards from
the three main oxygen-containing monoterpenes filtenEOs was evaluated. To our
knowledge, this is the first report on the antikael activity of M. cervinaEOs from

Portuguese populations.

Methods and materials

Plant material

This study was based on three populationslo€ervinacollected from natural habitats
and kept under culture in the essay field of thstituto Superior de Agronomia
(Lisbon). Voucher specimens from the 3 populatibage been deposited in the LISI
herbarium under the voucher numbers 532/2005 (M&23/2005 (MC2) and 520/2005
(MC3).

Essential oil isolation procedure

For each EO sample, 20 g of full flowering aeriartp were subjected to hydro
distillation for 1 h in a Clevenger-type apparatascording to the European
Pharmacopoeia method (Council of Europe, 2007).BH@s were stored at -20°C in the

dark until analysis.



Gas-chromatography (GC) and Gas-Chromatography—Mass
Spectrometry (GC-MS)

GC and GC-MS analysis were performed according adrigueset al (2008). The
identity of the components was assigned by comparisf their retention indices,
relative to a G-Cy hydrocarbon standard mixture, and with GC-MS gpefrom a
home-made library, constructed based on the arsmlggeeference oils, laboratory-
synthesised components and commercial availabhelstds.

Bacterial strains

Twenty three bacterial strains were tested mosheim pathogenic for humans and
showed multiresistance to antibiotics. The Gramitpues strains are:Staphylococus
aureus (ATCC and MRSA - Meticillin Resistanbtaphylococcus aure)ysS. caprae
Enterococus faecalis/RE - Vancomycin Resistaminterococcug E. faecium, E. hirae
and fourListeria monocytogenestrains. The Gram-negative strains aescherichia
coli (ATCC and B-lactamase CTX-M-15 producerspalmonella Braenderup;S.
Typhimurium; S. CholeraesuisKlebsiella pneumoniaéCIP and Extended Spectrysn
lactamases-ESBL producerfcinetobacter baumannifATCC and multiresistant
European clone Il strain and the metdiitactamase IMP-5 producerp,seudomonas
aeruginosa(ATCC and multiresistant strain by efflux pumphelmicroorganisms were
derived from reference cultures (ATCC and CIP) atmtk cultures from CBLBFF
(Coleccéo de Bactérias do Laboratorio de Bactagialala Faculdade de Farméacia)
andCBISA (Coleccao de Bactérias do Instituto Supele Agronomia).

Antimicrobial activity assay

The bacterial strains were challenged with theettdiéferentM. cervinaEOs and also
with pure standards of the three main componentisesie EOs, menthone, isomenthone
and pulegone (Fluka) in order to evaluate theiringiotobial activities. Since a
preliminary control test with the solvent DMSO,arrange of 125-250 mg/mL vyielded
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no effect on microbial growth, the EOs and the d#ads were solubilized in this
solvent (ratio of 1:1) and then diluted in cultunedia for use. The minimum inhibitory
concentration (MIC) values were determined by theradlilution broth method, as
reported in NCCLS (2006). Microdilution broth tegsas performed in Mueller-Hinton
broth medium, in 96-well micro plates, as follow€0 pl of Mueller-Hinton broth was
added into each well of the micro plate and 106fidach EO or pure standards diluted
in DMSO (1:1) were respectively added to the fasv of the micro plate and then
serially twofold diluted in a final volume of 10 pwith concentrations ranging from
250 to 0.25 mg/mL. The wells were then inoculatethwlO pL of each bacterial
suspension, adjusted to 0.5 McFarland (abouf-108CFU/mL). The last row
containing the bacterium in Mueller-Hinton broththgut the test sample was used as a
control for strain viability. Ampicillin and Riphapicin were used as a reference
compound for antibacterial activities of Gram-négatand Gram-positive bacteria,
respectively. The microplates were covered andhatad for 24 h at 37°C. Each
experiment was performed in triplicate. The minimurhibitory concentration (MIC)
was determined as the lowest concentration of thdygt inhibiting the growth of the
microorganisms.

Interpretation of the results

The interpretation of microbial growth was basedttos following criterion: the result
was considered positive, thus presenting microgpiaivth, when at least two of three
replicates presented visible growth. When visibseagh was detected only in one or in
none of the three replicates, the result was censttinegative, thus indicating absence
of microbial growth.



Results and discussion

Essential oil chemical composition

Thirty-three components were identified in the cervina evaluated EOs, covering
88-97% of the total (Table 1). Oxygen-containingnoierpenes constituted the main
fraction in all EOs (80-88%), pulegone (52-75%)nmeenthone (8-24%), limonene
(4-6%) and menthone (1-2%) being the main compaen@rable 1). These results are in
accordance with previous studies, which have shbiwgh chemical correlation for
PortugueséM. cervinaEOs (Gongalvest al., 2007; Rodriguegt al, 2008), although
some variability was shown in the EOs isolated fruns species grown in other
countries (Lawrence, 2007). Despite the chemicahdgeneity between the evaluated
oils, three different profiles were considered,udegone-rich with the lowest level of
isomenthone (MC1 in Table 1) and two pulegone-nakth similar high levels of
isomenthone (MC2 and MC3 in Table 1) but that shibwbkght differences in the
relative amount of the minor EOs components. 93
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Table 1. Composition of the essential oils isolated hydrodistillation from the

flowering aerial parts of threentha cervinaultivated populations.

Mentha cervina populations

Components RP

MC1 MC2 MC3
3-Methyl cyclohexanone 914 t t t
a-Thujene 924 t t t
a-Pinene 930 0.5 0.6 0.1
Camphene 938 t t 0.1
Sabinene 958 0.3 0.1 t
1-Octen-3-ol 961 t t t
B-Pinene 963 0.2 0.8 0.2
2.5-Dimethyl-1-hexene 970 t t t
3-Octanol 974 1.0 0.6 2.4
B-Myrcene 975 0.6 0.4 t
p-Cymene 1003 t 0.1 t
1.8-Cineole 1005 0.3 0.3 0.1
Limonene 1009 6.1 5.6 4.0
cis-p-Ocimene 1017 0.1 t t
transB-Ocimene 1027 t t 0.1
y-Terpinene 1035 t t t
n-Octanol 1045 t t 0.1
cis-Linalool oxide 1045 0.1 t t
trans-Limonene oxide 1112 0.1 t 0.1
Menthone 1120 0.9 2.2 1.8
Isomenthone 1126 8.3 21.2 24.4
Menthofuran 1134 t t t
cis-Isopulegone 1134 1.0 0.9 1.2
Terpinen- 4-ol 1148 t t t
Verbenone 1164 t t t
Myrtenol 1168 t t t
Pulegone 1210 74.9 62.7 52.2
Piperitone 1211 t 0.2 t
Carvotanacetone 1222 t t 0.6
Piperitenone 1289 15 0.6 t
B-Caryophyllene 1414 0.3 0.2 t
B-Caryophyllene oxide 1561 t 0.8 1.0
Humulene epoxide 1580 0.1 t t
% Identification 96.3 97.3 88.4

Grouped components

Monoterpene hydrocarbons 7.8 7.6 4.5
Oxygen-containing monoterpenes 87.1 88.1 80.4
Sesquiterpene hydrocarbons 0.3 0.2 t

Oxygen-containing sesquiterpenes 0.1 0.8 1.0
Others 1.0 0.6 25

®Retention Index relative togdC¢ n-alkanes on the DB-1 column; t - trace (<0.05).



Antibacterial activity of theM. cervina EOs and of the pure
aromatic compounds

The antibacterial capacity of the three differe@sEprofiles was compared among each
other and to standards from the EOs oxygen-comtgimonoterpene main components,
pulegone, isomenthone and menthone. The resultgeshthat the antibacterial activity
of the M. cervina EOs and the standard compounds is dependent otyfe of
microorganisms and in different degrees on the Effilp and the pure compound used
(Table 2).

In general, Gram-negative bacteria were more seasthan Gram-positive bacteria
(Table 2). Gram-negative bacteria showed MIC vahfes mg/mL, using the complex
mixture of EOs. The OEs activity against Gram-pesibacteria was less noteworthy
with the lowest MIC values equal or more than 7@mi, with exception fos. aureus
ATCC 6533 that was more susceptible (2 mg/mL witltC3y1 With the pure
compounds, we had the same behaviour, the Gramivgoshowed MIC values equal
or more than 62.5 mg/mL (also with exception $oraureuy and in theGram-negative
bacteria we could find MIC values of 2 mg/mL. 95
Although it has been established that Gram-poshia@eria are much more sensitive to
drug action than Gram-negative bacteria (@bsal, 2006), because of their less
complex membrane structure (Cosent@l, 1999; Karamaset al, 2003; Sahiret al,
2002), the results presented in this study wWithcervinaEOs are not in accordance
with this. The same results were obtained in o#tedies usingVl. pulegiumand M.
longifolia EOs (Gulluceet al, 2007; Hajlaouiet al, 2009; Hafedhet al, 2010;
Mahboubiet al, 2008). The results obtained in our study arensmg because thig.
cervina EOs could be important in future formulations foratment of multiresistant
Gram-negative pathogens, includiAginetobacterspp.,Pseudomonas aeruginosad,
because of their production of extended-spectfitactamase, Enterobacteriaceae,
responsible for serious infections in community aodpital patients (Slama, 2008).
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Table 2. Minimum inhibitory concentration (MIC, nmgl) of Mentha cervinaessential

oils, pure standard compounds and DMSO, againfgrdift bacterial strains.

Bacteria strains

MIC (mg/mL)

MIC

Essential oils

Pure compounds and Solvent

MC1 MC2 MC3

(ug/mL)

Pulegone Isomenthone Menthone DMSO  Antibiotics®

GRAM -

Pseudomonas aeruginosa
ATCC 10554

MR (ID 1833)
Escherichia coli

ATCC 11105

CTX (ID2511)
Acinetobacter baumannii
ATCC 19606

MR (ID130)

IMP5 (1D65)

Klebsiella pneumoniae
KPC (ID2564)
CTX-M-15 (ID2510)
TEM-10 (ID683)
Salmonella Thyphimurium
CBISA 3969

Salmonella Braenderup
CBISA 3991

GRAM +
Staphylococcus aureus
ATCC 6533

MRSA CIP 106760
Staphylococcus caprae
CBISA 3572
Enterococcus faecalis
CIP 104476
Enterococcus faecium
ID 435628
Enterococcus hirae
CIP 5855

Listeria monocytogenes
EGDe (CBISA 3992)
CECT (CBISA 3004)
CBISA 3845

CBISA 3077

125
125

2.0
7.8

3.9
2.0
1.0

62.5
313
62.5
62.5

313

31.3
62.5

62.5

62.5

62.5

62.5

62.5

62.5

62.5
125.0

62.5 15.6
31.3 313
1.0 1.0
1.0 2.0
2.0 3.9
1.0 1.0
1.0 2.0
3.9 7.8
7.8 15.6
156 156
31.3 156
31.3 7.8
15.6 2.0
15.6 7.8
- 7.8
31.3 156
62.5 15.6
62.5 15.6
- 7.8
- 7.8
- 7.8
- 15.6

125
125

3.9
3.9

2.0
2.0
2.0
62.5
62.5
313
62.5

31.3

62.5
62.5

125

125

125

125

125

125

125
125

125
125

15.6
62.5

31.3
15.6
15.6
62.5
125
62.5
7.8

62.5

15.6
125

125

125

125

125

125

125

125
125

125
125

313
62.5

62.5
15.6
15.6
62.5
125
125
313

62.5

15.6
125

125

125

125

125

125

125

125
125

>250
>250

125
125

125
125
125
125
125
125
125

125

>250
>250

>250

>250

>250

>250

125

125

125
125

<0.25
>250

<0.25
62.5

<0.25

15.6
<0.25

<0.25

<0.25

<0.25

<0.25

125

2.0

2.0

<0.25

<0.25

<0.25
<0.25

! Ampicillin and riphampicin were used as referemtenpounds for antibacterial activities of Gram-

negative and Gram-positive bacteria, respectively

The most considerable antibacterial activity wagdamled againstE. coli and A.

baumannij using the EOs complex mixtures. The EO MC2 shotiedlowest MIC

value of 1 mg/mL for botte. coli strains (ATCC and the multiresistant) and #he

baumannii Although we can find in the literature studieghgsmint EOs, the results are



difficult to compare because the methodologies #rel bacterial strains used are
different among studies. Moreover, the same spemay also present different
chemotypes. FoE. coli strains, we could find MIC values of 0.78 and 2r8§/mL
using M. longifolia EO (Hafedhet al, 2010 and Hajlaouet al, 2009, respectively),
2.25 and 4 mg/mL witiM. pulegiumEO (Hajlaoui et al, 2009 and Mahboulst al,
2008, respectively), and 250 mg/mL with rotundifolia EOs (Derwich eal., 2010).
Interestingly the plant species with more pronodrastibacterial activity were the ones
presenting EOs with high content in the monoterpepalegone, menthone and
isomenthoneNl. pulegium M. longifoliaandM. cervinain this study).

The antibacterial activity of the EOs was higheal{[é 2) when compared with the pure
standard compounds. Considering the bioactivitthefpure standards alone, in general,
isomenthone and menthone, were less active thaag@ué (its precursor), with the
exceptions forS. Thyphimuriumand S. aureusATCC (Table 2). Similar results were
obtained by other authors that reported pulegonghawing a more potent bioactivity
(Flamini et al, 1999; Gulluceet al, 2007; Hajlaouiet al., 2008; Naigreet al, 1996;
Oumazil et al, 2002; Mimica-Dukicet al, 2003; Oyedeji and Afolayan, 2005).
Considering the results with the three EOs profid€3 (the EO with less content in
pulegone), was the one who exhibited higher anti#ved activity against all Gram-
positive and Gram-negative bacteria (Table 2). énegal, the order of efficacy was
MC1 < MC2 < MC3, which appears to be related todberease in pulegone content.
So, although pulegone showed the higher antimiataduitivity (considering the pure
standard compounds alone), these results do nee agth the data obtained with the
EOs complex mixtures, where the EO with less cdntepulegone exhibited the best
results. Using\. cervinaEOs for antifungal activities againsSandida Aspergillusand
dermatophyte strains, Gongalvetsal. (2007) also obtained the highest activity with the
sample containing lower amounts of pulegone. Theesa@ype of response of EO
complex mixtures and individual components was meggoin other species, using
M. piperita EO againstE. coli, S. aureusand Candida albicangYadegariniaet al.,
2006) and withM. spicataEO against.. monocytogene@d eonardet al, 2010). Given
the heterogeneous composition of EOs and the diffeantimicrobial activities of its
components, it seems that different componentshmsag different modes of action and
that the activity could be attributed to the preseaf minor components or at least to a
synergistic effect between components.
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Conclusion

This study demonstrated the potential use Muf cervina EOs as well as their
components as antibacterial agents, in particglamat Gram-negative bacteria, such as
E. coli and A. baumannii providing an explanation for the reported tramtal use of
this plant. These results also support the hypathbat the antibacterial activity of the
M. cervina EOs is a function of the synergistic effect of ithdifferent aromatic
monoterpene constituents. The extraction of aatmmpounds in single or combined
forms, from this plant, may lead to their use aedfgreservatives as well as in
pharmaceutical and natural therapies for the treatmof infectious diseases.
Nevertheless, further research is required to etalthe practical value &fl. cervina
EOs applications.
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Abstract

105
Eighteen populations of the endangered aromaticna@dicinal plantMentha cervina

(Lamiaceae) were sampled across its natural rangie western half of the Iberian
Peninsula, and inter-simple sequence repeats ()SBRskers were used to assess
genetic diversity and population structulké. cervinapopulations exhibited a relatively
low genetic diversity (percentage of polymorphicilBPB= 14.2-58.3%, Nei's genetic
diversity He = 0.135-0.205, Shannon’s information index 0.08-0.33). However, the
genetic diversity at species level was relativeighh (PPB= 98.3%; He= 0.325;

| =0.23). The results of the analysis of molecwariance indicated very structured
populations, with 50% of the variance within popiaas, 44% among populations and
6% between regions defined by hydrographic basins,line with the gene
differentiation coefficient (gr = 0.532). A Mantel test did not find significant
correlation between genetic and geographic distarateices (r = 0.064), indicating that
isolation by distance is not shaping the presenetie structureThe levels and patterns
of genetic diversity inVl. cervinapopulations were assumed to result largely from a
combination of evolutionary history and its unigpielogical traits, such as breeding
system, lowcapacity of dispersion, small effective siaed habitat fragmentation. The

high genetic differentiation among populations aades the necessity of conserving the
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maximum possible number of populations. The resals® provide information to
select sites foex situconservation. Optimal harvesting strategies, \lfitbn and tissue
culture should also be developed as soon as pessilguarantee sustainable use of the

species under study.

Keywords: Mentha cervina Genetic diversity,Population structure, Conservation

genetics, Endemic species, ISSR

Introduction

Long-term survival and evolution of species dependthe maintenance of sufficient
genetic variation within and among populations tocaanmodate new selection
pressures resulting from environmental changesr¢Baand Kohn, 1991). Genetic
diversity maintained in a plant species can beierfted by many processes, such as the
long-term evolutionary history and the charactemsstof the species, such as
reproductive mode and mating system (Hamrick andtGi®89). An accurate estimate
of genetic diversity of a species can provide ihtsgnto the evolutionary processes as
well as useful information for developing conselmafplans.

Plants belonging to the genddentha (Lamiaceae) have evolved in nature through
natural hybridization and selection, showing sufits& variation in terms of their
natural habitats, growth characteristics, and asofatin, 1972; Franco, 1984). In this
genus, which includes many herbs that are usedhéaticines, cosmetics, and spices,
particular attention has been given to some cu#tvapecies, namely peppermiit.
piperita L.) and spearmintsM. spicatalL. and M. cardiacaBaker) because of their
essential oil (EO) compositions (Kokkini, 1991).eTBOs fromMenthaspecies have
been used since ancient times for the treatmentasfy digestive tract diseases and in
culinary (scan et al., 2002), and they are known to have amadial properties
(Flamini et al., 1999; Naigre et al., 1996). As Isumints are valuable crops with a
substantial importance in the botanical economytaride pharmaceutical industry.
Mentha cervina.. (commonly known as hart’'s pennyroyal) is an aatimplant that is
traditionally used in Portugal to flavour food deshand for its medicinal properties,
preventing different gastric disorders and inflartiores of the respiratory tract



(Monteiro et al., 2007; Povoa et al.,, 2006; Rodeguet al., 2008). It is a spreading
herbaceous perennial with slender, lance-shapeatigneen leaves and whorls of white
or lilac flowers from midsummer into autumn. Altlghuthere are no reports about the
breeding system oM. cerving we infer that it is likely outcrossing based dre t
breeding features of its closely related speciedd .kt al., 1999Mentha cervinehas a
western steno-Mediterranean distribution. It is Miduin France, Portugal, Spain,
Morocco, Algeria and is presumably extinct in ItéBhazi & Grillas, 2010). It occurs
mainly in river banks and other damp and wet plaedsch require a longer flooded
period that is characteristic of the priority habitMediterranean temporary ponds
(3170) (Silva et al., 2009). According to our fieddrvey, areas that had previously been
reported in herbaria as species habitats have neen lseverely deteriorated or
fragmented largely due to anthropogenic activitigsg., deforestation, over-
exploitation) and in one case the population hachpietely disappeared due to a
hydroelectric dam construction (P6voa et al., 2008jth the growth of commercial
demands in recent years, the excessive harvesbing the wild (main source of plant

material), overgrazing and the unfavorable condemastatus of these habitats have

shrunk the natural resourcesMf cervinato a narrow distribution (Pévoa et al., 2006). 1

Nowadays, it is considered to be decreasing in munmdnd classified as Near
Threatened in th8JCN Red List of Threatened Specid®h@zi and Grillas, 2030A
previous study (Rodrigues et al., 2008) found nenaical polymorphism in the EOs
obtained in populations from different provenanesich disagrees with almost all the
studies involving mints, in which the existencediferent chemotypes is a common
feature in mosMenthaspecies and hybrids (Kokkini and Vokou, 1989). Tdusprising
uniformity, in a species of a rather polymorphiaigg, suggested a lack of variation and
a need to assess genetic diversity. Up to datgjque studies oM. cervinahave been
mainly focused upon its morphology (P6voa et aD0&), reproductive biology
(Monteiro, 2006), essential oils composition (Rgdes et al.,, 2008) and their
bioactivity (Goncalves et al., 2007; Rodrigueslet2012), and habitat characterization
(Silva et al. 2009). No study has targeted the gemkversity and structure, although
this information is essential for the formulatiohedfective conservation strategies in
threatened species (Holsinger and Gottlieb, 1#Xxkudero et al., 2003; Shah et al.,
2008).

The use of molecular markers to evaluate neutrakfiye variation has become an

important tool to study population genetics. Indenple sequence repeats (ISSR) use

7
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repeat-anchored primers to amplify DNA sequencesvden two inverted simple
sequence repeats (SSRs or microsatellites), regeaata that reflect the length
variation between the adjacent microsatellites lgyuband Wolfe, 2001; Zietkiewicz
et al., 1994). Among various molecular tools, ISSRse gained increasing interest
because they have higher annealing temperaturelcanger primer sequences, and
hence yield greater reliability and reproducibilitfybanding patterns when compared to
RAPD (random amplified polymorphic DNA) primers (&y and Wolfe, 2001). At the
same time, the cost of the analyses is relativaet than that of some other markers
such as AFLPs, because of the much simpler praofféhng and Roose, 1997).
Therefore, the recent use of ISSRs has been ex¢emsipopulation genetics studies
with wide applications in genetic diversity stud@sspecies with conservation concerns
(Esselman et al., 1999; Ge et al., 2005; McGlaungktial., 2002; Smith and Bateman,
2002; Xia et al., 2007), including Lamiaceae spe€lau et al., 2006, Mendes et al.,
2009). ISSRs are especially useful in detectingemdity in closely related, or even
clonal, individuals (Chen etal., 2006; Esselmanakt 1999; Han etal.,, 2007;
Zietkiewicz et al., 1994).

Because of the medicinal and aromatic potentiahef species and current threats for
its conservation, we in the present study use IS8Rssess levels of variation, identify
the degree of genetic differentiation among popahat and provide guidelines for the

conservation and sustainable use of this specig®irange sampled.

Materials and Methods

Plant Material

In 2009 and 2010, several field trips were condiieteross the geographic rangevbf
cervina A total of 192 individuals, which correspond t8 fiopulations with different
geographic origins were included in the analysiagb{& 1). It is important to mention
that despite our efforts to collect samples fromgher number of populations, no more
than 18 were found. Geographic distances betwepunlgiions vary from 10 (between
Mc37 and Mc38) to 487 km (between Mc33 and Mc4@ctepopulation was evaluated

by analyzing 5-16 individuals sampled randomly tlyloout the entire range of each



location. Due to the limited availability of inddiials, sample sizes of some populations
in this study were relatively smalkFrom each sampled individual, fresh leaves were

collected and dried in silica gel for subsequentAD&ktraction. Vouchers for each

population were deposited in the LISI Herbariumk€al).

DNA Extraction and ISSR-PCR Amplification

Total DNA was extracted from silica gel-dried leayellowing the protocol of the plant
mini kit (Quiagen), using 100-200 mg of leaf maakgrounded to fine powder in liquid
nitrogen. The quantity of DNA extracted was evatdaby electrophoresis in 0.8%
agarose gels in TBE buffer (50 mM Trisma, 50 mMibacid, 2.5 mM EDTA, pH 8.3),
and each DNA sample was diluted to 10uhfgr PCR amplification.

All the tested primers were synthesized by StabaVftisbon, Portugal). Twenty
primers were initially screened, and 10 of themjciwhyielded bright and discernible
bands, were used for the analysis of all 192 sasnple

PCR reactions were standardized and run on a égy8lio-Rad thermalcycler. For
every20 uL reaction, 10 ng of DNA, 1x reaction buffer, Bl of primer, 2 mM of
MgCl,, 0.2 mM of each dNTR2% of DMSOand 0.5 units Taq DNA polymerase were
included The amplification conditions were performed witie following program:
initial denaturation at 94°C for 4 min, followed B9 cycles of 30s at 94°C to denature,
45s at 48°C to anneal the primers and 2 min at 7@°€xtend the primers. The last
cycle was followed by 45s at 94°c, 45s at 44°Calfidal extension at 72°C for 5 min.
A negative control with no DNA added was included dach PCR reaction. The
amplified products were separated by electrophsiiedhorizontal 1.5% agarose gels in
1x TBE buffer, at 100 volts constant for 2h. Thdsgeere stained with ethidium
bromide (0.5ug/ml), and visualized in ultraviolet light by usi@EL DOC 2000 (Bio-
Rad Gel Documentation System). The size of the déiegbproducts was determined by
comparison with 100 bp laddefo verify the repeatability of the results, eachRPC
amplification and gel running was repeated twicad anly the amplified ISSR
fragments present in both runs where considered.
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Table 1.Location ofMentha cervingopulations and number of individuals sampledhegresent study.

Populations sample sizes Specific sample collection sites
localization Altitude (m)  Latitude Longitude H|drogr§1ph|c
basin
Mc10 9 Ouguela, Campo Maior 207 39° 4'54.96"N 7° O"AB3 Guadiana
Mc29 9 Ponte da Ajuda, Elvas 166 38°46'32.02"N  7°1629V Guadiana
Mc32 12 Vilar seco, Miranda do Douro 725 41°31'25.48"N °245.56"W Douro
Mc33 13 Pé6voa, Miranda do Douro 750 41°34'22.71"N  6°1B3"'W Douro
Mc34 5 Bagauste, Peso da Régua 50 41° 9'0.41"N T7°45\%.2 Douro
Mc35 14 Escarigo, Figueira de Castelo Rodrigo 560 40°503MN  6°49'33.62"W Douro
Mc36 9 Segura, Idanha-a-Nova 235 39°49'11.06"N  6°58BRV Tejo
Mc37 16 Salvaterra do Extremo, ldanha-a-Nova 253 39°58BN  6°54'18.38"W Tejo
Mc38 12 Monfortinho, Idanha-a-Nova 255 39°59'9.96"N 658223"W Tejo
Mc39 9 Oledo, Idanha-a-Nova 335 39°58'10.64"N  7°182'M8 Tejo
Mc40 9 Montalvdo, Nisa 116 39°39'50.86"N  7°32'19.27"W ejor
Mc41l 9 Valéncia de Alcantara 313 39°28'1.17"N 7°12'81 Tejo
Mc42 8 Torrao, Alcacer do Sal 50 38°17'0.32"N 8°13'aN8 Sado
Mc43 15 Entradas, Castro Verde 154 37°44'36.51"N  7°5801%V Guadiana
Mc4a4 9 La Codosera 298 39°16'48.08"N  6°52'20.89"W Garaali
Mc45 9 Alburquerque 234 39°11'0.69"N 7°1'59.03"W Gaadi
Mc46 14 Gomes Aires, Almodévar 200 37°30'58.11"N  8°117/5W Guadiana
Mc4a7 11 Castro Marim 50 37°11'21.63"N 7°27'27.81"W Guadia




Data Analysis

Since ISSR markers are dominantly inherited, easftdlwas assumed to represent the
phenotype at a single diallelic locus (Williamsaét 1990). Consistently reproducible
amplified ISSR fragments, between 300 and 180Mmre scored as present (1) our
absent (0), each of which was treated as an indepércharacter regardless of its
intensity. Fragments of the same molecular weigdreveonsidered as the same locus.
The binary matrix (1/0), constructed with GELCOMPIARApplied Maths), was used
in parameter estimation with multiple algorithmslanethodologies.

POPGENE 1.32 (Yeh et al.,, 1997) was used to cdiularious genetic diversity
parameters: percentage of polymorphic bands (PEBB)ected heterozygosity {H
genetic diversity among populations {3 Nei's (1973) coefficient of gene
differentiation (Gr) and Shannon’s index of diversity (I).

Genetic diversity was also estimated as heteroztygosing the Bayesian approach of
Holsinger et al. (2002), with the analysis progrefCKORY version 1.1 (Holsinger
and Lewis, 2003). Several runs were carried ouh wiéfault sampling parameters
(burn-in = 5,000, sample = 25,000 and thin 5) teuea consistency of results and the 111
full model was selected

Grouping of the individuals using the Principal @tioates Analysis (PCoA) was done
with GENALEX 6 program (Peakall and Smouse 2006 &dditional measurement of
partitioning genetic variation was obtained witle thierarchical analysis of molecular
variance (AMOVA) analysis, using GENALEX 6 prograwith 9999 permutations.

To illustrate the relationship among populatiohg UPGMA (Unweighted Pair Group
Method with Arithmetic mean) dendrograms were gateel using the software package
AFLPSURYV (Vekemans et al., 2002) and PHYLIP (Fet¢eim, 1989) based on Nei’s
genetic distance. This method was implemented botitstrapping (1000 replicates), to
assess the statistical support of each branchthamdmajority-rule consensus trees were
generated for each type of distance, using the feeddNJ and CONSENSE in the
PHYLIP package. The trees were viewed and drawmguEREEVIEW program (Page,
1996.

To further understand the relationships among @imrs, a bayesian analysis with the
software STRUCTURHKPritchard et al., 200@yas used to reveal the number of genetic
pools assign individuals to populations and identifygrants and admixed individuals.
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Several runs were carried out with default samplragameters (burn-in = 50.000,
number of MCMC runs after burn-in=500.000, using #dmixture model and allele
frequencies correlated) and K calculated by Evastrad. (2005).

Geographical distances were calculated by GooglehEprogram. To test the
correlation between Nei's genetic distan€® petween populations and geographic
distances (in km) among populations, a Mantel (Mabh967) test was performed using
GENALEX 6. Clonality was also tested using the rihadus genotypes analysis of the
GENALEX 6 program.

Results

Genetic Diversity

Among the 20 ISSR primers tested for their ability detect polymorphic bands
(putative loci) in a subset dfl. cervinasamples, 10 primers generated interpretable
polymorphic amplifications. In these 10 selectednprs, the number of bands per
primer (loci) varied from 14 (ISSR3) to 21 (ISSRtifh an average of 17.5 bands per
primer (Table 2).

Genetic diversity estimates from ISSR are summadrineTable 3. ISSR amplification
of the 192 individuals, gave a total of 175 barfas tould be scored, corresponding to
an average of 79.9 fragments per individual. O$¢hieands, 172 were polymorphic. All
the primers produced polymorphic bands when allpdfulations were considered.
Private bands, absent in all populations except weee not observed. The proportion
of polymorphic bands at the population level varfeoin 14.2% (Mc34) to 64.6%
(Mc43),with a mean of 44.4%. This figure was 98.3% atgpecies level. Nei's gene
diversity (H) and Shannon’s information index (I) showed a kimirend to PPB. As
indicated by these three indices, the least gealbticliverse populations are Mc29
(He=0.0802, 1=0.117, PPB=20.6%) and Mc34.£B.0512, 1=0.076, PPB=14.2). The
most diverse populations are Mc33 £6.222, 1=0.332, PPB=64%) and Mc43
(He=0.219, 1=0.328, PPB=64.6) (Table 3).



Table 2. Primers used in ISSR analysisMéntha cervinaand number of reproducible
bands.

Primer code Sequencek Reproducible

bands
ISSR1 (CA8BRG 21
ISSR3 (GA)8YT 14
ISSR4 (GA)8YC 16
ISSR5 (GA)8BYG 18
ISSR6 (AG)8YT 15
ISSR7 (AG)8YC 18
ISSR8 (AC)8YA 16
ISSR10 (GT)8YC 19
ISSR15 (GACAC)3 20
ISSR898 (CA6-RY 18
Mean 17,5

% =CorT:R=AorG

Genetic Differentiation

According to Nei's analysis of gene diversity, thercentages of genetic variation
amongM. cervinapopulations were 53.2%5() and 46% (Theta-B value, an estimate
of Gs;obtained by HICHORY analysis) which indicated etexdainterpopulation genetic
differentiation. The AMOVA that considered only omgerarchical level (Table 4)
showed that most of the variation was found wighapulations (51%), the 49% among
populations variation again provides additionadevice for high genetic structuring of
populations. Considering two levels, when poputaiavere grouped by hydrographic
basin, the proportion of total variance residinghii populations was 50%, among
populations 44% and among basins 26(0.001), which indicates that there is only a
small proportion of the variation associated witbugping by river basin, even though it
Is statistically significant (Table 4Jhe nearly identicad®st from the AMOVA analysis
(0.469) and theGst from the POPGENE and from HICHORY analysis provide

additional support of the statistics used in thiglg and robustness of the results.
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Table 3.Measures of genetic diversity in each populatiod the entire data iklentha
cervina PPB, percentage of polymorphic loci (at the 5%&lg I, Shanon’s Information

index; H, Nei’'s gene diversity.

Population PPB He
Number Percentage

Mc10 101 57.7 0.29 0.193
Mc29 36 20.6 0.12 0.080
Mc32 102 58.3 0.31 0.208
Mc33 112 64.0 0.33 0.222
Mc34 25 14.2 0.08 0.051
Mc35 93 53.1 0.28 0.187
Mc36 57 32.6 0.18 0.124
Mc37 95 54.3 0.24 0.156
Mc38 91 52.0 0.24 0.159
Mc39 66 37.7 0.19 0.128
Mc40 47 26.9 0.14 0.097
Mc41 54 30.9 0.17 0.116
Mc42 63 36.0 0.20 0.131
Mc43 113 64.6 0.33 0.219
114 Mc44 64 36.6 0.18 0.117
Mc45 85 48.6 0.25 0.169
Mc46 105 60.0 0.29 0.193
Mc47 90 51.4 0.26 0.170
Mean 78 44.4 0.23 0.151

Total 172 98.3 0.23 0.325




Table 4. Analysis of molecular variance (AMOVA) of intergome sequence repeat (ISSR) data using GENEALEXletermine the genetic
structure for different hierarchical levels of thighteenMentha cervingopulations. d.f., degree of freedom; SSD, sunsqaares; MSD, mean
square deviations; variance component estimatesgmpige variation is the distribution of variatiaha given level of hierarchy (among

groups/among populations/within populations) &whlue is the significance of variance after 9998meéations.

Sogrc'e of d.f. SSD MSD variance Percentage Ost P value
variation component

Mentha cervina
Among populations 17 3104,54 182,62 15,671 49% 3,49 <0.001

Within populations 174 2807,174 16,133 16,133 51%

Four goups: Douro, Tejo, Sado, Guadiana

Among groups 3 752,34 250,78 1,96 6% 0,061 <0.001
Among populations 14 2352,20 168,01 14,26 44% 0,469 <0.001
Within populations 174  2807,17 16,13 16,13 50% 0,50 <0.001
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Genetic Relationships

The STRUCTURE analyses pointed out that the eighpspulations oM. cervinain
the present study share 7 genetic pools, with migrand admixed individuals. Mc37
and Mc38 are considered to share the same gerwmdldrpthe two analyses, which is
not surprising since they are geographically véoge (10 km) and share the same river
basin. The populations from the north region coutgi another gene pool (Mc32,
Mc33, Mc34 and Mc35) and 3 of them grouped togethehe UPGMA tree (Fig. 2)
(although with weak bootstrap support). The popatet from the center-south are from
two gene pools, that were also clustered in the MRGree (although only with
moderate bootstrap support) and the other 3 geaks poe found in the midland with
weak and arbitrary clustering (Figs.2 and 3).

The PCoA (Fig. 4) provided additional evidence ttog highly structured populations,
and in each population the individuals formed cehdssters. Overall the populations
were grouped in 4 main groups, and the relatiorssivgre more or less in agreement to
that implied by the Bayesian analysis (STRUCTUREL the cluster analysis. The first
two components, accounted for 48.87% (axi2T.£5%; axis 2 = 21.71%f the total
variability. The clearest separation indicated Ins tanalysis was of the southern
populations (Mc42, Mc43, Mc44, Mc45, Mc46 and Mc4¥he relationship of groups
in the center and northern range presented broadapvof populations (Mc10, Mc29,
Mc32, Mc33, Mc34, Mc35, Mc39, Mc41). The spreadaitslicated likely admixture of
gene pools in some populations, namely Mc33, MaB®, Mc43. This is in agreement
with the mixed gene pools inferred for up to 25-3@¥%these populations in the
STRUCTURE analysis (Fig. 1). This admixture and themplex pattern of
relationships which does not indicated strong gaplgical groups are corroborated by
the Mantel test which did not find significant calation between genetic and
geographic distance matrices (r = 0.0B450.298, 9999 permutations), indicating that
the isolation by distance is not an important mad@ra for explaining the preseht.
cervinapopulation genetic structure. Also, the analysiglohality foundno matching

multilocus genotypes.
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Fig. 2UPGMA Dendrogram based on Nei's genetic distance matriiéntha cervina
populations. One thousand replicates of bootstrappnalysis were used to assess the
statistical support of each branch. Numbers in dvancorrespond to the bootstrap
analyses (50% or more). Square color blocks coorapto the structuring of
populations according to the STRUCTURE analys.1)i. See Table 1 for population
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Fig. 3 Map of Portugal with the location d¥lentha cervinapopulations analysed.
Square color blocks correspond to the structurihgo@pulations according to the
STRUCTURE analysis. See Table 1 for population\ahtens.
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Discussion

Genetic Diversity and Differentiation

Geographic range is usually regarded as an appat&imeasure of the total number of
individuals of a species, so we can expect spetittsa wider distribution to tend to
have higher genetic diversity than rare and endadgspecies (Karron, 1987; Sheeja
et al., 2009; Xiao et al., 2004;). However, manydsts have shown that endangered or
endemic species can also maintain high genetiasitygEllis et al., 2006; Gonzalez-
Astorga and Castillo-Campos, 2004, Luan et al.62@hang et al., 2010M. cervina
has a large extent of occurrence (from Italy totNgkfrica), but a restricted area of
occupancy (approximately 600 Km(Rhazi and Grillas, 2010). In Portugal, the same
pattern is observed, and populations can be foumeh fhorth to south, but in each
location the area of occupancy is also very rdstliand nost of the populations are
found growing near our in river banks, with vempiied number of individuals.

The overall genetic diversity dfl. cervina,based on ISSR analysis, is relatively high
(He = 0.323; 1 = 0.226; PPB = 98.3%) at the specieslJdhowever, is relatively low at
the population level. The PPB values ranged froni94o 64.57%, averaging 44.4%,
and the parameterselffanging from 0.0802-0.222, with an average of 0)landl
(ranging from 0.076-0.332, with an average of 0fQafisplay a similar trend. It is clear
from data in table 5, that the two indices of gendiversity (PPB and k) have the
highest value foM. cervinaat the species level in comparison with all otheecies.
However, at the population level, the values aneelothan the genetic diversity
reported for other populations of Lamiaceae speeid are consistent with other
populations of endangered species (Table 5 anderefes there in). The high overall
genetic diversity displayed by the species itsalf be explained mostly by differences

among populations due to the high genetic structure



Table 5. Genetic diversity measurementsNtentha cervinain other Lamiaceaes and in endangered speciés pBRentage of polymorphic

loci, He Nei's gene diversity: Numbers between () correspmnpopulation values, and the other number tantean value of the populations;

Gs: coefficient of gene differentiation.

PPB He Gst Methodology Reference

species  population species population
Lamiaceae
Mentha cervina 98.29 44.4 (14.2-64.6) 0.325 0.151 (0.08-0.222) 0.532 ISSR Present study
Lamiophlomis rotata 96.7 51.8 (37.9-69.2) 0.291 0.291 0.430 ISSR Liu et al. 2006
Lamiophlomis rotata 93.13 47.5 (23.6-64.4) 0.287 0.287 0.422 RAPD Liu et al. 2006
Hemigenia exilis 97.00 72.0 (45.5-91.7) 0.27 0.39 (0.355-0.431) RAPD Mattner et al. 2002
Phlomis purpurea 0.085 0.085 allozymes  Aparicio et al. 2000
Phlomis composita 0.079 0.079 allozymes  Aparicio et al. 2000
Mentha pulegium 72.0 (60-90) 0.229 0.30 (0.40-0.21) allozymes  Ben and Bouszd
Endangered species
Cycas guizhouensis 38.9 14.2 (8.9-20.5) 0.1082 0.0597 (0.036-0.088) ISSR Xiao et al. 2004
Camellia nitidissina 75.24 42.4 0.2302 0.098 0.575 ISSR Bin et al. 2005
Camellia nitidissina 63.22 18.8 (11,5-24,1) 0.1561 0.083 (0.051-0.105) 0.406 ISSR Xiao et@D&2
Sinocalycanthus chinensis 73.08 23.65 0,1987 0.084 0.578 ISSR Jin and Li 2007
Emmenopterys henryi 56.05 22.56 0.191 0.071 (0.053-0.105) 91 ISSR Li and Jin 2008
Gynostemma pentaphyllum  96.4 8.9 (1-25.3) 0.2624 0.026 (0,004-0,084)——>0.889 ISSR Wang et(4l82
Saruma henryi 73.7 22.8 (10.3-36.6) 0.260 0.086 (0.045-0.124) 0.690 ISSR Zhouet al. 2010
Vellozia gigantea 88.8 56.6 (47.2-68.5) 0.256 0.183 (0.140-0.225) 0.280 ISSR Lousada @04l1
Astragalus nitidiflorus 51.3 31.8 (28.2-37.2) 0.171 0.129 (0.109-0.146) 0.242 ISSR Vicente.€2@l1
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The present diversity pattern could not be expthimgthe isolation by- distance model,
as revealed by Mantel te§t = 0.064). Although evolutionary divergence could be
associated with rivers, becausey arebelieved to be major geographical barriers that
mightlargely hindemgene flow viaseed and pollen dispersal among populations (Pfeife
and Jetschke, 2006), aatso can act as dispersal routes for species that igearby or
in the water, the AMOVA analysis revealadveak partitioning of variation associated
with the share of the river basin of populationaggesting that each population
analyzed is genetically defined and structured afisinct genetic pool. Therefore,
although highly structured, the populationgvbfcervinaare structured without a strong
geographical pattern and in a more or less stoch&sshion, indicating a likely
predominance of stochastic processes to shapeiggagation.

M. cervina was usually observed in severely fragmented habiéad with small
population sizes (from 10 to 1000 individuals), @fhimake this species extremely
vulnerable to fluctuations in climate and habitastutbance (Travis etal.,, 1996).
Indeed, populations with small population size apdere human disturbance (MC29,
MC34, MC36 and Mc40), showed the lowest genetiediiy, while population MC33
and MC43, with relatively large population size dingited human disturbance, showed
higher genetic diversity. It seems that populationdragmented habitats and small
effective size, are more subjected to stochastentsy genetic drift and inbreeding
(Hartl and Clark, 1997), leading to a low genefiedsity and the high genetic structure
pattern observed.

Another effect of habitat fragmentation and othemlan disturbance is being reported
on plant breeding systems, with an increase infedifization (Aguilar et al., 2008;
Eckert et al., 2009)n plants, breeding system can significantly afigenbetic diversity
and it’'s partitioning within and among populatioffigamrick and Godt, 1996; Nybom,
2004). Selfing species are expected to have redwfézttive population sizes
(Ingvarsson, 2002), to have lower genetic divensityin populations and a partition of
diversity of about 50%, whereas outcrossing speg#ttion on average 20% among
populations (Evans et.#000; Hamrick and Godt, 1989; Nybom and BartishQ®
Tarayre and Thompsoh996).Although there are no reports on the breeding syste
M. cerving it is likely an outcrossing species based onliheeding features of its
closely related specigdudd et al., 1999), and so, most of the genetiersity of M.

cervinawas expected to be partitioned within populati@damrick and Godt, 1996),



instead, the intra- and inter-population genetidif@ing were on average 51% and
49%, respectively.

M. cervinaexhibits vigorous vegetative growth by rhizomed an almost absent seed
production (personal observations). Furthermored sispersal is not likely to be very
efficient in M. cervinabecause seeds are very small and light and lagkapparent
dispersal structures.

Based on the ISSR data and on our field surveyabitats, the low levels of variability
within populations and the high genetic structuriagnong populations probably
resulted from 1) genetic drift and inbreeding diettby fragmented habitat and small
population sizes and 2)law seed setting/germination/dispersidn.this context, the
genetic diversity within population is mostly depent on the first colonizing plants,
and works in a very stochastic manner.

Although ISSRs markers are considered to be neatrdl thus to provide no direct
assessment of fitness, the diminished genetic sliyefound within these populations,
despite the high genetic diversity at the specesl] might explain thelack of
phytochemical diversity at the essential oil conifp@ms reported in Rodrigues et al.
(2008).

Nevertheless, to better understand the pattergermédtic diversity and structure further
studies on the quantitative genetic differentiatispecies breeding system and the
effects of habitat fragmentation and other humatudbance on plant diversity will be

needed.
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Implications for Conservation

The main goal of current conservation plans is Igaiacus in maintaining species
diversity, in detriment of the intraspecific gewetiversity (Margules and Pressey,
2000). Nevertheless, the intraspecific geneticrditygis the primary source of diversity
and has suffered extinction rates three to eigiegi higher than species extinction rates
(Hughes et al., 1997). INl. cerving the high genetic diversity at the species lesel i
coupled with significant structuring and very lowelsity at the population level. For
this reason for satisfactory conservation of genditversity it should be considered the
intraspecific genetic diversity together with thabliat preservation in an integrative
approach to species conservation.

In situ conservation is usually the preferred strategynfost wild plant species because
allows populations to continue to be exposed tdutmary processes in its natural
habitat enabling the perpetuation and integratidnce-adapted gene complexes,
especially in producing new resistances to stre§sests, diseases, climate changes)
(Aga et al., 2005; Vinceti et al., 2004). Becalkecervina populations currently face
the problem of conservation link to the disappeegaof the species habitat (general
problem of wetland conservation) and the harvestsqure on wild populations,
preserving and expanding the habitat at each sitallow natural expansion of
populations would be a good strategy for its coretéwn before populations become
too small to persist naturally. According to theldi survey, the construction @t
hydroelectric dam has flooded the habitat of papataMc29, and so this population is
already lost. Given that Mc10 is genetically molese to Mc29the survival of this
population should bassigned priority for the conservatiplan.

In conservation biology genetic diversity is recagd as an important criterion to
consider when prioritizing populations for protecij but conservation and management
measures in a long-term perspective should enbatdhe vast majority of the diversity
is preserved for upcoming adaptations (i.e. thé@dsgneutral genetic diversity that may
be the future target of natural selection) (McKay &.atta, 2002), and so preserve the
populations that together maximize the species tgedeversity should be applied in
opposition to the traditional approach of targetoogulations that are the most diverse

individually. Considering the different genetic p®dound it would be worthy to



prioritize populations in a matter as to represshthe genetic pools, and within these
the most diverse populations. Populations Mc1033/&Mc36, Mc37, Mc39 and Mc45
can be good representatives.

In order to increase the genetic diversityMf cervina populations, the transfer of
individuals between populations should also be icemed. Nevertheless, one should
take into consideration that when populations aemetjcally highly structured,
outbreeding depression might be a potential geniieat for already weakened
populations (Sagvik et al., 2005). And so, it may Wwiser to protect a network of
populations that exchange genetic material anchlble to reinforce each other. Given
the genetic clusters found, we can suggest that iodividuals within these clusters
should be exchanged.

Moreover, considering that the samples collectetthi; study provide a snapshot of the
species distribution area as a whole in Portugalyauld be also wise to preserve
populations in different regions in order to linpbpulation declines caused by large-
scale environmental catastrophes and also to hagossible local adaptative variation.
Commercial harvesting dfl. cervinafor essential oil extraction is one of the major
forms of its disturbance because its compositioterd@nes that the most favorable 195
harvesting season is before seed dispersion. T¢ timeecommercial demand for this
herb and reduce harvesting pressurblircervinawild populations, cultivation by seed

and tissue culture, should be carried out as seqmoasible as an alternative source of
raw materials for trade.

Not only in Portugal, but also throughout its rantiee populations oM. cervinaare
suffering severe and rapid declines and are thexeflassified as Near Threatened in

the IUCN Red List of Threatened Species (RhaziGrilllas, 2010). The localities once
known in Italy (Abruzzi) are presumed extinct. lrafce, it is known in six departments

and is considered as vulnerable (one level upwhtdeoNear Threatened, according to

the IUCN nomenclature) and in North Africa it isnstdered rare (Rhazi and Grillas,
2010). Taking in to account the levels of diversiy PortugueseM. cervina
populations,its threatened habitat status and the high hangegiressuresit is also
suggested to conside. cervinaas Endangered Species in Portugal in one of the
forthcoming volumes of the IUCN Red List of Threatd Species.

Enlarge sampling to represent the full distributiange ofM. cervinaand complete the
genetic landscape picture of this species is neddedhe effective conservation

management of this medicinal and aromatic species.
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Abstract

Morphological, phytochemical and genetic differencgere studied to evaluate the
level and distribution of diversity in twelve poptibns of the Portuguese endangered
medicinal plantMentha cervingL.) Opiz. Eleven morphological traits were scofed
each population. Morphological variation was catetl with ecological conditions at
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the site of origin. Pulegone was the major esskemwiia compound in all of the
populations (68-83%) collected at full flowering, different growing conditions (51-
82%), and for all the developmental stages stu#@d82%). Although clusters were
defined in the base of isomenthone relative amouhis analysis revealed a high
chemical correlation among all populationg,(S0.95%). Inter-simple sequence repeats
(ISSRs) markers were used to assess the populdticsiure and genetic variation. The
M. cervina populations exhibited a relatively low genetic alsity (percentage of
polymorphic loci PPB=14.3-64.6%, Nei's genetic diversityHe = 0.051-0.222,
Shannon’s information indelx= 0.076-0.332), with high structuring between thigsgr

= 0.51). However, the genetic diversity at speclesel was relatively high
(PPB=97.7%;H= 0.320). The levels and patterns of genetic dityeia M. cervina
populations were assumed to result largely fronoratination of evolutionary history
and its unique biological traits, such as breediygtem, clonal growth, lowapacity of
dispersionand habitat fragmentation. Evidence for differeidiain morphological and
genetic traits was found, but patterns of diffeisidin of morphological traits did not
completely correlate with ISSRs differentiation.eTitelatively low genetic diversity in
the populations analyzed indicates that the maamtes of their evolutionary potential is
at risk if population sizes are maintained andhérée is no protection of the habitats.

Keywords: Mentha cervina Morphological traits, Essential oils, Genetic atsity,
ISSRs, Conservation genetics.

Introduction

Genetic variation is fundamentally involved in #iglity of a species to adapt to biotic
and abiotic changes and in its evolution. Recognitf the levels and distribution of
genetic variation within and among populations spacies is the base for development
and selection of plant genotypes in breeding progrand increases the understanding
of the historical processes underlying the gerditiersity providing information for the
management and preservation of endangered and apdocplly restricted species
(Escudero et al., 2003; Shah et al., 2008).

Plants belonging to the genMenthal. (Lamiaceae) have evolved in nature through
natural hybridization and selection, showing sufits& variation in terms of their



natural habitats, growth characteristics, and aso(iatin, 1972; Franco, 1984). They
have a substantial importance in the botanical @mynand to the pharmaceutical
industry, mainly because of the essential oils pced and their antimicrobial
properties, used since ancient times for the treatrof many digestive tract diseases
and in culinary fscan et al., 2002).

Mentha cervingL.) Opiz (commonly known as hart’s pennyroyalgis aromatic plant
that is traditionally used in Portugal to flavowotl dishes and for its medicinal
properties, preventing different gastric disordansl inflammations of the respiratory
tract (Monteiro et al., 2007; Povoa et al., 2006dRgues et al., 2008). It has a western
steno-Mediterranean distribution, found in Franertugal, Spain, Morocco, Algeria
and it is presumed extinct in Italy (Rhazi & Gri|&2010). In Portugal it occurs, mainly
in river banks and other damp and wet places, whecjuire a longer flooded period
that is characteristic of the priority habitat Miedianean temporary ponds (3170) (Silva
et al., 2009). The growth of commercial demandsrenent years, the excessive
harvesting from the wild, overgrazing and the upfaable conservation status of their
habitats, has shrunk the natural resourcklo€ervinato a narrow distribution (Pévoa

et al., 2006). Nowadays, it is considered to beabsing in number and classified as

Near Threatened in tHEICN Red List of Threatened Speci€&h@zi and Grillas, 2030 139

Morphological, molecular and biochemical markers eomplementary in determining
the genetic similarity of inter- and intra-speciasd the relationship between the
populations (Chahal and Gosal, 2002, Kohler anddgri1999). Given the well-known
genus chemical variability, the essential oil cosipon from cultivatedM. cervina
populations cultivate¢Alentejo Region, Portugal) was recently examineddrigues et
al., 2008). This study showed no essential oil dbaimpolymorphism despite the
cultivated population’s different provenance. A I@&netic diversity associated with
high differentiation among populations was alsoeobsd whenM. cervina genetic
diversity was assessed by Inter Simple Sequenced®efISSRs) (Rodrigues et al.,
submitted 2012a).

Given the medicinal and aromatic potential of thecies and its current threatened
situation, the present study aims at assesMngervina genetic diversity level in
Portugal based on the combination of molecular,tgdhemical and morphological
traits and also to provide guidelines for the covesion and sustainable use of this
medicinal species.
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Materials and Methods

Plant Material

A total of 12 populations d¥1. cervinawith different geographic origins were included
in the analysis. Geographic distances between pbpns vary from 9 km (between
Mc32 and Mc33) to 450 km (between Mc33 and Mc43)ushers for each population
were deposited in the LISI Herbarium (Table 1).

Morphological Study

In this study, the 12 populations M cervinawere kept in the same culture conditions,
in the essay field at the Elvas Agrarian Schook(¢jo), Portugal (Table 1). For each
population, 24 plants were employed, in three lahes apart. The soil was soft and
well drained. Dripping wings for irrigation and fdéization were placed among the
lanes throughout their length. The cultural operatj until harvesting, consisted of
manual elimination of weeds. For each populatidn plants (5 plants per lane) were
observed. Because no morphological descriptorwiss developed yet foMenthg
morphological variables observed were adapted fiteenmorphological descriptor list
developed foiCorianderby Diederichsen (1996). In a first stage (2 years nfagon),

35 morphological variables were scored. Analysesarfelation coefficients between
all pairs of morphological variables, cluster asaly and principal components analysis
allowed elimination of 24 that had or low discriration value. In total, 11
morphological variables were scored in this stuthb{e 2)



Table 1.Data on collection site and sample typdvieEintha cervingopulations studied.

Populations Sample Type Specific sample collection sites Vouahe
Location Altitude Latitude Longitude  Hydrographic basin
(m)
Mc10 M/G/W/C/DS Ouguela, Campo Maior 207 39° 4'9419 7°0'4.33"W Guadiana 532/2005
Mc32 M/G/W Vilar Seco, Miranda do Douro 725 41°3148"'N 6°24'5.56"W Douro 759/2008
Mc33 M/G/W Pévoa, Miranda do Douro 750 41°34'22N'1" 6°19'17.53"W Douro 760/2008
Mc34 M/G/W Bagauste, Peso da Régua 50 41°9'0.41"N 45'224"W Douro 761/2008
Mc35 M/G/W Escarigo, Figueira de Castelo Rodrigo 056  40°50'34.73"N  6°49'33.62"W Douro 762/2008
Mc36 M/G/WIC/DS Segura, Idanha-a-Nova 235 39°496N 6°58'52.99"W Tejo 763/2008
Mc39 M/G/W/C/DS Oledo, Idanha-a-Nova 335 39°58'40N6 7°18'27.85"W - 764/2008
Mc41l M/G/W/C/DS Valéncia de Alcantara 313 39°287IN.  7°12'24.16"W Tejo 766/2008
Mc42 M/G/W Torréo, Alcacer do Sal 50 38°17'0.32"N 1857.81"W Sado 767/2008
Mc43 M/G/W Entradas, Castro Verde 154 37°44'36.51"M°58'44.60"W Guadiana 768/2008
Mc44 M/G/W/C/DS La Codosera 298 39°16'48.08'N  6°83B8"W Guadiana 769/2008
Mc45 M/G/WIC/DS Alburquerque 234 39°11'0.69"N  7°A®B3"W Guadiana 770/2008

Morphological study (M); Genetic study (G); and Righemical study from wild grown plants (W), fronml&\/afﬁij{swild growing conditions (C), and at Developmental
stages (DS).



142

Table 2. Morphological variables examined.

Morphological variables

Abreviation and units

Plant height

First basal leaf length

Stem length

First inflorescence leaf length

Stem diameter at the plant base

Stem diameter at the first inflorescence

First basal leaf width

Alt (cm)
complfba (cm)
comC_tt (cm)
c_foflor (cm)
diam_ba (cm)
diam(and)
Irg_foba (cm)

First inflorescence leaf width Irg_foi (cm)
Number of nodes until first inflorescer nos_cauP
Number of flowers in the first inflorescer n_flor

Number of flowered verticillaster at f-flowering nv_flor

Data analysis Morphological variables discriminant analysis weased to assess the
degree of separation of the populations by muliatarmeasurements and to test the
impact of individual variables on the discriminati¢gSokal and Rohlf, 1995). The
cluster analysis was performed using the unweigipi@id-group arithmetic average
method (UPGMA) and the euclidian distance as thmilaiity coefficient, in the
STATISTICA software (StatSoft). In the discriminaamalysis, 15 measurements were
used for each population, and in the Cluster aealyse score for each character was

the mean value of the 15 measurements.

Phytochemical Study

The essential oils were isolated by hydrodistitlati and analyzed by gas
chromatography (GC) and gas chromatography-masstrepeetry (GC-MS) as
reported by Rodrigues et al.,, (2008). Three poparat from the 20 populations
analyzed in Rodrigues et al., (2008) in additiomtieer 9 populations were included in
the present study. To characterize the essentiaoonposition and identify possible
chemotypes, the 12 populations were collected,nduthe flowering phase, from
natural habitats. In order to understand the eiaiuin essential oil composition and
yield along the plant life cycle, and compare eaited with wild growing conditions, a
time-course study was undertaken. In this studgf these populations (15 plants per



population), where collected from the wild, trangpd in containers and transplanted to
the essay field at Instituto Superior de Agrononiigsbon, Portugal. Plants were
planted 50 cm apart, in 2°nplots, and drip irrigated periodically (each 7-déys).
Samples from the 6 populations, in the wild andha cultivated essay field, were
harvested at the vegetative, pre-flowering andffollering phases.

Data analysis.The essential oils composition was used to deterrtiie relationship
between the different samples by cluster analyssigu Numerical Taxonomy
Multivariate Analysis System (NTSYS-pc software,rsien 2.2, Exeter Software,
Setauket, New York) as reported by Rodrigues e{2008).

Genetic Study

In this study,DNA extraction and amplification of the 121 indivals (corresponding

to the 12 populations) with 10 ISSRs markers, aath gnalysis was performed as
reported by Rodrigues et al., (submitted 2012a).

To test the correlation between Nei's genetic distaD), morphological distance 143
matrix, essential oil composition distance matrixd ageographic distances (in km)
between populations, Mantel tests (Mantel, 1967)ewmerformed using GenAlex 6
program (Peakall and Smouse, 2006). All matricesevii@nsformed to zero mean and

unit variance before performing Mantel tests.

Results and Discussion

Morphological study

The results of assessment between the 11 morpbalogariables, using statistical
analyses, showed that the plant height, stem leagththe number of flowers in the
first inflorescence variables had maximum coeffitief variance, respectively. The
stem diameter at the first inflorescence, the flvasal leaf width and length had
minimum diversity variance coefficient (Table 3)isBximinant analysis revealed that
the three first functions represented 91% of thal teariation in the data set (Talie
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Fig. 1). The first discriminant function accounted for9%d®f the total variance, and

separated cluster Il from the others (Fig. 1). $tandardized coefficients of function 1
were highest for plant height and stem length patars. Function 2 represented
another 16% of the total variance and roughly sspdrcluster | and cluster 11l from

cluster IV (Fig. 1). This function was related teetnumber of flowers in the basal
inflorescence and stem length. Function 3 accouftte@% of the total variation and

was a number of flowered verticillaster at fulllering and number of nodes untif 1

inflorescence function.

Cluster analysis was used to investigate furthex ihterrelationships of these

populations (Fig. 2). The clusters formed were kimio the relationships observed in
the discriminant analysis. The results allowed dmrimination of the populations

from the north (Cluster II) in both, the clustedahe discriminant analysis.

The multivariate taxonomic distance matrix for athits showed no significant

association with geographic distan&e=0.25,r = 0.198).

Table 3. Summary table obtained by stepwise discriminamatlyans and standardized
coefficients for the first three discriminant fuimets based on quantitative values of
morphometric plant characters of W&ntha cervingopulations

Stepwise discriminant analysis summary Standardedd Function Coefficients

N F statistics R Wilks'lambda Function1 Function 2 Function 3
Plant Traits
Alt 1 65.5 0.14 6 16 -0.798

comC_tt 2 39.9 0.71 516 -1.094 0.552

n_flor 3 31.2 0.20 318 -0.543

c_foflor 4 26.0 0.27 318

nv_flor 5 22.0 0.60 318 0.93
nos_cauP 6 19.1 0.23 316 0.569
diam_ba 7 16.9 0.11 316

Irg_foi 8 15.4 0.15 316
diam_inf 9 14.1 0.30 318 0.535
complfba 10 12.8 0.14 318 -0.209

Irg_foba 11 11.9 0.16 318

cumulative variation

70.2 85.7 91.2
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In this study, multivariate analyses revealed acstire in which the populations from
the north region (Mc32, Mc33, Mc34 and Mc35) weifledentiated from those in the
more central-south localities. Nevertheless, theseoked trend of morphological
variation seems not to be associated with the pofarlation distance. Several studies
have indicated that morphological variation is app#y the result of an adaptive
response to the environment. For example, variaifasome traits is associated with a
latitudinal and altitudinal range (Kleinschmit, B9 In the present study, the
morphological variation pattern, linked with theoghplant height and stem length,

suggests adaptation to the contrasting climatiditimms.

Phytochemical Study

The essential oil yield, in the 12 wild populatioos M. cervina, collected at full
flowering ranged from 0.4% to 1.6% (w/d.w.), avenagl.0% (w/d.w) (Table 4). These
values are in accordance with the reported oildysldy by Vazquez Vicente (1981)
and with some reported oil yields at full flowerifay wild Mentha(M. pulegiuml.2%,
Hassanpouraghdaet al., 2011;M. arvensisl.7%, M. piperital.2%,,M. spicatal.2%,
andM. longifolia 1.0%, Hussain et al., 2010). In the cultivatedyafons the essential
oil yield at full-flowering ranged between 0.3 ahd % (w/w.d.), less than half the yield
found (2.4% to 4.0% w/d.w.) for cultivated poputets in the Alentejo region in the
study by Rodrigues et al. (2008). According to VWfoiet al. (2004), the oil yield is
favoured with higher temperatures, water deficd &igher summer sunshine, which is
the case in the Alentejo Region, but not so muclthen Lisbon Region, which may
explain the difference in the yields found.

Thirty three components were identified, rangingnir 92-100% of the total oil
composition. The identified oil components areelisin Table 4 in order of their elution
on the DB-1 column, arranged according to the tgpes of essential oils obtained by
agglomerative cluster analysis (Fig. 3), with tlosvést and the highest percentages
found for each component in each volatile oil type.

Mostly quantitative rather than qualitative vamatiwas observed in all the essential
oils analyzed. Oxygen-containing monoterpenes (B&)POwere dominant in all oils,
Table 4. Pulegone was the major compound in athefpopulations (68-83%) at full
flowering, followed by isomenthone (0.1-22%), lineme (3-9%), and menthone (1-



2%). Cluster analysis (Fig. 3), confirmed a higherical correlation among all
populations (§>0.95%). Even though, two clusters were definedhe bases of
isomenthone relative amounts. In Cluster |, whiotlided 11 out of the 12 samples,
isomenthone ranged from 0.1-15%, whereas the anplecCluster Il showed a higher
percentage (22%). No correlation was detected ltwehe clusters and the
geographical collection site. Sub-cluster a haslative amount between 0.4 and 7%,
sub-cluster b between 9 and 15% and sub-clusteva34) has the lower relative
amount (0.1%). No significant correlation was degdcbetween the clusters and the
geographical collection sit€£0.070,r=0.301).

Table 4. Minimum and maximum percentage range of componei@stified in the
essential oil, isolated from the aerial parts of M&ntha cervinawild populations

collected at full-flowering phase. For samples g on each of the clusters, see Fig.

3.
Cluster | Cluster Il

Components RI a b c

Min  Max Min  Max Mc34 Mc36 147
3-Methyl cyclohexanone 914 T t t t t t
a-Thujene 924 T t t t t t
a-Pinene 930 0.2 0.6 03 05 0.1 0.3
Camphene 938 T t t t t t
Sabinene 958 T 04 01 0.2 0.2 0.1
3-Octanone 961 T t t t t t
B-Pinene 963 02 11 03 04 0.3 0.3
2,5-Dimethyl-1-hexene* 970 T t t t t t
3-Octanol 974 0.7 16 12 15 1.2 1.0
B-Myrcene 975 04 11 0.8 1.0 0.8 0.7
p-Cymene 1003 T t t t t t
1,8-Cineole 1005 T t t t t t
Limonene 1009 26 6.7 28 438 8.6 3.1
cis-p-Ocimene 1017 T t t t t t
transB-Ocimene 1027 T t t t t t
y-Terpinene 1035 T t t t t t
n-Octanol 1045 T t t t t t

cis-Linalol oxide 1045 T t t t t t
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Cluster | Cluster Il

Components RI a b c

Min  Max Min  Max Mc34 Mc36
transLimonene oxide 1112 T t t t t t
Menthone 1120 06 1.7 1.0 16 1.2 1.8
Isomenthone 1126 04 6.7 94 154 0.1 21.8
Menthofuran 1134 T 0.2 t t t t
cis-Isopulegone 1134 05 1.6 03 11 1.0 0.9
Terpinen-4-ol 1148 T t t t t t
Verbenone 1164 T t t t t t
Myrtenol 1168 T t t t t t
Pulegone 1210 78.4834 719 757 737 68.1
Piperitone 1211 T t t t t t
Carvotanacetone* 1222 T t t t t t
Piperitenone 1289 0.3 3.9 03 09 9.2 0.4
B-Caryophyllene 1414 T 0.1 t 0.1 0.2 t
B-Caryophyllene oxide 1561 T 03 t 0.4 0.2 t
Humulene epoxide 1579 0.2 1.3 05 1.7 0.5 0.2
% ldentification 97.4 995 98.0 993 921 98.9
Grouped components
Monoterpene hydrocarbons 3.59.9 44 6.9 10.1 4.6
Oxygen-containing monoterpenes 80.37.4 829 946 85.2 93.0
Sesquiterpene hydrocarbons T 0.1 t 0.1 0.2 t
Oxygen-containing sesquiterpenes 0.21.6 05 21 0.7 0.2
Others** 0.7 1.6 1.2 15 1.2 1.0
Oil Yield (v/w) 09 15 07 16 0.4 1.1

RI: Retention index relatite tog€C,5 n-alkanes on the DB-1 column; t: traces (<0.05%dentification

based on mass spectra only. * Components that @l fih on the classification of terpene or

phenylpropanoid and which are mainly non-aromdtiol#ls, ketones and alkenes.
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Fig. 3. Dendrogram obtained by cluster analysis of thegrage composition of essential oils from the 149

Mentha cervinasamples examined, based on correlation and ubmgitweighted pair-group method

with arithmetic average (UPGMA). For abbreviatiosse Table 1.

All the essential oils studied belonged to the gatee chemotype, in accordance with
the results of Rodrigues et al. (2008) on cultidaBortuguese populations collected
during the flowering phaseM. cervinaessential oils studied until now showed high
uniformity, which is not usual iMenthaspecies and hybrids that are known to have
different chemotypes (Kokkini and Vokou, 1989).

In plant developmental terms, the essential oildyfead a different behaviour according
to the growing conditions. The vyield of the essantils isolated from wild growing
populations increased rapidly from the vegetatiages (mean value 0.4% w/d.w.) until
full flowering, June and July (mean value 1.1% wijd.In the cultivated ones, the
essential oil yield increased from the vegetatimluhe pre-flowering phase (1.2%
w/d.w) and then it started to decrease towardfidlesring stage (0.7% w/d.w).

The analysis of the main essential oil constitueetgaled that pulegone remained the

major constituent, along the life cycle of the pjafor both growing conditions,
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although the behaviour of the main components \Wgistly different (Fig. 4).
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Fig. 4. Time-course study of the main components ofNtentha cervinaessential oils isolated in wild

(open symbols) and cultivated (closed symbols) gngwconditions at different developmental stages.

The values are the mean values from 6 populations.

In the essential oil isolated from cultivated pa@tigns, pulegone relative amount
increased from the vegetative until the pre-flowgriphase and then it started to
decrease towards the full flowering phase. The garle relative amount from wild
growing populations increased until the vegetapiiase and then stabilized toward the
end of the plant life cycle. These changes wertovi@d by changes in the main
components relative amounts, whenever the pulegeneased, the isomenthone and
menthone tended to increase (Fig. 4), in particti@ isomenthone. Physiological
variations (i.e. organ and leaf position), envir@mal conditions (i.e. harvest date and
planting time), geographic variations and genedictdrs and evolution are known to
affect the biosynthesis of the essential oils (Bigedo et al., 2008). Thus, these type of



variations, that where already seerMn pulegium(Rodrigues et al., submitted 2012b)
may be due to the influence of the developmentdestand environmental conditions

on the regulation of the essential oil biosynthesis

Molecular Study

ISSR amplification of the 121 individuals, gave adat of 175 bands that could be
scored, corresponding to an average of 82.4 fratgmmer individual. Of these bands,
171 were polymorphic (97.7%). Genetic diversityiraates from ISSR are summarized
in Table 5.

Based on ISSR analysis, the genetic diversityMofcervina at the species level is
relatively high (H = 0.323; | = 0.226; PPB = 98%), however, in caostireelatively low
genetic diversity occurred at the population ley&bble 5). The proportion of
polymorphic bands at the population level varieahfrl4 % to 65%, with a mean of
45%. The least genetically diverse population isS3Mwith 5% gene diversity and the
most diverse populations is Mc43 with 22% gene g (Table 5). These values are
lower than the genetic diversity reported for othamiaceae species (Aparicio et al. 151
2000; Ben and Boussaid 2004; Liu et al. 2006; Matet al. 2002) and are consistent
with other endangered species (Xiao et al. 2004;eBal. 2005; Jin and Li 2007; Li and
Jin 2008; Wang et al. 2008; Vicente et al. 2011lgwht al. 2010).

According to Nei's analysis of gene diversity, thercentages of genetic variation
amongM. cervinapopulations were 51%3(;) which indicated a high inter-population
genetic differentiation. The AMOVA showed that mast the variation was found
within populations (52%) provided additional evidenfor the genetic structuring of
populations. The nearlgst from the AMOVA analysis (0.478) and ti&; from the
POPGENE software analysis (Yeh et al. 1997) prowadeitional support for the
robustness of ISSR markers used in this study.

The high level of genetic differentiatiorG§ = 0.532) detected amonyg. cervina
populations suggest that each population analyzegmetically defined and structured
as a distinct genetic pool. Also, the values oktetygosity found for the fragments
analyzed (0.051- 0.222) are lower than the averagk&rossing-animal species
(He = 0.260), and for some of the populations alsoelothan self-pollinating plants
(He=0.091), using RAPD markers (Nybom and Bartish ®@00which indicates
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inbreeding withinM. cervinapopulations.The reason behind this low heterozogosity
may be partly attributed to the clonal growth agtbpecies and the low seed setting and
dispersion (Rodrigues et al, submitted 2012a). &llgnowth can significantly decrease
the effective population size, and hence contritatéhe loss of genetic diversity and
the genetic differentiation via increased levelgehetic drift and inbreeding (Erickson
and Hamrick 2003). AlsoM. cervinawas usually observed in severely fragmented
habitats and with small population sizes (from d@®00 individuals), which make this
species extremely vulnerable to stochastic evaggsetic drift and inbreeding (Hartl
and Clark 1997), leading to a low genetic diveraitg the high genetic structure pattern
observed.

Table 5. Measures of genetic diversity in each populatiot the entire data iMentha
cervina PPB, percentage of polymorphic loci; I, Shandnfsrmation index; K, Nei's

gene diversity.

Population PPB I He
Number Percentage

Mc10 101 57.7 0.290 0.193
Mc32 102 58.3 0.310 0.208
Mc33 112 64.0 0.332 0.222
Mc34 25 14.3 0.076 0.051
Mc35 93 53.1 0.278 0.187
Mc36 57 32.6 0.181 0.124
Mc39 66 37.7 0.191 0.128
Mc41 54 30.9 0.170 0.116
Mc42 63 36.0 0.195 0.131
Mc43 113 64.6 0.328 0.219
Mc44 64 36.6 0.178 0.117
Mc45 85 48.6 0.253 0.169
Mean 78 445 0.232 0.155
Total 171 97.7 0.320

To further understand the relationships among @imrs, a bayesian analysis with the



software STRUCTURE (Pritchard et al. 2000) was use@veal the number of genetic
pools and a cluster analysis (UPGMA) was also usedenerate an un-rooted tree
based on Nei's genetic distances (Fig.5). The STRIRE analyses revealed that the
twelve populations oM. cervinain the present study share 5 genetic pools, with
migrants and admixed individuals. The populatioosifthe north region constitute one
gene pool (Mc32, Mc33, Mc34 and Mc35) and groupsgkther in the UPGMA tree
(despite the week bootstrap support). The two @dmuds from the south share the gene
pool with two populations from the centre-south amee also clustered in the UPGMA
tree (with moderate bootstrap support) and ther@lgene pools are encountered in the
midland with week and arbitrary clustering (Fig. 5)

) meas

Me33 i

me3z [0

153

meaz [
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Fig. 5. UPGMA Dendrogram based on Nei's genetic distance matriMé&ntha cervingpopulations. One
thousand replicates of bootstrapping analysis weezl to assess the statistical support of eaclthoran
Numbers in branches correspond to the bootstraysasa(50% or more). Square colour blocks represent
the different gene pools according to the STRUCTURMREalysis. See Table 1 for population

abbreviations.
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On the other hand, Mantel test did not find sigmifit correlation between genetic and
geographic distance matricas< 0.031,P <0.5, 999 permutations), indicating that the
isolation by distance is not shaping the pres&ntervinapopulation genetic structure.

Correlation between morphological, phytochemical amlecular
traits

The obtained results showed that four populatidhs3@, Mc33, Mc34 and Mc35), out
of 12, grouped together, in both the morphologarad molecular studies, whereas the
essential oils correlation evaluation grouped theutations in an entirely different way
(Figs. 2, 3 and 5). Several reasons can determisdlifferent grouping:

ISSRs are considered to be neutral and thus tadeaw direct assessment of fitness.
The forces that cause differentiation for thesekerar would be the result of mutation,
genetic drift, low gene flow and no selection. Cersely, morphological traits and
phytochemical profiles are generally believed toshdject to natural selection, and
their expression is partially under the influenéemvironmental factors (Bruschi et al.,
2003). Adding to this, the ISSRs are random markteasshow differences in the whole
genome, and are not necessarily related to a gpecdrphological trait or secondary
compound. However, previous studies 8alvia fruticosa(Skoula et al., 1999),
Ocimum gratissimun@Vieira et al., 2001)ranacetum vulgar¢Keskitalo et al., 2001),
Primula ovalifolia (Nan et al., 2003) anWitex rotundifolia(Hu et al., 2007) reported
that the patterns of relatedness observed in clamiofiles seemed to correspond well
with the genetic profiles generated by RAPDs arfdRS. On the other hand, there are
also studies, where no correlation could be foumdray collection site, chemical and
molecular analysis (Trindade et al., 2008Timymus caespititiys The same pattern of
correlations can be observed for the morpholodredts. Liu et al. (2007) and Hamza et
al. (2004) demonstrated a clear correlation betwenmorphological traits and the
detection of the genetic variability as revealedRAPD analysis. Conversely, Schut et
al. (1997) and Eshraghi et al. (2006) reportedvaderrelations between the molecular
and the morphological traits. Together these sgjdeggests that may be there is a
genetic basis for the chemical profiles and morpyickal traits that can be observed
with the ISSRs markers, although they are not clear

At last, although essential oils may evolve mongdiy than morphological traits, the
rather unusual uniformity found in the essentidé @omposition in populations with



different geographic provenances, at different tgwaental stages and in different
growing conditions, may explain why the morphol@agitraits were more correlated
with the genetic variation, than the phytochemaras.

From a conservation perspective, the low geneticpnytochemical diversity observed,
within the populations tested is symptomatic arslgaal that ecological management
of M. cervinahabitats is necessary to prevent the consequehmhe&@t population size
that could increase the risk of extinction due tmdgraphic and environmental

stochasticity.
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General Discussion and Conclusions

In mainland Portugal, namely in Alentejo, the dep@rts ofMentha cervinglL.) Opiz
and Mentha pulegiumL. and the preparations derived from thetrgve been
traditionally used for seasoning of typical recipas well as for its medicinal properties
(Pbvoaet al, 2006). The recent interest in these plants éad to their cultivation and
commercialization either as a living plant (pottgldnts) or as dried material (aerial
parts). Nevertheless, their use is still based g@nilgnon plants collected from the wild.
Both species are found in the Mediterranean ayp&dlly in wetlands, damp areas and
water banks, yet they have a quite different storytell. M. pulegiumgrows wild
throughout Portugal and studies on its morphologgt an the composition of their
essential oils where already reported from othetspaf the world. These studies have
made clear that there is essential oil diversibefootypes) in this species and also that
there are several factors affecting the quality eachposition of the essential oM.
cerving on the other hand, was barely unknown, not jesabse it is difficult to find
growing spontaneously in the natural habitat, Hsb,abecause there are few studies
about the species. The use and commercializatiohotf species requires a better 163
knowledge on its essential oil composition and g as well as of the genetic
diversity to allow better conservation and managdréthese vulnerable resources.
The results obtained with the present work contetiitio a more complete knowledge
of secondary metabolites diversity, with particulaocus on the essential oil
components, their evolution along the lyfe ciclel ah the secretory structures involved
in their production, in these two species. And atgdhe genetic diversity and structure

of Mentha cervingopulations.

Micromorphology of the Essential Oil Secretory $tuures

The glandular trichomes d¥entha cervinaand Mentha pulegiumbelong to two
morphologically different types, peltate and cagitavhich are similar to the two main
types occurring in théamiaceaefamily (Werkeret al, 1993). For manyamiaceae
species, the head of the peltate trichomes corsfi$tgo more-or-less distinct circles of
cells, four in the middle, and a variable numbecelfs surrounding them. According to
Turneret al (2000a) and Martins (2002), the number of callsning the head disc in
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peltate trichomes depends on the development stageell as of the plant species. In
both species, two circles of cells was the mostrnom arrangement, usually 4 in the
inner circle and 4-8 in the outer. This number caach up to 16 cells in the petals
peltate trichomes, usually 4 in the inner circld 8A12 in the outer.

Estimates of overall peltate gland densities showedistribution, with the greatest
abundance on the abaxial surface, of about twiee niamber of peltate glandular
trichomes, pattern reported for sevdramiaceaespecies (Ascensa al, 1995, 1998;
Gavalaset al, 1998; Martins, 2002). Nevertheless, the derssitsere the lowest
compared to other results in mints (Tureerl, 2000a,b; Martins, 2002), even though
they are species with a very strong aroma.

The peltate trichomes are seen all over both leaf sagaalthough dominant on the
abaxial surface, on the stem and on the reproduairgans. The presence on the
stamens, between the two anther lobes, was a ndbtgwbnding for both species,
although the presence was already reported for sffexies ol amiaceag Ascensaet
al., 1995). Morphologically well developed peltateargdlular trichomes, were also
observed on cotyledons. Measurements of the glangdekretory head cells and of the
subcuticular fillings show that the maximum diamedé the secretory head cells is
achieved during an earlier stage of developmermt,that the increase in total diameter
of the peltate glandular trichome is due to furtlsercretion during growth and
dependent of the organ in which it is present. idgad dimensions of peltate trichomes
are variable, but bigger on the reproductive stmed, followed for the abaxial and
adaxial leaf surface.

The capitate trichomes found differ in terms oflkstiength and head shape and
correspond to the capitate types | and Il descrilpeWerkeret al (1985).

Phytochemical Diversity of essential oils Mentha cervinaand
Mentha pulegium

The average essential oil yield, in the wild popalss, at the flowering stage was 1.1%
w/d.w for M. pulegiumand 1.0% foiM. cervina These values are in accordance with
some reported oil yields at full flowering for wiltl. pulegium plants (1.2%,
Hassanpouraghdaet al, 2011),M. arvensis M. piperita, M. spicataandM. longifolia
(1.7%, 1.2%, 1.2%, 1.0%, respectively, Hussial, 2010) but there have been studies
reporting twice the yield iM. pulegium(3.8%, Kokkiniet al, 2004; 3.9%, Cookt al,



2007). For both species, the populations undervatibn showed an oil yield, in
general, higher than the wild ones. Wherglagervinacultivated populations from the
Alentejo region showed almost twice the oil yiedd@s6 to 4.0% w/d.w.), the difference
was not so pronounced in the oil yield from popola cultivated in Lisbon (0.3-1.1%
w/w.d.). According to Voirinet al. (2004), the oil yield is favoured with higher
temperatures, water deficit and higher summer snestwhich is the case in the
Alentejo Region, but not so much in the Lisbon Ragiwhich may explain the
difference in the yields found.

No chemical polymorphism was found in the essemiiigl obtained from populations
neither with different provenances, in cultivatedr an wild growing conditions. The
same pattern was observed for the different devedopal stages, for both growing
wild or cultivated conditions. The oils studied dmfjed to the pulegone chemotype, the
most abundant chemotype . pulegiumand the unique chemotype reported Kbr
cervina(Vidaurretaet al, 1992; Gongalvest al, 2007). The uniformity found in the
essential oil contents is unexpected, since alalb#te studies involving mints reported
the existence of different chemotypes for most e Mentha species and hybrids
(Kokkini & Vokou, 1989), includingM. pulegium

Our results showed that cultivation, in both spgcanly seems to affect the essential 165

oil yield, increasing its content, not affecting tessential oil composition that seems to
be very stable and uniform in both mints. Thesefeaéures that turn these species into
interesting products for cultivation and commelgzeion.

Bioactivity of Mentha cervingssential Oils

Although a previous study addressddcervinaessential oil antifungal activity against
Candida Aspergillusand dermatophyte strains by Goncaleeal. (2007) with relative
success, no study had targeted the antibacteti@itpcViewing to test the potential
antibacterial use oM. cervina essential oils, in the present studies assays were
conducted to validate the traditional uses of fit@nt in folk medicine, for treatment of
different gastric disorders and inflammations @& thspiratory tract.

The antibacterial activity of three essential opsofiles, differing in the main
components relative amounts, was compared to th#teopure standards, using 23
bacterial strains, including multiresistant strais@me of them responsible for digestive
and respiratory human diseases. The most effeatitibacterial activity was against the
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Gram-negative bacteriazscherichia coliand Acinetobacter baumanniwith MIC
values of 1 mg/mL, providing an explanation for tteported traditional use of this
plant. The essential oils complex mixtures were enactive than the individual pure
standards supporting the hypothesis that the eakemlls antibacterial activity is a
function of the synergistic effect of their diffetemonoterpene constituents.

The extraction of active compounds in single or bored forms, from this plant, may
lead to their use as food preservatives as wetl pharmaceutical and natural therapies
for the treatment of infectious diseases.

Genetic Diversity inMentha cervinaand Consequences for
Conservation

The growth of commercial demands in recent ye#ss eixcessive harvesting from the
wild, overgrazing and the unfavourable conservastatus of the habitats has shrunk
the natural resource ®l. cervinato a narrow distribution (Povaat al 2006). Adding
to this, the chemical uniformity of the essentids dound (Rodriguest al, 2008),
suggested a lack of genetic variation. The use ofecular markers (ISSRs) in the
present studies allowed the assessment of levelar@tion and differentiation among
populations oM. cervina

At the species level the genetic diversity was higbweverM. cervina exhibited a
relatively low genetic diversity at population lévé&he greater part of the variability
was distributed within populations (50%) and am@ogulations (44%), with a weak
partitioning associated with the share river bakinaddition, there was no correlation
between genetic and geographic distance indicaliagthe isolation by distance is not
shaping the present genetic structure. These sesudicate that the current threats
(over-harvesting, livestock grazing and habitat gfn@ntation and loss) have
significantly affected this species in a short tei@ven that the distances between
populations are not large, the levels and pattefrggenetic diversity within and among
populations ofM. cervinawere assumed to result from a combination of diwaiary
history and its unique biological traits, such bmal propagation, low capacity of seed
setting/dispersion and genetic drift and inbreediiated by fragmented habitat and
small population sizes. In this context, the gendiversity within population is mostly

dependent on the first colonizing plants, and wanks very stochastic manner.



BecauseM. cervinacurrently retains a low level of genetic variat@mong individuals
within populations, preserving and expanding thbitha at each site to allow natural
expansion of populations would be a good strategyit in situ conservation. The
over-exploitation of natural populations and théeagive loss of habitats have seriously
threatened the survival of populations Mc10 and 8jc®hich should be assigned
priority for the conservation plan. Also, the triarsof germplasm between populations
to increase the genetic diversity and the adaptatapacity is consideredaking into
account the different genetic pools found it wolnddworthy to prioritize populations in
a matter as to represent all the genetic pools, waitkin these the most diverse
populations. Populations Mc10, Mc33, Mc36, Mc37¢39 and Mc45 can be good

representatives.

Cultivation and tissue culture should be promotedaa alternative source of raw
materials, so as to meet the commercial demandhferaromatic plant and reduce
harvesting pressure M. cervinawild populations.

The inclusion ofM. cervinain a forthcoming volume of the IUCN Red List of
Threatened Species is also advised, given its tdmed status and high harvesting

pressures. 167
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Future Perspectives

Population Genetic Studies in theenthaGenus

The assessment of genetic diversity may be inwastigusing a variety of different DNA
technologies, that vary in the way that they res@enetic differences, in the type of data
they generate and in the taxonomic levels at whieky can be most appropriately
applied. Low assay cost, affordable hardware, tjinput, convenience and ease of assay
development and automation are important factorenwthoosing a technology. The
ISSRs markers were used in this PhD as a tool $sessment of genetic diversity,
essentially because of its simplicity, low cospida use of arbitrary primers, no need of
initial genetic or genomic information, and the uggment of only tiny quantities of
target DNA. Although the ISSRs are undoubtedly abla for addressing population
genetics and plant breeding issues (A&tifal, 2010), they present some disadvantages;
are dominant type and they lack of a prior knowéedg the identity of the amplification

products which creates problems with reproducibiaind co-migration (Loweet al,

1996). With that in mind, microsatellite markers . cervinawere developed, as the)?-73

are another powerful technique for studying diugrsiMicrosatellite markers are
hypervariable regions of the genome comprised nddm repeated simple sequences.
These repeats vary in number (and, hence, lengith)age, therefore, generally called
VNTRs (variable number of tandem repeats), althahghterms microsatellite (or simple
sequence repeat, SSR) are used where the basat tgieis around two to six base pairs
in length (Quelleet al, 1993). The great advantage of microsatellite yanslis the large
number of polymorphisms that the method revealse &hility of the method to
differentiate individuals when a combination of ilag examined makes the technique
very useful for gene-flow experiments, cultivar ntiécation and paternity analyses
(Hokansoret al, 1998) and has recently been used to establisbeceation strategies of
endangered plants lik€alystegia soldanellqNoda et al, 2009), Tricyrtis ishiiana
(Setoguchet al, 2009) andsalium catalinensasp.acrispum(Mcglaughlinet al, 2009).
Microsatellites have proved to be versatile molacuabarkers, particularly for population
analysis, but they are not without limitations, ithmajor problem being the initial
screening of an organism for microsatellite librargation, that can be tedious and a
costly process (Arifet al, 2010). In herewith reported PhD studies an irsienple
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sequence repeat (ISSR)-based technique (Provan I&#WYi2006) and an enrichment
procedure based on Kandpgdlal (1994) were used to develop microsatellite marker

M. cervina.From these libraries, 500 clones were sequencedfouhich 56 contained
microsatellite sequences, with the possibility &sign flanking primers to amplify the
repeated regions. Because this is a time consutacigique that was developed in the
end of the PhD study, further work is needed to ttess amplification and polymorphism
of the sequences amplified by the primers desigAkh, the cross-species amplification
needs to be tested for the other species of thasgdenthg including M. pulegium
because microsatellites are developed for partiggacies and the percentage of loci that
successfully amplify may decrease with increasiegegic distance in closely related
species (Jarne & Lagoda, 1996). Further work shbalgursued to use these markers to
perform population genetic studies in this genus,absessing the diversity patterns,
detecting interspecific hybridization, and undendiag population structure.

Reproductive Mode iMentha cervina

To better understand the genetic structure andrsityeof M. cervina populations and
perform effective conservation of the speciess ttrucial to recognize how their mode of
reproduction is involved in the generation of dsrsy.

Taxonomy of theMenthaGenus

The characterization of mints is often problemdtgrauseMenthais a taxonomically
complex genus. Several classifications varyinchimnumber of recognized species have
been proposed in the past (Harley 1972; Harley &MBon 1977; Rosclet al, 2002;
Tucker & Naczi, 2007). Adding to these, the systigrsaof sectiorMenthais especially
difficult because of frequent hybridization occogiboth in wild populations and in
cultivation (Harley & Brighton, 1977), complicateoly concomitant polyploidy and
stabilization of novel forms by vegetative propagat(Tuckeret al, 1980). Within
section Menthait has been suggested that the five basic spediearvensisL., M.
aquatical., M. spicatalL., M. longifolia (L.) Huds andM. suaveolen&hrh. have given
rise to 11 naturally occurring and named hybridscker & Naczi, 2007)However,M.
spicataand possiblyM. longifolia are also of hybrid origin and incongruence of nacle



and plastid DNA based phylogenies indicated thias@écies of this section may have
experienced some extend of reticulate gene flowndutheir evolution (Goberét al,
2006). Despite intensive morphological, moleculand cytological studies, the
phylogenetic relationships within the genM&ntharemain unresolved. The integrated
approaches, such as the phytochemical diversitypapdlation genetic studies applied to
the genudvienha combined with phylogenetics and biogeography beaysed to address
this question in the future.

Use of Essential Oils in the Control of Pests andeBses in
Agriculture and Forest

For several years, farmers and scientists havedr@n synthetic chemicals to prevent,
control, or eradicate menaces, such as insectst glaeases, and weeds that incur in
substantial yield losses. Although effective, theantinued or repeated applications may
lead to the development of resistant pathogenscitpxto non-target organisms and

environmental problems. The decrease in efficacy e enhanced concern on the

adverse effects on the environment and on the huhemith caused by synthetid 75

chemicals triggered the development of alternatiethods for pest and disease control
in agriculture and forest. Plant essential oils nmgvide potential alternatives to
currently used synthetic chemicals, since theyrmteonly considered natural, safe and
biodegradable, but also have been reported to b#&a&ctivities such as antifungal,
insecticidal or nematicidal.

M. cervina essential oils have already proven to have to sextent, antifungal
(Goncalvest al, 2008) and antibacterial (Rodriguetsal, 2011) activity against human
pathogens, anill. pulegiumessential oils also showed antibacterial actiifMghboubi &
Haghi, 2008). As future perspectives, it seemsrasteng to explore the potential
economic use of the essential oils by evaluatiregr thiological activity for pests and
diseases control in agriculture and forest, whi@yine used in phytopharmaceutical and
biopesticides industries.

M. pulegium essential oils were screened for their nematicalaivity against the
pinewood nematode (PWNBursaphelenchus xylophilyBarbosaet al, 2010), and\.
cervinaessential oils were also assessed against the sama&tode (Fariat al, 2011).

M. cervinaessential oils were also evaluated as insectg@enst ants (Belchior, 2009)

and as acaricide againgarroa destructoy (Silva, 2010) an external parasitic mite that
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attacks honey bees. Nevertheless, further researotquired to evaluate the practical
value of both species essential oils and formgpfieation. The bioactivity evaluation as
fungicide for crop diseases protection, herbicidaeed control, insecticide against pests
that often cause extensive loss in crops and stimd grains and as antibacterial and

antifungal in food preservatives are also linepassible future investigations.
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De tudo ficaram trés coisas:
A certeza de que estamos comecando...
A certeza de que é preciso continuar...
A certeza de que podemos ser interrompidos
antes de terminar...
Facamos da interrup¢cdo um caminho novo...
Da queda, um passo de danca...
Do medo, uma escada...
Do sonho, uma ponte...
Da procura, um encontro!

E assim tera valido a pena existir.

Fernando Sabino
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