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Abstract: Mints are perennial herbs that are cultivated for medicinal and
aromatic purposes. They are highly polymorphic and their taxonomy is
difficult. Sixty mint accessions, representing seven Mentha species (M.
aquatica L., M. longifolia L., M. piperita L., M. pulegium., M.
rotundifolia L., M. spicata L. and M. spicata var. crispa 'moroccan'),
were collected at full flowering from 51 Tunisian localities. Essential
0il yields were found to vary from 0.45 to 2.5 %, (w/w). Analyses of
these oils by GC/FID and GC/MS and their subsequent classification by
statistical analysis resulted in six clusters with significant variations
in their terpenoid compositions: 1) pulegone/isomenthone/menthone; 1ii)
isomenthone/pulegone; iii) menthone/pulegone ; iv) piperitenone oxide; V)
linalool/linalyl acetate/1,8 cineol/myrcene; and vi) carvone/limonene/1.8
cineol. M. pulegium accessions grouped two chemotypes: one rich in
pulegone and the second rich in isomenthone. M. longifolia grouped one
chemotype rich in pulegone and a second rich in menthone. M. spicata
grouped one chemotypes characterized by a moderate to high carvone
content and the second pulegone-rich. M. rotoundifolia accessions were
piperitone oxide-rich. M. aquatica and M. piperita have linalool and
linalyl acetate as major compounds. These results clearly indicate that
there were a large biochemical diversity among the investigated Tunisian
Mentha spp. accessions. Genetic and ecological diversities may explain
this chemical diversity.
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e Essential oil diversity in Mentha spp from Tunisia was exhibited.

e Sixty mint accessions were analysed via GC-FID and GC-MS.

e Cluster analysis classified these accessions into six chemical groups.

e High polymorphism and great diversity was found in essential oil composition.

e Several chemotypes was observed in Mentha species from various locations.
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Abstract

Mints are perennial herbs that are cultivated for medicinal and aromatic purposes.
They are highly polymorphic and their taxonomy is difficult. Sixty mint accessions,
representing seven Mentha species (M. aquatica L., M. longifolia L., M. piperita L., M.
pulegium., M. rotundifolia L., M. spicata L. and M. spicata var. crispa 'moroccan’), were
collected at full flowering from 51 Tunisian localities. Essential oil yields were found to vary
from 0.45 to 2.5 %, (w/w). Analyses of these oils by GC/FID and GC/MS and their
subsequent classification by statistical analysis resulted in six clusters with significant
variations in their terpenoid compositions: i) pulegone/isomenthone/menthone; ii)
isomenthone/pulegone; iii) menthone/pulegone ; iv) piperitenone oxide; v) linalool/linalyl

acetate/1,8 cineol/myrcene; and vi) carvone/limonene/1.8 cineol. M. pulegium accessions
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grouped two chemotypes: one rich in pulegone and the second rich in isomenthone. M.
longifolia grouped one chemotype rich in pulegone and a second rich in menthone. M. spicata
grouped one chemotypes characterized by a moderate to high carvone content and the second
pulegone-rich. M. rotoundifolia accessions were piperitone oxide-rich. M. aquatica and M.
piperita have linalool and linalyl acetate as major compounds. These results clearly indicate
that there were a large biochemical diversity among the investigated Tunisian Mentha spp.

accessions. Genetic and ecological diversities may explain this chemical diversity.

Keywords: chemical diversity; cluster analysis; Essential oil; GC/FID; GC/MS; Mentha spp.

Introduction

Mentha is an aromatic perennial herb that is widespread throughout the temperate
zones of the northern hemisphere, although a few are found in the southern hemisphere too
(Harley and Brighton, 1977; Mkaddem et al., 2007). They are fast growing and generally
tolerate a wide range of agro-climatic conditions, with a global distribution across Africa,
Asia, Australia, Europe, and North America (Chambers, 1992; Mkaddem et al., 2007). Mints
an important medicinal and aromatic plants, comprise a groups of 25-30 species of the genus
Mentha (Gupta et al., 2017). In Tunisia, the genus Mentha is represented by the species
Mentha rotundifolia L., Mentha longifolia L. Huds., Mentha spicata (Mentha viridis) L.,
Mentha aquatica L., and Mentha pulegium L. (Pottier-Alapetite, 1981). Many naturalized
species (Mentha piperita, Mentha spicata, Mentha longifolia) are cultivated for family usages
or for small commerce (Mkaddem et al., 2007).

The systematics of the Mentha genus is very complicated and still unclear. This is

mostly due to the existence of variation in basic chromosome number, frequent interspecific
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hybridization, cytomixis, polymorphism in morphology and essential oil composition under
different environmental conditions, colonial mutant propagation, as well as the occurrence of
polyploidy, aneuploidy and nothomorphs (Gobert et al., 2002; Tucker and Chambers, 2002;
Tyagi, 2003; Denslow and Poindexter, 2009; Tucker, 2012; Jabeen et al., 2012 and
Jedrzejczyk et al., 2018).

Mints are cultivated for their essential oils and herbage yields. They have several
applications in pharmaceutical, perfumery, food, confectionery, and cosmetic industries
(Gobert et al 2002., Zeinali et al., 2004; Kumar et al., 2015 ). This makes many Mentha
species very priceless for industry, as mint oil is a supplement for wide spectrum of products
(Jedrzejczyk et al., 2018). Mentha canadensis (Japanese mint), Mentha cardiaca (Spearmint),
Mentha spicata (Native spearmint), Mentha pulegium (Corn mint), Mentha x gracilis (Scotch
spearmint) and Mentha x piperita are the most significant species for the industry (Smolik et
al., 2007; Hua et al., 2011; Rodrigues et al., 2013).

The essential oil composition of Mentha species has received considerable study due
to its commercial importance. The EO components can be categorized by compound class
such as hydrocarbon, alcohol, ester, aldehyde, ketone, or miscellaneous compounds (Bahl et
al., 2000; Voirin et al., 1999). Mentha aerial parts bears essential oils containing a large
number of aroma chemicals like menthol, menthone, isomenthone, menthyl acetate and
menthofuran (Sangwan et al., 2001; Simdes and Spitzer, 2001). Different chemotypes are
characterized by distinct smells and bioactivities, indicating different uses in aromatic and
medicinal industries (Karousou et al., 2007). On the basis of biosynthetic pathway followed in
different species of Mentha, subjected to varying geographical conditions, mints were
classified based on the dominant monoterpene compound prevailing in essential oils; linalool
and linalyl acetate are produced by linalool pathway; menthol, menthone and menthofuran

result from menthol pathway; and carvone, dihydrocarvone and carveol outcome from



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

carvone pathway (Mahmoud and Croteau, 2001; Lawrence, 2007; Sari¢-Kundalic” et al.,
2009).

Mentha L. accessions from different geographical population generally explain
numerous Vvariations in the essential oil properties (Orav et al., 2004; Oyedeji and Afolayan,
2006; Hajlaoui et al., 2008). The existence of different chemotypes, based on qualitative
differences within a taxon, is a common feature in most Mentha species and hybrids (Kokkini
and Vokou, 1989). Several chemotypes was observed in Mentha L. from various locations.
Nine chemotypes have been reported for five Mentha species including Mentha arvensis,
Mentha aquatic, Mentha longifolia, Mentha spicata, Mentha suaveolens (Kokkini, 1992). A
series of chemotypes of Mentha spicata have been described in previous studies, such as
pulegone, carvone, linalool, piperitone, piperitone oxide, menthone/isomenthone,
pulegone/menthone/isomenthone and pulegone/piperitone (Baser et al., 1999; Telci et al.,
2004, 2010). Two chemotypes of Mentha longifolia (menthofuran, and cis-piperitone
oxide/piperitenone oxide chemotypes) are reported from Southern Africa (Viljoen et al.,
2006). Studies showed three chemotypes of Mentha pulegium L. with the following major oil
components: (1) pulegone, (2) piperitenone and/or piperitone and (3) isomenthone/
neoisomenthol (Topalov and Dimitrov, 1969; Cook et al., 2007). Different chemotypes was
observed for the species Mentha rotundifolia growing in various parts of the world (Kokkini
and Papageorgiou, 1988; EIl Arch et al., 2003). In addition to chemotypic and genetic factors,
essential oils may be linked to numerous intrinsic as well as extrinsic factors including
development stage (Rodriguesa et al., 2013; Maffei et al., 1989), growth conditions (Maffei
and Scannerini, 1999; Karray-Bouraoui et al., 2009) and climate conditions (Catherine et al.,
2007). The interaction of different genotype with environment has great interest in many

aspects of genomic and breeding research (Patel et al., 2015).
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The evolution of chemical complexity has been a major driver of plant diversification,
with novel compounds serving as key innovations (Boachon et al., 2018). However, to the
best of our knowledge no systematic chemical investigations have been carried out on
essential oil composition of Mentha spp in Tunisia. Therefore, aim of the present study was to
investigate the chemical diversity among the Mentha spp growing in Tunisia and to
characterize the chemotypes of this genus. This study will contribute to the knowledge of
chemical diversity of a Mentha that could improve the use of Tunisia Mentha spp. Our study

may be useful to mint evolution study and future breeding programs.

2. Materials and methods
2.1. Plant material

Sixty accessions of Mentha spp. were collected from natural habitats and cultivated
fields during the flowering stage from 51 Tunisian localities (Fig. 1, Table 1). Mint accessions
represent most of the geographic range covered by the species in Tunisia. GPS was used to
locate the origins of these accessions. Their taxonomic identities were attributed in a previous
work with morphological descriptors and dichotomous keys. Thirty three morphological
descriptors were considered from Mentha standardized descriptors (Upov, 2007), several flora
volumes (Tutin et al., 1972; Pottier-Alapetite, 1981; Cullen et al., 1984-2000), and several
publications (Tucker and Naczi, 2006, Lawrence 2006 and Sari¢-Kundali¢ et al., 2009). This
morphological study was carried from May to August during three seasons from 2015 to

2017.

2.2. Essential oil Extraction

Aerial parts of 60 mint accessions were collected in the flowering stage. Leaves were

air dried for one month in the absence of light at room temperature and then stored in sealed
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paper bags. Dried aerial parts were subjected to steam distillation for 3 h using a Clevenger-
type apparatus. Plant material (50 g) was distilled in 500 ml dH,O in a 1000 ml flask. The oil
phase was separated and dried over anhydrous sodium sulfate and kept in brown glass bottle

at 4 °C for further analysis. Three replicates were performed for each plant material.

2.3. Essential oil analysis

Essential oils were diluted 1/10 in n-hexane (v/v, VWR, Leuven, Belgium) prior to
analysis. Gas chromatography analysis of volatile components was carried out using an
Agilent 6890N GC equipped with a flam ionization detector (FID, Interscience Louvain-La
Neuve, Belgium) equipped with an Optima 5 MS (Macherey-Nagel, Diren, Germany)
capillary column (30 m x 0.25 mm 1.D., 0.25 um film). GC-FID was performed using splitless
injection, with injector set at 280°C. The oven temperature program was initiated at 40°C,
held for 2 min then raised at 8°C/min to 280°C and then maintained at 280°C for 5 min.
Helium (He) was used as a carrier gas at a flow rate of 35 ml/min. Volume injected: 1 uL
(diluted in hexane). Retention indices (RI) were determined by co-injection of a series of a
mixture of aliphatic hydrocarbons alkanes (C7-Cso at 10ng ML in n-hexane, sigma, Bornem,
Belgium). The retention indices of all components were determined according to the Van Den
Dool’s method (Van Den Dool et al., 1963).

Gas chromatography with mass spectrometry (GC-MS, Agilent 6890-USA) was done
for essential oil qualitative and quantitative analysis using the electron impact ionization
(70 eV) method and mass spectra. GC-MS conditions were the same as in the GC-FID
analysis. One pl of essential oil solutions was injected in the splitless mode.

2.4. Component identification
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Identification of the components was made by determination of their retention indices
(KI) relative to those of a homologous series of n-alkanes (C7-C30) and by matching their
recorded mass spectra with those stored in the spectrometer database from the Wiley 275L
and the literature values (Adams, 2001). Whenever possible, the identification were
confirmed by confirmed by comparison the recorded retention data with those of pure
available standard compounds injected in the same conditions. Most of the non-identified
components are present as traces with relative abundances of less than 0.01%. The identified

constituents are listed in the order of their elution.

2.5. Data Analysis

Essential oil components percentage content was treated by multivariate statistical procedures.
A cluster analysis was performed using Euclidean distance coefficient functions based on the
dissimilarity between pairs. Hierarchical cluster analysis (HCA) was performed using the
Ward’s method with square Euclidean distance measure was used to construct the
dendrogram. The Principal Components Analysis (PCA) and the cluster analysis were carried

out with SPSS Version 20.

3. Results and discussion

Chemical characterization of mints accessions illustrated a diversity of their essential
oil yields (0.45 - 2.5 %, w/w based on dry weight) (Figure 2, Table 2). There is little
correlation between the changes of essential oil yield and the geographic positions (longitude,
latitude and altitude) of collection sites of these accessions. The average essential oil yield of
each species is in accordance with some reported oil yields at full flowering for wild M.
pulegium (1.2%, Hassanpouraghdam et al., 2011), M. arvensis, M. piperita, M. spicata and M.

longifolia (1.7%, 1.2%, 1.2%, 1.0%, respectively, Hussain et al., 2010) but some studies
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reported much higher yields in M. pulegium (3.8%, Kokkini et al., 2004; 3.9%, Cook et al.,
2007). These results clearly indicate the existence of huge variation between and within the
species. These variations may be linked to numerous intrinsic as well as extrinsic factors.
Several studies suggest that oil yield is correlated with species, climatic conditions; etc.
(Voirin et al., 1990; Kokkini et al., 2004). Variations in essential oil yield can be attributed to
genetic, environmental and ontogeny factors, as well as analytical methods (Lawrence, 2002;
Heywood, 2002; Ghasemi et al., 2016). The quantitative composition of the essential oils of
many aromatic plants is greatly influenced by the genotype and agronomic conditions, such as
harvesting time, plant age and crop density (Marotti et al., 1994). Results from selected
studies revealed that the amount of essential oil content in the leaves is strongly ontogeny
dependent, and therefore, harvest time may have significant consequences to essential oil
quantity and quality (Mrlianova et al., 2001). The environmental factors during the growth
period such as the amount of available water are very important in the yield of dried material
and essential oil (Farahani et al., 2009). Essential oil content in fresh materials is slightly
higher than that of dried one (Patora et al., 2003).

Essential oils extracted and analyzed from the sixty mint accessions include 63
chemical constituents, representing 87-100 % of total oils. These oil components are listed in
order of their elution on the DB-1 column (S1: Supplementary Data). There was a significant
variation among the accessions for qualitative and quantitative major constituents. The
number of identified compounds for each essential oil ranged from 15 to 46.

Considerable variations were observed at chemical level among the investigated
accessions of ‘pulegium group’, which revealed the existence of two distinct chemotypes/
sub-groups (Table 3). Accessions Acc 5, Accl0, Acc 20, Acc 24, Acc26, Acc 27, Acc3l,
Acc57, and Acc59 were characterized by the presence of higher amounts of pulegone (39.95-

77.17%), menthone (0.57-28.44%) and isomenthone (0.99 -28.9%). Further, accessions Acc3,
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Acc7, and Acc40 were dominated by isomenthone (59.43-77.73%), menthone (1.46%-
27.55%), pulegone (0.16-28.45%) and cis-isopulegone (0.44-6.54%).

A total of six investigated accessions of ‘longifolia group’ could be classified in to two
chemotypes. Accessions Acc30, Acc46, Accd9 and Accb2 were found to be rich in pulegone
(59.98-67.42%), menthone (7.15%-15.38%), isomenthone (5.03% to 9.16%) and 1.8-cineole
(5.39- 8.11%). Further, accession Acc34 and Acc36 were dominated by menthone (31.08-
40.20%), pulegone (29.23-35.2%), 1.8—cineol (6.36-10.41%) and menthol (4.93-5.70%).

The ‘rotoundifolia group’ (Acc2, Acc8, Accll and Acc 29) represented by only one
chemotype, which was characterized by the presence of piperitone oxide (45.79-74.25%)
followed by menthol (0-4.49%), limonene (0-4.48%) and viridiflorol (0.62-4.56%).

Essential oil of accession Accl, belongs to ‘piperita group’ was found to be rich in
linalool (45. 86%), linalyl acetate (14. 29%), 1.8-cinéole (9.311%) and B-myrcene (8.75%).

On the other hand, Accessions belonging to ‘aquatica group’ (Acc6, Accl7, Acc44
and Acc50) could be arranged as only one chemotype and were rich in linalool (27.29%-
47.2%) and linalyl acetate (13.90-18.4%).

Accessions belonging to ‘spicata group’ could be arranged as two distinct
chemotypes. Among these, Acc4, Acc9, Accl2, Accl3,Accl4d, Accl6, Accl8, Acc23, Acc3z,
Acc33, Acc35, Acc37, Acc39, Accdl, Accd?2, Accd3, Acch9, Accdd, Accs3, Accdl, Acch4,
Acch5, Acc56 and Acc 60) were rich in carvone (39.21-62.51%), 1.8-cineole (7.24-12.49%),
limonene (6.07-18.45%), and dihydro-carveol cis (1.17-6.56%). However, accessions Acc38
are dominated by pulegone (38.74%), menthone (28.56%), 1.8-cineole (10.413%), and
menthol (5.64%).

The ‘spicata var. crispa ‘moroccan’ group' (Accl5, Accl9, Acc2l, Acc28 and Acc47)
represented by only one chemotype, which was dominated by carvone (62.69-75.53%)

followed by limonene (10.52-17.94%), transcarveol (0-5.22%) and dihydro-carveol cis (0.39-



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

3.62%). Finally, the two accessions (Acc22 and Acc 25) belonging the ‘unidentified group’
represented by only one chemotype, which was characterized by carvone (57-65.54%), 1,8-
cineole (9.61-10.18%), limonene (6.63-8.72%), and dihydro-carveol cis (2.28-3.77%) as main
constituents.

Above chemotypic differentiation of the Mentha accessions was also validated
statitistically. To evaluate whether the identified essential oil constituents may be useful in
reflecting similarity and differences within the investigated accessions. Principal component
analysis (PCA) is one of the multivariate methods that were applied to determine the most
significant characteristics in the data set. The same data set (60 accessions x 18 components)
was used in this section. The first three PCs revealed the highest variation. The other PCs are
shown in table S2 (Supplementary Data) for more information. The first PC (PC1) explained
24.18% of total variation and possessed positive correlation with pulegone and menthone and
high negative correlation with L-carvone, limonene and 1.8-cineol. The second PC2 showed
19.52% of total variance and had positive correlation with linalool, linalyl acetate, 3-myrcene
and a-terpinyl acetate and the third PC3 explained piperitenone oxide, bornyl acetate and
viridiflorol as positive component accounted for 14.61% of the total variance. Since PC1 and
PC2 possessed a great share in respect to compounds, so scatter plot of PC1 and PC2 were
applied to determine phytochemical distance (Fig. 3a-3b). According to PCA analysis the
studied accessions were divided into four groups. As depicted in (Fig. 3a-3b) the presence and
amount of some essential oil chemical compounds are useful for the identification of groups.
For example, the ‘aquatica group’ (Acc6, Accl7, Acc44 and Acc50) and ‘piperita group’
(Accl) were characterized by linalool, linalyl acetate, B-myrcene, and o-terpinyl acetate and
were situated in the top right quadrant of the plot. The ‘spicata group’ was characterized by
carvone, 1.8-cineole, limonene, and dihydro-carveol cis and was situated in the low right

quadrant of the plot.
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A dendrogram constructed from the statistical analysis of the identified constituents,
was displayes in Fig 4, Essential oils composition showed remarkable differences among
Mentha spp. accessions. Dendrograms show that the 60 Mentha species can be clustered into
six clusters. The existence of chemical diversity within the species and similarity with the
accessions of other species could easily be seen from the distribution pattern of the Mentha
accessions in different clusters. The twelve accessions of ‘Pulegium group’ were distributed
in two clusters (I: 09 accessions and II: 03). Further, six accession of ‘longifolia group’ were
found to be divided in two clusters (I:4 and III: 2). However, four accession of ‘rotoundifolia
group’ were found placed in cluster IV due to similar chemical characters. Accessions
belonging the ‘piperita group’ and ‘aquatica group’ were placed in the same cluster V.
Except for one accession of ‘spicata group’, placed on the cluster III, the other accessions of
this group were grouped in cluster VI with accessions of M. spicata var. crispa 'moroccan’
and the two unidentified accessions.

These results clearly showed that the certain taxonomically different species were grouped in
same cluster because of the presence of similar major chemical constituents. Further, the
existence of different chemotypes, based on qualitative differences within a taxon, is a
common feature in most Mentha species and hybrids (Kokkini and Vokou, 1989). Although
many species and hundreds of subspecies and/or varieties were described by previous
researchers, the species make up the Mentha genus is not clearly distinct in taxonomy, and
numerous chemotypes are widely distributed around the world. Moreover, one chemotype
usually could be found in several species (Kokkini et al., 1995; Telci et al., 2004). Mentha
accessions used in the present study represent a widely variation in the content of these

constituents.

11



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

Compositional analysis of the essential oils of Mentha taxa has revealed a comprehensive
diversity in the oil components, and the different chemovarieties have been reported from
various regions of the world. There is a huge variation in the chemical composition of M.
pulegium, Literature data suggests that M. pulegium is a chemical polymorph species in both
qualitative and/or quantitative composition (Kokkini et al., 2004). Studies showed three
chemotypes of M. pulegium L. with the following major oil components: (1) pulegone, (2)
piperitenone and/or piperitone and (3) isomenthone/ neoisomenthol (Topalov and Dimitrov,
1969; Cook et al., 2007). Pulegone was found to be one of the main constituents of M.
pulegium oils followed by menthone also in other studies; Lawrence 1978, Sivropoulou et al.,
1995, Beghidja et al., 2007, Bekhechi 2008, Baser et al.,1999; Lorenzo et al., 2002; Agnihotri
et al., 2005; EI-Ghorab, 2006; Diaz-Maroto et al., 2007; Mata et al., 2007; Hajlaoui et al.,
2009; Boukhebti et al., 2011; Ait-Ouazzou et al., 2012, and Cherrat et al., 2014. Possible
exaplanation for such differences could be associated with habitats, environmental growing
conditions, collecting periods, etc. (Boukhebti et al., 2011). In present study, pulegone (Acc 5,
Accl0, Acc 20, Acc 24, Acc26, Acc 27, Acc3l, Accs7, and Acch) and isomenthone (Acc3,
Acc?7, and Acc40) rich accessions have been identified for M. pulegium. Further, present
study revealed the existence of a new essential oils/chemotypes (isomenthone) of the specie
M. longifolia (Acc3, Acc7, and Acc40) which were not described before from in this region.
The present study showed that pulegone should not be considered as a specific
chemosystematic marker for M. pulegium because pulegone was found also in the oils of M.
longifolia, whose chemosystematics is most complicated. In present study, pulegone (Acc30,
Accd6, Acc49 and Acc52) and isomenthone (Acc34 and Acc36) rich accessions have been
identified for M. Longifolia. With the extent of morphological diversity in M. longifolia, a
great degree of chemical variation in the species might be expected as well. Indeed, results

from previous studies on several wild and cultivated M. longifolia have produced a number of
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chemotypes. Identified chemotypes of M. longifolia include those dominated by menthone
(Fraisse et al., 1985; Vidal et al., 1985; Mimica-Duki¢ et al., 2003; Oyedeji and Afolayan,
2006; Hajlaoui et al., 2010), pulegone (Fleisher and Fleisher, 1991; Oyedeji and Afolayan,
2006; Gulluce et al., 2007; Mkaddem et al., 2009; Hajlaoui et al., 2010), piperitenone oxide
(Maffei, 1988; Baser et al., 1999; Venskutonis, 1996; Rezaei et al., 2000; Mastelic and
Jerkovic, 2002; Viljoen et al., 2006; Gulluce et al., 2007; Hussain, 2009), piperitone oxide
(Fraisse et al., 1985; Vidal et al., 1985; Kokkini and Papageorgiou, 1988; Fleisher and
Fleisher, 1998; Karousou et al., 1998; Baser et al., 1999; Viljoen et al., 2006; Hussain, 2009),
carvone (Lawrence, 1978; Fraisse et al., 1985; Vidal et al., 1985; Kokkini et al., 1995;
Mastelic and Jerkovic, 2002; Monfared et al., 2002; Younis and Beshir, 2004; Lawrence,
2007), piperitone (Ghoulami et al., 2000; Rasooli and Rezaei, 2002; Rezaei et al., 2000;
Dzamic¢ et al., 2010), trans-dihydrocarvone (Mimica-Duki¢ et al., 1991; Dzamic¢ et al., 2010),
isomenthone (Mimica-Duki¢ et al., 1991; Mimica-Duki¢ et al., 2003; Mkaddem et al., 2009),
menthofuran (MimicaDuki¢ et al., 1991; Viljoen et al., 2006), menthol (AlBayati, 2009;
Hajlaoui et al., 2010), 1,8-cineole (Fleisher and Fleisher, 1998; Oyedeji and Afolayan, 2006),
isopiperitenone (Rezaei et al., 2000), piperitenone (Ghoulami et al., 2000), and borneol

(Hussain, 2009).

Piperitone oxide is mentioned as the main constituent of M. rotoundifolia oil also by
many other authors (Miyazawa et al., 1998; Benayad 2004; Brada et al., 2007; Lawrence
2007; Hajlaoui et al., 2009). Piperitone oxide is the typical component of M. rotoundifolia oils
and can be used as chemical markers. In contrast with our results the study of Riahi et al.,
(2013) shows that essential oils from Beja locality were most complex and present 45
compounds representing 96.83% of the total oil composition. The major components of these

oils are caryophyllene (26.67%), germacrene D (12.31%) and carveol (7.38%). Essential oils
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from Bizerte include 40 components, representing 95.81% of total oils. Those oils are
dominated by Pulegone (32.09%), Piperitenone oxide (17.28%) and 5-Acetyl Thiazole
(11.26%). Our results confirmed previous reports which cite different chemotypes for M.
rotundifolia growing in various parts of the world (Kokkini and Papageorgiou, 1988; EI Arch
et al., 2003). Two chemotypes have been found in the essential oils of M. rotundifolia (L.)
growing in Greece, which are characterized by piperitone oxide and menthyl acetate,
respectively as the main compounds (Kokkini and Papageorgiou, 1988). In others reports, the
major compound of M. rotundifolia essential oils is Pulegone (85%, El Arch et al., 2003).
According to Lorenzo et al. (2002), Piperitenoneoxide and (z)-sabinene hydrate were the
major components in M. rotundifolia.
Mxpiperita L (Accl) did not contain menthol and menthone as major compounds commonly
found in peppermint essential oil (Iscan et al., 2002; Mimicam Duki¢ et al., 2003; Hussain et
al., 2010). Instead they were found to be rich in linalool (45,86%), linalyl acetate (14,29%),
1.8-cinéole (9.311%) and B-myrcene (8.75%) as decribed by Mimica-Dukic et al., 2003;
Gracindo et al. 2006 and Garlet et al., 2013

Although the wild growing M. aquatica seems to be the only species of the genus
characterized by a specific essential oil composition with menthofuran as a main compound
(Malingré et al., 1974; Kokkini 1992; Mimica-Dukic et al., 2003) plants rich in linalool and/or
linalyl acetate are also known from cultivation (Harley 1977 and Kokkini 1992). Moreover,
there are results of the changes in monoterpene composition of M. aquatica essential oil
produced by gene substitution from the other mint species (Hefendehl 1972). Furthermore, it
is well known that the chemical composition of the essential oils depends on various complex
factors, both endogenous and exogenous such as chemotypes, geographical and climatic

conditions, collection time, drying conditions, mode of distillation, etc. (Bozin et al., 2006).
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There is a huge variation in the chemical composition of M. spicata, wild as well as
cultivated, around the world. A series of chemotypes of the species have been described in
previous studies, such as pulegone, carvone, linalool, piperitone, piperitone oxide,
menthone/isomenthone, pulegone/menthone/isomenthone and pulegone/piperitone (Baser et
al., 1999; Telci et al., 2004, 2010). Carvone is mentioned as the main constituent of M.
spicata oil also by many other authors (Adam et al., 1998; Mkaddem et al., 2009; Zhao et al.,
2013; Brahmi et al., 2016). Four chemotypes of M. spicata are found in Greece, characterized
by the dominant occurrence of linalool, carvone/dihydrocarvone, piperitone
oxide/piperitetone oxide, and menthone/isomenthone/pulegone, respectively (Kofidis et al.,
2004). Carvone is mentioned as the main constituent of M. spicata oil also by many other
authors (Adam et al., 1998; Chauhan et al., 2009; Mkaddem et al., 2009; Zhao et al., 2013;
Brahmi et al., 2016). However, in the present study, an Except for one accession of ‘spicata
group’, all the rest of accession were grouped together into a single chemotype carvone. This
supports that M. spicata populations in Tunisia show certain stability in essential oils. An
alternative hypothesis, which was widely accepted, is that interspecific and intraspecific
hybridization occurring naturally may contribute to the variable chemical composition. This is
supported by the present investigation too. M. spicata Acc 38 were collected at the place
where M. longifolia (Acc 34) was growing naturally, implying that natural gene exchange
may occur among these plants. As already described, these were incorporated into M.
longifolia group. Further, present study revealed the existence of a new essential
oils/chemotypes (pulegone) of the specie M. spicata which were not described before from
this region.

The taxonomy of Mentha is complex due to interspecific hybridization and polyploidy
of the species in the genus (Denslow and Poindexter, 2009; Tucker, 2012; Jabeen et al., 2012

and Jedrzejczyk, et al., 2018). Further, the occurrence of huge chemical variations among
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Mentha accessions collected from diverse localities seems to be due to the divergent
climatological and geographical conditions; existing variations in oil content and composition
may be attributed to factors related to ecotype and the environment including temperature,
relative humidity, irradiance and photoperiod (Chauhan et al., 2009). Similarly, chemotype of
the plants, cultivation practices and method of extraction also leads to variation in oil content
and chemical composition (Pavela, 2009). Other factors affecting essential oil composition,
relates to agronomic and genotype conditions, such as harvesting time, plant age and crop
density (Telci et al., 2010; Marotti et al., 1994). Similarly, different photoperiodic treatment
was also shown to be influencing concentrations of oil components in Mentha species (Fahlen

etal., 1997).

4. Conclusion

The results of present study clearly indicated that there were large amount of biochemical
diversity among the investigated populations of genus Mentha. Accessions with similar
chemotypic characters differed considerably in their taxonomic rang. Therefore, chemical
constituents could not be necessarily correlated with their taxonomical category. The
existence of different chemotypes, based on qualitative differences within a taxon, is a
common feature in most Mentha species and hybrids (Kokkini and Vokou, 1989). These
chemotypes offers the great opportunity for production of Mentha to meet the market supplies
of specific essential oils or individual compounds. Further, present study revealed the
existence of a new essential oils/chemotypes (isomenthone) of the species M. longifolia
(Acc3, Acc?, and Acc40) which were not described before from this region. As well, the
existence of a new essential oils/chemotypes (pulegone) of the specie M. spicata which were
not described before from this region. Further, the characterization of essential oil variation is
of commercial importance as well as helpful in the development of Mentha resources for

perfume and pharmaceutical industries.

16



402  Acknowledgment

403  The authors gratefully acknowledge Prof.Georges C.Lognay (University of Liege-GXABT)
404  for his analytical support”. We are very thankful to Prof. Claude Grasland and Etienne
405  Toureille from the Research Federation CIST (http:/www.gris-cist.fr) for their kindly

406  assistance and support.

17



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

References

Adam, K., Sivropoulou, A., Kokkini, S., Lanaras, T., Arsenakis, M., 1998. Antifungal
activities of Origanum vulgare subsp. hirtum, Mentha spicata, Lavandula
angustifolia, and Salvia fruticosa essential oils against human pathogenic fungi.
J. Agric. Food Chem. 46, 1739-1745.

Adams, R.P., 2001. Identification of Essential Oils Components by Gas
Chromatography/Quadrupole Mass Spectroscopy. Allured, Carol Stream, USA,
456 pp.

Agnihotri, V.K., Agarwal, S.G., Dhar, P.L., Thappa Baleshwar, R.K., Kapahi, B.K., Saxena,
R.K., Qazi, G.N., 2005. Essential oil composition of Mentha pulegium L.
growing wild in the north-western Himalayas India. Flavour Fragrance J. 20, 607—
610.

Ait-Ouazzou, A., Loran, S., Arakrak, A., Laglaoui, A., Rota, C., Herrera, A., Pagan, R.,
Conchello, P., 2012. Evaluation of the chemical composition and antimicrobial
activity of Mentha pulegium, Juniperus phoenicea, and Cyperus longus essential
oils from Morocco. Food Res. Int. 45, 313-319.

Al-Bayati, F.A., 2009. Isolation and identification of antimicrobial compound from Mentha
longifolia L. leaves grown wild in Irag. Ann. Clin. Microbiol. Antimicrob. 8, 20
(doi:10.1186/1476-0711-8-20).

Bahl, J.R., Bansal, R.P., Garg, S.N., Naqvi, A.A., Luthra, R., Kukreja, A.K., Kumar, S., 2000.
Quality evaluation of the essential oils of the prevalent cultivars of commercial
mint species Mentha arvensis, spicata, cardiaca, citrata and viridis cultivated in
Indo-Gangetic plains. J. Med. Aromat. Plant Sci. 22, 787-797.

Baser, K.H.C., Kurkcuglu, M., Tarimcila, G., and Kaynak. G., 1999. Essential oils of Mentha

species from northern Turkey. J. Essent. Oil Res. 11, 579-588.

18



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Beghidja, N., Bouslimani, N., Benayache, F., Benayache, S., Chalchat, J.C., 2007.
Composition of the oils from Mentha pulegium grown in different areas of the
east of Algeria. Chemistry of Natural Compounds, 43, 481-483.

Bekhechi, C., 2008. Analyse des huiles essentielles de quelques especes aromatiques de la
région de Tlemcen par CPG, CPG-SM et RMN 13 C et étude de leur pouvoir
antibactérien. These Doctorat. Univ. Tlemcen, 205 p.

Benayad, N., 2004. Utilisation des huiles essentielles extraites des plantes médicinales
marocaines comme insecticides pour lutter contre les ravageurs des denrées
alimentaires stockées (blé, mais, riz,. . .). Projet de recherche. Rapport d’activité.
Faculté des Sciences-Rabat, Maroc.

Boachon, B., Buell, C.R., Crisovan, E., Dudareva, N., Garcia, N., Godden, G., Henry, L.,
Kamileen, M.O., Kates, H.R., Kilgore, M.B., Lichman, B.R., Mavrodiev, E.V.,
Newton, L., Rodriguez-Lopez, C., O’Connor, S.E., Soltis, D., Soltis, P.,
Vaillancourt, B., Wiegert-Rininger, K., Zhao, D. 2018. Phylogenomic mining of
the mints reveals multiple mechanisms contributing to the evolution of chemical
diversity in Lamiaceae. Mol. Plant. 11, 1084-1096.

Boukhebti, H., Chaker, A.N., Belhadj, H., Sahli, F., Ramdhani, M., Laouer, H., Harzallah, D.,
2011. Chemical composition and antibacterial activity of Mentha pulegium L. and
Mentha spicata L. essential oils. Der Pharmacia Lett. 3, 267-275.

Bozin, B., Mimica-Dukic N., Simin, N., Anackov, G., 2006. Characterization of the volatile
composition of essential oils of some Lamiaceae species and the antimicrobial
and antioxidant activities of the entire oils. J. Agric Food Chemi. 54, 1822-1828.

Brada, M., Bezzina, M., Marlier, M., Carlier, A., Lognay, G., 2007. Variabilité de la
composition chimique des huiles essentielles de Mentha rotundifolia du Nord de

I’ Algérie. Biotechnol. Agron. Soc. Environ. 11, 3-7.

19



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

Brahmi, F., Adjaoud, A., Marongiu, B., Falconieri, D., Yalaoui-Guellal D., Madani K.,
Chibane, M., 2016. Chemical and biological profiles of essential oils from Mentha
spicata L. leaf from Bejaia in Algeria. J. Essent. Oil Res. 28, 211-220.

Catherine, M.C., Eleni, M., Stella, K., Thomas, L., 2007. Differences between the
inflorescence, leaf and stem essential oils of wild Mentha pulegium plants from
Zakynthos, Greece. J. Essent. Oil Res. 19, 239-243.

Chambers, H. 1992. Mentha: genetic resources and the collection at USDA-ARSNCGR
Corvallis. Lam Newsl. 1, 3-4.

Chauhan, R.S., Kaul, M.K., Shahi, A.K., Kumar, A., Ram, G., Tawa, A., 2009. Chemical
composition of essential oils in Mentha spicata L. accession [I1IM(J)26] from
North-West Himalayan region, India. Ind. Crops Prod. 29, 654-656.

Cherrat, L., Espina, L., Bakkali, M., Pagan, R., Laglaoui, A., 2014. Chemical composition,
antioxidant and antimicrobial properties of Mentha pulegium, Lavandula stoechas
and Satureja calamintha Scheele essential oils and an evaluation of their
bactericidal effect in combined processes. Innov. Food Sci. Emerg. Technol. 22,
221-229.

Cook, C., Maloupa, E., Kokkini, S., Lanaras, T., 2007. Differences between the inflorescence,
leaf and stem essential oils of wild Mentha pulegium plants from Zakynthos,
Greece. J. Essent. Oil Res. 19, 239-243.

Cullen, J., Alexander J.C.M., Brickell, C.D., Edmondson, J.R., Green, P.S., Heywood, V.H.,
Jorgensen, P.,M., Jury, S.L., Knees, S.G., Haxwell, H.S., Miller, M.D., Robson,
N.K.B. Robson, Walters S.M., and Yeo P.F., The European Garden Flora,
Volumes | — V. Cambridge University Press, Cambridge. (eds.) (2000) - The

European Garden Flora, vol. VI. Cambridge, Cambridge University Press

20



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

Denslow, M.W., Poindexter, D.B., 2009. Mentha suaveolens and M. x rotundifolia in North
Carolina: a clarification of distribution and taxonomic identity. J. Bot. Res. Inst.
Texas. 3, 383-389.

Diaz-Maroto, M.C., Castillo, N., Castro-Vazquez, L., Gonzalez-Vinas, M.A., Pérez- Coello,
M.S., 2007. Volatile composition and olfactory profile of pennyroyal (Mentha
pulegium) plants. Flavour Frag. J. 22, 114-118.

Dzami¢, A.M., Sokovi¢, M.D., Risti¢, M.S., Novakovi¢, M., Gruji¢-Jovanovi¢, S., TeSevic,
V., and Marin, P.D., 2010. Antifungal and antioxidant activity of Mentha
longifolia (L.) Hudson (Lamiaceae) essential oil. Bot. Serb. 34, 57-61.

El Arch, M., Satrani, B., Farah, A., Bennani, L., Boriky, D., Fechtal, M., Blaghen, M., and
Talbi, M., 2003. Chemical composition, antimicrobial and insecticide activities of
Mentha rotundifolia essential oil from Morocco. Acta Bot. Gallica, 150, 267-274.

El-Ghorab, A.H., 2006. The chemical composition of Mentha pulegium L. essential oil from
Egypt and its antioxidant activity. J. Essent. Oil Bear. PI. 9, 183-195.

Farahani, H.A., Valadabadi, S.A., Daneshian, J., and Khalvati, M.A., 2009. Evaluation
changing of essential oil of blam (Melissa officinalis L.) under water deficit stress
conditions. J. Med. Plant. Res. 3, 329-333.

Fleisher, A., Fleisher, Z., 1991. The essential oils from Mentha longifolia growing in Sinai
and Isreal. Aromatic plants of the Holy Land and the Sinai part IV. J. Essent. Qil
Res. 3, 57-58.

Fleisher, Z., Fleisher, A., 1998. Volatile extracts of Mentha longifolia growing in Israel.
Aromatic plants of the Holy Land and Sinai. Part XIII. J. Essent. Oil Res. 10, 647-
648.

Fraisse, K.N., Suon, C., Scharff, M.G., Vernin, G., Zamkotsian, R.M., Metzger J., 1985.

Huiles essentielles de menthe crépue. Parf. Cosm. Aromes. 65, 71-75.

21



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

Fahlen, A., Walander, M., Wennersten, R., 1997. Effect of light-temperature regime on
growth and essential oil yield of selected aromatic plants. J. Sci. Food Agric.73,
111-1109.

Garlet, T.M.B., Paulus, D., Flores, R., 2013. Production and chemical composition of Mentha
X piperita var. citrata (Ehrh.) Brig. essential oil regarding to different potassium
concentrations in the hydroponic solution. J-Biotech. 4, 200-206.

Ghasemi, P.A., lzadi, A., Malek, P.F., Hamedi, B., 2016. Chemical composition, antioxidant
and antibacterial activities of essential oils from Ferulago angulata. Pharm. Biol.
54, 2515-2520.

Ghoulami, S., Idrissi, A., Fkih-Tetouani, S., 2000. Phytochemical study of Mentha longifolia
of Morocco. Fitoterapia. 72, 596-598.

Gobert, V., Moja, S., Colson, M., Taberlet, P., 2002. Hybridization in the section Mentha
(Lamiaceae) inferred from AFLP markers. Am. J. Bot. 89, 2017-2023.

Gracindo, L.A.M.B., Grisi, M.C.M,, Silva, D.B., Alves, R.B.N., Bizzo, H.R., Vieira, R.F.,
2006. Chemical characterization of mint (Mentha spp.) germplasm at Federal
District, Brazil. Rev. Bras. Pl. Med. 8, 5-9.

Gulluce, M., Sahin, F., Sokmen M., Ozer, H., Daferera, D., Sokmen, A., Polissiou M.,
Adiguzel A., Ozkan H., 2007. Antimicrobial and antioxidant properties of the
essential oils and methanol extract from Mentha longifolia L. ssp. longifolia. Food
Chem. 103, 1449-1456.

Gupta, A.K., Mishra, R., Singh, A.K., Srivastava A., Lal, R.K., 2017. Genetic variability and
correlations of essential oil yield with agro-economic traits in Mentha species and
identification of promising cultivars. Ind. Crop. Prod. 95, 71-96.

Hajlaoui, H., Trabelsi, N., Noumi, E., Snoussi, M., Fallah, H., Ksouri, R., Bakhrouf, A., 2009.

Biological activities of the essential oils and methanol extract of tow cultivated

22



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

mint species (Mentha longifolia and Mentha pulegium) used in the Tunisian
folkloric medicine. World J. Microbiol. Biotechnol. 25, 2227-2238.

Hajlaoui, H., Ben Abdallah, F., Snoussi, M., Noumi E., Bakhrouf A., 2010. Effect of Mentha
longifolia L. ssp longifolia essential oil on the morphology of four pathogenic
bacteria visualized by atomic force microscopy. Afr. J. Microbiol. Res. 4, 1122-
1127.

Hajlaoui, H., Snoussi, M., Ben Jannet, H., Mighri, Z., Bakhrouf, A., 2008. Comparison of
chemical composition and antimicrobial activities of Mentha longifolia L. ssp.
longifolia essential oil from two Tunisian localities (Gabes and Sidi Bouzid). Ann.
Microbiol. 58, 513-520.

Harley, R.M., Brighton, C.A., 1977. Chromosome numbers in the genus Mentha L. Bot. J.
Linn. Soc. 74, 71-96.

Hassanpouraghdam, M.B., Akhgari, A.B., Aazami, M.A., Emarat-Pardaz, J., 2011. New
Menthone Type of Mentha pulegium L. Volatile Oil from Northwest Iran. Czech
J. Food Sci, 29, 285-290.

Hefendehl, F.W., Murray, M.J., 1972. Change in monoterpene composition in Mentha
aquatica produced by gene substitution. Phytochem, 11, 189-195.

Heywood, V.H., 2002. The conservation of genetic and chemical diversity in medicinal and
aromatic plants. In: Sener, B. (Ed.), Biodiversity: Bimolecular Aspects of
Biodiversity and Innovative Utilization. Kluwer Academic/Plenum Publishers,
New York, pp. 13-22

Hua, Ch.X., Wang, G.R., Lei, Y., 2011. Evaluation of essential oil composition and DNA

diversity of mint resources from China. Afr. J. Biotechnol. 10, 16740-16745.

23



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

Hussain, A.l., 2009. Characterization and biological activities of essential oils of some species
of Lamiaceae. Ph.D. thesis, University of Agriculture, Faisalabad, Pakistan. pp.
68-78.

Hussain, A.l., Anwar, F., Nigam, P.S., Ashrafd, M., Gilanif, A.H., 2010. Seasonal variation in
content, chemical composition and antimicrobial and cytotoxic activities of
essential oils from four Mentha species. J. Sci. Food Agric. 90, 1827-1836.

Iscan, G., Kjrjmer, N., Kurkcuoglu, M., Baser, K. H. C., Demijrcj, F., 2002. Antimicrobial
screening of Mentha piperita essential oils. J.Agr. Food Chem, 50, 3943-3946.

Jabeen, A., Guo, B., Abbasi, B.H., Shinwari, Z.K., Mahmood, T., 2012. Phylogenetics of
selected Mentha species on the basis of rps8, rps11 and rps14 chloroplast genes. J.
Med. Plants Res. 6, 30—-36.

Jedrzejczyk, 1., Rewers, M. 2018. Genome size and ISSR markers for Mentha L. (Lamiaceae)
genetic diversity assessment and species identification. Ind. Crop. Prod. 120, 171-
179.

Karousou, R., Balta, M., Hanlidou, E., Kokkini, S., 2007. Mints, smells and traditional uses in
Thessaloniki (Greece) and other Mediterranean countries. J. Ethnophar-macol.
109, 248-257.

Karousou, R., Lanaras T., and Kokkini S., 1998. Piperitone oxide-rich essential oils from
Mentha longifolia subsp. petiolata and M. villoso-nervata grown wild on the
island of Crete (S. Greece). J. Essent. Oil Res, 10, 375-379.

Karray-Bouraoui, N., Rabhi, M., Neffati, M., Baldan, B., Ranieri, A., Marzouk, B., Lachaal,
M., Smaoui, A., 2009. Salt effect on yield and composition of shootessential oil
and trichome morphology and density on leaves of Mentha pulegium. Ind. Crop.

Prod. 30, 338-343.

24



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

Kofidis, G., Bosabalidis, A., Kokkini, S., 2004. Seasonal variation of essential oils in a
linalool-rich chemotype of Mentha spicata grown wild in Greece. J. Essent. Oil
Res. 16, 469-472.

Kokkini, S., Hanlidou, E., Karousou, R., 2004. Clinal Variation of Mentha pulegium essential
oils along the climatic gradient of Greece. J. Essent. Oil Res, 16, 588-593.

Kokkini, S.,1992. In: Harley, R.M., Reynolds, T. (Eds.), Advances in Labiatae Science. Royal
Botanic Gardens, Kew, pp. 325-344.

Kokkini, S., and Papageorgiou, V.P., 1988. Constituents of essential oils from Mentha
longifolia growing wild in Greece. Planta Med, 54, 59-60.

Kokkini, S., Karousou, R., and Lanaras, T., 1995. Essential oils of spearmint (carvone-rich)
plants from the island of Crete (Greece). Biochem. Syst. Ecol, 23,425-430.

Kumar, B., Kumar, U., Kumar Yadav, H., 2015. Identification of EST-SSRs and molecular
diversity analysis in Mentha piperita. Crop J. 3, 335-342.

Lawrence, B.M., 1978. A study of the monoterpene interrelationships in the genus Mentha
with special reference to the origin of pulegone and menthofuran. Ph.D. thesis,
State University, Groningen, Netherlands.

Kokkini, S., Vokou, D., 198. Carvacrol-rich plants in Greece. Fav. Frag. J. 4, 1-7.

Lawrence, B.M., 2002. From the sensation to the synthesis. In: Swift, K. (Ed.), Advances in
Flavours and Fragrances (Special Publication 277). Royal Society of Chemistry
Cambridge, pp. 57-837

Lawrence, B.M., 2006. Mint: The genus Mentha. CRC Press. Boca Raton, FL.

Lawrence, B.M., 2007. Oil composition of other Mentha species and hybrids. In: Mint. The
genus Mentha. Medical and Aromatic Plants-Industrial Profiles. Volume 44, Boca

Roton, London, New York: CRC Press, Taylor & Francis Group. 2007: 325-346.

25



602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

Lorenzi, H.,, Matos, F.J.A., 2002. Plantas Medicinais no Brasil: Nativas e Exaticas
Cultivadas. Instituto Plantarum, Nova Odessa, SP, pp. 246-251.

Maffei, M., 1988. A chemtotype of Mentha longlfolia (L) Hudson particularly rich in
piperitenone oxide. Flavour Fragr. J. 3, 23-26.

Maffei, M., Chialva, F., Sacco, T., 1989. Glandular trichomes and essential oils in developing
peppermint leaves. |. Variation of peltate trichome number and terpene
distribution within leaves. New Phytol. 111, 707-716.

Maffei, M., Scannerini, S., 1999. Photomorphogenic and chemical responses to blue light in
Mentha piperita. J. Essent. Oil Res. 11, 730-738.

Mahmoud, S.S., Croteau, R.B., 2001. Metabolic engineering of essential oil yield and
composition in mint by altering expression of deoxyxylulose phosphate
reductoisomerase and menthofuran syntheses. Proc Natl Acad of Sci, 98, 8915-
8920.

Malingré, T.M., Maarse, H., 1974. Composition of the essential oil of Mentha aquatica.
Phytochem, 13, 1531-1535.

Marotti, M, Piccaglia, R., Giovanelli, E., Deans, S.G., Eaglesha, M.E., 1994. Effects of
planting time and mineral fertilization on peppermint (Mentha x piperita L.)
essential oil composition and its biological activity. Flavour Frag. J. 9, 125-129.

Mastelic, J., Jerkovic 1., 2002. Free and glycosidically bound volatiles of Mentha longifolia
growing in Croatia. Chem. Nat. Comp. 38, 561-564.

Mata, A.T., Proenca, C., Ferreira, A.R.; Serralheiro, M.L.M., Nougueira, J.M.F., Arujo,
E.M., 2007. Antioxidant and antiacetylcholinesterase activities of five plants used

as Portuguese food species. Food Chem. 103, 778-786.

26



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

Mimica-Duki¢, N., Bozin B., Sokovi¢ M., Mihajlovi¢ B., Matavulj M., 2003. Antimicrobial
and antioxidant activities of three Mentha species essential oils. Planta Med, 69,
413-419.

Mimica-Duki¢, N., Gasi¢ O., Kite G., Fellow L., Janci¢ R., 1991. A study of the essential oil
of Mentha longifolia growing in Yugoslavia. Planta Med. 57, 83-84.

Miyazawa, M., Watanabe, H., Umemoto, K., Kameoka, H., 1998. Inhibition of
Acetylcholinesterase activity by essential oils of Mentha species. J. Agric. Food
Chem. 46, 3431-3434.

Mkaddem, M., Bousaid, M., Ben Fadhel, N., 2007. Variability of volatiles in Tunisian
Mentha pulegium L. (Lamiaceae). J. Essent. Oil Res. 19, 211-215.

Mkaddem, M., Bouajila, J., Ennajar, M., Lebrihi, A., Mathieu, F., Romdhane, M., 2009.
Chemical composition and antimicrobial and antioxidant activities of Mentha
(longifolia L. and viridis) essential oils. J. Food Sci., 74, 358-363.

Monfared, A., Nabid M.R., Roustaeian A.A.H., 2002. Composition of a carvone chemotype
of Mentha longifolia (L.) Huds. from Iran. J. Essent. Oil Res. 14, 51-52.
Mrlianova, M., Tekel’ova, D., Felklova, M., Reinohl, V., Toth, J., 2001 . The influence of the
harvest cut height on the quality of the herbal drugs Melissa folium and Melissa

herba. Planta Medica, 68, 178-180.

Orav, A., Raal, A., Arak, E., 2004. Comparative chemical composition of the essential oil of
Mentha piperita L. from various geographical sources. Proc. Est. Acad. Sci.
Chem. 53, 174-181.

Oyedeji, A.O., Afolayan, A.J., 2006. Chemical composition and antibacterial activity of the
essential oil isolated from South African Mentha longifolia (L.) L. subsp. capensis

(Thunb.) Brig. J. Essent. Oil Res. 18, 57-59.

27



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

Patel, R.P., Singh R., Saikia S.K., B.R. Rao B.R.R., Sastry K.P., Zaim M., Lal R.K., 2015.
Phenotypic characterization and stability analysis for biomass andessential oil
yields of fifteen genotypes of five Ocimum species. Ind. Crop. Prod. 77: 21-29.

Patora, J., Majda, T., Gora, J., Klimek, B., 2003. Variability in the content and composition of
essential oil from lemon balm (Melissa officinalis L.) cultivated in Poland. Acta
Pol Pharm.; 60, 395-400.

Pottier-Alapetite G., 1981. Flore de la Tunisie Angiospermes dicotylédones.Gamopétales.
Pub SciTun n°1, pp: 1-654

Rasooli, 1., Rezaei, M.B., 2002. Bioactivity and chemical properties of essential oils from
Zataria multiflora Boiss and Mentha longifolia (L.) Huds. J. Essent. Oil Res. 14,
141-146.

Rezaei, M.B., Jaymand K., Jamzad Z., 2000. Chemical constituents of Mentha longifolia
(L.) Hudson var. chlorodictya Rech. f. from three different localities. Pajouhesh-
va Sazandegi 13, 60-63.

Riahi, L., Chograni, H., Elferchichi, M., Zaouali, Y., Zoghlami, N., Mliki, A., 2013.
Variations in Tunisian wormwood essential oil profiles and phenolic contents
between leaves and flowers and their effects on antioxidant activities. Ind. Crops
Prod. 46, 290-296.

Rodrigues, L., Pévoab, O., Teixeirac, G., Figueiredod, A.C., Molddoa, M., Monteiroa, A.,
2013. Trichomes micromorphology and essential oil variation at different
developmental stages of cultivated and wild growing Mentha pulegium L.
populations from Portugal. Ind. Crop. Prod. 43, 692—700.

Sangwan, N.S., Farooqi, A.H.A., Shabih, F., Sangwan, R.S., 2001. Regulation of essential oil

production in plants. Plant Growth Regul. 34, 3-21.

28


https://www.ncbi.nlm.nih.gov/pubmed/15005424
https://www.ncbi.nlm.nih.gov/pubmed/15005424

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

Sarié-Kundali¢, B., Fialova S, Dobe§ C., Olzant S., Tekelova D., Granéai D., Reznicek G.,
Saukel J., 2009. Multivariate numerical taxonomy of Mentha species, hybrids,
varieties and cultivars. Sci. Pharm. 77, 851-876.

Simdes C., Spitzer, V., 2001. Oleos Volateis. In: Simdes, C.M.O. et al. (Eds.),
Farmacognosia: Da Planta Ao Medicamento, 3rd Edition, UFRGS/UFSC, Porto
Alegre/Florianopolis, 397-425.

Sivropoulou, A., Kokkini S., Lanaras T., Arsenakis M., 1995. Antimicrobial activity of mint
essential oils. J. Agric. Food Chem. 43, 2384-2388.

Smolik, M., Rzepka-Plevnes$, D., Jadczak, D., Sekowska, A., 2007. Morphological and
genetic variability of chosen Mentha species. Herba Pol. 53, 90-97.

Telci, 1., Sahbaz, N., Yilmaz, G., Tugay, M.E., 2004. Agronomical and chemical
characterization of spearmint (Mentha spicata L.) originating in Turkey. Econ.
Bot. 58, 721-728.

Telci, 1., Demirtas, 1., Bayram, E., Arabaci, O., Kacar, O., 2010. Environmental variation on
aroma components of pulegone/piperitone rich spearmint (Mentha spicata L.).
Ind. Crops Prod. 3, 588-592.

Topalov, V., Dimitrov, S., 1969. Studies on the content and quality of essential oil from some
peppermint species from Bulgarian Flora. Plant Sci. 6, 77-83.

Tucker, A.O., 2012. Genetics and breeding of the genus Mentha: a model for other polyploid
species with secondary constituents. J. Med. Active Plants. 1, 19-29.

Tucker, A.O., Chambers, H.E., 2002. Mentha canadensis L. (Lamiaceae): a relict
amphidiploid from the lower tertiary. Taxon. 51, 703-718.

Tyagi, B.R., 2003. Cytomixis in pollen mother cells of spearmint (Mentha spicata L.).

Cytologia. 68, 67—73.

29



697

698

699

700

701

702
703
704
705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

Upov, 2007. Descriptors for Menthaxpiperita L. Guidelines for the conduct of tests for
distictness, uniformity and stability. TG/229/1.

Van den Dool, H., Kratz, P., 1963. A generalization of the retention index system including
linear temperature programmed gas-liquid partition chromatography. J.
Chromatogr. 11, 463-471.

Tutin, T.G., Heywood, V.H., Burges, N.A., Valentine, D.H., Walters, S.M., Webb, DA,
Mentha L. In: Flora Europea. Volume 3. Cambridge University Press, Cambrige.
1972, 183-186.

Venskutonis, R., 1996. A chemotype of Mentha longifolia L from Lithuania rich in

piperitenone oxide. J. Essent. Oil Res. 8, 91-95.

Vidal, J.P., Noleau, 1., Bertholon, G., Lamy, J., Richard, H., 1985. Constituants volatils des
huiles essentielles de Menthes sylvestres de la Drome. Parf. Cosm. Aromes. 64,
83-87.

Viljoen, A.M., Petkar, S., van Vuuren, S.F., Cristina Figueiredo, A., Pedro, L.G., Barroso,
J.G., 2006. The chemo-geographical variation in essential oil composition and the
antimicrobial properties of wild mint: Mentha longifolia subsp. polyadena
(Lamiaceae) in Southern Africa. J. Essent. Oil Res. 18, 60-65.

Voirin, B., Bayet, C., Faure, O., Jullien, F., 1999. Free flavonoid aglycones as markers of
parentage in Mentha aquatica, M. citrata, M. spicata and M.xpiperita.
Phytochemistry 50, 1189-1193.

Voirin, B., Brun N., Bayet C., 1990. Effects of day length on the monoterpene composition
of Mentha x piperita. Phytochemistry. Phytochemistry 29,749-755

Younis, Y.M.H., Beshir S.M., 2004. Carvonerich essential oils from Mentha longifolia (L.)
Huds. ssp. schimperi Brig. and Mentha spicata L. grown in Sudan. J. Essent. Oil

Res. 16, 539- 554

30



722

723

724

725

726

727

728

Zeinali, H., Arzani, A., and Razmjo, K., 2004. Morphological and essential oil content

diversity of Iranian mints. Iran. J. Sci. Technol. Trans. 28, 1-9.

Zhao, D., Xu, Y.W., Yang, G.L., Husaini, A.M., Wu, W., 2013. Variation of essential oil of

Mentha haplocalyx Brig. and Mentha spicata L. from China. Ind. Crop. Prod. 42,

251-260.

31



729

730

731

732

733

734

735

736

737

738

739

Figure Captions

Fig 1. Distribution map of the studied accessions of Mentha spp

Fig 2. Essential oil yield of different accessions of Mentha spp.
Fig 3. a) PCA Score plot for main variation of essential oil compositions among Tunisian
Mentha spp accessions. b) Loading plot for volatile constituents explaining 44.29% of the

variation on PC1 and PC2 axes.

Fig 4. Dendrogram generated by cluster analysis of the essential oil composition of sixty.
using the HCA by Ward’s method and Euclidean distances. i) pulegone; ii) isomenthone; iii)

menthone/pulegone ; iv)  piperitenone  oxide; v)  linalool;  vi)  carvone.
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Tables

Table 1. Latin names, collecting sites, habitats of a sixty Tunisian accessions of Mentha spp.

Accession Mentha spp. Locality longitude Latitude and altitude Habitat

Acc3 Al Ayaida-Beja 36°46'01.66"N/ 9°01'47"E/ 568 m Riverside
Acc5 Maagoula-Beja 36°42'29.78" N/ 9°11'57.09"E/ 151 m Riverside
Acc? Tabarka- Jandouba 36°55'41.19"N/ 8°44'13.96"E/ 820 m Riverside
Accl0 Ain El Awafi- El Kef 35°58'50.41"N/ 9°05'44.40"E/ 740 m Riverside
Acc20 Zaghouan 36°24'00.48"N/ 10°08'48.61"E/ 423 m Riverside
Acc24 Ain Kamech-Nabeul 36°27'03.72"N/ 10°44'10.38"E/ 270 m Riverside
Acc26 El agiula- Gafsa 34.41130N/ 008.7409 E/ 252 m Riverside
Acc27 El kasar - Gafsa 34.39501 N/ 008.80772 E/ 283 m Riverside
Acc3l Mornag-Ben Arous 36°33'43.32"N/ 10°18'48.66"E/ 155.26 m Cultivated field
Acc40 Cherfech-Ariana 36°56°04.28"N/ 10°02°21.547"/ E58.27 m  Riverside
Acc57 Silaian 36°04°06.53"N/ 9°22'42.4"E/ 5.98 m Riverside
Acc59 M. pulegium L. Sejnane-Bizerte 36°57° 62.53"N/ 9°32°53.305"E / 105 m Pasture

Acc 30 Mornag-Ben Arous 36°33'43.32"N/ 10°18'48.66"E/ 155.26 m Cultivated field
Acc 35 Bouchama-Gabes 33°45'23.93"N/ 10°03'59.72"E/ 1.88 m Cultivated field
Acc36 Dgech- Tozeur 33°51'28°°N/ 007°57'29"E/ 38 m Cultivated field
Acc46 Borj twil-Ariana 10°09°55.81"N/ 36°55°46.840"E / 100.8 m  Cultivated field
Acc49 El karia-Gassrine 34°55'52.45"N/ 8°52'50.31"E/ 9.14 m Cultivated field
Acc52 M. longifolia L. Bir hfay-Sidi Bouzid 34°55'54.23"N/ 9°10'57.55"/ 871 m Cultivated field
Accl MXpiperita Ain El Goussa -Beja 36°46'11.68" N/ 9°01'53.41" E/ 568 m Cultivated field
Accb Maagoula-Beja 36°55'57.09" N/ 9°11'57.09"E/ 207 m Cultivated field
Accl7 Tebolba-Monastir 35°38'56.91"N/ 10°65'08.69"E/ 20 m Cultivated field
Accdd Borj twil-Ariana 36°55°46.84"E/ 10°09°55.814"N/ 100.84 m  Cultivated field
Acc50 M.aquatica L. Chott Mariem-Sousse 35°55'20.76"N/ 10°34'08.95" E Cultivated field
Acc2 Al Ayaida- Beja 36°46' 06.41" N/9°01' 51.20"E/ 568 m Riverside
Acc8 Tabarka- Jandouba 36°35'31.56"N/ 8°44'14.06"E/ 243 m Riverside
Accll in El Less- El Kef 35°57'21.67"N/ 9°05'47.27"N/ 740 m Riverside
Acc29 M. rotundifolia L. Chebika- Kairouan 35°34'01.34"N/ 9°58'52.31"E/ 400 m Cultivated field
Accl5 El Jam-Mahdia 35°17'49.32"N/ 10°42'29.79"E/ 238 m Cultivated field
Accl9 Tebolba-Monastir 35°38'56.91"N/ 10°65'08.69"E/ 665 m Cultivated field
Acc21 Zaghouan 36°24'06.31"N/ 10°08'49.67"E/ 289 m Cultivated field
Acc28 Chebika- Kairouan 35°37'29.22"N/ 10°02'08.94"E/ 3,37 m Cultivated field
Acc47 M. spicata var. Chott Mariem-Sousse 35°55'20.76"N/ 10°34'08.95" E Cultivated field

crispa 'moroccan’.

Accd Medjez-el bab-Beja 36°38'59.47"N/ 9°37' 05.29" E/ 568 m Cultivated field
Acc9 Bou salem Jandouba 36° 36'33.53"N/ 8°85'82.07"E/ 243 m Cultivated field
Accl2 Essers- El Kef 35°29'53.8"N/ 10°36'34.4"E/ 33 m Cultivated field
Accl3 Bir Salah- Sfax 35°12'43.27"N/ 10°42'37.19"E/ 114 m Cultivated field
Accl4 Thyna- Sfax 34°40'23.14"N/ 10°40'58.23"E/ 400 m Cultivated field
Accl6 El Jam-Mahdia 35°17'49.32"N/ 10°42'29.79"E/ 238 m Cultivated field
Accl8 Tebolba-Monastir 35°38'56.91"N/ 10°65'08.69"E/ 665 m Cultivated field
Acc23 Nabeul 36°27'03.72"N/ 10°44'10.38"E/ 270 m Cultivated field
Acc32 Mornag-Ben Arous 36°33'43.32"N/ 10°18'48.66"E/ 155.26 m Cultivated field
Acc33 Chott Salem-Gabes 33°53'44.05"N/ 10°6'38.88"E/1.69 m Cultivated field
Acc35 Bouchama-Gabes 33°45'23.93"N/ 10°03'59.72"E/ 1.88 m Cultivated field
Acc37 Dgech- Tozeur 33°51'28’N/ 007°57'29"E/ 38 m Cultivated field
Acc38 Dgech- Tozeur 33°59'80"N/ 007°57'10"E/ 31 m Cultivated field
Acc39 Zir tenbib -Kebili 008°89” 659"E/ 33.70'644"N/ 17 m Cultivated field
Accdl Sidi makhlouf-Medenine 33°22°42.229"E/ 10°42°42.229"N/ 36.4 m Cultivated field
Accd?2 Darghoulia-Medenine 10°38°36.496"E/ 33°23” 32.870"N/ 61.9 m  Cultivated field
Accd3 Darghoulia-Medenine 33°23°32.870" E/ 10°39°19.535"N/ 32.7m  Cultivated field
Acc60 Sejnane-Bizerte 9°32°53.305"E/ 36°57” 62.53"N/ 105 m Pasture

Acc4?2 Darghoulia-Medenine 10°38°36.496"E/ 33°23” 32.870"N/ 61.9 m  Cultivated field
Accd3 Darghoulia-Medenine 33°23°32.870" E/ 10°39°19.535"N/ 32.7 m  Cultivated field
Accd5 Borj twil-Ariana 36°55°46.84"E/ 10°09°55.81"N/ 100.84 m Cultivated field
Acc53 Edhraa-Sidi Bouzid 35°00'10.87"N/ 9°22'36.90"/ 9.27 m Cultivated field
Accb51 El karia-Gassrine 34°55'52.45"N/ 8°52'50.31"E/ 9.14 m Cultivated field
Accb4 Bir hfay-Sidi Bouzid 34°55'54.23"N/ 9°10'57.55"/ 871 m Cultivated field
Accbh5 Siliana 36°04,06.53"N/ 9°22'42.4"E/ 5.98 m Cultivated field
Acc 56 M. spicata L. Siliana 36°04,06.53"N/ 9°22'42.4"E/ 5.98 m Cultivated field
Acc 22 Zaghouan 36°24'06.31"N/ 10°08'49.67"E/ 289 m Cultivated field
Acc25 Unidentified Zaghouan 36°24'06.31"N/ 10°08'49.67"E/ 289 m Cultivated field
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Table 2. Essential oil yields of 60 Tunisian accessions of Mentha spp.

M. spicata L.

Accessions Accd Acc9 Accl2 Accl3 Accld Acclé Accl8 Acc23  Acc32  Acc33  Acc3b  Acc37
Oil yields 1.02 0.77 1.22 1.35 1.30 1.37 1.12 0.78 0.87 1.08 0.62 0.80

Table 2. (continued)

M. spicata L.
Accessions Acc  Acc  Acc  Acc  Acc  Acc  Acc Acc Acc Acc Acc Acc
41 42 43 60 45 53 51 54 55 56 38 39

Oil yields 1.07 102 068 073 110 052 077 045 059 068 1.08 0.62

Table 2. (continued)

M. spicata var. crispa 'moroccan’ M. rotundifolia L. Mxpiperita
Accessions Acc  Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc
15 19 21 28 47 29 11 8 2 50 1

Oil yields 1.55 147 122 07 1.18 118 101 125 125 207 1.70

Table 2. (continued)

M. aquatica L. M. longifolia L. Unidentified
Accessions Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc
50 44 17 6 52 49 46 36 35 30 59 22 25

Oilyields 207 188 175 177 110 165 178 170 062 135 187 140 1.10

Table 2. (continued)

M. pulegium L
Accessions Acc 10 Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc Acc
20 24 26 27 31 40 57 59 3 5 7
Qil yields 2.47 1.13 217 148 1.78 1.82 1.68 2.08 1.87 207 213 1.88
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Table 3. Important essential oil components (%) of Mentha accesions and chemotypes

Pulegium group Longifoliagroup Rotoundifolia Piperita Aquatica Spicata group
group group group
Chemotype 1 ~ Chemotype2  Chemotypesl  Chemotypes 2 Chemotypes 1 Chemotypes 2

pB-myrcene 0-0.17 0-0.28 0.24-0.43 0.29-0.41 0.12-0.98 8.75 7.72-7.84 0.76-1.21 0.417
Limonene 0.26-1.94 1.50-3.88 0.49-0.81 0.79-1.39 0-4.48 1.2 1.12-561 6.07-18.45 0.783
1.8-cineole 0-0.72 0-0.21 5.31-8.11 6.63-10.34 0-0.22 9.31 3.98-831 7.24-12.49 10.413
Linalool 0-0.09 0-0.22 0-0.068 0-0.05 0-0.76 45.87 27.22-47.02 0-1.57 0
Menthone 0.57-28.44 1.46-27.54 7.14-15.38 31.08-40.20 0-1.88 0 0-0.7 0-6.12 28.562
Isomenthone 0.99-28.90 59.43-77.73 5.03-9.16 1.33-1.76 0-1.50 0 0 0-0.37 1.906
Cis-isopulegone 0.82-1.53 0.40-6.54 1.35-1.74 0-0.61 0 0 0-0.630 0-0.023 0
Menthol 0-0.22 0 0.61-1.40 4.93-5.7 0-4.49 0 0 0.152-0.54 5.646
Dihydro-carveol cis 0-0.07 0 0 0-0.21 0 0 0 1.17-6.56 0
Trans carveol 0-0.05 0 0-0.27 0-0.17 0 0 0 0.04-0.35 0
Pulegone 39.95-77.17 0.16-28.45 59.98-67.42 29.23-35.2 0-10.43 0 0.09-3.72  0.49-3.42 38.74
L-carvone 0-3.93 0-0.86 0.21-0.82 0.40-2.61 0-12.20 0.08 0-1.4 39,21-62,51 0.549
Linalyl acetate - 0-0.84 0-0.44 0 0-0.58 14.29 13.91-1839 0 0
Bornyl acetate 0-0.68 0 0-0.31 0-0.09 0.35-0.78 0 0.021-0.083 0
Piperitenone 0.135-0.85 0-0.07 1.08-3.56 0.47-1.26 0-0.031 0 0.01-0.41 1.034
Alpha-terpinyl - 0 0 0 0 0 0-7.7 0.04-0.61 0
acetate

Piperitenone oxide 0-1.8 0-0.29 0-0.61 0 45.79-74.25 0 0.02-0.1 0
Viridiflorol 0-0.18 0-0.37 0 0 0.62-4.56 0-0.06 0-0.06 0

Spicata var. crispa
‘moroccan’ group

0.5-1.21
10.52-17.94
0-54
0.17-0.28
0-0.32
0-1.21
0.28-0.59

0

0.39-3.62
0-5.22
0-3.43
62.69-75.53
0

0

0-0.11
0-0.07

0-0.12

Unidentified
group

3-3.329
6.63-8.72
9.61-10.18
0.03-0.26
0-0.163
0.45-0.52
0.42-1.56
0
2.28-3.77
0.28-0.48
1.67-2.01
57-65.54
0
0-0.19
0.04-0.11
0-0.04

0-0.15
0-0.02
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Supplementary Interactive Plot Data (CSV)
Click here to download Supplementary Interactive Plot Data (CSV): Table S1. Supplementary Data.docx


http://ees.elsevier.com/indcro/download.aspx?id=812226&guid=476d8c9b-8cf4-4e0c-8925-a443815812ac&scheme=1

Supplementary Interactive Plot Data (CSV)
Click here to download Supplementary Interactive Plot Data (CSV): Table S2. Supplementary Data.docx


http://ees.elsevier.com/indcro/download.aspx?id=812224&guid=3244c435-18f7-4902-b723-f873be61d6c9&scheme=1

