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Preface

Recently, new compounds from medicinal plants were discovered, and
they were used as anti-severe diseases.

Therefore, this book covers interested research topics dealing with
isolation, purification, and identification of active ingredients from wild
and medicinal plants. This discovery will lead to an increase in the
global pharmaceutical market as well as open such new gate for
medicinal plant research.

This book will add significant information to medical researchers and
can be used for postgraduate students.






Chapter 1

Medicinal Plants of the Indigenous Tribes in Peninsular

Malaysia: Current and Future Perspectives

Pozi Milow, Sorayya Malek and

Raznan Mohd. Ramli
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66658

Abstract

The main aim of this paper is to compile information on plant that is known to be medici-
nal to the indigenous tribes in Peninsular Malaysia. Information is compiled from vari-
ous sources. Current trends on studies of medicinal plants of the indigenous tribes and
threats to the sustainability of the plants are also discussed. Focus of future studies on
medicinal plants utilized by the indigenous tribes will also be discussed.

Keywords: Jah Hut, medicinal, Negrito, Semai, Semang, Temuan, proto-Malay

1. Introduction

The indigenous tribes in Peninsular Malaysia are collectively known as the Orang Asli. The
Orang Asli consists of 18 subethnic groups or tribes which anthropologists and adminis-
trators grouped into the Semang (Negrito), Senoi, and aboriginal Malay (proto-Malay).
Documentation on the plant resources, particularly medicinal plants, utilized by the peo-
ple is still far from complete as most of the villages of the tribes have not been studied.
Documentation on traditional uses of medicinal plants is important because it helps to pre-
serve traditional culture of indigenous tribes, provide leads to the discovery medicinal com-
pounds, and find ways to conserve the medicinal plants.

The main aims of this paper are to compile information on medicinal plants of the indigenous
tribes in Peninsular Malaysia based on previous studies and to provide direction for future
studies on the medicinal plants of the indigenous tribes.
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2. List of medicinal plants of the indigenous tribes in Peninsular
Malaysia

Two hundred and thirteen species of plants (Table 1) have been reported as medicinal to the
indigenous tribes in Peninsular Malaysia. The medicinal plants were based on uses by the
tribes Jah Hut, Semai, Semang and Temuan. Information on the plants is compiled from Refs.
[1-8]. Leaves and roots are the most common parts that have medicinal uses. Destructive
harvest, i.e., those that involve the removal of barks, roots, or whole plants, is among the most
susceptible to overharvest because of destruction of the entire plants [9].

3. Current approaches of research on medicinal plants of indigenous
tribes in Peninsular Malaysia

The most common approach to illicit information on the medicinal plants of the indigenous
tribes is through semistructure interviews with traditional medicine practitioners known as
batin. Two issues that have not been adequately addressed in previous studies are the veracity
of information obtained from such approach and the extent of use or usage of medicinal by
the indigenous tribes.

The veracity of information on medicinal properties plants utilized by the indigenous
tribes in Peninsular Malaysia can be verified by laboratory analysis of bioactive compounds
extracted from the plants. Several such studies have already been carried on some of the
species that are listed in Table 1. Mohd Zin et al. [10] had carried out antioxidative activity
of extracts from Morinda citrifolia L. and had concluded that active compounds in root of the
plant might be both polar and nonpolar in nature, whereas compounds that contribute to
antioxidative activity of both its leaf and fruit are probably nonpolar in nature. Hakimi Wan
Salleh et al. [11] studied the chemical compositions and antioxidant and antimicrobial activi-
ties of essential oils of Piper caninum Blume. Safrole, 3-caryophyllene, p-pinene, and ger-
macrene D were the main components from the leave and stem oil of the plant. They noted
that the highest activity was observed for inhibition of lipid peroxidation in the B-carotene/
linoleic acid system by the stem oil and the essential oil showed strong antimicrobial activity.
Ang et al. [12] studied that aphrodisiac property of Eurycoma longifolia Jack has been studied
by examining the effects of E. longifolia Jack on sexual qualities in middle-aged male rats.
They demonstrated that E. longifolia Jack enhanced the sexual qualities of the middle-aged
male rats. Bhat and Karim [13] reviewed the ethnobotany and pharmacological importance
and E. longifolia Jack and noted that the plant possesses adequate therapeutic potential and
could be explored further for commercial purposes and could be designated as a “wonder
drug plant.”

Information on usages of medicinal plants by the indigenous tribes was very limited in previ-
ous reports, thus making the assessment of this aspect of traditional culture practice difficult.
Persistent usage of the medicinal plants by the tribes is important to ensure that the knowl-
edge on the medicinal uses of plants is conserved and subsequently should contribute to the
conservation of the plants. This is of concern because as modernization moves toward the
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information

1. Abutilon indicum L. Semang [leaves] 3]
2. Acorus calamus L. Semai [rhizomes] [6]
3. Acrotrema costatum Jack Semang [roots and leaves] [7]
4. Agelaea macrophylla (Zoll.) Leenh. Semang [leaves] [3]
5. Aglaia odorata Lour. Semang [flowers] 3]

6. Aglaia yzermannii Boerl. & Koord. Semang [leaves] [1]

7. Albizia myriophylla Benth. Jah Hut [roots] [5]

8. Aloe barbadensis Mill. Jah Hut [leaves], Temuan [leaves] [4, 5]
9. Alpinia galanga (L.) Willd. Temuan [rhizomes] [4]
10. Alstonia angustiloba (L.) Miq. Jah Hut [leaves] 2]
11. Ancistrocladus extensus Wall. ex Planch Jah Hut [roots] [5]
12. Ancistrocladus tectorius (Lour.) Merr. Semang [roots] [7]
13. Annona muricata L. Semang [leaves] [3]
14. Apama tomentosa Engl. Temuan [roots] [4]
15. Aquilaria malaccensis Lamk. Jah Hut [stems and leaves], Semai [barks] [5, 6]
16. Archidendron ellipticum Blume Semang [leaves] [3]
17. Archidendron jiringa Niels. Temuan [barks, leaves, and roots] 4]
18. Ardisia colorata Roxb. Semang [leaves] [3]
19. Ardisia crenata Sims. Jah Hut [leaves], Semang [whole plants] [3, 5]
20. Ardisia crispa (Thunb.) DC Semang [whole plants] [7]
21. Ardisia sanguinolenta Bl. Jah Hut [roots] [5]
22. Areca catechu L. Semang [fruits] [7]
23.  Argostemma pictum Wall. Semang [whole plants] [71
24. Artemisia argyi Levi. et Vant. Semang [leaves] [3]
25.  Arthrophyllum diversifolium Blume Semang [roots] [3]
26. Averrhoa bilimbi L. Semang [leaves] [3]
27. Averrhoa carambola L. Temuan [barks, leaves, and roots] [4]
28. Azadirachta indica Juss. Temuan [leaves] [4]
29. Barringtonia acutangula (L.) Gaertn. Semang [stems] [7]
30. Baccaurea motleyana (Muell. Arg.) Muell. Arg.  Temuan [fruits] [4]
31. Baccaurea ramiflora Lour. Jah Hut [roots] [5]
32. Barleria lupulina Lindl. Semang [leaves] [3]
33. Barleria prionitis L. Semang [leaves] 3]
34. Bauhinia semibifida Roxb. Semang [roots] [3]
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information
35. Bixa orellana L. Semai [seeds] [6]
36. Blechnum orientale L. Semai [leaves] [6]
37. Bombax ceiba L. Semang [leaves] 3]
38.  Bonnaya veronicaefolia Spreng. Temuan [leaves] [4]
39.  Bulbophyllum mutabile (Bl.) Lindl. Semang [leaves] [3]
40. Caesalpinia crista L. Semang [seeds] [3]
41. Calamus ornatus Bl. Semai [stem saps] [6]
42.  Cassytha filiformis L. Semang [whole plants] [3]
43. Catharanthus roseus (L.) Don Temuan [whole plants] [4]
44. Centella asiatica (Linn.) Urban Semang [whole plants], Semang [leaves] [3,4,7]
Temuan [whole plants]
45. Champereia manillana (Bl.) Merr. Semang [roots] [7]
46. Chassalia chartacea Craib Semang [roots] [7]
47. Chroesthes longifolia (Wight) Hansen Jah Hut [roots] [5]
48. Cinnamomum aureofulvum Gamb. Jah Hut [roots] [5]
49. Cinnamomum iners Reinw. ex Blume Semang [roots] [7]
50. Cinnamomum javanicum Bl Temuan [leaves] [4]
51. Citrus medica L. Jah Hut [fruits] [5]
52. Cnestis platantha Griff. Semang [leaves] 3]
53. Cnestis ramiflora Griff. Semang [roots] [7]
54. Cocos nucifera L. Temuan [fruits] [5]
55. Connarus grandis Jack Jah Hut [roots] [5]
56. Coptosapelta tomentosa (L.) (Blume) Valeton ex  Jah Hut [roots] 2]
K. Heyne
57. Costus speciosus (Koenig.) Smith Semang [stems], Jah Hut [leaves], Semai [5-7]
[leaves]
58. Crinum asiaticum L. Temuan [leaves] [4]
59. Croton caudatus Geisel Semang [roots] [3]
60. Curcuma longa L. Temuan [rhizomes] [4]
61. Curcuma petiolata Roxb. Semang [rhizomes] [3]
62. Curcuma xanthorrhiza Roxb. Semang [rhizomes] [7]
63. Cyclea laxiflora Miers Semai [whole plants] [6]
64. Cymbopogon citratus (DC.) Stapf. Jah Hut [leaves] [5]
65. Cymbopogon nardus (L.) Rendle Jah Hut [leaves], Temuan [leaves] [4, 5]
66. Cyrtandra pendula Bl. Jah Hut [roots] [5]
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information

67.  Daemonorops didymorphyllus Becc. Semang [saps] [1,7]

68. Dendrophoetoe constricta Dans. Semang [leaves] [3]

69. Desmos chinensis Lour. Jah Hut [roots] [5]

70. Dianella ensifolia Red. Semai [roots] [6]

71. Dicranopteris linearis (Burm.) Underw. Semai [leaves] [6]

72. Dioscorea hispida Dennst. Temuan [tubers] [4]

73.  Dipteracanthus repens (L.) Hassk. Semang [leaves] [3]

74. Durio zibethinus Murray Semang [leaves] [1,2,7]

75.  Dysoxylum alliaceum (Bl.) Bl. Semang [roots] [7]

76. Elephantopus scaber L. Temuan [leaves] [4]

77. Elephantopus tomentosus L. Temuan [leaves] [4]

78. Etlingera elatior (Jack) Smith Semang [leaves] [7]

79. Eleiodoxa conferta (Griff.) Burret Semang [stems] [8]

80. Epiprinus malayanus Griff. Jah Hut [roots] [5]

81. Eranthemum borneense Hook f. Semang [leaves] 3]

82. Eugenia urceolata King. Jah Hut [roots] [5]

83.  Eupatorium odoratum L. Semang [leaves] [3,7]

84. Euphorbia hirta L. Jah Hut [latex] [5]

85. Euphorbia tirucalli L. Semang [latex] 3]

86. Eurycoma apiculata Benn. Semai [leaves] [6]

87. Eurycoma longifolia Jack Semang [roots], Jah Hut [roots], Temuan [2-5,7]
[leaves, roots], Semang [roots]

88.  Fibraurea chloroleuca Miers Semang [roots] [7]

89. Ficus aurantiaca Griff. Jah Hut [stems and roots], Temuan [stems] [4, 5]

90. Freycinetia javanica Bl. Semang [roots] [71

91. Garcinia mangostana L. Semang [fruits] [3]

92. Garcinia scortechinii King. Jah Hut [roots] [4]

93.  Gnetum leptostachyum Blume Semang [whole plants] [3]

94. Gomphandra lanceolata King. Temuan [roots] [4]

95. Goniothalamus macrophyllus (Bl.) Miq. Jah Hut [roots], Semai [barks] [5, 6]

96. Guioa pubescens (Zoll. & Mor.) Radlk. Semang [roots and leaves] [7]

97. Gynura procumbens (Lour.) Merr. Semang [leaves] [3]

98. Hedyotis capitellata (L.) Wall. ex G. Don Jah Hut [roots], Semai [roots] [2, 5]

99. Hevea brasiliensis Muell. Arg. Jah Hut [stems] [5]



6 Active Ingredients from Aromatic and Medicinal Plants

No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information

100.  Hedychium longicornutum Baker Semang [roots] [71
101.  Helminthostachys zeylanica (L.) Hook. Semang [whole plants], Jah Hut [roots] [5,7]
102.  Hibiscus rosa-sinensis L. Temuan [leaves], Semang [roots and barks] [3, 4]
103.  Hibiscus tiliaceus L. Semang [barks] [3]
104.  Hippocratea indica Willd. Jah Hut [roots] [5]
105  Homalanthus populneus (L.) (Geisel.) Pax Jah Hut [leaves] 2]
106.  Homalomena griffithii Hk.f. Semai [stems] [6]
107.  Homalomena rostrata Griff. Jah Hut [roots] [5]
108.  Hoya coronaria Blume Semang [leaves] 3]
109.  Iguanura geonomiformis Mart. Semai [leaves] [6]
110.  Imperata cylindrica (L.) Beauv. Semang [whole plants] 3]
111.  Jasminum sambac (L.) Ait. Semang [leaves] [3]
112.  Jatropha curcas L. Semai [saps], Semang [leaves] [3, 6]
113.  Justicia betonica L. Jah Hut [leaves] [5]
114.  Kaempferia galanga L. Semang [rhizomes] [3]
115.  Kalanchoe pinnata (Lam.) Pers. Semang [leaves] [7]
116.  Labisia pothoina Lindl. Jah Hut [roots and stems], Semai [roots] [5, 6]
117.  Labisia pumila (Blume) Mez Semang [roots] [7]
118.  Languas conchigera Burkill Semang [rhizomes] 3]
119.  Lantana camara L. Semang [leaves] [3]
120.  Lasia spinosa Thwaites Semang [tubers], Jah Hut [leaves] [5,7]
121.  Lasianthus oblongus King & Gamble Jah Hut [roots] [5]
122.  Lasianthus villosus Ridl. Semai [leaves] [6]
123.  Lawsonia inermis (L.) Pers. Semang [leaves] [7]
124.  Leea indica (Burm. f.) Merr. Semang [leaves] [7]
125.  Lepidagathis incurva Buch.-Ham. Jah Hut [leaves] [5]
126.  Leptaspis urceolata R. Br. Jah Hut [roots] [5]
127.  Licuala spinosa Wurm Jah Hut [meristems] [5]
128.  Limacia oblonga (Miers.) Hk.f. et. Thoms. Temuan [stems] [4]
129.  Lindera lucida (Bl.) Boerl. Semai [leaves] [6]
130.  Lindera pipericarpa (Miq.) Boerl. Jah Hut [roots] [5]
131.  Lophatherum gracile Brongn. Semang [roots], Semai [roots] [7]
132.  Loranthus cochinchinensis Lour. Semang [whole plants] [7]
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information
133.  Luvunga scandens Buch.-Ham. Semai [leaves] [5]
134.  Lycopodiella cernua (L.) Pic. Serm. Jah Hut [leaves] 2]
135.  Lygodium circinnatum (Burm.) Sw. Semang [leaves] [3,7]
136.  Lygodium flexuosum (L.) Sw. Jah Hut [leaves] 2]
137.  Lygodium microphyllum (Cav.) R.Br. Semai [leaves] [6]
138.  Maranta arundinacea L. Jah Hut [roots] 2]
139.  Marumia nemorosa Bl. Semai [leaves] [6]
140.  Melastoma malabathricum L. Jah Hut [roots] 2]
141.  Mikania micrantha Kunth ex H.B.K. Semang [whole plants] 71
142.  Millettia sericea Benth. Semai [stems] [6]
143.  Mitragyna speciosa Korth Semang [leaves] [71
144.  Morinda citrifolia L. Semang [fruits], Jah Hut [leaves and fruits] [2, 3]
145.  Musa sapientum L. Semang [fruits] [7]
146.  Neodissochaeta gracilis (Jack) Bakh. Semang [leaves] [7]
147.  Nephelium lappaceum L. Semang [leaves] [71
148.  Oldenlandia diffusa (Willd.) Roxb. Semang [leaves] [3]
149.  Orchidantha longiflora Ridl. Semai [leaves] [6]
150.  Oroxylum indicum (L.) Kurz Semang [barks] [7]
151.  Oryza sativa L. Semai [seeds] [6]
152.  Parameria barbata (Blume) K.Schum. Semang [roots] [7]
153.  Parkia speciosa Hassk. Semai [roots], Temuan [roots], Semang [seeds] [3, 4, 6]
154.  Peliosanthes lurida Ridl. Semang [roots] [7]
155.  Peliosanthes violacea Wall. Semang [roots], Jah Hut [roots], Semai [leaves] [5-7]
156.  Pellacalyx saccardianus Scort. Semai [leaves] [6]
157.  Peltophorum pterocarpum (DC.) K. Heyne Semang [barks] [3]
158.  Peristrophe acuminata Nees Jah Hut [leaves] [5]
159.  Peucedanum japonica Thunb. Temuan [roots] [4]
160.  Phyllagathis rotundifolia (Jack) Bl. Jah Hut [roots] [5]
161.  Phyllanthus niruri L. Semang [whole plants] 3]
162.  Phyllanthus oxyphyllus Miq. Temuan [whole plants] [4]
163.  Phyllanthus pulcher Wall. ex Muell. Arg. Jah Hut [roots] [5]
164.  Phyllanthus urinaria L. Semai [whole plants] [6]
165.  Physalis minima L. Jah Hut [leaves] 2]

7
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information

166.  Pinanga polymorpha Becc. Jah Hut [leaves] [5]
167.  Piper betle L. Temuan [leaves] [4]
168.  Piper caninum Blume Semang [fruits and barks] [7]
169.  Piper muricatum Bl. Semai [leaves] [6]
170.  Planchonella obovata (R. Br.) Pierre Semang [leaves] 3]
171.  Platycerium bifurcatum (Cav.) C. Chr. Semang [tubers] [71
172.  Plumeria obtusa L. Semai [flowers] [6]
173.  Polyalthia bullata King. Jah Hut [roots] [5]
174.  Pongamia pinnata L. Semang [leaves and seeds] 3]
175.  Pseuderanthemum crenulatum (L.) Lindl. Jah Hut [leaves] 2]
176.  Pseuderanthemum piloselloides (L.) M.G. Price Jah Hut [leaves] 2]
177.  Psidium guajava L. Jah Hut [leaves], Temuan [leaves] [4, 5]
178.  Psychotria montana Bl. Jah Hut [roots] [5]
179.  Rafflesia cantleyi Solms.-Laub. Semai [flowers] [6]
180.  Rennellia speciosa (Wall. ex Kurz) Hk.f. Jah Hut [roots] [5]
181.  Rourea concolor Bl. Temuan [roots] [4]
182.  Salacca affinis Griff. Jah Hut [leaves] [5]
183.  Sambucus javanica Reinw. ex Blume Semang [leaves] 3]
184.  Sansevieria trifasciata Prain Semang [leaves] [3]
185.  Smilax calophylla Wall. Semang [roots], Temuan [whole plants] [4,7]
186.  Smilax lanceifolia (L.) Roxb. Jah Hut [leaves] 2]
187.  Smilax myosotiflora L. Jah Hut [bulbs] 2]
188.  Solanum nigrum L. Semang [fruits and leaves] [3]
189.  Spilanthes paniculata Wall. ex DC. Semang [flowers] [7]
190.  Stachyphrynium jagoranum Schum. Jah Hut [roots] [5]
191.  Stachytarpheta jamaicensis (L.) Vahl. Semang [whole plants] [3]
192.  Striga asiatica (L.) Kuntze Jah Hut [whole plants], Temuan [whole plants] [4, 5]
193.  Strobilanthes crispus Blume Semang [leaves] [3]
194.  Styrax benzoin Dryand Jah Hut [resin], Semai [resin] [5, 6]
195.  Syzygium cerina Hend. Semang [roots] [3]
196.  Syzygium samarangenese Blume Semang [leaves] [3]
197.  Tagetes patula L. Semai [flowers] [6]
198.  Talinum triangulare (Jacq.) Willd. Semang [flowers] [3]
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No. Species Indigenous tribe(s) [plant part(s) used] Sources of
information

199.  Tectaria angulata (Willd.) Copel Semang [roots] [7]

200.  Tetracera macrophylla Wall. ex Hk.f. & Thoms  Jah Hut [leaves], Temuan [leaves] [4, 5]

201.  Timonius wallichianus (Korth.) Val. Semang [roots], Jah Hut [whole plants] [5, 7]

202.  Tinospora crispa (L.) Miers. ex Hk.f. and Thoms. Temuan [stems], Semang [stems] [3, 4]

203.  Trema orientalis (L.) Bl. Temuan [leaves and shoots] [4]

204.  Trichilia trijuga Roxb. Semang [barks] [3]

205.  Urena lobata L. Semai [stems] [6]

206.  Uvaria sorsogonensis C.Presl. Semang [leaves] [3]

207.  Vernonia arborea Buch.-Ham. Jah Hut [roots] [5]

208.  Vernonia cinerea (L.) Less. Jah Hut [leaves and roots] [2]

209.  Zingiber griffithii Baker Semai [rhizomes] [6]

210.  Zingiber officinale Rosc. Temuan [rhizomes] [4]

211.  Zingiber ottensii Valeton Semang [rhizomes] [3]

212.  Zingiber spectabile Griff. Jah Hut [leaves], Semai [leaves] [5, 6]

213.  Zingiber zerumbet (L.) Roscoe ex Sm. Semang [latex] [7]

Table 1. Annotated medicinal plant species list of the indigenous tribes in Peninsular Malaysia.

doorstep of the indigenous tribes, knowledge and usage of biodiversity decrease and eventu-
ally become adulterated or lost to humanity [4].

4. Future studies on medicinal plants of indigenous tribes in Peninsular
Malaysia

Future studies on medicinal plants should be extended to more villages of the indigenous
tribes in Peninsular Malaysia. The studies should include aspects that have not been ade-
quately addressed in the previous studies. Other aspects that can be included in future stud-
ies are the use of geographical information system to analyze the spatial trend on medicinal
plants of the indigenous tribes and also the development of automated identification system
for medicinal plant species.

Geographic information systems (GIS) have not been used in any studies on the medicinal
plants in Peninsular Malaysia, although the use of GIS for conserving medicinal and herbal
plants elsewhere has been reported [14-17]. GIS application together with remote sensing
data could be used for comprehensive vegetation mapping and analysis of data attained from
ground surveys. In terms of mapping medicinal plants, remote sensing data can be useful to
obtain information on land usage or coverage, vegetation, terrain attributes, distribution, and
accessibility to area. Besides this, GIS could be used to produce map layers and to develop

9
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comprehensive databases on physical, biological, and environmental parameters which gov-
ern the spatial distribution and abundance of medicinal plants.

Serious consideration should be given to the use of machine learning for rapid identification of
medicinal plants, especially those utilized by the indigenous tribes in Peninsular Malaysia. As
medicinal plants utilized by most of the indigenous tribes have not been studied, these tech-
niques will facilitate urgent documentation of the plants which are needed for their conserva-
tion. Machine learning methods such as artificial neural networks (ANN) and support vector
machine (SVM) have been used to develop automated plant species identification despite the
claims that leaf morphology is not a reliable indicator in identifying tree species. ANN is a
mathematical model composed of many processing units that communicate by interconnected
variables. It is trained using data for which the classes are known, followed by being used
for class prediction of unidentified data. Multilayer structure of ANN enables learning from
complex input image features and generates single output. Support vector machine (SVM) is
a supervised learning method proposed by Cortes and Vapnik [18], generating hyperplanes
for classification, based on statistical learning theory and structural risk minimization. The
boundary of hyperplanes separates the sample data mapped in space, clearly dividing them
into categories. New data will be predicted to belong to a category by the hyperplanes.

Studies conducted by Clark et al. [19] applied ANN to extract features from species of the
genus Tilin and achieved 44% accuracy rate. Kumar et al. [20] developed a “Leafsnap,” a
computerized system that searches on database for species matching and retrieval. Hearn [21]
used a combination of Fourier analysis and Procrustes analysis (a simple shape registration
method, based on rotation, translation, and scaling) to perform species identification using a
large database of 2420 leaves from 151 different species.

5. Conclusion

Two hundred and thirteen species of plants have been reported as medicinal to the indigenous
tribes in Peninsular Malaysia. Leaves and roots are the two most common medicinal plant
parts used by the indigenous tribes in Peninsular Malaysia. Medicinal use of roots requires
destructive harvesting which may lead to overharvesting of the plant species. Future studies
on medicinal plants of the indigenous tribes in Peninsular Malaysia should extend to more
tribes as information that is available up to now is only to the Jah Hut, Semai, Semang, and
Temuan tribes. Aspects of the medicinal plants of the indigenous tribes have been overlooked
in previous studies; such veracity of information and usage need to be emphasized in future
studies. To facilitate spatial analysis and identification of the medicinal plants, geographical
information system and machine learning techniques can also be employed in future studies.
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Abstract

Documentation of traditionally used aromatic and medical plants has been carried out in
many European countries over the last several years. Over the last decade, the Western
Balkans has become the area of a huge number of ethnobiological field studies. Many
of those focused on Balkans ethnobotany are linked to the long and ongoing history of
gathering and trading local wild aromatic and medicinal plants from this territory into
Western European markets. But only less than a half percent of these have been studied
for their chemical composition and medicinal value. The most investigated aromatic spe-
cies in this area belongs to the few biggest families: Asteraceae, Apiaceae, Lamiaceae and
Rosaceae. Medicinal value of plants lies in some chemical substances that produce physi-
ological action on the human body, which leads to positive effect on health. Essential
oils are secondary metabolites which are the most examined, as well as various plant
extracts. Isolation and identification of the compounds in combination with its biological
screening can considerably contribute to plant studies. Also, application of new activities
and novel techniques for susceptibility testing provide better knowledge of wild growing
medicinal plants as potential sources of biological agents and justified their traditional
uses.

Keywords: Western Balkans, ethnobiological studies, wild growing plants, essential oil,
extract

1. Introduction

World is endowed with wealth of medicinal and aromatic plants. Plants have always been the
principal form of traditional medicine in many undeveloped countries, and presently, they
are becoming popular throughout the developed world, where people strive to stay healthy
because of influence of chronic stress and pollution. One definition says that aromatic plants
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are the local heritage of global importance [1]. In many countries of Balkans, people practiced
traditional medicine which is based on the use of plants. The way of use is determined with
culture, philosophy and personal attitude. This practice is usually different than conventional
medicine. Long period of using traditional medicine has demonstrated that it is safe and effec-
tive [2]. Medicinal plants also play an important role in the lives of rural people, particularly
in remote parts of developing countries with a few health facilities. It is estimated that around
70,000 plant species have been used at one time or another for medicinal purposes. At the pres-
ent time, when there is a tendency to respect nature and natural processes more and more,
the value of local knowledge on the stability of ecosystem dynamics in sensu lato deserves
the most attention of scientists [3]. Various pathological conditions of humans that could not
be fully treated by conventional pharmaceutical agents are numerous [4]. For this reason,
there is a growing tendency in use of herbal preparations. However, scientific researches need
to provide additional evidence of their safety and efficacy. Medicinal plants contain active
substances which may have active effects on human body and its health. Different diseases
could be treated with different plants, which may have 2-3 up to 3040, sometimes even
more, different active substances. Any wrong use can cause various complications, due to the
established cytotoxicity for many plant compounds [5]. For all these reasons, medicinal and
aromatic plants are in focus of many scientific groups which doing experiments and trying to
find new useful compounds.

2. Plant diversity of Western Balkans countries

It is estimated that at least 265,000 species of seed plants [6] exist on earth. Only less than a half
percent of these have been studied exhaustively for their chemical composition and medicinal
value [7]. With about 6340 different vascular plant species reported, the Balkans, compared
to 10,500 species accepted in the Flora Europaea, is one of the most important biodiversity
centres of Europe [8]. Region of Serbia is rich in medicinal herbs; about 700 species exist on
its territory which is 10.7% of total flora with 3662 taxa. Abundance of medicinal herbs placed
Serbia in 158 centres of biodiversity in the world [9]. Despite the inconspicuous extension of
the territory of Bosnia and Herzegovina (Western Balkan Peninsula; Southeast Europe), the
country holds about 3600 species of vascular plants [10]. In Flora Croatica, around 5000 spe-
cies and subspecies are registered. Among them, 1144 species and subspecies (21% of total
flora) are used for different purpose. The greatest number (25%) of these plants is used in
traditional as well in official medicine [11]. Croatia is also one of the centres of endemism in
south-eastern Europe. No less than 5.65% of the total numbers of known plant species are
endemic. Flora of Montenegro consists about 2632 species of vascular plants, as well as of
numerous lower infraspecies taxa as varieties and forms [12]. New data suggest 104 taxa more
in second supplement to Rohlena's Conspectus [13]. The flora of the Republic of Macedonia
is among the richest floras not only in respect to the Balkan Peninsula, but also in the context
of the whole European continent. According to recent data, 210 families, 920 genera and 3700
species comprise the flora of higher plants, angiosperms being the richest group with about
3200 species. Endemic taxons represent a special characteristic and value of the Macedonian
flora. Among them, 114 flowering plant species are Macedonian endemics [14].
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3. Ethnobotanical studies

The knowledge of plants, which are used by local people in different geographical areas,
is documented in ethnobotanical studies. People in rural areas with traditional knowledge
about plants, which are used as a food, spices, flavouring and for medicinal purposes, trans-
mitted that information from one generation to the next. This knowledge is associated to plant
identification, conservation and uses. An extensive ethnobotanical work yielded interesting
results that confirmed many assumptions and estimates about plant uses [15].

A group of scientists investigated the local traditions of using wild food plants around Lake
Vrana (northern Dalmatia, Zadar region) [16]. This research includes studies and interviews
of 43 inhabitants of six traditional villages north of Lake Vrana. On average, 12 species were
listed, which in total produced an inventory of 55 food plants. The most common medici-
nal species were Rosa canina L., Salvia officinalis L., Achillea millefolium L., Helichrysum italicum
(Roth) G. Don and Mentha spp.

Ethnobotanical study on medicinal use of wild and cultivated plants in middle, south and west
Bosnia and Herzegovina was presented with 228 wild and cultivated species (belonged to 50
families and 124 genera) and 730 different preparations for the use in human therapy. Species of
the genus Achillea L., Hypericum L., Mentha L., Teucrium L., Thymus L. and Urtica L. were particu-
larly highly recommended, by almost 90% of the informants that used these species in prepa-
rations. Medicinal plants are often used for treatment of different illness such as urogenital
tract—16.0%, respiratory system—16.0%, gastrointestinal tract—14.4%, skin ailments—11.5%,
blood system —8.8%, nervous system—7.1%, cardiovascular system —6.6%, rheumatism —5.9%;
metabolism disorders—3.8%, senses disorders—2.1%, influenzal infections—2.1%, lever and
gall disorders—1.9%, parasitic induced ailments—1.6%, inflammations —1.0%, musculoskeletal
system —0.8%, endocrinological —0.3% [10].

Usually used plants from the region of Suva Planina Mountain are from families of Lamiaceae
—20, Asteraceae—17, Rosaceae—16, Brassicaceae—5, Alliaceae—4 and Apiaceae—4. On this
region were identified 128 plants and 2 fungi. Most of them are used in ethnomedicine but
some of them in ethnoveterinary medicine. Some plants have ‘other’ purposes. While the most
common conditions treated with medicinal plants are respiratory (79), urogenital (53), gastro-
intestinal (51), skin (43) and those relating to the circulatory system (35) [17]. On Kopaonik
Mountain (the central part of Serbia), 83 wild plant species reported by informants to have
medicinal properties have been recorded. The most often used plants belong to six families:
Asteraceae—15.8%, Lamiaceae—15.8%, Rosaceae—7.3%, Malvaceae—3.7%, Apiaceae—3.7%
and Plantaginaceae—3.7%, within 69 genera and 41 families. In all other families, authors
detected the uses of only two or one species (2.4 and 1.2%). Based on investigations, they
concluded that tested plants had the highest influence on gastrointestinal ailments —50%, skin
injures and problems—25.6%, respiratory—20.5%, urinary-genital —20.5%, cardiovascular
problems—19.2%, antiseptic—15.4% and anti-infective effect—14.1% [18]. Botanical remedies
in the South-western Serbia (Zlatibor district) comprise 69 species belonging to 36 families. The
predominant botanical families were Rosaceae (16%), Lamiaceae (13%) and Asteraceae (12%).
From 69 mentioned species, 23 species are included in European Pharmacopoeia 7.0 [19].

15
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Those plants are used for treatment of gastrointestinal —33.1%, respiratory diseases—29.6%,
dermatologic diseases—14.8%, urinary tract ailments—6.1%, circulatory system—>5.1%, ner-
vous system and psyche—b5.1%, nutritional endocrine glands and metabolism —4.3%, skeletal,
muscle and connective tissues problems—1.0%, gynecological complications—0.5%, disease
of the sensorial system—0.3% [20].

On Prokletije Mountains (Montenegro), the most often used are Rosaceae—11 species which
makes 11.7%, Asteraceae—10 species or 10.6% and Lamiaceae—7 species which make 7.4%.
Ninety-four species are reported, 35 species in Ph. Eur. 6.0, which makes 37.2%, 12 species in
national pharmacopoeias or 12.8%. In most cases, aerial parts were used —43.6%. People usu-
ally used those plants for treating gastrointestinal —57.4% and respiratory diseases —41.5% [21].

In one of the most remote and poorest areas of Europe, the village of Theth, which is located
in the upper Shala Valley in the Northern Albanian Alps, 79 botanical taxa known and used
by the local population. This area is characterised by total absence of medical assistance,
but villagers of Theth used a small number of medicinal herbs for minor ailments. They
usually used aerial parts of Origanum vulgare L., also Hypericum maculatum Crantz, as well
as aerial part of Agrimonia eupatoria L., and they used roots of Gentiana lutea L. [22]. Among
of ethnobiological study of Pester plateau (South-western Serbia), where two communities
of Serbians and Albanians have been lived together from three centuries ago when they
immigrated to the area, 62 taxa in 129 plant-based remedies recorded as well as 204 plant
uses. Chenopodium-bonus hendricus (L.)Rchb., Gentiana lutea L., O. vulgare L., Hypericum spp.,
R. canina L., Urtica dioica L., which are mostly used in the same way and for the same folk
medical purposes, may be viewed as the medicinal plants whose cultural salience, measured
through the lens of quotations elicited during the free listing exercises, appears remarkable
in both communities [23].

A medico-ethnobotanical study was conducted among Albanians, Macedonians and Gorani
in 41 villages located in the Sharr Mountains in Western Macedonia. Seventy-six mainly wild
taxa (belonging to 34 families) were found to represent the remaining folk medical heritage
of the area. The most frequently cited families were Lamiaceae (15.7%), Asteraceae (14.4%),
Rosaceae (5.2%), Malvaceae (5.2%) and Fabaceae (5.2%). The large majority of the recorded
plants are used in form of teas, and mainly for minor dysfunctions of the respiratory sys-
tem (46%). According to results of investigations, leaves of Ballota nigra L. as a tea is used as
a digestive, leaves and fruits of Cornus sanguine L. as a tea against stomachaches, topically
applied leaves of Chenopodium urbicum L. for treating hemorrhoids, aerial parts of Convolvulus
arvensis L. as a tea against hypertension. This could be interesting for further phytophar-
macological investigations. Similar uses were reported by Gorani and Albanians, because
those two communities lived together over the century in the same area shared faith, while
Orthodox Macedonians reported different uses of these ethnic groups [24].

Comparison with traditional therapy in neighbouring countries showed that there exists con-
siderable similarity with respect to plants used and the way of usage [25, 18, 26]. Results
obtained in the area of Suva Planina Mountain comparing with results from other investi-
gated areas of the Western Balkans showed similarities with Zlatibor region—37.2% and
Kopaonik Mountain—32.3%. Compare the wider regions showed similarities with Bosnia
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and Herzegovina—40.9% and Bulgaria—40.6% [17]. It has also been observed that the inhab-
itants of mountain regions have longer traditional therapeutic tradition (more than six gen-
erations) compared to the rest of the population [10].

An important point in research is paying attention on analysis of endemic and rare species,
because they are potential source of new active compounds. However, strict rule and regula-
tions for protection of its localities are necessary because of threat of its extermination. If phy-
tochemical analyses show that those plants represent valuable sources of new compounds, it
could be necessary to find adequate way to its cultivations and preservation. The new activi-
ties and novel techniques for susceptibility testing provide field for research of well-known
medicinal plants as well as unknown plants.

4. Composition and biological activity of essential oils and extracts of
wild growing Lamiaceae species

The knowledge of plants which in ethnobotanical studies of Western Balkans countries O. vul-
gare is recognised as a plant with a range of health benefits. This uses are confirmed by scientific
research. Essential oil of this, well-known species, was characterised with dominance of carvacrol
(64.1%) and linalool (17.6%) and possesses strong antifungal activity against wild-type strains [27].
The cytotoxic, antioxidant and antibacterial activities are attributed mostly to the presence of the
isomeric phenolic constituents, carvacrol and thymol [28]. The dominance of 1.8-cineole (44.3%)
was found in essential oils of Rosmarinus officinalis L. as well as in sample of wild growing Hyssopus
officinalis L. subsp. pilifer (Pant.) Murb (36.4%) (Table 1) [27, 29]. The results showed that antifungal
activity offered by 1.8-cineole was incomplete and exhibited moderate activity at the highest con-
centration tested. Otherwise, this compound was arguably the most effective compounds regarding
fumigant activities against storage pest Cryptolestes ferrugineus Stephens followed by camphor and
carvacrol [30]. Phenolic acids were identified in post-distillation waste extract of H. officinalis subsp.
pilifer which possessed valuable radical scavenging activities (Table 1). The antioxidant activity
of phenolic acids is related to the number and position of hydroxyl groups [29]. Stachys anisochila
Vis. et Pan¢. is Balkans endemic species, distributed in Bulgaria, Serbia and Albania. Essential oil
composition of S. anisochila collected from Stara Planina, Serbia, shows a-pinene (7.6%), a-copaene
(6.2%), p-pinene (5.3%) and {-caryophyllene (4.5%) as the main compounds. Many species of
genus Stachys L. possess strong antioxidant and antimicrobial activity [31].

Nine species of genus Satureja L. have been registered in the area of the Central and Western
Balkans. The essential oils isolated from various Satureja species have shown antibacterial,
fungicidal, antiviral and antioxidant activities. Essential oil of Satureja horvatii Sili¢ (Table 1)
shows significant antimicrobial effect, and this oil successfully inhibited the development of
Lysteria monocytogenes in pork meat and also can be a useful source of natural antioxidants [32].
Oxygenated monoterpene hydrocarbons were the major compounds: carvacrol, thymol, carva-
crol methyl ether and p-linalool in essential oil of S. montana L. subsp. pisidica (Wettst.) Silic from
two localities (mountains Korab and Galic¢ica, Macedonia). Both oils showed excellent anti-
microbial activity and good cytotoxic potential [33]. Antioxidant activity of essential oils and
water wastes after distillation process of S. montana L. and S. cuneifolia Ten. was demonstrated

17
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Plant Origin Essential oil/main compounds Activity References

Hyssopus officinalis L. Sicevo gorge (Serbia)  1.8-cineole (36.43%), 3-pinene ~Antifungal, antioxidant [29]

subsp. pilifer (Pant.) (19.55%), isopinocamphone
Murb (15.32%) pinocamphone
(6.39%)
Micromeria dalmatica  Mt. Lovcen piperitenone (41.46%), Antimicrobial [35]
Benth. (Montenegro) pulegone (19.02%),

piperitenone oxide (14.49%),
D-limonene (6.23%) and
p-menthone (5.06%)

Satureja montana L. Mt Biokovo (Croatia) ~Carvacrol (63.4%), thymol Antioxidant [34]
(19.4%)
Satureja montana L. Budva Thymol (24.7%), carvacrol Antimicrobial, antioxidant, [39]
ssp. montana Cetinje (15.2%), linalool (15.4%). anticholinesterase activity
MtOrijen Carvacrol (24.5%), linalool
(Montenegro) (17.9%), cis-sabinene hydrate

(14.61%), terpinen-4-ol (10.6%).
Linalool (32.6%), cis-sabinene
hydrate (23.0%), terpinen-4-ol
(11%), nerolidol (9.4%)

Satureja horvatii Sili¢. Mt Orijen p-cymene (33.1%), thymol Antimicrobial [32]
(Montenegro) (26.1%) and thymol methyl
ether (15.1%)
Satureja cuneifolia Ten. Mt Biokovo (Croatia) ~Carvacrol (17.7%), Antioxidant [34]
spathulenol(13.2%),

caryophyllene oxide (9.5%),
a-cadinol (7.1%), amorpha-4,9-
dien-2-ol (6.7%)

Thymus praecox Opiz Mt Pasjaca (Serbia) trans-nerolidol (24.2%), Antimicrobial, antioxidant [38, 40]
ssp. polytrichus germacrene-D (16.0%), thymol

(9.6%)
Thymus longicaulis C. Jasenice (Croatia) Thymol (46.3%), y-terpinene  Antimicrobial [41]
Presl (16.2%), thymyl methyl ether

(11.4%) and p-cymene (9.4%)

Table 1. Main components and biological activity of essential oils from wild growing plants from Western Balkans—
Lamiaceae family.

(Table 1). The extract from waste water after hydrodistillation of these plant species was rich in
thymoquinone (38.7%) and (E)-coniferyl alcohol (18.1%), respectively [34]. Micromeria dalmatica
Benth. is an endemic species of Balkan Peninsula. In essential oil of M. dalmatica, the dominant
compounds were piperitenone, pulegone and piperitenone oxide (Table 1). This oil possess
high antimicrobial efficacy against food spoilage microorganisms, and significant activity of
this oil in pork meat against Salmonella typhimurium enhances the possibility to use it in food
preservation. Also, the essential oil of S. horvatii and oregano has been shown to be more or less
effective against spoilage microbiota in meat products [35].

Collection of Sideritis raeseri Boiss & Heldr. subsp. raeseri has a long tradition in local commu-
nities in the Ohrid-Prespa region. Recently, identified 17 compounds could be classified into
flavonoid glycosides or hydroxycynnamic acid derivatives [36]. They found that hypolaetin
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derivatives, known for their anti-inflammatory activity, were more abundant in S. raeseri subsp.
raeseri grown in National Park Gali¢ica (Macedonia) in comparison with S. scardica Griseb
grown near Galicica.

Since ancient times, plants from the genus Thymus L. are known according to their therapeu-
tic benefit. Recently, scientists discovered its new medicinal properties. They reported their
chemical composition, biological activities and occurrence of Thymus species from Balkans
[37]. Essential oil of wild growing T. praecox Opiz showed high radical scavenging and antimi-
crobial activities (Table 1). The major component, which is identified in supercritical extracts,
was thymol, with the strongest antimicrobial activity. Hexane/ethanol extract possessed
strongest antibacterial potential, while supercritical extracts were more efficient antifungal
agents. In 1,1-diphenyl-2-picrylhydrazyl (DPPH), radical scavenging assay hexane/ethanol
extract of T. praecox showed the best antioxidant activity, which is connected with the high
level of phenolics antioxidants [38].

5. Composition and biological activity of essential oils and extracts of
wild growing Apiaceae species

Many plants from “spices” family, Apiaceae, are phytochemicaly characterised, and they
are used in official medicine, but for much of them data are still missing or scant. Eryngium
palmatum Vis. et Pancic is an endemic perennial herb, distributed in the central part of the
Balkan Peninsula (Serbia, Bulgaria, Macedonia and Albania). Essential oil of E. palmatum, col-
lected from Ozren Mountain (Serbia), was characterised by high presence of sesquicineole
(21.3%), caryophyllene oxide (16.0%), spathulenol (16.0%) and sabinene (5.5%). Related spe-
cies, Eryngium serbicum Pancic, endemic in Serbia, in essential oil of aerial parts contains ger-
macrene D (19.7%), 3-elemene (10.0%) and spathulenol (6.9%). The main compounds in both
studied species consisted of sesquiterpenes [42]. In general, sesquiterpenes possess promis-
ing anti-inflammatory, antiparasitic and anticarcinogenic activities, but some of them can
cause serious toxicity. The essential oils of different Seseli L. species show antimicrobial and
antifungal activity, while extracts exhibit anti-inflammatory and antinociceptive properties.
Essential oil from aerial parts in the flowering stage and rosette in the vegetative stage of Seseli
annum L. collected on mountain Rtanj (Serbia), as dominant compounds contain sesquiter-
penes [-selinene, germacrene D, caryophyllene oxide, germacrene A (0-21.4, 3.4-19.1, 1.2—-
18.1,0-14.6%, respectively) and in lowest percentage a-selinene, 3-elemene, E-caryophyllene,
a-pinene, vetiselinenol, isodaucene (0-12.4, 0-11.4, 3.2-10.3, 0.6-7.5, 0-6.3, 0-5.4%, respec-
tively) [43]. Also, different extracts from three Seseli taxa (Seseli pallasii Besser, S. libanotis (L.)
Koch ssp. libanotis and S. libanotis (L.) Koch ssp. intermedium (Rupr.) P. W. Ball, growing wild
in Serbia) possessed antioxidant and antimicrobial activity [44]. Correlation from the total phe-
nolic and flavonoid content and in vitro antioxidant and antimicrobial activity of methanol
and water extracts was presented from Tordylium maximum L. (Ozren Mountain, Serbia) [45].
Essential oil isolated from the aerial parts and fruits of Cachrys cristata DC., a rare and criti-
cally endangered species in the flora of Serbia (Table 2), were rich in sesquiterpenes (45.7%)
and oxygenated sesquiterpenes (32.9%), while fruit oil consisted of a higher percentage of ses-
quiterpenes (48.3%) and oxygenated sesquiterpenes (36.7%) [46]. In fruit and aerial part was
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found germacrene D which is known for its effect on insects and present a potential source of
antibacterial and antifungal agents. It cannot be said that only germacrene D is responsible
for high activity because essential oils present mixture of different components which have
synergetic effect. Various extracts of traditionally used medicinal plants prepared with differ-
ent extraction method and solvent of different polarity possessed valuable antimicrobial and
antioxidant activity. Good activity is related to high concentration of total phenolic and total

Plant Origin Essential oil/Main Activity References
compounds

Cachrys cristata DC. Mt Rujan (Serbia) Aerial parts: Antimicrobial, [46, 50]
phytol (13.1%), antioxidant

germacrene D (12.9%),
B-caryophyllene
(9.7%), p-bourbonene
(8.5%)

Fruit: suberosin
(19.7%), germacrene D
(12.3%), germacrene B

(10.0%)
Echinophora sibthorpiana Stip (Macedonia) Aerial parts: methyl ~ Antimicrobial, [51]
Guss. eugenol (60.4%), antioxidant

p-cymene (11.2%),
a-phellandrene
(10.2%).
a-Phellandrene
epoxide (6.9%)

Ferulago macedonica Negotino city Inflorescence: a-pinene Antimicrobial, [52]
Micevski & E. Mayer  (Macedonia) (43.1%) and sabinene antioxidant

(26.7%), limonene

(6.5%)

Aerial part: a-pinene

(22.8%), sabinene

(15.5%), terpinen-

4-0l (9.6%), cis-

chrysanthenyl acetate

(9.5%) and p-cymene

(9.1%)
Heracleum orphanidis ~ Mt Pelister n-octanol (39.6), Antimicrobial, [47]
Boiss. (Macedonia) octylhexanoate (17.6%), antioxidant,

n-octyl acetate (14.1%). antiquorum sensing

Heracleum Mt Kopaonik (Serbia) ~ar-curcumene (13.4%), Antimicrobial, [48]
sphondylium L. {-sesquiphellandrene antioxidant
(11.9%), caryophyllene
oxide (9.2%)
Laserpitium latifolium L. Mt Staraplanina Sabinene (47.8%), Antimicrobial, [53]
(Serbia) a-pinene (24.9%), antioxidant

B-pinene (7.1%),
terpinen-4-ol (5.4%)

Table 2. Main components and biological activity of essential oils from wild growing plants from Western Balkans—
Apiaceae family.
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flavonoid content. Recently, in the study of four Peucedanum L. species (P. officinale L., P. lon-
gifolium W. et K., P. aegopodioides (Boiss.) Vandas and P. alsaticum L. from Serbia), their various
extracts were found significant correlation coefficient between radical scavenging DPPH and
2,2-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) radical scavenging activities with
the total phenolic content/total flavonoids content. Therefore, total phenolic components can
be used as an indicator in assessing the antioxidant activity of fruits and vegetables, including
Peucedanum species [47]. Many Heracleum L. species are edible, and medicinal plants Heracleum
sphondylium L. are used as food or food additive in many countries. Essential oil and extracts of
these plants were presented in Table 2. Aerial parts of H. sphondylium showed antioxidant and
antimicrobial effects [48]. Essential oil of Heracleum orphanidis Boiss consisted mainly of fatty
acid derivate (80.8%) was effective antimicrobial agent (Table 2). The methanol extracts from
aerial parts and roots of H. orphanidis were characterised by furanocoumarins, but stronger
antioxidant potential was detected by extracts from aerial parts. H. orphanidis showed con-
siderable biological potential considering free radical and various pathogenic strains, includ-
ing wild type of Pseudomonas aeruginosa. One of a new strategy for the treatment of bacterial
infections is inhibition of bacterial quorum sensing activity. The higher plants represent native
source rich in anti-quorum compounds as novel virulence inhibitors [49].

6. Composition and biological activity of essential oils and extracts of
wild growing Asteraceae species

Considering chemical composition of Artemisia absinthium L. essential oil, different chemo-
types have been established in Croatia B-thujone/(Z)-epoxy ocimene chemotype, while in
samples of A. absinthium from Serbia, pure p-thujone chemotype and p-thujone/cis-epoxy
ocimen chemotype and sabinene/a-phellandrene/sabinyl acetate chemotype were found. In
previous study were analysed chemical composition and biological activity of the essential
oil of A. absinthium (Table 3) [54]. This oil showed high antimicrobial and significant anti-
oxidant activity. Undiluted A. absinthium essential oil shown negative skin irritant reaction on
all 30 tested volunteers.Essential oil in oral application did not cause mortality in the treated
mice. Negative effects were neurological, muscle and gastrointestinal problems. In examina-
tions with Drosophila melanogaster, the result showed that the essential oil was toxic for insect
larvae in development.

The chemical analysis of essential oils of Tanacetum parthenium (L.) Sch. Bip., Achillea grandifo-
lia Friv. and Achillea crithmifolia Waldst. & Kit. (collected on the territory of Southeast Serbia)
was contained the monoterpenes. The major class of components showed camphor in T.
parthenium, A. grandifolia and A. crithmifolia and 1,8 —cineole in A. grandifolia and A. crithmifolia
(Table 3). The antiradical and antioxidant activities were determined using ABTS and DPPH
radical scavenging methods. The essential oil of A. grandifolia showed the highest antioxidant
activity. The antimicrobial activity was tested against 16 multi-resistant pathogenic bacteria
isolated from human source material. The essential oils of plant species used in the present
study can be considered as potential source of antimicrobial substances and may contribute
to solution of bacterial multiresistance [53].
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Pant Origin Essential oil/Main Activity References
compounds
Artemisia absinthium L. Near the city of Ni§ ~ Sabinene (24.5%), Antimicrobial, [54]
(Srbia) sabinyl acetate (13.6 %), antioxidant, insect

a-phellandrene (10.3%) repellent

Tanacetum parthenium Mt Staraplanina Camphor (51.4%), Antimicrobial, [53]
(L.) Sch.Bip. (Serbia) camphene (7.3%) antioxidant
Achillea grandifolia Friv. Jerma Gorge (Serbia) ~ Camphor (45.4%), Antimicrobial, [53]

1,8-cineole (16.4%), antioxidant
a-thujone (15.1%),

borneol (8.1%)
Achilea crithmifolia Mt Staraplanina Artemisia ketone Antimicrobial, [53]
Waldst. & Kit. (Serbia) (31.7%), camphor antioxidant

(25.4%), 1,8-cineole

(14.8%)
Helichrysum italicum  Bar (Montenegro) y-curcumene (22.5%), Antifungal [55]
(Roth) G. Don a-pinene (15.9%) and

neryl acetate (7.8%),
[-selinene (6.9%)

Table 3. Main components and biological activity of essential oils from wild growing plants from Western Balkans—
Asteraceae family.

7. Composition and biological activity of essential oils and extracts of
wild growing Rosaceae species

Investigation was carried out on air-dried flowers, leaves, stem-bark and wood of Prunus
mahaleb L. (wild growing trees near Sinj, sout Croatia). The main component that was isolated
from bark volatiles is coumarin with 34.1%, while in the wood is hexadecanoic acid with
46.0%. In the wood, eicosane was also detected with 12.9%. Hexadecanoic acid was isolated
in the leaves and bark (17.8 and 9.3%, respectively). As the main compound in the flowers are
isolated n-alkanes, heneicosane with 22.1% and octacosane with 13.0%. Phytol was isolated
in the leaves with 5.1%. In addition to the main components, three fatty acids—dodecanoic,
tetradecanoic and linoleic acids—were presented in all samples [56].

Geum rhodopeum Stoj. & Stef. is representative of the East Moesian endemic taxa of the
Balkans floristic subregion. Aerial parts of G. rhodopeum were collected at Prestojceva mahala
(Cemernik Mountain, Serbia). The major component of aerial parts from this essential oil was
a-bisabolol with 12.7% constituting of the oil. It is documented that a-bisabolol may be a
useful therapeutic candidate for the treatment of skin inflammation. Significant compounds
were also myrtenal (9.5%), 1-isopropyl-4,8-dimethylspiro[4.5]dec-8-en-7-one (7.7%), palmitic
acid (6.4%), myrtanal (5.8%) and 1-octen-3-ol (5.3%) [57]. The major component of aerial part
from G. coccineum Sibth. et Sm. essential oil (collected from natural populations of Jablanica
Mountain, Macedonia) was phytol constituting 24.3% of the oil [58]. According to the litera-
ture data, dewberry (Rubus caesius var. aqudticus Weihe. & Nees.) leaves have been used in



Aromatic Plants from Western Balkans: A Potential Source of Bioactive Natural Compounds
http://dx.doi.org/10.5772/67039

traditional medicine due to their anti-inflammatory, antiviral and antimicrobial, antiprolif-
erative activity against cancer cells and antitumor and wound-healing properties. Leaf metha-
nol, ethanol, acetone and water extracts from dewberry collected near city of Zajecar (Serbia)
were examined for its antioxidant activity using DPPH, ABTS, ferric reducing power (FRAP)
assay, total reducing power (TRP) methods. Acetone extract was with the highest antioxidant
activity against DPPH and ABTSe+ radicals as well as for total reducing capacity. Obtained
results showed that phenolic compounds are major contributors to the antioxidant properties
of R. caesius var. aquaticus) leaves [59].

8. Conclusion

According to numerous references, many aromatic plants from Western Balkans represented
valuable sources of potential new bioactive compounds. Considerable efforts were made for
investigation of essential oils and extracts and discovering new, natural antimicrobials, anti-
oxidants or cytotoxic agents. The results encourage the application of the plants for further
evaluations of other possible bioactivities and detection of active pure compounds as con-
stituents of the essential oils and extracts. Studies to date have identified a number of plant
compounds and explained its mechanism of action in organisms. All presented data addition-
ally validate the use of well-known aromatic plants in new treatments, as well as endemic or
rare plants which could be only scientifically investigated. High protection of their natural
localities is necessary, and new potential active compounds from those plants could be used
only with their possible cultivation. The beneficial effect of the aromatic plants from Western
Balkans that are recognised in traditional knowledge could be useful for conventional medi-
cine or other aspects for improving life quality.
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Abstract

This chapter reviews the main findings on Tahitian vanilla (Vanilla xtahitensis) over the
last 10 years. It brings new insights into the hybrid origin of V. xtahitensis and its diver-
sification in French Polynesia. It details then the different analytical methods used to
characterize the flavour properties and the aroma impact compounds of Tahitian vanilla,
with a special emphasis on how they can be used to differentiate Tahitian vanilla from
other vanillas. Finally, the effect of the curing process on the chemical composition and
the sensory properties is discussed. These results highlight the need to include some of
the key volatile compounds into a more adapted quality control, in order to describe the
characteristic sensory properties of Tahitian vanilla but also those from other origins.

Keywords: V. xtahitensis, Tahitian vanilla, genetic biodiversity, aroma chemistry, high
performance liquid chromatography, gas chromatography, sensory properties, quality
control, curing process

1. Introduction

Though Tahitian vanilla production represents less than 1% of the world vanilla production
[1], it possesses a unique aura, due to an original anise flavour, highly prized especially in
gastronomy and perfumery. In order to better develop and organize the vanilla sector and to
promote Tahitian vanilla specificities abroad, a dedicated institute “Vanille de Tahiti” was cre-
ated in 2003 in French Polynesia [2]. One of its main objectives is to provide support to local
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actors and help controlling pests and diseases threatening vanilla vines, with the sponsored
supply of insect-proof shade houses for instance. A research department was also established
in order to characterize Tahitian vanilla in comparison to other vanilla species, through the
study of the flavour composition and genetic diversity. The institute has been part of a larger
project, which focused on characterizing, protecting and promoting the sustainable use and
valorisation of vanilla biodiversity (VaBiome 2012-2015). This chapter aims at capturing the
most significant results that have been acquired over the last 10 years at the institute “Vanille
de Tahiti” through different collaborations inside and outside French Polynesia, with a par-
ticular focus on genetic diversity and aroma chemistry.

2. Origins and diversification of Vanilla xtahitensis

The introduction of vanilla in French Polynesia is estimated to have occurred during the
mid-nineteenth century. The elucidation of the origin of Tahitian vanilla is difficult due
to different reports of at least three introduction events from various origins (Philippines,
France and West Indies) [3-5]. On top of that, the origin of Vanilla introduced in the
Philippines was not solved and believed to be in Central America [5, 6]. Furthermore, the
number of different vanilla morphotypes or species that were introduced is unknown, as
authors described the introduction of Vanilla planifolia or Vanilla pompona, and even used
different names (Vanilla aromatic and Vanilla sativa) [3, 4] for species known today as syn-
onymous of V. planifolia. So it remains unclear, whether the Tahitian vanilla specificities
appeared before its introduction in a still indeterminate cultivation area, or after through
cultivation in French Polynesia.

Even if the origin of Tahitian vanilla is still confused, it is obvious that Tahitian vanilla, as
we know it today, is different from other vanillas and in particular V. planifolia, the most
cultivated species in the world. Since 1915, about 60 years after the first well-documented
introduction events, various new vanilla morphotypes were described in French Polynesia
[7]. Four morphotypes were early distinguished as “Tahiti”, “Haapape”, “Tiarei” and “Potiti”
[3, 5, 7, 8]. Based on morphological differences between vanillas found in French Polynesia
and other cultivated vanillas, Moore went a step further and claimed that Tahitian vanilla
was a new species and therefore called it Vanilla tahitensis [9]. Indeed, Tahitian vanilla differs
morphologically by having thinner stems, narrower leaves and shorter pods when compared
to V. planifolia [5, 9] (Figure 1).

In 1951, Porteres suggested that Tahitian vanilla could be a hybrid offspring between V.
planifolia and a complex V. pompona — V. odorata [10]. More recent assessment of the Tahitian
vanilla genetic diversity gave new insight into its hybrid origin. A genetic analysis based on
universal markers widely dispersed through the genome [amplified fragment length poly-
morphism (AFLP)] was carried out to compare the presence/absence of a set of AFLP mark-
ers. It showed that 31% of V. xtahitensis AFLP markers were shared only with V. planifolia,
while 6% of them were shared only with V. odorata, and other markers were shared with
more than two other Vanilla species [11, 12] (Figure 2). Another study based on the analy-
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Figure 1. Vanilla xtahitensis from French Polynesia: (a) vine in an insect-proof shade house, (b) flower, (c) mature pods
and (d) cured vanilla pods.

W specific to Vanilla xtahitensis
4 shared only with Vanilla planifolia
M shared only with Vanilla odorata

shared with >2 other Vanilla species

49%

Figure 2. Specificity of the AFLP markers amplified from Tahitian vanilla accessions (Vanilla xtahitensis) compared to
other Vanilla species.

sis of a part of the genome preferentially inherited from the maternal parent (non-coding
region of chloroplast DNA trnH-psbA) confirmed that V. planifolia was the maternal parent
of Tahitian vanilla [6]. Since then, Tahitian vanilla is called Vanilla xtahitensis; the “x” refer-
ring to its hybrid nature [13].
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Coming back to the analysis of genetic diversity based on AFLP patterns, all Tahitian mor-
photypes were (i) distinct from the other Vanilla species studied (V. planifolia, V. pompona and
V. odorata), (ii) genetically close to each other (mean dissimilarity index D = 0.0596) [11] and
strongly grouped (Figure 3). Amongst Tahitian vanilla cultivars, the genetic diversity was
higher than expected. While only 16 vanilla morphotypes were distinguished, more than 30
AFLP patterns were found. “Parahurahu” was the morphotype most genetically different
from “Tahiti”. It also differentiated by its morphological traits such as leaf size, pod shape and
its aromatic composition. The genetic diversity amongst Tahitian vanilla was also explained
by ploidy level differences. Indeed, the two mainly cultivated Tahitian vanilla morphotypes
“Tahiti” and “Haapape” shared the same AFLP pattern, however “Tahiti” appeared to be
diploid while “Haapape” was tetraploid [14]. Since vanilla is mainly propagated by stem
cuttings, such variability was unexpected. The comparison of molecular markers patterns led
to suggest that the recent genetic diversification in French Polynesia originated from self-
pollination rather than from mutation events.

Biodiversity of Tahitian vanilla is preserved in the Genetic Resources Centre “Vanille de
Tahiti” created on the island of Raiatea. About 140 accessions of V. xfahitensis collected on
different Polynesian islands are grown under insect-proof shade houses. These accessions,
which are part of a vanilla-breeding programme, can be diffused on demand to scientists from
any research institute for genetic or new flavour sourcing projects. Accessions are continu-
ously assessed for various agronomical traits, resistance to diseases and aroma composition
of their pods for further improvement.
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Figure 3. Phylogenetic tree of Vanilla species based on AFLP markers. Obtained from the Sokal and Michener genetic
dissimilarity index and neighbour joining clustering; bootstrap values are expressed in percentage.
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3. Tahitian vanilla flavour and differentiation from other vanillas

V. xtahitensis is mainly cultivated in French Polynesia but is also found, together with V.
planifolia, in New Guinea (Papua New Guinea and Indonesia). The origin of the intro-
duction of V. xtahitensis is unknown and the cultivar(s) grown have not been identified.
Moreover the pods are sometimes not differentiated according to their species and com-
mercialized as a mixture of V. planifolia and V. xtahitensis [15]. It results in products with
sensory properties completely different, when compared to those of Tahitian vanilla (see
Section 3.2).

In French Polynesia, the quality of Tahitian vanilla is guaranteed by the training of different
actors of the sector and several controls, after harvest and before exportation, are realized by
sworn experts, as specified in the designation of origin “Vanille de Tahiti” recently released
[16, 17]. Until 2014, there were no official analytical criteria to authenticate Tahitian vanilla in
the international trade context, which would enable to differentiate it with vanilla from Papua
New Guinea.

In order to determine what specifically differentiates Tahitian vanilla from other vanillas
(V. planifolia the most cultivated in the world, V. pompona and vanilla from Papua New
Guinea), in terms of flavour properties, the content of some chemical compounds of inter-
est was assessed using different analytical techniques. Due to ease of implementation, the
analysis by high performance liquid chromatography (HPLC) of vanilla extracts is still a
method of reference. However, other analytical methods developed to assess the olfac-
tory (gas chromatography-olfactometry) and gustative properties of vanilla, appear more
appropriate to characterize the sensory properties of the pods. In order to correlate sensory
properties and chemical composition, gas chromatography/mass spectrometry (GC/MS)
analysis was also considered because of its ability to quantify a much larger number of
compounds, when compared to HPLC.

3.1. Authentication based on HPLC profile

To authenticate natural vanilla (i.e. V. planifolia), quality control is usually based on the analy-
sis by HPLC of some characteristic compounds (vanillyl and p-hydroxybenzyl derivatives)
(Figure 4) extracted with ethanol as recommended by the International Organization for
Standardization and the AOAC International [18, 19]. The ratios between those compounds
are quite stable for the different origins of V. planifolia and throughout years of production, and
are therefore recommended as quality markers by the Direction Générale de la Concurrence,
de la Consommation et de la Répression des Fraudes (DGCCRF) guidelines [20]. However,
these ratios are not appropriate to authenticate Tahitian vanilla, as data fall without ranges.
It is worth noting that typical chromatograms obtained from Tahitian vanilla analysis are
composed not only of p-hydroxybenzyl or vanillyl derivatives but also and predominantly of
anisyl derivatives, which are actually not taken into account for those criteria (for compound
structures see Figure 4).
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Figure 4. Structure of key compounds in the aroma chemistry of Tahitian vanilla (V. xtahitensis). Odour descriptors are
specified into brackets when compounds have been detected by GC-olfactometry in Refs. [21, 22].

This is exemplified by a study carried out between 2005 and 2007 at the Institute “Vanille de
Tahiti”. More than 300 vanilla samples, collected from vanilla curers based on the islands
of Tahaa and Raiatea, where most of the vanilla was produced in French Polynesia at that
time, were analysed by HPLC, together with 22 samples of V. planifolia and 9 samples from
Papua New Guinea. The results showed that contrary to V. planifolia, which was composed
almost only of vanillin (80% of the total quantified), Tahitian vanilla was characterized by
a more subtle distribution: vanillin (25%), anisyl alcohol (30%), anisic acid (15%) as well as
p-hydroxybenzyl compounds (20%) and protocatechuyl derivatives (5%) for a total con-
tent of 47,000 ppm (Figure 5), which exceeded the values typically reported for V. planifolia
(40,000 ppm) [23-25].

The HPLC composition of Tahitian vanilla was homogeneous between the three years of pro-
duction, for compounds whose concentration was higher than 1000 ppm (relative standard
deviation <15%). As a result of this, low variability shown by principal component analysis
using the HPLC composition and vanilla samples from various origins, it was possible to dif-
ferentiate a set of Tahitian vanilla samples from V. planifolia of different origins and also from
vanilla of Papua New Guinea, independently of the species (Figure 6).

The HPLC compositions of “Tahiti” and “Haapape” cultivars, which are the two main
cultivars produced in French Polynesia, were found to be very close. The slight varia-
tions consisted in more vanillin and less p-hydroxybenzyl compounds in “Tahiti” pods.
Consequently to this study, recommendations based on the contents of characteristic
HPLC aroma compounds and their ratios have been made to assess Tahitian vanilla qual-
ity in French Polynesia. They have been integrated into official decrees published recently
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Figure 5. HPLC composition of Tahitian vanilla (V. xtahitensis from French Polynesia; n = 300 samples over 3 years of
production 2005-2007) and V. planifolia (20 samples from various origins: Madagascar, la Réunion, Mexico, Costa Rica).

[16, 17]. These decrees define the Tahitian vanilla’s designation of origin (“Vanille de
Tahiti”), its production area, the cultivars to be produced (“Tahiti” and “Haapape”) with
their genetic characteristics, the production and the curing process methods, as well as
the pods quality based on moisture content (45-50%), aroma content and characteristic
ratios using the concentrations of anisyl, vanillyl, p-hydroxybenzyl and protocatechuyl
compounds determined by HPLC. These criteria can also be used to authenticate Tahitian
vanilla abroad.

3.2. Towards a better authentication based on the relevant flavour compounds

Though HPLC is a reliable analytical technique to analyse some characteristic compounds of
the vanilla pods, it appears as more convenient to use complementary analytical and sensory
techniques to quantify more compounds, in particular those likely to contribute/to affect the
vanilla flavour. The perception of a flavour is due to the detection of a complex mixture of
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Figure 6. Projection plots on Principal Components of (a) observations scores (dataset of vanilla samples from
different origins and (b) variables coefficients (compound concentrations analysed by HPLC). PC1 and PC2 explained,
respectively, 72% and 12% of the total variance in the data.

compounds having various physico-chemical properties. Non-volatile (or less volatile) com-
pounds, like essential fatty acids, have the ability to fix some non-polar aroma constituents.
Volatile compounds, which have various odour-detection thresholds, can sometimes have
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a preponderant impact on the aroma, even when present in low amounts. Tahitian vanilla
aroma chemistry has been therefore investigated using additional analytical techniques, such
as gas chromatography-mass spectrometry (GC-MS), sensory analysis and a hyphenated
technique, gas chromatography coupled with olfactometry (GC-O) designed to detect more
volatile compounds.

3.2.1. Gas chomatography-olfactometry and volatile compounds

GC-olfactometry enables to decompose the individual odours of an aroma extract and
attribute these odours to specific compounds, which are called aroma impact compounds.
GC-olfactometry was applied to the analysis of different vanilla extracts: V. planifolia from
Mexico [26], V. planifolia from Madagascar and Uganda [27], V. xtahitensis from French
Polynesia [21, 22] and V. pompona from Mexico [28]. The unique sensory fingerprint of Tahitian
vanilla was highlighted by the detection of about 60 notes using the odour-specific magnitude
estimation (OSME) method for both cultivars “Tahiti” and “Haapape” [21]. Amongst them, 38
were attributed to a specific compound. Anisaldehyde and guaiacol were found to be the main
aroma impact compounds of Tahitian vanilla. These two compounds were also found to be
primary impact aroma compounds of V. pompona, although the overall aroma characteristics
of the two species were quite different. Main aroma impact compounds of V. planifolia were
vanillin derivatives and phenolic compounds such as guaiacol, creosol, p-cresol or phenol.
It is noteworthy that despite a relatively low content in the pods, anisyl compounds such as
anisaldehyde and anisylalcohol were also identified as odour-impact compounds in V. plani-
folia [26, 27]. The GC-O profile of V. xtahitensis was more balanced compared to other species;
enabling the co-expression of multiple notes such as phenolic-vanilla like notes, anise-spicy
and floral notes, while V. planifolia flavour was mainly characterized by phenolic-vanilla notes
and V. pompona by floral notes (Figure 7).

3.2.2. Sensory properties and volatile compounds

In addition to the compounds analysed by HPLC, various volatile compounds such as phe-
nolic compounds, aliphatic aldehydes, ketones and esters contributing to the flavour of
Tahitian vanilla were identified and quantified by GC-MS [29]. Still, this method highlighted

V. planifolia V. xtahitensis V. pompona

Y

M anise-spicy

# phenolic-vanilla

H floral, aldehyde, fruity
butter, cheese, fatty

W sulfur, earthy
“ nutty, roasted
undefined

(a) (b) (c)

Figure 7. Distribution of odour vanilla notes based on the analysis by GC olfactometry of the impact aroma compounds
of (a) V. planifolia, (b) V. xtahitensis, and (c) V. pompona (adapted with permission from Ref. [21, 27, 28]).
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that compared to V. planifolia, V. xtahitensis had a higher content of anisyl compounds, which
represented 70% of the total volatile content against 7% for V. planifolia; amongst them anisyl
alcohol, anisaldehyde, methyl anisate and anisyl acetate were the major ones (for compound
structures see Figure 4). The other characteristics of V. xtahitensis were a much lower vanillin
content than V. planifolia (5-10% against 30%, respectively), as well as lower contents of phe-
nolic compounds and aliphatic aldehydes (less than 10% against more than 40% and 0.5-1%
against 2%, respectively). The volatile composition of Papua New Guinea vanilla showed
some similarities to that of Tahitian vanilla especially regarding anisyl compounds, but some
key compounds could differentiate them such as methyl esters, anisyl formate, p-cresol or
p-vinylguaiacol [29].

In relation to their volatile composition, it was also possible to clearly differentiate the sensory
properties of Tahitian vanilla from V. planifolia and also from vanilla from Papua New Guinea.
The method used, called quantitative descriptive analysis, consisted in a panel of judges who
tasted aroma extracts. Compared to the other vanillas, Tahitian vanilla displayed more intense
anise, caramel and vanilla notes despite a relatively low vanillin content. V. planifolia was
characterized by more intense phenolic, woody and smoky notes (Figure 8) [29]. Similarly,
another sensory study depicted Tahitian vanilla aroma as less resinous, less dried fruit-like
and more floral compared to V. planifolia from Madagascar [22]. The sensory profile of vanilla
from Papua New Guinea was well differentiated from that of Tahitian vanilla with strong
fruity, spicy and brown rum notes [29], the latter being probably related to the curing method
as those were found to become stronger throughout the curing process (see Section 4).

Vanilla B Madagascar, V. planifolia
8
CJPapua New Guinea

O Tahiti' &' Haapape' V. xtahitensis

Spicy Phenolic

Fruity Anise

Woody Rum

Figure 8. Sensory profiles of Tahitian vanilla (V. xtahitensis, mix of “Tahiti” and “Haapape” cultivars) compared to vanilla
from other origins (adapted with permission from Ref. [29]).
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As we tried to correlate the sensory properties of vanilla from different origins to their volatile
composition, it remained difficult to link single volatile compounds to specific notes, as there
are many interactions between volatile and non-volatile compounds. However, we were able
to show that the strongest correlations were between phenolic, woody, smoky notes and a
pool of phenolic compounds such as guaiacol and creosol. Such correlation between guaiacol
and woody notes has also been highlighted for V. planifolia [25] and led to the development of
more appropriate analysis methods to characterize vanilla flavour also based on the detection
of negative compounds such as guaiacol [30]. Anisyl compounds, especially methyl anisate
were well correlated with anise notes. p-Vinylguaiacol was another compound of interest, as
it was in higher amounts in vanilla from Papua New Guinea compared to Tahitian vanilla and
differentiated the two origins [29]. These results stressed the need to integrate volatile com-
pounds belonging to the phenolic series (guaiacol, creosol, p-cresol and p-vinylguaiacol) and
to the anisyl series (anisyl alcohol, anisaldehyde and methyl anisate but also anisyl formate
and anisyl acetate) in a more appropriate quality control, be it to authenticate V. xtahitensis or
more generally to assess vanilla quality independently of its origin.

4. The effect of curing process on vanilla flavour

Since we started our journey studying Tahitian vanilla characteristics, there was a question
that needed to be answered: how much of the aroma is inherent to the vanilla species and
what is the influence of the curing process on the aroma development? To get an answer,
we first have to go back to the curing process as it is performed in French Polynesia. First,
Tahitian vanilla pods are harvested when fully ripe, then they are cured following three main
steps [31]:

(1) Shade browning: vanilla pods have 80% moisture and are exposed on the shade until
being entirely brown.

(2) Sun drying and sweating: for several weeks, pods are alternatively exposed for a short
period of time (2—4 h) in the sun every day, then wrapped into a cotton fabric and leave to
sweat overnight in closed wooden cases. As pods become increasingly flexible and glossy
due to water loss, they are massaged to ensure seeds are spread lengthwise.

(3) Air drying and refining: finally pods are left in the shade so that the moisture and aroma
contents stabilize in order to obtain homogeneous batches (around 50% moisture).

Unlike other vanilla species, V. xtahitensis pods do not split when fully ripe. It means they can
be kept on the vine until full maturity when aroma content is at its optimum. Late harvest is
also likely to limit the risk of mould formation during storage. Another consequence is that
there is no need for any initial heat treatment in hot water or in an oven, as it is performed
commonly in the Indian Ocean region, in Central America or in New Guinea. During curing,
many biotransformations take place due to the presence of intrinsic enzymes located in the
pods and/or the action of colonizing microorganisms on the surface as evidenced by the latest
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findings on V. planifolia [32]. Even if the different biotransformations involved are still unclear,
they will definitely contribute to the development of the final vanilla flavour that one can
experience when smelling cured vanilla pods.

4.1. Effect of curing on aroma composition using HPLC

The evolution of the aroma composition of Tahitian vanilla pods was monitored by HPLC
analysis of “Tahiti” and “Haapape” samples collected at various steps of the curing process. It
was observed that through drying, the aroma content of the pods decreased by around 30%,
from around 70,000 ppm at 80% moisture content to 50,000 ppm for a final moisture content
of 50-55% (Figure 9). This loss could be attributed to co-evaporation of the compounds with
water while sun drying and/or loss in liquid form during pod sweating, as evidenced by the
oily substance observed at the surface of the fabric wrap.

Within a same compound series, acids concentrations (in red) remained stable during the cur-
ing process; while alcohols concentrations (in blue) tended to decrease linearly over time. The
fate of aldehydes (in black) varied across the series, as anisaldehyde concentration remained
stable, while vanillin concentration decreased linearly. These different trends were related to
many interdependent factors such as the oxidation state of the compounds (alcohols can be
oxidized into aldehydes then into acids within a series), their physico-chemical properties
(volatility and lipophilicity), and the fact that the compounds can be potential substrates or
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Figure 9. Variations of Tahitian vanilla composition obtained by HPLC during the curing process (V. xtahitensis, “Tahiti”
and “Haapape” cultivars).
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metabolites of intrinsic enzymes or colonizing microorganisms. The relatively high variability
of the compounds concentration, especially vanillin, observed at the beginning of the curing
process progressively decreased, resulting in more homogeneous vanilla batches at the end
of the curing process.

4.2. Effect of curing on sensory properties and volatile compounds

In order to get a better understanding of how the pod aroma was developed, we studied the
evolution of sensory properties by quantitative descriptive analysis and of relative volatile
compounds concentration by GC-MS at different steps during the curing process: (i) step S1—
shade browning (80% moisture), (ii) step S2—sun drying (60-65%, pods are wrinkled); (iii) step
S3—air drying (50-55% moisture); (iv) step S3* —enhanced drying: sun drying was extended to
mimic curing methods of vanillas from other origins and obtain vanilla pods at 40% moisture.

Some of the sensory notes of “Tahiti” cultivar varied significantly during the curing pro-
cess (Figure 10), while the variations for “Haapape” were not significant (data not shown).
Regarding the “Tahiti” cultivar, vanilla, anise, rum and caramel notes remained as intense
as they were initially or slightly decreased while woody, phenolic, smoky, spicy and fruity
notes progressively (and significantly for most of them) built up during the curing process. It
is noteworthy that even when V. xtahitensis pods were taken to the enhanced drying step until

Vanilla OTahiti' 80% moisture

OTahiti' 65% moisture

Caramel OTahiti' 50% moisture

OTahiti' 40% moisture
it Madagascar V. planifolia

:Papua New Guinea

Spicy * Phenolic *

Fruity * \ ; ey Anise

Woody * Rum

Figure 10. Sensory scores of Tahitian vanilla (V. xtahitensis, “Tahiti” cultivar) at different moisture contents during the
curing process compared to other vanillas. *indicate that sensory scores were significantly different between Tahitian
vanilla samples during the curing process (p < 0.05).
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reaching 40% moisture, they still had a sensory profile different from other vanillas. However,
some sensory characteristics, especially phenolic, woody, fruity and spicy notes tended
towards to that of V. planifolia or vanilla from Papua New Guinea, which is not required as
the development of such notes is not seen as an improvement. Based on these findings, curing
should be processed judiciously in order to enable the perfect balance of phenolic and anise-
floral notes to develop. Drying up to 50% appeared to be the optimal conditions in order to
retain as much as possible the initial organoleptic properties of Tahitian vanilla (vanilla and
caramel) while limiting the woody, smoky and phenolic notes.

The curing method induced variations in the volatile composition, which impacted greatly
the final flavour. Despite a relatively low concentration in the Tahitian vanilla extracts, some
aliphatic aldehydes and ketones played a pivotal role by GC-olfactometry [21] due to a low
odour threshold [29]. They originate from the oxidation of essential fatty acids such as lin-
oleic and oleic acids, the major fatty acids in Tahitian vanilla pods [33]. Indeed, the fatty
acid content was found to decrease from 2.7% of dry matter to 1.6% during the curing pro-
cess (cultivar “Tahiti”). The increase in the concentration of saturated aldehydes (hexanal,
heptanal, octanal and nonanal) linked to fruity notes was seen as positive, contrary to the
increase of monounsaturated (heptenal, octenal, nonenal and decenal) and diunsaturated
aldehydes (2,4 decadienal) (Figure 11a), which displayed less pleasant notes like leather,
olive, wax and cooking fat by GC-O [21]. Thus, drying the pods until 40% moisture is not
recommended. Similar variations of aliphatic aldehydes were observed during the curing
process of V. planifolia [34]. Aliphatic ketones, such as 2,3 butanedione and 2,3 pentane-
dione perceived as butter, were found to have an optimal content at 50% moisture, while
3-hydroxybutanone decreased, being metabolized by bacili bacteria into 2,3-butanediol as
suggested for cocoa [35].

The overall content of odour-active anisyl compounds was stable during the curing pro-
cess of Tahitian vanilla, even though individual compounds contents varied (Figure 11b).
When comparing the evolution between steps S1 and S3*, anisyl alcohol and methyl anis-
ate contents were found to decrease, while anisaldehyde, anisyl acetate and anisyl formate
contents slightly increased. The overall content of phenolic compounds (guaiacol, p-cresol,
creosol, phenol, p-vinyl-phenol and p-vinyl guaiacol) increased during the curing process,
in tune with the development of phenolic notes. Particularly, there was a dramatic increase
of p-vinyl guaiacol by five-fold (Figure 11c). The increase of such phenolic compounds was
also observed when Tahitian vanilla was stored for a long period of time (five years, data not
shown). Overdrying vanilla pods to 40% moisture, as usually performed in other countries,
was not beneficial to the Tahitian vanilla aroma, due to the concomitant increase of pheno-
lic compounds concentration and the development of phenolic notes. The higher levels of
p-vinylguaiacol and other phenolic compounds detected in vanilla from Papua New Guinea
can find its roots in the way the curing process is performed.

Single compounds variations such as anisaldehyde, methyl anisate, guaiacol or p-vinyl
guaiacol could not explain all the variations observed while monitoring sensory properties
during the curing process, as aroma compounds also interact with less volatile compo-
nents and between them. However, they were found to be overall good indicators of the
development of the targeted sensory properties and it would be advisable to monitor their
concentrations.
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Figure 11. Evolution of key volatile compounds of Tahitian vanilla during the curing process (V. xtahitensis, Tahiti
cultivar) (a) aliphatic compounds, (b) anisyl derivatives, (c) phenolic compounds and heterocyclics. DM: dry matter.
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5. Conclusion

Tahitian vanilla has come a long way to be as it is known today. Various vanilla vines from
different species have travelled around the world and been introduced in French Polynesia,
to give the hybrid V. xtahitensis, which is currently grown in French Polynesia. Polynesian
vanilla growers have selected over time the best cultivars to be produced, “Tahiti” and
“Haapape” and have refined the curing method according to the specificity of Tahitian
vanilla. This study showed that HPLC analysis and vanillin content of the pods were not
always appropriate to assess the flavour properties of the pods. Modern analytical tech-
niques have highlighted the subtle aroma chemistry of Tahitian vanilla. The use of sensory
techniques has enabled to show that the flavour of Tahitian vanilla differentiated from other
vanilla by stronger anise, vanilla and caramel notes. The weaker phenolic and woody notes
appeared to be linked to the curing process, which plays a very important role in the devel-
opment of volatile compounds. Curing vanilla pods at 50% moisture seems to be the optimal
content so that Tahitian vanilla aroma develops fully and keeps its distinctive characteristics
compared to other origins.

New authentication criteria of Tahitian vanilla based on HPLC profiles and specific anisyl
compounds have been published recently in French Polynesia and could be used to certify
its origin. In order to maintain Tahitian vanilla originality, quality control should also be ori-
entated towards odour-active compounds, which impact definitely the aroma. This will help
protecting the specificities of this unique spice.
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Abstract

Chlorophytum borivilianum is a traditional medicinal plant distributed throughout the trop-
ics and subtropics. In the present investigation, RAPD and ISSR analyses were used to
assess the genetic diversity among 21 accessions collected from different geographical
regions of India using 20 RAPD primers and 6 ISSR primers. RAPD and ISSR primers
revealed 92.26% and 82.76% polymorphism, respectively. Similarity in coefficient values
ranged from 0.321 to 0.707 for RAPD and 0.363 to 0.846 for ISSR markers. The dendro-
gram developed by RAPD and ISSR marker-based analysis grouped the 21 accessions
into different clusters. Mantel test employed for detection of goodness of fit established
the cophenetic correlation value for both the primer systems and it was observed to be
significant. Clustering of accessions within groups was also similar based on RAPD- and
ISSR-derived dendrograms. In our study, both marker systems were similar except for the
percentage polymorphism which was found to be greater using RAPD, thus indicating the
greater effectiveness of RAPD primers for estimating genetic variation of C. borivilianum.

Keywords: Chlorophytum borivilianum, ISSR, RAPD, Diversity, medicinal plant

1. Introduction

All the plants considerably possess some medicinal or perfumery or mixed properties. In the
course of time, the human beings were able to distinguish between the harmful and useful
plants. The world Health Organization (WHO) has listed over 21,000 plant species that have
been reported for medicinal uses around the world. Among these, over 100 botanicals are
reported to have consistent large demand and are traded in major drug markets in the world.
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In the developing countries, about 80% of the people depend upon the traditional system of
the medicine, as it shows no or less side effects [1]. India is considered as a veritable empo-
rium of medicinal and aromatic plants. In India, about 2500 plant species belonging to more
than 1000 genera are used by traditional healers and about 500 plant species are utilized by
159 different pharmaceutical companies [2].

Many of the medicinal plant species are facing threats of extinction due to over and improper
exploitation, habitat loss, degradation of land, urbanization, etc. On the other hand, the increas-
ing global demand for the medicinal plants necessitates an accelerated cultivation and con-
servation of them. However, before the widespread domestication of such plant species is
implemented, it would be important to determine their genetic diversity so that the useful
genotypes could be effectively used as cultivars by farmers or breeders and it would, in turn,
facilitate the efficient conservation, management and utilization of the species. For the purpose
of conservation and to carry out successful breeding programmes, proper identification of the
plant is of prime importance, for which an accurate, reliable and more authentic system of clas-
sification is required. Conventionally, identification and classification of plant groups are solely
based on similarities and dissimilarities in morphological features, particularly, the floral char-
acter which are considered to be consistent. As already established, expression of morphologi-
cal characters is the outcome of interaction between the environment and the genotype and is
highly influenced by climatic and edaphic factors. Certain biochemical markers such as iso-
zymes and storage proteins are used for identification of cultivars as well as characterization of
somaclonal variation. However, the number of genetic loci generated with chemical/ biochemi-
cal (isozymes) were quite lower than detected with DNA markers [3]. Molecular techniques are
very much useful not only to identify the genotypes for authentication but also to assess and
exploit the genetic variability [4]. DNA fingerprinting of all the genetic resources of the medici-
nal plants is necessary to generate a molecular database as well as to utilize the information in
a systematic manner.

During last 20 years, the advent of the PCR and the DNA sequencing techniques has allowed
a very significant development of this approach, which leads to great change in the traditional
vision of the classification of the organisms. The DNA marker systems are considered to be the
best tools for determining the genetic diversity, as they are unlimited in number, show high
polymorphism and are independent of environmental interaction, i.e. they are highly heritable.
The application of the DNA marker systems in agricultural research has progressed rapidly
over the past few years, especially, in the area of cultivar identification and characterization
[5] as well as determination of population diversity in many plant species [6]. Among these,
random amplified polymorphic DNA (RAPD) and inter-simple sequence repeats (ISSR) mark-
ers provide a larger number of potential markers that are useful for the analysis of genetic
diversity, often using fast, simple and reliable protocols that minimize the amount and quality
of DNA required. Genetic diversity in a population is considered to represent its evolutionary
potential. Genetic variation has implications for conservation at the species level. Evidently,
molecular markers could be used to derive genetic relationship with an increased level of accu-
racy and also can provide valuable data on diversity through their ability to detect variation at
the DNA level.
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Chlorophytum borivilianum Santapau and Fernandes belong to the family Liliaceae and are pop-
ularly known as safed musli. It is an important medicinal plant. Its peeled and dried fascicu-
lated roots are considered to be a wonder drug in traditional Indian systems of medicine due
to its aphrodisiac and natural tonic properties [7]. About 100 Ayurvedic preparations are avail-
able in the Indian market using C. borivilianum as a major ingredient [8]. Its roots are widely
used for various therapeutic applications in the Ayurvedic and Unani [9] systems of medi-
cine. Though many tribal communities of India use the fresh leaves of safed musli as Pot herb
[10], however, the roots are the useful part of the plant for medicinal purposes. Dried roots of
Chlorophytum contain 42% carbohydrate, 8-9% protein, 3—4% fibre and 2-17% saponin [11].
It is known to cure many physical illness and weaknesses. In recent years, its effectiveness in
increasing male potency has become very popular and is now considered as an alternative to
“Viagra’. Excessive collections from its natural stands and destructive harvesting techniques
coupled with poor seed germination and low vegetative multiplication ratio have made this
species endangered and simultaneously provided the justification for its conservation. The
cost of genetic conservation should be reduced ensuring representation of maximum genetic
variation for which a set of accessions should be selected to represent the genetic diversity of
a base collection with minimum redundancy [12]. Thus, the present study aimed at character-
izing the genetic diversity in 21 accessions of C. borivilianum collected from different regions of
India using RAPD and ISSR.

2. Materials and methods

2.1. Plant materials

A total of 21 accessions of C. borivilianum were collected from different parts of India (Gujarat,
Rajasthan, Madhya Pradesh and Maharashtra) and maintained under uniform growth
conditions at DMAPR, Anand, Gujarat (Figure 1). The name and place of collection of the
material used in the study are given in Table 1. C. borivilianum is reported in Bastar Forests
(Chhattisgarh), Dangs forest (Gujarat), Mount Abu, Mahi and Aravalli hills (Rajasthan) of
India. It is also reported to occur in some parts of Pakistan. It is now widely cultivated in dif-
ferent parts of India like Andhra Pradesh, Rajasthan, Gujarat and Maharashtra on commercial
basis. The CAMP workshop at IIFM, June 1999 reported the natural habitat of this plant as
endangered.

2.2. Molecular characterization
2.2.1. Isolation, purification and quantification of genomic DNA

Since isolation of DNA from C. borivilianum was encountered with lots of problems, because
of the high polysaccharides and saponin contents, a method was standardized for isola-
tion of genomic DNA of this species. Total genomic DNA was extracted from young leaves
derived from field-grown plants following the CTAB method [13] with major modifications.
At the time of homogenization of the leaves, 20 mg PVP and 6.5 mM dithiothreitol (DTT)
were added. The extraction buffer consisted of 4% (w/v) CTAB (cetyl trimethyl ammonium
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Figure 1. An overview of 21 accessions of C. borivilianum collected from different regions of India and grown in the field.

bromide), 3 M NaCl, 20 mM EDTA (pH, 8.0), 100 mM Tris-Cl (pH, 8.0), 50 mM ascorbic
acid, 40 mM diethyl dithiocarbamic acid and 2% (v/v) fs-mercaptoethanol. The quality and
quantity of the DNA were checked by 0.8% agarose gel followed by spectrophotometric
measurement.

2.2.2. RAPD and ISSR analysis

RAPD analysis was performed using randomly and arbitrarily 10-base primers (Operon
Technologies Inc., Alameda, California). A preliminary screening was carried out using 100
RAPD primers following the protocol of Williams et al. [14] with minor modifications. ISSR
analysis was carried out using ISSR primers (Banglore Genei, India) based on the protocol
of Zietkiewicz et al. [15] with some modifications. The amplified products were separated
in 1.5% agarose gel for both the markers used. After electrophoresis, the gel was visualized
under the UV light and photographed in a gel documentation system (Syngene, United
Kingdom). The sizes of the amplicons were determined by comparing them with that of the
ladder.

2.2.3. Scoring of the data for RAPD and ISSR

The data were scored as 1 for the presence and 0 for the absence of the band for each primer-
accession combination for RAPD and ISSR analysis.
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Sr. no. Germplasm (name) Place of collection
1 Chl Madhya Pradesh
2 Ch2 Madhya Pradesh
3 Ch3 Madhya Pradesh
4 Ch4 Madhya Pradesh
5 Ch5 Madhya Pradesh
6 Ché Madhya Pradesh
7 Ch7 Madhya Pradesh
8 Ch8 Madhya Pradesh
9 Ch9 Madhya Pradesh
10 Ch10 Rajasthan

11 Ch11 Rajasthan

12 Chi2 Rajasthan

13 Ch13 Rajasthan

14 Ch14 Rajasthan

15 Ch15 Maharashtra

16 Chle6 Maharashtra

17 Ch17 Maharashtra

18 Ch18 Gujarat

19 Ch19 Gujarat

20 Ch20 Gujarat

21 Ch21 Gujarat

Table 1. Detailed information of 21 accessions of C. borivilianum.

2.2.4. Data analysis
2.2.4.1. Resolving power (Rp)

Resolving power of the primer/primer combination was calculated as per Prevost and
Wilkinson [16] as: Rp = ZIB [IB (band informativeness) = 1- [2 x (0.5 — P)], P is the proportion
of the 21 accessions containing the loci.

2.2.4.2. PIC and primer index

The primer index (PI) was calculated from the polymorphic index (PIC). The polymorphic
index was calculated as PIC = ¥ P,, P, is the band frequency of the ith allele [17] Here, the PIC
was considered to be 1-p2-q2, where p is the band frequency and q is no band frequency [18].
The PIC value was then used to calculate the RAPD and ISSR primer index. PI is the sum of
the PIC of all the markers amplified by the same primer.



54 Active Ingredients from Aromatic and Medicinal Plants

2.2.4.3. Jaccard’s similarity

Jaccard's coefficient of similarity [19] was measured and a dendrogram based on similar-
ity coefficients generated by the unweighted pair group method using arithmetic averages
(UPGMA) [20], and the sequential agglomerative hierarchial and nested (SHAN) clustering
was obtained. The entire analysis was performed using the statistical package NTSYS-pc
2.02e [21].

2.2.4.4. Cophenetic correlation

The correlation among different dendrograms generated from the data obtained from RAPD
and ISSR was calculated separately and the cophenetic correlation for both the markers was
also calculated from the total data.

2.2.4.5. Principal co-ordinate analysis

To visualize the genetic variation among 21 accessions of C. borivilianum in detail, PCA was
performed with 20 RAPD markers and 06 ISSR markers. This technique helps in converting a
set of variables into a few dimensions using which the genotypes under study can be depicted
in a two- or three-dimensional space [22] so that the variations of several individuals will be
condensed into a set of limited axes. Such a graphical analysis helps in identifying the indi-
viduals that tend to cluster together. Principal co-ordinate analysis was also performed using
the NTSYS-pc 2.02C software.

To study the efficiency of each marker technique, the Mantel ‘Z’ test was performed for the com-
parison of each marker system with the combined data and between the marker systems [23].

3. Results

The present work pertains to the study of genetic diversity among 21 accessions of C. borivil-
ianum collected from different regions of India (Gujarat, Madhya Pradesh, Maharashtra and
Rajasthan) using molecular markers.

3.1. RAPD analysis

A total of 100 random decamer oligonucleotide primers from 20 numbers from each series
(OPA, OPC, OPD, OPP and OPT) were screened using an accession (Ch12; Raj 4) of C. boriv-
ilianum for primer optimization out of them 20 primers showed the distinct and reproducible
amplicons. Twenty primers produced 168 loci out of which 155 were polymorphic and 13 were
monomorphic in nature. Among the polymorphic loci, five loci were found unique in nature
(Figure 2). The amplicons were observed in the range of 250 to >3000 base pair. The resolving
power and primer index of the primers varied from 12.762 to 3.810 and 0.499 to 0.245, respec-
tively. Best resolving power was observed in the primer OPA16 and the minimum (3.810)
with primer OPT18. The maximum RAPD primer index (RPI) (0.499) was observed with the
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Figure 2. RAPD banding pattern in 21 accessions of C. borivilianum with OPA10 and OPA12 primer [M: 100 bp DNA
ladder, Lane 2-22: Ch1-Ch21].

primer OPA(07, OPA08, OPA10, OPC20 and OPP12 and the minimum (0.245) with primer
OPT16.

The Jaccard's coefficient showed that MH2 and MH3 were most closely related with a similar-
ity value of 0.707 followed by MH3 and Akola with similarity value of 0.697. The matrix value
ranged from 0.321 to 0.707. It was observed that MP5 and Guj2 were most remotely placed
with the similarity coefficient of 0.321. The average similarity coefficient was 0.639 between
any two accessions taken into account.

The dendrogram constructed by the UPGMA method of pooled RAPD data led to the segre-
gation of the 21 accessions into two distinct groups. All accessions were distributed between
39 units. Surprisingly, the first contained only one accession, Ch8 collected from Madhya
Pradesh and second contained remaining 20 accessions collected from different diversified
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regions (Madhya Pradesh, Rajasthan, Maharashtra and Gujarat) though they belong to same
species. The second major cluster divided into two sub-major clusters out of which one sub-
major cluster ITA contained four accessions (Ch1, Ch4, Ch5 and Ch?) collected from Madhya
Pradesh with ~47% similarity and the another one (Group IIB) clutched Ch2 and Ch3 collected
from Madhya Pradesh depicting 47% genetic variability. The third sub-major cluster (Group
IIC) comprised four accessions Ch6 (Madhya Pradesh collection), Ch15, Ch16 and Ch17 col-
lected from Maharashtra showing genetic similarity at the level of 68%. Another group, IID,
consisted of two accessions (Ch12 and Ch13) collected from Rajasthan and other two Ch19
and Ch21 of Gujarat collections. Another group (IIE) holds two accessions (Ch18 and Ch20)
collected from Gujarat showed 51% (approx.) genetic diversity. Accession no. Ch10 and Ch11
of Rajasthan collections fall in group IIF depicting 52% genetic similarity whereas cluster (IIG)
containing two accessions (Ch9 and Ch14) showed genetic variability of about 51% collected
from Madhya Pradesh and Rajasthan, respectively.

The cophenetic correlation showed maximum (0.7065) correlation between Ch15 (MH2) and
Ch16 (MHS3); both collected from Maharashtra. The average cophenetic correlation between
two accessions was found to be 0.584.

3.2. ISSR analysis

A total of 10 ISSR primers were used out of which 06 primers resulted in amplification of
29 loci. Out of 29 loci, 24 loci were polymorphic and 05 loci were monomorphic in nature.
Among the polymorphic loci, only one (01) locus was found to be unique in nature. The
amplicons were observed in the range of 180 to >3000 base pair (Figure 3). The resolving
power of the primers varied from 1.905 to 8.667 while the primer index varied from 0.091 to
0.499. Best resolving power (8.667) was observed in the primer (CA)8AT and the minimum
(1.905) with primer (CA)6GG. The maximum ISSR primer index (0.499) was observed with the
primer (CT)9G and the minimum (0.091) with primer (CA)6GG.

The Jaccard's coefficient showed that Ch13 (Raj 5 was most closely related) to Ch 14 (Raj 11)
with a similarity value of 0.846 followed by Ch7 (MP7) and Ch10 (Raj1) with a similarity value
of 0.833. The matrix value ranged from 0.363 to 0.846. The Rajasthan collected accession (Ch11)
and Ch18 (Dangs) of Gujarat collections were most remotely placed with the similarity coef-
ficient of 0.363. Between any two accessions, the average similarity coefficient was observed
as 0.627.

Six (06) ISSR primers were used to construct a dendrogram by using the UPGMA method
which led to the segregation of the accessions into two distinct groups. All accessions were dis-
tributed between 36 units. The resultant dendrogram formed a cluster with the 18 accessions in
one group and the other 3 accessions into a separate group. Again 18 accessions discriminated
into several groups. Group I consisted of only three accessions, Ch9, Ch11 and Ch19 collected
from Madhya Pradesh, Rajasthan and Gujarat, respectively that showed about 35% genetic vari-
ability. Group II comprises five groups such as IIA, IIB, IIC, IID and IIE. Group IIC is the larg-
est, which comprises six accessions, Ch3, Ch6 and Ch7 Collected from Madhya Pradesh, Ch
10 and Ch12 from Rajasthan and Ch18 collected from Gujarat showed 61% genetic similarity.
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(CA)SGT

(CA)SAT

Figure 3. ISSR banding pattern in 21 accessions of C. borivilianum (CA)8GT and (CA)8AT primer [M: 100 bp DNA ladder,
Lane 2-22: Ch1-Ch21].

The second largest Group IIB holds five accessions from which Ch2 and Ch8 collected from
Madhya Pradesh, Ch13 and Ch14 from Rajasthan and Ch20 collected from Gujarat showed
about genetic variation of about 40%. IID formed a group with three accessions, Ch 15, Ch16
and Ch17 of Maharashtra collections showing about 70% genetic similarity among them. The
smallest Group IIE consisted accessions Ch4 and Ch5 of Madhya Pradesh showed 30% genetic
variability between them.

The cophenetic correlation showed the maximum cophenetic correlation value (0.846) between
Ch13 (Raj5) and Ch16 (Rajl11); both are collected from Rajasthan. The average cophenetic cor-
relation between two accessions was found to be 0.605.
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3.3. Combined RAPD and ISSR data analysis

Both RAPD and ISSR produced a total of 197 loci of which 179 loci were polymorphic and
18 loci were monomorphic. A dendrogram was constructed by pooled RAPD and ISSR data
using Jaccard's similarity coefficient and SHAN clustering.

The Jaccard's similarity coefficient showed a wide range of correlation among all the acces-
sions. The average similarity coefficient between any two accessions was approximately 0.565.
Maximum similarity (0.709) was observed between Ch15 and Ch16. However, Ch 8 and Ch17
were found distantly related with a similarity coefficient value of 0.423.

3.4. RAPD- and ISSR-derived dendrogram analysis from Jaccard's coefficient

The dendrogram constructed from combined RAPD and ISSR data segregates a single
accession (Ch 8) of Madhya Pradesh Collection from the rest of the accessions sharing a
node at 48% level of genetic variation (Figure 4). The subsequent sub-cluster contained five
groups (IIA, IIB, IIC, IID and IIE). The accessions (Ch1, Ch4 and Ch5) formed a group (IIA)
which were collected from Madhya Pradesh. Then group IIB consisted of Ch2 and Ch3 col-
lected from Madhya Pradesh showed 47% genetic variability. The IID holds five accessions
out of which Ch12 and Ch13 of Rajasthan collections and Ch19, Ch20 and Ch21 of Gujarat
collections showed 52% genetic similarity. Thereafter Group IIC consisted of four acces-
sions among which Ché collected from Madhya Pradesh and three accessions such as Ch15,

Chl
4{ — Ch4

T T 1
0.42 049 0.56 064 071
Coetticient

Figure 4. Clustering pattern of 21 accessions of C. borivilianum based on combined RAPD and ISSR markers.
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Figure 5. Principal co-ordinate analysis (PCA) in 21 accessions of C. borivilianum based on RAPD and ISSR markers.

Ch16 and Ch17 collected from Maharashtra shared 68% genetic similarity among them.
About 47% variability was observed between Ch10 and Ch11 of Rajasthan collections which
fall in Group IIE. In this study, it was observed that genetic relation/ variability among the
accessions were found more or less similar to RAPD analysis. The maximum cophenetic
correlation value (0.707) existed between Ch15 (MH2) and Ch16 (MH3); both were collected
from Maharashtra. The average cophenetic correlation between two accessions was found
to be 0.590.

As can be seen in Figure 5, the accessions of C. borivilianum were more dispersed on the PCA,
which is a reflection of broad genetic base of this species. In general, the result of PCA is in
agreement with the dendrogram and is a further confirmation of the genetic relationships
delineated by cluster analysis.

Matrix comparison showed the r value for RAPD, ISSR and combined RAPD and ISSR to be
0.720, 0.696 and 0.707, respectively, which indicates significant fitness among all the markers
studied.
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Figure 6. Matrix comparison of combined RAPD and ISSR markers in 21 accessions of C. borivilianum.
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The programme takes two symmetric similarity or dissimilarity matrices and plots, one
matrix against the other element by element (but with the diagonal values ignored). It also
computes the product-moment correlation, r, and the Mantel test statistic, Z, to measure the
degree of relationship between the two matrices (Figure 6).

4. Discussion

C. borivilianum is an important traditional and ancient crop of India. Due to its high-thera-
peutic value, this species is being over-exploited for which it was listed in the endangered
category. Therefore, their cultivation area has expanded rapidly during last few decades to
cope up with the current internal demand and export. However, it would be important to
determine their genetic variation so that the useful genotypes could be effectively used as
cultivars by farmers or breeders and it would, in turn, facilitate the efficient conservation,
management and utilization of the species. Nevertheless, genetic support to the cultivar
development programme still remains limited relative to the scenario in many traditional
crops where enormous genetic resource knowledge and saturated linkage maps have become
available. Molecular markers can demonstrate genetic similarities and differences between
accessions even when a classical morphological description is severely limited. To resolve
the nomenclature problem, identification of duplicates and also to develop new cultivars, 21
different accessions of C. borivilianum were characterized using RAPD and ISSR markers to
assess the variability within and among them. DNA markers are considered to be the most
suitable means for estimating genetic diversity because of their abundance polymorphism
and the fact that they are independent of the environment [24]. Quite considerable genetic
variability does exist among different accessions.

Characterization of genetic resource collection has been greatly facilitated by the availability
of a number of molecular marker systems. Different types of molecular markers have been
used to assess the genetic diversity in crop species, but no single technique is universally
ideal. Therefore, the choice of the technique depends on the objective of the study, sensitivity
level of the marker system, financial constraints, skill and facilities available [25].

The molecular markers best studied for detecting genetic diversity should be relatively easy
and inexpensive to use and should rapidly evolve enough variable within populations [26].
There are numerous DNA-based molecular marker systems suitable for genetic diversity
assessment. Random amplified polymorphic DNA (RAPD) and inter-simple sequence repeat
(ISSR) marker, in addition to its suitability of genetic diversity study, are highly polymorphic,
reproducible, cost effective and require no prior information of sequence [27]. These facts
suggest RAPD and ISSR could be unbiased tools to evaluate the changes of diversity in agro-
nomically important crops [28].

RAPD generated a total of 168 bands ranging from 300 to >3000 bp of which 7.73% were
monomorphic common to all accessions, 2.97% were unique present in four accessions and
92.26% were polymorphic in many of the accessions. This high degree of polymorphism
detected with 20 RAPD primers indicates a high marker index. This is consistent with the
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results obtained by Shin et al. [29] in watermelon and Galderisi et al. [30] in fig. Some RAPD
primers (OPA16, OPA18) produced more markers probably because genomic DNA sequences
possess high frequency of annealing sites [31]. ISSR markers have been used to evaluate the
genetic diversity in several medicinal plants [32-35]. The larger number of polymorphic mark-
ers (as compared to number of primers used) generated by ISSR-PCR can be attributed to the
fact that the centromeric region contains a large amount of repeated sequences [36]. A higher
level of polymorphism was detected by both RAPD and ISSR in our study corroborated to
other reports [37, 38].

The present results showed that molecular markers, ISSR and RAPD, efficiently identify
C. borivilianum accessions allowing the characterization of all the different accessions.
Moreover, both ISSR and RAPD markers exhibited their efficiency for genotype identifica-
tion in other medicinal and aromatic plants earlier [39-41].

Though RAPD and ISSR markers demarcated 21 accessions into several groups, clustering of
accessions within groups was not similar. A possible explanation for the difference in resolu-
tion of RAPD and ISSR is that the two marker techniques targeted different portions of the
genome. The inter-simple sequence repeats target regions lying within the micro-satellite, and
the amplification loci of RAPD are mainly in the gene expression region [14, 15]. These dif-
ferences may also be attributed to marker sampling errors and/or the level of polymorphism
detected reinforcing the importance of the number of loci and their coverage of the overall
genome in obtaining reliable estimates of genetic relationships among cultivars [42, 43]. The
putatively similar bands originating for RAPDs in different individuals are not necessarily
homologous, although they may share the same size in base pairs. This result sometimes may
lead to wrong results when calculating genetic relationships [44].

The dendrogram did not indicate any clear pattern of clustering according to the locations
from where germplasm were collected, indicating little and no location specificity among
C. borivilianum germplasm except in Maharashtra collections. A similar result was observed
earlier in 22 accessions of Shisham (Dalbergia sissoo) collected from different regions of India
using RAPD and ISSR markers [45]. Since different dendrograms were obtained; no conclu-
sive common grouping could be drawn from ISSR and combined RAPD-ISSR analyses. These
results suggest that the manner of polymorphism differs because of marker specificity. In
addition, the relation is assumed to depend on the genome coverage and sequence type rec-
ognized by each marker system [42, 46]. On comparing the diversity from different places of
Madhya Pradesh, it was evident that Chlorophytum accessions from Madhya Pradesh were
more diverse (52%) compared to Maharashtra (31%). Since C. borivilianum has been vegeta-
tively propagated for a considerable time, it is reasonable to assume that part of the diversity
detected in this study, is of ancient inheritance or accumulation of somatic point mutation in
the course of vegetative reproduction events.

Matching the clustering result with their collection sites revealed that the geographical dis-
tribution of most accessions was not found to be defined. The majority of accessions in sub-
group IIC were from different places of Madhya Pradesh and Rajasthan. Similarly, three of
five accessions in the sub-group IID were collected from Maharashtra whereas two were
from Madhya Pradesh. Similar conclusions were made by Padmesh et al. [47] in Andrographis
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paniculata where one accession collected from Thailand was shown to cluster with genotypes
of different parts of Tamil Nadu. All the genotypes in sub-group IIA were from different
places of Madhya Pradesh exhibiting 37% diversity. Without exception, two accessions in
group IA from Madhya Pradesh showed 79% similarity; it was evident from the dendrogram
that most of the accessions assessed, were clustered according to their geographical region.

On the basis of percent of polymorphism (RAPD = 92.26 and ISSR = 82.76), RAPD markers
were marginally more informative than ISSR in the assessment of genetic diversity in C. bori-
vilianum. This is corroborated with the findings in Caldesia grandis, Dalbergia sissoo and Prunus
armeniaca [45, 48, 49]. This may be because of the fact that two marker techniques targeted
different portions of the genome. Some researchers have considered RAPD markers to rep-
resent segments of DNA with non-coding regions and to be selectively neutral [50, 51]. Some
studies have shown that RAPD markers are distributed throughout the genome and may be
associated with functionally important loci [52]. Nevertheless, RAPD have been sometimes
been associated with a lack of reproducibility [53]. However, if the PCR conditions are well
controlled, a high level of reproducibility is attainable [54]. In this study, a considerable effort
has been made to optimize the components of PCR, including the concentrations of MgClL,
dNTP, primer, Tag DNA polymerase and the quality and concentration of template DNA.

The Mantel test on the similarity matrices produced by RAPD and ISSR markers showed
significant correlation (r = 0.7638; p < 0.001) between RAPD and ISSR markers in their ability
to detect genetic relationships between Chlorophytum accessions. The coefficient correlation
value, r = 0.7591, 0.7263 and 0.7638 for RAPD, ISSR and combined RAPD and ISSR analyses,
respectively. This result is corroborated with the earlier report of Dai et al. [55].

In this study, superiority of RAPD markers over ISSR were observed with regards to polymor-
phism detection, as RAPD detected 92.26% as compared to 82.76% for ISSR markers. This is
in contrast to the results as obtained for other several plant species where ISSR was proved
to be superior as compared to RAPD [44, 56-58]. More polymorphism, in the case of RAPD
than ISSR markers might be due to the fact that out of 10 primers used in the study, only 6
primers amplified 609 numbers of fragments for ISSR. While in the case of RAPD, all the 20
primers which were used in the investigation amplified 3528 number of fragments. The same
polymorphism pattern was observed in jatropha, podophyllum and apricot [59-61]. RAPD
also provides marker even for cultivars identification [62] determining hybridity among the
sexual cross made intentionally to exploit the genetic variability [63, 64] and germplasm
evaluation [31].

To conserve the diversity of genetic resources, a large number of accessions are to be conserved
for which problems are encountered in documentation, conservation, multiplication and evalu-
ation. Therefore, to minimize the cost of genetic conservation ensuring representation of maxi-
mum genetic variation, a set of accessions (core collection) should be selected to represent the
genetic diversity of a base collection with minimum redundancy [12]. From the PCA of the 38
accessions, it was evident that some of the accessions were found overlapping each other depict-
ing redundancy which should be eliminated. Since there are different strategies for developing
a core collection using morphological or marker data, however molecular markers are more
stable and efficient in estimating the genetic relatedness among the individuals [65, 66].
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The molecular analyses of RAPD and ISSR markers were extremely useful for studying the
genetic relationship/variability between and among C. borivilianum accessions. Also, the phy-
logenetic analysis on the basis of RAPD- and ISSR-derived dendrograms supports the fact
that region-specific variation are there, which is because of the multiple generations of the
selection carried out after their introduction.

5. Conclusion

The present findings demonstrate the use of RAPD and ISSR markers in estimating genetic
diversity and identifying a core collection in C. borivilianum for which genotypes representing
maximum genetic diversity need to be conserved followed by accessions which complement the
previous one. Moreover, sample duplication could be detected in the germplasm collection fol-
lowed by selection of a core collection to enhance the efficiency of germplasm management for
use in crop improvement and conservation. Based on polymorphic features among the acces-
sions of C. borivilianum based on RAPD and ISSR study, it may be recommended that any future
conservation plans for this species should be specifically designed to include representative
accessions with the highest genetic variation for both in situ conservation and germplasm collec-
tion expeditions. The unique bands that could be identified are likely to provide tags for future
genetic improvement as well as in authenticating the genotypes. Further investigation using
more sophisticated markers may be helpful for the accuracy and resolution of genetic diver-
sity. ISSR and RAPD markers along with chemical fingerprinting and morphological characters
could now be used as coherent tools for the development of core collection of C. borivilianum.
The RAPD markers along with ISSR markers should complement one another during genetic
identification, by coding different regions of C. borivilianum genome. Conversion of specific
RAPD/ISSR segments into sequenced characterized amplified region (SCAR) markers could
enhance the value of these markers for the identification of any variety/ cultivars developed.

Acknowledgements

The authors wish to acknowledge the support from the Directorate of Medicinal and
Aromatic Plants Research (DMAPR) Boriavi, Anand for providing necessary facilities. The
authors are also thankful to K.A. Geetha, Principal Scientist (Plant Breeding) for provid-
ing the material for the study.

Author details

Sanghamitra Samantaray* and Umakanta Ngangkham
*Address all correspondence to: smitraray@gmail.com

ICAR-National Rice Research Institute, Cuttack, Odisha, India



Evaluation of Genetic Diversity in Chlorophytum borivilianum (Santp. and Fernan.) Using Molecular Markers...
http://dx.doi.org/10.5772/66536

References

(1]

(2]

[3]

[4]

[5]
[6]

[7]

8]

(%]

(10]

(11]

(12]

(13]

Sharma R. (2003). Medicinal Plants of India— An Encyclopedia. Daya Publishing House;
New Delhi: 333 p.

Chopra AK, Khanna DR, Prasad G, Malik DS, Bhutiani R. (eds.). Medicinal Plants:
Conservation, Cultivation and Utilization. 2007. Daya Publishing House; New Delhi.

Kongkiatngam P, Waterway M], Fortin MG, Coulman BE. Genetic variation within and
among cultivars of red clover (Trifolium pratense): comparison of morphological, iso-
zyme and RAPD markers. Euphytica. 1995;84: 237-246.

Whitkus R, Doebley J, Wendel JF. Nuclear DNA markers in systematics and evolution.
In: Phillips L. and Vasil I. K. (eds), DNA-Based Markers in Plants. Kulwer Academic
Publishers; Dordrecht, The Netherlands: 1994. pp. 116-141.

Nybom H. DNA fingerprinting-A useful tool in fruit breeding. Euphytica. 1994;77: 59-64.

Ipek M, Simon P. Genetic Diversity in Garlic (Allium sativum L.) as Assessed by AFLPs
and Isozymes. American Society for Horticultural Science 98th Annual Conference &
Exhibition. July 2001; 22 — 25.

Singh A, Chauhan HS. Safed musli (Chlorophytum borivilianum): distribution, biodi-
versity and cultivation. Journal of Medicinal and Aromatic Plant Science. 2003;25: 712-
719, 2003.

Oudhia P.: My experiences with wonder crop Safed Moosli. In: Souvenir. International
Seminar on Medicinal Plants and Quality Standardization, VHERDS, Chennai, India,
9-10 June, 2001a.

Oudhia P, Tripathi RS. Scope of cultivation of important medicinal plants in Chhattisgarh
plains. In: Proc. National conference on Health care and Development of Herbal
Medicines, IGAU, Raipur (India), 29-30 Aug. 1997, 1999: pp.71-78.

Oudhia P, Joshi BS. The decreasing availability of natural medicinal plants in
Chhattisgarh: A study. In: Abstr. VI National Science Conference, Mahatma Gandhi
Gramoday Chitrakut Vishwavidyalaya, Chitrakut, India: 2000;18.

Bordia PC, Joshi A, Simlot MM. Safed Musli. In: K.L. Chadha and Rajendra Gupta (eds.),
Advances in Horticulture Vol. II. Medicinal and Aromatic Plants. Malhotra Publishing
House, New Delhi. 1995; pp. 429-451.

Franklin OH, Brown AHD. Plant Genetic Resources Today- A Critical Appraisal. In:
Crop Genetic Resources: Conservation and Evaluation. Holden, JHW and Williams JT
(eds) Allen and Unwin; Winchester, Massachusetts, USA: 1984; pp. 187-196.

Doyle J], Doyle JL. Isolation of plant DNA from fresh tissue. Focus. 1990;12: 13-15.

65



66 Active Ingredients from Aromatic and Medicinal Plants

(14]

[15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

Williams JGK, Kubelic AR, Livak K], Rafalsky JA, Tingey SV. DNA polymorphisms
amplified by arbitrary primer are useful as genetic markers. Nucleic Acid Research.
1990;18: 6531-6535.

Zietkiewicz E, Rafalski A, Labuda D. Genome fingerprinting by simple sequence repeats
(SSR)-anchored PCR amplification. Genomics. 1994;20: 176-183.

Prevost A, Wilkinson MJ. A new system of comparing PCR primers applied to ISSR
fingerprinting of potato cultivars. Theoretical and Applied Genetics. 1999;98: 107-112.

Smith JSC, Chin ECL, Shu H, Smith OS, Wall SJ, Senior ML, Mitchell SE, Kresovich S,
Ziegle J. An evaluation of the utility of SSR loci as molecular markers in maize (Zea mays
L.): comparison of data from RFLPs and pedigree. Theoretical and Applied Genetics.
1997,95: 163-173.

Ghilslain M, Zhang D, Fazardo D, Huamann Z, Hismans RH. Marker-assisted sampling
of the cultivated Andean Potato Solanum fureja collection using RAPD markers. Genetic
Resources and Crop Evolution. 1999;46: 547-555.

Jaccard P. Nouvelles researches sur la distribution florale. Bull. Soc. Vaud. Sci. Nat.
1908;44: 223-270.

Sneath PHA, and Sokal R. Numerical Taxonomy. Freeman, San Francisco, CA, USA. 1973.

Rohlf, FJ. NTSYS-PC: Numerical taxonomy and Multivariate Analysis System. Exeter
Software, New York, USA. 1997.

Ludwig AJ, Reynolds FJ. Statistical Ecology—A Primer on Methods and Computing.
John Wiley and Sons, New York, USA. 1988.

Mantel NA. The detection of disease clustering and a generalized regression approach.
Cancer Research. 1967;27: 209-220.

Gepts P. The Use of Molecular and Biochemical Markers in Crop Evolution Studies. In:
Hecht MK (eds) Evolutionary Biology, 27. Plenum Press, New York, 1993; pp. 51-94.

Yoseph B, Boltha AM, Myburg AA. A comparative study of molecular and morphologi-
cal methods of describing genetic relationship in traditional Ethiopian highland maize.
African Biotechnology. 2005;4(7): 586-595.

Esselman EJ, Jianggiang ], Croford DJ, Windus JL, Wolf AD. Clonal diversity in the rare
Calamagrostis porteri ssp. Insperata (Poaceae): Comparative results for allozymes and
Random amplified polymorphic DNA (RAPD) and Inter simple sequence repeat (ISSR)
markers. Molecular Ecology. 1999;8(3): 443—451.

Bornet BC, Muller FP, Branched M. Highly informative nature of inter simple sequence
repeats (ISSR) sequences amplified using tri and tetra nucleotide primers from DNAs of
cauliflower (Brassica oleracea var. Botrytus L). Genome. 2002;45: 890-896.



(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

[37]

[38]

(39]

[40]

Evaluation of Genetic Diversity in Chlorophytum borivilianum (Santp. and Fernan.) Using Molecular Markers...
http://dx.doi.org/10.5772/66536

Brantestam AK, Bothmer RV, Dayteg C, Rashal I, Tuvesson S, Weibull J. Inter simple
sequence repeat analysis of genetic diversity and relationships in cultivated barley of
Nordic and Baltic origin. Hereditas. 2004;141(2): 186-187.

Shin JS, Lee SJ, Park KW. Genetic diversity in Citrullus vulgaris L. germplasm through
RAPD analysis. Korean Journal of Breeding. 1995;27(1): 94-107.

Galderisi U, Cipollaro M, Di Bernardo G, De Masi L. Identification of the edible fig
‘Bianco del Cilento” by random amplified polymorphic DNA analysis. Horticultural
Science. 1999;34: 1263-1265.

Virk PS, Ford-Lloyd BV, Jackson MT, Newbury HJ. Use of RAPD for the study of diver-
sity within plant germplasm collections. Heredity. 1995;74: 170-179.

Zhou Y, Zhou C, Yao H, Liu Y, Tu R. Application of ISSR markers in detection of genetic
variation among Chinese yam (Dioscorea opposita Thunb) cultivars. Life Science Journal.
2008;5(4): 6-12.

Wang Z, Feng SG, Lu JJ, Shi NN, Liu JJ. Phylogenetic study and molecular identification
of 31 Dendrobium species using inter-simple sequence repeat (ISSR) markers. Scientia
Horticulturae. 2009;122:440-447.

Tamhankar S, Ghate V, Raut A, Rajput B. Molecular profiling of “Chirayat” com-
plex using inter simple sequence repeat (ISSR) markers. Planta Medica. 2009;75(11):
1266-1270.

Ding G, Li X, Ding X, Qian L. Genetic diversity across natural populations of Dendrobium
officinale, the endangered medicinal herb endemic to China, revealed by ISSR and RAPD
markers. Russian Journal of Genetics. 2009;45(3): 327-334.

Bhuyan N, Basanta KB, Sharma RN. Genetic diversity analysis in traditional lowland
rice (Oryza sitiva) of Assam using RAPD and ISSR markers. Current Science. 2007;93(7):
976-979.

Parsons BJ, Newbury HJ, Jackson MT, Ford-Lloyd BV. Contrasting genetic diversity rela-
tionships are revealed in rice (Oryza sativa L.) using different marker types. Molecular
Breeding. 1997;3: 115-125

Raghunathchari P, Khanna VK. RAPD analysis of genetic variability in Indian scented
rice (Oryza sativa L.) germplasm. Current Science. 2000;79: 994-998.

Fracaro F, Zacaria ], Echeverrigaray S. RAPD based genetic relationships between pop-
ulations of three chemotypes of Cunila galioides Benth. Biochemical Systematics and
Ecology, 2005;33(4):409—-417.

Yuan XF, Dai ZH, Wang XD, Zhao B. Assessment of genetic stability in tissue-cul-
tured products and seedlings of Saussurea involucrata by RAPD and ISSR markers.
Biotechnology Letters. 2009;31(8): 1279-1287.

67



68 Active Ingredients from Aromatic and Medicinal Plants

[41]

[42]

(43]

(44]

[45]

(46]

(47]

(48]

(49]

(50]

[51]

[52]

(53]

Manica-Cattani MF, Zacaria J, Pauletti G, Atti-Serafini L, Echeverrigaray S. Genetic vari-
ation among South Brazilian accessions of Lippia alba Mill. (Verbenaceae) detected by
ISSR and RAPD markers. Brazilian Journal of Biology. 2009;69: 2.

Loarce Y, Gallego R, Ferrer E. A comparative analysis of genetic relationships between
rye cultivars using RFLP and RAPD markers. Euphytica. 1996;88: 107-115.

Souframanien ] and Gopalakrishna T. A comparative analysis of genetic diversity in
blackgram genotypes using RAPD and ISSR markers. Theoretical and Applied Genetics.
2004;109: 1687-1693.

Fernandez M, Figueiras A, Benito C. The use of RAPD and ISSR markers for detecting
DNA polymorphism, genotyping identification and genetic diversity among barley cul-
tivars with known origin. Theoretical and Applied Genetics. 2002;104: 845-851.

Arif M, Zaidi NW, Singh YP, Haqg QMR. A comparative analysis of ISSR and RAPD
markers for study of genetic diversity in shisham (Dalbergia sissoo). Plant Molecular
Biology Reports. 2009;27: 488—495.

Sehgal D, Raina SN. Genotyping safflower (Carthamus tinctorius) cultivars by DNA fin-
gerprints. Euphytica. 2005;146: 67-76.

Padmesh P, Sadu KK, Seeni S, Pushpangadan P. The use of RAPD in assessing genetics
variability in Andrographis paniculata Nees, a hepatoprotective drug. Current Science.
1999;76: 833-835.

Chen JM, Gituru WR, Wang YH, Wang QF. The extent of clonality and genetic diver-
sity in the rare Caldesia grandis (Alismataceae): comparative results for RAPD and ISSR
markers. Quaternary Botany. 2006;84: 301-307.

Kumar P, Singh K, Vikal Y, Randhawa LS, Chahal GS. Genetic diversity studies of elite
cotton germplasm lines Using RAPD markers and morphological characters. Indian
Journal of Genetics. 2003;63(1): 5-10.

Bachmann K. Nuclear DNA markers in plant biosystematics research. Opera Botany.
1997;32: 137-148.

Landergott U, Holderegger R, Kozlowski G and Schneller JJ. Historical bottlenecks
decrease genetic diversity in natural populations of Dryopteris cristata. Heredity 2001;87:
344-355.

Penner GA. RAPD Analysis of Plant Genomes. In: Methods of Genome Analysis in
Plants. Jauhar PP (ed.). CRC, Boca Raton, 1996; 251-268.

Penner GA, Bush A, Wise R, Kim W, Domier L, Kasha K, Laroch A, Scoles GS, Gedak G.
Reproducibility of random amplified polymorphic DNA (RAPD) analysis among labo-
ratories. PCR Methods and Applications. 1993;2:341-345.



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Evaluation of Genetic Diversity in Chlorophytum borivilianum (Santp. and Fernan.) Using Molecular Markers...
http://dx.doi.org/10.5772/66536

Mattioni C, Casasoli M, Gonzalez M, Ipinza R, Villani F. Comparison of ISSR and RAPD
markers to characterize three Chilean Nothofagus species. Theoretical and Applied
Genetics. 2002;43: 224-231.

Dai A, Guo, Zhang L, Chang. Application of random amplified polymorphic DNA and
inter-simple sequence repeat markers in the genus Crataegus. Annals of Applied Biology.
2009;154: 175-181.

Mattioni C, Casasoli M, Gonzalez M Ipinza R, Villani F. Comparison of ISSR and RAPD
markers to characterize three Chilean Nothofagus species. Theoretical and Applied
Genetics 2002;104: 1064-1070.

Zhao WG, Zhang JQ, Wangi YH, Chen TT. Analysis of genetic diversity in wild popula-
tions of mulberry from Western Part of Northeast China determined by ISSR markers.
Genetics Molecular Biology. 2007;7: 196-203.

Huang ] & Sun SM. Genetic diversity and relationships of sweet potato and its wild rela-
tives in Ipomoea series Batatas (Convolvulaceae) as revealed by inter-simple sequence
repeat (ISSR) and restriction analysis of chloroplast DNA. Theoretical and Applied
Genetics 2009;100: 1050-1060.

Gupta M, Chyi YS, Romero-Severson J, Owen JL. Amplification of DNA markers from
evolutionarily diverse genomes using single primers of simple-sequence repeats.
Theoretical and Applied Genetics. 1994;89: 998-1006.

Alam MA, Naik K, Mishra GP. Congruence of RAPD and ISSR markers for evaluation
of genomic relationship among 28 populations of Podophyllum hexandrum Royle from
Himachal Pradesh, India. Turkish Journal of Botany. 2009;33: 1-12

Kumar M, Mishra GP, Singh R, Kumar J, Naik PK, SB. Singh SB. Correspondence of
ISSR and RAPD markers for comparative analysis of genetic diversity among different
apricot genotypes from cold arid deserts of trans-Himalayas. Physiology and Molecular
Biology of Plants. 2009;15:225-236.

Torres, E., Iriondo, J. M. and Perez, C. (2003). Genetic structure of an endangered plant,
Antirrhinum microphyllum (Scrophulariaceae): allozyme and RAPD analysis. American
Journal of Botany. 203;90(1): 85-92.

Patra NK, Tanveer H, Khanuja SPS, Shasany AK, Singh HP, Singh VR, Kumar S. A
unique interspecific hybrid spearmint clone with growth properties of Mentha arven-
sis L. and oil qualities of Mentha spicata L. Theoretical and Applied Genetics. 2001;102:
471-476.

Collins D, Mill RR, Moller M. Species separation of Taxus baccata, T. cannadensis and
T. cuspidate (Taxaceae) and origins of their reputed hybrids inferred from RAPD and
cpDNA data. American Journal of Botany. 2003;90: 175-182.

69



70  Active Ingredients from Aromatic and Medicinal Plants

[65]

[66]

Dhanaraj AL, Rao EVB, Swamy KRM, Bhat MG, Prasad DT, Sounder SN. Using RAPDs
to assess the diversity in Indian cashew (Anarcardium occidentale L.) germplasm. Journal
of Horticultural Science and Biotechnology. 2002;77: 41-47.

Shashidhara G, Hema MYV, Binu Koshy Farooqi AA. Assessment of genetic diversity
and identification of core collection in sandalwood germplasm using RAPDs. Journal of
Horticultural Science & Biotechnology. 2003;78(4): 528-536.



Chapter 5

Investigation of Campomanesia Components: A Fruit of

Brazilian Cerrado

Nayara Vieira de Lima, Daniela Granja Arakaki,
Paula F. Saldanha Tschinkel,

Anderson Fernandes da Silva,

Rita de Cassia Avellaneda Guimaraes,

Priscila Aiko Hiane and

Valter Aragao do Nascimento

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/111761

Abstract

A survey of chemical composition of the fruit of Campomanesia adamantium used by
rural and urban inhabitants of the cities of the Campo Grande, Mato Grosso do Sul
State, Brazil, was carried out by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) aiming at the detection of minerals. Fifteen minerals were
detected in the peel, pulp, and seeds of plant. The concentrations of elements K, Ca,
Na, and P are found to be present at the major level in peel, pulp, and seeds of fruit.
The zinc concentration is very low compared to other detected elements. The levels
of some chemical elements in the fruit do not exceed the limits established by
international legislation. Animal studies should be performed. The knowledge of the
chemical elements in plants has economic interest, and involves global health
problem.

Keywords: medicinal plants, guavira, inductively coupled plasma mass spectrometry

1. Introduction

Medicinal and aromatic plants are important source of natural wealth. Itis estimated that there
are about 350,000 species of existing plants. Therapeutic plants have been valued as a mode of
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treatment of a variety of diseases and have played a very important role in the health. So, they
serve as raw materials for manufacturing several traditional and modern medicines [1, 2].

The records of medicinal plants’ use for treating diseases and ailments date back to centuries
ago. However, currently, more than half of the world’s population still uses plants for the
development of new medicines. In countries such as China, Africa, India, and Brazil, the
traditional medicine is still the support of health care, and most of the drugs and cures come
from plants. The World Health Organization (WHO) estimated that 80% of people worldwide
rely on herbal medicines partially for their primary health care [3]. As in other countries, in
Brazil increasingly, medicinal plants are used by rural and urban inhabitants, especially for
treating minor ailments.

The vegetation of Brazil is richly endowed with a wide variety of plants, some of which are
yet to be fully exploited. Some of the plants are cultivated and used as food or drugs while a
good number of others grow wild in the Brazilian Amazon Forest. In Brazil, an effort for
documenting the traditional uses of medicinal plants in several Brazilian forests reported 117
medicinal plants used in the Brazilian Amazon [4]. With the exception of the Amazon, few
studies on medicinal plants have been performed in other Brazilian areas such as the Pantanal
and Cerrado.

Located in South America, the Brazilian Cerrado is located mainly in the Midwest region of
Brazil. The Cerrado is the second largest biome in Brazil, behind only the Amazon Rainforest.
The Cerrado is rich in traditional medicine. The Midwest region of Brazil, in Mato Grosso do
Sul State, in the city of Campo Grande/MS, has several medicinal plants, the Campomanesia
adamantium (Cambess.) O. Berg and other plants species are part of the Cerrado vegetation of
this city. The C. adamantium (Cambess.) O. Berg is also known popularly as gabiroba, guabiroba,
or guavira. It is a fruit produced by gabirobeira, a wild shrub that grows in the fields and
pastures of Brazil's Cerrado that develops in hot tropical climate with low rainfall. This species
belongs to the family Myrtaceae. The fruits are of round-shaped, with a soft pulp, and very
smooth well-appreciated taste.

There are many varieties of guavira fruit in Brazil. The differences between guavira of a same
variety are often greater than the differences between two different varieties. Some varieties
of guavira have different characteristics among them, and they are not as great as those among
the different varieties of oranges or mandarins. Sometimes, it is impossible to distinguish one
variety from the other, since the difference among the fruit of the same plant is as great as that
between the fruit of different varieties. The most common species are C. xanthocarpa (Mart.) O.
Berg, C. corymbosa (Cambess.) O. Berg, C. Cambessedeana O. Berg, C. adamantium (Cambess.) O.
Berg, and C. pubescens (Mart. ex DC.) O. Berg.

The reproduction of guavira relies largely on their interaction with animal pollinators and fruit
and seed dispersers. These plants are found as deciduous shrub, with a height from 0.5 to 1.5
m; flowering is usually from September to October, the flowers are lily and plentiful. Fruiting
occurs from November to January and the fruits generally range from 2 to 2.5 cm in diameter
(Figure 1); however, the morphological variation from one species to another is evident.
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The fruit has 90% sweet juicy pulp and is widely appreciated by the population of the Brazilian
Cerrado region. They are mature when the fruit has turned from green to yellow (see Figure
1). These plants have a delicate epicarp, demanding care during transport when ripe. A quick
processing or freezing is recommended. Refrigerated storage recommendations are at 25°C.
In nature, the guavira has low caloric value, mainly due to the high moisture content and
therefore a lower concentration of sugars, lipids, and proteins in their structure. The gabiroba
fruits have nutritional properties due to its high content of vitamin C, minerals, and phenolic
compounds, which allows considering it as functional food [5-7]. In Figure 1, images represent
different parts of the fruit of C. adamantium (Cambess.) O. Berg, popularly known as guavira,
from Cerrado, Campo Grande-MS, Brazil: (a) fruits of guavira, (b) peel and pulp guavira, (c)
magnified image of the fruit, and (d) seed guavira.

@ (®)
i

Figure 1. Campomanesia adamantium (Cambess.) O. Berg fruits, popularly known as guavira, from Cerrado, Campo
Grande-MS, Brazil: (a) fruit of guavira, (b) peel and pulp guavira, (c) magnified image of the fruit, and (d) guavira
seeds.

Several studies have shown the importance of the plant C. xanthocarpa Berg. (Myrtaceae) as
potential effect in reducing blood cholesterol levels. In Brazil, one clinical study with hyper-
cholesterolemic people investigated the effects of plant C. xanthocarpa Berg. (Myrtaceae) on
inflammatory processes, oxidative stress, endothelial dysfunction, and lipid biomarkers in
hypercholesterolemic individuals. According to results, the treatment reduced the blood total
cholesterol (TC) and low-density lipoprotein (LDL-C) levels, reduced the oxidative stress in
hypercholesterolemic individuals, and improved the levels of nitric oxide (NOx) [8]. In this
work, the authors state that their results are in accordance with a previous preclinical study
conducted in mice, which showed that this plant was effective in preventing gastric ulcerations
and did not produce toxic symptoms [9].

Other studies on these species properties showed the effects of the aqueous extracts of these
plants in rats fed on a high calorie diet. Comparing the results from the experimental group
with the results of the control group, the chronic treatment with the C. xanthocarpa aqueous
extract induced a significant reduction in weight gain in the rat. Equally, biochemical analysis
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showed that this treatment reduced glycemia. However, no effects on lipidic levels were
observed [10]. On the other hand, one study with some species of plants used for weight loss
purpose in Brazil and around the world showed that scientific data found are not sufficient to
guarantee the efficacy and safety of these plants for treating obesity [11]. Consistent with the
results aforementioned studies Campomanesia species are used in folk medicine as anti-
inflammatory, antirheumatic, antidiarrheal, and hypocholesterolemic [12].

During several years, this plant is used in Brazilian folk medicine for ulcer treatment. Although
there is no study in humans, the oral administration of the extract in animals proved to be
effective in preventing gastric ulceration in rats and did not produce toxic symptoms [13]. The
determination of groups as presence of flavonoids, saponins, and tannins has been related to
antiulcer activity in other published work [14].

Studies in vivo evaluated the antinociceptive and anti-inflammatory activity of ethanolic
extract from C. velutina leaves and its fractions, using male Swiss albino mice. The results of
the present study demonstrated that C. velutina has anti-inflammatory and antinociceptive.
However, the complete mechanisms of these actions remain to be elucidated [15].

Indigenous and rural populations used the leaves of C. adamantium (Cambess.) O. Berg and its
fruits to treat inflammatory, obesity, diarrheal, and aseptic urinary tract problems. The infusion
of the leaves is used for bladder problems, high blood pressure, throat infections, vomiting,
indigestion, and cramps. The leaves are also used for the treatment of rheumatic diseases and
as cholesterol reducers. C. adamantium (Myrtaceae) is an antioxidant fruit, and results showed
the hepatoprotective effects of pulp or peel/seed hydroalcoholic extracts on injured liver-
derived HepG2 cells by CCl4. The results in part are associated with the presence of antioxidant
compounds, especially flavonoids [16]. Researches and studies prove that the oleic and linoleic
fatty acids obtained from the oil of the seeds from C. xanthocarpa Berg. showed amounts of
bioactive compounds, and the results of fatty acid contents indicated a high degree of unsa-
turation. Oleic acid is included in the normal human diet as a part of animal fats and vegetable
oils. It plays a key role in the synthesis of hormones [17]. Linoleic acid is found in many
vegetable oils, including flaxseed oil, sunflower seed oil, and corn oil. In the traditional
medicine in Brazil, the roots and leaves of C. xanthocarpa Berg. are used for antidiabetic effects
[18].

The ingestion of such plants for medicinal purpose can have imperative side effects. Scientific
surveys of these plants are necessary because many of them may have detrimental effects, such
as acute or chronic toxicity, or their use may inhibit the adoption of the proper and effective
treatment. Hence, with regard to the toxicological consideration of medicinal plants, the major
hazard that may be associated with the use of plants is the presence of potentially toxic mineral
elements such as the accumulative elements copper, lead, cadmium, mercury, arsenic, fluorine,
selenium, molybdenum, and vanadium. Currently, an effort has been made by Brazilian
researchers to review the elemental contents and efficacy of traditional herbal medications.

Some people believe that C. adamantium (Cambess.) O. Berg is rich in zinc, aluminum, potas-
sium, calcium, phosphor, and magnesium. In this context, each chemical element has its
chemical properties, health effects, and would be associated with important applications in
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the treatment of ailments. In the case of zinc because of its effect in the fight against infections.
On the other hand the adverse effect of zinc deficiency increases the susceptibility of children
to infectious diarrhea and contributes to malnutrition increases the susceptibility of children
to infectious diarrhea, and contributes to zinc deficiency and malnutrition [19]. According to
information popular, this species is rich in aluminum. So, C. adamantium is popularly used to
treat ulcer disease in Mato Grosso do Sul State, in Midwest Brazil. It is logical that among the
various categories of antiulcer drugs in the market, many contain aluminum. According to the
elders who live in some farms, the fruit of guavira has potassium and helps maintain muscle
force. In fact, several investigations have shown that the health benefits of potassium include
relief from stroke, blood pressure, heart and kidney disorders, anxiety and stress, as well as
enhanced muscle strength. However, there are no scientific data confirming the concentration
of this element in the guavira fruit.

Knowledge of element concentrations in highly consumed plant samples is of interest.
Especially of trace elements toxic as well as nontoxic in plants are very important medicinally.
The diets of the world’s population lack one or more essential mineral elements. This can be
remedied through dietary diversification, mineral supplementation, food fortification, or
increasing the concentrations and/or bioavailability of mineral elements in produce. Some
medicinal plants are rich in minerals important to human. Until now, we know that each
mineral has a role in human metabolism. For example, sodium is essential to humans. An adult
person requires about 2.5-3.0 g per day [3]. Any extra sodium may contribute to high blood
pressure. High blood pressure is a leading cause of cardiovascular disease. It accounts for two-
thirds of all strokes and half of heart disease [20]. Sodium helps cells to transmit nerve signals
and regulates water levels in tissues and blood. On the other hand, potassium has opposite
effects on heart health, while high potassium intake can help relax blood vessels and excrete
the sodium and decrease blood pressure. Our bodies need far more potassium than sodium
each day [21].

Studies demonstrated that elements such as potassium, calcium, sodium, magnesium,
manganese, and copper could reduce cardiovascular disease in human beings [22]. Low
amount of phosphorus and calcium determined in the sample may still contribute to bone
formation. Calcium plays a role in final common pathway mediating stimulus-contraction
coupling in cardiac and smooth muscle [23]. Also, low potassium may till reduce the risk of
stroke while low sodium content may add value in osmotic regulation of the body fluids and
transmission of nerve impulse [24].

Calcium is the most abundant element in the human body. According to a study published [25],
the amount of calcium that the body loses through urination increases with the amount of salt
that is ingested. Other element as magnesium is abundant in intracellular fluid. Nevertheless,
the mechanism involved in its regulation is still unknown. The potential uses of magnesium
include the treatment of eclampsia, myocardial infarction, and arrhythmias [26]. Vegetables,
nuts, seeds, and legumes are the best sources for magnesium. In contrast to the calcium and
magnesium, quantities of manganese in mammalian tissue are scant. But at the same time, this
mineral is essential for bone mineralization and metabolism [27]. Studies using plasma of
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conscious horses increased superoxide capacity in a manner related to the dose of manganese
[28].

Based on the above information, the present chapter includes a preliminary study of the
detection of chemical composition of medicinal plant (C. adamantium (Cambess.) O. Berg) used
by the rural and urban communities of Campo Grande city, Mato Grosso do Sul State, Brazil.
This study is necessary because to date there have been no definitive studies on the chemical
composition of C. adamantium (Cambess) O. Berg fruits in Mato Grosso Sul State, Brazil.

Nowadays, C. adamantium (Cambess.) O. Berg (Myrtaceae) is used in folk medicine to treat
inflammation and rheumatism. This could be used as an alternative medicine for other disease
control. The literature search reveals that few studies have been done on this plant by Brazilian
researchers [29, 6]. For this reason, the aim of this work is to characterize the chemical
constituents of this plant species native to the Brazil. Using one inductively coupled plasma-
optical emission spectroscopy (ICP-OES), we performed measurements of the chemical
concentration in the peel, pulp, and seeds of the fruit.

2. Experimental background

2.1. Research area

The C. adamantium (Cambess.) O. Berg (Myrtaceae) fruits were collected in Campo Grande city,
Mato Grosso do Sul State, Brazil, in October 2015. Fruits of C. adamantium in various stages of
ripening were collected from various plants. Figure 2 shows the geographic coordinates of
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Figure 2. Geographic coordinates of Campo Grande, Mato Grosso do Sul State, Brazil.
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Campo Grande, Mato Grosso do Sul State, Brazil, which is used in mapping and navigation,
including GPS satellite navigation system (the global positioning system).

2.2. Elemental analysis by ICP-OES technique

All the samples of peel, pulp, and seeds of the fruit were weighed and digested in HNO; +
H,O, mixture. Samples were prepared as follows: a mixture of 0.5 g sample plus 5.0 mL
HNO,; (65% Merck) and 3.0 mL H,0O, (35%, Merck Millipore) was processed in the microwave
digestion system Speedwave®, Berghof, Germany. After digestion, samples were diluted to 100
mL using ultrapure water. The final acid concentration of the samples was quite high (4%
HNO:,).

In the present paper, the concentration of the elements (K, Ca, Na, P, Mg, Fe, Si, Mo, Mn, Z, Cr,
and Cu) was determined with the use of ICP-OES technique (Thermo Scientific—iCAP 6000
Series). The concentrations of the different elements in these samples were determined using
the corresponding standard calibration curves obtained by using standard solutions of the
elements of interest (Merck). Triplicate analyses were performed on each sample.

The specimen has been identified by Dr. Arnildo Pott and deposited (N° 53328) in herbarium
of Federal University of Mato Grosso do Sul (UFMS)/Brazil.

3. Results and discussions

The concentrations of different mineral elements of seed, pulp, and peel of guavira fruit
analyzed are listed in Table 1. In the present work, the concentration of elements in the peel
decreases in the following order: K> Ca > Na > P > Mg > Fe > Si > Mo > Mn > Zn > Cr > Cu >
Co. The pulp of the fruit decreases in the following order: K> P > Na > Ca > Mg > Si > Fe > Al
>Mo >Zn >Mn > Cr > Cu > Co. The results attributed to seeds of fruit: P > K> Ca > Mg > Na
>Fe > Al >Si>Zn > Mo > Cu > Mn > Cr > Cu > Co. Among the various elements, K, Ca, Na,
and P are found to be present at the major level, and Cr, Cu, and Co are at minor level. Our
studies demonstrated that the guavira seeds are rich in copper, iron, phosphorus, chromium,
and molybdenum. However, this plant is not a good source of other elements such as nickel,
zinc, potassium, magnesium, manganese, silicon, sodium, and calcium. The chemical charac-
teristic of each chemical element obtained in this study will be described below.

Copper contents were 0.005, 0.0031, and 0.0326 mg/g for the guavira peel, pulp, and seed,
respectively. In our study, the copper content of the seeds is the highest while that of the peel
is the least. The present results indicate that seeds of guavira are a rich source of copper. In a
recent study in Serbia, the concentration of copper in Foeniculum vulgare was mentioned as
0.001542 mg/g [30]. The permissible limit of copper set by Food and Agriculture Organization/
World Health Organization (FAO/WHO) (1984) in edible plants is 0.003 mg/g. The WHO limit
for copper in medicinal herbs has not been established yet. However, some countries had set
limits for copper in medicinal plants at 20 and 0.150 mg/g, respectively [31].

77



78  Active Ingredients from Aromatic and Medicinal Plants

Iron contents were 0.01453, 0.01089, and 0.05022 mg/g for the guavira peel, pulp, and seed,
respectively. The seeds of guavira are a rich source of iron. The regulatory limits of the WHO/
FAO (2005) have not been established yet for the iron in herbal medicines. The limit set by
FAO/WHO (1984) in edible plants was 0.02 mg/g. The iron concentration found in Pakistani
medicinal plants ranged with values between 0.18163 and 6.79688 mg/g [32]. Values of iron
found in Egyptian species and medicinal plants ranged from 0.02696 to 1.046.25 mg/g [33]. Iron
is necessary for several functions in the human body. However, iron toxicity has an adverse
effect on various metabolic functions and cardiovascular system [34].

Elements Peel (mg/g) Pulp (mg/g) Seeds (mg/g)
Cu 0.005 0.0031 0.0326
Zn 0.00118 0.00221 0.01063
Ca 0.2598 0.199 0.4608
K 2.0236 1.7515 2.5482
Na 0.2334 0.21566 0.0582
P 0.2332 0.5755 4.0652
Cd ND ND ND

Fe 0.01453 0.01089 0.05022
Ni ND ND 0.00017
Mn 0.00269 0.00099 0.00237
Co 0.0001 0.00005 0.00013
Mg 0.15304 0.10371 0.1981
Al ND 0.00597 0.02037
Cr 0.00101 0.00074 0.00084
Mo 0.00627 0.00434 0.00469
Si 0.01346 0.01182 0.01104

ND, non-detected.

Table 1. Levels of inorganic elements in guavira fruit.

The present study indicates that the seeds of guavira are a rich source of phosphorus (4.0652
mg/g). In an Indian plant known as Sesbania bispinosa (Jacq.), the lowest concentration of
phosphorus found in seeds was 0.00532 mg/g followed by the concentrations in leaves 0.00292
mg/g and in roots 0.0028 [35].

Chromium contents were 0.00101, 0.00074, and 0.00084 mg/g for the guavira peel, pulp, and
seed, respectively. On the other hand in the Pakistan, the range of chromium varied between
0.0012 mg/g in Convolvulus arvensis and 0.02949 mg/g in Cannabis sativa [32]. The permissible
limit set by FAO/WHO (1984) in edible plants was 0.00002 mg/g. The permissible limit of
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chromium for plants is 0.00130 mg/g recommended by WHO. After comparison of researches
of data above, the concentration of chromium in fruit peel was recorded above the permissible
limit set by WHO. The beneficial effects of supplemental chromium in individuals with type
2 diabetes were observed at levels higher than the upper limit of the estimated safe and
adequate daily dietary intake [36].

Molybdenum contents in the guavira peel, pulp, and seed were 0.00626, 0.00434 and 0.00469
mg/g, respectively. In 1973, the WHO experts suggested that 2 ug/kg of body weight would
be appropriate to maintain normal parameters in health [37]. Representative diets of various
countries showed an average concentration of molybdenum in diet 0.23 mg/kg; this corre-
sponds to a daily intake of 100 pg of molybdenum per day for adults. The values of dietary
intake of Mo are scarce in the literature reports in Brazil and other countries. This is important
information required in assessing risks to human health due to their overburden. So, knowl-
edge of the current levels of dietary intake of guavira by indigenous and rural populations is
of primary importance [38].

The nickel concentration was detected by only seeds (0.00017 mg/g). According to the Food
and Agriculture Organization of the United Nations (1984), the permissible limit in edible
plantsis 0.00163 mg/g. Until 2005, there is no permissible limit for nickel by WHO in medicinal
plants. Scientific findings have shown that Ni is toxic as evidenced by lipid peroxidative
damage to placental membrane; in this case, the metabolic change may be responsible for
decreased placental viability, altered permeability, and potential subsequent embryotoxicity
[39].

In India, the plant Withania somnifera known commonly as Indian ginseng has below concen-
tration of zinc 0.0206 mg/g. In our work, in relation to guavira seeds, we obtained the amount
of zinc 0.01063 mg/g. There are no limits of zinc concentration in medicinal plants by the World
Health Organization (WHO, 2005). However, the zinc concentration in guavira is less than
other Pakistani plants [32]. The guavira fruits are not rich in zinc, as some people claim.
However, the recommendation of zinc is beneficial in the treatment of several disorders, such
as several pro-inflammatory conditions and cancer [40].

The range of potassium varied between 2.023 mg/g in peel, 1.75 mg/g in pulp, and 2.54 mg/g
in the seeds. These values are low when compared with other medicinal plants: Rheum australe
(0.00622 mg/g) and Anethum graveolens (36.93961 mg/g). Potassium has been found in higher
concentrations in Allium cepa (86.422 mg/g) [41]. On the other hand, minimum concentrations
of Ca were observed in the pulp (0.199 mg/g) and maximum in seeds (0.4608 mg/g), which is
less than 13.34 mg/g in Brassica campestris, Pakistani medicinal plant [32]. According to a study
with several herbal medicaments, the reported tolerable upper intake level of calcium in herbs
is 2500 mg/day. It has been suggested that for those athletes who may require calcium
supplementation to improve bone density, building up to an intake of 1500 mg daily in doses
of at least 500 mg at a time is recommended [42]; higher doses could result in adverse gastro-
intestinal symptoms in some people [43]. So, the guavira fruit is not a good source of potassium
and calcium.
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In this study, the concentration of magnesium obtained was 0.1981 mg/g. In some Pakistani
medicinal plants, magnesium content ranged between 0.00333 mg/g in Punica granatum [44] to
2.24188 mg/g in Convolvulus arsenis [32]. There are no current data to establish a safe upper
level for the magnesium intake.

The range of Mn varied between 0.00269 mg/g in peel and 0.00237 mg/g in seeds of guavira.
According to FAO/WHO, the permissible limit set in edible plants was 0.002 mg/g [45]. Studies
on medicinal plants in Nigeria obtained a concentration of manganese 0.000399 mg/g in Fleurya
aestuans (Urticaceae). After this comparison, the concentrations of manganese in fruits of
guavira are in perfect harmony with those limits of FAO/WHO. However, for manganese in
medicinal plants limits have not yet been established by WHO (2005).

Silicon contents in the guavira peel, pulp, and seed were 0.01346, 0.01182 and 0.01104 mg/g,
respectively. There are no guidelines to establish a permissible level of silicon in medicinal
herbs. It is not certain that silicon is essential to all plants. No silicon deprivation studies have
been conducted in humans. However, silicon appears to have a beneficial role in bone
formation and in bone health [46].

The sodium concentrations for fruit studied ranged from 0.0582 mg/g (seed) to 0.2334 mg/g
(peel). In the plant F. aestuans Linn. (Urticaceae) of Nigeria, the concentration of sodium
obtained was 0.01225 mg/g. The minimum daily intake of sodium is 2.3 g.

In analyzed fruits, the sodium contents varied between 0.2598 mg/g (peel), 0.199 mg/g
(pulp),and 0.4608 mg/g (seeds). In the reported plants [44], Na contents ranged from 0.0006
mg/g Therminalia chebula)) to 90.375 mg/g (Linum usitatissimum) [44]. The recommended daily
allowance of sodium is 0.12-0.37 g/d for infants, 1.5-1.7 g/d for children, and 1.2-1.5 g/d for
adults [47].

4. Conclusions

The results of the analysis showed that the guavira fruits are rich in mineral contents, especially
potassium, calcium, sodium, and phosphorus.

The concentrations of elements K, Ca, Na, and P are found at the major level in peel, pulp, and
seeds of fruit. The zinc concentration is very low compared to other detected elements.

The mineral composition results of the medicinal plants showed that these plants contain rich
source of mineral elements; this result became so important when the usefulness of minerals
such as Ca, Mg, P, K, and Na in body is considered. The knowledge of the current levels of
dietary intake of guavira by indigenous and rural populations is of primary importance. The
elemental analysis of the guavira showed significant variation among different elements. The
analysis of Cr concentration showed the highest in peel and the lowest value was found in
pulp. It was found that the highest amount of Mo was present in peel and pulp had the lowest
value. The concentrations of chromium (Cr) and molybdenum (Mo) were reportedly found
higher than the permissible levels.
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Some minerals of guavira showed elemental contents above the permissible levels as recom-
mended by the WHO.

Animal studies should be performed. The knowledge of the chemical elements in plants has
economic interest and involves global health problem.
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Abstract

Only innovative products will be sustainable to open up new markets and new horizons
for textile industry. As a response to consumer demand, in recent years textile manufac-
turers are demonstrating increasing interest in added value products by getting the
insect repellents, cosmetics, antimicrobials, phase-change materials, fire retardants,
counterfeiting, polychromic and thermochromic effects. Aromatherapy application in
textile industry led to a series of value-added products that give besides comfort a
number of other properties (anti-acne, antimicrobial, fragrance, anti-inflammatory seda-
tion, or soothing properties). In recent years, aromatherapeutic textiles were applied in
many fields such as food, cosmetics, medicine, tobacco, textiles, leather, papermaking
and pharmaceutical industries. The purpose of this chapter was to present the essential
oils used in textile finishing, textile supports used for aroma finishing, embedding
methods and the controlled release of essential oils.

Keywords: aromatherapy, essential oils, textile materials

1. Introduction

Although medicinal plants have been used for centuries as remedies for human diseases, in
recent years, they have reached a great interest due to their low toxicity, pharmacological
activities and economic viability. It shows a more pronounced shift from chemical and
nonsustainable products to natural products that are not harmful, biodegradable and with
health and wellness benefits [1]. After Mahboob et al., a good part of the population prefer
traditional medicine because of the scarcity and cost-effectiveness of this sector.

Natural additives from plants can be compounds, groups of compounds, or essential oils [2].
Among natural additives, essential oils present a particular interest due to multiple benefits it
shows such as antiviral, antifungal, antibacterial, antioxidant, antiparasitic, insecticidal, radi-
cal-scavenging properties, anti-inflammatory, antiseptic, germicide, healing and emollient
effects.
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Essential oils are made up of complex mixtures of several hydrocarbons (alcohols, terpenes,
aldehydes, esters, phenols, oxides and ketones) and are obtained by conventional or advanced
methods (Figure 1) [3, 4].

Conventional/classical Adwvanced /innovative
methods methods

Q 4

Figure 1. Extraction methods of essential oils.

Essential oils are fat soluble and thus they have the ability to permeate the skin membranes
and drained into the systemic circulation, which reaches all targets organs as described by
Radulovic et al. [5] and Kandori [6]. Essential oils are considered “vital force” of the plants. The
role of these oils in plants is similar to that of the blood in the body. Fat-soluble structure of
essential oils is similar to that of cells and tissues in the human body. This makes them
compatible with human proteins and allows them to be easily identified and accepted by the
body. Due to the fat-soluble structure and very small-size molecules, essential oils serve as
transport agents that easily penetrates the cell membrane. Only one application of essential oils
is sufficient to stimulate and revitalize the entire body. Recent research has shown that essen-
tial oils are able to penetrate the barrier blood/brain due to their small size (<500 amu) [7].

2. Chemical composition of essential oils
Essential oils represent less than 5% from vegetal dry matter and are complex mixtures of
volatile compounds extracted from plants [8].

Chemical composition of the main essential oils used in textile industry, identified by gas
chromatography (GC) and GC-mass spectrometry (GC-MS), is presented in Table 1:
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Essential oil Chemical type Main compounds Composition (%) References
Peppermint Oxygenated compounds Menthol 36 [11]
Menthone 21.24
Menthy] acetate 6.92
Eucalyptol 6.58
Isomenthone 4.71
Neomenthol 4.06
Bicyclic sesquiterpene B-Caryophyllene 2.07
Monoterpenes Pulegone 1.72
p-Limonene 2.09
{-Pinene 1.02
Menthofuran 3.00
Citronella Oxygenated compounds Citronellal 55.24 [12]
Citronellol 13.41
Geraniol 26.29
Thyme Oxygenated compounds Carvacrol 14.1-77.6 [13]
Thymol 0.5-27.8
Borneol 0.2-16.3
Monoterpenes y-Terpinene 3.8-6.6
p-Cymene 3.5-79
a-pinene 1.2-7.8
Ocimum sanctum L. Oxygenated compounds Carvacrol 2.04 [14]
Eugenol 61.30%
Bicyclic sesquiterpene p-Caryophyllene 11.89%
Monocyclic sesquiterpenes Germacrene-D 9.14%
Tricyclic sesquiterpene a-Cubebene 2.54%
Byclic sesquiterpenes {-Selinene 1.34%
Lavender Monoterpenes a-Pinene 3.4% [15]
Oxygenated monoterpenes 1,8-cineole 33.0%
Camphor 23.1%
a-Bisabolool 14.1%
Monoterpene {-Pinene 4.1%
Sage Oxygenated monoterpenes 1,8-cineole 13.7%
Camphor 23.8%
Bicyclic monoterpene cis-thujone 5.9%
Camphene 5.2%

Rosemary Bicyclic Monoterpenes a-Pinene 28.2%
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Essential oil

Chamomile

Lemongrass

Citrus

Geranium

Turmeric

Chemical type

Oxygenated monoterpenes

Oxygenated compounds

Monoterpenes

Oxygenated compounds
Monoterpenes

Oxygenated compounds

Sesquiterpenes

Monoterpene

Monoterpenes

Oxygenated compounds

Oxygenated compounds

Sesquiterpenes

Oxygenated compounds

Sesquiterpenes

Oxygenated monoterpenes

Monoterpenes

Main compounds

1,8-cineole

Camphor

Borneol

Sabinene

{-Pinene
Limonene
4-terpineol
a-Pinene

a-Citral (geranial)
B-Citral (neral)
Geranyl N-butyrate
B-Caryophyllene
cis-Verbenol
Camphene
Limonene
{-Pinene

Sabinene

a-Pinene

Myrcene

Octanol
L-a-Terpineol
Terpinen-4-ol
Citronellol
Geraniol

Nerol

Citronellyl formate
Geranyl formate
B-Caryophyllene
10-epi-g-Eudesmol
Geranyl propionate
Geranyl tiglate
Geranyl butyrate
a-Phellandrene
Eucalyptol (1,8-cineole)

Terpinolene

Composition (%)

7.4%

7.9%
6.5%
27.9%
16.0%
2.0%
1.4%
43.9%
43.356
36.548
2.661
1.998
1.495
1.005
84.73-98
1.37-3.36
0.28
0.27-1.06
1.2-2.16
0.34-0.54%
2.80

1.18

26.7

13.4

8.7

7.1

25

15

4.4

1.00

1.0

1.4

33.9

10.6

References
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Essential oil Chemical type

Oxygenated compounds

Eucalyptus Monoterpenes

Sesquiterpenes

Oxygenated monoterpenes

Oxygenated Sesquiterpenes

Table 1. Chemical composition of essential oils.

2.1. Terpene hydrocarbons

Main compounds

a-Pinene

Myrcene

p-Cymene
y-Terpinene
Carvacrol

Curlone

a-Pinene
a-Phellandrene
Aromadendrene
Allo-aromadendrene
Ledene

Eucalyptol (1,8-cineole)
Isovaleraldehyde
Epiglobulol

Globulol

Eudesmol

Aromatherapeutic Textiles
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Composition (%) References

1.7

33
56
29
22
13
38 [22]
1.9
19.7
25
3.1
19.8
24
6.4
236
2.1

Terpenes are found in a wide variety of essential oils and many of them are of industrial

importance [4]:

®  Monoterpene hydrocarbons: Monoterpene consists of two isoprene units and can be classified
into three categories: acyclic, monocyclic and bicyclic. The chief sources of the monoter-

penes and their derivatives are the essential oils obtained by distillation or extraction under

pressure of various plant parts [9].

e Sesquiterpenes: Sesquiterpenes are made of isoprene units and have empirical formula of
Cy5Hps. Some plant-derived sesquiterpenoids have been identified as anti-inflammatory

and anti-carcinogenic species [10].

2.2. Oxygenated compounds

® Phenols (thymol, eugenol, carvacrol and chavicol);

e Alcohols (linalol, menthol, borneol, santalol, nerol, citronellol and geraniol);

e Aldehydes (citral, myrtenal, cuminaldehyde, citronellal, cinnamaldehyde and benzalde-

hyde);
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e Ketones (carvone, menthone, pulegone, fenchone, camphor, thujone and verbenone);

e Esters (linalyl acetate, geraniol acetate, eugenol acetate and bornyl acetate);

* Lactones (nepetalactone, bergaptene, costuslactone, dihydronepetalactone and alantrolactone);
e Coumarins (warfarin, acenocumarol and phenprocoumon);

e FEthers (linalyl acetate, geraniol acetate, eugenol acetate and bornyl acetate);

e QOxides (bisabolone oxide, linalool oxide, sclareol oxide and ascaridole).

3. Application of essential oils in textile field

Due to essential oils that can act both at local level and through odor, they have great
important applications in many fields such as food, cosmetics, medicine, tobacco, textile,
leather, papermaking, pharmaceutical and perfume industries [23].

Essential oils add much value to the textile materials. The most commonly used essential oil in
aroma finishing is lavender essential oil due to its properties: anti-acne, antibacterial, calming,
anti-inflammatory, treatment of eczema and dermatitis. The most used essential oils in the
textile industry are presented in Table 2.

Introducing the concept of aromatherapy, textile materials came with increasing consumer
demands in terms of quality, comfort and functionality of textiles. There was a shift in their

Essential oil Final product destination/effect References
Peppermint Sedative, stimulatory, antiviral, and antibacterial properties [24]
Citronella Mosquito repellent [25]
Thyme Ocimum Antimicrobial natural textiles [26, 27]
sanctum L.
Lavender Garment’s packaging and storage system Health and well-being Medical [28-30]
applications in treatments at skin level Antibacterial textiles
Chamomile Garment'’s packaging and storage system Health and well-being [31]
Moluccella spinosa L. Antibacterial activity for historical textiles [32]
Lemongrass Antibacterial and antifungal properties [33]
Citrus species Medical textiles Fragrant textiles Cosmetic textiles [34-37]
Geranium Health-care textiles [38]
Turmeric Food-packaging materials [39]
Eucalyptus Antibacterial wound dressing [40]
Rosemary Sage Health-care textiles Antimicrobial skin-care textiles Nonwoven [41-43]
Lavender textile shoe insoles

Table 2. Major essential oils used in textile finishing.
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values. Instead of wanting the finest natural materials, people look at beauty through engi-
neering, innovative design, smart appearance and added value of products [44].

Aroma finish is a process by which the textile materials are treated with bioactive systems (e.g.,
chitosan/essential oil, alginate/essential oil systems) and finally get the multifunctional prop-
erties such as therapeutic effects and a feeling of well-being and freshness in the wearer.

Aromatherapy textiles are used in medicine and alternative healing, home textiles, body-care
textiles, household cleaning and cosmetic products.

Aromatherapeutic textiles first appeared on the market were scented women's tights. Hosiery
and intimate apparel have been the more widely explored product categories to apply aroma
finishing. In recent years, a number of companies around the world turned their attention to
aromatherapy textiles. Woolmark™ is applying aroma technology to hosiery, lingerie, socks,
outdoor clothing, underwear, carpeting and other interior textiles. The Invista Company,
owner of fiber brands such as LYCRA®, TACTEL® and SUPPLEX®, launched the LYCRA®
Body Care Collection that includes moisturizing and fragrance features in the yarns to enhance
the wearer’s sense of well-being in the intimate apparel category. The Nike clothing brand has
also explored encapsulation methods to a limited extent [45, 46].

Cooperation of specialists from medical and textile fields leads to rapid development in
various fields, such as medical, barrier, hygiene and controlled-release textiles. Textiles used
for obtaining aroma products are presented in Table 3.

Textiles Destination References

Linen/cotton blended fabric 100% eco-friendly cotton knitted fabrics Cotton/ Antimicrobial protection [47-57]

regenerated bamboo (50/50) knitted fabrics Flax knitted fabrics

knitted fabrics (plain stitch) of polyamide Cosmeto-textiles [48]

Pure cotton Polyester/coton (40:60) blend fabrics Silk Synthetic fibres Flavors and fragrances in [49-52, 55,

(polyamide or polyester) textile applications 56]

100% Viscose Hydroentangled nonwoven Medical textiles [53]

Nylon net fabrics Cotton fabrics Mosquito repellent [54]
efficiency

Table 3. Textiles used in aromatherapy.

4. Embedding techniques of essential oils

Losses by evaporation and difficulties in their controlled release make essential oils commer-
cial application limited. In this case, nanocarrier systems (lipid-based particles, nanoemulsions
and biocompatible polymer-based particles) can provide an ideal solution for realizing a
controlled and targeted delivery of the essential oil. In the last few years, the application of a
biocompatible and biodegradable polymer-based formulations as a controlled-release form
has generated immense interest [58]. Because polymers (e.g., chitosan, alginates, starch, poly
(pL-lactide-co-glycolide), poly-e-caprolactone, polyethylene glycol, gum Arabic, maltodextrin,
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modified starches, mesquite gum) are friendly for the environment and safe for human health,
they are commonly used in medicine, pharmacy, textiles, food and other fields [59]. As known,
essential oils are adsorbed by the skin from the textile fabric through a mechanism of con-
trolled release [60].

Bioactive systems are applied to the textile materials by a variety of techniques such as follows.

4.1. Microencapsulation techniques

Microcapsules are spherical or irregular shape (1-100 um) containing one or more active
ingredients (core) coated by synthetic or natural polymer (shell) material which gives con-
trolled release of core materials. The core may contain a solid or liquid substances, solutions or
suspensions and mixture of solids or liquids.

The shell material is generally formed of a polymer that must meet some conditions:
® Physicochemical compatibility with the core material

e Flexibility

e Impermeability

e Stability

Compeatibility from core and wall material is an important criterion for efficacy microcapsules.
Core size plays an important role in the diffusion, permeability, or controlled release of the
active compound. The wall material protects temporarily or permanently the core from exter-
nal factors and may be:

e Permeable

* Semipermeable (wall material is impermeable to the active compound and permeable to
liquids with low molecular weight)

e Waterproof (membrane protects the active compound from external factors. Active com-
pound is released by breakage or degradation of the wall) [61]

The main used methods of microencapsulation are shown in Table 4 [62].

Microcapsules (core-shell system) in terms of morphology can be classified into mononuclear
and polynuclear matrix (Figure 2).

Microencapsulation techniques

Chemical ~Simple coacervation Complex coacervation Physical Spray drying Spray chilling Pan coating Rotary

methods  Coacervation phase separation Solvent methods disk atomization Air-suspension coating
extraction Solvent evaporation In situ Stationary nozzle coextrusion Multiorifice-
polymerization Interfacial polymerization centrifugal process Centrifugal extrusion

Nanoencapsulation Matrix polymerization
Liposome polymerization

Table 4. Encapsulation process.
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Mononuclear Polynuclear Matrix type
Figure 2. Morphology of microcapsules.
The microcapsules have many advantages, among which the most important are:

e protection of biologically active compound against environment;

¢ extends the life of biologically active compound by avoiding degradation reactions (oxida-
tion and dehydration);

e controlled release of biologically active compound;
® microorganisms and enzyme immobilization.

The main useful shell materials used for obtaining microcapsules are presented in Figure 3.

Carboxymethylcellulose //

=) S

S /
cellulose
Beeswax
Polyethylene
oy

Figure 3. The main useful shell materials.

Polyacrylic
acid

Polyvinylpyrrolidione

4.2. Application of biologically active compounds in the form of hydrogels

Hydrogel is a water-swollen and cross-linked polymeric network produced by the reaction of
one or more monomers. The hydrogels can be classified on different bases as detailed below
[63]:
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Hydrogel source:

- Natural

- Synthetic hydrogels

Polymeric composition:

- Homopolymeric hydrogels

- Copolymeric hydrogels

- Multipolymer interpenetrating polymeric hydrogel
Hydrogels configuration:

- Amorphous hydrogels

- Semicrystalline

- Crystalline

Type of cross-linking:

- Chemically cross-linked networks
- Physical cross-linked networks
Physical appearance of hydrogels:
- Matrix

- Film

- Microsphere

Network electrical charge:

- Nonionic

- Ionic

- Amphoteric

- Zwitterionic

4.3. Application of biologically active compounds in the form of polymer matrices

There are various materials that can be used to attach the biologically active compounds, such
as synthetic polyelectrolytes, natural polyelectrolytes, inorganic nanoparticles, fats, dyes, or
polyvalent ions.

Generally, for polymer matrices, two classes of materials were used:
Natural materials [64] include

e Carbohydrates: agarose, carrageenan, alginate, chitosan, gellan gum and hyaluronic acid
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* Proteins: collagen, gelatin, fibrin, elastin, silk fibroin

Synthetic polymers [65]: aliphatic polyesters, polyacrylates, polyamides, polyepoxides,
polyphosphazenes and poly(ethylene glycol).

4.4. Functional coatings

Functional coatings are applied to textile surfaces for decorative, protective, or functional
purposes. The term “functional coatings” describes systems that presents besides basic func-
tions (protective and decorative) and additional functions [66].

Functional coatings can be classified according to their characteristics [67] as follows:

¢ Functional coatings with optical properties (fluorescent, phosphorescent, or photochromic
coatings)

* Functional coatings with physicochemical properties (hydrophilic or hydrophobic coat-
ings)
¢ Functional coatings with thermal properties (heat-resistant coatings)

¢ Functional coatings with mechanical properties (anti-abrasive coatings)

e Functional coatings with electric/magnetic properties (antistatic, conductive, dielectric, or
piezoelectric coatings)

* Functional coatings with hygienic properties (antimicrobial coatings)

4.5. Application of biologically active compounds by activating the textile support

Plasma treatment of textile materials is an alternative to chemical treatments in order to obtain
new characteristics of the final product.

Usually, it is used in low-pressure plasma treatments and atmospheric pressure plasma treat-
ments of textiles (ex. for hydro- and oleo-repellence). For the enhancement of the wettability of
different fabrics, the plasma treatment with a dielectric barrier discharge [68] is most often
used.

The main plasma treatment effects are increasing the hydrophilic character, enhancing adhe-
sion (composite materials, coated and laminated textiles), improving dyeing and printing
properties, hydrophobicity and oleophobicity, deposition of fiber coatings (metallic coatings
and polymer coatings), surface cleaning, inactivation of microorganisms, influencing physical
properties of fibers (optical, mechanical and electrical properties), shrink-proofing of wool,
improving the efficiency of wet-finishing processes and formation of radicals [69].

4.6. Controlled release of essential oil

Micro-encapsulation ensures the storage life of essential oils and can effectively control the
release rate of the biologically active compounds.
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Controlled release of biologically active compounds from shell material can be classified as [70]
follows:

diffusion-controlled erosion-controlled swelling-controlled
time 0 time t time O time t time O time t
diffusion-controlled erosion-controlled swelling-controlled
time 0 time t time O time t time O time t

The methods for investigating the kinetics of biologically active compound release from con-
trolled-release formulation can be classified into three categories [71]:

e Statistical methods

* Model-dependent methods: zero-order, first-order, Higuchi, Korsmeyer-Peppas model,
Baker-Lonsdale model, Weibull model and so on

* Model-independent methods: difference factor (f;), similarity factor (f,)

The most used methods to investigate the release profile of essential oils are model-dependent
methods. For empirical/semi-empirical mathematical modeling of biologically active com-
pounds from polymeric layer, the Korsmeyer-Peppas model is generally favorable and is based
on the Fickian diffusive release from a thin polymeric film [72]:

Mi/M.. =k - t" 1)

where

K—Peppas release rate constant;

t—time (s);

Mt/M..—fraction of active compound released at time ¢;
n—the release exponent.

Transport mechanisms of active principle function are shown in Table 5.
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The release mechanism for the biologically active compound from the textile supports is
primarily based on the diffusion process of the oil molecules. The main mechanism of essential
oils release from shell materials is presented in Table 6.

Release exponent (1)

n=05
05<n<1
n=1

n>1

Active compound transport mechanism

Fickian diffusion £0°

Non-Fickian transport
Case II transport

Super case II transport

t”_z

tnfl

Table 5. Transport mechanism of biologically active compound.

Essential oil
Rosemary
Geranium
Citronella
CloveThyme

Tea tree

Calendula
officinalis L.

Coriandrum
sativum L.

Peppermint
Eucalyptus

Cardamom

Shell material
Chitosan film
Chitosan matrix
GelatinGum Arabic
Orabase

Sodium alginate/quaternary
ammonium salt of chitosan

Chitosan grafted with sodium
acrylate-co-acrylamide

Chitosan/alginate/inulin
microcapsules

Polyvinyl pyrolidine (PVP)Ethyl
cellulose (EC)

Alginate-whey protein

Table 6. Controlled release kinetics.

5. Conclusions

Release mechanism

Non-Fickian mechanismZero-order mechanism
Fickian mechanism

Fickian mechanismNon-Fickian mechanism
Mixed mechanism

Ritger-Peppas mode

Non-Fickian (coupling of Fickian diffusion and
relaxation of entangled chains of the encapsulating
polymer)

Non-Fickian transport mechanism (diffusion or
diffusion-swelling-controlled process)

Zero-order release kinetic

Fickian diffusion

dM,/dt as a function of time

Zero-order release

References
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Aromatherapeutic textiles are a good choice for people who want to maintain harmony
between their physical and psychological comfort. Applying of essential oils on textile mate-
rials shows great potential for the value-added textiles. Aromatherapy textiles application in
various fields (cosmeto-textiles, home textiles, sport wears, medical textiles, etc.) made them

indispensable in day-to-day life.
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Abstract

Medicinal and aromatic plants are important sources for plant secondary metabolites.
The genetic manipulation of plants associated with in vitro plant regeneration systems
facilitates efforts to engineer secondary product metabolic pathways. The fungal infec-
tions have been increasing in recent years due to several factors, namely, the increased
incidence of high-risk patients, particularly immunocompromised hosts. Aromatic plants
have been empirically used as antimicrobial agents, but the mechanisms of action are
still unknown. Thyme has a great interest due to the possibility of its use in different
applications, in medicine, in the cosmetic industry, or as food additives. Several studies
have shown that thyme oils possess antimicrobial activity. Increasingly, plant breeding
has taken advantage of molecular biology developments in order to genotype the spe-
cies of interest to accelerate their selection. These approaches consist in choosing desired
genotypes based on molecular markers or the knowledge of the genes involved in a par-
ticular trait. The in vitro culture techniques can be used to multiply plants selected after
molecular and antifungal studies. The course of the investigation and the current state
in relation to micropropagation, molecular studies, and antifungal action of the Thymus
genus plants will be presented.

Keywords: Thymus, micropropagation, molecular, antifungal

1. Introduction

The genus Thymus L. belongs to the Lamiaceae family and consists of over 400 species of
herbaceous annuals and perennial plants that are extensively used, for medicinal and non-
medicinal purposes. These plants are widely distributed throughout the Old World [1, 2] and
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have been used for many centuries in traditional medicine due to their antiseptic, carmina-
tive, antiviral, and antioxidant properties [3]. Thymus species are also interesting as a source
of pentacyclic triterpenoids with several properties, as anti-inflammatory, hepatoprotective,
antimicrobial, anti-HIV-1 activity, antiulcer, gastroprotective, hypoglycemic, antihyperlipid-
emic activity, and specific cytotoxicity against a variety of tumor cell lines [4-6]. By all this it
becomes increasingly important to know the bioactive components of the Thymus.

Furthermore, interests focusing mainly on few selected chemotypes for the cosmetic and food
industries, among others, lead to the loss of other species in nature, such as Thymus cariensis
Hub.-Mor. & Jalas, Thymus cilicicus Boiss. & Balansa, Thymus sipyleus Boiss., Thymus pulvinatus
Celak., and Thymus cherlerioides Vis. [7]. These species should be preserved to make available
the access to a wide range of genetic diversity. On the other hand, as the plant has a low
propagation rate in nature, a suitable method to obtain a high number of plants is needed [8].

2. Thymus main active compounds

Among the Lamiaceae family, the genus Thymus is one of the most studied genera, due to
the use of these plants as a remedy in folk medicine and as a condiment, mainly in the
Mediterranean zone [1]. High bioactivity (e.g., antioxidant, anti-inflammatory, antiprolif-
erative, and antimicrobial effects) is linked to the considerable content in phytochemicals
of different Thymus species. Volatile compounds are extracted in essential oils (EOs), while
nonvolatile compounds are found in alcoholic and aqueous extracts obtained by maceration,
decoction, or infusion [9].

Noticeable interest was given to the study of EO in different Thymus species. High intraspe-
cific chemical polymorphism was reported, especially in Thymus vulgaris L., which was shown
to have a polymorphic variation in monoterpene production [10, 11]. Phenolic monoterpenes,
such as carvacrol and thymol (Figure 1, compounds 1 and 2), seem to explain the important
biological activity of the majority of Thymus spp. essential oils characterized by phenolic che-
motypes. However, the presence of other terpenes in the EO results in the enhancement or
reduction of EO bioactivity due to synergistic or antagonistic effects [12]. In the Lamiaceae
family, EOs are produced in the glandular trichomes and stored in their cavities [13]. Several
enzymes are involved in the biosynthetic pathways of terpenes, such as the terpene synthases
enzyme class and the cytochrome P450s that are involved in the core terpene molecule func-
tionalization [14].

Carvacrol and thymol have p-cymene as common precursor (Figure 1, compound 5). Carvacrol
is frequent in some Lamiaceae aromatic plant genera like Thymus, Origanum, and Satureja [15],
while thymol is mainly frequent in Thymus plants. Phenolic chemotypes are characteristic
of T. vulgaris [10], Thymus hyemalis Lange [16], Thymus capitatus L. [17], Thymus zygis L. [18],
and some populations of Thymus pulegioides L. [19]. Thymol’s antibacterial effect is enhanced
by the presence of carvacrol in the essential oil [12]. Both thymol and carvacrol have impor-
tant antifungal effect; they act by causing damage in the cell membrane and interacting with
ergosterol [18, 20-22]. This mechanism was also proved with other monoterpenes, namely,
linalool (Figure 1, compound 3), which acts also by interfering with biofilm formation and
stability [23].
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Figure 1. Chemical structure of main active compounds in Thymus spp. (1) carvacrol, (2) thymol, (3) linalool, (4) geraniol,
(5) p-cymene, (6) eucalyptol, (7) rosmarinic acid, (8) luteolin, (9) luteolin-O-glucoside, (10) luteolin-O-glucuronide, (11)
apigenin, (12) apigenin-7-O-glucoside, (13) apigenin-7-O-glucuronide, (14) apigenin-6,8-di-C-glucoside, (15) eriodictyol,
(16) eriodictyol-O-glucoside, (17) eriodictyol-O-glucuronide, (18) naringenin, (19) naringenin-7-O-glucoside. Glc,
glucoside unit; GlcA, glucuronide unit.

Linalool and geraniol (Figure 1, compounds 3 and 4, respectively) are monoterpene alco-
hols, which characterize several chemotypes of Thymus species such as Thymus pulegioides,
T. x. citriodorus (Pers.) Schreb., Thymus algeriensis Boiss. & Reut., and some populations of T.
vulgaris [11, 19, 24, 25]. Eucalyptol, or 1,8-cineole (Figure 1, compounds 6), a monoterpene
cyclic ether monoterpene that is mainly present in Eucalyptus genus, is the major component
of Thymus mastichina (L.) L. EO [26] and was also reported in populations of T. algeriensis,
Thymus hirtus Raf., and Thymus glabrescens [27, 28].

Although more interest has been given to study thyme essential oils, nonvolatile extracts con-
tain highly active secondary metabolites which are mainly phenolic compounds. Aromatic
amino acids L-phenylalanine and L-tyrosine, produced by the shikimic acid pathway, are the
precursors of the biosynthesis of polyphenols, namely, phenolic acids and flavonoids [29, 30].
Rosmarinic acid and luteolin (Figure 1, compounds 7 and 8, respectively) are the main fre-
quent phenolic compounds found in thyme plants and which are related to their extracts’ bio-
logical activity. Rosmarinic acid, caffeic acid esterified with 3,4-dihydroxyphenyllactic acid, is
the most abundant phenolic acid in several Thymus species: T. vulgaris, T. pulegioides, T. zygs,
T. mastichina, T. capitatus, Thymus longicaulis C. Presl, and T. x. citriodorus [9, 31-36].

From the class of flavones, luteolin and apigenin (Figure 1, compounds 8 and 11, respectively)
are the most important in Thymus. Luteolin is frequently present also in fruits and other
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Lamiaceae genera like Mentha. Its glycosylated derivatives such as luteolin-O-glucoside (Figure
1, compound 9) are also frequent in thyme species. Apigenin and its derivatives (Figure 1) are
reported in some species such as T. x. citriodorus, T. vulgaris, and Thymus herba-barona Loisel.
[37]. Eriodictyol and naringenin (Figure 1, compounds 15 and 18) are flavanones which were
described as well as their glucoside and glucuronide derivatives (Figure 1, compounds 16 and
19 and 17, respectively) in some Thymus species such as T. x. citriodorus and T. vulgaris [34].

3. Micropropagation of Thymus

Advances in biotechnological approaches provide a set of techniques that contribute to solv-
ing problems of extinction or genetic erosion in particular of plants. Alternatives for fast
multiplication, like “in vitro micropropagation” that enables propagation of plants under
controlled environmental conditions, can help in multiplying selected plants after molecular
and antifungal studies or subjected to excessive demand by the people.

Furthermore, it was also possible to develop techniques that allow the maintenance of germ-
plasm for a long time, like “cryopreservation” that make available long-term storage of

Thymus germplasm at ultra-low temperatures [8].

Species Achievements Growth regulators or others References

Thymus mastichina Propagation of thyme from Nodal segments—MS + 0.1 mg L' BAP  [40]
mature field-grown plants Roots—MS +1 mg L' NAA

Thymus vulgaris and In vitro propagation protocol Shoots, semisolid MS+1mg L KN and  [41]

Thymus longicaulis 0.3 mg L™ GA3; roots, MS + 0.05 mg L™

24-D

Thymus lotocephalus Propagation protocol using MS [42]
seeds as explants BAP induce high % of hyperhidric shots

Thymus caespititius Shoots with high proliferation =~ MS+ 0.4 mg L" BA+0.1 mg L™ IBA [43]
capacity

Thymus persicus System for regeneration via Shoot, 8.9 UM BAP +2.7 uM NAA; roots, [44]
direct organogenesis 1/2 MS +2.5 uM IBA

Thymus hyemalis Regeneration of plants MS +4.44 uM BAP, 0.54 uM NAA, and [45]
through somatic 4.65 uM KIN
embryogenesis

Thymus daenensis Colloidal silver nanoparticles 2.5 mg L'AgNPs (silver nanoparticles) [46]
reduce hyperhydricity

Thymus moroderi Propagation disinfection growth regulators did not improve the [47]
processDouble phase morphogenic response
culture system

Thymus persicus Callus induction and Callus, MS +2.0 mg L' NAA and 0.5 mg  [48]

micropropagation

LTKN
Shoot, MS +2.0 mg L' BAP + 1.0 mg L™
NAA

Table 1. Approaches in Thymus plant micropropagation.
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Optimizations for micropropagation process involve the use of different growth regulators like
cytokinins, auxins, or gibberellic acid for the induction of multiple shoots. The first works in
Thymus micropropagation are from Furmanowa and Olszowska dated from 1980 [38] to 1992
[39]. Since that date, a lot of works for the micropropagation of different species of Thymus
(Table 1), as well as the cryopreservation of the same plants, were developed (Figure 2).

Figure 2. Thymus caespititius multiple shoots produced. (A) Outgrowth of the axillary buds maintained on MS medium
with 0.4 mg L™ BA and 0.1 mg L™ IBA. (B) Detail of spontaneous root formation in shoot cultures (bars = 1 cm) [43].

Cryopreservation procedures, PVS2 vitrification, encapsulation—vitrification and droplet—
and freezing methods showed to be effective to induce cryotolerance and long-term con-
servation of thyme shoot tips obtained from in vitro propagated plantlets [49]: Different
Thymus species have already been studied, Thymus moroderi [50], T. vulgaris and T. longicaulis
[2], T. cariensis and T. vulgaris [41], and Thymus lotocephalus [51].

4. Genetic analysis

Researchers, from different areas, use the genetic analysis of plants as the basis of their work
in order to identify and to characterize plant materials in nature, to detect genetic diversity or
the genetic homogeneity, and to select plants with desired compounds.

The pool of genetic variation in plants, namely, the medicinal and the aromatic ones, serves
as the base for plant breeding as well as for selection. Molecular markers are very useful in
breeding program allowing germplasm screening independent to the developmental stage of
the plants and/or environmental factors [52].

Applications of DNA methods, with different purposes, in Thymus genus are few when com-
pared with other economically important plant species. A few reports are available about
genetic characterization of species of Thymus genus (Table 2), using different molecular
markers, being the techniques of random amplified polymorphic DNA markers (RAPD) and
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inter-simple sequence repeat (ISSR) the most commonly used. Amplified fragment length
polymorphisms (AFLPs) and microsatellites are also utilized for genetic analysis and genetic
relationships in Thymus species [56, 63].

Beyond the genetic characterization of different species, the knowledge of genetic diversity
within species is necessary for any improvement of cultivars and biodiversity maintenance
and restoration [64]. Yousefi et al. [54] studied ecotypes grown in different parts of Iran using
ISSRs and verified that the accessions were relatively grouped according to their location and
conclude that ISSRs provided a powerful and reliable molecular tool for detecting genetic
variation and relationships. A similar study was done by Rahimmalek et al. [55] with the
purpose to assess the genetic diversity of Thymus daenensis Celak accessions toward the con-
servation of the endangered aromatic species. Solyman and Alkowni [59] studied genetic
diversities of five Palestinian Thymus species using RAPD markers and concluded that it could
be useful tools for identifying Thymus species in any putative breeding programs that will be
carried in the country. A study, with AFLPs, in Thymus, section Serpyllum [63], demonstrated
that this markers could be suitable for complex genetic relationships analysis, including fre-
quent interspecies hybridization events. Recently Karaca et al. [56] present the first report of
genomic microsatellite markers for the genus Thymus, used in 48 individuals representing 9
species and subspecies of Thymus.

The overexploitation of wild plants for commercial purposes (and consequent decreased of
populations) associated to the increasing demand for secondary metabolites has intensified
the application of biotechnological methods to propagate and reproduce high-yielding plants
under controlled growing conditions and/or to obtain homogenous and stable genotypes.
Other application of molecular markers in this genus is the analysis of the reliability of the
in vitro propagation regarding the genetic homogeneity, most of times associated to the phy-
tochemical productivity of the produced plantlets, as the experiment reported by Bakhtiar
et al. [48] using RAPDs. In this work RAPD profiles confirmed the homogeneity and high-
performance liquid chromatography (HPLC) confirmed the phytochemical productivity of
the in vitro regenerated plants.

Mendes et al. [53], using in vitro genotypes, characterized Thymus caespititius terpene syn-
thase 2 (Tctps2) gene and identified other terpene synthase genes responsible for the chemical
polymorphism observed in T. caespititius essential oils.

Another genetic approach is the analysis of the chemical and the genetic relationships
among species as the study described by [58] that also determinate the correlation between
these two sets of data, the essential-oil composition and genetic variability of six popula-
tions of Thymus. RAPD markers allowed a perfect distinction between the six species, based
on their distinctive genetic background: however, they did not show identical clustering
with the volatile-oil profiles [58]. Contrary Echeverrigaray et al. [60], also based in RAPD
profiles, observed that the cultivars (T. vulgaris L.) could be divided into two clusters, which
coincided with results obtained by oil GS-MS analysis. Chemical and genetic differences
of four Thymus species were studied by Pluhdr et al. [61] in order to determine whether
molecular characters (RAPDs) and essential oil components could be used as taxonomic
markers and obtained a partial correlation between molecular and chemical assessments. In
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Species Achievements Markers References

Thymus caespititius Identification of terpene synthase TPS gene [53]
genes in Lamiaceae

Thymus daenensis Assessment of genetic diversity and ISSRs [54]

Thymus kotschyanus relationships

Thymus vulgaris

Thymus daenensis subsp. Assessment of genetic diversity and ISSRs [55]

daenensis geographic differentiation

Thymus cilicicus Development of 23 microsatellite primer Microsatellites ~ [56]

Thymus revolutus pairs for Thymus genus and assessment

Thymus cherlerioides of genetic diversity and relationships of

Thymus leucotrichus 48 samples representing nine species and

Thymus zygioides subspecies of the genus Thymus

Thymus sipyleus

Thymus longicaulis

Thymus persicus Confirmation of genetic homogeneity in in RAPDs [48]
vitro regenerated plants

Thymus kotschyanus Assessment of genetic diversity of wild RAPDs [57]
populations

Thymus daenensis Assessment of genetic diversity and RAPDs [58]

Thymus fallax chemical polymorphism of Thymus

Thymus fedtschenkoi species

Thymus migricus

Thymus vulgaris

Thymus syriacus Assessment of thyme genetic diversity in RAPDs [59]

Thymus fruticosus Palestine

Thymus incanus

Thymus majorana

Thymus capitatus

Thymus vulgaris Correlation between the chemical and RAPDs [60]
genetic relationships among commercial
Thymus cultivars

Thymus glabrescens Essential oil composition and molecular RAPDs [61]

Thymus pannonicus analysis

Thymus praecox

Thymus pulegioides

Thymus caramanicus Assessment of genetic and chemical ISRRs [62]
variability

Thymus pulegioides Assessment of genetic diversity and AFLPs [56]

Thymus glabrescens
Thymus marschallianus
Thymus pannonicus
Thymus balcanus
Thymus moesiacus
Thymus praecox

relationships among species of the
genus Thymus L. (section Serpyllum)

Table 2. Employment of molecular markers in genetic characterization of Thymus genus plants.
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Thymus caramanicus Jalas, Hadian et al. [62] assessed the genetic (using ISSRs) and chemi-
cal variability and observed a relationship between genetic and chemical variability and
geographic distribution.

5. Fungal infections

Fungal infections are a serious problem of public health concern and have been increas-
ing in recent years due to several factors given increased international travel, immigration,
changing climate conditions, and the increased incidence of high-risk patients [65]. Invasive
mycoses are especially problematic for immunocompromised individuals and patients in
intensive care units, and some conditions can predispose as organ transplantation, the use
of drugs in treatments as corticosteroids and antineoplastics, and complex surgical pro-
cedure acts [66, 67]. Other cases may be found in patients suffering from diabetes melli-
tus, patients with human immunodeficiency virus infection, patients with neoplasias after
receiving chemotherapy, patients with transplantation surgeries, or those with prolonged
antibiotherapy [68].

Oral and vulvovaginal candidiases caused by Candida albicans are the most common fungal
diseases [69]. Invasive fungal diseases can be less frequent but much more severe. Other
mycotic diseases or complications associated included asthma, bronchopulmonary and inva-
sive aspergillosis, pneumocystosis, meningeal cryptococcosis, mucormycoses, or invasive
candidiasis [70]. Deaths related with fungal infections are mostly associated with Cryptococcus,
Candida, Aspergillus, and Pneumocystis [71].

Aromatic plants have been empirically used as antimicrobial compounds, but the mechanisms
of action are still under study [72]. Inhibitory action of aromatic plants possibly includes
cytoplasm granulation, cytoplasmic membrane lesion, and inhibition and/or inactivation of
extracellular and intercellular enzymes [72, 73] and might be due to different compounds,
including phenolics, terpenoids, and alkaloids. These compounds together or independently
use different levels of antifungal effect ending with mycelium germination inhibition [73].
Also, it is described that plant lytic enzymes act in the fungal cell wall causing breakage
of 3-1,6 [72]glycan, 3-1,3 glycan, and chitin polymers [74]. The antimicrobial activity of the
aqueous extracts could be due to the anionic components such as chlorides, thiocyanate,
nitrate, and sulfates besides other water-soluble constituents which are naturally occurring
in the plant material [75].

6. Antifungal activity

Only limited numbers of new antifungal drugs were developed in recent years, and there are
only small numbers of drugs available for their treatment [68]. Toxicity and drug resistance
have become an increasing problem. The resistance to antifungal drugs, the high costs associ-
ated with treatment, and the fungistatic activity of most of the antifungal drugs are problems
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making their treatment difficult and expensive [67]. So, alternatives for treating invasive fun-
gal infections are necessary [67].

The spread of multidrug-resistant strains of fungi is a medical problem worldwide, and the
reduced number of drugs available led to a search for therapeutic substitutes, namely, among
aromatic and medicinal plants and compounds isolated from them used for their antifungal
[76, 77].

Numerous molecules obtained from the natural environment are investigated and described
in bibliography with antimycotic activity. Several extracts are investigated for antifungal
activities like crude extracts or isolated constituents as essential oils, saponins, terpenoids,
alkaloids, phenolic compounds, peptides, and proteins [78, 79].

The in vitro evaluation methods of antifungal activity can be divided into diffusion meth-
ods and dilution methods. The diffusion methods yielding to inhibition diameters are used
mostly for the qualitative screening. Examples are the agar overlay technique [80]. Dilution
methods offer more quantitative results regarding the action of essential oils. Serial dilutions
are used for detecting the minimal inhibitory concentration (MIC in mg ml™) of an essential
oil in a liquid medium its antimicrobial properties and rank it among the most potent essen-
tial oils in this respect [81].

A wide range of aromatic and medicinal plants with therapeutic properties have been
explored and used for the extraction of essential oils all over the world due to their antimi-
crobial capacity against fungal pathogens [79]. Several studies have shown that thyme oils
possess antimicrobial activity [82-84].

Thymus spp., most of them possessing a large quantity of phenolic monoterpenes, revealed
activity against fungi [83].

Medicinal plants have the capacity to inhibit the growth of a wide range of opportunistic
or pathogenic microorganisms due to the presence of essential oils [85]. Essential oils are
natural, volatile liquid, complex compounds characterized by rarely colored and a strong
odor, soluble in lipid and organic solvents [85]. About 60% of essential oils show antifun-
gal activity [84].

The essential oils and their components have been used broadly against molds [85]. The essen-
tial oil extracts from many plants have shown their considerable antifungal activity against
the wide range of fungal pathogens [73].

Thyme essential oils are apparently among the greatest inhibitors of fungal microorganisms
because of the presence of the phenolic compounds such as thymol as main components
which might disrupt the fungal cell membrane [85]. Another component that appears to show
antimicrobial activity is terpene hydrocarbons (y-terpinene) [86]. p-Cymene is a compound of
essential oil that does not show antibacterial efficacy when used alone which suggest a syner-
gistic effect of the compounds [86, 87].

Thyme essential oils may in the future represent a new source of natural antiseptics with
applications in industry of pharmaceutics and food [86]. The essential oils have the ability

115



116  Active Ingredients from Aromatic and Medicinal Plants

to penetrate and disrupt the fungal cell wall and cytoplasmic membranes, permeabilizing
them and finally causing damage to mitochondrial membranes [88].

Variability in essential oil compounds might be linked to differences in concentration and
amount recovered based on several factors, including species of plant used, method of extrac-
tion, solvents, and extraction time, which in turn may differ in their antifungal potency [68, 89].
Differences can also be attributed to raw materials used (dried or fresh), types of soils used for
cultivation, the harvesting time in the year, or differences in oil extraction techniques [90].

These oils have been used in folk medicine in different communities for patients suffering
from mycotic infections [91].

Differences in essential oil compounds might be related to variability in the dried or fresh
materials used, to the harvesting time in the year, to types of soils used for cultivation, or to
differences in oil extraction techniques. T. vulgaris has medicinal properties and is widely
used in traditional medicine for its expectorant, antispasmodic, antibronchiolitic, antitussive,
anthelmintic, carminative, and diuretic properties [92].

Many studies have shown that thyme (T. vulgaris) has antifungal activities and have suggested
their integration into pharmaceutical preparations in the treatment of candidiasis [72, 86, 93].
Previous studies showed fungistatic activity of the essential oils of T. vulgaris as carvacrol,
p-cymene, and thymol [94]. The antifungal mechanism of action by which thymol or carvacrol
acts is actually not well understood, although the antifungal activity is probably because thymol
is lipophilic and together with carvacrol can act in the fatty acyl chains of membrane lipid bilay-
ers, and alters the fluidity and permeability of cell membranes [95]. Other mechanisms have been
theorized as damaged of membrane and cell wall with disruption associated with morphological,

Thymus plant Inhibited microorganisms References
Thymus vulgaris Candida albicans [72, 86, 94, 99, 100]
Thymus vulgaris Aspergillus flavus [92]
Thymus vulgaris Aspergillus ochraceus [96]
Thymus eriocalyx Aspergillus niger [98]
Thymus x-porlock

Thymus vulgaris Penicillium chrysogenum [96]
Thymus serpyllum Dermatophytes [101]
Thymus schimperi Penicillium chrysogenum [66]
Thymus schimperi Verticillium sp. [66]
Thymus schimperi Aspergillus tubingensis [66]
Thymus schimperi Aspergillus minutus [66]
Thymus schimperi Beauveria bassiana [66]
Thymus schimperi Microsporum gypseum [66]

Table 3. Effect of Thymus plants on the fungal microorganisms.
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deformation, deterioration, collapse, and of the conidia and/or hyphae [96]. Thymol and carvacrol
have a stronger antifungal capacity, indicating more susceptibility of Aspergillus spp. than that of
Penicillium spp. [97]. Thyme essential oil showed its capabilities of inhibiting fungal development
causing leakage of the cytoplasm of Aspergillus flavus and was responsible for degenerative altera-
tions in hyphae alterations, which appeared degraded or with the complete absence of conidia
[92]. A previous report showed capabilities of inhibiting aflatoxin production [92].

Thymus essential oil causes irreversible damage to cell wall, cell membrane, and cellular
organelles which affects Aspergillus niger growth and morphology [98].

The fungal activity of Thymus plants has been summarized in Table 3.

7. Conclusions

Thymus plants have been playing, in recent years, an increasingly important role in the intense
study being targeted to run through the different areas of biotechnology. So here we intend to
present the latest developments involving this plant in such diverse areas as active compound
analysis and their effect on antifungal activity, genetic analysis, micropropagation, and finally
cryopreservation techniques, one of the most recent methodologies to plant preservation.

The utilization of new plant breeding technologies will be the future in aromatic and
medicinal plant manipulation and production, in order to obtain a multitude of valuable
characteristics like increased nutrient and metabolite production and resistance to different
stresses. Next-generation sequencing (NGS) technology and the associated bioinformatics
tools will allow general profiling of RN A expression in plant species with limited molecular
genetics studies as the majority of aromatic and medicinal plants.
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Abstract

Heterosis refers to the superior performance of heterozygous F1 hybrid plants with
respect to those of their genetically distinct parents. Despite its wide use in crops, hetero-
sis is seldom applied in the Panax genus, and its molecular basis remains unclear. Thus,
this study is aimed to obtain hybrid F1s and identify the proteins associated with hetero-
sis. Hybrid F1 plants and parental inbred lines were obtained using the embryo rescue
technique, and the proteomes of their leaves were analyzed using two-dimensional gel
electrophoresis. A total of 236 differentially expressed proteins were found, among which
84 nonadditive proteins indicated a heterosis pattern in the hybrid. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes analysis revealed that photosynthesis,
carbohydrate metabolism, and protein and amino acid synthesis were the most abundant
classes of nonadditive proteins. Of the proteins in these categories, 10, 6, and 4 proteins,
respectively, showed above high parent expression in the hybrid leaves. These results
imply that the increment in photosynthetic capacity, carbohydrate decomposition, and
nitrogen fixation might be related to the heterosis of the hybrid biomass and ginsenoside
production in the hybrid leaves. This study could provide a basis for hybrid breeding of
the Panax genus.

Keywords: hybridization, heterosis, proteomic analysis, morphological traits, ginsenoside,
Panax genus



128 Active Ingredients from Aromatic and Medicinal Plants

1. Introduction

Hybridization is a commonly used breeding method for plants because it allows gene trans-
fer and optimization of the best plant features [1]. Wheat, maize, and soybean hybrids have
been produced from conventional hybrid breeding, and these hybrids tend to exhibit better
traits than those of their parents [2-4]. This phenomenon is called heterosis. Panax ginseng
C. A. Meyer (Asian ginseng) and Panax quinquefolius L. (American ginseng) are two medici-
nal plants of the Araliaceae ginseng species widely used in Asia because of their purported
therapeutic effects on cancer, diabetes, and Parkinson's disease [5-7]. The ability to enhance
the hybridization of Panax plants may improve yield and quality, which is an essential goal
of the ginseng industry. However, research into the hybrid breeding of each species, espe-
cially the molecular basis of heterosis, remains to be clarified, although several hypotheses
and models have been proposed, such as locus-specific overdominant effects and genome
dominance complementation [8, 9]. Recently, several studies on maize, rice, and Arabidopsis
analyzed heterosis at the genome, transcriptome, and proteome levels by applying a variety
of molecular tools [10-13].

Protein profiling plays an important role in comparative proteomic analysis, thereby enabling
the comparison of proteins across different genotypes, organs, or treatments. Two-dimen-
sional electrophoresis (2-DE) combined with mass spectrometry (MS) is commonly used to
appoint correlations among the polymorphism of individual protein amounts, indications,
and hybrid vigor for agronomic traits [14-17]. However, to date, no report is available on the
differences in the proteomic profiling of the leaves of the Panax hybrid and its parents. In this
study, we report research into the differences in leaf proteome profiles between the hybrid
F1 and its parental inbred lines at the seedling stage. The proteomic analysis in this work
reveals that the proteins involved in photosynthesis, carbohydrate metabolism, and protein
and amino acid synthesis may be responsible for heterosis in Panax. The molecular insights
provided by this study might help in improving understanding of the possible molecular
networks involved in Panax heterosis.

2. Materials and methods

2.1. Plant materials and hybridization

All plant materials were collected from Fusong, Jilin province, China, in 2012. Among them,
“FX01” (Panax ginseng, female parental inbred line) is a landrace with high yield and ginsen-
oside content, and “ZNYS01” (Panax quinquefolius, male parental inbred line) was introduced
from America in 1975. Samples were cultivated in an experimental greenhouse of Special
Wild Economic Animals and Plants Institute of Chinese Academy of Agricultural Sciences,
Changchun, China. To ensure matching flowering periods, seeding stage was regulated for
four years for “ZNYS01” and “FX01” on 5 April and 1 May, respectively. When flowering, pol-
len was collected from “ZNYS01,” dried with silica gel, and kept at 4°C until use. Interspecific
hybridization was accomplished by selecting the unopened but fully developed flowers of
“FX01” emasculating and pollinating them with dried pollen of “ZNYS01,” and bagging the
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pollinated flowers immediately to prevent contamination from other pollen sources. Abortive
seeds were removed 21 days after pollination and stored at 4°C.

2.2. Embryo rescue and plant regeneration

Embryo rescues were performed according to Suputtitada et al. [18] with modifications. Three
weeks after pollination, abortive fruits were collected and surfaces were washed with run-
ning water for 2 h, and then, seeds were removed and sterilized with 75% ethanol for 1 min,
followed by 0.1% HgCl, treatment for 10 min, and five washes in sterilized water. Ovules
were excised from seeds and cultured in Erlenmeyer flasks containing solid embryo induc-
tion medium (Murashige and Skoog basal medium supplement with 1.0 mg/L 6-benzylad-
enine, 2.0 mg/L gibberellin, 0.5% lactalbumin hydrolysate, 3.0% sucrose, and 6.0% agar), with
3—4 ovules/flask [19]. Cultures were kept in the dark at 25+2°C. After 3-4 weeks of culture,
developed embryos were excised from ovules and then transferred to White's basal medium
[20], containing 1.0 mg/L 6-benzyladenine, 0.2 mg/L a-naphthalene acetic acid, 3.0% sucrose,
and 6.0% agar for plant regeneration, and cultured under a 15-/9-h photoperiod with a light
intensity of 40 puE/s/min provided by cool white fluorescent light (25 +2°C). pH of media was
adjusted to 5.8 before autoclaving. Subculture was performed every two months. Samples
were collected from the middle leaf of cultured plantlets (palmate compound leaves) after
30 days from the third subculture. For each experiment, 30 plantlets were propagated from
one embryo to ensure genetic background consistency.

2.3. Molecular identification

Leaves of the F1 hybrid and parental inbred lines were frozen in liquid nitrogen and ground
into fine powders. Genomic DNA was isolated with the cetyltriethylammonium bromide
method. DNA was separated on agarose gel and quantified with a DNA/Protein analyzer.
PCR amplification of ribosomal external transcribed spacer regions was performed on plant
DNA samples. Oligonucleotide primers (Table 1) were designed according to Wang et al.
[21] and the 20 uL PCR reaction mixture consisted of 10 ng of template DNA, 0.5 uM of each
primer, 1 UE x Taq, 2 uL 10 x PCR buffer, and dNTP 0.2 mM. PCR amplification was per-
formed using 1 predenaturation cycle of 4 min at 94°C, 39 cycles of 94°C for 30 s, 60°C for 30s,
and 72°C for 30's, and a final extension at 72°C for 5 min. PCR products were analyzed on a
1.0% agarose gel stained with ethidium bromide.

2.4. Morphological traits measurement

Plants were carefully harvested and dried in an oven at 60°C for 96 h, for dry weight deter-
mination. Six plant traits were characterized including plant height (PH), total leaf number
(TLN), leaf area (LA), leaf thickness (LT), leaf fresh weight (LFW), and leaf dry weight (LDW).
Statistical analysis of the five traits was performed using F-test.

2.5. Ginsenoside analysis

For ginsenoside analysis, 250 mg of leaf samples (dry weight) was soaked in 50 mL methanol
for 1 day and filtered. Filtrate was removed to a 100-mL volumetric flask, and residue was
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re-extracted twice. Extracts were concentrated with methanol and diluted to 100 mL. Then,
2 uL samples were analyzed with a Waters XEVE-TQ ultra-high performance liquid chro-
matography-tandem mass spectrometry system. Separation was achieved using a BEH C18
column (1.7 pm, 50 mm x 2.1 mm). MS/MS analyses were carried out under positive and neg-
ative ion modes. Gradient elution and ion source parameters were set as Wang et al. reported
[22]. Ginsenosides were detected under negative multiple reaction monitoring mode.

2.6. Protein extraction and separation

Total protein extraction and separation were performed according to Lei et al. [23]. Leaves of
hybrid F1 and two parents were removed, and each ~0.5 g was ground to powder under liquid
nitrogen and homogenized in 3.0 mL of ice-cold acetone containing 10% (w/v) trichloroace-
tic acid and 0.07% p-mercaptoethanol. After incubation at -20°C overnight, the mixture was
centrifuged at 15,000xg at 4°C for 15 min. The upper fraction was removed, and precipitate
was collected and washed three times with 3 mL of ice-cold acetone containing 0.07% (-mer-
captoethanol. Each washing was followed by centrifugation as described above. All obtained
precipitates were air-dried at 4°C and dissolved in sample rehydration buffer containing 7 M
urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl) dimethylammonio] propanesulfonic acid, 1%
phenylmethanesulfonyl fluoride, and 1% protein inhibitors. After dissolution, sample protein
solutions were vortexed at 38°C for 30 min and centrifuged at 15,000xg at 15°C for 10 min.
Protein concentration was measured with a Bradford assay [24].

Before the first dimension [isoelectric focusing (IEF)], 1.5mg of sample protein (350 uL)
was loaded on an immobilized pH gradient dry strip (17 cm, pH 4-7, linear; Bio-Rad) and
rehydrated for 15h. IEF was then performed under the following conditions: 200V for
1.5h, 500 V for 1.5h, 1000 V for 3 h, and 10,000 V for 7 h. IEF was terminated after reaching
70,000 Vh. Gel strips were subsequently equilibrated for 15 min in 5 mL equilibration buffer
[75 mM Tris-HCI (pH 8.8), 6 M urea, 2 M thiourea, 30% glycerol, 2% sodium dodecyl sulfate,
0.002% bromophenol blue, and 1% (w/v) dithiothreitol (DTT)] and then soaked again for an
additional 15 min with the same buffer but replacing DTT with 2.5% (w/v) iodoacetamide.
For the second dimension, the equilibrated strips were then separated with 12.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sealed with 0.5% (w/v) low
temperature agarose. Gels were stained with Coomassie brilliant blue R-250 and destained
with a solution containing 10% ethanol and 10% acetic acid. Three biological replicates were
carried out for all samples to obtain statistically reliable results. Then, the 2-DE gels were
scanned using Image Scanner 6.0 (Amersham Biosciences, location) with a resolution of 300
dpi and analyzed on the PDQuestTM 2-DE analysis Software Version 8.01 (Bio-Rad). Protein
expression was estimated by the spot percent volume (vol.%), a value normalized as a per-
cent of the total volume of all gel spots present. Percent volumes can be used to correct the
variability caused by sample loading, gel staining, and destaining. Fold-changes in protein
expression were calculated according to spot percent volumes, and only spots with more
than twofold quantitative variation (increase/decrease) in three replicates and statistically
significant when calculated by ANOVA (p <0.05) were considered significantly differentially
expressed proteins.
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2.7. Protein MS analysis and classification

Gel digestion was performed according to Deng et al. [25] with modifications. Protein spots
with significant differences in abundance were manually excised from gels. Peptide MS and
MS/MS analyses were carried out on an ABI-5800 MALDI-TOF/TOF Plus mass spectrometer
(Applied Biosystems, location). General MS parameters were as follows: laser, 200 Hz (UV,
355 nm); acceleration voltage, 2kV; scans per laser spot, 2500-3000 times; mass range from
800 to 4000 kDa; eight most intense peaks were selected on each mass spectrum for further
MS/MS analysis.

Data were acquired in a positive MS reflector by using a CalMix5 standard to calibrate the
instrument (ABI-5800 Calibration Mixture). The following parameters were used as follows:
one allowed missed cleavage site; fixed modifications of carbamidomethyl; variable modifica-
tions of oxidization; 100 ppm for precursor ion tolerance and 0.3 Da for fragment tolerance.
Both MS and MS/MS data were integrated and processed by using GPS Explorer V3.6 soft-
ware (Applied Biosystems) with default parameters.

Protein identification was performed by searching Viridiplantae sequences in the nonredun-
dant National Center for Biotechnology Information (NCBI) database and ginseng Expressed
Sequence Tags database using the GPS-Mascot V 2.4 search engine (www.matrixscience.com
Matrix Science Ltd., London, UK). Only proteins with Mascot scores >75 based on 95% or
greater confidence intervals were considered identified. Protein functions were classified
using Gene Ontology (GO) annotation according to their biological processes and molecular
functions (http://geneontology.org/). When no GO annotation was available, protein classifi-
cation was based on literature retrieval and closely related homologous sequences.

3. Results

3.1. Plant regeneration and molecular identification

One major difficulty in interspecific hybridization is the embryogenic abortion of hybrids
[26]. To overcome this problem, the embryo rescue technique was used as depicted in the
“Methods,” and the embryo germination rate was influenced by basal medium, hormones,
and the embryonic developmental stages. Figure 1a—d shows “FX01 x ZNYS01” and the par-
ent plants regenerated from immature embryos; both growth and reproduction of the hybrid
plants showed the highest speed and stability. Although “FX01 x ZNYS01” displayed signifi-
cant differences in trait with their parents, identification at the molecular level was consid-
ered essential. Thus, single-nucleotide polymorphism molecular markers in the ribosomal
external transcribed spacer region were adopted to identify such differences. Two primers P1
and P2 were specific to P. quinquefolius and P. ginseng, respectively. Another primer P3 was
used as the corresponding reverse primer of P1 and P2 (Table 1). The combination of three
primers generated different fragment patterns for the hybrid F1s and their parents (Figure 2).
“FX01” produced specific 388-bp bands, whereas “ZNYS01” yielded specific 501-bp bands.
Two bands were detected when the DNA of “FX01 x ZNYS01” was used.
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‘FX01xZNYS01’

¥
&

ZNYSO01

{

Figure 1. Hybrid F1 plants and parental inbred lines differentiated from embryos and morphology. Cultured (a)
“FX01,” (b) “FX01 x ZNYS01,” and (c) “ZNYS01.” (d) The leaf trait of plant height and leaf area in “FX01 x ZNYS01” was
significantly different from that in the parents.

500bp —

250bp —

Figure 2. Multiplex allele-specific PCR products using the DNA extracted from the leaves of the hybrid and its parental
inbred lines. Lane M: 2000 bp DNA marker; Lane 1: “FX01”; Lane 2: “ZNYS01”; and Lane 3: “FX01 x ZNYS01”.
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Primer name Nucleotide sequence (5'-3")

P1 GTGTTGGCATAGTGTACGTTA

P2 AGAGCAGTAAGCCTTGGAAAAT

P3 AGACAAGCATATGACTACTGGCAGG

Table 1. Oligonucleotide sequences of the primers used.

3.2. Morphological traits and ginsenoside measurement

Hybrid plants often perform better than their parents; this is a phenomenon called hetero-
sis. This better performance manifests as increased growth speed, yield, or vigor of hybrid
F1 plants compared with the average levels of traits in their parents. In this study, six plant
traits, namely, PH, TLN, LA, LT, LFW, and LDW, were measured. Statistical analysis revealed
the significant differences in morphological traits between the hybrid and parental inbred
lines (Table 2). Ginsenoside is the major effective component of Panax; thus, ginsenoside
production was measured as another important heterosis factor. The quantified ginsen-
osides and related data are listed in Table 3. The results on both the total ginsenosides and
20(S)-Rg2 indicate that “FX01 x ZNYS01” F1 exhibited the highest yield and showed a strong
transgressive inheritance. The other seven ginsenosides also displayed increased mid-parent
advantage.

SV DF* PH (cm) TLN LT (mm) LA (cm? LFW (mg) LDW (mg)
Genotype 2 8.04" 102.4" 3.89 x 102N 1.41" 22.58" 0.66"
Error 15 0.28 4.82 3.67x10? 0.18 2.3 0.05

2 SV, source of variance.
 DF, degree of freedom.

¢ NS, nonsignificant at the 0.05 probability level.
" Significant at the 0.01 probability level.

Table 2. Mean squares of variance analysis for the different characteristics of the hybrid and its parental inbred lines.

3.3. 2-DE separation of the leaf proteins of the hybrid and its parental inbred lines

The protein expression profiles of the leaves from the hybrid F1 and parental inbred lines were
obtained by 2-DE. Means of 679 + 21, 869 + 32, and 987 + 16 (mean + standard deviation; n = 3) spots
per gels were detected in “FX01,” “FX01 x ZNYS01,” and “ZNYS01,” respectively (Figure 3). The
spot intensities on each replicate gel were normalized with PDQuest software to compensate
for the non-expression-related variations in spot intensity. The 2-DE map of the leaf proteins
of the hybrid F1 was used as a reference map for comparison with the proteins of the parental
inbred lines. After normalization, the average protein spot intensities of the three replicate gels
per genotype were compared between “FX01 x ZNYS01” and the parental inbred lines. A total
of 236 protein spots were present in significantly different quantities across the three genotypes.
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Ginsenoside “FX01” (mg/g) “FX01 x ZNYS01” (mg/g) “ZNYS01” (mg/g)
Rgl* 22.62°+1.65 2.98°+0.21 0.61°£0.07

Re* 56.69°+1.13 51.41°+2.36 26.78°+2.28
20(S)-Rg2* 1.16°£0.09 7.382+0.63 2.98°+0.13

Rb1& 5.43*+0.32 5.49°+0.45 1.12°+0.02

Rb2¢ 3.47¢+0.49 6.88°+0.71 8.972+0.57

Rb3& 0.41°+0.07 16.52°+0.39 30.39°+1.29

Rc* 3.52°+0.41 4.66"+0.22 4.01°+0.19

Rd* 10.21°+£0.83 39.22°+1.28 40.58*+3.02

Total yield* (mg/g DW) 103.51°+2.61 134.547+1.52 115.44°+0.98

“Means with the different letters in a single line are significantly different according to Tukey's honestly significant
difference multiple comparisons with (family error 0.05).
*Total yield = (Rgl + Re +20(S)-Rg2 + Rb1 + Rb2 + Rb3 + Rc + Rd).

Table 3. Ginsenoside analysis of the hybrid and its parental inbred lines.

3.4. Identification of nonadditively accumulated proteins in hybrid

The target of this study was to identify proteins in the leaf proteome of hybrid “FX01 x ZNYS01”
that accumulated significantly different traits from those of the mid-parent level of the paren-
tal inbred lines. Only these so-called nonadditive proteins might be associated with heterosis
in the leaf of Panax genus. Among the 236 differentially expressed protein spots, 84 (36%)
displayed significant heterosis patterns and were identified. The nonadditive proteins are
shown in Figure 3. These nonadditively accumulated proteins were then categorized on the
basis of the system suggested by Stupar and Springer [27] (Figure 4). The proteins with sig-
nificantly higher expression in the hybrid than in the better performing parental line were
classified as “above high parent” (++). The proteins with significantly lower expression in
the hybrid than in the less performing parent line were named “below low parent” (--). The
hybrid proteins that exhibited a significantly higher expression than that of the less perform-
ing parent but with no significant difference with that of the better performing parent were
classified as “high parent” (+). The hybrid proteins with significantly lower expression than
in the better performing parent but with no significant difference in expression with the less
performing parent were designated as “low parent” (-). Moreover, the hybrid proteins with
significantly higher expression than that in the less performing parent and significantly lower
expression than that in the better performing parent were classified as “partial dominance”
(#). Among the different heterotic classes, 25 proteins (30% of the nonadditive expressed pro-
tein) displayed “above high parent” expression, and 2 proteins (2%) showed “below low par-
ent” expression. Moreover, 14 proteins (17%) revealed “high parent” expression, 12 proteins
(14%) demonstrated “low parent” expression, and 31 (37%) of the nonadditive proteins exhib-
ited “partial dominance.” Results showed that the class with “partial dominance” expression
exhibited the highest degree of expression among the different expression patterns, followed
by the “above high parent” class.
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Figure 3. 2-DE profile of proteins extracted from the leaves of the hybrid and its parental inbred lines. (a) “FX01,”
(b) “FX01 x ZNYS01,” and (c) “ZNYS01.” The nonadditive accumulation proteins were marked with symbols in gel
images. The spots only found in “FX01,” “FX01 x ZNYS01,” and “ZNYS01” are marked with stars, squares, and circles,
respectively.
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Figure 4. Classification of the nonadditive proteins expressed in the hybrid leaves and its parental inbred lines. “Above
high parent expression” (++); “high parent expression” (+); “below low parent expression” (--); “low parent expression”
(-); and “partial dominance” ().

3.5. Biological functional classification

Molecular annotation and GO of these proteins were obtained using blast2GO (http://www.
blast2go.com/b2ghome) and NCBI annotation (Figure 5). Photosynthesis, carbohydrate
metabolism, and protein metabolism were the top three functional categories of the nonaddi-
tive expression proteins.

4. Discussion
P. ginseng and P. quinquefolius have been traditionally used as precious herbal medicines

in Asia for many years. Despite its commercial importance, interspecific hybrid breeding,
especially the molecular basis of heterosis, is poorly understood. In this study, comparative
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Figure 5. Functional classification of the nonadditive proteins.

proteomic analysis was employed to uncover the proteins related to heterosis in the hybrid
plants. Among the 236 differentially expressed proteins, 84 exhibited a nonadditive pattern
(Figure 3). According to GO annotation, most of these proteins were involved in the metabo-
lism (60%) and photosynthesis (25%) categories. Mohayeji et al. [28] studied the nonadditive
protein accumulation in sunflower leaves of hybrid F1 and reported that the main categories
of nonadditive proteins belonged to energy metabolism and photosynthesis. Hoecker et al.
[29] and Marcon et al. [4] also reported that the first group of nonadditive proteins in maize
roots was classified under metabolism. These findings suggest the importance of metabolism
and photosynthesis in illuminating the molecular basis of heterosis. In this light, the most
important proteins that showed nonadditive patterns are discussed on the basis of their func-
tional categories.

4.1. Photosynthesis-related proteins

Photosynthesis is a highly important biological process in plant growth. A total of 21 nonad-
ditive proteins belonged to photosynthesis, and 10 of these proteins showed a “above high
parent” pattern. Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; spots 24 and 60)
is a major Calvin cycle enzyme composed of eight large and eight small subunits. The high
expression of these proteins indicates that the hybrid F1 could fix more CO, in the Calvin
cycle [30, 31]. Ribulose bisphosphate carboxylase/oxygenase activase (RCA; spots 20, 54,
and 55) regulates the activity of Rubisco in a light-dependent manner [32]. In most species,
RCA is found in two forms (RCAI and RCAII), both of which can activate Rubisco. Studies
showed that RCA physically interacts with Rubisco, thereby catalyzing ATP and facilitat-
ing the release of ribulose-1,5-bisphosphate and other tight-binding sugar phosphates from
the active site of Rubisco [33, 34]. RCA expression increased, thereby suggesting increased
Rubisco activation in the hybrid F1. The light-harvesting chlorophyll a/b binding protein
(spot 6) was upregulated, suggesting a greater degree of light harvesting in the hybrid leaves
than in the parent leaves. Carbonic anhydrase (CA; spots 2 and 39), which catalyzes the
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reversible interconversion of HCO, and CO,, participates in many biochemical pathways
[35]. In photosynthesis, CA supports the CO, production for the Rubisco reaction [35]. CA
was upregulated in the hybrids, thereby suggesting increased CO, delivery in photosynthe-
sis. These results suggest that the enhancement of the proteins involved in photosynthesis
may increase the photosynthetic capacity and efficiency of the hybrid F1 and consequently
increase biomass production.

4.2. Carbohydrate metabolism-related proteins

Among the several processes involved in metabolism, carbohydrate metabolism is a critical
plant process [36]. Glycolysis, the citric acid cycle, and the pentose phosphate pathway (PPP)
are chief metabolic pathways for carbohydrate breakdown, which can provide not only
energy but also intermediates for various activities [12]. Our results showed that most of
the nonadditive proteins involved in carbohydrate metabolic pathways were expressed with
“high parent” and “partial dominance” patterns. However, fructose-bisphosphate aldolase
1 (FBA1,; spot 13), fructose-bisphosphate aldolase 3 (FBAIII; spot 46), and malate dehydro-
genase (MDH; spots 44, 45, and 51) were expressed with an “above high parent” pattern in
the “FX01 x ZNYS01” F1. In glycolysis, FBA reversibly catalyzes fructose 1,6-bisphosphate
(F1,6BP) into triose phosphates dihydroxyacetone phosphate and glyceraldehyde 3-phos-
phate (GA3-P) [37]. The increased abundance of various isoforms of FBA indicates the
enhancement of the glycolytic pathway in the hybrids. MDH reversibly catalyzes the oxida-
tion of malate to oxaloacetate as part of multiple metabolic pathways, including secondary
metabolism [38]. However, decreased or no expression of enzymes, such as enolase (spot
28), 6-phosphogluconate dehydrogenase (6-PGDH; spot 81), and some MDHs (spots 29 and
32), occurred in the hybrids. Enolase is an essential phosphopyruvate hydratase in glycolytic
catabolism [39], and 6-PGDH is needed for the PPP pathway. The enzyme 6-PGDH cata-
lyzes the reversible oxidative decarboxylation of 6-phosphogluconate to ribulose-5-phos-
phate and CO, [40]. The lower expression of proteins in the hybrid F1 is likely due to the
inherence of the parent line traits. In particular, the parents naturally express such traits in
lower amounts.

4.3. Protein and amino acid synthesis-related proteins

Protein and amino acid metabolism is crucial for plant growth. High accumulation of amino
acid synthesis-related enzymes (spots 1 and 53) in the hybrid is evidence of the higher amino
acid production. Ribonuclease-like storage protein (spot 4) and elongation factor Tu (spot 62)
also showed an “above high parent” expression pattern. Elongation factor Tu is a protein that
promotes the GTP-dependent binding of aminoacyl-tRNA to the A site of ribosomes during
biosynthesis in mitochondria [41]. These results reveal that the amino acid synthesis capacity
and protein biosynthesis are higher in the hybrid than in its parental inbred lines.

4.4. Two ginsenoside synthesis-related proteins identified in “FX01 x ZN'YS01”

Two ginsenoside synthesis-related proteins, namely, 1-hydroxy-2-methyl-2-(E)-butenyl 4-
diphosphate reductase (IspH; spot 61) and uridine diphosphate-glucosyltransferase (UGT;

137
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spot 14), were identified, although 2-DE is limited for the study of low-abundance proteins.
IspH is involved in the final step of the methylerythritol phosphate pathway, generating two
pathway products isopentyl pyrophosphate and dimethylallyl pyrophosphate, which are
needed for ginsenoside synthesis [42]. UGT is assumed to play an important role in producing
different ginsenosides by adding monosaccharides to triterpene aglycones [43, 44]. The differ-
ence in UGT expression between the F1 hybrid and parents might be an important reason for
the difference in ginsenoside monomers produced by the plants.

5. Conclusion

In this study, we demonstrated that “FX01 x ZNYS01” F1 exhibited heterosis in morphol-
ogy and ginsenoside yield. At the proteome level, 236 differentially expressed proteins were
found, among which 36% (84/236) accumulated in a nonadditive pattern. Eighty-four nonad-
ditive proteins were identified, among which 60% (50/84) and 25% (21/84) were involved in
the metabolism and photosynthesis categories, respectively. These results indicate that the
greater biomass production in the hybrids than in the parental inbred lines is related to the
increased carbon fixation, protein synthesis, and carbohydrate metabolism in the former.
Enhanced protein and carbohydrate metabolism is important for producing additional organic
compounds. Moreover, the increased release of energy for plant growth and photosynthesis
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Figure 6. Schematic of heterosis in the hybrid (“FX01 x ZNYS01”) from the Kyoto Encyclopedia of Genes and Genomes
and UniProt database. The proteins and metabolites are indicated by spot number and red arrows (above high parent).
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as the only source of assimilation plays an important role in biomass production. Leaves are
the sites of ginsenoside synthesis, and a higher leaf yield implies greater ginsenoside produc-
tion in the hybrid F1. Furthermore, the enhanced photosynthesis can offer a higher amount
of intermediate products for plant secondary metabolism, which then improves ginsenoside
yield (Figure 6). These data offer a foundation to better understand heterosis in the Panax
genus and provide a basis for hybrid breeding.
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Abstract

Staphylococcus aureus is a microorganism of great health risk because of its high resistance
to antibiotics. Methicillin-resistant strains (MRSA) are most at risk, especially in hospital
patients and children. In recent years, it has been shown that a combination therapy of
two or more drugs is more effective than monotherapy traditional. Furthermore, it has
also been seen that many natural substances and plant extracts can inhibit the MRSA
growth and other microorganisms. However, little has been studied about the combi-
nations of different extracts or extracts combination with other commonly used drugs.
The purpose of this work was to evaluate of extracts of propolis with garlic, oregano
and ciprofloxacin to inhibit growth of MRSA strains, using isobolographic method. The
results showed that combinations of garlic with propolis inhibit the growth of MRSA, but
only in small concentrations. High concentrations of these two extracts appear to have
an antagonistic effect. Combinations of propolis and oregano show a synergistic effect at
any concentration. Finally, the combination of propolis with ciprofloxacin has an antago-
nistic effect. The action of ciprofloxacin is decreased when was combined with propolis.
Health professionals should know this to warn patients when they use a natural resource,
especially if a drug is being administered.

Keywords: propolis, garlic, oregano, MRSA, isobolographic

1. Introduction

Staphylococcus aureus is a microorganism of great medical importance because it causes
serious damage to health in children and hospital patients. In recent years, they have had a
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growing number of S. aureus infections having resistance to commonly used antibiotics. These
resistant strains are known as “methicillin-resistant” and are identified as MRSA [1]. Between
1997 and 2003, MRSA was the third leading cause of serious infections in hospitals of which
5% were fatal [2]. In Mexico, the Hospital Epidemiological Surveillance Network reported
that mortality rates among patients infected with S. aureus range from 5 to 70% and mortality
rates attributable to MRSA can reach 50%. With data from general, pediatric, university and
specialty hospitals, this network reported that in the period 1997-2003, S. aureus was third in
morbidity and fourth in mortality [2].

They described three mechanisms that explain the resistance of S. aureus to (-lactams and
others antibiotics:

1. Overproduction of -lactamase or borderline resistance: Normal staphylococcal penicil-
linase hyperproduction mediated by plasmids. These strains produce high amounts of
enzymes that degrade these antibiotics, resulting oxacillin and methicillin have no effect
on them.

2. Modification of penicillin-binding proteins (PBP) corresponds to a minimum modifica-
tion of PBPs 1, 2, 3 and 4. These proteins are normal molecular weight but have low
affinity for 3-lactam antibiotics, preventing these are set and fulfill its inhibitory action.

3. Intrinsic methicillin resistance is due to the incorporation into bacterial DNA of a gene
mecA. This gene has two regulatory elements (mecR1 and mecl) that control the tran-
scription of the mecA gene responsible for the induction of the synthesis of a binding
protein supernumerary transpeptidase penicillin PBP capable of maintaining the integ-
rity of the wall during the growth and division when the normal cellular enzymes are
inhibited by antibiotics [3].

Because of this, they have studied various plant substances to inhibit and to control the
growth of microorganisms, including propolis (propolis), oregano (Lippia graveolens) and
garlic (Allium sativum). Propolis is a mixture of complex chemical composition containing
balms, essential oils, pollen, vitamins, minerals and proteins, substances that confer a variety
of biological properties of interest for therapeutic purposes [4]. The antimicrobial proper-
ties of garlic have been attributed to allicin that inhibits certain enzymes essential such as
cysteine-proteinase and alcohol-dehydrogenase. Oregano has flavonoids, terpenes and phen-
ylpropane derivatives which also confer antimicrobial properties. Each particular substance
has proven to be a viable option to control MRSA. However, few studies have been devoted
to the combination of these substances to evaluate the synergism in the antibacterial effect.

On the other hand, allopathic treatments used to fight MRSA include some fluoroquinolones
such as ciprofloxacin (CPX) and levofloxacin (LVX), which act on DNA gyrase preventing rep-
lication. However, in recent years, it has detected an increasing resistance to these antibiotics
in several microorganisms including MRSA. An alternative therapy could be the combination
of natural extracts or the combination of these drugs such as ciprofloxacin with. There are few
studies testing the efficacy of these drugs when combined with extracts commonly used as
propolis.
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This paper aims to evaluate combinations of extracts of propolis with garlic and oregano
extracts and propolis combination with ciprofloxacin to inhibit MRSA in vitro. Microbial
resistance tests were made by the macrodilution method, and combinations were evaluated
by isobolographic analysis. The isobolographic analysis is a method based on determining
the concentration of antimicrobial substance which has 50% of the inhibitory effect (EC50)
and presents the advantage of having a greater statistical power than the traditional method
to test dose subinhibitory, generally they are 90% of the minimum inhibitory dose (EC90).
Furthermore, the isobolographic analysis reveals whether the effect of the combination is syn-
ergistic, simple additive or antagonistic.

2. Drugs and resistant strains

Infections due to S. aureus may be treated by a wide range of antibiotics. Among those are fre-
quently reported in the literature penicillin, oxacillin, gentamicin, tobromicina, tetracycline,
erytromicina, clindamycin, vancomycin, rifampin, ciprofloxacin and linezolid. The fluoro-
quinolones, such as ciprofloxacin and levofloxacin, have certain advantages over the others
because they have very good effect to bacteria that are resistant to aminoglycosides such as
penicillin, cephalosporin and tetracycline among others. It is general consensus that methi-
cillin-resistant species such as MRSA are also resistant to aminoglycosides, so ciprofloxacin
and levofloxacin are a good alternative. Both ciprofloxacin (CPX) and levofloxacin (LVX) are
quinolones of second generation and are characterized by having a good antibacterial activity
concentration dependent (or concentration-dependent) against most bacteria G- and against
a broad range of bacteria G+. These antibiotics are widely used especially in intensive care
units to combat bacteria such as Pseudomonas, Acinetobacter and S. aureus, among others
[5]. Chemically, CPX is 1-cyclopropyl-6-fluoro-1,4-dihydro-4oxo-7-piperazin-1-alquinilin-
3-carboxylic acid which is condensed formula C17H18FN3O3 and 331.35 with a molecular
weight g/mol. CPX and LVX as other fluoroquinolones, act by inhibiting DNA gyrase bacteria
(topoisomerase II).

Despite the good prospects offered by fluoroquinolones, since its inception, cases of resis-
tance did not take long to appear. The data do not appear to be accurate, the early warn-
ing signs to microbial resistance generally occurred when some hospitals around the world
announced that Vancomycin, a powerful antibiotic, was unable to fight S. aureus. Then, the
same thing happened with penicillin in trying to fight Streptococcus pneumoniae [6]. After this
came the quinolone resistance. Between 1997 and 1999 was conducted a study in six hospitals
of Mexico, which were sampled. The incidence of MRSA was 15%, of these isolates showed
10% CPX resistance [7]. Another study indicates that the first case of complete resistance to
CPX and norfloxacin was given in 2003 in the Andaman and Nicobar Islands (in the Indian
Ocean) by a strain of Shigella. In 2007, it reported that the species of Campylobacter (commonly
combated with CPX) showed a marked increase in the incidence of resistance to flurorqui-
nolonas, whose cause was attributed to these antibiotics are regularly used in poultry regular
consumption, such as chicken [8].
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Reports of resistance to CPX and LVX in various species appear to have increased since 2010,
Escherichia coli, Salmonella (which includes not only resistance but also CPX norfloxacin, oflox-
acin) and Clostridium difficile (which has been particularly resist to LVX) are some examples
[9]. As for S. aureus is concerned, the first reports of resistance to fluoroquinolones date from
early 2000. In a study conducted in Cuba between 2000 and 2001, 284 healthy children hos-
pitalized were sampled. Only 0.35% of healthy children and 2% of those hospitalized were
identified as carriers of MRSA. All strains presented the mecA gene and showed marked
resistance to tetracycline, penicillin and erythromycin but 7% of them already showed an
intermediate sensitivity to ciprofloxacin. For 2005, it is reported in Colombia that of 131
patients diagnosed with conjunctivitis, 30% have confirmed to S. aureus as cause. 42% of the
isolates showed multidrug resistance and 6% of them showed high resistance to CPX [10]. In
other words, in just 5 years, the incidence of resistance to CPX MRSA strains grew alarmingly.
For 2007, Callisaya et al. [11] in La Paz Bolivia reported an incidence of 3% CPX resistance in
S. aureus. It was calculated that, in the past 5 years, 70% of hospital-acquired infections are
due to multidrug-resistant strains and that most of them are due to MRSA.

It has been found that combination of two therapies is an excellent tool to combat MRSA.
In recent years, these combinations have not only been carried out with various drugs, but
is driving the study drugs and combinations of naturally substances as propolis, garlic or
oregano and many others, it has been found that extracts of propolis, combined with various
drugs have been successful in combating various kinds of pathogens, so research must con-
tinue in this direction.

3. Substances with antibacterial effect

It is known that many natural sources from traditional herbal medicine and ancient cultures
have a strong inhibitory power against a large number of bacteria. The extracts of leaves, roots,
stems or flowers have been used to great effect in this regard. Although only two decades ago
they have begun seriously studying these remedies, they have found a large number of sub-
stances that are effective as antibiotic. The success of these effects has been attributed to the large
number of compounds containing in plants that maybe have a synergistic effect per se. Several
studies agree that it is precisely because of the presence of a large number and variety of com-
pounds in such products that microorganisms can hardly get to develop resistance against them.

Propolis is a natural product that has attracted the attention of scientists because it has proven
its effectiveness in combating a number of diseases such as cancer, respiratory tract infections,
vaginal infections, skin, and promote the strengthening the immune system among others. One
aspect that has begun to take in the past 5 years is the combination of these natural products
with drugs commonly used in clinical practice or other plants, especially to combat S. aureus.
Apparently, some of the mechanisms through which works propolis, as is the weakening of
the cell wall and inhibition of gene expression, favor a synergism with these drugs reports
tests propolis extract blends with antibiotics such as chloramphenicol, gentamicin, netilmicin,
tetracycline and clindamycin with very good results have.
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3.1. Propolis

Among the products that can be obtained from the hive are wax, honey, royal jelly and
propolis. Propolis is a mixture of complex chemical composition containing balms, essential
oils, pollen, vitamins, minerals and proteins, substances that confer antimicrobial activity,
which is mainly attributable to flavonoids. It is characterized by having 55% aromatic resins
and balsams, 30% waxes, 10% essential oils and 5% pollen grains. They have been reported
around 38 flavones, 12 benzoic acid derivatives, 14 cinnamyl alcohol derivatives and cin-
namic acid, 12 components from alcohols, ketones and phenols, seven terpenes, 11 steroids,
few sugars and amino acids [4]. However, its components may vary due its origins, which
are: exudates that bees collect from plants, substances secreted by the metabolism of bees or
materials that may be added during the preparation of propolis [12]. However, all propolis
have strong antimicrobial activity, which has been evaluated on Gram-positive bacteria and
Gram-negative bacteria, being more effective on G+ [4].Cinnamic and flavone components
of propolis alter membranes and inhibit the bacterial motility. It is believed that synergism
can have so some other antibiotics [13]. Flavonoids (quercetin, apigenin, galangin, etc.) and
phenolic acids (caffeic, isoferulic, cinnamic and benzoic acid), are toxic to bacteria and, in
addition, inhibit the enzymatic activity of hyaluronidase and caffeic acid. The mechanisms of
action of propolis depend mainly of flavonoids that bind to biological affinity to heavy metals
and polymers, catalyze electron transport phenomena and are working to find free radicals.
In order to process propolis, this is mixed with hot water to separate wax, dried by air and
dissolved in ethyl alcohol 95% where it is eliminated wax residue, other insects and wood,
finally is filtered [12].

3.2. Oregano

Oregano is mainly used to flavor food and as a medicinal plant for respiratory tract problems
such as digestive and analgesic [14]. However, oregano was found other uses related to the
treatment of more infections. It is known that the essential oil inhibits the growth of fungi,
parasites and is an excellent bactericidal against streptococci and staphylococci [15]. In the
essential oil of oregano, they have been detected numerous compounds such as flavonoids
as apigenin and luteolin, aglycone, aliphatic alcohols, terpene compounds and derivatives of
phenylpropane. Among the most common and high concentrations are limonene, caryophyl-
lene, p-cymene, camphor, linalool, pinene, carvacrol and thymol. The antimicrobial activity
depends on the chemical composition of the essential oil of oregano, which is related to the
species of oregano, geographical conditions, periods of harvesting and extraction method,
if however, its activity has been mainly attributed to carvacrol and thymol [16, 17]. Oregano
essential oils have antimicrobial effect against certain Gram-positive bacteria and Gram-
negative bacteria, such action is due to the effect on the phospholipids of the outer layer of
the bacterial cell membrane, causing changes in the composition of fatty acids. Thymol and
carvacrol have the high antimicrobial ability on Gram-positive bacteria and in particular on
Gram-negative bacteria acting as disintegrators the outer cell wall and inhibit their growth.
The hydroxyl group, which possesses both compounds, appears to be responsible for its anti-
microbial capacity [18].
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3.3. Garlic

Garlic is a plant that belongs to the monocot species of the Liliaceae family of Asian origin,
whose medicinal properties have been known since antiquity. Contains an amino acid called
alliin (S-allyl-L-cysteine sulfoxide) which is responsible for the characteristic odor and no anti-
microbial activity in their natural state, but when garlic is crushed or fermented the aliinase
enzyme is released. This enzyme transforms allin to 2-propene sulfonic acid. This compound
presents itself antibiotic, antifungal, lipid-lowering, antioxidant and fibrinolytic [19]. Alliin is
crystallized from ethanol or acetone dilutions and is stable in aqueous solutions and at high
temperatures. When cells are broken, alliin is mixed with allinase and in about 10 seconds all
exposed alliin becomes a new group of compounds: allicin and its closest relatives that emit
the scent of fresh garlic. However, the importance of this reaction lies in the formation of
allicin, which is the compound which has been mainly attributed to the antibacterial power
of garlic. Recent studies conducted by numerous researchers have provided a large number
of pharmacological evidence to justify its use as antihypertensives, antifungal, antimicrobial,
antithrombotic and antihyperglycemic. It has been shown that allicin exhibits antimicrobial
activity due to inhibition of RNA synthesis in bacteria [20].

4. Methodology

Twenty-five S. aureus strains were collected over a period of 3 months. Biochemical tests were
applied to determine genus and species as established by Mac-Faddin [21]. To identify MRSA,
strains were tested using oxacillin according to Clinical and Laboratory Standards Institute
(CLSI) [22]. Strains spread massively in culture plate and handle samples were taken with the
technique “snowball” which was suspended in an Eppendorf tube-containing medium skim
milk. They were stored at —80°C until the time of study. S. aureus strain ATCC 29213 was used
as a positive control, as established by the same CLSIL

4.1. Extraction and formulation of extracts of propolis

Propolis in beekeeper Canatlan region, Durango, Mex (24°35'N, 105°00'W) was collected.
Propolis was cleaned manually, separating waxes, vegetable scraps or other insects; 20 g dry
propolis was weighed and 100 mL of ethanol was added and allowed to stand for 8 days with
occasional stirring, protected from light with aluminum foil covered at room temperature.
Thus, the ethanol extract 20% of propolis was obtained (EEP20). Similarly, extract 30% (EEP30)
was prepared by weighing 30 g of the same and adding the same amount of ethanol. Then the
extracts were filtered through Whatman filter and aliquoted into 50-mL Corning conical tubes.
The extracts were kept protected from light and cooling (5-7°C) until the time of the study.

4.2. Collection and formulation of extracts of garlic and oregano

Garlic and oregano were purchased in local supermarkets. The taxonomic classification
and identification was carried out at the National Polytechnic Institute-Dgo by D Ph.
Ma. Socorro Gonzalez Elizondo. Garlic was cut into cubes of about 1 mm, after 20 g was
weighed and was added 100 mL of ethanol. It was allowed to stand for 8 days with occa-
sional stirring, protected from light with aluminum foil covered at room temperature.
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Thus, the ethanolic extract Garlic 20% was obtained (EEA20). Similarly, the extract 30%
(EEA30) weighing 30 g thereof by adding the same amount of ethanol was prepared. Then,
the extracts were filtered through Whatman filter and aliquoted into 50-mL Corning conical
tubes. The extracts were kept protected from light and cooling (5-7°C) until the time of the
study. Similarly, the extracts of oregano were obtained, which was cleaned of branches and
flowers using only the leaves.

4.3. Isobolographic studies to evaluate synergism

Isobolographic analysis is one way to assess the interaction between two substances or two
drugs resulting in the optimal combination of drugs. This method provides a safe way to assess
whether substances are stronger by the combination that the application of each separately. This
study is performed by a isobologram, which is a graph in rectangular coordinates of substances
causing a certain level of effect when applied together. The line joining these two points it is
known as “additivity line” and all points on this line, theoretically represent effective doses of
the constituents administered jointly [23]. The interaction of the drug in the isobologram can be
defined as additive, antagonistic or synergistic. Two drugs interact additively when the effect
achieved after administration of both is equal to the sum of the effects that would be achieved
if administered separately. When the effect achieved is less than that achieved if the same doses
of both drugs were administered separately, it is a case of antagonism. When two drugs are
administered and the effect achieved is significantly higher than would be achieved by the sum
of doses from each interaction, it is defined as synergy [24]. Furthermore, the method includes
a statistical evaluation and determination of the interaction index, as explained later.

The way it was carried out the study of synergism in the combinations was based on the meth-
odology described by Tallarida [25, 26] which is known as isobolographic study. An inoculum
of each strain of 105-106 CFU/mL was prepared. Each strain was exposed to seven different
concentrations of each extract (25, 12.5, 6, 3, 1.5, 0.7, 0.3% extract v/v) cultivated in broth in
tubes 13 x 100 by the macro dilution method [27]. An aliquot of each tube inoculated was also
cultivated in Muller Hinton agar and incubated at 36°C for 24 h. After the growth of microor-
ganisms, minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) was determinate as shown in Figure 1. The letters AB indicate the antibiotic and size
of the bracket is indicative of the concentration of antibiotic.

Concentration of extract broth in which it is detected no turbidity into tubes was established
as MIC. The concentration where no growth was detected in plates was established as MBC.
An aliquot of the inoculum to be planted plaque was also taken. After appropriate incubation,
the inoculum exact population was counted. This is necessary to set the following parameters:

a. Mortality: The difference between population in the inoculum and the populations in
plate for each concentrations tested expressed as CFU/mL.

b. Percentage of inhibitory effect: mortality divided among the population of inoculum
expressed as a percentage.

c. Dose-effect curve: The effect (%) was plotted (Y) vs. each concentration (dose X) as shown
in Figure 2.
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Figure 1. Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC).
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Figure 2. Graphical representation of % effect vs. log dose.
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The dose-effect curve is defined by an equation (Y = mx + b) which allows us to calculate
the effective concentration 50 (EC50). This is defined as the dose at which the 50% of effect
is achieved, in this case, half of the population counted. Point A in Figure 2 represents the
maximum effect. Point B represents the dose at which 50% is obtained effect for a single drug.

The concentrations that produce a 50% effect is made the graph shown in Figure 3. The com-
binations of the two drugs A and B theoretically produce 50% effect (points a and b) is con-
structed. However, it may happen that lower concentrations of the drugs A and B combined
have the same effect, for example, the point “c”. This is a synergistic combination. The point

“_yr

¢” can also be placed above the line of additivity, indicating an antagonistic combination.
Additionally, the significance test or interaction index was performed by the Eq. (1):

_a.b
8= A7B 1)

where,

g = interaction index

A =individual concentration of A

B = individual concentration of B

a = concentration of A in the combination

b = concentration of B in the combination

16 -
14 \50%
121,
10 -
g | 50%

j' c b 50%
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0
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Figure 3. Isobologram.
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When g =1, we have an additive effect, if g < 1, the effect is synergistic, if g > 1, the effect is
antagonistic.

Finally, the Student's t test was applied to identify differences between the effects of theoreti-
cal and experimental concentrations for each combination applied to five strains MRSA.

Three theoretical combinations for each pair of extracts were tested: propolis-garlic, propolis-
oregano and propolis-ciprofloxacin. After that they were inoculated with MRSA strains and
the experimental inhibitory effect was determined. With these results, the isobologram was
made for each pair of extracts.

5. Results and discussions

5.1. Garlic-propolis combinations

Less inhibitory concentration of antimicrobial in the experimental stage in relation to the
theoretical concentration was found. Average was determined as theoretical concentration
of garlic and propolis a total concentration of 8.6 + 0.0 mg/mL to obtain the EC50, however,
experimentally a concentration of 5.95 + 1.19 mg/mL was obtained for the same effect, in other
words, a lower amount of extracts combined is required that each individually to obtain the
same effect. The interaction index was <1. This indicates a synergistic effect. The statistical test
(“t” Student) showed significant differences between the two groups (p < 0.05).

The corresponding isobologram is shown in Figure 4. The point A shows theoretical garlic
and propolis concentrations necessary to obtain a 50% effect (EC50), point B shows the exper-
imental concentration, which is visibly lower, which It indicates a strong synergistic effect.

Isobologram

Garlic

0 T T T T T T
0 005 01 015 02 025 03 035

Propolis

Figure 4. Isobologram combinations garlic-propolis percentage effect.
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Figure 5 shows the colony forming units counted in concentrations EC50 (A) propolis, (B)
garlic, (C) garlic + propolis (combination 1), (D) garlic + propolis (combination 2), where the
combination 2 is half combination 1. Growth in (C) and (D) is less than that taken in the appli-
cation of each extract separately, confirming the synergistic effect of the combinations.

In contrast to these results, other combinations tested garlic and propolis showed opposite
results. Greater theoretical concentration (17 mg/mL) resulted in an experimental concentra-
tion of 60.07 + 4.8 mg/mL to obtain the same effect. This was verified by determining the
interaction rate, which was g =3.5.

This suggests that increasing concentrations propolis and garlic, their compounds act
antagonistically inhibited each other. The cause is not yet well defined but could be a satu-
ration at the same site of action. This should be studied in future. In conclusion, it is rec-
ommended to use only diluted combinations of garlic and propolis extracts, for example
extracts 20%.

Figure 5. Population counted when grown with theoretical concentrations.
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5.2. Oregano-propolis combination

In combination with propolis oregano, lower experimental concentration was also found that
the theoretical: 4.9 mg/mL vs. 3.33 + 0.86 mg/mL. Figure 6 shows the corresponding isobo-
logram. The interaction index was calculated 0.59 indicating a synergistic relationship. The
corresponding Student's t test showed significant differences between treatments.

Unlike garlic, oregano in combinations with propolis shows a synergistic effect always. In fact,
combinations of garlic extracts and propolis 30% were more synergistic than any other combi-
nation. Chavez et al. [28] had demonstrated the synergistic effect of oregano oil in combination
with Gentamicin on E. coli isolates and had suggested that potentiates the effect of oregano
other drugs when combined with them. No other reports found on combination of oregano
and propolis, but we believe it is a combination that results in a good control of MRSA.

According to the research conducted by Waili et al. [29] on the synergistic effects of propolis
extracts with ethyl alcohol on S. aureus and our studies agree that potentiates the effect of
propolis another drug on S. aureus isolates; with the difference that Waili used as a second
active substance honey; and this work highlighted the effects of propolis in combination with
extracts of oregano.

Chavez et al. [28] showed a synergistic effect between essential oil of oregano and Gentamicin
in E. coli isolates using the arithmetic mean of the halos of inhibition, however, we dem-
onstrated a synergistic effect between propolis extracts and extracts of oregano in S. aureus
applying an isobolographic analysis. In any case, it is shown that extracts of oregano in com-
bination with other drugs or plants potentiates the effect against bacteria and could help fight
serious infections in hospitalized patients and children [30, 31]

5.3. Propoleo-ciprofloxacin combination

The theoretical concentration established for ciprofloxacin (CPX) was 9 ug/mL. By combining
this with propolis, the inhibitory effect of propolis disappeared. In other words, in 5 of the 7

Isobologram

Propolis mg/mL
o
o
1l
Ji
(S

Orégano mg/mL

Figure 6. Isobologram oregano-propolis combinations.
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strains studied further growth of MRSA was found in combinations in concentrations of each
substance separately applied. This suggests that the propolis is an antagonist of CPX, so the
combination of both substances is harmful. In a survey conducted in this study 821 people,
45% said propolis or their products are consumed in respiratory diseases, and 34% of them
combined ciprofloxacin or levofloxacin with propolis.

Many studies have reported that S. aureus is susceptible to propolis, however, a work published
by Wojtyczka et al. [32] showed that propolis has a synergism only when is used in combination
with other antibiotics that act on the cell wall and ribosomal functions, but it seems not interact
with antibiotics that act on DNA or folic acid biosynthesis. The lack of synergism could also be
that both propolis and CPX compete for the same target action: genetic replication and mutu-
ally inhibiting effect. However, other studies have reported good results by combining propolis
with other drugs: Fernandes et al. [33] reported synergism between extracts of propolis and
Chloramphenicol, Gentamicin and Vancomycin among others, but claims to have obtained the
same effect between them combined extracts with oxacillin, ampicillin and ofloxacin.

No reports on combinations of garlic-propolis or oregano-propolis were found, therefore, it
is difficult to make a comparison and deeper discussion about our results. However, we must
make it clear that the basis for further research on alternative medicine to combat MRSA, as
our results provide a good foundation for further research feel.

Microbial inhibition studies showed that the presence of S. aureus acquired in the community
has been increasing, especially in healthy carriers. Its high resistance to CPX and LVX makes
potential public health risk. Traditional therapies such as the use of ethanol extracts of propo-
lis are a good alternative combat with the restriction check whether the drug combinations
strengthen or inhibit their control.

6. Conclusions
Natural products should be subject to further study and be equally controlled by the
health professional to inform the population about the beneficial and nonbeneficial cases.

Apparently, the combination of garlic-propolis and propolis extracts of oregano is very effec-
tive in combating MRSA in vitro.
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Abstract

Background: Medicinal plants have been used as a key source for medication and they
remain to provide new therapeutic remedies to date. Extracts of Olea europaea subsp.
africana Oleaceae (leaf, bark and root) are used extensively in Africa to treat various
diseases traditionally. Phytochemistry has identified phenols, terpenoids and coumar-
ins in different parts of the plant. However, little pharmacological studies have been
done on Olea europaea subsp. africana. The present review aims to compile available
information on the ethnobotany, phytochemistry, pharmacology and toxicology of Olea
africana.

Materials and methods: Information available pertaining Olea europaea subsp. africana
was collected through electronic search using (Google Scholar, PubMed and Science
Direct).

Results: Olea africana has been used throughout Africa traditionally for various ailments.
Phytochemical studies have led to the isolation of compounds, namely oleuropein,
esculin, ursolic acid, scopolin and oleanolic acid. Studies have shown that the leaf extract
contains antihypertensive, diuretic, anti-atherosclerotic, antioxidant, antidiarrhoeal and
hypoglycaemic activities. Conclusion: Olea africana has been used expansively for
treating ailments traditionally, but pharmacological studies are seldom published.
Further research is required to extend existing therapeutic potential of the African olive.

Keywords: Olea europaea subsp. africana, ethnobotany, phytochemistry, pharmacology,
toxicology

1. Introduction

Medicinal plants are defined as any plant containing substances which can be used for curative
purposes in one or more parts of its organ, which are precursors for the production of useful
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drugs[1, 2]. A vastnumber of these plant species have been used in treating numerous ailments
for decades [3, 4]. In Africa, the use of traditional medicine dates back 4000 years ago before
the use of orthodox medicine [5]. According to the World Health Organization, traditional
medicine still remains the primary healthcare system for an estimated 80% of the population
in Africa, because of its affordability and accessibility [2, 6]. South Africa has a profound native
knowledge on plants used as traditional remedies [5]. An estimated 30,000 species of higher
plants are found in South Africa and 3000 of these species have been used in phytomedicine
across the country [7]. It is approximated that 3 million of the South African population uses
phytomedicine for primary health purposes [5, 7].

Plant fragments such as leaves, bark, roots, flowers and seeds can be used to derive tradi-
tional remedies [8]. These can be prepared not only from a single plant but a combination
of plant concoctions [9], aiding in ailments such as influenza, arthritis, heart burn, kidney
infections, high blood pressure, etc. [8]. Traditional medicine has also contributed to the
management of epidemic diseases such as HIV/AIDS [10], malaria [11] and diabetes [2].
The therapeutic potential of medicinal plants is due to the existence of phytochemicals
which comprise of tannins, alkaloids, flavonoids, essential oils and chemical compounds
established as subordinate metabolites in plants [4]. It has been reported that at least 25%
of commercial drugs are derivatives from plants [2], such as picrotoxin and aspirin [4], and
various others are analogues made by chemical synthesis fabricated from isolated com-
pounds from plants [12]. However, biomedical literature data are miniature regarding the
safety, quality and efficacy of the plants used in traditional medicine [3]. Therefore, there
has been a sudden growth in the interest of studying and using medicinal plants which
have led to the isolation of active chemical compounds for therapeutic significance [13].
The plant species from the family Oleaceae have been used extensively in traditional medi-
cine in Asia, Southern Africa, European Mediterranean islands, Spain, Italy, etc. [14, 15]; the
family Oleaceae is a family of dicotyledons [16], containing 600 species in 25 genera, and
some genera are wide and arise in several continents [17]. Species of the family are trees,
shrubs or woody climbers including the olive tree [16, 17].

2. Olea

The genus Olea descends from the Greek “elaia” and the Latin “oleum,” [16, 18], but it is known
in other languages as Olivo (Spanish), Olive (English, French and German), Oliva (Russian,
Latin and Italian), Zaitun (Arabic-Persian, Hindi, Urdu and numerous Indian languages) and
Zayit (Hebrew) [19]. The genera Olea are classified into the subfamily Oleideae [20], containing
35 species [21] which extant throughout the Mediterranean, Europe, Africa, Iran and Asia [16].
The olive is thought to have a cultivation history of several 1000 years [19]. It holds historic
importance in the context of religion, and it is quoted in the Christian and Hebrew Bibles and
the Koran [16, 18].

The olive shrub is rarely consumed as a natural fruit due to its bitter taste but used as oil or
table olive [16, 22], and its wild and cultivated forms are considered as a significant botanical
research subject [22]. The traditional use of leaves includes treatment for fever, malaria,
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bacterial infections, diabetes, inflammatory disorders and hypertension [23]. The decoction of
leaves is also used as a mouthwash to treat aphthous, gingivitis and glossitis [23]. The
preparation of the bark concoction is taken to treat tapeworm infestation [16]. Olive oil is used
externally in the treatment of insect stings and burns [19]. Previous studies established that
olive leaves have antioxidant, anti-inflammatory [23], anticancer, antihypertensive and
antidiabetic properties [16]. These activities have been shown to be displayed by compounds
isolated from the olive tree including iridoids, secoiridoids, lignans, biophenols, flavonoids,
flavone glycosides, isochromans and terpenoids [16, 19]. Six species of the olive tree are
currently recognized: subsp. europaea, subsp. maroccana, subsp. cerasiformis, subsp. guanchica,
subsp. laperrinei and subsp. africana [18].

2.1. Olea europaea subsp. africana

The African species of Olea europaea, previously acknowledged as Olea africana subsp.
cuspidata, was defined as Olea europaea subsp. africana (Mill) in the early 1980s [4, 14]. In Africa,
it is commonly known as the wild olive and vernacular names are motholoari (Sotho),
olienhout (Afrikaans) and umquma (Xhosa and Zulu) [14, 24].
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Figure 1. Distribution of wild olives in Southern Africa (Mkize et al.) [25].

2.1.1. Geographical distribution

Olea africana is widely distributed in Africa from the southern tip to the north through east
Tropical African into Eritrea [14, 15]. The plant is documented in the following countries: South
Africa, Tanzania, Sudan, Namibia, Kenya and Ethiopia [15]. In the Asian continent, O. africana
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is significant in Afghanistan, northern India, Kashmir and Pakistan [15]. The African olive
cultivates in a varied range of natural surroundings, from rocky mountain slopes, riverbanks,
forest, bush and grassfields [4] (Figure 1).

2.1.2. Botanical description

The wild olive tree is a shrub which grows to 5-10 m in height, irregularly reaching 18 m
[26]. The trees mature into a wild, rounded pattern with a solid upper layer and twisted
trunk when exposed to dry conditions [15]. The bark is grey to brownish and flaky once it
matures [15]. Flowers are greenish white in colour, 6-10 mm long, with a sweet aroma and
held insecurely in axillary or occasionally terminal heads [15, 26]. The ovoid fruit are thinly
fleshy, about 7-10 mm in dimension, and upon maturation it turns black or dark brown [15]
(Figures 2-6; Table 1).

Figure 2. Olea africana shrub (plantzafrica.com).

Figure 3. Olea africana: Young specimen (a) and mature specimen with twisted trunk (b) (www.KumbulaNur-
sery.co.za).
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Figure 4. Ovoid fruit of Olea africana: Unripe fruit (a), fruits turn red before ripening (b) and ripe fruits (c)
(www.KhumbulaNursery.co.za).

Figure 6. Wild olive foliage (esc.nsw.gov.au).
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Taxon Leaf characteristics Field characteristics/comments
African wild ¢ 6-10 cm in length ¢ Fruit are purple black, thinly fleshed drupe about 6-7 mm in
olive Olea diameter

* 10-25 mm wide

europaea subsp.

. ¢ The tree is dense with a twisted trunk, which has dark green

Africana * Light green to yellowish brown . .
glossy leaves. It is weedy in coastal areas

in the lower part of the leaf

* Hooked apex on the tip of the leaf

* Yellowish green mid veins

Table 1. Leaf characteristics of the African olive (Cuneo and Leishman, 2006).

2.1.3. Photochemistry

Phytochemicals are various biologically active compounds that occur naturally in plants,
which provide potential medicinal benefits for humans [27]. These chemicals assemble in
several parts of the plant including the flower, stems, seed, roots and leaves [27]. Phytochem-
ical screening of the African wild olive has led to the separation of phenolic compounds,
known as oleuropein, tyrosol and hydroxytyrosol [28] flavonoids [24], triterpenoids (olea-
nolic acid, ursolic acid) [14] (erythrodiol and uvaol) [29] and coumarin glucosides (esculin
and scopolin) [30].

2.1.3.1. Phenols

Plant phenols are aromatic secondary metabolites, containing antioxidant and antimicrobial
properties [31]. The compound oleuropein is a coumarin-like compound, which is profuse in
the family Oleaceae [32], considered as the main active compound in the olive leaf [27, 33]. It
gives olives its bitter principle together with hydroxytyrosol [34], a constituent of oleuropein
derived from it through enzymatic hydrolysis [4, 34]. Tyrosol is another structurally related
compound that co-occurs with oleuropein [28]. As secoiridoid compounds, they are bound
glycosidically, produced from the secondary metabolism of terpenes [32]. In the Oleaceae
family, it results from the oleoside form of glucoside, which is characterized by an exocyclic
8,9-olefinic functionality [32]. In a previous study, these secoiridoids have been isolated from
methanolic and ethyl acetate leaf extracts of the wild olive [28] (Figure 7).
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Figure 7. Biochemical structures of phenolic compounds found in olives (Ryan and Robards [31]).
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2.1.3.2. Triterpenoids

Triterpenoids are a vastly varied group of natural products, including steroids, extensively
dispersed in plants [35]. These compounds are accumulated by plants in their glycosylated
form (saponin) [35]. Oleanolic acid (Figure 8) is a biologically active pentacyclic triterpe-
noid with pharmacologic activities, such as anticancer, hepatoprotective effects, antioxidant
and anti-inflammatory [36]. Oleanolic acid is often in existent with its isomer ursolic acid
(Figure 9) [36]. Ursolic acid is biologically used as an antioxidant, anticancer and anti-in-
flammatory chemical [37]. Erythrodiol and uvaol are triterpenoids belonging to the olea-
nane and ursane classes [29]. These compounds have been stated to possess antimalarial,
antifungal, antileishmanial, antibacterial and anti-inflammatory activities [29]. Triterpenoids
isolated from O. africana in previous studies were of dichloromethane [29], ethyl acetate and
methanol leaf extracts [14, 28] (Figure 10).
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Figure 9. Biochemical structure of ursolic acid (Ikeda et al. [37]).
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Uvaol Erythrodiol

Figure 10. Biochemical structures of uvaol and erythrodiol (Douglas et al. [29]).

2.1.3.3. Coumarins

Coumarins are derived from 1,2-benzopyrones, containing of a large class of phenolic elements
originating in plants [38, 39] and distributed in the following families: Guttiferae, Caprifoliaceae,
Rutaceae, Umbelliferae, Clusiaceae, Nyctaginaceae, Oleaceae and Apiaceae [39]. Coumarins have
received attention in the following therapeutic fields: chemotherapy, multiple sclerosis and
organ transplants [38]. The bark of O. africana has been reported to contain coumarin gluco-
sides, esculin and scopolin [30] (Figures 11 and 12).
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Figure 11. Chemical structure of esculin (Venugopala et al. [39]).
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Figure 12. Chemical structure of scopolin (Malik et al.) [40].
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2.1.4. Medicinal uses

The wild olive tree has been stated to be “the most important plant” from 120 plants being
used in traditional medicine [14]. O. africana has a number of traditional uses medically that
are summarized in Table 2. The bark, leaves, roots and fruits are used in different forms, alone
or sometimes in combination [28].

Traditional use References
* Dried and powdered leaf is applied on fresh wounds as a styptic [28]
* Sap from the bark is used for bone-setting (fracture) [41]

* Leaves are used as a treatment for malaria, urinary tract infections, backaches and kidney problems [4]
* Leaf infusions are used as lotion for the treatment of eye infections or to relieve sore throats [15, 42]

* The scraped bark is used to treat headaches and bladder infections. Smoke from a fire made with [43]
kindling is believed to clear the head and blood after excessive drinking

* The plant is used traditionally as a hypotensive, febrifuge, diuretic, tonic and emollient, for [14]
headaches and bladder and urinary infections

* Powered leaf stops nosebleeds by using it as a snuff. Leaves are used as tea. Sugar and boiled [28]
ripe fruits are administered for coughs

* The leaf and stem bark decoctions are treatment for anaplasmosis and also retained afterbirth [12]

¢ Bark, which is dried, pound and powdered, is applied for eye illnesses. Boiled bark is [44]
administered for itchy rashes

* Boiled bark is administered to treat tapeworms [45]

* Decoction of stem bark is used to treat helminthiasis, asthma, rheumatism and lumbago [46]

in Samburu district, Kenya

* Bark, root and leaf infusions are taken to relieve colic, leaf infusion taken to treat sore throats [47]
and diphtheria

* Fruit infusion treats bloody stool and diarrhoea [48]

* Decoction of the fruits and leaves is used in treating blood pressure in the Transkei region [49]

Table 2. Traditional uses of Olea europaea subsp. africana in Africa.
2.1.5. Pharmacology

2.1.5.1. Antidiarrhoeal activity

A study by Amabeoku and Bamuamba [24] investigated the methanolic leaf extract of O.
africana for antidiarrhoeal activity in mice. The use of the plant in the Western Cape rural areas
in treating diarrhoea is extensive. Albino mice were administered with the methanol leaf
extract at doses ranging from 25 to 75 mg/kg, 15 min before the administration of castor oil at
a dosage of 0.7 ml (orally (p.0)). It was observed that the methanol leaf extract doses from 50
to 75 mg/kg expressively reduced the occurrence of diarrhoea by notably decreasing the
number of mice affected with diarrhoea. The plant extract dose of 25 mg/kg was able to protect
50% of the animals affected with diarrhoea; therefore, signifying it did not have a significant
effect on the occurrence of diarrhoea. This study showed that O. africana methanolic leaf extract
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was able to significantly antagonize diarrhoea, by possibly exerting its activity through
reducing intestinal motility [24].

2.1.5.2. Antihypertensive, antiatherosclerotic, hypoglycaemic and antioxidant activity

Somova et al. [14] stated that the African wild olive leaf can prevent atherosclerosis and
hypertension and improve insulin resistance. The experimental animals were treated at a
dosage of 60 mg/kg b.w with ethyl acetate leaf extract, as this fraction is known to contain the
active compound oleuafricein. Hemodynamic screening was evaluated for 42 days monitoring
the administration of the drug, heart rate, systolic and diastolic blood pressure. The Lipschitz
test was conducted to record the excreted urine after 5 h and after 24 h. On completion of the
study, the animals were starved overnight and killed. Following killing, blood glucose was
estimated, and glutathione peroxidase and superoxide dismutase were assayed. These
biochemical parameters showed that treatment with O. africana leaf extract after 6 weeks
exhibited effective hypoglycaemic, antiatherosclerotic, antihypertensive and antioxidant
activity. It was obtained that O. africana contains 0.27% combination of ursolic and oleanolic
acid accountable for the bioactivities [14].

A study by Abdel-Sattar et al. [50] reported antihypertensive, hypoglycaemic and antioxidant
properties of O. africana methanol leaf extract. The antioxidant activity was studied by
exploring scavenging activity of 1,1-diphenyl-2-picrylhydrazyl free radical. The Olive leaf
extract reduced the radical to a yellow-coloured diphenylpicrylhydrazine, confirming its
antioxidant property. Experimental animals were treated with the extract for 42 days at a
dosage of 200 mg/kg to evaluate hypertension and three dosage levels (100, 300 and 500
mg/kg) for antihyperglycaemic activity. The results obtained were partial reduction of L-N-
nitroarginine methyl ester (L-NAME) which triggered hypertension compared to the control
group. The Olive leaf revealed blood glucose lowering activity against streptozotocin (STZ)
which elicited hyperglycaemia in rats. The highest dose of the extract (500 mg/kg) exhibited a
significant decrease in blood glucose level by 69.6% on the fourth week of treatment relative
to the control group. O. africana was exhibited to have protective activity against diabetes
induced by STZ and hypertension induced by L-NAME. The antihyperglycaemic activity was
accredited to be caused by an increase in glucose uptake in skeletal muscle, antioxidant activity,
inhibition of liver gluconeogenesis and insulinomimetic effect [33].

2.1.5.3. Antibacterial activity

A study by Douglas et al. [29] evaluated the antibacterial activity of the leaves of O. africana.
The bacterial strains Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Pseudo-
monas aeruginosa ATCC 87853 and Bacillus subtilis BCCM 1735 were used for this study. The
crude extracts displayed comparatively elevated action against bacteria in Gram-positive
strains with the methanol extract exhibiting the highest antibacterial activity. The triterpenoids
(uvaol and erythrodiol) isolated from the plant exhibited adequate antibacterial activity.
However, in the E. coli strain, the compounds showed no significant activity, as this strain has
been stated to have multi-resistance against antibiotics. Erythrodiol presented higher bioac-
tivity compared to uvaol against S. aureus [29].
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A study by Douglas and Jeruto [51] investigated antibacterial activity of O. africanaleaf extracts
(methanol, ethyl acetate and dichloromethane) against Pseudomonas aeruginosa, Bacillus subtilis,
Escherichia coli and Staphylococcus aureus, by means of micro-broth diffusion method. The
bacterium strain S. aureus was the most susceptible to dichloromethane extract (15 mg/mL)
displaying a zone of inhibition of 19.40 mm. The strains P. aeruginosa, E. coli and B. subtilis were
inhibited effectively with the methanol extract (25 mg/mL) with zones of inhibition 17.40, 17.20
and 19.20 mm, respectively [51]. These studies therefore assume that O. africana could be used
traditionally in treating symptoms of infection and inflammation by bacteria [29, 51].

2.1.5.4. Toxicology

Amabeoku and Bamuamba [24] examined O. africana methanolic leaf extract in groups of eight
per dose (400, 800, 1200, 1600, 2000, 2400, 2800, 3200, 3600 and 4000 mg/kg). It was observed
that the mortality rate increased as the dosage increased from 2800 to 4000 mg/kg. The doses
from 2000 to 4000 mg/kg indicated the animals to be hypoactive. The dose at 3475 mg/kg was
determined to be the LD50 value for the plant [24]. Somova et al. [14] investigated the effect of
the African wild olive leaves on Sprague-Dawley rats using the doses 20, 40, 60 and 80 mg. It
was observed using the brine shrimp test that the leaf extract had a toxicity with LC50 of 1.25
at a dosage of 60 mg/kg which was relatively low. The reference substances, ursolic and
oleanolic acid, showed low toxicity with LC50 of 0.95 and 0.10 mg/mL, respectively [14]. These
studies therefore conclude that the African wild olive is non-toxic and can be used as medical
drug.

3. Conclusion

Olea africana has a varied range of documented medicinal uses such as treatment for eye
infections, urinary tract infections, headaches, sore throat, diuretics and hypertension.
However, little is known pharmacologically regarding the African olive. The mentioned
pharmacological studies found the plant to have hypoglycaemic, antihypertensive, antibacte-
rial, antidiarrhoeal, anti-atherosclerotic and antioxidant activities. These bioactivities are
elicited by compounds isolated from the plant including oleuropein, ursolic and oleanolic acid.
Further scientific research is required to attain the traditional therapeutic potential, identifi-
cation of potential mechanism of action and toxicity of the African olive.
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Abstract

Essential oil (EO) is a mixture of low molecular weight constituents that are responsible
for its characteristic aroma. These constituents include terpenoid and non-terpenoid
hydrocarbons and their oxygenated derivatives. This chapter focuses on the heteroge-
neous composition of the essential oils. It discusses the usage of essential oil constituents
as a key marker of the oil quality, freshness and unique characteristics. It describes the
biological activity and synergistic effect of the essential oil constituents as antioxidant,
antibacterial, antifungal and anticancer agents.

Keywords: chemical structure, quality characteristics, bioactivity, antioxidant, antimi-
crobial, antitumor

1. Introduction

Essential oil (EO) is defined as odorous product, of complex composition, obtained from part
of plant or whole plants through various methods. It has the characteristic taste and odor of the
plant from which it was derived [1, 2]. This variation in composition could be due to a variety
of plants [3], geographical locations [3, 4], harvesting seasons [5-7], drying methods [8] and
extraction methods [9, 10].

The quality, freshness and uniqueness of an essential oil are major considerations pertaining
toits value [11]. Essential oils are highly sensitive to heat, moisture and oxygen [12]. Formation
of oxygenated terpenes, chemical transformations, or polymerization are features of aging
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processes that led to quality loss. Therefore, quality control of essential oils needs to be
monitored by producers, traders, or essential oil manufacturers [13, 14].

Essential oils have wide variety of bioactivities and play an important role as ideal natural
sources of antimicrobial, antioxidant and chemopreventive agents [15-17]. They have potential
therapeutic applications in the prevention of cancer [18].

2. Chemical composition of essential oil

Essential oils (EOs) are volatile constituents obtained from aromatic plant material, including
leaves, rhizomes, flowers, roots, bark, seeds, peel, fruits, wood and whole plants [19]. A few
of the essential oils are found in animal sources, for example, musk and sperm whale, or are
produced by microorganisms [20]. In plants, essential oils occur in oil cells, secretory ducts or
cavities, or in glandular hairs. Essential oils can be isolated by steam distillation from an
aromatic plant because of their volatility [21]. Different constituents in EOs exhibit varying
smell or flavor [9]. The perception of individual volatile compounds depends on their thresh-
old [22].

Essential oils are a complex mixture of polar and non-polar compounds [23]. The essential oil
composition depends on the species of the extracted plant, the geographiclocation of this plant,
harvest time and extraction technique [24].

EOs can be classified into the four main groups: [25, 26]

1. Terpenes, related to isoprene

2. Straight-chain compounds not containing any side chain
3. Phenylpropanoids (benzene derivatives)

4. Miscellaneous group having varied structures not included in first three groups (sulfur-
or nitrogen-containing compounds)

2.1. Terpenes, related to isoprene or isopentene

Essential oils constituents can be divided into two major groups: terpene hydrocarbons and
oxygenated compounds [27].

2.1.1. Terpene hydrocarbons

Terpenes are the most common class of chemical compounds found in essential oils [28].
Terpenes are synthesized in the cytoplasm of plant cells, through the mevalonic acid pathway
[19]. Terpenes have been regarded as polymers of isoprene (CsHy) joined in a repetitive head-
to-tail manner [29] as shown in Figure 1.
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Isoprene Unit (CH,) Isoprene Unit (CH,)

Figure 1. Link of isoprene molecules.

Acyclic Monoterpenes
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Myrcene Ocimene Citronellal Linalool

| Hydrocarbons | Oxygenated |

Monocyclic Monoterpenes

Terpinolene Phellandrene Carvone Thymol

Hydrocarbons Oxygenated

Figure 2. Chemical structures of acyclic and monocyclic monoterpenes.
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They could be classified according to the fusion of the isoprene units or to the number of the
rings [28]. Terpenes can be classified into hemiterpenes (1 unit), monoterpenes (2 units),
sesquiterpenes (3 units), diterpenes (4 units), sesterterpenes (5 units), triterpenes (6 units) and
polyterpenes (many units) [30]. The combinations of two isoprene units are called a “terpene
unit.” Monoterpenes (C,,H,,) are formed by the attachment of two isoprene units (at least one
double bond). These terpenes have a hydrocarbon skeleton which can be rearranged into
acyclic, cyclic, or aromatic (Figure 2). Cyclic monoterpenes can be classified according to their
ring size such as monocyclic monoterpenes, bicyclic monoterpenes and tricyclic monoter-
penes [31] Figure 3. These compounds oxidize easily because of their rapid reaction to air and
heat sources [32].

Bicyclic Monoterpenes

CH H
2 CH, CHs
CH, H 0
H,C CHs
H,C ™ 0
H,C CH, GG HsC CHs

Camphene Sabinene Fenchone Thujone

Hydrocarbons | | Oxygenated

Tricyclic Monoterpenes

CHa

CH,
CHs

Tricyclene

| Hydrocarbons

Figure 3. Chemical structures of bicyclic and tricyclic monoterpenes.

Sesquiterpenes (C,sH,,) are the second to the dominant monoterpenes. They are formed from
the combination of three isoprene units [29]. Sesquiterpenes are unsaturated compounds.
There are linear, branched, or cyclic sesquiterpenes (Figure 4). Sesquiterpenes are unsaturated
compounds. Cyclic sesquiterpenes can be classified into monocyclic, bicyclic, or tricyclic [31]
(Figure 5). Diterpenes are formed by the head-to-tail combinations of four isoprene units
followed by rearrangement and/or substitutions (Figure 6).
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Figure 4. Chemical structures of acyclic and monocyclic sesquiterpenes.
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Figure 5. Chemical structures of bicyclic and tricyclic sesquiterpenes.
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Figure 6. Chemical structures of acyclic, monocyclic and bicyclic diterpenes.

They are important components of plant resins [33]. Diterpenes, triterpenes and tetraterpenes
are present at a very low concentration in essential oils [27, 34]. Their recovery increases with
increasing steam distillation times [35] and influenced by the extraction method.

2.1.2. Oxygenated compounds (terpenoids)

The oxygenated compounds are highly odoriferous [36]. Terpenoids are volatile secondary
metabolites which give plants their fragrance [37]. Terpenoids can be subdivided into alde-
hydes, ethers, alcohols, esters, ketones, phenols and epoxides [19]. Examples: (+)-Borneol
occurs in camphor, rosemary and lavender oils. It has a camphor-like odor, with a slightly
peppery note [38]. Carvacrol is found in oregano and thyme [39] oils. It has a herbaceous,



Chemical Structure, Quality Indices and Bioactivity of Essential Oil Constituents
http://dx.doi.org/10.5772/66231

phenolic odor [32]. (-)-Carvone has a herbal scent and is found in caraway seed oil; (+)-carvone
with a spicy-minty odor can be found in spearmint oil [40]. 1,8-Cineole is obtained primarily
by isolation from eucalyptus oil. It has a camphor odor [41].

2.2. Straight-chain compounds, not containing any side branches

This group contains only straight chain non-terpenoid hydrocarbons and their oxygen
derivatives: alcohols, aldehydes, ketones, acids, ethers and esters. These hydrocarbons range
from n-heptane, to compounds with 35 carbon atoms. Heptane content represented 3.8 and
36.8% of the wood volatile oils of Pinus jeffreyi and Pinus sabiniana, respectively [42]. The leaf
alcohol (3(Z)-hexen-1-ol, Figure 7) and its esters are responsible for the intense grassy-green
odor of freshly cut green grass and leaves via the octadecenoic pathway [43-45].

Figure 7. Chemical structure of leaf alcohol.

[ Benzene Derivatives ]

/©/\/CH3 /\/EJ/OCH3
H3C\o HaC7

Trans-Anethole Estragole

- H,CO =

OCH, HO

Myristicin Eugenol

o
H3C X OCH,3

Isoeugenol

Figure 8. Chemical structures of phenylpropenes.
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2.3. Phenylpropenes (benzene derivatives)

These aromatic compounds are an important group to flavor and fragrance industry though
it constitutes a relatively small part of the essential oils. This non-terpenoid group comprises
of constituents derived from n-propyl benzene. The aromatic ring may carry hydroxy, methoxy
and methylene dioxy groups; the propyl side chain may contain hydroxyl or carboxyl group
[25].

Phenylpropenes constitute a subfamily of phenylpropanoids that are synthesized from the
amino acid phenylalanine and 1-tyrosine via the shikimic acid pathway [46]. Examples of this
group include trans-anethole, methyl chavicol, eugenol, isoeugenol, vanillin, safrole, myristi-
cin and cinnamaldehyde [19, 47] (Figure 8).

2.4. Miscellaneous group (sulfur- and nitrogen-containing compounds)

The representatives of this group are the compounds, which are not included in the above
mentioned three groups [25]. They are different degradation products originating from
unsaturated fatty acids, lactones, terpenes, glycosides and sulfur- and nitrogen-containing
compounds [48].

[ Miscellaneous Group ]

R/N\\C\\ /\/S\S/\/

Isothiocyanate Diallyl disulfide
O
e
o A\
N
NH, H
Methyl Anthranilate Indole

Figure 9. Chemical structures of sulfur- and nitrogen-containing compounds.
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Sulfur- and nitrogen-containing compounds occur mainly as aglycones or glucosinolates, or
their breakdown products, which include isothiocyanates [49]. The Brassicaceae is an impor-
tant source of glucosinolates and isothiocyanates [50]. Garlic, onion, leek and shallots contain
volatile sulfur compounds, namely allyl sulfide, dimethyl sulfide, diallyl disulfide and
dimethylthiophene [51]. The sulfur compounds are responsible for the characteristic aroma
and taste [52]. Cysteine sulfoxides including alliin predominate in mature, intact Allium spp.,
along with y-glutamylcysteines [53]. Upon rupture, such as when chopped or pressed, the
action of a class of enzymes known as alliinases catalyzes the conversion of cysteine sulfoxides
into the volatile thiosulfinates [54] including allicin. Allicin makes up 70-80% of the thiosulfi-
nates. Allicin and other thiosulfinates decompose diallyl sulfide, diallyl disulfide, diallyl
trisulfide, dithiins and ajoene, while the y-glutamylcysteines are converted to S-allyl cysteine
through a non-alliin/allicin pathway [53]. Nitrogen-containing compounds are found in only
a few essential oils. Examples include methyl anthranilate, indole, pyridine and pyrazine.
Methyl anthranilate is present in orange, lemon and bergamot oils [35] and jasmine oil [55].
Indole occurs in neroli and some citrus fruit oils [32]. Pyridines and pyrazines occur in black
pepper, sweet orange and vetiver oils [35] (Figure 9).

3. Quality indices of essential oils

The studies have shown that a differentiation in oil quality and volatile components is
associated with climatic conditions, geographical location of collection sites and other ecolog-
ical and genetic factors. The influence of those factors on the accumulation of distinct volatile
compounds defines its chemotypes [56-58].

3.1. Black pepper oil

Black pepper oil is obtained from the dried unripe fruits of Piper nigrum [59]. The monoterpenes
hydrocarbons (i.e., limonene, sabinene, 3-pinene, 3-carene and phellandrene) to sesquiter-
penes hydrocarbons (3-caryophyllene) ratio represents the quality of the oil and indicates the
aroma value; the monoterpenes provide the body of the flavor, but the sesquiterpenes provide
the spicy note. A lower value represents a higher quality of the essential oil [60, 61]. A high
total monoterpenes content results in a strong “peppery” top-note and a predominantly pinene
content of the terpene fraction gives a turpentine-like note, while a high caryophyllene content
results in a sweet, flowery note, which is more desirable in the flavor industry [62]. In addition
to the ratio of monoterpenes to sesquiterpenes, the oxygenated compounds are supposed to
provide the heart of the aroma of pepper oil [63]. The pepper oil extracted with supercritical
fluid carbon dioxide was found to have a higher content of caryophyllene and oxygenated
sesquiterpene compounds. The volatile oil obtained under these conditions was considered
superior to the steam-distilled oil, using aroma, taste and monoterpene to sesquiterpene
hydrocarbons ratio as the criteria [64, 65]. Tipsrisukond et al. [66] reported that this ratio
reached 3.02 and 0.95 in the steam distilled oil and supercritical fluid extract, respectively. On
the other hand, this ratio was found to be 2.21 in the hydro-distilled oil while it was 1.66 in the
supercritical fluid extract [67].
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Storage of black pepper hammer milled powder for 6 months at 4°C, markedly increased
monoterpene to sesquiterpene hydrocarbons ratio from 1.31 to 4.47. They attributed this
increase to the degradation of some sesquiterpenes, as a result of oxidative decomposition
during storage [68].

3.2. Cardamom oil

Cardamom oil is obtained from the dried ripe fruits of Elettaria cardamomum [59]. Salzer [60]
reported that 1,8-cineole and a-terpinyl acetate together with the terpene alcohols are impor-
tant for the evaluation of the aroma quality of cardamom. 1,8-Cineole is reported to contribute
to pungency while terpinyl acetate is known for its desirable, pleasant flavor of cardamom [69,
70]. The higher level of a-terpinyl acetate compared to that of 1,8-cineole could be used as an
indicator of the superior quality of cardamom essential oil [71, 72].

Monoterpenes hydrocarbons are less odoriferous than oxygenated monoterpenes [73]. Amma
et al. [74] recorded superior flavor quality for the Malabar variety with the highest a-terpinyl
acetate/1,8-cineole ratio (1.55) when compared with the Mysore variety (1.34). Morsy [75]
found that this ratio exceeded 1.6 when ultrasound-assisted extraction (30 W, for 30 min) was
used as a pretreatment for hydrodistillation (30 min) compared to 1.13 when hydrodistillation
was conducted for 6 h. The presence of a low level of hydrocarbons in cardamom oil could be
used as an indicator of its high quality [74].

3.3. Caraway essential oil

Caraway oil is obtained from the dried ripe fruits of Carum carvi [59]. The main components
of caraway essential oil are carvone and limonene, whose mixture constituted from 97.69 to
98.62% of total oil composition [76]. The overall quality of fruits is considered to correlate with
the content of essential oil and its carvone/limonene (C/L) ratio: the higher the ratio, the better
the quality. C/L ratio varies from 0.90 to 2.74 [77, 78]. This ratio is variable during ripening.
Limonene is of high level in green immature seeds [79]. A¢imovi¢ et al. [76] considered the
quality of essential oil poor when C/L ratio recorded 0.47. The essential oil of biennial caraway
varieties usually has a higher C/L ratio compared to that of the annual varieties [80, 81]. The
C/L ratio decreased with the time of storage (70 days, at room temperature) of caraway seed
samples [82].

3.4. Peppermint oil

Peppermint (Mentha piperita) has bright green leaves, with a fresh, slightly sweet, tangy,
peppery and strong menthol notes [83]. The principal constituents of peppermint oil are
menthol (30-55%), menthone, menthyl acetate and other esters [84]. The ratio of menthol/
menthone is the major determinant of the flavoring quality of distilled essential oil [85]. For
commercial purposes, a high oil yield with a ratio of menthol to menthone of 2:1 is desired
[86]. In general, high-quality peppermint oil (i.e., high menthol/menthone ratio) develops
during full bloom [87]. The English oil contains 60-70% of menthol, the Japanese oil con-
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tains 85% and the American only about 50%. The odor and taste afford a good indication of
the quality of the oil.

3.5. Lavender oil

Lavender flowers (Lavendula angustifolia) have a strong perfumery odor with crusty woody
undertones a camphor-like note. The leaves have herbaceous and more pronounced bitter
notes [83]. Linalool and its ester form, linalyl acetate, are the most abundant monoterpenes in
lavender varieties and are the most desired components of the lavender oil, while trace
amounts of camphor generally contribute an undesirable odor, diminishing the quality of the
oil [88-90]. The linalyl acetate to linalool ratio may change in different distillation times and
may affect the final odor of the oil [91]. The oil samples that were obtained after 1 and 2 h of
steam distillation had linalyl acetate to linalool ratio of 0.57 and 0.44, respectively. The ratio of
linalyl acetate to linalool should be higher than one in high-quality lavender oil [92].

3.6. Rose oil

Rosa damascena is an ornamental plant. This plant is used for food flavoring as dried flowers,
dried bud and dried petals [93]. The flavor compounds that contribute to the distinctive scent
of rose oil are 3-damascenone, -damascone, -ionone and rose oxide. Even though these
compounds exist in <1% of rose oil, they make up for more than 90% of the odor content due
to their low odor thresholds. The concentration of f-damascenone is considered as the marker
for the quality of the rose oil [94, 95].

Citronellol/geraniol (C/G) ratio could be used for evaluating the quality of rose oil [96]. The
finest quality rose oil has C/G ratio between 1.25 and 1.30 [97]. In the rose oil trade, the
citronellol content should be higher than 35%. The oils from non-fermented petals generally
contain citronellol lower than this level. Therefore, a short-term fermentation is conducted to
increase the citronellol content. The C/G ratios were higher in the oils distilled from long-term
fermented petals (e.g., 10.3 in 36 h fermentation) than non-fermented petals (0.56). Based on
these results, rose oils distilled from long-term fermented petals are of poor quality [98].

3.7. Ginger oil

Ginger oil is obtained from the rhizomes of Zingiber officinale [59]. a-Zingiberene is the major
sesquiterpene hydrocarbon of ginger oil [99]. Salzer [60] reported that citral, zingiberene, [3-
sesquiphellandrene and ar-curcumene could be used for evaluating the quality of the ginger
oil. Govindarajan [100] reported that citral and citronellyl acetate are co-determinants of the
odor of ginger oil, while zingiberene and p-sesquiphellandrene are the main components of
the freshly prepared oil. ar-Curcumene increased with storage. A good quality oil has a ratio
of zingiberene + 3-sesquiphellandrene to ar-curcumene =2:3.

The lemony note is attributed to citral together with a-terpineol, while nerolidol is responsible
for the woody note. 3-Sesquiphellandrene and ar-curcumene contribute to the characteristic
ginger flavor [101].
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3.8. Juniper oil

Juniper (Juniperus communis) has green and sharp leaves (needles) [102]. Juniper's odor is
woody and astringent with sweet, lemon and pinelike overtones. It has a ginlike aroma. Its
flavor is released when it is lightly crushed [83].

Butkiené et al. [103] identified 143 components in the juniper leaves essential oil. They found
that monoterpenes (M)/sesquiterpenes (S) ratio ranged from 2:1 to 5:1 according to localities
in Vilnius district, Lithuania. Sela et al. [104] found that M/S ratio ranged from 1:1 to 3:1 for
leaves essential oil of Macedonian juniper, from different localities. Orav et al. [105] reported
that M/S ratio of juniper berries oils was higher (4:1) than that obtained from leaves samples
(2.5:1). Pourmortazavi et al. [106] found that supercritical fluid extraction products from J.
communis L. leaves using carbon dioxide were markedly different from the hydrodistilled oil.
The hydrodistilled oil was characterized by a high concentration of 3-phellanderene. The ratio
of a-pinene to 3-carene in hydrodistilled oil was high (0.62) compared with that of the
supercritical carbon dioxide extracts (0.04-0.065). Looman and Svendsen [107] reported that
the average ratio of a-pinene:sabinene:limonene was generally 21:45:5 in the leaf essential oil
of Norwegian mountain juniper (Juniperus communis L. var. saxatilis Pall).

3.9. Oregano, thyme and savory oils

Oregano, wild marjoram, Origanum vulgare, has dark green fresh leaves. Fresh oregano is
available whole, chopped, or minced. The dried light green leaves are available whole, flaked,
or ground [83]. The thyme plant, Thymus vulgaris L., is an evergreen herb that is used for its
flavor [108]. Summer savory, Satureja hortensis, is often used as a culinary herb either as a fresh
or dried herb [109].

In oregano essential oil, the total content of the thymol and carvacrol was the highest and
amounted to 67.51%; in thyme essential oil, 47.47%; and in savory essential oil, 49.71%. The
thymol and carvacrol types have sharp, warm and penetrating herbal (thyme type) odors, with
woody, spicy and tobacco-like notes; thymol itself has a powerful, medicated and herbaceous
odor while carvacrol itself has a tar-like odor [110]. The ratio of carvacrol to thymol in oregano,
thyme and savory essential oils was 15:1, 1:19 and 1.8:1, respectively [111]. Oils containing
predominantly thymol are generally considered of superior quality [112, 113].

3.10. Lemongrass oil

Lemongrass (Cymbopogon spp.) is a tall perennial C4 grass belonging to the family Poaceae
(Gramineae), commonly known as the “sweet grass family” [114]. Lemongrass gives a
refreshing lemon-lime-like taste with a tinge of mint and ginger. It has a citral odor with floral-
like (rose) and a fresh, grassy aroma. Its flavor is found in the lower tender part of the stem.
The root-end stalk gives the most flavor. The whole fresh stalk becomes aromatic when it is
crushed or cut. The dried form has a very little aroma [83]. The quality of the lemongrass
essential oil is measured by its citral content [115, 116]. Citral is a natural mixture of two
monoterpene aldehydes, geranial (trans isomer) and neral (cis isomer). Supercritical fluid
extraction was found to be a superior process than steam distillation, producing better quality
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lemongrass oil containing 90% citral [117]. The leaves yield aromatic oil, containing 70-90%
citral. C. flexuosus has higher citral content than C. citratus [118, 119].

4. Bioactivities of essential oil constituents

Essential oils from different plant parts exhibit different biological activities [120]. Biological
activities of essential oils include antioxidant, antimicrobial, antiviral, anti-mutagenic and
anticancer [34]. Essential oils are complex mixtures of terpenoids and phenylpropanoids
compounds extracted by distillation or solvent extraction [121]. Overall activity cannot be
attributed to only one of the major constituents [122]. The inactive compounds might influence
resorption, the rate of reactions and biological activity of the active compounds. The combi-
nation of the major and minor constituents modifies the activity to exert significant synergistic
or antagonistic effect [123].

4.1. Antioxidant activity

Antioxidants are substances that protect cells from being oxidized by free radicals. Reactive
oxygen species (ROS) are highly reactive toxic molecules. ROS induced oxidative diseases such
as ageing, arteriosclerosis, cancer, Alzheimer's disease and Parkinson's disease [124]. Living
cells possess scavenging activity to diminish excess ROS that induced cellular injury. These
mechanisms become inefficient, with ageing and under external stress. Therefore, dietary
supplementation of natural and synthetic antioxidants is required [125]. Some synthetic
antioxidants cause liver damage and have carcinogenic effects. Natural antioxidants are
preferred to synthetic ones [126].

The essential oil of lemon balm, containing neral/citral, citronellal, menthone and isomen-
thone, showed strong antioxidant activity [127].

The essential oils with good radical-scavenging activity could be arranged in the following
order, clove > cinnamon > nutmeg >basil > oregano > thyme [128].

Misharina and Samusenko [129] stored a mixture of lemon, coriander and clove buds essential
oils (1:1:1) at room temperature in the light for 145 days. They found that the mixture of the
three essential oils increased the stability of limonene and y-terpinene significantly higher than
in the individual essential oils and inhibited oxidation of hexanal efficiently. It was shown that
terpene hydrocarbons break free-radical chain reactions, which is accompanied by their
irreversible oxidation into inert compounds, such as p-cymene. Therefore, terpene hydrocar-
bons do not exhibit the properties of prooxidants.

Wei and Shibamoto [130] proposed that terpenes and terpenoids that contribute to the
antioxidant activity of essential oils include a-terpinene, -terpinene and B-terpinolene in tea
tree; 1,8-cineole in water mint, menthone and isomenthone in peppermint; thymol, eugenol
and linalool in black cumin, cinnamon bark and ginger; and thymol and eugenol in thyme and
clove leaf.
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Eugenol, the major constituent of clove essential oil, was found to have an inhibitory activity
against lipid peroxidation by interfering with chain reactions of free radicals. The inhibitory
activity of eugenol was about fivefold higher than that observed for alpha-tocopherol [131].
Thymol and carvacrol the main constituents of thyme oil are shown to act as strong antioxi-
dants [132]. The antioxidant activity of caraway oil may be due to the presence of linalool,
carvacrol, anethole and estragole [133]. Marjoram and clove essential oils exerted a powerful
antioxidant activity in beef burger prepared with sunflower oil during storage at -18°C for 3
months. The addition of marjoram oil at 250 mg/kg kept thiobarbituric acid value of the beef
burger samples after 3 months of storage at a level not significantly different from that of
control samples stored frozen for 1 month [134]. Flavoring refined corn oil with thyme
increased its oxidative stability (induction time) from 4.36 to 6.48h [135]. Blending cold-
pressed oregano (Origanum vulgare) oil with sunflower oil at 10 and 20% levels increased its
induction time from 3 to 6 h and 8h, respectively. Assiri et al. [136] attributed the superior
antioxidant activity of sunflower oil blends to the high levels of phenolic compounds in
oregano oil.

4.2. Antibacterial activity

Essential oils display broad-spectrum inhibitory activities against various bacterial pathogens
[137]. Essential oil is easily permeable through the cell wall and cell membrane due to its
lipophilic characteristic. Interaction of essential oil components with polysaccharides, fatty
acids and phospholipids causes loss of membrane integrity, leakage of the cellular contents,
interference in proton pump activity and leads to cell death [124, 138-140]. Other important
mechanisms of action include denaturation of cellular proteins [9, 34, 141]. Carvone partitioned
in the lipid membrane [142], while terpinen-4-ol inhibits cellular respiration and both damage
cell membrane function as a permeable barrier [143]. Carvacrol and p-cymene accumulate in
the lipid phase of the membrane by causing expansion of the phospholipids bilayer and
increasing spaces through which ion leakage might occur [144].

Sage essential oil is rich in antimicrobial agents [145]. The single layer wall of S. aureus is
highly sensitive to essential oils with a high content of p-cymene [34]. Cold-pressed oregano
(Origanum vulgare) oil exhibited antimicrobial activity against Staphylococcus aureus, Escheri-
chia coli, Salmonella enteritidis, and Listeria monocytogenes with minimum lethal concentrations
ranging between 160 and 320 ug/mL. The antimicrobial activity of the oregano oil could be
due to the presence of phenolic constituents and the differences in the permeability of cell
wall of those bacteria [136]. Ghabraie et al. [146] found that essential oils of Red bergamot
(Flower top) and Chinese cinnamon (bark) inhibited Escherichia coli, Listeria monocytogenes,
Staphylococcus aureus and Salmonella Typhimurium. The inhibition zone ranged from 20 to
more than 70 mm depending on the target bacteria. Chinese cinnamon inhibited S. aureus
and E. coli at minimum inhibition concentration of 470 ppm in microbroth dilution assay.
Antibacterial activity of Red bergamot oil could be due to carvacrol and p-cymene, while
trans-cinnamaldehyde is responsible for this effect in Chinese cinnamon oil. Radaelli et al.
[147] studied the antimicrobial activities of basil, rosemary, marjoram, peppermint, thyme
and anise essential oils against Clostridium perfringens strain A. They found that all oils
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showed bactericidal activity at their minimum inhibitory concentration, except anise oil,
which displayed bacteriostatic effect.

4.3. Antifungal activity

Fungi are important causes of human infections [148]. Several crops are susceptible to fungal
attack either in the field or during storage [149]. Fungicide residues are problems for the food
industry [150]. Prevention of fungal growth is an effective way of impeding mycotoxin
accumulation [151]. Essential oils have the ability to attack the life cycle of molds [152].

The high cost of essential oils production and the low concentration of active constituents limit
their direct use in the control of fungal diseases of plants and animals. Therefore, investigation
of antifungal compounds of the essential oils is considered important because of the possibility
of synthesizing these compounds for the use in the control of fungal diseases [153].

Bouchra et al. [154] reported that the major essential oils constituents of Moroccan Labiatae
Origanum compactum and Thymus glandulosus consisted of carvacrol, linalyl acetate and thymol.
Both oils inhibited completely the growth of the mycelium of Botrytis cinerea at 100 ppm.

Serrano et al. [155] reduced the growth of yeasts and molds for stored cherries by developing
active packaging materials containing eugenol, menthol, thymol and eucalyptol.

The essential oil of cinnamon had a high antifungal effect (very low minimum inhibitory
concentration) against Aspergillus flavus [156, 157]. The antimycotic activity of Cinnamomum
zeylanicum bark essential oil is due to the presence of cinnamaldehyde [158].

Carvacrol, the major active ingredient, of oregano oil was found to cause complete inhibition
of Saccharomyces cerevisiae growth at 0.01%. Its potency was 1500 times that of the oregano oil.
In contrast, the y-terpinene, which is the biosynthetic precursor of carvacrol, was ineffective
as a fungicide. Carvacrol interfered in the target of rapamycin signaling pathway, resulting in
loss of viability. Eugenol, thymol and carvacrol affect Ca* and H* homeostasis leading to loss
of ions and inhibition of Saccharomyces cerevisiae [159]. Citral, citronellol, geraniol and geranyl
acetate that are the major components of eucalyptus oil, tea tree oil and geranium oil possess
cell cycle inhibitory activities against Candida albicans [160].

Sourmaghi et al. [161] found that hydrodistilled coriander essential oil had a potent antifungal
activity against Candida albicans. Linalool was the major component in coriander oil. The
essential oil of coriander had synergistic antimicrobial effect with amphotericin B [162].

Rahman et al. [153] reported that the hydrodistilled essential oil of the leaves of Piper chaba
Hunter displayed potent antifungal activity against Fusarium oxysporum, Phytophthora capsici,
Colletotrichum capsici, Fusarium solani, and Rhizoctonia solani. They attributed this activity to a-
humulene, caryophyllene oxide, viridiflorol, globulol, 3-selinene, spathulenol, (E)-nerolidol,
linalool, 3-pentanol and p-cymene that present in the oil. At a concentration of 125 pug/mL, the
fungicidal action of oil showed complete spore germination inhibition of Phytophthora capsici.

de Oliveira et al. [163] found that the essential oil of Piper ilheusense was active in combat-
ting activity of Candida albicans, Candida krusei, and Candida parapsilosis. (E)-Caryophyllene
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and patchouli alcohol were the major components of the oil. y-Cadinene, germacrene B
and gleenol were found in significant quantities. Marino et al. [164] reported that the mi-
nor components might be involved in some type of synergism with the other active com-
pounds.

4.4. Anticancer activity

Cancer is a multifactorial disease contributing towards the uncontrolled growth of the
abnormal cells, leading to the formation of a tumor [165]. Carcinogenesis is a multistep process
and oxidative damage that is linked to the formation of tumors. Secondary metabolites from
different plants are capable of halting development of cancer [166]. Essential oil constituents
have cytotoxic and antitumor activities. They play an important role in cancer prevention and
treatment [18, 167]. Essential oils can be used in combination with cancer therapy to decrease
the side effects of the drugs [168]. Cytotoxicity of essential oils is due to its action upon cellular
integrity, leading to necrosis and apoptosis, cell cycle arrest and loss of key organelles function
[169, 170]. Therefore, the evaluation of the anticancer activity of essential oils and their safety
on normal cell lines are of great importance [171].

The essential oil of Ricinus communis leaves exhibited a moderate antiproliferative activity
against cervical cancer line. The composition of the oil was predominantly by a-thujone and
1,8-cineole [172]. The Eugenia caryophyllata essential oil showed significant cytotoxic effects
against HT29, A549 and Hep2 cancer cell lines. The cytotoxicity is likely due to the high
concentrations of phenolic compounds, particularly eugenol [173].

Eugenol displayed cytotoxic action in a dose-dependent manner against human hepatoma
cells HepG2 and colon cells Caco-2 [174], HL-60 leukemia cells [175] and osteoblastic cell line
U20S [176].

Terpenoids of essential oils prevent tumor cell proliferation [34]. Linalool and linalyl acetate
represented the major constituents in lavender essential oil. They were more cytotoxic than
the whole essential oil against 153BR, HNDF and HMEC-1 cancer cell lines [177]. Geraniol
suppressed the growth of MCF-7 breast cancer cells [178] and PC-3 prostate cancer cells [179].
It was reported to interfere with membrane functions, ion homeostasis; inhibit DNA synthesis;
and reduce the size of colon tumors [180]. -Caryophyllene did not inhibit cell growth of MCF-
7 breast cancer cell lines, but a-humulene was cytotoxic. However, 3-caryophyllene potenti-
ated the cytotoxicity of a-humulene [181]. Limonene and linalyl acetate had no effect on
neuroblastoma cells. However, their combination induced apoptosis [182]. This synergic effect
was consistent in several studies for antitumor properties [183].

Carvacrol is a major component of oregano and thyme essential oils. It inhibits tumor cell
proliferation and induces apoptosis in human colon cancer cell lines, HCT116 and LoVo
[184] and in human oral squamous cell carcinoma [185]. Perillyl alcohol decreases the
growth of HCT116 cells [186].
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5. Conclusion

The essential oils are multi-component systems, while their key components represent single
component systems. Quality assurance of essential oils is imperative to ensure authenticity
and product quality. The ratio of one special component or group of components to another is
one of the quality indices of an essential oil as it affects its aroma.

Some of the essential oil constituents contribute to the essential oil antioxidant, antimicrobial
and anticancer activities, regardless their concentration. They contribute by their synergistic
effect to the property of the essential oil.
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Abstract

Fenugreek (Trigonella foenum-graecum L.) is an annual forage legume and a traditional
spice and aromatic crop that has been grown for centuries across the Indian subcontinent.
In addition to South Asia, the crop is also grown in some parts of North Africa, Middle
East, Mediterranean Europe, China, South East (SE) Asia, Australia, the USA, Argentina
and Canada. The plant has been used traditionally in Indian Ayurvedic medicines as well
as in traditional Tibetan and Chinese medication for several centuries. Modern research
has also demonstrated that fenugreek seed and leaves are useful in the treatment of a num-
ber of diseases including successfully reducing blood sugar and blood cholesterol levels
in both animals and humans. The plant has recently attracted great interest in the pharma-
ceutical, nutraceutical and functional food industries due to its rich medicinal properties.

Keywords: fenugreek, Trigonella foenum-graecum, spice, medicinal, aromatic, legume, crop

1. Introduction

Fenugreek (Trigonella foenum-graecum L.) is an annual forage legume and a traditional spice
crop that has been grown for centuries across the Indian subcontinent [1-3]. In addition to
South Asia the crop is also grown in some parts of North Africa, Middle East, Mediterranean
Europe, China, South East (SE) Asia, Australia, the USA, Argentina and Canada. India is the
largest fenugreek producer in the world but due to high internal consumption do not have a
major share of the global fenugreek trade [1-3]. The crop has been recommended for the dry
and semiarid regions of Asia, Africa and Latin America [4]. The plant has been used tradition-
ally in Indian Ayurvedic medicines as well as in traditional Tibetan and Chinese medication
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for several centuries. Modern research has also demonstrated that fenugreek seed and leaves
are useful in the treatment of a number of diseases including successfully reducing blood sugar
and blood cholesterol levels in both animals and human subjects in experimental trials [5]. The
crop has the potential to act as a panacea in treatment of diabetic, microbial and cancer disease.
The reason behind the rich medicinal properties of fenugreek is due to the presence of a wide
diversity of important phytochemicals (diosgenin, trigonelline, fenugreekine, galactomannan
and 4-hydroxy isoleucine [4]. Hence, the crop has huge international demand in the associated
pharmaceutical, nutraceutical and functional food industries. Being known as a chemurgic
crop, fenugreek has a widespread adoption in industrial sectors. Its seeds contain a reliable
source of steroid diosgenin, which acts as a supplement in pharmaceutical industry [6].

Furthermore, being a forage legume and a natural nitrogen fixer, it could be easily incor-
porated in the local crop cycles (short-term rotation) for natural replenishment of soil, for
fixation of nitrogen and for feeding the livestock as hay or silage (Figure 1). The crop grows
well under rainfed conditions and hence cost of production is lower compared to other com-
mercial crops suitable for semiarid regions.

Fenugreek is also well known as a global spice crop grown in all the major continents
(depending on soil and climatic conditions) across the globe including parts of North Africa,
Mediterranean Europe, Russia, Middle East, China, India, Pakistan, Iran, Afghanistan, parts
of Far East and SE Asia, Australia, the USA, Canada and Argentina [7, 8]. India once main-
tained and still holds the largest fenugreek harvested area in the world [5].

Figure 1. Fenugreek crop in different growth stages (fenugreek seed, seed germination, seedling growth, vegetative-
immature and reproductive growth stages of stem formation, podding and physiological ripeness-mature (Image credit:
S.K. Basu).
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The crop has been recommended for agricultural production in the dry and semiarid localities
of the continents of Asia, Africa and Latin America [3 4, 9, 10]. The plant has been used exten-
sively for centuries as a traditional forage crop in several ancient civilizations across Eurasia.

Fenugreek has been reported to be used as an important medicinal herb in Indian Ayurvedic

medicinal practices as well in traditional Chinese medication and Tibetan medicines for the

treatment of several diseases in humans and also in animals. Ancient Islamic scholars and

physicians have also recorded the use of fenugreek in traditional Islamic medicinal practices

in ancient texts and scriptures [9]. Modern clinical trials have also established without doubt

the efficacy of this medicinal herb in the treatment of several human and animal diseases

[5, 8, 11]. Relative frequencies of the major well-known accessions of fenugreek which are
produced all over the world are listed out in Table 1 [1].

Origin Number of reported Relative Average forage production 1961-2013
fenugreek accessions frequency (%) (tone/acre) per country
Afghanistan 27 2.48 >550,682
Algeria 2 0.18 3,835,860
Australia 7 0.64 2,868,759
Austria 1 0.09 1,539,297
Azerbaijan 1 0.09 624,045
Canada 54 4.95 >550,682
China 44 4.04 51,489,483
Egypt 16 147 550,682
England 17 1.56 >550,682
Eritrea 1 0.09 >550,682
Ethiopia 152 13.94 >550,682
France 3 0.28 >550,682
Germany 4 0.37 7,445,345
Greece 6 0.55 >550,682
Hungary 3 0.28 >550,682
India 401 36.79 91,881,132
Iran 46 4.22 2,653,431
Iraq 7 0.64 230,685
Israel 3 0.28 >550,682
Ttaly 4 0.37 9,906,660
Jordan 5 0.46 30,439
Kenya 1 0.09 >550,682
Libya 5 0.46 573,678
Morocco 5 0.46 1,694,057
Nepal 2 0.18 >550,682
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Origin Number of reported Relative Average forage production 1961-2013
fenugreek accessions frequency (%) (tone/acre) per country
Oman 77 7.06 >550,682
Pakistan 41 3.76 13,819
Poland 2 0.18 7,142,332
Portugal 1 0.09 6,894,828
Romania 15 1.38 694,961
Russia 3 0.28 10,701,727
Slovenia 4 0.37 86,966
South Africa 1 0.09 >550,682
Spain 8 0.73 163,784
Sudan 10 0.92 1,187,407
Sweden 3 0.28 >550,682
Switzerland 2 0.18 3,218,208
Syria 15 1.38 33,113
Taiwan 1 0.09 >550,682
Tunisia 42 3.85 >550,682
Turkey 40 3.67 >550,682
Turkmenistan 1 0.09 >550,682
US.A. 3 0.28 >550,682
Ukraine 1 0.09 475,316
Yemen 3 0.28 92,026

Table 1. Origin, number of registered and relative frequency of fenugreek crop distributed across the given countries.

2. Medicinal properties and chemical constituents

Fenugreek leaves and seed are known to have major medicinal properties and have been
reported to significantly reduce both blood glucose and cholesterol levels in human and ani-
mal subjects in clinical trials around the world [1]. Fenugreek is therefore highly sought after
as a chemurgic crop in the local, regional and international pharmaceutical, nutraceutical
and functional food industries and markets as a medicinal herb [12]. Fenugreek seed and
leaves are a rich source of a wide diversity of medicinally rich phytochemicals like steroi-
dal saponins (diosgenin), fenugreekine (alkaloid), galactomannan (carbohydrate), 4-hydroxy
isoleucine (amino acid) among several others [4, 7, 11, 12]. More specifically, fenugreek seed
itself contain carbohydrates (45-60%) as in mucilaginous fiber (galactomannans), proteins
(20-30%) enriched in tryptophan and lysine, lipids (5-10%) or fixed oil, alkaloids of pyri-
dine type (0.2-0.38%) as in trigonelline; choline (0.5%), and other materials including carpa-
ine and gentianine, flavonoids (apigenin, luteolin, orientin, quercetin, vitexin and isovitexin)
and 4-hydroxyisoleucine (0.09%), lysine and histidine, arginine, calcium and iron, saponins
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(0.6-1.7%), glycosides such as, yamogenin, tigogenin, neotigogenin and diosgenin (generating
steroidal sapogenins on hydrolysis); and sitosterol and cholesterol, vitamins (A, B1, C) and
nicotinic acid; n-alkanes and sesquiterpenes (0.015%) known as volatile oils [6]. Fenugreek has
been also reported to be rich in antioxidant [13] and antimicrobial properties [14].

3. Agronomy

Agronomic production of fenugreek crop has been well studied and reported in arid and
semiarid regions of the world and has been well documented in primary literature [15-17].
Climatic and edaphic environmental (external condition) factors as well as genetic makeup
(internal condition) are greatly accounted for metabolic processes in fenugreek crop [18]. It
is also believed that the regulation of yield potential in fenugreek is feasible through either
breeding programs or modification of cultural treatments [18, 19]. Fenugreek crop growth has
been found to be significantly increased by the application of phosphate fertilizer [20]. The
plant has indeterminate growth habit and hence mutant population generated through physi-
cal and chemical mutating agents have been reported to be successful in generating plants
with determinate and fast growing habits [11, 21]. The crop has been found to be attacked by
several biological agents like insects, fungi, bacteria and non-biological diseases like micronu-
trient deficiency, flooding, salinity, stagnant water [22-24].

4. Species, names, origin and distribution

There are noticeable discrepancies in the range of reported species of fenugreek (around 70-97)
in the literature [25-29]; however, older taxonomies like Linnaeus have explicitly accentuated
on the existence of 260 species [1]. Across the mentioned species of fenugreek, the follow-
ing are mostly celebrated as for their medicinal and pharmaceutical properties [1]: T. foenum-
graecum, T. balansae, T. corniculata, T. maritima, T. spicata, T. occulta, T. polycerata, T. calliceras, T.
cretica, T. caerulea, T. lilacina, T. radiata, T. spinosa. Among which T. foenum-graecum is widely
cultivated throughout the world [30]. The genus name, Trigonella meaning ‘little triangle’
resemble the triangular shape of its small yellowish-white flowers. The species name foenum-
graecum meaning ‘Greek hay’ in reference to its initial introgression from Greece [1]. To date
different indigenous names have been ascribing to the plant depending on the nations, local
language and culture on which the crop is grown and/or consumed. For instance, fenugreek in
Arabic is called Hulba; in Persian called Shanbalilae; in Greek called Tili, Tipilina, Trigoniskos,
Tintelis, Tsimeni and Moschositaro; in Uzbekistani called Boidana, Ul’'ba and Khul'ba; in
Armenian called Shambala; in Chinese called K'u-Tou; in Ethiopian called Abish; in Japanese
called Koroba; in England called fenugreek or Fenigrec; in Pakistani and Indian called Methi;
in Italian called Fieno Greco; in Russian called Pazhitnik; and in French called Senegre [30, 31].

Fenugreek is an ancient and multipurpose crop in various geographical latitudes. Species of
fenugreek have been identified in the five continents of Asia, Africa, Europa and Australia;
being cultivated mostly in North America, West and South Asia, Australia, Russia, Meddle
East, North West of Africa. Potential areas for fenugreek production are parts of South East
Asia, Japan, Central Asia (Mongolia), wide parts of Africa and South America (Figure 2).
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There are widespread uncertainties regarding the probable ancestry of T. foenum-graecum
which are still unsolved. Though Vavilov [32] introduced the herb as a native species to the
Mediterranean region, on a contradictory statement De Candolle [33] and Fazli and Hardman
[34] suggested an Asian root for it. They also declared that fenugreek wildly grows in des-
erts of Mesopotamia, prolific plains of Persia, in Punjab and Kashmir of Pakistan, in middle
Asia, and in southern Europe like Greece, Italy and Spain that take advantage of abundant
sunshine. As described earlier by De Candolle [33], it is not a reasonable belief to consider
southern Europe as the main origin of fenugreek because if this was the case the plant should
be far more common not be remaining inconspicuous in this region.

Many experts unanimously agree that the direct wild ancestor of fenugreek is T. gladiata Ste.
that differs widely from T. foenum-graecum in view of the assemblage of attributes like smaller
pod size and abnormal seed tuberculation [35]. So it is likely acceptable to believe that the spe-
cies T. foenum graecum was naturally evolved from T. gladiata as it had possibly contributed to
prevent the extinction of T. foenum-graecum [30].

5. Chromosome number

There are many species in the Trigonella genus, many of which are diploid. Based on the
Darlington and Wylie [36] reports, haploid chromosome numbers of most species in the
Trigonella genus is 8, 9, 11 or 14 and diploid chromosome number is 21 = 16. For example, T.
foenum-graecum, T. balansae, T. corniculata, T. sprunerana Boiss., T. monspeliaca L., T. uncata, T.
anguina, T. stellata, T. astroites, T. gladiata, T. cariensis, T. berythea, T. macrorrhyncha, T. cassia, T.
foenum-graecum and T. homosa have 2n = 16 chromosomes [36—41]. However, there are some
exceptions. For instance, T. geminiflora from Iran and Asia Minor, T. grandiflora from Turkey
and T. hamosa from Egypt have 44 chromosomes; T. polycerata from the Mediterranean and
Asia have 28, 30 and 32 chromosomes, and T. ornithopodioides from Europe was reported to
have 18 chromosomes within its genome [30]. While most species in the Trigonella genus
have 2n = 16 chromosomes, the results of some studies show that some of species have
undergone several rounds of chromosome duplication and have different diploid number of
chromosomes. Singh and Singh [42] found some trisomics along with five double trisomics
in an auto-tetraploid population which had 18 (211 + 1 + 1) chromosomes. They believed that
among 13 species of Trigonella, only T. neoana, have 2n = 30 chromosomes. Marc and Capraru
[43] studied cytogenetic effects of sodium phosphate on meristematic cells of fenugreek root
tips and found that it has a negative effect on the mitotic index. Roy and Singh [44] produced
tetraploid fenugreek by treating shoot apices with colchicine and Basu [1] also reported that
he had produced tetraploid fenugreek (2n + 2n = 32) by treating seeds with colchicine.

There are few studies about the variation in chromosome number in fenugreek. For instance,
Raghuvanshi and Joshi [45] and Joshi and Raghuvanshi [46] reported that there is an extra
B chromosome in some of the fenugreek genotypes. As far as we know, the presence of this
type of chromosome can affect plant growth and development [30]. In some researches, it is
observed that same species show different behaviors in terms of having B chromosome. For

213



214 Active Ingredients from Aromatic and Medicinal Plants

example, some T. corniculata species do not contain B chromosome, while the other species
have this chromosome. For instance, Singh [47] and Singh and Singh [42] examined T. cornicu-
lata in some regions of India and did not observe B chromosomes in it, while Lakshmi et al.
[48] reported that T. corniculata contained two types of pollen mother cells: one with 2n =16
and the other with 2n = 16+ B chromosomes.

6. Molecular genetic diversity

Knowledge of genetic diversity among plants can help to provide beneficial information in
the selection of breeding materials for hybridization programs and mapping quantitative trait
loci [49]. Review of literatures show that using DNA markers for investigating the genetic
diversity of fenugreek does not have a long history in the world. Dangi et al. [50] studied
the genetic diversity of two different species of fenugreek (T. caerulea and T. foenum-graecumn)
using Random Amplification of Polymorphic DNA” (RAPD) and Inter Simple -Sequence
Repeats (ISSR) markers and showed that the genetic diversity in T. caerulea was much more
than the other species. They also recommended the using of these two methods for grouping
the genotypes and determine the genetic relationship among them.

Sundaram and Purwar [51] evaluated genetic diversity and species relation among two taxo-
nomically Trigonella species and 61 accession using 18 RAPD primers. These primers made
a total of 141 bands of which 74 were polymorphic. Genetic similarity of the genotypes
ranged between 0.66 and 0.90, indicating a moderate to high genetic diversity among the
populations. The dendrogram obtained from RAPD primers revealed two main clusters.
Each cluster had two separate subgroups. This investigation showed that RAPD marker
is a useful tool for the evaluation of genetic diversity and relationship among different
Trigonella species.

Kumar et al. [52] investigated the genetic diversity of five common fenugreek varieties of India
using nine RAPD and seven fluorescently labeled amplified fragment length polymorphism
(AFLP) primers. These RAPD primers produced a total of 47 bands in the size range of 200
5000 bp with an average polymorphism of 62.4%. AFLP marker produced a total of 669 bands
in the size range of 50-538 bp. The results revealed that RAPD markers were more polymorphic
than AFLP markers where the reproducibility of AFLP markers was more than RAPD markers.

Ahari et al. [53] assessed the genetic diversity among and within 20 Iranian fenugreek landra-
ces using AFLP markers. Five AFLP primers combinations used in this study produced a total
of 147 bands within the molecular weights ranging from 50 to 500 base pairs of which 87%
were polymorphic. The results of polymorphism information content (PIC) showed that there
was a high polymorphism existed among Kashan (0.79), Broojerd and Kashan (to 0.93) land-
races, which shows the moderate and high genetic diversity among these populations. These
results demonstrated high efficiency of AFLP markers for investigation the genetic diversity
among Iranian fenugreek populations.

Haliem and Al-Hugqail [54] investigated the correlation between biochemical characteris-
tics such as acid phosphatase, and glutamate-oxaloacetate transaminase isozymes, and
amino acid composition and molecular variations of seven wild T. foenum-graecum L.
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accessions using RAPD markers. The molecular analysis revealed that RAPD markers
were highly polymorphic (94.12%) and can be used in the differentiation of the genotypes
effectively.

Al-Maamari et al. [55] investigated the genetic relationship of 20 Omani fenugreek accessions
and compare their relationship with four accessions from Iraq and Pakistan using 6 AFLP
primer combinations. A total of 1852 polymorphic loci were produced from these combina-
tions. A high level of genetic diversity (H) was found in Omani populations (0.2146) compared
to Pakistani (0.0844) and Iraqi (0.1620) populations. They concluded that the average level of
genetic variation among fenugreek populations shows their long history of cultivation and
frequent exchange of fenugreek genetic material among regions in Oman.

Hora et al. [56] studied the diversity and phylogenetic relationships of different varieties of
fenugreek (eight varieties and six populations) collected from northern India using RAPD
and ISSR markers. The high similarity coefficient values suggested a diverse genetic diver-
sity in fenugreek populations in India. They concluded that these two molecular markers
(RAPD and ISSR) can be used effectively to evaluate genetic diversity and assess genetic
relationship.

7. Mutation breeding

Fenugreek becomes more important economically, agronomically and environmentally, day-
to-day all over the world. In recent years, revealing the nutritional and medicinal value of
fenugreek, its low soil expectations, and a relatively broad adaptation to the different regions,
the scope of its cultivation spread from America to India [7, 30, 57]. For example, this plant has
been called as a new species in Canada. There are few fenugreek genotypes that are adapted
to the climatic conditions of western Canada. In such cases, mutation breeding can be used to
generate new genetic variation in an existing gene pool for a certain trait [58]. Such a mutation
breeding can be used for a large number of alleles at the same time to correct a particular
trait [59]. Colloquially, mutations called every change in the DNA sequence which ultimately
leads to a change in the individual’s genotype. Gene mutation is a good affair in plant breed-
ing, because it facilitates the selection [60]. Up to now, mutation breeding has created dra-
matic changes in the species of legume crops [61-63]. For instance, Mahna et al. [64] used
mutation breeding to increase the diosgenin content in T. corniculata (a close relative of fenu-
greek). There are a variety of mutagens (chemicals or irradiation) to make mutations in plants.

According to the researches, it can be concluded that most of the mutations are recessive,
can be observed to segregate in a 3:1 ratio in diploid crops like fenugreek [35, 42, 65], and for
observation of such mutations, we should wait until the second generations [66]. Vice versa,
dominant mutations are rare and can be observed in the first generations [65]. Since fenu-
greek is self-pollinated and the determinate trait is governed by recessive genes [67], mutation
breeding can be used to generate mutant plants with a determinate growth habit without los-
ing beneficial adaptations and other agronomic traits in the base population [68].

Application of mutation breeding in fenugreek is expressed in several studies. There are two
major types of mutation: spontaneous and induced. Some varieties of fenugreek have been
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created through spontaneous mutations [35, 42, 69-70]. RH 3129 variety is produced from
spontaneous mutation in a Moroccan cultivar and had high level of diosgenin content and
twin pods [35, 69, 71]. In creating new varieties of fenugreek, the effect of induced mutations
should not be ignored. RH 3112 cultivar with higher diosgenin content and seed yield and RH
3118 cultivar with higher protein content are two main cultivars which are made by induced
mutations [35, 42, 69, 70]. Chemical mutation is also important in the production of new
varieties of fenugreek. Basu [1] by inducing the seed of Tristar variety using Ethyl Methane
Sulfonate (EMS), produced new population with higher height, seed yield, seed number per
pod, biomass yield, total number of pods and number of twin pods.

Also, the results show that the impact of chemical mutation is much more than physical one
[18, 68-70, 72-74]. Among chemical mutagens, it is observed that EMS can induce mutation
successfully in the fenugreek [35, 69, 71]. Basu [1] studied the effect of different levels of EMS
on fenugreek (Tristar variety). He found that EMS by alkylating guanine base and mispair-
ing or mismatch pairing in the genome, effectively induced variation in the fenugreek popu-
lations and the mutants which were generated by 300 uM EMS had the best characters.

Also the results of various studies show that more than one genotype should be used in muta-
tion breeding program [60, 74]. This is because different genotypes respond differently to a
mutagen.

8. Fenugreek tissue culture

One way of producing variation is tissue culture. Several techniques such as somatic embryo-
genesis, callus regeneration and micropropagation have been reported in fenugreek [75-77].
Malhotra [78] reviewed various studies on in vitro regeneration and callus induction on fenu-
greek. Aasim et al. [77] performed a successful in vitro shoot regeneration of fenugreek plants
on Murashige Skoog medium (MS) medium containing Thidiazuron (TDZ). The reports show
that T. foenum-graecum L. hypocotyl explants are most responsive to callus induction and pro-
liferation in tissue culture [79]. El-Nour et al. [80] performed a protocol of callus induction
in fenugreek (T. foenum-graecum L.) on MS and B5 media supplemented with different types
and concentrations of growth regulators were tested in order to obtain the best callus forma-
tion. The maximum value of callusing index (2.8) was obtained from MS medium containing
1.5 mg/l, 2,4-D using hypocotyls and cotyledons explants. The maximum callus formation
observed in the MS media containing 2.0 mg/l naphthalene acetic acid (NAA) was 3.9 + 0.08
in hypocotyls segment. The callus was compact in cotyledons and variable in hypocotyls seg-
ments and the color was creamy.

Shekhawat and Galston [81] examined different culture media and concluded that medium
containing 0.1 mg/L of 6-Benzylaminopurine (BAP), zeatin, glutamine and asparagines was
suitable for callus induction and differentiation, rapid cell division and growth. Azam and
Biswas [75] believed that callus induction and growth were more successful on MS medium
supplemented with naphthalene acetic acid (NAA), 2,4-D, kinetin and coconut water. El-Bahr
[82] had a different view; he believes that fenugreek callus had its best growth on MS medium
containing 3% sucrose and 2 mg 2,4-D.
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9. Conclusion

Fenugreek (T. foenum-graecum L.) is an annual forage legume and a traditional spice crop that
has been grown for centuries across the Indian subcontinent. In addition to South Asia, the
crop is also grown in some parts of North Africa, Middle East, Mediterranean Europe, China,
SE Asia, Australia and the USA, Canada and Argentina. India is the largest fenugreek producer
in the world, but due to high internal consumption, do not have a major share of the global
fenugreek trade. The crop has been recommended for the dry and semiarid regions of Asia,
Africa and Latin America. The plant has been used traditionally in Indian Ayurvedic medi-
cines as well as in traditional Tibetan and Chinese medication for several centuries. Modern
research has also demonstrated that fenugreek seed and leaves are useful in the treatment
of a number of diseases including successfully reducing blood sugar and blood cholesterol
levels in both animals and human subjects in experimental trials. The reason behind the rich
medicinal properties of fenugreek is due to the presence of a wide diversity of important phy-
tochemicals (diosgenin, trigonelline, fenugreekine, galactomannan and 4-hydroxy isoleucine).

Hence, the crop has huge international demand in the associated pharmaceutical, nutraceutical
and functional food industries. Our globe represents a wide range of agro-ecosystems on the
earth with suitable dry, arid and semiarid climatic regimes suitable for the cultivation of fenu-
greek. Although the crop is crown to a limited amount in potential regions of fenugreek produc-
tion, namely Africa, Central and South America and Southeast of Asia, but it has the potential
to be grown under larger areas as a chemurgic crop with significant economic and commercial
potential for the nation. Furthermore, being a forage legume and a natural nitrogen fixer; it could
be easily incorporated in the local crop cycles of different geological regions for replenishing the
soil naturally. The crop grows well under rainfed conditions and hence cost of production is
lower compared to other commercial crops suitable for Iranian agroclimatic regimes.

Author details

Peiman Zandi', Saikat Kumar Basu?, William Cetzal-Ix?>, Mojtaba Kordrostami*, Shahram
Khademi Chalaras® and Leila Bazrkar Khatibai®

*Address all correspondence to: z_rice_b@yahoo.com

1 Institute of Crop Science, Chinese Academy of Agricultural Sciences, Beijing, P. R. China

2 Department of Biological Sciences, University of Lethbridge, Lethbridge, AB, Canada

3 Instituto Tecnologico de China, Colonia Centro China, Campeche, México

4 Department of Biotechnology, Faculty of Agricultural Sciences, University of Guilan, Rasht,
Iran

5 Department of Agronomy and Plant Breeding, Rasht branch, Islamic Azad University, Rasht,
Iran

6 Department of Plant Breeding, Faculty of Agriculture, Zabol University, Zabol, Iran

217



218  Active Ingredients from Aromatic and Medicinal Plants

References

(1]

(2]

[3]

[4]

(5]

[6]

[7]

8]

(]

Basu SK. Seed production technology for fenugreek (Trigonella foenum-graecum L.) in
the Canadian [Master of Science thesis]. Lethbridge, Alberta, Canada: Department of
Biological Sciences University; 2006.

Basu A, Basu SK, Kumar A, Sharma M, Chalghoumi R, Hedi A, Solorio-Sanchez FJ,
Ramirez-Avilés L, Balogun MO, Hafez EE, Cetzal-Ix W. Fenugreek (Trigonella foenum-
graecum L.), a potential new crop for Latin America. American Journal of Social Issues
and Humanities. 2014; 4(3): 148-162.

Basu SK, Agoramoorthy G. Fenugreek (Trigonella foenum-graecum L): Production chal-
lenges and opportunities for Asia, Africa and Latin America. American Journal of Social
Issues and Humanities. 2014; Fenugreek Special Issue (March/April): 1-2.

Zandi P, Basu SK, Bazrkar Khatibani L, Balogun M, Aremu MO, Sharma M, Kumar A,
SenguptaR, Li X, LiY, Tashi S, Hedi A, Cetzal-Ix W. Fenugreek (Trigonella foenum-graecum
L.) seed: A review of physiological and biochemical properties and their geneticimprove-
ment. Acta Physiologia Plantarum. 2015; 37: 1714. DOI:10.1007/s11738-014-1714-6

Acharya S, Srichamroen A, Basu S, Ooraikul B, Basu T. Improvement in the nutraceu-
tical properties of fenugreek (Trigonella foenum-graecum L.). Songklanakarin Journal of
Science and Technology. 2006; 28(1): 1-9.

Mehrafarin A, Qaderi A, Rezazadeh Sh, Naghdi Badi H, Noormohammadi Gh, Zand E.
Bioengineering of important secondary metabolites and metabolic pathways in fenu-
greek (Trigonella foenum graecum L.). Journal of Medicinal Plants. 2010; 9(35): 1-18.

Acharya SN, Thomas JE, Basu SK. Fenugreek: An “old world” crop for the “new world”.
Biodiversity. 2006; 7(3&4): 27-30. DOI: 10.1080/14888386.2006.9712808

Acharya SN, Blade S, Mir Z., Moyer JS. Tristar fenugreek. Canadian Journal of Plant
Science. 2007; 87: 901-903. DOI: 10.4141/P06-047

Acharya SN, Thomas JE, Basu SK. Fenugreek (Trigonella foenum-graecum L.) an alterna-
tive crop for semiarid regions of North America. Crop Science. 2008; 48: 841-853. DOI:
10.2135/cropsci2007.09.0519

Solorio-Sanchez F, Solorio-Sanchez B, Basu SK, Casanova-Lugo F, Sarabia-Salgado L,
Ku-Vera ], Aguilar-Pérez C, Ramirez-Avilés L, Noguera-Savelli E, Cetzal-Ix W, Infante-
Cruz A, Petit-Aldana J, Ayala-Basulto A. Opportunities to grow annual forage legume
fenugreek (Trigonella foenum-graecum L.) under Mexican silvopastoral system. American
Journal of Social Issues and Humanities. 2014; Fenugreek Special Issue (March/April):
86-95.

Zandi P, Shirani Rad AH, Daneshian ], Bazrkar Khatibani L. Agronomic and morpho-
logic analysis of Fenugreek (Trigonella foenum-graecum L.) under nitrogen fertilizer and
plant density via factor analysis. African Journal of Agricultural Research. 2011; 6(5):
1134-1140. DOI: 10.5897/AJAR11.004



(12]

(13]

(14]

[13]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

Fenugreek (Trigonella foenum-graecum L.): An Important Medicinal and Aromatic Crop
http://dx.doi.org/10.5772/66506

Basu SK, Thomas JE, Acharya SN. Prospects for growth in global nutraceutical and func-
tional food markets: A Canadian perspective. Australian Journal of Basic and Applied
Sciences. 2007; 1(4): 637-649.

Acharya SN, Acharya K, Paul S, Basu SK. Variation in the antioxidant and anti-leukemic
properties among different Western Canada grown fenugreek (Trigonella foenum-grae-
cum L.) genotypes. Canadian Journal of Plant Science. 2011; 91(1): 99-105. DOI: 10.4141/
Gjps10025

Thomas JE, Basu SK, Acharya SN. Identification of Trigonella accessions which lack anti-
microbial activity and are suitable for forage development. Canadian Journal of Plant
Science. 2006; 86(3): 727-732. DOI: 10.4141/P05-155

Basu SK, Acharya SN, Thomas JE. Colchicine treatment produces genetic improvement
in fenugreek seed size and yield. Graduates studies Association (GSA). Proceedings
Multidisciplinary Graduate Research Conference. 2007; 1(1): 37-43.

Basu SK, Acharya SN, Thomas JE. Foliar spray to improve fenugreek seed yield
and reduce maturity duration. Graduates studies Association (GSA). Proceedings
Multidisciplinary Graduate Research Conference. 2007; 1(1): 44-50.

Zandi P, Shirani Rad AH, Daneshian J, Bazrkar Khatibani L. Evaluation of nitrogen fer-
tilizer and plant density effects on yield and yield components of fenugreek in double
cropping. Journal of Plant Production (Chamran University, Ahvaz), 2013; 35 (4): 81-91.

Basu SK, Acharya SN, Bandara MS, Friebel D, Thomas JE. Effects of genotype and envi-
ronment on seed and forage yield in fenugreek (Trigonella foenum-graecum L.) grown in
western Canada. Australian Journal of Crop Science. 2009; 3(6): 305-314.

Zandi P, Daneshian ], Shirani Rad AH. Determination of Ideal nitrogen fertilizer rate
and plant density in fenugreek under dry farming conditions. In: The regional congress
on modern results in agronomy and nanotechnology; 12 October 2010; Quds, Alborz,
Iran: Azad University of Quds; 2010.

Basu SK, Acharya SN, Thomas JE. Application of phosphate fertilizer and harvest man-
agement for improving fenugreek (Trigonella foenum-graecum L.) seed and forage yield
in a dark brown soil zone of Canada. KMITL Science and Technology Journal. 2008; 8(1):
1-7.

Basu SK, Acharya SN, Thomas JE. Genetic improvement of fenugreek (Trigonella foe-
num-graecum L.) through EMS induced mutation breeding for higher seed yield under
prairie conditions of western Canada. Euphytica. 2008; 160: 249-258. DOI: 10.1007/
s10681-007-9545-9

Basu SK, Acharya SN, Thomas JE. A report on powdery mildew infestations caused by
Erysiphe polygoni D.C. in North America grown fenugreek. Journal of Mycopathological
Research. 2006; 44(2): 253-256.

Basu SK, Acharya SN, Carcamo HA, Thomas JE. Study on the potential insect pests of
fenugreek (Trigonella foenum-graecum L.) in North America with particular emphasis on

219



220  Active Ingredients from Aromatic and Medicinal Plants

[24]

(23]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]
[34]

(35]

[36]

[37]

[38]

the western flower thrips (Frankliniella occidentalis Pergande) in the greenhouse and plant
bugs (Lygus and Adelphocoris, Miridae, Hemiptera) in the field. Journal of Environment
and Sociobiology. 2006; 3(1): 1-7.

Chakraborty N, Chatterjee S, Basu SK, Acharya K. Fungal diseases of fenugreek.
American Journal of Social Issues and Humanities. 2014; Fenugreek Special Issue
(March/April): 171-185.

Vasilchenko IT. Reports on the species of the genus Trigonella. In: Flora and taxonomy of
higher plants. Moscow & Leningrad: Publishing house of the Academy of Science of the
SSSR (Ser. 1:10); 1953. pp. 331-333. (in Russian)

Hector JN. Introduction to the Botany of Field Crops (Non Cereals), Johannesburg;:
Central News Agency Ltd.; 1936. 1127p.

Rouk HF, Mangesha H. Fenugreek (Trigonella foenum-graecum L.), its relationship, geogra-
phy and economic importance. Experiment Station Bulletin. No. 20. Dire Dawa, Ethiopia:
Imperial Ethiopian College of Agriculture and Mechanical Arts; 1963. pp. 120-127.

Hutchinson ]. The Genera of Flowering Plants. Vol. 1. Oxford: Clarendon Press; 1964.
pp- 947-952.

Fazli FRY. Studies in steroid-yielding plants of the genus Trigonella [PhD dissertation].
England: University of Nottingham; 1967.

Petropoulos GA. Fenugreek, The Genus Trigonella. London and New York: Taylor and
Francis; 2002. 255 p.

Mehrafarin A, Rezazadeh S, Naghdi Badi H, Noormohammadi Gh, Zand E, Qaderi A. A
review on biology, cultivation and biotechnology of fenugreek (Trigonella foenum-graecum
L.) as a valuable medicinal plant and multipurpose. Journal of Medicinal Plants. 2011;
10(37): 6-24.

Vavilov NI Studies in the origin of cultivated plants. Bulletin of Applied Botany and
Plant Breeding. Leningrad. 1926; 16(2): 1-248.

De Candolle A. Origin of Cultivated Plants. New York: Hafner; 1964. 468 p.

Fazli FRY, Hardman R. The spice, fenugreek (Trigonella foenum-graecum L.): Its commer-
cial varieties of seed as a source of diosgenin. Tropical Science. 1968; 10: 66-78.

Petropoulos GA. Agronomic, genetic and chemical studies of Trigonella foenum graecum
L. [PhD dissertation]. England: Bath University; 1973.

Darlington CD, Wylie AP. Chromosome Atlas of Flowering Plants. 2nd ed. London:
George Allen & Unwin; 1955. 519 p.

Singh A, Roy RP. Karyological studies in Trigonella, Indigofera and Phaseolus. The Nucleus
(Calcutta). 1970; 13: 41-54.

Ladizinsky G, Vosa CG. Karyotype and C-banding in Trigonella section foenum-graecum
(Fabaceae). Plant Systematics and Evolutions. 1968; 153(1-2): 1-5.



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

Fenugreek (Trigonella foenum-graecum L.): An Important Medicinal and Aromatic Crop
http://dx.doi.org/10.5772/66506

Srivastava A, Raghuvanshi SS. Buffering effect of B-chromosome system of Trigonella
foenum graecum against different soil types. Theoretical and Applied Genetics. 1987; 75:
807-810. DOI: 10.1007/BF00265609

Reasat M, Karapetyam ], Nasirzadeh A. Karyotypic analysis of Trigonella genus of
Fars Province. Iranian Journal of Rangelands and Forests Plant Breeding and Genetic
Research. 2002; 11(1): 127-145.

Dundas IS, Nair RM, Verlin DC. First report of meiotic chromosome number and karyo-
type analysis of an accession of Trigonella balansae. New Zealand Journal of Agricultural
Research. 2006; 49: 55-58.

Singh A, Singh D. Karyotype studies in Trigonella. The Nucleus (Calcutta).1976; 19:
13-16.

Marc RC, Capraru G. Influence of sodium phosphate (E 339) on mitotic division in
Trigonella foenum-graecum L. Scientific Annals of the “Alexandru Ioan Cuza” University
of Iasi, Section II a. Genetic and Molecular Biology, 2008; 9(1): 67-70.

Roy RP, Singh A. Cytomorphological studies of the colchicines-induced tetraploids
Trigonella foenum-graecum L. Genetica Iberian. 1968; 20(1-2): 37-54.

Raghuvanshi SS, Joshi S. Trigonella foenum-graecum B chromosome. Current Science.
1964; 33: 654-654.

Joshi S, Raghuvanshi SS. B-chromosome, pollen germination in situ and connected grains
in Trigonella foenum-graecum L. Beitrage zur Biologie der Pflanzen 1968; 44: 161-166.

Singh A. Studies on the interspecific hybrids of Trigonella corniculata and T. hamosa and
T. cretica. Genetica (Dordrecht). 1973; 44: 264-269.

Lakshmi N, Rao TV, Rao Venkateswara T. Karyological and morphological investiga-
tions on some inbred strains of Trigonella L. Genetica Iberian. 1984; 36(3—4): 187-200.

Kordrostami M, Rabiei B, Kumleh HH. Association analysis, genetic diversity and hap-
lotyping of rice plants under salt stress using SSR markers linked to SalTol and morpho-
physiological characteristics. Plant Systematics and Evolution. 2016; 302: 871-890. DOI:
10.1007/s00606-016-1304-8

Dangi RS, Lagu MD, Choudhary LB, Ranjekar PK, Gupta VS. Assessment of genetic
diversity in Trigonella foenum-graecum and Trigonella caerulea using ISSR and RAPD
markers. BMC Plant Biology. 2004; 4: 13. DOI: 10.1186/1471-2229-4-13

Sundaram S, Purwar S. Assessment of genetic diversity among fenugreek (Trigonella foe-
num-graecum L.), using RAPD molecular markers. Journal of Medicinal Plants Research.
2011; 5: 1543-1548.

Kumar V, Srivastava N, Singh A, Vyas MK, Gupta S, Katudia K, Vaidya K, Chaudhary
S, Ghosh A, Chikara SK. Genetic diversity and identification of variety-specific AFLP
markers in fenugreek (Trigonella foenum-graecum). African Journal of Biotechnology.
2012; 11: 4323-4329.

221



222 Active Ingredients from Aromatic and Medicinal Plants

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Ahari DS, Hassandokht MR, Kashi AK, Amri A. Evaluation of genetic diversity in Iranian
fenugreek (Trigonella foenum-graecum L.) landraces using AFLP markers. Seed and Plant
Improvement Journal. 2014; 30(1): 155-171.

Haliem EA, Al-Hugqail AA. Correlation of genetic variation among wild Trigonella foenum
graecum L. accessions with their antioxidant potential status. Genetics and Molecular
Research. 2014; 13: 10464-10481. DOI: 10.4238/2014.December.12.8.

Al-Maamari IT, Al-Sadi AM, Al-Saady NA. Assessment of genetic diversity in fenugreek
(Trigonella foenum graecum L.) in Oman. International Journal of Agriculture and Biology.
2014; 16: 813-818.

Hora A, Malik CP, Kumari B. Assessment of genetic diversity of Trigonella foenum-
graecum L. in northern India using RAPD and ISSR markers. International Journal of
Pharmacy and Pharmaceutical Sciences. 2016; 8(1): 179-183.

Montgomery JE, King JR, Doepel L. Fenugreek as forage for dairy cattle. In: Proceedings
of the 26th Western Canadian Dairy Seminar (WCDS) Advances in Dairy Technology;
4-7 March 2008; Red Deer, Alberta: WCDS; 2006. Vol. 20, Abstract, p. 356.

Fehr WR. Principles of Cultivar Development: Theory and Technique. Vol. II. USA:
Macmillan Publishing Company; 1993. 536 p.

Chopra VL. Mutagenesis: Investigating the process and processing the outcome for crop
improvement. Current Science. 2005; 89: 353-359.

Yadav SS, McNeil DL, Stevenson PC (edited). Lentil: An Ancient Crop for Modern Times.
Dordrecht: Springer Netherlands; 2007. pp. 1-450. DOI: 10.1007/978-1-4020-6313-8

Sigurbjornsson B, Micke A. Philosophy and accomplishments of mutation breeding. In:
Polyploidy and Induced Mutations in Plant Breeding (Proceedings of two Meetings Joint
FAO/IAEAO Division and EUCARPIA, Bari, Italy, 1972). Vienna: International Atomic
Energy Agency (IAEA); 1974. pp. 303-343.

Sigurbjornsson B. Induced mutations. In: Wood DR, editor. Crop Breeding. Madison,
Wisconsin, USA: American Society of Agronomy and Crop Science Society of America;
1983. pp. 153-176.

Toker C, Yadav SS, Solanki IS. Mutation breeding. In: Yadav SS, McNeil D, Stevenson PC,
editors. Lentil: An Ancient Crop for Modern Times. Dordrecht, Netherland: Springer;
2007. pp. 209-224. DOI: 10.1007/978-1-4020-6313-8_13

Mahna SK, Raisinghani G, Jain SC. Diosgenin production induced mutants of Trigonella
corniculata. Fitoterapia. 1994; 65: 515-516.

Gaul H, Aastveit K. Induced variability of culm length in different genotypes of hexa-
ploid wheat following X-irradiation and EMS treatment. Savrem. Contemporary
Agriculture. 1966; 11: 263-276.



[66]

[67]

[68]

[69]

[70]

(71]

(72]

(73]

[74]

(73]

[76]

[77]

(78]

[79]

Fenugreek (Trigonella foenum-graecum L.): An Important Medicinal and Aromatic Crop
http://dx.doi.org/10.5772/66506

Micke A, Donini B. Induced mutations. In: Hayward MD, Bosemark NO, Romagosa I,
editors. Plant Breeding Principles and Prospects. London, UK: Chapman and Hall; 1993.
pp- 52-62.

Choudhary AK, Singh VV. An induced determinate mutant in fenugreek (Trigonella foe-
num graecum L.). Journal of Spices and Aromatic Crops. 2001; 10(1): 51-53.

Basu SK, Acharya SN, Thomas JE. Genetic improvement of fenugreek through EMS-
induced mutation breeding for higher seed yield under western Canada prairie condi-
tion. Euphytica. 2007; 160(2): 249-258. DOI: 10.1007/s10681-007-9545-9

Laxmi V, Gupta MN, Dixit BS, Srivastava SN. Effects of chemical and physical mutagens
on fenugreek oil. Indian Drugs. 1980; 18(2): 62-65.

Laxmi V, Datta SK. Chemical and physical mutagenesis in fenugreek. Biological
Memoirs. 1987; 13(1): 64—68.

Petropoulos GA, Kouloumbis P. Botany. In: Petropoulos GA, editor. Fenugreek: The
Genus Trigonella, Medicinal and Aromatic Plants-Industrial Profiles. London: CRC
Press; 2002. pp. 9-17.

IAEA (International Atomic Energy Agency). Manual on Mutation Breeding. 2nd ed.
Technical Report Series No. 119, Vienna: IAEA; 1987. 288 p.

Ganapathy S, Nirmalakumari A, Senthil N, Souframanie J, Raveendran TS. Isolation of
macro mutations and Mutagenic effectiveness and efficiency in little Millet Varieties.
World. Journal of Agricultural Science. 2008; 4(4): 483-486.

Begum T, Dasgupta T. A comparison of the effects of physical and chemical mutagens in
sesame (Sesamum indicum L.). Genetics and Molecular Biology. 2010; 33(4): 761-766. DOI:
10.1590/51415-47572010005000090

Azam M, Biswas AK. Callus culturing its maintenance and cytological variations in
Trigonella foenum-graecum. Current Science 1989; 58: 844-847.

Provorov NA, Tikhonovich IA. Genetic resource for improving nitrogen fixation in
legume-shizobia symbiosis. Genetic Resources and Crop Evolution. 2004; 50(1): 89-99.
DOI: 10.1023/A:1022957429160

Aasim M, Khawar MK, Sancak C, Ozcan S. In vitro shoot regeneration of fenugreek.
American-Eurasia Journal of Sustainable Agriculture 2009; 3(2): 135-138.

Malhotra SK. Breading potential of indigenous germplasm of seed spices. In: Singh DK,
Chowdhuary H, editors. Vegetable Crops: Genetic Resources and Improvement. New
Delhi: New India Publishing House; 2011. pp. 477-497.

Zhang L, Lu YT. Calmodulin-binding protein kinases in plants. Trends in Plant Science.
2003; 8: 123-127. DOI: 10.1016/51360-1385(03)00013-X

223



224 Active Ingredients from Aromatic and Medicinal Plants

(80]

(81]

(82]

El-Nour MEM, Lamia S, Mohammed, Bader Eldin AS. In vitro callus induction of fenu-
greek (Trigonella foenum-graecum L.) using differentt media with different Auxins con-
centrations. Agriculture and Biology Journal of North America. 2014; 4(3): 243-251.
DOI:10.5251/abjna.2013.4.3.243.251

Shekhawat NS, Galston AW. Mesophyll protoplasts of fenugreek (Trigonella foenum-grae-
cum L.): Isolation, culture and shoot regeneration. Plant Cell Reports. 1983; 2(3): 119-121.
DOI: 10.1007/BF00269333.

El-Bahr MK. Influence of sucrose and 2, 4-D on Trigonella foenum-graecum tissue culture.
African Journal of Agricultural Science. 1989; 16(1-2): 87-96.



Chapter 13

Oregano Essential Oil in Animal Production

Alma Delia Alarcon-Rojo,
Hector Janacua-Vidales and
Ana Renteria-Monterrubio

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66703

Abstract

There is an increasing interest in the use of natural additives in food production such as
the use of phytogenic feed additives especially for use in swine and poultry. Essential
oils are a natural alternative that can be used in animal feed due to their potential health
benefits, improved performance and meat production. Oregano essential oil minimises
meat downgrading due to transport stress or the modification of the ruminal microor-
ganisms. This review suggested a promising development of food natural preservative
against spoilage microorganisms in food systems by the use of oregano essential oil. The
addition of oregano essential oil is a good way of preserving meat and could replace
the synthetic antioxidants. Moreover, oregano oil and modified atmosphere packaging
exhibit an additive preservation effect in fresh meat. Oregano essential oil is effective for
controlling the growth of microorganisms. However, for meat quality, special attention
should be put on the optimal oregano essential oil dose and meat handling to control or
improve the physical, chemical and sensory properties of meat.

Keywords: oregano essential oil, animal production, meat, animal health, packaging,
pathogens, sensory, meat quality

1. Introduction

Antimicrobial growth promoters (AGP) were used for decades to increase performance in
animal production. However, the link between them and the development of antibiotic resis-
tant microorganisms added to consumer pressure caused major changes. In January 2006, the
European Union banned AGP in animal production, which in turn emphasised the impor-
tance of researching alternative compounds to promote general health and increase perfor-
mance in animals [1, 2]. Due to their natural origin and reduced side effects, studies have
been mainly focused on herbs, spices and their extracts [3]. The effect of the aromatic plants is
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primarily based on their essential oils (EO) and other metabolites [4], for example, vitamins,
flavonoids, terpenoids, carotenoids, phytoestrogens, minerals, etc. [6]. Among the activities
and applications of EO reported in animal and meat production are antioxidant, preservative,
antimicrobial and coccidiostatic and they enhance production of digestive enzymes, stimulate
blood circulation and improve immune status. [5, 6-9]. Even though there are 3000 estimated
EOs, only 300 of them are of commercial use [10]. However, the EO from oregano (OEO) has
been one of the most widely studied due to its content of carvacrol and thymol, and to a lesser
extent y-terpinene, p-cymene and myrcene [11]. Some in vitro and in vivo properties of OEO
are antioxidant, antimicrobial, digestive stimulant, etc. [12-14].

2. Oregano essential oil in animal production

2.1. Poultry and egg production

Results of the effect of OEO in poultry and egg production cannot be considered conclusive
or consistent, as they can differ even within researches of the same authors [15, 16]. Studies
supporting the positive effects of OEO suggest that they increase performance [17], daily and
final body weight in broilers [18] and laying hens [15, 19], nutrient utilisation [20, 21], egg
weight and production [15, 19, 22] and feed intake [23]. Improvement in feed efficiency and
growth performance might be related with changes in the intestinal morphology, like the
increment in villus height to crept depth ratio [18] or enzyme activity as in the protein digest-
ibility due to the chymotrypsin role [21] and the prevention of coccidiosis [24]. It has been
implied that antioxidants from the OEO might transfer into the body of the laying hen, which
in turn inhibit the chain reaction associated with lipid oxidation and thus reducing the oxida-
tion in egg yolk [11]. In contrast, several authors have suggested that OEO have no effect on
animal performance [21, 25, 26]. For example, Arpasova et al. [16] reported that the addition
of thyme and OEO did not significantly influence the body weight, feed consumption and
conversion, egg production, mass and weight in laying hens.

2.2. Pig production

As in poultry production, results of the effects of the inclusion of OEO in the diets are contra-
dictory in terms of productive performance [27, 28]. However, positive effects link to dietary
inclusion of OEO might be clearer in other areas, for example, immunmodulation [28] and
changes in blood counts [29]; in sows, it increases their reproductive performance [30] and
causes a reduction in the oxidative stress status and enhances the performance of their litters
[31]. Oregano essential oil can be used as well to alleviate stress due to transportation as it
improved the antioxidant status [32, 33]. Finally, animals fed 1000 ppm of OEO produced
meat of good quality with minimum lipid oxidation [34].

2.3. Milk production and ruminant nutrition

The use of EOs in ruminants and milk production is lightly documented and many of these stud-
ies are laboratory based [35]. Several essential oils and their components display antimicrobial
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properties that may affect rumen metabolism [36] and influence milk production parameters.
Many of these compounds (e.g. flavonoids) have distinct flavours and aromas, which if fed to
animals, might change the sensory characteristics of the milk; however, this effect might be
temporal [37]. The organoleptic quality of the milk can be affected by feeding EO due to a direct
transfer of aromatic compounds from the feed (and environment) to the milk [37], formation
of aromatic compounds during digestion of the feed [38] and excretion of the EO in the milk.
Ruminal microorganisms utilise nutrients to produce volatile fatty acids; however, this process
has energy and protein losses, which render the performance inefficient. These losses might
be controlled with the inclusion of EO in the diet to limit the growth of Gram-positive and
Gram-negative bacteria [39].

3. Oregano essential oil in the meat industry

3.1. Introduction

This section provides an overview of the applications of OEO in raw and processed meat and
fish products. It is well known that raw and minimally processed meat is easily targeted by
spoilage microorganisms. Moreover, the interest of the industry to replace synthetic chemi-
cals by natural products with bioactive properties is increasing. The need to reduce the use of
additives in foods has highlighted the importance of natural antimicrobials such as essential
oils. A wide range of antimicrobial agents derived from essential oils have the potential to be
used in food processing and preservation since their antimicrobial activity is well recognised.

3.2. Antioxidant activity

The effects of OEO to extend shelf life by controlling lipid oxidation and improving the sen-
sory qualities of meat and meat products are well documented. Kodal Coskun et al. [40] stud-
ied the effectiveness of soy-based edible films incorporated with essential oils from oregano
or thyme applied on oxidative stability of ground beef patties. The incorporation of OEO or
thyme into the edible films reduced the redness value to an acceptable level, but within the
appropriate range. The authors concluded that the addition of OEO and thyme EO into edible
films retarded the oxidative changes in meats. The potential application of EOs as natural
antioxidants has been studied as well in meat products. OEO (alone or in combination) added
to fermented meat products as, according to Tunisian [41] and Spanish [42], sausages did not
affect proteolysis and rendered a higher unsaturated fatty acid content without affecting the
lipolysis. Even more, OEO-added sausages have a better texture due to an increased hardness.
Sausages showed a lower number of enterobacteriaceae, coliforms, Staphylococcus aureus and
moulds. As in beef, the colour of ground poultry meat (breast and thigh) is stabilised due to
the effect of OEO [43]. The combination of (200 ppm) and tannic acid (10 ppm) had the high-
est effect on TBARS, total carbonyl and off-odours volatiles. Hence, OEO might be a proper
replacement for synthetic antioxidants in several types of ground meat [44]. The antioxidant
effect of OEO included as well cooked meat. Nieto et al. [45] demonstrated that OEO and
rosemary EO retarded the loss of thiols under modified atmosphere packaging (MAP, 70%
O,: 20% CO,:10% N,) and aerobic conditions. However, this effect was not observed with
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garlic essential oil. Even though the antimicrobial activity against pathogens is well reported,
flavour changes have been reported. However, these changes are acceptable [46].

3.3. Bioactive films

Antimicrobial-releasing edible films in food packaging are a form of bioactive packaging. A
large number of studies have been focused on this topic. Oregano essential oil has been used in
active packaging systems to protect foods from microbial contamination. Studies have shown
that OEO in milk protein-based is highly effective against pathogen and spoilage bacteria even
when compared with other EOs [47]. OEO not only helps control the growth of microorgan-
isms but it can modify positively the characteristics of the bioactive film [48]. The best balance of
mechanical, barrier, thermal, antioxidant and antimicrobial properties is achieved when 9% of
OEO is incorporated in poly (lactic acid)/polytrimenthylene carbonate films. OEO on alginate-
based edible films have the potential to limit lipid oxidation, decrease shear forces, colour and
water losses Oregano added bioactive films also modify consumer perception in terms of odour,
flavour and overall acceptance [49-51]. OEO not necessarily need to be included in the wrap-
ping film, as it can be spray in meat exudate absorbent pads to extend shelf life for two more
days [52]. Studies showed that oregano essential oil-blend film was an effective antimicrobial
suitable for the potential food packaging applications. It has also been demonstrated the effec-
tiveness of oregano oil containing whey protein films to increase the shelf life of fresh beef [53].
They incorporated different levels of oregano oil (0.5, 1.0 and 1.5% w/w in the film forming solu-
tion) into sorbitol-plasticised whey protein isolate films and evaluated beef quality. Wrapping
of beef cuts with the antimicrobial films resulted in smaller changes in colour in chilled stor-
age. The maximum specific growth rate of total flora and pseudomonads were significantly
reduced by a factor of 2 with the use of antimicrobial films (1.5% w/w), while the growth of
lactic acid bacteria was completely inhibited. However, interesting results were obtained by
Emiroglu et al. [54] who did not find significant effects on total viable counts, lactic acid bacteria
and Staphylococcus spp. when oregano was applied on ground beef patties. They evaluated the
antibacterial activity of soy protein edible films incorporated with 1, 2, 3, 4 and 5% oregano or
thyme essential oils against Escherichia coli, E. coli O157:H7, S. aureus, Pseudomonas aeruginosa
and Lactobacillus plantarum. E. coli, E. coli O157:H7 and S. aureus were significantly susceptible to
antimicrobial films; meanwhile, L. plantarum and P. aeruginosa were more resistant. In the study
of Seydim and Sarikus [55], antimicrobial properties of whey protein isolate films containing
1.0-4.0% (wt/vol) ratios of oregano, rosemary and garlic essential oils were tested against E. coli
O157:H7, S. aureus, Salmonella enteritidis, Listeria monocytogenes and L. plantarum. As mentioned
before, films containing OEO are more effective than those containing other EOs.

3.4. Antimicrobial effects in packaged raw meat

Foodborne pathogens are commonly associated with raw meats. EOs of spices can be used as
biopreservatives due to their antimicrobial properties [56]. Authors have demonstrated that
OEO might be more effective against pathogens when used in combination with other natural
compounds and technologies. Examples of these combinations include OEO and N,O-car-
boxymethyl chitosan [57], caprylic acid and vacuum packaging (VP) [58], VP [59] and MAP
[60-62]. These treatments might extend shelf life of up to 8 days in different types of raw and
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cooked meat [59-61]. The treatments also control the growth of Gram-positive and Gram-neg-
ative bacteria, and pathogens, such as L. monocytogenes and Salmonella typhimurium [58, 59, 61,
62]. The minimum inhibitory concentration for OEO against S. enteritidis has been reported as
3.90 pl/ml [63]. A longer shelf life (9 days) than the previously reported was observed in the
combination MAP and OEO and thyme EOs [64]. Mixed treatment (OEO, orange dietary fibre
and MAP) caused a decrease in TBA values and in microbial counts. This combination did
not affect the sensory attributes [65]. OEO and sodium lactate not only reduces the number of
microbes but render them more susceptible to heat treatments [66]. These studies showed that
OEO, by itself or in combination can be used in raw and processed meats to control pathogens
and extend shelf life during chill storage.

3.5. Antimicrobial effects in fish products

The demand for natural alternatives to synthetic additives increases also includes raw and
minimally processed fish. The effect of VP and OEO in Mediterranean octopus increases as
the concentration of EO increased. The highest concentration of EO increases the shelf life to
20 days, meanwhile half the concentration had only an 11-day shelf life or 3 days when VP
was by itself [67]. The effect of EOs is also observed with other EOs, as clove. Clove essential
oil incorporated in a gelatin-chitosan film decreased the numbers of Gram-negative bacteria,
mainly enterobacteriaceae in chilled-stored fish [68]. In rainbow trout fillets, as in other meats,
OEOQ in combination with MAP decreased the numbers of lactic acid bacteria, H,S-producing
bacteria, enterobacteriacea and Pseudomonas spp. This combination avoided lipid oxidation,
however, in contrast with other meats, the highest concentration of OEO impact negatively
the sensory traits [69]. The concentration of OEO must be considered in order to balance
microbial inhibition and sensory characteristics, because in order to obtain the highest inhibi-
tion the sensory traits might be negatively affected [70].

4. Conclusions

Even though some results are contradictory, it seems that the use of OEO as a feedstuff in
live animals and production has a positive effect. Some of the effects are indirect or might not
be evident, as the use of OEO to minimise meat downgrading due to transport stress or the
modification of the ruminal microorganisms. The use of EO is still very much under review,
as the doses are not fully developed; however, the antimicrobial action of these compounds is
fully studied in vivo and in vitro. It might be of relevance to study not only the inclusion of EO,
but also the inclusion of by-products that result from the production of EO. This review sug-
gested a promising development of food natural preservative against spoilage microorgan-
isms in food systems by the use of oregano essential oil. The effectiveness of oregano essential
oil in retarding oxidative changes in meats has been widely demonstrated. The addition of
oregano essential oil is a good way of preserving meat and could replace the synthetic antioxi-
dants. Also, oregano oil and modified atmosphere packaging exhibit an additive preservation
effect in fresh meat. The oregano essential oil is effective by controlling the growth of micro-
organisms without detrimental changes in sensory and acceptability attributes.
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Abstract

Aromatic plants are gaining importance in recent years as potential sources of natural
food preservatives due to the growing interest in the development of safe and effective
natural food preservation. The use of vegetal substances with antimicrobial and antioxi-
dant properties to increase the shelf life in meat and meat products is a promising tech-
nology. Taking into account that the diet with antioxidant may be absorbed and prevent
lipid oxidation and colour deterioration, the possibility of feeding animal diets contains
aromatic and medicinal plant (as thyme leaf, rosemary and sage) as natural antioxidants
and antimicrobials represent a very interesting opportunity to replace synthetic antioxi-
dants. In this sense, herbs of the Labiatae family, such as rosemary and sage, have been
extensively studied for antioxidant and antimicrobial activities in a variety of systems.
This review gives an overview of the current knowledge and recent trends in the use of
plant-derived compounds from aromatic and medicinal as antimicrobials and antioxi-
dant in animal diet and its effect on meat quality, their potentials and challenges.

Keywords: aromatic plants, meat, animal diet, antioxidant, antimicrobial, meat quality

1. Introduction

Animal scientists have been interested in improving meat quality and product composition
through the modification of the diet of animals. The possible use of nutritional strategies to
improve quality of food products from livestock is a new approach that emerges at the interface
of food science and animal science. These strategies have emphasized in the improvement of the
oxidative stability, such as supplementation of animal with natural antioxidants to minimize
pigment and lipid oxidation in meat or the alteration of nutritional profile, increasing the con-
tent of polyunsaturated fatty acid (PUFA). The consumption of meat (rich in saturated fatty acid)
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is related with diseases such as some types of cancers and cardiovascular diseases (especially in
developed countries).

In this sense, in recent years, consumers’ pressure to reduce the composition and quality of
fat in meat has led to attempts to modify meat by dietary strategies [1]. The modification of
fatty acid profile of meat is to decrease saturated fatty acid and increase the ratio n-3: n-6 and
PUFA: SFA (>4).

Between the strategies used, meat can be modified by external addition in the elaboration
of meat or by the addition in the animal diet of ingredients considered beneficial for health,
where these ingredients are able to eliminate or reduce components that are considered harm-
ful. In this sense, several studies have shown that animal diet can strongly influence the qual-
ity of the meat.

For example, the stability of muscle foods further improves after the addition of food ingredi-
ents in diet of animals than the direct addition to the meat products, because the antioxidants
are deposited where it is most needed. In order to alter the oxidative stability of intact muscle
foods, the only technology available is the use of food ingredients in the diet. In these prod-
ucts, where natural antioxidants are added to the diet producing a nutritional alteration of
muscle composition, no additive declarations are required and are more label-friendly.

Taking into account all these considerations, recent changes in legislation controlling the use of
animal feed additives and the increasing demand of consumers for healthier meat products, if
possible free of chemical additives, have stimulated interest in bioactive secondary metabolites
as alternative performance enhancers.

2. Production of functional meat products

2.1. Functional meat products

Meat and meat products are essential for a balanced diet, although it must also be remem-
bered that they are susceptible to modifications to give them a ‘healthier’ appearance.
Numerous studies have demonstrated the possibility of changing the image of meat and
meat products from the traditionally accepted image to one of healthy living thanks to the
modification of animal diet, addition (vegetables, extracts, fibres, herbs, spices, etc.), elimina-
tion (fats) and reduction (saturated fatty acid, additives) of different ingredients. The object
of including functional ingredients in the case of meat is not only concerned with providing
it with certain desirable properties but also an attempt to change its image in these health-
conscious days.

However, meat has beneficial health effects, for example, regarding obesity, and it also has
satiating properties. This aspect is very important in the development of tasty and satiating
functional meat products.

Therefore, in meat, the modifications to which it may be subjected to confer functional properties
on it are based on modifications to the feed an animal receives or on postmortem manipulation
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of the carcass. Therefore, through the modification of animal diet, the lipid, fatty acid, and vita-
min E content can be changed [2].

In the market of functional food, rapid progress has been made in the development of this kind
of food, based on the results of studies on food components providing positive health benefits
over and above normal nutritional benefits. Although many books and reviews on functional
foods have been published, few of them have emphasized in the functional properties of
meat and meat products (examples of functional properties of foods are anticarcinogenicity,
antimutagenicity, antioxidative activity and antiaging activity). By modification of animal
diet with the introduction of bioactive compounds, it should be possible to develop new meat
products with potential health benefits. Such meat products would open up a new market in
the meat industry.

2.2. Dietary supplementation of functional ingredients
2.2.1. Natural antioxidants

Fresh meat is mainly packed unprocessed and refrigerated. Currently the most widely used
method in the marketing of fresh meat is packaging under modified atmosphere, both in the form
of vacuum packaging and gas mixtures of known composition. The short shelf life of packed fresh
meat is one of the principal concerns for its marketing. Lipid composition is a major determinant
in the susceptibility of meat to oxidative changes and rancidity, leading to warmed-over flavours
[3]. The quality attributes of meat products deteriorate due to the lipid oxidation during process-
ing and storage. Lipid oxidation is responsible for development of primary and secondary
oxidation products (short-chain aldehydes and ketones), reduction in nutritional quality, as well
as changes in flavour, which can precipitate economic losses in terms of inferior product quality.
The compounds formed after oxidation may adversely affect the overall quality and acceptability
of meat and meat products (changes in flavour, texture and nutritional value).

In addition, the oxidative stability also affects the meat proteins. Specifically, the oxida-
tion of indispensable amino acid reduces their digestibility and availability, and the tender-
ness of meat [4]. In addition, the oxidizable components of meat need to be protected from
damages caused by the reactive oxygen species (ROS). The protection could be provided
naturally through the deposition of antioxidant compounds derived from the feeds into the
animal tissues.

Regarding meat storage stability can be extended with opportune packaging systems, by the
exogenous addition of antioxidants or by adopting feeding systems able to improve the anti-
oxidant status of muscle [4].

The rate of lipid oxidation can be effectively retarded by restricting the access to oxygen dur-
ing storage vacuum-packaging and by the use of antioxidants that can be synthetic or natural:
synthetic antioxidants were widely used in the meat industry, but consumer concerns over
safety and toxicity pressed the food industry to find natural sources [5].

As alternative, synthetic antioxidants can be used natural extract from plant as grape, olives,
sesame seed, tea, soybean, rosemary, thyme, etc with antioxidant properties [6]. Phenolic-rich
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plant materials or extracts used as dietary supplement or added to meat products exerted anti-
oxidant properties by inhibiting lipid and protein oxidation in meat [7-9]. Studies reported
that dietary antioxidant prevents colour deterioration and lipid oxidation [10-11].

Antioxidant compounds are usually added at a moderate dosage level since high level of
inclusion may mechanistically cause adverse effects through pro-oxidative action [12].

Several studies have indicated that the modification of animal diet alters the oxidation of the
meat (e.g. studies with lambs). The value of lambs lies in their ability to use low-quality feeds,
in a sense upgrading low-quality inputs to high-quality outputs [13]. Santé-Lhoutellier et al.
[14] studied the influence of diet on lamb meat oxidation and founds that the oxidative stability
of lamb meat clearly depends on diet.

Scerra et al. [15] compared ewe’s diet with pasture or concentrated and showed an increase
in the PUFA content in intramuscular fat lamb fed with pastures. Nieto et al. [16] showed an
increase in PUFA content of lamb meat fed with thyme compared with control diets. Elmore
et al. [17] reported the same increase of PUFA in lamb meat after inclusion of diet fish in the
diet. Similarly, Bas et al. [18] and Ponnampalam et al. [19] reported increases in the content of
long-chain n-3 fatty acids in lamb meat with the diet of linseed or fish oil, respectively.

Including herb distillates into livestock diets can have positive effects. Monino and others
[13] reported that inclusion of herb distillates (distilled rosemary leaves) into pregnant ewes
diet increased carbonic acid, carnosol and rosmarinic acid in the lamb meat. Fresh lamb meat
from distilled rosemary diet presented lower DPPH values and higher total ferric reducing
antioxidant power, indicating that rosemary reduced lipid oxidation. Another studies in pigs
reported similar results [20].

In addition, Simitzis et al. [21] found that meat from lambs fed a feed that had been sprayed
with oregano essential oil (1 mL/kg) was much more stable to lipid oxidation during both
refrigerated and frozen storage than that from controls. Boler et al. [22] found that feeding
vitamin E to pigs increased pork stability during storage. Gobert et al. [23] reported a syner-
gism effect in the combination of plant extract rich in polyphenols and vitamin E.

2.2.2. Conjugated linoleic acid

Interests in conjugated linoleic acid (CLA) have increased in the last decades as a result of its
potential effects on human health-related benefits and animal production, as a result of the
effects of dietary CLA to increase the animal performance, improve meat quality and provide
meat products with high amounts of CLA.

Inconsistent results have been reported about the effects of dietary CLA on the growth, body
composition and meat quality. Different animal species, different breeds, age, duration and
levels of CLA, husbandry conditions and the composition of feed could explain these conflict-
ing results [24].

Conjugated linoleic acid has been studied in many animal models to determine its effects on
lipid metabolism, as trans-10, cis-12 is known to reduce adipose deposition. In the mouse
model, CLA in the diet has been found to increase metabolic rate and fatty acid oxidation
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while reducing fatty acid synthesis, lipoprotein lipase activity and division and differentia-
tion of adipocytes [25]. Study by Wynn et al. [26] found a 36-fold increase in muscle trans-10,
cis-12 CLA when a source of CLA (containing similar amounts of cis-9, trans-11 and trans-
10, cis-12 isomers) was fed to growing lambs at 100 g/kg DM (approximately 50 g/kg DM of
each isomer). They also found a 2- to 5-fold increase in cis-9, trans-11 CLA and a 3- to 20-fold
increase of trans-10, cis-12 CLA in liver and adipose tissues.

It is generally accepted that dietary CLA can improve the body composition through reduc-
ing fat deposition and backfat thickness. In pigs, the fat deposition was reduced and the
ratio of lean to fat increased linearly as the dietary CLA increased [27]. Dietary CLA not
only reduced fat deposition but also altered the fatty acid composition of tissue lipids. In the
study of Szymczyk et al. [28], the proportion of saturated fatty acids such as palmitic and
stearic acids increased significantly, while that of monounsaturated and polyunsaturated
fatty acids including palmitoleic, oleic, linoleic and arachidonic acid in broiler chickens
decreased significantly.

In addition, other studies have shown that dietary CLA could increase the concentration of
CLA in muscle and adipose tissues of chicken. Du and Ahn [29] reported that the amount
of total CLA increased from 0 to 10.51 and 17.75 mg/g lipids in broiler breast muscle after
5 weeks of feeding 2 and 3% CLA. Therefore, feed nonruminant animal with synthesized
CLA changes the fatty profile. These studies show that supplementation of CLA in the diet
could be a strategy for developing a value-added meat product.

2.2.3. Vitamin E

Supplementation with vitamin E in animal diet improves meat quality by limiting lipid and
protein oxidation [30-32]. Guidera et al. [32] reported an improvement in colour stability in
lambs receiving with 1000 mg a-tocopherol/kg feed compared with non-supplemented feeds.

Rowe et al. [33] showed that dietary vitamin E decreased the levels of protein oxidation and
its influence on beef tenderization. Other study about texture of meat reported that the diet
supplementation with 1000 IU vitamin E caused lower shear force in beef steaks from longis-
simus dorsi after 14 day of postmortem storage [34].

In addition, the effects of dietary vitamin E on drip loss were inconsistent: in poultry, dietary
vitamin E inhibited the development of PSE conditions induced by heat stress resulting in
improved meat quality [35].

Some studies have indicated a possible role for high doses of vitamin E in preventing shifts
in PUFA biohydrogenation pathways [36, 37], thus minimizing any negative effect of plant
oil on milk production, milk fat yield and/or milk fatty acid composition. Vitamin E could act
either as an inhibitor of bacteria producing trans-10 C18:1 [37] or affect the accumulation of
biohydrogenation intermediates in rumen fluid and CLA content [38].

The supplementation of ewes and lamb diet with Vitamin E [39, 40] is usually carried out by
using a synthetic source of a-tocopherol (all-rac-a-tocopheryl-acetate), due to its stability and
lower cost in animal feeds [41]. Another vitamin E source is RRR-a-tocopheryl-acetate, which
is a derivate from vegetable oils and exhibits higher biological activity than synthetic vitamin
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E [42]. Recent studies in dairy cows have estimated that the relative bioavailability of vitamin
E from natural sources is 1.36 times greater than that of synthetic vitamin E [43].

2.2.4. Omega-3 (w3) fatty acids

Omega-3 PUFA consumption reduces the risk of cardiovascular disease [44] and inhibits the
growth of mammary and prostate gland tumours [45]. It also delays the loss of immunologi-
cal functions and is required for the normal foetal development of the brain [46].

PUFA is essential constituents for the development and growth of animal. In this group,
docosahexaenoic acid (DHA, 22:6), docosapentaenoic acid (DPA, 22:5) and eicosapentaenoic
acid (EPA, 20:5) are included.

It is possible to obtain enhanced n-3 PUFA meat, including the diet different raw materials
such as linseed, chia (Salvia hispanica) or its oils and fish meal or other sea products [47].

One of the most important strategies in nonruminants is the inclusion of marine sources of n-3
PUFA and the study of product quality. For example, fed pigs or poultry with cereal-based
diet increase n-3 PUFA and n-6 PUFA.

Coates et al. [48] reported that regular consumption of w3 fatty acid-enriched pork can decrease
the content of serum triglycerides and increase the production of serum thromboxane, and
thus, it can reduce cardiovascular diseases. There are many other alternative food sources rich
in long-chain PUFA available, and they include meat, milk and eggs from animals fed with
w3-enriched diets [49].

Crespo and Esteve-Garcia [50] studied the inclusion of 10% olive oil, sunflower oil and
linseed oil in broiler chickens for 20 days before slaughter. They showed highest n-3 PUFA
and more favourable n-6:n-3 ratio in broilers fed with linseed oil, highest C18:1 in chicken
fed with olive oil and highest proportion of linoleic acid in chicken fed with sunflower oil.
Therefore, poultry diet with plant oils reported significant changes in the SFA, PUFA and
MUFA content of abdominal fat of chicken. Similarly, Lu et al. [51] reported significant
increase in C18:2 and C18:3 content in meat from pigs fed with soybean oil and linseed
oil, respectively.

In addition, duration of feeding and time influences in the transfer of n-3 long-chain poly-
unsaturated fatty acids were found to be influenced by time and duration of feeding and the
presence of other oil supplements. Haak et al. [52] studied the effect of inclusion of linseed or
fish oil into the diet of pigs and concluded that a direct dietary source of DHA was required to
increase DHA in animal muscle and that levels in pork could not be substantially influenced
by dietary supply of precursors.

In addition, Lopez-Ferrer et al. [53] demonstrated that inclusion of rapeseed oil and linseed oil
into the diet increased linoleic acid (used to synthesize w-3 PUFA).

Few studies have demonstrated that the oxidation of muscle from animal-derived enriched
in n-3 PUFA is higher: for example, studies are made in rabbit meat [54-57], lamb meat [58],
poultry [59] and pigs [60].
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In order to avoid the higher tendency to oxidation in meat rich-PUFA, is recommended add-
ing antioxidant in animal diet [61]. Therefore, the incorporation of the natural ingredients
with antioxidant properties into the feed could be an interesting strategy to prevent oxidation
of the meat [62-67].

2.2.5. Selenium

In many countries, there is a deficiency of selenium intake. The recommendations for sele-
nium (60 and 75 pg/day for adult female and male in UK) are not covered by diet. Thus,
the strategies to improve human selenium intake are the production of selenium-rich foods
(eggs, milk and meat) with selenium supplementation in the animal diet or intake of selenium
supplement capsular form.

Particular interest in selenium has been generated as a result of clinical studies showing that
dietary supplementation with organic selenium, in the form of yeast grown on amedia enriched
with this trace element, decreased cancer mortality twofold [68]. Selenium is an essential trace
mineral for human and animal because it is involved in regulating various physiological func-
tions as an integral part of selenoproteins. Additionally, inadequate selenium consumption is
associated with decreased fertility, genetic defects and poor health [69].

Various types of meat are important natural sources of selenium in human nutrition [70]. The
selenium concentration in meats depends of selenium supplements used and geographical
origin [71, 72]. Indeed, it is well established that selenite or selenate dietary supplementation
is not effective in increasing selenium concentration in the meat. The main form of selenium
in muscles of animals fed on grain-based diet is Se-Met, animals cannot produce this form
of selenium Se-Met, and it must be in the diet. The form of selenium found in breast and
muscle of chicken fed with high doses of selenium yeast is Se-Met. Therefore, only the organic
selenium (in the form Se-Met) in cattle, pigs or chicken can increase the selenium concentra-
tion in the meat.

Pork: Producing selenium-enriched pork is reported in several studies. Kim and Mahan [73]
compared the effects of supplementation dietary of inorganic and organic selenium in pork.
These authors shown that selenium concentration in loin increased from 0.154 to 3.375 mg/kg
with organic selenium supplementation. In addition, to increased selenium level, good colour,
low drip loss, reduced pig odour, chewy and tender improved in final meat [74]. This selenium
pork is available in Korea and Canada.

Beef: 1t is considered the major source of dietary selenium. However, there is a variation of
concentration depending on country. For example, in USA, the selenium content in beef is
higher than in Europe. This content of selenium can be increased with the addition of organic
form into the diet of cattle [75].

Lamb: It can also be enriched with organic selenium into the diet. In this sense, Bierla et al. [76]
reported that 100 g of selenium lamb reported 50% of recommendation of selenium per day.

Chicken: As in the case of beef and pork, the inclusion of selenite increases moderately the
selenium level. Therefore, the use of organic selenium into the diet is necessary in order to
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increase the levels in meat [77]. There is a commercial option of chicken-enriched selenium
called ‘Selen Chicken’ in Korea. In Ukraine, a combination of selenium and Vitamin E is added
to commercial chicken meat [78] in order to produce selenium-enriched meat and improves
meat quality during storage.

Turkey: The option of producing selenium-enriched turkey meat is available in USA where
the high levels (around 34 g/100 g) are obtained by using organic selenium in the diet and the
soil rich in selenium [79].

These increased selenium contents in meat products can be an excellent way to improve
selenium status and safe for people living in selenium-deficient areas.

2.2.6. Plants, fruits, herbs and spices

As alternative, synthetic antioxidants can be used for plants, fruit, herbs or spices as carob, cit-
rus pulp, algae, grape, olives, sesame seed, tea, soybean, rosemary, thyme, etc. Phenolic-rich
plant materials or extracts are used as dietary supplement or added to meat products exerted
antimicrobial and antioxidant properties.

Carob: Gravador et al. [80] studied the modification of fatty acids and oxidative stability of
meat from lambs fed carob-containing diets. Previous studies showed that growth perfor-
mance in lamb is compromised when a level of carob higher than 45% is administered into
the animal diet [81]. Therefore, in this study, either 24 or 35% carob pulp was used in the
diets in the current study in order to assure similar lamb growth performances compared to
a conventional barley-based diet.

Citrus pulp: Several studies have reported an improvement of meat oxidative stability in
response to the administration of citrus-pulp diets. Taking into accounts that citrus fruits can
be processed to obtain juices, a substantial amount of by-products originates. Among these,
the dried citrus pulp is widely used for ruminant feeding, and for its favourable nutrient com-
position, it can replace high proportions of cereal concentrates in the diet with no detrimen-
tal effects on animal productivity. Citrus fruits contain high levels of bioactive compounds,
including polyphenols, terpenes, carotenoids and ascorbic acid, which exhibit antioxidant
properties [82]. Therefore, the study of Inserra et al. [7] studied the effect of inclusion dried
citrus pulp in the diet of lamb on the meat oxidative stability. These authors concluded that
including high levels of dried citrus pulp in diets for intensively reared lambs might repre-
sent a feasible strategy to decrease the amount of cereal concentrates without compromising
animal performances and to naturally improve meat oxidative stability.

The bioactive compounds (phenolic compounds) originating from the citrus fruits may cause
the protective effects of dietary citrus pulp, against oxidation of lipid and meat proteins.
Gladine et al. [83] showed that, after the dietary administration of a citrus extract to sheep,
naringenin was detected in plasma and was able to increase its resistance to lipid peroxida-
tion. Therefore, some of bioactive compounds in citrus are bioavailable in ruminants. Citrus
pulp, which otherwise is just an agricultural waste, could find a valuable application in small
ruminant feeding as a natural and cheap alternative to cereal concentrate feedstuffs with an
ultimate positive impact on meat protein oxidative stability.
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Algae are the original sources of DHA [84]. Several studies reported the inclusion of algae in
animal feed in order to improve DHA content in eggs [85, 86] and chicken meat [87].

In this sense, the study of Delles et al. [88] investigated the influence of dietary algae and
selenium (organic or inorganic) on quality of chicken meat. The results indicate that feed-
ing diets with high-oxidized oil increased the vulnerability of lipids and proteins to oxi-
dation and reduced the activities of tissue antioxidant defence enzymes. However, the
dietary supplementation with an algae-based Se yeast and organic mineral antioxidant
blend negated these effects. Furthermore, dietary antioxidant supplementation imparted
a protective barrier against oxidation of broiler breast meat under HiOx, PVC, and SK
packaging conditions throughout retail display. The improved oxidative stability appears
to be associated with enhanced cellular antioxidant enzymatic activity and reduced ROS
propagation in vivo. A more limited number of studies have looked into the effects of
dietary supplementation with DHA-rich marine algae on the fatty acid composition of
muscle tissue of pigs [89, 90].

Herbs and spices: Some herbs of the Labiatae family, particularly rosemary and sage, have
been extensively studied for their antioxidative and antimicrobial activity. The vegeta-
tion in Southeast Spain is richer in aromatic plants than any other place in Europe. The
province of Murcia is a major importer and processor of medicinal herbs. Rosemary and
thyme are the most exploited, and their use mainly being the extraction of essential oils,
a process that generates an excess of distilled leaves. These products are currently under-
used but could be used as potential sources of natural antioxidants and antimicrobials in
the food industry.

Rosemary is the only spice commercially available for use as an antioxidant in Europe and
the United States. Its extract contains antioxidant compounds, the most active being pheno-
lic diterpenes such as carnosic acid, carnosol, rosmanol, epirosmanol, isorosmanol, meth-
ylcarnosate and rosmarinic acid [91]. These compounds have been shown to help prevent
oxidation.

Thyme essential oil (EO) contains more than 60 ingredients, most of which posses impor-
tant beneficial effects, for example, antiseptic, carminative, antioxidant and antimicrobial
properties. The most important compounds of thyme EO are the phenols thymol (68.1%) and
carvacrol (3.5%), which constitute the major and most active constituents, as well as the mono-
terpene hydrocarbons p-cymene (11.2%) and y-terpinene (4.8%), which are known to have
antioxidant properties and slow antimicrobial activity. The antibacterial properties of these
compounds are in part associated with their lipophilic character, leading to their accumula-
tion in membranes and to subsequent membrane-associated events such as energy deple-
tion. Moreover, the (poly)phenolic compounds are characterized by having redox properties,
which allow them to act as reducing agents, hydrogen donors, singlet oxygen quenchers and
also as metal chelators.

Essential oil and extracts from Labiatae herbs have been successfully used in a wide variety
of foods with good results as far as oxidative deterioration is concerned: for example, in
turkey products [92], beef [93], pork [94], chicken [95], hens [96], lamb [13, 97-99] and in
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vitro system [100]. In contrast, unsatisfactory results have been obtained in others cases. For
example, Galobart et al. [101] and O’Grady et al. [102] concluded that a diet supplemented
with rosemary did not affect the lipid stability of eggs or fresh meat.

3. Current status on the consumers acceptance and market for functional
meat products

Regarding diversity in enriched poultry products, it is interesting to note that selenium-
enriched eggs are already commonly seen on supermarket shelves in the Ukraine and Belarus.
Selenium enrichment of eggs, meat and milk may be viewed as merely production of natu-
rally designed food ingredients.

Indeed, production and commercialization of functional meat products have already opened
a new era in supplementation of animals and have provided a real chance for producers to
differentiate and add value to meat poultry products and to meet the increasingly diverse
requirements of consumers.

There is a lack of studies on the effect on human health and safety of these meats. By that
reason, the European food authorities are reluctant to promote the consumption of functional
foods. However, the consumers have been accepted the link between health and food, and
the responsibility of researcher and food authorities is to ensure that new functional meat
products and products are healthy and safe. Promoted studies in this sense could lead to the
development of differentiated meat products and meat with potential human health benefits,
for example, promote the use of antioxidants that are components with nutraceutical and
maintain the product safety of foods.

4. Conclusion and future prospects

The possibility to produce new animal-derived products with specific nutrients that promote
health and improve the diet of consumers is a real target.

These animal-derived products are development with the same sensory characteristics that
the only difference is the amount of specific nutrients. No modifications of traditions or eat-
ing habits of poblations are produced, and these foods are cooked and consumed as usual.
Therefore, without any modification of consumer’s habits, problem related with deficit of
various nutrients (e.g. selenium) can be solved.

The main difficulties in the market of functional meat products are consumer’s idea
that consumption of meat is unhealthy. However, consumers of many countries accept
other animal-derived products as healthy food (e.g. milk and dairy products). Thus, more
studies are necessary to demonstrate and afterwards inform consumers the functional
value of meat.
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Abstract

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is an important flavor and aroma molecule,
which has been widely used in not only foods and beverages such as chocolate and dairy
products, but also masking unpleasant tastes in medicines or livestock fodder. Its chemi-
cal properties, manufacturing methods, novel applications, and developments in fast
detections in air are discussed in detail.

Keywords: vanillin, properties, detection, capillary electrophoresis

1. Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is an important flavor and aroma molecule but
is also of interest because of its biogenetic relationship to the phenylpropanoid pathway and
to other molecules of physiological significance, notably salicylate [1]. Vanillin is the most
important ingredient of the well-known vanilla, which is a complex blend of flavor and fra-
grance ingredients extracted from the seed pods of the vanilla orchid. As a flavorings agent,
vanillin is used in not only foods and beverages such as chocolate and dairy products, but also
masking unpleasant tastes in medicines or livestock fodder [2].

Here, its properties, manufacturing methods, and novel applications are discussed. Furthermore,
its detection in air is introduced.
2. Molecular structure and properties of vanillin

Vanillin is the common name for 3-methoxy-4-hydroxybenzaldehyde, and its molecular
structure is shown in Figure 1.
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Figure 1. Molecular structure of vanillin.

2.1. Toxicity about vanillin

Toxicity about vanillin was studied as early as 1940 [3]. Generally, vanillin does not give
human skin irritation and produce no sensitization reactions. Vanillin is considered to be a
secondary allergen because sensitivity was found only in patients sensitive to vanilla, isoeu-
genol, and coniferyl benzoate. Animal studies showed that vanillin was not carcinogenic.

2.2. Antioxidant, antifungal or antimicrobial, and antimutagenic properties of vanillin
and vanillin derivatives

Vanillin and vanillin derivatives have antioxidant and antimutagenic properties. Antifungal
activities of vanillin and 33 vanillin derivatives against the human fungal pathogen
Cryptococcus neoformans, which was the main pathogen of cryptococcal meningitis in immu-
nocompromised patients, have been studied [4]. Functional groups in the vanillin derivatives
seemed to affect antifungal activity. The hydroxyl or alkoxy group seemed to be more effec-
tive than the halogenated or nitrated group in benzaldehyde in antifungal ability. O-vanillin
and o-ethyl vanillin were with the highest antifungal activity against C. neoformans in the van-
illin derivatives. O-Vanillin was further found to be able to cause mitochondrial dysfunction
and trigger oxidative stress. These antifungal mechanisms of o-vanillin were experimentally
confirmed by the significantly reduced growth of the mutants lacking the genes involved in
mitochondrial functions and oxidative stress response.

Evaluation in which structural elements of the vanillin molecule are responsible for its antifun-
gal activity was also investigated [5]. Minimum inhibitory concentrations (MICs) of vanillin,
its six direct structural analogs, and several other related compounds were determined in yeast
extract peptone dextrose broth against a total of 18 different food spoilage molds and yeasts.
Experimental results showed that the antifungal order of isomers of hydroxybenzaldehyde
and anisaldehyde was 2- > 3- > 4- and 3- > 2- > 4-, respectively. The aldehyde moiety of vanillin
seems to play a key role in its antifungal activity, but side-group position on the benzene ring
also influences this activity.
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Antimicrobial activities and the MICs of solutions containing vanillin and vanillic acid
against Staphylococcus aureus, Staphylococcus epidermidis, Bacillus cereus, Enterobacter aerogenes,
Escherichia coli, and Yersinia enterocolitica were experimental studied by the agar well-diffusion
method [6]. The experimental results showed that the vanillin and vanillic acid was with inhib-
itory activity against all of the bacteria. Moreover, the MIC of the vanillin and vanillic acid
decreased with the vanillic acid concentration. It suggested that thermal treatment of vanillin-
containing food may lead to products with higher antioxidant and antimicrobial properties.

2.3. Protection human keratinocyte stem cells against ultraviolet-B irradiation

Ultraviolet-B (UVB) irradiation is one of major factors, which induce cellular damages in
the epidermis. Protective effects and mechanisms of vanillin against UVB-induced cellular
damages in keratinocyte stem cells (KSC) have been investigated recently [7]. Experimental
results indicated that vanillin significantly decreased the UVB irradiation-induced cytotoxic-
ity. Also, vanillin seemed to be able to induce production of pro-inflammatory cytokines.
It was explained that vanillin could significantly reduce phosphorylation of ataxia telangiec-
tasia mutated (ATM), tumor suppressor protein 53 (p53), serine threonine kinase checkpoint
kinase 2 (Chk2), c-Jun N-terminal kinase/stress-activated protein kinase (JNK), S6 ribosomal
protein (S6RP), p38/mitogen-activated protein kinase (p38), and histone 2A family member
X (H2A.X) generated by the UVB. Vanillin also could inhibit UVB-induced activation of p53
luciferase reporter. The results suggested that vanillin protects KSC from UVB irradiation.
Vanillin may play its role through the suppression of downstream step of MDM2 in UVB
irradiation-induced p53 activation.

3. Manufacturing methods of vanillin

A simple laboratory synthesis is illustrated in Figure 2 to make a small amount of vanillin. This
synthesis scheme involves electrophilic bromination of 4-hydroxybenzaldehyde, followed by
copper-catalyzed methoxylation.

For large-scale industrial syntheses, a classic early method starts from eugenol, which occurs
naturally in cloves, nutmeg, and cinnamon. This isomerizes to isoeugenol in alkaline solution,
and this in turn can be oxidized (by nitrobenzene) to vanillin (Figure 3).
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Figure 2. Laboratory synthesis scheme of vanillin.
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Figure 3. Industrial synthesis scheme of vanillin.

Lignin was known to be a source of vanillin as early as at the beginning of the twentieth century.
Lignin is a well-known polymer, which plays strengthening role in woods and in the cell walls
of plants. Since the 1920s, much of the world's vanillin was extracted from lignin waste from the
cellulose industry [8].

Recently, potential of industrial Eucalyptus globulus sulfite liquor and kraft liquors was
evaluated for the production of syringaldehyde and vanillin by oxidation with O, in alkaline
medium [9]. The Eucalyptus globulus sulfite liquor and kraft liquors were collected at differ-
ent stages of processing before the recovery boiler. Under controlled temperature and pres-
sure, the oxidations were performed in a jacketed reactor by two methods. One was the direct
oxidation of pulping liquors, and the other was the one of kraft lignins isolated from liquors.
Products profiles were established, as well as the yields, temperature and O, uptake during
the reaction. Results showed that sulfite liquor was the best raw material leading to the highest
yield by direct oxidation. Thin kraft liquor (KL) was with the second high yield. Proportion of
by-products such as syringic and vanillic acids was low.

Natural vanillin was obtained by plant tissue culture early. Molecular biology and microbial
biotransformation techniques can also be used to produce natural vanillin [10]. These techniques
rely on natural vanillin precursor molecules (eugenol, isoeugenol, curcumin, or ferulic acid), and
their enzymatic reaction pathways are very different. Among them, microbial biotransformation
method seems to be the most promising for large amount of natural vanillin production with
high efficiency and high quality.

Screening of bacteria to produce vanillin and/or vanillic acid from isoeugenol was car-
ried out [11]. Achromobacter, Aeromonas, Agrobacerium, Alcaligenes, Arthrobacter, Bacillus,
Micrococcus, Pseudomonas, Rhodobacter, and Rhodococcus were found to be able to produce
vanillin and/or vanillic acid, in addition of isoeugenol to the culture medium [11]. In par-
ticular, a soil isolate strain IE27 showed the highest vanillin-producing activity, and it was
identified as Pseudomonas putida. Under the optimized culture conditions, P. putida IE27
cells produced 16.1 g/l vanillin from 150 mM isoeugenol. The molar conversion yield from
isoeugenol to vanillin was as high as 71% at 20°C after a 24-h incubation. Therefore, it is
expectable to produce natural vanillin with high efficiency.

Production of vanillin from vanillic acid and O-benzylvanillic acid was investigated by using
whole cells and enzyme preparations of Nocardia sp. strain NRRL 5646 [12]. With growing
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cultures of the whole cells, 69 and 11% of vanillic acid were found to be decarboxylated to
guaiacol and reduced to vanillyl alcohol, respectively. On the other hand, no decarboxylation
of 4-O-benzylvanillic acid was found in conversion to the corresponding alcohol product.
Purified Nocardia carboxylic acid reductase, an ATP and NADPH-dependent enzyme, was
found to be able to reduce vanillic acid to vanillin quantitatively.

In addition to make use of the microbial biotransformation, enzymatic synthesis of natural
vanillin was studied [13]. Flavoprotein vanillyl alcohol oxidase (VAO) could convert both
creosol and vanillylamine to vanillin with high production yield. This conversion of creosol
was realized via a two-step process. The first step was to convert creosol to vanillyl alcohol,
and then, the second step was the oxidation of the vanillyl alcohol to vanillin. In the second
step, the conversion of vanillyl alcohol to vanillin was inhibited by the competitive binding of
creosol. The VAO-catalyzed conversion yield of vanillylamine to vanillin was high at alkaline
solutions. Furthermore, mechanism study showed that vanillylamine was firstly converted
to a vanillylimine intermediate product. The intermediate product was then hydrolyzed to
vanillin nonenzymatically.

4. Novel applications of vanillin

4.1. Preparation of benzoxazine resin and reactive monomeric surfactant containing
oxazine ring

Vanillin is used to synthesize polybenzoxazine with the expected desirable benzoxazine prop-
erties as well as a high char yield of 55.3% [14]. The synthesized monomer provides an unused
aldehyde group from vanillin. The aldehyde can be further reacted with other materials to
enhance properties. As a model, the unused aldehyde is reacted with amine terminated poly
(ethylene oxide) to form a surfactant, which retains 1,3-benzoxazine's reactivity. The chemical
structure of the synthesized monomers, surfactant, and polymers is characterized by Fourier
transform infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance spectros-
copy ("H NMR). Thermal properties are also characterized by differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA). Miniemulsions with stability up to 2 weeks
are created with the newly synthesized surfactant and polystyrene. Dynamic light scattering
(DLS) indicates 627 nm as the average diameter of the emulsion droplets.

4.2. Renewable polymers prepared from vanillin and its derivatives

Methacrylated derivatives of vanillin and vanillyl alcohol are synthesized and used as two
monomers, respectively. The two monomers were further polymerized by a free-radical pro-
cess [15]. Rheokinetics of their polymerization were studied to determine the cure behaviors.
Thermomechanical properties of the resulting polymers affected by the structure and func-
tionalities of the monomers were discussed. In comparison with methacrylated vanillin mono-
mer, the methacrylated vanillyl alcohol gave a higher cross-linking density of the polymers,
which in turn resulted a higher storage modulus and glass transition temperature, a better
thermal resistance. Methacrylated vanillyl alcohol monomer was also with low viscosity at
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room temperature. Therefore, methacrylated vanillyl alcohol monomer is an expectable bio-
based reactive diluent for unsaturated polyester resins and vinyl esters.

5. Detection and analysis of vanillin and vanillin-type aromatic
compounds

Vanillin and other purely olfactory odorants such as coumarin, octanoic acid, and phenylethyl
alcohol cannot be identified when presented oral cavity only (OCO), because the oral cavity
trigeminal system is fully unresponsive to these odorants in vapor phase [16]. Therefore,
modern analytical methods are usually required for detection and analysis of vanillin and its
derivatives.

5.1. Detection of real natural vanilla from synthetic one

Because of the extremely different in price of natural real vanilla from synthetic one, detection
of fake vanilla is required. Basically, gas or liquid chromatography can tell the real natural
from synthetic vanilla because some impurities such as 4-hydroxybenzaldehyde present in
natural vanilla essence could be detected. Another way is to investigate amount of radioac-
tive carbon-14. Natural plant-sourced vanillin contains a certain level of carbon-14, whose
half-life is 5730 years. On the other hand, vanillin derived from crude oil has no radiocarbon
since it has decayed away over the millions of years; the oil was trapped underground. Ratio
of the natural isotopes, carbon-13 to carbon-12, also can be used for identify the real natural
vanilla from the synthetic ones, because the vanilla orchid uses a different biosynthetic path-
way to other plants. Orchid-derived vanillin has a greater ratio of carbon-13 to carbon-12 than
synthetic vanillin [17].

A solid phase micro-extraction (SPME)-GC-MS method seems to be able to distinguish the nat-
ural real vanilla extracts from the synthetic one too [18]. The fiber material in SPME, sampling
time, desorption time, and other experimental conditions were optimized. Under the opti-
mized conditions, a relative standard deviation (RSD) of 2.5-6.4% indicated good reproduc-
ibility of the method. Because GC profile of the natural extracts was different from synthetic
ones, it is easily to determine whether the sample is natural or synthetic. The method is also
applicable to identify the type of vanilla extract/flavoring used in flavor foods.

5.2. Analysis of vanillin

The presence of vanillin in orange, tangerine, lemon, lime, and grapefruit juices could be
easily identified and confirmed using GC-MS [19]. Vanillin concentrations in the orange, tan-
gerine, lemon, lime, and grapefruit juices were determined to be 0.20, 0.35, 0.41, 0.35, and 0.60
ppm, respectively.

A headspace-solid phase micro-extraction (HS-SPME) GC-MS method was also proposed to
determine of vanillin in vanilla products [20]. Detection limits were reported to be 1.33-13.2 ppb.
Furthermore, LC-ESI-MS determinations of the vanillin were carried out at the same time, and
the results were compared. Totally, 24 commercially available vanilla products were analyzed
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with the two methods. Vanillin was detected in all of the 24 products. Also, 18 other flavor
related compounds were detected in the samples.

As illustrated in Figure 4, the sampling system allowed real-time and continuously sampling
of the aroma volatiles from model liquid foods [21]. The sample samples could be kept at a
certain temperature (e.g., at 37°C), and aroma volatiles released into the headspace. A carrier
gas was flowed into the headspace and further into a quadrupole MS via a jet separator. The
MS analysis could monitor and identify the volatile molecular weight. Also, this sampling
system can examine the dynamic flavor releasing process of liquid samples.
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Figure 4. Illustration of a sampling system for the measurement of dynamic flavor release.

Recently, odor imaging sensing with multi-probe film is reported [22]. Odor substances are
determined by fluorescent quenching with imaging film and a cooled CCD camera. The sys-
tem could detect gaseous odor flow and visualize shape, spread, and concentration distribu-
tion of odor. A multi-film and FRET probes consisted of a certain combination of fluorescence
dyes such as tryptophan and vanillin have been used for high sensitive and selective detection
of odor. This approach is expectable in near future for more sensitivity and selectivity.

There are a lots of other analytical methods for the analysis of vanillin, based on spectropho-
tometric [23, 24], FIA [25], ion selective electrodes [26], flourimetric [27], thin layer chromatog-
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raphy [28], GC-MS [20, 29], HPLC [30, 31], and capillary electrophoresis (CE) [32-35]. Because
CE is not only fast (usually shorter than 10 min), but also with nano-liter amount of injec-
tion volume for samples, it is particularly noticeable. Recently, direct sampling method for
CE determination of vanillin in indoor air has been developed [36]. Here, the CE determination
of vanillin is discussed in detail.

5.3. CE detection of vanillin in indoor air

Generally, a fused silica capillary is used in CE. When running buffer solution is filled into the
capillary, silanol groups (Figure 5A) in the surface of capillary dissociate, and inner surface
of the capillary is charged negatively (Figure 5B). Cations in the running buffer solution are
pulled toward the inner surface. As a result, an electric double layer is formed (Figure 5C).
When an electric voltage is applied across the two ends of the capillary, an electroosmotic
flow (EOF) toward cathode arises.

EOF= (eZ/(4mp))E (1)
where ¢, Z, p, and E are the dielectric constant, zeta potential, solution viscosity, and electric
field, respectively.

(A) Capillary ®)

—O—Si—O—Si—O—ISi—O— —-0-Si—-0-Si—-0-Si—-0-

—o_ —0-5i-0-Si—0-Si-0-

© ()]
Electric double layer

Figure 5. Illustration of molecular structure of the capillary inner surface and principle of CE separation. (A) molecular
structure of inner surface of capillary; (B) dissociation of silanol group; (C) formation of electric double layer; (D)
electromigration of analytes in CE.
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On the other hand, electrophoretic velocity (Vep) of an ion toward the electrode of opposite
charge is:

Vep = (q/(6tpr))E )

where q and r are the electric charge and radius of the ion, respectively. Usually, EOF
is larger than Vep for most of ions, and detector is usually close to the cathode end of
the capillary. Electromigration velocity of a cation will be (EOF + Vep) while that of an
anion (EOF-Vep). Neutral molecule will move with the electroosmotic flow (EOF). Then,
cations, anions, and neutral molecules are separated (Figure 5D). Because different ions
are with different q/r, their Vep is different. Thus, ions can be separated from each other
by CE.

CE instrument is relatively simple. Basically, it consists of an electric power supply, a capil-
lary, and a detector. Figure 6 illustrates a typical laboratory-built CE apparatus [35]. It was
consisted of a 30 kV high-voltage power supply and an UV-absorbance detector. Wavelength
of the UV-absorbance detector could be set at 254 nm for detection of aromatic compounds.
A capillary (inner diameter of 50-100 pm, out diameter of 364 um) could be used. Its total
length and the effective length (length from the anode end to the detector) could be about
30-70 and 20-60 cm, respectively. The capillary was usually cleaned thoroughly by sub-
sequently flushing 1 mol/L NaOH, distilled-deionized water, and finally running buffer.
Sample injection could be performed with either an electrophoretic method (e.g., injection
voltage 1 kV, injecting time 30 s) or a hydrodynamic flow method with a height difference
(e.g., 1 cm) between the two ends of the capillary.

Buffer solutions such as phosphate buffers or boric buffers with certain pH and concen-
tration can be used in CE. Samples are usually dissolved or diluted with the buffers. For
example, vanillin stock solution was prepared by dissolving a certain amount of vanillin into
distilled-deionized water directly [35]. Its concentration was 10° mol/L. This stock solution
was diluted to required concentrations with the running buffer when used. Vanilla perfume
was also diluted with the buffer solutions to concentrations of 1 and 10%. For vanillin spiked
vanilla perfume sample, a certain amount of the vanillin standard solution was added into the
diluted vanilla perfume sample.

5.3.1. CE of vanillin standard solution [35]

Figure 7 showed the CE results of vanillin at running buffers with different pH. It is well
known that the higher the pH of the running buffer, the faster the EOF. Therefore, EOF
was the fastest in running buffer of pH 11.5, while slowest in running buffer of pH 7.2. On
the other hand, vanillin is a weak acid, and its acid dissociation constant Ka is about 10°%.
At pH 11.5, almost all of vanillin molecules behavior as anions, while at pH 7.2 most of
them as neutral molecules. At pH 9.3, about half vanillin molecules dissociated to anions.
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Therefore, Vep of vanillin was the largest at pH 11.5, slowest at pH 7.2. As a result of V =
EOF-Vep, the vanillin was detected at about 500, 450, and 600 s at pH of 11.5, 9.3, and 7.2,
respectively.

UVdetector High-voltage power supplier

' Capillary

Sample
(=) Pt electrode (+) P

Buifer

Figure 6. Illustration of a laboratory-built CE instrument.

Figure 8 showed the calibration curve of vanillin at the running buffer of pH 9.3. It can be seen
that the peak area is proportional to the vanillin concentration in the range of 10°-102 mol/L.
The detection limit was about 10 mol/L.

5.3.2. CE of vanilla perfume [35]

Figure 9 showed electropherogram of 10% vanilla perfume sample solution (A) and 10% vanilla
perfume sample solution spiked with 10 mol/L vanillin standard solution (B). In Figure 9A, three
peaks were detected. In order to confirm which peak was vanillin, the vanilla perfume sample
was spiked with vanillin standard solution. Figure 9B showed that only the third peak became
large in the spiked sample. Therefore, the third peak was confirmed to be vanillin in the vanilla
perfume. Vanillin concentration in the 10% vanilla perfume sample was determined to be about
3 x10° mol/L by a standard addition method. The first and second peaks have not been identified.
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Figure 7. Electropherograms of vanillin standard solution (10 mol/L) in running buffers of pH 7.2 (A), 9.3 (B), and 11.5 (C).

5.3.3. Detection of vanillin in indoor air by offline combination of CE with absorption and desorption
of vanillin with active carbon [35]

In order to detect vanillin in indoor air with CE, about 0.02 g active carbon was spread on a
glass slide for adsorption of vanillin in air. The glass slide was placed in a room of about 80 m?,
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where a vanilla perfume of 5 ml was placed too for a certain period of time. Then, the active
carbon on the glass slide was collected into a vial, and 0.5 ml ethanol or mixture of ethanol/pH
11.5 running buffer with a mixing ratio of 1:1 was added for desorption of vanillin adsorpted
on the active carbon. The vial was centrifuged for 5 min at a centrifugation speed of 3000 rpm.
The supernatant was directly injected into the capillary, and CE was carried out. Figure 11
showed CE results.
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Figure 8. Vanillin calibration curves in running buffers of pH 9.3.
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Figure 9. Electropherograms of 10% vanilla perfume sample (A) and the 10% vanilla perfume spiked with 10° (mol/L)
vanillin (B) in the pH 9.3 phosphate buffer.

When the active carbon placed in the room for 2 days, the peak of vanillin was not detectable
(top figure in Figure 10). When the active carbon placed in the room for 4 days, the vanillin
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peak was clearly detected (bottom figure in Figure 10). This meant that the CE method could
be used for detection of vanillin in air by combination with the active carbon adsorption.
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Figure 10. Electropherograms of supernatant of the ethanol/pH 11.5 running buffer after desorption from the active
carbons. The active carbons adsorption time was 2 (top) and 4 (bottom) days, respectively.

5.3.4. Fast detection for trace vanillin and vanillin-type aromatic compounds in air by direct
sampling [36]

As stated above, CE could detect vanillin in air by offline combining with the adsorption/
desorption method. However, it is usually time- and labor-consuming. Recently, a direct sam-
pling of vanillin in the air of CE was demonstrated [36].

As shown in Figure 11, the inlet end of a fused silica capillary filled with a pH 7.2 phosphate
buffer was directly placed in the air, while the outlet end was immersed into a buffer vial at
the low electric potential side. Then, gaseous or volatile components such as vanillin and its
derivatives would absorb at the air/buffer interface of the capillary inlet end. That meant a
direct sampling of the vanillin in air at capillary inlet end for CE. After a certain period of sam-
pling time, the inlet end was immersed into another buffer vial at the high electric potential
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side; CE was carried out by applying a high electric voltage of 20 kV. Evaporated vanillin in
indoor air was detected fast.

It was found that the CE peak area increased with the direct sampling time. This was easily
understood because the longer the sampling time, the more the vanillin absorbed at the
running /air/buffer interface, the larger the peak area. Also, the peak area in the direct
sampling-CE was considered to be proportional to the vanillin concentrations in air.

Figure 12 showed results of a conventional CE of 10% vanilla perfume sample (A) and direct
sampling-CE in indoor air with a sampling time of 5 min (B), respectively. A conventional CE
usually gave two peaks for vanilla perfume sample. The detection time of the two peaks was
about 420-600 s. In particular, the second peak was identified to be vanillin [35].
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Figure 11. Illustration of the direct sampling of CE in air for vanillin in indoor air.
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Figure 12. Results of a conventional CE of 10% vanilla perfume solution (A) and direct sampling-CE in indoor air with a

sampling time of 5 min (B), respectively.

As shown in Figure 12B, there were also two peaks detected in the direct sampling-CE in air,
and they were from vanilla perfume. Moreover, they were detected even with a sampling
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time as short as 5 min. This sampling time was extremely short in comparison with the
offline active carbon adsorption/desorption-CE determinations [35]. In the offline active car-
bon adsorption/desorption-CE, it took more than 2 days to detect vanillin in indoor air [35].
Therefore, the direct sampling-CE is much faster and simpler than the offline active carbon
adsorption/desorption-CE. The direct sampling-CE is promising and expectable in fast gas
analysis.
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