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University of Split

Croatia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Molecules (ISSN 1420-3049) (available at: https://www.mdpi.com/journal/molecules/special

issues/volatile).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03928-871-7 (Hbk) 
ISBN 978-3-03928-872-4 (PDF)

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Progress in Volatile Organic Compounds Research” . . . . . . . . . . . . . . . . . . ix

Anna Wajs-Bonikowska, Janusz Malarz and Anna Stojakowska

Composition of Essential Oils from Roots and Aerial Parts of Carpesium divaricatum, a
Traditional Herbal Medicine and Wild Edible Plant from South-East Asia, Grown in Poland
Reprinted from: Molecules 2019, 24, 4418, doi:10.3390/molecules24234418 . . . . . . . . . . . . . . 1

Chen-Yu Qian, Wen-Xuan Quan, Zhang-Min Xiang and Chao-Chan Li

Characterization of Volatile Compounds in Four Different Rhododendron Flowers by
GC×GC-QTOFMS
Reprinted from: Molecules 2019, 24, 3327, doi:10.3390/molecules24183327 . . . . . . . . . . . . . . 13

Idolina Flores-Cortez, Robert Winkler, Arturo Ramı́rez-Ordorica, Ma. Isabel Cristina

Elizarraraz-Anaya, Marı́a Teresa Carrillo-Rayas, Eduardo Valencia-Cantero and Lourdes

Macı́as-Rodrı́guez

A Mass Spectrometry-Based Study Shows that Volatiles Emitted by Arthrobacter agilis
UMCV2 Increase the Content of Brassinosteroids in Medicago truncatula in Response to Iron
Deficiency Stress
Reprinted from: Molecules 2019, 24, 3011, doi:10.3390/molecules24163011 . . . . . . . . . . . . . . 25

Inga Matulyte, Mindaugas Marksa, Liudas Ivanauskas, Zenona Kalvėnienė, Robertas
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Preface to ”Progress in Volatile Organic Compounds

Research”

Volatile organic compounds (VOCs) have been intensively investigated in the last few decades.

Their origins differ: plant secondary metabolites, food/beverages aromas, fungal/bacterial volatiles,

and others. VOCs typically occur as a complex mixture of compounds (e.g., monoterpenes,

sesquiterpenes, norisoprenoids, aliphatic/aromatic compounds, sulfur containing compounds, and

others). They form through different biochemical pathways and can be modified or created during

drying or maturation, thermal treatment, and others. Different conventional or modern methods of

VOCs isolation, followed by analysis with chromatographic and spectroscopic techniques, usually

provide different chemical profiles and have been under constant modification and upgrade. The

ecological interactions are mediated by VOCs (inter- and intra-organismic communication) and they

can act as pheromones, attractants, or alleochemicals. Among them, chemical biomarkers of botanical

origin or chemotaxonomic markers can be found. Many VOCs possess different biological activities,

such as antioxidant, antimicrobial, antiviral, anticancer, and other activities.

VOCs from different sources is still needed to report their distribution and chemical profiles,

and to discover new compounds. This Special Issue aims to attract up-to-date contributions on all

aspects of VOCs chemistry, from challenges in their isolation to the analysis, and on unlocking their

biological activities or other useful properties.

Igor Jerković

Special Issue Editor
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Composition of Essential Oils from Roots and Aerial
Parts of Carpesium divaricatum, a Traditional Herbal
Medicine and Wild Edible Plant from South-East Asia,
Grown in Poland
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Abstract: Carpesium divaricatum Sieb. and Zucc. has long been used both as traditional medicine
and seasonal food. The most extensively studied specialized metabolites synthesized by the plant
are sesquiterpene lactones of germacrane-type. Low-molecular and volatile terpenoids produced
by C. divaricatum, however, have never been explored. In this work, compositions of essential oils
distilled from roots and shoots of C. divaricatum plants, cultivated either in the open field or in the
glasshouse have been studied by GC-MS-FID supported by NMR spectroscopy. The analyses led
to the identification of 145 compounds in all, 112 of which were localized in aerial parts and 80 in
roots of the plants grown in the open field. Moreover, remarkable differences in composition of
oils produced by aerial and underground parts of C. divaricatum have been observed. The major
volatiles found in the shoots were: α-pinene (40%), nerol (4%) and neryl-isobutyrate (3%), whereas
predominant components of the root oil were 10-isobutyryloxy-8,9-epoxythymyl-isobutyrate (29%),
thymyl-isobutyrate (6%) and 9-isobutyryloxythymyl-isobutyrate (6%). In the analyzed oils, seventeen
thymol derivatives were identified. Among them eight compounds were specific for roots. Roots of
the plants cultivated in the glasshouse were, in general, a poor source of essential oil in comparison
with those of the plants grown in the open field. Chemophenetic relationships with other taxa of the
Inuleae-Inulineae were also briefly discussed.

Keywords: alpha-pinene; Carpesium divaricatum; Inuleae; monoterpenoids; thymol derivatives

1. Introduction

Plant genera of the subtribe Inuleae-Inulinae (family Asteraceae), e.g., Inula, Pulicaria, Telekia,
Dittrichia, Blumea and Chiliadenus, are known to produce essential oils containing biologically active
mono- and sesquiterpenoids [1–3]. Essential oils from Carpesium spp. are less studied. To our
knowledge, only two communications on essential oil from the herb of C. abrotanoides L., the species
included in the Chinese pharmacopoeia, have been published to date [4,5]. C. divaricatum Sieb. and
Zucc. is a medicinal and food plant rich in terpenoid metabolites [6–9]. Recently, hydroxycinnamates
and biologically active oxylipin from aerial parts of the plant have been also described [10]. According
to the recent taxonomic studies [11,12], Telekia speciosa (Schreb.) Baumg. as well as some species of
the genus Inula, known as essential oil bearing plants, are closely related to C. divaricatum. However,
the content and composition of essential oils from C. divaricatum has remained unknown until now.
The aim of the present study was to investigate the volatile compounds from roots and aerial parts

Molecules 2019, 24, 4418; doi:10.3390/molecules24234418 www.mdpi.com/journal/molecules1
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of C. divaricatum and to compare the newly generated data with those reported previously for the
related species.

2. Results

Unlike in its natural habitat, in our climate C. divaricatum is an annual plant. Moreover, due to
late flowering, the plants grown in the open field failed to produce seeds. Fertile seeds were obtained
only from the plants cultivated in a glasshouse. Yields of essential oils produced by the aerial parts of
the plants were low (<0.02%, see Table 1) and except for the variations in percentages of individual
compounds, oils distilled from shoots of the field grown plants and from the aerial parts of plants
cultivated in a glasshouse demonstrated some minor qualitative differences in their composition (112
versus 89 identified constituents). The major compounds found in the essential oil from shoots of
C. divaricatum were: α-pinene (c. 40% of oil), nerol (2.1%–3.7%) and neryl isobutyrate (3.2%–3.9%).
Identified thymol derivatives (compounds: 54, 73, 84, 85, 111, 130, 142, 148 and 149, see Figure 1)
constituted c. 6% of the oil. Roots of the plant turned out to be much better source of volatile terpenoids
(yield of essential oil—0.15%). In contrast to the aerial parts (Figure 2), they contained only low amount
of α-pinene (up to 1.8% of the essential oil). Thymol derivatives (17 identified structures, see Figure 1)
accounted for over 60% and 44% of the essential oil from roots of the garden grown plants and plants
cultivated in the glasshouse, respectively. 10-Isobutyryloxy-8,9-epoxythymyl isobutyrate was the
major constituent of the analyzed root oils (18.1%–29.2%).

Table 1. Chemical composition of essential oils from aerial parts and roots of Carpesium divaricatum.

No Compound

Amount (%)

RI c exp. RI d lit. Identification MethodAerial Parts Roots

OF a G b OF a G b

1 hexanal - - 0.1 - 771 771 RI e, MS f

2 (E)-hex-2-enal 0.2 - - - 825 832 RI, MS
3 hexan-1-ol 0.1 - tr. - 852 837 RI, MS
4 tricyclene tr. - - - 917 927 RI, MS
5 α-thujene 0.1 - - - 922 932 RI, MS
6 α-pinene 40.2 21.8 0.1 1.8 930 936 RI, MS
7 camphene 0.3 - - - 940 950 RI, MS
8 sabinene tr. - - - 944 973 RI, MS
9 6-methylhept-5-en-2-one 0.2 0.2 - - 962 978 RI, MS
10 β-pinene 0.5 0.3 - tr. 966 978 RI, MS
11 2-pentylfuran 0.4 0.3 0.2 - 976 981 RI, MS
12 trans-2-(pent-2-enyl)furan 0.1 0.1 - - 984 984 RI, MS
13 α-phellandrene - - tr. - 991 1002 RI, MS
14 δ-car-3-ene tr. - - - 1005 1010 RI, MS
15 m-cymene 0.2 tr. tr. - 1006 1013 RI, MS
16 p-cymene - - tr. - 1007 1015 RI, MS
17 β-phellandrene - - tr. - 1014 1023 RI, MS
18 limonene 0.2 tr. - 0.1 1018 1025 RI, MS
19 γ-terpinene 0.1 0.2 - - 1047 1051 RI, MS
20 trans-linalool oxide (furanoid) tr. - tr. - 1055 1058 RI, MS
21 camphen-6-ol tr. - - - 1066 1082 RI, MS
22 terpinolene tr. tr. - - 1077 1082 RI, MS
23 n-nonanal - 0.1 - - 1080 1076 RI, MS
24 linalool 2.1 3.4 0.1 tr. 1083 1086 RI, MS
25 145/89/143/115 M? 0.1 - - - 1091 - RI, MS
26 limona ketone - - tr. - 1100 1105 RI, MS
27 α-campholenal 0.6 0.1 - - 1101 1105 RI, MS
28 cis-p-menth-2-en-1-ol 0.1 tr. 0.1 0.1 1104 1108 RI, MS
29 trans-p-menth-2-en-1-ol - - 0.1 0.1 1119 1116 RI, MS
30 trans-pinocarveol 0.7 0.2 - - 1120 1126 RI, MS
31 cis-verbenol - tr. - - 1121 1132 RI, MS
32 trans-verbenol 0.3 0.2 - - 1124 1134 RI, MS

33 2-hydroxy-3-methyl-
benzaldehyde - - 0.1 0.2 1126 1135 RI, MS

34 (E)-non-2-enal 0.1 tr. 0.1 0.2 1133 1136 RI, MS
35 nerol oxide - - 0.2 1.0 1134 1137 RI, MS

2
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Table 1. Cont.

No Compound

Amount (%)

RI c exp. RI d lit. Identification MethodAerial Parts Roots

OF a G b OF a G b

36 pinocarvone 0.5 0.1 - - 1135 1137 RI, MS
37 p-mentha-1,5-dien-8-ol 0.1 0.2 - - 1143 1138 RI, MS
38 geijeren 0.4 tr. 4.2 3.1 1148 1139 RI, MS
39 terpinen-4-ol 0.7 0.9 - - 1159 1164 RI, MS
40 myrtenal - tr. - - 1165 1172 RI, MS
41 α-terpineol 0.8 0.7 0.1 0.1 1171 1176 RI, MS
42 cis-piperitol - - tr. tr. 1176 1181 RI, MS
43 myrtenol 0.1 - - - 1177 1178 RI, MS
44 n-decanal 0.6 1.2 - - 1182 1180 RI, MS
45 trans-piperitol - - tr. tr. 1186 1193 RI, MS
46 2-ethenyl-3-methyloanisol 0.2 - 0.7 0.9 1190 1196 RI, MS
47 β-cyclocitral 0.2 0.3 - - 1193 1195 RI, MS
48 trans-carveol 0.1 - - - 1195 1200 RI, MS
49 nerol 3.7 2.1 1.4 1.2 1210 1210 1H, RI, MS
50 thymol methyl ether - - 0.4 0.1 1211 1215 1H, RI, MS
51 geraniol 0.2 0.4 - - 1233 1235 RI, MS
52 α-jonene 0.1 - - - 1241 1258 RI, MS
53 cuminol tr. - 0.3 0.3 1245 1266 RI, MS
54 thymol 0.1 - 0.1 0.1 1258 1267 RI, MS
55 carvacrol 0.9 - 0.3 0.3 1264 1278 RI, MS
56 dihydroedulan II 0.1 0.1 - - 1278 1290 RI, MS
57 (E,E)-deca-2,4-dienal 0.1 - - 0.1 1286 1291 RI, MS

58 4,6-dimethyl-2,3-2H-
benzofuran-2-one - - 0.2 0.2 1317 - RI, MS

59 7αH-silphiperfol-5-ene 0.5 0.1 0.7 2.5 1323 1329 RI, MS
60 presilphiperfol-7-ene 0.2 - 0.2 0.3 1332 1342 RI, MS
61 7βH-silphiperfol-5-ene 0.9 0.1 1.1 3.4 1342 1352 RI, MS
62 α-cubebene tr. 0.1 - - 1344 1355 RI, MS
63 α-longipinene 0.2 tr. 0.3 0.4 1348 1360 RI, MS
64 (E)-tridec-6-en-4-yn 0.2 0.1 - - 1363 - RI, MS
65 viburtinal - - 0.5 1.2 1367 - RI, MS
66 longicyclene 0.4 - 0.3 0.4 1371 1372 RI, MS
67 cyclosativene 0.4 - - - 1372 1378 RI, MS
68 α-copaene - 0.5 - - 1375 1379 RI, MS
69 silphiperfol-6-ene - - 0.3 0.4 1376 1379 RI, MS
70 modephene 0.2 - 0.3 1.0 1377 1383 RI, MS
71 α-isocomene 0.4 0.3 0.4 1.3 1383 1389 RI, MS
72 137/121/95/136 M204 0.6 0.1 0.5 0.8 1391 - RI, MS
73 6-methoxythymol methyl-ether 2.1 0.5 2.7 1.4 1394 1398 RI, MS
74 β-isocomene 0.6 0.2 0.7 2.0 1402 1411 RI, MS
75 α-cedrene 0.1 - tr. tr. 1409 1418 RI, MS
76 α-gurjunene - tr. - - 1410 1418 RI, MS
77 α-santalene 1.0 0.5 0.6 0.8 1413 1422 RI, MS
78 trans-geranylacetone 0.3 0.3 - - 1423 1430 RI, MS
79 trans-α-bergamotene 0.6 0.1 0.3 0.2 1428 1434 RI, MS
80 epi-β-santalene 1.5 0.4 0.9 0.8 1438 1446 RI, MS
81 α-himachalene 0.5 0.1 - - 1441 1450 RI, MS
82 aromadendrene 0.2 - 0.3 0.4 1442 1449 RI, MS
83 α-humulene 0.1 - tr. tr. 1446 1455 RI, MS

84 8,9-didehydrothymyl-
isobutyrate

0.9 0.2 1.6 0.8 1461 1458 RI, MS

85 thymyl-isobutyrate 2.0 1.0 6.3 3.5 1467 1462 1H, RI, MS
86 β-jonone 0.9 1.5 - - 1468 1468 RI, MS
87 neryl isobutyrate 3.2 3.9 4.1 3.9 1475 1468 1H, RI, MS
88 γ-himachalene 0.3 0.1 - - 1480 1479 RI, MS
89 123/93/94/121 M204 0.8 0.1 0.5 0.7 1484 - RI, MS
90 (3E,6Z)-α-farnesene 1.8 5.5 - - 1487 1475 RI, MS
91 α-terpinyl isovalerate - - 0.2 0.7 1489 1488 RI, MS
92 γ-muurolene tr. 0.2 - - 1493 1494 RI, MS

93
elixene

(4-isopropylidene-1-vinyl-o-
menth-8-ene)

- - 0.2 0.2 1498 1493 RI, MS

94 ledene 1.5 2.2 tr. 0.2 1499 1491 RI, MS
95 α-muurolene - 1.1 - - 1500 1496 RI, MS
96 (E,E)-α-farnesene 0.7 1.1 - - 1502 1498 RI, MS

3
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Table 1. Cont.

No Compound

Amount (%)

RI c exp. RI d lit. Identification MethodAerial Parts Roots

OF a G b OF a G b

97 β-bisabolene 1.6 0.6 0.5 0.4 1507 1503 RI, MS
98 γ-cadinene 1.1 3.2 - - 1511 1507 RI, MS
99 cameronan-7α-ol - - tr. 0.1 1513 1513 RI, MS
100 α-photosantalol - - 0.1 0.2 1514 1514 RI, MS
101 isolongifolan-8-ol - - 0.1 0.5 1517 1515 RI, MS
102 cis/trans-calamenene 0.2 0.4 0.2 0.3 1526 1517 RI, MS
103 δ-cadinene 1.4 5.3 - - 1520 1520 RI, MS
104 β-cadinene 0.1 0.3 - - 1523 1526 RI, MS
105 9-methoxycalamenene 0.1 - - - 1524 - RI, MS
106 147/162/121/177 M206 - - tr. 0.1 1531 - RI, MS
107 121/163/93/134 M218 - - 0.2 0.1 1534 - RI, MS
108 α-cadinene 0.3 0.5 - - 1535 1534 RI, MS
109 (E)-α-bisabolene 0.1 0.2 0.1 0.7 1536 1530 RI, MS
110 (E)-nerolidol 2.2 8.6 0.6 0.6 1543 1553 1H, RI, MS
111 thymyl-2-methylbutyrate 0.1 - 0.2 0.2 1546 - RI, MS
112 neryl-α-methylbutyrate 1.7 1.6 3.6 3.4 1551 1565 RI, MS
113 neryl isovalerate 1.6 1.3 2.3 1.8 1557 1579 RI, MS
114 caryophyllene oxide 0.4 0.4 1.1 2.1 1565 1578 1H, RI, MS
115 viridiflorol 0.5 1.4 - - 1577 1592 RI, MS
116 isoaromadendreneepoxide 0.3 0.1 - - 1584 1590 RI, MS
117 ledol 0.3 0.5 - - 1588 1600 RI, MS
118 humulene II epoxide - - 0.4 1.1 1595 1602 RI, MS
119 1,10-di-epi-cubenol 0.1 0.2 - - 1597 1615 RI, MS
120 135/146/159/71 M218 - - 0.2 0.3 1602 - RI, MS
121 muurola-4,10(14)-dien-1β-ol 0.2 0.2 - - 1605 1620 RI, MS
122 gossonorol - - 0.1 0.1 1613 1626 RI, MS
123 1-epi-cubenol 0.2 0.5 - - 1614 1623 RI, MS
124 α-acorenol tr. - 0.4 0.5 1620 1623 RI, MS
125 τ-cadinol 1.4 4.1 - - 1625 1633 1H, RI, MS
126 τ-muurolol 0.3 0.4 - - 1628 1633 RI, MS
127 β-eudesmol 0.6 0.2 3.4 3.8 1631 1641 RI, MS
128 α-cadinol 1.3 3.8 0.4 0.3 1638 1643 1H, RI, MS

129 5β,7βH,10α-eudesm-11-en-
1α-ol - - 0.3 - 1653 - RI, MS

130 6-methoxythymyl isobutyrate 0.9 0.7 3.8 4.9 1657 1658 1H,13C, RI, MS

131 6-methoxy-8,9-didehydrothymyl
isobutyrate tr. - 0.4 0.2 1665 1676 RI, MS

132 10-isobutyryloxy-8,9-
didehydrothymol-methyl-ether - - 0.4 0.3 1666 1684 1H,13C, RI, MS

133 α-bisabolol 0.1 0.4 0.3 1.3 1668 1683 RI, MS
134 145/162/71/115 M232 - - 0.3 0.5 1681 - RI, MS
135 aromadendrene oxide 0.1 0.1 - - 1702 1672 RI, MS
136 135/148/133/91 M236 - - 0.1 0.1 1725 - RI, MS
137 135/164/71/91 M234 - - 0.2 0.1 1733 - RI, MS
138 fenantrene (artifact) 0.1 0.3 - - 1741 1744 RI, MS
139 diisobutylphtalate (artifact) 0.9 2.5 0.3 0.6 1817 1819 RI, MS
140 hexahydrofarnesylacetone 0.2 0.8 - - 1820 1830 RI, MS
141 alantolactone 0.1 - 0.2 tr. 1854 1878 RI, MS

142 9-isobutyryloxythymyl-
isobutyrate

0.2 0.8 5.6 5.7 1879 1891 1H,13C, RI, MS

143 10-isobutyryloxy-8,9-
didehydrothymyl-isobutyrate

- - 3.0 3.1 1882 1891 RI, MS

144 (5E,9E)-farnesylacetone 0.1 0.2 - - 1889 1895 RI, MS
145 dibutylphtalate (artifact) 0.2 1.8 - - 1906 1909 RI, MS

146 7-isobutyryloxythymyl-
isobutyrate

- - 0.6 0.7 1914 1924 RI, MS

147 9-(2-methylbutyryloxy)thymyl-isobutyrate- - 1.0 1.4 1964 1970 RI, MS
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Table 1. Cont.

No Compound

Amount (%)

RI c exp. RI d lit. Identification MethodAerial Parts Roots

OF a G b OF a G b

148 10-(2-methylbutyryloxy)-8,9-
didehydrothymyl-isobutyrate 0.1 0.4 0.3 0.4 1967 1970 RI, MS

149 10-isobutyryloxy-8,9-
epoxythymyl-isobutyrate

0.2 0.6 29.2 18.1 2002 2036 1H,13C,RI,MS

150 71/177/150/135 M290 - - 0.9 0.5 2048 - RI, MS

151 10-(2-methylbutyryloxy)-8,9-
epoxythymyl-isobutyrate

- - 4.4 3.6 2077 2056 RI, MS

152 10-isovaleroxy-8,9-
epoxythymyl-isobutyrate - - 0.3 0.1 2097 2122 RI, MS

153 fitol 0.3 1.7 - - 2098 - RI, MS
154 57/177/71/85 M304 - - 0.1 0.1 2149 - RI, MS
155 tricosane 0.1 0.2 - - 2286 2300 RI, MS
156 tetracosane 0.1 - - - 2386 2400 RI, MS
157 pentacosane 0.6 0.3 - - 2489 2500 RI, MS
158 hexacosane tr. - - - 2589 2600 RI, MS
159 heptacosane 0.2 0.1 - - 2685 2700 RI, MS

Sum of Identified 96.7 97.5 94.3 91.7

Yield of Essential Oil (%) 0.016 0.014 0.150 0.059

a Essential oils isolated from aerial parts and roots of Carpesium divaricatum cultivated in the open field. b Essential
oils isolated from aerial parts and roots of Carpesium divaricatum cultivated in a greenhouse. c Experimental retention
index measured on non-polar column. d Literature retention index from non-polar column. e Identification based
on retention index. f Identification based on mass spectrum. Tr.—<0.05%.
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Figure 1. Structures of thymol derivatives identified in essential oils from roots of Carpesium
divaricatum. 50: thymol-methyl-ether; 54: thymol; 73: 6-methoxythymol-methyl-ether; 84:
8,9-didehydrothymyl-isobutyrate; 85: thymyl-isobutyrate; 111: thymyl-2-methylbutyrate;
130: 6-methoxythymyl-isobutyrate; 131: 6-methoxy-8,9-didehydrothymyl-isobutyrate;
132: 10-isobutyryloxy-8,9-didehydrothymol-methyl-ether; 142:
9-isobutyryloxythymyl-isobutyrate; 143: 10-isobutyryloxy-8,9-didehydrothymyl-isobutyrate;
146: 7-Isobutyryloxythymyl-isobutyrate; 147: 9-(2-methylbutyryloxy)-thymyl-isobutyrate;
148: 10-(2-methylbutyryloxy)-8,9-didehydrothymyl-isobutyrate; 149:
10-isobutyryloxy-8,9-epoxythymyl-isobutyrate; 151: 10-(2-methylbutyryloxy)-8,9-
epoxythymyl-isobutyrate; 152: 10-isovaleryloxy-8,9-epoxythymyl-isobutyrate.

The essential oils from C. divaricatum contained some volatiles, which were difficult to identify
based on GC-MS only. Flash chromatography (FC), monitored by thin-layer chromatography (TLC),
was used to obtain fractions of oils rich in components of interest (purity 19%–63%, by GC-FID).
The fractions were subsequently subjected to NMR analysis and the experimental chemical shifts of
the chosen volatiles were compared to the literature data (see Supplementary Material).

Structures of 11 components remained unresolved, due to the small available amounts of the
compounds, insufficient to perform full spectral analysis. MS spectra and retention indices of the
compounds are shown in Supplementary Material.
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Figure 2. Gas chromatograms of essential oils from aerial parts and roots of Carpesium divaricatum. The
numbering of the compounds corresponds to that in Table 1.

3. Discussion

Though the essential oil content in aerial parts of C. divaricatum was very low, the occurrence of
α-pinene (40% of the oil) is worth to note. The compound demonstrated anxiolytic and moderate
anti-inflammatory effect in mice [13,14]. Essential oils obtained from plants of different provenience
can markedly vary in their composition. Aerial parts of Pulicaria gnaphalodes (Vent.) Boiss., collected
in four different locations, contained extremely different quantities of α-pinene (0.0–34.1% of the
essential oil) [15]. Thus, some data on the composition of essential oils from C. divaricatum plants
grown in their natural habitat would be of interest, to establish whether or not the high α-pinene
content is typical of C. divaricatum aerial parts. Not much is known from the literature on essential oils
from plants of the genus Carpesium. To date, only two studies on volatiles from the whole herb of C.
abrotanoides have been published [4,5]. However, the authors managed to identify 14–44 components
of the oils and neither α-pinene nor thymol derivatives have been detected. The major constituents
were β-bisabolene (7.3–24.7%), caryophyllene-oxide (c. 13%) and eudesma-5,11(13)-dien-8,12-olide (c.
22%). Volatile constituents from other species of the Inuleae-Inulinae subtribe are better investigated.
Thymol and its derivatives seem to be widespread within the plants of the subtribe, except for Blumea
spp. [16–18]. The genus Pulicaria comprises species with essential oils rich in thymol and its methyl
ether, like Pulicaria vulgaris Gaertn. [19] and Pulicaria sicula (L.) Moris [15] together with some species
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devoid of thymol derivatives [20]. The content of thymol derivatives in essential oil from aerial parts
of C. divaricatum (6.4%) is similar to those detected in oils from aerial parts of other species of the
subtribe, e.g., Schizogyne sericea (L.F.) DC. [21,22], Telekia speciosa (Schreb.) Baumg. [23,24] and Limbarda
crithmoides (L.) Dumort. (formerly Inula crithmoides L.) [25]. Structural diversity of the compounds was
also similar, with numerous thymol esters.

Essential oils from roots of the Inuleae-Inulinae plants have rarely been studied. Literature data on
a few species are available, including Dittrichia viscosa (L.) Greuter (formerly Inula viscosa (L.) Aiton) [26],
Inula racemosa Hook. f. [27,28], Inula helenium L. [1], Pulicaria mauritanica Coss. [29] and T. speciosa [24,30].
The common feature of essential oils from I. helenium, I. racemosa and T. speciosa is a very high content
of eudesmane-type sesquiterpene lactones (up to 82%). Such composition of essential oils seems to be
correlated with a presence of resin canals in roots of the plants. Thymol derivatives were not described
as constituents of essential oil from roots of I. racemosa. The compounds, however, were found in the
oils from the remaining species. Juvenile roots of I. helenium and I. viscosa contained higher amounts of
the monoterpenoids than the old ones [26,31]. Two derivatives of thymol methyl ether constituted
nearly 80% of the volatile fraction from I. viscosa roots [26]. Thymol, thymol methyl ether and eight
thymyl ester derivatives accounted for c. 5.5% of the essential oil from roots of T. speciosa. P. mauritanica
root oil contained c. 16% of the structurally related compounds. Though there are no any data on
essential oils from roots of Carpesium spp., some thymol derivatives were described as constituents of
methanol extract from aerial parts of C. divaricatum [32]. All of the compounds were found in essential
oils from the plants analyzed in this study. Volatile fraction from roots of C. divaricatum is exceptional,
in respect of both thymol derivatives content (over 60%) and their structural diversity (17 compounds;
for MS spectra see Supplementary Material). 10-Isobutyryloxy-8,9-epoxy-thymyl isobutyrate, major
constituent of the analyzed essential oil, demonstrated moderate activity against Staphylococcus aureus
and Candida albicans [33].

4. Materials and Methods

4.1. General Experimental Procedures

GC-MS-FID analyses of essential oils and their fractions were performed on a Trace GC Ultra
Gas Chromatograph coupled with DSQII mass spectrometer (Thermo Electron, Waltham, MA, USA).
Simultaneous GC-FID and GC-MS analysis were performed using a MS-FID splitter (SGE Analytical
Science, Ringwood, VIC, Australia). Mass range was 33–550 amu, ion source-heating: 200 ◦C;
ionization energy: 70 eV. One microliter of essential oil solution (80% v/v) diluted in pentane:diethyl
ether was injected in split mode at split ratios (50:1). Operating conditions: capillary column Rtx-1
MS (60 m × 0.25 mm i.d., film thickness 0.25 μm), and temperature program: 50 ◦C (3 min)—300 ◦C
(30 min) at 4 ◦C/min. Injector and detector temperatures were 280 ◦C and 300 ◦C, respectively. Carrier
gas was helium (constant pressure: 300 kPa). The relative composition of each essential oil sample was
calculated from GC peak areas according to total peak normalization—the most popular method used
in the essential oil analysis. 1H-NMR (250 MHz) and 13C-NMR (62.90 MHz) spectra for components of
essential oils were recorded with a Bruker DPX 250 Avance spectrometer in CDCl3, with TMS as an
internal standard.

4.2. Plant Material

Seeds of Carpesium divaricatum Sieb. and Zucc, provided by the Research Center for Medicinal
Plant Resources, National Institute of Biomedical Innovation, Tsukuba (Japan), were sown in the end
of March 2015, into multipots with garden soil. In the stage of 4–5 mature leaves, the plants were
transferred to plastic pots with a substrate composed of garden soil, peat and sand (2:1:1, v/v). Plants
were grown in a glasshouse of the Garden of Medicinal Plants, Maj Institute of Pharmacology PAS
in Krakow, under controlled conditions (temperatures by day 18–38 ◦C; by night 12–18 ◦C), without
any chemical treatment. In the third week of May, the plants were divided into two groups. First
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group was left in the glasshouse for further growth and the second one was transplanted into the open
field. Data on cultivation conditions (type of soil, average annual temperature, annual rainfall and
agrotechnical procedures applied) are available elsewhere [34]. Aerial parts and roots of the plants
were collected in the beginning of flowering period (August/September) and dried under shade at
room temperature. Voucher specimen (3/15) was deposited in the collection kept at the Garden of
Medicinal Plants, Institute of Pharmacology, Kraków, Poland. The dry plant material was stored no
longer than five months.

4.3. Isolation of Essential Oil

Essential oils from aerial (dried leaf, branches, flowers) and underground parts (dried roots) of C.
divaricatum were obtained by hydrodistillation using a Clevenger-type apparatus. Each hydrodistillation
was conducted for 4 h using 100–300 g of plant material. The yellowish essential oils were dried over
anhydrous magnesium sulphate, and stored at 4 ◦C in the dark, until tested and analyzed.

4.4. Isolation and NMR Analysis of Volatile Components

To isolate the volatiles of interest, the essential oils from aerial parts (i.e., dried leaves with
petioles, stems and flowers, 504 mg) and from roots (dried plant material, 973 mg) of the plants grown
in the open field were separately flash-chromatographed (FC) on a glass column (500 × 30 mm)
filled with silica gel 60 (0.040–0.063 mm, Merck, EM Science, NJ USA), starting the elution
with n-hexane and gradually increasing the polarity by addition of diethyl ether. The elution
was accelerated by means of pressurized nitrogen (flow rate 100 mL/min). The separation was
monitored by TLC and GC-MS. Twenty fractions (1a–20a) of essential oil distilled from the aerial
parts of the plant and twenty fractions (1b–20b) of root essential oil were obtained and analyzed
by GC-MS-FID. Structures of 11 volatiles from the following fractions were confirmed using
NMR spectroscopy (1H and/or 13C; see Supplementary Material): 1a: (42 mg) neryl-isobutyrate
(26%); 13a: (22mg) (E)-nerolidol (25%); 15a: (22 mg) τ-cadinol (21%); 17a: (58 mg) nerol (25%);
18a: (48 mg) α-cadinol (23%); 3b: (17 mg) thymol-methyl-ether (33%); 7b: (32 mg) thymyl
isobutyrate (57%); 8b: (51 mg) 6-methoxythymyl-isobutyrate (62%); 13b: (13 mg) caryophyllene-oxide
(52%); 14b: (36%) 10-isobutyryloxy-8,9-didehydrothymyl-isobutyrate (46%); 15b: (65 mg)
9-isobutyryloxythymyl-isobutyrate (55%); 17b: (53 mg) 10-isobutyryloxy-8,9-epoxythymyl-isobutyrate
(63%); 18b: (25 mg) nerol (43%).

4.5. Identification of Essential Oil Constituents

Constituents of the essential oils were identified based on their MS spectra and their comparison
with those from mass spectra libraries: NIST 2012, Wiley Registry of Mass Spectral Data 8th edition
and MassFinder 4.1, along with the relative retention indices (RI) on DB-1 column (available from
MassFinder 4.1) and on Rtx-1MS column found in the literature [35]. Isolated compounds were also
identified by the comparison of their 1H-NMR and 13C-NMR spectral data with those of the compounds
isolated previously in our laboratory or those from the literature.

5. Conclusions

This was the first study on composition of essential oils from C. divaricatum. Aerial parts of
C. divaricatum occurred to be a poor source of volatiles. Essential oil from roots of the plant was
rich in thymyl ester derivatives of various structures. As some of the compounds, according to the
literature [36], demonstrated moderate antibacterial, antifungal and anti-inflammatory activities, the
essential oil from roots of C. divaricatum as well as its components are worth further studies.
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Supplementary Materials: The following are available online: Figure S1: Mass spectra and retention indices
(RI) together with chemical structures of thymol derivatives detected in C. divaricatum essential oils, Figure S2:
Mass spectra and experimental retention indices (RI) of unidentified compounds from C. divaricatum essential oils,
Figure S3: Results of NMR analyses of crude fractions (obtained by flash chromatography) from C. divaricatum
essential oils.
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Abstract: Volatile compounds in flowers of Rhododendron delavayi, R. agastum, R. annae, and R. irroratum
were analyzed using comprehensive two-dimensional gas chromatography-mass spectrometry
(GC×GC) coupled with high-resolution quadrupole time-of-flight mass spectrometry (QTOFMS).
A significantly increased number of compounds was separated by GC×GC compared to conventional
one-dimensional GC (1DGC), allowing more comprehensive understanding of the volatile composition
of Rhododendron flowers. In total, 129 volatile compounds were detected and quantified. Among them,
hexanal, limonene, benzeneacetaldehyde, 2-nonen-1-ol, phenylethyl alcohol, citronellal, isopulegol,
3,5-dimethoxytoluene, and pyridine are the main compounds with different content levels in all flower
samples. 1,2,3-trimethoxy-5-methyl-benzene exhibits significantly higher content in R. irroratum
compared to in the other three species, while isopulegol is only found in R. irroratum and R. agastum.

Keywords: Rhododendron flowers; volatile compounds; comprehensive two-dimensional gas
chromatography-mass spectrometry; quadrupole time-of-flight mass spectrometry; odor description

1. Introduction

The evergreen woody shrub genus Rhododendron is one of the largest genera in the family Ericaceae,
and more than 1000 species are currently recognized; of these, 567 species representing 6 subgenera are
known from China [1,2]. Rhododendrons are not only of high ornamental value but also good medicinal
plants. Flowers of Rhododendron provide a large number of bioactive natural chemical products,
including diterpenoids [3], flavonoids [4], and phenols [5], which are known to be effective for the
treatment of rheumatism [6] and to have anti-inflammatory [7], anti-cancer [8], and antioxidant [9]
properties. Volatile compounds from flowers also provide some ecological functions [10], including
in the role of pollinators [11] and as defenders against nectar-thieving ants [12]. Aside from their
ecological functions, flower volatiles have some aesthetic and emotional benefits for humans [13].
On the other hand, different volatile compounds may influence the odor, both in an individual and in a
synergistic or antagonistic way, which in turn could be related to one or more chemical compounds or
compound classes [14]. In order to investigate the aroma characteristics of Rhododendron flowers, it is
important to research specific volatile constituents as thoroughly as possible. Rhododendron irroratum,
R. delavayi, R. annae, and R. agastum are ecologically and horticulturally important alpine flowers and
are also the pioneer and constructive species in Baili Rhododendron National Forest Reserve in the
Guizhou province of China [15]. R. delavayi belongs to the subsection Arborea, while R. irroratum,
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R. annae, and R. agastum belong to the subsection Irrorata. R. irroratum is one of the large-flowered
Rhododendron species [16]. These species were chosen for the investigation of volatile odor constituents
in different Rhododendron flowers.

Gas chromatography–mass spectrometry (GC-MS) has long been the primary technique used to
detect the aroma components of various plants [17,18]. However, GC-MS can only identify a limited
number of separable compounds due to its insufficient peak capacity, limited resolved power, and low
sensitivity [19]. The combination of gas chromatography with high-resolution quadrupole time-of-flight
mass spectrometry (QTOFMS) has been demonstrated for analysis in different fields, including flavor
research [20] and volatile profiling [21], and has proved to be a powerful analytical tool. However,
the limited chromatographic separation power inevitably causes co-elution problems for complex
samples. Compared with traditional one-dimensional gas chromatography (1DGC), comprehensive
two-dimensional gas chromatography (GC×GC), which has appeared as a new analytical technique
based on the application of two GC columns with different stationary phases, provides substantially
enhanced resolving power and peak capacity. GC×GC leads to linear distributions of homologous
series in 2D chromatograms, thus greatly reducing the coelution problem [22]. GC×GC can thus be a
more suitable tool for analysis of the complex chemical systems of plant aroma, where the number
of volatile aroma compounds is large and some of them are present at trace levels [23]. Recently,
GC×GC technology has been successfully applied for the assessment of various plants such as teas [24],
berries [25], and tobacco [26]. To date, few reports have studied the volatile chemical components
in Rhododendron flowers by 1DGC. With the 1DGC technique, 9,12,15-octadecatrienoic acid,[Z,Z,Z]-,
phytol, and n-hexadecanoic acid were found to be the major compounds in flowers of R. mucronatum
and R. simii [27]; while R. ponticum comprises mostly α-pinene, β-pinene, and linalool [28], in flowers
of R. schlippenbachii, only 39 hydrophilic compounds could be detected by 1DGC [29]. A previous
study reported the volatile compounds in the leaves, stems, and roots of six Rhododendron species [15].
However, the volatile components in flowers of the four Rhododendron species in the present study
have never been investigated by the GC×GC approach before. Therefore, it is necessary to study the
flowers’ volatile compounds in order to explore odor characterizations.

In this study, GC×GC-QTOFMS was used in combination with headspace solid-phase
microextraction (HS-SPME) to conduct in-depth analysis of the volatile aroma constituents in different
Rhododendron flowers. The advantages of GC×GC–QTOFMS were exploited for high-throughput,
untargeted chromatographic profiling of complex samples. The volatile compounds and their
corresponding contents in various representative Rhododendron samples were examined. The obtained
results provide useful information for establishing a volatile aroma chemical database from
Rhododendron flowers.

2. Results and Discussion

2.1. Comparison of 1DGC and GC×GC

In typical 1DGC analysis, it is often difficult to achieve pure mass spectra for compounds in a
co-elution peak, thus leading to unreliable results. With improved separation power and enhanced
sensitivity, the GC×GC technique is able to resolve and detect more volatile aroma compounds
in a complex sample compared to conventional one-dimensional GC-MS [30]. A clear illustration
demonstrating the employment of GC×GC is presented in Figure 1. Both the chromatogram obtained
by GC×GC–TOF/MS using a 4 s modulation period and the total ion chromatography by 1DGC are
shown. As can be seen in the partial chromatograms obtained by 1DGC and GC×GC-QTOFMS, linalool
(Peak 1, 1tR = 19.783 min, 2tR = 1.405 s) and 2-nonen-1-ol (Peak 2, 1tR = 19.849 min, 2tR = 1.447 s)
were responsible for the two peaks detected between retention times of 19.380 min and 19.850 min on
the HP-5 MS column. However, three other minor compounds in addition to these two peaks were
further separated as they exhibited different polarities on the DB-17 MS column; these were linalool
oxide (Peak 3, 1tR = 19.383 min, 2tR = 1.467 s), p-cymenene (Peak 4, 1tR = 19.450 min, 2tR = 1.627 s),
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and benzoic acid, methyl ester (Peak 5, 1tR = 19.716 min, 2tR = 2.017 s). The co-eluted compounds
in the peak region were interfered with by dominating compounds and would usually be ignored
due to their low concentrations. In summary, GC×GC successfully resolved a total of 129 compounds,
while only 45 compounds were separated in 1DGC (Table S1). The results revealed the great advantages
of GC×GC analysis, which is suitable for the investigation of volatile compounds in complex samples.

Figure 1. Chromatographic analysis of Rhododendron by GC-quadrupole time-of-flight mass
spectrometry (QTOFMS) and a comprehensive two-dimensional gas chromatography–mass
spectrometry (GC×GC)-QTOFMS color diagram (1: linalool; 2: 2-nonen-1-ol; 3: linalool oxide;
4: p-cymenene; 5: benzoic acid, methyl ester).

2.2. Identification of Common Volatile Components

GC×GC–QTOFMS was used to characterize the detailed chemical composition of all the samples.
Several hundred peaks were generated in the GC×GC contour plot with a peak detection threshold of
S/N > 3. In total, 129 volatile compounds were tentatively identified in four Rhododendron samples
based on (1) spectral similarity (both match and reverse match scores of >750), (2) comparison with
molecular ions (within 5 ppm), if they existed, and (3) retention index (RI, ±35). Table S1 lists the
complete information of the 129 volatile constituents detected by GC×GC-QTOFMS.

Figure 2 introduces the identification process of two examples (1,2-dimethoxybenzene and lilac
aldehyde D). First, the National Insititute of Standards and Technology (NIST) library search for Peak 162
and Peak 189 resulted in 7 and 5 possible compounds, respectively, with match factor >750. Then, only
exact mass analyses within a mass accuracy of <5 ppm were considered. For Peak 162, the measured
accurate mass was 138.0676, which corresponds to a formula of C8H10O2. The accurate mass reduced
the number of possible compounds to two isomers (1,2-dimethoxybenzene and 1,4-dimethoxybenzene).
Last, their retention indices were reviewed for further confirmation. The GC×GC analysis provided an
experimental RI value of 1151 for this peak, which matched 1,2-dimethoxybenzene (literature RI value
of 1151) rather than 1,4-dimethoxybenzene (RIlit = 1168). Therefore 1,2-dimethoxybenzene was the
final identified compound for Peak 162.

Taking Peak 189 as another example: The NIST library search provided several possible compound
matches. Among them, seven possible compounds were screened out according to their relatively
high match scores. Subsequently, the mass spectrum provided a measured mass of 168.1148,
corresponding to a chemical formula of C10H16O2. This indicated that 2-methyl-2-(2-oxopropyl)
cyclohexanone, lilac aldehyde D, and 2-hydroxy-4,4,6,6-tetramethyl-2- cyclohexen-1-one were three
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possible compounds with the theoretical molecular ion mass of 168.1145. Lastly, the experimental RI
value of the peak (RIexp = 1190) confirmed that lilac aldehyde D with RIlit of 1169 was the final identified
compound for Peak 189, while the other two candidates, 2-methyl-2-(2-oxopropyl) cyclohexanone
(RIlit = 1360) and 2-hydroxy-4,4,6,6-tetramethyl-2-cyclohexen-1-one (RIlit = 1272), were screened out.
The results emphasis the importance of applying further confirmation on the base of the spectral library
match, since the compound with the highest match factor might be mistaken for the identity of the
component [31]. In conclusion, with complementary identification processes, GC×GC coupled with
high-resolution QTOFMS produces more precise compound identification results.

 

Figure 2. Diagram illustrating the process of compound confirmation in GC×GC-QTOFMS.

2.3. Volatile Component Analysis

In order to establish the experimental conditions, the mixed sample was analyzed via
GC×GC-QTOFMS in triplicate. The intraday precision was evaluated by analyzing three equivalent
mixed samples on the same day, and this was then repeated for three consecutive days to determine
the interday precision. As shown in Table S2, the intraday and interday precision were expressed as the
relative standard deviation (RSD). RSD values of no more than 25% were found in each compound in the
mixed sample, demonstrating the good repeatability of the GC×GC-QTOFMS method. Subsequently,
the four flower species were analyzed by the established method. The relative contents (%) of
compounds in each sample were calculated based on the ratio of the area of the corresponding peak to
the total peak area; the averages of the relative contents of each compound in the Rhododendron flower
samples are tabulated in Table S2. Figure 3 presents the distribution (%) of the major compounds in
the four different species of Rhododendron. Among them, benzeneacetaldehyde was found in all flower
species with high content in R. irroratum (6.255% ± 0.951%), R. delavayi (7.013% ± 0.059%), and R. annae
(6.349% ± 0.062%), whereas it presented with relatively low content in R. agastum (2.987% ± 0.357%).
Citronellal presented the highest content in R. annae (7.004% ± 0.028%) and R. agastum (7.722% ±
0.303%), and was the second most abundant component in R. delavayi (7.944% ± 0.225%), but was
slightly low in R. irroratum (4.178% ± 0.654%). Both benzeneacetaldehyde and citronellal contribute to
the sweet floral profile of these samples. Benzeneacetaldehyde has a grassy odor, while citronellal has
a slight hyacinth odor. 1,2,3-trimethoxy-5-methyl-benzene was detected in all species with content
ranging from trace (0.243% ± 0.023% in R. annae) to abundant (6.046% ± 0.623% in R. irroratum). On the
other hand, isopulegol was detected only in R. irroratum and R. agastum, with a highest content of 7.722%
± 0.407% in R. agastum. Thus, this compound can be used to discriminate R. agastum or R. irroratum
from other Rhododendron species. Phenylethyl alcohol accounted for a significantly high content in
R. delavayi (up to 8.922% ± 0.061%) compared to in the other three species and was characterized
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as a dried rose floral aroma. Similarly, 2-nonen-1-ol, with a sweet melon odor, also presented the
highest content in R. delavayi (5.633% ± 0.813%) but slightly low in R. irroratum (4.299% ± 0.288%)
and R. agastum (4.071% ± 0.378%). Limonene and isopulegol presented in all species with relatively
low content compared with other major compounds and with no significant differences between
species. Limonene has a sweet citrus or orange odor, while isopulegol has a minty or woody odor.
Although the rest of the compounds had relatively low threshold values due to their low contents, they
all play a certain role in the odor characterization and finally form the special odor types of different
Rhododendron varieties.

Figure 3. Distribution (%) of major compounds presented in four different species of Rhododendron.

2.4. Odor Analysis

The identified components were classified into various types of compound groups, including
alcohols (29), aldehydes (15), alkenes (29), aromatic hydrocarbons (10), esters (19), ketones (10), phenols
(4), and others (13)—eight classes in total. Figure 4 shows the relative contents of the chemical classes
in the four samples. The predominant groups were aldehydes and alcohols, followed by esters and
alkenes. Large amounts of aldehydes were detected in R. annae (27.37%) and R. irroratum (26.95%).
Although alkenes had the same number of compounds compared to alcohols, their contents were far
below those of alcohols. Besides this, R. irroratum had the lowest content of esters (6.04%), while the
other three species had similar proportions.

Figure 4. Distribution of the chemical classes for Rhododendron (AH: aromatic hydrocarbons).
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2.4.1. Floral and Woody Odor

From an odor perspective, alcohols showed a higher number of compounds with a descriptor of
a floral odor. For example, linalool, which is reported to possess a floral and citrus-like aroma [32],
was relatively high in the R. annae species (4.752% ± 0.114%). Aside from linalool, benzyl alcohol,
phenylethyl alcohol, and citronellol are all described as having floral and rose odors. Among them,
phenylethyl alcohol is widely used as ingredient for perfumes and produces a rose smell [33].
Citronellol was previously reported as the floral odor compound in lychee juice [34]. Woody odor
attributes in Rhododendron flowers were mainly associated with alkenes and alcohols. Alkenes showed a
higher number of compounds with descriptors of woody and sweet, such as α-pinene (intense woody),
β-pinene (dry woody), and α-terpinene (woody, piney), which were previously identified in terebinth
fruits [17], but accounted for relatively low contents (0.117% ± 0.056% to 1.456% ± 0.039%) in flowers.
Alcohols such as isopulegol and isoborneol also have woody odor characterization and accounted for
1.099% ± 0.091% to 3.328% ± 0.133% in Rhododendron flowers, mostly higher than the alkene contents.
In addition, β-ionone, well known for its violet odor and described as a complex woody and fruity
scent [35], was also found in four flower species.

2.4.2. Green and Fresh Odor

Grass odor is sometimes referred to as a fresh note, and the chemicals with this descriptor are
predominantly aldehydes with six to nine carbons and C6 alcohols [36,37]. In Rhododendron flowers,
hexanal was the major such compound in all samples, mainly contributing to the green and grassy
odor. Besides this, 2-hexenal, heptanal, octanal, and benzeneacetaldehyde was also found to contribute
to the green and fresh odor [34]. Among them, 2-hexenal and heptanal accounted for relatively high
proportions in R. annae and R. agastum. On the other hand, C6 alcohols such as (E)-3-hexen-1-ol and
1-hexanol also yielded a green, fresh, and herbal odor [32]. In addition, β-cadinene, 2-pentyl-furan and
formic acid, 2-phenylethyl ester are also related to a green odor.

2.4.3. Sweet and Fruity Odor

In the Rhododendron flowers, the compounds contributing to the sweet and fruity odor mainly
included aldehydes and alkenes. Among the aldehydes, citronellal (sweet, citrus), decanal (sweet,
orange), and undecanal (floral, citrus) all provide a sweet and fruity odor, especially citronellal
with its high contents in the four flower species (4.178% ± 0.654% to 7.944% ± 0.225%). Among the
alkenes, limonene is a typical sweet and citrus-like odor compound which was previously identified in
lychee [32]. α-Ocimene with a fruity aroma was also reported in a previous study [17]. Some alcohols
like major compound 2-nonen-1-ol also have a sweet and melon odor. Besides this, it has been
previously reported that α-terpineol is one of the major components providing fruity and floral notes
in Pu-erh tea [38]. Other compounds, for example, 2-pentyl-furan, reported to have a fruity, green,
and earthy odor [39], accounted for a relatively high proportion in R. irroratum (up to 1.643% ± 0.290%)
among the four flower species studied.

2.4.4. Total Odor Description

As illustrated by the four pie charts shown in Figure 5, the proportion distributions of volatile
compounds based on the specific odor characteristics of the Rhododendron flowers were surveyed
to represent the odor types of compounds in the samples. There was a higher number of chemical
compounds with descriptors of floral, woody, sweet, and fresh odor, mainly derived from alkenes,
alcohols, esters, and aldehydes, thus comprising the major odor characteristics of Rhododendron flowers.
Sweet odor represented the highest proportion in R. annae (35.96%), R. irroratum (27.01%), and R. agastum
(31.46%), while floral odor was the most abundant in R. delavayi (up to 34.29%). Other odors such
as herbaceous, piney, and mushroom had relatively low proportions but also contributed to the
overall odor characteristics. The different compounds and contents make up the specific Rhododendron
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odors. Volatile aroma components from various species and their content differences determine the
flower-specific scent properties. Their odor values and contributions to flower odorant will be further
investigated in the future.

Figure 5. Proportions of odor compounds in Rhododendron.

3. Materials and Methods

3.1. Sample Pretreatment

The flowers from four Rhododendron species (R. delavayi, R. agastum, R. annae, and R. irroratum)
were collected in the spring of 2019 (between March and April) in Baili Rhododendron National Forest
Reserve (E 105◦45’~106◦04’ 45"; N 27◦08’ 30"~27◦20’ 00"), located in northwestern Guizhou, China.
Flowers were collected and placed in sealed plastic bags, then immediately transported in a cooler
with ice to the laboratory. Subsequently, the obtained samples were smashed after being frozen in a
vacuum freeze-dryer for a week at −70 ◦C (FD-1C-80; Boyikang, Beijing, China), then transferred into
50 mL vials [15]. All samples were stored in a freezer at a temperature below −20 ◦C until analysis.
A mixed sample was prepared using all the four flower species in equal quantities and was used for
analytical method establishment and repeatability examination.

3.2. SPME Methodology

The extraction and concentration of the volatile compounds were carried out using the headspace
solid phase microextraction (HS-SPME) technique. As the object of this study was to characterize
all volatile compounds, divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber
(50/30 μm) (Supelco, Bellefonte, PA, USA) combining the characteristics of both carboxen and
divinylbenzene adsorbents in the coating and thus allowing a wide range of molecules of different
sizes to be adsorbed into the coating for natural products [40], was chosen for volatile compound
analysis. Quantities of 50 mg of samples were accurately weighed into a 20 mL vial, and then the
SPME fiber was exposed to the headspace of the bottle for 20 min at 70 ◦C. The SPME fiber was then
introduced into the GC injector for 3.0 min to allow thermal desorption of the analytes. The established
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approach for quantitative analysis was validated by studying the repeatability using the mixed sample.
All measurements were conducted in triplicate.

3.3. Analytical Instrumentation

The system was equipped with simultaneous 1DGC and GC×GC in one instrument which can
conduct both techniques at the same time without any change of columns. The system consisted of a
gas chromatograph (7890B Agilent Technology, Santa Clara, CA, USA) coupled with a high-resolution
quadrupole time-of-flight mass spectrometer (QTOFMS) (mass resolution 20,000 and a mass accuracy
specification of 3 ppm) (7250, Agilent Technology). In the presented research, an HP-5 MS (5%
phenyl–95% dimethylpolysiloxane, 30 m × 250 μm, 0.25 μm film) was used as the 1D column, and a
DB-17 MS column (50% phenyl–50% dimethylpolysiloxane, 1.2 m × 180 μm, 0.18 μm film) was used
as the 2D column. The samples were introduced by a split/splitless injector (SSL) system with an
autosampler (PAL RSI 120, CTC Technologies). This study employed a technique to combine GC×GC
and 1DGC components into a single system with the column outlet of each component connected at
the same three-port splitter prior to the QTOFMS detection. This allowed direct comparison of the
GC×GC and 1DGC results and avoided use of a second detector, which is simple and effective.

The 1DGC and GC×GC conditions were the same and were as listed below: the GC injector was
kept at 250 ◦C in splitless mode; helium (99.999%) was used as the carrier gas at a constant flow of
1.2 mL/min; oven temperature was initially set at 50 ◦C (held for 3 min) , then increased to 250 ◦C at
4 ◦C /min (held for 7 min), for a total run time of 60 min. The GC×GC system was coupled with an
SSM1800 solid state modulator (J&X Technologies, China). The GC×GC conditions were as follows:
The cold zone temperature of the SSM was set at −50 ◦C. The temperatures of the entry hot zone
and exit hot zone were +30 and +120 ◦C offset relative to oven temperatures, respectively, with a cap
temperature of 320 ◦C for both hot zones. The modulation period was 4 s.

The MS conditions were as follows: The electron ionization and the ion source and transfer line
temperatures were set at 70 eV, 250 ◦C, and 280 ◦C, respectively. The MS scan rate was 50 Hz. The mass
range was set to 50–500 m/z in full-scan acquisition mode.

3.4. Data Method

The volatile composition was quantified in duplicate by HS-SPME coupled to GC×GC with
QTOFMS according to the method of previous reports [41]. The 1DGC data were processed using
Agilent Mass Hunter Qualitative Analysis navigator B.08.00; the GC×GC data were analyzed using
dedicated Canvas GC×GC data processing software (J&X Technologies, version v1.4.0, Shanghai, China).
Tentative compound identification was accomplished by mass spectral match based on the NIST 17
Mass Spectral Library (NIST/EPA/NIH 2017) and then verified using the retention index (RI) and
accurate mass. The RI was calculated using a series of n-alkanes (C8–C25) analyzed on an HP-5 MS
column under the same chromatographic conditions. The odor identification method was performed
based on previous studies [42], relying on the Good Scents Company Information System, available
online: http://www.thegoodscentscompany.com.

4. Conclusions

GC×GC-QTOFMS was applied to identify the volatile aroma compounds in four Rhododendron
flower species. In total, 129 volatile compounds were separated and confirmed by spectral similarity,
exact mass, and retention index. The relative contents of the volatile compounds were profiled for
the four species of Rhododendron flowers. With the great advantages of the GC×GC technique over
traditional 1DGC, this preliminary study improved scientific understanding regarding the volatile
components in Rhododendron flowers, and the detected compounds could be used to establish the
fingerprint signatures of Rhododendron.
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Abstract: Iron is an essential plant micronutrient. It is a component of numerous proteins and
participates in cell redox reactions; iron deficiency results in a reduction in nutritional quality and
crop yields. Volatiles from the rhizobacterium Arthrobacter agilis UMCV2 induce iron acquisition
mechanisms in plants. However, it is not known whether microbial volatiles modulate other metabolic
plant stress responses to reduce the negative effect of iron deficiency. Mass spectrometry has great
potential to analyze metabolite alterations in plants exposed to biotic and abiotic factors. Direct
liquid introduction-electrospray-mass spectrometry was used to study the metabolite profile in
Medicago truncatula due to iron deficiency, and in response to microbial volatiles. The putatively
identified compounds belonged to different classes, including pigments, terpenes, flavonoids, and
brassinosteroids, which have been associated with defense responses against abiotic stress. Notably,
the levels of these compounds increased in the presence of the rhizobacterium. In particular, the
analysis of brassinolide by gas chromatography in tandem with mass spectrometry showed that
the phytohormone increased ten times in plants grown under iron-deficient growth conditions and
exposed to microbial volatiles. In this mass spectrometry-based study, we provide new evidence on
the role of A. agilis UMCV2 in the modulation of certain compounds involved in stress tolerance in
M. truncatula.

Keywords: legumes; microbial volatiles; Fe deficiency; DLI-ESI-MS

1. Introduction

Mass spectrometry (MS) is gaining considerable popularity for profiling metabolites in complex
biological samples. The increased applications have led to the improvement of MS technology
in sample introduction, ionization source, mass analyzer, ion detection, and data acquisition and
processing. Direct liquid introduction-electrospray ionization-mass spectrometry (DLI-ESI-MS, the
acronym recommended by the Analytical Methods Committee [1]) is a rapid and high-throughput
analytical tool that has been successfully applied in medicine and food and biological sciences [2–5].
DLI-ESI-MS does not require preliminary sample separation, and it can be applied to multiple biological
matrices. The straightforward sample introduction allows for simultaneous fingerprinting of a vast
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number of metabolites from different samples within a single period. In addition, different studies
support the repeatability of DLI-ESI-MS data, and the quantification of the intensity of the ion signals
(m/z) with a larger variance in plants because of environment, physiological state, or the genotype
can also be performed [5–7]. High analytical performance (sensitivity, selectivity) allows it to be
used for untargeted metabolomics screening approaches for different plant extracts; thus it offers an
excellent cost-benefit ratio compared to other analytical platforms such as near-infrared reflectance
spectroscopy (NIRS), ultra-performance liquid chromatography-mass spectrometry (UPLC-MS), gas
chromatography with flame ionization detection (GC-FID), and GC-MS, which are slow and expensive
to use for routine plant biochemistry studies [2]. Due to the various benefits reported for DLI-ESI-MS,
we decided to conduct a study to determine its usefulness in microbial ecology research, as DLI-ESI-MS
provides robust chemical information, is bioinformatically easy to handle, and could help us understand
the chemical response of plants to abiotic or biotic factors.

Iron (Fe) is an essential micronutrient for plant growth and crop productivity. Plants acquire Fe
mainly from the rhizosphere; therefore, the mechanisms that regulate Fe acquisition and homeostasis
in the plant are of interest. The role of specific metabolites such as nitric oxide, ferritin, phenolic
compounds, and brassinosteroids (BRs) have been highlighted in Fe-deficient growth conditions,
indicating that plants undergo significant metabolic changes during Fe-adaptive processes [8–17].

In an attempt to make agriculture a viable component of a healthy and pleasant ecosystem, the
application of plant growth-promoting rhizobacteria (PGPR) to enhance Fe uptake and transport in
plants is an excellent biotechnology strategy. PGPR are soil bacteria that colonize the rhizosphere
of plants, stimulating plant growth and health through different mechanisms, such as phosphorus
solubilization or nitrogen-fixation, and the production of phytohormones or siderophores to capture Fe
from the environment in biologically useful forms [18]. In 2003, Ryu et al. reported that some PGPR can
modulate the growth and development of plants without physical contact with them. This mechanism
involves the production of volatile compounds such as, acetoin and 2,3-butanediol, which modulate
the mechanisms of phytohormone signaling and therefore stimulate morphogenesis programs in
plants [19]. Six-years later, Zhang et al. (2009) noted, that the same microbial volatiles can modulate Fe
uptake in Arabidopsis via deficiency-inducible mechanisms [20].

The rhizobacterium Arthrobacter agilis UMCV2 used in this study, was isolated from the rhizosphere
of maize (Zea mays) [21]. It emits a pool of volatiles that promotes the growth of leguminous and
monocotyledonous plants with different levels of available Fe [22–24]. Notably, in Medicago truncatula,
the UMCV2 strain increased the expression of genes involved in Fe uptake (MtFRO1, MtFRO2, MtFRO3,
MtFRO4, and MtFRO5) under Fe-sufficient and -deficient conditions [25]. Nevertheless, those studies
focused on elucidating the molecular mechanisms involved in the modulation of Fe acquisition
responses. Thus, one question remaining is whether microbial volatiles modulate the production of
other primary or secondary metabolites in plants to ameliorate Fe-deficiency stress.

Here, we used a DLI-ESI-MS method as an untargeted mass spectrometry strategy to study the
metabolic profiles of M. truncatula seedlings grown under Fe-sufficient and -deficient conditions. We
focused on the detection of significant differences among MS profiles to determine whether volatiles
emitted by A. agilis UMCV2 alleviate plant stress and stimulate the accumulation of metabolites
involved in abiotic stress tolerance; in addition, we used a complementary GC-MS method to confirm
the identification of brassinolide, which is involved in Fe-adaptive processes in plants.

2. Results

2.1. DLI-ESI-MS in the Analysis of Fe Deficiency in Medicago truncatula Seedlings and Response to
Bacterial Volatiles

Under conditions of Fe deficiency, plants adjust their metabolism to maintain cellular Fe
homeostasis. Some visual symptoms of Fe deficiency, such as leaf yellowing (Figure 1d–f) and
decreased plant size (Figure 1g) were observed in our experiments in comparison to plants grown
under Fe sufficiency (Figure 1a–c). Additionally, we studied plants exposed to volatiles from A. agilis
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UMCV2, a rhizobacterium that induces Fe acquisition in plants (Figure 1c,f), and plants exposed to
volatiles from Bacillus sp. L264, a commensal rhizobacterium (Figure 1b,e). As we expected, volatiles
from the UMCV2 strain, had a stimulatory effect on plant growth under Fe-sufficient and -deficient
growth conditions (Figure 1g).

Figure 1. Interaction between Medicago truncatula and rhizobacteria through the emission of volatile
compounds. A 4 mL glass vial with 2 mL nutritive agar medium was inserted in each system; in the
control system, 20 μL water was added into the vial instead of the bacterial inoculum. The interaction
lasted for 10 days. Uninoculated 12-day-old plants grown under conditions of iron (Fe) sufficiency
(a) and deficiency (d). (b) Plants were inoculated with the commensal strain Bacillus sp. L264 grown
under Fe-sufficient and -deficient conditions (e). Inoculated plants exposed to volatiles from A. agilis
UMCV2 and under Fe-sufficient (c) and -deficient conditions (f). (g) Dry weights of control plants and
plants during interactions with bacterial volatile compounds. Data shown are means ± standard error
(n = 15). White and black bars indicate Fe-sufficient and -deficient growth conditions, respectively.
Different letters indicate significant differences (p ≤ 0.05) among treatments determined with two-way
ANOVA and Tukey’s test.

These plants were further analyzed by DLI-ESI-MS. The quadrupole analyzer allowed the
collection of MS data with satisfactory spectral quality. Typical mass spectra of the broad range of
molecular weights of compounds that are produced when plants undergo Fe stress, and microbial
volatiles exposure are shown in Figure 2a,b, respectively. In total, 737 ions were obtained, mainly
within the range 55.90–1592.52 m/z. All metabolite signals were extracted from a database with the
MALDIquant package in the RStudio interface. Following purification, alignment, and normalization,
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a principal component analysis (PCA) was performed (Figure 3). The PCA (highly significant results
p < 0.001, by permutational multivariate analysis of variance, PERMANOVA) showed that control
plants grown under conditions of Fe sufficiency and those exposed to volatiles from L264 had similar
mass spectra, since treatments were grouped together. Similarly, plants grown under Fe-deficiency
stress and those exposed to volatiles from L264 had the same metabolic fingerprinting, and both
treatments presented an overlap, indicating that only the absence of Fe affected the metabolic profile of
the plants. The ion profiles of plants grown under conditions of Fe sufficiency and deficiency, and
following exposure to UMCV2 volatiles were similar, indicating that UMCV2 promotes metabolic
changes in plants under both growing conditions.

Figure 2. Non-targeted metabolomic profiling normalized from leaves of Medicago truncatula obtained
by DLI-ESI-MS. (a) Control plants grown under Fe-sufficient (green) and -deficient conditions (orange).
(b) Plants exposed to volatile compounds from A. agilis UMCV2 for 10 days and grown under
iron-sufficient (green) and -deficient conditions (orange).

Figure 3. Principal component analysis (PCA) obtained from DLI-ESI mass spectra of Medicago
truncatula leaves under Fe-sufficient and -deficient conditions and following exposure to microbial
volatiles. Blue indicates control plants, orange represents plants exposed to volatiles emitted by L264
strain, and red shows the plants exposed to volatiles from A. agilis UMCV2. Circles (O) and triangles
(Δ) indicate Fe sufficiency and deficiency, respectively. The ellipses represent 95% confidence intervals.
Differences between groups were compared with a PERMANOVA test (p < 0.001).

2.2. Classification of Random Forest Model for Differentiating Plants Grown under Two Different Fe Conditions
and Rhizobacterial Inoculation

In order to reduce data complexity, the Random Forest (RF) algorithm was used to generate
decision trees and extract the 30 most important ions, defining whether seedling samples were
Fe-sufficient or -deficient (Figure 4a). Ions with the greatest mean decrease in Gini index were
putatively identified using the PlantCyc database and SpiderMass software. The m/z from each ion was
compared to the monoisotopic mass (Da) of metabolites previously reported for M. truncatula,
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which provided knowledge about participating metabolites in response to Fe-deficiency stress.
Among the most important ions, we identified compounds involved in riboflavin metabolism at
185.22 m/z (1-deoxy-L-glycero-tetrulose 4-phosphate), 299.18 m/z [5-amino-6-(d-ribitylamino) uracil],
and 808.38 m/z (flavin adenine dinucleotide, FAD); lipid metabolism at 797.49 m/z (1-18:3-2-18:3-
monogalactosyldiacylglycerol), 859.98 m/z (butanoyl-CoA); and chlorophyll metabolism at 222.07 m/z
(phosphonothreonine), 613.36 m/z (protochlorophyllide a) [11,26,27]. In addition, compounds that
alleviate abiotic stresses in plants were also identified at 189.26 m/z (norspermine), 269.06 m/z
((+)-marmesin), 300.18 m/z ((S)-N-methylcoclaurine), 314.26 m/z (9,10-epoxy-18-hydroxystearate),
351.23 m/z (crocetin), and 371.07 m/z (chelerythrine) (Table 1). Of these ions, 185.22, 189.26, 222.07,
269.06, 299.18, and 351.23 m/z (Figure 5a) were detected at a higher intensity under Fe deficiency
conditions. The remaining 17 ions selected by the RF algorithm for the Fe condition could not
be identified.

The RF model also helped to identify the 30 most important ions including those that differentiated
uninoculated seedlings, and those inoculated with L264 or UMCV2 strains (Figure 4b). Twenty
ions were identified (Table 2). Six of these, 87.41 m/z (3-pentanone), 88.08 m/z (pyruvate), 88.33 m/z
(4-aminobutanal), 97.83 m/z (glycolate), 98.04 m/z (N-monomethylethanolamine), and 287.19 m/z
(kaempferol) showed stronger detectable signal intensities under UMCV2 treatment (Figure 5b),
suggesting that these ions are responsible for the discrimination between the sample groups, and
revealing the associated chemical modulations made by the UMCV2 strain. Thus, DLI-ESI-MS
displays great potential for determining whether volatiles emitted from other rhizobacteria are
able to modulate the production of primary or secondary metabolites in plants. According to
previously reported literature, the increased signals have different roles in alleviating Fe deficiency
stress in plants [12,28–33]. Other identified compounds included those involved in plant primary
metabolism, at 88.08 m/z (pyruvate), 97.83 m/z (glycolate), 790.06 m/z (coenzyme A) [34]; brassinosteroid
metabolism, at 397.20 m/z (5-dehydroepisterol), 419.15 m/z (6-deoxocathasterone), and 467.07 m/z
(6-alpha-hydroxycastasterone) [35–38]; compounds with antioxidant roles in plants, at 266.20 m/z
(thiamine), 366.17 m/z (galactinol), and 933.53 m/z (notoginsenoside R1) [39–41], and some flavonoids
with antioxidant capacity, which act as chemotactic signals for symbiotic nitrogen-fixing bacteria of
legumes, at 275.13 m/z (fustin), 287.19 m/z (kaempferol), and 291.15 m/z (formononetin) [10,42–45]
(Table 1).

 
Figure 4. Ion importance ranking obtained by Random Forest model for differentiating between
sample treatments with DLI-ESI mass spectra data. The thirty most important ions are shown for
discriminating between Fe growth conditions (a) and the effect of microbial volatiles (b). Ntrees = 500,
OOB error = 0% for Fe growth conditions and 43.75% for volatiles.

29



Molecules 2019, 24, 3011

Table 1. The most important compounds detected in Medicago truncatula seedlings by DLI-ESI-MS and
putatively identified by the SpiderMass software, which were able to differentiate between samples
grown under Fe-sufficient and -deficient growth conditions.

m/z Monoisotopic
Mass (Da)

Ionization Mode Compound Name Function

189.26 188.20 [M + H]+ Norspermine Stress
185.22 184.01 [M + H]+ 1-Deoxy-l-glycero-tetrulose 4-phosphate Riboflavin biosynthesis
222.07 199.03 [M + Na]+ l-Histidinol-phosphate Histidine biosynthesis
269.06 246.09 [M + Na]+ (+)-Marmesin Stress
300.18 299.15 [M + H]+ (S)-N-methylcoclaurine Stress
613.36 612.22 [M + H]+ Protochlorophyllide a Chlorophyll biosynthesis
299.18 276.11 [M + Na]+ 5-Amino-6-(d-ribitylamino) uracil Riboflavin biosynthesis
859.98 837.16 [M + Na]+ Butanoyl-CoA Fatty acid beta oxidation
797.49 774.53 [M + Na]+ 1-18:3-2-18:3-Monogalactosyldiacylglycerol Chloroplast membrane lipid
314.26 313.24 [M + H]+ 9,10-Epoxy-18-hydroxystearate Cutin biosynthesis
371.07 348.12 [M + Na]+ Chelerythrine Stress
808.38 785.16 [M + Na]+ Dioleoylphosphatidylcholine Membranes lipid
351.23 328.17 [M + Na]+ Crocetin Stress

 
Figure 5. Metabolomic heatmap generated with the 30 most important ions detected by the Random
Forest model for Fe availability (a) and bacterial volatiles (b). Heatmap combined with an analysis of
cluster hierarchical using Euclidean distance between experimental units and Ward’s algorithm for
classification by ion (along x-axis) and by treatment (along y-axis).
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Table 2. The most important compounds detected by DLI-ESI-MS in Medicago truncatula seedlings and
putatively identified by the SpiderMass software that could differentiate between samples exposed to
volatiles from L264, UMCV2 strains, and control.

m/z Monoisotopic
Mass (Da)

Ionization Mode Compound Name Function

88.08 87.01 [M + H]+ Pyruvate Energy
266.20 265.11 [M + H]+ Thiamine Stress
383.14 360.14 [M + Na]+ 7-Deoxyloganate Stress
933.53 932.53 [M + H]+ Notoginsenoside R1 Stress
319.20 296.31 [M + Na]+ Phytol Constituent of chlorophyll
365.17 342.12 [M + Na]+ Galactinol Stress
98.34 75.07 [M + Na]+ N-Monomethylethanolamine Choline biosynthesis
291.15 268.07 [M + Na]+ Formononetin Stress
353.22 352.18 [M + H]+ 16-Hydroxytabersonine Indole alkaloid biosynthesis
397.20 396.34 [M + H]+ 5-Dehydroepisterol Brassinosteroid biosynthesis
287.19 286.05 [M + H]+ Kaempferol Stress
97.83 75.01 [M + Na]+ Glycolate Photorespiration
467.07 466.37 [M + H]+ 6-Hydroxycastasterone Brassinosteroid biosynthesis
321.11 320.09 [M + H]+ 4-Coumaroylshikimate Flavonoid and phenylpropanoid biosynthesis
790.06 767.12 [M + Na]+ Coenzyme A Fatty acid beta oxidation
275.13 274.08 [M + H]+ Fustin Stress
320.20 297.24 [M + Na]+ 18-Hydroxyoleate Cutin, suberin and wax biosynthesis
88.33 87.07 [M + H]+ 4-Aminobutanal Stress
87.41 86.07 [M + H]+ 3-Pentanone Stress
419.15 418.38 [M + H]+ 6-Deoxocathasterone Brassinosteroid biosynthesis

Although DLI-ESI-MS provides the possible composition of the compounds with minimal sample
preparation, the exact metabolite identification is limited by the lack of fragmentation data or device
accuracy (~0.3 Da) [6]. Therefore, mass spectrometry coupled with a separation technique such as GC,
can provide identification with a high level of confidence based on the comparison of the retention
time with the appropriate standard, and in addition, it allows calculation of the concentration of the
compounds in the sample. In our study, we observed variations in the intensity of many ions in
the mass spectra obtained from plants treated with UMCV2. Three of the m/z ions were putatively
identified as components of the BRs biosynthesis (Table 2); we observed that the signal 419.15 m/z,
which is a direct precursor of brassinolide [37] mainly increased in plants inoculated with the UMCV2
strain. Thus, we decided to confirm by GC-SIM-MS whether the volatiles emitted by A. agilis UMCV2,
stimulate the production of brassinolide in M. truncatula, as it is the most bioactive form of BRs in
plants. For this, we acetylated the molecule to change the analyte properties, which improved the
identification capability of brassinolide (Figure 6a–c).

BRs are endogenous plant hormones that are essential for plant growth and development.
Additionally, BRs are involved in sensing and responding to mineral deficiency stress. A factorial
analysis showed that Fe deficiency stress, as well as microbial volatile factors significantly increased
the content of epibrassinolide in the plant (p = 0.0039 and p = 0.0036, respectively); and the interaction
of both factors was also statistically significant (p = 0.0153). Plants grown in Fe-deficient conditions and
inoculated with UMCV2 showed a ten-fold higher accumulation of brassinolide relative to controls
(Figure 6d). This result suggests that A. agilis induce the synthesis of brassinolide in the plant as a part
of the mechanism for Fe stress tolerance; thus, the quantification of this phytohormone in the plants
may serve as a reference of the beneficial effects of rhizobacterium to plants.
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Figure 6. Identification of brassinolide in Medicago truncatula by GC-MS. (a) Total ion chromatogram of
the epibrassinolide standard, indicating the retention time of the phytohormone and the electron impact
mass spectrum during the SIM analysis. (b) Total ion chromatogram and mass spectrum obtained
from the control plants grown under conditions of iron (Fe) deficiency. (c) Total ion chromatogram and
mass spectrum obtained from plants grown under conditions of Fe deficiency and exposed to volatiles
from A. agilis UMCV2. (d) Brassinolide content in plants grown under Fe-sufficient (white bars) and
-deficient (black bars) growth conditions. Data shown are means ± standard error (n = 3). Different
letters indicate significant differences (p ≤ 0.05) among treatments determined with two-way ANOVA
followed by a Tukey’s test.

To summarize the information obtained in this study, a hierarchical cluster analysis was constructed
for each treatment (Figure 5a,b). The metabolic heat maps based on DLI-ESI-MS data visually displayed
differences between samples in the intensity of the selected m/z ions. Remarkably, two sets of ions
were identified that accumulated under conditions of Fe deficiency, one of them was composed of the
following ions 299.18, 185.22, 351.23, 189.26, 222.07, and 269.06 m/z, and the other was set by 300.18,
314.26, and 371.07 m/z whereas the remaining ions on the heat map diminished (Figure 5a); therefore,
these ions could be considered as biomarkers of the plants’ Fe nutritional status.
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Conversely, differences were observed in the metabolite profiling of plants exposed to microbial
volatiles. Uninoculated plants and those inoculated with the L264 strain shared the same conglomerate,
verifying that the volatiles from the commensal bacterium did not have an effect on the overall profile
of plant metabolites produced in response to inoculation. Ions obtained from plants inoculated with
the UMCV2 strain formed a separate conglomerate, and ions 87.41, 88.08, and 88.33 m/z presented the
strongest differences, suggesting an important role during the interaction between M. truncatula and
A. agilis UMCV2 (Figure 5b).

3. Discussion

Fe is an important metal in photosynthesis. Additionally, Fe is used ubiquitously in
oxidation-reduction processes [13]. These important roles make Fe an essential micronutrient for
plant fitness. As a consequence, Fe deficiency is a major constraint for agricultural quality and
production, eventually affecting human health via the food chain [16]. Fe scarcity leads to the
activation of sophisticated mechanisms to maintain cellular Fe homeostasis. Legumes are classified
as Strategy I plants, which undergo biochemical changes to increase the capacity for Fe uptake
via the roots and Fe solubility in the soil [11]. In this study, we used DLI-ESI-MS and putatively
identified several compounds in plants that are commonly accepted to be associated with biochemical
responses and adaptation strategies under Fe deficiency conditions. Furthermore, this analytical
tool showed sensitivity in discriminating plants grown under Fe-sufficient or -deficient conditions,
providing evidence that the plants used in the study were metabolically stressed due to a lack of Fe.
For example, we found that the mass spectra from Fe-deficient plants presented decreased signals
for protochlorophyllide a (613.36 m/z) compared with control plants. The lower concentration of
chlorophylls caused leaf yellowing, which is an important visible symptom of Fe deficiency in plants.
In addition, the signal for 1-18:3-2-18:3-monogalactosyldiacylglycerol (797.49 m/z) also decreased.
Monogalactosyldiacylglycerol is a major lipid component of chloroplast membranes and acts directly
in several important plastid roles, particularly during photosynthesis [26,27]. Fe deficiency decreased
the signals of other lipids including, phospholipid dioleoylphosphatidylcholine (808.38 m/z), which is
a component of cell membranes, and 9,10-epoxy-18-hydroxystearate (314.26 m/z), which is involved in
cutin biosynthesis [46,47].

In addition, we found that six signals were increased due to Fe deficiency which, according to
the heat map, could be used as biomarkers to distinguish between Fe treatments. Two of these
are precursors for riboflavin biosynthesis, 1-deoxy-l-glycero-tetrulose 4-phosphate (185.22 m/z)
and 5-amino-6-(d-ribitylamino) uracil (299.18 m/z), which are subsequently transformed into FAD.
Accumulation of riboflavin was observed in M. truncatula plants grown under Fe-deficient conditions,
with or without CaCO3 as a source of alkaline pH stress. The root protein profile showed the de novo
accumulation of 6,7-dimethyl-8-ribityllumazine synthase (DMRLs) and GTP cyclohydrolase II (GTPcII);
these proteins are involved in riboflavin biosynthesis, suggesting that the riboflavin biosynthetic
pathway is upregulated under conditions of Fe deficiency [11]. Since flavin compounds are exported
and accumulate in Fe-deficient roots, different roles have been proposed for riboflavin, including as an
electron donor either for enzymatic Fe (III) reduction, as a cofactor, or as a metal chelator [8,11].

Increased signaling was also observed for compounds of different families such as polyamines,
coumarins, and terpenes; all of which have different roles in the adaptation of plants to the environment
and for overcoming stress conditions. One signal corresponded to norspermine (189.26 m/z), a polyamine
previously identified in Medicago plants [48], which accumulated in response to Fe deficiency, inducing
ferric-chelate reductase activity and the expression of genes related to Fe uptake [49]. The coumarin
(+)-marmesin (269.06 m/z) has antioxidant properties [50], as well as the tetraterpenoid crocetin
(351.23 m/z) [14], which may protect plants from damage induced by oxidative stress in response to Fe
deficiency [9]. Finally, the signal for the putative ion identified as L-histidinol phosphate (222.07 m/z)
also increased. This compound is a precursor of histidine; however, its role in plants under stress
caused by Fe deficiency has not been fully explored. The chemical properties of the imidazole side
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group allow this amino acid to participate in acid-base catalysis, and in the co-ordination of metal
ions [51].

PGPR application has become an increasingly common practice as part of an agricultural strategy
to alleviate plant abiotic stresses in the field. The use of PGPR will help to address the challenges of
producing food for a growing human population in a sustainable and environmentally friendly manner.
From this perspective, we have studied the effects of volatiles from the rhizobacterium A. agilis UMCV2
on the growth and development of M. truncatula in Fe-sufficient and -deficient growth media [23]. In a
previous study, we found that the UMCV2 strain induces iron acquisition mechanisms in this Strategy
I plant, including rhizosphere acidification, ferric chelate reductase activity, and Fe content in plants.
In the present study, using DLI-ESI-MS and the RF model, we found that volatiles from the UMCV2
strain favor the accumulation of flavonoids in leaves under conditions of Fe sufficiency and deficiency,
particularly kaempferol (287.19 m/z). Legumes are a source of flavonoids and have a beneficial effect
on human health [52]; however in plants, flavonoids have diverse roles; for example, flavonoids
reduce Fe (III) to Fe (II), reduce the production of reactive oxygen species (ROS), quench ROS, have
antifungal activity, chelate ions of transition metals, and quench cascades of free-radical reactions
in lipid peroxidation. Besides, due to their low redox potential, they can also reduce potent free
radicals (superoxides, alkyl radicals, hydroxyl radicals) [45]. Last, they are involved in plant-microbe
interactions signaling, in particular, in symbiotic bacteria stimulating root colonization [10,42–44].

Besides kaempferol, five other signals, 87.41, 88.08, 88.33, 97.83, and 98.04 m/z, which correspond to
3-pentanone, pyruvate, 4-aminobutanal, glycolate, and N-monomethylethanolamine, respectively, were
grouped in the same conglomerate in the heat map, indicating that these compounds are metabolite
markers that are specifically produced in response to the presence of the UMCV2 strain, compared with
uninoculated plants and those treated with the commensal rhizobacteria L264. These compounds have
previously been reported in plants subjected to different kinds of abiotic stresses, acting as signaling
molecules that regulate many cellular processes, such as plant growth/development and acclimation
responses to stress [12,28–33]. Thus, these results suggest that a complex network of signaling events
is activated during the interaction of M. truncatula with A. agilis UMCV2 via the emission of volatile
compounds; this stimulates iron acquisition mechanisms and mediates cellular activity to alleviate
plant stress.

Finally, of the 30 most important ions shown in the RF model, we identified three compounds
(5-dehydroepisterol, 6-deoxocathasterone, and 6-hydroxycastasterone) related to BRs synthesis [35–38].
These phytohormones regulate the growth and development of plants, and their involvement in the
detection and response to Fe deficiency in plants has only recently emerged [15,17,53]. The exogenous
application of BRs to stressed plants induces stress-tolerance mechanisms. Thus, it would be timely to
conduct a detailed study to ascertain whether microbial volatiles can modulate BRs signaling pathways
in plants grown under conditions of Fe sufficiency and deficiency, since we found that volatiles from
A. agilis UMCV2 promote the growth and the synthesis of BRs in plants grown under Fe-sufficient and
-deficient growth conditions.

In summary, our findings show the usefulness of DLI-ESI-MS for studying the metabolic
disturbances induced by Fe deficiency in plants; and also, it provided an integrated view of the
cellular processes that occur following inoculation with PGPR and different metabolite markers could
be identified as possible subjects for further studies. The combination of both mass spectrometry
techniques allowed us to show that plants effectively sense the volatiles emitted by A. agilis UMCV2 and
reconfigure their metabolic networks accordingly. It is probable that multiple mechanisms, including
brassinosteroid production, are activated during plant-microbe interactions, either simultaneously
or in succession to ameliorate plant stress. Currently, we are investigating the role of volatiles from
A. agilis UMCV2 in the protection against oxidative stress and the production of certain flavonoids and
BRs to mediate Fe stress responses.
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4. Materials and Methods

4.1. Biological Material and Growth Conditions

In this study, seeds of M. truncatula ecotype Jemalong A17 were scarified with 2 mL of concentrated
sulfuric acid for 8 min and then rinsed with five washes of sterile deionized water to remove excess
acid [54]. Later, seeds were superficially disinfected with 12% sodium hypochlorite for 2 min and
rinsed five times with sterile deionized water. Seeds were placed on 0.6% agar plates (Phytotechnology,
Shawnee Mission, KS, USA) with 0.6% sucrose and vernalized at 4 ◦C for 3 days. Germination was
performed in a Percival growth chamber with a photoperiod of 16 h light/8 h dark, a luminous intensity
of 6100 lx and a constant temperature of 22 ◦C.

After 3 days of germination, three seedlings were transferred to each 170 mL glass flask with
35 mL of Hoagland medium and 0.6% agar. The Hoagland base medium was supplemented with
the following salts: 1020 ppm KNO3, 492 ppm Ca(NO3)2 × 4H2O, 230 ppm NH4H2(PO4), 490 ppm
MgSO4 × 7H2O, 2.80 ppm H3BO3, 1.81 ppm MnCl2 × 2H2O, 0.08 ppm CuSO4 × 5H2O, 0.22 ppm
ZnSO4 × 5H2O and 0.09 ppm Na2MoO4 ×H2O. For the Fe-sufficient treatment, Hoagland medium
was supplemented with 20 μM FeSO4, and for the Fe-deficient treatment, no source of Fe was added.

The UMCV2 strain (CECT-7743, Spanish Type Culture Collection, Valencia, Spain) was grown on
nutrient agar (3 g L−1 of meat extract, 5 g L−1 peptone, and 1.5% bacteriological agar) at 22 ◦C. Also,
we used the commensal rhizobacterium Bacillus sp. L264 as a control [55,56]. The L264 strain was
maintained under similar conditions to UMCV2.

4.2. Plant-Bacteria Interaction through the Emission of Volatiles

A system with separate compartments was used (Figure 1a–f). Two days after transferring the
plants to Hoagland media, 20 μL of each rhizobacteria (0.05 D.O.595nm) was inoculated into a glass vial
with 2 mL nutritive agar medium. For the treatment of the uninoculated plants, 20 μL of water was
added instead of bacterial inoculum. Then, seedlings were allowed to grow in the growth chamber
under the controlled conditions of light and temperature mentioned above. After 10 days, the seedlings
were carefully removed from the medium, and the trifoliate leaves were harvested, immediately frozen
with liquid nitrogen, and maintained at −80 ◦C. Other plants were dried to a constant weight at 68 ◦C
for 7 days. Dry weight was analyzed using a factorial design, comprising of two factors (Fe availability
with two levels and bacterial volatiles with three levels), followed by Tukey’s test (p ≤ 0.05).

4.3. Metabolite Extraction from M. truncatula Leaves

Frozen leaves were lyophilized and 3 mg of dry tissue was ground in a Mixer Mill (MM 400-Retsch,
Verder Scientific GmbH & Co. KG; Haan, Germany) at 30 Hz for 30 s. The extraction was carried
out with 500 μL 75% methanol grade HPLC acidified with 0.5% formic acid, and samples were then
sonicated for 30 min, centrifuged at 10,000 rpm for 10 min at 4 ◦C, and filtered with a 4 mm syringe
filter sterile through a 0.22 μm pore size hydrophilic nylon membrane. The samples were directly
injected into the DLI-ESI mass spectrometer without further pre-treatment.

4.4. Non-Targeted Metabolic Profiling by DLI-ESI Mass Spectrometry

The samples were analyzed on a SQ-Detector 2 spectrometer (ESI/APCI/ESCi, multimode, Waters,
Milford, MA, USA) with the fabricant software MassLynx 4.1. The measurements were made with
electrospray ionization in positive mode, a capillary voltage of 3 kV, a cone voltage of 30 V and an
extractor voltage of 3 V, source temperature of 135 ◦C, desolvation temperature and flow of 250 ◦C and
250 L h−1, respectively, and cone gas flow of 50 L h−1. The RF lens was set to 2.5 V. In the analyzer
section, a resolution LM and HM of 10 and 14.6, respectively, and an energy ion of −0.1 were used.
The samples were injected with a flow rate of 10 μL min−1. The spectra were collected within the range
50–2000 m/z, the duration of the run was 1 min, and one scan was obtained per second.
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The spectra obtained were converted from the raw extension to mzXML using MSConverte 3.0 from
the ProteoWizard Library open-source initiative (https://proteowizard.sourceforge.net). The software
mMass version 5.5.0 [57] was used to subtract the noise from the spectra, normalize the base peak, and
obtain an average mass spectrum. Using the R language (Version 3.4.1 https://www.rstudio.com/) and
the MALDIquant package [58], a database was obtained in text format with the ions present in the
mass spectra. The database was used for statistical analyses.

The chemical profiles of the leaves were compared using the hierarchical cluster analysis (HCA)
approach and by generating heatmaps with the ion intensities. To determine the contribution of each
ion, the Rattle packet [59] was used in the R interface to generate a Random Forest (RF) model for each
variable (iron and bacterial volatiles). The RF algorithm consisted of training, validation, and test
steps using m/z ions. To obtain the most important ions in the study, 500 decision trees were created
using 70% of the samples; the remaining samples were used for validation (15%) and testing (15%).
The importance of the ion variable was determined by measuring the mean decrease by the Gini index.

4.5. Identification of Significant Ions

The most important ions, according to the RF algorithm, were putatively identified using
SpiderMass software [60] and a M. truncatula metabolite database (PlantCyc database, https://www.
plantcyc.org/) with a tolerance of ± 0.35 m/z.

4.6. Brassinosteroids Determination

The presence of BRs in the samples was confirmed by GC-MS (Agilent, Foster City, CA, USA)
analysis. Each treatment consisted in three composed samples of three plants. The extracts were
evaporated to dryness under a stream of nitrogen in a reaction vial. Then, they were treated with
acetic anhydride (1.5 mL) and dichloromethane (1 mL), and heated at 75 ◦C for 90 min. Acetylation
decreases the boiling point of the phytohormone, improves the thermal stability in the GC injection
port and allows a better chromatographic separation. After cooling, the acetylated sample was diluted
with chloroform (2 mL) and washed with deionized water (4 mL) three times. The organic phase
was recovered, dried over anhydrous Na2SO4, evaporated and re-dissolved in 50 μL chloroform for
GC-selected ion monitoring-MS analysis (GC-SIM-MS). The molecular ion of the acetylated compound
at 652 m/z was very weak and sometimes not observed. Thus, the fragmented ions used for the
SIM-MS method were 480, 380, 350, 322, and 177 m/z. These ions have previously been reported as
characteristic ions for the structural determination of brassinolide rings, which have been analyzed by
electron impact MS detector [61]. In addition, the phytohormone was further confirmed by comparing
the retention time in the extract to a pure epibrassinolide standard (SIGMA-ALDRICH, Saint Louis,
MO, USA, catalog no. E1641). The standard was also acetylated and to estimate the amount of the
compound in the sample, we constructed a calibration curve (R2 = 1).

The phytohormone (2 μL) was analyzed using an Agilent 6850 Series II gas chromatograph
equipped with an Agilent MS detector (model 5973) (Agilent) and a 5% phenyl methyl silicone capillary
column (HP-5 MS) (30 m × 0.25 mm I.D., 0.25 mm film thickness). The operating conditions were 1 mL
min−1 of helium as the carrier gas, 300 ◦C as the detection temperature, and 270 ◦C as the injection
temperature. The column was held for 3 min at 180 ◦C and programmed at 5 ◦C min−1 to reach a final
temperature of 300 ◦C for 12 min. The ions were monitored after electron impact ionization (70 eV).

Brassinolide concentration was analyzed using a factorial design, which comprised of two factors
(Fe-rich and -deficient media, and the presence and absence of volatiles from A. agilis UMCV2), followed
by Tukey’s test (p ≤ 0.05).
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Abstract: Myristica fragrans (f. Myristicaceae) seeds are better known as a spice, but their chemical
compounds may have a pharmacological effect. The yield of their composition of extracts and
essential oils differs due to different methodologies. The aim of this study was to evaluate
an excipient material—magnesium aluminometasilicate—and to determine its influence on the
qualitative composition of nutmeg extracts and essential oils. Furthermore, we wanted to compare
the yield of essential oil. The extracts were prepared by maceration (M) and ultrasound bath-assisted
extraction (UAE), and the essential oil—by hydrodistillation (HD). Conventional methods (UAE,
HD) were modified with magnesium aluminometasilicate. The samples were analyzed by gas
chromatography-mass spectrometry (GC-MS) method. From 16 to 19 chemical compounds were
obtained using UAE with magnesium aluminometasilicate, while only 8 to 13 compounds were
obtained using UAE without an excipient. Using our conditions and plant material, for the
first time eight new chemical compounds in nutmeg essential oil were identified. Two of these
compounds (γ-amorphene and cis-α-bergamotene) were obtained with the use of excipient, the other
six (β-copaene, bergamotene, citronellyl decanoate, cubebol, cubenene, orthodene) by conventional
hydrodistillation. Magnesium aluminometasilicate significantly increased the quantity of sabinene
(from 6.53% to 61.42%) and limonene (from 0% to 5.62%) in essential oil. The yield of the essential oil
from nutmeg seeds was significantly higher using magnesium aluminometasilicate; it increased from
5.25 ± 0.04% to 10.43 ± 0.09%.

Keywords: Myristica fragrans; nutmeg; essential oil; extract; magnesium aluminometasilicate;
hydrodistillation

1. Introduction

Since ancient times, nutmeg (Myristica fragrans, f. Myristicaceae) has been used as a spice.
Its aphrodisiac effect is often mentioned [1]. In traditional medicine, nutmeg is used to treat
rheumatism, pain, nausea, stomach cramps, and other illnesses [2]. A lot of research is being done in
order to test the pharmacological effects of nutmeg. Scientific sources say that nutmeg has antibacterial,
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insecticidal, antioxidant, anticancer, antidepressant, hepatoprotective, and many other effects [3–6].
The most common studies about essential oils are of nutmeg, which is rich in terpenes, phenols,
various organic acids, and other compounds. Using different solvents, methods, and conditions, the
composition of extracts and essential oils variations were studied [3,7–9]. Nutmeg essential oil is
colorless to pale-yellow with a specific odor. The essential oil yield may be more than 10% [10] and
varies by 5–15% [11]. Myristica fragrans essential oil has predominantly monoterpene hydrocarbons
(α-thujene, β-pinene, sabinene), sesquiterpene hydrocarbons (D-germacrene, trans-β-bergamotene),
monoterpene alcohols (linalool, α-terpineol, cis-p-menth-2-en-1-ol, terpinen-4-ol), esters (α-terpinyl
acetate, cis-sabinene hydrate acetate, citronellyl acetate), aromatics (eugenol, myristicin, elemicin,
methoxyeugenol), and other compounds [5,7–9,12].

Traditional methods such as maceration, percolation, infusion, decoction, and Soxhlet method are
commonly used to produce extracts [8,13]. These methods are cheap but less efficient, which wastes
a lot of time and raw materials [14]. One of the more recent methods for extracts is extraction in
an ultrasound-assisted bath, it is an effective method, in which it is possible to choose the desired
conditions (i.e., temperature, duration), and it saves on materials and time [2,15]. Ultrasound-assisted
extraction (UAE) has many modifications with solvents, and extra material can be used for extraction;
for example: surfactants [16], polysaccharides [17], salts [18], acids [19], and other excipients, which can
increase the efficiency of extraction.

The most popular methods for extracting essential oils are distillation with water
(hydrodistillation) and distillation with steam or steam and water [12,14,20]. Other methods are
cold or hot-pressing, supercritical fluid extraction, enfleurage, microwave, and ultrasound-assisted
methods, solvent extraction, and aqueous infusion [18,21].

Hydrodistillation is a method used for extracting essential oils. It is cheap because it mostly uses
water as a solvent. The equipment is not expensive, most commonly a Clevenger-type apparatus or
similar modifications are used [14,20]. In different sources, hydrodistillation is carried out for various
times and solid:solvent ratios. Hydrodistillation is carried out using water, and few studies have been
carried out using extra material for extraction such as sea water [22], non-ionic surfactants [23] or 5%
NaCl salt solution. [14]. According to the information found, it can be said that excipient substances
are rarely used for hydrodistillation.

Excipients are used for improving extraction and changing environmental conditions.
For example, salts that change ion voltage, surfactants, emulsifiers (sorbitan esters (Spans®),
polysorbates (Tweens®)), and pH-adjusting substances are used [9,24,25]. The magnesium
aluminometasilicate will be used for the first time as an excipient for chemical compound extractions,
previously it was used as an excipient only in solid dosage forms [26,27]. It is a white amorphous
powder with high surface area, practically insoluble in water. The magnesium aluminometasilicate
has the ability to absorb materials, which is characterized by water absorption capacity [26,28].

The purpose of this study is to evaluate excipient material—magnesium aluminometasilicate—
and to determine its influence on the qualitative composition of nutmeg extracts and essential
oils. Furthermore, to compare the yield of essential oil using conventional hydrodistillation and
hydrodistillation with magnesium aluminometasilicate.

2. Results

Using the traditional maceration method (conditions are mentioned in Table 1, see Materials and
Methods) myrislignan and elemicin were established at 22.59% and 13.99%, respectively, (Table 2).
Maceration as a method was modified with magnesium aluminometasilicate (0.5%, 1%, and 2%
excipient), but the results were not significant. The magnesium aluminometasilicate did not increase the
quantity of chemical compounds, so these conditions and results were not mentioned in the research.
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Table 1. Extraction conditions used for each experiment.

Method
Sample

Code
Temperature Time (h) Solvent

Solvent:
Nutmeg Ratio

Magnesium
Aluminometasilicate:

Nutmeg Ratio

Maceration M1 ambient 72 purified water 20:1 -

Ultrasound-Assisted
Extraction

UAE1

25 ◦C 0.5

ethanol 50% 20:1 -
UAE2 ethanol 70% 20:1 -
UAE3 ethanol 96% 20:1 -

UAE4 ethanol 70% + 0.5% magnesium
aluminometasilicate 20:1 10:1

UAE5 ethanol 70% + 1% magnesium
aluminometasilicate 20:1 5:1

UAE6 ethanol 70% + 2% magnesium
aluminometasilicate 20:1 2.5:1

Hydrodistillation

HD1

100 ◦C 4

purified water 20:1 -

HD2
purified water + 0.5%

magnesium
aluminometasilicate

20:1 10:1

HD3
purified water + 1%

magnesium
aluminometasilicate

20:1 5:1

HD4
purified water + 2%

magnesium
aluminometasilicate

20:1 2.5:1

Using other extraction techniques (i.e., UAE, HD), myrislignan and elemicin were not found.
The extract (M1) has 10 different active compounds: α-phellandrene, β-myrcene, γ-asarone, elemicin,
and others (Table 2).

Analyzing the influence of ethanol concentrations on the extraction of compounds, it was found
that most of the different compounds were extracted using 70% ethanol (fifteen compounds), or at
least 50% ethanol (eight compounds). The higher the ethanol concentration, the better the extracts
were extracted, for example with α-pinene, 2.4%, 8.3%, and 14.67%, respectively (Table 2). In contrast,
when weaker ethanol concentrations were used more isolemicin was extracted (62.24%, 23.63%). In the
extract of 96% ethanol isolemicin was not found.

The data of the extracts with magnesium aluminometasilicate, using 70% ethanol as a solvent
(UAE4, UAE5, UAE6, Table 2) showed that when 1% magnesium aluminometasilicate was used, the
utmost quantity of compounds was identified (90.92%). Magnesium aluminometasilicate helped extract
sabinene (from 29.9 to 32.69%, in extracts without magnesium aluminometasilicate sabinene was not
found). The following compounds were also detected in extracts with magnesium aluminometasilicate
exposure: myrcene, isoterpinolene, isogermacrene, limonene, cis-sabinene hydrate, γ-terpinene,
γ-amorphene, and β-myrcene (Table 2).

The composition of the essential oils, which were obtained using hydrodistillation (HD1) and
hydrodistillation with excipients from HD2 to HD4 (Table 1), showed that 1% of magnesium
aluminometasilicate significantly improved amount of α-pinene and sabinene compared to
conventional hydrodistillation, respectively 54.95% and 106.32%. Using 0.5% and 2% of magnesium
aluminometasilicate the amount of the α-pinene and sabinene was higher than HD1 but lower than
HD3 (Figure 1).
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Figure 1. Magnesium aluminometasilicate’s influence on the amount of α and β-pinene, limonene,
and sabinene in the essential oils of nutmeg. Component quantity in essential oils, * p < 0.05 versus
hydrodistillation without magnesium aluminometasilicate. a Sample code can be seen in Table 1.

In HD1, essential oil consisted of β-copaene, bergamotene, bicyclogermacrene, cubebol, cubenene,
and piperitol, and these compounds were not identified in other extracts. Ten compounds using
magnesium aluminometasilicate were obtained, and in comparison to the essential oil of HD1,
their amount was not large but it was about 13.05 ± 3.54% of the quantity of all of the identified
compounds in essential oil.

Comparing water and ethanol as solvents, and maceration with ultrasound-assisted extraction
methods, it was found that water is better in extracting α-phellandrene (13.04%) than 70% ethanol
(1.41%), but worse in γ-asarone (0.79% versus 2.07%), cis-p-menth-2-en-1-ol (0.43% versus 5.88%),
4-carene, trans-(+)-(3.37% versus 6.56%) (Table 2).

By using hydrodistillation from nutmeg (HD1), 0.79 ± 0.04 g of essential oil was obtained
(Figure 2).

Figure 2. Essential oils’ mass and yield from nutmeg using HD and HD with magnesium
aluminometasilicate. Mass and yield of essential oil, * p < 0.05 versus hydrodistillation without
magnesium aluminometasilicate.

At least this amount of mass was gained in all of the samples. Then we used the magnesium
aluminometasilicate, and the essential oil was obtained in higher quantities—from 1.19 ± 0.09 g to 1.57
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± 0.09 g (p < 0.05). The highest yield of essential oil (HD4, 10.43%) was obtained using 2% magnesium
aluminometasilicate (Figure 2).

3. Discussion

In this study, the extracts, essential oil, and the influence of excipient were analyzed.
The composition of the aqueous (M1) and ethanolic (UAE1–UAE6) extracts and essential oil (HD1–HD4)
of nutmeg were determined (Table 1). Our results show that the extract which was obtained using
maceration with water had 10 different chemical compounds of which the most commonly found are
myrislignan (22.59%), elemicin (13.99%), and α-phellandrene (13.04%). We did not find any research
done with aqueous extract of nutmeg. In ethanolic extract, which was made by using maceration,
the quantity of elemicin (5.7%) was 2.45 times lower, and the quantity of α-phellandrene was 21.73
times higher [8]. Elemicin has antibacterial effects [29] and α-phellandrene, anti-inflammatory [30],
so using maceration with water is more effective if a bigger effect is needed. Myrislignan has
anti-inflammatory [31] and anti-cancer [32] effects. This compound was not extracted using ethanol [8].

In our study, when 96% ethanol was used (ultrasound extraction, sample UAE3), the α-pinene
content was obtained at 14.67%, in other study using the same method, 6.75 ± 0.92% was obtained [8].
In one of the studies, the compound of cis-p-menth-2-en-1-ol was obtained at about 0.1% [8]. However,
in our study using 96% ethanol the compound was obtained at 3.25%, which is 32.5 times more than in
the previously mentioned study, and if we compare this with extraction using 70% ethanol, the yield of
cis-p-menth-2-en-1-ol was obtained at 58.8 (5.88%) times more in our research (Table 2). Using nutmeg
seeds material from Grenada we did not find any isoelemicin (ultrasound extraction, 96% ethanol), the
other researchers found 0.8 ± 0.46% [8], but we used 50% and 70% ethanol and determined the quantity
of isoelemicin, which was 62.24% and 23.63%, respectively. The excipients are used to improve the
extraction of the active compounds. Surfactants used in experiments improve the extraction of certain
compounds, such as Sodium dodecyle sulfate (SDS), Triton X 100, PEG 2000, Brij 35, Tween, etc. [25].
In our study we used magnesium aluminometasilicate as excipient, and our purpose was to research
and determine the effect of magnesium aluminometasilicate on the extraction of active compounds.
Previously, this substance has not been used in studies with extracts and essential oils. Magnesium
aluminometasilicate is used as excipient in solid drug form formulations [26,27,33]. Using this material,
we have relied on its mechanism of action. It adsorbs high loads of oil [34], so we predicted that it
could extract more essential oil components. The results of GC-MS analysis showed the influence of
the excipients on gaining different quantities of certain compounds. Magnesium aluminometasilicate
significantly improved the amount of sabinene. If we compare it to the essential oils that were made by
using simple hydrodistillation (Table 2), we see that 0.5% and 2% of magnesium aluminometasilicate
increased sabinene by 7.41 ± 0.2 times (49.6% and 47.1%, traditional hydrodistillation—6.53%), the
1% of magnesium aluminometasilicate increased sabinene by 9.41 times (61.42%). These results are
significant. Dupuy [7] reported 6.00–36.08% quantity of sabinene, and the nutmeg seeds were from
Indonesia. Also, magnesium aluminometasilicate had influence on limonene (Figure 1) and γ-terpinene
extraction. The other samples made without the excipient did not have these compounds (M1, HD1,
UAE1-UAE3) (Table 2). Sabinene has anti-inflammatory, antifungal, and antioxidant effects [35,36],
limonene has low-toxicity and anticancer effect [37], and γ-terpinene characterizes as an antimicrobial
and antioxidant agent [38]. Magnesium aluminometasilicate’s influence on α-pinene and β-pinene was
different. The 1% of magnesium aluminometasilicate increased the quantity of α-pinene by 45% (from
8.27% to 15.05%) and decreased β-pinene by 84% (from 26.61% to 4.32%). Piaru [9] results showed that
Myristica fragrans seeds’s essential oil from Malaysia contained 8.5% α-pinene and 3.5% β-pinene.

After analyzing many studies with nutmeg essential oil we found a few compounds which were
not mentioned in publications. Our study showed that essential oil HD1 from nutmeg (Grenada)
contains β-copaene (0.25%), bergamotene (0.07%), citronellyl decanoate (0.3%), cubebol (0.05%),
cubenene (0.07%), and orthodene (0.51%) (Figure 3).
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Figure 3. First time extracted and identified chemical compounds in essential oil of nutmeg.

In other research we found that the oleoresins of Myristica fragrans (Egypt) have α-copaene
(0.63%) [8] and trans-α-bergamotene (0.1%) [39]. The compound of cubebol was found in Piper
Cuberica Linn. essential oil and oleoresins [40] and Chromolaena odorata essential oil (8.6%) [41].
Cubenene was obtained in Caryopteris incana essential oil (9.7%) [42]. The γ-amorphene (0.03–0.78%)
and cis-α-bergamotene (0.08–0.1%) were obtained by using magnesium aluminometasilicate in
hydrodistillation (HD2–HD3) (Figure 3).

Volatile compound composition in extracts which have been produced using magnesium
aluminometasilicate have similarities with essential oil. Seventy-one percent of the chemical
compounds in the extract correspond to the composition of essential oil. However, only extracts
with magnesium aluminometasilicate extracted β-myrcene and isoelemicin, and these compounds are
not present in essential oil.

Our experimental data showed that the essential oil yield increased if we used magnesium
aluminometasilicate as excipient which facilitated volatile compounds extraction. Essential oil yield
from Myristica fragrans was 5.25 ± 0.04%; however, the magnesium aluminometasilicate was used
for the yield of the essential oil and it was from 7.9 ± 0.09% to 10.43 ± 0.09%. Using sea water, the
yield of oil-bearing rose increased statistically insignificantly by 0.045%, but the sea water significantly
decreases the citronellol rate from 41.49% to 33.56%, and significantly increases geraniol (from 17.58% to
27.44%) [22]. Using non-ionic surfactants for extraction of sage essential oil it was found that Tween 20
increased the yield of oil at 1.83% and Span 80 or Span 20 had no effect [23]. Using 5% NaCl salt solution
for hydrodistillation, the yield of lavender oil was 5.01 ± 0.45% in comparison with only water, where
the yield was 4.55 ± 0.14% [14]. All essential oil samples with magnesium aluminometasilicate have
21 chemical compounds, although essential oil made by simple hydrodistillation has 24 compounds
but that is not significantly important. The yield of nutmeg essential oil significantly increases with
magnesium aluminometasilicate as excipient. The essential oil yield from nutmeg seeds (Nigeria) was
1.46% [43], from other nutmeg seeds (China) it was 2.4% [44]. Nutmeg seeds from Indonesia were
hydrodistillated and the yield of essential oil was obtained at 5.84%.
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4. Materials and Methods

4.1. Materials

The dried seeds of Myristica fragrans (nutmeg) were from Grenada. The seeds were identified by
Jurga Bernatoniene, Medical Academy, Lithuania University of Health Sciences, Kaunas, Lithuania.
A voucher specimen (I 18922) was placed for storage at the Herbarium of the Department of Drug
Technology and Social Pharmacy, Lithuanian University of Health Sciences, Lithuania. The seeds were
a brown-beige color, had a characteristic odor, and strong, bitter, and spicy flavor. Dried nutmeg seeds
were ground into a powder (particles smaller than 0.5 mm) with a laboratory mill. The samples were
kept in an airtight container in a dark environment and in ambient temperature.

Magnesium aluminometasilicate (Neusilin® US2, Fuji Chemical Industries Co., Ltd., Toyoma,
Japan) was used as excipient. Ethanol 96% (Vilniaus degtine, Lithuania) was used as solvent for
extraction. Distilled water was used throughout the experiment.

4.2. Maceration

The nutmeg seeds’ powder was extracted using a maceration technique with water in ambient
temperature while occasionally stirring. The process lasted 3 days. Powder and solvent ratio were 1:20
(w/v). The extracts were filtered with paper filter (0.22 μm pore size) and stored in refrigerator at 4 ◦C
until further analysis. Conditions are mentioned in Table 1.

4.3. Ultrasound Assisted Extraction

Extracts were also prepared by using ultrasound-assisted extraction. This method was used as a
simple and effective method for nutmeg extracts. The 1 g material and 20 mL solvent were used. We
used different concentrations of ethanol for extraction (96%, 70%, and 50%). The flask with substance
was put in an ultrasound bath (Sonorex Digitec DT 156 BH, Germany). Extracts were prepared on
25 ◦C temperature for 30 min. After that, the extracts were filtered with paper filter and stored in a
refrigerator at 4 ◦C until further analysis.

Some samples were modified and made with magnesium aluminometasilicate. The extracts were
made in the same conditions which were listed earlier. But for the solvent only a certain concentration
of ethanol (70%) was used and the excipient was added in the mixture. The excipients’ concentration
was from 0.5% to 2%. Magnesium aluminometasilicate (g) was based on ethanol quantity. Extracts
were filtered and stored. Conditions are mentioned in Table 1.

4.4. Hydrodistillation

Samples were prepared from nutmeg seeds and purified with water. The solid material
was 15 g and the water was 300 mL. A Clevenger-type apparatus (European pharmacopoeia) for
hydrodistillation was used. Hydrodistillation was carried out for 4 h. A colorless essential oil with
specific odor was obtained. The essential oil was collected with water in airtight bottle and stored in a
refrigerator at 4 ◦C until needed.

The hydrodistillation method was modified and magnesium aluminometasilicate as excipient was
used. The amount of magnesium aluminometasilicate was based on water quantity, its concentration
was from 0.5% to 2%. Fifteen grams of nutmeg seed powder were used and all of the sample ratios
of solvent were the same (20:1). The essential oil was obtained and stored in the same conditions.
Conditions are mentioned in Table 1.

4.5. Gas Chromatography-Mass Spectrometry Analysis

Gas chromatography-mass spectrometry analysis was performed on a GCMS-QP2010 system
(Shimadzu, Tokyo, Japan). Twenty microliters of sample (extract or essential oil) was diluted to 1 mL
with hexane (≥99%, Sigma–Aldrich, Germany). The column used was a 30 m × 0.25 mm i.d. × 0.25
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μL film thickness RTX-5MS column. Flow rate of helium (99.999%, AGA Lithuania) carrier gas was
set at 1.23 mL/min. The oven temperature was maintained at 40 ◦C for 2 min after injection and then
programmed at 3 ◦C/min to 210 ◦C, at which the column was maintained for 10 min. The split ratio
was 1:10. The mass detector electron ionization was 70 eV. Identification of volatile compounds was
carried out using mass spectra library search (NIST 14) and compared with the mass spectral data
from literature [45].

4.6. Statistical Analysis

Data are presented as mean ± SEM. Statistical analysis was preformed using Student’s t-test.
The results were significant when p < 0.05.

5. Conclusions

Extracts and essential oils from Myristica fragrans seeds (Grenada) were prepared using three
different methods (M, UAE, HD). The volatile compounds were analyzed by GC-MS. The results
showed the samples’ quality and quantity of the chemical compounds composition. During
the experiment magnesium aluminometasilicate was used for extraction in the hydrodistillation
process. Previously, this excipient was used for the production of solid dosage forms. Ten chemical
compounds were obtained using maceration, from eight to thirteen compounds were obtained using
ultrasound-assisted extraction with different ethanol concentrations and without excipient, using UAE
with magnesium aluminometasilicate, 16–19 compounds were obtained. Hydrodistillation with
magnesium aluminometasilicate lead to 21 compounds, and finally, 24 compounds were obtained
without the use of excipient. Although using hydrodistillation with the excipient fewer chemical
compounds were obtained, some of the compounds’ quantities were bigger than using hydrodistillation
without excipient. Magnesium aluminometasilicate as excipient improved the extraction of α-pinene,
limonene, isoterpinolene, and sabinene, although it reduced the quantity of β-pinene. For the first
time, eight chemical compounds in nutmeg essential oil were identified. Two of these compounds
(γ-amorphene and cis-α-bergamotene) were obtained by the use of magnesium aluminometasilicate.

The yield of the essential oil from nutmeg seeds was significantly higher using magnesium
aluminometasilicate. The data shows that essential oil yield which was obtained by hydrodistillation
with water was 5.25 ± 0.04% and it increased using hydrodistillation with water and 2% of magnesium
aluminometasilicate to 10.43 ± 0.09%. Using the 2% of magnesium aluminometasilicate the yield of
essential oil increased by almost twice.

The use of magnesium aluminometasilicate in the extraction process improved the yield of
essential oil and the number of compounds in the extracts.
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Abstract: Malassezia furfur is part of the human skin microbiota. Its volatile organic compounds
(VOCs) possibly contribute to the characteristic odour in humans, as well as to microbiota
interaction. The aim of this study was to investigate how the lipid composition of the liquid
medium influences the production of VOCs. Growth was performed in four media: (1) mDixon,
(2) oleic acid (OA), (3) oleic acid + palmitic acid (OA+PA), and (4) palmitic acid (PA). The profiles
of the VOCs were characterized by HS-SPME/GC-MS in the exponential and stationary phases.
A total number of 61 VOCs was found in M. furfur, among which alkanes, alcohols, ketones,
and furanic compounds were the most abundant. Some compounds previously reported for Malassezia
(γ-dodecalactone, 3-methylbutan-1-ol, and hexan-1-ol) were also found. Through our experiments,
using univariate and multivariate unsupervised (Hierarchical Cluster Analysis (HCA) and Principal
Component Analysis (PCA)) and supervised (Projection to Latent Structures Discriminant Analysis
(PLS-DA)) statistical techniques, we have proven that each tested growth medium stimulates the
production of a different volatiles profile in M. furfur. Carbon dioxide, hexan-1-ol, pentyl acetate,
isomer5 of methyldecane, dimethyl sulphide, undec-5-ene, isomer2 of methylundecane, isomer1
of methyldecane, and 2-methyltetrahydrofuran were established as differentiating compounds
among treatments by all the techniques. The significance of our findings deserves future research to
investigate if certain volatile profiles could be related to the beneficial or pathogenic role of this yeast.

Keywords: fungal VOCs; GC-MS; HS-SPME; lipids; exponential growth phase; stationary growth
phase; oleic acid; palmitic acid

1. Introduction

All species in the genus Malassezia are lipid-dependent because of their inability to synthesize de
novo C14 or C16 fatty acids (FAs) [1] due to the lack of a cytosolic fatty acid synthase complex (FAS) [2].
In order to survive, Malassezia rely on lipids encountered in host skin that are subsequently metabolized
by lipases and phospholipases [3]. The 18 species of the genus belong to class Malasseziomycetes of
phylum Basidiomycota [4]. Malassezia species could represent between 53% and 80% of human skin
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fungal microbiota, accumulating at different body sites, especially behind the ears [5] and on the
scalp [6].

These organisms have been recognized as aetiological agents of pityriasis versicolor and
might also be related to other skin diseases, such as seborrheic dermatitis, dandruff, folliculitis,
atopic/eczema dermatitis syndrome, and psoriasis [7]. Depending on the stimulation, or occasionally
the downregulation of the immune response against Malassezia, these yeasts could remain as
a commensal or eventually become pathogenic [8]. The causes related to this interconversion
are still unknown. There are different studies suggesting that a relationship exists between
pathogenicity and modifications in the lipid compositions of the host [9,10] or changes in the
skin microbiota [11,12]. The complexity of the human skin environment hinders the possibility
of fully comprehending the host–microbe and microbe–microbe interactions [13], because the skin
determines the microbiota and, at the same time, the resident microbial communities modify this
environment in a dynamic process [14]. Host demographics and genetics, human behavior, local and
regional environmental characteristics, and transmission events determine the human skin microbiota
variability [15]. The spatial distribution of the micro-organisms is also highly variable [5]. Malassezia
and Cutibacterium acnes (formerly Propionibacterium acnes) [16] reside in areas with a high density of
sebaceous glands, whereas Staphylococcus and Corynebacterium are mostly prevalent in areas with a
high temperature and humidity [17]. Any changes in these conditions may affect homeostasis and
promote a pathogen or even a commensal, such as Malassezia, to cause disease.

Some Malassezia species can easily be differentiated by the types of lipids necessary to grow them
in certain media [18,19]. Therefore, the Malassezia assimilation assay is widely used to determine the
lipidic requirement of different strains [3]. For example, palmitic acid (PA) has a fungicidal activity
in Malassezia pachydermatis, in an atypical strain of Malassezia furfur, and in Malassezia sympodialis,
but not in M. furfur CBS 1878 [20]. The addition of oleic acid (OA) produces a fungistatic effect on
M. pachydermatis, on atypical M. furfur, and on M. furfur CBS 1878, but on M. sympodialis OA produces
a fungicidal effect [21]. Therefore, Dixon, mDixon, and Leeming and Notham (LNA) media are the
most widely used for culturing Malassezia, because their more complex composition and the presence
of Ox bile (obtained after purifying and drying fresh bile from oxen) offer the essential nutritional
requirements for their growth [8,22]. The ability of M. furfur to survive in PA could not be related
to the presence of a Δ9-desaturase gene OLE1, which is involved in the conversion of saturated to
unsaturated acids, such as PA to palmitoleic acid, because this gene has also been found in other
species/strains where PA is fungicidal [3,21].

Thus, the lipid-dependent and lipophilic lifestyle of Malassezia spp. could determine its
ecological niche in the skin environment of human and animal hosts [20]. Understanding new
aspects of the lipid metabolism of these yeasts is expected to provide new insights into their
biology and ecology, and, therefore, illuminate the path to understanding interconversions between
commensalism and pathogenicity [21]. As they can be easily collected, fungal volatile organic
compounds (VOCs) are one of the means to assess the metabolic profiles of fungi related to certain
diseases [23–29]. Furthermore, they can be used to relatively quickly monitor static or dynamic
metabolic changes [27,30–32]. Other important uses of fungal VOCs include biotechnological
processes [30,33,34], signalling of ecological communication between different species [31,35],
and obtaining information about fungal development [36,37]. The high diversity of VOCs released by
bacteria and fungi justifies the creation of a database that summarizes the taxonomic distribution of
around 2000 compounds and their possible functions. The first version of the mVOC Database was
created in 2014, and was renewed this year [38,39]. No volatile compounds of Malassezia have been
reported in this database, because the data sources used have been limited to PubMed publications [39].
The first and only description of Malassezia volatiles, in which the authors reported the presence of 11
different VOCs, was performed in 1979, when the genus was recognized as Pityrosporum [40].

The human skin sebum contains a complex mixture of triglycerides, fatty acids, wax esters,
sterol esters, cholesterol, and squalene. Among the fatty acids, the unsaturated ones predominate,
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but the sebum is generally composed of OA, PA, stearic acid, linoleic acid, sapienic acid, and palmitoleic
acid [41]. OA is an irritant component that can induce dandruff in dandruff-susceptible people [10,41].
Among animals, PA is a fatty acid found in the human sebum in a relatively high amount [21]. Having
this in mind, the aim of this study is to investigate how the lipid composition of a liquid medium
influences the production of VOCs released by M. furfur, the only Malassezia species known to survive
in the PA medium. To accomplish this, four different media for growing the strain CBS 1878 were
prepared: (1) mDixon, (2) minimal medium (MM) supplemented with oleic acid (OA), (3) MM with
oleic + palmitic acid (OA+PA), and (4) MM with palmitic acid (PA). The VOCs released by the yeast
grown in these media were analyzed using headspace solid-phase microextraction (HS-SPME) and
gas chromatography-mass spectrometry (GC-MS). The mDixon medium was selected as the reference
for in vitro growing conditions. The other media serve to identify the VOCs released under restricted
nutritional conditions when an unsaturated acid (OA), a saturated acid (PA), or a combination of both
is present in the medium. In addition, samplings of VOCs were performed for each medium in the
exponential and stationary phase. Finally, results from eight experimental treatments (mDixon in
both growing phases: De, Ds; oleic acid in both growing phases: Oe, Os; oleic + palmitic acid in both
growing phases: OPe, OPs; and, finally, palmitic acid in both growing phases: Pe, Ps) were obtained.

Previous reports on other species have demonstrated that changes in the microbial
growth conditions produce qualitative and quantitative alterations in the VOCs released by an
organism [28,42,43]. Based on these findings, we hypothesized the existence of a chemical
differentiation in the VOCs profiles released by M. furfur CBS 1878 due to the different lipid composition
of the medium and to the phase of growth. Univariate comparisons and unsupervised and supervised
multivariate analyses have been applied to measure the metabolic differentiation and its significance.

2. Results and Discussion

2.1. Profiling of VOCs from M. furfur

HS-SPME/CG-MS analysis was applied to determine the profiles of VOCs released by M. furfur
CBS 1878 growing in four different media: mDixon, OA, OA+PA, and PA in both growing phases.
With the objective of analyzing exclusively VOCs released by the organism, the following criteria were
established for the inclusion of a compound originating from the micro-organisms in the succeeding
matrices: (1) the VOC was absent in any replicate of all medium control analyses (for more details,
see the Materials and Methods section); and (2) the VOC was found in more than one replicate of
the yeast. Qualitative differences between the chromatographic profiles of the eight experimental
treatments (Figure 1) show a combination of both: the VOCs released by M. furfur and the VOCs
released from growth media.

HS-SPME/CG-MS analysis of M. furfur allowed for the annotation of 61 different VOCs
(Table 1), among which alkanes, alcohols, ketones, and furanic compounds were the most prevalent.
Carbon dioxide, hexan-1-ol, octane, and nonane showed the highest peak areas. The lack of terpenes,
which are common VOCs found in fungi [44–46], such as Candida albicans [44] and Aspergillus
fumigatus [47], is remarkable. Average peak areas, standard deviations, and the number of replicates
in which each VOC was found are summarized in Table 1. A tentative annotation of 27 compounds
was carried out by comparison of mass spectra with databases and experimental retention index (RI)
deviations below 30 units from the theoretical RI. In opposition, 30 compounds were annotated to
specific moieties, or at least to a chemical class, based only on mass spectra comparisons. Among
these, most of the alkanes could not be exhaustively identified because their electron ionization (EI)
fragmentation patterns are very similar. Four compounds were described as unknowns.

The presence of γ-dodecalactone, 3-methylbutan-1-ol, and hexan-1-ol, previously described as
signature VOCs of Malassezia, was reported [40]. The γ-dodecalactone was detected in the mDixon
and the OA medium in both growth phases, while the hexan-1-ol was found in all treatments, with the
exception of the PA medium. In contrast to the first analysis of Labows et al. (1979), who found
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many different gamma lactones in the volatiles profile of Malassezia, we detected the presence of only
one of these gamma lactones. These differences could be related firstly to the genetic differences
among the tested strains, because, in 1979, they used the strains ATCC 24,047, 12,078, and 14,521 of
M. furfur [40]; secondly, to the growing conditions, because the authors used solid media and Tween
80; or, finally, to the sampling conditions, because they absorbed the compounds in tenax, instead of
using SPME (solid-phase microextracion) fibers [40]. Although mDixon also contains OA, the dietary
importance of this unsaturated acid in the biosynthesis of γ-dodecalactone in M. furfur remains
unknown. If the presence of OA controlled this pathway, the emission of γ-dodecalactone would
have been observable also in the OA+PA medium, unless PA was an inhibitory supplement. In other
fungi, OA is indeed a suitable substrate for this biosynthesis, undergoing hydroxylation, β-oxidation,
isomerization, and lactonization reactions [33]. Taking into account the rest of the VOCs, it is clear
that the DVB/CAR/PDMS-SPME fiber allowed for the sampling of a wider range of polarities than
the ones analysed by Labows et al. using tenax in 1979. This resulted in the description of VOCs not
previously reported for Malassezia and even for fungi, according to the data summarized in the mVOC
2.0 Database. The 16 compounds previously reported in other fungi are marked with * in Table 1.

Figure 1. Chromatograms of Malassezia furfur in exponential and stationary phases of growth and in
eight treatments with different fatty acid (FA) content. De = Dixon in Exponential phase, Ds = Dixon in
Stationary phase, Oe = Oleic acid in Exponential phase, Os = Oleic acid in Stationary phase, OPe = Oleic
acid + Palmitic acid in Exponential phase, OPs = Oleic acid + Palmitic acid in Stationary phase,
Pe = Palmitic acid in Exponential phase, Ps = Palmitic acid in Stationary phase. The Y-axis denotes
chromatographic intensity of signals in an absolute scale after being detected in the mass spectrometer.

From all of the volatiles profiles, 25 compounds were detected in the five replicates of all
media, but the absence/presence of most of the compounds was highly variable. The maximum
number of VOCs (27) was reported for Ds, followed by 23 compounds detected in Oe. Subsequently,
20 compounds were encountered in OPe, and, finally, just eight VOCs were revealed in Ps. PA medium
produced a drastic reduction in the number of VOCs and even in the chemiodiversity, limited almost
exclusively to alkanes. The comparison between the VOCs obtained from M. furfur CBS 1878 in
the four media discussed, and the ones released by the strains ATCC 24,047, 12,078, and 14,521 of
M. furfur, M. pachydermatis, and Malassezia globose grown in different media [40,48], demonstrates
the importance of the lipid substrate for both the growing of micro-organisms and the releasing of
VOCs. The interaction between the two variables growth and diversity of volatiles in M. furfur is still
unknown because growing (determined by the CFU (colony forming units)) and volatile sampling
(through HS-SPME/GC-MS) could not be performed simultaneously on each replicate in order to
maintain the headspace conditions without air contamination. Anyways, we were able to collect
indirect evidence that the lack of growth (the static patterns observed for the growth curves in PA and
OA+PA media in Figure S1) does not correlate with the quantity of released VOCs. While the number
of detected VOCs shows that PA more greatly reduces the diversity of VOCs, in the other growth-static
medium (OA+PA) M. furfur released more than 15 volatiles (Table 1).
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2.2. VOCs Profile Differentiation in Four Growth Media in the Exponential and Stationary Phase

Unpublished data by Celis et al. (2017) showed that M. furfur CBS 1878 is capable of growing
in modified Dixon (mDixon) and OA media, whereas it can only survive in OA+PA and PA media
(Figure S1), as can be verified by the absence of growth (exponential phase) in these last two media [21].
When the growth medium is supplemented with a mixture of PA and OA, the toxic effect of PA is,
at least partly, relieved and M. furfur is able to grow (Figure S1). In this research, using a univariate
(UVA) and a multivariate (MVA) statistical analysis, we proved that the growth media and phases
produced differences in the volatile profiles released by M. furfur.

We demonstrated that, for 17 VOCs, peak areas significantly change when the medium-growth
phase is modified (ANOVA, 2.37 < F < 560.26, P < 0.05) (Kruskal–Wallis test, 14.34 < K < 34.60,
P < 0.05) (Table S1). We reported VOCs with P < 0.05 in a parametric and a non-parametric test, because
more than half of the compounds (34 of 61) did not have a normal distribution (Shapiro–Wilk test,
0.59 < W < 0.91, P < 0.05). Figure 2 summarizes the semi-quantitative differences in the total peak areas
between each treatment for these 17 VOCs. The peak areas of carbon dioxide released by M. furfur
growing in mDixon were higher than in the other treatments, evidencing an increased respiration
in this medium due to an increase in growth (Figure S1). Octane and nonane were released in the
mDixon and OA+PA media with semi-quantitative differences in their areas. Hexan-1-ol, butan-1-ol,
and the Isomer3 of methyldodecane were released in all media, except in PA. In contrast, the rest
of the VOCs were released by M. furfur almost exclusively in the mDixon or in the OA+PA media
(Figure 2). Differences among exponential and stationary phases were also observed, being some
compounds increased in the stationary phase, such as dimethyl sulphide, and others decreased,
such as octane. The presence of dimethyl sulphide, and other volatile organic sulphur compounds
(VOSC), has been previously reported in bacteria [49], ascomycota yeasts [50,51], and basidiomycota
yeast [52]; however, to the best of our knowledge, this is the first report of this compound in the genus
Malassezia. Another commensal microfungi, Candida albicans, shared the presence of dimethyl sulphide,
2-methylpropan-1-ol, pentan-2-one, and 3-methylbutan-1-ol with M. furfur [53]; however, the ecological
functions of these VOCs for both remain unknown. The presence/absence of some specific VOCs in
M. furfur highlights the importance of analyzing the different volatiles profiles of a single species in
different environments, especially when the objective of the research is to track biomarker compounds
for chemotaxonomic, biotechnological [31], or therapeutic purposes [46]. Chemical differentiation
in the VOCs released should be studied whenever possible. Previous reports using UVA showed
that the emission of some VOCs in other fungi, such as Ceratocystis sp., Lentinus lepideus, Aspergillus
versicolor, Aspergillus fumigatus, Penicillium commune, Cladosporium cladosporioides, Paecilomyces variotii,
Phialophora fastigiata Trichoderma spp., and Kluyveromyces marxianus, depends highly on the differences
in the nutritional supplement of the growth medium [25,42,43,54–56].

Using Hierarchical Cluster Analysis (HCA), we discovered that the five replicates from M. furfur
growing in the mDixon and OA+PA in the exponential and stationary phase have a signature profile
that is easily differentiated from the profiles of other treatments; however, the grouping is not related
to a specific chemical class of compounds (Figure 3). This aggrupation validates the reproducibility of
the volatiles profiles, although some VOCs showed an evident high variance of transformed and scaled
peak areas in the heatmap. In addition, the topology demonstrates that a dynamic transformation of
VOCs production occurs when the yeast moves from the exponential to the stationary phase, even for
the OA+PA medium in which growth remains static (Figure 3 and Figure S1). In the PA medium, higher
semi-quantitative similarities between samples of different growth phases were found, which explain
the lack of clustering of the five replicates of the exponential and stationary phase. Nevertheless,
volatiles profiles from the PA medium are clustered together, demonstrating the differentiation among
the VOCs. In contrast, the OA medium does not show a distinctive volatiles profile because of the
higher variability between the VOCs found in each replicate in both growth phases. Some of these
replicates only had a couple of VOCs with low-intensity peak areas and were clustered with the
mDixon. The other group of replicates were clustered as the outgroup of the Dixon, OA, and OA+PA
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group, having more VOCs with higher peak areas. VOCs from the chemical groups detected in
M. furfur can be related to main microbial biochemical pathways. Therefore, it can be suggested that
furanic compounds, such as lactones, methylketones, esters, alkenes, and maybe alcohols, could be
obtained through the catabolism of fatty acids; the alcohols also could be synthesized from pyruvate
pathways intermediaries, alkanes probably could be obtained from poliketides generated in the acetate
pathway, and sulphur and nitrogen compounds might be produced from amino acids [57,58].

Figure 2. Pirate-plots representing univariate statistical differences in the absolute peak areas of
17 VOCs in which the grouping variable Medium-Phase significantly affects the release (P < 0.05
in ANOVA and a Kruskal—Wallis test). Variation of data is represented by Bayesian High-Density
Intervals after running 10,000 iterations. The bars show the median values for each treatment. The first
line of plots is y-scaled from 0 to 16 × 107; in the following line, the y-axis was scaled from 0 to 1.2 × 107,
while the other two lines are scaled from 0 to 1.2 × 106.
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Figure 3. A heatmap of Hellinger transformed and Pareto-scaled peak areas from 61 tentative annotated
volatiles found in an M. furfur analysis using HS-SPME/GC-MS. Dendrograms represent similarities
between samples (objects) and VOCs (variables) using Euclidean distances as a measure. Clusters of
medium-phase samples were coloured according to the four growth media, while the compounds were
coloured according to the chemical group. Compounds with * represent VOCs reported previously to
be released by other Fungi in the mVOC 2.0 Database.

A second multivariate non-supervised approximation was performed using Principal Component
Analysis (PCA) to summarize the total variation of the volatiles profiles of M. furfur in each medium
and growth phase, reducing the redundancy between correlated VOCs (Figures 4 and S2). The first
three principal components (PCs) represented 56.35% of the explained variance from the 61 volatiles
annotated in the original matrix. In comparison to the analysis obtained with the HCA, all media and
medium-phases were differentiated in a three-dimensional space, including the samples obtained from
the OA medium, which were grouped together in the PCA space, despite having the higher variation
represented by bigger ellipses. In order to determine whether the medium or the growth phase or
both were variables affecting the volatiles profiles, all three were considered as grouping variables in
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the PCA analysis. Taking into consideration the total multivariate volatiles profile, the differentiation
is better explained through the interaction medium-phase (PERMANOVA, R = 0.6945, F = 10.393,
P < 0.001). Furthermore, when considered separately as independent variables, medium
(PERMANOVA, R = 0.5457, F = 14.415, P < 0.001) and phase (PERMANOVA, R = 0.0516, F = 2.068,
P = 0.043) were both also statistically supported as volatiles profile differentiation factors. PC1,
which discriminates samples from both mDixon treatments, is associated with an increment in dimethyl
sulphide, 2-methylpropan-1-ol, isomer1 of methyldecane, isomer5 of methyldecane, and the isomer2
of methylundecane. PC2, which discriminates samples from the OA+PA medium in the lower values,
is associated with an increment in the isomer2 of undec-1-ene, the isomer2 of methyldodecane,
the isomer2 of trimethyldodecane, the isomer of methylundecanol, and the isomer2 of methyltridecane.
PC3, which discriminates samples from PA medium in the lower values, is associated with an increment
in 2-methyltetrahydrofuran, hexan-1-ol, pentyl acetate, and undec-5-ene and a decrease in carbon
dioxide. Half of the aforementioned compounds (9) also stood out in the UVA (Table S1 and Figure 2),
but the PCA allows for the interpretation of the direction of differentiation of each compound according
to the loading values on each axis. To the best of our knowledge, many studies have used MVA to
evaluate differentiation of the metabolites profiles in bacteria and fungi to discriminate species, even for
chemotaxonomic purposes [59–62], but this is the first report where MVA analysis demonstrates fungi
chemical differentiation in the VOCs profiles that is caused by changes in both medium or/and phase
of growth. There are some examples where the effect of one of these variables on the volatiles profile
has been tested in bacteria [63–65]; however, the studies in fungi are less frequent [66].

Figure 4. Three-dimensional Principal Component Analysis (PCA) of the volatiles profiles of M. furfur
growing in eight different experimental treatments. The ellipses in this plot are confidence intervals of
95% using a normal distribution. For more details about the data distribution in the three axes, see the
three-dimensional animation in Figure S2.

A third multivariate supervised approximation was performed using Projection to Latent
Structures Discriminant Analysis (PLS-DA, Figure 5a). The quality of the model was evaluated
by the R2X, R2Y, and Q2 metrics. R2X and R2Y support the goodness of the fit, while Q2 > 0.5 reflects
the predictability of the model as significant (R2X = 0.686, R2Y = 0.624, Q2 = 0.505). This analysis proves
that the volatiles profiles from mDixon and OA+PA are differentiated, as well as the exponential and
stationary phases of these two media. To ensure that a model based on a subset of the data can perform
equally well on other subsets, we used cross-validation in seven groups and 1000 permutations.
Despite the differences in the number of VOCs found between OA and PA media, as discussed before,
Figure 5a shows a considerable overlap of these two media in both growth phases. This evidence
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suggests that some metabolic changes produced in M. furfur in both restricted dietary conditions could
be similar, in comparison with the metabolic performance in OA+PA or mDixon. Our findings using
this supervised technique demonstrate that the absence of both unsaturated oleic acid and saturated
palmitic acid produces major changes in the fungal VOCs. The same was observed for the VOCs
produced by Saccharomyces cerevisiae during the fermentation of different beverages, when linoleic
acid is added at different concentrations [67]. The changes observed with S. cerevisiae deeply affect
food quality in biotechnological and industrial processes, whereas, for M. furfur, these modifications
help define the interactions between the yeast and other micro-organisms and the host. Surprisingly,
the VOCs profile of the OA+PA medium is different from the sum of the ones obtained by the OA and
PA media individually (Table 1, Figures 4 and 5a). This has been previously observed in Trichoderma spp.,
where the volatiles profile found by combining three different amino acids in the growth medium was
different from the sum of the profiles obtained when each amino acid was supplied individually [42].

The variable importance on projection (VIP) was used to assess the significance of the variables in
the differentiation between treatments. Usually, values higher than 1 are considered significant.
Twenty-seven VOCs from M. furfur followed this requirement (Figure 5b). Compounds found
exclusively in one treatment or medium show the higher VIP values. For example, the hept-3-ene,
which was found in the OPe treatment with a value of 1.58, is the compound that better differentiates
the four media and the two growth phases, followed by isomer3 of undec-1-ene (VIP = 1.49), a signature
compound from M. furfur growing in OPs. Among these 27 compounds, 12 were also signalled as
statistically significant using UVA (Table S1 and Figure 2), findings that validate the interpretation of
these two types of approximations. Nevertheless, the VIP values from PLS-DA offer more information
because they discriminate the experimental treatments by organizing the VOCs in order of importance.
On the other hand, this is not possible for the UVA, where each VOC is analyzed separately and not
correlated to other compounds of the profile. Nine of the 27 VIP compounds had the higher loadings in
the PCA analysis and were also highlighted as relevant in the UVA (carbon dioxide, hexan-1-ol, pentyl
acetate, the isomer5 of methyldecane, dimethyl sulphide, undec-5-ene, isomer2 of methylundecane,
isomer1 of methyldecane, and 2-methyltetrahydrofuran), whereas the PCA and PLS-DA analysis
shared 10 out of these 27 VIP compounds. In addition to the abovementioned nine compounds,
2-methylpropan-1-ol was an important differentiation factor in both analyses. These findings evidence
the differences of the multivariate models built under supervised and unsupervised conditions and the
limitations of UVA. While the construction of the PCA model does not maximize distances between
treatments, the PLS-DA constructs the multivariate components as a function of this response variable
(in this case, the medium and phase of growth) [68]. This could explain why the VOCs with the higher
VIP (for example, hept-3-ene), found exclusively in OPe, were not recognized as significant in the UVA
or the PCA.

The ecological meaning of the differentiation produced by the absence of PA and OA on the
volatiles profiles of M. furfur need to be further explored. PA is particularly abundant in human sebum,
in comparison to other animals [21], so spatial differences in the PA distribution on skin could lead
to spatial changes in the VOCs released by M. furfur or other species from human microbiota [10].
Therefore, a homeostasis needs to be established between human skin and microbiota through the
production of metabolites. An enzyme of Malassezia that is able to attenuate the formation of biofilms
of Staphylococcus aureus, an opportunistic bacterium from human skin microbiota [12], is already
known; however, volatile metabolites released by these micro-organisms could have similar effects.
VOCs functioning as quorum-sensing molecules [36,44] or antibiotics [58,69] have been reported in
other bacteria and fungi; however, the ecological function of the VOCs released by M. furfur should be
studied in the future. These studies show how any alteration in the human skin could be responsible for
a disequilibrium in the homeostasis of the total microbiota and may be related to the interconversion
of commensal to pathogenic states in M. furfur, as well as in other opportunistic species.
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(a) 

 
(b) 

 
Figure 5. (a) Projection to Latent Structures Discriminant Analysis (PLS-DA) of volatiles profiles of
M. furfur growing in eight different experimental treatments. The ellipses in this plot are confidence
intervals of 95% using a t-distribution. (b) Variable importance on projection (VIP) plot showing
the most important VOCs from M. furfur differentiated between four media and two growth phases.
The VIP score of each compound was calculated as a weighted sum of the squared correlations between
the PLS-DA components and the original variables.
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3. Materials and Methods

3.1. Chemicals

Chemicals were purchased from Sigma (St Louis, MO, USA) unless otherwise indicated.

3.2. Medium Preparation

Modified Dixon broth (mDixon), OA medium, OA+PA medium, and PA medium were prepared
at the “Grupo de Investigación Celular de Microorganismos Patógenos (CeMoP)” at Universidad
de los Andes (Bogotá, Colombia) one day previous to carrying out the experiments. The prepared
mDixon contained 36 g/L malt extract (Oxoid), 10 g/L peptone (BD), 20 g/L Ox bile, 2 mL/L glycerol,
2 mL/L oleic acid, and 10 mL/L Tween 40 (Table S2). The OA, OA+PA, and PA media were prepared
using a minimal medium (MM) that contained 10 mL K-buffer pH 7.0 (200 g/L of K2HPO4, 145 g/L of
KH2PO4), 20 mL of M-N (30 g/L of MgSO4·7H2O, 15 g/L of NaCl), 1 mL 1% (w/v) of CaCl2·2H2O,
10 mL 20% (w/v) of glucose, 10 mL of 0.01% (w/v) FeSO4, 5 mL of spore elements (100 mg/L of
ZnSO4·7H2O, 100 mg/L of CuSO4·5H2O, 100 mg/L of H3BO3, 100 mg/L of MnSO4·H2O, 100 mg/L
of Na2MoO4·2H2O), and 2.5 mL 20% (w/v) of NH4NO3. A mixture of either 4.2 mM of palmitic
acid (Merck, Darmstadt, Germany) or 4.2 mM of oleic acid (Carlo Erba), or 4.2 mM oleic acid and
palmitic acid 50:50 (v/v), was added to the MM, respectively. Mixtures containing palmitic acid were
supplemented with 1% Brij-58, an emulsifier that is not metabolized [20] (Table S3).

3.3. Yeast Growth

The strain CBS 1878 of M. furfur was purchased from the Fungal Biodiversity Center (Westerdijk
institute, Utrecht, The Netherlands). Two loops of cells from 7-day-old mDixon agar grown colonies
were suspended in 5 mL sterile water. Of these, 3 mL were added to 27 mL of mDixon broth or
to 27 mL of MM with the respective fatty acid. After 3 days of growth at 180 rpm on a horizontal
shaker (Heidolph, Germany), 0.3 mL culture were used to inoculate 29.7 mL of fresh mDixon broth
or MM in 150 mL crimp-top Erlenmeyers with 20 mm PTFE septa (JG Finneran, Vineland, NJ, USA).
The samples were incubated at 33 ◦C at 180 rpm. The reference time for the exponential phase was
1.17 days ± 0.17 and for the stationary phase was 3.08 ± 0.19 days. These times were previously
validated as the mid-point of exponential phase growth and the initial stationary phase, respectively,
in the mDixon (Figure S1) [21].

3.4. HS-SPME/GC-MS Analysis

Initially, VOCs released by each growth media alone were analyzed in three experimental
replicates using the same 150 mL crimp-top Erlenmeyers, PTFE septa, under the same shaking and
temperature conditions described for the growth of the yeast. These samples were used as a medium
control analysis, with the aim of differentiating between the VOCs from each broth and those released
by M. furfur CBS 1878 cultivated in such medium. Afterwards, VOCs released from M. furfur in both
exponential and stationary phases and in the four liquid media: mDixon and MM supplemented
with oleic acid (OA), or oleic and palmitic acid (OA+PA), or palmitic acid (PA), were analyzed in five
replicates for each experimental treatment (De, Ds, Oe, Os, OPe, OPs, Pe, Ps).

In order to extract the widest range of polarities of VOCs, a SPME fiber of
Divinylbenzene/Carboxen/Poly(dimethylsiloxane) (DVB/CAR/PDMS, 50 μm /30 μm, gray)
(SUPELCO, PA, USA) was used. The fiber was exposed for 20 min to the headspace of the Erlenmeyer
with growth media and yeast, maintained at 33 ◦C, and the agitation diminished to 90 rpm during the
sampling, so that the state of the fiber was not compromised. Subsequently, the desorption process was
carried out in the GC HP 6890 Series equipped with an Agilent Mass Selective Detector 5973 (Agilent
technologies, Palo Alto, CA, USA) at 250 ◦C using splitless injection. Separation was performed on
a BP-5 capillary GC column (30 m × 0.25 mm × 0.25 μm, SGE, Austin, TX, USA) using helium as
a carrier gas at a flow rate of 1.3 mL/min. The temperature gradient program started at 40 ◦C for
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0.5 min, followed by an increase to 60 ◦C at a rate of 6 ◦C/min, then the temperature was raised to
150 ◦C at 3 ◦C/min, and finally to 250 ◦C at 10 ◦C/min, and this temperature was maintained for 6 min.
The GC-MS filament source and the quadrupole temperature were set at 230 and 150 ◦C, respectively.
The electron ionization (EI) source was set at 70 eV, and the mass spectrometer was operated in full scan
mode applying a mass range from m/z 30 to 300 at a scan rate of 2.0 scan/s. All samples, including
linear alkanes, were run under the same chromatographic conditions. Linear alkanes of the series
C8–C20 were used for the determination of retention indexes (RI) and later for the tentative assignment
of compounds.

3.5. Data Analysis

To conduct the analysis of the GC-MS data, the profiles with VOCs obtained in five biological
replicates for each medium-phase treatment were analyzed with the MSD ChemStation D.02.00.275
(Agilent technologies), and automatic integration using a threshold of 14 units was performed.
Only those peaks absent in any of the three replicates of each medium control were considered to be
volatiles released by M. furfur. Tentative annotation of compounds was done using NIST MS search
2.0 with the NIST 14 database and comparing experimental RI with the RI of compounds reported in
the literature from the same (or an equivalent) column. Exported data files of chromatograms in .csv
format were used for the subsequent plotting of chromatograms. Automatic integration results were
carefully reviewed, and peak areas were used to construct the matrix in which tentatively annotated
volatile compounds are reported as columns/variables and estimated peak areas as rows/observations.
As grouping variables, we included the four media (mDixon, OA, OA+PA, and PA), both growth
phases (exponential and stationary), and the combination medium-phase of the eight experimental
treatments (De, Ds, Oe, Os, OPe, OPs, Pe, and Ps). Each peak area was transformed using a Hellinger
transformation adequate for matrices with many zeros [70], and afterwards Pareto scaling was applied,
which is useful for chromatographic analysis on a GC-MS platform [71].

In order to investigate the hypothesis that supervised techniques could afford more informative
models than unsupervised analysis for the differential data, and thus unravel variables that influence
class separation, each data set was analyzed by three techniques: Hierarchical Cluster Analysis (HCA),
Principal Component Analysis (PCA), and Projection to Latent Structures Discriminant Analysis
(PLS-DA). The data were scaled to have unit variance and were zero-centred. HCA is a statistical
tool to pool samples based on similarities by measuring distances between all possible pairs of
samples and plotting a topology for objects (e.g., samples for each treatment) and variables (e.g.,
VOCs). PCA was performed to reduce the redundancy between correlated VOCs. To support
this analysis, PERMANOVA with 999 permutations was used using Euclidean distances in order
to determine which grouping variable (medium, growth phase, or both) better explained the
volatiles profiles differentiation. The PLS-DA model intended to find components or latent variables
that correlate variation from a VOCs matrix to a response variable Y. The eight experimental
medium-phase treatments (De, Ds, Oe, Os, OPe, OPs, Pe, Ps) were used as the Y response
variable of the model. PLS-DA was cross-validated using seven groups (Q2 >0.5 was considered
significant [72]) and performing 1000 random permutations of the VOCs dataset to evaluate the Q2
value. All statistical tests were performed using R studio software (http://www.rstudio.org/) and
the stats packages HybridMTest (http://bioconductor.org/packages/HybridMTest/), vegan (https:
//CRAN.R-project.org/package=vegan), MetabolAnalyze (https://CRAN.R-project.org/package=
MetabolAnalyze), psych (http://CRAN.R-project.org/package=psych), ropls (http://bioconductor.
org/packages/ropls/) and ggplot2 (https://CRAN.R-project.org/package=ggplot2).

4. Conclusions

The combination of UVA and MVA results provided strong evidence to support the view that
changes in the lipid composition of the growing media in M. furfur CBS 1878 produce qualitative and
semi-quantitative differences in their volatiles profiles. Additionally, the growth phase also affects
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the type and intensity of the released VOCs, despite the yeast growth not being equal in the tested
media. In the UVA and MVA, several VOCs were differentiated as meaningful factors, including
carbon dioxide, hexan-1-ol, pentyl acetate, isomer5 of methyldecane, dimethyl sulphide, undec-5-ene,
isomer2 of methylundecane, isomer1 of methyldecane, and 2-methyltetrahydrofuran. The differences
observed using in vitro conditions in a controlled environment suggest how the presence of saturated
(as PA) or unsaturated (as OA) fatty acids in the skin changes the VOCs profile in one species of
the most important fungi genus from human skin microbiota. This species is particularly relevant
because it is the only one known to be able to survive in PA, the most abundant saturated fatty acid
in human sebum. Some VOCs are produced only when OA, PA, or a combination of both is present,
but the complexity of the physiological and biochemical changes produced by the stressful nutritional
conditions in these three restricted media should be studied further. The mDixon medium, with a
more complex lipid composition, promotes the most diverse chemical profile, whereas the PA medium
restricts the chemiodiversity and abundance of the VOCs produced. Our results demonstrate how
variable are the volatile profiles of micro-organisms grown in different media. This study’s findings are
especially important for chemotaxonomic purposes or for studying the ecological function of scents.
In the current research, the variation on media allowed us to describe VOCs not previously reported
for Malassezia or even for fungi. The ecological significance of our findings deserves future in vivo
research to analyze the variability of lipid composition from skins of different humans, and how
these variations induce changes in the volatiles profiles released by M. furfur. These modifications on
human bouquets will determine many ecological interactions where VOCs play an important role,
such as microbe–microbe, microbe–host, and microbe–insect interactions. Another important direction
of research is the comparison of the VOCs profiles when M. furfur behaves as a commensal versus
pathogenic, with the aim of better understanding the virulence of this micro-organism or the beneficial
effect and how it changes according to all of the dynamic complex transformations of the microbiota.

Supplementary Materials: The following are available online, Figure S1: Growth curves of M. furfur in the
mDixon, oleic acid (OA), palmitic acid (PA), and OA+PA medium and their confidence intervals of 99% using
a loess method. Figure S2: Animation of rotational distribution of data in the PCA analysis of the volatiles
profiles of M. furfur growing in eight different experimental treatments. Table S1: Significant statistical univariate
parameters found on 17 VOCs from M. furfur and compounds highlighted by PCA and PLS-DA. Table S2:
Chemical composition of mDixon medium. Table S3: Chemical composition of oleic acid (OA), palmitic acid (PA),
and OA+PA media. The components of the minimal medium (MM) are listed in Materials and Methods.
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Abstract: Volatilomes emitted from edible flowers of two species of Agastache (A. aurantiaca (A.Gray)
Lint & Epling, and A. mexicana (Kunth) Lint & Epling) and from two hybrids (Agastache ‘Arcado Pink’
and Agastache ‘Blue Boa’) were investigated using a solid-phase microextraction technique as well as
the extraction of its essential oils. Oxygenated monoterpenes were almost always the predominant
class (>85%) of volatile organic compounds (VOCs) in each sample of A. aurantiaca, A. ‘Blue Boa’ and
A. mexicana, with the exception of A. ‘Arcado Pink’ (38.6%). Pulegone was the main compound in
A. aurantiaca (76.7%) and A. ‘Blue Boa’ (82.4%), while geranyl acetate (37.5%) followed by geraniol
(16%) and geranial (17%) were the principal ones in A. mexicana. The essential oil composition showed
the same behavior as the VOCs both for the main class as well as the major constituent (pulegone)
with the same exception for A. mexicana. Total soluble sugars, secondary metabolites (polyphenols,
flavonoids and anthocyanins) and antioxidant activity were also investigated to emphasize the
nutraceutical properties of these edible flowers.

Keywords: VOCs; A. ‘Arcado Pink’; A. aurantica; A. ‘Blue Boa’; A. mexicana; essential oil; GC-MS;
edible flowers; antioxidant activity; secondary metabolites

1. Introduction

In the last few decades, the analysis of volatilome has received big attention. In fact, plant
volatilome, the aromatic complex of essential oils (EOs) and volatile organic compounds (VOCs),
defined as “volatile chemiodiversity” [1], is one of the main traits that enhances our understanding and
provides new insights into the physiological processes of plant growth, defense and productivity [2].
Almost all plants are able to emit VOCs, and they are released from leaves, flowers and fruits into the
atmosphere, and from roots into the soil [3].

Gas chromatography (GC) in combination with mass spectrometry (GC-MS) is one of the elective
techniques for volatilomics [4], the study of the volatilome. Depending on the biological problem as
well as the plant material being investigated, analytical procedures for the analysis of volatiles require
preparation methods for the extraction and pre-concentration of target compounds [5].

In agreement with the present guidelines aimed on the reduction of the use of organic solvent, both
the traditional methods, such hydro-distillation and headspace, were shown to be the main methods
used to evaluate volatiles from the plant. Since hydrodistillation was limited to plants producing

Molecules 2019, 24, 4480; doi:10.3390/molecules24244480 www.mdpi.com/journal/molecules73
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essential oils, the extraction of VOCs was captured efficiently in the “head space,” an enclosed volume
of air surrounding the plant [6], and the use of the Solid Phase Microextraction (SPME) was shown
to be the most commonly used method [5], which was a very simple and efficient technique [7] as
well as an immediate one-site analysis of biogenic VOC [8]. In fact, this technique, based on the
absorption-adsorption of the analytes into a coated fiber, has gained popularity in many fields of
analytical chemistry, mainly in food and flavor analysis [9–11].

Looking for healthier and functional new foods, people have adopted an interest in edible flowers
as creative and innovative ingredients whose popularity and consumption have been increasing
worldwide since 1980 [12] due to their powerful and unique tastes, flavors, textures and pigments.
The renewed success of edible flowers relies also in their nutritional and healthy properties [13,14].
In fact, several studies have highlighted high quantities of antioxidant molecules [14], primary
metabolites [13], minerals [15–18] and vitamins [13,19,20]. Even though there are no official lists
emitted by any international organizations (Food and Agriculture Organization of the United Nations
(FAO), World Health Organization (WHO), and European Food Safety Authority (EFSA)), Lim listed
over 80 species from about 32 families as edible flowers [21]. Two years later, Lu and his co-workers
wrote about 97 families, 100 genera and 180 species, and they specified that the number of edible
flowers varies in different countries [14]. In the framework of the INTERREG ALCOTRA Project on
edible flowers (INTERREG ALCOTRA ANTEA N◦1139, 2014–2020), the Agastache genus received
special interest due to its good flavor, and so analyzing the chemical composition of its volatiles
became relevant.

The Agastache genus belongs to Nepetoideae, a subfamily of Lamiaceae (Mint family), and includes
22 species known under the popular name ‘giant hyssop’ [22]. This aromatic genus includes ornamental
herbaceous perennial plants, and is almost exclusively native to North America [22,23]. Lot of species is
characterized by very pleasant fragrances, similar to anise, mint and licorice [24,25]. Nectar contributes
to the sweetness of these flowers and makes them suitable as bee forage [26]. Moreover, some Agastache
species are medicinal plants, characterized by several biological activities [22].

The evaluation of the flower aroma composition is essential, since it is the second greatest influence
on consumer attitudes towards the edible flower’s consumption, only preceded by curiosity [27]. In the
last three-decades, the investigation on the Agastache volatilome was especially focused on its essential
oil (EO) [22]. On the contrary, only two works reported the use of the headspace method for VOC
analysis in this genus [28,29].

This work deals with the use of the cited technique for the analysis of four species of the Agastache
genus: Agastache ‘Blue Boa’, Agastache ‘Arcado Pink’, A. aurantiaca var. ‘Sunset Yellow’ and A. mexicana
var. ‘Sangria’. These varieties and hybrids were selected due to their ornamental value, aroma and
taste (Table 1). As a frame to the volatilome, some classes of antioxidant molecules were quantified,
due to their nutraceutical potentials. Soluble sugars were also determined, considering the significant
nectar production and the petal’s sweet taste.

Table 1. Main botanical information and visual appearance of the examined Agastache flowers.

Plant Name Plant Height Leaves Flowers
Blossoming

Period

A. ‘Arcado Pink’

 

60–70 cm
Medium, opposite,
lanceolate, serrated,
green/gray color

Purplish/pink in
compact ears May–October
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Table 1. Cont.

Plant Name Plant Height Leaves Flowers
Blossoming

Period

A. aurantiaca (A. Gray)
Lint & Epling, var.
‘Sunset Yellow’

 

35–40 cm
Small, opposite,
lanceolate, serrated,
green/gray color

Golden yellow in
very loose ears May–November

A.‘Blue Boa’

 

60–70 cm
Medium, opposite,
lanceolate, serrated,
green/gray color

Dark blue/purple
in loose ears June–October

A. mexicana (Kunth)
Lint & Epling

 

100–120 cm
Large, opposite,
lanceolate, serrated,
green/gray color

Purple red in very
loose ears June–November

2. Results and Discussion

The results of the chemical composition of the volatilomes emitted by edible flowers of the four
Agastache species led to the identification of 67 components (Table 2), representing at least 99% of the
total volatiles. Oxygenated monoterpenes were the predominant class in each aroma profile and EO
analysis. Their relative percentage ranged between 85.9% in A. aurantica and 90.6% in A. ‘Blue Boa’ in
VOC analysis, and more than 86% in the distilled oils. An exception was noted for the A. ‘Arcado Pink’
SPME where the composition of the VOCs was split in three classes; two of them evidenced a similar
percentage: sesquiterpene hydrocarbons (38.6%) and oxygenated monoterpene (37.9%) with a good
amount of monoterpene hydrocarbons (23.2%).

In detail, the aroma profile of both the A. aurantica and A. ‘Blue Boa’ flowers showed the same
main compound, pulegone, with a percentage of 77.7% and 84.0%, respectively. Pulegone prevailed
also in A. ‘Arcado Pink’ (36.5%), followed by a good amount of β-caryophyllene (20.4%). A. mexicana
highlighted a different composition, since geranyl acetate was the major constituent (37.5%) followed
by both geranial and geraniol with more or less a similar amount (17% and 16%, respectively).

It is worthy to note that the EO composition of this latter species (A. mexicana) evidenced the same
behavior as already reported for SPME analysis, and confirmed geranyl acetate (61.4%) as the principal
compound, whose odor was described as fruity, fatty, sweet, citrus, floral, fresh and lemon-like [30],
followed by geranial (11.0%) and geraniol (8.3%).
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Notable amounts of pulegone, a compound with a strong pungent aromatic mint smell (IARC
Monographs-108), was also detected in the EO composition of the remaining studied species with an
amount raging between 79.8% in A. ‘Arcado Pink’ to 92.5% in A. aurantiaca. These two compounds
(pulegone and geranyl acetate) may play a role in the aroma profile and can be perceived by the human
olfactory system due to their high amount, even though the main compounds are not always the only
ones responsible of the aroma [31].

The volatilome of the A. ‘Blue Boa’ inflorescences was already investigated by Wilson and
collaborators [28]. Their results were in agreement with what was found herein concerning the class of
compounds where oxygenated monoterpenes predominated, with methyl chavicol (estragol) as the
major compound (about 40.0% in all the studied samples), while pulegone was the main compound
found in this study. Estragol was the unique compound in flower spikes of A. rugosa [29] that was
reported in the literature.

Flower EOs from two subspecies of A. mexicana were investigated by Estrada-Reyes and
collaborators [32]. The composition of the A. mexicana subsp. mexicana was dominated by
estragol (86.78%) and limonene (11.24%), while this latter constituent (limonene 9.49%) together
with pulegone (80.07%) characterized the EOs of the A. mexicana subsp. xolocotziana. More recently,
Kovalenko et al. [33] pointed out methyl eugenol (20.8%), estragol (15.1%) and linalool (12.7%) as main
compounds of the same species. However, limonene, methyl eugenol and linalool were present in
lesser amounts in the plants studied herein, but pulegone and estragol were completely absent [33].
Going back in the literature revision, the A. mexicana aroma composition found here was similar with
that reported previously by Svoboda et al. [34], where no estragol was noted in the EOs of this species
against an abundance in respect to pulegone (75.3%). Variability in the volatilome among the Agastache
species was observed and might depend on the harvest time as well as the environmental conditions
or cultivation methods [22].

The EO composition of Anice hyssop (A. foeniculum) was reported by Ivanov et al. [35], who
confirmed the prevalence of estragol (93.45%) together with β-caryophyllene (1.2%). This latter
constituent represented 2.8% of the total identified fraction in this work. On the other hand,
pulegone (43.3%) together with isomenthone (27.2%) prevailed in the same species investigated
by Kovalenko et al. [33]. This behavior was similar to the results obtained herein, even though the
pulegone amount (82.4%) was 2-fold more abundant, and the isomenthone was of a percentage 13-fold
lower (2.1%).

The EOs of three varieties of A. aurantica (golde gill) were also reported by Kovalenko et al. [33]
who pointed out menthone (53% and 65%, respectively) and pulegone (26% and 25%, respectively)
as predominant in the A. aurantica varieties ‘Tango’ and ‘Fragrant Delight’, while ‘Apricot Sprite’
evidenced isomenthone (46%) and pulegone (41.4%) as the main ones. The species analyzed in this
work were different from all the studied varieties, since pulegone was in higher amount (76.7%), while
menthone showed a lesser percentage (5.2%) and isomenthone was lacking.

Pulegone, a monoterpenes hydrocarbon, was produced in a higher percentage by different species
of Agastache such as A. rugosa [36] and A. scrophulariifolia (45.2%) [37]. This compound has been reported
as Generally Recognized as Safe (GRAS) by the Food and Drug Administration (FDA) since 1965, and
it is used as a flavoring agent in food, perfumery and herbal products in the European Union [37,38].

The nutraceutical properties of the edible Agastache flowers were investigated, and primary
(soluble sugars) and secondary metabolites (polyphenols, flavonoids and anthocyanins) as well as the
antioxidant activity were determined (Table 3).

The total polyphenols content (TPC) and total flavonoids (TF) were higher in the two hybrids
than in the A. mexicana and A. aurantiaca varieties. All four flowers showed higher TPC and TF values
than other species belonging to Agastache genus (A. foeniculum and A. rugosa) [39], as well as other
members of the Lamiaceae family (Salvia splendens and Lamium album) [20,40,41]. In literature, it was
reported that the Agastache flowers contain interesting phenolic compounds and flavone glycosides,
such as rosmarinic acid, acacetin and tilianin, with variation among different species and cultivars [42].
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All these molecules have important biological activities (antioxidant, vasorelaxant, spasmolytic and
antinociceptive activities) [43–45]. Therefore, more in-depth studies on the plants examined in this
work could be interesting to suggest new potential uses of these flowers.

Table 3. Determination of secondary metabolites, ascorbic acid, radical scavenger activity and soluble
sugars in the four edible flowers belonging to Agastache genus. Data are presented as means ± SE (n = 3).
Different letters indicate statistically significant differences, at p < 0.05 (Fisher’s probable least-squares
difference test). Abbreviation: TPC—total polyphenols content; TF—total flavonoids; TA—total
anthocyanins; GAE—gallic acid equivalents; CE—±catechin equivalents; ME—malvin equivalents.

Parameters A. aurantiaca A. ‘Arcado Pink’ A. ‘Blue Boa’ A. mexicana

TPC (mg GAE/g FW) 5.37 ± 0.32 b 7.10 ± 0.25 a 7.34 ± 0.19 a 5.29 ± 0.20 b

TF (mg CE/g FW) 3.04 ± 0.28 b 5.57 ± 0.27 a 4.96 ± 0.19 a 3.52 ± 0.18 b

TA (mg ME/g FW) 0.03 ± 0.00 c 0.17 ± 0.02 b 0.18 ± 0.01 b 0.68 ± 0.02 a

Carotenoids (μg/g FW) 198.57 ± 8.82 a 1.95 ± 0.60 b 11.71 ± 0.40 b 8.69 ± 0.89 b

Reduced ascorbic acid (mg AsA/100 g FW) 1.48 ± 0.06 a 0.79 ± 0.02 b 1.27 ± 0.10 a 1.43 ± 0.08 a

Total ascorbic acid (mg AsATOT/100 g FW) 1.87 ± 0.16 b 1.12 ± 0.02 c 3.06 ± 0.26 a 2.11 ± 0.04 a

DPPH radical scavenging assay (IC50 mg/mL) 2.26 ± 0.15 a 1.43 ± 0.04 b 0.86 ± 0.01 b 1.40 ± 0.05 c

Total soluble sugars (mg/g FW) 104.44 ± 2.84 a 56.41 ± 0.67 c 75.81 ± 0.66 b 57.52 ± 0.64 c

d-Glucose (mg/g FW) 16.14 ± 0.67 a 8.13 ± 0.19 b 9.15 ± 0.53 b 6.79 ± 0.32 b

Sucrose (mg/g FW) 17.65 ± 0.44 a 4.53 ± 0.35 b 3.51 ± 0.34 b 2.99 ± 0.20 c

d- Fructose (mg/g FW) 13.25 ± 0.28 a 7.00 ± 0.17 b 6.49 ± 0.25 b 4.92 ± 0.38 c

Anthocyanins and carotenoids are the major pigments of petals, producing blue-to-red and
yellow-to-red colors, respectively [46]. In this work, the total carotenoid content was relevant in
A. aurantiaca (198.57 μg/g FW) compared to the other species under evaluation, as highlighted by the
yellow colors of its flowers. On the other hand, A. ‘Blue Boa’, A. ‘Arcado Pink’ and A. mexicana are
characterized by red-purple petals, so anthocyanins are present in these plants, especially in A. mexicana.
Moreover, these three flowers are characterized by higher values of anthocyanins than A. rugosa [47].
However, the anthocyanins content is relatively low compared to other purple-red colored flowers
(e.g., Monarda dydima) [20].

Ascorbic acid (vitamin C) is an essential nutrient for humans, as it is not able to be
bio-synthesized [48]. The EU Regulation (No 1169/2011) recommended 80 mg as the daily intake
for vitamin C (for adults) [49]. The analyzed species showed a very low amount of this compound
with the highest value in A. ‘Blue Boa’ (3 mg/100 g FW). Therefore, to reach the recommended value,
huge amounts of Agastache flowers should be consumed. Since few fresh flowers are generally added
as ingredient in recipes, the species analyzed in this work cannot help to supply these EU daily
requirements. To date, Tagetes tenuifolia (241.20 mg/100 g FW) [20] is considered a good source of
ascorbic acid, and its flowers contain from 80- to 215-fold more ascorbic acid than the Agastache flowers.

Plants belonging to Agastache genus can be used in beekeeping [26] to produce a very interesting
honey due to their high antimicrobial activity, and are potentially usable in skin products to treat
infection caused by bacteria [50]. Nectar is a balanced sugar solution (mainly composed by fructose,
glucose and saccharose) that also contains free amino acids, proteins, inorganic ions, lipids, organic
acids, phenolic substances and terpenoids, among others [13,51]. In this work, the total content of
soluble sugars was in A. aurantiaca > A. ‘Blue Boa’ > A. mexicana > A. ‘Arcado Pink’. Moreover,
A. aurantiaca showed a larger content of glucose, fructose and sucrose compared to the other flowers
analyzed in this work. Until now, few studies had reported the total and the reducing sugar content
of edible flowers. Grzeszczuk et al. [20] had quantified the percentages of total soluble sugars and
sucrose in Salvia splendens and Lavandula angustifolia, from the Lamiaceae family. Compared with these
data, our results highlighted the highest content of these primary metabolites in Agastache flowers.
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3. Material and Methods

3.1. Plant Material

All the Agastache plants (Agastache ‘Blue Boa’, A. aurantiaca ‘Sunset Yellow’, A. mexicana ‘Sangria’
and A.; Arcado Pink’) were provided by the Chambre d’Agriculture des Alpes-Maritimes (CREAM,
Nice, France) and were grown at Research Centre for Vegetable and Ornamental Crops (CREA,
Sanremo, Imperia, Italy, GPS: 43.816887, 7.758900)—in large pots (30 cm of diameter; 9 L) in a substrate
(Hochmoor–Terflor, Capriolo, Brescia, Italy) with a slow release fertilizer (Nitrophoska, Eurochem
Agro, Cesano Maderno, Monza e della Brianza, Italy), and were irrigated with a nutrient solution (Ferti
3, Planta-Düngemittel, Regenstauf, Germany) every week. The pots were placed in greenhouses with
an anti-insect net, and the plants were cultivated using the organic system (without pesticides). In order
to avoid damage caused by pests, antagonist insects like Aphidius colemani (parasite), Chrysoperla
carnea, Adalia bipunctata, Phytoseiulus persimilis and Amblyseius swirskii (predators) (Koppert Italia Srl.,
Bussolengo, Verona, Italy) were released in the greenhouse. Bacillus thuringensis subsp. Kurstaki
(Serbios Srl, Badia Polesine, Rovigo, Italy) was sprayed to control the development of caterpillars.
Flowers were picked during their flowering time (summer 2019).

3.2. Headspace Trapping for the Floral Set-Up

Inflorescences of each species were accurately weighted (about 0.1 g) and carefully placed
separately into 30 mL glass flasks without altering the tissue. The flasks were immediately sealed with
aluminum foil and equilibrated at room temperature (around 24 ◦C) for 1 h.

3.3. Sample Analysis: Isolation of VOCs

As recommended by manufacturer’s instructions, a preconditioned 100 μm polydimethylsiloxane
PDMS fiber was fitted to a manual sampling fiber holder (Supelco, Bellefonte, PA, USA). The fiber was
than exposed to the headspace of the flask containing the samples for 30 min. By the end of the time,
the fiber device was transferred into the GC-MS instrument for analysis. The process was repeated
twice for each species.

3.4. Extraction of Essential Oils

Fresh flowers were hydrodistilled for 2 h using a Clevenger apparatus as recommended by the
European Pharmacopeia. The yield of the EOs was very low due to the very low quantity of plant
material in disposal (1–2 g). Therefore, the EO was collected with the n-hexane grade for HPLC and
was immediately injected in the GC-MS.

3.5. GC-MS Analysis

Gas chromatography–electron impact mass spectrometry (GC–EIMS) analyses were performed
with an Agilent 7890B gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with an Agilent HP-5MS (Agilent Technologies Inc., Santa Clara, CA, USA) capillary column (30 m ×
0.25 mm; coating thickness 0.25 μm) and an Agilent 5977B single quadruple mass detector (Agilent
Technologies Inc., Santa Clara, CA, USA). Analytical conditions were as follows: injector and transfer
line temperatures 220 and 240 ◦C, respectively; oven temperature programmed from 60 to 240 ◦C at
3 ◦C/min; carrier gas helium at 1 mL/min; injection of 1 μL; split ratio 1:25. The acquisition parameters
were as follows: full scan; scan range: 30–300 m/z; scan time: 1.0 s.

3.6. Identification of VOCs and EO Composition

Identification of the constituents was based on a comparison of the retention times with those of
the authentic samples, comparing their linear retention indices relative to the series of n-hydrocarbons.
Computer matching was also used against commercial (NIST 14 and ADAMS 07) [52,53] and
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laboratory-developed mass spectra libraries built up of pure substances and components of known
oils and MS literature data [53–58].

3.7. Determination of Secondary Metabolites, Ascorbic Acid and Radical Scavenging Activity (DPPH Assay)

Fresh flowers were used to quantify the total carotenoid [59], total polyphenolic content (TPC)
(using the Folin—Ciocalteu method, according to Marchioni et al. [60]), total flavonoid (TF) [60] and
anthocyanin content (TA) [60]. Radical scavenging activity was determined by the DPPH assay [61],
reporting the results as IC50 (mg/mL). Total ascorbate (AsATOT) and reduced ascorbate (AsA) were
quantified according to the method of Kampfenkel et al. [62], and prior sample extraction is described
in Degl’Innocenti et al. [63].

For each analysis, 200 mg of homogeneous samples (three biological replica) were used.
The absorbance was read in a UV-1800 spectrophotometer (Shimadzu Corp., Kyoto, Japan).

3.8. Sugars Quantification

Fresh flowers (100 mg) were extracted as already described [64], and were thus
spectrophotometrically estimated in their soluble sugars content. One mL of the samples was
added to 4 mL of 0.2% (w/v) anthrone solution, and after 30 min of incubation at 90 ◦C, the absorbance
was read at 620 nm. Sucrose, d-fructose and d-glucose determination was performed using a
Sucrose/d-Fructose/d-Glucose Assay Kit (Megazyme International Ireland, Co. Wicklow, Ireland)
following the manufacturer’s instructions and prior to the extraction described in Tobias et al. [65].
For each analysis, three biological replicas were used.

3.9. Statistical Analysis

Data were statistically analyzed by one-way ANOVA followed by Fisher’s probable least-squares
difference test with a cut-off significance at p ≤ 0.05 (StatView®, Version 5.0, SAS® Institute Corporation,
Cary, NC, USA).
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Abstract: Brassica vegetables are a significant component of the human diet and their popularity is
systematically increasing. The interest in plants from this group is growing because of numerous
reports focused on their pro-health properties. However, some consumers are not enthusiastic
about these vegetables because of their specific bitter taste and sharp, sulfurous aroma. In this
study, the volatile composition of 15 Brassica cultivars (five Brussels sprouts, four kohlrabi, three
cauliflower and three broccoli), both raw and cooked, was analyzed by solid phase microextraction
and comprehensive two-dimensional gas chromatography with time of flight mass spectrometry
(SPME-GC×GC-ToFMS). Differences were found between the analyzed vegetables, as well as different
cultivars of the same vegetable. Moreover, the influence of cooking on the composition of volatile
compounds was evaluated. All the vegetables were frozen before analyses, which is why the impact
of this process on the volatile organic compounds (VOCs) was included. The most abundant groups
of compounds were sulfur components (including bioactive isothiocyanates), nitriles, aldehydes and
alcohols. Cooking in general caused a decrease in the abundance of main volatiles. However, the amount
of bioactive isothiocyanates increased in most cultivars after cooking. The effect of freezing on the
volatile fraction was presented based on the Brussels sprout cultivars. Most of the changes were closely
related to the activity of the lipoxygenase (LOX) pathway enzymes. These are characterized by a
marked reduction in alcohol contents and an increment in aldehyde contents. Moreover, important
changes were noted in the concentrations of bioactive components, e.g., isothiocyanates. This research
included a large set of samples consisting of many cultivars of each analyzed vegetable, which is why
it provides a considerable body of general information concerning volatiles in Brassica vegetables.

Keywords: Brassica vegetables; volatile compounds; cooking; GC×GC-ToFMS

1. Introduction

Broccoli, Brussels sprouts, cauliflower and kohlrabi are members of the Brassicaceae family, which
is widely cultivated throughout the world. Some consumers reject Brassica vegetables due to their
characteristic flavor, which is genetically related [1]. The consumption of Brassicaceae is high; however,
it is mostly in the cooked form because of significant changes in flavor. Thermal treatment makes
vegetables easily digestible and more acceptable for consumers. Nevertheless, some of them, e.g.,
broccoli, cauliflower or kohlrabi, are sometimes eaten raw, usually as an ingredient in salads. Thermal
treatment affects the concentration of many beneficial compounds in vegetables, such as vitamins
or phenolic compounds [2], while at the same time significantly changing the flavor profile of these
vegetables. Many Brassica vegetables are sold as frozen florets or cubes, often found as ingredients
in vegetable mixes, thus ensuring their supply year-round in a convenient form. Raw vegetables are
rich in aromatic compounds, which usually are produced as a result of enzymatic reactions. Their
storage in the frozen form can significantly alter biochemical reactions occurring in vegetables, thus
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influencing flavor also after cooking. However, there are practically no studies on the comparison of
volatile compound profiles of frozen, fresh and cooked Brassica vegetables. In the case of the analyzed
plants, the specific interest focused on bioactive molecules is particularly high and they have been
extensively studied recently, mainly due to the presence of isothiocyanates. These are the products of
enzymatic hydrolysis of glucosinolates and their beneficial influence on human health has been widely
examined [3–8].

A wide array of analytical techniques have been used to analyze volatile compounds in
plants, including fruit and vegetables. Brassica volatiles have been collected using simultaneous
distillation-extraction (SDE) [9,10], sorbent (Tenax) trapping [11], solvent extraction [12], as well
as solid phase microextraction (SPME) [13,14]. The latter is the most widely applied solvent-free
isolation method for plant materials and food flavors, thanks to its sensitivity, preconcentration
abilities, ruggedness, potential automation and ease of use [15,16].

The aim of the present study was to evaluate differences in the profiles of volatile compounds
in fresh and cooked Brassica vegetables. Thanks to the results obtained for 15 different cultivars of
kohlrabi, broccoli, cauliflower and Brussels sprouts, generalized conclusions may be drawn in terms
of changes in volatile compounds in the main representatives of Brassica vegetables. The volatile
compounds were analyzed using solid phase microextraction and comprehensive two-dimensional
gas chromatography with time of flight mass spectrometry (SPME-GC×GC-ToFMS).

2. Results

2.1. Identification of Volatiles

To compare the profiles of volatiles for the investigated vegetables, the compounds were isolated
using headspace analysis, where the volatiles were adsorbed using SPME fiber and then separated by
comprehensive two-dimensional chromatography-mass spectrometry (HS-SPME-GC×GC-ToFMS).
This approach allows for the specific separation and (tentative in this case) identification of volatile
compounds, thus, it is widely used in volatilome fingerprinting and profiling [17,18]. As the peak
capacity of GC×GC systems can reach 10,000, the number of identified compounds is usually very
high. GC×GC-ToFMS provides plenty of data, for this reason extracting useful information is often a
very challenging task. For our work, only the most abundant compounds with a relatively high signal
to noise ratio (S/N > 250), high similarity and retention indexes comparable to literature data were
taken into consideration and the comparison was based on the peak area values and the peak area
percentage. This serves the assumed comparative purposes well; however, it has to be remembered
that SPME is a partition coefficient based extraction method and the area percentage may be different
from the data provided by exhaustive extraction methods.

Figure 1 shows the differentiation between various Brassica vegetables using principal component
analysis (PCA) based on the profiles of volatile compounds. Each point represents a mean of three
replicates analyzed for a given cultivar. One can observe obvious differences in the profiles of particular
vegetables, both raw and cooked. However, there are also significant differences between particular
cultivars of some investigated vegetables, which is especially noteworthy for raw broccoli and Brussels
sprouts. Examination of the PCA graphs shows a similarity between cauliflower and broccoli volatiles
in raw vegetables, despite the between-cultivar differences for broccoli, while kohlrabi and Brussels
sprouts differ substantially in terms of their volatile compound profiles. When the data are compared
for cooked vegetables, the similarities between cauliflower and broccoli can still be observed (close
distance between clusters), whereas the other vegetables form distant clusters. Interestingly, after
cooking, the differences between cultivars are much less pronounced. This would indicate the more
uniform profile of the main volatiles. A detailed list of main compounds for all the examined cultivars
is provided in Tables S1–S4 in the supplementary files. The compounds corresponding to the number
in the PCA loading plots are presented in Table S5 in the supplementary files. As can be observed in the
tables, the compounds can be classified into several main groups: Aldehydes (with alkanals, 2-alkenals

86



Molecules 2019, 24, 391

and 2,4-alcadienals), alcohols (mainly unsaturated), isothiocyanates (mainly aliphatic, although also
aromatic), other sulfur compounds (mainly sulfides and thiophenes) and nitriles. To a certain extent,
the classification of volatile compounds into these classes is also associated with the sensory properties
and acceptance of these compounds. Some of the identified aldehydes and alcohols may contribute
to the “green”, “sweet”, “fatty”, “soup” and other notes in the vegetable aroma. Isothiocyanates are
products of the enzymatic hydrolysis of glucosinolates, which are widely investigated because of
their beneficial effect on human health. However, they are also partially responsible for the specific
pungent notes. Nitriles, which are an abundant group in all analyzed samples, are also found as
degradation products of glucosinolates, instead of isothiocyatates [1]. Other sulfur components include
mainly products of the cysteine pathway, which are sulfides. All the detected sulfides, i.e., disulfides,
trisulfides, tetrasulfides, pentasulfides, and others have been collected under the general name of
“sulfides”, simply because of their labile nature and mutual transposition. To facilitate an easy visual
comparison of raw and cooked cultivars, Figure 2 shows the main groups of the detected compounds
in the four examined vegetables.

Figure 1. Principal component analysis (PCA) graphs of volatiles extracted from the raw (a) and cooked
(b) Brassica vegetables investigated. Numbers on loadings plot represent compounds characteristic
for analyzed vegetables. Compound numbering is uniform with data provided in the Supplementary
Table S5.
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Figure 2. Percentage contents of isothiocyanates, alcohols, aldehydes, other sulfur compounds, nitriles,
others (miscellaneous) in all analyzed samples. Broccoli (a): Covina, Malibu, “2970”; Brussels sprouts
(b): Ajax, Marte, Maximus, Neptuno, Profitus; Cauliflower (c): Charlotte, Liria, Oviedo; Kohlrabi
(d): Kolibri, Konan, Konmar, Kordial.

2.1.1. Concentrations of Isothiocyanates and Nitriles in Raw and Cooked Brassica Vegetables

Very small amounts of isothiocyanates were detected in all of the raw broccoli cultivars
(<2% in all samples). Additionally, the nitrile levels were relatively low (<5%), which confirms
very low concentrations of myrosinase hydrolysis products in the gas phase. The diversity of
isothiocyanates was also very limited, barely four different isothiocyanates were identified using
GC×GC. Both 2-methylbutyl isothiocyanate and isobutyl isothiocyanate were found in the cultivars
Malibu and “2970”, while cyclopentyl isothiocyanate and n-hexyl isothiocyanate were present in
all the analyzed broccoli samples. The composition of isothiocyanates was different in cooked
vegetables, as propane, 1-isothiocyanato-, butane, 1-isothiocyanato-, 1-butene, 4-isothiocyanato- and
benzene, (2-isothiocyanatoethyl)- were detected in all the analyzed cooked vegetables, instead of most
isothiocyanates present in raw vegetables. The most interesting result was found in the cooked cultivar
“2970”, where all the described isothiocyanates were present, along with a significant amount of allyl
isothiocyanate (which was not present in the raw broccoli). This unexpected finding was connected
with the absence of sulforaphane, one of the most explored isothiocyanates present in broccoli. Because
of the health benefits of sulforaphane [6], interest in this component concentration is particularly high.
Solvent assistant flavor evaporation (SAFE) extraction was performed for one broccoli cultivar to check
if the sulforaphane was present in the sample. In the SAFE extract, analyzed by GC×GC-ToFMS,
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sulforaphane and also sulforaphane nitrile were present as glucoraphanin degradation products,
although in very small concentrations. The absence of sulforaphane in the SPME extract may either be
due to the labile nature of this component [19], or more probably, due to its small K value (partition
coefficient sample-headspace-fiber). SAFE is an exhaustive extraction type technique, therefore
other/more components can be identified.

The concentration and diversity of isothiocyanates was much greater in the cooked broccoli. The
amounts were almost two times higher than in the raw vegetables. It was reported that myrosinase in
the broccoli matrix is inactivated after 20 min at 60 ◦C [20]. No reports have been found in available
literature on the stability of nitrile specific proteins. Generally, the total amount of glucosinolate
degradation products decreased, especially the concentration of nitriles. Cooking caused a change in
the amount of isothiocyanates, which is beneficial from the consumer’s point of view.

In cauliflower, the major isothiocyanate was allyl isothiocyanate, representing 2–4% of the total
volatile fraction, resulting from the high concentration of sinigrin, its precursor, in cauliflowers [12].
Allyl isothiocyanates are some of most frequently studied isothiocyanates, with many publications
confirming their anticancer activity in both cultured cancer cells and animal models. Moreover,
the bioavailability of this compound is very high, as almost 90% of oral intake is absorbed [21]. Other
isothiocyanates were also present, although in much lower concentrations, usually less than 1%. In the
Lira and Charlotte cultivars, somewhat higher amounts of isothiocyanates were recorded in the cooked
vegetables compared with the raw vegetables, while in the Oviedo cultivar the situation is opposite.
An abundant group in all raw cauliflower cultivars was composed of nitriles, which constituted almost
10% in all analyzed samples. It proves again, that also in raw cauliflower after tissue disruption, nitriles
are formed as the main products of glucosinolate hydrolysis. It suggests that after tissue disruption,
the hydrolysis of glucosinolates yields nitriles instead of bioactive isothiocyanates. The concentration
of 2-methylbutyl isothiocyanate was higher in the cooked vegetables in all analyzed varieties, whereas
the allyl isothiocyanate contents were higher in the raw vegetables (except for the Liria cultivar).
The total amount of isothiocyanates was higher in the cooked Lira and Charlotte cultivars than in
the raw vegetables (Table S2). An opposite situation was observed in the Oviedo cultivar. The nitrile
concentration was significantly smaller in all analyzed cooked cauliflower samples.

The third group of analyzed plants comprised four varieties of kohlrabi: Kolibri, Kordial, Konan
and Konmar. The percentage concentration of isothiocyanates in the raw vegetables was unexpectedly
varied, as it was 4.16% for Konan, 18.96% in Kolibri, 6.15% Konmar and 3.71% in Kordial. The content
slightly exceeded that in cauliflower. This fact was also correlated with high nitrile concentrations
(more than 10% in all cases). In cooked kohlrabies, this amount increased in the Konmar and Kordial
cultivars. Benzene, (2-isothiocyanatoethyl)-, which is present in uncooked vegetables at significant
levels, almost disappeared in the cooked kohlrabies. The increase in isothiocyanate concentrations
(Table S3) in the Konmar and Kordial cultivars was mostly caused by the increase of the n-pentyl
isothiocyanate peak area in those two cultivars. The peak area (i.e., amounts) of nitriles decreased
significantly in all analyzed cooked kohlrabi varieties, compared to the raw varieties.

The uncooked Brussels sprout cultivars contained mostly nitriles in their volatile fractions.
Isothiocyanates constituted the second most abundant group. In the cooked plants, the isothiocyanates
accounted for more than 50% in the Maximus, Marte, Ajax and Neptuno cultivars. However, the percentage
contents of isothiocyanates increased, while their summary peak area changed significantly only in
the Maximus cultivar. In the case of nitriles, the summary peak area decreased almost two-fold
when compared with the raw varieties. Only in the Profitus cultivar did the levels of nitriles remain
practically unchanged.

The important issue described in this part of the study is related with the high concentration
of nitriles in some of the analyzed samples. This fact suggests that after tissue disruption in raw,
defrosted vegetables, the hydrolysis of glucosinolates occurs in favor of the formation of nitriles
instead of bioactive isothiocyanates. This seems to be important from a biological point of view.
This is because of the health-promoting nature of isothiocyanates, which are bioactive molecules that
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are known for having many positive effects on human health. These isothiocyanates are found as a
minority in the volatile fraction with respect to nitriles. Based on the actual in vitro data, nitriles have
less beneficial health potential [19,22,23], or even harmful effects on consumers [24]. In cauliflower,
the percentage of nitriles was more than 10% and the percentage of isothiocyanates was about 3%
in all samples, with a similar situation observed in broccoli. In the kohlrabi cultivars, the level of
isothiocyanates was slightly higher; however, the nitrile concentration was still two times higher, and
in the Konan cultivar it was even four times higher than that of the isothiocyanates. As presented,
the enzymatic degradation of glucosinolates leads to the formation of isothiocyanates, and in some
cases, to nitriles, as the main product. The presence of modifying proteins such as the epithiospecifier
protein or the nitrile-specifier proteins results in the enzymatic degradation of glucosinolates being
altered in favor of nitriles [8,25]. It is important to highlight here that all vegetables were frozen before
analysis; the impact of freezing on the composition of volatiles is presented in the next part of the paper.
The changes in isothiocyanates and nitriles induced by cooking are presented for selected cultivars in
Figure 3. It illustrates the general decrease in nitriles caused by cooking and also the different behavior
of isothiocyanates in these cultivars. Initially, research on glucosinolate degradation products was
mainly focused on their toxic, antinutritive and goitrogenic properties. More recently, attention has
shifted to investigations concerning their beneficial effects against various diseases. Most studies are
focused on different Brassica vegetables and the detection of glucosinolates, which are biologically
non-active molecules. Still, a higher glucosinolate content does not always guarantee an increment of
desirable isothiocyanates after tissue mastication. The formation of beneficial isothiocyanates depends
on a variety of factors, such as the activity of myrosinase and nitrile specific proteins or domestic
processing. It is worth mentioning that even if glucosinolates are not degraded, their consumption
is beneficial, since they can be hydrolyzed by a healthy intestinal microbiome [26]. Studies focusing
on the health-promoting effects of isothiocyanates are numerous; however, they are mostly focused
on sulforaphane [27], allyl isothiocyanate [21] and benzyl isothiocyanate [28], while as presented the
qualitative diversity of isothiocynates is considerable.

Figure 3. Proportions between isothiocyanates and nitriles in selected raw and cooked Brassica
vegetables. The results are the mean of three replicates and the error bars show standard deviation.
Amounts were expressed in total (sum of) peak areas.
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2.1.2. Other Sulfur Volatiles

Derivatives from the S-alk(en)yl-l-cysteine pathway compounds occurred very frequently in
the volatile fraction in all analyzed vegetables. In all raw kohlrabi cultivars, sulfides formed the
most abundant group of volatile components. They accounted for more than 50% of all the volatiles
present in the analyzed kohlrabies (Figure 2). In the Konmar cultivar, it was almost 80%. Surprisingly,
a small total percentage of sulfides was noted in raw Brussels sprouts cultivars, where “other sulfides”
represented less than 15% in all analyzed samples. Numerously represented sulfides (di, tri-, tetra-)
are shown in the supplementary tables. The average percentage content of sulfides was approximately
10% in all analyzed Brassicaceae. Taking into account the extremely low odor threshold of these
compounds, which are detectable at levels as low as one part per trillion by the human nose [29],
their crucial role in the Brassicaceae characteristic flavor formation seems to be obvious. The smell
of all sulfides detected here is described as extremely unpleasant [29]. The comparison of sulfide
concentrations in raw and cooked vegetables was inconclusive, because in broccoli, the amount of
sulfides was higher in the cooked form than in the raw form, while in kohlrabi, cauliflower and
Brussels sprouts, the concentration was usually higher in the cooked vegetable. Additionally, there
were some exceptions for some cultivars, where the proportions were reversed.

2.1.3. Aldehydes and Alcohols

All the analyzed cauliflower and broccoli cultivars contained high percentage levels of aldehydes.
In broccoli, the dominating aldehydes were hexenal, 2-hexenal (more than 10% in all samples),
2,4-heptadienal and benzaldehyde. According to [29], those aldehydes contribute the “green” type
aromas to the final broccoli fragrance. In the cauliflower cultivars, the content of aldehydes was
even higher than in broccoli, with 2,4-heptadienal, 2-hexenal, hexanal, benzaldehyde, propanal and
nonanal being dominant (found in the highest percentage levels). The presented profile of aldehydes
in cauliflower was quite similar to that in broccoli. A marked decline in the diversity and percentage
contents of aldehydes was observed in all kohlrabi varieties. In all of the analyzed cultivars, the level
of aldehydes was below 5%. The magnitudes of the aldehyde peaks on the chromatograms were also
relatively small. In comparison with cauliflower and broccoli, which contain respectively 22 and 16
different aldehydes, seven aldehydes were identified in kohlrabi after GC×GC analysis, seemingly to
be a very small number. The most abundant aldehyde in all varieties was 2-butenal, with a flower-type
odor [29]. In Brussels sprouts, the aldehyde percentage content was low; however, their peak areas
and diversity were relatively high. Fifteen different aldehydes were identified by GC×GC, with the
ratios of all aldehydes being similar and with benzaldehyde being the most abundant. Twelve different
alcohols were also present in the Brussels sprouts chromatograms and their percentage contents
were significantly higher than those of the aldehydes (upper 20%). Only seven different aldehydes
were identified in the kohlrabi samples, at less than 5% in all samples. Despite the small amounts
of aldehydes, which are mostly important for “green”, “sweet” and “nice” aromas, the intensity of
“raw kohlrabi” and “green” odors detected by the panelists was relatively high. Alcohols were present
in trace amounts, so they were disregarded in the percentage calculations. In cooked broccoli and
cauliflower, the number of aldehydes was noticeably lower in the cooked vegetables, compared to
raw varieties. In contrast, the number of aldehydes in the kohlrabi was significantly greater in the
cooked vegetables. The percentage contents of different aldehydes in cooked kohlrabi varied between
cultivars. In Brussels sprouts, the levels of the lipoxygenase (LOX) pathway products decreased in all
cooked cultivars.

Figure 4 shows the peak areas of the main groups of volatile compounds investigated in the
analyzed vegetables, both raw and cooked. Total peak areas were used to indicate the differences
between particular vegetables, so it can be seen that aldehydes are dominant in broccoli and cauliflower,
whereas in kohlrabi, sulfides constitute the most abundant fraction. Additionally, the dominance of
nitriles and isothiocyanates in raw Brussels sprouts is easily noted. The error bars indicate differences
caused by different cultivars taken for comparison, therefore they are in some instances relatively high.

91



Molecules 2019, 24, 391

Similarly, the main fractions of the examined cooked vegetables can be compared, indicating an overall
decrease in the amounts of volatiles caused by cooking, with some exceptions discussed above.

Figure 4. Mean values in different cultivars of analyzed raw (A) and cooked (B) vegetables. For broccoli,
it is the mean value from three cultivars: Covina, Malibu and “2970”, for cauliflower, from three cultivars:
Charlotte, Oviedo, Liria, for kohlrabi, from four cultivars: Kolibri, Konan, Konmar, Kordial and for
Brussels sprouts, from five cultivars: Ajax, Marte, Maximus, Neptuno, Profitus. The results are the mean
of three replicates for each cultivar (i.e., nine analyses for broccoli and cauliflower, 15 for Brussels
sprouts and 12 for kohlrabi), error bars show standard deviation. Amounts were expressed in total
(sum of) peak areas.

2.1.4. Freezing-Thawing Effect on the Volatile Fraction

Prior to cooking, all samples were stored at −20 ◦C, which is why the impact of freezing needed to
be evaluated. The comparison of the volatile composition in raw, fresh and frozen-thawed vegetables
was performed based on Brussels sprouts. Figure 5 shows a comparison of nitrile amounts in raw
(fresh) and raw frozen-thawed vegetables for all 5 Brussels sprout cultivars. Moreover, the percentage
contents of aldehydes was also higher than those of alcohols in the frozen vegetables, whereas the
opposite situation was observed in fresh tissue. It is worth highlighting here that in the fresh product,
the concentration of isothiocyanates was more than 50% of the total value, whereas in the frozen
vegetables the amount was approximately 30%. The reason for the change in the isothiocyanate
levels and an increase of nitrile contents is unknown at the moment. It may be connected with cell
degradation during the freezing process, leading to changes in the activity/stability of enzymes
responsible for the hydrolysis of glucosinolates.
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Figure 5. Mean values from all Brussels sprout cultivars (Ajax, Marte, Maximus, Neptuno and Profitus)
for total peak areas of the main groups in raw non-frozen and frozen-thawed vegetables. The results
are the mean of three replicates for each cultivar (i.e., 15 analyses), error bars show standard deviation.
Amounts were expressed in total (sum of) peak areas.

3. Materials and Methods

3.1. Brassica Cultivars

Three cultivars of fresh broccoli (Covina, “2970”, Malibu), three cultivars of cauliflower (Charlotte,
Oviedo, Liria), four of kohlrabi (Konmar, Kolibri, Konan, Kordial) and five cultivars of Brussels sprouts
(Ajax, Maximus, Profitus, Naptuno, Marte) were used for analysis. They were harvested during the
same 2016 autumn season: Broccoli, cauliflower and kohlrabi were harvested in September and the
Brussels sprout cultivars were harvested in December. The vegetables were delivered to the laboratory
within 24 h after harvest and stored at −20 ◦C until analysis (approximately 4 weeks).

3.2. Cooking Process

All vegetables were cooked in the same way. After washing and chopping, about 200 g of plant
material was placed in 1 L of boiling pure water with 7 g of salt. Cooking times differed among
vegetables. It was 5 min for the broccoli, 7 min for the cauliflower and 10 min for the kohlrabi and
Brussels sprouts.

3.3. GC×GC-ToFMS Analysis

The volatiles of the Brassica vegetable samples were isolated using headspace solid phase
microextraction (HS-SPME) and analyzed using SPME-GC×GC-TOFMS for the comparative,
semiquantitive (peak area percentage) analysis only. The SPME fiber carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) was used for volatile extraction (Supelco, Bellefonte, PA, USA). The vegetables
were cut into approximately 0.5 cm pieces with a kitchen knife and 4 g of each was placed in a separate
SPME vial. The samples were pre-incubated for 5 min at 60 ◦C, then the fiber was exposed for 30 min
at the same temperature to adsorb volatiles. The volatile compounds isolated by SPME were desorbed
in the injector port on the GC×GC–ToF-MS system (Pegasus 4D LECO, St. Joseph, MI, USA). The GC
was equipped with a DB-5 column (25 m × 0.2 mm × 0.33 μm, Agilent Technologies, Santa Clara,
CA, USA) and a Supelcowax 10 (1.2 m × 0.1 mm × 0.1 μm, Supelco Bellefonte, PA, USA) as the second
column. The injector temperature was set at 250 ◦C and injection was performed in a splitless mode.
The gas flow was set at 0.8 mL/min. The primary oven temperature was programed as follows: 40 ◦C
for 1 min, then rising at 6 ◦C/min to 200 ◦C, where it then was reduced at 25 ◦C/min to 235 ◦C,
where it was held for 5 min. In the secondary oven, the following programming was used: Held at
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65 ◦C for 1 min, then rising at 6 ◦C/min to 225 ◦C, where it then decreased at 25 ◦C/min to 260 ◦C,
where it was held for 5 min. The transfer line temperature was 260 ◦C. The modulation time was 4 s.
The time-of-flight mass spectrometer was operating at a mass range of m/z 38–388 and detector voltage
−1700 V at 150 spectra/s. Total analysis time was 34.07 min. All analyses for any particular cultivar
and preparation method were done in triplicates.

3.4. Data Analysis

Data were collected using the LECO ChromaTOF v.4.44 software (St. Joseph, MI, USA). Tentative
identification was accomplished using the National Institute of Standards and Technology (NIST)
library (version 2.0) of mass spectra. The calculations and basic statistical analysis were performed
using Excel 2010 and Microsoft Office 2010. The principal component analysis (PCA) was performed
by the SIMCA software, v. 14.1.0.2047 (MKS Unimetrix AB, Umea, Sweden).

4. Conclusions

The HS-SPME-GC×GC method was proposed for the identification of a large spectrum of volatiles
from selected Brassica vegetables. This fast and efficient technique allowed for the determination of
volatile compounds in different cultivars of broccoli, cauliflower, kohlrabi and Brussels sprouts. SPME
is a method that provides a relatively fast volatile profiling of numerous samples. Despite many
advantages of this technique, there are some issues which need to be mentioned here. First of all, there
is no possibility to store volatile extracts (isolates), thus we face the problem of vegetable storage to
analyze large sets of fresh raw vegetables. As presented, the freezing process caused some changes in
the volatiles profile. Moreover, this is a non-exhaustive extraction method, so components with a low
partition coefficient might be undetected, even if they are present in the sample in a relatively high
concentration. Additionally, non-stable, easily reactive compounds can disintegrate, mainly due to high
temperatures during thermal desorption from the fiber. The technique is very good for comparative
purposes, pertinent for quantitative analysis; however, in the case of an external standard method used
for quantitation, the impact of the matrix cannot be ignored, or alternatively, isotopomers of analyzed
compounds could be used. Components from the following chemical groups were identified in those
plants: Alcohols, aldehydes, isothiocyanates, nitriles, sulfides and others (unspecified). The proportions
between the different groups were dependent on the vegetable type/species. The volatiles analyzed in
raw and cooked vegetables showed changes occurring in the volatile fraction in cooked vegetables
in comparison with raw ones. One of the most important differences in the volatile compounds
concerned was a marked decrease in the contents of aldehydes and alcohols. The total amounts of
sulfides decreased after cooking in all vegetables, except for broccoli. Isothiocyanate concentrations
unexpectedly increased in most analyzed vegetables, while in the case of nitriles, a decrement was
observed. Because all vegetables were frozen before analysis, the influence of freezing on the volatile
fraction composition was also investigated. It was found that postharvest freezing of the Brassica
vegetables induces biochemical changes that give rise to a significant modification of the compounds
responsible for the aroma properties of those plants. Most of the changes are closely related to the
activity of the LOX pathway enzymes. They are characterized by a high reduction in alcohol contents
and an increase in aldehyde contents. Moreover, important changes were noted in the concentrations
of bioactive components, e.g., isothiocyanates. The comparison of volatiles between fresh and thawed
raw and cooked Brussels sprouts showed that after freezing, it is suggested to cook vegetables before
consumption to maximize their beneficial properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/3/391/s1,
Table S1. Main volatile compounds identified using GC×GC in raw and cooked broccoli varieties; Table S2.
Main volatile compounds identified using GC×GC in raw and cooked cauliflower varieties; Table S3. Main
volatile compounds identified using GC×GC in raw and cooked kohlrabi varieties; Table S4. Main volatile
compounds identified using GC×GC in raw and cooked Brussels sprouts varieties; Table S5. Compounds and
their corresponding numbers used in PCA analysis (Figure 1).
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Abstract: Soybean (Glycine max) is a major crop cultivated in various regions and consumed globally.
The formation of volatile compounds in soybeans is influenced by the cultivar as well as environmental
factors, such as the climate and soil in the cultivation areas. This study used gas chromatography-mass
spectrometry (GC-MS) combined by headspace solid-phase microextraction (HS-SPME) to analyze
the volatile compounds of soybeans cultivated in Korea, China, and North America. The multivariate
data analysis of partial least square-discriminant analysis (PLS-DA), and hierarchical clustering
analysis (HCA) were then applied to GC-MS data sets. The soybeans could be clearly discriminated
according to their geographical origins on the PLS-DA score plot. In particular, 25 volatile compounds,
including terpenes (limonene, myrcene), esters (ethyl hexanoate, butyl butanoate, butyl prop-2-enoate,
butyl acetate, butyl propanoate), aldehydes (nonanal, heptanal, (E)-hex-2-enal, (E)-hept-2-enal,
acetaldehyde) were main contributors to the discrimination of soybeans cultivated in China from
those cultivated in other regions in the PLS-DA score plot. On the other hand, 15 volatile compounds,
such as 2-ethylhexan-1-ol, 2,5-dimethylhexan-2-ol, octanal, and heptanal, were related to Korean
soybeans located on the negative PLS 2 axis, whereas 12 volatile compounds, such as oct-1-en-3-ol,
heptan-4-ol, butyl butanoate, and butyl acetate, were responsible for North American soybeans.
However, the multivariate statistical analysis (PLS-DA) was not able to clearly distinguish soybeans
cultivated in Korea, except for those from the Gyeonggi and Kyeongsangbuk provinces.

Keywords: gas chromatography-mass spectrometry; solid-phase microextraction; soybean; origin
discrimination; volatile compounds

1. Introduction

Soybean (Glycine max) is among the most important crops in the world and is extensively used in
the production of soybean flour, soybean milk, fermented products, and oil for consumption by both
humans and animals, mainly due to its high protein and fat contents [1]. It is generally accepted that
soybean cultivation originated in China, but nowadays, soybeans are produced worldwide, including
in North America, South America, and Asia [1]. The importing and exporting of agricultural products
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are increasing globally due to the expansion of the free-trade agreements. These circumstances have
resulted in some foreign soybeans with unclear origins being distributed as domestic ones in Korea,
which can lead to consumer distrust about the market [2]. The National Agricultural Products Quality
Management Service in Korea introduced an agricultural food origin labeling system in 1991 to protect
domestic agricultural producers and consumers [2]. Soybeans have been included in this system since
2017, and traders must now mark the origins of all products advertised for sale [2].

The properties and qualities of soybeans can be significantly affected by their cultivation region
because each production area has different growing conditions, such as temperature, precipitation,
and soil characteristics [3–5]. In particular, some previous studies have demonstrated that light and
water characteristics and growth temperatures significantly affect the formation of volatile metabolites,
such as alcohol and aldehydes in plants [6,7]. In addition, Grieshop et al. and Cherry et al. demonstrated
that the environmental growing conditions of soybeans could change the synthesis pathways of proteins
and fats, thereby affecting their chemical compositions [8,9].

Volatile components of soybeans have been found to be mainly derived from carbohydrates,
proteins, and lipids via enzymatic reactions, autoxidation, and/or other chemical reactions during
both storage and cultivation [10]. Lee et al. explained that major aroma constituents of soybean
include hexanal, 1-octen-3-ol, γ-butyrolactone, maltol, and phenylethyl alcohol [11]. Also, Boué et al.
and Dings et al. identified hexan-1-ol, octan-3-one, oct-1-en-3-ol, ethanol, octanal, 2-propanone,
hexan-1-al, and 1-pentan-3-ol—most of which could be lipid oxidative degradation products—as
major volatiles in soybean using Tenax trapping and solid-phase microextraction (SPME) combined by
gas chromatography-mass spectrometry (GC-MS) analysis [12,13]. Since the composition of volatile
compounds in soybeans can vary depending on their cultivation conditions, it might be feasible to use
data sets of volatile components to distinguish where soybeans originate from.

Metabolomics is a commonly used tool for the identification and quantification of whole metabolites
in biological samples [14]. Metabolite profiling has been performed using various instrumental methods,
including mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy [15–17].
These approaches have been successfully used to determine the geographical origins of various
agricultural products [18–20]. Metabolomics approaches based on several different types of instrumental
methods have been recently used to distinguish soybeans of different geographical origins [21,22].
Liquid-chromatography-orbitrap mass spectrometry (LC-Orbitrap MS) and gas-chromatography
time-of-flight mass chromatography (GC-TOF MS) have been used to obtain the metabolic fingerprints
of soybeans cultivated domestically in different provinces of Korea [21]. Fourier-transform infrared
(FT-IR) spectroscopy has also been combined with multivariate statistical analysis to distinguish the
geographical origins of Chinese and Korean soybeans [22]. However, while GC-MS has been widely
used to discriminate the origins of foodstuffs and agricultural products, such as green tea, omija fruit,
and honey, mainly due to its high resolution and sensitivity, in particular, in the analysis of volatile
compounds, this method has not previously been applied to distinguish soybeans according to their
cultivation regions based on the data sets of volatiles [14,23–25]. Therefore, we aimed to determine
the feasibility of discriminating soybeans according to the cultivation regions using a GC-MS-based
metabolomics approach in this study.

2. Results and Discussion

2.1. Profiling of Total Volatile Compounds in Soybeans

In total, 146 volatile compounds were identified in GC-MS data sets obtained from soybean
samples of different geographical origins. Tables S1–S3 indicate that diverse lipid-derived volatile
compounds and terpenes were detected in this study. Previous studies have found the major volatiles
of soybeans to be ethanol, 1-octen-3-ol, maltol, phenylethyl alcohol, hexanal, octanal, 2-propanone,
andγ-butyrolactone [11,12]. All of these volatile compounds were detected in the present study with the
exception of maltol, which could have been due to the use of different extraction techniques [11]—the
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present study employed headspace extraction using SPME, which generally focuses on the detection
of highly volatile compounds with low boiling points.

The 84 volatile compounds detected in the soybeans cultivated in Korea comprised of
1 acid, 23 alcohols, 9 aldehydes, 4 esters, 6 furans, 6 benzenes, 10 ketones, 3 lactones,
3 nitrogen-containing compounds, 2 sulfur-containing compounds, 10 hydrocarbons, 6 terpenes,
and 1 phenol. Certain alcohols, such as 2-ethylhexan-1-ol, predominated, followed by ketones, such as
propan-2-one, while terpenes were found at low levels in most samples. Unlike soybeans grown in
China and North America, pyrazines were not identified in those cultivated in Korea.

The 124 volatile compounds identified in the soybeans cultivated in China comprised of 2 acids,
25 alcohols, 13 aldehydes, 13 esters, 4 furans, 8 benzenes, 17 ketones, 4 lactones, 3 nitrogen-containing
compounds, 2 sulfur-containing compounds, 16 hydrocarbons, 11 terpenes, 3 phenols, and 3 pyrazines.
Among them, 3-methylheptan-4-one was detected at higher levels compared to those cultivated in
Korea and North America, and there was a greater diversity of terpenes in the Chinese soybeans.

The soybeans cultivated in North America contained 50 volatile compounds: 1 acid, 16 alcohols,
5 aldehydes, 4 esters, 2 furans, 4 benzenes, 4 ketones, 3 lactones, 1 nitrogen-containing compound,
1 sulfur-containing compound, 5 hydrocarbons, 2 terpenes, 1 phenol, and 1 pyrazine. The number
of volatile compounds detected in North American soybeans was clearly smaller than in those from
other cultivation areas, but there was a greater diversity of alcohol. Oct-1-en-3-ol was detected at
higher levels, while propan-2-one and 2-methylprop-1-ene were present at lower levels in North
American soybeans. The only pyrazine detected was 2-methylpyrazine. Among esters, the content of
3-hydroxy-2,4,4-trimethylpentyl 2-methylpropanoate was higher in soybeans from Indiana province
(IN) than in those of other regions of North America.

Several enzymes of soybeans have been studied by various researchers, including lipoxygenase,
lipase, urease, amylase, and protease [26,27]. In particular, soybeans are known to be a rich source
of lipoxygenase [27], which is one of several enzymes used to produce aldehydes and alcohols
via enzymatic oxidation [28]. This study found hexanal (13-linoleate hydroperoxide) and heptanal
(11-linoleate hydroperoxide)—known as the major oxidative products from linoleate hydroperoxides—
in most of the cultivation regions, as were octanal (11-oleate hydroperoxide) and nonanal (9-/10-oleate
hydroperoxide) [29], which are known to be decomposition products of oleate hydroperoxides [30].

Benelli et al. found that the amount of hexanal was related to precipitation and light conditions in
the cultivation area [7]. Table 1 [31] presents the differences in precipitation between the cultivation
regions, whereas the amount of hexanal did not differ significantly between the geographical regions
studied. In this study, alcohols—which are known to be secondary oxidative products of unsaturated
fatty acids [29]—predominated in soybeans from Korea, China, and North America, among which
pentan-1-ol and hexan-1-ol (both are derived from 13-linoleate hydroperoxide [30,32]) were observed
in most samples. As mentioned above, oct-1-en-3-ol (produced from 10-linoleate hydroperoxide [32])
was the most abundant alcohol in soybeans cultivated in North America. On the other hand, furans can
be produced from the oxidation of polyunsaturated fatty acids and carotenoids [33], and 2-alkylfurans
are commonly derived from lipid degradation [34]. 2-Methylfuran, 2-ethylfuran, and 2-pentylfuran
were detected in soybeans from Korea and China, whereas 2-methylfuran was not found in soybeans
from North America.

Several ketones were also identified in soybeans from Korea, China, and North America. Other
diverse ketones that are mainly formed from unsaturated fatty acids (e.g., linoleic acid) by lipoxygenase
were found in soybeans from China [35,36]. Certain ketones, such as propan-2-one, butan-2-one,
and 3-methylheptane-4-one, were commonly found in samples from China. Cheesbroug et al. and
Gulen et al. explained that the activities of enzymes, such as peroxidase, increased with the temperature
at which the plants were grown [37,38]. Also, some previous studies have reported that lipoxygenase
activity is affected by the minimum mean temperature from flowering to maturity [39], which affects
the formation of volatile compounds [40]. Table 1 indicates that the annual mean temperature was
higher in China (excluding the northeast region) than in other cultivation areas (Korea and North
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America). It could, therefore, be assumed that the formation of various ketones in soybeans from China
is due to high lipoxygenase activity related to the temperatures of their cultivation areas.

Table 1. Climatic conditions and geographic coordinates of Korea, China, and North America.

Province Latitude Longitude
Annual Mean

Temperature (◦C)
Annual Mean

Precipitation (mm)

Korea

Gyeongi 11◦ 7′ 15.744” N 105◦ 32′ 0.5748” E 11.7 1240
Gangwon 37◦ 52′ 52.7268” N 37◦ 52′ 52.7268” N 10.9 1307

Chungcheongbuk 36◦ 56′ 10.068” N 127◦ 41′ 44.736” E 10.8 1239
Chungcheongnam 36◦ 48′ 33.5196” N 127◦ 9′ 36.1512” E 11.8 1229

Jeollabuk 35◦ 47′ 52.8432” N 126◦ 53′ 31.9632” E 12.8 1251
Jeollnam 35◦ 1′ 37.308” N 126◦ 43′ 15.024” E 13.9 1264

Kyeongsangbuk 35◦ 59′ 18.312” N 128◦ 56′ 31.2” E 12.6 1026
Kyeongsangnam 35◦ 31′ 48.792” N 128◦ 30′ 28.116” E 13.3 1248

North America

Illinois 40◦ 37′ 59.25” N 89◦ 23′ 54.7044” W 11.42 947.93
Indiana 40◦ 16′ 1.8948” N 86◦ 8′ 5.6508” W 11.1 1011

Minnesota 46◦ 43′ 46.3908” N 94◦ 41′ 9.2328” W 7.3 807
Michigan 44◦ 18′ 53.4312” N 85◦ 36′ 8.5104” W 8.6 890
Quebec 52◦ 56′ 23.694” N 73◦ 32′ 56.8788” W 4.8 1001
Ontario 51◦ 15′ 13.5972” N 85◦ 19′ 23.5632” W 7.1 775.9

China

Heilongjian 45◦ 37′ 17.9832” N 126◦ 14′ 35.3466” E 3.4 562
Jilin 42◦ 31′ 40.44” N 125◦ 40′ 40.7994” E 4.9 784

Liaoning 40◦ 1′ 44.1114” N 124◦ 17′ 4.4484” E 9.0 1040
Hebei 38◦ 16′ 53.5578” N 114◦ 41′ 29.7276” E 13.2 517

Shandong 41◦ 1′ 59.0874” N 113◦ 6′ 25.6314” E 14.1 676
Hubei 30◦ 13′ 35.3634” N 115◦ 3′ 49.4634” E 17.0 1396
Anhui 33◦ 57′ 22.248” N 116◦ 47′ 20.5434” E 15.2 728

Zhejiang 30◦ 42′ 1.8” N 121◦ 0′ 37.3314” E 16.2 1118
Fujian 25◦ 6′ 50.796” N 99◦ 9′ 44.28” E 20.7 1677
Jiangxi 31◦ 21′ 54.6474” N 118◦ 23′ 22.8114” E 17.2 1475

Guangdong 24◦ 48′ 4.068” N 113◦ 35′ 33.7554” E 21.0 1499

Diverse terpenes that occur naturally as metabolites are commonly found in plants [41]. In general,
terpenes are produced from isopentenyl diphosphate, which is elongated to geranyl diphosphate,
farnesyl diphosphate, and geranylgeranyl diphosphate [42]. Those terpenes were identified in all of
the present cultivated areas but showed the greatest abundance and variety in China. The 11 terpenes
of α-pinene, α-thujene, sabinene, l-phellandrene, myrcene, α-terpinene, limonene, β-phellandrene,
γ-terpinene, terpinolene, and α-cedrene were detected in soybeans from China. The formation of
terpenes could depend on various factors, such as cultivar and region [43]. Marais reported that
certain factors, such as increased temperature and acidic conditions, could affect the concentration
and diversity of terpenes formed [43]. Also, terpene synthases could be affected by CO2 levels [40].
According to Planbureau voor de Leefomgeving (PBL) Netherland Environmental Assessment Agency,
China showed the largest CO2 emissions in 2016 [44]. In particular, limonene derived from geranyl
pyrophosphate was identified in all samples from China. A previous study suggested that a higher
CO2 concentration could enhance the activity of limonene synthase [40]. Therefore, the formation
of limonene could be significantly affected by CO2 concentration as well as other factors, such
as temperature.

2.2. Discrimination of Soybeans by Different Geographical Origins

In order to discriminate soybeans according to their geographical origins, the relationship between
soybeans from different cultivation regions and their volatile profiles was investigated. GC-MS
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data sets were processed using unsupervised statistical analysis (principal components analysis
(PCA) and hierarchical clustering analysis (HCA)) as well as supervised statistical analysis (partial
least square-discriminant analysis (PLS-DA)) [45]. PCA, HCA, and PLS-DA were performed to
identify the differences in volatiles profiles obtained from GC-MS analyses of soybeans of different
geographical origins.

The results of PCA were distinguished by their geographical origins (data not shown). Since both
results of PCA and PLS-DA on score plots were similar, only PLS-DA results were presented to show
the separation of samples according to the cultivation area (Figure 1). In addition, partial least square
(PLS) components 1, 2, and 3 in the PLS PLS-DA 3D score plot for soybeans of different origins together
explained 37.9% of the total variance: 24.66%, 6.84%, and 6.40%, respectively (Figure 1a). The PLS-DA
score plot for PLS component 1 and PLS component 2 is presented (Figure 1b). The parameters of the
cross-validation modeling were component 3, with R2X = 0.379, R2Y = 0.788, and Q2(cum) = 0.709.
After 100 times permutations, R2 = 0.177 and Q2 = −0.219 were obtained.

Figure 1. Cont.
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Figure 1. Partial least square-discriminant analysis (PLS-DA) score plot of soybean samples from
different cultivation areas; (a) 3D score plot; (b) score plot PLS[1]-PLS[2], indicating the separation
between different cultivation areas.

Some previous studies have shown that the chemical compositions of soybeans can vary
significantly with differences in soils, fertilizer treatment, and climatic conditions, as well as other
environmental factors [46–48]. Grieshop and Fashey showed that soybeans from China had greater
crude protein content than those from North America [8]. Also, Shi et al. [47] demonstrated that
soybeans from Korea contained more protein and less oil than those from North America. On the
other hand, soybeans from China have been shown to have lower lipid concentration than those
from North America [9]. Volatile compounds of soybeans are produced by nonvolatile precursors,
such as lipids, sugars, and proteins [49]. In particular, oxidative degradation of lipids can lead to
the formation of diverse volatiles. Certain lipid-derived compounds, such as oct-1-en-3-ol, differed
significantly between soybeans from North America and those cultivated in other regions, which could
be due to the higher lipid concentration of North American soybeans. On the other hand, the amounts
of benzaldehyde, 2,6-dimethylpyrazine, and 2,5-dimethylpyrazine, which are known to be mainly
produced by amino acids as major precursors [50], differed significantly between soybeans from China
and those cultivated in other regions. This could be at least partially due to the differences in protein
content between soybeans from different cultivation regions [46,48]. However, their exact formation
mechanisms remain unclear, and they could involve both biological and chemical mechanisms during
the cultivation and storage of the soybeans.

Medic et al. reported that the constituents of soybeans could be significantly altered by diverse
environmental factors exerting complex combined effects [50]. This situation makes it difficult to
explain how specific environmental factors influence the formation of volatile components in soybeans.
As shown in Figure 1, the soybean samples could be divided into three groups for Korea, China,
and North America. Soybeans from China are located in the area of negatively-related PLS component
1 in this score plot, whereas those from Korea and North America are located in the positions of both
positively-related PLS component 1. Soybeans from North America are located in the positions of
positively-related PLS component 2 in this score plot, whereas those from Korea are located in the
positions of negatively-related PLS component 2.

Tables 2 and 3 list the main volatile metabolites identified according to the variable importance
plot (VIP) values of >1.20. A VIP value >1 suggests that a compound plays a predominant role
in the separation of groups [51]. The major volatile metabolites contributing to the positive PLS 1
axis were 2-ethylhexan-1-ol, while those in the negative axis of PLS component 1 were heptan-4-ol,
butan-1-ol, butyl butanoate, octanal, butyl prop-2-enoate, 5-methyl-2-propan-2-ylcyclohexan-1-ol,
butyl acetate, butyl propanoate, nonanal, toluene, heptanel, heptan-4-one, 5-ethyloxolan-2-one,
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1,2,3-trimethylbenzene, heptan-2-one, (E)-hex-2-enal, ethyl hexanoate, (E)-hept-2-enal, limonene,
1-butoxybutane, 2-pentylfuran, acetaldehyde, myrcene, and 3-hydroxybutan-2-one, whereas those
in the negative axis of PLS component 1 were found in all soybeans from China. On the
other hand, the main volatile metabolites that contribute to the negative PLS 2 axis were
2-ethylhexan-1-ol, 2,5-dimethylhexan-2-ol, styrene, 2-methylfuran, 2- methylprop-2-ene, propan-2-one,
2-methylprop-2-enal, hexane, methyl acetate, 2-methylpentan-1-ol, octanal, butyl prop-2-enoate,
1-methyoxypropan-2-ol, heptanal, and toluene, whereas those in the positive PLS 2 axis were
oct-1-en-3-ol, nonane, 4-methyloxolan-2-one, heptan-4-ol, butan-1-ol, octan-3-one, butyl butanoate,
3-hydroxy-2,4,4-trimethylpentyl 2-methylpropanoate, 5-methyl-2-propan-2-ylcyclohexan-1-ol, butyl
acetate, butyl propanoate, and nonanal. In Figure 2, soybeans from each country are clustered according
to their cultivation regions. The figure shows that soybeans from Korea were clustered more closely
than the others, which is possibly due to the much smaller land area of that country (100,339 km2)
compared to China (9,596,951 km2), Canada (9,984,670 km2), and North America (9,826,676 km2).

Table 2. The major volatile metabolites identified in soybeans from Korea, China, and North America
according to variables importance plot (VIP > 1.20) list for partial least square (PLS) component 1.

Retention Index
(RI) Cal 1 RI Ref 2 Volatile Compounds VIP Values

Identification
(ID) 3

Negative direction

1289 1288 Heptan-4-ol 2.29 B
1151 Butan-1-ol 2.19 A
1217 Butyl butanoate 2.00 A
1285 1287 Octanal 1.97 B
1175 Butyl prop-2-enoate 1.89 A
1642 1631 5-Methyl-2-propan-2-ylcyclohexan-1-ol 1.88 B
1067 Butyl acetate 1.88 A
1141 Butyl propanoate 1.84 A
1391 Nonanal 1.83 A
1027 Toluene 1.80 A
1181 Heptanal 1.75 A
1122 Heptan-4-one 1.74 A
1688 1694 5-Ethyloxolan-2-one 1.67 B
1273 1,2,3-Trimethylbenzene 1.63 A
1178 Heptan-2-one 1.55 A
995 Acetonitrile 1.54 A
1210 (E)-Hex-2-enal 1.54 A
1234 Ethyl hexanoate 1.49 A
1317 (E)-Hept-2-enal 1.45 A
1190 Limonene 1.40 A
959 968 1-Butoxybutane 1.37 B
1230 2-Pentylfuran 1.30 A
605 Acetaldehyde 1.27 A
1162 Myrcene 1.27 A
1279 3-Hydroxybutan-2-one 1.22 A

Positive direction

1493 2-Ethylhexan-1-ol 1.75 A
1 Retention indices were determined using n-alkanes C6 to C30 as an external standard; 2 Retention indices were
obtained from national institute of standards and technology (NIST) database (http://webbook.nist.gov/chemistry);
3 Identification of the compounds was based as follows; A, mass spectrum and retention index agree with the
authentic compounds under similar conditions (positive identification); B, mass spectrum and retention index were
consistent with those from NIST database.
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Table 3. The major volatile metabolites identified in soybeans from Korea, China, and North America
according to variables importance plot (VIP > 1.20) list for partial least square PLS component 2.

RI Cal 1 RI Ref 2 Volatile Compounds VIP Values ID 3

Negative direction

1493 2-Ethylhexan-1-ol 2.73 A
1194 2,5-Dimethylhexan-2-ol 2.29 C
1250 Styrene 2.16 A
850 2-Methylfuran 2.02 A
<600 2-Methylprop-1-ene 1.93 C
792 Propan-2-one 1.88 A
861 2-Methylprop-2-enal 1.85 A
600 Hexane 1.80 A
810 Methyl acetate 1.48 A

1304 1312 2-Methylpentan-1-ol 1.40 B
1285 1287 Octanal 1.37 B
1175 Butyl prop-2-enonate 1.29 A
1129 1-Methoxypropan-2-ol 1.23 A
1181 Heptanal 1.22 A
1027 Toluene 1.21 A

Positive direction

1449 Oct-1-en-3-ol 2.32 A
900 900 Nonane 2.11 B

1598 4-Methyloxolan-2-one 1.67 C
1289 1288 Heptan-4-ol 1.54 B
1151 Butan-1-ol 1.48 A
1252 Octan-3-one 1.43 A
1220 Butyl butanoate 1.35 A

1850 3-Hydroxy-2,4,4-trimethylpentyl
2-methylpropanoate 1.33 C

1642 1631 5-Methyl-2-propan-2-ylcyclohexan-1-ol 1.26 B
1067 Butyl acetate 1.26 A
1140 Butyl propanoate 1.24 A
1391 Nonanal 1.23 A

1 Retention indices were determined using n-alkanes C6 to C30 as an external standard; 2 Retention indices were
obtained from NIST database (http://webbook.nist.gov/chemistry); 3 Identification of the compounds was based
as follows; A, mass spectrum and retention index agree with the authentic compounds under similar conditions
(positive identification); B, mass spectrum and retention index were consistent with those from NIST database;
C, mass spectrum was consistent with that of W9N08 (Wiley and NIST) and manual interpretation (tentative
identification).

Figure 2 shows the HCA dendrogram with its associated heatmap in which all of the samples are
grouped in terms of their nearness or similarity [52]. The figure shows that all of the samples could
be clustered into two groups except for Kyeongsangnam province Changnyeong (KNCN): group I
consisted of 13 soybean samples cultivated in China, and group II comprised of 22 soybean samples
from Korea and North America. The amounts of terpenes and esters were greater in group I than in
group II. In group II, soybean samples from Korea—except for Kyeongsangnam province Changnyeong
(KNCN)—and North America were classified into the subgroup. Among soybean samples grown in
North America, those from Illinois (IL) and Indiana (IN) provinces could be distinguished from the
others. Table S3 indicates that the samples from Illinois and Indiana provinces were found to contain
greater amounts of alcohol than other North American soybeans (samples MI, MN, ON, and QB).
The annual mean precipitations were similar across North America, but the annual mean temperatures
were higher in Illinois and Indiana than in the other regions. Wills et al. reported that the concentration
of esters and alcohols was positively related to temperature [53]. Therefore, it could be inferred that
the formation of volatile compounds was affected by the cultivation temperature in soybeans from
North America.

104



Molecules 2020, 25, 763

Figure 2. Heatmap generated by a hierarchical clustering analysis of 146 metabolites.

When the multivariate statistical analysis was performed only on domestic samples in Korea to
investigate the possibility of our method to the discrimination of samples cultivated in the regions
close to each other, it could not distinguish soybeans according to the region in the results of PCA (data
not shown) and PLS-DA. Figure 3a shows that PLS 1, 2, and 3 together explained 43.7% of the total
variance (19.09%, 15.36%, and 8.92%, respectively), while Figure 3b shows that two PLS components
(PLS components 1 and 2) explained 33.86%. The parameters of the cross-validation modeling were
component 3, with R2X = 0.437, R2Y = 0.169, and Q2(cum) = 0.0535. After 100 times permutations,
R2 = 0.0951 and Q2 = −0.0676 were obtained.
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Figure 3. PLS-DA score plot of soybeans from Korea on the basis of volatile metabolites:
(a) 3D score plot; (b) score plot PLS[1]-PLS[2]. GGIC—Gyeonggi province Anseong,
GGAS—Gyeonggi province Icheon, GWCC—Gangwon province Chuncheon, GWYW—Gangwon
province Yeongwol, CBES—Chungcheongbuk province Eumseong, CNCA— Chungcheongnam
province Cheonan, CNGJ—Chungcheongnam province Gongju, JBGJ—Jeollabuk province Gimje,
JBIS—Jeollabuk province Imsil, JNNJ—Jeollanam province Naju, JNYG—Jeollanam province
Yeonggwang, KBCD—Kyeongsangbuk province Cheongdo, KBES—Kyeongsangbuk province Uiseong,
KBYC—Kyeongsangbuk province Yeongcheon, KNCN—Kyeongsangnam province Changnyeong,
KNMY—Kyeongsangnam province Miryang, KNGC—Kyeongsangnam province Geochang.

Soybean samples from the Gyeonggi and Kyeongsangbuk provinces were clustered according to
their regions, whereas other samples were not clearly clustered in the PLS-DA score plot. As shown
in Table 1, the climatic conditions varied with the cultivation area. The mean temperatures in 2016
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showed similar tendencies in all of the cultivation regions studied, but with slight differences in the
total precipitation and sun exposure times. Various plant volatiles can be affected by changing biotic
and abiotic factors [54]. Vallat et al. explained that the concentrations of nonanal and benzaldehyde
were both positively related to precipitation, and positively and negatively related to temperature,
respectively [54]. This variety of climate factors could together affect the volatile metabolites formed in
soybeans cultivated in different regions. However, the relationships between climate and the amounts
of nonanal and benzaldehyde formed were not clear in this study. Other domestic samples except those
from the Gyeonggi and Kyeongsangbuk provinces were not clearly grouped in the PLS-DA score plot.

3. Materials and Methods

3.1. Materials

Thirty-six different soybean samples (17 from Korea, 13 from China, and 6 from North America)
cultivated in 2016 (Figures S1–S3, Table 4) were used. Soybeans from Korea were provided by the
National Agricultural Products Quality Management Service, whereas those from China were obtained
from Chinese markets (Figures S4 and S5, Table S4). Soybeans from North America were gifts from
a soybean processing company in Korea (Figure S6, Table S4). All samples were stored at −70 ◦C in
a deep freezer before they were analyzed. Solid-phase microextraction (SPME) fibers and holders
were purchased from Supelco (Bellefonte, PA, USA), whereas vials and screw caps (Ultraclean 18 mm)
were purchased from Agilent Technologies (Santa Clara, CA, USA). l-Borneol was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Authentic standard compounds for positive identification of
volatile compounds were purchased as follows: 3-methylphenol and hexan-1-ol were purchased from
Supelco (Bellefonte, PA, USA), 1,3-benzothiazole, acetaldehyde, α-terpinene were obtained from Fluka
(St. Gallen, Switzerland), and acetonitrile was bought from J.T. Baker (Phillipsburg, NJ, USA), while all
of the other authentic standards were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Table 4. The origins of the 36 soybean samples from Korea, China, and North America.

Nation Province Location Labeling 1

Korea

Gyeonggi
Anseong GGIC

Icheon GGAS

Gangwon
Chuncheon GWCC

Yeongwol GWYW

Chungcheongbuk Eumseong CBES

Chungcheongnam
Cheonan CNCA

Gongju CNGJ

Jeollabuk
Gimje JBGJ

Imsil JBIS

Jeollanam
Naju JNNJ

Yeonggwang JNYG

Kyeongsangbuk

Cheongdo KBCD

Uiseong KBES

Yeongcheon KBYC

Kyeongsangnam

Changnyeong KNCN

Miryang KNMY

Geochang KNGC
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Table 4. Cont.

Nation Province Location Labeling 1

China

Neimenggu Ulanhot INUL

Heilongjiang Harbin HEHA

Jilin Meihekou JIME

Liaoning Dandong LIDA

Hebei Shijiazhuang HESH

Shandong Jining SHJI

Anhui Huaibei ANHU

Hubei Huangshi HUHU

Zhejiang Pinghu ZHPI

Jiangxi Jiujiang JIJI

Fujian Longyan FULO

Guangdong Shaoguan GUSH

Guangxi Hechi GUBA

The United States
(North America)

Illinois IL

Indiana IN

Minnesota MN

Michigan MI

Canada (North America)
Quebec QB

Ontario ON
1 GGIC—Gyeonggi province Anseong, GGAS—Gyeonggi province Icheon, GWCC—Gangwon province
Chuncheon, GWYW—Gangwon province Yeongwol, CBES—Chungcheongbuk province Eumseong,
CNCA— Chungcheongnam province Cheonan, CNGJ—Chungcheongnam province Gongju, JBGJ—Jeollabuk
province Gimje, JBIS—Jeollabuk province Imsil, JNNJ—Jeollanam province Naju, JNYG—Jeollanam
province Yeonggwang, KBCD—Kyeongsangbuk province Cheongdo, KBES—Kyeongsangbuk province
Uiseong, KBYC—Kyeongsangbuk province Yeongcheon, KNCN—Kyeongsangnam province Changnyeong,
KNMY—Kyeongsangnam province Miryang, KNGC—Kyeongsangnam province Geochang, INUL—Neimenggu
province Ulanhot, HEHA—Heilongjiang province Harbin, JIME—Jilin province Meihekou, LIDA—Liaoning
province Dandong, HESH—Hebei province Shijiazhuang, SHJI—Shandong province Jining, ANHU—Anhui
province Huaibei, HUHU—Hubei province Huangshi, ZHPI—Zhejiang province Pinghu, JIJI—Jiangxi province
Jiujiang, FULO—Fujian province Longyan, GUSH—Guangdong province Shaoguan, GUBA—Guangxi province
Hechi, IL—Illinois province, IN—Indiana province, MN—Minnesota province, MI—Michigan province, QB—Quebec
province, ON—Ontario province.

3.2. Extraction of Volatile Metabolites Using SPME

l-Borneol was prepared at 200 mg/L with tert-butanol. Then, distilled water was added at a
final concentration of 1 mg/L before soybean (5 g) was placed in a 20 mL screw vial with a screw
cap. SPME was used to obtain volatile metabolites of soybeans. The sample was maintained at 40 ◦C
for 30 min to reach the equilibrium state. SPME fiber coated with carboxen/polydimethylsiloxane/
divinylbenzene (CAR/PDMS/DVB) was used to adsorb volatile compounds at 40 ◦C for 20 min,
and desorption was executed at 200 ◦C in a GC injector for 5 min while cryo-trapping at −80 ◦C.
For every other ten runs in GC-MS analysis, we included quality control (QC) soybean samples to
confirm the relative peak areas and retention times of several main volatile compounds.

3.3. GC-MS Analysis

The GC-MS analysis was performed using a 7890A series gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) and a 5975C mass detector (Agilent Technologies, Santa Clara, CA, USA)
equipped with a DB-Wax column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific,
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Folsom, CA, USA). GC oven temperature was programmed as follows; initial temperature was
maintained 40 ◦C for 10 min, raised to 42 ◦C at a rate of 2 ◦C/min and held for 3 min, and increased to
100 ◦C at a rate of 4 ◦C/min and kept for 5 min, and raised 180 ◦C at a rate of 4 ◦C/min, and the ramped
to 200 ◦C at a rate of 10 ◦C/min. The flow rate of helium, carrier gas, was constant at 0.8 mL/min,
whereas mass spectra were obtained with a mass scan rage of 35–350 atomic mass unites (a.m.u.) at a
rate of 4.5 scans/sec, and the electron impact (EI) mode was 70 eV. All sample preparations and analyses
were independently performed in triplicate. In the preliminary study, we confirmed the repeatability
and precision of our method on the results of the main volatile compounds in soybean in more than
six replicates.

3.4. Identification and Quantification of Volatile Metabolites

The identification of each volatile compound was positively confirmed by comparison of retention
time and mass spectral data with those of authentic standard compounds. When standard compounds
were not available, each volatile compound was identified on the basis of its mass spectral data using
the NIST.08 and Wiley.9 mass spectral libraries and the retention index (RI) values in the previous
literature. The RI value of volatile compounds was calculated with n-alkane from C6 to C30 as an
external standard. The quantification of the volatile components was calculated to obtain relative peak
areas by comparing their peak areas with that of the internal standard compound on the total ion
chromatogram of GC-MS. Five microliters of l-borneol (1 mg/L in tert-butanol/distilled water solvents
mixture (1:200, v/v)) was used as an internal standard.

3.5. Statistical Analysis

All the datasets obtained were processed by multivariate statistical analysis, such as principal
components analysis (PCA) and partial least square-discriminant analysis (PLS-DA) using SIMCA-P
(version 11.0, Umetrics, Umea, Sweden), to determine the discrimination of soybeans according
to different geographic origins. Heatmap visualization and hierarchical clustering analysis were
performed based on Pearson’s correlation and average linkage method using Multi Experimental
Viewer (MeV) software (version 4.9, The Institute for Genomic Research (TIGR)) [55].

4. Conclusions

This study applied GC-MS analysis combined with the multivariate statistical analysis to
distinguish the geographical origins of soybeans. The profiles of volatile compounds in the soybean
samples varied with their cultivation regions. In the PLS-DA results, all soybean samples were clearly
discriminated by their geographical origins. However, those cultivated in Korea (except for the samples
from the Gyeonggi and Kyeongsangbuk provinces) could not be clearly separated according to the
region on the PLS-DA score plot. We also determined the major volatile metabolites that contributed
to the discrimination of geographical origins on the basis of PLS-DA. This study has the advantage of
being able to distinguish the geographical origin of soybeans without any sample pretreatment on the
basis of volatile metabolite profiles, which are highly related to their quality. However, we did not
have enough sample information on post-harvest practices, such as drying and storage conditions,
which could affect volatiles’ profiles in some way. Nevertheless, our result could be applied to the
discrimination of soybeans distributed and commercially available in Korea, the main objective of
this study.

In summary, the findings of this study suggested that combining GC-MS-based analysis of volatile
compounds with multivariate data analysis is a useful tool for discriminating the geographical origins
of soybeans, but with some limitations for domestically cultivated ones.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/3/763/s1,
Figures S1–S6, Tables S1–S4.
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Abstract: In the post-antibiotic era the issue of bacterial resistance refers not only to antibiotics
themselves but also to common antiseptics like octenidine dihydrochloride (OCT). This appears as
an emerging challenge in terms of preventing staphylococcal infections, which are both potentially
severe and easy to transfer horizontally. Essential oils have shown synergisms both with antibiotics
and antiseptics. Therefore the aim of this study was to investigate the impact of lavender essential oil
(LEO) on OCT efficiency towards methicillin-resistant S. aureus strains (MRSA). The LEO analyzed
in this study increased the OCT’s susceptibility against MRSA strains. Subsequent FTIR analysis
revealed cellular wall modifications in MRSA strain cultured in media supplemented with OCT
or LEO/OCT. In conclusion, LEO appears to be a promising candidate for an efficient enhancer of
conventional antiseptics.

Keywords: MRSA; lavender essential oil; octenidine dihydrochloride; synergistic activity; FTIR

1. Introduction

Staphylococcus aureus is a commensal bacterium that can colonize the skin and the mucoses
of humans, but is also a pathogenic microorganism responsible for many types of infections.
The pathogenicity of this bacterium is primarily associated with the variety of virulence factors
like enzymes and toxins [1]. Virulence factors combined with the efficient evasion mechanisms make
S. aureus a formidable opponent. Asymptomatic carriage, mostly present in the nasal vestibule, may
directly influence the development of infection under favorable circumstances. Skin and soft tissue
infections (SSTIs) are the most common forms of S. aureus etiology [2]. These occur in both outpatients
and inpatients. These infections are associated with the disruption of natural protective barriers in the
skin and mucous membranes. After invasion, the bacteria multiply, the expression of their virulence
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genes as well as toxins production increases, and this results in the development of clinical symptoms
such as SSTIs and surgical site infections (SSIs) [3].

In each of these, microbes can enter the vascular bed and cause severe systemic infection.
This applies especially to inpatients in intensive care units and surgical departments but also to
hemodialyzed outpatients for whom long lasting endovascular catheterization is applied. For these
patients, experiencing circulatory failure, respiratory failure, severe surgical trauma, hypothermia,
or hypovolemia increases the degree of tissue hypoxia. Additionally, diabetes mellitus frequently
coexisting with hemodialysis is predisposed to bacterial colonization in the sites exposed to iatrogenic
skin damage. As a result, the risk of systemic infection increases significantly [4].

As S. aureus potentially contributes to the skin microflora, the horizontal transmission of pathogenic
strains appears to be critical. Most of the aforementioned infections can spread easily via skin-to-skin
contact or via contaminated everyday use items. Consequently, it is crucial to deliver efficient and safe
hygiene measures in order to disrupt the transmission process.

Moreover, due to increasingly common resistance to β-lactam antibiotics among S. aureus,
the treatment of infections with these microorganisms, including the SSIs, has become more challenging.
Methicillin-resistant Staphylococcus aureus (MRSA) strains are not only found in hospital environments
or in inpatients, but can also develop in outpatients [5]. In inpatients with a high risk of colonization by
MRSA due to having implanted artificial valves or vascular grafts, vancomycin is given as an alternative
drug [6]. In order to avoid complications, various types of antiseptic agents are also used in wound care.
One of them is N,N′-(1,10-decanediyldi-1[4H]-pyridinyl-4-ylidene)-bis-(1-octanamine) dihydrochloride,
also known as octenidine dihydrochloride (OCT) [7]. OCT is a cationic active compound that exhibits
a broad bactericidal spectrum, including MRSA. This antiseptic agent works by interacting with
bacterial cell structures, which consequently results in lysis and cell death. OCT is light-resistant,
and is chemically stable in a broad range of pH (1.6–12.2) and temperatures [8]. In addition to high
antibacterial efficacy, OCT neither adversely affects epithelial cells, nor impedes the wound healing
process. OCT is used only topically and is not absorbed into general circulation, so it does not cause any
systemic effects. Due to its properties, OCT works well when applied to wounds, mucous membranes,
and skin. OCT shows a synergistic effect with phenoxyethanol, hence phenoxyethanol as an aqueous
solution in combination with OCT is applied in medical practice [7,9], e.g., to decolonize vulnerable
patients with MRSA, which is an indispensable element of hospital-acquired infection prevention.

Still, the problem of bacterial resistance also applies to antiseptics such as OCT. Hardy et al. [10]
observed a correlation between the use of these antiseptics and a staphylococcal sensitivity decrease.
They stated that Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) values of OCT increased rapidly after OCT’s introduction to widespread use. The authors
pointed out the mutations in norA and norB genes encoding efflux pump proteins as a possible reason
for bacterial tolerance towards antiseptics. Hence, investigating the preparation methods which
support the activity of antiseptics seems to be an important and interesting research area.

This is particularly so with regard to common exposure and the severity of staphylococcal
infections as described above. Essential oils (EOs) represent a major example of this [11]. Firstly,
the combination of EOs and antiseptic agents can contribute to reducing the risk of infection in healing
wounds caused by MRSA strains. Secondly, a synergistic effect between the active compounds can
enable a dose reduction and a concomitant alleviation of side effects typically associated with these EOs
and antiseptic agents. Finally, some EOs have a pleasant fragrance which can provide psychological
benefits facilitating wound healing.

It seems that lavender essential oil (LEO) extracted from the flowering tops of Lavandula angustifolia
Mill. (Lamiaceae) is a promising candidate for a natural product which can increase the synergistic
effect of some antiseptic agents such as OCT. LEO has a wide range of applications in pharmaceutical
products and as a fragrance ingredient in the cosmetics industry [12]. It has been also proven that
LEO has beneficial immunomodulatory effects on wound healing [13]. In addition, this oil has
various pharmacological effects described in the available literature, such as antibacterial, antifungal,
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antioxidant, anxiolytic, anticonvulsant, and anticholinesterase properties [14–19]. According to
Malcolm and Tallian [20], LEO is classified as Generally Recognized as Safe (GRAS) by the Food and
Drugs Administration (FDA) (21CFR182.20 2015).

The exact mode of action of LEO is still not fully recognized. It is hypothesized that it influences
bacterial wall ultrastructure and therefore modifies whole bacterial cell susceptibility. Hence, the aim
of this study was to investigate the influence of LEO on the antibacterial activity of OCT against MRSA
strains. Special attention was paid to the possible effect of LEO on bacterial cell wall modification.

2. Results

2.1. Chemical Analysis of LEO

The qualitative and quantitative chemical composition of LEO analyzed using GC-FID-MS are
listed in Table 1. The total number of compounds identified in LEO was 29, representing 98.5% of the
total oil content. The remaining compounds (1.5%) appeared in trace amounts. The main constituents
of tested LEO were linalool (34.1%) and linalyl acetate (33.3%) (Figure 1) followed by lavandulyl
acetate (3.2%), (Z)-β-ocimene (3.2%), (E)-β-ocimene (2.7%), β-caryophyllene (2.7%), 1,8-cineole (2.5%),
terpinene-4-ol (2.5%), and myrcene (2.4%).

2.2. The Antibacterial Activity of Chemicals against MRSA Strains

As determined using the microdilution method, the control strain was susceptible to both LEO
and OCT. The obtained MIC values were 1.95 ± 0.00 μg/mL and 18.29 ± 7.92 mg/mL for OCT and LEO,
respectively. It was also found that both OCT and LEO showed antibacterial activity against MRSA
clinical strains. The MIC of OCT inhibiting growth of these strains ranged between 3.52 ± 0.00 μg/mL
to 3.91 ± 0.00 μg/mL, whereas the MIC of LEO was slightly higher (13.72 ± 0.00 mg/mL). Moreover,
it was also observed that the addition of Tween 80 (1%, v/v) or DMSO (2%, v/v) had no impact on the
growth of any of the strains. The results of the MICs and MBCs of OCT and LEO against MRSA strains
are summarized in Table 2.

2.3. Synergistic Effect of LEO and OCT

The study showed that LEO presented synergistic activity in combination with OCT against
MRSA reference strain and clinical isolates (the FICI values ranged from 0.11 to 0.26). The detailed
results of a checkerboard assay against MRSA strains are summarized in Table 2.

2.4. Effect of LEO Alone and In Combination With OCT against MRSA Reference Strain

2.4.1. Time-Killing Curves

The time-kill kinetics profile of MRSA reference strain grown in different media (A–G) are shown
in Figure 2. The MRSA strain cultured in medium G showed a reduction in the number of viable cells
within the first 5 h when compared to the medium E as well as medium F.

2.4.2. FTIR Analysis

The complete FTIR spectra of the samples are shown in Figures 3 and 4. No qualitative differences
were observed between samples isolated from media B-E and the control sample (medium A). However,
the analysis targeting in particular cellular wall components was revealed. The differences in FTIR
spectra between the sample isolated from media E-G in comparison to the control sample (medium A)
were observed. In the E sample, no changes at 3280 cm−1, 2959 cm−1, 2927 cm−1, 1454 cm−1, and 1394
cm−1 were noticed. A noticeable growth of absorbance at bands 1636 cm−1, 1532 cm−1, and 1230 cm−1

was observed. Moreover, an increase of absorbance at 1057 cm−1 was also observed. Sample F showed
a more multi-faceted influence on the chemical composition of S. aureus cells (Figure 3). Noticeable
growth of absorption peaks were observed. Moreover, the new peaks at 895 cm−1 and 837 cm−1 were
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noticed (Figure 4). The FTIR spectrum of a sample exposed to both E and F samples showed that all
changes observed in the cells under the influence of both compounds are also separately found when
these compounds are used together.

Table 1. Chemical composition of volatile constituents of commercial lavender essential oil from the
flowering herb of Lavandula angustifolia Mill. (Lamiaceae).

Compound RI Relative Concentration (%)

Monoterpenes

α-Pinene 936 0.1
Camphene 950 0.1
Myrcene 987 2.4

p-Cymene 1015 0.2
1,8-Cineole 1024 2.5
Limonene 1025 0.6

(Z)-β-Ocimene 1029 3.2
(E)-β-Ocimene 1041 2.7
γ-Terpinene 1051 0.1
Terpinolene 1082 0.2

Monoterpene isoprenoids

Linalool 1086 34.1
Camphor 1123 1.2

Izoborneol 1142 0.2
Borneol 1150 1.4

Lavandulol 1151 1.1
Terpinene-4-ol 1164 2.5

cis-Dihydrocarvone 1172 0.2
α-Terpineol 1176 1.8

Linalyl acetate 1239 33.3
Lavandulyl acetate 1275 3.2

Neryl acetate 1342 0.8
Geranyl acetate 1362 1.3

Sesquiterpenes

β-Caryophyllene 1421 2.7
Aromadendrene 1443 0.1
(E)-β-Farnezene 1446 0.4

Bicyclosesquiphellandrene 1487 0.1

Sesquiterpene isoprenoids

Caryophyllene oxide 1578 0.1

Esters

Oct-1-en-3-yl acetate 1093 0.6

Ketones

Octan-3-one 969 1.3
Total 98.5

RI: Retention index measured relative to n-alkanes (C-9 to C-26) on a non-polar Rtx-1 column.

Figure 1. The chemical structures of the main compounds of lavender essential oil: linalool (a) and
linalyl acetate (b).
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Table 2. Fractional inhibitory concentration (FIC) and FIC indices (FICI) of octenidine dihydrochloride
(OCT)—lavender essential oil (LEO) pairs against methicillin-resistant Staphylococcus aureus
(MRSA) strains.

Bacteria OCT-LEO MICo MBC MICc FIC FICI
Type of

Interaction

reference
strain

ATCC
43300

OCT
(μg/mL) 1.95 ± 0.00 5.21 ± 2.26 0.12 ± 0.00 0.06

0.11 synergy
LEO

(mg/mL) 18.29 ± 7.92 439.00 ± 0.00 0.86 ± 0.00 0.05

isolates

1
OCT

(μg/mL) 3.91 ± 0.00 11.72 ± 5.52 0.12 ± 0.00 0.03
0.16 synergy

LEO
(mg/mL) 13.72 ± 0.00 27.44 ± 0.00 1.71 ± 0.00 0.13

2
OCT

(μg/mL) 3.52 ± 0.00 7.04 ± 0.00 0.24 ± 0.00 0.13
0.26 synergy

LEO
(mg/mL) 13.72 ± 0.00 27.44 ± 0.00 1.71 ± 0.00 0.13

3
OCT

(μg/mL) 3.52 ± 0.00 7.04 ± 0.00 0.12 ± 0.00 0.06
0.12 synergy

LEO
(mg/mL) 13.72 ± 0.00 27.44 ± 0.00 0.86 ± 0.00 0.06

Values are expressed as mean ± standard deviation. MICo, minimum inhibitory concentration of OCT or LEO;
MBC, minimum bactericidal concentration; MICc, minimum inhibitory concentration of OCT/LEO combination.
FIC index = FIC of OCT + FIC of LEO. FICI < 0.5, synergy; 0.5 ≤ FICI ≤ 1.0, addition; 1.1 < FICI ≤ 4.0, indifference;
FICI > 4.0, antagonism. Using the known density of LEO, the final result was expressed in mg/mL.

Figure 2. Time-kill kinetics of Staphylococcus aureus ATCC 43300 (MRSA) strain grown in Mueller-Hinton
broth containing: no chemicals (control—medium A), Tween 80 (medium B), DMSO (medium C),
Tween 80 and DMSO (medium D), lavender essential oil (LEO) at subinhibitory concentration (MIC50)
(medium E), octenidine dihydrochloride (OCT) at subinhibitory concentration (MIC50) (medium F),
LEO/OCT at subinhibitory concentrations (MICc50) (medium G). CFU—colony forming unit.
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Figure 3. Cont.
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Figure 3. FTIR spectra of Staphylococcus aureus ATCC 43300 (MRSA) strain grown in Mueller-Hinton
broth containing: no chemicals (control—medium A), Tween 80 (medium B), DMSO (medium C),
Tween 80 and DMSO (medium D), lavender essential oil (LEO) at subinhibitory concentration (MIC50)
(medium E), octenidine dihydrochloride (OCT) at subinhibitory concentration (MIC50) (medium F),
LEO/OCT at subinhibitory concentrations (MICc50) (medium G).
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Figure 4. FTIR spectra (in the range: 950–700 cm−1) of Staphylococcus aureus ATCC 43300 (MRSA) strain
grown in Mueller-Hinton broth containing: no chemicals (control—medium A), lavender essential
oil (LEO) at subinhibitory concentration (MIC50) (medium E), octenidine dihydrochloride (OCT) at
subinhibitory concentration (MIC50) (medium F), LEO/OCT at subinhibitory concentrations (MICc50)
(medium G).

3. Discussion

There has been a dramatic increase in bacterial resistance to antibiotics and chemotherapeutics,
which limits their therapeutic use. It was also observed that the effectiveness of new antibiotics and
chemotherapeutics is rapidly decreasing. Scientific data led to the announcement in 2014 by the World
Health Organization of the beginning of a post-antibiotics era. In this study, the activity of commercial
LEO from the flowering herb of L. angustifolia Mill. (Lamiaceae) in combination with OCT against MRSA
strains was analyzed. It has been proven that chemical analysis of LEO used in this study met the
requirements outlined in the ISO Standard 11024 [21,22].
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This study showed that a combination of LEO and OCT increases the effectiveness of this
commonly used antiseptic agent against MRSA strains. The combination of OCT and antibiotics
such as mupirocin is commonly used to eradicate the nasal carriage of S. aureus (especially MRSA)
straight before surgical operations, especially cardiac surgery [23]. However, there are interesting
data about the interactions of antiseptics with antibiotics. Hübner et al. [7] described the synergistic
interaction of OCT incorporated into Mueller-Hinton agar with imipenem (against Enterococcus faecalis,
Enterococcus faecium and Pseudomonas aeruginosa) and piperacillin + tazobactam (against E. faecalis
and E. faecium). The same authors reported synergism between chlorhexidine digluconate (CHD)
incorporated into Mueller-Hinton agar and piperacillin + tazobactam against E. faecalis. However,
there are also reports about interaction of widely used antiseptics with essential oils and their main
compounds. According to Şimşek and Duman [24], combinations of 1,8-cineole with CHD showed
synergistic interactions against the following reference strains: S. aureus (ATCC 25923), Escherichia
coli (ATCC 25922), E. faecalis (ATCC 51299), Klebsiella pneumoniae (ATCC 700603), and Candida albicans
(ATCC 90028) (fractional inhibitory concentration indices—FICI values = 0.13–0.38), as well as MRSA
clinical isolate (FICI = 0.05). The authors suggest that this combination may be beneficial in skin
antisepsis by causing the elimination of microcolonies which are likely to exhibit increased resistance to
CHD. Karpanen et al. [25] presented a similar conclusion in that essential oils, in particular eucalyptus
essential oil which is more than 90% 1,8-cineole, can be used for an improved skin antisepsis when
combined with CHD. They showed that in biofilm, CHD combined with eucalyptus oil demonstrated
synergistic activity against the clinical isolate of Staphylococcus epidermidis, with an FICI value of 0.19.
According to Alabdullatif et al. [26] linalool significantly enhances anti-biofilm activity of CHD with
isopropyl alcohol and can potentially be used to improve skin disinfection.

According to literature data, the antimicrobial activity of essential oils depends on the content of
terpenoides. Among them, phenolic compounds such as thymol or carvacrol can be distinguished by
their strong action. In contrast, terpene alcohols (e.g., geraniol, citronellol, and linalool) and esters
(e.g., linalyl acetate) show slightly weaker antimicrobial activity [27]. LEO owes its activity mainly to
linalool and linalyl acetate, but it is known that compounds present in lower amounts are important
in creating a unique mixture with a particular synergy. In this investigation, it has been proven that
combination of LEO containing mostly linalool (34.1%) and linalyl acetate (33.3%) showed a synergistic
effect in combination with OCT against methicillin-resistant staphylococci both the reference strain
S. aureus ATCC 43300 and clinical isolates with FICI values between 0.11–0.26. LEO as a safe (GRAS)
natural product of plants could be a good candidate to investigate its application in skin antiseptic
formulation. According to literature data, LEO is well-tolerated on the surface of skin and is often
administered orally or applied topically in an undiluted form [20]. However, Prashar et al. [28] showed
cytotoxic activity of LEO containing mainly linalyl acetate (51%) and linalool (35%) on human skin
cells (HMEC-1, HNDF, and 153BR) at a concentration of 0.25% (v/v). Nevertheless, in this study the
most effective combination of LEO and OCT decreased the MIC of LEO from 14.86 ± 3.96 mg/mL
(1.49 ± 0.4%) to 1.29 ± 0.49 mg/mL (0.13 ± 0.05%). In our previous study, it was also observed that
LEO derived from the same production batch exhibited low cytotoxic activity towards HMEC-1 and
glioblastoma cell (T98G) lines [29]. IC50 values of LEO against HMEC-1 and T98G lines were 5.15 μL/mL
(4.5 mg/mL) and 2.27 μL/mL (1.99 mg/mL), respectively. Moreover, a more efficient killing effect caused
by synergistic LEO-OCT pairs at subinhibitory concentrations (MICc50) was noticed. It has been shown
that after five hours of incubation, there was a noticeable reduction of viable cells when compared to
the control medium (without compounds). It was also observed that the addition of Tween 80 (1%, v/v)
and DMSO (2%, v/v) had no impact on MRSA strains growth inhibition, and this has been also noted
previously by Honório et al. [30] and Ferguson et al. [31]. Moreover, Tween 80 at the concentration of
1% is widely used as an emulsifier in cosmetics, pharmaceuticals, and food products, and has been
approved by the US Food and Drug Administration for use in selected foods [32].

The present study showed the qualitative differences in FTIR spectra of samples F (Mueller-Hinton
broth (MHB) containing OCT at subinhibitory concentration—MIC50) and G (MHB containing LEO/OCT
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at subinhibitory concentration—MICc50) in comparison to the control sample (MHB without chemicals).
As a result of cultivation of the MRSA strain in MHB containing OCT at a subinhibitory concentration
(MIC50), two new peaks were observed at 895 cm−1 and 837 cm−1, which were also noticed in MRSA
cells grown in medium F (MHB containing LEO/OCT at subinhibitory concentrations—MICc50). Those
changes are assignable to C-O-C glycosidic linkages and C-O-P symmetric stretching vibrations in
cell wall oligosaccharides and polysaccharides, which may affect the electrostatic interactions with
antibacterial molecules [33,34]. In previous studies, lower penetration of anionic antibiotic mupirocin
was observed in a mupirocin-resistant MRSA strain [33]. On the other hand, OCT is a cationic, surface
active antimicrobial compound (its molecular weight is approximately 624 Da), whose mode of action
is based on integration with enzymatic systems. As a result, polysaccharides in the cell wall of
microorganisms induce leakages in the cytoplasmic membrane and lead to cell death [7,8,35]. It has
two non-interacting cation-active centers in its molecule, which are separated by a long aliphatic
hydrocarbon chain [8,35]. Like other cationic antiseptics, OCT’s main target appears to be glycerol
phosphates in the bacterial cell membrane. It therefore binds readily onto negatively charged surfaces,
such as microbial cell envelopes and eukaryotic cell membranes [7]. Thus, based on FTIR results, it can
be assumed that cultivation of MRSA in medium containing subinhibitory concentration (MIC50) of
OCT resulted in changes in cell wall oligosaccharides and polysaccharides that resulted in the change of
electrostatic potential of the cell surface, which therefore may affect OCT antibacterial efficacy. Similarly,
the antibacterial activity of essential oils is mainly based on acting on the cytoplasmic membrane,
which results in a loss of membrane stability and increased permeability [36]. In general, Gram-positive
bacteria are more susceptible to essential oils in comparison to Gram-negative bacteria [36,37]. This
can be linked to the fact that Gram-negative bacteria have an outer membrane which is rigid, rich in
lipopolysaccharide (LPS), and more complex, thereby limiting the diffusion of hydrophobic compounds
through it. This extra complex membrane is absent in Gram-positive bacteria, which instead are
surrounded by a thick peptidoglycan wall that is not dense enough to resist small antimicrobial
molecules, thus facilitating the access to the cell membrane [36–38]. Moreover, Gram-positive bacteria
may ease the infiltration of hydrophobic compounds of EOs due to the lipophilic ends of lipoteichoic
acid present in cell membrane [36,38]. Since OCT is hydrophobic compound, it requires organic
solvent such a as phenoxyetanol in order to be effectively administered [8]. LEO is primarily composed
of monoterpenoids and sesquiterpenoids where linalool and linalyl acetate are the most dominant,
representing hydrophobic character [39,40]. Studies on the effects of the major chemical constituents
of L. angustifolia, comprising essential oil, linalool, linalyl acetate, and terpinen-4-ol, indicate that the
mechanism of action of these components damages the lipid layer of the cell membrane, which results
in bacterial cell leakage [11]. Thus, based on the results of time-killing curve it may be assumed that
LEO has a synergistic effect on OCT, thereby enhancing its permeation into bacterial cells.

4. Materials and Methods

4.1. Bacterial Strains and Growth Condition

The study included three methicillin-resistant S. aureus isolates belonging to the collection of the
Chair of Microbiology, Immunology and Laboratory Medicine in Pomeranian Medical University in
Szczecin, Poland. The strains were isolated from surgical wound infections. The specimens were
cultivated on Columbia agar with 5% sheep blood (bioMérieux, Warsaw, Poland), incubated 18 h at
37 ◦C in aerobic atmosphere, and identified using the biochemical test GP Vitek 2 Compact (bioMérieux,
Warsaw, Poland). A S. aureus ATCC 43300 (MRSA) strain was used as the control strain in this study.
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4.2. Chemicals

4.2.1. Chemical Characterization of LEO

Commercial LEO from the flowering herb of L. angustifolia Mill. (Lamiaceae) was purchased
from Pollena-Aroma (Nowy Dwór Mazowiecki, Poland). The LEO was analyzed by gas
chromatography-flame ionization detector-mass spectrometer (GC-FID-MS) at the Institute of General
Food Chemistry, Łódź University of Technology, Poland using a Trace GC Ultra apparatus (Thermo
Fisher Scientific, Waltham, MA, USA) MS DSQ II detectors, and an FID-MS splitter (SGE, Trajan Scientific
Europe, Milton Keynes, UK). Identification of compounds in LEO was based on the comparison of
their MS spectra with the MS spectra of computer libraries (MassFinder 3.1, Wiley Registry of Mass
Spectral Data, and NIST 98.1 [41–43] along with the retention indices on a non-polar column (Rtx-1,
MassFinder 3.1, Restek Corporation, Bellefonte, PA, USA) associated with a series of n-alkanes with
linear interpolation (C-9 to C-26).

Concentrations of LEO from 500 to 0.12 μL/mL were prepared by dissolving essential oil in Tween
80 (Sigma-Aldrich, Darmstadt, Germany) (1%, v/v) and diluting by Mueller-Hinton broth (MHB,
Sigma-Aldrich, Darmstadt, Germany).

4.2.2. Octenidine Dihydrochloride (OCT)

OCT with a purity of no less than 98.0% was obtained from Schülke & Mayr GmbH (Norderstedt,
Germany). Concentrations of OCT from 500 to 0.12 μg/mL were prepared by dissolving the chemical
in dimethyl sulfoxide (DMSO, Loba Chemie, Mumbai, India) (2%, v/v) and diluting it using MHB.

4.3. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) of Chemicals

The MIC of LEO or OCT was determined by the broth microdilution method according to the
Clinical and Laboratory Standards Institute with a slight modification as described previously [44].
To exclude an inhibitory effect of both Tween 80 and DMSO, the control assays with MHB and MHB
supplemented with Tween 80 (1%, v/v) or DMSO (2%, v/v) were performed. All tests were carried out
in duplicate. At this stage, MIC50 of each chemicals against S. aureus ATCC 43300 was calculated.

The MBC of chemicals was determined by transferring 20 μL of cultures in higher-than-MIC
concentrations on a 96-well microplate contained MHB (100 μL) in each well, and incubating them for
18 h at 37 ◦C. After this period, the MBC was observed and the concentration on which transparent and
verifiable medium could be found was identified. Using the known density of LEO, the final result
was expressed in mg/mL.

4.4. Checkerboard Method

Combinations of LEO and OCT against MRSA strains were tested by using a previously described
checkerboard method [44]. Using the known density of the LEO, the final result was expressed in
mg/mL. All tests were performed in duplicate. Within each chemical, the lowest inhibitory concentration
was considered as a minimum inhibitory concentration in combination (MICc). At this stage, MICc50

of OCT/LEO combination against S. aureus ATCC 43300 was calculated. For each replicate, fractional
inhibitory concentration indices (FICI) were estimated using the Equations (1) and (2):

FIC =
MIC of LEO or OCT in combination

MIC of LEO or OCT alone
(1)

FICI = FIC of LEO + FIC of OCT. (2)

Results were interpreted as follows: synergy (FICI < 0.5), addition (0.5 ≤ FICI ≤ 1.0), indifference
(1.1 < FICI ≤ 4.0), or antagonism (FICI > 4.0).
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4.5. The Influence of LEO Alone and In Combination With OCT on the Chemical Composition of the S. aureus
ATCC 43300 (MRSA) Strain

4.5.1. Culture Media Preparation

One colony of the S. aureus ATCC 43300 (MRSA) strain was harvested from the pure culture (from
Columbia agar with 5% sheep blood), inoculated into MHB, and incubated at 37 ◦C for 18 h with
shaking (200 rpm) and the turbidity adjusted to McFarland standard number 2. Then, a 1 mL MRSA
strain suspension was added to 50-mL falcon tubes and filled up with 20 mL of MHB containing:
without chemicals (control—medium A), Tween 80 (1%, v/v) (medium B), DMSO (2%, v/v) (medium C),
Tween 80 (1%, v/v) and DMSO (2%, v/v) (medium D), LEO at a subinhibitory concentration (MIC50)
(medium E), OCT at a subinhibitory concentration (MIC50) (medium F), and LEO/OCT at subinhibitory
concentrations (MICc50) (medium G). The falcons were undergoing an 18 h incubation at 37 ◦C with
shaking (200 rpm). Determination of subinhibitory concentrations (MIC50 and MICc50) of both LEO
and OCT, as well as LEO/OCT combination were calculated in proportion to the MIC100 and MICc100

values obtained in Sections 4.3 and 4.4, respectively.

4.5.2. Time-Kill Curve Assay

A time dependent killing assay was performed to determine the killing kinetics based on the study
conducted by Kang et al. [45] with a slight modification. The media A–F (25 mL) were inoculated with
MRSA to obtain bacterial cells concentrations of 0.5 on the McFarland scale. After inoculation, the test
tubes were incubated at 37 ◦C under shaking conditions (100 rpm). The viable cells were determined
by counting the colonies formed from a 100-μL samples that were removed from the cultures at 0,
1, 2, 3, 4, 5, 6 12, and 24 h, which were then serially diluted, spread on Mueller-Hinton plates, and
incubated for 24 h at 37 ◦C. Time-kill curves were constructed by plotting the mean colony counts
(Log10 CFU/mL) versus the time.

4.5.3. A Determination of Functional Groups in Staphylococcal Cells by the Use of Fourier Transform
Infrared (FTIR) Spectroscopy

In order to confirm the presence of particular chemical moieties in MRSA reference strain incubated
into different microbiological media (A–G), FTIR spectroscopy analyses was performed as described
earlier [34]. FTIR is defined as a method that is sensitive to bond polarization (changes in the dipole
moment), which therefore gives strong signals for polar functional groups [46,47].

The obtained spectra were normalized, baseline corrected, and analyzed using SPECTRUM
software (v10, Perkin Elmer, Waltham, MA, USA).

5. Conclusions

LEO appears to be an efficient enhancer of the well-known antiseptic OCT against MRSA strains.
It potentially influences bacterial permeation by modifying the cell wall structure. This is mirrored in
phenotypic analyzes of MRSA susceptibility to OCT. Therefore LEO appears to offer therapeutic as
well as preventive potential in the post-antibiotic era.
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Abstract: Essential oils (EOs) are highly lipophilic, which makes the measurement of their biological
action difficult in an aqueous environment. We formulated a Pickering nanoemulsion of chamomile
EO (CPe). Surface-modified Stöber silica nanoparticles (20 nm) were prepared and used as a stabilizing
agent of CPe. The antimicrobial activity of CPe was compared with that of emulsion stabilized with
Tween 80 (CT80) and ethanolic solution (CEt). The antimicrobial effects were assessed by their
minimum inhibitory concentration (MIC90) and minimum effective (MEC10) concentrations. Besides
growth inhibition (CFU/mL), the metabolic activity and viability of Gram-positive and Gram-negative
bacteria as well as Candida species, in addition to the generation of oxygen free radical species
(ROS), were studied. We followed the killing activity of CPe and analyzed the efficiency of the
EO delivery for examined formulations by using unilamellar liposomes as a cellular model. CPe

showed significantly higher antibacterial and antifungal activities than CT80 and CEt. Chamomile
EOs generated superoxide anion and peroxide related oxidative stress which might be the major
mode of action of Ch essential oil. We could also demonstrate that CPe was the most effective in
donation of the active EO components when compared with CT80 and CEt. Our data suggest that CPe

formulation is useful in the fight against microbial infections.

Keywords: chamomile essential oil; Pickering emulsion; antimicrobial activity; free radical generation

1. Introduction

Essential oils (EOs) have been widely used in folk medicine throughout the history of humankind.
The application of EOs covers a wide range from therapeutic, hygienic, and spiritual to ritualistic
purposes. EOs are aromatic, volatile, lipophilic liquids extracted from different parts of plant materials
such as barks, buds, flowers, fruits, seeds, and roots [1]. EOs are mixtures of complex compounds
with variable individual chemical composition and concentrations that includes primarily terpenoids,
like monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), acids, alcohols, aldehydes, aliphatic
hydrocarbons, acyclic esters or lactones, rare nitrogen- and sulfur-containing compounds, coumarin,
and homologues of phenylpropanoids [1,2]. The biological effects of EOs cover a wide range of effects,
including antioxidant, antimicrobial, antitumor, anti-inflammatory, and antiviral activity [3].
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The increase in demand for the use of aromatherapy as complementary and alternative medicine
has led people to believe in the myth that EOs are harmless because they are natural and have been used
for a long time [4]. However, there might be several side effects of EOs even if topical administration is
applied and, among these, allergic reactions are the most frequent (many EOs can cause, e.g., rashes
on the skin). Some of them can be poisonous if absorbed through the skin, breathed, or swallowed.
Previous studies also report the interaction of EOs with other drugs [5]. The continuous production of
new aroma chemicals and their widespread and uncontrolled usage as alternative therapies together
with many carrier diluents have brought serious problems, especially among children. In this regard,
it is of utmost importance to study the mode of action of essential oils and to find a proper, unharmful
formulation. Another serious problem is the highly lipophilic nature of EOs, which makes it impossible
to measure their biological effects in an aqueous environment [1,6,7].

One major characteristic and application of EOs are their strong antimicrobial activity, including
antibacterial and antifungal effects without the development of microbial resistance. Numerous studies
are found in the literature describing the antimicrobial activities of a large variety of EOs [8–13]. Most
of these assays include conventional broth dilution method, disk diffusion method, and bioautography
assay to measure the antimicrobial activity of EOs. Efforts have been made to overcome the lipophilic
nature of the oils usually by application of EOs diluted in seemingly suitable solvents/detergents. In the
case of natural lipophilic volatile compounds like EOs, solvents of varying polarity, e.g., DMSO, ethanol,
and methanol, are most commonly used. However, previous studies have reported the antimicrobial
effects of the solvents themselves (DMSO, ethanol, and other solvents in various microbial assays) or
their influence on the true antimicrobial effects of EOs [14]. The usage of solubilizing agents limits the
precise determination of the antimicrobial activities of EOs. Also, a major problem might arise in the
classical assays due to the evaporation of EOs during the assay or the inability of the test microbes to
reach the lipophilic range of the tested EOs (in bioautography, as an example) [15,16].

Therefore, new formulations have been determined to increase the solubility or to emulsify the
EOs in an aqueous environment. These efforts help to stabilize the oils, to produce an even release of the
active components into the required environment, and to maintain their antioxidant and antimicrobial
activities [6,11,17,18]. Detergents and organic solvents are not welcome in this regard. Attempts have
been made to entrap EOs by modified cyclodextrins for the exact determination of their antimicrobial
characteristics [19,20].

The application of Pickering nanoemulsion is a quite novel approach to stabilize oil-in-water
(O/W) and water-in-oil (W/O) emulsions by solid particles instead of surfactants. The mechanism
involves the adsorption of solid particles on the oil–water interface, causing a significant decrease
in the interfacial surface tension that results in high emulsion stability [18]. Previous studies have
reported decreased evaporation of EOs from O/W emulsion of nanoparticle-stabilized formulations
versus EO–surfactant systems to be a beneficial factor [21,22].

Despite the numerous existing studies on EO–Pickering emulsion, we could not find any literature
data on chamomile volatile oil–nanoparticle formulation [7,23]. The main aim of the present work is
to use Pickering emulsion of chamomile EO stabilized with modified Stöber silica nanoparticles and
characterize its antimicrobial effect using Gram-positive and Gram-negative bacteria as well as Candida
fungal species. We could demonstrate the strong antimicrobial effects of the chamomile EO–Pickering
emulsion and suggest a plausible mode of action of this formulation. Experimental efforts were made
to support the suggested mode of action.

2. Results

2.1. Characteristics of Stöber Silica Nanoparticles

The mean diameter, PDI value (polydispersity index), and zeta potential of modified Stöber silica
nanoparticles (SNPs) were determined by dynamic light scattering (DLS), and these values were 20
nm, 0.01, and −21.3 mV, respectively. The size and morphology of SNPs were examined by TEM (see
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Figure 1). The size distribution obtained by DLS was confirmed by TEM, which showed that the mean
diameter of silica samples was 20 nm; they are highly monodisperse and have a spherical shape.

Figure 1. TEM images of silica nanoparticles (SNPs) with different resolutions: 100,000×magnification
(A) and 500,000×magnification (B), accelerating voltage: 80 kV; dTEM = 20 nm. PDI = 0.015.

2.2. Nanoemulsion Stability

We have prepared a Pickering nanoemulsion with surface-modified silica nanoparticles as
a stabilizing agent; the particle concentration was 1 mg/mL in every case. The chamomile EO
concentration was 100 μg/mL. To compare properties of chamomile EO–Pickering nanoemulsion
(CPe) with the conventional, surfactant-stabilized nanoemulsions, and an emulsion with the Tween 80
stabilizing agent was also prepared. The concentration of surfactant was the same as nanoparticles,
1 mg/mL. The emulsions were stored at room temperature (25 ◦C).

We considered the emulsion to be stable when its droplet size does not change and sedimentation,
aggregation of particles, or phase separation cannot be observed. The results show that the prepared
Pickering emulsion is more stable than conventional emulsion (see Table 1). When the volume fraction
of chamomile EO was very low, we assumed that all emulsions were of O/W type and this was
confirmed by filter paper tests with CoCl2 and dye test with Sudan Red G.

Table 1. Parameters of Pickering nanoemulsion and conventional emulsion.

Stabilizing Agent Ddroplet (nm) Stability

SNP 290 ± 4.5 3 months
Tw80 210 ± 10.5 1 month

2.3. Antibacterial and Antifungal Activities (MIC90) of Prepared Emulsions

The effect of chamomile Pickering nanoemulsion, conventional emulsion, and essential oil in
ethanol on the growth of some foodborne microbes and opportunistic fungi have been evaluated. The
CPe has been shown to have good antibacterial and antifungal activities (MIC90) on Escherichia coli (E.
coli) (2.19 μg/mL), Pseudomonas aeruginosa (P. aeruginosa) (1.02 μg/mL), Bacillus subtilis (B. subtilis) (1.13
μg/mL), Staphylococcus aureus (S. aureus) (1.06 μg/mL), Streptococcus pyogenes (S. pyogenes) (2.45 μg/mL),
Schizosaccharomyces pombe (S. pombe) (1.28μg/mL), Candida albicans (C. albicans) (2.65μg/mL), and Candida
tropicalis (C. tropicalis) (1.69 μg/mL), respectively when compared to CT80 counterpart (P < 0.01). CPe

showed antimicrobial activity on the selected microbes at an average of fourteen-fold less concentration
compared with free essential oil in ethanol (CEt). Simultaneously, CPe showed a similar antifungal
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effect as caspofungin (Cas) on Candida tropicalis. The comparative dose–response curves are shown in
Figures 2 and 3 for bacteria and fungi, respectively.

Figure 2. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and vancomycin (Van, μg/mL)
on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).

Figure 3. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and caspofungin (Cas, μg/mL)
on S. pombe (A), C. albicans (B), and C. tropicalis (C).
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2.4. Minimum Effective Concentrations (MEC10) for Tested Bacteria and Fungi

The minimum effective concentration (MEC10) of CPe, CT80, and CEt on foodborne Gram-positive
and Gram-negative bacteria as well as fungi have been determined. The dose–response curve shows
a slow killing effect (≤10% of the population) of CPe after 1 h of treatment at a two-fold higher
concentration compared with MIC90 data. The MEC10 also highlights the effective killing effect of CPe

when compared to CT80 and CEt (Figures 4 and 5) (P < 0.01).

Figure 4. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Van (μg/mL) on E. coli (A),
S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).

2.5. Effect on Microbial Oxidative Balance

Reactive oxygen species (ROS) production and accumulation in the cells initiates oxidative stress,
leading to cellular structural damage followed by induced apoptosis [6]. We have investigated the
relationship between oxidative stress generation after 1 h of treatment and microbial killing activity.
The results are demonstrated in Figures 6 and 7 for bacteria and fungi, respectively. Data expressed as
% of the control are as follows: the ROS (1085.86 ± 126.36), peroxide (1229.86 ± 164.52) and superoxide
(1276.86 ± 165.42) generation were the highest in case of S. aureus. The CPe showed an effective
increment of ROS, peroxide, and superoxide generation in both Gram-positive and -negative bacteria
when compared to CT80 and CEt (P < 0.01). CPe showed increased oxidative stress in both bacteria and
fungi at least seven-fold higher than the negative control whereas the positive control (menadione)
produced an eight- to nine-fold increase in 1 h. The CEt has generated a two to four-fold increment in
oxidative stress which is the lowest among all tested compounds.

2.6. Time–Kill Kinetics Study

The time–kill kinetics curve was performed to quantify living populations after a definite time
interval under different sample MEC10 concentrations. A significant reduction (four log-fold) in the
cell survivability has been observed in case of CPe when compared to Gc (P < 0.01) (Figures 8 and 9).
Fifty percent of cell death occurred by CPe at 16 and 36 h in the case of bacteria and fungi, and was most
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effective in reducing living colonies in case of C. albicans (1.73 ± 0.15 CFU/mL) after 48 h of treatment.
At an average of a two-fold higher concentration, CEt was able to show a killing effect compared to CPe

(P < 0.01).

Figure 5. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Cas (μg/mL) on S. pombe
(A), C. albicans (B), and C. tropicalis (C).

Figure 6. Percentage oxidative stress generation by CPe, CT80, CEt, and Van on E. coli (A), S. aureus (B),
B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates,
compared with menadione (Me) and growth control (Gc) as controls after 1 h of treatment (**P < 0.01).
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Figure 7. Percentage oxidative stress generation by CPe, CT80, CEt, and Cas on S. pombe (A), C. albicans
(B), and C. tropicalis (C). Six independent experiments, each with 3 replicates, compared with Me and
Gc as positive and growth controls after 1 h of treatment (**P < 0.01).

Figure 8. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on E. coli (A), S. aureus (B), B. subtilis (C),
P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates, compared
with Van and Gc as positive and growth controls.
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Figure 9. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on S. pombe (A), C. albicans (B), and
C. tropicalis (C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as
positive and growth controls.

2.7. Live/dead Cell Viability Discrimination

The effect of CPe, CT80, and CEt on the viability of selected bacteria and fungi were tested (Figures 10
and 11). CPe decreases the viability of the tested bacteria and fungi with an average viability reduction
to 42.36% ± 3.74% and 49.62% ± 5.25% of mean percentage viability compared to Gc after 16 and 36 h
of treatments in bacteria and fungi respectively (P < 0.01), whereas CT80 and CEt were less effective
than CPe with mean percentage viabilities of ≥60% and 70%, respectively.

2.8. Interaction Study between Cell Model and Different Formulations of Chamomile EO

The unilamellar liposomes (ULs), consisting of a single phospholipid, can be used as artificial
cells or biological membrane model for studying the interactions between cells or cell membranes and
drugs or biologically active components [24]. This study was conducted to determine the intracellular
delivery ability of active components from chamomile EO for different formulations.

We have studied the interaction of ULs and different forms of chamomile EO for 24 h at 35 ◦C.
After 1 h of interaction, 27.2% of EO have penetrated the liposomes from Pickering nanoemulsion,
while conventional emulsion and the ethanolic solution did not provide a measurable amount. The
next sampling was after 2 h, where Pickering emulsion has delivered 48.3% of EO, conventional
emulsion 0.5%, while the amount of EO delivered by the ethanolic solution was not measurable. Final
sampling was after 24 h, with 82.2% of chamomile EO found in the ULs when it was introduced in
Pickering nanoemulsion form, and this value was 66.8% for conventional emulsion and 32.5% for the
ethanolic solution (see Table 2).
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Figure 10. Mean percentage viability of CPe, CT80, and CEt on E. coli (A), S. aureus (B), B. subtilis (C), P.
aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates, compared with
Van and Gc as positive and growth controls.

Figure 11. Mean percentage viability of CPe, CT80, and CEt on S. pombe (A), C. albicans (B) and C.
tropicalis (C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as
positive and growth controls.
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Table 2. Results of the interaction study between unilamellar liposomes (Uls) and different formulations
of chamomile EO. PA means the amount in the percentage of penetrated chamomile EO. Standard
deviations were calculated from 3 independent experiments.

Formulation PA1h PA2h PA24h

CPe 27.2 ± 3.7 48.3 ± 5.1 82.2 ± 4.9
CT80 - 0.5 ± 0.1 66.8 ± 3.6
CEt - - 35.5 ± 1.0

3. Discussion

The effect of three different formulations on antimicrobial activity of chamomile essential oil has
been examined. We have successfully prepared stable Pickering nanoemulsion using silica nanoparticles
with appropriate lipophilicity. The emulsion was stable for three months. The effectiveness of Pickering
emulsion was compared with conventional emulsion and ethanolic solution.

Based on our antimicrobial activity analyses, CPe shows higher growth inhibitory action
and consequently lower MICs compared to CT80 and CEt. Many researchers have studied the
antimicrobial activity of chamomile oil [3,7,13,23,25], however, the mechanism of action at subinhibitory
concentrations has not previously been studied. Our data suggest an effective killing activity of CPe on
selected bacteria and fungi. It is believed that EOs act against cell cytoplasmic membrane and induce
stress in microorganisms [26–29]. To visualize the effects of CPe, CT80, and CEt, we introduced different
staining methods to understand their mechanism. CPe was able to generate higher oxidative stress
compared to the conventional emulsion and ethanolic solution followed by metabolic interference and
cell wall disruption and finally caused cell death at subinhibitory concentration [21,30–33].

The results obtained in the model experiment show that CPe is the most effective form for the
intracellular delivery of chamomile EO. Based on these results it can be established that the different
antibacterial and antifungal effects may be caused by the difference of adsorption properties of EO
forms to the microbial cells. The mechanism of delivery has not been revealed in this study, but
evidence for the adsorption of Pickering emulsion droplets on the cell membrane has been previously
reported [18]. Assuming the adsorption of CPe droplets on the cell membrane of investigated microbes,
intracellular delivery of active components from EO is feasible in two ways. Passive diffusion is caused
by the higher local concentration gradient of EO on the cell membrane, or fusion of CPe droplets with
microbial cells. Overall, our observations demonstrate that CPe facilitates chamomile oil to permeate
cells, inducing oxidative stress and disrupting the membrane integrity because of higher adsorption
efficacy of chamomile EO. SNP acts as a stabilizer, inhibiting the easy escape of EOs from the emulsion
system compared to the conventional emulsion and free oils.

4. Materials and Methods

4.1. Synthesis, Surface Modification, and Characterization of Stöber Silica Nanoparticles

We have performed the synthesis of 20 nm hydrophilic silica nanoparticles with the previously
reported modified Stöber method [9]. Briefly, a solution of tetraethoxysilane (TEOS) and ultrapure
water in ethanol was prepared by using tetraethoxysilane, (Thermo Fisher GmbH, Kandel, Germany,
pur. 98%); absolute ethanol AnalaR Normapur ≥99.8% purity (VWR Chemicals, Debrecen, Hungary)
and water (membraPure Astacus Analytical with UV, VWR Chemicals, Debrecen, Hungary). The
solution was stirred for 20 min and sonicated for another 20 min (Bandelin Sonorex RK 52H, BANDELIN
electronic GmbH & Co. KG, Berlin, Germany). An appropriate amount of NH3 solution (28% (w/w)
ammonium solution, VWR Chemicals, Debrecen, Hungary) was added to the reaction mixture and
was stirred at 1000 rpm for 24 h at room temperature (25 ◦C). The molar ratio of components was
water/ethanol/TEOS/NH3 = 100:300:5.2:1. The surface of hydrophilic silica nanoparticles was modified
with propyltriethoxysilane (PTES Alfa Aesar, Haverhill, MA, USA, pur. 99%) in a post-synthesis
modification reaction [32]. The ethanolic solution of the modifying agent was added to the freshly
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prepared hydrophilic silica nanoparticle suspensions; the mixtures were stirred for 6 h with 1000 rpm at
room temperature. Before further use of the SNPs, the ammonium hydroxide and ethanol were always
removed from the reaction mixture by distillation (Heidolph Laborota 4000, Heidolph Instruments
GmbH & CO. KG, Germany). The water content was supplemented three times. The concentration of
silica nanoparticle water-based suspension was finally adjusted to 1 mg/cm3.

The size distribution and zeta potential of silica nanoparticles were determined by dynamic
light scattering (DLS) using Malvern Zetasizer NanoS and NanoZ instruments (Malvern
Instruments-Malvern Panalytical, Worcester, UK). The morphology and size distribution were also
examined with transmission electron microscopy (TEM), (JEOL JEM-1200 EX II and JEM-1400, JEOL
Ltd., Tokyo, Japan). The samples were dropped onto 200 mesh copper grids coated with carbon film
(EMR Carbon support grids, Micro to Nano Ltd, Haarlem, The Netherlands) from diluted suspensions.

4.2. Preparation and Characterization of Pickering Nanoemulsion

As stabilizing agents, surface-modified silica nanoparticles or Tween 80 surfactant (Polysorbate80,
Acros Organics, New Jersey, NJ, USA) were used. The concentration of stabilizing agents and chamomile
essential oil (bluish Matricaria chamomilla oil, Aromax Ltd., Budapest, Hungary) was kept constant for all
experiments, the values were 1 mg/mL and 100 μg/mL, respectively. The first step of the emulsification
process was sonication for 2 minutes (Bandelin Sonorex RK 52H, BANDELINelectronic GmbH & Co.
KG, Germany), then emulsification using UltraTurrax (IKA Werke T-25 basic, IKA®-Werke GmbH
& Co. KG, Germany) for 5 min at 21,000 rpm. To compare the different formulations, an ethanolic
solution was also prepared; chamomile essential oil was added to absolute ethanol at 100 μg/mL
concentration, and the solution was sonicated for 5 min.

The stability of Pickering emulsion was studied from periodical droplet size determination using
DLS measurements (Malvern Zetasizer Nano S, Malvern Panalytical Ltd, Worcester, UK).

4.3. Materials for Biological Experiments

In these experiments, the sterile 96-well microtiter plates were from Greiner Bio-One
(Kremsmunster, Austria), potassium phosphate monobasic, glucose, adenine, 96% ethanol (Et), peptone,
yeast extract, agar-agar, and Mueller Hinton agar were from Reanal Labor (Budapest, Hungary),
modified RPMI 1640 (contains 3.4% MOPS, 1.8% glucose, and 0.002% adenine), SYBR green I 10,000×,
propidium iodide, dihydrorhodamine 123 (DHR 123), 2′,7′-dichlorofluorescin diacetate (DCFDA),
dihydroethidine (DHE) and menadione (Me) were from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany), disodium phosphate and dimethyl sulfoxide (DMSO) were from Chemolab Ltd. (Budapest,
Hungary), sodium chloride from VWR Chemicals (Debrecen, Hungary), potassium chloride was from
Scharlau Chemie S.A (Barcelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) was from
Serva Electrophoresis GmbH (Heidelberg, Germany), caspofungin (Cas) from Merck Sharp & Dohme
Ltd (Hertfordshire, UK), vancomycin (Van) from Fresenius Kabi Ltd. (Budapest, Hungary), 0.22 μm
vacuum filters from Millipore (Molsheim, France) and the cell spreader was from Sarstedt AG & Co.
KG (Numbrecht, Germany). All other chemicals used in the study were of analytical or spectroscopic
grade. For fungi, we used an in-house nutrient agar medium [34] while phosphate-buffered saline
(PBS, pH 7.4) was from Life Technologies Ltd. (Budapest, Hungary). Highly purified water (<1.0 μS)
was applied throughout the studies.

4.4. Determination of Minimum Inhibitory Concentration (MIC90)

4.4.1. Microorganisms

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, Bacillus subtilis (B.
subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, Streptococcus pyogenes (S. pyogenes)
SZMC 0119, Schizosaccharomyces pombe (S. pombe) ATCC 38366, Candida albicans (C. albicans) ATCC
1001, and Candida tropicalis (C. tropicalis) SZMC 1368 were obtained from Szeged Microbial Collection,
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Department of Microbiology, University of Szeged, Hungary (SZMC) and Department of General and
Environmental Microbiology, Institute of Biology, University of Pecs, Hungary (PMC).

4.4.2. Antimicrobial Activity Tests

The antibacterial activity of the tested drugs was separately evaluated on E. coli, P. aeruginosa, B.
subtilis, S. aureus, and S. pyogenes according to our previously published protocol [35]. In brief, bacterial
populations of ~105 CFU/mL were inoculated into RPMI media and incubated for 16 h at 35 ± 2 ◦C
with test compounds (CPe, CT80, CEt, and Van) over a wide concentration range (0.3–0.01 μg/mL). The
absorbance was measured by a Thermo Scientific Multiskan EX 355 plate reader (InterLabsystems,
Budapest, Hungary) at 600 nm.

The antifungal activity against S. pombe, C. albicans, and C. tropicalis species were also carried out
according to our previously published method [35]. Briefly, ~103 cells/mL were incubated for 48 h at
30 ± 2 ◦C with test compounds (CPe, CT80, CEt and Cas) at wide concentration range (20–0.01 μg/mL)
in modified RPMI media. The absorbance was measured by a Thermo Scientific Multiskan EX 355
plate reader (InterLabsystems, Budapest, Hungary) at 595 nm. Absorbance values were converted to
percentages compared to growth control (~100%) and data were fitted by nonlinear dose–response
curve method to calculate the dose producing ≥90% growth inhibition (MIC90). All the measurements
were performed by applying three technical replicates in six independent experiments. Van and Cas
were used as a standard antibacterial and antifungal drug, respectively, throughout the experiments.

4.5. Determination of Minimum Effective Concentration (MEC10)

The assay has been designed to determine the killing effects of the test compounds for a certain
period of time. In brief, a wide concentration range (0.03–80 μg/mL) of the test samples were used to
treat ~106 cells/mL for one hour. One milliliter of treated and untreated samples were taken and were
diluted 105 times followed by spreading 50 μL samples onto 20 mL nutrient agar media and incubated
for 24 h at 35 ◦C (bacteria) and 30 ◦C (fungi) for colony-forming unit (CFU/mL) quantification. The
data were compared with growth control and positive control (Van for bacteria and Cas for fungi) for
percentage mortality (~10% death) determination. It is noteworthy that in the MEC10 experiments, the
inoculated microbial cell number was 103 times higher than was used in the MIC90 determinations (106

vs. 103). However, in both cases, the same formula was used (see Section 4.7). All the measurements
were performed by applying three technical replicates in six independent experiments.

4.6. Determination of Microbial Oxidative Generation and Killing Activity

4.6.1. Quantification of Total ROS Generation

Total ROS generation was assayed according to previously published protocols [27,28,34,36].
Briefly, ~106 cells/mL were collected and centrifuged at 1500 g for 5 min and were suspended in
PBS. The cells were stained with a 20 mM stock solution of DCFDA in PBS (pH 7.4) to achieve an
end concentration of 25 μM, and were incubated at 35 ◦C (for bacteria) and 30 ◦C (for fungi) for
30 min in the dark with mild shaking. The cells were centrifuged (Hettich Rotina 420R, Auro-Science
Consulting Ltd., Budapest, Hungary) and suspended in RPMI media. The cells were treated with
CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations for one hour.
The fluorescence signals were recorded at Ex/Em = 485/535 nm wavelengths by a Hitachi F-7000
fluorescence spectrophotometer/plate reader (Auro-Science Consulting Ltd., Budapest, Hungary).
The percentage increase in oxidative balance was measured by comparing the signals to those of the
growth controls (Gc). Six independent experiments were done with three technical replicates for
each treatment.
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4.6.2. Detection of Peroxide (O2
2−) and Superoxide Anion (O2

•−) Generation

The previously described protocol was adapted for peroxide [36,37] and superoxide anion
radicals [34,38] with modifications. A positive control, Me (0.5 mmol/L as end concentration), CPe, CT80,
CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations were used to treat the cell
suspensions (~106 cells/mL) for an hour at 35 ◦C (bacteria) and 30 ◦C (fungi) in RPMI media. Thereafter,
the cells were centrifuged at 1500 g for 5 min at room temperature followed by resuspension of pellets
in PBS of the same volume. DHR 123 (10 μmol/L, end concentration) and DHE (15 μmol/L, end
concentration) were added separately to the cell samples for peroxide and superoxide determination.
The stained cells were further incubated at 35 ◦C (bacteria) and 30 ◦C (fungi) in the dark with mild
shaking. The samples were centrifuged and resuspended in PBS followed by the distribution of the
samples into the wells of 96-well microplates. The fluorescence was measured at excitation/emission
wavelengths of 500/536 nm for peroxides and 473/521 nm for superoxide detection by a Hitachi F-7000
fluorescence spectrophotometer/plate reader (Auro-Science Consulting Ltd., Budapest, Hungary).
The percentage increase in oxidative stress was measured by comparing the signals to those of the
growth controls (Gc). Six independent experiments were done with three technical replicates for
each treatment.

4.6.3. Time–Kill Kinetics Assay

We followed a protocol previously published by T. Appiah et. al., with modifications [39]. In
brief, CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations were
used to treat the microbial population of ~106 CFU/mL and were incubated at 35 ◦C (bacteria) and
30 ◦C (fungi). One milliliter of the treated and untreated samples was pipetted at time intervals of 0,
2, 6, 8, 16, and 24 h for bacteria, and 0, 6, 12, 30, 36, and 48 h for fungi, and were diluted 105 times
followed by spreading 50 μL onto 20 mL nutrient agar media using a cell spreader and incubated at 35
◦C (bacteria) and 30 ◦C (fungi) for 24 h. Van and Cas were used as reference controls for bacteria and
fungi. Control without treatment was considered as growth control (Gc). The colony-forming unit
(CFU/mL) of the microorganisms were determined, performed in triplicate and was plotted against
time (h). Six independent experiments were done with three technical replicates for each treatment.

4.6.4. Live/dead Discrimination of Microbial Cells

For live/dead cell discrimination, we followed the protocol published previously [35]. In brief, the
cell population of ~106 cells/mL were treated with CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their
respective MEC10 concentrations and were incubated at 35 ◦C (bacteria) and 30 ◦C (fungi). Treated and
untreated samples were pipetted at time intervals of 0, 2, 6, 8, 16, and 24 h for bacteria, and 0, 6, 12, 30,
36 and 48 h for fungi followed by centrifugation at 1000 g for 5 min, washed, and resuspended in PBS
(100 μL/well). One hundred microliters of freshly prepared working dye solution in PBS (using 20 μL
SYBR green I and 4 μL propidium iodide diluted solutions as described earlier) were added to the
samples. The plate was incubated at room temperature for 15 min in the dark with mild shaking. A
Hitachi F-7000 fluorescence spectrophotometer/plate reader (Auro-Science, Consulting Ltd., Budapest,
Hungary) was used to measure the fluorescence intensities of SYBR green I (excitation/emission
wavelengths: 490/525 nm) and propidium iodide (excitation/emission wavelengths: 530/620 nm),
respectively. A green to red fluorescence ratio for each sample and for each dose was achieved and the
% of dead cells with the response to the applied dose was plotted against the applied test compound
doses using a previously published formula [35]. All treatments were done in triplicates and six
independent experiments were performed.

4.7. Statistical Analysis of Microbiological Experiments

All data were given as mean± SD. Graphs and statistical analyses were conducted using OriginPro
2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed independently six
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times and data were analyzed by one-way ANOVA test. P < 0.01 was considered statistically significant.
The growth inhibition concentration (MIC90) and minimum effective concentration (MEC10) were
calculated using a nonlinear dose–response sigmoidal curve function as follows:

y = A1 +
A2 −A1

1 + 10(logx 0−x)p

where A1, A2, LOGx0 and p as the bottom asymptote, top asymptote, center, and hill slope of the curve
have been considered.

4.8. Interaction Study between the Cell Model (Unilamellar Liposomes) and Different Formulations of
Chamomile EO

Unilamellar liposomes (ULs) have been prepared from phosphatidylcholine (Phospolipon 90G,
Phospholipid GmbH, Berlin, Germany) by the modified method described before by Alexander Moscho
et al. [40]. Phosphatidylcholine was dissolved in chloroform (≥98% stabilized, VWR Chemicals,
Debrecen, Hungary) in 0.1 M concentration, and 150 μL of this solution was diluted in a mixture of
6 mL chloroform and 1 mL of methanol. This solution was added dropwise to 40 mL of PBS buffer
while stirring on a magnetic stirrer at 600 rpm (VELP Scientifica Microstirrer, Magnetic Stirrer, Usmate
Velate MB, Italy). The solvents were removed on a rotational evaporator at 40 ◦C (Heidolph Laborota
4000, Heidolph Instruments GmbH & CO. KG, Germany). The resulting suspension volume was set
to 25 mL with PBS buffer and stored in the refrigerator at 8 ◦C until further use. A 5 mL suspension
of ULs was mixed with 3 mL Pickering nanoemulsion, conventional emulsion, or ethanolic solution,
and the chamomile EO concentration was 100 μg/mL for the different formulations. The mixture was
stirred at 600 rpm for 24 h at 35 ◦C, and 1 mL aliquots were taken after 1, 2, and 24 h. The samples were
centrifuged at 3000 rpm and 20 ◦C for 5 min, and the ULs were collected and dissolved in absolute
ethanol. The chamomile–EO content of samples was determined with UV/VIS Spectroscopy at 290 nm
(Jasco V-550 UV/VIS Spectrophotometer; Jasco Inc., Easton, MD, USA). For UV/VIS measurements we
have prepared samples without chamomile–EOs, i.e., ULs with SNP suspension, Tween 80 solution, or
ethanol were also mixed and centrifuged and were used as blanks.

4.9. GC-MS Analysis of Chamomile EO

Gas chromatography and mass spectrometry (GC–MS) analyses were carried out on an Agilent
Technologies (Palo Alto, CA, USA) gas chromatograph model 7890A with 5975C mass detector.
Operating conditions were as follows: column HP-5MS (5% phenylmethyl polysiloxane), 30 m ×
0.25 mm i.d., 0.25 μm coating thickness. Helium was used as the carrier gas at 1 mL/min, injector
temperature was 250 ◦C. HP-5MS column temperature was programmed at 70 ◦C isothermal for 2 min,
and then increased to 200 ◦C at a rate of 3 ◦C/min and held isothermal for 18 min. The split ratio
was 1:50, ionization voltage 70 eV; ion source temperature 230 ◦C; mass scan range: 45–450 mass
units. The percentage composition was calculated from the GC peak areas using the normalization
method (without correction factors). The component percentages were calculated as mean values
from duplicate GC–MS analyses of the oil sample. The results of GC–MS analysis can be seen in
Supplementary Materials.

Supplementary Materials: The followings are available online: Composition of chamomile essential oil analyzed
by GC-MS method. Results can be seen in Supplementary Table S1 and Figure S1.
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Abstract: The present study aimed to identify the chemical constituents and to assess the in-vitro,
antimicrobial, anticancer, antioxidant, metabolic enzymes and cyclooxygenase (COX) inhibitory
properties of essential oil (EO) of Stachys viticina Boiss. leaves. The S. viticina EO was isolated and
identified using microwave-ultrasonic and GC-MS techniques, respectively. Fifty-two compounds
were identified, of which endo-borneol was the major component, followed by eucalyptol and
epizonarene. The EO was evaluated against a panel of in-vitro bioassays. The EO displayed
antimicrobial activity against methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli and
Epidermophyton floccosum, with MIC values of 0.039, 0.078 and 0.78 mg/mL, respectively. The EO
exhibited cytotoxicity against HeLa (cervical adenocarcinoma) and Colo-205 (colon) cancer cell
lines with percentages of inhibition of 95% and 90%, for EO concentrations of 1.25 and 0.5 mg/mL,
respectively. Furthermore, it showed metabolic enzyme (α-amylase, α-glucosidase, and lipase)
inhibitory (IC50 = 45.22 ± 1.1, 63.09 ± 0.26, 501.18 ± 0.38 μg/mL, respectively) and antioxidant
activity, with an IC50 value of 19.95 ± 2.08 μg/mL. Moreover, the S. viticina EO showed high
cyclooxygenase inhibitory activity against COX-1 and COX-2 with IC50 values of 0.25 and 0.5 μg/mL,
respectively, similar to those of the positive control (the NSAID etodolac). Outcomes amassed from
this investigation illustrate that S. viticina EO represents a rich source of pharmacologically active
molecules which can be further validated and explored clinically for its therapeutic potential and for
the development and design of new natural therapeutic preparations.

Keywords: Stachys viticina; essential oil; cytotoxicity; antioxidant; antimicrobial; metabolic
enzymes; cyclooxygenase

1. Introduction

People since ancient times have been using plant secondary metabolites in their daily life for
the treatment of a wide range of diseases, as food preservatives and flavoring, and to annihilate
insects. The World Health Organization has estimated that around 80% of the world population rely on
plant extracts for their medication [1]. With time, synthetic chemicals have replaced plant secondary
metabolites as the former provide early results. However, most synthetic drugs have various side effects
and may cause many serious human health problems, therefore strategies have been implemented to
replace synthetic drugs with plant secondary metabolites due to their ability to protect human body
against oxidative damage and their great positive impact on human health [1–3]. Nowadays, due
to the growing public awareness about the probable harmful effects of synthetic additives and the
tendency of consumers to use natural foods, the use of natural bioactive compounds is witnessing
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significant growth [4]. Due to the wide prevalence of cancer worldwide, there is an essential and
urgent need for a search for new anticancer medications [5]. In fact, majorities of used antitumor drugs
are derived from natural sources [6].

The essential oils extracted from plants have been used in traditional medicine for the treatment
and prevention of various diseases, in cosmetics, foods, and food supplements in addition to dental
practice and hygiene products [7,8].

Stachys (Lamiaceae family) is a large genus of herbs and shrubs containing around 300 species,
widely spread in the temperate regions, especially in the Irano-Turanian and Mediterranean areas.
Recently, several studies have documented anti-inflammatory, cytotoxic, antioxidant, immune system
booster and antimicrobial properties of the extracts from a number of Stachys species [9].

Stachys viticina Boiss. is a perennial herbaceous shrubby plant that can reach a height of 100 cm,
with multiple branches, grey-colored and erect stems. The upper leaves are crenate, while the lower
ones are large, oblong-ovate and verticillaster. In traditional medicine, various Stachys species have been
utilized as anti-inflammatory, antimicrobial, anti-diarrheal, wound healing and astringent remedies.
In addition, they were used to treat ulcers, cough, sclerosis of the spleen and genital tumors [10,11].

It is worth mentioning that the chemical constituents of S. viticina EO, as well as its biological
and pharmacological properties, haven’t been reported. Thus, the current study was designed to
investigate the chemical composition of the EO extracted from S. viticina leaves. Additionally, the
antioxidant, anticancer, antimicrobial, metabolic enzyme (α-amylase, α-glucosidase, and lipase) and
cyclooxygenase (COX) inhibitory properties of S. viticina EO was assessed.

2. Results

2.1. Phytochemical Composition of S. viticina Essential Oil

In accord with our ability and experience in the isolation and identification of natural products
from plants, as well as in assessing their biological activities, we decided to study the chemical
components of S. viticina EO, as well as their biological effects, in the hope to finding new drug leads
from natural sources. The isolation procedure was carried out using a microwave-ultrasonic apparatus.
The phytochemical composition was identified and estimated using GC-MS. The obtained yield of the
EO was 1.72 ± 0.97%. GC-MS analyses indicated the presence of 52 phytochemical compounds in S.
viticina EO, of which endo-borneol was the major component, followed by eucalyptol and epizonarene,
as revealed in Table 1 and Figure S1.

2.2. Antioxidant and Metabolic Enzymes Inhibitory Activity

The inhibitory activity of S. viticina EO against oxidation and metabolic enzymes (α-amylase and
α-glucosidase and lipase) was assessed using standard biomedical assays. The results showed that S.
viticina essential oil has α-amylase and α-glucosidase inhibitory activities, with IC50 values of 45.22 ±
1.1 and 63.09 ± 0.26 μg/mL, respectively.

As indicated in Table 2 and Figures S2–S5, the EO displayed antioxidant and antilipase activities
with IC50 values of 19.95 ± 2.08 and 501.18 ± 0.38 μg/mL, respectively.
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Table 1. S. viticina leaves EO phytochemical composition.

Essential Oil Components R.T. R.I. %, ±SD

1. 2,4-Dimethyltetrahydro-2H-thiopyran 1,1-dioxide 5.664 770 0.11 ± 0.023

2. α-Phellandrene 8.335 917 0.09 ± 0.001

3. δ-3-Carene 10.271 919 0.25 ± 0.01

4. α-Pinene 10.436 891 0.72 ± 0.013

5. Benzylin 11.126 909 5.29 ± 0.31

6. Santolina triene 11.361 837 0.4 ± 0.001

7. 4-Carene 12.111 893 0.69 ± 0.023

8. Eucalyptol 12.827 841 21.26 ± 1.97

9. γ-Terpinene 13.837 928 1.52 ± 0.014

10. 1,5-Dimethyl-1,5-cyclooctadiene 14.227 883 0.18 ± 0.001

11. 5,5-Dimethyl-2-ethyl-1,3-cyclopentadiene 14.352 881 0.18 ± 0.001

12. Ocimene 14.778 817 0.07 ± 0.004

13. α-Terpinolene 14.923 917 0.29 ± 0.001

14. Linalool oxide 15.018 803 0.04 ± 0.001

15. Arachidonic acid methyl ester 15.683 840 0.17 ± 0.02

16. Cosmene 15.99 803 0.01 ± 0.001

17. Norbornane 16.11 847 0.02 ± 0.001

18. 4,7-Dimethyl-4,4a,5,6-tetrahydrocyclopenta[c]pyran-1,3-dione 16.508 910 0.21 ± 0.01

19. cis-Carveol 16.843 829 0.01 ± 0.001

20. Endo-Borneol 18.584 909 29.06 ± 1.24

21. Bornyl chloride 18.769 829 5.79 ± 0.09

22. α-Terpineol 19.324 907 4.48 ± 0.07

23. Menthen-9-ol 22.41 808 4.2 ± 0.023

24. Geranyl Phenylacetate 24.966 803 0.48 ± 0.001

25. Copaene 25.547 900 0.93 ± 0.015

26. β-Bourbonene 25.807 921 0.78 ± 0.011

27. Jasmone 26.137 899 0.07 ± 0.001

28. Caryophyllene 26.967 924 0.95 ± 0.009

29. β-Cubebene 27.302 902 0.11 ± 0.004

30. D-Germacrene 27.753 871 0.05 ± 0.001

31. 1,1,4,8-Tetramethyl-4,7,10-cycloundecatriene 28.113 889 0.24 ± 0.006

32. epi-Bicyclosesquiphellandrene 29.288 896 0.78 ± 0.008

33. 5,7-Diethyl-5,6-decadien-3-yne 29.618 929 0.06 ± 0.002

34. γ-Cadinene 29.923 919 0.23 ± 0.008

35. α-Cadinene 30.148 916 6.09 ± 0.1

36. α-Ferulene 30.644 800 0.02 ± 0.001

37. 3-Ethyl-3-hydroxyandrostan-17-one 30.644 824 0.02 ± 0.002

38. Cadala-1(10),3,8-Triene 30.779 830 0.02 ± 0.001

39. cis-α-Copaene-8-ol 31.029 741 0.05 ± 0.001

40. Bicyclo[5.2.0]nonane 31.319 818 0.03 ± 0.001

41. Acetic Acid,4a-Methyl-2,3,4,4a,5,6,7,8 Octahydronaphthalen-2-yl 31.489 732 0.05 ± 0.001

42. Benzoic acid, 3-hexenyl ester 31.649 843 0.07 ± 0.001

43. Retinal 31.729 829 0.07 ± 0.001

44. p-Menthane 31.864 784 0.07 ± 0.001

45. Aromadendrane 32.649 839 0.06 ± 0.001

46. [2,2-dimethyl-4-(3-methylbut-2-enyl)-6-methylidenecyclohexyl] methanol 32.829 875 0.02 ± 0.001

47. α-Cubebene 33.38 844 1.48 ± 0.031

48. Valencene 33.515 827 0.31 ± 0.002

49. Epizonarene 33.845 855 7.89 ± 0.91

50. γ-Gurjunene 34.45 864 2.17 ± 0.09

51. Isophorone 34.78 880 0.53 ± 0.003

52. Timnodonic acid 41.238 738 0.37 ± 0.001

Total 100
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Table 2. The metabolic enzymes inhibitory and the antioxidant activities IC50 values of S. viticina
essential oil compared with the required positive controls.

α-Amylase Inhibitory Activity
IC50 (μg/mL), ±SD

α-Glucosidase Inhibitory
Activity IC50 (μg/mL), ±SD

Antioxidant Activity
IC50 (μg/mL), ±SD

Antilipase Activity IC50

(μg/mL), ±SD

EO
Acarbose
(Positive
control)

EO
Acarbose
(Positive
control)

EO
Trolox

(Positive
control)

EO
Orlistat

(Positive
control)

45.22 ± 1.1 28.89 ± 1.22 63.09 ± 0.26 37.15 ± 0.33 19.95 ±
2.08 2.23 ± 1.57 501.18 ±

0.38 12.3 ± 0.33

2.3. Antimicrobial Capacity

The microdilution assay was used to determine the antimicrobial potential of S. viticina essential oil
against Methicillin-resistant Staphylococcus aureus (MRSA), S. aureus, E. faecium, S. sonnie, P. aeruginosa,
E. coli, E. floccosum, and C. albicans. The EO inhibited the growth of all of the studied bacterial and
fungal strains to different degrees. The highest antibacterial activity was recorded against MRSA,
followed by E. coli with MIC values of 0.039 and 0.078 mg/mL, respectively, while the highest antifungal
activity observed was against E. floccosum with MIC value of 0.78 mg/mL as presented in Table 3.

Table 3. Antimicrobial MIC values of S. viticina EO.

Microorganisms Sources MIC, (mg/mL)

Staphylococcus aureus ATCC 25923 1.5625
Escherichia coli ATCC 25922 0.078

Pseudomonas aeruginosa ATCC 27853 3.125
Shigella sonnie ATCC 25931 3.125

Methicillin-Resistant Staphylococcus aureus (MRSA) Clinical isolate 0.039
Enterococcus faecium ATCC 10231 1.5625

Candida albicans ATCC 90028 3.125
Epidermophyton floccosum ATCC 700221 0.78

2.4. Cyclooxygenase Inhibitory Effect

The cyclooxygenase enzymatic inhibitory activity assay of S. viticina EO was conducted utilizing
Cayman Chemical ELISA kit No. 560131. The calculated percentage inhibitions of COX-2 as well as
for COX-1 were 98% and 99% at EO concentrations of 0.25 and 0.5 μg/mL, respectively. The results
showed that the S. viticina EO displayed a strong, but not selective inhibition activity towards both
COX-2 and COX-1 enzymes.

2.5. Cytotoxic Effect

As shown in Figure 1, treatment of Colo-205 cells with 1, 0.5 and 0.25 mg/mL of EO induced
cytotoxicity significantly (p ≤ 0.0001) by approximately 90%, 90%, and 55%, respectively. Treatment
of HeLa cells with 2.5, 1.25 and 0.625 mg/mL of EO induced cytotoxicity significantly (p ≤ 0.0001) by
approximately 95%, 95%, and 80%, respectively, while at a concentration of 0.1875 mg/mL did not
exhibit a significant effect as presented in Figure 2.
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Figure 1. The effect of S. viticina EO on the cytotoxicity of Colo-205 cells. Results were depicted
as relative quantities (RQs) compared to the control (only media). # where P < 0.0001. Error bars
represent SD.
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Figure 2. The effect of S. viticina EO on the cytotoxicity of HeLa cells. Results were depicted as relative
quantities (RQs) compared to the control (only media). # Where P < 0.0001. Error bars represent SD.

3. Discussion

The study of plants secondary metabolites represents a worldwide strategy for the search of new
therapeutic agents since plants contain a wide range of biologically active compounds. Medicinal
plants are extensively used in traditional medicine due to their healing properties. In order to set
up an inventory of their biological activities, it is important to link scientific studies with clinical
observations and traditional knowledge. This investigation is part of this scenario and was aimed to
screen the biological activity of Stachys viticina essential oil. To the best of the authors’ knowledge, the
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full chemical constituents, as well as the antimicrobial, anticancer, antioxidant, metabolic enzymes and
cyclooxygenase inhibitory properties of S. viticina EO have not been reported to date.

3.1. Phytochemical Components of S. viticina Essential Oil

The S. viticina EO was isolated using an eco-friendly microwave-ultrasonic technique and the
components of the EO were identified using GC-MS technology. The primary components were
determined to be endo-borneol, eucalyptol, epizonarene, α-cadinene, bornyl chloride, and benzylin
with percentage areas of 29.06 ± 1.24, 21.26 ± 1.97, 7.89 ± 0.91, 6.09 ± 0.1, 5.79 ± 0.09, and 5.29 ± 0.31,
respectively. The chromatogram of S. viticina EO is shown in Figure S1. The retention times and mass
fragmentation data of the 52 compounds identified are listed in Table 1.

Recently, Gören et al. reported the identification of only 20 compounds from EO chemical
composition of S. viticina aerial parts (flowering tops, stems, and leaves) growing in Turkey, of which
β-caryophyllene (62.3%), farnesyl acetate (8.9%) and α-bisabolol (4.4%) were the major components [12].
The difference in the results could be attributed to the difference in the area of plant growth, extraction
conditions and/or to the fact that only the leaves were used in this investigation, while in Goren et al.
study the aerial parts (flowers, leaves and stems) were used.

3.2. Metabolic Enzymes Inhibitory Activity

The metabolic pancreatic α-amylase and the intestinal α-glucosidase enzymes play a vital role in
the digestion of carbohydrates such as starch, dextrin, maltotriose, maltose, glucose and table sugar.
In fact, diabetes, overweight and obesity can be controlled by the inhibition of these enzymes due to
their ability to retard the carbohydrate’s digestion process and to improve glucose tolerance in patients
suffering from type II of diabetes [13].

As shown in Figures S3 and S4, S. viticina EO displayed α-amylase pancreatic enzyme and
α-glucosidase inhibitory activity in vitro, with IC50 values of 45.22 ± 1.1 μg/mL and 63.09 ± 0.26 μg/mL,
respectively, compared to that of the antidiabetic drug acarbose which has α-amylase and α-glucosidase
inhibitory effects with IC50 values of 28.89± 1.22μg/mL and 37.15± 0.33μg/mL, respectively. This means
that S. viticina EO inhibited 56.52% and 69.82% of α-amylase and α-glucosidase activity, respectively.

There are many reports on the inhibitory effect of EO extracted from different plant species on
the α-amylase and α-glycosidase. Loizzo et al. reported that the Cedrus libani wood EO exhibited
an α-amylase inhibitory effect with IC50 of 140 μg/mL [14]. Ma et al. found that the EOs extracted
from Pyrola calliantha entire plant, Senecio scandens flowers and of Schisandra chinensis roots have
α-glycosidase inhibitory activity with IC50 values of 22.11, 130.4 and 19.25 μg/mL, respectively [15].
Another study conducted by Dang et al. revealed that the Citrus medica var. sarcodactylis (Buddha’s
hand) fruits EO inhibited an α-glucosidase enzyme with an IC50 value of 412.2μg/mL [16].

However, the IC50 values showed that S. viticina EO displayed a stronger inhibitory activity
on α-amylase than on α-glucosidase activity, and therefore this finding is therapeutically important
especially in preventing some of the side effects associated with the use of chemical α-glucosidase and
α-amylase inhibitory agents [17]. The observed α-amylase and α-glucosidase inhibitory activity of the
S. viticina EO gives credence to the fact that S. viticina EO could be promising antidiabetic medicine
after in vivo and clinical trials.

Therapeutic agents that can inhibit the pancreatic lipase enzyme have gained much importance
in recent years. Obviously, the inhibition of pancreatic lipase enzyme retards the lipids digestion
and consequently lower the rate of fats absorption and decrease the levels of triglyceride in blood
serum which may also cause a reduction of body weight. The EO of S. viticina revealed weak porcine
pancreatic lipase inhibitory activity with an IC50 value of 501.18 ± 0.38 μg/mL compared to that of
antiobesity available drug Orlistat (IC50 = 12.3 ± 0.33 μg/mL). Salameh et al. reported that EO of
Micromeria fruticosa serpyllifolia leaves (Lamiaceae) exhibited potent antilipase activity with an IC50

value of 39.81 μg/mL, which is better than that of S. viticina EO (IC50 = 501.18 ± 0.38 μg/mL) [18].
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3.3. Antioxidant Activity

Due to its simplicity and high sensitivity, the widely used DPPH assay for radical scavenging
was employed to assess the antioxidant activity of S. viticina EO [19]. The results of the present work
showed that the EO exhibited antioxidant activity with an IC50 value of 19.95 ± 2.08 μg/mL, less than
that of the positive control (Trolox) which has an IC50 value of 2.23 ± 1.57 μg/mL. Previous studies
demonstrated that various Stachys species exhibited good antioxidant activity. A study conducted by
Kukić et al. revealed that S. anisochila, S. beckeana, S. plumose, and S. alpina ssp. dinarica have antioxidant
potential with IC50 values of 17.9, 20.9, 101.61, and 26.14 μg/mL, respectively [20]. The EO of S. inflate,
growing Iran, exhibited antioxidant activity with an IC50 value of 89.50 ± 0.65 μg/mL [21]. Furthermore,
A study performed by Conforti et al. on the antioxidant activity of the EOs extracted from various
Stachys species from different regions of the Mediterranean area revealed that S. palustris, S. cretica,
and S. hydrophila displayed the highest antiradical effect, with IC50 values of 48.2, 65.2 and 66.4 μg/mL,
respectively [22].

3.4. Cyclooxygenase Inhibitory Assay

Non-steroidal anti-inflammatory molecules have the potentials to reduce inflammation and relieve
pains in the human body which is associated with the increase of prostaglandin levels. However,
several traditional herbal products have been used to reduce pain sensation, inflammations and
fever [23]. The current cyclooxygenase inhibitory assay revealed that S. viticina EO caused a 98%
and 99% inhibition of COX-1 and COX-2 enzymes activity at concentrations of 0.25 and 0.5 μg/mL,
respectively. S. viticina EO exhibited cyclooxygenase inhibitory activity against COX-1 and Cox-2 with
IC50 values of 0.25 and 0.5 μg/mL, respectively, similar to those IC50 values of the positive control (the
NSAID etodolac).

3.5. Cytotoxic Activity

Cytotoxicity assays have gained increasing interest over recent years due to their great value in
the biological screening of insecticide, herbicides and anticancer agents [24]. These assays are proved
to be reliable, quick, cheap and reproducible. Various types of cytotoxic tests, such as luminometric,
fluorometric, dye exclusion and colorimetric assays, are used in the fields of pharmacology and
toxicology [25]. The significant antimicrobial activity of S. viticina EO encouraged us to evaluate its
cytotoxicity. The potential cytotoxicity of the S. viticina EO towards HeLa (cervical adenocarcinoma)
and Colo-205 (colon) cancer cells was evaluated using the MTS assay. As shown in Figure 1; Figure 2,
treatment of Colo-205 cells with 0.5 mg/mL of S. viticina EO induced the best cytotoxic effect (90%),
while treatment of HeLa cells with 2.5 mg/mL of EO induced the highest cytotoxicity (95%). The S.
viticina EO displayed very strong cytotoxicity against HeLa and Colo-205 cancer cells.

In a previous study conducted in our laboratory, Jaradat et al. reported that Teucrium pruinosum EO
at a dose of 7.67 mg/mL induced cytotoxic activity on HeLa cancer cells by 90–95%. The cytotoxicity of S.
viticina EO against HeLa cancer cells is triple that induced by Teucrium pruinosum EO (Lamiaceae) [26].

3.6. Antimicrobial Capacity

The microdilution assay was used to assess the antimicrobial activity of S. viticina EO against
MRSA, S. aureus, E. faecium, S. sonnie, P. aeruginosa, E. coli, E. floccosum, and C. albicans. The S. viticina
EO inhibited the growth of all the screened pathogens. In particular, the S. viticina EO exhibited potent
antibacterial activity against MRSA with MIC value of 0.039 mg/mL, which is two folds more potential
than the inhibition activity against E. coli (MIC = 0.078 mg/mL). Moreover, the EO of S. viticina plant
inhibited the growth of all the studied fungal strains, especially inhibited potentially the growth of E.
floccosum with MIC value of 0.78 mg/mL.
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4. Materials and Methods

4.1. Chemical Reagents

All the experiments in the current study were carried out utilizing commercially available
chemicals and reagents unless otherwise stated.

4.2. Equipment

A gas chromatograph (Clarus 500-Perkin Elmer, Singapore), Mass Spectrometer (Clarus
560D-Perkin Elmer), microscope (IX-73-inverted, Olympus (China) CO.,LTD, Beijing, China), UV-Visible
Spectrophotometer (Jenway-7315, Staffordshire, UK), microwaves-ultrasonic reactor-extractor
(CW-2000, Gloria Wang Zhejiang Nade Scientific Instrument Co., Ltd., Zhejiang, China), Balance
(Rad-weight, International Weighing Review, Toruńska, Poland), sonicator (MRC, 2014-207, MRC
Lab., Haifa, Israel), water bath (LabTech, 2011051806, Thermo Fisher Scientific, Seoul, South Korea),
incubator (Nüve, 06-3376, Ankara, Turkey), vortexer (090626691, Heidolph Company, Schwabach,
Germany), autoclave (MRC, A13182, Mrc lab., Haifa, Israel), grinder (Molineux I, Jiangmen, China) and
microplate reader (6000, Unilab, Fort Lauderdale, FL USA) were utilized in the current investigation.

4.3. Herbal Material

Stachys viticina leaves were collected in March 2018 from the Nablus area, Palestine. The
taxonomical characterization of the plant was established at the Pharmacy Department at An-Najah
National University and deposited under the voucher specimen number (Pharm-PCT-2341). Later on,
S. viticina leaves were cleaned, rinsed at least three times with distilled water and then dried in the
shade at 25 ± 2 ◦C and 55 ± 5 RH of humidity for three weeks. The dried leaves were cut into small
pieces which were kept in special paper bags for farther experimental work [27].

4.4. Isolation of S. viticina Essential Oil

The EO of S. viticina plant was extracted using the microwave and ultrasonic apparatus as reported
by Jaradat et al. [28]. Dried S. viticina powder (100 g) and distilled water (0.5 L) were placed in a round
bottomed flask and exposed to micro- and ultrasonic- waves at a fixed power of 1000 W at 100 ◦C for
10 min. The extracted EO was collected into an amber glass bottle and kept in the refrigerator at 2–8 ◦C
for further experiments.

4.5. GC-MS Characterization of S. viticina Essential Oil

The separation was achieved on a Perkin Elmer Elite-5-MS fused-silica capillary column (30 m ×
0.25 mm, film thickness 0.25 μm), using helium as carrier gas at a standard flow rate of 1.1 mL/min.
The temperature of the injector was adjusted at 250 ◦C with an initial temperature of 50 ◦C, initial
hold 5 min, and ramp 4.0 ◦C/min to 280 ◦C. The total running time was 62.50 min and the solvent
delay was from 0 to 4.0 min. MS scan time was from 4 to 62.5 min, covering mass range 50.00 to 300.00
m/z. The chemical ingredients of the EO were characterized by comparing their mass spectra with the
reference spectra in the MS Data Centre of the National Institute of Standards and Technology, and by
matching their Kovats and retention indices with values reported in the literature [29,30]. In addition,
the EOs Kovats and retention indices with values were compared with 20% of HPLC grade of reference
EOs including α-pinene, eucalyptol, caryophyllene, γ-terpinene, ocimene, endo-borneol, α-terpineol,
jasmone, α-cadinene, p-menthane that were purchased from Sigma-Aldrich, Hamburg, Germany) [31].

4.6. Porcine Pancreatic Lipase Inhibitory Assay

A porcine pancreatic lipase inhibition assay was conducted in order to assess the anti-obesity
activity of S. viticina EO. The drug Orlistat, an anti-obesity, and anti-lipase agent, was used as a positive
control. The porcine pancreatic lipase inhibitory method was performed according to the protocol
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described by Zheng et al. with slight modifications [32]. A 500 μg/mL stock solution from the EO was
dissolved in dimethyl sulfoxide (DMSO): methanol (1:9), and five different dilutions (50, 100, 200, 300
and 400 μg/mL) were prepared. Then, a 1 mg/mL stock solution of porcine pancreatic lipase was freshly
prepared before use and was dispersed in Tris-HCl buffer. The substrate used was p-nitrophenyl
butyrate (PNPB) (Sigma-Aldrich, Hamburg, Germany), prepared by dissolving 20.9 mg of it in 2 mL
of acetonitrile. 0.1 mL of porcine pancreatic lipase (1 mg/mL) and 0.2 mL of the EO from each of the
concentration series were placed in 5 different working test tubes and mixed. The resulting mixture
was adjusted to 1 mL by adding Tri-HCl solution and incubated at 37 ◦C for 15 min. thereafter, 0.1
mL of p-nitrophenyl butyrate solution was added to each test tube and the mixture was incubated
for 30 min. at 37 ◦C. The pancreatic lipase activity was determined by measuring the hydrolysis of
PNPB into p-nitrophenolate ions at 410 nm using a UV-Vis spectrophotometer. The same procedure
was repeated for the positive control sample (Orlistat, Sigma-Aldrich). The inhibitory percentage of
the anti-lipase activity was calculated using the following equation:

Lipase inhibition% = (AB − Ats)/AB × 100% (1)

where AB is the recorded absorbance of the blank solution and Ats is the recorded absorbance of the
tested sample solution.

4.7. α-Amylase Inhibition Assay

The α-amylase inhibitory activity of S. viticina EO was assessed according to the standard method
reported by Nyambe-Silavwe et al. with minor modifications [33]. The EO was dissolved in DMSO
(Riedel-de-Haen, Hamburg, Germany) and then diluted with a buffer ((Na2HPO4/NaH2PO4 (0.02 M),
NaCl (0.006 M) at pH 6.9) to a concentration of 1000 μg/mL. A concentration series of 10, 50, 70, 100 and
500 μg/mL were prepared. 0.2 mL of porcine pancreatic α-amylase enzyme solution (Sigma-Aldrich, St.
Louis, MO, USA) with a concentration of 2 units/mL was mixed with 0.2 mL of the EO and incubated at
30 ◦C for 10 min. Thereafter, 0.2 mL of freshly prepared starch solution (1%) was added and the mixture
was incubated for at least 3 min. The reaction was stopped by addition of 0.2 mL dinitrosalicylic acid
(DNSA) (Alf�aAesar, Lancashire, UK), then the mixture was diluted with 5 mL of distilled water and
heated in a water bath at 90 ◦C for 10 min. The mixture was left to cool down to room temperature
and the absorbance was measured at 540 nm. A blank was prepared following the same procedure by
replacing the S. viticina EO with 0.2 mL of the buffer.

Acarbose (Sigma-Aldrich, USA) was used as a positive control and prepared to adopt the
same procedure described above. The α-amylase inhibitory activity was calculated using the
following equation:

% of α-amylase inhibition = (Ab - AS)/Ab 100% (2)

where Ab is the absorbance of the blank and AS is the absorbance of the tested sample or control.

4.8. α-Glucosidase Inhibitory Activity Assay

The α-glucosidase inhibitory activity of S. viticina EO was performed according to the standard
protocol with a slight modification [34]. A mixture of 50 μL of phosphate buffer (100 mM, pH 6.8), 10
μL α-glucosidase (1 U/mL) (Sigma-Aldrich, USA) and 20 μL of varying concentrations of S. viticina EO
(100, 200, 300, 400 and 500 μg/mL) were placed in 5 different test tubes. After 15 min. incubation at 37
◦C, 20 μL of pre-incubated 5 mM PNPG (Sigma-Aldrich, USA) was added as the substrate to each
test tube and the reaction mixtures were incubated at 37 ◦C for additional 20 min. The reaction was
terminated by adding 50 μL of aqueous Na2CO3 (0.1 M). The absorbance of the released p-nitrophenol
was measured by a UV/Vis spectrophotometer at 405 nm. Acarbose at similar concentrations as
the plant EO was used as the positive control. The inhibition percentage was calculated using the
following equation:

% of α-amylase inhibition = (Ab - AS)/Ab 100% (3)
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where Ab is the absorbance of the blank and AS is the absorbance of the tested sample or control [35].

4.9. Antioxidant Assay

For estimation of S. viticina EO antioxidant potential, a solution of EO (1 mg/mL) in methanol
was serially diluted with methanol to obtain concentration of 1, 2, 3, 5, 7, 10, 20, 30, 40, 50, 80 and
100 μg/mL. Then, DPPH (2,2-diphenyl-1-picrylhydrazyl) reagent (Sigma, New York, NY, USA) was
dissolved in 0.002% w/v methanol and mixed with the previously prepared working concentrations
in a 1:1 ratio. The same procedures were repeated for Trolox (Sigma-Aldrich, Darmstadt, Denmark)
which was used as a positive control. All of the solutions were kept in a dark chamber for 30 min at
ordinary temperature.

Then, their absorbance values were measured at a wavelength of 517 nm utilizing a UV-Visible
spectrophotometer. The DPPH inhibition potential by S. viticina EO and Trolox were determined
employing the following equation:

DPPH inhibition (%) = (absblank − abssample)/absblank 100% (4)

where absblank is the blank absorbance and abssample is the absorbance of the samples. The antioxidant
half-maximal inhibitory concentration (IC50) of S. viticina EO and Trolox were assessed using
BioDataFit-E1051 program [36].

4.10. Antimicrobial Activities of S. viticina Essential Oil

The fungal and bacterial isolates used in this study were from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and from selected MRSA species (), that were obtained
from the Palestinian area at clinical settings and exhibited multi-antibiotic resistance. The screened
microorganisms included three Gram-positive bacteria (MRSA, Enterococcus faecium (ATCC 700221) and
S. aureus (ATCC 25923)), three of Gram-negative bacteria (Shigella sonnie (ATCC 25931), Pseudomonas
aeruginosa (ATCC 27853) and Escherichia coli (ATCC 25922) and two fungal strains (Epidermophyton
floccosum (ATCC 10231) and Candida albicans (ATCC 90028)).

The microdilution assay was utilized to assess the antimicrobial activity of S. viticina EO against
bacterial and yeast strains. A total of 8.8 g of Mueller-Hinton broth were dissolved in 400 mL of
distilled water under heat and boiled for 1 min. The obtained solution was autoclaved and kept at
4 ◦C until use. 100 μL from the broth was placed in each well of the microdilution tray. Then, 100 μL
of the EO was added to the first well and the mixture was shacked. Thereafter, serial dilutions up to
well #11 were performed. Well #12 did not contain any EO and was considered as a positive control
for microbial growth. A fresh bacterial colony was picked from an overnight agar culture and was
prepared to match the turbidity of the 0.5 McFarland standards to provide a bacterial suspension of
1.5 × 108 CFU (colony forming unit)/mL. The suspension was diluted with broth by a ratio of 1:3 to
a final concentration of 5 × 107 CFU. Then, 1 μL of the bacterial suspension was added to each well
except well #11, which was a negative control for microbial growth. Finally, the plate was incubated at
35 ◦C for 18 h.

The microdilution method for the yeast C. albicans was performed as described above, except that
after matching the yeast suspension with the McFarland standard, it was diluted with NaCl by a ratio
of 1:50, followed by 1:20, and 100 μL was placed in the wells. The plate was incubated for 48 h instead
of 18 h.

To investigate anti-Epidermatophyton floccosum mold activity of the S. viticina EO, an agar dilution
method was performed. Sabouraud dextrose agar (SDA) was prepared, of which 1 mL was placed in
each tube and kept in a 40 ◦C water bath. 1 mL of the EO was mixed with 1 mL of SDA in the first
tube and serial dilutions were performed in six tubes, except tube #6, which did not contain any plant
material and considered as a positive control for microbial growth.
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After the SDA was solidified, the spores of the mold culture were dissolved using distilled water
containing 0.05% Tween 80 and scratched from the plate for comparison with McFarland turbidity.
From that suspension, 20 μL was pipetted into the six tubes, except tube #5, which was considered as a
negative control. The tubes were incubated at 25 ◦C for 14 days. The MIC is the lowest concentration
of an antimicrobial agent that inhibited the visible growth of a microorganism [37,38].

4.11. Determination of COX Inhibition

The S. viticina EO inhibitory activity of human recombinant COX-2 and ovine COX-1 enzymes
was assessed using a COX inhibitor screening method (Cayman Chemical, kit No.560131, Ann Arbor,
MI, USA). The yellow color of the enzymatic reaction was evaluated using UV spectrophotometer in
a Microplate Reader at a wavelength of 415 nm. Cyclooxygenase inhibitory assay was performed
for two concentrations of EO (0.25 and 0.5 μg/mL) with celecoxib (a commercial NSAID marker).
The anti-inflammatory activity of the tested EO was determined by calculating the percentage
production inhibition of prostaglandin E2 (PGE2). The tested compounds concentration causing 50%
inhibition (IC50) of the formation of prostaglandin PGE2 by COX1 and COX2 enzymes were determined
from the curve of concentration inhibition response by regression analysis [39].

4.12. Cell Culture and Cytotoxicity Assay

The HeLa (cervical adenocarcinoma) and Colo-205 (colon) cancer cells were cultured in media
(RPMI-1640) and supplemented with 10% fetal bovine serum, 1% Penicillin/Streptomycin antibiotics
and 1% l-glutamine. Cells were grown in a humidified atmosphere with 5% CO2 at 37 ◦C. Cells were
seeded in 96-well plates (2.6 × 104 cells). After 48 hrs, the cells were incubated with EO at various
concentrations for 24 h. Cell viability was assessed by Cell-Tilter 96® Aqueous One Solution Cell
Proliferation (MTS) Assay following the instructions of the manufacturer (Promega Corporation,
Madison, WI, USA). At the end of the treatment, 20 μL of MTS solution per 100 μL of media was added
to each well and incubated at 37 ◦C for 2 h and finally, the absorbance was spectrophotometrically
estimated at 490 nm [40].

4.13. Statistical Examination

All the data on α-amylase, α-glucosidase and porcine pancreatic enzymes inhibitory activity as
well as on the antioxidant, COX inhibitory and cytotoxicity activities were the average of triplicate
analyses. The outcomes were presented as means ± standard deviation (SD). Statistical analysis was
established employing GraphPad Prism software version 6.01 (GraphPad, San Diego, CA).

5. Conclusions

The GC-MS analysis revealed the presence of fifty-two compounds in the S. viticina EO, of which
endo-borneol was the major component, followed by eucalyptol and epizonarene. The EO of S. viticina
showed an ability to scavenge the free radical DPPH with an IC50 value of 19.95 μg/mL and displayed
cytotoxic activity against colon and HeLa cancer cells at 0.5 mg/mL and 1.25 mg/mL, respectively. It
also showed very strong antimicrobial (against three Gram-positive, three Gram-negative bacteria
and two fungi) effects, of which the strongest was against MRSA, with a MIC value of 0.039 mg/mL.
Moreover, the S. viticina EO showed high cyclooxygenase inhibitory activity against COX-1 and COX-2,
with IC50 values of 0.25 and 0.5 μg/mL, respectively, similar to those of the positive control (the NSAID
etodolac). In addition, the EO showed potential in inhibiting the activity of α-amylase (56.52% at 45.22
μg/mL) and of α-glucosidase (69.82% at 63.09 μg/mL). Briefly, S. viticina EO contains pharmacologically
active molecules which could be further validated and explored clinically for their therapeutic potential
and for the development and design of new natural therapeutic preparations.

Supplementary Materials: The following are available online, Figure S1. GC-MS chromatogram of S. viticina EO,
Figure S2. DPPH Inhibition % by Trolox (positive control) and S. viticina EO, Figure S3. The α-amylase inhibitory
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potential by Acarbose (positive control) and S. viticina EO, Figure S4. The α-glucosidase inhibitory potential by
Acarbose (positive control) and S. viticina EO, Figure S5. Lipase enzyme inhibitory activity by S. viticina EO and
Orlistat (positive control).
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Abstract: Chrysanthemum boreale is a plant widespread in East Asia, used in folk medicine to treat
various disorders, such as pneumonia, colitis, stomatitis, and carbuncle. Whether the essential oil from
C. boreale (ECB) and its active constituents have anti-proliferative activities in lung cancer is unknown.
Therefore, we investigated the cytotoxic effects of ECB in A549 and NCI-H358 human lung cancer cells.
Culture of A549 and NCI-H358 cells with ECB induced apoptotic cell death, as revealed by an increase
in annexin V staining. ECB treatment reduced mitochondrial membrane potential (MMP), disrupted
the balance between pro-apoptotic and anti-apoptotic Bcl-2 proteins, and activated caspase-8, -9,
and -3, as assessed by western blot analysis. Interestingly, pretreatment with a broad-spectrum
caspase inhibitor (z-VAD-fmk) significantly attenuated ECB-induced apoptosis. Furthermore, gas
chromatography–mass spectrometry (GC/MS) analysis of ECB identified six compounds. Among
them, β-caryophyllene exhibited a potent anti-proliferative effect, and thus was identified as the
major active compound. β- Caryophyllene induced G1 cell cycle arrest by downregulating cyclin
D1, cyclin E, cyclin-dependent protein kinase (CDK) -2, -4, and -6, and RB phosphorylation, and by
upregulating p21CIP1/WAF1 and p27KIP1. These results indicate that β-caryophyllene exerts cytotoxic
activity in lung cancer cells through induction of cell cycle arrest.

Keywords: β-caryophyllene; essential oil from Chrysanthemum boreale; apoptosis; cell cycle; human
lung cancer

1. Introduction

Lung cancer has the fourth highest incidence among cancers, and is the leading cause of cancer
death worldwide [1]. The mortality rate is high due to signs of lung cancer generally not appearing
until the disease is already at an advanced stage. The two main types of lung cancer consist of small
cell lung cancer (SCLC), accounting for a minor percentage of all cases, and non-small cell lung cancer
(NSCLC), representing more than 80 to 85% of cases [2]. When the cancer grade is higher than stage
I, chemotherapeutic treatment is recommended for NSCLC [3]. Despite substantial progress in the
oncology field as a whole, the outcomes following treatment for lung cancer are still poor [4]. However,
chemotherapy is associated with significant side effects, and its use can lead to chemoresistance, which
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is often fatal. Hence, research and development of novel and less hazardous anti-cancer regimens for
NSCLC are required [5–7].

Traditionally, botanical medicines have been used in developing countries as the major source of
medical treatment [8]. Anti-cancer natural products or their derivatives included 49% of a total 175
FDA approved small molecules [9]. As an example, vinca alkaloids, isolated from Catharanthus roseus
(Apocynaceae), cause microtubule disruption and induce cell cycle arrest at metaphase, resulting in
apoptosis of cancer cells. SB365, a saponin D extracted from the roots of Pulsatilla koreana exhibits
anti-proliferative effects in various cancer cell lines. In pancreatic cancer, SB365 induces apoptosis and
inhibits angiogenesis, contributing to a rise in patient survival rate to 54%, with no reports of side
effects [10]. Currently, the efficacy of intravenous SB365 treatment is being investigated in clinical
trials [11].

Chrysanthemum boreale (Asteraceae) is a perennation. It is around 1–1.5 m tall, and has yellow
flowers that are typically 1.5 cm in diameter. C. boreale is mainly distributed along the Korean
Peninsula, and has spread to the Manchuria region. C. boreale and similar species, for instance
C. indicum and C. lavandulaefolium, have been utilized in conventional eastern treatments for
stomatitis, pneumonia, carbuncle, fever, and vertigo [12]. Moreover, the guaianolide derivative
8-acetoxy-4,10-dihydroxy-2,11(13)-guaiadiene-12,6-olide, isolated from C. boreale, has been shown to
have cytotoxic activity against five human cancer cell lines [13]. However, the mechanisms that underlie
the anti-proliferative effects of the essential oil from C. boreale (ECB) in NSCLC have not been thoroughly
reported. A previous study described the isolation of 87 compounds from the ECB. Among them,
the most represented were: monoterpenes camphor (17.93%), α-thujone (13.13%), cis-chrysanthenol
(12.80%), 1,8-cineole (3.95%), α-pinene (3.83%), and sesquiterpene β-caryophyllene (3.04%) [12]. In this
study, we investigated the cytotoxic potential of ECB in lung cancer cell lines. To determine the active
ingredient of ECB, we tested six of its components (1,8-cineole, thujone, β-caryophyllene, camphor,
endo-borneol, and 2-isopropyl-5-methyl-3-cyclohexen-1-one) for their anti-proliferative effects, and
delineated the underlying molecular mechanisms associated with the cytotoxicity.

2. Results

2.1. ECB Induces Apoptosis in Human Lung Cancer Cells

To determine the anti-proliferative effects of ECB, we examined its cytotoxic potential in human
lung carcinoma (A549), pancreatic adenocarcinoma (AsPC-1), and colon adenocarcinoma (HT-29) cell
lines using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were
treated with various concentrations of ECB for 48 h. The IC50 values for A549, AsPC-1, and HT-29
were 28.18 ± 1.96, 30.86 ± 2.32, and 55.21 ± 3.06 μg/mL, respectively, indicating that ECB was more
cytotoxic in A549 compared to other cell lines. For this reason, we decided to focus on lung carcinoma
cells, using A549 and NCI-H358 as cell line models of NSCLC in our study. Similarly to A549, ECB
showed dose-dependent cytotoxicity in NCI-H358 cells (IC50: 31.19 ± 2.01 μg/mL,) compared to L132
normal lung epithelial cells (IC50: > 100 μg/mL) (Figure 1a). Additionally, treatment with ECB induced
a time-dependent increase in the sub-G1 cell death population in A549 and NCI-H358 cells (Figure 1b).
In order to understand if ECB-induced cell death was apoptotic nature, we further examined whether
ECB could induce exposure of phosphatidylserine (PS) in A549 and NCI-H358 cells by biparametric
flow cytometry analysis, using PI and annexin V to stain DNA (dead cells) and PS (cells undergoing
apoptosis), respectively. As shown in Figure 1c, treatment with ECB significantly increased the
percentage of PI-annexin V double-positive cells in a concentration-dependent manner. These results
suggest that ECB can induce A549 and NCI-H358 lung cancer cells death via apoptosis, rather than
non-specific necrosis.
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Figure 1. The effects of the essential oil from C. boreale (ECB) on cell viability and apoptosis in human
lung cancer cells. (a) A549 cells and NCI-H358 cells were treated with increasing amounts of ECB for
48 h. To determine cell viability, MTT assay was performed. (b) Cells were treated with 30 μg/mL of
ECB for the indicated times. The cell cycle progression was determined by staining with PI and flow
cytometry. Results are representative of three independent experiments. (c) Cells treated with different
concentrations of ECB (10, 20, or 30 μg/mL for 48 h) were double-stained with PI and annexin V, which
specifically detects the externalization of phosphatidylserine (PS), and examined by flow cytometry.
Data are presented as means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001
vs. the control group.
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2.2. ECB-Induced Apoptosis is Mediated by Caspase Activation and Mitochondrial Pathway in Human Lung
Cancer Cells

The apoptotic process begins in response to intrinsic or extrinsic death signals, and several proteins
are involved in this process, including caspases. Procaspases are the precursors of caspases. When
cleaved, they become active, promoting apoptotic cues. Caspase-8 plays a pivotal role in the extrinsic
apoptotic pathway [14]. By contrast, caspase-9 is activated as result of Bcl-2 proteins reducing the
MMP in the intrinsic pathway. Finally, caspase-3 is activated through both the intrinsic and extrinsic
pathways, and apoptosis occurs [15]. To examine the effect of ECB on the apoptotic process, we assessed
the expression of apoptosis-related proteins by western blot analysis. Cancer cells treated with 10, 20,
or 30 μg/mL ECB for 48 h exhibited reduced levels of procaspase-3, -8, and -9 (Figure 2a), suggesting
activation of both the intrinsic and extrinsic apoptotic pathways, ultimately leading to apoptosis.
Besides, analysis of PI-annexin V double-positive cells by flow cytometry showed that treatment with
the pan-caspase inhibitor z-VAD-fmk could attenuate ECB-induced cell death in A549 and NCI-H358
cells (Figure 2b). Next, we measured the MMP of A549 and NCI-H358 cells after treatment with ECB,
using the fluorescent dye DiOC6. As shown in Figure 2c, ECB increased mitochondrial membrane
depolarization at 48 h compared to that at 0 h. Because Bcl-2 family proteins can regulate MMP [16],
we evaluated levels of these proteins in the presence or absence of ECB. Western blot analysis revealed
that the presence of ECB decreased anti-apoptotic Bcl-2 and Bcl-XL protein levels, and increased the
expression of pro-apoptotic Bad (Figure 2d). Thus, these data indicate that ECB activates apoptosis by
regulating the expression of Bcl-2 family proteins and reducing MMP, which leads to caspase activation
in A549 and NCI-H358 cells.

Figure 2. Effects of ECB on apoptosis-related proteins. (a) A549 and NCI-H358 cells were treated
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with different doses of ECB for 48 h. Western blot analysis was conducted to determine the protein
expression levels of procaspase-3, -8, -9, and cleaved caspase-9. (b) Cells were pretreated with or
without z-VAD-fmk (25 μM) for 30 min, treated with ECB (30 μg/mL) for 48 h, and PI-annexin V double
staining was performed to determine the fraction of apoptotic cells. (c) A549 and NCI-H358 cells
were stained with DiOC6 at 0 and 48 h and flow cytometry was performed to measure mitochondrial
membrane polarization. (d) A549 and NCI-H358 cells were treated with different concentrations of ECB
for 48 h, and western blot analysis was performed to determine the protein expression levels of Bcl-2,
Bcl-XL, and Bad. Data are presented as means ± SD of three independent experiments. *** p < 0.001 vs.
the control group; # p < 0.001 vs. the ECB-treated group.

2.3. β-Caryophyllene Regulates G1 Cell Cycle Progression in Human Lung Cancer Cells

Next, we performed gas chromatography-mass spectrometry (GC/MS) of the ECB. This analysis
revealed six major constituents (Figure 3), and their cytotoxicity was determined in A549 and NCI-H358
cells by MTT assay. As shown in Table 1, β-caryophyllene showed the strongest cytotoxicity among
these compounds.

Figure 3. Total ion chromatogram of ECB. Peaks represent: 1. 1,8-cineole; 2. thujone; 3. β-caryophyllene;
4. camphor; 5. endo-borneol; 6. 2-isopropyl-5-methyl-3-cyclohexen-1-one.

Table 1. Cytotoxicity (IC50) of major compounds isolated from ECB, assessed by MTT assay in A549
cells and NCI-H358 cells

Compounds Isolated from ECB Chemical Structure
IC50 (μg/mL)

A549 NCI-H358

1,8-Cineole

 

>200 >200

Thujone

 

>200 >200

β-Caryophyllene
 

47.05 54.78

Camphor >200 >200

Endo-borneol

 

>200 >200

2-Isopropyl-5
methyl-3-cyclohexen-1-one >200 >200
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In addition, flow cytometry analysis showed that β-caryophyllene treatment induced the
accumulation of A549 and NCI-H358 cells in the G1 phase in a time- and dose-dependent manner
(Figure 4a,b). Based on these results, we examined the effect of β-caryophyllene on the expression levels
of G1 phase-regulatory proteins by western blot analysis. Our results revealed that β-caryophyllene
decreased the expression of cyclin-dependent protein kinase (CDK) 2, CDK4, CDK6, cyclin D1,
and cyclin E (Figure 4c,d). In addition, β-caryophyllene decreased the levels of phosphorylated
retinoblastoma (p-RB) protein, but did not alter total RB levels. This is indicative of a reduced cyclin/CDK
activity, which is consistent with the induction of cell cycle arrest. Moreover, β-caryophyllene
increased the levels of p21CIP1/WAP1 and p27KIP1, two CDK inhibitors (CDKIs) that play key roles
in the establishment of G1 phase progression (Figure 4e). All together, these results indicate that
β-caryophyllene promotes cell cycle arrest in G1 phase in A549 and NCI-H358 cells.

Figure 4. Effect of β-caryophyllene on G1 cell cycle arrest and cell cycle-related proteins in human
lung cancer. (a) Cells were treated with β-caryophyllene (A549, 40 μg/mL; NCI-H358, 60 μg/mL) for
the indicated times; (b) or with the indicated concentrations for 24 h. Cells were stained with PI for
30 min and then subjected to flow cytometry analysis to determine cell cycle progression. (c and d)
A549 and NCI-H358 cells were treated with β-caryophyllene (A549, 40 μg/mL; NCI-H358, 60 μg/mL)
for the indicated times and concentrations, and cells were collected for western blot analysis to measure
cyclin/CDK protein expression. (e) Cells were treated with β-caryophyllene (A549, 40 μg/mL; NCI-H358,
60 μg/mL) for the indicated times, and then subjected to western blot analysis to determine the protein
expression of p-RB, RB, p21CIP1/WAP1, and p27KIP1.
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3. Discussion

Cancer chemoprevention is one of the crucial approaches to reduce or delay the occurrence of
malignancy after the chronic administration of a synthetic, natural or biological agent [17]. The potential
value of this approach has been demonstrated with trials in breast, prostate, and colon cancer [18].
Because of low cytotoxicity to normal cells, minimal side effects, and a wide margin of safety, medicinal
herbs can be used to develop new pharmaceutical drugs. Fruits, leaves, and flowers are rich in essential
oils, many of which contain important chemopreventive agents. Several essential oil extracts have
been shown to exert anti-proliferative, anti-mutagenic, cytotoxic, anti-oxidant, pro-apoptotic, and
anti-neoplastic effects. For example, the essential oil of Eucalyptus benthamii (Myrtaceae) contains
limonene, which has cytotoxic and anti-proliferative effects in cancer cell lines [19].

C. boreale has been reported to possess anti-inflammatory [20] and anti-bacterial properties [21]; and
β-caryophyllene, found in this and other plants (including the Asteraceae Helichrysum gymnocephalum
and the Myrtaceae Syzygium aromaticum), retains anti-proliferative activities against various cancer cells
through induction of apoptosis, anti-microbial, and antioxidant properties [22–24]. β-Caryophyllene is
also contained in the essential oil of Citrus aurantifolia (Rutaceae), and studies have shown its ability
to induce apoptosis in human colon cancer cells [25]. Furthermore, recent research has revealed an
anti-carcinogenic effect for α-thujone, another major component of C. boreale. In particular, α-thujone
treatment impaired the proliferation of glioblastoma (GBM) cells and angiogenesis, and reduced
melanoma metastasis in a GBM rat model [26]. Though it was reported to exert an attenuating effect
on the viability of the GBM [27], in the present study α-thujone did not show any cytotoxicity up to
500 μM against human lung cancer cells. Another compound in the ECB, endo-borneol, is a bicyclic
organic terpene with the hydroxyl group located in an endo position. Many studies have reported that
endo-borneol possesses metabolism-enhancing, anti-inflammatory, and antioxidant activities [28,29].
However, neither endo-borneol nor 2-isopropyl-5-methyl-3-cyclohexen-1-one showed any cytotoxicity
in our lung cancer cytotoxicity assay. In the current study, we identified anti-proliferative factors
that are required for ECB-induced cell cycle arrest and apoptosis of lung cancer cells. Our findings
substantiate the results of published studies, and contribute to establishing novel natural compounds
as anti-cancer therapeutics.

During the past decades, suppression of tumor cell proliferation through the induction of apoptosis
has been recognized as a strategy for the identification of chemotherapeutic agents [27]. Apoptosis plays
a major role in normal physiologic processes and is accompanied by blebbing of the cell membrane,
DNA fragmentation, induction of apoptotic bodies, and activation of caspases [14]. Caspases are
members of the cysteine-aspartic acid protease family and have crucial roles in triggering and executing
apoptosis [30]. The extrinsic and intrinsic pathways form the two branches of caspase-dependent
apoptotic signaling. The extrinsic pathway is activated by various receptors, such as TNF-α receptor,
FasL receptor, toll-like receptor, and death receptor, which leads to the formation of the ‘death-inducing
signaling complex’ (DISC) and activation of caspase-8 [31]. By contrast, the intrinsic pathway (or
‘mitochondrial pathway’) is activated by ROS, DNA damage, pro-apoptotic Bcl-2 family proteins,
calcium, and some metals. Consequentially, activation of this pathway induces MMP and expedites
the release of cytochrome c. Released cytochrome c forms part of the apoptosome, a complex that
contains Apaf-1. The apoptosome triggers procaspase-9 cleavage and activation, which in turn triggers
the activation of caspase-3, leading to apoptosis. In this study, we used PI-annexin V double staining
to demonstrate that ECB induces apoptosis in human lung cancer cells. In addition, our data showed
that ECB reduced MMP, likely due to the downregulation of Bcl-2 and Bcl-XL, and upregulation of Bad
protein expression.

Our results indicated that β-caryophyllene induces cell cycle arrest at the G1 phase in human
lung cancer cell lines. This assumption is based on the observation that β-caryophyllene promoted
downregulation of G1 cell cycle positive regulators, such as CDK2, CDK4, CDK6, cyclin D1, and
cyclin E, and upregulation of G1 cell cycle negative regulators p21CIP1/WAF1 and p27KIIP1. Furthermore,
β-caryophyllene decreased RB phosphorylation. In a previous study, β-caryophyllene has been shown
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to exert a selective anti-proliferative effect in HCT116 colon cancer cells, without affecting normal cell
lines [22]. Interestingly, β-caryophyllene-treated HCT116 cells displayed several apoptotic features,
such as DNA fragmentation, chromatin condensation, and MMP disruption. Thus, previous studies,
together with our data, suggest that β-caryophyllene might have cell-type specific phenotypic effects,
and that β-caryophyllene-induced cell cycle arrest might lead to apoptosis.

In summary, our study revealed that ECB exerts its anti-proliferative effect via caspase activation
and mitochondria-dependent apoptosis in human lung cancer cells. The active constituent of ECB is
β-caryophyllene, which promotes G1 cell cycle arrest in these cell types. Taken together, these data
suggest that ECB should be considered as a potential chemotherapeutic agent for the treatment of
non-small cell lung cancer.

4. Materials and Methods

4.1. Materials

All kinds of cell culture-related agents were purchased from Life Technologies Inc (Grand Island, NY,
USA). β-Caryophyllene, camphor, 1,8-cineole, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT), 3,3’-dihexyloxacarbocyanine iodide (DiOC6), propidium iodide (PI), bisacrylamide,
sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), RNase A, and other chemicals were
purchased from Sigma Chemical Co. (St.Louis, MO, USA). N,N,N’,N’-tetramethyl-ethylenediamine
dihydrochloride (TEMED) were purchased from Bio-Rad Laboratories (Portland, ME, USA). The
following antibodies for caspase-3, Bcl-2, Bcl-XL, Bad, CDK2, CDK4, CDK6, Cyclin D1, Cyclin E,
p21CIP1/WAF1, p27KIP1, RB, and β-actin were purchased from Santa Cruz Biotechnology Inc. (Santa
cruz, CA, USA). p-RB antibody was purchased from Cell Signaling Technology (Danvers, MA, USA).
The antibodies for caspase-8 and caspase-9 were purchased from BD Biosciences, Pharmingen (San
Diego, CA, USA). z-VAD-fmk was purchased from Calbiochem (Bad Soden, Germany).

4.2. Preparation of Essential Oil

The aerial part of Chrysanthemum boreale (Asteraceae) was collected in October in Wonju city,
Gangwon-do, Korea. This plant was identified by Sang-Cheol Lim (Department of Horticulture
and Landscape, Sangji University, Korea). The voucher specimen (natchem# 38) was deposited at
the Laboratory of Natural Products Chemistry, Department of Pharmaceutical Engineering, Sangji
University, Korea. ECB was extracted using the method of steam distillation. The plant material (300 g)
was distilled for 3 h by a steam distillation apparatus. The distilled liquid was fractionated three times
with diethyl ether (each 400 mL). The diethyl ether layer was subjected to dehydration with anhydrous
sodium sulfate, and then evaporated to give the essential oil (weight 14.1 g; volume 14.2 mL).

4.3. GC/MS Analysis

GC/MS analysis of ECB was performed in a GC-MS (GC: 6890 A, Agilent Technologies, Santa
Clara, CA, USA; MS: 5973, Agilent Technologies) using a DB-5MS column (15 m, 0.25 mm i.d., 0.25 μm
film thickness). ECB (0.1 μL) was injected on split mode at a 1:30 ratio. The oven temperature was set
at 50 ◦C for 1 min, followed by a temperature gradient of 5 ◦C/min. When the temperature reached
160 ◦C, it was kept steady for 20 min. Then, a step of 5.0 ◦C/min was applied until oven temperature
was 250 ◦C, where it was kept for 15 min. Helium was used as carrier gas with a flow rate of 1 mL/min.
Injector and transfer line temperatures were both set at 280 ◦C. The mass spectrometer operated in
the electron impact mode with the electron energy at 70 eV. Identification of volatile components was
performed by matching their retention tmes and mass spectra with those of authentic standards.

4.4. Cell Culture

AsPC-1 human pancreatic adenocarcinoma, HT-29 human colon adenocarcinoma, A549 and
NCI-H358 human lung adenocarcinoma, and human L132 normal lung epithelial cells were obtained
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from the Korean cell line bank (Seoul, Korea) and cultured in RPMI 1640 supplemented with
10% heat-inactivated fetal bovine serum (FBS), penicillin (100 units/mL), and streptomycin sulfate
(100 μg/mL). Cells were maintained at 37 ◦C in a humidified atmosphere of 5% CO2.

4.5. MTT Assay

To examine cell viability, the MTT assay was conducted using the previous modified method as
described by Lee et al. [32]. Cells were harvested during the logarithmic growth phase and seeded in
96-well plates at a density of 2 × 104/mL in a final volume of 190 μL/well. After 24 h incubation, 10 μL
ECB, or β-caryophyllene full-range concentration was added to 96-well plates. After 48 h, 50 μL of
MTT (5 mg/mL stock solution in PBS) was added to each well for 4 h. Subsequently, the supernatant
was removed, and MTT crystals were solubilized with 100 μL anhydrous DMSO each well. The optical
density was measured at 540 nm.

4.6. PI Staining Analysis

After treatment with different concentrations of ECB or β-caryophyllene for various times, the
cells were collected with trypsin and rinsed with ice-cold PBS twice. The pellets were resuspended
and fixed in 70% EtOH at 4 ◦C overnight. Before detected by flow cytometry, the cells were washed
twice with PBS and resuspended in a PI solution containing PI (1 μg/mL) and RNase A (10 μg/mL) for
30 min. The cells were evaluated by fluorescence-activated cell sorting (FACS) cytometer (Beckman
Coulter, CA, USA).

4.7. PI and Annexin V Double Staining

Cells were harvested and washed twice with ice-cold PBS. Cells were resuspended with 1 ×
binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), and then the cell suspension
(100 μL) was incubated in dark place with 5 μL of annexin V-FITC and 10 μL of PI (50 μg/mL) for
15 min. Cells were analyzed for PI-annexin V double staining using FACS flow cytometry (Becton
Dickinson Co, Heidelberg, Germany).

4.8. Determination of Mitochondria Membrane Potential (MMP)

Cells were collected and washed twice with ice-cold PBS. After treatment of 30 μg/mL ECB for
48 h, the cells were stained with DiOC6 at a final concentration of 30 nM for 30 min at 37 ◦C in the dark.
The fluorescence intensity was analyzed with FACS cytometer (Beckman Coulter, CA, USA)

4.9. Western Blot Analysis

After the treatment of various concentrations of ECB or β-caryophyllene for different times, the
cells were lyzed in protein lysis buffer (Intron, Seoul, Korea) for 30 min in ice. Cell debris was removed
by microcentrifuge (4 ◦C, 15,000 rpm, 30 min) and then the protein concentration of supernatants was
ascertained by bio-rad protein assay reagent, following the manufacturer’s instruction. Measures
of 20–30 μg of cell extracts were fractionated by 8–15 % SDS PAGE, and transferred to a PVDF.
After incubating for 1 h with 5% skim milk in Tween 20/Tris-buffered saline (TBST) at 20 ◦C, the
membranes were incubated with primary antibody at 4 ◦C for overnight. Membranes were washed
three times with TBST and incubated with secondary antibody for 2 h at 25 ◦C, rewashed three times
with TBST. Blots were developed using enhanced chemiluminescence detection agents (Amersham,
Buckinghamshire, England).

4.10. Statistical Analysis

Data are expressed as mean ± S.D. Statistically significant values were compared using one-way
ANOVA and Dunnett’s post hoc test with the GraphPad Prism 5 statistical software, and p-values of
less than 0.05 was considered statistically significant.
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Abstract: Lavender oil is one of the most valuable aromatherapy oils, its anti-bacterial and anti-fungal
activities can be explained by main components such as linalool, linalyl acetate, lavandulol, geraniol,
or eucalyptol. The aim of the study was to assess the anti-microbial effects of two different lavender oils
on a mixed microbiota from facial skin. The commercial lavender oil and essential lavender oil from
the Crimean Peninsula, whose chemical composition and activity are yet to be published, were used.
Both oils were analysed by gas chromatography coupled to mass spectrometry. The composition and
properties of studied oils were significantly different. The commercial ETJA lavender oil contained
10% more linalool and linalyl acetate than the Crimean lavender oil. Both oils also had different
effects on the mixed facial skin microbiota. The Gram-positive bacilli were more sensitive to ETJA
lavender oil, and Gram-negative bacilli were more sensitive to Crimean lavender oil. However,
neither of the tested oils inhibited the growth of Gram-positive cocci. The tested lavender oils
decreased the cell number of the mixed microbiota from facial skin, but ETJA oil showed higher
efficiency, probably because it contains higher concentrations of monoterpenoids and monoterpenes
than Crimean lavender oil does.

Keywords: facial skin microbiota; gas chromatography with mass spectrometry; lavender essential oil

1. Introduction

The generic name “lavender” dates back to ancient times and derives from the Latin word lavare,
which means washing and bathing. According to Romans, not only the aromatic qualities but also
antiseptic properties were important [1]. Therefore, lavender oil was used as a panacea even in the
case of wounds associated with tissue loss [2].

Today, as a preservative and skin regenerator, it is widely used in the cosmetic industry to produce
safe tonics, lotions, creams, shampoos, conditioners, shower gels, and soaps by specialist cosmetic
companies, such as Dr. Beta-Pollena Aroma, Farmona Organique, Sanoflore, and Yves Rocher.

Because of the mild climate, adequate sunshine, alkaline soil, and natural wind protection,
lavender is naturally present in Mediterranean countries.

Lavender belongs to the Labiatae family, which includes ~30 species of Lavandula. However, only
three species with lavender fragrance are of industrial importance. These are as follows [3]:

1. Narrow-leaved lavender (real, medical) Lavandula officinalis Chaix, syn. L. vera DC, L. angustifolia Mill.;
2. Broad-leaved lavender (spike lavender) Lavandula latifolia Vill. (Syn. L. spica DC);
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3. Lavandin, a hybrid of the two preceding species.

In the cosmetics industry, the most popular essential oils are those derived from these plants.
Nevertheless, both their odour and chemical composition are determined by a number of factors: plant
species or varieties, climatic conditions, growth method and conditions, harvesting, transport, storage,
and oil preparation techniques. Lavender oil obtained from L. angustifolia is the most valuable and the
most expensive because its efficiency is two-fold lower than that of spike oil, and four-fold lower than
that of lavandin oil [4]. Therefore, lavender oil can be falsified with cheaper oils (lavandin or spike).
Sometimes, synthetic products such as linalyl acetate are added [4].

Although the main active ingredients are monoterpenes (linalool, linalyl acetate, lavandulol,
geraniol, bornyl acetate, borneol, terpineol, and eucalyptol or lavandulyl acetate), these oils may
have different anti-bacterial and anti-fungal effects, depending on their chemical composition [5,6].
A high and almost equal content of linalool and linalyl acetate (a ratio above one) is required for
good anti-microbial properties of lavender essential oil [5,6]. The high concentration of lavandulol
and its acetate is also desirable, giving the oil a rosaceous, sharp floral aroma. Good anti-microbial
activity requires that the ratio of the content of the sum of linalyl acetate with linalool to the content of
terpinen-4-ol in lavender essential oil is more than 13 [3,4]; moreover, this ratio can help to determine
the type of oil and its applicability, as presented in Table 1 [7–9]. On the other hand, high concentrations
of ocimene, cineole, camphor, or terpinen-4-ol adversely affect the quality of this oil [3,4]. The chemical
composition of different lavender species depends on the geographic region of origin (Tables 1 and 2).
On the basis of the presented observations, it is obvious that L. angustifolia, Lavandula stoechas, and
Lavandula dentata contain large amounts of eucalyptol and camphor (Tables 1 and 2). It should also be
noted that lavender oil from Brazil [10] contains borneol at a concentration of 22.4%, which is much
higher than that in other L. angustifolia oils (Table 1). Although L. abrialis oil from France [11] and
L. bipinnata from Algeria [12] contain large amounts of camphor, they do not contain eucalyptol (Table 2).

Table 1. The components of lavender oil from Lavandula angustifolia described in the literature.

Name

Lavandula angustifolia—Place and Area (%)

Italy Australia China Greece Brazil Iran

(a) (b) (c) (a) (b) (a)

tricyclene - 0.02–0.04 - - - - -
α-thujene 0.13 0.11 0.05 0.02–0.17 - - - - -
α-pinene 0.51 0.93 0.26 0.08–0.73 - - - 0.70 1.41

camphene 0.26 0.59 0.19 0.02–0.54 0.19 3.98 - 0.50 -
β-phellandrene - - - 0.02–0.11 - - - 3.40 -
β-pinene 0.14 0.30 1.58 0.03–1.21 - - - 1.10 1.52

octen-3-ol 0.22 0.20 0.16 0.03–1.14 0.28 0.35 - - -
3-octanone 0.36 0.68 - 0.33–3.49 - - - - -

myrcene 0.12 - trace 0.26–1.22 0.56 0.87 - 0.70 1.02
3-carene - - - 0.05–0.30 - 0.45 - 0.90 0.76
sabinene 0.31 0.75 0.31 0.04–0.39 - - - - -
p-cymene 0.29 0.20 - 0.10–0.45 - - - - -
o-cymene 0.04 0.09 0.30 0.03–0.12 - - - - -
limonene 1.10 2.36 - 0.18–3.92 0.24 0.19 - - -

eucalyptol 3.98 10.89 6.75 0.1–10.87 1.51 2.30 4.80 7.90 3.93
(E)-β-ocimene 1.24 0.42 0.56 0.34–2.36 0.09 0.52 - - -
(Z)-β-ocimene 1.02 1.32 0.77 0.95–6.17 0.44 - - -

trans-linalool oxide - 0.07 1.57 0.26–0.99 - - - - -
cis-linalool oxide 0.09 0.07 1.48 0.34–1.09 0.24 - - - 1.67

trans-sabinene hydrate 0.39 0.34 - 0.04–0.20 - - - - -
linalool 35.96 36.51 35.31 23.03–57.48 52.59 44.54 44.50 - 4.91

cis-p-menth-2-en-1-ol - - - 0.02–0.04 - - - - -
trans-pinocarveol 0.18 0.10 - 0.01–0.34 - - - - -

camphor 5.56 11.76 7.81 0.09–7.10 8.79 - - 3.50 2.83
myrtenol - - - 0.04–0.21 - - - 0.40 -
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Table 1. Cont.

Name

Lavandula angustifolia—Place and Area (%)

Italy Australia China Greece Brazil Iran

(a) (b) (c) (a) (b) (a)

borneol 2.71 4.21 2.98 0.30–4.04 7.50 2.45 3.90 22.40 8.57
p-cymen-8-ol 0.33 0.55 - 0.12–0.27 - - - - -

lavendulol 0.05 0.05 0.55 0.05–0.86 - - - - -
terpinen-4-ol 6.57 2.10 3.34 0.11–8.07 2.45 - 6.90 0.90 -
sabine ketone - - - 0.02–0.10 - - - - -
m-cymen-8-ol 0.03 0.09 - 0.02–0.18 - - - - -
α-terpineol 0.06 0.07 4.39 0.12–6.02 3.03 6.75 3.50 1.20 1.98

hexyl butyrate - - 0.43 0.12–1.72 - - - - -
isobornyl formate 0.06 0.10 - 0.10–0.52 - - - - -

geraniol - - 0.67 - - 11.02 - - 1.24
cumin aldehyde - - - 0.04–0.53 0.16 - - - -

carvone - - - 0.02–0.19 - - - 0.40 -
linalyl acetate 21.74 14.42 12.09 4.01–35.39 9.27 - 32.70 - -
α-bisabolol 1.12 0.89 3.76 0.02–0.71 0.78 - - 13.10 2.32

dihydrocarveol - - - 0.03–0.51 - - - - -
bornyl acetate - - - 0.03–0.32 1.11 - - - 1.67

lavendulyl acetate - - - 0.70–6.16 1.32 10.78 - - -
neryl acetate 0.06 - 1.31 0.07–1.23 1.21 - - - 2.16
β-bourbonene 0.17 0.09 - 0.02–0.09 - - - - -

α-trans-bergamotene 0.07 0.05 - 0.02–0.15 0.07 - - - -
α-cederene - - - 0.01–0.09 - - - - -

β-caryophellene - - - - - - - 3.20 1.60
caryophyllene 2.87 2.42 1.30 0.45–2.83 1.00 0.50 0.30 - -
α-santalene - - - - 0.05 - - - -

α-cis-bergamotene 0.07 0.06 - 0.02–0.09 - - - - -
β-farnesene 4.02 1.07 1.00 0.17–1.69 1.83 - - - 0.71

germacene D 0.77 1.50 - 0.16–0.94 0.37 - - - -
β-bisabolene 0.03 - - - 0.26 - - 0.80 -
γ-cadinene 0.26 0.39 - 0.03–0.39 0.28 - - 2.90 -

caryophyllene oxide - - - - 0.22 - - 4.50 2.73
spathulenol 0.06 0.31 - 0.01–0. 06 - - - - -
γ-muurolol - - - 0.02–0.48 - - - - -
τ-cadinol - - - 0.02–0.42 - - - - 1.85
γ-terpinene - - - 0.05–0.22 - - - - -

octen-3-yl acetate - - - 0.19–4.16 - - - - -
norborneol acetate - - - 0.04–0.51 - - - - -

Italy (a)—low Friuli–Venezia Giulia (northeast Italy) [7]; Italy (b)—high Friuli–Venezia Giulia (northeast Italy) [7];
Italy (c)—Betulla srl (Italy) [9]; Australia (a)—Australian Botanical Products (Hallam, Australia) [13]; Australia
(b)—The Lavender Patch lavender farm, Victoria, Australia [8]; China (a)—Xinjiang, China [14]; Greece (a)—Crete
(Greece) [15]; Brazil—Franca, State of Sao Paulo, Brazil [10]; Iran—Astara, north of Iran [16].

Table 2. The components of other lavender oils described in the literature.

Name

Place and Area (%) ± SD

Lavandin Lavandula
abrialis stoechas dentata bipinnata gibsoni canarien-sis multifida

France Turkey
Greece Algeria India India Australia Portugal

(b) (a) (b) (c) (a) (b)

tricyclene 0.03 - 0.20 0.40 - - - - -
α-thujene - - - trace - - - - -
α-pinene 0.40 1.31 2.52 trace 1.01 1.47 trace 0.80 0.60

camphene 0.30 1.40 1.30 - 0.35 - - - -
β-phellandrene - - 0.10 - - - - - -
β-pinene 0.30 - 1.30 0.20 - - trace - -

octen-3-ol 0.30 - - - - 2.20 - 0.60 0.50
3-octanone 1.00 - - - - - - 0.40 0.30

myrcene 0.30 - 0.10 trace 0.25 2.78 trace 5.70 5.50
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Table 2. Cont.

Name

Place and Area (%) ± SD

Lavandin Lavandula
abrialis stoechas dentata bipinnata gibsoni canarien-sis multifida

France Turkey
Greece Algeria India India Australia Portugal

(b) (a) (b) (c) (a) (b)

3-carene 0.02 - - - 0.37 1.52 - 0.50 0.50
sabinene 0.10 - - 1.40 0.39 - - - -
p-cymene 0.04 - 4.90 - - 0.82 trace 0.30 0.20
o-cymene - - - - - - - - -
limonene 0.70 - - - - 2.30 trace 0.60 0.30

eucalyptol - 8.03 16.30 38.40 - - - - -
(E)-β-ocimene 2.60 - trace 0.10 - trace trace 27.40 27.00
(Z)-β-ocimene 3.00 - - - - 0.30 0.60 1.70 1.50

trans-linalool oxide 0.20 - - - - - - - -
β-citral - 0.30 - -

cis-linalool oxide 0.1 - - - - - - - -
trans-sabinene hydrate - - - 0.10 - - - - -

linalool 35.00 0.29 1.20 trace 0.94 2.65 0.90 0.30 0.20
cis-p-menth-2-en-1-ol - - - trace - - - - -

trans-pinocarveol - - - - - - - - -
camphor 8.90 18.18 9.90 1.60 7.09 - - - -
myrtenol - - 1.10 1.70 - - - - -
borneol 2.90 - 0.90 - - - - - -

p-cymen-8-ol - - - 3.80 - - 0.20 - -
lavandulol 0.60 - 0.40 - 0.38 - - - -

terpinen-4-ol - - 0.80 0.70 0.73 - - - -
sabine ketone - - - 0.50 - - - - -
m-cymen-8-ol - - 0.20 - - - - - -
α-terpineol 0.50 - 0.50 1.80 - 0.77 0.30 - -

hexyl butyrate - - - - - - - - -
isobornyl formate - - - - - - - - -

geraniol - - - - - - - - -
cumin aldehyde - - - 1.10 - - - - -

carvone - - 0.10 - - - - - -
linalyl acetate 27.00 - 0.20 trace 3.37 - - - -
α-bisabolol - - trace - - - 1.50 0.20 0.20

dihydrocarveol - - - - - - - - -
bornyl acetate - 1.32 trace - 0.21 - - - -

lavendulyl acetate 1.00 - 3.21 - 1.79 - - - -
verbenone - - 0.60 0.40 - - - - -

neryl acetate 0.70 - - - - - - - -
β-bourbonene - - - trace - - trace - -

α-trans-bergamotene - - - trace - - - - -
α-cederene - - - trace - - - - -

β-caryophellene - - - - 0.18 - 7.60 0.80 0.90
caryophyllene 0.70 - - 0.50 - trace - - -
α-santalene 0.20 - - - - - - - -

α-cis-bergamotene - - - - - - - - -
β-farnesene 0.30 - - - - - 0.30 trace 0.10

germacene D - - 0.10 - 1.66 - 2.20 0.50 0.30
β-bisabolene - - - 20.80 5.60 5.00
γ-cadinene trace 0.80 0.20 0.40 - - - 0.20 0.20

caryophyllene oxide 0.30 0.33 0.90 - 3.68 1.21 2.00 0.30 0.20
spathulenol - - - 0.30 - - 2.20 0.60 0.80

cubenol - - trace - - - - - -
γ-muurolol - - - - - - - - -
τ-cadinol - - 4.20 - - - - 0.20 0.30
γ-terpinene trace - 0.20 0.50 - - - 0.20 0.10

octen-3-yl acetate 0.03 - - - - - - - -
norborneol acetate - - - - - - - - -

France—southern France [11]; Turkey—district of Alahan (Hatay) [17]; Greece (b)—north part of Greece at Chalkidiki
peninsula [18]; Algeria—Cherchel (northwest of Algiers region, Algeria) [12]; India (a)—Asangihal village in
Sindagi taluk of Bijapur district, India [19]; India (b)—Purandar Fort region [20]; Australia (c)—Randwick, Sydney
(Australia) [21]; Portugal (a)—region Sesimbra/Arrábida, south of Portugal [22]; Portugal (b)—region Mértola,
south of Portugal [17].
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Because each lavender oil has a quantitatively and qualitatively distinct profile of chemical
compounds, it is necessary to determine the quantity and identity of its individual components
(Tables 1 and 2). These data will allow researchers to determine the effects of essential lavender oils on
the autochthonous microbiota of the skin. From the literature [23,24], it is known that the chemical
composition of oils and their macerates has a decisive influence on their microbiological properties.

Lavender essential oil contains several anti-microbial compounds, such as eucalyptol, linalool,
terpinen-4-ol, and α-terpineol. Among them, linalool was demonstrated to be the strongest active
ingredient against a wide range of microorganisms [8]. Borneol and eucalyptol were identified also as
the main compounds in the many essential oils exhibiting anti-parasitic activity [10]. Terpinen-4-ol,
α-pinene, β-pinene, 1,8-cineol, linalool, and 4-terpineol also showed high anti-fungal activity against
Gram-positive and Gram-negative strains [25,26]. Linalool and linalyl acetate have local anaesthetic
effects, proven in animal tests (in vivo and in vitro) [25]. Various monoterpenoids, such as α-terpineol,
terpinen-4-ol, eucalyptol, and linalool, have antiviral activity against influenza strains [26]. Eucalyptol,
terpinen-4-ol, thymol, and carvacrol also have extensive anti-inflammatory effects [26].

Composition of the facial skin microbiota varies and depends on many factors, such as proper
hygiene, state of health, oiliness, skin hydration, pH, local temperature, and the reduction potential [27].
The skin microbiota contains persistent indigenous microorganisms (so-called residents) that are located
on its surface for almost the entire lifespan of the individual, including transitory microorganisms
from the environment, animals, food, or water. The microbiota of adult skin [27–29] is mainly
formed by Gram-positive cocci (Staphylococcus epidermidis, S. haemolyticus, S. hominis, S. aureus (carrier),
Enterococcus faecalis, Micrococcus spp., and Streptococcus), Gram-positive bacilli (Corynebacterium spp.,
Propionibacterium acnes, P. granulosum, P. avidum, and Bacillus spp.), Gram-negative bacilli (Acinetobacter
spp. and Escherichia coli), and yeast-like fungi (Pityrosporum ovale and Candida spp.). Cosmetics
containing active anti-bacterial substances of natural origin (essential oils) help to control the growth of
microorganisms and additionally have a beneficial effect on the processes taking place on the surface
and in the skin. Essential oils accelerate the regeneration and development of skin cells, and, for this
reason, the skin becomes stronger and regenerates faster by supporting the processes of granulation of
a wounded epidermis [30]. As a result, skin ageing processes are delayed.

The chemical composition and anti-microbial activity of different lavender oils depend on the
geographic region of origin, which is why the aim of the present study was to analyse the correlation
of the chemical composition of two lavender oils of different origins with their anti-microbial effects on
the mixed microbiota of facial skin and on dominant bacterial isolates extracted from the surface of
facial skin. The chemical composition and activity of essential lavender oil from the Crimean Peninsula
are yet to be published.

2. Results

2.1. Chemical Analysis

A complex chromatogram was obtained as a result of this analysis, where we identified 101
compounds. Among these identified components, there were 64 oil compounds that were already
described in the literature and 37 other compounds, which are yet to be reported (Table 3).

Based on the results, it was found that Crimean lavender oil contains several-fold larger quantities
of monoterpenes such as 3-carene, o-cymene, or bicyclic sesquiterpenes (bergamotene isomers,
caryophyllene, or γ-cadinene) as compared with the literature data. In the extract of Crimean lavender,
p-cymene-1-ol, 3-octanone, and terpenes were detected at much smaller concentrations, e.g., sabinene
or ocimene and sesquiterpene germacrene D.
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Table 3. The components of ETJA and Crimean lavender oils.

Name Abbreviation

RI Oil, Column and Area (%) ± SD

Literat. Exper.
ETJA Crimean

ZB-5HT HP-5MS SupelcoWAX

tricyclene B MO 923 920 - 0.04 ± 0.00 0.01 ± 0.00
α-thujene B M 928 928 - 0.18 ± 0.01 0.04 ± 0.00
α-pinene B M 936 933 0.7 ± 0.01 0.36 ± 0.01 -

camphene B M 950 947 0.31 ± 0.02 0.27 ± 0.01 0.05 ± 0.01
β-phellandrene M M 973 973 0.09 ± 0.00 0.09 ± 0.01 -
β-pinene B M 978 974 0.22 ± 0.01 0.11 ± 0.01 -

octen-3-ol OT 980 983 0.04 ± 0.01 0.61 ± 0.01 0.16 ± 0.01
3-octanone OT 985 988 - 0.10 ± 0.01 0.01 ± 0.01
β-myrcene A M 989 991 0.38 ± 0.02 0.25 ± 0.01 0.08 ± 0.00
3-carene B M 1011 1005 0.36 ± 0.01 0.86 ± 0.01 0.20 ± 0.01
sabinene B M 1004 1009 - 0.02 ± 0.01 0.02 ± 0.01
p-cymene M M 1024 1020

0.58 ± 0.01
0.22 ± 0.02 -

o-cymene M M 1041 1022 1.03 ± 0.06 0.18 ± 0.00
limonene M M 1029 1026 19.02 ± 0.07 0.55 ± 0.02 0.15 ± 0.00

eucalyptol B MO 1031 1027 - 5.00 ± 0.10 1.66 ± 0.02
(E)-β-ocimene A M 1048 1040

0.02 ± 0.01
0.99 ± 0.01 0.44 ± 0.01

(Z)-β-ocimene A M 1037 1049 0.75 ± 0.02 0.41 ± 0.01
trans-linalool oxide A MO 1083 1070 0.05 ± 0.01 0.53 ± 0.03 0.08 ± 0.00

β-citral A M 1245 1084 - 0.08 ± 0.01 -
cis-linalool oxide A MO 1075 1091 0.15 ± 0.01 0.52 ± 0.02 0.07 ± 0.01

trans-sabinene hydrate B MO 1098 1097 - 0.10 ± 0.04 0.04 ± 0.00
linalool A MO 1099 1105 41.84 ± 0.10 34.13 ± 0.25 52.71 ± 0.33

cis-p-menth-2-en-1-ol M MO 1123 1116 - 0.01 ± 0.00 -
trans-pinocarveol B MO 1140 1135 - 0.04 ± 0.01 -

camphor B MO 1143 1141 0.15 ± 0.01 0.54 ± 0.01 0.09 ± 0.01
myrtenol B MO 1150 1146 0.19 ± 0.01 0.08 ± 0.04 -
borneol B MO 1166 1168 - 1.50 ± 0.01 -

p-cymen-8-ol B MO 1184 1171 - 0.04 ± 0.01 0.03 ± 0.00
lavandulol A MO 1168 1175 0.18 ± 0.01 0.54 ± 0.01 0.11 ± 0.02

terpinen-4-ol M MO 1177 1181 0.29 ± 0.01 6,66 ± 0.04 2.29 ± 0.02
sabine ketone B MO 1194 1190 - 0.50 ± 0.02 0.08 ± 0.00
m-cymen-8-ol B MO 1180 1192 0.03 ± 0.01 0.16 ± 0.01 0.03 ± 0.00
α-terpineol M MO 1190 1197 0.07 ± 0.00 1.54 ± 0.03 -

hexyl butyrate OT 1191 1203 - 0.63 ± 0.02 -
isobornyl formate B MO 1240 1230 - 0.13 ± 0.01 0.61 ± 0.01

geraniol A MO 1255 1234 0.02 ± 0.01 0.08 ± 0.01 0.03 ± 0.01
cumin aldehyde M MO 1238 1242 - 0.18 ± 0.00 0.03 ± 0.00

carvone M MO 1242 1245 0.04 ± 0.01 0.05 ± 0.01 0.01 ± 0.00
linalyl acetate A MO 1255 1259 32.70 ± 0.08 23.29 ± 0.30 36.56 ± 0.34
α-bisabolol M SO 1282 1266 - 0.03 ± 0.01 -

dihydrocarveol M MO 1194 1277 - 0.05 ± 0.07 -
bornyl acetate B MO 1283 1278 - 0.15 ± 0.01 0.04 ± 0.01

lavendulyl acetate A MO 1289 1285 0.06 ± 0.01 2.45 ± 0.02 0.51 ± 0.01
verbenone B MO 1206 1296 - 0.04 ± 0.01 -

neryl acetate A MO 1363 1359 0.39 ± 0.02 0.22 ± 0.01 0.05 ± 0.01
β-bourbonene B S 1384 1373 - 0.05 ± 0.00 0.01 ± 0.00

α-trans-bergamotene B S 1434 1382 - 0.17 ± 0.01 -
α-cedrene B S 1412 1398 - 0.06 ± 0.00 -

β-caryophellene B S 1406 1402 - 0.11 ± 0.10 -
caryophyllene B S 1420 1408 0.5 ± 0.01 4.19 ± 0.10 1.63 ± 0.02
α-santalene B S 1421 1411 - 1.05 ± 0.03 0.23 ± 0.01

α-cis-bergamotene B S 1414 1429 - 0.28 ± 0.00 0.02 ± 0.00
β-farnesene A S 1456 1454 0.1 ± 0.01 0.96 ± 0.01 0.28 ± 0.02

germacene D A S 1481 1496 - 0.03 ± 0.02 -
β-bisabolene M S 1508 1504 - 0,02 ± 0.01 -
γ-cadinene B S 1513 1507 - 0.53 ± 0.01 -

caryophyllene oxide B SO 1581 1572 - 2.59 ± 0.01 0.29 ± 0.00
spathulenol B SO 1576 1601 - 0.02 ± 0.00 -

178



Molecules 2019, 24, 3270

Table 3. Cont.

Name Abbreviation

RI Oil, Column and Area (%) ± SD

Literat. Exper.
ETJA Crimean

ZB-5HT HP-5MS SupelcoWAX

cubenol B SO 1636 1603 - 0.04 ± 0.01 -
γ-muurolol B S 1645 1622 - 0.02 ± 0.01 0.07 ± 0.00
τ-cadinol B SO 1640 1628 - 0.25 ± 0.01 0.03 ± 0.01
γ-terpinene M M 1060 1060 0.08 ± 0.01 - 0.02 ± 0.00

octen-3-yl acetate OT 1110 1091 - - 0.21 ± 0.01
norborneol acetate B MO 1114 1129 - - 0.08 ± 0.00
α-terpinene M M 1017 1016 0.53 ± 0.01 - -

Not described in literature

m-cymene M M 999 970 - 0.03 ± 0.01 -
butanoic acid, butyl ester OT 990 997 - 0.15 ± 0.01 0.13 ± 0.01

acetic acid, hexyl ester OT 1004 1016 - 0.22 ± 0.00 0.07 ± 0.00
bicyclo[3.1.0]hexan-2-ol B MO 1064 - 0.20 ± 0.01 -

isopulegone M MO 1157 1068 - 0.01 ± 0.00 -
eucarvone M MO 1048 1077 - 0.01 ± 0.00 -
2-carene B M 1006 1079 0.02 ± 0.0 0.01 ± 0.01 -

6-camphenol B MO 1110 1081 - 0.01 ± 0.00 -
cinerone M MO 1084 1088 - 0.04 ± 0.01 -

octen-1-ol acetate OT 1192 1112 - 1.06 ± 0.04 -
isopulegol isomer M MO 1146 1139 - 0.03 ± 0.01 -

butanoic acid, hexyl ester OT 1190 1156 - 0.11 ± 0.01 0.02 ± 0.01
Z-farnesol A SO 1160 - 0.02 ± 0.01 -

3,7 octadiene-2,6 diol
2,6-dimethyl isomer A MO 1189 1200 - 0.22 ± 0.01 0.02 ± 0.00

isopulegol isomer M MO 1156 1214 - 0.02 ± 0.01 -
p-menthane-1,2,3-triol M MO 1251 - 0.16 ± 0.01 -

E-farnesol A SO 1269 - 0.02 ± 0.01 -
α-limonene diepoxide M MO 1297 1271 - 0.13 ± 0.01 -

3,7-octadiene-2,6-diol-2,6-
dimethyl isomer A MO 1229 1332 - 0.12 ± 0.01 -

hydroxy linalool A MO 1367 1345 - 0.15 ± 0.01 -
limonene oxide M MO 1336 1348 - 0.15 ± 0.00 -

epicubenol B SO 1627 1364 - 0.03 ± 0.00 -
linalool formate A MO 1219 1379 - 0.27 ± 0.01 -
nerolidyl acetate A SO 1687 1385 - 0.01 ± 0.00 -
β-cedrene B S 1419 1439 - 0.09 ± 0.01 -

epi-β-santalene B S 1431 1441 - 0.04 ± 0.01 0.01 ± 0.00
santalol B SO 1617 1442 - 0.01 ± 0.00 -

humulene B S 1455 1444 - 0.13 ± 0.01 0.03 ± 0.00
limonen-6-ol pivalate M SO 1452 - 0.13 ± 0.01 -

β-cubenene B S 1527 1473 - 0.09 ± 0.00
β-carryophyllene isomer B S 1455 1479 - 0.10 ± 0.02 -

α-santanol B SO 1671 1514 - 0.06 ± 0.01 -
calamenene B S 1543 1515 - 0.03 ± 0.01 -

tricyclo[7.2.0.0(2,6)]undecan-
5-ol,2,6,10-tetramethyl B SO 1548 - 0.07 ± 0.01 -

zingiberene M S 1495 1495 - - 0.01 ± 0.00
benzeneethanol OT 1121 1120 - 0.06 ± 0.01
cyclofenchene B M 882 892 0.34 ± 0.01 - -
β-copaene B M 1433 1433 0.04 ± 0.01 - -

2-bornanone B MO 1143 1136 0.05 ± 0.01 - -
isoborneol B MO 1158 1145 0.46 ± 0.01 - -

Abbreviations: A M—aliphatic monoterpenes; M M—monocyclic monoterpenes; B M—bi- and tricyclic monoterpenes;
A MO—aliphatic monoterpenoids; M MO—monocyclic monoterpenoids; B MO—bi- and tricyclic monoterpenoids;
A S—aliphatic sesquiterpenes; M S—monocyclic sesquiterpenes; B S—bi- and tricyclic sesquiterpenes; A SO—aliphatic
sesquiterpenoids; M SO—monocyclic sesquiterpenoids; B SO—bi- and tricyclic sesquiterpenoids. SD—standard
deviation; RI—retention indexes; literat.—literature data; exper.—determined experimentally for the non-polar columns:
HP-5MS for CRIMEA oil and ZB-5HT for ETJA oil.
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Analysis of hexane solutions of lavender essential oil was performed too (on the SupelcoWAX
column), and the average retention parameters and peak areas are listed in Table 3. Less complex
chromatograms and worse separation of the sample components were obtained in this assay; specifically,
the peaks corresponding to the main components of oil were close to one another and were not
completely separated.

GC–MS analysis on the SupelcoWAX column allowed us to identify 50 compounds contained in
Crimean lavender essential oil. Among these compounds, 42 were already described in the literature.
Three components of lavender oil—which were already described in the literature—could not be
identified by means of the HP-5MS column but could be identified using the SupelcoWAX column.
These compounds included γ-terpinene, octene-3-yl acetate, and norborneol acetate.

Furthermore, eight previously undescribed components were identified, including the five already
identified via the HP-5MS column. In addition, the presence of three small peaks corresponding to
benzoic acid, butyric acid, zingiberene, and 2-phenylethanol was detected.

Moreover, sharp, clear-cut, and completely separated peaks of limonene (1) and eucalyptol (2)
for 1:10 dilutions were obtained using this column. They could not be analysed by means of the
HP-5MS column. In the case of samples with the dilution of 1:10, overlapping limonene (1) and
eucalyptol (2) peaks were observed. Some improvement of separation of these components of lavender
oil was achieved by greater dilution, but only the use of polar columns yielded satisfactory results.
The comparison of separation of these two terpenes at different dilutions on both columns is shown
in Figure 1.

Figure 1. Comparison of limonene (1) and eucalyptol (2) peak separation, between the HP-5MS column
at a dilution of 1:10 (v/v) or 1:100 (v/v) and the SupelcoWAXTM 10 column at dilution 1:10 (v/v).

From the presented data, it can be concluded that the separation of Crimean lavender oil on the
polar column was not satisfactory; better results were obtained on the non-polar column. Therefore,
only this column was employed to determine the chemical composition of ETJA lavender oil.

On the basis of the conducted studies, it was demonstrated that the tested lavender oils differ
in chemical composition and anti-microbial activity both quantitatively and qualitatively. In ETJA
oil (Table 3), 33 components were identified, including 28 already described in the literature, as well
as five compounds not described previously (2-carene, cyclofenchene, β-copaene, 2-bornanone,
and isoborneol).

ETJA lavender oil turned out to contain higher concentrations of linalool (41.8%), linalyl acetate
(32.7%), and limonene (19.0%), whereas Crimean lavender oil contained linalool (34.1% according to
HP-5MS column analysis or 52.7% in accordance with the SupelcoWAX column analysis), linalyl acetate
(23.3% according to the HP-5MS column analysis or 36.6% according to the SupelcoWAX column
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analysis), and eucalyptol (5.0% in accordance with the HP-5MS column analysis or 1.7% judging by the
SupelcoWAX column analysis; Table 3). ETJA lavender oil was composed mainly of monoterpenoids
(76.7%) and monoterpenes (22.7%), whereas Crimean lavender oil was found to be composed mainly
of monoterpenoids (80.1% according to the HP-5MS column analysis or 95.1% in accordance with
the SupelcoWAX column analysis), much less monoterpenes (5.8% according to the HP-5MS column
analysis or 1.6% judging by the SupelcoWAX column analysis), and some sesquiterpenes (8.0%
in accordance with the HP-5MS column analysis or 2.3% judging by the SupelcoWAX column
analysis; Table 4).

Table 4. The list of terpenes in the tested lavender oils.

Abbreviation

Oil, Column and Area (%)

ETJA Crimean

ZB-5HT HP-5MS SupelcoWAX

Aliphatic monoterpenes A M 0.40 2.07 0.93
Monocyclic monoterpenes M M 20.30 1.92 0.35

Bi- and tricyclic monoterpenes B M 1.99 1.81 0.31

Monoterpenes M 22.69 5.80 1.59

Aliphatic monoterpenoids A MO 75.39 62.52 90.14
Monocyclic monoterpenoids M MO 0.40 9.04 2.33

Bi- and tricyclic monoterpenoids B MO 0.88 8.53 2.67

Monoterpenoids MO 76.67 80.09 95.14

Aliphatic sesquiterpenes A S 0.10 0.99 0.28
Monocyclic sesquiterpenes M S - 0.02 0.01

Bi- and tricyclic sesquiterpenes B S 0.50 6.94 2.00

Sesquiterpenes S 0.60 7.95 2.29

Aliphatic sesquiterpenoids A SO - 0.05 -
Monocyclic sesquiterpenoids M SO - 0.16 -

Bi- and tricyclic sesquiterpenoids B SO - 3.07 0.32

Sesquiterpenoids SO - 3.28 0.32

Others OT 0.04 2.88 0.66

2.2. Biological Analysis

The effect of lavender oils on the mixed microbiota of the face skin without signs of lesions depended
on the origin of the oil and the concentration used. ETJA lavender oil at all concentrations tested
reduced the number of skin microbial cells 1000–10,000-fold, compared to the control. The strongest
microbial cell number reduction was observed after application of 70 μL/cm3 oil and slightly less at
50 μL/cm3 (Figure 2). On the other hand, Crimean lavender oil exerted much weaker anti-microbial
activity, and only at the highest concentration did it suppress the growth of the microbiota hundred-fold
(Figure 2).

Lavender oils, depending on their origin, also had a different influence on the qualitative changes
in the facial skin microbiota. In the presence of the highest concentration of ETJA lavender oil tested,
bacteria of the following species survived: Micrococcus luteus, E. coli, Staphylococcus warneri, and
Enterococcus faecium. Crimean lavender oil, however, did not inhibit the growth of Bacillus (B. cereus,
B. subtilis, and B. mycoides), Corynebacterium spp., E. faecium, and S. warneri. The most sensitive to ETJA
lavender oil were Gram-positive bacilli, and Gram-negative bacilli were the most sensitive to Crimean
lavender oil. On the other hand, none of the tested oils inhibited the growth of Gram-positive cocci.

Therefore, an attempt was made to determine those oil concentrations which would effectively
decrease the growth of individual isolates. Inhibitory effects on the growth of bacterial isolates that
survived in a mixed microbial population from facial skin were exerted by the tested oils only at
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concentrations between 40 and 80 μL/cm3 and growth inhibition zones between 12.5 and 44 mm,
with higher effectiveness of oils at the highest concentrations. ETJA lavender oil was more effective
because it limited the growth of most bacteria under study, including Bacillus. Neither of the oils tested
inhibited the growth of E. faecium (Table 5, Figure 3).

Figure 2. The influence of concentrations of the lavender oils under study on the number of microbiota
cells from facial skin.

A.  B.  

  

Figure 3. Zones of growth inhibition of a Bacillus cereus isolate in the presence of tested concentrations
(10–80 μL/cm3) of lavender oils: (A) ETJA, 40 μL/cm3; (B) Crimean lavender oil, 80 μL/cm3.

At lower concentrations (10–40 μL/cm3), lavender oils manifested neutral effects (Figure 4) or,
as in the case of Crimean lavender oil, stimulated bacterial growth (Figure 5).
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Figure 4. Neutral effects of lavender oils on the growth of the bacterial species Enterococcus faecium.

 

Figure 5. Stimulation of Bacillus mycoides growth in the presence of a low concentration (10 or 20 μL/cm3)
of Crimean lavender oil.

Table 5. Zones of growth inhibition of dominant bacterial isolates.

Species of Isolates
Oil Concentration

(μL/cm3)

Zones of Inhibition (mm) ± SD

ETJA Crimean

Bacillus cereus
40 47.0 ± 4.2 0
80 40.0 ± 3.5 19.5 ± 0.7

Bacillus subtilis 80 23.5 ± 0.7 0
Bacillus mycoides 60 33.0 ± 1.4 0

Staphylococcus warneri 80 22.8 ± 0.4 0
Micrococcus luteus 80 19.0 ± 1.4 12.5 ± 0.7

Enterococcus faecium 80 0 0
Corynebacterium spp. 50 18.5 ± 0.7 13.0 ± 1.4

Escherichia coli 80 0 16.0 ± 1.4
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To sum up, the tested lavender oils reduced the mixed population of microbes from facial skin,
but ETJA lavender oil with higher amounts of monoterpenoids (linalool and linalyl acetate) and
monoterpenes (limonene) was characterised by higher effectiveness than Crimean lavender oil.

3. Discussion

Shortly after birth, the human skin is immediately colonised by microorganisms, such as bacteria,
yeasts, fungi, and viruses. Nonetheless, the composition of the skin microbiota varies quantitatively
and qualitatively, and it depends on humidity, temperature, pH, and body area [27]. A child’s skin is
mainly colonised by bacteria of genus Staphylococcus, Enterococcus, Corynebacterium, and Escherichia,
and, in the teenage period, by Sarcina. At an elderly age, however, an increase in the number of fungal
cells is observed, mainly Candida albicans yeast [27–29].

The challenge in skincare is oily skin because it has to be properly cleaned and moisturised, but
comedogenic agents (which block sebaceous glands, resulting in blackheads) cannot be used [27,31,32];
therefore, biological substances effective at low concentrations are sought for care for this type of skin.
Lavender oil is a strong antiseptic. Therefore, it is an additive to pharmaceuticals (salve and lotions for
hard-to-heal wounds, eczema, and anti-rheumatic preparations), as well as cosmetics. It is used in
mouth, throat, upper respiratory tract, and lung infectious diseases, as well as in dermatology to treat
difficult-to-heal wounds, ulcers, and burns, and in cosmetology. However, the anti-microbial effect of
lavender oil depends on the species and the variety of lavender from which it is obtained. Cavanagh
and Wilkinson [33] and Sienkiewicz et al. [34] showed that the anti-microbial activity of essential oils
depends on their chemical composition. According to literature data, Lavandula angustifolia oil has
the most variable chemical composition. Bulgarian lavender oil contains ocimene (6.8–7.7%), linalool
(30–34%), and linalyl acetate (35–38%), while it does not contain lavandulol and lavandulol acetate.
The main ingredients in oils from China and India were linalool, linalool acetate, and lavandulol,
all found in various amounts; however, ocimene was not identified [14,35]. Adaszyńska et al. [36]
showed that the highest content of linalool was found in essential oils from the variety “Lavender
Lady” and “Elegance Purple” (23.9% and 22.4%). At the same time, these oils contained small amounts
of cis-β-ocimene. The best anti-bacterial properties against S. aureus and Pseudomonas aeruginosa were
found in oils obtained from varieties “Blue River” and “Munstead”. Essential oil obtained from
Lavandula angustifolia Mill. has strong bactericidal properties against methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Enterococcus sp. (VRE) [33]. Essential oil from Lavandula
heterophylla “Avonview” inhibits growth of Streptococcus pyogenes, Enterobacter aerogenes, Staphylococcus
aureus MRSA, Pseudomonas aeruginosa, Citrobacter freundii, Proteus vulgaris, Escherichia coli VRE, Shigella
sonnei, and Propionibacterium acnes [33,37]. A suitable substance may be lavender oil, which, according
to the manufacturer, can be added even at a concentration of ~5% to cosmetic preparations and
pharmaceuticals. At this concentration, lavender oil has a strong effect on some types of skin without
irritation; however, more sensitive skin requires preparations with lower lavender oil content, and,
during a disease with relevant symptoms, preparations with a higher concentration of lavender oil.

The scientific literature mainly contains the results of studies on the effects of lavender oils
(obtained from many varieties of lavender by various research techniques) on selected individual
isolates of microorganisms. Sabara and Kunicka-Styczyńska [38] reported that lavender oil (from
Lavandula angustifolia) at concentrations of 100–200 μL/cm3 inhibited the growth of all tested
microorganisms—E. coli, Bacillus subtilis, Candida mycoderma, and Aspergillus niger—and the inhibitory
effect on Bacillus bacteria and Aspergillus fungi growth was obtained at a 10-fold lower dose (10 μL/mL).
Roller et al. [39], when comparing the anti-microbial efficacy of several lavender oils (from different
varieties of the plant), tested them individually, as well as in mixtures, against methicillin-resistant
and non-methicillin-resistant S. aureus and noted that the best anti-microbial effects were obtained
by combining several oils. In other studies, lavender oil at concentrations below 2000 ppm (parts
per million) was less active against bacteria of the genera Bacillus, Lactobacillus, Clostridium, and
Bifidobacterium [40].
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The obtained results showed a significant reduction in the number of microbial cells in the mixed
population from the skin at the dose of 50 μL/cm3 lavender oil, but the most effective was lavender
oil at the concentration of 70 μL/cm3, although no complete inhibition of the growth of the mixed
microbiota from the skin was observed.

After application of ETJA lavender oil to the mixed microbiota from the skin, bacteria M. luteus,
E. coli, S. warneri, and E. faecium survived, whereas, after the application of Crimean lavender oil,
Bacillus (B. cereus, B. subtilis, and B. mycoides), Corynebacterium sp., E. faecium, and S. warneri survived.
Only oils at concentrations between 40 and 80 μL/cm3 inhibited the growth of individual bacterial
isolates, whereby oils used at the highest concentrations showed higher effectiveness. ETJA lavender
oil inhibited the growth of most bacteria tested, including Bacillus, but neither oil inhibited the growth
of E. faecium.

The most sensitive to ETJA lavender oil were Gram-positive bacilli, and Gram-negative bacilli
were the most sensitive to Crimean lavender oil. On the other hand, neither of the tested oils inhibited
the growth of Gram-positive cocci.

The essence of the effect of lavender oils on skin microbiota depends on the quantitative and
qualitative chemical composition. Essential oils have an affinity for lipid cell structures; therefore, they
destroy the cell wall and membranes of bacteria, mainly Gram-positive ones (less often Gram-negative)
and fungi, and, as a consequence, there is leakage and coagulation of the cytoplasm. In addition,
lavender oils inhibit the synthesis of RNA, DNA, proteins, and polysaccharides, while, in fungi, they
act as anti-mycotics and inhibit the production of enzymes [40].

Monoterpenes, especially linalool, have an anti-microbial effect on bacteria. The mechanism of
action consists of disturbing the lipid structure of cell membranes and increasing the permeability of
these membranes to monoterpenes, which—by penetrating bacterial cells—block their metabolism,
thereby leading to cell death [41].

According to the literature, the spectrum of action of lavender oil is broad because it has anti-viral
and anti-fungal properties, in addition to bactericidal activity. Studies conducted by Minami et al. [42]
revealed that narrow-leaved lavender (L. latifolia) spike oil at a concentration of 1% suppressed the
replication of a herpes virus in vitro. According to those researchers, this outcome can be explained by
the impact of oil components on the areola and virus glycoprotein [42].

Our study indicates that the main components of the tested Crimean lavender oil are similar to
those of oils extracted from two species of lavender: L. angustifolia from Australia [13] and Lavandin
abrialis from France [11]. Much greater differences from the literature data were observed here
in the components present in the tested oils in quantities not exceeding 1%. Crimean lavender
oil is characterised by several-fold higher concentration of terpenes such as 3-carene, o-cymene,
caryophyllene, and bergamotene as compared to other lavender oils. Nonetheless, sabinene, ocimene,
and germacrene D were present in much smaller quantities. In addition, we were able to identify other
terpene compounds not yet reported as components of lavender oil. These include terpene alcohols
(geraniol, farnesol, santalol, isopulegol, and cubenol), terpene aldehydes (citral), and terpene ketones
(verbenone, cinerone, and eucarvone).

4. Materials and Methods

4.1. Materials

The research experiments consisted of two oils: commercial lavender essential oil (Lavandula
angustifolia Oil) from ETJA (produced by ETJA, Elbląg, Poland) and Crimean lavender oil (Lavandula
angustifolia Oil) from lavender grown in the gardens of the Institute of Essential Oil of the Ukrainian
Academy of Agricultural Sciences in Simferopol, Crimea, Ukraine. Both oils were obtained by
steam distillation.
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4.2. Gas Chromatography with Mass Spectrometry (GC–MS)

The analysis of Crimean lavender oil was performed at the Institute of Heavy Organic Synthesis
“Blachownia” in Kędzierzyn-Koźle on an Agilent Technologies Gas Chromatograph 7890 GC (Agilent,
Santa Clara, CA, USA) system coupled with a mass spectrometer, GC–MS 7000—Triple Quad (Agilent,
Santa Clara, CA, USA). Two types of capillary columns of different polarity—non-polar HP-5MS
(5% diphenyl, 95% dimethylpolysiloxane, Agilent J&W, Palo Alto, CA, USA) and SupelcoWAXTM

10 polar (polyethylene glycol Carbowax®20M, Merck KGaA, Darmstadt, Germany)—were employed;
both columns had a length of 30 m, internal diameter of 0.25 mm, and film thickness of 0.25 microns.
Helium served as the carrier gas, and its flow rate was 1.5 mL/min. Analyses were performed in the
temperature range 45–250 ◦C; the initial temperature was maintained for 6 min, and the heating rate
was 3 ◦C/min. Samples with a volume of 0.5 mL were prepared by means of an auto-sampler. The gas
chromatograph was equipped with a split injector; the split ratio was 100:1. Injector temperature was
250 ◦C. The test solutions were prepared by diluting an oil sample with n-hexane at a volume ratio of
1:10 or 1:100.

ETJA lavender oil was analysed in the Faculty of Chemistry, University of Opole, on a Hewlett
Packard HP 6890 series GC system chromatograph (Hewlett Packard, Waldbronn, Germany), which
was coupled with a Hewlett Packard 5973 mass selective detector (Hewlett Packard, Waldbronn,
Germany). The chromatograph was equipped with the non-polar, high-temperature ZB-5HT capillary
column (length, 30 m; inner diameter, 0.32 mm; film thickness, 0.25 μm, Phenomenex Inc., Torrance,
CA, USA). Helium served as the carrier gas, and its flow rate was 2 mL/min. Assays were performed
in the temperature range 60–280 ◦C, and the heating rate was 10 ◦C/min; the auxiliary temperature was
300 ◦C. Samples with a volume of 1 mL were manually dosed. The gas chromatograph was equipped
with an on-column injector with programmable temperature (the same as the analysis temperature).
The test solutions were prepared by diluting an oil sample with dichloromethane at a volume ratio of
1:10 or 1:100.

Components were identified by comparison of their mass spectra with the spectrometer database
of the NIST 11 Library (National Institute of Standards and Technology, Gaithersburg, MD, USA) and
by comparison of their retention index calculated against n-alkanes (C9–C20). Each chromatographic
analysis was repeated three times. The average values of relative composition of essential oil
(percentages) were calculated from the peak areas.

4.3. Biological Experiment

The object of this experiment was the microbiota of oily facial skin without signs of lesions;
the microbiota was isolated by a surface swab, and two lavender oils of various origins—from the
ETJA company (ETJA, Elbląg, Poland) and oil extracted from Crimean lavender (not yet described in
the literature)—were employed at concentrations 10–80 μL/cm3.

The biological material was collected from five areas of facial skin, i.e., the cheeks, nose, forehead,
and chin (i.e., from a total area of 20 cm2) and was resuspended in broth (control) and in broth with
the addition of tested lavender oils at concentrations of 20, 50, and 70 μL/cm3 (a concentration of
50 μL/cm3 is recommended by the manufacturers when this oil serves as an additive in cosmetic and
pharmaceutical preparations). Because the effectiveness of an oil in suppressing the growth of the
skin microbiota depends on the concentration and origin of the oil, lower and higher concentrations
than those recommended by the manufacturer were tested. The samples were incubated for 24 h at a
temperature of 35 ◦C.

The anti-microbial effects of these oils on the mixed microbiota from facial skin were evaluated by
the surface culture method (10-fold dilutions in water containing 0.05% Tween-80) in parallel with
the Nutrient LAB AgarTM medium by the BIOCORP company (BIOCORP, Warszawa, Poland) for
determination of the bacterial cell count and in addition to selective media (Braid–Parker, Enterococcus
agar, Hektoena, ENDO, and Pseudomonas agar) of the BTL company (BTL sp. z o.o., Łódź, Poland)
for determination of a cell count of potentially pathogenic bacteria. After incubation, the total
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number of lavender oil-non-sensitive bacteria was determined, and the results were expressed in
log colony-forming units (CFU)/cm2 of the facial skin surface. The dominant bacterial isolates were
identified by API tests from BIOMERIEUX company (BIOMERIEUX SSC Europe Sp. z o.o., Warszawa,
Poland; ID32GN: Gram-negative bacilli, 50CHB: Gram-positive bacilli, ID32 STAPH: Gram-positive
cocci). In the presence of the highest concentration of ETJA lavender oil used, bacteria of the following
species survived: Micrococcus luteus, Escherichia coli, Staphylococcus warneri, and Enterococcus faecium.
In the presence of the highest concentration of Crimea oil used, bacteria of the following species
survived: Bacillus cereus, B. subtilis, B. mycoides, Corynebacterium spp., and Enterococcus faecium.

Next, the bactericidal activities of the tested oils on these dominant bacterial isolates were
evaluated by the diffusion cylinder plate method on Nutrient LAB AgarTM medium [43]. The media
were inoculated with 1 cm3 of a standard bacterial suspension with the optical density of ζ = 2 at a
wavelength of 550 nm. The results were presented as a mean value of the growth inhibition diameter
(in mm). The inhibitory effect was assumed to be the lack of growth around wells, whereas growth
stimulation intensified growth around wells, and the neutral effect caused growth inhibition at the
edges of the wells. The control was water containing 0.05% Tween-80. The essential oils and extracts
were used at the following concentrations: 10, 20, 30, 40, 60, 70, or 80 μL/cm3 (v/v). Each experiment
was repeated three times.

5. Conclusions

Lavender oils from ETJA and Crimea most effectively reduced the number of mixed microbiota
cells from facial skin at a concentration of 70 μL/cm3, although no complete bactericidal activity was
observed. The most sensitive to ETJA lavender oil were Gram-positive bacilli, and Gram-negative
bacilli were the most sensitive to Crimean lavender oil. On the other hand, neither of the tested
oils inhibited the growth of Gram-positive cocci. The tested lavender oils differed in their chemical
composition quantitatively and qualitatively; 33 ingredients were identified in ETJA oil, including
five compounds not described before (e.g., cyclofenchene and isoborneol); 101 components were
identified in Crimean lavender oil, including 37 compounds not described before (e.g., octen-1-ol
acetate and linalool formate). Two types of columns of different polarity allowed for better separation
and identification of essential oil components such as limonene and eucalyptol. ETJA lavender oil
was composed mainly of monoterpenoids (76.7%) and monoterpenes (22.7%), whereas Crimean
lavender oil consisted mainly of monoterpenoids (80%), much less monoterpenes (5.8%), and some
sesquiterpenes (8.0%; Table 5). Such differences in chemical composition were most likely due to
the different geographical origins of the plant material. The analysed lavender oils differed in their
bactericidal effect; ETJA lavender oil with higher monoterpenoid content (linalool and linalyl acetate)
and monoterpene content (limonene) was characterised by higher efficiency than Crimean lavender oil.
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36. Adaszyńska, M.; Swarcewicz, M.; Markowska-Szczupak, A. Comparison of chemical composition and

antimicrobial activity of Lavender varieties from Poland. Post. Fitoter. 2013, 2, 90–96.
37. Gören, A.C.; Topçu, G.; Bilsel, G.; Bilsel, M.; Aydoğmuş, Z.; Pezzuto, J.M. The chemical constituents and
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Received: 13 August 2019; Accepted: 5 September 2019; Published: 7 September 2019

Abstract: Garlic and formulations containing allicin are used widely as fungicides in modern
agriculture. However, limited reports are available on the allelopathic mechanism of green garlic
volatile organic compounds (VOCs) and its component allelochemicals. The aim of this study was to
investigate VOCs of green garlic and their effect on scavenging of reactive oxygen species (ROS) in
cucumber. In this study, green garlic VOCs were collected by HS-SPME, then analyzed by GS-MS.
Their biological activity were verified by bioassays. The results showed that diallyl disulfide (DADS)
is the main allelochemical of green garlic VOCs and the DADS content released from green garlic
is approximately 0.08 mg/g. On this basis, the allelopathic effects of green garlic VOCs in vivo
and 1 mmol/L DADS on scavenging of ROS in cucumber seedlings were further studied. Green
garlic VOCs and DADS both reduce superoxide anion and increase the accumulation of hydrogen
peroxide of cucumber seedlings. They can also regulate active antioxidant enzymes (SOD, CAT, POD),
antioxidant substances (MDA, GSH and ASA) and genes (CscAPX, CsGPX, CsMDAR, CsSOD, CsCAT,
CsPOD) responding to oxidative stress in cucumber seedlings.

Keywords: green garlic volatile organic compounds; volatiles isolation and analysis; allelochemicals;
GC-MS; biological activity; reactive oxygen species

1. Introduction

Plants synthesize and release various volatile organic compounds (VOCs) [1]. VOCs play essential
roles in attracting pollinators and seed-dispersers, defense against herbivores and pathogens, interplant
signaling and allelopathy [2,3]. Garlic (Allium sativum L.), an economically important vegetable [4],
contains various volatile components, including diallyl, dimethyl, and allyl methyl sulfides, disulfides,
and trisulfides, as well as some other minor components, all of which are formed by the decomposition
of allicin and are released upon crushing garlic. These organosulfur compounds can inhibit carcinogen
activation, boost detoxifying processes, cause cell cycle arrest, stimulate the mitochondrial apoptotic
pathway and increase the acetylation of histones [5]. Garlic also has potential allelopathic effects and is
widely used in crop rotation and intercropping with many other crops, e.g., cucumber [6], tomato [7],
eggplant [8], pepper [9]. In this kind of intercropping system, garlic has been confirmed to alleviate
continuous cropping issues from the aspects of reducing plant diseases and improving the physical
and chemical properties of soil [10]. Green garlic is young garlic with tender leaves that harvested at
the early stage before the bulb is formed and it is consumed by people of many countries. The green
garlic-cucumber intercropping system has been shown to have the benefits of improving soil fertility,
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promoting the activity of soil enzymes and increasing cucumber biomass [6,11]. However, there is
a lack of identification of the main allelochemicals for green garlic volatiles, and knowledge about
what kind of allelochemicals regulated the increased biomass of cucumber, which are the subjects in
this study.

Diallyl disulfide (DADS) is a major allelochemical of the VOCs in garlic [7]. In animals, DADS
has been shown having the effect of reducing cellular toxins and inhibiting the proliferation of cancer
cells through several actions which include the activation of metabolizing enzymes that detoxify
carcinogens, suppression of the formation of DNA adducts, antioxidant effects; regulation of cell-cycle
arrest, induction of apoptosis and differentiation, histone modification and inhibition of angiogenesis
and invasion [12]. Kubota et al. found that the active substances from garlic that can break the bud
dormancy of grapevines are sulfur-containing compounds, among which the most effective one is
DADS [13]. Previous studies found that DADS can also regulate tomato root growth by affecting cell
division, endogenous phytohormone levels, expansin gene expression and the pathways of tomato
root sulphate assimilation and glutathione (GSH) metabolism [7,14]. Besides, a low concentration
DADS is able to promote cucumber root growth and induce main root elongation by up-regulating the
expression of CsCDKA and CsCDKB genes and regulating adjusting the hormone balance of roots [15].
However, the effect of DADS on scavenging of cucumber reactive oxygen species (ROS) has not
been investigated.

It is important to choose a suitable method to collect as much as possible the volatile compounds of
plants in their natural state. For determination of garlic flavor components by gas chromatography-mass
spectrometry (GC-MS), several sampling techniques including steam distillation (SD), simultaneous
distillation and solvent extraction (SDE), microwave assisted hydrodistillation extraction (MWHD),
ultrasound-assisted extraction (USE), solid-phase trapping solvent extraction (SPTE) and headspace
solid-phase microextraction (HS-SPME) were applied and compared in previous studies [16,17].
Compared with SD, SDE, and SPTE, the HS-SPME method had several advantages which are rapid
solvent-free extraction, no apparent thermal degradation, less laborious manipulation and less sample
requirement. Five different fiber coatings were evaluated to select a suitable fiber for HS-SPME
of garlic flavor components, among which the divinyl benzene/carboxen/ polydimethylsiloxane
(DVB/CAR/PDMS) one was the most efficient among the investigated fibers [16]. Warren investigated
the analysis of thiol compounds using a needle trap device and HS-SPME coupled to GC-MS, comparing
the advantages and disadvantages of two methods [18]. Based on the above studies, the HS-SPME
coupled to GC-MS method seems to be a good choice for determining the allelochemicals of green
garlic. We chose a fiber-HS-SPME-GC-MS method to determine green garlic allelochemicals based on
these previous studies.

Similar to other biological active factors, allelochemicals derived from plants can target
some specific biological processes, which include destroying membrane permeability, influencing
photosynthetic and respiratory chain electron transport, influencing cell division and ultrastructure,
changing enzyme activity, altering reactive oxygen species (ROS) levels and effecting expression of
related genes [19]. ROS are involved in many biological processes, such as growth, development,
response of biotic and environmental stresses and programmed cell death [20,21]. It has been reported
that higher ROS levels might cause oxidative damage to plants. In order to reduce this damage, plants
have developed efficient antioxidant defense systems to scavenging ROS, such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), ascorbic acid (ASA), GSH, monodehydroascorbate (MDA),
the expressions of their synthetic genes are related to oxidation reactions [22,23].

In this study, we will explore the regulation mechanism of VOCs derived from green garlic in
scavenging ROS of cucumber from the following three aspects. Firstly, the major effective allelochemicals
of VOCs that collected from green garlic will be identified; secondly, the different ROS scavengers
induced by VOCs of green garlic and the ROS levels will be investigated among treated cucumber
seedlings; thirdly, the expression levels of six genes (CsPOD, CsCAT, CscAPX, CsMDAR, CsGPX,
CsSOD) related to oxidation reactions will be checked following the treatment of cucumber seedlings
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with VOCs and DADS. This study will provide more information for understanding the mechanism of
green garlic VOCs in scavenging ROS of vegetables.

2. Results

2.1. Identification of Volatile Allelochemicals in Green Garlic

Identification of the effective components of VOCs collected from green garlic is the basis to reveal
its mechanism in scavenging ROS. For the VOCs collected from the green garlic segments that were
contained in the SPME vial, only two compounds including DADS and diallyl sulfide (DAS) were
identified (Figure 1A and Table 1). The retention time and relative peak area of DADS were 13.83 min
and 99.52%, respectively, while, DAS had a retention time of 7.04 min and a relative peak area of
0.48%. Among the VOCs collected using green garlic segments that were put in a sealed desiccator,
17 compounds were detected (Table S1), in which there were three sulfur compounds including DADS,
methyl propenyl disulfide and DAS, with relative peak areas of 86.33%, 1.53% and 0.35%, respectively
(Figure 1B and Table 1). All the other compounds were heterocyclic compounds and long chain
hydrocarbon compounds, which are impurities in air. There were 42 compounds identified in the
VOCs obtained from the whole green garlics that were placed in a sealed desiccator (Table S2). Among
the 42 detected compounds there was only one sulfur compound, which was DADS with a relative
peak area of 15.3% (Figure 1C and Table 1), while the others were also heterocyclic compounds and
long chain hydrocarbon compounds. The qualitative identification result showed that DADS is the
main volatile compound of green garlic. Compared with the whole green garlic, the cut green garlic
segments produced more DADS with about a 5-fold difference.

Figure 1. Identification of the collected volatiles from green garlic volatiles by GC-MS. (A) Cut (SPME
vial); (B) Cut (sealed desiccator); (C) Whole (sealed desiccator); (D) MS spectrum and compound
structure of DADS. n = 3, three biological replicates.
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Table 1. Total sulfur compounds of green garlic volatile compounds among different collecting methods.

Treatment
Total Sulfur
Compounds

1 2 3

Compound
Name

Area% RT
Compound

Name
Area% RT

Compound
Name

Area% RT

Cut (SPME
vial)

2
Diallyl

disulphide
99.52 13.83

Methyl
propenyl
disulfide

0 – Diallyl
sulfide 0.48 7.04

Cut (sealed
desiccator)

3
Diallyl

disulphide
86.33 12.29

Methyl
propenyl
disulfide

1.53 7.87 Diallyl
sulfide 0.35 6.36

Whole
(sealed

desiccator)

1
Diallyl

disulphide
15.30 12.27

Methyl
propenyl
disulfide

0 – Diallyl
sulfide 0 –

The result of an external standard method for quantitative analysis of volatiles showed that
the linear relation between DADS concentration (mmol/L) (y) and peak area (x) fits a simple linear
regression equation (Equation (1)):

y = 5E + 09x + 3E + 07, R2 = 0.9903 (1)

Based on this equation, the DADS that released by green garlics has a concentration of about
0.08 mg/g.

Our biological tests showed that the green garlic treatment had a consistent effect with the DADS
treatment (Figure 2). When the concentration of DADS was higher than 1 mmol/L, cucumber leaves
turned yellowish (Figure 2). Inversely, when the green garlic treatment was less than 2 g or the
concentration of DADS was lower than 1 mmol/L, the cucumber leaves had no morphology changes
(Figure 2). The amount of DADS volatilized by 2 g of green garlic approached 1 mmol/L DADS
treatment based on Equation (1). In addition, higher concentrations of green garlic volatiles and DADS
can cause cucumber leaves turn to soft and rot (Figure 2). These results confirmed that DADS is the
main allelochemical of green garlic volatiles.

Figure 2. The biological test and its results of green garlic volatiles and DADS on cucumber leaf.
(A) effect of green garlic (0.0, 1.0, 2.0, 3.0, 5.0 g) volatiles on cucumber leaf color and structure. (B) effect
of DADS (0, 0.5, 1, 2, 3, 5, and 10 mmol/L) on cucumber leaf color and structure. Five leaves from 5
plants were used for each treatment.

2.2. Effect of Green Garlic Volatiles and DADS on Cucumber ROS and Antioxidant Activity

2.2.1. Effect of Green Garlic Volatiles and DADS on Cucumber ROS (O2
•− and H2O2)

Figure 3A showed the results of histological observation of H2O2 in cucumber leaves stained
by DAB dye. Compared with the control groups, the colors of dyed cucumber leaves gradually
turned much darker with the increasing concentrations of green garlic volatiles and DADS (Figure 3A).
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This suggested that green garlic volatiles and DADS led to an increasing H2O2 content at histological
levels. After 10-days of co-culture with green garlic, the O2

•− contents of treated cucumber leaves
were significantly lower that of control (p < 0.05). Similarly, the O2

•− contents of cucumber leaves
under 1 mmol/L DADS treatment was also lower than that of control group (Figure 3B). The H2O2

content in cucumber leaves exhibited a rising trend with the increase of the concentration of green
garlic volatiles. Besides, the H2O2 contents in cucumber leaves of all green garlic treatments and DADS
were significantly higher than that of control (p < 0.05), which were consistent with the histological
observations of H2O2 in cucumber leaves (Figure 3A).

Figure 3. Effect of green garlic volatiles and DADS on cucumber ROS, antioxidant substance and
antioxidant enzymes activity. (A) Histological observation of H2O2 in cucumber leaves that stained by
DAB dye. (B,C), effect of green garlic volatiles and DADS on cucumber ROS (O2

•− and H2O2); (D–F),
effect of green garlic volatiles and DADS on cucumber antioxidant substance content (MDA, GSH and
ASA); (G–I), effect of green garlic volatiles and DADS on cucumber antioxidant enzyme activity (SOD,
CAT and POD). * p < 0.05; ** p < 0.01; ANOVA, followed by Tukey test and t-test. Data are means ±
standard errors (n = 3 for (B,C), three biological replicates).

2.2.2. Effect of Green Garlic Volatiles and DADS on Cucumber Antioxidant Substances (MDA, GSH
and ASA)

The MDA content of cucumber leaves co-cultured with 6-bulbs of green garlic was significantly
lower than that of control (p < 0.05) (Figure 3D), while, that for co-cultures with 12- and 18-bulbs of
green garlic the MDA content was significantly higher than the control group (p < 0.05) (Figure 3D).
When cucumber seedlings were treated with DADS, the MDA content of cucumber leaves was also
significantly lower than that of control (p < 0.01) which was consistent with the treatment co-cultured
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with 6-bulbs of green garlic (Figure 3D). The GSH content had an increasing trend with the increasing
number of bulbs of green garlic. The GSH contents of 6-bulb green garlic and DADS treatment were
both significantly lower than that of control (p < 0.05), but the treatments with 12- and 18-bulbs of
green garlic were higher than that of control (Figure 3E). The ASA content in cucumbers treated with
green garlic bulbs and DADS were consistently lower than that of control (Figure 3F).

2.2.3. Effect of Green Garlic Volatiles and DADS on Cucumber Antioxidant Enzymes (SOD,
CAT and POD)

In this study, the SOD activity of cucumber that was co-cultured with 18-bulbs of green garlic was
significantly higher than other treatments (p < 0.05) (Figure 3G). There were no significant difference
among the treatments co-cultured with 6- and 12-bulbs of green garlic, the treatment of DADS and the
control groups (p < 0.05) (Figure 3G). All the green garlic volatiles treatments had lower CAT activity
than the control (p < 0.01). For the CAT activity, the treatments of DADS exhibited similar results to the
treatments of green garlic volatiles (Figure 3H). Both the green garlic volatiles and DADS treatments
had higher POD activity than that of control (p < 0.01) (Figure 3I).

2.3. Gene Expression Changes in Response to Green Garlic Volatiles and DADS

In order to further clarify the potential mechanism of action of green garlic volatiles and DADS
treatments on cucumber ROS and antioxidant enzyme activities, the expression levels of six related
genes (CscAPX, CsGPX, CsMDAR, CsSOD, CsCAT, CsPOD) were examined with real-time quantitative
polymerase chain reaction (RT-qPCR). The expression levels of these six genes were significantly
changed in cucumber leaves after the treatments (Figure 4).

Figure 4. Changes in gene relative expression in response to green garlic volatiles and DADS. CscAPX,
cucumber cytosol ascorbic acid peroxidase gene; CsGPX, cucumber glutathione peroxidase gene;
CsMDAR, cucumber gene of scavenge MDA; CsSOD, CsCAT and CsPOD, cucumber genes of SOD,
CAT, POD. * p < 0.05; ** p < 0.01; ANOVA, followed by Tukey test and t-test. Data are means ± standard
errors (n = 3, three biological replicates).

The green garlic volatiles and DADS treatments increased the expression levels of CsGPX,
CsMDAR, and CsPOD genes and decreased the expression levels of CscAPX, CsCAT and CsSOD
(Figure 4). Compared with the control group, the expression level of CsGPX was significantly decreased
by 2-fold (p < 0.05) in the treatments with 12- and 18-bulbs of green garlic. The expression level
of CsPOD in cucumber co-cultured with 12-bulbs of green garlic was increased almost 4-fold when
compared with the control (p < 0.01) (Figure 4). However, the expression level of CsCAT was decreased
in cucumbers that were co-cultured with green garlic, especially after 18-bulb treatment, and DADS

196



Molecules 2019, 24, 3263

treatment (Figure 4). The CscAPX expression level was decreased by green garlic volatiles and the
DADS treatments (Figure 4). The expression of CsMDAR was increased by 2-fold when compared
with the control (p < 0.05) (Figure 4).

3. Discussion

Garlic organosulfur compounds are biosynthesized for defensive purposes such as protection
against abiotic stressors and are formed quickly once the plant tissues are damaged [24]. Fresh garlic
only contains alliin, a derivative of cysteine. When the cells of fresh garlic cell are crushed, allinase can
convert alliin to allicin. Similarly, the DADS content of the cut green garlic segments were higher than
that of the whole garlic plants (Table 1), which suggested that the damaged green garlics can volatilize
more DADS. In general, DATS, DADS, and VDTs are the major sulfides derived from the garlic
extracts. When garlic oil is extracted by steam distillation or simultaneous distillation, the resulting
extracts mainly contain DADS and DATS [25]. When garlic was treated by high temperature aging,
crushing, and roasting, the compounds identified by SPME-GC/MS were also DADS and DATS [26].
DADS (97.85%), DAS (0.01%), and DATS (0.01%) were found to be the predominant flavor components
of garlic samples extracted by HS-SPME using a 50/30-micron DVB/CAR/PDMS fiber [16]. In cut
green garlic segments, we can detect two sulfur compounds, DADS and DAS, while in whole green
garlic, only DADS can be detected (Figure 1). The green garlic allelochemicals were determined by
fiber-HS-SPME-GC-MS in this study. The analytical performances of needle trap micro-extraction
(NTME) coupled with GC-MS were evaluated by analyzing a mixture of twenty-two representative
breath volatile organic compounds (VOCs) belonging to different chemical classes (i.e., hydrocarbons,
ketones, aldehydes, aromatics and sulfurs), which confirmed the reliability of this method [27,28].
Previous studies were mainly focused on the identification of garlic compounds produced from
garlic cloves, which might not be identical to those seen this study, because we collected the volatile
compounds of green garlic plants

By calculation and comparison, in general, the amount of DADS released by green garlic
was approximately 0.08 mg/g. The four treatments of 0, 6, 12 and 18 bulbs of green garlic in the
mini-greenhouse, corresponded to the DADS concentrations of 0, 0.025, 0.046 and 0.057 μmol/L per
cucumber plant (Table S1). This means that the DADS concentration of a 6-bulb treatment in a
mini-greenhouse is approximately equivalent to 50 mL of 1 mmol/L DADS treatment (0.024 μmol/L
per cucumber plant). It has been reported that lower concentrations (0.01–0.62 mmol/L) of DADS can
significantly promoted root growth, whereas higher levels (6.20–20.67 mmol/L) will have inhibitory
effects [6]. Therefore, considering the effect and cost, 1 mmol/L DADS concentration is suitable for use.

Many studies have shown that allelochemicals significantly inhibit the activities of antioxidant
enzymes, increase the level of free radicals, lead to membrane lipid peroxidation and membrane
potential changes, thereby reducing the scavenging effect on ROS and destroying the entire membrane
system of plants [9]. ROS play an important role in plants′ signal transduction pathways, as key
regulators of processes such as growth, development, response to biotic and environmental stimuli, and
plant metabolism, especially H2O2 which is important for programmed cell death to resist disease [20].
Green garlic volatiles and DADS significantly decreased the O2

•− contents (Figure 3B). However,
they significantly increased the H2O2 content in cucumber leaves (Figure 3C). Plants have complex
antioxidant systems to deal with ROS damage, including enzymatic systems (such as SOD, CAT and
POD) and non-enzymatic systems (such as MDA, GSH and ASA) [23]. Previous studies have shown
that the activities of POD, CAT, SOD and MDA contents in the leaves and roots of tomato were
increased after the treatment of DADS [14]. In this study, the activity of POD was increased, while that
of CAT was decreased, and the MDA content was also decreased after when treated with DADS. SOD
is the most important ROS scavenger by converting O2

•− into molecular oxygen and H2O2 [23]. H2O2

can be decomposed into molecular oxygen and H2O by APX GPX, CAT, or POD [20,29]. Green garlic
volatiles and DADS promoted the activities of POD and reduced the contents of GSH and ASA and
the activity of CAT, then led to the change of H2O2 content (Figure 3). The gene expression changes
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were consistent with the changes of antioxidant enzyme and antioxidant substances. The green garlic
volatiles decreased the expression of CscAPX, CsGPX, CsCAT and CsPOD. SOD, CAT, and POD genes
play key roles in plant tissue antioxidant defenses [30]. SOD gene is the defense first line to against
the ROS. Genes like GPX, cAPX, MDAR, CAT and POD work to further convert H2O2 into H2O and
O2 through different reactions [23]. GPX utilizes glutathione (GSH) as an electron donor to reduce
ROS [31]. The POD gene is another reported defense-related enzyme gene and 24 POD genes have
been identified in transcriptome analysis after DADS treatment [14]. CAT gene directly decompose
H2O2 into H2O and O2. CAT gene is indispensable for ROS detoxification [32]. APX enzymes catalyze
the conversion of H2O2 into H2O and MDA using ascorbate [33]. MDAR helps to scavenge the MDA
and generate dehydroascorbate (DHA) [34].

In summary, a scheme (Figure 5) showing green garlic volatiles′ effect on cucumber ROS,
antioxidant enzymes, antioxidant substances and genes can be proposed. Firstly, green garlic volatiles
decreased the expression of CsSOD gene, which made the O2

•− turn into molecular oxygen and H2O2.
Then green garlic volatiles decreased the expression of CscAPX, CsGPX, CsCAT and CsPOD gene,
which can promote the activity of POD and reduce the contents of GSH and ASA and the activity of
CAT. Finally, green garlic volatiles increased the accumulation of H2O2. This increased accumulation
of H2O2 might increase the disease resistance of cucumber. We will continue to work on the effects of
green garlic volatiles on cucumber disease resistance in the future.

 

Figure 5. A scheme of green garlic volatiles effect on cucumber ROS, antioxidant enzymes, antioxidant
substances and genes.

4. Materials and Methods

4.1. Materials and Equipment

Cucumber seeds of Jinyou 40, a North China fresh market type variety, were obtained from Tianjin
Kernel Cucumber Research Institute (Tianjin, China). Garlic bulbs of Gailiang were provided by the
College of Horticulture, Northwest A&F University (Yangling, Shaanxi Province, China). To prepare
the DADS stock solutions, laboratory grade DADS (purity 80%) was purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA) and was firstly dissolved in Tween-80 with a ratio of 1:2 (w/w), then distilled
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water was added to get a 10 mmol/L stock solution which was stored at 4 ◦C for further use [35]. SPME
fibers (50/30 μm DVB/CAR/PDMS, Sigma-Aldrich Co.) were used to absorb the VOCs and GC-MS
(ISQ, Thermo Fisher, Waltham, MA, USA) was used to identify the collected VOCs. A ultraviolet
spectrophotometer (UNIC 3200, UNIC, Shanghai, China) was used to measure the enzyme activities
and ROS content. A microscope (BX63, Olympus, Japan) was used for histological observation of
H2O2 effects.

4.2. Plant Growth and Experimental Design

Garlic bulbs of uniform size (approximately diameter = 4 cm, height = 4 cm and weight = 35 g)
were selected and sown in plastic pots (diameter = 21 cm) filled with sterilized culture substrate.
The green garlic plants that grew to 25 cm in plant height (about 30 days after sowing) were used
for collecting VOCs and identification of green garlic allelopathic compounds and co-culturing with
cucumber seedlings.

Germinated cucumber seeds were planted in plastic pots filled with sterilized culture substrate
and cultivated in growth chamber with a day/night temperature of 25/18 ◦C, a day/night regime of
16/8 h and a relative humidity of 80%. The cucumber seedlings at two-true-leaf stage were used for
following experiments.

To verify whether DADS is the main allelochemical of green garlic VOCs, bioassay analysis was
performed. The detached cucumber leaves were treated with different weights of green garlic (0.0, 1.0,
2.0, 3.0, 5.0 g) that was cut into 1 cm segments and different concentrations of DADS (0, 0.5, 1, 2, 3,
5, and 10 mmol/L) in Petri dishes (see details in Figure 2). To ensure the treatment effect, the green
garlic pieces were replaced with fresh ones and DADS was added again after 3 days of treatment.
The morphology changes of these detached cucumber leaves were observed at the end of the sixth day.

To explore the effect of VOCs that derived from green garlic on scavenging ROS of cucumber,
green garlic plants and cucumber seedlings were co-cultured in a greenhouse of Northwest A&F
University, Yangling (N 34◦16′, E 108◦4′), China. Green garlic plants and cucumbers were co-cultured
for 10 days in a plastic mini-greenhouse (60 × 60 × 58 cm), in which 12 cucumber seedlings were
surrounded with green garlic seedlings. Four treatments including different number of green garlic
seedlings (derived from 0, 6, 12 and 18 garlic bulbs, respectively) were used in this experiment (see
details in Figure S1). Each treatment was replicated three times. To investigate the effect of DADS on
ROS scavenging in cucumber, 12 cucumber seedlings were also planted in the plastic mini- greenhouse,
and 5 mL of DADS solution with a concentration of 1 mmol/L were sprayed on each cucumber seedling,
while an equal volume of distilled water was sprayed as a control (see details in Figure S1). During the
10-day cultivation of these cucumber seedlings, DADS and distilled water were sprayed twice, on the
first and sixth day. For all treatments, the second true leaves of cucumber were sampled. One part of
the leaves were put in a stationary liquid for histological observation of H2O2, and the other parts of
the leaves were stored at −80 ◦C for ROS and genes assay.

4.3. Identification of Green Garlic Allelochemicals by Fiber-HS-SPME-GC-MS

The volatiles derived from green garlic samples were collected by three methods. For the first
one, we used the headspace solid phase microextraction (HS-SPME) method, in which the green garlic
plants were firstly cut into approximately 1 cm segments and 2 g samples were weighed and put into a
40 mL SPME vial (see details in Figure S2) which was pre-incubated for 10 min at 45 ◦C, and then the
SPME fiber was exposed for 45 min at the same temperature to adsorb the volatiles. For the second
and the third method, a hermetic glass container with 8 L in volume was used to collect the volatiles,
the difference being that the green garlic seedlings were cut into segments or not (see details in Figure
S2). Eight uniform green garlic seedlings were selected and put into these containers for three hours,
then the SPME fibers were used to absorb the produced volatiles. All the collected volatile compounds
were directly measured by a GC-MS system. Moreover, an external standard method was used for
quantitative analysis of these volatiles, in which 2 mL DADS standard solutions with concentrations of
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0.1, 0.5, 1.0, 1.5 and 2.0 mmol/L were prepared and added into a 20 mL SPME vial. Therefore, the final
concentrations of DADS in SPME vials that used for the external standard method were 0.01, 0.05, 0.10,
0.15, 0.20 mmol/L, respectively.

The GC was equipped with a DB-5MS column (30 m × 0.25 mm × 0.25 μm, Agilent Technologies,
Santa Clara, CA, USA). UHP helium was used as the carrier gas at a flow rate of 1 mL min−1.
The desorption time was 2.5 min. The injector temperature was set at 230 ◦C and injection was
performed in a split mode and split ratio of 30:1. The gas flow was set at 0.8 mL/min. The temperature
was programed as follows: 40 ◦C for 2 min, then rising at 6 ◦C /min to 170 ◦C and held for 5 min,
where it then was increased at 10 ◦C /min to 250 ◦C, where it was held for 1 min, running for 40 min.
For MS, the electron multiplier was operating at 70 eV and all samples were analyzed in electron
impact mode. Mass ranges of m/z 40–450 u for green garlic analysis were acquired. The temperatures
of the transfer line and ion trap were both held at 250 ◦C. All the treatments were done in triplicates.

The compound TIC was used to identify the allelochemicals of VOCs. The Xcalibar workstation
NIST standard spectrum database was used to search for each detected component, and the related
literatures and standard spectra were used to check and confirm the inspection results. Only components
with a matching degree greater than 800 were reported, and the relative content of each component
was calculated based on the area normalization method.

4.4. H2O2 Histological Analysis: 3,3-Diamino-Benzidine (DAB) Staining

DAB-vascular uptake staining method was used to measure the H2O2 production. The cucumber
leaves (1 cm sections) were immersed in a solution containing 1 mg/mL DAB that was dissolved in
HCl-acidified (pH 3.8) distilled water, then incubated under light for 8 h, then the treated leaves were
examined under a microscope [36].

4.5. ROS Assay

The H2O2 content in cucumber was measured according to the method described by Gong et al.
using potassium iodide [37]. Superoxide anion (O2

•−) content was measured according to the method
of Wang et al. [38].

4.6. Antioxidative Enzyme and Antioxidant Substances Analysis

To assay antioxidative enzymes, 0.5 g of cucumber leaves were weighed and ground together with
6 mL of 200 mmol/L phosphate buffer (pH 7.8) which contains 1% (w/v) soluble polyvinyl pyrrolidone
(PVP) under ice bath conditions. The homogenates were centrifuged at 11,000× g for 20 min at 4 ◦C
and the supernatant were collected to measure the activities of SOD, CAT, POD and the contents of
soluble protein and MDA [8]. For the assay of antioxidant substances, 1.0 g of cucumber leaves were
homogenized in 5 mL of 1% (w/v) saline buffer (1% (w/v) PVP, 1 mmol/L ethylenediaminetetraacetic
acid (EDTA)). Homogenates were centrifuged at 11,000 g for 15 min at 4 ◦C and the supernatants were
collected to check the content of ASA and GSH [39].

4.7. Total RNA Extraction and Antioxidant Enzyme Gene Expression Analysis

Total RNA was isolated from cucumber leaves using Trizol total RNA Extraction Reagent (Bioer,
Hangzhou, China). First-strand cDNA was synthesized by a HiFiScript cDNA Synthesis Ki (CoWin
Biosciences, Beijing, China). The expression of selected genes was analyzed by real-time quantitative
polymerase chain reaction (RTq-PCR). The corresponding primer sequences were selected from
Zhao et al. [23]. The qPCR was performed with the iCycleriQTM 5 multicolor real-time PCR detection
system (Bio-Rad, Hercules, CA, USA) following the manufacturer′s instructions. Gene expression
levels were calculated on the basis of the 2−ΔΔCt method [40]. Three biological and technical replications
were performed, respectively.
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4.8. Statistical Analysis

The statistical analyses were performed using SPSS 13.0 (IBM, Armonk, NY, USA). The significant
differences between control and experimental groups that were treated with green garlic was tested by
one-way ANOVA followed by Tukey′s test. The significant differences between DADS treatment and
control was determined by a t-test, with * p values < 0.05 and ** p values < 0.01, respectively.

5. Conclusions

This study’s results showed that diallyl disulfide (DADS) is the main allelochemical of green garlic
volatiles and it is released naturally at a level of approximately 0.08 mg/g green garlic. Green garlic
volatiles and DADS showed obvious concentration effects. They both can reduce O2

− and they increase
the accumulation of H2O2 by decreasing the expression of CscAPX, CsGPX, CsCAT and CsPOD,
which may increase the disease resistance of cucumber. We will continue to study the effect of green
garlic volatiles on cucumber disease resistance in the future.

Supplementary Materials: The following are available online. Figure S1: Plant growth and experimental design;
Figure S2: Process of collection and identification of main allelochemicals of green garlic volatiles by GC/MS; Table
S1: Total 17 compounds of green garlic volatile compounds of cutting segments (in sealed desiccator); Table S2:
Total 42 compounds of whole green garlic (in sealed desiccator); Table S3: The green garlic weight and DADS
concentration of different treatments.
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Abstract: The concentration of volatile organic compounds (VOCs) can inform about the metabolic
condition of the body. In the small intestine of untreated persons with celiac disease (CD),
chronic inflammation can occur, leading to nutritional deficiencies, and consequently to functional
impairments of the whole body. Metabolomic studies showed differences in the profile of VOCs
in biological fluids of patients with CD in comparison to healthy persons; however, there is scarce
quantitative and nutritional intervention information. The aim of this study was to evaluate the
effect of the supplementation of a gluten-free diet (GFD) with prebiotic oligofructose-enriched
inulin (Synergy 1) on the concentration of VOCs in the urine of children and adolescents with CD.
Twenty-three participants were randomized to the group receiving Synergy 1 (10 g per day) or
placebo for 12 weeks. Urinary VOCs were analyzed using solid-phase microextraction and gas
chromatography–mass spectrometry. Sixteen compounds were identified and quantified in urine
samples. The supplementation of GFD with Synergy 1 resulted in an average concentration drop
(36%) of benzaldehyde in urine samples. In summary, Synergy 1, applied as a supplement of GFD for
12 weeks had a moderate impact on the VOC concentrations in the urine of children with CD.

Keywords: volatile organic compounds; celiac disease; gluten-free diet; gas chromatography–mass
spectrometry; solid-phase microextraction; prebiotic

1. Introduction

Volatile organic compounds (VOCs) are carbon-based molecules that are volatile at ambient
temperature [1]. Hundreds of VOCs are secreted by cells of the human body, as a result of metabolic
processes. The qualitative and quantitative profile of VOCs in biological fluids can vary depending
on the metabolic changes; therefore, the pattern of volatile metabolites may reflect the presence
of disease [2]. Several studies showed an association between the pattern of volatile biomarkers
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and the presence of gastrointestinal diseases [3–9]. Gas chromatography coupled with mass
spectrometry (GC–MS), a “gold standard” in VOC analysis, was applied to distinguish patients
with diarrhea-predominant irritable bowel syndrome, Crohn’s disease, ulcerative colitis, and healthy
controls [8], as well as celiac disease (CD) and irritable bowel syndrome [6]. Moreover, the effect of
a gluten-free diet (GFD) on the exhaled breath was evaluated [10,11]. The great success of previous
studies contributed to the tremendous progress in the development of new analytical techniques for
VOC detection, such as field-asymmetric ion mobility spectrometry and selected ion flow tube mass
spectrometry, successfully applied in the analysis of VOCs in gastrointestinal diseases [5,12]. Recently,
volatolomics was established as a new scientific domain with significant diagnostic potential [13].
The application of the VOC analysis can be an innovative and non-invasive tool for the diagnosis of
diseases, as well as for the monitoring of the effectiveness of treatment [14].

It is believed that changes in VOCs observed in gastrointestinal diseases are the result of the
impaired fermentation activity of the gut microbiota [6]. In many clinical trials, the changes in
the metabolism of bacteria were suggested as more informative than the microbiota composition
itself [15–17]. Moreover, many of the nutritional interventions had moderate or no effect on qualitative
and/or quantitative changes of intestinal microbiota; however, they had a much more prominent
effect on their metabolism [14,16,17]. In the intestines, the interaction between commensal bacteria,
human cells, and pathogens occurs and results in the formation of hundreds of VOCs observed in
feces, urine, sweat, blood, and exhaled breath [18]. The presence of intestinal VOCs in urine, sweat,
blood, and breath can be related to changes in the intestinal barrier [6], which are attributed to several
gastrointestinal diseases [19,20]. The analysis of VOCs in urine has several benefits over the other
biological fluids. Urine collection is non-invasive and does not cause discomfort even with multiple
sampling. Moreover, the concentration of VOCs in urine is higher compared to blood, as urine is
pre-concentrated in the kidney, which facilitates the detection of metabolites [21]. However, on the
other hand, the pre-concentration of urine can vary within and between individuals, which should be
considered as a confounding factor.

CD is a life-long gluten-related enteropathy observed in genetically predisposed individuals.
The prevalence of CD is estimated for approximately 1% of the global population; however, it is
suggested that many patients remain undiagnosed [22]. In addition to the intestinal (abdominal pain,
diarrhea) and extra-intestinal (increased bone fractures, anemia, depression) symptoms, the dysbiosis
of intestinal microbiota, characterized by lower diversity and disproportion between Gram-positive
and Gram-negative bacteria [23], as well as altered intestinal permeability [20], is commonly observed
in CD patients. The only approved treatment of CD is a GFD. However, in many patients, even
after long-term adherence to the treatment, nutritional deficiencies and a lack of intestinal recovery
are observed [24–26]. Therefore, there is a strong need to incorporate auxiliary therapies, including
GFD supplementation, into the treatment regime of the CD, followed by an evaluation of their safety
and effects.

Prebiotics, defined as substrates that are selectively utilized by host microorganisms conferring
a health benefit [27], were reported to increase the absorption of nutrients [28] and to improve
the histomorphological parameters of intestines [29], confirmed in a clinical trial and in vivo
studies. Recently, the beneficial effects of prebiotics on several aspects of health in CD patients
were reported [17,30–32]. Briefly, prebiotics were found to stimulate the activity of the intestinal
microbiota [17], modulate the amino-acid metabolism [30], improve the fat-soluble vitamin status [31],
and improve bone metabolism [32]. However, the impact of GFD supplementation with prebiotics on
the VOC pattern remains to be analyzed.

In general, the number of studies evaluating VOC pattern after nutritional interventions is limited.
Therefore, this exploratory, randomized, placebo-controlled study is proposed to evaluate the effect
of prebiotic oligofructose-enriched inulin intake on the profile of VOCs in the urine of children and
adolescents with CD following a GFD, using solid-phase microextraction with GC–MS.
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Hypothesis: Nutritional intervention with oligofructose-enriched inulin will improve the intestinal
health of children with CD, affecting the profile of urinary VOC.

2. Results

In the urine of patients with CD, a total of sixteen compounds, representing different chemical
groups, were identified and quantitatively characterized (Table 1). Additionally, 4-methylphenol and
2-pentylfuran were determined in some urine samples, but values above the limit of quantification
were detected only in a few samples. An example of the chromatogram is presented in Figure 1.

Figure 1. An example of a chromatogram of urinary volatile organic compounds (VOCs) obtained with
gas chromatography–mass spectrometry (GC–MS): (1) acetone; (2) butane-2,3-dione; (3) butan-2-one;
(4) pentan-2-one; (5) heptan-4-one; (6) heptan-2-one; (7) 6-methylhept-5-en-2-one; (8) trans-3-octen-2-one;
(9) hexanal; (10) benzaldehyde; (11) octanal; (12) dimethyl disulfide; (13) dimethyl trisulfide;
(14) D-limonene; (15) linalool; (16) 2-pentylfuran; (17) 4-methylphenol; (18) 1,3-di-tert-butylbenzene.

At baseline, the concentrations of VOCs in urine were similar in both experimental groups
(Table 1). The median concentration of trans-3-octen-2-one was similar in both experimental groups at
baseline; however, this ketone was not detected in three urine samples of patients from the Synergy
1 group.

The supplementation of GFD with Synergy 1 did not impact on the profile or the concentration
of the majority of VOCs in the urine of CD patients. The only significant (p < 0.05) change was
observed for benzaldehyde, where the concentration decreased by 36% after the intervention (Table 1).
Furthermore, trans-3-octen-2-one was not detected in some urine samples (two from Synergy 1 group
and one from the placebo group); however, it had no effect on differences between experimental
groups. The decrease in the concentrations of 1,3-di-tert-butylbenzene was observed in the placebo
group after the twelve-week intervention.

Multivariate analysis showed a high inter-individual variation of the data (Figure 2). Principal
component analysis (PCA) plots explained 46.42% and 44.25% of variations at baseline and after
the intervention, respectively. No separation was observed either before or after the intervention.
At baseline, anthropometric indices (age, height, body weight) had an influence on D-limonene and
acetone concentrations. The level of linalool was associated with the time of GFD adherence. Similar
associations were not observed after the intervention (Figure 2).
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Table 1. Volatile organic compounds (VOCs) (nmol/L) detected and quantified in the urine of children
from Synergy 1 and placebo group, before (T0) and after (T1) the intervention, expressed as median
(P25–P75).

T0 T1

Placebo Synergy 1 Placebo Synergy 1

Ketones
acetone 12023 (9066–17649) 12184 (10229–17740) 12816 (10549–14704) 12564 (9969–19006)

butane-2,3-dione 66.80 (50.50–88.74) 63.22 (53.03–104.73) 59.10 (28.12–68.74) 53.63 (44.46–65.58)

butan-2-one 167.59 (73.60–229.55) 180.77 (95.76–271.57)
168.38

(116.26–313.56)
229.20

(126.17–294.85)
pentan-2-one 21.76 (9.42–57.88) 31.80 (20.55–54.27) 41.57 (18.19–60.49) 40.04 (32.83–64.30)
heptan-4-one 41.91 (22.65–125.91) 53.32 (28.13–87.32) 86.19 (32.29–103.91) 84.02 (51.86–130.34)
heptan-2-one 6.94 (3.42–14.82) 6.11 (2.59–17.55) 10.31 (3.39–12.98) 8.04 (5.38–11.73)

6-methylhept-5-en-2-one 1.31 (0.57–4.08) 1.33 (0.50–2.30) 1.87 (0.38–2.68) 1.33 (0.52–1.83)
trans-3-octen-2-one 0.59 (0.39–4.49) 0.56 (0.41–0.92) 1.08 (0.46–1.90) 0.71 (0.39–1.02)

Aldehydes
hexanal 37.38 (24.60–59.95) 23.79 (17.99–36.84) 36.59 (24.22–45.63) 28.27 (18.84–38.78)

benzaldehyde 7.14 (3.14–22.86) 7.16 (3.47–12.94) 7.53 (2.48–10.00) 6.21 (3.52–7.14) a

octanal 0.83 (0.35–4.11) 0.62 (0.15–2.58) 0.85 (0.20–2.04) 1.11 (0.39–1.34)

Sulfur compounds
dimethyl disulfide 19.29 (11.39–23.26) 13.02 (6.86–18.44) 8.94 (6.70–15.16) 12.67 (7.02–19.29)
dimethyl trisulfide 1.22 (0.95–3.30) 1.01 (0.34–2.27) 1.28 (0.46–1.90) 1.72 (0.50–3.09)

Terpenes
limonene 45.27 (9.29–67.86) 32.56 (4.02–42.40) 36.78 (24.22–45.63) 28.79 (5.46–62.43)
linalool 20.63 (14.68–28.12) 19.28 (15.99–29.20) 16.14 (11.86–26.20) 18.09 (11.76–26.24)

Aromatic compounds
1,3-di-tert-butylbenzene 0.82 (0.42–1.25) 0.52 (0.33–0.92) 0.66 (0.34–0.87) a 0.57 (0.33–0.91)

a—statistically significant differences within groups before and after the intervention.

3. Discussion

Our study, for the first time, reports the profile and concentrations of VOCs in the headspace
above the urine of children and adolescents with CD after a 12-week nutritional intervention with
prebiotics applied as a supplement of GFD.

Sixteen compounds quantified in the present study were selected based on the previous studies
reporting differences in urinary VOCs between healthy children and children with CD [4,33].
We hypothesized that, after the nutritional intervention with prebiotics, the urinary profile of VOC in
children with CD would be altered, as a consequence of the changes in the gut caused by prebiotics.
The present study indicated, however, that applied nutritional intervention did not have a strong
effect on the profile of VOCs in urine. The only difference observed after the Synergy 1 intake was
a significant reduction in benzaldehyde concentration. The explanation for the benzaldehyde drop
in concentration can be related to the microbiota activity. Benzaldehyde can be formed as a result of
the conversion of phenylalanine by aminotransferase produced by Lactobacillus bacteria [34]. In our
study, the amount of the precursor phenylalanine was similar in both groups before and after the
supplementation [30]. However, the Lactobacillus count was significantly lower in the Synergy 1
group as compared to placebo [17]. This might result in a reduction in phenylalanine conversion and,
consequently, in decreased benzaldehyde concentration in urine.

In the placebo group, the decrease in the concentration of 1,3-di-tert-butylbenzene was observed.
This is particularly interesting because this compound was suggested as a marker of CD, observed
only in the urine of children with CD, while it existed in none of the samples from healthy children [33].
However, the origin of 1,3-di-tert-butylbenzene in the human body is not clear and requires further
studies. It was reported that 1,3-di-tert-butylbenzene is a product of radiolysis of the antioxidant
Irgafos used in food packaging [35], and this is a possible explanation of its origin in urine.
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(A) 

(B) 

Figure 2. Results of principal component analysis (PCA) of urinary VOCs at baseline (A), and after
the intervention (B). Red circles—Synergy 1 group; green triangles—placebo group. Left graphs—
score plot; right graphs—correlation circle presenting correlations between individual VOCs and
anthropometric indices.

The high inter-individual variation in VOC profiles makes it difficult to demonstrate significant
differences after the applied prebiotic intervention. On the other hand, it may result from the recovery
of the intestinal mucosa and the reduction in intestine permeability. The recent research suggests
that the perturbation in the urinary VOC profile observed in some gastrointestinal diseases may
result from changes in the gut barrier [6]. Children and adolescents participating in the present
study were treated with a GFD for at least six months (average: 2.9 ± 1.9 and 2.3 ± 1.2 years in
Synergy 1 and placebo group, respectively), which is considered as sufficient time to restore the proper
functioning of the intestinal barrier [36]. In literature, the results of the prebiotic supplementation
aimed to improve intestinal permeability are inconsistent. Animal studies with non-digestible fructans
confirmed beneficial histomorphological changes in the gut and intestinal barrier functioning [29].
Similarly, a randomized, double-blind crossover nutritional intervention study with inulin-enriched
pasta showed modulation of circulating levels of zonulin and glucagon-like peptide 2 in healthy
young volunteers, suggesting that prebiotics could be used in the prevention of gastrointestinal
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diseases [37]. On the other hand, many clinical trials found no effect of prebiotics on intestinal barrier
functions [38–40]. Therefore, the unambiguous impact of prebiotics on intestinal barrier functioning
require further in-depth investigation.

To our knowledge, there is only one study analyzing the VOC profiles after nutritional
intervention [14], making the discussion of the present results in response to other studies a challenge.
The study by Rossi and co-authors [14] referred to irritable bowel syndrome and analyzed VOCs
in feces. Although impossible to compare, the results presented in this interesting paper reported
that the analysis of VOCs in feces can predict responses to the nutritional intervention. As in the
present study, we did not observe profound differences in urinary VOCs after the applied nutritional
intervention. In future studies, it would be worthwhile to analyze the VOC profile in feces of children
with CD, especially as, in our previous research, we observed significant changes in the concentration
of short-chain fatty acids in the feces of children with CD after the intervention with prebiotics [17].

Despite the novel nature of this study, some limitations should be mentioned. Firstly, there was no
calculation of the sample size. However, this limitation is related to the pilot type of study. Therefore,
the present study should be considered as an exploratory study, providing the data for calculation of
the sample size for future validation studies. A second limitation was the small number of participants,
causing problems in statistical evaluation based on the high inter-individual variability. This limitation
is also strongly associated with the preliminary nature of the study. Thirdly, in this study, the control
of the diet was not presented; however, the control of the diet was performed using validated food
frequency questionnaires [41], even though details were not presented in this manuscript.

Finally, the study presented here is focused on the targeted analysis of selected compounds,
limiting the number of possible responses of a non-analyzed and unknown compound. However,
the authors wanted to focus on quantitative analysis, which is missing in the literature; therefore,
to calculate accurately, a limited number of compounds had to be selected. However, comparing whole
metabolic profiles in the urine of children and adolescents with CD after the nutritional intervention
would also be scientifically interesting; therefore, it is suggested as a future study.

4. Materials and Methods

4.1. Chemicals and Materials

Chemical standards of acetone, butane-2,3-dione, butan-2-one, thiophene, dimethyl disulfide,
hexanal, heptan-4-one, heptan-2-one, 2-pentylfuran, dimethyl trisulfide, 6-methylhept-5-en-2-one,
benzaldehyde, octanal, D-limonene, trans-3-octen-2-one, linalool, 4-methylphenol, 1,3-di-tert-butylbenzene,
internal standard (4-methylpentan-2-ol), and sodium chloride (NaCl, ≥99.5%) were supplied by
Sigma-Aldrich (Saint Louis, MO, USA). MilliQ water (Millipore, Bedford, MO, USA) was used for
the preparation of standards. Hydrochloric acid (HCl, 37%) was purchased from Chempur (Piekary
Śląskie, Poland). The 75-μm carboxen/polydimethylsiloxane (CAR/PDMS) (stable flex) solid-phase
microextraction (SPME) fibers were purchased from Supelco (Bellefonte, PA, USA).

4.2. Study Protocol

A randomized, placebo-controlled, single-center clinical trial with nutritional intervention was
performed. The full details of the study protocol, inclusion/exclusion criteria, and a CONSORT chart
are available elsewhere [42]. The present study is part of a larger study which was registered in the US
National Library of Medicine (identifier: NCT03064997; http://www.clinicaltrials.gov). The study
was performed in the Gastrointestinal Clinic of the Children’s Hospital in Olsztyn from January to
June 2016. A brief description of original study is as follows: 34 children diagnosed with CD and
following a GFD for at least six months were randomly assigned to a group receiving 10 g per day
of oligofructose-enriched inulin (Synergy 1; Orafti®, Beneo, Belgium) or a group receiving placebo
(maltodextrin) for a period of 12 weeks. The placebo and prebiotic supplements were identical in
appearance and taste. Participants and their caregivers, clinicians, and most of the investigators (except
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one person providing supplements) were blinded. During the intervention, participants were asked to
note any side effects and daily supplement intake. Children were under the medical supervision of a
gastroenterologist, and blood morphology data can be found elsewhere [43].

The study protocol was approved by the Bioethics Committee of the Faculty of Medicine of
the University of Warmia and Mazury in Olsztyn, Poland (decision No. 23/2015). All procedures
involving human participants were performed with the ethical principles of the 1964 Declaration of
Helsinki and its later amendments. Parents or caregivers of participants were fully informed about the
study and signed the written informed consent on the first check-up visit.

In the present study, urine samples collected from 23 children were analyzed: 11 children from the
Synergy 1 group and 12 children from the placebo group. Patients’ anthropometric characteristics are
presented in Table 2. A smaller number of samples used in this study compared to the original study
were related to antibiotic intake during the intervention (two persons), inappropriate compliance (less
than 80% of time) to a nutritional intervention assessed based on the intervention diary (two persons),
and insufficient amount of urine provided for VOC analysis (seven persons). Fresh morning urine
samples were collected from each participant at baseline and after the intervention. Samples were
immediately centrifuged at 3500 rpm for 10 min, and aliquots of 4 mL were stored at −80 ◦C until
further analysis.

Table 2. The participants’ anthropometric data. Results are presented as ranges and means ±
standard deviation.

Synergy 1 Group Placebo Group p-Value

N 11 12
Gender Girls—7; Boys—4 Girls—8; Boys—4 0.886

Age (years) 5–18; Av1 = 10.8 ± 4.1 4–16; Av = 10.2 ± 4.4 0.720
Body weight (kg) 15.8–67.9; Av = 38.3 ± 16.9 16.3–66.8; Av = 35.6 ± 17.0 0.703

Height (m) 112.5–170.0; Av = 145.1 ± 21.3 103.0–172.0; Av = 139.4 ± 22.6 0.540
BMI (kg/m2) 12.5–23.5; Av = 17.2 ± 3.7 13.7–28.4; Av = 17.3 ± 4.0 0.962

1 Av = average; BMI = body mass index.

4.3. VOC Analysis

Analysis of VOCs in urine was performed according to the previously published protocol [33].
Briefly, 4 mL of urine was placed in 20-mL headspace vials with 2.98 g of sodium chloride and 21 μL of
6 M hydrochloric acid. Then, 4-methylpentan-2-ol was added to each sample as an internal standard
with a concentration of 196.24 nmol/L. Samples were incubated for 20 min at 30 ◦C with a shaking
speed of 500 rpm using a MultiTherm shaker (Benchmark Scientific, Edison, NJ, USA), resulting in the
release of VOCs from urine and their accumulation at the headspace. Next, the previously conditioned
CAR/PDMS fiber was manually inserted into the headspace, and extraction was carried out for 15 min
at 30 ◦C. After extraction, the fiber was introduced into the gas chromatography injector port with a
0.75-mm inner diameter (ID) splitless glass liner (Supelco, Bellefonte, PA, USA), set to a splitless mode,
with an inlet temperature of 240 ◦C. Thermal desorption was carried out for 10 min to avoid carryover.

Analysis of VOCs was performed using an HP 5890 gas chromatograph coupled with an HP
5972 mass selective detector (Agilent Technologies, Santa Clara, CA, USA) [33]. The compounds
were separated using a Zebron ZB-624 capillary column, 60 m × 0.25 mm × 1.40 μm (Phenomenex,
Torrance, CA, USA). The carrier gas was helium at a constant flow rate of 1 mL·min−1. The oven
temperature program was set as follows: 40 ◦C for 2 min, an increase to 220 ◦C at a rate of 5 ◦C·min−1,
and maintained at the final temperature for 5 min. Total run time was 42 min. Mass spectra were
obtained by electron ionization (EI) in the range of 40–550 m/z, and a solvent delay was set for
5 min. Ion source temperature was 230 ◦C and electronic impact energy was 70 eV. Total ion
chromatograms were analyzed with the MSD ChemStation E.02.02.1431 software (Agilent Technologies,
Santa Clara, CA, USA). Identification of compounds was performed by comparison of the retention
times and mass spectra to commercial standards. Quantification of compounds was done by external
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standard calibration, and the results were normalized relative to the peak area of the internal standard.
The previously described method was extended for analysis of acetone, pentan-2-one, D-limonene,
and linalool. The content of pentan-2-one was calculated, using heptan-2-one as the external standard,
by applying the arbitrary response factor of 1.00. For all compounds, the calibration curves were
prepared in the same way as described previously [33].

4.4. Statistical Analysis

All analyses were performed in duplicate. The normality of the quantitative variables was
evaluated using the Shapiro–Wilk W test. The comparison of anthropometric indices at baseline
between Synergy 1 and the placebo group was performed using a parametric Student’s t-test. As the
VOC data showed non-normal distribution, quantitative variables were expressed as median values
(P25–P75). Differences in the concentration of individual VOCs between Synergy 1 and the placebo
group were tested with the non-parametric Mann–Whitney U test. VOC concentrations within the
group, before and after the intervention, were compared using the Wilcoxon signed-rank test. Results
were considered statistically significant at the 5% critical level (p < 0.05). Exploratory data analysis
using PCA was carried out to interpret the complex data and to determine if the differences between
experimental groups could be seen. Both univariate and multivariate analyses were performed using
XLSTAT for Excel software.

5. Conclusions

In summary, this pilot study indicated that oligofructose-enriched inulin, applied as a supplement
of GFD for 12 weeks, had a moderate impact on the concentrations of VOCs in the headspace above
the urine of children and adolescents with CD. It is possible that the prolongation of the study may
result in a more dominant effect. Further studies are needed to confirm the effect of prebiotics on gut
integrity and, consequently, on the profile of VOCs in different biological fluids. Moreover, the origin
of the VOCs in the human body requires further examination.
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30. Drabińska, N.; Krupa-Kozak, U.; Ciska, E.; Jarocka-Cyrta, E. Plasma profile and urine excretion of amino
acids in children with celiac disease on gluten-free diet after oligofructose-enriched inulin intervention:
Results of a randomised placebo-controlled pilot study. Amino Acids 2018, 50, 1451–1460. [CrossRef]
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