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Abstract: Unlike other studies that only determined the chemical composition of essential oils
depending on their geographic origin, this research investigated the effect of weather conditions
(temperature, precipitation, and insolation) on the chemical composition of Nepeta nuda L. essential
oil. The collection of wild-growing N. nuda was carried out during three successive years, 2019, 2020,
and 2021 at Rtanj Mountain (Serbia) on the same date (July 7th). Essential oil extraction from the
plant was performed by hydro-distillation. After gas chromatographic-mass spectrometric analysis,
a total of 102 volatile compounds were separated from N. nuda, during the observed period, 28
were unidentified, compromising between 5.0% and 8.7%, depending on the year. A multiple linear
regression model was created, and statistical analyses were performed to provide knowledge about
the prediction, feature profile, and the similarity in contents of active compounds of the N. nuda
essential oil. The influence of temperature on the accumulation of the most abundant component,
1,8-cineole, was positive, while the impact of precipitation and insolation was negative. According to
the cluster tree, there are four chemotypes of N. nuda essential oil: with nepetalactone, 1,8-cineole,
mixed (nepetalactone+1,8-cineole+germacrene D), and nonspecific chemotypes. Bearing in mind that
the biological activity of a raw material depends on the chemotype and environmental factors, this
is a topic that deserves a more detailed approach. The N. nuda and its essential oil are promising
materials with high biological potential, and these deserve further detailed investigation.

Keywords: Nepeta nuda L.; essential oil; weather conditions; active compounds; PCA; heat map;
unrooted cluster tree

1. Introduction

Nepeta nuda L. (syn. N. pannonica L.) is a perennial forest-steppe plant widespread
across Europe and Asia. In Serbia, it is found on dry meadows, rocky areas, and in light
deciduous and evergreen woodland on hills and mountain ranges [1]. There are two other
species from genus Nepeta that grow in Serbia, N. cataria L. (the most widespread plant
from this genus around the world) and N. rtanjensis Dikli¢ & Milojevi¢ (an endangered
endemic plant that grows spontaneously exclusively on Mt. Rtanj) [2—4].

There are four registered subspecies of N. nuda that can be found in different growing
areas. They differ from one another in morphological features. Endemic subspecies for
Turkey and Greece are ssp. lydiae and ssp. glandulifera, while ssp. nuda and ssp. albiflora

Horticulturae 2022, 8, 85. https:/ /doi.org/10.3390 /horticulturae8020085

https:/ /www.mdpi.com/journal /horticulturae


https://doi.org/10.3390/horticulturae8020085
https://doi.org/10.3390/horticulturae8020085
https://doi.org/10.3390/horticulturae8020085
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0003-2994-6871
https://orcid.org/0000-0001-7528-734X
https://orcid.org/0000-0002-0704-3084
https://doi.org/10.3390/horticulturae8020085
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae8020085?type=check_update&version=1

Horticulturae 2022, 8, 85

20f13

have a wide growing area through Europe and Asia, and the Balkans are their overlapping
region [5]. N. nuda is a significant source of biologically active compounds. Apart from
essential oil [2,6-22], it is a good source of polyphenols [23], flavonoids [7], tannins, and
coumarins [24,25].

However, due to a large growing area and number of subspecies, there are variations
among chemical composition and usage. It is used in traditional medicine in Serbia, Bul-
garia, and Russia, mainly as an herbal tea for treating many ailments, such as mental states
(hysteria, melancholy, and asthenia), gastrointestinal and respiratory disorders, cystitis and
prostate gland inflammation, dysmenorrhea, syphilis, and externally for wound healing
and against mastitis [5]. Pharmacological studies show that it possesses antibacterial, an-
tifungal and antiviral activities [7,12,16,26-28], as well as antioxidant [7,8,16,29-32], and
anticancer properties [33].

Due to its pleasant aroma, which is similar to citrus and peppermint, it can be used in
the food industry as an additive in juices [34], or in the pharmaceutical industry for mouth-
wash preparations [28]. In addition, this plant could be used to develop bio-herbicides
due to its genotoxicity [10,35,36]. Nevertheless, investigations show that N. nuda essential
oils have the great bioactive potential [8,10,12,14-17,33,35]; thus, in order to be able to
standardize a recipe for specific preparation, it is necessary to examine the stability of
the chemical composition of the raw material. Bearing in mind that all studies dealing
with N. nuda essential oil only determine the chemical composition depending on the
geographic origin, and wild populations are typically used, this research aimed to explore
the influence of weather conditions (temperature, precipitation, and insolation) on the
chemical composition of N. nuda from Rtanj Mt. during three successive years.

A multiple linear regression model was developed to predict the N. nuda essential
oil active compound content by following weather condition data. In addition, Principal
Component Analysis (PCA) was performed for a more thorough perception of the essential
oil feature profile. Finally, the heat map and unrooted cluster tree were schemed to examine
the similarity in active compound contents of the different samples visually.

2. Materials and Methods
2.1. Plant Material

The traditional collection of these wild medicinal plants is mostly connected to im-
portant dates, including saint days in the Serbian Orthodox Church and dates connected
to important events in nature. The most crucial day for plant collecting in Serbia is the
Nativity of Saint John the Baptist (7 July according to the Julian calendar and 24 June
according to the Gregorian calendar), and this overlaps with the summer solstice.

Several customs are tied to that day; however, the most important is that people
believe that plants should be collected on that day, which is defined as Biljober (biljo-ber,
srb. biljka, noun-plant; brati, verb-picking). In Serbian agro-ecological conditions, N. nuda
generally flowers between June and August. The flowering of one verticillaster started
from bottom to top in approximately two to three weeks. For all three investigated years,
we collected only verticillasters in the full flowering stage; therefore, the variations in the
chemical composition for the ontogenetic stage of plants were minimal.

N. nuda was collected on 7 July 2019, 2020, and 2021, at an exact location (N43.7748737,
E21.8890562), on the southern slopes of the mountain Rtanj to evaluate the impact of
weather conditions on the chemical composition of a population over three years. Plants
were grown in a region with the climate type: Cfb, a marine west coast climate, bordering
on Dfb, a warm summer continental or hemiboreal climate according to the Képpen-Geiger
classifications.

The plant materials were dried in the shade until reaching a constant weight, placed
in paper bags, and stored under ambient conditions. Voucher specimens were determined
as ssp. Nuda and then confirmed and deposited at the Herbarium of the Department
of Biology and Ecology (BUNS Herbarium), Faculty of Natural Sciences, University of
Novi Sad (2-1380, 2-1808, and 2-2140, respectively).
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2.2. Weather Conditions

Mt. Rtanj is located in eastern Serbia and belongs to the Serbian Carpathians, an
extension of the proper Carpathian Mountains across the Danube, connecting them with
the Balkan Mountains in the southeast. Due to its geographic position, Mt. Rtanj has
predominantly continental climatic features, which are characteristic of the entire Balkan
Peninsula [37].

2.3. Essential Oil Extraction Andgc/ms Analysis

Aerial parts of N. nuda collected from three consecutive years (2019-2021) were
dried, chopped, and subjected to hydro-distillation (ca. 40 g each plant material) using
a Clevenger-type apparatus to extract essential oils over 3 h. Gas chromatographic-mass
spectrometric analyses were performed according to A¢imovi¢ et al. [38] on a non-polar
HP-5MS fused-silica capillary column (30 m x 0.25 mm x 0.25 um) with helium as the
carrier gas (a constant pressure was set to 19.6 psi to obtain linear velocity in Adams library
of 1 mL min~! at 210 °C).

The injection volume was 1 puL, and the split ratio was 100: 1 for all samples, under
GC operating conditions: injector temperature 250 °C, MS source temperature 230 °C,
and interface temperature 315 °C. The mass spectra were obtained in electron ionization
mode at electron energy, 70 eV, with a mass scan range of m/z 40-600. The essential
oil components were identified based on their linear retention index relative to Cg-Ca)
n-alkanes, and compared to retention times obtained from the GC library (Adams ver. 4).

Furthermore, the mass spectral data were compared to the commercial MS data
libraries Adams ver. 4 and NIST ver. 17 and with the data reported in the literature [35].
The relative mass percentage of the oil constituents was expressed as percentages by the FID
peak area normalization. The method for essential oil analysis was previously validated
and verified with quality control samples for a performance check daily and/or within the
first 10 samples. A quality assurance manager checks the quality of these data every time
and decide if analysis should procced or not.

2.4. Multiple Linear Regression Model

A multiple linear regression model was formed following the temperature, precipi-
tation, and insulation data to predict the N. nuda essential oil active compound contents.
In addition, the proper regression coefficients were determined. The regression coeffi-
cients used in multiple linear regression models were calculated by minimizing the sum of
squared residuals for each model in Microsoft Excel using the Solver function.

2.5. Statistical Analysis

Principal Component Analysis (PCA) was performed to research the essential oil
profile of N. nuda. The perspective trend for a more profound comprehension of the
essential oil feature profile was realized by embracing the grouped samples’ PCA plot. The
heat map was plotted to examine the similarity in the active compound contents of the
different samples. A statistical study of the data was accomplished using the Statistica 10
software. The heat map and unrooted cluster tree were performed by the R software 4.0.3
(64-bit version) to visually investigate the likenesses among various samples.

3. Results

A total of 102 volatile compounds were separated from N. nuda during three investi-
gated years, 28 were unidentified (NI), compromising between 5.0% and 8.7% depending
on the year. The results show that 1,8-cineole with an average percent of 46.1%, germacrene
D with 9.9%, caryophyllene oxide with 8.1%, and trans-caryophyllene with an average
content of 5.0% were the most dominant compounds (Table 1).
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Table 1. The relative abundance (%) of the separated compounds from N. nuda during three investi-

gated years.

No Compound CAS RI RT. 2019 2020 2021 bremp. bprec- binsol-
1 NI-1 - 880  4.618 - - 01  —0.007 0.000 —0.005
2 a-PineneMT 7785-70-8 930 5781 05 02 1.0 0.925 —0.091  —0.050
3 SabineneMT 2009-00-9 9%9 6876 04 02 12 1.005 —0.084 —0.058
4 B-PineneMT 18172-67-3 973 6990 17 12 32 2.287 —0.194  —0.120
5 MyrceneMT 123-35-3 987 7372 03 01 06 0.552 —0.057  —0.031
6 a-TerpineneMT 99-86-5 1014 8264 01 01 01  —0.085 0.004 0.001
7 p-CymeneMT 99-87-6 1022 8554 - 0.1 - —0270  0.027 0.009
8 1,8-CineoleOMT 470-82-6 1030 8.875 450 442 49.1 9.711 —0.624  —0.327
9 cis-B-OcimeneMT 3338-55-4 1036  9.032 - - 01  —0.007 0.000 —0.005
10 trans-B-OcimeneMT 3779-61-1 1044  9.395 - - 0.2 0.082 —0.006 —0.010
11 y-TerpineneMT 99-85-4 1054 9767 01 02 01  —0.260 0.027 0.008
12 NI-2 - 1062 10065 01 01 03 0.092 —0.006 —0.010
13 NI-3 - 1097 11.339 0.1 - - 0.002 —0.013  —0.001
14 trans-PinocarveolOMT 547-61-5 1135 12955 02 02 02  —0.074 0.004 0.001
15 NI-4 - 1141 13208 01 01 01  —0.085 0.004 0.001
16 Pinocarvone®MT 30460-92-5 1159 13981 02 02 02  —0.074 0.004 0.001
17 S-TerpineolOMT 7299-42-5 1163 14.152 03 03 07 0.290 —0.018  —0.021
18 Terpinen-4-01°MT 562-74-3 1173 14612 02 02 03 0014  —0.002 —0.005
19 a-TerpineolOMT 98-55-5 1187 15190 0.5 04 1.3 0.840 —0.062 —0.051

20 Myrtenal®MT 18486-69-6 1193 15446 03 04 04  —0.150 0.020 0.003

21 NI-5 - 1203 15896 0.1 - - 0.002 —0.013  —0.001

22 NI-6 - 1203 15914 - 1.6 - —2.897 0.365 0.123

23 VerbenoneOMT 1196-01-6 1204 15946 0.1 - - 0.002 —0.013  —0.001

24 NI-7 - 1213 16342 - 01 02  —0.094 0.017 —0.002

25 NerolOMT 106-25-2 1225 16846 0.7 0.7 - —0.640 0.037 0.038

26 ”5'3'?1’;223)’;2?“}‘5’1 35154451 1233 17212 03 03 02  —0152 0008  0.006
27 NI-8 - 1239 17448 0.1 - - 0.002 —0.013  —0.001
28 Linalool acetate®MT 115-95-7 1251 18.016 0.5 0.3 - —-0.134  —0.017 0.012
29 GeranialMT 141-27-5 269 18779 0.1 - - 0.002 —0.013  —0.001
30 2’5’ﬁ;}sf;}f;gjg‘;ggiﬁ;i’g’sa' 72746-44-2 1285 19541 01 - - 0002  —0013  —0.001
31 NI-9 - 1316 20.858 - 0.1 - —0.270 0.027 0.009
32 5-ElemeneST 20307-84-0 1335 21765 - - 0.2 0.082 —0.006 —0.010
33 a-CubebeneST 17699-14-8 1349 22.369 0.1 0.1 - —0.173 0.009 0.006
34 a-YlangeneST 13833-26-6 1368 23221 01 0.1 - —0.173 0.009 0.006
35 a-CopaeneST 3856-25-5 1373 23416 04 07 02  —0.755 0.080 0.034
36 B-BourboneneST 5208-59-3 1382 23819 17 1.8 11 —0.621 0.049 0.039
37 NI-10 - 1384 23913 0.2 - 0.6 0.630 —0.062  —0.036
38 B-ElemeneST 33880-83-0 1389 24121 03 0.1 1.6 1.436 —0.109  —0.085
39 4an,7«,7ap-Nepetalactone®MT 21651-62-7 1391 24238 01 0.1 - —0.173 0.009 0.006

40 Methyl eugenol®” 93-15-2 1402 24679 0.1 - - 0.002  —0.013  —0.001
41 a-GurjuneneST 489-40-7 1406 24872 03 01 02 0.198 —0.037  —0.009

42 NI-11 - 1412 25108 0.1 0.1 - —0.173 0.009 0.006
43 trans-CaryophylleneST 87-44-5 1417 25329 54 31 66 5.567 —0.603  —0.245

44 B-CopaeneST 317819-78-6 1426 25693 03 02 05 0.289 —0.030  —0.018

45 a-GuaieneST 3691-12-1 1436 26109 0.1 - - 0.002 —0.013  —0.001

46 6,9-GuaiadieneST 36-577-33-0 1441 26335 01 01 02 0.004 —0.001  —0.005

47 a-HumuleneST 6753-98-6 1451 26726 11 06 15 1.251 —0.134  —0.060
48 trans-p-FarneseneST 18794-84-8 1455 26.892 0.7 - 0.2 0.763 —0.130 —0.026

49 NI-12 - 1458 27.023 0.2 - 0.1 0.188 —0.036  —0.009
50 NI-13 - 1464 27269 0.1 - 0.1 0.090 —0.018  —0.007
51 ¥-Muurolene®T 24268-39-1 1475 27.767 1.0 10 01 —0.785 0.046 0.049
52 Germacrene DST 23986-74-5 1481 27988 125 58 114 11992  —1511 —0.463
53 B-SelineneST 17066-67-0 1485 28130 01 02 01  —0.260 0.027 0.008
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Table 1. Cont.

No Compound CAS RI RT. 2019 2020 2021 bremp. bprec- binsol-
54 NI-14 - 1487 28.220 0.1 - - 0.002 —0.013  —0.001
55 NI-15 - 1492 28470 03 02 01  —0.065 —0.009 0.004
56 BicyclogermacreneST 24703-35-3 1495 28545 1.0 0.1 0.6 1233  —0.182  —0.047
57 a-MuuroleneST 10208-80-7 1498 28690 03 02 02 0.023 —0.014  —0.002
58 Germacrene AST 28387-44-2 1503 28.894 02 01 04 0.278 —0.029  —0.018
59 B-BisaboleneST 495-61-4 1506  29.033 0.8 - - 0.683 —0.138  —0.018
60 v-Cadinene®T 1460-97-5 1512 29260 04 04 02  —0.230 0.013 0.011
61 endo-1-Bourbonanol 95T 131435-09-1 1514 29363 01 01 01  —0.085 0.004 0.001
62 5-CadineneST 483-76-1 1521 29.654 20 14 12 0.460 —0.099  —0.004
63 x-CadineneST 24406-05-1 1535 30218 0.1 - - 0.002 —0.013  —0.001
64 a-CalacoreneST 21391-99-1 1540 30440 01 0.2 - —0.348 0.032 0.014
65 NI-16 - 1550 30.847 08 17 05 —1.852 0218 0.085
66 1-nor-Bourbonanone®ST 13844-03-6 1558 31.183 03 04 01  —0415 0.036 0.019
67 Palustrol©ST 95975-84-1 1564 31418 02 03 01  —0.338 0.031 0.014
68 NI-17 - 1575 31.832 05 03 16 1.281 —0.100  —0.074
69 SpathulenolOST 6750-60-3 1576 31883 13 09 03 —0.141 —0.040 0.023
70 Caryophyllene oxide®ST 1139-30-6 1581 32.114 54 138 51 —14497  1.881 0.652
71 Viridiflorol©ST 552-02-3 1588 32399 0.1 - - 0.002 —0.013  —0.001
72 Salvial-4(14)-en-1-one®ST 73809-82-2 1590 32493 0.1 - - 0.002 —0.013  —0.001
73 NI-18 - 1598 32858 03 06 01 —0766  0.081 0.034
74 Humulene epoxide I1O5T 19888-34-7 1604 33.107 08 1.8 07 —1.850  0.231 0.082
75 NI-19 - 1607 33190 03 05 01  —0.591 0.058 0.027
76 Junenol©ST 472-07-1 1614 33451 01 0.1 - —0.173 0.009 0.006
77 NI-20 - 1618 33616 02 04 01  —0513 0.054 0.021
78 1-epi-Cubenol ST 19912-67-5 1624 33.843 0.1 - - 0.002 —0.013  —0.001
79 NI-21 - 1628  34.005 01 02 - —0.348 0.032 0.014

Caryophylla-4(12),8(13)-dien-5-a-
80 O%IT 19431-79-9 1633 34154 02 05 - —0.776  0.081 0.034
81 epi-a-Cadinol (=7-cadinol)OST 5937-11-1 1637 34385 05 05 07 0.135 —0.008  —0.010
82  epi-a-Murrolol (=t-muurolol)®5T  19912-62-0 1644 34552 02 03 02  —0.249 0.026 0.008
83 a-Cadinol©ST 481-34-5 1651 34868 14 19 14  —0.822 0.110 0.038
84 NI-22 - 1654 34993 05 12 01 —1.622  0.180 0.075
8 Hydroxy-S-eprins- 79768255 1668 35514 09 17 05 —175 0201 0083

Caryophyllene
86 Cadalene® 483-78-3 1672 35675 01 0.1 - —0.173 0.009 0.006
87 Mustakone®ST 1209-912 1675 35795 01 0.3 - —0.523 0.054 0.021
88 a-Bisabolo]©OST 72691-24-8 1679 35928 0.1 02 - —0.348 0.032 0.014
89 Germacra'4S_‘L;O)I'SQTO(“)'men'l' 81968-62-9 1683 36090 04 04 02 0230 0013 0011
90 NI-23 - 1687 36253 05 04 05 0.133 —0.020  —0.007
91 NI-24 - 1762  39.068 02 03 02  —0.249 0.026 0.008
92 NI-25 - 1834 41633 01 02 01  —0.260 0.027 0.008
93 610,14 trimethy!2- 502-69-2 1840 41869 02 03 01 —0338 0031 0014
Pentadecanone

94 NI-26 - 2052 48969 - 0.1 - —0.270 0.027 0.009
95 NI-27 - 2114 50810 02 04 01 —0513 0.054 0.021
96 Tricosane® 638-67-5 2300 56362 02 0.2 - —0.251 0.014 0.012
97 3-Methyltricosane® 13410-45-2 2374 58376 0.1 - - 0.002 —0.013  —0.001
98 Pentacosane® 629-99-2 2500 61796 05 06 01  —0.571 0.045 0.030
99 NI-28 - 2595 64381 - 0.1 - —0.270 0.027 0.009
100 Heptacosane® 593-49-7 2699 66.898 03 05 - —0.679 0.064 0.032
101 Nonacosane® 630-03-5 2895 71698 0.1 04 - —0.698 0.077 0.029
102 Untriacontane® 630-04-6 3095 76203 01 0.3 - —0.523 0.054 0.021

Monoterpene hydrocarbons (MT) 3.1 21 6.5

Oxigenated monoterpenes (OMT) 482 470 522

Sesquiterpene hydrocarbons (ST) 29.1 163 265
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Table 1. Cont.
No Compound CAS RI RT. 2019 2020 2021 bremp. bprec- binsol-
Oxigenated sesquiterpenes (OST) 123 232 94
Phenylpropanoids (PP) 0.1 - -
Other (O) 2.0 2.7 0.4
NI 52 8.7 5.0
Total 100.0 100.0 100.0

RI—Retention Index; RT—Retention Time; NI—Not Identified compound; biemp—regression coefficient for
temperature; bprec—regression coefficient for precipitation; bis,1—regression coefficient for insolation.

Figure 1 depicted the average daily temperatures, the sum of precipitation, and the
sum of insolation for 2018-19, 2019-20, and 2020-21 years, which was presented in this
research. The yearly averages of these data were used to build a set of multiple linear
regression models to predict the amount of specific compounds present in the plant material.
The obtained multiple linear regression models showed the influence of the average daily
temperatures, the sum of precipitation, and the sum of insolation on the concentration of
each compound obtained by GC MS analysis. These are presented in Table 1.

200 30
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160 - 25 M2018-19
— 140~ M 2019-20
= 140 20 5
£ 120+ & 2020-21
g 2
=] 3
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= [
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Figure 1. The average daily temperatures, the sum of precipitation (a), and the sum of insolation (b)
used in this research taken from the nearest meteorological station for Rtanj Mt.

The average daily temperatures, the sum of precipitation, and the sum of insolation
used in this research are taken from the nearest meteorological station located in Ni3
(distance by air 48.6 km), Republic Hydro-meteorological Service of Serbia (Figure 1). In
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August-October, weather conditions were essential as N. nuda is a perennial plant, and
the temperatures, precipitations, and insolation influence the accumulation of compounds
necessary for the overwintering period. The dormancy period (November-April) is charac-
terized by temperatures below 13.5 °C. The period from May to July, i.e., pre-flowering and
flowering is very important for accumulating secondary metabolites.

The correlative heat map graphic was employed to analyze the relations in essential
oil compounds of N. nuda samples from 2019, 2020, and 2021 are illustrated in Figure 2. It
can be observed from the figure that the darker green area color, symbolizes the similarity
in content for two active compounds, which presents a more significant correlation linking
recognized active compounds. On the contrary, the lighter tone symbolizes a particular
dissimilarity in the content of active compounds. Accordingly, the lighter color tone
indicates a lower correlation.

B e T e N

-~
- =

£
Rl

Figure 2. Heat map of active compounds content in the essential oil of N. nuda samples from 2019,
2020, and 2021 (the compound codes are listed in Table 1).

Conversely, the red color signifies a negative correlation within active compounds.
The correlation analysis data was used to test the relation between different compound
content in the plant material, while the cluster analysis was employed to recognize the
sequence of compound abundance obtained in plant material in samples from 2019, 2020,
and 2021. The main idea was to map the investigated plant material presented with its
inter-correlation features of the compound contents for the literature known cases.

Like the heat map statistic method, the PCA analysis was performed to test the
correlations between the essential oil compounds of N. nuda samples from 2019, 2020, and
2021, and the results are presented in Figure 3. The points shown in the PCA graphics,
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which are geometrically close to each other, indicate the similarity of patterns representing
these points.
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Figure 3. The PCA biplot diagram describing the relations between essential oil compounds of
N. nuda samples from 2019, 2020, and 2021 (the compound codes and samples codes are noted in
Table 1).

The vector’s orientation describing the variable in factor space indicates an increasing
trend of these variables, and the length of the vector is proportional to the square of the
correlation values between the fitting value for the variable and the variable itself. The
angles between corresponding variables indicate the degree of their correlations (small
angles corresponding to high correlations). Therefore, the correlation between different
compounds content and also the content of the obtained compounds can be easily accessed
visually from Figure 3.

Comprehensively explaining the structure of the experimental data would provide a
more profound description of connections between different samples of N. nuda from 2019,
2020, and 2021. PCA was used, and the obtained results are displayed in Figure 3. The
first two PCs demonstrated 100% of the total variance in the laboratory data. The first PC
explained 64.78%, and the second 35.22% of the total variance between the experimental
data. The parting within samples could be seen from the PCA figure, where the samples
from N. nuda essential oil composition during 2019 are grouped on the bottom, 2020 on the
left, and 2021 on the right side of the graphic.

According to the literature and average values from this study (Table 2), the unrooted
cluster tree with 33 samples of N. nuda essential oil was plotted (Figure 4), showing that
there are four chemotypes: (1) nepetalactone chemotype, which could be divided into
two subgroups: with a high nepetalactone content (62.7-71.0%) and with a very high
nepetalactone content (74.3-84.8%); (2) 1,8-cineole chemotype (21.0-63.8%); (3) mixed
chemotype—nepetalactone+1,8-cineole+germacrene D (28.4-39.1%, 22.9-24.6%, and 13.5%,
respectively); and (4) nonspecific chemotypes, with two subgroups: single dominant
compound—geijerene [8] and (3-elemene [6], and mixed compounds [6,12,15,16,18]. Table 2
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shows 32 accessions of N. nuda essential oil from the literature and the results from this
study with the 12 most abundant compounds (on average more than 1.0%).

Table 2. N. nuda essential oil composition from this study and literature (32 accessions).

(%) (%)
3 ) E’ g v
> g = 2 E’ o é g g Y g 3 %
= T ¢ 8 % 0§ 2 ¢ B § 5 2 3
No  Ref. g = § & 2 3 £ & & £ 3 & 73
= © ® E & <, ] = g a 3 s 2
s 2 58 9 &5 & & © a2
Z. O s 2 & <
N <
i @]
1 TS Serbia, Rtanj 0.1 461 99 5.0 8.1 0.8 0.7 0.0 2.0 1.5 0.0 0.3
2 [6] Turkey, Odemis 0.0 04 0.0 3.2 01 101 768 0.0 0.0 0.0 07 00
3 [6] Turkey, Dursunbey 0.0 1.0 6.6 182 0.0 212 26 0.0 0.0 0.9 0.6 0.0
4 [7] Serbia 37 370 0.0 23 23 0.0 0.0 0.0 14 31 0.0 0.0
5 [8] Turkey, Kuyucak 0.0 1.6 0.8 1.9 1.9 1.0 04 610 0.0 0.0 0.0 0.0
6 [9] Iran, Meshkin 71.0 3.0 0.9 04 0.6 0.6 0.0 0.0 0.8 0.5 0.0 0.0
7 [9] Iran, Heris 80.3 1.1 0.5 0.5 0.9 0.9 0.0 0.0 0.3 0.3 0.0 0.0
8 [9] Iran, Maragheh 775 14 0.9 0.2 0.3 1.1 0.0 0.0 06 05 0.0 0.0
9 [9] Iran Meshkin-Heris 848 1.0 04 06 0.9 1.0 0.0 0.0 04 04 0.0 0.0
10 [10] Turkey, Gokcedag 743 07 00 2.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 1.3
11 [11] Tajikistan, Yovon 284 246 135 127 1.1 0.0 0.0 0.0 3.3 0.0 0.0 0.3
12 [12] Turkey, Erzurum 181 03 157 88 0.0 6.1 0.0 0.0 0.0 3.7 0.0 0.0
13 [13] Turkey, Anatolia 00 210 0.6 0.2 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0
14 [14] Greece, Parnassos 780 33 1.9 0.0 2.0 0.0 0.0 0.0 0.0 3.1 0.0 14
15 [15] Lebanon, Laklouk 127 21 0.0 1.6 6.9 27 00 0.0 0.0 25 00 118
16 [15] Lebanon, Tannourine 8.1 0.0 0.6 2.5 7.3 1.9 0.0 0.0 0.0 0.9 0.0 7.8
17 [16] Turkey, Cimen 0.0 6.4 28 240 0.0 74 00 00 100 0.0 0.8 0.0
18 [17] Kazakhstan 163 289 4.0 23 44 0.0 0.0 0.0 0.0 0.0 0.0 0.5
19 [2] Serbia, Suva planina 00 622 22 36 20 0.2 0.0 00 44 06 0.0 0.2
20 [2] Montenegro, Durmitor 00 638 18 3.6 6.0 0.2 0.0 0.0 1.2 1.1 0.0 0.3
21 [18] Turkey, Anatolia 00 51 04 54 218 138 0.0 0.0 06 00 0.5 0.0
22 [19] Belgium 627 112 49 0.8 0.4 0.0 0.9 0.0 0.5 45 0.0 04
23 [19] Belgium 67.0 10.1 10.0 0.6 0.0 0.0 0.7 0.0 0.5 1.4 0.0 0.9
24 [19] Belgium 845 18 46 2.7 0.6 0.0 0.2 0.0 0.1 1.6 0.0 0.0
25 [19] Belgium 809 34 0.4 1.3 6.4 0.0 0.0 0.0 02 08 0.0 0.0
26 [19] Belgium 814 43 0.2 24 1.9 0.0 0.2 0.0 07 07 0.0 0.6
27 [19] Belgium 39.1 229 135 24 21 0.0 0.2 0.0 1.6 07 00 0.0
28 [19] Belgium 220 380 172 04 0.0 0.0 04 0.0 2.1 1.8 0.0 1.6
29 [19] Belgium 130 374 230 18 24 0.0 0.3 0.0 2.9 2.5 0.0 0.3
30 [19] Belgium 815 6.7 1.7 22 1.5 0.0 0.1 0.0 0.5 2.7 0.0 0.0
31 [20] Bulgaria, Znepole 643 00 00 09 54 00 00 0O 00 00 00 17
32 [21] Turkey, Ermenek 00 291 0.0 24 20 144 00 0.0 0.1 00 317 00
33 [22] Turkey, Icel 771 15 0.0 1.8 44 0.0 0.0 0.0 0.9 0.0 0.0 2.7
AVERAGE 372 145 42 36 29 25 25 1.8 1.1 1.1 1.0 1.0

Ref.—Reference source; TS—This Study (average value for all three investigated years).

As stated in the unrooted cluster tree (Figure 4), N. nuda essential oil nepetalactone
dominated in nearly all samples (in various proportions, the highest content was 84.8%, [9].
In contrast, in samples 19 and 20, 1,8-cineole reached 62.2% and 63.8%, respectively [2], and,
in two samples, non-specific single compounds were geijerene, 61.0% [8], and (3-elemene,
76.8% [6].
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Nepetalactones (28.4-30.1%),
1,8-Cineole (22.9-24.6%),
Germacrene D, 13.5%

1,8-Cineole (21.0-63.8%)

Nonspecific
Mixed chemotype

Nonspecific
Single

5 Geijerene, 61.0%

2 B-Elemene, 76.8%

Nepetalactones
(62.7-71.0%)
Nepetalactones High content
(74.3-84.8%)
Very high
content

Figure 4. Unrooted cluster tree for the chemical composition of essential oil compounds of N. nuda
according to the literature and this study (the samples are coded according to Table 2).

4. Discussion

The main volatile compounds obtained by GC-MS technique from N. nuda during
all three years were 1,8-cineole with 46.1% on average (ranging from 44.2% to 49.1%),
germacrene D with 9.9% on average (ranging from 5.8% to 12.5%), caryophyllene oxide
with 8.1% (ranging from 5.1% to 13.8%), and trans-caryophyllene with 5.0% (ranging from
3.1% to 6.6%) (Table 1). The sesquiterpenes, trans-caryophyllene, and germacrene D, were
significantly lower in the second year of investigations (3.1% and 5.8%, respectively).

On the other hand, by comparing the first and the second investigation year (5.4%
(2019) and 6.6% (2020) for trans-caryophyllene, and 12.5% (2019) and 11.4% (2020) for
germacrene D), while oxygenated sesquiterpene caryophyllene oxide was present at a
significantly higher concentration (13.8%) in 2020 in comparison to 2019 (5.4%) and 2021
(5.1%). The transformation of sesquiterpenes could influence this to oxygenated forms
under favorable weather conditions (lower temperatures and high precipitation). However,
weather conditions during the vegetative period influenced the accumulation of essential
oil compounds, especially during the pre-flowering and flowering periods (June).

On the one hand, 1,8-cineole was the amplest component (46.1% on average for
three years). The influence of temperatures was positive (the regression coefficient was
9.711), while the impacts of precipitation and insolation were negative (—0.624 and 0.327,
respectively) on the accumulation. The same trend was noticed for trans-caryophyllene and
germacrene, the positive influence of the temperature with regression coefficient 5.567 and
11.992, accordingly, while the impacts of precipitation (—0.603 and —1.511, respectively)
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and insolation (—0.245 and —0.463, respectively) were negative. On the other hand, the
influence of increased temperatures was negative on the accumulation of caryophyllene
oxide (the regression coefficient was —14.497), while the impacts of precipitation and
insolation were positive (1.881 and 0.652, respectively).

Correlative analysis (using a correlation heat map) was employed to test the relations
between different essential oil compounds content in N. nuda ssp. nuda samples from 2019,
2020, and 2021 (Figure 2). The results indicated statistically significant (p < 0.05), high
correlation coefficients between the contents of d-terpineol, «-terpineol, and 6-elemene and
the contents of a-copaene, 3-bourbonene, x-calacorene, palustrol, cadalene, heptacosane,
and untriacontane. High correlation coefficients (p < 0.005) were noticed between the
contents of x-pinene, d-terpineol, a-terpineol, 5-elemene, and x-ylangene, and the contents
of 3-bourbonene, y-muurolene, and cadalene content. The PCA analysis also explained the
complex relations between different compound contents.

According to the literature references, the unrooted cluster tree unveiled the four
chemotypes of N. nuda essential oil: the nepetalactone chemotype group (with two groups
with high nepetalactone content and very high nepetalactone content); 1,8-cineole chemo-
type group; mixed chemotype group (high content of nepetalactone+1,8-cineole+germacrene
D); and nonspecific chemotypes group (with a single dominant compound—geijerene and
[-elemene, and the group of mixed compounds.

Based on the results of this study, the samples investigated here belong in the second
chemotype group (high 1,8-cineole content). Even though there are several classifications of
N. nuda chemotypes with monoterpene and sesquiterpene dominant or nepetalactones-rich
and nepetalactones-poor groups, this is the first study including all data available via
online scientific databases applied for constructing an unrooted cluster tree (Figure 3),
to demonstrate the differences between groups. This model was previously successfully
applied to Hyssopus officinalis [39], Helichrysum italicum [40] and Marrubium vulgare [41].

5. Conclusions

Analysis of N. nuda essential oil during three successive years showed that the most
dominant compounds were 1,8-cineole (44.2-49.1%), germacrene D (5.8-12.5%), caryophyl-
lene oxide (5.1-13.8%), and trans-caryophyllene (3.1-6.6%). Nevertheless, the weather
conditions slightly influenced the accumulation ratio of essential oil compounds. The
impact of temperature on the accumulation of the most abundant component of N. nuda
essential o0il, 1,8-cineole, was positive, while the influence of precipitation and insolation
was negative.

The same trend was noticed for trans-caryophyllene and germacrene, while the effect
on caryophyllene oxide accumulation was the opposite. We created a multiple linear
regression model and performed statistical analyses to provide knowledge about the
prediction, feature profile, and the similarity in active compound contents of the N. nuda
essential oil. Based on the results of the cluster tree, there were four chemotypes of N.
nuda: nepetalactone, 1,8-cineole, mixed (nepetalactone+1,8-cineole+germacrene D), and
nonspecific chemotypes.

The N. nuda and its essential oil are promising materials with high biological potential
that deserve additional thorough studies. The superb quality of N. nuda essential oil
indicates the possibility of producing this species in plantations in Serbia. According to
the results, the weather conditions in Rtanj Mountain (Serbia) are favorable for growing
this species. Weather conditions in the period of August—October were essential for the
accumulation of compounds necessary for the overwintering period. In the future, global
climate warming could contribute to the quality of this plant essential oil. Due to its
position Mt. Rtanj can become a significant growing region for N. nuda as a high-quality
raw material. Future research should focus on optimizing the technology of growing
this plant.
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