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Abstract

Species of Ilex genus are particularly rich in bioactive constituents such as polyphenols,
saponins, and alkaloids. In terms of phytochemical research, volatile compounds have
not been as widely investigated as non-volatile ones. Therefore, in the present research
we investigated the phytochemical profile of selected llex species by headspace-solid
phase-microextraction coupled with gas chromatography-mass spectrometry (HD-SPME-
GC/MS). Phytochemical profile between the same and different species was variable. For
this reason, it was investigated by principal component analysis (PCA), matrix correlation
(calculation of R? and Pearson correlation parameter between samples) as well as hierarchi-
cal clustering (dendrogram). In our results, we exhibited that the amount of (Z)-2-hexenal
and methyl salicylate was the most important factor for ascertaining similarity between
samples. However, concentrations of some of these components were insufficient to de-
scribe all dependencies between Ilex specimens. Further analyses (PCA and dendrogram),
exhibited that thymoquinone had secondary impact on phytochemical profiles similarity,
as did o-methyl-anisole, (E)-2-decenal, salicylaldehyde and (Z)-3-hexen-1-ol. Differences
of profile between samples may result from many factors such as local environmental
conditions, creation of different chemotypes or even infestation by unknown pathogens or
the presence of non-pathogenic microorganisms. Further research is required to investigate
this phenomenon. Moreover, it was found that some of Ilex species may be potential sources
of bioactive volatile components.

Keywords: Ilex sp.; volatile compounds; PCA; correlation matrix; HD-SPME-GC/MS

1. Introduction

Hollies are shrubs and trees of the monogeneric family Aquifoliaceae, in the genus llex
L. specifically. With 669 Ilex species described in the literature, it is probably the second
largest genus in the plant kingdom, right after Diospyros L. [1]. It is accepted in the literature
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that the genus most likely originated in Southeast Asia and later spread to other mesic
habitats, achieving near cosmopolitan status [1]. Among the many uses of Ilex species,
the widest known is its use in preparation of yerba mate, which is widely used in South
American countries as a stimulant to reduce fatigue and as a tonic. However, various health
benefits of mate have also been reported in the literature, especially its hepatoprotective,
hypocholesterolemic, anti-inflammatory, antioxidant, as central nervous system stimulant,
as well as antithrombotic and antirheumatic properties [2]. Such properties result from a
variety of bioactive chemical compounds found in Ilex paraguaiensis, and extracted during
the preparation of the beverage, namely polyphenols, among them chiefly various chloro-
genic acids, xanthines like caffeine and theobromine, flavonoids, amino acids, vitamins and
minerals. There is, however, a health risk concerning mate consumption, as it may contain
polycyclic aromatic hydrocarbons [3]. Other Ilex species used to make teas are found in
China, such as I. latifolia and . kaushe. Those, however, do not contain caffeine, which may
limit their marker appeal. There is a tradition of using Ilex species in medicine, especially
in China and South America. In China I. chinensis and I. cornuta were widely used since at
least the 16th century; however, there is very little data on their actual pharmacological
effectiveness. There is some literature on I. brevicuspis and I. guayusa, but the lion’s share
of articles concentrates on the pharmacological properties of I. paraguaiensis [1]. Other
species, such as I. aquifolium in Europe, have been used as ornamental plants and a source
of timber [1]. Another species used as an ornamental plant, but also as a food source
and medicine, is I. perneyi, also found in China [4]. Other hybrid llex species used as an
ornamental plant and recently in food processing is I. meserveae [5].

Considering the great diversity of llex species and their diverse uses, only a few of
them have been mentioned in this paper together with their known bioactive non-volatile
compounds. It is surprising how few inquiries into volatile fractions found in Ilex species
have been published. Of those, nearly all concentrate on I. paraguaiensis, while other
species remain virtually terra incognita. This is quite surprising, as many of those species
have pharmacological or at least folk medicine uses [1]. Among volatile compounds
identified in I. paraguaiensis were hydrocarbons like dodecane, tridecane, tetradecane,
pentadecane, monoterpens: myrcene, linalool, 3-cyclocitral, geranial, nerol, geraniol and
geranyl acetate, norisprenoids: 3-damascenone, x-ionone, 3-ionone, as well as carbonyl
compounds: 6-methyl-5-hepten-2-one, (E,Z)-3,5-octadien-2-one, aldehydes: nonanal, (E,Z)-
2 4-heptadienal, (E,E)-2,4-heptadienal, (Z)-2-decenal, (E)-2-decenal, (E,E)-2,4-decadienal
and alcohol: 1-octanol, to mention the more abundant ones [6]. There are two main
methods used to analyse volatile compounds: Likens-Nickerson and headspace-solid
phase micro-extraction (SPME), which are usually coupled with gas chromatography (GC)
and mass spectrometry (MS) [7,8]. Likens—Nickerson is the older one, and in brief it
allows for extraction of aromas through placing the sample in Likens-Nickerson apparatus,
extracting it with solvents and the subsequent removal of solvents, which leaves pure
volatile compounds [6]. SPME achieves similar effects in a different way, by heating and
agitating the sample in the presence of previously desorbed SPME fibre, which absorbs
aromas released from the sample. Those can be released from the fibre by heating. Usually,
volatile compounds sourced thusly are later analysed by GC-MS, which allows for their
precise identification and quantification [3,9].

We aim to analyse rarely researched species of the llex genus which are available to us
and establish their volatile compound profiles and potential use. Among those we selected
varieties of Ilex meserveae, llex aquifolium, llex altaclariensis and Ilex perneyi. All of those
varieties, as well as their parent species, all are possessed of evergreen leaves, albeit they
vary greatly in growth strength, shape and colour of leaves, which are often notched and
spiky, with wavy edges. Ilex aquifolium is the most common choice for ornamental plants,
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due to its dark green, leathery, shiny leaves. We analysed three varieties: Ilex aquifolium
‘Alaska’ female variety, very valuable due to the glossy leaves, slow growth and high
resistance to low temperatures up to —29 degrees Celsius; llex aquifolium ‘Pyramidalis Aurea
Marginata’ variety with yellow-colored leaves margins with dense, pyramidal growth;
and Ilex aquifolium ‘Argentea Marginata’ shrubs with yellow-coloured leaves margins and
red fruits. The latter is also known as “Argenteamarginata’. The second most common
in cultivation is Ilex meserveae, a hybrid of llex aquifolium and Japanese Ilex rugosa. We
analysed Ilex x meserveae ‘Blue Girl” female variety characterized by a dense growth and
red fruit; Ilex x meserveae ‘Blue Angel” female slowly growing variety with red fruits; and
Ilex x meserveae ‘Mesgolg’ characterized by hard, broadly elliptical nearly flat leaves, of
sharp top and cuneatic base, with serrated margins. It has a dark green top of the leaf
blade, and a light green bottom with a blue tone. A variety form lemon-yellow fruits. The
last among those was llex x meserveae ‘Mesan’” male variety with hard, oval or broadly
elliptical evergreen leaves, with serrated margins, a glossy top and light green bottom of
the leaf blade. We have also included Ilex X altaclarensis ‘Lawsoniana’, a hybrid between
Ilex aquifolium and llex perado, occurring in Madeira, Canary Island and Azores; and Ilex
perneyi coming from Mongolia and North-East China, where it forms high shrubs or low
trees up to 7 m [10,11].

Volatile compounds play a significant role in plant defense mechanisms, food preserva-
tion, and the fragrance industry. They are essential for plant communication and interaction
with the environment, contribute to the aroma and scent properties of food, and have both
positive and negative environmental impacts [12]. So far, our research has focused on
polyphenolic compounds, saponins, and fatty acids contained in Ilex sp. [11,13-16]. In
order to better understand and learn more about the Ilex species, the aim of our research
was analysis of Ilex volatile components. We hope it will allow us to establish how similar or
dissimilar their volatile fractions are, which in turn could inform future research regarding
their potential applications, as well as shed some light on their metabolism.

2. Results
2.1. HD-SPME-GC/MS Profiles of llex spp. Volatile Components

Results of headspace-solid phase microextraction coupled with gas chromatography
and mass spectrometry (HD-SPME-GC/MS) analyses of Ilex spp. volatile component pro-
files were presented in Table 1 (HD-SPME-GC/M profile of Ilex spp. volatile compounds).
Components were identified by a comparison of their GC-MS spectra and retention indexes
to those of the literature. A total of 39 components were identified. Among them, only two
components had unclear identification.

Generally, in all samples three main groups of components were found—non-terpenes
aliphatic components, non-terpenes aromatic derivates and terpenes and terpenoids. No
singular component dominated HD-SPME-GC/MS profiles of volatile components of inves-
tigated cultivars (concentration > 50%). Most of them exhibited rather mixed composition
of different numbers of components. In most cases, their concentration usually did not
exceed 30%.

Non-terpenes aliphatic components took from 9.43% (I.pe.M) to 83.96% (L.aq.F6) of
all peaks area. Most samples had around 40% of those compounds. This group was
mainly composed of alcohols (from 2.01% to 36.57%) and ketones aldehydes with ketones
(from 7.42% to 76.39%). Among all non-terpenes aliphatic components, the most prevalent
derivative was (Z)-2-hexenal. It was observed in every cultivar, with concentrations ranging
from 0.28% to (I.pe.M) to 73.8% (I.aq.F6). The next most concentrated non-terpene aliphatic
compounds were (E)-2-decenal (the highest concentration in I x alt.F) and 3-hexen-1-ol
(the most abundant in I x m.E3).
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Table 1. HD-SPME-GC/M profile of Ilex spp. volatile compounds.

Compound ERI LRI lLaq.F1 lLaq.F2 lLaq.F3 laqF4 laqF5 lLaqF6 IxmFl IxmF2 IxmF3 IxmF4 IxmF5 IxmF6 IxmMl IxmM2 I x alt.F LpeM
(Z)-2-Hexenal 830 827 1532 295 770 416 1630  73.80 32.68 30.96 3.56 17.11 41.40 20.86 4.70 55.04 9.27 028
(Z)-3-Hexen-1-ol 845 839 131 005 1103 031 067 415 8.70 9.66 25.95 12.68 11.74 574 15.03 691 197 033
Hexan-1-ol 860 854 275 176 1003 076 061  2.63 9.12 10.85 1.63 1.85 10.43 15.88 3.89 3.07 2.01 041
e g !
2'415)';‘236“31 872 nd. 238 140 002 020 001 0.00 0.34 0.24 0.65 3.41 0.17 0.24 4.04 0.70 0.19 0.04
2'4'11;2‘12?11?“&1 882 877 067 006 054 003 004 088 0.69 0.15 0.14 0.58 0.84 031 0 0.19 0.50 0.02
2-Methyl-1-hexanol ~ 915 917  0.04 004 004 020 004 002 0.00 0.00 0.07 0.06 0.01 0.07 0.02 0.00 0.03 0.01
Benzaldehyde 938 942 337 799 425 535 620 270 0.22 7.36 7.79 8.35 0.14 3.79 1.98 5.85 9.23 2.29
4-Octanol 98 972 000 009 055 035 060 011 0.13 0.09 0.53 0.85 242 1.81 0.60 1.85 2.50 0.01
B-Pinene 977 973 016 005 006 007 001 179 0.04 0.06 0.13 0.17 324 111 0.07 0.55 0.02 0.17
6'Meth2y_l(;i'ehepte“' 972 975 246 132 440 085 013 039 0.03 0.07 0.18 0.16 0.04 0.23 0.14 0.07 0.43 0.29
2"*'@2%1?{“‘““' 974 977 456 847 0.5 5.57 1.14 1.12 0.72 0.40 1.13 3.07 0.06 0.22 0.57 0.18 0.09 2.67
2-Pentyl-Furan 976 979 2.90 0 044 056 019 081 2.84 0.23 0.20 2.72 0 0.35 0.33 0.11 1.05 2.56
2'4'§§pmt:fifml' 979 980 328 1086 083 252 075 0 0 0.56 073 0.70 0.12 0.63 037 0.20 1.20 0
3-Octanol 978 98 104 032 112 062 091 055 4.08 028 1.00 1.16 5.09 2.33 1.00 5.50 2.84 0.19
trans-2-(2- 983 985 059 073 002 316 014  1.03 1.26 0.03 057 8.45 0 0.65 0.31 0.03 0 0.07
Pentenyl)furan
2-Octanol 988 988 052 007 081 019 093 001 244 0.19 0.89 0.92 5.85 1.32 1.33 324 5.15 0.09
1-octanal 998 998 1.80 040 1099  1.30 0 1.36 0 0.28 053 15.37 228 0 11.03 0.21 0 0.07
o-Methyl-anisole, ~ 1004 1006 0.61  6.37 0 1241 023 463 12.43 4.01 21.70 0 0 14.54 0 7.97 7.14 1.18
p-Cymene 1016 1015 588 136 527 275 136  0.02 1.17 048 1.09 1.00 1.30 0.22 10.82 0.29 1.06 0.95
Limonene 1022 1025 925 395 692 732 333 036 4.77 1.98 4.46 5.34 3.27 3.03 1.59 1.28 427 213
(E)-2-Octen-1-al 1032 1035 329 280 004 038 019  0.05 0.45 0.04 0.19 0.50 0.07 0.29 0.40 0.14 0.52 043
trans-Rose oxide 1112 1115 049 026 008 006 006  0.04 0.17 0.03 0.05 0.12 0.03 0.06 0.03 0.02 0.07 0.01
tm”s'p'lff)rllth'z'er" 1134 1130 130 052 008 019 005 025 0.00 0.01 0.07 0.08 0.08 0.13 0.07 0.09 0.02 0.06
1,38-p- 1116 1119 052 027 465 202 005 001 0.17 0.75 0.03 0.22 0.25 1.10 0.12 043 0 0.05
Menthatriene
(E)-2-Nonenal 1130 1134 088 050 261 226 052 004 0.62 0.08 0.19 0.25 0.11 0.55 021 0.04 5.67 0.81
5-Terpineol 1145 1148 020 003 033 017 019  0.07 0.50 0.07 0.36 0.27 0.17 034 0.10 0.07 0.14 0.13
Neomentol 1154 1156 012 026 024 041 007 023 0.02 0.03 0.12 0.04 0.02 0.32 0.05 0.02 0.03 0.01
Methyl Salicylate 1173 1171 1449 2431 095 408 3662  0.00 1.5 19.05 20.57 0.24 0.17 2.73 0.29 226 0.21 72.83
a-Terpineol 1175 1176 002 013 039 201 016 077 0.10 0.07 047 0.64 0.02 3.57 0.50 0.01 0.15 0.18
B-Cyclocitral 1196 1194 167 182 063 101 066  0.11 0.36 053 0.60 0.81 0.22 1.02 0.50 0.31 0.53 0.16
Nerol 1212 1210 015 051 185 304 236 0.0 2.55 0.29 021 3.70 2.5 1.81 1.75 0.07 479 0.57
Thymoquinone 1216 1215 219 039 650 1374 916 079 1.41 0.93 0.11 0.39 123 0.73 25.64 0.46 213 3.83
Cuminaldehyde 1219 1217 048 073 070 232 028 002 0.16 0.16 047 0.38 0.16 0.65 0.10 0.01 0.20 0.29

B-Homocyclocitral 1234 1236 0.07 0.32 0.07 0.15 0.07 0.01 0.03 0.08 0.11 0.48 0.03 0.23 0 0.07 0.05 0.02
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Table 1. Cont.
Compound ERI LRI lLaq.F1 lLaq.F2 lLaq.F3 laqF4 laqF5 lLaqF6 IxmFl IxmF2 IxmF3 IxmF4 IxmF5 IxmF6 IxmMl IxmM2 I x alt.F LpeM
(E)-2-Decenal, 1238 1240 160 466 498 450 175  0.05 5.65 2.39 0.61 347 3.27 271 1.61 0.18 27.95 249
2-Hydroxy-benzoic
acid 1251 1252 142 061 097 019 957 001 0.93 1.64 0.13 021 0.90 0.74 0.34 0.06 1.24 0.30
ethyl ester
”'Eatﬂﬁzin_zyl 1259 nd. 005 004 001 004 001 013 0.00 0.01 0.02 0.03 0.07 0.00 0.02 0.01 0.02 0.05
2-Undecanone 1270 1273 099 167 023 054 024  0.02 0.00 0.02 0.15 0.08 0.03 0.09 0.08 0.07 0.22 0.24
Terpinene 4-acetate 1291 1290 0.02 007 000 016 001 001 0.05 0.01 0.28 0.11 0.36 0.38 0.41 0.17 0.04 0.28
2-Undecanol 1300 1301 267 226 235 464 188  0.09 1.88 0.75 033 0.99 0.97 1.24 1.32 053 3.74 0.93
3-Undecanol 1305 1308 012 014 052 007 004 001 0.05 0.13 0.03 0.07 0.06 0.16 0.05 0.02 0.11 0.04
1-Phenyl-1- 1325 1327 046 153 006 059 014 001 0.00 0.02 0.20 0.58 0.04 0.22 0.06 0.12 0.09 0.10
pentanone,
*(E)-2-undecenal, 1355 1357 036 101 018 009 007  0.04 0 0.08 0.08 0.18 0.01 0.11 0.11 0.02 0.25 0.15
Copaene 1372 1375 000 036 144 001 012 001 0.06 1.46 0.07 0.04 0.02 055 0 0.11 0.01 0.06
Isolongifolene 1396 1394 038 001 214 262 070  0.04 033 0.03 0.08 0.02 0.03 2.56 6.73 0.02 0.24 0.94
a-Ionone 1432 1411 300 085 002 008 004 013 0.05 047 0.35 0.11 0.18 0.73 0.01 0.36 0.07 0.06
B-Copaene 1426 1426 000 001 002 004 003 001 0.13 0.00 0.09 0.00 0.00 0.01 0.02 0.02 0.01 0.03
Dihydropseudoionone 1428 1432 151 269 113 362 056 039 0.56 0.40 0.25 0.86 0.24 0.9 033 0.10 1.73 0.72
B-ionone 1461 1466 178 265 141 160 051 013 0.61 111 0.53 1.10 0.44 250 0.94 0.49 0.44 0.15
y-Guaiene 1498 1499 072 036 016 047 022  0.04 0.21 0.70 0.27 0.07 0.17 0.01 0.07 022 0.36 0.33
$-Cadinene 1516 1517 014 007 019 023 010 015 0.00 0.73 0.04 0.01 0.03 0.10 031 0.06 0.04 0.00
Sum of components
group
non-terpene 845 473 2645 714 568 757 23.24 21.95 3043 18.58 36.57 28.55 26.4 21.12 18.35 2.01
aliphatic alcohols
non-terpene
aliphatic aldehydes 3579 357 2158 211 2114 7639 12.23 34.99 7.61 29.51 46.12 26.24 4118 57.03 46.29 7.42
and ketones
non-terpene
aliphatic 4424 4043 4803 2824 2682 8396 3547 56.94 38.04 48.09 82.69 54.79 67.58 78.15 64.64 9.43
components
Aromatic
2523 4045 17.63 2709 5296  10.67 14.3 32.61 51.51 35.37 3.56 2238 18.93 16.5 18.89 79.35
compounds
Terpenes and 3005 1767 3428 4409 201 538 50.16 10.38 10.24 15.96 13.74 215 13.45 523 164 11.13
terpenoids

Samples abbreviation: I.aq.F—Ilex aquifolium, female specimen; I x m.F—I. x meservae, female specimen; I x m.M—I. x meservae, male specimen; I x alt.F—I. x altaclarensis, female
specimen; I.pe. M—I. perneyi, male specimen. Shorts: LRI—literature retention index; ERI—experimental retention index; *—component with unclear identification.
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The second considerable group of components was non-terpenes aromatic derivates.
It was composed of mainly esters of benzoic acid (ex. methyl salicylate) and its derivatives
(ex. salicylaldehyde), as well as other types of substances (ex. p-methyl anisole). It was
the dominant group of components in four samples (I.aq.F2, L.aq.F5, I x m.F3 and L.pe.M).
The most important component of this group was methyl salicylate, which was observed
in almost all samples except I.aq.F6. The highest concentration of methyl salicylate was
observed for I.pe.M (72.83%). It was also a major component of I.aq.F2 and I.aq.F5. Apart
from methyl salicylate the remainder of non-terpenes aromatic derivates did not show
considerable presence and were rather minor components (concentration < 10%).

The last group of components were terpenes and terpenoids. In comparison to previ-
ous groups of components, terpenes and terpenoids had limited presence in HD-SPME-
GC/MS profile of most cultivars. It was the main group of components for only two
samples—I.aq.F4 (13.74%) and I x m.F1 (25.64%). Both cultivars had thymoquinone as
the main component. Most terpenes and terpenoids had a concentration under 5% among
all samples. Apart from thymoquinone only p-cymene, limonene and isolongifolene had
concentrations above 5% in some cultivars.

2.2. Statistical Analysis
Principal Component Analysis (PCA)

Results of PCA are shown in Figure 1 (Projection of the variable on the factor plane)
and Figure 2 (Projection of the cases on the factor plane). PCA exhibited that a two-factor
(two principal components) model exhibited 77.4% of quality representation. The three-
factor model had 83.8% and four-factor 89.7% of quality representation. Therefore, quality
of representation in two-factor model was over 75% and the next models changed this
value for only around 5-6%; two-factor model was found as sufficient to present a graphical
representation of samples distribution. Presentation of three-factors model (3D graph) may
lead to misinterpretation, as factor 3 exhibited considerably lower impact on quality of
representation than factor 1 and factor 2. However, due to the complex composition of
some samples, reliable analysis required inclusion of a three-factor model (see scree plot
in Supplementary Data—PCA-3 factor model). Scree plot showed that the three-factors
model had the sharpest line change.

20
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Figure 1. Projection of the variable on the factor plane (two-factors model).
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Figure 2. Projection of the cases on the factor plane (two-factors model). Legend: Main component of
samples as shown: Green triangle—(Z)-2-Hexenal; Red square—Methyl salicylate; Blue point—(Z)-3-
Hexen-1-ol; Yellow diamante—thymoquinone; Black cross—2-Decenal.

In three-factors model, factor 1 included 51.94% equivalents of covariance matrix,
factor 2 had 25.48% and factor 3 only 6.41%. The highest impact on factor 1 exhibited
two components: (Z)-2-hexenal (58.3% of variable contribution) of and methyl salicylate
(39.5% of variable contribution), respectively. A similar situation was observed for fac-
tor 2; however, methyl salicylate had a stronger impact (52.9% of variable contribution)
than (Z)-2-hexenal (34.4% of variable contribution). Factor 3 proved more complex than
factor 1 and factor 2. The highest impact on its variable contributions was shown by thy-
moquinone (28.3%), p-methyl anisole (23.4%), (E)-2-decenal (19.4%) and salicylaldehyde
(12.8%). Contributions of remaining components were under 5%.

Generally, samples may be divided into five groups (clusters) in Figure 2. Group 1
was composed of L.aq.F6, I x mM2, I x m.F5,1 x m.M1 and I x m.F2. Concentration
of (Z)-2-hexenal above 30% was the main criterion of samples similarity. For this reason,
Group 1 was named “(Z)-2-Hexenal group”.

Group 2 contained I x m.F6, I x m.F4, and L.aq.F1. The main component of this group
was also (Z)-2-hexenal, however, it varied from 20.86% to 17.11%. Moreover, inside group 2
was observed also the considerable presence of other components (from 9.25% to 15.88%).
(2)-2-Hexenal was the major component of Group 2, but not so dominant such as in Group
1 and therefore the second cluster was described as “(Z)-2-Hexenal mixed Group”.

Group 3 was composed of L.aq.F5 and I.pe.M and it contained methyl salicylate as its
major component (concentration > 30%). Due to the dominance of methyl salicylate inside
third cluster it was named “Methyl salicylate group”.

Group 4, similar to the last group, also contained significant presence of methyl
salicylate, but not so strong (>20% and >25%) as cluster 3. This group included I x m.F3
and L.aq.F2. Apart from methyl salicylate, it was also rich in others components and methyl
salicylate was not always the dominant component. For this reason, the fourth cluster was
named “Methyl salicylate mixed group”.

The last cluster (Group 5) was composed of four samples (I x alt.F, I x m.F1, l.aq.F4
and L.aq.F3). Characteristics for this group included the lack of a significant amount of
(Z)-2-hexenal nor methyl salicylate (anyone < 10%). Their samples contained 2-decenal,
thymoquinone and 3-hexen-1-ol as dominant substances. For this reason, the fifth cluster
was named “mixed group”.
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In summary, factor 1 and factor 2 had shown the most significant impact on graphical
presence groups 1, 2, 3 and 4. (Z)-2-hexenal and methy]l salicylate in most samples were
found to exercise a crucial impact on these two factors. Factor 3 was important to distinguish
group 5 from the other groups, caused by the significant presence of thymoquinone and
2-decenal. Factor 3 also served to delineate groups 2 and 4 from main groups 1 and 2.

2.3. Correlation Matrix Heat Map and Hierarchical Clustering Analysis (Dendrogram)

Results of correlation matrix between Ilex spp. are presented in Figure 3 as a heat
map. It was built of R2 parameters and arranged in terms of correlation. Full results of
correlation matrix analyses are attached as Supplementary Data. Analysis has shown that
most of the samples correlated with at least three samples (p < 0.05). In most cases the R2
parameter was also positive, which showed positive correlation.

According to the heat map for R2 parameters it was possible to obtain two main
groups. The R2 parameter for these groups was above 0.7 or higher. The first and bigger
group contained six samples: laq.F6,I x m.M2,1 x m.F5,1 x m.M1,1 x m.F2 and I x m.Fé.
The concentration of 2-Hexanal was above 20% for all samples in this group. The second
group consisted of L.aq.F2, L.aq.F5 and I.pe.M, with a concentration of methyl salicylate
above 24%. However, samples inside G1 (I x m.F2) and G2 (I.aq.F5) also correlated
with the R2 parameter 0.709 due to significant concentration of methyl salicylate (>19%).
Moreover, samples inside the G1 and G2 clusters were also correlated with samples outside
both clusters.

As we found it impossible to establish a clear dividing line in the heat map (based on
(Z)-2-hexenal and methyl salicylate concentration), hierarchical cluster analysis was used
to better track relationships between samples (Figure 4).

LpeM
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Lag.F1
Dan .F4

Dan F6

Dan.M1
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Figure 3. Heat map for R2 parameter of correlation matrix.
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Figure 4. Dendrogram of Ilex sp.

As shown in the dendrogram, most samples did not create simple cluster groups. Only
two simple clusters were possible to create among all samples. Single linkage under 50% of
Euclidean distance was created between them.

Cluster 1 was composed of five specimens (L.aq.F6, I x m.F5,1 x m.M1 and I x m.F6).
It was characterized by presence of components rich in 2-Hexanal (above 30%) so it partially
corresponded to PCA G1 and PCA G2 as well as heat map G1 groups.

Cluster 2 contained L.aq.F1 and I x m.F4. Specimens which grouped in this cluster
had similar concentrations of (Z)-3-Hexen-1-ol (around 12-13%), salicylaldehyde (around
10-15%) and some minor components (>5%).

Other clusters were created above 60% of Euclidean distance and they contained cluster
1 or 2 or both of them. Moreover, the composition of specimens’ volatile components in
these potential clusters was not as similar as in clusters 1 and 2. It was also not possible
to create any cluster of samples with a strong presence of methyl salicylate, in contrast to
PCA. These results showed that the presence of methyl salicylate was not so common as
2-Hexanal and may be connected to specific metabolic pathways. However, it is necessary
to perform follow-up investigations to prove this hypothesis.

3. Discussion

Plant volatile compounds (VOCs) are a diverse class of components that play equally
diverse roles. In effect, they encompass volatile compounds produced by plants that affect
growth and metabolism of plants, bacteria, fungi and animals, but also bacteria and fungi
produced compounds that affect the growth and development of plants through both
allelopathy and interaction with hormone regulation. It is worth noting that numerous
VOCs take part in the stress response of plants [12]. Most of the VOCs are in essence various
terpenoids produced both in leaves and in the roots of plants, although the latter are less
well understood. There are over 30,000 known terpenoids, divided into hemiterpenes (C5),
monoterpenes (C10), and sesquiterpenes (C15), which makes them the most numerous, as
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well as the most diverse group of plant compounds. Many of these number are, in fact,
volatile compounds [12].

To group samples in clearly distinguishable groups of plants related by chemical
profiles, principal component analysis (PCA) was performed. PCA has shown that two-
factor (two principal components) model covered 77.4% of quality representation, which
was deemed sufficient. Two components were found to have a dominant impact on factor
1: (Z)-2-hexenal and methyl salicylate, with the remaining components showing much
less significant impact. A similar situation was observed for factor 2, however, methyl
salicylate had a stronger impact than (Z)-2-hexenal. Secondary impact on classification in
the 3-factor model was exhibited also by thymoquinone, o-methyl anisole, (E)-2-decenal
and salicylaldehyde. This allowed for the division of all samples into five clusters in PCA
analysis, according to the criteria described in the Methods section. Moreover, hierarchical
clustering analysis (dendrogram) established that (Z)-3-hexen-1-o0l the shows the second
most important impact on Ilex spp. phytochemical classification of volatile components.
Therefore, we will try to illuminate the potential biological significance of those divisions.

(Z)-2-Hexenal was found in significant quantities in almost all analyzed specimens,
ranging from 7.7% in L.aq.F3 to 73.8% in L.ag.F6. Samples in which concentrations of any
compound did not reach 5% were classified as not containing notable amounts of it. Only
inL.aq.F2, L.aq.F4,1 x m.F3,1 x m.M1 and I.pe.M was the concentration of (Z)-2-Hexenal
lower than that, which makes it the most ubiquitous compound of all of the ones we
analyzed. This is not surprising, considering its diverse functions in plants. Those could be
broadly divided into plant defense, communication, and regulatory roles. (Z)-2-Hexenal
is involved in hydrogen peroxide burst in plants at the plasma membrane and directed
flow of calcium ions, which are part of early signaling events in plants. Their activation
contributes to plants’ resistance to insect attacks, as demonstrated in Arabidopsis thaliana
when challenged with the diamondback moth [17]. (Z)-2-Hexenal was also reported to
disrupt cell membrane composition of microorganisms and in doing so prevent pathogenic
infection of plants, as well as food spoilage [18]. (Z£)-2-hexenal was applied in different fields
as well due to its antimicrobial properties and its role in flavor and fragrance enhancement.
Its antibacterial properties are used in fruit processing, effectively inhibiting growth of
bacteria and improving shelf-life [19]. Other important roles lie in plant communication
and stress response, as (Z£)-2-Hexenal was reported to play a role in plant-to-plant and
plant-to-insect communication, signaling distress and triggering defense responses in
neighboring plants. Part of its role is as one of the Green Leaf Volatiles (GLVs) which
are emitted by plants in response to wounding or stress [20]. Additionally, it activates
chloroplast degradation in tomatoes, which results in color change during ripening. This
is achieved by activation of lipoxygenase (LOX) pathway, which decomposes free fatty
acids [21]. All of the above points to Ilex species having the potential for being used as a
source of antimicrobial or preservative formulations. Particularly suited to this role would
be the species from (Z)-2-Hexenal cluster from our PCA analysis, so L.aq.F6, I x m.M2,
I x m.F5, I x mM1 and I x m.F2, as all of those species contained more than 30% of
(Z)-2-Hexenal in their volatile fraction. Plants from the Ilex genus are known for their
antimicrobial properties which confirms our previous study by Paluch, Okiniczyc et al.
(2021) [14]. Extracts significantly reduced the biofilm viability of S. aureus, suggesting
potential use in antiseptics and diuretics. Based on research we can assume that VOCs of
Ilex sp. may also play an important role in antimicrobial activity of the whole extract and
be used in the pharmaceutical or cosmetic industry.

Methyl salicylate was the second most important of the compounds we found in
analysed species, albeit it exceeded 5% of content in only five species, from 14.49% in
L.ag.F1 to 73.83% in L.pe.M. This is significant, because methyl salicylate is involved in many
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important processes concerning plant defense, stress resistance and signal transduction in
plants. Perhaps its most important role lies in activation of systemic acquired resistance, as
was demonstrated in Arabidopsis, and as a signal molecule transported through phloem
it could induce de novo synthesis of salycylic acid in distant tissues [22,23]. This signal
can be also transported as a volatile emission through the air, inducing systemic acquired
resistance in distant plants [24]. Additionally, methyl plays an important role in reactions
to both abiotic and biotic stresses. Chiefly, it can increase plant heat tolerance, albeit
accumulation in leaves can also decrease it by altering antioxidant defenses [25]. Methyl
salicylate has also a noteworthy role in the defense against both herbivores and microbial
pests. In this it acts more as a deterrent than a toxin, eliciting changes in plant volatile
compound profiles that can both deter herbivores like spider mites and attract beneficial
predatory mites [26]. This points to the plants forming a methyl salicylate group from
our PCA analysis as a potential source of both plant defense stimulators and herbivore
repellents, as both I.aq.F5 and I.pe.M contained more than 30% of methyl salicylate in
their volatile fraction. Such an application finds precedent in studies conducted by Gao
et al. (2022, 2025) [27,28] on the effect against Haemaphysalis longicornis using 1. purpurea
and I. chinensis which showed significant acaricidal activity against unfed larvae, nymphs
and adults. The main active substance identified in his research was methyl salicylate
(I. purpurea 77.90% and 1. chinensis 85.65%). As for our results, I.pe.M had the highest
methyl salicylate content—72.83%, which may indicate that this Ilex sp. may also have
anti-tick properties.

(Z)-3-Hexen-1-ol, commonly referred to as leaf alcohol, is a significant green leaf
volatile in many plants. It was present in significant amounts in a volatile fraction of
I x m.F3 (25.95%). It is responsible for both direct and indirect defense mechanisms in
plants, as it can induce the expression of defense-related genes responsible for synthesis of
jasmonic acid (JA) and ethylene (ET), which are crucial for activating defense responses
against herbivores [29,30]. It can also be converted into its glycosides, which are involved
in enhancing insect resistance [31,32]. Acting indirectly, it can induce emission of blends
of volatile compounds by plants, which in turn attract natural enemies of herbivores [33],
as well as act as a signaling compound inducing systemic acquired defense in nearby
plants [34]. Additionally, it has been reported to enhance drought tolerance in tea plants
subjected to cold stress through mediating reactive oxygen species and stomatal conduc-
tance, which is achieved through modulation of absicinic acid homeostasis [33].

O-methyl anisole, also known as 1,2-dimethoxybenzene or veratrole is an important
volatile compound regarding floral scent and pollinator attraction. It was found chiefly
in volatile fractions of I x m.F3 (21.7%) and I x m.F6 (14.54%). O-methyl anisole is an
important component of the floral scent in many plant species, including roses and Silene
latifolia [35,36]. As such, it plays a key role in attracting pollinators, for example the
moth Hadena bicruris for Silene latifolia [36]. Among analyzed species, I x m.F3 showed a
significant amount of o-methyl anisole (21.7%) in its volatile fraction. It is worth noting
that the presence of (Z)-3-Hexen-1-ol, O-methyl anisole and methyl salicilate in roughly
similar amounts (c. 20%) designates I X m.F3 as a possible source of useful metabolites
of antimicrobial, anti-herbivore and also pollinator attractive properties, which combines
significant usefulness in a singular plant, as well as puts it as the basis of Methyl salicylate
mixed group as described in our PCA analysis. For I.aq.F2 situation is far less clear, as while
it contains close to 25% of methyl salicylate, the remainder of its chemical composition does
not form any clear pattern of useful metabolites.

Hexane-1-ol plays an important role in plant defense mechanisms, plant-to-plant
signaling and in regulation of the synthesis of plant volatile compounds. It has been found
primarily in I x m.F6 among the species we analyzed (15.88%). It is one of the green
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leaf volatiles (GLVs) that are emitted when plants are damaged by herbivores [37]. One
such example is its interaction with odorant-binding proteins (OBPs) in insects, which are
crucial for host plant location. For example, in the alfalfa plant bug, hexane-1-ol binds to
OBPs and acts as a repellent, influencing the insect’s behavior and potentially reducing
herbivory [38]. Together with (Z)-2-Hexenal and o-Methyl anisole, hexane-1-ol forms
the triad of dominant components among VOCs of I x m.F6; however, only the latter
exceeds 20%. It would suggest that plants from this group may combine antimicrobial,
anti-herbivore and flavouring properties in a potentially useful way, albeit it is less obvious
for other members of (Z)-2-Hexenal mixed Group, as I x m.F4 lacks any clear dominant
compound except the group’s namesake, while I.aq.F1 contains a significant amount of
methyl salicylate, which could change its properties.

Thymoquinone is a bioactive compound primarily found in the seeds of the plant
Nigella sativa, commonly known as black cumin. It was also found in I x m.M1 (25.61%).
It is highly interesting, as it is a compound possessing known therapeutic and bioactive
properties, chiefly antioxidant and anti-inflammatory, which is useful in some liver dis-
orders as well as arthritis and asthma [39-41], mostly through activation of antioxidative
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPX4), which help in reducing reactive oxygen species (ROS) and protecting cells from
oxidative damage [42,43]. On top of that, it is also reported to possess anticancer proper-
ties through inhibition of cell proliferation, inducing apoptosis, preventing angiogenesis
and a metastasis in various cancer types, including breast, lung, prostate, and pancreatic
cancers [41,44-51]. It has also been shown to inhibit the growth of Aspergillus flavus and
reduce its toxin production when combined with infrared radiation [40]. It suggests that
I x m.M1 may be useful in previously unexplored applications in natural therapies, in
medicine and veterinary medicine.

(E)-2-Decenal is a volatile organic compound that plays a significant role in plant
defense mechanisms, particularly against fungal pathogens. It has been found in I x alt.F
in a significant amount (27.95%). It has been shown to inhibit the growth of the plant
pathogen Alternaria alternata. This was achieved through multiple mechanisms, including
disruption of fungal cell membrane integrity, induction of reactive oxygen species (ROS)
accumulation, and resulting oxidative stress. Those caused hyphal abnormalities, reduced
spore production, and suppressed spore germination. Disruption of cell membranes
increased leakage of DNA and soluble proteins, which further contributed to its antifungal
efficacy [52]. I x alt.F was assigned to the Mixed Group of PCA analysis, as neither (Z)-
2-Hexenal nor methyl salicilate were dominant in it. A similar situation occurred for I x
m.F1, L.aq.F4 and L.aq.F3. All those species lacked a clearly dominant compound in their
profile, so it is difficult to formulate an opinion as to their potential uses, other than the
promising antifungal activity of I x alt.F.

All of the properties of the compounds described above are highly interesting, as
they open the way to the application of biostimulants, antimicrobiological agents and
biopesticides. Another interesting avenue is the application of VOCs as stress alleviation
agents, which could be very useful in unstable climatic conditions and resulting multi-stress
(drought, high temperature, pathogens) in agricultural plants. Plant VOCs play a role in
plant-animal interactions as well, as they both attract pollinators and repel herbivores.
Pollinator attractants are mainly found among VOCs of small molecular weight and high
vapor pressure. Both of those traits are essential for effective diffusion in the environment
and thus fulfil the function of attractant. This is usually accompanied in plants by the
production of sweet nectar, which serves as a reward for pollinators [53].

Additionally, volatile compounds play an essential role in food processing and in-
fluence the taste, aroma, and overall quality of food products. These compounds are
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indicators of food quality, shelf life and authenticity, and their analysis is essential to opti-
mize production and ensure consumer satisfaction [54]. The scientific literature confirms
that Ilex species offer several potential benefits for skincare and cosmetics formulations,
including antioxidants, anti-inflammatory and collagen-promoting properties, as well as
a pleasant aroma. Considering the number of patents related to plants of the Ilex species,
we can distinguish applications in pharmaceutical, nutraceutical, food processing, and
supplements, followed by the cosmetics industry [55]. In the light of the compounds found
in our samples, it may even possibly add anticancer applications to this significant list in
the form of thymoquinone found in I x m.M1.

4. Materials and Methods
4.1. Plant Material

Trees and shrubs were sourced from a collection located in Psary near Wroctaw,
from the Research and Training Station of Vegetables and Ornamental Plants—Psary of the
Faculty of Life Sciences and Technology of the Wroctaw University of Environmental and
Life Sciences. There are around 1000 trees, shrubs and perennials in the collection, which
are used mainly as teaching aids for students. Among them there are shrubs of the genus
Ilex sp., planted on a clay-sandy soil. Before planting plants, the soil was enriched with
acidic peat at a dose of 20 L per 1 m? to improve the physical and chemical properties
of the soil, i.e., porosity for water and air and lowering pH to pH 5.5 from native pH
of 6.7. The soil in the arboretum belongs to class III clay soils included in the so-called
degraded chernozems. The soil was mulched with shredded pine tree bark c. 5 cm deep
to provide constant soil humidity that is beneficial for Ilex sp., as well as to inhibit weed
growth. Samples were sourced from c. 10-year-old bushes grown under a continuous high
canopy of old trees. Besides teaching purposes, the collection is also utilized as a place for
scientific research and acclimatization of selected tree taxa. Plant material used in the study
is presented in Table 2.

Table 2. Plant Taxa used in the study.

Abbreviation

Sex

Ilex Species

Laq.F1

Ilex aquifolium ‘Alaska’ female variety, very
valuable due to the glossy leaves, slow growth and
high resistance to low temperatures up to
—29 degrees

I X m.M2

M

Ilex X meserveae seedling growing in the collection,
male individual grown from seeds collected from
variety ‘Blue Girl’.
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Table 2. Cont.

Abbreviation Sex Ilex Species

Ilex X meserveae ‘Blue Girl’ mother plant growing

I Xx m.F2 F in the collection, forming red fruits, dense shrub

with slow growth
I X m.F3 F Ilex X meserveae ’Blue Girl’ seeding growing in
collection, female shrub
Laq.F2 r Ilex aquifolium female se‘edhng growing in the
collection

Ilex X meserveae ‘Golden Girl’ female seedling

I X m.F4 F growing in the foil tunnel, cultivated for collecting

shoots for cuttings
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Table 2. Cont.

Abbreviation

Sex Ilex Species

I X m.F5

Ilex X meserveae ‘Blue Girl’ female variety with a
3 dense growth, forming fruits, cultivated in unheated
foil tunnel for collecting shoots for cuttings

I X m.F1

Ilex X meserveae ‘Blue Angel’ female variety with
F red fruits, slow growth, cultivated in unheated foil
tunnel for collecting shoots for cuttings

Laq.F6

Ilex aquifolium ‘Pyramidalis Aurea Marginata’
variety with yellow-colored leaves margins with
dense, pyramidal growth, cultivated in unheated

foil tunnel for collecting shoots for cuttings

Laq.F3

Ilex aquifolium ‘Aurea Marginata’ shrubs with
F yellow-colored leaves margins, red fruits, female
individual
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Table 2. Cont.

Abbreviation

Sex

Ilex Species

I X alt.F

Ilex X altaclarensis ‘Lawsoniana’ a hybrid between
Ilex aquifolium and llex perado, occurring in Madeira,
Canary Island and Azores. Female variety
cultivated in unheated foil tunnel due to better
wintering of shrubs, which shoots can freeze during
cold winters

LpeM

Ilex perneyi Franch coming from Mongolia and
Northeast China, where it forms high shrubs or low
trees up to 7 m. In Poland is not frost-resistant,
during cold winters shrubs freeze to the snow
surface level

Laq.F4

Ilex aquifolium female seedling cultivated in foil
tunnel

Laq.F5

Ilex aquifolium ‘Alaska’ shrub cultivated in
unheated foil tunnel
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Table 2. Cont.

Abbreviation

Sex

Ilex Species Photo

I X m.Fé

F

Ilex X meserveae "‘Mesgolg’ shrubs with hard,
broadly elliptical leaves length 2—4 cm, sharp top
and cuneatic base, with serrated margins
(6-8 thorns), nearly flat leaf blade. Dark green top of
the blade, bottom light green with blue tone. Variety
with female flowers, blooming in the second half of
May and on the beginning of June, forms lemon
yellow fruits

I X m.M1

M

Ilex X meserveae ‘Mesan’ male variety with
evergreen leaves, hard, oval or broadly elliptical,
with serrated margins (6-9 thorns), glossy top and
light green bottom of leaf blade

Plant material in the form of shoots with leaves, was sourced from annual growths
collected from the bushes in a way that the cuttings were distributed evenly on the
range of the entire crown both from the northern, southwestern and eastern sides evenly.
10-20 cm long branches were cut from annual increases. Then the leaves were separated
from the stems and air dried. The cuttings were sourced on 4 May 2017.

4.2. Chemical Composition of Samples

The determination of volatiles present in leaves of llex species was conducted
by solid-phase microextraction (SPME) using a 50/30 um divinylbenzene/carboxen/
polydimethylsiloxane fiber (Supelco, Bellefonte, PA, USA) with a length of 1 cm. Five
grams of plant material were ground in a mortar after the addition of 2-undecanone as an
internal standard (5 ng suspended in 100 pL of deionized water) and placed in 5-mL glass
vials sealed with plastic screw caps and Teflon-coated septa. After conditioning the SPME
fiber at 270 °C, it was exposed to the headspace volatiles at 60 °C for 30 min. Subsequently,
the coated fiber was removed from the headspace and injected at 230 °C into a Varian
Chrompack CP-3800 system equipped with a Saturn 2000 GC/MS/MS mass analyzer and
a Zebron DB-1 standard non-polar column (30 m length, 0.25 mm diameter, 1 um film
thickness, Varian, Walnut Creek, CA, USA). Helium was used as the carrier gas at a flow
rate of 1 mL/min. The initial column temperature of 40 °C was held for 1 min, followed by
a temperature gradient of 2 °C/min until reaching 60 °C, after which the gradient increased
by 5 °C/min until completion of the analysis at 250 °C. The identification of individual
components was performed using the retention index system (RI) according to NIST23,
employing chromatographic runs of a homologous series of n-alkanes for calibration.

4.3. Statistical Analysis

Statistical analysis was performed by Statistica 14.0.0.15 software (Tibco Sofware Inc.,
Palo Alto, CA, USA). Tests included principal components analysis (PCA), correlation
matrix analysis (presented as heat map) and hierarchical cluster analysis (as dendrogram).
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Data input for all tests was a percentage value of total peaks area of SPME chro-
matogram. Substances of at least 1% of the relative area (in any sample) were used to
construct the matrix. In PCA analysis, components were used as variables, while Ilex
samples were cases. Analysis based on covariances (as SS/(N — 1)) and components were
used as variables.

Correlation matrix analyses included calculation of R? as well as Pearson correlation
parameter between all samples. Ilex spp. were used as variables. Heat map for correlation
matrix was prepared from calculated R? parameter.

5. Conclusions

This work has provided, for the first time, important data concerning the differences
in the volatile composition of the llex species. Using HS-SPME-GC/MS analysis, significant
variability was observed both within and between Ilex species. Statistical evaluations,
including PCA, matrix correlation, and hierarchical clustering, revealed that (Z)-2-hexenal
and methyl salicylate were the primary compounds influencing sample similarity, while
thymoquinone, o-methyl-anisole, (E)-2-decenal, salicylaldehyde, and (Z)-3-hexen-1-ol con-
tributed secondarily to the observed variation. These compositional differences likely reflect
the influence of environmental factors, the existence of distinct chemotypes, or interactions
with pathogenic and non-pathogenic microorganisms. Overall, the findings highlight the
potential of certain Ilex species as valuable sources of bioactive volatile constituents and
emphasize the need for further research to better understand the ecological and biochem-
ical factors shaping their volatile profiles. As we learn more about the composition and
properties of these plants, new possibilities for their potential use are emerging. Further
scientific research is needed to better understand the mechanisms of action of Ilex sp. and
confirm their positive health effects and potential application.
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