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This study explores the terpene variability of full-blooming inflorescences of Helichrysum italicum subsp. italicum
across twelve populations from the three major islands of the Tuscan Archipelago (Elba, Capraia, and Giglio). A
total of 316 plants were sampled for the GC/MS analysis of terpene content. We identified a total of 41 com-
pounds, of which 20 were monoterpenes and 21 were sesquiterpenes. We found a substantial variability in the
terpene content across populations growing on the three investigated islands. Overall, the findings indicated that
the extent of chemical variability was more pronounced among different populations than within individual
populations. Furthermore, populations originating from the same island did not exhibit a consistent tendency to
form island-specific clusters, but were instead distributed across distinct groupings. Two main chemotypes were
characterized: one dominated by a-pinene and limonene, and another by neryl acetate, nerol derivatives, and
y-curcumene. Some populations exhibited significant chemical variability, suggesting that both genetic and
environmental factors play a role in shaping terpene profiles. The co-occurrence of bioactive compounds re-
inforces the pharmaceutical, cosmetic, and nutraceutical potential of the H. italicum terpene profile. Given the
complexity of terpene biosynthesis, future studies in a controlled common garden experiment will be essential to
determine the relative contributions of genetic heritage and environmental influences. This research provides a
foundation for optimizing the cultivation and commercial applications of H. italicum in diverse industries.

1. Introduction

The medicinal use of the genus Helichrysum Mill. (Asteraceae) has
been known since ancient times. Notably, both Theophrastus of Eresos
(c. 371 — c¢. 287 BC) and Pedanius Dioscorides (c. 40 — c. 90 AD)
described its therapeutic applications, highlighting its use in treating
burns, insect stings, and venomous bites, as well as urinary tract disor-
ders, snake bites, and musculoskeletal ailments (Viegas et al., 2014). In
recent years, taxa belonging to this genus have been extensively inves-
tigated for their richness in secondary metabolites, such as flavonoids,

terpenoids, and terpenes (Giovanelli et al., 2018; Giuliani et al., 2016;
Leonardi et al., 2013; Morone-Fortunato et al., 2010; Oji and Shafaghat,
2012; Reidel et al., 2017; Roussis et al., 2000; Sarabekov et al., 2020;
Tepe et al., 2005), as well as for their potential health-promoting
properties (Nincevic et al., 2019; Uncini Manganelli and Tomei, 1999;
Viegas et al., 2014). Other studies have highlighted the ecological
characteristics of these plants and their capacity to thrive under harsh
environmental conditions (Caser et al., 2012; Kokkinou et al., 2016),
characteristics that make these species particularly well-suited for sus-
tainable agriculture aimed at the production of essential oils. A variable
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number of taxa, ranging from 11 to 14, belonging to the Stoechadina
section of the genus Helichrysum have been documented in the Medi-
terranean Basin (Galbany-Casals et al., 2006; Galbany-Casals et al.,
2009; Galbany-Casals et al., 2011; Herrando-Moraira et al., 2016, 2017).
Helichrysum italicum (Roth) G. Don is a perennial, suffruticose and
xerophilous plant, growing on calcareous and siliceous substrates in
arid, stony, shallow soils. H. italicum comprises four recognized sub-
species: H. italicum subsp. italicum, H. italicum subsp. microphyllum
(Willd.) Nyman, H. italicum subsp. siculum (Jord. and Fourr.) Galbany, L.
Sdez and Benedi, and H. italicum subsp. tyrrhenicum pseudolitoreum
(Bacch., Brullo & Giusso) Herrando, J. M. Blanco, L. Saez & Galbany
(Fiori), of which subsp. italicum is the most widely distributed (Italy,
Croatia, the eastern Mediterranean coast of France and Corsica, Bosnia
and Herzegovina, Greece - the Aegean islands and Cyprus)
(Herrando-Moraira et al., 2016). In Italy, its natural range encompasses
the central and southern regions, with a predominance along the Tyr-
rhenian littoral and on the surrounding islands. This species has been
particularly studied for the characteristics of its terpene compounds,
which show antimicrobial, anti-inflammatory, antioxidant and anti-
spasmodic properties (Chinou et al., 2004; Djihane et al., 2017; Facino
et al., 1990; Kladar et al., 2015; Maksimovic et al., 2023; Mastelic et al.,
2005; Poli et al., 2003; Rigano et al., 2013; Rosa et al., 2017; Sala et al.,
2010; Taglialatela-Scafati et al., 2013). In recent years, H. italicum has
attracted increasing attention in the skincare sector due to its reported
capacity to promote skin cell regeneration and enhance skin texture,
leading to its extensive use in the perfume and cosmetic industries. In
addition to their health-promoting properties, the flowers of H. italicum
are utilized as seasoning agents, flavour enhancers, and natural food
preservatives (Primitivo et al., 2022). The predominant compounds
identified in this species include a-pinene, limonene, a-terpineol, itali-
cene, ar-curcumene, nerol, and selinenes (Bianchini et al., 2003; Gio-
vanelli et al., 2018; Giuliani et al., 2016; Glumac et al., 2023; Jazo et al.,
2022; Leonardi et al., 2018; Maksimovic et al., 2017; Mancini et al.,
2011; Morone-Fortunato et al., 2010; Nincevic¢ et al. 2019; Paolini et al.,
2006; Zeljkovic et al., 2015). According to a review and cluster analysis
conducted by Acimovic et al. (2021), H. italicum can be classified into
ten distinct chemotypes based on the predominant compounds present
in its essential oil. However, there are three main chemotypes: (I) nerol
and its esters, which are the most frequently reported in the literature;
(I) a- and p-selinene; and (III) y-curcumene (Mancini et al., 2011;
Nincevic et al., 2019). Like many other medicinal and aromatic plants in
the Mediterranean basin (Bottoni et al., 2022; Giuliani et al., 2023), the
natural populations of H. italicum typically exhibit substantial chemical
diversity (Angioni et al., 2003; Maksimovic et al., 2013; Mancini et al.,
2011; Nincevi¢ Runji¢ et al., 2025; Paolini et al., 2006; Tali¢ et al.,
2021). The variability of the H. italicum terpene composition has been
found to be mainly affected by the phenological stage (Bianchini et al.,
2001; Usai et al, 2010) and genotype (Melito et al., 2016;
Morone-Fortunato et al., 2010); geographic origin and environmental
factors (Melito et al., 2016; Nincevi¢ Runjic et al., 2025; Nincevic et al.,
2019) also play an important role in determining the quality of the
essential oil. The present study aims to investigate the variability in the
terpene profile of fully blooming inflorescences from 316 H. italicum
subsp. italicum plants, collected across 12 populations on the three main
islands of the Tuscan Archipelago: Elba, Capraia, and Giglio. The large
number of plants analyzed per sampled population can provide more
robust and reliable insights into in situ terpene diversity by better
capturing the within- and among-population variability. Previous
studies on H. italicum from the Tuscan Archipelago (Bianchini et al.,
2003; Giuliani et al., 2016; Leonardi et al., 2013; Paolini et al., 2006),
Sardinia (Melito et al, 2016) and the Italian peninsula
(Morone-Fortunato et al., 2010) may have been constrained by a limited
number of samples analysed within each population, which could un-
dermine the reliability and broader applicability of their findings due to
increased random variation and reduced statistical power (Wester et al.,
2020). As highlighted above, significant differences in terpene
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composition may exist both within and among populations, potentially
influenced by environmental and genetic factors (Nincevi¢ Runjic et al.,
2025). The study of this variability could indicate the presence of
distinct local chemotypes among the sampled populations, which can
guide their potential applications in pharmaceuticals, cosmetics, and
food, as well as inform domestication and cultivation strategies (Wester
et al., 2020).

2. Material and methods
2.1. Study area

The Tuscan Archipelago is located in the northern part of the Tyr-
rhenian Sea and is bounded to the east by the coast of Tuscany and to the
west by the northern tip of Corsica. It consists of seven islands, but only
the three largest islands were chosen for our study (Fig. 1): Elba Island
with 224 km? (42°46'48"N 10°16'30"E), Giglio Island with 23.8 km?
(42°21'1"N 10°54'8"E), and Capraia Island with 19 km? (43°02'14" N
9°49'6"E).Elba Island has a diverse geological complex. To the west is
the granitic massif of Monte Capanne (1018 m asl), which represents the
highest peak b oth on the island and in the entire Tuscan Archipelago. In
the north-eastern part, the island has limestone-marly hills surrounding
the Volterraio and Cima del Monte mountains (516 m asl), while in the
south-eastern part, there is the peninsula of the ferrous hills of Monte
Calamita (413 m asl). Finally, the centre of the island is formed by al-
luvial deposits interspersed with hills of metamorphic and ophiolitic
rocks (Foggi et al., 2006). The Giglio Island is a granitic island with
medium-grained monzogranites and occasional feldspathic intrusions. It
is a predominantly mountainous island with flat areas concentrated only
in the coastal area to the northwest. It has a ridge that runs across the
island from north to south, the highest peak of which is Poggio Della
Pagana at 496 m asl (Foggi and Pancioli, 2008). Capraia Island is of
volcanic origin; it has rocks mostly formed by the cooling of acidic lava.
It is a predominantly mountainous island, with only two flat areas
located in the centre and south. Monte Castello is the highest mountain
(445 m asl), which is part of the only mountain ridge that runs across the
island from north to south (Foggi and Grigioni, 1999). The climate on
the islands is typical of the Mediterranean, with warm and windy
summers and mild winters. The coldest month is January (monthly
mean temperature of 5.5°C on Elba Island and 7.5°C on the Capraia and
Giglio islands), while the warmest month is August (monthly mean
temperature of 27°C for all the islands). The total annual rainfall average
varies by island: on Capraia Island it is 700 mm; on Elba Island it is
1000 mm; and on Giglio Island it is around 500 mm (SIR and Settore
Idrologico e Geologico Regione Toscana, 2022).

Twelve populations of H. italicum were sampled in 12 well-
distinguished locations (Fig. 1), following the method described in
Marini et al. (2023). These populations occurred in a garrigue habitat
and were chosen based on altitude, the extension of the island areas, and
literature references where populations of Helichrysum had been re-
ported (Table 1): six localities were located on Elba (EI, EII, EIII, EIV, EV,
EVI), while three were located on both Capraia (CI, CII, CIII) and Giglio
Islands (GI, GII, GIII).

2.2. Plant material

We focused on inflorescence samples in this study, as our prior work
(Marini et al., 2022) indicated that floral tissues contain higher bioactive
concentrations than leaves or bark. The collection of floral stems of wild
H. italicum occurred from June 7th to July 8th, 2020. A total of 316
plants across 12 populations were sampled to characterize their terpene
profiles. Each plant was assigned a three-part identification code: the
island initial (C for Capraia, E for Elba, G for Giglio), followed by a
Roman numeral (I-VI) denoting the population, and an Arabic numeral
(1-30) identifying the individual plant. For example, CIII23 refers to
plant 23 from population III on Capraia. Some of the examined
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Fig. 1. Location of the twelve garrigue sites in the Tuscan Archipelago (Central Italy). The red markers indicate samples collected in the altitude range of 0-50 m asl,
while the blue ones are at 350-400 m asl or above. A) Maps of sampled populations on Capraia Island: Monte Castello (CI, 350-400 m asl), Punta Della Bellavista
(CII, 0-50 m asl), Il Frate beach (CIII, 0-50 m asl). B) Tuscan Archipelago overview. C) Maps of sampled populations on Elba Island: Cima di Monte’s slopes (EI,
350-400 m asl), Via dei Rosmarini (EII, 0-50 m asl), Capo di Fetovaia (EIII, 0-50 m asl), Capo Enfola (EIV, 0-50 m asl), Monte Calamita’s slopes (EV, 350-400 m
asl), Monte Capanne’s peak (EVI, 950-1000 m asl). D) Maps of sampled populations on Giglio Island: Punta di Capo Marino (GI, 0-50 m asl), Punta di Capel Rosso

(GII, 0-50 m asl), Poggio della Pagana’s slopes (GIII 350-450 m asl).

specimens were deposited in the Herbarium of the Botanical Institute of
Barcelona (BC, Spain) and the Herbarium Centrale Italicum of Florence
(FL, Italy).

For each population, a portion of full-blooming inflorescences was
collected from 30 plants, following the methodology described by
Giuliani et al. (2020) and Marini et al. (2022). Approximately 30 plants
per population were randomly selected to capture intra-site variability.
Inflorescences in full bloom were harvested from each specimen, with
each plant processed as an independent biological replicate. The
full-blooming inflorescence samples were transported in refrigerated
containers at 4°C and then stored in the laboratory at —20°C.

2.3. Extraction of volatile compounds

The analysis was carried out by sonicating and macerating the plant
material in heptane; specifically, 0.02 g of full-blooming capitula were
weighed in 1.5 mL vials and extracted with 1 mL of heptane. Heptane

extraction, rather than pooled distillation, was employed to enable high-
throughput analysis of individual samples. This approach allowed for
the efficient processing of a large number of samples while preserving
the intra-population chemical variability required for robust statistical
analysis. Subsequently, samples were vortex-mixed and incubated in an
ultrasonic bath (Bandelin Sonorex Super RK 102 H) for 15 min three
times. Then, samples were incubated at 30°C with a rotary shaker at 10
revolutions per minute for 24 h. The extracted samples were centrifuged
at 3000 rpm for 15 min, and the supernatant was separated.
Subsequently, 1 pL of the solution was injected into a GC-MS (Gas-
Cromatography - Mass Spectrometry; 'Agilent model 7820 A'") equipped
with a single quadrupole mass detector (model 5977E). The adopted
analytical conditions were: an injector temperature of 260°C in splitless
mode; a 50 m HP-Innowax column, having 0.2 mm i.d. and 0.4 pm
absorbent film thickness; and a helium carrier gas at a flow rate of
1.2 mL/minute in constant flow mode. The mass detector was set in scan
mode in the m/z range 29-350, at a rate of 3 scans per second. The GC-
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Table 1

Locations of the twelve study sites in the Tuscan Archipelago (Central Italy).
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Island Pop Localities Coordinates Altitudinal Geological substrate” References for Population Selection®
range’
Capraia  CI Monte Castello’s peak 43°02'57.9"N 9°48'51.6"E 350-400 volcanic rocks, 4 (Foggi and Grigioni, 1999)
CII Punta della Bellavista 43°02'40.1"N 9°50'49.2"E 0-50 volcanic rocks, 4 (Foggi et al., 2001)
CIII 11 Frate beach 43°03'08.4"N 9°50'14.4"E 0-50 volcanic rocks, 4 (Foggi and Grigioni, 1999)
Elba EI Cima di Monte’s slopes 42°48'09.6"N 350-400 ophiolitic rocks, 20 (Foggi et al., 2006)
10°23'32.3'E
EIl Via dei Rosmarini, Campo 42°44'50.4'N 0-50 subvolcanic acid rocks, 5 (Foggi et al., 2006)
10°14'56.4"E
EIII Capo di Fetovaia 42°43'52.7'N 0-50 ophiolitic rocks, 20 (Foggi et al., 2006; Leonardi et al., 2013)
10°08'59.5"E
EIV Capo d’Enfola 42°49'21.8'N 0-50 subvolcanic acid rocks, 5 (Leonardi et al., 2013; Marini et al., 2022)
10°16'18.3'E
EV Monte Calamita’s slopes 42°43'28.4"N 350-400 gneiss, 44 (Foggi et al., 2006; Giuliani et al., 2016)
10°24'15.2"E
EVI Monte Capanne’s peak 42°46'18.6'N 950-1000 subvolcanic acid rocks, 5 (Giuliani et al., 2016; Marini et al., 2022)
10°10'05.1"E
Giglio GI Punta di Capo Marino 42°20'54.7'N 0-50 subvolcanic acid rocks, 5 (Foggi and Pancioli, 2008; Paolini et al., 2006)
10°55'31.5"E
GII Punta di Capel Rosso 42°19'03.4"N 0-50 subvolcanic acid rocks, 5 (Foggi and Pancioli, 2008)
10°55'10.4"E
GIII  Poggio della Pagana’sslopes ~ 42°21'14.4'N 350-400 subvolcanic acid rocks, 5 (Foggi and Pancioli, 2008; Paolini et al., 2006)
10°54'20.3'E

@ Altitudinal range is expressed in meters a.s.l.

b Numbers reported are the code for the geological substrate from Carmignani and Lazzarotto (2004).
¢ References providing the evidence of the presence of Helichrysum at the single specific location.

MS chromatograms were processed with "Agilent Mass Hunter Quanti-
tative Analysis" software through deconvolution, dynamic background
subtraction, and a comparison of the spectra of the separated peaks with
those reported in the 2011 NIST (National Institute for Standards and
Technology — US Department of Commerce) library. “Tentative” iden-
tification was based on Kovats retention indices (KI), and the identifi-
cation was confirmed by a comparison of the KI and mass spectra with
those of available standards. The raw data, derived from the peak areas
of detected compounds, was normalized as follows: monoterpenes (C10)
were quantified relative to their total abundance, while sesquiterpenes
(C15) were quantified relative to the combined total of mono- and ses-
quiterpenes. The composition of monoterpenes was expressed as a per-
centage of the total monoterpenes, whereas sesquiterpenes were
expressed as a percentage of the total terpenes.

2.4. VOC analysis

Statistical analyses were carried out in the R statistical environment
(R Core Team, 2018). From the GC-MS measurements, we obtained the
peak area data matrix. Data were categorized by population and island,
and the terpene data summaries, in terms of mean and standard devia-
tion, were presented. Several multivariate analyses were conducted on
the terpene data matrix. The first step involved computing a correlation
matrix to highlight the most correlated compounds, which is provided in
the supplementary material. The next step was performing a Principal
Component Analysis (PCA) with the aim of exploring the variability of
terpene compounds in relation to the specific plant sampling sites and
suggesting the reliability of potential data clustering. To perform the
PCA, the “prcomp” R function was used, while the results were plotted
using the ‘FactoMineR’ (Alboukadel and Mundt, 2016; Le et al., 2008)
and ‘factoextra’ (Alboukadel and Mundt, 2016) packages.

To investigate if an altitudinal effect was present in the populations,
a Spearman correlation analysis was performed and presented. More-
over, a Kruskal-Wallis (KW) test was performed on individual terpene
data (Kruskal and Wallis, 1952). The Kruskal-Wallis test is a
non-parametric test that assumes no particular data distribution and is
analogous to the one-way analysis of variance (ANOVA). The aim of the
Kruskal-Wallis test was to verify if individual terpenes show significant
differences among populations. We expected a general rejection of the
null hypothesis (Ho), and the table of results is provided in the

supplementary material. In the next analysis step, a hierarchical cluster
analysis (HCA) was conducted on the data related to the sampling site
populations and the relative content of terpenes. The HCA was per-
formed using the “hclust” R function, based on the between-groups
linkage method and the Manhattan distance matrix. A dendrogram
cluster plot was generated, and data cluster summaries for all com-
pounds are presented in tabular form.

The optimal number of clusters was evaluated using silhouette
analysis, and the silhouette profile plots are available in the
supplementary material. As specified in the introduction, the over-
arching goal of this work is to determine if there are local chemotype
differences among the considered populations. To achieve this, the final
step of the workflow is to implement specific linear discriminant func-
tions (LDA) as classifiers for chemotype profiles. In particular, LDA is
related to both an analysis of variance (ANOVA) and regression analysis,
aiming to express one dependent variable (the subject of classification)
as a linear significant (p < 0.001) combination of other features or
measurements (McLachlan, 2004).

LDA, like linear regression, suffers from collinearity. Thus, before
proceeding with LDA, a data collinearity evaluation was conducted. The
goal was to perform an appropriate data selection that eliminates the
most correlated compounds to avoid collinearity biases. The measure of
collinearity for each compound was assessed using the Variance Infla-
tion Factor (VIF), where the VIF did not exceed a value of 10 for any
variable. This procedure was carried out using the “multiColl” R package
(Salmeron et al., 2022). The VIF plot of the data matrix is provided in the
supplementary material. Finally, a Fisher LDA was conducted using the
“ordr” and “ordr-extra” R packages (Bruson, 2022). The training and test
datasets for LDA were obtained by splitting the selected data matrix into
two subsets using the “createDataPartition” function from the “caret” R
package (Kuhn, 2008). The training dataset comprised 80% of the data,
while the remaining 20% was used for testing the classifier. For
grouping by HCA cluster, a confusion matrix was presented together
with the LDA biplot, showing the amount of between-class variance
explained. The related accuracy statistics by cluster (Accuracy, Sensi-
tivity, Specificity, and Detection Rate) and overall accuracy indices of
the classifiers, generated by the “confusionMatrix” function from the
“caret” R package, were presented in the supplementary material. Data
and code are available in the web repository at https://github.com/bioe
conomy/tuscan_archipel helicrisium.
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3. Results

Among the 316 sampled plants, the GC/MS analysis of the terpene
content identified a total of 41 compounds, of which 20 were mono-
terpenes and 21 were sesquiterpenes. The terpene profile results for each
population are reported in Table 2, where the specific content of
monoterpenes and sesquiterpenes is summarised for each population.
The analysis revealed a mean coefficient of variation of 187% in the
terpene composition among the populations, while the within-
population variation averaged 65%. This indicates a substantially
higher degree of variability at the inter-population level compared to the
intra-population level. The Kruskal-Wallis analysis confirmed a signifi-
cant chemotypic differentiation among the populations, with all the
examined compounds showing statistically significant differences
(consistently significant p-values, Table S.1). These results indicate a
clear separation between the populations based on their terpene
composition, supporting the rejection of the null hypothesis.

3.1. Principal component analysis (PCA)

The PCA results are summarized in Fig. 2, while the contributions of
the single compounds to the principal components are provided in the
supplementary materials (Table S.2), as well as the results of the Pearson
correlation matrix (Figure S.1). Based on this analysis, the first two
principal components accounted for 56.7% of the total variation among
the compounds. The most significant contributors to the first principal
component (Dim1), which explained 40.2% of the total variation, were
a-pinene, a-copaene, italicene, f-pinene, a-muurolene, and a-ylangene,
with respective loadings of 0.83, 0.83, 0.82, 0.79, 0.79, and 0.77. The
second principal component (Dim2) explained 16.6% of the total vari-
ation, with nerol, 1,8-cineole, and y-terpinene contributing most
significantly (loadings: 0.76, 0.67, and 0.53, respectively). For the third
component (Dim3), the most relevant compound was terpinolene, with a
loading of 0.73. Notably, the Elba populations were dispersed across the
entire PCA plot, with populations EIIl and EVI clearly separated from the
others. Moreover, the hill and mountain populations of Elba (EI, EV, and
EVI) differed markedly from the coastal populations (EIL, EIII, and EIV).
This observation prompted a Spearman correlation analysis to assess the
potential influence of altitude. The results revealed 26 compounds (14
monoterpenes and 12 sesquiterpenes) significantly correlated with
altitude (Table S.3). Among the compounds, 7 monoterpenes (a-pinene,
camphene, p-pinene, f-myrcene, limonene, p-cymene, and terpinolene)
and 3 sesquiterpenes (a-copaene, p-caryophyllene, and rosifoliol) were
highly negatively correlated (P < 0.001). In contrast, 2 monoterpenes
(a-terpineol and neryl acetate) and 3 sesquiterpenes (italicene, a-cur-
cumene, and neryl propionate) showed a high positive correlation
(P < 0.001) with altitude. Additionally, the populations from Giglio and
Capraia are positioned on the negative and positive sides of the second
principal component axis, respectively.

3.2. Cluster analysis

The silhouette analysis (Figure S.2), conducted in preparation for the
cluster analysis, yielded the highest silhouette scores when considering
two clusters (0.35). However, the Hierarchical Cluster Analysis (Fig. 3)
demonstrates that the second cluster is internally structured into at least
three sub-clusters. This finding suggests the presence of four distinct
clusters. Therefore, for ease of reference, the identified clusters have
been assigned sequential numbers from left to right as follows: cluster 1
(EII, EIV), cluster 2 (EVI), cluster 3 (GII, GIII, EV, GI, CI, CII), and cluster
4 (EIII, CIIL, EI). Notably, the populations from Elba Island (EIL, EII, EIII,
EIV, EV) are included within all of the HCA clusters. Conversely, the
populations from Capraia Island (CI, CII, CIII) are found in only two
clusters, namely clusters 3 and 4. In contrast, all populations from Giglio
Island (GI, GII, GIII) are included in cluster 3.

The first cluster includes two populations from Elba Island, EII and
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EVIL. The dominant monoterpenes were o-pinene (44.0%), limonene
(16.1%), and neryl acetate (11.7%), while the main sesquiterpenes
included rosifoliol (29.6%) and a-copaene (13.4%) (Table 3). Then, the
second cluster was formed by the EVI population from Elba Island. This
group was primarily characterized by neryl acetate (73.5%), with
y-curcumene/p-himachalene (37.0%), neryl propionate (35.5%), and
a-curcumene (32.4%) as the predominant sesquiterpenes (Table 3). The
third cluster included the Giglio populations (GI, GII, and GIII) together
with two populations from Capraia (CI, CII) and one from Elba (EV).
This cluster was mainly defined by neryl acetate (50.9%) and limonene
(11.5%) among the monoTable 3terpenes, while the most representative
sesquiterpenes were y-curcumene/B-himachalene (47.1%), neryl propi-
onate (13.3%), and rosifoliol (13.2%). Finally, the remaining population
CII from Capraia, along with EI and EIII from Elba, formed the fourth
cluster. This group was characterized by high levels of neryl acetate
(42.9%) and o-terpineol (17.8%), while the predominant sesquiterpenes
were y-curcumene/f-himachalene (25.2%), neryl propionate (20.3%),
and rosifoliol (19.8%) (Table 3).

3.3. Linear discriminant analysis

The results of the VIF are reported in the supplementary material
(Figure S.3). Based on these scores, the following terpenes were
excluded from the LDA: italicene, isoitalicene, a-ylangene, fenchene,
limonene, f-pinene, and a-muurolene. The LDA graph described a
comparable result to the PCA and HCA findings (Fig. 4). In particular,
Cluster 1 (EII, EIV) is very different from the other clusters, separating
along LD1, which explains 69% of the total variation. Clusters 2, 3, and 4
are grouped together and separate along LD2, which explains 23% of the
total variation. The terpene traits that were discriminant for the first and
second dimensions are reported in Table S.4. For the first dimension,
they were o-pinene, guaia-6,9-diene, a-terpineol, camphene, and
a-copaene, describing 1.50, 1.05, 0.63, 0.62, and 0.57 of the variability,
respectively. For the second dimension, they were a-terpineol, B-seli-
nene, guaiol, neryl propionate, and -cadinene, with variability values
equal to 1.36, 0.39, 0.36, 0.33, and 0.32, respectively.

The attribution percentages are reported in Table 4, where the
model's performance was evaluated using a confusion matrix, which
compares the original cluster assignments derived from the Hierarchical
Cluster Analysis (HCA) with the predicted classifications. All of the in-
dividuals belonging to EII and EIV are grouped in Cluster 1, achieving
100% accuracy. On the other hand, Clusters 3 and 4 have a good attri-
bution accuracy (93%). However, Cluster 2, which contains only the EVI
population, presents a lower accuracy of 75%. This indicates that while
the model still correctly classifies a majority of the samples within this
cluster, it struggles with some misclassifications. Specifically, 25% of the
samples originally belonging to Cluster 2 were misclassified into other
clusters, primarily Cluster 3. The overall accuracy of the model is 94%,
with a highly significant p-value (p < 0.001), suggesting a strong sta-
tistical significance in the model's ability to discriminate between the
clusters. In detail, the related accuracy statistics by cluster (Table S.5)
confirmed this observation. The results indicate that the LDA model
demonstrates high performance for Clusters 1, 3, and 4, with metrics
consistently approaching or achieving 1.00. Cluster 2 exhibits a lower
sensitivity (0.50), suggesting a reduced capacity of the model to
correctly identify all samples belonging to this cluster.

4. Discussion

Several studies have shown that terpenes play important ecological
and physiological functions in plants; for example, monoterpenes and
sesquiterpenes have a crucial role in attracting insects for pollination
and act as a deterrent for phytophagous species or plant pathogens
(Boncan et al., 2020; Holopainen and Blande, 2013). Moreover, terpenes
have been found to be stress-signalling molecules and are involved in
mitigating and reducing the effects of abiotic stress on plants (Boncan



Table 2

The terpene profile of full-blooming inflorescences from H. italicum subsp. italicum wild populations on the islands of Capraia, Elba, and Giglio. The population codes are Monte Castello’s slopes (CI), Punta della Bellavista
(CID), and 11 Frate beach (CIII) for Capraia Island; Cima di Monte’s slopes (EI), Via dei Rosmarini, Campo nell’Elba (EII), Capo di Fetovaia (EIII), Capo d’Enfola (EIV), Monte Calamita’s slopes (EV), and Monte Capanne’s
peak (EVI) for Elba Island; and, finally, Punta di Capo Marino (GI), Punta di Capel Rosso (GII), and Poggio della Pagana’s slopes (GIII) for Giglio Island. The data represent the robust average without outliers of the
individuals + the standard deviation. Empty cells indicate no detected compounds, while 'tr' indicates a trace amount (< 0.1%).

N Compounds Class® RT RI” Capraia Elba Giglio D¢ Mean CV%
CI CII CIII EI EIl EIII EIV EV EVI GI GII GIII
1 a-pinene MH 10.32 1030 3.3 3.5 2.7 1.9 33.5 7.9 55.5 5.7 2.7 13.7 13.0 7.1 Std 14.3 127.1
+ 2.7 +2.8 +2.3 +1.3 + 20.8 + 8.5 +18.9 + 4.5 +2.2 +10.0 +9.0 + 4.2 +18.2
2) a-fenchene MH 11.47 1072 0.8 0.6 0.2 0.6 1.7 1.1 0.8 1.6 0.5 1.7 1.3 2.3 Std 1.2 250.4
+ 0.6 +0.5 +0.2 + 0.5 +0.8 +0.9 + 0.4 +1.1 +0.2 + 1.0 + 0.6 +1.7 +3.1
3) camphene MH 11.64 1081 0.4 0.3 0.2 0.2 0.8 0.5 1.8 0.6 1.5 0.5 0.4 0.7 Std 0.6 115.3
+0.2 +0.2 +0.1 +0.1 + 0.4 +0.3 +0.9 +0.3 +0.8 +0.2 +0.2 + 0.4 +0.7
(€] B-pinene MH 12.77 1124 1.0 1.2 0.9 0.7 2.6 0.9 1.9 1.7 0.8 2.1 1.1 2.0 Std 1.4 89.4
+0.7 +0.9 + 0.6 + 0.4 +15 +0.6 +1.1 +1.3 +0.6 +1.2 +0.8 +1.1 +1.3
(5) p-myrcene MH 14.07 1172 01+0 0.2 01+0 tr 0.3 0.1 0.2 tr tr 0.2 Tr 0.1 Std 0.1 71.8
+0.1 + 0.1 + 0.1 +0.1 +0.1 +0.1 +0.1
6) a-phellandrene MH 14.60 1179 tr 0.1 tr tr 0.1 tr tr tr tr Tr tr Std 0.1 140.1
+0.1 +0.1 +0.1
7) a-terpinolene MH 14.77 1195 1.0 1.2 1.1 0.9 1.4 0.5 1.7 1.0 0.3 1.0 0.5 0.5 Std 0.8 102.3
+ 0.4 +0.8 +0.6 + 0.5 +0.9 +0.3 + 0.9 +0.6 +0.2 + 0.7 +0.3 +0.2 +0.9
(8) limonene MH 15.29 1215 6.6 52+4 1.6 5.2 16.3 99+8 15.8 13.7 7.4 15.4 10.5 17.6 Std 11.3 90.7
+ 5.7 +1.1 + 4.2 +6.2 + 8.8 +10.7 +79 + 8.7 + 8.0 + 14.5 +10.3
(©)] 1,8-cineole OM 16.27 1227 12.5 4.0 3.8 4.1 2.6 2.4 6.9 0.3 1.0 0.9 0.2 3.5 Std 2.9 225.8
+10.9 +3.9 + 4.8 + 4.6 +4.9 +3.8 +9.3 +0.2 +1.9 +21 +0.1 + 4.9 +6.5
(10) (Z)-p-ocimene MH 16.76 1251 tr tr tr tr tr 0.2 tr Tr tr Std Tr 535.2
+ 0.1
an y-terpinolene MH 16.74 1260 1.7 2.8 1.9 1.0 2.4 1.0 1.9 1.2 0.4 1.8 0.3 0.7 Std 1.5 124.0
+1.5 +1.9 +1.4 +0.8 +2.8 +0.9 +1.9 +1.5 +0.2 + 2.0 +0.1 +0.5 +1.8
(12) p-cymene MH 17.44 1258 0.4 0.7 0.4 0.2 0.5 0.2 0.4 0.4 tr 0.2 16.3 0.4 Std 2.3 311.8
+0.3 +0.5 + 0.3 +0.2 +0.5 +0.2 +0.3 + 0.4 + 0.2 + 8.4 +0.4 +7.3
(13) terpinolene MH 18.61 1298 0.2 0.2 1.2 0.2 0.2 tr 0.6 Std 0.2 383.5
+0.2 +0.2 +0.8 +0.1 +0.1 +0.3 +0.8
14 a-ylangene SH 24.43 1507 1.3 1.2+1 2.6 3.1 6.0 1.0 0.9 1.6 1.1 RI 0.9 247.7
+0.8 +3.1 +20 +4.1 +0.7 + 0.5 +0.8 +0.4 MS +23
(15) a-copaene SH 24.48 1515 01+0 0.1 6.1 tr 15.2 0.3 11.7 0.4 tr 0.1 0.2 RI; 2.4 277.1
+ 0.1 + 4.8 + 10.8 + 0.3 +11.2 + 0.5 + 0.1 + 0.4 MS + 6.6
(16) isoitalicene SH 24.20 1521 0.9 1.1 1.1 1.6 0.3 0.5 0.4 1.1 1.5 0.7 0.8 1.1 RI; 1.0 105.6
+0.3 +0.4 + 0.4 +0.5 +0.1 +0.2 +0.2 + 0.4 +0.5 +0.2 +0.3 +0.3 MS +1.0
a7 linalool OM 24.52 1546 6.1 7.8 7.6 3.2 2.6 4.7 0.6 6.1 5.8 0.6 1.6 3.7 Std 4.7 153.5
+ 4.9 + 6.8 +7.7 + 2.7 + 2.5 + 4.7 + 0.7 + 5.4 + 4.0 + 0.6 + 2.4 + 3.6 +72
(18) italicene SH 25.45 1573 3.5 4.1 4.5 6.6 1.2 2.2 1.5 4.4 5.7 2.8 3.2 4.5 RI; 3.7 85.0
+1.3 +1.7 + 1.7 + 2.1 + 0.5 +1.1 +0.8 +1.4 +21 + 0.6 +1.2 +1.4 MS + 3.1
(19) (Z)-a-bergamotene SH 25.97 1580 5.3 3.9 5.2 1.5 02+0 1.4 1.9 0.7 4.1 1.7 0.8 3.0 RI; 21 144.4
+3.1 +25 +2.5 +1.9 +23 +1.3 +0.1 +4.0 +1.3 +0.9 +26 MS +3.1
(20) (E)-a-bergamotene SH 26.07 1591 3.0 2.1 3.2 0.5 0.2 0.6 1.7 1.9 1.6 1.3 0.9 2.4 RI; 1.7 130.4
+1.9 +1.1 + 1.7 + 0.4 +0.2 +0.9 +1.2 +1.7 +1.8 +1.2 +0.8 +22 MS +22
21 terpinen—4-ol OM 26.57 1616 5.4 42+2 2.9 2.2 2.2 2.8 1.2 5.5 2.3 3.2 1.6 4.2 Std 2.3 145.5
+2.1 +1.3 +1.1 +1.9 +1.6 +1.0 + 2.0 +1.2 +2.3 +0.9 + 2.6 +3.3
(22) B-caryophillene SH 26.70 1627 6.8 3.8 1.6 1.4 6.2 4.2 6.3 0.7 0.3 2.3 2.4 2.3 Std 3.8 137.3
+6.6 + 4.4 +23 +1.3 +4.2 +3.9 +7.5 +0.6 +0.2 +2.8 +23 +21 +5.2
(23) guaia—6,9-diene SH 27.94 1630 1.5 05+0 16.3 2.7 5.7 1.8 0.9 1.3 0.8 RI; 1.9 317.3
+0.1 +13.7 +1.6 + 3.1 +2.3 +0.5 + 0.7 + 0.4 MS + 5.9
24) p-farnesene SH 27.75 1650 0.3 0.3 0.5 0.4 0.8 0.5 0.3 0.3 0.6 0.6 0.4 0.5 RI; 0.5 170.3
+0.2 +0.2 + 0.3 +0.2 +0.7 +0.6 +0.1 +0.1 +0.3 +0.3 +0.2 +0.3 MS +0.8
(25) y-curcumene/ SH 28.76 1663 35.1 42.5 25.7 25.7 40.1 24.2 38.9 53.1 37.0 54.0 50.7 47.2 RI; 35 63.3
p-himachalene +18.4 +13.7 +11.5 +12.2 + 14.7 + 16.1 +15.7 +15.6 + 18.6 +13.3 +11.5 + 16.6 MS +22.1

(continued on next page)
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Table 2 (continued)

N Compounds Class RT RI” Capraia Elba Giglio D¢ Mean CV%
CI CII CIII EI EIl EIII EIV EV EVI GI GII GIII
(26) a-terpineol OoM 29.74 1684 26.9 24.5 2.5 2.0 2.4 Std 4.2 240.9
+12.8 + 12 + 1.0 + 1.8 +1.1 +10.0
27) neryl acetate OM 29.13 1730 54.0 47.7 32.6 44.6 22.4 51.6 0.9 52.9 73.5 51.4 47.3 51.8 RI; 44.7 55.1
+ 18.6 +21.9 +16.4 +15.4 +21.3 + 23.6 + 0.6 + 20.5 +15.2 +13.6 +15.9 + 20.6 MS + 24.6
(28) p-bisabolene SH 30.06 1735 1.2 0.8 1+04 0.5 0.5 0.7 RI; 0.3 201.8
+0.8 +0.3 +0.3 +0.3 + 0.4 MS + 0.6
(29) §-cadinene SH 29.98 1739 0.8 4.2 6.4 7.8 2.0 1.9 2.5 2.5 RI; 1.8 239.4
+0.8 + 4.9 + 3.8 +7.1 + 1.0 +1.6 +2.1 + 1.0 MS + 4.4
(30) a-muurulene SH 29.79 1710 0.3 0.2 0.9 1.8 0.3 1.5 0.6 0.2 0.1 0.2 0.2 RI; 0.4 311.7
+0.1 +0.1 + 0.5 +1.0 +0.1 +1.3 + 0.6 + 0.1 +0.1 + 0.1 + 0.1 MS +1.3
(31) p-selinene SH 30.26 1743 9.0 5.0 4.3 7.9 3.2+3 2.6 0.8 20.8 2.6 8.4 1.8 RI; 1.3 284.4
+ 0.2 + 0.7 +1.7 +7.8 +2.3 + 0.5 + 8.2 +1.4 +7.8 + 2.0 MS + 3.7
(32) B-curcumene SH 29.73 1754 1.6 1.5 4.0 2.5 1.1 1.0 1.7 1.5 1.3 1.8 1.4 1.7 RI; 1.6 97.1
+0.5 +0.3 +3.5 +0.8 +0.5 + 0.6 +0.8 +0.5 + 0.4 + 0.6 + 0.4 +0.7 MS +1.5
(33) a-selinene SH 30.69 1748 62+1 1.7 2.7 4.8 1.8 9.9 8.0 2.4 5.4 4.3 RI 0.7 366.5
+ 0.9 +1.8 + 2.7 +1.3 +15.8 + 2.5 + 1.4 + 4.4 + 29 MS + 2.6
(34) a-curcumene SH 30.73 1780 6.6 3.7 5.5 8.6 2.5 4.4 5.5 32.4 2.8 8.0 4.5 RI; 4.9 112.1
+ 2.8 +1.3 +2.7 + 4.8 + 1.5 +2.2 + 2.9 + 5.6 +1.2 + 4.7 +25 MS +5.5
(35) neryl-propionate oS 30.57 1831 13.1 14.7 19.8 24.2 9.2 16.9 6.1 14.7 35.5 8.7 13.5 15.1 RI 15.1 81.4
+ 6.8 + 8.6 +13.9 +17 + 4.4 +10.2 + 4.2 +10.6 +9.2 +5.2 + 5.4 + 8.7 MS +12.3
(36) nerol oM 30.72 1835 9.3 13.7 8.8 4.8 5.1 7.8 4.5 5.5 5.1 3.2 3.1 3.8 Std 7.3 103.4
+ 6.2 +9.3 + 5.6 + 2.2 + 2.7 + 5.4 + 2.8 + 2.7 + 2.3 +1.2 + 1.5 + 2.3 +7.6
37) neryl—2(S)-methyl oS 32.46 1857 1.5 1.7 1.1 0.7 0.8 2.1 1.1 1.1 0.7 0.6 1.3 RI; 1.0 144.9
butanoate +1.6 +1.1 +0.9 +0.3 +0.7 +1.5 +0.7 + 0.6 +0.5 + 0.4 + 0.6 MS +1.4
(38) neryl-isovalerate oS 32.74 1930 1.6 2.0 2.4 2.3 2.1 2.0 1.1 1.1 1.7 1.5 1.2 1.2 Rl 1.8 124.9
+ 0.9 + 1.1 +1.3 +1.2 + 0.8 + 1.1 + 0.8 + 0.9 + 1.0 + 0.7 + 0.6 + 0.7 MS + 2.2
(39) guaiol oS 36.86 2101 4.2 3.8 4.1 4.5 5.2 5.2 5.5 3.2 4.8 2.6 2.6 2.2 RI; 2.9 88.3
+1.8 +1.4 +25 +2.3 + 1.7 +2.3 +2.0 +2.3 + 1.5 +1.5 +1.2 +1.1 MS + 2.6
(40) sesqui4_UNK SH 37.26 2131 4.8 1.4 MS 0.2 571.6
+1.9 +0.8 +0.9
(41) rosifoliol oS 37.63 2149 21.9 16.1 16.4 17.2 31.1 25.7 28.1 10.8 5.2 11.0 10.1 9.3 RI; 13.5 99.9
+11.4 + 6.5 +6.3 +9.9 + 10.5 +12.1 +13.7 + 8.7 + 2.4 +6.0 + 5.5 + 4.8 MS +13.5
CV% 59.7 62.8 61.0 63.7 66.0 74.9 66.5 68.9 62.8 64.0 64.0 66.1

4 MH = Monoterpene Hydrocarbon; OM = Oxygenated Monoterpene; SH = Sesquiterpene Hydrocarbons; OS = Oxygenated Sesquiterpene.

b Kovant’s Retention Index calculated

¢ Identification methods: MS by comparison of the mass spectrum with the 2011 NIST library; Std by comparison of the mass spectrum and retention time of available standard.
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Fig. 2. Graphs of the first two principal components based on the H. italicum subsp. italicum terpene analysis of full-blooming inflorescences from the Capraia, Elba,
and Giglio populations. The population codes are Monte Castello’s slopes (CI), Punta della Bellavista (CII), and Il Frate beach (CIII) for Capraia Island; Cima di
Monte’s slopes (EI), Via dei Rosmarini, Campo nell’Elba (EII), Capo di Fetovaia (EIII), Capo d’Enfola (EIV), Monte Calamita’s slopes (EV), and Monte Capanne’s peak
(EVI) for Elba Island; and, finally, Punta di Capo Marino (GI), Punta di Capel Rosso (GII), and Poggio della Pagana’s slopes (GIII) for Giglio Island.

et al., 2020). The effect of these compounds depends on their concen-
tration, and the same compound can have beneficial, neutral, or harmful
effects depending on the amount present, the organism being exposed,
and the route of exposure. Our analysis of the terpene content identified
a total of 41 compounds across 316 plant individuals belonging to 12
populations; of these, 20 were monoterpenes and 21 were sesquiter-
penes. For comparison, Paolini et al. (2006) identified 49 compounds in
11 samples of H. italicum from six Tuscan Archipelago islands, while
Morone-Fortunato et al. (2010) found a total of 62 compounds in 20
genotypes growing along the Italian peninsula. As highlighted by
Nincevi¢ Runji¢ et al. (2025), many of the compounds identified in
studies carried out on Helichrysum are present only in trace amounts and
do not play any significant role in determining the chemotype. In our
study, 21 compounds were identified at concentrations exceeding 5% in
at least one of the analysed populations; of these, the most prominent
were: o-pinene (1.9-33.5%), limonene (1.6-17.6%), y-curcumene
(24.2-54.0%), neryl acetate (0.9-73.5%), neryl propionate
(6.1-35.5%), and rosifoliol (2.4-21.9%). The chemical profiles in this
study are comparable to previous reports, although possible inter-study
variability arising from different extraction methods and sample sizes
should be considered regarding its impact on compound composition
and abundance. Paolini et al. (2006) identified nerol, neryl acetate, and
neryl propionate as dominant. Similarly, Bianchini et al. (2003) reported
a-pinene and neryl acetate as major components, with a sesquiterpene
profile (B-selinene, p-caryophyllene, a-selinene) that partially matches
the present study. The high neryl acetate levels found here fall within the
ranges documented by Nincevi¢ Runji¢ et al. (2025) and Blazekovic
et al. (1995). a-Pinene and y-curcumene were also major components
in these studies. Studies investigating the chemical composition of

natural populations of H. italicum have revealed a high degree of vari-
ability in the essential oil terpene profile. This variability is generally
ascribed to a range of factors, including geographical origin (Melito
et al., 2016; Morone-Fortunato et al., 2010; Nincevi¢ Runji¢ et al.,
2025), environmental factors (Bianchini et al., 2009; Melito et al., 2016;
Nincevi¢ Runji¢ et al., 2025), the developmental stage of the plant
(Bianchini et al., 2001; Usai et al., 2010), the specific organs analysed
(Kunc et al., 2022), and the methods employed for processing (Jazo
et al., 2022).

The present study confirmed the presence of significant variability in
the terpene profiles of the full-blooming inflorescences of the analysed
H. italicum populations. The within-population variability was high,
with an average coefficient of variation (CV) of 65%. In Helichrysum,
within-population variation has not been extensively studied, but a
similar high degree of within-population variation in the leaf concen-
tration of secondary metabolites has been found by Valares Masa et al.
(2016) and Vrancheva et al. (2021) in Cistus ladanifer and Vaccinium
myrtillus, respectively. In the case of Thymus vulgaris and Thymus pule-
gioides, up to five distinct chemotypes have been documented to coexist
within the same habitat (Martonfi et al., 1994). Wester et al. (2020)
revealed the existence of seven chemotypes in a single population of
T. pulegioides in Germany. These studies hypothesize that the high
variability within a population could be a response of phenotypic plas-
ticity associated with environmental variability, genotypic differences
among individuals, and differential selective pressure by herbivores or
pathogens in the same environment. The latter may result in disruptive
selection acting on the chemical phenotype, thereby facilitating the
persistence of multiple forms (Thompson, 2002). Our results demon-
strate the presence of individual plants within the analysed populations
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Fig. 3. Graphs of the hierarchical cluster analysis (HCA) based on the terpene
data of full-blooming inflorescences of H. italicum subsp. italicum from the
Capraia, Elba, and Giglio populations. The clusters are numbered from left to
right, as follows: red cluster 1 (EIL, EIV), green cluster 2 (EVI), light blue cluster
3 (GII, GIII, EV, GI, CI, CII), and violet cluster 4 (EIII, CIIL, EI). For each cluster,
it has been possible to describe the composition (Table 3), reported by means of
the most commonly present compounds. Notably, the dominant compounds
within the cluster exhibited a coefficient of variation lower than the overall
coefficient of variation.

exhibiting better biosynthetic profiles for the target metabolites. These
genotypes may represent valuable candidates for clonal selection aimed
at optimizing propagation protocols and improving the production and
quality of essential oils.

On the other hand, inter-population variability was also remarkably
high (average CV = 184%), exceeding the values reported by Nincevic
Runjic et al. (2025), who observed an average CV of 73% among 18
Croatian populations distributed along a significantly more pronounced
geographical gradient. The populations investigated by Nincevi¢ Runji¢
et al. (2025) were found to exhibit significant variation in nine essential

Industrial Crops & Products 248 (2026) 123588

oil constituents: limonene, linalool, nerol, neryl acetate,
trans-caryophyllene, neryl propionate, ar-curcumene, p-selinene, and
§-selinene. These differences were interpreted by the authors as the
result of genetic adaptation to their native environments. A previous
study (Marini et al., 2023) demonstrated that the populations analyzed
here exhibit low levels of among-population genetic differentiation (Gst
= 0.15, accounting for 9% of the total genetic variability), likely
reflecting relatively high gene flow among populations. This pattern
suggests that the observed variation in terpene profiles among pop-
ulations may be driven primarily by environmental and/or ecological
factors rather than by strong genetic structuring, potentially reflecting
local adaptation to different environmental conditions.

Populations from Elba Island exhibited substantially greater phyto-
chemical variability than those from Capraia and Giglio, which were
comparatively homogeneous. This pattern is consistent with earlier in-
vestigations of Helichrysum in the Tuscan Archipelago (Giuliani et al.,
2016; Leonardi et al., 2013; Marini et al., 2022; Paolini et al., 2006) and
likely reflects the greater environmental heterogeneity of Elba. As the
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Fig. 4. Graphs of the LDA (Linear Discriminant Analysis) results based on the
clusters of the HCA. The clusters are numbered and colored as follows: red
cluster 1 (EII, EIV), green cluster 2 (EVI), light blue cluster 3 (GII, GIII, EV, GI,
CI, CII), and violet cluster 4 (EIII, CIII, EI).

Table 3
Cluster, populations, and the most descriptive compounds. Mean SD = average value =+ standard deviation. CV = coefficient of variation (%).
Clusters Populations Main compounds Mean SD cv
In cluster Overall In cluster Overall
1 Ell o-pinene 44.0 £ 20.8 14.3 +18.2 47.2 127.1
EIV Rosifoliol 29.6 £12.6 13.5+13.5 42.5 99.9
Limonene 16.1 £9.8 11.3+10.3 60.1 90.7
o-copaene 13.4+104 2.4+6.6 77.3 277.1
2 EVI neryl acetate 73.5+15.2 44.7 £ 24.6 20.6 55.1
y-curcumene/p-himachalene 37.0 £18.6 35.0 £22.1 50.2 63.3
neryl propionate 35.5+9.2 15.1 £12.3 25.9 81.4
o-curcumene 32.4+5.6 49 +55 17.3 112.2
3 GI, GII, GIII neryl acetate 50.9 +16.1 44.7 + 24.6 31,6 55.1
CI, CII y-curcumene/p-himachalene 47.1 £11.6 35.0 £22.1 24.6 63.3
EV neryl propionate 13.3+79 15.1 £12.3 59.4 81.4
rosifoliol 13.2+9.2 13.5+13.5 69.7 99.9
limonene 11.5+10.4 11.3+10.3 90.4 90.7
4 EI neryl acetate 429 £17.0 44.7 £ 24.6 39.6 55.1
CIII y-curcumene/p-himachalene 25.2+13.5 35.0 £ 22.1 53.5 63.3
EIIL neryl propionate 20.3 +8.3 15.1 +12.3 40.8 81.4
rosifoliol 19.8 +£6.9 13.5+135 34.8 99.9
o-terpineol 17.8 +£8.1 4.2 +£10.0 45.5 240.9
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Table 4

The LDA confusion matrix showing the attribution of individual plants to the
identified clusters. The rows represent the original clusters assigned by the HCA,
while the columns indicate the predicted classifications. The diagonal values
represent the correctly classified cases, with the percentages indicating the
classification accuracy within each cluster. The associated p-value was highly
significant (p < 0.001).

Accuracy Cluster_1 Cluster 2 Cluster_3 Cluster 4
attribution”
Cluster_1 100 45 0 0 0
Cluster 2 75 0 19 1
Cluster 3 93 0 3 170 11
Cluster 4 93 1 0 0 65
Total 94 46 22 171 77

# The average of sensitivity and specificity, mitigating the impact of class
imbalance.

largest island in the archipelago, Elba encompasses a broader range of
habitats and elevation gradients than Giglio and Capraia (Carta et al.,
2018; Foggi et al., 2006; Foggi and Grigioni, 1999; Foggi and Pancioli,
2008). Accordingly, a principal component analysis (PCA) (Fig. 2)
clearly discriminated the hill and mountain populations of Elba (EL, EV,
EVI) from its coastal populations (EII, EIII, EIV). Altitude emerged as a
key factor shaping terpene composition within Elba populations.
Spearman correlation analysis (Table S3) revealed significant associa-
tions between elevation and terpene profiles, corroborating previous
findings from Helichrysum populations in Sardinia and Croatia (Melito
et al., 2016; Zeljkovic et al., 2015). Specifically, oxygenated mono-
terpenes (a-terpineol, linalool, neryl acetate, and terpinen—4-ol)
increased with altitude, whereas hydrocarbon monoterpenes (including
a- and B-pinene, camphene, a-fenchene, f-myrcene, limonene, p-cym-
ene, terpinolene, and y-terpinolene) declined, indicating a consistent
altitudinal shift in terpene biosynthesis.

In contrast, lithological substrate appeared to play a secondary role.
Although Leonardi et al. (2013) proposed a substrate-driven effect on
terpene profiles in low-altitude populations on Elba, our analysis, based
on the lithological framework of Carmignani and Lazzarotto (2004),
revealed only weak and inconsistent associations. Populations sharing
the same substrate type did not consistently cluster together, as illus-
trated by the dispersion of siliceous-substrate populations from Elba
across multiple clusters and the heterogeneous clustering of Capraia
populations growing on volcanic rocks.

Nevertheless, some patterns were compatible with earlier observa-
tions linking neryl acetate abundance to sediment texture rather than to
inorganic soil composition (Bianchini et al., 2009). All coastal pop-
ulations examined occurred on substrates with a high coarse-sand
fraction, and most of these populations exhibited elevated neryl ace-
tate levels. While suggestive, these associations remain correlative and
insufficient to disentangle substrate effects from other environmental
variables, underscoring the need for targeted experimental or fine-scale
edaphic analyses.

Multivariate analyses and statistical tests suggest that the twelve
studied populations can be classified into at least two primary chemo-
types, mainly distinguished by differences in a-pinene and neryl ace-
tate/nerol derivative content. Previous studies (Ac¢imovic et al., 2021;
Guinoiseau et al., 2013; Maksimovic et al., 2017; Nincevi¢ et al., 2019;
Tali¢ et al., 2021) have documented the occurrence of high a-pine-
ne/limonene and high nerol-derivative chemotypes along the Tyr-
rhenian peninsular coast and in the Sardinia-Corsica region,
respectively. The co-occurrence of both chemotypes within the Tuscan
Archipelago suggests historical and/or ongoing gene flow between
Helichrysum italicum populations from peninsular Italy and those of
Sardinia and Corsica, potentially mediated by dispersal across the Tyr-
rhenian basin.

In this study, the four identified clusters correspond to these two
main chemotypes:
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e Chemotype 1 (Cluster 1) — a high percentage of a-pinene (44%),
rosifoliol (30%), and limonene (16%).

e Chemotype 2 - a high percentage of neryl acetate, nerol derivatives,
and y-curcumene.

o Chemotype 2a (Cluster 2) — very high percentages of neryl acetate
(73%), y-curcumene (37%), and a-curcumene (32%).

o Chemotype 2b (Cluster 3) - high percentages of neryl acetate
(50%), y-curcumene (47%), rosifoliol (13%), and limonene (11%).

o Chemotype 2c (Cluster 4) - high percentages of neryl acetate
(43%), y-curcumene (25%), rosifoliol (20%), and a-terpineol (18%).

The terpene profile characterizing Chemotype 1 is consistent with
previous reports on Helichrysum populations from Capo d’Enfola on Elba
Island (Leonardi et al., 2013; Marini et al., 2022) and accords with the
chemotypic classification proposed by Tali¢ (2021). Moreover, the
terpene profile observed at Capo d’Enfola, dominated by a-pinene,
closely resembles that reported for Helichrysum litoreum (Giuliani et al.,
2016; Ruberto et al., 2002), suggesting possible phytochemical
convergence or taxonomic affinity. Genetic and morphological analyses
conducted on the same populations (Marini et al., 2023) have ruled out
this hypothesis, confirming the absence of H. litoreum in the Elba pop-
ulations. Nevertheless, some individuals in the Capo d'Enfola population
may have originated from past or ongoing hybridization and/or intro-
gression events driven by pollen gene flow between H. litoreum and
H. italicum subsp. italicum (Marini et al., 2023). This evidence makes
Capo d'Enfola a controversial Helichrysum population, for which more
in-depth studies are needed from both environmental and genetic
perspectives.

For Chemotype 2, the terpene profiles observed closely resemble the
"Sardinian type" previously described in the literature (Bianchini et al.,
2001; Satta et al., 1999). Specifically, the EVI population belongs to
Chemotype 2a and is described in detail in a previous study (Marini
et al., 2022). This population, located at 1000 m a.s.l., is the highest
in the current study. According to Usai et al. (2010), H. italicum pop-
ulations growing at higher elevations in Sardinia tend to exhibit
increased concentrations of neryl acetate and y-curcumene. As discussed
above, this variation may be attributed to the effects of altitude, since
increased solar radiation at higher elevations influences terpene
biosynthesis (Melito et al., 2016; Zeljkovi¢ et al., 2015).

In this study, neryl propionate was found in all populations of this
cluster. Its concentration showed a slight correlation with that of neryl
acetate, as both are derivatives of nerol (Maksimovic et al., 2017; Tali¢
et al., 2021). Talic et al. (2021) reported that neryl acetate and neryl
propionate are characteristic of H. italicum populations from Corsica,
Sardinia, and some areas of the Tuscan Archipelago. Notably, our data
suggest that neryl acetate and rosifoliol display an inverse relationship:
EIl and EIV (Cluster 1) had the lowest neryl acetate levels, while the
Monte Capanne population (EVI) had the highest levels but lacked
rosifoliol. This opposing trend between rosifoliol and neryl acetate has
also been observed in Sardinian H. italicum subsp. tyrrhenicum (Melito
et al., 2016) and confirmed by Nincevic (2019).

Within Chemotype 2b, the high concentrations of neryl acetate and
y-curcumene observed are consistent with findings from Giuliani et al.
(2016), who reported the highest y-curcumene levels in the Monte
Calamita population (EV). Similar profiles were also reported for Giglio
Island populations (Paolini et al., 2006). The Capraia population was
characterized by a high rosifoliol content, which has been identified as
typical of high-altitude Helichrysum populations in Corsica and Sardinia
(Bianchini et al., 2003; Melito et al., 2016; Usai et al., 2010). Likewise,
y-curcumene is commonly found in many Helichrysum populations
across the central Mediterranean (Tali¢ et al., 2021), particularly along
the Adriatic coast (Zeljkovic et al., 2015) and in Corsica and Sardinia
(Nincevic et al., 2019).

Chemotype 2c is characterized by high levels of both neryl acetate
and rosifoliol. This profile was observed in the Le Tombe population
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(near Capo di Fetovaia, EIII) and the Le Panche population (near Cima di
Monte, EI) on Elba Island, as reported by Leonardi et al. (2013). Similar
profiles were also detected in populations from Capraia Island (CIII)
(Paolini et al., 2006).

These chemotype compositions are of considerable interest to the
pharmaceutical, cosmetic, and perfumery industries. The diverse
terpene profiles observed in H. italicum suggest a broad range of po-
tential applications based on the dominant bioactive compounds
identified.

For example, a-pinene—a widely distributed terpene in the plant
kingdom—is known for its antimicrobial (Utegenova et al., 2018; Yang
et al., 2015), anti-inflammatory, antioxidant (Bouzenna et al., 2017;
Karthikeyan et al., 2018), neuroprotective (Khoshnazar et al., 2020),
and gastroprotective properties (Pinheiro et al., 2015). Similarly, limo-
nene is associated with anti-inflammatory, anticancer, and -car-
dioprotective activities (de Almeida et al., 2014; Lu et al., 2004; Younis,
2020; Yu et al., 2018). Rosifoliol has demonstrated strong antioxidant
activity (Ornano et al., 2015), and both a-pinene and limonene have
shown anti-aging effects in dermatological applications (Fraternale
et al.,, 2019). The co-occurrence of these three bioactive terpenes un-
derscores the therapeutic potential of H. italicum Chemotype 1, rein-
forcing its relevance in pharmaceutical, cosmetic, and nutraceutical
applications.

In contrast, neryl acetate — with its floral and fruity aroma - is
particularly valued in the fragrance and perfumery industries (Gencic
et al., 2020; Zeljkovic et al., 2015). Its isomer, geranyl acetate, has been
shown to exhibit antifungal (Khayyat and Sameeh, 2018) and anticancer
activity in colon cancer cells (Qi et al., 2018). Neryl acetate derived from
Corsican H. italicum essential oil has also been reported to enhance skin
barrier function and moisture retention, making it suitable for use in
age-related skin treatments (Lemaire et al., 2022). Neryl propionate,
which shares similar aromatic and biological properties with neryl ac-
etate, is also used in perfumery (Kladar et al., 2015).

Among sesquiterpenes, y-curcumene—though of limited use in
perfumery—is of growing interest in the food industry. Helichrysum
essential oil rich in y-curcumene and neryl acetate has shown potential
in preserving horticultural products (Cui et al.,, 2015). Finally,
a-terpineol, a key component in floral fragrances (e.g., lilac and rose), is
widely used in cosmetics and perfumes (Bayrak and Akgiil, 1994).
Beyond its olfactory qualities, a-terpineol exhibits antioxidant (Sabino
et al., 2013), anticancer (Hassan et al., 2010), sedative (de Sousa
et al.,, 2007), cardiovascular-protective (Sabino et al., 2013), anti-
nociceptive (de Oliveira et al., 2012), and insecticidal properties
(Khaleel et al., 2018). Based on this diverse set of compounds, the
sub-chemotypes of Chemotype 2 may hold promising applications in
both the cosmetic and medicinal fields.

5. Conclusion

The imposition of increasingly stringent standards on essential oils
necessitates a robust understanding of the genetic and environmental
factors influencing chemical variation. Gaining this insight would
facilitate the identification of genotypes with superior oil yield and
quality in both natural populations and experimental trials, conse-
quently minimizing the resources currently required for breeding and
processing. The results of our study represent a fundamental step toward
understanding the terpene composition of H. italicum subsp. italicum
within and among populations of the Tuscan Archipelago. These data
have proven valuable for assessing different chemotypes and suggest
that chemotypic variation is driven by environmental
factors—particularly soil characteristics. Future research should estab-
lish a common garden of these Helichrysum chemotypes to elucidate the
relative contributions of genetic versus environmental factors to the
observed terpene variation. Such conditions would allow for the eval-
uation of terpene profiles across different years while controlling for
environmental  variability.  Finally, integrating = DNA-based
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approaches—such as identifying single nucleotide polymorphisms
(SNPs) in candidate genes—with chemical data from both wild and
common garden populations could facilitate pre-planting screening and
ensure the preservation of desirable traits. Furthermore, modern
genomic tools may enable the isolation of target genes in Helichrysum,
directly linking chemical diversity to specific genetic variations.
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