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ABSTRACT

Essential oils (EOs) from three Lamiaceae species (Lavandula dentata, Salvia rosmarinus, and Thymus vulgaris) and seven

Eucalyptus species (Myrtaceae) were evaluated for yield, chemical composition, antioxidant capacity, and antifungal activity.

0il yields ranged from 0.18% to 3.6%, with L. dentata producing the highest. Chemical composition was determined using gas

chromatography, revealing high levels of oxygenated monoterpenes (39.95%-88.31%). The main constituents were 1,8-cineole, a-

pinene, -pinene, p-cymene, and camphor, except for the EO of T. vulgaris, which was dominated by thymol (72.37%). Antifungal

assays showed strong activity for T. vulgaris, moderate activity for others, and the lowest for E. lehmannii. Antioxidant activity

was also highest in T. vulgaris, surpassing the Trolox standard. Multivariate statistical analyses, including principal component

analysis, hierarchical clustering, Pearson correlation, and partial least squares regression, revealed strong negative correlations

(r < -0.87, p < 0.05) and high variable importance (VIP > 2) for thymol, cis-linalool oxide, y-terpinene, a-terpinene, and 3-carene.

These findings support the multifunctional potential of bioactive EOs from Lamiaceae and Myrtaceae as eco-friendly agents for

integrated crop protection and antioxidant applications.

1 | Introduction

Phytopathogenic fungi represents a major global agricultural
threat, causing substantial yield losses and economic hardships
for farmers worldwide [1]. These pathogens affect a wide variety
of crops, causing diseases that manifest as wilting, rotting, leaf
spots, and other symptoms [2, 3]. As these infections spread,
they reduce crop quality and quantity, compromise nutritional
value and directly impact farm income and food security [4,

© 2026 Wiley-VHCA AG.

5]. Farmers often rely on chemical fungicides to manage these
diseases, further increasing production costs and environmental
risks [6]. Taken together, these impacts emphasize the critical
need for sustainable and eco-friendly strategies to manage fungal
pathogens [7].

Essential oils (EOs) are rich in secondary metabolites, com-
pounds produced by plants with diverse biological functions,
including defense against pests and pathogens [8]. EOs have
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gained attention as natural alternatives to synthetic fungicides,
offering a sustainable solution to combat the growing problem
of resistance in agriculture [9, 10]. Their ability to target a broad
spectrum of pathogens, while being less prone to resistance devel-
opment and minimizing environmental impact, makes them
promising agents for sustainable agriculture [11, 12].

EOs extracted from plants of the Lamiaceae family (Lavandula
dentata, Salvia rosmarinus, and Thymus vulgaris) are recognized
for their diverse biological activities [13]. They exhibit potent
antioxidant properties and strong antimicrobial effects, making
them valuable in the fight against various microbial infections
[14, 15]. Due to these multifunctional properties, EOs from
Lamiaceae species continue to draw scientific interest for their
potential applications in both human health and sustainable
agriculture [16].

The Eucalyptus genus, a diverse and globally recognized group
of flowering trees, is primarily native to Australia, where it
thrives in a wide range of habitats [17]. However, these evergreen
species have also spread across many regions, including South
America, Africa, and Southeast Asia [18]. Eucalyptus leaves are
rich in EOs known for their distinctive aroma, their antioxidant
and biological properties, making them valuable in the fields of
natural medicine and industrial applications [19-21].

The present study aimed to characterize the chemical composi-
tion of EOs extracted from three Lamiaceae species (L. dentata,
S. rosmarinus, and T. vulgaris) and seven Myrtaceae species of
the genus Eucalyptus (E. camaldulensis, E. cinerea, E. grandis,
E. lehmannii, E. leucoxylon, E. saligna, and E. sideroxylon), and
to evaluate their antifungal activity against six phytopathogenic
fungal strains: Fusarium culmorum, Fusarium oxysporum, Fusar-
ium proliferatum, Phoma sp., Rhizoctonia solani, and Sclerotinia
sclerotiorum. The antioxidant potential of the EOs was assessed
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis-3-
ethylbenzthiazoline-6-sulphonic acid (ABTS) assays.

To examine the relationships between chemical composition and
antifungal efficacy, multivariate statistical techniques, including
principal component analysis (PCA), hierarchical cluster analysis
(HCA), Pearson correlation, and partial least squares (PLS)
regression, were applied. These analyses allowed the identifica-
tion of specific volatile compounds that are strongly correlated
with antifungal activity, providing a direct link between chemical
profiles and observed bioactivity. In addition, the clustering of
EOs based on both their chemical composition and biological
effects highlighted patterns of activity that can be attributed to a
particular group of compounds. This integrative analysis provides
deeper insights into the key bioactive constituents responsible
for the observed antifungal activity, supporting the potential use
of these EOs in sustainable crop protection and plant health
management.

2 | Results and Discussion

2.1 | EOYields and Chemical Composition

EO yields are reported as mean =+ standard deviation (n = 3), and
differences among species were assessed using one-way ANOVA

followed by Fisher’s LSD test at p < 0.05. The EO yields of
the selected species from the Lamiaceae and Myrtaceae families
exhibited significant variation highlighting the variation in oil
productivity (Table 1). For the Lamiaceae family, L. dentata
yielded the highest EO content (3.6 + 0.3%) which aligns with
the findings of El Abdali et al. [22], who reported a content of
3.46%. This yield is comparatively higher than those reported in
Tunisia (1.76%), Algeria (1.18%), Morocco (0.79%) and Argentina
(0.8%) [23-26]. T. vulgaris EO showed a yield of 2.7 + 0.3%,
which falls within the reported range of 0.3%-4% by Pavela
et al. [27] and is consistent with the yield (2.5%) recorded by
Dinu et al. [28]. S. rosmarinus EO yield was 0.66 + 0.05%, close
to reported values ranging from 0.48% to 0.87% depending on
harvest season and location [29]. In the Myrtaceae family, the EO
yields ranged from 0.18 + 0.06% (E. grandis) to 1.94 + 0.1% (E.
camaldulensis). The yields of EOs from various Eucalyptus species
can vary significantly, with reported percentages ranging from
0.1% to 7.3%, highlighting the wide diversity in oil content among
different plants [30, 31]. The EO yield of E. camaldulensis in the
present study is consistent with previous report from Thailand
with yields between 1.07% and 2.23%, depending on the specific
clones tested [32]. E. cinerea showed a yield of 1.45 + 0.25%, which
is lower than obtained in Italy (2.56%) [33]. Tum et al. [34] studied
the impact of varying extraction times, finding that the yield of E.
grandis ranged from 0.5% to 0.7% which differs from our findings
(0.18 + 0.06%). Khedhri et al. [35] found that E. lehmannii from a
Tunisian arboretum yielded 1.91%, which is higher than the yield
observed in our study (1.45 + 0.04%). A similar observation was
made for E. leucoxylon, as Sebei et al. [36] reported a yield of 1.61%,
which exceeds the yield found in our study (1.17 + 0.3%). Ayed
et al. [37] reported that the EOs extracted from eight Eucalyptus
species growing in Tunisia had yields ranging from 0.12% to 1.32%,
with E. saligna yielding 0.64%. Similarly, our study recorded a
yield of 0.53 + 0.08%. In addition, Amri et al. [38] reported a yield
of 1.3% for E. sideroxylon growing in Tunisia, which is consistent
with our findings, as we also observed a yield of 1.33 + 0.1%.

The chemical analysis of the 10 EOs allowed the identification
of more than 100 compounds, accounting for from 97.23% to
99.92% of the total EOs and distributed acroos five classes
of terpene and non-terpene derivatives, as determined by gas
chromatography-mass spectrometry (GC-MS) identification and
gas chromatography coupled with flame ionization detection
(GC-FID) quantification. The high percentages of total identified
compounds indicate a comprehensive characterization of the
EO chemical profiles. All EOs showed a specific richness in
oxygenated monoterpenes (39.95%-88.31%) and monoterpenes
hydrocarbons (7.02%-53.65%), which constituted the dominant
chemical classes across the analyzed oils (Table 1).

Among the Lamiaceae family, L. dentata EO was character-
ized by 85 compounds, accounting for 99.18% of the total EO
composition. Oxygenated monoterpenes predominated (72.67%),
with 1,8-cineole (61.8%), 3-pinene (12.52%), and a-pinene (4.35%)
identified as dominant compounds. The predominance of 1,8-
cineole observed here is consistent with reports on L. dentata EO
from Brazil (63%) [39], and Tunisia (35% and 33.54%, respectively)
[24, 40]. In contrast, other studies reported different dominant
constituents including S-eudesmol (21.17%) and linalool (47.3%)
[41, 42]. In S. rosmarinus EO, 56 chemical components were
identified, representing 99.79% of the total oil, with oxygenated
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monoterpenes (54.52%) and monoterpenes hydrocarbons (36.31%)
as the dominant classes. The prevalent constituents were 1,8-
cineole (40.75%) followed by a-pinene (14.42%) and camphor
(7.87%). These findings are in line with Rathore et al. [29]
where S. rosmarinus EO contained 1,8-cineole (45.4%-48.1%), a-
pinene (10.9%-14%), and camphor (5.4%-15.8%). Similar patterns
were observed in S. rosmarinus EO originating from Serbia and
Russia with varying relative abundances of a-pinene (23% and
17.76%), 1,8-cineole (17.79% and 23.4%), and camphor (14.39%
and 17.17%), respectively [43]. The chemical analysis of the T.
vulgaris EO revealed 30 compounds representing 99.2% of the
total oil, with oxygenated monoterpenes (74.84%) as the primary
constituents. The major components were thymol (72.37%), y-
terpinene (7.87%), and p-cymene (7.11%). Comparable chemical
profiles were reported for T. vulgaris EO from different origins
supporting the reproducibility of the observed chemotype while
acknowledging quantitative variation among samples [44, 45].

The chemical analysis of the EOs extracted from the Myrtaceae
family allowed the identification of 35 compounds from E.
camaldulensis, 33 from E. cinerea, 51 from both E. grandis and
E. lehmannii, 55 from E. leucoxylon, 64 from E. saligna, and 53
from E. sideroxylon, representing 99.86%, 99.92%, 98.57%, 99.71%,
99.29%, 97.23%, and 99.86% of the entire EO constituents, respec-
tively. The predominant EO’s constituents for Eucalyptus species
(E. camaldulensis, E. cinerea, E. grandis, and E. sideroxylon)
were 1,8-cineole (39.62%-86.26%) as oxygenated monoterpenes,
followed by a-pinene (4.38%-31.96%) and p-cymene (1.86%-—
12.82%) as monoterpenes hydrocarbons. Camphor (15.2%) was
also identified in E. lehmannii in addition to 1,8-cineole (60.74%)
and a-pinene (12.69%). The key constituents of E. leucoxylon were
1,8-cineole (62.95%) followed by p-cymene (10.84%) and a-pinene
(8.05%). The the main compound in E. saligna EO (29.37%) was
p-cymene followed by 1,8-cineole (24.36%) and a-pinene (18.2%).
Eucalyptus EOs exhibited significant chemical variability across
different geographical origins as evidenced by various studies
with 1,8-cineole being the major constituent which is in line with
our findings [46, 47]. In Brazil, E. camaldulensis EO contained
primarily 1,8-cineole (76.93%), -pinene (11.49%), and a-pinene
(7.15%) [48]. In another Brazilian study, the same plant species
yielded different chemical profiles, with 1,8-cineole (41.61%), a-
terpineol (19.87%), and a-pinene (15.81%) as the predominant
components [49]. However, when using the aerial parts of E.
camaldulensis in Egypt, the main constituents shifted to spathu-
lenol (20.84%), p-cymene (15.16%), and 1,8-cineole (12.01%) [50]. In
Pakistan, the leaves of E. camaldulensis had a distinctive profile,
with linalool (17%), 1,8-cineole (16%), and p-cymene (12.2%) being
the major constituents [51]. These variations extend to other
regions like Morocco, Syria, Turkey, and Thailand showing p-
cymene and y-terpinene as the major components [32, 52-58].
EO extracted from the leaves and stems of E. cinerea from Brazil,
contained mainly 1,8-cineole (55.24%), a-terpinyl acetate (21.64%),
and a-pinene (7.94%) [59], while in Italy, the same species yielded
1,8-cineole (67.7%), a-pinene (7.3%), and a-terpinyl acetate (5.2%)
when only the leaves were used [33]. Similarly, Sebei et al. [36]
reported that the major constituents of E. lehmannii growing
in Tunisia were 1,8-cineole (49.07%), a-pinene (26.35%), and o-
terpinyl acetate (5.64%) while E. leucoxylon was characterized
by the dominance of 1,8-cineole (77.76%), a-pinene (5.85%), and
trans-pinocarveol (3.23%). Caetano et al. [49] reported that E.
grandis EO main components were 1,8-cineole (37.43%), a-pinene

(36.35%), and a-terpineol (8.71%) as the predominant compo-
nents. Ayed et al. [37] characterized E. saligna EO extracted from
Tunisia identifying 1,8-cineole (20.36%), p-cymene (15.27%), and
isoborneol (10.54%) as the primary compounds. In contrast, the
present study found that p-cymene was the principal component
in E. saligna EO (29.37%), followed by 1.8-cineole (24.36%) and
a-pinene (18.2%). Similarly, Amri et al. [38] analyzed the E.
sideroxylon EO growing in Tunisia, with the main compounds
were 1,8-cineole (65.4%), globulol (7.4%), and aromadendrene
(2.1%). These findings differ from those observed in the current
study, where the dominant compound was 1,8-cineole (86.26%),
followed by a-pinene (4.38%) and p-cymene (1.86%), highlighting
a distinct chemical composition between the two studies.

The detailed qualitative and quantitative characterization of the
EOs provides a robust chemical dataset that forms the basis
for subsequent multivariate analyses investigating relationships
between EO composition and biological activities.

2.2 | Antioxidant Activity

The antioxidant potential of the 10 EOs were evaluated by DPPH
and ABTS assays, and the results are presented graphically in
Figure 1, while exact ICs, values are provided in Table S1.

Among the tested species, T. vulgaris EO revealed the strongest
antioxidant activity in both DPPH and ABTS assays, with an ICs,
0f 3.06 + 0.04 and 1.5 + 0.08 ug mL™, respectively, exceeding the
activity of the standard Trolox. This high activity is consistent
with its rich thymol content, a phenolic compound well-known
for its strong antioxidant and antimicrobial properties [60, 61].
Findings of the present study showed a higher antiradical capac-
ity than reported by Chahboun et al. [62] reporting ICs, values
of 5.94 + 0.22 and 3.03 + 0.17 pg mL™" in DPPH and ABTS tests,
respectively. Pilozo et al. [63] demonstrated a significant antiox-
idant profile for T. vulgaris with a radical neutralizing potential
(DPPH) of ICs, = 1.11 + 0.019 mg mL™" and ferric ion reducing
power of 93.05 + 0.52 mg equivalent Trolox g™'. p-Cymene, an
intermediate in thymol biosynthesis [64], represented 29.37% of
E. saligna EO in this study and likely contributed to its significant
antioxidant activity (ICs, of 18.5 + 1 and 5 + 0.9 yg mL™! in
DPPH and ABTS, respectively). However, compared to thymol
and p-cymene, 1,8-cineole exhibited lesser antioxidant potential.
Literature reports suggest that 1,8-cineole, the primary con-
stituent found in the EOs of L. dentata, S. rosmarinus, and some
Eucalyptus species, generally demonstrates moderate antioxidant
potential [22, 65]. L. dentata EO was the least active, showing
ICy, values of 765.26 + 141.05 and 102.5 + 1.7 uyg mL~! in DPPH
and ABTS assays, respectively. Lower ICs, values for this EO
were previously reported by Dridi et al. [41] in DPPH, ABTS and
reducing power test. In the present study, the antioxidant activity
of S. rosmarinus EO (42.32 + 3.06 pg mL™' DPPH assay) falls
within the range reported for EOs from five different sites in
Palestine (IC5, from 10.23 + 0.11 t0 158.48 + 0.87 uyg mL™") [66]. The
results obtained by Dammak et al. [24] showed that S. rosmarinus
EO exhibited better antioxidant activity (ICs, = 11.12 ug mL™!)
than L. dentata (ICs, = 14.03 pg mL™") using DPPH test which
are also consistent with our findings.

The EOs from E. camaldulensis, E. grandis, and E. leucoxylon
were also active with ICs, values ranging from 100.1 + 6.2
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FIGURE 1 | Antioxidant activity of EOs of Lavandula dentata, Salvia rosmarinus, Thymus vulgaris, and Eucalyptus species (E. camaldulensis, E.

cinerea, E. grandis, E. lehmannii, E. leucoxylon, E. saligna, and E. sideroxylon) evaluated by (A) DPPH and (B) ABTS assays.

to 190.7 + 2.6 uyg mL™' in DPPH and from 10.8 + 0.8 to
243 + 4.1 pg mL™ in ABTS assay, respectively. Moreover, E.
lehmannii and E. sideroxylon revealed moderate antioxidant
activities. No significant differences between these EOs were
observed in the DPPH assay. Conversely, these differences were
statistically significant in the ABTS assay. Several studies reported
moderate antioxidant activities for Eucalyptus sp. EOs, with
some differences depending on the species [67-69]. Limam et al.
[70] found that EOs extracted from 13 Tunisian species of the
Eucalyptus genus exhibited a moderate antioxidant activity at
concentration of 10 ug mL~!, with inhibition percentages of free
radical DPPH ranging from 10.75 + 1.05% to 52.69 + 4.59%.
Sadraoui Ajmi et al. [71] revealed that E. cinerea EO collected
from Tunisia exhibited a similar DPPH radical scavenging activity
(RSA) with an ICs, value of 161.59 ug mL~' compared to our
results (ICs, = 200.5 + 4.1 uyg mL™!). Kouki et al. [68] concluded
that EOs from three Tunisian Eucalyptus species (E. oleosa, E.
pimpiniana, and E. polyanthemos) exhibited moderate antiox-
idant activities. Significant differences between the EOs were
observed in the DPPH assay, with E. oleosa being the most active
(ICsp = 92.179 pug mL™).

2.3 | Antifungal Activity

The effects of increasing concentrations of the 10 tested EOs on
mycelium growth of the different fungal strains are summarized
in Table 2. Statistically significant differences were observed
among doses and fungal strains, as indicated by Fisher’s LSD test
(p < 0.05). Most of the EOs inhibited the growth of the tested
fungal strains in a dose-dependent manner, confirming a clear
concentration-response relationship. Significant differences in
fungal sensitivity were observed, with certain strains, such as R.
solani and S. sclerotiorum, showing higher susceptibility to the
EOs compared to Fusarium species. These differences in sensitiv-
ity were statistically supported, highlighting the species-specific
response of fungal strains to the EOs tested.

The highest inhibitory activity was exhibited by the T. vulgaris
EO, with total inhibition of mycelium growth at 2 pyL. mL™! for all
fungal strains. T. vulgaris EO has shown a fungicidal effect for all
the tested strains with minimum fungicidal concentration (MFC)

values ranging between 2 and 12 uL. mL~! while it was fungistatic
against Phoma sp. confirming species-specific sensitivity among
fungal strains. Several reports have documented the antifungal
effect of different species of Thymus against various microorgan-
isms with thymol reported as a major contributor to its antifungal
activity, which is consistent with the strong inhibition observed
in the present study [72-74]. In conformity with our findings,
the antifungal potential of different thyme species (Thymus
convolutes, T. pectinatus, and T. vulgaris) has been demonstrated
against plant pathogens including F. oxysporum f. sp. radicis-
Iycopersici, Phytophthora infestans, and R. solani [75]. The EOs
of T. vulgaris and T. pectinatus completely inhibited the growth
of all the fungal strains at a dose of 4 uL per Petri dish, con-
firming their pronounced antifungal effectiveness. Conversely,
other Thymus species, such as T. convolutes EO showed lower
antifungal efficacy, with only partial inhibition of F. oxysporum
f. sp. radicis-lycopersici and no effect on R. solani and P. infestans
suggesting that antifungal efficacy is strongly influenced by the
chemical profile of each Thymus species. Fonseca-Guerra et al.
[76] demonstrated that T. vulgaris EO completely inhibited the in
vitro growth of Fusarium isolates originating from Chenopodium
quinoa crops at higher concentrations (MIC value of 10 uL. mL™)
than those required in our study, highlighting variability in fungal
sensitivity depending on isolate origin and experimental condi-
tions. While Bounar et al. [77] demonstrated strong inhibition of
four Fusarium species causing rot in potato tubers at very low
concentrations (0.156-0.313 uL mL™?), Divband et al. [78] reported
higher MIC and MFC values (up to 30 mg mL™) against 20
wild-type strains of F. oxysporum isolates.

S. rosmarinus totally inhibited the growth of all fungal strains at
concentrations ranging from 4 to 8 uL. mL™. It was fungicidal for
both R. solani and S. sclerotiorum at 8 and 10 uL mL™!, respectively,
indicating high antifungal potency against these strains. These
results are consistent with those of ElYacoubi et al. [79], who
showed that S. rosmarinus EO achieved complete inhibition of
a broad-spectrum of phytopathogenic fungi when applied at the
highest tested concentration (1/100 v/v). Ben Kaab et al. [80]
found that S. rosmarinus EO significantly inhibited the spore
germination of F. culmorum (85.99%), F. oxysporum (100%), and
Penicillium italicum (95.40%) at slightly higher concentration
(6 uL mL™) than that used in our study. Similarly, Hussein et al.

Chemistry & Biodiversity, 2026

9of 24

35UD17 SUOWILIOD BAERID) 20 ddke BU Aq peLLienob a1 3 p1e WO ‘28N J0 S9N 10 AIGIT BUIIUO AB|1M L0 (SLONIPUOD-PUE-SWLLIB)ALIOD A3 | I ARG [BU 1 |UO//'Schil) SUORIPUOD PUB SUWLR L 8L 895 *[9202/50/G2] UO ARIqIT2uIluO A8]1M ‘U087 30 PepIeAIUN -2jng Ad 8YTE0SZ0Z APAR/Z00T OT/10pALICY" A8 v ARe.q1 Ul UO//SdIY W01) Papeo|umoq '€ ‘920z ‘088TZT9T



(senunuo))
q0 F 001 q0 ¥ 001 q0 F 001 q0 F 001 q0 F 001 q0 ¥ 001 01
q0 F 001 q0 F 001 q0 F 001 q0 F 001 q0 ¥ 001 q0 F 001 8
q0 ¥ 001 q0 ¥ 001 q0 ¥ 001 q0 ¥ 001 q0 ¥ 001 q0 ¥ 001 9
q0 + 001 q0 + 001 q0 + 001 q0 + 001 q0 + 001 q0 + 001 14
q0 F 001 q0 ¥ 001 q0 F 001 q0 F 001 q0 ¥ 001 q0 ¥ 001 C
0F0 0FO0 0F0 0F0 0F0 0F0 0 supg[na [,
o1 < 8 < < u< (=T 7r) DA
4 8 9 8 8 8 (-Tu ) OIN
50 F 001 20 F 001 p0 F 001 .0 ¥ 001 p0 F 001 p0 + 001 appIduog
-0 ¥ 001 20 ¥ 001 p0 F 001 20 ¥ 001 p0 F 001 p0 F 001 [4s
50 ¥ 001 20 F 001 p0 F 001 20 ¥ 001 p0 F 001 p0 F 001 0t
50 F 00T 20 F 001 p0 F 00T .0 F 001 p0 F 00T p0 F 001 8
g0 F 001 ap€' 8 F CI'V6 ap0 F 001 a6 F 87°€6 6T F 1608 voS8TFESLL 9
20 F 001 oL TFILY8 2E8 FCI't6 a8’ TF VLIS qvo9'6 F SS°6L vol 6 F16°CL 14
1€ 8 FCI'H6 2l FS9°L9 aqCV F IV'6L vqC'6 F SEVS 5996°C F 98°€9 avq9 v + 19°LS (4
e0F0 c0F0 0F0 0F0 0FO0 0+ 0 0 SNULIDUISOL °S'
u< < u< < < < (=T ) DA
8 8 o1 o1 a o1 (- 7r) JIN
p0 F 001 20 + 00T .0 + 001 p0 + 00T ;0 ¥ 001 ;0 001 apIZuog
»0 F 001 20 F 001 20 ¥ 001 p0 F 001 ;0 ¥ 001 ;0 ¥ 001 4t
qp0 F 001 00 F 00T g00 F 00T gp0 F 001 v T+ ¥9€L 0 F 001 0t
gp0 F 001 apC Ol F TI't6 go0 ¥ 00T apS CL F19°C6 vab'€ ¥ 5569 vaC F 08 8
op89 + 8096 @V’ T+ 061 ap€’S T 9618 @€ T+ ESLL vp9' T+ 09 vpOT F TS'9S 9
2»'ST F 6£°08 qq9’S FIEY9 3C9 F YL vaS'€ F S9°SH vo6'€ F 0S vo8'€ ¥ S9°Sh 14
2q9°€1 F 86°0S »CCLF T06Y 5ga8’9 F OT'SH avq8'9 F96'9¢ va6'€ F SS°6C va8'€ F97°8C (4
0F0 0F0 0F0 0F0 0F0 0F0 0 DIvIUIP T
WN.1011043]08 ‘ds pwoyg 1ujos wniowino wmnnaafijord wniodsdxo (-1 1n) 1o renyuassy
D1U10.13]IS DIUO0II021Y Y wnuvsSng wnLnsSng wnuosng asoq
(% 1) 28eyuaorad uonIqIYUI YIMois
‘13ung oruadoyedolAyd jsurede soF (uodxoapis
"H PUB ‘DUSIDS " ‘U0JAX00NI] " NUUDUIYI] “H ‘STPUDIS “H D24auld “F ‘SISUINPIDUIDI “H) $3109ds smyddpong pue ‘SUDIna snudy [ ‘SnuLpuwsod viajus “vivjusp vjnpuvav Jo A1Ande [eunjuuy | 7 JTdVL

16121880, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/chdv.202503148 by Bucle - Universidad De Leon, Wiley Online Library on [25/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Chemistry & Biodiversity, 2026

10 of 24



16121880, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/chdv.202503148 by Bucle - Universidad De Leon, Wiley Online Library on [25/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
240 F 001 @wSET F 8T8 va88'S F IH'6C v9TT F¥0°€T 5oV6°€ F 9£°T9 go€S'L F LT'TS 14
ve0F0 aq8T'T F 6T°SL ve0 F 0 aq€ F L8 aqC8'9 F ¥9'8¢ 5Ll F 60°9T z
0 FO0 0FO0 0 FO0 0 FO0 0FO0 0FO0 0 SIpUDAS "o
9 u< u< a u< < (p—Tux ) DAN
14 4 8 o1 o1 < (- ) OIN
50 F 001 ;0 F 001 -0 F 001 -0 F 001 ;0 F 001 ;0 F 001 appIZuog
450 F 001 o0 F 001 450 F 001 420 F 00T o0 F 001 volL'T F 60°9L a
500 F 001 g8’ TF EP'8L 500 F 001 500 F 001 50 F 001 vETF 9L o1
0 F 001 a8’ T F 06'FL @0 F 001 € TFI6EL 5oL TF LTTS wlt F16°€9 3
250 F 001 5@l T F 65°0L abTFLET6 apl’€ F V0L €T FSPSL wl'¥ F LS'65 9
0 F 001 58T F 2069 8T FECEL al'v F €U'6S @V € FLTTY voSP'E F ¥0°€S ¥
aSETFSET8 58 TF LT'99 5a€T FSE€T9 vab' 1 FS9'SY 48T F16'SS vql9'T F €8°LY z
0FO0 0FO0 0 FO0 0F0 c0F0 0FO0 0 Da42UI "H
v < o1 4 u< U< (T ) DN
14 9 8 o1 8 4 (p—Tux ) DIN
50 F 001 50 F 001 -0 F 001 -0 F 001 »0 F 001 ;0 F 00T appIZuog
50 F 001 50 F 001 -0 F 001 -0 F 001 0 F 001 ;0 F 001 u
450 F 001 @0 F 001 450 F 001 420 F 00T ap0 F 001 vof F96'98 o1
250 F 001 40 F 001 450 F 001 wS'v F L808 ap0 F 001 vopl F €708 8
450 F 001 a0 F 001 VoL LLF 19°6L wl'TF TTSL ap8'L F S¥'S6 wl'V FTTSL 9
0 F 001 L9 F 8096 aveb'S FSY'Ly voS €L F 96°9€ 598'9 F 16'S9 5aoS €L F L'8S 14
va8'S FOLTI 16T F 67°S8 va8'S F S9°LI vaS'L F L8°0T aq6'€ F9£°9¢ aql € F19°CE z SISUAMPIOUIDY
0FO0 0F0 0FO0 0FO0 0FO0 0F0 0 A
4 u< T T z 9 (T ) DA
z z z z z (4 (- i) DIN
40 F 001 a0 F 001 a0 F 001 a0 F 001 a0 F 001 a0 F 001 SpIguog
40 F 001 a0 F 001 a0 F 001 a0 F 001 a0 F 001 a0 F 001 ua
Uuini01j04913s ds nuoyd muvojos wniowgno E:ﬂ:u&.:ogg wn.iods{xo ?IHE ,Hlv TI0 Terjuassy
D1U10.13]IS DIUO0II021Y Y wnuvsng wnunsSng wnuosng asoq

(% I) 3Sejuasrad uonIqIYUI YIMOI9

(penunuo)) | ¢ ATAVL

11 of 24

Chemistry & Biodiversity, 2026



16121880, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/chdv.202503148 by Bucle - Universidad De Leon, Wiley Online Library on [25/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
14 u< u< < u< u< (T ) DN
v o1 o1 T< o1 u< (- ) DIN
-0 F 001 50 F 001 -0 F 001 ;0 F 001 0 F 001 30 F 001 opIguog
500 F 001 50 F 001 500 F 001 vob'T F 8Y°EL 5p0 F 001 ab"€ FTSIL u
450 F 001 400 F 00T 450 F 001 vob'S F 8PEL ap0 F 001 v 9T FOL o1
50 F 001 apSY'T F LT'98 ap6T F 'S8 w9 T F8LY9 vETF LT'L9 vopl'T F 9T°89 3
250 F 001 w9 TF IS8 5o l'€ F LYOL wbTF €109 oLl TF16'S9 a6’ T F SEF9 9
@0 F 001 5089°0 F €7°8L 508’1 F 69°SL voL'TF TTSS 29°€ F SS9 a6l F €165 14
€T FSET8 596 F EL°EL a8’ 1 F TT6S ve6'1 F LS'6F aqC F 1985 va€ 1 F €T'6 z
0FO0 0FO0 0 FO0 0F0 0FO0 0FO0 0 uojdxoona "g
9 u< o1 u< u< u< (- i) DAN
9 u< 8 u< u< < (T ) DIN
p 0 ¥ 001 P 0 F 001 p 0 ¥ 001 J0F 001 30 F 001 30 F 001 appIZuog
5p0 F 001 Vo8 TL F 8T'TH 5p0 F 001 49T F €7°08 a?’€ F9E9L a8’ FILIL a
5p0 F 001 vV EFSTLE 5p0 F 001 gPSTF YO'EL 408’9 F 16'S9 aS'LFPLIL o1
a0 F 001 vab'S F SO°LI a0 F 001 5pS'9 F 6£°L9 ap9'T F 81'8S 5po8'E F TTS9 3
ap0 F 00T ve0 F0 w9LFLET6 @S9 F 8L 567 F $9°€S 5oL F L8°09 9
aob T F 69°SL ve0 F 0 aqaV'€ F 086 5948°€ F 60°9C b€ F 9£°9¢ a@8€ F19°CE ¥
5aP'€ FSL'T9 wOF0 w0 F 0 40T F LS61 aqaV'€ FT8IC a8 € F16'€C z
0FO0 0FO0 0 FO0 0FO0 0FO0 0FO0 0 nuupwiya] g
9 U< o1 a< ua< U< (-Tu ) DN
14 3 o1 a o1 u< (- i) DIN
40 F 001 50 F 001 -0 F 001 50 F 001 ;0 F 001 20 F 001 appIZuog
aq0 F 001 400 F 00T 450 F 001 as0 F 00T a0 F 001 vwS'9 F €708 u
540 F 001 50 F 001 590 F 00T vETFI6EL 50 F 001 aplL’€ F 9T'8L o1
540 F 001 50 F 001 apSL'y F b8 volL'E F 10'€9 4o5C'9 F 16°08 vo86'F F L'8S 8
aq0 F 001 5p96°C F 6168 4066’8 F £9°89 vw8S¥ F 7695 ar9€T F 1989 Vo€ TLF SEHS 9
Uuini01j04913s ds nuoyd muvojos wniowgno EEQBLN.\.:QLQ wn.iods{xo ?IHE ,.—lv TI0 Terjuassy
D1U10.13]IS DIUO0II021Y Y wnuvsng wnunsSng wnuosng asoq

(% I) 3Sejuasrad uonIqIYUI YIMOI9

(penunuo)) | ¢ ATAVL

Chemistry & Biodiversity, 2026

12 of 24



16121880, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/chdv.202503148 by Bucle - Universidad De Leon, Wiley Online Library on [25/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

'60°0 > d 18 189} S J9YSI,] 0} SUIPIOdIE SUTeI)s [SUNJ UaamIdq SONIATIISUSS JUIIJJIP 9y} oredwod
9SOp SWIES A} 10J PUL JUI[ SWES Y Ul (4. STONI] [@11dD JUSISIIP (IIA SUBSW PUR ‘SISOP UIMIIQ dOUISHIP 1) 21ed W00 [10 PISI) SUILS S J0O] PUB UWIN[OD WIS Y} Ul (5. SIONI] SBIIIMO] JUSISJJIP YIIM SUBDIA ‘20N

12 < < < u< < (-Tur 1) DA
z 9 o1 < u< u< (T ) DIN
40 F 001 0 F 001 ;0 F 001 ;0 F 001 ;0 F 001 20 F 00T appIZuog
540 F 001 5p0 F 001 50 F 001 vo92'T F69°S8 aoV8'T F 9£°16 wSTFTTs8 41
aq0 F 00T a0 F 001 0 F 001 voSL'0 F L8°08 2:80C F 16'06 avSL'0 F 16°€8 o1
aq0 F 001 a0 F 00T 5009 F ¥6°T6 wE' T F €7°08 ap€L'T F 9£°98 avpE TF PLT8 3
aq0 F 001 a0 F 00T 96T F ELEL avpoSL'O F L'SL 5p6L°0 F S1'68 5apS’9 F €708 9
aq0 F 001 50T F90°L8 voSTTF+T'89 4066 T F 60°9L aolSTFELLL avoS8 FI9TL ¥
aq0 F 001 5489°0 F 19°6L avab€ F 8L°09 val9'T F 9T°8S aq9E'T F81°€9 va8T'E F €8°LS z
0F0 0FO0 0F0 0F0 0F0 L0 F0 0 u0]Ax042p1s “H
14 U< u< u< u< < (- i) DI
(4 8 14 8 o1 3 (- Tu ) DIN
a0 F 001 20 F 001 a0 F 001 »0 F 00T »0 F 001 »0 F 00T apIZuog
40 F 001 50 F 001 a0 F 001 0 F 001 0 F 001 0 F 001 u
40 F 001 50 F 001 a0 F 001 »0 F 001 »0 F 001 0 F 001 o1
a0 F 001 20 F 001 40 F 001 0 F 001 L8 FS6 20 F 001 8
aq0 F 001 al'9 F L¥'96 aq0 F 001 489 F LI'T6 vCS FELT anS'L F59°S6 9
aq0 F 001 5qqC’ T F 8T8 aq0 F 00T 5aSTFTTS8 voq€'9 FI6SL avoC F 9T'8L 14
5q0 F 001 aa8'TF €1'8L 5S°L F 6956 aveSTF PO'EL vab'€ F §5°69 aveS'TF $0'EL (4
0F0 0F0 0F0 0F0 0F0 0F0 0 oUsYDS “H
uini01j04913s ds nuoyd muvojos wniowno EQQSLNK.:A{Q wn.iods{xo ?IHE ,.—lv TIO Teryuassy
D1U1I042]0S DIU0II02IYY wnuosng wnuosng wnosng asoq

(% 1) ?9Seyuaoaad uonIqIYUI YIMoIrs

(penunuo)) | ¢ ATAVL

13 of 24

Chemistry & Biodiversity, 2026



[81] confirmed that S. rosmarinus EO was active against six major
ginseng pathogens with MIC ranging from 0.1% to 0.5% (v/v),
supporting the broad-spectrum antifungal potential of this oil.
L. dentata EO showed moderate antifungal activity against the
strains tested. The MIC values ranged between 8 and 12 pL. mL,
however these applied doses were not lethal for all tested strains.

Among Eucalyptus species, E. saligna, even at the lowest con-
centration (2 uL mL™), exerted a total growth inhibition and
fungicidal effect on S. sclerotiorum strain while it showed a
strong antifungal activity with inhibition percentages ranging
from 69.55 + 3.4% t0 95.69 + 7.5% at the same concentration. Total
inhibition was recorded for all strains when E. camaldulensis EO
was applied at concentrations > 4 uL. mL™!, with S. sclerotiorum,
R. solani, and F. culmorum being the most sensitive strains, as
indicated by their MFC ranging between 4 and 12 uL mL™.
Similarly, E. grandis EO completely inhibited the growth of all
strains at concentrations > 4 uL. mL™, except for F. oxysporum,
which showed an inhibition percentage of 80.43 + 6.5% at the
highest concentration. Among the strains, S. sclerotiorum and
R. solani exhibited the highest sensitivity to E. grandis EO, with
MFC of 6 and 10 pL mL™!, respectively. This indicates that
both E. camaldulensis and E. grandis exert significant antifun-
gal activity, with some variability in their effectiveness against
different fungal species. Growth inhibition percentages between
49.13 + 1.3% and 82.35 + 2.3% were observed in all fungal strains
when E. leucoxylon EO was used at the lowest concentration
of 2 uL. mL~!. Complete inhibition was achieved for all strains,
with MIC ranging from 4 to 12 uL. mL™, except for F. oxysporum
and F. culmorum, with 76.52 + 3.4% and 73.48 + 1.9% inhibition
at the highest dose of 12 pL mL™. E. leucoxylon EO exhibited
fungicidal effect against S. sclerotiorum with MFC of 4 uL mL™..
Likewise, E. cinerea EO totally inhibited all strains growth at
concentrations ranging between 4 and 12 uL mL™" except for F.
oxysporum. Both S. sclerotiorum and F. culmorum are the most
sensitive strains with MFC of 6 and 12 uL mL™, respectively.
E. sideroxylon EO at the lowest concentration (2 pyL mL™)
inhibited the growth of all tested strains from 57.83 + 3.2% to
79.61 = 0.6%, except for S. sclerotiorum which was totally inhibited
at this concentration. Meanwhile, Phoma sp., and R. solani were
fully inhibited at higher concentrations of 6 and 10 uL mL™,
respectively. E. sideroxylon demonstrated a fungistatic effect only
on S. sclerotiorum strain with MFC equal to 4 uL mL™. E.
lehmannii EO exhibited effectiveness against both S. sclorotiurom
and R. solani strains with MIC values of 6 and 8 uL. mL~* and MFC
values of 6 and 10 uL. mL™, respectively. A representative image
illustrating the dose-dependent antifungal activity of E. lehmannii
EO is shown in Figure SI.

The EOs of the seven studied Eucalyptus species resulted in
antifungal activity for all six phytopathogenic fungal strains in
a dose-dependent manner. The results of the present study are
consistent with those of Ayed et al. [37] who evaluated eight
Eucalyptus sp. against four Fusarium strains with F. oxysporum
and F. redolens exhibiting the highest sensitivity to most of the
EOs tested with complete mycelium growth inhibition at doses
between 1 and 6 pL mL™'. Amri et al. [38] obtained similar
results with Tunisian Eucalyptus species at a dose of 4 uL mL™,
particularly against Fusarium species, which appeared more
susceptible than Bipolaris sorokiniana. Kouki et al. [68] revealed
that E. oleosa EO showed the strongest inhibitory activity among
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FIGURE 2 | Scree plot showing eigenvalues and variance explained

by each principal component.

three Tunisian Eucalyptus species (E. oleosa, E. pimpiniana, and
E. polyanthemos), fully inhibiting fungal growth at 6 pL mL™.
In another study supporting these results, E. camaldulensis EO
confirmed its fungicidal property against Fusarium species that
affect maize with MICs and MFCs in the range of 7-10 pL mL™"
[56]. Caetano et al. [49] tested Eucalyptus EOs (E. citriodora,
E. camaldulensis, E. grandis, and E. microcorys) in vivo against
the agent of coffee leaf rust (Hemileia vastatrix), reporting good
antifungal activity for most species, except E. microcorys. Sim-
ilarly, E. staigeriana, E. globulus, and Cinnamomum camphora
EOs were effective for both in vitro and in vivo assays against
Alternaria solani causing early blight disease in tomato [82].
Umereweneza et al. [83] found that E. melliodora EO was the most
effective among the tested species, inhibiting the growth of food
spoilage fungi and aflatoxin-producing Aspergillus species with
MICs varying from 3.3 to 8.1 mg mL~! and complete inhibition of
aflatoxins production at 6 and 7 uL. mL™.

The antifungal activity observed in this study, as well as in
previous reports, appears to be closely associated with the chem-
ical composition of the EOs. Differences in bioactive compound
profiles likely explain the variations in activity among EO species
and fungal strains, which is reflected in the differential sensitivity
observed across fungi. This relationship, along with potential
interactions between constituents, is explored in detail in the
following section using chemometric analyses.

2.4 | Multivariate Analysis of EO Composition
241 | PCA

PCA was applied to the relative abundance of identified EO
constituents to explore compositional variability and identify
potential chemotypes among the studied species. Based on the
eigenvalues of the correlation matrix and considering chemical
constituents as active variables, the first principal component
(PCA1) accounted for 80.31% of the total variance, while the
second principal component (PCA2) explained 10.09%, bringing
the cumulative variance explained to 90.4% (Figure 2). The
high cumulative variance explained by the first two principal
components demonstrates their effectiveness in capturing the
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FIGURE 3 | PCA loading plot of active chemical compounds based
on essential oil composition.

major sources of variation in EO composition, thereby reducing
the complexity oft the dataset with minimal information loss
[84]. Consistent with previous EO stuides, PCA in the present
analysis transformed correlated chemical variables into orthogo-
nal components that captured the major trends in composition,
facilitating the identification of chemotypes and compositional
groupings [85].

The PCA biplot (Figure 3) revealed a clear separation of T.
vulgaris, which was strongly associated with the vertical axis
(PCA2), suggesting a distinct chemical profile, consistent with
literature describing it as a thymol-rich chemotype [73]. PCAl
appears to be primarily driven by the variation in 1,8-cineole
content, a major component in several Eucalyptus species, sup-
porting previous reports of cineole-type chemotypes within this
genus [46, 47]. Meanwhile, E. grandis and E. saligna showed
partial separation from the main Eucalyptus cluster, a pattern that
may be attributed to their relatively higher concentrations of p-
cymene, a compound less abundant in other Eucalyptus species.
In summary, the application of PCA in this study proved to be
a powerful chemometric tool for visualizing compositional vari-
ability, distinguishing species and chemotypes, and supporting
chemotaxonomic classification based on EO profiles [84].

2.42 | HCA

The HCA based on Euclidean distances provided further insight
into species relationships (Figure 4). The dendrogram revealed
two major clusters: the first included all Eucalyptus species
along with L. dentata and S. rosmarinus, forming multiple sub-
clusters with relatively low linkage distances (< 40), indicating
compositional similarity. The second cluster, clearly separated at
a linkage distance > 80, comprised only T. vulgaris, emphasizing
its chemically distinct profile. This separation in both PCA and
HCA reinforces the uniqueness of T. vulgaris, likely due to its
well-documented high content of thymol. Within the Eucalyptus
group, E. camaldulensis, E. leucoxylon, and E. lehmannii formed a
tight sub-cluster, supported by minimal Euclidean distances (13-
19 units), suggesting a shared profile dominated by 1,8-cineole. In

L. dentata

E. camaldulensis
E. leucoxylon

E. lehmannii
E.cinerea

E. sideroxyion

S.r annu
E. grandis

E. saligna

T. vulgans

0 10 20 30 40 S0 60 70 80 90
Linkage Distance

FIGURE 4 | HCA dendrogram of essential oils based on their
chemical composition.

Eigenvalue

Eigenvalue number

FIGURE 5 | FIGURE 5 Scree plot showing eigenvalues and variance
explained by each principal component based on antifungal activity (MIC
values).

contrast, E. saligna and E. grandis diverged from this group, likely
due to differing proportions of p-cymene.

2.5 | Multivariate Analysis of Antifungal Activity

To better understand the relationship between EO composition
and antifungal efficacy, multivariate statistical methods were
applied using GC-MS/FID-derived chemical composition data
integrated with minimum inhibitory concentration (MIC) values.
These analyses aimed to classify EOs according to their antifungal
profiles, identify bioactive compounds associated with potency
and evaluate the predictive potential of chemical constituents on
antifungal outcomes.

2.5.1 | PCA Based on MIC Values

According to the eigenvalues of the correlation matrix, the first
principal component (PCA1) accounted for 70.58% of the total
variance, while the second component (PCA2) explained an
additional 20.45%, resulting in a cumulative explanation of 91.01%
of the overall variation in antifungal activity (Figure 5). This
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FIGURE 6 | PCA loading plot of essential oils based on antifungal
activity (MIC values).
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FIGURE 7 | HCA dendrogram of essential oils based on their
antifungal activity (MIC values).

indicates that the variability in MIC responses across EOs is
effectively captured by the first two principal components.

The PCA biplot revealed a clear separation of T. vulgaris, which
forms a distinct group positioned strongly along PCA2, indicating
its superior antifungal potency (Figure 6). This distinct position-
ing is likely attributable to its high levels of thymol, a compound
well-documented for its broad-spectrum antifungal effects [74].

2.5.2 | HCA of Antifungal Activity

The HCA dendrogram (Figure 7), based on Euclidean distances,
confirmed the PCA findings by revealing two main clusters. Clus-
ter A included the majority of Eucalyptus species, S. rosmarinus,
and L. dentata, forming tighter sub-groups. Within this, a close
grouping of E. camaldulensis, E. leucoxylon, and E. grandis was
observed, with minimal distances (2.2-5.8), indicating similar
MIC profiles likely due to comparable levels of 1,8-cineole and
other shared compounds [37]. Cluster B consisted of T. vulgaris,
which separated at a high linkage distance (> 12), clearly reflect-
ing its distinct and strong documented antifungal efficacy [45].

This multivariate analysis reveals that the EOs exhibit varying
degrees of antifungal efficacy, with T. vulgaris clearly standing
out for its potency. Meanwhile, moderate clustering among most
Eucalyptus species suggests shared but limited activity, while E.
lehmannii emerges as the least effective among the tested oils.

2.5.3 | Pearson Correlation Between MIC Values and
Compound Abundance

Pearson correlation analysis was performed to assess the rela-
tionships between the chemical composition of EOs and their
antifungal activity, as measured by MICs against the tested
phytopathogenic fungi. Given the large number of identified com-
pounds, only those exhibiting statistically significant (p < 0.05)
and biologically relevant correlations were retained for interpre-
tation. Table 3 presents the Pearson correlation coefficients (r)
alongside their corresponding p values. Significant associations
are highlighted to underscore the most relevant relationships
between compound abundance and antifungal effectiveness.

Several compounds demonstrated strong negative correlations
with MIC values, indicating a potential contribution to antifun-
gal activity. Notably, thymol, geranial, a-terpinene, y-terpinene,
myrcene, 3-carene, and cis-linalool oxide exhibited highly signif-
icant inverse correlations (r < —0.87, p < 0.05) across multiple
fungal species, suggesting their key roles in the antifungal
efficacy of the EOs tested [72, 87]. Moderate negative correlations
were observed for E-caryophyllene, particularly against Fusarium
species, indicating possible species-dependent selective antifun-
gal activity, consistent with a previous report on E-caryophyllene-
rich oils [88]. Conversely, 1,8-cineole showed positive correlations
with MIC values, especially against S. sclerotiorum, implying
reduced antifungal activity or potential antagonistic effects. This
finding aligns with an earlier study suggesting that 1,8-cineole
may lack potent antifungal properties or interfere with the
activity of other compounds [89]. Several other compounds,
including endo-fenchol, p-cymenene, a-pinene oxide, verbenone,
a-muurolol, and S-eudesmol, also correlated positively with MIC
values, indicating that their increased presence is associated with
reduced antifungal effectiveness.

2.5.4 | PLS Regression Modeling of Antifungal Activity

PLS regression analysis was performed to model the relationship
between EO chemical composition and antifungal activity, with
MIC values used as the dependent variable. The PLS model
extracted five components, cumulatively explaining 94.5% of the
variance in MIC values (R?Y) (Figure 8). Detailed statistics for
each component, including R2X, R*Y, eigenvalues, and number
of iterations, are presented in Table S2.

Variable importance in projection (VIP) scores were used to
evaluate the contribution of individual compounds to the model.
A total of 27 volatile compounds had VIP scores > 1, indicating
significant influence on MIC variability. These compounds are
listed in Table 4. The most influential volatiles included cis-
linalool oxide (VIP = 2.117), y-terpinene (2.115), 3-carene (2.106),
a-terpinene (2.092), and thymol (2.004). The full list of all
analyzed compounds and their VIP scores is available in Table S3.
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3 | Conclusions

The EOs extracted from L. dentata, S. rosmarinus, T. vulgaris, and
seven Eucalyptus species demonstrated significant potential as
natural alternatives to synthetic fungicides. Chemical analyses
revealed that these EOs are rich in oxygenated monoterpenes
and monoterpene hydrocarbons, which underlie their antifungal
and antioxidant properties. Multivariate analyses of chemical
composition and antifungal activity (MIC values) distinguished
two main groups. T. vulgaris EO, characterized by high thymol
content, exhibited the strongest antifungal efficacy against all
tested phytopathogenic fungi and the highest antioxidant poten-
tial, surpassing the standard antioxidant Trolox. In contrast,
L. dentata, S. rosmarinus, and most Eucalyptus species, domi-
nated by 1,8-cineole, clustered together and showed moderate
antifungal activity, with E. lehmannii displaying the weakest
effect. Further chemometric analyses, including PCA, HCA,
Pearson correlation, and PLS regression, revealed significant
inverse correlations between antifungal activity and key volatile
compounds. Thymol, geranial, cis-linalool oxide, y-terpinene, a-
terpinene, and 3-carene were identified as the principal bioactive
constituents driving antifungal effects. These findings support
the use of EOs from both Lamiaceae and Myrtaceae families
as eco-friendly, sustainable alternatives to synthetic fungicides.
However, variations in MIC and MFC values across studies
emphasize the need for standardized in vitro methods and
detailed chemical characterization to optimize their application.
Future research should focus on assessing field efficacy, stability,
and economic feasibility, as well as exploring synergistic effects
with other biocontrol agents to develop robust, environmentally
friendly pest management strategies.

4 | Experimental Section
4.1 | Plant Material

Plant samples were randomly collected during the summer of
2023 from different Tunisian regions. Aerial parts of L. dentata,
S. rosmarinus, and T. vulgaris (Lamiaceae) and leaves from seven
Eucalyptus species (Myrtaceae): E. camaldulensis, E. cinerea, E.
grandis, E. lehmannii, E. leucoxylon, E.saligna, and E. sideroxylon
were randomly harvested from multiple plants or trees and com-
bined to obtain a representative homogenized sample (Table 5).
The plant materials were stored in a glass greenhouse for drying
for 5 days. Once dried, they were kept in paper bags at room tem-
perature until further processing. Plant species were identified by
Professor Lamia Hamrouni. Voucher specimens were deposited
at the herbarium division of the National Institute of Researche
on Rural Engineering, Water and Forests (INRGREF).

4.2 | EO Extraction

The EOs were obtained by hydrodistillation of 100 g of dried
plant material for 3 h using a Clevenger-type apparatus (SAF
Wirmetechnik LabHEAT KM-ME, 1000 mL, SAF GmbH, Hamm,
Germany). Distillation was performed using distilled water at a
plant material-to-water ratio of 10:1 (v/w). The extracted oils were
dried over anhydrous sodium sulfate and stored in amber glass
vials at 4°C until use.

4.3 | GC-FID and GC-MS Analysis

Chemical composition of EOs was determined using GC-FID and
GC-MS.

GC-FID analyses were assessed on an HP6890 (II) gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA)
equipped with a FID, by using an apolar HP-5 capillary column
[30 m x 0.32 mm (i.d.), 0.25-um film thickness] (Agilent
Technologies). Oil diluted in hexane was injected with a split
ratio of 1:50 and a flow percentage of 1.2 mL min~'. The oven
temperature program was: 40°C for 1 min; 40°C-260°C at a rate
of 5°C min™!; 260°C isothermally for 4 min. The temperature of
the injector and the detector was maintained at 250°C and 300°C,
respectively.

GC-MS analyses were performed on an HP 6890 N gas chromato-
graph coupled to an HP 5975 mass spectrometer (Agilent Tech-
nologies). The separation of volatile compounds was assessed
using an HP-5MS capillary column (60 m x 0.25 mm; 0.25 mm)
(Agilent Technologies). The temperature of the oven ramped from
40°C to 280°C at a rate of 5°C min~'. Helium was used as a carrier
gas at a flow speed of 1.2 mL min~!. Scan mass range was 50-550
m/z at a sampling speed of 1 scan s71.

A standard dilution of a C;-C,; n-alkane series was prepared
to calculate retention indices (Ri). The EO compounds were
identified by GC-MS through comparison of their relative Ri and
mass spectra with those from corresponding data (Wiley 275 L
library) and/or reported in the literature [90]. GC-FID was used
for the quantitative determination of relative abundance, with
percentages of each compound calculated from the electronic
integration of its relative FID peak area without including a
correction factor.

4.4 | Antioxidant Activity Assays

The method of Hamdeni et al. [91] was used for the evaluation of
the free RSA of EOs. Briefly, 50 uL of various dilutions of EOs were
mixed with 200 pL of 0.1 mM methanolic DPPH solution (Sigma-
Aldrich, St. Louis, MO, USA). The mixture was then shaken
vigorously and allowed to stand at room temperature for 30 min
in the dark. The decrease in absorbance at 517 nm was measured
spectrophotometrically versus DPPH standard solutions. The
RSA of the oil expressed as % inhibition of DPPH was calculated
using the formula: % inhibition = [(4, — A¢)/A,] X 100, where A,
and A, are the absorbance values of the control and that of the
sample, respectively. The concentration (ug mL™") that allowed
to 50% inhibition (ICs,) was calculated from the graph of RSA
percentage against oil concentration. All results were reported as
mean =+ standard deviation of three measurements.

The antioxidant activity was estimated by using the ABTS (Sigma-
Aldrich) based on the reduction of ABTS™* radicals by antiox-
idants present in the EOs. ABTS radical cation (ABTS™*) was
produced by mixing a 7 mM ABTS solution with 2.45 mM K,S,04
in aratio 1:1. The mixture was allowed to stand in the dark at room
temperature for 12 h before use. For the assay, the ABTS"* solution
was diluted in methanol to an absorbance of 0.7 (+0.02) at 735 nm.
Two hundred microliters of ABTS'* solution were mixed with
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TABLE 5 | Plant species, used part, period, and harvesting sites.

Harvesting
Species Used part period Site
Lavandula dentata Aerial parts April 2023 Chbedda, Ben Arous
Salvia rosmarinus Korbous, Nabeul
Thymus vulgaris July 2023 Krib, Siliana
Eucalyptus camaldulensis Leaves Mach 2023 Zarniza arboreta, Sejnane
Eucalyptus cinerea Souinet arboreta, Ain Draham
Eucalyptus grandis Zarniza arboreta, Sejnane
Eucalyptus lehmannii Souinet arboreta, Ain Draham
Eucalyptus leucoxylon Korbous arboreta, Nabeul
Eucalyptus saligna Zarniza arboreta, Sejnane
Eucalyptus sideroxylon Korbous arboreta, Nabeul
25 pL of the corresponding dilution of EOs. The absorbance 4.6 | Statistical and Chemometric Analysis

reading was taken 30 min after initial mixing [92]. All the
analyses were performed in triplicate and results were expressed
as inhibition percentage of the radical cation ABTS* using the
following formula: % inhibition ABTS = [(4, — A,)/A,] X 100,
where A, and A, are the absorbance values of the control and that
of the sample, respectively.

4.5 | Antifungal Activity

The antifungal effects of EOs were tested in vitro by the direct
contact method on agar. The phytopathogenic fungal strains F.
culmorum, F. oxysporum, F. proliferatum, Phoma sp., R. solani,
and S. sclerotiorum were provided by the Plant Protection Lab-
oratory of the National Agriculture Research Institute of Tunisia
(INRAT, Tunisia).

EOs were solubilized in a Tween 20 solution (0.1%, v/v) (Sigma-
Aldrich, P1379), and later they were incorporated at increasing
concentrations in potato dextrose agar (PDA) medium (0, 2, 4,
6, 8, 10, and 12 uL mL™). Six-millimeter agar plugs of each
fungal strain were deposited in the center of PDA plates [68].
Negative controls contained only 0.1% Tween 20 (without EOs)
and positive controls consisted of PDA plates containing the
synthetic fungicide mancozeb at 2 g L™'. These controls were
included to ensure that any observed antifungal activity was due
to the EOs and not to the solubilizing agent (Tween 20) or the test
conditions. All tests, including controls, were carried out in tripli-
cate. Incubation was performed at 24°C for 5 days. The inhibition
percentage of fungal growth was determined by the following
formula: Inhibition of fungal growth (I %) = [(D — D;)/D x 100]
where D and D; are the diameters of mycelial growth in control
and treatment.

MIC is defined as the lowest dose at which there is complete
inhibition of fungal growth. To establish the MFCs, the inhibited
fungal disks were inoculated into PDA plates without EO and
their growth was observed. After 3 days of incubation, MFC was
obtained as the lowest MIC at which no growth observed in the
plates after culturing [37].

All of the experiments were carried out in three replicates, with
the results represented as mean + standard deviation. Statistical
analyses were performed with STATISTICA software 10. One-
way analysis of variance (ANOVA) was conducted to evaluate
the effects of treatments, followed by Fisher’s least significant
difference (LSD) test to compare means at a significance level
of p < 0.05. Multivariate analyses were also performed with
STATISTICA software 10.

Multivariate analyses were applied separately to chemical com-
position and antifungal activity data. Chemical composition
data consisted of the relative abundances (%) of GC-MS/FID-
identified compounds. PCA and HCA (using Euclidean distances
and single linkage) explored patterns and clustering among
EOs based on their volatile profiles and MIC values. Pearson
correlation analysis identified significant associations between
compound abundance and antifungal activity. In addition,
PLS regression modeling was used to determine key bioac-
tive compounds influencing antifungal effects, with VIP scores
highlighting the most relevant constituents. These combined
chemometric approaches ensured an in-depth interpretation of
chemical composition data in relation to biological activity.
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