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Abstract: Azorean Cryptomeria japonica is widely used for local wood production, generating large
amounts of aerial-part biomass residues that can be a sustainable source of value-added bioproducts.
This comparative study aimed (i) to determine the yield and chemical profile of the essential oils (EOs)
extracted by hydrodistillation from Azorean C. japonica foliage, leaves, male cones (MCs), and female
cones (FCs), and (ii) to investigate the antimicrobial and brine shrimp lethality (BSL) effects of the
obtained EOs and some major components. The EOs yield revealed a wide range (ca. 1–3%, w/d.w.)
and their chemical composition, analysed by GC–MS and GC–FID, showed the presence of seventy-
one components. Monoterpene hydrocarbons (38–71%) dominated in all the studied EOs, mainly
α-pinene (17–45% of total EOs), decreasing as follows: cone EOs > leaf EOs > foliage EOs. Oxygen-
containing monoterpenes (mainly terpinen-4-ol) also dominated in cone EOs. Contrariwise, oxygen-
containing sesquiterpenes (mainly elemol) and diterpene hydrocarbons (mainly phyllocladene)
dominated in foliage/leaf EOs. The studied EOs exhibited activity against Gram-positive bacteria
but no activity against Gram-negative bacteria. A similar trend was displayed by α-pinene. Only the
cone EOs showed antifungal activity against Penicillium chrysogenum, but this was significantly lower
than those of α-pinene and terpinen-4-ol. Moreover, FC EO should also be considered for further
investigation due to its high toxicity on BSL bioassay. In conclusion, this study demonstrated the
variability of yield, chemical profile, and bioactivities in the EOs from different parts of the Azorean
C. japonica, expanding the knowledge of the potentialities of C. japonica aerial-part EOs, particularly
the ones from the cone samples.

Keywords: Azores archipelago; Japanese cedar; biomass waste biovalorisation; strobili (female and
male cones); essential oil; α-pinene; terpinen-4-ol

1. Introduction

The Azores archipelago is an autonomous region of Portugal located in the North
Atlantic Ocean, 1500 km from Lisbon, Portugal and the European mainland. Forest occupies
about one third of the Azorean territory. Cryptomeria japonica (Thunb. ex L.f.) D. Don
(Cupressaceae), commonly called “criptoméria” in Portuguese, is a native species from
Japan that was introduced in the Azores Islands in the mid-19th century. Currently, it is
considered the most important forestry tree in the Azores archipelago, not only because
of its economic value, occupying 60% of the total wood producing forest area [1], but also
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because its stands are a determinant element of the Azorean landscape, which attracts a
substantial influx of tourists.

Cryptomeria japonica is a monoecious and very large evergreen conifer that may reach
up to 70 m in height with a trunk diameter of up to 4 m. It is a fast-growing tree when
planted in moist, well-drained, and deep forest soils [2]. In terms of appearance, C. japonica
is a conical to pyramidal tree with a trunk clothed in a reddish-brown bark that is fibrous
and peels off into vertical strips. The leaves are spirally arranged, 0.5–1 cm long, and
needle-like in structure (Figure 1). C. japonica reproductive organs show two types of
strobili (cones): female cones (FCs) and male cones (MCs) (Figure 1B,C). The FCs are brown
(when mature), globular, up to 1–2 cm (0.39–0.79 in) in diameter, and composed of about
20–40 megasporophylls [3]. The MCs are numerous, ovoid or oblong, yellow or bright
brown (when mature), arranged spirally, 2–3 mm long, and elongate up to 10 mm when
ripe to shed pollen [4]. The pollen of C. japonica causes pollinosis, or hay fever, which is a
serious health problem in Japan. Male-sterile C. japonica populations that release no pollen
have recently gained interest as a potential measure to fight this problem [5].

Among woody plant species, conifers have evolved the capacity to produce a complex
terpenoid mixture (oleoresin) accumulated in secretory structures (ranging from single
cells or blisters to interconnected resin ducts) that acts as a strong defence system, thus
contributing to their evolutionary diversification and colonization success. Resin ducts may
be constitutive (CRD), that is, they are always present, or traumatic (TRD), in which case
they are induced as response to biotic or mechanical damage [6]. As compiled by Vázquez-
González [6], some studies suggest that TRD production might be a key mechanism
involved in conifer resistance to both insects and pathogens. Cryptomeria and other conifer
genera, such as Cupressus and Araucaria, are referred to as producing axial TRDs in their
phloem tissue [6].

Cryptomeria japonica aerial parts, as well as bark, are by-products of tree cutting, and
the use of this large forest-based biomass as raw material for commercial applications is
now considered to be an important research item. Indeed, C. japonica biomass residues
(CJBR) can be used for producing eco-friendly and high value-added products [7–9], such
as crude essential oils (EOs) and their fractions and/or individual components, with social,
economic, and environmental impacts. However, as is well established, the yield and
chemical profile of EOs and, consequently, their specific commercial application, quality,
and price, depend on many factors besides the plant species, such as geographical location
of the plants; environmental parameters; plant tissue, age, and developmental stage;
post-harvest drying and storage; and extraction method [10,11]. EO extraction is widely
carried out using traditional distillation methods, namely hydrodistillation (HD), water-
steam distillation (WSD), and steam distillation (SD, commonly used for commercial scale
production). Nevertheless, various innovative green techniques for volatiles isolation (such
as non-thermal volatiles extractions) have been developed [12].

The chemical characterization and bioactivity assessment of CJBR EOs have focused
mostly on leaves [7,9]. In fact, in our previous study the leaf EO chemical composition
from Azorean C. japonica was compared with several C. japonica leaf EO samples from
other geographical origins. It was clearly demonstrated by principal component analysis
(PCA) and hierarchical cluster analysis (HCA) that, in the Azores, the C. japonica leaf EO
chemotype is α-pinene type, while in most Asian countries the leaf EO chemotype is either
ent-kaurene type or elemol + ent-kaurene type. In addition, monoterpene hydrocarbons
dominated in Azorean C. japonica leaf EO, while oxygen-containing sesquiterpenes are the
major terpene fraction in C. japonica leaf EOs from East Asia countries [7]. Concerning the
biological activity of Azorean C. japonica leaf EO, previous investigations revealed their
potential as a natural biocide, namely as a bactericide, fungicide [13], and molluscicide
against Radix peregra (Müller), which is a crucial vector of fascioliasis, a disease with a high
impact on public health, as well as on animal production losses and consequent economic
costs [14]. Many other bioactivities of C. japonica leaf EO samples from other countries have
been reported, including analgesic, anti-inflammatory, antimelanogenesis, antioxidant, an-
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titussive, antiulcer, anxiolytic, cancer chemopreventive, neuropharmacological, whitening,
antitermite, mosquito larvicidal, mosquito repellent, and silverfish repellent properties
([11] and the references therein).
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(B–E) Dried Azorean C. japonica aerial parts utilised in this study: (B) female cones, (C) male cones,
(D) leaves (needle-shaped), and (E) foliage. Bar = 1 cm.

However, the existing literature on the chemical composition of EOs from various
C. japonica parts, such as FCs and MCs, and their biological potential remains limited.
Furthermore, there is an ever-increasing demand for effective natural antimicrobial agents
with applications in the fight against human and animal infectious diseases or in green
plant protection and food preservation. According to the literature [15,16], crude EOs
or their fractions/individual components, as well as synergistic combinations between
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EOs/components or with antibiotics, can play an important role in inhibiting micro-
bial growth.

In this context, and knowing that bioactive secondary metabolites have different dis-
tributions in EOs from different plant parts, the aims of this comparative study were: (i) to
determine the yield and chemical profile of the EOs extracted by HD from different Azorean
C. japonica parts (foliage, leaves, FCs, and MCs) and (ii) to investigate the antimicrobial
and brine shrimp lethality (BSL) effects of the obtained EOs and two pure EO components
(α-pinene and terpinen-4-ol). The results will generate more data on the chemical and
biological properties of this species to stimulate the development of CJBR’s commercial
uses and, consequently, to contribute to the local circular economy.

2. Materials and Methods
2.1. Chemicals and Reagents

Anhydrous sodium sulphate (Na2SO4) and ethanol (purity of 96%) were obtained from
Sigma–Aldrich (St. Louis, MO, USA). (−)-α-pinene (≥97%) and (−)-terpinen-4-ol (≥95%),
used for the bioassays, were also purchased from Sigma–Aldrich and stored according to
the supplier’s instructions. The antibiotics Kanamycin and Nystatin (Mycostatin®), used in
the antibacterial and antifungal assays, respectively, were obtained from Sigma–Aldrich
(St. Louis, MO, USA) and a local pharmacy, respectively. Sabouraud 4% dextrose agar
(SDA) was purchased from Biokar Diagnostics (Beauvais Cedex, France).

2.2. Plant Material

Cryptomeria japonica aerial parts at dormant stage were harvested in January 2022 (win-
ter season) from a 60-year-old tree population located on São Miguel Island (37◦48′51.1′′ N,
25◦14′31.6′′ W), Azores archipelago, Portugal. A voucher specimen was deposited in the
herbarium of the University of the Azores under number AZB 4541. The fresh material
collected was immediately brought to the laboratory at the same university and then was
shade dried at room temperature (20 ◦C) in a well-ventilated area. The dried material
was then separated into four samples: FCs, MCs, leaves (needle-shaped), and foliage, as
illustrated in Figure 1B–E, respectively. The foliage sample was cut into small chips about
2 cm in length immediately prior to the distillation process.

2.3. EO Extraction by HD Method

The EOs from the different Azorean C. japonica parts were obtained by HD using a
Clevenger-type extractor according to the European Pharmacopoeia [17]. The ratio of the
sample to water was 1:10 g/mL, and the distillation time was approximately 6 h, except
for the FCs (3 h), after the first drop of distillate fell. The isolated EOs were dried over
anhydrous Na2SO4 and, after filtration, stored in sealed amber vials at 4 ◦C until further
chemical analyses and biological assays. Each distillation was performed in triplicate,
and the EO yield was calculated as a percentage (%, w/w) based on the plant material
dry weight.

2.4. EO Composition Analysis

The isolated EOs were analysed by gas chromatography–mass spectrometry (GC–MS)
and by gas chromatography with flame ionization detection (GC–FID) for component
identification and quantification, respectively.

2.4.1. Gas Chromatography–Flame Ionization Detection (GC–FID)

A Perkin–Elmer Clarus 400 gas chromatograph (PerkinElmer, Waltham, MA, USA) with
two flame ionization detectors, a data handling system, and a vaporizing injector port was
used in GC–FID analyses. The chromatograph was fitted with two columns of varying po-
larities: a DB-1 fused-silica column (100% dimethylpolysiloxane, 30 m × 0.25 mm i.d., film
thickness 0.25 µm) and a DB-17HT fused-silica column ((50% phenyl)-methylpolysiloxane,
30 m × 0.25 mm i.d., film thickness 0.15 µm), both from J & W Scientific Inc. (Rancho
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Cordova, CA, USA). The oven temperature was set at 3 ◦C/min from 45 ◦C to 175 ◦C and at
15 ◦C/min until reaching 300 ◦C, where it was maintained isothermally for the last 10 min.
The injector and detector were set to 280 ◦C and 300 ◦C, respectively. The carrier gas used
was hydrogen at 30 cm/s. The samples were injected using the split sampling technique
at a ratio of 1:50. The volume of injection was 0.1 µL of an n-pentane-EO solution (1:1).
The percentage composition of the volatiles was computed by the normalization method
from the GC peak areas and calculated as mean values of two injections, from each sample,
without using the response factors, in accordance with ISO 7609 [18].

2.4.2. Gas Chromatography–Mass Spectrometry (GC–MS)

A Perkin–Elmer Clarus 600 gas chromatograph, coupled with a DB-1 fused-silica
column as detailed above and interfaced with a Perkin–Elmer 600T mass spectrometer
(software version 5.4.2.1617, Perkin–Elmer, Shelton, CT, USA), was used in GC–MS analyses.
Oven programming and injector temperatures were the same as for GC–FID analyses. The
carrier gas was helium at a flow rate of 30 cm/s. The split ratio was 1:40. The transfer line
and ion source temperatures were 280 ◦C and 220 ◦C, respectively. Electron impact (EI)
mode at 70 eV, and mass scan range of 40–300 amu with a scan time of 1 s. Component
identities were established by comparing their retention indices (RI), calculated as in
ISO 7609 [18], relative to C9–C22 n-alkane (Sigma) indices, and with GC–MS spectra from
a lab-made library, created using commercial available standards (Extrasynthese, Cymit
Química, S.L.; Sigma–Aldrich; Fluka, Riedel-de Haën), laboratory-synthesised components,
laboratory isolated compounds [19], and reference essential oils of Thymus caespititius [20],
Juniperus cedrus [21], and C. japonica [22], in which component identities were confirmed by
RI, GC–MS, and by 13C-NMR.

2.5. In Vitro Antimicrobial Activity
2.5.1. Microbial Strains and Culture Media

The microorganisms that were selected for the present analysis included one fungus
(Penicillium chrysogenum Thom) and six bacteria. P. chrysogenum was isolated from an
infected citrus fruit and identified by macro- and micro-morphological characteristics based
on mycological keys [23,24]. The bacterial strains were obtained from the Microbiology
Laboratory, Department of Biology, University of the Azores. Among the selected bacteria,
three were Gram-positive, namely, Bacillus subtilis (Ehrenberg) Cohn (DSM10) and Bacil-
lus licheniformis (Weigmann) Chester (DSM13), which represent food spoilage Bacillales
members [25], and Microccocus luteus (Schroeter) Cohn (DSM20030), a clinically potential
opportunistic pathogen [26]. The other three were Serratia marcescens Bizio (DSM48), Entere-
obacter cloacae (Jordan) Hormaeche & Edwards (DSM30054), and Escherichia coli (Migula)
Castellani & Chalmers (DSM498), which represent foodborne pathogenic Gram-negative
bacteria [27]. Nutrient agar was employed to culture bacterial strains while SDA was cast
off for the development and culturing P. chrysogenum fungus. Bacterial inoculums were
prepared by the direct inoculation of colonies in 1 mL of sterile saline solution and adjusted
to the 0.5 standard of the McFarland scale. The fungal spore suspension was prepared by
scraping a 7-day-old pure culture of P. chrysogenum using a sterile loop and adjusted to
5 × 104 spores/mL using a haemocytometer (Hirschmann, Eberstadt, Germany). After the
fungus inoculum, the SDA plates were incubated overnight before loading of samples.

2.5.2. Disc Diffusion Method (DDM)

The antimicrobial activity of the EOs and two pure EO components (α-pinene and
terpinen-4-ol) was evaluated by DDM according to the Kirby–Bauer method [28], with
some modifications. Briefly, 5 µL of an undiluted EO or EO component was loaded onto
a 6 mm diameter sterile paper disk and placed on target inoculated Muller–Hinton agar
or SDA plates. The plates were then incubated for 24 h at 25 ◦C for P. chrysogenum, 28 ◦C
for Gram-positive bacteria, and 37 ◦C for Gram-negative bacteria. After incubation, the
diameters of inhibition growth zones were measured in mm, including the diameter of
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the disc. All tests were performed in triplicate. The antimicrobial activity of the positive
controls (Kanamycin and Nystatin) was also recorded using the same procedure as above.
Inoculated plates without samples were used as controls.

2.6. Brine Shrimp Lethality Bioassay

The toxicity of the EOs and two pure EO components (α-pinene and terpinen-4-ol) was
monitored by an in vivo assay using nauplii of brine shrimp (Artemia salina Leach). The BSL
bioassay was performed according to the Meyer et al. [29] method, with some modifications.
A. salina cysts were purchased at a pet shop and were hatched in artificial seawater for
48 h. A stock solution of each EO or EO component was prepared by dissolving 150 mg
of sample in ethanol up to a final volume of 0.5 mL. Then, the stock solution was diluted
to 1 mg/mL in water and sonicated. Afterwards, 100 µg/mL of the EO or EO component
emulsion was prepared with artificial seawater. Control samples of artificial seawater and
ethanol (<0.1%, v/v) were also prepared to correct values with the natural mortality rate.
Ten to fifteen nauplii were brought into contact with the EOs or EO components and with
the control in microwell plates. After 24 h of contact, the mortality rate of the nauplii was
calculated. All the experiments were performed in triplicate.

2.7. Statistical Analysis

Variables were tested for normal distribution by using the Shapiro–Wilk test, and
when this condition was not met, data were transformed. One-way analysis of variance
(ANOVA) and the least significant difference (LSD) test were performed to verify sta-
tistical significances between EOs and EO components. The statistical significance of
differences among mean values was established at p < 0.05. The data were expressed as
mean ± standard deviation (SD) for each of the assays. All analyses were performed by
using SPSS version 27.0 software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. EO Extraction and Yield

The EOs from the dried Azorean C. japonica aerial parts were extracted by HD with a
Clevenger-type apparatus, since it is a technique included in the European Pharmacopoeia.
All EOs had a density lower than water (ca. 0.90 g/mL), a strong odor, with that from cones
being the most pleasant, and a yellowish color, except for MC EO, which was pale yellow.
The EO yields ranged approximately from 1 to 3% (w/w), as summarised in Table 1. The
highest EO yield was found in leaves, followed by foliage, MCs, and FCs, with significant
differences among them (F = 249.46; df = 3; p = 0.022). Since all samples came from
the same tree population, these variations could potentially be attributed to anatomical
differences, particularly in the quantity of the secretory structures that accumulate the
volatile components of the EO [6].

Table 1. Yield of the essential oil from Azorean Cryptomeria japonica female cones (FCs), male cones
(MCs), leaves, and foliage.

Essential Oil
Plant Part

FCs MCs Leaves Foliage

Yield (%, w/d.w.) 0.67 ± 0.03 a 0.70 ± 0.04 a 2.63 ± 0.16 b 2.11 ± 0.14 b
Values are mean± SD (n = 3). Different letters indicate statistically significant differences at p < 0.05. d.w.—dry weight.

3.2. EO Chemical Composition

The chemical composition of the EOs obtained from different Azorean C. japonica parts
are detailed in Table 2, and their chromatographic profiles are shown in Figure 2A–D.

GC–MS and GC–FID analysis resulted in the identification of seventy-one components
in the EOs isolated from the different Azorean C. japonica parts which accounted for up
to 92 to 98% of the total EOs and were grouped into six classes: monoterpene hydrocar-
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bons, oxygen-containing monoterpenes, sesquiterpene hydrocarbons, oxygen-containing
sesquiterpenes, diterpene hydrocarbons, and oxygen-containing diterpenes (Table 2).

Table 2. Percentage of essential oil (EO) composition from Azorean Cryptomeria japonica female cones
(FCs), male cones (MCs), leaves, and foliage.

Components RI
Sample

FC EO MC EO Leaf EO Foliage EO

Tricyclene 921 0.1 0.3 0.3 0.2
α-Thujene 924 0.7 2.1 1.6 0.9
α-Pinene 930 44.6 37.6 25.8 17.0

Camphene 938 1.0 1.8 2.1 1.4
Sabinene 958 3.9 6.1 14.1 8.1
β-Pinene 963 1.6 1.3 1.4 1.1

1,2,4-Trimethyl benzene 975 t t t t
β-Myrcene 975 1.7 4.7 3.4 2.9

α-Phellandrene 995 t 0.4 t t
δ-3-Carene 1000 1.3 1.6 0.8 0.9
α-Terpinene 1002 0.6 3.4 1.1 1
p-Cymene 1003 0.9 1.0 t 0.2

β-Phellandrene 1005 0.8 1.1 0.5 0.4
Limonene 1009 1.0 3.2 1.1 1.3

cis-β-Ocimene 1017 t t t t
trans-β-Ocimene 1027 t t t t

γ-Terpinene 1035 0.8 4.9 1.9 1.8
trans-Sabinene hydrate 1037 t t t 0.1

Fenchone 1050 t t t t
2,5-Dimethyl styrene 1059 0.1 t t t

Terpinolene 1064 0.5 1.3 0.8 0.7
cis-Sabinene hydrate 1066 t t t t

Linalool 1074 t t t t
trans-Thujone 1081 t t t t

1-Octen-3-yl acetate 1086 t t t t
trans-p-2-Menthen-1-ol 1099 0.2 t t t

Camphor 1102 t t t t
cis-p-2-Menthen-1-ol 1114 t 0.3 t 0.1

Borneol 1134 0.5 0.1 t t
Terpinen-4-ol 1148 3.7 11.8 2.7 3.5
α-Terpineol 1159 0.8 0.9 t 0.3

α-Fenchyl acetate 1200 t t t t
Geraniol 1236 t t t t

Bornyl acetate 1265 0.2 1.3 1.4 1.4
cis-Verbenyl acetate 1266 t t t t
α-Terpenyl acetate 1334 0.3 0.1 t 0.1

α-Cubebene 1345 t t t t
α-Copaene 1375 t t t t
β-Elemene 1388 0.4 t t 0.1

β-Caryophyllene 1414 0.2 t 0.2 0.2
β-Copaene 1426 0.4 t t t
α-Humulene 1447 t t t t
γ-Muurolene 1469 0.3 t t 0.4

Germacrene D 1474 0.9 t 0.5 t
β-Selinene 1476 t t t t

α-Muurolene 1494 0.3 t 0.3 0.2
γ-Cadinene 1500 0.4 t 0.4 0.3

trans-Calamenene 1505 t t t t
δ-Cadinene 1505 0.4 0.2 1.3 0.9
α-Cadinene 1529 t t t t

Elemol 1530 3.9 2.0 11.5 13.6
Germacrene D-4-ol 1 1557 0.2 t 0.4 0.7
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Table 2. Cont.

Components RI
Sample

FC EO MC EO Leaf EO Foliage EO

β-Caryophyllene oxide 1561 t t t t
Anhydrooplopanone 1576 t t 0.1 t
10-epi-γ-Eudesmol 1593 t 1.0 t 0.4

γ-Eudesmol 1609 3.5 1.2 3.5 3.6
T-Cadinol 1616 0.1 t 0.6 1.2

β-Eudesmol 1620 7.1 1.0 3.8 5.2
δ-Cadinol 1621 t t t t
α-Cadinol 1630 0.1 t 0.1 0.4
α-Eudesmol 1634 5.9 1.2 5.1 6.3

Rimuene 1814 t t t t
Isopimara-9(11), 15-diene 1821 t t 0.2 0.2

Isokaurene 1 1951 t 0.1 1.0 0.5
Sandaracopimara-8(14), 15-diene 1956 t 0.7 0.2 0.5

Isophyllocladene 1 1956 t t t t
Phyllocladene 2006 2.0 4.5 7.4 11.6

Kaurene 2044 t t t 0.6
Abietatriene 2045 t t t 0.1
Abietadiene 2060 t t t t
Nezukol 1 2176 0.6 0.4 1.0 3.3

% Identification 92.0 97.6 96.6 93.7
% Grouped components

Monoterpene hydrocarbons 59.6 70.8 54.9 37.9
Oxygen-containing monoterpenes 5.7 14.5 4.1 5.5

Sesquiterpene hydrocarbons 3.3 0.2 2.7 2.1
Oxygen-containing sesquiterpenes 20.8 6.4 25.1 31.4

Diterpene hydrocarbons 2.0 5.3 8.8 13.5
Oxygen-containing diterpenes 0.6 0.4 1.0 3.3

RI–Retention index calculated relative to C9–C22 n-alkanes on the DB-1 column. Standard error (SE) < 0.7% for
compounds with percentage < 30%. For compounds > 30%, SE < 2%. 1 Identification based on mass spectra only.
t—trace (<0.05%).

The major compounds (≥4%) identified in the FC EO were α-pinene (45%), β-eudesmol
(7%), α-eudesmol (6%), sabinene, elemol, terpinen-4-ol, and γ-eudesmol (4% each), while
those from MC EO were α-pinene (38%), terpinen-4-ol (12%), sabinene (6%), γ-terpinene,
β-myrcene, and phyllocladene (5% each). On the other hand, leaf EO and foliage EO shared
the same major compounds (≥4%): α-pinene (26 vs. 17%), sabinene (14 vs. 8%), elemol
(12 vs. 14%), phyllocladene (7 vs. 12%), α-eudesmol (5 vs. 6%), β-eudesmol (4 vs. 5%), and
γ-eudesmol (both 4%). In comparison with previous reports [22] on foliage EOs obtained
by SD from Azorean C. japonica samples, the terpenoid compounds including α-pinene,
sabinene, elemol, α-eudesmol, and phyllocladene were also clearly the most abundant
constituents of these EOs.

Our results also revealed that α-pinene (17–45%) dominated in all the studied EOs and
decreased as follows: FC EO > MC EO > leaf EO > foliage EO. Interestingly, phyllocladene
content (2–12%) displayed the opposite trend. Similarly, as observed for α-pinene, the
terpinen-4-ol content (3–12%) decreased as follows: MC EO > FC EO > foliage EO > leaf
EO, whereas the elemol content (2–14%) seems to vary in an inverse way to α-pinene,
decreasing as follows: foliage EO > leaf EO > FC EO > MC EO. These results agree with
what was found and reported from previous studies in Figueiredo et al. [22]. In fact, their
research [22] also stated that the ratio between the EO main compounds seemed to be
mainly determined by the type of plant material (branches and foliage with more or less
strobili vs. wood).

Overall, it should be highlighted that monoterpene hydrocarbons constituted the
major fraction in all the studied EOs (38–71% of the total EOs), decreasing as follows:
MC EO > FC EO > leaf EO > foliage EO, which is a similar order to the one reported for



Appl. Sci. 2023, 13, 0 9 of 14

α-pinene content. The oxygen-containing monoterpenes fraction was also higher in strobili
(FC and MC) EOs, as compared to the EOs from foliage/leaves, particularly in MC EOs
due to their highest content of terpinen-4-ol (12% vs. 3–4%). Contrariwise to strobili EOs,
those from leaves and foliage were particularly rich in oxygen-containing sesquiterpenes
(mainly elemol) and in diterpene hydrocarbons (mainly phyllocladene). In fact, as already
mentioned, the elemol and phyllocladene contents seem to vary in an inverse way to
α-pinene. Oxygen-containing diterpenes were present in very low amounts in FC, MC,
and leaf EOs (≤1%), whereas the presence of nezukol (3%) in foliage EO has yet to be
evidenced. Sesquiterpene hydrocarbons were also less abundant (0.2–3%), particularly
in MC EO. Indeed, contrariwise to the monoterpenes class, with the oxygen-containing
monoterpenes accounting for only 4–15% of the total EOs, the sesquiterpenes class mainly
consists of oxygen-containing components (6–31% of the total EOs).
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Figure 2. Gas chromatography with flame ionization detection profiles, taken on the DB-1 column, of
the essential oil from different Azorean Cryptomeria japonica parts: (A) female cones, (B) male cones,
(C) leaves, and (D) foliage.

Our results for EO chemical compositions from different Azorean C. japonica parts
were in good agreement with those reported by Garcia et al. [30] for different C. japonica
parts collected on Corsica (France), except regarding the diterpene hydrocarbons class,
which is mainly phyllocladene in Azorean samples and kaurene in Corsican ones [30]. This
difference is probably due to genetic differences and/or different environmental conditions.

3.3. In Vitro Antimicrobial Activity

In the present study, the DDM, as a simple, low cost, rapid, and well-known antimi-
crobial screening procedure [31], was used to compare the growth-inhibitory activity of
the Azorean C. japonica EOs, EO components (α-pinene and terpinen-4-ol), and antimicro-
bial drugs (Kanamycin and Nystatin) against the selected microorganisms, as illustrated
in Table 3.

All the studied EOs showed weak to moderate antibacterial activity against Gram-
positive bacteria as compared to the positive control (inhibition zones of 7–13 mm and
30–39 mm, respectively). However, there is no significant difference in antimicrobial activity
between the studied plant parts regarding these bacteria, namely, B. subtilis (F = 1.12;
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df = 3; p = 0.392), B. licheniformis (F = 1.26; df = 3; p = 0.351), and M. luteus (F = 2.40;
df = 3; p = 0.135), as we can see in Figure 3. Moreover, all the studied EOs were inactive
against Gram-negative bacteria. Previous reports [9] on antibacterial activity of foliage EOs
obtained by SD from Azorean C. japonica samples revealed no activity against B. subtilis
and E. coli. However, it should be noted that the comparison of antimicrobial efficacy data
between studies is difficult when different raw material, microbial strains, antimicrobial
evaluation methods, and experimental conditions (e.g., culture medium, amount of EO
tested, and incubation conditions) were used, among other factors [32]. Our results also
revealed that the antibacterial action of the studied EOs is in accordance with their major
component, α-pinene, that also exhibited superior efficacy against Gram-positive bacteria
over negative ones (inhibition zones of 14–18 mm and 7–8 mm, respectively), possibly
due to the difference in the cell wall structures of the two bacteria groups. Indeed, Gram-
negative bacteria have an outer membrane rich in lipopolysaccharide molecules, which
hinder the entry of hydrophobic components into the bacterial cell [33]; thus, Gram-positive
bacteria, which lack this outer membrane, were found to be more sensitive to the studied
EOs and pure α-pinene when compared with the negative ones. A similar trend was
reported by other researchers investigating the antimicrobial activity of other EOs [10,15].
However, this pattern is not always observed for all EOs/EO molecules, as documented
in the review by Angane et al. [34] and in the present study. Indeed, contrary to α-pinene
action, the oxygen-containing monoterpene terpinen-4-ol was more effective against Gram-
negative bacteria than Gram-positive bacteria (inhibition zones of 19–31 mm and 7–11 mm,
respectively). According to the literature, terpinen-4-ol has gained attention for its potential
as a broad-spectrum antibacterial agent [35] for therapeutic application. For example,
a recent study [36] showed that this compound has strong bactericidal activity against
Staphylococcus aureus, probably by interfering with the synthesis of the bacterial cell wall,
resulting in the loss of cytoplasmic material. Interestingly, the present study revealed that
the studied EOs, even the MC EO, which presented the highest terpinen-4-ol content (12%),
were inactive against all the selected Gram-negative bacteria, as mentioned above. This
indicates the possibility of an antagonistic interaction between terpinen-4-ol and other
Azorean C. japonica EO components in the antibacterial effect, which should be considered
for further investigation.

Regarding the antifungal activity, only the EOs from FCs and MCs were slightly active
against P. chrysogenum, probably due to the higher concentration of monoterpene hydro-
carbons and oxygen-containing monoterpenes in the EOs from these plant parts. In fact,
α-pinene and terpinen-4-ol showed higher antifungal activity than the positive control
(F = 24.28; df = 2; p = 0.001). Previous studies reported strong in vitro growth-inhibitory
activity of terpinen-4-ol against several mycotoxigenic plant pathogens, including Penicil-
lium sp. [37]. Our results also revealed that P. chrysogenum is equally susceptible to α-pinene
as Gram-positive bacteria.
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Figure 3. Examples from images of the antimicrobial activity experiments by disc diffusion method
against Bacillus licheniformis. Legend: 1—female cones; 2—male cones; 3—foliage; 4—negative control;
5—leaves; 6—α-pinene; 7—terpinen-4-ol; 8—kanamycin.
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Table 3. In vitro antimicrobial activity (growth inhibition zone) of the essential oils (EOs) from
Azorean Cryptomeria japonica female cones (FCs), male cones (MCs), leaves, and foliage and some of
their components.

EO/Compound
Growth Inhibition Zone (mm)

Bacillus
subtilis

Bacillus
licheniformis

Micrococcus
luteus

Serratia
marcescens

Enterobacter
cloacae

Escherichia
coli

Penicillium
chrysogenum

FC EO 1 13 ± 4 bc 11 ± 2 c 11 ± 2 c na na na 7 ± 0 a
MC EO 1 9 ± 1 c 10 ± 3 c 7 ± 1 cd na na na 7 ± 0 a
Leaf EO 1 9 ± 1 c 9 ± 2 c 7 ± 1 cd na na na na

Foliage EO 1 10 ± 2 c 9 ± 1 c 11 ± 1 c na na na na
α-Pinene 1 14 ± 1 b 15 ± 1 b 18 ± 1 b 8 ± 1 c 7 ± 1 c 8 ± 1 c 14 ± 1 b

Terpinen-4-ol 1 11 ± 1 c 11 ± 1 c 7 ± 1 d 21 ± 2 b 31 ± 3 a 19 ± 5 b 14 ± 1 b
Kanamycin 2 39 ± 2 a 34 ± 2 a 30 ± 0 a 24 ± 2 a 21 ± 1 b 24 ± 1 a -

Nystatin 3 - - - - - - 8 ± 1 a

Values are mean ± SD (n = 3). Different letters in the same column of the same strain indicate statistically
significant differences (p < 0.05). 1 Tested at 4.5 mg/disc. 2 Positive control for antibacterial assay (tested at
50 µg/disc). 3 Positive control for antifungal assay (tested at 200 µg/disc). Legend: na–no activity; 7–10 mm
(weak activity); 10–15 mm (moderate activity); >15 mm (strong activity).

3.4. Brine Shrimp Lethality Bioassay

The BSL bioassay, as a simple, economic, and rapid screening procedure, was also
used to determine the toxicity of the Azorean C. japonica EOs and some of their components
(Figure 4). FC EO was found to be the most toxic EO against A. salina nauplii, with
a 70.6 ± 4.2% mortality rate, followed by leaf (53.9 ± 10.6%), MC (38.8 ± 13.1%), and
foliage (34.1 ± 8.6%) EOs, with significant differences among them (F = 10.62; df = 5;
p < 0.001). α-Pinene, the major component in all the studied EO samples, and terpinen-4-ol
do not seem to be involved in toxicity against brine shrimp (36.6 ± 6.2% and 22.7 ± 12.4%
of mortality rate, respectively). The highest toxicity of FC EO could be due to other
major components or due to a synergistic effect of its minor components, which will
require further investigation. Considering that the BSL bioassay is an adequate method for
preliminary toxicity testing of EOs in tumor cell lines [38], future studies should consider
FC EO for further investigation of its potential pharmacological properties to assess their
application in industry.
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Figure 4. Toxicity of the essential oils (EOs) from different Azorean Cryptomeria japonica parts and
some of their components against Artemia salina nauplii at 100 µg/mL. Within each bar, means
followed by the same letter are not significantly different at p < 0.05.
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4. Conclusions

The available literature on the chemical compositions of EOs from different C. japonica
parts and their biological potential is still scarce. Therefore, this study compared the yield,
chemical composition, antimicrobial activity, and BSL effect of EOs from different parts of a
60-year-old C. japonica tree population planted in Azores archipelago.

This study confirms that all the selected plant parts (leaves, foliage, and reproductive
structures) produce EOs; however, a substantial variation was noticed in their quantity. A
considerable chemical variability was also observed, namely, the α-pinene and terpinen-4-ol
contents were lower in foliage/leaves than in strobili EOs, while the elemol and phyllo-
cladene amount showed an opposite tendency. It should also be noted that the studied
EOs from different Azorean C. japonica parts were richer in phyllocladene as compared
with those of C. japonica from Corsica (France), probably due to genetic differences and/or
different environmental conditions.

A variation in the biological potential of the studied EOs is also confirmed. Regarding
the antimicrobial activity, the bioactive EOs exhibited, in general, a weaker inhibitory
effect against the selected microorganisms as compared to the tested EO components
(α-pinene and terpinen-4-ol). Moreover, both EO compounds showed better antifungal
activity than the positive control, and terpinen-4-ol exhibited a very strong activity against
Gram-negative bacteria, even better than that of the positive control in the case of the
E. cloacae strain. Concerning the BSL effect, the most toxic EOs were from FCs, followed by
leaf samples.

Overall, among the studied samples, only the strobili (FC and MC) EOs showed
antifungal activity against P. chrysogenum. In addition, FC EO is the most promising source
of multi-bioactivities since it also showed the best antibacterial activities and the highest
toxicity. Thus, future investigations into the potential pharmacological properties of FC EO
are required to assess their application in industry. In addition, further ongoing studies
will involve fractionating C. japonica EOs to enhance the content of their active components,
thereby increasing their antimicrobial activity, as well as to provide data on synergistic
effects between C. japonica EOs/fractions and selected antibiotics.
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