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Abstract: Teucrium L. is a widely distributed genus often used for the treatment of digestive disorders
and respiratory problems. The aim of the present study was to determine the chemical composition
of essential oils and elemental content of the plant species Teucrium polium, Teucrium hircanicum,
Teucrium botrys, Teucrium chamaedrys, Teucrium flavum, Teucrium orientale, and Teucrium scordium of
Moldovan origin, as well as to evaluate the antimicrobial activity of their extracts. The composition of
essential oils was determined using gas chromatography-mass spectrometry (GC-MS), and neutron
activation analysis (NAA) was used to assess the elemental composition of plants. Antimicrobial
tests were performed in vitro on the Bacillus subtilis, Pseudomonas fluorescens, Xanthomonas campestris,
Erwinia amylovora, Erwinia carotovora, and Candida utilis strains using the double-dilution method.
GC-MS allowed the identification of 59 components of the analyzed essential oils, and showed that
the analyzed species belong to four different chemotypes. Using NAA, 18 major and minor elements,
the contents of which fell within the value ranges reported for other medicinal herbs of this genus,
were identified. The hydroalcoholic extracts from Teucrium spp. exhibited in vitro antibacterial and
antifungal activity at 0.03-0.06% and 0.015-0.03%, respectively. The extracts from Teucrium spp.
exhibited high antibacterial and antifungal activity, enabling their application for medical purposes.

Keywords: Teucrium L.; chemical composition; mineral composition; activation analysis; antimicrobial
activity; essential oil; medicinal plants

1. Introduction

Teucrium L. (Lamiaceae family) is a widely distributed genus including more than
300 species, of which one-sixth are found in the Mediterranean region [1,2]. The members
of this genus mostly represent perennial herbs, shrubs, or subshrubs; they have erect or
ascending leafy stems. Leaves are petiolate or sessile, not divided, with subentire-to-crenate—
dentate margins, along with inflorescence-pedunculated cymes or verticillasters—distant,
or condensed into spikes or heads—and ovoid or obovoid rounded nutlets. In the flora of
the Republic of Moldova, the Teucrium L. genus is represented by six species [3].
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Many species of the genus Teucrium L. are used in folk medicine—especially in the
treatment of digestive disorders and respiratory problems. Externally, some Teucrium
species can be useful in the treatment of purulent eruptions, furuncles, wounds, mycosis,
and skin abscesses [4,5].

A large number of compounds—such as sesqui-, di-, and triterpenoids, iridoids,
flavonoids, steroids, carbohydrates, polyphenols, phytosterols, phenolic acids, amino
acids, tannins, vitamin C, saponins, and iridoid glycosides—with a wide spectrum of
biological properties, have been isolated from Teucrium L. plants [6-8]. These constituents
have been found to have hypoglycemic [9], hypolipidemic [10], antispasmodic [11], anti-
inflammatory [12], analgesic [13], antipyretic, antifungal, antibacterial, antiviral [14], cyto-
toxic, detoxifying, hemostatic, cicatrizing, diuretic, and antiseptic activities [15,16]. Modern
pharmacological studies suggest that some Teucrium L. species as are rich natural sources
of anticancer compounds, which have proven to be effective against HCT-116 cells [17].

The analysis of essential oils of several Teucrium L. species, obtained via hydrodistillation
or microwave-assisted hydrodistillation, has been performed by capillary gas chromatography
(GC), gas chromatography—mass spectrometry (GC-MS), and gas chromatography—flame
ionization detection (GC-FID) [18-20]. These oils include caryophyllene, caryophyllene
oxide, a-humulene, germacrene D, a-pinene, S-pinene, a-muurolene, (E)-B-farnesene, and
carvacrol [21,22].

The microbiological investigation showed that the essential oil of Teucrium L. species
possesses antimicrobial activity against Escherichia coli, Bacillus cereus, Staphylococcus aureus,
and the yeast Saccharomyces cerevisiae [23]; antioxidant activity based on in vitro assays
such as free radical scavenging activity against 1,1-diphenyl-2-picrylhydrazyl (DPPH),
ferric-reducing activity power (FRAP), and total antioxidant capacity (TAC) [24,25]; an-
tiphytoviral activity against cucumber mosaic virus (CMV) [21], and antibacterial activity
against 15 clinical isolates of Klebsiella pneumoniae [14].

Many Teucrium L. plants, due to their effective therapeutic options against microorgan-
isms, are used as natural conserving agents in the food industry [26]. T. polium also has a
pronounced efficacy against different species of insects [6]. In view of the aforementioned,
Teucrium L. species have a significant medicinal and economic importance, and have been
widely studied in recent decades.

This paper refers to seven medicinal native and allochthonous Teucrium species (T. hir-
canicum, T. polium, T. botrys, T. chamaedrys, T. flavum, T. orientale, and T. scordium) cultivated
in the experimental fields of the National Botanical Garden (Institute), Chisinau, Republic of
Moldova, on which information on chemical composition is lacking.

According to the purposes of this paper, the chemical composition of essential oils
from the mentioned species of the Teucrium genus was evaluated by means of gas chromato-
graphic techniques, and elemental content of the plants was determined using neutron
activation analysis. Additionally, the antimicrobial assessment of hydroalcoholic extracts
was performed on several fungi, as well as both non-pathogenic and phytopathogenic
bacterial strains. It should be mentioned that this kind of analysis was performed for the
first time for Teucrium plants of Moldovan origin.

2. Materials and Methods
2.1. Sample Collection and Extraction

The plant material—seven specimens of Teucrium spp. (aerial parts with inflorescences)—
was collected in June 2018-2020 from the National Botanical Garden (Institute), Chisinau, Re-
public of Moldova, geographically located at latitude 46°58'25.43” N and latitude 28°52'47.16”
E. The plants were cultivated in ecologically clean conditions. For analyses, only pure sam-
ples of plant material were used. Voucher specimens were deposited in the Herbarium of
the Botanical Garden (Institute) (voucher copies are in SI). The identity of the species was
established by Dr. Nina Ciocarlan (Department of Vegetal Resources).
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Teucrium polium

Teucrium polium L. (golden germander) is a perennial subshrub with tomentose,
lanate or, rarely, pilose-hispid stems reaching ~30-50 cm in height. The opposite, simple,
sessile, cuneate—oblong or linear leaves are ~0.7-2.5 cm in length. White-to-pale-cream-
colored flowers form simple paniculate or corymbose inflorescences. The seeds are brown,
reticulate nutlets.

Teucrium hircanicum

Teucrium hircanicum L. (Caucasian germander) is a perennial species with hairy
stems, and is woody at the base. Leaves are ovate or oblong—ovate, crenate, base truncate to
cordate, or apex obtuse. The inflorescence is a dense terminal spike-like raceme around 15
cm long, and bracts are subulate. The calyx is campanulate, densely hairy, glandular-scaly,
and prominently veined at fruiting. The corolla tube is hairy, limb-deflexed and concave,
and reddish-purple. Nutlets are brownish, wider than long, and reticulate.

Teucrium botrys

Teucrium botrys L. (cut-leaved germander) is an annual, many-branched plant with
glandular—villosulous stems. Leaves are opposite, oval, simple, and deeply and ternately
divided into short, obtuse, oblong segments. Flowers are usually 4-6 at each node, on
pedicels of 4-8 mm, with the calyx strongly saccate at base—especially in age—eventually
growing to 1 cm, with its lobes shorter than the tube, broadly triangular, and the lower two
being somewhat smaller. The pink-to-purple flowers form whorls from the stem at the base
of the leaves, and the fruit are nutlets.
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Teucrium chamaedrys

Teucrium chamaedrys L. (wild germander) is a perennial, evergreen plant with a
creeping rootstock and upright-to-spreading stems that reach ~10-30 cm in height. The
opposite oblong-ovate, deeply veined, pubescent, dark green leaves resemble those of a
small oak tree. The tubular, labiate, rose-colored flowers are arranged in axillary whorls on
leafy, terminal spikes. The seeds are ellipsoidal nutlets, with a dark reddish-brown and
reticulate surface.

Teucrium flavum

Teucrium flavum L. (yellow germander) is an evergreen, perennial, densely branched
subshrub with flower stems up to 50 cm high, and is woody at the base. The leaves are
opposite, ovate, dark green, and glossy above, with serrate margins. In inflorescences, the
hermaphrodite flowers are arranged in whorls. The calyx is 89 mm long, hispid to villous
hairy, and covered with glands. The corolla is cream to lemon-yellow, and sparsely hairy.
The fruit are schizocarps consisting of four ovoid nutlets.

Teucrium orientale

Teucrium orientale L. (Oriental germander) is a perennial species with a bushy ap-
pearance; its stems can be several or quite numerous, are 10-50 cm tall, and are slightly
ascending at the base or erect. The leaves are spaced, broadly rhombic, ovate or almost
round, thrice pinnately dissected into long and narrow linear lobes, somewhat laminar
along the edge, green or greyish, and densely short haired. The lavender-blue flowers
are small, tubular, one-lipped, and arranged in paniculate or paniculate—corymbose, usu-
ally elongated, often short-branched inflorescences. The nutlets are wrinkled, with small,
transparent, granular glands.
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Teucrium scordium

Teucrium scordium L. (water germander) is a perennial stoloniferous plant. Stems are
erect or ascending, sometimes purplish below, with no or few branches, and 10-30 cm
height. Leaves are sessile, attenuate at base, oblong—elliptic, senate, or serrulate above,
and apically rounded or acute; the leaves in the middle part of the stem are usually the
largest. Flowers are whitish, pink, or purplish in the axils of the middle and upper leaves;
verticillasters are 2-6-flowered; bracts are absent. Nutlets are subglobose, dark brown, and
apically glandular.

2.2. Reagents and Apparatus

All of the reagents used in the present study were of analytical grade. To obtain essential
oil samples, 250 g of aerial parts of the plant were hydrodistilled for 4 h in a Neo-Clevenger
apparatus. * Distillates were supplementary extracted with diethyl ether and dried over
anhydrous sodium sulfate, and subsequently applied for chromatographic measurements.

Average samples of dried plants were analyzed by neutron activation analysis (NAA).

The hydroalcoholic extracts were obtained using Soxhlet-type extractors for 4 h, then
filtered and distilled under reduced pressure to dryness. In continuation, the crude extracts
were used for the preparation of the antimicrobial assessment solutions. (The plant material
of T. scordium was not sufficient for essential oil extraction and antibacterial tests).

2.3. GC-MS Analysis

The gas chromatographic analyses of the Teucrium sp. essential oils were performed in
one repetition using an Agilent Technologies 7890A system with a 5975C Mass-Selective
Detector (GC-MSD) equipped with a split-splitless injector (1 uL). The analysis was carried
out on a fused silica capillary HP-5MS calibrated column (30 m x 0.25 mm i.d.; film
thickness 0.25 um). The injector and detector temperatures were kept at 250 °C. Helium
was used as a carrier gas at a flow rate of 1.1 mL/min; the initial oven temperature program
was 70 °C/2 min, which was then increased to 200 °C at the rate of 5 °C/min, and finally
to 300 °C at the rate of 20 °C/min; the split ratio was 1:50. The MSD ionization energy was
70 eV, scan time was 1 s, acquisition mass range was from 30 to 450 amu, and solvent delay
was 3 min [27].

2.4. Neutron Activation Analysis

The elemental composition of six Teucrium species was determined by neutron activa-
tion analysis at the IBR-2 reactor (Dubna, Russia). More details about sample irradiation
and analysis can be found in [28,29].

The mass fractions of elements based on short-lived radionuclides—Mg, Al, Cl, Ca,
and Mn—were determined by sample irradiation for 3 min at a neutron flux of 1.2 x 10'?
cm 2 57! and measurement immediately after irradiation. To determine elements with
long-lived isotopes—Na, K, Sc, Cr, Fe, Co, Zn, As, Br, Rb, Sr, Mo, Sb, Cs, and Ba—the
cadmium-screened channel 1 was used. Samples were irradiated for 4 days at a neutron flux
of 1.2 x 101 em ™2 s~! and measured twice after 4 and 20 days of irradiation for 20 min and
1.5 h, respectively. The analysis of the spectra was performed using the Genie2000 software,
and the calculation of mass fractions was carried out using the software “Concentration”
developed in FLNP.

The quality control of the measurements was ensured using the following certified
reference materials of the National Institute of Standards and Technology: 1573—Tomato
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leaves, 1575a—Pine needles, 1575a—Peach leaves, and 1633b—Coal fly ash. The experi-
mentally obtained values were in good concordance with the certified ones.

2.5. Antimicrobial Activity Assessment

Antimicrobial activity assessments of the hydroalcoholic extracts from Teucrium species
plants were performed on the non-pathogenic Gram-positive and Gram-negative strains of
Bacillus subtilis NCNM-BB-01 (ATCC 33608) and Pseudomonas fluorescens NCNM-PFB-01
(ATCC 173 25323), respectively, phytopathogenic strains of Xanthomonas campestris NCNM
BX-01 (ATCC 175 53196), Erwinia amylovora NCNM BE-01 (ATCC 176 29780), and Erwinia
carotovora NCNM 177 BE-03 (ATCC 15713), and fungal strains of Candida utilis NCNM Y-22
(ATCC 44638).

For antimicrobial activity testing, the successive double-dilution method was used [30,
31]. At the first stage 1 mL of peptone broth for test bacteria and Sabouraud broth for
test candida were introduced into a series of 10 tubes; 1 mL of the analyzed mixture
was introduced into the first test tube. Then, after agitation, 1 mL of the mixture was
transferred to the next tube, and the procedure was performed until the 10th tube. In this
way, the concentration of the initial solution was reduced two times in each subsequent
tube. Simultaneously, the 24-h test microorganism cultures were prepared.

According to the McFarland index, the optical density (D.O.) of the suspensions for
tested bacteria and fungi was 2.0 and 7.0, respectively.

Next, 1 mL of the microbial suspension was introduced to a tube with 9 mL of sterile
distilled water. After mixing the contents of the tube, 1 mL of the obtained solution was
transferred to the second tube of the five-tube series, each containing 9 mL of distilled water.

Then, 0.1 mL of the microbial suspension taken from the 5th tube was added to each
tube with the titrated preparation, and the tubes with titrated preparation sand the seeded
doses of the microorganisms were kept in the thermostat at 35 °C for 24 h. On the second
day, preliminary analysis was performed. The last tube from the series, in which no visible
growth of microorganisms was detected, was considered to be the minimal inhibitory
concentration (MIC) of the preparation.

For the calculation of the minimum bactericidal and fungicidal concentrations, the
contents of the test tubes with MIC and with higher concentrations were seeded on peptone
and Sabouraud agar from Petri dishes. The seeded dishes were kept in the thermostat at 35
°C for 24 h. The concentrations of preparation that did not allow the growth of microorgan-
isms were considered to be the minimum bactericidal and fungicidal concentrations of the
preparation.

2.6. Statistical Analysis

In the present study, PCA was used in both Q and R modes to determine the similarities
or dissimilarities not only between the investigated Teucrium species, but also between the
mass fractions of all 18 elements quantified by INAA [30,32].

All data analyses were performed using StatSoft' Statistica 11, OriginLab™ Origin-
Pro 2021, and PAST 4.03 [33,34] software.

3. Results and Discussion
3.1. GC-MS Identification of Essential Oil Constituents

Gas chromatography coupled with mass spectrometry analysis of essential oil samples
from the Teucrium species revealed quantitative and qualitative differences between them.
Thus, in T. polium, 34 components of the essential oil were detected, which corresponded
to 94.42% of the total composition (Table 1). The main component (32.43%) of T. polium
essential oil was germacrene D, followed by B-pinene (16.08%) and S-myrcene (7.63%),
which is consistent with the literature data [21,23,33,35]. Lograda et al. [23] reported
a-pinene (14.1-18%), B-pinene (15.1-18.1%), germacrene D (3.8-19%), and B-myrcene (8.2—-
10.4%) as major products of eastern Algerian populations of T. polium.
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Table 1. Chemical composition of essential oil from Teucrium species grown in Moldova.

No RT * Component, Species
) (min) Classification TP TH TB TCH TF TO
1 4.28 a-Thujene (Cqg **) 0.07 - - - - -
2 442 a-Pinene (Cqg) 5.27 - 3.03 1.69 12.38 -
3 4.72 Camphene (Cy) 0.09 - - - - -
4 5.18 B-Thujene (Cqg) 0.16 - - - - -
5 5.27 B-Pinene (Cyg) 16.08 - 3.81 1.19 6.78 -
6 5.50 B-Myrcene (Cqp) 7.63 - 0.18 - 0.54 0.35
7 6.38 (+)-Limonene (Cq) 5.82 - 3.29 - 4.64 -
8 6.55 (E)-B-Ocimene (Cyp) 0.23 - - - 2.87 2.35
9 6.81 (Z)-B-Ocimene (C1p) 1.50 - - - 0.34 3.67
10 7.84 Terpinolene (Cyg) 0.11 - - - - -
11 8.11 B-Linalool (Cyg) 0.54 5.00 1.11 - - -
12 8.38 1-Octene-3-yl acetate 0.44 - - - 0.49 -
13 8.64 3-Octyl acetate - - - - 0.62 -
14 10.59 «-Terpineol (Cqp) 0.11 - - - - -
15 10.71 Myrtenal (Cqp) 0.14 - - - - -
16 12.03 2-Methylbutyl hexanoate - - - - 1.39 -
17 13.02 Bornyl acetate (Cyp) - - 0.61 - - -
18 14.65 w-Cubebene (Cy5) - - - - 0.42 3.02
19 15.35 Copaene (C15) 0.31 - - 0.80 - 3.33
20 15.59 B-Bourbonene (Cy5) 0.37 - 0.38 1.68 1.60 0.39
21 15.74 B-Cubebone (Cy5) 0.17 - - 1.81 - 9.61
22 15.75 B-Elemene (Cy5) 0.20 - - - - -
23 16.45 B-Caryophyllene (Cy5) 0.28 - 54.06 40.95 6.99 16.47
24 16.84 a-Bergamotene (C5) - 2.18 - - 0.36 0.77
25 17.02 B-Sesquiphellandrene (C;s) - 0.98 - - - -
26 17.30 a-Caryophyllene (Cy5) - - - 9.14 3.83 6.28
27 17.32 (2)-B-Farnesene (Cy5) 6.90 30.44 0.70 - - -
28 17.40 Farnesane (Cys) - 2.49 - - - -
29 17.48 Alloaromadendrene (Cy5) 0.30 - 15.81 0.78 0.39 0.35
30 18.00 a-Curcumene (Cy5) - 0.81 - - - -
31 18.02 Germacrene D (Cy5) 3243 - 1.63 22.09 15.47 13.86
32 18.12 (+)-Valenune (Cy5) 0.28 - - - - -
33 18.28 (+)-Valencene (Cq5) - - - 0.78 - -
34 18.36 Bicyclogermacrene (Cy5) 7.44 - 1.60 1.65 0.79 3.95
35 18.57 6-Guaiene (Cy5) 0.47 - - - - -
36 18.61 B-Bisabolene (Cy5) - 0.88 - - 29.96 -
37 18.69 Butylated hydroxytoluene - 9.22 0.50 1.63 - 14.97
y-Muurolene (Cy5)
38 18.78 a-Himachalene (Cy5) 0.67 38.21 - - - -
39 18.87 Seline-3,7[11]-diene (C5) - - - 5.98 - 0.57
40 18.97 (-)-B-Cadinene (Cy5) 0.34 - 0.58 6.55 0.70 3.79
41 19.18 a-Patchoulene (Cys) - 4.85 - - - -
42 19.79 v-Elemene (Cy5) 0.08 - - - - 0.17
43 20.28 (-)-Spathulenol (Cy5) 0.10 - - - - 0.10
44 20.44 Caryophyllene oxide (Cy5) 0.10 - - 2.20 1.44 0.75
45 20.59 Viridiflorol (Cy5) - - - - 2.67 -
46 20.84 Ledol (Cy5) - - - - 1.00 0.21
47 21.73 6-Cadinol (Cy5) 0.65 - 0.88 - - 0.16
48 21.95 a-Cadinol (Cy5) - - - - 0.56 0.15
49 21.93 B-Eudesmol (C;5) 1.05 - - - - 0.28
50 22.01 v-Eudesmol (Cq5) 1.81 - - - - -
51 22.57 a-Bisabolol (Cq5) - - - - 0.43 0.15
52 22.67 (Z)-Lanceol (Cy5) - - - - 0.39 -
53 24.85 B-Selinene (Cq5) 2.28 - - - - -
54 26.04 Hexahydrofarnesyl acetone - 1.80 - - - 0.21
55 26.41 Diisobutyl phthalate - - - - 0.81 -
56 28.24 Butyl-octyl phthalate - - - - 0.53 0.56
57 30.11 Phytol (Cpp) - - - - 0.73 8.90
58 32.53 Heptacosane (alkane) - 2.02 - - 0.22 0.71
59 33.43 Octacosane (alkane) - 1.04 - - 0.20 0.68

* RT: retention time; TP—Teucrium polium; TH—Teucrium hircanicum; TB—Teucrium botrys; TCH—Teucrium
chamaedrys; TF—Teucrium flavum; TO—Teucrium orientale; ** (C19)—monoterpenes; (C;5)—sesquiterpenes; (Cog)—
diterpenes. Note: The plant material of T. scordium was not enough for essential oil extraction and antibacte-
rial tests).
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The chemical composition of the other species ranged from 13 constituents for the T.
hircanicum (99.92%) essential oil to 15 for T. botrys (99.26%) and T. chamaedrys (98.92%), 29
for T. orientale (90.39%), and 30 for T. flavum (99.42%). The predominant components of
T. hircanicum essential oil of Moldavian origin were a-himachalene (38.21%), B-farnesene
(30.44%), and B-linalool (5.0%), and its composition differed from previously reported
results [35]. Apart from the majority of compounds identified in T. hircanicum plants of
Moldovan origin, Iranian scientists reported significant amounts of (E)-a-bergamotene
(17.5-86.9%) and (E)-pB-farnesene (0.5-21.4%), which differed quantitatively [36].

The T. botrys volatile oil differed from the other abovementioned species due to its high
contents of S-caryophyllene (54.06%), alloaromadendrene (15.81%), and B-pinene (3.81%), and
also differed from oil of the same species of Croatian origin which, except for -caryophyllene
(20.4%), contains a-humulene (13.9%) and B-farnesene (17.7%) as major constituents [22].
Compared to the essential oils of T. chamaedrys from Turkey or Croatia, which are characterized
by increased contents of B-caryophyllene (26.9%) and germacrene D (22.8%) [22,37], the oil
from Moldova was characterized by a higher content of S-caryophyllene (40.95%) together
with germacrene D (22.09%) and a-caryophyllene (9.14%).

The main components of the essential oil of T. flavum—germacrene D (15.47%) and a-
pinene (12.38%)—were found in most of the abovementioned species, but high content of p-
bisabolene (29.96%) was characteristic only of this species. On the other hand, the essential
oil from T. flavum of Moldovan origin, in terms of major components, differed substantially
from that originating from Greece, in which the basic components are caryophyllene (13.5%)
and caryophyllene oxide (8.5%) [19].

Surprisingly, one of the main components of the T. orientale essential oil was butylated
hydroxytoluene (14.97%), found together with other main terpenic constituents such as
a-caryophyllene (16.47%) and germacrene D (13.86%). In general, data on the chemical
composition of T. orientale essential oil widely differ from country to country. [38,39].
Thus, Bagci et al. identified B-caryophyllene (15.3-19%), germacrene D (12.8-14.2%), and
caryophyllene oxide (14.0-19.0%) as the main components of essential oil obtained from
T. orientale var. orientale, and T. orientale var. puberulens collected in Turkey [39].

On the other hand, the essential oils from T. orientale subsp. glabrescens of Iranian
origin showed high contents of -cubebene (34.5%), a-cubebene (16.6%), a-copaene (10.1%),
and B-caryophyllene (15.0%).

Summarizing the data of the GC-MS analysis, it is clearly visible that, depending
on the major component, the analyzed species can be assigned to four chemo-types as
follows: germacrene D (T. polium), a-himachalene (T. hircanicum), B-caryophyllene (T. botrys,
T. chamaedrys, T. orientale), and B-bisabolene (T. flavum).

3.2. NAA Analysis of Elemental Content of Some Teucrium Species

The final data related to the contents of all 18 elements are reproduced in Table 2
together with the corresponding RP [40] values. It should be mentioned that some elements
were detected only in certain species—such as Cr in T. chamaedrys and T. botrys, Ce in T.
polium, and V and Ti in T. flavum and T. botrys—and were thus not included in Table 2.

The data presented in Table 2 show that the chemical composition of the analyzed
plants was very different.
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Table 2. Elemental content (mean of three measurements + SD) of analyzed samples determined by
NAA (in mg/kg), as well as reference plant values [32,40].

Element T. polium T. hircanicum T. chamaedrys T. scordium T. flavum T. orientale T. botrys RP [40]
Na 696 & 55 195 £ 15 361 & 25 1260 £ 7 388 +£15 174 + 7 715 £ 29 150
Mg 4350 + 160 2430 + 145 3260 + 195 2670 + 160 2350 + 117 1700 =+ 100 4270 + 213 200
Al 5160 + 64 336 + 13 1810 + 72 594 4 24 1280 + 64 490 + 25 3090 + 150 80
Cl 2580 =+ 200 1850 + 150 575 & 45 9130 £ 730 538 & 43 5420 + 430 4130 £ 330 2000

K 18,700 + 1100 17,700 + 1060 14,900 + 890 22,500 £1350 13,200 1190 25,100 #2250 21,100 + 1900 19,000
Ca 12,000 #1200 16,500 & 1650 11,000 £ 1100 21,100 £2110 10,700 + 1605 6610 + 990 14,400 £ 2160 10,000
Sc 0.95 %+ 0.05 0.063 £ 0.003 0.29 +0.01 0.145 £ 0.01 0.18 £ 0.007 0.081 + 0.004 0.48 +0.01 0.02
Mn 132 £5 96 £3.8 74+3 69 £29 54 +1.6 55.0 + 1.7 97 £2.9 200
Fe 2520 £ 150 193 £19 760 £ 50 535 & 40 473 + 33 316 + 22 1300 + 78 150
Co 1.16 £ 0.08 0.48 +0.03 0.53 +0.03 0.265 £ 0.02 0.3 £0.02 0.48 +0.02 0.79 + 0.04 0.2
Zn 344+14 254 +£1.1 202£0.8 40+1.6 30+ 1.8 37.0+2 50 £3 50
As 1.63 £ 0.06 0.94 +0.03 0.92 +0.03 1.34 £+ 0.05 0.19 + 0.01 0.091 £ 0.01 0.5 £ 0.05 0.1
Br 16.8 £ 0.7 11.3 £ 0.4 27+£0.1 85+03 62+02 213+1 112 £4.5 4
Rb 225+ 34 150 £2.2 94+ 14 2.8+0.9 58+ 1.0 123 +2 13+22 50
Sr 48.0+4.38 36.0+ 3.6 41 +£41 118 £12 50 £ 4.0 26.0+23 82+6.6 50
Mo 0.43 £ 0.04 1.1+0.1 0.41 £ 0.04 0.97 £ 0.09 n.d. n.d. n.d. 0.5
Sb 0.1 £ 0.007 0.037 £ 0.003 0.027 £ 0.002 0.039 £ 0.003 0.04 + 0.004 0.043 £0.004  0.084 £ 0.007 0.1
Cs 0.4 £0.02 0.058 £ 0.003 0.12 & 0.007 0.078 £ 0.005 0.08 % 0.004 0.04 + 0.004 0.21 & 0.008 0.2
Ba 50.5+ 4.5 79407 203 +1.8 28+22 25+15 7.7+0.6 97 £48 40

In all samples, the most abundant element was K; its mass fraction ranged from
13,200 mg/kg in T. flavum to 25,100 mg/kg in T. orientale. Potassium (K) is one of the
major elements required for plant growth and development (stomatal regulation and
photosynthesis). Potassium participates in several biochemical processes related to protein
synthesis, carbohydrate metabolism, and enzyme activation [41]. In analyzed plants,
Ca was the second most abundant element; its lowest mass fraction (6610 mg/kg) was
determined in T. orientale, while the highest (21,100 mg/kg) was in T. scordium. Calcium is
an essential macroelement required for plants, playing a structural role as a counter-cation
for inorganic and organic anions in the vacuole, and as an intracellular messenger in the
cytosol [42]. In T. polium, T. hircanicum, T. chamaedrys, T. scordium, and T. flavum, the contents
of K and Ca were almost at the same level. According to Zinicovscaia et al. [28], soil can be
considered to be the main source of potassium and calcium in the studied plants. Moldova
is characterized by abundant limestone soils. Magnesium (Mg) plays an important role in
enzyme activities [43]. The range of content of Mg covered values from 1700 to 4350 mg/kg,
while those of Cl ranged from 538 to 5420 mg/kg. Sodium content in the plants varied
from 174 to 1260 mg/kg. For the majority of plants, Na is not an essential element [44].

Micronutrients such as Cr, Mn, Zn, Co, Mo, Br, and Fe are constitutive elements with
specific functions in plant metabolism [45]. Among the microelements, Fe was the most
abundant, as its concentration varied from 316 to 2520 mg/kg. Iron (Fe) is an essential
microelement required for synthesis and other life processes of the cells [46]. Manganese
(Mn) plays an important role in oxidation and reduction processes, and participates in the
activation of more than 35 different enzymes [47]. The manganese content in the samples
ranged from 55 ug/g to 132 pg/g, with the highest mass fraction in T. polium. Zinc levels
in the analyzed plants ranged from 20 to 50 mg/kg. In plants, Zn acts as a functional,
structural, or regulatory cofactor of a large number of enzymes [48]. The bromine content
in samples varied between 2.7 and 172 mg/kg. According to Kataba-Pendias et al. [46],
the natural Br content of plants should not exceed 40 ppm (approximately), and some
higher values are related to pollution. Bromine content > 40 mg/kg was determined only
in T. botrys. Molybdenum was determined in four of the analyzed species, and its content
was 0.4-1.1 mg/kg.

Al, Sc, Ti, V, As, Rb, Sr, Sb, Cs, and Ba have no biological functions; their main sources
in plants are soil (Al, Sc, Ti, V, Rb, Sr, Cs, and Ba) and anthropogenic activity (As, Sb). The
content of As in the analyzed plants ranged from 0.09 to 1.6 mg/kg. Since the mass fraction
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of As in plants grown on uncontaminated soils varies from 0.009 to 1.5 ppm [45], it can be
concluded that the analyzed plants were grown on uncontaminated soil. The mass fraction
of As did not exceed the limit of 1 mg/kg recommended for medicinal plants by the World
Health Organization [49].

After careful examination, it could be remarked that there was a great discrepancy
between the mass fractions of Mg, Cl, K, and Ca—belonging to the main groups of ele-
ments [40]—and the other elements, many of which were classified as enzymatic transition
elements—such as Mn, Co, and Zn—or presumably contaminating ones, such as As and
Br [40]. To all of them can additionally be included elements of which a particular role in
plant metabolism has not yet been well evidenced, e.g., Na, Al, Rb, Sb, Cs, and Ba.

To attenuate the discrepancies that reached more than three orders of magnitude
between the elements, all experimental mass fractions were normalized to the reference
plant (RP) [40] and reproduced as a stacked bar chart, as shown in Figure 1. This procedure,
which made the multitude of experimental mass fractions more compact, did not influence
the subsequent PCA results, as PCA is based on the correlation and not on the statistical
distances between data.

a 1 b -

I 7. scordium
[ T chamaedrys
160 | 16 - Il 7. hircanicum
: 3 [ 1 T-polium
140 14 B 7-flavum
I Bl 7.orientale
B 7.botrys
120 | 12 i
a 100
o
o L
S~
© 80

60
40

20

0
Na Al Sc Fe Co As Br Mg CI K CaMnZn Rb Sr Sb Cs Ba
Element Element

Figure 1. The stacked bar chart illustrates the distribution of mass fractions of all 18 elements
determined in all analyzed plants; each taxon is normalized to the reference plant [39,40]: (a) elements
with C/Cgp > 20; (b) elements with C/Cgp < 20.

Table 3 compares the mean values for the analyzed plants with the mean data obtained
for Teucrium species collected in Bulgaria [50] and Serbia [51].
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Table 3. Benchmarking of NAA analysis of some Teucrium spp. of Bulgarian [49,50], Serbian [50,51],
and Moldavian origins (mass fraction in mg/kg).

Element Present Study T. chamaedrys T. montanum T. chamaedrys T. polium T. montanum
Range [51] [51] [50] [50] [50]
Mg 2430-4350 1124 2826 1800 2031 3068
K 13,200-25,100 16,065 8267 - - -
Ca 6610-21,100 6557 3400 5668 7174 4856
Mn 54-132 46.7 42.3 26 40 46.4
Fe 193-2520 331 1266 725 735 898
Co 0.27-1.16 - - 8.2 1.7 23
Zn 20-50 38 25 31 36 44
As 0.5-1.63 - - 0.23 0.96 0.7
The mean mass fraction of Mg in the plants from Moldova was higher than the values
reported for Serbia and Bulgaria, except for T. montanum. K, Ca, and Mn content in Teucrium
species was the highest in comparison with literature data, while the content of Co was
the lowest. Zn content was on the same level for all compared plants. Fe and As values
were comparable with the data presented for Bulgaria, but higher than the values reported
for Serbia.
3.3. Statistical Analysis
Both GC-MS and INAA provided valuable data concerning the presence of essential
oils and trace elements in all Teucrium samples. Given the variability of the presence of
essential oils, their presence could not be evidenced in all samples, as the data reproduced
in Table 1 illustrate. Conversely, INAA was able to evidence the presence of 18 elements—
essential and non-essential—in all samples (Table 2). Therefore, the completeness of INAA
data permitted us to perform a pairwise ANOVA analysis only in the case of INAA data.
The reduced number of Teucrium species makes it difficult to establish the real type
of distribution function of each element—normal or non-normal. Therefore, for a better
analysis, we used both parametric and nonparametric tests, i.e., Tukey’s Q and Mann-
Whitney U tests, of which the probabilities of the mean and the distribution being equal,
respectively, are reproduced in Table 4.
Table 4. The pairwise ANOVA parametric Tukey’s Q test (a) and non-parametric Mann-Whitney U
test (b) illustrating the probability that the means are equal (a) or the distributions are the same (b).
The significant probabilities are presented with red ink.
a T. botrys T. orientale T. flavum T. polium T. hircanicum T. chamaedrys
T. orientale 0.493
T. flavum 0.657 1.000
T. polium 0.976 0.093 0.164
T. hircanicum 0.518 1.000 1.000 0.102
T. chamaedrys 0.882 0.995 1.000 0.359 0.996
T. scordium 0.829 0.998 1.000 0.293 0.999 1.000
b
T. orientale 0.038
T. flavum 0.048 0.899
T. polium 0.812 0.040 0.054
T. hircanicum 0.048 0.704 0.937 0.064
T. chamaedrys 0.085 0.800 0.912 0.071 0.962
T. scordium 0.376 0.194 0.268 0.496 0.275 0.438
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Upon careful analysis of the Table 4 data, it can be observed that the Mann-Whitney
test proved to be more conservative—especially in the case of T. scordium, the mass fraction
distribution of which appears quite different with respect to all other taxa—a peculiarity
evidenced also on the Q-mode PCA (Figure 2).
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Figure 2. Biplots illustrating the results of Q (a)- and R (b)-mode PCA. The distribution of the first
and second factor loadings is reproduced in the corresponding insets.

To go deeper into analysis, to evidence any existing reciprocal correlations between the
investigated taxa or between the 18 elements, the results of the PCA in Q mode (7 taxa, the
correlation of which is based on the mass fractions of the 18 elements) and R mode (elements
correlated starting from their distribution in each taxon) are reproduced in Figure 2a,b,

respectively.
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This enabled us to determine the groups of items (taxa or elements) with the greatest
contribution to the selection process [30]. This fact can be well understood by analyzing
the factor (PC) loadings reproduced in the corresponding insets.

Accordingly, all Teucrium spp. formed four clusters; three of them—i.e., T. polium,
T. botrys, and T. scordium—consisted of a single taxon, while the rest could be grouped in
a single larger cluster (Figure 2a). This finding can be attributed to the presence of great
amounts of Al, Sc, and As in T. polium, T. botrys, and T. scordium tissues. The distribution
of the factor loading showed a dominance of Mg, Al, Sc, Mn, Fe, Co, Cs, and Sb in the
first factor (PC1), while Na, Cl, K, Ca, Zn, and Sr seemed to be the main components of
the second factor (PC2). The other elements—i.e., As, Br, Rb, and Ba—contributed to both
factors. Given the great diversity of elements whose presence was evidenced in all taxa,
we consider that in order to clarify the factor loading, it would be necessary to extend the
present studies to more Teucrium species.

In the alternative R-mode PCA, the presence of three single-element clusters was
observed—i.e., Al, Sc, and As—along with a fourth cluster containing the remaining 15
elements (Figure 2b). This finding can be well correlated with the anomalous presence of
Al, Sc, and As in the abovementioned taxa (T. polium, T. botrys, and T. scordium). The corre-
sponding factor loading distribution pointed towards a relatively equilibrated contribution
of T. scordium and T. hircanicum to the first and second factors (Figure 2b, inset), while the
other five taxa contributed mainly to the second factor or PC. The quasi-null contribution
of T. polium and T. botrys in fact expressed the relatively complex dependence of the factors
(PC) on the elemental composition of the considered taxon, where apart from Al, Sc, and
As (the mass fractions of which were in some cases extremely high), the presence of the
other elements most likely played a certain role.

The scree plots reproduced in Figure 3a,b illustrate the difference between the Q and
R modes concerning the contribution of the first three factors (PC) to the analysis.
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Figure 3. The scree plots of the Q (a)- and R (b)-mode PCA.

3.4. Antimicrobial Activity Assessment

The in vitro assessments of ethanolic extracts from Teucrium plants of Moldavian origin
showed high antibacterial activity against both non-pathogenic Gram-positive/Gram-
negative (Bacillus subtilis and Pseudomonas fluorescens) and phytopathogenic (Xanthomonas
campestris, Erwinia amylovora, Erwinia carotovora) bacteria in the concentration range of
0.03-0.06%.

It is known that Erwinia amylovora is the causative agent of bacterial fire blight disease—
a devastating plant disease that affects a wide range of Rosaceae species, and is a major
global threat to the commercial production of apples and pears [52]. Erwinia carotovora
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causes soft rot in potatoes, tomatoes, and cucumbers [53]. Xanthomonas campestris pv.
Vesication causes bacterial spot in tomatoes (Solanum lycopersicum L.) and peppers (Capsicum
annuum). Symptoms of infection include defoliation and chlorotic, necrotic lesions on
leaves, stems, and flowers, which subsequently lead to a reduced yield of fruit [54].

The antifungal properties against Candida utilis strains lie in the concentrations in the
range of 0.015-0.03% (Table 5).

Table 5. The antimicrobial activity of the ethanolic extracts from Teucrium plants.

Test-Microorganisms

Species, Double Successive Dilutions (Mbc, Mfc, Mg/M1)

TP TH TB TCH TF TO

NCNM BBI?S?I(ZZ S ey /D) 600 300 300 300 300 600
NCNM PFB.01 (43 108 CFU/m) B0 10 60 150 60 60
NONM ”;;hgﬁ’f v apude fenl) 600 300 600 150 300 600
NCNM BEEr-Zglangmxy lloggréFU /mL) 600 150 600 300 150 150
NCNM 17 5608 ff%ofvféé CFU/mL) 300 150 600 300 300 600
Condida utis 300 150 150 300 300 300

NCNM Y-22 (3.0 x 107 CFU/mL)

MBC: minimal bactericidal concentration; MFC: minimal fungicidal concentration. TP—Teucrium polium; TH—
Teucrium hircanicum; TB—Teucrium botrys, TCH—Teucrium chamaedrys; TE—Teucrium flavum; TO—Teucrium orientale.

The pronounced antimicrobial activity of the extracts can be explained by the signifi-
cant content of flavonoids, and especially of sesquiterpene lactones. It is well known that
this class of terpenoids is characterized by high antimicrobial activity [55,56]. The main
mechanism of extract action includes the disruption of the cell membrane, which causes
leakage of a considerable amount of cellular constituents, e.g., proteins and sugars; it can
also cause a decrease in cellular weight, with significant changes in the permeability of the
membrane, as confirmed by microscopy tests.

The antimicrobial activity of species of the Lamiaceae family has been presented in
several studies. Thus, Askun et al. [57] showed considerable activity of Thymus sipthorpii
Benth., Satureja aintabensis P.H. Davis, and Micromeria juliana (L.) Benth. ex Reich. against the
four strains of Mycobacterium tuberculosis. Hydrolate of Coridothymus capitatus (L.) Reichenb.
fil. showed good antimicrobial activity against bacteria and yeasts [31]. The essential oil
of Leucas inflata Benth showed a powerful antibacterial effect against Bacillus subtilis and
Staphylococcus aureus [30]. Rosmarinus officinalis, Thymus capitatus, Origanum majorana, and
Salvia officinalis essential oils have shown good antibacterial activities against Pseudomonas
aeruginosa, Escherichia coli, Salmonella enterica, Bacillus subtilis, and Staphylococcus aureus [34].

4. Conclusions

The results of the GC-MS analysis showed that the terpenic compounds constituted
the main fraction of the studied volatile oils, with contents that ranged from 90.39% to
99.92%. The obtained data allowed us to conclude that the studied species belong to the
following chemotypes: Teucrium polium (germacrene D), T. hircanicum (x-himachalene),
T. botrys, T. chamaedrys, T. orientale (B-caryophyllene), and T. flavum (B-bisabolene). The
mass fractions of 18 major, minor, and trace elements were determined by NAA in plants
of 7 Teucrium species of Moldovan origin. The results highlighted differences in the ele-
mental compositions of the investigated plants. The in vitro assessment of hydroalcoholic
extracts from the analyzed Teucrium species confirmed their pronounced antibacterial and
antifungal activity.
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ATCC American Type Culture Collection

CFU Colony-forming unit

DNA Deoxyribonucleic acid

GC-MS  Gas chromatography—mass spectrometry
MBC Minimum bactericidal concentration
MEFC Minimum fungicidal concentration

MIC Minimum inhibitory concentration

NAA Neutron activation analysis

NCNM  National Collection of Non-Pathogenic Microorganisms
PCA Principal component analysis

RNA Ribonucleic acid

RP Reference plants

RT Retention time

SDA Statistical data analysis
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