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Abstract

Dracocephalum moldavica L. is an aromatic plant emitting intense lemon scent. The aboveground parts of the plants consti-
tute raw material for medicine and food industry. In contrast to the comprehensively investigated trichomes, there are only
few studies of the histochemical characteristics of the leaves of essential oil-bearing plants from the family Lamiaceae. The
present study shows the micromorphology, anatomy, and histochemistry of the leaves of the analysed species. The research
aimed to determine the location of essential oil and other specialised metabolites in leaf tissues. The investigations of fresh
and fixed material were carried out with the use of light, fluorescence, and scanning electron microscopy. Additionally, the
content and composition of essential oil in the leaves were determined with the GC/MS method. The leaf epidermis had
non-glandular unbranched trichomes and three types of glandular trichomes: peltate as well as long and short capitate tri-
chomes. The results of the histochemical assays showed positive reactions to lipids and to some secondary compounds such
as essential oil, terpenes, phenolic compounds, and flavonoids in all types of the glandular and non-glandular trichomes. The
same compounds were found in the epidermis cells of the leaves. The results of the present study indicate that the intense
smell of the leaves is associated with emission of essential oil not only by the glandular and non-glandular trichomes but
also by the leaf epidermis cells. The main components in the essential oil (0.10%) include geranial, neral, geraniol, nerol,
and trans-myrtanol acetate. Since D. moldavica has been used as an adulterant of Melissa officinalis L., the anatomical traits
of leaves and the essential oil composition in both species were compared in the study.
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1 Introduction

The genus Dracocephalum represents the family Lami-
aceae (Labiatae) and comprises approximately 40 species,
a majority of which originate from the mountains of Cen-
tral Asia, mainly from the Altai (Hegi 1965; Brickell 1999).
These are mostly perennials and, more rarely, annual plants
or subshrubs. Dracocephalum moldavica L. is naturalised
in eastern and central Europe (Dastmalchi et al. 2007). In
Poland, it is a cultivated species and can be found in natural
habitats as a “runaway” from gardens (Rutkowski 2006).
The species was introduced into the gardens of Europe as
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early as in the second half of the sixteenth century. Referred
to as “Melissa aut Cedronella” by Gesner in 1561, it was
next named “Melissa moldavica and Melissa turcica” (Hegi
1965). Given its aroma and therapeutic properties, it was
used as an adulterant of Melissa officinalis L. (Amin 1991).

D. moldavica (Moldavian dragonhead) comprises herba-
ceous, annual, strongly aromatic plants with an agreeable
lemon scent. The plants are 30-60 cm high. The lower leaves
are petiolated with crenate—serrate margins, whereas the
upper leaves are sessile and have spiny—serrate edges. The
large flowers with a corolla length of 20-25 mm are usually
purple-blue and, less frequently, light blue or white (Hegi
1965; Dmitruk and Weryszko-Chmielewska 2010; Dmitruk
et al. 2018).

D. moldavica is regarded as an ornamental, medicinal,
cosmetic, seasoning, and apiary plant. It is a surrogate of tea
and an ingredient of bird feed mixtures (Hegi 1965; Dast-
malchi et al. 2007; Lipiriski 2010; Dmitruk et al. 2018).

@ Springer


http://orcid.org/0000-0002-7720-0719
http://crossmark.crossref.org/dialog/?doi=10.1007/s40415-019-00559-6&domain=pdf

702

M. Dmitruk et al.

D. moldavica leaves, stems, and flowers are covered by
numerous glandular and non-glandular trichomes (Dmitruk
and Weryszko-Chmielewska 2010), as in many other spe-
cies from the family Lamiaceae (Ascensio et al. 1995; Corsi
and Bottega 1999; Chwil et al. 2016; JanoSevic et al. 2016;
Haratym and Weryszko-Chmielewska 2017; Tozin and Rod-
rigues 2017). Previous studies of D. moldavica trichomes
on the leaves conducted by other researchers with the use
of the available methods, mainly LM, demonstrated differ-
ent findings. Kubiak (1959) described three types of non-
glandular trichomes and four types of glandular trichomes
on the leaves of this species; but no illustrations were pre-
sented. Lyapunowa et al. (1975) and Shavarda et al. (1990)
distinguished non-glandular trichomes and two types of
glandular trichomes on D. moldavica leaves, and the for-
mer authors showed them in illustrations. Telepova et al.
(1992) presented SEM electronograms of a fragment of the
leaf surface with visible non-glandular trichomes and three
types of glandular trichomes. The data on non-glandular tri-
chomes reported in the studies mentioned above coincide,
but there are evident differences in the description of glandu-
lar trichomes. All the authors reported the presence of short
capitate trichomes with a two-celled head, whereas Kubiak
(1959) described short capitate trichomes with a four-celled
head. Some authors observed long capitate trichomes on
the leaves of the species (Telepova et al. 1992; Dmitruk and
Weryszko-Chmielewska 2010). The analysed reports showed
large differences in the number of head cells of peltate tri-
chomes (8, 9, 10, 12, or 16 cells).

Glandular trichomes in plants representing different fami-
lies produce essential oils containing specialised metabo-
lites characterised by biological activity; therefore, they are
applied in medicine and have potential applications in food
(Duke 1994; Burt 2004; Miguel 2010). D. moldavica has
been applied for many years in traditional medicine, given its
analgesic, anti-inflammatory, anticonvulsive, antispasmodic,
and wound healing effects (Nikitina et al. 2008; Sultan et al.
2008). Tincture of dry herb has been used to treat heart dis-
ease, blood pressure, congestion, angina, liver disorders, tra-
cheitis, atherosclerosis, neuralgia, migraine, headache, and
toothache (Kakasy et al. 2002; Nikitina et al. 2008; Sultan
et al. 2008; Shuge et al. 2009; Jiang et al. 2014).

Research reports have demonstrated antioxidant, anti-bac-
terial, antigenotoxic, and cardioprotective activity of metab-
olites from this species (Dastmalchi et al. 2007; Nikitina
et al. 2008; Jiang et al. 2014; Aprotosoaie et al. 2016). It has
been found that the essential oil of D. moldavica is secreted
by several types of secretory trichomes located on various
parts of shoots: stems, leaves, and flowers (Kubiak 1959;
Dmitruk and Weryszko-Chmielewska 2010). However, the
histochemical properties of these trichomes have not been
investigated so far. Given the multiple applications of D.
moldavica herb associated with the presence of aromatic
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compounds, we have focused on investigations of the struc-
ture and histochemical traits of the leaves of the species. We
focused particular attention on the epidermis and its struc-
tures (trichomes, stomatal complexes). Additionally, we have
carried out chemical analyses to determine the content and
composition of essential oil contained in the herb.

2 Materials and methods

Plant material — The D. moldavica leaves and bracts used
in the anatomical and phytochemical analyses were col-
lected from plants with purple-blue flowers in the Botani-
cal Garden of Maria Curie-Sktodowska University in Lublin
(51°26'20.7"N, 22°51'37.8"E). The investigations were car-
ried out in August in 2016 and 2017 when the plants were in
full bloom. Seeds yielding the plants included in the study
were collected in 2015 and 2016, respectively.

Preliminary observations of the leaf and bract morphol-
ogy and the distribution of glandular and non-glandular
trichomes were performed with the use of a stereoscopic
microscope STM 800 (Microlab). Large glandular (peltate)
trichomes on the abaxial surface of bracts (n=10) and leaves
(n=10) were counted. Photographs were taken.

Light microscopy — Handmade preparations Bracts from
14th node and leaves from the seventh node were collected
from fresh material of 20 randomly chosen specimens.
Handmade cross sections were made at the widest area of
the leaf blade using razor blades. After de-aeration of the
sections (by embedding in a water—glycerine mixture in a
1:1 ratio for 24 h), glycerine preparations were made and
viewed under a light microscope (Nikon). The thickness of
the lamina of the bracts (n=34) and leaves collected from
the middle part of the stem (n=234) was measured as well as
the length of each type of trichomes (n =50). Photographic
documentation was prepared with a Coolpix 4500 (Nikon)
camera coupled to an Eclipse 400 (Nikon) light microscope.

Preparation of permanent slides Leaves were collected
from the same sites as described above. Leaf blade frag-
ments were fixed in 2% paraformaldehyde and 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 2 h at
room temperature and for another 12 h at 4 °C. After 24-h
rinsing in 0.1 M cacodylate buffer at 4 °C and fixing in 1%
Os0,, the samples were transferred to redistilled water and
stained in a 0.5% aqueous uranyl acetate solution. Next, the
material was dehydrated in ethanol series (30, 50, 70, 90,
96%) and immersed in anhydrous ethanol twice for 30 min.
Finally, the samples were infiltrated and embedded in acrylic
resin (LR White) (Karnovsky 1965). After dehydration, the
samples were embedded in Spurr Low Viscosity resin for
12 h at a temperature of 70 °C. The material prepared in
this way was cut into semi-thin (approximately 15-pm-thick)
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sections using a Reichert Ultracut S microtome. The prepa-
rations were stained in 1% methylene blue with 1% azure B
in a 1% aqueous sodium tetraborate solution (O’Brien and
McCully 1981).

Histochemical analyses — Leaf and bract tissues, includ-
ing glandular trichomes, were characterised histochemi-
cally using fresh free-hand sections and the following his-
tochemical tests: toluidine blue O for pectins, tannins, and
other phenolic compounds (Baker 1966; Ramalingan and
Ravindranath 1970); ferric trichloride for phenolic com-
pounds (Gahan 1984); Sudan IV for total lipids (Johansen
1940); Nadi reagent for terpenes (David and Carde 1964);
and aluminium trichloride as a fluorochrome under ultravio-
let light with Cys filter, for flavonoids (Charriere-Ladreix
1973). Additionally, fluorescence microscopy analyses were
performed under ultraviolet light for detection of phenolic
substances (autofluorescence in blue colour) (Mabry et al.
1970). Standard control procedures for all sections were
carried out in glycerine slides, which were examined and
photographed with a Coolpix 4500 (Nikon) camera coupled
to an Eclipse 400 (Nikon) light microscope.

Scanning electron microscopy — Fragments of leaves
were fixed at a temperature of 4 °C for 12 h in a 2% solu-
tion of glutaraldehyde with 2.5% paraformaldehyde in
0.75 M phosphate buffer (pH 6.8). Next, the plant samples
were rinsed with the same buffer and then dehydrated in an
ethanol series and critical point dried in liquid CO, using a
K850 (Emitech) Critical Point Dryer. Then, they were coated
with a layer of gold (to a thickness of 20 nm) using a sput-
ter coater K550X (Emitech). The micromorphology of the
surface of epidermis cells of the leaf was examined under a
Tescan Vega Il LMU (Tescan) scanning electron microscope
at an accelerating voltage of 30 kV (Stpiczynska et al. 2013).

Phytochemical analyses — Essential oil isolation The
analyses were carried out on 200 g of fresh leaves, which
was distilled in 400 ml of water for 30 min in Deryng-
type apparatus, according to the Polish Pharmacopeia VIII
(2008). The volume of the essential oil was measured;
next, the oil was dried over anhydrous sodium sulphate and
stored at 4 °C until gas chromatographic determination of
its composition.

Gas chromatography-mass spectrometry (GC-MS) The
chemical composition of the essential oil was analysed
using the GC-MS instrument ITMS Varian 4000 GC-MS/
MS (Varian, USA) equipped with a CP-8410 auto-injector
and a 30 mx 0.25 mm i.d. VF-5 ms column (Varian, USA),
operating in electronic ionisation mode at 70 eV and mass
range from 40 to 1000 Da. The scan time was 0.80 s. The
split ratio was 1:100, and the volume injection was 1 uL.
The column temperature was initially kept at 50 °C, and

then gradually increased to 250 °C at a rate of 4 °C min~".
This temperature was held for 10 min. Helium was used as
carrier gas (0.5 mL min™?).

Gas chromatography—flame ionisation detection (GC—-
FID) In our study, also a Varian 3800 Series (Varian, USA)
instrument with DB-5 column (J&W, USA), operated under
the same condition as GC-MS, was used.

Individual volatile compounds were identified based
on the comparison of their Kovats retention indices with
n-alkane series and mass spectra with those of authentic
samples, National Institute of Standards and Technology
(NIST), and with data available in the literature (Van Den
Dool and Kratz 1963; Adams 2001; 2007; Mass Spectral
Library 2008).

3 Results

Leaf morphology — Stem leaves There are two leaves grow-
ing from each node below the inflorescence on the Draco-
cephalum moldavica stem (Fig. 1a). The teeth on the leaf
blade margins are rounded at the apex (Fig. 1b). The abaxial
leaf surface is slightly glossy and is covered with sparse
trichomes (Fig. le).

There are many non-glandular trichomes at the leaf mar-
gins and along the veins on the abaxial surface (Figs. le,
2a—c). Peltate secretory trichomes are distributed relatively
regularly in the depression of the intercostal zones of the
abaxial surface of the leaves (Figs. le, 2a, e, 3g—j). The num-
ber of these trichomes per unit area is 1.1-mm~2+0.16.

Additionally, both the adaxial and abaxial leaf surfaces
bear capitate secretory trichomes (Figs. 2a, d, f, 4f). In gen-
eral, four types of trichomes can be distinguished on the
leaves:

Non-secretory trichomes straight or hooked, unbranched,
with a length of 18—167 pm, composed of 1-4 cells
(Figs. 2b, ¢, g, 3j, 4d—f, 5Sa—e). The basal cells (2-3) of these
trichomes are raised above the surface of other epidermis
cells.

Long capitate secretory trichomes with a length of
50-62 um, formed of a basal cell located within the epider-
mis, 2-3 celled stalk and a unicellular, differently shaped
(spherical or elongated) glandular head. They are present
on the lower surface of the leaves (Fig. 5f-k).

Short capitate secretory trichomes alength of 17-23 pym
with a 2-celled head on a 1- or 2-celled stalk and a basal
cell with a size similar to that of the other epidermis cells
(Figs. 2d, f, 3i, 4f, 51-p).

Peltate secretory trichomes with a broad head (ca. 75 um
in diameter) formed of 8—12 cells and a short stalk com-
posed of 1-2 cells as well as a basal cell with a size similar
to that of the other epidermis cells (Figs. 2e, 3g, h, j, 5q—u).
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Fig. 1 Morphology of Draco-
cephalum moldavica leaves and
bracts. a Fragments of plants in
the flowering phase, b fragment
of a leaf from the lower part of
the plant, ¢ flowers and bracts
from one node on the inflores-
cence, d abaxial surface of the
bract with visible depressions
(arrows) covered by peltate
trichomes and e location of pel-
tate trichomes (arrows) on the
abaxial surface of the leaf

The amphistomatic leaves of the dragonhead are charac-
terised by high density of stomata in both adaxial and abax-
ial surfaces (Fig. 2b—e, h). Stomatal complexes are located
at the same or slightly higher levels than the other epidermis
cells (Fig. 2b—e). The stomata are surrounded by a variable
number of guard cells (4-6), which is characteristic for the
anomocytic type (Fig. 2b—e, h).

Bracts In the inflorescence, six flowers are formed in
each node; they grow from the bract axilla, and two of them
are larger and four are smaller (Fig. 1c). The teeth on the
bract margins differ in shape and size, and some of them
have spiky appendages (Fig. 1c, d). The trichomes on both
surfaces of the bracts are similarly arranged and have a
similar structure to those on the stem leaves. However, we
observed that peltate trichomes were more densely arranged
on the bracts than on the stem leaves. Their number was
1.5-mm~2+0.21 on the small bracts and 1.8-mm~2+0.29
on the large bracts.
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Leaf anatomy - Stem leaves The average thickness of the
leaf blade is 282 +51 um. The cells of the adaxial epidermis
are larger than the cells of the abaxial surface, which is dis-
tinctly visible in the leaf cross sections. Noteworthy are the
smaller sizes of the stomatal complex cells in comparison
with the other epidermis cells (Fig. 3a, b). The cells of the
adaxial epidermis exhibit stronger autofluorescence than the
cells of the abaxial surface (Fig. 3c—e). The palisade paren-
chyma in the leaves on the stem is composed of two layers
of elongated cells (Fig. 3a, b, g, j). The spongy parenchyma
exhibits large intercellular spaces (Fig. 3b).

The vascular bundles are surrounded by a sheath com-
posed of isodiametric parenchyma cells (Fig. 3b). The adax-
ial part of the leaf blade has depressions above the vascular
bundles (Fig. 3a, e). The depressions on the abaxial surface
of the leaf blade bear peltate trichomes (Fig. 3g, h, j).

Bracts The bracts are characterised by a lower thickness
than the stem leaves. The thickness of the large and small
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Fig.2 Fragments of the abaxial
surface of a D. moldavica

leaf under scanning electron
microscopy. a Non-glandular
trichomes located mainly on
leaf veins as well as peltate
(arrows) and capitate (arrow-
heads) glandular trichomes pre-
sent on the intercostal surfaces;
ngt non-glandular trichomes, pt
peltate trichomes, sct short capi-
tate trichomes, b fragment of a
vein with two non-glandular tri-
chomes and numerous stomatal
complexes, ¢ margin of the leaf
blade with numerous hook-like
non-glandular trichomes and
irregularly arranged stomatal
complexes, d short glandular
trichome and dried secretion
residue on the surface of epider-
mis cells, e peltate trichome and
numerous stomatal complexes
slightly elevated above the
surface of other epidermis cells,
f short glandular trichome with
secretion residue on the surface,
g non-glandular trichome with
visible ornamentation of the
cuticle on the surface of cell
wall and h stomatal complex
with guard cells with secretion
residue on the surface and four
subsidiary cells; gc guard cells,
sc subsidiary cells

bracts is 237 +40 pm and 209 + 56 um, respectively. The
anatomy of the large bracts is similar to that of the stem
leaves, and the small bracts are characterised by the pres-
ence of undifferentiated mesophyll with loose arrangement
of cells and very large distinct intercellular spaces (Fig. 4c¢).

Histochemical traits of leaf and bract tissues — The his-
tochemical assays and fluorescence microscopy revealed the
presence of lipids and various specialised metabolites: phe-
nolic compounds, flavonoids, essential oil, and terpenes in
leaf and bract epidermis (Table 1) as well as mesophyll cells
and in the different types of trichomes (Table 1). Results of
histochemical assays were the same for leaf and bract tissues
as well as for their trichomes.

— Epidermis and mesophyll The cross sections stained
with methylene blue with azure B exhibited the content of
adaxial epidermis and perivascular parenchyma cells, which
was clearly darker than the content of other mesophyll cells

(Fig. 3a, b). Fluorescence microscopy revealed the pres-
ence of phenolic compounds characterised by light-blue
autofluorescence in these tissues and in the abaxial surface
(Fig. 3c—e). The presence of phenols in the cells of these tis-
sues was confirmed by the green—blue colour after staining
with toluidine blue O (Fig. 3f, g). Staining with this reagent
exhibiting metachromatic properties revealed the presence of
pectin compounds in the mesophyll cell walls of the bracts
(purple colour) and the content of phenolic compounds in
the vacuoles of the trichomes (Fig. 4c) and epidermis cells
of the leaves (green—blue colour) (Fig. 3f, g).

The strong light-blue autofluorescence of the content of
the subsidiary cells in the stomatal complexes in the leaves
is indicative of the presence of phenolic compounds (Fig. 4a,
b). We have also demonstrated the presence of flavonoids not
only in the some leaf epidermis cells, but also in the basal
cells of trichomes, which is indicated by the yellow—green
secondary fluorescence of these cells after the treatment with
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Fig.3 Images of cross sections
of D. moldavica leaves from
the light microscope (a, b, f, g,
J) and fluorescence microscope
(c—e, h, i). a, b Leaf tissues
stained with methylene blue
with visible darker vacuole con-
tent in the epidermis cells and
perivascular sheath cells (stars).
Arrows show stomata, c—e,

h, i autofluorescence of some
tissues in fresh leaf sections:
light-blue autofluorescence in
epidermis cells and vascular
bundles indicates presence

of phenolic compounds, and
red autofluorescence indicates
chlorophyll in mesophyll cells,
f, g blue-stained phenolic
compounds in epidermis and
leaf mesophyll cells (toluidine
blue O) and j fragment of the
leaf blade stained with Sudan
IV: visible orange content of
lipids in the different types of
trichomes

aluminium trichloride (Figs. 4d, 5c, n, s). The application
of Sudan IV detected the presence of lipids in some epider-
mis cells (Fig. 4g—i), especially in the guard cells, while
the Nadi reagent indicated the presence of terpenes in these
cells (Fig. 4f).

Trichomes Phenolic compounds were detected in
all types of trichomes (Figs. 3h, i, 5f, 1, q) as light-blue
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autofluorescence, which is typical of phenolic acids under
ultraviolet light. The presence of phenols in all types of
trichomes was confirmed by the toluidine blue O reagent,
which stains these compounds green and blue (Figs. 4a, c,
5a, b, g-i, m, r). In non-glandular trichomes, we observed
blue staining of trichome cells (Fig. Sa, b). Significant vari-
ation of the colour depending on the content of phenolic
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Fig.4 Fragments of cross sections of leaves and bract and top view of adaxial epidermis cells in fluorescence microscopy (a, b) and after appli-
cation of different histochemical assays in LM (¢, d—-i). a, b Light-blue autofluorescence of phenolic compounds in the guard cells of stomatal
complexes in the leaf. a Cross section, b top view; arrows shows guard cells, asterisks—subsidiary cells, ¢ spongy parenchyma with pectin
content (purple colour) and phenolic compounds (blue colour) in bracts and short capitate trichomes after treatment with toluidine blue O, d fla-
vonoids in the vacuoles of epidermis cells in the leaf, e, f terpenes in epidermis cells of leaves and non-glandular trichomes after treatment with
Nadi Reagent (blue colour) and g—i droplets of lipids (arrows) in leaf epidermis cells treated with Sudan IV

compounds was found in the head and stalk of long capi-
tate trichomes (Fig. 5g—i). These compounds were present
in not only the stalks and heads but also the basal cells,
which suggests metabolic activity of all parts of the capi-
tate trichomes. Flavonoids were detected after application
of aluminium trichloride as a fluorochrome, which induced
yellowish secondary fluorescence (Figs. 4d, 5c, j, n, s). In
the non-glandular trichomes, flavonoids were detected only
in the basal cells (Figs. 4d, 5c). The use of Sudan IV facili-
tated detection of lipids in the cells of glandular and non-
glandular trichomes (orange-red colour) (Figs. 3j, 5d, k, o,
t, u). The presence of terpenes was demonstrated in all types
of trichomes after the application of the Nadi reagent, which
stained these compounds blue (Figs. 4e, f, Se, p).

Chemical analysis of essential oil — We have shown in
our study that the average content of the essential oil in
the dry herb of D. moldavica during flowering was 0.10%.
The GC/MS study revealed the presence of 58 compounds,
including 55 identified ones (Table 2). Geranial (33.94%),
neral (32.00%), geraniol (9.29%), nerol (5.87%), trans-
myrtanol acetate (4.87%) were the main constituents of the
oil. The identified compounds constituted 97.39% of all the
components of the examined oil. Monoterpenes (21) con-
stituting 83.8% were the main group of compounds. In turn,
sesquiterpenes (14) accounted for 3.4% (Table 2).
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Fig.5 Histochemical characterisation of the secretions in D. moldavica trichomes. a—e Non-glandular trichomes, f—k long capitate secretory tri-
chomes; 1-p short capitate secretory trichomes; g—u peltate trichomes; a, b blue-stained content of the cells (arrows) of non-glandular trichomes
after toluidine blue O treatment, ¢ yellowish autofluorescence of basal cells content after treatment of AICl; (arrows), e blue-stained protoplast
and cell wall after Nadi reagent treatment (arrow), f blue autofluorescence observed in the stalk cells and in the basal cell under UV, g-i different
cells of trichomes stained blue, violet or green with toluidine blue O, j yellowish secondary fluorescence visible in the head cell after treatment
with AICl; under Cys; filter, k content of the head and the stalk cells stained orange with Sudan IV, 1 blue autofluorescence in the head cell under
UV, m green-blue stained the content of the head cells and the stalk cells after toluidine blue O, n yellowish fluorescence in the head cells and in
the basal cell with AICl;, d, o, t, u trichomes cells content and secretion (arrows) stained orange with Sudan IV, p content of head cells stained
blue with Nadi reagent, q blue autofluorescence in the glandular and stalk cells under UV, r content of stalk cells stained blue with toluidine blue

O and s yellowish content of glandular cells after AICl; under UV

4 Discussion

As many as 40% of plants representing 200 genera of the
Lamiaceae family are regarded to have aromatic properties.
Essential oil from more than 30 selected species has been
the object of commerce for more than 75 years (Lawrence
1992). One of the aromatic plants is D. moldavica, whose

@ Springer

overground shoots produce essential oil with an intense
lemon scent. Our investigations have demonstrated that the
aromatic oil is excreted not only by all types of glandular and
non-glandular trichomes present on the leaves in this species
but also by the leaf epidermis cells. Secretion of essential
oils by leaf and stem epidermis cells has been demonstrated
in Lavandula as well (Buvat 1989). Konarska (2016) found
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Table 1 Compounds identified in leaf’s and bract’s epidermis cells and trichomes by histochemical tests and/or fluorescence microscopy

Test Compound Colour observed  Epider- Type of trichomes
mis cells - -

Non- Peltate  Long capitate ~ Short capitate
glandular

Toluidine blue O Phenolic compounds, Green, blue + + + + +

Pectins Violet - + - + -

Aluminium trichloride (UV)  Flavonoids Yellow—greenish ~ + + + + +

Sudan IV Lipids Orange + + + + +

Nadi reagent Terpenes Violet-blue + + + + +

Autofluorescence Phenolic compounds Light blue + - + + +

the drops of essential oil in the epidermis cells of the bracts
of Viburnum lantana L. (Adoxaceae).

Secretory epidermis producing terpenes is usually located
on the petals of various flowers: Rosa L. (Caissard et al.
2006; Bergougnoux et al. 2007; Sulborska et al. 2012), Viola
tricolor L. (Whitney et al. 2009), Viola X wittrockiana Gams.
(Weryszko-Chmielewska and Sulborska 2012), Syringa and
Jasminum (Buvat 1989), and Galanthus nivalis L. (Wer-
yszko-Chmielewska and Chwil 2016). In petal epidermis of
some Lamiaceae representatives (Dracocephalum moldavica
and Lamium album L.) there were found papillae, which
probably secrete essential oils (Dmitruk and Weryszko-
Chmielewska 2010; Sulborska et al. 2014). Buvat (1989)
has found that secretory epidermis in most cases produces
essential oils. In the present study, we detected lipids and
terpenes in leaf epidermis cells. In aromatic and scented
plants, volatile organic compounds originate from three cat-
egories of chemicals: phenolic compounds, fatty acid deriva-
tives, and terpenes (Caissard et al. 2004).

In the present study, we have extended our previous
analyses of exogenous secretory tissues in D. moldavica
(Dmitruk and Weryszko-Chmielewska 2010) to include all
leaf tissues and employed analyses facilitating localisation
of specialised metabolites.

The histochemical assays and fluorescence microscopy
applied to the epidermis cells of D. moldavica leaves and
all morphotypes of trichomes revealed the presence of the
categories of chemicals mentioned above, which confirms
the production and emission of essential oils by these struc-
tures. There were lipids, terpenes, and phenolic compounds,
including flavonoids, in all the types of trichomes. Therefore,
they can be regarded as glandular trichomes secreting lipo-
philic substances. Terpenes are the most commonly occur-
ring lipophilic substances in glandular trichomes. They serve
many functions in plants, e.g. they can be herbivore deter-
rents (Simmonds and Blaney 1992; Chwil et al. 2016) and
pollinator attractants (Evert 2006; Chizzola 2013); flowers
of D. moldavica are visited by different Apidae: Apis mellif-
era L., Bombus sp., wild bees, and Lepidoptera (Ruszkowski
et al. 1997; Jabloniski 1998; Lipiriski 2010). Terpenes also

exhibit antioxidant, antiviral, anti-bacterial, and anti-fungal
activity (Dorman and Deans 2000a, b; Abdellatif et al. 2014;
Tantry et al. 2014).

Non-glandular trichomes are most often regarded as com-
mon, mechanical, clothing, or tector trichomes (Metcalfe
and Chalk 1972; Evert 2006; Hejnowicz 2018). In this type
of trichomes, we have detected phenolic compounds, lipids,
essential oils, and terpenes, and the basal cells of these tri-
chomes contained flavonoids. The results of our investiga-
tions are in agreement with the reports by Combrinck et al.
(2007), who demonstrated a secretory nature in seta-type
non-glandular trichomes in Lippia scaberrima Sond. (Ver-
benaceae). The authors of this study detected specialised
metabolites in the basal region of these trichomes. Similarly,
flavonoids were detected in the basal part of non-glandu-
lar stellate and dendritic trichomes in Cistus salvifolius L.
(Tattini et al. 2007), as well as in trichomes located on the
upper surface of the palate of Linaria vulgaris (L.) Mill.
(Plantaginaceae) (Jachuta et al. 2018). Tozin et al. (2016)
observed that non-glandular trichomes in three species from
the family Lamiaceae and in four species from the family
Verbenaceae produced, accumulated, and released bioactive
compounds. The authors mentioned above suggest that the
non-glandular trichomes with secretory activity in the ana-
lysed species can be involved in the chemical interactions
between plants and the environment.

Production of phenolic compounds in leaf epidermis
cells has been detected in only few plant species. In the
present study, we have demonstrated their presence in the
epidermis cells of D. moldavica leaves. Phenolic idioblasts
were detected earlier in the epidermis of Kalanchoé crenata
(Andrews) Haw. (Moreira et al. 2012) and Kalanchoé dai-
gremontiana Raym.-Hamet and H. Perrier leaves (Chernet-
skyy et al. 2018).

Leaf mesophyll layers and perivascular sheaths are a
common location of phenolic idioblasts, which has been
demonstrated in this paper in the D. moldavica leaves. Pre-
vious studies showed the presence of phenolic-producing
cells located in the mesophyll of Inula viscosa (L.) Aiton
leaves (Nikolakaki and Christodoulakis 2004) as well as
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Table 2 Chemical composition
of herb essential oil of
Dracocephalum moldavica
harvested in generative stage

@ Springer

No. Compound RT* (min) RRI* AP %
Monoterpenes

1. Myrcene 8.200 989 988 0.18
2. o-Terpinene 9.112 1015 1014 tr

3. Limonene 9.531 1026 1024 0.07
4. B-Phellandrene 9.582 1028 1025 tr

5. (Z)-p-ocimene 9.756 1032 1032 0.08
6. E-p-ocimene 10.115 1042 1044 0.23
7. y-Terpinene 11.477 1077 1054 tr

8. Linalool 11.983 1090 1095 0.27
9. o-Pinene oxide 12.196 1096 1099 0.17
10. trans-Thujone 13.356 1132 1112 0.17
11. f-Pinene oxide 13.728 1144 1154 0.70
12. Nerol oxide 13.827 1147 1154 0.11
13. Neoiso menthol 14.481 1168 1184 0.06
14. a-Terpineol 15.374 1196 1186 0.14
15. Dihydrocarveol 15.772 1208 1192 0.47
16. trans-Carveol 16.143 1219 1215 0.07
17. Nerol 16.418 1228 1227 5.87
18. Neral 16.986 1244 1235 32.00
19. Geraniol 17.349 1255 1249 9.29
20. Geranial 18.032 1275 1264 33.94
21. 3-Thujyl acetate 18.835 1299 1295 tr
Sesquiterpenes

1. a-Copaene 21.472 1377 1374 0.25
2. B-Bourbonene 21.751 1385 1387 0.22
3. B-Elemene 21.922 1390 1387 0.14
4. E-Caryophyllene 22.895 1423 1417 0.46
5. p-Copaene 23.221 1435 1430 tr.

6. o-Humulene 24.028 1465 1452 0.07
7. D-germacrene 24.829 1494 1484 1.49
8. Bicyclogermacrene 25.287 1508 1500 0.24
9. (EE) a-Farnesene 25.537 1516 1505 0.18
10. A germacrene 25.641 1519 1508 tr
11. y-Cadinene 25.820 1524 1513 tr
12. §-Cadinene 25.975 1529 1522 0.16
13. Caryophyllene oxide 27.893 1586 1582 0.23
14. Humulene epoxide II 28.715 1614 1608 tr
Aldehydes, ketones

1. 6-Methyl-5-hepten-2-one 8.066 985 981 0.43
2. o-cymene 9.373 1022 1022 0.06
3. Bergamal 11.396 1075 1051 tr

4. 2 E-decenal 17.723 1266 1260 0.06
Alcohols

1. (3Z)Hexenol 4.489 871 850 tr

2. 1-Octen-3-ol 7911 980 972 0.13
3. Octanol-3 8.459 998 994 0.05
4. trans-Verbenol 13.529 1137 1140 0.61
5. cis-Chrysanthenol 14.173 1158 1160 1.50
6. Lavandulol 14.684 1174 1165 0.22
7. Sphatulenol 27.727 1581 1577 0.15
8. Globulol 27.989 1589 1590 tr
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Table 2 (continued)

No. Compound RT* (min) RRI* AP %
9. 1,10 di-epi-Cubenol 28.866 1621 1618 0.17
10. Neo-intermedeol 29.999 1667 1658 0.08
Esters
1. Methyl geranate 19.691 1324 1322 0.39
2. Neryl acetate 20.920 1361 1359 1.41
3. trans-Myrtanol acetate 21.573 1380 1385 4.87
Epoxides
1. Epoxy-allo-alloaromadendrene 29.373 1641 1639 tr
Sulphides
1. Mint sulphide 32.298 1749 1740 tr
Dienes
1. cis-Muurola 4(14), 5-diene 24.233 1472 1465 tr
Non-identified
n.i. 14.840 1179 2.05
n.i. 18.585 1292 0.08
n.i. 26.330 1539 0.10
Total 99.62%

n.i. non-identified, RT retention time, RRI relative retention index, Al arithmetic index on DB-5 in refer-

ence to n-alkanes, #r trace (<0.05%)
#Van Den Dool and Kratz (1963)

® Adams (2007)

Crassula multicava Lem. (Castro and Demarco 2008) and
several Kalanchoé species (Leal-Costa et al. 2010; Moreira
et al. 2012; Chernetskyy et al. 2018).

Different classes of phenolic compounds serve differ-
ent functions. Phenols provide chemical defence against
pathogens and exhibit antimicrobial activity (Castro and
Demarco 2008). Tannins exert a deterrent effect on herbi-
vores by impeding digestion in their organisms and exhibit
antioxidant activity (Taiz and Zeiger 2002; Blazics and
Kéry 2007). Flavonoids protect plants against UV radiation-
induced damage (Castro and Demarco 2008) and pathogens
(Harborne 1997). They have antioxidant properties (Zhang
et al. 2011) and help insects to localise pollen, nectar, and
oil in flowers (Yoshitama 2000).

A characteristic feature of the family Lamiaceae is the
simultaneous occurrence of diverse types of non-glandular
and glandular trichomes (Metcalfe and Chalk 1972; Evert
2006). The most typical for this family are peltate trichomes,
which are defined as short-stalked glands with a broad head
composed of 4 to 18 secretory cells arranged in a single
layer (Evert 2006). In D. moldavica, peltate trichomes with
an 8—12-celled head were present only on the lower surface
of the leaf blades. Their number per unit area on the bracts
was by 60% greater than on the leaves collected from the
middle part of the stem.

Besides peltate trichomes, the analysed species had
two types of capitate trichomes: short-stalked and long-
stalked, which is characteristic for most Lamiaceae species

(Bosabalidis 2002; Evert 2006). The short-stalked trichomes
in D. moldavica were characterised by a bicellular head,
which is typical of only some Lamiaceae species (Metcalfe
and Chalk 1972). This type of capitate trichomes was also
observed, e.g. in Marrubium vulgare L. (Haratym and Wer-
yszko-Chmielewska 2017), Melissa officinalis L. (Schultze
et al. 1992; Chwil et al. 2016), different Salvia species
(Serrato-Valenti et al. 1997; Bisio et al. 1999), and Isodon
rubescens (Hemsl.) H. Hara (Liu and Liu 2012).

The long-stalked glandular trichomes in D. moldavica
have a unicellular head and a stalk with 2-3 cells. As in
our previous series of studies (Dmitruk and Weryszko-
Chmielewska 2010), we have found high morphological
diversity of cells building the head of these trichomes. Such
trichomes have also been described in Isodon rubescens
(Liu and Liu 2012), Salvia aegyptica L. (JanoSevic et al.
2016), and Marrubium vulgare (Haratym and Weryszko-
Chmielewska 2017). The non-glandular trichomes in D.
moldavica were uniseriate, uni- or multicellular (1-4 cells),
erect or curved, and commonly with swollen basal cells. We
showed the characteristic sculpture of the trichome surface
in our previous work (Dmitruk and Weryszko-Chmielewska
2010).

The characteristic traits of the anatomy of D. moldavica
leaves include the considerable thickness (209-282 pum) and
the presence of stomatal complexes on both surfaces of leaf
blades. The stomatal complexes represent the anomocytic
type, in contrast to the reports by Metcalfe and Chalk (1972)
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and Evert (2006), who classify stomata in the Lamiaceae
family into the Dianthus-diacytic type.

The present investigations indicate that the D. mol-
davica herb produces a relatively small amount of a com-
plex mixture of volatile substances (0.10%) in the begin-
ning of September during the flowering period. A higher
level of oil (0.15%) in D. moldavica herb was reported by
Shuge et al. (2009). Much higher content of oil was dem-
onstrated by Nikitina et al. (2008) and Kakasy et al. (2002),
i.e. 0.30-0.35% and 0.40-0.83%, respectively. It has been
underlined in a previous study that qualitative and quanti-
tative results largely depend on the physical and chemical
conditions of plants (Schultze et al. 1992).

The composition of essential oil and its quantitative con-
tent depend on the stage of plant growth and the plant part
used to extract the oil (Goéra and Lis 2005). The traits of
essential oil also depend on climatic conditions, location
in a geographical zone, and agrotechnology used for plant
cultivation (Nikitina et al. 2008).

We have demonstrated in the present study that monoter-
penes, geranial (citral a), and neral (citral b) are the main
components of the D. moldavica essential oil. Other
researchers have also identified these monoterpenes as the
major constituents of the essential oil in this species (Kakasy
et al. 2002; Nikitina et al. 2008, Shuge et al. 2009). Also
geraniol, which was detected in this species by Kakasy et al.
(2002), Nikitina et al. (2008) and Fallah et al. (2018), and
nerol, which was mentioned by Nikitina et al. (2008) and
Fallah et al. (2018), account for a significant proportion in
the examined in our study essential oil.

Since D. moldavica herb has been used as a Melissa offic-
inalis adulterant in therapy, we compared the composition
of the essential oils in both these species. The essential oil
from the M. officinalis herb was also dominated by geranial
and neral (Schultze et al. 1992; Nurzynska-Wierdak et al.
2014). Caryophyllene E and linalool detected by us in the D.
moldavica oil have been found in the oil from M. officinalis
herb by Nurzynska-Wierdak et al. (2014). Furthermore, the
content of essential oil extracted from M. officinalis herb,
i.e. 0.1-0.3% (Go6ra and Lis 2005), is similar to some of the
values mentioned above for D. moldavica.

The comparison of the anatomical traits of D. moldavica
leaves determined in this study and M. officinalis presented
in the study by Chwil et al. (2016) revealed a number of
differences. The stomata are present on both sides of the
leaves in D. moldavica and only on the abaxial surface in M.
officinalis. M. officinalis leaves bear protective trichomes on
both adaxial and abaxial surfaces, whereas in D. moldavica
they are located at leaf margins and on the abaxial surface.
Greater morphological differentiation of glandular trichomes
was demonstrated in M. officinalis than in D. moldavica.
Digitiform trichomes and capitate trichomes composed of
a 1-celled stalk and a 1-, 3-, and 4-celled head were only
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detected in M. officinalis (Chwil et al. 2016). However, a
characteristic feature of D. moldavica leaves that has not
been described in other Lamiaceae representatives so far
is the production and secretion of essential oil containing
terpenes and phenolic compounds by epidermis cells.

To sum up, it can be concluded that our study has shown
involvement of not only glandular trichomes but also non-
glandular trichomes and leaf epidermis cells in the produc-
tion and secretion of the scent of dragonhead leaves. Lipids,
terpenes, phenolic compounds, and flavonoids were detected
in these cells with the use of histochemical assays and fluo-
rescence microscopy. Phenolic compounds were clearly
visible in the subsidiary cells of the stomatal complexes
and were additionally determined in the leaf mesophyll and
perivascular sheaths. These cells contain phenolic com-
pounds as well, which we have shown for the first time for
the species of Lamiaceae family.

The intense odour of these plants is emitted by their
leaves, as well as flowers and stems what was reported ear-
lier by Dmitruk and Weryszko-Chmielewska (2010), since
secretory trichomes are located on those organs. The secre-
tory activity of different morphotypes of trichomes and com-
mon epidermis cells contributes to production of substantial
amounts of essential oil in the plant (0.10%).

D. moldavica applied earlier in medicine as an adulterant
of Melissa officinalis exhibits differences in the leaf anatomy
in terms of the morphotypes and distribution of trichomes
and stomata. In turn, the essential oil contains differing lev-
els of the same dominant components.
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