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Simple Summary: Dracocephalum moldavica is an aromatic plant originating from Asia and grown for
medicinal, cosmetic, seasoning, beekeeping, and decorative purposes. All types of trichomes present
in the aboveground parts of the plant produce essential oil. The floral nectaries of this species have
special properties, as they produce not only nectar but also essential oil, which we have described
in the present study. The micromorphological studies have shown that nectar release is mediated
by nectarostomata, and the histochemical tests have revealed that the essential oil is produced by
trichomes and the pavement cells of the nectary epidermis. The secretion of aromatic nectar has
great ecological importance in the plant—insect relationship and explains the great interest of bees in
the flowers of this species. Our study provides the first description of the production of nectar and
essential oil by the nectaries in the family Lamiaceae.

Abstract: Dracocephalum moldavica is an aromatic plant with a lemon scent and versatile use. Its
flowers produce large amounts of nectar, which is collected by bees and bumblebees. The aim of the
study was to investigate the structure of the floral nectary in this melliferous plant, which has not
been analysed to date. The analyses were carried out with the use of light, fluorescence, scanning
electron, and transmission electron microscopy, as well as histochemical techniques. The four-lobed
nectary with a diameter of 0.9-1.2 mm and a maximum height of 1.2 mm is located at the ovary base;
one of its lobes is larger than the others and bears 20-30 nectarostomata and 8-9 glandular trichomes.
The histochemical assays revealed the presence of essential oil and phenolic compounds in the
nectary tissues and in glandular trichomes. The nectary tissues are supplied by xylem- and phloem-
containing vascular bundles. The nectariferous parenchyma cells have numerous mitochondria,
plastids, ribosomes, dictyosomes, ER profiles, vesicles, thin cell walls, and plasmodesmata. Starch
grains are present only in the tissues of nectaries in floral buds. The study showed high metabolic
activity of D. moldavica nectary glands, i.e., production of not only nectar but also essential oil, which
may increase the attractiveness of the flowers to pollinators, inhibit the growth of fungal and bacterial
pathogens, and limit pest foraging.

Keywords: Lamiaceae; nectaries; Moldavian balm; micromorphology; anatomy; ultrastructure;
secondary metabolites

1. Introduction

Many species of the family Lamiaceae are aromatic plants producing essential oils,
which are secreted by glandular trichomes located on the leaves, stems, and flowers [1,2].
Dracocephalum moldavica L. has a strong lemon scent associated with the substantial amounts
of citral contained in its oil [3,4]. As shown in our previous study, the essential oil in the
leaves of this species is contained not only in various types of glandular and non-glandular
trichomes but also in pavement epidermal cells [4].
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With its phytochemical properties, D. moldavica has many applications. It is used as
a medicinal, cosmetic, seasoning, and ornamental plant [5,6]. It is also one of the highly
valued melliferous plants, as it produces large amounts of nectar with high sugar content
[7-9]. Tea blends/infusions from D. moldavica aerial parts are used for medical purposes.
The plant is used in the production of perfumes, soaps, and detergents in the cosmetic
industry and for the aromatisation of jams, candies, syrups, canned fish, and alcohol in the
food industry [10].

Dracocephalum moldavica produces purple-blue or white zygomorphic flowers. The
approximately 20 mm long corolla has a long tube where the nectar accumulates and some-
times fills the tube completely. The nectar is most often used by bees and bumblebees [8].
It is the main food attractant for insect visitors and a source of energy, sugars, and other
nutrients, e.g., amino acids and minerals, as well as water [11].

The nectary gland in Lamiaceae flowers forms a ring at the base of the superior
ovary [12]. It differs in different taxa in size, symmetry, shape, and number of protru-
sions [13-15]. The ring may be unlobed as in Prasium majus [14] and Origanum vulgare [15].
However, it most often has four lobes of various sizes, i.e., there may be one lobe longer than
the others in Salvia farinacea [16] and Melissa officinalis [17], three longer lobes and a shorter
one in Ocimum basilicum [18], or four equally sized lobes in Thymus capitatus [14] and Mentha
spicata [15]. Nectar in Lamiaceae is released onto the nectary surface through nectarostom-
ata, which are most often located on the abaxial part of the nectary [13,14,16,17,19,20].

Nectaries of some Lamiaceae species bear glandular trichomes. They were observed in Scutel-
laria baicalensis [21], Scutellaria pinnatifida [22], Marrubium parviflorum [23], and Salvia farinacea [16].

The aim of the present study was to analyse the micromorphology, anatomy, and
ultrastructure of the D. moldavica floral nectary, which produces large amounts of nectar
and is thus an attractive species for bees. We also applied several histochemical assays
to achieve a more complete characterisation of the nectary. We especially focused on the
structure of the nectary epidermis. An additional aim of our study was to check whether
the nectary and nectar guides present on corolla petals produce volatile substances, as
the attractiveness of flowers to insect pollinators is associated with the presence of not
only food attractants but also visual and /or aromatic substances that have an impact the
interactions between the pollinator and the plant. Noteworthy, the ultrastructure of the
nectary glands in Lamiaceae species has been poorly investigated to date, and the present
study provides some new aspects in this field. The localisation and structure of nectaries
may play a role in taxonomy and evolution and may contribute to the development of
research on the ecology of the species.

2. Material and Methods
2.1. Plant Material

Dracocephalum moldavica L. flowers were subjected to morphological and anatomical
analyses. The plants were collected in 2021-2022 from the Botanical Garden of Maria Curie-
Sktodowska University in Lublin (51°15'44"" N, 22°30'48"" E). The voucher specimens were
deposited in the Herbarium of the Department of Botany and Plant Physiology (University
of Life Sciences in Lublin). Additionally, the correctness of the identification of the taxon
was confirmed by taxonomy specialist Professor Bozena Denisow.

The flowers (n = 10) were picked from different plants in two development stages each
year: (i) the bud stage and (ii) full flowering on the 1st day of anthesis. They were collected
from thyrses growing in the third inflorescence whorl from the bottom. The height of the
highest part of the nectary and its longer and shorter diameters were measured (Figure 1h,i).
The micromorphology of the lower lip and the structure of floral nectaries were analysed
using stereoscopic (SM), light (LM), and fluorescence (FM) microscopy, as well as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM).
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2.2. Stereoscopic Microscopy (SM)

The initial studies of the structure of the flowers, the location of the nectaries as well
as measurements of the nectary size were carried out in fresh material with the use of
an Olympus SZX2-ILLT stereomicroscope (Olympus, Tokyo, Japan). The photographs
were taken with the use of the Olympus cellSens Standard software ver. 2.1.17342.0
(Olympus, Tokyo, Japan).

2.3. Scanning Electron Microscopy (SEM)

The nectaries (1 = 10) for the analyses were collected from different flowers and plants.
The samples were fixed in 4% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.0) for
12 h at room temperature. Next, they were washed in the same buffer four times at 20 min
intervals and dehydrated in increasing concentrations of an acetone series (30, 50, 70, 90,
95%). The dehydrated samples were critical-point dried in liquid CO; using Bal-Tec CPD
030 (Bal-Tec, Balzers, Liechtenstein). The plant material prepared in this way was mounted
onto stubs and gold sputter coated (thickness approx. 10 pm) using a Emitech SC 7640
sputter coater (Polaron, Newhaven, East Sussex, UK). The specimens were analysed under
a TESCAN/VEGA LMU (Tescan, Brno, Czech Republic) scanning electron microscope at
an accelerating voltage of 30 kV.

2.4. Light Microscopy (LM)

Dracocephalum moldavica flowers were collected for histological and cytological studies.
The material was sampled randomly from 20 plants. Hand-made cross-sections of the fresh
lower lip and cross- and longitudinal sections of the nectary were prepared.

To prepare semi-thin sections (0.7-0.9 um), nectaries were collected from different
flowers growing on different plants and fixed in 4% glutaraldehyde in phosphate buffer
(pH 7.2; 0.1 M) for 12 h at 4 °C. In the following step, the specimens were washed three
times in phosphate buffer. After dehydration in an ethanol series, they were embedded
in LR white resin (LR white acrylic resin, medium grade, Sigma-Aldrich, St. Louis, MO,
USA) and cut longitudinally with a glass knife of the Reichert Ultracut S ultramicrotome
(Reichert-Yung, Vienna, Austria). Semi-thin sections were stained with a 1% aqueous
methylene blue-azure II solution [24].

All slides were analysed with the use of a Nikon Eclipse 400 light microscope (Nikon,
Tokyo, Japan) with a digital camera Coolpix 4500 (Nikon) and an Olympus CX 23 light
microscope (Olympus, Tokyo, Japan) with an Olympus EP50 digital camera (Olympus)
and EP view software.

2.5. Histochemistry and Fluorescence Assays

Manual longitudinal and cross-sections of fresh fragments of nectaries with ovaries
from flowers in the full bloom stage were made using a razor blade. The following his-
tochemical assays were carried out to detect the metabolites present in the nectary cells:
Sudan IV to detect total lipids [25,26], Nile Blue to stain acidic and neutral (essential oil)
lipids [27,28], and toluidine blue O to stain phenolic compounds [24], and Lugol’s solution
to detect neutral polysaccharides (starch) [29] in the nectary cells and in the glandular
trichomes present on the nectary surface. Additionally, the cross-sections of fresh fragments
of the lower lip with nectar guides were treated with Nile blue to stain essential oil. The
stained sections (5 repetitions for each method) were examined and imaged under a Nikon
SE 102 light microscope (Nikon). Standard control procedures suggested by the afore-
mentioned authors were applied simultaneously. Moreover, the sections of nectaries were
embedded in water with glycerol (1:1) and examined by means of fluorescence microscopy
to determine the location of phenolic acids [30,31] and in aluminium chloride fluochrome to
detect the presence of flavonoids [32]. Light blue autofluorescence of phenolic acids excited
with UV radiation and the light-yellow fluorescence of flavonoids was observed by means
of a Nikon Eclipse 90i microscope (Tokyo, Japan) coupled with a digital camera (Nikon Fil)
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(Nikon) and NIS-Elements Br 2 using a Cy?5 filter (excitation wavelength 590-650 nm) and
a barrier filter (wavelength 663-738 nm).

2.6. Transmission Electron Microscopy (TEM)

Nectaries were collected from fresh flowers (n = 5) in the full bloom stage and fixed
as described above for the semi-thin sections. Next, the samples were post-fixed in a 1%
osmium tetraoxide solution for 1.5 h at 0 °C and washed three times in distilled water. The
plant specimens prepared in this way were dehydrated in a graded ethanol series and em-
bedded in LR white resin (as above). After polymerisation at 60 °C, the embedded material
was cut into ultrathin sections (60 to 90 nm) using a Reichert Ultracut S ultramicrotome
(C. Reichert, Vienna, Austria) and a glass knife. In the next step, the specimens were
stained with 0.5% uranyl acetate and post-stained with 0.5% lead citrate [33]. The material
was analysed with the use of a BS-500 Tesla (Tesla, Brno, Czech Republic) transmission
electron microscope.

3. Results
3.1. Visual and Aromatic Floral Attractants

The blue (Figure 1a) or purple D. moldavica corolla has a distinctive colouration of
the lower lip (Figure 1b). It has clusters of dark purple spots on a light background,
acting as flower guides. These spots are clearly visible from above, thus attracting insects
approaching the flowers. They are located at the corolla tube inlet, indicating the entrance
to the nectar-containing interior of the flower (Figure 1a,b).

The surface of the lower lip is slightly undulated. The cross-section of the epidermis
within the spots on the petal shows the presence of long papillae (35-41 um), which are
mainly occupied by a centrally located vacuole filled with purple cell sap (Figure 1c—f), and
they produce essential oil (reaction with Nile blue) (Figure 1g). The papillae within the
spots constitute nearly half of the thickness of the petal. Some spots are located on petal
protrusions (Figure 1d). Papillae are also present on the entire adaxial surface of the upper
and lower lips, but they are shorter and have fewer pigmented vacuoles than those in the
spots. Papillae surrounding the spots are colourless (Figure 1c).

The abaxial surfaces of both lips bear flat epidermal cells and various types of tri-
chomes: peltate and capitate glandular trichomes as well as non-glandular trichomes. The
peltate trichomes are composed of one basal cell, a unicellular stalk, and 8-12 secretory
cells forming the head. The capitate trichomes are formed by one basal cell, a 2-3-celled
uniseriate stalk, and a unicellular glandular head (not shown).
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Figure 1. Dracocephalum moldavica flowers and their fragments. (a) Part of the inflorescence; (b) Flower
guides (white double arrow) on the lower lip of the flower; (c) Epidermal cells (papillae) forming
flower guides—top view, fresh flower; (d) Some flower guides located on corolla protrusions—cross-
section, fresh flower; (e) Cross-section of the lower lip with papillae forming a flower guide—fresh
flower; (f) Cross-section of the corolla at the flower guide margins, anthocyanin-stained vacuoles
in epidermal cells—fresh flower; (g) Papillae on the surface of the lower lip stained with Nile blue;
(h—j) Four-lobed ovaries and annular nectaries collected from fresh flowers: (h,i)—closed bud
stage, (j)—anthesis stage; pl—papillae; pp—petal parenchyma; ab—abaxial epidermis; n—nectary;
o—ovary; i—height of the longer nectary lobe; ii—longer diameter of the nectary; iii—shorter diame-
ter of the nectary. Scale bars: 500 um (a), 200 pm (b,h—j), 20 pm (c-g).

3.2. Micromorphology of Nectary

The nectary in D. moldavica flowers is located at the base of the ovary (Figure 1h—j). It
is a four-lobed asymmetrical disc with one longer lobe facing the lower flower lip. This
lobe is higher than the ovary (Figures 1j and 2a—c).
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Figure 2. Scanning electron microscopy (SEM) micrographs of Dracocephalum moldavica floral nectary
and ovary. (a) Ovary with the nectary in top view; (b) Abaxial surface of the longer nectary lobe
and ovary part; (c) Different glandular trichomes on the top of the longer nectary lobe and on the
ovary parts; (d) Upper part of the longer nectary lobe with glandular trichomes; (e,f) Trichomes on
the nectary surface; o—ovary, n—nectary. Scale bars: 100 pm (a—c), 50 um (d), 20 um (e), 10 um (f).

During the flower development, the longer and shorter diameters of the nectary
increased by over 20%, whereas the height of the longer lobe increased by 8% (Table 1). The
nectary was light yellow in the closed bud stage (Figure 1h,i) and intensely yellow in the
open flower stage (Figure 1j), which clearly distinguished it from the green ovary.
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Table 1. Measurements of the Dracophalum moldavica nectary.
Flower Stage
Feature Bud Anthesis
Range Average SD Range Average SD
Height of the longer

950.4-1077.1 995.8 +56.1 1198.6-1262.3 12205 +36.2
nectary lobe (um)

Longer diameter of

920.5-1086.8 978.7  493.7 1173.3-1187.9 11819 477
the nectary (pm)

Shorter diameter of

865.4-871.6 868.9 +3.2 906.0-960.2 939.6  +294
the nectary (pm)

There were 8-9 glandular capitate trichomes on the large nectary lobe. The trichomes
were situated on the top and the adaxial part of the lobe. The glandular trichomes
were most often arranged singly and less often in pairs (Figure 2c—f). They consisted
of 1 basal cell, 2—4 stalk cells, and 1 spherical or slightly elongated head cell. In turn,
there were some peltate and capitate trichomes on the ovary parts (Figure 1c). There were
20-30 nectarostomata only on the longer nectary lobe (Figure 3a,b). They were visible on the
top and on the abaxial surface of this lobe. These solitary structures were located at certain
distances from each other (Figure 3b). The modified stomata were visible slightly below
the other epidermal cells before the nectar release stage and above the other epidermal
cells during the nectar release stage (Figure 3b,i,j). The stomatal complex was composed
of two guard cells and 7-8 subsidiary cells (Figure 3b,c). Cuticular striation was visible
on the surface of the nectarostomata (Figure 3d,e). The small amounts of nectar residues
on the surface of some guard cells (Figure 3f-h) and their substantially larger amounts on
other stomata and neighbouring epidermal cells (Figure 3i) indicate the non-synchronous
functioning of the nectarostomata.

3.3. Anatomy of the Nectary

The longitudinal section of the nectary tissue is shown in Figure 4a,b. The nectary
epidermis had thin-walled cells with a high degree of vacuolation in the anthesis stage
(Figure 4c,d). The nectar-producing parenchyma constituted a sub-epidermal layer com-
posed of 5-6 layers of small cells. They were arranged irregularly and were characterised
by the presence of thin walls, a dense cytoplasm, and mostly a low vacuolisation degree
(Figure 4c,d). The subnectary parenchyma occupied the central part of the nectary lobes.
It was formed by larger cells than those in the nectariferous parenchyma. These cells had
large vacuoles and parietal cytoplasm (Figure 4c,d). The vascular bundles had multiple
branches. They were localised only in the subnectary parenchyma and comprised xylem
and phloem elements (Figure 4b,c).

3.4. Histochemistry

The histochemical and fluorescence assays revealed the presence of lipid and phenolic
compounds in the cells and trichomes of the Moldavian balm nectary (Figures 5 and 6).
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Figure 3. Nectarostomata on the abaxial surface of the longer lobe of the Dracocephalum moldavica
nectary (SEM). (a) A part of the epidermis with nectarostomata before nectar secretion (arrows);
(b) Nectarostomata with an open pore at the beginning of nectar secretion (arrows); (c—e) Stoma in
the aperture and ledge formation stage (various magnifications); (f-h) Stoma with formed ledges
during nectar secretion (various magnifications); (i-k) Stoma with an aperture occluded by nectar
residues (stars); a—aperture; lg—ledge. Scale bars: 50 um (a), 20 um (i), 10 um (b,c), 5 um (d,£,j),
2 um (e,g), 1 pm (h), 0.5 pm (k).
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Figure 4. Anatomy of the floral nectary of Dracocephalum moldavica—light microscope (LM).
(a) Longitudinal section of the longer nectary lobe; (b) Higher magnification of figure (a) show-
ing branched phloem and xylem strands in subnectary parenchyma; (c) Fragment of the section of
the lateral nectary part with visible epidermis, nectary parenchyma, and subnectary parenchyma as
well as strands of vascular bundles; (d) Epidermis with stoma (arrow), nectariferous parenchyma,
and subnectary parenchyma; e—epidermis; np—nectary parenchyma; snp—subnectary parenchyma;
x—xylem; ph—phloem; vb—vascular bundle. Scale bars: 100 um (a), 50 um (b,c), 20 um (d).
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Figure 5. Results of histochemical tests of Dracocephalum moldavica nectary cells. Light microscopy
(LM)—cross-sections. (a,b) Lipid compounds stained orange with Sudan IV in epidermal (white
arrows) and parenchyma cells; (¢,d) Lipid compounds in epidermal cells stained orange with Sudan
IV—top view. Note the large lipid droplets (white arrows); (e) Acid lipids stained blue with Nile blue
in the epidermis and parenchyma (white arrows); (f) Neutral lipids (essential oil) stained purple with
Nile blue present in epidermal and parenchyma cells (white arrows); (g,h) Neutral polysaccharides
(starch grains) stained purple with Lugol’s solution in nectary parenchyma cells in the swollen bud
stage; (i) Starch-free nectary cells treated with Lugol’s solution in a freshly opened nectar-secreting
flower; (j—n) Glandular trichomes on the nectary surface; (j)—control, in water; (k,1) Glandular
trichomes treated with Sudan IV with visible orange content; (m,n) Phenolic compounds stained
with toluidine blue in trichome heads; e—epidermis; np—nectary parenchyma. Scale bars: 50 um (i),
20 um (a,b,e,gh,j—n), 10 um (c,d f).

Both total lipids stained orange with Sudan IV (Figure 5a—d) and acid lipids stained
blue with Nile blue (Figure 5e) were detected in the nectary epidermal and parenchyma
cells, while neutral lipids (essentials o0il) stained purple with Nile blue were mainly located
in the epidermal cells (Figure 5f). The lipid-accumulating epidermal cells were larger than
the neighbouring cells, and some of them contained large lipid droplets (Figure 5d). Lipids
were also present in the content of the trichome head cells (Figure 5k,1). Numerous Lugol’s
solution-stained starch grains were visible in the nectary parenchyma in the swollen bud
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stage (Figure 5g,h), whereas no starch grains were detected in the freshly opened flowers
releasing nectar (Figure 5i). The nectary tissues were also the site of accumulation of
phenolic acids, whose intense light blue autofluorescence was observed in the nectary
parenchyma (Figure 6a—d). In turn, in the presence of the aluminium chloride fluochrome,
the flavonoids located in the epidermis and parenchyma of the D. moldavica nectary emitted
intense yellow fluorescence (Figure 6e,f). Phenolic compounds were also detected in the
nectary glandular trichomes after the application of toluidine blue O (Figure 5m,n).

Figure 6. Results of fluorescence assays of Dracocephalum moldavica nectary cells. (a,b)—a surface
side view; (c—f) cross—sections. (a—d) Intense light blue autofluorescence of phenolic acids visible
in the nectary cells; (e,f) Light yellow fluorescence of flavonoids in the presence of aluminium
chloride fluochrome visible in the nectary epidermis and parenchyma (arrows); n—nectary; o—ovary;
ov—ovules. Scale bars: 200 pm (a—f).

3.5. Ultrastructure of the Nectary Cells

In the anthesis stage, the thin-walled epidermal cells had large central and numerous
smaller vacuoles, electron-dense cytoplasm, and numerous mitochondria (Figure 7a).

The cells of the nectar-producing parenchyma also had thin cell walls, different-sized
vacuoles, numerous different-shaped plastids, abundant mitochondria with a transparent
matrix with a few or many cristae (Figure 7b,c), numerous ribosomes, and smooth endo-
plasmic reticulum (ER) located near the cell walls (Figure 7d). Different-sized spaces were
visible between adjacent cells of the nectariferous parenchyma (Figure 7a,b). Peripheral
reticulum was observed in pleomorphic plastids (Figure 7d). The plastids in some cells
formed clusters and were interconnected (Figure 7e). Many plastids had the characteristics
of globular chromoplasts and contained different-sized plastoglobuli (Figure 7d—f). Crys-
talline chromoplasts with visible elongated crystalloids represented another type of plastids
(Figure 7g). Occasionally, the crystalloids were connected with plastoglobuli. Only a few
plastids contained starch grains in the nectar secretion stage (Figure 7h). Mitochondria
were often located in close proximity to the chromoplasts (Figure 7c-h). Dictyosomes were
observed in the peripheral cytoplasm (Figure 7g). Multiple invaginations were visible in
the plasmalemma (Figure 7g). In its vicinity, there were different-sized vesicles fused with
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this outer cytoplasmic membrane (Figure 7h). Plasmodesmata were present in the walls of
adjacent nectariferous parenchyma cells (Figure 7d,h).

Figure 7. Ultrastructure of the floral nectary Dracocephalum moldavica (TEM). (a) Vacuolated epider-
mal and parenchyma cells of nectary with electron-dense cytoplasm, numerous mitochondria with
a transparent matrix, and intercellular spaces of different sizes. (b) Nectary parenchyma cells with
dense cytoplasm, many plastids, mitochondria, and vacuoles; (c) Parts of two nectary parenchyma
cells with pleomorphic plastids with small plastoglobuli, mitochondria, and vacuoles; (d) Plastids with
plastoglobuli, mitochondria, vacuoles, smooth ER, and plasmodesmata (white arrowheads) in the wall of
nectariferous cells; (e) Cluster of plastids with large plastoglobuli, some of them connected, mitochondria
and plasmodesmata (white arrowheads); (f) Numerous mitochondria with distinct cristae and plastids
in the dense cytoplasm; (g) Plastid with crystalloids and large plastoglobuli, mitochondria, dictyosome,
and plasmalemma invaginations; (h) Part of the cell with a chromoplast with crystalloids and plas-
toglobuli, mitochondria, many vesicles, and plasmalemma invaginations; va—vacuole; p—plastid;
m—mitochondrion; cw—cell wall; d—dictyosome; v—vesicle; is—intercelluar space; cr—crystalloid;
g—plastoglobule. Scale bars: 5 um (a,b), 1 um (c—e), 0.5 pm (f-h).
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4. Discussion

Dracocephalum moldavica flowers offer pollinators such visual attractants as the shape
and colour of the corolla and an intense scent emitted by trichomes and papillae as well as
food attractants, i.e., nectar and pollen.

The corolla is characterised by different coloured zones: the upper lip and the lower
lip margins are intensely blue or purple, the central part of the lower lip is white, and the
spots on this lip are intensely purple. As shown by Reverté et al. [34], the colour purple is
preferred by bees in addition to pink and UV-yellow. Other researchers have found that
bees have trichromate vision and are sensitive to ultraviolet, blue, and green [35-38]. These
three predominant colours can be found in D. moldavica flowers. They are visible in various
parts of the flowers. The central part usually has small colourful spots or lines standing out
from the lighter background and serving as floral guides, helping insects to find the flowers
and food sources [39,40]. Other authors emphasise that the colour contrasts within a flower
and the flower contrast against its background are very important signals for bees [41,42].
These traits can be found in D. moldavica flowers, which are mainly pollinated by bees.

The epidermis of D. moldavica petals comprised different-sized conical cells (papillae).
The longest papillae emitting essential oil were stained with anthocyanin and were observed
within the coloured spots on the lower lip. As shown in literature reports, conical cells have
an impact on the attractiveness of the flower to visiting insects, which increases pollination
success. Papillae can perform various functions in flowers. They influence the petal colour,
pollinator’s grip on the flower surface, petal wettability, petal reflexing by the formation of
a velvety surface, and floral scent production [43,44].

Glandular trichomes present on various corolla parts, the ovary, and the nectary
are responsible for the production of the intense scent of D. moldavica flowers. In pre-
vious studies, we described numerous essential oil-secreting peltate and capitate tri-
chomes present on the abaxial surface of the lower lip, calyx, bracts, leaves, and stems of
D. moldavica [45]. The capitate trichomes detected on the surface of nectaries had a sim-
ilar structure to that of the long capitate trichomes present on the D. moldavica corolla
and leaves.

Annular floral nectaries in some Lamiaceae representatives are characterised by the
presence of a longer ventral lobe, whose abaxial surface is the main site of modified stomata.
This nectary structure is characteristic of the D. moldavica flowers analysed in the present
study. Previously, a similar nectary gland structure was observed in, e.g., some Salvia
species [16,46], Rosmarinus officinalis [16], Melissa officinalis [17], Hyssopus officinalis, and
Nepeta foliosa [15].

The number of nectarostomata in the D. moldavica nectary was in the range of 20-33,
which was slightly higher than the values reported for some other species from this family
(10-30) by Petanidou et al. [14] and Zhang et al. [16]. The number of nectarostomata in
Lamiaceae plants shown by various authors was found to vary widely in the range of 4-90
[14-17,20]. Interestingly, the number of modified stomata in Salvia triloba and S. verbenaca
nectaries was shown to be >90 [14]. In the present study, we observed the non-synchronous
functioning of the D. moldavica nectarostomata. Previously, many authors also reported
asynchrony in stomatal development in various plant species [12,16,47,48].

The floral nectary in D. moldavica is supplied by the phloem and xylem. Floral nectaries
in representatives of the family Lamiaceae can be supplied by both xylem and phloem,
phloem alone, or none at all [13,18,19,46,49,50]. Studies of the nectaries of many Lamiaceae
species demonstrated the presence of the phloem and xylem in vascular bundles in only
approximately 15% of plants [13,16,50,51]. In several Salvia species, which are representa-
tives of the same subfamily Mentheae as D. moldavica, the phloem and xylem were found
to be present in the nectary innervation [13,16,49]. In contrast, only phloem was observed
in floral nectaries of other Salvia species, Origanum vulgare, and R. officinalis (the Mentheae
subfamily as well) [13,19,50,52], whereas the nectariferous tissue in Mentha haplocalyx had
no special vascular bundles [53]. These results show that the nectary vasculature in the
Mentheae subfamily is not largely connected with their phylogenetic affinities.
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Capitate glandular trichomes were present on the surface of the D. moldavica nectary.
Similarly, capitate or peltate trichomes on the nectary glands of other Lamiaceae species
were observed by various authors [16,21-23]. As suggested by the researchers, nectary
trichomes may be involved in the production of volatile substances and can be an important
diagnostic trait in the taxonomy and systematics of Lamiaceae family representatives.

The analysis of the ultrastructure of the D. moldavica nectary cells during the flowering
stage revealed many cellular features that were described previously by various researchers
in studies of nectaries of other Lamiaceae plants. The nectary epidermal cells of the
species analysed in the present study contained a large central vacuole, as in the case of
R. officinalis [19] and Salvia farinacea [16] described previously.

The nectariferous parenchyma of the D. moldavica cells had dense cytoplasm, numerous
vacuoles, mitochondria, plastids, ribosomes, ER, and thin cell walls with plasmodesmata.
The pleomorphic and often electron-opaque plastids formed clusters, as in the case of the
nectaries of R. officinalis [19] and S. farinacea [16]. Starch grains were present in the analysed
D. moldavica nectary tissues only in the flower buds, which corresponded with the bright
yellow colour of this gland. As a rule, no starch was observed in the nectary cells in this
species during the nectar secretion phase. The presence of starch in the nectaries of other
Lamiaceae only in the pre-secretory phase and its decomposition during nectar secretion
were also reported by Xin et al. [54], Teng and Hu [55], and Zhang et al. [16]. In turn, there
were certain amounts of starch in R. officinalis plastids in the nectar secretion stage and
after the end of nectar secretion [19]. In the nectar secretion stage, there were globular
and crystalline carotenoid-containing chromoplasts in the nectary-producing parenchyma
cells of D. moldavica, which was associated with the more intense yellow pigmentation
of the nectaries.

The plasmalemma of the nectary cells in the analysed plants exhibited large invagina-
tions and numerous vesicles in their vicinity. Plasmalemma invaginations in nectariferous
parenchyma cells were also observed in R. officinalis by Zer and Fahn [19].

The nectariferous parenchyma cells of D. moldavica exhibited the presence of ER,
dictyosomes, and numerous vesicles fused with the plasmalemma, which is indicative
of granulocrine secretion. The presence of plasmodesmata in cell walls evidences the
symplastic transport of sugars [56].

The histochemical and fluorescence assays showed the presence of lipid compounds
(total lipids, acidic, and neutral lipids) and phenolic compounds (total phenols, phenolic
acids, and flavonoids) in the tissues and glandular trichomes of the D. moldavica nectary.
Various authors also reported the presence of similar groups of metabolites in nectaries
of other plant species [57-60]. Similar to the present findings, these researchers showed
that the metabolites were located in the nectary epidermis and/or parenchyma; next, the
compounds penetrated into the secreted nectar. The literature data indicate that essential
oils and phenolic compounds can act as repellents deterring herbivores, parasites, and
nectar robbers [61-63] and have antifungal and antibacterial properties [64,65]. Astringent
and toxic phenolic substances may be associated with pollinator attraction through the
intensification of scent perception [66]; they may also be involved in ultraviolet light protec-
tion through the absorption of radiation, reducing damage by acting as a sunscreen [67]. As
reported by dos Santos Silva et al. [68], the phenolic compounds present in nectary tissues
may play a role in the oxidation of the nectary region, which ultimately limits the growth
and passage of the pollen tube and prevents ovule fertilisation in such partenocarpic plants
as the Musa spp. Additionally, some phenolic compounds, e.g., flavonoids, which are
common in the nectary and nectar, were shown to be preferred by honeybees in preference
tests and upregulate detoxification and immunity genes [64,69].

Lipids, which were identified in the D. moldavica epidermis, parenchyma, and tri-
chomes, are important metabolites increasing the caloric content of nectar. As suggested
by Kram et al. [70], the presence of lipids in nectary cells contributes to the content of
more energy-efficient lipids in the nectar produced in the nectary and is, therefore, more
attractive to bees. We confirmed the presence of acidic and neutral lipids, including es-
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sential oils, in the D. moldavica nectary tissues. As reported by Desbois and Smith [71],
acidic lipids, as free fatty acids, exhibit antibacterial activity consisting of the disruption of
bacterial membrane structures. A similar function is also attributed to terpenoids, which
are components of essential oils [72,73]. The essential oil present in the D. moldavica nec-
tary epidermis presumably acts as an odour attractant for insect pollinators. This role of
essential oils was also reported by Raguso [74,75] and Dodos et al. [76]. Moreover, since
the sensitivity to secondary metabolites differs between floral visitors, unpalatable and
unattractive compounds may function as taste filters eliminating ineffective pollinators and
nectar robbers [65]. The presence of secondary metabolites in the nectary and nectar pro-
vides a direct health benefit not only to plants but also to their pollinators. Biller et al. [77]
and Richardson et al. [78] claim that the consumption of these metabolites by bees reduces
the pathogen load and increases the survivorship in these bees. In turn, Gherman et al. [79]
suggest that some pollinators may intentionally visit selected flowers to self-medicate,
thus reducing infection and increasing health. As in the case of the D. moldavica, the cells
of the nectaries of other taxa most often contain a combination of bioactive compounds
with synergistic or antagonistic activity, depending on the final compound formed and the
concentration of the individual components [80]. As shown by Kohler et al. [81], the effect
of deterrence depends on concentrations of both sugar and toxic compounds: pollinators
are more tolerant to toxic compounds at a higher concentration of sugars in the nectar. The
manipulation of pollinator behaviour may improve the reproductive success of plants, and
protection against diseases may help the fitness of pollinators [65].

Similarly, as reported in the present work, earlier studies conducted by various authors
demonstrated mixed secretion by nectaries in other plant species [82]. It has been shown that
floral nectaries produced sugars, lipids, and phenolic compounds in some Anacardiaceae [83],
Bignoniaceae [82], Celastraceae [84], Fabaceae [85], and Rosaceae [86] plants.

5. Conclusions

We have shown that essential oil, which determines the intense scent of D. moldavica, is
emitted not only by all vegetative parts of the shoot [4,45] but also by petals (with glandular
trichomes and papillae) and floral nectaries. Our study provides the first description
of the production of nectar and essential oil by the nectaries in the family Lamiaceae.
Volatile substances produced by flowers and nectaries, together with the presence of the
nectar reward, have a positive impact on the attractiveness of the flowers of this species
of insect pollinators, which is reflected in the pollination and reproductive success of this
species. The essential oil and phenolic compounds present in the nectary tissue may also
provide protection against herbivores and pathogens. They can also act as repellents against
undesirable insect pollinators. D. moldavica nectaries are embedded around the ovary base,
which is typical of the Lamiaceae family members. The nectaries of this species, which
are characterised by pre-secretory starch accumulation, release nectar through modified
stomata. Nectar secretion and transport proceed via the granulocrine and symplastic
pathways, respectively. These results may improve the knowledge and understanding
of plant—pollinator interactions. Furthermore, analyses of D. moldavica nectaries may be
important for systematics and evolutionary studies of the Lamiaceae family.
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