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ABSTRACT

The pollination system ‘oil-collecting bees Macropis and oil-producing plants Lysimachia’, probably originated a long time ago.
Although much is already known about the biology and ecology of this fascinating interaction, we reveal here features of the
structural elements of the secretory system of the Lysimachia flowers and the foraging behaviour of Macropis bees. A model
describing the process of collecting flower oil by bees based on the laws of mechanics is presented. The model considers the his-
tochemical and morphological features of the secretory apparatus in Lysimachia flowers, as well as the behaviour and micromor-
phological structure of the oil- and pollen-collecting apparatus of the bee. All these structures seem to be adapted for collecting
flower oil and other metabolic products, demonstrating a process of co-adaptation. It has been clarified for the first time that
Macropis females do not merely collect pure floral oil through capillary absorption or by mopping up oil from trichomes on the
flower stamens and petals via specialised pubescence on the fore- and mid-tibia and tarsi of bees, as was previously thought.
Instead, they collect entire oil-filled trichome heads by breaking them off from the trichome stems. A neck (intermediate) cell has
been described in the oil-secreting capitate trichomes of Lysimachia nummularia L. The dominance of pectin and hemicellulose
in its cell walls, combined with high beta-galactosidase activity during trichome maturation, creates conditions for the formation
of a microabscission zone. This zone facilitates the detachment of the oil-containing capitate when contact occurs with pollinat-
ing bees of the genus Macropis.

1 | Introduction the bees (Anthophila) and the Angiosperms (Cardinal and

Danforth 2013). However, it remains unclear how much the

The coevolution of plants and insects is primarily driven by the
resources insects forage for and the reproductive or survival
needs of plants on the other side (Futuyma and Agrawal 2009).
Recent evidence suggests that insect pollination of plants first
evolved in gymnosperms well before angiosperms appeared,
and was performed by various insect groups (Peris et al. 2025)
that were probably not specialised plant pollinators. The mu-
tualistic ‘plants—pollinators’ system developed later over tens
of millions of years, achieving great success for two clades:

diversification of bees aligned with that of flowering plants
(Van der Niet and Johnson 2012; Cappellari et al. 2013).
Furthermore, recent palaeontological studies and molecular
analyses challenge the idea of an inextricable link between an-
giosperms and insect pollinators during their early diversifi-
cation stages (Van der Kooi and Ollerton 2020). Discrepancies
in the emergence dates of major angiosperm and insect lin-
eages have been recognised (Asar et al. 2022). The selection
of bees and flowering plants during their coevolution led to a
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tremendous diversification in terms of the number of species,
their morphological structures and behaviour (Radchenko
and Pesenko 1994; Ollerton 1999; Bronstein et al. 2006; Van
der Niet and Johnson 2012; Cardinal and Danforth 2013).
Today, the mutualistic system includes over 20,000 bee spe-
cies (Ascher and Pickering 2024) and approximately 300,000
entomophilous plant species, representing an average of 87.5%
(with variations across different climatic zones from 78% to
94%) of around 350,000 known species of flowering plants
(Ollerton et al. 2011; Tong et al. 2023).

Plants display a range of traits associated with attracting a spe-
cific group of pollinators, known as the pollination syndrome
(Hermann and Kuhlemeier 2011). These traits include flower
characteristics, such as the colour and size of the corolla, as
well as rewards like pollen, nectar, perfume, or oil. Plant traits
can also be biochemical, like the chemical composition of pol-
len (e.g., protein/lipid ratio) and nectar (e.g., sugar concentra-
tion) or the floral scent (Dobson 1987; Lunau 1996; Dobson and
Bergstrom 2000; Roulston et al. 2000; Schiestl and Peakall 2005;
Dotterl and Vereecken 2010; Dotterl et al. 2005; Dotterl and
Schiffler 2007; Burger et al. 2012; Vanderplanck et al. 2017;
Sasidharan et al. 2023).

At the same time, bees show physiological adaptations necessary
to digest nectar, pollen or oil (Pesenko and Radchenko 1993;
Radchenko et al. 1993; Eckhardt et al. 2014; Vaudo et al. 2015,
2024; Rivest and Forrest 2020). Phenological adaptations are
shown in the synchronisation of blooming and flight (Pesenko
et al. 1980; Bartomeus et al. 2011; Edge et al. 2012; Kehrberger
and Holzschuh 2019). Ethological adaptations are realised
through special behaviour patterns for effectively collecting and
transferring pollen, nectar, flower oil, resins, and other plant
and mineral materials.

Most of the studied bees are polylectic and do not have a re-
stricted relationship with specific food plants (Radchenko
and Pesenko 1994; Lechantre et al. 2021). However, many bee
species share similar morphological features, including spe-
cial anatomical structures that assist them in collecting and
transporting pollen to their nests (Vogel 1971, 1974; Roberts
and Vallespir 1978; Thorp 1979, 2000; Neff and Simpson 1981,
2017; Fenster et al. 2004; Pauw et al. 2017; Portman and
Tepedino 2017).

Generally, mutualistic relationships between plants and polli-
nators are not linked to specific co-adaptation. Instead, plants
have a diverse range of pollinators, which also visit many dif-
ferent plants; that is, they are polylectic. About one-third of
European bee species with known trophic links to plants have
limited trophic relationships (Radchenko and Pesenko 1994;
Bogusch et al. 2020). These bee species with a limited range
of food plants show the most remarkable adaptations to their
food plants.

The most apparent signs of mutualism, along with the possibly
co-evolution of traits related to plant pollination and bee forag-
ing, are typically seen only in highly specialised systems with
very narrow trophic links, limited to plants of a single genus or
even a single species, and their specialised pollinators, which
also belong to the same genus or even a single species.

Among the co-adaptations of plants and pollinators, it should
be noted that flower depth and pollinator proboscis length are
generally correlated (Stang et al. 2009; Pyke 2016; Klumpers
et al. 2019). For example, the detailed functional morphology
of the head and proboscis of Andrena lonicerae Tadauchi &
Hirashima, 1988, is specifically adapted to the morphology and
nectar production of Lonicera gracilipes Miq. flowers (Shimizu
et al. 2014). Some plants across various parts of their range can
vary greatly, particularly in flower size, demonstrating clear
adaptation to specific pollinators. Thus, the plant Calceolaria
polyrhiza Cav., in one part of its range, has only one pollinator,
Chalepogenus caeruleus (Friese, 1906) (tribe Tapinotaspidini),
while in another part of its area, it is pollinated solely by the bee
Centris cineraria Smith, 1854 (tribe Centridini). These two bee
species differ markedly in their distribution ranges, body size,
and behaviour on flowers. Respectively, the flower size of this
plant varies according to the size of its pollinator in different
parts of its range. Therefore, adaptive intraspecific flower dif-
ferentiation is a response to geographic variation in pollinators.
However, such adaptations are only expressed at the phenotypic
level and cannot exemplify coevolution (Cosacov et al. 2014).

In narrow mutualistic ‘plant-pollinator’ systems, the floral oil-
collecting bees warrant special attention, as this is a compara-
tively rare phenomenon. Currently, around 2000 plant species
produce floral oil, and approximately 500 bee species have tro-
phic relationships involving oil collection (Vogel 1971, 1974;
Simpson et al. 1977; Simpson and Neff 1981; Buchmann and
Buchmann 1981; Buchmann 1987; Rasmussen and Olesen 2000;
Renner and Schaefer 2010; Martins et al. 2013; Carneiro and
Machado 2023). The relationship between oil-collecting bees
and plant species that produce floral oil is mutualistic (Triponez
et al. 2015). The comprehensive modern reviews of the informa-
tion on the relationship between oil-collecting bees and floral
oil-producing plants are provided in the works of Guimaraes
et al. (2021) and Carneiro and Machado (2023).

Oil-producing plants and oil-collecting bees are more diverse
in the Neotropics (Renner and Schaefer 2010), and in this
area most research has been conducted on such interactions
between plants and bees (Guimaraes et al. 2021). Many stud-
ies have also examined the collection of oil by certain bees
in South Africa. In this context, among the most special-
ised systems with highly limited trophic links, researchers
often focus on the mutual adaptation of bees of the neotrop-
ical genus Centris Fabricius, 1804 (Apidae), which collect
floral oil from plants of the genus Krameria Loefling, 1758
(Krameriaceae), as well as some species of South African bees
of the genus Rediviva Friese, 1911 (Melittidae), which collect
oil from flowers of plants of the genus Diascia Link & Otto,
1820 (Scrophulariaceae) (Whitehead et al. 1984; Vogel 1984;
Vogel and Michener 1985; Steiner and Whitehead 1988, 1990;
Johnson and Steiner 2003; Kuhlmann and Hollens 2014;
Martins et al. 2015; Pauw et al. 2017; Carneiro et al. 2019,
2024). The bees of the genus Rediviva utilise their extraordi-
narily long forelegs to collect floral oil from elaiophores located
deep within the elongated flower spur of Diascia. In various
Rediviva populations, there is a strong correlation between the
average foreleg length and Diascia flower spur length, sug-
gesting that plant-driven selection may have influenced the
evolution of these bees (Steiner and Whitehead 1990, 1991).
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However, recent studies show that even with such strong mu-
tualistic relationships, there is no clear evidence of coevolu-
tion (Kahnt et al. 2019).

Only one system with oil-producing plants and oil-collecting
bees is known in Europe; this involves the plants of the genus
Lysimachia Linnaeus, 1753 and bees of the genus Macropis
Panzer, 1809 (Michez and Patiny 2005).

In general, oil production evolved independently in multi-
ple plant clades (Renner and Schaefer 2010). Accordingly,
oil-collecting behaviour appeared independently in different
bee clades (Neff and Simpson 1981, 2017; Michez et al. 2012;
Kuhlmann and Hollens 2014; Bossert et al. 2019; Policarova
et al. 2019; Rasmussen et al. 2020). However, fossil evidence
of the interactions between plants and pollinators is very rare
(Ramirez et al. 2007). This makes it difficult to understand the
evolution of their relationships. The genus Lysimachia has rel-
atively young fossils from the Oligocene (Boucher et al. 2016),
although the molecular age of its representatives falls approx-
imately to the Late Eocene (Renner and Schaefer 2010). The
Macropis clade occurred around this time. Since then, Macropis
has apparently coevolved with Lysimachia (Michez et al. 2012).
However, a probable ancestral form of the modern Macropis bees
is known, namely Palaeomacropis eocenicus Michez and Nel
2007, whose legs' pubescence structure may indicate collecting
plant oil existed even before the Lysimachia occurrence (Michez
et al. 2007). Probably, it collected oil from other oil-producing
families, such as Malpighiaceae, which already existed in the
early Eocene (Davis et al. 2002).

In the interactions between Lysimachia plants and Macropis
bees, floral trichome elaiophores are essential. These cap-
itate glandular trichomes (CGTs) accumulate oil. The spe-
cialisation of the Macropis bees in collecting the floral oil
of Lysimachia plants, like the specialisations of many other
oil-collecting bees (e.g., Ctenoplectra, Tetrapedia, Centris,
etc.), is primarily associated with the use of oil for lining un-
derground nest cells, making them resistant to moisture and
bacteria, and thus preserving the stored food and protecting
the larvae feeding on it (Cane et al. 1983; Radchenko 1996;
Alves-dos-Santos et al. 2006; Renner and Schaefer 2010;
Kuhlmann 2014; Martins et al. 2015). It should be noted there
that, according to Martins et al. (2015), the common ances-
tor of modern members of the genus Centris, prevalent in the
deserts of Central America and xeric South America habitats,
lost the oil-collecting apparatus. This fact further supports
the moisture-protective role of floral oil in the cells of oil-
collecting bee species inhabiting mesophilic/wet biotopes.

Additionally, the stickiness of the oil applied to the hair helps
pollen adhere to them, making it easier to transfer to the nest
(Oliveira et al. 2022). Macropis bees also use Lysimachia oil not
only as a building material but also as a component of the brood
provision (Simpson and Neff 1981). The addition of oil to the
provision possibly increases the nutritional value of feed since
loosestrife pollen has a relatively low nutritional quality (Weiner
et al. 2010).

Another very important function of adding oil to pollen food, ac-
cording to Jerry Rozen (pers. com. in: Simpson and Neff 1981),

with which we agree, is to prevent highly hygroscopic pollen
from over-moistening. This may be crucial for Macropis bees
as they construct nests in mesophilic biotopes with relatively
high soil moisture. They are constrained in these biotopes as it
is the restricted biotope of their host plant, Lysimachia. Thus,
the success of Macropis populations probably depends not only
on the amount of pollen available in the flowers but also on the
amount of oil collected and the efficiency of oil collection. In this
regard, the plant secretory structures and their contents must be
available to insects in sufficient amounts. In turn, insects need
suitable morphological structures to collect pollen and oil from
flowers, and plants require reliable cross-pollination, which
bees ensure by carrying pollen on their body surfaces.

The current understanding of how Macropis bees gather
Lysimachia floral oil is mainly descriptive and based on re-
searchers' observations of bee behaviour. It is widely accepted
that when visiting Lysimachia flowers, Macropis bees directly
collect pure oil, which is absorbed by the hair pads on their tib-
iae and tarsi of the fore and middle legs. Cane et al. (1983) be-
lieved that the oils of Lysimachia ciliata accumulate as shiny
droplets at the tips of the trichome elaiophores, and females
collect these oil droplets using specialised setaceous pads on
the inner surfaces of their fore and middle tarsi. However, in
reality, Lysimachia flowers have CGTs, and the oil is not located
in the form of droplets on top of the trichomes, but is enclosed
within the spherical trichome heads covered by cuticle (Simpson
et al. 1983). Therefore, such a process of oil collection involves
breaching the integrity of the surface of the integumentary walls
of the secretory structures, which, according to various research-
ers, is achieved by breaking the outer walls of the elaiophores
using pointed bristles on the front and middle legs of Macropis
bees. Then, the oil is capillarily absorbed through specialised
hair pads on the bees' legs (Vogel 1974; Michez et al. 2007, 2008).
According to Roberts and Vallespir's data (1978), the hairs on the
ventral tarsal surfaces of Macropis nuda forelegs are modified
into an array of flattened, blade-like teeth used for scraping oil.

Among other groups of oil-collecting bees, specialised adaptive
modifications in the structure of the leg pubescence should be
noted in representatives of the genus Centris. Their oil-collecting
adaptations are in the shape of modified hairs on the basitarsus
and several giant scapular hairs on the front and middle legs
(Neff and Simpson 1981). Various types of hair for collecting
oil were also noted on the legs of bees of the genera Rediviva
(Kuhlmann and Hollens 2014) and Tetrapedia (Alves-dos-
Santos Alves-dos-Santos et al. 2006), and in bees of the genus
Ctenoplectra, inner spurs on the distal part of the hind tibia are
modified into a comb-like structure with dense teeth for comb-
ing out oil (Schaefer and Renner 2008).

In general, despite the different morphological structures of the
oil-collecting apparatus across various bee groups, oil is gathered
either by wiping it from the surface of the trichomes, using the
special pubescence on the tibiae and basitarsus of the fore and
middle legs or dense setae on the ventral side of the matasome,
or through capillary absorption of floral oil from trichomal or
epithelial elaiophores using hair pads located on the fore and
middle legs. In this process, the bees use stiff, spiky hairs on
their legs near this pad to first rupture the cuticle covering the
oil-containing elaiophores.
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A similar adaptation mechanism for collecting oil from
Lysimachia flowers was assumed for Macropis by all au-
thors studying these bees (Vogel 1974, 1986; Roberts and
Vallespir 1978; Cane et al. 1983; Simpson et al. 1983; Rasmussen
and Olesen 2000; Pekkarinen et al. 2003; Celary 2004; Michez
and Patiny 2005; Schéffler and Dotterl 2011; Bassin et al. 2011;
Homburger et al. 2025). However, these adaptations were de-
scribed in very broad terms. The authors mentioned above did
not clearly analyse the role of each morphological structure,
leaving unclear the potential co-adaptation between the oil se-
cretory apparatus and the micromorphological peculiarities of
the oil-collecting structures on the bees' legs, as well as the bees'
behaviour when collecting oil, for over 55years.

The morphology and structural features of oil-secreting tri-
chomes have only been described for one species of the genus
Lysimachia, L. ciliata L. (Simpson et al. 1983). In Lysimachia cil-
iata flowers, when describing the oil-secreting CGTs, a two- or
three-celled stalk and an eight- or sixteen-celled trichome head
are typically distinguished (Simpson et al. 1983). In the structure
of CGTs of other plant species, a specialised abscission zone is
also distinguished at the junction of the head and stalk (Bergau
et al. 2015). This zone can be represented by either a single inter-
mediate cell (neck cell) or a group of cells (Hancock et al. 2024).
The presence of an intermediate cell and a microabscission zone
in Lysimachia CGTs has not been previously reported. However,
based on studies of other plant species, it appears they must also
form in Lysimachia trichomes.

It should also be noted that when studying the relationship be-
tween bees collecting floral oil and the plants that produce it,
analysing the histochemical structure and biochemical com-
position of flowers and CGTs is essential. Such studies of oil-
producing plants in the genus Lysimachia mainly focus on the
qualitative composition of metabolites in flowers and secretions

in CGTs (Schiffler et al. 2012). However, the composition and
structure of the polysaccharide complex in the cell walls of
Lysimachia trichomes, which determine their strength and, con-
sequently, influence the mechanics of oil collection, have not
been studied at all.

Therefore, this study aims to develop a biomechanical model of
floral oil collection by Macropis bees based on: (i) analysis of
bee behaviour on flowers; (ii) investigation of specialised micro-
structures on bee legs and floral material collected by them; (iii)
location and structure of CGTs; (iv) mapping of polysaccharide
complexes within the cell walls of Lysimachia trichomes; (v) de-
termination of cell-specific localisation of -galactosidase activ-
ity associated with the modification of trichome cell walls.

2 | Materials and Methods

The studies were carried out during 2015-2022 in the forest park
plantations of Kyiv and its environs, in particular, on the island
Muromets (50°30'22” N 30°32’36” E) and in «Feofaniya» Park, a
monument of landscape art of national importance (50°20'20” N
30°29'17” E). Lysimachia nummularia L. (Figure la—c), L. punc-
tata L. (Figure 1d-f) and L. vulgaris L. (Figure 1g-i), which are
the most common species in the natural biotopes of the study
area, and the bee species Macropis europaea Warncke, 1973
(Figure 2a) and M. fulvipes (Fabricius, 1805) (Figure 3a) were
model objects for the research.

2.1 | Bee Behaviour and Plant Morphology
The behaviour of bees was registered using a Panasonic N'V-

GS500 digital video camera featuring an additional photo shoot-
ing function (Panasonic Holdings Corporation, Kadoma, Osaka,

FIGURE1 | Flowers of Lysimachia: (a—c) L. nummularia L.; (d-f) L. punctata L.; (g-i) L. vulgaris L.
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FIGURE 2 | Female of Macropis europaea Warncke, 1973: (a) Habitus; (b) Forebasitarsus (frontal view); (c) Thick bristle-like hairs on the foreba-
sitarsus which are used for collecting oil-containing trichome heads of Lysimachia flowers; (d) Inner side of the midtibia; (e) Inner side of the midb-

asitarsus; (f) Outer side of the hindleg; (g) Inner side of the hindleg; (h, i) Scopa on the metatibia with two types of hairs (bristle-like and branched

plumose hairs); (j) Inner side of metabasitarsus.

Japan) and a GoPro HERO 10 Black high-speed video camera
(GoPro Inc., San Mateo, California, USA) with additional macro
lenses. In total, more than 11h of video recordings of bees' be-
haviour on flowers were captured and analysed. Frame-by-frame
analysis of bee movements, which included about 35 thousand
frames, was performed using the Pinnacle Studio 24 Ultimate
programme (Corel Corporation, Ottawa, Canada). To analyse the
external morphology of bees, including the oil-collecting appara-
tus, as well as the allocation of collected oil and pollen on their
bodies, 30 freshly collected females of Macropis europaea and 10
freshly collected females of Macropis fulvipes were examined. The
difference in the number of specimens examined is due to the rarer

occurrence of M. fulvipes. Fifty mature, fully oil-filled CGTs from
each of the three loosestrife species studied were also measured.
Colour photographs of the external morphology of bees and flow-
ers were taken using a Canon EOS 5D Mark-IT and a Canon EOS
5DS R cameras (Canon Inc., Tokyo, Japan) attached to a stereo-
microscope Leica M205C with Leica LED5000 HDI illuminator
(Leica Microsystems, Wetzlar, Germany) under Helicon Remote
3.9.10.w software. Photographs were stacked using Helicon Focus
8.2.0 Pro (Helicon Soft Ltd., Kharkiv, Ukraine) auto-montage
software and then edited using Adobe Photoshop CC, and Quick-
Photo Micro v2.3 (PROMICRA, s.r.o, Czech Republic) software
was used for measurements. The ultrastructure of bee legs hairs
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FIGURE 3 | Female of Macropis fulvipes (Fabricius, 1805): (a) Habitus; (b) Middle leg (inner side); (c) Midtibia; (d) Apical half of midtibia; (e, )
Inner side of midbasitasus; (g) Hind leg (outer side); (h) Metatibia distal part and metabasitarsus basal part, carrying the floral oil; (i) Greatly magni-
fied central part of metatibial scopa with leaked floral oil and preserved trichome heads filled with oil. Images b-f, h clearly show numerous oil-filled,

globular trichome heads located on top of and between the leg hairs of the bee.

and pollen grains was studied using scanning electron microscopy
(SEM) with an SEM JEOL JCM-6000 (JEOL Ltd., Tokyo, Japan)
under Semaphore software (JEOL, Sollentuna, Sweden).

2.2 | Histochemical Analysis of Flowers
Lysimachia flowers were collected at the initial flowering stage. For

micromorphological studies, we used five flowers from each of the
five plants belonging to three species (N=75). For histochemical

studies, we selected 10 flowers of Lysimachia nummularia, 10
flowers of L. punctata, and 7 flowers of L. vulgaris. Fresh flow-
ers were fixed in Carnoy's fixative for 12h to prepare microtome
sections. The fixed plant material was washed from the fixative
with three changes of 70% ethanol to remove any residual fixative.
The flowers were then dehydrated in increasing concentrations of
ethanol. The plant material was transferred to absolute ethanol,
then to chloroform, and subsequently embedded in paraffin wax.
Microtome sections (8 wm thick) of flower tissues (N = 30) were pre-
pared from the paraffin blocks using a sledge microtome. To detect
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polysaccharides in the cells, the periodic acid-Schiff (PAS) reac-
tion was employed with the PAS staining system (Sigma-Aldrich,
cat. no. 395) (McManus 1948; Chawla et al. 2016). To establish
the relationship between the qualitative composition, spatial dis-
tribution of polysaccharides, and the mechanical properties of
trichomes that influence the availability of floral oil for bees, the
qualitative composition of polysaccharides was determined using
histochemical staining (PAS reaction) combined with selective
enzymatic hydrolysis. Before staining, the microtome sections
were deparaffinised. To remove pectins, the sections were treated
with a 1.0uM pectinase solution (Sigma-Aldrich) in citrate buffer
(pH4.00) 25°C for 20min in a humid chamber. The sections were
then washed three times with distilled water and stained for poly-
saccharides. Stained sections without prior enzymatic hydrolysis
served as controls.

The localisation of $-galactosidase in the cells of glandular tri-
chomes of L. nummularia was identified through histochemi-
cal staining with the substrate X-Gal (5-bromo-4-chloro-3-ind
olyl-B-D-galactopyranoside) following a modified protocol of
MacGregor et al. (1991). Flowers were fixed in 4.0% parafor-
maldehyde prepared in 0.1 M phosphate-buffered saline (pH 7.3)
4°C for 2h. After fixation, tissues were washed twice for 10 min
each in the same buffer. The histochemical reaction was car-
ried out 37°C for 4h in 0.1 M acetate buffer (pH4.8) containing
1.3mM MgCl,, 3mM potassium ferrocyanide (K,[Fe(CN)g]),
3mM potassium ferricyanide (K;[Fe(CN)]), and 1mg/mL
X-Gal dissolved in DMSO. Following staining, tissues were
washed twice with acetate buffer and then rinsed in 40% etha-
nol. Enzyme localisation was visualised through the formation
of a distinctive blue precipitate under light microscopy. As a neg-
ative control, fixed tissues were incubated in the reaction buffer
without X-Gal. The results of histochemical reactions were ex-
amined and photodocumented using a Nikon Eclipse E-200 mi-
croscope equipped with a Nikon Coolpix L 830 camera (Nikon
Corporation, Minato, Tokyo, Japan).

Fluorescence microscopy of the secretory structures of flowers
was performed using an Olympus BX-51 fluorescence micro-
scope (Olympus Corporation, Tokyo, Japan) equipped with a
Canon EOS 5D Mark II camera (Canon Inc., Tokyo, Japan).

The proportion of pectins in the polysaccharide complex was
determined by comparing the intensity of the PAS reaction be-
tween the control and pectinase-treated samples. To determine
the proportion of hemicellulose, deparaffinised sections were
treated with a 1.0uM hemicellulase solution (Sigma-Aldrich) in
citrate buffer (pH4.5) 40°C for 5min. Subsequently, the sections
were washed with distilled water and stained for polysaccha-
rides. The localisation of polysaccharides in flower tissues was
detected using standard protocols. Hemicellulose content in cell
walls was determined for pectin, as previously described.

The intensity of histochemical reactions and the spatial distri-
bution of polysaccharides in trichome structural elements were
determined semi-quantitatively using Image-Pro Premier 9.0
software (Media Cybernetics, Rockville, MD, USA).

To study the distribution of polysaccharides and the effect of en-
zymatic hydrolysis, flowers were collected from different plants
(n=8), with each plant serving as an independent biological

replicate. Polysaccharide staining intensity profiles were ex-
pressed in relative units (r.u.) based on pixel brightness values
(0-255). Baseline polysaccharide intensity was measured across
four different cell positions (neck cell, upper stalk cell, lower
stalk cell, and basal cell) prior to enzymatic treatment. One-Way
Repeated Measures Analysis of Variance (RM ANOVA) with a
post hoc Tukey test was used to identify significant differences
among these four positions (p <0.01).

To evaluate the structural heterogeneity of cells in CGTs (neck
cell and stalk cell), enzymatic hydrolysis was used to examine
the roles of pectins and hemicelluloses in the polysaccharide
makeup of the cell walls. Intensity profiles were measured mul-
tiple times in both the neck cell and stalk cell, before and after
treatment (separately for hemicellulase and pectinase). The data
were analysed using Two-Way Analysis of Variance (ANOVA)
with Repeated Measures in XLSTAT (Addinsoft Inc., NY, USA,
2010). The analysis included two factors: cell position (neck ver-
sus stalk) and treatment (before versus after hydrolysis). The in-
teraction term (cell position X treatment) was the main focus of
the analysis, as it shows whether the hydrolysis effect depends
on the cell position (indicating structural heterogeneity). Both
factors (cell position and treatment) were treated as fixed effects.
Differences were considered statistically significant at p <0.01.

2.3 | Mechanical Model of Oil Collection

For modelling the mechanical detachment of secretory heads,
a brush composed of a bundle of elastic cylindrical nylon bris-
tles (100-115um in diameter) with gradually tapered ends was
used to imitate the collection of bee leg hairs. The perianth was
carefully removed from freshly picked Lysimachia nummularia
flowers, which were then fixed by the pedicel. The trichome
heads were scraped from the surface of the staminal filaments
using gentle, longitudinal motions from the base of the filament
toward the anther. For sample transfer, the bristles were rinsed
in microtubes containing 0.1 M acetate buffer (pH4.8). The re-
sulting suspension was pipetted onto microscope slides for sub-
sequent microscopic analysis.

The principles of classical mechanics related to the destruction
of materials (i.e., the conditions of equilibrium of the intensity
of internal force or moments and external force or moments)
were used to model the interaction between the bee's legs
and the secretory structures of flowers, as well as to assess
the strength of trichome cells. In the model, the main struc-
tural elements of the trichome were a multicellular secretory
head containing oil and a two-celled stalk. When construct-
ing the model, we considered that during torsion, tangential
stresses (t) occur, which act in the plane of the cross-section
of the structure. During bending, normal stresses (o) that act
perpendicular to the cross-section of the structure (measured
as MPa, n/mm? or Pa, n/m?) make the main contribution to
the destruction of the structure. The level of maximum nor-
mal stresses during bending (o), at which the structure col-
lapses, is twice the level of maximum tangential stresses (7)
during torsion. Therefore, it is much easier to twist struc-
tures to the point of destruction than to bend them (Gere
and Timoshenko 1997). We took this fact into account in our
calculations of strength, the main idea of which is to choose
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the minimum permissible cross-sectional area of the selected
material structure and the given external stress using the so-
called condition of strength. In terms of tangential stresses (7),
the condition of strength is expressed as:

Tmax<[T]= 0o.2/3.0,
where 7. is the maximum tangential stress that occurs in a
given cross-section of the structural material; 7, =M,/ Wp,
M, is the maximum value of the internal torque that occurs in
the cross section. M, =M,  =R-F**™, where M__, is the external
torque applied transversely to the head of the trichome; and R is
the maximum cross-sectional radius of the trichome head. FF*™
is the total force applied transversely to the trichome head by the
hairs on the bee's legs, o, is the yield strength of the material,
the boundary between the areas of elasticity and plasticity of the
material under tensile load, and 3.0 is the reserve factor.

Similarly, if there is a need for strength calculations based on nor-
mal bending stresses, the condition of strength is expressed as:

Omax<[01]= 00.2 /1.5

where o, . is the maximum normal stress that occurs in the
given normal direction of the cross-section of the structure
during the external bending load, and [o] is the permissible
stress.

3 | Results

3.1 | Foraging Behaviour of Macropis Bees
and Associated Micromorphological Features

Macropis females possess long, comb- or brush-like stiff hairs
on the inner surface of their fore- and mid-basitarsi and mid-
tibiae. We observed that they use these hairs to collect oil-filled
trichome heads from flowers and subsequently transfer them to
the scopae on their hind legs (Figures 2—4). The stiff hairs are ar-
ranged in a manner that permits them to break off the oil-filled
trichome heads. In particular, the distance between the spine-
like hairs at their distal ends (25-35um; n=50) is greater than
the diameter of the trichome stalk (20-25um; n=>50) on which
the spherical head (diameter 35-51 um; n=>50) is situated, and
only in the middle part of the hairs, the distance between them
is approximately equal to the diameter of the trichome stalk. As
a result of the sliding movements of the front and middle legs
along the surface of the petals and stamens, the heads of the tri-
chomes first break away by twisting, and then become lodged
between the hairs (Figures 2c and 3d-f). Females tend to visit
young, partly opened flowers with numerous oil-containing tri-
chome heads, as they haven't been visited by other bees yet.

The process of collecting oil-containing trichome heads from
flowers is primarily ensured by the complex movements of the
bee's middle and forelegs. Females of Macropis europaea and
M. fulvipes, landing on a loosestrife flower, typically use the
pistil of the flower and thick stamen columns as axes of sup-
port (Figure 5a-g). During the collection of oil, the bee, rely-
ing on such an axis, rotates around the pistil and stamens and,
with semicircular or reciprocating movements of the front and

middle legs (Figure 6), slides tightly along the inner surface of
the flower petal, strewn with CGTs (Figure 1a-i), combing them
out with the help of stiff hairs on its legs (Figure 2c). Females
used similar motions to comb out the oil-filled heads of CGTs
located on the staminal columns.

After visiting a series of 3-5 flowers, the female carefully cleans
off the accumulated oil-filled trichome heads with gradual
movements of its fore- and mid-legs, transferring these heads
and the pure oil spilled from the trichome heads to the scopae
on its hind legs. In this process, the metabasitarsus is also in-
volved. The collected oil-filled trichome heads are stored among
the hairs on the outer side of the forelegs and are subsequently
transferred to the hairs on the inner surface of the middle legs.
From there, the females move these trichome heads to the scopa
located on the outer side of the hind legs. Similarly, the trichome
heads are transferred from the inside of the front legs directly
to the scopae. Additionally, with the help of the front legs, tri-
chome heads with oil are transferred from the outer surface of
the middle legs to the scopae on the hind legs. This transfer of
oil happens both when the bee is on the flower and during its
flight from one flower to another. The oil-filled trichome heads
and the oil spilled out from them are effectively retained in the
scopae due to the special structure of its hairs.

The scopa consists of two types of hairs: longer, stiff, bristle-like
hairs and shorter, plumose, branched hairs that are intermixed
with the longer ones (Figures 2h,i and 41). In these hairs, fe-
males accumulate trichome heads with oil for further transfer
into the nest. The micrographs clearly show the collected tri-
chome heads on both the exterior of the hairs and deep within
the pubescence of all legs, including scopae (Figure 7a-c). As a
result, sufficiently large amounts of the oil fill the scopae, where
it is kept from flowing out both due to its viscosity and the struc-
ture of the scopa hair (Figures 2h-i, 3h-i and 41), which allows
transferring the oil to the nest without loss. Foraging on floral
oil without pollen is predominantly observed in the morning.
Pure floral oil brought to the nest is used to waterproof line the
walls of the new cells. The female collects pollen while sitting
on a loosestrife flower and supported by the pistil and pollen-
bearing stamens, which causes the pollen to accumulate on the
hairs on the ventral part of its body.

The female collects pollen while sitting on the Lysimachia flower
and supported by the pistil and pollen-bearing stamens, which
causes the pollen to accumulate on the hairs located on the ven-
tral parts of its body (Figure 8a,b), ensuring cross-pollination
when visiting new flowers. Particularly, the bees Macropis eu-
ropaea and M. fulvipes carry a significant amount of pollen on
the hairs of the ventral part of the mesepisternum, coxae and
femora of all legs (Figure 8b) and fixed in unusually widened,
flat and branched hair at the top on the medbasitarsus outer side
(Figure 4d-f), and also on eyelash-like erect hairs that are lo-
cated on the sterna marginal parts (Figure 8c-e).

Pollen is removed from the bee's body and transferred to the sco-
pae on the hind legs using the front and middle legs, as well as
with the inner spurs of the metatibiae (Figures 4n and 8f). Floral
oil, along with pollen, is also transferred into the scopa, where
it mixes with the pollen. The separate accumulation of pollen
alone without adding oil to the scopa was not observed. As a

8 of 21

Ecology and Evolution, 2025

85UB01 SUOLULLOD BAIRER.D 3|qed!dde 8u3 Aq peusnob 818 Sapie O ‘@SN JO SanJ 10} AReiq 1 8UIIUO 81\ UO (SUORIPUOD-PUB-SWR}Wd™ A8 I ARe1q 1BU1 U0/ SARU) SUORIPUOD PUe SW L 8U3 885 *[9202/20/LT] U0 AriqITaulluO A8|IM ‘BURILO0D - UM AQ piSe. €898/200T OT/I0P/W0d™A8 I AReiq 1[BuIIUO//SARY WO popeo|umod ‘2T ‘GZ0Z ‘85LLSP0Z



500 ym

500 pm

FIGURE 4 | Pubescence of the legs of Macropis europaea Warncke, 1973 female: (a) Forebasitarsus in frontal view; (b) Hair on the outer side of

the forebasitarsus; (c) Hair on the inner side of the forebasitarsus; (d-f) Hair on the outer side of the midbasitarsus; (g-i) Hair on the inner side of the

metatibia; (j) Metatibia in frontal view; (k) Metabasitarsus in frontal view; (1) Hair on the outer side of the metatibia; (m) Hair on the outer side of the

metabasitarsus; (n) Metatibial spur.

result, quite large oil-pollen loads are formed on the scopae fa-
cilitated by the enlarged metabasitarsus at the Macropis females
(Figures 2f,g,j and 3g).

However, it should be noted that such mutualism is not entirely
complete, as Lysimachia plants do not secrete nectar, forcing
Macropis bees to search for it on other plants. It is widely rec-
ognised that nectar serves as the primary energy source for bees.
In the region we studied, bees primarily obtained nectar from
Cirsium arvense (L.) Scop. flowers.

3.2 | Histochemical Features of the Secretory
Trichomes of Lysimachia Flowers

CGT of Lysimachia are multicellular secretory structures
(Figure 9d,e). They consist of a stalk (24 cells) and a head (8 or
16 cells), which can synthesise and accumulate lipophilic sub-
stances and oils.

Given that the availability of floral oil is a vital condition for bee
survival, we conducted a model test of the mechanical properties
of the trichomes. During the test, the vast majority of trichomes
demonstrated elastic properties: they bent under mechanical
stress but fully recovered their original position, maintaining
structural integrity. The destruction of the microstructure of
individual trichomes occurred in two ways: either with the sep-
aration of the secretory head (Figure 9i) or with the separation
of the head together with the neck cell of the stalk (Figure 9c,k).

Notably, no rupture of the heads or leakage of oil was observed
during the experiment. Microscopic analysis of the petal sur-
faces and stamen filaments confirmed the presence of trichome
stalks without heads, which were probably detached under nat-
ural conditions (Figure 9d,e,i). Both under natural conditions
and in the experiment, head detachment occurred primarily at
their junction with the neck cell or, less frequently, in the lower
part of the same cell. Similar characteristics were observed in
Lysimachia punctata (Figure 9a,b), where the neck cells are
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FIGURE 5 | Behaviour of Macropis females on Lysimachia flowers: (a-h) Females use flower pistils and thick stamen columns as the axes to sup-
port their bodies while collecting pollen and floral oil; (i-1) Females with raised hind legs.

optically more transparent and are characterised by a reduced
diameter (indicated by arrows) compared to the basal cell, which
indirectly suggests a thin-walled structure.

Microscopic examination of trichome cell wall thickness
showed that they were thinnest in the neck cell specifically.
These findings were supported by histochemical studies, which
demonstrated differences in the structure and distribution of
polysaccharides in the floral tissues and CGTs (Figure 9f-h).

Periodic acid-Schiff (PAS) staining of polysaccharides high-
lighted notable differences in their content among the trichome
cells (Figure 10a,b). It was determined that the reaction inten-
sity in the cell walls of the neck cell (NCW) was 2.0-2.5 times
lower than in the cell walls of the multicellular head, as well as
the cells of the middle and basal parts of the stalk (Figure 10b).
The most intense staining was observed in the basal stalk
cell (BCW).

Regarding polysaccharides composition, it was found that after
treatment with pectinase, the intensity of the PAS reaction de-
creased (Figure 10c—f), with the maximum reduction observed
in the cell walls of the neck cell (NCW—Pec, Figure 10e,f).
Treatment with hemicellulase also led to a reduction in tri-
chome staining intensity (NCW—Hem), confirming the pres-
ence of pectin and hemicellulose in the cell walls. It was noted
that the reduction in intensity following pectinase treatment
was more pronounced than that after hemicellulase treatment
(Figure 10c,d).

Based on the conducted Two-Way Repeated Measures
ANOVA, the proportion of pectins in the neck cell wall (NCW)
statistically differed from that in the stalk cell wall (SCW),
which is supported by a highly significant dependency of the
enzymatic hydrolysis effect on the cell position (p <0.001). In
contrast, hemicellulase showed a similar effect across both
cell types (p=0.509). Pectinase treatment caused a significant
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FIGURE 6 | Movements of the legs of Macropis females during visits of Lysimachia flowers.

FIGURE 7 | Broken-off trichome heads filled with oil, found on the
hairs of a female Macropis fulvipes (Fabricius, 1805) legs: (a) Midleg tib-
ia; (b) Midbasitarsus; (c) Hind leg scopa.

reduction in the histochemical reaction signal in the neck
cells (approx. 63% reduction) compared to the stalk cells (ap-
prox. 19% reduction). This key finding supports the hypothe-
sis of structural heterogeneity and localised susceptibility to
degradation of the neck cells, particularly under conditions

involving the activation of enzyme systems associated with
cell wall remodelling.

Given the observed difference in CGT's ability to withstand
mechanical stress, we analysed the level of (-galactosidase
activity, which significantly influences the composition and
spatial structure of heteropolysaccharides, their degree of cross-
linking, and consequently, the mechanical properties of the cell
walls. To determine the intracellular localisation and activity of
B-galactosidase, freshly collected flowers were used: after ap-
propriate fixation, trichomes were stained with X-Gal (5-bromo-
4-chloro-3-indolyl-@-D-galactopyranoside).

Based on the presence or absence of the blue reaction product in
the cells, it was determined that 3-galactosidase activity is not
detected in all CGT. The spatial distribution of CGT on the sta-
men filament showed a clear gradient, with the proportion of
trichomes containing active enzyme reaching 75% in the basal
part of the stamen filament, but decreasing to 15% nearer the
anthers, along with a corresponding reduction in the total num-
ber of trichomes.

An important feature was that high galactosidase activity was
detected exclusively in the neck cells. The product of the enzy-
matic reaction was mainly localised at the junction between the
stalk cell and the head (Figure 9). Our results provide a compre-
hensive picture of the spatial distribution and transformation of
the polysaccharide complex within the multicellular secretory
structure during its maturation.

3.3 | Mechanics of Breaking Off Heads
of Trichomes by Stiff Hairs on the Bee's Legs

In the context of the structural elements of the flower, strength
refers to the ability of the CGT to withstand the external load
imposed by the pubescence on the bee's legs without breaking.
Along with strength, this bioconstruction must possess suffi-
cient rigidity to endure a predetermined deformation.
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FIGURE 8 | Features of behaviour and body structures for pollen collection in Macropis females: (a) Female of M. europaea that rests its ventral

part of the body on the stamens of Lysimachia nummularia, resulting in the accumulation of a large amount of pollen in this part of the body; (b)

Ventral part of female body with accumulated pollen; (c-e) Sternal bands with accumulated pollen of Lysimachia; (f) Metatibial spur of M. europaea

female with Lysimachia pollen; (g-i) Dry pollen grains of Lysimachia: g—L. vulgaris L.; h—L. punctata L.; i—L. nummularia L.

According to the results in Section 2.3, the maximum normal
and shear stresses in the most critical sections of any structural
element should always be below the permissible stresses. Based
on the initial structural parameters of trichomes, the safety fac-
tors for their structural elements concerning normal and shear
stresses vary by a factor of 2 (1.5 and 3.0). Consequently, the per-
missible stress levels [o] and [z] will also differ by a factor of 2.
Since normal stresses dominate under bending conditions, it can
be argued that twisting a trichome head is considerably easier
than breaking it by bending (Figure 11).

The maximum tangential stress of structural material is defined

as Tmax:Mint/Wp’ here M, is the maximum value of the inter-

nal torque that is the most critical.

The external torque applied transversely to the head of the
trichome is equal to M, =M, =R-F*"™, where R is the mean
radius of the cross-section of the trichome head (based on mea-
surements, R=21.5pum). FF'™ is the total force exerted in the
transverse direction on the head of the trichome by the bristles
on the front or middle legs of bees. Each bristle creates a sepa-
rate load in relation to the cell breaking; when several bristles
press on the head of the trichome, the FF"™ indicator increases
accordingly, as it represents the sum of the forces acting on each
bristle.

To balance the external torque applied to the head of the tri-
chome, the upper cell of the trichome stalk (averaging 17.0 um
in length, according to the measurements obtained) possesses
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FIGUREY9 | Trichomes of Lysimachia flowers, their structure and localisation of polysaccharides in them and the tissues of generative organs: (a)
Part of flower stamen on which the trichomes with spherical oil-filled heads are located; (b) Magnified trichomes with oil-filled heads (the red arrows
indicate the lower border of the upper stem cell, along which it detaches along with the trichome head.); (c) trichome heads broken off as a result of
mechanical stress; (d) Polysaccharides in the tissues of the flower (longitudinal sections); e—Localisation of -galactosidase (BGAL) activity in the
neck cells of capitate glandular trichomes on the surface of the stamen filament (detected using the X-GAL substrate—blue staining). (f) Distribution
of polysaccharides in cells of secretory trichomes; (g) Localisation of polysaccharides in the epidermis, middle and basal cells of trichome stems af-
ter enzymatic hydrolysis of pectin substances by pectinase; (h) Accumulation of polysaccharides in trichomes after enzymatic hydrolysis of tissues
by xylanase and hemicellulase (periodic acid-Schiff stain); (i, j) Autofluorescence of trichomes on the petal surface; (k) Autofluorescence of broken
heads of Lysimachia punctata trichomes; a, b, k—Lysimachia punctata; c-h, — L. nummularia; i, j—L. vulgaris [f-h colour gradient scale reflects pe-
riodic acid-Schiff staining intensity (r.u., pixel brightness 0-255)].

an internal torque M, , which is equal to the external torque trichome stalk 7 at a distance of 17.0um, we calculate the
M, M, =M. ratio of M, , to the polar moment of resistance Wp. When the
cross-section of a trichome stalk cell exhibits the same mechan-
The internal torque M,  remains constant along the entire ical properties, then:
length of the trichome stalk. To determine the level of maxi-
W, =nrd/2,

mum tangential stresses in the minimum cross-section of the P
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FIGURE 10 | Distribution and quantitative analysis of polysaccharides in the cell walls of Lysimachia nummularia capitate trichome stalk cells:
(a, b) Staining intensity in the cell walls of the neck (NCW), upper stalk (USCW), lower stalk (LSCW), and basal (BCW) cells; (c-f) Staining inten-
sity in the cell walls of the neck (NCW) and stalk (SCW) cells before and after treatment with hemicellulase (Hem) (c, d) and pectinase (Pec) (e, ).
Box plots represent the integrated staining intensity of the cell walls in relative units (r.u.). Statistical comparision: panels (a, b) were analysed using
One-Way Repeated Measures Analysis of Variance (RM ANOVA) with a post-hoc Tukey test (HSD) panels (c-f) were analysed using Two-Way RM
ANOVA ** — indicates significant differences (p <0.01) from: BCW (basal cell wall), used as control for panels (a, b); and SCW (stalk cell wall), used

as control for panels (c-f).

where ris the radius of the minimum cross-section of the trichome
stalk (according to the obtained data, r=7.75um). It is noted that
the cell of the trichome stalk has a tubular cross-section and that
the material inside offers practically no resistance to rotation, thus:

W,=x(r’-r’)/2

where r; and r, represent the radii of the tubular section,
respectively.

The analysis of the relevant formulas indicates that since the ra-
dius (r) of the intermediate cell of the stalk (neck cell) is 2.8 times
smaller than the head radius (R), and the significant torque value
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Schematic representation of the Lysimachia capitate trichome structure and the biomechanical model of head microabscission by

Macropis bees: (a) capitate trichome morphometry (longitudinal section): Stalk cell (StC), neck cell (NeC) and multicellular head (HdC); (b) poly-

saccharide distribution in cell walls: CMF-rich—stalk cell (StC) walls

rich in cellulose microfibrils (CMF), ensuring their high tensile strength,

PEC-HC-rich—neck cell (NeC) walls rich in pectins (PEC) and hemicellulose (HC), forming a matrix with low shear stiffness (high PEC-HC/CMF
ratio); (c) scheme of spatial localisation of 8-galactosidase (BGAL) activity, detected using the X-GAL substrate (signal restricted to NeC); (d) trichome

rupture mechanics at the moment Macropis bristles apply a torsional load (Torque) to the head; (e) resource collection: Adhesion and transfer of the

intact secretory head (HdC) by the bristles on the bee's leg.

is divided by the smaller polar moment of resistance, the maxi-
mum tangential stresses concentrate in this zone of the trichome
stalk cell, exceeding the allowable limits. If the condition for tor-
sional strength is not satisfied, and the breaking mechanism of
the trichome stalk will rupture at its thinnest and weakest point of
its polysaccharide frame, specifically at the neck cell. Considering
the average value [o] of the bristles on bee legs, it is also possible to
determine the number of bristles needed to detach the heads con-
taining oil, based on the geometric shape and size of the trichomes.

We have proposed a theoretical model for measuring the average
value [o] of bristles on bee legs, which can be very easily tested
experimentally if suitable equipment is available that allows the
study to be conducted at extremely small values of [o].

From the perspective of the efficiency of the bee's movements,
collecting oil by tearing off the heads of the trichomes is the
most economical method, as it prevents oil from spreading onto
the surfaces of the flower. This is achievable only under specific
conditions related to the consistency in the structure of the cell
walls of the trichomes and the movement of the legs covered
with specialised hairs.

4 | Discussion

Our study introduces, for the first time, a biomechanical model of
micro-abscission of trichome heads in Lysimachia nummularia,

L. punctata, and L. vulgaris by Macropis bees. It demonstrates
that the easier detachment of ‘mature’ oil-containing trichome
heads results from sequential physiological processes within the
plant rather than random mechanical rupture of the apical cell
walls of the trichome stalk.

The mechanics of floral oil collection by bees largely depend on
the micromorphology and strength of the structural elements
of secretory trichomes. In this regard, different descriptions
of this process exist. For example, when Tapinotaspis sp. bees
collect floral oil from the trichome elaiophores of Angelonia
(Scrophulariaceae) flowers, they use absorptive pads with
long, plumose, pinnate hairs on the female's midlegs that suck
up and store the secretion prior to its deposition in the sco-
pae (Machado et al. 2002). A brush of fine feathery hairs is
remarkably developed. Epithelial elaiophores may rupture on
the surface when the bees of the genera Centris, Epicharis and
Monoeca interact with them (Martins et al. 2015; Possobom
and Machado 2018). The oil chamber of the secretory head in
Nierembergia flowers bursts spontaneously due to the rupture
of the cuticle when the flowers open and their hairs are ex-
posed to sunlight. A slight touch also causes the flower hairs
to burst (Cocucci 1991). Observations of glands after bee visi-
tation clearly show that during the collection process, female
Centris rupture the cuticles while scraping the surface (Neff
and Simpson 1981). Regarding bees of the genus Macropis,
Scheffler and Dotterl noted that females collect oil by touching
the stamen columns and the bases of the petals, where most of
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the oil glands are situated, with the pads of their middle and
fore legs. Therefore, Scheffler and Dotterl (2011) believe that
the floral oil is absorbed through capillary action. However,
based on our results, the collection of oils from Lysimachia
flowers by Macropis bees seems to be a more intricate me-
chanical process. Furthermore, we challenge the prevailing
viewpoint that bees collect pure oil directly from Lysimachia
flowers.

Our observations demonstrate for the first time that bees de-
tach and collect the oil-filled trichome heads rather than pure
oil, representing a more efficient foraging strategy. The bees use
specialised stiff hairs on their fore and middle legs to scrape oil-
rich trichome heads from the surfaces of petals and stamens.
The structure and arrangement of these specialised hairs in
Macropis have been partially described previously (Roberts and
Vallespir 1978; Cane et al. 1983; Michez and Patiny 2005). These
structures appear somewhat simpler compared to the corre-
sponding features found in species of the genus Centris Fabricius,
1804, and some Ctenoplectrini (Roberts and Vallespir 1978).
Roberts and Vallespir (1978) reported that the primary mass of
flower oil in these bees is gathered on the short, slender, and
flexible hairs with numerous branches, while the long, stiff, un-
branched hairs serve as an additional axis for holding the pollen
mixed with oil. In addition, such bees have hairs that are capable
of scraping up oil (Roberts and Vallespir 1978; Buchmann and
Buchmann 1981; Cocucci 1991; Vogel and Machado 1991; Vogel
and Cocucci 1995; Steiner and Whitehead 2002).

Our study reveals a complex array of traits in the structure of
multicellular oil-secreting trichomes of Lysimachia species that
facilitate oil collection by bees. This point becomes more con-
vincing when compared to the trichomes of Lysimachia arven-
sis (L.) U. Manns and Anderb, which have a distinctly different
structure. They do not accumulate oil, possess a three-celled
structure with a relatively small unicellular head, and are lo-
cated at the edge of the petals. Some believe that these tri-
chomes attract pollinating insects (Rhizopoulou et al. 2015).
Accordingly, such structures should be mechanically stronger,
aligning with their attracting function and the fact that they are
frequented by generalist bees that are not adapted to oil collec-
tion (Schéffler et al. 2012).

The process of oil collection by bees of the genus Macropis from
trichome-type elaiophores in Lysimachia appears to demonstrate
a highly specialised co-adaptative process, where the complex
behavioural responses of the pollinator are notably coordinated
with the structure and physiological processes of the flowers.

To understand the mechanism behind floral oil collection by
bees, it is important to examine the specific structure of trichome
cell walls, which largely determines their strength. Microscopic
and histochemical studies have revealed key structural features
of CGT stalk cells. These mainly relate to variations in cell wall
thickness within the stalk cells. In the basal and lower stalk cells,
as well as in the cells of the multicellular head, they were signifi-
cantly (1.5-2 times) thicker than in the intermediate (neck) cell.
The polysaccharide composition of the cell walls also differed
considerably. Neck cells showed higher pectin and hemicellu-
lose content with a relatively low cellulose content (Figure 10).
A reduction in the proportion of cellulose components, which

are mainly responsible for cell wall rigidity, weakens cells.
According to Scheller and Ulvskov (2010), it is the cellulose mi-
crofibrils that determine the primary tensile strength of the cell
wall. This is because the microfibrils' integrity under axial ten-
sion is preserved by strong covalent bonds between the glucan
chains, which have a very high tensile modulus (E). Resistance
to shear or torsion is offered by much weaker hydrogen bonds
and non-covalent interactions between adjacent chains and the
polymer matrix. Furthermore, the calculated shear modulus (G)
in the azimuthal direction is almost two orders of magnitude
lower than the tensile modulus (E) (Zhao et al. 2013).

A high proportion of hemicelluloses, particularly xyloglu-
cans, xylans, and pectins, ensures the elasticity and structural
integrity of the cell wall (Scheller and Ulvskov 2010; Cheng
et al. 2020). According to Cruz-Valderrama et al. (2021), pec-
tins are involved in maintaining cell shape and intercellular
communication. A reduction in their content decreases the co-
hesion of the biopolymer scaffold, weakens the adhesion forces
between cells, and facilitates their separation. However, these
components cannot provide cell walls with mechanical strength
comparable to that of cellulose microfibrils.

This enzyme mainly degrades pectin galactans and hemicellu-
loses (Brummell 2006; O'Donoghue et al. 2009). Since pectins
and hemicelluloses dominate in the apical cell walls of the CGT,
the polysaccharide complex they form can be significantly mod-
ified and broken down by BGal. The reduced connectivity of the
polysaccharide matrix and microfibrils caused by side chains
decreases the mechanical strength of the cell walls in CGTs,
making them even more susceptible to shear stress (with a low
calculated shear modulus G), especially in the area of enzyme
activity. Since the laws of materials science and mechanics also
apply to polysaccharides and other biopolymers, the mechani-
cal properties of trichomes can be further analysed using estab-
lished physical principles (Kaletnik et al. 2011). Therefore, the
torque generated by the tension of the bee bristles overcomes the
residual shear stiffness of the weakened cellulose framework of
the intermediate cell and leads to the inevitable detachment of
the head along the azimuthal plane. This effect is evidenced by
the extensive accumulation of trichome heads on the hind legs
of Macropis (Figures 3h,i and 7e). Beneath the bristles, rounded
multicellular structures measuring 40-50 um are distinctly vis-
ible, featuring a darkened, rounded zone in the centre, which,
in both size and position, aligns with the region of trichome
microabscission.

Therefore, the separation of the multicellular head in
Lysimachia nummularia represents a fundamentally different
biological process from simple mechanical rupture or decapi-
tation of trichomes with the release of toxic metabolites for pro-
tection against phytophages (Glas et al. 2012). The mechanism
described above is particularly important in the interaction
of Lysimachia plants with oil-collecting bees, as it leaves the
flower's covering undamaged and reduces the risk of infection
by dangerous pathogens. An example of plant infection by a
dangerous pathogen (Erwinia amylovora) following ethylene-
induced abscission of multicellular trichomes was described
for Malus domestica (Millett et al. 2025). Plants become in-
fected through wounds where they detach from the leaf blade.
Trichome heads in Lysimachia flowers are separated through
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a prepared area, virtually preventing damage to the flower's
integumentary tissues. Functionally, the detachment of the
oil-filled multicellular trichome head at its junction with the
apical cell of the stalk can be characterised as microabscis-
sion, as the detachment zone is defined by enzymatic modifi-
cation of the cell wall. This mechanism notably facilitates oil
collection by pollinators and serves as a beneficial adaptation
for the plant. In the context of mutualism, the phenomenon
of trichome microabscission likely enhances the ecological
flexibility of Lysimachia plants by supporting their specialised
interactions with oil-collecting bees.

5 | Conclusion

Lysimachia plants produce capitate glandular trichomes
on the surfaces of petals and stamen columns. The shape,
size, and structural features of these trichomes enable bees
to collect their secretory heads, which contain oil and other
highly active compounds. The cell walls of the upper cells of
the trichome stalk are thinner than those in other parts, and
the proportion of pectins in their polysaccharide matrix is
increased. This part of the trichome's structure exhibits the
least strength. When exposed to external mechanical forces,
this cell fractures along the line of the lower or upper anti-
clinal wall. The bee presses and pulls its front and middle
legs against the surfaces of the petals and the stamen col-
umns, which are covered with numerous trichomes. In fully
matured trichomes, where the cell walls of the upper stalk
cells are loosened, the head easily detaches under the slight-
est force. In relation to other trichomes, torque is generated
due to the adhesion of the sticky surfaces of the heads to
the elastic hairs on the legs of the bee during gliding move-
ments. Given the nearly threefold difference in the radii of
the head and the upper cell of the stalk, significant tangen-
tial stresses arise in the latter, exceeding permissible limits.
Consequently, the condition for torsional strength is not met,
leading to the cell of the trichome stalk breaking at the thin-
nest point. The twisted and separated heads cling to the hairs
on the bee's legs. With repeated movements, the broken heads
of trichomes are pushed deeper into the tarsus surface. After
collecting sufficient plant material, the bee transfers it to the
scopae on its hind legs.

Furthermore, we challenge the prevailing viewpoint that
Macropis bees collect pure oil directly from Lysimachia flowers.
Our observations reveal for the first time that female Macropis
bees do not just collect pure oil, but instead gather oil-filled tri-
chome heads from Lysimachia, which indicates a more efficient
foraging strategy. Therefore, the widespread belief that bees ac-
quire pure oil solely through capillary absorption via hair pads
on the tarsi of their fore and middle legs—wiping it directly from
trichomes in Lysimachia flowers—is incorrect.

The differences in the mechanical strength of the cell walls of indi-
vidual structural elements of the capitate trichomes of Lysimachia
contribute to the effective collection of floral oil by Macropis bees.

Thus, the co-adaptation of pollinator insects and plants en-
sures the collection of flower oil in sufficient quantities for

nest building and provisioning of bee larvae, while plants ben-
efit from reliable pollination. This co-adaptation is reflected
in the consistency of the structure of trichome joints and the
regulation of physiological processes in the flowers of the host
plant on one side, alongside the specific behaviour of bees that
enables the effective use of the stiff hairs on the tibiae and
tarsi of the front and middle legs on the other. Consequently,
the narrow adaptation of Macropis bees to Lysimachia plants
reliably promotes their cross-pollination, thereby increasing
the genetic heterogeneity of the plant population. This is a
clear example of co-adaptation within the narrow plant-pol-
linator system.
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