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Sugar-mediated physical
constraints drive the evolution of
pollination drops into nectar

Emanuele Giordano"™¢, Gianni Betti*, Daniele Calabrese?, Cecilia Del Casino?,
Michele Ferrari?, Francesca Cirisano?, Tecla Gasperi**> & Massimo Nepi2**

It is now well established that the chemical composition of ovular secretions in gymnosperms and
angiosperms plays a key role in pollination biology, and the evolutionary history of this chemical
profile has attracted considerable attention. In this work, for the first time, we focus on the physical
properties of ovular secretions and their potential central role in the evolutionary success of
angiosperms. Through wettability measurements on model systems, artificial secretions deposited
on female cones of Taxus baccata, chosen as a representative gymnosperm species, we demonstrate
that at the cone apeXx, characterized by 3D confocal scanning profilometry, a highly hydrophobic
interaction arises. This interaction depends on both the nanostructure of the cone surface and the
specific sugar composition typical of the pollination drop, enabling the secretion to maintain an
almost perfect droplet shape and thereby maximizing the interception of airborne pollen grains.
Additional observations performed by optical microscopy on the same solutions revealed that the
chemical composition of the pollination drop, that is typically dominated by glucose and fructose and
low in sucrose, ensures a high degree of pollen stabilization at the droplet surface, unlike solutions
having higher concentration of sucrose, such as those typical of angiosperm nectar, which appear
highly unstable. Overall the results point out that the sugar profile of the pollination drop is optimal
for maximizing airborne pollen capture and to interact with pollen grains once this has landed on the
drop. On the other hand this was most probably a constraint that reduced the possibility of chemical
adaptation of pollination drop to interact with new pollinating agents, i.e. insects.

Main

Sugary secretions in plant reproduction: an introduction

Sugary exudates play a central role in plant reproduction, yet their function has been almost exclusively interpreted
in biochemical or ecological terms. In seed plants, liquid secretions such as the gymnosperm pollination drop
and angiosperm nectar, which have a specific and very different sugar profile, are commonly described as carriers
of nutrients, osmolytes, or signaling compounds. Nectar is a sucrose rich solution containing lower amounts
of glucose and fructose, whereas the pollination drop is characterized by a much lower total sugar content,
dominated by glucose and fructose, with sucrose being scarce or absent!2. The distinct chemical composition of
these two secretions (and the reasons underlying it) has long attracted scientific interest. However, little attention
has been paid to the fact that these fluids are also physical systems, whose ability to wet, adhere to, or detach from
biological surfaces is governed by fundamental physicochemical parameters, such as surface tension, viscosity
and wettability, which directly control their functional performance during pollination. Surprisingly, the role of
sugar composition in determining these physical properties, and its consequences for effective pollen capture
and stabilization, has not been systematically investigated, despite their well documented ability to significantly
modulate the physicochemical parameters described above.

Physicochemical behaviour of sugars in aqueous systems

Sugars do not act as surfactants and therefore do not directly reduce liquid-gas surface tension; instead, their
primary physical effect is to modulate viscosity and hydration structure, parameters that critically influence
droplet behaviour on micro and nanostructured hydrophobic surfaces®. Glucose, fructose and sucrose (the main
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sugars present in plant exudates">* differ markedly in their hydration properties and molecular architecture,
resulting in distinct interactions with water and biological surfaces®. While all three sugars increase solution
viscosity, this effect follows the order sucrose > glucose > fructose®, reflecting differences in molecular mass,
hydrogen-bonding capacity and conformational flexibility’. On nanostructured surfaces, these differences
translate into contrasting physical outcomes. Increased viscosity can stabilize a hydrophobic regime by limiting
liquid infiltration into surface nanocavities, whereas under conditions of good wettability sugars may instead
enhance adhesion by structuring the liquid phase and weakly modifying solid-liquid interactions®. Fructose,
which forms strong but less ordered hydrogen bonds with water®, is often dominant in gymnosperm pollination
drops!, suggesting a functional link between hydration properties and droplet performance. Beyond interfacial
effects, sugar composition also regulates osmolarity and water fluxes within reproductive fluids. Monosaccharide
rich solutions exhibit higher osmolarity than sucrose dominated ones at equal weight concentration, influencing
pollen hydration and water balance®’. Plants actively regulate the sugar profile of nectar and related secretions
to balance rheological performance, osmotic control and environmental constraints®!’. Together, these
considerations indicate that sugar composition governs the physical functionality of pollination fluids through
coupled effects on viscosity, interfacial behaviour and osmotic regulation, rather than through biochemical
interactions alone.

Evolutionary hypothesis and conceptual framework of the study

This study was motivated by an evolutionary hypothesis: that the chemical composition of the pollination
drop is not arbitrary, but reflects a long term optimization of the pollination system under specific physical
environmental constraints. In particular, we hypothesized that sugar composition plays a decisive role in
mediating the interaction between the pollination drop and the cone surface, thereby influencing pollination
efficiency in relation to ambient temperature, humidity, and mechanical perturbations. From this perspective, the
physicochemical properties of the pollination drop emerge as potential selective targets, linking environmental
physics to pollination efficiency and ultimately reproductive success. In gymnosperms, successful fertilization
critically depends on the interaction between a liquid secretion and an exposed reproductive surface. The female
ovule secretes a small volume of fluid through the micropyle, forming the pollination drop (PD), a spherical
droplet that protrudes from the cone surface and serves as the primary interface for intercepting wind-dispersed
pollen. The efficiency of this system relies on two tightly coupled physical requirements: (i) the ability of the
droplet to maintain a stable, nearly spherical shape under environmental perturbations, and (ii) the capacity
to capture and retain pollen grains once they contact the liquid surface. Both requirements are intrinsically
controlled by the physicochemical properties of the PD and by its interaction with the cone surface. Here, we
demonstrate that these properties are not generic features of aqueous solutions, but emerge from a specific
sugar-mediated physical strategy.

Model system and experimental approach
Using Taxus baccata (Fig. 1) as a model gymnosperm species, we show that the sugar composition typical of the
pollination drop finely tunes the balance between viscous and capillary forces, enabling a stable droplet geometry

Fig. 1. Female cone of Taxus baccata (Taxaceae) containing one ovule that secrets a pollination drop. It is
possible to appreciate the large volume of the droplet, which remains perfectly spherical, relative to its small
contact area with the surface. The green arrow indicates the cone apex, corresponding to the experimental
region where the pollination drop rests and where the surface nanostructure responsible for the observed
hydrophobic interaction was characterized. The red bar marks the cone body. The inset shows a three-
dimensional confocal image (a) obtained by confocal scanning profilometry of the apical surface, revealing
nanoscale roughness that contributes to the droplet-surface interaction.
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and efficient pollen stabilization on a nanostructured, hydrophobic cone apex. Crucially, we show that altering
the sugar profile, specifically by increasing sucrose content to mimic angiosperm nectar, disrupts this balance,
leading to excessive surface tension, reduced wettability, and failure of stable pollen deposition. The interaction
between the PD and the female cone is strongly surface-dependent. Through 3D confocal scanning profilometry,
we reveal that the apical region of the T. baccata female cone exhibits a pronounced nanostructure consistent with
a highly hydrophobic regime. Wettability measurements obtained by drop-shape analysis and complementary
microscopic observations of pollen deposition dynamics show that the PD analogue maintains a large contact
angle at the cone apex while exhibiting a moderate liquid-gas surface tension, a configuration that preserves
droplet sphericity while simultaneously preventing the dispersion of pollen captured by the drop. This behavior
is imparted by a sugar profile dominated by glucose and fructose and low in sucrose. These results establish that
sugar composition controls pollination efficiency primarily through physical, not biochemical, mechanisms.
Our findings thus identify a previously overlooked dimension of plant reproductive biology: the physics of
sugary secretions as a functional determinant of pollination success. The pollination drop of T. baccata emerges
as a highly optimized liquid system, in which surface nanostructure and sugar-mediated rheology cooperate
to maximize pollen interception and retention under wind-driven conditions. Only in this context do broader
evolutionary implications arise. Gymnosperms rely predominantly on anemophilous pollination!!, a strategy
that imposes strict physical constraints on the interaction between liquid secretions and exposed reproductive
surfaces. By contrast, angiosperms employ nectar primarily to mediate interactions with biotic pollinators.
The dominance of sucrose and higher total sugar concentrations in angiosperm nectar, while advantageous
for energy transfer and osmotic stability under hot and dry climates'?, produces physicochemical properties
that are incompatible with the requirements of gymnosperm style pollen capture. We therefore propose that
differences in sugar composition and the physical properties they generate, represent a fundamental constraint
shaping pollination strategies, with evolutionary consequences that extend beyond biochemistry to the physics
of liquid-surface interactions. Extended biophysical background and theoretical considerations are provided
in the Supplementary Information. The choice of Taxus baccata as a model system strengthens the broader
relevance of our findings, as this species represents a particularly suitable model for investigating the physical
behaviour of pollination drops in gymnosperms. In this species, the pollination drop is produced as a single,
relatively large droplet protruding from the micropyle, which makes the liquid-air interface easily observable
and experimentally accessible. Similar exposed pollination drops are characteristic of many gymnosperms,
including members of Taxaceae, Cupressaceae and Pinaceae, where the drop functions as the primary interface
for airborne pollen capture and transport (Doyle & O’Leary, 1935; Nepi et al., 2017). The pollination drop of T.
baccata has been extensively studied in terms of its chemical composition, physiology and role in pollen capture,
making it one of the best-characterized gymnosperm reproductive fluids (von Aderkas et al., 2015; Nepi et al.,
2017). Its sugar composition, typically dominated by glucose and fructose at relatively low total concentrations,
is representative of many gymnosperm pollination drops, which generally differ markedly from the sucrose-rich
nectars typical of angiosperms (Nepi et al., 2009; von Aderkas et al., 2015).

Results

Physical framework for interpreting wettability measurements

The functional geometry of the pollination drop depends on its wettability, defined as the tendency of a liquid
to spread on or detach from a solid surface. Wettability is conventionally quantified by the contact angle
(Supplementary Fig. 2), which reflects the balance between cohesion forces within the liquid and adhesion
forces at the liquid-solid interface!>. When adhesion dominates, droplets spread and display small contact
angles, whereas when cohesion prevails, droplets retain a spherical shape and exhibit large contact angles. At
the microscopic scale, wettability emerges from the energetic balance among three interfaces: liquid-gas, solid-
liquid and solid-gas, whose relative surface tensions determine the equilibrium contact angle!®. Although surface
tension at the liquid—gas interface contributes to droplet cohesion, the strength of liquid-solid interactions is
equally critical for determining whether a droplet spreads or remains weakly attached to a surface. The work of
adhesion arises from intermolecular interactions acting over nanometric length scales and is therefore strongly
reduced on irregular or nanostructured surfaces that limit intimate molecular contact!*. Nanostructured
plant surfaces are well known to exploit this principle to achieve hydrophobic or superhydrophobic regimes,
as exemplified by the lotus effect, where hierarchical micro and nanostructures minimize liquid-solid contact
and promote droplet sphericity and mobility'®. In such systems, droplet stability is not an intrinsic property of
the liquid alone, but emerges from the interaction between liquid properties and surface architecture. These
concepts are directly relevant for interpreting the wettability measurements of pollination-drop analogues on
the female cones of T. baccata.

Contact angle

The contact angle (CA) measurements obtained at the apex and on the bodies of the female cones of T. baccata
are reported in Tables 1 and 2, respectively. The contact angle values are presented as the average values between
the maximum and minimum angles over the last 60 s of measurement, along with the difference, A8, observed
between the maximum and minimum angles during the same period (indices may be added if possible). It is
evident that the behavior of the droplet in the two regions of the cone is drastically different. All the solutions
tested perfectly wet the body of the cone, with a 6 angle remaining below 10° at both 20 °C and 40 °C; solutions
B and C did not show any behavior different from that of pure water. In contrast, at the apex of the cone, water
and the two sugary solutions exhibited significant differences, with a hydrophobic behavior increasing in the
order water <solution C <solution B, and in the latter case approaching the superhydrophobic zone. The effect
of temperature, as expected, decreases the contact angles for all solutions. Solution B, which mimics angiosperm
nectar, shows the most hydrophobic interaction, indicating that the increase in sugar concentration and the
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T(°C) [0 H,0 [0Sl B [0S0l C

20 <10° <10° <12°

40 <10° <10° <10

Table 1. Contact angles (8) measured on the body region of the T. baccata cone for deionized water (H,O),
solution B (sucrose-rich solution simulating angiosperm nectar) and solution C (glucose—fructose dominant
solution simulating the gymnosperm pollination drop), at 20 °C and 40 °C.

T(°C) |6H,0 |6Sol.B | 6Sol.C

20 123°+1 [ 142°+1 | 129° =1

40 112°+£1 |126°+£6 | 117°£1

Table 2. Static contact angles (8) measured on the apical region of the T. baccata cone for deionized water
(H,0), solution B (sucrose-rich solution simulating angiosperm nectar) and solution C (glucose-fructose
dominant solution simulating the gymnosperm pollination drop), at 20 °C and 40 °C. Reported 0 values
correspond to the mean between the maximum and minimum contact angles recorded over the final 60 s
of the measurement window. Contact angles were measured on three independent droplets and reported as
mean + standard .
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Fig. 2. Roughness profiles obtained by confocal scanning profilometry on the apical region (a) and on the
body (b) of the female cone of Taxus baccata, highlighting differences in surface topography between the two
regions.

presence of sucrose enhance the physicochemical properties that lead to a reduction in wettability at the apex of
the cone (in contrast, no effect is observed on the body of the cone).

Surface characterization

3D confocal and interferometric profilometry was performed on the female cones of Taxus baccata surfaces
before the CA measurements. The roughness (Sa) of the samples, both in the apical area and on the body, is in
the micrometer range, 4-6 um (Fig. 2a and b), but a second roughness scale is observed only in the apical areas
2D profile, where it is on the nanometric scale, 200-400 nm (Fig. 3a and b). These measurements revealed a
topography based on two roughness scales that can explain the high hydrophobicity found in all the samples in
the apical area and the low hydrophobicity observed in the body area, where nanoroughness was not detected.

Surface tension

Surface tension is a general interfacial property that quantifies the energetic cost associated with the creation of
an interface between two phases. More broadly, it reflects the imbalance of intermolecular forces experienced
by molecules located at an interface compared to those in the bulk phase!*!“. In biological systems, several
interfacial tensions may be relevant simultaneously, including liquid-gas (y, ;), solid-liquid (y; ) and solid-gas
(Yyq) interfaces, whose combined balance determines wettability and droplet behaviour on structured surfaces.
In the present study, surface tension measurements specifically refer to the y, ;, which governs droplet cohesion
and contributes to the ability of the pollination drop to maintain a stable, exposed geometry. Importantly, y, , is
also highly sensitive to the presence of surface-active impurities, which readily adsorb at the interface and induce
time-dependent relaxation phenomena!®. The surface tension values (Table 3) found for the sugar solutions did
not show any relaxation phenomena, highlighting the absence of adsorption phenomena and therefore also
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Fig. 3. Three-dimensional confocal image (a) and corresponding roughness profile (b) acquired by
confocal scanning profilometry on a detail of the apical surface of the cone, revealing nanoscale roughness

(Sa=315 nm).
T(°C) | Surface tension H,0 (mN/m) | Surface tension sol. B (mN/m) | Surface tension sol. C (mN/m)
20 72.6+0.3 73.4+0.5 72.6+0.7
40 69.8+0.4 71.3+0.3 70.5+0.4

Table 3. Liquid-gas surface tension of aqueous solutions used in the study. Liquid—gas surface tension values
measured for deionized water (H,O), solution B (sucrose-rich solution simulating angiosperm nectar) and
solution C (glucose—fructose dominant solution simulating the gymnosperm pollination drop), at 20 °C

and 40 °C. The measurements reported correspond to stable equilibrium values recorded over the final 60 s
of of the measurement interval. Each value represents the mean + standard deviation of three independent
measurements.

indicating the absence of any surface-active impurities in the starting substances supplied and that the observed
effects arise from intrinsic bulk properties. As expected, surface tension values measured at 20 °C are consistently
higher than those recorded at 40 °C. Solution B displays the highest surface tension across both temperatures.
Notably, whereas pure water and solution C exhibit identical values at 20 °C, solution C undergoes a smaller
reduction in surface tension at 40 °C.

Optical microscopy analysis

Figure 4a-c show the state of the system formed by Taxus baccata pollen on a water droplet (system A)
immediately after deposition, 30 s, 90 s, and 5 min after the deposition, respectively. Images in Figs. 5 and
6 follow the same chronological order for systems B and C, corresponding to solution B and solution C,
respectively. In both system A and B, the pollen grains tend to slide from the apex of the droplet toward its base.
However, system B destabilizes almost immediately: within just 30 s most pollen grains have already migrated
to the droplet margins. In contrast, system A exhibits a more gradual destabilization. The pollen grains generally
remain on the surface, moving laterally while staying in focus, and progressively drift away from the central
region, corresponding to the droplet apex. Only in rare cases individual grains penetrate the droplet interior;
when this occurs, they move out of focus and disappear from view.In system C, which contains the pollination
drop mimicking solution (PD), the dynamics are the opposite of those observed in systems A and B. Over time,
a clear stabilization of the system occurs: pollen grains accumulate at the apical region of the droplet and remain
stably positioned at the droplet apex, forming compact clusters rather than dispersing, and migrate toward
the droplet apex instead of its periphery. In this condition, grains appear to remain primarily at the air-liquid
interface. Although a slight partial immersion of a limited number of grains cannot be entirely excluded, no clear
penetration of pollen into the bulk of the droplet was observed.

Structural characterization of pollen and pollen surface

Taxus baccata pollen grains are small, with diameters ranging from 10 to 25 um in the dehydrated state and 21-
25 um when hydrated. In the dehydrated condition, pollen grains appear irregular in shape (Fig. 7a ), becoming
ellipsoidal to spheroidal upon hydration (Fig. 7b). The grains are inaperturate, lacking distinct germination
apertures. SEM analysis revealed that the pollen surface exhibits a scabrate exine with microgemmate
ornamentation (Fig. 7c). Quantitative measurements indicate that individual microgemmae have diameters
ranging from approximately 0.20 to 0.88 um, with a mean characteristic size 0of 0.32 um, and are densely distributed
across the pollen surface. This micrometre-scale surface structuring increases the number of potential contact
points between the pollen grain and the air-liquid interface and is expected to influence wetting behaviour and
interfacial stability. In particular, the presence of numerous surface asperities may promote contact-line pinning
and contribute to the observed stabilization of pollen grains at the droplet interface, highlighting the coupled

Scientific Reports|  (2026) 16:15468 | https://doi.org/10.1038/s41598-026-49504-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 4. Images (a—d) show the state of the system formed by Taxus baccata pollen on a water droplet
immediately after deposition (a), 30 s (b), 90 s (c), and 5 min (d) after the deposition.

Fig. 5. Images (a—d) show the state of the system formed by Taxus baccata pollen on a droplet of solution B,
solution simulating angiosperm nectar (15% sucrose, 7.5% glucose, 7.5% fructose, % w/w in deionized water),
immediately after deposition (a), 30 s (b), 90 s (c), and 5 min (d) after the deposition.

role of pollen surface microstructure and liquid physicochemical properties in determining pollen—droplet
interactions.

Discussion

Nanostructured cone surface and wettability control of the pollination drop

The results presented provide a clear picture, highlighting the presence of a specific strategy in T. baccata (used
as a model for gymnosperms) aimed at generating highly hydrophobic conditions exclusively at the pollination
drop secretion site, located at the apex of female cones. This adaptation ensures the stabilization of a large,
spherical droplet. Roughness measurements taken at the apex and along the cone body demonstrate that this
property arises from the presence of nanometric surface architectures at the apical region, which are absent from
the rest of the cone. Contact angle measurements were performed using pure water, a solution mimicking the
pollination drop (10% w/w hexoses), and a solution simulating angiosperm nectar (30% w/w carbohydrates,
sucrose-dominant). The results indicate that sugar composition significantly influences the interaction with the
surface, with the highest hydrophobicity observed for the sucrose-dominant solution. The liquid-gas surface
tension (y; ) measured at 20 °C was identical for pure water and the hexose solution, whereas it was slightly
higher for the sucrose-dominant solution. At 40 °C, the surface tension of all solutions decreased, but at this
temperature, the surface tension of the hexose solution was slightly higher than that of pure water, though
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Fig. 6. Images (a—d) show the state of the system formed by Taxus baccata pollen on a droplet of solution C,
solution simulating gymnosperm pollination drop (2.5% fructose, 2.5% glucose, % w/w in deionized water),
immediately after deposition (a), 30 s (b), 90 s (¢), and 5 min (d) after the deposition.

Fig. 7. Morphology of Taxus baccata pollen grains observed by scanning electron microscopy (SEM).

(a) Morphology of dehydrated Taxus baccata pollen grains - SEM image showing the irregular shape of
dehydrated pollen grains. In the dry state, pollen grains exhibit variable outlines due to dehydration-induced
collapse of the pollen wall. (b) Morphology of hydrated Taxus baccata pollen grains - SEM image showing
hydrated pollen grains. Upon hydration, the grains become ellipsoidal to spheroidal and recover a more regular
morphology. (¢) Surface microstructure of Taxus baccata pollen - SEM image showing the scabrate exine with
dense microgemmate ornamentation. Individual microgemmae range from approximately 0.20 to 0.88 um in
diameter and are distributed across the pollen surface, creating numerous surface asperities that may influence
wetting behaviour and interfacial interactions with liquid droplets. SEM images were obtained from the
publicly available PalDat database (2000 onwards, www.paldat.org).

still lower than that of the sucrose-dominant solution. The slight variations in liquid-gas surface tension
suggest that the observed changes in contact angle must be due to solid-liquid interfacial interactions, likely
linked to increased viscous forces, which are maximal in the sucrose-dominant solution®. The maximization
of hydrophobic interactions through enhanced viscous forces, rather than by increasing the liquid-gas surface
tension, is crucial for the plant, as a higher liquid-gas surface tension would prevent the stable deposition of
pollen on the PD.

Capillary-viscous balance governing pollen stabilization on the droplet surface

The previous assumption was confirmed by the second set of experiments, in which optical microscopy revealed
that only solution C (which simulates the PD) stabilizes the pollen-drop system. This stabilization arises from a
delicate balance of forces maintained by its specific sugar composition. A possible explanation for the observed
phenomenon is as follows. Both water and solution C exhibit identical surface tension values at 20 °C; however,
at 40 °C, the surface tension of solution C decreases less markedly. This indicates that the presence of small
concentrations of fructose and glucose mitigates the effect of perturbations (such as vibration or temperature
increase) on surface tension. Water, in contrast, shows the lowest viscosity among the three tested liquids. The
stability of the system follows the order C> A > B, which can be interpreted in terms of the balance between
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Fig. 8. Schematic representation of pollen dynamics on droplets of different sugar compositions.

capillary and viscous forces acting at the droplet interface. When a pollen grain lands on the droplet surface it
locally deforms the air-liquid interface, creating a small depression whose curvature depends on the balance
between surface tension y and gravitational forces. The characteristic deformation length scale is the capillary
length

£=v/pg

where p is the liquid density and g the gravitational acceleration (therefore denser solutions, such as B, decrease
the length of the deformation). Particles adsorbed at the interface generate local meniscus distortions that can
interact with one another through capillary forces, producing the well-known capillary interaction mechanism
described for particles at fluid interfaces'’~!°. The microgemmate ornamentation of the Taxus baccata pollen
exine (~0.3 pm) lies within the characteristic scale of surface asperities known to induce contact-line pinning
and capillary multipole interactions between particles adsorbed at fluid interfaces. Such irregularities produce
anisotropic distortions of the air-liquid interface that generate quadrupolar capillary interactions, which can
promote the aggregation and stabilization of particles at the droplet surface, commonly known as the Cheerios
effect?®. However, the persistence of these interfacial depressions depends strongly on the hydrodynamic
stability of the droplet. In liquids of low viscosity, such as pure water (system A), small perturbations caused
by environmental vibrations or evaporation-driven convection can rapidly disrupt the meniscus around the
particle. The relative importance of viscous and capillary forces is described by the capillary number

_ryu
Y

Ca

where y is the dynamic viscosity and U a characteristic interfacial velocity. In water, the low viscosity results
in rapid interfacial flows that destabilize the capillary depressions after approximately 90 s, causing the pollen
grains to slide toward the droplet edge. In solution C, the presence of small concentrations of fructose and
glucose slightly increases viscosity while leaving surface tension nearly identical to that of pure water. The higher
viscosity reduces the velocity of thermally or mechanically induced flows and therefore lowers the effective
capillary number, allowing the interfacial depressions to persist long enough for capillary interactions to stabilize
the pollen at the droplet apex. In contrast, solution B exhibits both higher viscosity and higher surface tension
due to its high sucrose content. While the increased viscosity would in principle damp interfacial motion, the
much higher surface tension suppresses the deformation of the droplet surface required to generate the meniscus
around the particle. As a result, pollen grains cannot create stable interfacial depressions and immediately slide
toward the droplet edge. Moreover, although the overall evaporation rate of sugar solutions is generally lower
than that of pure water due to reduced water activity, evaporation in sessile droplets is spatially non uniform
and is strongly enhanced near the contact line. This produces a compensatory radial flow from the droplet
apex toward the edge that transports particles along the interface?'?2. In highly concentrated solutions such as
system B, evaporation induces strong concentration and density gradients near the droplet edge, which amplify
internal convective flows and favor the outward transport of particles toward the contact line. In solution C,
which contains much lower sugar concentrations, these gradients remain weak and the resulting radial flows
are significantly reduced. As a consequence, capillary interactions between pollen grains are able to dominate
the dynamics at the droplet surface, allowing the particles to remain trapped near the apex rather than being
transported toward the droplet edge. A schematic representation of the described mechanisms is shown in Fig. 8.
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Functional consequences of sugar composition for droplet stability and pollen capture

It is interesting to observe that at 40 °C, the contact angle of the solution mimicking angiosperm nectar is nearly
identical to that of the pollination drop solution measured at 20 °C. This experimental evidence suggests that
a sugar solution analogous to angiosperm nectar, when placed on the nanostructured surface of a Taxus cone,
compensates for the increased wettability caused by a 40 °C temperature rise, similar to what a pollination drop
would experience. This consideration is particularly significant as it strongly supports the hypothesis that the
chemical modifications between the pollination drop and nectar originally arose as a physiological compensation
mechanism, driven by climate change, to preserve reproductive success. However, as demonstrated by our
experiments, the increase in sugar content and the emergence of sucrose, although ideal for maintaining a
spherical droplet shape, ultimately do not confer the same functional fitness as the system characterized by
low concentrations of glucose and fructose. The reduced wettability associated with a higher surface tension
results in a lower capacity of the system to support the stable adhesion of pollen grains. We propose that this
trade-off between maintaining an optimal spherical shape of the pollination drop and preserving the rheological
parameters required for efficient pollen deposition and probably also for osmotic homeostasis, internal fluid
dynamics, and overall water balance (if the solution mimicking angiosperm nectar were composed solely of
glucose and fructose, its osmolarity would be 1.664 Osm/L, with a viscosity of approximately 1.60 mPa.s at
40 °C, conversely, the sucrose-dominant solution (solution B) has an osmolarity of 1.27 Osm/L but a significantly
higher viscosity, 1.79 mPa.s, which represents a disadvantage for fluid transport and thus pollen hydration)
represented an evolutionary bottleneck for gymnosperms in hot and arid climates. This evolutionary constraint
likely drove a shift in pollination strategies: the higher sugar content and the predominance of sucrose became
the key innovations that enabled the development of entomophilous pollination, a strategy more versatile and
resilient than the anemophilous one. The earliest angiosperm flowers had very small petals and a structural
organization closely resembling that of gymnosperm cones??!. Evolution subsequently favored traits that
enhanced the attraction of pollinators, driving the transition of angiosperms toward entomophilous pollination
as their predominant strategy.

Ephedra as a model transitional system linking pollination drops and nectar

The hypothesis that the chemical-physical characteristics required to maintain a spherical shape and efficient
adhesion were key factors in the evolutionary success of the pollination drop’s sugar profile is supported by the
chemical characterization of the pollination drop in Ephedra*. Indeed, is possibly the only known gymnosperm
whose pollination drop contains exclusively sucrose, and notably, it is one of the few gymnosperms that flowers
at the beginning of summer. Moreover, Ephedra produces one of the largest pollination drops, approximately 1
L, compared to the ~ 250 nL of Taxus, which is already among the species with the most abundant secretion?.
Ephedra exhibits morphological and physiological traits that are transitional between gymnosperms and
angiosperms®*?® and is therefore often regarded as a key evolutionary model. Its female cones are relatively
large compared with those of most other anemophilous gymnosperms, and display a structure reminiscent of
primitive flowers. In some species (Ephedra distachya, E. foeminea), the bracts (modified leaves that protect or
accompany a reproductive organ) become red and sugary at maturity, releasing sweet secretions that attract
insects or birds, a behavior that is almost entomophilous rather than anemophilous. This supports the hypothesis
that the driving force behind the evolution of the flower lies in the physicochemical properties of nectar. Indeed,
even among gymnosperms, species with a pollination drop similar in composition to nectar tend to develop
cone morphologies that approach the floral condition?6-28,

Conclusions

For the first time, we investigated the system composed of the pollination drop and the female cone of a model
gymnosperm, Taxus baccata, focusing on the physicochemical properties of the drop and its interaction
with the cone surface. Experimental measurements demonstrated that this system maintains a delicate
physicochemical balance that maximizes the probability of successful pollination by preserving a spherical
droplet shape through a highly hydrophobic interaction with the apical portion of the female cone. This high
hydrophobicity is achieved through two key elements: the nanostructured surface of the cone apex and the
viscous forces imparted by the specific sugar composition of the pollination drop. It was also shown that the
maximization of hydrophobic interactions through viscous forces, rather than through modulation of the
liquid-gas surface tension is functionally advantageous for effective pollen deposition. Indeed, when the sugar
composition typical of the pollination drop was replaced with that of an angiosperm nectar, richer in sucrose
and overall more concentrated, we observed a decrease in wettability (i.e., an increase in hydrophobicity) and
a rise in surface tension, preventing the effective deposition of conspecific pollen on the droplet. Conversely,
a solution reproducing the composition of the pollination drop conferred high stability to pollen grains at the
droplet apex. Overall, our experimental evidence provides a novel perspective on the evolutionary dynamics
that led to the dominance of angiosperms, suggesting that sucrose dominance and the increase in total sugar
content may have initially represented an adaptation to counteract the increased wettability caused by the
high temperatures of the Cretaceous period*’(which would have negatively affected the maintenance of the
droplet shape). At the same time, the higher sugar content likely enhanced interactions with animal pollinators,
offsetting the disadvantage for pollen deposition and thereby promoting a new pollination strategy based on
biotic vectors and novel morphological structures, the flowers. Although the experimental analysis involved
only a single model species, the strength and consistency of the results strongly support the conclusion that
the physicochemical properties of sugary secretions in gymnosperms and angiosperms played a guiding role
in shaping plant evolution under the influence of physical environmental drivers such as temperature and
humidity. The evolutionary interpretation proposed here is supported by a large body of ecological research
showing that the physicochemical properties of plant secretions can shape plant reproductive strategies.
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In particular, the ecological relevance of the physicochemical properties of plant secretions has long been
recognized in studies of angiosperm nectar. Frameworks such as optimal foraging theory and nectar economics
models demonstrate that nectar concentration, viscosity and sugar composition influence pollinator behaviour,
including handling time, energetic reward and foraging efficiency®®-33. These studies show that the chemical and
rheological properties of sugary secretions can play a significant evolutionary role in mediating plant-pollinator
interactions. However, in angiosperms these relationships are mainly expressed through interactions with
animal pollinators. In contrast, gymnosperm pollination drops evolved in a much earlier reproductive context,
where the secretion primarily interacts with airborne pollen rather than with animals. In this framework, the
rheological and interfacial properties of the pollination drop may have represented an even more fundamental
constraint, directly controlling pollen capture, stabilization and transport. Although the present study focuses
on a single model species, the underlying physicochemical mechanisms described here, namely the balance
between capillary forces, viscosity and droplet stability, are expected to apply broadly to gymnosperm pollination
drops and potentially to other plant secretions exposed to the atmosphere. Importantly, these mechanisms do
not depend solely on liquid properties, but also on the nanostructured architecture of the cone apex and on the
microgemmate surface features of the pollen grains, which together govern interfacial deformation and particle
stabilization. The evolutionary scenario proposed here should therefore be regarded as a hypothesis grounded
in experimentally demonstrated physical mechanisms. While further comparative and phylogenetic studies will
be necessary to test its generality across taxa, the mechanistic framework presented in this work has been fully
elucidated and is based on a model species that is highly representative of gymnosperm reproductive biology.

Methods

Physical framework for interpreting wettability measurements

The functional geometry of the pollination drop depends on its wettability, defined as the tendency of a liquid
to spread on or detach from a solid surface. Wettability is conventionally quantified by the contact angle
(Supplementary Fig. 2), which reflects the balance between cohesion forces within the liquid and adhesion
forces at the liquid-solid interface!>. When adhesion dominates, droplets spread and display small contact
angles, whereas when cohesion prevails, droplets retain a spherical shape and exhibit large contact angles. At
the microscopic scale, wettability emerges from the energetic balance among three interfaces: liquid-gas, solid—
liquid and solid-gas, whose relative surface tensions determine the equilibrium contact angle'>. Although surface
tension at the liquid-gas interface contributes to droplet cohesion, the strength of liquid-solid interactions is
equally critical for determining whether a droplet spreads or remains weakly attached to a surface. The work of
adhesion arises from intermolecular interactions acting over nanometric length scales and is therefore strongly
reduced on irregular or nanostructured surfaces that limit intimate molecular contact'. Nanostructured
plant surfaces are well known to exploit this principle to achieve hydrophobic or superhydrophobic regimes,
as exemplified by the lotus effect, where hierarchical micro and nanostructures minimize liquid-solid contact
and promote droplet sphericity and mobility'®. In such systems, droplet stability is not an intrinsic property of
the liquid alone, but emerges from the interaction between liquid properties and surface architecture. These
concepts are directly relevant for interpreting the wettability measurements of pollination-drop analogues on
the female cones of T. baccata.

Experimental design

Our experimental design comprises two complementary approaches. First, we quantified wettability using
the drop-shape analysis technique in a laboratory system that closely reproduces the natural pollination
environment of T. baccata. Specifically, solutions mimicking both the pollination drop and angiosperm nectar
were deposited on mature female cones of T. baccata, and the wettability and surface tension of both systems
were measured at two temperatures, 20 and 40 °C (this last temperature as possible Cretaceous scenario). This
choice is motivated by the fact that the radiation of angiosperms is generally traced back to the early Cretaceous,
a period characterized by intense climatic changes, including a marked increase in mean global temperatures
of up to 15-20 °C and increased atmospheric aridity>**. It is worth recalling that wettability is intrinsically
temperature-dependent and typically decreases as temperature increases, owing to the reduction in liquid-gas
surface tension and changes in interfacial interactions, effects that are particularly relevant for small droplets
interacting with structured biological surfaces*!®. In addition, the surface of the cone was characterized by 3D
confocal profilometry at both the apex and lateral regions. In a second set of experiments, T. baccata pollen
grains were deposited onto drops of the same solutions, and the stability of the resulting systems was examined
under an optical microscope.

Artificial secretions
For the laboratory experiments, three solutions were prepared with the following compositions:
solution A—deionized water.
solution B—15% sucrose, 7.5% glucose, 7.5% fructose (% w/w) in deionized water.
solution C - 2.5% fructose, 2.5% glucose (% w/w) in deionized water.
The carbohydrates (99.5% purity) were purchased from Sigma Aldrich S.r.l.
Solution B simulates the nectar of angiosperms*, while solution C simulates the PD!2,

Plant material

Untreated Taxus baccata pollen, with a diameter ranging from 20 to 30 pm, was kindly provided free of charge
by Pharmallegra S.r.l. The pollen originated from Lednice, Breclav, South Moravia (N 48°47', E 16°48'; altitude
174 m). Branches of Taxus baccata L. bearing female cones were collected in March 2024 from the Botanical
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Garden of the University of Siena (Siena, Italy). In the lab, the cones were excised and immediately placed in
Petri dishes lined with wet filter paper.

Drop-shape analysis

For the evaluation of the contact angle (CA) of the samples, measurements were carried out by the ASTRAview
drop-shape tensiometer®, developed at CNR-ICMATE, using solution A, MilliQ high-purity-grade water
produced by an ion-exchange microfiltration system (Milli-Pore, Burlington, MA, USA), solution B and C. The
measurement was performed after placing a drop of liquid produced through a steel capillary (volume 3-5 pL)
on the apex and body of the cone, acquiring contact angle values at a frequency of 1 Hz. All measurments were
conducted at 20 and 40 °C mantained by a thermostatic chamber. The measurements were repeated at least
three times, taking care, in the case of solutions B and C, to wash and dry the substrate by ventilating it with
air at room temperature to avoid the effect of any adsorption phenomena that could have affected subsequent
measurements. CA were determined using sessile-drop measurements combined with drop shape analysis.
Images of the droplets were recorded after deposition and a stabilization time to allow the system to reach a
quasi-equilibrium configuration. The droplet profile was extracted from the images and fitted using standard
contour-fitting procedures based on the Young-Laplace equation, which describes the shape of a liquid interface
under the balance of capillary and gravitational forces. In this approach the CA is obtained from the slope of the
fitted droplet contour at the three-phase contact line, rather than from a single geometric measurement.Because
the fitting procedure uses the entire droplet contour, the resulting contact angle represents a parameter describing
the equilibrium droplet configuration determined by the balance of interfacial tensions according to Young’s
equation. Drop shape analysis is widely used for quantitative wettability characterization and typically provides
uncertainties on the order of ~ 0.6° for static contact angles and a few degrees for dynamic measurements when
appropriate imaging and fitting procedures are applied*®.

Surface tension

Surface tension measurements were performed using drop-shape analysis in pendant drop configuration, a non-
invasive technique that specifically probes the liquid-gas interfacial tension y, . In this approach, y, ., is obtained
by fitting the equilibrium shape of a liquid droplet suspended from a capillary, which results from the balance
between gravitational forces and capillary cohesion acting at the liquid—gas interface. This method is particularly
suitable for aqueous sugar solutions because it avoids contact with solid substrates, thereby minimizing
artefacts associated with adsorption or solid-liquid interfacial effects'®. Surface tension measurements were
carried out by Drop Shape Method (pendant drop) at temperatures of 20 and 40 °C in a cell equipped with a
thermostatic chamber in the presence of humidity to avoid evaporation with consequent variation of the initial
concentrations. The measurements reported correspond to stable equilibrium values recorded over the final 60 s
of of the measurement interval. While y, ; alone does not determine wettability, its independent measurement
is required to disentangle the relative contributions of liquid cohesion and solid-liquid interactions in shaping
droplet behaviour on nanostructured biological surfaces.

3D confocal profilometry

The surface roughness (Sa) and structure of the samples, apex and body of the seed, were assessed using 3D
confocal and interferometric profilometry (Sensofar S-NEOX, Terrassa, Spain). The 3D profilometry, because of
its quick and non-destructive use and characterization in compliance with ISO 25,178, was selected to enable a
large, scanned surface. For each sample, 3D profilometer images and related profile, were acquired.

Optical microscopy analysis

The stability of the pollen-drop system was examined using optical microscopy. Three types of systems were
analyzed (each tested in triplicate), consisting of pollen grains and 2 pL droplets, a volume typical of the
pollination drop in T. baccata® -3, prepared using solutions A, B, and C. The droplets were dispensed with a
micropipette onto standard disposable polystyrene Petri dishes, providing a hydrophobic substrate. Taxus baccata
pollen grains were collected from their storage container using a metallic needle and gently transferred onto the
droplet surface by lightly tapping the needle above the droplet. This procedure allows pollen grains to fall from
above under gravity, mimicking the random arrival of airborne pollen during natural wind pollinationImages
of each pollen-drop system were taken at 30 s intervals until equilibrium was reached. The purpose of this
experiment was to evaluate the stability of pollen deposition on droplets with different sugar compositions. Each
observation was repeated four times to ensure reproducibility. Images were captured using a Zeiss Axiovert
5 inverted microscope equipped with 20x and 40x objectives and connected to a Zeiss Axiocam 208 color
digital camera. All observations were performed at room temperature (25 °C) in a laboratory environment with
monitored temperature but without active humidity control.

Structural characterization of pollen and pollen surface
Scanning electron micrographs of pollen grains and detail of pollen surface have been taken from PalDat (2000
onwards, www.paldat.org).

Data availability

The key data supporting the findings of this study are included in this published article and its Supplementary
Information files. Additional data generated during the study, including raw and intermediate experimental
data, are available from the corresponding author upon reasonable request.

Received: 26 January 2026; Accepted: 15 April 2026

Scientific Reports |

(2026) 16:15468 | https://doi.org/10.1038/s41598-026-49504-0 nature portfolio


http://www.paldat.org
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Published online: 19 May 2026

References
1. Nepi, M. et al. Nectar and pollination drops: how different are they? Ann. Botany. 104, 205-219 (2009).
2. Nepi, M., von Aderkas, P. & Pacini, E. Sugary exudates in plant pollination. In Secretions and Exudates in Biological Systems (eds.)
Springer, Berlin, 155-185. (2012).
3. Grewal, H. S., Nam Kim, H., Cho, I. J. & Yoon, E. Role of viscous dissipative processes on the wetting of textured surfaces. Sci. Rep.
5, 14159. https://doi.org/10.1038/srep14159 (2015).
4. Nepi, M., Pacini, E. & Willemse, M. T. M. Nectary biology of Cucurbita pepo: ecophysiological aspects. Acta Bot. Neerlandica. 45,
41-54 (1996).
5. Bruni, E et al. Hydrogen bond length as a key to understanding sweetness. J. Phys. Chem. Lett. 9, 3667-3672. https://doi.org/10.10
21/acs.jpclett.8b01280 (2018).
6. Nicoletti, V. R., Telis-Romero, J., Telis, V. R. N. & Gabas, A. L. Viscosity of aqueous carbohydrate solutions at different temperatures
and concentrations. Int. J. Food Prop. 10, 347-358 (2007).
7. Imberti, S., McLain, S. E., Rhys, N. H., Bruni, F. & Ricci, M. A. Role of water in sucrose, lactose, and sucralose taste: the sweeter,
the wetter? ACS Omega. 4, 22392-22398. https://doi.org/10.1021/acsomega.9b02794 (2019).
8. Hamilton, E. S. et al. Mechanosensitive channel MSL8 regulates osmotic forces during pollen hydration and germination. Science
350, 438-441. https://doi.org/10.1126/science.aac6014 (2015).
9. Nicolson, S. W. Sweet solutions: nectar chemistry and quality. Philosophical Trans. Royal Soc. B. 377, 20210163. https://doi.org/10.
1098/rstb.2021.0163 (2022).
10. Petanidou, T. Sugars in Mediterranean floral nectars: an ecological and evolutionary approach. J. Chem. Ecol. 31, 1065-1088
(2005).
11. Whitehead, D. R. Wind pollination: some ecological and evolutionary perspectives. In Pollination Biology. (eds.) L. Real, Academic
Press, pp. 97-108. (1983).
12. Petanidou, T., Van Laere, A., Ellis, W. N. & Smets, E. What shapes amino acid and sugar composition in Mediterranean floral
nectars? Oikos 124, 62-72. (2015). https://doi.org/10.1111/0ik.01525
13. Young, T. An essay on the cohesion of fluids. Philos. Trans. R. Soc. Lond. 122, 171-172. https://doi.org/10.1098/rspl.1800.0095
(1832).
14. de Gennes, P. G. Wetting: statics and dynamics. Rev. Mod. Phys. 57, 827-863. https://doi.org/10.1103/RevModPhys.57.827 (1985).
15. Barthlott, W. & Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 202, 1-8.
https://doi.org/10.1007/s004250050096 (1997).
16. Karakashev, S., Nguyen, A. V. & Miller, J. D. Equilibrium Adsorption of Surfactants at the Gas-Liquid Interface. Adv. Polym. Sci.
218 (1), 25-55. https://doi.org/10.1007/12_2008_161 (2008).
17. Sadullah, M. S., Panter, J. R. & Kusumaatmaja, H. Factors controlling the pinning force of liquid droplets on liquid-infused
surfaces. Soft Matter. 16, 8919-8929. https://doi.org/10.1039/DOSM00766H (2020).
18. Karim, A. M. A review of physics of moving contact line dynamics models and its applications. J. Appl. Phys. 132, 080701. https://
doi.org/10.1063/5.0102028 (2022).
19. Zhang, J., Zhang, L. & You, J. Characterization of sliding and pinning behaviors of water droplets on highly adhesive hydrophobic
surfaces. Surfaces 8, 1. https://doi.org/10.3390/surfaces8010001 (2025).
20. Vella, D. & Mahadevan, L. The Cheerios effect. Am. J. Phys. 73, 817-825 (2005).
21. Deegan, R. D. et al. Capillary flow as the cause of ring stains from dried liquid drops. Nature 389, 827-829 (1997).
22. Deegan, R. D. et al. Contact line deposits in an evaporating drop. Phys. Rev. E. 62, 756-765 (2000).
23. Sauquet, H. et al. The ancestral flower of angiosperms and its early diversification. Nat. Commun. 8, 16047. https://doi.org/10.103
8/ncomms16047 (2017).
24. Melzer, R., Wang, Y. Q. & Theiflen, G. The genetic basis of floral organ identity and flowering time in angiosperms: a comparison
with gymnosperms. Plant J. 61, 513-527. https://doi.org/10.1111/j.1365-313X.2009.04064.x (2010).
25. von Aderkas, P, Nepi, M. & Pacini, E. Pollination drops: formation, composition, and biological functions. Ann. Botany. 116,
531-546. https://doi.org/10.1093/a0b/mcv070 (2015).
26. Rydin, C., Pedersen, K. R. & Friis, E. M. On the evolutionary history of Ephedra and the early diversification of Gnetales.
Proceedings of the National Academy of Sciences USA 101, 16515-16520. (2004).
27. Bolinder, K. & Rydin, C. Pollination biology of Ephedra (Gnetales): evolutionary implications for the origin of the angiosperm
flower. Am. J. Bot. 103, 961-974 (2016).
28. Endress, P. K. The flowers in extant basal angiosperms and in fossil relatives of angiosperms. Int. J. Plant Sci. 162, 1111-1142
(2001).
29. Carmichael, J. S. & Friedman, W. E. Double fertilization in Gnetales: a comparative study of Ephedra and Gnetum. Am. J. Bot. 83,
1320-1330 (1996).
30. Pyke, G. H. Optimal foraging theory: a critical review. Annu. Rev. Ecol. Syst. 15, 523-575 (1984).
31. Nicolson, S. W. & Thornburg, R. W. Nectar chemistry. In: (eds Nicolson, S. W., Nepi, M. & Pacini, E.) Nectaries and Nectar.
Springer, Dordrecht, 215-264. (2007).
32. Pacini, E. & Nepi, M. Nectar production and presentation. In: (eds Nicolson, S. W., Nepi, M. & Pacini, E.) Nectaries and Nectar.
Springer, Dordrecht, 167-214. (2007).
33. Kim, W,, Gilet, T. & Bush, J. W. M. Optimal concentrations in nectar feeding. Proc. Natl. Acad. Sci. U.S.A. 108, 16618-16621 (2011).
34. Laugié, M. et al. Stripping back the modern to reveal Cretaceous—Turonian climate and temperature gradient underneath. Clim.
Past. 16, 953-971. https://doi.org/10.5194/cp-16-953-2020 (2020).
35. Berry, J. D., Neeson, M. ., Dagastine, R. R., Chan, D. Y. C. & Tabor, R. E Measurement of surface and interfacial tension using
pendant drop tensiometry. J. Colloid Interface Sci. 454, 226-237 (2015).
36. Saad, S. M. L, Policova, Z. & Neumann, A. W. Design and accuracy of pendant drop methods for surface tension measurement.
Colloids Surf., A. 384, 442-452 (2011).
37. Owens, J. N., Simpson, S. J. & Molder, M. Sexual reproduction of Pinus contorta. I. Pollen development, the pollination mechanism
and early ovule development. Can. J. Bot. 59, 1828-1843 (1981).
38. Owens, J. N., Simpson, S. J. & Caron, G. E. The pollination mechanism of Engelmann spruce (Picea engelmannii). Can. J. Bot. 65,
1439-1450 (1987).
39. Gelbart, G. & von Aderkas, P. Ovular secretions as part of pollination mechanisms in conifers. Ann. For. Sci. 59, 345-357 (2002).
40. Wagner, R. E. et al. Proteomic evaluation of gymnosperm pollination drop proteins indicates highly conserved and complex
biological functions. Sex. Plant Reprod. 20, 181-189. https://doi.org/10.1007/500497-007-0057-5 (2007).
41. Mugnaini, S., Nepi, M., Guarnieri, M., Piotto, B. & Pacini, E. Pollination drop withdrawal in Juniperus communis: response to
deposited material. Ann. Botany. 100, 1475-1481 (2007).
42. Kralchevsky, P. A. & Denkov, N. D. Capillary forces and structuring in layers of colloid particles. Curr. Opin. Colloid Interface Sci.
6, 383-401 (2001).
43. Loudet, J. C. & Pouligny, B. How do mosquito eggs self-assemble on the water surface? Eur. Phys. . E. 34, 76 (2011).
44. Jensen, K. H. et al. Sap flow and sugar transport in plants. Rev. Mod. Phys. 88, 035007 (2016).
Scientific Reports|  (2026) 16:15468 | https://doi.org/10.1038/s41598-026-49504-0 nature portfolio


https://doi.org/10.1038/srep14159
https://doi.org/10.1021/acs.jpclett.8b01280
https://doi.org/10.1021/acs.jpclett.8b01280
https://doi.org/10.1021/acsomega.9b02794
https://doi.org/10.1126/science.aac6014
https://doi.org/10.1098/rstb.2021.0163
https://doi.org/10.1098/rstb.2021.0163
https://doi.org/10.1111/oik.01525
https://doi.org/10.1098/rspl.1800.0095
https://doi.org/10.1103/RevModPhys.57.827
https://doi.org/10.1007/s004250050096
https://doi.org/10.1007/12_2008_161
https://doi.org/10.1039/D0SM00766H
https://doi.org/10.1063/5.0102028
https://doi.org/10.1063/5.0102028
https://doi.org/10.3390/surfaces8010001
https://doi.org/10.1038/ncomms16047
https://doi.org/10.1038/ncomms16047
https://doi.org/10.1111/j.1365-313X.2009.04064.x
https://doi.org/10.1093/aob/mcv070
https://doi.org/10.5194/cp-16-953-2020
https://doi.org/10.1007/s00497-007-0057-5
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Acknowledgements
We are grateful to Pharmallegra S.r.l. for the prompt and generous provision of female cones of Taxus baccata,
which made the study possible.

Author contributions

Emanuele Giordano: Conceptualization; Methodology; Investigation; Formal analysis; Data curation; Writing -
original draft.Gianni Betti: Formal analysis; Writing - review & editing.Daniele Calabrese: Investigation; Data
curation; Writing — original draft.Cecilia Del Casino: Formal analysis; Writing - original draft.Michele Ferrari:
Formal analysis; Writing — original draft.Francesca Cirisano: Formal analysis; Writing — original draft.Tecla Gas-
peri: Formal analysis; Writing - review & editing.Massimo Nepi: Conceptualization; Writing - review & editing.
All authors read and approved the final manuscript.

Fundin

Part of thge research was funded under the National Recovery and Resilience Plan (PNRR), Mission 4 Com-
ponent 2 Investment 1.4 - Call fortender No. 3138 of 16 December 2021, rectified by Decree n.3175 of 18 De-
cember 2021 of Italian Ministry of University and Research funded bythe European Union- Next Generation
EU. Project code CN_00000033, Concession Decree No.1034 of 17 June 2022 adopted by the ItalianMinistry of
University and Research, CUP B63C22000650007, project title “National Biodiversity Future Center - NBFC.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-026-49504-0.

Correspondence and requests for materials should be addressed to E.G. or M.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:15468 | https://doi.org/10.1038/s41598-026-49504-0 nature portfolio


https://doi.org/10.1038/s41598-026-49504-0
https://doi.org/10.1038/s41598-026-49504-0
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Sugar-mediated physical constraints drive the evolution of pollination drops into nectar
	﻿Main
	﻿Sugary secretions in plant reproduction: an introduction
	﻿Physicochemical behaviour of sugars in aqueous systems
	﻿Evolutionary hypothesis and conceptual framework of the study
	﻿Model system and experimental approach

	﻿Results
	﻿Physical framework for interpreting wettability measurements
	﻿Contact angle
	﻿Surface characterization
	﻿Surface tension
	﻿Optical microscopy analysis
	﻿Structural characterization of pollen and pollen surface

	﻿Discussion
	﻿Nanostructured cone surface and wettability control of the pollination drop
	﻿Capillary–viscous balance governing pollen stabilization on the droplet surface
	﻿Functional consequences of sugar composition for droplet stability and pollen capture
	﻿Ephedra as a model transitional system linking pollination drops and nectar

	﻿Conclusions
	﻿Methods


