Tree Physiology 37, 815–826
doi:10.1093/treephys/tpx022

Research paper

Surface properties and physiology of Ulmus laevis and U. minor
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Plant surface properties inﬂuence solid–liquid interactions and matter exchange between the organs and their surrounding environment. In the case of fruits, surface processes may be of relevance for seed production and dispersal. To gain insight into the
relationship between surface structure, chemical composition and function of aerial reproductive organs, we performed diverse
experiments with the dry, winged fruits, or samaras, of Ulmus laevis Pall. and Ulmus minor Mill. both at the time of full maturity
(green samaras) and of samara dispersal (dry samaras). Samaras of both elm species showed positive photosynthetic rates and
absorbed water through their epidermal surfaces. The surface wettability, free energy, polarity and solubility parameter were lower in U. laevis than in U. minor and decreased for dry samaras in both species. Ulmus laevis samaras had a high degree of surface
nano-roughness mainly conferred by cell wall folds containing pectins that substantially increased after hydration. The samaras in
this species also had a thicker cuticle that could be isolated by enzymatic digestion, whereas that of U. minor samaras had higher
amounts of soluble lipids. Dry samaras of U. laevis had higher ﬂoatability and lower air sustentation than those of U. minor. We
concluded that samaras contribute to seed development by participating in carbon and water exchange. This may be especially
important for U. minor, whose samaras develop before leaf emergence. The trichomes present along U. laevis samara margin may
enhance water absorption and samara ﬂoatability even in turbulent waters. In general, U. minor samaras show traits that are consistent with a more drought tolerant character than U. laevis samaras, in line with the resources available both at the tree and ecosystem level for these species. Samara features may additionally reﬂect diﬀerent adaptive strategies for seed dispersal and niche
diﬀerentiation between species, by favoring hydrochory for U. laevis and anemochory for U. minor.
Keywords: cell wall, cuticle, pectins, plant surfaces, seed dispersal, water interactions.

Introduction
The epidermis of primary aerial organs of plants plays a major
role in the regulation of matter exchange with the atmosphere
(Riederer and Schreiber 2001, Zwieniecki and Boyce 2014).
Among epidermal structures, the cuticle is commonly considered a ﬁxed barrier to transpirational water loss, which
would make gas exchange dynamically controlled by stomata
(Yeats and Rose 2013). The contribution of the cuticle and
stomata to liquid water absorption remains under debate

(Fernández and Eichert 2009, Burkhardt et al. 2012). In general, the mechanisms underlying the transport of substances
(e.g., water, CO2) across the epidermal surface remain
unknown (Damour et al. 2010, Guzmán et al. 2014a, 2014b,
Boyer 2015, Buckley 2016).
The analysis of plant surface structure and chemical composition, and of the physico-chemical properties derived (Holloway
1970, Khayet and Fernández 2012) can provide information on
the interactions between molecules that cross the surface and

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Downloaded from https://academic.oup.com/treephys/article/37/6/815/3076224 by guest on 05 May 2021

Paula Guzmán-Delgado1,2,4, Victoria Fernández1, Martin Venturas1,3, Jesús Rodríguez-Calcerrada1
and Luis Gil1

816

Guzmán-Delgado et al.

Tree Physiology Volume 37, 2017

develop in spring almost simultaneously with leaf appearance
(Figure 1). In addition, U. minor samaras are subsessile (i.e.,
with short pedicels), whereas U. laevis samaras have long,
articulated pedicels and ciliated margins (Figure 1), these characteristics being some of the main morphological diﬀerences
between the two elm clades to which each species belongs
(Wiegrefe et al. 1994). Ulmus laevis populations are chieﬂy
found in riverbeds and seasonally waterlogged forests, whereas
those of U. minor are in ﬂood-plain forests linked to shallow
water-tables (Venturas et al. 2014a). The niches each species
occupy are associated, among other factors, with a higher susceptibility to drought (Venturas et al. 2013) and tolerance to
ﬂooding (Li et al. 2015) of U. laevis than U. minor. Elm samaras
are dispersed by wind and water, and not by animals, which are
seed predators (Perea et al. 2013, Venturas et al. 2014b).
The study of surface properties of U. laevis and U. minor
samaras may provide insight into the environmental and ecological signiﬁcance of these leafy fruits that reﬂect trait-based
and phylogenetic diﬀerences between the species. We hypothesized that samaras can contribute to their self-maintenance by
absorbing atmospheric water and exhibiting positive Pn. Their
speciﬁc morpho-chemical characteristics may also favor hydrochory for U. laevis and anemochory for U. minor, and the occupancy of diﬀerent niches by the species. By following an
integrative approach, we aimed to address three questions: (i)
do green (at full maturity) and dry (at their abscission and
dispersal time) samaras of U. laevis and U. minor have similar
surface structure, chemical composition and physico-chemical
properties; (ii) can samaras contribute to seed water and carbon
economy; and (iii) how can samara surface properties be interpreted in terms of facilitating samara dispersal and seedling
establishment?

Materials and methods
Plant material
Fully developed, undamaged U. laevis and U. minor samaras
(sometimes referred to as U. laevis and U. minor along the text)

Figure 1. Branches of U. laevis (A) and U. minor (B) with fully developed
green samaras. The photographs are not at the same scale. Samara projected surface area is ~1 cm2 for U. laevis and ~4 cm2 for U. minor. Note
the presence of expanding leaves in U. laevis vs closed vegetative buds
in U. minor.
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the surface itself. Further physiological and ecophysiological
interpretations can be inferred, as shown for liquid water and
leaf surfaces (e.g., Brewer and Smith 1994, 1997, Andolﬁllo
et al. 2002, Hanba et al. 2004, Aryal and Neuner 2010, van
Wittenberghe et al. 2012, Fernández et al. 2014b, Goldsmith
et al. 2016). Nevertheless, the signiﬁcance of plant surface–
water interactions and, in general, solid–liquid interactions, is
unclear (Pierce et al. 2001, Rosado and Holder 2013), as is the
physical basis for such interfacial phenomena (Kwok and
Neumann 1999, Fernández and Khayet 2015).
Similar to plant surface–water interactions, the quantiﬁcation,
analysis and ecological interpretation of carbon and water
exchange have mostly been conducted in leaves (e.g., Farquhar
et al. 1989, Fernández and Eichert 2009). In this regard, some
studies revealed that foliar absorption of surface-deposited water
can improve plant water status (e.g., Boucher et al. 1995, Gouvra
and Grammatikopoulos 2003, Breshears et al. 2008, Berry et al.
2014, Fernández et al. 2014b, Eller et al. 2016), and also inﬂuence net photosynthetic CO2 uptake (Smith and McClean 1989,
Munné-Bosch et al. 1999, Simonin et al. 2009). Although green
leaves are the main sources of photosynthate production, other
plant organs such as green fruits can display positive rates of
atmospheric CO2 uptake during part of their life-span and contribute to their own carbohydrate requirements for growth and maintenance (Aschan and Pfanz 2003). Fruit production and seed
dispersal are key stages of a plant’s life cycle that determine processes such as colonization of new habitats, maintenance of
diversity, seedling establishment and population structure
(Nathan and Muller-Landau 2000, Wang and Smith 2002). Thus,
understanding carbon and water balance during fruit production
and the role of fruit characteristics involved in seed dispersal is
important to fully comprehend the ecology of species.
Samaras are dry indehiscent winged fruits that are dispersed
by wind (anemochory) or water (hydrochory; Willson and
Traveset 2000). Among other functions, the wings and hairs of
fruits have been proposed to facilitate sustentation and ﬂoatability for their dispersal (Seiwa et al. 2008, Nilsson et al. 2010).
Moreover, the samara wings of some species have been
reported to exhibit positive rates of net photosynthetic CO2
uptake (Pn) before they dry out and disperse; this is the case for
green maple (Acer platanoides, Aschan and Pfanz 2003), and
for some dipterocarp species (Kenzo et al. 2003). However,
there is no information about the physico-chemical properties of
samara wings and their role in physiological processes (mainly
water and gas exchange), or their dispersal.
Ulmus laevis Pall. (European white elm) and Ulmus minor Mill.
(ﬁeld elm) are two deciduous tree species mainly distributed
across southern and central Europe. Both elm species produce
bulk quantities of samaras that remain green on the trees before
they dry and disperse. However, U. minor samaras develop in
late winter–early spring, several weeks before shoots ﬂush,
while U. laevis phenology is more delayed and its samaras
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Determination of physico-chemical properties of samara
surfaces
Thermodynamic approaches can be used to characterize the
properties of solid surfaces, such as those of plants, in relation
to liquid interactions. The measurement of drop contact angles
(θ) deposited on to a surface is the most frequently used methodology to estimate the tendency of a plant surface to be wet,
i.e., its wettability (Koch and Barthlott 2009). Intrinsic properties
of a solid surface such as the surface free energy (γ) can be additionally determined by measuring θ of drops of liquids with different degrees of polarity (van Oss et al. 1987, 1988).
Considering the type of molecular interactions occurring at the
surface of a solid (s) (or liquid, l), the total surface free energy
(γs) (or surface tension, γl) can be expressed as the sum of the
Lifshitz-van der Waals (γsLW, or dispersive component) and the
acid–base (γsAB, or non-dispersive component; Fowkes 1963,
van Oss et al. 1987, 1988). While the γ is commonly used in
artiﬁcial solid surface characterization, it has only recently been
applied to intact plant surfaces (Fernández et al. 2011,
Fernández and Khayet 2015). The solubility parameter (δ) as
ﬁrst introduced by Hildebrand (1949) and further developed by
various researchers (e.g., van Krevelen and Hoftyzer 1976,
Hansen 2004) enables the quantiﬁcation of the cohesive

properties of a substance and the degree of interaction between
molecules (van Krevelen and te Nijenhuis 2009). While prediction of solubility parameters is commonly used, e.g., for the
design and fabrication of polymeric membranes (Khayet et al.
2007), in the coating industry (Hansen 2004) or in pharmacology (Hancock et al. 1997), it was ﬁrst applied by Khayet and
Fernández (2012) to analyze the properties and potential
thermodynamic interactions between plant surface chemical
constituents and an array of agrochemicals. Although it can be
predicted from molecular structures, the δ of a certain surface
can also be derived after measuring contact angles of diﬀerent
liquids followed by the calculation of the total surface free energy
and the cohesive energy density (Khayet and Fernández 2012).
To characterize the surface properties of green and dry
samaras, advancing θ of drops of double-distilled water, glycerol
and diiodomethane (the last two of 99% purity; Sigma-Aldrich,
Munich, Germany) were measured on intact surfaces using a
drop shape analyzer DSA100 (Krüss GmbH, Hamburg,
Germany). Wing mid-sections of each samara side were cut with
a scalpel and mounted on to microscope slides with doublesided adhesive tape. Two microliter drops of each liquid were
deposited on to the surfaces with a manual dosing system holding a 1 ml syringe with a 0.5-mm-diameter needle (number of
samples (n) = 30 per species, samara type and side). Contact
angles were automatically calculated by ﬁtting the captured drop
shape to the one calculated from the Young-Laplace equation.
Measurements were performed at room temperature (20 °C).
The total surface free energy (γs) and its components, i.e., the
Lifshitz-van der Waals (γsLW) and acid–base (γsAB), the polarity
(γsAB γs−1) and the total solubility parameter (δ) of the samara surfaces, were estimated (Fernández et al. 2011, Khayet and
Fernández 2012). The surface tension of the liquids (γl) and its
components (with γlAB divided into the electron acceptor (γ+) and
electron donor (γ−) interactions; van Oss et al. 1987) were: γl =
72.80 mJ m−2, γLW = 21.80 mJ m−2, γ+ = γ− = 25.50 mJ m−2 for
water; γl = 63.70 mJ m−2, γLW = 30.10 mJ m−2, γ+ = 8.41 mJ m−2,
γ− = 31.16 mJ m−2 for glycerol; and γl = γLW = 50.80 mJ m−2,
γ+ = 0.56 mJ m−2, γ− = 0 mJ m−2 for diiodomethane (Fernández
and Khayet 2015).

Extraction and determination of soluble lipids
Soluble cuticular lipids (or waxes) were extracted by dipping
intact green and dry samaras (n = 40 U. minor, and 60 U. laevis,
2 repetitions) into 150 ml of chloroform for 1 min. Extracts were
evaporated until dryness, weighed and, in the case of green
samaras, saved for gas chromatography coupled to mass spectrometry (GC–MS) analysis. The amount of soluble lipids was
expressed on a dry weight (DW) basis.
For GC–MS, samples were ﬁltered using PTFE ﬁlters prior to
injection in a GC–MS apparatus (GC Varian CP-3800 coupled
to a MS ion trap Varian Saturn 2200, GC-ITMS, automatic
injector COMBI-PAL; CTC Analytics, Zwingen, Switzerland). The
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were selected for this study. Except for a sustentation experiment, samaras were located at the apex of external, east-facing
shoots of six trees (three in the case of carbon exchange measurements) per species growing at ‘Puerta de Hierro’ nursery
(Madrid, Spain; 40.45° N, 3.75° W) within a conservation plot
of the Spanish Elm Breeding Program. For the sustentation trial,
samaras at diﬀerent positions around the crown of three trees
per species were selected from the previous location in the case
of U. minor and from Valdelatas forest (Madrid, Spain; 40.53° N,
3.68° W) in that of U. laevis.
Samaras were analyzed either attached to the trees or after
detachment from shoots. Shoots were collected from branches
kept in water for 15 min before laboratory measurements. The
analyses were performed on samaras at approximately the time
of full maturity (referred to as green samaras) and at the time of
pedicel abscission (referred to as dry samaras), the latter being
coincident with samara dispersal period.
The mean values of relative humidity (RH) and temperature at
the ‘Puerta de Hierro’ location for the 8-day period prior to green
samara analyses ranged from 89% to 13%, and 0.3–25.2 °C
for U. minor and between 91% and 20%, and 4.7–22.1 °C for
U. laevis (data collected from ‘Madrid Puerta de Hierro’ weather
station, 1–13 April 2015). Since dew condensation on the
samara surfaces was observed during early morning, higher RH
and/or lower temperature values were expected to be reached
at least at the experimental plots where the trees were located.
Similar environmental conditions were recorded at the time of
samara abscission (data not shown).
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chromatographic conditions were as follows (86 min per run):
injection volume 1 µl, with helium as carrier gas (1.2 ml min−1),
and injector temperature 290 °C. The column (SLB-5 ms fused
silica capillary column, 30 m × 0.25 mm × 0.25 µm ﬁlm thickness;
Supelco, Sigma-Aldrich) was set to 40 °C (3 min), heating rate of
10 °C min−1 up to 290 °C (18 min), and 20 °C min−1 up to
310 °C (13 min). The MS conditions were: 70 eV ionization voltage, 150 °C trap temperature, 20–550 units of mass scan range
with 8 min solvent delay. The compounds were identiﬁed and
quantiﬁed by comparing their mass spectra with NIST library spectra and analyzing the corresponding peaks of GC–MS ion
chromatograms.

Green samaras, both intact and after soluble lipid extraction,
were immersed in enzymatic solutions to evaluate the eﬀect of
enzyme hydrolysis on samara tissues. The solutions contained
either 2% cellulase, 2% pectinase, or a mixture of 2% cellulase
plus 2% pectinase (Novozymes, Bagsvared, Denmark), plus 1%
PVP (Sigma-Aldrich) and 2 mM NaN3. The pH was adjusted to
5.0 by adding sodium citrate (Guzmán et al. 2014a). A surfactant at 0.01% concentration (Break-Thru, Evonik Industries,
Essen, Germany; γl ~22 mN m−1) was also added to facilitate
the hydrolysis process. Samaras were maintained in the solutions for 1 month at room temperature (19–21°C), carefully
shaking the ﬂasks at frequent time intervals. The eﬀect of
enzymes on U. laevis trichomes was assessed by subjecting
samaras to digestion periods from 1 to 5 days (without surfactant). At the end of the various digestion periods, isolated cuticles and samaras of U. laevis (the cuticle of U. minor could not
be successfully isolated) were selected, air-dried and stored for
microscopic observation.

Microscopy
Gold-sputtered, intact (green and dry) and chloroform-extracted
samaras of both species, as well as U. laevis enzymatically
digested samaras and the upper and lower sides of the isolated
cuticles were examined by scanning electron microscopy (SEM).
A Philips XL30 SEM (Eindhoven, The Netherlands) microscope
equipped with a EDAX DX-4i energy dispersive X-ray analyzer
with ECON IV detector (Mahwah, NJ, USA) was used. Surface
structure and stomatal densities were evaluated on SEM micrographs of intact samara sections corresponding to the wing and
seed regions of the two samara sides (n = 10 per species).
Green and dry intact samaras, and previously rehydrated dry
samaras were analyzed by transmission electron microscopy
(TEM). Dry samaras were rehydrated by immersion in distilled
water for 8 h. Samaras were cut into 4 mm2 pieces and ﬁxed in
2.5% glutaraldehyde–4% paraformaldehyde (both reactants
from Electron Microscopy Sciences (EMS), Hatﬁeld, USA) for
6 h at 4 °C. Thereafter they were rinsed in ice-cold phosphate
buﬀer (pH 7.2) four times within a period of 6 h, and left
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Samara water exchange and net photosynthetic CO2 uptake
For both species, the water loss rates and absorption capacity
were evaluated in detached green and dry samaras, respectively.
The surface evaporation rate (E) of the samaras (n = 10) was
measured gravimetrically over 20 min. The time response of further samara water losses was evaluated by recording weight variations for 4 days at room conditions (19–21°C, 34–38% RH)
and ﬁtting the values to an exponential growth to maximum
function:
f (t) = a × (1 − e−1/b × t )

where a and b represent the initial water content of green
samaras and the time constant, respectively (Zwieniecki et al.
2007). To facilitate interpretations, the time course of samara
water loss was represented using a simple exponential decay
function.
For water absorption measurements, samaras (n = 4 per species comprising 10 samaras each) were maintained in darkness
in a closed container for 4 days at ~95% RH, a condition
achieved by air exposure to a supersaturated solution of Pb
(NO3)2 at 20 °C (Winston and Bates 1960). Other groups of
samaras (n = 10 per species) were kept in a container with distilled water, and they were frequently pushed carefully to the bottom of the container. Samples were weighed at the beginning of
the experimental periods and each 24 h afterwards.

Downloaded from https://academic.oup.com/treephys/article/37/6/815/3076224 by guest on 05 May 2021

Enzymatic treatments

overnight in darkness at room temperature (18–20 °C). Tissues
were post-ﬁxed in a 1:1 2% aqueous OsO4 (TAAB Laboratories,
Berkshire, UK) and 3% aqueous K4Fe(13CN)6·3 H2O (SigmaAldrich) solution for 1.5 h. Thereafter they were washed with
distilled water (×3), dehydrated in a graded series of 30%,
50%, 70%, 80%, 90%, 95% and 100% acetone (two repetitions, 15 min each concentration) and embedded in acetoneSpurr’s resin (TAAB Laboratories) solutions (3:1, 2 h; 1:1; 2 h;
1:3; 3 h (v:v)) and then in pure resin overnight at room temperature (25 °C). Final embedding was done in blocks, which were
incubated at 70 °C for 3 days for complete polymerization. Ultrathin sections were cut, mounted on nickel grids and post-stained
with Reynolds lead citrate (EMS) for 5 min. Samples were
observed with a Jeol 1010 electron microscope (Tokyo, Japan)
operated at 80 kV, equipped with a CCD megaview camera.
The thickness of the cuticle and external cell wall of ordinary
epidermal cells of both species and the length of U. laevis
cuticle (eﬀective vs projected) were measured on TEM micrographs of green samaras using siViewer (Olympus Soft
Imaging Solutions GmbH, Münster, Germany) and ImageJ
1.45 s (National Institutes of Health, Bethesda, MD, USA) softwares. Measurements were carried out at periclinal areas,
excluding those located close to anticlinal regions (n = 15,
10–20 repetitions).

Surface properties and physiology of elm samaras

Samara ﬂoatability and sustentation
Two experiments were performed to determine potential diﬀerences in ﬂoatability and sustentation of U. laevis and U. minor dry
samaras. For the ﬂoatability trial, samaras (n = 20 per species)
were dropped on the water surface of two plastic containers (30 ×
20 × 20 cm3) ﬁlled with tap water (3–5 cm deep) and covered
with a lid. Still and running water treatments were applied to simulate a stationary and turbulent water regime, respectively. The still
water container was placed on a shelf of the laboratory, whereas
the running water container was placed on an agitator set at
75 rpm creating waves that covered the samaras. During 8 days,
the number of samaras that remained ﬂoating on the surface was
counted every 24 h. During this time, air temperatures oscillated
between 22 °C and 24 °C.

For the sustentation experiment, samaras (n = 30 per species) were dropped from a height of 5.36 m to measure the time
that each samara took to reach the ﬂoor, and the distance at
which the samara landed from the vertical drop axis. The experiment was performed in a closed warehouse, at 21 °C air temperature and with still air. The weight and projected surface area
of each samara were measured.

Statistical analysis
Analysis of variance and Duncan’s Multiple Range tests, and
unpaired t-tests were undertaken using SPSS 15.0.1 statistical
package (SPSS Inc., Chicago, IL, USA) to compare mean values
between species and samara type (5% signiﬁcance). Samara
water absorption was analyzed using Student’s t-test paired
sample comparisons.

Results
Samara morphology and surface structure
Samaras of U. laevis had lower projected surface area and DW
values as compared with U. minor (Table 1, Figure 1). For both
species, the surface roughness of green samaras was chieﬂy conferred by the vascular bundles (Figure 2A and B), epidermal cells
(Figure 2C and D), and epicuticular wax plates (data not shown).
Conspicuous nano-folds were additionally present in U. laevis
(Figure 2C). Stomata were often localized over the bundles, some
pores being partially or fully covered with organic material (possibly waxes), especially in U. minor (Figure 2D). Stomatal density
was approximately three times higher for U. laevis than U. minor
Table 1. Dry weight (DW), projected surface area (A), stomatal density,
cuticle and outer cell wall thickness, soluble lipid amount, surface evaporation rate (E) and CO2 assimilation rate (Pn) of U. laevis and U. minor
green samaras.
Parameter

U. laevis

U. minor

−1

DW (mg samara )
3.76 ± 0.39a
12.08 ± 1.45b
A (cm2 samara side−1)
1.08 ± 0.06a
4.20 ± 0.38b
Stomatal density
13.7 ± 2.8a
4.6 ± 1.6b
(stomata mm−2)
Cuticle thickness (nm)
295 ± 32
105 ± 19
Outer cell wall thickness (µm)
1.3 ± 0.2– 2.0 ± 0.21 1.0 ± 0.2
Soluble lipid amount (mg g−1)
55.3 ± 1.8
75.9 ± 4.9
E 0–7 min (µmol g−1 s−1)
14.89 ± 5.77a
2.77 ± 1.24b
E 7–20 min (µmol g−1 s−1)
3.37 ± 1.98a
2.65 ± 0.49a
Area-based Pn (µmol m−2 s−1) 1.65 ± 0.79a
1.07 ± 0.33a
Mass-based Pn (nmol g−1 s−1) 46.8 ± 22.3a
47.5 ± 14.5a
Water loss time constant (h)
20.4 ± 2.5a
31.0 ± 6.5b
Data are means ± SD. The number of samples per species used for calculations was: 59 for DW and A, 10 for stomatal density, 15 for cuticle
and cell wall thickness, 10 for E rate and water loss time constant, and 9
for Pn; 60 U. laevis and 40 U. minor were used for soluble lipid amount.
Within rows, values marked with diﬀerent letters are signiﬁcantly diﬀerent
according to Duncan’s Multiple Range or t-test (P ≤ 0.05).
1
Flat–convex cell wall regions.
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Air conditions during measurements were recorded using a
Hobo H21-002 Micro Station with a S-THB-M002 Temperature/
RH Sensor (Onset Computer, Cape Cod, MA, USA). The RH
values measured are consistent with those occurring in the natural environment of both species when samaras are on the
trees (conﬁrmed by MAGRAMA meteorological data; Venturas
et al. 2013).
Net photosynthetic CO2 uptake rate (Pn) was measured with a
portable photosynthesis system (LI-6400, Li-Cor Inc., NE, USA).
Measurements were conducted in situ in attached, green samaras
(n = 9 per species) well-exposed to sunlight at ambient air temperature and RH. Irradiance was set to match ambient values, at
1500 μmol m−2 s−1, using the LI-6400-40 blue-red light source.
Air ﬂow during measurements was set at 200 μmol s−1 and air
CO2 concentration at 400 ppm, using the built-in CO2 mixer.
Measurements were made at full samara expansion and so on different days for U. minor and U. laevis. Air temperature was 18.3 ±
0.7 and 23.4 ± 0.5 °C, and air vapor pressure deﬁcit 0.77 ±
0.10 and 1.00 ± 0.20 kPa for U. minor and U. laevis, respectively.
The 2 cm2 surface area of the measurement cuvette was ﬁlled.
However, in the case of U. laevis, whose samaras are smaller than
those of U. minor, we placed two samaras into the cuvette to maximize CO2 ﬂux from plant material and minimize leakage. In addition, data were corrected to take into account diﬀusion leaks, as
modeled by Rodeghiero et al. (2007).
The occurrence of numerous epidermal folds and a network of
overlapped trichomes on samara edges in U. laevis lead to substantial diﬀerences between eﬀective and projected surface
areas. Therefore, and similar to samara soluble lipid amount,
water loss rates and Pn were normalized by tissue DW. To facilitate comparisons, stomatal density and Pn were expressed on a
projected surface area basis. Dry weight was obtained from
oven-dried samaras (at 7 °C) for 3 days. The projected surface
area of the samaras was calculated by analyzing scanned material with ImageJ 1.45 s and WinFOLIA (Regent Instruments Inc.,
Québec City, Canada) softwares. The ratio of weight to projected
surface area was additionally calculated.
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(Table 1). The trichomes found along U. laevis samara margin
were observed to be non-glandular. By contrast, U. minor had few
glandular trichomes sparsely distributed on the wing surface (data
not shown). Structural diﬀerences between the external surface of
non-seed vs seed regions or samara sides were negligible.
The outer epidermal cell wall of U. laevis green samaras as
observed by TEM was sinuous, with thicker areas giving rise to
convexities that correspond to the mentioned folds (Figure 3A
vs Figure 2C). These cell wall folds increased the surface area of
green samaras by an approximate factor of 2.6 relative to a ﬂat
surface. The external cell wall of U. minor epidermis was rather
smooth (Figure 3B). Highly electron-dense material was present
at variable intervals in cell wall areas underneath the cuticle of
the two species, including U. laevis folds (Figure 3A and B).
According to Holloway’s nomenclature (1982), the samara
cuticle of both species had a ‘reticulated’ morphology. The
‘reticulum’, which was more conspicuous in U. minor cuticle,
could sometimes be observed up to the epicuticular wax layer
(Figure 3C and D). The cuticle of U. laevis green samaras was
about three times thicker than that of U. minor (excluding the epicuticular wax layer), and as much as twofold higher in the case
of the whole outer epidermal cell wall (Table 1).
While SEM micrographs of dry samaras showed an increased
nerve protrusion for both species and tissue folding in the case
of U. minor relative to green samaras, U. laevis dry samara crosssections revealed a smoother outer epidermal wall (Figure 3A
and inset box). After samara rehydration, U. laevis outermost cell
wall regions adopted a similar aspect to green samaras (data not
shown).

Chemical composition of samara surfaces
The amount of chloroform-soluble lipids was higher for U. minor
than U. laevis, mean values being, respectively for each species,
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Figure 3. TEM micrographs of the outer epidermal cell wall of U. laevis
(A, C) and U. minor (B, D) intact samaras. The micrographs correspond
to green samaras with the exception of that in the inset box in (A), which
is of a dry samara. Arrows indicate highly electron-dense material. acw,
anticlinal cell wall; cw, cell wall; cu, cuticle; EW, epicuticular waxes.

75.9 vs 55.3 mg g−1 (green samaras), and 39.0 vs
17.2 mg g−1 (dry samaras). The most abundant soluble lipids
identiﬁed in green samaras were long-chain primary alcohols
(78.6% for U. laevis vs 92.4% for U. minor) and triterpenoids
(10.1% vs 5.6%).
Scanning electron microscopy coupled to X-ray analyses
revealed the presence of relatively high concentrations of silicon in
the samaras, especially in U. laevis trichomes and as silicon bodies
or aggregates randomly distributed in U. minor wing surface.
Qualitative information about samara chemical composition was
also gained by digestion of intact (untreated) and chloroformextracted samaras in enzymatic solutions. For both species, the
application of pectinase and of cellulase plus pectinase solutions
hydrolyzed samara tissues earlier than cellulase solution, especially after soluble lipid extraction. The samara cuticle of U. laevis
could be enzymatically isolated as an intact layer having the same
surface area as the samara, whereas small tissue pieces were
obtained for U. minor after enzymatic treatments.
Ulmus laevis trichome and cuticle morphology were diﬀerently
aﬀected by the various digestion procedures (Figure 4). After
short immersion of intact samaras in cellulase solution, the trichomes became fused by non-hydrolyzed material (Figure 4A),
but not after the pectinase treatments (Figure 4B). A similar phenomenon could be noticed for U. laevis cuticle. A kind of amorphous, blurred patina was observed in the inner side of the cuticles
isolated with cellulase, which was especially noticeable after soluble lipid extraction (Figure 4C and inset box). In contrast, the
pectinase solutions seemed to hydrolyze the material contained
between the so-called cell wall folds as observed in cuticle inner
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Figure 2. SEM micrographs of intact green samaras of U. laevis (A, C)
and U. minor (B, D).

Surface properties and physiology of elm samaras
sides (Figure 4B and inset box). The partial tissue digestion led
to the observation of the venation pattern in U. laevis samaras,
which had a thicker vascular bundle along the margin than those
coming from wing inner regions (e.g., Figure 4B). In addition, U.
laevis trichomes and some ordinary epidermal cells were found
to be physically connected to samara internal tissues (Figure 4B,
inset box).

Wettability and physico-chemical parameters

found between samara sides. Drops of all the liquids remained
attached to the surfaces when tilted and even when placed face
down, indicating a high adherence of the drops to green and dry
samara surfaces.
Table 3 shows the total surface free energy (γs) and its components (γsLW and γsAB), polarity and solubility parameter (δ) of
the samara surfaces. All surfaces had a signiﬁcantly high dispersive component (γsLW) contribution as compared with the lower
acid–base or non-dispersive component (γsAB). The highest γs
values were found for U. minor samara surfaces, especially for
green samaras. Surface polarity approximately ranged between
16% and 17%, for green samaras and between 4% and 3.5%
for dry samaras of both species. Therefore, dry samara surfaces
had a lower polarity and γsAB component compared with green,
hydrated tissues. The highest δ was obtained for U. minor green
samara surfaces (17.2 MJ1/2 m−3/2), the remaining surfaces
having values between 10.7 and 13.0 MJ1/2 m−3/2.

Samara water exchange and net photosynthetic CO2 uptake

Figure 4. SEM and TEM micrographs of U. laevis samaras after cellulase
(A, C) and pectinase (B – main box, D) hydrolysis. (A, B) Eﬀect of 1-day
(A) and 2-day (B) digestion periods on intact samaras. (B inset box)
Detail of an intact samara showing the epidermal cells and subjacent tissues. (C, D) Inner side of isolated cuticles of intact (main boxes) and
chloroform-extracted (inset boxes, ×4.0 k) samaras after 1-month digestion periods. Arrows indicate anticlinal cell walls.

Table 2. Contact angles of water (θw), glycerol (θg) and diiodomethane
(θd) with the wing surface of green and dry samaras of U. laevis and
U. minor.
Sample

θw (°)

θg (°)

θd (°)

Green U. laevis
Green U. minor
Dry U. laevis
Dry U. minor

121.7 ± 1.9Aa
108.7 ± 4.9Ba
135.9 ± 3.9Ab
123.0 ± 5.3Bb

114.3 ± 6.7Aa
100.4 ± 5.8Ba
126.1 ± 5.2Aa
111.5 ± 3.5Bb

79.5 ± 6.9Aa
58.4 ± 5.9Ba
80.8 ± 5.6Aa
70.8 ± 3.3Bb

Data are means ± SD; n = 30. Within columns, values marked with diﬀerent letters are signiﬁcantly diﬀerent for species (A, B) and stage (green
vs dry; a, b) according to Duncan’s Multiple Range test (P ≤ 0.05).

The water content of readily detached green samaras was similar
for both species, attaining values of 5.31 ± 0.34 g g−1 (U. laevis)
and 5.34 ± 0.46 g g−1 (U. minor). The average E of U. laevis
samaras at ~36% RH was more than ﬁve times higher than that
of U. minor over the ﬁrst 7 min after removing the samara from
the branch. Then, U. laevis E experienced a substantial
decrease (7–20 min) and became similar to the E of U. minor,
which remained constant over the 20-min measurement period
(Table 1). In general, U. laevis lost water more rapidly than
U. minor at this RH, as derived from the time constant values
estimated and water losses recorded for 4 days (Table 1,
Figure 5). For both species, the exponential function ﬁtted
water loss data with adjusted R2 values ranging between
0.9951 and 0.9997. Mean values of Pn were positive, and did
not diﬀer signiﬁcantly between species, either expressed on a
samara DW or projected area basis (Table 1).
The increment in water content after 24 h of keeping samaras
at ~95% RH was slightly higher for U. laevis than U. minor
(0.53 ± 0.01 vs 0.45 ± 0.01 g g−1). At that time, samaras had
attained their maximum hydration capacity under the experimental conditions tested. By contrast, U. laevis samaras increased
their water content between two and four times less than
Table 3. Surface free energy per unit area (γs) with the corresponding
Lifshitz van der Waals (γsLW) and acid–base (γsAB) components, polarity
and total solubility parameter (δ) of the wing surface of green and dry
samaras of U. laevis and U. minor.
Sample

γsAB
γs
Polarity δ
γsLW
−2
(mJ m ) (mJ m−2) (mJ m−2) (%)
(MJ1/2 m−3/2)

Green U. laevis
Green U. minor
Dry U. laevis
Dry U. minor

16.8
27.6
16.9
22.1

3.3
5.7
0.7
0.8

20.1
33.3
17.7
22.9

16.2
17.2
4.1
3.5

11.8
17.2
10.7
13.0
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The contact angles (θ) of drops of water (w), glycerol (g) and
diiodomethane (d) deposited onto green and dry U. laevis and U.
minor samara wing surfaces are shown in Table 2. Ulmus laevis
exhibited higher θ values, i.e., lower wettability, for the three
liquids than U. minor. For the two species, green surfaces showed
similar θw and θg, and lower θd. The θw was the highest for dry
samaras. Comparing dry and green samaras, θw was higher in dry
samaras of both species, while θg and θd were higher in dry than
green samaras only for U. minor. No signiﬁcant diﬀerences were
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and dispersal and further seedling establishment. To the best of
our knowledge, elm samara surface properties and water relations have not been analyzed before, and only Li et al. (2012)
have studied the photosynthetic characteristics of Ulmus pumila
samaras.

Photosynthetic capacity of elm samaras

U. minor after 24 h in contact with liquid water (2.75 ± 0.15 vs
7.86 ± 2.58 g g−1). It must be considered that these values
were likely to be aﬀected by an undetermined loss of watersoluble compounds.

Dispersal characteristics: samara ﬂoatability
and sustentation
Diﬀerences in ﬂoatability of U. laevis and U. minor dry samaras
were found when dropping samaras in the simulated turbulent
water regime. After 24 h, all U. minor samaras sunk, whereas at
that time only one U. laevis samara had sunk. The remaining
U. laevis samaras gradually sunk over 8 days. In contrast, all
samaras of both species dropped in still water remained ﬂoating
on the surface after 8 days. It is worth noting that for both water
movement regimes some U. minor samaras started germinating
after 72 h. When the experiment ended, all U. minor samaras had
germinated whereas none of U. laevis germinated.
Concerning air sustentation, the time samaras took to land on
the ground was signiﬁcantly diﬀerent between species. Samaras
of U. minor took longer to reach the ﬂoor (6.37 ± 0.87 s) than
those of U. laevis (5.52 ± 1.09 s). The ratio of weight to projected surface area for U. minor and U. laevis was 4.4 ± 0.6 and
6.6 ± 2.4 mg cm−2, respectively. Time and weight to surface
area ratios were signiﬁcantly correlated ( r = −0.8542). No signiﬁcant diﬀerences between species were found concerning the
distance from the vertical axis at which the samaras landed.

Discussion
In this study we examined the surface physico-chemical and
physiological features of U. laevis and U. minor samaras, as they
may reﬂect adaptive strategies for successful seed development
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Epidermal water ﬂux and hydration of elm samaras
The factors that inﬂuence samara water loss may also aﬀect their
water absorption. We must, however, consider the potential
eﬀect of vapor vs liquid water, and the diﬀerent water sorption
and desorption rates of the cuticle (Reina et al. 2001), which
may additionally vary for other epidermal cell wall regions. The
existence of a thicker cuticle in U. laevis samaras does not imply
a higher or lower resistance to water loss as previously noted
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Figure 5. Time course of water loss in green samaras of U. laevis and U.
minor at ~36% RH. Water losses, given as means and standard errors,
are relative to samara DW. Ten samples per species were used. The
experimental data have been ﬁt with a single exponential decay function
(dashed lines).

The average Pn value expressed on a projected surface area basis
was 1.65 and 1.07 µmol m−2 s−1 for U. laevis and U. minor, respectively, which is higher than the values reported for the samaras of
other species. Kenzo et al. (2003) reported average Pn in dipterocarp samaras that ranged from 0.26 to −1.10 µmol m−2 s−1. Values
for U. laevis and U. minor were positive even if samaras were full
and seeds likely actively respiring. Samara Pn was ~10% of
light-saturated area-based Pn leaf values, and 25% mass-based
Pn leaf values (Li et al. 2015). By measuring chlorophyll a ﬂuorescence, Li et al. (2012) observed that potential quantum yield
of photosystem II was comparable in samaras and leaves of
U. pumila. High photochemical eﬃciency and potential for CO2
assimilation have been described for other fruits (Aschan and
Pfanz 2003), suggesting that low Pn of samaras might be
inﬂuenced by low stomatal densities and carboxylation rates.
In addition, the occlusion of stomatal pores by lipids, as sometimes observed for the samaras of the two species, and particularly U. minor, has been described to inﬂuence leaf CO2
exchange and water loss to a diﬀerent extent among studies
(Jeﬀree et al. 1971, Brodribb and Hill 1997, Feild et al. 1998,
Mohammadian et al. 2007, Peguero-Pina et al. 2016). Higher
density of open pores in samaras of U. laevis than U. minor
could contribute to (non-signiﬁcantly) higher Pn per unit projected area in the former species (P = 0.073). Moreover,
higher samara mass per unit projected area in U. laevis could
reﬂect a higher volume of photosynthesizing cells, and so contribute to higher Pn on a projected area basis in this species
than U. minor, similar to the way leaf thickness controls areabased leaf Pn across species (e.g., Niinemets 1999). The
positive CO2 assimilation rates recorded for U. laevis and U.
minor samaras suggest that these fruits may contribute to seed
growth and, ultimately, to tree carbon economy, as suggested
for other species (Ashton 1989, Peck and Lersten 1991, Li
et al. 2015). However, further studies are needed to elucidate
interspeciﬁc diﬀerences in samara Pn and the consequences
for tree carbon economy.

Surface properties and physiology of elm samaras

additionally found to be physically connected to vascular bundles,
either directly or by means of mesophyll cells, which may allow
fast water exchange between these tissues (Zwieniecki et al.
2007). This will contribute to samara hydration and dehydration
and to their development and dispersal, respectively.

Physico-chemical properties of samara surfaces and liquid
water interactions
Most studies performed during the last decades on plant surface–
liquid interactions focused on the inﬂuence of surface morphology, as well as on the functionality of water repellence with only
limited emphasis on chemical features (e.g., Brewer and Nuñez
2007, Rosado and Holder 2013). The low vs high degree of
wettability of samara surfaces for the mainly polar (water and glycerol) vs apolar (diiodomethane) liquids, along with droplet
adherence, may suggest that chemical interactions between the
liquids and microscopic surface areas having contrasting properties occur. The inﬂuence of air bubbles as an additional ﬂuid phase
at the samara surface–liquid interface on samara wettability and
adherence must be also considered. The solubility parameter (δ)
of U. minor green samara surface is in the range of that of model
epicuticular waxes (between 16 and 17 MJ1/2 m−3/2, Khayet and
Fernández 2012), which reﬂects the inﬂuence of wax chemical
composition on liquid behavior. An increased roughness may lead
to low δ (Khayet and Fernández 2012, Fernández et al. 2014b,
Fernández and Khayet 2015), as it could be reckoned for dry
samaras of U. minor and for green and dry samaras of U. laevis
(Table 3). A similar phenomenon was observed for the total surface free energy (γs), which was mainly inﬂuenced by the dispersive component. In this regard, U. laevis cell wall nano-folds
increased surface roughness and contribute to reduce the wettability (Koch and Barthlott 2009), δ and γs values of this species
as compared with U. minor. The lower polarity of dry samara surfaces indicates a signiﬁcantly low degree of potential polar and
hydrogen-bonding interactions as compared with green samaras.
Such surface features may be beneﬁcial, for instance to prevent
the immediate water absorption by the seed, thus facilitating longer dispersal distances.

Ecophysiological implications
The structural and chemical features of U. laevis and U. minor
samara surfaces and the physiological parameters reported in
this study can provide information on the signiﬁcance of reproductive organs in relation to environmental interactions, and
eventually on species ecology. The functionality of low surface
wettability and high water adhesion has been addressed in few
studies chieﬂy performed with pubescent leaves (Brewer et al.
1991, Brewer and Smith 1994, 1997), with the basis for this
phenomenon remaining unclear so far (Teisala et al. 2011).
Fewer studies have focused on fruit surfaces, and this is one of
few attempts to link surface–water interactions to fruit and seed
ecological processes (see also Fernández et al. 2011).
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(Norris 1974, Riederer and Schreiber 2001, Fernández et al.
2008). Other epidermal features such as the ratio of eﬀective to
projected surface area (higher in U. laevis) or the type and relative
amount and distribution of e.g., pectins or soluble lipids in the
cuticle and other cell wall regions may, however, aﬀect water
ﬂuxes across the epidermis of both species. In this regard, the
higher E values of U. laevis recorded for the ﬁrst 7-min phase suggest the presence of substantial amounts of water close to samara
evaporation sites, possibly within pectin-based gels (White et al.
2014, Figures 3A, and 4A and C). In contrast, U. minor had lower
E since the beginning (until nearly full dehydration) and higher
abundance of soluble cuticular lipids, which have been associated
with limiting water loss (Schönherr 1976, Leide et al. 2007).
The enzymatic digestion of U. laevis samaras allowed us to identify the presence of pectins in the inner cuticle surface, as also
derived from TEM microscopic observations. Moreover, the eﬀect
of cellulase digestion on the cuticle and trichomes of this species
(Figure 4A and C) may be associated with the cross-linking of
shallow, water-insoluble pectins with other cuticular chemical constituents (chieﬂy those remaining after chloroform extraction in the
case of cuticles). This may provide evidence for the interaction
between pectins and cutin monomers, and other lipidic cuticle constituents as recently described by Guzman-Puyol et al. (2015).
These authors suggest a role of cell wall polysaccharides in the
process of cutin biosynthesis and provided in vitro evidence for
the chemical interactions between pectins and cutin monomers.
However, other non-lipidic cuticle compounds may also be
involved in such cross-links (e.g., mineral elements, GuzmánDelgado et al. 2016).
The isolation of U. laevis cuticles and of U. minor small epidermal pieces after the prolonged enzymatic digestion process to
which samaras were subjected reﬂects diﬀerences in the permeability to liquid water of the cuticles and neighboring cell wall
regions between the two species (Guzmán et al. 2014a).
Moreover, the arrangement of chemical constituents of U. laevis
outermost cell wall regions (including the cuticle; Fernández et al.
2016) varied with tissue hydration stage, as derived from the
recovery of cell wall folds after samara rehydration (Figure 3A).
The potential interaction of water with pectins and the subsequent
pectin hydration and expansion process may be associated with
this variation, as revealed by nuclear magnetic resonance studies
performed with onion and Arabidopsis thaliana cell walls (Ha et al.
1997, White et al. 2014). Nevertheless, an improved knowledge
on cuticle structure, chemical composition and their relationship is
needed to interpret such diﬀerences (Fernández et al. 2016).
Samaras of both species absorbed water through the epidermis
even under non-saturated vapor conditions (~95% RH) with
U. laevis attaining a slightly higher absorption capacity. Ulmus laevis trichomes, which may contain signiﬁcant amounts of pectins,
could constitute an uptake pathway for water, as suggested for
other species and organs (e.g., Reyes-García et al. 2012,
Fernández et al. 2014b, Pina et al. 2016). Trichomes were
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to a directed dispersal facilitating seed deposition in adequate
niches for their germination. Samaras of U. laevis showed higher
ratio of weight to projected surface area and weight increment
under high RH conditions, which may facilitate the landing of
the samaras close to the mother tree, where chances of reaching
a water lamina may increase due to the species’ tendency to
grow in riverbeds. By contrast, the lower values recorded for U.
minor may favor longer wind dispersal distances, and enable the
samaras to reach adequate regeneration sites within the ﬂoodplain. These results are also consistent with a greater
air sustentation of U. minor than U. laevis samaras, and with a faster germination when samaras are in contact with liquid water.
In conclusion, the capacity of U. laevis and U. minor samaras
to assimilate CO2 and absorb water through the epidermis,
which is potentially enhanced by speciﬁc surface properties,
may contribute to their self-maintenance. The surface properties
of the samaras may additionally facilitate seed dispersal preferentially by water for U. laevis and air for U. minor, and so the colonization of suitable niches for the species. Further studies with
samaras at selected developmental stages will be required to
better understand the functional signiﬁcance of these fruits as a
model of photosynthetic and reproductive plant organs, and the
reproductive biology and ecology of elms.
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