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Abstract Plants in the genus Nepenthes obtain a sub-
stantial nutrient supply by trapping insects in highly
modified leaves. A broad zone of the inner surface of
these pitchers is densely covered with wax crystals on
which most insects lose their footing. This slippery wax
surface, capturing prey and preventing its escape from
the trap, plays a pivotal role in the carnivorous syn-
drome. To understand the mechanism of slipperiness,
the present investigation aimed at an ultrastructural and
physico-chemical characterization of the wax crystals in
pitchers of N. alata Blanco. Scanning electron micros-
copy revealed that entire platelets protruded perpen-
dicularly from the surface. Methods were developed that
allowed the mechanical removal of wax crystals from the
pitcher surface. It could be shown that the sampling was
selective for the epicuticular wax, relevant for plant-in-
sect interactions. The crystals consisted of a mixture of
aliphatic compounds dominated by very-long-chain
aldehydes. Triacontanal, at 43% the most abundant
constituent, was largely responsible for crystal forma-
tion. Solubility data indicate that the Nepenthes crystals
contained polymeric forms of this aldehyde. The
resulting mechanical properties of the polymer crystals
and the mechanism of slipperiness are discussed.
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Introduction

Carnivorous plants display a high diversity of special-
ized morphological features for trapping, retaining and
digesting prey (Darwin 1875; Lloyd 1942; Juniper et al.
1989). The use of predominantly insect-derived nutrients
is considered as an evolutionary advantage, and hence
the organs contributing to the carnivorous syndrome are
expected to be highly optimized. In pitcher plants of the
genus Nepenthes, modified epiascidiade leaves form
passive, tube-like traps (Juniper et al. 1989). The open-
ing of these pitchers is lined by a peristome (zone 1,
Fig. 1), which bears, within deep depressions under-
neath the inner rim, nectar glands for prey attraction
(Owen and Lennon 1999). Immediately below the peri-
stome the inner wall of the pitcher is covered with epi-
cuticular wax crystals (zone 2, Fig. 1; Juniper 1995;
Juniper et al. 1989). Early on, it was recognized that the
inner surface of zone 2 plays a major role in the trapping
efficiency of the pitchers because the epicuticular wax
crystals render this surface extremely slippery for insects
(Macfarlane 1893; Knoll 1914). Insect attachment is
further hampered by the special arrangement of modi-
fied stomata (Gaume et al. 2002). Foraging insects lured
to this surface lose their footing and fall into the trap.
The slippery walls also prevent the prey from escaping
and it eventually drowns in the fluid in zone 3 (Fig. 1)
containing digestive solutions and absorptive glands
(Schulze et al. 1997; Owen and Lennon 1999; Owen et al.
1999; An et al. 2002a, 2002b).

In recent years, several studies have shown that epi-
cuticular wax crystals on diverse plant species can im-
pede insect attachment (Stork 1980; Eigenbrode et al.
1996; Federle et al. 1997), demonstrating the importance
of slippery surfaces for plant—insect interactions. But the
mechanism underlying this principal phenomenon has
not been understood, mainly because the physico-
chemical properties of the involved biomaterials could
not be appropriately investigated. For chemical analyses
of the plant surface compounds, cuticular waxes were
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Fig. 1 Longitudinal section through an idealized pitcher of
Nepenthes alata. In zone 1, nectaries are located underneath the
inner rim of the peristome. The inside of the pitcher wall in zone 2
is covered with epicuticular wax crystals. Zone 3 is characterized by
glands secreting digestive solutions and absorbing nutrients
(modified after Juniper et al. 1989)

generally prepared by extraction of the intact organ with
organic solvents. But it was shown that the solvents not
only mobilized epicuticular wax crystals, but would also
enter into the cuticle and release intracuticular waxes
(Jetter et al. 2000). Although extraction experiments
lacked the necessary selectivity for surface compounds,
they could nonetheless yield indirect evidence for the
chemical composition of epicuticular crystals. Certain
wax constituents were found to be correlated with
characteristic crystal shapes on diverse plant surfaces
(reviewed in Jeffree et al. 1976; Baker 1982; Jeffree 1986).
Consequently, it was concluded that these compounds,
generally predominating in the respective wax mixtures,
were responsible for crystal formation. For example,
very-long-chain primary alcohols were assumed to form
the entire-edged platelets on various plant organs and
species.

To corroborate these inferences, and to judge whe-
ther minor constituents are present within the epicutic-
ular wax crystals, direct evidence on the crystal
composition is necessary. To this end, the extractive
methods had to be replaced with mechanical sampling
strategies. Ensikat et al. (2000) had shown that cryo-
adhesives could be used to remove epicuticular wax
crystals from plant surfaces and transfer them onto
artificial substrates, perfectly preserving their shape and
arrangement. Unfortunately, neither the treated areas,
nor the crystal compositions were quantified, and hence
the epicuticular crystal coverage could not be judged. A
similar cryo-adhesive method was then employed to
selectively prepare the smooth epicuticular wax film
from Prunus laurocerasus leaves (Jetter et al. 2000), and
for the first time the coverage of all epi- and intracu-
ticular wax constituents was quantified. It was shown
that the chemical composition of the epicuticular wax
film differed drastically from the underlying intracutic-
ular wax mixture. Based on these quantitative results,
the selectivity of other sampling techniques could be

tested, and finally gum arabic was established as an
alternative adhesive for the selective removal of epicu-
ticular waxes (Jetter and Schéffer 2001). Consequently, a
variety of methods for mechanically sampling epicutic-
ular waxes have been described, but they have not yet
been employed for the chemical analysis of epicuticular
wax crystals.

In the present study, adhesive procedures were
adapted to characterize the epicuticular crystals in
Nepenthes alata pitchers. We combined scanning elec-
tron microscopy (SEM) and chemical analyses by gas
chromatography and mass spectrometry to address the
following questions: (i) Which chemical compounds are
responsible for crystal formation? (ii) Are other wax
constituents present in the crystals? (iii) Which physico-
chemical processes lead to crystal formation? (iv) How
can epicuticular wax crystals disrupt insect attachment,
1. e. what is the mechanism of slipperiness? (v) What
is the special evolutionary adaptation of the pitcher
cuticle?

Materials and methods

Plant materials

Specimens of Nepenthes alata Blanco were taken from a continuous
greenhouse culture in the Botanical Garden of the University of
Wiirzburg. Using freshly harvested pitchers, circular leaf discs of
1.5 cm or 1.6 cm in diameter were cut from the slippery zone and
used without further preparation.

Mechanical wax removal

For the mechanical removal of epicuticular wax, two different
adhesives were used. In one experimental set-up, water was used as
cryo-adhesive. To apply liquid water to the surface of the leaf discs,
they were placed on an aluminium holder. Cylinders (inner diam-
eter: 1.4 cm) were centred on the leaf discs and filled with water,
completely covering the free surface of the leaf discs. The whole
arrangement was then cooled in liquid nitrogen. The resulting ice
blocks could be taken off the leaf discs by lifting the cylinders,
thereby stripping off wax (Fig. 2, right). By rapidly warming the
walls of the cylinders, the ice blocks slipped out and were directly
collected in a two-phase system of 4 ml each of chloroform and
water. The preparations from four to six leaf discs of the same
pitcher were pooled and tetracosane was added as internal stan-
dard. The two-phase system was warmed to approximately 40 °C
in a water bath and agitated repeatedly. Then, the organic phase
was removed and the aqueous phase extracted two more times with
chloroform. All three chloroform fractions were combined and the
solution was prepared for the chemical analysis. The treatment
with the cryo-adhesive was repeated five times with the same leaf
discs.

In a second experimental set-up, an aqueous solution of gum
arabic was applied to circular mesh-wires of stainless steel, 1.6 cm
in diameter. Prior to use, the commercially available gum arabic
(Roth, Karlsruhe, Germany) powder was soxhlett-extracted in
chloroform (99.9%; Roth) for 3 h. The gum arabic-coated mesh-
wires were centred on leaf discs of the same diameter and the gum
arabic was allowed to dry within 2 h at 25 °C. Subsequently, the
mesh-wires were lifted off the leaf discs, thereby stripping off the
hardened polymer film together with adhering wax constituents
(Fig. 2, left). To separate the wax constituents from the gum arabic,
the mesh-wires were transferred into vials containing a two-phase
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Fig. 2 Set-up for the mechanical removal of epicuticular wax
crystals from the slippery zone of N. alata pitchers. Gum arabic
(ga) or frozen water (fw) as adhesives are applied to a circular area
of defined diameter (d). The adhesives with embedded intact
epicuticular wax crystals (ewc;) are removed with a mesh-wire (mw)
or a cylinder (cyl), respectively. The broken epicuticular wax
crystals (ewcp) are then prepared for analysis. cut Cutin and
intracuticular wax, ec epidermal cell, ewf epicuticular wax film
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system of 4 ml each of chloroform and water. The wax was then
separated from the water, as described for the treatment with fro-
zen water as adhesive. The preparations from four to six leaf discs
of the same pitcher were pooled in one sample. The whole protocol
could be repeated four times on the same leaf discs without dam-
aging the cuticle or the underlying tissue, as confirmed by SEM.

Extraction of cuticular wax

After the mechanical removal of epicuticular wax the remaining
cuticular wax was finally extracted with warm chloroform (ca.
40 °C). To this end, glass cylinders (1.0 or 1.4 cm in diameter) were
gently pressed onto the leaf discs and filled twice with 1 ml of warm
chloroform for 30 s. Both chloroform solutions were combined and
tetracosane was added as internal standard.

Alternatively, the total wax coverage was assessed by extraction
of the whole cuticular wax from untreated leaf discs. The same
protocol as described above for the final extraction after mechan-
ical removal was applied five times on the same leaf discs and all
five samples were analysed separately.

Chemical analysis

Prior to GC analysis, chloroform was evaporated from all samples
under a gentle stream of N, while heating the sample-vials to 50 °C.
Then all samples were treated with bis-N,N-(trimethylsilyl)trifluo-
roacetamide (BSTFA; Macherey-Nagel, Diiren, Germany) in pyr-
idine (30 min at 70 °C) to transform all hydroxyl-containing
compounds to the corresponding trimethylsilyl (TMSi) derivatives.
The qualitative composition was studied by capillary GC
(8000Top; Fisons Instruments, Rodano-Milan, Italy) with He
carrier gas inlet pressure constant at 30 kPa and a mass-spectro-
metric detector (70 eV, m/z 50-850, MD1000; Fisons). GC was
carried out with temperature-programmed injection at 50 °C, oven
2 min at 50 °C, raised by 40 °C min~"' to 200 °C, held for 2 min at
200 °C, raised by 3 °C min~! to 320 °C, held for 30 min at 320 °C.
The quantitative composition of the mixtures was studied by cap-
illary GC (5890 II: Hewlett Packard, Avondale, PA, USA; 30 m
DB-1, 0.32 mm i.d., d;g=1 pum: J & W Scientific, Folsom, CA,
USA) and flame ionization detection under the same gas-chroma-
tographic conditions as above, but the H, carrier gas inlet pressure
was programmed for 50 kPa at injection, held for 5 min, raised at
3 kPa min~' to 150 kPa and held for 40 min at 150 kPa. Single
compounds were quantified against the internal standard by man-
ually integrating peak areas.
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Aldehyde homologues were quantified using peak areas of
individual free aldehydes and corresponding reaction products of
the aldehydes with the silylating agent (BSTFA). To this, the molar
contribution of corresponding aldehyde homologues to reaction
products of the aldehydes with primary alcohols was added. Sim-
ilarly, peak areas of free primary alcohol homologues (TMSi-
ethers) and the molar contribution of the alcohols to the corre-
sponding reaction products of aldehydes with primary alcohols
were used to quantify the individual primary alcohol homologues.
The homologue distribution of aldehydes and primary alcohols in
the dimeric reaction products were calculated based on the distri-
bution of diagnostic fragment-ions. The assignments and relative
intensities of these signals were authenticated using reaction
products of synthetic standards (docosanal, obtained from C.
Vermeer, University of Wiirzburg) with commercially available
primary alcohols (eicosanol, heneicosanol, docosanol, tricosanol or
tetracosanol; Sigma-Aldrich, Deisenhofen, Germany).

Scanning electron microscopy

Dried (overnight, 25 °C) samples of untreated leaf discs and of leaf
discs from the various treatments were mounted on aluminium
holders, sputter-coated with gold-palladium (Bal-Tec SCDO005
Sputter Coater; 25 mA, 300 s; Balzers, Switzerland) and examined
by SEM (Zeiss DSM 962, 15 kV; Zeiss, Oberkochen, Germany).
The sputtering conditions, depositing approximately 20 nm of the
alloy on the tissue samples, were optimized for the acceleration
voltage used in the SEM (G. Krohne, Center for Electron
Microscopy, University of Wiirzburg, personal communication).

Statistics

To characterize the performance of both mechanical removal
methods, a linear regression function (Statistica 6.0; StatSoft,
Tulsa, USA) was fitted to the corresponding wax yields of the four
and five consecutive removal steps, respectively. For the fitting
procedure, the least sum of squared deviations was used as loss
function. To characterize the kinetics of the extraction experiment,
a nonlinear regression function was fitted to the corresponding wax
yields of the five successive extraction steps. The least sum of
squared deviations was used as loss function with the quasi-New-
ton method as the estimation procedure.

Results

To characterize the shape and arrangement of the epi-
cuticular wax crystals, native surfaces of Nepenthes alata
pitchers were investigated by SEM. The entire area of
the slippery zone, comprising epidermal and lunate cells,
was covered with a dense network of wax platelets
(Fig. 3a). Most crystals had similar height, standing
upright and exposing their narrow side towards the lu-
men of the pitcher. They were ca.l pum long and 0.1 pm
thick, had entire margins and were only slightly curved.
Angles between neighbouring or partially connected
platelets varied widely, creating a random pattern of
small air spaces (Fig. 3c).

In a first experiment, frozen water was used to
mechanically remove wax crystals from a defined area
within the slippery zone. The cryo-adhesive treatment
could be repeated five times on the same area without
damaging the plant tissue (confirmed by SEM). Wax
yields decreased steadily from 5.4 pg/cm? in the first step
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Fig. 3a-h SEM images of the
slippery zone of N. alata
pitchers, taken from air-dried
samples before and after various
treatments. a, ¢ Untreated
surface, characterized by
modified stomata and a dense
network of epicuticular wax
crystals, forming entire
platelets. b, d Surface after the
first mechanical removal of
epicuticular wax crystals with
remaining irregularly edged
wax structures. e Border
between an untreated surface
(left) and an area after the first
mechanical removal of
epicuticular wax (right). f After
the fifth mechanical removal
with frozen water, in places the
smooth surface of the cutin
matrix becomes visible (right).
g Epicuticular wax crystals
mechanically removed in a first
preparation step with frozen
water and deposited on a cover
slide, preserving their shape and
three-dimensional arrangement.
h Underside of a gum arabic
film after the first mechanical
removal with adhering
epicuticular wax crystals. The
shape and structure of the
proximal parts of the removed
crystals are identical to those of
the distal parts of the structures
remaining on the plant surface.
Bars = 50 pm (a, b), I um (c-h)

to 1.8 pg/cm? in the fifth mechanical removal, adding up
to a total amount of 17.0 pg/em? (Fig. 4a). A linear
regression function (y=-0.94x+ 6.22) was fitted to the
wax yields of the consecutive removal steps. Accord-
ingly, only 0.6 pg/cm? of wax could have been expected
from a sixth preparation step and further mechanical
treatments would not have yielded additional wax. In-
stead, the extraction of the same surface with chloro-
form mobilized further wax material (9.5 pg/cm?),
bringing the overall wax yield to 26.5 pg/cm? (Fig. 4a).

In a second experiment, gum arabic was used as
adhesive for the mechanical removal of the wax. Due to
the drying intervals between consecutive steps, the
treatment could be repeated only four times without
damaging the gradually drying plant tissue. The yields
of repeated treatments with gum arabic decreased line-
arly (from 4.1 pg/em? to 2.1 pg/ecm?) and totalled
11.0 pg/cm? (Fig. 4a). From a linear regression function

(y=-0.60x+4.27), it was extrapolated that three addi-
tional removal steps would have released < 1.9 pg/cm?®
of wax. With a successive chloroform treatment 20.4 pg/
cm” of wax was extracted and the overall yield accu-
mulated to 31.4 pg/cm?, not differing significantly
(Mann—Whitney U-Test: P>0.05) from the overall yield
of the first experiment.

In parallel to the chemical analyses, the effects of
successive steps of mechanical wax removal from the
pitcher surface were monitored by SEM. Already in the
first treatment with frozen water or gum arabic the en-
tire-edged platelets were removed from extensive areas,
instead exposing wax platelets with irregular margins
(Fig. 3b, d). At the borderline between native and trea-
ted areas it became obvious that the original crystals had
been much higher than the newly exposed structures
(Fig. 3e). This suggests that only the outermost parts of
the crystals had been broken off by the first adhesive
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Fig. 4a, b Cumulative yield of wax from the slippery zone of
N. alata pitchers. Various preparation methods were combined in
three parallel approaches. a Epicuticular wax was first mechanically
removed treating the surface either five times with frozen water
(n=15) or four times with gum arabic (n=4) as adhesives. After the
mechanical removal, a final extraction with warm chloroform
followed. b For the assessment of total wax coverage, the wax was
chemically removed by five successive surface extractions with
warm chloroform (n=4). Data are means = SD

treatment (c.f. Fig. 3c and d) and the irregular margins
of the remaining platelets represented the breakage lines.
Additionally, after the fifth treatment with frozen water
a smooth surface became visible in places (Fig. 3f). The
sharp delineation between the two areas highlighted two
layers, in this case reflecting the sharp contrast between
the fringed platelets and the underlying smooth surface
of the cuticle itself.

SEM was also employed to characterize the structure
of the removed material. To this end, the cryo-adhesive
preparations were transferred onto cover slides, thus
allowing the microscopic inspection of the distal parts of
the platelets after removal (Fig. 3g). Both their shape
and arrangement were largely preserved, only the ori-
entation of a few crystals being disturbed (c.f. Fig. 3¢
and g). Alternatively, the proximal parts of the removed
crystals could be viewed on the underside of stripped
pieces of gum arabic (Fig. 3h). This part of the removed
material closely resembled the remaining crystal coun-
terparts on the pitcher surface (c.f. Fig. 3d and h).

In the first preparation step, both frozen water and
gum arabic yielded identical patterns of compound
classes (Fig. 5a, b). With the exception of trace amounts
of pentacyclic triterpenoids, only unbranched very-long-
chain aliphatic components were present. Homologous
series of C,p—Cj34 primary alcohols, C,—Cs, fatty acids,
C;3—Csg alkyl esters, and C,s—Cs4 n-alkanes were de-
tected. The most prominent compound class were C,q to
Cs4 n-aldehydes, comprising 60% and 62% of the first
cryo-adhesive and gum arabic preparation, respectively
(Fig. 5a, b). Except for the alkanes, even-numbered
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carbon backbones dominated all of the aliphatic com-
pound classes. The first cryo-adhesive preparation con-
tained especially high portions of the C,4 fatty acid
homologue, while the alcohols showed a broad chain
length distribution with maxima for C,4; and Cj
(Fig. 6a, b). In contrast, the homologous series of
aldehydes was characterized by a pronounced maxi-
mum, triacontanal (Czg) prevailing with 72% of the
fraction (Fig. 6¢). This single aldehyde homologue
therefore constituted 43% of the prepared crystal mass.
The first gum arabic treatment yielded very similar
homologue patterns (data not shown).

After exhaustive mechanical wax removal with frozen
water, the remaining wax was sampled with chloroform.
The resulting extract contained only 28% of aldehydes
and relatively high quantities of alcohols (31%, Fig. 5d).
In addition, alkyl esters and pentacyclic triterpenoids
had higher concentrations in the extracts than in the
mechanically sampled wax portions. The homologue
distribution of the extracted aldehydes was shifted to-
wards chain lengths below C,g (Fig. 6¢), as compared to
the surface-stripped wax, with a local maximum at Cyy
(28% of the fraction). Although triacontanal was the
major homologue (34% of the fraction), it constituted
only 9% of the extract. Within the fatty acid fraction,
there were no differences in the distribution patterns
between extracted and stripped wax compartments,
whereas the homologue pattern of the alcohol fraction
was slightly shifted towards chain lengths below Cog in
the extracted wax (Fig. 6a, b). After repeated treatments
with gum arabic, the corresponding chloroform extract
contained 40% of aldehydes (Fig. 5¢). The concentra-
tions of the other compound classes were similar in the
final extractions of both experiments. The chain length
distribution of aldehydes in the extract diverted from
that of the corresponding gum arabic treatment. The
shift towards chain lengths below C,g with a local
maximum at Cyy (22% of the fraction) and the absolute
maximum at Czg (39% of the fraction) was less pro-
nounced than after the cryo-adhesive treatment. Hence,
the wax mixture obtained after gum arabic treatment
(Fig. 5¢) shows an intermediate composition between
that of the first cryo-adhesive treatment (Fig. 5a) and
the corresponding final extraction (Fig. 5d).

In a third experiment, the total wax coverage on the
slippery zone of N. alata was assessed by chemical
extraction. But as preliminary experiments had shown
that the epicuticular crystals themselves were not readily
soluble in chloroform at room temperature (Fig. 7a, c),
the extraction was performed at approximately 40 °C. In
the first extraction step 16.0 pg/cm? of wax was ob-
tained, while with four more steps a total yield of
28.5 pg/em?> was achieved (Fig. 4b). To the individual
wax yield of the five extraction steps a nonlinear
regression function was fitted (y=—0.40+ ¢ 73" *3:56),
From this it was estimated that an additional extraction
would not have yielded considerable amounts of wax
and it can be assumed that the cuticular wax was ex-
tracted exhaustively. This result was confirmed by SEM
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of the pitcher surface after five extraction steps (Fig. 7b,
d). On the other hand, the presence of marker com-
pounds for the underlying tissue (e.g. chlorophylls or
carotenoids) in the extracts could be excluded both by
visual inspection and by chemical analyses, hence indi-
cating that the extraction protocol was selective for
soluble cuticular material. The cumulative extraction
yield closely matched the total wax yields assessed in the
first two experiments (Kruskal-Wallis-Test: H (2,
n=13)=1.74; P=0.42).

The results of the first extraction step (Fig. 5¢)
showed striking similarities to those from the final
extraction after gum arabic treatment (c.f. Fig. Se).
While aldehydes predominated in the mixture, sub-
stantial amounts of alcohols, fatty acids and esters also
were obtained. In the course of consecutive extraction
steps, the relative amounts of compound classes shifted
gradually, portions of aldehydes increasing to 62% and
alcohols decreasing to 19% instead (Fig. 5f). Therefore,
the wax mixture of the fifth extraction step (Fig. 5f)
closely resembled that of the first adhesive treatments
(Fig. 5a, b).
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Discussion

The chemical composition of epicuticular wax crystals
has been the topic of many studies (Jeffree 1986; Walton
1990; Bianchi 1995) and it is generally accepted that
single compounds or compound classes are responsible
for the formation of the crystals (Baker 1982). This was
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first inferred from comparative studies of diverse plant
species, showing that the predominance of certain wax
constituents was correlated with characteristic crystal
shapes (Holloway et al. 1976). Conversely, crystals of
various characteristic shapes could be generated in vitro
by recrystallization of selected neat wax constituents
(Jetter and Riederer 1994, 1995). Based on this indirect
evidence it was hypothesized that epicuticular wax
crystals spontaneously self-assemble as soon as a single
compound is concentrated beyond a threshold value.
Consequently, the separation of a crystalline phase from
the complex amorphous wax mixture should cause dif-
ferences between the chemical composition of the crys-
tals and the surrounding mixture. In order to detect
these gradients within the cuticular wax mixture, the
exact percentages of individual compounds either in the
epicuticular crystals or in the underlying (partially)
amorphous intracuticular wax have to be assessed. But
unfortunately, methods that would give direct chemical
evidence by selectively probing both layers were not
available previously.

Selectivity of mechanical wax sampling techniques

In the present investigation, the cuticular wax mixtures
on the slippery zone of Nepenthes alata pitchers were
sampled and analyzed in three independent experiments.
By repeating and combining various methods for wax
removal from the tissue surface, both the absolute
amounts and the relative composition of epicuticular
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Fig. 7a—d SEM images of the
slippery zone of N. alata
pitcher, taken from air-dried
samples. a, ¢ After one surface
extraction with chloroform at
room temperature, leaving
substantial amounts of crystals
lying flat on the surface.

b, d After five successive surface
extractions with warmed
chloroform. All epicuticular
wax structures are removed.
Bars = 50 um (a, b), 1 um (¢, d)

crystals and intracuticular waxes were assessed. The
overall wax yield of approx. 30 pg/cm? determined in all
three experiments did not differ significantly, and
therefore represents the total coverage of epi- plus in-
tracuticular waxes.

Taking all results from the chemical analyses and
SEM into account, the selectivity of the employed
methods can be judged. Repeated treatments with
frozen water, sampling surface material exclusively by
adhesion, yielded steadily decreasing amounts of wax

Chain length

(c.f. Fig. 4a). Hence, in this experiment a mechanically
stable boundary was reached, which is most likely de-
fined by the outer limit of the cutin polymer matrix
(Jetter et al. 2000). Wax constituents beyond this
boundary were only accessible by chemical extraction,
shown by the increased wax yield of the final extrac-
tion. Consequently, the mechanically prepared material
can be designated as epicuticular wax, whereas the
extracted compounds represent intracuticular wax. The
regression analysis showed that only small amounts of
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epicuticular wax, not sampled with the cryo-adhesive,
contaminated the intracuticular sample. Frozen water,
hence, proved to be a very efficient adhesive for a sharp
distinction between the two Nepenthes wax compart-
ments. Of the total wax coverage, 64% was found to be
located in the epicuticular wax compartment.

The results of the gum arabic treatments differed in
some major aspects from the cryo-adhesive experiment:
(1) in the mechanical wax removal steps, gum arabic
yielded significantly less wax than frozen water (35% of
the total wax coverage; c.f. Fig. 4a); (ii) in the consec-
utive chloroform extraction, relatively large portions of
aldehydes were detected (c.f. Fig. 5); and (iii) all com-
pound classes showed intermediate homologue patterns
between those of the first cryo-adhesive treatment and
the corresponding chloroform extract (data not shown).
These findings indicate that the repeated mechanical
treatment with gum arabic did not suffice to remove all
epicuticular wax from the pitcher surface. The remaining
portion of the epicuticular material was released to-
gether with the intracuticular wax in the consecutive
extraction step and, consequently, the intracuticular wax
composition can only be qualitatively evaluated by the
gum arabic data. Nevertheless, the first gum arabic
treatment was highly selective for the epicuticular wax
crystals and could serve to corroborate corresponding
results from the cryo-adhesive method.

Additionally, sublayers could be distinguished within
the epicuticular wax crystals on Nepenthes pitcher sur-
faces. With both adhesives, all platelets were broken at
equal height above their bases, leaving fringed stubs.
Hence, differences in the mechanical properties create a
weak zone between the entire-edged distal part of the
platelets and their proximal end at (or underneath) the
cuticle surface. Wax preparations from the first adhesive
treatment contained only the outer sublayer of the
crystal network and were therefore specifically reflecting
the chemical composition of the plant-insect interface.
The relatively small wax yields together with the intact
structure of the removed crystals indicate that both
adhesives were equally selective for the distal portions of
the platelets.

Composition of epicuticular crystals
and intracuticular wax

Both methods, employing frozen water or gum arabic
to mechanically sample waxes, proved to be very
selective for the outermost part of the epicuticular wax
platelets on pitchers of N. alata (see above). The re-
sults of the first adhesive treatment therefore allow the
crystal composition to be inferred directly. Both
experiments independently showed that the epicuticular
wax platelets consisted mainly of very-long-chain
aldehydes (c.f. Figs. 5, 6). Triacontanal was a crucial
factor in the formation of the characteristic Nepenthes
crystals, as this single aldehyde homologue contributed
43% of the entire crystal mass. This result, for the first

time quantifying the major compound within epicu-
ticular crystals, confirms the original hypothesis that
described crystal formation as a spontaneous phase
separation of one highly concentrated constituent.

Triacontanal had been detected in the cuticular waxes
of diverse plant species, usually being a minor compo-
nent together with shorter-chain aldehydes (Walton
1990). It had also been reported that aldehydes can be
localized in epicuticular wax platelets on rice and sugar
cane leaves (Haas et al. 2001). In general, this charac-
teristic crystal shape had been associated with the pres-
ence of primary alcohols on diverse plant species (Baker
1982). Together with these previous reports, our results
demonstrate that this crystal type can be formed on
various plant surfaces by pure alcohols, aldehydes, or
possibly by mixtures of both compound classes. This
raises the question whether platelets consisting of alde-
hydes or of alcohols differ in their physical properties
and ecological functions.

It has been a long-standing question whether minor
constituents can contribute to the epicuticular wax
crystals. The present analyses showed that more than
half of the crystal mass consisted of compounds other
than triacontanal. Homologous series of primary
alcohols, fatty acids, alkyl esters, and alkanes were
detected. It cannot be decided whether these com-
pounds are randomly distributed throughout the crys-
tal network, or whether they segregate into distinct
platelets. But interestingly, compounds with similar
polarity, e.g. homologous C,4;—Csy aldehydes, and
compounds with similar molecular geometry, e.g. Csq
aldehyde and C; alcohol, were found at especially high
concentrations in the epicuticular wax of N. alata.
These strong similarities between the crystallizing
molecules, together with the homogeneous appearance
of the crystals, might indicate that the compounds co-
crystallize.

The final chloroform extraction in the cryo-adhesive
experiment allowed a direct analysis of the intracutic-
ular wax of the slippery zone in N. alata pitchers. This
wax layer contained only moderate amounts of alde-
hydes, but relatively high portions of alcohols, alkyl
esters and triterpenoids. Hence, distinct gradients be-
tween epi- and intracuticular layers were found for
individual wax constituents of N. alata pitchers. The
aldehydes, being the major fraction in the epicuticular
crystals, showed the most drastic differences between
the two layers. Less pronounced effects were detected
for the other epicuticular compounds. Interestingly,
aldehydes and alcohols with especially long chains were
accumulating in the epicuticular crystals.

The third experiment, assessing the total wax cov-
erage of N. alata by repeated chloroform extractions,
showed that relatively large solvent volumes and ele-
vated temperatures are necessary to entirely dissolve
the triacontanal-dominated epicuticular crystals. The
results of this experiment are in apparent conflict with
the good solubility of most plant cuticular waxes in
organic solvents at room temperature (Holloway 1984;



Walton 1990; Bianchi 1995). Although synthetic tria-
contanal has a solubility of 50 mg/ml in chloroform at
room temperature (P. Schmid, University of Wiirz-
burg, personal communication), only approx. 6 pg/ml
of the same compound dissolved under identical con-
ditions from the N. alata crystals. This indicates that
very-long-chain aldehydes can exist in two forms.
Accordingly, earlier studies had described both
monomeric and polymeric forms of aldehydes in the
cuticular wax of sugarcane (Lamberton and Redcliffe
1960). As the polymers were insoluble in organic sol-
vents at room temperature, their structure could not be
fully elucidated (Lamberton 1965). Haas et al. (2001)
reported that the wax platelets on the leaf surfaces of
sugar cane and rice were insoluble at room tempera-
ture, while hot chloroform dissolved them and released
high portions of aldehydes. The authors inferred that
the previously described polymeric aldehydes were (at
least in part) localized in the epicuticular crystals. In
accordance with these earlier reports, we conclude that
the N. alata crystals contained aldehydes in a poly-
meric and, hence, insoluble form.

The presence of polymeric aldehydes in the epicu-
ticular crystals of Nepenthes pitchers is further sup-
ported by the composition of the chloroform extracts
in the third experiment. The first and the fifth extrac-
tion yielded wax mixtures (c.f. Fig. 5c and f) similar to
the chemically extracted and the mechanically stripped
samples from the cryo-adhesive experiment (c.f. Fig. 5d
and a), respectively. In the first step mainly the in-
tracuticular wax constituents were extracted, while lit-
tle material from the epicuticular crystals could be
dissolved. In the course of the consecutive extractions
all readily soluble wax constituents were removed and
only the chloroform-resistant crystals remained on the
surface. Consequently, the later extraction steps selec-
tively yielded constituents of the epicuticular wax
crystals.

To our knowledge, there is only one literature re-
port on the chemical composition of epicuticular wax
crystals of Nepenthes pitchers. Juniper et al. (1989),
after wiping the pitcher surface of Nepenthes X
williamsii with chloroform-soaked cotton wool, found
that aldehydes, alcohols and fatty acids contributed
almost equally to the composition and therefore could
not infer a single crystal-forming compound (or com-
pound class). But the authors also mentioned that the
wax crystals could not be removed completely by
washing the surface with chloroform, hence casting
doubt on the epicuticular origin of their material. As
the present findings for the intracuticular wax of
N. alata are very similar to the reported composition
of the N. X williamsii wax, it is possible that mainly the
intracuticular lipids of the latter species were analysed.
The corresponding epicuticular crystals might contain
polymeric aldehydes and would, hence, differ signifi-
cantly from the intracuticular wax. This hypothesis can
now be tested employing the present sampling tech-
niques on N. X williamsii pitchers.
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Mechanism of slippery epicuticular crystals
in Nepenthes pitchers

Insects have evolved a wide variety of structures for
attachment to different substrates, involving either
smooth pads or structures with setose or hairy surfaces
(summarized by Beutel and Gorb 2001). Both types of
attachment device employ flexible material to optimize
the area of contact to the substrate (Gorb 2001). Contact
can be further enhanced by surface-active secretions on
the insect feet mediating forces by molecular adhesion
and surface tension of a thin layer of liquid (Eisner and
Aneshansley 2000, Federle et al. 2001). On the other
hand, plant surfaces covered with epicuticular wax
crystals can be extremely slippery for walking insects
(Juniper 1995; Juniper et al. 1989; Eigenbrode 1996).
The slippery zone of Nepenthes pitchers, playing a
pivotal role in the capture of insect prey, was the first
instance where a distinct ecological function could be
attributed to epicuticular wax crystals (Knoll 1914). In
recent years, various aspects of slippery wax crystals
have been investigated in the context of symbiotic ant—
plant interaction (Federle et al. 1997, 2000) and of direct
(Stork 1980; Brennan and Weinbaum 2001) or indirect
(Eigenbrode et al. 1996, 1999) defence against herbi-
vores. But it is an open question how the crystals make
plant surfaces slippery for insects. The interaction
between the insect attachment devices and various plant
surfaces strongly depends on the physico-chemical
characteristics of the involved materials. But to date
there is only little knowledge about the properties, e.g. of
insect adhesive secretions (Attagalle et al. 2000; Votsch
et al. 2002).

For the plant side of the interaction, Knoll (1914)
postulated that epicuticular wax crystals are easily
detachable from the plant surface. Insects tried to clean
their feet after walking on Nepenthes surfaces, indicating
that crystals broke under the weight load of an insect
foot and contaminated the insect attachment devices.
This interpretation was supported by transmission
electron micrographs showing carbon replicas of
Nepenthes wax platelets (Juniper and Burras 1962). They
led to a model describing these crystals as especially
slippery: the parallel orientation to the pitcher surface,
similar to roof tiles, would allow perfect contact between
foot and crystal. As the crystals are fastened by thin
hooks to the underlying cuticle surface, they would
easily break, detaching both foot and crystal from the
pitcher surface. The present findings for the inner sur-
faces of N. alata pitchers are inconsistent with these
hypotheses: (i) the narrow edges of the platelets are di-
rected to the lumen of the pitcher; (ii) the crystals are not
singular, isolated aggregates but networks of platelets
partly penetrating each other; (iii) even after being
separated from the underlying tissue, the network of
crystals shows high structural integrity; (iv) the platelets
consist of polymeric aldehydes that probably reinforce
them chemically and mechanically. Based on these
results, we hypothesize that the crystals are mechanically



96

stable in the force ranges applied by an insect attach-
ment device (albeit not in the force range applied in our
adhesive treatments). Other hypothetical mechanisms,
possibly in combination, would then cause the slipperi-
ness of the inner surface of N. alata pitchers. The ori-
entation of the crystals, exposing only small areas to the
insect foot, will limit the number of attachment points,
possibly reducing applicable forces below a critical
threshold. Furthermore, the reduced surface energy of
the substrate might impair wetting by the adhesive
secretion on the attachment devices and, hence, cause
slipperiness. It had previously been shown that micro-
scopic surface roughness could be a very important
factor limiting insect attachment (Stork 1980).

The data presented here for the composition and
structure of the outermost surface of the slippery zone in
N. alata pitchers provide the basis for mechanistic
investigations of the interaction between this plant sur-
face and insect attachment devices. The adhesion prop-
erties of insects on different surfaces were shown to be
measurable variables (Eigenbrode and Kabalo 1999;
Eigenbrode et al. 1999; Federle et al. 2000; Scherge and
Gorb 2001). However, the mechanism of slipperiness
can only be understood if also the physical properties of
the crystals are known. The question will have to be
addressed of how the chemical composition of the
crystals is related to their mechanical capacity. The
methods developed in the present investigation can be
employed to analyse the slippery surfaces of other car-
nivorous plant taxa, e.g. Brocchinia reducta, to compare
diverse crystal compositions, shapes and mechanical
properties.

Conclusions

In the present study, the composition of epicuticular wax
crystals was for the first time probed and analysed di-
rectly. Based on a comparison between surface crystals
and the underlying intracuticular wax layer, the physico-
chemical processes leading to crystal formation could be
judged. Platelet-shaped crystals on the inner walls of
Nepenthes pitchers, creating slippery surfaces that are
crucial for the capture of insect prey, consisted of alde-
hydes (predominantly triacontanal). Hence, the special
ecological function of these cuticular structures is exerted
by a few compounds that are ubiquitous surface constit-
uents of most plant species. Crystal formation was found
to be a spontancous phase separation, the only pre-
requisite being the accumulation of single compounds
beyond a threshold concentration. Hence, the evolution
of the slippery pitcher surface involved only the enhanced
biosynthesis of triacontanal, likely by up-regulation of a
pre-existing gene product. It is interesting to see that
similar crystals on various other plant surfaces are formed
by wax alcohols instead of the aldehydes. These crystal-
forming aldehydes were found to be in a polymeric form
and are likely to reinforce the platelets chemically and
mechanically. The present results contradict previous

models that described the Nepenthes crystals as especially
fragile, breaking under the load of insect feet and, hence,
causing slipperiness. Conversely, we hypothesize that the
evolutionary optimization of Nepenthes pitcher surfaces
led to the formation of polymeric crystals that are espe-
cially stable, perfectly resisting erosion by insect feet and
thus initiating the fall of prey and defeating repeated es-
cape efforts.
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