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Summary. The stems of many Macaranga ant-plants
(Euphorbiaceae) are covered by epicuticular wax crys-
tals rendering the surface very slippery for most in-
sects. These wax blooms act as selective barriers
protecting the symbiotic ant partners, which are spe-
cialized ‘“‘wax-runners”, against the competition of
other ants. Glaucous stems occur almost exclusively
among the ant-plants of the genus Macaranga (Fed-
erle et al. 1997). We analyzed the cuticular lipids of
16 Macaranga species by GC-MS and investigated the
wax crystal morphology using SEM. Presence of crys-
talline wax blooms was strongly correlated with high
concentrations (52%-88%) of triterpenoids. In con-
trast epicuticular waxes of glossy Macaranga surfaces
contained only 0% to 36% of these dominant compo-
nents. Therefore we conclude that triterpenoids are
responsible for the formation of the thread-like
Macaranga wax crystals. In all Macaranga ant-plants
investigated, the principal components were epitaraxe-
rol and taraxerone accompanied by smaller portions
of taraxerol, f-amyrin and friedelin. Only in the case
of the non-myrmecophytic M. tanarius did f-amyrin
predominate. Moreover, we found that only in M.
tanarius, the dense wax crystal lacework is torn into
large mosaic-like pieces in the course of secondary
stem diameter growth. Both chemical and macro-
scopic differences may contribute to a reduced slip-
periness of M. tanarius stems and appear to be
functionally important. The distribution of wax crys-
tals and their composition amongst different sections
of the genus suggests that glaucousness is a poly-
phyletic character within Macaranga.

Key words. epicuticular waxes — triterpenoids — fine
structure — SEM - insect attachment — ant-plants —
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Introduction

In SE Asia, the pioneer tree genus Macaranga (Eu-
phorbiaceae) comprises about 51 species, 24 of which
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are obligate ant-plants (‘“myrmecophytes’). The biol-
ogy of ant-plant associations in this genus has been
studied intensively in recent years (Fiala et al. 1989;
Fiala & Maschwitz 1990, 1991, 1992a,b; Federle et al.
1998a,b; Heil et al. 1997, 1998). The ant partners of
Macaranga (genera Crematogaster and Camponotus)
nest inside the hollow twigs and predominantly feed
on food bodies provided by their host plants.

The stems of some Macaranga myrmecophytes are
glaucous, ie. covered by epicuticular wax crystals.
These wax blooms have been shown to be slippery
for insects (Federle et al. 1997). Only the specialized
ant partners of “waxy” host trees are capable of
walking on the glaucous surfaces without any
difficulty. The epicuticular wax crystals on vertical
connecting stems thus act as selective barriers which
protect the specialist ant partners against invasion of
“foreign”  generalist ants. Within the genus
Macaranga, glaucous stems are found almost exclu-
sively among the ant-plant species (50% of 26 ant-
plant morphospecies; 6.7% of 30 non-myrmecophytic
morphospecies; Federle er al. 1997).

The present study focuses on the chemical com-
pounds that are responsible for the formation of the
slippery Macaranga epicuticular wax crystals. Epicu-
ticular wax crystals occur on various plant species
and organs in specific shapes and arrangements
(Barthlott et al. 1998). Corresponding surface wax
mixtures were in many cases found to contain a dom-
inant component (Baker 1982; Jetter & Riederer
1994). As suggested by recrystallization experiments
(Jeffree et al. 1975; Jetter & Riederer 1994, 1995),
these compounds are essential for the formation
of the crystals and their identity, together with crys-
tallization conditions, determines the crystal ge-
ometries.

Most extraction techniques remove epicuticular
crystals together with intracuticular waxes. We there-
fore attempted a partially selective removal of epicu-
ticular crystals by sampling from the outermost part
of the cuticle. The composition of wax crystals could
then be inferred from comparing glaucous versus
non-glaucous Macaranga surfaces with regard to
chemical composition and fine structure.
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Materials and methods
Plant material and sample preparation

Macaranga plants were collected from Peninsular Malaysia or Borneo
and grown in the greenhouses of the Botanical Garden, University of
Wiirzburg. 16 Macaranga species were selected to represent a wide
range of character combinations including both ant-plants and spe-
cies not associated with ants as well as glaucous and glossy species.
Manihot esculenta (Euphorbiaceae) was included as a glaucous out-
group species. Macaranga species are named according to Whitmore
(1975) and Davies (in press). As we collected samples from green-
house plants of which we kept only one or a few individuals, no
herbarium specimens were collected from our sampled trees. Never-
theless, voucher specimens of the investigated Macaranga species are
in the collection of the second author.

Waxes were mechanically removed from stems (30 cm below the
main shoot tip) and from young leaves by gentle brushing with a
swab of dry glass wool held with forceps. This sampling method
should provide samples enriched in epicuticular waxes. It conse-
quently cannot yield quantitative information on area-related wax
coverage. The collected samples were dissolved in CHCI;. The result-
ing solutions of cuticular waxes were filtered and the solvent partially
removed under reduced pressure. Prior to GC analysis hydroxyl- or
carboxyl-containing compounds in all samples were transformed to
the corresponding trimethylsilyl (TMSi) derivatives by reaction with
bis-N,O-trimethylsilyltrifluoroacetamide (Macherey-Nagel, Diiren,
FRG) in pyridine (30 min at 70°C). For GC-analysis the sample
volume was adjusted to concentrations of approximately 50 pg/ml for
main components.

Chemical analysis

The composition of the mixtures was studied by capillary GC
(Hewlett Packard 5890 II, Avondale, Pennsylvania, USA) with on-
column-injection (30 m DB-1 WCOT i.d. 320 um, J&W Scientific,
Folsom, California, USA) and FI- or MS-detector (70eV, m/z 50—
650, hp 5971). GC was carried out with temperature programmed
injection at 50°C, oven 2 min at 50°C, 40°C min ~' to 200°C, 2 min
at 200°C, 3°C min ' to 300°C, 30 min at 300°C. The initial inlet
pressure of the carrier gases was adjusted to 50 kPa hydrogen (FID)
or 10 kPa helium (MSD). After 41 min the inlet pressure was raised
by 10 kPa min—! to a final value of 150 kPa (FID) or 110 kPa
(MSD). By this method all common cuticular wax constituents
including long-chain alkyl esters up to chain lengths of C,q could be
detected. Individual compounds were identified by comparing their
GC and MS characteristics with those of authentic standards and
literature data. Standards for epimeric taraxerol isomers were ob-
tained after reduction of taraxerone with LiAlH,. A sample of
taraxerol, which was provided by Robert B. Bates (structure confi-
rmed by NMR; Bates er al. 1998), allowed an unambiguous assign-
ment of epitaraxerol and taraxerol. The quantification of individual
compounds was based on relative areas of integrated GC-FID peaks.
FID response factors (based on mass units) of triterpenoids and
aliphatic wax constituents can be considered as approximately equal.

SEM

Small pieces of Macaranga stem surfaces were cut out with a razor
blade and dried over silica gel. Samples were glued with a double-
sided tape onto SEM specimen holders, sputtered with gold for 2
minutes (25 mA) and investigated using a Zeiss DSM 962 scanning
electron microscope (working voltage 15 kV).

Results
Wax composition

The waxes of all the glaucous Macaranga surfaces
analyzed were found to contain high concentrations of
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triterpenoids (52%—88%; Table 1), while almost all the
surfaces with glossy appearance yielded mixtures with
only traces of these cyclic compounds (Table 1). In
most of the non-glaucous species, waxes with only
traces of triterpenoids were isolated. Glaucous and
glossy surfaces are often present on different tissues or
stages of development (e.g. leaves and stems of M.
hypoleuca, young and adult stems of M. hosei and M.
pruinosa). In these cases, glaucousness was again corre-
lated with high triterpenoid portions in the waxes.
Stems of M. hullettii and upper leaf surfaces of M.
hypoleuca were the only non-glaucous surfaces that
yielded waxes with considerable triterpenoid concentra-
tion (36% and 28%, respectively), but even these maxi-
mal figures were well below the minimum (52%) of all
the glaucous samples investigated. The correlation be-
tween glaucous appearance and triterpenoid content of
the wax was highly significant (U-test: n =21; U = 104;
z= —13.79; P <0.001). The major triterpenoids occur-
ring in waxes from glaucous Macaranga surfaces were
identified as epitaraxerol, taraxerol, taraxerone, f-
amyrin and friedelin. In most of these triterpenoid
mixtures epitaraxerol and taraxerone prevailed (35%-—
73% of the total wax), both compounds occurring in
ratios between 2:1 and 2:5 (Table 1). All the other
triterpenoids were present in smaller portions amount-
ing to a total of 6%—17%. Stems of M. tanarius were
exceptional, because f-amyrin was the dominant sur-
face lipid. It should be noted that in this species taraxe-
rone and epitaraxerol could not be detected. Due to
higher preconcentration of samples from glossy surfaces
the detection limits for individual triterpenoids were
even lower than for wax mixtures from glaucous sur-
faces. Nonetheless, the principal wax components could
not be detected in most of the waxes from glossy
Macaranga surfaces. Only the stem waxes of M.
puncticulata, M. winkleri, and M. hullettii were found to
contain small to intermediate percentages of triter-
penoids. In all these samples taraxerol was identified as
the major cyclic compound while taraxerone and epi-
taraxerol could not be detected. Somewhat higher con-
centrations of these principal components were only
found on adaxial leaf surfaces of M. hypoleuca.

Very-long-chain ( > C20) aliphatic compounds typi-
cal for cuticular waxes as fatty acids, n-alkyl acetates,
n-alkanols, n-alkanes, and n-alkanals were exclusively
detected in wax mixtures of glossy Macaranga surfaces
(Table 1).

Fine structure of Macaranga surfaces

Macaranga stems either had a very dense web of
thread-like epicuticular wax crystals on their cuticles, or
they carried only few or no crystals (Table 1; M.
aetheadenia, M. hullettii, M. hypoleuca, M. lamellata,
M. pruinosa, M. tanarius, and Manihot esculenta inves-
tigated by SEM). Only on surfaces that looked macro-
scopically glaucous, were crystals abundant (Fig. 1A, B,
E, F; Fig. 2C, D, G). In contrast, glossy Macaranga
stem surfaces carried no wax crystals at all (M. triloba
and M. hullettii investigated by SEM; Fig. 1C and D).



Table 1 Chemical composition (peak area%) of epicuticular waxes from Macaranga surfaces

Organ Glau- Myr- Epitarax-  Tarax- Tarax- p-Amy- Frie- Other triterpenoids Sum of  aliphatic compounds™ Sum of
cous meco-  erol [%] erone [%] erol [%] rin [%]  delin  detected* triter- identified
phytic [%0] penoids compounds
(7] [7]
Pachystemon sensu stricto
M. aetheadenia stems + + 40 33 8 4 3 D(tr.) 88 n.i. 88
M. beccariana stems + + 36 30 2 3 2 A(tr.), B(1%) 74 n.i. 74
M. glandibracteolata  stems + + 35 26 2 2 5 D(1%) 71 n.i. 71
M. havilandii stems + + 33 26 3 1 6 A(3%) 72 n.i. 72
M. hullettii stems — + n.i n.i 23 3 5 D(3%), E(2%) 36 n.i. 36
M. hypoleuca stems + + 40 31 2 4 6 B(tr.) 83 n.i. 83
leaf ad. — 9 10 2 2 5 D(tr.) 28 0l(21%)¥, ac(13%), fa(7%)° 69
leaf ab. + 32 25 2 4 2 C(2%), D(3%) 70 n.i. 70
M. lamellata stems + + 22 35 2 5 2 D(1%) 67 n.i. 67
M. motleyana ssp. stems + + 25 36 3 5 4 C(1%), D(1%) 75 n.i. 75
griffithiana
M. motleyana ssp. stems + + 24 26 1 1 4 n.i 56 n.i. 56
motleyana
M. triloba stems - + n.i. n.i. n.i. n.i. n.i. n.i. - fa(6%)?, 0l(4%), al(3%)> 13
Pachystemon sensu lato
M. puncticulata stems — + n.i n.i tr. n.i. n.i. n.i. tr. al(6%)®, ol(4%)® 10
M. pruinosa group
M. hosei, adult stems + + 27 32 3 3 2 C(tr.), D(2%), E(1%) 70 n.i. 70
M. hosei, juvenile stems — — n.i. n.i. n.i. n.i. n.i. n.i. — fa(4%o)» 4
M. pruinosa, adult stems + + 22 13 12 2 2 A(1%), C(tr.), E(tr.) 52 n.i. 52
M. pruinosa, juvenile stems — — n.i. n.i. n.i. n.i. n.i. n.i. — fa(5%)™ 5
Winklerianae
M. winkleri stems — + n.i n.i 1 1 n.i n.i 2 an(14)” 16
Individually distinctive species
M. gigantea stems — — n.i. n.i. n.i. n.i. n.i. n.i. — ac(4%)’, ol(tr.)” 4
M. tanarius stems + — n.i. n.i. n.i. 65 5 A(3%) 73 n.i. 73
Reference species
Manihot esculenta stems + — 12 29 8 3 n.i. A(3%) 55 an(5%) 60

tr. = traces (< 1%), n.i. = not identified, ad. = adaxial, ab. = abaxial

* A = f-Amyrinon, B = Epitaraxeryl-acetate, C = Lupenon, D = «-Amyrin, E = Lupeol

* ac = n-alkyl-acetate, al = n-alkanal, an = n-alkane, fa = fatty acid, ol = n-alkanol

The distribution of homologues is characterised by (Range of chain lengths; major homologue)

2 (C26-C34; C28) ® (C24-C32; C28) © (C24-C32; C26) ¥ (C20-C36; C34) @ (C26-C34; C32) D (C30-C34; C32) ® (C26-C28) ™ (C20-C30) V¥ (C27-C33; 31) ) (C24-C26) © (C29-C31)
C16 and C18 fatty acids were excluded from quantification due to possible interference by contamination of the glasswool used for wax sampling
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Only in the case of the glossy adaxial leaf surfaces of
M. hypoleuca, did we find small patches of crystal
threads scattered over a smooth cuticle (Fig. 1G and
H). It should be noted that this exceptional, intermedi-
ate morphology coincides with the results of the chemi-
cal analysis, in which we found intermediate
concentrations (19%) of the crystal-forming compo-
nents epitaraxerol and taraxerone (see Table 1).
Macaranga crystal threads were thin and long
(probably more than 10 um, see Fig. 1B, F) and had
few ramifications. There was considerable variation of
diameters between different threads (30-420 nm; x =
115 nm, s.d. = 65 nm, n = 120 crystals measured). High
magnification images showed that individual strings can
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Fig. 1 Fine structure of glaucous and
glossy  Macaranga  surfaces. A:
Macaranga lamellata stem surface
(1000 x ). B: M. lamellata stem surface
(5000 x ). C: M. triloba stem surface
(1000 x ). D: M. triloba stem surface
(5000 x ). E: M. hypoleuca abaxial leaf
surface (1000 x ). F: M. hypoleuca
abaxial leaf surface (5000 x). G: M.
hypoleuca adaxial leaf surface (1000 x ).
H: M. hypoleuca adaxial leaf surface
(5000 x ) crystal patches (arrows)
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be composed of two ‘“‘sub-threads” which form a dou-
ble helix (Fig. 2A). Thick crystal strings (> 100 nm
diameter) were often not cylindrical (like the thin
threads) but appeared to be flat “belts” (Fig. 2B)
possibly composed of parallel threads. Large crystal
strings may thus represent aggregates of smaller units.

The basic crystal geometry of all the Macaranga
species investigated appears to be identical, but some
variation occurs with respect to thread diameter and
degree of ramification. This pattern was present even in
M. tanarius, in which f-amyrin was the dominant
component. On a larger scale, however, the glaucous
M. tanarius samples had a strikingly different surface
structure. Its crystal threads did not form a homoge-
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nous surface as observed in all the glaucous Macaranga
ant-plants. The outermost layer of the wax crystal mesh
in M. tanarius rather appeared to be torn into flat
pieces (10—100 pm in diameter, Fig. 2C). This effect
was also visible at low magnifications and we proved its
presence in fresh surface samples of 5 haphazardly
chosen M. tanarius plants (collected 30 cm below the
shoot tip). We thus assume that the fracture of the wax
crystal web is not a drying artifact, but a process
probably caused by secondary growth of diameter of
stems. Crystals on mosaic pieces (Fig. 2D and E) had
similar shape and dimensions as epitaraxerol/taraxe-
rone crystals on other Macaranga surfaces. Areas be-
tween mosaic pieces (Fig. 2F) obviously had a reduced
crystal density.
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Fig. 2 Structural details of epicuticu-
lar wax crystals on surfaces of
Macaranga spp. and Manihot escu-
lenta. A: M. lamellata stem surface
(100000 x ) double helix (arrow). B:
M. hypoleuca stem surface (10000 x )
crystal ribbons (arrow). C: M. tanarius
stem surface (500 x ) crystal layer
pieces, note the beginning fracture (ar-
row). D: M. tanarius stem surface
(5000 x ) outermost wax crystal layer
(on a mosaic piece). E: M. tanarius
stem surface (50000 x ) outermost wax
crystal layer (on a mosaic piece), note
the ramifications (arrows). F: M. ta-
narius stem surface (50000 x ) inner
wax crystal layer (between the mosaic
pieces). G: Manihot esculenta stem sur-
face (1000 x ). H: Manihot esculenta
stem surface (50000 x); note the
finger-like ramifications (arrow). All
magnifications indicated refer to the
instrument parameter of the SEM

Siim
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S500nm

We found similar “mosaic” surfaces in Manihot
esculenta stems (Fig. 2G). Here, the crystals were again
threads with diameters in the same order of magnitude
as on Macaranga. However, they were shorter and
much more ramified than in Macaranga. The large
number of visible wax crystal tips were conspicuously
swollen (Fig. 2H).

Discussion

Many plants carry epicuticular wax crystals on their
leaves and/or primary stems. These wax crystals show a
considerable ultrastructural and chemical diversity and
they can be of systematic significance (Barthlott e al.
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1998). In most cases the formation of special crystal
habits is correlated with the presence of a particular
compound class in the wax mixture formed by individ-
ual constituents occurring at high relative amounts
(Baker 1982; Jetter & Riederer 1994). For few crystal
types this assumption has been corroborated by recrys-
tallization experiments with epicuticular wax mixtures
and with pure compounds (Jeffree et al. 1975; Jetter &
Riederer 1994, 1995). Consequently, Crystal formation
IS a spontaneous process occurring when single com-
pounds in a mixture are concentrated above threshold
values. Giilz ef al. (1992) stated that wax crystals can
usually be observed if one lipid class is present in
concentrations of at least 40% of the total wax.

Our data strongly suggest that the epicuticular wax
crystals of Macaranga trees are formed by triter-
penoids. In all the glaucous Macaranga species investi-
gated, triterpenoids made up more than 50% (in some
cases > 80%) of the total wax. A high content of the
two compounds epitaraxerol and taraxerone is proba-
bly responsible for crystal formation. Only in M. tanar-
ius did the wax crystals consist mainly of f-amyrin.

Several references show a clear correlation between
triterpenoid content of epicuticular waxes and glau-
cousness of plant surfaces. Although only limited infor-
mation is available on the fine structure of triterpenoid
crystals, several sources of data from the literature
suggest a great morphological diversity. In agreement
with the results of our study, the glaucous appearance
of the leaves of two Dudleya species (Crassulaceae) was
related to high contents of taraxerone (39%—42%) in D.
farinosa and of f-amyrenyl acetate (40%-45%) in D.
brittonii (Manheim & Mulroy 1978). Similar to the
epitaraxerol/taraxerone and f-amyrin crystals on
Macaranga surfaces, the wax crystals of D. brittonii
were characterized as primary threads (20 pm length, 2
pm thickness) with secondary threads (2 pm length, 0.1
pm thickness, Barthlott & Wollenweber 1981). Thread-
like wax crystals of the fern Polypodium aureum are
mainly composed of fernene (Barthlott & Wollenweber
1981), a triterpenoid with a different carbon ring system
lacking oxygen-containing functional groups. Apart
from triterpenoids, also flavonoids and (dihydro-) chal-
cones have been reported to form threads (Barthlott &
Wollenweber 1981).

In contrast to the thread-like crystals on Dudleya
brittonii, crystals in the shape of ‘“quadrangular
rodlets” were reported from the upper surface of Tilia
tomentosa leaves, where f-amyrenyl acetate was also
the dominant triterpenoid (49%, Giilz 1994). In the wax
gourd Benincasa hispida four isomeric triterpenol ac-
etates (~ 50%) and three triterpenol isomers ( ~ 17%,
Meusel et al. 1994) were found to form epicuticular wax
crystals, classified as ‘“‘terete rodlets” (Barthlott et al.
1998). From a principal component analysis of chemi-
cal wax composition and ultrastructural examinations
of 55 varieties of seven Sedum species, Stevens et al.
(1994) concluded that triterpenoids (4%—62% of total
wax) are primarily responsible for the glaucousness of
leaf surfaces, even when they are not the main con-
stituents of epicuticular wax. Germanicyl formate, fern-
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8-en-3-yl formate, taraxerone and taraxeryl acetate
were identified as principal triterpenoid wax con-
stituents. The crystals were described as “‘irregularly
shaped platelets” without consideration of individual
triterpenoids.

No ultrastructural information is available about
the epicuticular crystals of epitaraxerol, taraxerone and
p-amyrin. Thread-like crystals like the ones found in
our study have also been reported from other plant
families and may be formed by different triterpenoid
components. We cannot yet decide whether the combi-
nation of both or only one of the principal components
(epitaraxerol/taraxerone; ff-amyrin) determines the
shape of the crystals on Macaranga surfaces. A possible
modulating influence of minor wax constituents should
also be considered. These questions can only be an-
swered by recrystallization experiments with pure
compounds.

In all the glossy Macaranga surfaces triterpenoids
occurred at much lower concentrations or could not be
detected at all. The fact that the M. hullettii stem cuticle
lacks crystals, even though it contained 23% taraxerol,
may be explained by the relatively low total triter-
penoid concentration. It seems plausible that according
to Giilz et al. (1992) the total triterpenoid concentration
in this case (36%) is still below a critical threshold range
for the formation of crystals. An intermediate form
between glossy and glaucous surfaces with small
patches of crystal threads was found on the adaxial side
of M. hypoleuca leaves. This indicates that the crystal-
lization process may start at much lower concentrations
(19%) of the crystal-forming components epitaraxerol
and taraxerone.

Within the genus Macaranga, glaucousness shows a
remarkable distribution. Glaucous stems occur almost
exclusively among the ant-plants of the genus (Federle
et al. 1997). This distribution pattern suggests an adap-
tive significance of glaucousness in Macaranga ant-
plants. Since the associated ant partners of these plants
are perfectly capable of running on the slippery stems,
the wax crystals protect these ants against other insects,
especially predators and competitors. Selection and
protection of highly adapted plant-ants by forming a
wax crystal barrier is probably beneficial for a host
plant, because these ants provide a more efficient con-
trol of herbivores and vine overgrowth than do oppor-
tunistic species (Federle er al. 1997). Federle et al.
(1997) had evaluated “glaucousness” by the macro-
scopic appearance of Macaranga trees only. Our data
show that this glaucous appearance is explained by the
presence of thread-like triterpenoid crystals.

It is still largely unknown how chemical composi-
tion and structure of wax crystals are related to slipper-
iness for insects. Many plant species form wax blooms
that are slippery for insects comprising a variety of
different crystal structures (e.g. Knoll 1914; Stork
1980b; Eigenbrode 1996). The fact that insects have
difficulties attaching to wax crystals can be explained
by several hypothetical mechanisms. First, surface
roughness strongly decreases the surface energy of a
substrate and thus its wettability by liquids. Insects
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using adhesive liquids (see e.g. Walker et al. 1985; Ishii
1987; Lees & Hardie 1988; Gorb 1998; but see Stork
1980a) would have a poorer attachment due to wet
adhesion. Second, air gaps between the wax crystals
would prevent the action of a suction cup (even though
the use of suction has never been proved in non-aquatic
insects). Third, wax crystals could simply break off the
surface and detach with an insect’s leg. The best-known
case of slippery wax blooms are the trapping zones of
Nepenthes pitchers. Juniper (1986) hypothesized that
Nepenthes wax scales are easily detached, because they
are suspended only on thin stalks from the epidermal
surface. No such structure is present in Macaranga,
where wax crystal threads form a dense three-dimen-
sional lacework. Nevertheless, it seems possible that the
thin crystal threads break. The particular chemical
composition and specific mosaic structure of the wax
blooms on M. tanarius could be interpreted in this
context. M. tanarius is one of the few non-myrmeco-
phytic Macaranga species with glaucous stems (Federle
et al. 1997). Even though they are not permanently
ant-inhabited, non-myrmecophytic Macaranga species
strongly depend on non-specific, foraging ants, which
also provide efficient biotic defense against herbivory
(Fiala et al. 1994). If the stems of such trees were
slippery, beneficial ants would be excluded from the
tree. However, the glaucous twig surfaces of M. tanar-
ius are interspersed with some velvety hairs, which
appear to reduce the barrier effect on insects (Federle et
al. 1997). Moreover, the macroscopic mosaic structure
of the wax bloom could cause a reduced slipperiness.
However, we do not assume that the different chemical
composition of the wax crystals on M. tanarius has any
functional significance.

In Macaranga, genus sections have been established
by Whitmore (1975) and Davies (in press), which are
well confirmed by molecular phylogenetic data (Frank
Blattner, unpubl. res.). Glaucousness occurs in four
sections of the genus, which all contain also non-glau-
cous species. In Macaranga, glaucousness even varies
between closely related subspecies (subspp. of M. pru-
inosa and M. kingii, Federle et al. 1997). Glaucousness
appears to be an evolutionarily labile plant feature
(Jeffree 1986) and may have been acquired and/or lost
several times during the phylogeny of Macaranga.

However, the chemical composition of the wax
crystals appears to be less variable. Epitaraxerol/taraxe-
rone crystals occur not only in at least two Macaranga
sections (Section Pachystemon sensu stricto and M.
pruinosa group; Table 1), but also in the distantly
related Euphorbiacean outgroup species Manihot escu-
lenta. Thus, the capacity to produce these particular
crystals may be a basic trait in the Euphorbiaceae. The
M. tanarius wax crystals formed by a different compo-
nent apparently represent an independent development.

Acknowledgements

The authors are indebted to Bianka Pink and Daniela
Seifert for skillful technical assistance, Fritz Thiele from

Chemical composition of Macaranga surfaces 39

the Botanical Garden Wiirzburg for great efforts in
cultivating many Macaranga species and Robert B.
Bates (University of Arizona) for providing a taraxerol
standard. This work was financially supported by the
German Research Council (DFG, SFB-251) and the
Fonds der Chemischen Industrie.

References

Baker EA (1982) Chemistry and morphology of plant epicuticular
waxes. Pp 139-166 in Cutler DF, Alvin KL, Price CE (eds) The
Plant Cuticle. London: Academic Press

Barthlott W, Neinhuis C, Cutler D, Ditsch F, Meusel I, Theisen I,
Wilhelmi H (1998) Classification and terminology of plant epicu-
ticular waxes. Bot J Linn Soc 126:237-260

Barthlott W, Wollenweber E (1981) Zur Feinstruktur, Chemie und
taxonomischen Signifikanz epikutikuldrer Wachse und dhnlicher
Sekrete. Tropische und subtropische Pflanzenwelt 32:7-67

Bates RB, Jacobsen NE, Setzer WN, Stessman CC (1998) NMR
assignments and conformations of taraxerenes. Magn Reson
Chem 36:539-541

Davies SJ (in press) New species of Macaranga (Euphorbiaceae)
section Pachystemon from Borneo. Kew Bull 54: 8pp

Eigenbrode SD (1996) Plant surface waxes and insect behaviour. Pp
201-222 in Kerstiens G (ed) Plant Cuticles — an Integrated
Functional Approach. Oxford: BIOS Scientific Publishers

Federle W, Fiala B, Maschwitz U (1998a) Camponotus (Colobopsis)
(Mayr 1861) and Macaranga (Thouars 1806): a specific two-part-
ner ant-plant system from Malaysia. Trop Zool 11:83-94

Federle W, Maschwitz U, Fiala B (1998b) The two-partner ant-plant
system of Camponotus (Colobopsis) sp.1 and Macaranga
puncticulata (Euphorbiaceae): Natural history of the exceptional
ant partner. Insectes Soc 45:1-16

Federle W, Maschwitz U, Fiala B, Riederer M, Holldobler B (1997)
Slippery ant-plants and skilful climbers: Selection and protection
of specific ant partners by epicuticular wax blooms in Macaranga
(Euphorbiaceae). Oecologia 112:217-224

Fiala B, Grunsky H, Maschwitz U, Linsenmair KE (1994) Diversity
of ant-plant interactions: protective efficacy in Macaranga spe-
cies with different degrees of ant association. Oecologia 97:186—
192

Fiala B, Maschwitz U (1990) Studies on the South East Asian
ant-plant association Crematogaster borneensis|/Macaranga:
adaptations of the ant partner. Insectes Soc 37:212-231

Fiala B, Maschwitz U (1991) Extrafloral nectaries in the genus
Macaranga (Euphorbiaceae) in Malaysia: comparative studies of
their possible significance as predispositions for myrmeco-
phytism. Biol J Linn Soc 44:287-305

Fiala B, Maschwitz U (1992a) Domatia as most important adapta-
tions in the evolution of myrmecophytes in the paleotropical tree
genus Macaranga (Euphorbiaceae). Plant Syst Evol 180:53-64

Fiala B, Maschwitz U (1992b) Food bodies and their significance for
obligate ant-association in the tree genus Macaranga (Euphorbi-
aceae). Bot J Linn Soc 10:61-75

Fiala B, Maschwitz U, Tho YP, Helbig AJ (1989) Studies of a South
East Asian ant-plant association: protection of Macaranga trees
by Crematogaster borneensis. Oecologia 79:463-470

Gorb SN (1998) The design of the fly adhesive pad: distal tenent setae
are adapted to the delivery of an adhesive secretion. Proc R Soc
London (B) 265:747-752

Giilz PG (1994) Epicuticular leaf waxes in the evolution of the plant
kingdom. J Plant Physiol 143:453-464

Giilz PG, Miiller E, Schmitz K, Marner FJ, Giith S (1992) Chemical
composition and surface structures of epicuticular leaf waxes of
Ginko biloba, Magnolia grandifiora and Liriodendron tulipifera. Z.
Naturforschung 47¢:516-526

Heil M, Fiala B, Kaiser W, Linsenmair KE (1998) Chemical contents
of Macaranga food bodies: Adaptations to their role in ant
attraction and nutrition. Funct Ecol 11:117-122

Heil M, Fiala B, Linsenmair KE, Zotz G, Menke P, Maschwitz U
(1997) Food body production in Macaranga triloba (Euphorbi-



40 C. Markstéddter et al.

aceae): a plant investment in anti-herbivore defence via symbiotic
ant partners. J Ecol 85:847-861

Ishii S (1987) Adhesion of a leaf-feeding ladybird Epilachna vigintioc-
tomaculata (Coleoptera, Coccinellidae) on a vertically smooth
surface. Appl Entomol Zool 22:222-228

Jeffree CE (1986) The cuticle, epicuticular waxes and trichomes of
plants, with reference to their structure, functions and evolution.
Pp 23-64 in Juniper BE, Southwood TRE (eds) Insects and the
Plant Surface. London: Edward Arnold

Jeffree CE, Baker EA, Holloway PJ (1975) Ultrastructure and recrys-
tallization of plant epicuticular waxes. New Phytol 75:539-549

Jetter R, Riederer M (1994) Epicuticular crystals of nonacosan-10-ol:
In-vitro reconstitution and factors influencing crystal habits.
Planta 195:257-270

Jetter R, Riederer M (1995) In vitro reconstitution of epicuticular
wax crystals: formation of tubular aggregates by long-chain
secondary alkanediols. Botanica Acta 108:111-120

Juniper BE (1986) The path to plant carnivory. Pp 195-218 in
Juniper BE, Southwood TRE (eds) Insects and the Plant Surface.
London: Edward Arnold

Knoll F (1914) ber die Ursache des Ausgleitens der Insektenbeine an
wachsbedeckten Pflanzenteilen. Jahrb Wissensch Bot 54:448-497

Received 7 October 1999; accepted 3 December 1999.

CHEMOECOLOGY

Lees AD, Hardie J (1988) The organs of adhesion in the aphid
Megoura viciae. J Exp Biol 136:209-228

Manheim BS, Mulroy TW (1978) Triterpenoids in epicuticular waxes
of Dudleya species. Phytochemistry 17:1799-1800

Meusel I, Leistner E, Barthlott W (1994) Chemistry and micro-
morphology of compound epicuticular wax crystalloids
(Strelitzia type). Pl Syst Evol 193:115-123

Stevens JF, Hart HT, Pouw AJA, Bolck A, Zwaving JH (1994)
Epicuticular waxes of Sedum series Rupestria. Phytochemistry
36:341-348

Stork NE (1980a) Experimental analysis of adhesion of Chrysopolina
polita (Chrysomelidae: Coleoptera) on a variety of surfaces. J
Exp Biol 88:91-107

Stork NE (1980b) Role of wax blooms in preventing attachment to
brassicas by the mustard beetle, Phaedon cochleariae. Entom Exp
Appl 28:100-107

Walker G, Yue AB, Ratcliffe J (1985) The adhesive organ of the
blowfly, Calliphora vomitoria: a functional approach (Diptera:
Calliphoridae). J Zool Lond (A) 205:297-307

Whitmore TC (1975) Macaranga. Pp 140—159 in Airy-Shaw HK (ed.)
The Euphorbiaceae of Borneo, vol. 4. Kew Bull Add Ser



