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Abstract Ant-dispersed plants usually produce seeds
with appendages (elaiosomes) as reward for ants. Plants
that produce high-quality elaiosomes benefit because ants
preferentially disperse their diaspores. We therefore
hypothesized that seeds and elaiosomes differ in chemical
composition in ways that make elaiosomes of high nutri-
tional quality for ants, capable of providing essential die-
tary components that explain the increased fitness and
higher gyne production documented for colonies with
elaiosome consumption. To test the hypothesis we analysed
the content and composition of lipids, amino acids, soluble
carbohydrates, proteins and starch in seeds and elaiosomes
of 15 central European ant-dispersed plants. After separat-
ing the different fractions, total lipids were determined
gravimetrically, fatty acids and soluble carbohydrates were
detected by gas chromatography (GC) and GC—mass spec-
trometry, free amino acids by an amino acid analyser while
starch and protein were analysed photometrically. Seeds
accumulated high molecular weight compounds such as
proteins and starch, whereas elaiosomes accumulated more
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easily digestible low molecular weight compounds such as
amino acids and monosaccharides. Analysis of similarities
and similarity percentages analysis demonstrated that the
composition of fatty acids, free amino acids and carbohy-
drates differed markedly between elaiosomes and seeds.
The most important difference was in total amino acid con-
tent, which was on average 7.5 times higher in elaiosomes
than in seeds. The difference was especially marked for the
nitrogen-rich amino acid histidine. The availability of
essential nutrients and, in some species, the higher nitrogen
content in elaiosomes suggest that their nutritional value for
larvae plays a key role in this interaction.

Keywords Ant—plant interaction - Elaiosome -
Myrmecochory - Nutrients - Seed dispersal

Introduction

Mature plants overcome their limited mobility in numerous
ways by using animals as vectors for offspring dispersal.
The overwhelming majority of seeds or fruits (hereafter
“diaspores”) are transported by vertebrates, whereas inver-
tebrates allegedly “play only an anecdotal role as seed-dis-
persers” (Herrera 2002). A big exception, of course, are
ants. Myrmecochory, the dispersal of seeds and fruits by
ants, occurs worldwide in over 3,000 plant species from
more than 80 plant families (Beattie and Hughes 2002); a
huge variety of ant species disperse seeds, but their num-
bers have not yet been estimated. Ant dispersal is regarded
as a mutualistic relationship beneficial for plants and ants.
Key structures in the interrelationship are various types of
elaiosomes, fleshy, usually lipid-rich and edible append-
ages of myrmecochorous diaspores. Elaiosomes are consid-
ered to be adaptations to promote dispersal and/or burial of
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diaspores by ants, as they are usually carried into the nest,
where the elaiosomes are removed and eaten. The seed is
then discarded either within the nest or nearby (Hughes and
Westoby 1990). However, elaiosomes of different plant
species are not equally attractive to ants (Sernander 1906;
Bresinsky 1963). Differences in diaspore mass (Oostermei-
jer 1989; Hughes and Westoby 1992; Mark and Olesen
1996; Goémez etal. 2005), morphology of elaiosomes
(Lanza et al. 1992), and spatial distribution and density of
diaspores (Smith et al. 1989; Hughes and Westoby 1990)
are important factors influencing removal rates and subse-
quent dispersal success. Because the principal benefit of
diaspore transport for ants is the food reward represented
by the elaiosome, the nutritional quality of the latter should
also affect its attractiveness. Carroll and Janzen (1973) sug-
gested that elaiosomes represent “from a foraging stand-
point simply a dead insect analogue”. This assertion is
strengthened by the fact that the fatty acid composition of
elaiosomes in some Australian species is more similar to
insect hemolymph than to that of the respective seeds
(Hughes et al. 1994). One study pointed out that in addition
to lipids, other compounds may be important, and that
elaiosomes may contain nutrients particularly important for
ants (Brew et al. 1989). Elaiosomes are frequently fed to
the larvae (Fischer etal. 2005), thus enhancing colony
reproduction, fitness (Gammans et al. 2005) and gyne pro-
duction (Bono and Heithaus 2002), since diploid larvae that
had consumed more elaiosomes tended to develop into
gynes while others developed into workers. This indicates a
high nutritional value of elaiosomes.

Due to the prevalence of the hypothesis that particular
lipids or fatty acids, above all, 1,2-diolein and 1,3-diolein
(Marshall et al. 1979; Skidmore and Heithaus 1988; Brew
etal. 1989), act as stimulating substances to trigger seed-
carrying behaviour, most studies have focused only on the
lipid fraction of the appendages of myrmecochorous fruits
and seeds (Soukup and Holman 1987; Kusmenoglu et al.
1989; Lanza et al. 1992; Hughes et al. 1994; Morrone et al.
2000). Aside from fatty acids, several amino acids
(O’Dowd and Hay 1980; Brew et al. 1989), proteins (Lanza
et al. 1992), carbohydrates and vitamins (Bresinsky 1963)
are reported to be constituents of elaiosomes, and these
substances may also play a major role. The nutritional qual-
ity of elaiosomes has only received little attention so far.

As previous studies have shown that fitness and gyne
production in colonies with access to elaiosomes were
increased (Bono and Heithaus 2002; Gammans et al. 2005),
we here explore whether elaiosome constituents provide
essential dietary components that could explain this phe-
nomenon (and thus make myrmecochorous diaspores
highly attractive for ants, increasing plant fitness). For this
purpose, we analysed and compared the nutritional quality,
as well as the content and composition of fatty acids, amino
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acids, proteins, soluble carbohydrates and starch in seeds
and their respective elaiosomes from 15 common myrmec-
ochorous species of central Europe.

Materials and methods
Plant material

Mature diaspores of 15 myrmecochorous plant species
from seven families were investigated: Asarum europaeum
(Aristolochiaceae); Helleborus niger, Helleborus dumeto-
rum, Hepatica nobilis (Ranunculaceae); Chelidonium
majus (Papaveraceae); Corydalis cava, Corydalis solida
(Fumariaceae);, Pulmonaria officinalis, Symphytum offici-
nale, Borago officinalis (Boraginaceae); Knautia dipsacifo-
lia, Knautia arvensis, Knautia drymeia (Dipsacaceae);
Leucojum vernum, and Galanthus nivalis (Amaryllida-
ceae). The diaspores usually consisted of seeds with
attached elaiosomes except for Boraginaceae, Dipsacaceae
and Hepatica nobilis, where the diaspore is a fruit with
elaiosome.

Diaspores were collected in the surroundings of Vienna
and the Botanical Garden of the University of Vienna,
between the months of April and August, from 1999 to
2001. Voucher specimens of the plants are deposited in the
Herbarium of the Faculty Centre of Botany at the Univer-
sity of Vienna. Directly after collection, diaspores were
subjected to a microwave treatment for 1 min to deactivate
enzymes, dried for 24 h at 60°C and stored in a dark and
dry place over silica gel until further use.

Prior to extraction, elaiosomes were detached from the
rest of the diaspores using forceps, scalpel and latex gloves
to avoid possible contamination. Although in some species
(see above) the diaspore was not a seed plus elaiosome but
a fruit with elaiosome, the term “seed” will be used in the
following both for seeds and for fruits with an artificially
detached elaiosome, and the term “diaspore” will refer both
to seeds and fruits with the elaiosome still attached. Three
replicates were analysed for all species, except for the
elaiosomes of A. europaeum (n = 1; except for protein with
n=2)and C. solida (n=1).

Extraction and chemical analysis of seeds and elaiosomes

Both elaiosomes and seeds were ground to a fine powder
with a mortar and pestle under liquid nitrogen and re-dried
for 20 min under reduced pressure in a vacuum concentra-
tor. Cyclohexane (1 ml) was added to 50 mg of dried elaio-
somes and to approximately 100 mg of dried seeds,
respectively. Samples were then extracted at room tempera-
ture by continuously shaking for 5 min. After centrifuga-
tion (10 min, 7,000 r.p.m.), the supernatant was collected



Oecologia (2008) 155:539-547

541

and the pellet re-extracted 3 times using 1 ml cyclohexane
as above. The combined supernatants were evaporated
under a stream of nitrogen and further dried under reduced
pressure in a vacuum concentrator. The residue (=lipophilic
fraction) was weighed and stored in liquid nitrogen at
—20°C until further analysis. This fraction mainly con-
sisted of lipids, but may also contain minor amounts of
phospholipids and other lipophilic substances.

The residual pellet from the cyclohexane extraction was
dried in vacuo and extracted with 1 ml of 30% (v/v) ethanol
at 60°C for 30 min to analyse soluble carbohydrates and
amino acids. The remaining pellet was washed twice with
30% ethanol and once with absolute ethanol, dried and
extracted with 2% (w/v) sodium dodecyl sulphate for
30 min at 60°C for the determination of soluble protein fol-
lowing Peterson (1977) with bovine serum albumin as a
standard.

Soluble carbohydrates were analysed by gas chromatog-
raphy (GC) and GC-mass spectrometry (GC-MS) of their
trimethylsilyl esters (Peterbauer et al. 1998) and free amino
acids were analysed by a ninhydrin-based amino acid ana-
lyser (Fischer et al. 2002). Starch was digested enzymati-
cally and determined as glucose (Wanek et al. 2001).

Fatty acid methyl esters were prepared from the lipid
fraction by dissolving the lipid sample in methanol to a
final concentration of 5mg ml~! and then adding 5 ml
methanol-acetylchloride (50:1, v/v) (Welz et al. 1990). The
mixture was gently shaken for 45 min at 25°C, and the
reaction was stopped by adding 2.5 ml of 6% aqueous
potassium carbonate solution. The esters were extracted
with 0.3 ml cyclohexane. The fatty acid methyl esters were
separated by GC (Perkin Elmer Autosystem, Rodgau-
Jiigesheim, Germany) on a PE225 column (30 m x 0.32 mm
internal diameter, 0.25-pm film thickness; Perkin Elmer)
with helium as carrier gas and temperatures between 70 and
205°C at a rate of 7°C min~" to 165°C followed by a rate of
2°C min~'. The GC was coupled to a Turbomass Quadru-
pole mass spectrometer: electron energy 70 eV, filament
emission 200 pA, ion source 180°C, transfer line 250°C
(Perkin Elmer Turbomass). The identities of the fatty acid
methyl esters were assigned by comparison of MS spectra
and retention times to a fatty acid methyl ester standard
mixture (Supelco, Deisenhofen, Germany) and to a mass
spectral database (Wiley Registry of Mass Spectral Data,
6th edition and/or NIST/EPA/NIH Mass Spectral Library
1.5a).

To determine carbon and nitrogen contents, weighed ali-
quots (1-2 mg) of dried, ground seeds and elaiosomes were
placed into tin capsules and analysed by an elemental ana-
lyser (EA 1110; CE Instruments, Milan) as described in
Fischer et al. (2003).

All results remained non-normally distributed even after
transformation. The proportions of lipids, amino acids,

proteins and carbohydrates between seeds and elaiosomes
of each species were compared using Wilcoxon’s matched
pairs tests (Statistica 7.1; StatSoft, USA). A distance matrix
was created based on Bray—Curtis dissimilarities (Bray and
Curtis 1957) and tested for differences between groups
(elaiosomes and seeds) by a one-way analysis of similari-
ties (ANOSIM) in Primer 5 for Windows (Plymouth Rou-
tines in Multivariate Ecological Research; Primer-E, UK).
The results were plotted with a non-metric multi-dimen-
sional scaling (MDS) in Statistica 7.1 (StatSoft). Similarity
percentages (SIMPER) in Primer-E were used to compare
the overall percentage contribution each component made
to the dissimilarity between groups (elaiosomes and seeds)
in the ANOSIM analysis.

Results

Significant differences in the quantitative pattern of nutri-
ents were found between seeds and elaiosomes. While
elaiosomes had higher free amino acid concentrations,
seeds accumulated more proteins (Fig. 1; Table 1). The
lipid content was not significantly different between elaio-
somes and seeds though some species accumulated consid-
erably more lipids in their elaiosomes than in their seeds
(e.g. K. arvensis with 386.5 + 4.7 mg g~! dry mass (DM)
in elaiosomes compared with 183.9 + 4.7 mg g~' DM in
seeds). In four species (A. europaeum, H. dumetorum,
H. niger, L. vernum), the lipid content of the elaiosome was
less than 5% of DM. On a family basis, no difference in the
lipid content between elaiosomes and seeds was found in

300
ns

EEm Seceds

S 250} C— Elaiosomes

a

‘o

o 200 |

E

0

S 150}

2

|2

S 100} "

o *

50| ns
.
0 [
Lipids Amino Proteins Soluble  Starch
acids carbo-

hydrates

Fig. 1 Chemical composition of 15 central European myrmecochor-
ous seeds and their detached elaiosomes. Contents of lipid, amino
acids, protein, soluble carbohydrates (including glycerol and myo-ino-
sitol) and starch are indicated in mg g~! dry mass (DM). Bars signify
means + 1 SE. *P < 0.05, ns not significant (Wilcoxon test)
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Table 1 Mean lipid content
[mg g~! dry mass (DM)], fatty
acid composition (%) of total
lipids, protein and amino acid
contents (mg g~ DM), amino
acid composition (% of total
amino acids) with more than 5%
of total amino acid content, and
starch and soluble low molecular
weight carbohydrates including
the polyols glycerol and myo-
inositol (mg g~! DM) from
elaiosomes and seeds (elaio-
somes removed) of 15 European
species. Means (£1 SE), n = 3.
More details can be seen in the
Electronic Supplementary Mate-
rial. n.d. Not detectable

Elaiosome Seed

Lipids (+SE) (mg g~! DM) 203.5 (£22.4) 262.9 (£15.9)
Percentage of total fatty acids
C8:0 Caprylic n.d. 3.1 (£1.6)
C10:0 Capric n.d. 7.8 (£4.1)
C14:0 Myristic 1.6 (£0.6) 0.8 (£0.4)
C16:0 Palmitic 20.0 (£2.7) 9.4 (£0.5)
Cl6:1 Palmitoleic 2.2 (£0.5) 0.1 (0.0)
C18:0 Stearic 2.5 (£0.6) 1.6 (£0.2)
C18:1n9¢c Oleic 41.5 (£44) 15.9 (£1.9)
C18:2n6¢c Linoleic 23.3 (£2.7) 38.5 (£5.4)
C18:3n6 y-Linolenic 7.3 (£2.5) 10.2 (£5.2)
C18:3n3 Linolenic n.d. 5.2 (£2.7)
C20:1 cis-11 0.4 (£0.2) 1.6 (£0.6)
C20 2 cis-11,14 n.d. 4.5 (£0.9)
Protein 27.1 (£3.2) 59.3 (£5.0)
Amino acid (mg g~! DM) 68.7 (£15.1) 9.2 (£1.2)
Percentage of total amino acids
Serine 3.8 (£0.6) 3.5(£0.3)
Asparagine 7.3 (£2.0) 11.8 (£1.9)
Glutamic acid 8.9 (£0.8) 19.9 (£2.3)
Glutamine 16.7 (£3.2) 14.5 (£2.8)
Proline 6.9 (£2.0) 3.7 (£1.1)
Alanine 7.3 (x1.1) 8.3 (£1.4)
Valine 4.2 (£0.6) 3.5 (£0.5)
Tyrosine 4.1 (£1.0) 2.6 (£0.5)
y-Amino butyric acid 2.7(£1.4) 4.0 (£1.1)
Histidine 7.2 (£1.6) 1.4 (£0.3)
Arginine 11.3 (£2.4) 9.5 (£2.9)
Starch (mg g~' DM) 1.4 (£0.5) 12.9 (£5.9)
Soluble carbohydrate (mg g~ DM) 3.5(£7.2) 32.6(£3.8)
Percentage of total soluble carbohydrates and polyols
Monosaccarides

Fructose 25.2 (£6.3) 6.8 (£2.9)

Glucose 9.0 (£2.3) 7.8 (£3.2)
Disaccharides

Sucrose 31.7 (£5.6) 74.9 (£6.6)

Trehalose 9.5 (£4.6) 0.9 (£0.3)
Oligosaccharides X° 6.3 (£6.3) 0.0 (£0.0)

Raffinose 1.6 (£0.6) 0.6 (£0.2)

Stachyose 0.3 (£0.1) 1.7 (£0.9)
Polyols

Glycerol 29 (£l1.1) 5.4 (£3.9)

nyo-inositol 154 (£4.1) 1.8 (£0.6)

Fumariaceae, Boraginaceae and Amaryllidaceae, while two ~ amino acid, fatty acid and carbohydrate composition of
families (Ranunculaceae and Papaveraceae) had a lower  elaiosomes and seeds gave a global r > 0.3% (significance
lipid content in elaiosomes, and Dipsacaceae had a higher  level 0.1%), which means that the elaiosomes of the 15
lipid content in elaiosomes than in seeds (see Table 1 in the  different species from seven different families are more
Electronic Supplementary Material). ANOSIM analyses of  similar to each other than each is to the seeds of the same
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species. The components that contributed >5% to the dis-
similarity (SIMPER analysis) in the fatty acid composition
of seeds and elaiosomes were: oleic acid (C18:1), linoleic
acid (C18:2), palmitic acid (C16:0), py-linolenic acid
(C18:3n6), capric acid (C10:0), and linolenic acid
(C18:3n3) (Table 2). The polyunsaturated fatty acid lino-
leic acid was quantitatively dominant in seeds with the
exception of Dipsacaceae (capric acid) and the genus Hel-
leborus (y-linolenic acid). Capric acid and linolenic acid
were frequently found in seeds but were not detected in
elaiosomes (Table 1). Besides the widespread, dominant
linoleic acid, seeds exhibited a complex taxon-specific fatty
acid pattern. With the exception of Fumariaceae, each of
the analysed families accumulated a distinct fatty acid
which was not detectable in other families, e.g. cis-11,14-
eicosatrienoic acid in the genus Helleborus, linolenic acid
in the Boraginaceae, caprylic and capric acid in the Dipsac-
aceae, and cis-11,14-eicosatrienoic and cis-13,16-docosadi-
enoic acid in the Amaryllidaceae.

In contrast, elaiosomes had a much more homogeneous
fatty acid composition, with oleic acid as the main compo-
nent (except for two Knautia species) and palmitic, lino-
leic and y-linolenic acid as further major fatty acids,
independent of the systematic position of the plants
(Table 1). This is also obvious in the two-dimensional

scaling plot derived from the similarity analysis (Fig. 2).
While all elaiosomes grouped together (with the exception
of L. vernum), seeds were grouped according to their phy-
logenetic relationship.

Elaiosomes accumulated more amino acids than the
respective seeds in all species but one, the only exception
being H. dumetorum with 4.9 & 0.4 mg g~' DM in elaio-
somes and 129+ 0.1mgg~' DM in seeds (Table I).
Elaiosomes of S. officinale and H. niger had amino acid
concentrations above 20% of DM compared to 0.3 and 1%
in seeds of the same species (see Table 2 in the Electronic
Supplementary Material). Detectable amino acids with con-
centrations above 5% of total amino acids in at least one
species are listed in Table 1. All other detectable amino
acids (i.e. phosphoserine, taurine, phosphoethanolamine,
asparagine acid, sarcosine, a-aminoadipine acid, citrulline,
o-aminobutyric acid, cysteine, methionine, cystathione,
f-alanine, ornithine, lysine, 1-methylhistidine) were found
only in some species and always in quantities less than 5%
of total amino acids. Methionine was found in traces in
elaiosomes of S. officinale, B. officinalis, K. dipsacifolia,
L. vernum and G. nivalis (data not shown). Seeds accumulated
mainly glutamic acid, glutamine and asparagine, while
elaiosomes accumulated preferably glutamine, asparagine,
proline, histidine, arginine, and, in contrast to seeds, only

Table 2 Components that con-
tributed >5% to the dissimilarity
(similarity percentages analysis)

Contribution Concentration in
(%) elaiosomes and seeds?

in fatty acid, amino acid and
carbohydrate compositions

of seeds and elaiosomes C18:1 Oleic acid 25.41 >In elaiosomes
of the same species C18:2 Linoleic acid 20.05 >In seeds
C16:0 Palmitic acid 12.92 >In elaiosomes
C18:3n6 y-Linolenic acid 12.64 >In elaiosomes
C10:0 Capric acid 7.46 Not detected in elaiosomes
C18:3n3 Linolenic acid 5.15 Not detected in elaiosomes
Amino acids (average dissimilarity = 71.13)
Glutamine 15.21 >In elaiosomes
Arginine 12.64 >In elaiosomes
Asparagine 8.15 >In seeds
Proline 7.73 >In elaiosomes
Histidine 7.65 >In elaiosomes
Alanine 7.59 >In elaiosomes
Glutamic acid 6.87 >In seeds
Carbohydrates (average dissimilarity = 60.57%)
Saccharose 39.96 >In seeds
Fructose 18.41 >In elaiosomes
myo-inositol 12.00 >In elaiosomes
Glucose 8.43 >In elaiosomes
! Compari.son of the mear} Trehalose 7.57 >In elaiosomes
concentrations. More details are
Glycerin 5.63 >In seeds

given in the text

Fatty acids (average dissimilarity = 50.72%)
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Fig. 2 Non-parametric multidimensional scaling of the profiles of fat-
ty acids, amino acids and carbohydrates of seeds and elaiosomes based
on the Bray—Curtis similarity index. The 15 plant species show signifi-
cant differences in the composition of the seeds and appendant elaio-
somes. Open circles represent elaiosomes, black circles seeds. Ae
Asarum europaeum, Bo B. officinalis, Cc Corydalis cava, Cm Chelid-
onium majus, Gn G. nivalis, Cs Corydalis solida, Hd Helleborus du-
metorum, Hn H. niger, Hen Hepatica nobilis, Ka Knautia arvensis, Kd
K. dipsacifolia, Kdr K. drymeia, Lv L. vernum, Po P. officinalis, So S.
officinale

small amounts of glutamic acid (Tables 1, 2). Both seeds
and elaiosomes of Amaryllidaceae accumulated mainly
the nitrogen-rich amino acid arginine, which consists of
31% nitrogen per molecular weight. The elaiosomes of
Dipsacaceae also had a high content of arginine, as well
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as nitrogen-rich histidine. The amount of amino acid-
derived nitrogen was significantly higher in elaiosomes
than in seeds (P = 0.0012, Wilcoxon test). Elaiosomes con-
tained on average 11.38 pg nitrogen mg~' DW in amino
acids, seeds only 1.65 pg.

While amino acid content was higher in elaiosomes, pro-
tein content was higher in seeds (Table 1), with the excep-
tion of C. majus and B. officinalis. The highest protein
content of seeds was measured in P. officinalis (16% of dry
mass) and the highest protein content of elaiosomes in B.
officinalis with 7% of DM.

No general pattern in the composition of elaiosomes and
seeds could be detected in the total concentration of soluble
carbohydrates and the polyols glycerol and myo-inositol
(Table 1). Some families accumulated more carbohydrates
in seeds, others in elaiosomes. Elaiosomes of C. majus and
both Amaryllidaceae species accumulated carbohydrates to
concentrations above 10% of DM. A general trend was
noticed in the sugar composition. Seeds accumulated
mainly sucrose while elaiosomes showed a more diverse
pattern, accumulating fructose, glucose, myo-inositol and
trehalose in addition to sucrose (Tables 1, 2; Fig.2).
A. europaeum and C. majus showed deviant patterns, both
in seeds (by accumulating mainly glucose and glycerol,
respectively) and in elaiosomes (by accumulating mainly
myo-inositol and an unknown carbohydrate, respectively),
C. cava differed by its high amount of glucose in seeds and
trehalose in elaiosomes (see Table 3 in the Electronic Sup-
plementary Material).

Starch content was highest in seeds of Amaryllidaceae
and Ranunculaceae, but never exceeded 10% of DM. In
elaiosomes, starch was negligible, amounting to less than
1% of DM in all cases (Fig. 1, Table 1).

Neither the overall nitrogen nor the carbon content
differed significantly between seeds and elaiosomes (Wil-
coxon test). Based on DM, seeds and elaiosomes had a car-
bon content of 5194+ 1.2% and 51.34+2.0% (n=15,
mean + SE) and a mean nitrogen content of 3.2 + 0.2%
and 3.0 £ 0.3% (n =15, mean =+ SE), respectively. There
was no significant difference between the mean carbon/
nitrogen ratio of seeds (16.7 &+ 0.8, n = 15) and elaisosomes
(20.1 £2.4, n=15) (P =0.910, Wilcoxon test).

Discussion

In this study, the overall chemical composition of elaio-
somes and their respective seeds from different families
was compared for the first time. In eight of the 15 investi-
gated species, the elaiosomes are ontogenetically derived
from seed tissue, and there would be reason to expect that
their elaiosome composition should be similar to the aver-
age chemical composition of ground-up seeds. However,
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we consistently found striking differences in the composi-
tion and nutritional quality between elaiosomes and seeds.
The elaiosome composition of plant species across different
families tended to be independent of phylogenetic relation-
ship (Fig. 2). In particular, the composition of fatty acids
and amino acids, as well as the total amino acid
(P =0.0008, Wilcoxon test) and protein content (P = 0.019,
Wilcoxon test), differed markedly between seeds and elaio-
somes. Palmitic, palmitoleic and oleic acid were signifi-
cantly higher in elaiosomes, the oleic acid content showing
particularly striking differences, being on average 2.6 times
higher in elaiosomes than in seeds of the species investi-
gated. High oleic acid content is typical for most elaio-
somes investigated so far (Soukup and Holman 1987,
Lanza etal. 1992; Hughes etal. 1994; Gammans et al.
2005; Boulay et al. 2006). In only a few species is the oleic
acid content reported to be more or less equal in seeds and
elaiosomes (e.g. in North American Trillium, see Table 1 in
Hughes et al. 1994). Oleic acid is the most abundant fatty
acid in plant and animal tissue and the biosynthetic precur-
sor of linoleic and linolenic acids (Christie 2005), both
essential nutrients that cannot be synthesized by Hymenop-
tera (Hagen et al. 1984; Barbehenn et al. 1999). Two possi-
ble explanations may account for the high oleic acid
content of elaiosomes. First, and this has been the most
generally accepted explanation, oleic acid may be the major
behaviour-releasing agent, perhaps in the form of diacyl-
glycerol (1,2 or 1,3-diolein) as suggested by Marshall et al.
(1979), Skidmore and Heithaus (1988), and Brew et al.
(1989). In our opinion, however, the releasing agent may
also be triacylglycerol (triolein). Triolein has been identi-
fied as the major brood-tending pheromone (Bigley and
Vinson 1975) in Solenopsis invicta and could function in
“brood mimicry”, forcing the ants to carry the brood-
dummy (=diaspore) “back” to the nest. Indeed, Brew et al.
(1989) stated in their study on elaiosomes of Acacia myrti-
folia and Tetratheca stenocarpa that pieces of pith treated
with triolein were removed at rates comparable to intact
elaiosomes, and Boulay et al. (2006) found no difference
between the removal rate of filter papers soaked with tri-
glycerides and those soaked with diglycerides from extracts
of Helleborus foetidus elaiosomes. As Wilson et al. (1958)
pointed out, oleic acid seems to be a major chemical
inducer for necrophoric behaviour in ants, and it seems to
release a variety of other reactions also, independent of its
configuration. Plants may be mimicking this chemical stim-
ulus to their own advantage.

A second explanation is that the high oleic acid content
may be of particular nutritional importance for ants. Diolein
is reported to be the main constituent in insect hemolymph
(Thompson 1973) and very often occurs in the 1,2 configu-
ration (Beenakkers et al. 1985). This supports the hypothe-
sis that “elaiosomes are insect analogues” (Carroll and

Janzen 1973; Hughes et al. 1994) which in its core focuses
on the similarity between the nutritional value of insect
prey and that of elaiosomes. As the major hemolymph con-
stituent, oleic acid may be easy to metabolize; studies have
shown that the incorporation of oleic acid in larval stages is
more rapid than with other fatty acids (Municio et al.
1975). The importance of elaiosomes for larvae is under-
lined by the combined concentrations of linoleic acid and
linolenic acid, which ranged between 10 and 52% of the
total fatty acids detected (Table 1). Both are essential for
animals, including insects (Hagen et al. 1984; Barbehenn
et al. 1999). Linoleic acid is necessary for successful pupal
eclosion in some insects (Dadd 1973), and Hymenoptera
need linolenic acid for the proper formation of the adult
insect during metamorphosis (Canavoso et al. 2001).

The major difference between elaiosomes and seeds,
however, is the total amino acid content, which in elaio-
somes averages nearly 60 mg g~! DM more than in seeds
(=7.5 times higher). Some nitrogen-rich amino acids were
found in higher concentrations in elaiosomes than in seeds,
e.g. glutamine (carbon/nitrogen ratio 2.5) with 14.5%
(£2.8) of total amino acids in seeds, and 16.7% (£3.2) in
elaiosomes, histidine (carbon/nitrogen ratio 2.0) with 1.4%
(£0.3) of total amino acids in seeds and 7.2% (£1.6) in
elaiosomes, or arginine (carbon/nitrogen ratio 1.5) with
9.5% (£2.9) in seeds and 11.3 (£2.4) in elaiosomes. In few
plant species, e.g. G. nivalis, the nitrogen content of elaio-
somes and seeds was more or less equal, but in other spe-
cies it was much higher in the elaiosome. In C. cava, for
example, the nitrogen content in elaiosomes was 4.42%
(SD % 0.13) of total dry mass (DM) compared to 3.05%
(SD £ 0.23) in seeds, amounting to a difference of 44.9%
more nitrogen per gram DM in elaiosomes. Available nitro-
gen is the central limiting feature for growth, development
and fecundity of insects (Hagen et al. 1984). Its presence in
elaiosomes may explain why they are mainly fed to larvae
(Fischer et al. 2005). It explains further the 48% increase in
larval weight in laboratory colonies fed with elaiosomes
(Gammans et al. 2005) and the shift in the sex ratio in
favour of gynes (Morales and Heithaus 1998; Bono and
Heithaus 2002).

In addition to providing nitrogen, several amino acids
found in elaiosomes fulfil other functions in insects, such as
in the metabolism of muscles (arginine; Dadd 1973), or the
formation of chitin fibres (tyrosine; Baker et al. 1978). Pro-
line, which was present in a much higher concentration in
elaiosome tissues than in seeds, is an especially important
amino acid for many insects, since its serves as a source of
metabolic energy (Carter et al. 2006) and is suggested to
play a crucial role in cold tolerance (Story and Storey 1992;
Misener et al. 2001). Since insects can store amino acids,
elaiosomes which provide proline may be important for the
overwintering of the colony.
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Moreover, trehalose, the main disaccharide in insect
hemolymph (Wyatt 1967), was found in elaiosomes of
some species in considerably higher amount than in seeds.

In this study we could demonstrate for the first time, that
elaiosomes of the plant species investigated here exhibit a
certain pattern: they accumulated more easily digestible
low molecular weight compounds such as amino acids and
monosaccharides (Tables 1, 2), whereas seeds accumulated
high molecular weight compounds such as proteins and
starch. Until now it was not known, that the total amino
acid content is on average 7.5 times higher in elaiosomes
than in seeds. We have further shown, that the chemical
composition of seeds tends to be family specific while the
elaiosome composition of plant species across different
families tends to be independent of the phylogenetic rela-
tionship (Fig. 2). The information about the chemical com-
position of elaiosomes is important for the design of future
experiments to test the selective mechanism responsible.
Future experiments are needed to test whether ants prefer
elaiosomes (or other foods) with lots of amino acids (rather
than proteins) and monosaccharides (rather than starch), so
that plants that produce elaiosomes which are better
adapted to the ants’ requirement achieve higher fitness
(through better dispersal benefits) than plants that produce
less-adapted elaiosomes.
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