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Abstract Protective ant—plant interactions provide valu-
able model systems to study mutualisms. Here, we
summarise our recent research on chemical and physio-
logical adaptations that contribute to the stabilisation of the
mutualism between Mesoamerican Acacia host plants and
their Pseudomyrmex ant inhabitants against exploiters, that
is, species using host-derived rewards without rendering a
service. Acacia hosts produce food bodies (FBs) and
extrafloral nectar (EFN). Both types of reward are chemi-
cally adapted to their specific function as ant food and
protected from different exploiters. FBs contained higher
amounts of specific proteins than the leaves from which
they originate. EFN possessed amino acids making it
attractive for the mutualist ants and an invertase making its
carbohydrate composition nutritionally suitable for the
mutualists but unattractive for generalists. Moreover,
pathogenesis-related proteins such as glucanases, chitin-
ases and peroxidases were found in EFN, which likely
serve as protection from microorganisms. Digestive adap-
tations were found that make workers of the ant mutualists
dependent on the host-derived food sources, a mechanism
that likely counteracts the evolution of cheaters. The ants
also possessed a high diversity of bacterial associates,
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several of which appeared involved in nitrogen fixation,
thus contributing to the nutrition of these ‘vegetarian’ ants.
By contrast, a non-defending ant species that parasitises the
host plants appeared physiologically less adapted to the
host-derived food rewards; this species, thus, likely is
competitively inferior when colony growth is limited by
plant-derived rewards. In summary, several physiological
adaptations of both host plants and ants stabilise the
Acacia—Pseudomyrmex mutualism against exploitation.

Keywords Cheater - Exploiter - Myrmecophyte -
Indirect defence - Parasite of mutualism - PR-protein

Introduction

Mutualisms are interactions among partners of different
species that benefit the fitness of all partners involved. In
general, mutualisms are based on the exchange of resour-
ces: one partner typically provides a ‘service’ while the
other partner, the host, provides a ‘reward’ (Bronstein
1994). Such rewards can also attract exploiter species,
which use the rewards without returning a benefit, hence
acting as ‘cheater’ or ‘parasite’ of the mutualism (Bronstein
2001; Douglas 2008; Sachs and Simms 2006). Exploiters
have been described for several horizontally transmitted
mutualisms, that is, mutualisms in which the symbiosis has
to be established anew in every generation; examples
include defensive ant—plant mutualisms (Clement et al.
2008; Gaume and McKey 1999; Izzo and Vasconcelos
2002; Janzen 1975; Raine et al. 2004), the nodulation of
plant roots by nitrogen-fixing rhizobia (Denison and Kiers
2004; Kiers et al. 2003), and mycorrhizal associations
(Hoeksema and Kummel 2003) (see Bronstein 2001; Sachs
and Simms 2006; Yu 2001 for reviews).
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Exploiters can decrease the net benefit that hosts obtain
from producing rewards and do not pay the cost of pro-
viding services. Many authors have, thus, suggested that
exploiters should be competitively superior to mutualists
(Doebeli et al. 2004; Doebeli and Knowlton 1998; Kiers
et al. 2003; Sachs and Simms 2006). As a result, many
theories revealed the prediction that exploiters will invade
mutualisms and impose selection on hosts for reduced
reward levels, finally causing the evolutionary dissolution
of the mutualism (Bronstein 2001; Doebeli and Hauert
2005; Ferriere et al. 2007; Hoeksema and Bruna 2000;
Sachs et al. 2004). However, in an obvious contradiction to
theoretical expectations, few phylogenetic studies have
found evidence for the existence of exploiters with mutu-
alistic ancestors (Douglas 2008; Sachs and Simms 2006).
This observation led to the prediction of mechanisms that
can stabilize mutualisms.

Because the phylogenetic history of an exploiter deter-
mines the mechanism that can stabilize a mutualism against
the evolution and maintenance of the exploiter (Bronstein
2001), we hereinafter use the term ‘cheater’ explicitly for
exploiters that have evolved from former mutualists
(Segraves et al. 2005), while species that invaded the
system without having an evolutionary history as a mutu-
alist are termed °‘parasites’ (Bronstein 2001; Heil et al.
2009; Kautz et al. 2009a). The evolutionary persistence of
horizontally transmitted mutualisms is generally attributed
to host sanction mechanisms (Bergstrom and Lachmann
2003; Bull and Rice 1991; Foster and Wenseleers 2006;
Sachs et al. 2004), that is, host behaviours that allow a
preferential provisioning of rewards to reciprocating,
mutualistic partners, while exploiters receive less or no
rewards. Striking examples are represented by yucca
plants, which abort flowers that contain too many eggs of
the pollinating (but also florivorous) moths (Pellmyr and
Huth 1994), and legumes, which reduce the allocation of
assimilates to nodules that contain non-nitrogen-fixing
bacteria (Kiers et al. 2003).

Mutualisms can also be stable when partner choice
mechanisms allow the preferential association of hosts with
mutualists, that is, when hosts can judge the quality of
potential partners before the interaction is established (Bull
and Rice 1991; Foster and Wenseleers 2006). Indeed, some
ant—plants restrict the provisioning of housing or food
rewards to co-evolved (and mutualistic) ant species (Brouat
et al. 2001; Federle et al. 2001; Heil et al. 1997; Risch and
Rickson 1981), and client reef fishes avoid visiting cleaner
fishes that feed on client mucus rather than the client’s
ectoparasites (Bshary and Grutter 2005). The main differ-
ence between host sanctions and partner choice lies in the
mechanisms by which the host identifies the quality of
the partner and in the phase of the establishment of the
mutualism at which the mechanism becomes active: host

sanctions occur once a symbiosis has been established and
require that hosts are able to monitor the performance of
their symbionts, whereas partner choice mechanisms are
based on other characteristic traits of the potential symbi-
onts and select these before a symbiotic interaction is
established. Unfortunately, our understanding of the
underlying chemical and ecological mechanisms is gener-
ally scarce, with the sole exception of plant-rhizobia
interactions, where both mechanisms have been described:
detailed chemical signalling cascades allow only selected
bacterial strains to successfully infect plant roots (Limpens
and Bisseling 2003; Mithofer 2002) and host sanction
mechanisms monitor the performance of bacteria once
nodules have been established (Kiers et al. 2003; Simms
et al. 2006; West et al. 2002).

The aim of the present review is to summarise the recent
developments in our research on one particularly striking
example of mechanisms that prevent the evolution of
cheaters and exclude parasites from exploiting a mutual-
ism: reciprocal adaptations of Mesoamerican Acacia host
plants and their mutualistic Pseudomyrmex ant inhabitants,
a defensive ant—plant mutualism. For ant—plant mutual-
isms, two biologically different types of exploiters have
been described. Some ant species, which have been termed
‘castration parasites’, remove the flowers of their host
plants in order to divert more resources to vegetative
growth and, thus, ant reward production (Gaume et al.
2005; Izzo and Vasconcelos 2002; Yu and Pierce 1998).
Other exploiting ants (including the case that forms the
focus of the present study) only make use of the host-
derived resources without providing the protection service,
but they do not actively damage the host (Clement et al.
2008; Janzen 1975; Raine et al. 2004; Tillberg 2004).
According to the phylogenetic definitions suggested above,
all these ant species would represent parasites, as no evi-
dence has been presented that one of them has evolved
from a mutualistic ancestor. The Acacia—Pseudomyrmex-
system appeared particularly suitable to study mechanisms
that stabilize the mutualism against parasitisation, because
preliminary field observations revealed that different host
plant species suffer from parasitisation at very different
rates: natural variation among species did, thus, allow a
comparative approach to search for purportedly stabilizing
traits, or mechanisms, on the side of the host plants.

Study system

Our study system consisted of four Central American
myrmecophytic Acacia species that live in an obligate
protection mutualism with ant species of the Pseudomyr-
mex ferrugineus group (Janzen 1966). Central American
ant—acacias provide their ants with nesting space in hollow
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thorns and with food rewards: extrafloral nectar (EFN) and
cellular food bodies (FBs) (Fig. 1). The plant species
considered were A. hindsii Benth., A. cornigera (L.)
Willdenow, A. chiapensis Safford and A. collinsii Safford.
Species were determined by comparison with specimens at
the Herbario MEXU at UNAM (Universidad Auténoma de
México, Mexico City) and following Janzen (1974).

The mutualistic ant species P. ferrugineus F. Smith,
P. mixtecus Ward and P. peperi Forel protect their hosts
from herbivores and encroaching or competing vegetation
(Fig. 1) and cannot be found nesting apart from their host
plants (Clement et al. 2008; Janzen 1966). Two other ant
species (P. gracilis Fabricius and P. nigropilosus Emery)

Fig. 1 The mutualism of
Mesoamerican Acacia
myrmecophytes with
Pseudomyrmex ants.

a Mesoamerican Acacia
myrmecophytes such as

A. collinsii provide their
resident ant mutualists with
cellular food bodies (yellow
grains on leaflet tips) and
extrafloral nectar. b P. peperi
ant feeding on A. hindsii
exrafloral nectaries. ¢ A. hindsii
plant inhabited by mutualist
ants. d Ant-free A. hindsii.

a Reproduced from Heil (2008)

inhabit the hollow thorns and consume FBs and EFN but
show no detectable defending behaviour, hence acting as
exploiters of the mutualism (behavioural details for
P. nigropilosus have been reported by Janzen (1975)). Ant
species were determined according to Ward (1993).

Chemical adaptations on the plant side

Extrafloral nectar

Extrafloral nectar has now been described for species that
belong to more than 300 genera of plants (Bentley 1977,
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Koptur 1992; see also URL: www.biosci.unl.edu/emeriti/
keeler/extrafloral/worldlistfamilies.htm). Most plant spe-
cies secrete EFN to attract defending ants as a means of
indirect defence and are therefore commonly called ‘myr-
mecophilic’ (that is, ‘ant-loving’, for reviews see Heil
2008; Heil and McKey 2003). In general, EFN secretion
represents an induced response to herbivory (Heil et al.
2004b, 2001b; Kobayashi et al. 2008; Mondor and Addicott
2003; Pulice and Packer 2008; Rogers et al. 2003; Wickers
and Wunderlin 1999; Wooley et al. 2007). By contrast, the
obligate myrmecophytes among the Mesoamerican Acacia
species secrete EFN constitutively at high rates to nourish
their symbiotic ant inhabitants (Heil et al. 2004b). Myrm-
ecophyte EFN appears, thus, in danger of being exploited
by non-defending species and can be expected to be spe-
cifically adapted to the nutritive needs of the mutualistic
Pseudomyrmex species.

Nectar compounds that are regarded as mainly responsi-
ble for the attraction of ants are mono- and disaccharides and
amino acids (Baker and Baker 1975; Baker et al. 1978;
Bliithgen and Fiedler 2004; Lanza et al. 1993). Analyses of
these quantitatively predominant component classes in
Acacia EFN revealed that myrmecophyte EFN contained
only the two monosaccharides, glucose and fructose,
whereas EFN of myrmecophilic species contained these two
monosaccharides and also the disaccharide, sucrose
(Gonzalez-Teuber and Heil 2009; Heil et al. 2005). Sucrose
has proven attractive to many generalist ants (Bliithgen and
Fiedler 2004; Boevé and Wickers 2003; Cornelius et al.
1996; Stapel et al. 1997; Vander Meer et al. 1995), but
mutualistic Pseudomyrmex species preferred sucrose-free
EFN in various, independently conducted cafeteria-style
experiments (Fig. 2; Gonzélez-Teuber and Heil 2009; Heil
et al. 2005). Moreover, the amino acid fraction of EFN of the
myrmecophytes, A. cornigera and A. hindsii, was quantita-
tively dominated by leucine, phenylalanine, proline and
valine, and mutualist ant workers preferred EFN mimics
containing exactly these four amino acids over mimics that
contained more or fewer amino acids (Fig. 2), while gener-
alist ants preferred EFN mimics with a higher number of
different amino acids (Gonzalez-Teuber and Heil 2009).
Attracting non-defending or non-specialised EFN visitors
can reduce the defensive efficacy of EFN secretion (Heil
et al. 2004c; Mody and Linsenmair 2004), whereas the
attraction of adult EFN-feeders with herbivorous larval
stages (Beach et al. 1985) might even cause significant
ecological costs. The same ‘conflict’ applies to other mutu-
alisms, for example, when pollinators posses herbivorous
larvae that feed on the leaves of the same plant species that is,
or are, pollinated by the adult animal (Bronstein et al. 2009).

Thus, we conclude that the sugar and amino acid com-
position of myrmecophyte EFN is chemically tailored to
the preferences of the specialised mutualist ants and at the
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Fig. 2 Chemical adaptations of myrmecophyte EFN. a Percentage of
mutualist workers attracted in cafeteria-style experiments to different
nectar mimics (FGS fructose, glucose and sucrose, FG fructose and
glucose, 8AA FG + eight amino acids, 4AA FG + four amino acids,
2AA FG + 2 amino acids; see (Gonzalez-Teuber and Heil 2009) for
details). b The proteome of A. cornigera EFN (C chitinase proteins,
G glucanase proteins, H glycoside hydrolase proteins, / invertase
protein, O osmotin proteins, P PR-proteins, PX peroxidase proteins,
T thaumathin-like proteins, U unknown proteins). Figure redrawn
from data published in Gonzalez-Teuber and Heil (2009) and
Gonzalez-Teuber et al. (2009)

same time makes this EFN less attractive to generalists that
might function as potential exploiters. This interpretation
was supported by the finding of an invertase activity in the
myrmecophyte EFN, which hydrolyses sucrose (Heil et al.
2005). Although present only in low amounts (Fig. 2), this
invertase was found to be highly active and sufficient to
obtain a complete post-secretory hydrolysis of sucrose in
the EFN of myrmecophyte Acacia species (Heil et al.
2005).

Although the specific sugar and amino acid composition
of the EFN of myrmecophytic Acacia species contributes


http://www.biosci.unl.edu/emeriti/keeler/extrafloral/worldlistfamilies.htm
http://www.biosci.unl.edu/emeriti/keeler/extrafloral/worldlistfamilies.htm

Chemical communication and coevolution in an ant—plant mutualism 67
Table 1 Relative protein contents of extrafloral nectar
Myrmecophytes Myrmecophilic species
A. cornigera A. hindsii A. farnesiana Prosopis
Proteins [pg mg_l sugars] 185 £ 19 222 + 49 13+4 11 £ 15
Table 2 Protein contents of leaves and FBs
Food bodies Leaves
A. cornigera A. hindsii A. cornigera A. hindsii
Proteins [pg mg_1 dw] 241 £ 8 213 £ 26 86 + 4 84 £3

to its effective protection from insect exploiters, EFN still
appears a highly suitable medium for microbial growth.
Yeasts in particular have been reported from nectars
(Brysch-Herzberg 2005; Herrera et al. 2009; Sandhu and
Waraich 1985) and might significantly affect their carbo-
hydrate composition (Herrera et al. 2008), hence reducing
the chemical control of the plant over this important trait.
When we studied microbes present in field-derived samples
of EFN, we were, however, unable to cultivate any yeasts
or fungi from nectar of the two myrmecophytes,
A. cornigera and A. hindsii, although these microorganisms
could be successfully isolated from EFN of myrmecophilic
plants that were growing at the same site (Gonzalez-Teuber
et al. 2009). Bioassays demonstrated that yeast growth is
significantly inhibited in myrmecophyte EFN as compared
to mere sugar solutions and EFN of the myrmecophilic
species. A more detailed investigation of the protein frac-
tion of myrmecophyte EFN revealed the presence of
glucanases, chitinases, peroxidases, thaumatin-like proteins
and other pathogenesis-related (PR-) proteins (Gonzélez-
Teuber et al. 2009), which repeatedly have been demon-
strated to serve as plant defences against fungi and other
microorganisms (for reviews see Van Loon et al. 2006;
Van Loon and Van Strien 1999). Interestingly, myrmeco-
phyte EFN contained much more proteins than EFN of
myrmecophilic species (Table 1). Thus, the protein frac-
tion of EFN functions in the protection of EFN from
microbial infestation, as has already been reported for
floral nectar (Carter and Thornburg 2004; Nicolson and
Thornburg 2007; Thornburg 2007; Thornburg et al. 2003).

Food bodies

Besides EFN, Mesoamerican Acacia myrmecophytes pro-
vide their ant inhabitants with a second type of reward, FBs
(Fig. 1), which are produced during leaf development on
the leaflet tips. Although FBs are thus ontogenetically
derived from leaf tissue (Rickson 1969, 1975) we found
contents of nutritionally valuable proteins and lipids in

their tissue that by far exceeded the contents of the leaf
tissues (Heil et al. 2004a) (Table 2). A more detailed
analysis of the FB proteome revealed that the protein
fraction of A. hindsii FBs differed not only quantitatively
but also qualitatively from the leaves of the same species
(unpublished results by D. Orona-Tamayo): the majority of
proteins that could be found in the FBs were different from
the leaf proteins (Fig. 3). Although detailed analyses are
still underway, this pattern indicates that the FB proteome
of Mesoamerican Acacia myrmecophytes is adapted to
serve the FBs function as the main (or only) food source of
the larvae of the specialised ant inhabitants.

Physiological adaptations of the ant workers
Digestive capacities: invertase

As reported above, the EFN of Acacia myrmecophytes
contains an invertase and thus is kept free of sucrose.
Although sucrose is attractive to many ant species, the
specialised Pseudomyrmex workers preferred this EFN
over sucrose-containing solutions (Heil et al. 2005). Why
do these ants reject a disaccharide that is highly attractive
to most ant species? Studying invertase activity in the
digestive tracts of these ants revealed that workers of
Pseudomyrmex ant exhibited only extremely low activity
of invertase and were even unable to increase the activity
of this digestive enzyme when sucrose was present in their
diet (Fig. 4). By contrast, workers of exploiting species and
of generalists possessed a substrate-inducible invertase
(Fig. 4), as did the larvae of all investigated species (Kautz
et al. 2009a). A phylogenetic analysis revealed that
invertase-free workers occur exclusively in one clade
within the genus Pseudomyrmex, which comprises the
specialised species of the P. ferrugineus-group (Kautz et al.
2009a): these ants lost the capacity to digest the most
common water-soluble carbohydrate in plants, sucrose, in
the worker stage and thus appear physiologically



68

M. Heil et al.

SDS-PAGE

pl 4 IEF 7

SDS-PAGE

(b) Leaves
Mw [kDa]

200 —

[

pl 4 IEF 7

Fig. 3 The proteome of A. hindsii food bodies and leaves. Compar-
ing the protein patterns as revealed by two-dimensional
gel-electrophoresis reveals that some 80% of the proteins that
dominate the food body proteome (a) are different from leaf proteins
of the same species (b). The first dimension was carried out by
running 150 pg of protein into 13-cm IPG strips, pH 4-7, and the
second dimension was 13% of SDS-PAGE. Original gel size was
16 x 18 x 0.15 cm. The proteins were detected by Comassie blue
stain (D. Orona-Tamayo, unpublished results)

dependent on the ‘pre-digested’ EFN that is produced by
their host plants (Heil et al. 2005).

Digestive capacities: protease

Analyses of stable isotopes had revealed that the natural
abundances of '*>C and '°N in specialised Acacia—ants were
very close to those of the host plants from which ant
workers and larvae had been collected, whereas the

exploiter, P. gracilis, exhibited significantly enriched '*C
and "N signatures. This finding, together with behavioural
observations, led to the conclusion that mutualistic
Pseudomyrmex species obtain their entire food from their
host plants, whereas the exploiting species also make use of
host-independent food sources such as captured insects
(Clement et al. 2008). We, thus, speculated that the
capacity of protein digestion in mutualist workers might
also differ from that in less specialised species. General
protease activity was quantified in ant workers by prepar-
ing a crude extract of the workers’ digestive tracts and
checking its proteolytic activity using a sulfanilamide—
azocasein solution as the substrate (S. Kautz, unpublished
data). Indeed, the ‘vegetarian’ mutualist workers exhibited
significantly lower protease activities than workers of
generalist and exploiting species (Fig. 4b).

Although two of the ant species that have been described
as exploiters of Mesoamerican Acacia species belong to the
same genus as the mutualists, a phylogenetic analysis
revealed that both P. gracilis and P. nigropilosus have
evolved their association with Acacia myrmecophytes
without having a mutualistic ancestor (Kautz et al. 2009a).
Because no cheaters have, thus, been described for this
system, we conclude that the digestive specialisations
described here make mutualist ants highly dependent on
their specific host plants and, thus, represent a mechanism
that prevents the evolution of cheaters. Due to the necessity
to feed exclusively on host-derived food sources, an ant
mutualist that starts to reduce its protective services would
suffer from fitness disadvantages, because its performance
is dependent on the state of its host (Heil et al. 2009).

Bacterial associates of the ants

Obligate plant—ants that feed only on host-derived rewards
represent a particularly extreme case of nutritional spe-
cialisation. However, °‘vegetarian’ ants, which feed
exclusively on food sources that are derived from plants,
might be much more common than is generally assumed.
Ants are the dominant insect group and can comprise more
than 80% of the arthropods in tropical rain forests
(Davidson and Patrell-Kim 1996; Holldobler and Wilson
1990; Tobin 1995). Because ants thus reach much higher
biomass values than their supposed prey organisms, it
appears difficult to understand how ants can reach this high
abundance, a phenomenon that has been termed ‘Tobin’s
ant-biomass paradox’ (Davidson and Patrell-Kim 1996;
Tobin 1995). Davidson et al. (2003) suggested that domi-
nant ant taxa might be ‘more herbivorous’ than originally
assumed and reported evidence from studies on ' N-ratios
of ants from Amazonia and Borneo, which demonstrated
that many arboreal ant species obtain little nitrogen through
predation. Because plant-derived food sources appear too
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Fig. 4 Physiological (a)
adaptations of Acacia- 500 [] sucrose-free diet
inhabiting ant mutualists.
a Invertase activity in ant [] diet with sucrose
workers was expressed as ': 400
nanogram glucose released from = €
sucrose per microgram ant % & 300
protein and minute separately ®© 3 7
for ants fed on a sucrose- % 3 +
containing or a sucrose-free diet € 3

L o S 200 -
over 5 days. Asterisks indicate 25 * *
significant differences between - o *
ants feed with and without — 100 4 *
sucrose (P < 0.05 with N = 10, ns s
except PSW06 where N = 4; "S- -S. n.s.
Wilcoxon signed-rank test). 0

g
b Protease activity was
quantified as nanogram (b)
azocasein degradated per
microgram ant protein and - 50 7
minute. Bars marked by g a
different letters different at £ 40 - a T
P < 0.05 (LSD posthoc-test > 5‘6’ I a T
after univariate ANOVA). Bars g s a _l_
represent means £ SE. Both g o 30 T
types of enzymes were 2 = T J_
quantified in the digestive tract s 'q%
of the generalist species, ° & 20 7
P. salvini and the yet a8
undescribed species P. spec. 2 10 4 b
PSW-06, of the parasites = b b
P. gracilis and P. nigropilosus - ,—:I:—l
and of the mutualist species, 0
P. ferrugineus, P. mixtecus and \Q\ éo %‘:" c§’-’ Qo-’ § Q}\
P. peperi. a Reproduced from ,§ Co§ é’ 9 . \éz’ '@ R
(Kautz et al. 2009a), b drawn @ Q S} & @0) &\',\' Q
from unpublished data by Q Q -\K @ Q R
S. Kautz QQ Q
Generalists Exploiters Mutualists

low in nitrogen as to allow the construction of the ants’
bodies, the question remained open, however, how these
‘vegetarian’ ants can obtain a balanced alimentation.
Many insects depend on symbiotic bacteria for their
nutrition (Chandler et al. 2008; Nardi et al. 2002; Zientz
et al. 2006) and one possible explanation of Tobin’s ant-
biomass paradox would, thus, be the existence of ant—
microbe mutualisms. If, for example, the ants have access to
N that is fixed by bacteria directly from the atmosphere one
would expect the 6'°N ratio of the ants to drop below the
level that would be expected from a predatory and perhaps
even a fully herbivorous organism. Because the mutualist,
P. ferrugineus, lives on a strictly host plant-derived diet and
possessed 6'°N ratios that were closer to those of its host
plant than the 3.4 %o that would represent a full trophic level
(Clement et al. 2008), this species appeared particularly
suitable to search for the putative presence of N-fixing or
N-recycling bacteria in an ant. Unfortunately, the discovery
of yet unknown bacteria is severely hampered by

methodological restrictions: we lack suitable cultivation
protocols for many environmental and endosymbiotic bac-
teria. Bacteria such as Blochmannia, Buchnera, Rickettsia
and Wolbachia are extremely common intracellular
endosymbionts of insects, at least when considering specific
taxa (Dean 2006; Hilgenboecker et al. 2008; Perlman et al.
2006; Stoll et al. 2007; Werren et al. 1995), but many fur-
ther microbial symbionts of insects likely remain to be
discovered. Therefore, we applied an in silico analysis of
terminal restriction fragments (tRF) for the gross charac-
terisation of the microbial community of P. ferrugineus
(Eilmus and Heil 2009). In short, we used fluorescence-
labelled primers to amplify the bacterial 16S rRNA genes in
samples obtained from extracted ants and the amplification
products were then digested with restriction enzymes. The
resulting tRF patterns usually are characteristic at the level
of genera (Eilmus and Heil 2009; Roesch and Bothe 2005).

We found tRF patterns representing at least 30 pro-
karyotic taxa. Parallel analyses of environmental samples
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and negative controls made sure that the majority of bac-
terial taxa found in our samples had indeed been obtained
from the ants themselves, rather than representing envi-
ronmental contaminations. Acidobacteria, Actinobacteria,
Bacteroidetes, Firmicutes, Planctomycetes, Proteobacteria
and Spirochaetes comprised more than 90% of the overall
bacterial diversity detected. Genera for which a function as
ant symbionts appeared most likely were Burkholderia,
Pantoea, Weissella and several Enterobacteriaceae. Most
interestingly in the present context, we detected seven taxa
of potentially N-fixing organisms (Rhizobiales, Burkhol-
deriales, Pseudomonadales, Spirochaeta, Cyanobacteria
and the two genera of y-Proteobacteria: Pantoea and
Serratia), several of which could be confirmed by inde-
pendent cultivation and sequencing techniques (Eilmus and
Heil 2009). Moreover, tRF patterns consistent with the
presence of Buchnera, an N-recycling bacterium, were
present in all ant samples analysed. Although final evi-
dence for the role of these bacteria is still lacking, these
results provide further support for the hypothesis that
‘vegetarian’ arboreal ants might supplement their diet with
nitrogen that is obtained from associated N-fixing and
N-recycling bacteria.

Regulation of the production of ant rewards

As mentioned in the “Introduction”, mutualisms can be
stabilised by partner choice or host sanction mechanisms,
which enable the host to select suitable symbionts or to
preferentially provide rewards to partners that render the
expected service. For ant—plant interactions, a partner
choice mechanism has been described for the genus
Leonardoxa (Brouat et al. 2001). Obligate myrmecophytes
in this genus provide nesting space to mutualist ants in
domatia that open by prostomata, that is, pre-formed
entrance holes. In each species, the prostomata had dif-
ferent shapes, and a significant correspondence among the
morphology of the prostomata and morphological traits of
the associated ant mutualists could be demonstrated
(Brouat et al. 2001). Similarly, several ant—plants produce
food rewards only when ants are present (Heil et al. 1997;
Risch and Rickson 1981). Because reward production in
some cases could also be induced by other, non-defending
insects or by artificial removal of the rewards (Folgarait
et al. 1994; Heil et al. 2000; Letourneau 1990), a chemical
or mechanical signal, rather than partner performance,
most likely triggers reward production by the host.
Unfortunately, what signals are exchanged between host
plant and reward consumer in order to elicit this response
has remained an open question.

More recent evidence demonstrated, however, that some
host plants indeed are able to reduce domatia production
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Fig. 5 Effect of ant species on EFN secretion. The EFN secretion on
main shoots of A. hindsii plants was quantified as milligram soluble
solids per 1 day separately for ant-free plants (n = 15) and plants
inhabited by the mutualist, A. ferrugineus (n = 20) and by the
parasite, P. gracilis (n = 10). Bars marked by different letters are
different at P < 0.05 (LSD posthoc-test after univariate ANOVA).
Figure redrawn from data presented in Heil et al. (2009)

when inhabited by non-defending or castrating ants and can
therefore sanction against these exploiters (Edwards et al.
2006; Izzo and Vasconcelos 2002). Similarly, the rates at
which Acacia myrmecophytes provide their resident ants
with EFN depended on the ant species that was present on
the plant (Heil et al. 2009). We selected A. hindsii plants
inhabited by P. ferrugineus (n = 20), by P. gracilis
(n = 15) or that were ant free (n = 10) and quantified EFN
secretion on the main shoot as described previously (Heil
et al. 2000, 2004b) as milligram of soluble solids secreted
per 24 h. The presence of the mutualist, P. ferrugineus, had
a significant positive effect on EFN secretion, while EFN
secretion on plants inhabited by the parasite did not differ
from that by controls (Fig. 5). Thus, the plants apparently
sanction against the parasite. Because the parasite does not
defend its host plant whereas the mutualist does, and
because the experiment was conducted under natural her-
bivore pressure, this design did not allow separating
mechanisms based on a chemical identification of the ant
species from ‘true’ host sanction mechanisms, which in this
case would act via a monitoring of the ants’ protective
efficacy by the host plant and an according regulation of
EFN secretion. However, these data demonstrate that par-
asitic ants receive fewer resources from their Acacia host
than do mutualists, a phenomenon that likely stabilizes the
association of hosts with mutualists against invasion by
parasites or the evolution of cheaters. Moreover, a com-
petition among mutualists and parasites appears to stabilize
the co-existence of both types of ants (Heil et al. 2009), as
it has earlier been suggested for other mutualisms (Morris
et al. 2003).

Studies on various ant—plant mutualisms have demon-
strated that ant protection increases the sizes of the host
plants and, thus, food reward levels (Heil et al. 2004b), that
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increased host plant size and food rewards increase ant-
colony size (Edwards et al. 2006; Fonseca 1993; Heil et al.
2001a) and that the development of larger ant colonies
improves the protection from herbivores (Duarte Rocha
and Godoy Bergallo 1992; Heil et al. 2001a; Ness et al.
2006) and competitors (Palmer 2004). All these relations
lead to host sanction phenomena, although they are likely
results of the dependency of obligate plant—ants on the food
and nesting space that is derived from their host, rather
than being controlled by specific mechanisms.

Adaptations in ant-colony structure

Obligate ant—plant mutualisms suffer from the intrinsic
problem that the potential lifetime of the host plant is
usually longer than that of the inhabiting ant colony. At
least some ant species have, however, ‘solved’ this prob-
lem via the evolution of polygyny, that is, an individual
colony possesses more than one queen (Dalecky et al.
2005; Feldhaar et al. 2000; Janzen 1975; Kautz et al.
2009b). In fact, colonies of the obligate acacia—ant
Pseudomyrmex veneficus may comprise hundreds of thou-
sands of queens and millions of workers (Janzen 1975), and
are among the largest of all social insect societies (Ward
1993). Therewith, the lifetime of a colony exceeds the
lifetime of a single ant queen.

However, kin selection (Hamilton 1964) should favour
ant colonies that possess one singly mated queen and are,
thus, characterised by high relatedness among nestmates.
When we employed microsatellite markers (Kautz et al.
2009c¢) to study the genetic colony structure of the highly
polygynous acacia—ant, P. peperi, we found at maximum
three alleles per locus within a colony although we had
included queens, workers, males and virgin queens. The
high relatedness among all colony members indicates that
colonies had likely been founded by one singly mated
queen and that polygynous colonies develop as a conse-
quence of intranidal mating among males and daughter
queens, which represent direct offspring of the same ori-
ginal queen. This strategy allows colonies to grow by
budding and to occupy individual plant clusters for time
spans that are longer than an individual queen’s life, while
at the same time maintaining high nestmate relatedness
(Kautz et al. 2009b).

Discussion and conclusions

Phenotypic plasticity is the ability of an organism to
express different phenotypes in response to changing
environments (Sultan 2000). Many mutualisms are based
on long-term associations of the same individual partners.

The resulting possibility of iterated interactions among
phenotypically plastic partners can stabilise mutualisms
(Agrawal 2001; Doebeli and Knowlton 1998; Heil et al.
2009), because it underlies all types of host sanction
mechanisms. Indeed, ant—plants adjust reward production
to the presence and/or activity of the defending ants
(Folgarait et al. 1994; Heil et al. 2000, 1997; Risch and
Rickson 1981). In the present study we report several traits,
most of which have been found to be phenotypically
plastic, that likely contribute to the stabilisation of an
obligate ant—plant mutualism against invasion by parasites
and the evolution of cheaters. In some cases, the underlying
chemical traits and signals could be identified successfully.
For example, we found that the food rewards produced by
Mesoamerican Acacia myrmecophytes are chemically
adapted to the specific needs of the resident mutualist ants
and at the same time chemically protected from exploiters,
such as generalist ants and EFN-infesting microorganisms.
The mutualist ant species involved were found to be
specialised to feed exclusively on host-derived EFN and
FBs, likely because this vegetarian diet is supplemented by
nitrogen that is derived from bacterial symbionts. These
specialisations might make the use of host-derived ant
rewards by the mutualists more efficient as compared to the
less specialised parasites and thus can contribute to the
stabilisation of the association of host plants with mutualist
ants. However, important physiological adaptations of the
mutualist ants consisted in a loss of digestive capacities,
making these ant species more dependent on the host-
derived and chemically specialised food rewards. Because
these ants, thus, depend on the state of their host plant,
‘cheating’ ants that show tendencies to cease the protection
service would likely receive lower amounts of host-derived
rewards than ‘honest’ mutualists. In summary, our studies
revealed two mechanisms that contribute to the evolu-
tionary stabilisation of this ant—plant mutualism against
exploitation by parasites and the evolution of cheaters: (i)
the production of chemically specialised rewards for the
nutrition of physiologically adapted ant mutualists and (ii)
reciprocal responses among phenotypically plastic
partners.
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