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Molecular and chemical immune defenses in ants (Hymenoptera: Formicidae)

Helge SCHLUNS & Ross H. CROZIER

Abstract

Like all other organisms, ants can be afflicted by a large number of microbial parasites and pathogens. In response, ants
have evolved a range of immune defenses. Here we review current knowledge of ant immune defenses, focusing on the
genes, proteins and chemicals involved in ant innate immunity. Some pathogen recognition, signaling and effector mole-
cules (such as antimicrobial peptides) have been described from a range of ant species in different subfamilies, but a
very large number of innate immunity components remain to be identified. Secretions of the metapleural glands have
special significance as an ant-specific immunity component. Chemically diverse substances from these glands are known
to have antimicrobial properties and hence to play an important part in ant life. In addition to the molecular and chemi-
cal defenses of individual physiology, individual and group behavior patterns make substantial contributions to fighting
disease. Examples of behavioral mechanisms contributing to disease resistance include parasite avoidance, active inclu-
sion of antimicrobial plant resins into nest materials, and increased colony genetic diversity through polyandry, polygyny,
or both. We propose that future research links immunity at the molecular level with the ecology of ants and their patho-
gens, and studies evolutionary mechanisms to yield a comprehensive understanding of ant immune defense mechanisms.
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"Disease is not the prerogative of man and the domestic animals, so it was quite natural to see if the lower animals, with
very simple organizations, showed pathological phenomena, and if so, infection, cure and immunity could be observed

among them."

from the Nobel Prize lecture of Ilya Metchnikoff (Mnbst inbna Meynukos),

Introduction

It is more than 100 years ago that Ilya Metchnikoft discov-
ered phagocytosis as a defense mechanism against fungal
spores in an arthropod (KAUFMANN 2008). A vast body of
immunological knowledge has been accumulated since the
first Nobel Prizes were awarded to Robert Koch (1905),
Ilya Metchnikoff and Paul Ehrlich (1908) for their immu-
nological work. Research on acquired immunity has pro-
gressed to a remarkable degree, especially that on birds
and mammals. As pointed out by Metchnikoff, however, so
called lower animals can also acquire infectious diseases
and mount immune defense responses — ants are no excep-
tion. Here we apply a broad definition of immunity. The
Latin word immunis means free from a burden (KLEIN &
HOREJSI 1997). In the biological sense we call living or-
ganisms immune if they don't become diseased upon ex-
posure with potential parasites or pathogens (Box 1). It is
misleading to restrict the term to a protection against re-
infections (as some immunologists prefer) and thus to ex-
clude any form of innate immunity. The importance of the
innate immune system has become obvious by knocking
out parts of it and demonstrating detrimental effects of sub-
sequent infections to host organisms (e.g., LEMAITRE & al.
1996). Interest in ultimate, negative consequences of para-
sitic attacks for the host's evolutionary fitness has grown
substantially over the past two decades and has given rise
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to the scientific fields of ecological and evolutionary immu-
nology (for reviews see SCHMID-HEMPEL 2005, SCHULEN-
BURG & al. 2009). There has been some recent debate about
the merits of studying immunity at the whole organism lev-
el (HAUTON & SMITH 2007, LITTLE & al. 2008). While the
value of "mechanistic" research (i.e., genetics, biochem-
istry, physiology) is uncontroversial and obvious, organis-
mic approaches are just as worthwhile in our opinion since
they can uncover new phenomena (SCHMID-HEMPEL 2005).
Moreover, host-parasite interactions are intrinsically eco-
logical and evolutionary mechanisms have ultimately shaped
immune systems to combat pathogens and are still doing
so. Therefore, essential components of the entire range of
immune defenses will remain undetected if immunity is
studied without regard to the host's ecology and potential
evolutionary consequences (LITTLE & al. 2005).

Ants are threatened and attacked by numerous preda-
tors, parasites, and pathogens from various taxa: animals,
fungi, eukaryotic microorganisms, bacteria, and viruses
(ScHMID-HEMPEL 1998). In this review, we focus mainly
on microbial diseases and the respective immune defense
mechanisms mounted by ants. Nonetheless, the innate im-
mune system also combats macroparasites and parasitoids
when they invade an ant. Following such invasions ants
can react using physiological and biochemical mechanisms



for which we will present many examples and references
throughout this review.

In addition to immune defenses at the individual level
(i.e., molecular, biochemical, physiological and behavioral,
Box 1), defenses against parasites and pathogens occur
also at the colony level in eusocial species. Collective de-
fenses are defined by the fact that an individual animal
cannot perform them on its own, e.g., allogrooming or
necrophoric behavior (CREMER & al. 2007 and references
therein, CREMER & SIXT 2009 and references therein).

Individual immune defenses comprise genetical, bio-
chemical, physiological, and behavioral responses. Indi-
vidual ants use exocrine gland secretions to fight micro-
bial pests and pathogens. Very important examples in ants
are the metapleural gland secretions that we will discuss in
detail below. In comparison with chemical and behavi-
oral defense mechanisms, the innate immune system of ants
has yet received little attention. Nevertheless, hymenopte-
ran immunology is an emerging new field with the West-
ern honey bee Apis mellifera, the parasitoid jewel wasp
Nasonia vitripennis, and the invasive fire ant Solenopsis in-
victa as key species being investigated in more and more
detail (e.g., EVANS & al. 2006, VALLES & al. 2008). In this
review we give a brief overview of microbial diseases pest-
ering ants before we discuss chemical and molecular im-
mune defenses in greater detail. We also summarize ant be-
havior, sociality, ecology, and evolution with respect to
immune defenses in ants.

Microbial diseases of ants

Parasites and pathogens from many taxa infect ants (SCHMID-
HEMPEL 1998). Since Paul SCHMID-HEMPEL published his
seminal book on parasites in social insects a decade ago
(ScHMID-HEMPEL 1998) many more parasites and patho-
gens of ants have been described. Here, we will not give an
exhaustive list of all known parasite species attacking ants,
rather we present an overview of parasites from major pa-
rasitic taxa associated with ants. Closely related pathogens
interfere with the same components or at least very simi-
lar components of ants' immune systems and very dissimi-
lar pathogens might be detected and combated by different
components of their immune systems. Hence, an outline of
major groups of parasites will facilitate an understanding
of possible interactions between pathogens and the immune
system of ants. To understand the immune system in its
whole complexity, it will be useful to study a variety of
pathogens (rather than many similar ones) since this will
shed light on different components of the immune system.
A few different viruses have been reported to occur in
ants. In addition to those reviewed by SCHMID-HEMPEL
(1998), there is an increasing number of viruses known to
be associated with the fire ant Solenopsis invicta. This in-
vasive pest species has been studied in more detail with re-
spect to parasites than other ants, an obvious reason be-
ing the search for biological control agents. Two recently
discovered viruses have been named Solenopsis invicta
virus-1 (SINV-1) (VALLES & al. 2004b, VALLES & STRONG
2005) and Solenopsis invicta virus-2 (SINV-2) (VALLES &
al. 2007a). SINV-1 is a single-stranded, dicistronic positive-
strand RNA virus found in all stages of Solenopsis in-
victa (see VALLES & al. 2004b). It is a picorna-like virus
and has significant similarity to the acute bee paralysis
virus (VALLES & al. 2008). SINV-1 has a wide distribution

238

occurring in Solenopsis invicta in Argentina and the USA
(VALLES & al. 2007b). Furthermore, it has been detected in
other Solenopsis species (e.g., S. richteri and S. geminata)
(VALLES & al. 2007b). SINV-2 is probably, as for SINV-1,
a positive-strand RNA virus but in contrast to SINV-1,
SINV-2 is polycistronic and its systematic position less well
established (it belongs possibly neither in the Dicistro-
viridae nor the Picornaviridae) (VALLES & al. 2007a). In a
Solenopsis invicta cDNA library, which we will discuss
further below, WANG & al. (2007) detected 26 putative
genes of viruses that might belong to at least 5 different
viruses. A honey bee virus (chronic bee paralysis virus =
CBPV) was detected in two ant species (Camponotus vagus
and Formica rufa) (CELLE & al. 2008). While the infected
ants were found close to infected honey bee colonies, ways
of virus transmission and the potentially adverse effects of
the CBPV on the ants remain to be investigated. We as-
sume more cases of viral host switches between different
ant species (VALLES & al. 2007b) will be discovered in
future. Moreover, it will be interesting to see if indeed vi-
ruses readily switch between ants and non-ant hosts.

Little is known about bacterial diseases in ants. Bac-
teria of the genus Pseudomonas are an early and rare exam-
ple of bacteria highly detrimental to ants. These bacteria
killed all Solenopsis invicta larvae fed vegetative cells with-
in five days (LOFGREN & al. 1975). In Formica truncorum,
Wolbachia (o-proteobacteria) infections cause detrimental
effects on colony fitness (WENSELEERS & al. 2002). The
occurrence of Wolbachia is widespread among many sub-
families of ants (e.g., Dorylinae, Formicinae, Myrmicinae,
Ponerinae, Pseudomyrmecinae) (WENSELEERS & al. 1998,
VAN BORM & al. 2001). Other bacteria associated with
ants have been reported more recently (BAIRD & al. 2007,
LEE & al. 2008a) but they are not known to cause disease
in ants. There are examples of beneficial or potentially bene-
ficial relationships between ants and bacteria. For exam-
ple, leaf-cutter ants use actinomycete bacteria in order to
maintain stable fungus-ant relationships (MUELLER & al.
2008). In other cases, bacteria (Blochmannia) provide nu-
tritional benefits to carpenter ants (FELDHAAR & al. 2007)
of the genus Camponotus. Some species of the pseudo-
myrmecine ant genus Tetraponera house bacteria in speci-
alized parts of the gut. These bacteria have been proposed
to serve Tetraponera ants by improving their nitrogen-poor
diet (VAN BORM & al. 2002, STOLL & al. 2007). An in-
teresting topic in immunology is how immune systems dis-
tinguish between beneficial and harmful microbes. This
question remains largely a conundrum though Acromyr-
mex leaf-cutter ants seem to be able to distinguish even
between different strains of actinomycete bacterial species
(ZHANG & al. 2007).

Eukaryotic microorganisms causing disease in ants span
an enormous array of phyla. The full range has presum-
ably not been discovered yet considering what is known
from other insects, especially from hymenopterans. Grega-
rines are unicellular parasites related to malaria parasites
(Plasmodium), both belonging to the phylum Apicomplexa
(LEANDER & al. 2003). A gregarine species conspicuously
changing the ant's body color has been found by CROS-
LAND (1988) in Myrmecia pilosula. Microsporidia are also
unicellular parasites of ants but they are either fungi (possib-
ly Zygomycota) or at least closely related to fungi (KEEL-
ING & FAST 2002, LEE & al. 2008b, WALLER & al. 2009).



Box 1: Glossary.

Acquired immunity: describes an enhanced protection
against re-infections with the same kind of pathogen.
In jawed vertebrates, it comprises a highly pathogen-
specific long-term memory and somatic recombination
on the molecular level resulting in high diversity of
some immune system proteins (e.g., T-cell receptors).

Behavioral defense: describes an action taken by an
animal to avoid contact with pathogens or to remove
pathogens from the animal's immediate environment.

Biochemical immune defense: describes combating
pathogens inside an organism's body using proteins or
other biomolecules.

Chemical immune defense: describes combating patho-
gens using chemicals externally (including proteins and
other biomolecules) produced by exocrine glands of an
organism or acquired from the environment the orga-
nism inhabits.

Immunity: a characteristic trait of organisms not to be-
come diseased upon exposure to potential parasites or
pathogens. Protection against and combating of patho-
gens is achieved through a variety of mechanisms rang-
ing from molecules to behavior.

Innate immunity: describes a relatively fixed heredi-
tary protection against infection with little capacity for
immunological memory. It comprises germ-line encoded
recognition molecules that detect pathogen-associated
molecular patterns, biochemical signaling pathways, and
effector molecules directly affecting pathogens.

Molecular immune defense: describes combating path-
ogens using nucleic acids or proteins at the cellular level.

Physiological immune defense: describes combating
pathogens using mechanical, physical or chemical mech-
anisms.

They have a number of highly reduced character states
(e.g., small genomes and no functional mitochondria). The-
lohania solenopsae and Vairimorpha invictae are two ex-
amples of microsporidian parasites (VALLES & al. 2004a) in-
fecting the fire ant Solenopsis invicta. Many true fungi (Eu-
mycota) attacking ants have been described as well (SCHMID-
HEMPEL 1998). A large number of the entomopathogenic
species belong to the phyla Zygomycota (particularly spe-
cies of the Entomophthorales) and Ascomycota (ROY & al.
2006). Metarhizium and Beauveria are two ant-killing ge-
nera of the Ascomycota (Hypocreales) that have been in-
vestigated in a variety of studies. We will discuss immune
defenses of ants with regard to these parasitic fungi in sev-
eral paragraphs of this review.

Defenses of individual ants

The individual animal's immunity armament can be divided
into several distinct components (the defense component
model, SCHMID-HEMPEL & EBERT 2003): avoidance behav-
ior, prevention of penetration, molecular recognition, and
combating infection. Each of these components has to be

surmounted by parasites for successful host exploitation
(Stva-JoTHY & al. 2005). Ants share many components of
protective defense mechanisms with other insects. Before
we discuss these generally occurring components we will
highlight an element of ant immunity that is special to the
ants.

Exocrine gland secretions

The metapleural gland (also called metasternal or metathor-
acic gland) is found only in ants and is presumably of very
old phylogenetic origin as it is present in fossil specimens
from the Cretaceous (HOLLDOBLER & WILSON 1990). The
metapleural gland is a paired structure situated at the pos-
terolateral corners of the alitrunk (= mesosoma) (HOLL-
DOBLER & ENGEL-SIEGEL 1984). BROWN (1968) suggested
a role of the metapleural gland secretions as being in-
volved in nestmate recognition or as he put it then: "I am an
enemy" signaling. Two years later MASCHWITZ & al. (1970)
did not find evidence for this hypothesis in a large number
of ant species (Myrmica rubra [as "Myrmica laevinodis",
throughout that study], Manica rubida [as "Myrmica rubi-
da", throughout that study], Formica polyctena, F. rufa,
Tetramorium caespitum, Myrmecina graminicola, Harpa-
goxenus sublaevis, and Atta sexdens) using behavioral ex-
periments. Instead the authors demonstrated antimicrobial
efficacy of metapleural gland secretions of three species
(Manica rubida, Myrmica rubra, and Atta sexdens) against
two bacterial species (Escherichia coli and Staphylococcus
aureus). Metapleural gland secretions of Manica rubida and
Atta sexdens were also effective against the mold Penicilli-
um glaucum. The major antimicrobially active component
in Atta sexdens was phenylacetic acid. This acid was also
detected in Messor barbarus and Myrmica rubra [as "Myr-
mica laevinodis", throughout that study] (SCHILDKNECHT
& KooB 1971). Other substances detected in Atta sexdens
metapleural secretions are indole-3-acetic acid (SCHILD-
KNECHT & K0OOB 1970), 3-hydroxydecanoic acid (myrmi-
cacin) and two further 3-hydroxy acids (3-hydroxyhexanoic
acid and 3-hydroxyoctanoic acid) (SCHILDKNECHT & KOOB
1971). Atta sexdens metapleural gland secretions and their
major components show bactericidal (strong growth inhibi-
tion against Bacillus sphaericus and Pseudomonas putida)
and fungicidal actions (against Trichoderma viride) (Do
NASCIMENTO & al. 1996). Interestingly, DO NASCIMENTO
& al. (1996) discovered great differences among different
bacteria and fungi in their susceptibility to metapleural gland
secretions even between related parasite taxa. In addition to
Atta sexdens, myrmicacin was also present in an Acromyr-
mex species and in Messor barbarus and Myrmica rubra (see
SCHILDKNECHT & KOOB 1971). SCHILDKNECHT & KOOB
(1970) found indole-3-acetic acid in Myrmica rubra meta-
pleural gland secretions and later in a species of the genus
Acromyrmex and in Myrmica rubra (see SCHILDKNECHT &
KooB 1971). Furthermore, antimicrobial properties of meta-
pleural gland secretions against Escherichia coli were found
in myrmicine (Crematogaster scutellaris, Crematogaster
difformis), ponerine (Leptogenys processionalis [as "Lepto-
genys ocellifera"], Odontomachus sp. [as "Odontomachus
haematodes"]), amblyoponine (Amblyopone australis), ec-
tatommine (Rhytidoponera metallica), myrmeciine (Myr-
mecia forficata), pseudomyrmecine (Tetraponera sp.), and
in two dolichoderine ants (Dolichoderus quadripunctatus,
Liometopum microcephalum) (MASCHWITZ 1974).
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About ten years after the initial demonstration of meta-
pleural gland secretion antimicrobial activities BEATTIE
& al. (1985, 1986) studying the Australian myrmeciine ant
Myrmecia nigriscapa extended the knowledge of metapleu-
ral gland function against a large number of fungal species
(Aspergillus niger, Beauveria bassiana, Cladosporium resi-
nae, Colletotrichum gloeosporioides, Gliocladium roseum,
Mucor plumbeus, Paecilomyces lilacinus, Penicillium au-
rantiogriseum, Metarhizium brunneum, and Trichoderma
viride). Interestingly, some of these fungi (Beauveria bas-
siana, Paecilomyces lilacinus, and Metarhizium brunneum)
are entomopathogenic. In another myrmeciine ant, Myr-
mecia gulosa (the quintessential Australian "bulldog" ant),
VEAL & al. (1992) showed effects of metapleural gland se-
cretions against two fungi (Candida albicans, C. tropica-
lis) and three Gram-positive (Staphylococcus aureus, Bacil-
lus subtilis, and Bacillus cereus) and six Gram-negative
bacteria (Escherichia coli, Pseudomonas vulgaris, P. aeru-
ginosa, P. tolaasii, P. putida, and Salmonella typhimurium).
Secretions from metapleural glands of Myrmecia gulosa ex-
hibit broad-spectrum antimicrobial activity. Treatment of
a yeast (Candida albicans) and of three bacterial species
(Bacillus cereus, Escherichia coli, and Pseudomonas aeru-
ginosa) with metapleural gland secretions from Myrmecia
gulosa led to damage to cell membranes (MACKINTOSH &
al. 1995).

A mixture of phenols (3-propylphenol, 3-pentylphenol,
S-propylresorcinol, 5-pentylresorcinol, and 3,4-dihydro-
8-hydroxy-3-methylisocoumarin (= mellein)), which in gen-
eral have bactericidal effects, has been isolated from meta-
pleural gland secretions of Crematogaster difformis [as "Cre-
matogster deformis"] (ATTYGALLE & al. 1989). Phenols are
a major group of substances found in plant resins (BAN-
KOVA & al. 2000) used by bees and ants to combat harmful
microbes.

Do NASCIMENTO & al. (1996) studied metapleural gland
secretions in three attine species (Atta sexdens, A. cepha-
lotes, and Acromyrmex octospinosus) and confirmed that
phenylacetic acid is the major component in the two Atta
species whereas it is absent from Acromyrmex octospino-
sus. In metapleural gland secretions of Atta sexdens, an
aqueous emulsion of protein (or peptide) was inferred from
infrared spectroscopy and ninhydrin tests (DO NASCIMENTO
& al. 1996). Later, ORTIUS-LECHNER & al. (2000) detected
more than 20 compounds in metapleural gland secretions
of the same leaf-cutter ant species (Acromyrmex octospino-
sus). More recently, the composition of metapleural gland
secretions were reported from two fire ant species (Sole-
nopsis invicta and S. geminata, CABRERA & al. 2004). In
Acromyrmex octospinosus, the major chemicals were acetic
acid, myristic acid, pentadecanoic acid, palmitic acid, indole-
3-acetic acid, y-octalactone, 4-oxooctanoic acid (ORTIUS-
LECHNER & al. 2000). Hence, the metapleural gland secre-
tions of Acromyrmex octospinosus contain a diverse array
of compounds, many carboxylic acids, alcohols, lactones,
and keto acids (ORTIUS-LECHNER & al. 2000). The anti-
microbial efficacies of various Acromyrmex octospinosus
metapleural gland compounds were tested against spores
and hyphae from the mutualistic fungus (Leucoagaricus
gongylophorus), and from fungal-parasitic (Escovopsis sp.,
Trichoderma sp.), commensal (Gliocladium virens, Asper-
gillus niger), and entomopathogenic fungal species (Meta-
rhizium anisopliae, Beauveria bassiana) as well as against
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two bacterial species (Bacillus subtilis, Pseudomonas stut-
zeri) (BOT & al. 2002). All groups of compounds had in-
hibitory effects against some microorganisms. In some fun-
gal species (Escovopsis sp., Aspergillus niger), spores and
hyphae differed in their sensitivities. The two entomopatho-
genic fungi tested were among the most sensitive species.
Notably, the mutualistic fungus was sensitive to all classes
of metapleural gland compounds (BOT & al. 2002) raising
the question of the utility of the glands' secretions in main-
taining the fungus garden.

Further evidence for the function of metapleural glands
as contributing to the immune system of ants comes from a
recent study demonstrating the active usage of the glands'
secretions (FERNANDEZ-MARIN & al. 2006). In all 26 ant
species studied (from 19 genera and five subfamilies; i.e.,
Myrmicinae, Pseudomyrmecinae, Dolichoderinae, Formici-
nae, and Ponerinae), the ants touch the glands' orifices using
their forelegs and then groom themselves. Furthermore, five
leaf-cutter ant species from the genera Atta and Acromyrmex
spread metapleural gland secretions onto their nestmates,
queens, brood, and fungal gardens. When challenged with
conidia from any of nine different fungal species, Atta co-
lumbica ants intensify metapleural gland grooming (FER-
NANDEZ-MARIN & al. 2006). Earlier, POULSEN & al. (2002)
experimentally sealed metapleural glands of Acromyrmex
octospinosus workers, infected colonies with the entomo-
pathogenic fungus Metarhizium anisopliae, and found sub-
stantially increased mortality demonstrating the importance
of metapleural glands to individual ants and their colonies.

The sizes of metapleural gland reservoirs relative to body
size are significantly larger in species of the genera Acro-
myrmex and Atta compared to other fungus-growing ants
(Attini) (HUGHES & al. 2008). The leaf-cutter ants (Acro-
myrmex and Atta) provide their fungus exclusively with fresh
vegetation and have very populous colonies (HOLLDOBLER
& WILSON 1990). The larger capacity of their metapleural
glands is suggestive of an exceptional relationship between
leaf-cutter ants and their parasites (HUGHES & al. 2008).
In accordance with this hypothesis, Acromyrmex subterra-
neus minor workers, which work the fungus garden, have
relatively larger metapleural gland reservoirs than major
workers (DE SOUZA & al. 2006). Further, metapleural gland
size differences had a positive impact on survival times of
Acromyrmex echinatior minor and major workers (POUL-
SEN & al. 2006) being challenged with the entomopatho-
genic fungus Aspergillus nomius.

In many ant species, males lack metapleural glands (e.g.,
Nothomyrmecia macrops). Living together with their num-
erous sisters might provide sufficient immune defenses for
them. Indeed, Myrmecia gulosa males kept without wor-
kers, which possess metapleural glands, acquire larger num-
bers of microbes than males kept together with M. gulosa
workers (MACKINTOSH & al. 1999). Moreover, males are
relatively short-lived which might reduce the need for strong
immune defenses (HOLLDOBLER & ENGEL-SIEGEL 1984).
However in a few species (e.g., Temnothorax allardycei,
Novomessor cockerelli, Formica perpilosa, Myrmecocystus
mimicus, Iridomyrmex purpureus), the existence of meta-
pleural glands has been established in males (HOLLDOBLER
& ENGEL-SIEGEL 1984). Furthermore, in all weaver ants
(Oecophylla, Polyrhachis, Dendromyrmex) and in most
Camponotus species as well as some social parasitic ants
studied by HOLLDOBLER & ENGEL-SIEGEL (1984) the meta-



pleural glands are either considerably atrophied or entirely
absent leading the authors to hypothesize "that these ar-
boreal ants are much less exposed to microorganisms than
terrestrial ant species, and therefore an antiseptic metapleu-
ral gland became unnecessary" (HOLLDOBLER & ENGEL-
SIEGEL 1984). We believe the proposed link between lit-
tle exposure to microorganisms and the loss of metapleu-
ral glands is quite plausible, however, as HOLLDOBLER &
ENGEL-SIEGEL (1984) also point out, there are many ar-
boreal species having metapleural glands. It might be that
weaving is the key behavior that results in an antiseptic nest
environment (JOHNSON & al. 2003).

Secretions from exocrine glands other than the meta-
pleural glands also contribute to ant immune defenses. Man-
dibular gland secretions from Calomyrmex sp. show bac-
teriocidal activity and inhibit the growth of fungi (BROUGH
1983). Since the chemical nature of the antimicrobial acti-
vity had not been studied then, it would be interesting to
see if the antimicrobial peptide defensin is expressed in
mandibular glands of Calomyrmex ants, as it is in the honey
bee Apis mellifera (see KLAUDINY & al. 2005). Techniques
such as RT-PCR could be used to clarify which proteins
occur where. Antimicrobial activity of mandibular gland
secretions was also reported in another formicine ant, La-
sius fuliginosus (PAVAN 1958 cited by BROUGH 1983). Re-
cently, effects of Atta sexdens mandibular gland secretions
on fungal spore germination have been tested (RODRIGUES
& al. 2008). The fungi Fusarium solani, Trichoderma har-
zianum, Cunninghamella elegans, and Syncephalastrum ra-
cemosum have all been negatively affected by mandibular
gland secretions, however, spore germination was not at all
inhibited in the fungal-parasitic fungus Escovopsis weberi
(see REYNOLDS & CURRIE 2004) and in the entomopatho-
genic fungus Metarhizium anisopliae (see RODRIGUES &
al. 2008).

External surfaces

Prevention of penetration is often achieved through the ant's
integument if avoidance behavior is not possible or does not
succeed. The integument of insects (including ants) com-
prises the epidermis and the cuticle that again is divided
into epicuticle, exocuticle, and endocuticle (CHAPMAN 1998,
GOBIN & al. 2003). The chitinous cuticle has possibly con-
tributed to the general success of arthropods and forms an
important mechanical barrier for parasites and pathogens.
Fungi (e.g., Metarhizium anisopliae) are the only microbial
pathogens that have been reported to be able to penetrate
the cuticle directly (SIVA-JOTHY & al. 2005). The integu-
ment lines the very outside surface of ants and also parts of
the gut and the reproductive tract which are both possible
entry points of pathogens. Gut tissue has been shown to
produce antimicrobial peptides and highly reactive nitrogen
and / or oxygen containing molecules (HAO & al. 2003)
upon oral infections with Trypanosoma brucei in the tse-
tse fly Glossina morsitans. There are no such studies to our
knowledge in ants but we believe it would be worthwhile
studying immune responses in ant guts because of their ob-
vious exposure to microbial parasites, using similar meth-
ods. The reproductive tract is another potential site of mi-
crobial invasions. In fact, viruses can be horizontally trans-
mitted during copulation in honey bees (YUE & al. 2006).
In the reproductive tract of Drosophila, antimicrobial pep-
tides are expressed in a sex-specific manner (TzZOU & al.

2000). To our knowledge, no studies have been carried out
on immunity gene expression in ants' reproductive tracts.
However, sperm storage in Atta columbica resulted in an
up-regulation of the queen's immune system nine days af-
ter mating (BAER & al. 2006). The up-regulation cannot be
a direct consequence of the amount of stored sperm be-
cause the immune response was negatively correlated with
the number of sperm (BAER & al. 2006) indicating trade-
offs between copulating (or storing sperm) and other life-
history traits. In addition to a lower immune response (when
more sperm had been transmitted), the immune response was
also lower if the queen had mated with more males (BAER
& al. 2006). An untested possible explanation could be that
males transmitted antimicrobials in their ejaculates. More
genetically diverse ejaculates could thus prove being bene-
ficial. Recently, CASTELLA & al. (2009) found an up-regu-
lation of a different part of the immune system after mating
in Formica paralugubris. Queens of this species showed
increased levels of antibacterial activity of their hemolymph
seven days after mating (CASTELLA & al. 2009). But in
contrast to Atta columbica queens (BAER & al. 2006), there
was no significant increase in phenoloxidase activity (CAS-
TELLA & al. 2009). The difference between the two species
might be due to different pathogen exposure during nest
founding (CASTELLA & al. 2009).

Innate immune system

Innate immunity in insects has been reviewed extensively
(GILLESPIE & al. 1997, BREY & HULTMARK 1998, Tzou
& al. 2002, ScHMID-HEMPEL 2005, BECKAGE 2008). The
fruit fly Drosophila melanogaster is probably the insect
best studied with regard to the function of specific genes and
proteins of its immune system (for a review see LEMAITRE
& HOFFMANN 2007). Immune systems of 12 Drosophila
species (SACKTON & al. 2007), the red flour beetle Triboli-
um castaneum (see ZOU & al. 2007), and the Western honey
bee Apis mellifera (see EVANS & al. 2006) have been ana-
lyzed drawing on their whole genome sequences. The gen-
eral picture emerging from these comparative genome stud-
ies is one of considerable similarity among these holometa-
bolous insects with respect to molecular pattern recogni-
tion molecules, biochemical signal transduction pathways,
and classes of proteins used to combat infections. None-
theless, the honey bee Apis mellifera, which is probably
most similar to ants among the insects analyzed, had an
unexpectedly small number of pathogen recognition and
effector genes (EVANS & al. 2006). It will be interesting to
see whether the immune system of the jewel wasp Nasonia
vitripennis, a parasitoid whose genome sequence is immi-
nent, is essentially similar to the one of Apis mellifera. This
would point to hymenopterans being exceptional among
the Holometabola and indeed they are sister group to all the
others (SAVARD & al. 2006). This is also going to be of in-
terest for future work on ant immunity. While there is no
whole genome sequence yet, two expressed sequence tag
(cDNA) libraries for the fire ant Solenopsis invicta have
been made publicly available (WANG & al. 2007, VALLES
& al. 2008, WURM & al. 2009). To our knowledge, these
databases have not been searched comprehensively for
immunity-related genes so that comparisons cannot yet be
made between the fire ant's immune system and immune
systems of other insects. Insects do not possess major his-
tocompatibility complex molecules, T-cell receptors, and
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immunoglobulins (also known as antibodies) that are im-
portant in self and also in non-self recognition (LITTLE &
al. 2005). These three groups of immunity-related mole-
cules occur only in Gnathostomata (jawed vertebrates). T-
cell receptor and immunoglobulin genes acquire very high
variability through somatic recombination and mutation.
These mechanisms have not been demonstrated to play any
role in insect immunity so far. However, in the bumble bee
Bombus terrestris some characteristics of adaptive immu-
nity have been demonstrated (i.e., increased protection and
narrow specificity upon secondary exposure to bacteria,
trans-generational immune priming, SADD & al. 2005, SADD
& SCHMID- HEMPEL 2006). To our knowledge no such stud-
ies have been carried out on ants. The molecular mecha-
nisms facilitating increased protection and immunologi-
cal memory in insects are not known (SCHULENBURG & al.
2009). However, the Down Syndrome cell adhesion mole-
cule (Dscam) proteins, which can potentially produce thou-
sands of splice variants, are involved in phagocytosis of
Escherichia coli bacteria in Drosophila flies (WATSON &
al. 2005). This discovery has opened up new insights into the
possibility of the recognition of a large variety of different
microbes. Dscam proteins have also been found in other in-
sects (CRAYTON & al. 2006) including the honey bee Apis
mellifera (see GRAVELEY & al. 2004). Intriguingly, Dscam
proteins contain immunoglobulin protein domains typical
for gnathostome immune proteins.

Molecular recognition of parasites and pathogens

Molecular recognition of parasites and pathogens is the next
component of the immune system once the barrier set by
external surfaces has been surmounted. Tissues and cells in
the hemocoel produce molecules that recognize pathogen-
associated molecular patterns (BRENNAN & ANDERSON
2004). For example, peptidoglycan from bacterial cell walls
facilitates recognition of non-self (DZIARSKI & GUPTA
2006). In ants, some recognition genes have recently been
cloned and sequenced (VILJAKAINEN 2008): a peptidogly-
can recognition protein (PGRP-SC2) and a Gram-nega-
tive bacteria binding protein (GNBP1) from Myrmica rugi-
nodis and another peptidoglycan recognition protein (PGRP-
SA) from Formica aquilonia. We have cloned and sequenced
GNBP1 from Nothomyrmecia macrops and a range of Myr-
mecia species (SCHLUNS & al. 2008). The function of these
genes in ants has not been established so far although work
on Drosophila melanogaster suggests they are involved in
recognition of bacterial infections (LEMAITRE & HOFF-
MANN 2007). Overall, there are not yet many reports of
genes involved in the immune system of ants. The lack of a
full genome sequence of any ant species at all so far clearly
impedes the study of innate immunity in one of the most
abundant and conspicuous terrestrial animal taxa.

Signal transduction molecules

Subsequent to the recognition of pathogen invasions into
the hemocoel, innate immune systems use biochemical sig-
naling pathways that transmit the information of being
infected. Two important cellular signaling cascades in in-
sects are the Toll pathway and the imd pathway (SIVA-
JoTHY & al. 2005). Recently some signaling pathway genes
have been cloned and sequenced from Formica aquilonia:
Toll, Pelle, and Dorsal, which are parts of the Toll path-
way, and TAK-1 that is a gene of the imd pathway (VILJIA-
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KAINEN 2008). We have cloned and partially sequenced
Relish from Nothomyrmecia macrops and several Myrmecia
species (SCHLUNS & al. 2008). Relish is a NF-kB-like
transcription factor, the last protein of the imd pathway be-
fore effector molecules are produced (STOVEN & al. 2000).
We assume Relish enhances transcription of antimicrobial
peptide genes in ants since we could demonstrate regulation
of two antimicrobials by Relish in the honey bee Apis melli-
fera (see SCHLUNS & CROZIER 2007).

Effector mechanisms

Eventually the infection signal is converted into cellular and
/ or humoral effector mechanisms combating the invading
pathogens. In insects, mechanisms to fight pathogens in-
clude (but are not limited to) phagocytosis, nodule forma-
tion and encapsulation (GILLESPIE & al. 1997). Cellular and
/ or melanotic encapsulation of foreign invading organisms
is an important ability of the immune system (GILLESPIE
& al. 1997). Encapsulation experiments are often used to
generate a general idea of immunocompetence (e.g., VAINIO
& al. 2004, BAER & al. 2005, BAER & al. 2006, SORVARI &
al. 2007, DE SouzA & al. 2008, DE SouzA & al. 2009), for
example, in the experiment described above of the impact
of matings on immune system responses (BAER & al. 2006).
Likewise immunocompetence of Acromyrmex echinatior
workers and males, which had been challenged with the
entomopathogenic fungus Metarhizium anisopliae, was tested
using encapsulation experiments (BAER & al. 2005). In-
terestingly, workers showed a larger immune response than
males, a phenomenon which might be explained by the
haploid susceptibility hypothesis that predicts haploid males
are more affected by parasites than diploid females due to
the complete lack of heterozygous loci in males (O'DON-
NELL & BESHERS 2004). A similar pattern had been demons-
trated earlier (VAINIO & al. 2004) in males and queens of
Formica exsecta. In the latter experiment as in the other ex-
amples, encapsulation of a nylon thread was applied to test
for immunocompetence. Moreover, two different sized male
morphs (micraners and macraners) were compared and dif-
fered in the immune response (VAINIO & al. 2004).

Melanization is a significant process in wound healing
but it also can be part of the encapsulation process (GIL-
LESPIE & al. 1997). Melanin is generated through oxidation
of monophenols to o-diphenols and oxidation of o-diphenols
to o-quinones (CERENIUS & al. 2008). The enzyme catalyz-
ing these reactions is phenoloxidase and the corresponding
gene has been detected in all arthropod genomes investi-
gated so far including that of the honey bee (CERENIUS &
al. 2008). WILSON-RICH & al. (2008) have recently reported
on honey bee phenoloxidase activity in larvae, pupae, and
adults.

A very significant group of hemocoelic immunity ef-
fector molecules are antimicrobial peptides (BREY & HULT-
MARK 1998, KUHN-NENTWIG 2003). These peptides can be
grouped according to charge (anionic or cationic) and amino
acid composition. They often contain hydrophilic and
hydrophobic regions (i.e., they are amphipathic). Further-
more, they are often rich in specific amino acids. Antimi-
crobial peptides attach to and insert into membranes to
form pores but other mechanisms of interfering with patho-
gen biology, like inhibition of enzyme activity, have also
been proposed (BROGDEN 2005). A number of such pep-
tides have been isolated from ants, the first being a defen-



sin from Formica rufa, described and investigated by TA-
GUCHI & al. (1998). This defensin is not C-terminally ami-
dated in contrast to defensins from two bee species and is
active against a Gram-positive bacterium (Micrococcus lu-
teus) (TAGUCHI & al. 1998). The gene encoding defensin
of Formica aquilonia has been cloned and sequenced in-
cluding the signal peptide and propeptide sequence (VILIA-
KAINEN & PAMILO 2005). The two Formica defensins do
not differ in a single amino acid in their mature parts. Re-
cently, VILJAKAINEN & PAMILO (in press) sequenced de-
fensin genes from 25 formicine ant species (from six dif-
ferent genera) and two Myrmica species. Analysis of the
molecular evolution of these defensins revealed that posi-
tive selection has shaped ant defensins in a similar manner
to termicins in termites (BULMER & CROZIER 2004) but in
contrast to Drosophila defensins (VILJAKAINEN & PAMILO
in press). Defensin is also known from the fire ant Solenop-
sis invicta and is similar to defensin-2 from the honey bee
Apis mellifera (see WANG & al. 2008). Gene expression of
three genes believed to be involved in somatic maintenance
and in immune defense (GRAFF & al. 2007) differed be-
tween castes (workers and queens) in the ant Lasius niger.
One of the genes codes for a serine protease inhibitor and
could be part of an immune signaling pathway. Solenopsis
invicta queens, which had recently mated and shed their
wings (dealate queens), expressed two antimicrobial pep-
tides (similar to hymenoptaecin and abaecin from the honey
bee Apis mellifera) more strongly than non-mated alate
queens (TIAN & al. 2004). This suggests an immunity bur-
den due to mating in Solenopsis invicta reminiscent of the
up-regulation of encapsulation processes in Atta columbica
queens after mating (BAER & al. 2006). In addition to aba-
ecin and hymenoptaecin from Solenopsis invicta, these two
antimicrobials have recently been cloned and sequenced
(partially in the case of hymenoptaecin) from another myr-
micine ant (Myrmica ruginodis) (VILJAKAINEN 2008). We
have partially cloned and sequenced hymenoptaecin from
Nothomyrmecia macrops and several Myrmecia species
(SCHLUNS & al. 2008). Two further antimicrobial peptides
have been isolated from hemolymph of Myrmecia gulosa
(Formaecin-1 and Formaecin-2) (MACKINTOSH & al. 1998).
Formaecin-1 is made up of only 16 amino acids, five of
which are prolines. Formaecin-1 is glycosylated on threo-
nine 11 by a monosaccharide (N-acetylgalactosamine). For-
maecins negatively affected growing cells of Escherichia
coli (Gram-negative) but not the yeast Candida albicans or
Gram-positive bacteria such as Bacillus thuringiensis (see
MACKINTOSH & al. 1998). Recently, HAINE & al. (2008)
proposed a special role of antimicrobial peptides in the im-
mune system of insects. In their experiments, most patho-
gens were eliminated from the hemolymph of Tenebrio
molitor beetles before antimicrobial peptides were suppos-
edly produced. HAINE & al. (2008) hypothesized that the
main function of antimicrobials is to "mop up" potentially
resistant microbes that have survived "constitutive" immune
defenses such as hemocytes and the phenoloxidase cascade.

Antimicrobial peptides are not only found in the hemo-
lymph but also in venom of ants (KUHN-NENTWIG 2003).
Antimicrobial and cytolytic peptides might originally have
had a function in combating pathogens and been co-opted
to subdue larger prey or to fight off predators later on in
hymenopteran evolution. Intriguingly, venom molecules
evolved several times independently from immune genes in

vertebrates (WHITTINGTON & al. 2008). The efficacy of in-
ducing pores in cell membranes, a characteristic of antimi-
crobials, has been demonstrated (PLUZHNIKOV & al. 2006)
from venom of the ponerine ant Paraponera clavata. Ven-
oms of Australian "jumper" ants (Myrmecia pilosula spe-
cies complex) contain several pilosulins (DONOVAN & al.
1993, STREET & al. 1996, INAGAKI & al. 2004, INAGAKI &
al. 2008). Five of these antimicrobial peptides share high
sequence similarity in their first 47 amino acids including
the signal peptide sequence (INAGAKI & al. 2008). By con-
trast, the mature peptide coding regions vary substantially
among pilosulins. Pilosulin 3 and 4 were isolated (INAGA-
KI & al. 2004) from Myrmecia banksi. Interestingly, they
show some similarities to melittin from the venom of the
honey bee Apis mellifera which is also antimicrobial and
hemolytic (INAGAKI & al. 2004). Pilosulin 3 was to some
degree effective against Escherichia coli (Gram-negative)
and Staphylococcus aureus (Gram-positive), but was not
effective against Lactococcus garvieae (Gram-positive),
Pseudomonas aeruginosa (Gram-negative), and the yeasts
Candida albicans and Saccharomyces cerevisiae. Pilosulin
4 was effective against Escherichia coli and Staphylococcus
aureus, and had, as Pilosulin 3, no effect against Lactococ-
cus garvieae, Candida albicans, and Saccharomyces cere-
visiae (see INAGAKI & al. 2004). In contrast to other pilo-
sulins, pilosulin 5 shows only weak antimicrobial activity
(INAGAKI & al. 2008). Furthermore, the pilosulin 5 gene
shares little similarity with the genes of pilosulins 1 - 4 in
the 5'- and 3'-untranslated regions in contrast to the other
pilosulins that are quite similar in these regions (INAGAKI
& al. 2008).

Venom of the ponerine ant Pachycondyla goeldii con-
tains at least 15 different ponericins (ORIVEL & al. 2001).
These venom peptides show antimicrobial and cytolytic ac-
tivities against a wide range of Gram-positive (e.g., Sta-
phyloccocus aureus) and Gram-negative (e.g., Escherichia
coli) bacteria and a yeast (Saccharomyces cerevisiae) (ORI-
VEL & al. 2001). Ponericins fall into three groups (G, W, L)
based on their primary structure and are 24 (L) to 31 (G)
amino acids long. Ponericins W share sequence similarity
with mellitin from venom of the honey bee Apis mellifera.
Ponericins G share sequence similarity with cecropin-like
peptides from Lepidoptera and Diptera (ORIVEL & al. 2001).
These similarities suggest the amphipathic ponericins might
fold into a-helices (ORIVEL & al. 2001).

Antimicrobial peptides are not the only gene products
(i.e., RNAs and proteins) ants can employ to combat in-
vading pathogens. Transferrins are iron metabolism prote-
ins. The transferrin genes are up-regulated upon infection
in various animals including the fire ant Solenopsis invicta
challenged with conidia (VALLES & PEREIRA 2005) from
the entomopathogenic fungus Beauveria bassiana. Hence,
transferrins play a significant role in immune defenses pre-
sumably by depriving microorganisms of iron. Ants of the
formicine genus Polyrhachis lack metapleural glands and
thus might be particularly vulnerable to microbial attacks.
In a study on the molecular evolution of transferrins (in-
cluding 14 Polyrhachis species), three lineages were found
to be under positive selection (SHUETRIM 2007). It would
be interesting to investigate if these lineages were more ex-
posed to pathogenic microorganisms than the others that
possess more slowly evolving transferrins by using the ap-
proach of ROSENGAUS & al. (2003) for total microbial bur-
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den or TRFLP methods to assess microbial species richness
(FIERER & JACKSON 2006).

Behavior of individual ants

Behavioral defenses of individuals are an important line of
defense that can start before molecular defense mechanisms
come into play. Workers and soldiers of Pheidole titanis
seek cover to avoid attacks by parasitic phorid flies (Apo-
cephalus sp., FEENER 1988). By contrast, in another Phei-
dole species (Pheidole dentata) only soldiers are attacked
and only they make efforts to avoid being parasitized by
phorid flies (FEENER 1981). A social variant of such defen-
sive behavior can be observed in leaf-cutter ants. Major
workers of leaf-cutter ants often carry minor workers sitting
on leaf fragments that are brought back to the nest. In Atta
sexdens and Atta laevigata, the proportion of fragments
with minor workers being carried increased if the fungus
Rhizopus sp. was present (VIEIRA-NETO & al. 2006). Fur-
ther, in Atta sexdens more minor workers are carried if
parasitic phorid flies (Neodohrniphora erthali) are nearby,
suggesting a defensive role of the minor workers (VIEIRA-
NETO & al. 2006). In addition to generating behavioral dif-
ferences during evolution, parasitoid fly attacks might have
even shaped morphological caste differences in Atta leaf-
cutter ants (ORR 1992). Acromyrmex striatus ants are able
to distinguish between clean food (rice grains and wheat
flour) and the same food contaminated with entomopatho-
genic fungi (Metarhizium anisopliae and Beauveria bassi-
ana) or their spores (DIEHL-FLEIG & LUCCHESE 1991). The
workers try to remove the contaminated food from the nest
(DIEHL-FLEIG & LUCCHESE 1991). Formica rufa workers
avoid contact with nestmates heavily infected with an ant-
killing fungus (MARIKOVSKY 1962). Linepithema humile
workers were also able to avoid scavenging on insect cada-
vers killed by certain nematodes (Heterorhabditidae) while
they were not deterred if the insects were killed by other ne-
matodes (Steinernematidac) (BAUR & al. 1998). This avoid-
ance behavior was beneficial to the heterorhabditid nema-
todes, but it remains to be shown that it indeed constitutes
parasite avoidance behavior by the ants.

Sociality and defenses

Colony level defenses in social insects receive increasing
attention and several reviews on this topic have been pub-
lished, some of them very recently (SCHMID-HEMPEL 1998,
CREMER & al. 2007, CREMER & Si1XT 2009, WILSON-
RICH & al. 2009). Therefore, we refer the interested reader
to these reviews. Here, we will focus on highlighting some
mechanisms that are especially intriguing because of the
ant's collective usage of chemicals. As we have discussed
in detail above, ants can prevent the establishment of harm-
ful microorganisms in nests using secretions from exocrine
glands which can be viewed as both collective and indivi-
dual immune defenses. A different way of using chemicals
to fend off microbes has been investigated by CHAPUI-
SAT, CASTELLA, CHRISTE and co-workers in a number of
studies (CHAPUISAT & al. 2007, CHRISTE & al. 2003, CAS-
TELLA & al. 2008a, b). Wood ants (Formica paralugubris)
collect plant resins and incorporate these in their nests
(CHRISTE & al. 2003). This behavior is also common in
other social Hymenoptera such as the honey bee Apis melli-
fera. The plant resins found in bee hives (there called pro-
polis) are chemically unchanged from the original plant
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resins and known to exhibit antimicrobial properties (BAN-
KOVA & al. 2000). Likewise, the conifer resin used by
Formica paralugubris inhibited the growth of microbes
(CHRISTE & al. 2003). Moreover, when resin was present in
nests fewer bacteria and fungi were found compared to nests
containing only very little resin (CASTELLA & al. 2008b).
The wood ants benefited directly from the antimicrobial
property of resin as they survived for longer if attacked by
Pseudomonas fluorescens bacteria or the entomopathogenic
fungus Metarhizium anisopliae (CHAPUISAT & al. 2007).
Infections with Metarhizium anisopliae did not increase the
ants' collection of resin, however, suggesting prophylactic
rather than therapeutic resin usage (CASTELLA & al. 2008a).
Ants reduced the activity of their immune system if they
lived in resin-rich nests possibly because of the reduced
number of potentially harmful microbes in these nests (CAS-
TELLA & al. 2008b).

Within-colony genetic diversity and immunity

Genotypic diversity among individuals within ant colonies
can result in disease resistance similar to herd immunity
achieved through vaccinations of people in human popu-
lations (SCHMID-HEMPEL 1994). An improved overall col-
ony immunity is one facet of genetic variance hypotheses
for the evolution of polyandry and / or polygyny (CRO-
ZIER & FIERDINGSTAD 2001). There is also empirical evi-
dence that the level of relatedness within colonies is indeed
significantly associated with parasite loads (SCHMID-HEM-
PEL & CROZIER 1999). Further, intracolonial diversity im-
proved survival of the ant Formica selysi infected with the
entomopathogenic fungus Metarhizium anisopliae while di-
versity was detrimental in the absence of this parasite, per-
haps because of increased intragroup discord (REBER & al.
2008). In another study supporting the genetic variance hy-
pothesis for improved immunity, HUGHES & BOOMSMA
(2006) carried out serial passages of Metarhizium aniso-
pliae on Acromyrmex leafcutter ant hosts for nine genera-
tions, varying the degree of genetic difference between hosts
in different experimental lines. Higher genetic diversity be-
tween host generations led to increased extinction of the
fungus, whereas lower genetic diversity between host gene-
rations led to higher spore production by the ninth passage.

Two different social forms, monogynous and polygyn-
ous colonies, exist in the fire ant Solenopsis invicta depend-
ing on the genotypes of queens and workers at a single
locus (Gp-9). WANG & al. (2008) found higher expression
of the defensin gene and lower rates of virus infection in
monogynous than in polygynous colonies. At first sight,
this contradicts the hypothesis that group diversity promotes
immunity, but WANG & al. (2008) note that haplometrosis
promotes stringent selection against susceptible monogyn-
ous queens whereas such queens can survive in the depend-
ent colony foundation of the polygynous form. A focussed
test of the genetic diversity hypothesis in fire ants could
be carried out by varying groups of polygynous ants.

Nest architecture and disease

Nest architecture might have an important impact on patho-
gen transmission in ant colonies. Results from theoretical
modeling using an individual-based approach suggest that
certain kinds of nest architecture (e.g., a simple spatial se-
paration of chambers) could considerably delay the spread
of infections (PIE & al. 2004). Further, worker density and



activity level had also a strong impact on dynamics of epi-
demics (PIE & al. 2004). In another theoretical study, FEF-
FERMAN & al. (2007) found a slight beneficial effect of non-
random spatial distribution of younger and older individu-
als in social insect nests, which could in principle be tested
using artificial laboratory nests of different architecture.

Habitats and microbial loads in nests

Evidence for effects of habitats on microbial loads in so-
cial insect nests comes from a study on termites living in
either damp or in dry wood (ROSENGAUS & al. 2003). To
our knowledge there are no such studies demonstrating a di-
rect link between habitat and microbial loads in ants. None-
theless, microbial biomass was higher in nest soil of three
ant species (Myrmica scabrinodis, Lasius flavus, L. niger)
than in control areas (DAUBER & al. 2001). However, there
was no difference among the three species (DAUBER & al.
2001). Likewise, greater fungal abundance was detected in
mounds of the fire ant Solenopsis invicta and in Aphaeno-
gaster texana nests (ZETTLER & al. 2002). By contrast, fun-
gal species richness and diversity was lower in nests of both
ant species than in non-mound soil (ZETTLER & al. 2002).

Conclusions and outlook

The first studies on ant immunity date back several de-
cades. Since then metapleural gland secretions and their im-
pact on bacteria and fungi have been investigated in some
detail. There is, however, a gap in our knowledge with re-
gard to metapleural gland secretions and their impact on
naturally occurring microbial enemies of ants. Furthermore,
the comparatively small number of microbial pathogens and
parasites known from ant species weighed against the num-
ber known from honey bees suggests that many microbial
diseases are still to be discovered in ants. It would be desir-
able in future research to elucidate ecological and epidemi-
ological factors of ant diseases as well as abundance and
diversity of ant pathogens.

The advances in molecular biology technology are in-
creasingly rapid, facilitating comparative genomic analyses
of innate immune systems among insects and other orga-
nisms. However, there is yet no whole genome sequence of
any ant species, and no comprehensive analysis of ant im-
munity genes has been carried out so far. There is a strong
need to search for more genes drawing on the available fire
ant cDNA libraries using bioinformatic methods. Func-
tions of the newly identified genes should be experimen-
tally tested applying techniques such as RNA interference.
Moreover, a whole genome sequence of any ant species is
highly desirable or at least more cDNA libraries from a
range of ant subfamilies could facilitate phylogenetic com-
parisons of immune genes.

We propose that future research links molecular and
organismic levels of ant-parasite interactions to achieve a
comprehensive understanding of immune defense mecha-
nisms in ants.
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Zusammenfassung

Ebenso wie alle anderen Organismen kénnen Ameisen von
einer groen Zahl mikrobieller Parasiten und Pathogenen
befallen werden. Infolgedessen haben Ameisen eine Reihe
von Immunabwehrmechanismen evolviert. Hier geben wir
einen Uberblick iiber den derzeitigen Kenntnisstand der Im-
munabwehrmechanismen von Ameisen mit einem Schwer-
punkt auf Genen, Proteinen und chemischen Substanzen,
die an der angeborenen Immunitét der Ameisen beteiligt
sind. Einige Erkennungs-, Signalketten- und Effektormole-
kiile (wie zum Beispiel antimikrobielle Peptide) sind von
einer Reihe zu verschiedenen Unterfamilien gehdrenden
Ameisenarten beschrieben worden. Jedoch sind eine sehr
grofle Zahl an Komponenten der angeborenen Immunitit
bisher nicht identifiziert worden. Sekrete der Metapleural-
driisen haben eine besondere Bedeutung als ameisenspezi-
fische Immunkomponenten. Es ist bekannt, dass die che-
misch diversen Substanzen dieser Driisen antimikrobielle
Eigenschaften besitzen und daher eine wichtige Rolle im
Leben der Ameisen spielen. Zusétzlich zu den molekularen
und chemischen Abwehrmechanismen der individuellen
Physiologie tragen auch individuelle und gruppenspezifi-
sche Verhaltensmuster erheblich zur Krankheitsbekdmp-
fung bei. Beispiele zur Krankheitsresistenz beitragender
Verhaltensmechanismen beinhalten Parasitenvermeidung,
aktive Einbeziehung antimikrobieller Pflanzenharze in das
Nestmaterial und erh6hte genetische Kolonievariabilitit durch
Polyandrie oder Polygynie (oder beides). Wir schlagen vor,
dass zukiinftige Forschung die Immunitit der Ameisen auf
molekularer Ebene mit ihrer Okologie und der Okologie
ihrer Pathogene verbindet und evolutive Mechanismen un-
tersucht, um ein umfassendes Verstindnis der Immunab-
wehrmechanismen der Ameisen zu erlangen.
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