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CHAPTER1

CHAPTER 1

GENERAL INTRODUCTION

When we look at morphological and physiologicaitsraf extant organisms, we see the result of
evolutionary processes caused by selective pressureheir ancestors. Charles Darwin recognized
that natural and sexual selection are the majare®behind the evolution of new species with their
vast variety of different traits (Darwin, 1859, 1837 Whereas Darwin drew his conclusions from
morphological characteristics, today the most fesjly used tools to reveal species’ phylogenies are
genetic and molecular methods. However, the anatmian organism and how it interacts with the
environment can not be deduced from genome segsi@nc@mino acids. Therefore investigations of
morphology, physiology and behaviour are still it@hvie to unravel the branches in the tree of life.
Moreover, comparative analyses or the investigatmh structural changes in response to
environmental factors provides important insights ithe function of organs and their interactiotthwi

the environment.

This thesis deals on the one hand with the unigaghology and functions of specialized exocrine
glands in solitary digger wasps called beewolN&slanthus spp.Hymenoptera, Crabronidae). On the
other hand it presents results on how temperaffgets the postembryonic brain development of the
Red Mason beeQsmia bicornis Hymenoptera, Megachilidae). Both, glands andnisravolved with
regard to morphology, physiology and function asesult of the environmental conditions their
owners were confronted with. This first chaptervidles a brief introduction to the genBhilanthus
with emphasis on the European beewlffriangulum It furthermore presents a short overview about
the exocrine glands under study and insect-bacsgmabiosis. Finally we introduce the Red Mason

bee,O. bicornisand the problem of attaining developmental stighdlt different temperatures.



CHAPTER1

1.1 Exocrine glands and their products

A good part of this thesis deals with insects’ ekee glands and their secretions, thus a short
overview of relevant terms appears to be us@&ubcrine glands by definition secrete onto the body
surface or into a duct. They are of ectodermaliorand primarily in contact with the cuticle. A
universally accepted classification of insects’ @kwe glands into three types is based on the type
the cells’ connection to the adjacent cuticle (Wband Quennedey, 1974, 1991; Quennedey, 1998).
Class 1 gland cells are in direct contact withdbtcle as it is found for common epidermal cellse
secretion of these cells therefore has to passighrthe cuticle through small canals. In classahdjl
cells we often find an enlarged surface of the ceimbrane, e.g. apical microvilli and basal
invaginations. Class 2 gland cells are surroundeépidermal cells which are covered by cuticle. The
secretion is first transferred to the epidermalc&thich are themselves class 1 gland cells. Fitiad
secretion is delivered through the cuticle. The thuesived gland cells are those of class 3 where a
gland cell is penetrated by a canal cell with aopercuticle that is surrounded by microvilli. The
combination of canal and microvilli forms the sdked end apparatus and can be seen in the gland
cells as an elongated slightly fuzzy area. The Icena contact with the cuticle of the respective
secretion organ or body surface. Frequently thescBgland cells are clustered in so-called ‘acini’
with the canals of the gland cells forming a burttbéveen an acinus and the cuticle [Fig. 1.1]his t
thesis we mostly deal with class 3 cells and alasscl cells bordering gland reservoirs.

According to their numerous exocrine glands andr thighly diverse gland products insects are
referred to as “chemists par excellence” (Blum,5,98536) or “walking glandular batteries” (Billen,
1991, p.67). Some examples for the functions otere gland secretions are intra- and interspecific

Fig. 1.1. Class 3 gland cell units (acini) of mandar gland of malé. triangulum (A) SEM micrograph. (B)
3D reconstruction based on semithin sections (bth&i@ Czech). c¢3 — class 3 gland cells; cc — cotidg
canals; cd — collecting duct; nu — nucleus. scals b 20 pm
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CHAPTER1

communication (e.g. Shorey, 1973; Billen and Morde3B8; Ayasse et al., 2001), attack and defense
(e.g. Beard, 1963; Prestwich, 1984; Gross, 1993)afardena and Bandumathie, 1993), digestion
(e.g. Terra, 1990; Swart and Felgenhauer, 2008)eflsas host detection (Isidoro et al., 1996; Bin e
al.,, 1999), wax secretion (e.g. Gullan and Koskarg997; Muller and Hepburn, 1992), silk
production (Sehnal and Akai, 1990; Fisher and Rsbar 1999) or the feeding of bacterial symbionts
(Currie et al., 2006). In particular social hymetasp (ants, bees, wasps) show a vast variety of
exocrine glands and individuals can bear 20 or ndifferent types located in all body parts from

antennae to tarsal segments (e.g. Jackson and Mdrg@3; Jeanne, 1996; Billen and Morgan, 1998).

Exocrine glands are frequently denominated accgrttirthe location of the gland itself (e.g. anténna
postpharyngeal gland (PPG)) or its openings (manaitgland (MG)). The next paragraphs provide a
short overview of the occurrence of the hymenoptgtands that are dealt with in this thesis andt the
already known functions. These are in particulap twale cephalic glands (mandibular gland and
postpharyngeal gland), female postpharyngeal glamdsantennal glands. The results presented in
this thesis refer to the respective glands andtifoime in our model species, the European beewdf an

its congenerics.

1.1.1 Postpharyngeal glands and nestmate recognitio

It is crucial for social insects to distinguish Wween nest-mates and foreigners which may threaten
brood and food storages inside the nests. As witterdark nests visual cues are of limited use stmo
termites are blind anyway — social insects relyofaction for nestmate-recognition (e.g. Gamboa et
al., 1986; Breed, 1998; Vander Meer and Morel, 1998e nest-specific odour which identifies all
members of a colony is composed of complex bletidaare or less volatile hydrocarbons (HC) on
the insects’ cuticle (e.g. Holldobler and Carli®8Z; Smith and Breed, 1995; Singer, 1998; Dani et
al., 2001).

In ants (Formicidae) the formation and dispersibthe nest-specific ‘Gestalt’ odour is at leasttiyar
accomplished by the postpharyngeal gland (PPG) (raggier and Dix, 1979; Hefetz et al., 1992;
Oldham et al., 1999; Boulay et al., 2004). Eachtakes up HCs from the cuticle of nestmates during
allogrooming, mixes them in the PPG with HCs setpred from its own hemolymph and again
delivers the PPG content to other colony membeeddd et al., 1992, Soroker et al., 1994, 1995a,b,
1998; Vienne et al., 1995; Lenoir et al., 2001;d&er and Hefetz, 2000). Hitherto the PPG had been
described only in ants and authors referred te @raidiosyncratic organ of Formicidae that evolived
response to the requirements of eusociality (Croare Dix, 1979; Billen, 1990; Holldobler and
Wilson, 1990; Lenoir et al., 1999; Eelen et al. Q&0

11



CHAPTER1

Recently, female European beewolves (HymenopterabrGnidae) have been reported to use the
secretions of a large cephalic gland to coat tharalyzed honey bee prey (Strohm and Linsenmair,
1995; Herzner and Strohm, 2007; Herzner et al.7R0bhis female beewolf gland was referred to as
PPG the first time in 2001 (Strohm and Linsenm2@01). However only a detailed morphological

investigation of this putative PPG could confirnstassumption and provide a basis for phylogenetic

considerations.

1.1.2 Male cephalic glands and pheromones

The exchange of information between conspecifieswilatile chemicals, so-called pheromones, is

found in all taxa of insects (e.g. Blum and Brab@72; Tillmann et al., 1999). Basically pheromones

might be involved in aggregation, dispersal, aland sexual behaviour (Shorey, 1973; Ayasse,
2001). Many pheromones are efficient over longagisés, inconspicuous to most predators and could
contain valuable information about the sender (degzner et al., 2006; Kaltenpoth and Strohm, 2006;
Kaltenpoth et al., 2007). The origin of pheromoige®ven more diverse as their function and the

respective exocrine glands could be located througthe insects’ body (e.g. Landolt and Akre, 1979;

Attygalle and Morgan, 1984; Downing, 1991; Jacksmd Morgan, 1993; Jeanne, 1996; Billen and

Morgan, 1998).

In aculeate Hymenoptera males frequently use tbeesens of mandibular glands to scent mark their
territories (Apidae: Cane et al., 1983; Cane andhiginer, 1983; Hefetz, 1983; Vinson et al., 1982;
Gracioli et al., 2004; Vespidae: Wenzel, 1987; @ralae: Evans and O’Neill, 1988). Male digger
wasps of the subfamily Philanthinae (Hymenopterabénidae) use pheromones produced in their
mandibular glands (MG) to attract females and tokntfzeir territories (e.g. Evans and O’Neill, 1988;
McDaniel et al., 1987, 1992; Clarke et al., 200dhr8itt et al., 2003; Kroiss et al., 2006; Kalteripet

al. 2007). A common morphological feature of maftethe subfamily Philanthinae is a clypeal brush
which is used to dispense the mandibular glandetiearonto surfaces inside their territories (Evans
and O’Neill, 1988; Alexander, 1992). An exceptigrttie non-territorial speci¢s albopilosusvhere
males have been reported to possess only reducadibntar glands and lack a clypeal brush (Evans
and O’Neill, 1988; unpubl. data). The putative ems$ of mandibular glands in the subfamily
Philanthinae were analyzed in a number of spedtedriangulum Kaltenpoth and Strohm, 2006;
Kroiss et al., 2006; Schmitt et al., 2003; Schr@tital., 1990; Borg-Karlson and Tengd, 1980;
basilaris/ bicinctus McDaniel et al., 1987; Schmidt et al., 1985:crabroniformis/ barbatus/ pulcher
McDaniel et al., 1992Eucercerisconata/ montana/ rubripes/ tricoloClarke et al., 2001). However,
knowledge about the morphology of mandibular glaimdBhilanthinae is only fragmentary (Agren,
1977; Gwynne, 1978; Evans and O’Neill, 1988).
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In addition Kroiss et al. (2006) recently publishbé chemical analysis of the content of a hitherto
unknown cephalic gland in male beewolvEsriangulum Based on their results they proposed that
(1) the contents of the new gland are used fortsoanking and that (2) the gland is a PPG (Krotss e
al., 2006). Detailed morphological investigatiommwwd reveal whether assumption (2) is true and

how the MG and the putative PPG are involved inpiteeess of pheromone production and storage.

1.1.3 Antennal glands in Hymenoptera

There is only a small number of descriptions ofantl glands in the order Hymenoptera, most of
them were found in males where they play a rolen@le courtship and mating behaviour (Bin and
Vinson, 1986; Isidoro and Bin, 1995; Isidoro et &D96, 1999, 2000; Felicioli et al., 1998; Binagt
1999; Guerrieri et al., 2001; Battaglia et al., 20BRomani et al., 2003, 2005). In species with male
antennal glands the mating behaviour frequentlpliras rapid antennal movement (antennation) and
physical contact between antennae of both sexeselehe antennal gland secretion is most likely
spread onto the female antennal receptors (Felieichl., 1998; Isidoro et al., 1999; Romani ef al.
2003, 2005).

In Hymenoptera female antennal glands have beendfdn the parasitoidTrissolcus basalis
(Scelionidae) where the secretions are likely imgdlin host recognition by dissolving kairomones
from the host eggs (Isidoro et al., 1996; Bin et1&99). In aculeate Hymenoptera female antennal
glands have been described in queens and workéosiohnt species (Formicidae) where the function
is unclear (Isidoro et al., 2000; Romani et al.p&0 All the antennal glands of Hymenoptera
described so far consist of only small aggregatafresther class 1 or class 3 gland cells (accarttin
Noirot and Quennedey, 1974, 1991) secreting diyeatito the outer antennomere cuticle without

conspicuous reservoirs or other modifications efahtennal morphology.

Already in the 1960s Rathmayer discovered that Fenbeewolves exhibit antennal glands with
unusual morphology, but his results had been undedauntil 1995 the secretion of these antennal
glands was proofed to provide directional inforroatifor the cocoon alignment of beewolf larvae
(Strohm, 1995; Strohm and Linsenmair, 1995). Asad pf this thesis it turned out in 2005 that the

beewolf glands in fact contain filamentous struesiwhich resemble bacteria.

1.2 Insect-bacteria symbiosis

A vast variety of mutualistic associations evolN®ztween insects and bacteria (e.g. Buchner, 1965;
Werren and O'Neill, 1997; Bourtzis and Miller, 2008ymbiosis in general could be classified
following several criteria: According to the inteendence between the mutualistic partners a

symbiosis could be either facultative (no — wedkntependence) or obligate (strong interdependence
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— vitally important) (Ishikawa, 2003). Furthermdvacteria could live as ectosymbionts outside the
insect host (Currie et al., 1999, 2006) or as eymdbgonts inside the host's body (Buchner, 1965). In
the latter case, insects frequently evolved speetrhlorgans which harbour their prokaryotic padner

e.g. specializations of the digestive tract (Billmd Buschinger, 2000; Moran and Baumann, 2000).
Some symbiotic bacteria even live intracellular Specialized cells (bacteriocytes) and organs
(bacteriomes) (Houk and Griffiths, 1980; Baumanralet 1995; Braendle et al., 2003). It has been
estimated that more than 10% of all insects relyinbracellular bacteria for their development and

survival (Baumann et al., 2006).

In this thesis the term “symbiosis” mostly meanstumalism, i.e. an interspecific association with
benefits for both partners (Paracer and Ahmadg@0p). In general the insects provide their baakeri
partners a free ecological niche with constant itmms$, furthermore nutrients and an assured
transmission to the next generation (Margulis aedt&r, 1991; Currie, 2001). In return, bacteria
support their hosts e.g. in digestion (e.g. Defth®B9; Dillon and Dillon, 2004; Zientz et al., 200
defence against pathogens (Currie et al., 199%mhtliWebster, 2000; Takatsuka and Kunimi, 2000;
Gebhardt et al., 2002; Piel, 2004; Dillon et alb02) or supply them with components used for
constitution of pheromones (Dillon et al., 2000020 Matsuura, 2003). Frequently blood-sucking,
wood-feeding and phloem-sucking insects are agsaciith bacterial symbionts that supply their
hosts with essential nutrients that are originkdlking in their unbalanced diets (e.g. Buchnef519
Harington, 1960; Douglas, 1998, 2006; Aksoy, 20Bi@éntz et al., 2004; Moran et al., 2005). One
example is the aphid-bacteria symbiosis where gmdo®nts of the genuduchneralive in
specialized body cavities (bacteriomes) and provitgr hosts with essential amino acids (e.g.
Douglas, 1998, 2006; Braendle et al., 2003).

Only recently symbioses have been described inlwibdcteria defend their insect hosts and nutrition
against pathogens or parasitoids (Currie et a@9192003; Piel, 2002). Bacterial symbionts in thiésg

of insects could protect their hosts from pathogenicroorganisms by producing antibiotics (Dillon
and Charnley, 1995; Dillon et al., 2000, 2002, 20D&katsuka and Kunimi, 2000) or outcompeting
pathogens due to a more efficient processing ofienis (Godfray et al., 1999; Dillon and Dillon,
2004). Besides thBuchneraendosymbionts aphids also harbour vertically tratied bacteria, so-
called secondary symbionts, which reduce the aphidserability against hymenopteran parasitoids,

probably by help of a bacteriophage as a thirdngartOliver et al., 2003; Moran et al., 2005).

Another interesting example for a protective symlsiois found in fungus-growing ants
(Hymenoptera, Formicidae, Attini). They use symigidbacteria to protect their fungus-gardens
against the pathogeniescovopsidungus (Currie et al., 1999, 2003a,b). The ba&tefithe genus

PseudonocardigCurrie et al., 2003a; Cafaro and Currie, 2009)lifarate on distinct areas of the
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ants’ outer cuticle which exhibits unique cuticutaypts in a number of taxa (Currie et al., 2006).
Epidermal glands secreting onto the cuticle and the bacteria-filled crypts probably provide the
Pseudonocardiawith nutrients (Currie et al., 2006). Bioassayandastrated that the bacteria
selectively inhibit the growth of the parasifiscovopsisn the fungus-gardens probably through the
antibiotic properties of their metabolites (Cureieal., 1999, 2003a,b). Founding queens transhert t
bacteria on their cuticle to the new nest and Hetdria are also transferred between nestmatesgCur
et al., 2003a; Poulsen et al., 2002).

The symbiosis between fungus-growing ants and rfigticabacteria exhibits a prime example of how
coevolutionary processes between host, symbiomsd, @athogens could change the anatomy,
physiology, and behaviour of insects. The facts female beewolves’ antennal glands exhibit an
unusual morphology with large invaginations andfthding of putative bacteria were the first hints,

that beewolves possibly engage a symbiotic assaciatth bacteria, too.

1.3 The European beewolfPhilanthus triangulum

1.3.1 Systematic and distribution

The genusPhilanthus (Hymenoptera, Crabronidae) is distributed with w@tb®36 species in the
Holarctic and Ethiopian regions (Bohart and Merk@&/76; Evans and O’Neill, 1988). Some species
also occur in the Neotropic (Cuba and Central Aoagrand Oriental regions whereas Plalanthus
species are found in South America, Australia antbfctica (Bohart and Menke, 1976). The genus
Trachypuswhich inhabits Central and South America (Bohad &enke, 1976) is recognized as the
sister group to the gendhilanthus(Alexander, 1992; Roeser-Mueller, pers. comm.)gekber with
the genusPhilanthinus the generdhilanthusand Trachypusconstitute the tribe Philanthini which,
together with the Cercerini and Aphilanthopsininstitute the subfamily Philanthinae (Alexander,
1992).

The distribution of the European beewdthilanthus triangulumFabricius, ranges from Northern
Europe to South Africa with the eastern borderhia middle east (Bohart and Menke, 1976; Bl6sch,
2000; Ebrahimi, 2005). Under optimal conditions (wand sandy habitat, abundant honey bees) nest
aggregations can contain several hundred nestbdigen and Kuyt, 1938; Simon Thomas and Simon
Thomas, 1980).

1.3.2 Female European beewolves
European beewolves exhibit a strong sexual dimerphaccording to body size - females are
considerably larger as males (Strohm, 1995). Theales build subterranean nests in sandy soil and

provision their offspring exclusively with paralyzé@oney beesApis mellifera(e.g. Tinbergen, 1932;
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Strohm, 1995). Nests consist of a main burrow frwhich horizontal side burrows with terminal
brood cells branch off (Simon Thomas and Veenend®a18; Strohm, 1995). The female provisions
each brood cell with one to five honey bees, lagsgle egg on one of the bees and carefully closes
the side burrow with sand. Prior to oviposition feenale beewolf turns its head to the distal end of
the brood cell and applies a white secretion fran dntennal glands onto the ceiling. The antennal
glands consist of large reservoirs surrounded byaraus gland cell units (Strohnm and Linsenmair,
1995).

The whitish secretion is known to provide an oriohal cue for the larvae when spinning its cocoon
(Strohm, 1995; Strohm and Linsenmair, 1995). Afiterding on the paralyzed bees the beewolf larvae
attach their cocoon in vicinity of the antennalrglesecretion to the wall of the brood cell (Strohm,
1995; Strohm and Linsenmair, 1995). Therefore thpape lay with their head pointing towards the
main burrow. After eclosion the young beewolf resckhe main burrow by digging straight forward
through the sand-filled side burrow and leaves rithst easily through the main burrow. Biotests
showed that if the antennal gland secretion iscegkal within the brood cells, larvae hence atthelr t
cocoon to the wrong side of the brood cell (Strok895; Strohm and Linsenmair, 1995). When the
imagos eclose from the misaligned cocoons they rifealess dig straight forward, miss the main

burrow and under natural conditions would die bettey reach the surface.

Fig. 12. Female European beewolf with paralyzed hone

In the warm and humid brood cells the beewolf affgp is permanently threatened by pathogenic
fungi which could infect the eggs, larvae or pupaevell as the provisioned honey bees. Since all of
the possible scenarios are lethal or at least hiymfechanisms which protect the wasps’ offspring
against fungal infestations would be a great sekctdvantage (Strohm, 2000; Strohm and
Linsenmair, 2001). In fact beewolf females apphgéaamounts of a secretion from a cephalic gland —
the putative postpharyngeal gland — onto the serfaicthe paralyzed honey bees (Strohm, 2001,
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Strohm and Linsenmair, 2001; Herzner and Strohnd72®erzner et al., 2007). This secretion is
composed of various hydrocarbons and reduces wairdensation on the bees’ surface and
furthermore lowers the water loss of the bees (Marand Strohm, 2007; Herzner et al., 2007;
Herzner and Strohm, in press; Strohm et al., isg)réAs fungi grow best on moist substrate thisl kin
of food-wrapping is an effective method to reduee tisk of fungal infestation. It seems obvious tha
beewolves should have evolved further strategigsdtect also their eggs, larvae and pupae from the

fungal menace.

1.3.3 Male European beewolves

Male beewolves establish territories in which tregent mark plants and other structures with
secretions of cephalic glands (e.g. Evans and @;N&i88; Schmitt et al., 2003; Herzner et al., 00
Kroiss et al., 2006). The small territories (ab@®5 nf) contain no resources essential to females and
are defended against intruding conspecific malgzafonged flight interactions (Simon Thomas and
Poorter, 1972; Evans and O’Neill, 1988; Strohm amsenmair, 1995; Strohm and Lechner, 2000).
To deliver the secretions onto the surface, malason plants or other structures with lowered heads
and opened mandibles and drag their clypeal brueh the surface (Simon Thomas and Poorter,
1972; Evans and O’Neill, 1988; Strohm, 1995). Sittoe abdomen is lowered, the body forms an
inverted V. This behaviour was initially called abgen dragging, but there is no evidence that the
abdomen has any function in the scent marking (8traunpubl. data). Receptive females enter the
territories and copulations take place within othe vicinity of these territories (Simon Thomaslan
Poorter, 1972; Evans and O’Neill, 1988). Since fiami@pproach the territories from the downwind
side in a zig-zagging flight they probably find tierritories by olfactory sensing of the male
pheromone (e.g. Evans and O’Neill, 1988; Schmithlet2003; Herzner et al., 2006; Kroiss et al.,
2006).

Fig. 1.3. Male European beew:
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1.4 Temperature-dependent brain plasticity

As poikilothermic organisms insects face the prnoble adapt their physiological processes to the
temperature regime of their environment, no mattesther the temperature is constant or fluctuating.
Especially during the postembryonic developmenhalbmetabolic insects temperature is a crucial
abiotic factor that influences duration and succefs¢garval and pupal stages (e.g. Hagstrum and
Milliken, 1988; Weeks and Levine, 1990; Gilbert draworth, 1996; Urbaneja et al., 2001).

Most taxa of social insects like termites, antgssend wasps evolved mechanisms to regulate the nes
temperature (reviewed in Jones and Oldroyd, 2083%ial insects either use passive mechanisms like
nest site selection (Seeley, 1982; Jeanne and Mprt@92; Chen et al.,, 2002), nest orientation
(Hubbard and Cunningham, 1977; Jacklyn, 1992) aast architecture (Seeley and Morse, 1978;
Navarro and Jaffe, 1985; Korb and Linsenmair, 199)9) or active mechanisms like clustering
(Kronenberg and Heller, 1982; Fahrenholz et al§9)9generating of metabolic heat (Esch et al.,
1991; Bujok et al., 2002) and wing fanning (Seedeg Heinrich, 1981; Vogt, 1986; Weidenmidiller,
2004). The ability to control their temperature ieowment is recognized as one reason for the
evolutionary success of insect societies (Wilsd{11 Hélldobler and Wilson, 1990). Honey bees,
Apis mellifera are known to control the temperature of theiodroombs in a narrow range of around
35 °C (e.g. Himmer, 1927; Heinrich and Esch, 19déjnhenz et al., 2003). The energy used for this
task is estimated to be about 40% of the totalggneonsumption per year (Tautz et al., 2003). This
emphasizes that elaborate temperature regulatiomdacts is based on division of labour as
individuals which are concerned with active climatstrol probably fail for other tasks like foragin

or nest building.

Solitary insects can not afford to spend so marspueces for active temperature control since it

would cost them too much time and energy. Therefloey have to rely on passive mechanisms to

obtain optimal temperatures for their brood, likddesting naturally insulated nest sites deep in the
substrate, e.g. soil or wood. However in most anjitspecies no obvious temperature management
during postembryonic development is present and dfigpring has to cope with the varying

temperature conditions that they experience irr gm@iironment.

Brains with their complexity and importance for thavival of the individuals are favourable organs
to test the influence of such different temperatudaring postembryonic development. The complex
processes during neurometamorphosis include apspwgaptogenesis, as well as the growth and
proliferation of cells (Truman, 1990; Rdéssler andkieyer, 1993; Fahrbach and Weeks, 2002).
Temperature could affect these processes eithecthjiror indirectly via hormonal or enzymatic
pathways (Fahrbach and Weeks, 2002).
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Recent studies on honey beasmelliferg showed that different temperatures during theapppase
affect the survival rate, the synaptic organizatanthe brain and the duration of postembryonic
development (Groh et al., 2004, 2006) as well asntbbrphology, behaviour and learning abilities of
the adults (Jones et al., 2005; Tautz et al., 2088)jowing the results of these studies honey bees
adapted their pupal development to the in-hive emagpire of about 35 °C. In contrast, solitary bee
species that develop in nests without insulatiaukhbe adapted to variable ambient temperatures.

1.5 The Red Mason be&)smia bicornis

In our studies we used the solitary Red Mason Bsejia bicornis ssp. cornigeréHymenoptera,
Megachilidae) which is one of the most abundant &dbdgid bees in Central Europe (Raw, 1972;
Peters, 1977; Westrich, 1989; Krunic and Staniesidj 2006). The speci€dsmia bicornigsyn.:O.
rufa;) is divided in three subspecies. The sgpnigerais distributed from the Pyrenees in the West
over the whole Erausian continent, sspfa is found on the Iberian Peninsula, England and
Scandinavia andsp. fracticornis in Northern Algeria and Morocco (Raw, 1972; Petet977;
Westrich, 1989; Krunic and Stanisavljevic, 2006).

In Osmia bicornispoth genders can be easily distinguished duedio sexual dimorphism. Females
are larger than males and characterized by twowati ‘horns’ on their clypeus whereas males’ front
heads are covered with white hears (Fig. 1.4).f€h®les of this univoltin species build nests irabm
cavities like holes in walls or hollow stems. Eawdst consists of several brood cells separated by
loam walls (Raw, 1972; Westrich, 1989; Strohm et 2002).The female provisions each brood cell
primarily with pollen (Maddocks and Paulus, 198#pBm et al., 2002), lays a single egg and closes
the cell. Larval and pupal development takes pldweng summer and the completely developed
adults hibernate in the cocoon and leave the mespiing of the following year. We used this
polylectic species for investigations as it is guabundant and easily accepts artifical nests l{Stret

al., 2002).

Fig. 1.4. Red Mason bees during rhating
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1.6 Ouitline of the thesis

1.6.1 Antennal glands and bacterial symbionts

Chapters 2-6 of this thesis deal with the uniqualsgsis between beewolva3hilanthus spp.and
their bacterial symbionts. We describe the morphwlof specialized antennal glands in female
European beewolves). triangulumand discuss their function as cultivation orgams dymbiotic
Streptomycebacteria (chapter 2). The bacteria proliferatédmshe antennal glands and are secreted
by the female into the subterranean brood cellgevtieey are actively taken up by the beewolf larvae
and applied to the cocoon silk. Biotests revealst the bacteria protect the cocoon from fungal
infestation and therefore are crucial for the stalviof the beewolf offspring (chapter 3). Symbiotic
bacteria of the genuStreptomycesvere found with genetic methods in all of the RFilanthus
species investigated, but not in closely relatedege of the subfamily Philanthinae. Based on
morphological, ecological and genetic data a newapbyletic taxon Candidatus Streptomyces
philanthi’ is proposed (chapter 4). Most probabhe tbacterial endosymbionts are transmitted
vertically from beewolf mothers to their daughteias the brood cell and the cocoon. The bacterid sta
to proliferate inside the antennal glands onlyradtdosure of the beewolf imago from the cocoore Th
implications of the genetic bottleneck during thensmission and the growth rate of the bacteria are
discussed in chapter 5. Streptomycetes were ddtegte genetic methods in a@fhilanthusspecies
investigated so far (chapter 4). Therefore the imoliggy of the respective antennal glands was
characterized in 15 species to reveal informatlmouathe glands’ phylogeny (chapter 6). Some of the
3D-models in chapter 6 are based on high-resolutimnotomographic data sets which turned out to

be a suitable method for anatomic investigationseacts.

1.6.2 Cephalic glands of the European beewolf

Hitherto the postpharyngeal gland (PPG) was thoughbe idiosyncratic to ants (Hymenoptera,
Formicidae) where it plays a role in allogroominglanestmate recognition. In chapters 7 and 8 we
provide the first descriptions of such glands algsihe Formicidae for both sexes of the European

beewolf,Philanthus triangulun{Hymenoptera, Crabronidae).

The PPG of female European beewolves resembleBRIG in ants in most morphological aspects
although the function seems to be quite differentfiost sight (chapter 7). Female beewolves
extensively lick their honey bee prey and therghpghalarge amounts of PPG secretion onto the bees’
surface (Herzner et al., 2007). This treatment cedithe condensation of water on the bees’ cuticle
and as a consequence the risk of infestation wathqgenic fungi (Herzner and Strohm, 2007). The
licking of the honey bee prey can be seen as hajoakto the allogrooming behaviour of ants and
amongst other things suggests a common evolutiamagin of the PPG and the according behaviour

in ants and beewolves.
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In chapter 8 the morphology and content of a PP@aie European beewolves is characterized. The
results of the GC-MS analysis (Kroiss et al., 208&6)well as the absence of gland cells suggest that
this gland functions as a reservoir for the mabe @egeromone, which is most likely produced in the
neighbouring mandibular glands. The morphology alcstructure of the latter are characterized in
chapter 9. The fact that the mandibular glands aerbeewolves are connected to the PPG through a
lateral duct supports the hypothesis of distinerpmone-production and -storage sites within the tw

glands.

1.6.3 Temperature-effects on the brain of the @gliRed Mason bee

Honey bees maintain a constant temperature with@ir thive and adapted their postembryonic
development to these homeothermic conditions. Buavstudied showed, that even small temperature
deviations during the pupal development adversifctaithe synaptic organization of the adult honey
bee workers and queens (Groh et al., 2004, 2006).

In contrast, solitary species like the Red Masoe kbould be more tolerant against variable
temperatures as they face a wide range of tempesatiuring postembryonic development. Therefore
this species should have evolved mechanisms teebtie effect of different temperatures on the
development of vital organs like the brain. In dealO we tested this hypothesis by exposing Red
Mason bees to different temperatures during postgmniz development and investigated, whether

the synaptic organization in adult brains was erficed.
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CHAPTER 2

M ORPHOLOGY AND ULTRASTRUCTURE OF A BACTERIA CULTIVAT ION ORGAN:
THE ANTENNAL GLANDS OF FEMALE EUROPEAN BEEWOLVES,

PHILANTHUS TRIANGULUM (HYMENOPTERA , CRABRONIDAE )

Arthropod Structure & Developme(2007) 36: 1-9
Wolfgang Goettlér® Martin Kaltenpotf, Gudrun Herznér and Erhard Strohhf

'Department of Zoology, University of Regensbur@3aD40 Regensburg
“Animal Ecology and Tropical Biology, Theodor-Bovierstitute, University of Wiirzburg,
D-97074 Wirzburg

2.1 Summary

Females of a solitary digger wasp, the Europearwbie(Philanthus triangulumF.), cultivate
symbiotic bacteria of the gen®&reptomyce# specialized antennal glands. The streptomycates
secreted in the subterranean brood cells and prdtec offspring against mould fungi. We
reconstructed the complex morphology of the antemt@nds using 3D-visualization software,
investigated the ultrastructure of the glands, examine the role of the antennal glands as organs f
the cultivation of the symbiotic bacteria. The lesiet are cultivated in five antennomeres withigéa
reservoirs that consist of two slightly bent lobEach gland reservoir is bordered by a monolayered
epithelium lined with a partially reinforced cuticland when completely filled with bacteria it
comprises about half of the antennomere volume. @pening of the reservoir is covered by
gelatinous appendage of the cuticle. The cellh@®fhonolayered epithelium bordering each reservoir
show basal invaginations, apical microvilli and mrous vesicles. Each reservoir is surrounded by
approximately 400 class 3 gland units that are eotad to the reservoir lumen through conducting
canals. The class 3 gland cells contain numerosiglee and a high density of rough endoplasmatic
reticulum. In the reservoir lumen, large numbersyhbiotic Streptomycebacteria are embedded in
secretion droplets. Thus, the bacteria are apggrpravided with large amounts of nutrients via the

gland epithelium and the class 3 gland cell units.
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2.2 Introduction

Symbioses are important components of the natumldwand insects have evolved a variety of
symbiotic relationships with microorganisms (Boigtand Miller, 2003; Moran and Baumann, 2000).
Symbiotic bacteria occur either intra- or extradeltly and enhance the fitness of their hosts, leyg.
supplying essential nutrients (e.g. Buchner, 1885yglas, 1998; Paracer and Ahmadjian, 2000) or by
providing defence against pathogens (Charnley et1&85; Currie et al., 1999; Takatsuka and
Kunimi, 2000; Dillon et al., 2005). Frequently, dvimses with bacteria are associated with the
evolution of specialized organs in the insect hdstamples are some species of fungus-growing ants
which rear antibiotic-producing bacteria in cutautrypts that are associated with ectodermal gland
(Currie et al., 2006) andietraponeraants which evolved bacterial pouches in their slige tract
(Billen and Buschinger, 2000). Recently, a symisidstween a digger wasp, the European beewolf
Philanthus triangulum{Hymenoptera, Crabronidae) and bacteria of the g&iteptomyces has been
described (Kaltenpoth et al., 2005). This assamiats unusual with regard to the localization af th

cultivation organ: specialized glands in the anéenaof the beewolf females.

Female European beewolves construct subterranests ne sandy habitats and provision their
offspring with paralysed honeybee&p{s melliferg. Shortly before oviposition the female beewolf
enters the brood cell and starts to perform later@ements with her whole body while bending its
antennae slightly downwards (Strohm and Linsenm&®5). Thereupon a white substance appears at
five spots on the dorsal side of each antennafdinale applies this secretion to the distal sidéhef
brood cell ceiling (Kaltenpoth et al., 2005; Strolamd Linsenmair, 1995). Then the female beewolf

lays an egg and closes the brood cell.

The white substance serves at least two functiéinst it provides a necessary cue for the orieoiati

of the cocoon spinning of the beewolf larvae. Tarigntation eventually facilitates the emergence of
the adult beewolf from the brood cell (Strohm aridsenmair, 1995). The second function of the
whitish antennal exudate is to inhibit microbiafeistation of the cocoon during overwintering.
Bioassays showed that more than 80% of the larutte agcess to white substance survived inside
their cocoons, whereas survival was reduced totlems 10% if access to the white substance had
been experimentally blocked prior to cocoon-spigr(ikaltenpoth et al., 2005). The main components
of the white substance are symbiotic bacteria ef denusStreptomycegKaltenpoth et al., 2005;

Kaltenpoth et al., 2006). Thus, the bacteria alévated in the antennal glands of beewolf females.

Antennal glands have been rarely described in yradthoptera. After the first report of glands in the
antennae of males of the parasitoid wigkgittobia australica(Eulophidae; Dahms, 1984) only a few
other studies found such glands. In male Hymenaptntennal glands are known to play a role in

mating and courtship behaviour by secreting vaatilr paste-like substances acting as sex-
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pheromones. In various taxa like Cynipoidea (Isidet al., 1999), Chalcidoidea (Guerrieri et al.,
2001), Platygastridae (Isidoro and Bin, 1995), o&lae (Bin and Vinson, 1986), Vespidae (Bin et
al., 1999a; Isidoro et al., 1996; Romani et al.0®)0 and Apidae (Romani et al., 2003) the male
antennal gland secretions are applied onto femeknaae either by direct contact or through the air
(Isidoro et al., 2000). In female Hymenoptera, an& glands have been found in the egg parasitoid
Trissolcus basalisScelionidae, and four ant species, Formicidade(ii 2000; Isidoro et al., 2000;
Romani et al., 2006). If. basalis the secretion of the antennal glands is suspeatbd used in host
recognition by dissolving kairomones from host efjgsloro et al., 1996; Bin et al., 1999b), whereas
the function of antennal glands in ants is notagfear(lsidoro et al., 2000; Romani et al., 2006) The
antennal glands of Hymenoptera investigated safarcharacterized as either class 1 or class 3 cell
units secreting directly to the outer surface o #intennae (Isidoro et al., 1999), but no gland

reservoirs have been described.

In the present study, we describe the ultrastrecimd exceptional morphology of the antennal glands
of female European beewolves, present a 3D-reearigin based on series of histological sections

and discuss the glands’ role as brood pouchefiéosymbioticStreptomycebacteria.

2.3 Materials and Methods

2.3.1 Specimens

Female European beewolves were obtained from ardabyg population at the Biocenter of the

University of Wirzburg, Germany. For detailed imf@tion about the rearing conditions see e.g.
Strohm and Linsenmair (1997). Females were remdnged their cages at different stages of brood

cell provisioning. Female beewolves were anaestbetivith CQ and killed with diethyl ether.

2.3.2 Semithin sections and 3D-reconstruction

For the general denomination of the antennal setgnam® follow Isidoro et al. (1996), counting the
antennomeres from proximal to distal, includingmand pedicel. The antennae of female beewolves
comprise the scape (Al), the pedicel (A2), andfldogellum with 10 antennomeres (A3-Al12). For a
description of the general outer antennal morphokege Herzner et al. (2003. triangulumfemales

usually hold their antennae straight, slightly updga(about 30°), and slightly laterally.

To reveal the three-dimensional structure of tledé we used series of semithin sections of tlee fiv
antennomeres bearing the glands. Whole antennae fixed with alcoholic Bouin, dehydrated in a
graded ethanol series and embedded in Durcupan (ROK&, Deisenhofen, Germany). Sections of 4
pum thickness were made with a diamond knife on &heet 2040 Microtome and stained with

methylene blue/azure I, trichrom after Masson-@eld or AZAN after Heidenhain (Bock, 1989). We
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also examined sections that had been prepared dyattimayer (see Rathmayer 1962 for methods).
Digital photos of the sections were obtained withlikon Coolpix 990 camera attached to a Zeiss
Axiophot M45 light microscope. The image stack wwassferred to a computer and the slices were
manually aligned using the 3D-visualization softevémira’ (Mercury Computer Systems, Berlin).
In a final step, the gland reservoirs and otherpaments of the antennae were manually marked with
different colours in every slice to allow the restrnction of the three-dimensional arrangemenhef t

antennal structures. The volume of certain strestof the 3D-model can then be calculated.

2.3.3 Electron microscopy

For scanning electron microscopy (SEM), the antermidreshly killed females were cut off and fixed
in alcoholic Bouin for 3 hours at 4°C followed bgld/dration in a graded acetone series. Then they
were critical point dried (BAL-TEC CPD 030), sputd with Pt/Pd (BAL-TEC SCD 005) and
examined with a Zeiss DSM 962 digital scanning tetec microscope at 15 kV. To investigate the

interior fine structure of the glands, antennaeawetersected with a razor blade before sputtering.

For transmission electron microscopy (TEM), thesantie were fixed overnight at 4 °C in a solution
of 4% glutardialdehyd in 0,1 M Sorensen phosphatéeb at pH 7.4 (Sérensen, 1909), followed by
postfixation with 2% osmium tetroxide. After dehgtlon in a graded ethanol series and propylene
oxide the specimens were embedded in Epon 812 gélehces, Eppelheim, Germany). Ultrathin
sections were made with a 45° diamond knife on &lRet Ultracut E microtome. Sections were

stained with 2% uranyl acetate and Reynold’s le@dte and examined with a Zeiss EM 10 at 80 kV.

2.4 Results

2.4.1 Overall morphology

The antennae of female European beewolves possggsreservoirs in the five antennomeres A4 to
A8. The glands of different antennomeres show alyédentical morphology [Fig. 2.1A]. Each
reservoir consists of a large invagination of tmexpnal side of the antennomere. The reservoir is
bordered by an epithelium that is lined with c@ticind surrounded by class 3 gland cell units
(according to Noirot and Quennedey, 1974). The &nstruction reveals that such a gland reservoir
consists of two lobes, that more or less descrileerat figure "S" [Fig. 2.1D,F] surrounding the
antennal nerv. The medial part of the reservoslightly shorter and comprises about 1/3, the &ter

part 2/3 of the total reservoir volume [Fig. 2.1P,F
The reservoir's opening is located dorsally in fweximal intersegmental gap of the antennomere
[Figs. 2.1E, 2.2] and is visible as a small holeewhhe adjacent proximate antennal segment is

removed [Fig. 2.2]. Longitudinal semithin sectioasealed that the opening is covered by a flap-like
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projecting part of the intersegmental cuticle wiblatinous appendages [Fig. 2.1E]. From the
opening, the slightly depressed cuticle of the pnax face of the antennomere forms a flat channel
that leads upwards. The white substance is preagdatirough this channel during delivery and fipall

appears at the dorsal side between adjacent amenes.

The reservoir's volume changes considerably wighfiiting status. Completely filled with white

substance a reservoir makes up more than 50% oértennomere's volume and apparently even
squeezes the antennal nerve between its two pRids 2.1B]. An empty reservoir, by contrast,

appears completely collapsed with the opposingssidehe reservoir cuticle close to each other.[Fig
2.1C]. The 3D-reconstruction of filled reservoitsowed a maximum volume of 0.07 pl (data not
shown). Thus, the ten reservoirs of both antenma&e h remarkable maximum volume of approx. 0.7
ul. Sections of antennae of females that had piglpast delivered the white substance show that the

reservoir is not totally empty but that some whiitdstance remains in the rear parts of the lobes.

The reservoir lumen is bordered by a monolayeréti@&jum lined by cuticle. Semithin cross sections
show that in both parts of the reservoir the wallhe medial side, i.e. the side pointing to theo
axis is thin and membranous and appears to betlglifgiided [Fig. 2.1B,C], whereas on the lateral
side the cuticle is reinforced and has a net-likecture [Fig. 2.1B,C,F, see also Fig. 2.4]. The
transition between the reinforced, net-like cutiated thin cuticle is abrupt at the dorsal and antr
side of the reservoir tubes [Fig. 2.1B,C,E]. Themagement of both cuticle types suggests that the
change in reservoir volume is accomplished by alilah and contraction of the apparently resilient
medial walls of the reservoirs. No muscles weretbin the five flagellomeres bearing the glands (A4
to A8). This is in accord with the morphology ofngmulate antennae so far described, in which

muscles only appear in the scape (Al) and pedd@) (Snodgrass, 1935).

The gland reservoir of each antennomere is suredify loose groups of roughly 400 acini, each
consisting of 1 to 8 class 3 gland cells [Fig. 2BB The acini are spherical or drop shaped with

diameters up to 30 um. They are almost evenlyidigtd over the surface of the reservoir, but

(previous page) Fig. 2.7A Longitudinal semithin section through the anteoha female European beewolf
with filled antennal gland reservoirs (arrows) intennomeres A4 to A8B/C Semithin cross sections of
antennomeres with filled (B) and empty (C) glansergoir surrounded by class 3 gland units (c3). dftennal
nerv (an) in figure (B) is squeezed between the pads of the reservoir filled with white substan@es).
Arrows indicate the reinforced net like cuticle @ering the reservoir, scale bars 100 JDr3D-reconstruction
of almost empty reservoirs (dark blue) in antenn@m&4 to A8 surrounding the ventral antennal neam, (
yellow). Class 3 cell units (c3, green) are onlgwh in A7. Due to missing slices in the semithiot&m series
the antennomere A4 appears shorter than A5 to A8e dorsal flaps (fl) covering the reservoir opgsirare
coloured light blue. The route of the reservoir temh when pressed out is indicated by a red arfw.
Longitudinal semithin section through an antennasowing the flap (fl) with gelatinous part (ligiite) and
projecting cuticle (*) controlling the reservoir ttet. Black arrows indicate the reinforced cuticdeale bar 100
pm. (red arrow) route of reservoir content whersped outF Proximal view on 3D-reconstruction of a single
reservoir showing the position of the reinforcediate (red) bordering the lumen. (A1-A12) antennoese (an)
antennal nerv, (c3) class 3 gland cell units, fifips at reservoir openings, (ws) white substaliea arrow)
route of reservoir content when pressed out.
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Fig. 2.2. SEM micrograph of antennomeres A5 andléf antennae). Antennomere A6 is bent downwasds,
the dorsal opening (op) of the gland reservoir Gig\visible, scale bar 100 um. (white arrow) roofteeservoir
content when pressed out.

slightly more abundant at the membranous cuticlehef medial side of the reservoir. Conducting
canals connect the class 3 cells to the resernditlze canals of each acinus frequently form a leund

and open into the reservoir in groups [Fig. 2.4].

2.4.2 Ultrastructure

Scanning electron micrographs of the reservoir lustgow the canal openings as holes in the cuticle
and the secretion of the gland cells appear asmdildous material emerging from the canals [Fig.
2.4C]. Where the bordering epithelium was removednd preparation the net like structure of the
reinforced cuticle is clearly visible [Fig. 2.4AThis net like structure of the endo- and exocutasien
shines through the epicuticle when scanning theriside of the reservoir lumen [Fig. 2.4C]. This is
due to the fact that the high voltage electron bedrthe SEM has a penetration depth of a few
micrometers, whereas the epicuticle is only aba2iu@n thick [Fig. 2.4B].

TEM micrographs confirm the existence of a cutloing the reservoir lumen. The membranous part
of the reservoir cuticle is about 1 um, the reioéor net-like cuticle up to 3 um thick [Figs. 2.3E,
2.4B]. The monolayered epithelium bordering theeresir is 2 to 5 um thick and also fills the

interspaces of the net-like reinforced parts ofdicle [Fig. 2.4B].
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The cells of the epithelium are flat with comparely large nuclei and are connected by septate
desmosomes [Fig. 2.3D,F]. Especially the epithelafmthe membranous cuticle contains numerous
electron lucent vesicles with diameters up to 1 [ifig. 2.3D,E]. In the epithelium bordering the
gelatinous projection at the opening of the regethere are invaginations of the basal cell meméra

and microvilli at the apical side [Fig. 2.3D].

The class 3 gland cells forming the acini showghhdensity of rough endoplasmatic reticulum and
both electron dense as well as electron lucenthessjFig. 2.3A,B]. The majority of these vesickre
about 1 um in diameter, whereas some show diameten®re than 4 um [Fig. 2.3A,B]. Frequently
vesicles bear membranous structures [Fig. 2.3Bheédimnes the class 3 cells show invaginations of
the parts of the plasma membrane that are in coniitt the hemolymph [Fig. 2.3C]. We found no

conspicuous golgi apparatus in the class 3 cells.

The end apparatus in each gland cell is formed byutécular receiving canal associated with
microvilli [Fig. 2.3A,B]. Canal cells encircle theonducting canals leading from the acini to the
reservoir lumen [Fig. 2.3F]. The content of theeffemg and conducting canals seems to be a mixture
of electron dense and lucent secretion [Figs. BIAF, 2.4B]. No nerves or axons linked to class 3
gland cells or the bordering epithelium were obsérvTracheoles were found in the bordering

epithelium, but they never penetrated the lumeth@fteservoirs.

2.4.3 Reservoir contents

The content of a reservoir consists of the pringagretion of the class 3 gland cells and the borgler
epithelium, seen as vesicles, and the symbiotitenacof the genuStreptomycegKaltenpoth et al.,
2005; Kaltenpoth et al., 2006). The bacteria areual®.5 pum in diameter and form long and
sometimes branched filaments. The branching isacheristic for actinomycetes [Fig. 2.5A,B]. The
bacterial filaments are mostly aligned parallel @md embedded in secretion droplets of irregular
shape and diameters of up to 5 um, whereas snilgriets are more electron dense than large
droplets [Fig. 2.5A,B].

(previous page) Fig. 2.3. TEM micrographs of semgetells/organellesA Acini consisting of class 3 gland
units. The cytoplasm bears many vesicles (ve), highsity of endoplasmatic reticulum (rer) and end
apparatuses (ea), scale bar 5 pm. (N) nuckENd apparatus in class 3 gland cell consistingoéiving canal
(rc) and microvilli (mv). Some vesicles (ve) beaembranous structures, scale bar 1 pm. (mt) mitcetien(N)
nucleus, (pm) plasma membrane, rer (rough endoplésmeticulum).C Plasma membrane invaginations (inv)
of class 3 gland cell at the hemolymph side, sbale5 um. (ve) vesicle® Monolayered epithelium lined with
membranous cuticle (cu) near the reservoir opesiming basal invaginations (inv), electron luceesicles
(ve) and apical microvilli (mv). The epithelial telare connected by septate desmosomes (arroveds, sar
1um.E Mono-layered epithelium lined by membranous caticlu) with numerous electron lucent vesicles (ve).
(lu) reservoir lumen, (N) nucleus, (1-3) conducticenals, (arrows) septate desmosomes, scale bamn. F
Conducting canal (cc) with electron dense conterbsinded by canal cell, scale bar 1 um. (N) nigleu
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Fig. 2.4. Electron micrographs of net-like cutitlerdering the reservoiA SEM: Exterior view of the cuticle
with net-like structure (cu). The monolayered eglittm was removed during preparation, scale bam?2 ({1-4)
conducting canalsB TEM: Monolayered epithelium covered with cuticl&.thin epicuticle (double arrow)
separates the cuticle with net-like structure foomn the reservoir lumen (lu). A bundle of condagticanals (1-

6) containing secretion penetrates the epithelgsale bar 2 um. Thick arrows indicate the line iefwin (A)
and (C).C SEM: Interior view of the gland reservoir with ojegs of conducting canals (1-5) and filamentous
secretion (s) coming out of canal 5. Note the ik&t $tructure of the reinforced endo- and exocetithining
through the thin epicutic, scale ba5 um.

2.5 Discussion

The antennal gland reservoirs of female Europeawbkves represent unique bacteria cultivation
organs with a highly elaborated ultrastructure. Tmeen of the reservoir has two parts that maka up
considerable fraction of the antennomere. The vegeis enclosed by a monolayered epithelium with

a cuticle and many class 3 gland cells secretelimdumen.

In cross sections of empty antennal gland resesaiP. triangulum the membranous cuticle appears
slightly folded, whereas it is smooth and bulgedilied reservoirs. We thus propose that this thin
cuticle is flexible, whereas the net-like cutick dturdy and remains mostly in place as a counter
bearing. The gland reservoir could therefore be seea bellow with one rigid and one flexible side,
which expands in response to the increase of theeot This structure, the to and fro movement of
the female prior to and during the delivery of Wigite substance as well as the lack of any musacles
the vicinity of the reservoir suggest that the eohbf the reservoir might be pressed out by irginga
the hemolymph pressure in the antennae. The trangfowhite substance out of the inter-
antennomere space might be facilitated by the gbdebending of the antennae. The projecting
cuticle with gelatinous appendages that coversréiservoir's opening probably acts as a closing
device that possibly prevents invasion of the géamylundesirable bacteria.

Since the antennal gland reservoir is nearly eraftgr a female has delivered the secretion for one
brood cell and females can construct and provigto three brood cells per day, beewolf females
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Fig. 2.5. Contents of the antennal gland reseroisEM micrograph of the filamento&treptomycebacteria.
Due to preparation the secretion between the hacterreduced to some flakes, scale bar 2BMIrEM
micrograph of the white substance inside the glasgrvoir. TheStreptomycedacteria (b) are embedded in
secretion droplets (s) of various sizes. Daughtdls cemain connected after cell division and folong
filaments, scale bar 2um.

have to provide the symbiotic bacteria with esséntiutrients to allow rapid growth and, thus,
replenishment of the gland reservoir. Noteworthg, structure of the reservoirs with elongated lobes
might ensure that a certain part of the resenaitent remains in the gland during the deliveryhef
white substance. These remains may facilitateghewal of the bacterial population. In the resarvoi
the Streptomycetes are embedded in a matrix ofreleclense and electron lucent vesicles that may
contain these nutrients. The content of the vesislanost probably secreted into the reservoirhiey t
surrounding class 3 gland cells or sequestered fhenmemolymph by vesicles via the epithelial cells
The high abundance of rough surfaced endoplasmaticulum in the class 3 gland cells suggests
protein synthesis at a high level. The appearafdheovesicles in these class 3 cells as well as th
content of the conducting canals suggest that lms & cells produce most of the material found in
the gland reservoir. Additionally, substances maysbquestered from the hemolymph, as suggested
by the invaginations of the cell membranes, stanagsicles of the class 3 gland cells and trartsgor

into the reservoir.

Sequestration of substances from the hemolymph am&y occur via the monolayered epithelium

bordering the reservoir. Electron lucent vesiclessal invaginations of the plasma membrane and
apical microvilli strongly suggest a transport abstances from the hemolymph into the reservoir
lumen. Chemical analyses of the reservoir contasisg combined gas-chromatography and mass-
spectrometry (GC-MS) revealed saturated and uregathir hydrocarbons (C21-C31), branched

alkanes, and ketones as the main components gbtatile fraction (Kaltenpoth et al., in prep.)nSe

these substances can also be found in the hemolgihpkewolf females in the same proportions
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(Strohm et al., in prep.), it seems likely thatytlaee sequestered from the hemolymph and transporte

through the monolayered epithelium by the obsemesicles.

The evolutionary origin of the mutualism betweerewelves andStreptomyce$acteria is not yet
clear. Possibly, the ancestors Bf triangulum initially possessed only simple glands without a
reservoir that produced only the primary secretbeither the epithelium or the class 3 gland units
and delivered it as a directional cue for the cocalignment of the larvae (Strohm and Linsenmair
1995). At this point of evolution, the morphologdlytbe antennal glands of beewolves may have been
more similar to antennal glands like in extant fmichae (for phylogeny of Hymenoptera see Brothers,
1999; for antennal glands in ants see Isidoro et28I00). TheStreptomycedacteria might have
secondarily invaded these glands and provided $mmefits for the larvae by protecting them against
fungal infestation (Kaltenpoth et al., 2005). Suhgantly, natural selection could have changed the
morphology of the antennal glands by forming larggervoirs that now function as cultivation organs

for the bacterial partners.

A comparable relationship is known from fungus-giryv ants which cultivate mutualistic
Pseudonocardidacteria on their body surface (Currie et al.,608oth, Pseudonocardian ants’
bodies andStreptomycesn beewolf antennae are members of the antibmtclucing group
Actinomycetes. Th&seudonocardidacteria protect the ants’ fungus gardens froraragstic fungus,

as Streptomycegrotect the beewolf offspring from mould fungi. éTRseudonocardiaare reared in
cavities of the ants’ cuticle and class 3 glandsda¢neath the cuticle are connected via canalseto
cavities (Currie et al.., 2006). Therefore it seethat fungus-growing ants and beewolves use

analogue alliances with bacteria to combat theduntgenace.

Using genetic analysis, endosymbiotic streptomychtese recently been found in the antennae of 27
species oPhilanthus but not in closely related taxa of Crabronid wsaégaltenpoth et al., 2006). It
will be interesting to investigate the morpholodytlee respective glands in these congeneric species
as well as other genera in the subfamily Phila@thito elucidate the origin of these unique glamidk a
the association with theStreptomycesbacteria. Moreover, most species of ground-nesting
hymenoptera face similar threats by microbial &ttat their offspring. Therefore, we predict that
other hymenoptera might have evolved comparablebmgas with bacteria and corresponding

structures for their cultivation to increase thevaial of their progeny.
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CHAPTER 3

SYMBIOTIC BACTERIA PROTECT WASP LARVAE

FROM FUNGAL INFESTATION
Current Biology(2005) 15: 475-479
Martin Kaltenpott?, Wolfgang Goettlér Gudrun Herznérand Erhard Strohin

'Department of Animal Ecology and Tropical Biologiversity of Wiirzburg, Am Hubland, 97074 Wiirzburg
“Department of Behavioral Physiology and Sociobig|dgniversity of Wiirzburg, Am Hubland, 97074
Wirzburg

3.1 Summary

Symbiotic associations between different organismes of great importance for evolutionary and
ecological processes (Buchner, 1921; Maynard-Srh@B89; Margulis and Fester, 1991; Sapp, 1994).
Bacteria are particularly valuable symbiotic parsnelue to their huge diversity of biochemical
pathways that may open entirely new ecological esclior higher organisms (Buchner, 1921;
Margulis and Fester, 1991; Sapp, 1994). Here wertegn a unique association between a new
Streptomycespecies and a solitary hunting wasp, the Eurof@ewolf Philanthus triangulum
Hymenoptera, Crabronidae). Beewolf females cukiviie Streptomyceshacteria in specialized
antennal glands and apply them to the brood cill po oviposition. The bacteria are taken up by th
larva and occur on the walls of the cocoon. Biogssadicate that the streptomycetes protect the
cocoon from fungal infestation and significantlyhance the survival probability of the larva, polsib
by producing antibiotics. Behavioural observati@iongly suggest a vertical transmission of the
bacteria. Two congeneric beewolf species harbosetyorelated streptomycetes in their antennae,
indicating that the association with protective tbaa is widespread among philanthine wasps and
might play an important role in other insects adl.wkhis is the first report on the cultivation of
bacteria in insect antennae and the first case synabiosis involving bacteria of the important

antibiotic-producing genuStreptomyces
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3.2 Results and Discussion

The European BeewolPfilanthus triangulumHymenoptera, Crabronidae) is a solitary diggespva
that constructs nest burrows in sandy soil. Femhleg honeybeesApis melliferg (Strohm and
Linsenmair, 1995) and provision one to five pregmis as larval food in each brood cell. The larva
feeds on the prey and spins a cocoon that is &ttiwlith its basal part to the wall of the brood.cel
Larvae mostly overwinter and emerge next summaol@t, 1995; Strohm and Linsenmair, 1999).
Since the conditions in the brood cells are humid warm, there is a continuous threat of fungal or
bacterial infestation of the provisions or the intmma wasp. To protect the prey against microbes
during the feeding period of the larvae, the femambalm the paralyzed honeybees with a cephalic
gland secretion (Herzner et al., unpubl. data). &lmw, little was known on how the larva is secured

from microbial attack during the nine months perddiiapause in the cocoon.

A promising candidate for such a protective functis a whitish substance that the female secretes
into the brood cell in conspicuously large amoupt®r to oviposition. The female enters the
excavated brood cell and starts to move her bodyally, probably building up a high hemolymph
pressure in the antennae (Strohm and Linsenma®5)IBhe white substance is thus pressed out of
specialized antennal glands and appears as whiiel@s on the antennae [Fig. 3.1, see supplemental
video 1 of the online publication]. The female smsehese particles on the ceiling of the brood. cell
One known function of this secretion is to provate orientational cue for the emergence of newly
eclosed beewolves (Strohm and Linsenmair, 1995)veier, the unusually large amounts of white

substance suggest a second function.

Scanning electron microscopy of newly secreted avhitbstance revealed regularly shaped rod-like
and branched structures with a diameter of abdutu®n [Fig. 3.1B]. Using transmission electron

microscopy, these structures were found to be autaed in biomembranes and sometimes
contained circular structures consisting of sevirgérs of membranes. We hypothesized that these
structures were bacteria and that those with nialtipiomembranes were spores. The overall
appearance and the possible occurrence of spogggesied that these bacteria belong to the

actinomycetes.

To verify the identity of these bacteria we useliuza-independent molecular techniques. Isolation o
DNA from antennae of female beewolves and amptificavia polymerase chain reaction (PCR) with
actinomycete-specific primers (Rinta¢d al., 2001; Staclet al., 2003) confirmed the presence of
actinomycete bacteria. We sequenced about 1300 ipeal6S rDNA and compared it to known
actinomycete sequences. A phylogenetic analysiwesthohat the bacteria from the beewolf antennae

belong to the genuStreptomycefFig. 3.2].
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Gland cells

‘Flagellomer - !

Fig. 3.1. Antennae of female beewolv&hilanthus triangulumwith endosymbiotic streptomycetes. Light
microscopic picture of a semi-thin section of a égrantenna, with endosymbiotic bacteria (redhéreservoir
of antennal glands. Scale bar = 0.3 nBrScanning electron micrograph of a female anteWfate substance is
secreted from the opening of the gland at the joéttveen two flagellomers. Scale bar = 20 pm.

The new type is most closely related to $1earmeniacugroup §. griseocarneum, S. kasugaensis, S.
lydicus, S. albulys Comparative genetical analyses of the 16S rDM4gusences (700-1320 bp,
including the most variable regions) of endosymtsdinom eleverP. triangulumindividuals from
four different populations (three in Germany ana @am the Ukraine) revealed identical sequences,

strongly suggesting that the association betweewblres andbtreptomycebacteria is obligate.

To exclude the possibility of bacterial contamioatiin the PCR, we designed a specific
oligonucleotide probe that perfectly matched aalad region of the 16S rRNA of the putative
symbiotic bacteria, while having at least two mischas with all othelStreptomyced6S rRNA
sequences in the Ribosomal Database Project (RD@MHidak et al., 2001). The oligonucleotide
probe was labeled with a fluorescent dye (Cy3)@setl for fluorescence in-situ hybridization (FISH).
The probe clearly stained large amounts of bacpegaent in the white substance [Fig. 3.3] as a=l|
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Arthrobacter globiformis M23411
Actinomyces neuii X71861

ﬂatopsis coloradensis AF051341
Mycobycterium avium X52918

Frankia spec. L40612

66 |: Streptomyces albidoflavus 276676

Streptomyces coelicolor Y00411

100 6 Streptomyces bikiniensis X79851

6 Streptomyces virginiae D85118
Streptomyces lincolnensis X79854

62 Streptomyces scabies D63862

Streptomyces griseocarneum X99943

Streptomyces kasugaensis AB024441
Streptomyces albulus AB024443

Streptomyces lydicus Y15507

P. gibbosus endosymbiont AY854955

P. venustus endosymbiont AY854956

P. triangulum endosymbiont (Germany SW) AY854953
P. triangulum endosymbiont (Germany WU) AY854952
P. triangulum endosymbiont (Ukraine) AY854954

9

— 10 changes

Fig. 3.2. Phylogenetic position of beewolf endosionts within the actinomycetes: First of three dhua
parsimonious trees from a full heuristic searchhwige bisection and reconnection (TBR) branch givepand
random addition sequence (100 replicates). Analigsizased on 1324 bp of 16S rDNA, with 219 characte
being parsimony-informativeA. globiformis was defined as the outgroup. Values at the nodpsesent
bootstrap values from 1000 replicates. GenBank ssige numbers are given behind the species nafes.
triangulum specimens were collected at three different locati in Schweinfurt (Germany SW), in Wirzburg
(Germany WU), and in the Ukraine.

in the antennal glands of female beewolves. Comstrains ofStreptomyces aureofaciensBacillus
subtilis were not stained by the probe, demonstrating geeicity of the probe for the bacterial
sequences we obtained by PCR. These results cottiienpresence of specialized streptomycete

bacteria in the antennae of beewolf females anldanvhite substance secreted in the brood cells.

Streptomycetes are filamentous high GC Gram-pesgwmil bacteria belonging to the actinomycetes
(Kutzner, 1981). The whole group is characterizgdhe ability to synthesize a huge diversity of
antibacterial and antifungal secondary metabol(ikegzner, 1981; Behal, 2000). In fact, most of the
antibiotics used for medical application are pralbyStreptomycespecies (Goodfellow and Cross,
1984; Behal, 2000). Despite this high potential fmpoducing antibiotics that would predestine
streptomycetes as symbionts of other organisms jght to our knowledge — the first descriptioraof
mutualistic interaction between streptomycetes amichals, and there are only few known examples
of symbioses with actinomycetes. The best-studigctha-actinomycete symbiosis is that of leaf-
cutter ants and actinomycete bacteria of the fafdgudonocardiaceae (Curekal., 1999; Currie,
2001; Currieet al., 2003; Poulsesat al., 2003). These ants tend fungus gardensein trests for

nutrition, and they carry the bacteria on spec#gions of their cuticle (Curriet al., 1999). The
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Fig. 3.3. Fluorescence in-situ hybridization (FISt1)endosymbioticStreptomyce@ the white substance after
secretion by a beewolf female. Scale bar =5 pm.

actinomycetes produce compounds that specificaliibit the growth of a specialized parasitic fungus
of the fungus gardens (Currg al., 1999; Curriet al., 2003). This association is widespread among
attine ants, and the vertical mode of transmispmints to a long coevolutionary relationship betwee

the symbionts (Curriet al., 1999).

Beewolves face a high risk of fungal and bactéritdstation in the brood cell, especially during th
first days after cocoon spinning, because fungettg/on the remains of the honeybee prey and may
also infest the cocoon (pers. obs.). We hypothdsibat — as in the attine ants — the beewolf
endosymbionts may function as producers of antdsaind protect the larva against pathogen attack.
We examined cocoons for the presence of the arltdramderia using the FISH method described
above as well as transmission electron microscbpg.endosymbiotic streptomycetes were present in
large numbers on the walls of the cocoon [Fig..3@]fresh cocoons (1-3 weeks old), bacterial cells
were conspicuously longer and covered the walth@itocoons in higher density than in one-year old
cocoons from which the progeny had already emergés hypothesized that the short cells on old
cocoons were metabolically inactive spores. THubei bacteria protect the cocoons from bacteral o
fungal infestations, old cocoons should be moreegtible than fresh ones.

Bioassays confirmed this hypothesis. On fresh cesptungal growth was significantly delayed as
compared to one-year old cocoons. This was trugherpart where the cocoon is attached to the
brood cell (p=0.0041) and even more pronouncedh®mrest of the cocoon (p=0.0013). Additionally,
the development of fungal conidia was significartélayed or even completely inhibited (p=0.0005)
(Gehan-Wilcoxon tests). The effects in fresh cosomre independent of the presence of a larva

(Gehan-Wilcoxon test, p>0.10 for all comparisons).
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Outside

Fig. 3.4. Transmission electron micrograph of aoccwccross-section with bacteria on the outside(es). Scale
bar =1 um.

In a second series of bioassays, we examined theriamce of the white substance for the actual
survival of larvae in the brood cells. Larvae hadramatically reduced survival probability whenythe
had no access to the white substance (Fig. 3.5art5@hicoxon test, Z = 3.401, p = 0.00067). Only
one out of 15 individuals that had no access toathige substance survived until emergence (6.7%),
whereas 15 of the 18 control individuals with wh#ebstance (83.3%) successfully emerged or
survived as larvae until the end of the experin{ébtdays). The experiment was terminated after 45
days, because the most critical phase after cospoming was over and the surviving larvae had
either emerged or entered diapause for overwirgerlimken together, the results of the bioassays
strongly support the hypothesis that tB&eptomyceshacteria protect the cocoon from fungus

infestation and thereby increase the survival prdiyaof beewolf larvae.

An important question is how beewolf females aagtiire antennal bacteria. A priori, there are two

alternatives: females might opportunistically talgethe bacteria from the environment or they may
inherit them from their mother (Moran and Bauma2®0). Observations of larvae searching for and
apparently ingesting parts of the white substandbe brood cell before spinning the cocoon suggest
a vertical transmission of the bacteria from motteedaughters (see supplemental video 2 of the
online publication). Further evidence for verti¢tednsfer is provided by one beewolf female that

survived until adulthood in the absence of whitbssance. The female failed to construct any brood
cells during her- entire lifetime, and PCR-baseenapts to detect endosymbionts in the antennae
yielded no amplicons, strongly suggesting that ftasale did not harbor endosymbio8treptomyces

bacteria in her antennae.
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Fig: 3.5. Cumulative survival of larvae with (solide) and without white substance (dotted line}tia brood
cell. The experiment was terminated after 45 days.

The complexity of the association including thewcence of unique glands, uptake of the bacteria by
the larva, application to the cocoon, and a probabttical transmission make it unlikely that this

association is limited tB. triangulum Therefore, we examined two congeneric speciethéor

presence of antennal symbion: venustusrom Southern Europe ani. gibbosusfrom North
America. We found streptomycetes in the antenna&otth species, and comparative 16S rDNA
sequence analysis revealed that they are verylgladated to the endosymbiontsf triangulum In
fact, the endosymbionts of the thriehilanthusspecies form a monophyletic clade within the genus
StreptomycefFig. 3.2]. These results point to an early origfrthe beewolfStreptomycesutualism
possibly during the formation of the genBhilanthus Further studies on the phylogenies of both
hosts and symbionts are necessary to illuminatedbgolutionary patterns and to investigate whether

horizontal transfer has occurred during the evohary history of the symbiosis.

Soil-nesting hymenoptera and other ground-dweltirtropods generally face a high risk of bacterial
and fungal infestation of the provisions and thegeny from the surrounding soil. Therefore, one
would expect high selection pressures to act onedmution of protective mechanisms against
pathogen attack. The cultivation of antibiotic-puothg bacteria in specialized organs might repriesen
a key invention to cope with the threat of pathogdestation. So far, this is the only study prongl
evidence for a symbiosis between a ground-nestiagpvand protective bacteria, but associations of

this kind may be much more widespread and might haleyed a crucial role in the evolution of
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ground-nesting behaviour. Furthermore, assumingthieaprotection against microbes is mediated by
chemicals, the study of actinomycete-insect asSonom may provide knowledge on novel
antimicrobial compounds. Since the antibiotics imed should not harm their eukaryotic hosts, they

might be of particular value for medical use.

3.3 Methods

3.3.1 PCR and sequencing

Bacterial DNA was extracted from whole beewolf ami@e according to a standard phenol-
chloroform extraction protocol. The following primepairs were used for amplification of
StreptomycesfD1 (fwd.) (Weisburget al., 1991) and StrepF (rev.) (Rintatal., 2001), Act-S20
(fwd.) (Stachet al., 2003) and rP2 (rev.) (Weisbwgtal., 1991). PCR amplification was performed on
Eppendorf Mastercyclers in a total reaction volume of 25cphtaining 4 pl of template, 1x PCR
buffer (10 mM Tris-HCI, 50 mM KCIl, 0.08% Nonidet @4 2.5 mM MgCl2, 240 uM dNTPs, 20 pmol
of each primer, and 1 U of Tag DNA polymerase (N#Bfmentas). Cycle parameters were as follows:
3 min. at 94°C, followed by 32 cycles of 94°C fd gec., 65°C for 1 min., and 72°C for 1 min., and a
final extension time of 4 min. at 72°C. For sequegcwe used the following primers: fD1 (fwd.),
Act-S20 (fwd.), Act-A19 (rev.) (Stackt al., 2003), StrepF (rev.), rP2 (rev.). Sequenewas carried

out on a Beckmann-Coulter CEQ 2000 XL sequencer.

3.3.2 Phylogenetic analysis

Partial 16S rDNA sequences of the endosymbiontsrapresentative actinomycete genera from the
GenBank database (accession numbers are giveg.ir3.2) were aligned in ClustalX 1.83 using the
default settings and imported into PAUP 4.0. Phgtagic trees were constructed based on 1324 bp of
16S rDNA in a full heuristic search with tree bisec and reconnection (TBR) branch swapping and
random addition sequence (100 replicates). Bogistadues were obtained from a search with 1000

replicates.

3.3.3FISH

The following species-specific oligonucleotide peolwas designed for the endosymbiont by
comparison with known sequences in the RDP II: $3-CACCAACCATGCGATCGGTA-3
(positions 176-1965treptomyces ambofaciensmenclature, Pernodet al., 1989). The unspecific
eubacterial probe EUB 338 was used as a positimralo(Amannet al., 1990). Secretions of the
white substance from beewolf females were harveatetispread onto six-field microscope slides.
Fixation and hybridization was carried out as déscr previously (Grimmet al., 1998), with minor
modifications: hybridization buffer contained orb® ng of the labeled probe, and samples were

incubated for 90 min. at 45°C for hybridization.rFybridization within the antennae, fresh female
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antennae were cut into thin sections with a ratldand glued onto microscope slides. Fixation and
pre-treatment of the samples was done followingotiséocol of Sauer et al. (2002). Hybridization was

carried out as for the bacterial samples, but @&itits. of incubation with the labeled probe.

3.3.4 Fungal infestation bioassays with beewolbons

Paper towels were placed in eight petri dishesmoidtened with 3 ml distilled water. Three cocoons
were placed in each petri dish: an empty one-y&hcacoon; a fresh cocoon with larva (1-3 weeks
old); and a fresh cocoon from which the larva hadrbremoved. Petri dishes were kept in a closed
box at room temperature to keep moisture approdinaionstant. Fungal growth was recorded daily
under a Wild Heerbrugg M3B dissecting scope with #agnification. Usually, fungi started to grow
at the basal part of the cocoon where it had b&eaonleed to the brood cell. Therefore, fungal growth
was recorded separately for the attachment sitethadrest of the cocoon. The time until first
appearance of fungi, the time until fungi comple®bvered the attachment site or the whole cocoon,
and the time until conidia formation were compaagaong groups using survival analyses (Gehan-

Wilcoxon tests, software: Bias 8.05).

3.3.5 Survival of larvae with and without white stamce

Newly provisioned brood cells in the nesting cageseven females were assigned randomly to two
different groups: with (control group) and withouhite substance (experimental group). In cells of
the experimental group, the glass covering the dals in the observation cages was lifted and a
microscope cover slip was introduced between tldrcell and the glass cover. Thus, the white
substance that is applied to the ceiling of thedreell was covered and the larva had no acceb®to
white substance. In control cells, the glass coves also lifted but no cover slip was introduced, s
the white substance was freely accessible to tive.l&urvival of the larvae was checked daily fior a
brood cells and compared between groups usingwalranalysis (Gehan-Wilcoxon test, software:
Bias 8.05). Larvae that survived until the endtlod experiment (45 days) and individuals that

emerged successfully from the cocoon were incladedensored data.
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Accession numbers

Partial 16S rDNA sequences frddtreptomycesndosymbionts dPhilanthus triangulun{from three
different populations: Wiuirzburg, Germany; Schweihfusermany; and from the Ukrainel.
venustuandP. gibbosusre available at GenBank

(http://www.ncbi.nim.nih.gov/) with the accessiommbers AY854952-AY854956.
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CHAPTER 4

‘CANDIDATUS STREPTOMYCES PHILANTHI ', AN ENDOSYMBIOTIC

STREPTOMYCETE IN THE ANTENNAE OF PHILANTHUS DIGGER WASPS

International Journal of Systematic and Evolutiopaticrobiology(2006) 56: 1401-1409

Martin Kaltenpott, Wolfgang Goettlér?, Colin Dalé, J. William Stubblefield
Gudrun Herznér Kerstin Roeser-Muellérand Erhard Strohf

'University of Wiirzburg, Department of Animal Ecol@md Tropical Biology, 97074 Wiirzburg, Germany
University of Regensburg, Department of Zoolog@4@8Regensburg, Germany

3University of Utah, Department of Biology, 257 $oi#00 East, Salt Lake City, UT 84112, USA

“Fresh Pond Research Institute, 173 Harvey Stresmi@idge, MA 02140, USA

4.1 Summary

Symbiotic interactions with bacteria are esserfbalthe survival and reproduction of many insects.
The European beewolfPhilanthus triangulum,Hymenoptera, Crabronidae) engages in a highly
specific association with bacteria of the gertseptomyceghat appears to protect the beewolf
offspring against infection by pathogens. Usingigraission and scanning electron microscopy, the
bacteria were located in the antennal glands ofaferwasps, where they form dense cell clusters.
Using genetic methods, closely related streptonagcetere found in the antennae of Pfilanthus
species (including two subspecies Bf triangulum from distant localities). In contrast, no
endosymbionts could be detected in the antennaxhef genera within the subfamily Philanthinae
(Aphilanthops, ClypeadoandCercerig. On the basis of morphological, genetic and egiold data,
the new taxonCandidatusStreptomyces philanthi’ is proposed. 16S rRNA gsegquence data are
provided for 28 ecotypes o€CandidatusStreptomyces philanthi’ that reside in differenstspecies
and subspecies of the genB&ilanthus Primers for the selective amplification ofandidatus
Streptomyces philanthi’ and an oligonucleotide grdbr specific detection by fluorescenicesitu
hybridization (FISH) are described.
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4.2 Introduction

Many insects have evolved associations with endbaytin bacteria that are essential for reproduction

or survival of the host (Moran and Baumann, 1984st of these bacteria are intracellular symbionts

in specialist feeders, e.g. phloem-feeding, blastking, or wood-feeding insects (Baumann and

Moran, 1997; Priest and Dewar, 2000). Since thés di€ these insects lack essential nutrients, they
depend on bacteria that are able to synthesizagbessary compounds (Douglas, 1998; Bourtzis and
Miller, 2003). In many cases, symbiotic bacteria sansmitted vertically from one generation to the

next, resulting in coevolution and cospeciatiomos$ts and symbionts which is reflected in congruent
phylogenies (Moramt al., 1993; Bandgt al., 1995; Baumanet al., 1997; Cheet al., 1999; Saueat

al., 2000; Lcet al., 2003).

The European beewolPhilanthus triangulumHymenoptera, Crabronidae) engages in a unique and
highly specific symbiosis with bacteria of the gei@ireptomyceg¢Kaltenpothet al., 2005). Female
beewolves construct nest burrows in sandy soilf honeybeesApis melliferg, paralyze them by
stinging and provision one to five honeybees agldood in each brood cell (Strohm, 1995; Strohm
and Linsenmair, 1995). After feeding on the pravigid prey, larvae spin a cocoon in which they
usually overwinter and emerge the following sumr{irohm and Linsenmair, 1995). Since the
conditions in the brood cells are humid and warnereé is a continuous threat that the female's
investment could be destroyed due to fungal ordsedtinfection of the provisions or the immature
wasp (Strohnm and Linsenmair, 2001). Recent stubd@ése shown that symbiotic bacteria protect

beewolf offspring against fungal infection at tlweoon stage (Kaltenpott al., 2005).

The symbionts are cultivated in specialized antegltends of the beewolf female and are secreted
into the brood cell prior to oviposition (Strohmdahinsenmair, 1995; Kaltenpott al., 2005). Later,
they are taken up by the larva and applied to thside of the cocoon, where they seem to serve as a
protection against fungal infection, presumably jmoducing antifungal secondary metabolites
(Kaltenpothet al., 2005). A second function of the secret®noi direct the cocoon-spinning of the
larva which facilitates its eventual emergencedi8tr and Linsenmair, 1995). The bacteria certainly
benefit from the association by obtaining an unpeeti and competition-free ecological niche and a
reliable route of transmission into the next getiena They may also receive nutrients from the
beewolf (M. Kaltenpoth and E. Strohm, unpubl. dafasimilar symbiotic relationship for pathogen
defense between insects and actinomycetes hasibseribed for leaf-cutter ants (Cureeal., 1999):

A species of the family Pseudonocardiaceae prothetsants’ fungus gardens against a parasitic

fungus by producing antibiotic substances (Cuetial., 1999; Cafaro and Currie, 2005).

In the present study, we investigated 28 differ@htlanthus species and subspecies and several

closely related genera for the presence of endasyimiStreptomyces bacteria in their antennae.
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Ultrastructural and genetic data (16S rRNA genaiseges) are presented that support the description
of ‘Candidatus Streptomyces philanthi’, includin® 2cotypes in different host species and

subspecies.

4.3 Methods

4.3.1 Specimens

Specimens of 2Philanthusspecies including two subspecieshoftriangulum two Cercerisspecies,
Aphilanthops frigidusand twoClypeadonspecies were collected in Germany, Greece, OmanthSo
Africa, Ukraine, and the USA [Table 4.1]. The SouwMfrican specimens were identified by
comparison with voucher specimens in the collectibthe Albany Museum in Grahamstown, South
Africa, and the South African Museum in Cape To®outh Africa. The US species were identified
according to Bohart and Grissell (1975) and Fergu&®83a,b). Because males lack the relevant
glands (Strohm and Linsenmair, 1995) and the emdb®ytic bacteria have so far only been found in
females (M. Kaltenpoth, unpubl. data), only antenfram female specimens were used for electron

microscopy and genetic analyses.

4.3.2 Electron microscopy

For scanning electron microscopy (SEM), specimeaseViixed in alcoholic Bouin's fixative for 3 h
and dehydrated in a graded acetone series. Thet®byere then critical point dried (CPD 030; BAL-
TEC), sputtered with Pt/Pd (SCD 005; BAL-TEC) andamined with a digital scanning electron
microscope (DSM 962; Zeiss). To investigate thatielior ultrastructure, preserved antennae were cut
with a razor blade before sputtering. Specimenstrimmsmission electron microscopy (TEM) were
fixed for 2 h in a cold solution of 2% glutaraldeley 2.5% formaldehyde and 5% sucrose buffered in
50 mM sodium cacodylate, pH 7.2. After postfixation2% OsQ and dehydration in an ethanol
series, the specimens were embedded in Epon 8trathith sections of about 70 nm thickness (MT-
7000 microtome; RMC; 45° diamond knife) were stdimdth 2% uranyl acetate and Reynolds’ lead
citrate. Electron micrographs were taken with agmaission electron microscope (EM10; Zeiss) at 80
kV.

4.3.3 DNA extraction, PCR and sequencing

DNA was extracted from whole beewolf antennae atiogr to a standard phenol/chloroform
extraction protocol (Sambroak al., 1989). The following primer pairs were usedamplification of
Streptomyced6S rRNA gene: fD1 (forward) (Weisbueg al., 1991) and StrepF (reverse) (Rinttla
al., 2001), Act-S20 (forward) (Staet al., 2003) and rP2 (reverse) (Weisbetr@l., 1991). While fD1
and rP2 can be used to amplify a wide range of @ahbal 16S rRNA gene, the combination with
StrepF and Act-S20 ensured that the PCR was spefifi actinomycete 16S rRNA. PCR
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amplification was performed on Eppendorf Masteresglin a total reaction volume of 25 pl
[containing 2 pl of template, 1x PCR buffer (10 nivis-HCI, pH 8.8; 50 mM KCI; 0.08% NP-40),
2.5 mM MgCh, 240 pM dNTPs, 20 pmol each primer, and 1Thlg DNA polymerase (MBI
Fermentas)]. Cycle parameters were as follows:r8anb4°C, followed by 32 cycles of 94°C for 40 s,
65°C for 1 min and 72°C for 1 min, and a final edi®n time of 4 min at 72°C. For sequencing, the
following primers were used: fD1 (forward), Act-SZfbrward), Act-A19 (reverse) (Stackt al.,
2003), StrepF (reverse), rP2 (reverse).

For the selective amplification of thighilanthusendosymbionts, the following forward primers were
designed on the basis of the 16S rRNA gene seqgsienicghe endosymbiotiStreptomycesaind
reference strains from the GenBank database:

Strep_phil_fwd1: 5-TACCGATCGCATGGTTGGTG-3',

Strep_phil_fwd2: 5-TATGACTACYGAYCGCATGG-3',

Strep_phil_fwd3: 5-CATGGTTRGTGGTGGAAAGC-3’,

Strep_phil_fwd4: 5-GTGGTGGAAAGCTCCGGC-3’

[binding to nucleotide positions 177-196, 170-1884-203, and 192-209, respectively, following the
Streptomyces ambofaciensomenclature (Pernodeet al.,, 1989)]. The forward primers
Strep_phil_fwd1-4 were used in combination with gemeral actinomycete reverse primer Act-Al19.
Temperature gradient PCRs were performed for atigrcombinations and two Mgconcentrations
were used to adjust the stringency of the readtlod and 2.5 mM). Final PCR conditions were the
same as described above, except that 1.5 mM Mg@$ used for Strep_phil_fwd4/Act-A19. The
annealing temperature was set to 65°C for Strejdt fpli2/Act-A19, and to 68°C for the three other
primer combinations. DNA extracts from the antenof@7 Philanthusspecies and one subspecies,
two Cerceris species Aphilanthops frigidusand twoClypeadonspecies [Table 4.1] were used as
templates. Extracted DNA from culturesStreptomyces rimosiBSM 40260, S. aureofacien®SM
40631, andS. venezuela®SM 40230 was included to assess the specificity of the erifor
Philanthusendosymbiont DNA.

4.3.4 Fluorescencia situ hybridization (FISH)

The general eubacterial probe EUB 338 (Amahml., 1990) and the specific oligonucleotide prob
SPT 177 (5 -Cy3-CACCAACCATGCGATCGGTA-3') (Kaltenpatt al., 2005) were used for FISH.
S. aureofaciendSM 40631 S. venezuela®BSM 40230, S. rimosusDSM 40260 and Bacillus
subtilis DSM 402 served as negative controls for the sjpegfobe. The SPT177 probe is
complementary to positions 177-196 of thetriangulumendosymbiont 16S rRNA gene sequertse (
ambofaciensnomenclature; Pernodet al, 1989). Secretions of the white substance froeniod
females were harvested from brood cells and spos#al six-field microscope slides. Fixation and

hybridization were carried out as described presip(Grimmet al., 1998), with minor modifications:
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the hybridization buffer contained only 50 ng laukprobe, and samples were incubated for 90 min.
at 45°C for hybridization. For hybridization withthe antennae, fresh female antennae were cut into
sections with a razor blade and glued onto micrnoscslides. Fixation and pre-treatment of the
samples was performed following a previously désadiprotocol (Sauest al., 2002). Hybridization
was carried out as for the bacterial samples, It 3vh incubation with the labeled probe.

4.3.5 Phylogenetic analysis

BioEdit 7.0.4.1 software was used to assemble égd aequences and to calculate DNA distances
with the bDNADIST 3.5¢ algorithm by Joseph Felsenstein. The aligtmers checked by eye, and
arbitrary alignment regions were excluded fromHartanalysis. The aligned sequences were imported
into PAUP 4.0. Phylogenetic trees were constructed baselBaa bp of 16S rRNA gene sequences in
a full heuristic search with tree bisection andoreection (TBR) branch swapping and 10 random
addition sequence replicates, saving no more tintrees with a score 100 per replicate. Gaps
were treated as a fifth character state, Arttirobacter globiformisDSM 20124 was defined as the

outgroup. Using the same settings, bootstrap valees obtained from a search with 1000 replicates.

4.4 Results

4.4.1 Localization of endosymbionts

Scanning electron micrographs of the antennal serédPhilanthus triangulumP. loefflingi andP.
fuscipennigemales revealed that the bacteria are preseaheaipenings of the antennal glands from
which they are secreted into the brood cell (Kgdtgh et al., 2005) [Fig. 4.1]. The appearance of
symbiotic bacteria on the outer surface of therarde is probably due to accidental compressions of
the antennae prior to or during preservation; umdural conditions they are unlikely to be foumd o

the antennal surface, except during the secretioreps in the brood cell.

Fig. 4.1. SEM image of an antenna of a female Eemapbeewolf B. triangulun) with symbiotic
Streptomycebacteria being secreted from the antennal glé®cke bar = 100 um.
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Fig. 4.2. SEM image of the interior of an antensegment of a female. loefflingi (A) Longitudinal section
of a flagellomer. The reservoir of the antennalndlas indicated by arrows. (B) Symbiot&treptomyces
bacteria forming a dense cluster within the anteglaand. Scale bars = 200 um (A) and 10 pm (B).

e

Fig. 4.3 TEM image of a cross-section through tmemnal gland of a femal®. triangulum Some
endosymbioticStreptomyceare indicated by arrows. Scale bar =1 um.

When a flagellomer was cut open, filamentous bacteere clearly visible in large numbers within

the gland reservoir [Fig. 4.2A], where they formedense cluster of cells [Fig. 4.2B]. Transmission

electron micrographs confirmed the presence of gyrdbiotic bacteria within the antennal gland

reservoir and suggest that the endosymbionts totesthe main component of the antennal gland

content in female beewolves [Fig. 4.3]. The baatshowed a filamentous morphology with long and

sometimes branched cells and were embedded inr&roantaining numerous vesicles in the gland
reservoir. Bacterial cells were 0.38 — 0.62 um wade highly variable in length (5 — 20 pum). The
bacteria were clearly stained by the specific #sgent probe SPT 177 both within female beewolf

antennae and in the antennal gland secretionitftad been applied to the brood cell [Fig. 4.4].
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Fig. 4.4. FISH of antenn@treptomycegndosymbionts. Phase-contrast micrograph of syimhbiacteria in
the antennal gland secretion of a female beewdlfaf#l of a negative control strain $freptomyces rimosus
DSM 40260 (B). (C, D) Epifluorescence micrographs of the eaareas after staining with the specific Cy3-
labeled probe SPT177. Scale bar = 10 pum.

Reference strains @.aureofaciens, S. venezuelae, S. rima@udB. subtiliswere not stained by the
probe. The general eubacterial probe EUB 338 gaesdtiye results in all cases. The bacteria were
clearly stained by the specific fluorescent proBd 377 both within female beewolf antennae and in
the antennal gland secretion after it had beeniebpd the brood cell [Fig. 4.4]. Reference stradhs
S.aureofaciens, S. venezuelae, S. rima@u$B. subtiliswere not stained by the probe. The general

eubacterial probe EUB 338 gave positive resultdlinases.

4.4.2 Distribution of symbionts among philanthiresps

All 28 Philanthusspecies including the two subspeciesPoftriangulumyielded amplicons of the
expected length in at least three of the four PE&ctions with the specific 16S rRNA primers
Strep_phil_fwd1-4 in combination with the generelidomycete primer Act-A19 (Staddt al., 2003)
[Table 4.1]. One specie®hilanthus psychegenerally yielded only weak amplicons and failed t
amplify altogether in one of the four specific PCRbilanthus crabroniformisndPhilanthus lepidus

also yielded no amplicons in one of the PCR reastibut gave strong amplicons in all other PCRs.
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Species Specimens Geographical Symbionts _Strep_phil amplicons 16s rRNA
(n) origin fwdl fwd2 fwd3 fwd4 gene GenBank
accession no.
Philanthus species
Philanthus barbiger 5 UT (USA) Y ++ ++ ++ ++ DQ375779
Philanthus basilaris 4 UT (USA) Y ++ ++ ++ ++ DQ375780
Philanthus bicinctus 3 WY (USA) Y ++ ++ ++ ++ DQ375781
Philanthus capensis 1 WCP (SA) Y ++ ++ ++ ++ DQ375782
Philanthus coarctatus 1 Oman Y ++ ++ ++ ++ DQ375783
Philanthus coronatus 1 Germany Y + ++ ++ ++ DQ375784
Philanthus crabroniformis 1 WY (USA) Y - ++ ++ ++ DQ375785
Philanthus crotoniphilus 2 UT (USA) Y ++ ++ ++ ++ DQ375786
Philanthus fuscipennis 4 ECP, WCP (SA) Y ++ ++ ++ ++ DQ375787
Philanthus gibbosus 4 UT (USA) Y + ++ ++ ++ DQ375788
Philanthus gloriosus 5 UT (USA) Y ++ ++ ++ ++ DQ375789
Philanthus histrio 1 WCP (SA) Y ++ ++ ++ ++ DQ375790
Philanthus inversus 2 UT (USA) Y + ++ ++ ++ DQ375791
Philanthus lepidus 3 MA (USA) Y ++ ++ ++ DQ375792
Philanthus loefflingi 4 ECP, WCP (SA) Y ++ ++ ++ ++ DQ375793
Philanthus multimaculatus 7 UT (USA) Y ++ ++ ++ ++ DQ375794
Philanthus pacificus 4 UT (USA) Y ++ ++ ++ ++ DQ375795
Philanthus parkeri 6 UT (USA) Y ++ ++ ++ ++ DQ375796
Philanthus politus 1 MA (USA) Y + ++ ++ + DQ375797
Philanthus psyche 1 UT (USA) Y + + + - DQ375798
Philanthus pulcher 4 WY (USA) Y ++ ++ ++ ++ DQ375799
Philanthus rugosus 1 ECP (SA) Y + ++ ++ ++ DQ375800
Philanthus tarsatus 1 NE (USA) Y + ++ ++ ++ DQ375801
Philanthus triangulum triangulum 38 Germany, Greece, Ukraine Y ++ ++ ++ ++ DQ375802
Philanthus triangulum diadema 7 KZN, ECP, WCP (SA) Y ++ ++ ++ ++ DQ375803
Philanthus ventilabris 1 UT (USA) Y ++ ++ ++ ++ DQ375804
Philanthus venustus 3 Greece Y ++ ++ ++ ++ DQ375805
Philanthus zebratus 3 WY, CA (USA) Y ++ ++ ++ ++ DQ375806
Other wasp species
Aphilanthops frigidus 1 MA (USA) N
Cerceris arenaria 1 Germany N
Cerceris rybyensis 3 Germany N
Clypeadon haigi 1 UT (USA) N
Clypeadon laticinctus 5 UT (USA) N
Control bacterial species
Streptomyces aureofaciens NA NA NA - NA
Streptomyces rimosus NA NA NA + NA
Streptomyces venezuelae NA NA NA - NA

Table 4.1. Occurrence of endosymbiotitreptomycesbacteria in antennae of philanthine wasps
(Hymenoptera, Crabronidae, Philanthinae) and amogtibn with the specific primers Strep_phil_fwdlist
combination with the general actinomycete primet-At9. To assess the specificity of the primers, EINA

of three cultivatedStreptomycespecies was included in the PCRs. ++, Strong diogiion; +, weak
amplification; -, no amplification;y, symbionts presenty, symbionts not presentyA, not applicable;
SA=South Africa, KZN=KwaZulu Natal, WCP=Western @afProvince, ECP=Eastern Cape Province.
Standard two-letter abbreviations are used for tdt&s.

Specimens of the other wasp genera of the subfaRfijantinae Aphilanthops, Clypeadoand
Cercerig yielded no amplicons in any of the specific PC&aations. In PCRs with general
actinomycete primers (Act-S20 and Act-A19), antérDBIA from Aphilanthops, Clypeadorand
Cercerisyielded no, or very weak, amplicons. The sequenbgsined from the weak amplicons were
not closely related to thehilanthusendosymbionts and were probably due to contansimaif the
antennae from surrounding soil during the lifehs tigger wasps within subterranean nests (data not
shown). Thus, the symbiosis with bacteria of theug&treptomyceseems to be widespread among

wasps of the genuhilanthus but appears to be absent in other genera olthfarmmily.
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Arthrobacter globiformis DSM 201247 (X80736)

65 S. thermonitrificans DSM 40579 (268098)
—“Eﬂwermoviolaceus subsp. g 'n'glens DSM 413927 (268095)
S. thermodiastaticus DSM 405737 (268101)
57 S. coelicolor DSM 402337 (276678)
—E'_— S. violarus NRRL-ISP 52057 (AJ399477)
S. violaceus NRRL-ISP 5209 (AJ399480)
S. intermedius DSM 403727 (Z76686)
_I le_— S. nodosus ATCC 148997 (AF114036)
74 S. eurythermus ATCC 14975T (D63870)
Ii‘—-_s. ambofaciens ATCC 238777 (M27245)
S. aureofaciens IMET 435777 (AY289116)
— _S. echinatus NRRL-ISP 50137 (AJ399465
73 S. griseochromogenes DSM 404997 (AJ310923)
S. avermitilis NCIMB 128047 (AF145223)
S. lincolnensis NRRL 29367 (X79854
S. scabiei ATCC 49173" (D63862)
S. acidiscabies ATCC 490037 (D63865)
S. lavendulae IFO 12789 (D85116)
S. virginiae IFO 37297 (D85119)
54 S. venezuelae JCM 45267 (AB045890)
S. bikiniensis DSM 405817 (X79851)
100 S. griseus ATCC 10137 (Y15501)
S. setonii ATCC 254977 (D63872)
S. albulus NRRL-ISP 54927 (AB024440)
S. mashuensis DSM 402217 (X79323)
S. lydicus ATCC 254707 (Y15507)
S. rimosus JCM 46677 (AB045883)
S. armeniacus JCM 30707 (AB018093)
S. albus DSM 403137 (AJ621602)
S. kasugaensis M338-M17 (AB024441)
53 S. griseocarneus DSM 400047 (X99943)
S. sapporonensis LMG 203247 (AJ781378)
'Candidatus Streptomyces philanthi loefflingi' (DQ375793)
- 'Candidatus Streptomyces philanthi fuscipennis' (DQ375787)
'Candidatus Streptomyces philanthi histrio' (DQ375790)
‘Candidatus Streptomyces philanthi capensis' (DQ375782)
ﬂt 'Candidatus Streptomyces philanthi triangulum' (DQ375802)
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'Candidatus Streptomyces philanthi triangulum diadema' (DQ375803)
'Candidatus Streptomyces philanthi parkeri' (DQ375796)
'Candidatus Streptomyces philanthi psyche' (DQ375798)
53 'Candidatus Streptomyces philanthi ventilabris' (DQ375804)
'Candidatus Streptomyces philanthi zebratus' (DQ375806)
'Candidatus Streptomyces philanthi pulcher' (DQ375799)
'Candidatus Streptomyces philanthi basilaris' (DQ375780)
— 'Candidatus Streptomyces philanthi multimaculatus' (DQ375794)
- 'Candidatus Streptomyces philanthi lepidus' (DQ375792)
‘Candidatus Streptomyces philanthi coarctatus' (DQ375783)
'Candidatus Streptomyces philanthi venustus' (DQ375805)
'Candidatus Streptomyces philanthi pacificus' (DQ375795)
'Candidatus Streptomyces philanthi gibbosus' (DQ375788)
'Candidatus Streptomyces philanthi politus' (bQ375797)
'Candidatus Streptomyces philanthi rugosus' (DQ375800)
‘Candidatus Streptomyces philanthi tarsatus' (DQ375801)
'Candidatus Streptomyces philanthi gloriosus‘ (DQ375789)
84| 'Candidatus Streptomyces philanthi bicinctus' (DQ375781)
'‘Candidatus Streptomyces philanthi crabroniformis' (DQ375785)
'Candidatus Streptomyces philanthi coronatus' (DQ375784)
— 5changes 'Candidatus Streptomyces philanthi crotiniphilus' (DQ375786)
'Candidatus Streptomyces philanthi inversus' (DQ375791)
621 *Candidatus Streptomyces philanthi barbiger' (DQ375779)

Fig. 4.5. Phylogenetic position &hilanthusendosymbionts within the genB¢reptomycebased on 1324 bp

of 16S rRNA gene sequence (104 parsimony-informeativaracters). First of 600 equally parsimonioassr
from a full heuristic search with random additioeqaence (10 replicates) and TBR branch swapping.
Arthrobacter globiformiswas defined as the outgroup. Bootstrap valuesodes are percentages of 1000
replicates. GenEnk accession numbers are aiven in parentl Scale bar = 5 chana

The Streptomycesontrol strains yielded no amplicons in most & BCRs, demonstrating specificity
of the primers for th&hilanthusendosymbionts. However, Strep_phil_fwd2/Act-A18 dmplify the
16S rRNA gene o8. rimosusDSM 40260, a close relative of thBhilanthussymbionts [Fig. 4.5]
which shares around 98.0 to 98.5% of its 16s rRMN#fegsequence. Control PCRs with general
actinomycete 16S rRNA primers (Act-S20/Act-A19) ukksd in strong amplicons for all of the
Streptomycestrains, showing that the lack of amplificationthre specific PCRs was not due to

general problems with the template DNA.
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4.4.3 Phylogenetic position of ‘Candidatus Streptoes philanthi’

The partial 16S rRNA gene sequences from the emduoigyts of 27Philanthusspecies and one
subspecies grouped together in a monophyletic akdtten the genusStreptomyce$Fig. 4.5]. The
phylogenetic analysis indicates that the symbidieieng to theStreptomyces armeniacgsoup, the
closest relatives bein&treptomyces kasugaensasid Streptomyces sapporonensigith a mean
sequence divergence of about 1.1% and 1.2%, régggcilThe similarity among the endosymbionts
of the 28 differenPhilanthustaxa was relatively high, ranging from 98.9% t®.1006 16S rRNA gene

sequence similarity.

Almost complete 16S rRNA gene sequences for thee@®ypes of Candidatus Streptomyces
philanthi’ have been deposited in the GenBank dm@bwith accession numbers DQ375779-
DQ375806. The accession numbers for specific eestgpe shown in Fig. 4.5 and Table 4.1.

4.5 Discussion

Endosymbiotic bacteria of insects are usually liaeal in the gut or reside within specialized host
cells, so-called mycetocytes or bacteriocytes, Wwiiften form dedicated organ-like structures or are
associated with the mid-gut epithelium (Buchner2it9Baumann and Moran, 1997; Moran and
Telang, 1998; Ishikawa, 2003). THhilanthus-Streptomycesssociation represents the first case of
endosymbiotic bacteria being localized in insed¢eanae. Correspondingly, the specialized antennal
glands harbouring the symbionts have so far ongnldeund in species of the genkilanthusand
appear to be absent even in closely related gafgrhilanthine wasps (Strohm, unpubl. data). As is
the case with many other endosymbiotic bacteriengits to cultivate thEhilanthussymbionts using
standard cultivation techniques and media weresnotessful (see online supplementary data, chapter
4.7).

The endosymbionts are present in the antennal gks®tvoir ofPhilanthusfemales in large numbers
and they can be detected by SEM, TEM, FISH (wipecific oligonucleotide probe) and by PCRs
with specific primers. Genetic analyses of the tBNEA gene sequences of endosymbionts from the
antennae of different beewolf species revealed thlhtspecies investigated so far harbour
Streptomycedacteria, and that thehilanthus endosymbionts appear to represent a monophyletic
clade within the genuStreptomycesThe antennal endosymbiorglsare on average 98.8-98.9% 16S
rRNA gene sequence with their closest relati¥&skasugaensiand S. sapporonensidespite this
high sequence similarity, we propose the narm@andidatus Streptomyces philanthi’ for the
endosymbionts oPhilanthusspecies because they are clearly separated frioen species by their

unique ecological niche. Several studies have stbamnl6S rRNA gene sequence similarity alone is
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often inappropriate for the distinction of two sigs¢ and the general rule of 3% 16S rRNA gene
sequence divergence between species tends toygueakbrestimate the number of species (Cohan,
2002; Konstantinidis and Tiedje, 2005), as has besmently demonstrated for a number of
Streptomycegroups (Sembiringt al., 2000; Manfieet al., 2003; Liuet al., 2005). Therefore, it is
desirable to include ecological characteristicsthe description of new species (Cohan, 2002;
Konstantinidis and Tiedje, 2005). Amomilanthusendosymbionts, the 16S rRNA gene sequence
similarity is relatively high (98.9% to 100.0%). Vijeopose that the endosymbionts represent a single

species with different ecotypes that are sepatatdtieir ecological niches (i.e. their host spéecies

The high degree of similarity amorighilanthus endosymbionts suggests that they are transmitted
vertically from mother to offspring, as has beemsalied for many other endosymbiotic bacteria
(Aksoy et al., 1997; Clarlet al., 2000; Moran and Baumann, 2000; Saeal., 2000; Clarlet al.,
2001; Ishikawa, 2003). Alternatively, the bacteriay be taken up from the environment with certain
mechanisms preventing the uptake of non-symbiotictdyia, a transmission route that has been
demonstrated for the symbionts of the sqHigpbrymna scolopegMcFall-Ngai and Ruby, 1991,
Nyholm et al., 2000; Nishiguchi, 2002; Nyholm and McFatdl 2004). The following evidence
points to vertical transmission of the bacterianfrmother to offspring ifPhilanthus (i) the bacteria
are secreted into the brood cell and later takebyughe larva and (ii) a female larva that wasedan

the absence of the white substance in its broddapgarently lacked the symbiotic bacteria as an
adult (Kaltenpothet al., 2005). However, further studies on the pyghetic relationships of
beewolves and their endosymbionts are needed tbrroomertical transmission and to determine
whether horizontal transfer of symbionts betw@&ilanthusspecies (e.g. via chrysidid parasitoids,

interspecific nest usurpation or nest reuse) mag Ipgayed a role in the evolution of the symbiosis.

Moran et al. (1993) estimated an evolutionary age60-280 million years for the symbiosis between
aphids and their endosymbioBtichnera aphidicolaand Bandi et al. (1995) dated the origin of the
association of cockroaches and termites with biactefr the Flavobacterium-Bacteroidegroup to
about 135 to 250 million years ago. Under the agsiam of strictly vertical transmission of the
symbionts, the low 16S rRNA gene sequence divemy@miong the endosymbionts Bhilanthus
wasps suggests that the symbiosis is of relatirgggnt origin. Assuming a mean rate of 0.008 t@ 0.0
substitutions per site per 50 million years (Ochraad Wilson, 1987; Moraet al., 1993; Bandét al.,
1994), the maximum sequence divergence of 1.07%adtek that the origin of the symbiosis between
beewolves and streptomycetes dates back about 26H6@n years. Taking into account that all
Philanthusspecies investigated so far harbour the symbimticteria, the association with bacteria

probably evolved at around the time of origin af fenughilanthus
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The evolution of specialized antennal glandsPimlanthus females may have represented a key
invention and evolutionary preadaptation for a sysis with Streptomycedacteria. Strohm and
Linsenmair (1995) demonstrated that the antennahdjlsecretion serves a second function by
providing directional information to the beewolfVa that is necessary later for successful emersgenc
Thus, we hypothesize that the antennal glandsnaligi evolved in the context of directing cocoon-
spinning and emergence and that they might have beeondarily invaded bgtreptomycebacteria
from the surrounding soil. In the beginning, thectbda may have been commensals, or even
parasites, in the antennal glands. In a sequenavalfitionary steps, including the uptake of the
bacteria by the larva and their application to #mcoon, the antimicrobial activity of the
streptomycetes might have been subsequently exglbif the beewolf hosts to protect their offspring
against pathogen infection. Further studies arelethdo investigate how related genera of ground-

nesting digger wasps cope with the threat of pahimgsoil microorganisms infecting their progeny.
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4.6 Description of ‘Candidatus Streptomyces philariti’

‘CandidatusStreptomyces philanthi’ [phi.lan’thi. N.L. ®hilanthus(Hymenoptera, Crabronidadhe
generic name of the host organism; N.L. gerphilanthi of Philanthus referring to the association
with digger wasps of the genBilanthug.

The reference strain i€andidatusStreptomyces philanthi triangulum’.

Uncultured, Gram-positive, non-motile, possibly mpating, flamentous bacteria with sometimes
branched cells that can be assigned to the g8treptomyce®n the basis of their 16S rRNA gene
sequence. A detailed description of the methodd ursan attempt to cultivate the endosymbionts can
be found as supplementary material in IJSEM Onl@ells are 0.38 — 0.62 um wide and of highly

variable length (5 — 20 um). The bacteria live msitsonts within specialized antennal glands of
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female digger wasps of the gerRisilanthus They are secreted into the brood cells, takebyfhe
larva and applied to the cocoon, where they apfmeg@rotect the beewolf offspring against fungal
infection (Kaltenpothet al. 2005). Bacteria of differefhilanthusspecies differ in their 16S rRNA
gene sequence, but sequence divergence is reyatve(0-1.1%). We propose that endosymbionts of
differentPhilanthusspecies should be treated as ecotype€anhdidatusStreptomyces philanthi’ and
named according to the host species. The 16S rRi gequences of all ecotypes found so far can
be amplified selectively by the specific forward inper Strep phil fwd3 (5'-
CATGGTTRGTGGTGGAAAGC-3") in combination with the geral actinomycete reverse primer
Act-A19 (Stachet al., 2003). The ecotyp&andidatusStreptomyces philanthi triangulum’ can be
stained with the fluorescent probe SPT 177: 5 -CECAACCATGCGATCGGTA-3" (Kaltenpoth

et al., 2005).

[(Streptomyces) NC; G+; F; NAS (GenBank accessionbaur®Q375802), oligonucleotide sequence
of unique region of the 16S rRNA gene is 5-TACCG2GCATGGTTGGTG-3’; S Philanthus
antennal glands); M]. Kaltenpoth et al., this study

4.7 Online supplementary data

Attempts to cultivate ‘Candidatus Streptomycesapitiili’

In a first attempt to cultivate thé&hilanthus antennal symbionts, secretions frofhilanthus
triangulum female antennal glands were harvested from thedooells and suspended in 100 ul of
sterile water. 10-100 pl of the suspensions wemeasp onto a range of different solid media.
Additionally, whole antennae of freshly killed felma. triangulumwere plated out on the same

media.

The following media were tested: LB agar (DSM MedilB81), Streptomyces Medium (DSM
Medium 65), Streptomyces Medium supplemented wittpsomycin (100 pg/ml) and kanamycin (50
png/ml), Streptomyces Medium supplemented with hanaged bees from beewolf brood cells (12
bees per 500 ml medium), Streptomyces Medium supatéed with homogenizeB. triangulum
females (eight females per 20 ml medium), PowdeZadin Agar (Hsu and Lockwood, 1975),
Powdered Chitin Agar supplemented with cyclohexen{d00 pg/ml), and beewolf cocoon agar (a
medium containing 30 emp#. triangulumcocoons per 250 ml agar medium). Plates were atedb

at 25°C and 30°C under aerobic conditions for gigight weeks.

Bacteria from culture plates were spread onto igixifmicroscope slides for fluorescence in-situ
hybridization (FISH). The specific probe SPT 177ali€npothet al., 2005) was used to screen for
‘CandidatusStreptomyces philanthi’, and the general eubadtprobe EUB 338 (Amanet al., 1990)
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served as a positive control. Although bacteridbui@s grew on all media tested and several of the
colonies showed actinomycete morphology, none efdblonies was stained by the specific probe
SPT 177. Amplification and sequencing of partiak Y¥®NA sequences from some of the colonies
with general eubacterial primers fD1 and rP2 (Waighet al., 1991) revealed the presence of

Acinetobacteisp. andStreptomycesp.

In a second cultivation attempt, female beewoleante were surface sterilized before cultivation.
Therefore, four antennae were removed from livdtadlasps and rinsed for 5 minutes in 1 ml of a
sterile solution of 0.5% Triton X-100 to remove fage debris. The antennae were then surface
sterilized by immersion in 1 ml of a freshly madslisim hypochlorite solution with 0.6 % available
chlorine for 2 minutes. The antennae were theredris/e times in 1 ml sterile water and transferred
aseptically to a Dounce ground glass subcellulardgenizer (Kontes Scientific Glassware, Vineland,
NJ) along with 1 ml sterile Mitsuhashi-MaramorogéfhM) basal medium (ICN Biomedicals). The
antennae were then homogenized for 2 min to relbasteria and the homogenate was used as

inoculum in a range of culture attempts.

Culture attempts were made using a range of sofidianformulations under aerobic, anaerobic and
microaerobic conditions. The media formulationstedsincluded Streptomyces Medium (Sigma),
supplemented with 0.2% (w/v) casamino acids (Dif€wtato Dextrose agar (Difco), MM agar (Dale
et al., 2005), and Medium 199 (Gibco), solidifieg dddition of molten low-melt agarose (1% w/v

final concentration) at 5%C.

Cultures were initiated on solid phase media bgastng 20ul of the antennal homogenate onto
plates. Plates were incubated at°®5under an air atmosphere (to provide aerobic tiomd) or in
sealed gas jars flushed with at least 20 volumesitber nitrogen (for anaerobic conditions) or a
mixture of 5 % oxygen, 10 % carbon dioxide and 85itogen (for microaerophilic conditions).
Plates were maintained for 7 days and then remaretl inspected under a stereo microscope.
Bacterial colonies were removed and inoculatedctlirento PCR tubes. PCR was performed using
universal bacterial 16S rDNA primers (Hugenhadtzal., 1998). The 16S rDNA amplicons were
cloned into TOPO vectors, and sequenced using vepgeific primers. The resulting sequences were
then submitted to BLAST at the NCBI database. Unfwately, noPhilanthusendosymbiont 16S
rDNA sequences were detected; the 16S rDNA seqseoloined were all closely related to the

genusSerratia
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Media Formulations

LB Agar

Trypone 10.0g
Yeast extract 50¢g
NacCl 100g

Agar 15.0¢g

Distilled water 1000.0 ml

pH adjusted to 7.0 with KOH before addition of agad autoclaving.

Powdered Chitin Agar

Colloidal Chitin 4049
MgSGQ, » 5 HO 05¢g
FeSQ-+7 HO 001g
ZnSQ, 0.001 g
MnCl, 0.001 g
Agar 20.0g
Distilled water 1000.0 ml
Streptomyces medium

Glucose 40 ¢
Yeast extract 40 g
Malt extract 100 g
CaCQ 20 g
Agar 120 ¢
Distilled water 1000.0 ml

pH adjusted to 7.2 with KOH before addition of agad autoclaving.

MM agar

Sodium Chloride 709
Lactalbumin hydrolysate 6.5 ¢
Yeast extract 50¢g
Glucose 40 g
CaC}, 0.15¢
MgCl, 0.05¢
KCI 0.2g
NaHPQ 0.17¢g

Make up in 800 ml of water, add 0.12 g sodium lbhoaate, adjust pH to 6.9 and filter
sterilize. Equilibrate the sterile media in a®&bwater bath and then add 200 ml of autoclaved (and
still molten) 5 % agarose. Pour plates and prehbagaie in a gas jar, if necessary.

71



CHAPTER4

4.8 References

Aksoy, S., Chen, X., Hypsa, V. (1997). Phylogeng antential transmission routes of midgut-assodiate
endosymbionts of tsetse (Diptera: Glossinidaeject Molecular Biolog$ (2): 183-190.

Amann, R.l., Binder, B.J., Olson, R.J., ChisholmW/S Devereux, R., Stahl, D.A. (1990). Combinatari6S
ribosomal RNA targeted oligonucleotide probes liblv-cytometry for analyzing mixed microbial
populationsApplied and Environmental Microbiolo@6 (6): 1919-1925.

Bandi, C., Damiani, G., Magrassi, L., Grigolo, Rani, R., Sacchi, L. (1994). Flavobacteria as aeHalar
symbionts in cockroacheBroceedings of the Royal Society of London Seri2s/(1348): 43-48.

Bandi, C., Sironi, M., Damiani, G., Magrassi, Laldpa, C.A., Laudani, U., Sacchi, L. (1995). The
establishment of intracellular symbiosis in an atmeof cockroaches and termit€soceedings:
Biological Science259: 293-299.

Baumann, P., Moran, N.A. (1997). Non-cultivable roarganisms from symbiotic associations of insecis$
other hostsAntonie van Leeuwenho@&R: 39-48.

Baumann, P., Moran, N.A., Baumann, L. (1997). Tégion and genetics of aphid endosymbionts.
Biosciencet7 (1): 12-20.

Bohart, R.M., Grissell, E.E. (1975). California ywaof the subfamiliy Philanthinae (Hymenoptera: Sjttae).
Bulletin of the California Insect Survéd®: 1-57.

Bourtzis, K., Miller, T.A. (2003). Insect SymbiostRC Press, Boca Raton.

Buchner, P. (1965). Endosymbiosis of animals wilimpmicroorganisms. Interscience Publishers, NenkY

Cafaro, M.J., Currie, C.R. (2005). Phylogeneticlgsia of mutualistic filamentous bacteria assoaakéth
fungus-growing antCanadian Journal of Microbiolog§l (6): 441-446.

Chen, X.0., Li, C.B., Zhao, S.Y., Aksoy, S. (199Rhylogeny of the symbionts of tsetse and the dioolary
relationships with their hostBrog. Nat. Sci9 (12): 922-928.

Clark, J.W., Hossain, S., Burnside, C.A., Kambhatinga (2001). Coevolution between a cockroachitnd
bacterial endosymbiont: a biogeographical perspeddroceedings of the Royal Society of London
Series B268 (1465): 393-398.

Clark, M.A., Moran, N.A., Baumann, P., Wernegre&d, (2000). Cospeciation between bacterial
endosymbiontsBuchnerg and a recent radiation of aphidér¢leucor) and pitfalls of testing for
phylogenetic congruencEvolution54 (2): 517-525.

Cohan, F.M. (2002). What are bacterial spechstual Review of Microbiology6: 457-487.

Currie, C.R., Scott, J.A., Summerbell, R.C., Malipb. (1999). Fungus-growing ants use antibioticgicing
bacteria to control garden parasitdature398 (6729): 701-704.

Currie, C.R., Bot, A.N.M., Boomsma, J.J. (2003)pEsimental evidence of a tripartite mutualism: baet
protect ant fungus gardens from specialized paa€ikos101 (1): 91-102.

Dale, C., Jones, T.M., Pontes, M. (2005). Degeiveratvolution and functional diversification of gl|
secretion systems in the insect endosymbsmtalis glossinidiusMolecular Biology and Evolutiog2
(3): 758-766.

Douglas, A.E. (1998). Nutritional interactions irséct-microbial symbioses: Aphids and their synibiot
bacteriaBBuchnera Annual Review of Entomology: 17-37.

Ferguson, G.R. (1983a). Two new species in theglehilanthusand a key to thpolitusgroup (Hymenoptera,
Philanthidae)Pan-Pacific Entomologist9: 55-63.

Ferguson, G.R. (1983b). Revision of fkilanthus zebratugroup (Hymenoptera, Philanthidagpurnal of the
New York Entomological Sociedy (4): 289-303.

Grimm, D., Merkert, H., Ludwig, W., Schleifer, K.Hdacker, J., Brand, B.C. (1998). Specific detettid
Legionella pneumophila&Construction of a new 16S rRNA-targeted oligorotide probeApplied and
Environmental Microbiology4: 2686-2690.

Hsu, S.C., Lockwood, J.L. (1975). Powdered chitjaraas a selective medium for enumeration of antyuetes
in water and soilApplied Microbiology?29 (3): 422-426.

Hugenholtz, P., Pitulle, C., Hershberger, K.L., &ad¢.R. (1998). Novel division level bacterial disity in a
Yellowstone hot springlournal of Bacteriology.80 (2): 366-376.

Ishikawa, H. (2003). Insect symbiosis: an introdarctin Bourtzis, K., Miller, T.A., edsinsect symbiosisCRC
Press, Boca Raton, Florida.

Kaltenpoth, M., Goettler, W., Herzner, G., Strolin(2005). Symbiotic bacteria protect wasp larvaenf
fungal infestationCurrent Biologyl5: 475-479.

Konstantinidis, K.T., Tiedje, J.M. (2005). Genormeights that advance the species definition fokaryotes.
PNAS102 (7): 2567-2572.

72



CHAPTER4

Liu, Z.H., Shi, Y.L., Zhang, Y.M., Zhou, Z.H., LU%.T., Li, W., Huang, Y., Rodriguez, C., Goodfellph.
(2005). Classification dbtreptomyces grise{Krainsky 1914) Waksman and Henrici 1948 and eelat
species and the transfer'Microstreptospora cineredb the genuStreptomyceasStreptomyces yanii
sp. nov.nternational Journal of Systematic and Evolutiondticrobiology55: 1605-1610.

Lo, N., Bandi, C., Watanabe, H., Nalepa, C.A., Batij T. (2003). Evidence for cocladogenesis betwee
diverse dictyopteran lineages and their intracatlehdosymbiontdviolecular Biology and Evolution
20 (6): 907-913.

Maidak, B.L., Cole, J.R., Lilburn, T.G., Parker,JG.Saxman, P.R., Farris, R.J., Garrity, G.M., ©]€@.J.,
Schmidt, T.M., Tiedje, J.M. (2001). The RDP-II (Rgomal Database Projedjucleic Acids Research
29 (1): 173-174.

Manfio, G.P., Atalan, E., Zakrzewska-CzerwinskaMbrdarski, M., Rodriguez, C., Collins, M.D., Gdetiow,
M. (2003). Classification of novel soil streptomiegasStreptomyces auresp. nov. Streptomyces
laceyisp. nov. andtreptomyces sangliesp. novAntonie van Leeuwenho8B (3): 245-255.

McFall-Ngai, M.J., Ruby, E.G. (1991). Symbiont rgodion and subsequent morphogenesis as earlysirent
an animal-bacterial mutualisiBcience254 (5037): 1491-1493.

Moran, N.A., Munson, M.A., Baumann, P., Ishikawa,(0993). A molecular clock in endosymbiotic baizes
calibrated using the insect hodsoceedings: Biological Scienc2§3: 167-171.

Moran, N.A., Baumann, P. (1994). Phylogeneticsytdplasmically inherited microorganisms of arthrdpo
Trends in Ecology and Evolutich(1): 15-20.

Moran, N.A., Telang, A. (1998). Bacteriocyte-asat@il symbionts of insects - A variety of insectugr® harbor
ancient prokaryotic endosymbionBioscience48 (4): 295-304.

Moran, N.A., Baumann, P. (2000). Bacterial endospmis in animalsCurrent Opinion in Microbiologs:
270-275.

Nishiguchi, M.K. (2002). Host-symbiont recognitionthe environmentally transmitted sepiolid sq\fithio
mutualism.Microbial Ecology44 (1): 10-18.

Nyholm, S.V., Stabb, E.V., Ruby, E.G., McFall-Ngsli,J. (2000). Establishment of an animal-bacterial
association: Recruiting symbiotic vibrios from #m@vironmentPNAS97 (18): 10231-10235.

Nyholm, S.V., McFall-Ngai, M.J. (2004). The winnawi. establishing the squidibrio symbiosisNature
Reviews Microbiology (8): 632-642.

Ochman, H., Wilson, A.C. (1987). Evolution in baaeEvidence for a universal substitution rateétiular
genomesJournal of Molecular Evolutio26: 74-86.

Pernodet, J.L., Boccard, F., Alegre, M.T., GagdatGuerineau, M. (1989). Organization and nualieoti
sequence analysis of a ribosomal RNA gene cluster $treptomyces ambofacie@ene79 (1): 33-
46.

Priest, F.G., Dewar, S.J. (2000). Bacteria andciss®ages 165-202 Priest, F.G., Goodfellow, M., eds.
Applied microbial systematicKluwer Academic Publications, Dordrecht.

Rintala, H., Nevalainen, A., Ronka, E., Suutari,(2D01). PCR primers targeting the 16S rRNA gemdtie
specific detection of streptomycetdolecular & Cellular Probes

Sambrook, J., Fritsch, E.F., Maniatis, T. (1989lé&¢ular cloning: a laboratory manual, 2nd ed. CRjding
Harbor Laboratory Press, New York.

Sauer, C., Stackebrandt, E., Gadau, J., HolldoBleiGross, R. (2000). Systematic relationships and
cospeciation of bacterial endosymbionts and theipenter ant host species: proposal of the newntaxo
CandidatusBlochmannia gen. nownternational Journal of Systematic and Evolutionaicrobiology
50: 1877-1886.

Sauer, C., Dudaczek, D., Hoélldobler, B., Grosg(2R02). Tissue localization of the endosymbiotictbaum
‘CandidatusBlochmannia floridanus' in adults and larvae ef tarpenter ar@amponotus floridanus
Applied and Environmental Microbiolo@8 (9): 4187-4193.

Sembiring, L., Ward, A.C., Goodfellow, M. (2000kI8&ctive isolation and characterisation of memioéibe
Streptomyces violaceusnigeade associated with the rootsR&raserianthes falcatariaAntonie van

Leeuwenhoek8: 353-366.

Stach, J.E.M., Maldonado, L.A., Ward, A.C., Gooldfei M., Bull, A.T. (2003). New primers for the sla
Actinobacteria: application to marine and terrestnvironmentsEnvironmental Microbiology (10):
828-841.

Strohm, E. (1995). Allokation elterlicher Investitien beim Europaischen BienenwBHilanthus triangulum
Fabricius (Hymenoptera: Sphecidadjissenschaftliche Schriftenreihe Biologie

Strohm, E., Linsenmair, K.E. (1995). Leaving thadie: How beewolve$hilanthus triangulunt.) obtain the
necessary spatial information for emergeZ@mmlogy Jen®8 (3): 137-146.

Strohm, E., Linsenmair, K.E. (2001). Females ofEueopean beewolf preserve their honeybee preysgai
competing fungiEcological Entomolog6 (2): 198-203.

73



CHAPTER4

Weisburg, W.G., Barns, S.M., Pelletier, D.A., Labe]. (1991). 16s ribosomal DNA amplification for
phylogenetic studylournal of Bacteriology.73 (2): 697-703.

74



CHAPTERS

CHAPTER 5

POPULATION DYNAMICS OF A PROTECTIVE INSECT SYMBIONT REVEAL

SEVERE BOTTLENECKS DURING VERTICAL TRANSMISSION

Martin Kaltenpotti?, Wolfgang Goettlér Sabrina Koehlérand Erhard Strohfh

Zoological Institute, University of Regensburg, 83®Regensburg, Germany
“Department of Human Genetics, University of UtahSputh 2030 East, Salt Lake City, UT 84112, USA

5.1 Summary

Insects engage in mutualistic relationships witide variety of microorganisms that they usually
transmit vertically from one generation to the nétany of the obligate symbionts are transmitted
transovarially, but post-hatch symbiont transmissiga egg-smearing, coprophagy, or symbiont-
capsules has also been described, especially ierdfeera. Vertical symbiont transmission usually
involves significant bottlenecks that may entail jonagenetic and genomic consequences for
symbiotic organisms. Here we investigated the sgvef transmission bottlenecks in a symbiotic
system with an unusual way of post-hatch verticahgmission: European beewolvézhifanthus
triangulum Hymenoptera, Crabronidae) secrete symbiotic hacté€Candidatus Streptomyces
philanthi’) from specialized antennal gland reséwdnto their brood cells. The beewolf larva
incorporates the symbionts into the cocoon matdriain where they are presumably much later taken
up by the adult beewolf. We reconstructed the agraént of the symbiont-containing antennal gland
reservoirs of female European beewolves and thatgrof the symbionts before and after emergence
from the cocoon. The results provide evidence fouptake of the bacteria during emergence. The
bacterial growth follows a logistic growth curveithva maximum specific growth rate of about 0.101
to 0.111 H, which lies within the lower range of free-livinglatives. With a reduction in cell
numbers of about 2.5xF0to 2.5x1C, the symbiont population experiences one of thetrsevere
transmission bottlenecks known for any symbiotistssn to date. This extreme bottleneck may have
significantly affected the evolution of the beewStreptomycesymbiosis by increased genetic drift,

an accumulation of mildly deleterious mutations gedome erosion and streamlining.
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5.2 Introduction

Many insect taxa engage in intimate symbiotic assions with bacteria that reside in the digestive
tract or in specialized cells or organs of the H&stchner, 1965; Bourtzis and Miller, 2003). While
some facultative symbionts (e\Myolbachig cause reproductive alterations in the insect bosbnfer
other negative effects, most obligate and seve@llfative symbioses are of mutualistic nature and
significantly enhance the fitness of the host (Dasig1998; Bourtzis and Miller, 2003). In the
majority of these cases, the symbionts provider thests with limiting essential nutrients that the
insects can neither synthesize themselves norrobtasufficient quantities from the diet (Douglas,
1998; Shigenobwet al., 2000; Gilet al., 2003; Ishikawa, 2003; Zientt al., 2004; Douglas, 2006).
However, several cases of defensive alliances hasently been described in which the symbionts
confer protection to their hosts against pathogenmrasitoids (Curriet al., 1999; Oliveet al., 2003;
Kaltenpothet al., 2005).

Although environmental uptake of symbionts in ehokt generation has recently been reported for a
mutualistic insect symbiont (Kikuchet al., 2007), vertical transmission from motheroffspring
appears to be the predominant mode of symbionsfieam insects (e.g. Buchner, 1965; Baumann and
Moran, 1997; Bourtzis and Miller, 2003). Howevdre troutes of vertical transmission differ among
symbiotic systems: The intracellular primary synmtgoof aphids, carpenter ants, tse-tse flies, vieevi
and several other insect taxa are generally urtaldervive outside of the hosts’ cells and haveeao
transmitted transovarially to the eggs (Buchnef51%chrddeet al., 1996; Douglas, 1998; Sawstr

al., 2002; Nardon, 2006) or via the milk glandshe developing larvae, as it seems to be the case i
the pupiparous tse-tse flies (Buchner, 1965; Aletogl., 1997). Many heteropteran species, however,
have evolved posthatch transmission mechanismsass pxtracellular gut symbionts on to their
offspring. In these cases, the symbionts are tratesinvia egg smearing, coprophagy, or the
deposition of specialized symbiont-containing cégs(Buchner, 1965; Fukatsu and Hosokawa, 2002;
Hosokaweet al., 2005; Pradet al., 2006).

Regardless of the route of vertical transmissiba,tumber of symbiont cells transmitted to the next
generation is usually substantially lower thangbpulation size of the symbionts within adult insec
(Buchner, 1965; Mira and Moran, 2002; Sawtral., 2002; Hosokawat al., 2007). Thus, the
symbiont populations experience significant bottlees with each transmission event, and the severity
of the bottlenecks is expected to have importamsequences for the evolutionary genetics of the
symbionts (Rispe and Moran, 2000; Mira and Mora®d02). Theoretical considerations as well as
empirical evidence suggest that narrow bottleneckscombination with the effective lack of
recombination in strictly vertically transmitted mslgionts lead to increased genetic drift, an
accumulation of mildly deleterious mutations, fastequence evolution, and a shift in base

composition due to mutational bias in symbiont diges (Lynch and Gabriel, 1990; Moran, 1996;
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Rispe and Moran, 2000; Degnah al., 2004; Gilet al., 2004). Earlier studies revealed substantial
differences in the severity of bottlenecks exparéehby symbiont populations, ranging from 3x16
about 5x16 (Nardon and Grenier, 1988; Mira and Moran, 2002ibdtsu and Fukatsu, 2003;
Hosokaweet al., 2007).

Beewolves of the genwhilanthus(Hymenoptera, Crabronidae) are solitary diggerpsabat engage
in a highly specialized symbiotic association witlgh-GC gram-positive bacteria of the order
Actinomycetales Candidatus Streptomyces philanthi’) that protect the waspspfing against
pathogenic microorganisms (Kaltenpathal., 2005; Kaltenpotlt al., 2006; Goettleet al., 2007).
The symbionts are cultivated in specialized antegleand reservoirs that constitute invaginations of
the outer antennal cuticle and are present in fimennal segments (Goettlet al., 2007). The
reservoirs are in contact with numerous gland calits and sealed with a membranous flap
mechanism (for a detailed gland morphology see t&oeadt al., 2007). Reservoirs are very flexible
and the filling status varies within a broad ramgpending on the amount of bacteria (Goettler,

Kaltenpoth, Strohm, unpubl. data).

The antennal symbionts are transmitted verticallyah unusual mechanism of posthatch transfer
(Kaltenpothet al., 2005). Female beewolves catch and paratymr hymenoptera and supply them as
larval provisions into subterranean brood cellt=arood cell is supplied with the symbiotic baieter
from the antennal gland reservoirs (Strohm anddnngair, 1995; Kaltenpotét al., 2005; Goettlest

al., 2007). Later, the larva transfers the symlsiaatits cocoon, where they provide protection Bgjai
detrimental fungi (Kaltenpotht al., 2005). Additionally, the antennal glandre&on serves a second
purpose by providing a directional cue to the ladeaing cocoon spinning that is necessary for
successful adult emergence (Strohm and Linsenri@B5). Although the exact route of vertical
transmission is not yet known, preliminary studieggest that the symbionts are taken up by adult

females from the cocoon during emergence (Kaltdnpotpubl. data).

Here we studied the ontogeny of the symbiont-cairtgiantennal gland reservoir of female European
beewolves Philanthus triangulumbefore and after emergence from the cocoon, antheasured the

growth of the symbiont population in newly emerdmwolves. The results do not only allow us to
assess the growth rate of this symbiotic actinoteyge comparison to free-living relatives, but they
also shed light on the severity of the bottlendwkt the symbiont population is likely to experience

during each transmission event.
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5.3 Materials and methods

5.3.1Beewolf specimens

Cocoons with female larvae were obtained from @ratory culture of the European beewdH. (
triangulum). After hibernation six to nine months at 10°Geyttwere transferred to room temperature
to induce further development. Pupation occurreer @hree to four weeks. About two to three weeks
later, pupae had undergone complete metamorphaosisemerged from the cocoon. The day of
emergence was recorded as day 0. After emergestoalds were kept individually in polystyrol vials
with moist sand and honegd libitum Female antennae were removed and processed ataiwo
intervals to yield two data points for each femamce female beewolves are generally rare and

difficult to obtain in large numbers.

The pre-emergence specimens (age<0) were orderedatbgically by the degree of melanization of

their cuticle that was visible through the cocoand the time before emergence was estimated by
comparison with individuals in which the processvadlanization was observed until emergence (see
online supplementary figure 1). Thus, the age & pne-emergence specimens (in days before
emergence) represents an approximate value. Adtapving the first antenna, the pre-emergence

specimens were placed back into the cocoon umtiibval of the second antenna two days later.

5.3.2 Semithin sections and 3D-reconstruction

Semithin sections of beewolf antennae and 3D-rénaeions of the antennal gland reservoirs and the
symbionts were obtained as described earlier ((eoedt al., 2007). Briefly, the antennae were fixed
in alcoholic Bouin, dehydrated in a graded ethameties and embedded in Poly/Be812
(Polysciences, Eppelheim, Germany). Serial sectoddsum thickness were cut with a diamond knife
on a Reichert 2040 Autocut and stained with 1% idahe blue buffered with 1% Di-sodium-
tetraborate in distilled water. For each antentigitad photos of the sections of the eighth segment
were obtained with a Nikon Coolpix 990 camera &itakcto a Zeiss Axiophot M45 light microscope.
Due to technical difficulties with the semithin §eaning of the antennae, complete sets of highitual
slices for the eighth segment were not availableaflospecimens. Thus, the seventh or sixth antenna
segment had to be used in some cases. The imadeddtthe slices was automatically aligned with
the 3D-visualization software AmirgMercury Computer Systems, Berlin), and the alignmeas
checked by eye and corrected manually. The anteglaall reservoirs and the bacteria within the

reservoirs were manually marked with different cslm every slice to allow 3D-reconstruction.

5.3.3 Measurement of reservoir and bacterial volsime
The volume of the gland reservoirs and the voluithe bacteria within the reservoirs (in nl) were
calculated with Amira based on the 3D-reconstrustioThe width of the antennal segment was

measured in the median section, and the voluméefantennal segment was approximated as a
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cylinder (Va=mr’h), using half of the antennal width as the radiuml the number of sections

multiplied by 4 um (=thickness of the sections)tzs height (in um). The relative reservoir volume
was calculated by dividing the reservoir volume thg volume of the whole antennal segment.
Likewise, the relative volume of the bacteria wakcglated as the bacterial volume divided by the

reservoir volume.

5.3.4 Calculation of bacterial cell number
Based on the volume of bacteria within the resesyoihe number of bacterial cells could be
approximated. Cells ofCa. S. philanthi’ exhibit a length of 13.7 £ 9.3 umdan + SD) when
measured in the antennal gland secretion (M. Kptim unpubl. data), and a mean diameter of about
0.5 um (Kaltenpottet al., 2005). Assuming a cylindrical shape of tlaeterial cells, the volume can
be calculated as d#1r’h. This yields a mean volume of about 2.69%h0for a single cell. Thus, the
bacterial cell number in the antennal reservoitdcdtbe approximated as

6
O NV
with Ng representing the cell number, angtie volume of the bacteria within the antenna¢resir.
However, these values constitute only a rough agpmation of the true cell number, since the

calculation does not allow for interspaces betwesterial cells.

5.3.5 Statistical analysis,Calculation of specgrowth rate and generation time
Logistic regression curves were fit to the datagSigmaPlot 8.0 following equation (2):

@ (=) +—

(i)

To calculate the specific growth rate of the symispthe part of the data for the absolute and the
relative volume of bacterial cells within the amahgland reservoirs that represented the expaenti
growth phase (day 0 to day 2) were In-transformeti@otted against the age. The slopes of thedinea
regression lines fitted to these data were usestamates of the specific growth rate. From theugno

rate estimates, the doubling time or generatioe tymvas calculated as follows:

(3) tD = In_2

p’max
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5.4 Results
5.4.1 Development of the antennal gland reservoir
The antennal gland reservoirs of 26 femBleilanthus triangulumantennae and their symbiotic

bacteria were reconstructed [for some represeptateonstructions see Fig. 5.1]. Seven antennae
were obtained from specimens before emergencetlieraocoon, three immediately after emergence
(on the same day), and 16 one to nine days lafetoldbout one day prior to emergence, the antennal
sections clearly showed the pupal skin still sunding the antennal cuticle. Any invasion of baeteri

into the antennal gland reservoirs from outsidéhefinsect body seems impossible before shedding of

the pupal skin.

Fig. 5.1. Representative sections and 3D-recortgingof antennal gland reservoirs (pink, half-sgarent) and
symbiotic bacteria (blue) from female European baegs . triangulun) of different agesA About eight days
prior to emergence (day -8, about five days prior to emergence (day &)ylay of emergence (day @, one
day after emergence (day B,two days after emergence (day B)three days after emergence (dayQ)ive
days after emergence (day b)) ,nine days after emergence (day 9). Note the pslpal(arrows) in (A) and (B).

(ba) bacteria; (c3), gland cell units; (re) glaedarvoir.
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The volume of the antennal gland reservoir increasgnificantly from about 2-8 nl at emergence to
about 18 nl at day 9. The increase in volume ctelégpproximated by a logistic growth model (see
equation (2); R=0.644, F=13.3, p<0.001) (Fig. 5.2). After nine slathe antennal gland reservoir
accounted for about 25% of the total antennometanwe (Fig. 5.3). As should be expected, the
antennomere volume was independent of the ageeobdlewolf females (linear regression: F=1.34,

p=0.258; four parameter logistic regression (semeon(2)): F=0.400, p=0.754).

5.4.2 Uptake of symbiotic bacteria

No bacterial cells could be detected in any of ghe=emergence specimens. The first bacterial cells
were visible in the antennal gland reservoirs andhy of emergence, suggesting that the symbionts
are taken up by the adult female during or veryrthhdefore emergence. Observations of beewolf
females within the cocoon revealed that they regaihatpress and rub their antennae against theeinsid
of the cocoon shortly prior to emergence (see endimpplementary video 1). During this procedure,
the antennae are strongly bent, which probably sapdhe openings of the antennal glands (see
Goettleret al., 2007) and thereby facilitates the infectidnthe reservoirs with the symbiotic bacteria.
Counting of individual bacterial cells in the resgrs of newly emerged beewolves suggested that

only 10 to 100 cells are taken up by the femalesptennal segment.

5.4.3 Growth of symbiont cells within the reservoir

Starting with very few bacterial cells on the ddyemergence, the cell biomass followed a logistic
growth curve that began to approach a maximum ofiab0-15 nl (or an estimated 4.5-6.5%&@lls)

at day 9 (see equation (2);”®.802, F=29.8, p<0.001) (Fig. 5.4). Finally, thgmbiont cells
accounted for about 75-80% of the total antenremdjreservoir volume (Fig. 5.5). The remaining 20-
25% were probably filled with other componentshe# aintennal gland secretion, mainly hydrocarbons

and protein droplets (Kaltenpoth, Goettler, Strobnpubl. data).

The growth of the symbiont cells was approximatponential from day 0 to day 2, so the data in
this range were used for estimating the specifiovthn rate of the symbionts. Linear regressioneditt
to the In-transformed data yielded growth ratenestes of u=0.111"hand p=0.101  for the
absolute and the relative volume of bacterial cellthe reservoir, respectively. These growth rates
translate into generation times @f=6.27 h and §=6.83 h, respectively (see equation (3)). The
maximum number of symbiont cells in a full reserweas approaching 4xi@ells (see equation (1)).
Thus, the total number of symbionts in all ten resies of a female beewolf (five per antenna) may
reach 4x10

81



CHAPTERS

22

20 A

16 o

14 4

12 +

10 A

Antennal gland reservoir volume (nl)

-10 -8

[ ]
[ ]
0
Age (days)

10

Fig. 5.2. Changes in the volume of the antennaldjl@servoir of female European beewolves befodeadier
emergence from the cocoon (in nl). The logistiongtocurve fitted to the data follows equation ()< 0.644,

F =13.3, p < 0.001).
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Fig. 5.3. Changes in the relative volume of thesanal gland reservoir of female European beewdbadare
and after emergence from the cocoon (in percettetotal antennomere volume). The logistic groedhve

fitted to the data follows equation (2§ & 0.783, F = 26.5, p < 0.001).
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antennal gland reservoir of female European beexgohefore and after emergence from the cocoon. The
logistic growth curve fitted to the data followsuadgjon (2) (f = 0.802, F = 29.8, p < 0.001).
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Fig. 5.5. Changes in the relative volume of symbioells within the antennal gland reservoir of féena
European beewolves before and after emergencetfrermocoon (in percent of the total reservoir vainthe
logistic growth curve fitted to the data followsuadgjon (2) (f = 0.948, F = 133.6, p < 0.001).
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5.5 Discussion

In the present study, we analyzed the growth dyosumi the symbiotic bacteria in the antennal gland
reservoirs of female European beewolves before &ftet emergence from the cocoon, and we
analyzed the growth dynamics of the symbiotic b@eteultivated in these reservoirs. The results
provide evidence that the bacteria are taken uieimale beewolves from the cocoon around the time

of emergence, and they subsequently undergo logistiwth within the reservoirs.

The beewolfStreptomycesymbiosis constitutes a specialized associatich amn unusual vertical
transmission route of the symbionts via the broeltland the cocoon. In insect-bacteria associations
with post-hatch vertical transmission, the symisanust be able to survive outside of the hostHer t
time between oviposition and symbiont uptake by dffspring. In the European beewolf, the
symbiont life stage outside of the host is sigaifitty longer: After secretion into the brood céfie
bacteria are taken up and applied to the cocoothéypeewolf larva (about 7-12 days later), where
they grant protection against pathogenic fungi {&gothet al., 2005). After hibernation in the
cocoon for about nine months, the larva pupates latest emerges from the cocoon as an adult
beewolf. The results of the present study sugdmdithe symbionts are incorporated into the anfenna
gland reservoirs around the time of emergence tf@rcocoon. Thus, the phase the symbionts spend
outside of the beewolf's body usually lasts sevarahths. To our knowledge, this is the longest time
for specific symbionts to survive outside of thest® body in any insect-bacteria symbiosis with

vertical transmission.

Within the antennal gland reservoirs of beewolf d&B, the endosymbionts grow exponentially
during the first few days. The maximum specificwgtio rate of 0.101 to 0.111'Hies within the range

of growth rates found for free-livin§treptomyces sppDepending on the species and the growth
medium, streptomycetes exhibit specific growthsdietween 0.024 and 1.13 (Reichlet al., 1992;
Shahalet al., 1996; Daae and Ison, 1998; Jonsbal., 2002; Anukooét al., 2004; Cox, 2004). The
specific growth rate calculated fo€a S. philanthi’ in this study may underestimate the growth
rate, since the measurement of bacterial volumes amt account for changes in the density of

bacterial cultures within the antennal gland resiesv

The results of the present study indicate thatdaotiennal gland reservoirs of female beewolves can
contain about 4x10symbiont cells and, thus, a single female candraup to 4x10 symbionts in all

ten reservoirs. However, the number of bacterifls G any given time is probably considerably
lower under natural conditions, since females ugwanstruct one to three brood cells per day, and
our results suggest that the time between broddaestructions is not long enough for the symtsont
to reach the maximum number in the gland reserv&iaslier experiments have shown that between
4.7x10 and 6.2x10 symbiont cells (mean + SD = 3.4X18 1.8x10 cells) are secreted by females
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into each brood cell (Kaltenpoth, unpubl. data)ug,ha considerable proportion of the bacterialscell
within the reservoirs is secreted during the carsion of each brood cell, and the number of bacter

may become a limiting factor for females.

During the transmission of the bacteria from beéfarhales to their offspring via the brood cell and
the cocoon, the symbiont population suffers fromesere bottleneck of about 2.5x1@ 2.5x1¢
from the mother (4x10cells in all ten reservoirs) to the emerging ofisg (17 to 1C cells in all ten
reservoirs, with 1bto 1F cells per reservoir). This bottleneck is signifitg more severe than in
most other symbiotic systems investigated so fae Symbiont populations of aphid&cyrthosiphon
pisun), weevils GSitophilus oryzag and stinkbugsMegacopta punctatissimasuffer reductions of
1.6x10% to 4.6x10° during transmission events (Nardon and Grenie881®lira and Moran, 2002;
Hosokaweet al., 2007). To our knowledge, only symbidigiroplasma sppin fruit flies (Drosophila
melanogastérhave as yet been reported to experience transmibsttlenecks of similar severity as
beewolves (3x10 to 5x10°) (Anbutsu and Fukatsu, 2003). Drosophila however, the absolute
number of Spiroplasmasymbionts in both eggs and adult insects is mwslgel than that of
Streptomyceén European beewolves (about’16 10 times larger) (Anbutsu and Fukatsu, 2003),

which is expected to reduce the deleterious efi@ctise transmission bottleneck.

Severe transmission bottlenecks in insect endosymipiopulations probably entail major genetic and
genomic consequences for the symbionts. Genera$gxual populations undergoing strong
bottlenecks are expected to suffer increased gertriit and an accumulation of deleterious
mutations, a process known as Muller’'s ratchet;, ¢aa ultimately lead to extinction by mutational
meltdown (Lynch and Gabriel, 1990; Gabm¢lal., 1993; Lynclet al., 1993; Andersson and Kurland,
1998). In the case of obligate endosymbionts, heweselection on the host probably limits the
accumulation of deleterious mutations in the symtsioand thereby counteracts this process
(Andersson and Kurland, 1998; Pettersson and B20§7). Complete genome sequences of
endosymbiotic bacteria provide evidence for sigaifit genome reduction and erosion as well as shifts
in base composition towards AT-rich sequences atflg mutational bias (Shigenokat al., 2000;
Akmanet al., 2002; Tamast al., 2002; Gikt al., 2003; Tamas and Andersson, 2003; van elaah,
2003; Moran and Plague, 2004; Degredral., 2005; Tolet al., 2006; Wet al., 2006; McCutcheon
and Moran, 2007). However, genome sequencing psopEcinsect endosymbionts have so far been
restricted toy-Proteobacteria and one species of Bacteroidete€t¢heon and Moran, 2007). Our
results suggest that genomic analysesQ# ‘Streptomyces philanthi’, the high-GC gram-positiv
endosymbiont of European beewolves, will yield iegting insights into the general consequences of
an endosymbiotic lifestyle, especially with regéwdhe effects of severe transmission bottlenecks o

genome erosion and streamlining.
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5.6 Online supplementary material

Online supplementary Figure 1. Melanization of thaicle in female European beewolves prior to emecg.
Approximate time before emergenéeeight daysB six daysC five days,D three daysk two daysF one day.

Online supplementary Video 1. Putative symbionakptbehavior by a female European beewolf in throao
prior to emergence. The antennae are bent backwaisubbed against the cocoon silk, so symbiditdria
may be inoculated into the antennal gland resesvoir
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CHAPTER 6

ANTENNAL GLANDS IN FEMALE DIGGER WASPS OF THE

GENUS PHILANTHUS (HYMENOPTERA , CRABRONIDAE )

Wolfgang Goettler, Martin Kaltenpoth, Samuel McDonafdand Erhard Strohin

'Department of Zoology, University of Regensbur®3D40 Regensburg, Germany

Swiss Light Sourc®aul Scherrer Institute, CH-5232 Villigen, Switzert

6.1 Summary

Females of the European beewdthilanthus triangulum(Hymenoptera, Crabronidae), a solitary
digger wasp, rear symbiotic bacteria that belonthto genusStreptomyceén specialized glands in
their antennae. The glands consist of large regsrwhich are surrounded by numerous gland cells.
The Streptomycedacteria proliferate inside the reservoirs andogbly feed on nutrients that are
provided by the primary gland cell secretions. Dlaeteria are secreted into the subterranean brood
cells where they protect the wasps’ offspring friumgus infestation. Hithert8treptomycebacteria
were detected with genetic methods in antennaenothar 30Philanthus species. However the
antennal glands have been describedPfairiangulumonly. In the present study we investigated the
morphology of antennal glands of Bhilanthusspecies from Africa, Europe and the USA. We
reconstructed 3D-models of the glands based on $rrihl semithin sections and microtomographic
data sets. The comparison of the 3D-models revéahed interspecific differences in overall shape
and relative size of the antennal gland reserveitsvever, the number of the surrounding gland cell
units varies among species by a factor of 12. @gults suggest that these glands are a universal
feature in the genuBhilanthusand that the ancestor of this genus already pssgemmplex antennal

glands with reservoirs and gland cells.
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6.2 Introduction

Females of a solitary digger wasp, the EuropearwdiégPhilanthus triangulum Hymenoptera,
Crabronidae) possess unusual bacteria cultivatiogans inside their antennae (Strohm and
Linsenmair, 1995; Kaltenpoth et al., 2005; Goetfeal., 2007). Five segments of each of the feshale
antennae bear large reservoirs which are conndotedumerous gland cell units, so-called acini
(Goettler et al., 2007). Inside the gland reses/@ymbiotic bacteria of the gen®&reptomyces
proliferate and probably use the secretions ofdgla@d cells as nutrients (Kaltenpoth et al., 2005;
Kaltenpoth et al., 2006; Goettler et al. 2007).d#uly, there is also an uptake of substances fin t
hemolymph into the gland. Large amounts of the ighiinixture of bacteria and secretion droplets are
delivered by the female digger wasps into theirtesuthnean brood cells prior to oviposition (Strohm
and Linsenmair, 1995). This “white substance” has known functions. First, it serves as an
orientational cue for the larvae when spinningcdsoon (Strohm and Linsenmair, 1995). Second, the
bacteria are taken up by the larvae and are sparthia threads of the cocoon silk. Experiments have
shown that these bacteria protect the cocoon frdestation by mould fungi (Kaltenpoth et al., 2005;
Kaltenpoth et al., 2006).

The genusPhilanthus comprises about 136 species and has a worldwidkihdition with the
exception of Australia and South America (Bohad &enke, 1976; Evans and O’Neill, 1988). Using
genetic methods bacteria that belong to the g8imeptomycebave been found in the antennae of all
of the 31Philanthusspecies from Europe, North America and Africa stigated so far (Kaltenpoth et
al., 2006; Kaltenpoth, pers. comm.). Phylogenetialyses revealed that these antennal bacteria of
beewolves constitute a monophyletic group withie genusStreptomycegKaltenpoth, 2006). So far
only the antennal glands of the European beewolftriangulum have been described in detail
(Goettler et al., 2007). Since the glandAntriangulumis rather complex and there are no known
predecessors, we compared the morphology of offemiess of the genughilanthusin order to shed

light on the evolutionary path and in particulag thrigin of these symbiont cultivation organ.

Besides these evolutionary aspects, there areatdogical aspects that have to be taken into axtcou
Since the rearing of the symbiotic bacteria is plip energy consuming for beewolves there should
be strong selection for an optimized morphology phgsiology of the antennal glands. Generally we
would expect thatPhilanthus species which face a higher risk of fungal inféstabear larger
reservoirs and/or more gland cells and therefotddcearStreptomycebacteria at higher rates. This
risk of fungal infestation for the beewolf broodutah be increased in species where the nests are mor

humid or if more fungal spores are present in therenment.
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We investigated the morphology of the antennal dgjlah another 15Philanthus species. We
reconstructed 3D-models of the glands based oeresitrial semithin sections or microtomographic

data sets and compared details of the gland steuatd the surrounding gland cells.

6.3 Materials and Methods

6.3.1 Specimens

In total antennae of females of Philanthusspecies were investigated. Sewhilanthusspecies used
for semithin sectioning were collected in the Bastnd the Western Cape Province/South AfrRa (
melanderi/ rugosys Freiburg/Germany R. coronatuy San Rafael Desert/UtahP.( basilaris/
gloriosus/ pacificus)and near Yellowstone National Park /Wyoming. (bicinctu. The eight
Philanthusspecies that were scanned with microtomgraphy jgame from San Rafael Desert/Utah
(P. albopilosus/ barbiger/ crotoniphilus/ parkerisyrhg, Salt Lake City/Utah(P. multimaculatus/
ventilabrig and from Wurzburg/GermanyP( triangulun). In total we investigated four old world
species, respectively two from Eurofe €oronatus/ trianguluinand Africa P. melanderi/ rugosys
and 11 North American specie®.( albopilosus/ basilaris/ barbiger/ bicinctus/ toaiphilus/

gloriosus/ multimaculatus/ pacifius/ parkeri/ psgthentilabrig.

6.3.2 Semithin sections

Preparation of female antennae was performed masgescribed in Goettler et al. (2007). In short,
antennae were either fixed with Carnoy’s solutialtghol/chloroform/acetic acid, 6:3:1) or alcoholic
Bouin, dehydrated in a graded ethanol series anbedded in Poly/B€t 812 (Polysciences,
Eppelheim, Germany). Serial sections of 4 pm treskrnwere cut with a diamond knife on a Reichert
2040 Autocut and stained with 1% toluidine blueférgd with 1% Di-sodium-tetraborate in distilled
water. Digital images of the serial sections wertamed with a Nikon DS-2Mv camera attached to a
Zeiss Axioplan microscope. The images were staekedaligned with Amira visualization software

(Mercury Computer Systems, Berlin).

6.3.3 X-ray microtomography

For X-ray microtomography (LCT) female antennaeewited in a solution of 4% glutardialdeyde in
0.1 M sodium-cacodylate-buffer, pH 7.2. After detattbn in a graded ethanol series and transfer to
acetone the specimens were critical point dried (BAC CPD 030) and kept in an exsiccator till
HCT scanning. The uCT scans were performed at thay Xnicroscope at the TOMCAT beamline of
the Swiss Light Source (SLS), which is part of #aul Scherrer Institute (PSI) in Villigen,
Switzerland. The dried antennae were imaged usi@fxaobjective, giving a field of view of 0.72
mn¥. The exposure time for each projection at an gnefd keV was 150 ms, and a total of 1201

projections were acquired equi-angularly over agamotation of 180°. Each antenna was mounted
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on a metal needle, attached at its proximal segamhipositioned orthogonal to the X-ray beam such
that it rotated about its longitudinal axis. Thejpctions were post-processed, which includedi&lakf

and darkfield corrections, and reconstruction ef $lnograms was performed on a 32-node Linux PC
farm. All voxels were isotropic with an edge length0.70 um. The resolution and contrast of the

HCT data set was sufficient to reveal morphologiedils and also single cells [Figs. 6.1, 6.2].

6.3.4 3D-reconstruction

Both, the serial semithin sections and the slidethe uCT data sets were used to reconstruct the
morphology of the glands using the visualizatioftvgare Amira’. Structures of interest (gland
reservoirs, acini, flap mechanisms, antennal ng¢rveeyre marked manually in every slice with
different colours. Finally the software reconstascthe 3D-model of the marked structures. Whereas
in the uCT data sets the voxels where isotropiéX1xpixel), the voxels in the semithin section ktac

had a size ratio of 1x1x6 due to lower resolutiothie z-axis compared to the xy-plane.

6.3.5 Measuring

The volume of an antennal gland reservoir is séyerféected by its filling status. Reservoirs tlaae
filled with secretion and bacteria are bulged ootame side, whereas reservoirs are completely
collapsed after the female digger wasp secreteddhtent into the brood cell (Goettler et al., 2007
Furthermore, larvae @&. triangulumare supplied by their mother with 2 to 5 honeysb&hich results

in strong variation in the size of the imago (StrpH995). In order to have an estimate of the size
the gland reservoir relative to the size of the dEmwe calculated the surface area of the antennal
gland reservoirs divided by the surface area ofréspective antennomere {#A..). The reservoir
surface area was computed with Amiisoftware and the outer antennomere was reasoestiiyated

by an approximation using the length and diametdrassuming the antennomere as an ideal cylinder

(Aant = 20?2 T |-

To reveal, whether the results obtained with théthrad are independent from the filling status ef th
reservoir we compared the ratigeHA . Of 15P. triangulumspecimens [unpubl. data]. Our analysis
showed that AdJA,r in P. triangulumdoes not correlate significantly with the reserfidiing status

VedVant (Spearman correlation analyses: N=15, p=0.074) eard therefore be used as reliable

estimate for the relative reservoir size accordinfgpmale size.

6.4 Results
6.4.1 Gland reservoirs
Denomination of antennal segments followed the sstons of Isidoro et al. (1996), starting

numbering with scapus (Al) and pedicellus (A2). RAtlilanthusspecies that were investigated in this
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Fig. 6.1. Semithin cross section (A) and uCT imggjeof antennal glands &. triangulumof antennomere A6.
The cuticle on the left of each reservoir partémforced. an — antennal nerv; ba — bacteria; ckss 3 gland
cells; re — reservoir; tr — trachea; arrrows — amtithg canals between acini and reservoir. scaie 4 00um

study bear antennal glands in the five segmentA¥B. We found no conspicuous differences in the
overall morphology of the five single glands pradarone antenna (fde. triangulumsee Goettler et
al., 2007). Therefore we used segment A6 for dmtaikconstruction in all species [Figs. 6.1, 6T2).
reveal possible variations between the 3D-recoatstnu of semithin sections and uCT data sets we
compared the 3D-model based on uCT datd otriangulumwith a reconstruction of semithin
sections that has been published earlier (Goeitlat., 2007). We did not find any striking diffames
with regard to location and shape of organs amsdi¢is between the two methods of 3D-reconstruction.
However, in the 3D-reconstruction using uCT, tissaed cells showed a reduced volume, which is

probably an artefact of to the critical-point dryiprocess [Fig. 6.1].

The 3D-reconstruction of the antennal gland resesvwevealed some interspecific differences in the
relative size compared to the antennomere andiraldee shape of the reservoirs [Figs. 6.3, 6.4]. Al
reservoirs extend dorsally from the opening atpgteximal side of the antennomere as more or less
bent lobes [Figs. 6.3, 6.4]. The length of the dkais between Y2 and % of the length of the respecti
antennomere. In all species the antennal glandvase represent an invagination of the outer
antenna cuticle as found . triangulum(Goettler et al., 2007) [Fig. 6.2]. The reservoiticle is
thickened on the dorsal side and the lateral siiletipg away from the body axis [Figs. 6.1, 6.2heT
cuticle at these reinforced parts shows a netdikacture in semithin sections [data not shown]. In
vivo the dorsal opening of the reservoir is covebgdthe adjacent proximate segment and is only
visible when the antenna is bent downwards [Fig]. 6At the openings of the reservoir there is a
membranous structure that probably acts as a fleghanism that seals the opening when no secretion
is delivered [Figs. 6.2, 6.3, 6.4].
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Fig. 6.2. uCT longitudinal section of antennomes® & P. ventilabris an — antennal nerv; ba — bacteria; c3 —
class 3 gland cells; cu — outer cuticle; fl — frapchanism; re — reservoir; tr — trachea; arrrowndacting canal;
dotted line - reinforced cuticle. scale bar = 100um

All African and European specieP.(coronatus/ melanderi/ rugosus/ triangululrave a complex
reservoir structure with two flattened lobes whigk parallel to the antennomeres cuticle leavieg th
central part of the antennomere clear [Figs. 6.8]. 8Vith an elongated u-shaped second I&be
triangulumshows the most complex reservoir structure ofpéicies investigated [Figs. 6.3, 6.4; see
also Goettler et al., 2007]. The nearctic speckes albopilosus/ barbiger/ basilaris / bicinctus/
crotoniphilus/ gloriosus/ multimaculatus/ pacifi¢usarkeri/ psyche/ ventilabrisin contrast show

smaller, sac-like gland reservoirs with no sucmprent second lobes.

Twelve of the 15Philanthusspecies show a relative reservoir surface betvi®eh % and 38.7 %
according to the antennomere surface [Fig. 6.5]weéi@r, three speciesP( multimaculatus,
ventilabris, triangulum show a remarkably higher relative reservoir stefarea between 60.2 B. (
multimaculatuyand 71.2 %R. triangulun) [Fig. 6.5].

96



CHAPTERG

=

b fugoshs - P. triangulum P. ventilabris

Fig. 6.3. 3D-reconstructions of antennal glandsamennomere A6 of 1Philanthusspecies. antennal nerv
(yellow); flap mechanism (orange); gland reservgilue); the outer antennomere cuticle is displahetf
transparent
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P. triangulum (694) P. ventilabris (581)

Fig. 6.4. 3D-reconstructions based on uCT data agetmtennal glands in antennomere A6 oPR&lanthus
species with surrounding gland cell units (totamiver of acini in brackets). acini (green-blue);esmal nerv
(yellow); flap mechanism (orange); gland reservgilue); the outer antennomere cuticle is displapedf

transparent
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12 P. pacificus 29.0%
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Antennomere surface area [log um 2]

Fig. 6.5. Reservoir surface area (y-axis) agaimiermomere surface area (x-axis) [both log scafel®
Philanthusspecies. Inset shows ratio of reservoir to anterare surface area in percent. (y = 1.0892x — 0.9765
R?=0.7215)

6.4.2 Gland cells

In all species under study the antennal glandrvess are surrounded by class 3 gland cells
(according to Noirot and Quennedey, 1974) thatchustered in spherical or drop-shaped acini. The
acini consist of 2 to 9 single gland cells which aonnected to the reservoir through conductinglcan
cells. In all species investigated with uCT thenafirm a more or less dense belt around the regerv
[Fig. 6.4]. Only inP. triangulumthe acini are more evenly distributed over themasirs’ surface. The
total number of the acini could be exactly estirdatethe uCT data sets and varies betweenP57 (
psychg and 694 Ip. triangulum) [Fig. 6.4].

6.5 Discussion
All the 15 Philanthusspecies under study possess antennal glandinffitheir antennomeres (A4 to

A8). Each gland consists of a reservoir with sunding acini that are connected to the reservoir
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through conducting canals. Inside the gland reseyvolosely related bacteria of the genus
Streptomycebave been found (Kaltenpoth et al., 2005, 200&ttBw et al., 2007).

The use of uCT scans in this study turned out ta lsaitable method to investigate insect anatomy.
Specimen preparation for uCT is comparatively easythe non-destructive scans reveal anatomical
details without the risk of loosing slices or ingdate staining as it appears in semithin sectioning
The lower resolution in the xy-plane of the uCTrscaompared to semithin sections is sufficiently
compensated by a high z-axis resolution and the faat the microtomographic data sets need no
additional manual alignment. However, we recognitisdue shrinkage in the critical-point dried

specimens which is probably due to the preparaiwhnot to the uCT scanning method.

We proposed a hypothetical evolutionary scenarnidhe evolution of the antennal glands in the genus
Philanthus(Goettler et al., 2007). The ancestorPbilanthusmay have produced a secretion only as
an orientational cue (Strohm and Linsenmair, 198%) had no reservoir yet. In a second step
streptomycetes invaded the glands, e.g. as comieernaad somehow enhanced the survival of the
digger wasps’ offspring. This generated a positeedback and in the third step the antennal glands
morphology changed to complex bacteria cultivatitwmgans with reservoirs, flap mechanisms and
numerous class 3 gland cells. However, since atisg showed more or less complex glands, only

the third step of the scenario is supported bygtidy.

The four investigatedPhilanthus species from Africa and Europe show a slightly enoomplex
structure of their gland reservoirs compared toltheearctic species. This suggests that neantic a
old-world species represent distinct subgroupsiwithe genus. However, this hypothesis has to be
further tested. It is unclear whether all extBhilanthusspecies use their antennal gland secretion in
the same way &B. triangulumfor both orientation and as a means against flihgivever this is most
likely the case, since they are all confronted wiith similar problems of finding their way out bt

subterranean nests and protecting the offsprinmpstgaathogenic fungi.

In all aspects of gland morphology like relativearroir size, shape, and number of gland cell units
the European beewolP. triangulumshows the most derived status. However, it is lprohtic to
draw conclusions about the amount of streptomycpteduced based on morphological characters
like relative reservoir volume or number of glangll€ We have estimated the growth rate of the
bacteria inP. triangulum(Kaltenpoth et al., in prep.) but it is not cleginether these results can be
transferred to other species. However, everythilsg éeing equal, species with relatively large
reservoirs and many associated gland cells mightlyme more bacteria, probably because they

experience a more severe threat by mould fungi.
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A comparable system of exocrine glands and synwbibtcteria is known from attine ants
(Formicidae) (e.g. Currie et al., 1999, 2003a,)&®Poulsen et al., 2003; Cafaro and Currie, 2005).
The fungus-growing ants show a mutualistic relegiop with bacteria of the genté®seudonocardia
that protect the ants’ fungus-gardens from pamBsicovopsidungus (Currie et al., 1999, 2003b).
The ants exhibit glands which secret on their oateicle, either on distinct areas on their propaéu
plates or on the whole body surface. The symbiBseudonocardidbacteria show an increased
growth on the cuticle areas with glands where thetdria probably use the gland secretions as
nutrition basis. In some ant taxa the gland caltgete into cuticular crypts and cavities in whilh
bacteria proliferate in (Currie et al., 2006). Cargtive morphological investigations suggest that t
complexity of glandular structures increased durihg evolution of attine ants, developing from
simple gland cells at distinct areas of the cuttdlecomplex cuticular differentiations on the whole
body surface (Currie et al., 2006).

All 31 Philanthusspecies investigated so far with genetic meth@ds bacteria in their antennae that
form a monophyletic group within thetreptomyce¢Kaltenpoth 2006, Kaltenpoth pers. comm.) and
all species in the present study possess well degdlantennal glands in the same five antennomeres
and show only limited differences in morphology.isTBuggests that antennal glands with reservoirs
and streptomycetes were already present in the oconancestor of the gen&hilanthus However,

we do not know whether symbiotic bacteria and amémglands are an apomorphy in the genus
Philanthus To clear this point other taxa of the subfamilyilénthinae have to be investigated,
especially the sister gentisachypus(for the phylogeny of the subfamily Philanthinae flexander,
1992).

In conclusion, our results on the morphology ofanhéennal glands together with earlier studieshen t
phylogeny of the bacterial symbionts (Kaltenpotlalet2005, 2006) suggest that these unique glands
are a common feature in the gemlglanthus Whether there are species or related generptisaess
ancestral glands with less elaborate gland morgjyodmd have not yet established a symbiosis with

bacteria has to be analysed by a more extensivgsanaf the subfamily Philantinae.
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CHAPTER 7

A ‘SOCIAL’ GLAND IN A SOLITARY WASP ? THE POSTPHARYNGEAL GLAND OF

FEMALE EUROPEAN BEEWOLVES (HYMENOPTERA , CRABRONIDAE )

Arthropod Structure & Developme(®007) 36: 113-122
Erhard Strohrh? Gudrun Herznér and Wolfgang Goettléf

'Department of Zoology, University of Regensbur@3aD40 Regensburg
“Animal Ecology and Tropical Biology, Theodor-Bovierstitute, University of Wiirzburg, D-97074 Wiirzipur

7.1 Summary

Exocrine glands play an important role in maintagnihe integrity of colonies of social Hymenoptera.
The postpharyngeal gland (PPG) of ants is crudaltiie generation of a nest odour that enables
nestmate recognition. The evolutionary history la6 tgland is unknown and it was thought to be
restricted to ants. Here we describe an exocriad lg&and in females of a solitary crabronid wakp, t
European beewolfPhilanthus triangulumthat resembles the PPG of ants in many respébts.
newly described gland has the same location andaime glove like shape as in ants, and it alsahas
monolayered epithelium with similar ultrastructuténlike in ants, the epithelium bears hairs that
reach into the lumen of the gland. Although the P#fGbeewolves serves a completely different
function it is also associated to an allogroomiefpdviour as in ants. Based on these morphological
and behavioural similarities as well as similagtia the chemical composition of the content of the
PPG of both taxa we hypothesise that the PPGstefaaml beewolves have a common evolutionary
origin. Thus, our results suggest that the PPGnis anight not have evolved in response to social

requirements but might have already existed inaglipredecessors.
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7.2 Introduction

Social Hymenoptera possess of a huge variety ofre glands that serve different functions in
communication among nestmates and colony defenge K&lldobler and Wilson, 1990; Downing,
1991). One type of gland that plays a key roletlfier organisation and integrity of a eusocial grsup
the postpharyngeal gland (PPG) of ants. It has BeRewn that in several ant species workers take up
as well as deliver cuticular hydrocarbons duriigggboming of nestmates and/or trophallaxis. These
compounds are stored in the PPG (Vienne et al.5;19®noir et al., 2001). Additionally,
hydrocarbons that are synthesized in the fat badysaquestered by the PPG from the hemolymph
(Soroker and Hefetz, 2000). Thus, the hydrocarlodmkfferent nestmates are stored and mixed in the
PPG, and continuously spread among the membehe afdlony (Bagnéres and Morgan, 1991; Hefetz
et al., 1992, Soroker et al., 1994; 1995; 1998)s Tirechanism generates the specific “Gestalt” odour
of the colony (Crozier and Dix 1979; Soroker et 894, Hefetz et al., 1992; Dahbi and Lenoir, 1998
Lenoir et al., 1999; Oldham et al., 1999). In sanéspecies workers probably feed the contenteof th
PPG to young larvae (reviewed in Eelen et al., 200@®reover, in ant queens the PPG may contain
pheromones that signal her identity or fertilityafgo and Hulsey, 2000; Dietemann et al., 2003) and
the lipids stored in the PPG might be used for @ggluction (Eelen et al., 2006). Since severalrothe
taxa of Hymenoptera (bees, paper wasps) do noepessich glands, the PPG was assumed to occur
only in ants (Holldobler and Wilson, 1990; Schogtand Billen, 1997; Lenoir et al., 1999; Eelen et
al., 2006).

The hitherto assumed exclusive occurrence of th@ iARnts suggested that it might have evolded
novoin response to the necessity of having an orgathi® uptake, storage, and mixing of cuticular
hydrocarbons of nestmates to create the chemitahydadge (Crozier and Dix 1979, Lenoir et al.
1999). An alternative is, however, that the glan@jhn have already existed in ancient solitary
predecessors of ants but with a different funcfioenoir et al. 1999). Since PPGs are not known to
occur in bees and vespid wasps, this scenario ésphiat the PPG was lost in all other taxa of the
Hymenoptera, making this second scenaripriori less plausibleHowever, there is no extensive
knowledge of the occurrence of PPGs in taxa ottien @ants. If there were other Hymenoptera that
possess a PPG, the second scenario would becomilél aakernative to the first. Moreover, such a
finding might provide new insights into the evotuti of this gland and its important function in

nestmate recognition.

Here, we describe a cephalic gland in females sbléary digger wasp (Crabronidae, formerly
Sphecidae; Melo, 1999), the European beeviRiiflanthus triangulunthat closely resembles the PPG
of ants in morphological details. We discuss ondifigs of this presumptive PPG in this solitary jvas

with regard to the evolutionary origin of the 'sicPPG in ants.
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7.3 Materials and Methods

Adult female European beewolves were taken fronreeding population in the field in Central
Germany or from a laboratory population (see efgoh®h and Linsenmair, 1997). Heads were
dissected under a stereomicroscope. Alternativehtire glands were obtained by removing the
maxillae of beewolf females, holding the hypophgeal plate with tweezers and gently pulling it out
through the mouth opening. For investigation of filesh glands they were transferred to microscope
slides and examined under a compound microscopedraparison, we dissected PPGs from workers

of Camponotus floridanu@-ormicidae) in a similar manner

Histological investigations of female heads as vesllof the heads df. floridanusworkers were
conducted using standard histological methods ésgeStrohm and Linsenmair, 1995). To enable the
embedding medium to soak into the head capsulésea$pecimens, small pieces of the head cuticle
were cut off laterally using razor blades prioretnbedding. Semithin sections (1th) were cut on
an ultramicrotome (Reichert Ultracut) using diamdadves (Diatome). The sections were either

stained with methylene blue/ Azur Il or with theakestaining after Heidenhain (Bock, 1989).

To reconstruct the overall shape and localisatibthe gland in the head, we took digital pictures
(Nikon Coolpix 990) of a series of semithin seciand manually marked the outer margins of the
gland as well as the brain, mandibles, and eyewubie 3D-visualization-software Amftglndeed-

Visual Concepts, Berlin, Germany). Then the coneepictures were manually aligned with regard
to each other and combined to yield a 3D view ef ghand and other organs of the head, with the
different parts in different colours. Since we i@ademove the lateral part of the head capsulédoa

the embedding medium to penetrate into the head, rédspective parts are missing in the

reconstruction.

To observe the structure of the inner side of thighelium, dissected glands were fixed in alcoholic
Bouin (Bock, 1989) for 3 hours, and cut in piecaethwva razor blade. The specimens were washed in
70% ethanol (2x), and dehydrated in a graded aeederies. The objects were then critical pointdirie
(BAL-TEC CPD 030), sputtered with Pt/Pd (BAL-TEC BMO05) and viewed under a Zeiss DSM
1962 at 15 kV. Pictures were taken on liford FPh 24x36 mm). For ultrastructural investigations
of the tissue, dissected glands were fixed in atien of 2% formalin, 2.5% glutardialdehyde, and 5%
sucrose in PBS. After postfixation in 2% Q360 PBS and dehydration in a graded ethanol sdties,
specimens were embedded in Epon 812. Ultrathinicsect(about 50nm, Reichert Ultracut E
microtome / 45° diamond knife, stained with 2% wtaacetate and Reynold’s lead citrate) were
investigated using a Zeiss EM10 transmission aacimicroscope at 80 kV (TEM). Pictures were

taken on Agfa Scientia film (6x9 cm).
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7.4 Results

7.4.1 Overall appearance

Beewolf females possess a large gland reservoir dhginates from the posterior part of the
hypopharyngeal plate. The H-shaped sclerotisetit(lig dark brown) hypopharynx is about 2.3-2.6
mm long and 0.35-0.4 mm wide (the head width of €® is about 3.8-4.6mm). Immersing the
isolated gland in water spreads out the gland amdals an overall glove-like structure [Fig. 7.1A].
The gland reservoir consists of paired lateral matimpns of the pharynx and an additional median
(unpaired) sac-like evagination that extends védiptiet the pharynx. The paired sclerotised (dark
brown) elongations forming the hypopharyngeal saspaum are slightly bowed outwards and form
the anterior rim of the glove-like parts of therglareservoir. The glove-like part on each side =S
of a main branch and 10-15 ‘fingers’. These ‘firgjare 0.6-1 mm long and 0.2-0.25 mm wide. The
sac-like part of the reservoir is nearly spherigilh a diameter of about 0.4 —0.5 mm. On the bakis
these dimensions the maximum volume of the filleohd reservoir can be calculated to be about 3-4
ul. The walls of the gland reservoir are thin arahs$lucent. The content of the gland is whitish in

some individuals but mostly yellowish and oily.

7.4.2 3D-reconstruction

The 3D-reconstruction [Fig. 7.2] visualizes the rallelocation and arrangement of the gland in the
head capsule of beewolf females. Similar to the émsad dissected gland, the fingers of the lateral
part of the reservoir diverge somewhat from themlmanch. The gland is located in the forehead area
in the upper two thirds of the head capsule andneld horizontally between the anterior margins of
the eyes and vertically up to the position of thedian ocellus. A layer of air sacs separates taedgl

from the brain.

7.4.3 Light microscopy

Semithin sections confirmed that the reservoir taas different parts. The unpaired sac-like part is
located ventrally of the pharynx whereas the twanbhes of the glove-like part are located laterally
somewhat above the pharynx, with the main branektending laterally and the ‘fingers’ extending
dorsally. Some of the ‘fingers’ of the gland aredted directly subjacent to the front cuticle and
cuticular epithelium of the upper head and are redpd from the brain by air sacs. The wall of the
gland reservoir is formed by a monolayered epitiml[Fig. 7.3A,B,C]. The cells are 15-30 um wide
and 10-25 um high. The shape of the cells variesiderably within the epithelium; they are either
flattened quadrangular, pentangular or nearly ¢iidar with the tip pointing towards the lumen oé th
reservoir. Noteworthy, the inner sides of thesésdmdar several (Fig. 7.3A,B,C, apparently abo6t 2-
in the semi-thin sections) hairs (in the triangudad pentangular cells the hairs are located on the

tips'). These hairs occur in both, the sac-like éne glove-like parts of the reservoir and resenté
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Fig. 7.1. Dissected postpharyngeal gland\of female European beewolf, scale bar = 1 mm,Baral worker
of the ant specie€amponotus floridanuscale bar = 0.25 mm. The basic similarities of gleve-like gland
reservoir and the location relative to the hypophgrare obvious. fi, finger; hp, hypopharyngealtg@jeoe,
oesophaaus ; res. reservoir: s. suspenso|

Fig. 7.2. 3D-reconstruction of the PPG in the hea@ female of the European beewolf (frontal vieie
glove-like part of the gland (yellow) extends delaterally from the hind-pharynx to the inner barad the
compound eyes. The sac-like part that extends afyntfrom the pharynx is not visible in this vievsee
supporting online material, movie 1). (Note: duectdting off of the outer parts of the head, thpads could
not be reconstructed). as, air sac (grey); b, lmathnerves (white); ce, compound eye (black); mmdibular
muscles (green); oc, ocelli (black); pha, pharygrey); res, reservoir of the PPG (yellow); scalebd mm.
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hairs on the inner walls of the pharynx. Howevarthie pharynx the hairs are longer (about 1.5 x),

more regularly arranged, and are associated whichk layer of connective tissue.

No typical class Il gland cells with duct cellsdixbt and Quennedey, 1974; Quennedey, 1998) occur
in the epithelium and no such cells are conneatethé gland reservoir [Fig. 7.3A]. Furthermore,
some epithelial cells contain a few conspicuougdasesicles. The nuclei are oval and large (8-1p um
in relation to the amount of cytoplasm. The epitiral of the gland reservoir mostly borders on air
sacs that resemble the gland reservoir when vieavdow magnifications. At higher magnifications
air sacs and the gland reservoir can be easilindisshed since the former show the typical taenidi
on the inner surface, whereas the latter bearalthady mentioned hairs on the inner surface. ineso
regions the epithelium borders a tissue of largmded or slightly oval fat cells (diameter: 28-38)u

some of which contain large numbers of colourlassl (rarely yellowish) vesicles [Fig. 7.3A].

The opening of the ventral sac-like part of theeregir to the pharynx bears a fringe that contains

ring muscle [Fig. 7.3B,C]. This muscle is more ponced in the anterior part of the fringe (about 50
muscle cells about 150-200 pm long, 80-100 um wmehpared to the posterior part (about 10
muscle cells, 20-25 pm long, 8-10 um wide). Furtiee, the anterior part of the opening is
terminated by a brim (50-150 pm long, 25-50 pm wigig. 7.3C). Possibly, the sac like part of the
reservoir can be closed and opened by contractidnrelaxation of this ring muscle. The anterior

brim might cover the remaining opening when thg nmuscles are contracted.

The two branches of the glove-like part of the resie open to the pharynx laterally and dorsally to
the middle axis of the pharynx. These openings sltsxw thin brims both at their anterior and their
posterior side but no ring muscle is visible. Hoegvthere are several muscles connected to the
hypopharynx. A set of muscles that runs upwardsnfrthe sclerotised elongations of the
hypopharyngeal suspensorium to the cuticle of treditapsule might close the gland when the fibres
contract. Another set of muscles that runs morkess downwards to the cuticle of the head capsule
might be involved in the closing of the gland. Saelether muscles that run transversally might also
contribute to the control of the gland opening. ldger, since these muscles probably have additional
other functions and might interact in a complex wag cannot yet establish how the opening and

closing of the gland is accomplished.
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Fig. 7.3.A Semithin section of the glove like part of the PéfGemale beewolves showing a branching point of
two fingers surrounded by air sacs. scale bar #180B Semithin section of the lower part of the PPG of a
female European beewolf and surrounding tissuee @ nearly triangular shape of the cells of thighelium
and their apical hairs. scale bar = 150 [Gnanterior rim of the opening of the lower part b&tPPG with
muscle fibres. scale bar 50 um. ar, anterior rirthefopening of the lower part formed by a brim;assac; ep,
epithelium of the PPG; h, hairs; hp, hypopharyres; fat cell; lu, lumen of the PPG; mf, muscle fiarewu,
nucleus; op, opening; ph, pharynx; pr, posterior of the lower part. scale bar = 50 um.
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7.4.4 Ultrastructure

SEM investigation of dissected glands revealed ttbuter wall has a reticulate surface [Fig. T.4A
that apparently enlarges the surface area. The walés bear the hairs that were already visibléhm
semithin sections [Fig. 4B]. The length and streetof the hairs varies somewhat within the reservoi
Near the opening the hairs are about 30 um longnzhick and their tips are spliced. In the more
distal parts of the glove-like part, the hairs byeated on more or less regularly spaced scale like
structures in groups of 15-20 [Fig. 7.4B] and dvewt 20-40 um long.

Ultrathin sections revealed the typical organisatiba cuticle lining on the inner side of the resé
[Fig. 7.5A], showing that the reservoir represeamsexocrine gland. The scales that bear the hiagrs a
extensions of the cells of the epithelium. Thesceli the epithelium showed well developed smooth
endoplasmatic reticulum, Golgi-apparatus, and samtechondria. Microvilli appear in the apical
region of the cells. Some conspicuous multilamebadies of different sizes are visible and most of

them are localized in the apical region, associaiitu

the microvilli. Both the microvilli and the multiaellar bodies are not evenly distributed over the
epithelium but seem to be concentrated in somesaFeathermore, the microvilli are not as numerous
and not as regularly shaped as in the epitheliuth@PPG ofC. floridanusworkers and as reported in
some earlier publications of the PPG of ants (€ig. 9 in Billen, 1991). Some electrolucent vesicle
can be seen in the epithelium. Furthermore, septasenosomes are visible. The basal part of the
epithelium shows numerous invaginations [Fig. 7.8&he of which seem to have extensions into the
cell. At some places there are large rounded ¢éliésl with numerous large electrolucent vesicles
adjacent to the epithelium. These are the fat tediscan also be seen in the semithin sections.

reticulate surface structure. scale bar = 2 BnSEM picture showing the inner surface of the nesierof a
dissected PPG of a female European beewolf shoaviregular arrangement of scale like structuresihgar
number of hairs. h, hair; sc, scale; scale bar g1

110



CHAPTERY

ST R S R 7 G
Fig. 7.5.A TEM picture of the apical region of the epitheliwhthe PPG of a female European beewolf,
showing the well developed cuticle that lines thenén of the gland. scale bar = 1 pB1TEM picture of the
basal region of the epithelium, showing multipleaginations and electrolucent vesicles; scale baam. bin,
basal invaginations; bl, basal lamina; enc, endoegtepc, epicuticle; exc, exocuticle; ga, Golgparatus; lu,
lumen of the gland; M, mitochondria; mv, microvilkd, septate desmosome; sER, smooth endoplasmatic
reticulum; v, vesicle.

fell
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7.4.5 Comparison with Camponotus floridanus

The PPG ofC. floridanusworkers has a very similar general appearancehesdéscribed gland
reservoir of beewolf females [Fig. 7.1B]. Dissectgahds show a larger number of ‘fingers’, a shorte
hypopharyngeal suspensorium, and the whole glantbre opaque. Semi-thin sections show that the
location of the PPG is similar to the describedresir of beewolf females. Howevel. floridanus
workers lack the ventral sac-like part of the glambeewolves. The epithelium of the reservoirlsoa
monolayered; the epithelial cells are mostly quaguéar and less variable in their shape than in
beewolf females. Furthermore, in contrast to beeggthey contain numerous large vesicles that are
possibly responsible for the opaque appearanckeofiand. The most conspicuous difference is the
lack of any hairs on the inner surface of the nasierThe ultrastructure of th€. floridanusPPG also
largely resembles the reservoir of beewolf femalitls conspicuous basal invaginations, but the layer
of microvilli just beneath the cuticle is more réggly arranged. Other components of the epithelial
cells of the PPG of. floridanusdo not differ strikingly from the sections of theservoir of beewolf

females.

7.5 Discussion

Females of the European beewolf possess a largd gtaervoir in their heads that closely resembles
the PPG of ants. The location of the glands istidahin both taxa as is their overall appearamte,
least with regard to the glove like part of theergsir in beewolf females. The structure of thelsvaf

the glands of beewolves and ants (Pergrine etl@¥.3; Soroker et al., 1995) appears to be largely
similar (noteworthy, the PPG of some ant taxa hdewating overall structure, Schoeters and Billen,
1997). The epithelium that forms the gland reseri®imonolayered in both taxa and there are
apparently no secretory gland cells associated thalreservoir. The ultrastructure of the epithraliu
also shows similarities with regard to the well eleped smooth endoplasmatic reticulum and the
microvilli (Billen, 1991) as well as the basal igiaations and the concentration of mitochondria in

the apical (inner) region of the epithelial cefelen et al., 2006).

However, there are also some differences in glaatioany between beewolves and ants. Ants seem to
completely lack the sac-like, ventral part of tlesarvoir that occurs in beewolves. The cells of the
epithelium differ somewhat in shape and they contadre and larger lipid vesicles in ants (Peregrine
et al., 1973; Soroker et al., 1995; Schoeters &atenB1997). Furthermore, the PPG of ants lack the
hairs found on the inner walls of the glandAntriangulum The function of these hairs is not yet
known. Since the hairs are not connected to msiscie unlikely that they move to mix the content

the gland. Possibly, the hairs prevent that thadyizollapses when nearly empty. Another difference

is that the microvilli in the apical region of tlepithelium are more abundant and more regularly
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arranged in ants compared to beewolves. Never)dles striking similarities of the described gland

in beewolf females with the PPG of ants suggestttieaformer is also a PPG.

The occurrence of a PPG in beewolves is remarksiblee it has been assumed that this gland is
idiosyncratic to ants (Hélldobler and Wilson, 19%xhoeters and Billen, 1997, Lenoir et al., 1999;
Eelen et al., 2006). Ants are not closely relatedrabronids (Brothers,1999). Thus, the PPG exhibit

a peculiar phylogenetic pattern.

Interestingly, the PPG of beewolves and ants costaimilar classes of chemicals. Mainly
hydrocarbons have been found both in ants (e.getBElet al., 1992; Soroker et al., 1995a,b) and in
beewolf females (E. Strohm, G. Herzner, T. Schniittpubl. data, see also Herzner et al., 2007;
Kroiss et al., 2006; for the morphology and chermisf the respective gland in male beewolves). In
ants, the gland has a function in communicationrajmeestmates (e.g., Hefetz et al., 1992; Soroker et
al., 1994; 1995b; 1998; Vienne et al., 1995). Thsrevidence that in ants the content of the PPG is
sequestered from the own cuticle and/or hemolympdfast from nestmates during allogrooming.
These compounds are then mixed and applied towmecoticle and delivered to nestmates during
repeated allogrooming (Hefetz et al., 1992). Thigcpss results in a mixing and unification of the
individual odours and provides a mechanism for fibenation of a chemical colony badge (for
possible other functions see e.g., Schoeters allehBiLl997, Eelen et al., 2006). Thus, the PPG is

associated with (allo-) grooming behaviour in ants.

Beewolf females might also spread the content eRRG over their own bodies during grooming.
This could be the initial function of the glandieewolves. However, the current main function ef th

gland in beewolves seems to be the protection efptiey against fungus (Strohm and Linsenmair,
2001). Prior to provisioning of the brood cellseb®lIf females extensively lick the whole surface of
the paralysed honeybees that serve as larval fobehaviour that, although it is directed to a prey
might be considered as allogrooming (Strohm anddmmair, 2001). During this treatment, females
apply chemicals from the PPG onto the cuticle efglrey (G. Herzner, T. Schmitt, E. Strohm, unpubl.
data).

Assuming that the large reservoir in beewolf femalke a PPG, its evolutionary origin might be
homologous to the one in ants. Alternatively, ityrhave evolved independently in both taxa. Despite
the considerable similarity, a convergent evolut@inthe PPGs in two unrelated taxa cannot be
excluded. Hymenoptera show extremely diverse glandssome taxa have glands that do not occur in
any other Hymenoptera (e.g. Isodoro et al., 199902 Gobin et al., 2003). There is, for example, a
unique gland in the antennae of beewolves (StrohdhLansenmair, 1995; Kaltenpoth et al., 2005,

Goettler et al., 2007). Thus, the evolution of ngland systems seems to occur frequently in
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Hymenoptera. Therefore, the similarities might havelved due to shared selection pressures. For
example, the overall glove like shape of the PP weveral ‘fingers’ both in ants and beewolves
might reflect the need for an enlarged surfacatosiase the rate of uptake of hydrocarbons from the
hemolymph. Remarkably, in ants the rate of seqastr of the PPG content is probably much lower
than in beewolves who have to embalm several prays per day with the secretion. We have
estimated that beewolf females have to apply a noéabout 300 pg of PPG secretion per day (G.
Herzner, T. Schmitt, E. Strohm unpubl. data). Tdwation of the reservoir at the proximal end of the
pharynx might be ideal for the delivery of long ithhaydrocarbons through the mouth. However, the
evolutionary starting points in ants and beewolass different and the primary selection pressures
that have promoted the evolution of the PPG alfferdionsiderably. Noteworthy, the labial gland in
honeybees might serve a function that is similathtd of the PPG of ants (Katzav-Gozansky et al.,
2001). Thus, the generation of a nest odour, njigitas well be accomplished by a different kind of
gland. Thus, the hypothesis that such similar PR&® evolved by chance in ants and beewolves

despite the differences in evolutionary backgroomight be considered equivocal at least.

Is there any evidence supporting the hypothesisttieaPPG of ants and beewolves are homologous?
One concordance with regard to the ecology is ltb#t taxa spend most of their time below ground.
This might make an effective protection againstrthédtitude of microbial pathogens that occur in the
soil more important than for species that nest abground. Thus, one possible scenario for the
evolution of the PPG is that it evolved in a comnamicestor that was a solitary, soil nesting species
that may have used the PPG to store compound$éopriotection of its own body or of its prey
against microbial attack. The PPG of beewolvesantd would then be homologous. That this gland
has so far only been described from ants and tihepEan beewolf does not necessarily mean that it
does not exist in other aculeate Hymenoptera, smoteall groups were carefully screened for the
occurrence of a PPG. Noteworthy, males of the Erapnmeewolf also possess a PPG that was very
hard to discover due to its similarity with air sgelerzner et al., 2007). A total absence of PPl i
aculeate Hymenoptera except beewolves and antsdwoake a homologous origin questionable

though not impossible.

It is interesting to consult recent phylogenetiees to assess the plausibility of the homology
hypothesis. Using the phylogenetic reconstructiamvided by Brothers (1999), an evolution of a PPG
in early aculeates and a subsequent loss in ah taxt the genusPhilanthus (preliminary

investigations show that other species of the suoibfaPhilanthinae have the gland, but other
crabronids and sphecids do not, E. Strohm, G. Kerampubl. data) and the family Formicidae
would require at least 8-10 evolutionary stepssgs$. Additional consideration of the phylogenetic
relationships within the digger waspse(su latp indicates that there are an additional 7 (Brather

1999) or 11 (Melo 1999) losses necessary. In csnptassuming that the PPGs of beewolves and ants
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have evolved independently only two evolutionararaes (gains) would be necessary. However,
these calculations are based on the assumptiomthather taxa possess a PPG. The fact that the
European beewolf is one of the best studied spligmuleates (Tinbergen, 1932; 1935; Rathmayer,
1962; Strohm, 2000; Strohm and Lechner, 2000; 8trahd Linsenmair, 1995; 1997; 1999; 2000;
2001) but its PPG has only been described now stg¢feat there might be PPGs awaiting discovery
in hitherto neglected taxa. Furthermore, in sudbutations, losses and gains of traits are consitler
to be equivalent evolutionary steps. However, theslof a structure might involve fewer
microevolutionary steps than tlte novoevolution of a complex structure. Therefore, thverall
probability for a loss and an acquisition mightfelifconsiderably (Felsenstein, 1983; Wiens et al.,
2001). As a consequence, a phylogeny with manyesosasight still be more likely than a competing

hypothetical phylogeny with few gains.

In conclusion, the discovery of the PPG in beewshad the investigation of its functional
significance may provide new insights into the etioh of a gland that is known to play an important

role for communication and colony organisationhia highly eusocial ants.
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8.1 Summary

The postpharyngeal gland has long been thoughtdormnly in ants. Here we characterize, by use of
light and electron microscopy as well as 3D reamesion based on nuclear magnetic resonance
(NMR) imaging data, a large cephalic gland resergbimales of a solitary digger wasp, the European
beewolf, Philanthus triangulum Several lines of evidence suggest that this vegeris a
postpharyngeal gland. The gland reservoir orig;mdtem the posterior part of the pharynx and
consists of two pairs of unbranched tubular stmestuhat occupy a large portion of the head capsule
Its wall is composed of a unicellular epitheliunattlis lined by a cuticle. The gland contains a thleh
hydrocarbons and compounds with functional groapsl we show that the hydrocarbon fraction of
the pheromone is congruent with the hydrocarbonthercuticle. We discuss the implications of our

findings for the evolution of the postpharyngealrgl in ants.
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8.2 Introduction

The postpharyngeal gland (PPG) has long been thdadye idiosyncratic to the Formicidae (Lenoir
et al., 1999; Schoeters and Billen, 1997; Sorokat.e1995a; Jackson and Morgan, 1993; Hdlldobler
and Wilson, 1990), where it is involved in the fation and distribution of a nest-specific chemical
signature (the ‘gestalt odor’, Crozier and Dix, @pthat mediates nestmate recognition (Lenoir ¢t al
1999; Soroker et al., 1998, 1995a,b, 1994; Viernrad. £1995; Hefetz et al., 1992). It usually comsa

a multi-component blend of hydrocarbons (HCs) (€ebeet al., 2004; Lucas et al., 2004; Soroker et
al., 1995a; Hefetz et al., 1992; Vander Meer etl&l82) that shows a high chemical congruency with
the epicuticular chemical profile (Lucas et al.020Soroker et al., 1995a; Do Nascimento et ab;319
Bagnéres and Morgan, 1991). In ant queens the P&Gcomtain some kind of queen pheromone
(Dietemann et al., 2003; Vargo and Hulsey, 2000@y. & review of additional hypothesis on the
function of the PPG in ants see Eelen et al. (2006)

Recently, a PPG was found in females of a solitamgting wasp, the European beewlilanthus
triangulum F. (Hymenoptera, Crabronidae; formerly Sphecid&johm et al., 2007). While the
structure, location, and chemical content of th& RIP beewolf females are similar to those of ants
(Strohm et al., 2007; E. Strohm, G. Herzner, T.ritth unpublished), its function is very distinct.
FemaleP. triangulumhunt honeybees as food for their larvae and dtweparalyzed bees in their
subterranean nests (Herzner et al., 2005; Strob00,21995; Strohm and Linsenmair, 2000, 1999).
To preserve their prey from microbial degradatioeewolf females apply the secretion of their PPG
to the surface of their prey (Herzner et al., uriighlbd). The PPG secretion prevents fungus growth
on the larval provisions (Strohm and LinsenmairDP0and in this way enhances the survival

probabilities of the offspring.

It is known that PPGs also occur in male ants [Bkibnd Vinson 1980). Therefore we investigated
males of the European beewolf in order to exterad kihowledge on the distribution and possible
functional variety of the PPG among Hymenoptera.leMbeewolves establish and scent mark
territories to attract conspecific females (Schreittal., 2003; Strohm and Lechner, 2000; Strohm,
1995; Evans and O’Neill, 1988; Simon Thomas andrfeo01972). In an accompanying study we
show that this marking pheromone is stored in draerdinary large cephalic reservoir (Kroiss et al.
2006). The aim of the current study is to assessittye of morphological and chemical analyses,

whether this reservoir for the marking pheromonenafeP. triangulumis a PPG.

To qualify as a PPG the reservoir has to meet dtewing criteria. First, its location should
correspond to the PPG of ants and beewolf femadest should extend from the posterior part & th
pharynx along the proximal spines of the suspeusorSecond, the wall of the reservoir should be

formed by a unicellular epithelium and lined byuwide (Schoeters and Billen, 1997; Soroker et al.,
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1995a; Peregrine et al.,, 1973). Third, in femBletriangulum as in ants, the substances that are
present in the PPG also comprise the cuticular @& rprofile of the animals (E. Strohm, G. Herzner,
T. Schmitt, unpublished). To test for a similar mheal congruency in mal®. triangulum we

compared the chemical profiles of the PPG contedtthe cuticle.

8.3 Material and Methods

8.3.1. Specimens/Histological investigation

Adult male beewolves were obtained from a field ywapon in Wirzburg or from a laboratory
population (see e.g. Strohm and Linsenmair, 199hey were anaesthetized with €@nd
decapitated. The heads were then dissected inptysiological saline (130 mM NacCl/5 mM KCl/4
mM MgCl,/5 mM CaCy/15 mM HEPES/25 mM glucose/160 mM sucrose, pH WAiler a
stereomicroscope. The first cut was performed batily close to the toruli. The second and third
cuts were made vertically just medial to the eyidm® last cut was made horizontally from eye to eye
between the mid ocellus and the lateral ocelli. Gheatest care was taken to cut only through the
cuticle but no subjacent structures. The cutictilgy and the subjacent air sacs were then carefully
removed. The cuticular opening was carefully erddrgtep by step so that finally the delicate glands
could be removed from the head unharmed. The glaeds then transferred onto microscope slides,

immersed in physiological saline and examined ustireo- and compound microscopes.

Histological investigations of male heads were cmteld using light microscopy following standard
histological methods (see e.g. Strohm and Linsenrh@B5). In brief, heads were fixed in alcoholic
Bouin, then rinsed in 70% ethanol, dehydrated graded ethanol series and propylene oxide and
embedded in Durcupan (Fluka, Deisenhofen, Germahy)enable the embedding medium to soak
into the head capsules of the specimens, one brdyas were cut off the head capsule using razor
blades. Semithin sections (4 um) were cut on d-btade microtome and stained with Methylene-
Blue-Azur Il (Bock, 1989). Specimens were viewedlema Zeiss Axioskop. Due to the partly low
contrast of some delicate structures despite s@inve used phase contrast as well as differential
interference contrast. Photographs were taken wsidgiss AxioCam HRc digital camera and Zeiss

AxioCam software (Carl Zeiss, Germany).

8.3.2 Scanning electron microscopy

For scanning electron microscopy (SEM), specimemsewfixed in alcoholic Bouin for 3 hours,
washed in 70% ethanol twice, and dehydrated iradegt acetone series. The objects were then critical
point dried (BAL-TEC CPD 030), sputtered with Pt/BRAL-TEC SCD 005) and examined through a
digital ZeisDSM 962.
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8.3.3 Transmission electron microscopy

Objects for transmission electron microscopy (TEi)ye fixed overnight at 4°C in a solution of 2.5%
glutardialdehyde and 2% formaldehyde in Sérensasgate buffer. After postfixation in 2% OsO

in Sérensen phosphate buffer and dehydration irraalegl ethanol series, the specimens were
embedded in Epon 812. The ultrathin sections ofuab®® nm thickness (Reichert Ultracut E
microtome / 45° diamond knife) were stained with @tanyl acetate and Reynold’s lead citrate. The
sections were examined with a Zeiss EM10 at 80UWnfortunately, the fine structure of the cells of
the epithelium that forms the wall of the reserwwsas not optimally conserved in all regions of the
reservoir, although — besides the ones descrilveel tried several different fixatives and conditions
during fixation. Thus, some very fine structureginihave been lost. We nevertheless provide the

results here, since some important evidence caulghined.

8.3.4 Nuclear magnetic resonance imaging and 3[@metruction

Since the dissections did not fully reveal the posiof the glands in the head, we reconstructed th
cephalic structures in the head by use of nuclesynatic resonance (NMR) imaging. A male beewolf
(head width 3.3 mm) was anaesthetized with, @ killed with diethyl ether. After decapitatitme
head was immersed in 100% ethanol and kept forut lman exsiccator with water jet vacuum. In
this manner the air sacs were filled with liquidtkat air could not cause susceptibility artifaotshe
imaging experiment. The head was transferred tonanb NMR tube filled with Gadovist (5 mM)
(Schering, Berlin, Germany) as a contrast agenteaaduated for another 30 minutes. NMR imaging
was carried out on a 17.6 T (750 MHz) widebore nehgmsing AVANCE console, Micro2.5
microimaging gradients capable of 1 T/m maximumdgrat strength and a 5 mm birdcage cole
(Bruker Analytic, Rheinstetten, Germany). Three@nsional data sets were obtained using a 3D
FLASH sequence. Data acquisition parameters werdd' ’s, TE 3.0 ms, number of averages 6, a
data matrix of 256 x 256 x 256 points and an igtrespatial resolution of (20 um)3. Total data

acquisition time was 4.4 hours.

3D-reconstruction based on the NMR-data was coeduatsing the 3D-visualization-software

AMIRA (Indeed-Visual Concepts, Berlin, Germany) fileient structures in the head were manually
marked with different colors, so that finally thesguctures could be visualized in their natural
arrangement. The results were in perfect accordaitbethe structure that could be inferred from the
dissections and from histological analyses. Thhere is no evidence for any significant artifact
caused by the treatment or the NMR experiment.vbheémes of the head capsule and of the different

parts of the gland reservoir were determined irrélcenstructed head.
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8.3.5 Extracts

Newly emerged males of our laboratory populatiomemadividually marked and released into an
environmental chamber (240x180x210 cm; 26/22°C rdght and 14h/10h light/dark cycle)
containing sand-filled buckets for nesting andfiarél territories. The animals were provided with
honey ad libitum These conditions induce males to establish aedtsmark territories (Strohm,
1995). Since pheromone composition is age deperfdaitenpoth and Strohm, 2006), all males used
for the analyses were about the same age. Tweliaitteen days after emergence, males were caught
and stored individually in small polystyrene viéBsmm diameter, 82mm length, filled with 2 cm
moist sand) with rubber foam plugs for two daystted they could replenish their glands. They were
then individually frozen at -18°C. For chemical lsas, 14 males were thawed, their heads were cut
off, affixed by an insect needle and dissected uradstereo microscope as described above (but
without the saline). Dissection was carried outsbeets of filter paper that were renewed for each
male. Instead of removing the gland from the hewsl took a sample of the pure PPG content by
inserting a fine Pasteur pipette directly into ¢tend. The secretion was automatically suckedtimo
pipette by capillary forces. The sample was thessalived in re-distilled hexane. All dissection
instruments were cleaned in re-distilled hexanerpto the handling of the next specimen. The
remaining thoraces and abdomens were (both paribined but for each male individually) extracted
in distilled hexane for five minutes (surface waghdhe volumes of the extracts were reduced to
approximately 100 ul by a stream of nitrogen at iambtemperature. An aliquot of 1ul of each

sample was analyzed by combined gas chromatograplags spectrometry.

8.3.6 Gas chromatography — mass spectrometry

GC-MS analysis was performed with an Agilent 689@¥ries gas chromatograph (Agilent
Technologies, Boblingen, Germany) coupled to arlelgi5973 inert mass selective detector. The GC
was equipped with an RH-5ms+ fused silica capilipmn (30 m x 0.25 mm ID; df = 0.@&), and

the temperature program ramped from 60°C to 300#® ®°C/min. The temperature was held
constant in the beginning at 60°C for 1 min anthatend at 300°C for 10 min. Helium was used as
carrier gas with a constant flow of 1 ml/min. Aiggplitless injector was installed at 250°C andtie
splitless mode for 60 sec. The electron impact repsstra (EI-MS) were recorded with an ionisation
voltage of 70 eV, a source temperature of 230°Camihterface temperature of 315°C. The software
MSD ChemStation (Agilent Technologies, Palo AltdA,GJ.S.A.) for Windows was used for data
acquisition. The identification of the PPG contand the cuticular substances was accomplished by
comparing retention times and mass spectra with ftam earlier analyses (Schmitt et al., 2003;
Kroiss et al., 2006; E. Strohm, G. Herzner, T. Sithmnpublished) and with data from a commercial
library (NIST, Gathersburg, MD, USA).
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8.3.7 Statistics

Peak areas were obtained by manual integrationt@ad peak area of each individual extract was
standardized to 100%. Because relative peak amegagsent compositional data, the areas were
transformed to logcontrasts (Reyment, 1989; Aiwhis1986) prior to analysis. The means of all
peaks for the 14 individual males were calculated subsequently normalized by log-transformation
to allow for parametric testing. To test for a cligahcongruency between the HCs found in the gland
reservoirs and on the cuticles of beewolf males,careducted a correlation and regression analysis
between the mean proportions of components (Aibchiand log-transformed) in the reservoir and on
the cuticle. Since both variables are GC-MS measents and thus have the same measurement error
we used a reduced major axis regression to dedtriderelationship (Legendre and Legendre, 1998)
using ‘RMA Software for Reduced Major Axis Regressiv.1.17’ (A. J. Bohonak, San Diego State
University, U.S.A.; freely available at http://wwhio.sdsu.edu/pub/andy/RMA.html). To assess the
chemical similarity between the reservoir and theicte, we tested whether there was a direct
proportionality: i.e. the slope of the resultingyression line should not deviate significantly frdm

and the y-intercept should not deviate significafrtbm 0.

8.4 Results

8.4.1 Morphology

Dissection of the heads revealed that males oftim@pean beewolf possess, besides the already
known mandibular gland (Evans and O’Neill 1988 SEohm and W. Goettler, unpublished), a large
multi-compartment gland reservoir. The reservoinsists of two pairs of tube-like evaginations @& th
pharynx that branch off the pharynx at the posteuart of the hypopharyngeal plate [Fig. 8.1]. The
upper pair of evaginations extends dorsally sulpjate the frontal cuticle of the head, winds around
the brain to proceed ventrally, again subjacerth#ocuticle, and ends slightly above the base @f th
mandibles. The basal parts of these tubes are geppby the suspensorium. The lower pair of
evaginations extends slightly ventrally and theoxjpmally towards the rear end of the head capsule
and is considerably smaller. The walls of the gleaskrvoir appear to be very thin and translucedt a

are very easily damaged during dissection. Theetomtf the reservoir was clear and oily.

The semithin sections and the 3D reconstructioedas the NMR data confirmed that the reservoir
has two main parts [Fig. 8.2]. The larger (longet originates above the pharynx, virtually embgac
the brain and takes up a considerable amount akespéhin the head capsule (2.12 ul in a male with
3.3 mm head width and 9.3 pl head capsule voluiteg. lower part (0.41 pl) originates below the
pharynx and extends straight to the rear wall ef ltlead capsule. The combined volume (2.54 pl)

makes up about one quarter of the head capsulereolu
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Mouth opening

Fig. 8.1. (left).Dissected postpharyngeal gland of a nRildériangulum The two pairs of symmetrical tubes are
clearly visible (scale bar 0.5 mm; the correspogdmale had a head capsule width of 3.1 mm). hp,
hypopharyngeal plate; Ip, lower part of PPG; osopbagus; S, suspensorium (shining through thedylaip,
upper part of PPG.

Fig. 8.2. (right). 3D reconstruction of the postpmaeal gland of a male. triangulum A Frontal view.B Rear
view. C Top view (scale bar 1 mm). Please note that alt fobes of the PPG are entirely separated frorh eac
other and not connected as might appear to beabe due to the constraints of contrast and resolaf the
illustration. ant, antenna; br, brain; ce, compoeyd; Ip, lower part of PPG; md, mandible; mdg, dianlar
gland; mu, mandibular muscles; oc, ocellus; phryig up, upper part of PPG.

Light microscopy of semi-thin sections [Fig. 8.3Josved that the gland reservoir is formed by a
monolayered epithelium. The cells of the epitheliara of an irregular more or less triangular shape
with the tip pointing towards the lumen. These <élkar long hairs that range into the lumen [Fig.
8.3A]. There are no ducts of class 3 gland cellas@ification after Noirot and Quennedey, 1974)
opening into the lumen although in the immediatginiy of the walls of the reservoir there are

numerous acini of class 3 gland cells that belenthé mandibular gland [Fig. 8.3A; E. Strohm and
W. Goettler, unpublished]. The nuclei are small pared to those of the gland cells of the mandibular
gland. There are no visible remains of the glandtexat in the semithin sections, the lumen looks
entirely clear. The lower and upper parts of ttendlreservoir look basically very similar in alete

respects.
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Fig. 8.3:Semithin sagittal (A-C) and cross sections (D) tigto the head of a beewolf male. A. Postpharyngeal
gland with air sac and an acinus that belongsdathacent mandibular gland (scale bar 20 um).g&nihg of

the lower part of the PPG with reservoir closirgpfl mouth opening is on the right side (scale Bap&). C.
Opening of the upper part of the PPG with reseretaising flap; mouth opening is on the bottom slzale bar

50 um). D. Opening of the lower part of the PPGhwiharynx closing flap and PPG reservoir closirap{fl
mouth opening is on the right side (scale bar 50. Bee text for details. ac, acinus of the mandibgland; as,

air sac; ep, epithelium of the PPG; epf, epithdiids; fcu, frontal (facial) cuticle; h, hairs; mmuscles; op,
opening of the PPG; pcfl, pharynx closing flap; pharynx; ppg, lumen of the PPG; rcfl, (PPG) reserv
closing flap; S, suspensorium.

Both parts of the reservoir show paired openingthéopharynx at the cuticular spines that form the
suspensorium [Fig. 8.3B-D]. The openings of theanppart are located more proximally than those of
the lower part. The interconnection between thendjland the alimentary tract entails some

advantages for the delivery of the secretion bsib aéquires specialized mechanisms to control the
routes of secretion and food.
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Fig. 8.4. Scanning electron micrograph of the immmface of the postpharyngeal gland of nRald@riangulum
(scale bar 20 um). Note the epithelial folds anidsh

Male P. triangulum apply the secretion from the reservoir, i.e. thmmrking pheromone, to the
territories with a clypeal brush (e.g. Evans andNéll, 1988; E. Strohm, G. Herzner, J. Kroiss,
unpublished). The pheromone from the reservoireasily reach this brush through the pharynx and
the mouth opening. The intake of food into the dléwas to be impeded, however. In the semi-thin
sections we found two different types of closingp8 that might control the flow of secretion and
food. All openings of the gland into the pharynxvéaa similar basic organization. Each one is
covered by a flattened multicellular flap (reserwdbsing flaps)[Fig. 8.3B-D]. The flaps are fixatl
their distal sides and not attached at their prakisides and we propose that they cover the gland
reservoir openings when food is swallowed. Thisiclg mechanism could thus prevent the uptake of

food into the reservoirs.

How the reservoirs are opened and their contepaiseld is less clear yet. In the flap covering the
opening of the lower part small muscle fibers aséble [Fig. 8.3B]. These might be able to retridet
flap and open the reservoir. A simultaneous cotitnacof other muscles or an increase of the

hemolymph pressure in the head might then prestheutontent.
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Fig. 8.5. Transmission electron micrographs ofghstpharyngeal gland epithelium (A, scale bar 4anu C,
scale bar 2 um) and cuticle (B, scale bar 0.2 pminale P. triangulum The basal invaginations of the
epithelium suggest an uptake of substances fronhe¢hgolymph. bl, basal lamina; bin, basal invagoradi cu,
cuticle; enc, endocuticle; epc, epicuticle; exopaiicle; lu, lumen of the PPG; M, mitochondria; MNicleus;
rER, rouarendoplasmatic reticului

In cross sections a second set of flaps with simstiaicture is visible [Fig. 8.3D]. These flaps &xed
proximally to the wall of the pharynx and extendthwtheir anterior part to the openings of the
respective parts of the gland. From their locatdimension and arrangement these flaps seem to be
able to close the pharynx just proximally to themipg of the reservoir (pharynx closing flaps ig.Fi
8.3D). Therefore, they might facilitate the tramsfd secretion between the gland and the mouth
opening. This scenario is hypothetical, howeved, tie exact assignment and functioning of the flaps

remain to be shown.

The SEM investigations confirmed the results of listological investigations and revealed that the
cells of the epithelium form dense foldings inte thmen of the reservoir [Fig. 8.4]. The rims afsh
folds bear numerous thin hairs that extend intoltineen of the reservoir and are variable in length
(approx. 10-60 um). The function of these hairsas yet known. The walls of the pharynx show
similar but more regular foldings and the hairssrerter (not shown).

The TEM analysis confirmed the finding that the wal the gland reservoir is formed by a
monolayered epithelium lined by an inner intimattehows the typical ultrastructure of an insect
cuticle [Fig. 8.5]. Owing to the epithelial foldisgand hairlike extensions the epithelial thickniess
very variable. The TEM investigation did not revaay gland ducts that might discharge into the
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Fig. 8.6. Gas chromatograms of hexane extractsnoindividual maleP. triangulum A. PPG content. B.
Epicuticle. The numbers in the chromatograms r&dethe following compounds: 1S5)-2,3-dihydrofarnesoic
acid, 2: @)-9-octadecen-1-ol, 3: 10-nonacosen-2-one, 4: aemetanol, 5: heineicosane, 6: docosaney*¥:
tricosadiene + 4)-9-tricosene + Z)-7-tricosene, 8: 4)-1l-eicosenol, 9: 1l-eicosanol, 10: tricosane, 11:
unidentified substance 1, 12*-tetracosadiene +ZJ-9-tetracosene +ZJ-7-tetracosene, 13: tetracosane, 14:
unidentified substance 2, 1A*Y-pentacosadiene Z)-9-pentacosene Z)-7-pentacosene, 16: pentacosane, 17:
(2)-9-hexacosene, 18: hexacosane, A9:6-pentacosen-8-one, 28*Y-heptacosadiene +Z)-9-heptacosene +
(2)-7-heptacosene, 21: heptacosane, 22: octacosanepRacosane, 24: hentriacontane. Please note\tiag

to their very low quantities the peaks of the sabsés 13-methyl pentacosane, 11-methyl pentacoSane,
methyl-pentacosane, hexacosane and octacosanetawsible in one or both of the chromatograms oé o
individual male.
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lumen of the reservoir. The cells of the epitheliam® connected by septate desmosomes. They
contain some rough and some smooth endoplasmétalten. Some cells contain a large number of
mitochondria but others have only few mitochondkiatilamellar bodies and Golgi apparatus could
rarely be seen. There were only few vesicles inciles and no microvilli on the inner side of the

epithelium. There were, however, basal invaginatiom the outer side of the epithelium [Fig. 8.5C].

8.4.2 Chemistry

The gland reservoir samples contained 35 previodshcribed (Schmitt et al., 2003; Kroiss et al.,
2006) pheromonal substances [Fig. 8.6A]. Someaf/dry minor HCs that had been

found as components of the gland content in anctiuely (Kroiss et al., 2006) could not be detected,
most probably because we analyzed single males thithconsequence that the amounts of some

substances were below the detection limits of tieytical set-up.

In the cuticle extracts we characterized 19 pe&ig. [8.6B]. All these substances also occur in the
gland. The concentration of HCs in the cuticle &tis was considerably lower than in the gland
extracts and it is likely that some of the HCs tiat found in the pheromone but not in the cuticle
extracts were below the detection limits of our @S- The amounts of the methyl alkanes were too
low to determine the position of the methyl grotgxcept for A-16-pentacosen-8-one none of the

pheromonal substances with functional groups wesemt in the cuticle extracts.

For the correlation and regression analysis weuded all HC peaks that were present both in the
gland and on the cuticle and that could unambigydos identified. In general, th&)-9 and 7)-7
alkenes as well as the alkadiene of the same dbagth could not be entirely separated in the
chromatograms and were thus treated as one peak(ZJ8-alkene was always the dominant peak
among the three. In the chromatograms of the gearhcts, the peaks a@f”-tricosadiene, 4)-9-
tricosene, and (2)-7-tricosene were hidden underiige peak ofZ)-11-eicosen-1-ol and could not
be separated satisfactorily for a quantitative ysial They were thus excluded from the analyses. Th
very minor compounda-16-pentacosen-8-one and octacosane were onlynpriesgaces in most of
the gland extracts and not detectable at all introbthe cuticle extracts and were thus also exaxdud
from the analyses. The remaining 12 peaks (Aitehisnd log-transformed) were subjected to the

correlation and regression analyses.

The relative amounts of substances in the glanetvess showed a strong linear correlation with the
corresponding substances on the cuticles [Fig. 8!& slope of the RMA-regression was 1.091 (95%
confidence intervals: 0.748 — 1.433). The interadphe regression line was 0.062 (95% confidence

intervals: -0.175 — 0.299). Thus, there was noiiggmt deviation from direct proportionality.
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Fig. 8.7. Correlation between the mean relative amount (pmaa Aitchison transformed, see text) of a
particular hydrocarbon in the PPGs and on the lestiof beewolf males (r2 = 0.801, n = 11, p < 0)00he
trend line was generated using reduced major &gsession (y = 1.091 * x + 0.062). The data arestham
extracts of 14 males and the following 12 peake (thmbers correspond to the numbers given in fiGlr&
heneicosane, 6 docosane, 10 tricosane, 12 tetrago$8 tetracosane, 15 pentacosenes + pentacosadign
pentacosane, 17 hexacosene, 18 hexacosane, 26dssptas + heptacosadiene, 21 heptacosane, 23psane

8.5 Discussion

Our findings strongly support the hypothesis that targe cephalic gland reservoir of mdte
triangulum is a PPG. Despite the difference in overall appeee, there is considerable similarity
between the PPG of male European beewolves andfémale conspecifics as well as ants. As in
femaleP. triangulumand ants, the presumptive PPG of male beewohigiates from the posterior
part of the pharynx and takes up a considerabtidra of the head-capsule volume. Whereas in ants
the PPG is made up of only one paired structureof@o et al., 1995a; Peregrine et al., 1973), ithh bo
sexes ofP. triangulumthe reservoir comprises two parts (the upper haddwer part; Strohm et al.,
2007; this study). The overall appearance of theseparts of the reservoir is sexually dimorphic,
however. Whereas in males both the upper and tiverigart of the reservoir consist of two
symmetrical halves, in females only the upper phows this subdivision, and the lower part consists
of a single small sac-like structure (Strohm et2007). Furthermore, in contrast to the overaivgt

like structure of the upper part of the PPG in flenfa triangulum(Strohm et al., 2007) and ants
(Lucas et al., 2004; Soroker et al., 1995a; Paneget al., 1973), the upper part of the PPG of fRale

triangulumconsists of unbranched simple straight tubes.
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The epithelium that forms the wall of the glanderesir is monolayered in male and femd#te
triangulum (Strohm et al., 2007) and in ants (Peregrine et1873; Soroker et al. 1995a). In both
sexes of the beewolf, the epithelium carries loagshthat extend into the lumen of the reservod an
the inner surface is lined with cuticle. With theception of the hairs, which are not present irsant
these results support the hypothesis that the lzeghalic reservoir of male European beewolves is a
PPG.

The PPG of ants typically contains long-chain gttaiand methyl-branched HCs that are sequestered
from the hemolymph and/or taken up from the cutittleng self-grooming (Lucas et al., 2004; Hefetz
et al., 2001; Soroker and Hefetz, 2000; Sorokedl.etl998, 1995a, b, 1994). In fem&etriangulum

the PPG content also comprises long-chain straigtitmethyl-branched HCs (plus additionally long-
chain unsaturated ketones) and there are indicatibat these are likewise sequestered from the
hemolymph (E. Strohm, G. Herzner, T. Schmitt, udishied). The glove-like gland shape may
facilitate the efficient sequestration of HCs frtime hemolymph by enlarging the surface of the gland
reservoir. Both in ants (Lucas et al., 2004; Sor@kel., 1995a; Do Nascimento et al., 1993; Bagmer
and Morgan, 1991) and female beewolves (E. Strébnierzner, T. Schmitt, unpublished) the HCs
in the PPG match those extractable from the cutidemaleP. triangulumthe PPG functions as
reservoir of the marking pheromone (Kroiss et 2006). As in ants and females it contains (among
others) several straight and methyl-branched IdragrcHCs. In a previous study on the chemistry of
the marking pheromone based mainly on head ext(&ctamitt et al., 2003) we did not include most
of the minor HCs. During this previous study we evapt aware of the existence of the PPG in male
beewolves and we thought that the minor HCs inhmad extracts came from the cuticle rather than
the cephalic glands. Here and in Kroiss et al. @@ show that they are indeed present in the PPG
and we thus include them in the description of th&king pheromone. We also found a high
congruence between the HCs from the reservoir laadticle. This provides further evidence for a

homology of the male reservoir with the PPG of amd female beewolves.

Although in ants the cuticular HC composition getigrappears to be congruent with that of the PPG,
some deviations from this rule have also been deoted (Lucas et al., 2004; Soroker and Hefetz,
2000). However, these differences between PPG aticllar HCs are mostly quantitative in nature.
In male P.triangulumwe found a high congruency concerning the HC ivacbf the PPG and
cuticular HCs. In addition to the HCs, the PPG aomd several compounds with functional groups
that did not occur on the cuticle, i.e. there argé qualitative differences between the glandthad
cuticle. This raises the question where this blehdompounds in the PPG of male beewolves comes

from.
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Chemical analyses of the cuticle as well as prelary analyses of the hemolymph (M. Kaltenpoth,
unpublished data) suggest that the HCs might Weeregequestered from the cuticle or from the
hemolymph or both. Owing to the large size of th@ePPG and the low proportion of HCs in its
content (Kroiss et al., 2006; this study) the stefaf the gland might be sufficiently large to alléor

the sequestration of the HCs, even if the resenaaiks the surface enlargement of the glove-like
female PPG. Sequestration of HCs from the hemolylmplexocrine glands has also been proposed
for other species (Dufour’s gland of honey bee gee&atzav-Gozansky et al., 1997; pheromone
glands of moths, Jurenka et al., 2003; Schal e1888). The pheromonal compounds with functional
groups do not occur in the hemolymph of maldriangulum(M. Kaltenpoth, unpublished data) and
must thus come from somewhere else. The lack éfdlplass 3 gland cells and the thin epithelium
with no signs of high glandular activity suggesttthese compounds are not synthesized by the PPG
itself. Instead, we hypothesize that they are preduin the large mandibular glands (Fig. 8.2; E.
Strohm and W. Goettler, unpublished) and transfeie the PPG via the pharynx. Since the
substances with functional groups do not occuthencuticle, it is rather unlikely that male beevesv
apply the PPG secretion to their cuticle via setfegning as demonstrated e.g. for the @ataglyphis
niger (Soroker and Hefetz, 2000). We cannot precludegher, that the HCs take the opposite route,
i.e. that they are incorporated into the PPG dusi@lfrgrooming, a mechanism proposed e.g. for the
antsCamponotus vagu@dvieskali et al., 1995) as well &#achycondyla apicaliandP. villosa(Lucas

et al., 2004; Hefetz et al., 2001). The markingrphene that is stored in the PPG thus seems to be a

mixture of substances with different origins.

The finding of a pheromone storing PPG in malesaobolitary wasp is surprising. The 3D
reconstruction visualizes the impressive size efgheromone producing and storing glands in male
European beewolves. Together, the PPG and the mdadigland make up approximately one third
of the head-capsule volume. The size and contethieafale PPG are most probably shaped by strong
sexual selection. Whereas the composition of thexgrzhone might have been influenced by receiver
bias processes (Herzner et al., 2005; Endler asdlBal998), the extraordinary size of the glanus a
consequently the exceptional large amounts of phene suggest the involvement of runaway
processes (Fisher, 1930) in the exaggeration of gbtondary sexual character (see also Herzner,
2004).

It is an intriguing yet common phenomenon that dtathat serve particular functions in solitary
species (like the PPG in male and female beewoha#& been modified to serve ‘social functions’ in
social species (like the PPG in ants). The Dufogtend, for example, serves numerous different
functions in various solitary and social speciassdlitary bees of the families Colletidae, Anddzm,

and Anthophoridae, females use the Dufour’s glaraledion to line the walls of underground brood

cells with hydrophobic substances to maintain falte microclimatic conditions for their progeny
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(e.g., Vander Wall, 1990). In ants, the Dufour’argl contains (among others) trail, recruitment, and
queen pheromones (e.g., Blatrix et al., 2002; Bastrret al., 1995; Edwards and Chambers, 1984). In
honeybee queens, it contains substances that reticite behavior by workers (Katzav-Gozansky et
al., 2001). A further example is the poison glandt tfirst served to paralyze hosts or prey (Quicke,
1997), then evolved an additional defensive fumctio brood caring solitary species (Wilson, 1971)

and has finally gained a function in recruitmenolKet al., 2001) and trail-establishment (Morgan e

al., 1992) in ants.

The occurrence of PPGs in beewolves is remarkabieg it has long been assumed that PPGs are
restricted to the family Formicidae (Lenoir et dl999; Schoeters and Billen, 1997; Soroker et al.,
1995a; Holldobler and Wilson, 1990), which is plggdaetically not closely related to crabronid wasps
(Brothers, 1999). In ants the PPG harbors a hégitalend of cuticular HCs that allows for nestmate
recognition and thus contributes to colony intggrit problem idiosyncratic to social species. Lenoi
and coworkers (1999) thus speculated about theugenbry origin of the PPG: ‘Is there a cuticular
lipid storing gland in solitary species, or hasvblved specifically in ants’ to allow the formatiof a
colony signature and thus nestmate recognition® lded in a further study (Strohm et al., 2007) we
demonstrate the existence of such a lipid storilagpdyin a solitary digger wasp. Based on current
knowledge it remains unclear whether the PPGs efvbb/es and ants are derived from a single
evolutionary root or evolved by independent congatgevolution (for a detailed discussion of this

issue see Strohm et al., 2007).

In any case, another interesting question thaesuis whether the chemical composition of the PPG
content in the European beewolf has a genetic basighus the potential to enable kin recognition.

P. triangulumthe PPG is involved in brood care by females (8trand Linsenmair, 2001) and in
mate attraction by males (Schmitt et al., 2003;i¢g@t al., 2007). It is as yet unknown whether the
composition of the PPG secretion of females istdlgle. In maleP. triangulum however, the overall
composition of the PPG content, i.e. the sex pheramin fact varies with kinship (Herzner et al.,
2006). Taking into account that the ability to rggize nestmates (which usually involves kin
recognition to some degree) by virtue of chemiasdscis one of the key characteristics of social
insects, a genetically based composition of the RBGtent of a solitary species, such Rs

triangulum could represent a crucial preadaptation for ttidution of nepotism and sociality.
In conclusion, our findings strongly support thdéstence of a PPG, a gland that was thought to be

idiosyncratic to ants, where it guarantees theggnitie of the social group, in males of a solitargsp,

the ‘lone beewolfP. triangulum
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CHAPTER 9

M ANDIBULAR GLANDS OF MALE EUROPEAN BEEWOLVES,

PHILANTHUS TRIANGULUM (HYMENOPTERA , CRABRONIDAE )

Arthropod Structure & Developme(®008) 37: 363-371
Wolfgang Goettlérand Erhard Strohin

'Department of Zoology, University of Regensbur@3aD40 Regensburg

9.1 Summary

Males of a solitary digger wasp, the European b#ewhilanthus triangulum possess large
mandibular glands that have been reported to peduscent marking pheromone. We analysed the
morphology and ultrastructure of these glands ugigigt microscopy as well as scanning and
transmission electron microscopy. The paired glardslocated laterally in the head and each side
consists of a larger and a smaller part. Both paotsess a collecting duct each with distinct apgni

at the mandible base. However, the collecting dfiche larger part is additionally connected to the
pharynx through a lateral extension. The collectingts are bordered by a monolayered epithelium
lined with cuticle that exhibits conspicuous rammifiprotuberances. About 1400 acini consisting of
class 3 gland cells surround the ducts and areembed to them through conducting canals. The main
components in the cytoplasm of these gland cells mitochondria, well developed smooth
endoplasmatic reticulum, and electron lucent vesicuggesting a high secretory activity. The
connection between the large gland parts and thgypk suggests that the secretion of the mandibular
glands might not only be delivered directly onte thandibles but might also be transported to and

stored in the postpharyngeal gland.
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9.2 Introduction

Exocrine glands play an important role for all agpeof interactions between insects and their
environment. Such interactions have been extenssteldied in the Hymenoptera that show a huge
variety of glands. In bees, wasps, and ants theetsaes of exocrine glands serve diverse functions,
e.g. defence against predators and pathogens,tidigeseproduction or inter- and intraspecific
communication (Hélldobler and Wilson, 1990; Billetf91; Vander Meer, 1998; Ayasse, 2001). In
many species males produce and secrete volatitemploaes from exocrine glands to attract potential
mates often over long distances. Besides this ctittra such male pheromones may contain
information about the signaller that could be usgdemales to choose the most suitable mate (Jones
et al., 2000; Herzner et al., 2006; Kaltenpoth 8trdhm, 2006).

Males of the European beewoRHilanthus triangulumHymenoptera, Crabronidae), a solitary digger
wasp, scent mark plants and other structures ritaiees with cephalic gland secretions (e.g. Evans
and O’Neill, 1988; Schmitt et al. 2003; Herznerakt2006; Kroiss et al., 2006). The territories are
small (about 0.25 fij), contain no resources essential to females, emdlefended against intruding
conspecific males in prolonged flight interactiof®mon Thomas and Poorter, 1972; Evans and
O’Neill, 1988; Strohm and Linsenmair, 1995, Strohmd Lechner, 2000). To spread the secretions
over the surface, males run on plant stems witrefed heads and opened mandibles and drag their
clypeal brush over the surface (Simon Thomas amgt&®o 1972; Evans and O’Neill, 1988; Strohm,
1995). Since the abdomen is lowered, the body faxmsnverted V. This behaviour was initially
called abdomen dragging, but there is no evidehae the abdomen has any function in the scent
marking (Strohm, unpubl. data). Receptive femaleterethe territories and copulations take place
within or in the vicinity of these territories (Som Thomas and Poorter, 1972; Evans and O’Neill,
1988). Since females approach the territories ftbendownwind side in a zig-zagging flight they
probably find the territories by olfactory sensiofjthe male pheromone (e.g. Evans and O’Neill,
1988; Schmitt et al. 2003; Herzner et al. 2006;isg@t al., 2006).

Hitherto most authors assumed, that the markingetien is produced and stored in the mandibular
glands (MG in the following) (reviewed in Evans a@®dNeill, 1988) and a number of publications
dealt with the chemical analysis of the putative Me€cretions in the subfamily Philanthinae
(Philanthus triangulum Kaltenpoth and Strohm, 2006; Kroiss et al., 2086hmitt et al., 2003;
Schmidt et al., 1990; Borg-Karlson and Tengd, 1980basilaris / bicinctusMcDaniel et al., 1987;
Schmidt et al., 19832. crabroniformis / barbatus / pulchekicDaniel et al., 1992Eucercerisconata

/ montana / rubripes / tricolorClarke et al., 2001). However, the mandibulandtare not the only
possible source of cephalic secretion since Kreisal. (2006) and Herzner et al. (2007) described a
large postpharyngeal gland (PPG in the following}he head of males &f. triangulum This PPG

shows a tube-like structure and, when filled, cdeg® about one third of the head capsule volume
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(Herzner et al., 2007). Combined gas-chromatograpity mass-spectrometry revealed that the PPG
content resembles the marking pheromone found @mtsmarked territories (Kroiss et al., 2006;
Herzner et al., 2007). The absence of gland csllwell as the occurrence of substances in the PPG,
that could not be found in the hemolymph suggést; at least parts of the PPG contents originate
from the mandibular glands (Kroiss et al., 2006tz1er et al., 2007).

Unfortunately, morphological data on mandibularng in the Philanthinae are fragmentary: The
only detailed investigation of male mandibular glarof a species of the subfamily Philanthinae,
Cerceris rybyensiswas published by Agren (1977). Furthermore basiscdptions of the overall
morphology are available fd?. bicinctus(Gwynne, 1978) andP. albopilosus(Evans and O’Neill,
1988).

In this study we investigated the morphology, fiard ultrastructure of the mandibular glands ofemal

beewolves. Moreover, we wanted to test the hypathtbait at least the major components of the
pheromone are synthesised in the MG and then tatespinto the PPG via the pharynx. Therefore,
one particular goal was to analyse where exacgyniandibular glands discharge and whether this
might allow for an uptake of the products of the M&the PPG. We produced 3D-reconstructions
based on continuous series of semithin sections aradysed the glands' structure using light

microscopy, scanning and transmission electronasc@py.

9.3 Materials and Methods

9.3.1 Specimens

Male European beewolves were obtained from a labigrapopulation at the University of
Regensburg, Germany. For detailed information altbatrearing conditions see e.g. Strohm and
Linsenmair (1997).

9.3.2 Semithin sections and 3D-reconstruction

Male beewolves were anaesthetised with,,Ckilled with diethyl ether and decapitated. The
compound eyes were abscised sagittaly for the parstwith a razor blade to facilitate penetratidn o
the fixation/embedding media. The heads were firealcoholic Bouin for 3 hours at 4°C, dehydrated
in a graded ethanol series and embedded in Pol§/Bé&& (Polysciences, Eppelheim, Germany).
Sections of 4 um thickness were made with a diankmifeé on a Reichert 2040 Autocut and stained
with 1% toluidine blue buffered with 1% Di-sodiumttaborate in distilled water.

To reveal the three-dimensional structure of ttend$ we used continuous series of sagittal semithin

sections of whole heads. Digital photos of theisastwere obtained with a Nikon DS-2Mv camera
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attached to a Zeiss Axioplan microscope. The shee® stacked and aligned to each other using the
3D-visualization software Amifa(Mercury Computer Systems, Berlin). The collectihgrts, acini
and other structures of interest were manually edhnkith different colours in all slices. Finallyet

program computed the 3D-structure of the markagsires.

9.3.3 Electron microscopy

After removing the front cuticle of the head capsaf freshly killed males using razor blades on a
blade holder, the mandibular glands were graspdil twieezers near the mandible base and gently
pulled out. For scanning electron microscopy (SEM) glands were fixed in alcoholic Bouin for 3
hours at 4°C followed by dehydration in a gradeélt@te series. Then they were critical point dried
(BAL-TEC CPD 030), sputtered with Pt/Pd (BAL-TEC B®O05) and examined with a Zeiss DSM
962 digital scanning electron microscope at 15 Kd.investigate the interior fine structure of the
collecting ducts, the glands were intersected \aittazor blade before sputtering. For transmission
electron microscopy (TEM), the mandibular glandsenfexed overnight at 4 °C in a solution of 2.5 %
glutardialdehyd / 2 % formaldehyde in 0.1 M sodigacodylate buffer at pH 7.2, followed by
postfixation with 2% osmium tetroxide. After dehgtlon in a graded ethanol series and propylene
oxide the specimens were embedded in Poly7Bd@ (Polysciences, Eppelheim, Germany). Ultrathin
sections were made with a 45° diamond knife on mheet Ultracut E microtome. Sections were

stained with 2% uranyl acetate and Reynold’s le@dte and examined with a Zeiss EM 10 at 80 kV.

9.4 Results

9.4.1 Overall morphology

Mandibular glands of males of the European bee{Riiflanthus triangulumconsist of two pairs of
gland structures located laterally in the head wapg-rom each mandible base a slightly contorted,
large collecting duct extends anterior to the brgivards to about 4/5th of the head capsule height
[Figs. 9.1, 9.2A,B]. A second considerably smalbalecting duct extends posterior from each
mandible base [Figs. 9.1, 9.2B]. It consists ofirgle tube which divides into two branches that
surround the ventral part of the optical lobe [F@B]. The anterior and the posterior collectingtd
each have distinct openings into the intersegm@aialat the mandible base [Fig. 9.3]. The openfng o
the posterior collecting duct is located ventratlythe mandible base [Figs. 9.2B, 9.3]. The anterio
part, by contrast, opens dorsally to the mandibkelfFigs. 9.2B, 9.3]. Most notably, the anteriartp

is additionally connected to the pharynx througloaal shaped duct that runs along the ventral fim o
the clypeus [Figs. 9.2A,B, 9.3]. This lateral digtiot completely closed and therefore extends the
opening of the anterior collecting duct from thenaiible base to the pharynx [Figs. 9.2B, 9.3].

The two pairs of collecting ducts are surroundedaligtal of about 1400 mostly spherical acini with

diameters ranging from 20 to 80 um [Figs. 9.1, 9BJAThe acini consist of up to 20 class 3 gland
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anterior part of MG

posterior part of MG

Fig. 9.1. Dissected left mandibular glands of nRletriangulumwith mandible (ma) and clypeal brush (cb).
Note the large collecting duct (CD) of the anteppart of the MG shining through the surroundinghagac) in
light brown.

cells (according to Noirot and Quennedey, 1974) aredconnected to the collecting ducts through
bundles of conducting canals [Fig. 9.4]. From aicss that are located between brain and the
mandibular glands a number of tracheoles branclarudfrun to the acini [Fig. 9.4]. Some tracheoles

even extend in between the gland cells that foerathini [Fig. 9.4]

9.4.2 Fine-/Ultrastructure

The class 3 gland cells composing the acini arggokd by convoluted receiving canals [Figs. 9.4,
9.5A,C]. Such a canal is bordered by an open patatisle and enclosed by tightly packed microvilli
[Fig. 9.5C]. The most prominent cell organellestle class 3 gland cells are the well developed
smooth endoplasmatic reticulum, spherical mitochiandith diameters about 1 um, and electron
lucent vesicles with diameters up to 3 um [Fig.A98C]. Most of the vesicles bear membranous
inclusions [Fig. 9.5A,C]. The cell membrane is fuegtly invaginated, at the hemolymph side as well
as at the contact zone to the neighbouring clasdIS[Fig. 9.5A, B].
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Fig. 9.2. 3D-reconstruction of make triangulumhead Arrows show the putative way of MG secretion frdm t
anterior collecting duct (CD) through the pharymph) into the postpharyngeal gland (pp#4).Frontal view.
Acini (ac, yellow) surrounding the collecting du¢@D, blue) of the mandibular glands are only shawthe
left body side. The postpharyngeal gland (ppg)ispldyed half transparent (outline pointed). Ndte lateral
ducts (d) connecting the anterior collecting d@b) with the pharynx (ph). The compound eyes (cejencut
off during preparationB View from lateral/frontal. The small posterior lemiting duct (cd) of the mandibular
gland is visibleC Lateral view. The right half of the head is not whoscale bars A-C = 1mm. (ac) acini, (ant)
antennae, (br) brain, (CD/cd) Anterior/posteriolaxiing ducts of MG, (ce) compound eyes, (d) latelucts,
(md) mandibles, (oc) ocelli, (ph) pharynx, (ppgksfpharyngeal gland, (arrows) putative way of séamefrom
MG into PPC

The conducting canals leading from the acini todbiéecting duct are 2 um thick (outdiameter) and
bordered by massive cuticle [Fig. 9.6]. The conihgctanals of each acinus form a bundle and open
out in the collecting duct in groups [Fig. 9.4].eTmonolayered epithelium bordering the lumen of the
collecting ducts is about 10 pum thick [Fig. 9.6]neT epithelial cells bear large nuclei and are
connected to each other by septate desmosomes9[Bjg.n the cytoplasm mitochondria and coiled

up rough endoplasmatic reticulum are the most donsps structures [Fig. 9.6].
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Fig. 9.3. Sagittal semithin section through headnafe P. triangulumwith distinct openings (arrows) of the
anterior (CD) and posterior (cd) collecting ductre mandible base. Inset shows a more centrabsaetth the
lateral duct (d) that connects the anterior caitectduct to the pharynx, scale bars 100 um. (a)i,acb)
clypeal brush, (cl) clypeus, (md) mandible, (tBctneole, (arrows) openings of collecting ducts

Fig. 9.4. Semithin section through the large aotepiart of the mandibular gland with the collectihgct (CD)
and surrounding acini (ac). Cuticular protuberanggswith adherent secretion (dark granules) reiath the
duct lumen. The class 3 gland cells show convoletatl apparatuses (*) as well as nuclei (#) anctanaected
to the reservoir through bundles of conducting tsafec). Inset shows tracheole (arrows) leadingnfrairsac
(as) into acinus, scale bars 50 um. (tr) tracheole
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Fig. 9.5. TEM micrographs of class 3 gland cellshaf acini.A Class 3 gland cell with spherical mitochondria
(mi), smooth endoplasmatic reticulum (ser), elettiacent vesicles (ve) with membranous inclusiond and
apparatuses (ed}. Invaginations (inv) of the plasma membra@eEnd apparatus consisting of receiving canal
(rc) with open porous cuticle, surrounded by midiiogmv). Next to the end apparatus smooth endsipiatic
reticulum (ser) and vesicles (ve) are visible.sders A=5um. B.C =2 un
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Fig. 9.6. TEM micrograph of monolayered epithelitbordering the collecting ducts. At the lumen sitles
epithelium is bordered by cuticle (cu). The crosstioned tips of the scale-like cuticle protubesmnarrows)
are embedded in electron dense secretion (se)cdllseare connected by septate desmosomes (doubles

A conducting canal (cc) leads through the epitmliuCoiled rough endoplasmatic reticulum (rer) and
mitochondria (mi) can be seen in the cytoplasmlgdgar 5 um. (nu) nucleus

No invaginations of the basal lamina or micro\allithe apical side could be found. The epithelidm o
the collecting ducts is lined with a 0.5 um thiclticle that shows two types of conspicuous
protuberances reaching into the lumen. In mossphe cuticle forms tipped scales that are filletthw
cytoplasm [Figs. 9.4, 9.6, 9.7A,B]. The 15 um watales are arranged in parallel rows and bear 10-
15 finger-like tips (up to 20 um long) at theirtdisends [Fig. 9.7A,B]. In the parts of the collagt
ducts that are closer to the opening the cutialm$oramified, tree-like structures consisting ofis

(40 um long/ 2 um thick) with approx. 50 branch28 (m long/ 0.5 um thick) [Fig. 9.7C,D]. The
openings of the conducting canals leading fromettiei to the collecting ducts are located at theeba

of the scales and trees.
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9.4.3 Gland contents

In semithin sections intensely stained secretorteria between the protuberances of the collecting
duct cuticle can be seen [Fig. 9.4]. TEM microgaphow electron dense material between the cuticle
structures [Fig. 9.6]. In SEM micrographs irregui@anules appear between the rows of the cuticular
scales and the branches of the tree-like strucfiigs9.7A,B,C,D]. SEM investigations also revehle
less secretion in the collecting duct of young nimewolves compared to older males. One day after
eclosion the collecting ducts bear only some sierdiakes [Fig. 9.7D] whereas in 5 days old ansnal

large clusters of secretion can be found [Fig. 9B/@] .

Fig. 9.7. SEM micrographs of cuticular protuberaniteside the collecting ductd/B Scale-like structures. (se)
secretionC/D Tree-like structures, each consisting of a truitk wadial branches. The amount of secretion in 5
day old males (A, B, C) is considerably higher tiad day old males (D), scale bars A,C = 20 uns B) um,
D=5pum.
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9.5 Discussion

Male P. triangulumpossesdarge and complex paired mandibular glands. On e of the head
capsule there are two parts of different sizes.hHaart consists of a collecting duct with a large
number of surrounding acini that are connected lby iconducting canals. The walls of the collecting
duct bear conspicuous cuticular scales and treestikictures that are partly covered by granuleth B
collecting ducts discharge near the base of thedibhkes. However, there is also a connection between
the anterior collecting duct and the pharynx. Inrations of the plasma membranes of the class 3
gland cells suggest a high rate of uptake of substafrom the hemolymph. The abundance of
vesicles and mitochondria and the well developeadatm endoplasmatic reticulum within the
cytoplasm of the class 3 cells forming the acirggast a high secretory activity of the gland cefls
the MG. Similarly, the remarkable supply of thena@f the MG with tracheoles suggests very high

aerobic metabolism rate.

The glands in mal®. triangulumresemble the mandibular glands in mBlebicinctus(Gwynne,
1978), one of the two othdéthilanthusspecies for which some information is availablewsdver,
mandibular glands dP. bicinctusseemingly lack the smaller posterior parts. ThesMi® probably
the source for the marking pheromone that males/d@apgheir territories (Evans and O'Neill, 1988).
This hypothesis is supported by the fact that male®. albopilosus,a species which does not
establish and scent mark territories, possess denadily smaller mandibular glands th&h

triangulumandP. bicinctusand also lack a clypeal brush (Evans and O’'NE988).

There are only few other philanthine wasps whosedilalar glands have been investigated. In males
of C. rybyensigPhilanthinae), mandibular glands consist of thsters of class 3 gland cells that are
connected through canals to “common ducts” at thadible bases (Agren, 1977). Furthermor€in
rybyensisa cuticular “tube” was described that resemblesctiilecting duct of the anterior part of the
mandibular gland oP. triangulumin size and shape, but no associated gland calls heen found
(Agren, 1977).

The function of the unique cuticular protuberanites reach into the lumen of the collecting dusts i
not clear. In postpharyngeal gland reservoirs dieraad femald®. triangulum(Herzner et al, 2007;
Strohm et al.,, 2007) there are also digitated scaled hairs (but no tree-like structures) whose
function is unknown as well. I€. Rybyensiscuticular pegs with unknown function appear ie th
common duct of the mandibular glands (Agren, 197&king into account that the amount of
granules on the scales and trees increases with agal inP. triangulum the cuticular protuberances
might function as a filter to prevent the blockagehe openings. However, at the moment this i€ pur

speculation. Alternatively, the cuticular scaled d@nees could also be spacers that prevent the
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reservoir from collapsing when the neighbouring RRGPPG morphology see: Herzner et al., 2007)

expands with increasing filling status and sque#dzesnandibular glands.

Kroiss et al. (2006) and Herzner et al. (2007) helvawn that most of the secretion that males apply
onto the territory is stored in their hugely enkddPPGs. Since the PPGs do not have any glandular
structures that could produce these large amodrtkemmicals, these authors hypothesised that most
of the secretion is synthesised in the MG and tremsported and stored in the PPG. The existence of
an internal connection between the anterior parthef mandibular gland and the pharynxRn
triangulum supports the hypothesis, that mandibular glandetiea can be transported into the
pharynx and taken up by the PPG by a not yet knownhanism. There is no internal connection
between the posterior part of the MG and the pharyhus, an uptake of the products of the posterior
part of the MG by the PPG might require that thaet#on is swallowed.

During marking the large amounts of pheromone dtamethe PPG could be delivered through the
pharynx tract and the lateral duct onto the clyfmakh. This increase in size and complexity of the
cephalic glands in beewolves probably is the resutrong sexual selection for high intensity of
scent marking. Whereas the MG seems to be the giodusite of most of the pheromone
components the PPG has undergone a change indorasid serves as a huge reservoir. This division
of functions is supported by preliminary data ofai by careful dissection and separation of the
PPGs and MGs and subsequent GC-MS analysis: Irsrtizd¢ are actively scent marking territories,
the MG shows only very small amounts whereas th&sP€ontains huge amounts of the marking
secretion that seem to deplete during the 2-6 dady territory activity (G. Herzner, E. Strohm,rpe
comm.). This suggests that the mandibular glandsnat active during the daily scent marking
activity but that the stores in the PPG are repled during the night. This would make sense if the
rate of pheromone production of the MG is too lewvarrant high scent marking activity and if the
costs of pheromone production during the day waduotdrfere with the territorial behaviour that

includes extended aerial combats with intruders.

The mandibular glands of male European beewolvpsesent complex organs that are probably
subject to strong sexual selection. Therefore dreyery large and possess abundant gland cells tha
allow a high rate of pheromone production. Mostoattdy, huge amounts of pheromone are stored in
the accordingly enlarged PPG. Thus, there has plpliseen a change in function of the cephalic
glands of male European beewolves to enable malesdnt mark at high rates in order to attract
receptive females. The lack of detailed informationother species of the genRkilanthusand the
subfamily Philanthinae currently does not allowoanparative analysis. However, we expect that the
glands in species with male scent marking behavimwe also undergone some enlargement as a

solution to the problem of how to produce and starge amounts of pheromone.
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CHAPTER 10

DOES REARING TEMPERATURE AFFECT SYNAPTIC ORGANIZATIO N
IN THE BRAIN OF THE SOLITARY RED MASON BEE,

OSMIA BICORNIS (HYMENOPTERA , M EGACHILIDAE )?
Brain, Behaviour and Evolution, submitted
Wolfgang Goettler, Sabine Radmacheand Erhard Strohin

'Department of Zoology, University of Regensbur@3aD40 Regensburg

10.1 Summary

Honey bees keep the temperature in their hives riexhly constant. Even small deviations from
optimal temperature in the magnitude of 2°C hawessk effects on brain organization and learning
of the honey bee progeny. Larvae of solitary bdws.contrast, experience highly variable nest
temperatures during their development. In order toosuffer high fitness losses, solitary species
should be selected to be more tolerant againstgih@temperatures during their development. To test
this hypothesis, we raised both sexes of the RedoMabee,Osmia bicornis(Hymenoptera,
Megachilidae), at three different temperatures @Q2025°C, 30°C) and investigated the synaptic
organization of the brain in the adults. We focusedthe mushroom bodies as these are known as
centers of higher integration in the brain of Hymgtera. Distinct synaptic complexes, so-called
microglomeruli, within the mushroom body calycesraversisualized by fluorophore-conjugated
phalloidin. Although body size and survival ratesm@duced in the 30°C group, no significant
differences between the three groups accordingd@bundance of microglomeruli in the mushroom
bodies were found. Our results suggest that theldpment of the brain dD. bicornisis buffered

against different temperatures during postembrydaielopment.

155



CHAPTER10

10.2Introduction

For holometabolous insects temperature is a cruddtic factor that influences postembryonic
development and therefore the anatomy, physiologyehaviour of adults (Bosch and Blas, 1994;
Blanckenhorn, 1997; Bosch and Kemp, 2004, Jonak,e2005). Social insects like termites, ants and
honey bees actively control climatic factors, lieenperature, humiditiy and carbon-dioxide level in
their nests to obtain constant rearing conditioos the brood (e.g. Seeley and Heinrich, 1981;
Kronenberg and Heller, 1982; Korb and Linsenma&88g, 1999).

Honey beesApis mellifera maintain a remarkably constant temperature itr thevod combs by
active temperature control (Seeley and Heinriclg11%ahrenholz, 1989; Heinrich and Esch, 1994). It
has been shown that even small deviations from dpémal temperature affect behavioral
performance (Tautz et al., 2003; Jones et al., R@bwrt- and long-term-memory (Jones et al., 2005)
as well as synaptic organization of the honey lvam{Groh et al., 2004, 2006). According to Groh e
al. (2004, 2006) slight variations in the tempemtduring pupal development of queens and workers
of A. melliferacause significant differences in the amounts ofapic complexes in the mushroom
bodies (MB).

MB are recognized as centers of memory, learnimgl, @rientation in the brain of Hymenoptera
(Hammer and Menzel, 1995; Heisenberg, 1998; Groergni2001; Heisenberg and Gerber, 2002;
Strausfeld, 2002; Fahrbach, 2006). Due to its cemgeometry the calyx neuropil within the MB is a
favourable candidate for structural investigatifHgisenberg, 1998; Strausfeld, 2002; Frambach et
al., 2004; Fahrbach, 2006; Kirschner et al., 2006honey bees the three subdivisions of the MB
calyx, as there are lip, collar and basal ring (B®L982), receive mainly olfactory and visual inpu
(Abel et al., 2001; Gronenberg, 2001; Ehmer andn€mnberg, 2002). Olfactory afferents from the
antennal lobe innervate the lip, the collar receivisual input from medulla/lobula and the basad)ri
receives mixed input (Gronenberg and Hoélldobler99Gronenberg, 2001). In holometabolous
insects the metamorphosis includes a complete reltimaglof the nervous system (Weeks and Levine,
1990; Farris et al., 2004; Ganeshina et al., 200&3. intricate physiological processes of this naat
reorganization, including apoptosis and synaptogisnenight be adversely affected by non optimal

environmental conditions, like temperature and Idityi

In contrast to honey bees that keep the brood camnla;m almost constant temperature (Seeley and
Heinrich, 1981; Fahrenholz, 1989; Heinrich and Es994), the nests of solitary Hymenoptera are
subject to environmental temperature fluctuatidrat &ire only buffered in brood that is situatedpdee
in the substrate (e.g. Stronm and Linsenmair 199B¢ solitary Red Mason be®smia bicornis
(Hymenoptera, Megachilidae) is one of the most dbnh Megachilids in Central Europe (Westrich,

1989). It is polylectic and accepts a large scdpsesting sites (Raw, 1972; Westrich, 19%9males
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build their nests from early April till mid of Jurie small cavities like holes in walls, hollow stem
and crevices in all kinds of material. Each neststsis of several brood cells separated by parstio
made of loam (Westrich, 1989; Strohm et al., 2002)e female provisions each brood cell mainly
with pollen (>96%) and nectar (Maddocks and Paul@87; Strohm et al., 2002), lays a single egg
and closes the cell. After feeding on the pollea trva spins into a cocoon pupates and passes
through metamorphosis during the summer. The cdelpldeveloped adults hibernate in the cocoon
and leave the nest in early spring. Nest®©ohicornisare not well insulated since they usually are
located near the surface of the substrate. Thestettmperature within the nests largely depends on
outside air temperature and solar irradiation. @qoently, the offspring o®. bicornishas to deal
with much more variable temperatures during devekt compared to honey bees. This
environmental variability would probably cause adeeeffects on the development of complex
structures. ThusQ. bicornis should have evolved a developmental program tbatpensates such

temperature variation and canalizes the developofesrucial organs such as the MB.

In this study we investigated the effects of diéfetrrearing temperatures on the synaptic organizati
in the brain of the Red Mason bé&2, bicornis The temperature regimes we used were more variabl
than those that produced clear effects in honeg 8eoh et al. 2004, 2006). We predicted that the
Red Mason bee is able to compensate for theseoanvantal differences during development and
should, thus, show no or much less variation irromal structures than observed in honey b8exe
male bees are haploid they might be less able ti@rbthe environmental differences than females
(Clarke and Oldroyd 1996, Clarke 1997). Therefonales might show more variation in neuronal
structures than females. Thus, by examining botlesnand females dD. bicornisthe probability of
detecting differences in this study was increadadorder to further increase the probability of
detecting significant temperature effects, we malaifgd the temperature during the whole period
from the larval to the adult stage (with one exieptsee below) whereas only the pupal period was
manipulated in the studies on honey bees. Distiyicaptic complexes within the MB were visualized
with fluorophore-conjugated phalloidin which birgjsecifically to dendritic f-actin (Groh et al., 200
2006). We analyzed, whether the size and the nuofo®rnaptic complexes in the mushroom bodies

are affected by temperature during development.

10.3 Materials and Methods

10.3.1 Animals and temperature treatment

Specimens were obtained between M&ya8d June 142006 from a population ddsmia bicornis
cornigeraat the Biocenter, University of Wirzburg/Germamgting in trap nests made of Styrofoam

(for details see Strohm et al.,, 2002). The ceilimig the trap nests consisted of transparent
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polycarbonate, so the stage of nest provisionind) @evelopment of the brood could be observed

continuously.

Completed brood cells with eggs or one-day olddarwere separated by cross cutting the whole
block of Styrofoam near the cell partitions. Thewsides were sealed with paper that was fixed with
adhesive tape. The separated brood cells were mapdsplit into 3 groups that were subjected to
different rearing temperatures. The brood cellsawecubated in climate chambers (Ehret ATS 1373;
Emmendingen, Germany) at constant 20°C, 25°C af@.30o this end the blocks with brood cells
were transferred to plastic boxes (20x20x6 cm) Wexe covered with gauze and additionally put into
cardboard boxes to prevent dessication. To enbatdbth sexes were represented in the three groups
we made use of the fact that female offspring avstiy reared in the more basal brood cells of p tra
nest whereas males are produced in cells clogbetentrance (Raw, 1972). Definitive determination
of the sex of an individual was done after metarhogjs (see below). A total of 205 brood cells (36
females, 147 males, 22 dead larvae) from 22 diftenests were incubated (68 at 20°C, 72 at 25°C,
65 at 30°C).

The brood cells kept at 20°C and 25°C remainetiatémperature for about 14 weeks. Brood cells in
which the development to the imago was complete wensferred to a climate chamber with 10°C
for diapause. However, in the group initially kegit 30°C, most larvae did not consume all their
provisions, thus remained rather small and showsidramortality of 20% until the end of the feeding
period of about four weeks. To avoid the loss efitthole treatment group we transferred these brood
cells from 30°C to 25°C immediately after the la\spun their cocoons. After metamorphosis these
brood cells were also transferred to 10°C for digpaIn the following we refer to this group as@G0°
group. Between March #7and April 8" 2007 all 183 cocoons were opened with razor blades
determine mortality during the pupal phase andstheof the individual. The maximum head capsule

width was determined to the nearest 0.1 mm undérao microscope using an eyepiece micrometer.

10.3.2 Fluorescent labelling with fluorophore-cogéted phalloidin

For brain preparations we used 4-5 animals of eaeR for each temperature treatment
(20°C/25°C/30°C, female 5/5/4, male 4/4/5). To dv@iseudoreplication due to relatedness, all
specimens of the same samd temperature treatment were from different nestairBpreparations
were made between March"2and April 8" 2007 mainly according to a protocol used for hobegs
(Groh et al., 2004). Imagos that were still in diape at 10°C were taken out of their cocoons,
anaesthetised with GQOand decapitated. The heads were immersed in glbggial saline solution
(130mM NacCl, 5mM KCI, 4mM MgGl 5mM CaC}, 15mM Hepes, 25mM glucose, 160mM sucrose,
pH 7.2). Brains were carefully dissected and figgdrnight at 4°C in 4% paraformaldehyde in 0.1 M
PBS, pH 7.2. After washing (3xPBS) brains were aidee in a mixture (1:6.25) of gelatine (Sigma,
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G2500) and ovalbumin (Sigma, A5253) and postfixed% paraformaldehyde in 0.1 M PBS, pH 7.2.
Brain sections of 60 pm were cut with a vibratomeid¢a VT 1000S, Nussloch, Germany) in a frontal
plane, so the four calyces were cut transversadypaaunculi and the central body were visible [Fig.
10.1A,B]. Free floating sections were washed (3>SPBnd preincubated in 2% normal goat serum
(Sigma, G9023) in PBS with 0.2 % Triton X-100 fohlat room temperature. To label neuronal F-
actin, the sections were incubated in 0.5% AlexaoF|488 phalloidin (Invitrogen, Karlsruhe,

Germany) in 1% normal goat serum and 0.2 % Trito®BS for 2 days at 4°C. After washing (5x

PBS) brains were mounted on glass slides in veieldsmounting medium (Vector Labs., H-1000).

10.3.3 Confocal Laser Scanning Microscopy, ImagBtgfistics

Sections were viewed with a confocal laser scanniigyoscope (Zeiss LSM 510) equipped with an
Ar-Laser (488nm). Pseudocolor images were takeh witZeiss HRc Axiocam at a resolution of
2048x2048 pixels. Tif-images were generated usiaipZLSM Image Browser (Carl Zeiss, Jena).
Measurements of MG size and areas of the lip/collare performed with Inkscape (freeware,

www.inkscape.org) and Adobe Photoshop Elements 2.0.

Statistical tests were conducted using SPSS 15hieggo) and BIAS 8.2 (Darmstadt). Effects of head
capsule width on other parameters were tested wsinglation analyses. Differences among groups
were tested using Mann-Whitney U-test f(Nes14; Nnaes=13) or exact Kruskal-Wallis test
(Ntemales20/25/20°€2/5/4; Nnales20r25130-55/4/4) followed by Dunn’s multiple comparison &dn case of a
non significant result there is the question whethevould have been possible to yield a significan
result for a meaningful effect size with the avaliéadata, i.e., whether the type Il err@' is small
enough to warrant the conclusion that there isffexeof a given size. Such a meaningful effecesiz
is given by the studies of Groh et al. (2006) onéyobees. Thus, using power analysis (G-Power 3.0)
we estimated the probability (B) for detecting the difference in the number of M@t would be

expected if the Red Mason bee had similar temperaktependence as the honey bee.

10.3.4 Counting of MG, Estimating neuropil sizes

MG countings and area measurements were performebeoinner half of the lateral calyx and the
outer half of the medial calyx on both sides [Fi§.1A,B]. Only clearly distinguishable MG were
counted in three circles with 1000 figach [Fig. 10.1D]. The mean value was estimatamu the two
circles in the collar. All counts were done indegemtly by two persons; individual differences

between these countings were average 8.3 %.
Areas of lip and collar were estimated in AdobetBhloop by marking the contours with the magnetic

lasso [Fig. 10.1D]. Unlike to previous studies améy bees (Groh et al., 2004, 2006) we did not

distinguish between a dense and a loose area totle. The extrapolation of MG densities per 1000
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unt to the whole lip/collar areas resulted in MG akamak per lip/collar. To reveal a possible relation
between temperature and MG diameters we measuk@ B lip and collar of six randomly chosen

calyces for each temperature/sex.

10.4 Results

10.4.1 Mortality, Body size

Mortality during the larval phase was 6% at 20°@ d@&b6 at 25°C. In the 30°C group most larvae
consumed their provisions only partly and, thumaimed considerably smaller when they spun into
cocoons and the mortality until this stage was 20%arder not to loose too many specimens of this
group they were transferred to 25°C directly aftecoon spinning. Mortality during the subsequent
pupal stage was 9% at 20°C, 10.5% at 25°C and 4i#%e 30°C group although these had been

transferred to 25°C. None of the surviving aninsdewed any morphological defects.

As expected due to the sexual dimorphisnOofbicornis females had a larger head capsule width
than males (head capsule width, Mann-Whitney U: N42=-38, p=0.009) [Fig. 10.2]. In females head
capsule width differed significantly between gro(igsnale head capsule width, exact Kruskal-Wallis:
¥*=8.431, df=2, p=0.014). The 20°C and 30°C grougfemid in pairwise comparisons (Dunn’s
multiple comparison: 20 vs. 25°C, p=0.175; 25 W& p=0.208; 20 vs. 30°C, p=0.013;). In males
both the 20°C and 25°C group showed a significarddr head capsule width than the 30°C group
(male head capsule width, exact Kruskal-Wallig=8.055, df=2, p=0.018; Dunn’s multiple
comparison: 20 vs. 25°C, p=0.665; 25 vs. 30°C, @28, 20 vs. 30°C, p=0.042;).

10.4.2 Phalloidin labelling of synaptic complexes

Similar to honey bees, fluorophore-conjugated piidith labelled all neuropils in the brain &.
bicornis due to its affinity to dendritic F-actin [Fig. I®,B,C] (Wieland, 1987; Rdssler et al., 2002;
Frambach et al., 2004; Groh et al., 2004, 2006).f"Mad no conspicuous differences between sexes
or groups with regard to gross morphology of the &l intensity of labelling [Fig. 10.1A,B]. The
overall shape of the neuropils Of bicornisresembles that of honey bee queens and workeah (Gr
2004, 2006).

In the calyces of the MB circular structures withtey diameters of 3-3.8um were clearly visible [Fig
10.1D]. The phalloidin-labelled circular structuregpresent the outer sphere of spherical
microglomeruli (MG) which consist of a central, nlabelled, bouton formed by axons from
projection neurons that is surrounded by dendspiices mostly from Kenyon cells (KC) (Frambach et
al., 2004; Gronenberg, 2001).
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Fig. 10.1.A/B Frontal view of brains of female (A) and male (B) bicornislabelled with fluorophore-
conjugated phalloidin. The central complex (cc) angshroom bodies (mb) are visible. Calyx branctsesidor
MG counting and area measurement are marked by ensnib-4). scale bars = 200 p@Mushroom bodies of
femaleO. bicorniswith their subdivisions lip (Ip), collar (co), teging (br) and peduncle (ped). scale bar = 100
pm. D MB calyx branch with visible MG; the measured dipd collar areas are indicated; MG were counted in
three circles of 1000 pm2. scale bar = 20 et MG at higher magnification. scale bar = 3 pum.

10.4.3 Temperature effects on MB size and MG alngela
Correlation analyses showed that head capsule vgdtbat significantly correlated with MB size, MG

density or total number of MG. Thus it was not resesy to correct for body size.

As expected due to different body sizes the medsareas of both lip and collar were larger in
females than in males (Mann-Whitney U, N=27: lipaarU=14 ,p<0.001; collar area, U=31, p=0.003)
[Fig. 10.3A]. In females the areas were average235# (lip) and 9685 pm(collar), in males 2860
unt (lip) and 8215 urh(collar). Significant effects of temperature on
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Fig. 10.2. Head capsule width of female (black pbargl male (white bar<). bicornisin the three temperature
groups (mean + SD). Asterisks and bars indicateifsignce.

the areas of lip and collar were found in femalesveen the 25°C and 30°C group (lip area, exact
Kruskal-WalIis:x2=8.691, df=2, p=0.004; Dunn’s multiple comparis@f: vs. 25°C, p=0.406; 25 vs.
30°C, p=0.012; 20 vs. 30°C, p=0.072; collar areace Kruskal-WalIis:X2=8.683, df=2, p=0.004;
Dunn’s multiple comparison: 20 vs. 25°C, p = 0.2256;vs. 30°C, p=0.010; 20 vs. 30°C, p=0.144). In
males temperature had no significant effect on aw@ilirareas (exact Kruskal-Wallis: lip area,
v?=2.733, df=2, p=0.271; collar ared=1.273, df=2, p=0.556).

The MG densities, meaning MG per 1000%umere not different between sexes (Mann-Whitney U,
N=27: density lip, U=70, p=0.325; density collaT4.5, p=0.430) [Fig. 10.3B]. In females densities
were 16.6 (lip) and 26.6 (collar), in males 15ifp)(Bnd 27.5 (collar). Temperature dependent effect
on MG density differed between sexes and again wehesignificant in females, where MG density
was significantly increased in the 30°C group (M& [R000urh lip, exact Kruskal-Wallisy’=7.243,
df=2, p=0.017; Dunn’s multiple comparison: 20 v8°G, p=0.044; 20 vs. 25°C, p=0.880; 25 vs.
30°C, p=0.044; MG per 1000Lfm:ollar, exact KruskaI-WaIIis;(2=8.131, df=2, p=0.008; Dunn’s
multiple comparison: 20 vs. 30°C, p=0.013; 20 \&C, p=0.199; 25 vs. 30°C, p=0.202). In males
temperature had no significant effect on the MGsitgr(MG per 1000u/lip, exact Kruskal-Wallis:
¥*=4.579, df=2, p=0.098; MG per 1000 ovllar,x’=3.613, df=2, p=0.170).
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Fig. 10.3.A Area of lip and collar region of MB MG density in lip and collar an@ estimated total number of
MG in the lip and collar of female (black bars) andle (white barsp. bicornisreared in the three temperature
regimes Values for the lip region on the left, for the @olbn the right. Asterisks and bars indicate sigaifce.

We calculated the total number of MG per lip andacdy extrapolating the MG densities (MG per
1000uM) to the respective areas. Total number in lip ewithr were higher in females than in males
(Mann-Whitney U, N=27: MG per lip, U=24.5, p=0.001lMG per collar, U=46.5,

p=0.029)[Fig.10.3C]. In females the average nunab&lG were 57 (lip) and 254 (collar). Males MG
numbers were 43 (lip) and 225 (collar). The totamber of MG per lip and collar was not

significantly influenced by temperature in both eexXexact Kruskal-Wallis: female lig?=0.672,
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df=2, p=0.732; female collag’=4.657, df=2 p=0.092; male lip?=4.141, df=2, p=0.126; male collar,
¥*=2.601, df=2, p=0.288).

MG sizes did not differ between sexes (Mann-WhitheyN=27: MG size lip, U=134, p=0.389; MG
size collar, U=138, p=0.462) or between temperatijexact Kruskal-Wallis: female lig”=1.180,
df=2, p=0.574; female collag’=2.376, df=2, p=0.321; male lip’=2.608, df=2, p=0.271; male collar,
v?=0.143, df=2, p=0.939). Average MG sizes were langehe lip (3.63 + 0.32 um) than in the collar
(3.12 £ 0.19um) (Mann-Whitney U, N=96: U=268, p<dQ)

To test for the possibility that the non significaffect of temperature on the number of MG in the
brain of O. bicornisresults from inadequate data, we conducted a pawalysis. The effect sizes
obtained for the honey bee were derived from tHeegafor the difference between 29°C and 34.5°C
documented in Figure 2 of Groh et al. (2004). Tétareated probability () of detecting such effects
with our data (given the actual sample size anémee,a < 0.05) would have been 1 both for the lip
and for the collar. Thus, it can be excluded tBatbicornis might show temperature dependence

similar to honey bees but that this effect wasdatécted due to high variance of small sample size.

10.5 Discussion

In this study we tested the hypothesis that diffetemperatures during development should affect
synaptic organization in the brain of the solit&gd Mason bee)smia bicornisless severely than
has been shown for honey bees (Groh et al. 20@8)20ur results support the hypothesis. Although
the size of the individuals was significantly irdhced by temperature treatment, the total number of

MG was not affected by temperature during develogme

In order to increase the probability to detect terafure effects we also included males in our study
Male Hymenoptera are (mostly) haploid and mightdf@e show decreased developmental stability
(Clarke and Oldroyd, 1996; Clarke, 1997). Contrarthis prediction, males showed even smaller

effects of temperature with regard to both bodg sizd synaptic organization in the MB.

This result differs from investigations on honegdd¢hat exhibit a high degree of temperature cbntro
in the hive. Thus, synaptic organization of theilbi@ honey bees is considerably affected by even
small deviations from the optimum (Jones et alQ®20Groh et al.,, 2004, 2006). Probably as an
adaptation to the inevitable temperature variatioriheir nestsO. bicornis shows a much higher

degree of developmental stability of brain struesuthan honey bees.
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In the study on honey bees (Groh et al., 2004, P@8y the temperature during metamorphosis was
manipulated. In this study d@. bicornis the temperature during the whole larval and pyegiod
was experimentally varied, with the exception af 80°C group that had to be transferred to 25°C
after the larval phase to avoid disproportionatalyh mortality rates. Thus, for the 20°C and 25°C
groups the impact of temperature on developmenildi@ave been stronger than in honey bees but no
effect on synaptic organization in the MB was obedr At 30°C larvae of both sexes@©f bicornis
consumed less pollen than larvae kept at 20°C &€ 2td showed a three times higher mortality
during the larval phase. Although we transferreel specimens of the 30°C group to 25 °C after
cocoon spinning about half of these bees did natis the following pupal stage and the survivors
were significant smaller than in the other groupespite the fact that the 30°C treatment during the
larval phase had severe and enduring effects wigjard to body size and survival no significant

effects on the number of MG in the MB were detected

In honey bees, bumble bees and in the megadbiichia lignariaa clear correlation between body
size and brain size was found in animals from ibkl f(Mares et al., 2005; Withers et al., 2007).
However, in this study the sizes of the MB subdons of the temperature treat€d bicorniswere
not correlated to body size. That suggests theeladion between body size and neuropil size is

masked by temperature effects on the brain volume.

For honey bees a constant temperature around 35%ucial for an optimal brood development
(Himmer, 1927; Koeniger, 1978; Tautz et al., 20G8oh et al., 2004, 2006; Jones et al., 2005). In
solitary bees passive temperature control duedolation of the nest is not given at least in sgeci
whose nests are located near the surface of aratghsike inO. bicornis.During the development
from egg to the adult (April-August) temperaturege aather variable. During cold periods,
temperatures could drop near 0°C, whereas duriagddly the nest temperature could exceed the
outside temperature if the nest is exposed to Waenlight. Therefore we did not expect to find a
decrease of larval fithess already at constant 3@tch is probably not an extreme value in natural
nests. This detrimental effect of 30°C is even nsngrising taking into account that the tempegatur

optimum for honey bee development, 35°C, is comalulg higher.

In honey bees deviations from the optimal reargmggerature not only influence neuronal structures
but also affect performance in behavioural assdysitg et al., 2003). Since there are no strong
temperature effects on brain structureQn bicornis such detrimental effects of temperature on
behavioural performance are not expected. Howevemperature might affect behavioural

performance through other effects, e.g. body sszghe development of other complex structures.
Possibly the proboscis extension reflex could bedus upcoming learning experiments with

bicornisthat were reared at different temperatures.
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This study exemplifies the different evolutionantugions to the problem of attaining developmental

stability by the eusocial honey bee and the sgliRed Mason bee: In the honey bee, environmental
variation is buffered due to the costly homeostaissde the hive but the individuals have lost the

ability to compensate environmental variation. lre tRed Mason bee by contrast, environmental
conditions are not (or only slightly) buffered metnest but the individuals show a remarkabletgbili

to canalize the development of important neurotrattures.
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CHAPTER 11

GENERAL DISCUSSION

11.1 Antennal glands and symbiotic bacteria

In chapters 2 to 6 of this thesis we describe theualism betweerPhilanthus digger wasps
(Hymenoptera, Crabronidae) and symbi@iceptomycebacteria. The streptomycetes are cultivated
in specialized glands in the female digger waspsérgnae and protect the beewolf offspring from

pathogenic fungi.

The Philanthus-Streptomycesymbiosis is unique with regard to the location tbé bacteria-
cultivation organs within the beewolves antennaeerhspace is limited and circulation of
hemolymph is probably not optimal compared to amdenwithout the additional obstacle of glands.
To proliferate, the bacterial symbionts need natdevhich have to be transported inside the antenna
segments via the hemolymph. In insects the dormssset is not able to pump hemolymph in body
appendages like antennae and therefore accesseatijeuorgans at the base of extremities function
as auxiliary hearts (reviewed in Pass, 2000). Du@dreased nutrition requirements inside antennae
that result from the bacteria cultivation procegsaxpect enlarged antennal pulsatile organs compare
to other Hymenoptera (Matus and Pass, 1999; P&¢X)).2Such organs could also enhance the
secreting of the reservoir content into the broeliscby increasing the hemolymph pressure in the
antennae. However, this hypothesis has to be tegitthddetailed morphological investigations on

antennal circulatory organs in the geRlmslanthus

Our studies on beewolves represent, to our knowletthg first descriptions of insect antennal glands
that are used for bacteria cultivation. Future isighould reveal, whether closely related taxa tlile
sister genusTrachypus(for phylogeny of Philanthinae see Alexander, )9880 possess antennal
glands. Particularly the discovery of less comgkands without bacteria could provide insights abou
the possible morphology of predecessorflafanthusantennal glands and how they changed during

evolution.

Streptomycedacteria are commonly found in the soil (Kutzri381; Dari et al., 1995) and insect

antennae with their intersegmental gaps and owa@rigpsegments have numerous cavities which
microorganisms could invade and proliferate in a tfiutritional basis is present. Therefore it seems
plausible that bacteria infected the antennal glaoidbeewolf ancestors as commensales or even

parasites, possibly using the gland secretionslastaite. Future investigations should reveal the
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revealed numerous proteinaceous droplets (someaitedi by arrows) within gland cells (c3) and betwee
bacteria (ba) inside the gland reservoir (re).esbalr = 20 um.

chemical nature of the beewolves’ antennal glaritlseretions and their role for the bacteria as
nutrition basis. Preliminary histological tests flpids were negative (Goettler, unpubl. data).
However, we could identify proteinaceous vesicléthiw the antennal gland cells and also between
the bacteria in the reservoirs (Fig. 11.1; Goetilmpubl. data). The production of proteins is lgost

for beewolves, but it seems that the selective rtdigge of rearing symbiotic bacteria compensatas thi

investment sufficiently.

During the vertical transmission from the beewolbther to its daughters and at the bottlenecks
during brood cell building the streptomycetes plidpaengage increased genetic drift and an
accumulation of deleterious mutations, a processistknown as Muller’s ratchet (Lynch and Gabriel,
1990; Gabriel et al., 1993; Lynch et al., 1993; Arsson and Kurland, 1998). However, selection on
the beewolf host probably limits the accumulatidrdetrimental mutations in obligate symbionts and
thus counteracts this bias (Andersson and Kurla868; Pettersson and Berg, 2007). Actually there
are still many open questions about the beewolfosynts. Future projects should e.g. reveal whether
the mode of the bacteria transmission is strictytieal or exhibits also horizontal transfer betwee
different Philanthusspecies (Kaltenpoth, in prep.). Another topichie search for antibiotics which
are probably involved in the protection of the beHwcocoon by theStreptomycesbacteria

(Kaltenpoth, in prep.).
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Cocoon alignment like iR. triangulum(Strohm and Linsenmair, 1995) has also been regpdar the
solitary sphecid waspmmophila pubescer{slymenoptera, Sphecidae) (Honomichl, 1998). Fesnale
of A. pubescendig a relative short burrow with a single broodl eéthe distal side in sandy soil and
successively provision the larva with paralyzecqaliars (Evans, 1965; Field, 2007). The last dhrv
stage spins the cocoon in a way that the headegbupa points towards the nest entrance (Honomichl,
1998). However, it is not known how the larva abthpecies obtains the directional cues for cocoon
spinning. The larva could for example orientatelften temperature differences within the substrate
gravitational cues or, like beewolves, on informatprovided by its mother. If the latter is trde
pubescengould possess hitherto undescribed exocrine glamdih secretions act as information
carriers. However, this hypothesis is pure speimaand has to be tested by behavioural and

anatomical investigations in the future.

Comparable to th@hilanthusStreptomycesnutualism attine ants (Formicidae) evolved glaadd
cuticle crypts on their body surface where symbiBgeudonocardidacteria proliferate (Currie et al.,
2006). Both,Pseudonocardiand Streptomyce$acteria belong to the actinomycetes. This graup i
well known for its antimicrobial secondary metabesi which are frequently used as antibiotics in
human medicine (e.g. Kutzner, 1981; Behal, 2000)it ppears that fungus-growing ants, beewolves
and — only very recently on the evolutionary tireec- humans use actinomycetes as partners against

microbial opponents.

Social insects like bees, wasps, ants and termree&nown to produce various antibiotics in exaerin
glands. The secretions of mandibular, metaplesadlyary, venom and Dufour’s glands have been
frequently demonstrated to possess fungistatichateriostatic properties (Hefetz, 1987; Veal et al
1992; Schmid-Hempel, 1995; Rosengaus et al., 2@004; Ayasse and Paxton, 2002). From a
number of solitary insects parental care is knowry. earwigs (Dermaptera), burying beetles
(Silphidae) or scarab beetles (Scarabaeidae) prthed offspring effectively against pathogenic
microorganisms e.g. by eliminating fungal sporesoulgh licking and digestion (Tallamy, 1984;
Clutton-Brock, 1991; Rankin et al., 1995; Halffedral., 1996, Eggert et al., 1998). Mass-provisigni

of the progeny with perishable food occurs in vasidnsect taxa without parental care, e.g. digger
wasps (Crabronidae; Sphecidae) or dung beetlestrifpéaae). It is unknown how these species deal
with the risk of fungal infestation, but maybe syodis between insects and protective bacteria is
more widespread than we hitherto recognized. Teeodery of new effective antibiotics produced by
bacteria involved in such symbioses would be aroitgmt step in the race of human medicine against

multi-resistent pathogens.
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11.2 Female postpharyngeal glands

In chapter 7 we describe a cephalic gland in tteel o female European beewolves which resembles
the postpharyngeal gland (PPG) of ants (Formicide#) regard to location and basic aspects of
morphology and ultrastructure. Based on our resudtpropose the female beewolf gland to be also a
PPG. Hitherto it was thought that a PPG is idiosgtic to ants (Billen, 1990; Holldobler and Wilson,
1990; Schoeters and Billen, 1997; Lenoir et al9%tEelen et al., 2006) where it plays a cruci& ro
for the organization and maintenance of eusoci@ljtyestablishing the nest-specific ‘Gestalt’ odour
(e.g. Crozier and Dix, 1979; Hefetz et al., 199@rdRer et al., 1994; Dahbi et al., 1998; Lahavlet a
1999; Oldham et al., 1999). Our description of &RPa female crabronid wasp raises the question of

the evolutionary origin of the gland and their oraj function.

Within the aculeate Hymenoptera the gefislanthus (Crabronidae) and the Formicidae are not
closely related (see Brothers, 1999; Fig. 11.2kdse that all other aculeate taxa in the phyldigne
tree lack a PPG a homologous origin of this orgaarits and beewolves would be rather unlikely.
However, it must be considered that the PPG in femad male European beewolves was found only
now, despite the fact th&. triangulumis one of the best studied solitary aculeate sge(e.g.
Tinbergen, 1932, 1935; Rathmayer, 1962; Strohm02@&rohm und Lechner, 2000; Strohm and
Linsenmair, 1995, 1997, 1999, 2000, 2001). Theesfther Hymenoptera could possess undiscovered
PPG and there is in fact strong evidence for suemds in two other aculeate families, the
Ampulicidae and the more basal Chrysididae (Herz8&mohm, Goettler, unpubl. data; Fig. 11.2)

suggesting that this organ is more widespread ltitherto assumed.

According to GC-MS analysis a high congruency betwthe cuticular HC profiles of females of the
cuckoo wasmHedychrum rutilangHymenoptera, Chrysididae), and their host speRiesiangulum
was observed (Kroiss, 2008). Additionally behavadusbservations showed that the parasitdid
rutilans is rarely attacked by femalke trianguluminside the beewolves’ nests. These data suggast th
H. rutilans uses a kind of chemical mimicry to stay unoffendgdthe female beewolves (Kroiss,
2008; Strohm et al., 2008). A recently discoverkhg in the head of femalé. rutilansresembles in

a number of aspects the PPG in ants/beewolveshBtr@oettler, unpubl. data) and could be involved
in this kind of chemical camouflage [Fig. 11.3].sBibly this Chrysidid gland represents another
hitherto unknown example of morphological and fiowwdl adaptation of a PPG in aculeate

Hymenoptera.

As a conclusion we can say, that our results onldbation, morphology and ultrastructure of the
female PPG in beewolves provide evidence for a thogyowith the PPG in ants. This view is further
supported by other studies about the function dwedchemical composition of the PPG secretion

(Strohm and Linsenmair, 2001; Herzner and Strot0@72Herzner et al., 2007; Herzner and Strohm,
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—— ANCESTOR
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Fig. 11.2. Phylogenetic tree of aculeate Hymenapter the family level (Brothers, 1999). Hithert®BG has

been described in Crabronidae and Formicidae (soiidws). Preliminary investigations (Herzner, 8tm
Goettler) suggest presence of a PPG also in Chdgsicand Ampulicidae (dottet arrows).

2008). Our hypothesis is also supported by prelmjirinvestigations which revealed that two other

aculeate taxa probably possess a PPG (Herznehngtf@oettler, unpubl. data). Therefore we propose
that the PPG is not an apomorphism of ants butvedoat a more basal position in the phylogenetic
tree of aculeate Hymenoptera, thus representinigsiopnorphic character of the aculeates and has

undergone alterations in form and function in défg taxa.

It appears that the PPG and antennal glands ofléebeewolves complement one another in the
protection of the offspring against pathogenic fuiithe PPG secretion reduces fungal growth on the
honey bee prey during the larval phase (StrohmLamsenmair, 2001; Herzner et al., 2007; Herzner
and Strohm, 2007), whereas the streptomycetes th@mantennal glands protect the cocoon from
fungal infestation. It seems that only the egg mprotected against microbial attack, but maybe

beewolves evolved — hitherto unknown — mechanisnpsdtect this vulnerable embryonic stage, too.

173



CHAPTER11

Fig. 11.3. 3D-reconstruction of head female Hedychrum rutilanswith putative PPG. View from oblique
frontal/dorsal. Note the connections of the twongdlgarts with the pharynx (arrow) behind the br@n half
transparent). ce — compound eyes; oc — ocelli; pharynx; PPG — putative postpharyngeal gland.

11.3 Male cephalic glands

In chapters 8 and 9 we describe two cephalic glandsale European beewolves, the postpharyngeal
gland (PPG) and the mandibular gland (MG). Our rholpgical studies provide evidence for the
hypothesis that both glands are involved in pherm@raroduction and storage. Earlier studies revealed
that the PPG contains substances which are alsermiran the MG (Kroiss et al., 2006) but not in the
hemolymph (Strohm, pers. comm.). These facts weeefitst hints that at least parts of the MG
secretions are transported to and stored in the firdt® where they are delivered during the scent-

marking process.

Chapter 8 shows that the male PPG shows no enlatgéate or a glandular epithelium as it is the
case in female PPG. However the filling status eleyPPG varies greatly within short periods of
time. One day after eclosion from the cocoon th& RIPthe young imagos is empty and collapsed
(Goettler, unpubl. data; Fig. 11.4A), whereas ita@npletely filled with secretion in three day old

males which had no opportunity to scent mark tnigs [Fig. 11.4B]. It seems hardly possible that
this remarkable increase of PPG content duringy® dauld be achieved by secretion from the PPG
epithelium since we did no find any elaborate glidadstructures directly associated with this gland
We suppose that only the numerous and well devdlapmi of the MG have the potential to produce

the huge amounts of pheromones that males appietoterritories.
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Fig. 11.4. 3D-reconstructions of heads of differaged males of. triangulum A The postpharyngeal gland
(PPG) is empty and collapsed in imago directlyradtdosion form the cocooB. PPG is filled with secretion in
imago3 days after eclosure. Acini (ac) surrounding M@ anly shown on the left body side. an — antenda; ¢
collecting duct of MG; ce — compund eyes; md — nilslegdph -pharynx; oc - ocelli

In chapter 9 we describe a lateral duct betweerM@eand the pharynx that probably enables male
European beewolves to transport MG content intoRR& via the pharynx. These morphological
characteristics and the varying filling statusHiert support our assumption that the male PPGfecin

a reservoir for the male scent- pheromone.

Male European beewolves extensively scent mark theitories during the day with pheromone and

additionally engage conspecific intruders in aec@bat flights (Simon Thomas and Poorter, 1972;
Evans and O’Neill, 1988; Strohm and Linsenmair,3t9trohm and Lechner, 2000). Both behaviours
are energy consuming and probably interfere witkinaultaneous production of large pheromone
amounts. A solution to this problem could be thHanmmone production is done during the night, then
stored in the huge PPG and delivered during scenking during the day. The observation that male
beewolves stay in burrows near the warm surfaceigtit (Strohm, pers. comm.) might be an

adaptation to increase the metabolic rate durieghtght. The PPG could be the evolutionary solution
for the need to store the pheromone between priotuahd application in male beewolves.

It is known that males d?. albopilosuswhich do not scent-mark territories, possess waly small
MG and lack a clypeal brush (Evans and O’Neill, @9&reliminary investigations of other species in
the genusPhilanthusrevealed that the morphology of the male MG and Riffer greatly even

between closely relatdéhilanthusspecies (Goettler, Strohm, unpubl. data). Diffeesnare found in
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Fig. 11.5. Preliminary 3D-reconstructions of two lemeheads ofthe genu®hilanthus A P. rugosus
Frontal/oblique view. The collecting ducts (cd)tbé small mandibular glands (MG) are surroundedihgle
class 3 gland cells (c3). The postpharyngeal g{@RI5) shows a conspicuous extension (arrow) sudexliby
cell aggregations (cap PPG ofP. gloriosus.The ramified PPG is surrounded by numerous aeic). (ce —
compound eyean — antenna; br — brain; ph — pharynx; reconstmstby Julius Ossowski (A) and Thomas
Heimerl (B).

all aspects of the glands’ morphology like sizeaps gland cell numbers and types. In maleB.of
rugosusfor example the MG collecting ducts are smallemttin P. triangulumand surrounded by
single class 3 cells instead of acini. FurthermareR. rugosusthe upper part of the PPG shows a
conspicuous tube that is surrounded by acini-lied aggregations [Fig. 11.5A]. However, in the
semithin sections we found no canals or end appsgatconnected to this cells, so their function is
unclear. MaleP. gloriosusin contrast exhibit an extensively ramified PP@w&urrounding gland cell
clusters and only a much reduced MG [Fig. 11.5Btlker morphological and chemical analyses as
well as behavioural observations on territorial esghave to reveal the relations between anatomy and
function of male cephalic glands in the geRislanthus This could possibly bring to light that some
published data on male MG contents in the subfaiifanthinae are in fact descriptions of PPG
contents. Finally it appears that natural seledeointo more or less similar antennal glands indies
throughout the genuBhilanthus whereas sexual selection heavily changed the imotwgy of male

MG and PPG of even closely related species.
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11.4 Temperature and brain development

Chapter 10 of this thesis is a study about tempezatependent effects on the postembryonic brain-
development of the Red Mason be@smia bicornis We used this Megachilid bee for our
investigations because it is abundant, undemanaaogrding to its food sources, and has a large
scope of nesting sites and therefore easily aceptxial trap nests (Westrich, 1989; Strohm ket a
2002). We focused our investigations on the mushrbodies (MB) in the brain since this structure is
recognized as centres of higher integration witharé to orientation, memory and learning (Hammer
and Menzel, 1995; Heisenberg, 1998; Gronenbergl;2B@isenberg and Gerber, 2002; Strausfeld,
2002; Fahrbach, 2006). Temperature-dependent chadngene neuronal patterns of the MB would
therefore most likely lead to detectable changdsdin performance like it has been shown for honey
bees before (Tautz et al., 2003; Jones et al.,)2005

The temperature regimes we used in our study haigmificant influence on the number of synaptic
complexes in the MB ofO. bicornis This supports our hypothesis that in this spedies
postembryonic brain development is canalized arwvshonly small phenotypic variation due to
different ambient temperatures. Nevertheless atllevant effects on the brain that we were not able
to detect could occur, e.g. changes in ‘quality’ sghaptic organization or physiological defects.
Biotests with adultO. bicornis which were reared under different temperatureddcoeveal such
effects. Learning and memory skills could be tesbyd using the proboscis extension reflex,
orientational abilities by changing nest positiamsl the overall fitness of females could be measure

as the performance in nest-building, provisioning aumber of offspring.

In our study we present data ©f bicorniswhich were reared under different constant tenipeza
whereas in the field temperatures fluctuate withinbroad range. Throughout all insect taxa
investigations revealed that temperature cyclesriftbperiods) could influence growth rates in
another way than constant temperatures (reviewBedk, 1983). In fact investigations @n bicornis
from a control group of the field (Goettler, unputbhta) with natural temperature variations shoat th
these animals obtain a larger body size and alge hmre synaptic complexes within their MB than
the groups with constant temperatures. This sugdbat in factO. bicornisnot only can stand, but
crucially needs thermoperiods during its postembiygphase for optimal development. Maybe
different physiological processes like e.g. ingastand synaptogenesis need particular ranges of
temperature and therefore only alternating tempegat could optimize all of these processes.
Upcoming experiments have to determine the rangeetisas the absolute values of these fluctuating

temperatures that would result in an optimal dgw@lent forO. bicornis

177



CHAPTER11

11.5 Final Conclusions

The studies presented in this thesis demonstratetie genu®hilanthusis a suitable model system
for investigating the influence of natural and ssxselection on morphological and physiological
traits in aculeate Hymenoptera. The described @a®glands in the genwhilanthusserve unusual
functions like bacteria cultivation and food-wrapgior combine the production and storage of
pheromones. The antennal gland®bflanthusfemales and the mutualism wiBlitreptomycebacteria
provide an amazing example of an obligate insectdie@ symbiosis. It also impressively
demonstrates how coevolutionary processes can ehtngganatomy and behaviour of insect hosts.
The descriptions of postpharyngeal glands Fin triangulum show that the knowledge about

morphology and the respective functions of orgarthé order Hymenoptera is still fragmentary.

Our study on the Red Mason bé&smia bicornis confirmed our hypothesis that the postembryonic
brain development of this solitary species is lngffleagainst different temperatures during the larva
and pupal phase. Further investigations @n bicornis have to reveal where the limits of this

temperature tolerance are and whether there isade-off between brain buffering and other

physiological and morphological traits.
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CHAPTER 12

SUMMARY

12.1Antennal glands and symbiotic bacteria in beewolves

The development and survival of insects frequerdgpend on mutualistic associations with
endosymbiotic bacteria. Insects profit by their tbaal partners in terms of digestion, pheromone
production or pathogen-defence and in return petce bacteria with a free ecological niche and a
reliable transmission to the next generation. Dyr@oevolution insect hosts frequently developed
specialized cells and organs which symbiotic b#&ctare reared in and evolved behavioural patterns

that ensure the vertical transfer of symbionth&dffspring.

In this thesis we describe an unusual symbiosiwdsat solitary digger wasps of the geidlanthus
(Hymenoptera, Crabronidae) aStteptomycebacteria. The antennae of the female digger wasas
unique glands which consist of large reservoirs antherous surrounding gland cells. Within the
gland reservoirstreptomycedacteria proliferate and probably use the pringand cell secretions
as nutrition basis. Observations in our model ssdhe European beewoPHilanthus triangulum
revealed that the streptomycetes are secretedda Emounts by the female digger wasps into the
subterranean brood cells. The beewolf larva agtitekes up the bacteria with its mouthparts and
applies them to the silk of its cocoon. Biotesteveid that the presence of tBareptomycebacteria
drastically reduces the risk of fungal infestatidrihe cocoon and thus enhance the survival ratieeof
offspring. Streptomycetes belong to the actinonmgsefroup, which members are well known for their
production of antibiotics. Therefore we assume thlab the fungicide properties of the beewolf

symbionts are based on — maybe hitherto unknowntibiatics.

Streptomycebacteria were found with genetic methods in ardgerof all of the 31 so far investigated
species of the gend#hilanthusbut were absent in closely related taxa. As a evhizd streptomycetes
associated witlPhilanthus digger wasps represent a monophylum inside Streptomycegroup.
Based also on morphological, ecological and gerdgta we therefore propose a new monophyletic
taxon ‘CandidatusStreptomyces philanthi”. The transmission routéhefsymbiotic streptomycetes is
not yet clear, but there is some evidence that gdamales take up small amounts of bacteria into
their antennae during the eclosure from the coc@umantitative investigations of the amount of
bacteria within the antennal glands at differerg agpport this hypothesis. Our investigations also
revealed that there are severe bottlenecks duhegransmission between mother and daughter as

well as during the secretion process.
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The comparative investigation of the antennal glaadphology in 13hilanthusspecies from Africa,
Europe and North America revealed limited interdfpedifferences in gland shape, size and the
number of gland cells. Our results suggest thaady the common ancestor of the geRhganthus
possessed complex antennal glands and bacteribalityothe successful symbiosis between the
Philanthusancestor and streptomycetes enhanced the radaiwmorld-wide dispersal of the genus
Philanthus

12.2 Cephalic glands in European beewolves

Natural and sexual selection resulted in an enosmeariety of morphological and functional
adaptions of insects’ exocrine glands. Whereasdrashymenoptera most glands are well studied, the
knowledge about the biggest part of these imporagéns in solitary species is still fragmentary or

non-existent.

This thesis provides evidence that both sexeseoEtliropean beewolf exhibit a postpharyngeal gland
(PPG) which was hitherto thought to be idiosyncragiants. We could show that morphological traits
are very similar between the PPG of ants and be@sphlbeit the respective functions are different.
Our results together with preliminary investigagan other families of Hymenoptera provided strong
evidence that a PPG is in fact a homologous chematit in aculeate Hymenoptera, which function

was changed in different taxa by natural selection.

In male beewolves the PPG most likely functions asservoir for the male sex pheromone which is
produced in the neighbouring mandibular glands (M@le MG show a simple tube-like structure
without any associated gland cells. Morphologicedestigations of PPG and MG in beewolf males
revealed the existence of a connecting duct betWweém glands and therefore support the hypothesis
of distinct pheromone production and storage. Asrtfale sex pheromone plays an important role in
the mating behaviour of beewolves the involved déaare probably subject to strong sexual selection.
This hypothesis is supported by preliminary invgations on males of oth&hilanthusspecies that

show a wide range of different morphological trat$PG and MG.

12.3 Temperature-effects on brain-development of ReMason bees

Insects are poikilothermic and therefore face theblem to attain developmental stability in an
environment with varying temperatures. In particulae complex anatomical reorganization of
holometabolous insects during metamorphosis is il affected by temperature. Social insects
avoid the problem of environmental-effects on podts/onic development by controlling temperature

actively inside their nests. Honey bedgié melliferg for example keep the temperature of their
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brood combs constant at about 35°C and it couldst@vn in former studies that even small
deviations from this temperature during postembiyatevelopment result amongst other things in

deficits of the synaptic organization of distincain areas.

The question is whether/how solitary species whilch not develop in homeothermic nests are
influenced by different temperatures. We therefamanipulated temperatures during the
postembryonic development of the Red Mason Bsejia bicornigHymenoptera, Megachilidae) and

investigated, whether this species shows compatebhperature-effects on brain-development like
honey bees. We focussed our investigations omdtstiynaptic complexes (microglomeruli) within

the mushroom bodies, as the latter are recognigextaters of higher integration in the insect brain
We used fluorophore-conjugated phalloidin to vimeamicroglomeruli and therefore could estimate
their total number and density. Our results @n bicornis suggest that brain-development in this
species is buffered against different temperataed thus adapted to the naturally occurring

temperature-conditions in its non-insulated nests.
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CHAPTER 13

ZUSAMMENFASSUNG

13.1 Antennendriisen und symbiotische Bakterien b&lienenwolfen

Die Entwicklung und das Uberleben von Insekten benuhaufig auf mutualistischen Beziehungen
mit endosymbiotischen Bakterien. Insekten prof@reron ihren bakteriellen Partnern im Bezug auf
Ernahrung, Pheromonproduktion oder Pathogenabwathrbieten den Bakterien im Gegenzug eine
freie 6kologische Nische und eine zuverlassige ¥vgdtbe in die nachste Generation. Im Laufe der
Koevolution bildeten die Insekten-Wirte oft speirte Zellen und Organe aus, in denen sie die
symbiotischen Bakterien ziichteten und entwickelterhaltensweisen, die die vertikale Weitergabe

der Symbionten in die nachste Generation sichéteste

In dieser Arbeit beschreiben wir eine ungewohnli@yenbiose zwischen solitiren Grabwespen der
GattungPhilanthus (Hymenoptera, Crabronidae) asdreptomyce®akterien. In den Antennen der
weiblichen Grabwespen sitzen einzigartige Dris@nads grof3en Reservoirs und vielen umgebenden
Drusenzellen bestehen. Innerhalb den Reservoirselgen siclStreptomyce8akterien und nutzen
hdchst wahrscheinlich die primaren ZellsekreteNddrungsgrundlage. Beobachtungen an unserem
Model, dem Européischen BienenwdRhilanthus triangulu zeigten, dass die Streptomyceten von
den weiblichen Grabwespen in grofen Mengen in dierindischen Brutzellen abgegeben werden.
Die Bienenwolflarve nimmt die Bakterien aktiv miitren Mundwerkzeugen auf und appliziert sie auf
die Seide ihres Kokons. Biotests zeigten, dasdnieesenheit deBtreptomyceBakterien das Risiko,
dass der Kokon von Schimmelpilzen befallen wir@stisch reduziert und dadurch die Uberlebensrate
des Nachwuchses steigert. Streptomyceten gehoreGrmppe der Actinomyceten, deren Mitglieder
bekannt fur die Herstellung von Antibiotika sindirlilehmen deshalb an, dass die fungizide Wirkung

der Bienenwolf-Symbionten auf — méglicherweise noohekannten — Antibiotika beruht.

Streptomyce8akterien konnten mit genetischen Methoden in Aetennen aller bisher untersuchten
31 Arten der GattundgPhilanthus nachgewiesen werden, nicht jedoch in nahe verweandiaxa.
Zusammen bilden die miPhilanthusGrabwespen assoziierten Streptomyceten ein Mornophy
innerhalb der Grupp&treptomycesBasierend auf morphologischen, 6kologischen ugretischen
Daten schlagen wir deshalb ein neues monophyletischaxon mit dem NamenCandidatus
Streptomyces philanthi“ vor. Der Ubertragungsweg signbiotischen Bakterien ist noch unklar, es
gibt jedoch einige Hinweise darauf, dass junge \&le@h beim Schlupf aus dem Kokon kleine
Mengen von Bakterien in ihre Antennen aufnehmenar@itative Untersuchungen der Menge an

Bakterien in den Antennendrisen bei verschiedendimr Ainterstiitzen diese Hypothese. Unsere
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Untersuchungen zeigten auflerdem, dass es starleeh€tdals-Effekte sowohl wahrend der

Ubertragung zwischen Mutter und Tochter, als aughrend des Sekretionsprozesses gibt.

Vergleichende Untersuchungen zur Morphologie deteAmendriisen in 1PhilanthusArten aus
Afrika, Europa und Nordamerika zeigten kleinere é¥sthiede zwischen den Arten in Bezug auf
Drisenform, -gréf3e und die Zahl der Driisenzellersdde Ergebnisse weisen darauf hin, dass bereits
der gemeinsame Vorfahre des Gattiiglanthuskomplexe Antennendriisen und Bakterien besessen
hat. Wabhrscheinlich hat die erfolgreiche Symbioswiseghen PhilanthusVorfahren und

Streptomyceten die Aufspaltung und die VerbreitdagGattundPhilanthusbeschleunigt.

13.2 Kopfdrisen des Europdaischen Bienenwolfes

Naturliche und sexuelle Selektion fihrten zu eimgrormen Fille von morphologischen und
funktionellen Anpassungen bei exokrinen Drisen kmekten. Wahrend in sozialen Hymenopteren
die meisten Driisen gut untersucht sind, ist das#¥isiber diese wichtigen Organe bei solitéaren Arten

groldtenteils noch bruchstiickhaft oder gar nichha&oden.

Diese Arbeit zeigt, dass beide Geschlechter desgaischen Bienenwolfes eine Postpharyngealdrise
(PPG) besitzen, die bisher als idiosynkratischAimeisen galt. Wir konnten zeigen, dass sich die
morphologischen Merkmale der PPG in Ameisen una&igvdlfen sehr ahnlich sind, wobei sich die
jeweilige Funktion unterscheidet. Zusammen mit &wfigen Untersuchungen in anderen
Hymenopterenfamilien deuten unsere Ergebnisse dduf hin, dass eine PPG in Wirklichkeit ein
homologes Merkmal aculeater Hymenopteren ist, dErerktion sich in den unterschiedlichen Taxa

unter dem Einfluss naturlicher Selektion anderte.

In mannlichen Bienenwdlfen fungiert die PPG hoaighrscheinlich als Reservoir flr das mannliche
Sexualpheromon, das in den benachbarten MandilseldrMG) gebildet wird. Die mannlichen
Mandibeldrisen haben eine einfache, schlauchférn8geiktur ohne zugehdérige Drisenzellen.
Morphologische Untersuchungen von Postpharyngeahd uMandibeldriise zeigten einen
Verbindungsgang zwischen beiden Drisen der die thgse von getrennter Pheromonproduktion und
-speicherung unterstitzt. Das mannliche Sexualph@mno spielt eine wichtige Rolle im
Paarungsverhalten von Bienenwo6lfen und die beteili@prisen werden deshalb sicherlich stark durch
sexuelle Selektion beeinfludt. Diese Hypothese wvéuth durch vorlaufige Untersuchungen an
Mannchen anderePhilanthusArten gestiitzt, die eine Vielzahl unterschiedlicimeorphologischer

Auspragungen von Postpharyngeal- und Mandibeldréiggn.
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13.3 Effekte der Temperatur auf die Gehirnentwicklung der Roten Mauerbiene

Insekten sind poikilotherm und stehen deshalb wn dProblem, ihre Entwicklung in einer Umwelt
mit wechselnden Temperaturen stabil zu halten. Bd#ms der komplexe anatomische Umbau
holometaboler Insekten wahrend der Metamorphose iichst wahrscheinlich durch die Temperatur
beeinflul3t. Soziale Insekten umgehen das Problemeliimedingter Effekte auf ihre postembryonale
Entwicklung, indem sie die Temperatur in ihren Mestaktiv kontrollieren. Honigbienempis
mellifera) zum Beispiel halten die Temperatur in ihren Braiben konstant bei ca. 35°C und es konnte
in frlheren Untersuchungen gezeigt werden, dasstbddeine Abweichungen von dieser Temperatur
wahren der postembryonalen Entwicklung unter amderpel Defiziten im synaptischen Aufbau

bestimmter Hirnbereiche fiihren.

Die Frage ist nun, ob bzw. wie solitdre Arten, dieh nicht in Nestern mit konstanter Temperatur
entwickeln, von unterschiedlichen Temperaturen rfkeist werden. Wir manipulierten deshalb die
Temperatur wahrend der postembryonalen Entwickldeg Roten MauerbieneQsmia bicornis
(Hymenoptera, Megachilidae) und untersuchten, ebediArt vergleichbare Temperatureffekte auf die
Gehirnentwicklung zeigt, wie sie bei Honigbienerfugelen wurden. Wir konzentrierten unsere
Untersuchungen auf bestimmte synaptische Kompliekergglomeruli) innerhalb der Pilzkdrper, da
letztere als Zentren fir tUbergeordnete Prozesdedgektenhirn gelten. Wir verwendeten Fluorophor-
gebundenes Phalloidin um Microglomeruli sichtbaraachen und konnten so deren Anzahl und
Dichte bestimmen. Unsere Ergebnisse ®@ebicornisdeuten darauf hin, dass die Gehirnentwicklung
dieser Art gegen verschiedene Temperaturen gepuffersie sich also an natirlich auftretende

Temperaturbedingungen in ihren unisolierten Nestegepasst hat.
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