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“Many kinds of small animals, chiefly insects, ar® be found in humble-bees' nests. Some
of these are chance visitors, with no particular finess there, but others are dependent in
some way upon the humble-bees, and several belangprthis class are very injurious to

them, devouring the larvae and pupae.”

F.W.L. Sladen, 1912
(The humble-bee — its life-history and how to doticase it.)
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CHAPTER 1 - GENERAL INTRQOTION

Chapter 1 - General Introduction

1.1 The bumblebedBombus terrestris

Bumblebees, especially the buff-tailed bumbleBeenbus terrestrisplay a central role in
1) pollination of wild flowers, crops, fruits an@getables, and
2) represent an established model organism to shedgvolution of sociality, parasitism and

host-parasite interaction in social insects.

The bumblebed. terrestrisproduces annual colonies, headed by a single qubéah is
singly or rarely multiple-mated (Payne et al., 2088hmid-Hempel and Schmid-Hempel,
2000). These colonies are funded in early spring hibernated queen and first brood care is
done exclusively by the queen. Later in the seasamkers contribute to brood care and
maintain the colony. At the end of the season ($at@mer) only sexuals are produced and,
after mating, queens hibernate until the next seg&laden, 1912). During the colony
development all different castes and stages of lbelmebs are prone to different types of
parasite infections. The restricted size of a girggllony, 50 - 600 individual bees, and high
density of hosts will also increase the accesgyhbidtir parasites and pathogens. Such density-
dependent parasite pressure is not only the proliderntarge scale breeding of bumblebee

colonies commercially (Velthuis and van Doorn, 20®@&1t also under laboratory conditions.

The bumblebee as host organism can easily be ¢bearad by their population dynamics and
population structure. They are haplo-diploid orgams, with females (queens and workers)
being diploid (2n) and males (drones) being haploid(Crozier, 1975; Trivers and Hare,
1976). The simple kinship system between colony be¥smcan be used to estimate colony
affiliation, by including population genetic toolg.g. highly polymorphic microsatellite
markers (Estoup et al., 1995, 1996; Reber-Funkt.et2806; Stolle et al., 2009). Sibship
reconstruction is further enhanced, becaBisterrestrisqueens are exclusively singly mated.
Therefore, B. terrestris provides an excellent model organism to study -pasasite
interactions; compared to ant, wasp, or honeybeeiap which sometimes show high levels
of multiple mating (Strassmann, 2001). Studyingtip@sasite interactions at the colony level
is greatly facilitated because genetically similadividuals determine colony performance,
and colonies can be split to compare differentitneats.
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Recent efforts of the Bombus Annotation Group wiilve forward the annotation of thg
terrestris genome; see NCBI: Bter 1.0 gene prediction setefs@g, RNAseq data,
AUGUSTUS and GenelD sets). The nearly complete geheogether with the known EST-
libraries (Sadd et al., 2010) and the genetic nfap. derrestris(Stolle et al., 2011; Wilfert et
al., 2006), provide several opportunities to sttldg host organism more intensively by using
molecular tools.

The simple life-cycle, the possibility to maintarperimentally treated colonies in the
lab, the availability of a huge amount of genetientical individuals, the haplo-diploid sex
determination system, and the nearly complete eavgenome makes the bumbleli2e

terrestrisan ideal model organism to study host-parasieraations.

1.2 Parasites, bumblebees and social parasitism

Social insects, in general, are prime targets fmagites due to their abundance, family
structure, and persistent colonies (Schmid-Hentg#98). Eggs, larva, pupa, worker, drones,
and queens represent stages which might be infdntedruses, bacteria, fungi, protozoa,
nematodes, parasitoids, mites or other colony 8pgrrasites (Schmid-Hempel, 1995).

Parasite transmissions between colony members adlofast parasite spread, in
correlation with fast performing colony growth chgithe short season of host availability.
Parasite transmission (horizontal and / or venticaintrols the intensity of infection and
parasite effects on the host population (Ebert ldade, 1996). Parasite infestation, growth,
transmission and development depend mostly on ¢asny size / population. Increasing
numbers of colony members lead to increased parggiead andice versaGeneration time
and body size mainly control the population sizeingreasing body size of the parasite (e.qg.,
from viruses to insects) induces substantial redacin effective population size (Lynch,
2007). Density dependent host-parasite developrmanit might occur in bumblebees, is
controlled by virulence of the parasite and defesfdiie host (Anderson and May, 1981).

In general, small parasites were detected with drigtensities in the host due to
smaller generation time compared to parasites widamplex life cycles. Grouping the
different bee parasite species in seven major paragoups (viruses, bacteria, fungi,
protozoa, nematodes, insect parasitoids, and eetsipgs) and analysing census population
size () of the parasite per bee (normalised for parapigedee, by using an average bumble

bee colony size of 300 - 600 bees, if the numbgyavésites per bee was not available) and
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generation time of the respective parasite grobpywed a significant correlation for all the
seven groups (N =7,r =0.894, p = 0.007, Figyre 1
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Figure 1. Comparative analysis of generation time and cepepsilation sizeN.) over all groups of bumblebee
parasites. Census population size of the individualasites were used according to published data an
calculated as population size per bee, indeperafdatalization of the parasite. In order to hawside range of
data, some groups also include non-bumblebee cinsect data (ectoparasites, bacteria and viruses)each
group (black dots) the average values are plotiedogarithmic scales. Additionally, standard errdos
generation time and population size were calcula@sheration time was plotted in minutes and medifio
improve visualization. Power regression analys®asdd a significant correlation between both factdis= 7, r
=0.894, p = 0.007). (* marked references in tlieremce list were used to construct Figure 1)

As mentioned before, bumblebee parasites belongllt&nown groups of parasites from
intracellular viruses to macro-parasites like maesl hymenopteran parasitoids (Table 1, see
page 7) (Schmid-Hempel, 1998, 2001). Several tyffgzarasites are already used to study
these interactions, e.g., the gut paraSitghidia bombj the MicrosporidiunNosema bombi
and typical representatives of fungi, gram-positvel gram-negative bacteria (Imhoof and
Schmid-Hempel, 1998; Mclvor and Malone, 1995; Ligad Triggiani, 1988; Sadd and
Schmid-Hempel, 2006, 2007).
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However, bumblebees are not only vulnerable tocitidas with the listed parasites and
pathogens (see Table 1, page 7), they can alsoatasifised by brood parasites (social
parasitic cuckoo bumblebees) (Fisher, 1988; vankHaral., 1981). Host and parasite share
the same but time shifted annual life cycle andirenmental conditions. In late spring
(April-July) the hibernated cuckoo bumblebee quesades the host colony. In a few cases,
the host queen might be tolerated, but mostly thset lqueen is killed by the cuckoo
bumblebee queen. After the takeover of the hosimgolthe cuckoo queen starts laying her
own eggs and the workers of the host take caréherbtood of the parasite (Alford, 1975;
Sladen, 1912). As the cuckoo bumblebee parasitibe @ subset of all available colonies,
their population size might be lower than the sifetheir hosts. This might have strong
negative effects on the genetic diversity of thekow bumblebees and might increase genetic
drift.

Bombus terrestrigs exclusively parasitised Bombus(Psithyrug vestalis Location
and excavation of nests of such a population islyé@apossible, as most bumblebee species
have cryptic underground nests in abandoned mamesas (Goulson, 2003; Sladen, 1912).

1.3 Parasites and pollinator decline

Parasite infections have recently been claimedet@ie of the most important factors for
worldwide decline of pollinators (honey bees andnblebees) (Bromenshenk et al., 2010;
Cameron et al.,, 2011; Goulson et al., 2008; Meeusle 2011; Potts et al., 2010;
vanEngelsdorp et al., 2009).

Microsporidian pathogens likdosema apisN. bombiandN. ceranaemight play the
key role for global honey and bumblebee decline thiedso called CCD (‘Colony Collapse
Disorder’) (Bromenshenk et al., 2010; Cameron ¢t28l11). Short generation times and huge
population sizes will increase the effectivenesanééctions withNosemaspp. This host-
parasite system demonstrates that host populatrogist be regulated by the effect of the
parasite. Density-dependemM,) parasite effects can cause dramatic decline naton of
the host population (Martin-Hernandez et al., 20@axton et al., 2007).

The generalist parasiteadpsemaspp., are able to infect different species of lycaed
bumblebees. Parasite transmission might occur dwiadly (via infected flowers or
beekeeping equipment) or vertical (within the haslony). It also depends on host
availability. Estimating the infection status of c@lony assumes sensitive and specific

methods to measure spore titre and to determinedirectNosemaspecies, as co-infections
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are quite common (Chen et al., 2009; Paxton et28007). Different molecular and non-
molecular methods have been described to detectchathcterise the differerilosema
species more or less specific and sensitive (dafGral., 1994; Klee et al., 2006, 2007;
Larsson, 2005; Martin-Hernandez et al., 2007; Warbestt al., 2004). However, little is known
about the limits of detection. The evaluation ofedéon limits might influence the outcome
of molecular diagnostics and bee health monitoring.

1.4 Host-parasite interactions

Host-parasite interactions are shaped by a widayeraof biological, ecological, and
environmental factors. Variations in parasite l@ad virulence, as well as variations in host
susceptibility and immune responses control hostgii@ dynamics under natural conditions
(Anderson and May, 1982; Gandon et al., 2001).

Host finding, infection, establishment, growth, neguction and transmission are the
major steps of the parasites life cycle. Parasiteght be transmitted directly, via vectors,
horizontally or vertically, depending on the lifgcte and the host species (Schmid-Hempel,
2011). To perform a complete life cycle, parasttegeloped different strategies: (1) harm the
host (proteases, toxins, virulence factors or damagst tissue) and / or (2) evasion of the
host immune system (recognition and killing) toveeg host defence (Schmid-Hempel, 2005,
2009). Both strategies help the parasite to surwviveon the host and allow the host to react
on parasite infections and develop new defence amsims. Therefore, the hosts developed a
huge arsenal of weapons to fight parasite attables@& weapons are based on behavioural,
chemical, immune system mediated and other molecdé&ience mechanisms. Using
molecular methods provide unique tools to measw#-parasite interaction on different
levels. Host defence against parasites allows usingde rage of parameters on the part of
the host: parasite clearance, immunocompetencenefhbst, susceptibility, recognition,
recovery, resistance, and robustness of the hobtr(id-Hempel, 2011).

Insect hosts and all other invertebrates attaclagias by means of their innate
immune system (Hultmark, 1993; Siva-Jothy et @00%). Surface molecules of the parasite
(e.g., antigenic peptides, carbohydrates and lpselstch on the innate immune system by
up- or down-regulation of immune related pathwalall( Imd, INK and JAK/STAT). So the
immune system activation results in an anti-pagassponse via melanization, proteasome-
dependent degradation, apoptosis, expression imhianibial peptides (AMPs) and cytotoxic

enzymes (Evans et al., 2006). Different componehtee hosts’ immune response might act
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as short-term clearance or as long-lasting pratectHumoral and cellular compounds
cooperate and interact, mostly temporal staggecetill the invading parasite. Maternal or
paternal immune priming might increase the sucadsighting against a known parasite
(Roth et al., 2009; Sadd and Schmid-Hempel, 20@AcHi et al., 2011).

Comparing the number of genes related to the inmameune system of completely
sequenced social (71-97, honey bee and ants (Romdsal., 2010; Honeybee Genome
Sequencing Consortium, 2006; Smith et al., 2011aSuen et al., 2011)) vs. non-social
insects (203-417, beetle, fly, lepidopterans, masga (Adams et al., 2000; Arensburger et
al., 2010; Holt et al., 2002; International SilkwoiGenome Consortium, 2008; Nene et al.,
2007; Tribolium Genome Sequencing Consortium, 2008yealed a strong reduction in
immunity components on site of the social insects.

This effect might be compensated by individual amd group-level traits which can
be found in social insect colonies, e.g., ‘soci@munity’, hygienic behaviour, social
behaviour (brood care, grooming), ‘social feveoraging antibiotic compounds like propolis
or avoiding contaminated food resources (Cremeal.et2007; Fouks and Lattorff, 2011;
Schmid-Hempel, 2011; Simone et al., 2009). Thetmmamune system of the bumblebee

Bombus terrestriss partly characterised by sequencing of EST+ibsa(Sadd et al., 2010).
Study questions

The knowledge fromB. terrestris population genetics, genomics — including the tena
immune system, different ways of parasite transiomsand interaction with social parasitic
cuckoo bumblebees represent a useful system toearse following major questions, which

are addressed in the next three chapters:

1. How strong is the impact of parasitism for socilaparasites and how diverse are host
and parasite species?

2. What is the limit of parasite detection and hovwspecific are such detection systems?

3. Is the host innate immune system influenced byapasite dynamics and does the host

defence system show temporal patterns?
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Table 1: Parasites described for bumblebees. The diffeeaties were grouped according to species, genera o
organism group and, additionally to location in tiest and / or place of reproduction. For some pgo(e.g.
fungi) only few examples are given, which were uggd in Figure 1; for the remaining species rata deere
available on population size and generation time.

Colony Single Bumblebee
Ectoparasite Endoparasite
Extracellular | Intracellular
Lepidoptera Sacrophagidae (Diptera) Conopidae (Diptera) Virus
Ephestia kuehniella Boettcharia litorosa Conops flavipes Acute bee paralysis virus
Vitula edmandsae  Brachicoma spp. Physocephala spp. Black queen cell virus
Helicobia morionella Sicus ferrugineus Deformed wing virus
Entomopox virus
Acari Braconidae (Hymenoptera) Israeli acute paralysis virus
Locustacarus buchneri Syntretus splendidus Kashmir bee virus

Eulophidae (Hymenoptera) Sacbrood virus
Melittobia acasta

Torymidae (Hymneoptera)

Monodontomerus montivagus

Protozoa Protozoa
Crithidia bombi Apicystis bombi
Crithidia expoeki Nosema bombi
Nematoda

Sphaerularia bombi

Fungi
Beauveria bassiana
Metarhizium anisopliae

Bacteria
Aerobacter cloaca
Spiroplasma spp.
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Chapter 2

The degree of parasitism of the bumblebedpmbus terrestrisby cuckoo

bumblebees Bombus(Psithyrug vestalig

Silvio Erler* and H. Michael G. Lattorff

Institut fur Biologie, Molekulare Okologie, Martihather-Universitat Halle-Wittenberg,
Hoher Weg 4, 06099 Halle (Saale), Germany

* e-mail: silvio.erler@zoologie.uni-halle.de

Abstract

Host-parasite systems are characterised by coewmduy arms races between host and
parasite. Parasites are often the driving forcehag replicate much faster than their hosts
and have shorter generation times and larger pbpulaizes, resulting in higher mutation
rates per time interval. This scenario does nalfihost—parasite systems. Socially parasitic
cuckoo bumblebeeBombus(Psithyrug vestali§ parasitise colonies dBombus terrestris
share most life history characteristics with tHeists. As they parasitise only a subset of all
available colonies, their population size shoulddweer than that of their hosts. This might
have strong negative effects on the genetic dityeo$iB. vestalisand their adaptability. Here,
we study for the first time the population struetaf aBombus / Bombu@sithyrug system.
Highly polymorphic DNA markers were used to recomst sibships from individuals
collected in the wild. The analysis of the host guadtasite populations revealed a rate of
parasitism of about 42% (range 33-50%). The pojmrdasize ofB. vestaliswas lower
compared to their hosts, which was also reflectetbw within-group genetic distance. An
analysis of the reconstructed queen genotypes leg/@aore supersisters amongst e
vestalisqueens when compared to tBe terrestrishost. The data suggest tHat vestalis
females and males do not disperse over long dissanthis shows a potential for local
adaptation to their hosts.

Keywords: Social parasiteRsithyrus Bumblebees, Sibship reconstruction
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Chapter 3

Comparative analysis of detection limits and speaiity of molecular
diagnostic markers for three pathogens (Microsporita, Nosemaspp.) in the

key pollinators Apis melliferaand Bombus terrestris

Silvio Erler*, Stefanie Lommatzsch and H. MichaellGttorff

Institut fur Biologie, Molekulare Okologie, Martihather-Universitat Halle-Wittenberg,
Hoher Weg 4, 06099 Halle (Saale), Germany
* e-mail: silvio.erler@zoologie.uni-halle.de

Abstract

Global pollinator decline has recently been disedsa the context of honey and bumble bees
infections from various pathogens including virydescteria, microsporidia and mites. The
microsporidian pathogenslosema apis, N. ceranaand N. bombimay in fact be major
candidates contributing to this decline. Differenblecular and non-molecular detection
methods have been developed, however, a compasdspacially of the highly sensitive PCR
based methods, is currently lacking. Here we pregenfirst comparative quantitative real-
time PCR study of Nosemaspp. primers within the framework of primer spedy and
sensitivity. With the help of dilution series offoied numbers of spores we reveal six primer
pairs amplifyingN. apis six for N. bombiand four forN. ceranae All appropriate primer
pairs detected an amount of at least 4fiores, the majority of which were even as sefsiti
to detect such low amounts as’ 10 10 spores. Species specificity of primers waseoved

for N. apisandN. bombj but not forN. ceranae Additionally, we did not find any significant
correlation for the amplified fragments with PCRiaéncy or the limit of detection. We
discuss our findings on the background of falseitpes and negative results using
quantitative real-time PCR. On the basis of theseilts future research might be based on
appropriate primer selection depending on the exyertal needs. Primers may be selected
on the basis of specificity or sensitivity. Pathogpecies and load may be determined with
higher precision enhancing all kinds of diagnostidies.
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Chapter 4

Dynamics of Immune System Gene Expression upon Bactal Challenge

and Wounding in a Social InsectBombus terrestriy

Silvio Erler*, Mario Popp, H. Michael G. Lattorff

Institut fiir Biologie, Molekulare Okologie, Martinather-Universitat Halle-Wittenberg,
Hoher Weg 4, 06099 Halle (Saale), Germany

* e-mail: silvio.erler@zoologie.uni-halle.de

Abstract

The innate immune system which helps individualedmbat pathogens comprises a set of
genes representing four immune system pathways, (ifal, JINK and JAK/STAT). There is

a lack of immune genes in social insects (e.g. Yieaes) when compared to Diptera.
Potentially, this might be compensated by an adedusystem of social immunity (synergistic
action of several individuals). The bumble bBembus terrestrisis a primitively eusocial
species with an annual life cycle and colonies bddaly a single queen. We used this key
pollinator to study the temporal dynamics of immuaystem gene expression in response to
wounding and bacterial challenge. Antimicrobial fgs (AMP) (abaecin, defensin 1,
hymenoptaecin) were strongly up-regulated by woumdind bacterial challenge, the latter
showing a higher impact on the gene expression.|8&¢erile wounding down-regulated TEP
A, an effector gene of the JAK/STAT pathway, andteaal infection influenced genes of the
Imd (relish) and JNK pathway (basket). Relish wasregulated within the first hour after
bacterial challenge, but decreased strongly aftetsvaAMP expression following wounding
and bacterial challenge correlates with the expraspattern of relish whereas correlated
expression with dorsal was absent. Although expesef AMPs was high, continuous
bacterial growth was observed throughout the erpart. Here we demonstrate for the first
time the temporal dynamics of immune system gemeession in a social insect. Wounding
and bacterial challenge affected the innate immaystem significantly. Induction of AMP
expression due to wounding might comprise a preatian to accompanying bacterial
infections. Compared with solitary species thisi@aasect exhibits reduced immune system
efficiency, as bacterial growth could not be intebi A negative feedback loop regulating the
Imd-pathway is suggested. AMPs, the end produdhefimd-pathway, inhibited the up-
regulation of the transcription factor relish, whis necessary for effector gene expression.
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Chapter 5 — Synopsis

Insects, especially social insects, belong to et btudied groups with respect to life-history
evolution, behavioural ecology, sexual selectiod apnst-pathogen interactions (Holldobler
and Wilson, 1990; Moritz and Southwick, 1992; SatvHiempel, 1998). The reciprocal
control of life histories is the central aspechiwst-parasite interactions (Anderson and May,
1979a, b, 1981). Parasite fitness is completelyeddent on its success in infecting and
reproducing in a host; and interactions with thesthmay determine the size of parasite
populations.

Social insects and their parasites provide a hageety of research topics related to
the social structure and close relatedness of gotnembers and its influence on parasite
transmission (Schmid-Hempel, 1955, 1998).

The topics covered in this thesis are the developraed application of new molecular tools,

which were used to improve our understanding of-pasasite interactions:

1. Estimation of host and parasite population strectmd size by means of highly
polymorphic microsatellites and sibship reconstamct(B. terrestris and the
cuckoo bumblebeB. vestalis Chapter 2).

2. Determination of parasite loads per host individuigh species specific and highly
sensitive detection method8pis mellifera B. terrestrisand the microsporidians
Nosema apidbombiandceranae Chapter 3).

3. Quantification of host immune response andvivo measurement of parasite

developmentB. terrestrisand the gram-negative bacteiacoli, Chapter 4).

5.1 How strong is the impact of parasitism for soal parasites and how diverse are host

and parasite species?

Host-parasite interactions and their evolutionaopsequences are usually studied in hosts
and their microparasites. However, less attentias heen paid to ‘equally sized’ systems
with respect to their generation times and popafasizes. This can be studied excellently
using parasitic cuckoo bumblebees which take owdontes of B. terrestris (Kilner and
Langmore, 2011; van Honk et al., 1981). Estimatimg prevalence of cuckoo bumblebees
within host populations requires the excavationatbfhost colonies, a task that is almost
impossible due to the hidden location of colon@argell et al., 2008; Miller and Schmid-
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Hempel, 1992; Sladen, 1912). For socially parasitickoo bumblebees, the prevalence has
been estimated as 30 to 100% using artificiallyc@thhost colonies. Unfortunately, these
values might be an overestimate due to enhancedfindgng (Carvell et al., 2008; Muller
and Schmid-Hempel, 1992). Here, we demonstratettieatombination of population genetic
tools and appropriate statistical methods allowdorestimation of the number of infected
host colonies under natural conditions for the HmshblebeeB. terrestrisand the obligate
specialist brood parasitB. vestalis(see Chapter 2). Sampling free flying drones @ th
parasite species and foraging workers and / oredraf the host species allow for precise
sibship assignment using their genotypes derivedh fhighly polymorphic markers. The
estimated prevalence was 33-50% indicating a muddler population size foB. vestalis
Lower genetic distance between parasite queens a@uo host queens supported by the
discovery of more super-sisters for the parasighiribe a sign for local adaptation due to the
absence of long distance dispersal of the queemseri@lly, our expected host-parasite
adaptation for thd8ombus / BombuéPsithyrug system was confirmed for six couples of
bumblebees and cuckoo bumblebees (Antonovics amcidd, 2011). This study also found
that parasite population sizes lay still under population sizes of the host, which enforces
the concept that parasitic cuckoo bumblebees ageiaists and might be exposed more
strongly to effects of genetic drift. However, désghe smaller population size no signs for

inbreeding were detected in the parasite populdsea Chapter 2).

5.2 What is the limit of parasite detection and hovspecific are such detection systems?

For the systenBombus / Bombu@sithyrug the host and parasite share the same life-cycle
(generation time) but differ in population size.nde, most of the common parasites show
shorter generation times due to less complex lfdes and might have a higher impact on
host colony decline. Recent studies highlight&msemaspp. as a major cause of pollinator
decline or ‘Colony Collapse Disorder’ (CCD) - thedslen loss of all individuals from hives,
in honeybees (Bromenshenk et al., 2010; Camerah,e2011). Estimates for the prevalence
should be based on huge sample sizes in orderdid éalse negatives. On the other hand,
differentiation between distincNosemaspecies using microscopical techniques is time
consuming and not always reliable. PCR-based mestlatidw testing huge amounts of
samples and offers the possibility of differentigtibetween species and, probably also,
between genotypes within species (Chaimanee et2@l]l; Klee et al. 2007; Martin-

Herndndez et al., 2007; Medici et al., 2011; Sagmastet al., 2011). Unfortunately, all known
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methods were established with different aims ang tlargely differ with respect to the
methodology used for DNA extraction and further dstwveam applications, which might
results in false positive or negative results.

Therefore, we compared nine differedbsemaspp. primer pairs under defined standard
conditions (see Chapter 3); using the same metbodgore and DNA extraction for three
Nosemaspecies. Moreover, a dilution series was used uantify the sensitivity of the
molecular markers. Nearly all primer sets showeghhsensitivity and, for each parasite
species, highly specific primer sets were foundn@yshis standard assay simplifis®sema
infection experiments. Defined numbers Mbsemaspores are needed to infect 50% of
healthy honey bees (ID 50). This number differswieein N. apis (~390 spores) and
N. ceranae(~85 spores) (Forsgren and Fries, 2010). At leastof the nine tested primer sets
detects such a low amount of spores for both parapecies. Standardized DNA extraction
and subsequent analysis using either species specithighly sensitive primer sets will
enhance future research on the impactNotemaon ‘CCD’ in honeybees or bumblebee
decline (Cameron et al., 2011; Goulson et al., 280&%us et al., 2011; Potts et al., 2010).

5.3 Is the host innate immune system influenced lparasite dynamics and does the
host defence system show temporal patterns?

Another challenge is the determination of parapigeformance and the temporal process
during infections. In combination with an analysighe hosts’ response towards the parasite,
it will enhance the understanding of the molecybancesses involved in resistance or
susceptibility of hosts as well as the virulenc@aiasites.

We were able to quantify pathogen dynamics in @éasatsect during the course of infection
with the gram-negative bacteia coli (see Chapter 4). The bumblebee immune system was
not able to reduce the bacterial growth completeigng 24 hours post-infection, as previous
studies described (Haine et al., 2008). This minghtiue to a lack of immune genes in social
insects compared to solitary insects (Evans e2Q06). We focussed our study on the so far
unknown innate immune system of bumblebees. Bheerrestrisinnate immune system
effector gene expression (antimicrobial peptidesPs) showed significant up-regulation
after non-septic wounding and bacterial infectiddditionally, other effector and regulatory
genes (e.g., TEP A, basket) were also influenceeither injection or bacterial infection.
Recently, similar temporal dynamics of gene expoessignalling, enzymatic processes and

respiration) were shown for controlled infectionk B. terrestris with the gut parasite
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Crithidia bombi As expected from our study, long-lasting protattivas shown for only a
few genes (Riddell et al., 2011). Expression of AMP response to bacterial and
trypanosome infection belongs to the late groudZh) and hence might also be important
for immune priming.

Large population sizes of the parasite are notgssgg to activate host immune response,
because only small amount of surface related mtdsc(e.g. carbohydrates, lipids and
peptides) are needed for activation (Beckage, 20@8jasite recognition did not correlate
with the amount of parasites. Yet, the amount d&éatdbr gene expression might directly
correlate with the amount of parasites, as showBfderrestrisandE. coli (see Chapter 4).
Therefore, harming the host and consequently dsiorgdost fithess depends directly on
parasites generation time and resulting populain®e. The combination of finding significant
differences in immune gene expression due to wawgnaind micro-parasite infection enforces
the theory that the host might modulate its immsystem by ascertainment of a combination
of signals from pathogens and damaged tissue (kazzal Rolff, 2011).

Not to be neglected in this context is the majat that social insects showed less innate
immune system genes than non-social insects. On¥8% of the immune genes known
from other, non-social insects are found in theuseged genomes of bees and ants (see
introduction for references). Innate immunity ag¢ ihdividual level and non-immunological
defence mechanisms acting at the group level cbexid together represent the heritable
entire immune competence of invertebrate hostsk@Pagt al., 2011). Consequently, the
correlation between parasite growth and host defemthe bumblebeB. terrestrishas to be
analysed in the light of a reduced innate immuneegepertoire and the group level defences

summarized as ‘social immunity’ (Cremer et al., 200

Finally, we developed and applied successfully b tools to increase the knowledge of
interaction between social insects, as host organand their parasites. Sufficient highly
polymorphic microsatellites can be used to charmseteeasily the cuckoo bumblebee /
Bombussystem and to study bumblebee decline in genestimited detection limits for
Nosemaspp. and therewith species differentiation willphéo find the ‘CCD’ triggering
mechanisms in honey bees and the mechanisms b#tenglobal bumblebee decline. The
new knowledge about thB. terrestrisinnate immune system gene expression, temporal
dynamics of bacterial infections and effects of 4septic wounding will expand the field of

determining host immune responses towards parasieks.
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Chapter 6 — Zusammenfassung

Insekten, insbesondere soziale Insekten, gehdreiawppe der am intensivsten studierten
Organismen, vor allem im Kontext der Evolution déndividualentwicklung, der

Verhaltenstkologie, der sexuellen Selektion und \tént-Parasit-Interaktionen (Hélldobler

und Wilson, 1990; Moritz und Southwick, 1992; Sctrhiempel, 1998). Die gegenseitige
Kontrolle der Individualentwicklung spielt bei WiRarasit Interaktionen eine zentrale Rolle
(Anderson und May, 1979a, b, 1981). Die Fitness Hagasiten ist zum einem davon
abhéangig, ob der Wirt erfolgreich infiziert werdd@ann, und zum anderen von einer
erfolgreichen Reproduktion, in oder auf dem Wirteg2 und andere Interaktionen mit dem
Wirt bestimmen madglicher Weise die PopulationsgrdBe Parasiten. Wegen ihrer sozialen
Strukturen und der sehr engen Verwandtschaftsuerksé der einzelnen Mitglieder einer
Kolonie, welche insbesondere die Ubertragung vamadan beeinflussen (Schmid-Hempel,
1995, 1998), bieten soziale Insekten und ihre Raraseine grol3e Auswahl an

Forschungsfeldern.

Die verschiedenen Kapitel dieser Arbeit beschaftigigh mit der (Weiter-) Entwicklung und
Anwendung neuer molekularer Methoden, die unserstdadnis von Wirt-Parasit-

Interaktionen erweitern sollen:

1. Bestimmung von Wirt- und Parasit-Populationsstreéy und deren Grol3e, unter
Zuhilfenahme  hoch  polymorpher  Mikrosatelliten, sewi Rekonstruktion
verwandtschaftlicher VerhaltnissB.(terrestrisund die Kuckuckshummd. vestalis
Kapitel 2)

2. Ermittlung der Parasitenanzahl pro Wirtstier mgteartspezifischer und hoch
sensitiver DetektionsmethodeApis mellifera B. terrestrisund die Mikrosporidien
Nosema apidbombiundceranae Kapitel 3)

3. Quantifizierung der Wirtsimmunantwort unih vivo Messungen zur Parasiten-

entwicklung B. terrestrisund das gram-negative Bakteritrcoli, Kapitel 4)

21



CHAPTER 6 - ZUSMENFASSUNG

6.1 Wie stark beeinfussen Sozialparasiten Wirt-Pamst-Interaktionen und wie stark
unterscheiden sich Wirte und Parasiten?

Wirt-Parasit-Interaktionen und deren evolutive Bddag werden meist an Wirten und
Mikroparasiten studiert. Wenig Aufmerksamkeit wijeddoch dabei auf ,gleich grof3e*
Systeme, bezlglich Generationszeiten und Poputaiofien, gelegt. Diese Systeme kdnnen
allerdings anhand von parasitischen Kuckuckshummaindem Wirt B. terrestris leicht
untersucht werden (Kilner und Langmore, 2011; vamiHet al., 1981). Derzeit erfordern
Untersuchungen zum Vorkommen solch eines Parasitesrhalb einer Wirtspopulation das
Ausgraben aller Wirtskolonien. Dies ist jedoch maheinmdglich, da die Kolonien sehr
versteckt liegen (Carvell et al., 2008; Muller uBdhmid-Hempel, 1992; Sladen, 1912). Fur
kinstlich aufgestellte Wirtskolonien wurde, inndbhainer Wirtspopulation, ein Parasiten-
vorkommen von 30 bis 100% ermittelt. Diese Wertarkén allerdings, verglichen mit der
natdrlichen Situation, zu hoch liegen, da die Vimtbung fir den Parasiten in den
aufgestellten Kolonien stark erleichtert wird (Gafvet al., 2008; Miuller und Schmid-
Hempel, 1992).

Diese Arbeit zeigt, dass durch die Kombination populationsgenetischen Werkzeugen und
passenden statistischen Methoden, die Anzahl enfeni Wirtskolonien bestimmt werden
kann. Dies erfolgte fur die WirtshummBl terrestris und ihren obligaten, spezialisierten
BrutparasiterB. vestalisunter natirlichen Bedingungen (siehe Kapitel 23s [3ammeln frei
fliegender Drohnen der Parasiten bzw. der Arbeitesn und / oder der Dronen des Wirts,
ermoglicht nach Genotypisierung mittels hoch polypher Marker exakte
Verwandtschaftsanalysen.

Die in unserer Studie bestimmte Haufigkeit des raiéins der parasitischen Hummel
B. vestalisliegt zwischen 33-50%, was fur eine sehr viel idee Populationsgrof3e des
Parasiten im Vergleich zum Wirt spricht. Die gesng genetische Distanz zwischen den
parasitischen Koniginnen, verglichen mit den Widtsiginnen, unterstitzt die Vermutung,
dass bei den parasitischen Hummeln lokale Adaptioriegt. Diese Vermutung wird
weiterhin durch die Tatsache belegt, dass mshper-sistersgefunden wurden. Lokale
Adaption parasitischer Koniginnen ist charaktertstiirch das Fehlen von Ausbreitung tber
lange Distanzen hinweg. Vor Kurzem wurde unserenuéete Wirt-Parasiten-Adaption fr
dasBombus / Bombu@>sithyrug System fir sechs weitere Hummel-Kuckuckshummedpaa
bestétigt (Antonovics und Edwards, 2011). Des Weitezeigte die Studie von Antonovics

und Edwards (2011), dass die Populationsgrofe dasasien immer unter der
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Populationsgréfie des Wirtes lag. Dies verstarkt dibeorie, dass parasitische
Kuckuckshummeln spezialisiert sind und das sie K@ durch genetischen Drift sehr viel
starker ausgesetzt sind. Unabhangig von der kien&opulationsgrof3e, haben wir keine

Anzeichen fur Inzucht in den parasitischen Popoiten finden kénnen (siehe Kapitel 2).

6.2 Wo liegen die Grenzen fir Parasitendetektion uhwie spezifisch sind diese Systeme?

Innerhalb de®ombus / Bombu@sithyrug Systems teilen sich Wirt und Parasit den gleichen
Lebenszyklus (Generationszeit), haben aber untediathe Populationsgrdf3en. Die meisten
der bekannten Parasiten haben jedoch durch werkgemlexe Lebenszyklen kirzere
Generationszeiten als der Wirt und somit moglicleese einen gréf3eren Einfluss auf das
Aussterben der Wirtskolonie. Derzeitige ArbeitendigsierenNosemaspp. als Hauptursache
fur das Sterben von Bestaubern oder den so gemay@méony Collapse Disordé(CCD) bei
Honigbienen (Bromenshenk et al., 2010; Cameron lget 28§11). Dies bezeichnet das
komplette Sterben aller Individuen einer KoloniesBmmungen des Befallsgrades des Wirts
sollten auf einer grof3en Probenanzahl beruhen,alsulf negative Ergebnisse zu vermeiden.
Allerdings ist es ziemlich zeitaufwendig und niaimimer sehr zuverlassigosemaArten mit
mikroskopischen Methoden zu unterscheiden. EinedsesMdglichkeit verschiedene Arten
zu identifizieren, stellen PCR-basierte Methoden @aese erlauben u.a. die Untersuchung
sehr groRer Probenmengen und bieten die Mdglichlai$chiedene Genotypen innerhalb
einer Art zu ermitteln (Chaimanee et al., 2011;eKkt al. 2007; Martin-Hernandez et al.,
2007; Medici et al., 2011; Sagastume et al., 20ldider wurden alle bisher bekannten PCR-
basierten Methoden fur verschiedene Fragestelluagemickelt und unterscheiden sich daher
sehr stark, besonders im Methodischen, wie z.B. D&IA-Extraktion und weiterer
nachfolgender Anwendungen. Diese Unterschiede kdnati falsch positiven oder falsch
negativen Ergebnissen fiihren.

Um diese Problematik zu umgehen, haben wir neuscheedeneNosemaspp. Primerpaare
unter standardisierten Bedingungen miteinanderlicben (siehe Kapitel 3). So wurde z.B.
fur die drei verschiedeneNosemaArten dieselbe Extraktionsmethode fir Sporen-DNA
angewandt. Des Weiteren wurde eine Verdlinnungsrgémitzt, um die Sensitivitat der
genutzten Marker zu quantifizieren. Fast alle wenten Primerpaare zeigten eine hohe
Sensitivitat und fur jede Parasitenart wurde zlis&tzauch ein hoch artspezifisches
Primerpaar ermittelt. Dieser dargestellte Stan@stdioll aulNosemanfektionen basierende

Experimente vereinfachen und erleichtern. Um 50%D (B0) einer gesunden
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Honigbienengruppe mitNosema spp. zu infizieren, ist eine bestimmte Sporenanzah
notwendig. Diese Anzahl variiert zwischBh apis(~390 Sporen) underanae(~85 Sporen)
(Forsgren und Fries, 2010). Zumindest eines den rgatesteten Primerpaare konnte solch
geringe Sporenmengen fir beide Parasitenarten toreek Standardisierte DNA-
Extraktionen und nachfolgende Analysen mittels pazdischer und hoch sensitiver
Primerpaare werden weitere Forschungen auf diesebmeGermdglichen, und weiterhelfen
herauszufinden welchen Einflusdosema spp. auf CCD bei Honigbienen und das
Aussterben verschiedener Hummelarten hat (Camerai.,e2011; Goulson et al., 2008;
Meeus et al., 2011, Potts et al., 2010).

6.3 Beeinflussen Parasitendynamiken das Wirtsimmugstem und zeigen

Abwehrmechanismen der Wirte zeitliche Anpassungen?

Eine weitere Herausforderung stellt die Erforschudey Parasitenentwicklung und des
zeitlichen Prozesses wahrend der Infektion dar.eN&uwkenntnisse auf diesem Gebiet,
kombiniert mit der Analyse der Wirtsantwort auf asitische Infektionen, werden die
molekularen Prozesse, welche in Wirtsresistenzi{3amfalligkeit oder Virulenz des Parasiten
involviert sind, weiter aufklaren.

Wir konnten die Pathogendynamik in einem sozialesekt wahrend der Infektion mit dem
gram-negativen Bakteriufa. coli quantifizieren (siehe Kapitel 4). Im Gegensatzamderen
Studien (Haine et al., 2008), war das Immunsystem Hummel nicht in der Lage, das
bakterielle Wachstum innerhalb von 24 Stunden rdehinfektion komplett zu reduzieren.
Dies kbnnte auf die geringe Anzahl von Immungenersazialen Insekten, verglichen mit
nicht-sozialen Insekten, zurtickzufihren sein (Evatnal, 2006). Deshalb konzentrierten wir
uns innerhalb unserer Studie auf die bis dahin nodhekannten Gene des angeborenen
Immunsystems der Hummel. Die Genexpression von kiefifgenen des angeborenen
Immunsystems vorB. terrestris (antimikrobielle Peptide (AMPS)) zeigte eine sitkante
Hochregulierung nach nicht septischer Verwundund bakterieller Infektion. Zusatzlich
analysierte Effektor- und regulatorische Gene (4Z.BP A, basket) wurden ebenfalls durch
Injektion und bakterielle Infektion beeinflusst.nEi kiirzlich veroffentlichte Studie zeigte
einen ahnlichen zeitlichen Verlauf der Genexpressiz.B. Signalgene, Gene fur
enzymatische Prozesse und der Atmung) nach kaettell Infektion vonB. terrestrismit
dem DarmparasiteiCrithidia bombi Wie bereits aus unserer Studie erwartet, wurde de

langanhaltende Schutz nur fir einige wenige Genzeige(Riddell et al., 2011). AMPs als
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Immunantwort auf bakterielle und Trypanosomenintelén gehoren zur Gruppe der spater
agierenden Gene (> 12 Stunden) und konnten aulleflerdas so genanntammune
priming wichtig sein, dem vererbbaren Immunstatus deerilt

Um die Wirtsimmunantwort auszulésen, werden nuringer Mengen an Oberflachen-
molekilen (z.B. Kohlenhydrate, Fette, Eiweil3e) highdBeckage, 2008). Die Erkennung
von Parasiten korreliert demnach nicht mit der Ahzan Parasiten; aber die Menge
exprimierter Effektorgene korreliert moglicherwesieekt mit der Anzahl an Parasiten, wie
fur B. terrestrisundE. coli gezeigt (siehe Kapitel 4).

Somit basiert die Schadigung des Wirtes und diglittle Abschwachung der Wirtsfitness
direkt auf der Generationszeit des Parasiten undia@us folgenden Populationsgrof3e. Die
signifikanten Unterschiede in der Immungenexpressiach Verletzung und Mikroparasiten-
infektion verstarken die Annahme, dass Wirte ihmiamsystem durch die Ermittlung von
Pathogensignalen und verletztem Gewebe anpasseerkfbazzaro and Rolff, 2011).

In diesem Zusammenhang darf jedoch nicht vergessetien, dass soziale Insekten weniger
Gene des angeborenen Immunsystems aufweisen latssoiiale Insekten. Lediglich 17-48%
der bekannten Immungene von nicht-sozialen Insektenden bisher in sequenzierten
Genomen von Bienen und Ameisen gefunden (Referesmdre Einleitung). Angeborene
Immunitat auf Individuenebene koexistiert mit niagmmunologischen Abwehrmechanismen
auf Gruppenebene. Dies reprasentiert zusammen ataplétte vererbbare immunologische
Potenzial von wirbellosen Wirten (Parker et al.120 Somit muss der Zusammenhang
zwischen Parasitenwachstum und Wirtsabwehr in denrdel B. terrestrisin Anbetracht
eines reduzierten Immungenrepertoirs und des Faktruppe“ weiter analysiert werden.
Abwehrmechanismen, die durch das Zusammenlebemupp®&n begriindet sind, werden als

‘social immunityzusammengefasst (Cremer et al., 2007).

Im Rahmen dieser Arbeit ist es uns gelungen neuekulare Methoden zu etablieren und
bereits bekannte Methoden auf weitere Fragestedlurenzuwenden. Dies bietet nun die
Maoglichkeit, Wirt-Parasit-Interaktionen fur sozidlesekten und ihre Parasiten noch weiter zu
ergrinden.

Hoch polymorphe Mikrosatelliten erwiesen sich airshilfreich, Kuckuckshummeln und

ihre Wirte auf Populationsebene zu charakterisie®iese Methode kann auch genutzt
werden, um den weltweiten Rickgang diverser Hummeglazu messen. Des Weiteren
konnten Detektionsgrenzen fir die molekulare Araly®n Nosemaspp. Infektionen

bestimmt werden. Einige der genutzten Marker kamngaich zur Artunterscheidung
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verwendet werden. Mechanismen, die der Ausloser welweit bekannten GCD-

Phanomens bei Honigbienen sind sowie der drastiRéle&kgang verschiedener Hummelarten
konnen mit den gezeigten Methoden weiter erforsebtden. Um die Genexpression des
angeborenen Immunsystems der dunklen ErdhumBneterrestris besser zu verstehen,
erwiesen sich Injektions- und Infektionsstudien ralgzlich. Auch jene zeitlichen Prozesse,
die nach bakterieller Infektion oder Verletzunguagbrt werden, geben Hinweise darauf, wie

Wirte auf einen Parasitenangriff reagieren konnen.
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