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1. Introduction

1. Introduction

1.1. Reproductive monopolies and reproductive condts in social

insects

Monopoly, which stems from the greek wordsnos(alone or single) andolein
(to sell), is economically defined as the existemfea specific individual or an
enterprise, which is the only supplier of a patacyproduct or service (Friedman 2002).
It is expected to be coercive when the monopolghdacompeting individuals by using
unfair competitive practices.

Reproductive monopoly in eusocial societies seamaxactly fit this definition.
Such communities are characterised by a reprodudiiision of labour, where one or
few females monopolise both mating and reproductwamereas workers refrain from
reproduction and instead perform tasks that areesseey for the maintenance and
growth of the colony (Wilson 1971). Furthermoresetial insects are distinguished by
an overlap of generations, where the offspringsésgparents in the brood care. A
highly developed eusocial organisation is describetthe insect taxa ants, bees, wasps
and termites. Furthermore, some aphids and thaipsambrosia beetle, some shrimps
and two species of mole rats are described to @xleibsociality (Queller and
Strassmann 2003). Altogether eusociality indepethglenolved 12 times in arthropods
and seven times in male haploid hymentopera (WigsahHolldobler 2005).

Similar to economy, monopolisation of reproductientails conflicts between
competing partners. Reproductive conflicts arisevben competitors, which selfishly
want to increase their own fitness at the experigbeir counterparts. Regarding the
Darwinian theory of natural selection (1859), warkeerility had long been regarded as
a discrepancy and it was only in 1964 when Hamitiiared an elegant explanation to
overcome the apparent contradiction of worker einu In his commonly accepted
“inclusive fitness theory”, workers may, apart froeproducing themselves, increase
their own fithess by an increased reproductive aiugyd related individuals which, due
to kin, are genetically related. Thus workers ergay rearing the off-spring of her
mother-queen in order to gain a fithess advantddmerefore, kin selection is the
evolutionary force stabilizing the eusocial struets of insect colonies, whereas

individual direct selection is negligible.
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1.2. Worker reproduction in social insects

In monogynous species where the queen mates just worker reproduction
leads to a conflict over male production betweeeems and workers, as workers are
more closely related to their own offspring (r=0a)d to the offspring of her sisters
(r=0.35), than to her brothers (queen-laid offsprin=0.25). This relatedness skew
between worker and queen laid male offspring shiftpolyandrous species like the
honeybee, where the queen mates up to 18 timeswonuptial flights (Estoup et al.
1994; Neumann and Moritz 2000). In caseAgfis dorsataFabricius which has the
highest level of polyandry recorded for any sodmaect the mating frequency even
ranges between 27 and 89 (Moritz et al, 1995, ®@udr et al., 1996;
Wattanachaiyingcharoen et al. 2002). In such paly@ms species workers are more
closely related to there own sons (r=0.5) compé&odtie sons of their sisters (r=0.125).
As workers are conclusively more closely relateth sons of the queen (r=0.25) than
to their nephews a female secures her own gemggeests more effectively by either
raising her own sons or the off-spring of the queleen the off-spring of her sisters.

Complete absence of worker reproduction due tda teduction of reproductive
organs is just present in a few ant species inofudne gener&olenopsisPheidole
Tetramoriumand Eciton (Wilson 1971; Oster and Wilson 1978; Fletcher d&uabss
1985). In other eusocial insect species worketk esthibit rudimentary reproductive
organs. Although mating is not possible (Bourke 8)9&orkers are capable of laying
unfertilized, haploid eggs via arrhenotokous partigeenesis which develop into males
(Ruttner and Hesse 1981; Winston 1987; Page arttdom 1988; Visscher 1989). But,
as such worker reproduction is in conflict with thageen’s and the other workers’
interests, it very rarely occurs. In queenright éydyee colonies less then 0.01 % of all
workers have functional ovaries (Visscher 1989,61%®atnieks 1993). These low rates
are due to the pheromonal control released by tedibular and the dufours glands of
the queen (Butler et al., 1962; Slessor et al, 1988ttner et al. 1993; Winston and
Slessor 1998; Katzav-Gozansky et al. 2001) andptteromonal blend of queen laid
brood (Arnold et al. 1994). These queen specifierpimones as well as chemical cues
mediate the suppression of worker ovarian developraead may communicate the
reproductive potential of the queen (Leconte antetde2008). Nevertheless, very few
selfish reproductive workers are able to lay abodb off the colony’s male offspring
(Visscher 1996). But just 1 out of 1000 worker ladgs develops into adultness

(Visscher 1989). These low egg hatching rates are © the second restrictive
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1. Introduction

mechanism against worker reproduction referredstavarker policing (Ratnieks 1988).
Worker laid eggs lack the pheromonal blend of quieésh eggs (Jay 1970; Ratnieks
1995; Mohammedi et al. 1998, Martin et al. 20024issing this discriminative blend,
worker laid eggs get eaten and disappear within lomeg after laying (Ratnieks and
Visscher 1989). This behavioural trait referreda® worker policing also includes
aggression towards reproductive workers (VisschdrBukas 1995). The phenomenon
of restrictive behaviour against worker reproduttitas also been observed in some
wasp species (Foster and Ratnieks 2001 and cisatiithin) and in ants (Monnin and
Ratnieks 2001 and citations within).

Nevertheless, under queenless conditions when tleeng restrictions against
worker fertility get lost, a higher proportion obteybee workers (up to 10 %) are able
to activate their ovaries. Thus the amount of worksd male eggs increases
dramatically (Velthuis 1970; Page and Erickson )9&&it not all workers participate
equally in egg-laying activity. Traits related t@rker reproduction show a high degree
of heritability (h*; trophalactic dominance 0.32; ovary activation70.amount of 9-
ODA 0.89), suggesting a strong genetic determinatiobehavioural, physiological and
biochemical cues determining reproductive hierashin honeybee colonies (Moritz
and Hillesheim 1985). These findings might be t#d by different subfamilies. In
fact, some subfamilies engage to a higher extendrane production than others do
(Page and Erickson 1988; Moritz et al. 1996; Madiral. 2004), suggesting a strong

intracolonial selection.
1.3. Phenotypic plasticity in honeybees

Developmental plasticity can be divided into twéated classes. (1) Within the
reaction norms of a given genotype an organismgiramment can elicit a continuous
phenotypic variation. (2) Environmental variatiaesult in discrete phenotypic classes
that result in polyphenisms (see review Evans arfteéhér 2001). In comparison to
other animal groups many insect species show allvarage of polyphenisms especially
due to environmental variation during larval deypahent. One classical example
involves the dimorphic oak caterpillars, whose nhoifpgies differ in response to diet
and time of the year (Greene 1996). Moreover, cagséems of social insects offer a
variety of opportunities to study polyphenisms #melrelated phenomena of phenotypic
plasticity. In honeybees the worker and queen sastew an alternative polyphenism
with both forms undergoing a complete metamorphobBi¢ferences between both

3



1. Introduction

involve aging, behaviour, physiology and anatomgifferent organs, but differences in

the reproductive development are the most strikings. Beside the queens” capability
to mate with a maximum of 90 drones on their nuiglights (see chapter 1.2.) where

the sperm is stored in their well developed spened (Snodgrass and Erickson 1992),
they are furthermore able to lay many thousandsrtifized as well as unfertilized eggs

over several years (Ribbands 1953). Queen ovaaels eonsists of 160-180 ovarioles
whereas worker ovaries contain 12 ovarioles at m@todgrass 1956). These

morphological differences are established earlyingurlarvae development. The

reduction of the number of ovarioles in workers wscduring the prepupal stage,

whereas the retrogression of the spermatheca talleee during the pupal stadium

(Zander et al. 1916). But in contrast to sever#d apecies where worker reproduction is
completely absent due to the complete reductioovafries (Wilson 1971; Oster and

Wilson 1978; Fletcher and Ross 1985), worker ogarie honeybees are not

rudimentary. They produce oocytes that are normrabprbed (Wigglesworth 1954) but

can be activated under queen- and broodless consli{iRibbands 1953). Moreover,

gueens possess larger mandibular glands. Theynatharge of producing the queen
pheromone 9-Oxo-2-decenoid-Acid (9-ODA) a major rpheone to suppress worker

ovary activation (Butler 1957).

Since honeybee workers and queens derive from otetp diploid larva,
dimorphism in different castes of the honeybee a$ & consequence of different
genotypes (Shuel and Dixon 1960), but exclusivapehds on the nutritional control
during larval development. Whereas honeybee wdékgae receive 5 mg royal jelly in
their diet, queen destined larvae are fed an ekeeasount of royal jelly of up to 300
mg (reviewed in Rembold 1964). Moreover, caste alizmy is not just a matter of
guantity but quality, i.e. food composition. Wheséarvae of both caste destinations get
unrestricted quantities of a highly nutritious dietthe first phase, worker destined
larvae get a diet with low protein and a high casabvate concentration because the
nurse bees add honey during the second develophpéatse which spans the third and
fourth day of larval development. The feeding ofeeun larvae proceeds without a
nutritional change during development (Haydak 1@ citations within). After
decades of research on the actual compound whiglitagively controls the diphenic
caste differentiation (e.g. Haydak 1970 and citetiavithin; Rembold et al. 1974,
Bilikova et al. 2002; Furusawa et al. 2008) a 57 kpratein (Royalactin) has been

suggested to be the nutritional switch which dexiddether totipotent larvae become
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gueens or workers (Kamakura 2011). Larvae fed dethatured royal jelly with 0.5-2 %
w/w Royalactin (Rol) added showed a shortened dgweéntal time, increased weight

at adult emergence and an increased ovary sizeedMer, this diet induced larvae to

develop into queens as effectively as royal jelly.

* &g

Figure 1. Queen destined larvae feeding on royal jelly innmsequeen cells (photograph

from Wikipedia; taken by Waugsberg).

However, the larvae fed with the denaturated rggdly only also showed
increased weight compared to natural workers andldped into intercaste individuals,
suggesting that more than a single protein compaiadsential for caste determination.
The restricted diet also led to increased titregreénile hormone (JH). JH is known to
increase due to the differential nutrition at tleurth larval instar and causes the
development into a queen (Goewie 1978; Weaver 198éncot and Lensky 1976;
Wirtz and Beetsma 1972; Bloch et al. 2002). In #fbsence of sufficient JH larvae
develop into workers (Wirtz 1973). Worker destinad/ae treated with exongenous JH
during the late fourth and fifth instars show gytaracters (Wirtz 1973; Copijn et al.
1979; Goewie 1978). This suggests, that duringltheensitive period, either the queen
or worker developmental program is initiated, respely that the developmental
pathways of both castes diverge at this point, itepdo the morphological and
physiological traits that distinguish them (de Wildnd Beetsma 1982; Rachinsky and
Hartfelder 1990). Moreover, Rol also activates Mep-kinase pathway down-stream of
the epidermal growth factor which is responsible dodysteroid 20-hydroxyecdysone
synthesis (Kamakura 2011). In interplay with JH #@ealyteroid makisterone A was
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found to be an additional critical factor for cadsrelopment and metamorphosis in the
last larval instar (Feldlaufer et al. 1985; Rackjnand Engels 1995).

1.4. Intraspecific reproductive parasitism in honeypees

Research providing more detailed understanding hef genetic mechanisms
controlling conflicts and cooperation in eusociakacts systems is dependent on
exceptional, mutant individuals. There are two exicmal systems irA. mellifera
where workers disunite and disturb the often-c#edal harmony.

Oldroyd and colleagues (1994) report on a speb#icavioural trait in honeybees
— anarchy. In human societies anarchy is definetti@breakdown of the normal social
order including the avoidance of police controlc@anarchy in honeybees very rarely
occurs. Worldwide just four colonies were reportedhave an exceptionally high
number of workers that have developed ovaries aodyge large amounts of haploid
eggs that develop into males even in the preseheesaccessful queen (Barron et al.
2001). Genetic analyses revealed, that those wokgginate from just a few patrilines
(Oldroyd et al. 1994; Montague and Oldroyd 1998alCte et al. 2002), suggesting a
genetic component for this behaviour. This assumptvas supported by successful
breeding of an anarchistic line (selected anarsh&f) which stably exhibits 10-40 %
of workers with anarchistic characteristics (Oldtognd Osborne 1999). Conducted
experiments to clear the proximate mechanisms Iwieigable workers to become
anarchists revealed SA larvae to be less effe@tvpreventing ovary activation than
wild-type (WT) larvae (Oldroyd et al. 2001). In d¢oast, mandibular pheromones of SA
gueens do not differ from those of WT queens irhltbé chemical composition and the
attractiveness for fellow workers (Hoover et al0O2® and B). For successful rearing of
worker produced males anarchistic workers must hewaved strategies to avoid
worker policing. Indeed, SA workers are less susftsin discriminating between
gqueen and worker laid eggs than WT workers (Oldr@mt Ratnieks 2000).
Additionally, SA workers produce eggs that are maften accepted than those laid by
gueenless WT workers. But eggs of anarchistic mgieee removed at higher rates as
WT queen laid eggs (Beekman et al. 2007). Moreabher selfish activation of ovaries
and the production of eggs with lower removal rates genetically unrelated (Oldroyd
and Osborne 1999). Two independent mutations, e and probably costly when
they occur separately and the costly removal ofequiaid eggs might explain why

anarchy is so rare in honeybees (Beekman and QId0§8).
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Figure 2. Laying Apis mellifera capensigiorker surrounded by a court Apis mellifera
scutellataworkers (photograph by Stephan Hartel).

Cape honeybeeg\pis mellifera capensjigepresent another unique exception that
provides a keyhole to study the mechanisms thahally keep workers functionally
sterile. Cape honeybees are native to the fynboséiof the southern tip of South-
Africa (Hepburn and Crewe 1991). Workers of thibspecies have the unique ability to
produce diploid female offspring (Onions 1912; Arsiben 1963) by thelytokous
parthenogenesis (Verma and Ruttner 1983). Thered&io of egg-diploidy is achieved
by a fusion of the central haploid nuclei after osgs, a process termed automixis with
central fusion (Verma and Ruttner 1983). This ma@ra increases homozygosity of
loci situated between the chiasmata and the telesnén honeybees such an increased
homozygosity represents a potential for lethalibe do the sex determining system,
where the zygosity of a single locus decides onstheof the zygotes (Whiting 1943;
Beye et al. 2003). However, meiosis of Cape honeyl@kers shows an extremely low
frequency or even absence of crossing over (Maitd Haberl 1994; Baudry et al.
2004). Thus the thelytokous way of reproductionseaurelatedness by unity between
laying workers and their offspring (r=1) which isuoh higher than among supersisters
(r=0.75). This altered kin structure favours setsctof reproductive workers (Greef
1996). These workers increase their individual dpctive success by producing clonal
female off-spring which in turn might replace theegn (Jordan et al. 2008a) or requeen

gueenless foreigA. m. capensisolonies (Moritz et al. 2011; Holmes et al. 20I)e
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1. Introduction

unique trait of thelytokous production of femalerehl offspring favoured selection for
intracolonial competitiveness among subfamiliesptoduce the next generation of
gueens (Moritz et al. 1996; Beekman and Oldroyd820This could have led to an
evolutionary arms race that resulted in differeait$ associated with reproduction that
are now characteristic foA. m. capensisLaying Cape honeybee workers show
considerable longevity of five months or even m@velthuis et al. 1990; Tribe and
Allsopp 2001) which is five times longer than tlife lexpectancy of non-reproductive
workers (Winston 1987). A variable proportionfafm. capensipossess a spermatheca,
the organ where sperm is stored after the queergiah flights in all other subspecies
(Hepburn and Crewe 1991; Phiancharoen et al. 2Qd0)eover, Capensis workers
solicit larger quantities of larval food when feg &ither subspecies resulting in workers
with a higher reproductive potential (Calis et 2002; Allsopp et al. 2003). Indeed,
Capensis workers are faster in activating theirriegaand in producing off-spring
(reviewed by Neumann and Hepburn 2002 and NeumadiVioritz 2002) and are able
to reproduce in the presence of a laying queen nmohe frequent than other
subspecies (e.g. Pettey 1922; Pirk et al. 2002taioet al. 2008a; Beekman et al. 2009).
Furthermore, reproductive Cape honeybee workersluse pheromonal compounds
normally only found in queens (Plettner et al. 1988we and Velthuis 1980), even
under queenright conditions (Reece 2002; Moritale2002). Studies on geographical
variations in the ratio of queen- to worker specdompounds in mandibular glands in
Cape honeybee workers revealed a dominance ofréoeigor of the major compound
of the queen pheromone even in the presence ofjuken (Zheng et al. 2010). This
suggests that Cape honeybee workers are prime@pooduction and, in combination
with their ability to lay unfertilized diploid egggredisposed for social parasitism
(Beekman and Oldroyd 2008; Zheng et al. 2010). Ppheglisposition is enhanced by
several behavioural traits. Cape bee workers dispento foreign colonies more
frequently then other subspecies (Neumann et &12Moreover, once in a foreign
colony Cape honeybee workers are preferentially (Bekkman et al. 2000) and are
more often found in areas away from the queen (fgl@t al. 2001, 2002; Neumann et
al. 2003a).

Indeed, such intraspecific social parasitism camlieerved iPA. m. scutellataa
subspecies which does not have the thelytokous rabgarthenogenesis (Radloff and
Hepburn 2000). Both species are separated by adhgbne with Capensis confined to
the southernmost part and Scutellata located tm@utgthe rest of South-Africa and

8



1. Introduction

countries to its north (Radloff and Hepburn 200B)igratory beekeeping which
introduced Cape bees into the endemic regions atefata has been associated with a
sharp decline of Scutellata colonies in apicultkmewn as the “Capensis calamity” of
1990 (Allsopp 1992, 1993). This was due to a maskivasion of parasitizing Capensis
workers which turned out to be clonal descendehtssingle parasitic worker (Baudry
et al. 2004). Parasitic thelytokous workers invapeenright foreign colonies and
establish themselves as pseudo-queens (SakagaB)iNI9&tz et al. 1996). As soon as
many parasites are within the colony, the host qugss lost probably due to lethal
fights with parasitic pseudoqueens (Moritz et 802). The majority oA. m. scutellata
workers are replaced by parasitic workers. A regoitaod rearing and foraging ceases
(Martin et al. 2002b) which eventually results Ine tdeath of the host colony (Neumann
and Hepburn 2002).

Parasitizing is possible because the host workensad recognize the absence of
the queen since the parasitic workers produce glikenamounts of the queen
pheromonal blend in the mandibular glands (Rutteeal. 1976; Hemmling 1979;
Crewe and Velthuis 1980; Wossler 2002; Simon €2@0.1; Dietemann et al. 2007), the
tergal glands (Wossler and Crewe 1999 a; b) andDtifeurs gland (Sole et al. 2002;
Martin and Jones 2004). This queen like pheromboabuet suppresses queen rearing
and ovary activation in other workers (Hepburn bt 1®88) and releases retinue
behaviour (Anderson 1968). Furthermofe, m. capensipseudoqueens suppress the
production of queen-like pheromones in other wask@foritz et al. 2000). Moreover,
policing is less frequent than in normal honeybaerdes (Moritz et al. 1999; Martin et
al. 2002c; Pirk et al. 2003) leading to a lower egimoval rate of eggs laid by Capensis
workers comparable to those eggs laid by Capensersg (Calis et al. 2003). This
suggests that eggs laid by Capensis workers aistimglishable from those laid by
Capensis queens (Calis et al. 2003).

1.5. Genetic determination of reproductive hierarcles in

honeybees

Insect workers all express genes that reduce ith@ividual reproductive success
by suppressing evolutionary favoured behaviourpakntal care and egg-production
and by increasing alloparental care and sterifistead. The identification of genes that
regulate this shift and the characterisation ofréfgulation during development and in

different environments would substantially enlatge understanding of the defining
9
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characteristic of eusociality. Indeed, consideraigigearch in ants (Sameshima et al.
2004; Tian et al. 2004; Anderson et al. 2008 atations within; Gotzek and Ross 2009
and citations within), wasps (Sumner et al. 2006fftdan and Goodisman 2007; Toth
et al. 2007; Hunt et al. 2010), termites (ScharleR003; 2005; Zhou et al. 2006 a and
b; Lienard et al. 2006; Korb et al. 2009; Weil et2®09) and bees (reviewed in Smith et
al. 2008; Hepperle and Hartfelder 2001; Perebooat. &005; Hartfelder et al. 2006; de
Azevedo and Hartfelder 2008; Humann and Hartfel@®d1l) has focussed on
identifying genes that are differentially expresseetween castes. But the key
regulatory genes for ovary activation are appayetifficult to detect by such studies,
because caste differences are all-embracing th&gbgy, anatomy and behaviour that
expression differences are expected all acrosgegheme. Thus transcriptome data will
primarily provide a phenotype at a level more dip$ieked to the genome but still at a
level of complexity preventing causal analysesafeycascades determining caste.

Indeed, a huge set of honeybee genes show differgmession patterns between
gueens and workers. In microarray studies on brainsame-aged virgin queens,
reproductive and non-reproductive workers more tR@00 genes were differentially
expressed between queens and workers (Grozinged. €2007). A much smaller
proportion of genes showed different transcript relainces between the evaluated
worker groups (221), whereas the gene expressioreproductive workers became
more queen-like. This differential gene expressimtween reproductive and non-
reproductive workers may be driven by a differexppasure to the queen’s mandibular
pheromonal (QMP) bouquet. Studies revealed thabsxe with QMP resulted in
extensive changes in the expression of severalredadf genes in the brains of young
workers (Grozinger et al. 2003).

According to the caste specific phenotypical déferes, several classes of genes
are predicted to be differentially expressed betwee worker and the queen castes.
Nutritional control of queen development and heacdifferent metabolism of queen
destined larvae as well as queen longevity sugglegsiometabolic genes associated
with oxidative stress responses, growth and devedmp to be more abundant in the
gueen caste. In fact, this has been shown for éao¥avorker honeybees (Corona et al.
1999; Evans and Wheeler 1999, 2001; Cristino eR@D6; Barchuk et al. 2007) and
bumble bees (Pereboom et al. 2005) and in adulgle8s bees (Judice et al. 2004;
2006) and honeybees (Corona et al. 2005; Grozimgernl. 2007). Interestingly

microarray based expression patterns suggestedvtbréiers and younger, bipotential
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larvae share a similar gene expression patter, essequeen destined larvae express
different genes reflecting predicted hormonal eff¢E&vans and Wheeler 2000).

A second group of genes associated with insulinadiipg was proposed to be
associated with the phenotypic plasticity of theeeu Insulin signalling regulates
growth, longevity and reproduction in multiple sjgsc(reviewed in Wu and Brown
2006). Differential expression of putative insutiathway associated genes has been
identified in honeybee worker and queen larvae (®éreet al., 2006; Patel et al. 2007;
de Azevedo and Hartfelder 2008; Wolschin et al.12@&hd adults (Corona et al. 2007).
Nevertheless, diets containing the putative casteldpmental protein Royalactin (Rol)
in bees with decreased transcripts of the insdoeptor did not show an altered final
adult size, a decreased developmental time or agehaf the ovary size (Kamakura
2011). This suggests that insulin signalling is meolved in the signalling cascades
leading to caste differentiation, at least not wRbl as an effector molecule. But
irrespective of the actual signalling cascadesgesmtic modification is very clearly
involved in translating the nutritional status inthifferent expression of genes
(Kucharski et al. 2008; Elango et al. 2009; Lyk@et2010).

Nevertheless, apart from attempts to knock-downegédn order to learn about
their functionality (Patel et al. 2007; Kamakuraaét2011; Wolschin et al. 2011) all of
the gene expression studies do not pass the comstd correlation. An alternative
attempt (Amdam et al. 2004) to characterise putatjene networks associated with
reproductive potential of workers was based onréipeoductive groundplan hypothesis
(RGPH). The original RGPH stated by West-Eberhd@06) proposed that ovarian
development, brood care, and foraging are uncoupledsocial insects, such that ovary
development is maintained in queens, brood caperif®rmed in young workers (which
can also be competent in activating their ovarges) foraging is performed by older
workers, which have the lowest capacity to becoepeaductively active. Thus queens
and nurse bees should be physiologically more eitpaa foragers. The altered RGPH
(Amdam et al. 2004) suggests variance in workembelir to be emerged from pre-
existing mechanisms associated with female reptagiucAmdam et al (2004) postulate
regulatory gene and hormone networks that pleiatedly control both reproductive
characters and foraging. Artificial selection foolanies with high and low pollen
foraging behaviour was used reveal the ancestra¢ getworks that link ovarian and
yolk protein physiology to behaviour (Amdam and @2@10). Indeed colonies selected

to forage more pollen (Page et al. 1991; 1995; 1998e workers with larger ovaries
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and the pollen foraging bias correlates with ovaze (Amdam et al. 2004, 2006).
Furthermore, loci associated with foraging behaviouhoneybees (Hunt et al. 1995;
Page et al. 2000; Rueppel et al. 2004 a,b; 2009% wealysed by behavioural and
physiological phenotyping and by candidate generesgion studies in backcross
colonies selected for a higher foraging rate. Outhss study two candidate genes
(PDK1 andHR46 were suggested to be genetically linked to forgdiehaviour and to
ovary size simultaneously (Wang et al. 2009). Hevestudies on anarchistic bees,
which served as an alternative route to test ttezesl RGP hypothesis, suggest this link
between foraging and reproduction may be rathairsspecific. According to RGPH
anarchistic worker bees must forage for pollen arettar with a low sugar
concentration and forage earlier in life. Howevenfortunately anarchistic workers
have a delayed onset of foraging and show no mederfor nectar and pollen (Oldroyd
and Beekman 2008). In the light of these divergesgults, it appears that the
correlations between the studied traits suggesyeB®PH may not present a general
pattern in honeybees (Oldroyd and Beekman 2008).

A more promising attempt to unravel genes contglivorker sterility involves
rare mutant worker phenotypes which conduct intesig parasitism. Gene expression
studies in heads and abdomens of anarchistic wbdes revealed two genes coding for
major royal jelly proteins 2 and 7, and one gendirap for a protein which is involved
in a hereditable nutritional disease in humans dacsignificantly higher expressed in
heads of wild-type bees (Thompson et al. 2006abidomens of reproductive anarchist
workers genes for the yolk protein vitellogeninngm peptides and a member of the
AdoHycase superfamily, among others were up-regdléfhompson et al. 2008). The
very same strain also provided the opportunitydientify candidate genes involved in
regulating worker sterility by Quantitative Traitoti (QTL) mapping (Oxley et al.
2008). A selected anarchist line was used to cradiackcross queenright colony that
segregated for high and low levels of ovary actoratand were successfully used to
identify four QTLs that together explained approately 25 % of the phenotypic
variance for ovary activation. They have been ssiggk to influence a workers’
propensity to activate her ovaries in the abseriggheromonal suppression due to a
suggested yet-unmapp@darchymutation.

Just like the thelytokous reproduction in the swolitparasitic waspysiphlebus
fabarum where the restoration of egg-diploidy is geneljcaquivalent to a central

fusion automixis in Cape bees (Sandrock and Vodaup11), thelytoky in Cape

12
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honeybees was shown to be inherited by a singiealRuttner 1988). Thelytoky as
well as other reproductive traits (the productiémaeenlike amounts of 9-ODA and the
early onset of egg-laying) all of them charactedsihelytokous pseudoqueens have
been shown to be under control of a single recedsisus (Lattorff et al., 2005), which

is located on chromosome 13 and spans a regioh.4fcM (Lattorff et al. 2007).

|g 1 3 Locus homology putative function
. 410423 hypothetical protein -
O CM 408407 coiled-coil domain-containing -
protein 72 homolog
410422 dihydrofolate-reductase thymidilate synthesis and
DNA replication
30 cM =—f=— plicatt
4 HBO11 408406 cyclin dependent kinase 4 control of cell-cycle
progression, transcription
—B— ATO12 and neuronal function
60 cM =—4— 552670 similar to CG2862-PA, isoform A -
408405 pawn EGF-CA superfamily
90 CM e 725501 tungus; N-terminal glutamine learning and memory
amidohydrolase
410419 dUTP pyrophosphatase dUTP metabolism
120 CM - 410420 isochorismatase domain-containing hydrolase
protein 1-like
725426 hypothetical protein -
410418 gemini transcription factor
150 cM =—4—
725247 tRNA-specific adenosine desamination of
deaminase-like protein 3-like nucleosides; mMRNA
processing
180 cM —4— . , . .
410417 receptor-type tyrosine-protein signal transduction
(+100577348) phosphatase S-like
552578 hypothetical protein -
21 0 CM ‘ 410416 hypothetical protein (ATF-2) - (transcription factor)
(+100576489)

Figure 1.3.Location and candidate genes within the magpeegion on chromosome
13 (based on Amel 4.5). Associated microsatellitekers are given in the middle. Homologies
and putative functions of the 15 candidate geneg&en in the table. Italic marking stands for
the former functional classification of the respexigene in Amel 4.0 (Consortium HGS 2006).

Bold marking represents the most promising cand&lgBased on figure 1 from chapter 4).

An almost complete co-segregation between the ptamu of 9-ODA and the
early onset of egg-laying with the type of parthggreesis strongly suggests the same
locus to pleiotropically control all of these reguztive traits. Theh locus comprises 15
annotated genes (Amel 4.5; NCBI). The most prorgi$wo candidate genes code for
transcription factors (ATF-2 (XM_393896; NCBI) an@€P2 (XM_001121158;

13
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XM_393898; NCBI), which are feasible to control sead traits simultaneously (Courey
2008). Another interesting candidate gene is l1ot0447 (XM_393897; NCBI) which

codes for a receptor protein tyrosin phosphatas& /. The RPTPs form a subfamily
of the classical protein-tyrosine phosphatases ¢kt exclusively dephosphorylate
phosphotyrosine (pTyr) in target proteins (den blgr2004). One of such PTPs (PTP-
1B) has a major role in modulating insulin sengiiElchebly et al. 1999) in mice,

probably by dephosphorylating tHesubunit of the insulin receptor (IR, Lammers
1997). IR homologues irosophila melanogasteare central regulators of growth,
metabolism, longevity and reproduction (Garafal®2@nd citations within) and may

therefore be essential in the control of reprodechiierarchies in honeybees as well.

1.6. Aims of this work

Queens and workers, although substantially differen their anatomy and
physiology, share the same genome. The same hualdsfdr reproductive and non-
reproductive workers. This thesis reports on usangreviously mapped region on
chromosome 13 in th&. melliferagenome comprising the putatitielocus in a set of
15 candidate genes that was shown to pleiotrdpicahtrol several reproductive traits
(early onset of egg-laying; queen-like productidntlee queen pheromone 9-ODA) as
well as the mode of parthenogenesis (thelytokyraBee the reproductive traits tested
also ensure queen-dominance and reproductive sucoésworkers in normal
arrhenotokous colonies, thi locus region may reveal a major genetic switch to
regulate altruism in a eusocial colony. | here el narrowing down the relevant
genes among the 15 candidates by gene expresstyses in different castes and both,
arrhenotokous and thelytokous laying workers. Wiisbe underlined by knock-down
studies by RNA-Interference. After identificatiohtbe most promising candidate gene
its actual mechanism and the thelytoky causindealiall be examined by sequencing
in order to gain insights into a putative molecutastif that provides the very basis for

eusociality - altruistic worker sterility.
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Abstract

RNA interference has been successfully used in aduioneybees, but there
are only few reports about abdominal application ofdsRNA/siRNA which have
reached more distant tissues than the fat body. Wetudied systemic RNAI in
honeybees by injecting fluorescent siRNA of the ufuitously expressed honeybee
homologue of the Glycerol-3-Phosphate DehydrogenasémGpdh) into the
abdomens of adult bees and followed them by lasecanning microscopy and
gPCR. The fat body was the sole tissue emitting ftwescence and showing a
decreased gene expression, whereas the siRNA hadpagently not reached the
other tissues. Therefore, we conclude that certaigenes in other tissues than the fat
body cannot be easily reached by injecting siRNA to the body cavity. In
particular, the lack of amGpdh knock down in ovaries after amGpdh dsRNA
injection, supports that in some cases it may be pacularly difficult to interfere
with gene expression in ovaries by intra-abdominalinjection. In these cases
alternative inhibition techniques may be required b achieve an organismic non-

lethal disruption of transcription.

Keywords: RNA-interference, Honeybees, Laser scanning micog

Fluorescent siRNA, Tissue composition
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1. Introduction

The honeybeeApis mellifera has been established as a highly valuable model
organism for numerous biological disciplines. Esplec with the availability of its
complete genome (Honey Bee genome Sequencing GomspP006) genetic tools are
increasingly adapted to facilitate the study of gleaetic basis of eusociality. One of the
most promising techniques — RNA interference (RNAbhas been introduced to study
gene functions related to caste differentiationdiarski et al., 2008), sex determination
(Beye et al., 2003), immune response (Aronstein 3attlivar, 2005; Schlins and
Crozier, 2007) and aging (Seehuus et al., 2006} tEthnique is especially important
for genetic model systems like the honeybee, whieeerecovery of mutants is not
feasible.

RNAI is a cellular mechanism leading to the knockvd of gene expression by
MRNA degradation triggered by target specific detgitanded RNA (dsRNA) (Fire et
al., 1998). Naturally, RNAI is a physiological meaciism which serves as a defence
against mutation causing mobile DNA elements ansas (Zamore, 2001; Obbard et al.,
2009). Since the discovery of its mechanism RNA$ bacome a dominant reverse
genetic method for the study of gene functions. édger, RNAI plays an increasing
role in therapeutics and in pest control (Maorakt 2009; Liu et al., 2010). Initially
established foICaenorhabditis elegandRNAI has been successfully implemented in
various insect systems including the mosqéitmpheles gambia@landin et al., 2002;
Boisson et al., 2006), the wa$fasonia vitripennis(Lynch and Desplan, 2006), the
large milkweed bugOncopeltus fasciatugLiu and Kaufman, 2004), the silkworm
Bombyx mori(Tabunoki, 2004; Ohnishi et al., 2006) and the dytx@eA. mellifera
(Beye et al., 2002) among many others.

In organisms showing a systemic RNAIi response, application of dsRNA
triggers the silencing of homologous mRNA far avileym the application site. This is
of particular value when dissecting the moleculaechanisms of genes whose
expression persists over a long time and spansvtiie body. In insects systemic
RNAI has for example been successfully appliedrasghoppers (Dong and Friedrich,
2005) and termites (Zhou et al., 2008; Korb et2009), whereas other insect systems
like the fruit fly Drosophila melanogastgRoignant et al., 2003) fail to show a robust
systemic RNAI response. Molecular mechanisms desys RNAI in insects have been
excessively studied ifiribolium castaneuganother model organism with a completely

sequenced genome (Tribolium Genome Sequencing @amp2008). The injection of
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dsRNA intoTribolium larvae causes RNAI effects throughout the entor@ylpersisting

up to the adult stagdomoyasu and Denell, 2004). However, genes whielrequired

for a systemic response ifribolium appear to be species specific. Genes facilitating
systemic RNAI here are different to those facilitgtsystemic RNAI irC. elegansthe
best evaluated RNAiI model organism (Tomoyasu e2808). For example SID-1, the
best described membrane-spanning protein resperfeibdsRNA uptake il€. elegans
(Winston et al., 2002; Feinberg and Hunter, 2008)not involved inTribolium
suggesting another putative role of SID-1 in insect

In honeybeesA. melliferg only few studies report about successful systemic
RNAI. Several studies report that the applicatibd€sRNA to eggs and larvae whether
by injection (Aronstein and Saldivar, 2005; Beyealket 2002; Maleszka et al., 2007) or
by ingestion (Aronstein et al., 2006; Patel et2007; Kucharski et al., 2008; Nunes and
Simdes, 2009; Liu et al., 2010) cause a knockdoingene expression even in the adult.
Very few studies report on successful and pergstimanipulation of adult bees
(Amdam et al., 2003; Farooqui, 2004; Seehuus g2@06; Schlins and Crozier, 2007,
Maori et al., 2009; Paldi et al., 2010).

Nevertheless, the uptake of RNAI triggering molesuinto specific tissues has
not been shown so far for the honeybee. Radioadtbelled dsRNA molecules
disappear from the haemolymph within few hours éBatise et al., 2004), but the fate
of the dsRNA remains unclear. Therefore we studledfate of fluorescently labelled
short-interfering RNA molecules in selected tissa#iser the application into the body
cavity. In particular, we evaluated the uptake iBfNA and dsRNA into the ovaries,
since they are the central organ for the femaléedasthe honeybee. A successful and
stable manipulation of gene expression in the eganould greatly facilitate the study

of caste differentiation and reproductive dominaimcine honeybee colony.

2. Materials and methods

2.1. Production of dsRNA

We cloned theamGpdh part chosen for down-regulation into pGem-T easy
vectors (Promega) to obtain templates for dsRNAdpetion. TheamGpdhfragment
was amplified by standard PCRs using amGPDHI: 5F@&GT TTC ATC GAT GGT
TT-3" and amGPDHII: 5°-ACG ATT TCG ACC ACC GTA AC-3n order to avoid a
mixture of different PCR products due to the preseof differentApis Gpdhisoforms,
we chose two primers showing no sequence homolo@ny other gene (NCBI blast
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adapted for short sequence input) in a region taclksonserved domains (dsGpdh
position within theamGpdhgene: 636—816). Furthermore, we confirmed the yebd
identity by direct sequencing. One of the obtaiaetGpdhclones as well as theFP
encoding sequence of the pGFP vector (GenBank I997; Clontech) were used for
PCRs producing the dsRNA templates. These PCR adapted to the BiothermTM
DNA Polymerase (Genecraft), using 0.2 mM dNTPs, 0N of T7-promotor added
primer (T7-promotor underlined: GFPI: 5-TAA TAC GATCA CTA TAG GGC GAT
TTC ATG GCC AAC ACT TGT CC-3’; GFPII: 5°-TAA TAC G& TCA CTA TAG
GGC GATCAA GAA GGA CCA TGT GGT C-3"; GpdhT7Il: 5°-TAA TAGAC TCA
CTA TAG GGC GATGCT GGT TTC ATC GAT GGT TT-3"; GpdhT71l: 5°-TAA
TAC GAC TCA CTA TAG GGC GATACG ATT TCG ACC ACC GTAAC-3") and 5
U Taqg Polymerase in a total reaction volume of I0OPCR protocols consisted of 5
min DNA denaturation and Taq activation at 95 “@loived by 40 cycles of 30 s at 95
°C, 30 s at 56 °C foGFP and 54 °C foamGpdhand 1 min at 72 °C. A final extension
of 20 min at 72 °C completed the protocol. The Itesy PCR-products were purified
with the QIAquick PCR Purification Kit (Qiagen). Bgequently, dsRNA froreFP and
amGpdhwas derived using the T7 RibomaxTM Express RNAst&m (Promega) with

an extended transcription time of 5 h at 32 °C. fiéslting dsRNA was purified by a
Qiazol- Chloroform-treatment and the pellet resolved in IHase free water. The
dsRNA quality was verified in 1.8% agarose gels aisdconcentration quantified
photometrically. dsRNA concentrations were adjusted pug/ul by diluting with insect
ringer (see Section 2.3) right before the injectibne resulting dSRNA molecules had a
length of 503 bpGFP) and 180 bpgmGpdh.

2.2. Design and production of fluorescent sSiRNA

We designed siRNA ofamGpdh with the Block-iT™ RNAi Designer
(Invitrogen). The derived siRNA was produced andtee for in vivo studies by
Invitrogen. It was labelled with Alexa-488 and heatength of 21 bp. (SiRNA sequence:
5"-Alexa 488—-GCA GAU CUA AUU GCA ACU U [dT] [dT] 3. siRNA specificity
was checked by BLAST analysis (NCBI), especialleusing on differentGpdh
isoforms found inA. mellifera Additionally, we designed the siRNA in the vegnmse
region of the previously used dsRNA. Hence the #iRMas in a region oamGpdh
lacking conserved domains (position witlmGpdh 777—-796).
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2.3. Injection and incubation

The age defined honeybee workers used for RNA tiojes were obtained from
A. m. carnica colonies kept at the apiary of the Martin- Luthériversity in
Halle/Saale. Brood combs were incubated at 34 °@ &0P6 humidity and freshly
emerged workers collected daily. 20 newly emergedkers each were injected with
either 5 ug dsGFP RNA or 5 pg dsGpdh RNA betweenZhand ' abdominal
segment using a 10 pl microsyringe (Hamilton). Bi*NA injections workers were
injected with 3 pug or 6 pg siRNA. For the microsg@xperiment and the gene knock
down analysis, three and respectively ten replgcatere injected. Negative controls
were injected with insect ringer (n = 9; 54 mM Nae#t mM KCI; 7 mM Cadl x
2H,0). Injected workers were kept on wax plates utidy recovered and bees not
showing haemolymph leakage were kept together 26thurse bees at 34 °C with food
and water ad libitum. The worker tissues were megbafter 24 h.

A. m. carnicagueens were reared with standard apicultural teciesi. They were
treated twice to C®on two consecutive days to induce ovary activafidackensen,
1947). They were held in cages with about 50 warlkerd injected with 3 pug siRNA

after five days.

2.4. Tissue preparation and microscopy

All bees were sacrificed in liquid nitrogen andrstbat -80 °C until preparation.
Ovaries and fat bodies were prepared from the akdpftight muscles from the thorax,
brains and hypopharyngeal glands from the headu&sdestined for RNA preparation
were put in RNAlater (Ambion) and stored at -80@il the RNA preparation; tissues
destined for microscopy were placed on slides #abdith glycerol and Mcllvaine” s
buffer (0.1 mol/l citric acid; 0.2 mol/l N&lPQy; pH 7.0) with a ratio of 1:2. They were
covered with a cover slip and sealed with nail islrn Preparation under dark
conditions and storage of the samples for less tverhours avoided a decrease of the
fluorescence. Additionally, samples were kept i tthark and on dry ice until
examination under an inverted Carl Zeiss LSM 510@rosicope with a Plan-Neofluar
objective. Scans were analysed using the LSM510lh&ge browser software package
(Zeiss).
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2.5. RNA preparation and real-time measuremengsbpdh gene expression

For analysing the transcript level amGpdhin different tissues oA. mellifera
carnica newly emerged workers were held in cages rigler @mergence and incubated
with food and water ad libitum at 34 °C. After 24tley were sacrificed in liquid
nitrogen. Tissues from these workers as well asudéis from injected workers were
manually homogenised using plastic pestles. RNAaekibn followed the standard
Trizol (Invitrogen) protocol (Chomczynski and Sacc987) with subsequent DNAse
(Promega) digestion. RNA quality and quantity wassessed by photometric
measurements. Equal amounts of RNA were immediaelgrse transcribed with M-
MLV H-Point Mutant Reverse Transcriptase (Promegsaing oligo-dT Primer (0.5
pno/ul; Promega) according to the manufacturer’dructions. For gene expression
studies Sybr-Green assays were run using 5 pl iBRS®&reen Supermix (Biorad), 1 pul
template, 1 pl Primer (1 pM) in a 10 pl reactioruwoe. The real-time PCR cycle
profile started with a 3 min incubation phase af@3or Taq activation, followed by 39
cycles of 15 s at 95 °C and 30 s at 54 °C for aimggeB0 s at 72 °C for extension and
data collection. Each sample was run in duplicaith & subsequent melting curve
analysis between 50 °C and 90 °C, reading the dkmance at 1 °C increments. The
purity of the PCR products was additionally checkeadl.8% agarose gels. C(t) values
were calculated by the Opticon Monitor 3 softwaBtofad) using a single standard
deviation over cycle range. Primers fp49 (NCBI ID: NM_001011587) were: rp49l
5-TCGTCACCAGAGTGATCGTT-3"; rp49ll 5'-CCATGAGCAATTTAGCACA-3".
Primers foramGpdhwere Gpdhl 5 -GGATCAGGAAATTGGGGTTC-3"; Gpdhll 5'-
CGGAAGCTTATGTCCTGGAA-3". Primer specificity was dinmed by sequencing
the PCR products for every tissue. Primer posititmisamGpdhamplification were
outside the RNAI targeted mRNA sequence (positibnthe PCR product within
amGpdh 30-213).

2.6. Data analysis

The honeybee ortholog of the ribosomal protein 239 was used as a stable
house-keeping gene to calculate the relative ggpeession olamGpdh(Grozinger et
al., 2003). The PCR efficiency for every sample walsulated from the linear phase of
fluorescence increase due to target duplicatiocotdrol for different PCR efficiencies
within different samples and different genes (Padcand Jacob, 1996; Pfaffl, 2001a).

Relative gene expressions were calculated accotdiRgaffl (2001b).

38



2. Systemic RNAI in honeybees

3. Results

3.1. amGpdh expression in different tissues

To assess if the honeybee homologue of the Gly&Riiosphate Dehydrogenase
amGpdhis suitable for analysing systemic RNAI in the bagbee, we quantified its
relative gene expression in all of the evaluatssugs. AlthouglamGpdhis higher and
more variable expressed in fat body cells of ddferworkers, it is ubiquitously
expressed in all screened tissues (Fig. 1). Thexefe chose this gene to study the
tissue dependent RNAI knock down after the appboabf gene specific dsRNA as
well as siRNA.

relative gene expression amGPDH

| O Mean
[ J+SE
| +0,95 Conf. Interval

fat body ovaries thorax head
n=10 n=8 n=5 n=9

Fig. 1. Relative gene expression amGpdhin different tissues of the honeybégis
mellifera Missing significant differences (p = 0.8; one-waMOVA of log transformed data)
between transcript levels shamGpdhto be ubiquitously expressed throughout the evetua

tissues.

3.2. dsRNA does not affect gene expression of ami@gwneybee ovaries

The application oamGpdhspecific dsRNA into the abdomen caused no knock
down of amGpdhin the ovaries. All test groups showed similar anmte ofamGpdh
transcripts irrespective of the treatment (Fig.p2= 0.35 one-way ANOVA of log-
transformed data). In contrast, the gene expressi@amGpdhwas significantly down

regulated after the treatment with dsGPDH in thééay (p< 0.001 one-way ANOVA
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of log-transformed data). Even the injection of tingect ringer control led to a
significant reduction oBmGpdhtranscripts in the fat body compared to the umécka

bees.

fat body ovaries
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Fig. 2. Relative gene expression amGpdhin honeybee fat bodies and ovaries either
untreated, injected with insect ringer or dsGpdRprEssion data are standardized to the
expression ofamGpdhin untreated bees. Different letters indicate i§icgnt differences

between the groups (Newman—Keuls post hoc tests).

3.3. Laser-scanning microscopy of honeybees treaitdfluorescent siRNA

Since the follicular membrane surrounding the oegyhay be a principle obstacle
preventing the uptake of a 180 bp dsRNA, we ingecibort 21 nt siRNA with a
fluorescent label into the abdomen to trace the ¢htthese labelled siRNAs with laser
scanning microscopy.

Control ringer injected workers did not show flusgzence in the fat body apart
from the background fluorescence emitted by thsuésitself. The treatment with
fluorescent siRNA on the other hand yielded vemprgj signals in the fat body
trophocytes in every sSiRNA treated worker, irrespec of the injected siRNA
concentrations (Fig. 3). In contrast, the samdrireat had no effect on the fluorescence

signal in ovaries of sterile workers (Fig. 4). Témme was true for every other tested
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tissue. Irrespective of the injected siRNA concatmn, no fluorescence signal was
detected, neither in the flight muscles, the braor,in the pharyngeal glands.

We also followed the fate of siRNA injected indo mellifera carnicagueens to
test for effects caused by differences in ovarg simd activation between queens and
workers. Like in workers, the fat body of queenswae sole tissue with a fluorescence
signal after injection (Fig. 5). Detectable levefsfluorescent siRNA had not reached
any of the other tested tissues, including theiesar

Fig. 3. Images of fat bodies treated with either 3 pgrisoence labelled siRNA (A - C)

or insect ringer (D — F). (C and F) Single confosattions (A and D) are aligned with the
corresponding differential interference contrasage (B and E). White bars represent 100 um

(magnification: 20x).
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—y

100 pim

100 pm

Fig. 4. Images of ovaries treated with either 3 pg fluceese labelled siRNA (A — C) or
insect ringer (D — F). (C and F) Single confocattems (A and D) are aligned with the
corresponding differential interference contrasage (B and E). White bars represent 100 pm

(magnification: 10x).

0—0B

100 pm
Fig. 5. Fat body (A) and ovaries (B) of a siRNA (3 pg)atexl queen. White bars
represent 100 pm (magnification: 20x).
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3.4. Relative gene expression of amGPDH in honaybeated with fluorescent
siGPDH

The amGpdh qPCR data confirmed the results from the lasernrsog
microscope. The fat body was the sole tissue shgpwirsignificant decrease in gene
expression after treating adult honeybees aittGpdhspecific sSiRNA (p = 0.02; MWU
test; sSIRNA treatment compared to ringer injecteddybees). None of the other tissues
responded to the treatment (Fig. 6), although tlwracal muscles show an overall
decreased expression level of 70%. This decreasedua to a high variance within the
control group, beyond the probability value of 5% £ 0.33; MWU test; siRNA
treatment compared to ringer injected honeybees).
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Fig. 6. Relative gene expression @imGPDH in honeybees treated witamGPDH
specific SIRNA. Gene expressions are normalisedintger injected bees, whose amGPDH
expression was set to one. The asterisk indicateggmficantly reduced gene expression
compared to the ringer injected control groug: @05; MWU test).

4. Discussion
RNA-interference is an important tool for manipurgttranscriptional pathways
and exploring functional genetics. In adult honeget has been used following

injection protocols established in other insects.this study we aimed at a better
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understanding of the RNAiI mode of function in hooegs, when using this application
technique. Hence, we followed the way and uptakénjaicted fluorescent siRNA of
amGpdhthroughout the insect body. We show that this genéiquitously expressed
and therefore very well suitable for basic studike this. Moreover, we are able to
show that the designed siRNA has the power to edueamGpdhtranscript level-at
least in fat body cells. Therefore, we expactGpdhand its siRNA counterpart to be
effective to reach any tissue apart from the vegfl wtudied RNAi model tissue fat
body.

According to our expectations we observed a streifNA uptake into the
trophocytes of the fat body, which supports expenta manipulating gene expression
in adult honeybees by RNAi here (Amdam et al., 2088ehuus et al., 2006). In
contrast, we could not detect any fluorescence tdumGpdhsiRNA uptake in any
other tissue. This might be contradictory to staditating that intra-abdominal injection
of dsRNA or siRNA leads to gene knock down in tessdiar away from the injection
site (Gatehouse et al., 2004; Schlins and Cro28£7). One might argue that we just
missed some fluorescence, since the siRNA cond@nmtravithin the haemolymph
becomes diluted over distance well below the detecimit of the laser scanning
microscope. These low concentrations might othervias sufficient to cause a knock
down of gene expression when entering the cell@ndsa few dsRNA molecules per
cell are required to silence thousands of targetNMRmolecules (Kennerdell and
Carthew, 1998). To overcome this technical shoringnwe pursued two different
strategies. On the one hand we chose two rathkrdiRNA concentrations (3 and 6 pg)
to ensure that even under high dilution any uptakdluorescence labelled siRNA
remains visible. In addition, gPCR measurementsclwhare much more sensitive than
laser scanning microscopy, support the lackrafGpdhknock down in any tissue other
than the fat body.

Concerning the reproductive organs of honeybeedailed to knock down gene
expression wittamGpdhspecific dsSRNA or siRNA and found no fluorescaRNAS in
ovary tissue (irrespective of their status). Thiggests that it might be difficult to use
injection as a routine application technique forARM honeybee ovaries. A reason for
that might be a different composition of the ovayd fat body tissue. Since the
honeybee fat body is a storage, detoxification ardretory tissue (de Oliveira and
Cruz-Landim, 2003) it is designed to have a highake of most diverse substances

from the haemolymph. It contains suites of passmesporters and pores through which
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the RNAI causing molecules may pass. In contrastefibee follicles are covered by
two cellular layers. The ovariole sheath, a relicttee peritoneal sheath, completely
covers all ovarioles (King et al., 1968). It maydétion similar to the insect neurilemma,
which surrounds the brain and serves as a bload-bearier system by controlling the
diffusion of water soluble ions and molecules (Atbkeg al., 1986). In addition to the
ovariole sheath, a single layer of follicular epithl cells surrounds both oocytes and
nurse cells (Engels, 1968). This follicular layargely prevents any passive uptake of
substances and only tiny, pore—like canals withia follicular layer of vitellogenic
follicles allow transport into honeybee ovariese{§| 1995). Moreover, active transport
mechanisms facilitating yolk uptake (Engels, 19Fkig, 1995) into the perivitelline
space between oocytes and follicular layer are knd@iven our negative results of
siRNA/dsRNA transport into ovaries and the highcsjpety of this active transport
system, it seems unlikely that it is involved i thptake of RNAI molecules from the
hemolymph. Finally, other dsRNA transport mechasiskmown from honeybees
(amSID-1 Aronstein et al., 2006) and other organisms (AB&hsporter, Timmons,
2007 or receptor mediated endocytosis, Ulvila et 2006; Saleh et al., 2006) are
apparently also not involved or at least not effectin transportingamGpdh
SsiRNA/dsRNA into the ovaries.

Summarizing our results, we find that the injectafna sSiRNA/ dsRNA specific
for a ubiquitously expressed gene does not resuliny gene knock down or even
fluorescence increase in any tissue apart fronfishleody. Although we cannot exclude,
that other genes respond differently to the samatriient, our data suggest that the
tissue composition has dramatic influence on thgeamental outcome when using
abdominal injection as application method. Condslelyi, there is urgent need to
improve RNAI application techniques in the honeybmedel system, for example
including chemically modified siRNA (review by Tsgrt al., 2009). Such lipophilic
molecules may overcome kinetic and physical baneithin an organism. Only if we
can reach specific tissues with a robust and religene knock down tool, it will be

possible to unfold the full potential of the eustbd¢ioneybee model system.
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Abstract

RNA interference involves the targeted knockdown oimRNA triggered by
complementary dsRNA molecules applied to an experiemtal organism. Although
this technique has been successfully used in honegds Apis mellifera), it remains
unclear whether the application of dsRNA leads to mintended expression
knockdown in unspecific, non-targeted genes. Therefe, we studied the gene
expression of four non-target genes coding for preins that are involved in
different physiological processes after treatment i#h three dsRNAs in two
abdominal tissues. We found unspecific gene downrelgtion depending on both
the dsRNA used and the different tissues. Hence, RN experiments in the
honeybee require rigid controls and carefully selded dsRNA sequences to avoid
misinterpretation of RNAIi-derived phenotypes.

Keywords: RNA interference, honeybees, off-target effeas)-time PCR
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1. Introduction

After the honeybeeApis melliferd became a model organism for the study of the
genetic basis of eusociality, it was important &wvdna well established, specific system
to knock down genes. Presently, knockout mutants@abe produced idpis thus,
RNA interference (RNAIi) appeared as a powerful tmolsuch functional gene studies
by inducing loss-of-function phenotypes throughgércomplementary short double-
stranded RNA (dsRNA) molecules. Since its discover@aenorhabditis elegang-ire
et al. 1998), RNAI has become the predominant sevgenetic method in a variety of
non-model organisms. Moreover, as honeybees aragthe few recognized beneficial
insects with a large economical and ecological ichphe use of RNAI is increasingly
used as a tool for fighting pests and pathogerpiculture (Maori et al. 2009; Paldi et
al. 2010). In light of the high potential power BNAI for understanding honeybee
genetics, it is surprising how few studies havenbeenducted using RNAI irA.
mellifera Some of them manipulated eggs or applied dsRNArt@e either by feeding
or injections (Aronstein and Saldivar 2005; Beyale2003; Aronstein et al. 2006; Patel
et al. 2007; Kucharski et al. 2008; Nunes and Sgii#)9; Maori et al. 2009), whereas
there are only very few reports on the successfahipulation of adult individuals
(Amdam et al. 2003; Farooqui et al. 2004; Seehuus.e2006; Schltiins and Crozier
2007; Gatehouse et al. 2004; MlRig et al. 2010;tMd<et al. 2010).

Apart from the study of Mlf3ig and colleagues, wke a combination of SIRNAs
and dsRNAs, all studies used target-specific dsRhlther than siRNAs, the 21-23-
nucleotide (nt) molecules processed out of long&MAs, to manipulate gene function.
However, dsRNAshave repeatedly been shown to cause off-targettefi@ higher
animals. Studies in mammalian cells have shown RiNAI can cause the degradation
of untargeted mMRNAs by crosshybridization regioowards the processed siRNAs
(Jackson et al. 2003; Scacheri et al.2004) or BjNsis acting as miRNAs (Jackson et
al. 2006). Additionally, dsRNAs may also alter geespressions in a sequence-
independent manner, such as activating antivirathaeisms (Kumar and Carmichael
1998). Hence, the introduction of exogenous dsRN#egules into mammalian cells
often results in a global, nonspecific suppressiogene expression. This is achieved by
the activation of two independent RNAi-activatedhpeays: the dsRNA recognition
protein PKR (dsRNA-dependent protein kinase; Nanetral. 1998) and the’,2'-
oligoadenylate synthetase. Both pathways lead tgemeral inhibition of protein
synthesis (Sledz and Williams 2004). Double-stranB&lA also initiates a signalling
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cascade leading to the production of interferonglligs 1999). Cytokines, which
represent the first line of defence against virdéctions, trigger the up-regulation of
interferon-stimulated genes and consequently |leadltered protein synthesis. Such
sequence dependent off-target effects as wellqsesee independent reactions towards
dsRNA were also found in higher non-mammalian \eetes (Oates et al. 2000; Zhao
et al. 2001) and insects (Kulkarni et al. 2006 ggasting that the phenomenon of off-
target RNAI reactions is not restricted to mammals.

To assess whether such off-target effects alsoraocadult honeybees treated
with dsRNAs, we analysed the gene expression afrioantarget genes in two different
abdominal tissues, the fat body and the ovariegotapare whether different tissues
treated with the same dsRNA show tissue-specifiparses. The selected tissues are of
prime interest for understanding honeybee biologgalise they are closely linked to the
control of reproduction (ovaries) and are centoalhie honeybee’s immune system (fat
body). Furthermore, we chose one dsRNA (dsGFP) iiaat no known honeybee
homologue and two dsRNAdsGPDH and dsVG) from the honeybee transcriptdme.
particular, the dsVG sequence used in this studybean shown to successfully knock
down its targeted gene in the honeybee fat bodyd@met al. 2003).

To quantify the impact on expression levels, foon4target genes that lacked
similarities with any of the injected dsRNAs werneosen: (1)amSID-t This is the
honeybee homologue of the SID-I transmembrane @igmmotein. It is involved in
dsRNA internalization inC. elegansand humans and facilitates systemic RNAI
responses (Winston et al. 2002; Feinberg and HW@6B8). This gene is particularly
suited because Aronstein et al. (2006) report ocoaelation betweeramSID-1
expression and the application of dsRNA in aduhdybees. (2amATF-2 This gene
shares homologies with the mammaliAiF-2 transcription factor. Among others,
genes targeted lymATF-2regulate transcription factors and proteins endagestress
and DNA damage response (Bhoumik et al. 2007).af8BDHAP-AT Dihydroxy
acetone phosphate acyl transferase is involvedpid imetabolism, facilitating the
production of triacylglycerides (TAG). TAGs are dse eukaryotes as energy storages
and repository of essential and non-essential fattgds (Coleman and Lee 2004). (4)
amCPR NADPH-dependent cytochrome P450 reductase beltmgytochrome P450
enzymes. These enzymes are involved in the detakibin of xenobiotics and are
therefore commonly used as stress biomarkerssktts, endogenous functions of these
enzymes include the metabolism of ecdysteroidserjil® hormones and pheromones
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(Feyereisen 1999). As these four selected genes tmdproteins that cover very
different physiological functions, they are partaoly suited to screen a variety of

different gene cascades for unspecific RNAI effécthe organism.

2. Materials and Methods

2.1. BLAST analyses of dsRNA sequences

All three selected dsRNA sequences were comparéd te honeybee genome
during the desigprocess using the Basic Local Alignment Tool. Noh¢he dsRNAs
shared sequence similarities with any of the etatlaon-target genes or contain any
20-bp segments identical to any known bee sequétscdsRNAs are processed by the
dicer complex into a cocktail of siRNAs 19-21 nt length, the absence of 20-nt

stretches of homology minimizes the possibilityéftarget effects.

2.2. Production of dsRNA
To generate templates for dsRNA production, we adothe amVG and the

amGPDH part into pGem-T easy vectors (Promega). The otiseefragments were
obtained by standard PCRs using approximately Ip@enomic DNA obtained by
chloroform— phenol extraction (e.g. Maniatis et82; for primers, see Table I). As
there are severa\pis GPDH isoforms, there is the danger of getting a mixtafe
different PCR products foamGPDH Therefore, we chose two primers in a region
lacking the conserved domains (dsGPDH positioniwitheamGPDHgene, 636-816).
Furthermore, we checked the product identity byedairsequencing. In the case of
amVG we used primers from a well-established protdqéohdam et al. 2003). The
obtained vectors containimmGPDHandamVQG as well as the pGFP vector (GenBank
ID: U17997, Clontech) were cloned into JM109 corepetcells according to the
manufacturer’'s instructions (Promega). Plasmidseweurified after Del Sal et al.
(1988). One of the obtainednGPDHandamVGclones, as well as one clone carrying
the GFP encoding sequence, was used for PCRs producingslREA templates. PCRs
were adapted to the Biotherm™ DNA Polymerase (Gafigausing 0.2 mM dNTPs,
0.3 uM of T7 promoter-added primer (see Table 1), 1.5 nMMCl, and 5 U Taq
polymerase in a total reaction volume 1df0 uL. PCR protocols consisted of 5-min
DNA denaturation and Taq activation at 95°C, fokalAby 40 cycles of 30 s at 95°C, 30
s at 56°C forGFP and 54°C foramGpdhand amVG and 1 min at 72°C. A final
extension of 20 min at 72°C completed the prototbk resulting PCR products were
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purified with the QIAquick PCR Purification Kit (@gen). Subsequently, dsRNA from
GFP, amVGandamGpdhwas derived using the T7 Ribomax™ Express RNAit&ys
(Promega) with an extended transcription time bfdi 32°C. The resulting dsRNA was
purified by a Qiazol chloroform treatment and tledlgt resolved in nuclease-free water.
The dsRNA quality was verified in 1.8% agarose galsd its concentration
photometrically quantified. dsRNA concentrationgevadjusted to fug/uL by diluting

with insect ringer (see Section 2.3.) right befibre injection.

2.3. Injection and incubation

Brood combs from oné\pis mellifera carnicacolony from the apiary of the
Martin-Luther-University (Halle/Saale) were incubatat 34°C and 60% humidity.
Newly emerged workers were anaesthetized by coolnige and subsequently injected
with 5 ug of each dsRNA with a microsyringe (Hamilton, dl0 between the fifth and
sixth abdominal segments following established quols (Amdam et al. 2003).
Negative controls were injected with insect rin@ mM NaCl, 24 mM KCI, 7 mM
CaCbx2H,0). Both groups were marked with coloured tagsdigd bees were kept on
wax plates until they recovered. Bees not showagniolymph leakage were kept for
24 h at 34°C with food and water ad libitum togetivith 25 untreated worker bees.
After 24 h, the bees were shock-frozen in liquittagen and stored at —80°C unitil

tissue preparation.

2.4. RNA preparation and real-time measurements

Ovaries and fat bodies were dissected on cooled plates using RNAlater
(Ambion) in order to avoid RNA degradation. Tissuesre manually homogenised
using plastic pestles. RNA extraction followed #tandard Trizol (Invitrogen) protocol
(Chomczynski and Sacchi 1987) with subsequent DNBsemega) digestion. RNA
guality and quantity were assessed by photometigiuéts containing ug RNA were
immediately reverse-transcribed with M-MLV H-Poiktutant Reverse Transcriptase
(Promega) using oligo-dT Primer (Qu§/uL, Promega) according to the manufacturer’s
instructions. Sybr Green assays consisting pE 5Q SYBR Green Supermix (Biorad),
1 uL template and LL of each Primer (M) in a 10uL reaction volume were run for
gene expression studies. Each sample was run licaig The real-time PCR cycling
profile consisted of 3-min incubation at 95°C, dolled by 39 cycles of 15 s at 95°C and
30 s at 54°C for annealing and 30 s at 72°C foerestbn and data collection. The
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following melting curve analysis was performed betw 50°C and 90°C, reading the
fluorescence at 1°C increments. The purity of theéRPproducts was additionally

checked on 1.8% agarose gels. C(t) values weralatdd by the Opticon Monitor 3

software (Biorad) using a single standard deviatimer cycle range after baseline
subtraction using the Global Minimum Trend option.

2.5. Data analyses and statistics

Whenever replicate samples differed in C(t) vallaeger than 0.5, the samples
were rerun to obtain more reliable estimates ferawerage C(t) values. For calculating
the respective relative gene expressions (RGE)htimeybee ortholog of the ribosomal
protein 49 (p49) was used as a housekeeping gene (Lourenco 20@8). The PCR
efficiency for every sample was calculated from fheear phase of fluorescence
increase due to target duplication (Peccoud anobJ2896; Pfaffl 2001a) to control for
different PCR efficiencies between different sara@ed different genes. Relative gene

expressions were calculated according to Pfaff0{2) using the following equation:

Efﬁ Ciency targ et _C(t)

RGE =

Efficiency rpag —cO

3. Results

The injection with insect ringer, which was used @sRNA dilution, had no
detectable impact on the gene expression of thedoalysed non-target genes (Figure
1) in both of the evaluated tissues. Hence, rimgjected and untreated bees were

pooled to provide the controls for further analyses
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Figure 1. Pooled relative gene expression of four non-tagggies in untreated bees
compared with bees injected with honeybee ringgwim different tissues. We pooled the data
for simplification as none of the individual gerg®owed an altered gene expression after the
injection of ringer solution (t tests of log-tranehed data, B,=0.24). After pooling, the
injected bees did not differ from the untreatedsbeetheir transcript level of the evaluated
genes in either tissue (repeated-measures ANOMAgafransformed data—fat body: P=0.642,
F=0.649; ovaries: P=0.926, F=0.200). N refers sortbmber of individual bees. Note that the
expression of all four non-target genes of evel/was taken into account when calculating the
pooled gene expression.

3.1. Effect of amGPDH-specific dSRNA on its taggete in different tissues
Injection of dsGPDH and dsGFP into the body caeityadult honeybees led to a
markedamGPDHgene knockdown of 81% and 79%, respectively, enféh body tissue
(Figure 2). The similarity in the extent of taeM\GPDHgene knockdown is surprising
as, unlike dsGPDH, dsGFP does not show any sequeemdarity towardsamGPDH
In contrast, neither dsGPDH nor dsGFP affected aim&PDH gene expression in
ovarian tissue.
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Figure 2. amGPDHknockdown in fat body and ovarian tissue afteedtipn of dsRNA
directed againsdmGPDHand GFP, respectively. Both themGPDHgene expression in the fat
bodies and ovaries of untreated and ringer-injebtsabs did not significantly deviate from each
other (t tests of log-transformed data: fat body0.R93; ovaries, P=0.177). They serve as
controls and were set to 1. Asterisks indicateiggmt differences (*R0.05, **P<0.01; t test
of log-transformed data).

3.2. Effects of dsRNA sequences on the overall ggpeession in abdominal
tissues

The dsRNA sequences had highly variable impactheroverall gene expression
of the non-target genes in ovarian and fat bodsués.The specific dsRNAs foamVg
and for GFP did not alter the overall gene expression of ha fnon-target genes in
either tissue. In contrast, the dsRNA for the hdmeeyamGPDH homologue had a
strong impact on the gene expression of the evaduggnes in the fat body. Injection of
this dsRNA led to a transcript level decrease @610 the fat body compared with the
gene expression in the ovaries (Figure 3). To ebclypotential differences in
endogenous expression of the nontarget genes betvaeian and fat body tissues that
could confound the observed tissue-specific diffees in gene expression, we
compared the endogenous tissue-specific expresgi@very gene in untreated and
ringer-injected bees (Figure 4). None of the geslaswed a significantly different
expression between the fat body and the ovaribstimexperimental groups.
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Figure 3. Impact of three different dSRNA sequences on gregxpression of four non-
target genes in two abdominal tissues. N numberazsurements. Asterisks indicate significant
differences between the gene expression in honey@ges and fat body (repeated-measures
ANOVA of log-transformed data: P=0.013, F=7.111heToverall gene expression in the fat
body and the ovaries did not differ from the colstr@repeated-measures ANOVA of log-
transformed data—fat body: P=0.380, F=1.109; ogafe0.330, F=1.321).
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Figure 4. Endogenous gene expressioraofSID-1 amATF-2 amCPRandamDHAP-AT
in ovaries and fat bodies of untreated and ringgreted honeybees. Individuals of both groups
did not show differential expression between thaluated tissues for any tested gene (t test of

log-transformed data).

3.3. Tissue-specific effects of dAsSRNA sequencsslected genes

In parallel to the differences in the overall gex@ression across both tissues, we
observed gene- and tissue-specific differenceganstript abundances after dsRNA
treatment (Figure 5). Compared with the controlgedtion of dsGPDH led to an
increasedamATF-2expression in the ovaries and a significantly ceditamDHAP-AT
expression in the fat body. As the tissue-spee@fidogenous expression of both genes
did not differ (Figure 4), it is clear that theention of dSGPDHs led to the altered gene
expression profile between both abdominal tissues.

In comparison to dsGPDH and dsGFP, dsVG injectsulted in a marked (90%)

and specific knockdown cdimCPRmMRNA in ovarian tissue relative to control bees.
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The downregulation oBmCPRin the ovaries was specific for dsVG as the gene
expression ofamCPRwithin this experimental group significantly difeel from all
other dsRNA treatments. HencanCPRexpression in the ovaries was significantly
different from all other evaluated genes (Newman#&@ost hoc test,40.05). Finally,

in contrast to dsGPDH and dsVG, dsGFP did not &algrscript abundances in any of

these four evaluated genes in either abdominaldiss
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Figure 5. Tissue-dependent transcript level of four nongamgenes after the treatment
with one out of three different dsRNAs. The relatigene expression values for pairwise
comparisons of the injection effects on the foun-terget genes in the fat body and the ovaries
were normalized by setting the transcript leveltte control groups to 1. Asterisks indicate
significant differences between the relative exgimes of the non-target gene between the two
tissues (*R0.05, **P<0.01; t test of log-transformed data). Number sigticates significant
differences (#P<0.01; t test of log-transformedajidetween the respective treatment and the
tissue specific control (untreated and ringer-itgddndividuals). Note the logarithmic scale of

the y-axis.
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4. Discussion

The injection of the dsRNA solvent did not have aw®tectable impact on the
studied non-target genes. Therefore, our obsenatiere not the result of a wounding
or septic reaction in response to the ringer impactbut specific responses to our
dsRNA treatments, either caused by sequence horaeslay toxicity of the dsRNA

molecules.

4.1. Tissue-specific response on dsRNA injections

Initially, we determined the relative expressiontloé non-target genes in the fat
body and the ovaries in untreated and ringer-iegeciontrol individuals to ensure that
the shifts in transcript abundance after dsRNAttneat were not just caused by the
differences in the endogenous expression levdieth tissues. In the fat body, the lack
of differential expression amongst the tested geme®ntrol individuals confirms that
the overall downregulation was due to the dsRNAattrent (most strongly for
dsGPDH). The fat body trophocytes are known forN&Riptake (Amdam et al. 2003;
Seehuus et al. 2006) since, among other functibey, are central to the detoxification
and secretion of substances destined for expantgtie Oliveira and Cruz-Landim
2003). Therefore, the fat body contains a suitgasfsport mechanisms designed for the
rapid uptake and release of an array of substdrm@sthe haemolymph. In comparison,
ovaries and more particular follicle cells are lessessible for dsSRNAs (Jarosch and
Moritz 2011) as two dense cellular layers, the mkarsheath (King et al. 1968) and the
follicular epithelial cells (Engels 1968), may ast efficient barriers towards the dsRNA

molecules.

4.2. Off-target gene regulation by dsRNA

We recorded four different dsRNA—off-target genenbmations showing altered
transcript abundances after the treatment. dsGPRikd the expression @mATF-2
andamDHAP-AT dsVG treatment decreased the expressi@an®PRand injection of
dsGFP decreased the expressiommfGPDH Clearly, every dsRNA evaluated in this
study had an effect on a single gene, and one ([@b{pRffected two different non-
target genes. One of those germsDHAP-AT is metabolically related tamGPDH
Both the target and the non-target genes coderfieips involved in lipid metabolism.
The Apis homologue ofGPDH bridges glycolysis and both, the production and
degradation of triacylglycerides. Furthermore, etves as a cytosolic partner in the
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glycerol-3-phosphate shuttle (Brisson et al. 200ajDHAP-AT facilitates the
production of triacylglycerides, which are usedemergy stores and a repository of
essential and non-essential fatty acids (ColemanLae 2004). The downregulation of
amGPDH and, therefore, the inhibition of glycolysis magpve led to a parallel
downregulation obBmDHAP-AT Especially the downregulation amDHAP-ATwithin
the fat body, the tissue where lipids are storezl Q@liveira and Cruz-Landim 2003),
suggests a co-regulation of both enzymes in omleope with the altered energy budget
of the cells. Nevertheless, none of the other dsRijé¢he combinations in this study is
physiologically related in a similar mannerdaoad\GPDHandamDHAP-AT suggesting

that they represent true off-target gene regulation

4.3. Mechanistic reasons for off-target effects

Since the downregulation &mGPDH in the fat body cells by dsGPDH was
accompanied by several non-target effects, theifspgcof both the knockdown and
dsGPDH remains questionable. The non-target dowtagns may have been caused
by sequence-specific cross-hybridizations betwherptocessed secondary siRNAs and
the genes. Nevertheless, all three dsRNAs, allifspaty designed to have no sequence
homology longer than 20 bp with any gene in thedybee genome, showed at least one
unspecific off-target knockdown. Although we cannobmpletely exclude the
possibility of interactions between the secondaRN#s and the evaluated genes, we
still feel it prudent to consider the observed efe particularly those of dsGFP and
dsVG, as sequence-unspecific off-target effects.

In conclusion, we strongly recommend concentragifiigrt on the design of RNAI
effective molecules, combining several dsRNAs fae darget gene and using more
stringent controls when setting up RNAI protocelshoneybees. To rigorously identify
gene functions based on RNAi-derived phenotypesasoméng the mRNA level of
RNAI targeted genes relative to a single non-taggete is clearly insufficient. As this
study shows, treatments with gene-specific dsRNA lead to nonspecific effects,
which in turn may lead to false interpretations thie observed RNAIi-derived
phenotypes.
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Tables

Table I. Primer sequences and corresponding product salgsrifners except thamVG

primers were derived using Primer3; Rozen and $iale2000).

Gene

Method  (Accession- Primer Sequence (5" 2 3) P.rOdléCt
nr) size (bp)
GEPI TAATACGACTCACTATAGGGCGATTTCC
GFP ATGGCCAACACTTGTCA 501
(M62653) GEPI| TAATACGACTCACTATAGGGCGATCAAG
AAGGACCATGTGGTC
AmGPDH GPDH.T71  TACGACTCACTATAGGGCGATGCTGGTT
RNAI (NM_0010149 TCATCGATGGTTT 180
94) GPDH.T7II  TAATACGACTCACTATAGGGCGATACGA
TTTCGACCACCGTAAC
v VGI TAATACGACTCACTATAGGGCGAACGAC
‘Z‘S‘M 90 010115 TCGACCAACGACTT soa
78) VGl TAATACGACTCACTATAGGGCGAAACGA
AAGGAACGGTCAATTCC
amRp49 Rp49l TCGTCACCAGAGTGATCGTT
(NM_0010115 243
87) Rp49ll CCATGAGCAATTTCAGCACA
amSID-1I GCTCGGGCATCAGTTACATT
amSID-1 206
(XP_395167)
amSID-11lL  ACTGCAAGAGCAATGTTCCA
amATF-2I GATTGGACGAAATCGAAGGA
amATF-2 169
XP_393896
(XP_ ) amATF-2ll  TGGTATCCCCTTTCGTCTTG
gqPCR
AMDHAP.AT  @MDHAPI ATTGCAAGTGGAATGGATTT .
(XP_396018)
amDHAPII  ATTGGCATGCAGAAATAGGT
amCPR amCPRI AATTGAAGGTGCAGGAGAAG
(XP_0011199 464
49) amCPRII GAACATGAGTGCGTGGATTA
GPDHIII ACGGGCAAGAAAATCTCTGA
amGPDH 172
GPDHIV CCATAGGCATTGTCTCACCA
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Abstract

In spite of the availability of the honeybee genomethe genetic switches
controlling worker sterility and the reproductive monopoly of the queen still
remain elusive. We here use Cape honeybee workei&p{s mellifera capensis) as a
test system to study the genetic basis for reprodtice dominance because they are
able to lay unfertilized diploid eggs even in the ggsence of the queen. The
cytological mechanism that restores egg diploidy dad thelytokous
parthenogenesis as well as other reproductive tratwere shown to be under the
control of a single locus on chromosome 13. Thisg®n with a length of about 11.4
cM comprises 15 annotated genes. The expressiontloése genes was assessed using
sterile and reproductive workers and fully reprodudive queens, to study their
functional role in individuals with different repro ductive capacities. Indeed, more
than 40 % of them were expressed in a caste specifnanner. Apart from the well
studied gemini gene which controls the egg-laying capacities ofon-capensis
workers by alternative splicing, a second candidatgene has been identified, which
might be involved in the Insulin-signalling cascadethat has been shown to be

important for reproduction caste determination.

Keywords: Real-Time PCRth locus; eusocial insects; caste determination
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Introduction

Eusocial hymnopteran insect societies are charaeterby a reproductive
division of labour (Wilson 1971). Queens monopolzating and reproduction, whereas
workers refrain from reproduction and instead rdlse offspring of the queen. Kin-
selection has been suggested as the most plawsiblationary force stabilizing the
eusocial structures of insect colonies (Hamilto864), as workers are more closely
related to their half-sisters than to the offsprofgthem. Since workers are unable to
mate, they only produce unfertilized, haploid egbst develop into males via
arrhenotokous parthenogenesis. But, as such wogkeoduction is in conflict with the
other workers’ interests it only scarcely occurshiifield 2002). The low rates of
worker ovipostion are due to pheromonal controlboth the queen and her brood
(Slessor et al, 1988; Winston and Slessor 1998velleeless, selfish reproductive
workers exist and they are able to lay up to 7 %thad colony’s male eggs (Visscher
1996). However, less than 0.01 % worker laid eggnwially develop into adult drones
(Visscher 1989; Ratnieks and Visscher 1989), becawproductive workers are
aggressively confronted (Visscher 1995) and paiiciorkers remove and cannibalize
the worker laid eggs (Ratnieks and Visscher 18&nieks 1988) .

Cape honeybeed\pis mellifera capensjsindermine the reproductive monopoly
of the queen. Workers of this subspecies are ablgdduce diploid female offspring
(Onions 1912) by thelytokous parthenogenesis (Veam Ruttner 1983) even in the
presence of a queen. Because of an automixis weitiirad fusion and an extremely
reduced rate of crossing over (Moritz and Habe841 Baudry et al.2004) this way of
reproduction causes relatedness close to unity degtwlaying workers and their
offspring (r=1) which is much higher than amongeysysters (r=0.75). This altered kin
structure favours selection of reproductive work@seef 1996), which produce clonal
offspring. These clones can be raised as new qudtargz et al. 1996) or can re-queen
gueenless colonies (Holmes et al. 2010; Moritz let2811). Moreover, parasitic
thelytokous workers invade queenright foreign caenkill the resident queen and,
establish themselves as pseudo-queens (NeumannManitz 2002). This colony
takeover is possible because host workers do moigreze the absence of the queen
since the parasitic workers produce queen-like artsoof the queen substance 9-Oxo-2-
decenoid-Acid (9-ODA) (Ruttner et al. 1976; Hemrglia979; Crewe and Velthuis
1980; Wossler 2002; Simon et al. 2001; Sole et2@D2; Dietemann et al. 2007).

Moreover, worker laid eggs have a lower remova & policing is less frequent than
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in normal honeybee colonies (Moritz et al. 1999)reke of these pseudoqueen traits of
cape honeybees (ovary activation, 9-ODA productibalytoky) have been shown to be
under pleiotropic control of a single recessiveukbcthat has been mapped to
chromosome 13 (Lattorff et al., 2005; 2007). Pseueéen workers are however also
found in normal arrhenotokous colonies (Sakaganti8l9Therefore, the molecular
switch controlling the thelytoky syndrome in Cammbéybees is necessarily the same as
controlling reproductive castes in arrhenotokousspecies.

The mapped region including thie locus comprises 15 annotated genes (Lattorff.et al
2007; Figure 1). Althouglyemini has been shown to be the central gene controlling
ovary activation(Jarosch et al. 2011) the role of the remaining édeg has not been
evaluated in queens and workers so far. Especiatlys 410417 which encodes a
receptor protein tyrosin phosphatase (RPTP) mighbhbinterest. The RPTPs form a
subfamily of the classical protein-tyrosine phospbkas (PTPs) that exclusively
dephosphorylate phosphotyrosine (pTyr) in targetgins (den Hertog 2004). One of
such PTPs (PTP-1B) has a major role in modulansglin sensitivity in mice (Elchebly
et al. 1999) probably by dephosphorylating flasubunit of the insulin receptor (IR,
Lammers et al. 1997). IR homologuedirosophila melanogastare central regulators
of growth, metabolism, longevity and reproducti@afafalo 2002 and citations within)
and are therefore candidates for caste determmatiboneybees as well. Indegpis
homologues of IRs as well as other genes of thelimssignalling pathway are
differentially expressed between worker and queerak (Wheeler et al., 2006; Patel et
al. 2007; Azevedo and Hartfelder 2008) and ad@rgna et al. 2007). Measurement
of the gene expression of RPTP and of the remaifhithgienes annotated within the
thelytoky region in different castes and different reprotkgcstates of arrhenotokous
workers might provide additional knowledge on thenefic control of reproductive

hierarchies in honeybees.

73



4. Molecular characterization of thHelocus

Locus homology conserved putative function
Ig 1 3 domain
. 410423 hypothetical protein -
O CM 408407 coiled-coil domain-cantaining
protein 72 homolog
410422 dihydrofolate-reductase cd00209 thymidilate synthesis and
DMNA replication
30 cV] ==t P
& B0t 408406 cyclin dependent kinase 4 cd01276; control of cell-cycle
od07838 progression, transcription
—& ATO12 and neuronal function
B0 CV] =—tfp— 552670 similar to CG2862-PA, isaform A cd01276
408405 pawn pfam07974; EGF-CA superfamily
clog941
90 CM —— 725501 tungus; N-terminal glutamine ¢d07557, leaming and memory
amidohydrolase pfamD9754
410419 dUTP pyrophosphatase - dUTP metabolism
1 20 CM - 410420 isochorismatase domain-containing pfam00&57 hydrolase
pratein 1-like
725426 hypothetical protein
410418 gemini cd09537; transcription factor
150 cM =g pfam04516
725247 tRMNA-specific adenosine cd01285 desamination of
deaminase-like protein 3-like nucleosides; mRMA
1 80 M pracessing
¢ 410417 receptor-type tyrosine-protein cd00047 signal transduction
(+100577348) phosphatase S-like
552578 hypothetical protein
21 O CM . 410416 hypothetical protein (ATF-2) - - {franscription factor)
(+100576489)
Amel 4.5

Figure 1. Location and candidate genes of thaegion on chromosome 13 based on
Amel 4.5. Characterising genetic markers are giverthe middle. Homologies, conserved
domains and putative functions of the 15 candidatees associated with the thelytokous mode
of parthenogenesis, the production of queen-likeumts of 9-ODA and the early onset of egg-
laying are given in the table. Italic marking starfidr the former functional classification of the

respective gene in Amel 4.0 (Consortium HGS 2006).

Results

The majority of the evaluated candidate genes wé#srehtially expressed
between castes and between different reproductatessof the worker caste in the
arrhenotokous subspecigs m. carnica Only three genes (loc410420, loc410416,
loc410419) were expressed independent from theiatesd phenotype (Fig. 2).

loc410420 " loc410416| " loc410419

= == OO @ = = * g Mean
Mean*SE
p=04644 . p=03942 - p=0,1157 - T Mean0,95 Conf. Interval

sterile worker queen sterile worker queen sterile worker queen
laying worker laying worker laying worker

efficiency corrected relative
gene expression
L oaNMNwAEOO
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Figure 2. Efficiency corrected gene expression of loc410425410416 and
loc410419. None of the evaluated genes show afisigmnily altered gene expression neither in
workers with different reproductive states nor iffedent castes. P-values are given within each
figure separately (Kruskal-Wallace ANOVAS). The geexpression of reproductive workers

and queens was normalized to mean values of stesilkers, which was set to one.

The transcript abundances of two putative genes/2850, 1oc408407) were
correlated with different ovarian status of workeres. Whereas locus 72550 was up-
regulated (10fold) in worker bees with developedr®s, the mRNA level of locus
408407 was significantly decreased by more therir8s. In both cases queens and
non-reproductive workers exhibited the same trapisgrattern (Fig. 3I). Six of the
putativeth genes were expressed in a caste specific manwer.of them (loc725426,
loc410422) were up-regulated in laying queens, edithe transcript abundances of
the other four (loc552578, loc410418, loc410423 ked08406) were down-regulated
by more then 100 times the maximum (loc408406).(8if. The remaining three genes
were regulated in the very same way. Egg-layingviddals (workers and queens)
showed a decreased transcript abundance of thectesp genes, compared to sterile,
non-laying individuals (Fig. 3l11).

Expression of locus 725247, which was formerly dateal as exonic region of

locus 410418, was not detected in our samples.
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Figure 3. Efficiency corrected expression of differentialékpressed genes in the
thelytokyregion. The gene expression of reproductive warleard queens was normalized to
sterile workers, whose mean gene expression was eek. Different letters indicate significant
differences between the evaluated groups. Capitalldetters refer to the applied statistical test
(capital letters: One-way ANOVAs with log-transfaeth data and Newman-Keuls Post-Hoc
tests; small letters: Kruskal-Wallace ANOVAs andltiple comparisons of mean ranks).

I, relative gene expressions of 1oc72550 and 1048@8wvhich correlate with different
worker phenotypes.

II, relative expression of six genes within ttielocus, whose transcript abundance is
associated with the phenotypic plasticity of diffier castes.

I1l, transcript abundance of three candidate gevidsn theth locus, which is correlated

with different reproductive worker states as wellcaste specific phenotypic differences.

Discussion
Caste specific phenotypic plasticity in honeybegsai result of differential
feeding, including both the quantity as well as ¢joality of the food offered to queen

and worker destined larvae (reviewed in Rembold4i®Gmakura 2011). Subsequent
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physiological and behavioural differences are prunédifferential expression of gene
sets orchestrated by juvenile hormone (JH) (revievbg Smith et al. 2008) and
epigenetic modifications (Kucharski et al. 2008kayet al. 2010).

Massive caste specific gene regulation has beenrshohoneybee brains. Here
more than 2000 genes, which represent almost 40 & evaluated genes, have been
shown to be differentially expressed between questts workers (Grozinger et al.
2007). The same ratio was observed for the exnesdithe 14 detected transcripts in
this study. Six genes (= 43 %) were differentiaipressed between different castes.
This includes locus 410418, which encodesgéminitranscription factor belonging to
the CP2 transcription factor family and which haset shown to control ovary
activation in arrhenotokous honeybee workers bgriadttive splicing (Jarosch et al.
2011). Moreover, simultaneous alternate splicingtwd exons ofgemini in Cape
honeybees correlates with both, the queen like gtigpe of the intrasocial parasite and
the mode of worker parthenogenesis, strongly suggeshat geminiis involved in
controlling the thelytoky syndrome.

Nevertheless, the expression differences of theair@ng genes located within
theth locus might be important in regulating ovary aation. The transcript abundance
of a subset of three genes correlatgth the reproductive capacity of the individual
(worker non-reproductive < worker reproductive <eqn) suggesting that they are
somehow involved in the regulation of reproductiverarchies. The expression pattern
of these genes is similar the pattern of transalpindance in brains of workers in
getting a more queen-like expression when becomapgoductive (Grozinger et al.
2007).A particular promising candidate gene is locus 470#hich encodes a receptor
type protein tyrosine phosphatase (RPTRPTP orthologs in other organisms are
involved in insulin-signalling cascades (Elchebtyak 1999; Lammers 1997), which in
turn regulate growth, development, metabolism aegraduction (Garafalo 2002,
Brogiolo et al. 2001). Mutate®rososphilainsulin receptor homologues yield adults
with a severe developmental delay, a female-stphiEnotype and a growth-deficiency
(Chen et al. 1996; Brogiolo et al. 2001; Tatar le2801). These phenotypes strongly
resemble those seen in syndromes of insulin-resistar IGF-I receptor deficiencies in
higher organisms (Moller and O"Rahilly 1993; FIE993; Taylor and Moller 1993),
suggesting an evolutionary conserved function ffier insulin receptor pathway in the

regulation of growth and body size from insectshtanans (Chen et al. 1996). In
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Drosophilathe actual level of activity of the insulin pathyveeflects the provision of
food (Garafalo 2002).

In honeybees, nutrition has long been known to robrihe caste fate of the
totipotent female larvae. According to caste speciiets gene expression is suggested
to be regulated by insulin/insulin-like-growth-factl (IGF-1)-like signalling pathways
(Wheeler et al. 2006; Corona et al. 2007; Patal.e2007; de Azevedo and Hartfelder
2008). Up-regulation of the RPTP gene located witte th locus is similar to the
regulatory mode of genes coding for different inslike peptides and IRs in queen and
worker larvae in critical stages of caste developinide Azevedo and Hartfelder 2008).
Thus RPTP might be an important, upstream layimgglegdory gene, which modulates
subsequent IRs by dephosphorylating phosphotyresateording to the nutritional
status. This in turn might be an interesting clowards the understanding of the
molecular background controlling thelytoky in Capeneybees. Here workers get
preferentially fed once they are artificially inthaced in foreign colonies (Beekman et
al. 2000). This preferential feeding in combinativith other behavioural and
physiological pre-dispositions increases their edpctive potential (Neumann and
Hepburn 2002; Zheng et al. 2010). Thus, this laoight provide the link between the
environmental benefit of preferential feeding ark tsubsequent gene regulatory
network leading to the parasitic phenotype of Capeeybees.

Materials and methods

Honeybee sampling

A. m. carnicaworker and queen bees were held at the apiarjhefMartin-
Luther-University Halle-Wittenberg. Workers, bot#productive and non-reproductive
were sampled from small, hopeless queenless calaovith about 2000 workers. Every
four days these colonies were checked for queds, aghich were destroyed. After
massive productions of drone brood about 250 werikere randomly sampled, ovaries
dissected and stored in RNAlater for subsequenteoutdr analyses. .Am. carnica
gueens were reared with standard apicultural tectesi and held in small nuclei
containing about 400 worker bees until day 4 atfier onset of egg-laying. All bees,
workers and queens, were sacrificed by flash-freem liquid nitrogen and stored at -
80 °C.

Tissue preparation and RNA extraction
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Worker ovary activation was classified accordingHess (1942), by pooling
classes 1 and 2 as “inactive” and 3 to 5 as “aiet/a Inactivated ovaries from three
workers were pooled to allow for the amplificatiohrare transcripts. Worker (inactive
n=30; activated n=9) and queen (n=9) ovaries wearually homogenised using plastic
pestles followedby an RNA extraction using the d&ad Qiazol (Qiagen) protocol with
subsequent Dnase (Promega) digestion. RNA quahty gquantity was assessed by
photometry. Equal amounts of RNA were immediatelyerse transcribed with M-MLV
H-Point Mutant Reverse Transcriptase (Promega)gusiigo-dT Primer (0.5 pg/ul;

Promega) according to the manufacturers” instrastio

Semiquantative Real-Time PCR

Semiquantitative Real-Time PCR to quantify the saipt abundance of the 15
candidate genes we conducted using Sybr-Green g@ioassays following the
manufacturers” instructions. Each sample was rudujplicate. The Real Time PCR
cycling profile consisted of 3 min incubation at 95, followed by 39 cycles of 15 sec
at 95 °C and 30 sec at 55 °C for annealing, 30atet2 °C for extension and data
collection. Melting curve analysis was performedamzn 50 °C and 90 °C, reading the
fluorescence at 1 °C increments. Additionally, thaity of the PCR products was
visually verified by capillary gel electrophoregi®iaxcel; OM500). After baseline
subtraction using the Global Minimum Trend opti@tt) values were calculated by the
Opticon Monitor 3 software (Biorad), using a singiandard deviation over cycle

range.

Data analysis

The relative gene expressions of thegenes were calculated as the efficiency
corrected gene expression of the target genes cethpa the efficiency corrected gene
expression of the mean of the two the house kgegemesamGpdh(NM001014994)
and amRp49 (AF441189.1). The PCR efficiencies of every PCRodpict were
determined by pooling cDNA from every sample usedhie calculations. After serial
dilutions covering a 10fold template dilution range, gene and assay fipeBCR
efficiencies were determinggfaffl 2001). Data were log-transformed to gaimoamal-
distribution. Those genes still deviating from nairdistribution were analysed by non-
parametric Kruskal Wallace Anovas with subsequenttiple comparisons of mean

ranks. Those genes showing a normal distributioreva@alysed by one-way ANOVAs
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with subsequent Newman-Keuls Post-Hoc tests. The tf the respectively applied
statistical test is given within each figure.
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Tables

Table 1 Primer sequences, product sizes and PCR effi@srai the annotated genes
(Amel 4.5; Consortium HGS, 2006) situated withia ti-locus.

Product PCR ) )
Gene/locus ] o Primer sequences (FW) Primer sequences (RV)
size (bp) efficiency
amGPDH 183 2.0 GGATCAGGAAATTGGGGTTC  CGGAAGCTTATGTCCTGGAA
amRp49 243 1.9 TCGTCACCAGAGTGATCGTT CCATGAGCAATTTCAGCACA
410423 209 226 GGTGCCGGTTCTCACCTGCC TGTCCTCCTCCTCGCACGGG
408407 154 1.86 TGTCTGGTCGTGAAGGAGGT GGTCCTCTTTGACTTGCTTTC
410422 241 1.73  TATTGATGGGACGTAGAACA AATCGGTAAAAATTTGGAGA
408406 180 227 CCCCACGCCGCCCAAGAAAT TTGGTTTCCGACGCGCTCCC
552670 166 1.84  TATAAATGCTCAAGCACCAG GATAACCAAACGAAAACCAT
408405 149 199 GCGACCAGCGTTCCAACCGA TAGCGATCGGCAGGGGCTGA
725501 206 185 TGGCCGGGGAGACTCGTGAA TCGCCAAAGTGGTACGCTACGC
ACCGAATCCTCCATCTCCTCTGT
410419 231 1.72 GCACCGCGTTCAGGATTGGC or
GGTGCCAAAGGACCATTTGAAA CCTTGTGTTTTGCATCTGCCAACA
410420 316 1.89
AGACA GT
TGGTTTTCGATGCAACAAACCC TGCATAGTCAAATCATTGCCAGG
725426 202 2.07
TCCA CATC
410418 204 218 TAGTCGCTTCAACGCATTTG AGGCGACTCTCCAAAGTGAA
125247 341 - GGGGGTGCTTGGAGGTTGGA ATAGCGCAGAGAGGGCACGG
410417 266 2.1 AACACGCCGCAAGGGCGTTA CGACCGGTTGGGGAACCAGC
552578 288 223 CGCGTCCATCATCGGGGTCG CTCAGCCCGCCACAAAGGCA
410416 168 216 GATTGGACGAAATCGAAGGA  TGGTATCCCCTTTCGTCTTG
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Abstract

In eusocial insects the production of daughters igenerally restricted to
mated queens, and unmated workers are functionallgterile. The evolution of this
worker sterility has been plausibly explained by kin selection theory [Hamilton W
(1964) J Theor Biol 7:1-52], and many traits havewslved to prevent conflict over
reproduction among the females in an insect colonyn honeybees Apis mellifera),
worker reproduction is regulated by the queen, brod pheromones, and worker
policing. However, workers of the Cape honeybeeApis mellifera capensis, can
evade this control and establish themselves as sacparasites by activating their
ovaries, parthenogenetically producing diploid femke offspring (thelytoky) and
producing queen-like amounts of queen pheromones.llAthese traits have been
shown to be strongly influenced by a single locusnochromosome 13 [Lattorff
HMG, et al. (2007) Biol Lett 3:292—-295]. We screedethis region for candidate
genes and found that alternative splicing of a genbomologous to thegemini
transcription factor of Drosophila controls worker sterility. Knocking out the
critical exon in a series of RNAiI experiments resteéd in rapid worker ovary
activation—one of the traits characteristic of thesocial parasites. This genetic
switch may be controlled by a short intronic spliceenhancer motif of nine
nucleotides attached to the alternative splice sitd he lack of this motif in parasitic
Cape honeybee clones suggests that the removal ahen nucleotides from the
altruistic worker genome may be sufficient to turna honeybee from an altruistic

worker into a parasite.

Keywords: caste determination, cuticular protein 2-familgng expression
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Introduction

The evolution of a sterile worker caste in eusolejahenoptera has been plausibly
explained by inclusive fitness theory (1). GengralNorkers refrain from reproduction
as a result of intracolonial reproductive hieragshi Ovary activation in honeybee
workers Apis melliferg is inhibited by the pheromones from the queen thiedbrood
(2). In addition, the multiple mating of the queand the coexistence of many half-
sibling subfamilies in the colony facilitates werkpolicing, where workers remove
eggs laid by other workers (3), leading to <1% ofker-laid offspring (4).

These mechanisms often fail, however, to contrakeworeproduction of the Cape
honeybee Apis mellifera capensisin this subspecies, laying workers can functsn
social parasites invading foreign colonies, killitige resident queen and establishing
themselves as pseudoqueens (5-7). The proximatbamiems for this parasitic life
history strategy are well understood (8). Paragiseudoqueen workers produce a
gueen-like pheromonal bouquet indicating the presef a queen to the host workers
(9-13). Moreover, the diploid offspring of the psiteing workers produce brood
pheromones, suggesting the presence of a layingngue the host workers and
preventing these workers from activating their a&rFinally, the diploid eggs laid by
the parasitic workers are not policed as predidtgcevolutionary theory (1, 14). A
single locus termed thelytokyhj is thought to control this parasitic life histastirategy
(15). Workers that are homozygous for theallele produce parthenogenetic diploid
offspring, have rapid ovary activation, and produpesen-like pheromones. Thk
locus, which has been mapped to a region spanriing dV comprising 15 genes on
chromosome 13 (16), is thus in control of the thessential characters that facilitate
social parasitism. Because transcription factorsitrob several traits within one
organism, the two transcription factors in thisioeg[ATF2 (XM_393896) andCP2
(XM_001121158; XM _393898)] were considered to bémpr candidate genes to
control the parasitic worker phenotypeAn mellifera Because th&TF2 homolog did
not show differential expression between differeadtes (Fig. S1), and members of the
CP2 transcription factor family were differentially engssed between queens and
workers in both the honeybee (Fig. S1) and theglstss beeMelipona quadrifasciata
(17), we focused on the CP2 transcription factothasprime candidate for thb locus
in honeybees. This transcription factor is homoleytm thegemini(= genitalia missing)
locus inDrosophilamelanogaste(18), which was shown to interact with the Spirgle

protein CG12114 (19). This protein has a minus @nected microtubule activity, and
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is involved in oocyte axis determination and oocytacrotubule cytoskeleton
organization. This is of particular interest, ag ttestoration of diploidy inA. m.
capensisvorker eggs is caused by an abnormal spindleiootduring meiosis (20).

The functional diversity of several CP2 transcaptifactor family members is
derived from alternative splicing leading to tissaad stage-specific isoforms (21). We
show that alternative splicing of the honeylgeeninihomolog as a general mechanism
for generating functional diversity of transcriptidactors (22) provides the genetic

mechanism for théh locus to affect reproductive dominance of honeyleskers

Results

Comparing thgeminisplice patterns of laying and nonlaying thelytokevorkers
(A. m. capens)swith those of laying and nonlaying arrhenotokousrkers A. m.
carnica) yielded different transcript isoforms at exoarid exon 7 (Fig. 1).

Exon 5 is a cassette exon with two mRNA splice asos—the full-length
transcript and a shorter transcript with a delewdry8 bp. The deletion of these base
pairs does not affect the ORF and leads to a petatiotein shortened by 26 aa. Exon 7
contains two alternative 59 splice sites. The fsite causes a deletion of 59 bp with a
shift in the reading frame. The resulting isoforomtains a stop codon in exon 8 and has
therefore an incomplete DNA-binding domain lackihg C-terminal protein domains.
Quantification of this transcript was not possilife our samples due to its low
abundance. The second splice site results in dialelef 24 bp (S7 transcript form in
Fig. 1) and the loss of 8 aa in the putative DNAding domain spanning from exon 7
to exon 9. Both splice forms of exon 5 and exoneresfound in combination with each
other (Fig. 1).
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I}

| |
i —iHHH

J alternative splicing

+5/L7 isoform
+5/S7 isoform

-5/L7 isoform

-5/S7 isoform

500 bp

Fig. 1. Diagram ofgemini(introns as lines, exons as boxes) and its foesnpiRNA splice
products. Arrows indicate the alternatively spli@ns. +5, isoform with exon 5; -5, isoform
lacking exon 5; L, long isoform of exon 7; S, shiedform of exon 7. Exon 5 (yellow) is present
in the first two isoforms but absent in the otheot The length polymorphism in exon 7 is
shown in orange. Spliced intronic regions are ligfaty. Exon numbering refers to the annotated
transcript XM_001121158.1 (National Center for Bwinology Information; Nucleotide

Database).

Semiquantitative RT-PCRs revealed that the splateems of exons 5 and 7 were
characteristic of the different reproductive staieghe tested queens and workers (Figs.
2 and 3, Fig. S2, and Table S3), and of the diffeneodes of parthenogenesis. In laying
arrhenotokous queens that served as positive dsrfop fully reproductive females,
both the spliced and the full transcripts were pozdl for both exons (Figs. 2 and 3,
Fig. S2, and Table S3). Arrhenotokods m. carnicaworkers showed a different
pattern. Workers with undeveloped ovaries exclugiy@oduced the full transcript
containing exon 5, whereas laying workers almostlusktvely produced the splice
product lacking exon 5. Exon 7 predominantly showresl long splice variant in both
reproductive states, although both isoforms wengessed at a higher level in laying
workers. Thelytokou&. m. capensisiorkers (homozygous at thie locus), both laying
and nonlaying, produced both transcript forms adrek in a pattern similar to that of
the queen. In this subspecies the different sydatéerns of exon 7 rather than exon 5

matched the two reproductive states. When the esgdattern of thelytokous workers
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was similar to that of nonreproductive arrhenotakomorkers, they did not have
activated ovaries. However, when the exon 7 sgipathway was similar to that of the

gueen, workers were egg layers.
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Fig. 2. Transcript ratios of alternate transcriptsgeimini (mean values + SE; log scale).
(A) Exon 5-missing transcripts (=5) in relation éxon 5-containing transcripts (+5). (B)
Unspliced exon 7 transcripts (L7) in relation to4-% deletion exon 7 transcripts (S7):
arrhenotokous workers in blue (dark, nonlayinghtigegg laying), thelytokous workers in
green, and arrhenotokous laying queens in blacKfeldnt letters indicate significant
differences (X 0.05).
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Fig. 3. Transcript ratio 2D scatterplot with 0.6 confideralipses of algeminiisoforms.
The ratio of exon 5-deficient transcripts in redatito exon 5-containing transcripts are plotted
on the x axis, whereas the ratio of unspliced pced exon 7 transcript are plotted on the y
axis. All of the values were log transformed beftirey were plotted. All of the tested groups
apart from queen and reproductikem. capensigvorker samples significantly differ from each
other (one-way ANOVA F = 29.33; df = 4; 0.001 and Newman— Keuls post hoc tests P

0.01). Every symbol stands for a single individual.

To rule out the possibility that the splice pattefrgeminiwas simply correlated
with different reproductive states of workers, weog&ked down the level of transcripts
containing exon 5 imM. m. carnicaworker bees by undertaking a series of siRNA
feeding experiments to change the ratio of exorporiaining/missing transcripts.
Therefore, workers were fed daily with two siRNA=esific for the 3" and 5 end of
exon 5 for 14 d. The abundance of transcripts @oinig exon 5 was reduced >90%
(Fig. 4) by this treatment. Moreover, although #irindance of transcripts containing
the shorter variant of exon 7 was lower in thettrest group compared with workers
fed with nonsense siRNA, the ratio of exon 7-migdim exon 7-containing transcripts

did not change significantly. Nevertheless, thenekoknockdown bees had a higher

93



5. Alternative splicing ofiemini

reproductive capacity, showing ovaries with swollrarioles and mature eggs that

were significantly more frequent than in the vas@ontrols (Fig. 5).
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Fig. 4. Relative gene expression of glémini transcripts after exon 5 knockdown by

RNAI. (A and B Left) Gene expression of the traipgsr containing or missing exon 5. (Right)

Gene expression data on exon 7. (A) Relative gapesssion of differengeminitranscripts.

The transcript expressions were normalized to atdétebees whose transcript expression was

set to 1. The asterisks indicate a significantud expression of transcripts containing exon
5 after the feeding of exon 5-specific siRNAs (P.@1; Kruskal-Wallace ANOVA and multiple

comparisons of mean ranks for all groups). (B) Espion ratios of spliced vs. unspliced

transcripts shown on a logarithmic scale. The m$tendicates a significantly shifted exon 5

transcript ratio toward the shorter isoforms of e¥o(P < 0.05; Kruskal-Wallace ANOVA and

multiple comparisons of mean ranks for all groups).
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Fig. 5. RNAi-mediated exon 5 knockdown and the resultingarg activation in
arrhenotokou#\. m. scutellatavorkers from two different colonies treated wg@minispecific
SiRNA (n = 72), scrambled siRNA (n = 69), or sugater (n = 79). (A) The frequency of
reproductive workers in the three treatment grodipe knockdown by the combination of two
transcript specific siRNAs leads to a significantrease of reproductive workers shown by
different letters (P< 0.05, Mann-Whitney U test tests with P values extigd for multiple
testing). (B) Dissected worker ovaries were clésgifas developed when the ovarioles were

swollen and mature eggs visible (Upper) or as ueld@ed (Lower).

Sequencing the coding regions gémini in arrhenotokous and thelytokous
workers and in arrhenotokous queens yielded n@raiffces in the overall sequence.
Hence these regions themselves cannot functiomesltelic forms of theh locus.
Therefore, we sequenced all noncoding regiorgeaiinj including the promoter region
and the introns flanking the alternatively splicedons. No consistent sequence
differences were found in the promoter region andthe nonflanking introns.
Furthermore, sequencing the flanking intronic ragiof exon 7 did not reveal any
consistent sequence differences between arrhenatokad thelytokous subspecies.
Only in the downstream intron flanking cassette reX» (the putative molecular
thelytoky switch), a consistent deletion of 9 bp GBAAACGATG-3") was found in the
parasitic Cape honeybee clone (Fig. S3). We nanmesl deletion thethelytoky
associated element {tael). Both arrhenotokous subspecies, the Europ@&amm.
mellifera and the AfricarA. m. scutellatashow the identical intronic sequence in this

region, confirming that it is not just a markerttigacharacteristic of African honeybees.
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This tael sequence shows a very high level of purines (7Y.8&mpared with the
purine content of the whole intron (50.47%).

Discussion

In eusocial insects, caste-specific phenotypictigifg and worker reproduction
are controlled by differential gene expression (234) maintained by epigenetic
modifications (25, 26) and caused by differentesding of queens with royal jelly (25,
27). This study reveals another genetic mechartisincontrols reproductive dominance
in honeybees: different transcript isoforms of gk transcription factor generated by
alternative splicing, to control the reproductiveypiology of this eusocial insect.

Characterization and quantification of honeygeeniniisoforms revealed that the
abundance of four processed transcripts correspondté different ovarian states of
workers and also with different castes. Furthermkmn®ckdown experiments iA. m.
carnicaworkers revealed exon 5 to be causative in reigglahe ovarian development
in arrhenotokous workers. This knockdown leadsnt@léeration in the ratio of exon 5-
containing and exon 5-missing transcripts, whidbssguently controls the onset of egg
laying. We did not observe such a shift in the eXerontaining/ missing transcripts,
suggesting that exon 7 is not involved in the auntof ovary activation in
arrhenotokous bees.

In addition to the control of ovary activation, theappedth locus controls the
production of queen-like amounts of 9-ODA, the qusebstance (16). This pheromone
suppresses worker reproduction in arrhenotokousspmdies and ensures the
reproductive dominance of the queen. Furthermbwe very same locus is responsible
for the thelytokous production of diploid workerdaeggs (16). Because the alternative
splice pattern ofjeminiis characteristic for both the queen pheromonahptype and
the thelytokous mode of parthenogenesis in workees,suggest thagemini and its
altered transcripts are also important for theagsti(although we did not prove this by
knockout experiments as for ovary activation). Ae showed that exon 5 directly
affects ovarian development, we expect the shat@m 7 in combination with a
specific expression ratio of exon 5 to be respdesior both the caste-specific
reproductive dominance in arrhenotokous honeybeeciep and the thelytokous
production of diploid offspring. One possible imgestation of the data (among many
others) is a simplistic two-exon regulatory modElg( 6) to explain this complex

network. We suggest that splicing of exon 5 aneéram threshold ratio of unspliced
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vs. spliced transcripts directly controls the sliftovary activation in arrhenotokous
subspecies. To be consistent with our model, sigiaaf exon 5 alone should be
insufficient to exhibit the full pseudoqueen phepet in thelytokous Cape honeybees.
The abundance of transcripts missing exon 5 diffdightly between laying and

nonlaying thelytokous workers, but is well belowe tthreshold that governs ovary
activation of arrhenotokous workers; it may noffisidntly vary to serve as a switch for

ovary activation in thelytokous workers. As thekaas worker groups produce both
splice variants of exon 5 qualitatively similar toat of arrhenotokous queens, we
propose this queen-like level of exon 5 to deteemihe mode of parthenogenesis
(thelytoky). Additionally, the differences in thelge products of exon 7 between
laying and nonlaying thelytokous workers suggeat #iternative splicing of exon 7 is

involved in ovary activation in thelytokous workeReproductive thelytokous workers

may reduce the relative abundance of the long ékamd 5 when exploiting a host,

thereby completely resembling the queen spliceepaftor both exon 5 and exon 7 (red
gueen line in Fig. 6).

the queen line

arrhenotoky . .
— — = thelytoky sterile P sterile
/
/
+ long /7
% ——u= E7 ¢
N
- short X N
N
N,
laying laying

Fig. 6. Double-exon regulatory model for controlling workeproduction by alternative
splicing of exon 5 (E5) and exon 7 (E7) gémini The expression of different transcript
isoforms is dependent on the worker's reproductstatus and the mode of worker
parthenogenesis (solid line, arrhentoky; dotted, lthelytoky). The red line represents the splice
pattern of the queen (queen line) that expressstanscript isoforms for both exons. Minus
(=) or plus (+) signs indicate the absence or presef exon 5. Long or short indicates the
unspliced or spliced isoform of exon 7.
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The missing protein domains of the spliced trapgsnmay essentially modify the
access ofgeminito different DNA-binding domains of other genedjieh eventually
result in the observed phenotypic differences. Exas part of the CP2 DNA-binding
domain, and the deletion of 8 aa is expected te lmvimpact on the DNA-binding
capacity of the resulting protein and thereforetlmn worker phenotype. Similar effects
have been shown in humaBP-1d (UBP-1, another CP2 member) transcript isoforms
that have a deletion in the putative DNA-bindingr@din, generated by alternative
splicing. Those transcripts are no longer ableino IDNA and repress DNA binding of
other isoforms by forming heteromers (28). Becaug® 5 is not part of the CP2 DNA-
binding domain, a mechanism other than DNA bindmgst control the molecular
switch controlling the onset of egg laying. A commmechanism for controlling the
action of transcription factors is the alteratioh dimerization domains that cause
isoform variability (22). For example, igrainyhead another member of the CP2
family, a mutant lacking the N-terminal activati@omain binds to the full-length
grainyheadisoform and hence inhibits its ability to homodnme (29).

To further understand the mechanisms controllimgaibserved splice patterns, we
sequenced all noncoding regionsgaiminj including the promoter region, which may
also comprise sequence stretches necessary forate@plicing (30-32). We did not
observe any consistent sequence differences imdah8anking intronic regions or in
introns flanking exon 7. However, all parasitic Edpneybee workers share a common
deletion of 9 bp in the flanking intron of exon Bhketexon that controls ovary activation
in arrhentotokous honeybees and that is differdyspliced in thelytokous honeybees.
Both Europea\. m. melliferaand AfricanA. m. scutellatashow the identical sequence
without the 9-bp deletion in this flanking introegnfirming that it is not only a marker
of African honeybees but perhaps the functiona stintrolling the mode of worker
parthenogenesis. Interestingly, and similar to wotimeronic splice enhancer (ISE)
motifs, thisthelytoky associated elementthel) sequence is purine rich and short in
length. Differential splicing has repeatedly beé&oven to be controlled by such ISE
motifs located downstream of alternate exons (3B, Ihe 9-bp deletion iA. m.
capensismay therefore have far-reaching effects on theesdite recognition of the
upstream laying cassette exon 5. As this was theaamsistent sequence difference we
found in the four flanking introns of the splicexbes, it might be possible thatelnot
only affects the exon 5 switch but also the spgiaifi exon 7, as it has been shown that

more distant splice regulatory motifs can contygicsng of non-neighbor exons (32).
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Predictions of the secondary structure of introf 6f geminisuggest that this sequence
is part of a stem/loop conformation (Mfold) (35).itWthe deletion of this motif, the
stem integrating the relevant bases is predictedlisappear. This conformational
change might influence the pre-mRNA splicing praceis different mechanisms (36).
Either structural elements might hinder the actagyi of cis regulatory sequences by
splicing factors, or the altered secondary strgctmight interfere with the regulatory
mechanisms required for successful and accurateirgpl Furthermore, it remains
possible that the deletion itself is directly inwedl in the assembly of putative splice
factors. Serine/arginine-rich (SR) proteins ancktwgeneous nuclear ribonucleoproteins
(hnRNPs) have been shown to interact with suchnperich motifs in mammals (33)
and hence directly control the altered splice patté geminiin honeybees.

Irrespective of the actual molecular switch mechas, we have found a gene
that is alternatively spliced in a caste and typearthenogenesis-specific manner and
central to the regulation of worker fertility. fi¢ 9-bp deletion with the ISE motiiaé
1) flanking the ovary activation exon in nonpara&siioneybee workers proves to be the
allelic form of the thelytoky gene in future stusliegt would take as little as nine

nucleotides to turn an altruistic worker into ohattcan become a social parasite.

Material and Methods

Honeybee Samples fogemini Expression.A. m. capensisvorkers were reared
from brood produced by social parasitic workeran\. m. scutellatdost colony at the
University of Pretoria and are therefore homozygmughe thelytoky allele. The brood
frames were incubated at 35 °C and ~60% relativeidity. Emerging bees were kept
in hoarding cages containing 120 individuals widbd and water ad libitum. After 16 d
of incubation, the bees were killed and the ovadesected and stored in RNAlater
until RNA preparationA. m. carnicaworkers and queens were held at the apiary of the
Martin-Luther-Universitat Halle-Wittenberg. Seald&tdood frames with young nurse
bees and emerging brood were removed from the g@od kept queenless. After 14 d,
~200 workers (aged ~7-21 d) were randomly sampted the frames and immediately
flash-frozen in liquid nitrogenA. m. carnicaqueens were reared using standard
apicultural techniques and kept in small coloniesIg000 worker bees until day 7 after
the onset of egg laying. All sampled bees wereest@t —80 °C. Worker ovaries were
classified using the categories of Hess (37) bylipgalasses 1 and 2 as undeveloped

and 3-5 as developed.
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RNA Preparation. Ovaries from each individual were manually homogea,
and RNA extraction followed the standard TRIzolM{trogen) protocol with subsequent
DNase (Promega) digestion. RNA quality and quantigs photometrically assessed.
Equal amounts of RNA were immediately reverse-tahsed with M-MLV H- Point
Mutant Reverse Transcriptase (Promega) using aligoprimer (0.5ug/uL; Promega)

according to the manufacturer’s instructions.

Splice Variant Detection. Because exon 1 was never transcribed in any of the
samples, cDNA was amplified using primers 4l ant (Bable S1) spanning all exons
except the first one (resulting in a PCR produc2,@99 bp; Amel_4.0) (38) with long-
range PCR Enzymes (Finnzymes and Fermentas) folipwhe manufacturers’
instructions. The PCR products were purified ushe QIAquick PCR Purification Kit
(Qiagen) and thereafter cloned into the pGEM-T Weaising the TA cloning kit
(Invitrogen). Transformation was done in JM109 cetept cells according to the
manufacturer’s instructions (Promega). Plasmidsewarrified and inserts sequenced
and aligned using CLC Free Workbench 3 (CLC Bid)e Bnnotated exons 11 and 12
are not transcribed, and because the annotated éxoand 15 are not separated by an
intron, they are fused to exon 14. Moreover, thegcripts contain 179 bp at the 3"end,
which had been originally annotated to be untrabhedrgenomic DNA in the Amel_4.0

genome sequence.

Rapid Amplification of cDNA Ends (RACE)-PCR. To complete the transcript
sequences, RACE-PCRs were conducted. A 3’end cDMAlifecation was done
according to Scotto-Lavino et al. (39), and thetedsPCRs were adapted to the
BiothermTM DNA Polymerase (Genecraft) using 0.2 niMTPs, 0.3uM of each
primer @emintspecific forward primers: sp7.1l; 7.21 and 7.3IRCR1, 151 in PCR2;
Table S1) and 0.5 units polymerase in a total ofilLOThe PCR programs consisted of
5 min at 95 °C, followed by 40 cycles of 30 s at’@5 30 s at 54 °C, and 60 s at 72 °C,
and a final extension of 20 min at 72 °C. The PQBdpcts were either directly
sequenced after gel elution or cloned (see abdveg iquality of the PCR products was
insufficient for direct sequencing. Plasmids havthg right insert were purified and
sequenced as mentioned above. For the amplificatfid@cDNA ends the protocol of

Scotto-Lavino et al. (40) was modified. After resertranscription and poly(A)-tailing
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poly(T) geminispecific primers (Qgeml; Qgem4l; Table S1) wereedusfor
amplification. Tailing the primers with 15 thymimesidues ensured that these primers
were only bound to the 5" end of the tailed cDNAe Transcript specific primers sp5li
(which spans the boundaries of exon 5 and 6) ah@bich is situated in exon 5) were

used as reverse primers. Purified PCR products segeenced.

RT-PCR. ATF2 gemini glycerol-phosphate-dehydrogend§&PDH), ribosomal
protein 49rp49), and elongation factorl(EF) quantification was conducted with real-
time PCR using SYBR Green (Bio-Rad) assays follgwithe manufacturer’'s
instructions. The four different splice productsrav@analyzed separately, because the
PCRs of the combined altered transcript isofornisL(# +5.S7; —-5.L7; —-5S7) did not
yield adequate products. Each isoform was quadtifiegh primers specific for the two
exons and their spliced counterpart (Table S1)hEample was run in duplicate. The
realtime PCR cycling profile consisted of a 3-nmeubation at 95 °C, followed by 39
cycles of 15 s at 95 °C and 30 s at 54 °C for aimggaand 30 s at 72 °C for extension
and data collection. Melting curve analyses wenmgopmed between 50 °C and 90 °C,
reading the fluorescence at 1 °C increments. Aaluily, the purity of the PCR
products was visually verified on 1.8% agarose.g#fter baseline subtraction using the
global minimum trend option, C(t) values were chdted by the Opticon Monitor 3

software (Bio-Rad) using a single SD over cyclegaan

Data Analysis. The relative gene expression ATF2 was calculated as the
efficiency-corrected gene expressionAfF2 compared with the efficiency- corrected
gene expression of the housekeeping ger@BDH (NMO001014994), rp49
(AF441189.1), antEF (NM001014993). The expression ratios of the défertranscript
forms ofgeminiwere calculated from the efficiency-corrected gexgressions for each
gemini amplicon. The efficiency-corrected relative expres of the individual
transcript isoforms was calculated by normalizinggeminigene expression to the two
housekeeping geneSPDH and EF. PCR efficiencies of every PCR product were
determined by pooling cDNA from every sample usedthe calculations. PCR
efficiencies were determined using serial diluticnsering a 1Hfold template dilution
range (41). Nonparametric Mann— Whitney U testsewesed for statistical comparisons

adjusting the P values for replicate tests.
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gemini (Exon 5) Knockdown by RNAIi. Our aim was to activate ovaries in
arrhenotokous workers by reducing the abundancpedific splice variants. Because
transcripts missing exon 5 were not detected byRjPGhonreproductive arrhenotokous
workers, we did not conduct a silencing experimengven further reduce this already
rare transcript. Instead we targeted transcriptgatoing exon 5, which were highly
abundant in all arrhenotokous workers, to subsilintalter the ratio of unspliced vs.
spliced transcripts and eventually activate theriesaofA. m. carnicaworkers. Hence,
two geminispecific SiRNA template sequences within the déssxon 5 (78 bp) were
selected using the siRNA target designer versién(Rromega), which also scrambled
the target-specific SIRNA sequences resultingiRN#s to be used as negative controls.
The selected siRNA sequences were blasted ag&iashdneybee genome to avoid
potential off-target effects in genes other ttgemini None of the siRNAs shared
sequence similarities longer than 14 nt (16- tont8eng stretches of homology are
suggested as the maximum acceptable length in RSti4dies per Ambion siRNA
design gquidelines). Furthermore, none of the gema&h the highest sequence
similarities was found twice when blasting both A& individually. The two siRNAs
obtained (for sequences, see Table S2) cover the®Bthe 5" regions of the template.
Using this siRNA mixture decreased the chance fefcihg unintended targets. sSiRNA
was synthesized using the T7 Ribomax Express RNAtegn (Promega) according to
the manufacturer’s instructions but with an extehaeubation time of up to 2 h. The
siRNA quality and quantity was assessed by capillgel electrophoresis and

photometry.

Honeybees and siRNA Feeding.Newly emergedA. m. carnica workers
(arrhenotokous, 1-2 d old) were sampled from alsibgood frame and divided into
three groups: untreated bees, bees treated wimbded siRNA (which has no
sequence similarity to any bee-specific gene), ageéminispecific SIRNA treatment
group. Bees in the latter group were fed with atorx of equal amounts of the two
gemintspecific SIRNAs. In each case, 35-40 newly emelgges were put in wooden
cages (10.5 x 13 cm) provided with a small piecearhb and pollen ad libitum at 34
°C. The bees were fed daily with 1.5 mL 50% sugatewcontaining Jig siRNA per
individual. After 14 d, a time span after which pyactivation can easily be detected,
bees were killed and screened for ovary activaitioa doubleblind test. The samples

were stored in coded tubes by a person with no lediye of the treatments, to allow
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for an unbiased examination of the ovaries by aors@cperson without any prior
knowledge of the experimental groups. Ovaries waassified as developed when
ovarioles contained mature eggs. This procedurerg@eated in two consecutive trials,
using two brood frames from two different coloniébe quantification of the transcript

changes were conducted as discussed previously.

Sequencing of Noncoding Regions gemini and Characterization oftael. The
putative promoter region and genomic sequencesedegivthe exons were analyzed
using phenol/chloroform-extracted genomic (QDNANfr parasiticA. m. capensislone
workers andA. m. scutellatavorkers from the University of Pretoria. PCRs wauna
with gDNA from one individual, each with intron-spang primers (Table S1).
Sequencing of fragments <1 kb were done by stanB&Rs using the BiothermTM
DNA Polymerase (Genecraft), following the manufaetis instructions. Products were
directly sequenced. Fragments >1 kb were procebgeldng-range PCRs using the
Kapa2G Robust PCR Kit (Peqglab). The PCR programsisted of an initial heating at
95 °C for 3 min, followed by 40 cycles of 30 s &, 30 s at 54 °C, and 2 min at 72
°C and ended with a final elongation at 72 °C forr2in. PCR products were purified
(QIAquick PCR Purification Kit; Qiagen) and clongdee above). Clones were
sequenced by primer walking, and sequences werepar@th with the annotated
honeybee genome (Amel_4.0). Sequence differencastion 5 6 (ael in A. m.
capensisworkers were thereafter confirmed by PCRs spanitiegregion of interest
using primers 125001 and 12100011 and subsequegtisecing in four workers of each
subspecies. Length differences caused by the delaif the tael were thereafter
confirmed in 130A. m. capensiworkers and 1@. m. scutellatavorkers by PCRs using

primers gem_tael and gem_taell.

Acknowledgments

We thank Berit Langer, Christoph Eller, Denise Keband Petra Leibe for their
technical assistance. We are also grateful for d¢bestructive comments of two
unknown reviewers, which substantially improved thanuscript. Financial support
was granted by the Deutsche Forschungsgemeins(Rd&ftA.M.) and the National

Research Foundation of South Africa.

103



5. Alternative splicing ofiemini

References

1. Hamilton WD (1964) The genetical evolution otisb behaviour. I.J Theor Biol7:
1-16.

2. Winston ML, Slessor KN (1998) Honeybee primereqgmones and colony
organization: Gaps in our knowleddgidologie(Celle) 29:81-95.

3. Ratnieks FLW (1988) Reproductive harmony via ualtpolicing by workers in
eusocial hymenopterAm Nat132:217-234.

4. Visscher PK (1989) A quantitative study of warkeproduction in honey bee
colonies.Behav Ecol Sociobiol 2847-254.

5. Sakagami SF (1958) The false-queen: Fourth &dgusesponse in dequeened

honeybee colonie&ehaviourl3:280-296.

. Onions GW (1912) South African “fertile-workezds”.S Afr Agric J1:720-728.

7. Anderson RH (1963) The laying worker in the cdmmey-beeApis mellifera
capensisJ Apic Re®:85-92.

8. Neumann P, Hepburn HR, Radloff SE (2000) Modésworker reproduction,
reproductive dominance and brood cell constructiomueenless honeybedpis
mellifera 1) colonies Apidologie(Celle) 31:479-486.

(o2}

9. Crewe RM, Velthuis HHW (1980) False queens: Asamuence of mandibular gland
signals in worker honeybedsaturwissenschafte®7:467-469.

10. Wossler TC (2002) Pheromone mimicryAyyis mellifera capensisocial parasites
leads to reproductive anarchy in hégiis mellifera scutellataolonies.Apidologie
(Celle) 33:139-163.

11. Simon UE, Moritz RFA, Crewe RM (2001) The ordngtic pattern of mandibular
gland components in queenless worker b&pss(mellifera capensi&sch.).J Insect
Physiol47:735-738.

12. Dietemann V, Neumann P, Hartel S, Pirk CWW,werdRM (2007) Pheromonal
dominance and the selection of a socially parabkiticeybee worker lineagé\gis
mellifera capensis EschJ Evol Biol20:997-1007.

13. Malka O, Shnieor S, Hefetz A, Katzav-Gozansky2007) Reversible royalty in
worker honeybeesApis melliferg under the queen influenddehav Ecol Sociobiol
61: 465-473.

14. Greeff JM (1996) Effects of thelytokous workeproduction on kin-selection and
conflict in the cape honeybeg&pis mellifera capensi$hilos T Roy SoB 351: 617-
625.

104



5. Alternative splicing ofiemini

15. Lattorff HMG, Moritz RFA, Fuchs S (2005) A siedocus determines thelytokous
parthenogenesis of laying honeybee workéysg mellifera capensisHeredity 94:
533-537.

16. Lattorff HMG, Moritz RFA, Crewe RM, Solignac §2007) Control of reproductive
dominance by ththelytokygene in honeybeeBiol Lett 3:292-295.

17. Judice CC, et al. (2006) Gene expression psofiinderlying alternative caste
phenotypes in a highly eusocial bédelipona quadrifasciatalnsect Mol Biol
15:33-44.

18. Hoskins RA, et al. (2007) Sequence finishingl anapping of Drosophila
melanogasteheterochromatirScience316:1625-1628.

19. Giot L, et al. (2003) A protein interaction mafpDrosophila melanogaste6cience
302:1727-1736.

20. Verma S, Ruttner F (1983) Cytological analydishe thelytokous parthenogenesis
in the cape honeybeéfis mellifera capensiBscholtz) Apidologiel4:41-57.

21. Kang HC, et al. (2005) Erythroid cell-specidiipha-globin gene regulation by the
CP2 transcription factor familyvol Cell Biol 25:6005-6020.

22. Lopez AJ (1995) Developmental role of trangaip factor isoforms generated by
alternative splicingDev Biol172:396-411.

23. Evans JD, Wheeler DE (2001) Expression profitkging honeybee caste
determinationGenome BioR, 10.1186/gh-2000-2-1-research0001.

24. Grozinger CM, Fan Y, Hoover SER, Winston ML @Z) Genome-wide analysis
reveals differences in brain gene expression pett@ssociated with caste and
reproductive status in honey be@pic melliferg. Mol Ecol 16:4837-4848.

25. Kucharski R, Maleszka J, Foret S, Maleszka BO&2 Nutritional control of
reproductive status in honeybees via DNA methytatirience319:1827-1830.

26. Elango N, Hunt BG, Goodisman MAD, Yi SV (200BNA methylation is
widespread and associated with differential genpression in castes of the
honeybeeApis mellifera Proc Natl Acad Sci USA06:11206-11211.

27. Kamakura M (2011) Royalactin induces queeretbfiitiation in honeybeeblature
473:478-483.

28. Yoon JB, Li G, Roeder RG (1994) Characterizatd a family of related cellular
transcription factors which can modulate human imadeficiency virus type 1
transcription in vitroMol Cell Biol 14:1776-1785.

105



5. Alternative splicing ofiemini

29. Attardi LD, Tjian R (1993PDrosophila tissue-specific transcription factor NTF-1
contains a novel isoleucine-rich activation mad@énes Dev(7B):1341-1353.

30. Pagani F, Stuani C, Zuccato E, Kornblihtt ARar&le FE (2003) Promoter
architecture modulateéSFTRexon 9 skippingJ Biol Chem278:1511-1517.

31. Cramer P, Pesce CG, Baralle FE, Kornblihtt AR9{) Functional association
between promoter structure and transcript alteraaplicing.Proc Natl Acad Sci
USA94: 11456-11460.

32. Lenasi T, Peterlin BM, Dovc P (2006) Distal ukegion of alternative splicing by
splicing enhancer in equirfiecasein intron 1RNA12:498-507.

33. Hastings ML, Wilson CM, Munroe SH (2001) A meirich intronic element
enhances alternative splicing of thyroid hormoreeptor mMRNARNA7:859-874.

34. McCarthy EM, Phillips, JA, 11l (1998) Charadttion of an intron splice enhancer
that regulates alternative splicing of hum@&H pre-mRNA Hum Mol Genet
7:1491-1496.

35. Zuker M (2003) Mfold web server for nucleic cadiolding and hybridization
prediction.Nucleic Acids Re81:3406-3415.

36. Buratti E, Baralle FE (2004) Influence of RNAcsndary structure on the pre-
MRNA splicing processViol Cell Biol 24:10505-10514.

37. Hess G (1942) On the influence of the fertibfyqueenless and vitamin E on the
ovaries of worker bees (Translated from Germ&eih Schweiz Bienen Zty33-
110.

38. Consortium HGS; Honeybee Genome Sequencingd@tams (2006) Insights into
social insects from the genome of the honeyl@e mellifera Nature443:931-949.

39. Scotto-Lavino E, Du G, Frohman MA (2006) 3’ecldNA amplification using
classic RACENat Protocl:2742-2745.

40. Scotto-Lavino E, Du G, Frohman MA (2006) 5 ecdNA amplification using
classic RACENat Protoc1:2555-2562.

41. Pfaffl MW (2001) A new mathematical model fetative quantification in real-time
RT-PCR.Nucleic Acids Re29:e45.

106



5. Alternative splicing ofjemini

Supporting Information

0.05 "
ATF-2
0.04 |
0.03 |

0.02

0.01}

relative gene expression

0.00 [

-0.01
worker queen

gemini

queen

0 Mean
T Mean+0.95 Conf. Interval
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homologsATF2 andgeminiin ovaries of different castes. Both genes areaatati within theth

locus and were prime candidate genes causing thglyin the African subspecie8. m.

capensisSignificant differences between different castesindicated by **P = 0.0025 (Mann—

Whitney U test).
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Fig. S3.Alignment of the intron between the spliced exoand the following exon. The

first line represents the annotated sequence (Ah@)| whereas the other two stand for the
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intronic sequences of the African subspedesm. scutellataand A. m. capensisThe 9-bp

deletion fael spans from base 201 to 210 within the parasipeeclone sequence.
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Table S1.Primer sequences

. . . Product gRT
Method Primer Sequence (5 — 3") size (bp) Efficiency
Splice site 4] TTACGGCAGGATAAATACAACTCA 2299
detection 18l CGCAATAAGTTGCTTTTGTCTTAC
5-RACE Qgeml TTTTTTTTTTTTTTTTGATAACTCGTAATCGC
Qgemdl TTTTTTTTTTTTTTTTGGCGATGGGATATCACAG
511 ACCAATTCATCGGTAACTAACACA
Spsll ACATGGTTTAAACTCATATTGTAGG i
3 -RACE 151 AGCTTCTCTGCTTCGGATATTTTA i
16l TGTGTTAGTTACCGATGAATTGGT
51 CATCATTGACGGTATTTAAGCAAG 210 193
61l ATGATGTTGGAGGATATTCTTCGT ’
Sp5l CCTACAATATGAGTTTAAACCATGT 165 204
qRT of gemini 61l ATGATGTTGGAGGATATTCTTCGT ’
Sp7.2I AATTTTGAAGTGGACAATACGCAT 196 197
8ll TTGGTAGGATCCCACATAAATTCT ’
Sp7.3l CATCCAACGTTTTTGTTTCAG 220 181
8ll TTGGTAGGATCCCACATAAATTCT ’
ATF2_| GATTGGACGAAATCGAAGGA
GRTOFATE-2  ATF2LIl  TGGTATCCCCTTTCGTCTTG 168 2.16
Gpdh5 GGATCAGGAAATTGGGGTTC 183 1.98
Gpdhl6 CGGAAGCTTATGTCCTGGAA ’
House-keeping Rp49l TCGTCACCAGAGTGATCGTT 243 1.79
genes Rp49li CCATGAGCAATTTCAGCACA ’
EFI CAAATATGCCTGGGTATTGGAT 582 215
EFII AGACGGAGAGCCTTGTCTGTAG ’
Sequencing of 0] TTCAACAGACTAACAACGATTGC 1070
promotor region oll CTGCTGTGTGAAAGCACGTT
1l GTAATCGCGAAAGGTATAAGTCGT 1550
I0 1R4 ACCTGTGGATGGAACGGTAA
Intron sequencing 11_2F1  TCCATTTTTCTTCCGCTTTG 2102
Intron 1_2 12 3R2 AACCGAACGAATCGAGATGT
I1.2F5 CTTCGTCAAATTCCCCCTCT 592
I1. 2R5 GTGGTGCCTTCACTTTTCGT
I2_.3F2 TCTTCATCCAACACGACGAG 741
23R4 TATACGCGCTACTCGGTTCC
Intron sequencing 12_3 F4 GTCGACACTTGCGTGTCTGT 1760
Intron 2_3 [2 3R8 CCCCTCTTTTTCCAACGATT
I2_.3F7 TCGCACATCCAGTTTGTCTC 2279
3ll CTGCTCGAACGTATTTGGACAC
Intron sequencing 3l TTACGGCAGGATAAATACAACTCA 1564
Intron 3_4 411 ATATTGTAGGAGGCGACTGCTGTT
11_641 TCATATGTTGGAGGCAAACAA 1056
Intron sequencing 5lI CCTCTTGCTTAAATACCGTCAATG
Intron 4_5 4] GTTCTGGACAAGGATGGTCAA 511
11_245911 TGCATCTCTTTTCGTGTTCTG
51 CATCATTGACGGTATTTAAGCAAG 2477
Intron sequencing 12100011 GATAAGAATGTTTACATTTATTAC
Intron 5_6 125001 TACACAAACTGTATAAATTCC 2577
1210001 GATAAGAATGTTTACATTTATTAC
Intron sequencing 6l AACGAACAATGTGAACAACTCTGT 267
Intron 6_7 il ATGTTGCTACCCAAACATAGACAA
Intron sequencing 71 CAATCGTACGAGATCAAATTGAAG 552
Intron 7_8 8ll TTGGTAGGATCCCACATAAATTCT
Intron sequencing 7I CAATCGTACGAGATCAAATTGAAG 5542
Introns 7-13 13l ATACCTGGATTGGAAACTGAAAGT
Intron sequencing 121 AATTACATTGATGAATATAAAAGTACTGG 354
Introns 12-14 1411 AAATCATCCCTAGAGAGTCGTAAA
Intron sequencing 14l GCATGTATTTCGTTGAAACTATCAAAG 300
Intron 14_15 1511 CGCAATAAGTTGCTTTTGTCTTAC
. gem_tael ACGAGTCGAAACGTGAAACCTGAA
tael detection a6l CGTGGCAAATTCCGCTGCCG 122113
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5. Alternative splicing ofiemini

Table S2.siRNA sequences used for siRNA synthesis

SiRNA Name

Sequence (5" 23)

1.1.FW
1.1.RV
1.2.FW
1.2.RV
2.1.FW
2.1.RV
2.2.FW
2.2.RV
scrl.FW
scrl.RV

scrambled
scr2.FW

scr2.RV

GGATCCTAATACGACTCACTATAGAAGCCTTGCTTGCATTAC
AAGTAATGCAAGCAAGGCTTCTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAGTAATGCAAGCAAGGCTTC
AAGAAGCCTTGCTTGCATTACTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAGTATTTAAGCAAGAGGCGC
AAGCGCCTCTTGCTTAAATACTATAGTGAGTCGTATTAGGATCC

GGATCCTAATACGACTCACTATAGCGCCTCTTGCTTAAATAC
AAGTATTTAAGCAAGAGGCGCTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAGTCTAGGACCTCTGATATC
AAGATATCAGAGGTCCTAGACTATAGTGAGTCGTATTAGGATCC
GGATCCTAATACGACTCACTATAGATATCAGAGGTCCTAGAC

AAGTCTAGGACCTCTGATATCTATAGTGAGTCGTATTAGGATCC

T7 promotor regions are underlined.

Table S3.Sample overview: Laying worker characteristicshofmellifera capensiand

otherA. mellifera subspecieand their control by thihelytokygene

All other A. m. subspecies A. m. capensis

Worker offspring

Mode of parthenogenesis

Thelytoky-allele (tael-element) -

Splice pattern

male, haploid female, diploid
arrhenotoky thelytoky

/- +/+
Non-laying Non-laying
+5/L7 S7 -5+5/ L7 S7
Laying Laying

-5/L7 S7 -5 +5/L7 S7

The predominant splice forms are underlined.
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6. Summary

The understanding of proximate mechanisms of alitui behaviour and
reproductive abstinence in eusocial insects ishasea broad empirical and theoretical
fundament. Nevertheless, the evolutionary origihgenetic mechanisms responsible
for altruism still remain elusive. Cape honeybeesspgss several reproductive traits
including the unique ability to parthenogeneticgbsoduce diploid female offspring
even in the presence of the queen (Pettey 192R;ePal. 2002; Beekman et al. 2009).
Workers of this subspecies can produce queeralikeunts of the queen pheromones
(Plettner et al. 1993; Crewe and Velthuis 1980; nghet al. 2010), undermine the
gueen’s reproductive monopoly and establish gelsti@almost identical clones of
themselves as social parasitic pseudoqueens irecudast generations (Holmes et al.
2010; Moritz et al. 2011). The parasitic Cape bmay thus be in a “potential reverse
social evolution” overcoming the hegemony of theemu by challenging her status as
the only reproductive individual (Gadagkar 1997)us this subspecies of the
honeybee is a most promising model organism fodistu on the evolution of

reproductive altruism and its genetic background.
6.1. Functional gene studies of thi locus

The core of the parasiticapensisworker syndrome lies in the thelytokous
parthenogenesis. Genetic analyses revealed tisatraiiti (Ruttner 1988), as well as two
other reproductive worker traits are under corfa single recessive allele (Lattorff et
al. 2005; Lattorff et al. 2007). The mapped regiomtains 15 annotated genes which
putatively code for proteins covering very differgmysiological functions. The work
presented here shows about half of them to be sg@dein a caste specific manner in
honeybee ovaries (see chapter 4), similar to tHéerdntial expression of the
transcriptome in brains of workers and queens (Bgez et al. 2007). It is not
surprising to see this large number of differehtiakpressed genes in the light of the
fundamental phenotypic differences between thefemmale honeybee castes. Yet only
three genes in the putatitd region consistently correlated with the reproduecti
capacity of the individual (worker non-reproductivevorker reproductive < queen) as
one would expect for a gene involved in the regoihadf reproductive hierarchies.

One of the genes expressed in a caste specificanag@mint has been regarded

as a putative candidate causing thelytoky in cageseminiis a member of the CP-2

113



6. Summary

transcription factor family and its ortholog Brosophilais known to interact with the
spindle-F protein which is involved in oocyte axdetermination and oocyte
microtubule cytoskeleton organization (Giot et2003). This is of particular interest,
as the diploidy of worker laid eggs in Cape beesesored by an abnormal spindle
rotation during meiosis (Verma and Ruttner 1983nc& gemini’s splice pattern
correlates with the two female castes and modgmuhenogenesis and whose exon 5
was shown to directly control ovary activation imh&notokous workers, it is now
regarded as the most promising candidate withirthtHecus to maintain or in case of

Cape bees undermine the reproductive monopolyeofjtieen caste (see chapter 5).
6.2.gemini — functional and evolutionary aspects

Epigenetic DNA methylation, which is dependent dffedent nutritional states,
was suggested to be linked to gene regulation heacontrol of alternative splicing
(Lyko et al. 2010). Indeegeminishows differential methylation in queens and woske
(in both larvae and in adult brains), and mighttlgaregulated by epigenomic
modifications (Lyko et al. 2010; Lyko and MalesZ4@11; personal communication) in
addition to the allelic differences suggested is thesis. Clusters of methylated CpGs
close to the differentially spliced exons may atljtise DNA accessibility after
methylation regulating differential spliced tranpts. Thus methylation ofjemini
might be the link between differential nutritionlafvae of different castes (reviewed in
Rembold 1964) and the control of alternative spticiwhich in turn controls ovary
activation. Moreover, Cape honeybee workers aréepaetially fed in foreign host
colonies (Beekman et al. 2000; Allsopp et al. 200@)is preferential feeding in
combination with other behavioural and physiolobioge-dispositions increases their
reproductive potential (Neumann and Hepburn 200Beng et al. 2010). Thus,
methylation ofgemini might provide the link between the environmentahdfit of
preferential feeding and alternative splicing whicbrrelates with the parasitic
phenotype of Cape honeybees.

Such a combination of genetic and nutritional deteation of caste has been
shown in the stingless bedelipona beechei{Jarau et al. 2010). The proportion of
females (25 %) developing into queens after theipian of food where geraniol has
been added, supports the two-locus two allele mpdmtiously stated by Kerr (1948,

1950a, b). Double heterozygous individuals can lbgvento queens if fed with
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sufficient geraniol whereas all other genotypes ettgy into the worker caste
irrespective of the diet.

Another example of a single allele control of euabstructures has previously
been shown in ants. Polymorphism of a colony” sad@rganization in the red imported
fire ant,Solinopsis invictais associated with allelic variation of a singkne, General
protein-9 Gp-9 (Ross 1997; Gotzek and Ross 2007). Allelic stat€sP-9in workers
decide on the development of monogynous or polyggrmlonies (Ross 1997; Ross
and Keller 1998; Krieger and Ross 2002; Gotzek le2@07) which changes the
colonial phenotype including aggression, colonynidation and reproductive output of
colonies (Bourke and Franks 1995). The producGBf9 is a member of the insect
odorant binding protein (OBP) family (reviewed imt&ek and Ross 2009kP-9 was
suggested to function as a molecular chemoreceptaorsducer where the queens’
pheromones serve as ligands. Workers which carfereint alleles differ in their
binding properties of these ligands and therefodaibét different queen recognition
capabilities (Krieger and Ross 2002; Krieger 2005).

GP-9is accepted generally as a “green-beard” geneldKehd Ross 1998) in
coding for a perceptible trait which is recognizgdothers and which in the end leads
to preferential treatment of its carriers (Dawkir®¥6). The latter aspect also holds true
for selfish genes which by definition encode forepbtypes that increase their
transmission to future generations (Dawkins 19F@jlowing this definition, theae
(see chapter 5) which is very likely involved inethregulation of thelytokous
parthenogenesis in Cape bees can be regardededfssh genetic element. With the
promotion of asexual reproduction and thus thestrassion of identical genotypes into
the next generatiotae promotes its own spread through a population. Whe type
allele on the other hand which is associated whk trrhenotokous mode of
parthenogenesis and a non-queenlike phenotype eamed¢rarded as an altruistic
counterpart. According to the inclusive fitnessottye(Hamilton 1964), maintenance
and spread of altruistic alleles is governed bydi@cthat may also counteract selfish
genetic elements. Empirical data on less fit hoeeybolonies consisting of dominant
workers of Cape bees that do not engage in otls&s tidnan egg-laying (Hillesheim et
al. 1989) suggest that colony level selection nmaljeed decrease the number of selfish
genetic elements iA. m. capensis

Loss of fithess of honeybee colonies due to reptidel workers may also be the

reason for the maintenance of two distiAgiis subspecies in South-Africa differing
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substantially in their mode of parthenogenesis. yridl zone exists between the
endemic ranges oA. m. capensiand A. m. scutellatain which both subspecies
interbred without causing a breakdown of the zanless of the distinct characteristics
of each subspecies (Hepburn and Crewe 1991). Herkevs of queenless colonies
produce male offspring by arrhenotokous parthenegjeras well as female off-spring
by thelytokous parthenogenesis (Hepburn and Cre394)1 Furthermore, F1 matings
of A. m. capensiandA. m. scutellatdybrid colonies produce viable colonies without
signs of reproductive parasitism By m. capensi$Crewe and Allsopp 1994). Beside
the theory of pure ecologically driven stabilizatiof the hybrid zone (Hepburn and
Crewe 1991), genetically mixed colonies may showeduced fithess from the
inadequate regulation of worker reproduction (Beaknet al. 2008). Moreover,
molecular aspects like chromosomal incompatibgitleetween parental populations
(Fel-Clair et al. 1996) as can be seen in miceragdlatory incompatibilities between
transcription factors and the genes that they obiidoor and Feder 2006) may also
reduce the fitness of hybrids compared to theiepiat types. The latter aspect might
be of particular interest as the work presente@ lsbows that the transcription factor
geminj probably due to an alteration of the intronicugstre flanking the alternatively
spliced exon 5tée see chapter 5), is differentially spliced betweearkers of
arrhenotokous and thelytokous subspecies. Knockadtehniques developed and
presented in this thesis (see chapter 2 and 3)vedloto determine the phenotypic
outcome of selective repression of transcripts aiaiitg exon 5. Indeed, exon 5
deficient transcripts significantly increased theequiency of reproductive
arrhenotokous workers. Moreover, the amount of efomleficient transcripts is
generally higher in thelytokous Cape bees and se @ reproductive Cape workers
resembles the splice pattern of arrhenotokous cueBhnus, altered splice patterns
between the different subspecies might affect diffe down-stream gene cascades
which in turn cause the queen-like phenotyp€apensisbees. This might predispose
Cape honeybee workers to evade reproductive attraisd might also be responsible
for the speciation process betweemm. capensiandA. m. scutellata

In conclusion, this thesis provides an importaneabn the genetic control which
maintains the well balanced system of reprodudtigearchies in honeybee colonies.
For the first time this work shows how alternatsgicing generates multiple transcript
isoforms which regulate the reproductive physiolagfy female honeybees. These

results offer new possibilities to study the gemetiechanisms behind the alternate
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splice pattern ofgemini which might involve methylation processes as wasdl
subsequent gene cascades. Once the actual alhtich shas been molecularly and
functionally characterised, it will be possiblestndy selection processes that maintain
the balance between altruiséic m. scutellatavorkers and selfish iA. m. capensif

the Southern part of Africa. Even now it appearsaasexceptional example, how a
single selfish genetic element may reverse evalatip processes leading to a complete
break down of eusocial structures and bringing baekish individuals which

exclusively act for their own benefit.
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7. Zusammenfassung

Das Wissen um die proximaten Ursachen fir Altruismund fir den
reproduktiven Verzicht der Arbeiterkaste in euslenalnsekten basiert heutzutage auf
einem umfassenden empirischen und theoretischerdalRuent. Die evolutionar
ursachlichen genetischen Hintergriinde sind jedamdh micht umfassend geklart. Die
Kaphonigbiene besitzt verschiedene reproduktive kiiate unter anderem die
einzigartige Fahigkeit auch bei Vorhandensein eirgaroduktiven Konigin mittels
Parthenogenese diploide weibliche Nachkommen zeugen (Pettey 1922; Pirk et al.
2002; Beekman et al. 2009). Zusatzlich kann die eféokaste dieser Unterart
Kdniginnenpheromone synthetisieren; und dass ieneirMengenverhaltnis welches
dem der Konigin ahnelt (Plettner et al. 1993; Crame Velthuis 1980; Zheng et al.
2010). So kodnnen sie das reproduktive Monopol déni¢in unterwandern und sich
selbst in Form von nahezu genetisch identischen néfio als parasitische
Pseudokdniginnen in folgenden Generationen etali@dolmes et al. 2010; Moritz et
al. 2011). Dieses Aufbegehren gegen die Dominanz Kiénigin als einziges
reproduktives Individuum der Kolonie kann als Umiselritt eusozialer Evolution
betrachtet werden (Gadagkar 1997). Damit stellt salieUnterart einen viel
versprechenden Modelorganismus dar, um die Evolwan reproduktivem Altruismus

und dessen genetischem Hintergrund zu untersuchen.
7.1. Funktionelle Genstudien anth-Locus

Das funktionale Hauptmerkmal des Phanomens desifiacienA. m. capensis
Arbeiter stellt die thelytoke Parthenogenese damnelische Untersuchungen zeigten,
dass diese Art der Parthenogenese (Ruttner 1988)e sawei ebenfalls mit
reproduktiver Dominanz gekoppelte Merkmale von einezessiven Allel gesteuert
werden (Lattorff et al. 2005; Lattorff et al. 2007Mpie in diesen Untersuchungen
kartierte Region enthdlt 15 annotierte Gene, diermeatlich fur Proteine
verschiedenster physiologischer Funktionen codieterder hier vorliegenden Arbeit
zeigte sich, dass die Halfte von ihnen in kaste@abiger Art und Weise in den Ovarien
von Honigbienen exprimiert werden (siehe Kapitel@lipses Expressionsmuster &hnelt
dem in Hirnen von Arbeiterinnen und Koéniginnen gefanen (Grozinger et al. 2007).
Jedoch Uberrascht die grol3e Anzahl der Gene, dersshiedlich exprimiert werden,

nicht unbedingt. Sie erklart sich durch die fundataken phanotypischen Unterschiede
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der beiden weiblichen Kasten. Nur drei Gene in atieRegion zeigten ein
Expressionsmuster entsprechend dem individuellgmodelktiven Potential (sterile
Arbeiter < legende Arbeiter < Kénigin).

Eines der Genegémin), dass in Kastenabhangiger Art und Weise exprimier
wird, war vom Beginn der Untersuchungen an als simer interessantesten
Kandidatengene betrachtet word€bemini codiert einen Transkriptionsfaktoren der
zur CP-2 Familie gehort. Dessen Ortholog interagreDrosophilamit dem Spindel-F
Protein, dass fir die Achsenfestlegung in der Goayid fir die Organisation des
Mikrotubuli-Cytoskelletts in der Oocyte veratwoctti ist (Giot et al. 2003). Letzteres
ist von besonderem Interesse, da die Diploidiean don Kapbienen gelegten Eiern
durch eine unnormale Spindelrotation wahrend deo&everursacht wird (Verma und
Ruttner 1983)GeminisTranskriptmuster nach alternativem Splei3en kigmesowohl
mit der Art der untersuchten Kasten als auch mit daterschiedlichen Arten der
Parthenogenese. Zudem sind Transkripte, die das: Bxenthalten, direkt fur die
Steuerung der Ovaraktivierung in arrhenotoken Biemerantwortlich (siehe Kapitel
5). So kanrgemininach dieser Studie als der augenscheinlichstevadscheinlichste
Kandidat unter den 15 Genen d#s locus betrachtet werden, der die thelytoke
Parthenogenese in Kapbienen verursacht und damitdi@ Untergrabung des
Fortpflanzungsmonopols der Konigin verantwortlish i

7.2.gemini-funktionelle und evolutionare Aspekte

Epigenetische Steuerung mittels DNA-Methylierung raeu als maoglicher
Mechanismus zur Steuerung der Genexpression mitédlernativem Spleil3en
vorgeschlagen (Lyko et al. 2010). Dieser reguladMechanismus wird unter anderem
durch unterschiedliche Erndhrungsmuster gestederth bei gemini zeigten sich
variable Methylierungsmuster in larvalen und adulégbeitern und Koéniginnen (Lyko
et al. 2010; Lyko und Maleszka 2011; mundlicher tAusch), welches neben oder
verursacht durch die allelischen Unterschiede féis dnterschiedliche Spleil3muster
verantwortlich sein kénnten. Ansammlungen methidieCpG-Inseln in der Nahe von
alternativ gespleildten Exons kénnten nach methyiigsbedingten
Konformationsdnderungen den Zugang zur DNA verandend damit das Entfernen
verschiedener Exonbereiche verhindern. So konntennterschiedliche
Methylierungsmuster die Verbindung zwischen kagiemsischer unterschiedlicher
Ernahrung der Larven (zusammengefasst von Remi@@d)ind alternativem Spleil3en
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darstellen. Letzteres wiederum steuert direkt diar@ktivierung (siehe Kapitel 5).
Larven der Kapbienen zeigen bei der Aufzucht imfiilen Volkern eine im Vergleich zu
anderen Bienenarten erhéhte Nahrungsaufnahme (Beekinal. 2000; Allsopp et al.
2003). Dieses bevorzugte Futtern der Kapbienendmanin Kombination mit anderen
Verhaltens- und  Physiologiemerkmalen  kénnte  zur ig8tang ihres

Fortpflanzungspotentials fuhren (Neumann und Hepk2002; Zheng et al. 2010).
Unter diesem Aspekt konnte die durch unterschibdlicErnahrung gepragte
Methylierung der DNA der Schlissel zwischen denelensvorteil des bevorzugten
Futterns und dem SpleiBmuster der Kapbiene dastelies konnte letztendlich zu
dem furA. m. capensi/pischen Koniginnen-Phanotyp fuhren.

Solch eine Kombination aus genetischer und ern@shedingter Steuerung
reproduktiver Hierarchien wurde auch in stachetoenen gefunden (Jarau et al.
2010). 25 % aller Bienen die mit Geraniol angereitdgm Futter aufgezogen wurden,
entwickelten sich zu Koniginnen. Dieser Prozentsatrerstitzt die These, dass die
Kdniginnenwerdung irMeliponavon zwei Regionen, die heterozygot ausgepragt sein
missen, gesteuert wird (Kerr 1948, 1950a, b). Demnentwickeln sich doppelt
heterozygote Individuen nur dann zur Konigin, wedem Futtersaft ausreichend
Geraniol zugesetzt worden ist. Alle anderen Geratygntwickeln sich zwangslaufig zu
Arbeiterinnen, unabhangig davon, wie sie erndhrtese.

Die genetische Steuerung eusozialer Strukturenhdeirte einzelne genomische
Region wurde bereits in Ameisen nachgewiesen. mraken FeuerameisBolinopsis
invicta wird der Polymorphismus der Kolonien von der @lglen Variation eines
einzelnen Gens, dem General-ProteirG®{9) gesteuert (Ross 1997; Gotzek und Ross
2007). Verschiedene allelische Varianten @R-9 entscheiden, ob Kolonien eine oder
mehrere Koniginnen besitzen (Ross 1997; Ross urtkrkKe998; Krieger und Ross
2002; Gotzek et al. 2007). Dies wiederum hat Es¥lauf verschiedene, die Kolonie
charakterisierende Merkmale, wie das Aggressiohsien, das
Koloniegriindungsverhalten und den ReproduktionsgriBourke und Franks 1995).
GP-9 codiert ein Protein der so genannten ,insect adokanding protein (OBP)*
Familie (zusammengefasst in Gotzek und Ross 200@) dient mutmalilich als
molekularer chemorezeptiver Ubersetzer. Die Phenemder Konigin dienen als
Liganden und werden von Arbeitern, die untersclceel Allele tragen, wahrscheinlich

unterschiedlich stark gebunden. Damit besitzen ediégbeiter unterschiedliche
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Fahigkeiten die Konigin wahrzunehmen und akzeptiefe nach Genotyp eine
unterschiedliche Anzahl an Kéniginnen (Krieger labks 2002; Krieger 2005).

GP-9 wird generell als so genanntes ,green-beard” Gearetiert (Keller and
Ross 1998). Diese Gene codieren flr ein leichtldardere wahrnehmbares Merkmal,
das letztendlich zu einer bevorzugten Behandlurgy Tdégers fuhrt (Dawkins 1976).
Der letzte Aspekt ist charakteristisch fur egoddies Gene, die per Definition
Phénotypen codieren, die die Transmission in diehst&n Generationen erhdhen
(Dawkins 1976). Nach dieser Definition und unter Aenahme, dass die in der Nahe
des alternativ gespleilsten Exons 5 liegende SeqtenZ{siehe Kapitel 5) an der
Regulation der thelytoken Parthenogenese beteibit kann auch dagae in
Kaphonigbienen als egoistisches genetisches Elelmetnachtet werden. Durch die
Vermittlung von asexueller Reproduktion und der dawerbundenen Transmission
identischer Genotypen in die ndchste Generatiogt siaistae selbst daftir, dass es durch
die gesamte Population gestreut wird. Das Wild-RAel auf der anderen Seite ist
assoziiert mit arrhenotoker Parthenogenese unddent Arbeiterinnenphanotyp und
kann somit als altruistisches Gegenstick angesebesen. Betrachtet man die Theorie
der inklusiven Fitness (Hamilton 1964), so werdem &rhalt und die Verbreitung
altruistischer Allele von Faktoren gesteuert, diacha als Gegenbewegung zu
egoistischen genetischen Elementen verstanden wkdheen. Empirische Erhebungen
an Volkern der Kaphonigbiene die vornehmlich ausmid@nten Eierlegenden
Arbeiterinnen bestanden, unterstitzen diese Annaftiillesheim et al. 1989). Diese
Kolonien sind gekennzeichnet durch eine geringdireess und zeigen, dass Selektion
auf Kolonieebene tatsachlich die Anzahl an egab&as genetischen Elementen
verringern konnte.

Ein, durch sich selbst reproduzierende Arbeitemursaichter Selektionsnachteil
konnte eine schlechtere Anpassungsfahigkeit vonbleaen zur Folge haben. Dies
wiederum konnte die Ursache sein, dass in Sud-afiikk raumlicher Néhe zwei
verschiedene Unterarten zu finden sind, die siclm ablem in ihrer Art der
parthenogenetischen Fortpflanzung unterscheiderschen den endemischen Gebieten
dieser beiden Unterarten findet sich eine Vermisgsaone. Hier kommt es zum
genetischen Austausch, ohne das die Zone oder Herakteristika der beiden
Unterarten verschwinden (Hepburn und Crewe 1991). dieser Zone werden in
weisellosen Volkern sowohl ménnlicher Arbeiternagbias mittels Arrhenotokie, als

auch weiblicher Arbeiterinnennachwuchs mittels ytader Parthenogenese generiert
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(Hepburn und Crewe 1991). Die F1 Generation #&om. capensisndA. m. scutellata
Hybridkolonien zeigen zudem keinerlei Anzeichen vaproduktivem Parasitismus
durch A. m. capensis(Crewe und Allsopp 1994). Eine Theorie erklart die
Aufrechterhaltung dieser Zone ausschlie3lich dutbhweltfaktoren (Hepburn und
Crewe 1991). Neben dieser umweltbedingten Selekltidinten jedoch auch durch
Arbeiterreproduktion verursachte Selektionsnachiteler gemischten Kolonien eine
Rolle spielen (Beekman et al. 2008). Auch molelalaspekte wie chromosomale
Inkompatibilitdt zwischen den Elternpopulationene wan sie bei Mausen finden kann
(Fel-Clair et al. 1996), oder regulatorische Unstigkeiten zwischen
Transkriptionsfaktoren und den von ihnen kontroiéa Genen (Noor und Feder 2006)
kbnnten eine reduzierte Fitness der Hybriden img\éech zur Elterngeneration zur
Folge haben. Gerade der letzte Aspekt kdnnte baia8®ung der in dieser Arbeit
vorgestellten Ergebnisse von Bedeutung sein. Danskriptionsfaktogeminizeigt ein
unterschiedliches Spleillmuster in arrhenotoken uhélytoken Bienen, das
wahrscheinlich durch eine Veranderung in der ExoflaBkierenden Intronsequenz
verursacht wird (siehe Kapitel 5). Experimente Yarringerung der Menge bestimmter
Transkripte, die im Zuge dieser Arbeit entwickelurden (siehe Kapitel 2 und 3)
zeigen die phanotypischen Effekte des alternatifeerten Exons 5. Eine Anderung des
Verhaltnisses von Exon 5 enthalten zu Transkripdenen das Exon 5 fehlt, zeigt einen
direkten Zusammenhang zwischen der Ovaraktivienmng@rrhenotoken Bienen und
einem Uberschuss an Transkripten ohne Exon 5. diytttken Kapbienen zeigt sich
aulRerdem ein generell erhdhter Level dieser Trgtem, das sich bei einsetzender
Reproduktion dem SpleiBmuster reproduktiver Komgm angleicht. Diese
unterschiedlichen SpleiBmuster der verschiedendarbhten haben vermutlich Einfluss
auf nach geschaltete Gen-Kaskaden, die wiederunkdleiginnen-ahnlichen Phanotyp
der Kaphonigbiene zur Folge haben kdnnten. So kddigt aul3erordentliche Fahigkeit
der Kaphonigbiene, dem altruistischen Verzicht &drtpflanzung zu entgehen,
gesteuert werden und gleichzeitig einen Speziedehiden Prozess zwischén m.
capensiundA. m. scutellatarorantreiben.

Zusammenfassend lasst sich sagen, dass diese Asseittielle Einblicke in die
genetische Kontrolle gewahrt, die das Gleichgewiziischen Reproduktion und
Altruismus in eusozialen Insektenkolonien bewaldem zeigt diese Arbeit zum
ersten Mal, dass auch in Honigbienen die VielfaltTaanskripten durch alternatives

SpleiRen hergestellt wird. Diese unterschiedlicheanskriptvarianten haben direkten
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Einfluss auf die Physiologie der Reproduktionsoggemweiblichen Honigbienen. Diese
Ergebnisse stellen nun die Grundlage anschlieRdsaersuchungen dar, mit denen die
regulatorischen Prozesse wahrend des SpleiRvorgaufgeklart werden sollten. Zu
diesen Prozessen kénnten auch epigenetische Matmyjsmuster zdhlen. Zudem sollte
die Identifizierung der von den unterschiedlichemriBkripten kontrollierten Gene in
anschlieBenden Untersuchungen von Bedeutung sesnn\Wann final der allelische
Schalter, der all das reguliert, gefunden und dltaresiert worden ist, kann auch dessen
Wirken in Hinblick auf die Selektionsprozesse, déas Verhéltnis zwischen
altrusitischenA. m. scutellataund egoistische. m. capensig\rbeiter in Siud-Afrika
bewahren, betrachtet werden. Aber schon jetzt mneichsich gemini als
aulRerordentliches Beispiel ab, wie einzelne eguisé Gene evolutiondre Prozesse
umkehren kénnen. Evolutiondr erworbene eusoziatek&iren werden zerstért und
bringen egoistische Individuuen zum Vorschein, dersschliellich ihr eigener

Selektionsvorteil von Bedeutung ist.
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