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“To myself I am only a child playing on the beach, while vast oceans of truth lie
undiscovered before me.”

Isaac Newton
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1 General Introduction

1.1 Evolutionary Novelties

Biologists have long recognized the importance of evolution by gradual change and
natural selection (Darwin, 1872). However, a major unresolved question is how major
evolutionary novelty emerges (Brigandt & Love, 2012; Pigliucci, 2012). When chal-
lenged by St. George J. Mivart, already Darwin struggled to explain the origin of
evolutionary novelties such as the mammary gland (Wagner & Lynch, 2010). Other
examples for evolutionary novelties are beetle horns (Moczek, 2005), flight of verte-
brates and invertebrates (Prum, 2005), the evolution of Hox genes (Wagner et al.,
2003) or the emergence of eusociality (Bourke, 2011). These examples show that the
term "evolutionary novelty" is inconsistently used for a wide range of morphological,
behavioral and genetic traits (Brigandt & Love, 2012; Pigliucci, 2012). While broader
definitions include structures that evolved from homologous traits, e.g. the wings of
birds that originated from the forelimbs of reptiles, stricter definitions apply the con-
cept only to non-homologous structures such as the feathers of birds (Wagner & Lynch,
2010). However, neither the formation of wings, feathers, nor the evolution of flight
as evolutionary novelties can be investigated independently, and withough considering
the other. The inconsistency of the definitions of evolutionary novelty is not just a con-
ceptual problem, but also affects how we analyze the evolutionary and developmental
origin of novelties. For example, if only non-homologous traits are defined as novelties,
quantitative change would not suffice to explain the origin of discrete novelties (West-
Eberhard, 2003). Consequently a consensus definition may not be desirable after all
(Brigandt & Love, 2012).

Pigliucci (2012) defined evolutionary novelties as '[...] new traits or behaviors, or novel
combinations of previously existing traits or behaviors, arising during the evolution of
a lineage, and that perform a new function within the ecology of that lineage.". Other
authors also highlight the importance of ecology by defining novelties as traits which
enable the transition between adaptive peaks on a fitness landscape (Hallgrimsson et al.,

2012; Erwin, 2012). Such evolutionary novelties can be environmentally or mutationally
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induced (West-Eberhard, 2005), although the importance of random mutations on
evolution as proposed by the New Synthesis has been questioned by recent evidence

stressing the importance of environmental factors (West-Eberhard, 2009).

Since the advent of the genomic era it has been shown that the birth of novel genes
may contribute to the adaptive origin of evolutionary novelties. Mechanisms giving rise
to novel genes go far beyond simple gene duplication and neo-functionalization, but
involve retrotransposition, acquisition of genomic parasites, recruitment of ancestrally
non-functional sequence and shuffling of existing genetic material via recombination
(Kaessmann, 2010; Pigliucci, 2012). Moreover, it became clear that novel traits of-
ten involve molecular changes in regulatory networks, leading to the advent of a new
holistic field of evolutionary research, aptly termed eco-evo-devo (ecological evolution-
ary developmental biology). For instance, the lanterns of fireflies, which are a novelty
according to the strictest definition, have evolved by rewiring of ancestral regulatory
gene networks through acquisition of novel targets (Stansburg & Moczek, 2014). The
connection of novel input signals with novel phenotypes via rewiring of existing genes
is called "co-option" (West-Eberhard, 2005). Especially pleiotropic genes are good
candidates due to their interaction with multiple targets (Torday, 2015).

Other sources for evolutionary novelties are transposable elements (TEs) (Stapley et
al., 2015). TEs are stretches of DNA that migrate in the genome and are suggested to
be more important for character origination than for character modification (Wagner
& Lynch, 2010). Their evolutionary potential lies in their frequent interaction with
transcription factors. These transcription factor binding sites have the potential to
become new promoters, enhancers or insulators when inserted in new locations in the
genome together with TEs. Furthermore, exon shuffling through retrotransposons may

be a general mechanism to create novel genes (Moran et al., 1999).

A further important mechanism for generating novelty is the shuffling of genomes by
recombination, which has been shown to be adaptive in empirical tests (Rice, 2002).
In particular, recombination between non-homologous sequence may lead to extensive
genomic rearrangements and thus drive genome evolution. Lastly, a less recognized
mechanism to generate evolutionary novelty is the acquisition of novel genetic elements
via horizontal gene transfers and the acquisition of microbial symbionts from the en-
vironment. The combination of preexisting independent genomic units into a single

evolutionary unit under selection is verbalized as the concept of the "holobiont".
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1.2 The holobiont concept

Microbial symbionts are universal in eukaryotes and it is well known that symbio-
sis with prokaryotes shapes evolution of eukaryotes, probably best exemplified by
the endosymbiont-theory addressing the origin of chloroplasts and mitochondria from
cyanobacteria and proteobacteria (Margulis, 1993). Symbiosis in a wide sense includes
all persistant associations between two species (Douglas, 2010). Depending on the
resulting fitness outcome, the association is classified as mutualistic (i.e. positive for
both partners), commensalistic (i.e. positive for one and neutral for the other partner)
or parasitic (i.e. harmful for one partner). The unit comprising host and associated
organisms is referred to as the so-called "holobiont’, a concept introduced by Mar-
gulis (1993). In their hologenome theory of evolution Zilber-Rosenberg et al. (2008)
suggested that the host plus all its associated microbiota constitutes the unit under
selection. Accordingly, the entity of host genomes, i.e. nuclear genome, mitochon-
drial genome (and optionally chloroplast genome), plus the genomes of all associated

microbiota is referred to as the "hologenome" (Figure 1.1).

Environment

¢robiome

Figure 1.1: The hologenome is composed of the nuclear and mitochondrial (Mt) host genome and
the genomes of all associated microbiota (from Brucker & Bordenstein, 2012).

A precondition for the hologenome theory of evolution is the stable transmission of
symbionts to the next host generation. Although some gut microbiota may be trans-
mitted in a stable manner (Sanders et al., 2014; Abdul Rahman et al., 2015), gut
microbiota are in general more affected by the environment and in particular by diet
(Hu et al., 2014; Pérez-Cobas et al., 2015). In contrast, intracellular endosymbionts
are transmitted vertically to the next generation and some of them may even blur the
borders between symbionts and organelles (Tamames et al., 2007). Endosymbionts
are known to be important players in insect evolution, being one factor that enabled
the enormous diversification of this clade (Moya et al., 2008; Gil et al., 2010). The

intensity of insect-bacteria symbiosis may range from facultative to obligate. Whereas
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infection with facultative (secondary, S) symbionts is not fixed in the host population
and the host is able to survive without the symbiont, infection with obligate (primary,
P) symbionts is fixed and the host relies on the symbiont for survival or reproduction.

Table 1.1 summarizes characteristics of facultative versus obligate symbionts.

Table 1.1: Comparision between facultative, secondary (S) symbionts and obligate, primary (P)
symbionts.

e facultative obligate
characteristics . .
symbionts symbionts
infection density not perfect perfect
transmission not perfect; vertical perfect; normally
and horizontal only vertical
phlyogenetic congruence absent present
tissue specificity low high
genome reduction no yes
metabolic interaction weak strong
symbiosis beneficial-harmful ~ beneficial

While obligate symbionts have often evolved mutualistic association with the host, fac-
ultative symbionts may be either mutualistic or parasitic. However, in both cases the
symbionts may have significant impact on the host. For example tse tse flies (genus
Glossina) harbor the obligate (primary) symbiont Wigglesworthia glossinidia, and the
secondary (facultative) symbionts Sodalis glossinidius and Wolbachia. Wigglesworthia
provides vitamins to the host and is essential for viability and fertility (Michalkova
et al., 2014), while Sodalis are suggested to increase the susceptibility of flies to try-
panosome infections (Welburn et al., 1993; Dale & Welburn, 2001). Bacteria of the
Sodalis clade seem to be especially promising for research on host-symbiont interac-
tion, because here the transition from facultative to obligate symbiosis is an ongoing
process, which can be directly observed and promises major advances in understanding
the principles of host-symbiont-coevolutionary processes (Clayton et al., 2012). The
strict classification in mutualistic and parasitic (pathogenic) bacteria has been criti-
cized because it neglects the dynamic aspect of symbiosis (Pérez-Brocal et al., 2013).
Thus it is of great importance to evaluate possible fitness benefits of the symbiosis on
the host, which may be harmful and beneficial at the same time depending on external
conditions (Pérez-Brocal et al., 2013).
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1.3 Endosymbionts as source for evolutionary

novelties

Ivan Wallin hypothesized that new species could arise through the acquisition of bacte-
rial endosymbionts (Wallin, 1927). And indeed symbiosis with prokaryotes may drive
eukaryote evolution in many different ways and is thought to enhance speciation events
(Brucker & Bordenstein, 2012). Even when reproductive isolation is founded in host-
encoded genes, an involvement of endosymbionts can not be ruled out, especially in

the case of genes associated with immunity (Brucker & Bordenstein, 2012).

In mutualistic interactions, endosymbionts can confer novel traits to the host, e.g. via
upgrading the diet of their hosts (Feldhaar, 2011). Nutritional upgrading has enormous
potential for the evolution of novel traits because it allows the host to access new food
sources of low quality or unbalanced compounds, e.g. phloem-sap (Baumann, 2005),
blood (Michalkova et al., 2014) or wood (Brune, 2014). For example, aphids feeding
on protein-poor phloem-sap upgrade their diet with the help of Buchnera symbionts,
which provide essential amino acids to their hosts (Buchner, 1965; Baumann, 2005;
Douglas, 2006). The primary symbiont of blood-feeding tsetse flies Wigglesworthia has
been shown to supplement the hosts’ diet with vitamin Bg (Michalkova et al., 2014).
Likewise, Blochmannia residing in bacteriocytes intercalated in the mid-gut tissue of
Camponotus ants provide the host with essential amino acids and may also help in
nitrogen recycling (Feldhaar et al., 2007). In olive flies (Bactrocera oleae), which feed
on carbohydrate rich but nitrogen poor diets, bacterial symbionts have been shown
to metabolize urea into an available nitrogen source for the fly and thus significantly

elevate egg production (Ben-Yosef et al., 2014).

Besides nutritional upgrading, endosymbionts can confer defensive mechanisms to the
host, thereby increasing the host’s resistance against parasites, pathogens or fungi. For
example, Streptomyces bacteria residing in specialized antennal glands in female bee-
wolves (Philanthus triangulum) are applied to brood cells by the females where their
fungizide secretions protect the larvae from fungal infestation (Kaltenpoth et al., 2005).
Secondary symbionts of aphids have been shown to protect aphids against parasitoids
(Oliver et al., 2003) and have additionally been suggested to play a role in adaptation
to abiotic environments by providing enhanced stress tolerance to increased temper-
atures (Russell & Moran, 2006). In termites, which harbor a diversity of microbiota
allowing for digestion of wood (Brune, 2014), symbionts also protect the host against
fungal pathogens (Rosengaus et al., 2014). Gut microbiota have also been shown to

confer defensive mechanisms in bumble bees (Koch & Schmid-Hempel, 2011). However,



1 General Introduction

the tsetse fly secondary endosymbiont Sodalis is suggested to increase trypansosome
susceptibility of its host (Aksoy, 2000; Aksoy & Rio, 2005; Wang et al., 2013a), em-
phasizing the importance of evaluating both, positive as well as negative effects of

endosymbionts on host immunity.

Another causative agent for the emergence of novel traits through endosymbiosis is
horizontal gene transfer (HGT), i.e. the transfer of genes from the symbiont genome
into the host genome putatively via retroviral or retrotransposable element activity
(Wheeler et al., 2013). HGTs may provide new genetic pathways and metabolic capac-
ities for the host and strengthen the symbiosis by allowing symbiont genome reduction
(Hotopp et al., 2007; Alves et al., 2013). It is not necessary that HGTs incorporated
into the host genome originate from the present symbiont. Instead HGTs of ancestral
symbionts no longer present in the host may take part in holobiont metabolic networks
and thus influence holobiont evolution (Husnik et al., 2013; Nikoh et al., 2010).

In addition to the transfer of novel traits by mutualistic symbionts, parasitic inter-
actions also bear potential for evolutionary novelties in a wide sense, i.e. speciation
events. Here constant coevolution may influence host evolution via so-called "red queen'
effects. A prevalent target of facultative symbionts is host reproduction. In general,
only females transmit symbionts via the cytoplasm of the oocycte, although more and
more examples for paternal transmission are being reported (Moran & Dunbar, 2006;
Damiani et al., 2008; Watanabe et al., 2014; de Vooght et al., 2015). Under the premise
of purley maternal transmission, bacteria acting as reproductive manipulators will try
to increase the proportion of female offspring by different mechanisms, e.g. cytoplasmic
incompatibility (CI), parthenogenesis induction, male-killing or feminization of genetic
males (Cordaux et al., 2011). The textbook example for a reproductive manipulator
is the alpha-proteobacterium Wolbachia, which is estimated to infect 66 % of all in-
sect species (Hilgenboecker et al., 2008). It was shown that CI induced by Wolbachia
preceeded the evolution of other post-mating reproductive barriers in Nasonia and
thus induced speciation events (Bordenstein et al., 2001). Interestingly, in Nasonia the
gut microbiome was also shown to be a reproductive barrier (Brucker & Bordenstein,
2013). The genus Wolbachia is diverse and some Wolbachia have evolved mutualistic
relationships with their hosts (Hosokawa et al., 2010; Ye et al., 2013; Zug & Hammer-
stein, 2015) even when coincidentally affecting host reproduction, again illustrating the

dynamic and evolutionary potential of symbioses.

It is hypothesized that reproductive manipulators such as Wolbachia may have been
a driver in the evolution of haplodiploidy (Engelstadter & Hurst, 2006; Kuijper &

Pen, 2010). Under the influence of male-killing as well as Cl-inducing endosymbionts,
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hosts are predicted to evolve increased viability of haploid males, which may have
been a precursor for the evolution of haplodiploidy (Engelstadter & Hurst, 2006). This
applies especially under high levels of inbreeding, as a male will benefit from being
killed and reallocating resources to his sisters if relatedness is high (Kuijper & Pen,
2010; Engelstadter & Hurst, 2014). However, direct evidence is scarce and Kuijper &
Pen (2010) suggest that mutualistic endosymbiosis provides a much more promising

route to evolution of haplodiploidy than parasitic endosymbiosis.

Chapter 2 of this thesis addresses a previously unknown bacterial species (Candidatus
Westeberhardia cardiocondylae), which lives in symbiosis with the host Cardiocondyla
obscurior and may provide novel traits to its host. By provisioning with tyrosine-
precursors, Westeberhardia may upgrade the diet of the ant, allow the exploitation of
novel food sources and habitats and play a role in the invasive success of C. obscurior.
The second major bacterial species residing in C. obscurior, Wolbachia, will be ad-

dressed in detail in the General Discussion (Chapter 5).

1.4 The hourglass model of insect sex determination

Sexual reproduction is a major biological phenomenon that provides fitness benefits
by generating offspring genetic diversity and removing deleterious mutations. Sexual
reproduction in most cases is accompanied by sexual dimorphisms, such as sex-specific
morphologies (e.g. different sizes, ornaments), physiologies (e.g. different lifespans),
or behaviors (e.g. sex-specific mating or brood care behavior). Although sex-specific
traits evolve quickly and thus are often species-specific, their expression is regulated
by a single family of master switch genes - the doublesex/mab-3 related (Dmrt) genes
- all across the metazoa (Zarkower, 2001; Kopp, 2012). Dmrt genes act pleiotropically
as transcription factors on a wide range of target genes which in turn induce tissue
sex-specific development (Matson & Zarkower, 2012). All genes in this family show
a relatively conserved domain, the DM domain, which codes for a zinc-finger-motif
binding as a transcription factor in the minor groove of DNA, whereas the residual

sequence of Dmrt genes shows almost no conservation across species (Kopp, 2012).

Whereas in mammals Dmrt genes act as activators or repressors, doublesez (dsz) genes
in insects exhibit alternative splicing as an additonal regulatory switch, which leads
to male and female-specific DSX proteins that induce sex-specific tissue development,
physiology, and behavior. At the onset of the insect sex determination cascade, pri-
mary signals that initiate sex determination are diverse across species, e.g. single-locus

sex determination (sl-sd) in Apis (Beye et al., 2003), maternal imprinting in Nasonia
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(Verhulst et al., 2010), X chromosome dosage in Drosophila (Erickson & Quintero,
2007), male determining M factor in Musca domestica (Hamm et al., 2015) and Cer-
atitis (Willhoeft, 1996) or female determining W-chromosomes in lepidopterans (Fujii
& Shimada, 2007). These primary signals result in an ON/OFF signal of transformer
(tra). In females the primary signals induce an active TRA protein, whereas it results
in a non-functional TRA in males, e.g. by an early in-frame stop codon. Depending
on the existence of a functional TRA protein dsz is differentially spliced and its sex-
specific isoforms act on a variety of target genes to regulate sex-specific development.
Accordingly, sex determination in insects is often described as an hourglass model, with
variable primary signals, a conserved part containing tra and dsz and a wide range of

downstream effector genes (Bopp et al., 2014, Figure 1.2).

Drosophila Ceratis Bombyzx Apis Nasonia
X dosage M factor F factor csd allele imprinting
primary signals

variable XX +/+ QF /+ Qcsdhom Qtra on
g XY gM/+ I+/+ g csdhet d'tra off

tra

signal TRAF 9 M
transduction l
conserved dsx

DSXF @ DSXM

morphology behavior
effector genes

variable .
physiology

Figure 1.2: The hourglass model of insect sex determination evolution, adapted from
Bopp et al. (2014). The model consists of variable instruction signals at the top of the cascade
(green), variable effector genes (orange) at the bottom, but a conserved transduction part in the
middle (blue), consisting of transformer (tra) and doublesex (dsx). It was suggested that the tra-
dsz transduction module (blue) constitutes the ancestral core of the pathway, whereas evolutionary
diversification took place in primary signals and effector genes (Bopp et al., 2014).
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1.5 The evolutionary potential of the master switch

gene doublesex

Although sex-specific splicing of dsz is conserved across insects, the observed splicing
patterns vary across species: In Drosophila melanogaster, Apis mellifera, Bombyz mori
and Solenopsis invicta the male isoform is generated by skipping a female-specific exon
(Baker & Wolfner, 1988; Ohbayashi et al., 2001; Cho et al., 2007; Nipitwattanaphon
et al., 2014), whereas in Nasonia the female-specific isoform is generated by excluding
an intron from the primary transcript (Oliveira et al., 2009). The sex-specific isoforms
DSXY and DSXM act as transcription factors on a wide range of targets. For example,
they have been shown to regulate sex-specific gene expression in the developing Aedes
aegypti brain (Tomchaney et al., 2014), to regulate genital disc formation in Drosophila
(Chatterjee et al., 20111) and to regulate female reproductive physiology such as oocyte
development or egg production in Tribolium (Shukla & Palli; 2012a). Traits are ex-
pected to be differentially expressed not only between sexes, but also between female
queen and worker castes of eusocial insects. For example brain gene expression pat-
terns have been shown to be associated with caste and reproductive status in Apis
(Grozinger et al., 2007). Reproductive division of labor is the basis of eusociality,
with queens reproducing and workers who refrain from reproduction to gain indirect
fitness benefits (Hamilton, 1964). Consequently reproduction is a trait that should be
regulated caste-specifically. Thus differential developmental trajectories are required
for tissue-specific development not only between females and males, but also between
queens and workers. This might be regulated by changes of cis-regulatory sequences
of dsz target genes on the one hand (e.g. Williams et al., 2008) or by changes in dsx

expression itself on the other hand.

Studies in horned-beetles of the genus Onthopagus demonstrate that dsx has the po-
tential to evolve additonal regulatory function. Onthopagus males possess exaggerated
horns and RNAi experiments revealed that dsz is linked to horn development (Kijimoto
et al., 2012), a sex-specific trait corresponding to the original sex differentiation func-
tion of dsz. However, development of male horns seems to be a nutrition-dependent
trait, as males under optimal feeding conditions develop full-size horns used for fighting,
whereas males facing poor feeding conditions during larval development develop much
smaller horns and emerge as nonaggressive sneaker males (Moczek & Emlen, 2000).
Kijimoto et al. (2012) showed that expression of the male dsz isoform correlates with
horn size, suggesting that dsx function has undergone rapid evolution in this species.

Further evidence for the evolutionary potential of dsz comes from recruitment of dsx
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into the pathway of sex comb development, a recent evolutionary innovation in the
genus Drosophila (Tanaka et al., 2011) and dsz-mediated control of a supergene shap-
ing wing-patterning among polymorphic females in the genus Papilio (Kunte, 2014).
Moreover Eirin-Lépez & Sénchez (2015) have demonstrated that evolutionary rates of
dsz among insects is much higher than previously thought. In Drosophila, dsz evolves
even more rapidly than the master regulator sex-lethal (Eirin-Lépez & Sénchez, 2015),

questioning the hourglass-model of sex-determination evolution (see section 1.4).

Fusociality has evolved repeatedly in the social Hymenoptera. This repeated inde-
pendent evolution of morphologically, physiologically and behaviorally distinct castes
(queens and workers) suggests that the same regulatory pathways may be differentially
regulated to express these phenotypes. Indeed, studies on caste-specific gene expres-
sion revealed conserved genes to be differentially regulated among castes, e.g. the TOR
pathway (Patel et al., 2007), sphingolipid metabolism (Schrader et al., 2015), or Epi-
dermal growth factor receptor (Egfr) (Alvarado et al., 2015). An increasing number of
studies found caste-specificity on different regulatory levels, e.g. genetic components
(Schwander & Keller, 2008; Smith et al., 2008), hormones (Wheeler, 1990), nutrition
(Kamakura, 2011), methylation patterns (Simola et al., 2013) and different transcrip-
tion factor binding site landscapes (Simola et al., 2013; Schrader et al., 2015). However,
uncertainty remains about primary signals inducing caste-specific development, as it is
difficult to unravel cause from consequence. Advance is hindered by the use of different
development stages, tissue types and methods of data analyses. For example Morandin
et al. (2015) could show that gene expression patterns depend on developmental stage.
A further drawback in most species is the missing level of comparison, as gene ex-
pression differences betweeen queens and workers may be assigned to several traits
including reproductive physiology, morphology (winged/wingless) and brain gene ex-
pression (behaviors like brood-care, foraging, mating). The model system C. obscurior
promises great advances due to the possiblity of a four level comparison (Schrader et
al., 2015). In Chapter 3 of this thesis, I use the model system C. obscurior to test the
hypothesis that dsz, and more generally a broader range of regulatory sex differenti-
ation genes, have been co-opted from the sex differentiation pathway into the female

caste (queen/worker) and male morph (winged/ergatoid) differentiation pathways.

10



1 General Introduction

1.6 Homologous recombination accelerates evolution

Homologous recombination is a fundamental biological mechanism which is present
across all three domains of life. During mitosis, homologous recombination is an im-
portant mechanism to repair double strand breaks. During meiosis, homologous re-
combination both stabilizes the pairing of homologous chromosomes, thereby ensuring
proper segregation of homologous chromosomes, and generates offspring genetic di-
versity. However, meiotic recombination may also be disadvantegous by disrupting
well-adapted parental genotypes and by leading to genetic homogenisation of popula-
tions via gene conversion events. Recombination rates have been shown to vary both
across and within species. For example, mice show sex-specific recombination patterns
(Dumont & Payseur, 2011). Even within genomes local recombination rates can show
considerable levels of variation, exemplified by so-called recombination hot-spots in hu-
mans and mice that have been shown to be asscociated with rapidly evolving PRDM9
proteins (Baudat et al., 2010).

The significance of recombination as a driver of speciation lies in the acceleration of
adaptation via Hill-Robertson effects (Hill & Robertson, 1966; Roze & Barton, 2006).
By disrupting linkage between harmful and advantageous loci and by linking multiple
beneficial loci, recombination increases the fixation probablility of advantageous loci
in a population compared to stepwise mutations (Hill & Robertson, 1966). Moreover,
recombination not only occurs between homologous loci (= allelic recombination), but
also between paralogous loci (= ectopic recombination). Ectopic recombination may
lead to large chromosomal rearrangements such as inversions, in which recombination
is suppressed (e.g. in maize and fire ants; Wang et al., 2013a; Rodgers-Melnick et al.,
2015). Thus ectopic recombination can induce speciation (McGaugh & Noor, 2012).
Especially inversions excluding the centromere will have drastic effects as they produce
acentric and dicentric products, which may not produce viable gametes (McGaugh &
Noor, 2012). Ectopic recombination often occurs between paralogous copies of trans-
posable elements (TEs). Class I retrotransposons are predestined for ectopic recombi-
nation as they occur in several copies throughout the genome due to their transposition
(copy/paste) activity. Ectopic recombination between TEs often results in structural
rearrangements, which in turn prevent recombination and lead to reduced levels of re-
combination in TE-rich regions (Boissinot et al., 2001; Bartolomé et al., 2002; Rizzon
et al., 2002; Song & Boissinot, 2007). The C. obscurior genome has been found to be
enriched in certain classes of TEs, which drives genomic novelty and thereby adapta-
tion (Schrader et al., 2014). The TEs are suggested to be organized in "TE-islands",

i.e. regions with enriched TE abundance (Schrader et al., 2014). The construction of a
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genetic linkage map for C. obscurior which is described in Chapter 4 of this thesis will
help to improve the genetic architecture of the C. obscurior genome assembly, address
the integrity of the TE-islands and test for a relationship between recombination and

TE content. The next section describes the process of genetic linkage mapping.

1.6.1 Genetic linkage mapping

The construction of genetic linkage maps is based on the tracing of recombination
events during meiosis. Therefore, a cross between parental individuals with an ap-
propriate level of genetic divergence is performed. The level of genetic divergence
between parental populations is important because too low divergence will lead to too
few detectable markers, whereas too high divergence will lead to non-correct pairing
of homologous chromosomes during meiosis. Normally, intraspecific crosses are used
for mapping, but in highly inbred species the use of sister species may be appropri-
ate, e.g. an interspecific cross between Nasonia vitripennis and Nasonia giraulti was
used to construct a linkage map for Nasonia (Niehuis et al., 2010; Desjardins et al.,
2013). The degree of genetic diversity and the kind of genetic markers used will de-
termine the number of loci that can be used for linkage mapping and will thus define
the resolution of the genetic map. Originally, detectable phenotypes were used for
mapping. The father of linkage mapping, Thomas Hunt Morgan, used eye color or
wing polyphenisms to map the corresponding loci in Drosophila (Morgan et al., 1915).
Later microsatellites, RAPD markers or AFLPs were used for linkage mapping (e.g.
Gadau et al., 2001; Sirvio et al., 2006), whereas nowadays next-generation-sequencing
techniques (e.g. Restriction-site-associated DNA sequencing (RADseq) or microarray
analysis, e.g. Miller et al., 2007) are used to detect single nucleotide polymorphisms

(SNPs) or insertion-deletion-polymorphisms (InDels) between the parental genomes.

In haplodiploid species (i.e. species where females are diploid and males are haploid),
hybrid F2 males directly represent meiotic products of their mothers and thus are ideal
for linkage mapping (Figure 1.3). Recombination fractions are calculated by dividing
the number of recombinant individuals by the number of all individuals for each pair
of markers. Theory predicts that the probability for cross-over events increases with
increasing distance between two loci, thus recombination fraction can be translated
into the genetic distance on the map in centiMorgan (cM), where 1 ¢cM is defined
as 1% recombination. To deal with high marker numbers, double-cross-over events
and cross-over interference, mapping functions, e.g. the Kosambi or Haldane mapping

function, are used to construct genetic maps.
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Figure 1.3: Linkage Mapping under Haplodiploidy. In the example two F2 male show one
cross-over event, one F2 male shows no cross-over event and one F2 male shows a double-cross-over
event. Recombination fractions (rf) are calculated as the number of recombining individuals divided
by the total number of individuals for each pair of markers. The lower rf between loci B and C
(rf(B,C)=1/4)) suggests that loci B and C are probably closer than loci A and B (rf(AB)=3/4).

1.6.2 Eusociality as driver of recombination?

Recombination rates are inferred from the comparison between the distance of two
loci on a genetic linkage map in ¢cM and the distance of the same loci on the physical
genome assembly in basepairs, and are thus given in ¢cM/Mb. Reported recombination
rates are higher in eusocial Hymenoptera than in parasitic or solitary insects (Wilfert
et al., 2007). It has been suggested that high levels of recombination may have been
important for the evolution of distinct castes and/or for the evolution and maintainence
of a diverse range of worker phenotypes (Kent et al., 2012). Alternatively, it has
been suggested that high recombination rates may be important for the predicted

diverse immune repertoire of eusocial insect colonies that live in high densities and
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are expected to have a high pathogen load (Fischer & Schmid-Hempel, 2005). These
ultimate explanations for high recombination rates under eusociality emphasize the
importance of offspring genetic diversity. However in a simulation study Rueppell et
al. (2012) showed that recombination does not contribute to offspring genetic diversity.
Genetic diversity in eusocial insects can also be generated by independent assortment of
parental chromosomes, multiple mating (polyandry) or the presence of multiple queens
per nest (polygyny). Thus it remains elusive why recombination is higher in eusocial
than non-social species and calls for further investigations. The limited availability of

recombination rates complicates further clarification (Table 1.2).

Table 1.2: Recombination rates of eusocial Hymenoptera.

species RR in cM/Mb reference

Apis mellifera 19-37 Beye et al. (2006); Solignac et al. (2007);
Liu et al. (2015b); Wallberg et al. (2015)

Bombus impatiens 4.76 Stolle et al. (2011)

Vespula vulgaris 9.7 Sirvié et al. (2011)

Acromyrmez echinatior 6.2 Sirvi6 et al. (2006)

Pogonomyrmex rugosus 14.0 Sirvio et al. (2010)

Cardiocondyla obscurior 10.0 Chapter 4 of this thesis

Instead of linkage maps other measures have been used to infer recombination rates.
For example Kent et al. (2012) used GC-content to infer recombination rates, as it was
shown that recombination rate correlates positively with GC content due to GC-biased
gene conversion (Duret & Arndt, 2008). However, this method may be misleading as it
is unclear whether this correlation is valid for all species. Ross et al. (2015) showed that
eusocial species exhibit higher rates of change in chromosome number than non-social
species, which may be a consequence of elevated recombination rates, as these may lead
to chromosomal rearrangements more often than in low-recombining species. However,
Stolle et al. (2011) showed that chromosomal architecture across the Apidae is quite
conserved despite high rates of recombination. The linkage map provided in Chapter
4 of this thesis allowed for a precise estimation of the genome wide recombination
rate for C. obscurior and corroborates elevated recombination rates in eusocial species.
Furthermore, estimation of local recombination rates and their correlation with genomic
features such as GC- and TE-content provides information about the adaptive value

and evolutionary consequences of recombination.

14



1 General Introduction

1.7 Ergatoid males as evolutionary novelties in the

genus Cardiocondyla

An evolutionary novelty that arose within the Myrmicine ant genus Cardiocondyla are
so-called "ergatoid" (literally "worker-like") males (Kinomura & Yamauchi, 1987). In
contrast to the ancestral winged male morph, which exhibits a morphology typical
for Hymenopteran males, ergatoid males exhibit an entire range of novel traits (see
Table 1.3 for a comparison of winged and ergatoid males). Contrary to the mating
biology typical for Hymenopterans where mating takes place during mating flights,
ergatoid Cardiocondyla males stay inside their maternal nests and engage in lethal
fights with other ergatoid males to monopolize mating with closely related virgin queens
(Kinomura & Yamauchi, 1987).

Table 1.3: Traits differing between winged and ergatoid Cardiocondyla males.

winged male ergatoid male

]

wings yes no
mandibles normal enlarged
eyes large small
antennae long normal
ocelli yes no
lifelong spermatogenesis no yes
dispersal yes no
fighting behavior no yes
lifespan short long

Ergatoid males in the genus Cardiocondyla exhibit either sickle-shaped or shear-shaped
mandibles according to their evolutionary history (Oettler et al., 2010). While the
sickle-shaped male types (Clade A) use their mandibles to size rivals and mark them
with an unknown hindgut secretion which elicts worker aggression, males with shear-
shaped mandibles (Clade B) are additionally able to actively crush the cuticle of rivals
with their strong mandibles (Oettler et al., 2010). Interestingly, some Cardiocondyla
species of Clade B have re-evolved monogyny from ancestral polygyny, which can be
associated with co-occurence of multiple ergatoid males in one nest (Schrempf & Heinze,

2007).
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Ergatoid males can be regarded as an evolutionary novelty themselves, as they represent
a second fitness optimum besides the winged disperser morph according to Hallgrims-
son et al. (2012). Male diphenism is associated with other evolutionary novelties in
ergatoid males such as life-long spermatogenesis, enlarged mandibles or hindgut se-
cretions (Heinze et al., 1998). On the genomic level, the presence of ergatoid males
results in extreme levels of inbreeding (Heinze et al., 2006), to which Cardiocondyla is
well-adapted (Schrempf et al., 2015). A recent phylogeny of the Myrmicinae assigned
a long branch to the genus Cardiocondyla whose phylogenetic placement is ambiguous
(Ward et al., 2014). This suggests that ergatoid males as an evolutionary novelty of

Cardiocondyla may have dramatic effects on the genomic level.

1.8 The model organism Cardiocondyla obscurior

Cardiocondyla obscurior (Wheeler 1929), originally described as C. wroughtonii from
Taiwan (Forel 1890) (Kugler, 1983) is a polygynous species whose ergatoid males have
sickle-shaped mandibles. Colonies occur in trees in preformed cavities such as rolled
leaves or hollow twigs. Its origin is presumably located in southeast Asia and it has
been distributed throughout the tropics and subtropics via human trading activities
(Heinze et al., 2006). C. obscurior is perfectly suited as an ant model system due to
small indiviudal and colony size and short generation time. Unlike most ant species,
controlled crosses can be performed year-round in the laboratory. It is possible to
monitor the entire lifecycle of a queen in under one year and to record her lifespan and
reproductive output, allowing the study of sexual selection or aging (Schrempf et al.,
2005, 2008). Moreover C. obscurior is highly suited for studies of development and
phenotypic plasticity (Schrader et al., 2015, Chapter 3 of this thesis) as both males
and females display diphenic development, thus adding one level of comparison to most

other eusocial insects.

High levels of inbreeding result in extreme levels of genetic homozygosity. This raises
the question how novel genotypes as substrate for selection are generated. The analyses
of the C. obscurior genome revealed that one mechanism for generating variation is the
enrichment of the genome with transposable elements (TEs) (Schrader et al., 2014).
Regions enriched with transposons are sources for genetic divergence between two main
study populations from Brazil and Japan, which differ in several traits on the pheno-
typic level, e.g. behavior (aggression), cuticular hydrocarbons or body size (Schrader
et al., 2014). Thus, the invasive species C. obscurior is highly suited for studying the

causative factors of rapid adaptation to new habitats on a genomic level.
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1.9 Aims of this thesis

This thesis investigates three mechanisms that generate evolutionary novelty in Car-
diocondyla obscurior. To this end, genomic tools that were recently developed for

C. obscurior were used and improved.

Sequencing and assembly of the C. obscurior hologenome (Schrader et al., 2014) has
led to the detection of the main endosymbionts of C. obscurior: Wolbachia, which
is a prevalent symbiont across insects, and the newly described "Candidatus Weste-
berhardia cardiocondylae" (Chapter 2). The aim of this thesis was to provide a first
characterization of the relationship between C. obscurior and Westeberhardia and to

evaluate the evolutionary implications of endosymbiosis for C. obscurior biology.

Second, the recent availability of genomic resources for non-model organisms has given
rise to a wide range of studies investigating a fundamental unresolved question in
eusocial insect research: how distinct castes develop from the same genetic background.
Eusociality can be regarded as a major evolutionary transition (Bourke, 2011), but has
evolved repeatedly in the Hymenopteran lineage, suggesting that different mechanisms
regulate caste determination across species. One aim of this thesis was to investigate
the potential of co-option as a mechanism to generate distinct castes by recruiting a

conserved set of genes, the sex differentiation genes (Chapter 3).

Finally, the resolution of the C. obscurior draft genome Cobs 1.4 is far from being per-
fect. Especially the repeat-rich regions caused problems in genomic assembly. Hence, I
established a genetic linkage map to test and improve the resolution of the C. obscurior
genome (Chapter 4). In addition, Chapter 4 addresses the hypothesis that high rates of
homologous recombination compensate for high inbreeding levels. Lastly, the potential
of recombination for generating novel genotypes, and thus also novel phenotypes, was

evaluated.
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2 A novel intracellular mutualistic bacterium in the invasive ant Cardiocondyla obscurior

2.1 Abstract

The evolution of eukaryotic organisms is often strongly influenced by microbial sym-
bionts that confer novel traits to their hosts. Here we describe the intracellular
Enterobacteriaceae symbiont of the invasive ant Cardiocondyla obscurior, ‘Candida-
tus Westeberhardia cardiocondylae’. Upon metamorphosis Westeberhardia is found in
gut-associated bacteriomes that deteriorate following eclosion. Only queens maintain
Westeberhardia in the ovarian nurse cells from where the symbionts are transmitted
to late-stage oocytes during nurse cell depletion. Functional analyses of the stream-
lined genome of Westeberhardia (533 kb, 23.41 % GC-content) indicate that neither
vitamins nor essential amino acids are provided for the host. However, the genome en-
codes for an almost complete shikimate pathway leading to 4-hydroxyphenylpyruvate,
which could be converted into tyrosine by the host. Together with increasing titers
of Westeberhardia during pupal stage, this suggests a contribution of Westeberhardia
to cuticle formation. Despite a widespread occurrence of Westeberhardia across host
populations, one ant lineage was found to be naturally symbiont-free, pointing to the
loss of an otherwise prevalent endosymbiont. This study yields insights into a novel

intracellular mutualist that could play a role in the invasive success of C. obscurior.

2.2 Introduction

Interactions between organisms drive biological complexity (Maynard Smith & Szath-
mary, 1997), shaping life as we know it. Symbioses with prokaryotes are considered
to promote Eukaryote diversification (Brucker & Bordenstein, 2012), particularly in
insects (Moya et al., 2008; Gil et al., 2010). Some bacterial symbionts provide novel
ecological traits to their insect hosts, for example, defense against pathogens or para-
sitoids (Oliver et al., 2003; Kaltenpoth et al., 2005), enhanced stress tolerance (Russell
& Moran, 2006) or nutrients (Douglas, 2009). Nutrient-providing symbionts are com-
monly found in hosts with restricted diets, for example, aphids feeding on phloem sap
(Baumann, 2005), blood-feeding diptera (Wang et al., 2013a) or grain weevils (Heddi
et al., 1999). Symbionts can provide essential amino acids, vitamins or help in nitro-
gen recycling (Nakabachi et al., 2005; Feldhaar et al., 2007; Michalkova et al., 2014;
Patino-Navarrete et al., 2014). Such bacteria are commonly harbored in bacteriocytes,
specialized host cells that sometimes form special organ-like structures, the bacteriomes

(Baumann, 2005), or are confined to the insect gut (Engel & Moran, 2014). Provision-
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ing with nutrients can lead to increased fitness (Michalkova et al., 2014), which may

enable invasive species to exploit novel habitats or food sources (Feldhaar, 2011).

Cardiocondyla obscurior (Wheeler, 1929) is an invasive ant that forms small multi-
queen colonies in disturbed, arboreal habitats throughout the tropics. A peculiarity
of the genus Cardiocondyla is the occurrence of wingless males that mate with closely
related queens in their maternal nest (Oettler et al., 2010). New colonies are established
via colony splitting (Heinze et al., 2006). This unique life history with frequent genetic
bottlenecks and high levels of inbreeding makes it an interesting model for the study

of rapid adaptation to novel environments (Schrader et al., 2014).

Here we describe a so far unknown intracellular symbiont of C. obscurior, for which
we propose the name ’Candidatus Westeberhardia cardiocondylae’ strain obscurior
(from here on referred to as Westeberhardia). We analyzed its distribution within
and across host populations, and compared infection of individual ants depending on
morph and age. Furthermore, we localized Westeberhardia in the host and scrutinized
its genome focusing on its metabolic functions. Westeberhardia has lost many metabolic
capabilities, but retained most of the shikimate pathway and the ability to synthesize
the tyrosine precursor 4-hydroxyphenylpyruvate. We suggest that its localization in
gut-associated bacteriomes of pupae, and the increased titers during pupal development

point to a role of Westeberhardia in cuticle formation.

2.3 Material and Methods

Ant colonies

We reared C. obscurior colonies from Brazil (BR), Japan (JP) and Spain (SP) in the
laboratory. The BR colonies originated from two collection sites ~70 km apart, a
cacao plantation in Ilhéus (2009 and 2013) and a citrus plantation near Una (2012)
(Brazilian Ministry of Science and Technology, permits 20324-1/40101-1). JP colonies
were collected from two coral trees 100 m apart (lineages “OypB”, “OypC”) in the
Oonoyama park in Naha, Okinawa (2011) and from additional trees of the same park
(“OypU”, 2013). SP colonies were collected at a campsite in Los Realejos, Tenerife in
2012 and 2013. All colonies were housed in plaster nests under 12h 28°C light / 12h
23°C dark cycles, with constant humidity and ad libitum provided honey and pieces
of cockroaches. All animal treatment guidelines applicable to ants under international

and German law have been followed.
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Westeberhardia detection and phylogenomic analyses

During analyses of the C. obscurior genome (Schrader et al., 2014), we identified
prokaryotic scaffolds and candidates for horizontal gene transfers (HGTs) (Wheeler
et al., 2013). These were then further characterized by blasting (blastx) all annotated
genes against a database of prokaryotic proteins. Besides Wolbachia, we identified six
scaffolds of an unknown Enterobacteriaceae. Following de novo genome assembly and
annotation (see below), we used translated CDS sequences for phylogenetic placement
following Husnik et al. (2011). Briefly, we performed Dayhoff6 recoding followed by a
phylogenomic reconstruction with PhyloBayes v3.3f (Lartillot et al., 2009), based on
64 single-copy protein clusters (Supplementary Information).

We detected one prokaryotic gene incorporated into the host genome. After man-
ual correction of the HGT gene model, we used blastx analyses against NCBI’s non-
redundant database to identify homologs. RNAseq data were used to verify expression
in seven larval and seven adult queens by mapping reads against the C. obscurior
genome (Schrader et al., 2014). We generated count tables with htseq (Anders et al.,
2015) against C. obscurior gene annotations (including the manually corrected gene)

and calculated untransformed, size factor-normalized read counts.

Genome assembly, annotation and functional analyses

Paired-end Illumina reads from Schrader et al. (2014) were used for de novo assembly
of the Westeberhardia genome. We removed Wolbachia sequences based on their blastx
result, and then assembled remaining prokaryotic reads using SOAPdenovo2 (Luo et
al., 2012). The resulting contigs were scaffolded using a custom-modified version of
SSPACE v2.0 (Boetzer et al., 2011). Raw reads were then mapped back to the contigs
using MIRA 4.0.1 (Chevreux et al., 1999) and manually joined. Scaffold corroboration
and visual inspection of contigs were performed in the Staden Package (Staden et al.,
2000). Inconsistencies were broken and manually reassembled. Base-calling correction
was done using POLISHER (Lapidus et al., 2008). No corrections were made to the
consensus, which consisted of a single 532 684-bp contig (average coverage 204.5x).

The replication origin was predicted using originX (Worning et al., 2006). A first
round of open reading frame (ORF) prediction was performed using Prodigal v.2.5
(Hyatt et al., 2010) and the predicted ORFs were annotated using the BASys server
(Van Domselaar et al., 2005). tRNAs were predicted using the “COVE-only” al-
gorithm of tRNAscan-SE v.1.3.1 (Lowe & Eddy, 1997), and checked with TFAM
v.1.4 (Taquist et al, 2007). tmRNAs and their tag-peptides were predicted using
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ARAGORN v.1.2.36 (Laslett & Canback, 2004). The genome was searched against
Rfam v11 (Burge et al., 2013) using Infernal v.1.1 (Nawrocki & Eddy, 2013), and the
resulting ncRNAs were manually integrated into the annotation following the INSDC’s
conventions (http://www.insdc.org/files/feature table.html). Ribosome-binding sites
were predicted using RBSfinder (Suzek et al., 2001) and signal peptides were predicted
using SignalP v.4.1 (Petersen et al., 2011). The resulting annotation was manually
curated in Artemis (Rutherford et al., 2000).

Metabolic functions were automatically predicted and analyzed using Pathway Tools
v.17.5 (Karp et al., 2010) against BioCyc and MetaCyc databases (Caspi et al., 2012),
following manual curation. Functional information was retrieved from the EcoCyc
(Keseler et al., 2013), KEEG (Ogata et al., 1999) and BRENDA (Scheer et al., 2011)

databases.

Coverage analyses

For comparison of Westeberhardia infection between the sequenced reference colonies
from BR (Ilhéus, 2009) and JP (OypB) (Schrader et al., 2014), we mapped genomic
reads from pools of 30 BR and 26 JP males (140 million reads each) against the
C. obscurior and Westeberhardia genomes, and compared coverage between BR and JP
with samtools’” depth algorithm (Li, 2011) and custom bash/perl/R scripts as described
in Schrader et al. (2014).

Analyses of intraspecific infection dynamics by PCR and real-time
quantitative PCR (qPCR)

To assess Westeberhardia presence across host populations, we screened 42 C. obscurior
samples collected worldwide and the sister species Cardiocondyla wroughtonii (Forel,
1890) by performing a diagnostic PCR assay on a 204-bp fragment of the nrdB (ribo-
nucleoside diphosphate reductase 1 subunit beta) gene of Westeberhardia (WEOB_403)
(nrdB-for: 5'-GGAAGGAGTCCTAATGTTGCG-3, nrdB-rev: 5-ACCAGAAATAT-
CTTTTGCACGTT-3'), using the ant housekeeping gene elongation factor 1-alpha 1
(Cobs_01649) (EF1-for: 5-TCACTGGTACCTCGCAAGCCGA-3', EF1-rev: 5-A-
GCGTGCTCACGAGTTTGTCCG-3', 104-bp fragment) as a control. We used DNA
from a previous study (Oettler et al., 2010), samples from laboratory colonies and stored
tissue from which we extracted DNA using a chloroform-based method (Sambrook &

Russell, 2001) (Table 2.1). To verify infection with the same Westeberhardia species, we
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sequenced a 917-bp fragment of the 165 rRNA gene of Westeberhardia (WEOB_122)
(WE16S-for: 5-CATTTGAATATGTAGAATGGACC-3', WE16S-rev: 5'-AACTTT-
TACAAGATCGCTTCTC-3') from one individual each of the BR, JP and SP popu-
lations and of C. wroughtonii (see Supplementary Information for PCR details).

We assessed inter- and intrapopulational Westeberhardia prevalence in laboratory colo-
nies using PCR and quantitative (QqPCR) assays for workers and queens, respectively
(Supplementary Information). For this purpose, we sampled 6-10 dealate queens and
9-10 workers from 6-8 colonies from three lineages from BR and JP, respectively, and
from the SP population, resulting in a total of 538 analyzed workers and 517 queens.
Worker and queen DNA was extracted using the hotshot method (Alasaad et al., 2008)
and the NucleoSpin®Tissue XS Kit (Macherey-Nagel, Diiren, Germany), respectively.
To control for age effects on infection (see below) we selected freshly eclosed workers
when possible.

We quantified Westeberhardia of single individuals by determining normalized nrdB
copy numbers with qPCR (Supplementary Information) across developmental stages
(larvae and prepupae of unknown sex and caste, young and old female pupae) for JP
(OypB) and BR (Una, 2012) and across morphs (queens, workers, winged males, wing-
less males), ages (queens = 2, 14, 28 and 48 days; workers = 2, 14 and 28 days), and
fertilization state of queens (virgin, mated) for only the BR population (Una, 2012).

Fluorescence in situ hybridization

To localize Westeberhardia, we performed fluorescence in situ hybridization (FISH) as
described previously (Kaltenpoth et al., 2012, 2014, and Supplementary Information)
on abdominal sections of queen, worker and wingless male pupae from BR (Ilhéus, 2009)
and adult queens from BR (Ilhéus, 2009) and JP (OypB) with the general eubacterial
probe EUB338 (5-GCTGCCTCCCGTAGGAGT-3') (Amann et al., 1990) and one
of the Westeberhardia-specific probes Weard! (5-ATCAGTTTCGAACGCCATTC-3')
and Weard2 (5-CGGAAGCCACAATTCAAGAT-3), targeting the 16S rRNA gene.
Probes were labeled with Cy3 or Cyb, and samples were counterstained with DAPI
(4 ,6-diamidino-2-phenylindole).

Test for reproductive manipulation and paternal inheritance

Several bacterial symbionts are known to be reproductive manipulators, with cytoplas-
mic incompatibility (CI) and parthenogenesis induction (PI) being the most common

phenotypes (Cordaux et al., 2011). While CI results in the incompatibility of crosses
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between infected males and uninfected queens, PI causes parthenogenetic production of
diploid female offspring in infected females. We crossed uninfected JP queens (OypB)
with infected BR males (Ilhéus, 2009), by placing sexual pupae together with 20 work-
ers into new nests (n=10), which were observed twice a week for the presence of male
and female brood.

To test for paternal inheritance of Westeberhardia, crosses of infected males and un-
infected freshly eclosed virgin queens were initiated in a mating arena overnight. The
following day, we dissected and macerated the spermathecae of queens (n==8) in dH,O
and isolated DNA using the NucleoSpin®Tissue XS Kit (Machery-Nagel). We per-
formed a diagnostic PCR assay with the nrdB gene and the housekeeping gene EF1
as positive control. We further analyzed infection status of two worker pupae each

emerging from four of the above crosses using the nrdB PCR assay.

2.4 Results

Microbial associates of C. obscurior

Blastx analyses of the C. obscurior hologenome (Schrader et al., 2014) retrieved 1.5 Mb
of Wolbachia sequence and 543 172-bp in six scaffolds of an unknown +-proteobacterium.
A preliminary assembly of the Wolbachia sequences is hosted on antgenomes.org. The
16S sequence of the v-proteobacterium showed 98.4% identity with an Enterobac-
teriaceae of a C. obscurior sample from Florida, USA (voucher RA0330, Genbank:
GQ275143), detected during a survey of ant-associated bacteria (Russell et al., 2009b).
Blastx analyses further revealed a 360-bp intronless gene of putative prokaryotic ori-
gin encoding a xanthine-guanine phosphoribosyltransferase (EC: 2.4.2.22), which is
incorporated into the host genome and has its closest ortholog in Enterobacter cloacae
(WP__023478997). Xanthine-guanine phosphoribosyltransferase has a central role in
the synthesis of purine nucleotides through the salvage pathways, converting xanthine
and guanine to XMP and GMP, respectively. The gene is present in genomic reads
of C. obscurior from BR (Ilhéus, 2009) and JP (OypB). We used published RNAseq
data from adult queens and queen-destined larvae (Schrader et al., 2014), to confirm
in vivo transcription of the HGT and found a fivefold increased expression in larvae
compared to adults (medianjyyvae=1140.1, mediangyeens—223.2, Mann-Whitney U-test:

W=79, p<0.001).
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Westeberhardia genome assembly, annotation and functional and
phylogenomic analyses

De novo assembly of the Westeberhardia genome produced a single scaffold repre-
senting a circular chromosome of 532 684-bp (23.41 % GC-content) with 372 protein-
coding genes and six pseudogenes Figure 2.1. Sequences are accessible through the
European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/view/LN774881) un-

der study number PRJEBS8217, chromosome accession number LN774881 and are
hosted on antgenomes.org.
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Westeberhardia cardiocondylae T 120
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GC content 23.41 %
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Figure 2.1: Genomic structure of Westeberhardia. Representational circos plot (Krzywinski
et al., 2009) illustrating genomic properties of Westeberhardia. Tile plots show the distribution of
protein-coding genes (black bars) and ribosomal binding sites (red bars). The histogram in the inner
circle shows GC-content in percent for 1 kb windows.
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The phylogenomic analysis placed Westeberhardia within a group of Enterobacteri-
aceae symbionts comprising both facultative and obligate insect endosymbionts, in-
cluding Sodalis, Baumannia, Blochmannia and Wigglesworthia (Supplementary Figure
S2.1). The genome codes for a simplified but functional informational machinery, with
complete setups for DNA replication, transcription, translation and protein folding,
but few genes involved in DNA repair (Figure 2.2). Westeberhardia has a limited
metabolic repertoire but is capable of glycolysis, pentose phosphate pathway, fatty
acid biosynthesis, nucleotide synthesis and ATP production through oxidative phos-
phorylation. The pathway for glycerophosholipid biosynthesis is impaired. Metabolite
transport appears to be based on electrochemical-potential driven transporters and
inorganic phosphate transporters, while ATP-binding cassette transporter as well as
phosphotransferase system transporter genes are missing. Westeberhardia has lost the
pathways for synthesis of all essential and most non-essential amino acids and cofac-
tors, but has retained an incomplete shikimate pathway. Thus, it is able to synthesize
chorismate, a central metabolite in the biosynthesis of many aromatic compounds (e.g.
phenylalanine, tryptophan, p-hydroxybenzoate or enterobactin). However, it can only
use chorismate for the biosynthesis of 4-hydroxyphenylpyruvate, a precursor of tyrosine
(Hopkins & Kramer, 1992; Andersen, 2012). Although Westeberhardia cannot complete
the last step in this pathway, the host genome codes for tyrosine aminotransferase (EC
2.6.1.5) converting 4-hydroxyphenylpyruvate to tyrosine (Cobs 01567). Further con-
version of tyrosine to DOPA (3,4-dihyroxyphenylalanine), an important component of
insect cuticles (Andersen, 2012), might occur through tyrosine 3-monooxygenase (EC
1.14.16.2) encoded in the host genome (Cobs_14710).
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Figure 2.2: Westeberhardia metabolic reconstruction. Intact pathways are shown in black
lines, unclear pathways (missing a specific gene or having it pseudogenized) are shown in gray lines.
Exporters are represented using green ovals, whereas exporters/importers are represented using blue
ovals with the name of the family/superfamily they belong to, otherwise the protein or complex name
is used. ATP synthase is shown twice to represent an additional metabolic capability. Essential and
non-essential amino acids are shown in red and purple lettering, respectively. Cofactors and vitamins
are represented in blue. Blurred compounds represent those for which biosynthesis or import cannot
be accounted for based on the genomic data, according to MetaCyc. Relevant genes involved in the
biosynthesis of nucleotides and peptidoglycan are indicated. A single frameshift is found in adk and
murA, therefore they might be young pseudogenes, or an RNA polymerase or ribosomal slippage
would be required to produce a functional protein.

Intraspecific infection dynamics

Coverage analysis of genomic reads showed that, in contrast to males from a BR lineage
(IThéus, 2009), males from a JP lineage (OypB) are devoid of Westeberhardia (coverage
BR: 30x, JP: 0.21, Figure 2.3A). qPCR of the Westeberhardia-specific nrdB gene in
female pupae as well as larvae and prepupae of unknown sex and caste verified that
Westeberhardia is completely absent in OypB (Figure 2.3B). Accordingly, Westeber-
hardia was not detected by FISH in sections of adult OypB queens.

Analyses of C. obscurior samples collected worldwide showed that Westeberhardia is

present in 34 of 42 tested samples (81.0 %), including all samples from BR, but ab-
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sent in some JP populations and in material from Egypt and Sri Lanka (Table 2.1).
The closely related species C.wroughtonii also contains Westeberhardia. A 917-bp 16S
rDNA fragment of Westeberhardia is identical between the three C. obscurior popula-
tions from BR, JP and SP, and between C. obscurior and C. wroughtoni.
Westeberhardia infection of workers varies considerably within and among infected lin-
eages, ranging from 42.5% to 96.3 % (Figure 2.3D), whereas queen infection is almost
fixed in all populations (88.6% to 100 %, Figure 2.3C, Supplementary Table S2.5).
However, in the OypB lineage, only one of 60 workers and two of 60 queens were in-
fected at low levels (indicated by weak bands on the agarose gel or late C, values in
the qPCR, respectively). These values are not significantly different from zero (one-
sample t-tests: workers: t(59)=1, p=0.32; queens: t(59)=1.43, p=0.16), and could
possibly be caused by contamination. Intriguingly, individuals from colonies collected
in a tree merely 100 m away (OypC) show infection rates of 96.3 % (workers) and 100 %
(queens).

In the BR (Una, 2012) population Westeberhardia relative densities increase signif-
icantly during pupal development (worker and queen pupae combined) from white
(early) to brown (late) pupae (N pupa white=9, Npupa brown=38; i-test: t(14.7)=-4.3,
p<0.001), but is not different between larvae, prepupae and early pupae (Figure 2.3B,
Supplementary Table S2.1). Westeberhardia titers are higher in queen compared to
worker pupae (t-test: t(13.3)=2.6, p=0.023). A comparison of 2- to 14-day-old adults
of each morph (queens, workers, winged and wingless males) shows that Westeber-
hardia titers differ significantly across castes (Kruskal-Wallis: X?=24.2, df=3, p<0.001,
Figure 2.3E), with queens having significantly more Westeberhardia than the other
morphs which are not different from each other (pairwise Mann-Whitney U-tests with
Benjamini-Hochberg correction for multiple testing, Benjamini & Hochberg, 1995, Sup-
plementary Table S52.2). We calculated generalized linear models (GLMs) with a Gaus-
sian distribution and identity link function to model age dependency of Westeberhardia
in adult females (Figure 2.3F). In workers, infection decreases with age (GLM: df=18,
F=12.7, p=0.002; Supplementary Table S2.3) and is significantly more variable than in
queens (Fligner-Killeen-Test: X2=17.0, df=1, p<0.001). In queens, Westeberhardia sig-
nificantly increase with age from day 2 after eclosion to day 48 (GLM: df=38, F=29.4,
p<0.001; Supplementary Table S2.4). Virgin and mated 28-day-old queens show no

significant difference in infection (Wilcoxon’s rank-sum test: W=49, p>0.05).
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Table 2.1: Prevalence of Westeberhardia across populations of Cardiocondyla obscurior and the closely
related species C. wroughtonii based on a diagnostic PCR screen using the nrdB gene. Abbreviations:
EtOH, ethyl alcohol; Q, queen; N, no; W, worker; Y, yes

Sampling site (year) Sample description Morph Westeberhardia
(sample size)

C. obscurior

Brazil: Tlhéus (2004) Laboratory colonies W Y (3)
Brazil: Ilhéus (2009) Laboratory colonies Q Y (4)
Brazil: Una (2012) Laboratory colonies Q Y (4)
Brazil: Tlhéus (2013) Laboratory colonies Q Y (4)
Japan: Ishigaki (2002) Oettler et al. (2010) W N (2)
Japan: Naha (2011) 'OypB’ Laboratory colonies Q N (4)
Japan: Naha (2011) 'OypC’ Laboratory colonies Q Y (4)
Japan: Naha (2013) 'OypU’ Laboratory colonies Q Y (4)
Tenerife (2012) Laboratory colonies Q Y (4)
Egypt: Talkha (2003) Oettler et al. (2010) W N (1)
Fiji (2007) EtOH material W Y (1)
Malaysia: Ulu Gombak (2002) Oettler et al. (2010) W Y (1)
Sri Lanka (2006) Oettler et al. (2010) W N (1)
USA: Lake Alfred, Florida (2004)  Oettler et al. (2010) W Y (3)
C. cf. obscurior Singapore (2014) EtOH material W Y (2)
C. wroughtonii
Japan: Nakijin (2013) Laboratory colonies W Y (2)
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Figure 2.3: Intraspecific and temporal dynamics of Westeberhardia infection (A) In genomic
coverage data for pooled haploid males mapped against the Westeberhardia reference, Westeberhardia
reads (We) were exclusively present in the Brazil, Ilhéus (2009) sample (BR, blue) and no reads could
be detected in the OypB, Japan (JP, red) sample, while coverage of C. obscurior reads (Cobs) mapped
against the C. obscurior reference is similar. (B) Real time-quantitative PCRs on DNA level for the
nrdB gene confirm the absence of Westeberhardia in larvae (L), prepupae (PP) and female (queen
and worker) pupae (PW = pupa white, PB = pupa brown) of the JP OypB population, whereas all
those developmental stages are infected in the BR Una (2012) population (letters indicate significances
for within-population comparisons for BR). (C+D) Prevalence of Westeberhardia in queens (C) and
workers (D) across different populations of C. obscurior from BR (blue), JP (red) and Tenerife, Spain
(SP, gray), as revealed by qPCR (C) and diagnostic PCR (D), of the nrdB gene. For each lineage 6-8
colonies and per colony 9-10 young workers and 6-10 queens were tested. Bars represent medians and
whiskers denote quartiles. Note that while Westeberhardia infection status of workers varies between
and within populations of C. obscurior, it is almost fixed in queens across all lineages except OypB.
(E4+F) Morph (E) and age (F) dependency of relative amounts of Westeberhardia in C. obscurior
individuals from BR (Una, 2012) determined by real time-quantitative PCR. Normalized nrdB copy
numbers are elevated in queens compared to all other morphs (Q=queens, W=workers, M=males
winged, MW=males wingless) (E), increase with age in queens, but decrease with age in workers
(numbers after Q/W show age in days, V=virgin queens, letters indicate significant differences for
within-caste comparisons) (F). Sample sizes are given within parentheses.
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Localization of Westeberhardia

Westeberhardia is localized intracellularly in bacteriomes connected to the gut in queen,
worker and wingless male pupae (Figure 2.4A-C). As in many other insect taxa with
bacteriomes, bacteriocytes are densely packed with symbiont cells and exhibit enlarged
host cell nuclei. In some sections, individual symbiont cells or symbiont-filled bacterio-
cytes were found in the gut lumen, suggesting beginning degradation of the bacteriome
in later pupal stages. Concordantly, no bacteriomes were detected in adult queens
(Figure 2.4D). However, both pupal and adult queens show high Westeberhardia abun-
dances in the ovaries (Figure 2.4A,D-F). In particular, Westeberhardia is localized
predominantly in the nurse cells. Several sections captured transgenerational infection
events of the symbiont from the maternal nurse cells into late stages of the developing

oocyte (Figure 2.4F).

Figure 2.4: Localization of Westeberhardia in adults and pupae of C. obscurior (from
Brazil, Ilhéus, 2009). Symbionts were stained in longitudinal sections through the abdomen with
the Westeberhardia-specific probe Weard2-Cy5 (green), and host cell nuclei were counterstained with
DAPI (blue). (A-C) Localization of Westeberhardia in gut-associated bacteriomes (bac) in pupae of
a queen (A), a worker (B), and a male (C). Note the additional presence of symbionts in the queen
ovaries (ov). (D) Section of the abdomen of an adult queen, with symbionts visible in the ovaries (ov).
(E,F) Ovaries of an adult queen. Symbionts are mainly localized in the nurse cells (nc), but enter
the developing oocyte (oc), probably during nurse cell depletion (arrowhead). Scale bars: 100 pum
(A,B,D), 50 um (C), and 20 pm (E,F).
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Test for reproductive manipulation and paternal inheritance

Westeberhardia-free OypB queens mated to Westeberhardia-infected BR males pro-
duced viable diploid female and haploid male offspring. Furthermore, infected fe-
males generally also produce male offspring and unfertilized females exclusively pro-
duce males. In addition, Westeberhardia does not seem to be transmitted paternally,
as revealed by the absence of the diagnostic nrdB gene in the spermatheca content of
Westeberhardia-uninfected queens mated with infected males. Worker pupae emerging

from the above crosses were also uninfected.

Description of ‘Candidatus Westeberhardia cardiocondylae’

In accordance with the guidelines of the International Committee of Systematic Bac-
teriology, unculturable bacteria should be classified as Candidatus (Murray & Stacke-
brandt, 1995). We propose the name ‘Candidatus Westeberhardia cardiocondylae’
strain obscurior for this newly discovered y3-proteobacterium. The genus name West-
eberhardia refers to Mary Jane West-Eberhard, expressing our admiration for her far-
reaching advances in evolutionary developmental biology. The specific epithet, cardio-

condylae, indicates that it is an endosymbiont of Cardiocondyla ants.

2.5 Discussion

The 16S sequence of an unknown Enterobacteriaceae isolated from C. obscurior was
previously published (Russell et al., 2009b), but the specificity and functionality of this
association had not been addressed. Here we describe it as ‘ Candidatus Westeberhardia
cardiocondylae’ strain obscurior and provide a first characterization of its relationship
with C. obscurior. Phylogenomic analysis indicates that Westeberhardia is closely re-
lated to Blochmannia, the obligate endosymbiont of Camponotus ants (Feldhaar et
al., 2007). Nevertheless, its phylogenetic placement has to be considered with cau-
tion, because of long-branch attraction. As already observed by Husnik et al. (2011),
the monophyly of the cluster formed by Sodalis, Baumannia, Blochmannia and Wig-

glesworthia, in which Westeberhardia appears, needs to be further tested.
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Transmission of Westeberhardia

Maternal transmission of Westeberhardia occurs through a different process than de-
scribed for other endosymbionts (Koga et al., 2012; Balmand et al., 2013). In adult
queens Westeberhardia is localized in ovarial syncytial nurse cells, which originate
from the same germline stem cell as the oocyte and are responsible for provision-
ing of the oocyte with metabolites. During the process of nurse cell depletion, when
large amounts of cytoplasmic material are channeled into the oocyte (Mahajan-Miklos
& Cooley, 1994), cytoplasmic Westeberhardia are swept into the developing oocyte,
ensuring complete vertical transmission (Figure 2.4F).

CI is a widespread phenotype induced by some bacterial endosymbionts (Gotoh et al.,
2006; Werren et al., 2008), but has to our knowledge not been shown for any social in-
sect. In social Hymenoptera, males develop from haploid, unfertilized eggs and females
from diploid, fertilized eggs, consequently CI would only affect diploid offspring. West-
eberhardia does not appear to induce strong CI, if any, as uninfected queens mated
to infected males produced diploid F1 females. Another common phenotype caused
by reproductive manipulators, the induction of thelytokous parthenogenesis (PI), can
also be excluded. This would lead to exclusive female offspring in infected queens,
as C. obscurior does not show diploid male production (Schrempf et al., 2006). The
regular occurrence of male offspring and the exclusive production of males by unfertil-
ized females argue against PI. However, Wolbachia, also present in C. obscurior, could
exert effects on host reproduction as well. In contrast to some other intracellular sym-
bionts (Moran & Dunbar, 2006; Damiani et al., 2008; Watanabe et al., 2014), paternal
transmission of Westeberhardia is unlikely as we did not detect Westeberhardia DNA in
transferred sperm and/or seminal fluids stored in the spermatheca of uninfected queens

mated to infected males.

Westeberhardia as a possible source of a HGT event

The bacterial gene gpt encoding the xanthine-guanine phosphoribosyltransferase (XPRT,
EC: 2.4.2.22), which was horizontally transferred into the host genome has its closest
ortholog in Enterobacter, an Enterobacteriaceae. This indicates that Westeberhardia
could be the origin of the HGT event. However, it could also be a relict of a former
symbiont no longer present in C. obscurior (Husnik et al., 2013). Homologs of the gpt
have been identified in most bacterial endosymbionts, including Buchnera, Moranella,
Blochmannia, Sodalis and Wigglesworthia. The presence of the HGT in the OypB
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lineage suggests either an ancestral association between C. obscurior and Westeber-
hardia and a secondary loss of the symbiont in OypB, or the origin of the HGT from
an unknown bacterium in the ancestor of both lineages. Westeberhardia is not capable
of de novo synthesis of purines, but it is capable of producing all purine nucleotides
from recovered bases and nucleosides. A functional genome annotation revealed the
presence of hpt, a gene with similar function to gpt, in the Westeberhardia genome.
However, RNAseq data show that infected hosts transcribe gpt. Therefore, Westeber-
hardia might be reliant on an effective salvage utilizing the host-encoded gpt in some
conditions (O'Reilly et al., 1984). Interestingly, gpt expression is higher in larval com-
pared to adult queens, indicating that it is not correlated with Westeberhardia titers.
Inhibiting gpt expression in Westeberhardia-infected and -uninfected individuals will

help elucidate a putative effect of this gene on host and bacteria fitness.

Dependency of Westeberhardia on host-provided metabolites

With a genome size reduction to 533 kb and a GC-content of 23.4 %, the Westeberhardia
genome exhibits features of degenerative genome evolution following the transition to
obligate symbiosis (Moya et al., 2008). In addition to reduced effective population sizes
in host-associated bacteria compared to free-living relatives, small effective population
size of C. obscurior (Schrader et al., 2014) and social insects in general (Romiguier et
al., 2014) could lead to even faster genome degeneration. With a coding density of
70.76 %, the genome is surprisingly loosely packed, compared to other endosymbionts
with similar-length genomes (88 % coding density on average, McCutcheon & Moran,
2012). Furthermore, the occurrence of six pseudogenes indicates that genome erosion
in Westeberhardia is still incomplete. It was previously shown that even in advanced
mutualistic relationships, endosymbiont genome reduction continues (Gil et al., 2002).
Nevertheless, despite the substantial genome reduction, Westeberhardia appears ca-
pable of DNA replication, transcription, translation and protein folding, suggesting
that it is close to a minimal cell status (Gil et al., 2004). On the other hand, the
lack of dnaA and any other alternative mechanism for replication initiation might be
an indication that bacterial replication could fall under host control, as suggested for
Wigglesworthia and Blochmannia (Akman et al., 2002; Gil et al., 2003), although no
potential mechanism has been identified yet. It has also been suggested that, in the
absence of recA, the maintenance of recBCD might indicate that this complex has a
role in DNA replication initiation instead of recombination (Wu et al., 2006). The
gene count with only 372 coding genes and the impairment of essential pathways like

cofactor and essential amino acids biosynthesis indicate a metabolic dependency on ex-
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trinsic resources. In particular, a highly simplified cell envelope and the absence of most
transporter genes point towards dependency on the host machinery. In this, Westeber-
hardia resembles Buchnera aphidicola BCc, which also lacks the ability to synthesize
cell surface components (Pérez-Brocal et al., 2006). Intracellularity allows the host to
control endosymbiont populations (Vigneron et al., 2012), which together with the lack

of dnaA suggests that Westeberhardia populations are controlled by C. obscurior.

Potential for mutualism: Shikimate pathway

Westeberhardia has retained almost the complete shikimate pathway, which produces
chorismate, the precursor for tryptophan, tyrosine and phenylalanine, but lacks the
downstream enzymes necessary for synthesis of these aromatic amino acids. However,
it can produce 4-hydroxyphenylpyruvate, which can then be converted to tyrosine by
the host. Tyrosine is a precursor for DOPA and thereby essential for cuticle forma-
tion in insects (Hopkins & Kramer, 1992; Andersen, 2012). Insects cannot synthesize
aromatic amino acids and acquisition from diet and/or provisioning by endosymbionts
is a common phenomenon. For example, B. aphidicola has evolved overproduction
of phenylalanine and tryptophan (Lai et al., 1994; Jiménez et al., 2000). Similarly,
B. floridanus can synthesize tyrosine, and increased tyrosine biosynthesis during the
host’s pupal stage (Zientz et al., 2006) coincides with elevated Blochmannia titers (Stoll
et al., 2010; Ratzka et al., 2013). Accordingly, we found high densities of Westeber-
hardia in late C. obscurior pupae and young adults. Together with the detection of
gut-associated bacteriomes in pupae, this suggests a role of Westeberhardia in cuticle
synthesis during metamorphosis. Although the precise metabolites provided to the host
are unclear at this stage, we hypothesize that the retention of the shikimate pathway
is key to the mutualistic relationship between Westeberhardia and Cardiocondyla.

After eclosion, Westeberhardia declines slowly in workers but proliferates in queens with
age. Although virgin queens exhibit significantly reduced egg laying rates compared to
mated queens (Schrempf et al., 2005), we did not find an increase of Westeberhardia
infection with reproductive output. Instead, it appears as if the mere availability of
reproductive tissue allows proliferation of Westeberhardia. As a consequence of repro-
ductive division of labor in an eusocial host, the major proportion of Westeberhardia
encounter a dead end. Cardiocondyla workers completely lack ovaries (Heinze et al.,
2006), thus likely impeding Westeberhardia proliferation in the absence of the appropri-
ate microhabitat. In Camponotus floridanus ants, mid-gut connected bacteriomes pop-
ulated by Blochmannia during the pupal stage become symbiont-free in adult queens

and workers, whereas queens retain Blochmannia in their ovarioles (Sauer et al., 2000;
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Wolschin et al., 2004). Similarly, symbionts localized in gut-associated bacteriomes of
cereal weevils are actively eliminated by initiation of apoptosis after cuticle formation
is finished, but ovary-associated symbionts are retained for vertical transmission (Vi-
gneron et al., 2014). Probably due to slow degeneration of bacteriomes, Westeberhardia
was still present in young adult males and workers. Bacteria detected in the gut lu-
men (from degrading bacteriomes) may be the source of continued bacterial infections
found in adult workers and males. We have not ruled out that the symbiont continues
to play a role in adult workers, although its general decline suggests that the role is
not vital. It remains to be investigated if active degradation of bacterial populations
in workers benefits individuals and, on a higher level, colony performance (Wenseleers
et al., 2002).

Population differences cast doubts about the symbiosis status

We found a naturally occurring uninfected host lineage that continues to thrive in the
laboratory, questioning the essentiality of Westeberhardia, at least under conditions
including ad libitum protein provisioning. We verified absence of Westeberhardia in
freshly collected field colonies and established laboratory colonies with different meth-
ods and across different developmental stages. It remains elusive why Westeberhardia
prevalence is so substantially different between colonies of two lineages (OypB, OypC)
separated by such short distances (<100 m) in the field. This could indicate a faculta-
tive status of Westeberhardia as seen for many insect-microbe symbioses (e.g. Moran et
al., 2005). However, Westeberhardia lacks the main characteristics shared by facultative
symbionts, even those of a facultative symbiont in the transition to becoming obligate
(i.e., large genomes with low coding density and abundance of pseudogenes, presence
of repetitive sequences and transposable elements, high GC-content, Manzano-Marin
& Latorre, 2014). The occurrence of Westeberhardia in C. wroughtonii and in differ-
ent populations of C. obscurior indicates an ancestral infection and secondary loss of
Westeberhardia in OypB. Since the impact of facultative symbionts depends on the
particular environmental conditions (Dale & Welburn, 2001; Hansen & Moran, 2014),
a shift in diet or different gut microbiota could explain symbiont loss by natural selec-
tion. Due to proximity of host lineages, an alternative, more parsimonious explanation
is mutational loss of Westeberhardia and subsequent fixation through drift (Reuter et
al., 2005). Future comparisons between infected and uninfected hosts with the same
or different genetic backgrounds under varying environmental conditions will help to

reveal potential effects of Westeberhardia on host fitness.
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Conclusion

Our study describes a novel intracellular bacterium that maintains a mutualistic rela-
tionship with its host but can be lost in some conditions. Its genomic organisation,
metabolic capabilities, localization and prevalence during host development indicate
a role of Westeberhardia in host cuticle formation, possibly facilitating an invasive
lifestyle in nutrient poor arboreal environments. The putative monophyly with other
insect endosymbionts possibly facilitating cuticle buildup during development (Zientz
et al., 2006; Vigneron et al., 2014), suggests a single origin of metamorphosis-based
symbiosis.

Owing to novel traits emerging through host-symbiont associations, it is indispensable
to evaluate possible fitness effects of symbionts on hosts, which are used as model
organisms for broad biological questions. Although symbionts are situated along the
boundary between biotic environmental factors and genomic composition of the host,
it becomes obvious that selection pressures acting on the holobiont must be considered
when studying adaptation: “Contrary to common belief, environmentally initiated nov-

elties may have greater evolutionary potential than mutationally induced ones.” (West-

Eberhard, 2005).
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3 Co-option of sex differentiation pathways

3.1 Abstract

The origin of major evolutionary transitions is a principal yet largely unresolved ques-
tion in biology. One such major transition is the evolution of eusociality, with morpho-
logically, physiologically and behaviorally distinct female castes developing from the
same genetic background. It is currently unknown whether this is achieved by genomic
idiosyncrasies. Alternatively, we propose a concept of co-option of conserved gene sets,
where changes in the regulation of highly conserved pathways link new input stimuli
with novel target traits, thereby providing a powerful source for evolutionary novelty.
We validate this concept by identifying candidate sex differentiation genes that have
been co-opted in the developmental processes of female and male morph differentiation
in Cardiocondyla obscurior, an ant with four discrete phenotypes. Among these can-
didates is the master sex differentiation gene doublesex (dsz), a highly conserved gene
whose sex-specific isoforms act as transcription factors in downstream developmental
processes. Differential expression of dsx isoforms across morphs in pupae and adults
points towards a critical role of dsz in modulating polyphenic development. During
larval development, dsz as well as seven other conserved candidate genes, exhibit both
sex- and morph-specific expression patterns. By generating new interaction networks
between alternative primary signals (genetic or environmental) and the same set of ef-
fector genes, phenotypic differentiation on two levels, into females or males and discrete
morphs, is achieved. We argue that co-option of core gene sets with ancestral function
may have facilitated the evolution of eusociality because these pathways were already

deeply rooted in development and exerted a switch-like behavior.

3.2 Introduction

A major question in biology is how evolutionary novelty originates. Evolution requires
variation, which can be generated by mutations and neo-functionalization of duplicated
genes, or acquired by gene transfer and through recombination of existing genotypes
or developmental recombination (West-Eberhard, 2003). However, these mechanisms
provide only small-scale steps. In contrast, co-option of conserved gene sets, where
changes in the regulation of highly conserved pathways link new input stimuli with novel
target traits, constitutes a rapid source for evolutionary novelty because even minor
alterations in regulatory mechanisms can produce substantially different phenotypes
(“theory of facilitated variation”, Gerhart & Kirschner, 2007).
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3 Co-option of sex differentiation pathways

A prime example for conserved regulatory gene sets that produce substantial phe-
notypic divergence are sex differentiation genes (Kopp, 2012). Intriguingly, in social
Hymenoptera, phenotypic divergence between queens and workers or among worker
castes can be as extreme as divergence between sexes (Wheeler, 1986), with castes dif-
fering in morphology (e.g. body size, presence of wings), physiology (e.g. rate of senes-
cence, fertility) and behavior (e.g. foraging, mating). Proximately, genetic components
(Schwander & Keller, 2008; Smith et al., 2008), hormones (Wheeler, 1990), nutrition
(Kamakura, 2011), methylation patterns (Simola et al., 2013) and different transcrip-
tion factor binding site landscapes (Simola et al., 2013; Schrader et al., 2015) translate
into morph-biased gene expression during larval development. Despite extensive efforts
however, we still lack a general developmental evolutionary framework to explain the

repeated independent evolution of polyphenism in the social Hymenoptera.

Here, we propose that co-option of conserved sex differentiation gene sets underlies the
evolution of morphological castes in the ant Cardiocondyla obscurior. The key reg-
ulatory pathways for sex differentiation involving genes of the doublesex-mab3 (DM)
family are highly conserved across the metazoa (Yi & Zarkower, 1999; Kopp, 2012;
Matson & Zarkower, 2012). In contrast, there is rapid turnover in both primary sig-
nals for sex determination and sexually dimorphic phenotypic traits. In insects, the
evolution of sex determination mechanisms is assumed to follow an hourglass model
(Bopp et al., 2014), with variable genetic primary signals (i.e. sex-determining sig-
nals), a conserved part including the genes transformer (tra) and doublesex (dsz) and
a variable set of downstream genes regulating sex-specific tissue differentiation. dsz is
assumed to be the most conserved player in this cascade (Bopp et al., 2014), with its
sex-specific isoforms acting as transcription factors that induce tissue sex-specificity
(Burtis & Baker, 1989) by regulating expression of target genes involved in basal func-
tions like cell-signaling and transcriptional regulation (Chatterjee et al., 20111; Shukla
& Palli, 2012a; Clough et al., 2014). Expression of sex differentiation genes in turn
modulates sex-specific phenotypic traits including brain development (Tomchaney et
al., 2014), genital disc formation (Chatterjee et al., 20111), reproductive physiology
(Shukla & Palli, 2012a) and development of male sexual ornaments (Kijimoto et al.,
2012).

Like most ants, C. obscurior produces two distinct female castes (queens=QU, work-
ers=WO). In addition, C. obscurior expresses two alternative male phenotypes (winged
=WM, wingless=EM from ‘ergatoid’, literally ‘worker-like’), adding an additional level
of phenotypic complexity compared to most social Hymenoptera (Oettler et al., 2010;
Schrader et al., 2015). For simplicity, we refer to all four phenotypes as “morphs” in

the following. Like in most social Hymenoptera, sex in this ant is determined by the
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3 Co-option of sex differentiation pathways

fertilization status of the egg, with unfertlizied haploid eggs developing into males and
fertilized diploid eggs developing into females. Like in other insects, this primary ge-
netic signal induces sex-specific gene expression in the developing egg. In turn, female
and male morph differentiation is induced by environmental conditions experienced
during development and is fixed in 3rd (final) instar larvae (Schrempf et al., 2006;
Schrader et al., 2015).

To test the hypothesis that conserved regulatory sex differentiation gene sets are in-
volved in this coordinated developmental switch into discrete morphs in C. obscurior,
we identify dsz and its female- and male-specific splicing variants, and corroborate
the link between phenotype and isoform expression in sex mosaics that aberrantly de-
velop male and female morphologies in one individual. Importantly, we find that dsx
sex-specific isoforms are expressed not only sex-specifically, but also morph-specifically
across different life stages. Finally, morph-specific expression patterns in a wide range
of sex-biased genes in RNAseq data of individual larvae of known developmental trajec-
tory (Schrader et al., 2015) provide strong evidence for extensive co-option of existing

sex differentiation pathways for female caste and male morph differentiation.

3.3 Results

Verification of haplodiploidy

Like most haplodiploid Hymenoptera, male C. obscurior develop from unfertilized eggs
while females develop from fertilized eggs. Although the mode of sex determination in
C. obscurior is unknown, single locus sex determination (like in the honeybee, Gempe
et al., 2000) is unlikely (Schrempf et al., 2006). Using inter-population crosses we
verified haplodiploidy and excluded unusual modes of reproduction found in other ants
(Leniaud et al., 2012). Hybrid queens and workers were heterozygous for diagnostic
microsatellite markers, whereas emerging winged and wingless males as well as one sex

mosaic individual exclusively carried the maternal alleles (Table S3.5).

Identification of C. obscurior dsx

The C. obscurior genome (Schrader et al., 2014) has four paralogs containing the DM
domain of dsz (pfam00751; Cobs_ 01393, Cobs_ 07724, Cobs_ 0925} and Cobs__18158)
representing the ancestral state in holometabolous insects (Oliveira et al., 2009). Sex-

specific splice forms are only known from one gene per species, e.g., in Apis (Cho et
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al., 2007) and Nasonia (Oliveira et al., 2009), and the function of the other paralogs is
unclear. To find the functional dsz ortholog in C. obscurior, we identified DM domain-
containing proteins of Drosophila melanogaster, Nasonia vitripennis, Apis mellifera,
Pogonomyrmex barbatus, Acromyrmex echinator and C. obscurior by BLASTp and
tBLASTn analyses (Table S3.1) and aligned them with MUSCLE (Edgar, 2004). We
extracted the DM domain region from the manually corrected alignment (Figure S3.1)
and built a phylogenetic tree in MEGA (Hall, 2013), applying a WAG+G+I phyloge-
netic model and bootstrap resampling with 1,000 replicates (Figure S3.3). This revealed
that Cobs 01393 shows the highest sequence homology to functional dsz in other in-
sects. We further verified functionality of Cobs 01393 by identifying C. obscurior
prospero by tBLASTn of N. wvitripennis prospero (Genbank NP__001164363) against
predicted C. obscurior transcripts. Microsynteny of dsr and prospero is conserved
across the Hymenoptera (Oliveira et al., 2009). Ortholog C. obscurior prospero se-
quence is located within ~79 kb of Cobs 01393, while the other paralogs are located
on distinct scaffolds in the genome assembly. Finally, we analyzed differential expres-
sion of the four DM-containing transcripts in RNAseq data from female and male
larvae from (Schrader et al., 2015) with DESeq2. Only Cobs 01393 was differentially
expressed between the sexes (Table S3.3), confirming that this transcript represents

the functionally active dsx in C. obscurior.

Sex- and morph-specific expression of dsx isoforms

We applied 3" rapid amplification of cDNA ends (RACE) to identify the full-length
sequence and sex-specific isoforms of dsz (Figure S3.2). The first four exons are iden-
tical in both isoforms. The DM domain (pfam00751) is located in exon 2 and the
dsz dimerization domain (pfam08828) in exon 4. The female transcript dsz" contains
one female-specific exon, whereas the male transcript dsz™ is generated by alternative
splicing, skipping the female exon but including two male-specific exons (Figure S3.1A,
Table S3.4). This splicing pattern with a shortened female transcript has been inferred
for the fire ant Solenopsis invicta from RNAseq data (Nipitwattanaphon et al., 2014),
and matches dsx sex-specific isoforms in D. melanogaster and A. mellifera, but not in
N. wvitripennis (Oliveira et al., 2009). While the sex-signaling function of dsz is highly
conserved across species, recent evidence shows that dsz evolves rapidly even on small
evolutionary timescales (Loehlin et al., 2010; Kunte, 2014; Eirin-Lopez & Sénchez,
2015), explaining variation in dsz sequence and splicing patterns between species. A
higher level of divergence in dsx compared to other DM domain-containing proteins

in our phylogenetic analysis confirms this result. For subsequent real-time quanti-
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tative PCR (qPCR) we designed intron-spanning primers targeting the DM domain-
containing exon (i.e., measuring overall expression of both isoforms) as well as specific
primers for both isoforms (Figure 3.1A). We found significantly higher expression of the
DM domain in adult males compared to females (ngy=8, nwm=8, nwo=10, nqu=10;
Welch two sample t-test: t(25.7)=-8.7, p<0.001, Figure 3.1B). While expression of
the DM-domain was similar in queens and workers (pairwise t-test with Benjamini-
Hochberg correction: p=0.672), winged males showed higher expression than wingless
males (pairwise t-test with Benjamini-Hochberg correction: p=0.009). We then com-
pared expression of dsz™ and dsz™ across all four morphs in pupae (ngy=10, nwy=10,
nwo=9, nqu=10) and adults (ngm=7, nwm=7, nwo=7, nqu=r; Figure 3.1C,D). We
found morph-specific signatures of expression in both life stages for dsz¥ (ANOVA:
pupae: F(3,35)=42.33, p<0.001; adults: F(3,24)=3.75, p=0.0243) as well as for dsz™
(Kruskal-Wallis rank sum test: pupae: X2=30.2, df=3, p<0.001; adults: X2=22.6,
df=3, p<0.001). Worker pupae showed significantly higher dsz¥ expression than queen
pupae (pairwise t-test with Benjamini-Hochberg correction: p=0.013) and worker pu-
pae and adults showed significantly lower dsz™ expression than queen pupae and adults,
respectively (pairwise Wilcoxon Tests with Benjamini-Hochberg correction: pupae:
p=0.012; adults: p=0.0014). In males, neither dsz" nor dsz™ expression differed sig-
nificantly between the two male morphs. However, overall expression of both isoforms
showed higher dsz expression in winged compared to wingless males (Figure 3.1B).
Combined, differential expression of dsx isoforms across morphs in pupae and adults

points towards a critical role of dsz in modulating polyphenic development.
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Figure 3.1: Sex- and morph-specific expression of doublesex isoforms in the ant Cardio-
condyla obscurior. (A) Schematic illustration of the sex-specific dsz isoforms dsz¥ and dsz™. Num-
bers show sizes of exons and introns in bp. Arrows indicate approximate positions of primers (green:
primers targeting both isoforms, red/blue: specific for dsz /dsz™, respectively; primers: green-exon2:
dsx4_ ford, green-exon3: dsx4_revl, green-exond: 4for, red: Fbrev, blue: Mbrev). (B-D) Normalized
gene expression of dsz measured by qPCR, in wingless (ergatoid) males (EM), winged males (WM),
workers (WO) and queens (QU). (B) Expression of the DM domain-containing exon in adults is higher
in males than in females, and higher in winged than in ergatoid males. (C) dsz" is significantly higher
expressed in female than in male pupae, whereas dsz™ is significantly higher expressed in males than
in females (D). Worker pupae express significantly more dsz® than queen pupae and significantly less
dsz™ than queen pupae, and adult workers express significantly less dsz™ than adult queens (C+D).
Letters indicate significant differences. Sample sizes are given within parentheses, boxplots show the
median, interquartile ranges (IQR) and 1.5 IQR.

Verification of sex-specificity of dsx isoforms in sex mosaics

To confirm that expression of dsx isoforms corresponds with phenotypic tissue differen-
tiation we used qPCR to analyze dsz™ and dsz™ expression in aberrantly produced sex
mosaic individuals that express both male and female characters. We dissected heads
and thoraces from four sex mosaic pupae (for morphological descriptions see Table
S3.6), and separated female and male tissue in RNAlater®-ICE (Ambion). dsz¥ and
dsz™ splice forms were detected in both tissue types but expression levels were consis-
tent with morphology in all individuals, except for one sample that had similar levels
of dsz™ in both tissue types (Figure 3.2). In most documented cases, C. obscurior

sex mosaics were laterally separated into female and male halves, indicating that inter-
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sexuality is caused by single and early developmental aberrations such as anomalous
fertilization events, loss of sex locus expression or inheritance of maternal effects (Yang
& Abouheif, 2011; Kamping et al., 2007; Michez et al., 2009). Concordantly to studies
in other Cardiocondyla species (Heinze & Trenkle, 1997; Yoshizawa et al., 2009), we ob-
served either the combination of queen and winged male traits (“gynandromorphs”), or
the combination of worker and wingless (ergatoid) male traits (“ergatandromorphs”),
whereas other combinations of male and female traits were absent (Table S3.6). This
suggests that common pathways control Cardiocondyla morph differentiation in both
sexes. Alternatively, observational bias due to mortality in early developmental stages

may explain the absence of other combinations.
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Figure 3.2: Tissue-specific expression of dsz isoforms in sex mosaics of the ant Cardio-
condyla obscurior. (A) dsz¥ expression is higher in female (red triangles) than male halves (blue
squares) of each individual, whereas dsz™ expression is higher in male than female halves, with one
exception (#10) (B).

Co-option of dsx and other candidates in larval morph

differentiation

We analyzed published RNAseq data from individual early 3rd instar larvae (QU, EM,
WM, WO; n=7 each; Schrader et al., 2015) on an exon-level with DEXSeq (Anders et
al., 2012). We found morph-biased expression in each of the seven dsz exons and con-
firmed sex-specific expression of the DM domain, dsz™ and dsz™ in the early 3rd larval
stage (Figure S3.4, Table S3.7). Overall, dsz expression was higher in males than in fe-
males, and higher in wingless morphs compared to winged morphs (EM > WM, WO >
QU). Similar to dsz, other genes with sex-biased expression of alternative splice forms

may have been co-opted for morph differentiation. At a conservative false discovery
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rate of 0.005, DEXSeq analysis revealed 179 exons of 91 genes with sex-biased expres-
sion (Table S3.8). To test for co-option of this set of exons into morph differentiation,
we performed a hierarchical clustering analysis based on log-transformed exon counts.
Queens and workers as well as winged and wingless males were clearly separated by
the set of sex-biased exons with the exception of two male samples (bootstrap node
support: QU/WO=75, WM/EM=68) (Figure 3.3, see Figures S3.5 S3.6 for bootstrap
support for all nodes and exon names). As terminal switch points for morph differen-
tiation in male and female larvae may differ (Schrader et al., 2015), misclassification of
two male samples (WM34 & EM29) in hierarchical clustering may reflect higher plas-
ticity in males compared to females at this particular developmental stage. Indeed, in
C. obscurior 3rd instar larvae more genes are differentially expressed between queens
and workers than between winged and wingless males (Schrader et al., 2015). To iden-
tify sex-biased exons that most strongly affect separation between sexes and morphs,
we performed a principal component analysis (PCA) of the 179 normalized exon counts
(prcomp in R 3.0.3 GUI). PC1 separated sexes (29.9 % of the variation in the data
explained) while PC2 (15.3 %) and PC4 (6.8 %) separated female and male morphs,
respectively (Figure 3.4). We confirmed that PCs 1, 2 and 4 significantly separate
between sexes and morphs with linear discriminant analysis (Wilks test; factor sex:
F(1,28)=71.33, p<0.001; factor morph: F(3,28)=22.80, p<0.001). From the 179 exons
we identified those exons with the strongest influence on sex (PC1), female morph
(PC2) and male morph (PC4) by extracting the exon loadings that fell in either the 10
% or 90 % quantiles for each PC (Table S3.8). We further filtered this list to extract
only those genes that contained multiple exons with strong influence on both sex (PC1)
and morph (PC2 and/or PC4). This gave a list of eight highly conserved sex-biased
genes showing clear morph bias in exon-specific expression (Table 3.1). Using a Gene
Ontology (GO) term enrichment analysis with topGO (Alexa & Rahnenfuhrer, 2010)
to infer biological function we found that these candidate genes consistently perform
basic metabolic functions (Table S3.9).
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Figure 3.3: Heat map representing hierarchical clustering of normalized counts for sex-
biased exons across the four morphs of the ant Cardiocondyla obscurior. Females are
clustered into the two castes: workers (WO, pink) and queens (QU, orange). Males also cluster
into the two morphs: winged males (WM, dark blue) and ergatoid males (EM, light blue), with the
exception of two samples (WM34, EM29). In the heat map, yellow indicates low expression and blue
indicates high expression. Columns represent exons that exhibit sex-biased expression. As revealed
by principal component analysis (PCA), exons whose loadings fell into the 10 % or 90 % quantile on
PC1 and either PC2 (separating female morphs) or PC4 (separating male morphs) are indicated in
red and blue, respectively. dsz exons are highlighted in black (top: exon 7, middle: exon 6, bottom:
exon 5). Numbers in the sample-tree show bootstrap values.
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Figure 3.4: Principal component analysis (PCA) of the 179 sex-biased exons in the ant
Cardicondyla obscurior. PC1 separates the sexes (A+B), whereas PC2 separates workers (WO,
pink) and queens (QU, orange) (A) and PC4 separates winged males (WM, dark blue) and ergatoid
males (EM, light blue) (B). Triangles show group centroids.
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3 Co-option of sex differentiation pathways

3.4 Discussion

In the social Hymenoptera, eusociality with reproductive division of labor and accom-
panied morphological specialization has evolved several times independently. Repeated
independent evolution of caste systems, together with an increasing amount of data
showing the influence of conserved genes on phenotypic variation (Kijimoto et al., 2012;
Alvarado et al., 2015; Schrader et al., 2015), point towards repeated recruitment of basal
developmental pathways as key factors in generating phenotypic divergence among so-
cial Hymenopteran castes. Here, we identify candidate sex differentiation genes that
have been co-opted in the developmental processes of female and male morph differen-
tiation in an ant. Among these is the master sex differentiation gene dsz, which along
with most of the genes we identified is involved in highly conserved pathways across

animal taxa.

Sex differentiation genes, and in particular genes of the doublesex-mab3 family, and
their effects on sex-specific phenotypic divergence are well documented in insect model
species. For example, differential expression of dsx isoforms controls the formation
of genital discs (Chatterjee et al., 20111) and secondary sexual traits such as sex
combs (Tanaka et al., 2011) and abdominal pigmentation (Clough et al., 2014) in
fruit flies and modulates the development of sexual ornaments in beetles (Kijimoto et
al., 2012). Intriguingly, the results of these studies also indicate that differential dsx
expression can be associated with the origin and diversification of novel phenotypic
traits: in Drosophila, three distantly related species have independently evolved novel
male-specific structures and display corresponding gains of dsz expression (Tanaka et
al., 2011). Similarly, manipulation of dsz expression in Onthopagus beetles induces the
formation of horns, a typical male-specific trait, in otherwise hornless females (Kiji-
moto et al., 2012). This indicates that small regulatory changes in core gene pathways
can have extensive impact on a wide range of morphological, physiological and be-
havioral characters and lead to the evolutionary change required to generate adapted

phenotypes.

Pleiotropy of these genes makes them suitable candidates for co-option, i.e., the evo-
lution of phenotypic novelty through re-wiring of core gene sets. The evolutionary
advantage of re-wiring core gene sets is rooted in their wide spectrum of targets, as
weak linkage is an important prerequisite for changes in regulatory pathways (Gerhart
& Kirschner, 2007). Accordingly, in developing C. obscurior we found only four genes
(dsz, CycB, aub, CG12316) with large effect on separation between sexes that also

show sex-specific expression patterns in other insect models (Shukla & Palli, 2012a;
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3 Co-option of sex differentiation pathways

Clough et al., 2014). However, the lack of overlap between sex-biased genes across
taxa may in part be due to differences in sampling, as sex-biased gene expression is

known to be highly tissue- and age-specific (Clough et al., 2014).

Compared to constitutively expressed genes that generally underlie some degree of re-
dundancy to buffer the effects of deleterious mutations (Ohno, 1970), sex-biased genes
already carry an inherent switch-like behavior and alternative states of function, a pre-
dicted requirement for co-option of conserved genes in novel developmental contexts
(Gerhart & Kirschner, 2007). Our study suggests that in C. obscurior, sex-biased
genes function in two distinct developmental contexts. Early in development, sex spe-
cific expression of dsz isoforms lead to differential regulation of dsx target genes in
a tissue-specific manner resulting in sex-specific morphological differentiation (Bopp
et al., 2014). Later during larval development, this regulatory gene network is again
initiated, this time by an environmental stimulus such as larval nutrition. Environmen-
tally induced differential transcription of dsx and other sex-biased genes then initiates
developmental divergence into distinct female and male morphs. Such co-option of
sex-biased genes in morph differentiation pathways has been demonstrated in beetles,
where nutrition-mediated changes in dsz expression (Kijimoto et al., 2012) regulate
tissue-specific juvenile hormone (JH) sensitivity and result in development of alterna-
tive male morphs (Gotoh et al., 2014). Similarly, morph determination in C. obscurior
is environmentally induced and can be influenced with JH-analogues (Schrempf et al.,
2006; Schrader et al., 2015), making dsz a likely player to control development of intra-
sexual dimorphisms via regulation of JH-sensitivity in divergently developing tissues

and life stages.

Our study suggests that regulatory changes in larval development, induced by envi-
ronmentally mediated transcription of dsz, kr-h2 and six other sex-biased genes (Table
3.1) and most likely involving JH signaling, provide the basis for morph differentiation
in C. obscurior. Specifically, successful induction of winged morphs with JH-analog,
together with higher expression of dsz in wingless compared to winged morphs during
larval development, point toward a role for dsz in mediating JH action in developing
tissues. Differential dsx expression seems to play a particularly prominent role in male
morph development, with wingless males showing significantly higher expression in six
of seven dsz exons. Conversely, differential expression of kr-h2 separated strongly be-
tween female morphs. kr-h2 has structural similarity to the JH-inducible transcription
factor kr-h1 (Benevolenskaya et al., 2000), which mediates initiation of metamorphosis
in flies and beetles (Minakuchi et al., 2009, 2008). Kr-h2-induced differences in devel-
opmental timing may explain why metamorphosis is delayed in queens compared to
workers (Schrempf et al., 2006; Schrader et al., 2015). Overall, the strong effect of dif-
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3 Co-option of sex differentiation pathways

ferent isoforms of our eight candidate genes on separation of sexes and morphs suggests
that these genes play a dual role in C. obscurior, mediating sex- and morph-specific

development.

To conclude, the involvement of a diverse range of mechanisms that have co-evolved
in concert with eusociality (from hormones, Wheeler (1990), to methylation patterns,
Simola et al. (2013)) have made it difficult to pinpoint the evolution of caste determina-
tion systems. While we cannot dissect cause from effect, our study provides substantial
evidence that the evolution of eusociality and caste polyphenism is likely mediated and
maintained by a set of core genes implicated in the conserved developmental process
of sex differentiation. Co-option of sex-biased genes allows exploitation of evolution-
arily refined regulatory networks in a novel context, thus facilitating the coordinated

developmental switch necessary for morph determination.

3.5 Material and Methods

Verification of haplodiploid genetic sex determination

Crosses between five queens of a C. obscurior population from Japan (JP) and five
wingless males of a C. obscurior population from Brazil (BR) were set up by placing
the sexual pupae together with some brood and 20 workers in plaster-filled Petri
dishes. Nests were checked twice a week, provided with water, honey and pieces of
dead insects and kept at constant conditions (12h 28°C light, 12h 23°C dark). We
sampled emerging F1 hybrid QU, WO, EM and WM pupae and extracted DNA from
the 10 parental and 71 F1 individuals (23 EM, 3 WM, 22 QU, 22 WO, 1 GY =
gynandromorph, for sample sizes per family see Table S3.6) using a modified protocol
after Sambrook & Russell (2001). Each individual was analyzed at three microsatellite
loci (Cobs__1.1, Cobs_ 8.3, Cobs_ 8.4; for primer sequences see Table S3.3), which are
variable between the two populations. PCRs were performed using the BIO-X-ACT™
Short Mix (Bioline) and microsatellite analyses were carried out on an ABI PRISM®
(Applied Biosystems).
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3 Co-option of sex differentiation pathways

Verification of functional dsx and its sex-specific isoforms in

C. obscurior

We reanalyzed previously published RNAseq data of larvae (Schrader et al., 2015).
After raw-reads were cleared from adapter sequences with cutadapt and quality fil-
tration was performed with Trimmomatic (Bolger et al., 2014), reads were mapped
against the reference genome with tophat2 (v2.0.8) and bowtie2 (v2.1.0) in sensitive
mode. We generated count tables with HTseq based on the Cobs 1.4 official gene set
and used DESeq2 (Love et al., 2014) to assess sex-specific expression of the four dsz
paralogs following size factor normalization. We applied RACE (Rapid Amplification
of cDNA Ends) for identification of dsz isoforms. Total RNA was extracted from three
females (QU adult, QU pupa, WO pupa) and three wingless males (one pupa, two
adults) using the peqGOLD MicroSpin Total RNA Kit (peqlab). Transcription to
cDNA was performed with the AffinityScript Multiple Temperature cDNA Synthesis
Kit (Agilent Technologies), using the 3° RACE Adapter GCGAGCACAGAATTAAT-
ACGACTCACTATAGGTTTTTTTTTTTTVN. 3° RACE was performed in a nested
PCR using two gene-specific 3’ primers (dsx4_for4, Co_dsx_p3_for, for primer se-
quences see Table S3.2) and the 5’ primer provided in the First Choice® RLM-RACE
Kit (Ambion). PCRs were performed using the BIO-X-ACT™ Short Mix (Bioline)
with the following protocol: 94°C (3 min), followed by 35 cycles 94°C (30sec), 60°C
(30sec), 72°C (2min) and a final elongation of 72°C (7min). The products were
purified with the NucleoSpin® Gel and PCR. Clean-up (Macherey-Nagel) and Sanger
sequenced at LGC Berlin.

Expression of dsx and its isoforms in morphs and sex mosaics with
real-time quantitative PCR (qPCR)

Total RNA was extracted from adults (8 EM, 8 WM, 10 QU, 10 WO) using the
RNeasy Plus Mini Kit (Qiagen) and transcribed to ¢cDNA using the AffinityScript
Multiple Temperature cDNA Synthesis Kit (Agilent Technologies). Expression of the
DM domain was quantified by qPCR using the primer pair dsx4_for4/dsx4_revl and
normalized with two housekeeping genes (RPS2_new, RPL32; see Table S3.2 for primer
sequences).

We further used qPCR to measure isoform-specific dsx expression (dsz™ and dsz"), in
pupae and adults of all four morphs, respectively, and in tissue from four sex mosaic
pupae. We dissected the head and thoraces of the sex mosaics (for morphological

descriptions see Table S3.6) laterally in male and female halves and stored male and
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female tissue parts separately in RNAlater®-ICE (Ambion), resulting in one female and
one male sample per individual. We extracted total RNA from 9-10 pupae and seven
adults of each of the four phenotypes and of the sex mosaic tissue using the peqGOLD
MicroSpin Total RNA Kit (peqlab) including a DNA digestion step with the peqGOLD
DNase I Digest Kit (peqlab). After cDNA synthesis with iScriptTM ¢DNA Synthesis
Kit (Bio-Rad) we quantified gene expression of dsz™ and dsz™ using isoform specific,
intron-spanning primers ( dsz™: 4for/F5rev, dsz™: 4for/Mbrev; see Figure 3.1A for
position of primers) and two housekeeping genes (RPS2_ new, Y45F10D JO1). All
qPCR reactions were performed in triplicates. Data analysis was carried out according
to Livak & Schmittgen (2001), using the geometric mean of two housekeeping genes

for normalization.

Co-option of dsx and other candidates in morph differentiation

We analyzed published RNAseq data (Schrader et al., 2015) from 3rd star instar larval
QU, WO, WM and EM (n=7 each) and assessed differential exon-specific expression
with DEXSeq (Anders et al., 2012). Raw reads were trimmed and passed through qual-
ity filtration as described in Schrader et al. (2015) and mapped with STAR (Dobin et
al., 2013) against the reference genome Cobsl.4. (Schrader et al., 2014). We corrected
the dsz and tra gene model using the RACE results for dsz and splitting the tra gene
model into two paralogs (tral and tra2), as observed in other ants (Schmieder et al.,
2012; Privman et al., 2013; Koch et al., 2014). For all other genes we used gene models
of the Cobs 1.4 official gene set. We followed the default workflow of DEXSeq (Anders
et al., 2012) and tested for differential exon usage between males and females based
on a false discovery rate of 0.005. In the resulting 179 sex-specific exons we analyzed
morph-specific signatures using a hierarchical clustering approach (ward.D2 method,
Murtagh & Legendre, 2014) of pairwise Manhattan distances between log-transformed
normalized exon counts of all four morphs, using bootstrap resampling of 10,000 repli-
cates in gplots (Warnes et al., 2015) and pvclust (Suzuki & Shimodaira, 2015) in R
3.1.2 (R Core Team, 2013).

Moreover we conducted a PCA with normalized exons counts. We visually identified
principal components that best separated between sexes (PC1), female morphs (PC2)
and male morphs (PC4) and confirmed that these components suffice to separate among
sexes and morphs with linear discriminant analysis and subsequent Wilks tests in R
3.1.2. Based on loadings of exons on each component we identified exons that fell in
either 10 % or 90 % quantile (Table S3.8) as those with the strongest influence on
PC1, PC2 and PC4. From this list, we extracted only those genes that contained mul-
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tiple exons with strong influence on both sex (PC1) and morph (PC2 and/or PC4).
This gave a list of eight highly conserved sex-biased genes showing clear morph bias in

exon-specific expression (Table 3.1).
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4 Local recombination rate in Cardiocondyla obscurior

4.1 Abstract

Eusocial insects have the highest rates of homologous recombination reported for multi-
cellular organisms so far, which may have promoted the evolution of the worker phe-
notype or may underlie traits generally associated with genetic heterogeneity, e.g. di-
vision of labor and immune repertoire. Here we present a linkage map of the ant
Cardiocondyla obscurior, based on 85 recombinant F2 males from a cross between two
C. obscurior populations. The map contains 3,130 SNPs and spans 1,793.9 cM. Overall
recombination rate of 10.0 cM/Mb lies within the range of other eusocial species. Local
recombination rates were determined for 53.2% of the genome with a median of 8.08
cM/Mb (25 % quartile: 0.00; 75 % quartile: 22.58). However, several regions where
interpopulational recombination probably has been impeded by larger structural vari-
ants between the two populations suggest that intrapopulational recombination rates
could be higher. Low recombining regions are enriched for transposable elements, an
alternative putative source of genetic variation. On the other hand, recombination
rates correlate positively with SNP, InDel and SSR content, showing that recombina-
tion drives divergence between the two populations. Using published RNAseq data on
larval phenotypes, we found elevated recombination rates in wingless male-biased genes
(peculiar fighter males typical for the genus Cardiocondyla) compared to winged male-
biased genes (the ancestral phenotype) but not in worker-biased genes. This finding
suggests that the evolution of wingless males under strong directional selection could
be facilitated by high recombination rates and therefore rapid sequence evolution and
highlights the importance of species-specific selection pressures on local recombination

rates.

4.2 Introduction

Homologous recombination is conserved across all domains of life. On the one hand
meiotic recombination is important for ensuring proper segregation of homologous chro-
mosomes and to act as a repair mechanism caused by double strand breaks (Davis &
Smith, 2001). On the other hand homologous recombination generates offspring genetic
diversity required for selection and simultaneously leads to a disruption of parental
genotypes that have been tested successful by natural selection. Despite being one
of the oldest recognized genetic phenomena (Morgan, 1911) the role of recombina-
tion in evolution is still not satisfactory understood. Recombination rates vary across

species, between sexes (Dumont & Payseur, 2011), and also within the genomes of
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single species (Baudat et al., 2010), possibly reflecting differences in effective popula-
tion sizes, adaptation to different selection pressures on sexes as well as properties of

genome architecture.

Comparisons of genetic linkage maps to physical genome size across honey bees, bumble-
bees, ants, and wasps (Beye et al., 2006; Meznar et al., 2010; Sirvi6 et al., 2006, 2010,
2011) suggest that eusocial insects have evolved increased recombination rates com-
pared to parasitic Hymenoptera (Holloway et al., 2000; Niehuis et al., 2010) and other
insects (Yamamoto et al., 2006). However, the underlying ultimate causes and proxi-
mate mechanisms are not yet resolved (Wilfert et al., 2007). It has been suggested that
high recombination rates could have been important during the evolution of eusocial-
ity and in particular may have facilitated the evolution of the worker phenotype (Kent
et al., 2012). Alternatively high recombination could result in an increase of genetic
diversity, predicted to be important for the immune repertoire of social insect colonies
that are anticipated to be highly susceptible to pathogens and parasites because of
high densities of group-living individuals (Fischer & Schmid-Hempel, 2005). Com-
mon to both hypotheses is the prediction of high recombination rates in worker-biased
genes, but data is scarce and remains controversial (Liu et al., 2015b; Wallberg et al.,
2015). Moreover, a simulation study showed that recombination did not contribute to
offspring genetic diversity, calling for alternative explanations of high recombination

rates in eusocial insects (Rueppell et al., 2012).

The ant species Cardiocondyla obscurior is an emerging genomic model for eusocial
evolution (Schrader et al., 2014; Klein et al., 2015; Schrader et al., 2015; Schrempf
et al., 2015). In addition to reproductive queens and non-reproductive workers, a
peculiar male diphenism with two distinct male morphs makes C. obscurior especially
suited for analysing correlations between recombination rates and morph biased-gene
expression, adding one level of complexity compared to most social insects (Oettler
et al., 2010). The wingless, so-called “ergatoid” males are the prevalent male morph,
whereas winged males are only rarely produced in C. obscurior, presumably under
stressful environmental conditions (Cremer & Heinze, 2003). Wingless males remain
in the maternal nest and compete for mating opportunities with closely-related virgin
queens (Heinze & Hélldobler, 1993).

This unique life history leads to exceptionally high levels of inbreeding and genetic
homogeneity within and among colonies. One mechanism to overcome depletion of
genetic variation are transposable elements (TEs) which in C. obscurior accumulate in
clusters (so called “TE islands”) and underlie the evolutionary divergence of two pop-

ulations from Japan and Brazil (Schrader et al., 2014). Here, we test the hypothesis
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that in addition homologous recombination is largely responsible for generating genetic
variation under extreme inbreeding. Second, we address whether morph-biased genes
during the critical larval stage are correlated with increased recombination rates. In
line with predictions, we find low rates of recombination in TE islands and a correlation
of recombination rates with repeat content and genomic divergence between the two
populations. Recombination in distinct genomic areas is inhibited and associated with
the accumulation of structural variants such as deletions and duplications, whereas
inversions were not correlated with low recombination rates. While we found no ev-
idence for high recombination rates of worker-biased genes, increased recombination
rates in wingless-male-biased genes compared to winged-male-biased genes may reflect

the consequences of strong sexual selection.

4.3 Material and methods

Crosses to generate mapping population

The haplodiploid Hymenoptera are ideal for linkage mapping because reproductive
females produce haploid sons with a genome that directly represents meiotic products
of the females. The construction of a genetic linkage map for the 177.9 Mb draft
genome of Cardiocondyla obscurior (Schrader et al., 2014) by an intrapopulational
cross is complicated by high levels of inbreeding which result in genetic homogeneity
within introduced founder populations. Thus, an interpopulational cross between two
highly inbred populations of C. obscurior from Japan (JP) and Brazil (BR), which
differ in 553,052 SNVs on a genomic level (Schrader et al., 2014), was performed and
F2 males were used as mapping population for linkage mapping (Figure 4.1).

The accuracy of linkage maps increases with sample size. However, the number of male
offspring produced by one C. obscurior queen is insufficient to produce a high-quality
map (e.g. Cremer & Heinze, 2002; Schrempf et al., 2005). Thus, a multi-family design
was used to sample sufficient numbers of F2 males. Four queens from JP (offspring of
one highly inbred colony) were mated to a single male from BR. Although F2 males are
produced via arrhenotokous parthenogenesis in haplodiploids, and fathers consequently
do not contribute genetically, mating will increase the reproductive output of queens
(Schrempf et al., 2005), and the F1 queens were thus mated to males from either JP
or BR. F2 males originating from the five F1 queens with the greatest reproductive

output were sampled at the pupal stage as mapping population (Supplementary Figure

S4.1).
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Figure 4.1: Experimental design. Queens from Japan (JP) were all mated to the same male from
Brazil (BR). Hybrid F1 queen pupae were transferred to new nests, backcrossed to ergatoid males
either from JP or BR and hybrid F2 males were sampled at pupal stage. Backcrossing is represented
by dashed lines, as in haplodiploids fathers do not contribute to the genetic material of their sons.
We used F2 males originating from five different F1 queens, which were daughters of four different
parental queens (for graphical explanation of the multi-family design see Supplementary Figure S4.1).

DNA extraction and RADtag sequencing

Total genomic DNA of 90 F2 male pupae, the parental male, one parental queen
and three F1 queens was extracted using a phenol-chloroform method (Gadau, 2009)
followed by a RNase A digestion step. Genomic DNA was converted to nextRAD
sequencing (next Restriction site associated DNA sequencing) libraries (SNPsaurus,
Eugene, OR, USA). The nextRAD method (Russello et al., 2015) for genotyping-by-
sequencing uses a selective PCR primer to amplify genomic loci consistently between
samples. Similarly to how RAD-Seq sequences the DNA flanking a restriction enzyme
cut site, nextRAD sequences the DNA downstream of a short selective priming site.
Genomic DNA (2.5 ng for haploid males, or 5.0 ng for diploid females) from each
sample was first fragmented using a partial Nextera reaction (Illumina, Inc), which
also ligates short adapter sequences to the ends of the fragments. Fragmented DNA
was then amplified using Phusion Hot Start Flex DNA Polymerase (NEB), with one of
the Nextera primers modified to extend six nucleotides into the genomic DNA with the
selective sequence TGCAGG. Thus, only fragments starting with a sequence that can
be hybridized by the selective sequence of the primer were efficiently amplified. The

following PCR parameters were used: 72 °C for 3 minutes, 98 °C for 3 minutes, 22 cycles
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of 98 °C for 45 seconds followed by 74 °C for 1 minute, then hold at 4°C. The 95 dual-
indexed samples were pooled and the resulting libraries were purified using Agencourt
AMPure XP beads at 0.7x. The purified library was then size selected to 350-800 base
pairs. Sequencing was performed using two lanes of an Illumina HiSeq2500 (Genomics
Core Facility, University of Oregon) for the set of 95 individuals.

A list of loci was developed by gathering reads from a sampling of the population
and removing those with read counts above 1,500, suggesting misassembled repetitive
genomic sequence, or low read counts suggesting they are off-target or error reads in
nature. The remaining read instances were aligned to each other to identify alleles
and a single read instance was chosen to represent the locus in a pseudo-reference. All
reads from each sample were then aligned to the pseudo-reference with bwa-mem (Li &
Durbin, 2009) and converted to a vcf genotype table using Samtools.mpileup (filtering
nucleotides with a quality of 13 or better), and bcftools call (Li, 2009). This resulted
in 6,189 SNPs that were distinct between the BR and the JP C. obscurior populations.

Two F2 males and one F1 queen were discarded because of low-quality libraries.

Linkage Mapping

For linkage mapping, two additional quality filters were applied: First, only markers
that showed distinct genotypes in the sequenced parental queen and the parental male
were selected, reducing the dataset to 4,049 markers. Second, to account for the multi-
family design, markers that did not segregate in a specific family were excluded by
recoding them as missing data in that particular family. However, this was only the
case for 68 markers in total (replaced markers per family: F21: 5; F96: 18; F152: 5;
F204: 7; F252: 33).

Mapping was done ‘phase unknown’ as described in Sirvio et al. (2006). In short, the
whole dataset was duplicated and phase-inverted to assign linkage groups. Mapping
was done with the qtl package (Broman et al., 2003) in R (R Core Team, 2013). Three
males were excluded because of too many missing data points, resulting in a final
mapping population of 85 males from five families, with 17, 18, 21, 16 and 13 males
respectively. After discarding markers with significant segregation distortion based on
a FDR of 0.05 as the last quality-filtering step, the final dataset consisted of 3,130
markers. For mapping, the Kosambi map function (Kosambi, 1944) was applied, which
takes potential double recombination events into account and is generally applicable
to social Hymenoptera (Solignac et al., 2007).

In a first map construction step, linkage groups were formed with a minimum LOD

score of 5.0 and a maximum recombination fraction of 0.1, meaning that two loci are
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regarded as linked when at most 10 % of the mapping population show recombinant
genotypes. Marker order on each linkage group was optimized with the orderMarker
function, combined with manual corrections by checking recombination fractions of
exterior markers of the linkage group and exterior markers of its subclusters for all
regions on the linkage map with gaps >10 cM. When the gap size between two marker-
clusters on a linkage group exceeded 50 cM, this linkage group was split in two groups.
Finally, the exterior markers of each linkage group were checked for connections to
other linkage groups and linkage groups were merged, if recombination frequencies of
<20 % were found.

To estimate the percentage of the physical assembly covered by the linkage map, we
summed up the distances between the marker with the lowest and the marker with the
highest position for each scaffold on each linkage group. Scaffolds that were represented
by <5 markers were discarded and all distances for all scaffolds and all linkage groups
were summed up and divided by the size of the draft genome (182 Mb). To estimate
overall recombination rate of C. obscurior, the size of the genetic map (1,793.9 cM) can
be divided by the physical size of the genome covered by the genetic map (180 Mb).
However, in ~50 % of the genome local recombination rates could not be estimated as
the linkage map was not supported the physical assembly in these areas (see below).
Consequently, a better approximation of C. obscurior overall recombination rate is the
median of all local recombination rates.

To analyse the distribution of markers across exons, introns and intergenic regions,
markers within these genomic elements were counted with BEDtools intersect (Quinlan
& Hall, 2010). The observed numbers were compared to the expected numbers, based
on the overall abundance of exons, introns and intergenic regions in the reference

genome Cobs 1.4, using Chi-squared tests.

Detection of structural variants between BR and JP

Paired end genomic reads with an insert size of 200 bp from a pool of 26 JP ergatoid
males generated on an Illumina HiSeq platform (Schrader et al., 2014) were used. After
quality filtration and adapter trimming with Trimmomatic 0.33 (Bolger et al., 2014),
the JP reads were mapped against the BR reference with BWA (Li & Durbin, 2009).
Subsequently, Pindel (Ye et al., 2009) was used to detect structural variants (inversions,
deletions, duplications) between the two populations. While InDels separting the BR
and JP Cardiocondyla obscurior population detected by Schrader et al. (2014) showed

a maximal length of 66 bp, Pindel is able to detect longer structural variants due to
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usage of paired end information including insert size. Results were filtered for structural

variants supported by at least 10 reads of at least 100 bp length.

Estimation of local recombination rates and correlation with

genomic features

For estimation of local recombination rates genomic regions where genetic and physical
map corresponded sufficiently were selected, meaning that at least five markers of the
same scaffold were adjacent on the genetic map. For each linkage group, markers not
belonging to the scaffolds mostly represented on the linkage map were discarded, as
well as markers with no or multiple matches in the physical genome assembly. Next, the
remaining markers were ordered according to the physical assembly and the resulting
map was compared to the original version of the genetic map before marker discarding
and ordering. As this did not result in severe map extension for any of the used linkage
groups, this new map was regarded as a correct representation of recombination events
(Supplementary Table S4.2). For each pair of adjacent markers recombination rate
was calculated by dividing the genetic distance between them (in ¢M) by the physical
distance between these markers (in Mb). Subsequently, recombination rate was calcu-
lated in 100 kb sliding windows (slide=10 kb). For each window, the weighted mean of
recombination rate was then calculated. All adjacent marker pairs falling within this
window were chosen and the physical distance between them was used for weighting.
“Hotspots” were defined as windows with recombination rates >50 cM/Mb (94.9 %
quantile), “coldspots” were defined as windows with zero recombination (0 ¢cM/Mb,
35.8 % quantile). Genes located in those windows were identified with BEDtools inter-
sect (Quinlan & Hall, 2010) and Gene Ontology (GO) term enrichment analyses were
performed with topGO (Alexa & Rahnenfuhrer, 2010) to identify biological processes
enriched in hot- and coldspots, respectively.

Correlations between local recombination rates (100 kb window) with the following
genomic features were performed: GC-content, gene- exon- and intron content, over-
all repeat content, content of class I retrotransposons, class II DNA-transposons and
simple repeats (SSRs), content of LINE, LTR and TIR elements, overall SNP content,
content of homozygous and heterozygous SNPs and InDel content. Correlations were
performed using the number of the corresponding genomic feature per 100 kb window
as well as using the number of basepairs of the genome feature per 100 kb window.
We used adjacent, non-overlapping windows (1/10 of the total dataset) to avoid pseu-
doreplication resulting from the sliding window approach. The genome features in

these windows were determined by custom R and bash scripts, the R package “seqinr”
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(Charif & Lobry, 2007) for calculating GC content and BEDtools intersect (Quinlan &
Hall, 2010). As the distribution of recombination rates was left-skewed and to account
for overdispersion, generalized linear models (GLM) of the quasipoisson family were
used (McGaugh & Noor, 2012).

To test for the effect of longer structural variants (detected with Pindel) on local re-
combination rates, recombination rates of windows with or without structural variants

were compared using Wilcoxon rank sum tests.

Regions not supported by the physical assembly

The linkage map was divided into regions supported by the physical assembly, i.e.
the marker order on the genetic map corresponds to the marker order in the physical
genome assembly (supported regions = SR), and on the other hand into regions where
the genetic map is not supported by the physical assembly (not supported regions =
NR). In order to compare SR and NR, we analysed gene density, exon content, SNP
content, InDel content, overall repeat content, content of class I transposons, class II
transposons and SSRs, as well as localization in TE islands (cf. Schrader et al., 2014).
We analyzed in detail the most abundant repeat families, which are LINE and LTR for
class I and TIR for class II elements. The 3,130 marker of the linkage map were divided
in markers falling in SR or NR regions (SR: 2,089 markers, NR: 956 markers), and 1 kb
windows around each of the markers (500 bp up- and downstream, respectively) were
defined. The numbers of genomic features and/or the number of bases of the genomic
features in these 1 kb windows were counted and summed up for SR and NR regions
using BEDtools intersect (Quinlan & Hall, 2010) and custom R scripts and divided by
the total number of markers in SR (2,089) or NR (956) for normalization.

Next, we analyzed whether structural variants detected by Pindel were enriched in
NR compared to SR. For each of the three types of structural variants (inversions,
deletions, duplications), markers located within the structural variant were selected
with BEDtools intersect (Quinlan & Hall, 2010). The expected counts were calculated
as the percentage of markers located in NR (28 %) and SR (72 %) of the total number
of markers located in the structural variant. The observed versus expected counts in
SR and NR regions were compared by a Chi-square test.

Finally, a Gene Ontology (GO) term enrichment analysis was performed with topGO
(Alexa & Rahnenfuhrer, 2010) to identify biological processes overrepresented in NR

regions.
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Correlation between recombination rate and morph-biased gene

expression

For studying the relation between local recombination rate and morph-biased gene
expression, published RNAseq data from Schrader et al. (2015) generated from larvae
with known developmental trajectory of all four morphs (N=7 each) were used. From
this data set we calculated the “norm”, a measurement for morph-bias, as described
in Schrader et al. (unpublished). In short, for each gene a particular morph bias
is represented as a vector in a three-dimensional space based on expression log-fold
changes of this morph compared to all other three morphs. Those genes with the
highest morph-bias based on the vector length “norm” (falling in the 95 % quantiles)
were used for assessment of a correlation with recombination rates. This resulted in
78 genes for queens, 70 genes for workers, 60 genes for winged males and 69 genes for
ergatoid males, while the 70 most unbiased genes were used as reference. For each gene,
only one value for recombination rate was determined. If the gene was only located in
one 100 kb window, the recombination rate of this window was assigned to the gene. If
the gene was spanning more than one 100 kb window, the mean recombination rate of
the corresponding windows was calculated. Recombination rates across gene sets were
compared with a Kruskal Wallis test followed by pairwise comparisons using Wilcoxon

rank sum test with Benjamini-Hochberg correction (Benjamini & Hochberg, 1995).

4.4 Results

Linkage Map of Cardiocondyla obscurior

The physical sequence contained in the linkage map added up to 180 Mb. With a
genome size of 182 Mb, the map covers 98.9 % of the draft assembly Cobs 1.1. The
map contains all of the first 95 largest scaffolds of the genome assembly (Supplementary
Figure S4.2), which contain 172,033,427 bp corresponding to 94.5 % of the draft genome
assembly Cobs 1.1. 62.3% of the markers are located in intergenic regions, 19.9 % in
exons and 17.8% in introns. Compared to the overall abundance of exons, introns
and intergenic regions (in bp) in the C. obscurior genome (exons: 11.8%, introns:
20.4 %, intergenic regions: 67.8 %), there is an overrepresentation of markers in exons
compared to introns and intergenic regions (Pearson’s Chi-squared test: X?=75.782,
df=2, p<0.001, Supplementary Figure S4.3, Supplementary Table S4.1).

The initial map consisted of 24 linkage groups. Manual correction led to the split of

66



4 Local recombination rate in Cardiocondyla obscurior

one linkage group and to combination of two linkage groups in two instances where
markers were linked with recombination frequencies ~15% and where the physical
assembly supported linkage. The final linkage map consists of 23 linkage groups and
spans 1793.9 ¢cM (Table 4.1, Figure 4.1, Supplementary Figure S4.4). Based on the
draft genome size of 182 Mb C. obscurior has an overall recombination rate of 10.0
cM/Mb. The 16 linkage groups that are completely supported by the physical assembly
(=SR) span 1345.8 ¢M on the map and 85.1 Mb on the physical assembly, which results
in a recombination rate of 15.8 ¢cM/Mb.

Table 4.1: Summary of the linkage map of Cardiocondyla obscurior. Linkage groups (LG)
are ordered by length in ¢cM. Estimated physical size could not be calculated for regions where genetic
map and physical assembly are inconsistent (LG 9, 18, 19, 20, 22 and inner parts of LG 3 and LG 4).
Mean RR per LG was calculated by dividing length in ¢cM by the estimated physical size in Mb.

length number of average maximum estimated mean RR

LG in cM markers spacing spacing physical in cM/Mb
size in Mb
1 177.2 279 0.6 6.7 13.7 12.9
2 163.6 93 1.8 7.1 5.8 28.2
3 159.2 280 0.6 6.0 >4.0 ?
4 132.7 221 0.6 11.9 >7.7 ?
5 128.8 172 0.8 7.1 6.2 20.8
6 118.2 208 0.6 13.1 8.1 14.6
7 110.9 167 0.7 8.1 6.5 17.1
8 97.3 104 0.9 7.6 4.6 21.2
9 79.2 143 0.6 8.6 ? ?
10 77.9 80 1.8 7.1 3.7 21.1
11 75.8 112 0.7 8.2 5.1 14.9
12 69.0 103 0.7 15.7 4.5 15.3
13 68.6 103 0.7 6.4 6.0 11.4
14 62.0 54 1.2 8.4 2.3 26.9
15 59.3 130 0.5 6.3 5.9 10.1
16 59.2 47 1.3 8.3 1.3 45.5
17 58.8 59 1.0 5.7 2.8 21.0
18 26.1 172 0.2 2.4 ? ?
19 25.0 160 0.2 2.4 ? ?
20 17.8 187 0.1 2.5 ? ?
21 12.3 95 0.1 4.0 3.5 3.5
22 8.1 107 0.1 1.6 ? ?
23 6.9 54 0.1 3.1 5.1 14
total 1,793.9 3,13 0.7 15.7 96,8 17.9
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Figure 4.2: Linkage Map of Cardiocondyla obscurior. Y-axes show the size of each linkage
group (LG) in ¢cM. LGs are sorted by genetic size. Red markers indicate markers in TE islands as
defined by Schrader et al. (2014). Linkage groups which are completely inconsistent with the physical
assembly are indicated by “NR” (not supported regions), linkage groups which are partly inconsistent
with the physical assembly are indicated by “(NR)”.

Estimation of local recombination rates and correlation with

genomic features

The physical assembly supported 16 of the 23 linkage groups (i.e. marker order between
genetic and physical map is in accordance). Two linkage groups (LG 3 und LG 4) were
only partly supported. The regions in LG 3 and LG 4 not supported are located in the
middle of the linkage group. All supported regions (96.8 Mb) were used for calculation
of local recombination rates, corresponding to 53.2% of the genome. Here, median
recombination rate was 8.08 ¢cM/Mb (25% quartile: 0.00; 75 % quartile: 22.58). The
recombination landscape of C. obscurior is not uniform (Supplementary Figure S4.5),
with 35.8% of the windows showing zero recombination. Furthermore, 6.3% of the

windows have a recombination rate between 0 and 5, 12.7 % between 5 and 10 ¢cM/Mb
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and 45.1 % over 10 cM/Mb.

Based on a conservatively chosen FDR of 0.01 we found that “hotspots” (RR >50
c¢M/Mb) were enriched for genes involved in spermocyte division, very long-chain fatty
acid metabolic process and several GO terms associated with muscle development (Sup-
plementary Table S4.3). In contrast, “coldspot” (RR=0 c¢cM/Mb) were enriched in
regulation of transcription and several processes involved in development of organs,
neuronal tissue, glands and exocrine systems (Supplementary Table S4.4).

Local recombination rates neither correlate with GC content (overall and in exons,
introns and intergenic regions, respectively), nor with gene, exon or intron content
(Supplementary Table S4.5). In repeat-rich sequence formerly identified as concate-
nated TE islands (Schrader et al., 2014) recombination rate was significantly reduced
compared to regions with low TE content (low density regions; LDRs) (Wilcoxon rank
sum test: W=18885, p<0.001, Figure 4.3A). 963 windows are located in LDRs com-
pared to 26 windows in TE islands. Consequently, 1,000 replicates of the test were
performed to account for this bias. To this end 26 random samples of the LDR dataset
were drawn and compared with the TE island dataset, resulting in a mean p-value
of 0.005 with a SD of 0.02. Number of bases per 100 kb window in class I and class
IT elements are negatively correlated with recombination rate, respectively, whereas
no correlation was found for the number of these elements per 100 kb window (Figure
4.3B, Supplementary Table S4.5). A closer inspection of class I and class IT transposons
showed that the number of bases of class I LTR and non-LTR LINE elements is nega-
tively correlated with recombination rate, whereas no correlation with bases in class II
TIR elements was found (Supplementary Table S4.5). However, most correlations be-
tween recombination rate and transposable element content dropped below significance
when considering only LDRs (Supplementary Table S4.5). SSR content is positively
correlated with recombination rate overall and also in LDRs (Figure 4.3B, Supplemen-
tary Table S4.5). Also recombination rate is positively correlated with homozygous
SNPs and InDels, but not with heterozygous SNPs (Figure 4.3C, Supplementary Table
S4.5).

Next, we analysed the effect of longer structural variants on local recombination rates
in supported regions (SR). Windows that contain inversions (inv) and deletions (del)
show significantly lower local recombination rates than windows without, respectively
(Wilcoxon rank-sum tests: inversions: median;,,=5.3, median,, i,,=9.4, W=14060368,
p<0.001; deletions: mediange=7.4, median,, 4o=8.5, W=13495128, p<0.001). In con-
trast, recombination rates are significantly higher in windows with duplications (dup)

than in windows without (wilcoxon rank sum test: mediang,,=8.6, mediany, qup="7.5,
W=12140536, p<0.01).
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Figure 4.3: Local recombination rate (RR) is influenced by repeat content and degree
of divergence in Cardiocondyla obscurior. (A) RR is significantly higher in LDRs (low density
regions) than in TE-islands. As sample sizes are very unbalanced (NLDR=963; NTE=26), we verified
the result via random subsampling from the LDR dataset. (B)+(C) We used generalized linear
models (GLMs) of the quasipoisson family to model correlations between RR and genomic features.
Red lines depict GLMs. (B) Number of bases in class I and class II TEs and in SSRs per 100
kb window. RR is decreased in regions with many class I repeats (p<0.001) as well as class II
repeats (p<0.05), but increased in regions with many SSRs (p<0.05). (C) Number of homozygous
SNPs (homSNPs), heterozygous SNPs (hetSNPs) and Insertions-Deletions (Indels) counted per 100
kb window. Blue triangles represent windows located in TE-islands. This shows that RR is positively
correlated with homSNPs (p<0.001), which are not enriched in TE-islands, but no correlation could
be found for hetSNPs (p=0.118), which are enriched in TE-islands. RR is positively correlated with
InDels (p<0.001).

Regions not supported by the physical assembly

Marker order on five linkage groups (LG 9, 18, 19, 20 and 22) is inconsistent with the
physical assembly. The size of these five linkage groups is relatively short (8.2 - 79.2
cM) in relation to the high number of markers they contain (107 - 187 markers). In
addition, the middle regions of LG 3 and LG 4 were also not supported by the physical

70



4 Local recombination rate in Cardiocondyla obscurior

assembly. The estimated physical size of the supported regions (SR) is half of the total
genome size, and recombination rates could be calculated for 96.8 Mb, corresponding
to 53.2% of the total physical genome size.

We could not find evidence for decreased gene or exon content in NRs (Table 4.2). A
GO term enrichment analysis at a FDR of 0.01 revealed that genes involved in repro-
duction, cytoskeleton organization and organ growth are enriched in non-recombining
regions (Supplementary Table S4.6).

Using Pearson’s Chi-squared test with Yates’ continuity correction we compared ob-
served vs. expected number of genomic elements in SR vs. NR regions. Markers in
NRs appear to be located in TE-islands more often than expected, although the trend
is only marginal significant (p=0.051, Table 4.2). NRs exhibit an increase in overall
repeat content, caused by an increase of class I and class II transposons but not SSRs
(Table 4.2). Especially the number of bases of LINE and LTR elements is higher than
expected in NRs (Table 4.2). SNP and InDel content were not different between SR
and NR, but heterozygous SNPs are reduced in NR, whereas homozygous SNPs are
enriched in NR compared to SR.

For analyzing the influence of large structural variants (SVs) between the popula-
tions from BR and JP on recombination, we compared the numbers of SVs between
SR and NR regions. 442 inversions, 2,113 deletions and 1,644 duplications were de-
tected by Pindel. Inversions (inv) and duplications (dup) were longer than deletions
(del): 25% quantile/median/75 % quantile in basepairs: inv: 5,792/34,400/892,500;
del: 838/8,201/233,600; dup: 1,113/30,300/676,600.

Markers in NR were significantly more often located in deletions and duplications than
expected. In contrast, markers in SR were significantly less often located in deletions
and duplications than expected (Pearson’s Chi-square test with Yates’ continuity cor-
rection: deletions: X?=15.491, df=1, p<0.001; duplications: X2=9.061, df=1, p<0.01),
whereas no bias from the expected values was found for inversions (Figure 4.4, Supple-
mentary Table S4.7).
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Table 4.2: Comparison between regions supported by the physical assembly (SR) and re-
gions not supported by the physical assembly (NR) regarding different genomic features.
Number of elements and number of bases in elements were counted for 1 kb windows 500 bp up- and
downstream of the markers and divided by the total number of markers in SR (2089) or NR, groups
(956) for normalization. Pearson’s Chi-squared test with Yates’ continuity correction were performed
to compare observed and expected values in SR and NR.

SR NR X?2 df  p-Value
number of genes / kb 0.461 0.479 0.2 1 0.673
number of exons / kb 0.546 0.578 0.5 1 0.460
bases in exons / kb 156.069 155.320 1.3 1 0.258
% markers in TE islands 5.314 8.264 3.8 1 0.051
bases in repeats / kb 189.018  202.807 316.5 1 <0.001 s
bases in classI / kb 42.488  53.826 876.5 1 <0.001 s
bases in LINE elements / kb~ 17.318  23.250 578.9 1 <0.001  sxx
bases in LTR elements / kb 25.260  30.383 333.2 1 <0.001 sk
bases in classII / kb 21.874 24180 754 1 <0.001 s
bases in TIR elements / kb 14.082  14.441 6.5 1 <0.05 =
bases in SSR / kb 91.990 91.381 1.4 1 0.237
number of SNPs / kb 4.786 4.929 1.3 1 0.247
number of hetSNPs / kb 0.621 0.350  49.6 1 <0.001 s
number of homSNPs / kb 3.808 4.119 7.9 1 <0.01  *x
number of indels / kb 0.429 0.368 2.9 1 0.089
<0.05
n.s. 0.08
g 84 <0.01
E <0.05
% n.s.
°° SR NR SR NR SR NR
Inversions Deletions Duplications

Figure 4.4: Observed and expected number of structural variants in regions supported
by the physical assembly (SR) and regions not supported by the physical assemby (NR).
Lightorange and lightblue bars show observed numbers, darkorange and darkblue bars show expected
numbers. There is a significantly enrichment of deletions and duplications in NR, compared to expected
values, whereas no difference could be found for inversions. Values show significant levels based on
Chi-square tests.
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Correlation between recombination rate and morph-biased gene

expression

Overall, recombination rates were significantly different between morph-biased genes
(Kruskal-Wallis rank sum test: X?=12.44, df=4, p<0.05; Figure 4.5). There was no
significant difference between worker-biased genes and queen-biased genes (p=0.124),
although worker-biased genes tend to have higher recombination rates. Ergatoid-male-
biased genes showed significantly increased recombination rates compared to winged-
male-biased genes (p<0.05), but were neither different from queen-biased nor from
worker-biased genes. Overall differences in recombination rates in morph-biased genes
do not seem to be strong in C. obscurior, as none of the morph-biased genes sets is

significantly different from the unbiased gene set.
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Figure 4.5: Ergatoid-male-biased genes show increased recombination rates compared
to winged-male-biased genes in Cardiocondyla obscurior. Based on gene expression data of
developing 3rd instar larvae published in Schrader et al. (2015) worker-biased genes (WO) show higher
rates of recombination than queen-biased genes (QU), but the difference is not significant (p=0.124).
Ergatoid-male-biased genes (EM) show significantly higher recombination rates than winged-male-
biased genes (WM) (p<0.05). Overall differences in recombination rates in caste-biased genes do not
seem to be strong in C. obscurior, as none of the caste-biased genes sets is significantly different from
the unbiased gene set. Boxplots show median, interquartile ranges (IQR) and 1.5 IQR, the asterix
indicates the significant difference, all other group comparisons were not significant. Samples-sizes are
given within parentheses.
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4.5 Discussion

In this study we present a linkage map of the ant Cardiocondyla obscurior, consisting
of 23 linkage groups and spanning 1793.9 ¢cM. The map contains the 95 largest scaf-
folds, covering 96.7 % of the Cobs 1.1 assembly. The linkage map suggests that the
C. obscurior draft genome assembly only partly succeeded in assembling repeat rich
regions. Several markers assigned to different TE accumulations based on the physical
assembly (Schrader et al., 2014) are in fact located in close proximity to each other.
Likewise, markers assigned to single TE accumulations are located between markers
from low density regions (i.e. regions with low TE content) on the linkage map. In
total, the marker order of the genetic map supports the draft genome assembly for
53.2 % of the physical genome size.

Overall recombination rate of C. obscurior (based on the 182 Mb draft genome size:
10.0 ¢cM/Mb; based on the 85.1 Mb sequence in supported regions: 15.8 ¢cM/Mb) falls
within rates reported for other eusocial species, adding further support for elevated
rates of recombination in eusocial species. We were able to determine local recombi-
nation rates for 53.2% of the genome, revealing substantial variation in local recom-
bination rates and 18.1 % of the genome (combined ~33 Mb) without signs of recom-
bination. The median local recombination rate for supported regions is slightly lower
(8.08 ¢cM/Mb) than overall recombination rate of the complete map (10.0 ¢cM/Mb).
Furthermore, the enrichment of deletions and duplications in regions not supported
by the assembly suggests that large structural variants imped recombination between
phenotypically divergent populations, similar to what has been found for large inver-
sions in the genomes of Solenopsis invicta and Formica selysi ants (Wang et al., 2013a;
Purcell et al., 2014). Thus, we hypothesize that recombination rate of C. obscurior
could be considerably higher in intrapopulational matings, therefore the given overall

recombination rate is a conservative estimate.

Correlation of local recombination rates with genomic features

Correlations of local recombination rate with GC content and gene content were ab-
sent in C. obscurior. GC content and recombination rates correlate positively in other
species (Fullerton et al., 2001; Marsolier-Kergoat & Yeramian, 2009; Chan et al., 2012;
Clément & Arndt, 2013; Arbeithuber et al., 2015; Wallberg et al., 2015), presumably
caused by the process of GC-biased gene conversion (gBGC) (Lesecque et al., 2013;
Arbeithuber et al., 2015). However, under inbreeding heterozygosity is greatly reduced

and leads to a reduction of effective recombination, which consequently renders gBGC
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ineffective. Thus, under high inbreeding no positive correlation between recombination
rate and GC content is expected (Marais et al., 2004), which has also been empirically
shown in the inbred plant Arabidopsis (Giraut et al., 2011). A negative correlation be-
tween recombination rate and gene content or gene density has been reported in Apis
(Liu et al., 2015b) and is explained by a deleterious effect of recombination on genes.
In C. obscurior high levels of inbreeding could likewise imped a deleterious effect of
recombination, as recombination will lead to novel genotypes only in rare cases.
Several GO categories are enriched in recombination “coldspots” and “hotspots™ The
enrichment of conserved developmental processes in “coldspots” reflects that these are
shielded from potential deleterious sequence evolution through recombination events.
In contrast, regions of high recombination are enriched for genes involved with sper-
mocyte division, very long-chain fatty acid metabolic process and muscle development,
a suite of genes expected to evolve relatively fast and to underlie only weak purifying
selection.

In line with empirical studies (Boissinot et al., 2001; Bartolomé et al., 2002; Rizzon et
al., 2002; Song & Boissinot, 2007) and theoretical predictions (Dolgin & Charlesworth,
2008) local recombination rate in C. obscurior is negatively correlated with TE con-
tent. This can be explained either by the accumulation of TEs in regions of low or
absent recombination. Alternatively, ectopic recombination between heterologous TEs
is predicted to have deleterious effects (such as substantial chromosomal rearrange-
ments) leading to selection for low rates of recombination in TE rich regions (Petrov
et al., 2003; Abrusan & Krambeck, 2006; Song & Boissinot, 2007). Under inbreeding
and high degrees of homozygosity reduced levels of ectopic recombination are expected
(Charlesworth & Charlesworth, 1995), because ectopic recombination should be more
effective in removing heterozygous TE insertions under the necessary assumption that
these pose fitness costs. Consequently selection against TE-insertions should be less
effective in inbred species, leading to an absence of a correlation between recombina-
tion rate and TE content such as reported for the inbred plant Arabidopsis thaliana
(Wright et al., 2003). Regions with high TE content are a source for genetic vari-
ation in C. obscurior, comprising elevated SNV rates compared to regions with low
TE content (Schrader et al., 2014). The accumulation of heterozygous SNP calls in
TE islands (i.e. duplicated loci collapsed in the assembly, Schrader et al., 2014) sug-
gests that selection acts against recombination of these regions to avoid the costs of
ectopic recombination and demonstrates how recombination shapes TE content and
vice versa. Recombination thus plays a major role in modulating genomic architec-
ture in C. obscurior and, more generally, in driving the evolutionary potential of TEs
(Santana et al., 2014; Stapley et al., 2015). Interestingly, we find that class I LINE
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and LTR TE families are more tightly correlated with recombination rate than DNA
class II TIR elements. This is likely related to the differences in transposition where
class I elements are copied via an RNA intermediate and remain at their original site
whereas class II DNA transposons are jumping genes and are excised from their site
of origin. Consequently, if recombination is biologically linked to TE abundance and
control thereof a correlation would only be expected for stationary elements such as
retrotransposons. Future studies will focus in detail on genome integrity and retro-
transposons as a means to generate genetic variation in the absence of effective sexual
recombination under inbreeding.

The correlation of reduced levels of recombination with the presence of large scale
inversions and deletions supports the hypothesis that structural rearrangements are
caused by ectopic recombination events especially in TE rich regions. Subsequently,
structural rearrangements between populations suppress recombination in experimental
cross. Whereas the presence of deletions or inversions will likely prevent an alignment
of homologous sequence, the positive correlation of duplications with recombination
rate, however, likely results from elevated ectopic recombination events.

We found a positive correlation between recombination and SSR content, similar to
reports for Caenorhabditis elegans (Duret et al., 2000). Together with the positive
correlations of recombination rate with homozygous SNPs and InDels, respectively,
this suggests that recombination is in fact a major player in generating genetic diver-
sity. Recombination additionally increases the fixation probability of such new alleles
through Hill-Robertson-Interference (Roze & Barton, 2006), allowing for generation of

selectable phenotypes under inbreeding.

Regions not supported by the physical assembly

Marker order in the genetic and the physical map are not consistent for nearly half
of the physical genome assembly. The enrichment of GO terms involved in conserved
processes like reproduction, cytoskeleton and organ growth supports the idea that re-
combination in regions not supported by the physical assembly are indeed regions of
low recombination. On the other hand the enrichment of these regions with deletions
and duplications suggests that structural variants suppress homologous recombination
similar to a case study in maize (Rodgers-Melnick et al., 2015). Consequently, in hybrid
F1 queens crossover events could have been inhibited by pairing of non-homologous se-
quence. The increased TE content in regions not supported by the physical assembly
indicates that ectopic recombination events in the past have led to structural rear-

rangements between JP and BR, which now imped recombination. The higher than
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expected occurrence of homozygous SNPs in these regions suggests that here SNPs
have come to fixation after divergence of the lineages, again arguing for suppressed
recombination in these regions.

Chromosome number can vary within ant species (Crozier, 1969; Imai & Taylor, 1989),
and different chromosome numbers have been reported for C. obscurior populations
from Florida, USA and Okinawa, Japan (Seifert, 2003). Rates of chromosome number
changes have been found to be elevated in eusocial insects compared to solitary species
(Ross et al., 2015), probably due to increased recombination rates under eusociality.
While the karyotypes of the populations used in this study are unknown despite signif-
icant efforts, we cannot rule out that differences in chromosome numbers contributed

to the lack of recombination of large parts of the genome.

Correlation of recombination rate with morph-biased genes

High recombination in morph-biased genes is expected if genetic diversity would be
causally linked to traits that putatively require diversity. Such assumptions have been
made for social immunity (Ugelvig & Cremer, 2012), division of labor (Wiernasz et al.,
2008) and worker polymorphism (Rheindt et al., 2005). Multiple mating (polyandry)
and presence of multiple queens per nest (polygyny) contribute to generate offspring ge-
netic diversity and likewise recombination rate has been suggested to be a driving factor
in diversity (Liu et al., 2015b). However, a simulation study predicted that recombi-
nation rate is not sufficient to contribute significantly to genetic variation (Rueppell et
al., 2012).

This study is the first correlating gene expression data with recombination rates in
an ant. Our approach to extract vectors as a measure for morph-bias of a given gene
during a specific developmental window takes into account that genes are only rarely
expressed in only one morph, species or condition (Morandin et al., 2015; Schrader
et al., 2015; Smith et al., 2015). The absence of significantly increased recombination
rates of worker-biased genes is in line with recent findings in Apis (Wallberg et al.,
2015) and suggests that features other than worker traits underlie elevated recombi-
nation rates in social insects. Together with elevated rates of chromosomal changes
in social insects, genomic regions with high recombination may in fact be linked to
adaptation and speciation in social insects which in general have drastically reduced
effective population sizes Ne (Romiguier et al., 2014). Recombination rate, which varies
within genomic regions, in turn is negatively correlated to the level of adaptation via
Hill-Robertson effects (Charlesworth, 2009). Therefore one may assume that elevated

rates of recombination act as a compensatory mechanisms to account for low Ne in
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both individual genomes and on a larger scale also in populations.

Higher recombination rates of ergatoid-male-biased genes compared to winged-male-
biased genes add support for the view that the genome structure is shaped by Hill-
Robertson effects. Differences in male-specific recombination rates may be linked to

higher speed of evolutionary processes in ergatoid males under strong sexual selection

(Schrempf et al., 2005).

Conclusions

Our study adds further support for exceptionally high recombination rates in eusocial
insects. Our finding of elevated recombination rates in ergatoid-males-biased genes
rather than worker-biased genes suggests that Ne, evolutionary novelty and level of
adaptation but not specific biological functions (i.e. immunity, worker polymorphism)
shape genome evolution. Moreover, high recombination rates in C. obscurior could
lead to the accumulation of small-step mutations (SNPs, SSRs) into fixed genetic di-
vergence between populations via Hill-Robertson-effects (Roze & Barton, 2006) and
thus produce selectable phenotypes. On the other hand, low recombination rates in
TE rich regions allow for fixation of variants produced by TE activity (Schrader et al.,
2014). Thus elevated rates of recombination as well as TE activity in low-recombining
regions are suggested to act as two complementary mechanisms to drive adaptation

and speciation in C. obscurior.
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5 General Discussion

5.1 Mechanisms to generate evolutionary novelties in

C. obscurior

Research on the Myrmicine ant species Cardiocondyla obscurior is motivated by the
occurrence of ergatoid males, a peculiarity of the genus Cardiocondyla (Kugler, 1983).
Stricter definitions (e.g. Miiller & Wagner, 1991) would not regard ergatoid Cardio-
condyla males as an evolutionary novelty, because their characteristics such as enlarged
mandibles or the absence of wings would not represent novelty without homology to
other known structures per se. However, on the one hand broader definitions indeed
include homologous structures given they provide new adaptive functions (Pigliucci,
2012) and on the other hand lifelong spermatogenesis (Heinze et al., 1998) clearly is
a novel trait which evolved once in the genus Cardiocondyla. Moreover, it is indis-
putable that ergatoid males beside winged males occupy a second fitness optimum in
Cardiocondyla male-adaptive space, according to Hallgrimsson et al. (2012). Hence
ergatoid males can safely be regarded as a major evolutionary step in the biology of

Cardiocondyla ants.

The evolution of these wingless males thus leads to the obvious question how this
evolutionary novelty has arisen. Can gradual change by mutation and selection in-
duce novelty? Which alternative mechanisms can generate such large-step or saltatory
phenotypic changes? Mechanisms to generate evolutionary novelties in general either
involve the recruitment of novel genes or traits, or the co-option of existing genetic
material (Pigliucci, 2012). This thesis provides evidence that both mechanisms play a

role in the adaptive evolution of the ant model organism Cardiocondyla obscurior.

The finding of co-option of doublesex and other genes involved in sex differentiation
into female caste and male morph determination in C. obscurior (Chapter 3) could
be a concept of general importance for the evolution of eusociality, which emerged

multiple times independently. Another mechanism to generate novelty is homologous
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recombination, which is suggested to have potential for generating adaptive pheno-
types. Recombination leads to chromosomal rearrangements and by interaction with
transposable elements shapes the C. obscurior genome (Chapter 4). On the other
hand, novel traits are likely introduced into C. obscurior biology de novo via microbial
symbionts, which are generally known to provide novel ecological traits to their hosts
(Feldhaar, 2011) eventually inducing speciation (Brucker & Bordenstein, 2012). While
the potential of the mutualistic symbiont Westeberhardia most likely lies in nutritional
upgrading during pupal stage (Chapter 2), the potential of Wolbachia, a second signifi-
cant symbiont in C. obscurior, is less well-known. The current knowledge of Wolbachia

in C. obscurior and its potential for novelty will be discussed in the next section.

5.2 Endosymbionts

5.2.1 Wolbachia - a further player influencing C. obscurior

biology?

The alpha-proteobacterium Wolbachia is a prevalent symbiont in diverse arthropod
hosts. Wolbachia phenotypes range from reproductive manipulators to mutualistic
benefactors (Cordaux et al., 2011; Zug & Hammerstein, 2015). While reproductive
manipulators may induce speciation events (Bordenstein et al., 2001), mutualistic Wol-
bachia may confer novel traits to the host (Hosokawa et al., 2010). In either way, Wol-
bachia has the potential to influence host biology massively. In ants, Wolbachia have
been found to be prevalent (Wenseleers et al., 1998), but knowledge about Wolbachia
phenotypes in ant hosts is scarce. A mutualistic association has been suggested in
Acromyrmez octospinosus where Wolbachia can be found extracellular in the workers’
gut lumen and in faecal droplets. Here, Wolbachia has been suggested to play a role
in fungus garden maintenance (Andersen et al., 2012). In the ant Formica truncorum
Wolbachia instead has been suggested to have deleterious effects on worker fitness, as
colonies with fewer infected workers produce significantly more sexuals (Wenseleers
et al., 2002). These examples suggest that the effects of Wolbachia in ant hosts are

diverse, but so far no evidence for reproductive manipulation was found.

Outcrossing experiments in C. obscurior revealed drastically descreased lifespan and
fecundity of Brazilian queens mated to allopatric males from a second Brazilian pop-
ulation compared to queens mated with males from their own population (Schrempf
et al., 2015). This effect was even stronger when crosses were performed between

Brazilian queens and Japanese males (Schrempf et al., 2015). Although incompatible
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matings between allopatric populations are a typical sign of reproductive manipulators,
Wolbachia-mediated outbreeding depression was excluded, because sequencing of the
Wolbachia surface protein (wsp) gene revealed that all populations used for this experi-
ment were infected by the same Wolbachia strain (Schrempf et al., 2015). However, the
analysis of gene expression data suggested that the disruption of co-evolved immunity
traits underlies outbreeding depression, possibly caused by either incompatible, alien
seminal fluid proteins, subtile differences in Wolbachia strains not detected by the wsp
sequencing or other unknown bacteria (Schrempf et al., 2015). To test for infection
with different Wolbachia strains among C. obscurior populations, I performed a multi-
locus-sequence typing (MLST) approach according to Baldo et al. (2006). This showed
that the Wolbachia alleles of the C. obscurior populations from Japan ("OypB', 2011)
and Brazil ("Ilhéus', 2009) differed at each of the five characteristic loci (Table 5.1).
Both strains belong to Wolbachia-supergroup A. The OypB- Wolbachia strain (wObsl)
is identical to strain 19 of the MLST system and has been described in other ants, e.g.
Pheidole from Thailand (Russell et al., 2009a). In contrast, no match to the Ilhéus-
Wolbachia strain (wObs2) is deposited in the database, suggesting rapid adaptation of
Wolbachia after introduction to the new Brazilian habitat. Alternatively, a new Wol-
bachia strain could have been acquired via horizontal transmission, e.g. via parasitoids
(Heath et al., 1999). Either way, the absence of a homologous Wolbachia strain in the
MLST database calls for future studies on the origin and evolution of Wolbachia in
Brazilian C. obscurior. However, the alleles used for MLST were extracted in silico
from next-generation sequencing data. Thus it was not possible to identify potential

double infection events.

Table 5.1: Results of the multi locus sequencing typing (MLST) approach to identify
Wolbachia strains (Baldo et al., 2006). MLST was performed in silico and numbers indicate
allele numbers according to the Wolbachia-MLST system (http://pubmlst.org/wolbachia/).

locus wObs1 wQObs2
OypB, Japan Ilhéus, Brazil

gatB 7 54

corA 6 84

hepA 7 23

ftsZ 3 70

fopA 8 303
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In order to analyze distribution of wObsl and wObs2 among C. obscurior, I performed
Sanger-sequencing of a 512 bp fragment of the wsp gene for C. obscurior samples from
current laboratory colonies as well as preserved DNA and EtOH material (Table 5.2).
This showed that wObsl1 is present in C. obscurior from all over the world and suggests
wObsl1 as the ancestral strain, whereas wObs2 was only detected in samples from Brazil
and in a single sample from Malaysia (Figure 5.1). In some C. obscurior samples from
Brazil both Wolbachia strains were present (data not shown), supporting the hypothesis
of wObsl1 as the ancestral strain and rapid adaptation of Wolbachia after introduction

into Brazil, with or without an horizontal transmission event.

Table 5.2: Sample overview and results of Sanger sequencing of a 512 bp fragment of the wsp gene.

Sample Location (year) Sample type Strain
BA14B  BRAZIL: Tlhéus (2009) Laboratory colonies wObs2
B13-4 BRAZIL: Tlhéus (2013) Laboratory colonies wObsl
BU17 BRAZIL: Una, Bahia (2012) Laboratory colonies wObs2
JP13-1 JAPAN: Naja (2013) Laboratory colonies wObsl
OypBl  JAPAN: Naja (2011) Laboratory colonies wODbsl
OypCl  JAPAN: Naja (2011) Laboratory colonies wObsl
Tenl2-1 TENERIFE: Puerto de la Cruz Laboratory colonies wObsl
los Realeios (2012)
T9A MALAYSIA:  Ulu  Gombak DNA sample wObs2
(2002)
A2 BRAZIL: Ttabuna, Bahia (2004) ergatoid male pupae, frozen wObsl
239A FLJI: (2008) DNA sample wObsl
39A JAPAN: Ishigaki (2005) DNA sample wObsl
124A EGYPT: Talka, Elmansoga DNA sample wObs1
(2003)
171A USA: Lake Alfred (2004) DNA sample wObsl
200A intercepted at LONDON airport DNA sample wObs1
in boxes with guavas from SRI
LANKA
48BR BRAZIL: Itabuna, Bahia (2004) EtOH material, pooled individuals wObsl
63FLO USA: Florida EtOH material, pooled individuals wObsl
JW1 BRAZIL: Ttabuna, Bahia (2004) Laboratory colonies wObs2
Tlan2 TAIWAN: Northeastern-Taiwan Laboratory colonies wObsl
(2014)
1090-2 TAIWAN: Taipeh, Academica Laboratory colonies wObsl

Sinica (2014)
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Figure 5.1: Phylogenetic tree of a 512 bp fragment of the Wolbachia-wsp gene. Wol-
bachia of the nematode Litomosides sigmodontis was used as outgroup. While the wODbsl strain was
present in C. obscurior from all over the world, the wObs2 strain could only be identified in Brazilian
C. obscurior and a closely related variant was found in a sample of Malaysia.

The C. obscurior populations from OypB and Ilhéus have probably been introduced
by human activities and have likely experienced bottleneck effects. They differ in
a range of phenotypic characters, i.e. queen number per colony, colony odor, be-
havior and body size (Schrader et al., 2014). The finding of two distinct Wolbachia
strains suggests that Wolbachia (besides Westeberhardia, which is absent in OypB)
could act as a possible driver of divergence between the two C. obscurior populations.
Hypothetically, Wolbachia-mediated incompatibilites could have preceeded divergence
between C. obscurior populations, similar to what is found in Nasonia (Bordenstein
et al., 2001). Indeed, crosses of queens from Ilhéus with males from OypB failed to
produce viable brood, while the reciprocal crosses did well (A. Klein, D. Draxinger,
J. Oettler, unpub.). This strongly suggests cytoplasmic incompatibility induced by
the OypB-Wolbachia strain. Crossings with of Ilhéus queens with antibiotic-treated
Wolbachia-free OypB-males will allow testing for cytoplasmic incompatibility and a

putative "rescue" of the phenotype in the future.
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To assess the lifestyle of Wolbachia (mutualistic vs. parasitic) the growth of Wolbachia
populations across different morphs and ages of the host could be a first indication.
Consequently, I performed real-time qPCR analyses on bacterial genes specific for
Westeberhardia and the wObs2 Wolbachia strain. The analyses were performed on
ants from Brazil (Una, 2012) to be able to measure Westeberhardia and Wolbachia
titers in one experiment. In case of Westeberhardia, this showed that Westeberhardia
populations in adult workers decrease due to the degradation of bacteriomes (Chapter
2). Contrary, Wolbachia populations (=wObs2) in adult workers remain stable (Figure
5.2B). This suggests that Wolbachia strain wObs2 does not have deleterious effects
on worker performance, like suggested for Wolbachia in Acromyrmez (Andersen et al.,
2012), but may even have mutualistic effects. If Wolbachia in C. obscurior would be
harmful for worker performance, selection for low infection densities in workers would
be expected.

Interestingly, the winged phenotypes (queens and winged males) show higher Wolbachia
densities compared to the wingless phenotypes (workers and ergatoid males, Figure
5.2A). The reason for this remains elusive, but possibly higher amounts of muscle
tissue with increased energy supply provide advantageous conditions for Wolbachia to

proliferate in the winged compared to the wingless morphs.
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Figure 5.2: Dependency of Wolbachia densities on host-morph (A) and -age (B) as re-
vealed by real-time quantitative PCR of the Wolbachia specific corA gene. (A) Queens
and winged males show significantly higher Wolbachia titers compared to workers and ergatoid males.
(B) Wolbachia titers show an increase during pupal development in queens and in workers, but titers
in workers remain stable after eclosion, whereas titers increase with queen age. Sample sizes are given
within parenthesis, letters indicate significant differences.

In summary, the preliminary results on the two distinct Wolbachia strains indicate
a parasitic, CI inducing phenotype of wObsl and a mutualistic phenotype of wObs2
and emphasize the diversity of the genus Wolbachia. Sequencing of the Ilhéus (BR)
C. obscurior population led to the assembly of the genome of the wObs2 strain, whereas
no complete genomic information of wObsl is available. Comparative genomic analysis

of both strains will further reveal their biology and their influence on host biology.
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It has been shown that Wolbachia phenotypes can evolve rapidly from being a parasite
to mutualism (Weeks et al., 2007). Especially host populations introduced to new
habitats and which experience genetic bottlenecks may provide great potential for
rapid evolution of Wolbachia phenotypes towards mutualism, as the host has to adapt to
new food sources and/or to new parasite and pathogen pressures. Moreover, horizontal
transmission events probably are more common than previously thought (Viljakainen et
al., 2008; Schuler et al., 2013) and will also contribute to rapid turnover of Wolbachia
strains in introduced species. The ant C. obscurior is introduced to new habitats
via human trading activities (Heinze et al., 2006). Consequently, the C. obscurior-
Wolbachia complex with its two different Wolbachia strains is an ideal candidate to
study evolution of Wolbachia effects on hosts recently and repeatedly introduced to

new habitats.

5.2.2 The tripartite interaction between C. obscurior,
Westeberhardia and Wolbachia

The detection of two bacterial symbionts in C. obscurior, Westeberhardia and Wol-
bachia, calls for further investigations of their interaction. The presence of multiple
endosymbionts in insects is well known, e.g. in grain weevils, tse tse flies or aphids
(Heddi et al., 1999; Gémez-Valero et al., 2004; Wang et al., 2013a). The complexity
of such systems can reach extreme levels. For example Planococcus citri mealybugs
host the beta-proteobacteria Tremblaya princeps, whose extensive genome reduction
to 139 kb is probably facilitated by the acquisition of a Tremblaya symbiont, which
itself is located in the cytoplasm of the mealybug symbiont (von Dohlen et al., 2001;
Husnik et al., 2013). Moreover, Husnik et al. (2013) suggest that the acquisition of
horizontal gene transfers (HGTs) from other organisms enabled the evolution of this
three-way symbiosis. These examples illustrate the complexity of such interactions
between multiple partners, including a host, a diverse range of symbionts and possi-
bly also horizontally transferred genes originating from present or ancestral symbionts

which combined contribute to the holobiont metabolism.

Co-existence of multiple symbionts in one host can lead to displacement of one sym-
biont. For example a secondary S symbiont partially replaces Buchnera in bacteriocytes
in the aphid Cinara cedri (Gémez-Valero et al., 2004). Interestingly, it was suggested
that swapping of symbionts could have been caused by severe genome reduction of the
primary symbiont (Pérez-Brocal et al., 2006; Koga & Moran, 2014). Westeberhardia

has a substantial reduced genome: with ~533 kb it is only about one third of the size
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of free-living bacteria. However, the presence of pseudogenes indicates potential for
further genome reduction, which eventually could lead to out competition of Weste-
berhardia by Wolbachia. Alternatively evolution may lead to a mutualistic symbiosis
between two bacteria harbored in one host. For example Wigglesworthia provides thi-
amine to Sodalis in the tsetse fly (Snyder & Rio, 2013; Wang et al., 2013a), resulting
in a decline of Sodalis densities in the absence of Wigglesworthia (Wang et al., 2013a).
The sharing of common pathways of two symbionts in the host seems more likely than
the sharing of host and symbiont pathways, as bacterial metabolites may be more

compatible than bacterial and eukaryotic metabolites.

So far, no signs for a metabolic interaction between Westeberhardia and Wolbachia
was found. However, a possible interaction between the two is indicated by their lo-
calization. Westeberhardia is located in gut-associated bacteriomes in pupae, which
degrade following eclosion, and a second Westeberhardia population is located in the
queens’ ovaries for vertical transmission. Contrary to this locally restricted localiza-
tion, Wolbachia is distributed across the whole body in adult queens, but likewise
concentrates in ovary tissue (unpublished results of Fluorescence in situ hybridization
(FISH) performed by M. Kaltenpoth, MPI Jena). The coexistence in ovary tissue is
probably linked to vertical transmission of both symbionts. This co-localization could
lead to cooperative metabolic interactions but also to conflict in that Westeberhardia
and Wolbachia could compete for host-provided resources and/or transmission to the
oocyte. It is unknown, where Wolbachia is located during the pupal stage but it should
be further investigated if Wolbachia is enriched in bacteriomes, which is indicated by
an increase of Wolbachia titers from early to late pupae (Figure 5.2B), similarly to
Westeberhardia. This could either point towards metabolic interactions of Wolbachia
and Westeberhardia in bacteriomes or alternatively to an ongoing process of outcom-
petition of Westeberhardia by Wolbachia. This latter explanation would fit the absence
of Westeberhardia in the OypB (JP) host population, where Wolbachia titers are much
higher than in the Brazilian population (A. Klein, L. Schrader, J. Oettler, unpub.),

but remains highly speculative and needs to be tested in the future.

The detection of a prokaryotic xanthine-guanine phosphoribosyltransferase encoding
gene incorporated into the host genome adds a further player in the metabolic network
of the holobiont. It is unclear if the HGT originates from Westeberhardia or from a
former symbiont no longer present in C. obscurior. Regardless, even HGTs which are
relicts of former bacterial associates have been shown to take part in the holobiont
metabolism (Nikoh et al., 2010; Husnik et al., 2013). The HGT plays a central role in
the nucleotide salvage in bacteria, converting xanthine and guanine to XMP and GMP,

respectively. The gene is transcribed in vivo in the ant, which is not the case for most
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horizontally transferred genes (Hotopp et al., 2007) and suggests that it could play a
crucial role in ancestral or extant symbiosis. Moreover, we found higher expression in
larvae compared to adult queens, suggesting that the HGT plays a role for either host
development or symbiont proliferation. At the moment, it is unclear if larvae already

possess bacteriomes and how and when during development bacteriomes establish.

In summary, the finding of two endosymbiotic bacteria, Westeberhardia and Wolbachia,
will have major impact on future work on Cardiocondyla ants and our interpretation
of previous work on these ants. Both symbionts seem to be prevalent across the en-
tire genus Cardiocondyla and comparisons of host and symbiont phylogenies may give
insights into transmission routes and evolutionary history of the symbioses in the fu-
ture. Naturally, it is indispensable to evaluate possible fitness effects of symbionts
which are used as model organisms. Bacterial symbionts have been shown to influence
host biology massively, e.g. they influence lifespan and fecundity (Prado et al., 2009;
Ben-Yosef et al., 2014; Michalkova et al., 2014). As C. obscurior is a model system for
aging (Schrempf et al., 2011), sexual selection (Schrempf et al., 2005), social immunity
(Ugelvig et al., 2010) and adaptation (Schrader et al., 2014) traits such as lifespan and
fecundity are often used as fitness measures between different conditions. Likewise the
study of phenotypic plasticity (Schrempf & Heinze, 2006; Schrader et al., 2015) may be
largely affected by symbiosis. Given that maternal transmission in social insect hosts
is mainly restricted to queens, maternally inherited endosymbionts should evolve not
only distortion of sex ratio but also caste ratio, with the aim to produce a queen biased
caste ratio.

In the future great caution should be taken to choose C. obscurior populations with
the same endosymbiotic background when comparing between different experimental
conditions, a feat that has been largely neglected in the past. Moreover, the effects of
Westeberhardia, the two Wolbachia strains wObs1l and wObs2 and the relevance of the
HGT on the host should be analyzed. Schrader et al. (2014) showed that the two main
laboratory population of C. obscurior from OypB (JP) and Ilhéus (BR) are distinct
regarding several phenotypic traits (e.g. aggression, cuticular hydrocarbons, body size,
Schrader et al., 2014). It should be confirmed if these phenotypic differences are indeed
differences between the BR and the JP populations resulting from divergence between
host genomes (Schrader et al., 2014) or if distinct endosymbiont assemblages have been

the actual drivers of phenotypic divergence.
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5.3 Sex determination in Cardiocondyla obscurior

5.3.1 Absence of single-locus sex determination in C. obscurior

The presence of a homolog of Apis-csd as primary sex determiner (Beye et al., 2003)
was assumed to be valid for all haplodiploid Hymenopterans, including ants, unless
otherwise demonstrated (Heimpel & de Boer, 2008; Privman et al., 2013). However,
functional evidence is restricted to the honeybee (Hasselmann et al., 2008). In support
of a ¢sd homolog in ants, it was suggested that the two tra paralogs result from an
ancestral gene duplication in the common ancestor ants and bees and evolved under
concerted evolution since then (Schmieder et al., 2012; Privman et al., 2013, Figure
5.3b). Under concerted evolution two paralogs in one species show higher sequence sim-
ilarity due to gene conversion events caused by meiotic recombination than found in
the orthologs across different species, despite the ancestral duplication event. However,
a recent study by Koch et al. (2014) provides evidence in support of lineage-specific
duplications in the bee, bumblebee and ant lineage, respectively (Figure 5.3a). Koch
et al. (2014) argue that Privman et al. (2013) did not distinguish between alleles of the
same gene (recombination events) and paralogous genes (concerted evolution). Based
on this view of lineage-specific independent gene duplications (Koch et al., 2014), ants
do not have a true homolog of Apis-csd, and thus the assumption of single-locus sex
determination (sl-sd) at the csd/tra locus in ants is highly implausible (Koch et al.,
2014). Nevertheless, alternative loci may act as primary sex determining signals cor-

responding to c¢sd in Apis rendering sl-sd in ants still a possibility.

For C. obscurior, Schrempf et al. (2006) suggested that sl-sd is not suitable to explain
sex determination. Under sl-sd high inbreeding levels due to sib-mating would lead to
homozygosity at the sex-locus and thus to excessive diploid male production. Despite
10 generations of inbreeding Schrempf et al. (2006) detected only one diploid winged
male in the seventh inbred generation out of 67 tested males using flow-cytometry.
Although multi-locus sex determination with more than two loci cannot be excluded
based on these data, inbreeding probably will favor the evolution of alternative mech-
anisms of sex determination similar to other inbred Hymenopterans (Wu et al., 2005).
As a first step to unravel sex determination in C. obscurior, we aimed to confirm in-
volvement of the conserved genes dsx and tra in the C. obscurior sex determination
cascade. While the presence of sex-specific isoforms of dsz was confirmed by this the-
sis (Chapter 3), the role of tra is not as clear. Similar to most other ant genomes the

C. obscurior genome contains two copies of tra. These are located in close proximity to
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Figure 5.3: From Koch et al. (2014). Two models for the evolutionary history of fem
paralogous genes in ants and bees: (a) repeated gene duplication and (b) concerted evolution.
Points in (a) denote gene duplication events giving rise to two gene copies. Connecting lines in (b)
between branches indicate concerted evolution events resulting from unequal crossing over and/or
gene conversion.

each other (tral and tra2 are separated by only ~1 kb) and show extreme sequence sim-
ilarity, which suggests that concerted evolution may have homogenized their sequences.
Alternative splicing of tra seems to be a prevalent pattern across a wide range of insect
species (e.g. Gempe et al., 2000; Shukla & Palli, 2012b; Liu et al., 2015a). However,
in C. obscurior analyses of gene expression data of developing larvae (Schrader et al.,
2015) with DEXSeq (Anders et al., 2012) showed that neither tral nor tra2 exhibit
signs of differential splicing in males and females (Figures 5.4, 5.5), questioning the
direct effect of tra splicing in the sex determination cascade of C. obscurior. Possibly,
tra function could be mediated not by differential splicing but by different expression
levels, as the gene expression data show higher expression levels in females compared to
males in all exons of tra2 (Figure 5.5). However, expression levels of ¢ral vary across
the transcript (Figure 5.4). Differential expression levels without alternative splicing
would point towards a mechanism of maternal imprinting similar to Nasonia (Verhulst
et al., 2010). Here, maternally derived tra prevents zygotic transcription in unfertil-
ized eggs and leads to male development, whereas fertilization results in zygotic tra
transcription and induces an autoregulatory loop that maintains the female pathway
(Verhulst et al., 2010). However, most likely sequence homology between tra-paralogs

in C. obscurior has prevented correct mapping of RNAseq reads to the two different
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copies and thus these results have to be treated with caution. Consequently, the next

step in elucidating C. obscurior sex determination should be the modification of tra
expression by RNAi or CRIPR/Cas and the analyses of phenotypic effects. This will

help to reveal the role of tra in C. obscurior sex determination in the future.

Cobs_03145-mRNA-1 +

Expression
o

female

male

709281 709617 709952 710288

710623

710059 711204

711630 711965 712301

Figure 5.4: Splicing pattern and expression differences between males (blue) and females (red) of
C. obscurior tral (=Cobs_03145). In none of the exons significant differences of expression levels

between males and females could be detected.

Cobs_18309-mRNA-1 +

Expression

female

male

713200 713683 714167 714650

715134

715617
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716584

717068 717551

Figure 5.5: Splicing pattern and expression differences between males (blue) and females (red) of
C. obscurior tra2 (=Cobs_18309). tra2 exhibits higher expression levels in females vs. males over
the entire transcript, but significant differences of expression levels could be only detected in one exon

(pink).
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5.3.2 Evolution of alternative sex determination mechanisms in C.

obscurior

After Schrempf et al. (2006) have established that sl-sd is highly unlikely what alter-
native mechanisms could underlie sex determination in C. obscurior? For progressing
towards this questions it will help to investigate the evolutionary forces shaping sex de-
termination mechanisms. Sex determination is a fundamental process during develop-
ment and thus should underlie strong purifying selection. However, the sex determina-
tion pathway evolves rapidly as demonstrated by frequent turnover of sex chromosomes
(van Doorn & Kirkpatrick, 2007), transitions between genetic and environmental sex
determintion (Sarre et al., 2004), the presence of different sex determination mecha-
nisms even within a single species (Hamm et al., 2015) or rapid molecular evolution of
sex determination loci (Geuverink & Beukeboom, 2014; Eirin-Lépez & Sanchez, 2015).
Evolution of sex determination mechanisms seems to take place at the bottom of the
cascade via recruitment of new upstream genes (Wilkins, 1995) while the downstream
part of the cascade (tra, dsz) is subject to stronger pleiotropic constraints (nevertheless
evidence for evolutionary potential in the conserved part of the cascade is present, see
Chapters 1 and 3).

But how do new sex determination loci get involved in the cascade? Proximately,
the recruitment of new genes, gene loss, gene duplications and neo-functionalizations
provide potential for novelty. Prominent examples are sez-lethal, which is suggested
to have evolved novel sex determining function exclusively in the genus Drosophila
(Zhang et al., 2014), csd, which emerged by gene duplication (Hasselmann et al., 2008)
or womanizer, which is suggested to be a novel locus recruited into the Nasonia sex de-
termination cascade (Verhulst et al., 2013). After a new locus has been introduced into
the cascade by one of these mechanisms, selection will either lead to its maintainence
or its extinction. Theory on the evolution of sex determination systems suggests that
transitions may be non-adaptive, meaning that there exist selectively neutral interme-
diate states in which polymorphic sex determination loci determine sex (van Doorn,
2014). Evidence for this comes from species where sex is determined by multiple fac-
tors simultaneously (Orzack, et al., 1980; Kozielska et al., 2006), however these seem
to be rare examples. It is much more likely that transitions between sex determination
mechanisms are indeed adaptive. Positive selection acts either directly on the new sex
determining locus or indirectly on linked loci and may lead to its fixation (Gempe et
al., 2010; van Doorn, 2014). Thus population genetic effects play an important role for
evolution of sex determination systems. In highly inbred species, such as C. obscurior,

selection for mechanisms other than sl-sd is expected. For example, sl-sd was shown
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to be absent in the parasitoid wasp Heterospilus prosopidis (Braconidae) (Wu et al.,
2005). Under inbreeding, sl-sd will result in two identical alleles at the sex determining
locus and hence will result in increased proportions of diploid males. In social insects
this poses significant costs to the colony (Whitehorn et al., 2009; van Wilgenburg et
al., 2006). The evolution of the ergatoid male morph in the genus Cardiocondyla was
accompanied by the transition to high levels of inbreeding because of local mate com-
petition (LMC) (Hamilton, 1967; Cremer & Heinze, 2002). While sl-sd could have been
present before the evolution of the ergatoid males, excessive diploid male production
through inbreeding has probably selected for mechanisms other than sl-sd during the

evolution of the ergatoid male morph in the genus Cardiocondyla.

Another selective force may be the interaction of sex determination mechanisms with
selfish genetic elements which can influence sex ratios (e.g. endosymbionts favoring
female biased sex ratios). Sex ratio distorters may preserve selection on sex ratios
under otherwise stable population dynamics and thus lead to counter-adaptations of
the sex-determining system (Werren & Beukeboom, 1998). The high prevalence of
maternally inherited bacteria throughout the insect clade could be one factor leading to
rapid turnover of sex determination mechanisms in insects. The detection of prevalent
bacterial symbionts in C. obscurior in this thesis adds additional support for high

selection pressures on the C. obscurior sex determination system in the past.

Alternatively to direct selection pressures on the new sex determining locus itself,
strong linkage with loci under strong positive selection can explain evolution of sex
determination systems (van Doorn & Kirkpatrick, 2010). The C. obscurior genome is
enriched with transposable elements (TEs) (Schrader et al., 2014). TEs are candidates
for generating novel genes (Kaessmann, 2010), e.g. via exon shuffling (Moran et al.,
1999) or hitchhiking of transcription factor binding sites (Wagner & Lynch, 2010) and

could thus provide the raw material for new sex determination loci.

Contrary to direct selection pressures described above, indirect selection pressures may
also drive evolution of sex determination mechanisms. In sexually dimorphic species,
genes are predicted to have different fitness optima for males and females, e.g. fe-
males may benefit from slower development to build up lasting resources for repro-
duction, whereas males might benefit from a fast development. A gene with sexually-
antagonistic fitness optima (e.g. a gene accelerating development) linked to a newly
emerging sex determining locus (e.g. a masculinizing factor) might consequently lead
to the fixation of the new masculinizing factor by providing higher fitness to the male
compared to female carriers. This may lead eventually to the evolution of sex chromo-

somes. The evolution of a new male morph in C. obscurior (the ergatoid male) was
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probably accompanied by the evolution of new sexually antagonistic loci. For exam-
ple, ergatoid males benefit from a fast growth rate to emerge before their rivals, kill
them and monopolize mating with virgin queens in the nest (Kugler, 1983; Heinze et
al., 1998). Selection pressures on a fast development were not the present in the an-
cestral winged male morph. Consequently, before the occurence of ergatoid males, no
antagonistic selection pressures on divergent developmental rates were present between
males and females. Now that the ergatoid male morph is the prevalent male morph in
C. obscurior, selection on a fast development in males contradicts a slow development
in females for reproduction in queens and a strong work-force in workers. Thus the
evolution of ergatoid males may have driven the recruitment of new sex determining

genes via indirect selection pressures.

Theory on sex determination evolution is mainly restricted to transitions between ge-
netic and environment sex determination systems or theory on sex chromosome evo-
lution. Theory on evolution of the pathway in social species taking the queen/worker
diphenism into account is scarce, if not completely lacking. Eusociality will influence
evolution of sex determination, as female diphenism will lead to two distinct fitness
optima in females (mating and reproduction in queens vs. foraging and nursing in
workers), which is a major constraint for establishing genes beneficial for all females

but not for males and vice versa.

In summary, the underlying mechanism of C. obscurior sex determination remain un-
clear. However, several new players which influence the evolution of sex determination
in C. obscurior have been identified. The C. obscurior lifestyle may encourage ge-
netic drift events that may allow random mutations to be established without fitness
benefits. Most importantly, the evolution of the ergatoid male morph is probably a
major precursor for a new sex determining system, as high levels of inbreeding will have
selected for mechanisms other than sl-sd. Additionally, the C. obscurior hologenome
harbors genomic elements (endosymbionts and TEs) that are known to accelerate evo-
lution of sex determination pathways and that could have led to a rapid evolution of

this important pathway.
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5.4 Supressed recombination in supergenes

An important mechanism to generate evolutionary novelty by mixing of existing ge-
netic material is homologous recombination during meiosis. Despite the twofold "cost
of meiosis", which is on the one hand the reduction of parent-offspring relatedness
and on the other hand the disruption of co-adapted loci, the benefits of sexual repro-
duction and associated recombination during meiosis obviously exceed its costs (Rice,
2002). Experimental evidence for the adaptive significance of sexual recombination
comes from a diverse range of organisms (viruses to flies) and suggests that recom-
bination is adaptive by descreasing the accumulation of harmful mutations as well as
by increasing the accumulation of beneficial mutations (Rice, 2002). However, local
recombination rates across genomes vary substantially, with hotspots showing elevated
rates of recombination as well as coldspots where recombination is completely sup-
pressed (e.g. Baudat et al., 2010). The linkage map of C. obscurior has revealed large
regions where recombination is completely absent. Analysis of paired-end sequencing
data, which allows to reconstruct genomic architectures, suggests that chromosomal
rearrangements between the Brazilian and Japanese C. obscurior populations could

have impeded recombination in the interpopulational cross (Chapter 4).

Recently, more and more examples across a diversity of species for regions with sup-
pressed recombination have been associated with accumulations of co-adapted gene
complexes, so-called "supergenes’, for example in plants, ants and butterflies (Chu et
al., 2011; Wang et al., 2013b; Kunte, 2014; Purcell et al., 2014). These supergenes
comprise co-segregating loci which are inherited together and express a variety of phe-
notypic and ecological traits (Schwander et al., 2014). For example in two ants species,
Solenopsis invicta and Formica selysi, supergenes have been suggested to underlie
population differences in social form, i.e. phenotypic differences in queen number, ag-
gression, queen and worker body size and fecundity (Wang et al., 2013b; Purcell et
al., 2014). The absence of homology in the underlying genetic architecture between
Solenopsis and Formica suggests converging evolution rather than a common origin of

these supergenes (Purcell et al., 2014).

What leads to the repeated emergence of supergenes across species? Schwander et
al. (2014) suggest three mechanism underlying the evolution of supergenes: mutations
leading to beneficial interactions between loci, duplications generating novel genes that
interact with nearby loci and translocations leading to an accumulation of interacting
genes. To maintain linkage between the loci of a supergene reduced recombination is

required. This can be realized either by a location near the centromers, by epigenetic
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modifications or by structural differences, such as large-scale inversions (Schwander et
al., 2014). For example, in butterflies supergenes responsible for wing pattern mimicry
are located in inversions across different butterfly species (Joron et al., 2011; Kunte,
2014; Tto et al., 2015). Inversions can be introduced by ectopic recombination events
of non-homologous DNA sequence. Gene duplications are suitable candidates for the
induction of ectopic recombination events. The fact that gene duplications on the one
hand have been shown to be responsible for supergene-emergence (e.g. in case of the
MHC complex, Schwander et al., 2014), and on the other hand may also be responsi-
ble for generating chromosomal rearrangement via induction of ectopic recombination
events, could explain why several supergenes with diverging genetic architecture be-
tween populations are found. Gene duplications are a common mechanism of genome
evolution in ants, exemplified by duplications in important gene families like desat-
urases, vitellogenins and chemosensory protein genes (Kulmuni et al., 2013; Morandin
et al., 2014; Helmkampf et al., 2015). Moreover high rates of turnover of chromosome
numbers indicate rapid chromsomal rearrangements in social insects (Ross et al., 2015)
and suggest that the two examples in Solenopsis and Formica will likely be followed

by other cases.

In C. obscurior, it is unclear which genes are located in the regions of suppressed recom-
bination identified in Chapter 4 and whether they play a role in phenotypic divergence
between the Brazilian and the Japanese population. Several gene families have been
identified that show significant divergence between the two populations, such as genes
involved in fatty acid synthesis, possibly involved in producing the detected distinct
patterns of cuticular hydrocarbons between the populations (Schrader et al., 2014,
Draxinger & Oettler, unpub.). Although the genome assembly Cobs 1.4 has located
the vast majority of these genes in “TE-islands” (regions with increased TE content
compared to the rest of the genome, Schrader et al., 2014), their exact genomic local-
ization and possible accumulation in supergenes is unclear at this stage. The linkage
map could not confirm the integrity of the TE-islands, but instead suggests that the
genome assembler faced substantial problems in assembling repeat-rich regions. Con-
sequently, regions of low recombination reported in the linkage map provide candidates

for putative supergenes in C. obscurior.
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5.5 Major challenges for the future of C. obscurior

research

The improvement of the C. obscurior genome using the linkage map and sequencing
of long reads will concentrate on assembling the repeat-rich regions to further test the
integrity of the TE-islands and to gain deeper insights into the mechanistic basis of
adaptation. Furthermore, the study of structural variants between the BR and JP
population will allow for identification of regions under selection using a population
genomics approach. A major drawback for C. obscurior research is the lack of func-
tional genomics which hinders testing gene function by silencing or overexpression.
The establishment of methods like RNAi or the CRISPR/Cas-system will complete

the genomic toolkit for the model C. obscurior.
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It is generally discussed if evolutionary novelties are caused by novel genes or by co-
option of existing genes and pathways. This thesis highlights de movo acquisition
of novelty via endosymbiosis as well as novelty by combination of existing material

through co-option of genes and by homologous recombination of the genome.

Chapter 1 summarizes the present state of the art in the study of evolutionary novelty.
The chapter introduces into the holobiont concept and the potential of endosymbiotic
bacteria for host evolution. Moreover it gives an overview of sex determination systems
in insects and an introduction into the conserved sex determination gene doubleser,
which is investigated in Chapter 3 in detail. Furthermore, an overview of meiotic
recombination and genetic linkage mapping is given, thereby providing an introduction
for Chapter 4. The Chapter concludes with the introduction into the model organism
Cardiocondyla obscurior and the ergatoid male morph, an evolutionary novelty of the

genus Cardiocondyla.

In Chapter 2 a novel endosymbiotic bacterium, "Candidatus Westeberhardia car-
diocondylae', and its interaction with the host C. obscurior is described. Severe
genome reduction and the localization in bacteriomes during the pupal stage strongly
suggest a mutualistic nature of the symbiosis. Metabolic pathway analysis of the
streamlined Westeberhardia genome together with increasing Westeberhardia titers in
pupae suggest that Westeberhardia provides the host with the tyrosine-precursor 4-
hydroxyphenylpyruvate, which may be important for cuticle buildup during devel-
opment. Thus, Westeberhardia putatively provides novel traits to the host, thereby
facilitating adaptation of C. obscurior to novel, arboreal and nutrient-poor habitats.
The detection of a Westeberhardia-free host population will allow for elucidating the

symbiosis further in the future.

The study presented in Chapter 3 introduces the concept of co-option to explain
the mechanistic basis of polyphenism in social insects. We show that doubleser and
other sex-specifically expressed genes are co-opted into female caste and male morph

differentiation of C. obscurior. We hypothesize that this principle is a general pattern
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of caste-differentiation in eusocial insects and thus of one of the major transitions in

evolution.

Chapter 4 addresses homologous recombination in C. obscurior. Recombination of
existing loci is able to generate new genotypes and thus new selectable phenotypes
much more rapidly than mutations, due to Hill-Robertson-Interference. During this
study it became clear that the interaction between homologous recombination and
transposable elements could have led to chromosomal rearrangements within the two
studied C. obscurior populations. While rekombination is impeded in regions with
high abundance of TEs, regions of high local recombination rates show high levels of
genetic divergence between the Brazilian and the Japanese C. obscurior population.
Thus recombination is an important player in shaping the C. obscurior genome and

likely drives divergence between the two C. obscurior populations.

In Chapter 5 the analysis of the C. obscurior holobiont is pursued and discussed in
detail. In addition to Westeberhardia, the host C. obscurior also harbors Wolbachia.
An overview of the current knowledge about Wolbachia in C. obscurior is given, the
potential for possible symbiont-symbiont interaction in the host is discussed und the
importance of C. obscurior endosymbionts in the study of the host species is pointed
out. Furthermore, an overview of C. obscurior sex determination and the evolution
of sex determination systems is given, with a special emphasis on social insects and
C. obscurior. Lastly, the evolutionary significance of recombination in this species is
discussed in the light of recent findings of supergenes (linked loci with low recombi-
nation) in other species. Finally, an outlook on future research on C. obscurior is

provided.
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7 Zusammenfassung

Eine wichtige Fragestellung der Evolutionsbiologie ist es, ob evolutionare Neuerungen
durch die Entstehung neuer Gene oder durch die Ko-option (Wiederverwendung) von
existierenden Genen und Genkaskaden realisiert werden. Diese Arbeit stellt die Be-
deutung beider Mechanismen anhand der Ameise C. obscurior dar. Einerseits bietet
Endosymbiose mit Bakterien Potential fiir die Entstehung neuer Gene und Merkmale
im Rahmen des Konzept des "Holobionten", wahrend andererseits das Potential fiir
Neuerungen durch die Kooption von existierenden Genen und durch die Durchmis-

chung des Genoms durch homologe Rekombination aufgezeigt wird.

Kapitel 1 gibt einen Uberblick iiber den aktuellen Forschungsstand iiber evolutionére
Neuerungen. Das Kapitel stellt das "Holobiont"-Konzept vor und erklart das Potential
von endosymbiotischen Bakterien fiir die Evolution des Wirtes. Weiterhin wird ein
Uberblick iiber verschiedene Geschlechtsbestimmungssysteme in Insekten gegeben und
das Gen doublesex vorgestellt, welches in Kapitel 3 im Detail analysiert wird. Dartiber
hinaus wird meiotische Rekomination und das Prinzip der Genkartierung beschrieben,
welches in Kapitel 4 behandelt und angewandt wird. Die Einleitung endet mit einer
Einfiihrung in den Modelorganismus Cardiocondyla obscurior und die ergatoide Man-

nchen Morphe, eine evolutiondre Neuerung in der Gattung Cardiocondyla.

In Kapitel 2 wird ein neu entdecktes, endosymbiotisches Bakterium ('Candidatus
Westeberhardia cardiocondylae") und dessen Symbiose mit dem Wirt C. obscurior
beschrieben. Das starke reduzierte Genom von Westeberhardia und die Lokalisierung
des Symbionten in sog. 'Bakteriomen" wahrend der Puppenphase sprechen fiir eine
mutualistische Assoziation mit dem Wirt. Die Analyse der Stoffwechselwege des re-
duzierten Westeberhardia Genoms und ein Anstieg der Bakteriendichte wahrend der
Puppenphase deuten darauf hin, dass Westeberhardia den Wirt mit der Tyrosin Vorstufe
4-Hydroxyphenylpyruvat versorgen konnte, das fiir den Aufbau der Kutikula wahrend
der Puppenphase wichtig sein konnnte. Folglich, konnte Westeberhardia es dem Wirt
ermoglichen, neue Merkmale zu evolvieren und sich an neue, nahrstoffarme Habitate

anzupassen. Die Entdeckung einer Westeberhardia-freien Wirtspopulation bietet ideale
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Voraussetzungen um in Zukunft die Symbiose zwischen C. obscurior und Westeber-

hardia genauer zu untersuchen.

Die in Kapitel 3 prasentierte Studie fithrt das Konzept der "Kooption" zur Erklarung
der Mechanismen bei der Entstehung von Polyphenismen bei sozialen Insekten ein. Die
Studie zeigt, dass das Gen doublesex neben anderen geschlechtsspezifisch exprimierten
Genen kooptiert wurde, um in C. obscurior die Kastendifferenzierung bei Weibchen
und die Morphendifferenzierung der Mannchen zu regulieren. Vermutlich konnte dieses
Prinzip der Kooption ein genereller Mechanismus bei der Entstehung von Kasten bei
sozialen Insekten sein, und damit an einer der wichtigsten evolutiondren Neuerungen

beteiligt sein.

Kapitel 4 behandelt homologe Rekombination in C. obscurior. Durch die "Hill-
Robertson-Interferenz" erméglicht es Rekombination von existierendem genetischen
Material viel schneller neue Genotypen und folglich neue selektierbare Phénotpyen zu
generieren als zufallige Mutuationen. Wahrend dieser Arbeit zeigte sich eine Interak-
tion von homologer Rekombination mit transposablen Elementen (TE). Diese Interak-
tion konnte zu chromosomalen Umlagerungen zwischen zwei C. obscurior Populationen
aus Brasilien und Japan gefithrt haben. Wahrend Rekombination in Regionen mit ho-
hem TE Gehalt niedrig ist, findet sich in Regionen hoher Rekombination eine erhchte
genetische Divergenz zwischen den beiden C. obscurior Populationen aus Brasilien und
Japan. Damit ist Rekombination ein wichtiger Faktor in der Genom-Evolution von

C. obscurior.

In Kapitel 5 wird die Analyse des C. obscurior Holobionten fortgesetzt und im Detail
diskutiert. Zusatzlich zu Westeberhardia findet sich im Wirt C. obscurior das Bak-
terium Wolbachia. Nachdem ein Uberblick itber Wolbachia in C. obscurior gegeben
wurde, wird das Potential fiir Interaktionen zwischen den beiden Symbionten in der
Ameise diskutiert und die Bedeutung der Endosymbionten fiir das Studium der Wirts-
Art herausgearbeitet. Weiterhin wird die Geschlechtsbestimmung in C. obscurior
diskutiert, wobei die evolutiondren Faktoren welche die Geschlechtsbestimmung von
C. obscurior beeinflusst haben konnten, hervorgehoben werden. Schliellich wird die
Bedeutung von Rekombination im Hinblick auf die Beschreibung von sog. "Superge-
nen' in anderen Arten diskutiert. Abschlieend wird ein Ausblick auf die zukiinftige

Forschung am Modelorganismus C. obscurior gegeben.
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Supplementary Figures
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Figure S2.1: Phylogenetic placing of Westeberhardia Collapsed PhyloBayes cladogram - 65
genes, Dayhoff6 amino acid recoded alignment. Cladogram inferred from amino acid alignment re-
coded with Dayhoff6 scheme under PhyloBayes and using CAT+GTR model. Given the length of
symbiotic branches, the phylogram is only presented as a preview. Values at nodes represent posterior
probabilities. Posterior probabilities of 1 are represented using an asterisk. Clades consisting of taxa
belonging to the same genus and with a posterior probability of one for all its subclades were collapsed.
Symbiotic branches are coloured red. In the full phylogram preview branch length can be seen and
Westeberhardia was marked using a red circle.

S1



Supplement Chapter 2

Supplementary Tables

Table S2.1: Pairwise T-tests using post-hoc Benjamini-Hochberg correction for intrapopulational
comparisons of Westeberhardia titers measured by qPCR in the BR Una (2012) population (Fig.
2.3B).

L PP PW

PP  0.5894 - -
PW 0.2080 0.3647 -
PB 0.1031 0.0286 0.0033

Table S2.2: Pairwise Mann-Whitney U-tests using post-hoc Benjamini-Hochberg correction for
morph dependence of Westeberhardia titers measured by qPCR in BR (Una 2012) individuals
(Fig.2.3E).

Q W WM

W 0.00012 - -
WM 0.00014 0.75027 -
M 0.00014 0.21678 0.21678

Table S2.3: Pairwise t-tests using post-hoc Benjamini-Hochberg correction for Westeberhardia titers
measured by qPCR in BR (Una 2012) workers (Fig. 2.3F).

Pw PB W2 Wi4

PB 0.1233 - -

W2  0.0868 09135 -

W14 09135 0.0868 0.0575 -

W28 0.1969 0.0071 0.0046 0.1774

Table S2.4: Pairwise Mann-Whitney U-tests using post-hoc Benjamini-Hochberg correction for West-
eberhardia titers measured by qPCR in BR (Una 2012) queens (Fig. 2.3F).

PW PB Q2 Q14 Q28 V28

PB  0.0222 -
Q2 0.0082 0.3524 -
Q14 0.0047 0.0082 0.1192 - - -
Q28 0.0065 0.0098 0.0047 0.0029 - -
V28 0.0082 0.0315 0.0188 0.0329 0.2029 -
Q48 0.0047 0.0065 0.0028 0.0017 0.0363 0.0047
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Table S2.5: Raw data for intrapopulational infection densities (Figure2.3 C+D).

Workers Queens

population colony number number proportion number number proportion

infected tested infected tested
1 1 10 0.10 10 10 1.00
2 3 10 0.30 10 10 1.00
3 4 10 0.40 10 10 1.00
BR 4 3 10 0.30 10 10 1.00
Ilhéus 5 6 10 0.60 10 10 1.00
2013 6 5 10 0.50 7 7 1.00
7 8 10 0.80 6 6 1.00
8 4 10 0.40 7 8 0.88
total 34 80 0.43 70 71 0.99
1 10 10 1.00 10 10 1.00
2 10 10 1.00 10 10 1.00
3 10 0.80 10 10 1.00
BR 4 10 0.80 9 10 1.00
Ilhéus 5 10 0.90 10 10 1.00
2009 6 10 10 1.00 10 10 1.00
7 10 0.70 9 9 1.00
8 7 9 0.78 10 10 1.00
total 69 79 0.87 78 79 0.99
1 3 10 0.30 10 10 1.00
2 6 10 0.60 10 10 1.00
BR 3 5 10 0.50 10 10 1.00
Una 4 7 10 0.70 10 10 1.00
2012 5 5 10 0.50 10 10 1.00
6 4 10 0.40 10 10 1.00
7 5 10 0.50 10 10 1.00
8 5 10 0.50 10 10 1.00
total 40 80 0.50 80 80 1.00
1 1 10 0.10 10 10 1.00
2 1 10 0.10 4 10 0.40
JP 3 3 10 0.30 10 10 1.00
OypU 4 5 10 0.50 9 10 0.90
2013 5 10 10 1.00 9 10 0.90
6 6 10 0.60 9 9 1.00
7 10 0.90 10 10 1.00
8 10 0.50 9 10 0.90
total 40 80 0.50 70 79 0.89
1 0 10 0.00 0 10 0.00
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Workers Queens

population colony number number proportion number number proportion

infected tested infected tested
2 0 10 0.00 0 10 0.00
JP 3 0 10 0.00 1 10 0.10
OypB 4 0 10 0.00 1 10 0.10
2011 5 0 10 0.00 0 10 0.00
6 1 10 0.10 0 10 0.00
total 1 60 0.02 2 60 0.03
1 10 10 1.00 10 10 1.00
2 9 10 0.90 10 10 1.00
3 10 10 1.00 10 10 1.00
JP 4 10 10 1.00 10 10 1.00
OypC 5 9 10 0.90 10 10 1.00
2011 6 10 10 1.00 8 8 1.00
7 9 10 0.90 10 10 1.00
8 10 10 1.00 N/A N/A N/A
total 77 80 0.96 68 68 1.00
1 7 9 0.78 10 10 1.00
2 4 10 0.40 9 10 0.90
SP 3 2 10 0.20 10 10 1.00
Ten 4 3 10 0.30 10 10 1.00
2012/13 5 6 10 0.60 10 10 1.00
6 7 10 0.70 10 10 1.00
7 3 10 0.30 10 10 1.00
8 3 10 0.30 10 10 1.00
total 35 79 0.44 79 80 0.99
total 296 538 0.55 447 517 0.86

Supplementary Methods

Phylogenomic reconstruction

For phlyogenetic placement of Westeberhardia, we used translated CDS sequences of
Westeberhardia and followed the approach of (Husnik et al., 2011). We constructed
ortholog clusters using the proteomes from different Gammaproteobacteria (Table 52.6)
on a standalone version of OrthoMCL v2.0.9 (Chen et al., 2007) and identified 64 single-
copy core protein clusters out of the 69 ones identified by the aforementioned study.
These were then aligned using mafft v7.123b (Katoh & Standley, 2013). Alignments
were refined using Gblocks v0.91b (Talavera & Castresana, 2007) (Supplementary file
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protein_sequences.fasta). Dayhoff6 recoding and phylogenetic reconstruction was done
using PhyloBayes v3.3f (Lartillot et al., 2009). The chains ran for 16243 generations
and a burn in of 6000 was chosen. Both bipartition and summary variables were <

0.3, and all effective sizes of all summary variables were higher than 100.

Table S2.6: Table showing accession numbers of protein sequences used for phylogenetic tree recon-
struction

abb. species strain accession number
Xaxo Xanthomonas axonopodis Xac29-1 CP004399.1, CP004400.1, CP004401.1,
CP004402.1
Paer Pseudomonas aeruginosa PAO1 AE004091.2
Vcho Vibrio cholerae O1 biovar eltor AE003852.1, AE003853.1
str. N16961
Pmul Pasteurella multocida subsp. multocida AE004439.1
str. Pm70
Hinf Haemophilus influenzae Rd KW20 L42023.1
Hduc Haemophilus ducreyi 35000HP AE017143.1
Eict Edwardsiella ictaluri 93-146 CP001600.2
Etar Edwardsiella tarda EIB202 CP001135.1
Dbl1 Serratia marcescens marcescens Dbl11 HG326223.1
SsCt Serratia symbiotica SCt-VLC FR904230.1, FR904231.1, FR904232.1,
FR904233.1, FR904234.1, FR904235.1,
FR904236.1, FR904237.1, FR904238.1,
FR904239.1, FR904240.1, FR904241.1,
FR904242.1, FR904243.1, FR904244.1,
FR904245.1, FR904246.1, FR904247.1,
FR904248.1, HG934887.1, HG934888.1,
HG934889.1
SsCce Serratia symbiotica Cinara cedri CP002295.1
SAS9 Serratia plymuthica AS9 CP002773.1
S568 Serratia proteamaculans 568 CP000826.1, CP000827.1
C092 Yersinia pestis C0O92 AL590842.1, AL109969.1, AL117189.1,
AL117211.1
RLSR  Regiella insecticola LSR1 GL379589.1:GL379760.1, CM000957.1
H5AT  Hamiltonella defensa 5AT CP001277.1, CP001278.1
Plau Photorhabdus luminescens subsp. laumondii BX470251.1
TTO1
Pasy Photorhabdus asymbiotica ATCC43949 FM162591.1, FM162592.1
Xnem  Xenorhabdus nematophila ATCC 19061 FN667742.1, FN667743.1
Xbov Xenorhabdus bovienii SS-2004 FN667741.1
Pmir Proteus mirabilis HI4320 AM942759.1, AM942760.1
Anas Arsenophonus nasoniae DSM 15247 AUCC01000001.1:AUCC01000302.1
Rped Riesia pediculicola USDA CP001085.1, CP001086.1
Pstu Providencia stuartii MRSN 2154 CP003488.1
Pret Providencia rettgeri Dmell AJSB01000001.1:AJSB01000009.1,
CMO001856.1
SgMo Sodalis glossinidius morsitans AP008232.1, AP008233.1, AP008234.1,
AP008235.1
SHS1 Sodalis sp. HS1 CP006569.1, CP006570.1
SSOP  Sodalis pierantonius SOPE CP006568.1
BcHce Baumannia cicadellinicola Hc CP000238.1
Bpen Blochmannia pennsylvanicus BPEN CP000016.1
Bflo Blochmannia floridanus NULL BX248583.1
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Table S2.6: (continued) Table showing accession numbers of protein sequences used for phylogenetic
tree reconstruction

abb. species strain accession number
Wglo Wigglesworthia glossinidia brevipalpis BA000021.3, AB063523.1
Wear Westeberhardia cardiocondylae STRAINUNK ACCNUM
Pcar Pectobacterium carotovorum subsp. carotovorum CP001657.1
PC1
Dzea Dickeya zeae Ech1591 CP001655.1
Ddad Dickeya dadantii Ech703 CP001654.1
Csak Cronobacter sakazakii ATCC BAA-894 CP000783.1, CP000784.1, CP000785.1
Ctur Cronobacter turicensis 23032 FN543093.2, FN543094.1, FN543095.1,
FN543096.1
MG16  Escherichia coli K-12 substr. MG1655  U00096.3
Ckos Citrobacter koseri ATCC BAA-895 CP000822.1, CP000823.1, CP000824.1
Sent Salmonella enterica subsp. LT2 AE006468.1, AE006471.1
Sent enterica serovar Typhimurium str. LT2 AE006468.1, AE006471.1
E638 Enterobacter sp. 638 CP000653.1, CP000654.1
Eclo Enterobacter cloacae subsp. cloacae CP000654.1, CP001918.1, CP001919.1,
ATCC 13047 CP001920.1
Kpne Klebsiella pneumoniae subsp. pneumoniae CP003200.1, CP003223.1, CP003224.1,
HS11286 CP003225.1, CP003226.1, CP003227.1,
CP003228.1
Kvar Klebsiella variicola At-22 CP001891.1
Icap Ishikawaella capsulata Mpkobe AP010872.1, AP010873.1
BAps Buchnera aphidicola APS A000003.2, AP001071.1, AP001070.1
BSgr Buchnera aphidicola Sg AE013218.1
BBpi Buchnera aphidicola Bp AE016826.1, AF492591.1
BCce Buchnera aphidicola BCc CP000263.1, AY438025.1
Pana Pantoea ananatis PA13 CP003085.1, CP003086.1
Ebil Erwinia billingiae Eb661 FP236843.1, FP236826.1, FP236830.1
Etas Erwinia tasmaniensis ET1/99 CU468135.1, CU468128.1, CU468130.1,
CU468131.1, CU468132.1, CU468133.1
Epyr Erwinia pyrifoliae Ep1/96 FP236842.1, FP928999.1, FP236827.1

FP236828.1, FP236829.1

PCR assay on nrdB1 on worldwide collected samples and

sequencing of 16S rDNA gene

To assess infection presence of Westeberhardia in C. obscurior across different popu-
lations, we performed a diagnostic PCR assay on material collected worldwide (Table
2.1). We used DNA material from a previous study (Oettler et al., 2010), and ex-
tracted DNA from additional samples using a chloroform-based method (Sambrook &
Russell, 2001). We performed PCR on the nrdB1 (ribonucleoside-diphosphate reductase
1 subunit beta) gene of Westeberhardia (WEOB__403) (nrdB1for: 5-GGAAGGAGT-
CCTAATGTTGCG-3" and nrdBirev: 5-ACCAGAAATATCTTTTGCACGTT-3),
using the ant housekeeping gene elongation factor 1-alpha 1 (Cobs_01649) (EF1for:
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5-TCACTGGTACCTCGCAAGCCGA-3, EF1rev: 5-AGCGTGCTCACGAGTTT-
GTCCG-3) as a control. PCRs were performed in 10 pl reactions with BIO-X-ACT™
Short Mix (Bioline) on an Eppendorf Cycler using the following protocol: 94 °C 4 min,
followed by 39 cycles 94 °C 305, 60°C 30s, 72°C 30s and 72 °C 10 min final elongation.
PCR products were checked visually on 1.5 % agarose TAE-gels. PCRs on a 917 bp
fragment of the 16S rDNA of Westeberhardia gene were performed for one individ-
ual each of the three BR lineages (Ilhéus 2009, Una 2012, Ilhéus 2013), the infected
JP lineages (OypC, OypU), the SP population and C. wroughtonii (PCR protocol:
94°C 4min; 39 x (94°C 30s; 50°C 30s; 72°C 120s); 72°C 10min). PCR products
were purified using the Nucleo Spin Kit (Machery-Nagel) and Sanger sequenced (LGC

Genomics, Germany).

Diagnostic PCR and qPCR assays on the nrdB1 gene to assess

inter- and intrapopulational variation

To screen for intra- and interpopulational variation in Westeberhardia infection, we per-
formed a diagnostic PCR assay for 538 workers and a diagnostic real-time quantitative
PCR (qPCR) assay for 517 queens on nrdB1. Worker DNA was extracted with a rapid
hot shot method (Alasaad et al., 2008) and PCRs were performed in 10 pl reactions,
with 5l BIO-X-ACT™ Short Mix (Bioline), 0.3 111 10 pM forward and reverse primer
each, 0.1l MgCly, 3.3l HyO and 1 pl template DNA (PCR protocol: 94 °C 4 min; 39
x (94°C 30s; 60°C 30s; 72°C 30s); 72°C 10min). Subsequently, PCR products were
checked on 1.5% agarose gels with TAE buffer. Successful DNA extraction protocol
was confirmed by amplification of C. obscurior EF1 in PCR assays. Queen DNA was
extracted using the NucleoSpin®Tissue XS Kit (Machery-Nagel) and real-time quan-
titative PCR was performed on a CFX Connect’ " Real-Time PCR Detection System
(BioRad) with 51l KAPA SYBR FAST Universal (peqlab), 1pl template DNA, 2yl
H50 and 2l 21M forward and reverse primer each in 10 pl reactions. For each queen,
we amplified the nrdB1 fragment and the housekeeping gene FF1 using the following
protocol: 95°C 4min; 41 x (95°C 10s; 60°C 30s) followed by a melting curve with
0.5 °C temperature reduction every 5s from 95°C to 65 °C. Results of each assay were
checked via amplification and melt curve analyses. A queen was ranked as infected, if
the PCR on nrdB produced a single amplicon with the expected melting temperature
(75.5°C). A queen was ranked as not infected, if the PCR on nrdB1 produced no
amplicon, but the PCR on EF1 was successful (amplicon with melting temperature of

82.5°C).
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Rearing of individuals of defined age

To analyse Westeberhardia-abundance in dependence of age in adult ants, worker, queen
and male pupae from BR (Una, 2012) were transferred from stock colonies to breeding
colonies, which were screened daily to record exact hatching dates. Following hatching,
breeding colonies were checked regularly twice a week to prevent additional individuals
from hatching and to check for success of mating in queen breeding colonies (i.e. queen
dealation and presence of eggs). For males and mated queens, breeding colonies con-
sisted of 20 workers, few eggs and larvae, a single male pupa and a single queen pupa.
To rear virgin queens, no male pupae were added to the colonies. To rear workers of
the same age, late worker pupae were collected from stock colonies. After 24 h, workers
that had emerged from the collected pupae were transferred to a new nest, together
with few eggs and larvae from the stock colony. Individuals were sampled at the desired
age and stored at —70°C until DNA extraction.

Real-time quantitative PCR to quantify Westeberhardia titers

We used real-time quantitative PCR to compare Westeberhardia infection levels be-
tween single individuals. This was done on the one hand for larvae, prepupae, early
pupae, and late pupae of the OypB population (JP, 2011) and the BR (Una, 2012)
population, respectively (Figure 2.3 B). All samples were sampled directly from stock
colonies. Larvae and prepupa were of unknown sex and caste, whereas pupae were
females (queens or workers). On the other hand this was done for age-controlled
adult individuals (see above) from BR (Una, 2012) to infer dependency of Weste-
berhardia titer on morph and age of an individual (Figure 2.3 E;F'). DNA of single ants
was extracted using a chloroform-based method (Sambrook & Russell, 2001), quan-
tified fluorometically with Qubit® 2.0 Fluorometer (Life technologies) and diluted to
2.5ng/nl. For each sample, we amplified a 204 bp fragment of the nrdB (ribonucleoside-
diphosphate reductase 1 subunit beta) gene of Westeberhardia (WEOB_403) using the
primers nrdB1for and nrdB1rev (primer sequences see above). Additionally, for each
sample two single-copy ant housekeeper genes were amplified: EF1 (primer sequences
see above; 104 bp fragment) and Actin-4 (Cobs_04257) (Actingfor: 5-TGCCAAC-
ACCGTTCTGTCTG-3', Actinjrev: 5-GACGCGAGAATAGATCCGCC-3/, 162 bp
fragment). All real time qPCR reactions were performed in triplicates and each plate
included no-template-controls for all primer pairs as well as triplets of an interplate
calibrator (pool of 15 adult queens from Brazil (Una 2012)) for each of the two house-

keeping genes. For each reaction 200 nM of forward and reverse primer were provided,
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and a master mix including 5ng DNA, 5ul KAPA SYBR FAST Universal (peqlab)
and Hy0 up to 10 pl was added. Hard-Shell® Low-Profile Thin-Wall 96-Well Skirted
PCR Plates (BioRad) sealed with adhesive, optically clear MicroSeal seals (BioRad)
were used and reactions were performed on a CFX Connect™ Real-Time PCR De-
tection System (BioRad) with the following protocol: 95°C 4min; 41 x (95°C 10s;
60°C 30s) followed by a melting curve with 0.5°C temperature reduction every 5s
from 95°C to 65°C. Analyses of C, values were performed with a modified protocol of
the 2°42% protocol (Livak & Schmittgen, 2001). First, the mean of the three techni-
cal replicates was calculated. The resulting means were calibrated with the interplate
calibrator, to normalize across the different plates. Calibrated means of target sam-
ples were then normalized by subtracting the geometric mean (GM) (Vandesompele et
al., 2002) of both housekeepers for the corresponding sample, giving the A C, value.
To compare between all samples, an artificial calibrator with a C, value of 40 was
used to normalize all samples. The A C, value for the artificial calibrator was deter-
mined by subtracting the mean of all geometrical means (mean=21.38; SD=0.24) from
Cq(calibrator)=40, yielding ACq(calibrator)=18.72. For each target gene AAC, was
calculated by substracting AC,(target) - AC,(calibrator). Statistical tests were carried
out with the In transformed 2 #2Ca values in R (version 3.0.2, R Core Team, 2013). We
used Shapiro-Wilk tests to test for normal distribution of the data and Bartlett’s tests
to test for homogeneity of variances. For parametric data, we used Student’s t-tests
or ANOVAs followed by pairwise t-tests with post-hoc Benjamini-Hochberg correc-
tion for multiple testing (Benjamini & Hochberg, 1995). For non-parametric data we
used Kruskal-Wallis tests or pairwise Mann-Whitney U-tests with post-hoc Benjamini-
Hochberg correction. The boxplots (Fig. 2.3 B, E, F) show In transformed 24

values.

Fluorescence in situ hybridization

Ants were fixated in 4 % paraformaldehyde in PBS and embedded in cold-polymerizing
resin (Technovit 8100, Heraeus Kulzer, Germany). Longitudinal sections (5 pum) through
the abdomen were obtained with a Microm HM355S microtome (Thermo Fisher Scien-
tific, Germany) and mounted on microscope slides coated with poly-L-lysine (Kindler,
Germany). Tissue sections were incubated for 90 min at 50 °C in hybridization buffer
(0.9M NaCl, 20mM Tris/HC1 pH=8.0, 0.01 % SDS), containing 0.5 pM of the general
eubacterial probe FUB338 (5-GCTGCCTCCCGTAGGAGT-3') (Amann et al., 1990)
and one of the Westeberhardia-specific probes Weardl (5-ATCAGTTTCGAACGCC-
ATTC-3') and Weard2 (5-CGGAAGCCACAATTCAAGAT-3'). Probes were labeled
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with Cy3 or Cyb, and samples were counterstained with 5 pg/ml DAPI (4’,6-diamidino-
2-phenylindole). After hybridization, samples were washed once with pre-warmed wash
buffer (0.1 M NaCl, 20mM Tris/HCl pH=8.0, 5mM EDTA, 0.01 % SDS), incubated
in the same buffer for 20 min at 50 °C, washed twice in ddH5O, air-dried, and finally
covered with VectaShield® (Vector Laboratories, Burlingame, CA, USA). Images were
acquired on an Axiolmager.Z1 epifluorescence microscope (Carl Zeiss, Jena, Germany),

using the mosaic tool and the z-stack option to combine different focus planes.
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Supplementary Figures

1 10 20 30 40 47
L. pfam00751 pRPN[CAR CRN HIG LS T K G HK RN CINF REY CRI CIA S CISLEWADR O RV MARRO]
2. Aech_AECH12121 RxEMECEEE VEENI v L EEERY YEXKEWE ™D D[ v N F LV [IeREA N DN
3. Pbar_PB24480 AP K Cle]R CRAY HIG VAN T K G HK R CIq Y K st CJo CREFN CRYT I3 ®NO O R TEAPK]
4. Cobs_01393 [l CERYHG VINAAN TR G HKRM CIAY O i F Lo E[FIN SAR
5. Nvit_dsx [REAPK CRiR CION HCESQUo/v K H KR} [LEgSdR 0 0 T MEQHO
6. Pbar_PB15498 IREJPK CAR CRN HG Vhs{e] T KG HRREJC ILVAYER ORVMAFNO
7. Aech_AECH17342 [REJPK CAR CRN HGVhs{e] T KG HRREI C] IL\WIER ORVMAFNO
8. Cobs_07724 [REJPK CAR CRN HGVASIE] T KG HKREIC] ILVAYER ORVMAINO]
9. Amel_GB55036 [RESSY CAR CHIN HEYL sy T KE] 5 KRB Ch Y REN CR Clab{ CISTE:SNIR 0 O MEYe}]
10. Dmel_dsx [RJPN|CAR CRN HG LSS T K G HKRNCINF R CRICIII CIJTEFNDR O RV MARO]
11. Dmel_dmrt938 [RWPK CAR CRN HG IpBITRG HKKp# C] [LASIER ORT MAFNO
12. Nvit_NV17051 [KIPK CAR CRN HG LAl T R G HK R} C| [LA$NER O RV MAFNO
13. Amel_GB43847 [RIJPK CAR CRN HG LA T RG HK R C] [LISNER OR VMAFNOQ
14. Cobs_09254 [RIJPK CAR CRN HG LES[T RG HK R C] [LISNER ORVMAFNOQ
15. Pbar_PB18113 [RIJPK CAR CRN HG LIS T RG HKREICJ Y Rzl CH CIN CEHITESNER O R VMAFNO
16. Aech_scf162 [RIIPK CAR CRN HG LA T R G HR RIS CIXV R/ Cil CIIN CEITASNER O RV MAINO]
17. Amel_GB46747 [REJPK CAR CRN HC VESIe| T K G E KKEIC| ILVAYER ORVMAINO|
18. Dmel_dmrt11E [REVPK CAR CRN HGVESHEVKG HK R} C| ILVAYDR ORVMAFNO
19. Nvit_NV23337 [REJPK CAR CRN HG I\ T KG HKREIC] ILVAYER ORVMAFNO
20. Aech_AECH26796 [RENPK CAR CRN HGVAAPNT K G HK RN C| [LESNER OR VMAFNQ
21. Amel_GB46471 [RIWPK CAR CRNHCVAAINTKG HKRRC| [LESNER ORVMAINO|
22. Cobs_18158 [RIVPK CAR CRN HGVAAPNT KG HKRMCIIW RIS CIY CENSCRTESNER O R VMAINO|
23. Dmel_dmrt998 [RRVPK CAR CRN HGVIAPNT K G HKREYCIIW R CY CESA CRNTISNER O R VMAFNO|
24. Pbar_PB13071 [REYPK CAR CRN HGVIAPNT KG HK R C] [LESNER OR VMAFYQ
25. Nvit_chrUn [RE¥PK CAR CRN HGVAZAPNT K G HK RN CI [LISNER OR VMALYQ)]

Figure S3.1: Alignment of the amino acid sequences of the DM domain (pfam00751) for DM domain-
containing proteins of Drosophila melanogaster (Dmel), Apis mellifera (Amel), Nasonia vitripennis

(Nvit), Acromyrmex echinator (Aech), Pogonomyrmez barbatus (Pbar) and Cardiocondyla obscurior
(Cobs).

Figure S3.2: Gel image of sex-specific dsx splicing variants amplified by 3’ RACE (2-4: dsz¥ in
females, 6-8: dsz™ in males).
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Figure S3.3: Phylogenetic tree based on amino acid sequence of the DM domain of four paralogous
genes each of Drosophila melanogaster (Dmel), Apis mellifera (Amel), Nasonia vitripennis (Nvit),
Acromyrmez echinator (Aech), Pogonomyrmex barbatus (Pbar) and Cardiocondyla obscurior (Cobs).
Supplementary Table 1 shows an overview of the used sequences. For phylogenetic tree reconstruction
we used MEGA (Hall, 2013), and applied a WAG+G+I phylogenetic model and bootstrap resampling
with 1,000 replicates. Numbers show bootstrap support values.
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Figure S3.4: Normalized read counts mapping against dsx exons. RNAseq data of larvae of all four
morphs (EM = wingless, ergatoid males, WM = winged males, WO = workers, QU = queens, N=7
each) previously published in (Schrader et al., 2015) were reanalyzed using DEXseq (Anders et al.,
2012). Female castes show significant differences in expression of exons 3 and 7, male morphs show
significant differences in all exons except exon 5. Letters indicate significant differences based on
pairwise Wilcoxon Tests with Benjamini-Hochberg correction for multiple testing (see Supplementary
Table 7).
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Figure S3.5: Cluster dendrogram of larvae based on expression of 179 sex-specifically expressed
exons. Red values show bootstrap probabilities (bp); blue values show approximately unbiased p-
values (au). Workers (WO) and queens (QU) are well separated, whereas one winged male (WM)
clusters within the wingless, ergatoid males (EM) and one ergatoid male clusters within the winged

males.
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Cluster dendrogram with AU/BP values (%)

Figure S3.6: Cluster dendrogram of 179 sex-specifically expressed exons. Red values show bootstrap
probabilities (bp); blue values show approximately unbiased p-values (au).
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Supplementary Tables

Table S3.1: Overview over DM domain-containing proteins used for phylogenetic tree reconstruction.
Apis mellifera (Amel), Nasonia vitripennis (Nvit), Cardiocondyla obscurior (Cobs), Acromyrmex echi-
nator (Aech) and Pogonomyrmex barbatus (Pbar) predicted proteins were accessed by BLASTp and
tBLASTn analyses on http://hymenopteragenome.org/. Drosophila melanogaster (Dmel) proteins
were accessed on http://flybase.org/blast/.

species (database) proteins
Dmel dsx (FBgn0000504)
(Flybase) dmrt99B (FBgn0039683)

dmrt93B (FBgn0038851)
dmrt11E (FBgn0030477)

Amel GB55036
(Amel 4.5_OGSv3.2_pep) GB46471
GB43847
GB46747
Nvit dsx: Genbank accession: NP_ 001155990
(Nasonia Official Gene Set v1.2 Protein) NV17051
NV23337

no predicted transcript; chrUn: positions
3,401,206 — 3,401,096

Cobs Cobs_ 09254 (scf0029
(Cardiocondyla__ obscurior_ 1.4 proteins) Cobs_ 18158 (scf0002
Cobs_ 07724 (scf0049
Cobs__ 01393 (scf0005

NS N

Aech AECH26796
(Aech_ OGSv3.8 _ proteins) AECH17342
AECH12121

no predicted transcript; scf162:
Positions 728,652 — 728,804

Pbar PB13071
(proteins 1.2) PB18113
PB24480
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Table S3.3: Gene expression of the four DM-containing genes of C. obscurior. We used previously
published RNAseq data (Schrader et al., 2015) and analyzed expression in females vs. males with
DESeq2 (Love et al., 2014). Cobs_ 01393 is the only paralog differentially expressed between the sexes.

transcript base Mean log2FoldChange padj
Cobs_01393 53.22 1.74 < 0.001
Cobs_ 07724 17.83 0.09 0.83
Cobs_ 09254 11.49 -0.11 0.81
Cobs__ 18158 46.63 0.04 0.90

Table S3.4: Gene structure of C.

(Schrader et al., 2014).

exon

obscurior doublesex. Positions

positions on scf0005

are based on genome version 1.4

size in bp

(female-specific)
(male-specific)
(male-specific)

3,962,553 — 3,962,614
3,962,850 — 3,963,207
3,963,485 — 3,963,524
3,973,929 — 3,974,117
3,974,205 — 3,975,124
3,989,920 — 3,990,340
3,999,828 — 4,004,104

62
358
40
189
830
421
4277

Table S3.5: Results of microsatellite analyses of F1 individuals emerging from interpopulational
crosses. For each family, a Japanese (JP) C. obscurior queen was mated with a Brazilian (BR)
male. Emerging F1 individuals were genotyped using three population-specific microsatellite markers.
This showed that all F1 males (EM = ergatoid, wingless males, WM = winged males) and one
gynandromorph (GY) exclusively carried the maternal (JP) allele, whereas emerging females (QU =
queens, WO = workers) carried both parental alleles (JP+BR). Sample sizes are given in parenthesis.

family F1-EM F1-WM  F1-QU F1-WO  F1-GY
sd5 JP (4) - JP+BR (5) JP+BR (4) -

sd9 JP(4) JP(1)  JP+BR (4) JP+BR (4) JP (1)
sdll  JP(4) - JP+BR (4) JP+BR (4) -

sdl2  JP(5) JP(2) JP+BR (4) JP+BR (4) -

sdl8  JP (6) - JP+BR (5) JP+BR (6) -

sum 23 3 22 22 1
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Table S3.6: Morphological description of C. obscurior sex-mosaics sampled during the course of this
study. Sex mosaics are classified as ergatandromorph (E, intersex worker (WO) / ergatoid male (EM))
or gynandromorph (G, intersex queen (QU) / winged male (WM)). Morphological descriptions mostly
rely on the head, as here morphological differences are easily identifiable.

id G/E life stage morphological description
# 4* G pupa left half: QU, right half: WM
# 6* G pupa left half: QU + male antennae,
right half: WM + QU antennae
# 8% E pupa left half: EM, right half: WO
# 10* G pupa left half: WM, right half: QU
# 7 G adult laterally separated in QU and WM
#9 E adult laterally separated in WO and EM
# 11 G adult laterally separated in QU and WM
# 12 G adult both eyes big like in WM; both
antennae short scapus like in QU
# 14 G adult both eyes big like in WM right antenna

short scapus like in QU, left antennae
long scapus like in WM, left antennae

# 15 G adult both eyes big like in WM; right antenna
long scapus like in WM, left antennae
short scapus like in QU, left antenna
long scapus like in WM

# 16 G adult laterally separated in QU and WM

# 17 E pupa eyes WO-like, saber-shaped
mandibels like in EM

# 18 G adult both eyes big like in WM,
both antennae short scapus like in QU

# 19 G adult head of WM, but wings were shed, meaning
that thorax is probably of QU origin

# 26 G adult laterally separated in QU and WM

# 27 G adult laterally separated in QU and WM

# 34 E pupa laterally separated in WO and EM

* = used in qPCR
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Table S3.7: Results of statistical tests (Kruskal-Wallis rank sum tests and pairwise Wilcoxon-Test
with Benjamini-Hochberg correction) for normalized count data. RNAseq data (2) was used to gen-
erate per exon count tables for the corrected dsz gene model for 3rd instar larvae.

kruskal test
across all morphs

exon pairwise wilcox test
EM- WM-  WM-

QU WO QU

0.0150 0.0640 0.0210
0.0012  0.0049 0.0012
0.0031  0.2086 0.0031
0.0017 0.1168 0.0017
0.6200 0.0017 0.0017
0.0026  0.0026 0.0026
0.0007 0.0007 0.0007

EM-
WO

0.0150
0.0012
0.0031
0.0047
0.0524
0.0026
0.0007

WO-
QU
0.2500
0.0530
0.0123
0.3176
0.0636
0.7961
0.0262

WM

0.0390
0.0035
0.0031
0.0061
0.0568
0.0026
0.0007

X2=16.13, df=3, p=0.011
X2=22.71, df=3, p<0.001
X2=21.68, df=3, p<0.001
X2=19.06, df=3, p<0.001
X2=16.49, df=3, p<0.001
X2=22.70, df=3, p<0.001
X2=24.10, df=3, p<0.001

exonl
exon2
exond
exon4
exond
exon6
exon’

Table S3.8: Loadings of 179 exons on the first four principal components (bold numbers indicate
loadings that fell in the 10 % or 90 % quantiles for PC1, PC2 & PC4. The 179 sex-biased exons were
extracted with DEXseq using a false discovery rate of 0.005.)

Exon ID PC1 PC2 PC3 PC4
Cobs_00321.mRNA.1.E002 0.0562382873  -0.0469522101 -0.0522020161 -0.0248998208
Cobs_ 00321.mRNA.1.E006 0.0209059028 -0.0535784210 -0.0663160451 -0.0033977391
Cobs_ 00374.mRNA.1.E005 0.0988034890  0.0781461284  0.0241897146  0.0186604289
Cobs_00374.mRNA.1.E007 0.0776478991  0.0879914611  0.0077047346  0.0538194057
Cobs_00374.mRNA.1.E008 0.0777561199  0.0063557308  -0.0490479993 0.0042016531
Cobs_01020.mRNA.1.E002 0.0570320853  -0.1371031360 -0.0289168756 0.0582219468
Cobs_ 01154.mRNA.1.E008 0.0259214593  0.0978799515  0.0871926940  0.0875834806
Cobs_ 01393.mRNA.1.E005 0.0752227118  -0.0272423911 -0.0863315256 0.1199763586
Cobs_01393.mRNA.1.E006 -0.0983936018 0.0270897173  -0.0421485645 0.1370003723
Cobs_01393.mRNA.1.E007 -0.1026979831 0.0263004114  -0.0524285714 0.1306402712
Cobs_01404.mRNA.1.E007 -0.0735259289 0.0610078176  0.0554938947  -0.1422011784
Cobs_ 01404.mRNA.1.E014 0.0517963573  0.1515488442  0.0732645364 -0.0218614922
Cobs_ 01504.mRNA.1.E002 0.0016959771  0.1402418831  -0.0135906012 -0.0855509310
Cobs_01907.mRNA.1.E011 -0.0891935029 -0.0946207759 -0.0025935604 -0.0439723528
Cobs_02962.mRNA.1.E015 -0.0006626646 -0.1499880879 -0.0123599697 -0.0860383784
Cobs_03219.mRNA.1.E001 -0.0770700977 0.0872844848  -0.0793515483 -0.0085188897
Cobs_ 03241. mRNA.1.E007 -0.0895224483 0.0348534133  0.0660123650  0.0117203295
Cobs_03321.mRNA.1.E001 0.0627406550  -0.1492376292 -0.0363229466 -0.0658655640
Cobs_03321.mRNA.1.E002 0.0704399383  -0.1496325800 -0.0357914249 -0.0260744246
Cobs_03321.mRNA.1.E004 0.0936470138  -0.1123395150 -0.0604334007 0.0209392194
Cobs_03321.mRNA.1.E005 0.0928920791  -0.1175679389 -0.0504467044 0.0350537294
Cobs_03549.mRNA.1.E001 0.0872420519  -0.0564780017 -0.0214028332 -0.0448670244
Cobs_ 03876.mRNA.1.E007 -0.1057160446 0.0006825815  -0.0217198809 -0.0939389563
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Table S3.8: (continued) Loadings of 179 exons on the first four principal components (bold numbers
indicate loadings that fell in the 10 % or 90 % quantiles for PC1, PC2 & PC4. The 179 sex-biased
exons were extracted with DEXseq using a false discovery rate of 0.005.)

Exon ID

PC1

PC2

PC3

PC4

Cobs_ 04124.mRNA.1.E003
Cobs_ 04205.mRNA.1.E008
Cobs_ 04247.mRNA.1.E001
Cobs_ 04247.mRNA.1.E004
Cobs_ 04247.mRNA.1.E005
Cobs_ 04249.mRNA.1.E001
Cobs_ 04249.mRNA.1.E002
Cobs_ 04249.mRNA.1.E004
Cobs_ 04339.mRNA.1.E002
Cobs_ 04342.mRNA.1.E004
Cobs_ 04587.mRNA.1.E004
Cobs_ 04652.mRNA.1.E008
Cobs_ 04840.mRNA.1.E012
Cobs_ 04840.mRNA.1.E013
Cobs_ 04840.mRNA.1.E014
Cobs_ 04840.mRNA.1.E018
Cobs_ 04840.mRNA.1.E019
Cobs_ 04840.mRNA.1.E020
Cobs_ 04840.mRNA.1.E027
Cobs_ 04954.mRNA.1.E004
Cobs_ 04954.mRNA.1.E007
Cobs_ 05429.mRNA.1.E021
Cobs_ 05728.mRNA.1.E012
Cobs_ 05728 mRNA.1.E013
Cobs_ 05728 mRNA.1.E015
Cobs_ 05728.mRNA.1.E016
Cobs_ 05822.mRNA.1.E004
Cobs_ 05838.mRNA.1.E017
Cobs_ 05898 mRNA.1.E002
Cobs_ 06565.mRNA.1.E001
Cobs_ 06593.mRNA.1.E003
Cobs_ 06933.mRNA.1.E005
Cobs_ 07060.mRNA.1.E005
Cobs_07060.mRNA.1.E007
Cobs_07270.mRNA.1.E001
Cobs_ 07270.mRNA.1.E002
Cobs_ 07270.mRNA.1.E006
Cobs_ 07270.mRNA.1.E007
Cobs_ 07270.mRNA.1.E008
Cobs_07270.mRNA.1.E009

0.0056562913
0.0503024972
-0.0059591657
-0.0865993406
-0.0912547440
0.0356037902
0.0395380636
-0.0939417760
-0.0253937630
-0.0920855018
0.0629235699
0.1000144284
-0.1097961436
-0.1054513384
-0.0992775999
-0.0997497449
-0.0857149882
-0.0931041770
0.0663718368
0.0659148888
0.0338963657
0.0335194626
0.0849394796
0.0811590157
0.1053835877
0.1092376107
0.0710459452
0.0930996779
0.0684530125
0.0417674481
-0.1048160252
0.0764959126
0.0562128432
0.0696803503
0.0176370090
0.0036710805
-0.0317105271
-0.0193510669
0.0247357353
-0.0792805534

0.0811835272
-0.0879869261
-0.0225328679
-0.0286615794
-0.0345202184
0.1351604504
0.1377974774
0.0227188679
0.0424600334
-0.0589812343
0.0528072046
0.0743249095
-0.0511257274
0.0279910100
-0.0090532787
0.0125108153
-0.0390511265
-0.0416563358
-0.1121115144
0.1215326744
0.1343001572
-0.1107957920
-0.0743109246
-0.0689587947
-0.0440799648
-0.0395369286
-0.1250571023
-0.0085289707
0.0883671166
-0.1102425688
0.0123267175
0.0451070667
-0.1098553340
-0.0796269641
0.0050354935
0.0282291310
0.0141466398
0.0176931113
0.0526113501
-0.0584768615
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-0.1426600756
0.0214201339
-0.0144477939
0.1045264707
0.1076812888
0.1222119190
0.1202601310
-0.1104284859
-0.0594897474
-0.0787523569
-0.1639305528
0.0280407205
-0.0437184486
0.0238100727
-0.0118330020
-0.0648554888
-0.0581807849
-0.0503802388
-0.0051625831
0.0975162350
0.1386968379
0.0866388582
-0.0891492315
-0.0900994456
-0.0861253515
-0.0697426526
-0.0493063265
-0.1483049666
0.0837715341
-0.1090104584
-0.0195574944
-0.1243731488
-0.0327398337
-0.0691106431
0.0411620002
0.0886117710
0.0663072679
0.0353681526
-0.0395991067
0.0795268584

-0.0226364374
0.0774399590

-0.0164814469
-0.0109143738
-0.0632772076
-0.0336030054
-0.0374530368
-0.0692015158
0.1833834904

-0.0330124227
-0.0318304980
-0.0004933052
-0.0199934947
-0.0962623918
-0.0554953936
-0.0654761828
-0.1266666118
-0.1142545550
-0.0061544746
0.0078514808

-0.0376432495
0.0742242668

-0.1217624595
-0.1344718007
-0.0953617875
-0.0861952490
0.0370597079

-0.0405078520
-0.0607667855
-0.0449167273
0.1054393843

-0.0035664523
-0.0967354323
-0.0856100089
-0.0481000547
0.0695161889

-0.0086866251
0.0566708853

0.0551707820

-0.1037892954
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Table S3.8: (continued) Loadings of 179 exons on the first four principal components (bold numbers
indicate loadings that fell in the 10 % or 90 % quantiles for PC1, PC2 & PC4. The 179 sex-biased
exons were extracted with DEXseq using a false discovery rate of 0.005.)

Exon ID PC1 PC2 PC3 PC4
Cobs_ 07270.mRNA.1.E010 -0.0831577975 -0.0588943538 0.0798053896  -0.0700194650
Cobs_ 07270.mRNA.1.E011 -0.0925733224 -0.0403000965 0.0965028452  -0.0601201052
Cobs_07270.mRNA.1.E014 -0.0811809833 -0.0569213253 0.0640064847  -0.1500016866
Cobs_07270.mRNA.1.E015 -0.0728829201 -0.0582242860 0.0822015410  -0.1350003875
Cobs_07270.mRNA.1.E016 -0.0818668733 -0.0603957907 0.0900087708  -0.0916281460
Cobs_ 07560.mRNA.1.E001 -0.0962700875 0.0290439890  -0.0587213684 0.0393211818
Cobs_ 07560.mRNA.1.E003 0.0921253848  -0.0182648789 -0.1032532346 -0.0479360658
Cobs_ 07560.mRNA.1.E004 0.0797172627  -0.0002137049 -0.1114493102 -0.0982133335
Cobs_07606.mRNA.1.E020 -0.1118297296 0.0024240695 -0.1107470635 0.0300095574
Cobs_07682.mRNA.1.E010 0.0582640932  0.0802506622  0.0488494809  -0.1094219505
Cobs_07682.mRNA.1.E011 0.0713310860  0.0815219093  0.0609168669  -0.1094844429
Cobs_07682.mRNA.1.E012 0.0602911509  0.0854491656  0.0621900794  -0.1270765090
Cobs_ 07682.mRNA.1.E021 -0.0560209098 0.0724286551  0.1317773037  -0.1127351340
Cobs_08315.mRNA.1.E018 -0.0459039203 -0.0688403733 0.0704164252  -0.1415938024
Cobs_08519.mRNA.1.E005 0.0887047414  -0.0422317974 -0.1292681106 -0.0404120195
Cobs_ 08680.mRNA.1.E005 -0.0687866380 0.0051932459  -0.0363867875 -0.0125091250
Cobs_ 08682.mRNA.1.E001 0.0733209189  -0.1216389725 -0.0174783357 -0.0009056975
Cobs_ 08682.mRNA.1.E003 -0.1022600015 0.0111618175  -0.0808747737 0.1139248490
Cobs_ 08765.mRNA.1.E001 0.0616058993  -0.0576938929 0.0398078055  0.0051611451
Cobs_09050.mRNA.1.E004 0.0674403708  0.0630585960  -0.0138253133 -0.1076868685
Cobs_09050.mRNA.1.E007 -0.0362849706 0.0952325307  -0.1017677965 -0.1250339366
Cobs_09050.mRNA.1.E008 -0.0441826812 0.0888968170  -0.0895999365 -0.1400029457
Cobs_09050.mRNA.1.E009 -0.0324334885 0.0985614853  -0.1073047609 -0.1550594271
Cobs_ 09264 mRNA.1.E008 0.0584143988  0.0620081748  -0.0202413285 0.0473076855
Cobs_09331.mRNA.1.E006 0.0691173809  -0.0530090865 -0.0635604435 0.0239948263
Cobs_ 09342.mRNA.1.E008 0.0979050052  0.0709239011  -0.0781798985 -0.0288999326
Cobs_ 09658 mRNA.1.E003 -0.0676272380 0.0777055469  -0.0129724379 -0.0018916338
Cobs_ 09658 mRNA.1.E008 -0.0425239715 0.0781639748  -0.1407176502 -0.0241373541

Cobs_ 09658 mRNA.1.E020
Cobs_ 09658 mRNA.1.E021
Cobs_ 09658. mRNA.1.E022

0.1036047503
0.1068589058
0.1061528794

-0.0378552027
-0.0436906731
-0.0348364113

-0.1210111711
-0.1112571209
-0.1149623731

-0.0251442178
-0.0301942771
-0.0487857966

Cobs_09895.mRNA.1.E012 -0.0686270412 0.0831334236  -0.0736872057 -0.0349327826
Cobs_10135.mRNA.1.E001 -0.0422443780 -0.0438499936 -0.0607409909 -0.1723455107
Cobs_10135.mRNA.1.E002 0.0432025775  -0.0567729370 -0.1054888378 -0.0774635115
Cobs_10155.mRNA.1.E001 -0.1006603208 -0.0146498091 -0.0298257150 0.0584648543
Cobs_10249.mRNA.1.E005 -0.0508352634 0.0555190408  0.0142071490  -0.0655331308
Cobs_10318. mRNA.1.E001 -0.0713221665 0.0918495331  0.0364389756  -0.0863922601
Cobs_10679.mRNA.1.E007 0.0990014265  -0.0040951762 -0.0321325993 -0.0338906578
Cobs_10686.mRNA.1.E004 -0.0951010503 0.0240402354  -0.0698104309 0.1239063399
Cobs_10755.mRNA.1.E004 0.0669928780  0.0570598320  -0.0463348160 0.1202727480
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Table S3.8: (continued) Loadings of 179 exons on the first four principal components (bold numbers
indicate loadings that fell in the 10 % or 90 % quantiles for PC1, PC2 & PC4. The 179 sex-biased
exons were extracted with DEXseq using a false discovery rate of 0.005.)

Exon ID

PC1

PC2

PC3

PC4

Cobs_10939.mRNA.1.E011
Cobs_ 11061.mRNA.1.E003
Cobs_ 11146.mRNA.1.E011
Cobs_ 11539.mRNA.1.E001
Cobs_ 11539.mRNA.1.E002
Cobs_11673.mRNA.1.E003
Cobs_ 11854.mRNA.1.E002
Cobs_ 12024.mRNA.1.E003
Cobs_ 12024.mRNA.1.E006
Cobs_ 12024.mRNA.1.E009
Cobs_ 12024.mRNA.1.E010
Cobs_ 12024.mRNA.1.E012
Cobs_ 12024.mRNA.1.E014
Cobs_ 12269.mRNA.1.E001
Cobs_ 12269.mRNA.1.E004
Cobs_ 12269.mRNA.1.E005
Cobs_ 12269.mRNA.1.E006
Cobs_ 12296.mRNA.1.E003
Cobs_ 12296.mRNA.1.E004
Cobs_ 12296.mRNA.1.E006
Cobs_ 12296.mRNA.1.E010
Cobs_ 12296.mRNA.1.E011
Cobs_12296.mRNA.1.E012
Cobs_ 12302.mRNA.1.E014
Cobs_ 12359.mRNA.1.E001
Cobs_ 12359.mRNA.1.E011
Cobs_ 12359.mRNA.1.E013
Cobs_ 12359.mRNA.1.E018
Cobs_ 12359.mRNA.1.E020
Cobs_ 12359.mRNA.1.E021
Cobs_ 12359.mRNA.1.E022
Cobs_ 12359.mRNA.1.E024
Cobs_ 12497.mRNA.1.E008
Cobs_12519.mRNA.1.E002
Cobs_ 12910.mRNA.1.E010
Cobs__13971.mRNA.1.E006
Cobs_ 14042.mRNA.1.E001
Cobs_ 14042.mRNA.1.E003
Cobs_14042.mRNA.1.E004
Cobs_ 14726.mRNA.1.E001

-0.0429223561
-0.0090875798
0.0690400597
0.0715162494
-0.0640259976
-0.0480845499
0.0667928997
0.0973610344
-0.0656009304
-0.0740325530
-0.0616677625
-0.0652069616
-0.0653527769
0.0762840000
-0.0726983968
-0.0759348103
-0.0760003143
-0.1116698382
-0.1077903141
-0.1048772824
0.0426252350
0.0566102870
0.0376749395
0.0403836525
0.0195337865
0.0580935484
0.0824857727
-0.1062291699
-0.0977898959
-0.1087821404
-0.1115455126
-0.1081852780
-0.0909576464
0.0926462189
0.0414125749
-0.0055882286
0.1079279128
-0.0350497375
-0.0389630641
-0.0358643610

-0.0054908365
-0.1314355719
0.1051375547
0.1023505479
-0.0099304180
-0.0046769280
-0.1136061746
0.0097371701
0.1275013470
0.0998158800
0.1307255933
0.1315692975
0.1076954742
0.0855582439
0.1002327288
0.0770418683
0.0970345300
0.0057954363
-0.0167899405
0.0059773416
-0.0560399482
-0.0607572525
-0.0670643660
-0.0138352663
0.0708711805
0.0836772361
0.0670909829
-0.0534953766
-0.0483641059
-0.0327849447
-0.0367064469
-0.0139146636
-0.0561074740
0.0165413616
0.1358258365
-0.0283775684
0.0826460606
-0.1168862838
-0.1125577642
0.0771303818
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0.1093785715
0.0812395202
0.0209936049
0.0284929727
-0.0329083163
-0.0400688482
-0.0063148972
-0.0752641859
-0.0900714800
-0.1125229548
-0.0792081979
-0.0713111765
-0.0998658606
-0.0542601085
-0.1006608206
-0.0588225035
-0.0792093452
-0.0641288785
-0.1095983859
-0.0669533787
0.0277342049
0.0496290344
-0.0106826181
0.0028241888
0.1233542800
0.1151622522
0.0198038890
-0.0225090992
0.0214106886
0.0802310272
0.0652272465
-0.0397573699
0.1202726163
-0.0714085109
0.0718225411
0.0568499902
0.0235494851
-0.0273618692
0.0189555622
-0.1632061911

-0.0618795340
0.0913591000
-0.0196831326
0.1083570685
0.1524632964
-0.0729317711
-0.0478166717
-0.0739590929
-0.0288808270
-0.0397625456
-0.0356211696
-0.0256511763
-0.0167308590
-0.0514465016
0.0637172228
0.0147178905
0.0848421752
-0.0337302535
0.0135853723
0.0733045471
0.1568083507
0.1574800578
0.1304610266
-0.0119398657
-0.0080550379
-0.0340260625
0.0166588643
-0.0348680520
-0.0257368707
0.0090158166
0.0301763646
-0.0698419724
0.0767377182
-0.0804290907
-0.0782091007
0.0503206621
-0.0244945073
-0.0084846726
-0.0677494098
0.0528253378
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Table S3.8: (continued) Loadings of 179 exons on the first four principal components (bold numbers
indicate loadings that fell in the 10 % or 90 % quantiles for PC1, PC2 & PC4. The 179 sex-biased
exons were extracted with DEXseq using a false discovery rate of 0.005.)

Exon ID PC1 PC2 PC3 PC4
Cobs__14726.mRNA.1.E002 -0.0465444829 0.0786262098  -0.1410842356 0.0663365579
Cobs_ 14726. mRNA.1.E003 -0.0524339633 0.0609795740  -0.1456727656 0.0573440049
Cobs__14726.mRNA.1.E004 -0.0230923960 0.0583610072  -0.1239663597 0.0487567124
Cobs_14726.mRNA.1.E005 -0.0821946259 0.0744758323  -0.1365683415 0.0136492522
Cobs_14726.mRNA.1.E006 0.0998324945  0.0687706939  -0.0232245446 0.0851115591
Cobs_ 14732.mRNA.1.E002 0.0986371407  0.0059237625  -0.0314611866 0.0476048891
Cobs_ 14732.mRNA.1.E005 -0.0940764916 0.0050943488  -0.0978083118 0.0083284816
Cobs_ 15127 mRNA.1.E001 -0.0887239946 -0.0443620782 0.0256253602  -0.0026329274
Cobs_15219.mRNA.1.E011 0.0128700122  0.0891599127  0.0497866967  -0.1349689379
Cobs_15399.mRNA.1.E009 -0.0878909571 -0.0486980806 0.0815449116  0.0082752767
Cobs_15543.mRNA.1.E003 -0.0067243603 -0.0766635768 -0.0047438577 -0.0014739423
Cobs__15576.mRNA.1.E005 0.0425674173  -0.0976250101 -0.0085942852 -0.0690836411
Cobs_ 15576.mRNA.1.E006 0.0506267813  -0.0893476115 -0.0024390048 -0.0673246445
Cobs__15576.mRNA.1.E009 0.0923302600  -0.0640820382 -0.0280944917 0.0154278095
Cobs_15676.mRNA.1.E011 -0.0569739426 -0.1196721816 -0.0208955217 -0.1170061469
Cobs_15702.mRNA.1.E002 -0.1082999595 -0.0393847267 -0.0916959409 0.0727991730
Cobs_ 15702.mRNA.1.E006 -0.1147517773 -0.0230736623 -0.0645811567 0.0604098802
Cobs_15702.mRNA.1.E010 0.0283154402  -0.0659191487 -0.0635084916  0.1234883797
Cobs_ 15807.mRNA.1.E013 -0.0753479453 -0.0381186652 0.0992682890  -0.0221494212
Cobs_15950.mRNA.1.E006 0.0508592781  0.1375654070  0.0513814211  -0.0652501140
Cobs_16311.mRNA.1.E005 -0.0738887814 0.0108580241  -0.0115083660 -0.0228163669
Cobs_16333.mRNA.1.E003 -0.0419501532 -0.0092349047 -0.0747171140 -0.0656606478
Cobs_16333.mRNA.1.E004 -0.0475158788 -0.0117214955 -0.0606550780 -0.0621935787
Cobs_ 16333.mRNA.1.E005 -0.0389374725 -0.0119939643 -0.0632989341 -0.0793198297
Cobs__16333.mRNA.1.E006 -0.0438658929 -0.0159963561 -0.0601022561 -0.0670369262
Cobs_16635.mRNA.1.E003 0.0654048947  0.0324086691  -0.0606894379 -0.0046155695
Cobs_16641.mRNA.1.E003 0.0769809357  0.0456196250  0.0954157888  0.0460784660
Cobs_ 17223.mRNA.1.E006 -0.0250521090 -0.1364130330 0.0649810234  -0.0756715369
Cobs_ 17408. mRNA.1.E003 0.0900575275  0.0669644348  0.0340965154  -0.0322146250
Cobs_ 17408 mRNA.1.E004 0.0612223571  0.1108630300  -0.0415525324 -0.0822979169
Cobs_17408. nRNA.1.E005 0.0566992016  0.1111408883  -0.0006394764 -0.0269494382
Cobs_17408. mRNA.1.E007 -0.1235932661 -0.0116278414 -0.0542794849 0.0499657212
Cobs_17408. mRNA.1.E010 -0.1123484872 -0.0646543068 -0.0628456217 0.0062875970
Cobs_ 17852.mRNA.1.E005 0.0842531564  0.0077489791  0.0052408443  0.1328759123
Cobs_17963.mRNA.1.E013 0.0968118245  -0.0270663682 -0.0302395941 -0.0423850511
Cobs__18218. mRNA.1.E010 0.0905119225  0.0967837180  -0.0423275381 0.0385708616
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Table S3.9: Gene Ontology (GO) terms enriched in candidate genes for co-option into female or male
morph differentiation, as revealed by topGO (Alexa & Rahnenfuhrer, 2010).

GO-ID Term Annotated Significant Expected p-Value

GO:0036125 fatty acid beta-oxidation 1 1 0 0.0015
multienzyme complex

GO:0051301  cell division 176 3 0.19 0.0019

G0:0016507 mitochondrial fatty acid beta- 1 1 0 0.0061
oxidation multienzyme complex

GO:0051642 centrosome localization 1 1 0 0.0119

GO:0051383 kinetochore organization 3 1 0 0.0157

GO:0030037 actin filament reorganization 2 1 0 0.0178
involved in cell cycle

GO0:0048132 female germ-line stem cell 3 1 0 0.0191
asymmetric division

GO:0030723 ovarian fusome organization 5 1 0.01 0.0192

GO0:0045478  fusome organization 7 1 0.01 0.0192

GO:0007282 cystoblast division 4 1 0 0.0204

G0:0032403 protein complex binding 65 1 0.06 0.025

GO:0090527 actin filament reorganization 2 1 0 0.029

GO0:0042537 benzene-containing compound 13 1 0.01 0.0296
metabolic process

GO:0022414 reproductive process 277 2 0.3 0.0336

GO:0006807 nitrogen compound 2585 6 2.81 0.0341
metabolic process

GO:0003006 developmental process 211 2 0.23 0.0347
involved in reproduction

G0:0034440 lipid oxidation 10 1 0.01 0.0355

GO0:0051293  establishment of 11 1 0.01 0.0369
spindle localization

GO:0051295 establishment of meiotic 2 1 0 0.0377
spindle localization

GO:0019482 beta-alanine metabolic process 11 1 0.01 0.0399

G0:0030261 chromosome condensation 16 1 0.02 0.0399

GO0:0042078 germ-line stem cell division 8 1 0.01 0.0406

G0O:0000922 spindle pole 13 1 0.02 0.0411

G0O:0045298  tubulin complex 30 1 0.04 0.0428

GO:0022402 cell cycle process 224 2 0.24 0.0463
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Supplementary Figures
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Figure S4.1: Multi-family design of the cross used for generating the F2 male mapping
population for linkage mapping. F2 males emerging from five different F1 queens, which were
daughters of four different parental queens, were used for linkage mapping. Parental queens were
daughters of one highly inbred Japanese (JP, red) population and all of them were mated to the same
single male male from Brazil (BR, blue). F1 queens and F2 males are hybrid JP-BR, indicated by the
magenta colouring. The following individuals were included in the analysis: PQ#4, Po#1, F124#96,
F19#252, and 85 F2 males: 17 of family 21, 18 of family 96, 21 of family 152, 16 of family 204, and

13 of family 252.
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Figure S4.2: Distribution of markers over the 100 largest scaffolds of the C. obscurior

genome assembly version Cobs 1.4 (Schrader et al.

, 2014). Each blue point represents one

marker of the linkage map. The plot shows that all of the 95 largest scaffolds are equally covered with

markers.
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Figure S4.3: Barplot of the observed and expected number of markers in exons, in-
trons and intergenic regions. Significant differences between observed and expected valued were
calculated with Chi-square tests.
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Figure S4.4: Linkage Map with markernames. Y-axes show size of each linkage group (LG)
in cM. LGs are sorted by genetic size. Red markers indicate markers in TE islands as defined by
(Schrader et al., 2014). Linkage groups which are completely inconsistent with the physical assembly
are indicated by “NR”, linkage groups which are partly inconsistent with the physical assembly are
indicated by “(NR)”.
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Figure S4.5: Local recombination rates plotted along those linkage groups for which
genetic map and physical assembly were consistent. Linkage groups (LG) are ordered by
physical size in Mb. Numbers below LGs indicate size in ¢cM. Dashes lines on LG 3 and LG 4 indicate
regions where recombination rates could not be estimated because genetic map and physical assembly

Tscf54! sci79

sci28 ' sci16

scf10

scf

o
T

'

i

scf7) scf2!  sci26

scf5

Scigl

scf49 scf7!

SBBI

LG15
59.3

shi60dci47 _scfo
T
6

scf29

sc17

Iscf]

i1’ sci4t

scf8.

scf6.

SBBIR

LG23
6.9

scf3

1 Mbp

SBBI

LG11
75.8
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Supplementary Tables

Table S4.1: Observed and expected number of markers in exons, introns, and intergenic regions.

percentage number of number of o/e
in genome expected markers (e) observed markers (o)
exons 11.8% 360 607 1.69
introns 20.4% 622 543 0.87
intergenic  67.8 % 2067 1898 0.92
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Table S4.3: Gene ontology (GO) terms enriched in “hotspots” (recombination rate > 50 cM/Mb) as
revealed by topGO (Alexa & Rahnenfuhrer, 2010) on a FDR of 0.01.

GO.ID Term Annotated Significant Expected p-Value

GO:0048634 regulation of muscle 10 4 0.22 0.00012
organ development

GO:1901861 regulation of muscle 8 3 0.18 0.00046
tissue development

GO:1901862 negative regulation of 2 2 0.04 0.00049
muscle tissue development

GO:0061321 garland nephrocyte 3 2 0.07 0.00105
differentiation

GO:0017157 regulation of exocytosis 8 3 0.18 0.00155

GO:0048635 negative regulation of 2 2 0.04 0.00183
muscle organ development

GO:0061061 muscle structure development 104 8 2.33 0.00199

GO:0007517 muscle organ development 74 7 1.66 0.00346

GO:0003014  renal system process 5 2 0.11 0.00497

GO:0048137 spermatocyte division 4 2 0.09 0.00499

GO:0007523 larval visceral 3 2 0.07 0.005
muscle development

GO:0061318 renal filtration 6 2 0.13 0.00753
cell differentiation

GO:0045843 negative regulation of striated 2 2 0.04 0.00923
muscle tissue development

GO:0000038 very long-chain fatty 4 2 0.09 0.00931

acid metabolic processes

Table S4.4: Gene ontology (GO) terms enriched in “coldspots” (recombination rate = 0 cM/Mb) as
revealed by topGO (Alexa & Rahnenfuhrer, 2010) on a FDR of 0.01.

GO.ID Term Annotated Significant Expected p-Value
GO:0050767 regulation of neurogenesis 71 23 12.02 0.00076
G0:0048839 inner ear development 11 7 1.86 0.00116
GO:0045664 regulation of neuron 59 21 9.99 0.0012

differentiation
GO:0060602 branch elongation of 3 3 0.51 0.00151
an epithelium
G0O:0043583  ear development 11 7 1.86 0.00237
GO:0006357 regulation of transcription 188 47 31.84 0.00251
from RNA polymerase 11
promoter
GO:0071599  otic vesicle development 7 5 1.19 0.00312
GO:0006366 transcription from RNA 229 52 38.78 0.00357

polymerase II promoter
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Table S4.4: (continued) Gene ontology (GO) terms enriched in “coldspots” (recombination rate =
0 ¢cM/Mb) as revealed by topGO (Alexa & Rahnenfuhrer, 2010) on a FDR of 0.01.

GO.ID Term Annotated Significant Expected p-Value

GO:0061323  cell proliferation involved 5 4 0.85 0.00359
in heart morphogenesis

GO:0045665 negative regulation of 10 6 1.69 0.00428
neuron differentiation

GO:0050680 negative regulation 6 4 1.02 0.00453
of epithelial
cell proliferation

GO0:0022612 gland morphogenesis 42 15 7.11 0.00477

GO:0060560 developmental growth in- 34 13 5.76 0.00478
volved in morphogenesis

GO:0035725 sodium ion 9 ) 1.52 0.00479
transmembrane transport

GO:0090288 negative regulation of 3 3 0.51 0.00485
cellular response to
growth factor stimulus

GO:0021511 spinal cord patterning 3 3 0.51 0.00503

GO:0060284 regulation of 96 27 16.26 0.00554
cell development

GO:0051960 regulation of nervous 104 29 17.61 0.00588
system development

GO:0030916 otic vesicle formation 3 3 0.51 0.00605

GO:0001658 branching involved in 4 3 0.68 0.00657
ureteric bud morphogenesis

GO0:0021513  spinal cord dorsal/ 3 3 0.51 0.00677
ventral patterning

GO:2000136 regulation of cell 5 4 0.85 0.00682
proliferation involved in
heart morphogenesis

GO:0031016 pancreas development 8 5 1.35 0.00683

GO:0009889 regulation of 752 142 127.36 0.00719
biosynthetic process

GO:0048709 oligodendrocyte 5 4 0.85 0.00748
differentiation

GO:0090190 positive regulation of 3 3 0.51 0.00756
branching involved
in ureteric
bud morphogenesis

GO:0060512 prostate gland 3 3 0.51 0.00759
morphogenesis

GO:0035272  exocrine system 45 15 7.62 0.00788

development
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Table S4.4: (continued) Gene ontology (GO) terms enriched in “coldspots” (recombination rate =
0 ¢cM/Mb) as revealed by topGO (Alexa & Rahnenfuhrer, 2010) on a FDR of 0.01.

GO.ID Term Annotated Significant Expected p-Value

GO:0031326 regulation of cellular 749 141 126.85 0.00788
biosynthetic process

G0:0042490 mechanoreceptor 3 3 0.51 0.008
differentiation

GO:0042472 inner ear morphogenesis 10 6 1.69 0.00808

GO:0009612 response to mechanical 11 6 1.86 0.00851
stimulus

GO:0035212  cell competition in a 6 4 1.02 0.00869
multicellular organism

GO:0015672 monovalent inorganic 145 28 24.56 0.00879
cation transport

GO0:0070371 ERK1 and ERK2 cascade 3 3 0.51 0.00887

GO:0098602 single organism 23 9 3.9 0.00894
cell adhesion

GO:0048708 astrocyte differentiation 3 3 0.51 0.00903

GO:0048568 embryonic organ 53 17 8.98 0.00958
development

GO:0090183 regulation of kidney 3 3 0.51 0.00978
development
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Table S4.6: Gene ontology (GO) terms enriched in non-supported regions (NR) as revealed by topGO

(Alexa & Rahnenfuhrer, 2010) on a FDR of 0.01.

GO.ID Term Annotated Significant Expected p-Value
GO:0098590 plasma membrane region 34 6 0.89 0.00048
GO0:0016324 apical plasma membrane 15 4 0.39 0.00088
GO0:0045202 synapse 146 11 3.84 0.00147
GO:0050896 response to stimulus 1897 66 48.38 0.0019
GO0:0005856  cytoskeleton 388 14 10.21 0.00214
G0:0030054  cell junction 116 9 3.05 0.00325
G0O:0030029 actin filament-based process 112 9 2.86 0.0035
G0O:0022803 passive transmembrane 183 11 4.9 0.0045

transporter activity
GO:0000003 reproduction 277 15 7.07 0.0045
GO:0005515 protein binding 2581 89 69.09 0.0053
GO:0022412  cellular process involved 191 12 4.87 0.0059
in reproduction in
mulitcellular organisms
GO0:0005216 ion channel activity 182 11 4.87 0.0067
GO0:0035265 organ growth 28 4 0.71 0.0069
GO:0030036 actin cytoskeleton 111 9 2.83 0.0069
organization
G0:0023052 signaling 1565 54 39.92 0.0074
GO0:0007010 cytoskeleton organization 250 13 6.38 0.0087
G0:0003006 developmental process 211 12 5.38 0.0088
involved in reproduction
GO0:0045254  pyruvate dehydrogenase 7 2 0.18 0.00938
complex
GO:0051716  cellular response 1612 56 41.11 0.0095

to stimulus

Table S4.7: Observed (obs.)

and expected (exp.)

number of structural variants falling within

supported regions (SR) and not supported regions (NR).

inversion deletions duplications

obs. exp. o/e obs. exp. o/e obs. exp. o/e
NR 221 232 0.95 344 263 1.31 296 237 1.25
SR 608 597 1.02 596 677 0.88 552 611 0.90
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