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Summary

Parasites have a profound impact on their hosts, sometimes even being able to manipulate their
phenotype in order to increase the chances of transmission to the final host. This also seems to be the
case with the cestode Anomotaenia brevis and their intermediate host, the ant Temnothorax nylanderi.
When infected, we observe changes in the cuticle colour and sclerotization, activity, lifespan,
interactions with nestmates and muscle mass. These changes co-occur with changes in gene expression
in the ant, making it difficult to determine whether the cestode is truly the one pulling the strings in this
interaction or whether phenotypic changes are simply side effects of cestode infection. In this
dissertation | used various methods to investigate whether the parasite is truly the manipulator in this
interaction or whether we can find alternative explanations for gene expression differences.

In the first chapter we investigated the effect of parasite load on this system. We compared the gene
expression of uninfected, lowly infected and highly infected hosts as well as parasites that coinfect the
host with few others and many others. We observed similar changes in parasite and host, where both
suffered from higher stress and where the host seems to be more aware of the parasite with the parasite
having a stronger need to evade the host’s immune response.

In chapter 2 we decided to immune challenge ants with bacterial lipopolysaccharide in order to
understand the difference between the immune reaction to the cestode and the immune reaction to
the parasite on a gene expression level. We combined this by investigating the gut microbiome and see
what both immune challenge (parasitic and mock bacterial) have on the host. We found a large pool of
differentially expressed genes that also strongly impact the immune response. Upon deeper
investigation we especially found that the genes that are differentially expressed upon both parasite
infection and mock challenge are differentially expressed in different directions. Laying bare a possible
immune system inhibition in this system. However, this inhibition did not affect the immune system
against bacteria, meaning that the cestode is capable of minimizing the attacks against it while not
compromising the ant’s ability to fight other parasites. In the gut microbiome meanwhile we found a
loss in biodiversity upon parasite infection and a dominance of intracellular groups in the infected ants,
possibly hinting at an earlier immune reaction from cestode infection.

In the final chapter we tested what the effects of parasite prevalence are in this system on the gene
expression by correlating gene expression against the proportion of infected ants in the colony in both
infected hosts, uninfected hosts and parasites. Here we found a stress reaction in the ants while the
parasite, though affected in its gene expression, does not seem to suffer under these conditions. We
further employed a novel method to investigate the interactome between parasite and host where we
shed new light upon the molecular interactions between parasite and host, here we found the parasite
transcriptome to be highly interactive with that of the ant both in a manner of seeming reaction to ant
gene expression changes as well as seeming manipulation of ant gene expression.

Allin all we can find clear signs of manipulation in this system as well as seeming side effects of infection.
For example, the cuticle colouration and sclerotization and the immune response are highly connected
in the datasets and we can find arguments against the possible fitness benefits for the parasite in this
case. Another possible side effect is oxidative stress response that might not even be entirely visible in
the ant’s transcriptome as the cestode seems to minimize the oxidative stress in its host in order to
improve its own functioning.



Zusammenfassung

Parasiten haben einen tiefgreifenden EinfluR auf ihre Wirte und sind kdénnen in der Lage, deren
Phidnotyp zu manipulieren, um die Chancen einer Ubertragung auf den Endwirt zu erhéhen. Dies scheint
auch bei dem Zestoden Anomotaenia brevis und seinem Zwischenwirt, der Ameise Temnothorax
nylanderi, der Fall zu sein. Bei einer Infektion beobachten wir Veranderungen der Farbe und
Sklerotisation der Kutikel, der Aktivitat, der Lebensdauer, der Interaktionen mit Nestgenossen und der
Muskelmasse. Diese Veranderungen gehen mit Veranderungen der Genexpression in der Ameise einher,
so dass es schwierig ist festzustellen, ob der Zestode wirklich die Faden in dieser Interaktion zieht oder
ob die phanotypischen Veranderungen einfach nur Nebeneffekte der Zestodeninfektion sind. In dieser
Dissertation habe ich verschiedene Methoden angewandt, um zu untersuchen, ob der Parasit wirklich
die Faden in dieser Interaktion zieht oder ob wir alternative Erklarungen fiir die Unterschiede in der
Genexpression finden kdnnen.

Im ersten Kapitel haben wir die Auswirkungen der Parasitenbelastung auf dieses System untersucht. Wir
verglichen die Genexpression von nicht infizierten, gering infizierten und stark infizierten Wirten sowie
von Parasiten, die den Wirt mit wenigen anderen und vielen anderen koinfizieren. Wir beobachteten
ahnliche Veranderungen bei Parasit und Wirt, wo beide unter hoherem Stress litten und der Wirt sich
des Parasiten starker bewusst zu sein scheint, da der Parasit ein groReres Bediirfnis hat, sich der
Immunantwort des Wirts zu entziehen.

In Kapitel 2 beschlossen wir, Ameisen mit bakteriellem Lipopolysaccharid zu injizieren, um den
Unterschied zwischen der Immunreaktion auf den Zestoden und der Immunreaktion auf Bakterien auf
Ebene der Genexpression zu verstehen. Wir kombinierten dies mit der Untersuchung des
Darmmikrobioms, um zu sehen, welche Auswirkungen beide Immunreaktionen (auf den Parasiten und
auf das Bakterium) auf den Wirt haben. Wir fanden eine groRe Menge an unterschiedlich exprimierten
Genen, die auch die Immunantwort stark beeinflussen. Bei ndherer Betrachtung stellten wir
insbesondere fest, dass die Gene, die sowohl bei einer Parasiteninfektion als auch bei einer
Scheininfektion unterschiedlich exprimiert werden, in verschiedene Richtungen unterschiedlich
exprimiert werden. Dies deutet auf eine mogliche Hemmung des Immunsystems in diesem System hin.
Diese Hemmung wirkte sich jedoch nicht auf das Immunsystem gegen Bakterien aus, was bedeutet, dass
der Zestode in der Lage ist, die Angriffe gegen ihn zu minimieren, ohne die Fahigkeit der Ameise zur
Bekampfung anderer Parasiten zu beeintrachtigen. Im Darmmikrobiom fanden wir bei der
Parasiteninfektion einen Verlust der Artenvielfalt und eine Dominanz intrazellularer Gruppen in den
infizierten Ameisen, was moglicherweise auf eine frilhere Immunreaktion auf die Zestodeninfektion
hindeutet.

Im letzten Kapitel testeten wir, wie sich die Prdvalenz von Parasiten in diesem System auf die
Genexpression der Kolonie auswirkt, indem wir die Genexpression mit dem Anteil infizierter Ameisen
in der Kolonie sowohl bei infizierten Wirten als auch bei nicht infizierten Wirten und Parasiten
korrelierten. Dabei stellten wir eine Stressreaktion bei den Ameisen fest. Wahrend der Parasit, obwohl
er in seiner Genexpression betroffen ist, unter diesen Bedingungen nicht zu leiden scheint. Dariber
hinaus haben wir eine neuartige Methode zur Untersuchung des Interaktoms zwischen Parasit und Wirt
angewandt, mit der wir ein neues Licht auf die molekularen Interaktionen geworfen haben. Dabei haben
wir festgestellt, dass das Transkriptom des Parasiten in hohem Male mit dem der Ameise interagiert,



und zwar sowohl in Form einer Reaktion auf Veranderungen der Genexpression der Ameise als auch in
Form einer Manipulation der Genexpression der Ameise.

Insgesamt lassen sich in diesem System deutliche Anzeichen flr Manipulationen und mdglichen
Nebenwirkungen der Infektion finden. Beispielsweise sind die Farbung und Sklerotisierung der Kutikula
und die Immunreaktion in den Datensdtzen eng miteinander verbunden, und wir kdnnen in diesem Fall
Argumente vor und gegen einen moglichen Fitnessvorteil fiir den Parasiten finden. Ein weiterer
moglicher Nebeneffekt ist die Reaktion auf oxidativen Stress, der im Transkriptom der Ameise nicht
vollstandig sichtbar ist, da der Zestode den oxidativen Stress in seinem Wirt zu minimieren scheint, um
seine eigene Uberlebensfihigkeit zu verbessern.

Vi
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General introduction



Parasites and their impact on the world

Parasites have always been all around us. Perhaps this is best illustrated through the fact that we have
been finding parasites whenever we learned how to look for them. As early as the 15" century BCE we
find descriptions of both tapeworms and roundworms in the ancient Egyptian Ebers papyrus (Ebbell,
1937). These descriptions became more detailed with Arabic physicians like Razi and Avicenna in the
10t and 11" centuries AD (Al-Razi, 10™" century; Avicenna, 11* century). Later in the 17t century with
the advent of the microscope, Antonie van Leeuwenhoek found the microscopic protist Giardia
duodenalis in his own stool (Dobell, 1932). At the same time we also encounter the "father” of modern
parasitology, Francesco Redi, who described both ecto- and endoparasites on humans and other
animals (Redi, 1668). With parasites being so prevalent, it’s no surprise that parasites have been hugely
consequential to human history and indeed, the history of life on earth itself. Malaria for example has
been recognized as the cause of population decline in several Ancient Greek city states (Pappas et al.
2008) and schistosomiasis was so common in Napoleon’s men in Egypt that it had been described as
“the only country where men menstruate” (Sarant, 2017). As for the evolutionary history of parasites
we find evidence of parasitism as far back as the early Cambrian period (Zhang et al. 2020). Meanwhile,
parasitism has grown to be an evolutionary successful strategy with between 50% and 70% of species
on earth being parasitic (Windsor, 1998). Parasitism of metazoans on other metazoans has evolved
independently at least 60 times (Poulin & Morand, 2000). Because of this, parasites have often been an
invisible influence on ecosystems worldwide. In coral reefs, for example, crustacean parasites have been
found to be a natural means of population level regulation in reef fish (Forrester & Finley, 2006). When
measuring the biomass of trematodes in a freshwater ecosystem, Preston and colleagues found that
larval trematodes alone account for 25% of host and parasite biomass (Preston et al. 2013). Biomass is
an important tool in understanding the flow of energy within an ecosystem (Odum & Barrett, 1971) and
therefore parasites have unsurprisingly been shown to heavily affect the flow of nutrients in ecosystems
(Kuris et al. 2008). It could also be that the absence of a parasite could create large advantages for a
host species within an ecosystem. This is a reasonable assumption within the enemy release hypothesis
(Keane & Crawley, 2002) which states that a lack of natural enemies (predators, parasites or otherwise)
will result in a rapid increase of distribution and abundance of an invasive species (Morais & Reichard,
2018). Absence of parasites can therefore explain the success of invasive species and could be
consequential for conservation efforts. With that information in mind, we could easily conclude that a
world without parasites might not necessarily be a better one (Wood & Johnson, 2015).

This does not just count for parasites within an ecosystem but might even be the case for humans. While
diseases like malaria continue to cause endless amounts of human suffering especially in the developing
world with hundreds of thousands of deaths each year (WHO, 2022), the absence of parasites in humans
have often been linked to auto-immune diseases in the so-called hygiene hypothesis (Bach, 2018; Okada
et al. 2010; Stiemsma et al. 2015). This theory states that, in the industrialized world, the immune
system does not learn to react to relatively mild disease agents causing the immune system to overreact
to any threat thrown its way, causing eczema, allergies and general auto-immune diseases. Exposure to
parasites, especially helminths seems to have positive effects for people suffering from autoimmune
disorders and patients have even been subjected to helminth therapy (reviewed in Elliott & Weinstock,
2012; Helmby, 2015).



Parasite-host co-evolution

The fact that entire ecosystems are dependent on parasites and that humans, but also other organisms
tend to poorly react to an absence of parasites provides a small window into parasite-host co-evolution.
We can expend this window by talking about the effects of parasites on host fitness. In general,
parasitism can be described as an association between two different organisms wherein one benefits at
the expense of the other (Olano et al. 2011), without causing the death of the host. This negative fitness
effect on their host of course might have a positive fitness effect on competitors in the same ecosystem.
It would be somewhat comparable to the positive biodiversity effect that predators cause in ecosystems
as shown by Robert Paine (1966) in his starfish removal experiment. Similar things have been
demonstrated for parasites as well, most notably by Price and colleagues in 1986. They showed that
parasites can regulate biodiversity by altering the competitive outcome between host species - a
phenomenon called parasite-mediated competition (explained in figure 1a). Removal of parasites from
ecosystems therefore might create a competitive advantage to species or individuals that are poorly
adapted to parasitism, due to the significantly higher fitness cost of these species or individuals. The
degree to which parasites and hosts are adapted to each other can not be understated. This is perhaps
most easily exemplified by the existence of sickle cell anaemia in humans and its frequency in malaria-
prone areas. Human sickle cell anaemia is a somewhat rare and highly lethal medical condition, which
is caused by a single point mutation in the B-globin gene (Stamatoyannopoulos, 1972). When
homozygous, carriers will often die prematurely due to sickle cell disease or other diseases, which pose
a higher risk due to sickle cell disease (Lanzkron et al. 2013). For this reason, it is rare in most of the
world due to it being selected out of the gene pool. The major exception is West Africa where over 80%
of global sickle cell anaemia cases occur (Piel et al. 2013). This has to do with the fact that the sickle cell
allele, even in heterozygotes, increases ones resistance to malaria (Ackerman et al. 2005; Hill et al.
1991). Therefore, the heterozygous fitness advantages in malaria-prone areas still allow for the
existence of lethal homozygotes (figure 1b). Somewhat tragically however, it seems that malaria in turn
has found a way to evade sickle cell anaemia and some Plasmodium falciparum genotypes have been
correlated to severe malaria even in presumed protected individuals (Band et al. 2022).
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Figure 1 A. Example of a model with parasite mediated competition where the presence of a parasite
can have a potential positive impact on species B, extracted from (Dunn et al. 2012). B. The allele
frequency of the HbS allele causing sickle cell anaemia (up) and the endemicity of malaria (down)
illustrated on a world map, extracted from (Piel et al. 2010).



This also shows that, from the parasite’s perspective, the effect of its presence of the host is also to
consider. Many parasites would prefer to remain in their host for a very long time but at the same time,
prefer to take as many resources from their host as possible. This can be paradoxical since higher host
exploitation will lead to a shorter lifespan of the host (Frank, 1996). However, parasites are often at least
capable of targeting specific parts of the host that do not affect the host’s survival. For example,
parasites commonly target the host’s reproductive system (Kaltungo & Musa, 2013), which, though
essential for host fitness, does not necessarily influence the host’s survival. The same can be seen in the
fact that infectious diseases often target the host thymus (Savino, 2006), whose absence does not result
in the immediate death of the host as the liver, heart, brain or lungs would. Another piece of evidence
that parasites try not to be detrimental to the host can be shown through the effects of unwanted cross-
species transmission. Whenever a parasite adapted to a specific host is capable of infecting another
host, the parasite is much more deadly in this novel host. The best examples can be found in human
history where humans, living close to farm animals, have the tendency to contract relatively harmless
diseases from these animals with disastrous consequences. Ebola for example, is a relatively harmless
virus in fruit bats, which are able to live with the virus for a long time (Hayman et al. 2010). In humans
however, the virus is highly lethal with an up to 90% fatality rate. An even more recent example of a
highly deadly disease is with COVID-19, which shows close genetic similarity with a coronavirus
originating from bats (Latinne et al. 2020). However, there are also parasites that are adapted quite
thoroughly to multiple host and even infect multiple species within their lifespan. These are generally
known as parasites with a complex life cycle.

Parasites with complex life cycles

Some parasites have multiple obligatory hosts, this means that without infecting several hosts in
succession, the parasite cannot complete its life cycle. Usually, these parasites switch hosts through
either upward or downward incorporation, meaning the movement upward or downward on a scale of
trophic levels respectively. Upward incorporation is usually trophic transmission where an intermediate
host is being preyed upon by a definitive host, whereas downward incorporation typically necessitates
a free-living stage or a mechanism through which intermediate hosts ingest the parasite transmission
stages (Parker et al. 2003). A well-studied example is the case with the cestode Schistocephalus solidus,
whose life cycle necessitates a free living stage to infect copepods, these copepods need to be eaten by
sticklebacks and the sticklebacks need to be eaten by birds, which need to defecate in the water (Clarke,
1954). Due to the complexity of these life cycles, one might expect that these types of parasites are
relatively rare, but parasites are nothing if not paradoxical and there have been cases that over 75% of
all parasites encountered in an ecosystem infected multiple hosts (Wood et al. 2023). Due to these
parasites being transmitted through host-host interactions, the presence of parasites with complex life
cycles has in fact even been used as indicator of a healthy ecosystem (Hudson et al. 2006). Not
surprisingly, these parasites are also hit the hardest when the ecosystem is in a worse state and these
multi-host parasites have suffered greatly from anthropogenic climate change (Wood et al. 2023). The
reason that these parasites are often still very common however is because parasites with complex life
cycles can profit from the best of both worlds. Larger hosts infected through upward incorporation
typically allow for a longer lifespan, greater body size and an increased fecundity, whereas smaller hosts
infected through downward incorporation have the potential to increase transmission (Auld & Tinsley,
2015; Parker et al. 2003). Another advantage of upward incorporation is that predators are always in
lower numbers than prey species, meaning that a predator ingesting multiple infected individuals could
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act as “concentrators” of parasites, making it easier to find a mate for the parasites, increasing genetic
diversity (Brown et al. 2001).

The disadvantages of a complex life cycle are mainly twofold. Firstly, with multiple hosts, a parasite
needs to adapt to both hosts. The morphological, chemical and physiological differences between hosts
can be extreme. For example, trematodes typically have a vertebrate and a gastropod as a host (Cribb
et al. 2003; Schmid-hempel, 2008), whereas cestodes can switch between anything from multiple
vertebrates or vertebrates and arthropods (Mackiewicz, 1988). This host switching over different
superphyla would necessitate enormous adaptations to immune systems that have evolved completely
different mechanisms to fight pathogenic threats (Yuan et al. 2014). It seems one way to adapt to both
host’s immune defences is by adapting to the commonalities in both species, considering previous
research on this topic found that cestodes that did well in their invertebrate intermediate host were
also able to avoid innate immune detection with their vertebrate final host (Hammerschmidt & Kurtz,
2005). The second disadvantage of a complex life cycle, at least in the case of parasites that are
trophically transmitted, is that they are dependent on intermediate and final hosts encountering one
another. This is of course especially at odds with a host that needs to be consumed for the parasite to
complete its life cycle. In order to achieve this it seems that parasites have often evolved the ability to
manipulate their host into increasing the chances of encountering the final host. Most famously this is
the case with Toxoplasma gondii which, when infecting mice, cause the mice to completely lose their
fear of cats, sometimes even seeking them out (Ingram et al. 2013). This host manipulation has become
its own subfield in evolutionary parasitology which focusses on how and if parasites are capable of
manipulating the host.

Host manipulation by parasites

The idea that parasites are capable of manipulating the host’s phenotype was conceptualized by Bethel
and Holmes in the 1970s (Bethel & Holmes, 1973) and gained popularity with Richard Dawkins’ book
“The Extended Phenotype” (Dawkins, 1982). Here he states that the phenotypes of organisms are not
only limited to biological processes that influence the individual, but rather the influence a gene can
have on the environment outside of the organism. This is manifested in, for example, the environment
with beaver dams but can also extend to other organisms such as the manipulation of host phenotypes
by parasites. Aside from the example mentioned in the previous section of Toxoplasma gondii, countless
phenotype changes upon parasite infection have been proposed as examples of parasite-mediated
manipulation. Recently it was discovered that female mosquitoes carrying the malaria parasite
Plasmodium falciparum were more attracted to human breath and odours than mosquitoes that did not
carry malaria (Vantaux et al. 2021). An example that especially caught the public imagination is that of
the fungus Ophiocordyceps unilateralis which is capable of manipulating the behaviour of ants, which,
when infected, climb to the tops of trees where they attach themselves to the surface of leaves with
their mandibles where they die (figure 2a). The fungus can then spread its spores more easily from this
higher position (Evans et al. 2011; Weinersmith & Faulkes, 2014). As mentioned earlier, an important
guestion to this field of parasitology is how the parasite is capable of causing such changes to the
phenotype. In some cases, this is partially resolved, the most obvious example being in gordian worms.
These worms induce suicidal behaviour in their intermediate cricket host causing them to jump into the
water in which the worms can complete their life cycle (figure 2b). One reason why infected crickets
might do that is because the parasite modulates the cricket’s response to light, specifically to light
coming from below which can be reflected on the water (Ponton et al. 2011).
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Figure 2 Examples of parasites that manipulate their hosts neurologically A. Ophiocordyceps
unilateralis growing out of a dead ant having walked to the top of a tree (photo: D. Hughes). and
B. Gordian worms crawling out of a dead cricket after causing it to jump to its death (photo: Alastair
Rae).

However, within the field of evolutionary parasitology phenotypic changes like these were often
discussed as adaptive to the parasite and specifically parasite-induced without providing hard evidence
(Cézilly et al. 2010; Poulin & Maure, 2015). This changed around the turn of the millennium where
people started arguing that, although these changes might provide fitness benefits for the parasite, they
could be mere by-products of parasite infection or the changes caused by a parasite in the host’s
immune system (Poulin et al. 1994).



Phenotype changes as a side effect

Although there are some parasite-induced phenotypic changes that are undoubtedly the product of
parasite manipulation, there are definitely cases where the line between manipulation and neutral side
effect is blurred. The part of the host that interacts the most with the parasite is of course the immune
system, which has often been shown to be actively manipulated by the parasite. For example,
Toxoplasma is capable of affecting interferon regulation by secreting proteins that activate host kinases
(Brumlik et al. 2013). In contrast, the behavioural changes that Toxoplasma induces in humans have
been prescribed as not necessarily adaptive to the parasite but correlative to the adverse health effects
of toxoplasmosis (Flegr et al. 2023). Often these stories get even more complicated through the
interference of interactive microbiota. The nematode Trichuris muris for example has shown to cause
changes to the mouse host microbiome that prevents other parasites from infecting the host but also
facilitate long term infection for the nematode itself (White et al. 2018). However, although these
changes to the microbiome themselves might be advantageous to the parasite, other phenotypic
modulations that this specific microbiome may cause can then be considered a side effect. This while it
has been long known that microbiota can have profound effects on their host’s phenotype (reviewed by
Lynch & Hsiao, 2019). Furthermore, the host itself is also perfectly capable of changing its own
phenotype and parasite infection could serve as a means of breaking down a canalized phenotype due
to infection stress (Joji¢ et al. 2021). Simply comparing the phenotype of a host with an uninfected
individual of the same species therefore might not be enough to determine whether a parasite is the
one pulling the strings even though the phenotypic changes to the host are entirely unique with parasite
infection. Several characteristics of the infected host prevent one from doing that, the gut microbiome
could be different, the immune reaction to the parasite might create an energetic trade-off that impairs
the development of certain phenotypic characteristics (Hicks et al. 2018) or the parasite’s actual
manipulation mechanisms create unwanted side effects. Therefore, when considering a parasite-
induced phenotype, one has to investigate not only the interaction between parasite and host, but also
the interaction of other species with either parasite or host. One also has to regard the entire
phenotypic change to the host to find out which characteristics are most likely to be caused by the
parasite directly and which ones are mere side-effects. And finally, one has to take into account the
host’s potential for phenotypic plasticity.

Parasitism in social insects

The kings, or rather the queens of phenotypic plasticity might be eusocial insects, these are mainly
represented by social Hymenoptera such as ants, bees and paper wasps as well as by termites and to a
lower degree some species of Hemiptera and Thysanoptera. These systems are especially characterized
by their organization of reproductive and non-reproductive castes between highly related individuals of
multiple generations (Wilson, 1971). These different castes display large phenotypic diversity, which is
especially visible in ants (Hymenoptera: Formicidae). Here the reproductive queens are usually the
longest-lived, only fertile and largest individual whereas workers specialize in specific tasks such as
brood care (nurses), foraging (foragers) and defence (in some species, soldiers). This eusocial lifestyle
has elevated ants alone as a hugely successful family of insects with an estimated global biomass of 12
megatons, which exceeds that of all wild birds and mammals combined (Schultheiss et al. 2022). Key to
this social lifestyle is communication through chemical signatures, which ants use to recognize queens,
other nestmates and ants from different colonies (Ferguson et al. 2020). Through specific chemicals on
the cuticle worker ants know which nestmates to feed and which to ignore.
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This system of course is prone to exploitation by parasites and there are several parasites capable of
mimicking this cuticular hydrocarbon profile. What serves as an obvious example are butterflies of the
genus Phengaris, whose larvae crawl into ant nests and can mimic the hydrocarbon profile of the ant
brood so that workers treat them like larvae from their own colony (Akino et al. 1999). This social
parasitism is also seen in dulotic ant species which infiltrate colonies of another species in order to
either steal brood and have these ants work for them or kill the host queen to have the remaining
workers raise their brood along with other strategies (Helantera, 2021). These parasitic ants also have
very precise molecular mimicry in order to infiltrate host colonies (Johnson et al. 2005). Ant societies
are also plagued by a large number of endoparasites that seem to exploit the phenotypic plasticity of
ants. For example, multiple nematodes from the family of Mermithidae use ant species as intermediate
hosts (Poinar, 2012). When infected, ants develop a sort of caste mosaic, displaying characteristics from
foragers, queens, soldiers and nurses as well as entirely unique phenotypic characteristics to infected
ants (Laciny et al. 2017). When regarding other families of nematodes, ant parasites can also be found
in Tetradonematidae, specifically the species Tetradonema solenopsis which parasitizes on the fire ant
Solenopsis invicta, which develop an enlarged abdomen upon infection (Briano et al. 2012). Cestodes
are also known to cause profound phenotypic changes to ants when they act as an intermediate host.
The Davaineid cestode Raillietina urogalli, which infects turkeys as a final host, is known to use Myrmica
species as an intermediate host (W. M. Reid & Nugara, 1961). The most commonly observed phenotypic
change here is a dark-reddish colouration of the cuticle (Muir, 1954). This colour difference may be due
to the formation of a melanoid pigment from the excretions of the parasite (Laciny, 2021; Muir, 1954).

Temnothorax nylanderi and Anomotaenia brevis

This finally leads us to the system that is central to this doctoral thesis, the ant Temnothorax nylanderi
(figure 3a) and the cestode Anomotaenia brevis (figure 3b) from the family of Dilepididae. Infected ants
show perhaps among the most extreme and diverse phenotypic changes upon parasite infection
mentioned in this text. These changes include yellow colouration of the cuticle (Plateaux, 1972; shown
in figure 3a), sluggish behaviour (Trabalon et al. 2000) with underdeveloped muscles (Feldmeyer et al.
2016), a smaller body size (Scharf et al. 2012) and a far longer lifespan than uninfected nestmates (Beros
et al. 2021). Aside from these changes, infected ants seem to also have an effect on their uninfected
nestmates, which socially care for them more often (Beros et al. 2019) and they live shorter than in
uninfected nests (Beros et al. 2021). These changes are believed to aid A. brevis in the completion of its
life cycle, as infected ants, the intermediate host, have a higher chance of being eaten by woodpeckers,
the final host figure 3c). Where, for example, the longer lifespan increases the chance of woodpeckers
encountering the nest with the infected ants still alive and the sluggish behaviour making them easier
to catch. Another hypothesis regarding this system is that A. brevis infection achieves such phenotypic
changes because of changes that it causes in the ant’s gene expression. As mentioned earlier, the
incredible amount of phenotypic plasticity these ants display can therefore be prone to parasite
manipulation. The reduced pigmentation and sclerotization of the cuticle is a clear example of
maldevelopment of the cuticle and the long lifespan is similar to that of queens (Beros et al. 2021) which
means the potential for a long lifespan rests in the genome of all these ants. Indeed, gene expression
differences have been observed in this species upon parasite infection, among which genes involved in
muscle development (Feldmeyer et al. 2016) and anti-ageing (Stoldt et al. 2021). This coincides with the
excretion of proteins of the cestode in the ant’s haemolymph (Hartke et al. 2023), which, among others,
have antioxidant functions. Taking this system as a whole with the information given in this text, there
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is a large potential of investigating these parasite-induced phenotypic changes in T. nylanderi. At surface
level, the parasite-induced phenotypic changes seem to benefit the parasite’s fitness, and the ant’s
phenotypic plasticity is ripe for manipulation. On the other hand there is a lot of interference within this
system. Due to the large number of phenotypic changes, who is to say which characteristics are just a
side effect of something A. brevis actually actively manipulates? What is the role of other species in
this? But also, how does this “extended phenotype” reflect upon the colony, as in a social system, the
interaction between nestmates is extremely important for an insect’s phenotype (Smith et al. 2008;
Watanabe et al. 2014).
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Figure 3 A. Two individuals of Temnothorax nylanderi one of which (upper left) is infected with
Anomotaenia brevis (photo: Susanne Foitzik). B. Fluorescence in situ hybridization picture of A. brevis
(photo: Benjamin Weiss). C. The life cycle of A. brevis visualized, illustrated for Sistermans et al. 2023

by Jenny Fuches.
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Aims of this doctoral thesis

The question whether A. brevis manipulates the phenotype of T. nylanderi is central to this thesis. In the
introduction we’ve seen several ways in which the phenotype of a parasitized individual can be
influenced, directly or indirectly, by said infection, many of these possibilities have not been tested. This
helps us shed light on the co-evolution of A. brevis and T. nylanderi, which traits are more likely to be
adaptive for the parasite, which traits are more likely to be side effects of infection and which traits are
possibly caused by other interfering factors. This is done through three different experiments that all
explore the dynamics of gene expression in both parasite and host. In the first chapter we explore
whether parasite load, or the number of parasites per host affects the gene expression of both parasite
and host. Through this method we can identify characteristics that become more easy or harder to
manipulate for the parasite depending on how many there are in the host. On one hand, higher parasite
load should make the manipulation easier, as more cestodes can divert less resources to host
manipulation. On the other hand, there are also less resources available per cestode. This also counts
for the host, which should bear a higher cost of parasitism with a high parasite load. In the second
chapter we then place one specific characteristic, the immune reaction, in the spotlight. By immune
challenging the host with a mock bacterial threat, we can identify specificimmune pathways of the host
towards the cestode and towards bacteria. It is also possible to identify common innate immune
pathways and their directionality through gene expression and whether the parasite is capable of
inhibiting certain immune pathways. Additionally we investigated these factors’ influence on the gut
microbiome, which, as we mentioned earlier, could also influence certain phenotypic characteristics of
the ant, whether advantageous for the cestode or not. Finally, in the third chapter, we investigate the
effect of the cestode on a superorganism level. The higher the prevalence of infected workers in the
colony, the uninfected ants bearing the brunt of their nestmates’ infection might also be more strongly
affected. Never mind the fact that infected ants now have to compete among each other for the more
limited resource of nestmate care, in possibly a similar manner to cestodes in the first chapter. As we
took cestodes and ants from the same individuals for this experiment, we also added a final analysis to
this chapter where we identify the interactome of parasite and host. We tested whether certain parasite
genes were more likely to co-express with host genes, identified these interaction partners and discuss
the possible consequences to the host phenotype. All in all, | believe the different ways to shed light on
the gene-gene interactions between parasite and host allows us to see how millions of years of co-
evolution gave the parasite an ability to understand their host’s genotype-phenotype map to a degree
that is still largely unknown by biological research in general. And | would argue that, as uncomfortable
as parasites may make many not in the field, they have a lot to teach us about the fundamental
processes of life on earth.
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Abstract

Parasites with complex life cycles are known to induce phenotypic changes in their intermediate hosts
to increase transmission to the final host. The magnitude of these changes could increase with the
number of parasites, which would be beneficial to co-infecting parasites. Yet, adverse effects of high
parasite load (i.e., many parasites in a single host) might stress both hosts and parasites (e.g., through
an increased immune response). We investigated the consequences of parasite load on the
transcriptional activity and morphology of the cestode Anomotaenia brevis and its intermediate host,
the ant Temnothorax nylanderi. We demonstrated that many differentially expressed host genes shifted
with parasite load, and their functions indicate a stronger immune response and fight against oxidative
stress in heavily infected hosts. The expression of other host genes responded to infection in an all-or-
nothing manner, as did the morphology of the host workers. However, the cestodes became smaller
when they competed with other parasites for resources from a single host. Their expression profile
further indicated shifts in host immune avoidance, starvation resistance and vesicle-mediated transport.
In summary, our study reveals clear consequences of parasite load and highlights specific processes and
traits affected by this.

Keywords: host-parasite interaction, parasite burden, manipulation, parasite escape, cestode
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Introduction

Parasite infection often leads to phenotypic changes in the host that appear to benefit the parasite
(Poulin & Thomas, 1999). These shifts in morphology, physiology, behaviour or other life history traits
are particularly pronounced and well-studied in parasites with complex life cycles that exploit multiple
host species (Heil, 2016). Examples include the induction of fruit mimicry in ants by the nematode
Myrmeconema neotropicum (Yanoviak et al. 2008) and the reduction of predator aversion in rodents as
a result of Toxoplasma gondii infection (Dass & Vyas, 2014). In general, these phenotypic changes are
thought to facilitate transfer from intermediate to definitive hosts (Poulin & Thomas, 1999; Weinersmith
& Faulkes, 2014).

A common interpretation in evolutionary parasitology is to consider phenotypic changes in infected
hosts as the "extended phenotype" of the parasite, when they are encoded in the parasite's genome
and consequently are subject to selection in the parasite (Dawkins, 1982; Moore, 2002). This view has
been criticized in recent years due to a lack of experimental evidence on the consequences of these
phenotypic shifts for the fitness of the parasite (Cézilly et al. 2013; 2010; Poulin & Maure, 2015). The
change in host phenotype that follows infection may also be a by-product of infection that is not
beneficial to either party, or an adaptive compensatory response of the host to limit the negative
consequences of parasite exploitation (Lefévre et al. 2008; Minchella, 1985; Poulin, et al. 1994).

One way to gain deeper insights into the causes of the altered host phenotype upon infection is to study
the consequences of parasite load on the phenotype and fitness of both interacting partners. We might
detect divergent phenotypic changes in the host depending on who is responsible for said changes
(parasite or host). For example, Maksimowich and Mathis (2000) explored aggression of the salamander
Plethodon ouachitae in response to high parasite load of the chigger mite Hannemania dunni. They
found that highly infected hosts were less aggressive than lowly infected hosts even though higher
aggression was found to be advantageous for the parasite, aiding in its transmission (Maksimowich &
Mathis, 2000). In another example, haemoparasite load affected the throat colour of male Iberian lizards
(Megia-Palma et al. 2018), informing females about a male’s ability to deal with parasitic infections.

Another aspect that can be investigated through the lens of parasite load is the consequences for the
parasite, for which an increased infection intensity can have diverse outcomes. Benefits for the parasite
include synergistic effects, as individual parasites need to invest less to manipulate the host or alter its
phenotype to facilitate transmission to the final host (Franceschi, et al. 2008; Yan et al. 2018). This could
lead to stronger fitness benefits for the parasite, for example in the acanthocephalan parasite
Pomphorhynchus laevis, which causes its host to leave its hiding places more often under higher parasite
load, aiding in transmission to new hosts (Labaude et al. 2020). Negative consequences are more
competition among parasites, as multiple individuals need to share their host’s resources (Bush & Lotz,
2000). Furthermore, a higher parasite load could trigger stronger host immune defences that in turn
could harm the parasites (Kaunisto & Suhonen, 2013). Finally, high parasite load might cause premature
host death, consequently reducing parasite fitness (De Roode et al. 2008). In some systems, these trade-
offs could also affect the phenotype of the parasite, which is particularly well-studied in cestodes, where
crowding results in the development of fewer proglottids, i. e. reproductive segments (Heins et al. 2002;
Holmes, 1961).
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To investigate the effects of parasite load, we used the cestode Anomotaenia brevis and its intermediate
host, the ant Temnothorax nylanderi as a model system. Adult individuals of this tapeworm species
reproduce sexually in the gut of birds, most commonly woodpeckers (Plateaux, 1972; Trabalon et al.
2000). Their eggs are released in bird faeces, which T. nylanderi ants use to feed their larvae and thus
infecting them with A. brevis. The parasite larvae penetrate the ant’s gut and develop into cysticercoids
in the haemolymph. They remain in this larval stage until the ants are consumed by avian predators (Fig.
S1). The phenotype of T. nylanderi workers is strongly altered following infection. Their cuticle is less
sclerotized and pigmented during the pupal stage, leading to adult ants exhibiting a lighter, softer cuticle
(Plateaux, 1972). Moreover, infected workers are less active, suffer from muscular dystrophy (Feldmeyer
et al. 2016), receive more social attention (Scharf et al. 2012) and live substantially longer than their
uninfected nestmates (Beros et al. 2021). A three-year study (Beros et al. 2021) found no difference in
survival between infected workers and uninfected queens; the latter can live up to two decades in this
species. Many of the physiological changes can be interpreted as being advantageous to the cestode
and go together with transcriptomic shifts that might explain some of the altered traits of infected
workers (Beros et al. 2021; Stoldt et al. 2021; Trabalon et al. 2000). For example, genes related to muscle
development are downregulated in infected workers (Feldmeyer et al. 2016), possibly explaining not
only muscle maldevelopment, but also the reduced ability of infected workers to escape when a nest is
opened by a predator (Beros et al. 2015). Upregulation of genes related to oxidative stress resistance
(Stoldt et al. 2021) might explain their extended lifespan, which in turn could increase the likelihood
that infected workers will be preyed upon by the parasite’s final host, the woodpecker.

The consequences of infection by multiple parasite individuals have not been studied in this system,
despite a high variance in parasite load. While some ant workers are infected by a single cestode, others
can harbour more than 70 cysticercoids in their haemolymph (data from this study, see below). Here,
we exploit this variance to gain deeper insights into the complex relationship between A. brevis and T.
nylanderi. We study the consequences of parasite load on the transcriptional activity and morphology
of A. brevis and T. nylanderi. We predict that a higher parasite load should lead to more stress in both
host and parasite. For the host, a high parasite burden may lead to higher potential of the parasite to
damage the host (De Roode et al. 2008), possibly resulting in smaller body size and greater expression
of stress genes in heavily infected individuals. If the parasites are unable to evade host recognition, a
high parasite load might also exhibit an enhanced immune response. However, in view of the possibility
of host manipulation, a higher parasite load should also lead to more extreme phenotypic changes in
the host, which might be to the advantage of the parasite. For example, many parasites together may
be better at subverting the typical innate immune response of insects, which includes encapsulation
and melanisation, or they may be better at upregulating host genes important for responding to
oxidative stress to extend host lifespan. When looking at the parasite, crowding is a well-studied aspect
of cestode biology (Heins et al. 2002), including early life stages (Benesh, 2019). Therefore, we predict
cysticercoids to be smaller in heavily infected hosts. In terms of transcriptomic shifts, we expect genes
involved in parasite-host communication, i.e. those involved in either phenotype manipulation or
immune evasion of the host, to be differentially expressed. This should lead to a down-regulation of
these functions at high parasite load, as individual cestodes would need to invest less in host
communication. However, we hypothesise that genes involved in communication and competition with
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other parasites are upregulated because competition between densely packed cestodes is likely to be
greater. In addition, we predict an overexpression of genes that aid in nutrient acquisition or even in
combating starvation, as parasites that must share their host with several competitors are likely to have
fewer resources available to them.

Material and methods

Collection and sampling of ants

Colonies of T. nylanderi were collected in November 2019 and February 2020 in the Lenneberg Forest
near Mainz, Germany (50.011605” N, 8°10°48.6” E). Colonies of this ant species, whose workers are only
about 2-3 mm long, include several dozen workers and inhabit dead branches and acorns on the forest
floor. From the colonies we found, we selected 25 colonies, 21 containing infected workers (Table S1).
Infection was initially determined by the yellow colouration of infected workers, a sign of infection
(Scharf et al. 2012). The ants were transferred to slide nests consisting of a Plexiglas cavity between two
slides and placed in plastered nest boxes with three chambers (Stoldt et al. 2021). Colonies were
maintained at 20+/-1°C and fed with small crickets and honey twice per week. Water was provided ad
libitum. The number of infected workers and queens were counted, and colonies were kept under these
conditions for six months.

At the end of July 2020, all infected workers, and a sample of several uninfected workers per colony
were collected and dissected (N of dissected, uninfected workers per colony see Table S1). Furthermore,
we dissected five workers per colony from four uninfected colonies. For all ant workers that were
dissected, the presence and number of cysticercoid cestode larvae was noted and their diameter was
measured. Furthermore, worker head width was measured from eye to eye, as host body size was
shown to decrease in T. nylanderi (Scharf et al. 2012) and other systems with increasing parasite load
(Dingemanse et al. 2009). All measurements were taken under a Leica stereomicroscope 200x
magnification using the LAS v4.5 software.

So far, we cannot infect the ants artificially with the cestode and therefore had to resort to naturally
infected ants from the field. Infected ants differ from healthy ones in many characteristics: they
sclerotize and pigment their cuticle less during the pupal stage (Plateaux, 1972), they have a prolonged
lifespan (Beros et al. 2021) and show altered behaviours, e.g., lower activity (Scharf et al. 2012).
Whether these traits shift further with parasite load has not yet been investigated. Less than 1% of
cestode species have asexually reproducing larvae (Mackiewicz, 1988), but among them are members
of the family of Dilepididae (Gabrion & Helluy, 1982), to which Anomotaenia brevis belongs. However,
we could not find any evidence in the literature that cysticercoid larvae of this species can asexually
reproduce, nor did we ever observe asexual reproduction in the intermediate host ourselves. We
therefore do not assume that heavily infected ants are older only because the parasites in older hosts
had more time to multiply. We discuss our results below also in terms of whether possible age or activity
differences could explain them.The fat body of the ants was extracted within five minutes of starting the
dissection. We focused our transcriptome analysis on this tissue because it serves as a storage organ
and plays an important role in the production of proteins for immune defence, fighting ageing, and
fertility (Arrese & Soulages, 2010; Negroni, et al. 2019). We obtained the fat body by isolating the first
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cuticular segment of the abdomen and removing the gut and trachea. What remains were fat cells and
the cuticular segment itself, which was promptly transferred to Eppendorf tubes containing 50ul of
Trizol, frozen on dry ice and stored at -80°C until RNA extraction. The cestodes were removed from
around the midgut, where they are usually located in the haemolymph and separately transferred into
Eppendorf tubes containing 50ul of Trizol. They were also frozen on dry ice and stored at -80°C until
RNA extraction.

We selected seven infected colonies for transcriptomic analyses with infected workers with different
parasite loads (Table S1). These colonies contained at least one queen and on average 93 workers (mean
93.1+43.4). Two of the infected colonies were collected in the field in November 2019, the other five in
February 2020 (Table S1). Infected colonies contained between 2 and 24 infected workers and the
infection rate varied between 3% and 22%. For each infected colony, we sampled the fat body of one
highly infected worker (high parasite load; 18+ cysticercoids), one lowly infected worker (low parasite
load; 1-6 cysticercoids) and an uninfected worker (Table S2). The threshold for high parasite load was
set by including only ants infected with at least twice as many cestodes as the median parasite load in
all samples (median=7). For low parasite load, we included the infected workers with the fewest
parasites in their colony. For RNA extraction we homogenized the samples in Trizol using a plastic
autoclaved micropistil. We then added 25ul of chloroform and centrifuged for 15 minutes. Afterwards
the upper aqueous phase was transferred into Eppendorf tubes containing 25ul of 96% ethanol. RNA
was isolated using the Qiagen RNeasy mini extraction kit following protocol specifications. Additionally,
we extracted the RNA of one worker per uninfected colony (colony size: 95.8+44.8 workers). One of
these colonies was taken from the field in November 2019 and the other three in February 2020.
Sequencing was conducted by Novogene (Cambridge, UK). They enriched the mRNA using oligo(dT)
beads, then fragmented randomly by adding fragmentation buffer. The cDNA was synthesized by using
mRNA template and random hexamers primer, after which a custom second-strand synthesis buffer
(llumina), dNTPs, RNase H and DNA polymerase | were added to initiate the second-strand synthesis.
After a series of terminal repair, A ligation and sequencing adaptor ligation, the cDNA libraries were
completed through size selection and PCR enrichment. lllumina sequencing was conducted after pooling
according to the libraries’ effective concentration and expected data volume (Novogene Co., Ltd). We
sequenced a minimum of 9Gb per sample, resulting in around 30 million paired-end 150bp reads.

We isolated the RNA of cysticercoids of five highly infected workers (between 18 and 51 cysticercoids,
median = 23) and five lowly infected workers (four ants with one cysticercoid, one ant with two) from
five colonies, which were also included in the host gene expression analyses (table S2.The RNA was
isolated using the same protocol as the fat body samples and samples were sent to Novogene for RNA
amplification using the SMARTer kit and RNA sequencing. None of our cestode samples had a lower RNA
yield than 9ng, meaning we can assume that the amplification was reliable, as SMARTer amplification
only becomes less reliable with an RNA yield below 1ng (Palomares et al. 2019). Library preparation and
sequencing were done in the same way as described above. We sequenced a minimum of 9Gb per
sample, resulting in around 30 million paired-end 150bp reads.

-19-



Morphometric analysis

To investigate the influence of cestode infection on host body size we conducted two comparisons. First,
we analysed whether head width varied between uninfected workers (n = 100) and infected workers (n
= 275) from infected colonies (n = 21 colonies) using a linear mixed effects model taking colony identity
into account. Second, to investigate the influence of parasite load directly, we focused only on infected
workers (n = 267) and used a linear mixed effects model, with colony identity as random effect (n = 21
colonies). For the analysis of parasite load on cestode body size, we again used a linear mixed effects
model with colony and ant identity as random effects to investigate the impact of cestode number on
cestode diameter, including 2980 cestodes belonging to 267 ants from 21 colonies. Due to the cestode
data distribution being logarithmic, we log transformed the model during our analysis. All models were
checked for normal distribution of their residuals and analysed using an ANOVA.

Differential gene expression analysis

We removed adapters and contaminating sequences from A. brevis, Homo sapiens, Escherichia coli and
vectors from the ant reads using FastQScreen v0.14.0 (Wingett & Andrews, 2018). Then, the raw reads
were trimmed with fastp (Chen et al. 2018) in paired-end mode for reads of 120 bp or more and an N-
base cutoff of 15. Subsequently, the quality of the reads was assessed using FastQC (Andrews, 2010),
which calculates the probability that a base call is erroneous. Filtered reads were mapped against the T.
nylanderi genome assembly (Jongepier et al. 2022) using HISAT2 v2.1.0 (Kim et al. 2015) with the --dta
parameter in preparation for genome-guided assembly. The resulting BAM files were sorted and indexed
using Samtools v0.1.19 (Li et al. 2009) and used to generate a genome-guided transcriptome assembly
using StringTie v1.3.6 (Pertea et al. 2015). To extract transcript sequences, gffread v0.11.4 was applied
to the merged GTF files. To count gene abundances, we made use of the script prepDE.py (retrieved
from StringTie webpage, Pertea et al. 2015). Subsequently, the predicted amino acid sequences of the
transcripts were retrieved using TransDecoder v5.5.0 (Haas et al. 2013) and functionally annotated using
InterProScan v5.46-81.0 (Jones et al. 2014). Finally, we obtained the KEGG IDs of the amino acid
sequences using the online tool of EGGNOG mapper 2.1.8 (Cantalapiedra et al. 2021). KEGG pathways
provide insights into the network of gene products.

The gene count matrix was analyzed using DESeq2 (Love et al. 2014), fitting a negative binomial
distribution. We used a likelihood ratio test (LRT) to compare a model that included parasite load and
colony identity as factors, to a reduced model including only colony identity. Gene expression was
considered to differ between at least two of the parasite load categories when the Benjamini-Hochberg
adjusted p-value was below 0.05 resulting in a list of ant differentially expressed genes (DEGs). Principal
component analysis was performed to visualize whether parasite load caused clustering of samples. We
ran a cluster analysis on the ant differentially expressed genes using DEGreport (Pantano, 2022) to
identify groups of genes based on the similarity of their expression patterns. The minimum cluster size
was set to three genes. The gene IDs from these clusters were extracted individually and tested for GO
term enrichment using the functional annotations with TopGO (Rahnenfuhrer, 2022). This allows to
characterize the molecular functions of these group of genes. To gain further insights into the expression
differences of the ant DEGs, we investigated how the expression of the ant DEGs differed between the
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three parasite load categories (uninfected, lowly infected and highly infected). To do so, we ran three
LRT tests (same syntax of full and reduced models as described before) on a gene subset that only
contained the ant DEGs: one for each of the three possible combinations of two of the three parasite
load categories. Furthermore, we performed KEGG enrichment analysis by comparing the KEGG IDs of
the transcriptome to the ant DEGs within different clusters using the clusterProfiler package on R (Wu
et al. 2021). Finally, the transcriptome was BLASTed to a protein database for all invertebrates
(downloaded on 10/08/2021) using the blastx algorithm of diamond BLAST (Buchfink et al. 2014) with
an e-value cut-off of 1e-5. All BLAST hits per gene with the lowest e-value were extracted to identify
which proteins the transcripts are potentially encoding. The individual gene functions of these BLAST
hits were studied in the literature and using UniProt.

We processed the raw RNAseq data from our cestode samples in the same way as for the ants, except
that we filtered out contaminating sequences from T. nylanderi, H. sapiens, E. coli and adapters, and
vectors using FastQScreen. Furthermore, we used a transcriptome assembly of A. brevis (Stoldt et al.
2021) to map reads and based on this, estimated gene abundances. We also analysed the cestode gene
count matrix using DESeq2, with a likelihood ratio test (LRT) to compare a model that included parasite
load (lowly infected and highly infected) and colony identity as factors, to a reduced model including
only colony identity. This produced a list of cestode genes with expression differences associated with
the parasite load (cestode DEGs). We divided the cestode DEGs into upregulated and downregulated in
the high parasite load category. The cestode DEGs in these groups were diamond BLASTed using the
same invertebrate database as used for the ant DEGs and functionally annotated using TopGO. Gene
functions were once again studied in the literature using UniProt. Furthermore, similar to the ant DEGs,
we performed enrichment analysis on the extracted KEGG IDs from EGGNOG mapper using
clusterProfiler. Finally, to investigate whether some of those genes encode for proteins that are secreted
into haemolymph of the host ants (Hartke et al. 2023), we BLASTed (BLAST v.2.9.0; Altschul et al. 1990)
the cestode DEGs against the RNA sequences of secreated cestode proteins.

We also compared gene expression between uninfected ants from infected colonies and uninfected
colonies. When we plotted a PCA for the uninfected samples we found one sample in the uninfected
colonies to be an outlier (Fig. S2). However, considering that we found no further indication that this
sample was problematic (e.g., in our laboratory notes, sequence quality control), we included it in the
analysis. Here we used the colony infection status as the variable factor using a Wald test on DESeq2 for
a pairwise comparison of gene expression between different colony infection status (whether the
sample came from an infected colony or not). Similarly, to the cestode DEGs, we split up the colony
infection DEGs into overexpressed and underexpressed genes in the infected category. The colony
infection DEGs were functionally annotated using TopGO and clusterProfiler and were BLASTed using
diamond BLAST.

WGCNA analysis

We performed a weighted gene co-expression network analysis (WGCNA; Langfelder & Horvath, 2008)
to investigate the effect of parasite load on gene networks. For this, we transformed the gene count
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data using variance stabilizing transformation from DESeq2. Networks were constructed using all the
ant samples including the samples from uninfected colonies. WGCNA was performed with a soft
threshold power of 5 and a minimum module size of 250. To test whether parasite load affected gene
expression of the constructed networks, we correlated the module expression to parasite load using
Pearson’s correlation and performed GO enrichment analysis on the significantly correlated modules.

Results

Influence of parasite load on morphology

Infected ant workers exhibited a smaller head width than uninfected ones (n=348, F=33.442, p = 7.344e-
09; Fig. 1a). Yet, worker head width did not further shift with increasing parasite load (n=268, F=0.536,
p = 0.464; Fig. 1b). In contrast, the diameter of cestodes decreased with the logarithm of the number of
cestodes in a single ant host (n=2850, F=391.31, p = 2.2e-16; Fig. 1 c¢).
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Figure 1 Changes in body size of parasites and hosts with parasite load. A. Infected workers had a
smaller head width than uninfected workers (F= 33.442, p = 7.344e-09). B. No evidence for an
association between head width of the host and parasite load (F=0.536, p = 0.464). C. Cestode size
was negatively associated with parasite load (F=391.31, p = 2.2e-16).

Influence of colony infection status on gene expression of uninfected workers

Uninfected workers from infected colonies differed in the expression of 46 genes in the fat body from
those from uninfected colonies. Of these genes, 28 were upregulated in workers from uninfected
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colonies and 18 were upregulated in workers from infected colonies. Among the upregulated genes of
workers from uninfected colonies, we found two significantly enriched GO terms represented by single
genes, namely transcription initiation by RNA polymerase and protein glycosylation. The BLAST results
revealed three homologues of probable cytochrome P450 6al4, which may have a function in insect
hormone metabolism and synthetic pesticide degradation (Scanlan et al. 2020). For the overexpressed
genes of workers from infected colonies, we found two enriched GO terms, also based on single genes
regulation of synaptic transmission, cholinergic and positive regulation of voltage-gated potassium
channel activity. However, the BLAST results provided limited information. Only three genes had
annotations in Drosophila melanogaster, two of which were related to brain function and the last one
was a transmembrane and TPR repeat-containing protein CG4050 that transfers mannosyl residues to
the hydroxyl group of serine or threonine residues (Larsen et al. 2017).

Influence of parasite load on ant gene expression

We identified 122 differentially expressed genes (ant DEGs) in the fat body, whose expression varied
according to infection status and/or parasite load. The cluster analysis grouped 120 of these ant DEGs
into three clusters with different expression patterns. Cluster 1 consisted of 62 genes with high
expression in highly infected workers, while the uninfected and lowly infected workers showed low
expression of these genes (Fig. 2a). These genes were enriched for oxidative stress response (Fig. 2d).
Pairwise comparisons revealed that 17 of these genes were differentially expressed between lowly and
highly infected ants. In addition, ten more genes differed in expression between highly and uninfected
workers than between lowly and uninfected workers (Table S3). Genes of note in this cluster include
two homologues of genes encoding the dual-oxidase Il (Fig. 3a and b). Both differed significantly
between highly infected and uninfected workers, with low-infected workers not differing significantly
from either. This protein mainly has been shown to play a role in the innate immunity, limiting microbial
proliferation in Drosophila melanogaster guts (Ha et al. 2005; Lee et al. 2015). Other genes of note
encode tyrosine-protein kinase Src64B, which may be involved in the development of neural tissue and
smooth muscle (Simon et al. 1985) as well as salivary gland development (Sopko & Perrimon, 2013).
Furthermore, there were three proteins involved in eye development, including protein tincar (Fig 3c;
Boulton et al. 2000; Hirota et al. 2005; Rahman et al. 2012), which differed in expression between highly
infected and uninfected workers, while there were no expression differences to the low-infected group
in both cases.

The second cluster included 47 DEGs (Fig. 2b) and as the graphical representation indicates that these
genes were generally upregulated in uninfected workers and downregulated in both groups of infected
workers. Nevertheless, pairwise comparisons revealed fourteen genes that differed in expression
between lowly and highly infected workers and nine additional DEGs between highly and uninfected
workers that did not differ between uninfected and lowly infected workers (Table S3). Among the
enriched GO terms of this cluster, we found activation of innate immune response. From the BLAST
results, genes of interest include those encoding the cytochrome c oxidase subunit 5A (Fig. 3d), which
is the last enzyme in the mitochondrial electron transport chain, driving oxidative phosphorylation
(Hartley et al. 2019) and therefore plays an important role in energy metabolism.
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Finally, cluster 3 contained 11 DEGs, which were downregulated in the uninfected workers but
upregulated in the lowly and highly infected workers (Fig. 2c). For none of these genes differed in
expression between the lowly and highly infected group (table S3). Only one GO term was found to be
enriched, which was protein glycosylation, based on a single gene. Genes of interest include one
encoding a dopamine N-acetyltransferase (Fig. 3e), which regulates sleep homeostasis by limiting the
accumulation of serotonin (Brodbeck et al. 1998; Davla et al. 2020; Shaw et al. 2000).

We found no significantly enriched KEGG IDs for any of the clusters. In the WGCNA analyses, we
identified a total of 10 modules with a minimum module size of 100. However, none of these clusters
were significantly associated with parasite load (Fig. S3).
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Figure 2 Clustering and visualization of 120 (out of 122) of the ant DEGs. The genes could be grouped
into three clusters according to their expression patterns: A. Cluster 1, B. Cluster 2 and C. Cluster 3.
GO enrichment analyses of these clusters (D for cluster 1, E for cluster 2 and F for cluster 3) were
calculated with topGO using the weightO1 algorithm and the GO annotations of the biological
processes of the clusters were compared with the whole transcriptome using Fisher's exact test. Each
bar represents a significantly enriched GO term in each cluster, the x-axis represents the number of
significant genes.
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Influence of parasite load on cestode gene expression

Analysis of the cestode dataset revealed 377 DEGs between cestodes from highly and lowly infected
ants (cestode DEGs), of which 357 were upregulated in cestodes co-infecting a single host with many
others.

Ten highly expressed genes in this group are involved in the serine/glycine interconversion pathway.
Serine proteinases are associated with multiple functions in cestodes, including defence against the host
immune system (lzvekova et al. 2021; Patel, 2017) and lipid metabolism (Webb & Mettrick, 1975). In
addition, we found overexpression of mitochondrial uncoupling protein 4, which is involved in the
response to starvation in C. elegans (Fig. 4a) and regulates the long-chain fatty acid metabolism,
primarily in response to nutrient availability. The production of these lipid-signalling proteins regulates
several processes that may control lifespan and adaptation to starvation (O’Rourke et al. 2013). Finally,
we found an upregulation of a gene encoding a vesicular glutamate transporter, which in C. elegans is
required for the detection of preferred food sources (Harris et al. 2014). The GO enrichment analysis
(Fig. 4c) of these upregulated genes in parasites from highly infected hosts revealed transport functions,
among which are carbohydrate transmembrane transport, requlation of pH and sodium ion transport.
When comparing these genes to those proteins released into the haemolymph of host ants (Hartke et
al. 2023) using BLAST, we found three matching genes, none of which were annotated.

Among the 20 genes upregulated in parasites residing alone or with one other parasite in a host, we
found a gene encoding a Lon protease (Fig. 4d), which is a serine-dependent protease that ensures the
maintenance of the integrity of the mitochondrial genome (Kaunisto & Suhonen, 2013; Nargund et al.
2012). In the GO enrichment of upregulated genes in cestodes from lowly infected hosts, we found
vesicle-mediated transport as a significantly enriched function, as well as carbohydrate transmembrane
transport (both 2 genes) and fructose 6-phosphate metabolic process (Fig. 4e), both involved in the
absorption of nutrients. No significantly enriched KEGG IDs were found in the entire dataset. Finally, we
detected one BLAST match with a secreted cestode protein in the DEGs, but again the gene had no
annotation.
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Discussion

The aim of our study was to investigate whether parasite load by the cestode A. brevis affects gene
expression and morphology of T. nylanderi ant workers. About a quarter of all 120 clustered differentially
expressed genes in the host fat body responded to parasite load, and in heavily infected workers, genes
responsive to oxidative stress function were particularly upregulated. The cestodes were also strongly
influenced by crowding. Our transcriptomic results indicate that co-infecting parasites suffer from
poorer access to nutrients as reflected by their smaller body size.

Influence of parasite load on host gene expression

Both pairwise comparisons as well as clustering of differentially expressed genes (DEGSs) in ants revealed
that the expression of many genes responded to parasite load, whereas others responded to infection
in an all-or-nothing manner such as those DEGs grouped in cluster 3. Looking at the GO enrichment of
cluster 1, the most enriched term was oxidative stress response. A higher parasite load could be
responsible for more reactive oxygen species, i.e., more oxidative stress, as has been shown in rodents
infected with a high load of the protozoan parasite Trypanosoma cruzi (Vilar-Pereira et al. 2021) or in
erythrocytes infected with malaria (Becker et al. 2004). However, increased response to oxidative stress
could also be a way to extend lifespan (Ristow & Schmeisser, 2011). Infected T. nylanderi host workers
live far longer than their uninfected nestmates (Beros et al. 2021), and this may be explained in part by
a stronger response to oxidative stress. In our system, the parasite might benefit from the host's life
extension, as this increases the chances that the final host, a woodpecker, will prey upon the infected
ant. None of the genes in clusters 2 and 3 were involved in the regulation of oxidative stress. Based on
the expression plots (Fig. 2) and the pairwise comparisons, we interpret that the enrichment detected
in cluster 1 is mainly due to the large number of DEGs that differ between uninfected and lowly infected
workers on the one hand and highly infected workers on the other, whereas hardly any differences were
found between uninfected and lowly infected workers. This would mean either that only a high parasite
load may trigger oxidative stress in the host, to which the ant responds by upregulating the response
genes, or that only many parasites jointly can influence the host to upregulate oxidative stress genes
and thus live longer. To date, it has not been studied how parasite load relates to the longevity of
individual workers, and we plan to investigate this. We would argue that it is more likely that the
oxidative stress response is a side-effect of parasite load or a consequence of heightened immune
response of the host, as higher parasite burden has been linked to a high oxidative stress response in
other parasite-host systems (De Coster et al. 2012; Stocker et al. 1985). The higher stress from infection
is also supported by the differential innate immune response, which we find confirmed in the GO term
analysis. Another interpretation for the upregulation of oxidative stress response genes could be the
fact that heavily infected ants are older than workers with a lower parasite load. Since we have collected
these ants as already infected adults in the field, we have no information about their age. However,
there is no evidence that cysticercoids of Anomotaenia can divide in their intermediate host (Gabrion &
Helluy, 1982), which would suggest a higher age of heavily infected ants. In other systems, ageing itself
has been shown to lead to higher levels of oxidative stress (Liguori et al. 2018; Lin & Beal, 2003). For
example, older Temnothorax queens overexpress genes with response to oxidative stress functionality
(Negroni et al. 2019), but the relationship between senescence and oxidative stress response in social
insects is far from consistent (Kramer et al. 2021). Although infection leads to lower activity in workers,
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it is currently unclear whether activity continues to decrease with parasite load. In fire ants, the
expression of response to oxidative stress genes is linked to foraging activity (Manfredini et al. 2014), so
there may be an association here, yet one would expect an inverse link: lower activity in heavily infected
animals leads to fewer reactive oxygen species and a lower response. Finally, it is possible that oxidative
stress response gene activity varies with parasite load, as highly infected ants have a higher nutrient
intake. Infected workers are fed more often compared to uninfected ones (Beros et al. 2015), but a
relationship with parasite load has not yet been investigated. However, higher nutrient intake been
shown to increase reactive oxygen species production and to accelerate aging (Metcalfe & Alonso-
Alvarez, 2010; Sohal & Weindruch, 1996). To address this issue, we propose to further investigate the
social care of highly infected workers compared to lowly infected workers.

While examining the functions of differentially expressed genes, a gene of interest was one encoding
dual oxidase Il, two homologues of which were upregulated in highly infected workers (but not in lowly
infected ones) compared to uninfected workers. Dual oxidase Il is involved in limiting microbial
proliferation in the gut of D. melanogaster flies (Ha et al. 2005; Lee et al. 2015), suggesting possible
changes in the gut microbiome of highly infected workers. In general, the gut microbiome of T. nylanderi
appears to be colony-dependent, with little difference between castes, although colonies with a greater
microbial diversity are more productive (Segers et al. 2019). A difference in the gut microbiome caused
by cestode infection might be linked to parasite load, and this should be investigated further.

As we did not perform experimental infections, it is possible that differences in parasite load are due to
existing genetic differences in ant hosts or parasites. Perhaps some host genotypes are able to fight
Anomotaenia larvae more successfully at an early stage of infection, or some cestode genotypes are
better able to overcome host defences. This is also supported by the fact that the proportion of infected
animals per colony varies considerably. In one colony from our study area, 70% of all workers were
infected, in other colonies only single workers were infected. In addition to differences in exposure to
parasite eggs, this is could be due to genetic differences between the parasites or the ant colonies.
However, we controlled for those by analysing one uninfected, one lowly and one highly infected worker
per colony. In addition, T. nylanderi ants have a restricted foraging radius of about half a metre (Heinze
et al. 1996) and it is unlikely that foragers encounter a lot of bird droppings that could contain cestode
eggs. We therefore deem it reasonable to assume that the cestodes within single colonies have a high
degree of relatedness as well since they probably came from the same patch of bird excrement. Finally,
we avoided using colonies with an infection rate that is too low or too high and we restricted our
infected worker representation between 6% and 22%. However, all this does not completely rule out
genetic effects, as there could be genetic differences in the susceptibility to or infectivity of A. brevis
within a colony.

Confirming previous results (Feldmeyer et al. 2016; Stoldt et al. 2021), we identified an enrichment for
innate immune response in cluster 2, containing genes with high expression in uninfected workers.
However, we should note that this GO enrichment was based on a single gene. Another notable
difference between infected and uninfected ants is the number of differentially expressed genes
involved in transport processes. Examples of enriched GO terms include mitochondrial electron
transport and protein import into the nucleus, both represented by a single gene. In addition, we found
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genes encoding proteins with transport functions, such as cytochrome c oxidase subunit 5A (Hartley et
al. 2019) and cystinosin homologues isoform X3 (Yu et al. 2008). Differential expression of genes
involved in transport is frequently observed during parasite infection (Berger et al. 2021; Kremer et al.
2013). Transport genes are thought to be involved in cestode-host communication, and more commonly
as a means of manipulating host phenotypes (Berger et al. 2021). Thus, the upregulation of transport
genes may indicate active manipulation by A. brevis, which should be investigated further, even though
we found no evidence in cluster 1 that heavily infected ants particularly upregulate transport genes. A
final candidate gene in cluster 3 encodes a dopamine N-acetyltransferase gene involved in sleep
regulation in insects (Brodbeck et al. 1998; Davla et al. 2020; Shaw et al. 2000). Its upregulation in lightly
and heavily infected workers could possibly explain why infected ants are so inactive. Biogenic amines
such as dopamine are important in the brain for regulating behaviour. So, if the parasite is interfering
with host gene expression in the fat body, it is probably doing so in the wrong tissue. However, it has
already been shown in other parasite systems that parasites do not always exclusively influence the
physiology of tissues they are located in (Laothamatas et al. 2003). Inhibition of this gene using RNAI
may help to understand whether it indeed plays a role in the behavioural changes of infected animals
(Berger et al. 2021; Kremer et al. 2013).

Parasite load was unrelated to host body size, which is in contrast to previous results demonstrating a
negative correlation between ant head size and parasite load (Scharf et al. 2012). The discrepancy may
be due to different methodologies: Scharf et al. (2012) measured the entire head surface, while we used
only head width a common measure of body size in ants. It is possible that increasing parasite load
causes a shortening of the head but does not cause a reduction in head width from eye to eye. This
might be related to a reported atrophy of the mandible closer muscle in infected ants (Feldmeyer et al.
2016). Changes in head shape have not been studied in relation to parasite load, but is a known
consequence of parasite infection in various systems (Johannessen, 1973; P. T. J. Johnson & Sutherland,
2003). Our measurements did demonstrate a clear reduction in head width related to the cestode
infection per se. This would mean that head width falls into our second category of phenotypic changes,
those that shift with infection in an on/off manner.

Influence of crowding on cestode morphology and gene expression

We can show that crowding (multiple cestodes in a single host) leads to reduced body size in cysticercoid
larvae of our parasitic cestode. This has been previously noted in A. brevis (Scharf et al. 2012) and
several other cestode species (Benesh, 2019; Heins et al. 2002) and may indicate reduced nutrient
availability for cestodes residing in heavily infected workers. This was also evident in the transcriptional
shifts observed with crowding. When looking at the functional annotation of the cestode DEGs, many
functions related to transport become apparent, similar to the ant dataset. For parasites living under
crowded conditions, these include carbohydrate transmembrane transport (3 genes), pH regulation (3
genes) and sodium jon transport (3 genes). These enriched GO terms could indicate the need to
transport in nutrients and salts and to regulate the pH. In contrast, parasites infecting an ant host alone
upregulated DEGs enriched for intracellular protein transport (2 genes) and vesicle-mediated transport
(2 genes). Cestodes are known to release vesicles into their environment that contain miRNAs (Ancarola
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et al. 2020, 2017). In our study system, tetraspanin, a protein considered indicative of extracellular
vesicles, was identified among the cestode proteins released into ant haemolymph, suggesting that A.
brevis uses this pathway to interact with its host (Hartke et al. 2023). A function of extracellular vesicles
in parasite-host communication or manipulation has been suggested also in other systems (Coakley, et
al. 2015; 2016; Siles-Lucas et al. 2015; Tritten & Geary, 2018), this all points to a need of our parasites
living alone to communicate more with (or manipulate) their hosts. A GO term supported by four genes
for cestodes living under crowded condition was glutathione metabolic process. An upregulation in
glutathione provides protection from and tolerance of severe stress (Maher, 2005), again indicating
physiological stress. Ten serine proteases that are upregulated in cestodes living under crowded
conditions provide more insights. Among other things, serine proteases are related to the ability of
cestodes to evade the host immune system (lzvekova et al. 2021; Patel, 2017). Since infection with
multiple parasites could trigger a stronger host immune response, this enhanced evasion of the host
immune system might be necessary. Under crowded conditions, there may also be competition for food
among parasites. Indeed, we find evidence for this. For example, mitochondrial uncoupling protein is
upregulated in co-infecting cestodes, which has been shown to allow at least C. elegans to adapt to food
deprivation (Folick et al. 2015; Lapierre et al. 2011; O’Rourke et al. 2013; Ramachandran et al. 2019).
Although these effects could generally be considered negative for the parasite, nutrient stress fits
surprisingly well with the oxidative stress experienced by the host during high parasite loads, as
oxidative stress is inherently life-prolonging (Ristow & Schmeisser, 2011). This is mainly because low
food intake has been shown to prolong life in both fungi (Lin et al. 2000) and animals (Mathis et al.
2017). In this context, it should not be forgotten that the parasite must live for a very long time as well;
it is not enough to increase the life expectancy of the host to several years; the cysticercoid larvae also
have to stay alive until they reach their final host. If they do so and have lived with other cestodes in the
intermediate host, they are also likely to co-infect their final avian host, which could lead to a reduction
in fitness during their reproductive phase, although a fitness reduction has not been shown yet because
of crowding (Benesh, 2019). The consequences of crowding are thus often manifold and lasting.

Conclusion

Not only the infection per se but also the parasite load can cause multiple consequences in the
physiology for both the host and the parasite. In the host of our study system, we found that many of
the differentially expressed genes respond to parasite load. Gene functions were indicative of oxidative
stress and innate immunity, suggesting general stress and possibly also extended lifespans in highly
infected hosts. We also find evidence that sole parasites invest more in vesicular transport mechanisms.
On the other hand, crowded parasites seem to suffer from nutrient stress and invest more in the evasion
of the hosts’ immune system, nutrient transport, and stress resistance. These deeper insights into the
host-parasite interaction have demonstrated that both the parasite and the host are affected by changes
in parasite load.
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Figure S1 A visualisation of the life cycle of Anomotaenia brevis. Their eggs are located in the
discharge of woodpeckers which is consumed by Temnothorax nylanderi, where A. brevis spends its
cysticercoid stage. When the ants are then consumed by woodpeckers they grow into their adult life
stage.
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Figure S2 A. PCA of the uninfected colonies where the colour represents infected (red) or uninfected
(blue) colonies. No clustering based on infection status was observed in the data, however, one
uninfected sample played a large role in PC1, which explains 74% of the variance. B. PCA of the
uninfected colonies with the outlier removed. Once again no clustering is observed in the data based

on infection status.
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Figure S3 Heatmap of the different WGCNA modules, which are indicated with the colour names
with their correlation coefficient (signified by “Correlation”) and p-value (signified by “P-value”).
None of the modules correlate significantly with parasite load.
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Table S1: Overview of the colonies used for the analysis. The colonies marked in bold were used for
gene expression analysis of the ants. From colonies indicated by an asterisk, we extracted the RNA from
cestodes as well

Colony Year of Number of Total Number of Infection Uninfected
identity collection queens number of infected rate workers
workers workers dissected
LBW20TS15 2020 1 77 31 0.40 7
LBW20TS49* 2020 1 65 4 0.06 3
LBW20TS52* 2020 1 44 16 0.36 4
LBW20TS58* 2019 1 164 16 0.10 5
LBW20TS61 2019 1 89 1 0.01 2
LBW20TS86 2019 1 65 2 0.03 1
LBW20TS89 2019 1 93 5 0.05 2
LBW20TS90 2019 1 129 3 0.02 2
LBW20TS97 2020 1 196 3 0.01 2
LBW20TS106* 2020 1 72 16 0.22 4
LBW20TS107 2020 1 137 4 0.03 2
LBW20TS108 2020 1 177 126 0.71 26
LBW20TS113* 2020 1 121 24 0.20 4
Lbw20TS117 2020 1 62 1 0.02 2
LBW20TS118 2020 1 86 1 0.01 2
LBW20TS120 2020 1 16 2 0.13 2
LBW20TS121 2020 1 72 8 0.11 2
LBW20TS132 2020 1 88 1 0.01 2
LBW20TS145 2020 1 17 2 0.12 2
LBW20TS149 2020 1 76 8 0.11 2
LBW20TS153 2020 1 66 1 0.02 2
LBW20TS9 2020 1 68 0 0 5
LBW20TS21 2020 1 167 0 0 5
LBW20TS99 2019 1 99 0 0 5
LBW20TS105 2020 1 49 0 0 5
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Table S2 Overview of all samples used for RNA seq analysis and time and day of sampling. Samples
marked with an asterisk are from ants and cestodes that have representatives in the other datasets.
For example, cestode sample B5 comes from the same ant as the fat body in ant sample B5. The
sample marked in grey (C16) was removed from analysis due to poor read quality.

Highly infected workers

Code Colony Infected Date Time  Parasite count
J2* LBW20TS106 y 30-7-2020  18:40 23

M19* LBW20TS113 y 4-8-2020 10:30 18

S1 LBW20TS145 y 31-7-2020 15:10 34

T3 LBW20TS149 y 6-8-2020 13:15 28

D16* LBW20TS58 y 31-7-2020  14:00 51

G5 LBW20TS89 y 4-8-2020 10:05 31

B5* LBW20TS49 y 28-7-2020  15:00 29
Lowly infected workers

Code Colony Infected Date Time  Parasite count
J10 LBW20TS106 y 4-8-2020 13:45 1

M7 LBW20TS113 y 29-7-2020  13:25 1

S2 LBW20TS145 y 7-8-2020 09:20 3

T10 LBW20TS149 y 29-7-2020  18:30 5

D15 LBW20TS58 y 4-8-2020 09:50 2

G7 LBW20TS89 y 5-8-2020 13:15 6

B3 LBW20TS49 y 24-7-2020  14:00 2
Uninfected workers from infected colonies

Code Colony Infected Date Time  Parasite count
J19 LBW20TS106 n 3-8-2020 19:00 0

M24 LBW20TS113 n 31-7-2020 16:35 0

S5 LBW20TS145 n 6-8-2020 10:40 0

T11 LBW20TS149 n 6-8-2020 15:50 0

D20 LBW20TS58 n 7-8-2020 11:40 0

GX LBW20TS89 n 10-8-2020  17:50 0

B6 LBW20TS49 n 7-8-2020 15:00 0
Uninfected colonies

Code Colony Infected Date Time Parasite count
V1 LBW20TS9 n 5-8-2020 13:05 0

W3 LBW20TS21 n 4-8-2020 15:25 0

X4 LBW20TS99 n 10-8-2020  11:35 0

Y2 LBW20TS105 n 6-8-2020 17:35 0
Cestodes

Code Colony Infected Date Time Parasite count
B4 LBW20TS49 y 21-7-2020 17:55 1

B5* LBW20TS49 y 28-7-2020  15:00 29

Cc9 LBW20TS52 y 31-7-2020 09:30 22

D15 LBW20TS58 y 10-08-2020  09:25 2

D16* LBW20TS58 y 31-7-2020 14.00 51

J10 LBW20TS106 y 4-8-2020 13:45 1

J2* LBW20TS106 y 30-7-2020  18:40 23

M11 LBW20TS113 y 5-8-2020 09:20 1

M19* LBW20TS113 y 4-8-2020 10:30 18
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Table S3 Overview of the pairwise comparisons between ant DEGs

Cluster ID No. of genes in Uninfected v Uninfected vs Lowly infected vs
cluster lowly infected highly infected highly infected

Cluster 1 62 33 (53%) 43 (69%) 17 (27%)

Cluster 2 47 38 (81%) 47 (100%) 14 (30%)

Cluster 3 11 11 (100%) 9 (82%) 0 (0%)
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Abstract

Animal immune systems respond to different types of pathogenic infections. Although immune
response pathways can be highly specific, they are often interlinked. Not only the immune system of
multicellular organisms react to immune challenges, but also their symbionts can be involved in host
immunity, e.g., the gut microbiome. Here we investigate how a social insect, the ant Temnothorax
nylanderi, responds to infection with the tapeworm Anomotaenia brevis and simulated bacterial
immune challenge using lipopolysaccharides (LPS) of gram-negative bacteria. Our experimental design
allows us to examine not only main effects, but also their interaction on two interrelated metrics:
transcriptional activity in the fat body, an organ important for immune defence, and the composition of
the gut microbiome. We demonstrate strong responses to both challenges, with more profound
consequences of the persistent cestode infection, but no evidence of an interaction, either in the gut
microbiome nor in the transcriptome analysis. However, we uncover that cestode infection, and a sham
bacterial challenge shift the expression of commonly targeted immune genes in opposite directions. The
cestode appears to be able to suppress the host's immune response against itself without weakening it
against other pathogens. We have identified several immune pathways involved in basal and induced
immune responses in this social insect including glutathione metabolism and the Toll pathway. Taken
together, our study shows that the same immune genes can respond to the presence of different types
of pathogens, but these effects might not be synergistic and can go in opposite directions.

Keywords: host-parasite interaction, gut microbiome, manipulation, immune reaction, cestode
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Introduction

The evolutionary arms race between hosts and internal parasites or pathogens often focuses on the
strength of the hosts' immune response (Anderson et al. 2010; Spottiswoode & Busch, 2019; Zhao &
Guo, 2019). From a parasite’s perspective this means that it either needs to be able to evade host
immune system recognition (Ezema et al. 2023; Schmid-Hempel, 2008, 2009) or suppress the immune
response of the host (Chulanetra & Chaicumpa, 2021). However, complete inhibition of the host's
immune system is usually not beneficial for parasites that cause persistent infections, since they need
to keep their hosts alive for as long as they are dependent on them. This period can range from the
entire lifespan of the parasite to the moment when the parasite can transmit from an intermediate host
to the definite host, or until a parasite or parasitoid can develop into a free-living stage. When parasites
cause persistent infections, as is often the case with helminths (Beros et al. 2021; Le et al. 2020; Van
Riet et al. 2007) or protozoa such as Toxoplasma (Bisoffi et al. 2016) and Trypanosoma (Meurs et al.
1998), they should ensure that the host lives long enough for the parasite to reproduce or produce
infective stages, most obviously seen in jewel wasps as they paralyze their host while their larvae target
non-essential organs to consume first (Catania, 2020). This also counts for conventional parasites that
do not kill their host as other parasites may attack the host during this time and these infections may
have devastating consequences, an effective immune system should be maintained against these
competing or harmful parasites.

These persistent parasites often use species-specific strategies to evade the host's immune
response. In some species we find partial immunosuppression, where the parasite is able to attack
specific cell types or proteins involved in the immune response directed against it (Heil, 2016; Noél et
al. 2004; Regan et al. 2014). This is difficult because there are also generalised immune reactions, such
as inflammation and the recognition of foreign intruders (reviewed in Chaplin, 2010). In some cases,
however, the parasites appear to target the general immune response. This is the case with
Echinococcus species, which target the host T-helper cytokines involved in the inflammatory response,
while activation of Th cytokines in early stages of cestode infection has been shown to kill the parasite
(Reviewed by Vuitton, 2003). Such immune suppression by helminths can make a host prone to be
infected by other pathogens, such as by Plasmodium resulting in malaria (Hartmann et al. 2011;
Mabbott, 2018; Scott, 2017). This would mean that a parasite would have to share a host with others
leading to competition for host resources (Mideo, 2009) or in the case of very virulent
parasites/parasitoids, premature death of the host and thus severe fitness costs of the original parasite.
Viruses and bacteria usually use the alternative strategy of evading the immune system (Schmid-
Hempel, 2008). Plasmodium, the parasitic protozoan causing malaria secretes a number of proteins that
bind to immunoglobulin M, which makes it harder forimmune cells to bind to malarial antigens, thereby
evading the immune response (Ji et al. 2023). This molecular mimicry comes with a trade-off for the
parasite in that it potentially induces an autoimmune reaction in the host and compromises protein
functioning, lowering the within-host replication rate and leading to fewer new infections (Hurford &
Day, 2013).

Parasite-host interactions are further complicated by the involvement of third actors in the system, such
is the case with hyperparasitism, where parasites host their own parasites (Parratt & Laine, 2016). But
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also host symbionts and especially the gut microbiome can play an important role in the evolutionary
arms-race between parasite and host (Mukherjee et al. 2020). Parasites can create an alternative steady
state of the gut microbiome or introduce specialised bacteria that could function as symbionts for the
parasite rather than the host (White et al. 2018). Sometimes the gut microbiome can even protect a
host from parasitic infections to some degree (Harris et al. 2019) or in reverse the parasite can protect
the host from pathogenic prokaryotes (Ramanan et al. 2016). These parasite-mediated gut microbial
changes can even occur on a within-species basis where the gut microbiome is dependent on the
parasite species’ genotype (Hahn et al. 2022).

Considering the role of symbionts and the dependence on a well-functioning host immune system for a
persistent parasite, we focus here on a system including the cestode parasite Anomotaenia brevis and
its intermediate host, the ant Temnothorax nylanderi. The peculiarity of this parasite-host interaction is
that infection with the parasite extends the lifespan of the host several fold (Beros et al. 2021). This is
likely in the advantage of the parasite in that it increases the chance of transfer to the definite, avian
host (Plateaux, 1972). So in this case, the parasite needs its host to stay alive with a well-functioning
immune system while evading attack and elimination by that immune system for years. We would
therefore predict that the parasite should adopt a strategy to evade the host's immune system rather
than suppress it. Indeed, there is some evidence for this, as parasites in hosts with a high parasite load
seem to invest more in evading the immune system, as evidenced by their transcriptomes (Sistermans
et al. 2023). Furthermore, a high parasite burden was also associated with stronger innate immunity in
the ant host. However, it has never been studied whether the adaptive immune system of the host and
the ability of the host to fight off bacterial threats is influenced by cestode infection, nor the exact
immune pathways involved in cestode and bacterial immunity.

Another unknown is the role of the gut microbiome in this interaction. The immune system and the gut
microbiome are often so intrinsically linked, that an immune response can cause alterations in the gut
microbiome composition of an ant host (Negroni et al. 2020). In the case of T. nylanderi, the gut
microbiome is known to be colony-specific but differs only slightly between different castes (Segers et
al. 2019). Given evidence from other parasite-host systems and the intertwining of gut microbiome
composition with host physiology (Leung et al. 2018), cestode infection may impact the gut bacterial
community. This has been shown in other insects as well, for example in grain beetles where a
tapeworm infection causes an increase in gut microbial diversity while decreasing the abundance of
myobacteria (Fredensborg et al. 2020). Additionally, the gut microbiome seems to be linked to the ability
of the cestode to establish itself successfully as parasite establishment was lower in beetles treated with
antibiotics. In our system, however, this is difficult to study because T. nylanderi cannot be artificially
infected with A. brevis. This means that it is unavoidable that infected ants have additional confounding
differences from uninfected ants, as infected workers are fed much more frequently and are likely to be
older than their uninfected nestmates (Beros et al. 2021; Scharf et al. 2012). Age and food intake may
have an impact on microbiome composition (Klammsteiner et al. 2020; Su et al. 2022; Wang et al. 2019).

There is also the possibility that certain gut microbiota can increase the probability of cestode infection.
Since T. nylanderi colony members largely share their gut microbiome composition (Segers et al. 2019),
observed changes might be the cause of infection rather than them being initiated by the parasite. We
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thus aim for analysis on how infection status is linked to microbiome composition. This also applies to
differences in gene expression during bacterial infection, as the fitness costs of cestode infection are
borne by the entire colony. Infected ants appear to bear little cost of parasite infection, as they are even
more likely to be fertile after queen removal and have a longer lifespan (Beros et al. 2019; Beros et al.
2021), whereas uninfected nestmates of infected workers exhibit a higher mortality (Beros et al. 2021).
Therefore, we suspect that A. brevis might influence the ability of a colony to fend off a bacterial
infection as well.

In this study, we aim to investigate both transcriptional activity in the fat body, an important organ of
immune defence, and the gut microbiome in response to cestode infection in T. nylanderi workers. To
investigate the specificity of the immune response, we expose the haemolymph of our treated group to
a sham bacterial immune challenge through bacterial lipopolysaccharide (LPS). LPS forms major outer
surface membrane components of Gram-negative bacteria (Grabowicz et al. 2014), that shields the
underlying peptidoglycan cell wall and insects typically respond to LPS injection with a strong immune
response (Imler et al. 2000). In this study, we are therefore not only investigating the effects of cestode-
or LPS-induced immune challenge, but also whether cestode infection weakens or strengthens the
immune response to bacterial threats in a full factorial design. We will analyse transcriptional changes
in the fat body to assess the specificity of the immune response and by 16S ribosomal DNA (rDNA)
amplicon sequencing to assess the gut microbiome.

Material and methods

Colony collection and ant maintenance

We collected T. nylanderi colonies in February and June 2021 in the Lennebergwald close to Mainz,
Germany (50.011605” N 8.174941” E). We used a total of 16 colonies for the analysis, 8 of which had A.
brevis infected workers. The infected colonies contained a maximum of 30 infected workers and an
average colony infection rate of 24% (Table S1). The ant colonies were relocated into slide nests
consisting of a piece of Plexiglas with an oval recess and a piece of paper between two microscope slides
covered by red foil (Stoldt et al. 2021). These slide nests were placed in the middle of a three-chambered
plastered nest box also containing a tube filled with water. The ants were fed with a drop of honey and
a leg of a cricket twice a week. The colonies were placed in a 20°C climate cabinet with a 12-hour day-
night cycle. All colonies were given at least two weeks of acclimatization before experimental treatment.

LPS immune challenge experiment

We split up the 16 colonies into two cohorts. The first cohort consisted of ten colonies, five infected and
five uninfected colonies. The second cohort consisted of six colonies, three of which contained infected
ants (Table S1). We started the LPS immune challenge experiment on the 1 cohort end of June and for
the 2" cohort end of July 2021. We distinguished three types of ants: infected workers, uninfected
workers from infected and uninfected colonies. For each type of ant, we conducted either one of two
treatments: a) LPS treatment, for which we pricked an ant with a 10mm thick needle dipped in a 10
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mg/ml solution of LPS dissolved in autoclaved 1% PBS, this needle was entered between the first and
second segments of the abdomen pointed from the posterior towards the thorax. The needle was
inserted deep enough to ensure that the LPS went directly into the haemolymph. b) control treatment,
consisted of inserting a sterile needle between the first and the second segment of the abdomen
without breaking through the cuticle. We did not cause a wound, as this could trigger an immune
reaction. For each ant type, we took two ants per colony and treatment. After the treatment, we marked
the ants with a red or green wire loop and placed them back into the colony. Both the order of the ants
and the colour of the wire loop were randomised for all treatments.

About 24 hours (+ 1 hour) after the LPS immune treatment, we dissected the ants in the same order in
which they were treated. We removed the two marked ants from the nest and placed them in an arena.
Then we cleaned our tools by dipping them in 70% ethanol and passing them through the flame of a
Bunsen burner. We cleaned the utensils that were not fireproof with bleach, including our microscope
glass, before pipetting 150 ul of autoclaved 1% PBS. For dissection, we placed the first ant in the PBS
and decapitated her with forceps. We then dissected the abdomen by pulling the second segment from
the first, usually separating the fat body and trachea in the first segment from the remains of the gaster.
We then removed the trachea and placed the cuticle with the attached fat body in an Eppendorf tube
containing 50 ul TRIzol. We then removed any cestodes, the crop and the hindgut from the midgut to
place it in a second Eppendorf tube containing 10 pl of autoclaved PBS. We removed the hindgut, as it
had already detached from the midgut in most dissections, making it impossible to invariably dissect
both the midgut and the hindgut intact. After completion of a dissection, the tools and the microscope
glass were cleaned as previously described and dissected the second ant. Immediately after each
dissection, the fat body samples were placed on dry ice and the gut sample on ice. At the end of the
day, the gut samples were placed in a -20 °C freezer with the fat body samples being stored at -80 °C. If
atreated ant was dead on the dissection day, we repeated the treatment with another ant of that colony
until we had enough samples from all colonies. On each dissection day, we conducted a dissection
control, where we performed the dissection routine without ants by dipping our tools into the PBS on
the microscope glass and dipping them into an Eppendorf tube filled with 10 pl PBS.

RNA/DNA isolation and sequencing

We selected seven infected and uninfected colonies as treatment or dissections from one infected and
one uninfected colony had failed (Table S1 and S2). For RNA extraction, we homogenised the samples
in TRIzol using an autoclaved plastic micropestil. Then we added 25 pl chloroform and centrifuged for
15 minutes. Then the upper aqueous phase was transferred to Eppendorf tubes containing 25 pl of 96%
ethanol. RNA was isolated using the Qiagen RNeasy Mini extraction kit according to the specifications
of the protocol (the same methods were used in Sistermans et al. 2023). After isolation, we sent the
samples to Novogene (Cambridge, UK) for library preparation, quality control and sequencing. There,
the mRNA was enriched with oligo(dT) beads and then randomly fragmented by adding fragmentation
buffer. The cDNA was synthesised using an mRNA template and a random hexamer primer. A custom
second-strand synthesis buffer (lllumina), dNTPs, RNase H and DNA polymerase | were then added to
initiate second-strand synthesis. After a series of terminal repairs, A ligations and sequencing adapter
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ligations, the cDNA libraries were completed by size selection and PCR enrichment. lllumina sequencing
was performed after pooling according to the effective concentration of the libraries and the expected
volume of data (Novogene Co., Ltd). Between 58 million and 67 million paired-end reads per sample
were sequenced.

For DNA isolation of gut microbiome, we used the Masterpure DNA isolation kit with a lysozyme step
for Gram-positive bacteria. We extracted DNA from the same samples as in the RNAseq experiment
(Table S1 and S2). The extractions were performed under a clean hood that was irradiated with UV light
for half an hour before isolation. In addition to the samples from the RNAseq experiment, we also
isolated DNA from two dissection controls and from two empty Eppendorf tubes (hereafter referred to
as the "DNA extraction control") to be able to assess contamination of our samples. After DNA isolation,
samples were submitted to StarSeq (Mainz, Germany) for amplicon sequencing of the V4 region of the
16S ribosomal RNA gene. Amplification was performed using the primer combination 515F-806R. 300
bp paired-end reads were generated using lllumina MiSeq. De-multiplexing, adapter trimming and
quality filtering were performed according to the usual lllumina MiSeq workflow of StarSeq. They also
sequenced the two negative controls and one positive control in the form of the ZymoBIOMICS microbial
community DNA standard.

Processing of RNA-seq reads

We employed FastQScreen v0.14.0 (Wingett & Andrews, 2018) to eliminate adapters and contaminating
sequences originating from A. brevis, Homo sapiens, Escherichia coli, and vectors within the raw reads.
Raw reads of 120 bp or longer were subjected to paired-end mode trimming using fastP (Chen et al.
2018), with a N-base cutoff of 15. We then used FastQC (Andrews, 2010) to evaluate read quality, which
calculates the probability of base call errors. Filtered reads were then aligned to the T. nylanderi genome
assembly (Jongepier et al. 2022) using HISAT2 v2.1.0 (Kim et al. 2015) with the --dta parameter,
preparing for genome-guided assembly. We then sorted and indexed the resulting BAM files with
Samtools v0.1.19 (Li et al. 2009) and utilized these to generate a genome-guided transcriptome
assembly employing StringTie v1.3.6 (Pertea et al. 2015). Transcript sequences were extracted using
gffread v0.11.4 from the merged GTF files (Pertea & Pertea, 2023). For gene abundance counting, we
utilized the script prepDE.py retrieved from the StringTie webpage (Pertea et al. 2015). Then, the
predicted amino acid sequences of the transcripts were obtained using TransDecoder v5.5.0 (Haas et al.
2013), followed by functional annotation using InterProScan v5.46-81.0 (Jones et al. 2014), where we
obtained both the GO terms and Reactome terms for the reads. Finally, the KEGG IDs of the amino acid
sequences were acquired using the online tool EGGNOG mapper 2.1.8 (Cantalapiedra et al. 2021), which
provides insights into the network of gene products within KEGG pathways.

Differential gene expression analysis

We uploaded the gene count matrix for analysis in R. We performed two analyses on a subset of the
whole dataset. First, we compared infected ants to uninfected ants from infected nests, and second, we
compared ants from uninfected nests to uninfected ants from infected nests. We started by performing
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PCAs on both data sets to locate possible outliers and to get a first idea of the main drivers of the data.
For data analysis, we plotted the two subsets of the dataset against a negative binomial distribution
with DESeq2 (Love et al. 2014). For the first infected colonies dataset, we ran DESeq?2 thrice, once using
a Likelihood Ratio Test, where we used the interaction between cestode infection and LPS immune
challenge as the main factor, and using cestode infection, LPS immune challenge and colony identity as
reduced factors. In the next two DESeq2 runs, cestode infection was used as the main factor with LPS
immune challenge and colony identity as reduced factors or immune challenge as the main factor with
cestode infection and colony identity as reduced factors, respectively. We entered the resulting
differentially expressed genes (DEGs) from the three analyses into InterActiVenn (Heberle et al. 2015)
in order to visualize the overlapping DEGs between the tests for cestode infection and LPS immune
challenge. We then simulated 10,000 distributions by drawing a random sample from a list containing
the same number of genes as our gene counting matrix. We checked whether the number of
overlapping DEGs found could be random by creating a histogram of the random distributions and
checking whether the actual number of overlaps was within this distribution. For the functional
annotation of these genes, we divided them into up-regulated and down-regulated genes among the
three factors (based on log2 fold change) and the overlapping genes and used the file we had created
with InterProScan to run the DEGs through TopGO (Rahnenfuhrer, 2022) using a Fisher’s exact test. We
further investigated the DEG functions by running a KEGG enrichment analysis using our EGGNOG
output and the ClusterProfiler R-package (Wu et al. 2021). Finally, we BLASTED our DEGs using diamond
BLAST (Buchfink et al. 2014). We ran these BLAST terms through UniProt for Caenorhabditis elegans and
Drosophila melanogaster for a more thorough understanding of the gene functions using a script from
Stoldt et al. 2021. To determine whether functions related to immunity are enriched in cestode-infected
ants or in LPS immune-challenged ants, we counted the number of BLAST/UniProt hits mentioning
immunity in the up-regulated group in cestode-infected/immune-challenged ants and in the up-
regulated group in uninfected/non-immune-challenged ants and tested their significance with a chi-
square test. In the case of DEGs we would find for LPS immune challenge, we did one extra search
through the BLAST and UniProt hits in order to find genes specifically involved in wound healing to test
whether their involvement would confound the results in order to control for the fact that LPS immune
challenged ants were also uniquely wounded by the LPS injection. Finally, we performed a Reactome
enrichment analysis with the file obtained through InterProScan. Here, we created a count table for
each set of differentially expressed genes (the DEGs for cestode infection and the DEGs for LPS immune
challenge) and performed a Fisher's exact test for their Reactome terms against a universe of all
Reactome terms and their counts. We then used the Benjamini-Hochberg method to adjust for multiple
testing. We identified the functions of the Reactome IDs using the reactome.db package (Ligtenberg,
2019).

WGCNA analysis

We used the WGCNA R package (Langfelder & Horvath, 2008) in order to perform a Weighted Gene Co-
expression Network Analysis (WGCNA). We first filtered out genes that have less than 10 counts for at
least 5 samples. We then checked data for missing entries with a verbosity set to 3. For the network
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construction steps we set a soft-thresholding power of 10 and the minimum module size to 100 based
on visual confirmation through a TOM plot (figure S1). From this, we were able to identify 20 modules
for which we performed GO enrichment and KEGG enrichment analysis in the same way as for DEG
analysis. We then used the module eigengene values for each sample to build a linear mixed effects
model using LPS immune challenge and cestode infection as predictors and colony identity as a random
effect. We did this for each module and then tested the model for significance with an ANOVA, testing
both fixed effects and the interaction between the two. We then corrected the p-values for multiple
testing using the Benjamini-Hochberg method.

Data analysis of the gut microbiome

We checked the quality of the forward and reverse reads separately using the dada2 package on R
(Callahan et al. 2016). Based on this quality control, we trimmed the forward and reverse reads at
positions 220 and 180, respectively. After trimming, we de-noised the reads and removed chimeric
reads, whereupon we derived amplicon sequence variants (ASVs). Using the ASVs, we filtered out
mitochondria, chloroplasts and eukaryotes. The ASV table was further used to assess sequencing
accuracy using the positive control, the ZymoBIOMICS Microbial Community DNA Standard. We
detected eight sequences in the mock community that matched the eight expected reference sequences
in approximately the same ratio (Figure S4). To account for cross-contamination during sequencing, we
then used the prevalence method of the Decontam R package (Davis et al. 2018). For the downstream
analysis we plotted the relative abundances using phyloseq (Mcmurdie & Holmes, 2013). We then
decided to test for differences in alpha- and beta-diversity based on cestode infection, comparing the
infected ants from the uninfected ants from infected colonies, including the LPS immune challenge as
covariable. Then we repeated the analyses on the same samples investigating the effect of the LPS
immune challenge, with cestode infection as a covariable and finally analysing whether we find an
interaction between the two main factors: cestode infection and LPS immune challenge. Finally, we
tested the whether infection or LPS immune challenge has an effect on any of the individual bacterial
groups using the ANCOM-II package (Lin et al. 2022; Lin & Peddada, 2022) using the Benjamini-Hochberg
method to adjust p-values for multiple testing. We then tested the effects of colony cestode infection
on the alpha and beta diversity of the uninfected samples with LPS immune challenge as a covariate and
for LPS immune challenge with colony infection as a covariate.

In addition, we analysed the differential gene expression in the three main identified groups
based on beta diversity (Figure 3c) in the infected dataset (cestode-infected ants and uninfected ants in
infected nests). We performed an LRT comparing the three groups considering cestode infection,
immune challenge and colony identity. We examined the functions of the DEGs by BLASTing the DEGs
with NCBI BLAST (Altschul et al. 1990).
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Results

Differential gene expression analysis

The analysis of the infected colony data, in which we examined the consequences of individual cestode
infection, the LPS immune challenge and their interactions, was based on a total of 16090 genes, of
which 1764 showed differential expression. 1335 genes differed in expression between cestode-infected
and uninfected workers, and 542 genes changed their expression due to the LPS immune challenge.
These results were reflected in the PCA, where we observed that the first principal component,
explaining 21% of the variance, separates samples with and without cestodes. The second principal
component, which explains 13% of the variance, divides individuals with and without LPS immune
challenge (Figure 1a). The expression of only three genes could be explained by the interaction between
cestode infection and LPS immune challenge, suggesting that both immune stressors elicit largely
independent responses in these ants. However, among the DEGs of the two main factors, we identified
115 genes whose expression was altered by both the LPS immune challenge and cestode infection
(Figure 1b). By simulating random gene sets of 16090 genes with two sets of 1335 and 542 DEGs, we
found a 95% confidence interval of 33 (lower percentile) to 57 (upper percentile) genes. Since our
overlap is well above this with 115 overlapping genes, we have more DEGs in common than expected
by chance (Figure S3). Looking at which direction these common genes changed their expression, we
discovered that the different immune stressors had opposite effects on each of these 115 genes, i.e., if
a gene was up-regulated in cestode-infected ants, it was found to be downregulated following the LPS-
challenge and vice versa (see Figure S8 for a Venn diagram of directionality). For the functional
annotation of the DEGs, we took three approaches: First, we undertook annotation using GO terms.
Here, of the 1335 DEGs for cestode infection, we revealed 567 that were overexpressed in the
uninfected group characterized by two GO terms, the first of which represents 33 genes involved in
proteolysis (Figure 1d). Proteolysis has been shown to be involved in immune functions such as blood
clotting and melanisation (Hoffmann, 1995). Among the 770 overexpressed DEGs in infected ants, we
found translation with 21 representative genes, lipid metabolism with 20 representatives and
proteolysis involved in protein catabolism with 12 representatives (Figure 1d). Although translation is a
rather general and thus uninformative term, the upregulation of lipid metabolism suggests that infected
ants, which are more often fed than other workers (Scharf et al. 2012), might have a higher need for
long-term energy storage (Liu & Czaja, 2012). Furthermore, fat metabolism has an impact on the
immune response of insects, as the fat body of insects is their most important immunological organ
(Hoffmann & Reichhart, 2002). Proteolysis is part of protein degradation and might be used in cestode
infected ants to degrade tapeworm proteins that are excreted by A. brevis into the ants’ haemolymph
and make up about 7% of all proteins in the haemolymph of these infected workers (Hartke et al. 2023).
We also found glutathione metabolic process to be upregulated with six representative DEGs, this has
been shown to be involved the activation of trained immunity (Ferreira et al. 2021).

For the 382 overexpressed DEGs of the not LPS-immune-challenged treatment, we found peptidoglycan
catabolic process though these ants were not challenged by LPS. This could also be the result of these
genes being involved in the downregulation of peptidoglycan catabolic process (Figure 1c), which has
been shown to be involved in the breakdown of bacterial cell walls (Crump et al. 2021). Among the 167
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genes down-regulated in the immune challenged workers, we again found lipid metabolic processes and
glutathione metabolic processes (Figure 1c). This contradicts our expectations, as these processes are
up-regulated in cestode-infected ants and therefore may suggest that these processes, both likely
related to immune function, are regulated in opposite ways. However, this should be taken with caution
as GO terms do not necessarily provide directional information about the underlying processes.

For the pathway analyses we took two approaches. First, we investigated KEGG IDs for which we found
one hit in the group of cestode-infected ants, that hit being Coronavirus disease — COVID-19 with 14
representative genes. The COVID-19 pathway has been shown to be involved in the innate immune
response (Ahmed-hassan et al. 2020; Tay et al. 2020) and the creation of oxidative stress (Amor &
Blanco, 2020). The second approach was through reactome enrichment analysis through the Reactome
IDs we obtained through InterProScan (Jones et al. 2014). Here we also only found significant terms for
cestode infection, several of which were involved in vertebrate immunity and protein transport. As these
were yet another confirmation of earlier results and as these results hold little more significance to this
research we decided to put a more detailed description in supplementary paragraph 1.

Our final analysis compared the BLAST results of the DEGs for both cestode infection and LPS immune
challenge, dividing the DEGs into five groups: upregulated in cestode-infected ants, downregulated in
infected ants, upregulated in LPS immune challenged ants, downregulated in immune challenged ants
and the overlapping genes. For first four groups of genes, we calculated the annotation rate of each of
these groups and then counted the genes with UniProt terms related to immunity, stress, fertility, and
longevity. We then compared the two treatment groups to test whether these proportions differed
using chi-square tests (Figure 1e; 1f). Consistent with previous GO results we detect an inverse pattern
in which GO terms of the downregulated DEGs of the cestode-infected group appeared among the terms
of the upregulated DEGs from the immune challenged group (although most of them were not
significantly enriched). We detected only two cases of significant overexpression, for fecundity and
immunity in the cestode-infected group. For the immunity term, this seems to be somewhat consistent
with our GO and reactome analysis, where antimicrobial immunity seems to be differentially regulated
in general. In the BLAST results, this translates to up-regulated genes in the cestode-infected ants (36
genes) and the up-regulated genes in the uninfected ants (30 genes), where in both cases we find 20
genes specifically involved in the bacterial immune response. Among the down-regulated genes, we
discovered antimicrobial peptides such as Toll receptor 3, which is involved in the immune response to
Gram-negative bacteria and perhaps also to Gram-positive bacteria (Akhouayri et al. 2011).
Furthermore we identified the two proteins 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase-like and dual oxidase 2, which are involved in the duox-dependent gut bacterial
immune response (Ha et al. 2005; Lee et al. 2015) and peptidoglycan-recognition protein LC-like, which,
true to its name, is involved in recognition of bacterial cell wall components (Choe et al. 2002). Dual
oxidase 2 was also found to be differentially expressed in heavily cestode infected ants as opposed to
lowly infected ants (Sistermans et al. 2023).
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Figure 1 A. Principal component analysis of all samples from infected colonies, with colour indicating
cestode infection status and shape indicating LPS immune response. PC1 and PC2 correspond to
cestode infection status and LPS immune response, respectively. B. Venn diagram showing the
number of DEGs in the immune challenge analysis, the cestode infection analysis and the interaction
between immune challenge and the overlap between these three groups. C. Significant GO terms for
the LPS immune challenge dataset, with the up-regulated terms in the immune challenged ants to
the right of the Y-axis and the down-regulated terms in the immune challenged ants to the left of the
Y-axis. D. Significant GO terms for the cestode-infected dataset, with the up-regulated terms in the
cestode-infected ants to the right of the Y-axis and the down-regulated terms to the left of the Y-axis.
E. Percentage of cestode-infected genes annotated by BLAST in terms related to fecundity, immunity,
longevity and stress, and whether they are significantly enriched in either cestode-infected or non-
infected ants. F. Percentage of genes annotated by BLAST with LPS immunity related to fecundity,
immunity, longevity and stress with enrichment in LPS-infected or non-infected individuals. G. PCA
of all samples not infected with cestodes from infected and non-infected colonies. H. Venn diagram
of differentially expressed genes based on cestode infection and LPS immune challenge in both the
infected versus uninfected ants dataset and the uninfected versus uninfected ants from uninfected
colonies.

When studying the immune functions of the overlapping genes, which, as mentioned earlier, had
differential directionality in expression in cestode infection and LPS challenge, we found a total of ten
genes. Among these genes were two glutathione S-transferases, one defensin-like protein and three
proteins involved in the toll pathway (these genes are plotted in figure S9). Glutathione S-transferase is
involved in the detoxification response and the elimination of foreign substances (Hayes et al. 2005),
defensin is involved in the antibacterial immune response in insects (Dimarcq et al. 1994) and the toll
pathway, in this case represented by two toll-like receptors and protein spaetzle, forms a signalling
cascade specifically in the respiratory epithelium to prevent the overexpression of antimicrobial
peptides (Akhouayri et al. 2011). Examining the GO terms of the overlapping genes, we again found the
glutathione metabolic process (Figure S6) to be one of the terms we uncovered on opposite sides of
expression in the GO terms for both individual factors.

In our transcriptome analyses of uninfected ants both from uninfected and infected colonies, we did
not detect a clear clustering by colony infection status or LPS immune challenge in the PCA (Figure 1g).
We identified 18 DEGs responding to colony infection, eight of which were downregulated and ten were
upregulated. We found a single GO term of DNA integration with three representative genes
downregulated in ants from infected colonies. DNA integration is involved in transposition (Khoury et
al. 2018) and DNA repair (Kselikova et al. 2022) and could possibly be an indication of stress as
uninfected ants in infected colonies show a higher mortality (Beros et al. 2021). For the LPS challenge
we found 277 differentially expressed genes, 70 downregulated and 207 upregulated. When we
compared these genes to the LPS immune-challenged DEGs in the infected dataset we found 156
overlapping genes, all with the same in their directionality (figure 1h). It should be noted that in both
analyses the uninfected workers from infected colonies were involved, which might explain the
similarity of the pattern. When investigating functions within this dataset we only found upregulated
terms (figure S7). We reveal some coherence with the dataset containing infected ants such as
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peptidoglycan metabolic process and a term closely related to lipid metabolic process: fatty acid
metabolic process. We found no significantly enriched KEGG terms and no significantly enriched BLAST
terms for either analyses.

WGCNA analysis

We identified 20 co-expression modules, spanning between 165 genes (royal blue, Figure 2a) and 2051
genes (turquoise). Consistent with our expression analysis, we found the highest co-expression level
with cestode infection with a total of eight modules, while four modules were co-expressed with LPS
immune challenge. In terms of interaction, we discovered no link to our modules (Figure 2a). As for the
overlap of co-expression, we found the modules related to both cestode infection and LPS immune
challenge, with the correlation two of these modules exactly reversed. Since we constructed a signed
network in WGCNA, this means that the eigengene values can be directly translated into a positive
correlation and therefore the direction of expression within these modules can be considered opposite.
This is consistent with the patterns of overlapping DEGs, which were also mostly opposite. The notable
exception is the magenta module, where cestode infection and LPS immune challenge link to in the
same direction.

This brings us to the functions of these modules, starting with magenta, where we find in KEGG
enrichment mainly metabolism related pathways represented by metabolic pathways, biosynthesis of
secondary metabolites, microbial metabolism in different environments and carbon metabolism (Figure
2e). Examining the role of DEGs in this context, it appears that genes are upregulated in both LPS-
challenged ants and cestode-infected ants (Figure 2c), although given that none of the DEGs in these
two groups overlap, they are likely to be different genes with similar functions. These metabolic
pathways involve very basic metabolic functions such as glycolysis, the citrate cycle and the glyoxylate
cycle (Nishizuka, 1980), despite the name of microbial metabolism in diverse environments this does
not seem to be linked to the immune system (Nishizuka, 1980). We find the same indication with the
singular representative GO term in the magenta module with glycolytic process. One explanation for
the similar directionality of metabolic genes in response to cestode infection and immune challenge
could be that both lead to stress, which are common following bacterial infection (Wickersham et al.
2017) and cestode infection (Cancela et al. 2019). In the other two modules which co-express with
cestode infection and LPS immune challenge we find no enriched GO terms or KEGG terms, with the
exception of the cyan module which is co-expressed for cestode infection and LPS challenge in the
uninfected dataset. One exceptional module of interest is the brown one, which is strongly linked with
the LPS immune challenge (p=4.87e-07) and lightly with cestode infection (p=0.044). What is of note in
this module is the large number of upregulated genes in the LPS challenged group, namely 313 out of
382 DEGs (figure 2c). Considering LPS does not generally cause side-effects (Zielen et al. 2015) and most
of its effects are that of an altered immune response or inflammation (Alves et al. 2021; Korner &
Schmid-Hempel, 2004) the brown module likely mainly consists of genes involved in the immune
response, including adaptive and innate. For the modules that are only co-expressed with cestode
infection we find multiple neurogenerative diseases in the purple module (figure 2c), with Parkinson’s
disease, Huntington disease and prion disease. These pathways seem to be especially involved in lipid
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metabolism in insects (Ambegaokar et al. 2010; Fortini & Bonini, 2000; Z. Liu & Huang, 2013) and
suggests that cestode-infected ants have an altered lipid metabolism and/or an altered immune
response. In the light cyan module we once again uncover the coronavirus pathway which, as mentioned
earlier is involved in the innate immune response (Ahmed-Hassan et al. 2020). Further the turquoise
module linked to cestode infection showed the enriched Go Terms G protein-coupled receptor signalling
pathway, DNA integration and ion transmembrane transport. Genes in this module might be involved in
the communication between cestode and parasite considering both G-protein coupled receptors and
ion transmembrane transport are involved in cellular signal transmission (Gamper & Shapiro, 2007;
Seifert & Wenzel-Seifert, 2002). Furthermore, similar signalling pathways have been previously found
within this system such as protein import into the nucleus in the host and sodium ion transport in the
parasite (Sistermans et al. 2023). Finally, in the black module biosynthetic process was significantly
enriched, which is again a general process and difficult to interpret in the context of cestode infection.

When investigating the uninfected dataset, we found no significant co-expression with colony infection
status but five modules significantly linked to the LPS immune challenge. Three of these modules also
co-expressed with LPS immune challenge in the infected dataset whereas two, pink and cyan are not.
Here we would like to highlight the function of the cyan module, which co-expresses with cestode
infection in the infected dataset and LPS immune challenge in the uninfected dataset (figure 2f). A single
GO term L-phenylalanine catabolic process was enriched, which seems to have connections to
melanisation in insects (Parthasarathy et al. 2018).
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Figure 2 Eigengene correlation heatmaps of all WGCNA modules for the A. individual-level and B.
colony-level cestode infection data sets. Each module is marked with a colour and the number of
genes per module is indicated in brackets. In each cell of the heatmap, the correlation coefficient
and the adjusted p-value are given in parentheses. Module representation among DEGs from the
DeSeq?2 analyses for the C. individual-level and D. colony-level cestode infection data sets. Bar chart
of the E. KEGG- and F. GO-enriched terms for all modules with p < 0.10. The significantly co-expressed
modules were indicated with a broken bacteria pictogram (for LPS challenge) or a cestode pictogram
(for cestode infection) next to the colour names in the enrichment barplots. A red bacterium
pictogram indicated significant co-expression in the uninfected ants dataset.

Gut microbiome analysis

Comparison of cestode-infected and uninfected workers, both from infected colonies, revealed lower
gut microbiome alpha diversity in cestode-infected workers (GLMER p=0.03; Fig. 3b). No changes in
microbial alpha diversity were detected in response to the LPS immune response (Fig. 3a, LME p=0.36).
When examining beta diversity, we found a strong separation between cestode-infected samples,
uninfected samples, and uninfected samples from uninfected nests with a bootstrap confidence of 100
(Fig. 3c). Cestode-infected ants were predominantly represented in a group dominated by
Entomoplasmatales (8 out of 12 samples), uninfected ants fell into a group with a microbiome
dominated by Wolbachia (8 out of 16 samples) and ants from uninfected colonies mainly represented a
group whose most common taxon was Pseudomonodales (8 out of 14 samples). Testing for Bray-Curtis
dissimilarity in this dataset, we also find that beta diversity was reduced in infected workers
(PERMANOVA; p=0.004), while LPS immune challenge (PERMANOVA; p=0.283) and interaction
(PERMANOVA; p=0.762) had no effects. However, when we analysed whether any ASVs were
overrepresented in any of these groups using ANCOM-II (Lin et al. 2022; Lin & Peddada, 2022) we found
no overrepresentation of any taxon, neither upon cestode infection nor LPS immune challenge. We
could therefore not statistically pin the patterns observed to specific taxa.

In addition, we performed a differential gene expression analysis for this dataset based on the three
main groups shown in Figure 3c. We revealed four differentially expressed genes and therefore conclude
that microbiome composition types are not linked to gene expression in the fat body. One of these
genes, MSTRG.12040 was also overexpressed in LPS immune challenged ants from the infected dataset,
and another one, MSTRG.18320 was downregulated in infected ants. The other two were present only
in this dataset. When we examined the functions of these genes, we found a facilitated trehalose
transporter responsible for the uptake of trehalose into the fat body (Thompson, 2003) and phenol
oxidase 1 which is involved in the innate immune reaction, reacting to bacterial LPS (Kim et al. 2002).
As for the genes that were co-differentially expressed, we only found a significant match with the gene
co-differentially expressed with LPS immune challenge. The highest BLAST hit was with probable
cytochrome P450 which is involved in insect homeostatic metabolism (Dermauw et al. 2020).
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Figure 3 Shannon diversity of the gut microbiome compared between A. immune challenged and
not immune challenged (p=0.36) and B. cestode infected vs uninfected (p=0.03). C. Beta diversity
dendrogram of all samples, the colour within the abundance bar plots indicating the bacterial groups,
the shape of the tree endings indicating the LPS immune challenge and colour of the shapes the
cestode infection status.

Discussion

Our study investigated whether two types of immune challenges, cestode infection and injury coupled
with LPS exposure, have interactive or independent effects on fat body transcriptional activity and gut
microbiome composition in ants. In both analyses, we found no evidence for an interaction and stronger
consequences with the persistent tapeworm infection, which is already established in the larval stage
of ants, then with the one-time LPS immune challenge. Despite a lack of an interaction, we found more
genes than expected by chance that changed their expression in response to both immune stressors.
Not only that, these genes showed opposite effects, being upregulated following the short-term sham
bacterial challenge, but were less expressed in cestode-infected workers. We also found shifts in the gut
microbiome, in particular a loss of microbial diversity in cestode-infected ants. Here, three groups were
graphically apparent, with healthy workers from infected colonies often showing Wolbachia-dominated
communities, cestode-infected workers harbouring largely Pseudomonodales and uninfected workers
from uninfected colonies exhibiting highly diverse communities.

Cestode infection suppresses immune function of host.

T. nylanderi workers infected with A. brevis cysticercoids in the haemolymph showed differential
expression of 1300 genes, whereas the single immune response with LPS resulted in activity changes of
only about 500 genes in the fat body. Despite this large number of DEGs, we find that the expression of
only three genes depends on the interaction between these two immune stressors. Tapeworm-infected
workers thus respond to the LPS immune challenge similarly to healthy workers, except for these three
genes, which unfortunately did not result in any BLAST hits. Two of these interaction DEGs are located
in the brown WGCNA cluster, which was linked to both immune stressors, but had no enriched GO or
KEGG terms. To determine the exact functions of these two genes, future research should focus on the
silencing these genes and investigate their role in the immune response or host metabolism. A more
surprising finding that undoubtedly indicates an impact of A. brevis on the immune response is the
direction of expression of genes that are co-differentially expressed in both LPS-immune challenged and
cestode-infected workers. Here we discovered that genes that are upregulated in cestode-infected ants
are downregulated in LPS-immunised individuals and vice versa, without exception. Genes that are
differentially expressed following the LPS challenge are likely to be involved in immunity (Zielen et al.
2015) and in response to injury, and there again wound-healing can be seen as part of an immune
response (Johnston & Rolff, 2013; Krautz et al. 2014; Tsirogianni et al. 2006). These opposite shifts in
expression could thus indicate that some immune pathways are down-regulated in cestode-infected
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ants. Indeed, we also found several GO terms based on the DEG analysis that pointed in opposite
directions, in particular two immune functions with glutathione metabolic process and lipid metabolic
process. Finally, two of the co-expressed WGCNA modules were linked to LPS challenge and cestode
infection in opposite directions. Therefore, infection with A. brevis appears to suppress the immune
system of T. nylanderi to some extent, but the system still remains inducible and can be activated
following a (sham) bacterial exposure. Somewhat unexpectedly, however, the overall immune response
is somewhat impaired, given the large negative overlap between LPS-challenged and cestode-infected
workers. This is new, as studies have shown that parasites can have an immunosuppressive effect on
their host (Colinet et al. 2010) including cestodes (Vendelova et al. 2015), but little research has been
done in the host’s ability to fight of other pathogens despite this immune suppression.

The brown module does not only contain many immune genes, but the GO enrichment analysis
points to the importance of the glutathione metabolic process, which seems to be mainly involved in
protection against severe oxidative stress (Maher, 2005) and detoxification (Ranson & Hemingway,
2005). Glutathione metabolic process is found to be oppositely altered with the LPS immune challenge
(positive) and the cestode infection (negative) based on three genes that are differentially affected in
their activity by these two immune stressors. The cestode infection could cause an increase in the
glutathione response, as this has already been observed in another cestode-arthropod system (Sanchez
et al. 2016), where shrimps were better able to deal with toxin exposure when infected by a cestode.
This would suggest that in times of bacterial immune stress, T. nylanderi should deal less with oxidative
stress, probably hinting at the creation of a hypoxic environment to weed out bacteria in the
haemolymph (Thompson et al. 2017). This would be a general immune response, and the increased
oxidative stress response is likely to make the host less able to deal with an immune challenge. A
possible solution could be that the parasite itself contributes to the immune response, as proteins
related to immunity have been found to be released by A. brevis into T. nylanderi (Hartke et al. 2023).

Another indication of how the immune response differs with tapeworm infection is the cyan module
where we found both a GO term L-phenylalanine catabolism enriched and a correlation in the opposite
direction for immune challenge and cestode infection (Parthasarathy et al. 2018). Melanisation is
involved both in the formation of the cuticle as well as the general immune response where insects are
capable of encapsulating pathogens (Luz et al. 2022). Ants infected with cestodes do show an opposite
trait expression, as they have a less melanized and sclerotized cuticle, and melanised cestode larvae
have never been found in the haemolymph of infected ants so far (pers. obv. based on + 1000
dissections). Therefore, it could be that the cestode suppresses the melanisation response even in the
presence of a bacterial threat and thus we do not find significant co-expression upon LPS challenge in
the infected dataset. This would imply that we should find an interaction, alas we did not.

However, several questions remain, the most pressing being how bacterial immune challenge affects
the parasite. In this system, it has already been shown that A. brevis also has some ways to evade the
immune response (Sistermans et al. 2023) and in conjunction with these data, we suggest that A. brevis
strikes a delicate balance between immunosuppression and evasion of the immune system. We propose
a follow-up experiment to investigate A. brevis gene expression in response to LPS challenge. Another
open question is the specific immune pathways that A. brevis suppresses. The brown WGCNA cluster

-58 -



appears to contain genes involved in the general host immune response. We propose that specifically
the hub genes within this cluster be further investigated by RNAi injection to determine the specificity
of the immune response and immunosuppression.

Cestode-induced transcriptomic changes

Aside from the change in immune function, we found several transcriptomic changes in T. nylanderi in
response to A. brevis infection. In accordance with previous studies (Hartke et al. 2023; Sistermans et
al. 2023), we identified several transport functions to be co-expressed with cestode infection in the
turquoise WGCNA module with G protein-coupled receptor signalling pathway and ion transmembrane
transport (Gamper & Shapiro, 2007; Seifert & Wenzel-Seifert, 2002). G protein-coupled receptor
signalling pathway is also strongly involved in cestode development (Paludo et al. 2020). As this is an
important pathway for cestodes especially, they might use it also to communicate with their host
considering the involved genes are very well-conserved throughout animal evolution (Broeck, 2001).
For insects, G protein-coupled receptor functions seem to be extremely diverse and can be involved in
cuticle development (Mendive et al. 2005), fecundity (Jiang et al. 2013), stress response (Terhzaz et al.
2012) and ion and fluid transport (Kwon et al. 2012) among others (Liu et al. 2021). Furthermore, we
found a possible cluster of immune genes was found with the light cyan cluster which co-expressed with
cestode infection. This module was enriched for the COVID-19 KEGG pathway, which seems to be
involved in the innate immune response, especially inflammation (Tay et al. 2020). This pathway was
also the sole significantly enriched pathway for the DEGs upon cestode infection. Considering it only co-
expressed with cestode infection, the possibility exists that this inflammation response is specific to
animal parasites as LPS challenges have caused an inflammation response in T. nylanderi (Zielen et al.
2015).

No conclusive evidence of gut microbial intervention

Finally, when analysing the gut microbiome, we found a reduction in Shannon diversity and a difference
in Bray-Curtis dissimilarity exclusively in cestode-infected ants. Unexpectedly however, the LPS
challenge did not cause a reduction in gut bacterial diversity as was found in the congeneric species,
Temnothorax rugatulus, where Shannon diversity of the microbiome was reduced after a similar sham
bacterial challenge (Negroni et al. 2020). There are a few explanations for this difference, the most
straightforward one being that the last common ancestor between the two species lived in the
Oligocene (Prebus, 2017) and therefore both species could have developed differentimmune responses
against bacterial threats. Another explanation might be the fact that T. rugatulus occupies an entirely
different niche than T. nylanderi does, namely pine forests at high elevation rather than temperate
forest. This implies a different diet and high elevation species and populations have been shown to have
a different microbiome (Zhao et al. 2018) in the first place and their immune systems might not be
adapted to the bacterial LPS that these ants were treated with, thus necessitating a more general
immune response at the cost of gut bacteria. Finally, it could be that certain gut microbiota would
mediate the immune response (reviewed by Round & Mazmanian, 2009) in a similar manner that
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cestodes do and that these gut microbiota are not present in T. rugatulus. This is perhaps best
exemplified by the relative dominance of Wolbachia in our dataset, which is entirely absent in T.
rugatulus. Wolbachia does actually seem to have some immune regulating properties when present in
a host as non-pathogen in that it’s capable of mediating the production of reactive oxygen species (Zug
& Hammerstein, 2015). In the case of a parasite-induced decrease of Shannon diversity our results
mirror previously found results where a decrease in gut microbial diversity was found upon parasite
infection in firebugs (Onchuru et al. 2018). There are also several explanations for this reduction, firstly
it could be the result of a previous immune response to A. brevis which resulted in only intracellular
bacteria remaining. This would somewhat explain the relative dominance of Entomoplasma and
Wolbachia in the infected groups (12 out of 14 samples had one or more intracellular bacteria as the
largest group). Intracellular bacteria are considered more difficult to eradicate by the innate immune
system and demand a specialized immune response (Munang’andu, 2018; Thakur et al. 2019). A second
explanation for the cestode-mediated decrease of Shannon diversity would be because of differences
in age and diet, which have been shown to influence the gut microbiome (Klammsteiner et al. 2020; Su
et al. 2022; Wang et al. 2019). Firstly, due to the fact that cestode infected ants live up to five times
longer than uninfected ants (Beros et al. 2021), there was a higher chance that infected workers in this
experiment were older than uninfected workers. Worker age cannot be controlled for as we are unable
to infect ant larvae with A. brevis. However, since younger colonies are generally smaller than older
colonies, infected workers from smaller colonies have a higher chance of being younger. In one of these
colonies, which had 16 workers, we observed infected and uninfected workers with similar gut
microbiomes. This is of course just a single small colony and does not serve as a strong argument for
this point, therefore further research efforts should take into account worker age, possibly through
artificial infections by feeding ants with infected bird faeces or by inducing the final life stage of the
cestode on a culture, which has been shown to be possible with other cestode species (Smyth, 1946;
Wedekind et al. 1998; Weinreich et al. 2014). As for diet, this is also likely to be different in infected ant
uninfected workers, since infected workers depend on their uninfected nestmates to be fed (Beros et
al. 2015). We did control for this as much as possible, taking only nurses close to the brood and the
infected workers rather than foragers outside of the slide nests. These workers have been shown to
have similar metabolism (Beros et al. 2021) and likely have similar diets due to them depending on the
foragers’ feeding as well (Behmer, 2009). Furthermore, colonies were given a very invariable diet of
cricket legs and honey. Therefore we do not believe that diet should have played a large role in creating
differences between infected and uninfected workers.

Finally we found no specific bacterial groups to be dominant in any of our treatments. In cestode-
infected ants this could be the result of an immune reaction upon cestode infection as larvae which we
discussed earlier. This is not unheard of as immune challenges in larval stages of insects have shown to
have profound effects on the adult gut microbiome and the microbiome during metamorphosis
(Critchlow et al. 2019; Krams et al. 2017). If that is the case, we wouldn’t necessarily find different groups
of bacteria to be associated with infection but rather groups of bacteria that are resistant to certain
immune reactions, as we found multiple taxa of intracellular bacteria like Wolbachia and
Entomoplasma, which do indeed require different immune reactions (Reece & Kaufmann, 2019).
Another explanation would simply be that individuals within a colony would largely display a similar gut
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microbiome, as has been found earlier with T. nylanderi (Segers et al. 2019). Since this study also linked
the gut microbiome to productivity, it would be advisable to design future experiments where the
productivity of infected colonies is also taken into account. This would not mean that the cestode plays
a part in this system since we also do not find any differences between infected colonies and uninfected
colonies. Whether this change does indeed create a different, but non-specific gut microbiome in
infected ants also needs more investigation. What makes this particularly of interest within the system
is the influence on development that the gut microbiome can have on their host (Coon et al. 2014).
Disturbances in the gut microbiome could therefore also lead to abnormal cuticle development, this has
been shown in herbivorous turtle ant, whose gut microbiome is essential for normal cuticle
development (Duplais et al. 2021). It is therefore not unlikely that even a disturbance in the gut
microbiome, rather than a targeted change in the gut microbiome could lead to abnormal development,
something very visible in the phenotype of infected T. nylanderi (Trabalon et al. 2000).

Conclusion

We find strong evidence in the transcriptome data of an immunosuppression in cestode-infected ants.
Nevertheless, the inducible immune response of cestode infected workers was comparable to
uninfected workers so that we did not detect an interaction between the two immune challenges. Thus,
we show that the complex co-interaction between parasite and host has led to the parasite's intimate
understanding of its host's immune system at the molecular level. Therefore, this parasite developed
mechanisms to both protect themselves from the host and from other microbial threats as it walks the
thin balance between immune manipulation and avoidance.
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Supplementary materials

Reactome pathway analysis

Our final pathway enrichment analysis approach was through the Reactome IDs we obtained through
InterProScan (Jones et al. 2014). For this analysis we did not find any significant enrichment for the LPS
immune challenged DEGs but we did we document a total of 164 terms for the cestode infected DEGs.
The terms with the largest number of representatives can be seen in figure S5. The highest
representative term with over 600 genes is neutrophil degranulation, which is involved in the
antimicrobial response and inhibition of neutrophil degranulation can promote bacterial survival by
preventing the targeting of antimicrobial proteins through the phagosome and plasma membrane
(Eichelberger & Goldman, 2020). Additionally insect haemocytes and mammalian neutrophiles are
sensitive to the same inhibitors (Browne et al. 2013), so that the presence of pathway terms related to
neutrophil degranulation could indicate a differential immune function. The second most enriched term
was peroxisomal protein import with over 300 representative genes, which has been described as a
general protein import pathway (Baker et al. 2016). This lines up with a previous transcriptome study
on T. nylanderi, which demonstrated that cestode-infected ants have an altered protein export function
(Sistermans et al. 2023). In other parasite-host systems this function was also found to be changed with
infection (Berger et al. 2021).

Network heatmap plot MMS 100, diss 0.25, all genes
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Figure S1 TOM plot with a minimum module size of 100, where the lighter colour in the heat map
corresponds to stronger co-expression and the different colours to the modules constructed by
WGCNA. Based on this TOM plot we decided to go for a module size of 100 where several modules
(e.g. tan, turquoise, yellow, red green, blue, brown) clearly overlap to with the high co-expression in
the heat map.
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Figure S2 Total number of reads plotted per sample. It can be seen that the negative controls (negC
and negB) have the lowest representation in read number, meaning relatively low cross-
contamination during the sequencing.
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Figure S3 Histogram of the overlap of DEGs in 10000 simulations of a dataset of 16090 genes with
two sets of 1335 and 542 DEGs, 95% of the cases can be found between 33 and 57 overlapping DEGs,
the red line signifies the position of the overlapping number of DEGs that we found of 115.

1.00 A

o 075" Genus

g Lactobacillus Salmonella

©

'g 0.50 Bacillus Escherichia-Shigella

=

2 Staphylococcus Enterococcus
0.251 Listerla Pseudomonas
0.00 4

Figure S4 relative abundances of the positive control (left) plotted together with the expected
relative abundance in the ZymoBIOMICS Microbial Community (right).
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Figure S5 Bar plot representing the top 5 highest enriched Reactome terms for the cestode infection

dataset.
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Figure S6 GO terms of the genes being co-differentially expressed in both cestode infection and LPS
immune challenge where the X-axis represents the number of genes and the Y-axis represents the

GO term.
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Figure S7 Significant GO terms for the LPS immune challenged and uninfected individuals with the
GO terms on the Y axis and the number of representative genes on the x-axis. These GO terms only
represent upregulated genes considering a lack of downregulated significant GO terms in this
dataset.
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Figure S8 Venn diagram of the overlapping DEGs between LPS immune challenged and cestode
infected comparisons. The overlap only being visible in opposite directions.
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Figure S9 Six gene count plots for immune genes which were both significantly differentially
expressed for cestode infection and LPS immune challenge. Thus the genes were differentially
expressed in different directions. They are A. Protein spaetzle 3, B. Toll-like receptor 3, C. Glutathione
S-transferase 1-like isoform X3, D. Toll-like receptor 3, E. Defensin-like and F. Glutathione S-
transferase 1-1. The colours represent the groups as they have been in previous graphs.



Table S1 Information on the ant colonies gathered for this experiment.

Colony Sampling  No. of No. of No. of Workers No. of Proportion Notes Cohort
date workers queens infected total infected infected
workers Queens
A 9-6-2021 10 1 7 17 0.41 1
C 9-6-2021 21 1 9 30 3 0.3 1
E 8-6-2021 43 1 11 54 0.2 1
F - 63 1 9 72 0.13 1
G 11-6-2021 97 1 21 118 0.18 1
L 9-6-2021 87 1 0 87 0 1
M 9-6-2021 52 1 0 52 0 1
N 11-6-2021 49 1 0 49 0 1
0] 11-6-2021 22 1 0 22 0 1
P 11-6-2021 67 1 0 67 0 1
Q 11-6-2021 25 1 30 55 0.55 Has males 2
S 5-6-2021 30 1 0 30 0 2
T - 107 1 12 119 0.1 Has males 2
u 5-6-2021 72 1 6 78 0.08 Has males 2
V 5-6-2021 64 1 0 64 0 Has males 2
X 5-6-2021 27 1 0 27 0 2
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Table S2 Overview of individual samples used for the RNA seq and amplicon seq experiments. The
samples marked with an asterisk are unique to the amplicon seq experiment.

COLONY INFECTED TREATMENT COLOUR OF
MARKING
Al LBW21limtnR1 Yes LPS Red
A2 LBW21limtnR1 Yes none Green
A3 LBW21limtnR1 No LPS Green
A4 LBW21limtnR1 No none Red
COo1* na Na Dissection control na
co4g* na Na Dissection control na
El LBW21ImTnR5 Yes LPS Red
E2 LBW21ImTnR5 Yes None Green
E3 LBW21ImTnR5 No LPS Green
E4 LBW21ImTnR5 No None Red
F1 LBW21ImTnR6 Yes LPS Red
F2 LBW21ImTnR6 Yes None Green
F3 LBW21ImTnR6 No LPS Green
F4 LBW21ImTnR6 No None Red
G1 LBW21ImTnR7 Yes LPS Red
G2 LBW21ImTnR7 Yes None Green
G3 LBW21ImTnR7 No LPS Green
G4 LBW21ImTnR7 No None Red
M1 LBW21ImTnR13 No LPS Red
M2 LBW21ImTnR13 No None Green
N1 LBW21ImTnR14 No LPS Green
N2 LBW21ImTnR14 No None Red
NC1* na Na DNA isolation na
control
NC2* na Na DNA isolation na
control
NEGB* na Na Negative control na
NEGC* na Na Negative control na
01 LBW21ImTnR15 No LPS Red
02 LBW21ImTnR15 No None Green
P1 LBW21ImTnR16 No LPS Green
P2 LBW21ImTnR16 No None Red
POSCONTR* na Na Positive control na
Q1 LBW21ImTnR17 Yes LPS Red
Q2 LBW21ImTnR17 Yes None Green
Q3 LBW21ImTnR17 No LPS Green
Q4 LBW21ImTnR17 No None Red
S1 LBW21ImTnR19 No LPS Red
S2 LBW21ImTnR19 No None Green
T1 LBW21ImTnR20 Yes LPS Green
T2 LBW21ImTnR20 Yes None Red
T3 LBW21ImTnR20 No LPS Red
T4 LBW21ImTnR20 No None Green
U1l LBW21ImTnR21 Yes LPS Green

-70-



U2
U3
u4
Vi
V2
X1
X2

LBW21ImTnR21
LBW21ImTnR21
LBW21ImTnR21
LBW21ImTnR22
LBW21ImTnR22
LBW21ImTnR24
LBW21ImTnR24

Yes
No
No
No
No
No
No

-71-

None
LPS
None
LPS
None
LPS
None

Red
Red
Green
Green
Red
Red
Green



Chapter 3

Transcriptional networks indicate
regulatory functions of parasite genes and
the importance of infected worker
prevalence for gene expression of host ants,
uninfected nestmates and parasites

Tom sistermans, |

In preparation

Author contributions

The study of parasite prevalence was conceptualized by T.S., _ Sampling was done

by T.S. _ The experiments were performed by T.S. The prevalence transcriptome analysis
was done by T.S. with consultation of _ The cestode genome was generated by -
-. The interactome analysis was conceptualized and performed by T.S. with input of _
The draft was written and edited by T.S. with revision comments from _

-72 -



Abstract

Parasites are not only a problem for the individual infected host, but - in the case of social species -
also for the entire group. Not only human societies, but also social insects have evolved complex
behavioural and physiological responses to parasite infections. This experimental study focussed on
the consequences of a non-directly transmissible parasite, the cestode Anomotaenia brevis, on
colonies of the ant Temnothorax nylanderi. This focus is particularly interesting in this system, as the
well-cared-for infected workers live longer than their uninfected nestmates, who suffer from increased
mortality. We tested whether the prevalence of infected workers, i.e. the ratio of infected to healthy
colony members, affects gene expression of infected workers, their nestmates and the larval stage of
the parasite itself. The infected worker prevalence indeed influenced the molecular physiology of
infected ants and their healthy nestmates. With increasing prevalence, all ants, infected and not,
showed signs of stress, indicating that the colony as a whole suffers from a high proportion of infected
individuals. Moreover, the transcriptional activity of parasitic cestodes shifted with infected worker
prevalence. A novel joint network analysis of parasite and host transcriptomes revealed that cestode
genes act as hub genes that are closely linked to the activity of host genes. This points to regulatory
functions of specific parasite genes and sheds new light on the molecular communication between
parasites and hosts. The joint transcriptome analysis using weighted gene co-expression networks is
proposed as a fruitful approach to investigate molecular interactions in host-parasite systems.

Key words: prevalence, interactome, parasite ecology, cestode, social insects, WGCNA
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Introduction

No organism lives in its own universe, which is one of the most important principles of ecology. The
disappearance or introduction of a species into an ecosystem often has profound consequences for
sympatric species (Crowl et al. 2008; Zavaleta et al. 2009). This is particularly true for parasites, whose
presence can influence the dynamics of host populations (Sinclair, 1979; Thomas & Bonsall, 2005), can
alter competition between species (Price et al. 1986) and even shift ecosystem energy flows (Odum &
Barrett, 1971). Parasites are thus important drivers of biodiversity and evolution (Hudson et al. 2006;
Mouritsen & Poulin, 2002). In fact, one reason why invasive species are so successful in their new
ecosystems is the absence of parasites and other antagonists as described by the enemy release
hypothesis (Crawley, 1997; Keane & Crawley, 2002; Maron & Vila, 2001). However, this also means
that the influence of parasites not only affects their direct hosts, but also other organisms in their
social groups and communities.

Social animals are often particularly affected by parasites and pathogens (Hart & Hart, 2018), as
frequent close contact increases the transmission and spread of pathogens (Romano et al. 2022). The
pathogen risk for these groups increases with increasing size and relatedness (Webber et al. 2017).
Therefore, all social animals have developed not only physiological but also behavioural defence
mechanisms, such as frequent grooming, self-medication, and changes in the frequency of
interactions (Roode et al. 2013). This applies in particular to the influence of parasites on the behavior
of eusocial insects. Insect societies are often referred to as superorganisms because their fitness is
highly linked to colony performance (Hamilton, 1964; O’Shea-Wheller et al. 2021). The multifaceted
behavioural defences against pathogens of social insects are often referred to as social immunity
(Cremer et al. 2007; Cremer et al. 2018) and include changes in the interaction network structure
(Stroeymeyt et al. 2014), which is comparable to quarantine in human societies, adapted grooming
behaviour (Stock et al. 2023) or prophylactic distribution of antipathogenic substances (Chapuisat et
al. 2007).

Many parasites are directly transmissible within a social group, and these require specific changes in
the interaction behaviour to minimise their spread within the colony. Other pathogens are not
transmissible, but can still affect the whole colony through their detrimental effect on infected
animals. One example of this is the cestode Anomotaenia brevis, which uses the ant species
Temnothorax nylanderi as an intermediate host and affects the behaviour, molecular physiology and
life history traits not only of infected ants, but also of their healthy nestmates (Beros et al. 2015; 2021;
Feldmeyer et al. 2016). Infected workers are smaller, rarely take over work and are mostly inactive.
They have a less sclerotized and pigmented cuticle (Plateaux, 1972) and exhibit muscle atrophy
(Feldmeyer et al. 2016). Nevertheless they show a several fold increased lifespan (Beros et al. 2021).
This is possible as their uninfected nestmates take particularly good care of infected group members
(Beros et al. 2021). The phenotypic traits of the uninfected workers also shift with colony infection, as
they exhibit compared to healthy workers from uninfected colonies a lower aggression towards non-
nestmates, alter their transcriptional activity in the brain and suffer from a shortened lifespan (Beros
et al. 2021). Finally, infection of some workers with A. brevis has clear consequences on the colony
level, as infected colonies produced sexuals with a male-biased sex ratio and are more likely to raise
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intercaste individuals, i.e. females morphologically in-between workers and queens - both signs of a
stressed colony (Scharf et al. 2012).

But how are these far-reaching consequences on the colony level possible? T. nylanderi ants become
infected when they are fed with cestode eggs as larvae. The tapeworms then develop into
cysticercoids which live in the ants' haemolymph until the final host, woodpeckers, preys on those
infected workers. However, A. brevis cysticercoids do not remain dormant in their intermediate hosts
but are physiologically active and secrete proteins into their host, so that 7% of all proteins in the
haemolymph of infected workers originate from the tapeworm (Hartke et al. 2023). Thus not only
changes induced during the development of infected workers, but also those due to active secretion in
adult hosts lead to transcriptional changes in the brain, gaster and fat body of infected host workers
(Feldmeyer et al. 2016; Sistermans et al. 2023; Stoldt et al. 2021). In particular, recent analyses show
that parasite infection causes a suppression of the immune system (Sistermans et al. in prep). This
system is also dynamic, as parasite load can vary between a single cestode infecting an individual ant
and up to 74 cysticercoids (Sistermans et al. 2023). As in respect to other phenotypic traits, these
transcriptional shifts do not only occur in infected workers, but also in uninfected ants from infected
colonies (Sistermans et al. 2023). Recent re-analysis of survival data (Beros et al. 2021) also indicate
that a high prevalence of infected workers in infected colonies negatively influence the survival of
healthy nestmate workers and queens (Rognet & Kokko pers. inform.). And there are large differences
in prevalence across colonies: In some colonies there is only a single infected worker, while in others
up to 70 % of the workers are infected.

Variations in the prevalence of infected workers at the colony level create an additional dimension in
this parasite-host system that could provide new insights into the ability of A. brevis to manipulate its
intermediate host. A high prevalence of infected ants in a colony should lead to higher costs for
uninfected nestmates, who now have to spend more time and resources caring for their infected
nestmates, resulting in higher mortality rate (Rognet & Kokko, pers. inform.). In infected ants, this
could lead to increased competition for care and food. Finally, one might expect that parasites in
colonies with a higher prevalence should have a stronger influence on certain traits of their host.
Many of the changes in host phenotype, such as increased longevity (Beros et al. 2021), reduced
escape behaviour (Beros et al. 2015) and changes in immunity (Sistermans et al. in prep)., suggest that
the parasite is the one pulling the strings behind these changes. Therefore, we aim to identify the
consequence of parasite prevalence at colony level on the transcriptional activity of infected and
uninfected workers and the parasite itself. Since the ability of uninfected nestmates to care for
infected nestmates should depend on the size of the colony, we decided to include colony size and its
interaction with the infected worker prevalence in our transcriptional analyses. The interaction here
means that we test whether a high prevalence has stronger effects in smaller or larger colonies. It is
conceivable that larger colonies are better able to buffer the stress caused by the presence of many
infected animals.

This study also provides us with a special opportunity to investigate the interaction between parasite
and host at the transcriptomic level, as we have analysed the gene expression in the fat body of host
workers and their parasitic cysticercoids, respectively. How the molecular physiology of hosts and their
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parasites are interlinked has been difficult to answer. Some studies used protein-protein interaction
predictions (Davis et al. 2009; Dyer et al. 2007; Soyemi et al. 2018), a method which is prone to a high
false discovery rate (Lin et al. 2004; Lu et al. 2005). Instead, we will perform a joint network analysis of
transcriptional data of cestodes and ants from the very same individuals. In this way, we can identify
candidate parasite genes whose expression is linked to many host genes to gain insight into whether
or how A. brevis actually pulls the strings or whether these induced changes are side effects of
parasite infection.

Material and methods

Sampling, experimental design and sequencing

We collected Temnothorax nylanderi colonies in dead maple wood between November 2019 and
February 2020 in the Lenneberg Forest in Mainz, Germany (50.011605” N 8.174941” E). In the
laboratory, the ant colonies were transferred to artificial nest sites consisting of a Plexiglas perimeter
and a lid and base made of a microscope slide. These nest sites were covered with a red foil and
transferred to a three-chambered nest box with a plaster floor. Each ant colony was fed twice weekly
with crickets and honey and provided with water ad-libitum. We counted the number of queens,
healthy and infected workers and selected 15 colonies whose infected worker prevalence varied
between 2 % and 72 %. These 15 focal colonies also varied in colony size with between 16 and 177
workers (median number of workers 77). Infected workers can be recognized undoubtedly by their
yellow cuticle (Scharf et al. 2012). A low single-digit percentage of workers with a healthy phenotype
may also be infected with the cestode A. brevis in infected colonies (Scharf et al. 2012). As these can
only be identified by mass dissection, we relied on the external phenotype to calculate the prevalence
of infected workers. Yet, for our transcriptome analyses we ensured by dissection that healthy workers
were indeed uninfected. All infected workers and a comparable number of uninfected workers were
dissected at random in the summer of 2020. We isolated the fat body from each worker by removing
the gut and trachea from the first gaster segment, leaving only the fat cells, and placed those in a vial
containing 50 ul Trizol. In infected ants, we also removed the cestodes, which are located in the
haemolymph around the midgut and placed them in another vial with 50 ul Trizol. Samples were
frozen on dry ice and transferred to -80°C. We selected one infected worker per colony, whose cestode
number was closest to the median of 7 (min=5, max=13). For each colony, we also included all
cestodes of this worker and the fat body of an uninfected nestmate. We extracted RNA using the
Qiagene RNeasy extraction kit according to protocol specifications and sent it to Novogene
(Cambridge, UK) for sequencing. RNAseq data for four of the uninfected workers were also used in
Sistermans et al. (2023), which were obtained using the same protocol (Table S1 for a detailed
overview). For the low amounts of cestode RNA, a SMARTer amplification step was first performed.
Thereafter, all samples underwent the same treatment: mRNA was enriched with oligo(dT) beads and
randomly fragmented by adding fragmentation buffer. Subsequently, cDNA was synthesized using an
MRNA template and a random hexamer primer. A customized second-strand synthesis buffer
(Ilumina), dNTPs, RNase H and DNA polymerase | were added to initiate second-strand synthesis. To
complete the preparation of cDNA libraries, terminal repair, A-base and sequencing adapter ligation,
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size selection and PCR enrichment were performed. The libraries were sequenced on an lllumina
Novaseq 6000. We obtained at least 9 Gb per sample, resulting in approximately 30 million paired-end
150 bp reads.

Cestode genome assembly and mapping of RNA reads

We generated a reference genome assembly for the cestode A. brevis. We extracted high-molecular-
weight DNA from a pool of 29 cestodes isolated from a single infected worker. An ultra-low input
library was prepared and sequenced using a PacBio Sequel Il system. HiFi reads were called

using DeepConsensus v1.2.0 (Baid et al. 2023) and assembled using Flye v2.9.2 (Kolmogorov et al.
2019), with the option "--pacbio-raw" to address sequence diversity within the sample, as well as
options "-i 4", "--no-alt-contigs" and "--scaffold." The resultant assembly was deposited in the NCBI
database under accession number JAUOZQO1. The assembly was annotated with BRAKER v3.0.3
(Brina et al. 2021) in native mode using A. brevis RNA-seq data—from this study, Sistermans et al.
2023, and Stoldt et al. (2021)—and from all nuclear protein sequences of the Cyclophyllid family
available on NCBI (accessed on August 13, 2023). After genome annotation we mapped the reads
using STAR v 2.7.10b (Dobin et al. 2013). For the genome fasta file, we used the cestode genome
assembly and a T. nylanderi genome assembly (Jongepier et al. 2022) in order to filter out reads that
mapped either to both assemblies or to the ant genome. We constructed a gene count matrix using
htseq (Zanini et al. 2022) and created a CDS file using gffread and the genome annotation and
assembly (Pertea & Pertea, 2023), which we filtered for the largest isoform per gene. We used this file
to BLAST the genome using BLAST diamond (Buchfink et al. 2014). We performed functional
annotation on the CDS file for both GO and KEGG IDs using Eggnog mapper (Cantalapiedra et al. 2021).

For the ant reads, we first removed sequences from A. brevis, Homo sapiens, Escherichia coli, adaptors
and vectors from the raw reads using fastqscreen v0.14.0 (Wingett & Andrews, 2018). The remaining
sequences were trimmed using fastp (Chen et al. 2018) for 120 bp or more with an N-base cut-off of
15. After trimming we assessed read quality using fastqc (Andrews, 2010) to identify potential outliers,
which we did not. We then mapped the reads against a genome assembly of T. nylanderi (Jongepier et
al. 2022) with hisat2 v2.1.0 (Kim et al. 2015) using the —dta parameter. The hisat output was sorted
with samtools (Li et al. 2009). The sorted BAM files were used to generate a genome-guided
transcriptome assembly with stringtie v1.3.6 (Pertea et al. 2015). Transcript sequences were extracted
using gffread v0.11.4 (Pertea & Pertea, 2023). For the construction of a gene count matrix we used the
prepDE.py script from stringtie (Pertea et al. 2015). We constructed a filtered transcriptome with seqtk
(Li, 2013) using the transcript file from stringtie, which we blasted with BLAST diamond (Buchfink et al.
2014). We performed functional annotation using eggnog mapper (Cantalapiedra et al. 2021) for KEGG
pathways and GO terms.

Differential gene expression analysis

We split the ant data set into infected and uninfected samples, as the difference between infected and
infected workers has been analysed at length elsewhere (Sistermans et al. 2023). We created PCAs for
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the infected and infected workers separately to illustrate graphically the consequences of prevalence
of infected workers and colony size on overall gene expression. For the infected ants, we fitted a
negative binomial distribution using DESeq2 (Love et al. 2014). We performed a likelihood ratio test
(LRT) linking gene expression to log-transformed infected worker prevalence using parasite load
(number of cysticercoids per ant) and colony size (total number of workers) as reduced factors.
Benjamini-Hochberg-adjusted p-values were extracted to identify differentially expressed genes
(DEGs). We chose log-transformed values of infected worker prevalence in order to obtain a more
even distribution of the prevalence data so that individual outliers do not lead to distortions. The
distribution after log-transformation was closer to a normal distribution (Fig. S1). We also tested the
effect of colony size by taking log-transformed prevalence and parasite load as reduced factors. The
influence of an interaction between log prevalence and colony size was tested using log prevalence,
parasite load and colony ID as reduced factors. Here we also checked for overlapping DEGs in the
three datasets making a venn-diagram using InteractiVenn (Heberle et al. 2015). To assess in which
way transcriptome shifts in response to infected worker prevalence were modified by colony size, we
partitioned data set into eight large colonies and seven small colonies and rerun LRTs with the log-
transformed prevalence, and a reduced factor of 1. Genes that were found to be significant in the
interaction were removed from the main factor DEG lists. We divided DEGs identified in the main
factor analyses into upregulated and downregulated genes and performed functional enrichments.
First, we conducted a GO enrichment analysis with TopGO (Rahnenfuhrer, 2022) using Fisher’s exact
test and the weight01 algorithm. Due to the accounting of GO topology we decided to not apply
multiple testing correction on the GO terms because the p-values gained from this method are not
independent. We considered only p-values below 0.01 in the GO enrichment analysis. We conducted a
KEGG pathway enrichment analysis using clusterProfiler (Wu et al. 2021), where we corrected for
multiple testing using the Benjamini-Hochberg method. We then applied the same analytical
procedures for the cestode, and uninfected ant reads, with one exception. For the data set of
uninfected workers, some of which were sequenced in 2020 and 2022, we also included sequencing
year as a reduced factor in all models and checked its influence using PCA (Fig. S2).

We compared gene expression patterns between infected and uninfected workers as a function of the
two main factors and their interactions a well as the overlap of differentially expressed genes.
However please note, that the models for both data sets are not completely identical, as the number
of cestodes was also included in the model for the infected workers and the year of sequencing for the
uninfected workers. This may affect the analytical performance of the models and the results.
Therefore, we only report on the overlap but do not test whether it is larger than expected as we used
different models and therefore the expectations are unclear.

Joint parasite-host-coexpression analysis

We used the co-expression network analyses (WGCNA; Langfelder & Horvath, 2008) to identify
candidate genes involved in communication between A. brevis and T. nylanderi and possibly in host
manipulation. First, we combined the gene count matrices of cestodes and ants, per sample, i.e. for
the fat body sample A6 we also used the cestode sample A6, as they both originate from the same
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ant. This resulted in a gene count matrix for our 15 infected joint samples which contained both
cestode and ant genes. From this joint gene count matrix, we then filtered out genes with less than 10
counts for at least 5 samples and checked the data for missing entries with a verbosity value of 3. To
construct an unsigned co-expression network, we set the soft-thresholding power to 8 and, after
testing multiple module sizes, set the minimum module size to 100 based on confirmation by a TOM
plot. We merged modules with a dissimilarity threshold of 0.2 and verified this with another TOM plot
(Fig. S2). We identified hub genes by selecting genes with 10 % highest connectivity. We used a chi-
square test per module to check whether there were more cestode hub genes than would be
expected by chance. For this, we used the proportion of cestode genes per module as the expected
variable, the proportion of cestode hub genes as the observed variable and the number of hub genes
as the sample size. We corrected the p-values for multiple testing using Benjamini-Hochberg
adjustment. We then converted our topological overlap matrix into Cytoscape objects (Shannon et al.
2003) for each module to identify correlations between two genes and their weight. In this way, we
were able to visually confirm a deeper integration of specific cestode genes into ant gene networks
and vice versa. The cytoscape objects were also used to test whether genes from one species within a
module are more likely to interact with genes from the other species. For this, we assume that each
gene should interact with a random selection of other genes in the module. So, if we have a
hypothetical module with a ratio of 50:50 ant : cestode genes, the null hypothesis would be that a
gene of whatever origin should interact half and half with cestode and host genes. Perhaps we could
even hypothesise that there should be more interactions between genes of the same species, but this
was difficult to implement. We therefore determined the proportion of genes interacting with cestode
genes for all ant and cestode genes in each module and tested whether their proportions differed
from the assumptions of the null hypothesis for each species using the chi-square test with the
number of ant or cestode genes in each module as the sample size. We then corrected the p-values
for multiple testing using the Benjamini-Hochberg method.

In addition, we investigated genes of the cestode that are actively released as proteins into the host
haemolymph (Hartke et al. 2023). We selected the 15 most abundant cestode genes in the ant
haemolymph proteome and all annotated genes among the 50 most abundant genes. We used these
genes as queries for a diamond BLAST database that we created using our genome cds file, which we
first translated using TransDecoder v5.5.0 (Haas et al. 2013). From the BLAST hits, we selected the
most frequently expressed gene for each hit to identify the genes in the proteome. Using these genes,
we first checked which module they were in and assessed whether these modules contained ant or
cestode gene clusters that were more strongly associated with the other species. We also calculated a
confidence interval for these modules and tested whether these genes were more likely to interact
with the other species within the clusters by confirming that these genes fell outside the 95%
confidence interval. We also identified the ant genes these cestode genes interacted with and
performed GO and KEGG enrichment analyses for these ant genes to assess their potential functions.
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Results

Changes in gene expression in the host with infected worker prevalence and colony size

After splitting the dataset, we visualized the data distribution of the infected worker samples in
response to prevalence and colony size (Fig. 1a). We used DESeq2 to identify genes whose expression
in infected workers was linked to the prevalence of infected workers in the colony. This analysis
resulted in a large number of differentially expressed genes, namely 647 DEGs, of which 339 were
upregulated and 308 were downregulated. The KEGG pathway analysis identified no enriched KEGG
terms after p-adjustment. In fact, no significant KEGG paths were found in any of our data sets, which
we will therefore not discuss further. However, we identified 19 significantly enriched GO terms (Fig.
1e), eleven for the upregulated and eight for the downregulated genes. Several of these GO terms are
related to peptide and protein transport, including peptide transport with nineteen upregulated
genes, targeting of proteins to the ER with five upregulated genes, and processing of signalling
peptides with three upregulated genes. Additionally, we uncovered functions related to lipogenesis
like lipoxygenase pathway and lipoxin biosynthetic process with each two upregulated genes and
negative regulation of fatty acid transport with two downregulated genes. Shifts in fatty acid transport
genes may indicate that infected workers alter their need for fat burning with prevalence, as this term
is associated with the transport of fatty acids to the mitochondria (Marshall et al. 2014). The fat body
tissue plays an important role in insect immunity (Hoffmann & Reichhart, 2002). Indeed, lipoxygenase
products are important for eicosanoid signalling, involving both the lipoxygenase pathway and the
lipoxin biosynthesis process (Kim & Stanley, 2021). In addition, we found other immune processes also
to be involved, such as IRES-dependent viral translation initiation with two upregulated genes and
positive regulation of NIK/NF-kappaB signalling with three downregulated genes. The latter signalling
process is linked to innate and adaptive immune responses as a mediator of inflammatory responses
(Liu et al. 2017). In order to gain a better understanding on whether starvation might be responsible
for this fat burning reaction and find out what direction this starvation response might go we decided
to plot several genes that are differentially regulated and investigate their BLAST functions (Fig. S5).
The first of these genes is CCAAT/enhancer-binding protein (Fig. S5a) whose upregulation is capable of
protecting cells against energy starvation (G. Lu et al. 2014). This gene is also involved with the
protection against toxic substances from microbial pathogens (Reddy et al. 2016). The second gene,
Zinc finger protein 662-like, is a protein that promotes stress-induced mitochondrial longevity
(Merkwirth et al. 2017). This could be among others starvation stress and zinc finger nuclease cleavage
of Bak and Bax proteins makes cells more resistant to starvation-induced apoptosis (Cost et al. 2010),
in our dataset this gene was downregulated but the inhibition of this gene in starvation has not been
investigated. Finally, we plotted flavin reductase (Fig. S5c), which was also significantly downregulated,
the overexpression of flavin reductase increases the stress tolerance including starvation stress
(Stegehake et al. 2013).

Colony size alone had little effect on gene expression in infected workers, as we found only two DEGs
that were both downregulated with colony size, none of them overlapping with the DEGs for parasite
prevalence (Fig. 1c). One of them was annotated as a facilitated trehalose transporter Tret1-2
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homologue, which appears to be involved in cellular protection against desiccation (Kikawada et al.
2007).

In the transcriptomes of infected ants we identified 287 genes, whose expression was influenced by an
interaction between colony size and prevalence. GO enrichment analyses uncovered no terms with
more than one gene to be enriched with a Fisher’s p-value below 0.01. When we analysed the DEGs
for the effects of infected worker prevalence in small and large colonies, we identified only a single
gene to be differentially expressed in the small colonies, suggesting that larger colony size might buffer
the expression changes of this gene with infected worker prevalence. This gene did not result in an
annotated BLAST result.

The principal component analysis of uninfected worker samples, revealed two outliers (Fig. 1b). As
neither entries in our lab books nor quality control did explain their divergent gene expression, we
found no external reason to remove them from our data set and they remained in all subsequent
analyses. The transcriptomes of uninfected workers were also influenced by the prevalence of infected
workers in the colony. Here, 133 genes significantly changed their expression only as a function of
prevalence, of which 52 were downregulated and 79 were upregulated. We found eight GO terms in
the upregulated group with increasing prevalence, all of which were represented by two genes (Fig.
1f). At least three of these terms indicate stress, e.g. response to aluminium ions, which is usually
induced during aluminium stress causing an accumulation of reactive oxygen species (ROS) that
destroy cell membrane integrity (Liu et al. 2022; Sujkowska-Rybkowska, 2012). Another term, response
to carbon monoxide is also associated with oxidative stress, as CO poisoning is generally linked to
lower hemocyanin levels (Baker & Wright, 1977). And finally, the term xanthine catabolic process
indicates that genes involved in detoxification reactions changed their expression with prevalence
(Battelli et al. 2016). Moreover, two DEGs each were linked to processes involved in the endothelium,
namely negative regulation of endothelial cell differentiation and negative regulation of vascular
endothelial growth factor, the latter appears to be play a role in thoracic closure and insect immunity
(Kipryushina et al. 2015).

Gene expression of uninfected workers was more strongly affected by colony size than that of infected
workers. Here, we found 684 DEGs, of which 335 were downregulated with colony size and 349 were
upregulated, 22 of the total DEGs were also differentially expressed with parasite prevalence (Fig. 1d).
GO enrichment analysis revealed 43 GO terms, so we only considered GO terms represented by three
or more genes here, leaving 25 GO terms (Fig. 1g). With colony size, many genes changed their
expression with neuronal functions. These terms include neuron formation (48 upregulated genes),
brain development (21 upregulated genes), adult locomotor behaviour (11 upregulated genes),
neurotransmitter secretion (eight upregulated genes), neuromuscular synaptic transmission (8
upregulated genes), regulation of synaptic plasticity (seven upregulated genes), behavioural response
to ethanol (5 upregulated genes), several other synaptic functions with five upregulated genes and
flight behaviour (5 upregulated genes). These neurological functions may be prevalent due to the fact
that the fat body can promote the production of insulin-like peptides depending on when an insect
last fed (Colombani et al. 2003; Skowronek et al. 2021). It is therefore not surprising that we also
uncover the positive regulation of insulin secretion (five upregulated genes) for these DEGs. Other
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terms include antifungal humoral response with three downregulated genes, which is an immune
function, and we found the GO term growth with 10 downregulated genes.

Our transcriptome analyses identified 343 genes whose expression was influenced by an interaction
between colony size and prevalence of infected workers in the colony. GO enrichment analysis (Fig.
S4a) revealed that a number of these related to the defence against pathogens, e.g. response to
fungus (7 genes), antifungal humoral response (4 genes), positive regulation of NIK/NF-kappaB signal
transduction (3 genes) and Toll-like receptor 9 signalling pathway (2 genes). Two of the DEGs we found
to be differentially expressed in the small colonies out of seventeen genes in total and one of which in
the large colonies out of eight genes in total. We found functional annotation for two genes, one in
the small colonies (considered buffered by colony size), was phosphoinositide 3-kinase regulatory
subunit 4-like, which is involved in autophagy (Thoresen et al. 2010). The other gene (considered
amplified by colony size) was pheromone-binding protein Gp-9-like, which has been described as a
selfish gene in the fire ant Solenopsis invicta as it is involved in queen signalling and killing and is
located on a social chromosome (Gotzek & Ross, 2009; Krieger & Ross, 2005; Wang et al. 2013).

A comparison of the influence of prevalence, colony size and their interaction on the transcriptional
activity in the fat body of infected and uninfected workers showed that infected workers were more
influenced by the prevalence of infected workers in the colony while uninfected workers were more
affected by colony size. In both cases, the interaction between these two main factors was important.
We found some overlap in the DEGs namely 10 for parasite prevalence, 0 for colony size and 8 for the
interaction. As noted in the methods, this comparison is somewhat problematic as the two models are
not identical but include parasite load in one and sequencing year as reduced factors in the other.
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Figure 1 Ant fat body gene expression in relation to infection status of worker and prevalence of
infected workers in the colony. A. Principal component analysis of the infected ant transcriptome,
colour signifies parasite prevalence with lighter colours representing more heavily infected colonies,
dot size represents colony size with larger dots being from larger colonies. B. Principal component
analysis of the uninfected ant transcriptome. C and D. Venn diagrams showing the differentially
expressed genes depending on prevalence of infected workers, colony size and their interaction in C.
infected workers and D. uninfected workers E. GO terms for the infected ants for the prevalence
analysis, the orange bars being the gene counts of upregulated DEGs and the brown bars being the
gene counts of downregulated DEGs. F. GO terms for the uninfected ants for the parasite rate analysis
where we only found enrichments for the upregulated genes with parasite rate. G. GO terms for the
uninfected ants in the colony size analysis where the hot pink bars represent the genes upregulated
with colony size and the purple bars represent the genes downregulated with colony size.

Changes in gene expression in the cestode with infected worker prevalence and colony size

The principal component analysis shows the data distribution as a function of prevalence of infected
workers in the colony and colony size (Fig. 2a). When analysing the effects of prevalence on the
cestodes, we found 64 DEGs, of which 18 were upregulated and 46 were downregulated. Among the
GO terms, we found only three in the downregulated genes (Fig. 2c), namely positive regulation of cell
motility (3 genes), sensory perception of pain (3 genes) and positive regulation of dendrite extension (2
genes). Except for the regulation of cell motility, which is a subset of locomotion, the terms are
associated with the nervous system, which seems surprising for cysticercoid larvae of a tapeworm.
There are cysticercoid cestodes that target the hosts brain (Sukhdeo, 1992), but in our model system
the parasites reside in the host gaster and thus an influence does not seem likely. What is more likely
is that these neurological functions are related to the cestode’s interaction to the enteric nervous
system. Multiple parasites associated with the host gut are known to alter gastrointestinal motility,
absorption and secretion through interaction with the enteric nervous system (Halliez & Buret, 2015).

Regarding the effect of colony size on cestode gene expression, we found a total of 116 DEGs, 74 of
these genes were downregulated and 46 were upregulated, we only found three genes overlapping
with parasite prevalence (Fig. 3b). Among the downregulated genes, we encountered a single
enriched GO term, namely lipid phosphorylation with two representative genes. Phospholipids are
important sources of energy for developing platyhelminths (Ghosh & Misra, 2014; Humiczewska &
Rajski, 2005), and therefore the differential lipid phosphorylation is likely the result of A. brevis food
intake depending on the colony size of their hosts.

The interaction between prevalence and colony size influenced the expression of 74 DEGs, for which
we found two GO terms with two representative genes (Fig. S4b). These terms were sensory
perception of pain and positive regulation of neuron apoptotic process, both again neurological
functions. Separate analysis in small and large colonies revealed the influence of prevalence in
particular for one DEG in small colonies and fifteen DEGs in large colonies, however, as can be seen in
figure 2b, there was no overlap between the DEGs found in the interaction.
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Figure 2 Cestode gene expression in relation to prevalence of infected workers in the colony. A.
Principal component analysis of the cestode transcriptomes where colour signifies prevalence.
Lighter colours are from cestodes from colonies with a higher prevalence of infected workers. Dot
size signifies colony size with larger dots representing larger colonies. B. Venn diagram of
differentially expressed genes with parasite prevalence, colony size and interaction between both
factors, circle size being representative of the number of DEGs. C. Significant GO terms in the cestode
DEGs for prevalence. we only found GO terms for downregulated genes.

Parasite-host-co-expression analysis

We identified 18 WGCNA modules from a total of 20806 genes, of which 9472 were cestode genes.
The module sizes ranged from 261 genes (grey) to 5751 genes (brown), (see Fig. 3a). These modules
contained all genes of both species, with the proportion of cestode genes ranging from 0.02 (grey60)
to 0.8 (turquoise). When identifying hub genes - genes with the 10% highest interactions - for all
modules, we discovered that in most modules the proportion of hub genes differed significantly from
that of all genes of the respective species in the module (Fig. 3b). In two modules, all hub genes were
from the host, but in six modules all hubs were from cestode genes. In fact, 11 out of 18 modules had
a significantly higher proportion of cestode hub genes, while the proportion of cestode genes in these
11 modules varied between 0.55 (brown module) and 0.8 (turquoise module).

When visualising the networks, we also discovered a high integration of interspecies gene correlations
(Fig. 3c). This was also evident in the interaction analysis, where we tested whether genes of one
species were more likely to interact with genes of the other species. Here, after p-adjustment, we
identified six modules, in which ant genes were more likely to interact with cestode genes than
expected at random (table 1). In contrast to the cestode clusters, where we did not find a higher-than-
expected interaction with ant genes.
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Table 1 General statistics about the interactome modules, in the two rows with the P-adjusted values
for differential interaction the black values signify interactions more strongly towards the other
species while the grey values signify stronger interactions towards the own species. Whenever a p-
value is in bold it is either significant or the genes interact significantly more with the other species.

Module ID Proportion of P-adjusted ant P-adjusted P-adjusted
cestode genes genes interacting cestode genes cestode genes
differently than interacting hub
proportion differently than representation
proportion compared to
proportion

Black 0.61 2.47E-09 1.15E-04 9.41E-14
Blue 0.06 9.8E-04 1 2.10E-03
Brown 0.55 3.02E-67 1.59E-18 3.41E-72
Cyan 0.79 0.01 1.10E-08 7.34E-04
Darkgreen 0.08 0.12 1 1
Darkorange 0.75 1.76E-04 3.44E-10 4.85E-05
Darkred 0.15 0.19 1 0.40
Greenyellow 0.79 0.07 1.36E-03 3.06E-03
Grey 0.23 0.31 1 1
Grey60 0.02 0.31 1 1
Lightcyan 0.54 1.76E-04 3.68E-04 1.35E-06
Lightgreen 0.19 3.04E-04 1 0.26
Lightyellow 0.75 0.11 1.02E-03 0.03
Magenta 0.09 7.72E-04 1 0.19
Midnightblue 0.03 0.31 1 1
Pink 0.08 2.11E-10 1 0.01
Royalblue 0.70 0.31 7.96E-04 0.02
Turquoise 0.80 1.09E-10 8.93E-08 5.89E-13

Interaction partners of abundant cestode genes in the ant haemolymph

A. brevis secrets proteins into the haemolymph of its intermediate host (Hartke et al. 2023). We
identified four annotated and 12 unannotated transcripts of these proteins in our dataset (Fig. 3d) and
we discuss the interaction partners for these genes separately. The four annotated genes are
thioredoxin peroxidase and superoxide dismutase (black module), lysosomal alpha-glucosidase (brown
module) and putative protein disulfide isomerase ER 60 (dark orange module). These genes interacted

differently with other genes than their proportion in the modules would suggest, with superoxide
dismutase interacting more with ant genes, while the others interacted more with cestode genes than
expected. Two of these genes, disulfide isomerase and alpha-glucosidase, were also found to be hub
genes. GO enrichments of the ant interaction partners of these genes (Fig. 3e) identified significant GO
terms of their interaction partners.

We found for ant interaction partners of superoxide dismutase two terms, namely cation
transmembrane transport (10 genes) and response to electrical stimulus involved in regulation of
muscle adaptation (2 genes). Superoxide dismutase is known to regulate oxidative stress in
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Caenorhabditis elegans (Yang et al. 2007), but its expression was also linked to a long lifespan in
gueens of several social insect species (Negroni et al. 2019; Parker et al. 2004; Tasaki et al. 2018). In
parasitic helminths, it can play a role in defence against reactive oxygen species (ROS) originating from
the host (Calvani et al. 2022). Transmembrane transport of cations, meanwhile, can cause an increase
in ROS (Dow, 2017), and muscle contractions do the same (Powers et al. 2011), possibly explaining the
link between this cestode gene and ant genes with those functionalities. In the same module (black),
we found another antioxidant, thioredoxin peroxidase (McGonigle et al. 1997), which is involved in the
regulation of oxidative stress associated with normal aerobic metabolism (Salinas et al. 1998). This
corresponds to the enriched GO terms of the interacting host genes, which encompass several
metabolic processes, such as proteasome-mediated ubiquitin-dependent protein catabolism, peptidyl-
threonine dephosphorylation and regulation of transcriptional start site selection at the RNA
polymerase Il promoter. In addition to these processes, we find pathways in the ant itself that are
involved in the defence against oxidative stress, such as ADP transport, in which ADP protects cells
from oxidative stress (Sokolova et al. 2013). The agreement of these results with our findings for
superoxide dismutase could also be due to the fact that many of the interacting host genes are the
same. In fact, 190 out of 191 interacting partners of superoxide dismutase were also among the 428
interacting partners of thioredoxin peroxidase. The third gene, putative protein disulfide isomerase ER
60, belongs to a family of genes that affect parasite virulence (Achour et al. 2002) and its
downregulation in parasitic nematodes can increase parasite mortality in host plants (Habash et al.
2017). The most common GO term, with four representatives, is mating, in which disulfide isomerases
do appear to play a direct role. In vertebrates, disulfide isomerases were shown to be chaperones for
ADAM3, the misfolding of which can lead to male infertility (Tokuhiro et al. 2012). In parasites, this
gene can reduce host fertility by increasing the production of secretory proteins, which leads to a
reduction in mating factor binding (Inan et al. 2006). This function as a chaperone for secretory
proteins could explain the GO term positive regulation of calcium ion-dependent exocytosis with two
genes. Exocytosis is an important part of the secretory pathway (Baker & Knight, 1986).

The last annotated gene for which we identified interaction partners is lysosomal alpha-glucosidase
from the brown module, which is a basal metabolism gene that breaks down glycogen and releases
glucose from long-term energy storage (Hermans et al. 1991). In cestodes, the expression of another
glucosidase, beta-glucosidase, has been shown to correlate negatively with the expression of a host
beta-glucosidase (Vysotskaya et al. 2015). When we checked whether an ant host alpha-glucosidase
was present among the interaction partners of our cestode lysosomal alpha-glucosidase, we not only
found this, but were also able to show a correlation of their expressions with a linear model (p = 0.03
r=0.113; Fig. S3). Analysis of GO terms of the interaction partners of lysosomal alpha-glucosidase
revealed the term regulation of cellular protein metabolism with 174 genes. This metabolic pathway is
intertwined with glucose metabolism and glycolysis (Carthew, 2022) and may indicate that the cestode
interferes with the glucose metabolism of its host. This is also illustrated by the term response to
osmotic stress (12 genes), which can be linked to altered glucose concentrations (Albertyn et al. 1994).
Alpha-glucosidases can also influence neuromuscular functions and a deficiency can cause motor and
respiratory disorders, known as Pompe disease in vertebrates (Colella et al. 2020). Therefore, it is
perhaps not so surprising that the most common GO term is neuronal projection development with
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106 genes. Pompe disease decreases glycogen concentration in projection neurons (Sidman et al.
2009) and it is therefore conceivable that alterations in host glycogen regulation by the cestodes
alpha-glucosidase is one reason why the inactive cestode-infected workers exhibit Pompe-like
symptomes. Finally, we found a GO term associated with cuticle development, i.e. chitin-based
embryonic cuticle biosynthetic process, which maybe related as chitin-containing materials can serve
as inhibitors of alpha-glucosidase (Nguyen & Wang, 2017). Infected ants show a reduced sclerotization
of the cuticle, which takes place during the pupal stage.

We also obtained the GO terms for host interaction partners of six commonly secreted cestode
proteins that were not annotated (Hartke et al. 2023). Four of these genes were in the dark orange
module - the second, third, twelfth and thirteenth most abundant parasitic protein in the ant
haemolymph - and two were in the turquoise module - the fourth and sixth most abundant (Fig. 3f).
The second most abundant gene has 97 interaction partners and these three significant GO terms, all
of which based on two genes (Fig. 3f). One term is SMAD protein signal transduction, a signalling
pathway involved in muscle hypertrophy and a negative regulator of muscle growth (Nikooie et al.
2020). This term co-occurs with the positive regulation of myocardial hypertrophy. When we examined
the other candidates in the dark orange module, we found that these cestode genes also strongly
interact with genes of the SMAD signalling pathway (13t most abundant protein) and with other
muscle functions such as neuromuscular processes controlling posture, with positive reqgulation of
cardiac muscle hypertrophy and adult walking behaviour (12™ most abundant protein). In view of the
fact that infected ants suffer from muscular dystrophy (Feldmeyer et al. 2016) and are much less active
(Beros et al. 2015), these cestode genes could indeed be involved in the regulation of muscular activity
of the host. We also found two immune functions in these interacting host genes melanin biosynthetic
process, which is involved in the encapsulation of foreign substances (Gillespie et al. 1997) and
positive regulation of lamellocyte differentiation, lamellocytes being key insect immune cells (Lavine &
Strand, 2002). We detected high coherence in the GO terms among the interaction partners of the
fourth and sixth most abundant cestode proteins in the ant haemolymph from the turquoise module,
both of which interact with genes enriched for tyrosine catabolism and L-phenylalanine catabolism.
Phenylalanine catabolism plays an important role in the encapsulation of malaria in mosquitoes.
When phenylalanine catabolism is disrupted by silencing of phenylalanine hydroxylase (Calvo et al.
2008), mosquitoes became unable to encapsulate malaria parasites (Fuchs et al. 2014). The expression
of the fourth most abundant protein is associated with host genes involved in lipogenesis, of which we
find ten GO terms.

Considering that the fat body is the most important immune organ in insects (Hoffmann & Reichhart,
2002), fat metabolism and immunity are likely to be closely intertwined. Although we did not find
specific immune functions in our GO terms besides L-phenylalanine catabolism and response to cobalt
ions involved in detoxification, genes involved in lipogenesis might shed light on how the immune
system of infected ants is altered. For example, lipogenesis is suppressed by the Toll signalling pathway
in times of immune stress in Drosophila (Diangelo et al. 2009), and lipids themselves were shown to
play a role in the immune responses against fungal parasites (Wronska et al. 2023). Therefore, these
cestode genes may modify host immunity via targeting lipogenesis.
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Figure 3 Results of the interactome analysis. A. WGCNA modules and the representation of genes
within these modules per species, pink is for cestode genes, brown for ant genes. Module size is
mentioned with the module names in the x-axis. B. Hub gene representation for each module, with
the same colour scheme as 3a. The number of hub genes is mentioned with the module names. C.
All interactions within the grey module, each dot represents a single gene within the module and
each node represents significant correlation between genes. Distance does not represent stronger
correlation. Pink dots are cestode genes, brown dots are ant genes. D. Gene module membership of
all cestode genes (left) and gene module membership of the 19 most commonly found cestode genes
in the secretome according to Hartke et al. (2023). E. GO enrichment of ant interaction partners of
annotated common cestode genes in the ant haemolymph, colour represents each individual gene.
F. GO enrichment of ant interaction partners of unannotated common cestode genes where colour
represents interaction partners of each individual gene, the order of commonality is mentioned to
the right of the bars.

Discussion

The influence of infected worker prevalence and colony size on host and parasite

As infected workers are often even better cared for than the queen (Beros et al. 2021), we expected
that infected workers, their nestmates and the parasites themselves would become stressed with
increasing prevalence of infected ants in the colony and that this would be reflected in their
transcriptional activity. This is indeed what we mostly found, albeit the strength of the response and
the genes and pathways targeted varied between these groups.

Infected ants altered the expression of genes involved in lipogenesis pathways which mediate
starvation response (Whitehouse & Tisdale, 2001). Also several transport genes were differentially
expressed, of which peptide transport has been linked to starvation in multiple systems (Ogihara et al.
1999; Tian et al. 2015; Vazquez et al. 1985; Voigt et al. 2006). Peptide transport is also associated with
lipid metabolism, further supporting a differential lipogenesis (Toprak, 2020). We also identified
modulators of host immunity to parasites such as nematodes (Harcus et al. 2004), including IRES-
dependent viral translational initiation and positive regulation of NIK/NF-kappaB signal transduction.
The latter signal transduction cascade can cause weak immune reactions in parasitized organisms
(Ebner et al. 2018). Considering the directionality of this pathway is being indicated with the GO term
we can state that this pathway is being upregulated in the lowly infected colonies, it would mean that
this immune reaction is weakened in ants from highly infected colonies. Perhaps it is starvation stress
that these ants have to deal with which weakens potential immune reactions to parasites or it is the
fact that parasites are generally more virulent in heavily infected colonies due to a higher need to take
resources from a starving host. The number of individual genes seems to suggest something similar
with a starvation signal being present in several ones. The parasite gene expression data seems to
suggest the same as the DEGs in response to prevalence are possibly involved in parasite-host
communication. Cestodes are covered by a layer of mucin within their hosts which protects them from
the host’s immune reaction. Yet this mucin also contains proteins that are capable of forcing dendrite
maturation (Casaravilla et al. 2014). This process seems to also inhibit the immune reaction of the
host, so that a neuro secretory pathway is heavily involved in parasite-host interactions (Biserova et al.
2023), which might help explain the presence of the other two neurological processes. Besides,
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neurological pathways are often being used by gut-based parasites for extraction of resources using
the properties of the enteric nervous system (Halliez & Buret, 2015). Surprisingly however we did not
find any indications through gene functions that cestodes from heavily infected colonies are suffering
from starvation. Therefore it is possible that the cestode might receive sufficient resources by more
intensely taking them from the host. This phenomenon has been reported for nematodes where
starvation in the host caused a slight increase in lipid content in the parasite (Beames et al. 1967;
Smith et al. 1996). The cestode might thus extract lipids from its host which would especially explain
why we found negative regulation of fatty acid transport in the downregulated genes with prevalence.
Confirmation for these processes could come from the analysis of lipid contents of hosts and parasites
in response the ratio of infected workers in a colony.

As for the uninfected ants we would have expected more stress and higher risk of starvation in high
prevalence colonies as well. We identified multiple stress reactions especially to that towards
oxidative stress with the response to carbon monoxide and response to aluminium ion being the most
obvious. This would have multiple explanations considering oxidative stress is caused by a large
number of factors. Firstly it could be that uninfected workers have to move more, considering heavy
exercise tends to cause oxidative stress (McArdle & Jackson, 2000). This might also explain the shorter
lifespan of uninfected workers in infected colonies (Beros et al. 2021) and we would expect this to
decrease in more heavily infected colonies for infected ants. Another explanation for the higher
oxidative stress could also be starvation (Morales et al. 2004) since uninfected ants obviously have to
feed more mouths and would have less food available to themselves. A low food intake can actually
increase lifespan in insects and other animals (Hwangbo et al. 2020). In theory this is not likely to be
the case as we fed and watered our colonies ad libitum, however, preliminary analysis showed that
survival of uninfected ants decreased with the prevalence of infected workers (Rognet & Kokko, pers.
inform.). A final explanation of the higher oxidative stress in uninfected ants might be that they have a
more active immune system. When nestmates are infected with fungal parasites, ants are known to
interact with each other when a nestmate is infected, creating an immune reaction in uninfected
nestmates (Konrad et al. 2012). Perhaps infected individuals give off the signal that they are infected
which puts the uninfected nestmates’ immune system on high alert. This also partially explains the
presence of immune genes within our uninfected dataset. We further found two genes of interest in
the uninfected dataset which were either buffered in their gene expression or amplified based on
colony size. The buffered gene was phosphoinositide 3-kinase regulatory subunit 4-like, which is
involved in autophagy (Thoresen et al. 2010). Although we only observe an effect here of one gene, it
does give us a clue as to how colony size plays a role in buffering the negative effects that uninfected
ants experience as a result of infected colony members. This is in correspondence to previous results
that found that the colony can buffer the effects of infection (Scharf et al. 2012). The gene we
uncovered whose effect is amplified by colony size was pheromone-binding protein Gp-9-like, which is
a selfish gene heavily selected for in ant colonies, specifically in who carries it (Krieger & Ross, 2005).
Whether this gene has the same level of selection in Temnothorax nylanderi is unknown, though it has
shown up in other gene expression datasets (Stoldt et al. 2024). Differential expression of this gene
might be linked to the recognition of nestmates and its expression being amplified by colony size and
parasite prevalence might hint at the communication between infected and uninfected individuals.
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Cestode transcriptomes were more strongly affected by colony size than infected worker prevalence,
which indicates that the social organisation is important for this parasite. Colony sizes lead to altered
lipid phosphorylation in cestodes. As we have previously discussed, we suspect that the lipid intake of
parasites from highly infected colonies is different due to the probable food intake of their host.
Having taken into account the effect of prevalence in our model, it would seem that colony size alone
also affects the food intake ability of A. brevis, or more specifically, how often the host is fed. This
likely has to do with the fact that the productivity of the colony is negatively affected by colony size
(Karsai & Wenzel, 1998; Michener, 1964; Naug & Wenzel, 2006). This would mean that the food intake
is likely lower for infected ants in larger colonies to a degree that it does not affect them, considering
the fact that we found only two genes that are affected by colony size in infected ants, while the
cestode does need to live on reserves. The strongest effect of colony size alone however was in
uninfected ants. Many of the genes affected by colony size in this group seem to have neurological
functions, which we interpret as homeostatic due to the fact that we used the fat body rather than the
brain. This combined with the fact that we also found specific hormonal functions in this dataset like
positive regulation of insulin secretion and that some of the neurological functions are specific to
development and growth rather than signal transduction. Aside from that, the fat body and the brain
are in constant communication and signal transduction is not entirely out of left-field in the fat body
(Skowronek et al. 2021). What the brain and the fat body communicate about is largely unknown aside
from the production of insulin, which is heavily involved in feeding behaviour and locomotion in
insects (Erion & Sehgal, 2013). Finally, growth and immunity are also influenced by colony size, this is
contrary to previous results however where it was found that colony size is not a predictor for
investment in antimicrobials (Penick et al. 2018).

Parasite-host-co-expression analysis

Through our novel usage of the WGCNA in a joint analysis we have been able to gain insights in how
the expression parasite and host genes are intertwined. Generally we found that the expression of
cestode genes is linked to far more genes than host genes are. In six modules ant genes were more
likely to interact with cestode genes than with host genes. In each of these modules cestode genes
were more likely to interact with cestode genes. In order to achieve that, the expression of ant genes
is less linked to other genes than the expression of cestode genes. This is effect also becomes
apparent in the hub genes of these modules, where each of the modules where ant genes were more
likely to interact with cestode genes, cestode genes utterly dominated the hub gene representation.
There might be a very simple explanation where A. brevis has mainly adapted to T. nylanderi and does
not need to commit much of its gene expression to other factors other than the host. Therefore its
interaction with the host comprises of a large part of the gene expression. T. nylanderi on the contrary
interacts with nestmates and the biotic and abiotic environment. To serve as an example, we imagine
a situation where the host is being challenged by a bacterium. In order to fend off the threat the host
will have to activate its immune system, altering its gene expression in the fat body. However, besides
the immune system, the rest of the host’s gene expression should be minimally impacted. For the
cestode, a host immune challenge would mean that it possibly needs to activate its own immune
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system in order to prevent hyperparasitism (Parratt & Laine, 2018; Pirovino et al. 2023), to regulate
the host’s immune system upon (Hernandez et al. 2013) and adapt to a possibly more hostile
environment caused by the immune response (Mideo, 2009). This would mean the co-expression
between the parasite’s stress responses, immune system, parasite-host communication with only the
host’s immune system.

This does bring up a possible problem with parasite-host co-expression analysis, we do not only
investigate genes that interact but also genes whose expression is indirectly influenced by the
expression of others, and correlation does not equal causation. The real value of this type of analysis
lays in the study of individual genes, which we have done with the commonly expressed parasite
genes in the ant haemolymph. For the annotated genes we could clearly see that the function of these
genes correlated biological processes of the ant that were either similar or are prone to be influenced
by this gene in parasites.

Firstly we highlight the oxidative stress genes of superoxide dismutase and thioredoxin peroxidase.
Here we found the expression between the two to be very interactive, they were in the same cluster
and superoxide dismutase interacted with all but one gene that thioredoxin peroxidase also interacted
with. This is entirely expected as previous studies have shown superoxide dismutase and thioredoxin
peroxidase to be part of the same pathway in both systems without parasites (Pedrajas et al. 2010)
and in cestode parasites (Salinas et al. 1998). As for the genes they correlate with, it is clear that these
genes are not necessarily involved in communication with the host but rather in the defence against
the oxidative stress of the host. It has already been theorized that especially thioredoxin peroxidase is
mainly secreted into the host by parasites in order to modulate the oxidative stress that is naturally
created in the host through aerobic metabolism (Halliwell & Gutteridge, 1989; Salinas et al. 1998). This
is confirmed by the fact that we find gene functions mainly involved with natural metabolism and the
correlation with other genes that protect the host from oxidative stress. Whether this protects the
host from oxidative stress, extending the lifespan remains unknown, but considering in other parasite-
host systems some of the most commonly expressed genes are also involved in oxidative stress
response (Chehayeb et al. 2014), it would seem that the host lifespan is extended through different
means. What does become clear from this data however is that A. brevis appears to prefer an aerobic
environment in the host while Platyhelminthes are known to be capable of adapting to an anaerobic
environment in different life stages (Martinez-Gonzalez et al. 2022). For disulfide isomerase we mainly
found that the functions of its interaction partner are linked to secretion which concurs with common
functions of disulfide isomerases in parasites and multiple other systems (Naguleswaran et al. 2005;
Stolf et al. 2011). Once again serving as confirmation that our methods are conform with previous
results gained through other means. We can also show this through the final annotated gene, alpha-
glucosidase. Firstly in the sense that, similar to beta-glucosidase in previous research (Vysotskaya et al.
2015), we find a negative correlation between it and host alpha-glucosidase. Furthermore we found
interaction partners to be involved with glucose metabolism. Alpha-glucosidases are enzymes that are
involved in the breakdown of polymeric glucose variants such as starch or glycogen to monomers
(Krasikov et al. 2001). This gene is therefore a likely candidate for genes that are involved in the food
intake of the cestode, in which glucose uptake plays an important role in cestodes in general (Kashiide
et al. 2018). This would be in contrast to the host, which, in an infected state should display lower
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levels of glycogen, however, it has been shown that metacestode infected beetles in fact have higher
glycogen levels (Novak et al. 1993). This could also be a reaction instead to cestode glucosidase in
order to maintain stable glycogen levels.

Finally we will discuss the functions of host genes whose expression is linked to as yet unannotated
proteins secreted into the haemolymph of the ant. The four genes in the dark orange module could be
involved in the manipulation of the host’s behaviour and morphology. Here we found host genes with
functions including development of muscles and the SMAD pathway, so that these cestode genes
could affect muscle development of the host (Feldmeyer et al. 2016). This might be difficult to test
experimentally, as even their knockdown might not immediately result in more active behaviour from
the host, as host’s muscle development is likely inhibited during its larval stages. There is however a
chance that interference of this cluster of genes would result in more active behaviour from infected
ants considering these genes also interact with pathways involved with walking behaviour. The reason
that we find this GO term in the fat body would be that the cestode cannot specifically target the ant’s
brain with these protein products, which would also explain the high quantity of these genes in the
haemolymph (Hartke et al. 2023). The fact that these genes are differentially expressed in the fat body
could be considered a side effect, or vice versa, that the walking behaviour is inhibited due to the
interference of the cestode with muscle development. Finally, the two cestode genes we found in the
turquoise module which are seemingly involved in the inhibition of the immune reaction, with the
possible side effect that it inhibits the cuticle sclerotization as well. This mainly due to the fact that we
found a large number of genes involved with lipogenesis and a number of more direct immune genes.
Of course, this can also be as a reaction to the host’s immune reaction instead, though previous
studies on this system suggest that the parasite is indeed capable of inhibiting the immune response
against it (Sistermans et al. in prep.). We suggest that future experiments investigate this pathway
specifically for the host, where we believe that the silencing of key genes within this pathway in larvae
would result in the underdevelopment of the cuticle. Furthermore, in adult infected ants the silencing
of these two candidate genes could result in an immune reaction towards the cestode. We would not
necessarily expect the cestode to die from this as it has been shown to be able to adapt when the
ant’s immune system is activated and high parasite load seems to increase an immune reaction while
cestodes instead invest on immune avoidance (Sistermans et al. 2023; Sistermans et al. in prep.).

Conclusion

In this study, we were able to demonstrate the effects of prevalence at the colony level, which affect
not only the individual but also its nestmates that interact closely with the host and the parasite itself.
These effects are not often discussed in the context of parasitism, and although group integration is
not as great in most organisms as in eusocial insects, communication between healthy and infected
individuals can play an important role in mitigating fitness losses caused by parasitism. The influence
of group size on the gene expression of healthy ants and even on the parasite itself also points to the
importance of the social group.
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Furthermore, using WGCNA, we have shown that parasite gene expression is closely linked to host
genes. In doing so, we have identified the relationships involved in parasite-host communication that
have the potential to further improve our understanding of this parasite-host interaction. However, we
also encourage others to apply these methods to other, understudied parasite-host systems to explore
key genes involved in these interactions. In this way, we were able to shed light on which specific host
genes and functions are linked to the expression of candidate parasite genes, the proteins of which are
known to be secreted into the host. Finally, we believe that this method can also be useful for other
types of gene expression data, such as communication between different tissues and other forms of

symbiosis.
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Figure S2 TOM plot of the merged gene count matrices of both infected ants and their cestodes. The
colours representing the constructed modules roughly aligning with the highest correlations in the
heatmap.
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Figure S4 GO terms for the DEGs for interaction between infection and colony size for A. uninfected
ants and B. cestodes.
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Figure S5 The normalized gene counts of three genes significantly differentially expressed for the
parasite infected ants plotted against the logarithm of the parasite rate. A. CCAAT/enhancer-binding
protein (r=1835, padj=1.00E-03), B. Zinc finger protein 622-like (r=-745.3; padj=3.50E-03) and C.
Flavin reductase (NADPH) (r=-1470; padj=4.08E-02).
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Table S1 overview of all the samples used in this paper with all information used for the analysis.

Colony Infected Uninfected Sequencing Sequencing Cestode Parasite Cestode Colony
sample sample year year sample rate number size
name name infected uninfected name

A A6F A33F 2020 2022 A6P 0.403 8 77

B - B6F - 2020 - 0.062 - 65

C C1F C17F 2020 2022 C1ipP 0.062 5 44

D DSF D17F 2020 2022 D5P 0.098 7 164

F F2F - 2020 - F2P 0.031 8 65

G G1F GXF 2020 2020 G1P 0.054 8 93

H H1F H5F 2020 2022 H1P 0.023 10 129

J J8F J17F 2020 2022 J8p 0.222 7 72

K K4F K6F 2020 2022 Kap 0.029 6 137

L L18F L141F 2020 2022 L18P 0.712 7 177

M M16F M21F 2020 2022 M16P 0.198 6 121

o] O1F O2F 2020 2022 o1pP 0.012 7 86

P P2F P3F 2020 2022 P2P 0.125 5 16

Q Q4F Q10F 2020 2022 Q4P 0.111 8 72

S S3F S5F 2020 2020 S3P 0.118 13 17

T T1F T11F 2020 2020 T1P 0.105 9 76
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Main findings

Parasites shape life on Earth today. At the large scale, we can recognise this in the flow of energy
throughout ecosystems (Kuris et al. 2008). But also in the phenotypic traits of organisms that are
formed by the selection pressure exerted by parasites (Poulin et al. 2020). And as has become clear in
the research projects of my dissertation, it can also be visualised at the molecular level.

In Chapter 1, we analysed the effects of parasite load on parasite and host. Parasite load can be
described here as the number of parasites per host, which can have possible consequences for the
immune system, host size and behaviour (Pelletier & Festa-bianchet, 2004). The parasite load seems
to have a strong effect on the host, as it causes more stress and alters the innate immune response.
This is mirrored to some extent in the parasite, where we observe a differential reaction to the
immune response in the form of a large number of serine proteases involved in evading the immune
system. We also found a differential response to stress and starvation, which we would have expected
with a higher parasite load, as more cestodes in a single host would mean that fewer resources are
available. We also found several processes that are not affected by parasite load but that are regulated
differently in infected and uninfected ants. Examples of these processes influenced by infection status
alone are the innate immune response and energy metabolism.

In Chapter 2, we investigated the immune response of Temnothorax nylanderi to both Anomotaenia
brevis infection and a sham bacterial challenge. Moreover, we questioned whether the effects of both
immune stressors act independently or whether they interact by analysing gene expression, but also
how both factors and their interactions affected the gut microbiome. We found that both the immune
challenge by bacterial lipopolysaccharides and the cestode infection had profound effects on the
immune system that were not interdependent. Thus, the cestode did not weaken the immune system
of T. nylanderi workers to such an extent that they were no longer able to fight off a bacterial threat.
However, genes that altered their expression due to a cestode infection and following a sham bacterial
threat, did so in opposite directions. For example, a gene upregulated during cestode infection, was
downregulated following the sham bacterial challenge, which could be the result of inhibition of the
ant's immune system by the cestode. However, the fact that we found no interaction between
bacterial and cestode immune challenges means that when challenged by other pathogens, the
immune system still functions to a degree that it can fend off other threats. Presumably, this is
advantageous for the cestode, as its host stays alive longer and the cestode does not risk
hyperparasitism or competition with other pathogens for resources. Indeed, infected workers have a
long lifespan with more than half surviving three years in the lab and individuals being known to get as
old as seven years. A functional immune system to fight off other pathogens might therefore be
valuable. Meanwhile, we found that the gut microbiome probably plays a minor role in the interaction
between A. brevis and T. nylanderi. We did not find any bacterial groups associated with infection with
the cestode or infected colonies, implying that the cestode likely does not affect the host gut
microbiome or that certain microbiota do not facilitate or deter A. brevis infection. However, we
observed a relative increase in intracellular bacteria, particularly Wolbachia and Entomoplasma, in
infected ants. We hypothesise that this is due to an earlier immune response possibly during cestode
infection that did not affect intracellular bacteria.

Finally in chapter 3 we tested whether cestodes exploit the superorganism of a T. nylanderi colony and
we used a novel method of analysing the parasite-host interactome. For the question on whether
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entire colonies of T. nylanderi and their traits are affected by cestode infection we took infected ants,
uninfected ants and cestodes from colonies with differing rates of infected individuals. We discovered
that the prevalence of infected workers has a profound influence on both parasites and host, whether
directly infected by the parasite or burdened with caring for infected nestmates. As the proportion of
infected workers increased, we found evidence of increasing physiological costs in the hosts and
greater nutrient uptake by the parasite. Uninfected ants also showed a stress response to the higher
prevalence caused by either starvation or overwork. In the interactome analysis, we learnt that the
expression of cestode genes is linked to host genes of specific functions with which they are strongly
co-expressed. In studying the interactions of cestode candidate genes, where we have evidence that
their proteins are secreted into the host, we identified important processes in the ant transcriptome
that are related to phenotypic shifts found in infected ants. These interaction partners may be
candidates for subsequent analyses.

In the following sections, | will discuss the results of each chapter as a whole in order to understand
the results in the context of the objective of this thesis. By gaining insight into the nature of the
interaction between the cestode A. brevis and its intermediate ant host T. nylanderi, we can find
specific phenotypic traits that are manipulated by the parasite or are the result of side effects. In
addition, | will further investigate the dynamics of gene expression in this system and find out under
which conditions we find similarities and differences.

Parasite influence on the host immune system

Some of the results of the various studies appear at first glance to lead to contradictory conclusions.
For example, in Chapter 1 we discussed that a higher parasite load probably leads to a stronger
immune response against A. brevis. This was supported by GO terms related to innate immunity in the
ant as well as genes involved in immune evasion in the cestode. However, in Chapter 2 we found very
strong evidence that A. brevis inhibits at least part of the immune response. However, | believe that
this highlights a potential drawback of the parasite's interference with the immune system. As
mentioned in Chapter 2, the complete inhibition of the host's immune system may seem beneficial to
a parasite at first glance, but it also increases the host's susceptibility to other parasites and thus
creates more competition for the resident parasite (De Roode et al. 2005; Dumont et al. 2007; Mideo,
2009; Vardo et al. 2007). Therefore, two possible scenarios could explain why the immune reaction is
still stronger when the T. nylanderi is infected with multiple individuals of A. brevis. Firstly, this could
be the result of interspecific competition, where different individual parasites can try to get rid of one
another through incomplete activation of the immune system. This would make this type of parasite
behaviour an example of Hamiltonian spite (Hamilton, 1970). If this is a case of spite it would mean
that cestodes residing in T. nylanderi are not related. Or at least not the ones in our dataset
considering Hamiltonian spite can only be achieved with a negative kinship between competing
individuals. Furthermore, this strategy would be risky as immune activation of the host would also
make the initiating cestode more vulnerable. Therefore, a more logical conclusion would be that a
higher parasite load increases the hosts’ immune reaction, which has been shown in multiple
pathogen-host systems (Borges et al. 2012; Good et al. 2005; Jong et al. 2006). The opposite could be
said as well since higher parasite load has been shown to increase virulence (De Roode et al. 2007),
which has mainly been linked to a weaker immune reaction (Cornett & Sorci, 2010), however, we find
no evidence of higher virulence upon high parasite load in the phenotype data in chapter 1. The
combination of these results therefore shows evidence of a trade-off for the cestode when it comes to
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inhibiting the immune system, whereby the cestode cannot inhibit the immune system sufficiently to
let large numbers of cestodes go undetected. If such a threshold is crossed and the presence of
cestodes activates the ants' immune system, they have alternative mechanisms for immune avoidance
through the use of serine proteases (Dzik, 2006; lzvekova et al. 2021; Pleass et al. 2000). These
mechanisms are likely also in place to avoid the immune response in times of immune stress from a
different pathogen, as has been shown in chapter 2 or in times of cestode crowding as exemplified in
chapter 1.

Immune response manipulation and side effects

One specificimmune process that has been shown in several of my studies is the melanisation
pathway, which is part of the encapsulation response, a cellular immune response of insects that is
used against pathogens that are too large to be phagocytosed (Nappi & Vas, 1993; Paskewitz &
Gorman, 1999; Strand & Pech, 1995). It firstly shows up in chapter 2 where it appears among the
differentially expressed genes upon cestode infection, here we found proteolysis to be among the GO
terms in the differentially expressed genes, which is involved in melanisation response (Hoffmann,
1995; Schmidt et al. 2008). It was also among the GO terms in the co-differentially expressed genes
between cestode infection and LPS immune challenge. Considering that all these genes were
expressed in different directions, this is a clear indication that the melanisation response was inhibited
in either cestode-infected ants or LPS immune challenged ants, upon closer inspection of the BLAST,
the genes involved with proteolysis unfortunately were either uncharacterized or their function in
cuticle formation was unknown. A second indication that melanisation is regulated differently in
bacterial and helminthic immune threats is the fact that at least three of the co-differentially
expressed immune genes are involved in the Toll signalling pathway, which is closely linked to the
melanisation response (Kan et al. 2008; Roh et al. 2009). Especially the involvement of protein
Spaetzle, which also shows strong connections to cuticle formation (Kondo et al. 2017). Given that
cestodes have the ability to inhibit their host’s immune response (Hernandez et al. 2013; Izvekova &
Frolova, 2017; Vendelova et al. 2015) and that LPS challenging has been shown to cause an immune
response in multiple insect systems (Charles & Killian, 2015; Walderdorff, Laval-Gilly, Bonnefoy, &
Falla-Angel, 2018), we can conclude that the melanisation pathway is somewhat inhibited in cestode-
infected individuals. This could also explain that cysticercoids in the ant’s haemolymph escape
melanisation. In Chapter 3, we again encountered the melanisation response in the interactome
analysis. Here, the gene encoding the twelfth most abundant protein in the cestodes’ secretome
interacted with ant genes enriched for the melanin biosynthesis process, while another gene in the
same module interacted with the L-phenylalanine catabolism process, both of which are involved in
the melanisation response to foreign threats (Fuchs et al. 2014; Gillespie et al. 1997). However, when
looking at other GO terms in this module, we mainly concluded that these cestode genes most likely
have effects on ant behaviour and morphology, especially on the development of muscles in the host.
We also found L-phenylalanine catabolism linked to the gene encoding the fourth most secreted
protein, which was located in a different module. The interaction partners of the ants were clearly
enriched for immune functions and fat body functionality. Therefore, these cestode genes were likely
candidates for avoidance or manipulation of the host immune system.

The frequent occurrence of the melanisation reaction in our results can be of interest because the
melanisation pathway is also associated with the sclerotization and pigmentation of the insect cuticle
(Andersen, 2011). This obviously reminds us of the fact that infected T. nylanderi display a soft and less
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coloured cuticle (Plateaux, 1972). Therefore, the cuticle of infected ants might be less pigmented due
to the suppression of the melanisation reaction by the cestode, especially during the pupal stage
when the cuticle is formed. This is possible because cestode infections occur during the larval stage of
the ant. There is a possibility that L-phenylalanine is part of this process, as it has been shown to
influence the tanning of the cuticle (Arakane et al. 2009). Another reason to suspect that the
inhibition of cuticle pigmentation is simply a side effect is by reasoning whether the parasite can
potentially gain fitness from an untanned cuticle. The reasoning has always been that the yellow
cuticle makes ants easier to spot for the final host or perhaps even look like brood. However, the
guestion might be whether the final host even needs the ants looking like this to be able to spot them.
According to Otto Fuhrmann, a parasitologist who has been at the cradle of investigation in
Anomotaenia species, among other bird cestodes, far before it was even known that A. brevis infects
ants, had noted that Anomotaenia can be found in both woodpeckers and Eurasian jays (Fuhrmann,
1909). Both jays and woodpeckers are known to forage specifically on ant nests in wood or acorns
rather than insects that walk free (Clayton et al. 1996; Gorman, 2015). In the case of woodpeckers it
has even been reported that their foraging efforts are not detrimental to the colony and they are
capable of remembering where ant colonies are located (Leite et al. 2013). It is also likely that birds
are perfectly capable of spotting T. nylanderi in the wood anyway since most birds are tetrachromatic
and are capable of seeing more colour than the average human (Bennett & Théry, 2020). Therefore,
the light cuticle colouration, as it clearly differs from the brood colour might even serve as a warning
sign for foraging woodpeckers which would lead to the cuticle colouration being a selectively negative
extended phenotype of A. brevis. This would of course also depend on the negative fitness effects A.
brevis would have on woodpeckers, if the cestode would be highly virulent in woodpeckers, it’s more
likely this cestode recognition would be selected for. This is not likely to be the case since cestodes
have shown to not affect bird population dynamics much (Harris et al. 2018). Something more likely
to negatively impact the fitness of A. brevis is that the cuticle underdevelopment might increase the
host’s susceptibility for other pathogens, since the cuticle is an important first barrier for parasites to
overcome (Moret & Moreau, 2012). Overcoming the cuticle is something that A. brevis does not have
to achieve since A. brevis enters the host orally and before cuticle development (Trabalon et al. 2000).
This brings us to the main dilemma facing parasites described in Chapter 2: While suppression of the
immune system may be beneficial to the parasite's ability to survive in the host, it also makes the host
more susceptible to other pathogens that could also compromise the parasite's fitness. While it is
clear that the host is still able to fend off bacterial threats, deactivating a barrier that prevents other
pathogens from entering the host seems downright detrimental unless the encapsulation response is
also inhibited. Therefore, it is not surprising that terms referring to the encapsulation response co-
occur with terms that could lead to some of the other typical phenotypic traits of infected T. nylanderi.
One argument in favour of the fitness advantages of a non-sclerotised cuticle is that when eaten by a
woodpecker it would be easier for A. brevis to leave the body of T. nylanderi in the gut and attach to
woodpecker gut walls. The cestode only has this one chance to parasitise its final host, if it is excreted
before it gets out of its intermediate host, its life ends. However, this would be a unique occurrence of
sclerotization inhibition caused by a cestode. Other cestodes are known to infect woodpeckers,
including several species of Raillietina (Foster et al. 2002; Nawab et al. 2016) which are part of the
same order as A. brevis. Multiple species are also known to infect insects as an intermediate host (D.
G. Baker, 2008), as far as could be determined, however, they do not lead to a change in the
sclerotization of the ant and beetle species they infect. At least the fact that the colouration of the
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cuticle could lead to a decrease or increase in the fitness of A. brevis can be investigated relatively
easily by observing the foraging behaviour of woodpeckers to determine whether they actually skip
infected nests. If this is the case, there is evidence to suggest that A. brevis may inadvertently protect
ant nests from predation, possibly leading to a fitness advantage of infected T. nylanderi colonies in
areas under heavy predation pressure by woodpeckers.

When considering possible negative effects on fitness due to the cuticle of infected T. nylanderi
forming a poorer barrier against pathogens, the idea of social immunity in ants must also be
considered. It could be that this lower immune response is compensated by a higher social immunity.
This would mean that colonies with a higher infected worker prevalence have a stronger immune
response. In Chapter 3, we may have found this in uninfected ants, where they experience a higher
oxidative stress response, possibly due to the active immune system. We did not find specificimmune
responses in infected ants, but this could also be because the social immune response in ants consists
mainly of grooming and removing threats from the cuticles of nestmates (Stock et al. 2023) or by
distributing antipathogenic substances such as resin (Chapuisat et al. 2007). Therefore, the
transcriptomic signal for this specific immune reaction might not be found in the fat body of the ants
but rather in the brain. Indeed, workers from infected colonies exhibit a higher rate of self-grooming
and allogrooming behaviour, whether they are infected themselves or not (Scharf et al. 2012). This is
strengthened by the fact that infected ants receive more social attention than even queens (Beros et
al. 2015). Therefore, a possible follow up experiment to investigate this aspect of infected ants can be
done by investigating how they receive attention from uninfected nestmates in pathogenically hostile
environments.

Finally, we have to discuss other possible side effects, especially after those we found in the
interactome analysis in chapter 3. As mentioned earlier, genes that seem to have an immune function
interacted with cestode genes that also interacted with genes enriched for the development of
muscles. This could be yet another signal of a clear phenotypic characteristic in infected ants, namely
the muscle dystrophia (Feldmeyer et al. 2016). The muscle underdevelopment of infected ants is
probably one of the easiest examples of clearly benefiting parasite fitness. Having dissected over 1000
ants over the course of my PhD, one thing that became clear is how easy it was to pick up an infected
ant. They display extremely sluggish behaviour and seem to have trouble running away from forceps.
This is of course confirmed by statistics in previous research efforts on this system (Trabalon et al.
2000). The fact that it becomes so easy to pick them up surely makes it easier for infected ants to be
preyed on by woodpeckers and therefore one might assume that this extended phenotype can be
regarded not as a side effect but an active manipulation. According to what we found mentioned
earlier however, the immune reaction and muscle development might be somewhat connected here.
In the end this might tell us a lot about parasite evolution and how characteristics that are positive for
parasite fitness might start off as side effects of manipulating other aspects of the host. Sluggish and
muscle development in that regard is barely a rare side effect and both have been observed in other
parasitized hosts. For sluggish behaviour this includes nematodes in humans (Jasti et al. 2007),
Toxoplasma in multiple hosts (Gatkowska et al. 2012; Sugden et al. 2016) and cestodes in fish (Dence,
1958; Orr, 1966). Muscle dystrophia meanwhile has been caused by bacteria, viruses, nematodes,
trematodes and cestodes (El-Beshbishi et al. 2012; Shin et al. 2023). This might create a slight chicken
or the egg story and leads us to ask which possible manipulation mechanism, the immune inhibition
or the muscle dystrophia, came first, if this can even be stated. This shows that the influence that
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parasites can have on their host’s phenotype might be multifaceted and parasites can possibly be very
efficient when it comes to manipulation, since the disruption of a single pathway might kill two birds
with one stone.

Oxidative stress and ageing

Something that can also be possibly explained as a co-occurring phenotypic characteristic of the host
might be the long lifespan of the host (Beros et al. 2021) together with the oxidative stress response.
Previous efforts have already found evidence for this co-occurance, firstly in the shape of infected ants
having a differential oxidative stress regulation than uninfected ants through the expression of
cytochrome c oxidase (Stoldt et al. 2021), whose disfunction causes a reduction of reactive oxygen
species (Srinivasan & Avadhani, 2012). Later evidence also leads us to the fact that cestodes release
antioxidants into the host (Hartke et al. 2023), among which superoxide dismutase (Yang et al. 2007)
and thioredoxin peroxidase (Wang et al. 2019). Meanwhile in our datasets we also find multiple
instances of oxidative stress, firstly in chapter 1 where we found oxidative stress response to be
differentially regulated between lowly infected ant highly infected ants. In chapter 2 this was mainly
the case in LPS immune challenged ants, where we found the COVID-19 KEGG pathway in cestode
infected ants which is involved in the creation of oxidative stress upon viral infections (Amor & Blanco,
2020), but also in GO terms for both LPS immune challenge and cestode infection with glutathione
metabolic process, which instead protects against severe oxidative stress (Maher, 2005). We also
found the latter to be among the GO terms that were regulated in opposite directions in LPS
challenged and cestode infected ants. Finally in chapter 3, both infected and uninfected ants
experience different degrees of oxidative stress as a result of colony parasite prevalence.

Ageing and oxidative stress are highly linked (Finkel & Holbrook, 2000; Lenaz, 1998; Luo et al. 2020).
This has to do with the mitochondrial free radical theory of ageing, which states that ageing is caused
by the accumulation of unrepaired oxidative damage (Gruber et al. 2011; Harman, 2002; Linnane et al.
1989; Miquel et al. 1980). In that case we can state that oxidative stress causes ageing and therefore
that processes that cause oxidative stress might speed up ageing. This is certainly the case for the
immune system which, as mentioned earlier, can create oxidative stress in order to fend of pathogenic
threats. This can be observed with one of the differentially expressed genes we found in chapter 1,
dual oxidase 2, whose upregulation has been shown to cause UVB-induced ageing (Xiao et al. 2021).
The inflammation response has also shown to be able to contribute to ageing where a constant
background inflammation response in older people has shown to contribute to age-related
pathologies (Alberro et al. 2021; Pawelec et al. 2023). Considering infected ants do not seem to have a
strong immune reaction to the cestode as described in chapter 2 due to cestode immune interference,
this can already serve as a factor to slow down ageing in the ant. This can also be said for natural
metabolism as explained by the production of free radicals by mitochondria, but in this regard possibly
directly regulated by the cestode as it secretes antioxidant enzymes into the host. As described in
chapter 3, these antioxidant enzymes were especially co-expressed with host-metabolic pathways and
seem to be a means of mitigating the oxidative stress caused by metabolism. This is strongly
reminiscent to another cestode-host system between rats and the cestode Hymenolepsis diminuta,
where an important part of its proteome is involved with detoxification response and oxidative stress
(Bien et al. 2016). Unfortunately, it hasn’t been researched in this tapeworm species yet with its
intermediate host, the beetle Tenebrio molitor, as the cestode has been known to increase the
lifespan of the beetle (Hurd et al. 2001). Furthermore, cestodes are also known to protect their host
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from oxidative stress caused by external factors such as heavy metals in the environment (Sanchez et
al. 2016). Ironically, the parasite itself might even be one of these external factors when regarding the
uninfected ants in the colony, since we’ve shown in chapter 3 that uninfected nestmates seem to deal
with several stressors depending on how heavily saturated the colony is with infected ants. Finally,
infected ants might also deal with this depending on their parasite load as has been described in
chapter 1, since we discovered an upregulation of dual oxidase 2 with high parasite load, whose
upregulation, as mentioned earlier, can increase UVB induced ageing (Xiao et al. 2021). With all that, it
might seem that the cestode’s primary goal with this is to regulate oxidative stress in the host while
also extending the lifespan, thus, a co-occurring parasite-mediated phenotypic change.

Parasite load exists both on a colony and individual level

When regarding the last section, one cannot help but notice a certain similarity with ants from heavily
infected colonies and heavily infected ants. In fact, one might be able to put the similarities in context
when interpreting infected ants as parasites within their own colony. As mentioned multiple times, the
fitness cost of parasitism seems to mostly be allocated to uninfected nestmates and the colony
productivity, since uninfected nestmates live shorter (Beros et al. 2021) and infected colonies produce
more and smaller males (Scharf et al. 2012). The infected ants however are more likely to be fertile
upon queen removal (Beros et al. 2019), meaning their personal fitness can potentially increase
thanks to parasite infection. Of course this thesis has shown on multiple occasions the profound
impact the parasite still has on the host and ultimately the fitness of infected ants probably won’t be
higher as the fitness of social insects is mostly dependent on the productivity of the colony according
to Hamilton’s rule (Hamilton, 1964). However, in an infected colony it can be said that infected ants
are at least in a far more advantageous position than their uninfected nestmates. With that, it is
possible to pretend that infected ants are to uninfected workers what A. brevis is for infected ants.
When we do this, we find surprising similarities. For example, we find various transport functions to
be differential in both infected ants from colonies with a different parasite prevalence in chapter 3 as
well as cestodes from ants with a different parasite load in chapter 1. Though of course these
transport functions would make much more sense in the cestode as they are endoparasites whereas
we should count the infected ants as ectoparasites in this situation. Then, when regarding the “victim”
of parasitism, or the uninfected ants in heavily infected colonies vs the infected ants with high A.
brevis parasite load, | already mentioned the differential stress response.

Conclusion and future prospects

| believe the relevance of this thesis is two-fold. Firstly, through novel and unexpected methodologies,
we have been able to identify multiple aspects of this complex parasite-host system. By investigating
the parasite load we were able identify differences between parasite stress and parasite manipulation.
Then, by adding another immune stressor, we could identify immune pathways both unique to the
parasite but also identify the fact that our parasite is capable of modulating the host’s phenotype, if
only through a means of manipulating the immune response. Then finally, by introducing a completely
new method of parasite-host gene expression analysis, we could see for the first time which genes are
reactive to the host and which genes are manipulative to the host, as well as identify different
completely unknown genes by their context in a gene expression network. In total this parasite-host
interaction can be regarded as more complicated than we could have imagined four years ago when |
started my project. But through this complexion shine answers that have not been answered yet for
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many, more intensely studied parasite-host interactions. In this system that opens up many new ways
to research this parasite-host interaction. Now that we have candidate cestode genes that are clearly
involved with certain biological processes in the host we can start knocking down these genes to find
out whether our predictions were correct regarding the interactome analysis in chapter 3. When
receiving this double confirmation, it opens the door to many new avenues of parasitology in general,
where figuring out the exact influence parasites have on their host has often been regarded as
extremely difficult to precisely figure out (Reid & Berriman, 2013). Furthermore, | believe the methods
used in chapter 2 can prove to be extremely useful in figuring out specific immune pathways in a
multitude of parasites and for the first time find out whether an immune response GO term in a non-
model species is the result of parasite immune inhibition or a parasite induced immune response.

Finally, | would like to leave the thesis with some recommendations for future research, some of which
are already partially implemented in our lab. For example, all the phenotypic changes caused by A.
brevis to T. nylanderi start the moment the ant is infected, while the ant is still in its larval stage.
Therefore, it is highly important to regard the developmental biology of T. nylanderi when infected
with the parasite. In order to do this, it would be possible to find as many infected colonies as possible
and immediately search for cestodes in larvae and callows, but the most precise solution would always
be to artificially infect T. nylanderi with A. brevis us. During my PhD I've already done a few pilot
experiments with this which were not successful and not big enough to be worthy of mentioning in
this thesis, but different research efforts with other cestode systems have shown that it is possible to
induce adult life stages in-vitro (Smyth, 1946; Wedekind et al. 1998; Weinreich et al. 2014). This might
show that certain conclusions taken in this thesis are in fact wrong, especially regarding the
development of the cuticle, since this part happens fully during ant development and there would be
no need for the parasite to downregulate the cuticle sclerotization. Through artificial infections we can
also start controlling for age in infected ants, which has always served as a difficult to circumvent side
effect of infection. Just through simple statistics we can always assume that our infected ants are older
than our uninfected ants, so the possibility could exist that all the gene expression differences we
encounter are entirely age related and that the cestode might be a far more direct player through
protein-protein interactions rather than gene expression manipulation, as low as this possibility might
be upon a mountain of evidence that cestode infection is capable of altering host gene expression
(Grecias et al. 2020; Morales-Montor & Larralde, 2005; Pierson et al. 2010). Furthermore, now that we
understand some of these pathways that the cestode is capable of interfering with, we also need to
understand how these pathways are being altered. For example, by looking at whether certain cestode
proteins or regulatory RNA is capable of binding to certain host genes in order to silence them or
interfere with their expression somehow. Whether the cestode might use epigenetic mechanisms to
take control of the host. Developing these methods for this system specifically will need years of
dedicated effort, but if there’s something I've learned during my PhD, it’s the resilience, durability and
curiosity of a scientist can be endless, and throughout my PhD I've had the pleasure of meeting many
of these interested in this parasite-host system, hopefully ready to answer these questions, which can
help us understand some of the fundamental processes of life on earth.
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