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grandparents affect the immune system of their grand-offspring. With this astonishing result I 

could show that TGIP in vertebrates can be sustained over two generations. This is 

challenging the conventional view that TGIP is only short-term and fading after maturation. 

As individual investment into immunity is costly in terms of energy resources, induced 

immunity can lead to resource allocation trade-offs with other life history-traits. In 

accordance, I recorded reduced fecundity and delayed maturation time of adult F1-offspring 

and reduced body size of F2-juveniles in case of parental respectively grandparental bacteria 

exposure. These fitness detriments are pointing to a resource allocation trade-off between 

immune priming and fecundity indicating that costs might constrain the overall beneficial 

immune priming effects. 

By including the expression of genes responsible for epigenetic regulation mechanism such 

as DNA methylation and histone acetylation, I provide evidence that long-term protection 

could be based on parental epigenetic marks. A significantly altered expression pattern of 15 

epigenetic genes indicate that these factors might be crucial players in the regulation of 

immune gene expression and its non-genetic inheritance over two generations. Further, 

lectins, peptidoglycan recognition proteins, immunoglobulins, and histone acetyltransferases 

might be tightly connected in mediating the immune priming process over the paternal line. 

The result of my thesis showed that the importance of TGIP as one form of non-genetic 

inheritance might be more wide-ranging and long-lasting than formerly recognized and may 

affect models of host-parasite coevolution. The involvement of epigenetic inheritance 

mechanisms indicate that TGIP mediated over the paternal line is not only restricted to the 

pipefish system with its male pregnancy but certainly could be more widespread in the 

animal kingdom than previously reported. 
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Vibrio Bakterien ein langanhaltender Immunschutz von den Eltern übertragen wurde und 

somit ein optimaler Schutz gegen prävalente Bakterienarten gewährleistet wurde.  

In meinem dritten Kapitel untersuchte ich die Möglichkeit von biparentaler Immunprägung 

über zwei Generationen. Dazu kreuzte ich unbehandelte F1-Nachkommen miteinander und 

injizierte F2-Jungtiere mit den identischen hitzegetötete Bakterien, die bereits ihre Großeltern 

erfahren hatten. Hier fand ich Hinweise darauf, dass beide Großeltern das Immunsystem 

ihrer Enkel beeinflussen. Die Erhaltung von elterlicher Immunprägung über zwei 

Generationen in Wirbeltieren könnte die herkömmliche Ansicht, dass dieses Phänomen nur 

von kurzer Dauer ist, und nach der Reife des Immunsystems verschwindet, in Frage stellen. 

Da eine erhöhte Immunantwort für einen Organismus energetisch kostspielig ist, habe ich  

energetische Kosten bezüglich anderer Fitness relevanter Parameter analysiert. 

Entsprechend stellte ich eine verzögerte Reifezeit und Reproduktion von erwachsenen F1-

Nachkommen fest und konnte zudem eine reduzierte Körpergröße der F2-Jungtiere im Falle 

einer elterlichen bzw. großelterlichen Bakterienbehandlung verzeichnen. Diese 

Fitnessnachteile, die auf eine Energieverteilungsbalance zwischen Immunprägung und 

Reproduktion zurückzuführen sind, zeigten, dass Immunprägung eine kostspielige Strategie 

darstellt. In meiner Arbeit erörtere ich mögliche Kosten und Nutzen. 

Durch die Einbeziehung des Expressionsmusters von Genen, die für epigenetische 

Regulationsmechanismen verantwortlich sind, wie z.B. DNA-Methylierung und Histon-

Acetylierung fand ich Hinweise darauf, dass die Übertragung von langfristigem Schutz über 

mehrere Generationen auf epigenetische Mechanismen zurückzuführen sein könnte. 

Weiterhin ergaben meine Analysen, dass Lektine, Peptidoglycan-Erkennungsproteine, 

Immunglobuline und Histonacetyltransferasen bei der Vermittlung des väterlichen 

Immunprägungsprozesses in S. typhle wichtig sein könnten. 

Die Resultate dieser Arbeit zeigen, dass die Bedeutung von generationsübergreifender 

Immunprägung, als eine Form von nicht-genetischer Vererbung, weitreichender sind und 

lang anhaltendere Folgen haben können, als ursprünglich angenommen wurde. Dies könnte 

sogar Modelle von Wirt-Parasit-Koevolution beeinflussen. Zudem legt die Involvierung von 

epigenetischen Effekten nahe, dass Immunprägung vermittelt über die väterliche Linie nicht 

nur auf die männliche Schwangerschaft der Seenadel beruhen muss, sondern durchaus 

weiter im Tierreich verbreitet sein könnte als bislang bekannt war. 
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Introduction 
 

The concepts of heredity and evolutionary change are presently intensively discussed. It is 

under debate that additional acquired information apart from genes also accounts for 

heredity. Non-DNA based changes have been shown not only to be transmitted between 

daughter cells but also between filial generations, while passing on information about actual 

environmental conditions. This non-genetic inheritance as one form of trans-generational 

plasticity may be more widespread than previously acknowledged. This is leading to claims 

for a more inclusive view of inheritance and adaptation into the neo-Darwinian synthesis that 

only allows for DNA-based changes. In my thesis I use parental effects as response to 

infection as one outstanding example of trans-generational phenotypic plasticity reflecting the 

ecological importance of pathogens, one of the strongest selection pressures in nature. 
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Box 1: Immune memory of mammals 
The first encounter with an antigen initiates a primary 
response with a specific antibody A (plateau curve) after a lag 
phase of 4-5 days. A second exposure to a combination of 
two different pathogens A and B causes a rapid and intense 
response to antigen A. This illustrates immunological 
memory. It is the ability to create a more pronounced and 
more efficient response upon secondary contact with the 
same antigen.  
Specificity: describes the degree to which the immune 
system differentiates between different antigens or pathogen 
types (i.e. recognize and mount a more effective immune 
response against antigen A than to antigen B after a second 

exposure). Cross-reactivity: describes the extent to which different antigens cannot be differentiated by the 
immune system. Cross-reactivity of the adaptive immune system is also known from non-specific effects of 
vaccines. Immunological memory: the ability of the immune system to store and recall immunological 
information on previously encountered pathogen to respond quicker and more vigorously upon a secondary 
contact. Specific immune memory: immune memory that comes with specificity. 
 
Referred from (Kurtz, 2004; 2005; Murphy, 2011; Schmid-Hempel, 2011; Benn et al., 2013) 

 

Nevertheless, specific responses and immune memory has also been found to exist in 

invertebrate species that only possess innate immunity (Little et al., 2003; Kurtz et al., 2004; 

Kurtz, 2005; Sadd et al., 2005; Kurtz & Armitage, 2006; Roth et al., 2009; Sadd & Schmid-

Hempel, 2009; Wang et al., 2009; Roth et al., 2010; Bolte et al., 2013; Musthaq & Kwang, 

2014; Wu et al., 2015). Indeed, Toll-like receptors (TLRs), natural killer cells (NKs), 

complement components and phagocytosis represent alternative mechanisms to provide 

specificity and memory within the innate immune system (Pham et al., 2007; Wang et al., 

2009; Sun et al., 2014; Wu et al., 2015). For instance, Toll-like receptors distinguish among 

classes of pathogens and play an important role in orchestrating the adaptive immune 

responses (Palti, 2011). The huge diversity of TLRs in aquatic species and in teleosts points 

to their potential connection to specific innate immune reactions and additional role in 

adaptive immunity (Palti, 2011; Rauta et al., 2014). Recently, Haase et al. (2014) found 

parasite-strain specific innate immune gene expression in the three-spined stickleback, 

indicating that specific responses to parasite genotypes are mediated by innate immunity. 

Although, so far little is known about the degree of discrimination accomplished by the innate 

immune system, the common division between an unspecific innate and specific adaptive 

immune response should not be seen as black and white, but rather as complex cross-talk 

between both systems (Tort et al., 2003; Flajnik & Du Pasquier, 2004; Sun et al., 2014). 
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corresponding genes was discovered which implements an absence of MHC II-mediated 

adaptive immune response (Star et al., 2011; Haase et al., 2013). These findings suggest 

that alternative adaptive immune strategies with convergent functions have evolved 

dynamically (Buonocore & Gerdol, 2015). However, to date it is not known, which alternative 

strategy has emerged in the Syngnatidae family to compensate this fundamental loss of 

MHC II. 

 

1.3. Immune system of fish (Teleostei)  
 

Fish represent a crucial phylogenetic transition point in the evolution of immune defense as 

they possess a rapid and efficient innate immune system and display characteristics of an 

adaptive antigen-specific immunity resembling that of the mammalian system (Foey & 

Picchietti, 2014). However, the adaptive immune system of fish is comparatively slower and 

simpler due to the fact that they are poikilothermic free-living organisms depending on the 

temperature of their environment and reveal certain physiological differences (Press & 

Evensen, 1999; Workenhe et al., 2010; Foey & Picchietti, 2014). One of the key difference is 

the absence of red bone marrow and lymph nodes, the main tissue in which central immune 

cells, i.e. granulocytes, macrophages, and lymphocytes, are generated (Sunyer, 2013; Foey 

& Picchietti, 2014). Instead, fish possess the thymus, spleen, head kidney and mucosa-

associated lymphatic tissue as major immune organs in which immune cells are generated 

and differentiate (Press & Evensen, 1999; Zapata et al., 2006).  

Teleosts have a well-developed mucosal/barrier defense system at their surfaces as they are 

constantly under attack in a pathogen-rich aquatic environment (Foey & Picchietti, 2014). 

Skin and mucus membranes of the gills and the intestinal tract have epithelial cells as first 

physical barrier and mucosa-associated lymphatic tissue, which are hosting a collection of 

non-specific immune factors to form a protective barrier against invading pathogens (Foey & 

Picchietti, 2014). Gut associated lymphatic tissue (GALT) for instance harbours of 

lymphocytes, macrophages and granulocytes in the epithelium (Salinas, 2015). 

The head kidney is the major immune organ and it is morphologically similar to the red bone 

marrow. It also reveals hemopoietic functions and is responsible for phagocytosis, antigen 

processing, and production of antibodies (Press & Evensen, 1999; Workenhe et al., 2010; 

Foey & Picchietti, 2014). Furthermore, the head kidney produces granulocytes, 

macrophages, dendritic cells, lymphocytes, natural killer cells and is the primary source of T- 

and B-cells (Whyte, 2007; Workenhe et al., 2010).  
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The spleen as second important immune organ is responsible for antigen presentation and 

the initiation of the adaptive immune response (Whyte, 2007; Workenhe et al., 2010). 

Surprisingly, Syngnathidae (pipefish and seahorses) are lacking a spleen and GALT 

(Matsunaga & Rahman, 1998), which might be connected to their unusual adaptive immune 

system i.e. loss of MHC II (Haase et al., 2013).  

The thymus of fish is an aggregation of macrophages that promotes the generation of T-

lymphocytes, which are involved in the stimulation of phagocytosis, allograft rejection and 

antibody production (Rauta et al., 2012).  

As fish are poikilothermic and certain factors of the adaptive immune response are negatively 

affected by the external temperature (Whyte, 2007; Uribe et al., 2011). This results in slower 

proliferation and maturation time of their lymphocytes (Whyte, 2007; Uribe et al., 2011). 

Therefore, they fundamentally rely on innate immunity for survival (Magnadóttir et al., 2005; 

Magnadóttir, 2006), which mediates a plethora of secreted antimicrobial immune compounds 

and immune cells such as macrophages, granulocytes, and natural killer cells (see Table 1 

for further information about innate immunity in fish). 

 

In general, teleost are able to create an antigen-specific adaptive immune response, yet, it is 

rather simple and undifferentiated (Whyte, 2007; Foey & Picchietti, 2014). They possess 

three major types of immunoglobulin (Ig) whereby the isotype IgM is the most ancient class 

and functions as soluble antibody. Although lymphocyte proliferation takes longer and with it 

the establishment of an adequate antibody titer, fish can develop a memory response upon a 

second exposure (vaccination) to the same antigen providing protection against infections 

(Uribe et al., 2011; Foey & Picchietti, 2014). Similar to mammals, their adaptive immune 

responses is characterized by immunoglobulin, T-cell receptors, cytokines, and major 

histocompatibility complex molecules (see Table 1 for further information about adaptive 

immunity in fish and Box 2 of Chapter IV for further information about Immunoglobulin of 

fish).  

 

 

 

 

 

 

 

 

 











Introduction 

 
26 
 

buffer populations against environmental stressors (Sunday et al., 2012; Reusch, 2014). For 

instance, parents in stressful environments can prime their offspring for experienced stressor 

leading to offspring with a higher phenotypic plasticity that perform better in response to 

particular stressor (Herman et al., 2012). As such, parental effects might become adaptive 

when genetic effects (mutations) do not respond fast enough to changing ecological 

selection pressures (i.e. parasites) (Marshall & Uller, 2007).  

Yet, little is known about time frames of non-genetic parental effects and if they are removed 

or accumulate over generations (Herman et al., 2012). So far, it has been reported that 

environmentally (abiotic stressors) induced parental effects persisting beyond the border of 

one generation exists in vertebrates (Pembrey et al., 2005; Youngson & Whitelaw, 2008; 

Pembrey, 2010; Donelson et al., 2012; Shama & Wegner, 2014), invertebrates (Magiafoglou 

& Hoffmann, 2003; Hafer et al., 2011; Lock, 2012; Bitume et al., 2014), and plant species 

(Molinier et al., 2006; Herman et al., 2012). However, controlled experiments and empirical 

data that investigate parental and filial phenotypes under biotic stress (pathogen exposure) 

over time are still rare. To address the evolution and impact of multi-generational parental 

effects on infectious disease resistance and host-parasite coevolution, we need to 

experimentally test how non-genetic effects over more than one generation interact, i.e. if 

both parents and all four grandparents contribute to the display of the offspring phenotype, 

as these effects may be of synergistic impact (see §2.1 and §2.2). 

The vast diversity of parental effects is of crucial importance for a successful upbringing of 

the progeny and their reproductive future. Parental effects are responsible for effective 

predator defense mechanisms (Agrawal et al., 1999), acclimation to abiotic environmental 

changes (Sunday et al., 2012; Munday et al., 2013; Shama & Wegner, 2014), and induced 

disease resistance in offspring (Mitchell & Read, 2005; Goellner & Conrath, 2008). The 

magnitude of disease resistance is thereby indirectly influenced by the nutritional status, 

behavioural cues, as well as immune experience of their parents (Rosengaus et al., 1998; 

Mitchell & Read, 2005; Goellner & Conrath, 2008; Frost et al., 2010). The investigation of 

parental impact on disease resistance continuously kept scientists busy for decades (Ehrlich, 

1892; Brambell, 1969; Brambell, 1970a; Kowalczyk et al., 1985; Schmid-Hempel, 2005a; 

Roth et al., 2009; Roth et al., 2010) leaving a diversity of open questions and phenomena to 

be discovered. 
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2.1. Trans-generational immune priming 
 

Parents (mothers and/or fathers) and offspring share the same or similar environments and 

most likely are exposed to similar parasitic and pathogenic environments. Immune priming 

over generations can, thus, prepare offspring for the parasite environment experienced by 

their parents and can be beneficial when parasite presence is predictable (Agrawal et al., 

1999). The transmission of parental parasite experience that subsequently leads to an 

enhanced offspring immune defense is known as trans-generational immune priming (TGIP) 

(Grindstaff et al., 2003; Moret, 2006; Hasselquist & Nilsson, 2009; Moreau et al., 2012; Roth 

et al., 2012). TGIP is the most important non-genetic effector mechanism to cope with the 

current parasite fauna and allows a much faster response than genetic effectors, indicating 

its adaptive characteristics (Agrawal et al., 1999). 

The well-known concept of passive transfer of maternal immunity (passive immunity) is more 

than 120 years old and was investigated by Paul Ehrlich for the first time in 1892. He studied 

the immunity transfer (antibodies) from mothers to their offspring over the placenta, milk or 

eggs (Brambell, 1958; Brambell, 1969; Brambell, 1970a). He was the first, to find that 

maternal immune priming is enabling the offspring to handle pathogens of the maternal 

environment, an important trade during early life stages when the adaptive immune system 

of newborn is naïve and most susceptible (Grindstaff et al., 2006; Boulinier & Staszewski, 

2008; Hasselquist & Nilsson, 2009). As this phenotypic plastic effect is enhancing the 

immune status of the offspring and is also affecting their growth, fecundity and survival, TGIP 

can ultimately even result in the facilitation of genetic fixation and become adaptive (Marshall 

& Uller, 2007; Uller, 2008; Burgess & Marshall, 2014). It was later discovered that TGIP 

evolved independently in mammals, birds, and fish (Patterson et al., 1962; Hasselquist & 

Nilsson, 2009; Swain & Nayak, 2009; Jiménez de Oya et al., 2011). Bird and fish females 

provide maternal antibodies over the egg yolk, where they enhance early offspring immune 

response. It was shown that the amount of antibodies transferred to chicks corresponds to 

the antibody concentration in the blood during the pre-laying period (Gasparini et al., 2002). 

Surprisingly, also invertebrates, accomplish TGIP, yet, by other mechanisms than antibody-

mediated immunity (Little et al., 2003; Sadd et al., 2005; Watson et al., 2005; Freitak et al., 

2009; Roth et al., 2010; Tidbury et al., 2011; Freitak et al., 2014). Recently, it was discovered 

in honey bees that the nutrition protein vitellogenin acts as a carrier of immune priming 

signals by transporting bacteria fragments into the eggs (Salmela et al., 2015). As in 

conventional sex roles, the physiological connection between father and offspring is rather 

restricted, and sperm cells were considered to be too small to carry globular immune proteins 

(Wassarman et al., 2001), TGIP was determined as a pure maternal trait (Boulinier & 
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Staszewski, 2008; Hasselquist & Nilsson, 2009). Astonishingly, despite the physical barrier 

and the general opinion that offspring parasite environment will be more similar to the 

mothers, immune priming effects have also been discovered to originate from fathers (Roth 

et al., 2010; Zanchi et al., 2011). This is making the study of paternal immune priming and its 

underlying mechanisms a completely new area of investigation (see § 2.2 - 2.4). 

Since TGIP facilitates passive protection for the period when the immune system is 

developing, selection for adaptive TGIP is supposed to be strongest during early life stages 

(Hasselquist & Nilsson, 2009). So far it was considered to last until the maturation of the 

acquired immune system of new-borns is achieved (Rossiter, 1996). When parasite dispersal 

is limited due to environmental barriers and assemblages of parasite genotypes are stable 

over generations, it merges in a high probability to encounter the same parasite genotypes. If 

these conditions are met, long-lasting TGIP is highly beneficial as it allows a faster reaction 

towards the current parasite assemblage in the environment based on the immunological 

experience transferred by the parents (Lui, 2000). Hence, ecological conditions such as 

stable virulence and pathogenic environments may select for persistent or even 

multigenerational TGIP. To date, only rare evidence supports the existence of TGIP effects in 

vertebrates beyond the establishment of adaptive immunity during maturation (Lemke et al., 

1994; Reid et al., 2006), while in invertebrates and plants immune priming effects are 

multigenerational maintained (Luna et al., 2012; Norouzitallab et al., 2014). Long-lasting 

TGIP in vertebrates may challenge the current view about host-parasite coevolution 

dynamics (Mostowy et al., 2012; Tidbury et al., 2012), reproductive processes like mate 

choice and sexual selection, reproductive strategy, and investment into immune defense. 

 

2.2. Biparental immune priming  
 

Fish eggs and juveniles strongly depend on maternally derived nutrition and immune factors 

as they are released in the aquatic environment and develop externally, exposed to an 

environment rich of microbial pathogens during a period when their adaptive immune system 

is not established (Magnadóttir et al., 2005; Swain & Nayak, 2009; Foey & Picchietti, 2014). 

As the formation of lymphoid tissue, B-cells and T-cells takes time to mature, the ability to 

synthesize adaptive immunity via antibodies is delayed (Magnadóttir et al., 2005; Swain & 

Nayak, 2009; Foey & Picchietti, 2014). Depending on the fish species and environmental 

conditions, it can take several weeks post hatch (2-4 weeks) to reach full immune 

competence (Swain et al., 2002; Swain et al., 2006; Zapata et al., 2006). To overcome this 

sensitive time period of high vulnerability, females provide their eggs with immune 
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components of innate and adaptive immune system such as IgM (antibodies), complement 

factors, macroglobulin, lectins and antimicrobial peptides (Magnadóttir et al., 2005; 

Magnadóttir, 2006; Swain et al., 2006; Swain & Nayak, 2009; Zhang et al., 2013) (Table 1). 

However, as free living larvae are extremely susceptible to a range of biotic and abiotic 

factors during critical post larval stages, which are connected with high mortality (May, 1974), 

several fish species have evolved parental care strategies (nesting behavior, mouth 

breeding) (Clutton-Brock, 1991) and viviparity (life birth) in various forms (Guillette Jr, 1987; 

Wourms & Lombardi, 1992; Blackburn, 2014). For instance, mothers of mouth brooding 

Chichlids can transfer antibodies to their fry through mucus from their mouth cavity (Mor & 

Avtalion, 1990; Sin et al., 1994). Likewise, in fish species with paternal care or male sexually 

dimorphic traits (anal glands), also fathers provide their eggs or fry with immune components 

(antibodies/antimicrobial peptides in mucus) facilitating biparental protection of their offspring 

(Giacomello et al., 2006; Buckley et al., 2010; Pizzolon et al., 2010).  

The internal reproduction and provision of developing embryos via different forms of 

placentation in a sterile environment, as it is the case for several viviparous fish species (23 

species), even increases the protection and survival of the fry (Guillette Jr, 1987; Blackburn, 

2014). Syngnathid fishes (seahorses, pipefishes) are the only known examples of sex-role 

reversed fish species with male pregnancy (Stölting & Wilson, 2007). In the family of 

Syngnatidea (pipefish) females equip their eggs with nutrition and immunity before they 

transfer them into the paternal brood-pouch in which they are nursed with additional nutrients 

until they are released as independent free swimming juveniles (Berglund et al., 1986; 

Carcupino et al., 1997; 2002; Ripley & Foran, 2006; 2009; Kvarnemo et al., 2011).  

In the sex-role reversed pipefish selection for biparental immune priming is very likely due to 

the intimate paternal connection and the fact that the offspring are born and exposed to 

paternal parasite pressure. The pipefish Syngnathus typhle serves as a unique model 

system, because it shares an intense paternal physical connection to its progeny (see §3). 

Hence, it is possible to test whether and to which degree fathers are able to additionally 

transfer immunity to their offspring during male pregnancy. A biparental transfer of immune 

protection could synergistically enhance the immune competence of the offspring 

strengthening their abilities to face harmful pathogens. 
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2.3. Costs of immune priming  
 

Mounting an immune response upon infection carries energetic costs and is demanding an 

organism to allocate energy resources between development, maturation, reproduction, and 

growth (Sheldon & Verhulst, 1996; Lochmiller & Deerenberg, 2000; Schmid-Hempel, 2005b; 

Ardia et al., 2011; Ardia et al., 2012; Contreras-Garduño et al., 2014). Immune responses 

thus, come at a cost for other life-history traits as its activation might raise the metabolic rate 

by up to 32% of resting metabolic rate (Martin et al., 2008). This indicates that a steady state 

of induced immunity through TGIP must be a costly strategy, as the parentally transferred 

immune products stimulate the juveniles to mount a costly immune response (Lochmiller & 

Deerenberg, 2000). Parents in turn are facing a resource allocation trade-off, especially 

under extreme environmental conditions (e.g. extreme temperature, starvation, high parasite 

load) by either investing into their own survival, or in a costly transfer of substances into the 

eggs (Grindstaff et al., 2003). 

In addition, when parasite genotypes are not stable and fluctuate frequently over 

generations, trans-generational immune priming comes at an additional cost (von Schantz et 

al., 1999), as the investment into current parasite genotypes might be unused. For instance, 

bumblebees exposed to a mismatching pathogen environment, primed offspring were more 

susceptible to different parasites than the control (Sadd & Schmid-Hempel, 2009). Hence, 

costs of TGIP need to be taken into account as they potentially shape the net benefit of 

immune priming effects within and across generations (Roth et al., 2010; Zanchi et al., 2011; 

Contreras-Garduño et al., 2014). Theoretical studies predicted that, trans-generational 

immune priming, especially when it harbors costs in terms of reduced reproduction, it might 

increase parasite prevalence and destabilize population dynamics on the long-term (Tidbury 

et al., 2012). Thus, experimental and theoretical work is required to understand the complex 

interplay between costs and benefits of TGIP. 
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2.4. Epigenetic inheritance 
 

Emerging studies revealed evidence that extreme environmental conditions such as nutrition, 

temperature, chemicals or radiation but also behavior (parental care, aggressions) can 

induce `epigenetic´ changes in an organism leading to an altered phenotype that might be 

maintained during following generations (Clutton-Brock, 1991; Campos et al., 2014; Jablonka 

& Lamb, 2014; 2015; Ragunathan et al., 2015; Rassoulzadegan & Cuzin, 2015; Szyf, 2015). 

The term `epigenetic´ (`over´-genetics) was firstly used by Waddington (1953) to explain how 

genotypes produce phenotypes by interacting with the environment. To date `epigenetics´ 

refer to all non-genetic heritable changes apart from DNA-based changes (mutations) that 

may lead to altered gene expression and could create phenotypic differences between 

individuals (Berger et al., 2009). 

Two multi-generational flag studies found incredible epidemiological evidence for the 

transmission of epigenetic memory upon dietary stress in humans. Offspring of Dutch 

mothers who experienced a famine during war (1944) while being pregnant were less obese 

than their siblings that were not exposed to the famine (Ravelli et al., 1976). Sixty years later, 

a comparison of blood samples from their offspring (F1-generation) showed that famine 

exposure was associated with hypermethylation of an insulin gene, directing to the possibility 

that DNA methylation might be involved (Heijmans et al., 2008; Veenendaal et al., 2013). 

Further, Pembrey et al. (2005, 2010) examined harvest, birth and death records of an 

isolated town in Northern Sweden and unexpectedly found a correlation between food supply 

during the early life of paternal grand-parents and mortality rate caused by diabetic disease 

in their grand-children (Pembrey et al., 2005; Pembrey, 2010). The following emerging 

studies confirmed that maternal and paternal life experiences induce epigenetic changes, 

which could be inherited over several generations (Hunt & Simmons, 2000; Rassoulzadegan 

et al., 2006; Heijmans et al., 2008; Youngson & Whitelaw, 2008; Curley et al., 2011; Rando, 

2012; Jablonka & Lamb, 2014; Gutierrez-Galve et al., 2015; Jablonka & Lamb, 2015; Szyf, 

2015). Such non-genetic transmission of parental experience might result in stable, new 

traits to responses of new environmental conditions (Szyf, 2015). Non-DNA based 

inheritance as one form of multi-generational plasticity might be more widespread than 

previously thought, leading to claims for a more wide-ranging view of inheritance and 

adaptation apart from the neo-Darwinian synthesis that only allows DNA-based changes 

(Danchin et al., 2011). Hence, the concepts of heredity and evolutionary change are currently 

under discussion (Danchin et al., 2011; Jablonka & Lamb, 2014; Pigliucci & Finkelman, 

2014).  
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DNMT3b conduct de novo methylation, which allows the formation of new methylation marks 

on unmethylated DNA (Okano et al., 1999; Bestor, 2000; Mitchell et al., 2014). As de novo 

methylation via DNMT3a/b causes new chemical modifications of the DNA (Okano et al., 

1999; Mitchell et al., 2014) and play an essential role in maternal and paternal imprinting 

(Kaneda et al., 2004) they are potentially a crucial factor for epigenetic changes based on 

environmental stress. In contrast to mutations, DNA methylation pattern are reversible, highly 

dynamic and can change several times throughout the life of an organism (Monk et al., 1987; 

Bird, 2002; Lee et al., 2015). 

According to exciting recent studies, such methylation marks can not only be passed on to 

daughter cells during DNA replication but are even heritable across generations when 

epigenetic changes are manifested during meiosis in germ cells (Jablonka & Lamb, 2015; 

Szyf, 2015). Still, primordial germ cells and shortly after fertilization DNA methylation marks 

are completely erased before being newly established during embryogenesis and 

development (Reik et al., 2001). Due to that reason it was initially thought that trans-

generational transmission through DNA methylation marks would be impossible (Reik et al., 

2001; Szyf, 2015). However, current evidence claims that certain elements escape DNA 

methylation erasure, while establishing persistent trans-generational inheritable DNA 

methylation marks (Lane et al., 2003). So far, epigenetic inheritance of immune priming upon 

pathogen exposure (biotic stress) within and across generations involving differential DNA 

methylation marks was only found in plants (Dorantes-Acosta et al., 2012). Interestingly, 

Luna et al. (2012) could confirm that Arabidopsis thaliana transmitted acquired immunity 

against Pseudomonas syringae between several plant generations through hypermethylation 

of defense-related genes. Whether the same mechanism could also apply for maternal and 

paternal trans-generational immune priming observed in vertebrates is still unexplained. 
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Figure 3: Brood pouch and embryo stages broad-nosed pipefish Syngnathus typhle with 
increasing male pregnancy (Early - 1 week, Middle - 2/3 weeks, and Late - 4/5 weeks).  

 

S. typhle is established as a comparatively new model organism in the context of 

evolutionary ecology with emphasis on its unique sex-role reversal, evolution of male 

pregnancy, host-parasite interaction and its cryptic adaptive immunity (Roth et al., 2011; 

Birrer et al., 2012; Roth et al., 2012a; Haase et al., 2013). Recent studies have investigated 

adaptation and coevolution of S. typhle with local bacteria (Vibrio) phylotypes (Roth et al., 

2012a) and characterized its immune gene repertoire (Haase et al., 2013). Interestingly, a 

loss of an important immune organ the spleen, MHC II and other essential adaptive immune 

effectors were discovered, which are leading to open questions concerning their alternative 

defense strategies (Haase et al., 2013). Further studies showed a sexual immune 

dimorphism and a reversal of Batemans principle, as males instead of females possess a 

higher immunity (Roth et al., 2011). Males with a higher immune status could use this 

advantage to transfer immunity to the offspring during male pregnancy. In the study of Roth 

et al. (2012) we could show that pipefish males are able to transfer immune protection to 

their progeny upon immune challenge with heat-killed Vibrio bacteria. This unique possibility 

of combined maternal and paternal immune priming facilitated an additive biparental immune 

priming effect, which would likely lead to a higher protection and survival upon pathogen 

infections. In this thesis I explored this fascinating strategy of biparental immune protection in 

S. typhle more in detail. 
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throughout four consecutive life stages (one-week-old, four-month-old and six-month old F1-

juveniles and one-week-old F2-juveniles). In addition, I assessed epigenetic regulation 

genes, which allowed me to address the involvement of epigenetic effects that could facilitate 

biparental immune priming. 

 

Chapter 2 

The second chapter is tightly linked to the first chapter since I performed the statistics on a 

subset of the data generated by the initially explained experiment but focused solely on 

bacteria-specific immune priming effects. By using this approach I could address the 

transmission of maternal and/or paternal bacteria specificity and the impact of bacteria 

specific parental immune priming on offspring immunity. As such, I assessed whether 

immune priming was favourable conducted for specific bacteria types and its lastingness 

throughout maturation. Likewise, I analysed life-history parameters using the focus on 

bacteria specific parental life-history effects and evaluated potential associated trade-offs. 

Here, I also investigated genes connected to epigenetic regulation mechanisms which might 

be crucial players in the regulation of bacteria specific immune gene expression and its non-

genetic inheritance across one generation.  

 

Chapter 3  

In the third chapter I investigated multi-generational biparental immune priming in the sex-

role reversed pipefish S. typhle. Following the first filial generation (F1-juveniles) I continued 

the main experiment and bred individuals until the second generation (F2-juveniles). By 

leaving the F1-generation untreated (naïve) and exposing the F2-juveniles with the identical 

heat-killed bacteria types as their grandparents, I was able to assess grandparental effects 

on immune gene expression and the life-history trait size of grand-offspring. At the same 

time, the expression of epigenetic regulation genes should give rise to the predominant 

question whether epigenetic modulation is involved in grandparental immune priming.  

 

Chapter 4 

The forth chapter focuses on two pilot studies, which I conducted to assess the mechanistic 

aspect of paternal immune priming in S. typhle. In the first pilot study I analysed the 

expression of immune and epigenetic regulation genes in the brood pouch tissue of non-

pregnant versus pregnant males to evaluate key genes mediating protection and paternal 

immune priming. In the second pilot study I examined the presence or absence of soluble 

immunoglobulin (IgM) in the pipefish plasma and its potential paternal transfer to the 

embryos.
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Title picture of Chapter I: Close-up picture of developing embryos in the paternal brood pouch of Syngnathus 
typhle; approximately 2 weeks post hatch (Copyright: Anne Beemelmanns). 
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epigenetic marks in the following generation (Kappeler & Meaney, 2010; Jablonka & Lamb, 

2015). Environmental stressors such as parasites and pathogens manipulate the host´s 

immune system while interfering with histone acetylation/deacetylation processes s 

(Mukherjee et al., 2012; Mukherjee et al., 2015) or DNA-metylation patterns (Marr et al., 

2014). To date, epigenetic inheritance of immune priming upon pathogen exposure across 

generations based on DNA methylation changes was only demonstrated to occur in plants 

(Dorantes-Acosta et al., 2012; Luna et al., 2012), whereas histone modifications might be 

associated with inheritable immune memory upon infection in eukaryotes (Youngblood et al., 

2010; Ragunathan et al., 2015). However, it is still unresolved, which mechanisms are 

responsible for mediating immune priming effects that base on epigenetic changes in 

vertebrates.  

If epigenetic factors are involved or biparental if males overcome the mechanistic barrier of 

limited sperm size, TGIP must not be limited to females. In a beetle biparental TGIP was 

discovered first (Roth et al., 2010; Zanchi et al., 2011). If both parents transfer their pathogen 

experience to the progeny, offspring benefits could be more than additive (Roth et al., 2010) 

resulting in an induced phenotypic plasticity (Jokela, 2010). This could imply an enhanced 

adaptive potential to handle parasitic infections (Marshall & Uller, 2007). However, 

investment in immunity is costly and traded-off against other life-history traits like fecundity 

and/or reproduction (Contreras-Garduño et al., 2014). As specific costs are associated to 

maternal and paternal TGIP, an asymmetric investment of the parents may have evolved 

(Zanchi et al., 2011). 

Biparental investment in offspring immunity also exists in the sex-role reversed pipefish 

Syngnathus typhle (Roth et al., 2012). Here, females deposit their eggs into a protective 

brood-pouch of the males, in which they are fertilized and nursed until being released as 

independent juveniles (Berglund et al., 1986; Kvarnemo et al., 2011). The evolution of sex-

role reversal coupled with an internal brooding structure may mechanistically enable a 

paternal transfer of non-genetic factors. Our previous study (Roth et al., 2012) suggested 

that sex-role reversal may open the door for biparental influences on offspring immunity.  

We here aimed to investigate the connection of TGIP and parental investment by unravelling 

the strength and differences between maternal and paternal impact and their interactive 

biparental investment into offspring immune protection in the sex-role reversed pipefish S. 

typhle. We measured the effects of maternal, paternal and biparental TGIP on offspring 

immunity and life-history by utilizing an extended set of 29 immune genes and 15 genes 

related to epigenetic modification processes as well as immune cell activity and life-history 

traits.   
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We hypothesized (I.) that the combination of maternal and paternal immune priming, i.e. 

biparental immune priming, results in a synergistic effect. By including two different allopatric 

bacteria species for maternal and paternal exposure (Vibrio spp. and Tenacibaculum 

maritinum) in a fully reciprocal design, we explored whether bacteria specific biparental 

immune priming may harbour additive immune priming effects. 

We further hypothesized (II.) that parental immune priming in S. typhle is asymmetric and 

directly connected to the reversed mating system with a stronger long-lasting paternal 

immune priming effect. To assess the maintenance of parental immune priming we 

compared one-week old and four-month-old juveniles. We expected (III.) that the parental 

immune priming effect ceased upon maturation, with maternal effects ceasing earlier than 

paternal effects. 

We assessed genes associated to epigenetic regulation processes like DNA methylation and 

histone acetylation/methylation to explore the connection between epigenetic modification 

and regulation of immune gene expression and its non-genetic transfer over generations. We 

predicted (IV.) that changes in epigenetic traces in the offspring generation show parental 

sex-based differences.  

Finally, we addressed costs and benefits of TGIP by monitoring key life-history traits (size, 

mass, condition factor, hepatosomatic index) of the juveniles and evaluated the time to reach 

sexual maturity. We hypothesized (V.) that strength of maternal, paternal and biparental 

immune priming predicts the severity of a resource allocation trade-off and expected paternal 

and biparental immune priming to be associated with greater energetic costs. 
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Four-month-old F1-juveniles - Immune gene expression  

In four-month-old juveniles the identical 29 immune genes were significantly influenced by 

the parental bacteria treatments (PERMANOVA-immune: F6,98=3.21, p<0.001, Table S1, 

Figure 2A). In the multivariate PCA analysis a difference between the two parental bacteria 

treatments (Vibrio and Tenacibaculum) independent of the parental sex effect clustered in 

opposed directions along the first principle component (27.8 % of total variation) (ANOSIM-

immune: MatV+ vs MatT+ p=0.001; PatV+ vs PatT+ p<0.028, Table S3, Figure 2A). Both 

paternal treatments were not significantly different from their respective biparental treatments 

(ANOSIM-immune: PatT+ vs Bi-MatV+PatT+ p>0.05 and PatV+ vs Bi-MatT+PatV+ p>0.05, 

Table S3, Figure 2A) indicating a long-lasting paternal immune priming effect. 

 

Four-month-old F1-juveniles - Immune cell counts 

The parental immune challenge of four-month-old F1-offspring significantly affected the 

number of lymphocytes and monocytes in the head kidney (PERMANOVA-cells.hk: 

F6,97=7.29, p<0.001, Table S1) and blood (PERMANOVA-cells blood: F6,97=4.66, p<0.001, 

Table S1). The lymphocyte/monocyte-ratio of F1-offspring in the head kidney was strongly 

elevated by the maternal as well as paternal Vibrio treatment (ANOVA-LM-ratio.hk: F6,73=6.4, 

p<0.001, TukeyHSD: C<MatV+, C<PatV+, Table S5, Figure 4). In turn, solely the paternal 

Tenacibaculum treatment was inducing the L/M-ratio in F1-offspring (TukeyHSD: C=MatT+, 

C<PatT+, Table S5, Figure 4). When parents received maternal-Vibrio and paternal-

Tenacibaculum treatment in a biparental combination the LM-ratio was significantly raised in 

contrast to the control group (TukeyHSD: C<Bi-(MatV+PatT+), Table S5, Figure 4) but 

showed a similar pattern as the maternal or paternal combinations. In contrast to that, the 

L/M-ratio in the blood of F1-offspring was solely positively influenced upon the paternal Vibrio 

treatment (ANOVA-LM-ratio blood/F0-parents: F6,73=5.15, p<0.001, TukeyHSD: C<PatV+, 

Table S5, Figure 4) and further revealed a Vibrio-specific offspring treatment effect (ANOVA-

LM-ratio blood/F1-offspring: F2,73=7.89, p<0.001, TukeyHSD: F1-N < F1-V+, Table S5) 
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Figure 1: Immune gene expression of one-week-old F1-juveniles (N=420). Panel 1A: PCA plot 
based on 29 immune genes visualizing expression profiles of seven F0-parental treatment groups 
(parental control (Control), paternal Vibrio (PatV+) and Tenacibaculum (PatT+), maternal Vibrio 
(MatV+) and Tenacibaculum (MatT+), and respective biparental (Bi-(MatV+PatT+)/Bi-(MatT+PatV+)) 
treatment groups. Panel 1B: BCA-plot based on 29 immune genes displaying combined four F0-
parental treatment groups (parental control (Cont), paternal (Pat), maternal (Mat), and biparental (Bi)) 
x F1-offspring treatment (Vibrio (F1-V+), Tenacibaculum (F1-T+), and Naïve (F1-N)) interaction. 
Colours represent different parental bacteria species challenges with Vibrio in red, Tenacibaculum in 
blue and the joint biparental groups in purple. On the right side for each PCA and BCA plot a 
corresponding scatterplot is illustrarted and represents the contribution of each variable (immune 
genes) to the total variability. The Eigenvalues are represented by a bar chart in the upper left corner, 
with the two bars corresponding to the two axes used to draw the PCA or BCA plot (1A: PC1: 24.7%, 
PC2: 18.9%; 1B: PC1: 52.8%, PC2: 20.1%) 
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Figure 2: Gene expression four-month old juveniles (N=126). Panel 2A: PCA plot based on 29 
immune genes visualizing expression profiles of seven F0-parental treatment groups (parental control 
(Control), paternal Vibrio (PatV+) and Tenacibaculum (PatT+), maternal Vibrio (MatV+) and 
Tenacibaculum (MatT+), and respective biparental (Bi-(MatV+PatT+)/Bi-(MatT+PatV+)) treatment 
groups. Panel 2B: BCA-plot based on 29 immune genes displaying combined four F0-parental 
treatment groups (parental control (Cont), paternal (Pat), maternal (Mat), and biparental (Bi)) x F1-
offspring treatment (Vibrio (F1-V+), Tenacibaculum (F1-T+), and Naïve (F1-N)) interaction. Colours 
represent different parental bacteria species challenges with Vibrio in red, Tenacibaculum in blue and 
the joint biparental groups in purple. On the right side for each PCA and BCA plot a corresponding 
scatterplot is illustrarted and represents the contribution of each variable (immune genes) to the total 
variability. The Eigenvalues are represented by a bar chart in the upper left corner, with the two bars 
corresponding to the two axes used to draw the PCA or BCA plot (2A: PC1: 27.8%, PC2: 14.7%; 2B: 
PC1: 41.6%, PC2: 17.3%). 
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Figure 3: Gene expression of 15 epigenetic genes for one-week old (3A) and four-month old 
juveniles (3B). PCA plots are based on 15 genes associated to epigenetic regulation processes (DNA 
methylation and histone modifications) displaying expression profiles of combined four F0-parental 
treatment groups (parental control (black), paternal (red), maternal (blue), and biparental (purple) On 
the right side for each PCA and BCA plot a corresponding scatterplot is illustrarted and represents the 
contribution of each variable (epigentic genes) to the total variability. The contribution of each gene is 
thereby symbolized by the length of an arrow which is directional proportional with the contribution of 
each variable. The scale of the graph is given by a grid size in the upper right corner The Eigenvalues 
are represented by a bar chart in the upper left corner, with the two bars corresponding to the two 
axes used to draw the PCA or BCA plot (3A: PC1: 44.2%, PC2: 28.3%; 3B: PC1: 45.8%, PC2: 
22.7%). 
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Figure 4: Parental treatment effects based on immune cell count measurements of four-month-
old juveniles (N=126) Panel 4A: lymphocyte/monocyte ratio of head kidney, Panel 4B: 
lymphocyte/monocyte ratio of blood. Barplots are grouped according to F0-parental treatments 
(parental control (Control), maternal Vibrio (MatV+) and Tenacibaculum (MatT+), paternal Vibrio 
(PatV+) and Tenacibaculum (PatT+), and biparental (Bi-(MatV+PatT+)/Bi-(MatT+PatV+)). Respective 
error bars represent the standard error of the mean (+/-sem). 
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II.) Interaction of maternal, paternal and biparental immune priming effects and 
bacteria specificity  

 

One-week-old F1-juveniles - Immune gene expression  

Based on the 29 immune genes a significant interaction between the F0-parental and F1-

offspring treatment in the one-week-old juveniles was detected (PERMANOVA-immune 

F12,377=1.75, p<0.001, Table S1, Figure 1B). The applied pairwise comparison of interaction 

terms showed that the biparental immune priming effect was significantly influenced upon the 

paternal Tenacibaculum immune challenge. Tenacibaculum exposed F1-offspring of the 

biparental treatment (Bi-MatV+PatT+) were not significantly different from Tenacibaulum 

challenged offspring of the single paternal Tenacibaculum treatment (ANOSIM-immune: Bi-

(MatV+PatT+)/F1-T+ vs PatT+/F1-T+ p>0.05, Table S2). With paternal Vibrio treatment the 

two groups revealed a significantly different immune gene expression pattern (ANOSIM-

immune: Bi-(MatT+PatV+) /F1-V+ vs PatV+/F1-V+ p=0.004, Table S2). On the contrary, both 

maternal treatment interaction terms were significantly different from both biparental 

treatment interactions (ANOSIM-immune: Bi-(MatV+PatT+)/F1-V+ vs MatV+/F1-V+ p=0023; 

Bi-(MatT+PatV+)/F1-T+ vs MatT+/F1-T+ p=0.001, Table S2).  

 

To simplify the visualization of the complex interaction terms, the two respective parental and 

offspring bacteria treatment groups (Vibrio and Tenacibaculum) were combined into one 

single bacteria treatment group (bac) to focus on parental effects only. As demonstrated in 

the between-class analysis (BCA), a robust F1-offspring treatment effect is explained by the 

first principle component (52.8 % of total variation) displaying a clustering of the parental 

bacteria treatments apart from the parental control (PERMANOVA-immune: F2,377=18.36, 

p<0.001, Table S1, Figure 1B). Moreover, F1-offspring of the biparental bacteria treatment, 

which were challenged with bacteria (F0-biparental/F1-bac) assembled together with the F1-

offspring of the corresponding paternal bacteria treatment (F0-paternal/F1-bac), whereas F1-

offspring of the maternal treatment exposed to bacteria (F0-maternal/F1-bac) were similar to 

F1-offspring of the control (F0-cont/F1-bac) (Figure 1B).  

 

Four-month-old F1-juveniles - Gene expression & Immune cell counts 

In four-month-old offspring there was no interaction between F1-parental treatment and F0-

offspring treatment on the 29 immune genes (PERMANOVA-immune F12,97=0.83, p>0.05, 

Table S1, Figure 2B). The lymphocyte/monocyte ratio in the head kidney of four-month-old 

juveniles revealed a significant F1-parental treatment and F0-offspring treatment interaction 
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(PERMANOVA-cells.hk: F12,97=2.75, p<0.005, Table S1). The LM-ratio in the head kidney of 

F1-offspring with paternal Vibrio challenge was more pronounced upon homologous Vibrio 

exposure compared to the heterologous Tenacibaculum treatment, indicating a paternal 

Vibrio specificity effect on the cellular level (ANOVA-LM-ratio.hk: F12,73=2.9, p<0.002, 

TukeyHSD: F0-PatV+ x F1-T+ < F0-PatV+ x F1-T+, Table S5,  Figure S2). 

 

III.) Maternal, paternal and biparental immune priming effects connected to 
epigenetic regulation mechanisms 

 

One-week-old F1-juveniles - gene expression of epigenetic regulation genes   

In one-week-old F1-offspring 15 genes responsible for epigenetic regulation mechanisms like 

DNA methylation and histone-modifications displayed a significant parental treatment effect 

(PERMANOVA-epigen: F6,377=6.6, p=0.001, Table S1, Figure 3A). To reduce complexity and 

focus on parental treatment effects, we applied an ANOSIM for pairwise comparisons 

between combined maternal, paternal and biparental effects independent of the two parental 

bacteria treatments (Table S4). The ANOSIM indicated that the effect was not driven by the 

parental treatment, since there was no differential expression compared to the control group 

(ANOSIM-epigen: Pat vs C p>0.05; Mat vs C p>0.05, Bi vs C p>0.05, Figure 3A, Table S4). It 

was rather due to differences within the maternal, paternal and biparental treatments 

(ANOSIM-epigen: Pat vs Mat p=0.019; Bi vs Mat p=0.002, Bi vs Pat p=0.004, Figure 3A, 

Table S4).  

 

Four-month-old F1-juveniles - gene expression of epigenetic regulation genes   

Opposed to the effects we found for one-week old juveniles, epigenetic regulation genes of 

four-month-old juveniles were affected by the parental bacteria challenges in comparison to 

the control group (PERMANOVA-epigen F6,93=6.6, p=0.001, Table S1; ANOSIM-epigen Pat 

vs Cont p=0.001; Mat vs Cont p=0.006, Bi vs Cont p=0.001, Figure 3B,Table S4) 

demonstrated by an opposed clustering on the first principle component of the PCA (45.8 % 

of total variation). No differences between maternal, paternal and biparental treatment could 

be identified (Figure 3B, Table S4).  
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IV.) Costs of immune priming - Life-history traits 

 
One-week-old F1-juveniles - Life-history (size) 

One-week-old F1-offspring with parental bacteria treatments had a larger body size than the 

control group (ANOVA-size.one-week: F2,378=30.04, p<0.001, C<MatV+, C<MatT+, C<PatV+, 

C<PatT+, Table S5, Figure S3A). F1-offspring from mothers challenged with bacteria even 

revealed an elevated body-size than offspring with paternal treatment (TukeyHSD: 

PatV+<MatV+, PatT+<MatT+, Table 7, Figure S3A). In addition, F1-offspring of mothers with 

Vibrio exposure were bigger in size than offspring of mothers with Tenacibaculum treatment 

(TukeyHSD: MatT+<MatV+, Table S5, Figure S3A). 

 

Four-month-old F1-juveniles - Life-history 

In a multivariate approach body size, mass, condition factor (CF) and hepatosomatic index of 

four-month-old juvenile pipefish were significantly influenced by the parental immune 

challenge (PERMANOVA-life-size/mass/CF/HSI: F6,98=2.56, p<0.004**, Table S1). However, 

body length and mass of four-month-old juveniles were only elevated if exposed to a 

maternal Vibrio immune challenge. Offspring with maternal Vibrio exposure were 1.35 +/- 

0.32 [cm] larger and 0.27 +/-0.071 [g] heavier as the control group (ANOVA-size: F6,98= 2.86, 

p=0.013, TukeyHSD: C<MatV+, Table S5, Figure S3B; ANOVA-mass: F6,98= 4.43, p=0.001, 

TukeyHSD: C<MatV+, PatT+<MatV+,C<Bi-(MatV+PatT+), Table S5, Figure S3C). Further, 

the paternal Tenacibaculum treatment positively influenced the hepatosomatic index of F1-

offspring, which had a larger liver (1.24 +/- 0.24 [mg]) than offspring of the parental control 

treatment (ANOVA-HSI: F6,74= 2.39, p=0.034, TukeyHSD: C<T+, Table S5, Table S1, Figure 

S3D). 

 

Six-month old F1-offspring - Life-history  

Upon a parental immune challenge, juvenile males developed a brood pouch for sexual 

reproduction one month (average 38.6 +/- 2 days) later than offspring of unexposed parents 

(ANOVA-maturity.males: F3,168= 158.8, p<0.001, TukeyHSD: C<Mat, C<Pat, C<Bi, Table S5, 

Figure S4). If both parents received the bacterial, males reached sexual maturity even later 

(6 +/- 1 days) (TukeyHSD: Mat<Bi, Pat<Bi, Table S5, Figure S4). 
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Discussion  
 

I.) Does combined maternal and paternal immune priming cause a more than 
additive effect? 

 

We explored the synergistic effects of maternal and paternal immune priming applying two 

different bacteria species (Vibrio spp. and Tenacibaculum maritinum). Despite our 

expectations, the biparental effects rather compensated each other and did not pile up to an 

additive impact. Opposed to this, biparental immune priming with the same bacteria 

phylotypes for both parents induced synergistic beneficial effects (Roth et al., 2012). This 

discrepancy may arise due to strong bacteria specific immune priming effects (Beemelmanns 

& Roth 2016b in submission). The impact of biparental treatment in one-week-old juveniles 

was driven by Tenacibaculum bacteria, as offspring receiving biparental treatment 

combinations revealed a similar immune gene expression profile as their respective single 

maternal and single paternal Tenacibaculum treatments. On the contrary, that offspring 

treatment group with single parental Vibrio treatments clustered far apart from the control 

group and in opposite direction of the parental Tenacibaculum groups points to an 

antagonistic Vibrio-mediated parental effect. Our results thus suggest that the bacteria type 

determines the strength and degree of biparental immune priming. 

This bacteria-specific effect was also found in four-month-old juveniles as indicated by similar 

immune gene expression profiles. Older juveniles of biparental treatment groups were solely 

influenced by the paternal bacteria treatment, now independent of the applied bacteria 

species. Hence, fathers who received a Vibrio or Tenacibaculum bacteria challenge showed 

a similar immune gene expression profile as their corresponding biparental treatment 

combinations, while the maternal groups were significantly different from the respective 

biparental groups. Thus, also in four-month old juveniles no synergistic parental immune 

priming effect was detected, but a dominating paternal immune priming effect. In line with 

this, the immune cell activity in the head kidney and blood of four-month-old juveniles was 

upregulated upon the paternal treatment compared to the control.  
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II.) Do we find asymmetric parental immune priming?  

 

Consistent with our hypothesis (II.) we identified differences between maternal and paternal 

immune priming. Our data indicate asymmetric parental investment into offspring immunity 

with a stronger paternal than maternal contribution. One-week-old F1-offspring of fathers 

exposed to Tenacibaculum revealed an undifferentiable immune gene expression profile 

from F1-offspring of parents exposed to biparental treatment including also the paternal 

Tenacibaculum challenge (Bi-(MatV+PatT+) identical to PatT+). In this combination, we 

further identified a significant interaction term indicating a paternal Tenacibaculum specificity 

effect. This suggests that fathers mediated the biparental immune priming effect. Four-

month-old juveniles even revealed stronger paternal immune priming effects independent of 

the applied bacteria species. When focussing only on the maternal, paternal and biparental 

interaction term, we found a stable and stronger paternal impact on immune gene expression 

than the maternal treatment pattern for one-week old and four-month-old juveniles.  

F1-offspring of fathers exposed to Vibrio or Tenacibaculum bacteria induced their immune 

cell proliferation earlier in the head kidney, the major immune organ of teleosts, in 

comparison to the control group. In addition, a homologous paternal Vibrio exposure 

increased the cellular immune defense compared to the heterologous combination, which 

indicates a strong paternal Vibrio specificity effect. That the lymphocyte/monocyte-ratio in the 

blood of F1-offspring was increased only upon the paternal Vibrio treatment, suggests that 

the paternal Vibrio treatment caused a fast induction of cellular immunity in the next 

generation. In case of maternal treatment, only an exposure to Vibrio induced cell 

proliferation in the head-kidney of F1-offspring, which highlights that mothers only provided 

cellular protection against potentially familiar Vibrio bacteria. The parental generation was 

wild-caught in the Kiel Fjord where pipefish are in constant contact to various Vibrio 

phylotypes (Roth et al., 2012a). During this study, we used a Vibrio phylotype isolated from 

an Italian pipefish (Roth et al., 2012a), which we supposed to be allopatric and most likely 

novel to the immune system of Baltic pipefish. However, potentially the epitope structure of 

Italian and Baltic Vibrio phylotypes of their natural habitat was not differentiable for S. typhle 

either due to high similarities or due to immunological cross-reactivity. On the contrary, the 

Tenacibaculum bacteria were isolates from a different fish species in the Pacific (Suzuki et 

al., 2001). Most likely, the short maternal contact to Tenacibaculum bacteria was not 

sufficient to provide immunological long-term protection on the cellular level via the egg. The 

close connection to the fathers during male pregnancy was long enough to boost the cellular 

immune defense against both experienced bacteria. 
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IV.) Are changes in epigenetic regulation genes attributed to parental sex-based 
differences? 

 
In one-week-old F1-juveniles genes involved in epigenetic regulation processes like DNA 

methylation and histone acetylation/methylation revealed no differential expression upon the 

parental treatment. Yet, we found paternal effects on histone acetylation/deacetylation 

genes. Through an altered transcriptional regulation, paternal immune priming may influence 

offspring immune gene expression, potentially facilitated over inheritable immune memory 

carried across generations by histones (Ragunathan et al., 2015). 

In four-month-old juveniles, the same genes were affected by maternal, paternal and 

biparental bacteria challenge. During development and maturation DNA methylation pattern 

and epigenetic marks are under constant change (Monk et al., 1987; Razin & Shemer, 1995) 

and highly flexible in fish embryos (Lee et al., 2015). A consistent pattern of epigenetic traces 

can thus likely only establish after maturation when programming of parental DNA 

methylome is complete (Ci & Liu, 2015). Our recent data even suggest that long-lasting 

parental immune priming effects can be maintained via epigenetic marks and are preserved 

until the second generation (Beemelmanns & Roth 2016c in review). Opposed to the opinion 

that TGIP ceases after the maturation of the adaptive immune system, long-lasting TGIP in 

four-month-old juveniles and even in the second generation (Beemelmanns & Roth 2016c in 

review) are mediated through inherited maternal and paternal epigenetic marks. 

 

V.) Are there allocation trade-offs and costs associated to maternal, paternal 
and biparental immune priming? 

 

The maintenance of induced immunity is energetically costly and therefore, enhanced levels 

of immune defense in primed offspring imply trade-offs with other fitness-related traits 

(Lochmiller & Deerenberg, 2000; Schmid-Hempel, 2011; Zanchi et al., 2011). In line with this, 

TGIP exhibited costs in terms of prolonged time of reproduction. F1-males of the biparental 

treatment needed significantly longer to produce a brood-pouch tissue and, hence, reach 

sexual maturity than individuals of uni-maternal or uni-paternal treatments. This implies high 

costs of biparental immune priming. As long-lasting paternal immune priming bears equal 

costs as maternal immune priming in terms of delayed maturity, it suggests that the paternal 

mechanism of immune transfer is more effective and less costly. However, maternally primed 

offspring revealed additional benefits through an improved body condition, as reflected by 

larger offspring size, indicating that exposed mothers invest more into current clutch due to 

the risk to not survive the next reproductive event (Landis et al., 2015).  
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Title picture of Chapter II: Close-up picture of two developing juveniles post yolk sac stage in the paternal brood 
pouch of Syngnathus typhle; approximately 5 weeks post hatch (Copyright: Anne Beemelmanns). 
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Abstract 

The transfer of acquired and specific immunity against previously encountered bacteria from 

mothers to offspring (bacteria specific immune priming) yields in an induced offspring 

resistance. While commonly this transfer of immunity is limited to females, in the sex-role 

reversed pipefish Syngnathus typhle males nurse the embryos over a placenta-like structure, 

which opens the door for additional paternal immune priming. This phenomenon provides an 

exclusive opportunity to examine parental investment beyond the provisioning of the DNA.  

In our study, we experimentally investigated the potential of bacteria specific biparental 

immune priming in the pipefish S. typhle. Using a fully reciprocal design with two different 

bacteria species (Vibrio spp. and Tenacibaculum maritimum) we could not only disentangle 

the severity of maternal and paternal immune priming, but also address the impact of 

bacteria specific parental immune priming and its prevalence during maturation. 

Our results suggest that parental immune priming effects were bacteria specific. Whereas in 

one-week old juveniles both parental bacteria challenges induced a differently altered gene 

expression profile, in four-month-old offspring protection was only maintained against familiar 

Vibrio spp. bacteria. Additionally, a significantly altered expression pattern of 15 epigenetic 

genes connected to DNA methylation and histone-modifications indicates that these genes 

might be crucial players in the regulation of immune gene expression and its non-genetic 

inheritance. Individual investment into immunity is energetically costly leading to resource 

allocation trade-offs. Here, reduced fecundity and delayed maturation time of adult F1-

offspring in case of parental bacteria exposure is pointing to a trade-off associated with 

parental immune priming and fecundity.  

 

Key words: Specificity, Host-parasite interaction, Epigenetic inheritance, Biparental 

immune priming 
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Introduction 

Parasites and pathogens are ubiquitous and impose strong selection on their hosts (Hamilton 

et al., 2008), which resulted in the evolution of highly specific immune defense mechanisms 

in hosts (Schmid-Hempel & Ebert, 2003; Boots & Bowers, 2004). These are initiated by 

discriminating non-self, potentially dangerous invaders by the recognition of broadly 

conserved pathogen-associated molecular patterns (PAMPs) (Medzhitov & Janeway, 1997; 

Kurtz, 2004), followed by an activation of an immediate innate immune response. As the 

pathogen recognition repertoire of the innate immune system is limited, it exhibits only weak 

specificity (Medzhitov & Janeway, 1997; Kurtz, 2005). Immune specificity is the ability to 

differentiate between two distinct pathogens without cross-reactivity, leading to a difference 

in strength of the immune reaction towards particular pathogens (Frank, 2002; Kurtz, 2005). 

An essential improvement that has evolved with jawed vertebrates (Gnathostomes) is the 

adaptive immune system, which allows, based on somatic diversification of immunoglobulin 

receptors, the recognition of foreign peptides (epitopes) and further, the storage of long-term 

immune memory (Cooper & Alder, 2006; Flajnik & Kasahara, 2010). Immune `memory´ 

facilitates the recognition of previously encountered pathogens inducing a faster and more 

powerful immune response upon a secondary exposure with homologous pathogens (Kurtz, 

2005). This beneficial ability of jawed vertebrates is reached by antigen-specific antibody-

producing B- and T- cells, which are characterized by a high degree of specificity and long-

lasting immunological memory (Burnet, 1976; Kurtz, 2004; 2005; Janeway et al., 2008).  

Mothers can prime the immune system of their offspring by transmitting their specific immune 

memory trans-generationally, enabling their offspring to cope better with pathogens of the 

maternal environment (Grindstaff et al., 2006). More importantly, as in all vertebrates the 

development of lymphoid organs starts after birth and juveniles possess only immature 

adaptive immunity, maternal immune priming was found to be an essential defense strategy 

(Grindstaff et al., 2006; Boulinier & Staszewski, 2008; Hasselquist & Nilsson, 2009; Zhang et 

al., 2013). During that time period of high vulnerability young juveniles mainly rely on 

maternally induced immune compounds until they have developed own immune-competence 

(Swain et al., 2002; Grindstaff et al., 2006; Swain et al., 2006; Zapata et al., 2006; 

Hasselquist & Nilsson, 2009; Zhang et al., 2013). In mammals, maternal exposure with 

particular pathogens induces antibody production in the mother, which can transfer their 

acquired immunity to the offspring over the placenta or milk, providing pathogen-specific 

protection (Patterson et al., 1962; Brambell, 1970a; Reuman et al., 1983). This phenomenon 

is known as trans-generational immune priming (TGIP) and not only found in vertebrates with 

antibody based adaptive immune system (Grindstaff et al., 2003; Grindstaff et al., 2006; 

Swain et al., 2006; Hasselquist & Nilsson, 2009; Jiménez de Oya et al., 2011; Ramos et al., 
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about the future pathogen exposure would allow a plastic adaptation to the prevailing 

pathogen environment (Moret, 2006). Although, over their life time, hosts face a range of 

different pathogens and parasites in their natural habitat, encountering the same pathogens 

repeatedly within and across generations remains likely due to the pathogens´ short 

generation time and their clumped distribution (Dybdahl & Lively, 1998; Lively & Dybdahl, 

2000). Consequently, the probability of future exposure to similar pathogens is influencing 

the type, specificity and length of immunological defense (Tidbury et al., 2011). An induced 

immunity carries energetic costs, implying a trade-off between immune response and other 

life-history traits like development, maturation, reproduction, and growth through resource 

allocation trade-off or physiological constraints (Lochmiller & Deerenberg, 2000; Schmid-

Hempel, 2005b; Ardia et al., 2011; Ardia et al., 2012; Contreras-Garduño et al., 2014). 

Hence, if immune priming is costly, a trade-off with other costly life-history traits may shape 

the outcome of immune priming across generations (Contreras-Garduño et al., 2014). 

Previous research mainly focused on the benefits of immune priming, but the analysis of 

complex interactions between costs and benefits is required to understand the strategy and 

the evolutionary origin of immune priming. 

The immune system of bony fishes (teleosts) characterizes a transition point between 

species relying only on innate immunity and species using adaptive immunity (Flajnik & 

Kasahara, 2010; Workenhe et al., 2010). Due to their limited repertoire of antibodies and 

slow maturation of their lymphocytes teleosts fundamentally rely on their innate immune 

defense (Uribe et al., 2011). To date, it is still puzzling to which degree fishes are able to 

create a specific immune memory and whether immune specificity can be transferred across 

generation. So far, studies have shown that freshly hatched free-living juveniles rely on 

maternally derived immune components supplied during oogenesis (Johnson et al., 1982; Bly 

et al., 1986; Sin et al., 1994; Swain et al., 2006; Swain & Nayak, 2009). Although, certain 

studies have identified maternal derived antibodies in the egg yolk of fish embryos (Bly et al., 

1986; Hanif et al., 2004; Swain et al., 2006; Swain & Nayak, 2009), limited knowledge exists 

on their ability to trigger a bacteria specific immune response in the fry. 

 

Syngnathidae (seahorses and pipefish) do neither possess a spleen nor a gut-associated 

lymphatic tissue, in which cells of the adaptive immune system assemble and proliferate 

(Matsunaga & Rahman, 1998). The recent discovery of an absence of one of the most 

important parts of the adaptive immune system, the MHCII pathway, in the pipefish 

Syngnathus typhle, is representing a potential secondary reduction of the adaptive immune 

system (Haase et al., 2013). Here we aimed to investigate to what extend this fish species is 

able to transfer bacteria specific immunity (specificity) to the next generation. By using S. 
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Figure 1: Experimental design to explore bacteria-species specific immune priming in the 
pipefish S. typhle over one generation. In total five parental treatment groups 1. Control: Naïve; 2. 
Maternal Tenacibaculum (Mat T+); 3. Paternal Tenacibaculum (Pat T+); 4. Maternal Vibrio (Mat V+); 
5. Paternal Vibrio (Pat V+). We conducted two consecutive sampling events of the F1-generation 
(one-week post birth and four-month post birth). For the two main statistical approaches treatment 
groups were differently combined. To test bacteria specific immune priming parental treatment groups 
belonging either to Tenacibaculum (B) or Vibrio (C) were pooled into following three: A. Control: 
Naïve (control); B. F1-Tenacibaculum: Maternal Tenacibaculum (Mat T+) & Paternal Tenacibaculum 
(Pat T+); C. F1-Vibrio: Maternal Vibrio (Mat V+) & Paternal Vibrio (Pat V+). For maternal and/or 
paternal specificity analysis only the single parental Tenacibaculum or Vibrio groups were chosen. 

 

Filial generation 1 (F1-treatment) 

One-week-old offspring (eight days post birth) were exposed to the same heat-killed Vibrio 

(V+) and Tenacibaculum (T+) bacteria-species used for the parental generation or stayed 

without any treatment as control (N) as described in Beemelmanns & Roth (2016a in press). 

We were able to use 20 families with an equal distribution of four times replicate per five 

parental treatment groups. For each of the 20 families, 15 offspring were used and 

distributed over the three different treatment groups resulting in a total number of 300 

juveniles. Four-month old juveniles were exposed to the same procedure like the one-week-

old juveniles as explained in Beemelmanns & Roth (2016a in press), for comparing immune 

priming effects between different developmental stages. Consequently, four-month-old 

juveniles of five different parental treatment groups were applied to the treatment by using 

three replicates per offspring treatment and two sampling events, resulting in a total number 

of 90 sampled individuals. Life-history parameters (body size, body mass and liver weight) 

were collected and hepatosomatic Index (HSI) and fish body condition factor (CF) calculated 

as defined in Beemelmanns & Roth (2016a in press). For characterizing the humoral innate 
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and adaptive immune response, we measured the absolute number of lymphocytes and 

monocytes in the blood and head kidney according to the protocol of Roth et al. (2011).  

Finally, the RNA was extracted of 300 whole body samples of early stage juvenile pipefish 

(one-week post birth) and 90 gill tissue samples of late stage juvenile pipefish (four-month 

post birth). The expression of 44 target genes and 4 housekeeping genes was measured 

simultaneously for all 390 samples using a Fluidigm BioMarkTM based on 96.96 dynamic 

arrays according to Beemelmanns & Roth (2016c in review)  

Remaining F1-offspring were left immunologically untreated until they reached adulthood and 

individuals were crossed within former parental treatment groups as described in 

Beemelmanns & Roth (2016a in press). Thereby, time point of maturity and clutch size of 

approx. six month old F1-offspring were recorded. 

 

Data analysis and statistics 

We evaluated whether our response variables (gene expression, immune cell counts and 

life-history traits) of juvenile pipefish from two consecutive age classes (one-week and four-

month old) showed bacteria-specific immune responses upon the acute offspring exposure 

(F1-treatment) and the parental challenge (F0-tretament). Therefore, the five parental 

treatment groups (Figure 1) were combined into following three treatment groups: 1. Control: 

Naïve (control); 2. F1-Tenacibaculum: Maternal Tenacibaculum (Mat T+) & Paternal 

Tenacibaculum (Pat T+); 3. F1-Vibrio: Maternal Vibrio (Mat V+) & Paternal Vibrio (Pat V+).  

Secondly, we explored whether offspring that received the same bacterial strain as the 

parents (homologous) showed an enhanced immune response (specificity) compared to 

those that experienced different bacteria exposures (heterologous) as their parents. As to do 

so, we examined statistically and graphically the (F0)-parental priming x (F1)-offspring 

challenge interaction.  

Thirdly, we analysed parental sex-specific immune priming differences to investigate whether 

mothers and/or fathers equally provide specific bacteria protection. Therefore, the final 

dataset was reduced into sole maternal and sole paternal treatment groups of one-week-old 

(120 each) and four-month-old juveniles (36 each) (Figure1). 

The data analysis was performed in R (v3.2.2) and PRIMERv6 (Clarke & Gorley, 2006) 

according to Beemelmanns & Roth (2016a in press) and Beemelmanns & Roth (2016c in 

review) with minor modifications. A permutational multivariate analysis of variance 

(PERMANOVA) was applied for immune gene expression (29 target genes) as well as 

epigenetic regulation genes (15 target genes) of one-week-old juveniles (300 samples) and 

four-month-old F1-juveniles (90 samples). For the latter, we further assessed life-history 
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Results  

 

I.) Immune response against two different pathogens (F1-offspring 

treatment effect)  

 
One-week-old F1-juveniles - Gene expression 

The acute immune challenge of one-week-old F1-offspring (F1-offspring treatment) 

significantly affected the expression of 44 target genes (PERMANOVA-all F2,273=9.91, 

p<0.001; Table 1, Figure S1). The main F1-offspring treatment effect was identified for all 

immune genes (PERMANOVA-immune F2,273=11.55, p<0.001; Table 1, Figure 2A). Here, the 

Between-Class Analysis (BCA) visualizes, that Vibrio (V+) and Tenacibaculum (T+) 

treatment groups cluster with overlapping centers of gravity opposed to the Naïve (N) control 

group along the first axis, which explains 93% of the total variation (Figure 2A). We did not 

find evidence for bacteria specific immune response as both treatment groups revealed an 

identical immune gene expression pattern (ANOSIM-immune V+ vs T+ p=0.94; Table S1, 

Figure 2A). Overall, innate immune genes (PERMANOVA-innate F2,273=16,44, p<0.001; 

Table 1) and complement immune genes (PERMANOVA-complement F2,273=30.59, p<0.001; 

Table 1) displayed a more prevalent reaction than adaptive immune genes (PERMANOVA-

adaptive F2,273=2.099, p=0.040; Table 1, Figure S1). Likewise epigenetic genes revealed an 

effect upon the acute immune treatment (PERMANOVA-epigen F2,273=3.83, p=0.001; Table 

1, Figure 4A). 

 

Four-month-old F1-juveniles - Gene expression 

The acute immune challenge of four-month-old F1-offspring significantly affected the 

expression of 44 target genes (PERMANOVA-all F2,73=2.456, p=0.005; Table 1, Figure 3A, 

Figure S2). In the Between-Class Analysis (BCA) for all immune genes Vibrio and 

Tenacibaculum treatment groups clustered without overlapping centers of gravities opposed 

to the naïve control group along the first axis, which explains 88% of total variation. However, 

as both F1-treatment groups were statistically similar (ANOSIM-immune V+ vs T+ p=0.24; 

Table S2, Figure 3A), we could exclude a bacteria specific immune response. The offspring 

effect was predominantly driven by innate immune genes (PERMANOVA-innate F2,73=3.29, 

p<0.001; Table 1, Figure S2) whereas adaptive immune genes, complement component 

genes and epigenetic genes were not affected (Table 1, Figure S2).  
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Four-month-old F1-juveniles - Immune cell count  

The humoral immune response measured through the absolute amount of immune cells in 

the head kidney (PERMANOVA-cells.hk F2,73=8.09, p<0.001; Table 1) and blood 

(PERMANOVA-cells.blood F2,73=7.37, p=<0.001; Table 1) was activated upon the acute 

treatment in four-month-old F1-offspring, but there was no difference between the two 

bacteria treatments detectable (Table S2). More precisely, the amount of monocytes in the 

head kidney was significantly lower than in the naïve control group (ANOVA-mono.hk 

F2,55=17.8, p<0.001; TukeyHSD: N>V+ and N>T+; Table S3, Figure 7A) but, in turn 

significantly higher in the blood (ANOVA-mono.blood F2,55=6.98, p=0.002; TukeyHSD: N<V+ 

and N<T+; Table S3, Figure 7B). 

 

II.) Bacteria-specific immune priming effect (F0-parental treatment effect)  

 
One-week-old F1-juveniles - Gene expression 

One-week old F1-offspring of the three different parental treatment groups (Naïve, Vibrio, 

Tenacibaculum) revealed significantly different immune gene expression profiles 

(PERMANOVA-immune F2,273=19.93, p<0.001; Table 1, Figure 2B). On opposed direction 

along the BCA axis 1 (66% variation), the two parental bacteria treatment groups clustered 

apart from the control group, demonstrating a strong parental treatment effect (ANOSIM-

immune F0V+ vs control p=0.001; F0T+ vs control p=0.003; Table S1). Moreover, the two 

parental Vibrio and Tenacibaculum bacteria treatment groups significantly clustered opposed 

to each other (ANOSIM-immune F0V+ vs F0T+ p=0.001; Table S1, Figure 2B), leading to a 

triangle shape, which is representing a bacteria-species specific immune priming effect. A 

similar pattern was identified for innate (PERMANOVA-innate F2,273=20.791, p<0.001; Table 

1),  adaptive immune genes (PERMANOVA-adaptive F2,273=13.41, p<0.001; Table 1), and 

complement component genes (PERMANOVA-complement F2,273=16.84, p<0.001; Table 1) 

(Figure S3). For the latter two gene categories, it is remarkable that the parental Vibrio 

treatment revealed a more dominant effect than the parental Tenacibaculum treatment 

(ANOSIM-adaptive F0V+ vs control p=0.004, F0T+ vs control p=0.06; ANOSIM-complement 

F0V+ vs control p=0.006; F0T+ vs control p=0.238; Table S1, Figure S3). Epigenetic genes 

displayed a parental treatment effect (PERMANOVA-epigen F2,273=3.33, p=0.001; Table 1, 

Figure 4B), which was predominantly driven by acetylation genes (PERMANOVA-acetyl 

F2,273=5.87, p<0.001; Table 1). 
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Four-month-old F1-juveniles - Gene expression 

In four-month-old juveniles we found significantly altered expression profiles among the three 

parental treatment groups (PERMANOVA-immune F2,73=4.54, p=0.002; Table 1, Figure 3B) 

that differed from previously described patterns in one-week-old juveniles. Now the 

symmetrical triangle structure as depicted for one-week-old juveniles in the BCA was 

sidewise shifted and only the parental Vibrio treatment group significantly clustered along the 

first axis (91% variation) opposed to the parental control group (ANOSIM-immune F0V+ vs 

control p<0.001; Table S2, Figure 3B). In turn, the parental Tenacibaculum treatment did not 

influence the gene expression of four-month-old juveniles significantly (ANOSIM-immune 

F0T+ vs control p=0.256; Table S2, Figure 3B). The same Vibrio specific parental immune 

priming effect was consistent to different extents for innate immune genes (PERMANOVA-

innate F2,73=2.34, p<0.015; Table 1; ANOSIM-innate F0V+ vs control p<0.005; Table S2), 

complement component genes (PERMANOVA-complement F2,73=9.78, p=0.002; Table 1, 

ANOSIM-complement F0V+ vs control p=0.001; Table S2) as well as adaptive immune 

genes (PERMANOVA-adaptive F2,73=2.89, p=0.011; Table 1; ANOSIM-adaptive F0V+ vs 

control p<0.001; Table S2) (Figure S4). In addition, gene by gene analysis displayed that 

upon parental Vibrio treatment key immune genes were mainly up-regulated in comparison 

to control group (Figure S5). In comparison to the results of one-week-old juveniles, 

epigenetic genes displayed the same pattern as described for immune genes 

(PERMANOVA-epigen F2,73=5.39, p<0.001; Table 1, ANOSIM-epigen F0V+ vs control 

p<0.001; Table S2, Figure 5B). Methylation genes played a slightly more important role 

(PERMANOVA-methyl F2,73=6.02, p<0.001; Table 1) than acetylation genes (PERMANOVA-

acetyl F2,73=4.80, p=0.002; Table 1) (Figure S4).  

 

Four-month-old F1-juveniles - Immune cell counts 

The parental immune challenge of four-month-old F1-offspring significantly affected the 

number of immune cells (lymphocytes and monocytes) in head kidney and blood 

(PERMANOVA-cell.counts F2,73=21.15, p<0.001; Table 1, Figure 6A). As demonstrated in the 

BCA the two parental Vibrio and Tenacibaculum bacteria treatment groups were significantly 

clustering apart from the parental control group (ANOSIM-counts F0T+ vs control p<0.001; 

F0V+ vs control p<0.001; Table S2, Figure 6A) along the first axis (89% variation). The 

observed clustering pattern resembles a triangle shape, demonstrating a bacteria-specific 

immune priming effect based on immune cell production (ANOSIM- cell.counts F0T+ vs 

F0V+ p<0.001; Table S2, Figure 6A).  
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Figure 2: Between Component Analysis (BCA) based on 29 immune genes of one-week-old 
juveniles (N=300). Different levels of factors were included in the between component analysis A: 
Factor F1-offspring treatment (F1-Vibrio (F1-V+) in red, F1-Tenacibaculum (F1-T+) in blue, F1-
Naïve (F1-N) in black); B: Factor F0-parental treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum 
(F0-T+) in blue; F0-Naïve (F0-N) in black); C: Factor F1:F0-treatment interaction. In the underlying 
scatterplot the response variables (immune genes) are symbolized by arrows whereby the direction 
and the length of the arrows show the quality of the correlation between variables and principle 
components. The length of the arrow is directional proportional with the contribution of each variable to 
the total variability. The scale of the graph is given by a grid, which size is given in the upper right 
corner. The eigenvalues bar chart is drawn in the upper left corner, with the two black bars 
corresponding to the two axes used to draw the BCA plot. 
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Figure 3: Between Component Analysis (BCA) based on 29 immune genes of four-month-old 
juveniles (N=90). Different levels of factors were included in the between component analysis A: 
Factor F1-offspring treatment (F1-Vibrio (F1-V+) in red, F1-Tenacibaculum (F1-T+) in blue, F1-
Naïve (F1-N) in black); B: Factor F0-parental treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum 
(F0-T+) in blue; F0-Naïve (F0-N) in black); C: Factor F1:F0-treatment interaction. In the underlying 
scatterplot the response variables (immune genes) are symbolized by arrows whereby the direction 
and the length of the arrows show the quality of the correlation between variables and principle 
components. The length of the arrow is directional proportional with the contribution of each variable to 
the total variability. The scale of the graph is given by a grid, which size is given in the upper right 
corner. The eigenvalues bar chart is drawn in the upper left corner, with the two black bars 
corresponding to the two axes used to draw the BCA plot. 
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Figure 4: Between Component Analysis (BCA) based on 15 epigenetic genes of one-week-old 
juveniles (N=300). Different levels of factors were included in the between component analysis A: 
Factor F1-offspring treatment (F1-Vibrio (F1-V+) in red, F1-Tenacibaculum (F1-T+) in blue, F1-
Naïve (F1-N) in black); B: Factor F0-parental treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum 
(F0-T+) in blue; F0-Naïve (F0-N) in black); C: Factor F1:F0-treatment interaction. In the underlying 
scatterplot the response variables (epigenetic genes) are symbolized by arrows whereby the direction 
and the length of the arrows show the quality of the correlation between variables and principle 
components. The length of the arrow is directional proportional with the contribution of each variable to 
the total variability. The scale of the graph is given by a grid, which size is given in the upper right 
corner. The eigenvalues bar chart is drawn in the upper left corner, with the two black bars 
corresponding to the two axes used to draw the BCA plot. 
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Figure 5: Between Component Analysis (BCA) based on 15 epigenetic genes of four-month-old 
juveniles (N=300). Different levels of factors were included in the between component analysis A: 
Factor F1-offspring treatment (F1-Vibrio (F1-V+) in red, F1-Tenacibaculum (F1-T+) in blue, F1-
Naïve (F1-N) in black); B: Factor F0-parental treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum 
(F0-T+) in blue; F0-Naïve (F0-N) in black); C: Factor F1:F0-treatment interaction. In the underlying 
scatterplot the response variables (epigenetic genes) are symbolized by arrows whereby the direction 
and the length of the arrows show the quality of the correlation between variables and principle 
components. The length of the arrow is directional proportional with the contribution of each variable to 
the total variability. The scale of the graph is given by a grid, which size is given in the upper right 
corner. The eigenvalues bar chart is drawn in the upper left corner, with the two black bars 
corresponding to the two axes used to draw the BCA plot.  
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Figure 6: Between Component Analysis (BCA) based on (A) immune cell count measurements 
(lymphocyte and monocyte counts and ratio of head kidney and blood) and (B) life-history 
parameter (body size, mass (weight), Condition Factor (CF), and Hepatosomatic Index (HIS)) of 
four-month-old juveniles (N=90). Between component analysis includes the Factor F0-parental 
treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum (F0-T+) in blue; F0-Naïve (F0-N) in black). The 
scatterplot is demonstrating how the each response variable is correlating with the principle 
components and how much each variable is contributing to the total variability.  
 
 
 
  

B 
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Figure 7: Parental treatment effects visualized by boxplots based on immune cell count 
measurements and life-history parameter of four-month-old juveniles (N=90) and one-week-old 
juveniles (N=300). Each boxplot is spitted up according to F0-parental treatment (F0-Vibrio (F0-V+) in 
red; F0-Tenacibaculum (F0-T+) in blue; F0-Naïve (F0-N) in grey). Different panels are A: monocyte 
counts of head kidney from four-month-old juveniles; B: monocyte counts of blood from four-month-old 
juveniles; C: lymphocyte/monocyte ratio of head kidney from four-month-old juveniles, D: 
lymphocyte/monocyte ratio of blood of four-month-old juveniles, E: size of one-week-old juveniles, F: 
size of four-month-old juveniles, G: Body mass (weight) of four-month-old juveniles, H: Hepatosomatic 
index (HSI) of four-month-old juveniles.  
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(Figure S6B vs D). Offspring with maternal treatment revealed a more pronounced Vibrio 

specific adaptive immune response than offspring with paternal treatment (Figure S6B vs D). 

Comparatively, in four-month-old juveniles, with a fully mature immune system, genes of the 

adaptive immune system were strongly influenced upon the maternal bacteria treatment 

(PERMANOVA-adaptive.maternal F1,108=8.94, p<0.001; Table S4), revealing a significant 

interaction term (PERMANOVA-adaptive.maternal F2,108=2.32, p=0.036; Table S4, Figure 

S6H). Genes of the innate immune system were not affected upon the maternal bacteria 

treatment (PERMANOVA-innate.maternal F1,108=2.28, p=0.09; Table S4, Figure S6G). 

Opposed to these findings, the paternal bacteria treatment was significantly influencing 

innate immune gene expression of offspring (PERMANOVA-innate.paternal F1,108=2.61, 

p=0.022; Table S4, Figure S6E) and for adaptive immune gene expression (PERMANOVA-

adaptive.paternal F1,108=2.61, p=0.041; Table S4, Figure S6F). 

 

V.) Costs of immune priming 

 
One-week-old F1-juveniles - Life-history (size) 

F1-offspring with parental bacteria treatment had a larger body size (1.2 +/-0.25 cm) than the 

control group and offspring with parental Vibrio treatment were even significantly bigger than 

F1-offspring with parental Tenacibaculum treatment (ANOVA-one-week.size F2,273=51.54, 

p<0.001, C<V+, C<T+ and T+<V+; Table S3, Figure 7E). 

 
Four-month-old F1-juveniles - Life-history (size/mass/CF/HSI) 

Body size, mass, condition factor (CF) and hepatosomatic index of four-month-old juvenile 

pipefish were significantly affected by the applied parental bacteria challenge showing a 

distinct pattern compared to the control group (PERMANOVA-life-size/mass/CF/HSI 

F2,74=5.18, p<0.001, Table 1; ANOSIM-life-size/mass/CF/HSI F0V+ vs control p=0.005, F0T+ 

vs control p=0.002; Table S2, Figure 6B). In detail, body length and mass of four-month-old 

juveniles was significantly influenced exclusively by the parental Vibrio immune challenge. 

Here, offspring with parental Vibrio exposure were 1.03 +/- 0.3 cm larger and 0.2 +/- 0.05 g 

heavier compared to control group (ANOVA-size F2,74=4.65, p=0.012; TukeyHSD: C<V+; 

Figure 7F, ANOVA-mass F2,74= 6.25, p=0.003; TukeyHSD: C<V+, T+<V+; Table S3, Figure 

7G). Moreover, both bacteria treatments of parents also affected the liver size of offspring. 

Offspring with parental Tenacibaculum bacteria treatment had a significantly larger liver 

(1.069 +/- 0.23 mg) than the control group (ANOVA-HSI F2,74=6.324, p=0.003; TukeyHSD: 

C<T+; Table S3, Figure 7H).   
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One-week-old F1-juveniles - Maturation 

Adult pipefish males (F1) of naïve parents (F0) developed about one month (36.5 +/- 1.5 

days) earlier in the season brood pouch tissue for sexual reproduction than offspring of 

parents with parental Vibrio and Tenacibaculum treatment (LME-maturity F1,7= 325,0 p 

<0.001; Table S5, Figure S7A). Adult offspring of the parental control group started to 

reproduce earlier and were having a significant higher number (11.5 +/- 2.6 individuals) of 

offspring per clutch (LME-clutch.size F1,7= 7.9, p=0.025; Table S5, Figure S7B). 

 

 

Discussion 

 

In our study, we could demonstrate that pipefish parents, if challenged with two different 

heat-killed bacteria species, are able to prime the immune system of their offspring. Different 

magnitudes of immune priming are revealed towards Vibrio and Tenacibaculum bacteria. In 

young juveniles (one-week-old), resilient immune priming effects, based on immune gene 

expression of 29 candidate genes, were found against both bacteria species (Vibrio and 

Tenacibaculum) exhibiting a distinct bacteria-specific parental priming pattern. On the 

contrary, immune gene expression and cellular immune response of older juveniles (four-

month-old) displayed a strongly preserved immune priming effect solely against Vibrio 

bacteria. The parental Vibrio challenge induced a significant higher lymphocyte/monocyte 

ratio in the blood in comparison to parental Tenacibaculum treatment. Moreover, the 

expression of certain innate and adaptive immune genes (lymphocyte-antigen 75, allograft 

inflammation factor, interferon, lectin protein II, coagulation factor, peptidoglycan recognition 

protein, transferrin, and HSP-60) was upregulated only upon parental Vibrio challenge. 

These findings reveal evidence that specifically for Vibrio bacteria a memory was created in 

the parental generation and trans-generationally transferred. This potentially resulted in a 

Vibrio-specific long-term immune priming effect and enhanced phenotypic plasticity of the 

offspring. Hence, our study provides, to our knowledge, first evidence for bacteria specific 

long-term immune priming in teleosts.  

The broad-nosed pipefish S. typhle is exposed to a variety of Vibrio phylotypes in its natural 

habitat (Roth et al., 2012a). By using an immune challenge with a Vibrio isolate of an Italian 

pipefish (Italy-strain I2K3), we expected this strain to be allopatric and immunological novel 

for the Baltic pipefish species. However, based on our results of a robust Vibrio-specific 

immune priming effect we might conclude that the adaptive immune system of the pipefish 

was not specific enough to differentiate between Baltic and Italian Vibrio phylotypes. 

Potentially the epitope structure of the applied Vibrio-strain (I2K3) in this experiment was 
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similar to local Vibrio phylotypes of their natural habitat and therefore, more familiar for the 

immune system of this pipefish population. Even though we filtered the water during the 

experiment to prevent confounding effects with other bacterial infection (Beemelmanns & 

Roth 2016a), we could not exclude that the parental as well as the F1-generation were in 

contact with Baltic Vibrio bacteria-species throughout the duration of the experiment. Yet, our 

data suggest that the offspring received non-genetic information about European Vibrio 

bacteria from their parents. That might have been maintained over generations within their 

population. Further, the juvenile pipefish started to develop a specific immune response 

against Vibrio bacteria within the four month of the experiment.  

The Tenacibaculum maritinum bacteria used in this experiment were an isolate of a pacific 

seabream species of Japan (Suzuki et al., 2001). Although we cannot exclude the possibility 

that the wild parental pipefish population was in touch with any Tenacibaculum species within 

the Baltic sea (Frette et al., 2004), we presumed that this bacteria-strain was immunologically 

novel for the Baltic pipefish. As the parental long-term immune priming against 

Tenacibaculum bacteria was significantly reduced in four-month-old juveniles, it strongly 

indicates that immune priming against newly introduced and not prevalent bacteria is 

decreasing faster during development (Lindholm et al., 2006; Wilson & Réale, 2006). Hence, 

based on our results, it is tempting to speculate that immune priming against local and 

prevalent bacteria, with which the parental population was repeatedly in contact before, is 

more pronounced since the likelihood of a secondary exposure is high. Consequently, the 

diversity and quantity of specific immune transmission to offspring is reflecting the 

differences in pathogen environment experienced by their parents as it was shown for 

vertebrates of higher phylogenetic order e.g. specific antibody transmission in birds 

(Grindstaff et al., 2006).  

With respect to the underlying mechanism of this phenomenon, we analysed genes 

responsible for epigenetic regulation processes and, hence, indirectly could affect the 

transcriptional regulation of immune gene expression. Our results suggest that epigenetic 

modification processes might be involved in transmitting this non-genetic information about 

bacteria specificity trans-generationally. Genes responsible for DNA and histone methylation/ 

demethylation and histone acetylation/deacetylation were predominantly affected by the 

parental bacteria treatment in four-month-old juveniles. In our study epigenetic regulation 

genes showed a similar pattern as the immune genes, being significantly affected by the 

parental Vibrio treatment. Hence, our results point to a potential connection of trans-

generational immune priming to epigenetic inheritance. The altered expression of genes 

coding for key players in the epigenetic regulation machinery of immune gene expression 

supports our hypothesis that epigenetic processes mediate bacteria specific immune priming. 
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Since DNA methylation and histone modifications are highly dynamic during early 

development of fish embryos (Lee et al., 2015) most likely consistent epigenetic pattern 

might take longer to be established. The first dominant epigenetic effect was found in four-

month-old juveniles but became significantly more important in the second generation 

(Beemelmanns & Roth 2016c in review). 

Since pipefish females invest into the eggs, and males potentially affect the immune system 

of their offspring via the placenta-like structure during male pregnancy (Roth et al., 2012), 

different strategies of transferring immunity to offspring may exist. Our results suggest a 

dissimilar extent of maternal and paternal influences on different immune pathways. In four-

month-old juveniles innate immune genes were only affected upon the paternal treatment 

whereas adaptive immune genes were strongly influenced upon the maternal treatment. 

These findings are concurrent with results of our previous study in which we found the 

identical gender-based grandparental immune priming pattern (Beemelmanns & Roth 2016c 

in review). Further, the Vibrio-specific effect in the F1-generation based on adaptive immune 

genes was only pronounced upon maternal treatment whereas paternal influences were 

stronger on innate immunity. Teleost females prime the adaptive immune system of their 

offspring by the deposition of immunoglobulins, complement components, and corresponding 

mRNA transcripts through the yolk into the eggs (Magnadottir et al., 2005; Picchietti et al., 

2006; Swain et al., 2006; Swain & Nayak, 2009; Zhang et al., 2013). It seems that adaptive 

immunity in a sex-role reversed fish species is still largely driven by the maternal 

immunological experience. On the contrary, fathers predominantly influenced innate immune 

gene expression of four-month-old juveniles. Therefore, males may transfer information 

about immediate protection cues against prevalent pathogens in their environment through 

the placenta like structure during male pregnancy and/or through epigenetic marks. As 

immunological pathways are parent-specific affected, maternal and paternal immune priming 

complement each other and are even maintained until the second generation (Beemelmanns 

& Roth 2016c in revision). These findings have important evolutionary and ecological 

consequences. As both parents can complementary provide their offspring with immune 

memory against specific local bacteria species, the protection of offspring may be even more 

than additive (Roth et al., 2010; Roth et al., 2012). This could result in improved phenotypic 

plasticity in the immune response and leading to a more specific and stronger reaction upon 

local and prevalent pathogens. Consequently, maternally and paternally inherited bacteria 

specific immune priming is thus not only providing specific protection for the young progeny, 

but it also allows organisms to plastically adapt to the prevailing pathogen environment (Little 

et al., 2003; Moret, 2006; Roth et al., 2010; Roth et al., 2012).  
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status of the fish (Wootton et al., 1978; Campbell & Love, 1978). Both parental bacteria 

treatments positively affected the hepatosomatic index, suggesting that immune primed 

offspring revealed a higher metabolic status. However, costs were found later during sexual 

maturation of the F1-adults. Prolonged time of males to develop a brood-pouch tissue and 

reach sexual maturation, delayed reproduction period of about one month, and an overall 

significant smaller clutch size compared to offspring without parental bacteria challenge. 

Thus, it appears that immunological costs were compensated by reduced energy investment 

into reproduction. A significant shift of maturation time and reproduction would have essential 

ecological consequences for the pipefish. Every summer season (April/May) the pipefish 

population is migrating into the seagrass meadow of the Baltic coastlines where males can 

reproduce up to four times per season with several females (Berglund et al., 1986; 1989; 

Berglund, 1993). Therefore, it is advantageous to mate as early as possible in the season 

due to predator pressure of a new habitat and also due to their polyandrous mating 

behaviour (Berglund, 1993). Hence, channelling the resources towards higher immunity and 

balancing these benefits with reduced reproduction might be a costly strategy, which may 

shape the outcome of immune priming across generation (Contreras-Garduño et al., 2014). 

While bacteria specific biparental immune priming in the pipefish might be beneficial on the 

individual level, it could have severe ecological and evolutionary consequences on the 

population level and may alter the dynamics of host/pathogen interaction. Hence, it could 

increase the likelihood of persistence of a pathogen and therefore enhance the impact of a 

disease on the population level, leading to a pronounced destabilization effects on host-

parasite dynamics (Tidbury et al., 2011; Tate & Rudolf, 2012; Tidbury et al., 2012). 

Nevertheless, selection for immune priming indicates that there must be an adaptive net 

profit when the parental and offspring environment match, and that total benefits will 

outweigh the associated costs (Schmid-Hempel, 2011; Kaufmann et al., 2014). Apart from 

higher immunity, also other benefits like a larger body size, increased mass and better 

metabolic condition were identified, which could compensate the costs of reduced 

reproduction. Thus, producing less offspring in a better shape might be the optimal strategy. 

In any case, more studies are needed to test for fitness advantages under natural conditions 

to evaluate definite trade-offs between biparental bacteria specific immune priming and 

reproduction. 
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Conclusion 

We demonstrated that the broad-nosed pipefish S. typhle is able to specifically prime the 

next generation against local and prevalent but also newly introduced bacteria species. 

Long-term protection was thereby maintained only against prevailing and familiar Vibrio 

bacteria. We investigated complementing gender-specific contribution to different pathways 

of the immune system in juveniles of different age classes, indicating differences in the 

magnitude of maternal and paternal immune priming. Further, epigenetic regulation genes 

revealed only in four-month-old juveniles a distinct pattern. This indicates that with increasing 

age of the fish epigenetic regulation processes might be important in transferring immune-

related information across generations. Moreover, trade-offs between immune priming and 

reproduction demonstrated the costs of this immune defense strategy. This might constrain 

the overall beneficial effects of immune priming. 

Future work should focus on subsequent evaluation of the bacterial specificity and 

physiological mechanisms mediating bacteria specific immune priming effects (e.g. DNA 

methylation and histone acetylation pattern, antibodies, and microbiota). Further insight into 

complex interaction between costs and benefits under natural conditions are required for a 

better understanding of fitness advantages. Finally, theoretical modelling including all 

necessary observed parameters would permit to predict the impact of pathogen persistence, 

population structure and could identify the evolutionary origin and maintenance of biparental 

bacteria specific immune priming in the pipefish.  
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Title picture of Chapter III: Close-up picture of broad-nosed-pipefish (Syngnathus typhle) larvae with yolk sac; 
approximately 3 weeks post hatch (Copyright: Anne Beemelmanns). 
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juveniles were exposed one-week post birth to the same heat-killed Vibrio (V+) and 

Tenacibaculum (T+) bacteria used for the F0 generation or left naïve (per F1-crossing 4 

families produced F2-offspring resulting in 16 F1-families. Out of each family, 12 individuals 

were chosen for the direct immune challenge. Per F2-offspring treatment (V+/ T+/ naïve) 4 

individual replicates were used, resulting in a total of 192 samples). In addition, this sampling 

procedure was chosen to conduct a complementary study to our previous work with the 

pipefish model, in which we addressed maternal, paternal and biparental TGIP to the F1-

generation (Roth et al., 2012). Upon immune challenge, F2-juveniles were kept for 20 hours 

in 10x10 cm tanks at 18°C and 15 psu, using one tank per F2-offspring treatment and family. 

After the incubation time, juvenile body standard length [cm] was measured and animals 

were killed with MS 222. The body was transferred into 1 ml RNA-later, kept at 4°C for 24 

hrs, and then frozen at -20°C.  

 

Quantification of Gene expression 

We quantified the mRNA-level of 44 pre-selected target genes of former studies (Birrer et al., 

2012; Roth et al., 2012) and pilot studies using quantitative real time PCR (qPCR). The 

genes were identified and selected based on an expressed-sequence-tag (EST) library from 

S. typhle exposed to natural Vibrio isolates (Haase et al., 2013). Accordingly, immune genes 

were selected among previously identified genes that were differentially expressed in the 

pipefish upon infection (Haase et al., 2013) and presumed to be important target genes 

during our applied immune challenge. The chosen genes were grouped into four functional 

categories: (i) innate immune system (immediate and non-specific immune defense upon 

infection i.e. phagocytosis), (ii) adaptive immune system (specific antibody-mediated immune 

defense), (iii) complement system (complements the antibody and phagocytic cell mediated 

immune response), and (iv) epigenetic modulators (DNA and histone methylation/ 

demethylation and histone acetylation/deacetylation) (Table S2). Primers were designed and 

tested according to Birrer et al. (2012), whereby all primer pairs attained standard curves 

with slopes of log quantity vs. threshold cycle (Ct) between -3.6 and -3.1 and efficiencies 

between 90-100% (Table S8).  

 

The RNA extraction of 192 tissue samples was performed with an RNeasy96 Universal-

Tissue Kit (Qiagen) according to manufacturer protocol. Extraction yields were measured by 

means of a spectrophotometer (NanoDrop ND-1000; peQLab), to allow a reverse 

transcription into cDNA via a QuantiTect®Reverse-Transcription Kit (Qiagen) of a fixed 

amount of 800 [ng/µl] per sample. The gene expression of 48 genes was measured using a 

Fluidigm-BioMarkTM system based on 96.96 dynamic arrays (GE-chips). A pre-amplification 
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Grand-offspring treatment and gene expression 

We then examined the effects of the acute immune challenge on grand-offspring in the four 

functional gene categories separately. An induced expression of complement component 

genes (PERMANOVA-complement, F2,162=6.51, p<0.001, Table 1) and also other genes 

involved in the innate immune system (PERMANOVA-innate, F2,162=2.49, p=0.016, Table 1) 

(Figure S3) was found. In contrast, genes of the adaptive immune system were unaffected 

(Table 1). Expression of genes associated with epigenetic modification was significantly 

affected (histone acetylation/deacetylation genes [PERMANOVA-acetyl, F2,162=2.87, 

p=0.021], DNA and histone methylation/demethylation processes [PERMANOVA-methyl, 

F2,162=2.29, p=0.027], Table 1). DNA methylation genes, responsible for gene silencing, 

displayed a trend for down-regulation, which implies a general induction of gene expression 

upon the acute immune challenge (Figure S3). 

 

Grandparental treatment and gene expression 

By applying pairwise comparisons in an ANOSIM and visualization via principle component 

analysis (PCA) (Table 2, Figure 2) based on 44 genes, we found marked and significantly 

different expression profiles among all four grandparental treatments (Figure 2A). Along the 

Principle Component (PC) 1, the grandparental control clusters opposed to all other three 

grandparental treatments, demonstrating a strong grandparental effect on offspring gene 

expression (Figure 2A). Moreover, the visualized centers of gravity of the grand-paternal and 

grand-biparental groups overlap, which implies that they are more similar than the grand-

maternal group that clusters further apart (Figure 2A). However, all four grandparental 

treatments were significantly different from each other (ANOSIM-all: p=0.001; Table 2; Figure 

2A). The contribution for each gene ranged between 1-5% (Table S4). 

 

Interaction between grand-offspring and grandparental treatment on grand-offspring gene 
expression 

We applied a PCA to the multivariate gene expression data of all 44 genes for visualization 

of F0-grandparent x F2-offspring interaction effects (Figure 1, Figure S5). In a two-

dimensional PCA depiction, F0 and F2 treatment groups (naïve vs. immune-challenged) are 

distinct on the first principle component axis (PC1), which explains the largest variance 

contribution (30% of total variation, Figure 1). The grandparental effect is much stronger than 

the effects of grand-offspring immune challenge. Upon grandparental immune challenge, 

grand-offspring revealed significantly different expression profiles in case of own 

immunological exposure, whereas grand-offspring immunological exposure did not change 

the expression profile, if grandparents were naïve.  
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(GM) and grand-biparental (GBi) groups are not significantly different and have precisely the 

same center of gravity in the PCA (Figure 2D), the complement factors are more affected by 

the grand-maternal treatment (ANOSIM-complement: GMxGBi: p=0.168; Table 2; Figure 

2D).  

 

Grandparental impact on genes involved in epigenetic regulation 

The expression profiles of nine genes responsible for the methylation and demethylation of 

either DNA or histone residues and of five genes responsible for the acetylation and 

deacetylation of only histone residues in one-week-old F2-juveniles showed a significant 

change of expression in case of grandparental bacteria exposure (PERMANOVA-methyl, 

F3,162=7.36, p<0.001; PERMANOVA-acetyl, F3,162=16.18, p<0.001; Table 1, Figure 2E-F). 

Also, the grand-offspring treatment changed expression of genes associated to epigenetics, 

i.e. histone acetylation/deacetylation (PERMANOVA-methyl, F2,162=2.29, p=0.027; Table 1), 

as well as DNA and histone methylation/demethylation processes (PERMANOVA-acetyl, 

F2,162=2.87, p=0.021; Table 1). Moreover, a F0 x F2-offspring interaction was identified, 

similar to the interaction described for all genes and innate immune genes (PERMANOVA-

methyl, F6,162=1.69, p=0.036; PERMANOVA-acetyl, F6,162=1.97, p=0.016; Table 1, Figure 

S5E-F). Multivariate pairwise comparisons displayed a higher grand-paternal than grand-

maternal effect over the 15 epigenetic regulation genes, since grand-paternal (GP) and 

grand-biparental (GBi) groups are not significantly different from each other (ANOSIM-

epigenetic: GPxGBi: p=0.396; Table 2). This expression pattern was persistent for 

methylation as well as for acetylation genes (ANOSIM-methyl: GPxGBi: p=0.374; ANOSIM-

acetyl: GPxGBi: p=0.505; Table 2, Figure 2E-F). Genes of the acetylation processes of 

histones showed a pure grand-paternal influence, since the grand-maternal (GM) treatment 

group was not significantly different from the control (GC) group (ANOSIM-acetyl: GMxGC: 

p=0.078, Table 2, Figure 2F). 
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Table 3: Results from univariate statistical analysis of 44 target genes and size as phenotypic 
trait. Univariate testing using follow up ANOVAs for each target gene of all categories and size as life-
history trait. FDR corrected p-values for F0-grandparents. Significant p-values are marked in bold 
letters. The abbreviations for grand-paternal (GP), grand-maternal (GM), grand-biparental (GBi) 
indicate significant difference from the grandparental control group (GC) after pairwise t-test with 
bonferroni correction, whereas (n.s) means no statistical difference. Grandparental (F0) effects show 
the differences between the three grandparental bacteria treatment groups. 
 
 
Genes/ 
Size 
Residuals 
DF=162 

 
Functional 
Category 

 
F0 

Grandparents 
DF=3 

 
Grand- 

Paternal 
vs. 

Control 

   
Grand- 

Maternal 
vs. 

Control 

 
Grand- 

Biparental 
vs. 

Control 

 
F0 

Grandparental 
Effects 

 
CD45 Adaptive <0.0001 *** GP n.s GBi GM>GP, GBi 

HIVEP2 Adaptive <0.0001 *** GP GM GBi GM>GP 
HIVEP3 Adaptive 0.0075 ** GP n.s GBi GM>GP 
IgM-lc  Adaptive  <0.0001 *** GP GM GBi n.s 
Integ-Bt  Adaptive 0.0005 *** GP GM GBi n.s 
Lymph75 Adaptive 0.0474 * GP GM GBi n.s 
Lympcyt  Adaptive  <0.0001 *** GP n.s GBi n.s 
TAP Adaptive <0.0001 *** GP GM GBi n.s. 

AIF Innate  0.0008 *** GP n.s GBi n.s 
Calrcul Innate 0.0578 . n.s n.s n.s n.s 
Cf Innate  <0.0001 *** GP GM GBi GBi<GP, GM 
IL8 Innate <0.0001 *** GP GM GBi GP>GM, GBi 
Intf Innate  <0.0001 *** GP GM GBi GP<GBi 
Kin Innate  <0.0001 *** GP n.s GBi GM>GBi 
LectptI Innate  0.0193 * GP n.s n.s n.s 
LectpII Innate  <0.0001 *** GP GM GBi GBi<GM, GP 
Nramp Innate  <0.0001 *** GP GM GBi GBi<GM, 

GP<GM 
Pepdgly Innate 0.4443  n.s n.s n.s n.s 
Tranfe Innate 0.0022 ** n.s GM GBi GM<GP 

Tspo Innate   0.0001 *** GP n.s GBi GBi<GM, 
GP<GM 

Hsp60 Innate/stress 0.0029 ** n.s GM n.s GM<GP 
Ck7 Innate & Adaptive 0.0109 * GP n.s n.s GP>GM 
Ik-cytokine Innate & Adaptive 0.0086 ** GP n.s n.s GM<GP 
IL10 Innate & Adaptive 0.0040 ** n.s GM n.s n.s 
LPS-TNF Innate & Adaptive <0.0001 *** GP GM GBi GP<GM, 

GP>GBi 
Tyroprot Innate & Adaptive 0.0005 *** GP n.s GBi GP<GM, 

GM>GBi 
C1Q-sco Complement 0.0078 ** n.s GM  GBi GBi<GM, GP 
C3  Complement 0.0353 * n.s n.s GBi GBi>GP 
C9  Complement 0.0072 ** n.s GM GBi n.s 

TAF8 Gene activation 0.0033 *** GP n.s n.s GP<GM 
ASH2 Gene activation <0.0001 *** GP n.s GBi GP<GM 
TPR Gene activation 0.0353 * GP n.s n.s GP>GM 
BROMO Gene activation <0.0001 *** GP n.s GBi GP>GM,GM>G

Bi 
MYST1 Gene activation <0.0001 *** GP n.s GBi GP>GM,GM>G

Bi 
HDAC1 Gene silencing 0.0039 ** n.s GM n.s n.s 
HDAC3 Gene silencing <0.0001 *** GP n.s GBi GP<GM, 

GM>GBi 
HDAC6 Gene silencing 0.0289 * n.s n.s GBi n.s 
JmjCPHD Gene silencing 0.3205  n.s n.s n.s n.s 
No66 Gene silencing 0.0007 *** n.s GM n.s GP<GM 

GM>GBi 
DnMt1 Gene silencing 0.0173 * n.s GM n.s n.s 
DnMt3a Gene silencing 0.0279 * n.s n.s n.s n.s 
DnMt3b Gene silencing 0.0010 ** GP GM GBi n.s 
HemK2 Gene silencing 0.0006 *** n.s GM GBi n.s 
N6admet Gene silencing <0.0001 *** GP GM GBi n.s 

Size Life-history trait <0.0001 *** GP GM GBi GM<GP, GBi 
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Gene by gene analysis 

We further analysed each gene separately by ANOVAs, using false discovery rate (FDR) and 

pairwise t-test with bonferroni correction to keep the overall type-1 error rate at p<0.05 (Table 

3, Table S6, Figure S7). Forty genes revealed significant grandparental effects (Table 3, 

Figure 7). Thirteen of those genes were influenced upon all three grandparental bacteria 

groups (Hivep2, IgM-lc, Lymph75, TAP, Cf, Integ-Bt, IL8, Intf, LPS-TNF, LectpII, Nramp, 

DnMt3b, N3admet). Always five genes showed single grand-paternal (Ik-cytokine, LectpI, 

CK7, TPR, TAF8) and single grand-maternal (Hsp60, IL10, HDAC1, NO66, DnMt1) treatment 

effects, whereby two genes were affected upon the grand-biparental (C3, HDAC6) treatment. 

Interestingly, eleven genes showed a grand-paternal plus grand-biparental but no grand-

maternal effect (CD45, Tspo, Hivep3, Lymphocyte, Tyroprot, AIF, Kin, HDAC3, MYST1, 

ASH2, BROMO). Since the grandmothers do not contribute to this effect, we conclude that 

this observed grand-biparental effect is primarily driven by the grandfathers (Figure S7). 

Taken together, the expression of more genes examined in our experiment was solely 

influenced by grandfathers (16 genes) and not by grandmothers (9 genes).  

 

Grand-offspring body size 

The body size of one-week-old F2-offspring was negatively influenced by the grandparental 

immune challenge (ANOVA, F3,162=15.04, p<0.0001, Table 3, Figure 3), with F2-offspring 

from immune-challenged grandparents (GBi) being smaller than F2-offspring from the 

grandparental control (GC) group (GBi<GC; Table 3, Figure 3). In addition, F2-offspring from 

immune-challenged grandmothers (GM) were smaller than those from immune-challenged 

grandfathers (GP) (GM<GP; Table 3, Figure 3). This indicates a stronger grand-maternal 

than grand-paternal impact of an immune challenge on offspring size, as already discovered 

for maternal over paternal effects in the pipefish (Roth et al., 2012). 

 
 
Figure 3: Body size of grand-offspring. 
Barplot of body size [cm] (+/- SEM) of 
juvenile F2-grand-offspring (1 week post 
birth), 20 hrs after immune challenge (N= 
192). Mean size with standard error of the 
mean (SEM) is depicted per grandparental 
treatment group. The letters A, B, C define 
significant differences between groups 
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Discussion 
 

The parental impact on the offspring immune system persisted, once the adaptive immune 

system reached maturation and even continued beyond the generation boarder, affecting the 

immune dynamics of the grand-offspring in the pipefish Syngnathus typhle. Upon immune 

challenge in the F2-generation, grand-offspring only induced gene expression, if 

grandparents had already experienced the bacterial epitopes. While grandparental effects 

were strong and involved all categories of genes assessed, grand-offspring effects were 

more specific and depended on the grandparental immunological experience. In the PCA 

displaying the grandparent x grand-offspring interaction, the distinct gravity centers for 

grandparental treatments underline their driving effect as opposed to the clustered grand-

offspring gravity centers. Grand-offspring effects only affected genes of the innate immune 

system (AIF, Interferon, Hsp60, IL10) and complement component factor C9, indicating an 

activation of the first line of defense in the juveniles. These genes involve immediately 

available and inducible pathways like bacteria opsonization and lysis over the membrane 

attack complex (Complement component 9), antiviral response (Interferon), stress response 

over molecular chaperone (Heat shock protein 60) as well as general inflammatory response 

(Allograft inflammation factor, Interleukin). Grand-offspring effects with direct impact on 

genes of the adaptive immune system were not identified, potentially due to the on-going 

maturation of the adaptive immune system in one-week-old juveniles (Magnadóttir et al., 

2005).  

 

The grandparental immunological treatment altered the gene expression patterns in the 

grand-offspring, affecting 29 immune genes and 15 epigenetic regulatory genes. When 

comparing the identified grandparental contributions to TGIP over one generation, we can 

identify similar patterns (category A to C) as described in (Roth et al., 2012). Category (A) 

suggests the same extent of differential gene expression when grandfathers, grandmothers, 

or both grandparents have previously been exposed to a challenge with heat-killed bacteria. 

In category (B) a parental effect was only found, if both parents were exposed to heat-killed 

bacteria, leading to an additive biparental immune priming effect. This category could not be 

identified for grandparental TGIP, indicating that the additive impact of grand-maternal and 

grand-paternal exposure vanished across two generations. Finally, consistent to category 

(C), the grand-offspring immune defense was only affected following grand-paternal 

exposure. In addition to our findings of the former study in 2012, we can add category (D) 

with pure grand-maternal influences. While TGIP over one generation was either identified 

for all parental combinations (A), when both parents were immune-challenged (B) or purely 
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The existing interaction between the grandparental and the grand-offspring treatment 

suggests that the reaction of the F2-generation upon an immune challenge depends on 

whether or not their grandparents have already received an immunological treatment. Only 

grand-offspring of immune-challenged grandparents changed their gene expression pattern 

in case of the bacterial treatment. This implies that the grandparental immune challenge 

resulted in a preposition of the grand-offspring to react upon a respective immune challenge. 

This result highlights the importance of multi-generational TGIP, as only animals whose 

ancestors were exposed to a parasitic assemblage are able to quickly react towards an 

encounter with parasites or pathogens.  

 

The grandparental TGIP is adaptive, provided that the parental parasitic environment is 

experienced by the offspring. TGIP, accordingly, gives individuals an advantage whose 

ancestors successfully defended parasites and transfer this experience to the following 

generations. However, the maintenance of inducible defenses is energetically costly 

(Lochmiller & Deerenberg, 2000; Boots & Bowers, 2004), imposing a resource-allocation 

trade-off on both parents and offspring, due to the costly investment into immune defense. 

Our former data suggest that the expression of the immune genes used here positively 

correlates with an activation of the innate (monocytes) and adaptive (lymphocytes) cellular 

immune system (Birrer et al., 2012; Roth et al., 2012), linking gene expression to a 

physiological impact of multigenerational TGIP. Here, grandparental immune priming was 

associated with reduced grand-offspring size. This effect was stronger upon immune priming 

along the maternal line, indicating that grand-maternal protection results in delayed mating 

and offspring production. As the mating season of S. typhle is short and early offspring profits 

from higher water temperatures and less competition over the limited food sources, this 

pattern can have severe consequences. That costs of grand-maternal TGIP were higher than 

those of grand-paternal TGIP can potentially be assigned to the different mechanistic bases: 

the induction of adaptive immune responses as transferred via the maternal line are more 

costly than the activation of innate immune responses via the paternal line that can 

immediately be induced.  

 

Taken together, TGIP has the potential to change disease dynamics and the spread of 

epidemics in a population. Under negative-frequency dependent selection, rare parasite 

alleles may spread quickly in a population, while it takes time for the hosts as a population to 

counter-adapt under a Red-Queen dynamic (Dybdahl & Lively, 1998). In contrast, as an 

individual response, TGIP plays out within one generation, because the exposure to a novel 

parasite will already be met with an amplified immune reaction in the next generation. With 
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this, the advantage of the novel parasite genotypes vanishes. This dampens the amplitude of 

predicted frequency dependent selection and may slow down Red Queen dynamics, giving 

the host an advantage in fast clearance of novel pathogen genotypes (Mostowy & 

Engelstädter, 2012; Tidbury et al., 2012). 

 

In conclusion, we show that grandparental immune priming effects in pipefish involve a sex-

specific contribution to different pathways of the immune system, including an involvement of 

the epigenetic regulation mechanism. Future work should focus on the evaluation of 

resistance effects in a survival experiment, bacterial specificity processes, and an in depth 

analysis of the physiological mechanisms mediating grandparental TGIP.  
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Title picture of Chapter IV: Close-up picture of the brood pouch broad-nosed-pipefish (Syngnathus typhle) with 
incorporated larvae; approximately 5 weeks post hatch (Copyright: Anne Beemelmanns). 
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Abstract 
Mothers that experienced pathogen infection can prime the immune system of their offspring 

by transferring immune components such as antibodies over the placenta, milk or egg yolk. 

In oviparous fish species females deposit immune components to provide protection for 

developing embryos during their early life stages when their immune system is still naive. In 

Syngnatids (pipefish and seahorses) the evolution of male viviparity allows fathers to nurse 

the embryos in an enclosed brood pouch, providing not only a higher mechanic protection 

but also immunological protection. In the sex-role reversed pipefish Syngnathus typhle 

fathers are closely connected to the embryos during male pregnancy over a placenta-like 

system that mechanistically enables an additional paternal transfer of immune factors. But 

the mechanistic aspect of paternal immune priming in S. typhle remains unexplored.  

We analysed the expression of immune and epigenetic regulation genes in the brood pouch 

tissue of non-pregnant versus pregnant males to evaluate key genes mediating protection 

and paternal immune priming. Subsequently, an antibody directed against pipefish 

immunoglobulin light chain was designed to examine the presence of soluble 

immunoglobulin (IgM) in the pipefish plasma and its potential paternal transfer to the 

embryos. We found a significant upregulation of lectin, peptidoglycan recognition protein, 

immunoglobulin light chain, and histone acetyltransferase (KAT2A) transcripts in the brood 

pouch during male pregnancy indicating their importance in terms of immune protection and 

potentially paternal priming. We could not confirm the presence of immunoglobulin M in its 

native tetrameric structure of approx. 800 kDa. These results are pointing to the evolution of 

a potential different structure or isoform type of IgM which might be connected to the loss of 

MHC class II mediated antibody response to avoid allograft recognition of `non-self´ eggs. 

 

Key words: Immunoglobulin (IgM), brood pouch, male pregnancy, paternal immune 

transmission 
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Introduction 
 

Larvae of oviparous (egg laying) fish species have to develop and survive in a highly 

unpredictable aquatic environment colonized by a diversity of potentially harmful microbiota 

(Foey & Picchietti, 2014). Already early in their life fish larvae have to protect themselves 

against pathogenic microbes (Swain & Nayak, 2009). Partially due to an incomplete 

established adaptive immune system, embryogenesis and post larvae stages are considered 

as critical time period accompanied by a high mortality rate (Magnadóttir et al., 2005; Foey & 

Picchietti, 2014). Early in life fish larvae mostly depend on maternally derived immune 

molecules (Swain & Nayak, 2009; Zhang et al., 2013). The transfer of immune components 

from mothers to offspring is known as `trans-generational immune priming´ (TGIP) and is an 

efficient defense strategy to boost survival of the progeny in case of pathogen exposure 

(Sadd et al., 2005; Grindstaff et al., 2006; Hasselquist & Nilsson, 2009).  

In teleosts the maternally transferred immune factors are stored in form of proteins, peptides, 

mRNAs, or any other biomolecule in the egg yolk or egg shell (Mulero et al., 2007; Swain & 

Nayak, 2009; Zhang et al., 2013). Adaptive immune factors like immunoglobulins (Ig) that 

opsonize bacteria with a high specificity to facilitate their degradation are maternally 

transferred to the eggs (Bly et al., 1986; Avtalion & Mor, 1992; Lemke & Lange, 1999; Swain 

et al., 2002; Hanif et al., 2004; Picchietti et al., 2006; Swain et al., 2006). Similarly, immune 

factors of the innate immune system including lysozymes (Takemura, 1996; Seppola et al., 

2009; Wang & Zhang, 2010), antimicrobial peptides (Díaz et al., 1997; Seppola et al., 2009), 

lectins (Ewart et al., 2001) as well as complement component factors (Løvoll et al., 2006; 

Wang et al., 2009) are supplied to the offspring by the mothers.  

 

The internal reproduction and provision of developing embryos via placentation in a sterile 

environment (viviparity) has evolved independently at least 23 times in fish (Guillette Jr, 

1987; Wourms & Lombardi, 1992; Blackburn, 2014). Pregnant females can ensures 

protection and increase survival of their offspring through provisioning of nutrients and 

immune protection (Guillette Jr, 1987; Wourms & Lombardi, 1992; Blackburn, 2014). 

Syngnathids (seahorses, pipefish) have evolved sex-role reversal and are the only known 

animals with male pregnancy (Stölting & Wilson, 2007). They are combining the features of 

maternal provisioning and paternal viviparity, which is most likely maximizing offspring 

protection (Roth et al., 2012). 

In the broad-nosed pipefish Syngnathus typhle, a sex-role reversed fish species with male 

pregnancy, females oviposit their eggs into the paternal brood-pouch in which they get 

fertilized and nursed over a placenta-like structure (Berglund et al., 1986; Kvarnemo et al., 

2011). This brooding structure is a complex vascular network in which cup-like arrangements 
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of vasculature are surrounding each embryo while providing them with nutrition, ions, and 

oxygen (Carcupino et al., 1997; 2002; Ripley, 2009). Thus, embryos are protected during 

their sensitive life stage and can securely develop in this internal brooding structure of their 

fathers until the vascular structure breaks down and they are released as independent free 

swimming juveniles (Azzarello, 1991; Carcupino et al., 1997; 2002; Ripley & Foran, 2006; 

2009; Kvarnemo et al., 2011). Since fathers are connected to the embryos during male 

pregnancy over a placenta-like structure, an additional paternal transfer of immune 

components could potentially occur to enhance offspring survival. Indeed, in our previous 

studies (Roth et al., 2012; Beemelmanns & Roth 2016a, b) we found strong evidence for 

biparental immune priming with long-lasting paternal influences on offspring immunity. 

However, the underlying mechanism of biparental immune priming has remained elusive. 

In mammals the trans-placental transmission of Ig includes an Fc receptor-mediated 

transcytosis of Ig across the syncytiotropho-blast barrier and a transcellular path through the 

endothelium of fetal capillaries (Simister, 2003; Fuchs & Ellinger, 2004). Even though the 

antibody diversity in fish is reported to be lower than in mammals (Magnadóttir et al., 2005; 

Uribe et al., 2011), they are possessing four Ig isotypes, IgM, IgD, IgZ and IgT (Stenvik & 

Jørgensen, 2000; Flajnik, 2005; Foey & Picchietti, 2014; Hordvik, 2015) (Box 2). The major 

fish serum IgM shares structural and functional similarities with mammalian IgM, which are 

present as a soluble tetrameric form (approx. 700-1000 kDa) or are bound to B-cells as 

receptor (BCR) (Magnadóttir, 1998; Magnadóttir et al., 2005; Uribe et al., 2011) (Box 2). In 

teleosts is has also been discovered that maternal soluble IgM molecules are passed on in a 

monomeric form (Avtalion & Mor, 1992; Magnadóttir et al., 2005). The transfer of IgM 

molecules into oocytes occurs across follicle cells during the early stage of vitellogenesis 

using a similar transcytosis process as reported in mammals (Picchietti et al., 2006; Zhang et 

al., 2013). In addition, a significant high level of IgM gene transcripts has been recorded in 

several teleost oocytes, indicating a supplemental transfer of maternal IgM mRNA (Picchietti 

et al., 2006; Swain & Nayak, 2009). Furthermore, it has been shown, that maternally derived 

IgM is consumed by the embryo within the completion of yolk absorption process, and 

disappears completely during larval stages (Mulero et al., 2007; Zhang et al., 2013).  

Apart from the adaptive immune system, fish fundamentally rely on innate immunity (Tort et 

al., 2003). For instance, lectins are implicated in the innate immunity and responsible for the 

recognition of carbohydrates of the pathogen cell-surface leading to opsonization, 

phagocytosis or activation of complement component in order to destroy the pathogen 

(Fujita, 2002; Zhang et al., 2013). So far, three studies have shown that C-type lectins might 

play an important role in the defense mechanism of the brood pouch of Syngnathids 

(Melamed et al., 2005; Small et al., 2013; Whittington et al., 2015). Lately, Small et al. (2013) 
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Material and Methods 
 

2.1 Pilot study I:  Identification of IgM in pipefish plasma  

2.1.1 Detection of Immunoglobulin light chain 

Transcriptome sequences of S. typhle, revealing up to 80% homology to Immunoglobulin 

light chain (Ig-Lc), were collected from the EST database of Haase et al. (2013) and 

assembled into two main consensus sequences. The sequences were blasted against the 

non-redundant protein database from NCBI (http://blast.ncbi.nlm.nih.gov/blast) and checked 

in all reading frames against PDB and SwissProt protein databases using Blastx and Blastp. 

Further, we used ENSEMBL to identify coding regions (CDS) by taking the genome and 

transcriptome dataset of three-spined stickleback Gasterosteus aculeatus as reference 

(version 67, www.ensembl.org). The potential coding sequence of Ig-Lc was translated into 

possible peptide sequences and used for pattern searching with the online PROSIT software 

(http://us.expasy.org/tools/scanprosite/) to detect conserved protein domains. In addition, 

peptide sequences of several teleost species were collected and multiple alignments 

(CLUSTAL X) with target sequence of S. typhle performed to identify conserved region within 

the domains of the immunoglobulin light chain. 

 

2.1.2 Generation of anti-pipefish-Ig-Lc antibody 

We generated a polyclonal antibody against a synthetic peptide of the constant domain of Ig-

Lc. For this purpose the basic features and structure of immunoglobulin and its subdomains 

were analysed with NCBI, Uni-Prot, ExPASy, and PDB programs to choose potential 

epitopes with a high accessibility and low probability of cross-reactivity with other related 

domain structures (Figure 1-2; Figures S2-S4). Protein prediction structure software Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2) as well as ProtPredict (https://www.predictprotein.org/) 

facilitated a detailed analysis of the three dimensional and secondary protein structure, as 

well as transmembrane helices and binding sites.  

 
 
 
Figure 1: Protein structure 
prediction of pipefish 
immunoglobulin constant domain 
like (C1 set domains) using Phyre2 
software (online platform version 
2/2012). 

 

http://blast.ncbi.nlm.nih.gov/blast
http://www.ensembl.org/
http://us.expasy.org/tools/scanprosite/
http://www.sbg.bio.ic.ac.uk/phyre2
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PROTEIN TGX (BioRad) acrylamide gels. Gel-electrophoresis of soluble proteins of the 

pipefish plasma was performed at 200 V, 40 mA for 40 min, after sample treatment with 1 % 

mercaptoethanol, 1 % SDS and boiling for 5 min at 99 °C (denaturized condition). 

The Broad range marker (BioRad) covering 10 kDa to 200 kDa and/or native Bovine IgM 

(800 kDa) served as molecular size standard. Agarose and SDS gels were stained by a 

colloidal coomassie staining at Khang (SIGMA) to visualize proteins immobilized in the gel.  

 

1.2.5 Immunoblotting 

Following SDS-PAGE separation protocol, gels and membranes were equilibrated for 15 min 

in 25 mM Tris-Glycine buffer (7.5 pH) and proteins were blotted to a PVDF-membrane 

(Immobilon-P; 0.45 µm) using a QeqLab tank-transfer system (Biotechnology) at 130 V and 

200 mA for 30 min. The membrane was blocked overnight in 3 % BSA/TBST solution before 

incubation for 2 h with anti-pipefish Ig-Lc antibody (1:300-1:500 dilutions) followed by a 

secondary peroxidase labelled anti-rabbit IgG antibody (1:160.000 dilution) exposure for 2 h. 

After antibody incubation ChemiGlow® substrate (Alpha Innotech) was applied for 20-30 min 

onto the membrane for a chemoluminescence reaction. Membranes were analysed using 

movie mode of the Alpha Innotech (Biozym) gel imager and Alpha Ease FC (FluorChem) 

analysis software.  

 

2.2 Pilot study II: Quantification of mRNA transcripts in paternal brood pouch tissue 

2.2.1 Experimental setup and sampling 

Pregnant pipefish males collected from the field (Kiel Fjord, 54°44´N; 9°53´E, July 2013) 

were hosted under Baltic summer condition (15 PSU; 18 °C) in 100 L tanks separated 

according to their pregnancy stage: 1. Non-Pregnant (NP), 2. Pregnant/Early (1 week) and 3. 

Pregnant/Late (3-4 weeks) (Figure 3). Per paternal pregnancy stage eight individual 

replicates were used. Pregnant males were immune challenged to boost their immune 

system and trigger a potential paternal transfer of immune components. Therefore, pipefish 

were first injected with 50 µl 108 cells/mL heat-killed bacteria suspension (Vibrio spp. Italy2K3 

and Tenacibaculum maritimum), followed by a secondary immunization after eight days. 20 

hours after the second immune challenge was performed pipefish males were killed by an 

overdose of the anesthetic (MS-222) and the brood pouch tissue collected. RNA extraction of 

24 brood pouch tissue samples was performed according to Beemelmanns & Roth (2016c in 

review) and gene expression of 8 immune genes and 14 genes associated to epigenetic 

regulation processes (Table S1) were quantified using a Fluidigm BioMarkTM based on a 

96.96 dynamic array according to Beemelmanns & Roth (2016c in review). 
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Results & Discussion 

 

3.1 Pilot study I: Identification of IgM in pipefish plasma  

3.1.1 Sequence analysis 

Ig molecules in teleosts have a tetramer structure of two identical heavy and light chains 

linked by disulfide bonds (see Box 2, Magnadóttir, 1998). Light and heavy chains are both 

composed of one variable domain (IgV) with high variability to detect specific antigens, and 

one constant domain (IgC) (Cheng et al., 2006; Murphy, 2011). We identified a region in the 

transcriptome of S. typhle, which exhibited a 60-70 % homology to the light chain (kappa 

chain) of immunoglobulin (Figure 1, S2-S4). 

 
Based on Phyre2 protein prediction software our target sequence showed high homologies 

(probability of 99.9 % and coverage of 90%) to the constant domain of the superfamily 

immunoglobulin (Figure 1, S4). Furthermore, the predicted domain structure was identified as 

a C1-type classical Ig-like domain with an expected immunoglobulin-like-beta sandwich 

folding structure (Figure 1, 2, and S2) exclusively found in Ig, B-cell (BCR) and T-cell 

receptors (TCR). However, based on our sequence analysis, we were not able to disentangle 

whether S. typhle inhibits soluble IgM (antibodies), membrane bound B-cell or T-cell 

receptors. Therefore, we assumed that soluble antibodies, which are released into the blood, 

should be detectable using electrophoresis and westernblot. To test the hypothesis, we 

performed experiments using an anti-pipefish-Ig-Lc-antibody. 

 

3.1.2 Protein analysis 

To separate the tetrameric IgM protein of approximately 800 kDa in its native structure, we 

used a coarse-pored 2.5% agarose gel under non-denaturized conditions. For detection of 

pipefish IgM we used purified bovine IgM, carp serum and stickleback plasma as a 

reference. Carp serum and stickleback plasma displayed a dominant band and protein smear 

in the area between 700-800 kDa close to the purified bovine IgM. These bands represent 

most likely the native tetrameric IgM of teleost fish with a size of >700 kDa (Magnadottier 

1998). Interestingly, pooled pipefish plasma of 30 individuals did not show any protein band 

or protein fragments with a size larger than 200 kDa (Figure 4). In addition, we could not 

detect a native tetrameric IgM molecule in the plasma of S. typhle (Figure 4). This result 

clearly suggests that pipefish possess another isotype or structure of IgM. The most 

dominant protein band was found at 200 kDa, most likely belonging to monomeric IgM 

molecules. 
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Figure 4: 2.5% Agarose gel. Native plasma 
proteins were applied on a 2.5 % agarose gel and 
stained using a colloidal coomassie staining 
(SIGMA). Per well 3 µL plasma (1:3 dilution) of 
wild caught broad-nosed pipefish (S. typhle), 
three-spined stickleback (G. aculeatus), 1 µl (1:3 
dilution) carp serum, and 1 µL broad range 
marker (BiRad 6-200 kDa) mixed with purified 
bovine IgM (SIGMA-800 kDa) were loaded on the 
gel.  
 

 

 

To detect the immunoglobulin light chain, we performed a SDS-page of pipefish plasma 

under denaturized conditions followed by a western blot applying an anti-pipefish-Ig-Lc-

antibody. Likewise, we loaded stickleback plasma as reference on the gel. The Western blot 

clearly determined a band at approximately 23-25 kDa for pipefish plasma and at 20-22 kDa 

for stickleback plasma (Figure 5). These protein bands most likely belong to Ig light chain 

subunit molecules, which are estimated to appear at 22 to 27 kDa in different fish species 

(Magnadóttir, 1998; Cheng et al., 2006; Hordvik, 2015).  

 

 

 
 
 
Figure 5: SDS-page and Western blot.  
Right side: Denatured plasma samples were 
applied on a 4-20 % acrylamide gel (BioRad) and 
blotted on a PVDF-membrane via tank transfer and 
proteins stained using a colloidal coomassie 
staining at Khang. Per well 0.5µL plasma (1:3 
dilution) of wild caught broad-nosed pipefish (S. 
typhle), three-spined stickleback (G. aculeatus), 
and 1 µL broad range marker (BioRad) were 
loaded. Left side: Western blot was conducted by 
using anti-pipefish-IgM-lc-antibody (1:150) as first 
antibody and peroxidase labelled anti-rabbit-IgG 
antibody (1:160.000) as secondary antibody. 
Chemiglow exposure of 30 min allowed 
visualization of detected bands.  
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The between class analysis (BCA) indicates for both gene categories (immune genes and 

epigenetic genes) a similar gene expression pattern (Figure 6). According to the BCA most of 

the variability was explained by differences between non-pregnant and pregnant males as 

those groups are clustering on opposed directions along the first principle component (PC) 

(immune genes: 71%, epigenetic genes 63%). The remaining variability describes 

differences between early and late stage of male pregnancy demonstrated by directional 

clustering along the second PC (immune genes: 29%, epigenetic genes 37%). 

 

 

Figure 6: Between Component Analysis (BCA) based on 8 immune genes (A) and 14 genes 
associated to epigenetic regulation (B) of brood pouch tissue from non-pregnant and pregnant 
males (N=24). The factor `pregnancy´ stage was included in the between class component analysis to 
highlight differences between pregnancy stages: 1. Non-Pregnant (NP), 2. Pregnant Early (1 week), 
and 4. Pregnant late (4/5 weeks). 

 

The clustering pattern demonstrates that valuable differential gene expression in the brood 

pouch tissue during pregnancy occurred. An antagonistic interplay between upregulated 

transcriptional activator histone acetyltransferease (KAT2A inside bromo-domain) (ANOVA-

BROMO: �� 2 = 7.34, p=0.026*, NP<Early; NP<Late; Table 2, Figure 7), and the 

downregulated DNA-methyltransferase family member 2 (HEMK2) gene responsible for gene 

silencing (ANOVA-HEMK2: �� 2 = 8.71, p=0.013*, NP>Late; Table 2, Figure 7). It indicates 

that during pregnancy cells in the brood pouch tissue were highly transcriptionally active. 

Apart from restructuring processes like thickening and vascularization, also transcription of 

immune components is mediated as it was shown for other Syngnathids (Small et al., 2013; 

Whittington et al., 2015). 
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Figure 7: Epigenetic genes. Bar charts demonstrating up/down regulation of specific transcriptional 
regulation genes (Histone acetyltransferase (KAT2 A-BROMO) and DNA-methyltransferase (HEMK2)) 
in the paternal brood pouch tissue of non-pregnant males and pregnant males with increasing brood 
pouch development (Early and Late stage, N=8 per pregnancy stage).   
 

As immune genes revealed a highly significant effect upon pregnancy stage, it suggests that 

immune defense is established in the brood pouch tissue during pregnancy. Particularly, 

transcription level of C-type lectin, Peptidoglycan recognition protein (PGRP) and 

Immunoglobulin light chain was upregulated during male pregnancy. Hereby, transcript levels 

of C-type lectin and PGRP were in both pregnancy stages significantly higher expressed 

(ANOVA-lectin: �� 2 = 10.32, p=0.006*, NP<Early NP<Late; ANOVA-PGRP: �� 2 = 5.85, 

p=0.04*, NP<Early NP<Late; Table 2, Figure 8). Both genes code for proteins, which are 

implicated in innate immunity and responsible for pathogen recognition (Ewart et al., 2001; 

Dziarski & Gupta, 2006). 

 

Table 2: Non-parametric ANOVA (Kruskal-Wallis) and post hock test (Wilcoxon sum and rank 
test) results for each gene revealing a significant effect with respect to increasing pregnancy stages of 
the brood pouch tissue (Non-pregnant, Early stage and Late stage, N=24). 

Kruskal-Wallis  Wilcoxon rank test 

DF = 2 �� 2chi-square p-value Pairewise comparison 
 

C-type lectin 10.32 0.006 NP<Early NP<Late 

Immunoglobulin light chain 10.63 0.005 NP<Early Early>Late 

Peptiodoglycan recognition prot. 05.85 0.040 NP<Early NP<Late 

DNA-methyltransferase (HEMK2) 07.34 0.026 NP<Early NP<Late 

Histone acetyltransferase (KAT2A) 08.71 0.013 NP>Late   

 

Peptidoglycan recognition proteins (PGRPs) are responsible to recognize bacteria and their 

unique peptidoglycan cell wall component, mediating host responses to bacterial infections 

(Dziarski & Gupta, 2006; Li et al., 2007).  Li et al. (2007) identified high expression of PGRPs 

in zebrafish eggs, developing embryos, and adult tissues with contact to external 

environment. In teleosts, PGRPs supposed to have both peptidoglycan-lytic amidase activity 
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and broad-spectrum bactericidal activity (Li et al., 2007). Likewise, C-type lectins and 

mannose binding lectins detect and bind sugar chains of the cell-surface of bacteria. Thereby 

lectins are tagging potential harmful pathogens while activating the complement component 

system in order to destroy pathogen over phagocytosis (Dodd & Drickamer, 2001; Ewart et 

al., 2001; Fujita, 2002). Our findings about the presence of C-type lectin in the pouch tissue 

during pregnancy of S. typhle goes in hand with findings of Melamed et al. (2005), which 

could confirm secretion of C-type lectins in the pouch fluid of tiger tail seahorse 

(Hippocampus comes). Therefore, lectins and PGLRPs might be important effector 

molecules to suppress bacterial growth in the brood pouch tissue throughout all stages of 

male pregnancy and ensure a high protection of the embryos.  

 

 

 

 
Figure 8: Immune genes. Bar charts demonstrating up or down-regulation of specific immune gene 
transcripts (C-type lectin, Peptidoglycan recognition protein, and Immunoglobulin light chain) in the 
paternal brood pouch tissue of non-pregnant males and pregnant males with increasing development 
(Early and Late stage, N=8 per pregnancy stage). 
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Title picture of Synthesis: Close-up picture of two broad-nosed-pipefish (Syngnathus typhle) yolk-sac larvae, 
approximately 1 weeks post hatch (Copyright: Anne Beemelmanns).
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biparental immune priming (chapter 1). Surprisingly, against the initial hypothesis of 

beneficial additive biparental immune priming when the parental sex received two different 

bacteria types, I recorded dampened biparental immune priming effects. This is a striking 

result as our previous underlying study (Roth et al. 2012) clearly demonstrated additive 

biparental immune priming in S. typhle in case when both parents received the identical 

Vibrio bacteria treatment. Here, I can only speculate that the dampened biparental immune 

priming effect might be due to an antagonistic priming pattern according to specific bacteria 

types. As the pathogen specific immune priming reaction was stronger than the gender 

specific effect this was probably leading to a compensated instead of additive biparental 

immune priming effect (chapter 1). As the biparental treatment with two bacteria types did not 

lead to an additive protection and further caused a severe delay in offspring maturation, it 

indicates that the underlying trade-off effects are interacting quite complex and it might be a 

costly tactic. 

 

Strong expression of immunity as well as the maintenance of inducible defenses is costly in 

terms of energy resources and can lead to resource allocation trade-offs with other important 

life history traits (Lochmiller & Deerenberg, 2000; Ardia et al., 2012). Channelling the energy 

resources into additional production and transfer of immune defense molecules to the next 

generation should therefore be associated with energetic costs. However, in the young F1-

generation I firstly recorded only benefits which came with parental immune priming. One-

week-old and four-month-old F1-juveniles of parents, which received a parental immune 

challenge, revealed not only higher immunity, but also a higher body size, mass and 

hepatosomatic index. This is pointing to an overall higher body condition of immune primed 

offspring in comparison to the control group (chapter 1 and 2). Yet, costs were firstly found 

later during sexual maturation of the F1-adults (chapter 3). In accordance, I recorded delayed 

maturation time of adult F1-males, reduced fecundity and reproduction of adult F1-

generation, reduced body size of F2-juveniles in case of parental respectively grandparental 

bacteria exposure. Thus, it appears that immunological costs were compensated by reduced 

energy investment into reproduction and size of the second generation. Hence, channelling 

the energy resources towards the non-genetic transfer of immunity and balancing these 

benefits with reduced reproduction suggests that biparental immune priming is costly to 

maintain. These costs might constrain the overall beneficial net output of biparental immune 

priming. A time shift in sexual maturation and reproduction has severe ecological 

consequences for S. typhle as their mating season during summer is short and early 

offspring profits from higher water quality and less food competition. Nevertheless, selection 

for immune priming indicates that there must be an adaptive net influence and total benefits 
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should outweigh the associated costs (Schmid-Hempel, 2011; Kaufmann et al., 2014). Thus, 

it seems that producing less offspring later in season with a better shape and immune 

competence might be the optimal strategy. In fact, Baltic pipefish start to migrate in spring 

from open water into the seagrass meadows along the coast for reproduction. The habitat 

and pathogen fauna in which they mate and release their offspring will likely be foreign. 

Since the abundance of pathogens such as Vibrio is increasing with rising water temperature 

during the summer season (Oberbeckmann et al., 2012), it might be a good strategy to take 

longer time for acclimatisation to the new parasitic environment before mating. 

Consequently, individuals will be able to transfer efficient information about prevalent 

threads, which will become increasingly abundant and virulent within the summer mating 

season (Schade et al., 2015). In addition, female pipefish are able to sense the immune 

status of their mates and chose males according to their immunological experience (Landis 

et al., 2015). As such, pipefish females might favour mates that gained more immunological 

experiences about their actual habitat, which was leading to sexual selection on delayed 

maturation and reproduction. 

 

The results of my thesis provide evidence that biparental immune priming gives individuals 

an advantage whose ancestors experienced pathogens and transfer this knowledge to the 

following generations. With this strategy parents not only deliver specific protection for their 

direct offspring and grand-offspring, but it also allows organisms to plastically adapt to the 

prevailing pathogen environment they will most likely experience. Although it might be 

beneficial on the individual level, it also involves ecological and evolutionary consequences 

on population level and may significantly alter the dynamics of host-parasite systems 

(Mostowy et al., 2012; Tate & Rudolf, 2012). Biparental immune priming across generations, 

especially when it imposes costs in terms of reduced reproduction, does not necessarily 

need to diminish the impact of a disease on the population level (Tate & Rudolf, 2012). 

Theoretical models predict that TGIP across generations, while beneficial on a short-term, 

can increase parasite prevalence, destabilize coevolutionary dynamics on the long-term and 

change the spread of epidemics in a population (Tate & Rudolf, 2012; Tidbury et al., 2012). 

Likewise, it was modelled by Mostowy et al. (2012) that non-genetic inheritance can have 

dramatic effects on the pattern of antagonistic coevolution and might strongly affect cycling 

behaviour of Red Queen dynamics. They predicted that non-genetic transmission such as 

TGIP can dampen the phenotype frequency oscillations and simulated that already minimal 

levels might completely eliminate cycles. The antagonistic oscillation of Red Queen 

dynamics depend on time-lagged negative frequency dependent selection (Dybdahl & Lively, 

1998). Rare parasite genotype alleles have a selective advantage and can spread quickly in 
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the paternal and grand-paternal treatment and were upregulated in the paternal brood pouch 

tissue (chapters 1, 3, 4, and next paragraph). By using this sex-specific effector strategy 

maternal and paternal immune priming effects are complementing each other, potentially 

leading to a beneficial strategy to cope with the local parasitic environment (chapters 1 - 3). 

 

 

3. How is immune priming mediated over generations? 
 

a.) Epigenetic regulation mechanism as mediator? 

In my thesis I assessed the expression of regulation genes, which mediate DNA methylation 

and histone modifications to investigate the underlying mechanism of trans-generational 

immune priming. These particular epigenetic processes regulate packing and de-packing of 

the chromatin structure around histones and with it the accessibility of the transcription 

machinery to bind the DNA and actively transcribe target genes, for instance immune genes 

(Foster & Medzhitov, 2009). In accordance, chromatin modifying processes have been 

shown to be essential regulators of the activity of many inflammatory genes (Foster & 

Medzhitov, 2009).  

By analyzing epigenetic regulation genes that code for chromatin modifying proteins, and 

thus indirectly regulate immune gene expression, I was aiming to find hints for epigenetic 

inheritance mechanism of immune priming (chapters 1-3). The results suggest that 

epigenetic regulation genes were differentially expressed in offspring with parental (chapter 1 

and 2) and grandparental (chapter 3) bacteria exposure in contrast to the control groups 

whose ancestors did not experience an immune challenge. As such, epigenetic modification 

processes might be involved in transmitting non-genetic information about parental and 

grandparental bacteria exposure. Interestingly, DNA methylation and histone modification 

genes were increasingly affected by both parents with the age of their offspring. Starting the 

observation from one-week old juveniles my targeted epigenetic regulation genes revealed in 

four-month-old juveniles firstly a dominant expression pattern according to the parental 

bacteria treatment (chapter 1 and 2). This pattern became even more pronounced in 

offspring of the second generation (chapter 3). Since DNA methylation and histone 

modifications are highly dynamic during early development and maturation (Smith & 

Meissner, 2013; Lee et al., 2015; Wan et al., 2015), epigenetic pattern or stable changes 

might take time to become fully established. My results indicate that with increasing age of 

the pipefish epigenetic regulation processes might be important in transferring immune 

related information across generations mediating long-term protection. Furthermore, 
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Heritable DNA methylation pattern? 

DNA methylation in promotor regions (CpG islands) regulates negatively gene expression 

and is necessary for all cell differentiation processes (Gama-Sosa et al., 1983; Monk et al., 

1987; Razin & Shemer, 1995). DNA methylation pattern are tissue specifically expressed and 

frequently rearrange during early developmental processes (Gama-Sosa et al., 1983; Monk 

et al., 1987; Lee et al., 2015). Environmental stress can induce changes in DNA methylation 

marks, which further are inheritable across generations (Jablonka & Lamb, 2015; Szyf, 

2015). To date, it was only shown in plants that pathogen exposure induced stable 

differential DNA methylation marks of defense-related genes within and across generations 

(Dorantes-Acosta et al., 2012; Luna et al., 2012), which potentially facilitated the transfer of 

acquired immunity. Whether the same mechanism could also apply for maternal and paternal 

trans-generational immune priming observed in vertebrates is likely but remains elusive.  

In my thesis I found that DNA methylation genes of offspring with paternal, maternal and 

biparental bacteria exposure were firstly differentially expressed in four-month-old juveniles 

(chapter 1) whereby this pattern persisted for offspring of the second generation (chapter 3). 

Hence, this indicates that DNA methylation might be connected with the regulation of 

immune gene expression not only of the direct children but also of the grandchildren. For 

instance, DNA-methyltransferase 3b (DnMt3b) and N(6)-adenine-specific DNA-

methyltransferase2 (N6admet) displayed an altered gene expression upon the grandparental 

bacteria treatment.  

Overall, the results of my thesis thus propose that environmental stressors such as 

pathogens might leave an epigenetic mark on the genome that can affect immune gene 

expression of direct offspring and grand-offspring. How and where exactly these DNA 

methylation marks are established and maintained stays an open question. Further research 

should focus on parental DNA methylation patterns in promoter regions of immune genes 

upon pathogen exposure to unravel the mechanisms behind TGIP.  
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b.) Direct transmission of paternal immune factors 

The brood pouch of mature but non-pregnant pipefish is an open structure, accessible to the 

surrounding water and therefore non-sterile. After eggs are transferred by females, they are 

fertilized and the brood pouch tissue closes its ventral opening. During pregnancy stages 

developing embryos get incorporated into the pouch tissue in an enclosed nutrient rich 

environment that is optimal for bacterial or fungal growth. Therefore, immune defense 

mechanisms must have been evolved to prevent microbial colonization within the brood 

pouch that consequently would harm the embryos. A few studies investigated the ongoing 

molecular mechanism during male pregnancy of individuals from different Syngnathid taxa 

using transcriptome sequencing (Melamed et al., 2005; Small et al., 2013; Whittington et al., 

2015). Results of these studies indicated that besides the expression of genes encoding for 

proteins involved in metabolism, transport, structure and gene regulation, also innate and 

adaptive immune genes were differentially expressed in the brood pouch tissue, potentially to 

create an immunological active environment for their embryos. However, as it is already 

known for mammals, the maternal immune system and especially adaptive immune 

response must be tightly regulated to prevent the recognition of the embryo as an allograft 

and hence avoid embryonic rejection (Moffett & Loke, 2006; Walker et al., 2010). 

Accordingly, on the one side selection pressures should have favoured mechanism to create 

an optimal balance between production and secretion of immune factors into the brood 

pouch to avoid bacterial colonization. While on the other side paternal immune system 

should be suppressed to prevent embryonic rejections. Possible mechanism to keep that 

balance would be (i) a down-regulation of adaptive immunity due to the lack of MHC II-

mediated adaptive immune response as it was suggested by Haase et al. (2013), (ii) an up-

regulation of alternative non-specific immunity, and (iii) a transfer of immune components 

directly to the embryos itself during nourishment.  

In my thesis I could identify predominantly innate immune genes which displayed a strong 

paternal or grand-paternal influences and thus might be paternally transferred during male 

pregnancy. For instance innate immune genes such as allograft inflammation factor (AIF), 

Interleukin 8 (IL8), Lectin protein type I (lectptI), Chemokine 7 (Ck7), Ik-cytokine (Ik-cyto), 

and Tyroproteinkinase (Tyroprot) showed strong grand-paternal effects. Presumably, they 

play a crucial role in the paternal transmission process (chapter 3). In the following I am 

going to describe adaptive and innate immune components which showed a significant 

upregulation in the brood pouch during male pregnancy in S. typhle (chapter 4) and paternal 

(chapter1) or grand-paternal influences (chapter 3). Further I will discuss possible other 

transferred immune components which were so far not addressed such as the transfer of 

antimicrobial peptides and specific microbiota (see § Future perspectives).  
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et al. (2013) and Whittington et al. (2015) discovered more recently the expression of C-type 

lectin paralogs in the brood pouch during pregnancy of different Syngnatidea species.  

Likewise, I could verify an upregulated C-type lectin expression in the brood pouch of 

pregnant males during two key pregnancy stages (chapter 4) and a strong grand-paternal 

immune priming influence on C-type lectin protein II (chapter 1). Hence, it seems likely that 

lectins may protect the pipefish embryos from microbial infection and potentially might be 

paternally mediated to the embryos itself during nursing. The presence of innate immune 

defense components in the paternal brood pouch, in which the embryos live in an enclosed 

environment, could therefore be essential to suppress bacterial colonization. As the lectin-

mediated pathway relies on the recognition of sugar-chains on the surface of bacteria cell 

walls (glycogen) it is a rather conserved pathway in comparison to the classical antibody 

pathway allowing specific recognition (Fujita, 2002). Hence, lectin mediated immune defense 

could be an adequate mechanism to provide protection without the risk to detect the 

embedded embryos as non-self. 
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Supplement Figure 4: Parental treatment effects on time for F1-males to reach sexual-maturity 
(N=170). Barplot is grouped according to F0-parental treatments (parental control, maternal, paternal 
and biparental and representing time (days post birth) of F1-males to create a functional brood pouch 
tissue and reach sexual maturity. Respective error bars are representing standard error of the mean 
(+/-sem). 
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Bi-(MatV+PatT+)/F1-V+ X PatT+/F1-V+ ns ns ns ns ns 
Bi-(MatV+PatT+)/F1-V+ X PatT+/F1-T+ ns ns ns ns ns 
Bi-(MatV+PatT+)/F1-T+ X MatV+/F1-V+ 0.005 0.007 0.010 0.050 ns 
Bi-(MatV+PatT+)/F1-T+ X MatV+/F1-T+ 0.038 0.024 0.029 ns ns 
Bi-(MatV+PatT+)/F1-T+ X MatT+/F1-V+ 0.024 ns 0.001 0.002 ns 
Bi-(MatV+PatT+)/F1-T+ X MatT+/F1-T+ 0.009 0.033 0.002 ns ns 
Bi-(MatV+PatT+)/F1-T+ X PatV+/F1-V+ 0.003 0.004 0.002 0.072 ns 
Bi-(MatV+PatT+)/F1-T+ X PatV+/F1-T+ 0.005 0.006 0.002 ns ns 
Bi-(MatV+PatT+)/F1-T+ X PatT+/F1-V+ 0.024 0.018 ns ns ns 
Bi-(MatV+PatT+)/F1-T+ X PatT+/F1-T+ ns ns ns ns ns 
Bi-(MatT+PatV+)/F1-T+ X PatV+/F1-V+ 0.001 0.023 0.001 0.001 ns 
Bi-(MatT+PatV+)/F1-T+ X PatV+/F1-T+ 0.001 trend 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-V+ X MatV+/F1-V+ 0.001 0.002 0.003 0.005 0.007 
Bi-(MatT+PatV+)/F1-V+ X MatV+/F1-T+ 0.008 0.019 0.046 0.028 0.006 
Bi-(MatT+PatV+)/F1-T+ X PatT+/F1-V+ 0.002 0.003 0.003 0.029 ns 
Bi-(MatT+PatV+)/F1-T+ X PatT+/F1-T+ 0.002 0.005 0.014 ns ns 
Bi-(MatT+PatV+)/F1-V+ X MatT+/F1-V+ 0.005 ns 0.001 0.037 ns 
Bi-(MatT+PatV+)/F1-V+ X MatT+/F1-T+ 0.006 trend 0.001 ns 0.021 
Bi-(MatT+PatV+)/F1-V+ X PatV+/F1-V+ 0.004 ns 0.007 0.003 ns 
Bi-(MatT+PatV+)/F1-V+ X PatV+/F1-T+ 0.005 ns 0.011 0.015 0.005 
Bi-(MatT+PatV+)/F1-V+ X PatT+/F1-V+ 0.041 0.027 ns ns ns 
Bi-(MatT+PatV+)/F1-V+ X PatT+/F1-T+ ns ns ns ns ns 
Bi-(MatT+PatV+)/F1-T+ X MatV+/F1-V+ 0.001 0.002 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-T+ X MatV+/F1-T+ 0.001 ns 0.001 0.002 0.002 
Bi-(MatT+PatV+)/F1-T+ X MatT+/F1-V+ 0.002 0.007 0.001 0.002 0.018 
Bi-(MatT+PatV+)/F1-T+ X MatT+/F1-T+ 0.001 0.018 0.001 0.072 0.002 
Bi-(MatT+PatV+)/F1-T+ X MatT+/F1-N 0.001 0.005 0.001 0.032 0.099 
Bi-(MatT+PatV+)/F1-T+ X PatV+/F1-N 0.002 0.074 0.016 0.001 0.014 
Bi-(MatT+PatV+)/F1-T+ X PatT+/F1-N 0.004 0.011 0.005 0.007 ns 
Bi-(MatT+PatV+)/F1-T+ X MatV+/F1-N 0.014 ns 0.005 0.006 ns 
Bi-(MatV+PatT+)/F1-V+ X MatV+/F1-N 0.018 ns 0.002 ns 0.061 
Bi-(MatV+PatT+)/F1-V+ X MatT+/F1-N 0.001 0.002 0.001 0.001 0.001 
Bi-(MatV+PatT+)/F1-V+ X PatV+/F1-N 0.002 0.003 0.003 0.001 0.015 
Bi-(MatV+PatT+)/F1-V+ X PatT+/F1-N 0.005 0.021 0.039 0.029 0.015 
Bi-(MatV+PatT+)/F1-T+ X MatV+/F1-N 0.009 0.022 0.003 ns 0.029 
Bi-(MatV+PatT+)/F1-T+ X MatT+/F1-N 0.001 0.003 0.001 0.007 0.001 
Bi-(MatV+PatT+)/F1-T+ X PatV+/F1-N 0.004 0.003 0.010 0.040 0.039 
Bi-(MatV+PatT+)/F1-T+ X PatT+/F1-N 0.002 0.003 0.014 ns 0.003 
Bi-(MatT+PatV+)/F1-V+ X MatV+/F1-N 0.002 0.001 0.001 ns ns 
Bi-(MatT+PatV+)/F1-V+ X MatT+/F1-N 0.001 0.001 0.001 ns 0.008 
Bi-(MatT+PatV+)/F1-V+ X PatV+/F1-N 0.001 0.001 0.001 0.008 0.013 
Bi-(MatT+PatV+)/F1-V+ X PatT+/F1-N 0.001 0.003 0.002 ns 0.028 
Bi-(MatV+PatT+)/F1-N X MatV+/F1-N ns ns 0.011 ns ns 
Bi-(MatV+PatT+)/F1-N X MatT+/F1-N 0.010 0.034 0.001 ns ns 
Bi-(MatV+PatT+)/F1-N X PatV+/F1-N 0.001 0.001 0.001 0.003 0.001 
Bi-(MatV+PatT+)/F1-N X PatT+/F1-N ns ns trend 0.020 ns 
Bi-(MatV+PatT+)/F1-N X MatV+/F1-V+ 0.001 0.001 0.001 0.006 0.001 
Bi-(MatV+PatT+)/F1-N X MatV+/F1-T+ 0.001 0.003 0.001 0.007 0.001 
Bi-(MatV+PatT+)/F1-N X MatT+/F1-V+ 0.001 0.001 0.001 0.004 0.001 
Bi-(MatV+PatT+)/F1-N X MatT+/F1-T+ 0.001 0.002 0.001 ns 0.001 
Bi-(MatV+PatT+)/F1-N X PatV+/F1-V+ 0.001 0.001 0.001 0.033 0.001 
Bi-(MatV+PatT+)/F1-N X PatV+/F1-T+ 0.001 0.001 0.001 ns 0.001 
Bi-(MatV+PatT+)/F1-N X PatT+/F1-V+ 0.001 0.009 0.001 0.024 0.004 
Bi-(MatV+PatT+)/F1-N X PatT+/F1-T+ 0.001 0.005 0.001 ns 0.001 
Bi-(MatT+PatV+)/F1-N X MatV+/F1-V+ 0.001 0.001 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-N X MatV+/F1-T+ 0.001 0.002 0.001 0.007 0.001 
Bi-(MatT+PatV+)/F1-N X MatV+/F1-N 0.003 0.020 0.009 0.044 ns 
Bi-(MatT+PatV+)/F1-N X MatT+/F1-V+ 0.001 0.003 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-N X MatT+/F1-T+ 0.001 0.006 0.001 ns 0.001 
Bi-(MatT+PatV+)/F1-N X MatT+/F1-N 0.001 0.029 0.001 0.039 ns 
Bi-(MatT+PatV+)/F1-N X PatV+/F1-V+ 0.001 0.001 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-N X PatV+/F1-T+ 0.001 0.001 0.001 0.001 0.001 
Bi-(MatT+PatV+)/F1-N X PatV+/F1-N 0.001 0.005 0.018 0.005 0.003 
Bi-(MatT+PatV+)/F1-N X PatT+/F1-V+ 0.001 0.001 0.001 0.021 0.009 
Bi-(MatT+PatV+)/F1-N X PatT+/F1-T+ 0.001 0.001 0.001 trend 0.002 
Bi-(MatT+PatV+)/F1-N X PatT+/F1-N 0.004 0.008 0.004 0.013 0.049 
Bi-(MatT+PatV+)/F1-N X Control/F1-V+ 0.001 0.001 0.001 0.004 0.001 
Bi-(MatT+PatV+)/F1-N X Control/F1-T+ 0.001 0.001 0.001 ns 0.001 
Bi-(MatT+PatV+)/F1-N X Control/F1-N 0.003 0.013 0.004 ns ns 
Bi-(MatV+PatT+)/F1-N X Control/F1-V+ 0.001 0.001 0.001 0.046 0.001 
Bi-(MatV+PatT+)/F1-N X Control/F1-T+ 0.001 0.006 0.001 ns 0.001 







Appendix Chapter II 
 

 
195 

 

 

Appendix Chapter II 
 
 
 
 
 
 

 
Supplement Figure 1: Between Component Analysis (BCA) to analyse acute F1-offspring 
treatment effect in one-week-old juveniles (N=300). BCA plot demonstrate gene expression pattern 
per F1-offspring treatment (F1-Vibrio (V+) in red, F1-Tenacibaculum (T+) in blue, F1-Naïve (N) in 
black). Analysis was conducted for following gene categories: all target genes (44), all immune genes 
(29), genes of the innate immune system (13), genes of the adaptive immune system (8), complement 
component genes (3), epigenetic genes (15), DNA and histone methylation/demethylation genes (9), 
histone acetylation/deacetylation genes (5). The scale of the graph is given by a grid, which size is 
given in the upper right corner.  
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Supplement Figure 2: Between Component Analysis (BCA) to analyse acute F1-offspring 
treatment effect in four-month-old juveniles (N=90). BCA plot demonstrate gene expression 
pattern per F1-offspring treatment (F1-Vibrio (V+) in red, F1-Tenacibaculum (T+) in blue, F1-Naïve (N) 
in black). Analysis was conducted for following gene categories: all target genes (44), all immune 
genes (29), genes of the innate immune system (13), genes of the adaptive immune system (8), 
complement component genes (3), epigenetic genes (15), DNA and histone 
methylation/demethylation genes (9), histone acetylation/deacetylation genes (5). The scale of the 
graph is given by a grid, which size is given in the upper right corner. 
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Supplement Figure 3: Between Component Analysis (BCA) to analyse F0-parental treatment 
effect in one-week-old juveniles (N=300). BCA plot demonstrate gene expression pattern per F0-
parental bacteria treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum (F0-T+) in blue; F0-Naïve 
(F0-N) in black). Analysis was conducted for following gene categories: all target genes (44), all 
immune genes (29), genes of the innate immune system (13), genes of the adaptive immune system 
(8), complement component genes (3), epigenetic genes (15), DNA and histone 
methylation/demethylation genes (9), histone acetylation/deacetylation genes (5). The scale of the 
graph is given by a grid, which size is given in the upper right corner 
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Supplement Figure 4: Between Component Analysis (BCA) to analyse F0-parental treatment 
effect in four-month-old juveniles (N=90). BCA plot demonstrate gene expression pattern per F0-
parental bacteria treatment (F0-Vibrio (F0-V+) in red; F0-Tenacibaculum (F0-T+) in blue; F0-Naïve 
(F0-N) in black). Analysis was conducted for following gene categories: all target genes (44), all 
immune genes (29), genes of the innate immune system (13), genes of the adaptive immune system 
(8), complement component genes (3), epigenetic genes (15), DNA and histone 
methylation/demethylation genes (9), histone acetylation/deacetylation genes (5). The scale of the 
graph is given by a grid, which size is given in the upper right corner. 
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Supplement Figure 6: Paternal and maternal specificity effects based on innate (13) and 
adaptive immune (8) gene expression in one-week (N=300) and four-month-old juveniles 
(N=90). Depicted groups are either paternal or maternal treatment x F1-offspring treatment (control 
group without any treatment (Naïve), immune challenge with heat-killed Vibrio (V+) and 
Tenacibaculum (T+) bacteria. 
Panel A: paternal specificity effect based on innate immune genes of one-week-old F1-juveniles 
Panel B: paternal specificity effect based on adaptive immune genes of one-week-old F1-juveniles 
Panel C: maternal specificity effect based on innate immune genes of one-week-old F1-juveniles 
Panel D: maternal specificity effect based on adaptive immune genes of one-week-old F1-juveniles 
Panel E: paternal specificity effect based on innate immune genes of four-month-old F1-juveniles 
Panel F: paternal specificity effect based on adaptive immune genes of four-month-old F1-juveniles 
Panel G: maternal specificity effect based on innate immune genes of four-month-old F1-juveniles 
Panel H: maternal specificity effect based on adaptive immune genes of four-month-old F1-juveniles.  
 
 

 

 

 

 
 
Supplement Figure 7: Parental treatment effects on time for F1-males to reach sexual-maturity 
and clutch size of adult F1-generation. Plots are depicted according to F0-parental treatments 
(parental control (Control), and pooled parental bacteria challenged groups (Vibrio & Tenacibaculum) 
displaying time (days post birth) of F1-males to create a functional brood pouch tissue and reach 
sexual maturity. Respective error bars are representing standard error of the mean (+/-sem). 
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Supplement 4: SIMPER results of all target genes. Contribution (%) results per gene gives 
information about how much variation each gene is contributing to the differences within grandparental 
control, grand-paternal, grand-maternal and grand-biparental treatment groups. 
 

Grand- 
control 

Grand-
paternal 

Grand-
maternal 

Grand- 
bi-parental 

Gene 
 

(%) Gene 
 

(%) Gene 
 

(%) Gene 
 

(%) 

MYST1 0.82 CD45 1.18 LectptI 0.48 Ck7 0.87 
LectptII 0.87 Cf 1.52 IgM-lc 1.21 Pepdgly 1.4 
Calrcul 1.14 HIVEP2 1.52 Nramp 1.32 LectptI 1.43 
N6admet 1.16 AIF 1.54 LectptII 1.36 MYST1 1.48 
No66 1.23 MYST1 1.57 Kin 1.38 IgM-lc 1.49 
TSPO 1.5 Tyroprot 1.59 TAP 1.48 IL10 1.5 
Hsp60 1.57 C3 1.61 IL10 1.49 Tranfe 1.51 
Ik-cytokine 1.59 DnMt3b 1.66 HDAC3 1.56 No66 1.52 
C1Q-SCO 1.64 IL8 1.69 Intf 1.63 Lympcyt 1.7 
HDAC1 1.67 Nramp 1.73 HDAC6 1.68 Intf 1.74 
LPS-TNF 1.69 HIVEP3 1.74 IL8 1.76 C9 1.75 
DnMt1 1.72 TSPO 1.79 ASH 1.77 TAP 1.76 
Kin 1.8 TAP 1.8 Cf 1.79 IL8 1.81 
BROMO 1.83 C1Q-SCO 1.9 Ik-cytokine 1.8 LPS-TNF 1.93 
Lympcyt 1.83 TAF8 2.02 HemK2 1.85 N6admet 1.95 
Cf 1.86 Lympcyt 2.04 Tranfe 1.9 Lymph75 1.97 
HDAC3 1.89 Ck7 2.07 DnMt3a 1.98 Calrcul 2.07 
DnMt3a 1.94 LPS-TNF 2.09 Ck7 1.99 HDAC1 2.2 
Integ-Bt 1.95 Calrcul 2.09 Tyroprot 2 Integ-Bt 2.22 
DnMt3b 2.02 C9 2.1 TPR 2.01 CD45 2.26 
Nramp 2.07 Kin 2.15 BROMO 2.04 HIVEP3 2.28 
HIVEP2 2.07 BROMO 2.2 LPS-TNF 2.27 TAF8 2.35 
CD45 2.08 HDAC3 2.27 HIVEP2 2.3 TPR 2.38 
HemK2 2.12 Integ-Bt 2.28 TAF8 2.41 ASH 2.41 
IgM-lc 2.2 LectptII 2.28 JmjC-PHD 2.42 Cf 2.41 
JmjC-PHD 2.32 HDAC1 2.34 AIF 2.43 JmjC-PHD 2.44 
HIVEP3 2.32 Tranfe 2.47 DnMt3b 2.47 Nramp 2.49 
C3 2.33 Lymph75 2.48 TSPO 2.48 TSPO 2.5 
Lymph75 2.36 Pepdgly 2.5 DnMt1 2.51 HDAC3 2.51 
HDAC6 2.36 HDAC6 2.51 Lympcyt 2.52 HIVEP2 2.54 
ASH 2.4 DnMt3a 2.56 Hsp60 2.55 AIF 2.59 
TAF8 2.42 DnMt1 2.58 Lymph75 2.57 BROMO 2.63 
Tyroprot 2.59 Hsp60 2.59 HIVEP3 2.71 HemK2 2.66 
C9 2.76 Intf 2.67 N6admet 2.73 DnMt3b 2.81 
IL8 2.8 ASH 2.73 C1Q-SCO 2.74 Tyroprot 2.82 
TPR 2.82 No66 2.76 C3 2.81 Hsp60 2.86 
AIF 2.89 N6admet 2.84 Integ-Bt 2.86 C3 2.87 
Intf 2.91 TPR 2.84 CD45 2.91 C1Q-SCO 2.87 
IL10 3.14 Ik-cytokine 2.85 C9 2.94 DnMt1 2.88 
Pepdgly 3.57 HemK2 2.96 Pepdgly 2.98 LectptII 3 
Tranfe 3.62 JmjC-PHD 2.99 No66 3.48 Ik-cytokine 3.15 
TAP 3.81 LectptI 3.1 HDAC1 3.54 HDAC6 3.24 
Ck7 4.88 IgM-lc 3.76 MYST1 4.39 DnMt3a 3.29 
LectptI 5.42 IL10 4.01 Calrcul 4.51 Kin 3.46 
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Supplement 7: Venn diagram. Overview of target genes showing grand-paternal, grand-maternal 
and/or grand-biparental treatment effects. 
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Appendix Chapter IV 
 
 
 
 
Supplement 1: Names and function of 22 target genes and 2 housekeeping genes assessed for 
gene expression measurements. 
 
Gene Gene name Function Category 

IgM-lc  Immunoglobulin light chain Recognition of antigen or pathogen Adaptive  

Integ-Bt  Integrin-beta 1  Cell signaling and adhesion of Ig, primary IgM antibody response Adaptive 

Cf   Coagulation factor II Blood clotting Innate  

LectptI Lectin protein type I Pathogen recognition receptor (C-type lectin  type I) Innate  

LectpII Lectin protein type II Pathogen recognition receptor (C-type lectin  type II) Innate  

LectpIII Mannose binding lectin Pathogen recognition receptor (Mannose specific) Innate 

Pepdgly Peptidoglycan recognition protein II Recognition of peptidoglycan of pathogen Innate 

Ck7 Chemokine 7 Chemotaxis for leukocytes, monocytes, neutrophils, blood cells  Innate & Adaptive 

ASH2 Histone methyltransferase (ASH2) Histone methyltransferase (SET1-Ash2 complex)  Gene activation 

TPR Lysine-specific demethylase 6A Histone demethylation (H3K27me3) Gene activation 

BROMO Histone-acetyltransferase (KAT2A) Histone acetylation (KAT2A-Bromodomain) Gene activation 

MYST1 Histone-acetyltransferase (HAT1) Histone acetylation (MYST1-domain) Gene activation 

HDAC1 Histone deacetylase 1-like  Histone deacetylation (hydrolysis of N(6)-acetyl-lysine residues)  Gene silencing 

HDAC3 Histone deacetylase 3-like Histone deacetylation (hydrolysis of N(6)-acetyl-lysine residues)  Gene silencing 

HDAC6 Histone deacetylase 6-like Histone deacetylation (deacetylation of lysine residues of core Gene silencing 

JmjC-PHD Lysine-specific-demethylase 5B Histone demethylation (demethylates'Lys-4'(H3K4me)) Gene silencing 

NO66 Lysine-specific-histone demethylase 
NO66 

Histone demethylation (demethylates'Lys-4'(H3K4me) (H3K36me)) Gene silencing 

DnMt1 DNA-Methyltransferase 1 
DNA methyltransferase (C5-methylcytosine)-maintenance 
methylation Gene silencing 

DnMt3a DNA-Methyltransferase 3a DNA methyltransferase (C5-methylcytosine)-de novo methylation Gene silencing 

DnMt3b DNA-Methyltransferase 3b DNA methyltransferase (C5-methylcytosine)-de novo methylation Gene silencing 

HemK2 HemK-methyltransferase family 
member 2 DNA methyltransferase (N6-methyladenine) Unknown 

SIN3A SIN transcription regulator family 
memberA Transcription factor (Repressing) Gene silencing 

Ribop Ribosomal protein Translation process Housekeeping 

Ubi Ubiquitin Labels regulatory proteins for degradation Housekeeping 
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Query location     : Contig1                101 to     370 (+)  
Database location  : ENSGACP00000014192       2 to      92 (+)  
Genomic location   : groupXV            9785261 to 9785533 ( - )  
 
Alignment score    : 288  
E- value            : 9.2e - 26 
Alignment lengt h   : 91  
Percentage identity: 61.54  
 
>group:BROADS1:groupXV:9784961:9785833: - 1 
ATTTTGCATGATTTCAATGCCTCACTGCTCCTCACTGTTTTAAGTTCTCCTGACACAGAA 
AGTCGTAACAGTTTTCATGAACGCACACTGAAAACTGCACCAGGATGATGTGGTCAATAA 
TCCTCTTGTTGGCTGTTCTGTGCCACGGTGAGACATTTTGAAAACTATCTGACAGATGTT 
TTTGTCTTGTTACTATTATAATTTAAACCGCTGCTCTTTATTGTGAGACATGTGTCATTT 
CTTATCAATGTTTATATTTCATTTCTTATTTCAGACACTTCTGCAAACCAATTCCTGACT 
CAGACAGACCCTTCCAAGGCCGTCGGTCTCAGAGGGACTGTGACCATCAGCGCCAAGGGG 
AGTTCAGATATCGGTCCTGATCTCAGTTGGTACCTTCAGAAACCTGGACAGGCTCCAAAA 
CTTCTCATTTACGACTCATCAACTCGCTTCTCTGGAACTCCTCCTCGATTCAGTGGCAGT 
CGTTCTGGTTCTGACTACACTTTAACCATCAGTGGTGTTGAGGCTGAAGATGTTGGCGAT 
TACTACTGTCTTGGTTACCATGGAGTTGGAGAGTTCACACAGTGATTTAGAGCCGTACAA 
AAACCTCCTTCACTTTGATAGCAGTGAAATCGGCCTGAACGTGGACCTGAGGGTTGGTGG 
AGAGACTGTGGTGAGGAAAACATGGTCCAGTGAACTCAACACGAGAGTCATCAAGCAGAA 
CCACAATGAATATGAATAAAACAGAAGCACACTCACAGACACTCTTATATATGAACTAAA 
ATGAAATGTTTATTCTTGGCAGTTCAGTCAGTCTCTCTATGATTTATTAGAGGAGGTTAG 
TTTCTTGTTGGACCATAACTTCTAATGTATATA 
 
>Contig Syngnathus typhle  immunoglobulin light chain  
AACACCCCTAGCTCTACGAGTCAGGATGTGGTCTTCCGCACTTGCGCTTGTCCTTTGGGC 
TCTGCTGATTCCTGGATCTTCTGCCCAGAATTTTCTGAGGCAGACGGACAGACTCATGTC 
TGTCTCTCTCGGAGGAACCGTGAAGATCAGGGCCACAGGGAGTCAAAACATTGGTAGCTA 
TCTCAGTTGGTACCAAGTGAAACCTGGACAGGCTCCCAAACTGCTCATCTACGACGCAAC 
ATCAAAATTCTCAGACGCGCCATCTMGATTCAGCGGCACTCGATCCGGCTCTGACTACAC 
TCTGACCATCAGWGRTGTCCAGAGAGATGACCTGGCCGAATACTACTGTTTCGCCTACTA 
CGGCGGTGAGGAGTGSAGTTTCGCTGAAGAAGGAACCAAACTCATCCTTGCGGGTGAGGT 
GCATCGGCCCACCGTGACCCTCTTCCCTCCTTCCAAGGAGCAGCTGCAAACAGAAAAGGC 
CACAGCCGTGTGCGTGGCCAAAGGGCGCCCCCAAACTTGGACCCTGGGTTGGAAGGTTGA 
TGGCGCCCCCGCTACCTCGGGGGTATCGCACAGCTCCCTGGAAGAGGCTGATGTAGGTGG 
GCTTTACAGCTGGACCAGCACCTTGAGCCTCTCACCGGACCAGTGGCGCAAGGCCCAGTC 
AGTGAGCTGCGAGGCCAGCCTAACCGGGCAAAACCCTGTCACGCAAACACTGCCGAACCC 
AGGACAATGCTCAGAGTAGAGCCCGAACCCGTGTCTGTGTCTTTGCGACGTTGAAGCATT 
GAGAAATAAAAATGTCTGAGTATCACCATCTGTCTCTGTAGCAGCYGYTTGGRAGCAAAC 
TTGGTAACACGACAAATAAACGTCTCATCAAGCACATGTATATTGTGACAGGTAGTCTGG 
AG 
 
 

THIS STYLE:  Location of selected alignment 
THIS STYLE:  Location of other alignments 
THIS STYLE:  Location of Exons 

 
Supplement 2: Alignment of S. typhle Ig-Lc with Stickleback (Gasterosteus aculeatus) genome 
to find potential coding regions (marked in red) using ENSEMBLE database. 
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Supplement 3: Summary of potential protein domains of S. typhle Ig-Lc sequence using 
ENSEMBLE database. 
 
 
 
 
 
 
 
 
 

 
 
Supplement 4: Summary of predicted protein structure of S. typhle Ig-Lc using Phyre2 
software. 
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